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Combinatorial synthesis and high-throughput characterization and electrochemical screening 

methods have been used to accelerate the design and optimization of binary alloy catalysts for the 

anode of the Direct Borohydride Fuel Cell. Single metal catalysts are shown to have limited 

effectiveness, in agreement with previous literature. In principle, the direct oxidation of the BH4ˉ ion 

is accompanied by the transfer of eight electrons. Competing electrochemical oxidation reactions1-3, 

and the spontaneous catalytic hydrolysis of BH4ˉ hinder the exploitation of the eight electron 

reaction. The order of the catalytic activity for the direct oxidation of the BH4ˉ ion in alkali 

environment on pure metals as reflected in the onset potential vs. SHE for the reaction was found to 

be Au (-0.43 VSHE) > Ag (-0.21 VSHE) > Pt (0.04 VSHE) > Ni (+0.62 VSHE) > Cu (+0.7 VSHE). Pt hydrolysed BH4ˉ 

producing H2 which was electro-oxidised at -0.7 VSHE, competing with direct BH4ˉ oxidation. The 

catalytic activity of the Ni and Cu towards the direct BH4 ̄ oxidation reaction (BOR) was found to be 

sharply affected by the passivation layer formed by the adsorption of O2/OH. 

The intent was to modify the catalytic properties of the pure metals by alloying through both 

electronic and ensemble effects, lowering the overpotential for the eight-electron process and 

reducing the parasitic effects of competing catalytic pathways, and hindering O2/OH adsorption.  

A wide gradient of compositions of Au-Ni, Au-Cu, and Au-Pt alloy catalysts (unannealed and annealed) 

were synthesized by High Throughput Physical Vapor Deposition (HT-PVD). High Throughput 

bulk/surface methods including Energy Dispersive X-ray Spectroscopy (EDX), X-ray Diffraction (XRD) 

and X-ray Photon Spectroscopy (XPS) were used to characterise the alloy catalysts as a function of 

composition. To efficiently determine the best alloy catalysts for the direct BOR, High Throughput 
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Electrochemical Screening method was used. Additionally, a High Throughput Hydrogen Probe 

method was developed to monitor H2 evolution on the Au-Pt alloy catalysts. This method was found 

to be effective in determining the lowest/highest H2 evolution as a function of composition. New 

anode alloy catalysts were discovered and can catalyse the BOR at low over potential. The optimum 

Au-Ni alloy composition was found to be at composition Ni35-Au65 offering a higher electrode activity 

for the direct BOR among other binary alloy catalysts. The Au-Cu alloy catalysts were found to be 

affected by the addition of Cu on the Au-Cu alloy catalysts. The activity of the Cu78.3-Au21.7 

(unannealed) was found to be higher than pure Au. In order to evaluate the electrocatalytic activity 

on the Au-Pt alloy catalysts, the H2 evolution was successfully detected as a function of composition 

using High Throughput Hydrogen Probe. This experimental approach proved that the BOR on the Au-

Pt alloy catalysts was strongly influenced by the competing H2 oxidation reaction produced by the 

spontaneous catalytic hydrolysis reaction. 
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Chapter 1 Introduction 

For many decades, there has been a global dependence and reliance on oil, in all its forms, as a 

source of energy, whilst simultaneously ignoring the environmental damage it causes. According 

to many experts, sources of oil may become depleted4, and consequently, alternative sources of 

energy or “renewable energies” will be needed. Many researchers and scientists are currently 

investigating renewable energy, with their focus on creating clean energies that are sustainable 

and ideally derived from renewable sources. This should help break the dependence on fossil fuel 

exploitation, mitigate extensively detrimental climate change and achieve resource efficiency. 

This is being done in the expectation of regaining some of what has been lost, namely a climate 

free of pollution and a clean marine environment. To this end, researchers and scientists are 

heavily focused on fuel cells, which are regarded as a renewable and clean energy source that can 

be used not only to supply energy but also to dispense with oil and its hazardous waste, which 

have become life threatening for many in this world5. As a result, many scientists and researchers 

are working on the development of effective catalysts to increase the efficiency and performance 

of fuel cells, in order to meet the requirements of the consumers of clean energy, both at the 

individual and industrial levels. 

 Catalysis 

Catalysis is the process by which a change in the rate of a chemical reaction occurs by introducing 

a catalyst that lowers the activation barrier and provides an alternative pathway without being 

consumed in the process. The path of a chemical reaction consists of three important phases: 

reactants, transition state (extremely unstable state) and products. In the catalysed reaction, the 

catalyst forms a complex with the reactant, which allows its activation barrier to be lower than 

that of the transition state of the uncatalysed reaction6. 

 Catalysis can be classified as homogenous or heterogeneous catalysis based on the physical state 

of the existing substances. Homogenous catalysis is the process where a reactant and the involved 

catalyst exist in the same phases, as in the case of reactions between gases (the oxidation of 

sulphur dioxide by oxygen using nitrogen oxides as a catalyst), reactions between liquids (reaction 

between acids and bases), enzymatic processes and co-ordination complexes (polyester 

condensations)7. Heterogeneous catalysis is the process where both materials have different 

phases as in the case of electro-catalysis where electron transfer reactions occur between 

reactants (liquid phase) and a metal surface (solid phase). A heterogeneous catalytic reaction 

depends on critical steps that must occur while the reactants and products transfer to and from 

the catalyst surface (on which the reaction effectively takes place). This includes (1) mass 
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transport of reactants from the bulk of the solution phase to the interface of the catalyst, (2) 

diffusion of the reactants to the active sites, (3) adsorption of reactants on the active sites, (4) a 

catalytic reaction of the adsorbed species to take place at the active sites, (5) desorption of 

products from the active sites, and (6) mass transport of products into the bulk of the solution 

phase8. 

Much effort has been made in conducting a variety of research studies to design the ideal 

catalysts. Modern catalysis involves three important aspects, which are catalysts synthesis, 

catalyst characterisation and catalytic kinetics8. The synthesis of the catalyst has a dramatic effect 

on the activity, selectivity and stability of varieties of catalyst materials for certain reactions. For 

example, the synthesis of bimetallic catalysts offers unique catalytic properties9. Alloying alters 

the structure and composition of a catalyst and thus changes its properties. The selectivity and 

the reactivity of an alloy’s catalyst are the main parameters that govern the performance of the 

catalyst. They are frequently regarded as ensemble effects and ligand effects9. The ensemble 

effects occur when active sites are blocked by incorporating a secondary metal. Some chemical 

reactions need an ensemble of a small number of adjacent active sites to take place, and 

therefore the selectivity towards these chemical reactions can be modified accordingly9-10.  

The effect of introducing an additional metal to change the catalytic properties by direct 

electronic interaction between components of the alloy is usually referred to as ligand effects. 

This type of electronic modification affects the surface local density of states and the d-band 

energies shift11. Norskov et. al extensively studied the role of the so-called d-band (centre) 

model12, which simply describes the trends of catalytic activity based on the interaction of 

adsorbate energy levels with the d-band of a transition metal surface. Due to this interaction, 

bonding and antibonding states are created which, in turn, affect the potential barrier for 

adsorption and the adsorption energy. The strength of the adsorption energy can be predicted 

based on the d-band centre shift with respect to the position of the Fermi level. An upward shift 

of the d-band centre indicates high activity while a downward shift indicates a less active metal. 

Therefore, Norskov et. al proposed a Volcano plot on various metals, which shows the most 

efficient catalysts for hydrogen adsorption by measuring the exchange current density of the 

hydrogen evolution reaction13.  

The d-band model can be applied to alloy materials. Modification of the structure and 

composition of the alloy surface affects the d-band centre shifts that could change the strength of 

the bond between the surface of the metal catalyst and the adsorbate (reactants). As a result, 

intermediate properties between those of pure metals or even unique bimetallic properties can 

potentially be made9. Au-Pd is an interesting example of the electronic/ ensemble effects, and Au 

can be used as a modifier to improve the catalytic performance. H2 adsorption as well as CO 
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adsorption on the Au-Pd catalysts have been studied in more detail using combinatorial high 

throughput synthesis and screening14. It has been found that annealing the Au-Pd alloy results in 

an Au-enriched surface that increases the catalytic activity for the CO and reduces the selectivity 

towards the H2 adsorption as a function of composition. This study clearly showed that the design 

of ideal catalysts largely depends on the method of catalyst preparation.  

 Low Temperature Fuel Cells 

Fuel cells, which convert the chemical energy stored in a fuel into electrical energy, are promising 

candidates for future energy use characterised by their high converted efficiency and low 

emissions at low operating temperature. Efficiency as high as 60% can be extracted from the fuel 

without the need for the combustion process15-16. Unlike battery technology, fuel cells do not 

require recharging. Energy is produced on demand as long as the fuel cells are supplied with fuel 

(e.g., hydrogen) and oxidant (air or oxygen). Naturally, the electrical energy cannot be produced 

without the existence of electro-catalytic electrodes that work as anodes and cathodes and are 

separated by an ion conducting electrolyte. The anode is the negative electrode at which H2 is 

oxidised, producing protons and electrons. The released electrons are conducted to the anode 

through an external circuit providing current. The cathode is the positive electrode where O2 

molecules are reduced and combined with the produced electrons and protons to form water16. 

Many scientists have been working on the development of fuel cells using different types of low 

temperature fuel cells since they  were discovered by Sir William Robert Grove17. Sir Grove used 

water to produce electrical energy. Water was electrolysed into hydrogen and oxygen by an 

electric current releasing electrical energy. Fuel cells can be classified by their main internal parts. 

This includes the individual type of each fuel, the oxidant, the electrolyte or the operating 

temperature. One of the most investigated types is the polymer electrolyte fuel cell (PEFC)18. 

PEFCs are composed of a proton exchange membrane (Nafion) and electrode materials as 

catalysts (Pt). The distinctive feature of this type of fuel cell is that it operates at low 

temperatures between 80 and 100 ◦C. However, issues related to one of the cell components 

exist, namely anode poisoning, results in a reduction of the cell performance19. The anode is 

poisoned at below 150 °C20 because of the carbon monoxide (CO) that is present in the fuel. The 

CO is adsorbed on the electrode surface blocking active sites. Efforts have been made to prevent 

this issue by using a reformer to produce pure H2
21 or by using hydrogen storage materials22. 

However, this will require more efficient systems to be applied to the small portable electronic 

devices, which is a complication, since most of the reforming systems and hydrogen storage 

materials are still under development23. 
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Direct methanol fuel cells (DMFCs) are classified as a low operating temperature fuel cell. The 

positive side to this is that methanol is easily stored and requires no fuel processing compared to 

the H2 in the PEFCs24. Moreover, methanol is widely available since it can be extracted from 

different sources such as oil, natural gas and coal. However, further investigation is needed in 

order to develop the DMFCs system. Although using liquid methanol directly as fuel helps to 

overcome processing, CO (a reaction intermediate) can be formed during the oxidation reaction 

of the methanol. The CO can be adsorbed on the surface (Pt) resulting in catalyst poisoning, and 

this consequently reduces the catalyst performance to complete the full methanol oxidation 

process. Therefore, an appropriate low-cost catalyst is still required to remove the adsorbed CO 

on the Pt surface to increase the reaction rate25. Another limitation in the use of methanol fuel is 

the crossover of methanol from anode to cathode which results in low open circuit voltage and a 

reduction in power density18, 26-27. 

 Direct Sodium Borohydride Fuel Cells 

Recently, Direct Borohydride Fuel Cells (DBFCs) have received increasing attention due to their 

many favourable features. The open circuit voltage for the DBFC is 1.64 V, which is higher than 

PEMFC and DMFC (1.23 V and 1.21 V, respectively). The oxidation of the borohydride (BH4ˉ) ion is 

accompanied by the transfer of eight electrons, while the oxidation of the hydrogen and the 

methanol fuel are two and six electrons, respectively. The maximum theoretical conversion 

efficiency (ηmax) (the ratio between the change in the Gibbs free energy (ΔGcell )and the change in 

the enthalpy ΔHcell (Equation 1-1)28 of the DBFC is 0.91 Wh kg−1, which is similar to the DMFCs 

(0.92 Wh kg−1), but higher than the PEMFC (0.83 Wh kg−1) 29, 30.  

η(max ) =  ∆G(cell)  
∆H(cell)

       Equation 1-1 

The DBFCs consist of fuel (NaBH4) and an oxidant (O2, air) or H2O2, which are used to generate 

power. The fuel is chemically stable as a concentrated basic solution18. The NaBH4 and its product, 

i.e. borate (BO2
-), are regarded as non-toxic and environmentally safe materials. Moreover, the 

borate can be recycled to generate BH4ˉ. The fuel can be stored and transported easily30. In 

addition, the DBFCs can be applied to small electronic devices and portable devices31 with high 

power density30.  

The electrodes’ reactions are given as follows: 

a. The half reaction of the direct oxidation of the BH4ˉ ion is accompanied by the 

transfer of eight electrons: 

BH4ˉ + 8OHˉ → BO2ˉ + 6H2O + 8eˉ E˚= - 1.24 VSHE    Equation 1-2 
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b. The half reaction of O2 reduction is the combination of the electrons and water: 

2O2 + 4H2O + 8eˉ → 8OHˉ  E˚= 0.4 VSHE      Equation 1-3 

c. The net reaction of the cell is: 

BH4ˉ + 2O2 → BO2ˉ + 2H2O E˚,cell= 1.64 V      Equation 1-4 

Sodium borohydride (NaBH4) consists of 10.6 wt. % hydrogen and was first discovered in the 

1950s and used as a reducing agent. It was also used for hydrogen generation32. The BH4ˉ (at room 

temperature) reacts with water, kinetically at a slow rate, liberating four moles of hydrogen 

(Equation 1-5). Simultaneously, the hydrolysis was found to be decreased by increasing the pH of 

the solution. 

BH4ˉ +2H2O → BO2ˉ + 4H2         Equation 1-5 

The rate of hydrolysis of the NaBH4 is a function of both the pH of the solution and electrode 

materials. Steven et al. studied the rate of the generated hydrogen at different concentrations of 

NaBH4 in the alkaline medium NaOHaq using a ruthenium, Ru, catalyst33. In order to determine the 

hydrolysis rate, different concentrations of sodium hydroxide solutions including 0.25 M, 1.3 M 

and 2.8 M were used separately. The variation of both NaBH4 weight percentage and the Ru 

catalyst loading were constant for each part. The authors found that the rate of hydrogen 

generation decreased by doubling the rate when a higher concentration (2.8 M) of NaOH was 

used in the electrolyte solution.  

It will be shown that the catalytic spontaneous hydrolysis reaction is a major problem 

encountered by the DBFCs. Not only does it limit the selection of the solution to a strong alkaline 

solution, but it also interferes with the electrode type selection. It is therefore expected that 

there will be competition between a partial hydrolysis reaction (catalytic hydrolysis) and the 

direct oxidation of the borohydride on the surface of the electrode, and that the rate of each 

reaction depends largely on the electrode’s activity. 

1.3.1 The Direct Oxidation of the Borohydride Reaction 

The type of electrode material influences the direct oxidation of the borohydride. In principle, the 

oxidation of the BH4ˉ ion is accompanied by the transfer of eight electrons (Equation 1-2). 

However, because of the hydrolysis of the borohydride, the effective use of the 8-eˉ direct 

oxidation process can be hindered depending on the anode type. For some anode materials, both 

reactions (the direct oxidation of borohydride and hydrolysis of the borohydride) may take place1-

3. The hydrolysis reaction is not completely suppressed even at a high pH 34, as it can be catalysed 

by a number of metals and their compounds35 and the product (H2) (BH3OHˉ) (Equations 1-6 and 
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1-7) are further oxidised at a more negative potential than the BH4ˉ ion36. The Borate (BO2ˉ), the 

production of the second reaction, is considered as a non-electro active species.  

I. BH4ˉ+ H2O → BH3OHˉ + H2     Equation 1-6 

II. BH3OHˉ + H2O → BO2ˉ + 3H2    Equation 1-7 

The situation is further complicated by the formation of hydrogen that arises from the reduction 

of water electrochemically. The equilibrium potential of the 8-eˉ oxidation of borohydride is 300 

mV more negative than the equilibrium potential of the reduction of water to hydrogen (-0.828 V 

vs. SHE) under identical conditions. Therefore, thermodynamics predict that a mixed potential is 

developed at the anode of both anodic reactions (the direct oxidation reaction and the formed 

hydrogen)35, 37. Experimentally, it has been found that these competitive reactions contribute to 

the reduction of the total number of electrons transferred associated with BH4ˉ ion37 (Equation 1-

8).  

BH4ˉ + (x) OHˉ→ BOˉ2 + (x-2) H2O + (4-(1/2) x) H2 + xeˉ     Equation 1-8 

This equation has been suggested in numerous studies1, 29, 38. Here x represents the total number 

of electrons transferred during the oxidation of the BH4ˉ ion. It will become apparent in the next 

section that not every electrode gives the total practical number of electrons transferred.  

 In the literature, catalysts are classified as either catalytic or non-catalytic with respect to the 

quasi-spontaneously catalytic hydrolysis3. Non-catalytic metals  such as Au39, Ag40, Hg41 and Zn42 

oxidise the BH4ˉ ion at lower overpotential and the reported electron transfer value is close to the 

theoretical electron-transfer number. On the other hand, metals such as Pt39, Pd43, Ni44 and Cu45 

oxidise BH4ˉ at a higher overpotential and a number of electrochemical oxidation reactions can 

take place (see above). The electro-oxidation mechanism of the BH4ˉ ion on materials such as Pt, 

Ru and Ni have been regarded as a four electro-oxidation process, whilst materials such as Hg and 

Au have been regarded as an eight electro-oxidation process3. For metals such as Ni and Cu, 

oxygen on OH is also adsorbed at the surface, which will sharply influence the catalytic activity.  

1.3.2 Pure Catalyst Materilas for Direct BOR   

In the 1960s, a number of catalyst materials were used for the oxidation of borohydride in an 

alkaline solution. Initially, it was Maurice and his co-workers who examined Ni electrodes using 

sintered Ni of 80% porosity46. They found that a large amount of hydrogen gas was produced due 

to the hydrolysis occurring during the oxidation process. Elder et al. also studied the oxidation of 

borohydride on a number of electrodes including Pt, Ni, Cu and carbon using potentiostatic 

methods34. Their study was carried out to demonstrate how the rate of hydrolysis of borohydride 

varies under different conditions. The authors found that the hydrolysis rate increased with 
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increasing temperature and decreased by increasing the hydroxide ion concentration in the 

solution. They also reported, in their study, that both Cu and Ni are inactive catalysts towards the 

BH4ˉ ion, as there was no clear indication of an electrochemical process that contributes to the 

direct oxidation of the borohydride at low potential, and the oxidation process does not occur 

until the electrode potential reaches the oxygen evolution region. As for the studies carried out 

on the Pd electrode, Elder et al. also reported a large current occurring at more negative potential 

values and this was attributed to the oxidation of H2 formed by the catalytic hydrolysis of the 

borohydride. 

Numerous studies have been conducted on Au to identify its behaviour towards the borohydride 

ion. Okinaka et al. was the first to investigate this in the early 1970s47. Okinaka’s experiment was 

conducted under specific conditions (T= 75 °C and 0.2M KOH solution as background), allowing a 

large rate of hydrolysis. In the early 1990s, Bard and his co-workers studied the catalyst behaviour 

of ultra-microelectrode Au using 0.01 M of NaBH4 in highly concentrated basic solution (1 M of 

NaOH)48. Their investigation included a study of a reaction mechanism of the electro-oxidation of 

the BH4ˉ using fast-scan cyclic voltammetry (CV) and scanning electrochemical microscopy 

(SECM). They found that the 8-electron oxidation process of the direct borohydride reaction on 

Au undergoes a multistage process (2-electron oxidation process followed by a 6-electron 

oxidation process). When the electrode reactions were studied at a slow scan rate (100 mV/s), a 

single anodic peak was found to take place at high potential (between -0.12 and +0.38 V vs. SHE) 

corresponding to the BH4ˉ oxidation. At a fast scan rate, an additional anodic peak was found to 

take place at more negative potential with a corresponding cathodic peak on the reverse sweep. 

This cathodic peak was attributed to a reduction of an unstable product (BH4˙). The BH4˙ was 

assumed to react rapidly with OHˉ in a chemical reaction that accounts for the irreversibility of 

the process occurring at slow scan rate. The product of the chemical reaction (BH3ˉ) undergoes 

further oxidation. Bard et al. concluded that the mechanism for this process follows the 

Electrochemical-Chemical-Electrochemical (ECE) sequence (Equations 1-9 to 1-11) and the 

products of these reactions (the decomposition of the BH3) are oxidised at a different potential to 

eventually complete the 8-electron electrochemical oxidation process. 

BH4
− ↔ BH4˙ + e−  (E)      Equation 1- 9 

 BH4˙ + OH− → BH3
− + H2O (very fast reaction) (C) Equation 1- 10 

 BH3
− ↔ BH3 + e−  (E)      Equation 1-11 

The mechanism of the BH4ˉ oxidation reaction has not yet been fully understood. However, some 

studies have suggested potential pathways for a number of catalyst materials. Most research in 

this regard has confirmed that there is a competition between the BH4ˉ oxidation reaction and 
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the hydrolysis reaction, depending on the catalytic activity. Gyenge studied the BH4ˉ oxidation in a 

solution containing 2 M of NaOH and 0.03 M of NaBH4 using modern electroanalytical methods 

such as CV and chrono-techniques 39. A comparative study, which involves an investigation of the 

catalytic activity of both Pt (with and without surfactants as a hydrogen inhibitor) and Au 

catalysts, has been conducted. In the case of Pt, Gyenge found that its catalytic behaviour is 

complex because it undergoes a number of oxidation processes resulting from the catalytic 

hydrolysis of borohydride that coincides with the direct BOR (Figure 1). It has been suggested that 

the electrode reaction mechanism of Pt follows a chemical-electrochemical (C-E) reaction 

mechanism. The chemical reaction is the hydrolysis reaction that yields products such as H2 and 

the BH3OHˉ ion, which undergo further oxidisation. The H2 is oxidised at a low potential (-0.7 to -

0.9 vs. Ag/AgCl, KClstd) and the BH3OHˉ is either oxidised or exposed to further hydrolysis. The 

author concluded that the direct BOR on Pt takes place at a more positive potential (between -0.2 

and 0 V vs. Ag/AgCl, KClstd) following a four-electron electrochemical oxidation reaction pathway. 

The oxidation of BH4ˉ on Au has been found to take place at a more negative potential (ca. -0.6 V 

vs. Ag/AgCl, KClstd). The Au does not affect the hydrolysis, as is the case with Pt. As a result, it was 

suggested that Au follows the eight-electron electro-chemical oxidation pathway. 

 

Figure 1: Potential reaction pathways of the BH4ˉ oxidation occurring at the catalytic or non-

catalytic electrode surfaces with respect to the borohydride hydrolysis. Adapted from 49. 

Marian et al. conducted studies on both Au and Ag electrodes as bulk polycrystalline or 

nanoparticles for the direct oxidation of sodium borohydride reaction using a number of 

voltammetric methods50. An alkaline solution containing 0.1-1 M of NaOH and 0.01 M of NaBH4 

was used for the oxidation of the BH4ˉ. The results of this study show that the oxidation of BH4ˉ 

on both electrodes was found to take place at a low potential (-0.2 V and -0.3 V vs. NHE for Ag and 
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Ag/C, respectively). However, the oxidation of BH4ˉ depended on the state of the Ag surface. The 

BH4ˉ ion was found to be more active on Silver oxide (Ag2O), while the pristine Ag surface 

exhibited poor activity. The formation of the oxide layer occurred at around ca. +0.2 V vs. NHE. In 

the case of the bulk Au electrode, the oxidation of BH4ˉ was found to take place at -0.5 V vs. NHE, 

which is 0.3 more negative than that on Ag, while the oxidation of the BH4ˉ on nanoparticles Au/C 

took place at a lower potential (-0.57 V vs. NHE) than that on bulk Au.  The number of electrons 

transferred that are utilised per BH4ˉ molecule was 7.5 electrons for both the Au and Ag 

electrodes.  

