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Abstract 
 

Renewable fuels are essential to meet the future energy demands of our society and to 

alleviate the impact of the anthropogenic CO2 on the environment. Energy conversion 

devices like fuel cells, water electrolyzers, and photoelectrochemical cells are the key 

components in the transformation to a renewable energy dependent society. This 

dissertation describes the synthesis and characterization of active electrocatalysts for fuel 

cells and water electrolyzers, as well as a novel method to prepare stable chromophore–

semiconductor photoelectrodes. 

Due to the sluggish kinetics at the fuel cell cathode, active oxygen reduction reaction 

electrocatalysts are required. The first part of the thesis describes the preparation and the 

oxygen reduction activity of the electrodeposited, conformal Pt overlayers on glancing 

angle deposited Ni nanopillar catalysts that could potentially be applied in fuel cells. Up 

to 30-fold enhancement in the Pt mass-normalized oxygen reduction reaction activity was 

observed compared to Pt directly deposited on glassy carbon substrates.  

Water electrolysers are crucial devices in the long-term storage of sustainable energy 

as hydrogen. The water oxidation reaction at the anode of the electrolysers is kinetically 

sluggish, and requires active electrocatalysts. A simple bench-top aqueous synthetic 

method was developed to prepare extremely active water oxidation electrocatalysts for 

water electrolyzers. The Ir0.89Ni0.11 and Ir0.89Cu0.11 hydrous oxide nanoparticles prepared 

using this method are among the most active and stable water oxidation catalysts in acid 

published to date. The Ni0.75Fe0.25 layered double hydroxides prepared are among the 

most active alkaline water oxidation catalysts. The electrocatalysts were characterized 
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using X-ray diffraction, transmission electron microscopy, cyclic voltammetry, and X-ray 

photoelectron spectroscopy. Mechanisms for the water oxidation activities were 

proposed. 

Photocatalytic water oxidation and carbon dioxide reduction reactions favors the use 

of alkaline conditions, but common anchoring groups, like phosphonic ester groups and 

carboxylic ester groups, between the visible-light chromophores and the semiconductor 

surfaces are only stable in acidic solutions. In this dissertation, Ru- and Ir- chromophores 

on semiconductor surfaces were prepared with a novel diazonium reduction and 

metalation method, and the bonding was between the C5 of the 1,10-phenathroline ligand 

of the chromophores and the ITO or TiO2 surfaces. The chromophore–semiconductor 

photoelectrodes prepared using this method were active and relatively stable to 

photoelectrochemical oxidation of hydroquinone and triethylamine under neutral and 

basic conditions and potentially can be paired with electrocatalysts to carry out the 

photocatalytic water oxidation and carbon dioxide reduction reactions. 
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Chapter 1 Introduction 

 Fuel cells 1.1

 Definition 1.1.1

FCs (fuel cells) are devices that continuously convert chemical energy stored in fuels and 

oxygen into electrical energy at constant temperature. A single fuel cell consists of an 

anode where the fuel is oxidized, a cathode where the oxidant (usually O2) is reduced, and 

an electrolyte between the two electrodes. Unlike batteries, fuel cells have the 

distinguishing feature that no oxidant or reductant is stored, rather, with a continuous 

supply of the oxidant and reductant, fuel cells can operate infinitely long.1  

Figure 1.1 shows the working principles of a hydrogen–oxygen fuel cell. The fuel (H2) 

is oxidized at the anode, forming H+ and electrons. The electrons move through the 

external circuit to the cathode, where the oxidant (O2) is reduced. The proton moves 

through the electrolyte to the cathode to make water from reduction of O2. The electrons 

that travel through the external circuit can be converted to different forms of energy, like 

heat, power, or magnetism, depending on the device positioned.  

Since fuel cells can produce electricity directly from chemical energy stored in the 

fuels, they are theoretically more efficient than combustion engines. However, unlike 

combustion engines, fuel cells can be all solid state, meaning no moving parts, which 

renders the potential for silent, highly reliable, and long-lasting systems.2 Another big 

advantage of the fuel cells is their low impact on the environment. Pollutants like oxidized 



 

2 

 

sulfur and nitrogen are not found since zero sulfur fuels are used and the operating 

temperature is not high enough to form nitrogen oxides for most of the fuel cells.  

 

Figure 1.1 Schematic illustration of a hydrogen–oxygen fuel cell (not drawn to scale). 

 Working principles 1.1.2

For a H2–O2 fuel cell, the maximum amount of electrical work obtained from a galvanic 

cell is equal to the change in Gibbs free energy of the reaction (ΔGo), which can be 

expressed by eq 1.1. 

 ∆𝐺o =  −𝑛𝐹𝐸cell
o  1.1  

where n is the number of electrons transferred and F is the Faraday constant (96485 C 

mol-1). 𝐸cell
0  is the potential difference between two electrodes under standard conditions. 

𝐸cell
o  = 1.23 V for a H2–O2 fuel cell, and ΔGo = -237.4 kJ mol-1. 

The enthalpy change (ΔHo) under standard conditions is the entire heat released by the 

reaction at constant pressure, and it can be calculated by eq 1.2. 
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 ∆𝐻o = ∆𝐻f,H2O,l
o − ∆𝐻f,H2

o −
1

2
∆𝐻f,O2

o
= - 285.8 kJ mol

-1  1.2  

The thermal efficiency of an energy conversion device is defined as the amount of 

useful energy produced relative to the change in energy that is released when a fuel reacts 

with an oxidant.3 Therefore, the theoretical maximum thermal efficiency of a H2–O2 fuel 

cell under standard conditions is given by eq 1.3. 

  

ε =  
∆𝐺0

∆𝐻0
 × 100 =  83%

 1.3  

 

 History 1.1.3

The first fuel cell was demonstrated in 1839 by Sir William Grove. The device converted 

hydrogen and oxygen into water while supplying electricity. He referred to it as a gas 

battery and later named as a fuel cell.4  

Although the fuel cell technology was attractive when it was invented, the interest in 

fuel cells declined, and the research in this area remained relatively small in scale as the 

efficiency of other energy conversion systems kept increasing.  

In the 1950s, General Electric invented the proton exchange membrane, and in 1959, 

Francis Bacon demonstrated a 5 kW alkaline fuel cell. Starting in 1962, the United States 

space program (Gemini and Apollo missions) first put fuel cells into practical application. 

The Apollo lunar mission used alkaline hydrogen–oxygen fuel cells to provide power for 

life support, guidance and communication, and as a source of scalable water. Fuel cells fit 

into the mission because they continuously supplied high power (1 kW) over 14 days, and 

they were lightweight.4 
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Interest in fuel cells revived after the mission to the moon. As well, the oil crisis along 

with the increasing awareness of environment among government, industry, and business 

in the 1970s prompted the development of alternative energy sources, including fuel cells. 

In the 1980s, the US Navy commissioned studies into the use of fuel cells in submarines 

where the highly efficient, zero-emission, and near-silent running features of fuel cells 

offered considerable operational advantages. In 1983, the Canadian company Ballard 

began research into fuel cells and became a major manufacturer of stacks and systems for 

stationary and transport applications in later years.1  

The last decade has witnessed increasing concerns over energy security, energy 

efficiency, and carbon dioxide emission. Fuel cells have attracted attention as one of 

several potential technologies capable of delivering energy efficiently while reducing 

dependence on fossil fuels. Research on catalysts, electrodes, electrolytes, and system 

engineering, coupled with better understanding of the mass transport and the diffusion of 

the reactants and products within the device, flourished.  

Starting in 2007, fuel cells became commercially available in a variety of applications. 

Today, fuel cells are used in stationary power supplies and transportation including 

automobiles, ships, trains, buses and submarines, depending on their type employed.5–7 

 Types of fuel cells 1.1.4

Depending on the electrolyte used, there are five types of fuel cells, summarized in Table 

1.1. 
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1.1.4.1 Proton exchange membrane fuel cells 

PEMFCs (proton exchange membrane fuel cells) have several advantages over other FC 

variants. Their power density is the highest among all types of FCs (500–2500 mW cm-2), 

and they have a high efficiency and short start-up time compared with other FCs. The 

fast-start and on-off cycling features make the PEMFCs most suitable for transportation 

and portable power applications. At present, major car companies have focused exclusively 

on PEMFCs. 

The reactions occurring at the anode and cathode are shown in eqs 1.4 and 1.5. 

Anode: 2 H2 → 4 H+ + 4 e-  1.4 

Cathode: O2 + 4 e- + 4 H+ → 2 H2O   1.5  

The PEM (proton exchange membrane) is usually Nafion® by DuPont, which is a 

sulfonated polytetrafluoroethylene based polymer. Different types of polymer electrolyte 

membranes have been reviewed for fuel cell applications.8 Generally speaking, Nafion® is 

more resistant towards degradation under both an oxidizing and a reducing environment 

than the previously used polystyrene sulfonate polymer because the C–F bonds are 

stronger than the C–H bonds; the bond dissociation energy is 513.8 kJ mol-1 for C–F 

versus 338.4 kJ mol-1 for C–H.9 Figure 1.2 shows the structures of the PSS (polystyrene 

sulfonate) and sulfonated PTFE (polytetrafluoroethylene) based polymer (Nafion®) 

membranes. 
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Table 1.1 Comparison of the fuel cell technology 
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Figure 1.2 Structures of polystyrene sulfonate polymers and Nafion®. 

 

The PEM must be hydrated to maintain adequate proton conductivity, therefore, the 

operating temperature ranges from 80 to 120 oC. The optimum operating temperature 

depends strongly on the membrane and humidification. During the operation, water is 

generated at the cathode, and the humidity should be balanced to avoid flooding at the 

cathode.10  

On either side of the membrane, a thin layer of carbon-supported platinum-based 

catalysts was coated using the hot-press method. Due to the relatively low operating 

temperature, platinum-based catalysts are the only practical choice. Considerable efforts 

have been made to decrease the loading of Pt in the electrocatalysts, especially in the 

cathode catalysts since the ORR (oxygen reduction reaction) at the cathode is much 

slower compared with the HOR (hydrogen oxidation reaction) at the anode. For example, 

the exchange current density for the ORR is several magnitudes lower than the HOR 

over Pt in acid (10-7 to 10-9 A cm-2 for the ORR versus 10-3 A cm-2 for the HOR).11 

Despite the high cost, another issue associated with the Pt-based catalysts is their 
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intolerance towards carbon monoxide. A small amount of CO is found often in the H2 fuel, 

especially when using the hydrogen from reformed hydrocarbons or alcohols. CO binds 

strongly to the surface of Pt. To improve the CO tolerance of Pt-based catalysts, oxophilic 

transition metals, such as Ni, Ru, Co, and Sn, are used.12–14 With these bimetallic catalysts, 

CO is oxidized easily at Pt by the adsorbed oxygenated species of the adjacent oxophilic 

metal. Moreover, the adsorption energy of CO on Pt can be changed through the electronic 

and lattice-strain effects owing to the second metal. The details of these effects are 

discussed in Section 1.1.5.1.13,15 In addition, Pt catalysts tend to migrate on the surface 

and agglomerate, leading to decreased performance.16 

Interested readers are directed to other excellent review articles on PEMFCs, 

including applications,17–20 material degradation,21 catalysts,22 and system control.23 

1.1.4.2 Alkaline fuel cells 

AFCs (alkaline fuel cells) were the first fuel cells applied to commercial use. They were 

the primary power source used in National Aeronautics and Space Administration flights 

between the 1960s and 1970s.1 In contrast with the PEMFCs, the electrolyte for AFCs is 85 

wt% KOH, and OH- is the charge carrier that moves from the cathode to the anode. The 

anode and cathode reactions are shown in eqs 1.6 and 1.7. 

Anode: 2 H2 + 4 OH- → 4 H2O + 4 e- 1.6  

Cathode: O2 + 4 e- + 2 H2O → 4 OH- 1.7  

Water is consumed at the cathode and is produced twice as fast at the anode. The 

excess water at the anode needs to be removed, or it will dilute the KOH electrolyte, 

causing degradation in performance. The ORR is faster in alkaline solutions, and 
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non-noble metal catalysts, like nickel, manganese oxide, or cobalt and iron macrocycles, 

can be used.24,25 Since AFCs do not use Pt catalysts, CO poisoning is not an issue for 

AFCs.  

One major issue with AFCs is that the performance is degraded by the reaction of 

carbon dioxide with the KOH electrolyte, as described by eqs 1.8 and 1.9. 

CO2 + 2 OH- → H2O + CO3
2-  1.8 

CO2 + OH- → HCO3
-  1.9 

The resulting carbonate and bicarbonate salts reduce the conductivity of the electrolyte, 

and the precipitation of these salts within the pores of the electrodes hinders the mass 

transport. Moreover, the precipitates can damage the electrodes by inducing mechanical 

strain. These issues can be mitigated, partially, by using CO2 scrubbers and resupplying 

with fresh KOH electrolytes, but both methods involve additional cost.26,27 

Recent advances in AEMs (anion exchange membranes) have led to a surge in AFC 

research.28,29 Primarily, AEMs consist of immobilized cations, rather than mobile solution 

phase cations, precluding the formation of carbonate or bicarbonate precipitates. Typically, 

the immobilized cation is a quaternary ammonium group. However, AEMs are generally 

low in OH- conductivity compared with PEMs, and the cationic groups are susceptible to 

attack by OH-, especially at elevated temperatures, causing degradation of the polymer 

membrane.30,31 

 

1.1.4.3 Solid oxide fuel cells  

SOFCs (solid oxide fuel cells) operate at temperatures higher than 600 oC, and special 

materials for the cell components are required. The common solid ceramic electrolyte 
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material is YSZ (Y2O3-stablized ZrO2), which is an O2- conductor at high temperatures.32 

The anode and cathode reactions are shown in eqs 1.10 and 1.11. 

Anode: 2 H2 + 2 O2- → 2 H2O + 4 e- 1.10 

Cathode: O2 + 4 e- → 2 O2- 1.11 

The most common material for a SOFC anode is the nickel-YSZ cement (a mixture of 

metal and ceramic), with Ni providing conductivity and catalytic activity. The YSZ adds 

ion conductivity, thermal expansion compatibility, and mechanical stability, while 

maintaining porosity.33
 Typical cathode materials include lanthanum–strontium manganite, 

lanthanum–strontium ferrite, lanthanum–strontium cobaltite, and lanthanum–strontium 

cobaltite ferrite. These materials show good oxidation resistance and high catalytic activity 

in cathodic environments.34,35 

The catalysts do not have a CO-poisoning problem (not Pt-based), and CO can be 

used as a fuel for SOFCs. However, carbon forms by disproportionation of CO at high 

temperatures, as shown in eq 1.12, leading to a deleterious deposition of carbon on the 

catalyst surface.36,37 

 2 CO → C + CO2
 1.12 

The high operating temperatures pose challenges involving hardware, sealing, and 

cell interconnection issues. Mechanical faults, reliability concerns, and thermal expansion 

matching also need to be addressed well at elevated temperatures. In the absence of proper 

thermal management, a local higher temperature would cause thermal stresses and failure 

of the cells, and minor defects in the sealing can lead to fuel leakage and reduction in 

power density caused by the oxidation of the anode. Advantages of SOFCs include fuel 

flexibility and their ability to operate in cogeneration systems where high-quality waste 



 

11 

 

heat is generated for home and industrial use. 38–40 

 

1.1.4.4 Molten carbonate fuel cells 

MCFCs (molten carbonate fuel cells) also operate at high temperatures (600–700 oC), with 

an electrolyte consisting of a molten mixture of alkali carbonates, Li2CO3 and K2CO3, 

immobilized in a LiO-AlO2 matrix;41 CO3
2- is the charge carrier. The anode and cathode 

reactions are shown in eqs 1.13 and 1.14. 

Anode: 2 H2 + 2 CO3
2- → 2 H2O + 2 CO2 + 4 e- 1.13 

Cathode: O2 + 2 CO2 + 4 e- → 2 CO3
2- 1.14  

CO2 is produced at the anode and consumed at the cathode. Therefore, MCFC systems 

must extract CO2 from the anode and recirculate it to the cathode. The waste steam from 

the anode is fed into a combustor to burn unreacted fuels in order to avoid mixing of fuels 

and O2 at the cathode. The resulting CO2 and steam are combined with fresh air and are 

supplied to the cathode. The heat at the combustor can be used to preheat the reactant air, 

enhancing the efficiency and maintaining the operating temperature of MCFCs.42 

The catalysts for MCFCs are porous nickel stabilized by a dispersion of alumina or 

chromium. Nickel tends to dissolve into the electrolyte at the cathode and diffuse to the 

anode. The nickel ions are reduced by hydrogen and deposit as metallic Ni. The deposited 

Ni may form a short circuit between the anode and the cathode, which will degrade the 

performance severely.43 To reduce nickel dissolution, lithiated nickel oxide and other 

lithiated metal oxides with low solubility in the Li2CO3 and K2CO3 melts, such as LiFeO2 

and LiCoO2, are coated on the NiO surface.32,44  

MCFCs deal with similar degradation, sealing, and matching challenges as SOFCs.41 
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Challenges remain in the electrolyte management and the carbon dioxide recirculation.45 

However, the relative high operating temperatures of MCFCs provide fuel flexibility, and a 

variety of hydrocarbons, alcohols and CO can be used as fuels.46,47 MCFCs have been 

utilized in continuous and stationary power generation and could, potentially, be used as a 

CO2 separator.48,49 

 

1.1.4.5 Phosphoric acid fuel cells 

PAFCs (phosphoric acid fuel cells) utilize pure or highly concentrated H3PO4 as the 

electrolyte contained in a SiC matrix between two graphite electrodes coated with platinum 

catalysts. The anode and cathode reactions are the same as those in PEMFCs, shown in eqs 

1.4 and 1.5. Protons are conducted through the SiC matrix/electrolyte from the anode to 

the cathode.32 

The optimum operating temperatures for PAFCs range from 180 to 210 oC. The SiC 

matrix provides mechanical supports and minimizes gas crossover. During operation, the 

H3PO4 must be replenished continuously due to its gradual evaporation to the environment. 

CO poisoning is still a problem since the PAFCs use Pt catalysts, though the elevated 

operating temperature endows better tolerance than the PEMFCs. However, the 

performance of the PAFCs is inherently lower than that of PEMFCs because of oxygen’s 

low solubility in phosphoric acid and the strong interaction between PO4
3- and Pt 

surfaces.50 In addition, Pt catalysts tend to migrate on the surface and agglomerate, 

leading to decreased performance.16 Stable materials for catalysts and hardware are hard to 

find due to the strong acidic conditions and the high temperatures. 
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Typical applications of PAFCs include power sources for stationary power plants that 

require a constant and stable energy supply. The waste heat can be collected for 

cogeneration similar to the SOFCs and MCFCs.51 

 

1.1.4.6 Other types of fuel cells 

DLFCs (direct liquid fuel cells) generate energy from liquid fuels, such as methanol,52 

ethanol,53,54 formic acid,55 and borohydride56 solutions. The DLFCs are attractive because 

the liquid fuels is easier to handle using the current infrastructure rather than gaseous fuels 

and because the liquid fuels generally have higher energy densities than hydrogen. For 

example, the energy density of liquid methanol is 17.3 MJ L-1 compared with that of 

compressed hydrogen at 700 bar, which is 8.3 MJ L-1
.
57 However, only relatively simple 

liquid fuels are used due to their sluggish oxidation kinetics compared with hydrogen. 

Moreover, the experiment efficiencies and power outputs of the DLFCs are lower 

compared to hydrogen–oxygen fuel cells.42 DLFCs are studied widely as portable power 

sources to replace rechargeable batteries,58 as military power systems in remote areas, and 

as backup power supplies.57 

The most studied DLFC is the DMFC (direct methanol fuel cell). The electrode 

reactions are shown in eqs 1.15 to 1.18. 

In acid 

Anode: CH3OH + H2O → CO2 + 6 H+ + 6 e-   1.15 

Cathode: 1.5 O2 + 6 e- + 6 H+ → 3 H2O 1.16 
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In base 

Anode: CH3OH + 6 OH- → CO2 + 5 H2O + 6 e-  1.17 

Cathode: 1.5 O2 + 3 H2O + 6 e- → 6 OH-  1.18 

 

In acid, the catalysts are Pt-based. Since one intermediate in the methanol oxidation is CO, 

Pt alloys with oxophilic metals Ru,59 Sn,60 Ni,61 etc. perform better as electrocatalysts for 

the methanol oxidation. Ru is the most effective in providing CO tolerance. Surface Ru 

generates surface adsorbed OH groups (OHads), which oxidizes COabs at adjacent surface 

Pt atom to form CO2.59,62 Another challenge in DMFCs is the crossover of the methanol 

from the anode to the cathode, decreasing efficiency.57 

Under basic conditions, the methanol oxidation kinetics is faster than in acid. 

Catalysts like Ni and Fe can be used, which reduces the cost of fabrication. However, 

similar to AFCs, challenges like the electrolyte degradation by CO2 exist.57 

RFCs (reversible fuel cells) are the devices that can function both in fuel cell mode 

and water electrolyzer mode. In electrolyzer mode, water is split into hydrogen and oxygen 

gases by electrical energy input to the cell. In fuel cell mode, RFCs utilize the stored 

hydrogen with stored oxygen or air to regenerate electricity and form water.63 When 

coupled with hydrogen and oxygen storage systems, RFCs can constitute a long-term 

electrical energy storage system. Though RFCs are still in the research and development 

stage, potential applications involve areas such as space vehicles and satellites, submarines, 

and power supply systems in remote regions where there is variable energy input, such as 

solar or wind power.64,65 
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 Oxygen reduction reaction  1.1.5

1.1.5.1 Mechanism 

Unlike the HOR at the anode, the ORR at the cathode is kinetically sluggish. Tireless 

efforts have been expended in developing active ORR catalysts.66–68 The ORR proceeds 

through two possible pathways: a 4-electron pathway and a 2-electron pathway suggested 

by Wroblowa et al.69  

The 4-electron reduction process is shown in eqs 1.19 and 1.20. 

In acid: O2 + 4 e- + 4 H+ → 2 H2O      Eo = 1.23 V 1.19 

In base: O2 + 4 e- + 2 H2O → 4 OH-     Eo = 0.40 V 1.20 

The 2-electron reduction process is shown in eqs 1.21 to 1.24. 

In acid: O2 + 2 e- + 2 H+ → H2O2        Eo = 0.70 V 1.21 

H2O2 + 2 e- + 2 H+ → 2 H2O      Eo = 1.76 V 1.22 

In base: O2 + 2 e- + H2O → OH- + HO2
-   Eo = -0.056V 1.23 

HO2
- + 2 e- + H2O → 3 OH-       Eo = 0.87 V 1.24 

The 4-electron reduction process is preferred in fuel cells because it does not involve 

peroxide species that may degrade the electrodes and the membrane.70 Also, higher 

operating potentials and current densities could be generated through a 4-electron 

reduction process.71 Numerous reports have shown that Pt-based catalysts go through the 

4-electron reduction process.72–75 For the less active metals, like Hg and Au, the 

2-electron reduction process is reported. One application of the 2-electron reduction 

process is the production of hydrogen peroxide in industry.66  
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Scheme 1.1.    

 
 

DFT (density functional theory) uses the electron density to evaluate the energy of a 

system with any configuration of nuclei and electrons, and it can be used in predicting 

chemical reaction pathways. Keith et al. provided detailed 4-electron reduction pathways 

on Pt(111) catalysts based on DFT, as shown in Scheme 1.1.66,76–78 The key difference 

between the three mechanisms is the point at which the oxygen–oxygen bond breaks. 

1. Dissociation mechanism. After O2 is adsorbed on the catalyst surface as O2
ads, the 

oxygen double bond breaks, forming 2 Oads. Two electrons coupled with protons (e-/H+) 

reduce the 2 Oads, resulting in 2 OHads. Another 2 e-/H+ reduce the two OHads, making 

surface adsorbed water, H2Oads. However, according to the DFT calculation by Hyman et 

al, the cleavage of the oxygen double bond requires > 0.5 eV energy, rendering this 

pathway less likely to happen.79 

2. Associative mechanism. After O2 is adsorbed on the catalyst surface as O2
ads, the 

proton-coupled electron transfer results in OOHads. The O–O single bond breaks and 

forms OHads and Oads. A second e-/H+ reduces the Oads, forming OHads. Eventually, H2Oads 

is formed by a further proton-coupled electron-transfer process. 

3. Peroxide mechanism. Upon forming OOHads, the proton-coupled electron-transfer 

process happens at the O that binds with the surface metal atom, followed by the cleavage 
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of the O–O bond. The resulting two OHads are reduced by electrons coupled with protons 

and form two H2Oads. 

The reaction intermediates (OOHads, OHads and Oads) are considered crucial in 

determining the catalyst activity by Nørskov et al.80,81 They obtained a volcano plot 

(Figure 1.3) of the ORR activity versus oxygen binding energya (ΔEO) on different metal 

surfaces by DFT calculations.80 Catalysts sitting on the left side of the volcano plot bind 

with the Oads so strongly that the formation of OHads hinders the overall activity, while for 

catalysts at the right side of the volcano plot, the weak adsorption of Oads is the 

rate-limiting step of the ORR.80 The metal sitting near the top of the volcano plot is Pt. 

 

 

Figure 1.3 ORR activity versus oxygen binding energy (ΔEO) at different metal surfaces. 

Reprinted with permission from American Chemical Society. 

 
                                                 

a Biniding energy here refers to the minimum energy required to remove an atom or a 

molecule at the metal surface. 
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Furthermore, the BE (binding energy) of a species on the transition metal surface is 

related to the relative position of the metal d-band center and the Fermi level according to 

the d-band model.82,83 The d-band center (εd) is defined as the average energy of the 

electron d states, and the Fermi level (εf) is the highest energy state occupied by electrons 

in a material at absolute zero temperature.84 Figure 1.4 shows the change in local 

electronic structure of the O atom upon adsorption on the Pt surface. The Pt d-band states 

couple with the O 2p states to form bonding and antibonding states below and above the 

O 2p states. The extent of the filling of the antibonding states is dependent on the local 

electronic structure of the metal at the surface. As the metal d-band center shifts down 

relative to the Fermi level, the filling of the antibonding states increases, destabilizing the 

metal–oxygen interaction (weaker binding). In reverse, the upshift of the d-band center 

relative to the Fermi level will depopulate the antibonding states, leading to strong 

binding of oxygen on the metal surface.82 Therefore, the catalytic activity and metal 

electronic structure are related, and the d-band model serves as guidance to screen new 

active ORR catalysts efficiently.  

On the basis of the volcano plot and the d-band theory, the O binding energy on Pt 

has to be lowered by 0.2 eV to reach the optimum activity, which can be achieved by 

down-shifting the Pt d-band center relative to the Fermi level.80 Alloying Pt with other 

transition metals, like Ni, Cu, and Co, has proven effective in optimizing the ORR activity. 

Theories explaining the enhanced activity observed by the addition of a second metal, 

including the electronic effect and the strain effect, are established.67  
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Figure 1.4 Illustration of the change in local electronic structure of the O atom upon 

adsorption on the Pt surface. (DOS (density of states), which reveals the number of states 

per band available to be occupied by electrons.) Reprinted with permission from Elsevier. 

 

The electronic effect refers to the modification of the Pt electronic structure by the 

adjacent metal site.82 The interaction of the adjacent metal atoms changes the electronic 

structure of Pt, causing the change in binding energy of the adsorbate at Pt atoms. The 

electronic effect can be probed using XPS (X-ray photoelectron spectroscopy) and UPS 

(ultraviolet photoelectron spectroscopy). The working principle of XPS and UPS is 

illustrated in Figure 1.5: a valence or core electron is excited by X-ray or UV light, 

respectively, and ejected to the vacuum in the spectrometer; εf is the Fermi level shared 

by the spectrometer and the sample since they are in electrical contact; εvac is the vacuum 

level; KE is the kinetic energy; φsample is the work function of the sample; and φs is the 

work function of the spectrometer. By measuring the kinetic energy of the excited 

electrons, the binding energy of the electrons in the material can be calculated by eq 

1.2585 

BE = hν – KE – φs
 1.25 

where h is the Plank constant, and ν is the incident radiation frequency. The core-level 
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electron BE shifts provide an idea of the electronic structure of atoms in the solid. 

Relative to the neutral atom, an increase in electron density around an atomic site would 

result in higher repulsion, causing a shift to lower binding energy, and vice versa. This 

explanation assumes that the remaining electrons in the final states are the same as they 

were before the ejection event.86 However, the final state effects could also come into 

play. The electrons at the final states experience less shielding, and the BE would be 

lower since it is easier to remove the electron,87 making the interpretation of the 

electronic effect from XPS and UPS data indefinite. 

  

Figure 1.5 Scheme showing the working principles of XPS and UPS.  

 

Down-shifting in Pt core-level electronsb binding energies has been reported for 

various Pt–Ni systems, including a graphene-supported PtNi alloy catalyst,88 Ni core and 

                                                 
b Core-level electrons refer to the electrons that are not participating in forming bonds.  
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Pt shell nanoparticles,89 and PtNi nanoparticles.90,91 This shift was explained wholly or in 

part by Ni donating electron density to Pt sites according to Pauling electronegativity 

values, which are a measure of the atom’s ability to attract an electron when the electron 

is still attached to the other atom (1.91 for Ni and 2.28 for Pt).90 Stamenkovic et al. utilized 

UPS on the Pt3Ni(111) alloy with a Pt skin surface and found a down-shift of the d-band 

center relative to the Pt(111) surface, which is caused by the electronic effect. Cyclic 

voltammograms also showed an impeded hydrogen and hydroxide adsorption process for 

the Pt3Ni(111) alloy with Pt skin compared with Pt(111), indicating weaker surface 

adsorbate binding energy and supporting the d-band model.92 

The strain effect refers to the differences in the positions of the surface layer Pt atoms 

caused by underlying metal layers due to the differences in lattice parameters between Pt 

and the underlying atoms. If the underlying layer has a larger atomic radius than Pt, the 

expansive strain is experienced. The compressive strain in the Pt layer occurs when the 

underlying atoms have a smaller radius than Pt. A DOS calculation shows that the 

expansive strain narrows the d-band of Pt due to less orbital overlap and less electronic 

repulsion. It follows that the highest energy state will be lower than the metal’s Fermi 

level. Therefore, in order to conserve the d-band filling, the energy-band will up-shift 

(Figure 1.6). Similarly, the compressive strain widens the d-band and shifts the d-band 

center down.93 Zhang et al. have reported an expansive strain of the Pt monolayer (ML) on 

the Au(111) surface.94 The up-shift of the Pt surface d-band center was suggested, leading 

to a stronger Pt–O adsorption, as predicted by the d-band model.80 Pt ML on Ir(111) 

experienced the compressive strain, resulting in weaker Pt–O surface bonds.95 In reality, 

both the electronic effect and the strain effect would occur simultaneously, and it is hard to 
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distinguish between them.  

 

 

Figure 1.6 DOS for a metal with more than half-filled d-bands under expansive strain. 

Energy levels and BE in the bulk (left) and surface band narrowing accompanied with 

d-band shift (right). 

 

The d-band theory has been confirmed experimentally by many systems.96–98 

However, discrepancies are reported for several systems where d-band models are not 

applicable.99–101 In these systems, factors not included in the d-band model may play a 

significant role. One such case is the bifunctional mechanism, where the presence of two 

metals allows for an additional reaction to occur, increasing the catalytic activity. An 

exemplary reaction is the methanol oxidation on PtRu catalyst. When a surface Pt atom 

(Ptsurf) is poisoned by adsorbed CO, the OH groups at an adjacent surface Ru atom (Rusurf) 

will facilitate the oxidation of CO to CO2, thus depoisoning Pt (eq 1.26).102 The presence 

of Ru significantly enhances the catalytic activity of Pt, while the electronic factors play a 

minor role.103 
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Ptsurf–COads + Rusurf–OHads → CO2 + H+ + e- + Ptsurf + Rusurf  1.26 

1.1.5.2 Pt-based ORR electrocatalysts 

Methods to synthesize Pt-based alloy catalysts with enhanced activities follow the 

strategies summarized below. 

1. Monolayer Pt catalysts.  

Adzic et al. have reported a monolayer of Pt deposited on a non-platinum metal 

substrate (e.g. single crystal Pd (111) and Au(111),104 Ru,105 Pd–Au,106 Ir, Re,107 PtPb, PdFe, 

PdPb,108 Pd3Co,109 PdAu,110 and AuNi111) through replacement of a second metal (e.g., Cu) 

adlayer template that has been formed by underpotential deposition.94,112–114 For example, 

a layer of Cu was deposited first on a commercial Pd(111) electrode using underpotential 

deposition in a 0.05 M CuSO4 and 0.1 M H2SO4 solution. The applied potential for the Cu 

monolayer deposition is higher than the Nernst potential of bulk Cu deposition so that Cu 

only deposits on the Pd surface, forming a monolayer. Then, the electrode was dipped in 

a 1 mM K2PtCl6 and 0.05 M H2SO4 solution under N2 to allow the displacement of the 

Cu monolayer by the Pt monolayer.104 This method yields extremely low Pt loading 

catalysts with high ORR activity. The ORR mass activity for the monolayer Pt shell on the 

AuNi core nanoparticles supported on carbon (1.52 A mgPt
-1 at 0.9 V versus the reversible 

hydrogen electrode (VRHE)) was 7 times higher than the commercial Pt/C catalyst (0.2 A 

mgPt
-1 at 0.9 VRHE).111 The peak of the reduction of adsorbed oxygen species shifted to a 

higher potential for the PtMLAuNi nanoparticles compared with Pt, indicating weakened 

oxygen affinity. This was explained by the addition of the NiAu core donating electron 

density to the Pt site, leading to a downshift of the d-band center and a weakening of the 
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oxygen binding energy, as predicted by the d-band model. In addition, they also proposed 

that the Pt–Pt bond in the deposited surface monolayer Pt was contracted, shifting down 

the d-band center compared with Pt. Both the electronic effect and the strain effect 

contributed to the enhanced ORR activity on the Pt monolayer shell AuNi core 

nanoparticle catalysts.111,112  

 

Figure 1.7 Illustration of the “Pt-skin” and the “Pt-skeleton” surface layer structures (side 

view). 

 

2. Pt-skin and Pt-skeleton catalysts. 

In this method, a few atomic Pt layers were deposited on a transition metal-rich 

substrate. Stamenkovic et al. have reported “Pt-skin” catalysts synthesized in an ultra-high 

vacuum argon-filled arc-melting furnace.115 The surface aggregation of Pt atoms leads to 

the formation of a Pt-skin type structure on PtM alloys (M = Co, Ni, and Fe), with the 

depletion of Pt atoms at the sub 2 to 3 layers.92,116 Strasser et al. utilized the electrochemical 

dealloying process (multiple potential cycling in an acidic solution at high sweep rates, 

e.g. 0.5 to 1 VRHE, 50–100 mV s-1 for 200 cycles),117 which incompletely removed the less 

noble components from the metallic alloy precursors, resulting in an atomically rough 

surface of Pt atoms with low lateral coordinations; this was referred to as a “Pt-skeleton” 

structure at the surface. An illustration of the “Pt-skin” and the “Pt-skeleton” structure is 
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shown in Figure 1.7. The “Pt-skin” and the “Pt-skeleton” structures have surface layers of 

Pt protecting the inner transition metal atoms from dissolution, while the electronic effect 

and the strain effect of the surface Pt are preserved. 