1.3.3 Binary Alloy Catalysts for Direct BOR  

Many researchers have used a number of materials as an alloy with Au or Pt to improve their 

performance. The direct oxidation reaction on Au remains kinetically slow, while the direct 

oxidation of BH4ˉ on Pt is masked by the H2 resulting from its catalytic hydrolysis. Attempts have 

been made to increase Au electrode kinetics for the direct oxidation as well as reduce the effects 

of the hydrolysis on Pt. Amendola and his co-workers studied the oxidation of the BH4ˉ on an 

electrode-deposited on Au (97%)-Pt (3%)/C51. In this study, the reported number of electrons 

transferred was calculated. A closed electrochemical cell containing a basic solution of 5% NaBH4 

and 25% NaOH was employed, while applying a constant potential to the working electrode at 

fixed times. The volume of the H2 formed during the BH4ˉ ion oxidation was measured using an 

inverted burette filled with water. The coulombic efficiency was affected by the competing H2 

reaction and the total number of the electrons transferred obtained was close to seven. 

Atwan et al. conducted a comparative study of the carbon supported colloidal Au alloyed with Pt 

or Pd (Au-Pt and Au-Pd, 1:1 atomic ratio) using conventional and modern analytical 

electrochemical methods along with fuel cell experiments52. They studied the catalytic activity of 

the Au and its proposed alloy towards the oxidation of BH4ˉ using a solution containing 2 M of 

NaOH and 2 M of NaBH4. They demonstrated that the Au-Pd alloy catalyst showed a complex 

voltammetry response, and also found that the Au-Pt displayed the highest catalytic activity 

followed by the Au-Pd and Au, respectively. The fuel cell experiments demonstrated that Au-Pt 

anode catalysts recorded substantial operating cell voltages (0.47 V at 100 mA Cm-2 and 333 K) 

compared to Au (0.17 V) preformed under the same conditions.  

The above studies have reported that Au and Pt are the most active anode materials used in 

DBFCs compared to other materials. However, noble catalysts make DBFCs more expensive. For 

that reason, a number of researchers have focused their attention on finding less costly and highly 

efficient anode materials. 
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Pei et al. investigated the catalytic activity of Au-Co/C nanoparticles towards the BH4ˉ ion53. The 

oxidation of borohydride in an alkaline media containing 0.1 M of NaBH4 + 3.0 M NaOH, which has 

been studied using cyclic voltammetry and chrono-techniques. According to the cyclic 

voltammetry studies, the onset potential of the direct oxidation shifted towards more positive 

values as the concentration of the Co content increased in the Au-Co alloy. The current density 

reached its maximum on the Au45-Co55/C. In addition, at higher Co concentrations (Au70-Co30/C up 

to Au30Co70/C), the recorded voltammogram showed two additional peaks in the region of 

hydrogen evolution (between -1.2 V and -0.8 V vs. Ag/AgCl, KClstd), which have been attributed to 

the oxidation of H2 resulting from the catalytic hydrolysis. At pure Co/C, the hydrolysis reaction 

was found to be dominant and no signs of the direct oxidation of borohydride were recorded. It 

was pointed out that the Co/C promoted hydrolysis and was inactive towards the BH4
− oxidation. 

The chronopotentiometry study illustrates that the BH4
− oxidation on a number of different Au-

Co/C alloy compositions (between Au88Co12/C and Au30Co70/C) at a current density of 8.5 mA cm-2 

showed lower overpotential than that on Au/C. The results obtained by the chronoamperometry 

measurements showed that the Au-Co alloy in all its compositions showed higher current 

densities compared to the Au/C electrode controlled by the diffusion of BH4
−. The authors 

concluded that the kinetics of the BH4
− oxidation reaction on Au has been enhanced by alloying 

with Co and the most active catalyst was reported for the Au45Co55/C. 

Lanhua et al. conducted electrochemical studies for the oxidation of borohydride on Au-Fe/C 

alloys using voltammetric methods and fuel cell experiments54. They found that the Au electrode’s 

performance as an anode material for the DBFCs was improved after alloying it with Fe. Various 

compositions of the Au-Fe/C were investigated in a solution containing 0.01 M of NaBH4 + 1.0 M 

NaOH. Based on the cyclic voltammetric studies carried out on Au/C, Au67F33/C Au50Fe50/C 

Au33Fe67/C and Fe/C electrodes, the peak current of the direct BOR recorded on the Au-Fe/C alloy 

was generally higher than that on Au/C. The highest catalytic activity was reported for the Au50-

Fe50/C with a maximum current of 33.8 mA cm-2 compared to the Au/C electrode (17.6 mA cm-2). 

The Fe/C electrode on its own was inactive towards the BH4
− oxidation. In relation to the current-

time curve, which was obtained using chronoamperometric responses, the rate of the current 

density on Au/C decayed more rapidly than that on the Au-Fe/C electrodes. The highest steady 

state current density was reported for the Au50-Fe50/C electrode. Furthermore, the catalytic 

performance of the Au-Fe/C has been investigated using the chronopotentiometry technique. The 

results showed that the anode performance of the Au/C electrode was improved when alloyed 

with Fe, as lower overpotentials were recorded for all the Au–Fe/C catalysts. According to the fuel 

cell experiments, the authors concluded that the Au50Fe50 is the most active anode material and 

can be a promising anode catalyst for the DBFCs.  
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Pei et al. used a number of non-noble nanoparticles materials supported on carbon including Zn, 

Fe, CO, Ni and Cu alloyed with Au as cost-effective alloys for the DBFCs55. The oxidation of BH4ˉ (in 

various concentrations (from blank to 0.2 M) of NaBH4 in 3 M NaOH) on the Au-M/C alloys has 

been studied using cyclic voltammetry measurements. The oxidation of BH4ˉ on Au/C was found 

to take place between -0.8 V and +0.2 V vs. Ag/AgCl. The direct BOR on each of Au-Ni, Au-Co and 

Au-Cu showed a shift towards a more negative potential. On the other hand, the direct BOR for 

each of the Au/C and Au-M/C (M= Zn and Fe) showed no significant change in terms of the onset 

potential. In addition, high peak currents have been recorded for the Au-Ni, Au-Co/C and Au-Cu/C. 

Table 1 summarizes the direct BOR on different catalysts. The HOR resulting from the catalytic 

hydrolysis reaction was also reported. Catalysts such as Au, Ag and Au-M alloys gave the highest 

number of electrons transferred (n= nearly 8), while other catalysts including Pt and Pd gave 

lower number of electrons transferred (n= 4) due to their high activity in weakening hydrogen 

bond to the boron atom34, 56(loss of hydrogen). The activity trend shown by table 1 demonstrates 

that Au and all Au-M on the basis of the onset potential are very active for the direct BOR, while 

Cu and Ni (pure metals) require a large overpotential for the BOR due to the suppression by the 

readily formed oxide. 

Table 1 Electrochemical characteristics of investigated catalysts carried out for the direct BOR 

under different conditions. Symbols: E is the onset potential for HOR (hydrolysis 

product)/ Direct BOR. T is the temperature in Kelvin and n is the number of electrons 

transferred in the direct BOR.  

Catalyst NaBH4(M) Media  Reaction path Eop/VSCE T/K N Ref. 

Au/micro-disk 0.01  1 M NOH Direct BOR -0.6  298 8 Bard et al.48 

Pt/smooth 0.1  0.1 M KOH H2 + Direct BOR N/A 298 4 Elder et al.34 

Au-Pt/colloidal 0.03  2 M NaOH H2 

Direct BOR 

-0.95  

-0.6  

298 N/A Atwan et al. 52 

Pt/macro-disk 

 

0.001  2 M NaOH H2 
Direct BOR 

-0.91  
-0.17  
 

298 4 

 

Gyenge39 

Au/macro-disk 0.001  2 M NaOH Direct BOR -0.6  

 

298 8 Gyenge39 
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Pd/zeolite 0.01-0.06 2 M NaOH H2 

Direct BOR 

-0.241  

0.259  

298 4-5 Raisa et. al 56 

Au-

Pd/colloidal 

0.03  2 M NaOH Direct BOR -0.2 and 

 -0.001 

298 N/A Atwan et al.52 

Dropping 

Mercury 

0.01  0.1 NaOH Direct BOR -0.06  298 7.8 Gradiner et. 

al41 

Ag/C 0.01  1 M NaOH Direct BOR -0.35  N/A N/A Ramirez et. 

al57 

Ag/bulk 0.01  1 M NaOH Direct BOR -0.44  

 

298 7.6 Marian et. al50 

Ni/Zn-Ni 0.02  1 M NaOH Direct BOR +0.6  N/A N/A Hosseini et. 

al58 

Au-Ni/C 0.05  3 M NaOH Direct BOR -0.8  

 

293 6.8 Peiying et al. 59 

Cu/C 1  2 M NaOH Direct BOR +0.608  N/A N/A Moreno et. al60 

Au-Cu/C 0.05  3 M NaOH Direct BOR -0.69  

 

293 6.3 Peiying et al. 59 

Au-Fe/C 0.05  3 M NaOH Direct BOR -0.64  

 

293 5.7 Peiying et al. 59 

Au-Co/C 0.05  3 M NaOH Direct BOR -0.74  

 

293 6.5 Peiying et al. 59 

 

  



 

13 

 

 Objectives  

The objective of this thesis is to develop and identify new anode electro-catalyst materials for 

DBFCs using combinatorial synthesis and electrochemical screening methods, and to understand 

their electrocatalytic activity for the direct BOR. The questions to be asked are (i) how can the 

activity towards the direct BOR be increased and (ii) how can the selectivity towards the catalytic 

spontaneous hydrolysis of the borohydride reaction be controlled to make full use of the eight-

electron. Various metals have been evaluated in the literature and the most efficient anodic 

material recorded for the BOR is Au. However, a disadvantage of this is that the cost of Au limits 

its application in DBFCs. In order to answer the proposed research question, we will change the 

properties of Au by alloying it with the 3d metals Ni and Cu. Subsequently, H2 generated at the 

alloy catalyst surface (due to the catalytic hydrolysis of the borohydride reaction) will be 

electrochemically detected using a hydrogen probe. 

 Consequently, we will broadly focus on the Au-Ni alloy (Chapter 4), Au-Cu alloy (Chapter 5) and 

Au-Pt alloy (Chapters 6 and 7). These chapters will present a detailed study of the binary alloy 

bulk/surface properties which will lead to understanding the alloying effect on the electrocatalysis 

of the direct BOR. The electrocatalytic activity of the alloy catalysts will be assessed by measuring 

the onset potential and the current of the direct BOR as a function of compositions. Chapter 2 will 

describe the studies related to the preparation and the characterisation methods that have been 

used to synthesis and examine the surface/bulk composition and the bulk structure of these alloy 

systems.  
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Chapter 2 Experimental Methods 

 Combinatorial Catalysts, Synthesis and High Throughput Electro-

catalysis 

2.1.1 Combinatorial Synthesis 

Over the past years, combinatorial methods have become the focus of many researchers. This is 

because of the rapid rate of generating, screening and discovering novel effective materials. 

Combinatorial synthesis is used for creating materials libraries with various compositions. It was 

first invented by Merrifield61 in 1963 who applied it to the synthesis of long chain peptides 

entitled “the solid phase peptide synthesis”. In 1970, Hanak developed a combinatorial approach 

called “the multiple sample concept” to search for effective super conductive materials. Hanak 

used co-deposition of binary or ternary materials using a single divided sputter-target and was 

able to obtain graded compositions 62. The sputter-target was divided into A, B and C, allowing for 

the deposition of binary or ternary systems at the same time. In the early 1990s, the terms 

“combinatorial synthesis” and “high throughput screening” were introduced by Xiang et al63, who 

made thin film materials using the combination of sequential depositions and a binary mask or 

quaternary mask. The used masks were rotated by 90° for each deposition. Subsequently, the 

deposited thin film materials were heat-treated to allow interdiffusion. As a result, the authors 

were able to deposit material libraries with a discrete composition gradient64-65. 

The combinatorial synthesis method has led to further developments in material science by 

incorporating innovative ways in an attempt to reach larger numbers of depositing materials 

libraries within a short period of time. Cooper et al. used a rotating carousel with 12 holes placed 

between the substrate and six sputtering targets. Multilayer thin films were obtained in a 

sequential deposition followed by post-deposition66. Applying an identical method to that 

introduced by Xiang et al., 256 library materials were deposited on 16×16 microelectrode arrays 

generated by the choice to change the computer programmed mask and target66. Moreover, 

Danielson et al. were able to deposit up to 25,000 different materials when searching for effective 

luminescent materials67. The deposition of the materials library was carried out using electron 

beam evaporation. A mask attached to a three-inch diameter silicon substrate was placed to 

segregate each library. The spatial distribution of the materials was produced through a movable 

or fixed mask. This allowed the screening of the deposited libraries to search for novel 

luminescent materials. As a result, new luminescent materials were detected and showed more 

efficient or comparable properties than those obtained by single sequential deposition. 
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2.1.2 High Throughput Electrochemical Screening Methods 

High-throughput synthesis and screening are key to making and determining effective catalyst 

materials quickly. The conventional sequential synthesis in which a number of catalyst materials 

are individually tested takes time as well as physical effort. Investing companies are demanding a 

large production of efficient electro-catalyst materials in a short time68. Therefore, rapid screening 

is an integral part of the combinatorial synthesis. 

The first high throughput screening study was carried out on electrocatalyst anode materials for 

the direct methanol fuel cells69. The catalysts consist of ternary arrays of Pt/Rh/Os, which were 

prepared by hand-pipetting or ink-jet printer on a paper carbon. As the oxidation of the methanol 

produces four hydrogen ions, the generated hydrogen ions were absorbed by quinine (a sensitive 

acid-based detector). This resulted in dark blue colour images displaying the active region of the 

electrocatalysts. However, this indirect screening method (where the current is not directly 

measured but only the fluorescence signals are detected) is only applied to electrolytes that are 

not highly concentrated. 

Prochaska et al. used both fluorescence screening and Scanning Electrochemical Microscopy 

(SECM) methods70 to screen Pt-Bi-Pb/Si ternary thin film materials. The thin film ternary materials 

were synthesised by co-sputtering to produce continuous compositions and the electro-catalytic 

activity of the Pt-Pb rich region was confirmed by fluorescence screening. The composition of the 

active region was estimated as Pt0.50 Bi0.16 Pb0.35 catalysts. However, the fluorescence screening 

exhibited low spatial resolution because of the rapid diffusion of the protons generated from the 

oxidation of the methanol. In the meantime, SECM screening was used to check the active region 

detected by the optical screening. A selective catalyst of Sb towards the protons was used as a 

probe for monitoring the variation in the hydrogen concentration by recording either the current 

or the potential. The hydrogen concentrations resulting from the electro-oxidation of the 

methanol were detected through an increase in the tip potential. The researchers concluded that 

Pt-Pb rich active regions showed the highest electro-catalytic activity, which is consistent with the 

active region detected by the optical screening.  

Simon et al. designed the first 64 multielectrode array searching for new sensor materials using 

high throughput screening impedance spectroscopy71. The high throughput screening was applied 

to a 64 printed-Pt electrodes array. It was noted that the investigation of new catalysts using the 

64 microelectrodes array approach is also appropriate for other electrocatalytic applications.  

Jiang et al. used a movable electrolyte probe for screening electrode arrays to investigate the 

impact of different electrolyte concentrations, along with various catalyst loadings, on the electro-

oxidation of methanol72. They designed an electrochemical cell by linking the counter and 
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reference electrode to the moveable probe so that all working electrodes shared one counter 

electrode and one reference that are located separately. They also placed porous separators on 

each electrode surface of the electrode arrays. Different concentrations of the electrolyte were 

injected into each electrode via a flexible tube. The researchers were able to carry out an 

electrochemical experiment on an electrode array consisting of 144 working electrodes. 

Sullivan et al. fabricated an automated electrochemical screening method to measure the 

electrochemical current of 64 electrodes directly as an attempt to detect any slight changes in the 

produced current that are undetectable by fluorescence screening73. Therefore, the Au electrodes 

array was modified with various alkenethiols to validate their approach. These electrodes were 

immersed in a single electrochemical cell and the current was measured sequentially via CV. The 

time taken to measure the current depends on the scan rate and the number of sweeps. They 

used a scan rate of 100 mV/s and 2-3 sweeps for each complete electrochemical array 

measurement. It took between 2 and 3 hours to collect the full data set of the electrode arrays. 

Warren et al. studied the methanol oxidation on 64 Pt-Ru deposited by electrode deposition in 

various compositions on insulated substrates containing 64 Au individually addressable 

electrodes74. A patented study related to the high throughput electrochemical screening was 

applied and the researchers used a multi-channel potentiostat for the electrochemical screening. 

They tested different materials that were deposited via automated combinatorial electrode 

deposition onto non-conductive substrates. The researchers stated that the arrays consisting of 

66 or 64 individually addressable electrodes, which could be measured in parallel using the 

multichannel potentiostat, or in serial order using a single channel potentiostat. 

2.1.3 High Throughput Methodologies Applied Here 

Our approach relies on high-throughput experimentation integrated with combinatorial synthesis 

in a laboratory containing a number of surface sensitive probe tools. These tools are specially 

designed for high throughput mapping of composite materials deposited by the Hayden Research 

Group. Materials libraries of binary alloys containing continuous or discrete thin films with a wide 

range of compositions such as Pd-Au14, Pd-Cu75 and Pd-Bi76 alloy systems were synthesised for 

electrocatalysis studies using the High Throughput Physical Vapour Deposition method (HT-PVD), 

which has been described in detail77. This method allows co-deposition of a number of materials 

simultaneously in Ultra High Vacuum (UHV) chamber consisting of multisource molecular beam 

epitaxy (MBE).  

The HT-PVD method also allows the deposition of solid solution materials under experimental 

conditions without the need for exposure prior to subsequent annealing. The latter results in 

formation of alloys with non-identical surface and bulk compositions, as well as 
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thermodynamically stable bulk phases better known as equilibrated solid solution materials. This 

phenomenon can be avoided by applying the HT-PVD method, which allows formation of 

metastable alloy materials with identical surface and bulk compositions as well as non-

equilibrated bulk phases better known as non-equilibrium solid solution materials.  

This is an advanced technique in combinatorial synthesis science in which not only can the 

deposition be controlled under low temperature but also the deposition profile of each material 

can be controlled without resorting to conventional methods (mask techniques). Therefore, our 

technique is of great importance for the discovery and development of innovative and functional 

materials.  

The Hayden group applied pseudo-parallel methods of high-throughput electrochemical screening 

for novel electro-catalytic materials. Initial studies involved direct current measurements 

performed to study the oxidation of CO, oxygen reduction and methanol oxidation on various Pt 

loadings, and particle size deposited an array consisting of 64 individually addressable electrodes 

using cyclic voltammetry and steady state measurements78. A single electrochemical cell 

containing the same electrolytes with a common counter electrode and a common reference 

electrode was used. In addition, a combination of a single channel potentiostat and a pair of 64-

channel current followers with programmable triangular wave generator were used to illustrate 

the feasibility of the high throughput electrochemical screening approach. The potential of all 

active electrodes was distributed evenly and therefore electrochemical processes taking place at 

each independent addressable electrode occurred simultaneously. The current followers 

converted the currents reverted from the electrode arrays into voltage to be digitalised by PCs 

incorporated into A to D cards. The data was collected in a fast-sequential way for rapid 

screening. Two Visual Basic software programmes written by the Hayden group (one for acquiring 

and the other for analysing data) were developed to control all parameters necessary to carry out 

electrochemical experiments and to visualise the recorded data of all 64 electrodes. This 

innovative method enabled those involved in this study to conduct rapid electrochemical 

screening and to monitor and analyse the recorded data of the 64-Pt /C electrodes within 

seconds.  

Further methods have been carried out in subsequent studies for the pseudo-parallel methods of 

High Throughput Electrochemical Screening. The High Throughput Electrochemical Screening 

experiment was developed by incorporating a silicon micro-fabricated chip (electro-chemical 

array chip) and designing a special electrochemical cell that allows only the area of interest to be 

examined. This coincided with the development of the HT-PVD method, which was used to 

synthesis thin film materials with graded compositions of ternary metal alloys79. The 

compositional gradient thin film materials were deposited on the electrochemical array chip (e-
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chem chip) consisting of 10x10 Au electrodes. The e-chem chip was connected to the 

electrochemical cell in such a way that the non-active area (Au contact pads at the edge of the e-

chem chip) was not in contact with the electrolyte during electrochemical screening 

measurements and the potential  was applied to the active electrodes using interconnector-

insulated wires connecting each electrode with the contact pads. The application of voltage to the 

10x10 array occurred at the same time by connecting the contact pads to an electronic board. By 

combining the two methods, the synthesis and screening led to the discovery of novel electro-

catalysts in various studies carried out by the research group.  

2.1.4 Outline of the Research Project Methodology 

The experimental work of this project was conducted in two parts. The first part was the synthesis 

of the compositional gradients of Au-Ni, Au-Cu and Au-Pt thin film alloy materials. The second 

part aimed to characterise the prepared alloy materials. All alloy catalysts were synthesised by 

HT-PVD and characterised as detailed in Table 6 (Appendix A). The surface/bulk composition and 

bulk structure of the alloy catalysts were characterised using high throughput screening methods: 

• Energy Dispersive X-ray Spectroscopy (EDX) 

• X-ray Diffraction (XRD) 

•  X-ray Photoelectron Spectroscopy (XPS)  

The electrochemical behaviour of the catalysts was investigated using the High-Throughput 

Electrochemical Screening Method (HT-ECS). The characterisation of the catalysts was 

electrochemically screened in both the presence and absence of borohydride in the alkaline 

media. To fully characterise the electrochemical reaction at the bimetallic arrays, hydrogen 

evolution generated at the catalyst surface was measured to gain a general understanding of how 

the catalytic spontaneous hydrolysis reaction affected the direct BOR. Thus, a high throughput 

hydrogen probe was developed (Chapter 7).  

 

 High Throughput Physical Vapour Deposition  

Combinatorial synthesis of compositional gradient thin film libraries was carried out using the 

UHV system from DCA, Finland. The HT-PVD system consists of different interconnected chambers 

all under UHV and includes film synthesis chambers; synthesis chamber A (SCA), synthesis 

chamber B (SCB) and an RF-sputtering chamber. The system also includes a surface analysis 

chamber equipped with an XPS chamber (Figure 2). 
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These chambers are linked by buffer lines so that a sample on a trolley can easily be moved within 

the whole system under UHV vacuum conditions. To load/unload samples in the system, a 

connecting load lock allows transfer of substrates from atmospheric pressure. The samples are 

transferred into the system by a pick-up mechanism and transfer arms. Each chamber has a 

transfer arm to allow a sample to be transferred from the buffer chamber to a rotatable and 

heated manipulator in the synthesis chambers. The manipulator is designed to hold the sample 

and control the temperature of the sample up to 1000 °C. The analysis chambers were pumped by 

a cryo-pump (Helix Tech. Corp.), turbo-molecular pump and a titanium sublimation pump 

(Varian). The transfer line and the surface analysis chamber were pumped by an ion- pump 

(Varian) and titanium sublimation pumps. The load lock was pumped by an oil free rotary pump 

(Pfeiffer) and a turbo-molecular pump (Pfeiffer). The whole system is under UHV with an overall 

base pressure of about 6.66x10-8  mbar. 

 

Figure 2: Schematic view of the HT-PVD system used for the thin film binary systems including 

multi-source combinatorial synthesis chambers A and B and the XPS chamber. 

SCA, which consists of six off-axis sources, three Knudsen-cells (K-cells) sources and three electron 

beam (e-beam) sources, can be used for depositing thin film materials. As the maximum number 
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of sources is limited by the physical size of the vacuum chamber and the size of the sources 

(Figure 3), it is possible to carry out co-evaporation of materials with up to six pure elements. 

However, the number of evaporation sources used in this work is, as shown in the Figure, two; 

one was allocated for the Au and the other for the Ni, Cu or Pt. Each source material is combined 

with shutters (main and wedge shutters). When starting the deposition of a material, the main 

shutter can be opened fully to allow the flux of the evaporated material to deposit on the surface. 

The wedge shutter, which is positioned above the source, can be manually moved backward or 

forward to partially block the flux of the evaporated material creating a shadow-like effect across 

a sample. By using the wedge shutter at a calibrated position, the deposition profile of a material 

can be controlled as desired. 

 

 

Figure 3: Schematic view of the PVD synthesis chamber (A) showing the six off-axis sources inside, 

three K-sources and three E-beam gun sources surrounding the substrate. Each source is 

provided with a shutter and a wedge shutter. The source sites used for deposition are 

displayed as shadows and gradients representing the evaporated materials. 



 

21 

In order to obtain a linear gradient of deposition for each element along a substrate, the wedge 

shutter of each source was calibrated by making subsequent depositions on a transparent glass 

substrate, through which the appropriate position for the wedge shutter relative to the deposited 

material was identified. Based on the position of the adjusted wedge shutters, not only can a 

large range of compositions of solid-state materials, varying from about 0 to 100 atomic 

percentages across a substrate be achieved, but also a gradual change in thickness of each 

element across the substrate can also be obtained. Figure 4 displays how the gradient of a 

material can be controlled as a function of the wedge shutter position. 

 

 

Figure 4: Simulation of serval deposition profiles describing how the gradient of a material 

deposited from a single evaporation source can be controlled as a function of a wedge 

shutter position. 

When the evaporated material is intercepted by a fully closed wedge shutter, this results in no 

film deposition (Figure 4 A). If the evaporated material is partially blocked, a gradient deposition 

of the film will be created. When the wedge shutter is fully opened, the gradient of the deposited 

material is minimal. Between the two extremes of a fully closed and fully opened shutter, the 

wedge position can be adjusted to provide a range of graded depositions, as illustrated in Figure 4 

(B to E). Our goal is that the magnitude of the gradient of a material to be deposited is similar to 

that indicated in Figure 4 E. Hence, when two materials (A and B) containing the same gradient 

across a substrate are combined, it is possible to obtain a wide range of compositional gradients, 

provided that the direction of the growth of the material (A) is opposite to the direction of the 
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growth of the other material (B) (Figure 5). The compositions of each material then vary as a 

function of substrate position but are almost equal along the 50/50 binary line. The variation of 

the composition depends on what is desired at the time. In the present study, it was intended 

that the range of the compositional gradient would vary from 5.0 to 95 (±5) at. % of each material 

along the substrate.  

 

Figure 5: Images mimicking the stage at which both materials A and B are synthesised at the same 

time from opposite evaporation sources to produce combinatorial A-B alloy materials 

(A-x%B). 

 Materials and Deposition Conditions  

The deposition of Au-Ni, Au-Cu and Au-Pt thin film materials as real samples is determined first by 

using calibrated samples. The calibration involves adjustments required for the desired deposition 

parameters, such as the deposition temperature, deposition rate, the deposition time, the film 

thickness and the composition gradient. Initial depositions of the thin film materials were carried 

out using glass and silicon substrates for calibration. 

The Au-Ni, Au-Cu and Au-Pt thin film materials were prepared as follow:  

1. Au evaporation source: the raw material was gold pellets (Goodfellow Cambridge Ltd) 

with a purity of 99.999%. A crucible of graphite was half-filled with the Au pellets and 

then inserted into a high temperature effusion cell (K-cell 1). The Au source was degassed 

by increasing the temperature of the K-cell 1 gradually by 50°C every 10 to 15 minutes to 

eliminate any source of contamination, such as water contents or air. The deposition 

temperature was observed at 1250°C.  

2. Ni evaporation source: the raw material was a nickel block from Testbourne Ltd Materials 

with purity of 99.9999%. The nickel block featured a truncated tube with a dimension of 

top OD shape 43 mm and bottom OD shape 32.9 mm, with a height of 18.5 mm. A 

graphite crucible was used and placed into E-beam 2 in order to contain the nickel source. 
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To ensure that the material source was contaminant free, the source was degassed by 

increasing the e-beam power 0.5% every 10 to15 minutes. The start of the deposition was 

observed at a power of 8.5% with a rate of 0.3 Å/s to 0.6 A/s.  

3. Cu evaporation source: the raw material was copper pieces 3-8 mm of the same length 

and diameter from Testbourne Ltd Materials with a purity of 99.999% mounted into a 

graphite crucible and loaded into E-beam 2. The source material was degassed by 

increasing the power up to 0.5% every 10 to 15 minutes. The start of deposition was 

observed at a power of 8.5% with a rate of 0.3 Å/s. 

4. Pt evaporation source: the raw material was Pt pellets (Goodfellow Cambridge Ltd) with a 

purity of 99.999%. A graphite crucible was used and placed into E-beam 2. The source was 

degassed by increasing the e-beam power 0.5% every 10 to 15 minutes. The start of the 

deposition was observed at a power of 24.5% with a rate of 0.2 Å/s. 

 

Table 2 Deposition parameters of the calibrated Au-Ni sample. 

Element  Wedge 
Position 

K-cell/e-
beam 

Temperature  Rate(Å/s)/power 

pwr% 

Substrate 
temperature 

Au 32 mm K-cell 1 1430 ⁰C N/A No external heating  

Ni 43 mm e-beam2 N/A 1.2 Å/s 

11.5 pwr% 

No external heating  

Table 3 Deposition parameters of the calibrated Au-Cu alloy sample. 

Element  Wedge 
Position 

K-cell/e-
beam 

Temperature  Rate(Å/s)/power 

pwr% 

Substrate 
temperature 

Au 31 mm K-cell 1 1450 ⁰C N/A No external heating  

Cu 43 mm e-beam2 N/A 1.05 Å/s 

18.9 pwr% 

No external heating  
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Table 4 Deposition parameters of the calibrated Au-Pt alloy sample. 

Element  Wedge 
Position 

K-cell/e-
beam 

Temperature  Rate(Å/s)/power 

pwr% 

Substrate 
temperature 

Au 32 mm K-cell 1 1490 ⁰C N/A No external heating  

Pt 45 mm e-beam2 N/A 0.5 Å/s 

32.0 pwr% 

No external heating  

 Characterisation Methods 

2.4.1 Energy Dispersive X-ray Spectroscopy (EDX) 

EDX is an analytical tool used for elemental identification via “excitation-relaxation” processes. 

Almost all elements can be identified except for H, He, Li and Ba. The elements can be probed 

using a source of x-ray that excites core level electrons. When the core level electrons receive 

more energy, transition of the excited electrons to high energy levels occurs, resulting in 

vacancies. Higher energy level electrons lose energy to fill in these vacancies (relaxation process) 

and the difference in energy is released as X-rays. The energies of the emitted X-rays are then 

measured via an energy-dispersive spectrometer. Each element has its own unique energy value 

as a fingerprint among other elements. 

The bulk compositions of the Au-Ni, Au-Cu and Au-Pt have been obtained using EDX. The 

instrument is equipped with a scanning electron microscope (SEM) (JEOL JSM5910) coupled to an 

EDX (Oxford instruments Inca 300). The sample was placed on the vacuumed SEM chamber, 

which contains a stage that can move in x-y and z directions. SEM was used to select the position 

of the electrode to be measured by the EDX using a working distance of 10 mm and spot size of 43 

(proportional to the diameter of the beam). An accelerating voltage of 15 kV and acquisition time 

of 60 seconds per electrode sample were used for macro measurement programmed to measure 

100 samples on a silicon substrate. The composition of the samples was specified as an atomic 

percentage and collected in a text file.  

2.4.2 X-ray Diffraction (XRD) 

XRD is used for phase identification of solid-state materials. Monochromatic X-ray is produced by 

an x-ray tube. A sample (crystalline material) is irradiated by the X-ray resulting in scattering of 

the x-ray wavelength. Scattering occurs as a result of the atoms’ electrons being distributed in 

planes within the crystal lattice. The crystalline material consists of either a single phase or 

multiphase structure (single or random orientations of small crystallites). If subsequent 
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constructive interference of the scattered wavelengths takes place, according to Bragg’s law 

(nλ=2d sin θ) (where n is an integer number of a wavelength λ, d is the inter-planer spacing and θ 

is the scattering angle), diffraction maxima of the X-rays occurs. A graph relating the diffraction 

angle to the diffracted intensity consists of diffraction patterns, which in turn characterise each 

individual phase as a fingerprint. 

XRD was used for phase identification of the Au-Ni, Au-Cu and Au-Pt thin film materials. The 

instrument used is a Bruker D8 powder diffractometer with a C2 area detector. The source used is 

Cu Kα. To allow measurement of x-ray reflections at several two theta angles of a sample 

containing such combinatorial libraries, the general area detector diffraction system (GADDS) was 

used for high speed data collection. To identify the phase structure of the Au-Ni system, the X-ray 

source angle was set at 11° and the detector angle was set at 35°. The phase structure of the Au-

Cu and the Au-Pt alloys was investigated by XRD (Ilika Technologies instruments) using a Bruker 

D8 equipped with an Incoatec microsource Cu Kα and GADDS detector. The angles of the X-ray 

source and the angle of the detector were set at 11° and 30°, respectively. This resulted in 

generation of 100 graphs that relate the diffraction angle to the diffracted intensity within a range 

of 2θ from 25° to 60°, 2θ from 25° to 55° for Au-Ni, Au-Cu and Au-Pt alloy systems, respectively. A 

macro was used for each sample using 180-second acquisition time per recorded point (the 

number of total points is 100). The diffraction patterns, which characterise each individual phase 

were analysed using the Paradise software as a function of the electrode composition. Paradise is 

a piece of software developed in-house by Ilika Technologies Ltd to analyse high throughput data. 

2.4.3 X-ray Photon Spectroscopy (XPS) 

XPS is a sensitive surface analytical tool. It is usually used to probe the uppermost atomic layer 

from a surface of a solid-state material to provide physical and chemical information. This 

information is obtained when the material of concern (under ultra-high vacuum conduction) is 

exposed to X-rays with a photon energy of 200-2000 eV (Figure 6). The core-level electrons of the 

atoms are ejected because their interaction with X-ray makes them emitted. Once the emitted 

photoelectrons are in a vacuum, they are collected by an electron analyser and measured as a 

function of their kinetic energies. The kinetic energy (Ek) depends on the photoelectron energy 

(hv), the work function and the binding energy (BE) of the atomic orbital from which it originated 

(Equation 2-1). The data presented are expressed as an energy spectrum consisting of intensity on 

the y-axis versus electron bending energy on the x-axis. Each unique energy peak on the spectrum 

corresponds to a specific element and provides information about the element’s chemical state. 

The intensity of the peak provides information about the concentration of the element 

concerned. The atomic percentage presented in the element can be calculated by integrating the 

peak area (IA) and dividing it by the relative sensitivity factor (FA)80 (Equation 2-2). 
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𝐸𝐸𝐵𝐵 = ℎ𝜈𝜈 −  𝐸𝐸𝑘𝑘 −𝑊𝑊       Equation 2-1 

 

[A] atomic %= {IA / FA/ ∑(I / F) ×100%     Equation 2-2 

 

Where IA is the area of the peak of the element A, FA is the sensitivity factor for the element, and ∑ 

(I / F) is the all normalised intensities.  

 

Figure 6: Schematic view describing a typical XPS experiment of a sample examined under ultra-

high vacuum condition. 

 

XPS measurements were carried out to determine the surface elemental composition of Au-Ni, 

Au-Cu and Au-Pt thin film materials. The samples were deposited as a continuous thin film on Si 

substrate with an area of 18 × 18 mm. Since the XPS chamber is connected to the UHV system, 

the samples were annealed and XPS measurements were carried out without exposure to air. The 

XPS features a twin anode X-ray source (Al K α and Mg K α) and hemispherical analyser (VG clam) 

at constant analyser energy (CAE). An analyser energy of 50 eV was used. The filament used in this 

work was the Al. In order to calibrate the peak position of the binding energy of the Au-Ni and Au-

Cu systems, a sample containing a silver block was measured as a reference. The filament current 

was set at 4.41 A. The emission current was set at 10 mA. The measured area was determined 
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based on the slit size (a large round slit (ᴓ 4mm) that covers an area of 2x2 mm of the thin film to 

be detected by the electron energy analyser. The number of points or places measured were five, 

which were distributed along the line between the rich Au and Ni rich or Cu rich or Pt rich (in case 

of Au-Cu and Au-Pt). The generated data of the XPS measurements were analysed using the 

CasaXPS software. 

2.4.4 Atomic Force Microscopy (AFM) 

AFM is a scanning probe microscopy technique that determines the topography of a sample 

surface by creating 3-dimensional images at high resolution within the nanometre scale. One of 

the most prominent features of this technique is that, unlike scanning tunnelling microscopy, 

investigation of the samples is not limited by their electrical conductivity as even those that are 

electrically insulated can be probed. The basic function of AFM depends on the atomic interaction 

forces (repulsion or attraction forces) between a tip and a sample. The tip works as a force sensor 

and it is located at the end of a spring-like cantilever made from a single crystal Si or Si-Ni. The 

forces of attraction or repulsion are formed depending on the distance between the tip and the 

surface (Figure 7). If the tip approaches the surface of a sample, a deflection of the cantilever 

occurs. The direction of this deflection is a function of the type of the force that is present. 

Vertical displacements are measured through a photodiode detector by monitoring the laser 

reflecting off the back of the cantilever and translates these deflections into an imaging signal. 

 

Figure 7: Force-distance relationship between a tip and a sample. 

It should be noted that the distance between the tip and the sample determines the operation 

mode of the AFM, namely the contact mode and non-contact mode. In our study, the AFM was 

operated using the non-contact mode. In this mode, a feedback loop system is used to keep a 

constant oscillation amplitude of the tip whilst the tip oscillates above the sample at its resonance 
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frequency. When the vibrational frequency of the cantilever is reduced by the attraction force, a 

topographic image of the sample can be created by recording the distance between the tip-

sample. 

The AFM used in this work is the Keysight (formerly Agilent) Technologies 5600LS Atomic Force 

Microscope. The experiment was used to confirm the film thickness of the Au-Ni, Au-Cu thin film 

and Au-Pt samples. The tip used is a nano sensor product designed for the non-contact mode and 

the product number is PPP-NCLR-10. The type of tip is the Point Probe-Plus* n- doped Silicaon-

SPM-Sensors. The tip thickness is 7.0 ± 10 µm with a length of 225 ± 10 µm and a width of 38 ± 7.5 

µm. The resonance frequency of the tip is 146-236 KHz. The actual value of the resonance 

frequency was 169.059 (auto-tuned). The topography at the corner edges of the thin film was 

measured over a space of 50μm at a 0.7 line/s scan rate and a resolution of 256 points/lines. 

 Electrochemical Experiments 

2.5.1 Conventional Electrochemical Method  

Three electrochemical cell components were used for the cyclic voltammetry experiments (CVs) 

using a potentiosotat (PG580) provided by Uniscan instruments. Figure 8 displays a schematic 

picture of the electrochemical cell used. The tested working electrodes were 1 cm of Au (0.25 mm 

radii), Pt (0.25 mm radius), Ni (0.25 mm radius), Ag (0.25 mm radius) and Cu (0.25 mm radius). A 

commercial saturated calomel reference electrode (SCE), Fisher Scientific accumet, +0.241 V vs. 

SHE) was used.  Prior to each electrochemical measurement, the electrolyte (NaBH4 + NaOH 

alkaline solution) was purged with Ni for 15 minutes in order to avoid the presence of the air in 

the solution. The CV experiments were conducted both in the absence and the presence of NaBH4 

at room temperature. 
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Figure 8: View illustrating the electrochemical cell used to study the oxidation of NaBH4. 

2.5.2 High Throughput Electrochemical Screening Method 

High Throughput Electrochemical Screening Methods78 were used to study the catalyst behaviour 

of each of Au-Ni, Au-Cu and Au-Pt binary systems. A silicon nitride (Si-N) substrate containing 

either (10x10) Indium Tin Oxide (ITO) pad arrays or (10x10) Au pad arrays discretely located in the 

centre were purposely used for the deposition of Au-Ni, Au-Cu and Au-Pt binary systems. An 

illustrative view of the 10 ×10 Au array (E-chem arrays) substrate is displayed in Figure 9. Each 

side of this substrate accommodates 25 Au contact pads connected individually to 25 working 

electrodes through Au tracks.  
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Figure 9:  Schematic view showing the 10×10 E-chem arrays used in this experiment, which 

consists of individually addressable electrodes connected to the contact pads through 

Au or ITO tracks. 

The High Throughput Electrochemical Screening experiment was carried out in the following steps 

(Figure 10). First a polytetrafluorethylene (PTFE) plate was placed, which works as an insulated 

base and holds the sample during the experiment. The sample was then mechanically (using 

screws) connected to a printed circuit board (PCB) for electrical connection. A gold ket, which is a 

rubber-shaped square wrapped around with fine bristles of gold, specifically designed to 

electrically link each contact pad on the sample with the PCB, was used. The PCB was connected 

to a custom-built single potentiostat with a pair of 100-channel current followers controlled by a 

computer. The current followers converted the returned current of 100 electrodes from the cell 

to voltage to be measured via PC A/D cards (PCI-DAS6402/16 data acquisition card (Talisman 

Electronic). The current follower sensitivity used in this experiment was 10 µA V-1. 
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Figure 10: Schematic view of the electrochemical cell configurations which were used for 

screening the electrode arrays electrochemically. 

Prior to each experiment, the electrochemical cells, which contain glass compartments, were 

rinsed with diluted ethanol (distilled water/ethanol mixture (50/50)) followed by distilled water to 

remove any contaminations. The electrochemical cell is specially designed to allow exposure of 

only electrode arrays to the electrolyte. An O-ring rubber ket was used to prevent the electrolyte 

from reaching any of the contact pads. The electrolyte was purged with Argon gas, which was 

connected through an inlet, for 15 min to evacuate air from the solution. SCE was used as a 

reference electrode, while a platinum mesh was used as a counter electrode.  

Each binary alloy system was electrochemically screened in an alkaline solution of NaOH. 

Subsequently, the electrochemical cell was rinsed with distilled water and the used sample was 

replaced by a new one of the same deposited materials and tested in the presence of NaBH4.  

During the electrochemical screening experiment, the electrochemical reactions occurring at the 

surface of each electrode could be visualised using the High Throughput Data Analysis and 

Visualization for Electrochemistry (HT-DVAE) software made and developed by the Hayden 

research group. The HT-DVE enables the user to control all the experiment parameters necessary 

to carry out potentiostatic measurements. The software provides different options of setting the 

electrode potentials, the range of the measured current, the electrodes potential scan rate and 

provides close monitoring of the current-potential peaks for up to 5 electrodes simultaneously.  

After conducting the electrochemical screening experiments, the data was analysed by the 

Paradise software developed by the Ilika group to allow different types of data analysis. Based on 

the acquired 10x10 CVs, the voltammogram of each electrode can be selected and presented 
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individually or an all in one voltammogram. In addition, the electrochemical data can be linked 

with the data of the electrode arrays’ compositions. The software also enables identification of 

the onset potential of a defined current as a function of electrode position. Thus, the Paradise 

software was used to plot a number of combinatorial data to allow identification of general trends 

and active regions of the investigated Au-Ni, Au-Cu and Au-Pt thin film anode materials as a 

function of electrode composition.  

 Summary 

This chapter has described the experimental methods, instruments, techniques and materials 

used in this project. The HT-PVD method was used to synthesise combinatorial libraries such as 

Au-Ni, Au-Cu and Au-Pt thin film materials. The electrochemical measurements were used to 

screen the combinatorial materials in a base electrolyte in the absence and the presence of the 

NaBH4. The bulk composition of the Au-Ni, Au-Cu and Au-Pt thin films was confirmed by the EDX. 

Moreover, the phase structure of the thin film materials was identified by XRD using GADDS for 

fast data collection. The surface composition was determined by XPS using a sample containing a 

continuous film of the deposited materials.  Furthermore, the thickness of the Au-Ni, Au-Cu and 

Au-Pt thin film materials were confirmed by the AFM measurements (results are shown in the 

Appendix). 
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Chapter 3 Catalytic Evaluation of Pure Catalysts for 

Direct BOR 

 Electrochemical Characterisation 

Cyclic Voltammetry (CV) is regarded as a powerful technique that provides a rapid qualitative 

analysis, which is an electrochemical fingerprint of the sample under investigation. Although 

previous studies have characterised the electrochemical behaviour of the proposed pure metals 

towards the BOR under given experimental conditions using the CV technique, our initial goal was 

to establish a baseline of the potential range at which the anodic current peaks of the BOR on 

pure catalysts (Pt, Au, Ni, Ag, and Cu) can be well-defined and whether there are any distinct 

features that can possibly be studied before commencing our study for the BOR on the proposed 

binary alloy catalysts. After this basic information was recognized, we were able to continue with 

examining the alloy systems to determine the effect of the alloyed materials deposited in a wide 

range of compositions from voltammograms recorded using the high-throughput electrochemical 

screening method. Thus, a number of pure metals were studied in the absence and in the 

presence of the NaBH4, with a view to preparing more efficient anode catalysts and 

demonstrating their activities with respect to the direct BOR. 

The investigation of the direct BOR on pure metals using CV involves the immersion of the metal 

in a 1 M of NaOH solution containing 0.01 M of NaBH4. CVs were recorded for Pt, Au, Ni, Ag and 

Cu at a scan rate of 25 mV s-1 at 25 ˚C to allow only diffusion-controlled electrode reactions.  
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3.1.1 The Electro-Oxidation of NaBH4 on Pt 

 

Figure 11: Cyclic voltammograms showing (a) a typical CV of Pt in 1 M of NaOH and (b) the 

electro-oxidation of 0.01 M NaBH4 on Pt electrode (ѵ =25 mV s-1, N2-saturated 1M 

NaOH electrolyte, T 293 K). 

CV measurements were performed in both the absence and presence of NaBH4 to study the 

electro-catalytic behaviour of Pt. As can be seen from Figure 11 (a), the typical CV curve of the Pt 

electrode recorded in 1 M of NaOH involves three distinct regions between -1.1 VSCE and +0.55 

VSEC associated with the bulk hydrogen gaseous evolution/ oxidation and oxygen evolution 

reactions. The first region is in the potential range of -0.6 VSCE to -0.9 VSCE, at which hydrogen 

adsorption and desorption processes are taking place at two pairs of cathodic and anodic peaks 

attributed to weakly and strongly bond hydrogen81. The second potential region is between -0.55 

VSCE and -0.6 VSCE, at which non-Faradic processes are occurring, due to the double layer 

capacitance (charging and discharging). As the potential is proceeded to more positive values, 

oxidation processes associated with the oxide formation takes place due to subsequent 

adsorptions of OH species onto the Pt surface. Once the electrode potential is reversed, the 

formed oxide is reduced (stripped) and desorbed from the Pt surface.  
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The CV in the presence of the NaBH4 displays a complicated CV shape. The typical CV of the 

borohydride on Pt involves four distinct oxidation peaks occurring at different potentials39.  Figure 

11 (b) shows the electro-oxidation of 0.01 M NaBH4 in 1 M NaOH on the Pt electrode studied in 

the potential range between -1.1 VSCE and +0.55 VSCE at a scan rate of 25 mV s-1. As can be seen in 

Figure 11 (b) on the forward scan, the first oxidation peak is taking place over a broad range 

between -1.0 VSCE and -0.3 VSCE with maximum of 7 mA cm-2. Continuing the scan in the forward 

direction, a second oxidation peak at -0.1 VSCE reaches a maximum of 6 mA cm-2. As the potential 

is scanned further, the current of the second oxidation peak abruptly drops to its initial stage. 

During the backward scan, two cathodic peaks appear as oxidation processes where the current is 

maximum at +0.1 VSCE and at -0.5 VSCE. 

Because of its natural ability to catalytically decompose the borohydride via the non-Faradaic 

process (the catalytic hydrolysis of the borohydride), the Pt is influenced by the oxidation of the 

evolved hydrogen. This indicates the complexity of the BOR process on the Pt surface. It can be 

observed that the oxidation potential of the first oxidation peak (Figure 11(b)) is in the region of 

the H2 oxidation reaction generated from H2Oad between -1.0 VSCE and -0.7 VSCE (Figure 11(a)). This 

indicates that the first oxidation peak taking place in the presence of NaBH4 is due to the H2 

oxidation produced by the catalytic hydrolysis chemical reaction and that the BHad is competing 

with the Hads for the same catalytic site. A similar observation was reported by Gyenge et al. who 

found that after using a small concentration of hydrogen inhibitor (thiourea TU, 1.5x10-3), the BH4
- 

CV was simplified, giving rise to one oxidation peak that was then assigned to the direct 

borohydride oxidation39. 

The catalytic hydrolysis reaction: 

BH4‾+ H2O → BH3 (OH‾) + H2      Equation 3-1 

Electro-oxidation of the products: H2 and BH3OH‾ 

 ½ H2 + OH‾ → H2O + e‾      Equation 3-2 

and  

BH3OH‾ + 3OH‾ → BO2‾  + 3/2H2 + H2O + 3e‾ 

The direct electro-oxidation of BH4
-: 

BH4‾  + 4OH‾ → BO2‾  + 2H2 + 2H2O +4e‾   Equation 3-3 

The detailed mechanism of the borohydride reaction on Pt remains uncertain. However, studies 

suggest that both the hydrolysis reaction and the direct oxidation of the borohydride via a 4-e‾ 

process take place on the Pt surface (Equations from 3-1 to 3-3)36, 39, 3. This indicates that the 
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oxidation reaction taking place at -0.1 VSCE can be assigned to the direct oxidation of BH4
-, which is 

in agreement with39,3. 