The dealloyed catalysts are more active ORR catalysts in acidic solutions. A survey 

of the PtM3 (M = Cu, Co, Ni) and PtNiM3 (M = Cu, Co, Fe, Cr) was carried out by Strasser 

et al.117119,120 The best ORR activity was acquired by the dealloyed composition of 

Pt48Ni48Cu4 (from the Pt20Ni60Cu20 alloy precursor), which reached 0.47 A mgPt
-1 and 406 

μA cmPt
-1 at 0.9 VRHE.117 Further investigation on Pt1-xNix (x = 0.14–1) catalysts revealed 

that the Pt0.25Ni0.75 catalyst, after dealloying for 200 cycles of potential sweep (0.06 to 1 

VRHE, 500 mV s-1) and 400 stability cycles (0.5 to 1 VRHE, 50–100 mV s-1), achieved a 

kinetic current density of 0.44 A mgPt
-1 and 1185 μA cmPt

 -1 at 0.9 VRHE.118,119 Later, they 

reported Pt71Rh3Ni26 catalysts synthesized using a hydrothermal method;120 the kinetic 

current after 20 activation cycles reached 1.14 A mgPt
-1 and 3.25 mA cmPt

-1. The increased 

activity by doping a transition metal to Pt is believed to occur through the compressive 

strain and the electronic effect that affect the chemisorption of the ORR intermediates.73,119 

Catalysts with record-breaking ORR activities have been reported by various research 

groups.121–123 Recently, Duan et al. synthesized jagged platinum nanowires with a 2–3 nm 

diameter. Pt(acac)2 (acac = acetylacetonate), Ni(acac)2, and glucose were dissolved in a 

mixture of 1-octadecene and oleylamine, and polyvinylpyridine and W(CO)6 were added 

to the solution. The mixture was heated up to 140 oC over 6 h in a sealed vessel to obtain 

Pt/NiO core/shell nanowires. The as-prepared Pt/NiO nanowires were loaded onto carbon 

black and annealed at 450 oC in Ar/H2: 97/3 atmosphere. Cyclic voltammetry was 

performed in a N2-saturated 0.1 M HClO4 solution (0.05 V to 1.1 VRHE) with a sweep rate 
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of 100 mV s-1 to dissolute Ni, forming jagged Pt nanowires. Extremely high ORR activity 

(13.6 A mgPt
-1 and 11.5 mA cmPt

-1 at 0.9 VRHE) was observed. The EXAFS (extended 

X-ray absorption fine structure) analysis and the computational simulation revealed that 

the surface Pt is under coordinated (coordination number 6–8 compared to 9 for a 

crystalline Pt(111) facet). The author proposed that a large EASA (electrochemically 

active surface area, 118 m2 gPt
-1) and the presence of ORR-favorable rhombus structuresc 

at the surfaces of nanowires contributed to the enhanced ORR activity.124,125  

Challenges remain for synthesizing active and stable ORR catalysts. Compared with 

extended structure ORR catalysts, nanoparticle catalysts are susceptible to the loss of 

surface active sites due to the particle size increase. The abundant edges and corners are 

preferential sites to adsorb inactive oxygenated spectator species, thus decreasing the ORR 

activity. Therefore, synthesis of “Pt-skin” catalysts with an extended structure is 

promising in obtaining active and stable ORR catalysts. 

  

                                                 
c A rhombus structure is a set of 4 Pt atoms forming two triangles sharing one edge. The 

structure is crystalline, but Pt atoms are highly under coordinated. 
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 Water electrolyzers 1.2

 Definition 1.2.1

Electrolysis of water is the process of using electricity to split water into hydrogen and 

oxygen gases. This process takes place in a unit called an electrolyzer. In principle, when a 

direct current is passed between two electrodes immersed in an aqueous electrolyte, 

hydrogen and oxygen are formed at the cathode and the anode, respectively. The amount of 

hydrogen and oxygen produced is directly proportional to the current passing through the 

electrodes. Implementation of a diaphragm or a separator is necessary to avoid 

recombination of hydrogen and oxygen to preserve efficiency and ensure safety. The 

electrodes, the separator, and the electrolyte form the electrolyzer. Figure 1.8 shows an 

example of a water electrolyzer under acidic conditions. Water electrolyzers and fuel cells 

use similar technology, but the process in fuel cells is the reverse.  

Compared with other hydrogen production methods, like the reforming of natural 

gas,126 gasification of coal127 and petroleum coke,128 and gasification and reforming of 

heavy oil,129 water electrolysis produces extremely pure hydrogen (> 99.5%), ideal for the 

high-value added processes, like the manufacture of electronic components.130 

Additionally, production of hydrogen from renewable energy (e.g., wind, solar, hydro etc.) 

by water electrolysis is one of the solutions to a sustainable energy supply. 
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Figure 1.8 Schematic illustration of an acidic water electrolyzer (not drawn to scale). 

 

 Working principles 1.2.2

In water electrolyzers, electrical energy is converted into chemical energy. The total energy 

required for water splitting is given by the enthalpy of formation of water. Under standard 

conditions (298.15 K and 1 atm), the enthalpy change (ΔHo), free energy change (ΔGo), 

and entropy change (ΔSo) of water splitting is 285.8 kJ mol-1, 237.2 kJ mol-1, and 0.163 kJ 

mol-1 K-1, respectively.131 

The difference between enthalpy change and free energy change at constant 

temperature (eq 1.27) gives the entropy change term (TΔS).130 

 𝑇Δ𝑆o  =  Δ𝐻o  −  Δ𝐺o =  285.8 −  237.2 =  48.6 kJ mol−1  1.27 

The energy used for entropy change under standard conditions, 48.6 kJ mol-1, is absorbed 
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spontaneously from the surroundings. The water oxidation reaction is expressed in eq 1.28. 

 H2O + electrical energy (ΔGo) + heat (TΔSo) → 2 H2 + O2
  1.28 

 The reversible cell potential (Eo), which is the minimum voltage required to split water, 

is given by eq 1.29, where ΔGo is the total energy required to supply as electricity, n is the 

number of electrons transferred, and F is the Faraday constant (96485 C mol-1).  

 

𝐸o =
∆𝐺o

𝑛𝐹
=

237.2 kJ mol−1

2 × 96485 C mol−1
= 1.23 V 1.29  

In an isolated system, the thermoneutral potential (Eth
o) required to satisfy the 

thermodynamic requirement as given by eq 1.30, 

  

𝐸th
o =

∆𝐻o

𝑛𝐹
=

285.8 kJ mol−1

2 × 96485 C mol−1
= 1.48 V

  1.30 

which means that at 1.48 V, no heat exchange occurs with the surroundings.132 Since 

practical water electrolyzers operate at potentials higher than 1.48 V, excess heat is 

generated in the cell. 

The efficiency of a water electrolyzer is defined as the ratio of the total energy input to 

the total energy output.133 The energy input can be expressed as the free energy change (ΔG) 

or the enthalpy change of the reaction (ΔH), hence, two efficiencies (η1 and η2) are given 

by eqs 1.31 and 1.32 at 25 oC.134,135 

  

η1 =
𝐸ΔG

𝐸cell
× 100 =

1.23 V

𝐸cell
× 100  1.31 

  

η2 =
𝐸ΔH

𝐸cell
× 100 =

1.48 V

𝐸cell
× 100  1.32 

Eq 1.31 is the percentage of the theoretical energy needed to split the water molecule 
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in a real cell voltage and is a measurement of the efficiency from the cell voltage point of 

view. Eq 1.32 means that an additional cell voltage, above the thermodynamic reversible 

voltage, is needed to maintain the thermal balance, and the percentage of the actual 

energy needed in the real voltage defines the thermal efficiency. 

The electrolysis cell voltage can be expressed, in eq 1.33, by the sum of various 

voltage losses in the cell,131 

 𝐸cell  =  𝐸rev + 𝐸ohm +  𝐸act +  𝐸con
  1.33 

where Erev is the thermodynamic reversible cell potential, Eohm is the voltage loss due to the 

ohmic resistance (electrodes, current collectors, interconnections etc.), Eact is the activation 

overvoltage due to the electrode kinetics (activation energy required for reactions to occur), 

and Econ is the concentration overpotential caused by the mass transport processes 

(convection and diffusion). 

 History  1.2.3

After the discovery of electricity, the phenomenon of water splitting into hydrogen and 

oxygen was observed first by Nicholson and Carlisle in 1800. They used Volta’s pile, 

which consists of zinc and silver with a piece of cloth soaked in conducting liquids, as the 

electrical supply.136 The relationship between the electricity consumed and the amount of 

gas produced was established through Faraday’s law of electrolysis, and the concept of 

water electrolysis was defined scientifically and acknowledged.137 

Driven by the demand for hydrogen in industry, mainly in the production of ammonia 

fertilizers, several large water electrolysis 100 MW-size plants were built worldwide in the 

1920s.138 In 1948, the first pressurized water electrolyzer was built by Zdansky and 
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Lonza.136 The period between 1920 and 1970 marks a significant progress in water 

electrolysis technology; the prototype water electrolyzers contained components that are 

still in use today.139 One concept is the adoption of a membrane that allows selective ions to 

pass while it separates the hydrogen and oxygen gases, and the first commercial membrane 

was asbestos. However, due to its vulnerability under a strong alkaline environment at 

elevated temperatures and its potential hazard to human health, the gas separation material 

gradually shifted to polymers such as perfluorosulphonic acid and 

polytetrafluoroethylene.140,141  

The oil crisis in the 1970s provoked a new interest in water electrolysis using 

hydrogen as a sustainable and clean energy source.142 The PEM electrolyzers have been 

applied in a small scale in the military.143  

Today, water electrolyzers are applied in many areas that require hydrogen, including 

marine, rocket, spacecraft, electronic production, food industries, chemical processing, 

and medical applications. Water electrolyzers could also couple with fuel cells to form 

energy conversion and storage devices. The Jupiter Independence system fabricated by 

FutureE (a German fuel cell company) integrated fuel cells, water electrolyzers, and 

hydrogen storage cylinders, and it is currently used as a power backup system to supply 

power for a few hours in case of outage.144,145  

 Types of water electrolyzers 1.2.4

Like fuel cells, which depend on the electrolyte used in the system, water electrolyzers can 

be divided into three categories, AWEs (alkaline water electrolyzers), PEMWEs (proton 

exchange membrane water electrolyzers), and SOWEs (solid oxide water electrolyzers). 
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1.2.4.1 Alkaline water electrolyzers 

AWE is a mature technology for hydrogen production.146 The cathode and anode are 

separated by a diaphragm that keeps the product gas apart for efficiency and safety. Ni- and 

Co-based oxides are used as cathode and anode catalysts, respectively, and steels are the 

cell construction materials. The electrolyte is 20–40% KOH. The electrode reactions are 

shown in eqs 1.34 and 1.35.147 

Anode: 4 OH- → O2 + 2 H2O + 4 e- 1.34 

Cathode: 2 H2O + 4 e- → 2 H2 + 4 OH- 1.35  

The major issues associated with the AWEs are low partial load range, limited current 

density, and low operating pressure.146 The diaphragms used in AWEs are a ceramic, a 

mesh of titanium oxide and potassium titanate, or a ZrO2-embedded polysulfone 

matrix.148 However, these diaphragms do not prevent gas diffusion completely, posing a 

potential safety hazard, and the crossover of gas reduces the overall efficiency. The high 

ohmic loss across the liquid electrolyte and diaphragm leads to a low achievable maximum 

current density. In addition, the low operating pressure caused by the use of a liquid 

electrolyte requires additional facilities to pressurize the gases. Like AFCs, the electrolyte 

KOH may react with CO2 in the atmosphere to form carbonates, introducing mechanical 

and gas diffusion issues. AEMs are being developed for modern alkaline electrolyzers (lab 

scale).130,149 The low OH- conductivity and degradation limit the current density and 

performance of these devices. Research in AWEs focuses on developing alternative 

efficient catalysts for water oxidation and durable AEMs with good OH- conductivity. 
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Table 1.2 Comparison of AWEs and PEMWEs 

Specifications Alkaline Electrolysis PEM Electrolysis 

Cell temperature (oC) 60–80 50–80 

Current density (mA cm-2) 0.2–0.4 0.6–2.0 

Cell voltage (V) 1.8–2.4 1.8–2.2 

Voltage efficiency 62–82% 67–82% 

Gas purity > 99.5% 99.99% 

Lifetime stack (h) < 90000 < 60000 

Lifetime system (years) 20–30 10–20 

 

1.2.4.2 Proton exchange membrane water electrolyzers  

PEMWEs are the most attractive and efficient devices to split water into H2 at low 

temperatures.150 A PEMWE consists of an anode, a cathode, and a PEM. Water is supplied 

to the anode where it is split into protons, electrons, and oxygen by the catalyst. The 

protons move through the membrane to the cathode and are reduced by the electron from 

the external circuit to form hydrogen.146  

Anode: 2 H2O → 4 H+ + O2 + 4 e-  1.36 

Cathode: 4 H+ + 4 e- → 2 H2   1.37 

Owing to the good proton conductivity of the membrane, PEMWEs can operate at 

high current densities, which reduces the operational cost. The utilization of Nafion® 

allows for a compact design of the device, a high operational pressure, and a low gas 
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crossover, thus producing hydrogen and oxygen with higher purity and efficiency.151 

However, the strong acidic corrosive environment and anodic potentials limit the selection 

of the materials for catalysts, current collectors, and separator plates.148 Currently, only 

limited materials are stable in such a harsh acidic environment. Scarce, expensive 

materials, such as platinum-group metals and iridium oxide, are used for catalysts, and 

titanium based materials for current collectors and separator plates.146 

Currently, the research in PEMWEs is focused mainly on developing an alternative 

membrane to Nafion®, low cost and stable water oxidation catalysts, and new materials for 

current collectors and separator plates. 

Table 1.2 compares the technological parameters of the PEMWEs and the AWEs. The 

AWEs could obtain a higher hydrogen production rate as a stacked system, the lifetime of 

which is proven longer than the PEM electrolysis.  

1.2.4.3 Solid oxide water electrolyzers  

SOWEs operate at high temperatures (600–900 oC). Steam passes through the cathode 

forming H2 and O2-, and the O2- ion diffuses through the ceramic electrolyte to the anode, 

where O2 is produced. The anode and cathode reactions are shown in eqs 1.38 and 1.39. 

Anode: 2 O2- → O2 + 4 e-  1.38 

Cathode: 2 H2O + 4 e- → 2 H2 + 2 O2-   1.39 

Similar to SOFCs, yttria-stabilized zirconia is used as the electrolyte material.152 The most 

commonly used cathode material is Ni-Y2O3 stabilized ZrO2 (Ni-YSZ) cermet, which is the 

same as the HOR electrode in SOFCs. The anode in SOWEs uses the same material (e.g. 

lanthanum–strontium cobaltite) as the ORR electrode in SOFCs.153 Therefore, the 
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SOFC/SOWE can operate reversibly.154 Since water electrolysis is an endothermic reaction, 

the electrical energy demand is lower at high temperatures for a water splitting process to 

occur.155 One important advantage of SOWEs is that they could be used for the electrolysis 

of CO2 to CO, and for the co-electrolysis of H2O/CO2 to H2/CO (syngas).40,146,156 Like 

SOFCs, SOWEs would be a beneficial part of a combined heat and power generation 

system since the excess heat from industries could be used in SOWEs.157,158 However, the 

thermal stability of the materials and the system sealing pose additional challenges, and 

facilities to separate the hydrogen from the steam increase the cost.150 Currently, the 

SOWE technology is relatively young and untested and is not yet commercially available 

on a large scale. 

 Water oxidation reaction  1.2.5

Although the thermodynamic potential for water electrolysis is 1.23 V, the slow kinetics of 

the reaction requires extra overpotentiald to be applied to drive the reaction. Since the 

hydrogen evolution reaction has faster kinetics relative to the WOR (water oxidation 

reaction), most of the overpotential loss in the water electrolyzers is on the anode side. The 

water oxidation reaction occurs at a potential higher than the potential of the metal/metal 

oxide redox couple, therefore, water oxidation only takes place at the metal oxide 

surface.159  

                                                 
d Overpotential is the potential difference between thermodynamic potential and 

experimentally determined potential. 
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1.2.5.1 Mechanisms of the water oxidation reaction 

 
Figure 1.9 WOR mechanism in acid (left) and in base (right). The black line shows the 

mechanism pathway involving the formation of the peroxide intermediate (M–OOH), 

while another route for the direct reaction of two adjacent adsorbed oxygens (M–O) (red 

line) is also possible. 

 

Figure 1.9 shows the mechanism pathways proposed for water oxidation in acid and 

in base for heterogeneous electrocatalysts. In acid, the overall water oxidation reaction at 

the anode can be expressed by eq 1.40, 

2 H2O → O2 + 4 H+ + 4 e-  1.40 

and also described in eqs 1.41 to 1.45. 153,154 

H2O + M → M–OH + H+ + e-   1.41 

M–OH → M–O + H+ + e-  1.42 

2 M–O → 2 M + O2
 1.43 

M–O + H2O → M–OOH + H+ + e- 1.44 

M–OOH → M + H+ + e- + O2
 1.45 

In base, the overall water oxidation reaction at the anode can be expressed by eq 
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1.46,160,161 

4 OH- → O2 + 2 H2O + e-  1.46 

and also described in eqs 1.47 to 1.51. 

OH- + M → M–OH + e-   1.47 

OH- + M–OH → M–O + H2O + e-  1.48 

2 M–O → 2 M + O2
 1.49 

M–O + OH- → M–OOH + e- 1.50 

M–OOH + OH- → M + H2O + e- + O2
 1.51 

The major difference is at the reactions that form oxygen. There are two proposed 

mechanistic pathways for the formation of O2 from M–O (surface adsorbed oxygen). One 

is the direct coupling mechanism (red route shown in Figure 1.9, eqs 1.43 and 1.49), 

where two adjacent M–O directly combine to produce oxygen.162 The other is the acid–

base mechanism (black route shown in Figure 1.9 and eqs 1.44, 1.45, 1.50, and 1.51) 

involving the formation of the M–OOH peroxide intermediate, which subsequently 

decomposes to form oxygen.163,164 

Similar with the ORR, the catalytic activity of a catalyst towards water oxidation was 

correlated to the energy states of two adsorbed intermediates, M–O and M–OH, on the 

surface. If the M–O bonding is weak, the overpotential is limited by the oxidation of 

M-OH. In the opposite case, if there is strong M–O bonding, the overpotential is limited by 

the further reaction occurring at the M–O sites.165  

1.2.5.2 Experimental evidence of water oxidation mechanism in acid 

RuO2 generally is considered to have the highest water oxidation activity in acid among the 
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single-transition metal oxides.166 But RuO2 is not stable under prolonged anodic potentials 

and dissolves as RuO4 based on XPS and RRDE (rotating ring-disk electrode) 

measurements.167 

IrO2 is less active than RuO2 but is significantly more stable. Therefore, the great 

majority of studies on water oxidation catalysts in acid are focused on IrO2-based materials. 

Interested readers are directed to these excellent reviews concerning other materials for the 

water oxidation reaction.168–170 

In situ studies on IrOx-catalyzed water oxidation have been presented by several 

reports, and the active species towards water oxidation is under debate. Casalogue et al. 

have observed the Ir5+ 4f peak (62.2 eV) using ambient temperature XPS based on the shift 

of the Ir 4f peak to a higher binding energy than the Ir4+.171 But Pfeifer et al. have pointed 

out that the observed species might be the Ir3+ rather than Ir5+ because in IrCl3, the Ir3+ 4f 

peak (62.6 eV) has a higher binding energy than the Ir4+ peak in IrO2 (61.9 eV).172 

Minguzzi et al. proposed the presence of both Ir3+ and Ir5+ species during the WOR, based 

on XANES (X-ray absorption near edge structure) spectroscopy.173 However, the 

identification of Ir5+ species is under debate since Ir5+ species are not included in the 

standard reference material for XANES, and the author assigned the observed 

edge-position shift to the presence of Ir5+ simply based on the redox state.174  

DEMS (differential electrochemical mass spectroscopy) using labeled electrolyte 

(H2
18O enriched) showed that about 1% of the lattice oxygen in IrO2 (several surface 

monolayers) are involved in the formation of O2.175 However, this study did not reveal if 

the O2 originated from the two lattice-related surface O atoms coming together (direct 

coupling mechanism) or by one O atom reacting with water to form oxygen (acid–base 
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mechanism). Sivasankar et al. detected M–OOH species transiently during water oxidation 

by FTIR (Fourier-transform infrared spectroscopy) on Ir oxide by the absorption band at 

830 cm-1.176 A SERS (surface enhanced Raman spectroscopy) study on electrochemically 

prepared IrOx indicated that surface coverage of M–OOH is likely low during the WOR.177 

Based on all these in situ analyses, neither the acid–base nor the direct coupling 

mechanism could be confirmed or rejected for IrOx conclusively. More research is needed 

to understand the mechanism of IrOx towards water oxidation fully. For example, by using 

online DEMS with Ir–18OH labelled catalysts and H2
16O, the presence of 18O18O at the 

early stage of the reaction would be a clear evidence for a direct coupling mechanism. 

1.2.5.3 Catalysts for water oxidation in acid 

The traditional methods to prepare IrO2 catalysts for PEMWEs include the Pechini–Adams 

method,178 the modified Adams fusion method,179 the ethylene glycol colloidal method,180 

the sulfite complex method,181 and the magnetron sputtering method.182,183 For example, 

the modified Adams fusion method follows the chemical reactions in eqs 1.52 and 1.53. 

H2IrCl6 + 6 NaNO3 → 6 NaCl + Ir(NO3)4 + 2 HNO3  
  1.52 

Ir(NO3)4 → IrO2 + 4 NO2 + O2
  1.53 

Also, catalyst supports like TiO2 can be added to the metal precursor H2IrCl6, NaNO3 is 

added, and the mixture is heated at 500 oC for 1 h. Then, the product is washed with water 

and dried. 

Most efforts on IrO2-based catalysts are directed towards enhancing the activity and 

reducing the Ir loading. Also, the mechanism is under intense investigation. Approaches to 

lower the Ir content involve dispersing the IrOx nanoparticles on high surface area 
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substrates or mixing them with an inert component, such as oxides of Ti,184 Ta,184 Nb,185 

Sn,186 or Si.187 For example, De Pauli and Trasatti studied the activity and stability of 

thermally prepared Ir–Sn mixed oxides from chloride precursors on a Ti substrate after 

heating at 500 oC.188 Similar Tafel slopes were observed, indicating that the mixed oxide 

catalysts have the same water oxidation mechanism as pure IrOx. Marshall et al. later 

showed that up to 20% Sn in IrOx has no significant influence on the activity in aqueous 

acidic solutions.186  

The intrinsic activity and stability of IrOx can be tuned by doping it with Ni,189–197 

Cu,198–202 or Co.203,204 Strasser et al. demonstrated that core-shell structures using NiIr as a 

core and IrO2 as a shell are more active than pure IrO2. The step-wise addition of Ni(II) 

acetate and Ir(III) acetate into oleylamine, oleic acid, 1,2-tetradecandiol, and dibenzyl 

ether at 240 oC, followed by electrochemical oxidation and dealloying, formed NiIr 

core/IrO2 shell nanoparticles (36 A gIr
-1 at 1.48 VRHE), which were three times more active 

than IrO2 (12 A gIr
-1 at 1.48 VRHE).189 The higher activity resulted from the increased 

electrochemically active surface area, electronic and strain effects due to the presence of 

the Ni-containing core, and by the reduction of the Ir loading since the Ir only existed at 

the catalyst surface. Nong et al.189,191 also concluded that the enhanced water oxidation 

activity of IrNiOx nanoparticles is not merely a result of an increased number of surface 

active sites, leading to further investigations on the structural related factors. Xia et al. 

reported thermally prepared Ir–Ni composite oxide electrodes by treating IrCl3 and NiCl2 

at 450 oC for 1 h and proposed that the higher activity of, for example, Ir0.7Ni0.3Ox catalyst 

was caused, partially, by increased proton and electron conductivity within the oxide 

lattice.197  
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While studying thermally prepared IrNi–mixed oxide thin films, Reier et al. showed 

that the WOR activity likely is related to active surface hydroxyl groups that are generated 

by surface leaching of Ni from IrNiOx.193 Furthermore, the possible presence of the 

electrophilic O1- species in IrNiOx, as observed by Pfeifer et al. using in situ XPS and in 

situ XANES, also might be responsible for the improved WOR activity.172,205 They 

proposed that the electrophilic nature of O1- species accelerates the nucleophilic attack of 

water, formed a peroxide intermediate and, subsequently, evolve oxygen (eq 1.54). 

IrOxO1- + H2O → IrOxO1-–O1-–H + H+ + e- → IrOx + O2 + 2 H+ + 3 e-
  

  1.54 

Studies on thermally prepared Cu-doped IrOx by Sun et al. showed that on doping 

with 30% Cu into an IrOx lattice, the Jahn–Teller effect of octahedral CuIIO6 and the 

existing oxygen vacancies change the adsorption energy of the intermediates, contributing 

to the enhanced activity. 199 

Recently, non-precious metal-based water oxidation catalysts in acid have been 

developed. Rossmeisl et al. have developed TiO2 modified MnO2 catalysts by sputtering. 

In 0.05 M H2SO4, the catalyst showed a 0.27 V onset overpotentiale and a 0.42 V 

overpotential to reach 1 mA cm-2.206 Lewis et al. reported crystalline nickel manganese 

antimonite (Ni0.5Mn0.5Sb1.7Oy), which catalyzed the water oxidation at 0.672 V 

overpotential to reach 10 mA cm-2 in 1.0 M H2SO4 with a loading of 0.5 μmol cm-2. This 

catalyst was stable for more than 165 h under a 10 mA cm-2 galvanostatic test.207 These 

are promising catalysts for PEMWEs owing to their low cost. 

                                                 
e Onset overpotential is the overpotential at which the reaction starts to happen.  
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1.2.5.4 Experimental evidence of water oxidation mechanism in base 

In alkaline and near neutral solutions, oxides and hydroxides of the late first row transition 

metals (Ni, Fe, Co, Mn) have promising performance,208–211 and hydroxides incorporating 

Ni and Fe together show the lowest overpotential towards the WOR under strong alkaline 

conditions.209,212,213 Efforts have been made to develop water oxidation catalysts with 

higher activity and better stability, as well as in understanding the mechanism of NiFe 

hydroxides towards the WOR. 

 

Figure 1.10 A general scheme of the phase transformation of nickel hydroxides and 

oxyhydroxides involving chemical and electrochemical processes. 

 

Figure 1.10 shows the general scheme of the nickel hydroxide phase transformation 

during chemical and electrochemical processes.214 The α-Ni(OH)2 (with oxidation state 2+) 

is highly hydrated and poorly crystalline, and it can be oxidized to γ-NiOOH. The 

average oxidation state of Ni in γ-NiOOH is 3.6+ (Ni4+ and Ni3+ present). β-Ni(OH)2 

(with oxidation state 2.2+) is mainly anhydrous and crystalline, and it can be oxidized to 

β-NiOOH (with oxidation state 3+). Ageing of the α-Ni(OH)2 in a strong base slowly 

forms β-Ni(OH)2, while β-NiOOH could be transformed to γ-NiOOH upon overcharging 

at anodic potentials.215 A detailed discussion of the different phases of nickel hydroxides 
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and oxyhydroxides can be found in these review articles.215–217 

Earlier, it was thought that β-NiOOH is the active phase for water oxidation because 

the catalytic activity improved after ageing, which was believed to transform α-Ni(OH)2 to 

β-Ni(OH)2 and then to β-NiOOH under anodic conditions.214 However, recent in situ 

studies showed that the active phase was, in fact, γ-NiOOH formed by oxidation of 

α-Ni(OH)2.218,219 In situ XANES on a NiOOH film deposited from a nickel-containing 

borate electrolyte exhibited a oxidation state of 3.6+, indicating a predominant portion of 

γ-NiOOH during water oxidation.220  

Trotochaud et al. argued that during the aging process, NiOOH could collect Fe 

impurities gradually from the electrolyte, changing the surface electronic properties and 

contributing to the improved activity.221 They found an increase of over 30 times in 

conductivity by incorporating Fe into the α-Ni(OH)2 films. However, conductivity alone is 

not a complete explanation. In situ EXAFS revealed that under water oxidation conditions, 

the average coordination number of Fe atoms increased, indicating that Fe participates in 

the WOR.222  

In situ Raman spectroscopy by Louie et Bell indicated that NiOOH is the possible 

active phase for the WOR.223 They also observed that the Ni–O environment was modified 

by Fe, according to the change in relative peak intensity at 475 and 555 cm-1 (assignable 

to the NiOOH band). Their relative intensity reflects the local structure of Ni–O, which 

could be affected by factors like Ni–O interlayer spacing, the presence of ions (e.g. K+) 

between the sheets, structural disorder of the sheet, and metal oxidation states. They later 

correlated the water oxidation activity trend to the Ni–O vibration, implying that the Ni 

plays an active role in the WOR.  
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Nocera et al. observed by in situ XANES that Fe3+ induced the formation of Ni4+ in 

the NiFe layered double hydroxides film, which contributed to the enhanced activity, 

supporting the previous conclusion that Ni is the catalytic active center towards the 

WOR.224  

Gewirth et al. explored the kinetic isotope effect to probe the nature of the RDS 

(rate-determining step) using Ni oxide films deposited on an Au substrate in 1 M NaOH 

and 1 M NaOD solutions. They found that the kH/kD value was 0.5 for Ni oxide, 

suggesting that the OH bond is not directly cleaved during the RDS and that the RDS 

involves forming or breaking of a bond within the vicinity of OH, and/or with a change of 

the metal center from a less hybridized state to a more hybridized state.225 Further studies 

in determining the active sites, the RDS, and identifying the reaction pathways (e.g. 

oxygen formation by direct coupling or acid–base mechanism) are crucial to better 

understand the WOR process and to develop new active catalysts. 

1.2.5.5 Catalysts for water oxidation in base 

Soon after their discovery of Ni-based alkaline batteries, Edison and Junger found that Fe 

could poison the Ni oxide material. Such an effect could be observed with concentrations 

below 1% Fe and was attributed to the catalytic behavior of conducting ferric oxide in the 

study by Mlynarek et al. 226–228 In the 1980s, Corrigan first investigated the catalytic WOR 

activity of NiFe hydroxides.229 This initial work laid the foundation for future development 

of NiFe water oxidation catalysts. In addition, as a special class of LDH (layered double 

hydroxides) materials, NiFe LDH arouse interest owing to their good water oxidation 

activity.230 
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Layered double hydroxides are a class of layered materials consisting of positively 

charged layers and charge balancing anions in the interlayer regions. The excessive 

positive charge is generated by partially replacing divalent cations (e.g. Mg2+, Ni2+, Ca2+, 

Mn2+, Co2+, Cu2+, Zn2+) or monovalent cations (e.g. Li+) in the hydroxide layers by 

trivalent cations (e.g. Al3+, Fe3+, Co3+, Cr3+). The intercalated ions could be CO3
2-, NO3

-, 

Cl-, SO4
2-, and OH-.231,232 The layered structure leads to more surface accessible sites, thus 

the LDH materials are attractive candidates as electrochemical catalysts.  

Synthesis of NiFe LDH includes solvothermal or hydrothermal methods, the 

co-precipitation at a constant pH, and the cathodic or anodic electrodeposition. 

1. Solvothermal or hydrothermal methods 

A solution containing metal salt precursors is mixed with a weak base (amines or 

ammonia), to form NiFe LDH; urea233–235 and dimethylformamide236 are typical bases. 

This method requires an elevated temperature to process the hydrolysis in autoclaves. Well 

crystallized nanoplates generally are obtained in hexagonal shapes, reflecting the 

symmetry of the layers. Gong et al. first reported NiFe LDH materials prepared by slow 

hydrolysis of metal salts (Ni(CH3COO)2 and Fe(NO3)3) at 85 oC, followed by 

hydrothermal reaction at 120 oC for 12 h and 160 oC for 2 h in the presence of 

dimethylformamide.236 They obtained ultrathin LDH nanoplates (~ 5 nm). With the 

addition of a chelating reagent (e.g. ethylene glycol), different morphologies can be 

obtained, such as flower-like nanoparticles.233,237 This method allows the growth of NiFe 

LDH onto a wide variety of substrates like graphene,238 carbon quantum dots,239 and Ni 

foam substrates.235  

2. Co-precipitation at constant pH 
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One of the most used methods is to synthesize NiFe LDH by the co-precipitation of 

the metal precursors (Ni2+ and Fe3+ or Fe2+) at constant pH (9 to 13) by adding a base or a 

carbonate (e.g. KOH, Na2CO3).240,241 Increasing the temperature favors the crystallinity of 

the materials. The mechanism for the formation of NiFe LDH was studied by Gregoire et al. 

by titrating an aqueous solution of the two precursors.242 They proposed that the 

precipitation of ferric oxyhydroxide occurs first, followed by the adsorption of cationic 

complexes, like [Ni(OH)(H2O)5]+, which further evolve into molecular clusters. Ultimately, 

NiFe LDH are formed by diffusion of ions from the ferric oxyhydroxide phase into the 

α-Ni(OH)2 phase and anion intercalation. The particles formed by this method usually 

show nanoplate morphologies.  

3. Electrodeposition 

Electrodeposition is another common method to synthesize NiFe LDH. Cathodic 

electrodeposition at a constant current in a solution containing nickel and iron precursors 

results in NiFe based hydroxides.221,243,244 The pH of the deposition solution is generally 

close to 7. One proposed mechanism for the deposition is based on NiFe precipitation onto 

substrates due to the local basic pH upon reduction of anions (e.g. nitrate, eq 1.55), though 

the hydrogen evolution and reduction of metal ions could happen simultaneously. 

NO3
- + H2O + 2 e- → NO2

- + 2 OH-  1.55 

Usually, the film prepared is rough and amorphous or poorly crystallized. A variation of the 

cathodic galvanostatic deposition is reported by Boettcher et al., in which they used a 

sequential 2 s pulsed -10 mA cm-2 current with 10 s intervals for 20 cycles; this method is 

proven effective to prepare thick films.244 Anodic electrodeposition is rarely used; however, 

Morales-Guio et al. showed the anodic deposition of FeNiOx on FTO (fluorine doped tin 
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oxide) and Au substrates.245 Electrodeposition of a NiFe alloy in an ionic liquid was 

reported by Lo et al. In this work the film was deposited on a Cu substrate under 

potentiostatic conditions, and it was later converted to a hydroxide after cycling in a 0.1 M 

NaOH solution.246 

The large interlayer distance on the NiFe LDH materials makes the exfoliationf of the 

nanoplates possible. Song and Hu reported a synthetic route in which they exfoliated NiFe 

LDH with formamide.247 The exfoliated LDH have a thickness of ~ 0.8 nm, implying 

single or double layer structures. The WOR activity improved significantly upon 

exfoliation, and they proposed that after exfoliation, increased number of 

electrochemically active atoms were exposed. 

  

                                                 
f Exfoliation of the layered double hydroxides refers to the process that forms intact 

single layers of hydroxides with nanometer thickness. 
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 Dye-sensitized photoelectrochemical cells 1.3

PECs (photoelectrochemical cells) are devices that convert solar energy to chemical fuels, 

e.g. water into hydrogen and oxygen. An ideal PEC should combine low cost materials 

with high quantum efficiency, selectivity, and longevity. DSPECs (dye-sensitized 

photoelectrochemical cells) integrate SC (semiconductor), molecular chromophores 

(photosensitizers) that absorb light, and surface-bound catalysts, and this separation of 

functions allows for independent optimization, and to some extent, it separates the 

processes that occur within the DSPEC for study.248,249  

In the 1970s, Fujishima and Honda reported the first UV-light water splitting 

electrochemical cell. The cell was built with anatase TiO2 and a Pt CE (counter 

electrode).250 The TiO2 absorbed light, forming a hole–electron pair. Then, the hole 

migrated to the TiO2 surface where H2O was oxidized, and the electron migrated to the Pt 

wire where H2 was evolved. In the first reported DSPEC in 1999, 2-propanol was 

dehydrogenated to acetone over the Ru polypyridyl chromophore-catalyst assembly (Ru1 

in Figure 1.11) on TiO2, and water was reduced to hydrogen at the Pt counter electrode.251 

Mallouk et al. reported a visible light water splitting DSPEC in 2009 using IrOx 

nanoparticles as the water oxidation catalysts and Ru2 as the chromophore (Figure 

1.12).252 Many developments have been made based on these systems in recent years.253–

263 
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Figure 1.11 Molecular structure of Ru chromophore-catalyst assembly. 

 

 

Figure 1.12 Illustration of the first visible light DSPEC for water oxidation. 

 

 Photoanodes for DSPECs 1.3.1

Photoanodes for DSPEC consist of three major components: a light-absorbing 

chromophore (dye, photosensitizer), a water oxidation catalyst, and a semiconductor. 

Under light irradiation, a sequence of events take place at the photoanode: (1) light 

absorption by a surface-bound chromophore forms an excited state; (2) electron injection 

from the excited state of the chromophore to the conduction band of the n-type 
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semiconductor (in this case anatase TiO2) forms an oxidized chromophore; (3) electron 

transport to a cathode or, ideally, a photocathode, generates hydrogen; (4) electron transfer 

from the WOC (water oxidation catalyst) to the oxidized chromophore; and (5) repetition 

of the process four times generates oxygen.248 However, the recombination process could 

happen between the oxidized chromophore and the electron in the SC conduction band or 

in the trapped statesg at the surface, leading to decreased performance. 

The following requirements must be fulfilled to successfully fabricate an efficient 

photoanode: 

 The oxidation potential of the chromophore must be higher than the operating 

potential of the WOC.  