It is interesting to note that the current of the direct BOR abruptly drops at about +0.1 VSCE due to 

the adsorbed OH/O species on the Pt surface. As more oxide species are formed at the Pt surface, 

a significant current drop develops in the potential range immediately after the direct 

borohydride oxidation. The BOR remains inhibited on the Pt surface until the Pt becomes active, 

due to the partial Pt-OH reduction taking place on the reverse scan, and then increases sharply. 

The oxidation reaction occurring on the reverse scan is associated with the intermediate products 

of the direct oxidation of the borohydride (also has been reported in39,82). This reaction decreases 

when the electrode potential proceeds towards a more negative potential and possibly competes 

with the hydrogen adsorption resulting in a decrease in the current density. 

3.1.2 The Electro-Oxidation of NaBH4 on Au 

 

Figure 12:  Voltammograms showing (a) a typical CV of the oxidation of 1M of NaOH and (b) the 

electro-oxidation of 0.01M of the NaBH4 on Au wire electrode along with (ѵ = 25 mV s-

1, N2-saturated 1M NaOH electrolyte, T 293 K). 

In order to study the behaviour of the Au electrode towards the BH4ˉ ion, CV measurements were 

applied in both the absence and in the presence of NaBH4.  Figure 12 (a) shows a typical CV of the 

Au in 1 M of NaOH along with (b) the electro-oxidation of 0.01 M of NaBH4 in 1 M of NaOH. In 

both cases, the electrode potential was cycled in the range between -1.2 VSCE and +0.55 VSCE at 25 

mV s-1 for comparison. The electrochemical behaviour of Au in 1 M of NaOH involves a simple CV 
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shape consisting of a double-layer charging/discharging followed by the formation/ removal of Au 

oxide species taking place at high potential (-0.1 VSCE to +0.4 VSCE) and oxygen evolution starting at 

+0.5 VSCE.  

The shape of the voltammogram in the presence of the borohydride (Figure 12(b)) is also 

complicated by the irreversible behaviour of the oxidation of the borohydride and the oxidation 

of the intermediates. During the forward scan, a broad anodic peak occurs over a wide range of 

negative and positive potentials that was not seen in the absence of the NaBH4. This anodic peak 

reaches a maximum of ca. 7 mA cm-2 at -0.55 VSCE and extends until +0.3 VSCE. As the potential was 

scanned further towards more positive (> +0.35 VSCE), the current showed a significant drop. 

When the potential was scanned back, a sharp oxidation peak appeared as a cathodic peak is 

taking place at +0.15 VSCE. This peak can be characterised not only by its sharpness but also by its 

long tail that extends until -0.6 VSCE. 

Au is regarded as being non-catalytic with respect to the hydrolysis of the BH4
-, which indicates 

that the electro-oxidation reaction taking place on the forward scan at -0.68 VSCE (j, threshold= 1 

mA cm-2) is attributed to the direct oxidation of the BH4
- via 8-electron electrochemical process 

(Equation 3-4)39. 

The direct oxidation of BH4ˉ: 

BH4
- + 8OH- → BO2ˉ+ 6H2O + 8e-        Equation 3-4  

It is difficult to identify the oxidation reactions taking place at high potential. However, the 

reaction mechanism of the BH4
- oxidation occurring on the Au electrode, as suggested by Bard et 

al.48 can be employed and compared with our results. Bard et al. found that the oxidation of BH4
- 

on Au is an 8-electron process and follows electrochemical-chemical-electrochemical (ECE) 

reaction mechanism type 48 (Equations from 3-5 to 3-7). 

BH4
- Oxidation reaction mechanism (ECE):  

 BH4
− ↔ BH4˙ + e−  (E)        Equation 3-5 

 BH4˙ + OH− → BH3
− + H2O (very fast reaction) (C)  Equation 3-6 

 BH3
− ↔ BH3 + e− (E)       Equation 3-7 

 This can be explained as follows: (1) an adsorption step accompanied by electron transfer 

reaction followed by (2) a chemical reaction in which the adsorbed BH4
· reacts with a hydroxyl ion 

to break a B-H bond and forms BH3
‾. (3) The product of this electrochemical reaction 

(intermediates) is expected to undergo further oxidation and complete the total 8e- process 

(equation 3.8 see below)82. This indicates that the oxidation reaction occurring at +0.3 VSCE may 
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correspond to the final oxidation as suggested by the proposed reaction mechanism. However, 

this oxidation reaction is possibly supressed because of the oxide layer formed between +0.35 VSCE 

and +0.6 VSCE. When the Au surface is renewed, the remaining BH3OH‾ is oxidised, proceeding on 

the reverse scan at +0.2 VSCE to complete the BH4
- oxidation process. This explains why the 

potential at which the oxidation of the intermediate reaction (BH3OH‾) appears at different 

potentials on the forward and reverse scans. 

The oxidation of BH3OH‾ (intermediates products) 

 BH3OH‾ + 3OHˉ → BO2ˉ +3/2H2 + 2H2O +3e-    Equation 3-8 

3.1.3 The Electro-Oxidation of NaBH4 on Ni 

 

Figure 13: Voltammograms showing the electro-oxidation of BH4
- on the Ni wire electrode 

displayed as 1 M of NaOH, 0.01 M and 0.05 M of NaBH4 , and an inset graph showing 

an enlarged area of the redox reactions (ѵ =25 mV s-1, N2-saturated 1M NaOH 

electrolyte, T 293 K). 

To assess the catalytic behaviour of the Ni electrode towards the BH4
- ion, CV experiments were 

carried out in the absence and in the presence of NaBH4. For the purpose of clarity, Figure 13 

shows the electro-oxidation of 1 M of NaOH as well as different concentrations of NaBH4, 
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including 0.01 M and 0.05 M, which are presented on the same voltammogram. The electrode 

potential was studied in the range between -1.2 VSCE and +0.55 VSCE at a scan rate of 25 mV s-1. On 

the forward scan, one can see three distinctive anodic peaks with maximum of 1 mA cm-2, 4 mA 

cm-2 and 10 mA cm-2 in 1 M of NaOH as well as 0.01 M and 0.05 M of NaBH4 respectively, at +0.4 

VSCE. The oxidation peaks are difficult to distinguish from the oxygen evolution current at more 

positive potentials. However, the inset graph clearly shows the oxidation currents produced at 

+0.4 VSCE. When the electrolyte contains only 1 M of NaOH, the anodic peak is small compared to 

that of the NaBH4 electrolytes. However, in the presence of 0.01 M and 0.05 M of the NaBH4, the 

produced current increases as the concentration of the NaBH4 increases. On the reverse scan, the 

cathodic peaks showed no significant change in terms of the current density indicating that the 

oxide removal is the only feature in the CV. This suggests that the changes in the electrochemical 

behaviour are directly linked to the electrolyte, and that the presence of the borohydride, may 

have a promoting effect in increasing the anodic peak. 

The CV data for Ni (Figure 13) 1M of NaOH showed that after the formation of the Ni(OH)2 took 

place at negative potentials on the Ni surface, the Ni(OH)2 is oxidised to NiOOH at a positive 

potential (+0.4 VSCE) according to the following reactions: 

Ni + 2OH−  → Ni(OH)2 + 2e−       Equation 3-9 

Ni(OH)2 + OH− → NiOOH + H2O + e−       Equation 3-10 

This may lead to the conclusion that the BH4ˉ is supressed by the formation of the oxide layer at 

negative potentials, but catalytic turnover appears as the NiOOH phase is present on the surface, 

resulting in an increase in the activity of the BH4ˉ oxidation reaction. Therefore, the anodic 

current peak observed in the presence of the NaBH4 at +0.38 VSCE  (j, threshold= 1 mA cm-2) can be 

attributed to the BOR (Figure 13) and this is in line with the findings in the literature58. The 

electro-oxidation of the NaBH4 on the Ni electrode is covered in the literature within a small area. 

Most studies, in this regard, deal with studying the electro-catalyst behaviour of Ni-bimetallic, 

including Au-Ni 83, Pt-Ni 3 and Ni-Ru/C 84. The studies, including 85 and 58, have investigated the 

oxidation of NaBH4 on Ni/C and Ni/Zn-Ni, respectively. It has been reported that the electro-

oxidation of the NaBH4 occurs at more positive potentials. The electro-oxidation of NaBH4 is 

suggested to occur as described in 85 and 58 : 

NiOOH + NaBH4 → Ni(OH)2 + oxidation products of NaBH4     Equation 3-11 
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3.1.4 The Electro-Oxidation of NaBH4 on Ag 

 

Figure 14: Voltammograms showing (a) the electro-oxidation of 1 M of NaOH and (b) 0.01 M of 

NaBH4 on Ag electrode (ѵ =25 mV s-1, N2-saturated 1M NaOH electrolyte, T 293 K). 

CV measurements were performed to investigate the electro-catalyst behaviour of Ag towards 

the electro-oxidation reaction of the NaBH4. Figure 14 (a) displays the electrochemical behaviour 

of Ag in 1 M of NaOH and (b) in 0.01 M of NaBH4. As can be seen, in the absence of NaBH4, at low 

potentials, there are no clear peaks. As the potential is further increased, two oxidation peaks 

associated with Ag2-O and Ag-O take place on the forward scan at +0.1 VSCE and +0.2 VSCE, albeit 

with a reduction peak taking place on the backward scan at +0.1 VSCE (in agreement with 57). In the 

presence of the NaBH4, the CV curve shows that the oxidation peaks appeared in the absence of 

NaBH4 but there is appreciable difference in the plotted CV shaped curve. A well-defined anodic 

peak became apparent with a maximum of 3.5 mA cm-2 at a more negative potential (-0.35 VSCE) 

than those that appeared for the Ag2-O. As the potential increases, the current is much greater 

than that of peak I due to the oxidation peak appearing as a cathodic peak on the reverse sweep 

at -0.1 VSCE. 
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The electrode behaviour of the Ag has been considered as noncatalytic with respect to the 

hydrolysis reaction 86 . This indicates that the appearance of the anodic peak (I) at a more negative 

potential (-0.45 VSCE, at j, threshold= 1 mA cm-2) after the addition of the borohydride could be due 

to the direct oxidation of the BH4ˉ. This is in partial agreement with 57, which reported that the 

direct oxidation took  place at -0.3 VSCE. It is possible that the oxidation of BH4
- on Ag may follow 

similar electrode behaviour as Au, meaning that the 8-electron oxidation process on Ag follows a 

similar reaction mechanism as Au. This explains that the oxidation reaction occurring on the 

backward scan at -0.1 VSCE could be due to the electrochemical oxidation reaction of the 

intermediate (BH3OH‾).  

3.1.5 The Electro-Oxidation of NaBH4 on Cu 

 

Figure 15: Cyclic voltammograms showing (a) the oxidation of 1 M of NaOH and ((b) and (c)) 

different NaBH4 concentrations (0.01 M and 0.05 M) on the Cu wire electrode (ѵ =25 

mV s-1, N2-saturated 1M NaOH electrolyte, T 293 K). 
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In order to investigate the electro-catalyst behaviour of the Cu electrode towards the oxidation of 

BH4ˉ, CV measurements were carried out. The electrode potential was cycled in the range 

between -1.25 VSCE and +0.6 VSCE at 25 mV s-1. Figure 15 (a) shows the CVs of the Cu electrode in 

1M of NaOH as well as in the presence of NaBH4 0.01 M (b) and 0.05 M (c), respectively.  

On the forward scan, three separate anodic peaks can be seen during the oxidation of 1M of 

NaOH on the Cu electrode (Figure 15 (a)). These peaks occurred at different potentials and 

correspond to the formation of different forms of oxides87. The first anodic peak, starting at -0.45 

VSCE, corresponds to  the formation of the cuprous oxide (Cu2O), while the second anodic peak 

between -0.3 VSCE and +0.1 VSCE is due to the oxidation of the Cu2O to either CuO or Cu(OH)2 or 

both87. The anodic peak appearing at high potential between +0.5 VSCE and +0.55 VSCE (a3) 

corresponds to the oxidation of the copper sesquioxide (Cu2O3)87. 

It can be seen from Figure 15 that the electrode behaviour showed different trends with varying 

concentrations of NaBH4 at negative and positive potentials. The most prominent trend was the 

increase in current density that can be clearly observed in the current near the oxygen evolution 

at +0.45 VSCE (j, threshold= 1 mA cm-2). This can be attributed to the borohydride oxidation. 

Similarly, the BOR was also observed at +0.45 VSCE
88. At a negative potential, the oxidation of 0.01 

M of the NaBH4 shows no apparent difference along the potential window from -1.25 VSCE to -0.3 

VSCE (Figure 15 (b)). However, when the 0.05 M concentration was added (Figure 15 (c)), an anodic 

peak appeared at a more negative potential between -0.6 VSCE and -0.5 VSCE. This anodic peak has 

been reported for the oxidation of the hydrolysis products45, indicating that the Cu catalyst can be 

affected by the adsorption of the oxide species and the hydrolysis reaction that leads to the 

suppression of the BOR to be oxidised at a low onset potential. Therefore, bimetallic catalysts may 

explain this process by reducing the adsorption of O2 to allow for better catalytic activity. 

 Conclusion 

The catalytic activity of the electrode materials including Pt, Au, Ni, Ag and Cu have been 

evaluated by CV. There is a significant difference between the examined metals in terms of the 

onset potentials for the direct BOR. The results show that the direct BOR on Au and Ag wire 

electrodes occurred more at negative potentials compared to Pt, Ni and Cu. Figure 16 shows the 

equilibrium potential of the direct BOR versus SHE. The direct BOR of the 8-e- BH4ˉ process takes 

place at -1.24 VSHE, whilst on Au, Ag, Pt, Ni and Cu electrodes take place at -0.43 VSHE, -0.21 VSHE, 

+0.04 VSHE, +0.62 VSHE and +0.69 VSHE, respectively. The electro-catalyst behaviour of the Pt 

towards the BH4ˉ oxidation reaction produced a complicated CV shape compared to other metals. 

The BOR was influenced by the catalytic spontaneous hydrolysis reaction. Therefore, the onset 

potential of the BOR was forced to more positive potentials. Moreover, the adsorption of OH/O 
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occurred more readily on Ni and Cu producing oxide layer, which sharply supressed the oxidation 

of the BH4ˉ ion.  

 

Figure 16: Diagram showing the difference between the onset potential of the direct BOR ( at j, 

threshold= 1 mA cm-2, except for Pt due to H2 oxidation) vs. SHE taking place on 

different catalyst materials (Au, Ag, Pt, Ni, and Cu) and the theoretical equilibrium 

potential. 

The CVs investigated in this study for the pure catalysts are of great importance both 

fundamentally and practically to verify the effects of alloying. The main factor affecting the 

catalytic activity is the key to tuning a catalyst. The question is what factor can be used to turn off 

the hydrolysis reaction pathway and reduce the accumulation of the oxide formation to oxidise 

the borohydride ion at much lower overpotentials. The catalytic activity and selectivity can be 

affected by ligand and ensemble effects or by the bifunctional nature on the alloy catalyst. 

Isolating these effects is difficult. However, to understand how these factors affect catalytic 

activity and selectivity, a model was proposed for the studied single-metals by the free energy of 

adsorption of OHads (∆GOH) as well as the free energy of adsorption of Hads (∆GH). This allowed us 

to consider the consequences of alloying with Au on catalytic properties for the direct BOR.  

Figures 17 and 18 show the relationship between ∆GOH and ∆GH , respectively, (calculated 

theoretically by Norskov et al.13 on metal surfaces) and the overpotential of the direct BOR for the 

examined metals. The results displayed in Figure 17 show a correlation between the ∆GOH and the 

catalytic activity for BOR, indicating that metals with higher ∆GOH values (such as Au, Ag and Pt) 

showed better catalytic activity for BOR than those with low ∆GOH values (Ni and Cu). In the case 

of Hads (Figure 18), the trend for the ∆GH is much lower on Ni and Pt compared to Au, Ag and Cu. 

Therefore, it can be predicated that alloying Au with Pt or Ni or Cu could be very effective for 

altering its adsorption energy to allow catalysing the direct BOR at a lower overpotential. This will 

be explored in depth later in this thesis.  
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Figure 17: Relationship between the BOR and the free energy of OH adsorption on Au39, Pt39, Ag57, 

Ni85 and Cu88. 

 

 

Figure 18: Relationship between the BOR and the free energy of H adsorption on Au39, Pt39, Ag57, 

Ni85 and Cu88. 
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Chapter 4 Au-Ni Alloy Catalysts for Direct BOR 

 The Au-Ni Alloy System 

4.1.1 Surface Science Studies of the Au-Ni Alloy System 

Nickel has been extensively used in heterogeneous catalysis and increasingly as an electro-

catalyst. It is often alloyed with other metals in order to optimise its catalytic activity and 

selectivity. A literature review is included in this chapter to provide background information 

related to the Au-Ni surfaces and specifically their role in catalysis for the direct BOR. Thus, the 

purpose of this chapter is three-fold: First, to highlight the literature by reviewing state of the art 

surface studies and catalysis of the Au-Ni alloy system. Second, to provide information of the 

bulk/ surface composition and the phase structure of the Au-Ni alloy samples characterised by 

high throughput methods including SEM/EDX, XRD and XPS. Third, to evaluate the Au-Ni alloy 

electrochemically, discuss its catalytic behaviour towards the direct BOR reaction, and identify the 

optimal catalyst in the Au-Ni alloy library for the DBFCs.   

Surface chemistry is important in understanding the properties that appear from bimetallic 

systems in terms of the structural and the electronic properties. The properties of a single metal 

may differ when it is alloyed with another metal89. It is important to recognise these properties 

through the fundamentals, synthesis and characterisations of the surface, since this will help in 

understanding the factors affecting the catalyst. The following section will discuss studies that 

have previously synthesised and characterised the Au-Ni alloy system.  

The bulk equilibrium phase diagram of the Au-Ni alloy consists of two phases: liquid and face-

centred cubic (FCC), with a large miscibility gap (Figure 1990)91. At higher temperatures (above the 

miscibility gap), a complete solubility at which a homogenous phase of the random (short-range-

order) Au-Ni solid solution exists92, while at lower temperatures (below the miscibility gap), there 

is a tendency towards a phase separation, resulting in the coexistence of a two-phase mixture of 

the ordered (clustering of like atoms) Au-Ni alloy system93. 
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Figure 19: Phase equilibrium diagram of the Au-Ni alloy system showing the region of stability of 

different phases from-100 at %Ni to Au-0 at %Ni over a range of temperatures90. 

Non-equilibrated Au-Ni solid solutions have been synthesised via different methods, including 

quenching, ion sputtering and evaporative PVD. Quenching has been carried out through the 

rapid annealing from higher temperatures to lower temperatures94, resulting in Au-Ni solid 

solutions for the entire composition of the Au-Ni alloy system. 

Recently, Au-Ni alloys have been examined using other methods, including ion-beam sputter 

deposition and MBE95-96. A homogenous phase of the random Au-Ni solid solution, deposited at 

room temperature, in the range of Au-20 at % Ni has been confirmed by X-Ray Diffraction (XRD) 

using the sputter method. The XRD diffractograms for the random Au-Ni alloy were compared 

with the ordered Au-Ni alloy system. Apart from the Au (111) diffraction peaks, there was no 

appearance of the Ni (111) or the Ni (200) diffraction peaks for the deposited Au-Ni alloy. In order 

to obtain the two-phase mixtures, such as equilibrated Au-20 at % Ni alloy, heat treatment was 

applied at 600°C for 30 seconds. As a result, Ni (111) along with the Ni (200) diffraction peaks 

were reported. 

Simultaneous synthesis of different coverage of Au-Ni ultrathin film via MBE has been 

characterised using surface analytical probes97. This includes X-ray and UV photoemissions 

spectroscopy (UPS and XPS) and temperature programmed desorption. The investigation involved 

a comparison of the co-deposited Au/Ni thin film (at room temperature and after annealing) once 

with Au and then with Ni pure metals. The intensity of the Au (4f) core level spectra remained the 

same for all samples, even after heat treatment, while there was a noticeable change in the 

intensity of the Ni (2p) core level. A reduction of 30% in the intensity of the Ni (2p) core level 
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spectra was reported for the co-deposited Au/Ni. After annealing, at 570K for 10 min, another 

decrease of 30% of the same peak intensity was reported. A shift in 0.2 eV towards lower binding 

energy values of the Au (4f) core level was also reported. This shift has been found at a small 

atomic ratio of the Au/Ni thin film, while no shift has been reported for higher atomic ratios of the 

Au/Ni thin film. 

The Au/Ni thin film layers (10ML Ni/ 10ML Au/ Ru (0001)) deposited by evaporation were 

investigated at different annealing temperatures, ranging between 400 to 800K98. It was found 

that Au segregates at the surface after applying heat treatment to the unannealed Au/Ni thin film 

layers. X-ray photoelectron spectroscopy (XPS) measurements were used to study the interaction 

of Au and Ni atoms at the surface as a function of annealing. A gradual increase in the intensity of 

the Au (4f) core level was reported when increasing the temperature. On the other hand, a 

relative decrease in the intensity of the Ni (2p) core level was detected. Furthermore, a shift 

towards lower binding energy for both Au (4f7/2) and Ni (2p3/2) was observed. These binding 

energies shifted from 83.8 eV at 400 K to 83.7 eV at 800 k, and from 852.2 eV (at 400 K) to 851.6 

eV (at 800 K) of the Au (4f7/2) Au and the Ni (2p3/2) core levels, respectively. 

4.1.2 Au-Ni Alloy Anode Electro-catalysis in the DBFC 

The performance (activity and selectivity) of the catalyst of a metal can be enhanced by alloying it 

with a second metal. Alloying Au with Ni, for instance, has been used in many applications since 

they have shown better performance, such as in the steam reforming of the hydrocarbons99, 

hydro-dechlorination100 and low temperature CO oxidation101-102. Recently, the Au-Ni alloy system 

was tested as a potential catalyst for the DBFCs, and the catalytic behaviour of the Au-Ni in 

catalysing the BH4̄ oxidation is reviewed below. 

Peiying et al. prepared different compositions of carbon supported Au-Ni nanoparticles alloy 

materials to verify their catalytic activities with respect to the BH4 ̄ oxidation83. The electro-

oxidation of 0.05 M NaBH4 in 3 M of NaOH on each of Au80Ni20, Au58Ni42 and Au41Ni59 was 

measured by CV at a scan rate of 20 mV s-1. An offset by 0.15 V towards a negative potential was 

recorded for the direct BOR on the Aux-Nix-1 compared to the Au/C. In addition, an increase in the 

peak current density for the Au-Ni alloy (as a function of the atomic ratio) compared to the peak 

current density for the Au/C was observed. The highest peak current density was recorded for the 

Au41Ni59/C electrode. The current density of this catalyst was more than double that for that of 

pure gold. The results obtained from the electrochemical measurements indicate that the Au-Ni 

alloy exhibits better performance than the non-alloyed Au. 

In another study, the oxidation of 0.05 M NaBH4
 on nano-structured Au-Ni/Ti103 was investigated 

by CV. The electrode kinetics and the catalytic activity of the Au-Ni electro-catalyst in relation to 
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different Au loadings were compared. The onset potential of the direct BOR was reported at -0.7 

V vs. Ag/AgCl/KClsat. At a lower Au loading (0.91 µgAu cm-2) a shift towards a positive potential was 

occurring. However, at a higher Au loading (8.42 µgAu cm-2), there was a small shift towards 

negative potential. The authors concluded that the nano-Au (Ni)/Ti exhibited a higher electro-

catalytic activity toward BH4
− oxidation as compared to that on pure Au. 

The composition and structure of a catalyst plays a key role in determining its performance. In the 

present study, since the electrochemical reactions occur on the surface of the Au-Ni alloy 

catalysts, the primary analysis aimed to define their bulk/ surface composition and structure 

respectively. Each of these will be characterised separately. Subsequently, the electrochemical 

behaviour of the Au-Ni catalysts towards the BOR will be analysed and discussed. 

 High Throughput Characterisation of the Au-Ni Alloy Catalysts 

4.2.1 Bulk Composition Analysis of the Au-Ni Alloys  

The bulk composition of the Au-Ni alloys was measured using SEM-EDX. The goal was to deposit a 

wide range of composition along the substrate. The presence of the wedge shutter during the HT-

PVD deposition resulted in achievement of a compositional gradient. Figure 20 shows the atomic 

percentage of Au and Ni with respect to the position (x, y) in the ITO electrochemical array 

illustrated by composition maps. 

 

Figure 20: Composition map of Au and Ni contents in a sample of Au-Ni alloys deposited on the 

ITO electrochemical array. The arrows define the growth direction of each metal. 
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As shown, there are 100 samples with a different composition for each catalyst. It can be clearly 

seen from the gold composition map that there is a large change in the concentration of the Au 

material extending from the top left corner at the coordinate x1, y10, representing 2.7 at. % of Au 

content in Ni as a minimum to the bottom right corner at the coordinate x10, y1 representing 97.4 

at. % of Au content in Ni as a maximum. On the other hand, the direction of nickel growth from 

low to high concentrations is the opposite of the Au, gradually increasing from the bottom right 

corner to the top left corner. The Ni concentration (with respect to Au concentration) at its 

highest level (97.3 at. %) can be found at the coordinate x1, y10, while at the coordinate x10, y1, the 

Ni concentration ((with respect to Au concentration) is at its lowest level (2.6 at. %). It can be 

concluded that there is a wide range of compositional gradient of the Au-Ni alloy as the results 

demonstrate that the bulk composition is varied across the substrate as ca. 98 ≥ x at. % ≥ 2. This 

proves that the deposition profile along the substrate was successfully controlled during the 

period in which the solid-state materials were deposited using the HT-PVD method. 

4.2.2 XRD Analysis of the Au-Ni Alloys   

X-ray diffraction (XRD) was used to obtain information about the crystallinity, crystal structure 

and preferred crystal orientation in the Au-Ni alloy materials. The bulk structure of the Au-Ni alloy 

materials is interesting. The Au and Ni are immiscible in the bulk phase due to a strong tendency 

for phase separation at low temperatures. However, a complete solubility of the two components 

exists at high temperatures under equilibrated condition. The method we used for depositing the 

Au-Ni materials (HT-PVD) allowed us to obtain solid solution materials across a wide range of 

composition under non-equilibrated conditions. Therefore, high throughput XRD measurements 

were carried out to determine the structures and involved phases of the Au-Ni alloy library 

materials.  

The X-ray diffraction patterns obtained from an array sample of the as-synthesised Au-Ni thin film 

alloy materials (at room temperature) are displayed in Figure 21. The Au-Ni (111) reflection is 

located between the (111) Bragg peaks of the pure elements Au and Ni, marked in red and black 

colour with vertical lines positioned at 38.2° and 44.5°, respectively. In addition to the (111) 

reflection, a minor (200) reflection occurred with a lower intensity than the (111) reflection 

between the (200) Bragg peaks marked in red and black colour positioned with vertical lines at 

44.4° and 51.8°, respectively. Both the Au-Ni (111) and the minor (200) reflections shifted 

gradually to higher 2θ values with increasing concentrations of Ni, which reveals the variation of 

the alloy degree. This suggests that the produced (unannealed) Au-Ni alloy sample is a 

substitutional solid solution where Au atoms are replaced by Ni atoms. 
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Figure 21: XRD patterns for a number of Au-Ni alloys deposited at RT (unannealed). The vertical 

red and black lines indicate the pure Au and Ni diffraction positions. 

It should be noted that the XRD patterns exhibited clear crystal diffraction peaks with a strong 

(111) orientation except for the diffraction patterns recorded for the Au-Ni alloy at intermediate 

compositions (Ni47.4-Au52.6) (specified in blue colour) as it displays a significant broad reflection 

between 38.5° and 44.8°. This could have resulted from the distribution and arrangement of the 

atoms upon synthesis, forming an alloy which is likely amorphous.  

This phenomenon was exploited to demonstrate the broadening of the (111) peaks of the Au-Ni 

alloy at intermediate compositions, where 40 ≤ x at. % ≤ 60 (Figure 22). As displayed, most of the 

XRD patterns observed in intermediate compositions exhibited extremely broad peaks and is 

difficult to determine if the Au-Ni is single-phase. As the (111) Bragg peaks are at a composition of 

ca. Au70-Ni30, the peaks exhibited splitting due to peak broadening. There is also a clear difference 

in the peak positions observed in the XRD spectra between the Au70-Ni30 and Au30-Ni70. This is 

estimated to be single-phase due to the systemic shift in the peaks’ position observed in the XRD 

pattern as Ni was added to the alloy. Suggesting that the Au-Ni solid solutions had formed. It is 

also possible that at the intermediate compositions, where 40 ≤ x at. % ≤ 60, amorphous or partly 

alloyed crystallites had formed.  
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Figure 22: XRD patterns for a number of the unannealed Au-Ni alloys close to intermediate 

compositions showing the developed broad diffraction profiles. The vertical red and 

black lines indicate the pure Au and Ni diffraction positions. 

The crystallisation of the alloy could be identified through the rise in peak intensity. Therefore, 

the maximum peak intensity was plotted as a function of Au composition and Ni composition in 

the Au-Ni alloy materials (Figure 23) to explain the trend observed in Figure 22 using the obtained 

XRD patterns and the corresponding compositions of the (111) Bragg peaks. To produce intensity 

profiles for the (111) Bragg peaks observed in the XRD analysis, the variation of the maximum 

peak intensity was extracted from single peak fitting using the Ilika Technology Informatics 

Paradise software. 
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Figure 23: The maximum peak intensity of the Au (111) and Ni (111) versus Au content. The 

transparent line is a visual guide. 

As can be seen, this trend is in line with the variation of the peak intensity of the (111) Bragg 

diffractions observed in the XRD pattern (Figure 21). For instance, the maximum peak intensity for 

the (111) non-equilibrated phases in the Au-rich is more intense than that in the Ni-rich. At an 

intermediate composition, much fewer intense peaks were observed compared to Au-rich and Ni-

rich composition. It is possible that the crystallite size at an intermediate composition is too small 

for some peaks to be detected by XRD or too amorphous for quantification.  

According to Vegard's law, a linear relationship between the lattice parameter (a) and the bulk 

composition is an indication of a miscible binary alloy forming solid solution. The lattice 

parameter for the Au-Ni was determined by combining the Bragg law with the plane spacing for 

cubic system using the following equations104:  

2𝑑𝑑 sin𝜃𝜃 = 𝜆𝜆 

Where  𝜆𝜆  is the wavelength of X-ray photon (𝜆𝜆 = 1.5418 Å), 𝑑𝑑  is the interplanar spacing, and 2 𝜃𝜃  

is the diffraction angle. 

1
2𝑑𝑑2

=
(ℎ2 + 𝑘𝑘2 +  𝑙𝑙2)

𝑎𝑎2
 

Where 𝑎𝑎 is defined as the lattice parameter and hkl refer to Miller indices.  

𝑎𝑎 =
λ

2 sin𝜃𝜃 
× � ℎ2 + 𝑘𝑘2 + 𝑙𝑙2      



 

54 

The lattice parameters afcc of the Au-Ni were calculated from the (111) peak positions. The results 

are displayed in Figure 24. The dashed line connecting the lattice parameter of the Au to Ni (fcc) 

represents Vegard’s law. The lattice parameter of the Au and Ni pure elements at room 

temperature are 4.061 Å105 and 3.499 Å106, respectively, displayed in the Figure as crossed circles.  

The Au-Ni compositions are based on the EDX analysis. As can be seen in Figure 24, increasing the 

Au content values in the Au-Ni alloy led to expansion of the lattice parameter, while increasing 

the Ni content values has the impact of compressing the lattice parameter of the fcc phase. This 

could be due to the difference in the atomic radius of the Au (2.884 Å) and Ni (1.62 Å). A linear 

relationship can be observed between the two ends of the alloying elements (Au, Ni).  As is 

evident from the Figure, the effective lattice parameter shows a linear variation with the bulk 

composition of the Au-Ni alloy obeying Vegard’s law. This is a strong indication of the formation of 

a continuous solid solution for all compositions ranging from Au97.2-Ni2.8 to Au3.6-Ni96.4 at. %. 

 

Figure 24: The lattice parameters a (in Å) of the unannealed (RT) Au-Ni alloy (calculated from the 

(111) peak positions) versus Au composition. The black crossed circles are the lattice 

parameters of pure Au and Ni elements106, 105. The dashed line represents the best 

linear fit of the plotted data. 

The effects of the temperature on the phase stability of the unannealed Au-Ni sample were 

studied. Two sets of thermal annealing experiments were performed. Firstly, the Au-Ni sample 

was exposed to thermal treatment in the HT-PVD chamber in a 6.66x10-8 mbar vacuum for 



 

55 

annealing to 300 ˚C for a period of 15 min. The diffraction patterns of the annealed Au-Ni sample 

showed a distinct change after annealing the sample to 300 °C (under UHV). This is illustrated by 

Figure 25, which shows phase separation in the Au-Ni alloys. At Ni21.7-Au78.3 alloy the (111) 

reflection assigned to the Au (111) Bragg peak showed no shifts irrespective of the increasing Au 

content values. This could be a clear sign of the phase separation occurring in the unannealed Au-

Ni sample after annealing.  

 

Figure 25: XRD patterns for a number of different compositions of the Au-Ni alloys after 

annealing at 300 °C for 15 min under UHV. 

Comparing the XRD results with the equilibrium phase diagram of the Au-Ni alloy may explain the 

phase transformation of the Au-Ni alloy determined by the temperature. Although annealing at 

300 ˚C is sufficient to form equilibrated phases, the XRD data showed that high-temperature 

annealing is necessary to verify the phase transformation of the non-equilibrated phases into a 

thermodynamically stable two-phase mixture. With the annealing temperature at 600 °C (Figure 

26), the diffraction patterns of the Ni89.9-Au10.1, Ni76.6-Au23.4, and Ni47.4-Au52.6 alloys recorded with 

good crystallinity showed complete phase separation and the Au (111), Au (200), Ni (111) and Ni 

(200) Bragg peaks for the fcc phase could be clearly identified. However, the Bragg peaks position 

of the rich-Ni-Au and rich-Au-Ni alloys changed with the atomic composition and this is an 

indication of the formation of a one-phase solid solution. This is in agreement with the phase 

structure of the Au-Ni alloy system in the thermal equilibrium state diagram, which shows that at 
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600 °C, over ≈ 90 at. % of Au content and over ≈ 87 at. % of Ni content are expected to appear as a 

one-phase solid solution, while other compositions appear as a two-phase mixture.  

 

Figure 26: XRD patterns for a number of Au-Ni alloys after annealing at 600 °C for 15 min. 

Figure 27 shows the lattice parameter of the Au-Ni sample (annealed at 600 °C for 15 min) 

calculated from the diffraction angle of the (111) Bragg peaks as a function of Au composition. As 

shown, the lattice parameter of the Au-Ni alloy material does not vary linearly, as is the case in 

the unannealed Au-Ni alloy film. In addition, the position of the (111) Bragg peak of the fcc phase 

as a function of the Au composition before and after the thermal annealing at 600 °C is displayed 

in Figure 28 for comparison. As is apparent from Figure 28, the peak position of the (111) Bragg 

diffraction in the annealed Au-Ni alloy varied linearly with the Au content. On the contrary, the 

annealed Au-Ni sample (600 °C for 15 min) exhibited separation for the position of the (111) Bragg 

peaks. 
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Figure 27: The lattice parameters a (in Å) of the Au-Ni alloy annealed at 600 °C versus the Au 

composition. The crossed circles are the lattice parameters of pure elements 106, 105. 

 

Figure 28: Comparison between the (111) Bragg peak position of the Au-Ni alloy as a function of 

the Au content before and after annealing at 600 °C. The characteristic diffraction 

peaks of pure Au (PDF card Au-00-004-0784) and Ni elements (PDF card Ni-00-004-

0850) are given at the two extreme ends as black crossed spheres. 
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4.2.3 Surface Composition of Au-Ni Alloys  

Surface sensitive studies conducted using XPS experiments were used to identify and determine 

the elemental composition, chemical and electronic state of the Au-Ni alloy sample at a number 

of specific areas. The measured area on the sample's surface is equivalent to four electrodes on 

the electrochemical array that corresponds to ca. 3 mm2 (Figure 29). The areas, which were 

detected by the XPS, were selected to match the growth of Au in the Au-Ni alloy materials present 

on the sample’s surface. The direction of the arrow line in Figure 29 represents the increase of the 

Au atomic ratio in the Au-Ni alloy sample determined by the EDX while the red-like squares, which 

cover the four electrodes, represent the surface composition determined by the XPS 

measurements. Consequently, quantitative analysis of the Au-Ni alloy as a function of alloy 

composition was carried out by deconvoluting the XPS spectra (using CASAXPS (commercially 

available) software) to verify the effect of chemical interaction between Ni and Au on the alloy 

surface through their core level binding energies. This was followed by studying the impact of the 

thermal annealing on the Au-Ni surface composition to confirm which element is rich on the 

surface. 

 

Figure 29: View of the sample area of each site detected during the XPS measurements. Each 

measured site corresponds to four electrodes on the array.  

The main Au and Ni photoemission spectral features are summarised in Tables 7 and 8 (Appendix 

B). According to the XPS analysis of the Figure 30 (a), showed that the Au (4f) peak intensities 

gradually increased as the concentration of Au increases, while the Ni (2p) peak intensities 

decreased proportionally Figure 30 (b). Similarly, the Au (4f7/2) peak for the highest content of Au 

in the unannealed Au-Ni alloy shifted to lower binding energy as the Au content decreased, while 

the Ni (2p3/2) shifted to higher binding energy, which is a clear indicator of electron transfer from 

Ni to Au due to the formation of the bimetallic alloy.  
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The binding energy of the electron emitted from the Au (4f7/2) and Ni (2p3/2) core levels of the 

bimetallic Au-Ni alloy were analysed and compared with the Au and Ni pure elements, as shown 

in Figures 31 and 32. The values given in the literature for binding energy of the bulk Au (4f7/2) and 

the bulk Ni (2p3/2) were measured as 84.07 eV 107 and 852.00 108, respectively. The binding energy 

the Au (4f7/2) core level was plotted versus Au concentration (Figure 31). It can be observed that 

there is a clear effect on the peak position of the 4f7/2 associated with the concentration of Au on 

the surface of the Au-Ni alloy. Conversely, the peak position of the Ni (2p3/2) (Figure 32) at high Ni 

content shifts from 851.45 eV up to 852.73 eV, providing evidence that modification of the 

electronic structure on the surface of the Au-Ni alloy occurred. 

 

 

Figure 30: XPS spectra of (a) Au (4f) and (b) Ni (2p) regions of the unannealed Au-Ni alloy sample 

and (c) the Au (4f) and (d) Ni (2p) regions of the Au-Ni alloy sample after annealing at 

300 °C for 15 min. 
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Figure 31: The peak positions of Au (4f7/2) as a function of Au content. The red crossed square 

represents the peak position of the pure Au (4f7/2) (with electron binding energy of 

84.07 eV)107. 

 

Figure 32: The peak positions of the Ni (2p3/2) as a function of Ni content. The red crossed square 

represents the peak position of the pure Ni (2p3/2) (with electron binding energy of 

852.00)108. 

In order to identify the effect of the annealing temperature on the surface composition of the Au-

Ni alloy, the sample was annealed at 300 ˚C for 15 minutes under UHV. Evident changes in the XPS 

spectra (Figures 30 c and 30 d) were observed regarding the position, shape and area of the peaks 

in comparison with the unannealed Au-Ni alloy. The XPS peak position of the Au (4f7/2) core level 
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binding energies showed a negligible shift along the Au growth line compared to the unannealed 

alloy (Figure 30 (c)) (Table 8 Appendix B). Moreover, the peak area of the Au (4f) showed a 

significant increase and vice versa for the area of the Ni (2p) peaks. This indicates a strong 

tendency of Au to segregate to the surface upon thermal annealing due to the low surface energy 

of Au atoms.  

The surface atomic percentage of Au in the Au-Ni alloy sample was calculated from XPS data 

before and after annealing and compared to the bulk composition determined by EDX to verify 

this statement (Figure 33). The amount of Au on the surface of the annealed Au-Ni sample shows 

a significant increase in concentration compared to the unannealed sample. It can thus be 

concluded that controlled synthesis (kinetically) of the (unannealed) Au-Ni alloy sample with 

surface compositions identical to bulk compositions were successfully achieved. However, the 

surface composition of the unannealed Au-Ni alloy was appreciably different from the bulk after 

annealing due to Au enrichment at the surface.  

 

Figure 33: Surface composition of Au measured by XPS versus the bulk composition that were 

determined by EDX. Black diamond dots represent identical ratios for the surface and 

bulk compositions (no segregation). Red circles represent unequal surface and bulk 

compositions (segregation) of the annealed Au-Ni alloy for 15 minutes at 300 ˚C. 
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 The Catalytic Activity of the Au-Ni Alloy Catalysts  

The Au-Ni alloy catalysts (before and after annealing) were characterised electrochemically in the 

absence and in the presence of sodium borohydride using the high throughput electrochemical 

screening method to explore the optimal catalyst with respect to the direct BOR. Direct current 

measurement for the 10x10 Au-Ni electrodes in an array of ITO surfaces that are individually 

addressed were carried out. Simultaneous potential was applied to all working electrodes using a 

single potentiostat and a pair of 100 current followers. Comparing such a large number of 

catalysts requires high throughput electrochemical data analysis for fast determination of the 

electrode activity. Hence, the CV response of all electrodes was analysed using the Ilika 

Technology Informatics Paradise software. The bulk composition of each catalyst was linked with 

its response to the applied CV. The potential that defined the onset potential of an oxidation/ a 

reduction process for all catalysts can automatically be calculated through the Paradise software 

using the intercept of two straight lines at a defined I-threshold. The peak current density of an 

oxidation/ a reduction process at a defined voltage can also be calculated as a function of 

electrode composition. This is important in studying the combinatorial array to facilitate the 

tracking of electrode activity. 

4.3.1 The Electro-catalytic Activity of the Unannealed Au-Ni Alloys for Direct BOR 

The electrochemical behaviour of the Au-Ni alloy catalysts was studied in 0.1 M of NaOH. Since 

NaBH4 can be decomposed at pH ≤ 1248,  a 0.1 M of NaOH (pH 13) was used to stabilise the NaBH4 

and prevent a potential chemical hydrolysis reaction whereby hydrogen is released. The potential 

range was scanned from -1.2 VSCE to +0.01 VSCE at a sweep rate of 50 mV/s. Figure 34 shows CVs of 

selected electrodes with different compositions of the unannealed Au-Ni alloy catalysts recorded 

in the absence of the NaBH4. The arrows are illustrative of the direction of the scanned potential 

to record CVs. 
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Figure 34: The electrochemical activity of the unannealed (RT) Au-Ni alloy materials in the 

absence of the NaBH4 as a function of electrode composition at sweep rate: ѵ =50 mV 

s-1, Ar-saturated 0.1 M NaOH electrolyte, T 293. 

The voltammogram can be divided into three distinct potential regions for the anodic and 

cathodic sweeps and include electrochemical processes at -1.00 VSCE, -0.75 VSCE and at -1.03 VSCE 

corresponding to the oxidation of H2 (I), oxide formation (II) and oxide removal (III), 

respectively109. One may also notice a distinct potential region on the cathodic sweeps at 

potential near -1.2 VSCE referred to (IV) as the hydrogen evolution reaction HER110.  

The HER current density was affected by the presence of the Ni on the unannealed Au-Ni alloy 

surface and a significant increase in the HER activity was observed. In order to assess the 

hydrogen evolution activity, the current density (in the cathodic sweep of the voltammogram) at  

-1.18 VSCE was extracted, and plotted in a false colour over the array, and as a function of bulk 

composition, in Figure 35. As the Ni content of the alloy increased, almost no current was 

observed in the limit of high Au alloy composition. The increase in hydrogen evolution activity did 

not take place linearly as Ni content in the bulk (and in the surface) increases. Three regions of 

behaviour can be identified. An initial increase in activity (region 1), near constant activity (region 

2) and a further increase in activity (region 3).  

The increase in hydrogen evolution activity is also reflected in the ignition potential for evolution 

(Figure 36). The ignition potential obtained for a threshold current density of -1.26 μA mm-2 was 

extracted and plotted in a false colour over the array, and as a function of bulk composition. A 

shift was observed between pure gold (˃ -1.2 VSCE to pure Ni (-1.11 VSCE) exists between the higher 
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content of Au and the higher content of Ni in the Au-Ni electrode arrays. This indicates that the 

HER activity on the unannealed Au-Ni alloy catalysts was due to either Ni acting as a more 

effective catalyst or to geometric effect associated with the ensemble effects or electronic effects.  

 

Figure 35: High throughput screening analysis of the metal catalysts by current versus 

composition showing the electrode activity toward the hydrogen evolution reaction 

extracted from CVs recorded on the Au-Ni alloy at E= -1.18 VSCE. The line is a visual 

guide.  
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Figure 36: High throughput electrochemical screening analysis showing the activity of the 

electrode arrays through the onset potentials of HER reaction (at I threshold= -1.26 

μA mm-2) versus Ni at. %. The transparent line is a visual guide.  

The voltammetric characteristics in the hydroxide formation (region II)/ removal (region III) also 

change with different alloy compositions. As can be seen from the voltammogram in Figure 34, 

there is an increase in the anodic current around -0.75 VSCE in the anodic scan with increasing Ni 

content. At the same time, there is an increase in the cathodic peak at ca. -1.1 VSCE. These currents 

are associated with the formation and reduction of α-Ni(OH)2. 

Electrochemical examinations were carried out on Ni wire electrode to rationalise this 

observation. Figure 37 shows a typical CV of a Ni electrode studied in 0.1 M of NaOH at a scan 

rate of 50 mV/s.  A typical CV profile for the Ni electrode, when cycling the potential within the 

full range to the oxygen evolution region (-1.2 to +0.55 VSCE), shows the following anodic features: 
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(1) the oxidation of metallic Ni to α-Ni (OH)2 at - 0.75 VSCE; (2) The conversion of the surface oxide 

α-Ni(OH)2 to β-Ni(OH)2 between -0.5 VSCE to +0.15 VSCE followed by the oxidation of the β-Ni(OH)2 

to β,γ-NiOOH at +0.35 VSCE and +0.4 VSCE respectively111-114. It has been reported that the 

formation of β-Ni(OH)2 is an irreversible process causing passivation to the Ni electrode. To 

understand the changes occurring to the metallic Ni, subsequent potential sweeps were applied 

(Figure 38). The initial cycle was studied by starting the potential sweep at a potential up to -0.45 

V vs. SCE where it is expected to observe the formed oxide layer before its conversion to β-

Ni(OH)2. 

 

Figure 37: Typical CV of the Ni electrode in 0.1 M of NaOH at a scan rate of 50 mV/s showing 

different regions of oxide formations.  
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Figure 38: CVs of Ni electrode in 0.1 M of NaOH at 50 mV/s with increasing the potential window 

towards more positive potentials. 

It can be seen that the conversion of the formed oxide to β-Ni(OH)2 on the Ni electrode depends 

largely on the selected potential scans. According to the CV profiles, the current density of the α-

Ni(OH)2 oxidation reaction increased with increasing potential limits of the anodic scan. 

Interestingly, when the sweeping potential is extended into the region of the β,γ-NiOOH at +0.35 

VSCE, the formation of the hydroxide layer shows a decrease in the current density accompanied 

with increases in the HER current density when scanning the potential backward. As displayed in 

Figure 38, the cathodic peak of the α-Ni(OH)2 is reduced when the applied voltage exceeds more 

positive anodic potential > 0.00 VSCE. If the forward scan is continued to more positive anodic 

potentials (> +0.35 VSCE) and back, this cathodic peak is indistinguishable suggesting that there is a 

concurrent change in the formation of Ni(OH)2 and the converted formed oxide β-Ni(OH)2 is more 

difficult to reduce. It can be concluded that the electrochemical behaviour of the Ni electrode can 

be affected by the passivation and occurs as a result of the chemical conversion of the α-Ni(OH)2 

to β-Ni(OH)2 and the activity of the HER on the surface is determined by the structure of the 

Ni(OH)2. 

The anodic peaks of the α-Ni(OH)2 oxidation reaction on the unannealed Au-Ni alloy catalysts, 

which take place at -0.75 VSEC changes with the alloy composition (Figure 40) . As the Ni content 

increases in the Au-Ni alloy catalyst, the current density also increases. The current density of -

0.70 VSCE (the maximum of Ni(OH)2 oxidation peak) was plotted as a function of alloy composition 
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in Figure 39. As shown in the Figure, the current density increases before it reaches intermediate 

compositions Ni30-Au70 with a maximum of ca. 1.25 µA mm-2.  However, at intermediate 

compositions, the activity of the α-Ni(OH)2 formation reaction shows a decrease in the current 

density value until a current maximum of 1.00 µA mm-2 is reached. With increasing Ni content (Ni 

≥ 80 at. %), the α-Ni(OH)2 oxidation reaction becomes more active and the current density 

showed a maximum of ca. 2.75 µA mm-2. This indicates that the presence of the Au in the Au-Ni 

alloy supresses the formation of the α-Ni(OH)2 and the existence of the Ni in the alloy promotes 

the oxidation reaction of the α-Ni(OH)2 to occur.  