 The chromophore’s excited states must have a lower reducing potential than the 

conduction band of the SC.  

 The chromophore should be able to transfer four electrons consecutively to the 

catalyst before any unfavorable recombination process occurs.  

 The WOC should have long-lived intermediate oxidation states to accumulate 

multiple oxidizing equivalents before recombination happens.  

 The chromophores and WOCs must be stable under operating conditions.  

 The electron transfer between injection of the excited-state chromophore to the SC 

                                                 
g The trapped states assume that the charge carriers are confined to the surface or in the 

bulk of a system and cannot participate in the charge transport. Their wave function is 

localized relative to the distance between trapped states, therefore, the transfer probability 

between states is low. 
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conduction band, from WOC to oxidized chromophore, and from water to the WOC 

needs to be fast.  

 The surface anchoring group between the chromophore and the SC surface is crucial 

to avoid desorption, to facilitate electron injection, and to survive the oxidizing 

environment with long-term solar irradiation.264  

Interested readers are directed to these excellent reviews on DSPECs.248,264–266 

To date, the most active photoelectrochemical water oxidation system was reported 

by Sun et al. The [Ru(bpy)2(4,4’-PO3H2)2bpy]2+ (bpy = 2,2’-bipyridine) chromophore 

(Ru3 in Figure 1.13) and Ru molecular water oxidation catalyst (Ru4 in Figure 1.13) were 

co-adsorbed on a TiO2 coated FTO electrode. With Pt as the counter electrode, the water 

oxidation current reached 1.7 mA cm-2 at 0.2 V versus normal hydrogen electrode (VNHE) 

bias under 300 mW cm-2 Xenon lamp irradiation (> 410 nm) in a pH 6.8 phosphate buffer 

solution.259  

The nanoparticle IrOx also has been reported as a WOC, though its activity was 

inferior to that of the molecular water oxidation systems. Mallouk et al. prepared the 

photoanode based on the chromophore Ru5 and the IrOx catalyst bonded with a 

benzimidazole–phenol (BIP) electron mediator to facilitate the electron transfer from IrOx 

to the excited Ru chromophore (Figure 1.14). This electron mediator was designed to 

mimic the tyrosine/histidine pair of residues in Photosystem II. The 

2-carboxyethylphosphonic acid (CEPA) binds the IrOx to the TiO2 surface. A 80 uA cm-2 

photocurrent was generated with 0.55 VRHE using a 150 W Xe lamp (> 410 nm) as the light 

source in pH 5.8 Na2SiF6–NaHCO3 (2:3) silicate buffer with a 0.1 M NaClO4 solution.267 

Interested readers are directed to these excellent review papers on other 
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photoelectrochemical water oxidation systems.248,265 

 

 

Figure 1.13 Structure of the photoanode reported by Sun et al. for DSPEC. 

 

 

Figure 1.14 Structure of the photoanode reported by Mallouk et al. for DSPEC. 
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 Anchoring groups 1.3.2

The most commonly used anchoring groups to attach chromophores and catalysts to the 

SC surfaces are carboxylic acids and phosphonic acids.268–270 Recent research into 

hydroxamic acids and silatrane anchoring groups also shows promising results (Figure 

1.15).271–275 

 

Figure 1.15 Possible binding modes of carboxylic acid, phosphonic acid, silatrane and 

hydroxamic acid groups bound to a metal oxide surface (MOx). 

 

The binding modes of these anchors to the surface were investigated by FTIR and 

computational simulation. Figure 1.15 summarizes the most possible binding modes of 

the surface anchoring groups on an oxide SC surface (MOx). The hydrogen bonding 

between the anchoring group and the surface hydroxyl group or between adjacent surface 
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anchoring groups is not shown here. Carboxylic acid groups bind with the surface 

preferably through the bidentate mode, with monodentate binding observed but less 

favored (Figure 1.15).269,276,277 It is well-known that the carboxylic acid anchoring groups 

are only stable in pH < 4 in aqueous conditions.271,277 At higher pHs, hydrolysis occurs, 

leading to the release of the bound molecule.269,278 

The phosphonic acid anchors show three binding modes, with the bidentate mode 

preferred.269,271,277 They show better stability than the carboxylic acid anchors and are 

stable in pH < 7 solutions.254,277,279 Transient absorption spectroscopy on the perylene 

derivatives with carboxylic acid and with phosphonic acid groups on TiO2 revealed that 

the electron injection rate for carboxylic acid anchors was twice as high, implying 

stronger electronic coupling of the carboxylic acid groups with TiO2. This strong 

coupling was explained by the DFT calculation, which revealed that the extension of the 

LUMO (lowest unoccupied molecular orbital) wave functions onto the anchoring group 

was significantly different for the carboxylic acid groups and the phosphonic acid groups. 

The higher degree of the LUMO extension to carboxylic acid anchoring groups was 

related to their sp2 hybridization, compared with the sp3 hybridization of the phosphonic 

acid anchoring groups, which has less degree of LUMO extended to it.269,279,280   

Silatrane also has three binding modes with the surface, predominantly bidentate. 

The loss of the silatrane cage is believed to happen through nucleophilic attack by the 

surface hydroxyl groups, releasing the triethanolamine group.271,273 The silatrane 

anchoring groups are stable over a wide range of pH (2–11).271 The electron injection 

efficiency using the silatrane anchoring groups is less studied. Transient absorption 

spectroscopy comparing the decay of the porphyrin radicals with the carboxylic acid or 
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silatrane anchoring groups on SnO2 showed that the one with carboxylic acid anchoring 

groups decayed faster, suggesting that the electron injection efficiency was lower on 

silatrane anchoring groups.281 

The hydroxamic acid anchors show five different binding modes, with 

monochelating by using two oxygen atoms the preferred mode.274,278 In aqueous solutions, 

the hydroxamic acid anchors are stable at pH 2–10.271 The hydroxamic acid anchoring 

groups show efficient electron injection. The time constant for electron injection of the 

hydroxamic acid groups was twice that of the carboxylic acid groups, as shown by time 

resolved picosecond terahertz spectroscopy. However, the recombination rate was three 

times higher than that of the carboxylic acid anchoring groups, leading to an overall 

lower electron injection efficiency than for the carboxylic acid anchoring groups.272,275,282 

 Stabilization of chromophore surface bindings  1.3.3

Surface desorption of the chromophore is observed to be accelerated by illumination of 

carboxylic acid and phosphonic acid anchored ruthenium bipyridine chromophores.280 In 

addition, hydrolysis of these surface chromophores bound by ester groups is catalyzed by 

OH- (Scheme 1.2), but the WOR rates typically increase with increasing pH.248,283,284 

Therefore, stabilizing the surface bindings, as well as developing alternative stable 

bindings between chromophores and the SC, is desirable. 

 

Scheme 1.2. 
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Figure 1.16 Molecular structures of water oxidation catalyst Ru6. 

 

Strategies have been developed to stabilize the linkage between chromophores and 

metal oxide surfaces. The most effective strategy is ALD (atomic layer deposition) of 

oxide overlayers, such as TiO2 and Al2O3, after surface binding.285,286 In the ALD 

technique, a reactive gas (Al(CH3)3 for Al2O3 and TiCl4 for TiO2) is exposed to the 

sensitized photoelectrode. Reaction of the precursor with the surface, followed by 

hydrolysis, yields one or few atomic layers of the oxides, and these layers function like a 

glue to bind the molecules to the surface.248 Lapides et al.287 first deposited a layer of ALD 

Al2O3 on a [Ru(bpy)2(4,4′-(PO3H2)2bpy)]2+
 (Ru3) sensitized nano-indium tin oxide (ITO) 

electrode, then the Ru6 water oxidation catalyst was adsorbed on top of the ALD Al2O3 

layer, followed by another ALD Al2O3 layer to protect the Ru6 catalyst. Figure 1.16 

shows the structures of the Ru catalyst. The resulting electrode was used to 

photoelectrochemically oxidize water in a 0.1 M H2PO4
- /HPO4

2- (pH 8.8) and 0.4 M 

NaClO4 splution at 0.64 VNHE, and the photocurrent was stable for 6 h at 6 μA cm-2 under 

continuous irradiation. In addition, the use of ALD to deposit an alumina overlayer 

incorporates the benefits of hindering the recombination process. However, high cost and 

sophisticated instrumentation are required to carry out the ALD deposition.  
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Dip-coating the sensitized photoanodes with PMMA (poly(methylmethacrylate)) 

also has been studied as a way to stabilize the surface.261,288 Compared with the ALD 

process, the dip-coating process can be applied by soaking the electrodes in a PMMA 

solution. The coating thickness can be controlled by the soaking time and the PMMA 

concentration. Wee et al. coated the [Ru(bpy)2(4,4′-(PO3H2)2bpy)]2+ (Ru3) sensitized TiO2 

electrode with a PMMA overlayer, and a 10% decrease in photocurrent was observed in 

1000 s in a 0.1 M phosphate buffer (pH 7), with 0.4 M NaClO4 and 20 mM hydroquinone 

as the sacrificial electron donor.288 However, thicker PMMA layers will block the pores 

since the polymer is hydrophobic, and the electron transfer rate between the electrode and 

the electrolyte may be hindered. To solve the insulating problem, Ding et al. mixed the 

molecular catalyst Ru7 (Figure 1.17) with 2 wt% PMMA and coated it on the 

[Ru(bpy)2(4,4′-(PO3H2)2bpy)]2+ (Ru3) sensitized TiO2 electrode. The incorporation of the 

catalyst molecule activates the PMMA layer for the WOR, and a photocurrent of 1.1 mA 

cm-2 was observed in a pH 6.8 phosphate buffer under 300 mW cm-2 illumination with 0.2 

VNHE applied bias.261  

A direct binding method between the pyridine group on the Ru8 (Figure 1.17) 

chromophore with the TiO2 surface was demonstrated by Takijiri et al. by immersing the 

TiO2 coated FTO electrode in a solution containing Ru8.289 A sustained photocurrent was 

observed with 30 mM EDTA as the sacrificial electron donor in a 0.1 M NaClO4 and 0.1 M 

acetate buffer solutuion (pH 5.0). The binding of the chromophore to the surface was 

confirmed by UV–vis (ultraviolet–visible spectroscopy). The photocurrent degraded by 7% 

after 100 min under continuous irradiation. However, the electron injection properties 

have not been evaluated on these pyridine anchoring groups. 



 

58 

 

Although these methods can protect the chromophores from desorption under 

slightly basic conditions, the photocurrent generation ability under strong alkaline 

conditions (e.g. pH = 13) using these systems is unknown. Considering the fact that it is 

desirable to carry out photoelectrochemical water oxidation in strong alkaline conditions, 

developing stable chromophore–SC binding is crucial in the development of DSPECs.248 

 

 

Figure 1.17 Structures of the Ru complexes. 

 

 

 

Meyer et al. used Ru-diazonium electro-grafting to form direct C–Osurf covalent 

bonding of Ru9 on a TiO2 surface. A 2 mM Ru10 sensitizer (Figure 1.17) in 100 mM 

tetrabutylammonium perchlorate CH3CN solution was mixed with 1.5 mM tert-butyl 

nitrite at 0 oC. The TiO2 electrode was held at a potential ranging from -0.1 to 0.1 VNHE 
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for 30 min. The resulting electrode was active and stable at pH 12 towards 

triethanolamine oxidation.290 XPS indicated that the Ti–O–C bonding was formed. This 

approach, however, requires excess amounts of Ru organometallic–diazonium compound 

that cannot be reused, and the lifetime of the radical intermediate depends upon the nature 

of the compound.291 An alternative is to deposit the ligand using a diazonium-reduction 

method first, then metalation to form desired chromophores on the surface. 

Diazonium-based ligand modified surfaces are suitable for binding organometallic 

complexes as well as macromolecules, and this process is cost-effective since it does not 

involve the formation of precious-metal based radicals.292 In addition, the versatility of 

this method allows a variety of metal complexes to be grafted on the surface following a 

similar protocol. 
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 Research Objectives 1.4

1. Developing active ORR electrocatalysts for fuel cells 

Active ORR electrocatalysts are required in acid and in base because the ORR is 

significantly slower than the HOR. Nanoparticle ORR catalysts are susceptible to 

sintering over time, reducing the number of surface active sites. I aim to prepare Pt 

overlayers on Ni GLAD (glancing angle deposition) nanopillars, and investigate their 

surface properties, ORR activity, and stability. My goals include optimization of the 

deposition method, and to investigate possible mechanisms (e.g., electronic effect, strain 

effect) that the Ni GLAD substrate enhances the ORR activity of Pt. These results are 

described in Chapter 2 and Chapter 3. 

 

2. Developing active WOR electrocatalysts for water electrolysers 

The kinetics for the WOR are lower than the HER, leading to the largest energy 

efficiency losses in water electrolysers. Therefore, active catalysts are required for the 

WOR in acid and in base. Ideally, for large-scale industrial applications, the synthetic 

procedure for electrocatalysts should be simple and easily-scalable. I aim to find a 

one-step aqueous method to synthesize a series of active water oxidation catalysts.  

For WOR electrocatalysts in acid, the goal is to find active Ir–transition metal 

hydrous oxide nanoparticles with high mass-normalized, and electrochemically active 

site-normalized WOR activity with good stability. Attempts will be made to understand 

the mechanism of the enhancement of WOR activity caused by doping with 

earth-abundant transition metals. These results are described in the Chapter 4 and Chapter 

5 for Ir1-xNix and Ir1-xCux HO-np (hydrous oxide nanoparticles), respectively. 
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A series of binary HO-np consisting of first-row transition metals will be 

investigated as WOR electrocatalysts in base. The results from Ni1-xFex HO-np are 

described in Chapter 6. Besides understanding the origins of the enhanced activity of 

Ni1-xFex HO-np over Ni HO-np and Fe HO-np, I also aim to explore the influence of the 

catalyst support on the WOR activity. 

These studies will, in principle, provide an economic route to industrial-scale WOR 

catalysts, and promote the widespread application of the water electrolysers. Also, the 

acquired insights on the WOR mechanism will guide catalysts preparation and 

optimization in future studies. 

 

3. Construction of stable chromophore–semiconductor photoelectrodes 

Common groups that anchor chromophores to semiconductors in DSPECs are stable only 

under acidic conditions. Alkaline conditions are desireable for the WOR and the CO2 

reduction reaction. I aim to develop a new and reliable method to form base-stable 

covalent bonds between chromophores and semiconductor surfaces using diazonium 

chemistry. Spectrocopic characterizations will be carried out to investigate the surface 

bond. The photocurrent responses will be evaluated, and the stability will be compared to 

the photoelectrodes with typical phosphonic ester anchoring groups. Chapter 7 describes 

this new method and the results. This research will pave the way for the utilization of 

DSPEC in alkaline conditions, and ultimately lead to its wide application as a 

solar-to-fuel energy conversion device. 
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Chapter 2 Glancing Angle Deposited Ni Nanopillars 

Coated with Conformal, Thin Layers of Pt by a Novel 

Electrodeposition: Application to the Oxygen Reduction 

Reactiona 

 Introduction 2.1

Tireless efforts have been directed towards improving the sluggish ORR over Pt because Pt 

is a common component of the most active ORR catalysts.67,72,75,293 The most studied 

approach is to prepare alloys or composite structures containing Pt with various non-noble 

metals and then study their properties in acidic or basic electrolytes.294–297 Such alloys 

often undergo dealloying (i.e., selective dissolution of the non-noble metals in acid) or lose 

activity due to the destructive electrodissolution of the active materials in acid.298 In most 

cases, the initial use of basic conditions to study a newly developed combinatory catalyst 

would minimize significant changes in its structure and composition due to the dissolution. 

The use of alkaline electrolytes allows for convenient screening of the near as-prepared 
                                                 

a A version of this Chapter has been published. Xu, S.; Wang, C.; Francis, S. A.; Tucker, R. 

T.; Sorge, J. B.; Moghaddam, R. B.; Brett, M. J.; Bergens, S. H. Electrochimica Acta 2015, 

151, 537. 
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structure, activity, and durability of the ORR electrocatalysts. Furthermore, the results of 

such studies are relevant to the development of alkaline fuel cells.299,300 

A great deal of attention has been focused on the study of the ORR in alkaline media 

using Pt as a catalyst in binary and ternary combinations with non-noble transition 

metals.301,302 For instance, Garcia-Contreras et al. reported that PtNi and PtNiCo made by 

chemical vapor deposition were both more active than Pt in KOH solution, with the latter 

giving the best activity.303 A comparative theoretical and experimental survey of the ORR 

in 0.1 M KOH by Pasti et al. showed that the Pt–In alloy was 2.6 times more active than 

Pt.304 Later, Jaeger and coworkers showed that a Pt–C(Mo2C) catalyst was more active 

than the Pt/Vulcan carbon towards the ORR in base.305 

Vacuum sputtering/deposition methods have been used to prepare electrocatalysts 

reproducibly with control over structure and composition.306–319 The use of GLAD 

materials as oxygen reduction electrocatalysts also was reported recently.311–318 GLAD is a 

PVD (physical vapor deposition) technique performed in vacuum, and the microstructural 

control is achieved by the precise motion of the substrate relative to the incoming vapor 

flux.319,320 Figure 2.1 illustrates the GLAD process.  
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Figure 2.1 A schematic illustration of the oblique deposition angle, α, and the rotation 

angle relative to the substrate normal ψ, as defined in the GLAD process. 

 

The oblique deposition angle, α, is the angle between the incident vapor flux and the 

substrate normal, while the angle of rotation relative to the substrate normal is denoted 

asψ. During the deposition, the obliquely incident atoms are able to nucleate only onto the 

highest points of the substrate surface due to a self-shadowing effect. With increasing flux 

deposition, this self-shadowing effect leads to columnar or pillar-shaped growth. The 

porosity and nanopillar spacing can be controlled by changing α. Further morphology 

control can be achieved by modulating the substrate rotation in ψ, and this allows the 

formation of various structures (e.g. vertical columns, slanted posts, chevrons, square 

spirals, helices, and combinations thereof). The high level of morphology control, inherent 

to GLAD, would lead to well-tailored nanostructures that can be used in a variety of 
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applications, including electrocatalysis. Moreover, large-area GLAD films have been 

prepared in a prototype roll-to-roll system that can be extended to the mass production of 

these materials.321 

The Gall group reported various studies of GLAD-based electrodes in PEM fuel 

cells.311–314 For example, 100 to 500 nm GLAD Pt nanorods were sputtered at α = 87° 

directly onto gas diffusion layers and incorporated into PEMFCs as cathodes. These were 

compared to Pt cathodes prepared at the normal incidence of α = 0°. The GLAD Pt cathode 

had a lower electrochemically active surface area but a higher porosity than the cathode 

prepared at α = 0°. The mass specific activity of the GLAD-based cell was higher than the 

α = 0° system, suggesting that mass transport was more facile in the GLAD-based 

cathode.314 In another report, Pt sputtered onto 500 nm GLAD carbon nanorods were 

incorporated into a fuel cell and etched in situ by applying cell voltages between 1.2 and 

1.7 V. The etching improved the performance of the cell, suggesting that mass transport 

was also more facile in the etched cathode.312 

Brett et al. collaborated with the research groups of Wilkinson and Dahn to report Pt 

sputtered on GLAD annealed niobium oxide and titanium nanopillars, respectively.315,316 

Both reports showed 11 to 13 times surface area enhancement of the catalyst due to the 

high surface area of the GLAD supports. The room-temperature ORR studies in 0.1 M 

HClO4 showed that Pt/GLAD Ti could achieve current densities of 0.5 mA cm-2, while the 
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annealed niobium oxide-supported Pt displayed current densities ≥ 1 mA cm-2 at 0.9 VRHE. 

Moreover, the latter catalyst withstood aggressive electrochemical testing up to 1.4 VRHE, 

and its morphology was stable at 1000 °C.  

The Bergens group reported the first study of alcohol oxidation with GLAD-based 

electrocatalysts.322 Specifically, Pt was deposited electrochemically onto 500 nm long 

NiGLAD nanopillars supported on Si wafers (NiGLAD/Si). Two Pt deposition methods were 

compared. The first was a traditional potentiostatic deposition from Pt salts dissolved in 

acidic electrolytes. This deposition mainly placed the Pt on the tops of the NiGLAD 

nanopillars to give a layered structure with Ni on the bottom and Pt on the top (referred to 

herein as PtTrNiGLAD/Si). The second Pt deposition was an unconventional, self-limiting, 

galvanostatic one (J = -100 mA cm-2, normalized to the geometric area of the Si support 

under the NiGLAD), with a Pt counter electrode as the source of Pt in a 2.0 M NH4Cl 

electrolyte resulting in a conformal Pt coating on the NiGLAD/Si.323,324 This core-layer 

catalyst is referred to as NiGLAD{Pt}/Si. Both PtTrNiGLAD/Si and the core-layer 

NiGLAD{Pt}/Si were more active in the electro-oxidation of 2-propanol in base than Pt foil 

or Nifoam{Pt} (made by a similar Pt CE deposition on a Ni foam).324 At low overpotentials 

(0.05–0.30 VRHE), the electrochemically active surface atom normalized activity of 

NiGLAD{Pt}/Si was higher than the unsupported Pt and Pt–Ru nanoparticles as well. 

Interestingly, the NiGLAD/Si substrate without added Pt was active towards 2-propanol 
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electro-oxidation at low potentials.  

This Chapter presents the first ORR study on GLAD Ni supports over which Pt was 

electrochemically deposited using a rotating disc electrode. Using the versatile GLAD 

methodology we have been able to cast Ni on a bare glassy carbon electrode with control 

over shape, quantity, and distribution. Here, a higher value of α (α = 88o) than previous 

studies with NiGLAD/Si (α = 85°) was set to decrease the surface density of the nanopillars 

in an attempt to facilitate the mass transport of O2 in the catalyst layer.325,326 As well, we 

used a modified version of the Pt CE deposition with the WE (working electrode) rotating 

at high rates to prepare NiGLAD{Pt}/GC core-layer nanopillars with minimal mass transport 

effects. This technique appears to deposit controlled amounts of Pt uniformly over the Ni 

pillars. The resulting structures survived fast WE rotation during the ORR tests in the 

absence of binders such a Nafion®. This approach is beneficial for mechanistic studies, for 

benchmarking catalysts, and for testing novel catalyst materials while avoiding intrinsic 

complications (e.g. mass transport and stability problems) commonly encountered with 

binding agents.   
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 Results and Discussion 2.2

 Morphology and electrochemistry of NiGLAD/GC 2.2.1

 

Figure 2.2 Scanning electron micrographs showing the (A) top-down and (B) 45 degree 

oblique side view of a NiGLAD/GC electrode, as well as the (C) top-down and (D) 45 degree 

oblique side view of an as prepared NiGLAD{Pt}/GC electrode.  

 

Figure 2.2 shows top (A) and 45° oblique side (B) views of SEM (scanning electron 

microscopy) results of the as-prepared NiGLAD/GC electrode. The Ni nanopillars are 

columnar, roughly perpendicular to the surface of the glassy carbon, ~ 500 nm tall, and 

widen with increasing height, with an average maximum diameter of ~ 200 nm, and are 

distributed evenly on the surface. The typical mass of the Ni deposits was 62.5 μg (1.06 × 
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10-6 mole Ni), or 500 μg cm-2 (8.35 × 10-6 mole cm-2), as determined by ICP–MS 

(inductively coupled plasma–mass spectrometry) after dissolution of the Ni deposit. 

Figure 2.3 shows typical CVs (cyclic voltammograms) of five consecutive cycles for 

the NiGLAD/GC substrate in 1.0 M KOH in the range 0–0.40 VRHE (sweep rate = 10 mV s-1). 

This range covers the reversible, 2-electron Ni/-Ni(OH)2 conversion, and it avoids the 

irreversible formation of -Ni(OH)2 at higher potentials.327–329 This process is shown in eq 

2.1. 

 Ni + 2 OH- → -Ni(OH)2
 + 2 e-  2.1 

The first scan displayed a weak anodic wave at ~ 0.05 VRHE on the forward sweep, 

which disappeared in the subsequent cycles. This anodic peak likely arises from the 

oxidation of adsorbed hydrogen that would have formed during the initial polarization at 0 

VRHE.328 Unlike previous reports with bulk polycrystalline Ni that typically contain a 

well-defined anodic peak at ~ 0.23 VRHE,327–329 the anodic sweeps for NiGLAD/GC only 

showed an oxidative region with two broad peaks at ~ 0.12 and ~ 0.25 VRHE, ascribed to the 

Ni/-Ni(OH)2 conversion. A similar broadening was observed previously in the CVs of 

NiGLAD/Si in base.324 This broadening likely is due to differences in the nature and 

distribution of the active sites on the NiGLAD nanopillars and on bulk, polycrystalline Ni. A 

previous study reported only slight differences in the peak potentials of the anodic waves in 

the Ni (110), (100), and (010) crystal faces, further suggesting that the broad nature of this 
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wave is a unique property of NiGLAD/GC or NiGLAD/Si. A large reduction peak at ~ 0.06 

VRHE, which is due to the reduction of -Ni(OH)2 to Ni, is the prevailing feature of the 

cathodic scan.327–329 The cathodic features of the CVs did not change appreciably with 

cycling. The evolution of H2 over NiGLAD/GC commences at ~ 0.02 VRHE, which is more 

positive than that over bulk, polycrystalline Ni.323,324 The charge under the fifth sweep of 

the cathodic wave, down to the onset of the H2 evolution, was used to approximate the 

EASA of NiGLAD/GC. For a typical sample, this charge was 1182 µC. The charge acquired 

by integration of the area in a cyclic voltammogram can be used to estimate the 

electrochemically active surface atoms based on eq 2.2,  

  

𝑚 =  
𝑄

𝑛𝐹
  2.2 

where m is the mole of electrochemically active surface atoms, Q is the charge, n is the 

electron transfer number, and F is the Faraday constant. Assuming a 2-electron process for 

the Ni/-Ni(OH)2 couple, this charge corresponds to 6.1 × 10-9 mole surface atoms of Ni, 

compared to 1.06 × 10-6 mole total Ni (63 μg) in the deposit. Using the charge density of 

514 μC cm-2 for Ni towards 2-electron oxidation forming -Ni(OH)2, this charge would 

correspond to an EASA of ~ 2.3 cm2 (on 0.126 cm2 GC).327  

After characterization by CV, we washed the NiGLAD/GC electrode and cell with 

deoxygenated H2O under an atmosphere of nitrogen, added the 2.0 M NH4Cl electrolyte, 

and then carried out the rotating WE galvanostatic deposition in the same cell without 
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exposing NiGLAD/GC to air.   

 

Figure 2.3 The first 5 sweeps of the cyclic voltammetry for the NiGLAD/GC substrate in 1.0 

M KOH under N2 at 25 °C. The potential sweep rate was 10 mV s-1. 

 

 Rotating WE, galvanostatic deposition onto NiGLAD/GC 2.2.2

The deposition was carried out galvanostatically in 2.0 M NH4Cl with a Pt black gauze CE 

as the Pt source. The CE was exposed to H2 (1 atm) before the deposition in order to reduce 

the surface Pt oxides.322–324 As was the case in 1.0 M KOH, H2 evolution at the NiGLAD/GC 

WE started at a lower overpotential than that of bulk, polycrystalline Ni in 2.0 M NH4Cl. 

Indeed, the H2 evolution at NiGLAD/GC was significant, and the gas bubbles blocked the 

electrolyte access to the WE even at the beginning of the deposition when little or no Pt 
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existed on the surface. Therefore, we performed the depositions at a high rate of WE 

rotation ( = 1700 rpm) to dislodge the bubbles continuously as they formed. This high 

rate of rotation would also minimize the mass transport effects on the distribution of the Pt 

deposit within the catalyst layer. As well, a lower current density than in our previous 

reports (j = -64 mA cm-2
GC or jEASA = -5.5 mA cm-2

 Nisurf from the initial EASA of the 

NiGLAD deposit) was used.322 Under these conditions, we expected to obtain a more 

uniform deposit of Pt on NiGLAD. We note that the nature of the NiGLAD/GC deposit, i.e. 

with the Ni nanopillars attached directly to the surface of the GC disc, uniquely allowed the 

rotating WE deposition without the need of binders such as Nafion® that could interfere 

with the deposition and activity measurements of the resulting electrocatalysts. The 

potential of the WE increases (decreasing the overpotential) as the Ni surface is covered 

progressively by Pt, until it levels out when the Ni is fully covered by Pt.322 As can be seen 

in Figure 2.2C and D (SEM for a NiGLAD{Pt}/GC electrode), there appear to be no 

significant changes in the overall shape and morphology of the GLAD pillars before and 

after the rotating deposition. Thus, it is likely that Pt has been deposited uniformly, on this 

scale, over the NiGLAD nanopillars. Closer inspection of the nanopillars before and after Pt 

deposition reveals the appearance of some fine structures that presumably are due to partial 

surface deposition of Pt, which is also consistent with the EWE changes over the course of 

electrodeposition.  
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Figure 2.4 Potential profiles of the EWE and ECE during the Pt depositions for (A) a 

NiGLAD/GC electrode and (B) a bare GC electrode. 

 

Figure 2.4A shows profiles of EWE (working electrode potential) and ECE (counter 

electrode potential) versus time during the rotating WE, galvanostatic deposition of a 

NiGLAD/GC electrode. For comparison, the same procedure was carried out over a bare GC 

disk (Figure 2.4B) to prepare a control {Pt}/GC electrode. The initial stages (up to ~ 400 s) 

of the deposition over NiGLAD/GC largely represent H2 evolution over the rotating 

NiGLAD/GC electrode, with EWE ranging -1.06 to -1.08 V versus Ag/AgCl (VAg/AgCl). The Pt 

deposition largely begins once the Pt black CE potential rises to values adequate to 

dissolve significant amounts of Pt in 2.0 M NH4Cl (~ 0.47 VAg/AgCl).322–324 Starting at 410 s, 

we believe that a mixed H2 evolution system exists over the NiGLAD{Pt}/GC electrode, 

with H2 evolution occurring over both Pt and Ni and then mainly over Pt when the Ni is 

fully covered with Pt (i.e. after t = 1500 s). EWE increased almost linearly in the mixed 
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potential region for ~ 1200 s and then leveled off asymptotically towards -0.81 VAg/AgCl. 

This behavior of EWE with time indicates that the Pt coverage increases almost linearly 

during the early stages of the deposition (~ 1200 s). As expected, the initial WE potential is 

more negative over bare GC than over NiGLAD/GC. Also, the polarization of the CE 

initiates at potentials larger than 0.47 VAg/AgCl, suggesting that the electrodissolution from 

the CE and Pt deposition onto the WE started almost immediately. Indeed, EWE over GC 

started to increase at the onset of the deposition. Over bare GC (Figure 2.4B), the initial 

surge in EWE likely is due to the nucleation and the growth of the Pt deposit. The WE 

potential increase levels off much earlier over {Pt}/GC than over NiGLAD{Pt}/GC (around 

1000 s). We note, however, that the overall deposition time for both electrodes (start of the 

potential increase up to the plateau) seems quite similar, and is roughly 1000 ± 50 s. The 

difference in the WE potentials near the end of the depositions likely reflects differences in 

the overpotentials for hydrogen evolution over the {Pt}/GC and NiGLAD{Pt}/GC surfaces. 
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 Electrochemistry of NiGLAD{Pt}/GC  2.2.3

 

Figure 2.5 Typical cyclic voltammograms for the {Pt}/GC (solid) and NiGLAD{Pt}/GC 

(dashed) electrodes in 1.0 M KOH under N2 (25 °C) at 100 mV s-1.  

 

Figure 2.5 shows typical voltammograms of the NiGLAD{Pt}/GC and {Pt}/GC 

electrodes in 1.0 M KOH (100 mV s-1). The CVs were recorded without exposing the 

NiGLAD{Pt}/GC WE to air after the rotating WE galvanostatic deposition. Typical features 

of Pt are observed for both electrodes, with hydrogen desorption (anodic, eq 2.4) and 

adsorption (cathodic, eq 2.3) below 0.45 VRHE, while oxide formation (anodic, eq 2.5) and 

stripping (cathodic, eq 2.6) are at potentials higher than 0.5 VRHE.330  

 Pt + H2O + e- → Pt–H + OH-  2.3 

 Pt–H + OH- → Pt + H2O + e-  2.4 
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 Pt + 2 OH- → Pt–O + H2O + 2 e-  2.5 

 Pt–O + H2O + 2 e- → Pt + 2 OH-  2.6 

We note, however, that the oxide stripping peak over NiGLAD{Pt}/GC is at 0.53 VRHE, 

compared to 0.71 VRHE over {Pt}/GC. Using the charge under the cathodic wave, and 

assuming that the Pt electrochemistry is dominant, the EASA of NiGLAD{Pt}/GC is 0.76 

cm2 and, similarly, 0.75 cm2 was obtained for the {Pt}/GC.331 The CV of {Pt}/GC was 

stable over the course of these experiments in the absence of a binder, showing that this 

deposition approach can be used successfully over bare carbon surfaces as well. 

 Oxygen reduction reaction on NiGLAD{Pt}/GC  2.2.4

 

Figure 2.6 (A) The baseline-corrected fifth cathodic and anodic sweeps of the 

hydrodynamic CVs of the {Pt}/GC (solid) and NiGLAD{Pt}/GC (dashed) electrodes in 

O2-saturated 1.0 M KOH at 25 °C, 1600 rpm, and 10 mV s-1. Current densities are 

normalized to EASA. (B) Tafel plots extracted from the anodic sweeps. The data are not 

iR-corrected. 



 

77 

 

Figure 2.6 compares the ORR activities of the NiGLAD{Pt}/GC and {Pt}/GC 

electrodes in O2-saturated 1.0 M KOH. The Figure shows the fifth negative going (cathodic) 

and positive going (anodic sweeps) ( = 1600 rpm, 1.00 to 0.50 VRHE, 10 mV s-1) of the 

hydrodynamic CVs corrected for the baseline CV (measured in the absence of O2). The 

current densities are normalized to the estimated EASA of the deposits. We note that, based 

on the charges under the hydrogen adsorption/desorption regions (Figure 2.5), the EASA of 

the NiGLAD{Pt}/GC and {Pt}/GC electrodes were 0.76 and 0.75 cm-2, respectively. As such, 

both electrodes produced similar mass transport controlled activities. The onset of the ORR 

was ~ 30 mV less negative over NiGLAD{Pt}/GC, resulting in about a 2–3 fold superior 

activity for NiGLAD{Pt}/GC over {Pt}/GC in the range 0.90 to 0.75 VRHE (cathodic sweeps). 

A comparison of the anodic sweeps showed similar improvements (somewhat better). This 

signifies the role of NiGLAD structures in improving the sluggish ORR activity of Pt. 

Kariuki et al. reported that Pt–Ni (both deposited by GLAD) nanorods gave similar ORR 

activity improvements compared with Pt in acidic electrolytes.332 Table 2.1 summarizes 

key data of the two catalysts where the EASA and mass-normalized activities have been 

reported at 0.9 VRHE of the anodic scans. 
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Table 2.1 Key parameters for the {Pt}/GC and NiGLAD{Pt}/GC electrodes 

Catalyst ORR onset  

 (VRHE) 

EASA  

(cm2) 

EASA 

activity  

(mA cmPt
-2) 

Mass 

activity  

(A gPt
-1) 

Normalized 

activity* 

(A gPt
-1 cmPt

-2) 

{Pt}/GC 0.93 0.75 0.105 5.53 7.37 

NiGLAD{Pt}/GC 0.96 0.76 0.202 13.23 17.40 

* Activity normalized both to the mass and the EASA of Pt. 

 

Based on the Butler–Volmer equation, the potential-dependent current density could 

be expressed by eq 2.7, 

  

𝑖 = 𝑖0 [𝑒
−α𝑛𝐹η

𝑅𝑇 − 𝑒
(1−α)𝑛𝐹η

𝑅𝑇 ]  2.7 

where i is the current density, i0 is the exchange current density (the current density at the 

thermodynamic equilibrium potential), F is the Faraday constant, n is the number of 

electrons transferred in the rate-determining step, α is the transfer coefficient describing 

the fraction of the applied potential that favors the reaction, and η is the overpotential. The 

first and second terms of eq 2.7 are used to describe the electrochemical kinetics of the 

cathodic and anodic reaction, respectively. In the case of ORR, the anodic component of 

the equation is negligible since the reaction is highly irreversible. 