 

Figure 39: Currant densities (at -0.75 VSCE) versus Ni composition showing the activity of the Au-

Ni towards the hydroxide formation (α-Ni(OH)2) on Au-Ni alloy materials. The 

transparent line is a visual guide.  

The behaviour of the unannealed Au-Ni alloy catalysts in the presence of the NaBH4 has been 

electrochemically investigated as a function of electrode composition. Figure 40 shows (a) 

selected forwards sweeps of the screened alloy catalysts along with (b) Au and (c) Ni pure metals 

in the potential range between -1.2 VSCE and +0.15 VSCE at a scan rate of 25 mV/s. The electrolyte 

was a 0.01 M NaBH4 + 0.1 M of NaOH solution. The maximum in the anodic potential of +0.15 VSCE 

was chosen in order to avoid oxidation dissolution or irreversible oxidation processes (see above).  

During the forward anodic scan (Figure 40 a), one can observe two overlapping anodic peaks, the 

first is between -1. V and -0.7 VSCE, while the second is between -0.7 V and -0.2 VSCE. These anodic 

peaks can be attributed to the direct BOR taking place at different potentials depending on the 
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catalyst composition. As can be observed from Figure 40 (a), the selected CVs reveal that the 

activity of the Au-Ni alloy catalysts towards the BOR is correlated with the catalyst composition. 

Moreover, as displayed in Figure 40 (a and b), catalysts that are Au rich and pure Au show 

remarkable activity towards the direct BOR compared to Ni rich alloys and pure Ni (Figure 40 c). 

The catalysts’ behaviour at intermediate compositions shows limited activity depending on the 

amount of Ni present at the surface, as the Au-Ni alloy catalysts that are Ni rich appear to be 

inactive towards the BOR with a continued increase in the electrode potential (Figure 40 c). It can 

also be seen from Figure 40 (a) that the first anodic peak occurred in the Ni33.2-Au66.8 alloy 

catalysts (-0.9 VSCE), showing a shift of 0.3 V as compared with the metallic Au (-0.6 VSCE) (Figure 40 

b). This indicates the higher catalytic activity of the Au-Ni alloy catalyst towards direct BOR. This 

enhanced catalytic activity can be attributed to the ensemble / the electronic effects of Ni on Au. 

As a result, any activity towards the direct BOR over the unannealed Au-Ni alloy catalysts is due to 

the incorporation of Ni and that also confirms the Au-Ni alloy formation with the controlled 

gradient compositions using our HT-PVD method. 
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Figure 40: Forward sweep voltammograms showing the anodic peaks attributable to the direct 

BOR on (a) the unannealed Au-Ni alloy as a function of electrode composition, (b) 

pure Au (disc electrode (0.75 radii)) and pure Ni (disc electrode (0.25 radii)) recorded 

for 0.01 M of NaBH4 in 0.1 M of NaOH at sweep rate of 25 mV s-1.  

To validate this observation, high throughput electrochemical analysis was carried out and is 

displayed as trend for the activity of the Au-Ni alloy catalysts. The catalytic activity in terms of the 

lower onset for the direct BOR was studied as a function of composition. The trends in catalytic 

activity revealed that a small amount of Ni indeed contributed to a higher activity for BOR due to 

a negative shift in the onset potential. This may have suggested that the improvement in activity 
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of the Au-Ni alloy catalysts is due to the HOR associated with the HER. However, upon annealing, 

the HER disappeared (Figure 43) but the enhance activity was retained. The enhancement in 

activity can be attributed to a modification of the electronic/ensemble in the Au-Ni alloy catalysts. 

This, in turn, changed the adsorption energy and the bonding strength contributing to active sites 

for the BH4
- ion by means of alloying compared to pure Au. Figure 41 demonstrates the onset 

potentials (ignition potential), extracted from CV data at I-threshold= 0.0085 mA mm-2 vs. Ni 

composition, presented as an activity trend for the BOR reaction. By comparing the onset 

potential of the BOR to the rich Au catalysts, it can be observed that there is a negative shift in the 

onset potential of 0.2 V of the direct BOR due to the incorporation of small amount of Ni (ca. 10-

40 at.%) in the Au-Ni alloy. This illustrates that the catalyst activity was enhanced by the small 

addition of Ni. However, excessive addition (50-95 at. % Ni) resulted in decreasing onset 

potentials of the direct BOR towards more positive potential values. This indicates that the direct 

BOR is sensitive to surface active sites of Au that are modified by the addition of Ni in the Au-Ni 

alloy catalysts. Perhaps the presence of an ensemble of more Ni atoms increases the passivation 

layer (OHads) on which the alloy surface favours removal of the OHads.  

 

Figure 41: Onset potentials (at I threshold = 0.0085 mA mm-2) of the BOR versus Ni composition 

for unannealed Au-Ni alloy sample. The transparent line is a visual guide.  
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In order to assess the activity for the direct BOR, plots of the current density as a function of 

compositions at potentials of -0.8 VSCE, -0.5 VSCE and -0.2 VSCE (Figure 42) were chosen according to 

the followings: 

• E= -0.8 VSCE (low current Vonset): Most sensitive region to the surface kinetics of the 

reaction (activity of the catalyst) and is weighted (most sensitive) to the most active sites 

(ensembles) on the surface. 

•   E= -0.5 VSCE (medium current Vonset): The reaction is being driven harder. Some mass 

transports may limit the measured current, but the current is still reflecting the surface 

reaction kinetics (activity of the catalyst). However, this will now be additionally 

influenced by the larger ensembles particularly when the main component (eg. Au) is 

also active in the catalysis, i.e., the majority sites which have not necessarily the highest 

activity. 

• E= -0.2 VSCE (maximum current Vonst): Strong contribution of mass transport limiting the 

measured current, and this will overlay any catalytic activity. Note that at this strong 

oxidation potential, many additional oxidation processes may be driven which are not 

catalysed at lower potentials.   

The current densities at -0.8 VSCE recorded on the unannealed Au-Ni alloy catalysts exhibited 

optimal activity at 30 % Ni (Figure 42). The current densities on the Au-richest region (Ni ≤ 10 at. 

%) is lower than that for Ni concentration between ca. 10 to 45 at. % (ca. 10 and 18 μA mm-2). This 

composition region corresponds to those dominated by larger ensembles of Au and a small 

ensemble of Ni and this appeared to be promoting the direct BOR reaction. On the other hand, 

the current density of the direct BOR at -0.5 VSCE on the unannealed catalysts varies linearly with 

the catalyst composition: High Au content being related to high current density towards the 

oxidation of BH4ˉ and vice versa. This means that additional activity from regions of larger Au 

ensembles seems to dominate (no maximum seen anymore) and activity reduces linearly with Ni 

substitution (losing pure Au sites). This indicates that Ni is now an inert diluent to the catalysis 

and any additional activity is attributed to the addition of Au. The reason for Ni not helping to 

promote is that it is now at a potential where it is oxidizing, blocking the reaction.   

The current density at -0.2 VSCE is same as above underlining decrease in activity of catalyst and a 

surface morphological effect (small crystallite increasing surface area and hence current at 50 %) 

supported by XRD (Figure 21 and 23).  
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Figure 42: Borohydride activity trends analysis on the (unannealed) Au-Ni electrode arrays 

through current density extracted from the CVs at -0.8 VSCE, -0.5 VSCE and -0.2 VSCE 

correlated with Ni composition. The dashed line is a visual guide. 

Based on the above electrochemical screening results, it can be concluded that the Ni34-Au66 alloy 

catalyst can be an optimal catalyst for DBFCs as it offers high activity for the direct BOR among 

other Au-Ni alloy catalysts. It should also be noted that it is difficult to compare the results 

obtained with those of other studies, not only because of the various compositions, but also the 

different methods of preparation used.  

4.3.2 The Electro-catalytic Activity of the Annealed Au-Ni Alloys for Direct BOR 

As shown in the previous section, the electrochemical behaviour of the Au-Ni alloy is strongly 

governed by the alloy composition. The variation in composition showed a noticeable difference 

in the catalytic activity towards the direct BOR reaction. Therefore, it is crucial to study the 

composition-catalytic activity for selecting the optimal alloy composition for DBFCs. The Au-Ni 

alloy sample (a new sample under the same conditions of deposition) was equilibrated by 

annealing at 300 °C for 15 min and then cooled to room temperature. The sample was then 

removed from the UHV chamber for electrochemical screening in the absence and presence of 

the alkaline sodium borohydride solution. This is part of the electrochemical characterisation for 

the process of materials discovery and optimisation and was used to determine the activity of the 

alloy materials at an alloy surface that is Au-rich, the catalytic behaviour of which can be 

significantly different from the unannealed Au-Ni sample. 
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The electrocatalytic behaviour of the annealed Au-Ni alloy in alkaline solutions was studied using 

the high throughput electrochemical screening method. Figure 43 show CVs obtained in 0.1 M of 

NaOH for the Au-Ni sample annealed at 300 °C for 15 min. The CV was performed in an argon-

saturated electrolyte. The potential scan started at -1.2 VSCE and was scanned positively at a rate 

of 50 mV/s up to the switching potential of +0.01 VSCE. The cycle was then completed by scanning 

the electrode potential from +0.01 VSCE back to -1.2 VSCE.  

 

Figure 43: Selected voltammograms showing the electrochemical behaviour of the Au-Ni sample 

(annealed at 300 °C for 15 min) for different electrode compositions in borohydride 

free alkaline solution containing 0.1 M of NaOH. CVs are recorded at a scan rate of 50 

mV/s at RT. 

The CVs for the annealed Au-Ni sample at the selected catalysts show that the HER activity and 

the oxide formation layer was decreased by the annealing treatment. Modification of the 

electronic properties and/or structure of the Au-Ni alloy sample (as observed from the XPS and 

XRD measurements) can play a key role in reducing the HER activity and oxide formation layer. 

The current density associated with the HER versus the Au-Ni bulk composition is displayed in 

Figure 44 and is plotted in a false colour over the array for direct comparison. The HER trend can 

be divided into two groups: (a) where x ≤ 60 Ni at. % and less activity for HER can be seen and (b) 

where x ≥ 60 Ni at. % and significant increase in HER activity can be observed. The general trends 

show that the hydrogen evolution is associated more with higher Ni content compared to the 

unannealed sample. This can be seen from the displayed figure where the activity of HER at 

catalyst composition between 40 and 60 at. % of Ni is almost equal to that of the richest Au 

region. In contrast, the HER activity on the unannealed sample showed an increase at catalyst 

composition of Au80-Ni20. It is highly likely that the decrease in HER activity is due to the change of 
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surface composition after annealing the Au-Ni alloy sample that enriched the alloy surface with 

Au. 

 

Figure 44: The current of the HER versus Ni compositions of the Au-Ni alloy sample annealed at 

300 °C for 15 min. The current is extracted at E= -1.18 V vs. SCE. 

The HER activity at the annealed Au-Ni alloy catalyst was evaluated as a function of electrode 

composition using the HER onset potentials. Catalyst regions that exhibited high/low HER activity 

was identified. Hydrogen evolution over rich Ni takes place near -1.06 VSCE, while over rich Au it is 

near -1.2 VSCE. Figure 45 shows the onset potential of the HER on the (annealed) Au-Ni alloy 

catalyst versus the Ni composition. The onset potential for the HER at Ni rich region is 

approximately 40 mV higher over the annealed Au-Ni alloy than over the unannealed Au-Ni alloy. 

At intermediate compositions between 40 ≤ x ≤ 60 of Ni at. %, the onset potential for the HER on 

the annealed Au-Ni alloy sample is approximately 50 mV lower than the unannealed Au-Ni alloy. 

On the other hand, the onset potential of the HER over the Au rich region at the unannealed Au-

Ni alloy sample begins near -1.2 VSCE for the high Au contents. When the Au composition on the 
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unannealed alloy catalysts is between 10 and 20 at. %, the onset potential increases significantly 

towards more positive potential values up to -1.16 VSCE, while the onset potential of the HER at 

the annealed Au-Ni sample remained almost the same. This indicates that after annealing, the Au-

Ni sample at the affected region, where Au is the dominant component at the alloy surface, is 

promoting lower activity towards the HER: it is not only decreases its onset potential but also 

reduces its current density, as shown in Figures 44 and 45.  

 

Figure 45: Onset potentials (at I threshold = -1.26 μA mm-2) of the HER versus Ni composition 

for the annealed Au-Ni alloy sample. 

The voltammetric behaviour of the electrochemically formed oxides on the annealed Au-Ni alloy 

sample was studied and compared with the unannealed Au-Ni alloy sample. The behaviour of the 

α(NaOH)2 oxidation/ reduction reaction occurring on the surface of the annealed Au-Ni alloy was 

quite different from the unannealed Au-Ni sample. The differences in the anodic/cathodic peaks 

for α(NaOH)2 oxidation/ reduction reaction was not only governed by the electrode composition 

but also by the phase structure of the alloys. 
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In the case of the as annealed Au-Ni sample, the catalyst arrays showed much less catalytic 

activity towards the α(NaOH)2 oxidation reaction with increasing the Ni content values (Figure 46). 

This may indicate that a weak hydroxide bond occurred after the annealing process due to surface 

compositional/ structural changes that in turn reduced the hydroxide coverage at the annealed 

Au-Ni alloy sample. Furthermore, the cathodic peak associated with the reduction of the 

α(NaOH)2 observed at the CVs of the unannealed Au-Ni alloy at around -1.03 VSCE was not seen on 

the CVs of the annealed Au-Ni alloy sample. It appears that the annealed Au-Ni surface (enriched 

surface with Au) exhibits irreversible behaviour for the oxidation/ reduction hydroxide processes 

occurring on the annealed surface of the richest Ni region in comparison with the unannealed Au-

Ni sample. This can be supported by the observed fading of the cathodic shoulder in the CV profile 

(see Figure 38) taking place when increasing scanning potential limits. This could imply that the 

transition from reversible to irreversible behaviour for the oxidation/ reduction processes of the 

Ni(OH)2 reaction during an anodic sweep may start at low scanning potential limits for the 

annealed Au-Ni alloy sample.  

 

Figure 46: Comparison of the current density of the α-Ni(OH)2 oxidation reaction before and 

after annealing the Au-Ni alloys. 

High throughput electrochemical screening measurements were carried out on the Au-Ni alloy 

after annealing to 300 ⁰C for 15 min. The CV responses of the catalysts arrays were investigated in 

the potential range between -1.2 VSCE and +0.15 VSCE at a scan rate of 25 mV/s. Figure 47 shows 

selected forward sweeps of (a) the annealed Au-Ni alloy catalysts in an alkaline solution 
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(containing 0.01 M and NaBH4 0.1 M NaOH) recorded for the electrode arrays as a function of 

composition along with (b) Au and (c) Ni pure metals. Apart from the onset potential shift of the 

direct BOR, the anodic peaks of Au-Ni alloy catalysts before and after annealing exhibited 

electrochemical behaviour with similar qualitative responses. However, the Au-Ni activity of the 

electrode arrays towards the direct BOR exhibits noticeable changes.  

 

Figure 47: Forward sweep voltammograms showing the anodic peaks attributable to the direct 

BOR on (a) the annealed Au-Ni alloy as a function of electrode composition, (b) pure 

Au (disc electrode (0.75 radii)) and pure Ni (disc electrode (0.25 radii)) recorded for 

0.01 M of NaBH4 in 0.1 M of NaOH at sweep rate of 25 mV s-1. 
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The onset potential and the current density were extracted from the CV data to assess the 

performance of the Au-Ni alloy catalysts before and after annealing. A shift towards more positive 

potential values occurred for most of the alloy catalysts to that recorded for the unannealed Au-

Ni alloy catalysts. The results of this comparison are given below in Figure 48. It can be seen in this 

figure that the electrode composition influences the behaviour toward the direct BOR on both 

samples (annealed and unannealed). The value of the onset potential difference between the 

unannealed and annealed Au-Ni alloy varies with the alloy compositions. As compared with the 

high Au concentration, both samples showed negative shifts for alloy catalysts with Ni 

concentration between ca. 10 and 40 at. %, indicating that the addition of the Ni in the Au-Ni 

shows improved activity for the direct BOR. However, with the increase of more Ni content, the 

onset potential of the BOR moves further positive potential values. For the annealed Au-Ni alloy 

sample, the most negative potential of the BOR was recorded for the Au72-Ni28 at around -0.9 VSCE. 

However, the direct BOR onset potential for the Au72-Ni28 catalyst is 0.05 VSCE higher than the 

unannealed Ni35-Au65 (optimal) catalyst (-0.95 VSCE). A possible reason for the shift in the onset 

potential of the direct BOR is that the Au-Ni alloy surface was enriched with Au after annealing, 

which could have reduced the degree of alloying at the alloy surface and give higher onset 

potential values. It is also possible that the Au ensemble is associated with lower ensembles of Ni 

atoms that give rise to the activity reduction.  
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Figure 48: The onset potential of the BOR as a function of electrode composition for the Au-Ni 

alloy before and after annealing extracted from the recorded CVs at I threshold= 

0.0085 mA mm-2. 

The activity of the Au-Ni alloy catalysts after annealing was determined based on the current 

density of the direct BOR extracted at the same oxidation potentials (-0.8 VSCE, -0.5 VSCE and -0.2 

VSCE) (Figure 49). Annealing the Au-Ni alloy catalysts increased the number of active sites in the Ni-

rich region, and hence, the catalysis of the BOR. As can be seen, the current density at -0.8 VSCE, in 

both unannealed and annealed cases, is sensitive to the incorporation of Ni. However, the activity 

in the annealed Au-Ni alloy is now broader over composition due to Au segregation. This indicates 

that more active centres were produced over a larger region on the annealed surface.  

Active sites are delayed on the annealed Au-Ni alloy surface due to Au segregation. The highest 

current density at -0.5 VSCE, before and after annealing, was recorded for the high Au contents. 

However, the BOR at the annealed Au-Ni alloy showed a maximum current density of ca. 35 µA 

mm-2 (Figure 49), while the unannealed Au-Ni alloy showed a maximum current density of ca. 55 

µA mm-2 (Figure 42).  Note that this also coincides with the shift of the onset potential to more 

positive values and, thus, the effect of mass transport at -0.5 VSCE is lower on the annealed 

catalysts compared to the unannealed Au-Ni alloy. The reason for this is that Ni in the unannealed 

sample provides adsorption sites at low oxidation potentials (more negative) adjacent to active Au 

sites and, therefore, the reaction is being driven harder at -0.5 VSCE, while a delayed formation of 

these active sites was occurring after annealing. 
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The shape of the current trend at -0.2 VSCE reflects low coverage of formed oxide on the annealed 

alloy surface due to Au segregation. The relationship between the current density and the surface 

composition at -0.2 VSCE in the annealed Au-Ni alloy is not linear anymore as it was in the case of 

the unannealed Au-Ni alloy catalysts. This indicates that the effect of the inert Ni blocking the BOR 

was reduced after annealing the Au-Ni alloy catalysts.  

 

Figure 49: Borohydride activity trends analysis on the (annealed) Au-Ni electrode arrays through 

current density from the CVs at -0.8 VSCE, -0.5 VSCE and -0.2 VSCE correlated with Ni 

composition. The dashed line is a visual guide. 

 Conclusion 

The main goal of this chapter was to understand the relationship between the bulk/ surface of the 

alloy Au-Ni alloys and their catalytic activities as catalysts for the direct BOR. Therefore, HT-PVD 

method was used to deposit non-equilibrium and equilibrium Au-Ni alloy catalysts with a wide 

range of compositions. EDX/SEM measurements demonstrated that a linear gradient in the range 

of 5 ≤ x ≤ 95 was achieved. Non-equilibrated phases exhibited solid solution alloy materials in the 

unannealed (RT) Au-Ni alloy materials. The thermal annealing performed at 300 ˚C and 600 ˚C for 

15 min was carried out under vacuum conditions. The (111) diffraction region was presented with 

respect to the Au content to illustrate the change after the thermal annealing. It was noticed that 

the (111) Bragg peak positions of the annealed Au-Ni alloy showed phase separation. The XPS 

analysis of the surface composition with respect to the bulk composition before and after 

annealing showed evidence of segregation of Au to the alloy surface. 
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The catalytic activity of the Au-Ni alloy catalysts for the direct BOR was evaluated using the high 

throughput electrochemical screening technique. The addition of a small Ni concentration (ca. 10-

40 at. %) in the Au-Ni alloy sample increased the activity for the direct BOR. As seen, the typical 

CV curves shifted towards more negative potential values as small amount of Ni contents added 

to the Au-Ni alloy catalysts. The results of the ignition potential analysis of the direct BOR showed 

that among all the catalysts, the unannealed Au65-Ni35 catalyst was the most active catalyst 

recorded at -0.95 VSCE. Moreover, the composition-ignition potential trend of the direct BOR on 

the annealed Au-Ni alloy catalysts showed a potential shift to higher potential values when small 

amount of Ni was present on the Au-Ni alloy surface compared to unannealed Au-Ni alloy 

catalysts. The maximum negative potential of the direct BOR on the annealed Au-Ni alloy catalysts 

was recorded for the Au72-Ni28 at around -0.9 VSCE. This alloy catalyst can be an optimal catalyst for 

low cost DBFCs as it offers high activity for the direct BOR compared to the pure Au.  

Generally, several surface catalytic properties may influence the performance of the Au-Ni alloy 

catalysts due to structural or electronic/ ensemble effects.  It was proven that an addition of a 

small concentration of Ni (ca. 30 %) into Au catalyst enhanced the activity for the BOR. The 

appearance of the current density of the BOR on the annealed Au-Ni alloy in the Ni-rich (up to 70 

%) region also reflects the small coverage of oxide layer on the annealed alloy surfaces due to Au 

segregation.  
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Chapter 5 Au-Cu Alloy Catalysts for Direct BOR 

 The Au-Cu Alloy System 

The aim of this chapter is to understand the relationship between the catalytic activities of Au-Cu 

thin film alloys as catalysts for the direct BOR. The composition and structure of a catalyst plays a 

key role in determining its performance. Since the electrochemical reactions take place on the 

surface of the Au-Cu alloy catalysts, the initial analysis was conducted to define their bulk/ surface 

composition and structure, respectively. Each of these will be characterised separately. 

Subsequently, the electrochemical behaviour of the Au-Cu catalysts towards the direct BOR will 

be analysed and discussed. 

5.1.1 Surface Science Studies of the Au-Cu Alloy System 

The Au-Cu alloy system is a model of the order-disorder phase transformation. Figure 50 shows 

the bulk equilibrium phase diagram that contains two stable phases depending on the 

temperature115. Below the solidus, at high temperature, a continuous solid solution with a face 

centred cubic (fcc) structure is formed all over the alloy composition. At this stage, the lattice sites 

are randomly occupied by the Au and Cu atoms creating a short-range order (disordered phase). 

At low temperatures, super lattice structures, named as Au3Cu, AuCuI and AuCu3I, are formed 

depending on the composition. These three structures are identified at room temperature at 

compositions Cu25Au75, Cu50Au50 and Au25Cu75, respectively. During this transformation, the atoms 

rearrange themselves into specific lattice sites in a long-range order creating ordered phase. 

 

Figure 50: The phase equilibrium diagram of Au-Cu alloy system illustrates the order-disorder 

phase transformation over a range of temperatures115. 
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Disorder-order Au-Cu alloys were synthesised and characterised using different methods. Silva et 

al. used two different preparation methods; quenching of the bulk Au-Cu alloy and co-deposition 

by magnetron sputtering116. The composition of the bulk Au-Cu alloy was Au50.5-Ni49.5 atomic 

percentage, while the Au-Cu thin films (as deposited and annealed) compositions were Au50.6 -

Cu49.4 at. %. The diffraction peak (220) of the Au-Cu for the as deposited sample indicated that the 

sample corresponded to the disordered fcc phase structure. The annealed sample showed a 

characteristic of the Au-CuI super lattice structure due to the separation of the 220 peaks into 

(220) fct (face centred tetragonal) and (022) fct. 

Tynkova et al. used DC magnetron sputtering to prepare Au/Cu nanocrystalline thin films with 

different bilayer thicknesses117. Different annealing times were applied on the bilayer thin film 

samples and the formation of homogenous layer was studied. The samples were annealed under 

vacuum with a different set of temperatures ranging from 160 to 330 °C. For the Au (25 nm)/Cu 

(50 nm) thin film sample, they found that the diffusion ratio of the Au to the Cu layer was less 

intensive than the Cu diffusion into the Au layer. However, when studying a lower thickness of the 

bilayer Au (10 nm)/ Cu (25 nm) (under the same conduction), the diffusion developed more 

rapidly. When applying 180 ˚C on samples Au (25nm)/Cu (25nm) and Au (25nm)/Cu (12nm), a 

homogeneous layer was formed after 5 h with 50/50 composition in the uppermost layer. The 

depth profile measurements revealed an increase (up to about 10%) of the Au composition in the 

centre of the Cu layer. This increase in the Au composition was also found to be greater after 

increasing both the annealing time (20 h) and the temperature (200 °C).  

Losch et al. studied the effect of temperature on the surface composition of polycrystalline Au-Cu 

alloys by means of Auger electron spectroscopy (AES) measurements118. The composition of the 

surface was in the range of Au 7.5 to 65.3 at. %. Enrichment of Au at the Au-Cu alloy surface 

occurred at temperatures ranging from 200 to 550 °C. The segregation was found to linearly 

decrease as the temperature increases. In addition, an inverse enrichment on the surface when 

the surface contained impurities such as S or O at 600 °C was also seen. 

Edgar et al. also conducted a study on various compositions of the polycrystalline Au-Cu alloy119. 

They prepared the Au-Cu alloy using pure Au and Cu metals, which were heated via a tube 

furnace up to 1100 °C for 6 h and then left to cool down to room temperature. The surface 

compositions of the Au-Cu alloy before and after O2 exposure at room temperature were 

examined by angle resolved XPS. The authors found that Au was segregated to the Au-Cu alloy 

surface before exposing to O2. However, after O2 exposure, the Au-Cu alloy surface showed Cu 

enrichment. 

Dennis et al. used combinatorial synthesis to make Au-Cu binary alloys120. The co-deposition was 

carried out using sputter targets. The sputter targets of both elements were fixed in an opposite 
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direction at an angle of 28° with respect to the substrate in order to make materials libraries of 

Au-Cu binary alloy nanoparticles with a range of compositions. Gradient compositions of Au-Cu 

binary alloys ranging from Au15-Cu85 to Au77-Cu23 atomic percentage were determined by EDX. The 

small concentration of the Au-Cu nanoparticles affected the XRD patterns and showed 

unsatisfactory XRD results. 

5.1.2 Au-Cu Alloy as Catalysts for DBFC 

Au-Cu alloy has been used in catalysis for several applications in various fields. The Au-Cu alloy is a 

selective catalyst for low temperature CO oxidation121-123. Au was found to be a good low 

temperature oxidation catalyst for CO when a nanoparticle. However, the incorporation of Cu to 

Au nanoparticles was found to produce much more stable nanoparticles in applications such as 

automobile emission in high temperature environment. Similarly, the Au-Cu alloy exhibits high 

activity for the oxidation of alcohol to aldehydes used for the manufacture of cosmetics and 

food124-125. In the following section, studies that examined the catalytic activity of the Au-Cu alloy 

for the direct BOR will be reviewed. 

Lanhua et al. examined the catalytic activity of Au-Cu/C bimetallic catalysts using electrochemical 

measurements and the fuel cell experiment126. The Au-Cu/C where prepared by a reduction of 

NaBH4 to HAuCl4 in aqueous solution. Their investigations were carried out on Au75-Cu25/C, Au67-

Cu33/C and Au50-Cu50/C in a basic solution containing 0.1 M of NaBH4 and 3 M of NaOH. Among the 

Au-Cu alloy catalysts, the Au67Cu33 catalyst showed high catalytic activity for the direct BOR. This 

was attributed to the non-catalytic nature of the Au/C and the Au-Cu/C towards the hydrolysis 

reaction of the BH4
-.  

The oxidation of BH4ˉ on a nanostructured Au-Cu/ Ti surface with various loading of Au including 

5.6, 9.8, and 19.8 µg cm-2 was studied using CV and chronoamperometry (CA)127. The oxidation of 

the BH4ˉ was performed in an alkaline solution containing 1 M of NaOH and 0.05 M of NaBH4. The 

catalyst behaviour of both Au and Cu pure catalysts in the absence and in the presence of NaBH4 

was studied. It was found that the pure Cu was inactive as the oxidation of BH4ˉ occurs at a 

surface that is already covered by an oxide layer of OHads. Unlike the Cu, the catalytic activity of 

the pure Au was found to be more active towards the BH4ˉ ion. The anodic peak assigned for the 

direct oxidation of the BH4ˉ on alloy compositions of Au1.77Cu95.49, Au2.73Cu94.67 and Au6.87Cu91.14 

catalysts shifted towards more positive potential values compared to the pure Au. This indicated a 

higher overpotential on the alloy, and hence a lower electro-catalytic activity. The highest activity 

recorded by chronoamperometry (CA) was found to be for the catalysts that have less Au loading. 

The current density of BOR peak was found to be seven times higher than that of the pure Au. 
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Wang et al. carried out a comparative study of Au-Cu nanotube alloy catalysts for the oxidation of 

the BH4ˉ ion128. The catalytic behaviour of the noble alloys towards the direct BOR was 

investigated in a basic solution containing 3 M of NaOH using CV. It was found that the Au-Cu 

alloy exhibited higher catalytic activity than that of Au particles. 

 High Throughput Characterisation of the Au-Cu alloy Catalysts 

5.2.1 Bulk Composition Analysis of the Au-Cu Alloys  

SEM/ EDX measurements were carried out for high throughput analysis of the bulk composition of 

the Au-Cu alloy thin film catalysts. Measurements made in the discrete 10 x 10 fields of an 

electrochemical chip with ITO substrate to determine the precise composition at each electrode 

that is defined by x and y coordinates. Figure 51 shows two composition plots of the normalized 

atomic ratio of the Cu content and the Au content useful in determining electrode compositions. 

Each composition plot represents visually observable electrodes with graded compositions as a 

function of position. The composition gradient was chosen such that it includes a wide range of 

composition across the substrate. The composition of the Au1-xCux alloy catalysts synthesised 

correspond to the range 10 ≤ x at. % ≤ 96.  

 

Figure 51: Composition plots of the relative Au and Cu concentration on the 10x10 (ITO-e-chem) 

electrode arrays determined by EDX measurements showing distinguishable regions 

of the pure-components with false colour in which the composition of each electrode 

can be identified in terms of visual analysis. 

5.2.2 XRD Analysis of the Au-Cu Alloys  

XRD measurements were carried out to determine the bulk crystal structure of the Au-Cu alloy 

sample synthesised under non-equilibrium conditions. The XRD patterns of the unannealed Au-Cu 
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alloy shown in Figure 52 are regarded as the best representation for the crystal structure across 

all compositions on a thin film of thickness ca. 150-180 nm. As is evident in the XRD patterns, the 

diffraction peaks at 38.10⁰, 43⁰, 45.00⁰ and 51⁰ Bragg angles are assigned to the alloy phases Au-

Cu (111) and Au-Cu (200) (PDF Card-01-077-6964). Both Bragg peaks shift to higher Bragg angles 

with increasing Cu content. This indicates that solid solution alloy phases were formed. In 

addition, orthorhombic Au-Cu structures were distinguished by a low intensity peak observed at 

intermediate composition. The diffraction peaks observed in the XRD spectrum of the 

intermediate composition (Cu51.3Au48.7) at 2θ= 23.45⁰ correspond to Au-Cu orthorhombic (013) 

(PDF Card-01-072-5239).  

 

Figure 52: XRD diffraction patterns for the unannealed Au-Cu alloy (RT) covering different 

compositional regions where 5 ≤ x at. % ≤ 95. 

The XRD spectra from 21⁰ to 53⁰ Bragg angles demonstrate that the (111) reflection that 

corresponds to the Au-Cu (111) fcc structure is the most intense peak. The strong reflection at 

38.4⁰, corresponding to the (111) (Cu deficient), shows a clear shift to higher 2θ values with 

increasing the Cu content. The peak position of the (111) Bragg peaks was used to experimentally 

determine the relationship between the lattice constant and composition in the Au-Cu alloys. The 

lattice constant of the unannealed Au-Cu alloy sample was calculated using Vegard’s law to obtain 

a linear relationship between the lattice parameter of the Au-Cu solid solution alloy and the bulk 

composition of the Au-Cu alloy. The lattice constants of the pure elements, Au and Cu, are a =4.06 
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Å105 and a Cu= 3.615 Å129, respectively. Comparing the lattice constant with the Cu composition 

suggests that Au and Cu are alloyed in a single crystalline phase with no phase separation for alloy 

compositions less than Cu-60 at. % (Figure 53). A small deviation can be seen for alloy 

compositions of Cu higher than 60 at. % which could indicate that an intermetallic phase of Au-Cu 

is beginning to form.  

 

Figure 53: The lattice parameter (a) fcc of the unannealed Au-Cu unit cell versus Cu 

composition. The red and the green crossed circles at the extreme ends are the 

lattice parameters of pure Au105 and Cu129 pure elements. The dashed line represents 

Vegard’s law. 

XRD measurements were performed on the Au-Cu alloy sample annealed at 300 °C for 15 min 

under UHV (Figure 54). The diffraction patterns of the annealed Au-Cu exhibits neither indication 

for phase separation nor extra reflections in the regions shown when compared to the 

unannealed Au-Cu alloy sample (Figure 52). As can be seen, the (111) peak and (200) Bragg peaks 

shifts to higher 2θ with increasing Cu content with the same peak position as the unannealed Au-

Cu alloy sample. Figure 55 shows the lattice constant of the annealed Au-Cu alloy as a function of 

Cu composition. It can be observed that the lattice constant of the Au-Cu alloy between the pure 

elements shows no difference when compared with lattice constant variations in the unannealed 

Au-Cu (Figure 53).  
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Figure 54: XRD diffraction patterns for the annealed Au-Cu alloy (300 ⁰C for 15 min) covering 

different compositional regions where 5 ≤ x at. % ≤ 95. 

 

Figure 55: The lattice parameter (a) fcc of the as annealed Au-Cu unit cell versus Cu 

composition. The red and the green crossed circles at the extreme ends are the 

lattice parameters of Au105 and Cu129 pure elements. The dashed line represents 

Vegard’s law. 
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In order to distinguish the contribution of the thermal annealing on the Au-Cu alloy, the maximum 

peak intensity and the full width at half maximum (FWHM) of the (111) Bragg peak was plotted as 

a function of Cu content (Figure 56 and 57). The maximum peak intensity of the (111) Bragg peak 

of the annealed Au-Cu alloys show a significant increase, noticeably, the intensity of the (111) Au-

rich Bragg peaks compared to the unannealed alloys. Moreover, the FWHF of the (111) Bragg 

peaks showed a decrease. This indicates that the crystallite size of the Au-Cu alloy increased after 

the thermal annealing.  

 

 

Figure 56: Maximum peak intensity of the (111) Bragg peak in the Au-Cu alloy (a) unannealed 

and (b) annealed at 300 °C versus Au bulk composition. 
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Figure 57: Full width at Half-maximum intensity (FWHM) of the (111) Bragg peaks for the 

unannealed (RT) and the annealed (300 ⁰C) Au-Cu alloys based on Gaussian fitted 

(111) peaks. 

5.2.3 Surface Composition of Au-Cu Alloys  

XPS experiments were carried out to determine the surface composition of the Au-Cu alloy before 

and after annealing. The sample was transferred to the XPS chamber with a base pressure of 

4.266 10-9 mBar after deposition without breaking the UHV. The XPS results of the Au-Cu alloy 

sample are given in Figure 58. The XPS spectra display the Au 4f and the Cu 2p core levels 

measured at different bulk composition. The Au 4f and the Cu 2p spectra show that the ratio of 

the two elements varies as a function of surface composition. As the concentration of the Cu 

increases in the unannealed Au-Cu alloy, the Au 4f XPS peaks become less intense than the Cu 2p 

XPS peaks and vice versa.  

The results displayed in Figure 59 show features of binding energy shifts for the Au 4f7/2 and Cu 

2p3/2 core levels of the unannealed Au-Cu alloy sample. When decreasing the Au concentration in 

the Au-Cu alloy, the Au (4f7/2) peak shifts towards a lower binding energy. However, when 

decreasing the Cu concentration in the Au-Cu alloy, the Cu (2p3/2) shifts towards higher binding 

energy. The increase/decrease in binding energy with increasing/decreasing composition is 

indicative of the effect of the electron transfer, which confirms the alloying of Au with Cu. 

https://en.wikipedia.org/wiki/Intensity_(physics)
https://en.wikipedia.org/wiki/Full_width_at_half_maximum
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Figure 58:  XPS spectra of the (a) Au 4f and (b) Cu 2p valance bands for various bulk 

(Unannealed) Au-Cu alloy compositions including (Au92.61-Cu7.39, Au79.99-Cu20.01, Au58.51-

Cu41.49, Au6.9-Cu93.1). 

 

Figure 59:  The peak positions of the unannealed Au-Cu alloy (a) Au (4f7/2) and (b) Cu (2p3/2) core 

levels as a function of composition. 

The Au-Cu alloy sample was exposed to post-annealing at 300 ⁰C for 15 min to determine the 

surface segregation of Au to the top-most surface layer. Figure 60 shows the XPS spectra of the 

Au 4f and Cu 2p core levels. The Au 4f doublet peaks show a slight shift in the Au (4f7/2) peak 

position towards higher binding energy as the Au decreases in the Au-Cu alloy. The observed 

binding energies were slightly higher than those of the Au-rich alloy possibly due to a slight 

enrichment that can be observed at low Au composition. The atomic concentration was 

calculated from the XPS peak areas. Figure 61 shows a comparison of the Au surface compositions 
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before and after post annealing relative to the bulk composition of Au determined by EDX. The 

results show (within experimental error) no evidence of segregation of either element at any 

composition on the equilibrated Au-Cu alloy, in contradiction with other experimental 

observation where the occurrence of the Au segregation to the surface in the absence of 

impurities (O2) was reported118, 120. 

 

Figure 60: XPS spectra of the (a) Au 4f and (b) Cu 2p valance bands for various Au and Cu 

compositions (Au92.61-Cu7.39, Au79.99-Cu20.01, Au58.51-Cu41.49, Au6.9-Cu93.1) after annealing to 

300 ⁰C for 15 min. 

 

Figure 61: Surface composition of Au-Cu alloy before and after annealing to 300 ⁰C measured by 

XPS versus the bulk composition determined by EDX. 
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 The Catalytic Activity of the Au-Cu Alloy Catalysts 

High Throughput Electrochemical Screening was used to evaluate the catalytic activity of the Au-

Cu alloy catalysts as a function of composition. Efforts were made to lower the cost as well as to 

increase the activity of the direct BOR. The formation of oxide on the pure Cu was shown to block 

the surface sites for the BH4⁻ (see Chapter 3). Unlike Cu, the direct BOR is active on pure Au. 

Alloying Au with Cu has been reported to improve the catalytic activity of Au for the BOR127,128 

although a distinction of the catalytic activity for a wide range of Au-Cu alloy compositions was 

not explored. The combinatorial method for achieving solid solution alloys could lead to a better 

understanding of the reasons for the increase in the BOR activity on Au-Cu alloy catalysts. It could 

also offer interesting insight into the reaction mechanism. Therefore, Au-Cu alloy catalysts were 

synthesised with a wide range of compositions to study the effects of the alloy formation on the 

catalytic properties in the presence and in the absence of the borohydride.  

5.3.1 The Electro-catalytic Activity of the Unannealed Au-Cu Alloys for Direct BOR    

In order to understand the role of the electronic/ ensemble effects on the electrochemical 

oxidation of the borohydride, the possible redox reactions occurring on the unannealed Au-Cu 

alloy catalysts in the 0.1 M NaOH were studied in the potential range between -1.3 VSCE and +0.1 

VSCE at a scan rate of 50 mV/s. The CVs displayed in Figure 62 show (1) the hydrogen evolution 

reaction and (2) surface oxide formation/ reduction on the Au-Cu alloy catalysts for various 

compositions taking place at different potentials. The large peak observed in the cathodic scan at 

-1.05 VSCE for the Cu 89.7 at. % alloy catalysts correspond to the hydrogen evolution which 

increases with increasing Cu content, shifting the onset potential to positive values.  

The CVs also show that the surface oxide formation/ reduction increases as the Cu content 

increases in the Au-Cu alloy. The peaks corresponding to the oxide formation have a close 

relationship with the peaks of the oxide removal. It can be seen that three anodic peaks in the 

forward scan at -0.4 VSCE, -0.2 VSCE and 0.0 VSCE are associated with three cathodic peaks in the 

backward scan that was also observed on Cu pure metal catalysts assigned for Cu2O, CuO and 

Cu2O3 respectively (see Chapter 3). These anodic peaks are very pronounced on the alloy catalysts 

of Cu 89.7 at. %. This indicates that the increase of Cu concentrations in the Au-Cu alloy catalyst 

increased the activity for the oxide formation.  
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Figure 62:  CVs showing the electrochemical activity of the (unannealed) Au-Cu alloy catalyst in 

0.1 M of NaOH at a potential scan rate of 50 mV/s from -1.3 VSCE to +0.1 VSCE as a 

function of electrode composition. 

The catalysts activity of the unannealed Au-Cu alloys towards the BOR was examined over a wide 

range of compositions. For comparison, Figure 63 shows forward scans of selected Au-Cu alloy 

catalyst compositions in the presence of 0.01 M NaBH4 recorded in between the potential range -

1.2 VSCE and 0.0 VSCE at a scan rate of 25 mV/s. Initially, it is important to observe the appearance 

of new anodic peaks, the shape of these peaks and their current peaks on the voltammogram in 

the presence of the borohydride, under these conditions, as a function of Au-Cu catalyst 

compositions. The second step is to evaluate the activity of the alloy catalysts as a function of 

composition because there is a clear difference in the onset potential values of the BOR. 
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Figure 63: A forward scan of CVs showing the unannealed Au-Cu alloy catalysts over a wide range 

of compositions in 0.01 M NaBH4 at scan rate of 25 mV/s from -1.2 VSCE to 0.0 VSCE.  

It should be noted that the BOR observed during the evaluation of the catalytic activity of Cu pure 

metal was reported to take place at a very positive potential +0.5 VSCE (Figure 15 Chapter 3), while 

in the case of pure Au, the BOR was taking place at more negative potential (-0.6 VSCE). The anodic 

peak of the BOR on pure Au has a similar shape to the anodic peak observed on the Au-rich alloy 

catalysts. The onset potential of this anodic peak is shifted as the composition of the Au-Cu alloy 

catalyst is changing which is a clear indication of the dependence of the BOR activity on the 

catalyst composition.  

Figure 64 shows comparison of the onset potential of the BOR as a function of Au-Cu alloy 

composition. The onset potential of the BOR starts on the Au-rich alloy catalysts at an onset 

potential around -0.5 VSCE, while for Cu-rich catalysts the onset potential starts at about -0.67 VSCE. 

The presence of Cu in the Au alloy catalysts shifts the onset potential of the BOR to more negative 

potentials.  

Clearly, the activity of the Au-Cu alloys for the direct BOR depends on the composition. Among 

the Au-Cu alloy catalysts, the Au22.1-Cu79.9 composition oxidised the BOR at more negative onset 

potential (ca. -0.71 VSCE) offering high catalytic activity. It seems that the presence of a small 

ensemble of Au atom surrounded by more Cu atoms plays a major role in which it activates the 
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direct BOR. When the concentration of Au at the surface is largely decreased (nearly pure Cu), the 

catalytic activity becomes very low and the onset potential of BOR shifts from a very negative to a 

very positive onset potential. These two characteristics are a clear indication of the role of the 

electronic and ensemble effects in modifying the catalytic activity of the Au-Cu alloy catalysts for 

electro-oxidation reaction of the borohydride. 

 

Figure 64: Onset potentials (at I threshold = 6.3 x10-06 A mm-2) of the BOR versus Cu composition 

for the as unannealed Au-Cu alloy sample. The pure Cu has an onset potential is much 

higher. The transparent line is a guide to the eye.  

The next step is to determine the activity of the direct BOR in terms of the measured current as a 

function of Au-Cu alloy composition. Figure 65 shows the current density of the direct BOR at -0.8 

VSCE, -0.5 VSCE and -0.2 VSCE. The highest current density at -0.8 VSCE can be assigned to the catalyst 

composition between Cu-70 and Cu-87 at. % in the Au-Cu alloy increasing from 1 μA mm-2 to 3 μA 

mm-2. This indicates that the catalysis is occurring on a surface containing small Au ensembles 

embodied in larger Cu ensembles.  

The increase of the measured current at -0.5 VSCE in the Cu-rich region indicates the presence of 

two processes on the Au-Cu alloy surfaces for the same oxidation reaction process. The first 

process, the catalysed BOR, is occurring earlier and therefore it is being driven harder at -0.5 VSCE. 

On the other hand, the second process is due to the additional activity in which Au is the active 

component. At a potential of -0.2 VSCE, the latter seems to be dominant, and therefore it is now 

influenced by the addition of Cu due to the suppression caused by oxidation of the Cu sites.   
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Figure 65: Comparison of the current density of the direct BOR extracted from the CVs data of 

unannealed Au-Cu alloy catalysts at -0.8 VSCE, -0.5 VSCE and -0.2 VSCE. 

. 

5.3.2 The Electro-catalytic Activity of the Annealed Au-Cu Alloys for Direct BOR  

The Au-Cu alloy catalysts (after annealing to 300 ⁰C for 15 min) were electrochemically screened 

in 0.1 M NaOH to determine their activities in the absence of the borohydride (Figure 66). The CVs 

of the alloy catalysts were investigated at the same potential range as the unannealed Au-Cu 

alloys (between -1.3 VSCE and +0.1 VSCE) at a scan rate of 50 mV/s.  

The CVs of the annealed Au-Cu alloy for the oxide formation/removal and the hydrogen evolution 

is quite different when compared with the unannealed Au-Cu alloy sample. During the anodic 

scan, the oxide layer on the Cu-rich catalyst is started to form at ca. -0.65 VSCE, while on the 

unannealed sample the oxide formation started at ca. -0.45. This shift indicates higher activity of 

the annealed Au-Cu alloy catalysts towards the formation of the OHads. As the potential increases 

to more positive potential (to -0.1 VSCE), the current density of the oxide formation increased. The 

largest current density of the oxide formation at -0.1 VSCE can be observed for the Cu86.4 Au13.6 alloy 

catalyst. This demonstrates that the oxide formation is strongly dependent on the Cu content. 

Furthermore, on the cathodic scan, as can be seen, the annealed Au-Cu alloy catalyst show no 

activity for the hydrogen evolution compared to the unannealed Au-Cu alloys. It is possible that 

an arrangement transformation of the Au/Cu atoms at the surface occurred after annealing that 
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increased the formation of the oxide and reduced the HER activity on the annealed Au-Cu alloy 

catalysts.  

 

Figure 66: Cyclic voltammograms showing the electrochemical activity of the annealed Au-Cu 

alloy catalyts (at 300 ˚C for 15 min) in 0.1 M of NaOH at a potential scan rate of 50 

mV/s as a funtion of electrode composition. 

A large change occoured in the the catalytic activity of the Au-Cu alloy catlyts towards the direct 

BOR after annealing the sample to 300 for 15 min. Figure 67 shows the forward scan of selected 

CVs of 0.01 M NaBH4 in the potential range between -1.2 VSEC and 0.0 VSCE  at a scan rate of 25 

mV/s. It can be seen that the annealed Au-Cu alloy sample exhibits better catalytic activity for 

BOR when compared to the unannealed Au-Cu alloy catalysts. A shift of the onset potential of the 

BOR to more negative potential (ca. 0.15) can be observed for the annealed Au-rich alloy catalysts. 

For alloy catalysts with higher Cu content, the anodic peak of the BOR occurs at two discrete 

potentials at -0.7 VSCE and -0.3 VSCE. Similarly, the BOR on the unannealed Cu78.3-Au21.7 catalysts 

were also separated (CVs results in Figure 63) but the oxidation peak of the second peak was 

smaller and absent for catalysts with higher Cu content compared to the annealed Au-Cu alloys.  
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Figure 67: CVs of the annealed at 300 ˚C Au-Cu alloy catalysts over a wide range of compositions 

in 0.01 M NaBH4 at scan rate of 25 mV/s from -1.2 VSCE to 0.0 VSCE. 