By taking the logarithm of the current over potential, eq 2.8 is derived. 
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η = −
2.3𝑅𝑇

α𝑛𝐹
log 𝑖 +

2.3𝑅𝑇

α𝑛𝐹
log 𝑖0  2.8 

The transfer coefficient, α, of the electrochemical reaction can be determined from the 

Tafel slope, given by 2.3RT/αnF. A larger α indicates how much more efficiently a 

reaction proceeds.333,334 

Figure 2.6B displays EWE versus the logarithm of the kinetic current density (cathodic) 

normalized to the EASA. The kinetic current is expressed by eq 2.9, where ikinetic, iobs, and 

ilim are the kinetic current, raw current, and limiting current, respectively. 

  

𝑖kinetic =
𝑖obs𝑖lim

𝑖lim − 𝑖obs
    2.9 

For both electrodes, there were two regions of the Tafel plots with different slopes, 

indicating a change in the RDS with overpotential. At low overpotentials, down to EWE ~ 

0.80 VRHE, the Tafel slopes were 63 and 58 mV dec-1, while at EWE between ~ 0.80 V and ~ 

0.60 VRHE Tafel slopes of as large as 172 and 227 mV dec-1 were obtained for {Pt}/GC and 

NiGLAD{Pt}/GC, respectively. Other authors also have reported two regions with different 

Tafel slopes for the ORR over Pt in KOH electrolytes, typically 60 mV dec-1 down to EWE 

= ~ 0.80 VRHE and ~ 121 mV dec-1 at EWE < 0.80 VRHE.332,335 The reasons for the overly 

large Tafel slope at large overpotentials for NiGLAD{Pt}/GC are unknown at this point. It 

has been hypothesized that such high Tafel slopes would be indicative of the RDS being 

the adsorption of O2;335 therefore, higher ORR activities of NiGLAD{Pt}/GC than {Pt}/GC 
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could be related with the increased affinity with O2. From the corresponding O2-free 

voltammetry (Figure 2.5), the oxide stripping peak for NiGLAD{Pt}/GC appeared about 0.2 

V less positive than that for {Pt}/GC. Such a shift is suggestive of a higher oxide 

adsorption energy with Ni present in the NiGLAD{Pt}/GC catalyst; both factors will affect 

the ORR activity. Further investigation is required, however, to fully explain the 

differences in the ORR activities between NiGLAD{Pt}/GC and {Pt}/GC.  

 

Figure 2.7 Potentiostatic ORR measurements in O2-saturated 1.0 M KOH at 0.85 VRHE. 

The rotation rate was 1600 rpm. 

 

Moderate-term potentiostatic ORR tests (EWE = 0.85 VRHE) over 5000 s were carried 

out with the {Pt}/GC and NiGLAD{Pt}/GC electrodes as a preliminary comparison of the 

durability of these catalysts (Figure 2.7). The NiGLAD{Pt}/GC electrode retained its initial 

performance and also showed some improvement (-0.48 mA cm-2 at t = 0 and -0.55 mA 
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cm-2 at t = 5000 s), while the activity of the {Pt}/GC electrode decreased by 38% after 5000 

s (-0.21 mA cm-2 at t = 0 and -0.13 mA cm-2 at t = 5000 s, respectively). This result is 

consistent with the report of Zhang et al. who overviewed influences of metal oxide 

supports in sustaining the ORR activity of Pt.336 

 

Figure 2.8 CVs before (solid) and after (dash) 5000 s ORR at 0.85 VRHE for the (A) 

{Pt}/GC and (B) NiGLAD{Pt}/GC electrodes in 1.0 M KOH under N2 at 100 mV s-1. 

 

Figure 2.8 shows the baseline CVs in O2-free 1.0 M KOH for {Pt}/GC and 

NiGLAD{Pt}/GC before and after the moderate-term ORR tests. The before and after EASA 

of NiGLAD{Pt}/GC were 0.76 cm2 and 0.74 cm2, respectively. The corresponding values for 

{Pt}/GC were both 0.75 cm2. Thus, the EASA of both surfaces were not changed 

significantly by the moderate-term potentiostatic ORR.  

These results show that the deposition method described gives rise to Pt particles that 

are attached strongly to the GC support. On this basis, we propose that the superior ORR 
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activity and moderate-term durability of the NiGLAD{Pt}/GC over {Pt}/GC are due to the 

promotional effects of the NiGLAD support on the Pt layer.  
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 Conclusions 2.3

Glancing angle deposition was employed to cast Ni nanopillars on glassy carbon supports. 

Then, a rapid rotating WE, galvanostatic deposition approach was used to incorporate Pt. 

This resulted in uniform deposition of Pt over the Ni structures, while SEM indicated that 

trace amounts of Pt have also been deposited as an overlayer. It is noteworthy that the 

underlying morphology of the NiGLAD apparently did not change by the deposition. 

Preliminary tests showed that the NiGLAD{Pt} on GC was 2–3 fold more active towards the 

ORR than the {Pt} on GC under identical conditions. Typically, for both catalyst layers, the 

Tafel plots showed two distinctive slope regions, similar to the bulk polycrystalline Pt, 

demonstrating the change in the ORR mechanism with potential. Moderate-term 

potentiostatic ORR studies showed that the Pt layer at the NiGLAD support was more durable; 

this should be of interest in the development of commercial catalysts for alkaline fuel cells.  

The preparation of the NiGLAD deposit on GC is easy to perform, reproducible, and 

reasonably fast (about one hour is required for the simultaneous deposition on multiple GC 

electrodes). However, we emphasize that the methodology described in this Chapter is in 

its preliminary stages. This approach is extended to the ORR studies in acidic media as 

well. Chapter 3 describes this rotating WE, galvanostatic deposition on NiGLAD 

nanopillars for the ORR application in acid.  



 

84 

 

 Experimental 2.4

 General 2.4.1

The following chemicals were used as received from the supplier: Nitrogen (Praxair), 

oxygen (Praxair), concentrated sulfuric acid (Caledon), hydrochloric acid (EMD 

chemicals), nitric acid (EMD chemicals), perchloric acid (Anachemia Corporation), 

potassium permanganate (Fisher Scientific), 30% hydrogen peroxide (Fisher Scientific), 

potassium hydroxide (Caledon Laboratory Chemicals), ammonium chloride (Caledon 

Laboratory chemicals), ethanol (Greenfield Ethanol Incorporated), acetone (EMD 

chemicals), and potassium hexachloroplatinate (Aithica Chemical Corporation). The 

following materials were used as received from the supplier: platinum gauze (Alfa Aesar, 

52 mesh woven from 0.1 mm wire, 99.9% metals basis) and nickel metal chunks (Cerac, 

Inc., 99.9% purity). The glassy carbon discs (Pine Research Instrumentation, 5 mm outer 

diameter × 4 mm thick, 0.196 cm2 geometric surface area) were polished and cleaned 

before use, as described below. 

Triply distilled H2O was used to prepare all aqueous solutions. 2-Propanol (ACS 

reagent grade, Sigma-Aldrich) was distilled under N2 from Mg. Analytical grade reagents 

were used to prepare all electrolyte solutions. All aqueous solutions were saturated with N2 

gas by purging for 30 min before use. All electrochemical experiments were carried out 

under N2 using the standard Schlenk techniques. The rinse water and electrolytes were 
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transferred under flushing N2 with cannulas. The ORR experiments were carried out in 

O2-saturated 1.0 M KOH under an atmosphere of O2. The glassware was cleaned with 

Piranha solutions (5:1 by volume concentrated H2SO4 and 30% H2O2), rinsed thoroughly 

with the triply distilled H2O, and then dried at 80 °C. The blackened platinum gauze used 

as counter electrodes were prepared as described previously.322 All electrochemical 

experiments were carried out at room temperature. 

 Preparation of NiGLAD/GC 2.4.2

The GC discs were polished with a Pine Research Instrumentation polishing kit (5, 0.3, and 

0.05 μm alumina slurry with a nylon or rayon microcloth) and cleaned with acetone, 

2-propanol, and water before being placed in the high vacuum deposition chamber (Kurt J. 

Lesker). The deposition chamber was evacuated to below 0.1 mP, and Ni was deposited 

from Ni metal chunks via electron beam deposition. The flux rate was maintained at 1 nm 

s-1 while a film of ~ 500 nm vertical nanopillars was deposited at α = 88˚. The substrates 

were rotated constantly at a rate of one rotation every 10 nm of film growth. The 

NiGLAD/GC discs were stored under glass in air.  

 Rotating WE, galvanostatic deposition 2.4.3

The experiments in Sections 2.4.3 and 2.4.4 typically were completed on the same day to 

minimize ageing effects on the activity and characteristics of the resulting electrodes. The 
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NiGLAD/GC disc was loaded into the RRDE tip under air using a homemade, hands-free 

mounting tool that also removed the outer 0.5 mm-thick ring of the NiGLAD deposit, leaving 

0.126 cm2 of the GC covered with NiGLAD. The NiGLAD/GC was cleaned with triply distilled 

water and then fitted to a 100 mL, three-neck flask with a Pine AC01TPA6M Gas-Purged 

Bearing Assembly. All gases were handled with needles attached to feed and bubbler lines. 

The Pt gauze CE (in a glass filter tube with a coarse sinter tip) and the H2 (1 atm)/1.0 M 

KOH/Pt RHE reference electrode were fitted to the flask through holes in rubber septa. The 

vessel was flushed with N2 for 20 min and then filled with ~ 50 mL, N2-saturated 1.0 M 

KOH through a cannula. Immediately after immersion, EWE was held at -0.10 VRHE for 180 

s, following which CV was recorded to characterize the NiGLAD surface (0–0.40 VRHE, 10 

mV s-1, 5 sweeps). The results are described in Section 2.2.1 and Figure 2.3. 

The KOH solution was removed through a cannula. With rapid N2 flushing, the CE 

was replaced with unprotected, fresh Pt black gauze, and the RHE was replaced with a 

Ag/AgCl (4.0 M KCl) reference electrode, both fitted through rubber septa. The picture of 

the setup is shown in Figure 2.9.  
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Figure 2.9 Experimental apparatus for the rotating WE, galvanostatic deposition. 1: 

Ag/AgCl (4.0 M KCl) reference electrode; 2: working electrode; 3: blackened Pt counter 

electrode; 4: 2 M NH4Cl electrolyte. 

 

Using cannulas, the vessel was washed 3 times with N2-saturated H2O (~ 50 mL each), 

emptied, and the Pt CE surface was reduced by exposure to a stream of H2 (1 atm) for 10 

min. The H2 was flushed with N2, and 30 mL of N2-saturated 2.0 M NH4Cl was added 

through a cannula. Thereafter, the WE was rotated at  = 1700 rpm, and the current density 

was set to j = -64 mA cm-2
GC, normalized to the total area of the GC disc (0.196 cm2). A 

detailed discussion of the galvanostatic deposition of Pt on NiGLAD can be found in Section 

2.2.2. 
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After the deposition, the NH4Cl solution was removed through a cannula. Under 

flushing N2, the CE was exchanged for a Pt black gauze in a filter tube with a coarse sinter, 

and the reference electrode was exchanged for a RHE, both fitted through rubber septa. 

Next, the reaction vessel and working electrode were rinsed through cannulas 3 times (~ 50 

mL each) with N2-saturated triply distilled water, and ~ 50 mL aqueous 1.0 M KOH was 

introduced into the vessel. Voltammetry was conducted to characterize the NiGLAD{Pt}/GC 

catalyst (11.6 μg by ICP–MS), and this is discussed in Section 2.2.3. The same steps were 

carried out with a bare GC electrode to prepare the {Pt}/GC electrode (14.5 μg by ICP–

MS).  

 Oxygen reduction reaction measurements 2.4.4

After the electrode was characterized by CV in 1.0 M KOH under N2, oxygen (1 atm) was 

bubbled through the electrolyte for 30 min while the WE was at open circuit. The ORR 

measurements were carried out with 1600 rpm WE rotation, as described in Section 2.2.4 

and Figure 2.6. The NiGLAD{Pt}/GC or {Pt}/GC catalyst layers were washed with water 

and stored in air between use. Each experiment has been repeated at least three times to 

ensure the reproducibility, and the experimental errors between measurements are less 

than 10%. 
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 Instrumentation 2.4.5

The electrochemical experiments were performed with a Solartron SI 1287 

Electrochemical Interface controlled by CorrWare for Windows Version 2–3d software. 

The rotating disc electrode experiments were performed with a Pine Research 

Instrumentation Modulated Speed Rotator equipped with an AFE6MB RRDE shaft and 

E5TQ series change-disk tip. The shaft and tip were connected to the reaction flask with a 

Pine AC01TPA6M Gas-Purged Bearing Assembly.   

SEM was performed with a Hitachi S-4800 instrument. ICP–MS data were measured 

with an Agilent 7500 ce ICP–MS coupled with Cetac ASX-510 autosampler. Samples were 

prepared by dissolving the deposits in aqua regia.  
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Chapter 3 Oxygen Reduction over Dealloyed Pt Layers 

on Glancing Angle Deposited Ni Nanostructuresa 

 Introduction 3.1

The results from the NiGLAD{Pt}/GC catalysts for the ORR in base inspired us to optimize 

the conditions further and to apply the catalysts towards the ORR in acid. The ORR in 

acid is a fundamental process that occurs in all PEMFCs.334,337,338 The overpotential for the 

ORR is detrimentally higher than that for the hydrogen oxidation reaction in H2–O2 fuel 

cells, and much research has been directed towards developing active and practical ORR 

catalysts.  

Platinum is a proven component of stable, active ORR catalysts in acid.339–342 

Consequently, most ORR research is focused on reducing the loading by increasing the 

activity of Pt-containing catalysts. For example, combining Pt with a non-noble transition 

metal, such as Ni, Co, Cu, or Fe, can improve the activity of the catalyst 

dramatically.74,334,338,343–345 The mechanism of the ORR in acid is well-studied,11,346–348 and 

the non-Pt components in these catalysts increase the activity of Pt by contracting the Pt–

                                                 

a A version of this Chapter has been published. Wang, C.; Moghaddam, R. B.; Sorge, J. B.; 

Xu, S.; Brett, M. J.; Bergens, S. H. Electrochimica Acta 2015, 176, 620. 
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Pt lattice (geometric strain)112,349 and/or by an electronic effect.346,350 Both the strain and 

the electronic effect optimize the surface–oxygen bond strengths by shifting the d-band to 

minimize the adsorption of oxides, hydroxides, and related species that inhibit the ORR. 

The downward shift in the d-band center brings the antibonding state of the interaction 

between the adsorbed oxygen's valence p level and the Pt d-band below the Fermi level, 

weakening the surface–adsorbate bond.118,351–353 However, these non-noble transition 

metal components are quite soluble in acid, and their dissolution is accelerated at the 

operating potentials of the ORR.  

A widely-known approach to stabilize such multicomponent ORR catalysts is 

dealloying, where the non-noble metal is electro-dissolved to a controlled extent either at a 

constant potential344 or under potential cycling.120,298,353 It is believed that the catalysts 

formed by dealloying are core-shell systems with Pt-rich shells that prevent further 

dissolution of the non-noble metal(s) and that the cores activate the Pt shell towards the 

ORR by lattice strain and/or an electronic effect. Strasser et al. extensively studied the 

dealloying of Pt intermetallic nanoparticles to produce active ORR catalysts in 

acid.120,343,351–354 The early reports described dealloyed catalysts that were evaluated in 

RDEs (rotating disk electrodes) and in MEAs (membrane electrode assemblies).351–353 In 

the MEA, ternary Pt–Co–Cu catalysts were dealloyed, and the resulting Cu and Co ions 

were extracted from the membrane by ion exchange with a mineral acid.352 The mass 



 

92 

 

activities of the resulting catalysts were over five times greater than that of Pt.352 Later, 

they reported a dealloyed PtNi3 catalyst that operated with 0.29 A mgPt
-1 at 0.9 VRHE at 

room temperature in O2-saturated 0.1 M HClO4. This mass activity was 7–8 times that of a 

heat-treated Pt catalyst with similar particle sizes and 2–3 times that of a commercial Pt 

catalyst.118,119 The area-specific activities were 6–7 times that of the pure Pt catalysts.118,119   

This Chapter describes the utilization of GLAD to grow Ni nanopillars on GC 

rotating disk electrodes. Thin and conformal Pt layers are deposited onto NiGLAD/GC from 

a blackened355 Pt gauze CE using a rotating WE, galvanostatic deposition at low current 

densities in 2.0 M NH4Cl, as described in Chapter 2.323 A detailed study of these systems as 

ORR catalysts in acid is carried out, and the optimal coverage of NiGLAD by Pt for the ORR 

in acid is determined. In addition, the effect of dealloying on their activities towards the 

ORR is investigated. 
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 Results and Discussion 3.2

 Cyclic voltammetry 3.2.1

 

Figure 3.1 First three CVs of an as-prepared NiGLAD{Pt-800}/GC electrode at 50 mV s-1in 

N2-saturated 0.1 M HClO4. 

 

Figure 3.1 shows the first three consecutive cyclic voltammograms (50 mV s-1) of an 

as-prepared NiGLAD{Pt}/GC electrode (NiGLAD{Pt-800}/GC) in 0.1 M HClO4. The 

electrode was prepared by interrupting the Pt deposition after 800 s. Based upon the EWE 

versus time curve for the deposition (Figure 3.10), 800 s corresponds with the point when 

EWE begins to level off, presumably when most of the Ni is covered by Pt. The EASA of the 

NiGLAD/GC electrode was estimated from CV in base before the Pt deposition.356 The CVs 

of NiGLAD{Pt-800}/GC in 0.1 M HClO4 contained the features of Pt electrochemistry in 
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acid, with the anodic peaks assignable to the hydrogen desorption (E < 0.37 VRHE) and the 

surface oxide formation (E > 0.70 VRHE), and with the oxide layer stripping followed by 

the hydrogen adsorption dominating the cathodic sweep. The EASA of the as-prepared 

NiGLAD{Pt-800}/GC electrode was estimated by integrating the hydrogen adsorption area 

(corrected for the background current), taking into account the charge density of 0.210 mC 

cm-2 for one electron transfer at Pt (eq 3.1)357 and the estimated hydrogen adsorption 

charge of 0.37 mC, the EASA was 33.5 m2 g Pt
-1.  

 Pt + H+ + e- → Pt–H 3.1 

As shown in Figure 3.1, the EASA (estimated from the hydrogen adsorption region) 

of the deposit remained almost unchanged over the subsequent scans. The mass loadings of 

Pt and Ni in this electrode were 5.2 and 21.5 μg, respectively, as determined by the 

destructive ICP–MS after the electrochemical measurements. 

 Oxygen reduction reaction activity 3.2.2

Figure 3.2 shows the RDE (ω = 1600 rpm) voltammetric ORR current for the same 

NiGLAD{Pt-800}/GC electrode (weight composition ~ Pt27Ni73) in O2-saturated 0.1 M 

HClO4 (10 mV s-1). The ORR onset potential was ~ 0.8 VRHE in the forward scan (cathodic) 

of the first cycle. The onset potentials in the second and third scans were both at ~ 0.93 

VRHE, ~ 0.13 V higher (less overpotential) than in the first cycle. The kinetic current at 0.9 

VRHE (eq 2.9358) was 0.014 mA, corresponding to mass (Pt) and EASA activities of 0.003 A 
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mgPt
-1 and 0.008 mA cmPt

-2, respectively. 

 

Figure 3.2 Oxygen reduction at NiGLAD{Pt-800}/GC (10 mV s-1) in an O2-saturated 0.1 M 

HClO4 solution before dealloying. 

 

 Effect of dealloying on ORR activity 3.2.3

The dealloying protocol developed by Strasser et al.359 (200 cycles at 500 mV s-1 over 0.05 

to 1 VRHE) was applied to the NiGLAD{Pt-800}/GC electrode. Figure 3.3 shows the CV 

patterns at 50 mV s-1 for a NiGLAD{Pt-800}/GC electrode (Pt loading = 5.2 μg) before and 

after the dealloying treatment. Upon dealloying, the general voltammetric features of Pt 

were preserved. However, the peak areas of both the oxide and hydrogen regions have 

decreased. The EASA (from the hydrogen adsorption region) after dealloying was ~ 32.1 

m2 gPt
-1, corresponding to about 4.0% decrease compared with the initial EASA. The 
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origins of this small decrease in EASA may be related to the changes in structure caused by 

dealloying. Further, the signals in the sweeps became more distinct, and the capacitive 

current decreased after dealloying. Similar observations were reported in the literature for 

other PtNi systems.118 In addition, the oxide stripping peak potential shifted to a more 

positive value, indicating that the adsorption of the oxide layer was weakened.360,361  

 

Figure 3.3 Voltammograms at 50 mV s-1 of the NiGLAD{Pt-800}/GC electrode in O2-free 

0.1 M HClO4 before (solid) and after dealloying (dashed).  

 

Figure 3.4 shows the ORR activity of the NiGLAD{Pt-800}/GC electrode before and 

after dealloying in O2-saturated 0.1 M HClO4. The ORR profiles are normalized to EASA 

in each case (33.4 m2 gPt
-1 before, and 32.1 m2 gPt

-1 after dealloying); the raw data are 

shown in the inset for comparison. Dealloying results in an impressive increase in the ORR 

activity, giving a kinetic current density of 0.33 mA cmPt
-2 at 0.9 VRHE, which is over 41 
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times that of an untreated NiGLAD{Pt-800}/GC electrode (0.008 mA cmPt
-2). These results 

show that the NiGLAD{Pt-800}/GC system can sustain the dealloying process in acid. This, 

combined with the observations that during the deposition to prepare NiGLAD{Pt-800}/GC 

the potential of the WE had risen to the plateau region by 800 s and that the CVs were 

consistent with the electrochemistry of Pt in acid, is good evidence that the surface of the 

NiGLAD{Pt-800}/GC electrode is quite rich in Pt. This interpretation also is consistent with 

the relatively small changes that occurred during the dealloying treatment of this electrode 

(Figure 3.3). Nevertheless, the substantive increase in the ORR activity induced by 

dealloying suggests that electrochemically accessible Ni was present near the 

NiGLAD{Pt-800}/GC surface and that this Ni was removed to some extent by dealloying. 

As shown in Figure 3.3, the EASA of NiGLAD{Pt-800}/GC decreased slightly during the 

dealloying process, yet the ORR activity increased, showing, as concluded by Strasser et 

al.351,352 for other systems, that a simple increase in EASA does not explain the 

enhancement of the ORR activity produced by dealloying. 
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Figure 3.4 Oxygen reduction profiles at 10 mV s-1 (anodic sweeps) and 1600 rpm for the 

NiGLAD{Pt-800}/GC electrode in O2-saturated 0.1 M HClO4 before (solid) and after 

dealloying (dashed). Inset: raw data (not normalized to the EASA). 

 

 Effect of Pt deposition time on ORR activity 3.2.4

Using the procedure detailed in Chapter 2, the time for the rotating WE, galvanostatic 

deposition of Pt upon similar NiGLAD/GC substrates was varied to prepare a series of 

NiGLAD{Pt}/GC electrodes with different Pt loadings. Figure 3.5 shows typical CVs of the 

NiGLAD{Pt}/GC electrodes in N2-saturated 0.1 M HClO4 after dealloying. The CV for the 

electrode with the lowest loading of Pt, NiGLAD{Pt-400}/GC, was essentially featureless. 

During the Pt deposition at 400 s (see Figure 3.10), the potential of the NiGLAD{Pt}/GC 

WE is still rising, which indicates that Ni is not covered substantively by Pt in 
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NiGLAD{Pt-400}/GC. The lack of features in the CV of the dealloyed NiGLAD{Pt-400}/GC 

electrode shows that the NiGLAD support likely dissolves during the dealloying process, 

unless the NiGLAD underlayer is protected by the Pt coating. Apart from the relative 

magnitudes of the peaks, the electrochemical characteristics are quite similar for all the 

other NiGLAD{Pt}/GC electrodes and resemble the electrochemistry of the polycrystalline 

Pt in 0.1 M HClO4. The longer deposition times obviously gave rise to stronger Pt signals, 

as expected.  

 

Figure 3.5 Cyclic voltammograms of the NiGLAD{Pt}/GC electrodes at 50 mV s-1 in 

N2-saturated 0.1 M HClO4. 

 

Figure 3.6 shows the corresponding ORR responses (10 mV s-1) of the 

NiGLAD{Pt}/GC electrodes reported in Figure 3.5. The voltammograms were recorded 

subsequent to the dealloying protocol, and only the anodic sweeps are shown. The ORR 
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activity of the NiGLAD{Pt-400}/GC electrode before dealloying is shown because this 

deposit did not survive the dealloying procedure. Figure 3.6 also shows the ORR profile of 

a {Pt}/GC electrode made with the same deposition upon bare GC over 1500 s (i.e. 

{Pt-1500}/GC) for comparison. For consistency, we applied the dealloying procedure to 

the {Pt-1500}/GC control electrode prior to the ORR test. The EASA of {Pt-1500}/GC did 

not change significantly over dealloying (8.1 m2 gPt
-1 before, and 8.2 m2 gPt

-1 after), and 

neither did the ORR activity. 

 

Figure 3.6 Oxygen reduction profiles at 10 mV s-1 (anodic sweeps) for the NiGLAD{Pt}/GC  

and the {Pt-1500}/GC electrodes in O2-saturated 0.1 M HClO4. The rotation rate was 1600 

rpm. Except for the NiGLAD{Pt-400}/GC electrode, all the other electrodes were dealloyed 

before use. 

 

All the NiGLAD{Pt}/GC electrodes, except NiGLAD{Pt-400}/GC, are more active than 
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the {Pt-1500}/GC control. The ORR onset potential over NiGLAD{Pt-1500}/GC (~ 1 VRHE) 

was ~ 0.2 V more positive than that over {Pt-1500}/GC. Table 3.1 lists the key parameters 

for the NiGLAD{Pt}/GC and {Pt}/GC electrodes to demonstrate the promoting role of the 

NiGLAD. Kinetic currents (eq 2.9) were used to determine the data. The values for 

NiGLAD{Pt-400}/GC were calculated based on the activity before dealloying. The amount 

of Pt in each electrode was determined by ICP–MS after the experiment. 

The potentiodynamic ORR profile of the highest loading of Pt (NiGLAD{Pt-4000}/GC) 

electrode suggested that it is superior to the other NiGLAD{Pt}/GC electrodes. However, it 

produced much lower mass and EASA activities than both the NiGLAD{Pt-800}/GC and the 

NiGLAD{Pt-1500}/GC electrodes, but the EASA activity of the NiGLAD{Pt-4000}/GC 

electrode was 23 times that of the {Pt-1500}/GC control. The NiGLAD{Pt-800}/GC and the 

NiGLAD{Pt-1500}/GC electrodes had similar activities and likely represent the close to 

optimal Pt loadings deposited on these 500 nm NiGLAD nanopillars. We note that smaller 

NiGLAD features would require less Pt to form deposits that are stable to dealloying in acid. 

The NiGLAD{Pt-800}/GC catalyst possessed the highest EASA activity (0.33 mA cmPt
-2), 

while the NiGLAD{Pt-1500}/GC catalyst possessed the highest mass activity (~ 0.204 A 

mgPt
-1). Based upon the ICP–MS data, the composition of another as-prepared 

NiGLAD{Pt-1500}/GC electrode was determined as Pt0.22Ni0.78. The composition of the 

dealloyed NiGLAD{Pt-1500}/GC used for the ORR experiments was Pt0.26Ni0.74 (Table 3.1). 
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The composition of the dealloyed, ORR-evaluated {Pt-800}/GC electrode was similar, 

Pt0.27Ni0.73. Stevens et al. reported that the highest mass activity for the ORR was obtained 

after dealloying a Pt–Ni alloy with an initial composition of Pt0.27Ni0.73.362 In addition, the 

Pt content of the dealloyed, ORR-evaluated NiGLAD{Pt-4000}/GC electrode was 

significantly higher, (Pt0.52Ni0.48). Taken together, these results show that dealloying 

dramatically improved the activity of the NiGLAD{Pt}/GC deposits without dissolution of 

all the Ni initially in the deposit. Presumably, the structure and the size of the NiGLAD 

deposit can be optimized further for the ORR. 

 

Table 3.1 Key parameters after dealloying for the {Pt}/GC and the NiGLAD{Pt}/GC 

electrodes 

Electrode 
Activity at 0.9 VRHE Onset 

(VRHE) 

Composition 

(wt.) mA cmPt
-2 A mgPt

-1 A cmPt
-2 gPt

-1 

{Pt-1500}/GC 0.01 0.0069 1.19 0.85 Pt 

NiGLAD{Pt-400}/GC* 0.01 0.0023 3.71 0.85 - 

NiGLAD{Pt-800}/GC 0.33 0.111 63.46 1.00 Pt0.27Ni0.73 

NiGLAD{Pt-1500}/GC 0.31 0.204 48.43 1.00 Pt0.26Ni0.74 

NiGLAD{Pt-4000}/GC 0.23 0.048 10.22 1.03 Pt0.52Ni0.48 

* Before dealloying 
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The Koutecky-Levich equation (eq 3.2) was used to estimate the electron transfer 

number of the ORR process,358  

 ilim = 0.620 nFACD2/3v-1/6


1/2 3.2 

where the ilim is the limiting current in A, n is the electron transfer number, F is the 

Faraday constant (96485 C mol-1), A is the geometric surface area in cm2, C is the 

concentration of the electrolyte in mol L-1, D is the diffusion coefficient in cm2 s-1, v is 

the kinematic viscosity of the solution in cm2 s-1, and  is the rotation rate in rad s-1. In a 

0.1 M HClO4 solution, 25 oC and 1 atm O2, the following values are determined: D = 2.0 

× 10-5 cm2 s-1, C = 1.2 × 10-3 mol L-1 and v = 0.01 cm2 s-1. Based on the hydrodynamic 

ORR profiles for the NiGLAD{Pt-1500}/GC electrode (Figure 3.8A), the electron transfer 

number was measured to be 3.98 (Figure 3.7), indicative of the desirable full reduction of 

oxygen to water. This number for the {Pt-1500}/GC electrode was lower, 3.63 (Figure 3.7 

and Figure 3.8B), suggesting that there was a contribution from incomplete oxygen 

reduction (e.g. to H2O2) over the Pt control. Nevertheless, a detailed product analysis 

should be undertaken for a comprehensive explanation. Also, as a kinetic measurement of 

the ORR,363 Tafel slopes over low overpotentials (0.95 to 0.87 VRHE) were compared for 

the {Pt-1500}/GC and the NiGLAD{Pt-1500}/GC electrodes. The slope for the 

NiGLAD{Pt-1500}/GC electrode was ~ 58 mV dec-1, while the {Pt-1500}/GC electrode 

gave a slope of ~ 75 mV dec-1 over the same potential range, showing that the ORR is faster 
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over the NiGLAD{Pt-1500}/GC catalyst. Chen et al. reported 73 mV dec-1 for a commercial 

Pt/C, while their highly active Pt3Ni catalyst produced 46 mV dec-1.341 A Tafel slope of 54 

mV dec-1 was reported for a PtNi–multiwalled carbon nanotube catalyst by Du et al.364 

 

Figure 3.7 The limiting current as a function of the rotation rate for the 

NiGLAD{Pt-1500}/GC catalyst. 

 

Figure 3.8 ORR profiles recorded at various rotation rates in O2-saturated 0.1 M HClO4 for 

(A) the NiGLAD{Pt-1500}/GC and (B) the {Pt-1500}/GC electrodes. The potential sweep 

rate was 10 mV s-1. 
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 Microscopic surface characterization 3.2.5

 

Figure 3.9 Scanning electron micrographs for NiGLAD{Pt-1500}/GC (A) before and (B) 

after dealloying, and (C) {Pt-1500}/GC. 

 

Figure 3.9 shows the SEM images of the NiGLAD{Pt-1500}/GC electrode before (A) 

and after dealloying (B). The SEM image for a control {Pt-1500}/GC electrode is shown as 

well (C). The rotating WE, galvanostatic deposition of Pt upon bare GC gave uniform, 

spherical particles. As discussed in Chapter 2 and in our previous reports, the Pt deposition 

on the NiGLAD/GC electrodes mostly covered the columnar NiGLAD clusters without 
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detectable separate Pt particles.322,365 The cross-section views of these columnar structures 

before and after Pt deposition can be found in our previous publications.322 It is notable that 

the original morphology of the NiGLAD{Pt-1500}/GC layer was preserved after dealloying, 

and the overall structure remained intact, although there exist slightly less quantities and 

smaller clusters of Pt on the surface after the treatment. This is consistent with the Pt 

masses of 6.4 and 4.9 μg (ICP–MS) obtained before and after dealloying, respectively, of 

separate NiGLAD{Pt-1500}/GC samples.  

 

Table 3.2 Summary of the XPS measurements for the {Pt-1500}/GC and 

NiGLAD{Pt-1500}/GC electrodes 

Electrode 
Binding energy (eV) 

O 1s C 1s Pt 4f 

{Pt-1500}/GC 531.8 284.8 71.6 

NiGLAD{Pt-1500}/GC 531.5 284.8 71.1 

 

Table 3.2 summarizes the binding energy values for C, O, and Pt obtained from the 

XPS studies of the {Pt-1500}/GC and the dealloyed NiGLAD{Pt-1500}/GC electrodes. The 

BE of the Pt 4f core electrons in the dealloyed NiGLAD{Pt-1500}/GC was ~ 0.5 eV lower 

than that in the {Pt-1500}/GC. This negative shift suggests that a weak electronic 

interaction exists between the underlying NiGLAD substrate and the Pt deposit.366 We note 
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that the negative shift in BE for inner-core Pt orbitals has been observed also in other PtNi 

alloy systems and could be correlated to the down-shift of the Pt d-band center, 

supporting the proposal that a lowered d-band center leads to weakened Pt surface 

binding, further leading to increased ORR activity.367,368 However, a detailed 

spectroscopic analysis is required to understand the origins of these shifts in BE fully. Our 

preliminary XPS studies do not address possible geometric effects of the underlying 

NiGLAD substrate on the ORR activity of Pt directly. It is likely, as has been observed by 

others,112,349,351,369 that the underlying NiGLAD substrate is compressing the Pt deposit.  
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 Conclusions 3.3

Developed by Brett et al.,320 the GLAD method is suitable for tailoring mechanically stable, 

nanostructured, and porous metal films. It is a precise and relatively simple process, and it 

can be extended to casting carbon or other substrates. This Chapter demonstrates that it can 

be combined with the rotating WE, galvanostatic deposition to prepare NiGLAD nanopillars 

conveniently with controlled and thin Pt coatings that can be used as ORR catalysts in acid. 

The NiGLAD{Pt}/GC electrodes are prepared without the use of a binder, and they are able 

to sustain dealloying and ORR studies in acid, provided the Pt layer is sufficient. All the 

NiGLAD{Pt}/GC systems were more active towards the ORR in acid than the {Pt}/GC 

control. The deposition of relatively small Pt loadings that did not fully cover the NiGLAD 

substrate produced NiGLAD{Pt}/GC catalysts that were not stable towards dealloying in 

acid. The mass activities (relative to Pt) of the NiGLAD{Pt}/GC catalyst were relatively low 

when the Pt deposition time exceeds 1500 s. The optimized NiGLAD{Pt}/GC catalysts, 

made by the depositions lasting 800 and 1500 s, were at least an order of magnitude more 

active than the {Pt-1500}/GC electrode towards the ORR in acid.  

Consistent with prior reports, we propose that the improvement in the ORR activity is 

caused by the strain and electronic effects of the underlying Ni substrate upon the Pt outer 

layer. Further studies are required to address the origin(s) of the observed ORR activity 

improvements fully. While the absolute activity of the NiGLAD{Pt-1500}/GC electrode is 
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moderate compared with the benchmark catalysts in the literature,370,371 this Chapter 

demonstrates that the procedure is suitable to assess directly the activity of the catalysts in 

the absence of the effects from high surface area carbons and proton transport accelerators 

(i.e. binders such as Nafion®).  

Practically, it is preferable to prepare catalysts with optimized structures directly, 

without activation procedures like dealloying. Further, the construction of durable 

PEMFCs requires that the catalyst inks be hot pressed into the membrane.372 The 

temperatures, pressures, and duration of the hot pressing may restructure delicate catalyst 

nanostructures that were prepared under kinetic control. Further investigation is needed to 

determine whether our NiGLAD based composite ORR catalysts fulfill these practical 

requirements. 
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 Experimental 3.4

 Chemicals 3.4.1

The following chemicals were used as received from the supplier: Nitrogen (Praxair), 

oxygen (Praxair), concentrated sulfuric acid (Caledon), hydrochloric acid (EMD 

chemicals), nitric acid (EMD chemicals), perchloric acid (Sigma-Aldrich, 70%, 99.999% 

trace metal basis), 30% hydrogen peroxide (Fischer Scientific), ammonium chloride 

(Fisher Scientific), ethanol (Greenfield Ethanol Incorporated), acetonitrile 

(Sigma-Aldrich), potassium hexachloroplatinate (Aithica Chemical Corporation), nickel 

metal chunks (Cerac, Inc., 99.9% purity), and alumina (Allied High Tech. Products Inc.). 

Triply distilled water was used throughout the experiments. All experiments were 

performed at room temperature (298±2 K). 

 Preparation of working electrodes 3.4.2

The same procedure as described in Section 2.4.2 is used to prepare the NiGLAD/GC 

electrodes. The mass of the Ni deposit was typically 20–25 μg (ICP–MS after the ORR 

measurement). The perpendicular Ni nanopillars were ~ 500 nm tall with an average 

diameter of about 200 nm, and the density of the pillars was 4 × 108 pillars cm-2 (measured 

by counting the pillars in random SEM square areas of 25 μm2). The EASA of the 

NiGLAD/GC deposits was typically 1.6–2 cm2.  
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Next, thin layers of Pt were deposited onto the NiGLAD/GC electrodes to make 

NiGLAD{Pt}/GC electrodes, using the same procedure as in Section 2.4.3 and our previous 

reports.322,365 Various deposition charges (times) were used, which resulted in different 

loadings of Pt. A typical deposition profile is shown in Figure 3.10. Table 3.3 lists Pt 

masses determined by ICP–MS for the NiGLAD{Pt}/GC electrodes prepared under various 

deposition times. ICP–MS samples were prepared by dissolving the deposits in aqua regia. 

Also, the ICP–MS result for a {Pt-1500}/GC electrode is included. 

 

Figure 3.10 Potential profile of the WE during the deposition of Pt at a NiGLAD/GC 

electrode from a blackened Pt gauze in 2.0 M NH4Cl. 
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Table 3.3 The amounts of Pt deposited (mass) for the {Pt}/GC and a series of 

NiGLAD{Pt}/GC electrodes as determined by ICP–MS 

Electrode Mass (μg) 

{Pt-1500}/GC 8.4 

NiGLAD{Pt-400}/GC 2.7 

NiGLAD{Pt-800}/GC 5.2 

NiGLAD{Pt-1500}/GC 6.4 

NiGLAD{Pt-4000}/GC 22.5 

 

Dealloying was carried out using the procedure reported by Strasser et al.359 Briefly, 

the NiGLAD{Pt}/GC and the {Pt}/GC electrodes were cycled over 0.05–1 VRHE at 500 mV 

s-1 in N2-saturated 0.1 M HClO4 (see Figure 3.11 for typical CVs of dealloying). CVs were 

recorded at 50 mV s-1 in the same solution before and after the process to monitor changes 

over dealloying. Then, the dealloyed electrodes were tested against the ORR in another 

O2-saturated 0.1 M HClO4 solution without any further treatment. 
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Figure 3.11 Typical voltammetric dealloying profile for a NiGLAD{Pt-1500}/GC electrode 

in N2-saturated 0.1 M HClO4. The potential sweep rate was 500 mV s-1. 

 

 Electrochemistry 3.4.3

The electrochemical experiments were performed with a Solartron SI 1287 

Electrochemical Interface controlled by CorrWare for Windows Version 2-3d software. 

RDE experiments were performed with a Pine Research Instrumentation Modulated Speed 

Rotator equipped with an AFE6MB RRDE shaft and E5TQ series Change-Disk tip. The 

shaft and tip were connected to the reaction flask with a Pine AC01TPA6M Gas-Purged 

Bearing Assembly. A Pt gauze (Alfa Aesar, 52 mesh woven from 0.1 mm wire, 99.9% 

metals basis) formed the counter electrode. The reference electrode was a SCE (saturated 
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calomel electrode). Uncompensated resistance was estimated by impedance (20 Ω) and 

corrected for in the ORR experiments. For each electrode, the background current in the 

absence of O2 (i.e. N2-saturated) was subtracted for the ORR tests. Each experiment has 

been repeated at least three times to ensure the reproducibility, and the experimental 

errors between measurements are less than 12%. 

 Instrumentation 3.4.4

SEM was performed with a Hitachi S-4800 instrument. The ICP–MS data were measured 

with an Agilent 7500 ce ICP–MS coupled with Cetac ASX-510 auto sampler. XPS 

measurements were performed on an AXIS 165 spectrometer (Kratos Analytical); the base 

pressure was kept below 3 × 10-8 Pa, a monochromatic Al Kα source (hν = 1486.6 eV) was 

used at a power of 168 W, and the analysis spot size was 400 μm × 700 μm. 
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Chapter 4 Easily Prepared, High Activity Ir–Ni 

Hydrous Oxide Catalysts for Water Oxidation in Acida 

 Introduction 4.1

Renewable energy systems, such as photovoltaic devices,373 require that electrical energy 

be stored and released efficiently. A promising method to store the electrical energy on a 

large scale is the electrolysis of water.129,374–376 The resulting hydrogen can be converted 

back into electricity with fuel cells (e.g. PEMFCs).377 The WOR at the anode of an 

electrolyzer requires electrocatalysts.146,189,191,378–380 While the standard potential for the 

WOR is 1.23 VRHE, the kinetics of the WOR are slow, resulting in significant anode 

overpotentials in water electrolyzers.  

Many single and multicomponent metallic catalysts have been investigated to 

accelerate the WOR in acid.170,189,191,204,379–382 Catalysts containing Ir (regarded as 

derivatives of IrIV–oxo species) have the most favorable combination of activity and 

stability in acid to date. Catalysts containing Ru are active, but Ru is not stable to 

prolonged operation at WOR potentials in acid.383,384 As a result, Ir oxide nanoparticles are 

the benchmark for the WOR in acid, 212 and much of the research in this area is directed 

                                                 

a A version of this Chapter has been published. Moghaddam, R. B.; Wang, C.; Sorge, J. B.; 

Brett, M. J.; Bergens, S. H. Electrochemistry Communications 2015, 60, 109. 
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towards optimizing the utilization of Ir.170,189,204,209,212,379,385–390 For example, Berlinguette 

et al. published a photochemical decomposition of Ir(acetylacetonate)3 deposits to form 

amorphous IrOx films that were active for the WOR in acid.387 Among the most active acid 

WOR catalysts are those reported by Strasser et al.189,191,379,380 With a series of dealloyed Ir 

oxide catalysts, they obtained mass activities in acid of ~ 40 A gIr
-1 at 0.25 V 

overpotential.189 The most active IrNi@IrOx core-shell catalyst in this series was three 

times more active than the pure IrOx. Recently, this group reported a mass activity of ~ 90 

A gIr
-1 at 0.28 V overpotential, using a IrNiOx catalyst on antimony-doped tin oxide 

annealed at 180 °C.191 

Colloidal suspensions of IrOx nanoparticles typically contain organic stabilizers that 

protect the surface of the oxide particles.391–395 In 2010, Berkerman reported that small (~ 1 

nm) IrOx nanoparticles could be prepared in relatively high concentrations as stable 

suspensions in water by a simple, bench-top reaction between IrCl3 and hydroxide 

solutions in the presence of oxygen.382 In this Chapter, we adopted this methodology to 

prepare colloidal Ir1-xNix hydrous oxide nanoparticles (x = 0–0.50) suspensions. The 

hydrous oxide nanoparticles were characterized and were found to be remarkably active 

towards the WOR in acid.  
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 Results and Discussion 4.2

 Characterization of Ir HO-np 4.2.1

 

Figure 4.1 (A) SEM image of the HO-np deposits on GC. (B) TEM image of Ir HO-np 

supported by a Cu grid. Voltammetric profiles (C) at 50 mV s-1 and (D) at 10 mV s-1 in 0.1 

M H2SO4 of HO-np deposits on GC containing 17 μgIr cm-2 and 1 wt% Nafion®. The size 

distribution (B, inset) was determined by measuring ~ 100 particles. 
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Figure 4.1A shows the SEM image of the HO-np deposits on a GC electrode with 

Nafion® as a binder, and Figure 4.1B shows the TEM (transmission electron microscopy) 

image of Ir HO-np supported by a Cu grid. The average particle size is 1.30 nm, and the 

size distribution histogram is consistent with those reported previously.382 Figure 4.1C 

shows the voltammetric profile (0–1.25 VRHE, 50 mV s-1) of the Ir HO-np deposit on GC (Ir 

HO-np/GC) in 0.1 M H2SO4. The profile contains Ir3+/4+ redox peaks at 1.07 (anodic) and 

0.93 VRHE (cathodic).396 The oxidation and reduction process happens with proton 

coupled electron transfer, as shown in eq 4.1.397 

 IrIII–OH2  IrIV–OH + e- + H+  4.1 

There were no hydrogen signals, indicating that metallic Ir is absent from the deposit. 

Figure 4.1D shows the WOR activity of the Ir HO-np deposit (with 17 μgIr cm-2) in the 

extended anodic range in 0.1 M H2SO4. The water oxidation onset is ~ 1.42 VRHE, 

corresponding to ~ 0.19 V overpotential. The mass-normalized WOR activity at 1.48 VRHE 

(0.25 V overpotential) is ~ 93 A gIr
-1.  

 Water oxidation activity of Ir1-xNix HO-np 4.2.2

A series of Ir1-xNix HO-np were prepared using the same procedure with NiCl2 added. 

Figure 4.2A shows the LSV (linear sweep voltammetry) in 0.1 M H2SO4. A bare glassy 

carbon electrode did not show any water oxidation activity in the 1.40–1.56 VRHE 

potential region. All Ir1-xNix HO-np were active for water oxidation, with the onset 
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potential at ~ 1.42 VRHE.  

 

 

Figure 4.2 (A) LSVs of Ir1-xNix HO-np (17μgIr cm-2) on GC in 0.1 M H2SO4 at 10 mV s-1. 

(B) Mass-normalized activities (A gIr
-1) of the Ir1-xNix HO-np/GC electrodes at 1.48 VRHE. 

 

Figure 4.2B is a plot of the Ir mass-normalized activities of the Ir1-xNix HO-np/GC 

electrodes at 1.48 VRHE (0.25 V overpotential) in 0.1 M H2SO4 against composition. 

Increased activities were observed with the presence of Ni up to x = 0.11 (Ir0.89Ni0.11 

HO-np/GC, 142 A g-1), beyond which the activity decreases. The mass activities of x = 

0.33 (Ir0.67Ni0.33 HO-np/GC) and x = 0.50 (Ir0.50Ni0.50 HO-np/GC) were ~ 76 and 61 A gIr
-1 

at 1.48 VRHE, respectively, significantly lower than that of the Ir HO-np/GC electrode (93 A 

gIr
-1). All these electrochemical experiments were performed at least three times to ensure 

reproducibility. 
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Figure 4.3 (A) CVs of the Ir1-xNix HO-np/GC electrodes in 0.1 M H2SO4 at 50 mV s-1 

(loadings: 17 μgIr cm-2). (B) Specific activities at 1.48 VRHE (A mmolIr
 -1) obtained by the 

current normalized to the number of electrochemically active Ir atoms. 

 

Figure 4.3A shows the cyclic voltammograms of the Ir1-xNix HO-np/GC electrodes, 

and the electrochemical parameters are summarized in Table 4.1. The Ir3+/4+ oxidation 

peak shifted to lower potentials with increased amount of Ni, which suggests a higher 

electron density at the Ir sites. The number of electrochemically active Ir atoms are 

estimated by integrating the anodic voltammetric currents over the range 0.8–1.2 VRHE 

(corrected using the capacitive charge in 0.1 M H2SO4 at 10 mV s-1) and assuming one 

electron transfer for the Ir3+/4+ redox couple (eq 4.1).189 The highest number of 

electrochemically active Ir atoms was observed with the Ir0.94Ni0.06 HO-np/GC electrode. 

Figure 4.3B shows the specific activities (current normalized to the number of 

electrochemically active Ir atoms, A mmolIr
-1) of the Ir1-xNix HO-np/GC electrodes against 

composition. A similar trend as the mass activity is shown, with the Ir0.89Ni0.11 HO-np/GC 
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electrode the most active. Compared with the Ir HO-np/GC electrode at 130 A mmolIr
 -1, 

the higher specific activity (203 A mmolIr
 -1) for the Ir0.89Ni0.11 HO-np/GC electrode 

indicates that the enhancement in the WOR activity is not caused only by the increased 

number of electrochemically active Ir atoms.  

 

Table 4.1 Key electrochemical parameters from the CVs of the Ir1-xNix HO-np/GC 

electrodes 

 Ir3+/4+ oxidation potential 

(VRHE) 

Electrochemically active Ir 

atoms (nmol) 

Ir 1.070 2.36 

Ir0.94Ni0.06 1.057 2.49 

Ir0.89Ni0.11 1.046 2.31 

Ir0.80Ni0.20 1.043 2.07 

Ir0.67Ni0.33 1.032 1.83 

Ir0.50Ni0.50 1.028 1.72 
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 Tafel plots 4.2.3
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Figure 4.4 Tafel plots of the Ir0.89Ni0.11 HO-np/GC and the Ir HO-np/GC electrodes. 

 

Figure 4.4 shows the Tafel plots of the Ir0.89Ni0.11 HO-np/GC and Ir HO-np/GC 

electrodes. Both electrodes showed close to 60 mV dec-1 Tafel slopes in the potential 

region 1.42–1.48 VRHE, suggesting that the WOR mechanism is the same for both 

electrodes. The slope of 60 mV dec-1 matches that of the well-known mechanism for IrOx 

WOR in acid (eqs 4.2 to 4.5).159,398–401 

M + H2O → M–OH*ads + H+ + e-  4.2 

M–OH*ads → M–OHads   4.3 

M–OHads
 → M–Oads

 + H+ + e- 4.4 

M–Oads
 + M–Oads

 → 2M + O2
  4.5 

In eqs 4.2 to 4.5, M is an active site, and M–OHads is an adsorbed hydroxyl group formed 
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by the rearrangement of M–OH*ads.402 This mechanism predicts a Tafel slope ~ 60 mV 

dec-1 if eq 4.3 is the RDS and eq 4.2 is a pre-equilibrium electrochemical step. The lower 

Tafel slope for the Ir0.89Ni0.11 HO-np/GC electrode indicates faster kinetics towards the 

water oxidation, likely caused by the addition of Ni leading to the relative rate change of 

step 4.2 and 4.3 via introducing oxygen vacancies or lattice strain (vide infra).  

 Stability comparison 4.2.4

 

Figure 4.5 Long-term galvanostatic measurements of Ir0.89Ni0.11 HO-np and Ir HO-np 

deposited on CF in 0.1 M H2SO4 at 1 mA cm-2. The loadings were 17 μgIr cm-2. 

 

The stability of Ir HO-np and Ir0.89Ni0.11 HO-np were tested in 0.1 M H2SO4 supported 

by CF (carbon fiber paper). Figure 4.5 shows the galvanostatic 24 h WOR profile. Both 

electrodes produced similar durability patterns, and no significant potential increase was 

observed over the measurement timescale. The overpotential of the Ir0.89Ni0.11 HO-np/CF 
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electrode increased by 45 mV during the 24 h, compared with the 90 mV increase for the 

Ir HO-np/CF electrode. 1.87 μg (11% of the initial mass of Ir on the electrode) and 1.71 

μg (10% of the initial mass) Ir were found in the electrolyte after a galvanostatic test for 

the Ir HO-np/CF and Ir0.89Ni0.11 HO-np/CF electrodes, respectively. These data indicate the 

enhanced stability of the Ir0.89Ni0.11 HO-np/CF electrode towards the WOR. In addition, 

only 6% of the initial mass of Ni on the electrode was found in the electrolyte after 24 h 

for the Ir0.89Ni0.11 HO-np/CF electrode. This observation indicates that Ni is stabilized in 

the IrOx matrix, perhaps by forming Ir–O–Ni–O–Ir structures. Smith et al. prepared an 

amorphous IrOx catalyst on the electrode with a loading of 100 μg cm-2, and the WOR 

overpotential increased by 30 mV during 24 h 1 mA cm-2 galvanostatic test in 1.0 M 

H2SO4.387 Nong et al. loaded 10.2 μg cm-2 IrNiOx on the mesoporous antimony doped tin 

oxide, and the overpotential increased by 60 mV in 20 h in 0.05 M H2SO4.191 Our 

Ir0.89Ni0.11 HO-np are among the most active and stable IrOx based catalysts for water 

oxidation in acid. 
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 Characterization of Ir0.89Ni0.11 HO-np 4.2.5

 

Figure 4.6 (A, B and C) HRTEM images of Ir0.89Ni0.11 HO-np, with interpalnar distances 

measured. (A) shows the size distribution histogram of the HO-np. (D) XRD patterns on 

Ir0.89Ni0.11 HO-np and Ir HO-np. 

 

Figure 4.6A shows the HRTEM (high resolution transmission electron microscopy) 

image of Ir0.89Ni0.11 HO-np. The Ir0.89Ni0.11 HO-np crystals had similar size distribution 

with Ir HO-np, with the average particle size 1.33 nm.190 Figure 4.6B and C show that the 
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interplanar distances of Ir0.89Ni0.11 HO-np were 0.22 and 0.25 nm, corresponding to the 

(200) and (101) planes of the tetragonal IrO2. The powder XRD (X-ray diffraction) 

pattern of Ir0.89Ni0.11 HO-np (Figure 4.6D) showed a similar structure with the tetragonal 

IrO2 with space group P42/mnm (JCPDS No. 86-0330). The presence of both sharp and 

broad diffraction peaks indicates that the sample contains small crystalline regions and 

large amorphorous regions. We note that studies like XRD are of the isolated solid-state 

oxide. The results may not apply to the active catalysts in aqueous acid at various 

potentials.403  

 

Figure 4.7 Deconvoluted XPS spectra of Ir HO-np, Ir0.89Ni0.11 HO-np, and Ni(OH)2. (A) Ir 

4f region, (B) Ni 2p region, and (C) O 1s region. 
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Figure 4.7 shows the XPS spectra of Ir HO-np, Ir0.89Ni0.11 HO-np, and Ni(OH)2 

prepared using the same method. In Figure 4.7A, the 4f7/2 (61.6 eV) and 4f5/2 (64.5 eV) Ir 

peaks in the Ir0.89Ni0.11 HO-np and the 4f7/2 (61.9 eV) and 4f5/2 (65.0 eV) Ir peaks in the Ir 

HO-np show that Ir is mainly in the 4+ oxidation state in both.404 The shift to lower binding 

energy in the 4f peak indicates that the electron density at the Ir site is higher in Ir0.89Ni0.11 

HO-np. A similar down shift of the Ir 4f binding energy is observed in Ir0.89Cu0.11 

HO-np.405 Figure 4.7B shows the XPS spectra of the Ni 2p region of Ir0.89Ni0.11 HO-np and 

Ni(OH)2 with the Ni 2p3/2 peaks deconvoluted. The binding energy of the Ni 2p peaks for 

Ir0.89Ni0.11 HO-np (Ni 2p3/2 (855.4 eV), satellite (861.3 eV), Ni 2p1/2 (873.3 eV), and 

satellite (879.4 eV) are higher than those of Ni(OH)2 (Ni 2p3/2 (854.9 eV), satellite (860.6 

eV), Ni 2p1/2 (872.3 eV), and satellite (879.1 eV)).406 Deconvolution on the Ni 2p3/2 peak of 

Ir0.89Ni0.11 HO-np gave three components at 853.9 eV (NiO, 6%)407, 855.3 eV (Ni(OH)2 , 

42%)408,409, and 856.3 eV (51%). The origin of the 856.3 eV peak is unknown, but this 

higher binding energy indicates decreased electron density at the Ni sites. Roberts et al. 

reported a binding energy of 856.1 eV for the Ni3+ species.410 Therefore, we tentatively 

assign this component to Ni3+. Figure 4.7C shows the deconvoluted O 1s region of Ir 

HO-np, Ir0.89Ni0.11 HO-np and Ni(OH)2. For Ir HO-np, three deconvoluted peaks were 

shown at 530.4 eV, 531.3 eV and 532.5 eV, and could be assigned to the lattice oxygen, the 

hydroxide groups and the adsorbed water, respectively.193,407 For Ni(OH)2, only two 

deconvoluted peaks at 531.0 eV and 532.3 eV were shown, indicating the hydroxide 
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species with adsorbed water. However, the deconvoluted O 1s spectrum for Ir0.89Ni0.11 

HO-np contained a new peak at 529.7 eV, which does not exist in that of Ir HO-np, and 

could be assigned to the oxygen atom bridging Ir and Ni in the lattice.193,405  

Taking into consideration the HRTEM, XRD and XPS analysis, we propose that 

Ir0.89Ni0.11 HO-np have a similar structure with IrO2, with 11% Ir replaced by Ni.  
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 Conclusions 4.3

To our knowledge, Ir1-xNix HO-np synthesized under alkaline conditions in air are among 

the most active WOR catalysts in acid reported to date,191,379 with onset potentials of ~ 1.42 

VRHE and an optimized mass activity of ~ 140 A gIr
-1 (1.48 VRHE), obtained with Ir0.89Ni0.11 

HO-np (see Table 5.3 for activity comparison with literature). The number of 

electrochemically active Ir atoms and specific activity showed that the improvement in 

activity upon the addition of Ni was not caused only by an increased number of 

electrochemically active Ir atoms. Ir0.89Ni0.11 HO-np have a similar structure with IrO2, 

with 11% Ni replacing Ir in the lattice. The replacement of Ir4+
 by Ni2+ or Ni3+ leads to 

the reduction of the overall positive charge, possibly introducing oxygen vacancies to the 

lattice. In addition, the differences in size of Ir4+
 (63 pm) and Ni2+ (83 pm) or Ni3+ (70 pm) 

would lead to the expansion of the lattice, causing the strain in the lattice.411 Both these 

effects would affect the WOR activity. Preliminary studies on the mechanism show that 

the presence of Ni does not alter the mechanism pathway for water oxidation significantly. 

A detailed mechanistic study is necessary to fully understand the effect of the promotion 

of Ni to Ir for the WOR. 
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 Experimental 4.4

 Chemicals 4.4.1

Sulfuric acid (Alfa Aesar; 99.9999%), potassium hydroxide (Sigma-Aldrich, 

semiconductor grade, 99.99%), iridium chloride trihydrate (A.B. Mackay Chemicals), 

nickel chloride (Alfa Aesar, anhydrous, 98%), carbon fiber paper (ElectroChem, Inc.), 

tert-butanol (Sigma-Aldrich, > 99%), and Nafion® (5 wt%, ElectroChem, Inc.) were used 

as received. Triply distilled water was used throughout the experiments. 

 Preparation of nanoparticle solutions 4.4.2

Colloidal suspensions of the mixed metal hydrous oxide nanoparticles were prepared by 

modifying the procedure described for iridium oxides.382 To prepare a pure Ir HO-np 

suspension, 0.0704 g IrCl3·3H2O was dissolved in 20 mL water (i.e. 0.01 M solution of Ir3+) 

to form a dark brown solution. Then, 2.5 mL 0.8 M KOH was added dropwise over 5 min. 

Upon adding the KOH, the dark brown color changed first to green, then to blue after two 

days; the color did not change afterwards. The obtained Ir HO-np solution was stored at 

room temperature. Control experiments (CV in 0.1 M H2SO4) confirmed that the Ir HO-np 

suspension was stable for about two months at room temperature. Ir1-xNix HO-np (x = 

0.06–0.50) were prepared by adding 1 M KOH to 20 mL solutions of IrCl3 and NiCl2 with 

the weights and volumes shown in Table 4.2. The molar ratios of the precursor mixtures 

were Ir0.94Ni0.06, Ir0.89Ni0.11, Ir0.80Ni0.20, Ir0.67Ni0.33, and Ir0.50Ni0.50. There was no visual 
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evidence of precipitates after several weeks for the suspensions with x = 0–0.11, but 

precipitates formed from suspensions with x ≥ 0.20. The nanoparticles can be washed and 

separated. An equal volume of tert-butanol was added to the HO-np suspensions to 

precipitate the catalysts. After agitation for 10 min, the solution was allowed to rest for 30 

min, followed by the centrifugation at 4500 rpm for 20 min. The supernatant was decanted, 

and the remaining precipitates were washed twice with 1:1 volume tert-butanol: H2O (15 

mL). After another centrifugation at 4500 rpm for 20 min, the black precipitates were dried 

in air at room temperature and used for XRD. The precipitates were dispersed in water by 

sonication for 10 min prior to the XPS and HRTEM analysis. 

 

Table 4.2 Amounts used for the synthesis of Ir1-xNix HO-np 

Ir/Ni ratio IrCl3·H2O (g) NiCl2 (g) 0.8 M KOH (mL) 

Ir 0.0704 - 2.5 

Ir0.50Ni0.50 0.0704 0.0259 5 

Ir0.67Ni0.33 0.0706 0.0130 3.8 

Ir0.80Ni0.20 0.0706 0.0065 3.1 

Ir0.89Ni0.11 0.0707 0.0032 2.8 

Ir0.94Ni0.06 0.0705 0.0016 2.7 
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 Preparation of working electrodes 4.4.3

The Ir1-xNix HO-np (x = 0–0.50) suspensions were diluted by a factor of five using water 

that contained the appropriate amounts of Nafion® to give a final 1wt% Nafion® per total 

mass of Ir + Ni, calculated from the amounts in Table 4.2. Using a micropipette and graded 

microtips, 10 μL of the Ir HO-np/Nafion® suspensions (sonicated for 2 min) were 

drop-coated onto a bare GC (0.196 cm2) electrode. Appropriate volumes of the Ir1-xNix 

HO-np/Nafion® suspensions were drop-coated to give 3.4 μg Ir on the electrodes. The ink 

was dried at 60 °C for 20 min then left at room temperature for 20 min. Five times the 

amount of the HO-np/Nafion® suspensions were used to load the catalysts on the carbon 

fiber paper electrode (1 cm2 surface area). To check the accuracy of the metal weighing, 

aliquots of the HO-np suspensions that nominally contained 3.4 μg Ir were analyzed by 

ICP–MS. The accuracy of the nominal mass was ~ 95% that of the actual ICP–MS value.  

 Electrochemistry 4.4.4

The electrochemical experiments were performed with a Solartron SI 1287 

Electrochemical Interface controlled by CorrWare for Windows Version 2-3d software. 

The reference electrode was a SCE. A graphite rod formed the CE. Uncompensated 

resistance was estimated by impedance (20 Ω) and corrected for. All the electrochemical 

experiments were carried out at room temperature in N2-saturated solutions. 
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 Instrumentation 4.4.5

SEM was performed with a Hitachi S-4800 instrument. A JEOL 2011 transmission electron 

microscope (The Microscopy and Microanalysis Facility, University of New Brunswick) 

was used for TEM analysis. Samples for ICP–MS analysis were measured with Perkin 

Elmer Elan 6000. The HRTEM images were acquired using Titan 80-300 LB high 

resolution transmission microscopy. The XRD patterns were measured with an Inel 

diffractometer equipped with a curved position-sensitive detector (CPS 120) and a Cu Kα1 

radiation source at 40 kV and 20 mA (λ1/2 = 1.54060/1.54439 Å). 

XPS measurements were performed on a Kratos Axis 165 instrument. Charge 

neutralization was applied to stabilize spectra during spectra collecting because the 

samples were not conductive adequately. To account for charging effects, all spectra have 

been referred to C 1s at 284.8 eV. Casa XPS software was used to fit the XPS data. The 

binding energies of the peaks were calculated from the background-subtracted spectra 

using Shirley background. The intensity ratio of the Ir 4f7/2 and 4f5/2 peaks was set to 4:3 

with a spin-orbit coupling of 3.0 eV. The Ni 2p3/2 and 2p1/2 peaks were set to have an 

intensity ratio of 2:1. The peaks were fitted with Gaussian (70%)–Lorentzian (30%) 

curves. 
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Chapter 5 Active, Simple Ir–Cu Hydrous Oxide 

Electrocatalysts for Water Oxidation in Acida 

 Introduction 5.1

The production of hydrogen by water electrolysis is a promising method to store energy 

from renewable sources, such as wind and solar.145,374,375,412–414 Ideally, PEMs are suitable 

for water electrolyzers because they provide low ohmic losses, large partial load ranges, 

high current densities, and high gas purity.146,166,415 However, the anode catalysts of 

PEMWEs must operate at oxidizing potentials for long periods of time under acidic 

conditions at moderate to high temperatures.166,193,204,378 Non-noble catalysts mostly 

dissolve under these conditions, and oxides of noble metals are required in the most stable 

catalysts for the WOR in acid.146,166,415 Further, the kinetics of the 4-electron water 

oxidation reaction are slow and requires high catalyst loadings in the electrolyzer anodes to 

produce practical current densities at moderate overpotentials.76 Because of these 

challenges, developing stable and active electrocatalysts is the major barrier to the 

widespread utilization of PEMWEs. 

                                                 

a A version of this Chapter has been published. Wang, C.; Moghaddam, R. B.; Bergens, S. 

H. Journal of Physical Chemistry C 2017, 121, 5480. 
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Typically, catalysts containing Ru are the most active for the WOR in acid, but RuOx 

undergoes severe dissolution during prolonged operation.164,416,417 Pure Ir hydrous oxides 

have promising activity and good stability for the water oxidation in acid, but the scarcity 

of Ir restricts their widespread use in electrolyzers.146,170,189,387,418–420 A high priority in 

WOR research is to increase the activity of Ir WOR catalysts while maintaining their 

stability. It was shown that combining Ir with a 3d-transition metal like Ni reduces the Ir 

content and increases the activity of WOR catalysts.189–191,199,200,203,204 Also, the structures 

of Ir-containing WOR catalysts have been modified to increase their activities.  

The previous Chapter describes a one-pot synthesis of a range of Ir1-xNix hydrous 

oxide nanoparticles prepared by stirring IrCl3 and NiCl2 in aqueous base under air. The 

resulting Ir0.89Ni0.11 HO-np catalyzed the WOR at > 140 A gIr
-1 at 0.25 V overpotential with 

good stability in 0.1 M H2SO4 (loading 17.3 μgIr cm-2).190 Despite its high abundance and 

widespread use as an electrocatalyst, we are aware of only four reports of the incorporation 

of Cu into IrOx catalysts for the WOR in acid. Zou et al. synthesized Cu–Ir nanocages by a 

galvanic replacement method and reported 73 A gIr
-1 mass activity for Cu1.11Ir nanocages at 

0.28 V overpotential in 0.05 M H2SO4 (loading 143 μg cm-2).200 Later, they reported the 

preparation of Co doped Cu–Ir nanocages and the NiCuIr nanoframes synthesized by 

hydrolysis of metal precursors, followed by selectively leaching of surface non-noble 

metals. Their water oxidation activities reached 300 A gIr
-1 (the nanocage) and 275 A gIr

-1 

(the nanoframe), at 0.28 V overpotential (loading 20 μg cm-2).198,421 The catalysts reported 
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by Sun et al. obtained 50 A gIr
-1 mass activity at 0.35 V overpotential in 0.1 M HClO4 

(loading 200 μg cm-2) with Cu0.3Ir0.7 oxides prepared by the hydrothermal method.199 

In this Chapter, we describe the preparation of a series of Ir1-xCux HO-np by stirring 

IrCl3 and CuCl2 hydrates in aqueous KOH under air.190 The HO-np were characterized and 

were extremely active towards the WOR in acid. 
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 Results and Discussion 5.2

 Characterization of Ir0.89Cu0.11 HO-np 5.2.1

 

Figure 5.1 (A and B) HRTEM images of Ir0.89Cu0.11 HO-np. (C) Selected area electron 

diffraction pattern of Ir0.89Cu0.11 HO-np. (D) Powder XRD patterns of Ir0.89Cu0.11 HO-np 

and Ir HO-np. 

 

Ir1-xCux HO-np (x = 0–0.34) were prepared by reacting IrCl3 hydrates and CuCl2 

hydrates with aqueous KOH under air. Figure 5.1A and B show the HRTEM images and 

the size-distribution histogram of Ir0.89Cu0.11 HO-np. This catalyst is the most active water 

oxidation catalyst in the series (vide infra). The sample consists of a mixture of small, 

crystalline nanoparticles. The average diameter was ~ 1.30 nm, which is similar to Ir 

HO-np and IrNi0.125 HO-np that we reported previously.190 Figure 5.1C shows that the 
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selected area diffraction pattern lacks bright rings, which suggests that the sample is a 

mixture of small crystalline nanoparticles as well.422 The measured interplanar spacing 

was ~ 0.22 nm, which corresponded to the (200) plane of the IrO2 structure with tetragonal 

symmetry. Similar interplanar spacings were reported for crystalized IrO2
403,423 and 

Cu-doped IrO2.199 Figure 5.1D shows the powder XRD patterns of Ir0.89Cu0.11 HO-np and Ir 

HO-np. Both hydrous oxides had common IrO2 rutile structures with tetragonal symmetry 

(JCPDS No. 86-0330, space group P42/mnm). The presence of both sharp and broad 

diffraction peaks indicates that the sample contains small crystalline regions and large 

amorphorous regions. We note that studies like XRD are of the isolated solid-state oxide. 

The results may not apply to the active catalysts in aqueous acid at various potentials. 
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Figure 5.2 XPS spectra of Ir0.89Cu0.11 HO-np, Ir HO-np, and Cu HO-np. (A) Ir 4f region, (B) 

Cu 2p region, and (C and D) O 1s region. 

 

Figure 5.2 shows the results from the XPS analysis of Ir HO-np, Ir0.89Cu0.11 HO-np, 

and Cu HO-np. The 4f7/2 (61.6 eV) and 4f5/2 (64.5 eV) Ir binding energies in Ir0.89Cu0.11 

HO-np, as well as those in Ir HO-np (4f7/2 (61.9 eV) and 4f5/2 (64.9 eV)) show that Ir is 

mainly in the 4+ oxidation state in both these catalysts (Figure 5.2 A).404 The 4f binding 

energies in Ir HO-np also match those reported for IrO2.404,424 The Ir 4f peaks in Ir0.89Cu0.11 

HO-np occurred at lower binding energies than that of Ir HO-np, suggesting that the 

electron density at Ir is higher in the presence of Cu. Figure 5.2B shows the XPS spectra of 
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the Cu 2p region for Cu HO-np and Ir0.89Cu0.11 HO-np. The Cu 2p3/2 (934.3 eV) and 2p1/2 

(954.1 eV) binding energies were similar and indicate that Cu is in the 2+ oxidation state in 

both. 199,425  

 

Figure 5.3 Deconvolution of the Cu 2p spectra of (A) Cu HO-np and (B) Ir0.89Cu0.11 

HO-np. 

 

Figure 5.3 shows the deconvoluted Cu 2p3/2 peak. For Cu HO-np, two deconvoluted 

peaks at 933.0 eV and 934.5 eV correspond to CuII oxide and hydroxide, respectively.425 

For Ir0.89Cu0.11 HO-np, another deconvoluted peak at 935.5 eV was present, which was 

proposed by Sun et al. to arise from Cu–O–Ir structures in the hydrous oxide.199 As Ir is 

mainly in the 4+ state, and Cu is 2+, replacing Ir with Cu will reduce the net positive charge 

from the metals and may result in oxide vacancies in the HO-np lattice. Also, the decreased 

net positive charge may account for the lower binding energies of the Ir 4f peaks in 

Ir0.89Cu0.11 HO-np. Figure 5.2C shows the deconvoluted O 1s signal from Ir HO-np. The 
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deconvolution yielded three peaks with binding energies at ~ 530.3, 531.4, and 532.8 eV, 

assigned to the lattice oxygen, the hydroxyl groups, and the adsorbed water, 

respectively.193,407,426 Figure 5.2D shows the deconvoluted O 1s signal for Ir0.89Cu0.11 

HO-np that contained a new peak at 529.5 eV that was not present either in Ir HO-np or in 

Cu HO-np, between the binding energies for Cu–O–Cu (528.8 eV) (Figure 5.4) and Ir–O–

Ir (530.3 eV). Therefore, we assign this peak to the lattice oxygen atoms bridging Ir and Cu. 

Strasser et al. observed similar peaks in the IrNi oxides, which they assigned to the Ir–O–

Ni bridging oxides.193  

Based upon the results of the HRTEM and XPS studies, we propose that Ir0.89Cu0.11 

HO-np have a structure similar to IrO2, with ~ 11% of the Ir4+ atoms replaced by Cu2+. The 

distribution of Cu atoms is unknown, but the lack of Cu–O–Cu signals and the uniform 

shift of the Ir 4f signals suggests that the distribution of Cu is somewhat uniform within the 

lattice. The uniform replacement of Ir4+ by Cu2+ and the larger radius of Cu2+ (73 pm) 

versus Ir4+ (63 pm)411 likely both influence the WOR activity of the catalysts. 
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Figure 5.4 The deconvolution of the O 1s spectra of the Cu HO-np. 

 Water oxidation activity of Ir1-xCux HO-np 5.2.2

Figure 5.5A shows the voltammetric profiles (1.35–1.55 VRHE, 10 mV s-1) in 0.1 M HClO4 

for the Ir1-xCux HO-np series deposited on carbon fiber paper using Nafion® as a binder. 

The WOR onset potential over the Ir0.89Cu0.11 HO-np/CF electrode was ~ 1.42 VRHE, 

corresponding to ~ 0.19 V overpotential. The mass activity at 1.48 VRHE reaches 142 A gIr
-1. 

This activity is higher than other reported IrCu catalysts,199,200 and it is comparable to 

Ir0.89Ni0.11 HO-np described in Chapter 4, which is among the most active in the literature 

(Table 5.3).189–191,193 Figure 5.5C shows a plot of the mass activity at 1.48 VRHE of the 

Ir1-xCux HO-np/CF electrodes against composition. The highest mass activity was obtained 

with x = 0.11, which was 1.6 times higher than that of Ir HO-np. Catalysts with a higher 

fraction of Cu (x) had lower mass activities. 
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Figure 5.5 (A) Voltammetric (10 mV s-1) water oxidation profiles by the Ir1-xCux 

HO-np/CF electrodes (x = 0–0.34) in 0.1 M HClO4. (B) Cyclic voltammograms of the 

Ir1-xCux HO-np/CF electrodes in 0.1 M HClO4 at 50 mV s-1. (C and D) Mass and active Ir 

atoms normalized activity at 1.48 VRHE. The mass loadings of Ir were 3.4 μg cm-2 for all 

electrodes. 

 

Figure 5.5B shows the voltammograms (0.30–1.30 VRHE, 50 mV s-1) of the Ir1-xCux 

HO-np/CF electrodes. The Ir3+/4+ oxidation peaks were centered at ~ 0.9 VRHE in the anodic 

scan and the Ir4+/3+ reduction peaks at ~ 0.87 VRHE. This behavior corresponds to that of 

IrO2.190,193,200,427 Table 5.1 summarizes the electrochemical parameters obtained for these 

catalysts. As shown in Table 5.1, the Ir3+/4+ redox peak potential shifted anodically with 
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higher amounts of Cu, indicating that the electron density at Ir3+ decreases as the amount of 

Cu is increased in the lattice.193 This trend appears to be opposite to the results from the 

XPS study. We point out that XPS measurements were of Ir4+–Cu2+ HO-np under vacuum, 

whereas the CV results would be influenced to some extent by the interaction between Ir3+ 

and Cu2+ within the hydrated HO-np in aqueous acid. 

The charge (Q) under the Ir3+/4+ oxidation peak was used to estimate the 

electrochemically active Ir atoms. Table 5.1 lists the mole of electrochemically active Ir 

per gram catalyst calculated from eq 5.1. 

  

Active Ir atoms per gram =
𝑄 

96485 ×  3.4 × 10−6  
 5.1 

The active Ir atoms per gram increases by ~ 16.1% from x = 0 to x = 0.11 and then drops by 

~ 13.2% from x = 0 to x = 0.34. Figure 5.5D shows the WOR activity (at 0.25 V 

overpotential) normalized to the mole of active Ir versus the content of Cu (x) in the HO-np. 

The same trend as the mass activity was observed, with the Ir0.89Cu0.11 HO-np/CF electrode 

being the most active. The accessible Ir site normalized activity of Ir0.89Cu0.11 HO-np was 

1.5 times that of Ir HO-np. The mechanism of promotion of Ir by Cu is, therefore, not 

simply a surface area phenomenon.   
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Table 5.1 The key electrochemistry parameters of the Ir1-xCux HO-np/CF electrodes 

 

ηOnset 

(V) 

η at  

1 mA cm
-2

 

(V) 

Electrochemically 

active Ir atoms per 

gram (mmolIr g
 -1

) 

Tafel Slope 

(mV dec
-1

) 

Ir
3+/4+ 

oxidation 

peak (V) 

Ir 0.20 0.29 0.68 60 0.89 

Ir0.92Cu0.08 0.20 0.28 0.75 58 0.90 

Ir0.89Cu0.11 0.19 0.26 0.79 52 0.91 

Ir0.86Cu0.14 0.19 0.27 0.76 59 0.92 

Ir0.80Cu0.20 0.20 0.29 0.67 61 0.92 

Ir0.66Cu0.34 0.20 0.30 0.59 73 0.93 
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 Stability and Tafel plots 5.2.3

 

Figure 5.6 (A) Short-term 1 mA cm-2 galvanostatic test on the Ir1-xCux HO-np/CF 

electrodes (Ir loading: 17 μg cm-2). (B) 24 h galvanostatic test on the Ir0.89Cu0.11 HO-np/CF 

and the Ir HO-np/CF electrodes (Ir loading: 17 μg cm-2). (C) Duty cycle results for the 

Ir0.89Cu0.11 HO-np/CF and the Ir HO-np/CF electrodes. (D) Tafel slopes of the Ir0.89Cu0.11 

HO-np/CF and Ir HO-np/CF electrodes. 

 

Figure 5.6A shows the results from a short-term galvanostatic WOR at 1 mA cm-2 test 

with the Ir1-xCux HO-np/CF electrodes. The Ir0.89Cu0.11 HO-np/CF electrode maintained the 

set current density at the lowest overpotential among all the catalysts, which leveled out at   
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~ 0.26 V (1.49 VRHE) after 1000 s. In 24 h galvanostatic tests carried out with the 

Ir0.89Cu0.11 HO-np/CF and the Ir HO-np/CF electrodes (Figure 5.6B), both electrodes were 

quite stable under 1 mA cm-2 galvanostatic polarization in acid. The potential for the 

Ir0.89Cu0.11 HO-np/CF rose from 1.47 VRHE to 1.50 VRHE within the first 1.5 h and then 

leveled out, rising very slowly to 1.51 VRHE, which is ~ 20 mV lower than the Ir HO-np/CF 

electrode and lower than other IrOx based catalysts in the literature.189,191 ICP–MS 

measurements of the electrolyte showed that less than 10% of the Ir or Cu was dissolved 

during the 24 h galvanostatic oxidation (Table 5.2). 

 

Table 5.2 The ICP–MS results of the electrolyte after the 24 h galvanostatic test of the 

Ir1-xCux HO-np electrodes 

 Mass of Ir (μg) Mass of Cu (μg) 

Ir 1.68 - 

Ir0.89Cu0.11 1.35 0.05 

 

The duty cycle test developed by Strasser et al. is a good measure of the stability of the 

catalysts under close to real electrolyzer conditions (experimental details in Section 

5.4.5).191 Figure 5.6C shows the results from duty cycle tests performed with the Ir0.89Cu0.11 

HO-np/CF and the Ir HO-np/CF electrodes. After 5 duty cycles, the potential required to 

reach 1 mA cm-2
 increased by only 10 mV for the Ir0.89Cu0.11 HO-np/CF electrode, while it 
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increased by 18 mV for Ir HO-np/CF. This stability is comparable to the IrNiOx core-shell 

particles reported by Strasser et al.191 

 

Figure 5.7 Tafel plots of the Ir1-xCux HO-np/CF electrodes in 0.1 M HClO4. 

 

Figure 5.6D shows the WOR Tafel plots of the Ir0.89Cu0.11 HO-np/CF and Ir 

HO-np/CF electrodes. The Tafel slope of the Ir HO-np/CF was ~ 60 mV dec-1 at low 

overpotentials and ~ 120 mV dec-1
 at high overpotentials. This behavior is well-known for 

IrOx catalysts.400,401,428 Figure 5.7 shows the Tafel plots for other Ir1-xCux HO-np/CF 

electrodes. The Tafel slope of the Ir0.89Cu0.11 HO-np/CF electrode was ~ 52 mV dec-1 over 

the range overpotentials employed for this study. The 60 mV dec-1 Tafel slope matches the 
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mechanism (see eqs 4.2–4.5) where a fast pre-equilibrium electrochemical step (eq 4.2) is 

followed by the RDS, which is a chemical step involving rearrangement of the surface 

hydroxide group (eq 4.3).159,398–401 The shift to 120 mV dec-1 can be explained provided 

that the turnover-limiting step changes to eq 4.2 at higher overpotentials over the Ir 

HO-np/CF.191,402,428 The lower Tafel slope over the Ir0.89Cu0.11 HO-np/CF electrode (~ 52 

versus 60 mV dec-1) suggests that the presence of Cu does not alter the mechanism of the 

WOR significantly but perhaps changes the relative rates of eqs 4.2 and 4.3 to some extent 

due to the resulting oxide vacancies or the expansion of the oxide lattice. More research is 

required to investigate the role of Cu in promoting the water oxidation activity of Ir HO-np. 
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  Conclusions 5.3

Ir1-xCux HO-np synthesized with this straightforward, scalable manner are among the most 

active water oxidation catalysts in acid (see Table 5.3 for activity comparison with the 

literature systems). The onset overpotential is 0.19 V and the mass activity is over 140 A 

gIr
-1 at 0.25 V overpotential with the most active catalyst in the series, Ir0.89Cu0.11 HO-np. 

Ir0.89Cu0.11 HO-np are stable under an anodic acidic environment. Preliminary mechanistic 

investigations showed that the activity enhancement by Cu is not just a surface area effect, 

and the presence of Cu does not appear to alter the mechanism of the WOR significantly.  
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Table 5.3 Comparison of the water oxidation activity in acid with the literature data 

Catalyst 

Onset 

(VRHE) 

E at 1 mA cm-2 

(VRHE) 

Mass activity 

(A gIr
-1) 

Tafel Slope 

(mV dec-1) 

LSV LSV Galv. 1.48 VRHE  1.51 VRHE   

Ir0.89Cu0.11
 HO-np 1.42 1.49 1.51 142 521 52 

Ir HO-np 1.43 1.51 1.53 90 253 60 

Ir0.89Ni0.11 HO-np190 1.42 1.50 1.52 141 352 57 

Cu1.11Ir nanocage200 1.43 1.49 1.51 - 73 43.8 

Cu0.3Ir0.7Ox
199 1.46 1.53 - 50 (1.58 VRHE) 63 

IrNi3.3
189 1.47 - 1.53 37 170 - 

IrNi0.67Ox
193 1.45 1.49 - 350(1.53 VRHE) - 

IrNiOx/Meso-ATO191 1.49 1.51 1.54 - 90 - 

Ir/C192 1.54 1.55 - 8 40 55.6 

Ir0.7Ni0.3O2-y
197 1.47 1.50 - - - 57 

Amorphous IrOx
387 1.46 - 1.45 - - 34 

Ir nanowire388 1.43 1.46 - 97 323 43.6 

Co-IrCu nanocage198 1.45 1.46 - 100 300 50 

NiCuIr nanoframe421 1.46 1.47 - 60 275 48 
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 Experimental 5.4

 Chemicals 5.4.1

Perchloric acid (Sigma-Aldrich, 70%, 99.999% trace metal basis), sulfuric acid (Caledon), 

hydrogen peroxide (Fischer Scientific, 30%), L-ascorbic acid (Fisher Scientific; reagent 

grade), potassium hydroxide (Sigma-Aldrich, semiconductor grade, 99.99%), carbon fiber 

paper (ElectroChem, Inc.), iridium chloride trihydrate (A.B. Mackay Chemicals), cupric 

chloride dihydrate (BDH Chemicals Ltd. Poole England, 98%), tert-butanol 

(Sigma-Aldrich, > 99%), and Nafion® (5 wt%, ElectroChem, Inc.) were used as received. 

Triply distilled water was used throughout the experiments. All the glassware was cleaned 

with Piranha solution (5:1 volume ratio of sulfuric acid to 30% hydrogen peroxide) before 

use.  

 Preparation of Ir1-xCux HO-np 5.4.2

Colloidal suspensions of Ir1-xCux HO-np (x = 0–0.34) were prepared by adding 0.8 M KOH 

to 20 mL solutions of IrCl3·3H2O and CuCl2·2H2O. The amount of Ir was kept constant, 

with CuCl2·2H2O added to give the desired fraction x. The amount of KOH added was ~ 10 

times the mole of Ir + Cu. Table 5.4 shows the amounts used. The molar ratios of the 

precursor mixtures were Ir0.66Cu0.34, Ir0.80Cu0.20, Ir0.86Cu0.14, Ir0.89Cu0.11 and Ir0.92Cu0.08. The 

mixtures were stirred under air for 3 days after addition of the KOH solution. The colloidal 

suspensions could be stored in glass vials under air at room temperature for at least two 
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months without losing activity. 

 

Table 5.4 The amounts of the reagents in the synthesis of Ir1-xCux HO-np (x = 0–0.34) 

Ir/Cu ratio IrCl3·3H2O (g) CuCl2·2H2O (g) 0.8 M KOH (mL) 

Ir 0.0704 0 2.5 

Ir0.92Cu0.08 0.0706 0.0029 2.7 

Ir0.89Cu0.11 0.0704 0.0043 2.8 

Ir0.86Cu0.14 0.0703 0.0057 2.9 

Ir0.80Cu0.20 0.0705 0.0086 3.1 

Ir0.66Cu0.34 0.0704 0.0171 3.8 

 

 Preparation of working electrodes 5.4.3

A similar procedure as described in Section 4.4.3 was used to deposit 3.4 μg Ir on 1 cm2 

carbon fiber paper. The actual amount of metal deposited was determined by the 

dissolution in HClO4 in the presence of ascorbic acid, followed by ICP–MS analysis. The 

theoretical mass, based upon the volume of the suspension, was ~ 96% that of the value 

measured by ICP–MS (Table 5.5). For galvanostatic tests, five times higher amounts of the 

ink were used to deposit 17 μg Ir on the electrode. 

 



 

154 

 

Table 5.5 The ICP–MS data on some of the Ir1-xCux HO-np deposits (theoretical mass of Ir 

was 3.4 μg) 

 
Mass of Ir 

(μg) 

Mass of Cu 

(μg) 

Ir:Cu atomic ratio 

(μg) 

Ir:Cu mass ratio 

(μg) 

Ir 3.35 - - - 

Ir0.89Cu0.11 3.42 0.14 8.26 24.43 

Ir0.86Cu0.14 3.32 0.18 6.14 18.44 

 

A similar procedure as described in Section 4.4.2 was used to separate Ir1-xCux 

HO-np from the synthesis solution. A control experiment showed that this washing 

procedure does not change the water oxidation activity of the catalyst (Figure 5.8).  

 

 

Figure 5.8 Voltammetric WOR on the Ir0.89Cu0.11 HO-np/CF electrodes before and after 

washing, in 0.1 M HClO4, 10 mV s-1 (Ir loading: 3.4 μg cm-2). 
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 Electrochemistry 5.4.4

The electrochemical experiments were performed in 0.1 M HClO4 solutions, with a 

Solartron SI 1287 Electrochemical Interface controlled by CorrWare for Windows Version 

2-3d software. The reference electrode was a SCE. The potential of the SCE was calibrated 

against a Pt electrode in a H2-saturated 0.1 M HClO4 solution at room temperature (Figure 

5.9). The average of the cathodic and anodic scan points of 0 current was 0.303 VSCE and 

was used to convert the measured potential to the RHE scale. A graphite rod formed the CE. 

Uncompensated resistance was measured by AC impedance (8 Ω) and corrected for. All 

the other electrochemical experiments were carried out at room temperature in 

N2-saturated solutions. 

 

Figure 5.9 Calibration of the SCE potential to RHE in a H2-saturated 0.1 M HClO4 solution 

(sweep rate 1 mV s-1).  
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 Duty cycle test 5.4.5

The potential of the WE was set at E5 (potential at which the current density reaches 0.5 mA 

cm-2) and was increased in 0.02 V steps every 10 min (last potential EFinal would be E5 + 0.1 

V). The process of stepping the potential from E5 to EFinal is one duty cycle. The duty cycle 

was repeated five times. After each cycle, a CV was collected, and the voltammetric 

potential at 1 mA cm-2 was plotted as a function of the duty cycle number. 

 Instrumentation 5.4.6

ICP–MS analyses were performed with Perkin Elmer Elan 6000. The HRTEM images 

were acquired using a Titan 80-300 LB high resolution transmission electron microscope. 

The XRD patterns were measured with an Inel diffractometer equipped with a curved 

position-sensitive detector (CPS 120) and a Cu Kα1 radiation source at 40 kV and 20 mA 

(λ1/2 = 1.54060/1.54439 Å).  

XPS measurements were performed on a Kratos Axis 165. Charge neutralization was 

applied to stabilize spectra during spectra collecting since the samples were not 

conductive adequately. To account for charging effects, all spectra have been referred to 

C 1s at 284.8 eV. Casa XPS software was used to fit the XPS data. The binding energies 

of the peaks were calculated from the background-subtracted spectra using Shirley 

background. The peaks were fitted with Gaussian (70%)–Lorentzian (30%) curves.  
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Chapter 6 A Simple Aqueous Preparation of High 

Activity and Stability NiFe Hydrous Oxide Catalysts for 

Water Oxidationa 

 Introduction 6.1

This Chapter describes a simple synthesis of active, stable catalysts for the WOR from 

common earth-abundant precursors. The large-scale electrolysis of water is a promising 

method to store energy from solar, wind, and other CO2-free sources of 

electricity.129,374,429,430 The resulting hydrogen can be combusted or converted into 

electricity with fuel cells.18,431 Alternatively, carbon dioxide can be reduced at the 

electrolyzer cathode to form carbon monoxide or liquid fuels.432,433 Alkaline water 

electrolyzers possess advantages over acidic systems.146,434 Among the most significant 

one is that non-noble metals catalyze the WOR in base.209,212,213 However, the major 

challenge to the widespread application of electrolyzers for energy storage is the sluggish 

WOR at the anode (eq 6.1, E° = 1.23 VRHE).134,139 

4 OH- → O2 + 4 e- + 2 H2O  6.1 

There are numerous reports of combinations of the first row metals, such as Ni, Fe, Co, 
                                                 

a A version of this Chapter has been published. Wang, C.; Moghaddam, R. B.; Brett, M. J.; 

Bergens, S. H. ACS Sustainable Chemistry & Engineering 2017, 5, 1106. 
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and Cu, that are promising alkaline WOR catalysts.166,211,221,230,236,435–442 Table 6.1 

represents the most active catalysts in the literature, and most of them contain Ni and Fe. 

Berlinguette et al. used 5.8 W UV irradiation to decompose FeIII 2-ethylhexanoate and 

CoII 2-ethylhexanoate on FTO, followed by heat treatment at 100 oC for 1 h to prepare 

amorphous FeCo catalyst (Table 6.1, entry 1).438 A galvanostatic deposition with a current 

density of -0.25 A cm-2 in a NiSO4, FeSO4, and (NH4)2SO4 solution using a Pt working 

electrode was carried out by Dougherty et al. to prepare a NiFe/Pt foil catalyst.443 Duan et 

al. carried out the electrodeposition in a solution containing Ni(NO3)2 and FeSO4 at -1 

VSCE under N2 using a Ni foam working electrode. The deposit was oxidized in air and 

formed the active NiFe-LDH WOR catalyst (entries 3).30 Hydrothermal and solvothermal 

methods are applied to prepare NiFe LDH catalysts, with the addition of rGO (reduced 

graphene oxide) (entry 4)238 or CNT (carbon nanotubes) (entry 5)236 in order to enhance 

the WOR activity. For example, Yang et al. hydrothermally treated a solution containing 

NiCl2, FeCl2, urea, trisodium citrate, and graphene oxide at 150 oC for 24 h to synthesize 

NiFe-GO LDH. Then, the graphene oxide in the catalyst was reduced by ammonia and 

hydrazine in water at 95 oC for 1 h to yield the NiFe-rGO LDH catalyst.238 Sargent et al. 

prepared active FeCoW oxyhydroxides catalysts by careful hydrolysis of the FeCl3, CoCl2, 

and WCl6, followed by sol-gel formation with propylene oxide, then drying with 

supercritical CO2 (entry 6).444  

Ideally, an industrial catalyst synthesis is inexpensive, simple, quick, and 
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scalable.146,440 This Chapter describes the preparation and study of a series of Ni1-xFex 

HO-np prepared in a similar manner as in previous Chapters for the WOR in base. 

 

Table 6.1 Reported active water oxidation catalysts in base 

 
Catalyst 

ηOnset  

(V) 

η at 10 mA cm
-2

 

(V) 

Tafel slope 

(mV dec
-1

) 

Loading 

(mg cm
-2

) 

1 FeCo
438

 0.18 NA 31 NA 

2 NiFe/Pt foil
443

 NA NA 14.8 NA 

3 NiFe-LDH/Ni foam
243

 0.20 0.23 52.8 1.0 

4 FeNi-rGO LDH
238

 0.19 0.21 39 0.25 

5 NiFe LDH-CNT 

hybrid
236

 
0.22 0.25 31 0.25 

6 FeCoW/Au plated 

Nifoam
444 NA 0.19 NA 0.39 

 This work 0.19 0.23 24 0.135 

 NA: Not available.  
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 Results and Discussion 6.2

 Characterization of Ni0.75Fe0.25 HO-np 6.2.1

  

Figure 6.1 (A and B) HRTEM images of isolated, washed Ni0.75Fe0.25 HO-np. The inset of 

(A) shows the selected area electron diffraction pattern. EDS elemental mappings for (D) 

Ni, (E) Fe, (F) O, and the scanning transmission electron microscopy image of the 

corresponding area (C). 
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Figure 6.1A shows the HRTEM images of the isolated, washed Ni0.75Fe0.25 HO-np 

catalyst. This is the most active mass-normalized WOR catalyst in the series prepared for 

this study (vide infra). The selected area electron diffraction pattern contains several rings 

(Figure 6.1A inset), indicating regions with polycrystalline structure. Figure 6.1B shows 

that the catalyst consists of regions with mostly clear lattice images, indicating largely 

polycrystalline Ni0.75Fe0.25 HO-np. The measured lattice distances are 0.248 nm and 0.210 

nm, corresponding to the (012) and (015) planes of α-Ni(OH)2, respectively. A similar 

lattice distance (0.25 nm) was reported by Dai et al. for the (012) lattice plane in their 

NiFe-LDH/CNT hybrid WOR catalyst.236 The powder XRD pattern of isolated Ni0.75Fe0.25 

HO-np also contained peaks corresponding to the (00n) planes of LDH structures, 

consistent with the known NiFe-LDH (JCPDS 51-0460) (Figure 6.2).231,236,241,247,445,446 In 

comparison, the major phase of Ni HO-np was β-Ni(OH)2 (JCPDS 14-0117). 

 

Figure 6.2 Powder X-ray diffraction patterns of Ni0.75Fe0.25 and Ni HO-np.  
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The Brunauer–Emmett–Teller (BET) surface area of the isolated, vacuum-dried 

Ni0.75Fe0.25 HO-np powder was 68.64 m2 g-1. The BET surface areas reported for other 

NiFe LDH materials in the literature range from 7 to 385 m2 g-1.238,447–449 

The EDS (energy dispersive X-ray spectroscopy) elemental mapping indicates that 

the distribution of Ni, Fe, and O in the catalyst is uniform, with the ratio of Ni to Fe close to 

3:1. The same ratio was measured by XPS and by ICP–MS after dissolving Ni0.75Fe0.25 

HO-np in 0.1 M HClO4 (Table 6.1). Potassium and chloride ions were not detected by XPS 

(Figure 6.3) nor EDS (Figure 6.4) in the isolated, washed catalyst. Thus, the initial ratio of 

Ni and Fe precursors is present in the isolated hydrous oxide nanoparticle product. Also, 

the absence of Cl- shows that the anionic species in the LDH structure are oxides or 

hydroxides. 

 

Figure 6.3 XPS spectra of washed Ni0.75Fe0.25 HO-np.  
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Table 6.2 Comparison of as-synthesized and washed Ni0.75Fe0.25 HO-np composition from 

the ICP–MS, XPS, and EDS measurements, and the ICP–MS data for Ni1-xFex HO-np 

  Mass Mass ratio 

(Ni:Fe) 

Atomic ratio 

(Ni:Fe) Ni (μg) Fe (μg) 

As-synthesized  

Ni0.75Fe0.25 HO-np 

ICP–MS 51.33 16.87 3.04 2.90 

EDS - - 3.18 3.02 

XPS - - 3.12 2.96 

Washed 

Ni0.75Fe0.25 HO-np 

ICP–MS 52.04 16.25 3.20 3.03 

EDS - - 3.12 2.96 

XPS - - 3.22 3.06 

Washed 

Ni0.66Fe0.34 HO-np 

ICP–MS 45.05 20.93 2.15 2.04 

Washed 

Ni0.80Fe0.20 HO-np 

ICP–MS 53.51 13.50 3.96 3.76 

Washed 

Ni0.89Fe0.11 HO-np 

ICP–MS 60.31 7.41 8.14 7.73 
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Figure 6.4 EDS spectra of washed Ni0.75Fe0.25 HO-np. The small amount of Au detected 

was from the detector, and Si came from the glass vial container. 

 

The XPS spectra (Figure 6.5) of Ni0.75Fe0.25 HO-np show that Fe is predominantly in 

the 3+ oxidation state, resulting from the oxidation of Fe2+ by the oxygen in air during the 

synthesis.450 We note that the use of FeCl3 as a precursor formed the catalyst with the same 

activity. Deconvolution of the O 1s signal at ~ 530–533 eV shows that the oxygen mainly 

exists as OH- incorporated into the lattice or on the surface, with only ~ 1% of lattice O2- 

present (Figure 6.5).407,440 The Ni XPS signals of washed and isolated Ni0.75Fe0.25 HO-np 

encompass two spin-orbit doublet peaks at 855.4 eV (Ni 2p3/2), 861.0 eV (satellite), 872.7 

eV (Ni 2p1/2), and 879.5 eV (satellite), matching the binding energy of Ni2+ in 

Ni(OH)2.236,440 The Ni and O peaks in the XPS spectra of the Ni HO-np control were 

quite similar to those of Ni0.75Fe0.25 HO-np. Deconvolution of the O 1s signal indicated 

that less than 1% O2- was present in both Ni0.75Fe0.25 HO-np and Ni HO-np.409 Also, the 
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detected presence of Fe3+, OH-, and Ni(OH)2, are consistent with the NiFe LDH catalyst 

structure.  

 

 

Figure 6.5 The XPS patterns for Ni, Fe, and Ni0.75Fe0.25 HO-np. (A) Fe 2p region, (B) Ni 

2p region, (C) O 1s region, and the deconvolution of O 1s peak of (D) Ni0.75Fe0.25 HO-np 

and (E) Ni HO-np. 

 

The combined results from the characterization studies show that Ni0.75Fe0.25 HO-np 

predominantly exist as NiFe LDH structures,231,247 containing NiII(OH)2 and FeIII(OH)2
+ 

octahedral centers in the hydroxide layers, with OH- and H2O intercalated between the 

layers. The overall equation for its formation is shown by eq 6.2.  
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3 Ni2+ + Fe2+ + 7.25 OH- + 0.25 O2 + 0.5 H2O → 4 [Ni0.75Fe0.25(OH)2]0.25+ OH-
0.25 6.2 

 Water oxidation activity of Ni1-xFex HO-np/CF  6.2.2

 

Figure 6.6 Voltammetric WOR over the Ni1-xFex HO-np/CF electrodes in 1.0 M KOH at 5 

mV s-1. All loadings of Ni + Fe = 0.0675 mg cm-2. 

 

Figure 6.6 shows the positive-going LSVs in 1 M KOH for a series of Ni1-xFex HO-np 

deposited upon carbon fiber paper. The total mass loading of Ni + Fe was the same (0.0675 

mg cm-2) for all the electrodes. The LSV of the Fe HO-np/CF electrode is essentially 

featureless up to ~ 1.58 VRHE (~ 0.35 V overpotential) where the WOR current spikes up. 

The LSV of the Ni HO-np/CF electrode contains a distinctive peak at 1.37 VRHE, 

corresponding to the Ni(OH)2/Ni(O)OH redox couple.451 This peak shifts to higher 

potentials when the mole fraction of Fe increases. Similar observations have been reported 

by others.229,452–454 The shift to higher potentials may result in part from an increasing 
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electron deficiency in the layered double hydroxides as Ni2+ is replaced by Fe3+ in the 

lattice. The WOR onset over the Ni HO-np/CF electrode (x = 0) was ~ 1.56 VRHE (~ 0.33 V 

overpotential), which compares to the literature value after all traces of Fe were removed 

from the KOH.453,455 The mixed systems are more active than the pure Ni or Fe catalysts 

for the WOR, with the Ni0.75Fe0.25 HO-np/CF electrode being the most active when 

normalized to the total mass of Ni + Fe. Table 6.3 summarizes the data. With increasing 

fractions of Fe, the onset potential decreased from 1.56 VRHE over the Ni HO-np/CF 

electrode to 1.44 VRHE (0.21 V overpotential) over the Ni0.75Fe0.25 HO-np/CF electrode. 

The onset potential then increased to ~ 1.58 VRHE over the Fe HO-np/CF electrode. The 

Ni(O)OH/Ni(OH)2 peak in the cathodic sweeps of the LSVs did not overlap with the WOR 

(Figure 6.9A) and could be used to estimate the number of electrochemically accessible Ni 

atoms of the catalysts. Table 6.3 lists the WOR overpotentials for the HO-np at 6 × 104 A 

molNi
-1 in order to investigate the intrinsic activities of Ni within this series. The data show 

that the activity of Ni increases when the mole fraction of Fe (x) increases, even as x 

exceeds 0.25 (the mole fraction within the most active mass-normalized WOR catalyst). 

Although this trend does not exclude other possibilities, it does suggest that Ni0.75Fe0.25 

HO-np is the most active catalyst by mass because the combination of Ni activation by Fe 

and the number of Ni atoms with the HO-np is optimized for the WOR.  
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Table 6.3 Key electrochemical results for the Ni1-xFex HO-np/CF and the Ni0.75Fe0.25 

HO-np/Nifoam electrodes (loadings: 0.0675 mg cm-2) 

 

Catalyst 

ηOnset
* 
(VRHE) 

η at 10 mA 

cm
-2

(V) 

η at 6 × 10
4
 A 

molNi
-1 **

 (V) 

Tafel Slope 

(mV dec
-1

) 

LSV Tafel LSV Galv. 

Ni 0.33 0.31 0.44 0.45 0.47 62 

Ni0.89Fe0.11 0.24 0.23 0.28 0.29 0.31 34 

Ni0.80Fe0.20 0.22 0.23 0.27 0.27 0.29 30 

Ni0.75Fe0.25 0.21 0.22 0.26 0.27 0.28 29 

Ni0.66Fe0.34 0.23 0.22 0.27 0.28 0.26 34 

Ni0.50Fe0.50 0.24 0.22 0.30 0.29 0.25 42 

Fe 0.35 0.34 0.54 0.58 - 120 

Ni0.75Fe0.25/Nifoam
***

 0.19 0.20 0.23 0.24 0.28 24 

* The onset overpotential was estimated by the intercept of the negative-going LSV with 

the E axis (Figure 6.9A and Figure 6.16A) and the beginning of the linear region in Tafel 

plots (Figure 6.7 and Figure 6.8). 

** The current density was chosen arbitrarily. The electrochemically accessible Ni 

normalized cyclic voltammograms are shown in Figure 6.9B and Figure 6.16B. 

*** Catalyst loading on Ni foam Ni + Fe = 0.135 mg cm
-2

. 
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 Tafel analysis and proposed WOR mechanism 6.2.3

In Figure 6.7, the Tafel slopes for the Ni HO-np/CF and the Fe HO-np/CF electrodes were 

~ 62 and 120 mV dec-1, respectively. The slopes were substantially less over the most 

active Ni0.75Fe0.25 HO-np/CF and Ni0.80Fe0.20 HO-np/CF electrodes (~ 29 and 30 mV dec-1, 

respectively). The Tafel slopes were all near 40 mV dec-1 for the series of Ni1-xFex HO-np 

(Figure 6.7 and Figure 6.8). As proposed by Gervasi et al., this Tafel slope is consistent (at 

low overpotentials and under steady-state conditions) with a mechanism with two net steps. 

The first is a reversible one-electron oxidation accompanied by coordination of hydroxide 

to a NiIV active site (eq 6.3). The second is a turnover limiting one-electron oxidation that 

occurs by reaction between dissolved hydroxide and NiIV–OHads to generate O2 (eq 

6.4).235,456 Eqs 6.3 and 6.4 likely represent multi-step processes. The turnover-limiting eq 

6.4 possibly resembles an attack by hydroxide on an electron-deficient oxygen species 

bonded to NiIV.  

NiIV
 + OH-  NiIV–OHads + e-  6.3 

NiIV–OHads + OH- → NiIV
 + 0.5 O2 + H2O + e- 6.4 
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Figure 6.7 Tafel plots of the Ni1-xFex HO-np/CF and the Ni0.75Fe0.25 HO-np/Nifoam 

electrodes in 1.0 M KOH.  

 

Figure 6.8 Tafel plots of the Ni1-xFex HO-np/CF electrodes in 1.0 M KOH.  
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Cyclic voltammetry studies in the literature223,454,457 and our own both indicate that 

the electron deficiency at Ni increases with the fraction of Fe in the lattice. Combining this 

observation with the mechanism proposed by Gervasi et al.,456 we propose one way that Fe 

enhances eq 6.4 is by reducing the electron density at Ni, thereby increasing the reactivity 

of Ni-bound O-containing species towards attack by OH-. This enhancement increases with 

the mole fraction of Fe in the HO-np, but the mass activity of the catalyst also depends 

upon the mole fraction of Ni. Again, this proposal does not exclude other possibilities. 

Table 6.3 also summarizes the LSV and galvanostatic WOR potentials of the series at 

10 mA cm-2 (geometric). The mixed catalyst Ni0.75Fe0.25 HO-np was the most active (E ~ 

1.49–1.50 VRHE, 0.26–0.27 V overpotential) by mass Ni + Fe. 

 

Figure 6.9 (A) CVs and (B) the current normalized to the mole of electrochemically 

accessible Ni of the Ni1-xFex HO-np/CF electrodes in 1.0 M KOH (sweep rate 5 mV s-1, 

loading 0.0675 mg cm-2). 
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 Stability comparison 6.2.4

The stability of Ni0.75Fe0.25 HO-np towards the WOR was investigated by galvanostatic and 

duty cycle experiments. Figure 6.10 shows the 24 h galvanostatic WOR polarization 

curves over the Ni HO-np/CF and the Ni0.75Fe0.25 HO-np/CF electrodes at 10 mA cm-2 with 

the loading Ni + Fe = 0.0675 mg cm-2. Both catalysts displayed sustained polarization 

patterns during the entire galvanostatic water oxidation. The CVs (Figure 6.11) and XPS 

spectra (Figure 6.12) of the Ni0.75Fe0.25 HO-np/CF electrode were measured after the 24 h 

galvanostatic WOR. The area under the Ni(O)OH/Ni(OH)2 cathodic peak (Figure 6.11) 

increased slightly (~ 4%), suggesting that a major restructuring of the catalyst did not occur 

over the 24 h WOR. The XPS peaks (2p3/2 and 2p1/2) of the Ni and Fe regions shifted by 

0.5–1.0 eV to higher binding energies after the 24 h galvanostatic test (Figure 6.12), and 

the deconvolution of the O 1s peak showed that the amount of O2- increased from < 1% to 

~ 3%. Taken together, the increases in the 2p binding energies and in the amount of O2- 

suggest that the fraction of high oxidation state species, perhaps resembling Ni(O)OH and 

Fe(O)OH, increased over the 24 h WOR. However, this interpretation is tentative because 

other factors, such as the degree of hydration and the proportion of OH- versus O2- in the 

intercalated layers, could change over the 24 h WOR as well. 
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Figure 6.10 The 24 h galvanostatic (10 mA cm-2) WOR profiles over the Ni HO-np/CF and 

the Ni0.75Fe0.25 HO-np/CF electrodes (loading: 0.0675 mg cm-2). 

 

Figure 6.11 CVs of a Ni0.75Fe0.25 HO-np/CF electrode before and after 24 h galvanostatic 

test (loading: 0.0675 mg cm-2). 
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Figure 6.12 XPS spectra of a Ni0.75Fe0.25 HO-np/CF electrode after water oxidation (black 

line in A, B, and C) compared with the isolated Ni0.75Fe0.25 HO-np before water oxidation 

(red line in A, B, and C). And (D) the deconvolution of the O 1s peak of the Ni0.75Fe0.25 

HO-np/CF electrode after water oxidation. 

 

Strasser et al. developed duty cycle tests that assess the durability of IrNiOx acidic 

WOR catalysts under conditions closer to an operating electrolyzer.191 We applied similar 

duty cycle tests to a Ni0.75Fe0.25 HO-np/CF electrode for the WOR in base, except that we 

measured the WOR activity after each cycle at 10 mA cm-2, rather than the reported 1 mA 
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cm-2. We utilized this harsher current density to keep up with the conventions of the 

alkaline WOR literature. Figure 6.13 shows plots of WOR potential at 10 mA cm-2 (E10) 

versus number of duty cycles for the Ni HO-np/CF and Ni0.75Fe0.25 HO-np/CF electrodes. 

Both catalysts demonstrated high stabilities that are comparable to the acid IrNiOx systems 

reported by Strasser et al. Specifically, E10 rose by 30 mV, over 5 duty cycles with the Ni 

HO-np/CF electrode and by only 17 mV, over 5 duty cycles with the Ni0.75Fe0.25 HO-np/CF 

electrode. Thus, Ni0.75Fe0.25 HO-np were robust to 24 h galvanostatic and duty cycle tests. 

 

 

 

Figure 6.13 Voltammetric potential at 10 mA cm-2 versus duty cycle numbers for the Ni 

HO-np/CF and Ni0.75Fe0.25 HO-np/CF electrodes (loading: 0.0675 mg cm-2). 



 

176 

 

 Comparison of the carbon fiber paper and Ni foam as substrates 6.2.5

 

Figure 6.14 LSVs of Ni0.75Fe0.25 HO-np on the Ni foam (solid line, loading: Ni + Fe = 0.135 

mg cm-2), on the carbon fiber paper (dash line, loading: Ni + Fe = 0.135 mg cm-2), and a 

bare Ni foam (dash dot line) in 1 M KOH at 5 mV s-1
. 

 

The highest reported NiFe activities were obtained with NiFe LDH structures that 

were modified with oxidized graphene or carbon nanotubes and supported on Ni foam at 

high loadings (0.25 to 1 mg cm-2).236,238,243 For comparison, we prepared electrodes with 

higher mass loadings of Ni0.75Fe0.25 HO-np (Ni + Fe = 0.135 mg cm-2) deposited on Ni 

foam and CF. Figure 6.14 compares the WOR LSVs of the Ni0.75Fe0.25 HO-np catalyst on 

Ni foam, on CF, and of a bare Ni foam. The redox peaks and WOR activity of the bare Ni 

foam were negligible compared to the Ni0.75Fe0.25 HO-np deposit. The LSV overpotential at 

10 mA cm-2 was only 0.234 V (1.46 VRHE) over Ni0.75Fe0.25 HO-np on Ni foam. This 
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activity is comparable to the best, modified Ni–Fe catalysts in the literature (0.210 V (0.25 

mg cm-2)238 and 0.224 V (1 mg cm-2)243). The onset potential over the Ni0.75Fe0.25 

HO-np/Nifoam electrode was 1.42 VRHE (0.19 V overpotential), which compares well to the 

lowest in the literature (0.18 V).438 The Tafel slope for the Ni0.75Fe0.25 HO-np/Nifoam 

electrode also was low, 24 mV dec-1. The 24 h galvanostatic WOR at 10 mA cm-2 (Figure 

6.15B, only ~ 1.47 VRHE, 0.24 V overpotential) and duty cycle stability tests (Figure 6.15A, 

E10 rose by ~ 13 mV after 5 duty cycles) showed that Ni0.75Fe0.25 HO-np were more active 

(per gram Fe + Ni) and stable over Nifoam than over CF. The charges under the 

Ni(O)OH/Ni(OH)2 cathodic peak (Figure 6.16A) showed that the utilization of Ni was 11% 

in the Ni0.75Fe0.25 HO-np/CF electrode at 0.135 mg cm-2 mass loading Ni + Fe. The 

utilization over Ni foam (48%) was substantially higher. When normalized to the 

electrochemically accessible Ni atoms estimated from the charges under the 

Ni(O)OH/Ni(OH)2 cathodic peak (Figure 6.16B), Ni0.75Fe0.25 HO-np possessed nearly the 

same WOR activity. Therefore, the increased activity can come only from the increased 

utilization of Ni (48%) when supported on Ni foam. More research is required to 

understand why the catalyst utilization is higher over Nifoam.  
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Figure 6.15 (A) Voltammetric potential at 10 mA cm-2 versus duty cycle numbers and (B) 

24 h galvanostatic (10 mA cm-2) WOR over the Ni0.75Fe0.25 HO-np/Nifoam electrode 

(loading Ni + Fe = 0.135 mg cm-2). 

 

Figure 6.16 (A) CVs of the Ni0.75Fe0.25 HO-np/Nifoam (solid line) and the Ni0.75Fe0.25 

HO-np/CF (dashed line) electrodes in a 1.0 M KOH solution and (B) the current 

normalized to the mole of electrochemically accessible Ni atoms (sweep rate 5 mV s-1, 

loading 0.135 mg cm-2). 
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Regardless, these results show that the Ni0.75Fe0.25 HO-np/Nifoam electrode, prepared 

in this simple manner, is comparable to the most active WOR catalysts reported to date. 

Also, Ni0.75Fe0.25 HO-np can be isolated by centrifugation, washed with distilled water, and 

redispersed in distilled water by sonication. A control experiment showed that isolated, 

washed, and dispersed Ni0.75Fe0.25 HO-np had the same activity with the as-synthesized 

catalyst (Figure 6.17). 

 

Figure 6.17 LSVs of the washed (solid line) and as-synthesized (dashed line) Ni0.75Fe0.25 

HO-np/CF electrodes in 1.0 M KOH (sweep rate 5 mV s-1) . 
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 Conclusions 6.3

This Chapter describes a one-pot, open-air synthesis from simple Ni and Fe chlorides, 

which produced remarkably active and stable WOR catalysts. The synthesis is 

substrate-versatile and easily scaled. The hydrous oxide nanoparticles can be used directly 

from the reaction mixture or isolated as a solid without loss in activity. We suggest that the 

presence of Fe decreases the electron density at Ni, which enhances the rate of reaction 

between Ni-oxide species and dissolved hydroxide in the RDS. The simultaneous 

optimization of the activity of Ni by Fe, the fraction of Ni in the HO-np, and the catalyst 

utilization all contributed to the high activities and stabilities of these catalysts.  

  



 

181 

 

 Experimental 6.4

 Chemicals 6.4.1

Perchloric acid (Sigma-Aldrich, 70%, 99.999%), potassium hydroxide (Sigma-Aldrich, 

semiconductor grade, 99.99%), nickel chloride (Alfa Aesar, anhydrous, 98%), nickel 

chloride hydrate (NiCl2·6H2O, Baker, 98%), iron(II) chloride (FeCl2·4H2O, Fisher), 

iron(III) chloride (FeCl3·6H2O, Fisher), Ni foam (Goodfellow, thickness 1.6 mm, porosity 

95%), Toray carbon fiber paper (Electrochem. Inc.), and Nafion® (5 wt%, ElectroChem. 

Inc.) were used as received unless stated otherwise. Triply distilled water was used 

throughout the experiments. 

 Preparation of Ni1-xFex HO-np 6.4.2

To prepare Ni0.75Fe0.25 HO-np, 0.0259 g (0.20 mmol) NiCl2 or 0.0476 g (0.20 mmol) 

NiCl2·6H2O and 0.0133 g (0.067 mmol) FeCl2·4H2O or 0.0180 g (0.067 mmol) 

FeCl3·6H2O were dissolved in 20.0 mL triply distilled water in a 100 mL round-bottom 

flask. Then, 3.0 mL 0.8 M KOH solution were added dropwise over 2 min. The solution 

was stirred at 400 rpm for a total of 24 h in air. The use of the FeCl3·6H2O gave similar 

WOR activity and stability as the FeCl2·4H2O (Figure 6.18). For the synthesis of other 

Ni1-xFex HO-np, appropriate masses of the metal precursors and 0.8 M KOH solutions (10 

equivalent the total mole of the Ni2+ and Fe2+) were utilized to yield the desired metal ratios. 

Table 6.4 provides details of the chemicals used for the synthesis. Ni1-xFex HO-np can be 
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stored in the reaction mixture or washed and isolated. For the synthesis of Ni HO-np, 

purified KOH (Section 6.4.3) was used during the synthesis and the characterization. 

 

Table 6.4 Amounts used for the synthesis of Ni1-xFex HO-np 

Composition NiCl2 (g) FeCl2 (g) 0.8 M KOH (mL) 

Ni 0.0259 - 2.3 

Ni0.89Fe0.11 0.0257 0.0030  2.5 

Ni0.80Fe0.20 0.0261 0.0064  2.9 

Ni0.75Fe0.25 0.0259 0.0085  3.0 

Ni0.66Fe0.34 0.0259 0.0130  3.5 

Ni0.50Fe0.50 0.0258 0.0253 4.6 

Fe - 0.0255 2.3 

 

Figure 6.18 The WOR activities of the Ni0.75Fe0.25 HO-np/CF electrodes prepared using 

the Fe2+ or the Fe3+ as precursors in 1.0 M KOH; (A) LSVs with the sweep rate at 5 mV 

s-1 and (B) the 24 h 10 mA cm-2
 galvanostatic test (loadings: 0.0675 mg cm-2). 
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The as-prepared colloidal Ni HO-np, Fe HO-np, and Ni1-xFex HO-np solutions were 

mixed with appropriate amounts of Nafion® to give a final 1 wt% Nafion® per total mass of 

Ni + Fe, calculated from the amounts in Table 6.4. Using a micropipette and graded 

microtips, appropriate volumes of the HO-np/Nafion® suspensions (sonicated for 2 min) 

were drop-coated onto ~ 1 cm2 area of carbon fiber paper electrodes (1 × 3 cm2) to give 

loadings ~ 67.5 μg or ~ 135 μg of the Ni+Fe in Ni1-xFex HO-np or were drop-coated onto ~ 

1 cm2 area of Ni foam (Nifoam; 1 × 3 cm2) to give a loading of 135 μg Ni+Fe in Ni0.75Fe0.25 

HO-np. The ink was dried at 60 °C for 20 min and left at room temperature for 20 min. The 

accuracy of the loading was checked by ICP–MS (~ 97%) (Table 6.2). Homemade graphite 

clips were used for electrochemical measurements to avoid metal contamination.  

After 24 h, the synthesis solution was centrifuged at 4500 rpm for 20 min. The 

supernatant was decanted from the precipitated HO-np, which were then agitated 

mechanically with 30 mL triply distilled water for 5 min and centrifuged at 4500 rpm for 20 

min. This process was repeated three times, and the resulting precipitates were dried in air 

for 48 h. 

 Purification of KOH solutions 6.4.3

The purification of KOH solutions follows the procedure described by Trotochaud et al.221 

It is necessary to remove any trace Fe from the KOH to measure the innate activity of the 

Ni HO-np/CF electrode (Figure 6.19). One gram of the NiCl2 was mixed with 4 mL 1.0 M 
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KOH (semiconductor grade, as-received), then 20 mL water were added to form green 

precipitates (Ni(OH)2). After centrifugation (4500 rpm, 15 min), the precipitates were 

washed with water (30 mL). The centrifugation and washing procedure was repeated three 

times. The washed Ni(OH)2 was added to 1.0 M KOH (unpurified), and the mixture was 

agitated for 10 min to adsorb the Fe impurities. After allowing to settle for 3 h, the mixture 

was centrifuged for 0.5 h to separate the purified 1.0 M KOH solution. Figure 6.19 

compares voltammetric responses of a Ni HO-np/CF electrode prepared and tested using 

as-received KOH with that of a Ni HO-np/CF electrode made and tested in purified (as 

described above) KOH solutions.  

 

Figure 6.19 Voltammetric responses for the Ni HO-np/CF electrodes made and tested in 

as-received (dashed line) and purified (solid line) 1.0 M KOH solutions (sweep rate 5 mV 

s-1). 
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 Electrochemistry 6.4.4

The electrochemical experiments were performed with a Solartron SI 1287 

Electrochemical Interface controlled by CorrWare for Windows Version 2-3d software. 

The reference electrode was a SCE. The measured potentials (ESCE) were converted to the 

RHE scale and to the overpotentials (η) according to eqs 6.5 and 6.6. 

ERHE = ESCE + 0.059pH + 0.241 6.5 

η = ERHE – 1.23V  6.6 

All electrochemistry experiments were performed in N2-saturated 1.0 M KOH 

solutions (pH 13.6) at room temperature unless otherwise stated. A graphite rod formed the 

CE. Uncompensated resistance (1 Ω) was estimated by AC impedance458 and corrected for. 

Each experiment has been repeated at least three times to ensure the reproducibility, and 

the experimental errors between measurements are less than 5%. 

 Calibration of the reference electrode 6.4.5

Calibration of the potential of the SCE was done by measuring against a Pt gauze 

electrode in a H2-saturated 1.0 M KOH solution (Figure 6.20). The potential was swept 

from -0.943 to -1.143 VSCE at 1 mV s-1. The point of zero current was -1.044 VSCE, 

consistent with the calculation using eq 6.5. 
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Figure 6.20 The reference electrode calibration curve at 1 mV s-1 in a H2-saturated 1.0 M 

KOH solution. 

 Duty cycle experiment  6.4.6

The potential of the WE was set at E5 (potential at which the current density reaches 5 mA 

cm-2) and was increased by 0.02 V steps every 10 min (last potential EFinal would be E5 + 

0.1 V). The process of stepping the potential from E5 to EFinal is one duty cycle. The duty 

cycle was repeated five times. After each cycle, a CV was collected and voltammetric 

potentials at 10 mA cm-2 were plotted as a function of the duty cycle number. The duty 

cycle process is displayed in Figure 6.21. Although the reported duty cycles in acid with 

IrNiOx were carried out starting at 0.5 mA cm-2 and the LSV potential was determined at 

1 mA cm-2,189 we started the cycles at 5 mA cm-2 to avoid the overlap with the 

Ni(OH)2/Ni(O)OH peaks. 
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Figure 6.21 The potential versus time profile of a duty cycle process followed by a CV. 

 Instrumentation 6.4.7

BET measurements were carried out using Autosorb Quantachrome 1MP. The XRD 

patterns were measured with an Inel diffractometer equipped with a curved 

position-sensitive detector (CPS 120) and a Cu Kα1 radiation source operated at 40 kV and 

20 mA with (λ1/2 = 1.54060/1.54439 Å). HRTEM of washed Ni0.75Fe0.25 HO-np was 

performed at H-9500 with an accelerating voltage of 300 kV. STEM was conducted at 

JEM2200FS with an accelerating voltage of 200 kV. EDS was done under STEM mode. 

For the preparation of the sample for TEM, one drop of the suspension was placed onto a 

copper grid (carbon coated). Then, the sample was dried in the air for about 20 min. XPS 

measurements were performed on a Kratos Axis 165 instrument. The base pressure in the 

sample analytical chamber was lower than 1x10-9 torr. A monochromatized Al Kα source 

(hν = 1486.6 eV) was used at 12 mA and 14 kV. Survey scans spanned from a binding 
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energy of 1100 to 0 eV and collected with an analyzer pass energy of 160 eV in steps of 0.3 

eV. Charge neutralization was applied to stabilize spectra during spectra collecting because 

the samples were not conductive adequately. To account for charging effects, all spectra 

were referred to C 1s at 284.8 eV. The binding energies of the peaks were calculated from 

the background-subtracted spectra using Shirley background. The peaks were fitted with 

Gaussian (70%)–Lorentzian (30%) curves. 
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Chapter 7 Modular Construction of Photoanodes with 

Covalently Bonded Ru- and Ir-Polypyridyl Visible Light 

Chromophoresa 

 Introduction 7.1

Solar energy is essentially unlimited and can meet most of our future energy demands with 

minimal negative impact on the environment.459,460 Cost-effective, efficient, and rapid 

large-scale storage is an inescapable requirement of the widespread utilization of 

renewable energy.461 Solar energy can be stored with the WOR by converting the protons 

and electrons into H2 or by using them to reduce carbon dioxide to form reusable 

fuels.265,378,462–464 In 1972, Fujishima and Honda reported the first photoelectrochemical 

conversion of water into H2 and O2. This water splitting reaction utilized TiO2 as the 

semiconductor/catalyst and UV illumination as the energy source.250 Visible light 

constitutes ~ 44% of the solar spectrum,465 and several approaches are being pursued to 

develop efficient visible light-driven water splitting systems.378,462,463,466–469 For example, 

narrow band-gap SCs, including WO3,470 BiVO4,469,471 SrTiO3,472 and doped TiO2
473–475 are 

                                                 

a A version of this Chapter has been published. Wang, C.; Amiri, M.; Endean, R. T.; 

Martinez Perez, O.; Varley, S.; Rennie, B.; Rasu, L.; Bergens, S. H. ACS Appl. Mater. 

Interfaces 2018, DOI:10.1021/acsami.8b06605. 
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being investigated as visible light-driven photoelectrodes. However, they generally absorb 

below 500 nm, exhibit poor hole transporting ability, and require large external voltages. 

Typically, dye-sensitized photoelectrochemical cells contain well-defined, separate 

chromophores and electrocatalysts. This distribution of function allows for independent 

optimization and for direct study of their roles and interactions within operating 

DSPECs.248,265,266  

Ru- and Ir-polypyridyl complexes are common chromophores utilized in 

photoelectrochemical applications because they have strong, tunable MLCT 

(metal-to-ligand charge transfer) absorbance, they undergo efficient intersystem crossing, 

and their excited states have relatively long lifetimes.476–480 RuII-polypyridine complexes 

have especially wide absorption ranges that extend into the visible and near infrared 

regions of the solar spectrum.477,481,482  

The water oxidation photocurrent of DSPECs often decays from desorption of the 

chromophore and/or catalyst into water.249,260,262,265 For aqueous environments, Ru 

chromophores are attached to SCs through phosphonate or carboxylate ester bonds made 

by condensation between SC surface hydroxides and acid groups on the ligands in the 

chromophores.252,259,265 These chromophores suffer from desorption under basic conditions 

through hydrolysis of the esters.254,256,289 Atomic layer deposition (ALD) of Al2O3 or TiO2 

layers improves the stability of the chromophore–catalyst layer on SCs.288,483 Also, 

silatrane and hydroxamic acid anchoring groups have been utilized as binders, providing 
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enhanced stability towards hydrolysis up to pH 11.273,274,276,282  

Typically, the rate of the WOR increases with pH.248 Therefore, a wide variety of 

earth-abundant catalysts are stable under alkaline conditions but unstable in acid.484 Finally, 

proton reduction is less competitive with CO2 reduction at higher pHs.102 For these reasons, 

it is necessary to develop anchoring/protection methods that stabilize chemical linkages 

between chromophore or catalyst molecules and SCs in strong alkaline solutions.248 The 

electroreduction of aryl diazonium ions forms aryl radicals that have been grafted 

covalently to a variety of surfaces, including metals, metal oxides, and carbon.291,292 In this 

process, the diazonium salt is generated in situ and is reduced to form covalent bonding 

with the surface by losing N2 gas. Bélanger et al. deposited 1,10-phenanthroline on the 

GC surface with C5-covalently bonded to the surface using electrochemical reduction of 

the in situ generated 5-diazo-1,10-phenanthroline.485 The direct grafting of 

diazonium-modified organometallic precursors to several electrode surfaces has been 

reported.292,486–489 For example, Meyer et al. grafted a RuII diazonium-modified 

chromophore to a TiO2 electrode. The resulting photoanode was more stable to alkaline 

conditions than phosphonic ester linkages.290 However, this approach requires excess 

organometallic-diazonium compound that cannot be reused, and the lifetime of the radical 

intermediate depends upon the nature of the compound.291,292  

In this Chapter, we report a reliable covalent grafting of 1,10-phenanthroline (phen) 

at C5 to ITO and TiO2 surfaces by diazonium electroreduction, with the resulting SC-phen 
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bonds to Ru- and Ir- organometallic precursors forming corresponding chromophores 

(Scheme 7.1). 

 

Scheme 7.1. 
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 Results and Discussion 7.2

 Deposition and characterization on ITO 7.2.1

The electroreduction of the in situ generated 5-diazo-1,10-phenanthroline over carbon 

electrodes was reported by the groups of Ekinci and Bélanger.485,490 Figure 7.1A shows the 

CVs for the electroreduction of the 5-diazo-1,10-phenanthroline cation over ITO in 0.1 M 

H2SO4 (0.15 and -0.2 VSCE, with a sweep rate of 50 mV s-1). As reported for GC,485 the first 

negative going sweep contains a large peak corresponding to the reduction of the 

diazonium ion. This peak decreases with cycling as the active atoms are blocked by the 

deposited 1,10-phenanthroline layer.291 The phen grafted on GC undergoes irreversible 

reductions at potentials below -0.78 VSCE and oxidations above 0.42 VSCE. Therefore, we 

chose a potential window between 0.15 and -0.2 VSCE to avoid these degradations.  

Figure 7.1B shows the high resolution N 1s region XPS spectra of an ITO electrode 

before and after the diazonium reduction. The N 1s peak at 398.7 eV after the grafting 

indicates the pyridine-type nitrogen, hence the presence of 1,10-phenanthroline, on the 

ITO surface. Figure 7.1C shows that the redox peaks for the redox probe Fe(CN)6
3-/4- (5 

mM K3[Fe(CN)6]) are diminished and separated over ITO-phen compared to bare ITO in 

CVs recorded in 0.1 M KCl. The increase in the peak separation from 118 mV for ITO to 

204 mV for ITO-phen indicates inhibition of the electron transfer, and the decrease in the 

peak current is caused by some of the electrochemically active sites being blocked by 
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phen. These results suggest the presence of phen on the ITO surface. The Fe(CN)6
3-/4- 

redox peaks were not suppressed fully, indicating that the film is thin and/or porous.485 The 

sigmoidal resemblance of the ITO-phen CV indicates hemispherical diffusion, suggesting 

that the pore size of the 1,10-phenanthroline film is small. 

 

Figure 7.1 (A) CVs of the ITO electrode in a 0.1 M H2SO4 solution containing 

5-amino-1,10-phenanthroline (1 mM) and NaNO2 (2 mM) under N2 with a sweep rate of 

50 mV s-1. (B) High resolution N 1s region XPS spectra of an ITO electrode before and 

after the 1,10-phenanthroline deposition. (C) CVs for the bare ITO and 

1,10-phenanthroline modified ITO electrodes in a 5 mM Fe(CN)6
3- 0.1 M KCl solution 

under N2 with a sweep rate of 20 mV s-1. (D) CVs of the ITO-phen and bare ITO electrodes 

in a N2-saturated 0.1 M Na2SO4 solution with a sweep rate of 50 mV s-1. 
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Figure 7.1D shows CVs of the ITO-phen and bare ITO electrodes with a reducing 

lower limit (-0.1 to -1.0 VSCE) in 0.1 M Na2SO4. The first negative going sweep with the 

ITO-phen electrode contained a strong reduction peak at -0.82 VSCE with a shoulder at 

-0.57 VSCE that was greatly diminished in the second sweep. This response is quite similar 

to that reported by Bélanger for phen grafted to GC and is attributed to 2e-/2H+ reductions 

forming 1,4-dihydropyridine-type structures.485,491 The charge under the reduction peak 

corresponds to an estimated surface coverage of 2.4 × 10-10 mol cm-2 by the grafted phen, 

assuming a two-electron process.  

In principle, the ITO-phen ligand is protonated at the nitrogen under the acidic 

conditions of the electrografting. Indeed, it was necessary to rinse the ITO-phen ligand 

with ethanol ammonia aqueous solution, then with water and ethanol for the subsequent 

metalation reactions to occur. Exposing the neutralized ITO-phen to a 1:9 CH2Cl2/THF 

solution of the known compound96 cis-[Ru(bpy)2(CH3CN)2] (OTf)2 (1, 5 mM) at 50 °C for 

2 h resulted in displacement of the acetonitrile ligands to form the photoanode 

ITO-[(phen)Ru(bpy)2](OTf)2, with the Ru-polypyridyl chromophore covalently bonded at 

C5 to ITO. The solution of 1 could be reused several times for the metalation provided it 

was stored under N2. The steps in the construction of the ITO-chromophore photoanode 

were investigated with CV in a 0.1 M NBu4PF6 in CH2Cl2 solution. Figure 7.2A and 7.2B 

show the CVs of the ITO-phen and bare ITO electrodes in this non-aqueous electrolyte. 
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The CV of bare ITO was essentially featureless, while the CV of the ITO-phen contained a 

broad oxidation response > 1.0 V versus the ferrocenium/ferrocene redox couple (VFc+/Fc) 

and a broad reduction response < -1.0 VFc+/Fc. Figure 7.2C shows the CV of the 

ITO-[(phen)Ru(bpy)2]2+, starting at -0.35 VFc+/Fc with the first sweep in the positive 

direction. There was an oxidation peak at 0.95 VFc+/Fc in the first anodic sweep that matches 

the reported Ru2+/3+ oxidation potential.492 The corresponding reduction peak was absent in 

the reverse sweep, showing that the RuIII complex was unstable under these conditions and 

decomposed by an unknown process. There was a cathodic peak at -1.62 VFc+/Fc that may 

have arisen from the reduction of a phen-containing species remaining on ITO.492 The 

estimated surface loading of the [(phen)Ru(bpy)2]2+ chromophore was 2.4 × 10-10 mol cm-2, 

based upon the charge under the Ru2+/3+ anodic peak. This coverage matches the coverage 

of ITO by phen in ITO-phen (2.4 × 10-10 mol cm-2, estimated from the charge for the 2e- 

reduction forming 1,4-dihydropyridines-type molecules). Further, the loading of Ru in 

ITO-[(phen)Ru(bpy)2]2+ was determined by ICP–MS (dissolved in aqua regia) to be 2.3 × 

10-10 mol cm-2, quite consistent with the coverage obtained from CV.  

The metalation procedure can be repeated with the known compound493 

cis-[Ir(ppy)2(CH3CN)2]OTf (ppy = ortho-Cphenyl metalated 2-phenylpyridine) under the 

same conditions as for the Ru compound. Figure 7.2D shows the CV of the resulting 

ITO-[(phen)Ir(ppy)2]
+ (0.1 M NBu4PF6, CH2Cl2), starting at -0.35 VFc+/Fc with the first 

sweep in the positive direction. The Ir3+/4+ redox couple peaks at 0.90 VFc+/Fc and 0.81 
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VFc+/Fc are similar to those for related Ir chromophores in the literature.494 This redox 

couple is more reversible than the Ru2+/3+ couple in ITO-[(phen)Ru(bpy)2]2+. The reduction 

peak in the first negative going sweep at -1.74 VFc+/Fc may be attributed to the irreversible 

reduction of the phenanthroline ligand on the electrode.494,495 The charge under the Ir3+/4+ 

oxidation peak corresponds to a loading of Ir = 2.8 × 10-10 mol cm-2. This loading agrees 

with the estimated coverage of phen in ITO-phen. Moreover, the ICP–MS results of Ir 

dissolved in aqua regia correspond to a loading of Ir = 2.6 × 10-10 mol cm-2, consistent with 

the Ir and phen coverages estimated with CV. Taken together, the results from the Ru and Ir 

metalation show that this method is versatile and that little free phen ligand remains on the 

ITO surface after the metalation.  
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Figure 7.2 CVs of the ITO electrodes throughout the chromophore grafting process in a 

N2-saturated CH2Cl2 solution containing 0.1 M NBu4PF6. The sweep rate was 200 mV s-1. 
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Figure 7.3 High resolution XPS spectra on (A) the Ir 4f region of the ITO-[(phen)Ir(ppy)2]
+ 

electrode and (B) the Ru 3d region of the ITO-[(phen)Ru(bpy)2]2+ electrode. UV–vis 

absorption spectra of the (C) ITO-[(phen)Ir(ppy)2]
+ and (D) ITO-[(phen)Ru(bpy)2]2+ 

electrodes with the ITO absorbance deducted. The insets correspond to the UV–vis 

absorption spectra of the cis-[Ir(ppy)2(phen)] OTf and [Ru(bpy)2(phen)] (OTf)2 in CH2Cl2 

solutions, respectively. 

 

Figure 7.3A and 7.3B show the XPS spectra of Ir and Ru regions of the 

ITO-[(phen)Ir(ppy)2]
+ and the ITO-[(phen)Ru(bpy)2]2+ electrodes, respectively. In Figure 

7.3A, the XPS spectrum of the ITO-[(phen)Ir(ppy)2]
+ shows well defined Ir 4f peaks. The 

binding energy for the Ir 4f7/2 peak was at 62.8 eV, indicating the 3+ oxidation state of Ir on 
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the electrode.489 Figure 7.3B exhibits the XPS spectrum of the Ru peaks. The binding 

energy for the Ru 3d5/2 peak was positioned at 281.4 eV, indicating the 2+ oxidation state of 

Ru.487,496  The estimated atomic ratios of N:Ir and N:Ru from the XPS data are ~ 4:1 and 

6:1, respectively, suggesting that all the 1,10-phenanthroline groups are metalated and that 

azo-coupling did not occur during the diazonium reduction.497 

Figure 7.3C and 7.3D show the solid-state UV–vis absorption spectra of the 

ITO-[(phen)Ir(ppy)2]
+ and the ITO-[(phen)Ru(bpy)2]2+ photoelectrodes, respectively. The 

lower wavelength was set to 350 nm because the ITO absorbs strongly below this value. 

The UV–vis absorption spectrum of the ITO-[(phen)Ir(ppy)2]
+ resembles that of the 

cis-[Ir(ppy)2(phen)]OTf in a CH2Cl2 solution (Figure 3C, inset). The visible absorption 

spectrum results from overlapping metal-to-ligand charge transfer (1MLCT, 3MLCT) 

(dπ(Ir)→π*(phen)), ligand-to-ligand charge transfer (1LLCT, 3LLCT), and ligand centered 

(LC) 3π→π* transitions.498–500 The mixing of the formally spin-forbidden 3MLCT, 3LLCT, 

and (3LC) 3π→π* with higher-lying 1MLCT transitions allows for relatively intense 

absorptions. This mixing arises from a strong spin-orbit coupling induced by the heavy IrIII 

atom. 

Figure 7.3D shows the solid-state UV–vis absorption spectrum of the 

ITO-[(phen)Ru(bpy)2]2+ photoelectrode. The absorption at 440 nm likely results from 

overlapping dπ(Ru)→π(bpy)* and dπ(Ru)→π(phen)* 1MLCT absorptions.477,501 The UV–

vis spectrum of the [Ru(bpy)2(phen)]2+ in a CH2Cl2 solution contains a similar peak at 452 
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nm with a shoulder at 420 nm (Figure 3D, inset).502  

The surface coverages (Γ) by the Ir and the Ru in the ITO-[(phen)Ir(ppy)2]
+ and the 

ITO-[(phen)Ru(bpy)2]2+ were estimated from their solid-state UV–vis absorption spectra 

with eq 7.1, using the molar extinction coefficients (ε) measured for the 

cis-[Ir(ppy)2(phen)]+ and the [Ru(bpy)2(phen)]2+ in CH2Cl2 solutions at 440 nm.460,503 

 Γ(mole per cm−2) =
Absorbance

ε(M−1cm−1)
   7.1 

The estimated coverages were 3.19 × 10-10 mol cm-2 for the ITO-[(phen)Ir(ppy)2]
+ and 2.80 

× 10-10 mol cm-2 for the ITO-[(phen)Ru(bpy)2]2+. These values are comparable with those 

obtained from CV and ICP–MS. Taken together, the results from CV, ICP–MS, XPS, and 

UV–vis all show that most, if not all, of the phen ligands in ITO-phen were converted into 

Ir- or Ru- chromophores by this procedure. 

 Deposition and characterization on TiO2 7.2.2

High surface area TiO2 (anatase, 10 μm film) on FTO is converted readily into the 

photoelectrodes TiO2-[(phen)Ir(ppy)2]+ and TiO2-[(phen)Ru(bpy)2]2+ utilizing the same 

procedure.  
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Figure 7.4 CVs of the TiO2 electrode in a N2-saturated 0.1 M H2SO4 solution containing 

5-amino-1,10-phenanthroline (1 mM) and NaNO2 (2 mM). The sweep rate was 50 mV s-1. 

 

Figure 7.4 shows the CVs of the electrochemical reduction of the diazonium salt 

using the TiO2 electrode. Similar with the ITO electrode (Figure 7.1A), the first cycle 

exhibited a large reducing current, which decreased with cycling. This is an indication of 

the successful phen deposition on the TiO2 surface. 
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Figure 7.5 CVs of the TiO2 electrodes throughout the chromophore grafting process in a 

N2-saturated CH2Cl2 solution containing 0.1 M NBu4PF6. The sweep rate was 200 mV s-1. 

 

Figure 7.5 shows the CVs of the TiO2-[(phen)Ru(bpy)2]2+, TiO2-[(phen)Ir(ppy)2]+, 

TiO2-phen, and bare TiO2 electrodes. The bare TiO2 electrode showed only capacitive 

currents in the applied potential range. The TiO2-phen electrode displayed a broad 

oxidation peak higher than 1.0 VFc+/Fc. The TiO2-[(phen)Ru(bpy)2]2+ and 

TiO2-[(phen)Ir(ppy)2]+ electrodes exhibited the same features ascribed to the Ir and the 

Ru redox peaks, as discussed in Section 7.2.1. Based on the CVs, the coverages of the Ir 
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and the Ru on TiO2 surfaces are estimated to be 2.2 × 10-9 mol cm-2 and 2.0 × 10-9 mol cm-2, 

respectively. The ICP–MS data show that the coverage of the Ru and the Ir (dissolved in 

aqua regia) on the TiO2-[(phen)Ru(bpy)2]2+ and TiO2-[(phen)Ir(ppy)2]+ electrodes are 2.4 

× 10-9 mol cm-2 and 2.6 × 10-9 mol cm-2, respectively. 

 

Figure 7.6 UV–vis spectra of (A) the TiO2-[(phen)Ir(ppy)2]+ and (B) the 

TiO2-[(phen)Ru(bpy)2]2+
 electrodes with the TiO2 absorbance deducted. 

 

Figure 7.6 shows the UV–vis spectra of the TiO2-[(phen)Ir(ppy)2]+ and the 

TiO2-[(phen)Ru(bpy)2]2+ electrodes. The TiO2-[(phen)Ir(ppy)2]+ electrode showed similar 

absorbance with the free molecule. The 1MLCT peak of the TiO2-[(phen)Ru(bpy)2]2+ 

electrode was at 475 nm, which is 23 nm higher than that of the free compound. This red 

shift in the 1MLCT likely is caused by the strong coupling of the phenanthroline ligand 

with the TiO2.290 Based on eq 7.1, using the molar extinction coefficients and the 

absorbance at 450 nm, the surface coverages of Ir on the TiO2-[(phen)Ir(ppy)2]+ and the 
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Ru on the TiO2-[(phen)Ru(bpy)2]2+ electrodes are estimated to be 2.8 × 10-9 mol cm-2 and 

2.2 × 10-9 mol cm-2, respectively. We note that the surface coverages of the chromophores 

on TiO2-[(phen)Ir(ppy)2]+ and TiO2-[(phen)Ru(bpy)2]2+ electrodes obtained using CV, 

ICP–MS, and UV–vis methods are consistent. 

In comparison, the [Ru(bpy)2(4,4’-(PO3H2)2bpy)]2+, a commonly used chromophore 

in the literature, was synthesized and adsorbed on the TiO2 surface using the reported 

method (denoted as RuP-TiO2).504,505 Figure 7.7A shows the CV of a RuP-TiO2 electrode. 

Clear reversible peaks centered at 0.86 VFc+/Fc could be assigned to the Ru2+/3+ redox 

couple.481 The Ru surface coverage, based on the integration of the charge, was 4 × 10-10 

mol cm-2. Figure 7.7B shows the UV–vis spectra of the RuP-TiO2 electrode. The peak 

centered at 450 nm was the 1MLCT peak.481 Based on eq 7.1 (ε = 14400 M-1 cm-1),283 the 

Ru surface coverage of the RuP-TiO2 electrode is estimated to be 9 × 10-9 mol cm-2. ICP–

MS on the Ru leached from the RuP-TiO2 electrode using 1.0 M KOH and aqua regia 

shows that the Ru coverage on the electrode is 1.0 × 10-8 mol cm-2, consistent with UV–

vis estimation. The low surface coverage estimated from the CV indicates that only 5% of 

the Ru chromophore is electrochemically active on the TiO2 surface. A similar 

observation was made by Meyer et al. on the TiO2 surface-bound RuII complex.506 

However, for the electrodes fabricated using our diazonium deposition and metalation 

method, the estimated surface coverages of the chromophores are consistent with the 

results from the CV, UV–vis, and ICP–MS methods, which indicate that our method 
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deposits chromophores selectively at electrochemically active sites of the ITO and TiO2 

surfaces. In addition, the comparison between the chromophore coverages obtained using 

CVs (4 × 10-10 mol cm-2 for the RuP-TiO2 and 2 × 10-9 mol cm-2 for the 

TiO2-[(phen)Ru(bpy)2]2+) suggests that more electrochemically active TiO2 sites are 

generated by our method, likely through the diazonium reduction process and/or the 

subsequent metalation process. The detailed mechanism requires further investigation. 

 

Figure 7.7 (A) CV of a RuP-TiO2 electrode in a N2-saturated CH2Cl2 solution containing 

0.1 M NBu4PF6 at 200 mV s-1. (B) UV–vis spectrum of the RuP-TiO2 electrode with the 

TiO2 absorbance deducted. 

 Photoelectrochemical activity  7.2.3

Figure 7.8A shows the IPCE (incident photon-to-current conversion efficiency) versus 

wavelength plots for the photoanodes towards the photoelectrochemical oxidation of 0.5 M 

TEA (triethylamine) in 0.1 M NaClO4 solutions (-0.3 VSCE, pH = 12.6). Unlike the 
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TiO2-[(phen)Ru(bpy)2]2+ electrode, the control RuP-TiO2 electrode bleached within 20 s of 

immersion into the alkaline solution. The IPCE for the TiO2-[(phen)Ru(bpy)2]2+ was 1.4% 

at 450 nm, which was 12 times higher than the bleached RuP-TiO2 control. Figure 7.8B 

shows the long-term photoelectrochemical oxidation of TEA (2.3 mW cm-2, 450 nm 

incident light). The TiO2-[(phen)Ru(bpy)2]2+ electrode was the most active. When the light 

was turned on at 300 s, a sharp increase in current occurred, followed by a rapid decline 

over the first 400 s of the illumination, then by a more stable region. The initial 

photocurrent reached 8 μA cm-2, a value 6 times that of the TiO2-phen electrode and 8 

times that of the TiO2. The initial TOF (turnover frequency) was determined with eq 7.2 (i 

= photocurrent density, n = electron transfer number, Γ = surface coverage).259,504 

  

TOF (h−1) =  
3600 𝑖

𝑛𝐹Γ
  7.2 

The initial TOF for the TiO2-[(phen)Ru(bpy)2]2+ electrode was 78 h-1 and dropped to 

44 h-1 at 400 s illumination during the initial decline. From 400 to 3000 s illumination, the 

photocurrent only dropped by 7.6%. Figure 7.8C shows the photocurrent normalized to 

200 s illumination time. The TiO2-[(phen)Ru(bpy)2]2+ maintained 87% of the photocurrent 

after 1000 s and 81% after 3300 s. 
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Figure 7.8 (A) The IPCE measurements of the TiO2-[(phen)Ru(bpy)2]2+, TiO2-phen, bare 

TiO2 and RuP-TiO2 electrodes at different wavelengths in 0.1 M NaClO4 containing 0.5 M 

TEA at a constant potential of -0.3 VSCE under Ar. (B) Photoelectrochemical responses of 

the electrodes under the same conditions with 450 nm monochromatic incident light (2.3 

mW cm-2). (C) Photocurrent of the TiO2-[(phen)Ru(bpy)2]2+ electrode normalized to the 

photocurrent at 200 s illumination. All solutions were stirred at 500 rpm. 
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Figure 7.9A shows the IPCE versus wavelength plot for the photoelectrochemical 

oxidation of hydroquinone at neutral pH. The peak IPCE for the RuP-TiO2 electrode was 

6.3% at 450 nm. The IPCE for the TiO2-[(phen)Ru(bpy)2]2+ electrode was 3.1% at 450 nm 

and reached 5.5% at 410 nm. We note that the coverage by chromophores in the RuP-TiO2 

control was 4.5 times that in TiO2-[(phen)Ru(bpy)2]2+ (vide supra). Figure 7.9B shows the 

long-term stability results of the hydroquinone photoelectrochemical oxidation. The 

photocurrents were more stable for all the electrodes under neutral conditions than they 

were in base, and the large initial current drop was absent. The initial photocurrent for the 

TiO2-[(phen)Ru(bpy)2]2+ electrode was 25 μA cm-2, corresponding to TOF = 211 h-1. 

Figure 7.9C compares the photocurrent for the TiO2-[(phen)Ru(bpy)2]2+ and RuP-TiO2 

electrodes normalized to their Ru coverages. The normalized photocurrent for the 

TiO2-[(phen)Ru(bpy)2]2+ electrode was 3 times that of the RuP-TiO2 electrode throughout 

the process. The origin of this enhanced normalized photocurrent is under investigation. 

Figure 7.9D compares the stability of the TiO2-[(phen)Ru(bpy)2]2+ and RuP-TiO2 

electrodes by normalizing activities to the current at 200 s of illumination. The 

TiO2-[(phen)Ru(bpy)2]2+ electrode maintained 97% of the photocurrent after 1000 s and 85% 

after 3300 s. The control RuP-TiO2 electrode dropped to 88% after 1000 s and down to 69% 

after 3300 s. The ICP–MS data showed that 33% of the surface Ru was lost to the solution 

after 3300 s for the control RuP-TiO2, compared to 10% for the TiO2-[(phen)Ru(bpy)2]2+. 
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Figure 7.9 (A) and (B) IPCE and photoelectrochemical responses of the 

TiO2-[(phen)Ru(bpy)2]2+, TiO2-phen, bare TiO2 and RuP-TiO2 electrodes in 0.1 M NaClO4 

with 0.02 M hydroquinone under Ar at 0 VSCE. (C) Photocurrent responses normalized to 

the moles of chromophores for the TiO2-[(phen)Ru(bpy)2]2+ and RuP-TiO2 electrodes 

under the same conditions. (D) Photocurrent stability comparison between the 

TiO2-[(phen)Ru(bpy)2]2+ and RuP-TiO2 electrodes normalized to the photocurrent at 200 s 

illumination. All solutions were stirred at 500 rpm. 

 

Figure 7.10A shows the IPCE results of the TiO2-[(phen)Ir(ppy)2]
+

 electrodes in 

neutral (hydroquinone) and basic (TEA) electrolytes. Under neutral conditions, the peak 
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IPCE for the TiO2-[(phen)Ir(ppy)2]
+ electrode reached 4.0% at 410 nm and decreased with 

increasing wavelength. Under alkaline conditions, the peak IPCE value reached 2.0% at 

410 nm. Figure 7.10B shows the long-term photocurrent responses of the 

TiO2-[(phen)Ir(ppy)2]
+ electrode in neutral and basic conditions under 450 nm 2.3 mW 

cm-2 irradiation. Under neutral conditions, the initial photocurrent for the 

TiO2-[(phen)Ir(ppy)2]
+ electrode reached 22 μA cm-2, corresponding to TOF = 187 h-1. The 

TiO2-[(phen)Ir(ppy)2]
+ electrode maintained 74% photocurrent after 3300 s illumination 

relative to the photocurrent at 200 s. In base, the electrode reached 8 μA cm-2 (TOF = 68 h-1) 

initially, then dropped quickly. Only 40% photocurrent was maintained after 3300 s 

relative to that of 200 s illumination. Compared with the TiO2-[(phen)Ru(bpy)2]2+ 

electrode, the TiO2-[(phen)Ir(ppy)2]
+ electrode shows inferior stability in both neutral and 

basic solutions.  

The IPCE of all the photoelectrodes were higher under neutral conditions than they 

were in base. Similar results were observed by Meyer et al, who attributed the higher IPCE 

to a decrease in the rate of back electron transfer as the pH is decreased.504 Other factors, 

like the difference in the redox potentials of hydroquinone and triethylamine, could affect 

the electron transfer kinetics as well. More investigation is required to determine the 

origins of this phenomenon.  
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Figure 7.10 (A) The IPCE measurements of the TiO2-[(phen)Ir(ppy)2]
+ electrodes in 0.1 M 

NaClO4 containing 0.5 M TEA at -0.3 VSCE under Ar (green squares), and IPCE in 0.1 M 

NaClO4 with 0.02 M hydroquinone under Ar at 0 VSCE (red triangles). (B) Long-term 

photoelectrochemical responses of the electrodes under the same conditions. All solutions 

were stirred at 500 rpm. 

 Mechanism of photoelectrochemical reaction 7.2.4

The excited-state reduction potentials, E(PS+/PS*), of the chromophores can be obtained 

using eq 7.3,  

 E(PS+/PS*) = Eox - E0-0 
 7.3 

where Eox is the oxidation potential of IrIII or RuII compounds and E0-0 is the zero-zero 

excitation energyb obtained from the optical spectra from literature.479,495 The calculated 

                                                 

b Zero-zero excitation energy is the energy difference between the zero vibrational level 

of excited states and the zero vibrational level of ground states. 
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E(PS+/PS*) values of the chromophores are more negative (E(PS+/PS*)Ir = -1.02 VNHE and 

E(PS+/PS*)Ru = -0.71 VNHE) than the conduction band edge potential of TiO2 (~ -0.51 

VNHE), suggesting a feasible electron transfer from the photo-excited chromophores to the 

conduction band of the TiO2.289 Both the E(PS+/PS)Ir = 1.38 VNHE and E(PS+/PS)Ru = 1.43 

VNHE are higher than the oxidation potential of TEA (0.93 VNHE)507 and hydroquinone 

(0.37 VNHE),508 indicating that the electron transfer from the TEA or H2Q (hydroquinone) 

to the PS+ (i.e. SC-[(phen)IrIV(ppy)2]2+ and SC-[(phen)RuIII(bpy)2]3+) is 

thermodynamically feasible. The energy diagram and the mechanism for the 

photoelectrochemical oxidation of the TEA and H2Q are shown in Scheme 7.2, where Ru 

and Ir represent surface attached chromophores [Ru(bpy)2(phen)]2+ and [Ir(ppy)2(phen)]+, 

respectively. 

 

Scheme 7.2.  
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Upon light irradiation, the chromophore (PS) is excited to the singlet state and 

undergoes intersystem crossing, forming the long-lived excited triplet state (PS*). Then, 

the excited-state chromophore injects an electron to the conduction band of TiO2, forming 

PS+. Next, the electron donors (TEA or H2Q) give an electron to the PS+ to regenerate the 

chromophore. The electron injected from PS* to the conduction band of TiO2 potentially 

could be used to generate hydrogen at the cathode. This process is described in eqs 7.4 to 

7.7. 

 PS + hυ → PS* 7.4 

 PS* → e- + PS+ 7.5 

 PS+ + TEA → PS + TEA•+ 7.6 

or 

 PS++ H2Q → PS + HQ• + H+ 7.7 

The TEA•+ (in eq 7.6) then deprotonates and rearranges into a carbon-centered 

radical, exhibiting highly reductive power. The iminium cation formed by oxidation of 

the carbon centered radical hydrolyzes to form diethylamine and acetaldehyde. This 

process is shown in Scheme 7.3.509 

 

Scheme 7.3. 
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Two semiquinone radicals (eq 7.7) formed by the reduction of the PS+ undergo 

disproportionation, forming hydroquinone and benzoquinone (Q), as shown in eq 7.8.510  

 2 HQ• → H2Q + Q  7.8 
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 Conclusions 7.3

In conclusion, we have demonstrated a versatile, two-step process to prepare a 

chromophore–SC assembly. We prepared demonstration photoelectrodes with Ru and Ir 

chromophores anchored to ITO or TiO2 surfaces. The strong covalent C5–Osurf linkage 

between the chromophores and the TiO2 is more stable under neutral and alkaline 

conditions than that with phosphonate ester bridges, and the sensitized electrodes can be 

paired with a suitable catalyst that could be used for photoelectrochemical oxidation of 

water in a wide pH range. Further studies to extend this method to other systems to 

construct water oxidation and CO2 reduction photoelectrodes are under way in our 

laboratories. 
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 Experimental 7.4

 Chemicals 7.4.1

The following chemicals were used without purification, unless otherwise noted: 

1,10-phenanthroline-5-amine (Sigma-Aldrich, 97%), H2SO4 (Sigma-Aldrich, 99.999%), 

anhydrous ethanol (Commercial Alcohols), triply distilled water, NaNO2 (Sigma-Aldrich, 

≥ 97.0%), 2-phenylpyridine (Sigma-Aldrich, 98%), acetone, distilled (Fischer Scientific), 

dichloromethane, distilled (Sigma-Aldrich, ACS reagent, ≥ 99.5%), toluene, distilled 

(Sigma-Aldrich, 99.9%), hexanes, distilled (Caledon, ACS), acetonitrile, distilled (≥ 

99.5%), methanol (Sigma-Aldrich, ACS reagent, ≥ 99.8%), diethyl ether (Sigma-Aldrich, 

ACS reagent, ≥ 99%), KPF6 (Sigma-Aldrich, ≥ 99%), MgSO4 (Caledon, anhydrous), silver 

trifluoromethanesulfonate (Sigma-Aldrich, 99%), sodium perchlorate monohydrate 

(Sigma-Aldrich, ACS reagent, ≥ 98.0%), diethyl ether (Anachemia, ≥ 99.0%), pentane 

(Caledon, HPLC grade), tetrahydrofuran, distilled (Sigma-Aldrich, ACS reagent, ≥ 99.0%), 

NH4OH (Caledon), 2-phenylpyridine (Sigma-Aldrich, 98%), 1,10-phenanthroline 

(Sigma-Aldrich, ≥ 99%), iridium chloride trihydrated (A.B. Mackay Chemicals), 

bis(2,2′-bipyridine)dichlororuthenium(II) [Ru(bpy)2(Cl)2] (Sigma-Aldrich, 97%), 

ethoxyethanol (Sigma-Aldrich, 99%), TiO2 nanoparticle (anatase, nanopowder < 25 nm 

particle size, 99.7% trace metals basis), Triton X-100 (EMD Millipore Corporation), 

2,4-pentanedione (Sigma-Aldrich, ≥ 99%), tetraethyl  tetrahydrofuran, distilled 
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(Sigma-Aldrich, ACS reagent, ≥ 99.0%), 2,2’-bipyridine-4,4’-diylphosphonate 

(Carbosynth Ltd., > 96%), TiCl4 (Sigma-Aldrich, ≥ 99.995%, trace metals basis), NaClO4 

(Sigma-Aldrich, ACS reagent, ≥ 98.0%), HCl (Sigma-Aldrich, ACS reagent, 37%), 

HNO3 (Sigma-Aldrich, ACS reagent, 70%), hydroquinone (Sigma-Aldrich, ReagentPlus, 

≥ 99.5%), triethylamine, distilled (Sigma-Aldrich, ≥ 99.0%), Na2SO4 (Sigma-Aldrich, 

ACS reagent, ≥99.0%), ITO (Sigma-Aldrich, surface resistivity 8-12 Ω/sq), and FTO 

(Sigma-Aldrich, surface resistivity ~ 7 Ω/sq). 

 Preparation of chromophore–SC electrodes 7.4.2

7.4.2.1 Preparation of TiO2 coated FTO electrodes 

FTO slides were sonicated in ethanol and water for 30 min and treated in a 50 mM TiCl4 

solution at 70 oC for 30 min. TiO2 pastes were prepared following a reported 

procedure.511,512 Briefly, 2.0 g TiO2 nanoparticles were mixed with 200 μL Triton X-100 

surfactant and 200 μL 2,4-pentanedione in a 12 mL ethanol/water 1:1 solution. The 

solution was stirred for 2 h vigorously, followed by sonication for 30 min to give the TiO2 

paste, which was doctor-bladed on the FTO surface with four layers of the scotch tape as 

spacers. After they were dried in air, the TiO2 on FTO electrodes were heated to 500 oC for 

2 h, followed by immersion in a 50 mM TiCl4 solution at 70 oC for 30 min, washed with 

water and ethanol, and heated at 450 oC for 30 min. Figure 7.11 shows the morphology and 

thickness of the TiO2 film on FTO, and Figure 7.12 shows the TEM image of the TiO2 
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nanoparticle. 

 

Figure 7.11 SEM images of the TiO2 coated FTO glass slide. (A) The cross-section image 

and (B) the surface morphology. 

 

Figure 7.12 Transmission electron microscopy image of the TiO2 nanoparticles. 

 

7.4.2.2 Diazonium deposition  

ITO coated glass slides were cut into a 2.5 × 1.2 cm2 rectangular shape and were sonicated 
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for 15 min each in 5 mL acetonitrile, 5 mL 2-propanol, and 5 mL triply distilled water, then 

they were dried under N2. The electrochemical grafting of the 1,10-phenanthroline onto 

the ITO slides (or TiO2 coated FTO slides) was carried out according to the previous 

report.485 Briefly, a 20 mL aqueous 0.1 M H2SO4 solution containing 1 mM 

5-amino-1,10-phenanthroline (4 mg) was purged with N2 for 15 min. One min after the 

addition of 2 mM NaNO2 (3 mg), an ~ 1 cm2 ITO slide was immersed into the solution as 

the WE and a graphite rod as the CE. The potential was scanned between 0.15 and -0.20 

VSCE with a sweep rate of 50 mV s-1 for 10 cycles. After electrochemical modification, the 

1,10-phenanthroline coated ITO slide (ITO-phen) was rinsed and sonicated in water for 20 

s to remove physically absorbed species. The TiO2-phen (1,10-phenanthroline grafted to 

the TiO2 coated FTO) electrodes did not undergo the sonication. The ITO-phen (or 

TiO2-phen) electrodes were rinsed with distilled water and were immersed in a solution of 

ethanol and ammonium hydroxide (volume ratio 1:1) for 1 h to deprotonate the 

as-deposited 1,10-phenanthroline groups. Then, the electrodes were rinsed with water and 

ethanol and dried under air.  

7.4.2.3 Metalation 

The electrodes were placed in a Schleck tube and purged with N2 for 15 min. 

[Ir(ppy)2(CH3CN)2]OTf (10 mg, 0.0130 mmol) or [Ru(bpy)2(CH3CN)2](OTf)2 (10 mg, 

0.0126 mmol) was weighed out and 0.5 mL of dichloromethane were added to dissolve the 
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solid. The solution was cannulated into the Schlenk tube containing the electrodes and 4.5 

mL of THF. The Schlenk tube was immersed in a paraffin oil bath and was heated to 50 °C 

for 2 h. After it cooled down to room temperature, the electrode was removed from the 

bath and rinsed with CH2Cl2 (5 mL) and water (2 mL). The resulting electrodes 

ITO-[(phen)Ir(ppy)2]+ and ITO-[(phen)Ru(bpy)2]2+ are stable in air under dark for over six 

months. The deposition on the TiO2 electrode follows the same procedure, and the resulting 

electrodes are labeled as TiO2-[(phen)Ir(ppy)2]+ and TiO2-[(phen)Ru(bpy)2]2+. 

7.4.2.4 Preparation of RuP-TiO2 electrodes 

A TiO2 coated FTO electrode was immersed in a solution of 10 μM 

[Ru(bpy)2(4,4’-(PO3H2)2bpy)]Br2 in 0.1 M HClO4 for 12 h, followed by the immersion in a 

0.1 M HClO4 solution for another 12 h.504 The resulting electrode (denoted as RuP-TiO2) 

was washed with water, dried, and used. 

 Photoelectrochemistry 7.4.3

The electrolytes used for photoelectrochemistry studies consisted of 0.1 M NaClO4 

solutions containing either 0.5 M TEA (pH = 12.6) or 0.02 M hydroquinone (pH = 7.0), the 

CE was a coiled platinum wire, and the reference electrode was a SCE. The electrolyte was 

stirred using a magnetic stir bar at 500 rpm. A homemade 100 mL four-neck quartz flask 

with a flat window was used as the reaction flask for photoelectrochemical experiments. 

The solution was purged with Ar for 30 min prior to each measurement, and the Ar 
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atmosphere was maintained. The WE was washed with distilled water before use. The 

Newport QEPVSI-b system (300 W Xe lamp with Cornerstone M 260 monochromator) 

was calibrated against a silicon diode with known IPCE and was used for IPCE 

measurements. The incident light intensity was checked with a Thorlab S121C light meter. 

The IPCE values were calculated using eq 7.9, 

  

IPCE (%) =  
100 × 1240 × 𝑖

𝑃λ
 7.9 

where i is the photocurrent density (mA cm-2), P is the light power (mW cm-2), and λ is the 

wavelength (nm). Each experiment has been repeated at least three times to ensure the 

reproducibility, and the experimental errors between measurements are less than 10%. 

 Synthesis of the Ru- and Ir- compounds 7.4.4

7.4.4.1 Synthesis of [Ir2Cl2(ppy)4]  

A literature procedure was used for the preparation of [Ir2Cl2(ppy)4].
513 2-phenylpyridine 

(771 mg, 4.975 mmol, 5 equivalents) and IrCl3·3H2O (390 mg, 1.106 mmol, 1 equivalent) 

were dissolved in 30 mL of 2-ethoxyethanol and 10 mL of water, and the mixture was 

refluxed for 24 h. The precipitate was isolated via filtration and washed with ethanol, water, 

and acetone. 75 mL of dichloromethane were added, followed by toluene (25 mL) and 

hexane (10 mL). The solution was cooled overnight and filtered to yield the product as a 

yellow powder (428 mg, 71% yield). The 1H NMR data were consistent with reported 
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values:513 (ppm, in CD2Cl2, 498.119 MHz, J-values in Hz): 9.27 (d, 4H, J = 5.5); 7.95 (d, 

4H, J = 8.0); 7.81 (t, 4H, J = 7.5); 7.57 (d, 4H, J = 7.5); 6.83 (m, 8H); 6.62 (t, 4H, J = 7.5); 

5.89 (d, 4H, J = 7.5 ).  

7.4.4.2 Synthesis of [Ir(ppy)2(CH3CN)2]OTf  

A reported procedure was used.493 [Ir2Cl2(ppy)4] (165 mg, 0.153 mmol, 1 equivalent) was 

combined with AgOTf (112 mg, 0.437 mmol, 3 equivalents) in 15 mL acetonitrile under 

N2. The mixture was stirred for 1 h, filtered through celite, and washed with acetonitrile. 

The filtrate was pumped down to ~ 5 mL, ether was added at -7 oC until a precipitate 

appeared, and the mixture was filtered and washed with ether and pentane. The precipitate 

was kept under vacuum for 18 h to yield the product as a yellow powder (148 mg, 70% 

yield). The 1H NMR data agreed with reported values:493 (ppm, in CDCl3, 399.794 MHz, 

J-values in Hz) 9.11 (d, 2H, J = 5.6); 7.92 (m, 4H); 7.55 (d, 2H, J = 7.6); 7.43 (dt, 2H); 

6.91(t, 2H, J = 7.2); 6.77 (t, 2H, J = 7.2); 6.10(d, 2H, J = 7.6); 2.40 (s, 6H).  

7.4.4.3 Synthesis of [Ru(bpy)2(CH3CN)2](OTf)2 

The synthesis of [Ru(bpy)2(CH3CN)2](OTf)2 is based on a previous report.514 Under N2, 

bis(2,2′-bipyridine)dichlororuthenium(II) [Ru(Cl)2(bpy)2] (501.0 mg, 1.03 mmol, 1 

equivalent) and AgOTf (530.3 mg, 2.06 mmol, 2 equivalents) were weighed into a 100 mL 

side-arm flask. 30 mL CH3CN were added, and the solution was stirred for 2 h. Then, the 
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solution was filtered through Celite, washed with CH3CN, and the filtrate collected. The 

filtration procedure was carried out three times to remove AgCl. Then, excess CH3CN was 

removed via a liquid N2 cold trap. The resulting solid was dissolved in  5 mL CH2Cl2, and 

4.0 mL ether were added to precipitate out an orange compound. The compound was 

washed with ether and dried as an orange compound (650 mg, yield 80%). The 1H NMR 

data agreed with reported values: (499.798 MHz, CDCl3,)  9.43 (d, 2H, J = 5.4 Hz), 8.46 

(d, 2H, J = 8.2 Hz), 8.32 (d, 2H, J = 8.1 Hz), 8.24 (td, 2H, J = 8.0 Hz, 1.3 Hz), 7.96-7.90 (m, 

4H), 7.56 (d, 2H, J = 5.5 Hz), 7.28-7.25 (m, 2H), 2.42 (s, 6H).  

The synthesis of [Ru(bpy)2(4,4’-(PO3H2)2-bpy)]Br2 is based on the reported literature 

procedure. 505 [Ru(bpy)2(4,4’-(PO3H2)2-bpy)]Br2 (ppm, in CD3OD, 399.794 MHz, 

J-values in Hz) 8.91 (d, 2H, J = 13); 8.73 (d, 4H, J = 8); 8.15 (t, 4H, J = 8); 8.01 (m, 2H); 

7.82 (m, 4H); 7.75 (m, 2H); 7.51 (m, 4H). 
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Figure 7.13 NMR spectra of the Ir and Ru complexes. 

 

 Instrumentation 7.4.5

Electrochemical studies were done using Solartron SI 1287 Electrochemical Interface 

controlled by CorrWare for Windows Version 2-3d software. XPS measurements were 

performed on a Kratos Axis 165 instrument. The base pressure in the sample analytical 

chamber was lower than 1 × 10-9 torr. A monochromatized Al Kα source (hν = 1486.6 eV) 

was used at 12 mA and 14 kV. Survey scans spanned from a binding energy of 1100 to 0 eV 

and collected with an analyzer pass energy of 160 eV in steps of 0.3 eV. ICP–MS analyses 

were performed with Perkin Elmer Elan 6000. The SC-[(phen)Ru(bpy)2]2+ and 
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SC-[(phen)Ir(ppy)2]+ electrodes were dissolved in aqua regia solutions for 24 h to etch the 

SC layer in order to assess the surface coverage of Ru- or Ir- chromophores. UV–vis 

spectra were acquired using Cary 400 UV–vis spectroscopy. To acquire UV–vis spectra on 

a SC surface, n pieces of SC-[(phen)Ru(bpy)2]2+ or SC-[(phen)Ir(ppy)2]+ were bonded 

together to enhance the signal (n = 5 for ITO and 1 for TiO2). The spectra shown were the 

acquired spectra absorbance divided by n, with the ITO or TiO2 absorbance deducted. 

TEM was done using JOEL JEM-ARM200CF S/TEM. The samples for TEM were 

prepared by sonication of the electrode in anhydrous ethanol, drop coated onto an ultrathin 

carbon film grid (Ted Pella. Inc.), and the grid dried under air. SEM was performed with a 

Hitachi S-4800 instrument. The 1H NMR spectra were acquired using both 400 MHz and 

500 MHz Varian Inova, and Varian DD2 M2 400 MHz NMR spectrometers. The chemical 

shifts are reported in ppm relatives to TMS with the solvent as the internal standard. 

Abbreviations used in reporting of NMR data are s (singlet), d (doublet), t (triplet), dt 

(doublet of triplet) and m (multiplet). 
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Chapter 8 Conclusions and Final Remarks 

This dissertation describes the use of a platinum counter-electrode deposition method to 

prepare Pt overlayer Ni nanopillars extended structure catalysts for the ORR, a 

straightforward method to synthesize highly active WOC in acid and base, and a new 

method to form covalently-bound chromophores on SC surfaces. The catalysts were 

characterized fully by CV, SEM, TEM, XPS, ICP–MS, and XRD. The mechanisms for 

different catalysts towards electrochemical catalytic reactions were investigated, and 

attempts to correlate the electrocatalytic activity with the structure of the catalyst were 

made. In addition, their catalytic activities were compared with the state-of-art catalysts 

in the literature.  

Chapter 2 and 3 show that we can control the Pt counter-electrode deposition to 

deposit a thin overlayer of Pt on NiGLAD nanopillars with desired loadings; the resulting 

NiGLAD{Pt}/GC electrodes were active towards the ORR in both acid and base. Under 

alkaline conditions, the ORR onset overpotential for the NiGLAD{Pt}/GC electrode was 30 

mV less than for the {Pt}/GC electrode, and the mass activity was 2–3 times higher than 

that of the {Pt}/GC electrode at 0.85 VRHE. Moreover, the NiGLAD{Pt}/GC electrode was 

more durable than the {Pt}/GC electrode with respect to a long-term potentiostatic ORR 

test. Under acidic conditions, dealloying was proven to be an effective method to increase 

the ORR activity of the NiGLAD{Pt}/GC electrode. By controlling the Pt deposition time, 

we are able to control the Pt layer thickness, thus tune the ORR activity of the 
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NiGLAD{Pt}/GC electrode. The most active catalyst was prepared with a bulk atomic 

composition of Pt0.09Ni0.91 with a Pt deposition time of 1500 s. The ORR onset 

overpotential for the dealloyed NiGLAD{Pt-1500}/GC electrode was 150 mV lower than 

that for the {Pt-1500}/GC electrode, and the mass activity was 30 times higher at 0.9 

VRHE. The 4-electron reduction path was identified, indicating the desirable full reduction 

of oxygen to water. XPS on the NiGLAD{Pt-1500}/GC and {Pt-1500}/GC electrodes 

suggested the existence of an electronic interaction between the substrate Ni and the Pt 

deposit. 

There is room for optimization of our catalysts. Modifications of the parameters for 

GLAD like deposition time, oblique angle, and target rotation rate would affect the 

morphology of the Ni substrates. The spacing of the pillars (determined by the oblique 

angle), the shape of the pillar (determined by rotation rate), and the length of the pillar 

(determined by deposition time) would affect the mass transport of the reactants to the 

catalyst surface. Other transition metals, such as Cu, Co, and Fe, also could be used as the 

deposition source to form extended structured substrates by GLAD. Moreover, the effect 

of deposition current during galvanostatic Pt CE deposition on the morphology and 

activity needs to be investigated. We utilized a relatively low current in order to get more 

uniform Pt coverage at the substrate. Higher current may lead to higher Pt dissolution and 

deposition rate and higher hydrogen evolution rate at the working electrode; this may 

form a higher portion of under-coordinated surface Pt atoms, affecting the ORR activity. 
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Since the extended structure of ORR catalysts is attractive for their stability compared 

with nanoparticle catalysts, it would be interesting to incorporate the NiGLAD{Pt} 

catalysts into a fuel cell by depositing NiGLAD onto a membrane first, followed by Pt CE 

deposition. Finally, NiGLAD{Pt} catalysts are promising candidates towards other 

electrocatalytic reactions, like alcohol oxidation, water oxidation, and hydrogen 

evolution. 

 

A straightforward synthetic method is developed and applied successfully to prepare 

active water oxidation catalysts in acidic (Chapter 4 and 5) and alkaline (Chapter 6) 

solutions. Both Ir0.89Ni0.11 HO-np and Ir0.89Cu0.11 HO-np were among the most active 

catalysts in the literature, with the onset overpotential as low as 0.19 V in acid. Both 

catalysts were stable towards long-term water oxidation, and the enhanced water 

oxidation activity was not caused just by the increase in the number of electrochemically 

active sites. XPS revealed higher electron density at the Ir site in both Ir0.89Ni0.11 and 

Ir0.89Cu0.11 HO-np relative to that in Ir HO-np, and we propose that the presence of Ir–O–

M–O–Ir (M = Ni or Cu) in the HO-np is responsible for the enhanced activity and 

stability. The Tafel slopes at low overpotentials for Ir0.89Ni0.11, Ir0.89Cu0.11, and Ir HO-np 

were all around 60 mV dec-1, indicating same mechanistic pathway for the WOR. 

The synthesis and activity of Ni0.75Fe0.25 HO-np is described in Chapter 6; it is 

among the most active and stable WOC under alkaline conditions. Structural 
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characterization showed that Ni0.75Fe0.25 HO-np predominantly existed as double layered 

hydroxides. CF and Ni foam were used as supports, and the enhanced activity was caused 

by the increase in the Ni utilization when supported on Ni foam. Based on CV and XPS 

investigations, we proposed that the presence of Fe decreased the electron density at the 

Ni sites, which enhanced the rate of reaction between surface Ni–O or Ni–OH and the 

dissolved hydroxide species in the rate-determining step. 

This new nanoparticle synthetic method opens up a direction for a cost-effective and 

facile scalable production of catalysts. We could envisage that more binary, tertiary, or 

quaternary hydrous oxide nanoparticle combinations will be discovered as efficient water 

oxidation catalysts and as catalysts for other electrochemical catalytic processes. Further 

investigation of the synthetic process could involve the effect of surfactants, ionic species, 

and temperature to the morphology and nanoparticle growth process. A deep 

understanding of the growth process would require the characterization of the synthetic 

solution using UV–vis, SEM, TEM, EDX, XRD, and other methods. Moreover, 

mechanistic investigations on active catalysts are needed to understand the origin of the 

activity enhancement and the WOR pathway. For example, measurements like in situ 

XPS, SERS, and IR are crucial in acquiring information regarding active intermediate 

species in water oxidation reactions. 18O labeling coupled with online DEMS would 

reveal whether the mechanism went through the direct coupling pathway or the acid–base 

pathway. In addition, different substrates, like Ti and TiO2 foam in acid and stainless steel 
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in base, are desirable to be applied to the water electrolyzers since carbon based materials 

undergo corrosion at high potentials. Also, it would be interesting to unveil the 

mechanism of the catalysts’ degradation under a long-term study. Finally, the assembly of 

water electrolyzers using theses catalysts is one of the ultimate goals of these studies. 

These water oxidation electrocatalysts also can be applied in reversible fuel cells and in 

photoanodes of photoelectrochemical cells.  

 

Chapter 7 describes a reliable method to form photoelectrodes by covalent grafting of 

1,10-phenanthroline (phen) at C5 to ITO and TiO2 surfaces via diazonium electroreduction 

and subsequently exposing them to Ru- and Ir- organometallic precursors to form 

corresponding chromophores. Surface characterizations confirmed that the chromophores 

SC-[(phen)Ru(bpy)2]2+ and SC-[(phen)Ir(ppy)2]+ formed in near quantitative yields by 

these reactions. The resulting photoanodes were active towards the oxidation of 

triethylamine in basic conditions and of hydroquinone in neutral ones. Photocurrent 

stability was investigated, with IPCE calculated. Under neutral conditions, better 

photocurrent stability was observed using the photoanodes with C5–Osurf 

covalently-bound chromophores compared those with the phosphonic acid anchors. 

Under strong alkaline conditions, the photoanodes with C5–Osurf covalently-bonded 

chromophores exhibited better IPCE and good photocurrent stability, while the 

phosphonic acid anchors hydrolyzed. 
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This novel deposition method opens up the possibility to fabricate a stable 

chromophore–SC assembly under strong alkaline conditions, expanding the application 

of the DSPECs to the alkaline environment. Though the IPCE is moderate compared with 

the literature value, various methods could be applied to improve it. Different 

electrochemical diazonium deposition methods (like potentiostatic, galvanostatic, etc.) 

could be applied to reach an optimum loading of the ligand on the surface. Other ligands 

could be used in the chromophore to tune the redox potential and absorption coefficient 

of the chromophores. Moreover, detailed mechanistic studies on the electron injection 

properties of the C5–Osurf covalently-bound chromophores and the back electron transfer 

process is needed to guide the selection of the optimum anchoring groups, ligands, and 

chromophores. The photocurrent degradation mechanism of the C5–Osurf 

covalently-bound chromophores needs to be identified so that protective methods could 

be applied to suppress the degradation. Finally, photoelectrodes fabricated using this 

method can be paired with catalysts to carry out photoelectrochemical catalytic reactions, 

including the WOR, carbon dioxide reduction, hydrogen evolution, alcohol oxidation, 

etc.; these, ultimately, can be integrated into the DSPECs. 

 

Altogether, this thesis develops catalysts and electrodes that can be applied to energy 

conversion devices, including fuel cells, water electrolyzers, and dye-sensitized 

photoelectrochemical cells. With these approaches, we believe that the future of the 
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human species is bright, and that a world wholly supported by renewable and sustainable 

energy will be possible.  
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