The onset potentials of the BOR on the annealed Au-Cu alloy catalysts was evaluated and 

compared with the unannealed Au-Cu alloys (Figure 68). As can be seen, the annealed Au-Cu alloy 

catalysts show a shift in the onset potential of the direct BOR to more negative values indicating 

enhanced activity. It can also be observed that there is a general upward trend in the onset of the 

BOR activity on the annealed sample as the Cu content increases from 70-90 at. %, while there is a 

downward trend in the onset potential of the alloy catalysts with composition of between ca. 

Cu40-55 at.%. This showed that atoms present on the alloy surface were affected by the thermal 

annealing that modified the active sites (adjacent active sites), a possible reason to account for 

why the onset potential of the direct BOR shifted to more negative potentials on the annealed Au-

Cu alloy when compared with the unannealed Au-Pt alloy sample. Thus, the thermal annealing 

appears to have a beneficial effect on the activity of the Au-Cu catalysts.  
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Figure 68: Onset potentials (at I threshold = 6.3 x 10-06 A mm-2) of the BOR versus Cu composition 

for the unannealed Au-Cu alloy and the annealed Au-Cu alloy catalysts. The 

transparent line is a guide to the eye. 

The current densities of the BOR on the annealed Au-Cu alloys were extracted from the CV data at 

the same potentials (-0.8 VSCE, -0.5 VSCE and -0.2 VSCE) as before annealing. The current was plotted 

as a function of Cu compositions (Figure 69). As can be seen, there is almost no measured current 

at -0.8 VSCE across all alloy compositions compared to the unannealed Au-Cu alloy sample. This 

could mean that a modification of the electronic/ensemble on the annealed Au-Cu alloy surfaces 

may have developed after the annealing process, and thus affected the overall active sites. This, in 

turn, accounts for the constant current density observed at -0.5 VSCE. On the other hand, there is a 

linear decrease in the current densities at -0.2 VSCE as the Cu content on the annealed alloy 

surfaces increases compared to the measured current densities extracted at -0.8 VSCE and -0.5 

VSCE. This demonstrates how the addition of Cu atoms in the alloy surface are responsible for 

adsorbing O2 (blocking the BOR) compared to Au atoms at higher oxidation potentials (-0.2 VSCE).  
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Figure 69: Comparison of the current density of the direct BOR extracted from the CVs data of 

annealed Au-Cu alloy catalysts at -0.8 VSCE, -0.5 VSCE and -0.2 VSCE. 

 Conclusion 

HT-PVD method was used to deposit non-equilibrium and equilibrium Au-Cu alloy catalysts with a 

wide range of compositions. EDX/SEM measurements demonstrated that a linear gradient in the 

range of 5 ≤ x ≤ 90 was obtained. The XRD results of the unannealed Au-Cu alloy showed single-

phase alloys. Moreover, XRD analysis showed a shift in the Bragg peak diffractions due to 

incorporation of Cu to the Au. With an annealing temperature of 300 ⁰C, a clear difference in the 

peak intensity of the (111) Bragg peak was observed. The increase in the peak intensities was 

more noticeable in the region of Au-rich compositions. This was attributed to the increase in the 

crystal size. The XPS analysis showed that the binding energy of the Au 4f and Cu 2p core levels 

was influenced by the electronic interaction between the Au and Cu atoms showing binding 

energy shifts as the concentrations of the two elements change in the Au-Cu alloy. The XPS 

analysis of the surface composition relative to the bulk composition before and after annealing 

showed no evidence of segregation of either element at any composition.  

The high-throughput electrochemical screening results, in the absence of the borohydride, 

showed that the addition of Cu in the unannealed Au-Cu alloy catalysts increased the activity of 

the HER as well as the surface oxide formation/ removal reactions. Conversely, a large decrease in 

the HER was found on annealed Au-Cu alloy catalysts. When the Au-Cu alloy catalyst was 
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examined in the presence of the borohydride, the activity of Au-rich catalyst for the BOR was 

increasing by the addition of Cu. Moreover, the presence of a small amount of Au contents (20-30 

at. %) in the Cu-rich catalysts enhanced the activity for the direct BOR compared to the other alloy 

catalysts. This assumption is perhaps best explained using a representation of a single Au atom 

embedded in Cu atoms (Figure 70). This suggests that BH4
- adsorbs preferentially on an ensemble 

of small Au atoms surrounded by a large ensembles of Cu atoms and that may be the catalytic site 

that exhibited high activity for the direct BOR. Based on the evaluation of the onset potential of 

the direct BOR on the annealed Au-Cu alloy catalysts, the Cu72-Au28 catalyst can be a promising 

catalyst for the DBFCs. 

 

Figure 70: Au-Cu alloy ensemble corresponding to a small ensemble of Au with Cu atoms around 

it, which can be the catalytic site that offered high catalytic activity for the direct BOR. 
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Chapter 6 Au-Pt Alloy Catalysts for BOR 

 The Au-Pt Alloy System 

6.1.1 Introduction 

This chapter discusses the catalytic behaviour of the Au-Pt alloys for the direct BOR reaction. It 

begins with a brief introduction to the Au-Pt alloy binary system including surface properties and 

catalysis followed by characterisations of the surface/ bulk composition and phase structure on 

Au1-x-Ptx (1 ≤ x ≤ 99) thin films grown on Si, ITO and e-chem-Au arrays substrates. Post-annealing 

was carried out on the non-equilibrated Au-Pt alloy and was characterised as a function of atomic 

composition to elucidate further correlations between the non-equilibrated and equilibrated 

phases of the Au-Pt alloy materials. Moreover, the electrochemical activity of the (unannealed 

and annealed) Au-Pt alloy catalysts results in the absence and in the presence of the NaBH4 will be 

presented and discussed. Therefore, the goal of this chapter is as follows: to obtain an 

understanding of the phase structure of the Au-Pt bulk material alloys along with the surface alloy 

properties, to synthesis Au-Pt alloy catalysts using HT-PVD and to verify their activity for DBFCs.  

6.1.2 Literature Review of Au-Pt Alloy System 

Over the last years, the Au-Pt alloy systems have shown much interest in catalysis for fuel cells 

reactions. The Au-Pt alloys bulk are thermodynamically not miscible, and at below 1260 ⁰C, the 

critical temperature, they exhibit a large immiscibility gap extending to higher temperatures over 

a wide range of composition130. According to the phase diagram (Figure 71), at 400 ⁰C, the face-

centred cubic Au-Pt alloy shows bulk materials made of two separate phases to achieve Pt 

concentrations greater than 15 at. %, while single-phase Au-Pt alloys exist for Pt concentrations 

less than 15 at. %. 
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Figure 71: The phase diagram for the Au-Pt binary alloy as a function of both the system 

temperature and composition131. 

The surface properties of the Au-Pt alloys can have a profound impact on the catalytic activity. 

The preparation method for the synthesis of homogeneous bulk Au-Pt alloys (one phase mixture) 

with a wide range of compositions is challenging and the literature on this topic is limited. The 

deposition method of the Au-Pt alloy has a strong effect on its bulk structure and compositions, 

and therefore careful control is needed during synthesis due to the large miscibility. For example, 

Mihut et al.132 studied Au-Pt/C nanoparticles prepared by impregnation with Pt and Au precursors 

and found that alloy catalysts exhibited an activity similar to the pure Pt catalyst. The addition of 

the Au showed no improvement in the catalysts due to phase separation.  

Mott et al.133 synthesised bimetallic Au-Pt nanoparticles (NPs) in a composition range of Au10-90 

at. %. They demonstrated evidence of transformation of the Au-Pt NPs from non-equilibrated to 

equilibrated phase structure materials. They also found that by increasing the temperature of the 

Au-Pt alloys to 650 ⁰C, the fcc alloy phase structures were subjected to phase separation. A similar 

strategy was employed by Wanjala et al.134 and his co-workers to different supported materials 

for Aun-Pt100-n nanoparticles prepared by co-reduction of HAuCl4 and H2PtCl6. The study showed 

XRD comparisons for various compositions of the Au-Pt catalysts as deposited and annealed at 

high temperatures including 300 ⁰C, 400 ⁰C, 500 ⁰C, 600 ⁰C and 800 ⁰C. The structure of the Au-Pt 

homogenous alloys identified by the XRD at 300 ⁰C, 400 ⁰C and 500 ⁰C exhibited alloyed and 

partially alloyed materials, while intermetallic materials were also reported for the Au-Pt alloys 

(Au89Pt11/C and Au56Pt44/C alloys) that were treated at 600 ⁰C and 800 ⁰C, respectively. Post-
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annealing on the surface of the Au-Pt alloy resulted in surface atom arrangements different from 

the bulk materials (surface enrichment). For the Au-Pt bimetallic alloy, surface segregation was 

reported for the equilibrated Au-Pt alloys at 800 ⁰C resulting in surface alloys rich in gold due to 

the lower surface energy of Au (1.41 J cm-2) compared to Pt (2.34 J cm-2)133, 135. 

Although many researchers have been continually studying the bulk and surface properties of Au-

Pt alloy on nanoparticle materials, few have demonstrated the effects on thin film materials for 

Au-Pt alloys with controllable compositions and structures that exhibit a single-phase structure. 

For example, Irissou and co-workers 136 synthesised Au-Pt thin films by Crossed-Beam Pulsed Laser 

deposition. They achieved a non-equilibrated thin film alloy deposited at room temperature with 

various compositions ranging between Pt-0 to 100 at.%. The formation of the as deposited Au-Pt 

alloy was studied by XRD. The diffraction patterns showed a shift in the (111) Bragg peaks to 

higher Bragg angles that confirmed the formation of single-phase alloy structure. 

Brown et al.131 deposited non-equilibrated Au-Pt thin film alloys by co-sputtering. The process for 

preparing the Au-Pt alloys was interesting in its control of the elemental ratios, which were 

controlled by adjusting the power supplied to each source target. Despite the existence of the 

large miscibility gap, they proved that, as a result of the structural and compositional 

characterisations of the Au-Pt solid solutions, single phase alloys were formed over the 

compositions between Pt0-100 at%. To ensure that the surface and the bulk Au-Pt alloys had not 

segregated, Brown et al. determined the surface composition by XPS as a function of bulk 

composition. The atomic ratio of the surface was compared with the atomic ratio of the bulk by 

fitting them to lattice constant values. The straight line of the solid solution alloys, which consists 

of determining the phase structure along with the surface/bulk compositions, showed that the 

variations of the surface atomic ratio relative to the bulk were less than 4 to 10 percent for most 

of the alloys. Based on this, it was assumed that surface segregation across the entire surface had 

not occurred. 

6.1.3 Catalysis by Au-Pt Alloys 

Extensive research has been carried out by many scientists to identify the catalytic activity and the 

stability of the Au-Pt alloys for various electrochemical reactions including the oxygen reduction 

reaction (ORR)134, 137-138, methanol oxidation reaction139-140 and ethanol oxidation reaction (EOR)141-

143 operated under acidic or alkaline conditions. In addition, the Au-Pt catalysts were designed to 

selectively increase the activity of the BOR for DBFCs144-146 147. The presence of the Pt in the Au-Pt 

alloy may have a substantial influence on the direct BOR due to its catalytic nature towards the 

borohydride hydrolysis reaction affecting the complete oxidation of the eight electrons. This 

requires synthesising Au-Pt  alloy catalyst that has a low catalytic selectivity towards the 
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borohydride hydrolysis reaction to reduce the production of H2
148. Hence, the discussion will need 

to include both the BOR and the catalytic hydrolysis reactions.  

Based on the mechanism of the BOR, the rate of the hydrolysis of the BH4⁻ varies according to the 

type of the metal catalysts (see Chapter 3). When comparing the catalytic behaviour of Pt to Au 

metal catalysts, the hydrogen evolution on Au was increasingly low147. Recently, Geng and co-

workers 147 reported high activity over two kinds of carbon-supported Au-Pt bimetallic alloys for 

the BOR with a maximum number of electron-transfers, 6.4 for 1 M NaBH4 and 7.2 for 0.5 M 

NaBH4. They found that the onset potential was reduced by 0.2 V in comparison with pure Au. 

They concluded that rate of the hydrolysis on the Au-Pt/C catalyst was higher than Au. Amendola 

and his co-workers studied the oxidation of the BH4ˉ on an electrode-deposited (Au (97%)-Pt 

(3%)51. The Coulombic efficiency was affected by the H2 competing reaction and the reported 

number of the electrons transferred was close to seven. 

The Pt-Au alloy has been investigated by other researchers to study the BOR and gain information 

about the reaction mechanism through kinetic parameters. However, there is a need to 

synthesise Au-Pt alloy catalysts with controlled composition and structure in order to find which 

alloy catalyst have lower overpotential and evolve no H2. Based on the above studies, the surface 

atom arrangement and the electronic structure for various compositions of the Au-Pt alloy 

catalysts should be optimised to investigate their effects on both BOR and hydrolysis reactions. In 

the present study, deposition of the Au-Pt alloy with a wide range of compositions was 

synthesised in an effort to electrochemically screen and determine the electrocatalytic activity of 

BOR as a function of catalyst compositions. 

 High Throughput Characterisations of the Au-Pt Alloy Catalysts 

6.2.1 Bulk Composition Analysis of the Au-Pt Alloys  

The SEM/EDX was used to quantitively determine the bulk composition of the deposited Au-Pt 

alloy catalysts. The EDX maps show that the composition-spread of both Au and Pt are gradually 

distributed across the substrate. The composition-spread for the alloy catalysts are displayed in 

Figure 72 as a function of electrode position. As displayed, the elemental concentration (in atomic 

percentage) for each element across the substrate shows a wide range of compositional gradient. 

The concentration range for the Au is in the range between 1 ≤ x at. % ≤ 99. This is also the same 

for Pt. At the centre of the substrate, the region of the 50//50 binary line, the change in 

composition shows the targeted concentration (Au/Pt =1). This region is located along the line 

parallel to the directional growth of the deposited material. Therefore, a wide range of the Au and 

Pt contents across the sample were successfully achieved. 
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Figure 72: Composition plots comparing the Pt and Au content determined by EDX for the Au-Pt 

alloy sample deposited by HT-PVD. The EDX data show that the two elements are 

deposited across the sample with a wide range of compositional gradient. 

6.2.2 XRD Analysis of the Au-Pt Alloys  

The crystalline structure for the unannealed Au-Pt alloy (RT) samples were determined by XRD. 

Figure 73 shows the XRD patterns of single-phase fcc alloys with selected samples covering a wide 

range of compositions across the surface. The XRD patterns were recorded in the 2θ range of 21⁰ 

to 52⁰. The Au and Pt have the same crystal structure (fcc) and their peak positions are close to 

each other. The sharp Bragg diffraction peaks observed between 38.2⁰ and 40⁰ exhibit reflections 

of the (111) plane, while the small Bragg diffraction peaks observed between 44.5⁰ and 47⁰ 

exhibit reflections of the (200) plane. As greater concentrations of the Pt are added to the Au-Pt 

sample, the peaks clearly shift towards higher Bragg angles. This indicates that the Pt atoms are 

present in the fcc structure as the (111) peaks of the selected samples shifted from 38.2⁰ to 40.4⁰. 

Furthermore, when the Pt concentration increases, the peak intensity of the (111) the Au-Pt alloys 

decreases and become broader. This is also an indication of changes in the lattice because of the 

addition of a smaller atomic radii into the Au lattice. From the XRD data, it can be seen that there 

is no observable phase-separation of the bulk Au-Pt alloy materials, which confirms that the 

unannealed (non-equilibrated) samples are alloyed across all compositions. 
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Figure 73: XRD data analysis of (a) the XRD patterns of the unannealed Au-Pt (RT) alloy sample 

with various compositions synthesised by HT-PVD at room temperature and (b) the cell 

parameter of the (111) Bragg diffraction as a function of composition. The film 

thickness is in the range between 180-200 nm. 

The correlation between the crystal lattice and the composition of the Au-Pt alloy was studied to 

confirm the formation of single-phase Au-Pt solid solution alloys. The lattice parameter was 

obtained from XRD analysis and was calculated using Vegard’s law. The lattice parameter for Pt 

and Au pure elements was calculated to be 3.91 Å105 and 4.07 Å105, which corresponds to 

composition values of 100 at. %. The XRD data of the (111) Bragg peak positions were combined 

with bulk composition obtained from the EDX and then compared with the calculated lattice 

parameters. The lattice parameter of the Au-Pt alloy sample was plotted against Pt compositions 

(Figure 73 b). It is clear that the lattice parameter, which is between the pure Au and Pt, forms a 

straight line over the entire range, indicating full degree of alloying.  

The Au-Pt alloy samples underwent different temperature thermal annealing (300 ⁰C and 600 ⁰C 

for 15 min under UHV) and their phase structures were determined by XRD after cooling down to 

room temperature. The method of annealing was carried out using the manipulator in the HT-PVD 

chamber. From Au-Pt/RT ⁰C to Au-Pt/300 ⁰C, the phase structure of the Au-Pt alloys showed no 

phase separation (Figure 74 (a,b)). The XRD patterns of the annealed Au-Pt/300 ⁰C sample 

showed higher and sharper peak intensities which indicates that further crystallisation (more 

ordered structure) was occurring. 
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Figure 74: Plots of XRD analysis showing (a) comparison of XRD patterns of the Au-Pt alloys 

annealed for 15 min at 300 ⁰C of selected samples covering the entire compositions 

and (b) lattice parameters curve determined experimentally for the entire 

composition. The film thickness is in the range between 180-200 nm. 

As the thermal annealing temperature increased from 300 ⁰C to 600 ⁰C, the phase structure 

showed fcc Au-Pt solid solutions up to 20 atomic % of Pt and a two-phase region of Au and Pt 

beyond 70 atomic % of Pt. From the XRD patterns displayed in Figure 75 a, the (111) Au-Pt Bragg 

peaks that are in between the Au (111) and Pt (111) peak positions showed a shoulder peak 

evolving at 39⁰ for the sample with composition of Pt62.5Au37.5.  As the Pt concentration decreased, 

the (111) Bragg peak split into two peaks observed at 39⁰ and 38.2⁰, which can be seen from the 

XRD pattern at both composition Pt35.5Au66.5 and Pt25.7Au74.3. The split of the (111) Bragg 

diffraction for a Pt concentration lower than 20 was observed at 39⁰ then shrank and disappeared 

and the (111) Bragg diffraction peaks observed at 38.2⁰ showed no shifts in the positions. The 

results of the lattice parameter calculation suggest that the Au-Pt/600 ◦C sample contained 

unalloyed Pt, as indicated by the non-linearity displayed from the lattice parameter curve (Figure 

75 b). 
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Figure 75: Plots of XRD analysis showing (a) comparison of XRD patterns of the Au-Pt alloys 

annealed for 15 min at 600 ⁰C of selected samples covering the entire compositions 

and (b) lattice parameters curve determined experimentally for the entire 

composition. The film thickness is in the range between 180-200 nm. 

6.2.3 Surface Composition of Au-Pt Alloys 

XPS experiments were carried out to measure the binding energy of electrons in the core levels 

and determine the surface composition of the Au-Pt alloy materials (before and after annealing) 

as well as their oxidation states. A set of XPS spectra were measured on different surface 

positions along the Au-Pt binary line where the composition of Au varies linearly with the Pt. A 

surface area of 3 mm2 used for each XPS measurement. The XPS spectra of Au 4f and Pt 4f regions 

were analysed using their peak areas, positions and intensities. The XPS data were processed 

using the CasaXPS software. 

Figure (76) shows the XPS spectrum containing doublets with high and low binding energies of 

4f5/2 and 4f7/2 signals for (a) Au and (b) Pt in the Au-Pt alloy sample. As can be seen, there is a 

positive shift of ca. 1.4 for the Au (4f7/2) signal, whereas a negative shift of ca. 1.11 occurred for 

the Pt (4f7/2) signal in the unannealed Au-Pt alloy. Figure 77 shows (a) the peak position of the Au 

(4f7/2) and (b) the Pt (4f7/2) binding energies as a function of Au and Pt concentration. It can be 

observed that the Au (4f7/2) binding energy decreases as the Au content increases. Conversely, the 

Pt (4f7/2) binding energy increases as the Pt content decreases. This is a clear indication of the 

electronic interaction between Au and Pt atomic orbits of the surface atoms in the (unannealed) 

Au-Pt alloy sample as a result of the alloy formation. 
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Figure 76: XPS analysis of the binding energy of (a) the Au(4f) and the (b) Pt (4f) core levels in Au-

Pt alloy as a function of compositions before annealing. The film thickness is in the 

range between 180-200 nm. 

 

 

Figure 77: The peak positions of the (a) Au (4f7/2) and (b) Pt (4f7/2) core levels as a function of 

compositions. The red crossed squares represent the peak position of the pure Au 

(4f7/2) and Pt (4f7/2) (with electron binding energy of 84.00149 and 70.61150). 

The annealed Au-Pt alloy sample was also analysed by XPS to verify surface enrichment of Au on 

the top-most surface layer as reported experimentally133, 135. The XPS spectra of the Au-Pt alloys 

(annealed at 300 for 15 ⁰C) shown in Figure 78 shows (a) the binding energy of the Au 4f core 

levels and (b) the binding energy of the Pt 4f core levels as a function of composition. The bending 

energies of the Au 4f7/2 are centred at 83.90 eV for a surface composition lower than 70 at. %. 

Moreover, the doublet of the Au 4f peaks of the annealed shows no apparent change in terms of 
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peak areas when compared with the doublet of the unannealed Au 4f peaks. However, it was 

difficult to obtain definitive XPS spectra for the Pt 4f as the doublets overlaps with the Au (5p1/2) 

signal between those binding energies especially at low Pt concentration (Figure 78(b)). 

 

Figure 78: XPS analysis of the binding energy of (a) the Au (4f) and (b) the Pt (4f) core levels in Au-

Pt alloy as a function of compositions after annealing to 300 ⁰C. The film thickness is in 

the range of 180-200 nm. 

The surface composition of the Au-Pt alloy before and after annealing was evaluated. Figure 79 

shows the surface compositional analysis of the Au-Pt alloy (before and after annealing) relative 

to the bulk composition determined by the EDX. The surface composition of the (annealed) Au-Pt 

alloy showed a small percent of Pt segregation on the surface compared with the unannealed Au-

Pt alloy.  

 

Figure 79: Surface composition of Au-Pt alloy before and after annealing to 300 ⁰C for 15 min 

measured by XPS versus the bulk composition determined by EDX. 
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  The Catalytic Activity of the Au-Pt Alloy Catalysts 

The development of Au-Pt electro-catalysts for BOR has been the subject of extensive research in 

DBFCs. The drive for this effort is to improve the catalytic activity for the BOR and allow a 

complete oxidation of eight-electrons by hindering the catalytic spontaneous hydrolysis reaction. 

Our literature review demonstrates that alloying Au with Pt increases the catalytic activity for the 

direct BOR 144-146 147. In the present study, the catalytic activity of the Au-Pt alloy catalysts before 

and after annealing in alkaline borohydride solutions, on the biases of the electronic effect and 

the ensemble effect, will be examined. The formation of a wide range of Au-Pt alloy compositions 

is one of the strategies for identifying optimal catalysts. However, searching for a catalyst with 

higher activity towards the borohydride requires also monitoring H2 evolution produced by the 

catalytic spontaneous hydrolysis reaction. Therefore, an electrochemical method was developed 

to improve the utilisation of electrocatalytic screening by monitoring the H2 at the Au-Pt alloys as 

a function of electrode composition. Thus, in this study, the following questions will be addressed: 

• What is the impact of Pt addition on the Au-Pt alloy catalysts for the direct BOR and its 

consequences on the hydrolysis reaction? 

• What is the optimal ratio of the Pt to Au to increase/ decrease the catalytic BOR activity?  

• Which surface compositions are active sites for H adsorption that mostly contribute to the 

hydrolysis of the borohydride ion?   

6.3.1 The Electro-catalytic Activity of the Unannealed Au-Pt Alloys for Direct BOR  

The Au-Pt alloy catalysts were electrochemically screened in the absence and in the presence of 

the sodium borohydride using the High Throughput Electrochemical methods. Figure 80 shows 

selected CVs of the unannealed Au-Pt alloy catalysts for various compositions across an array of 

100 electrodes deposited on e-chem gold arrays substrate. The potential range was scanned 

between the hydrogen evolution reaction and oxygen oxidation/ reduction regions, (negative) -

1.05 VSCE and (positive) +0.15 VSCE at a scan rate of 100 mV/s. The electrolyte was purged by Ar gas 

to remove O2. The electrochemical screening was carried out at room temperature. 

The electrochemical behaviour of the Au-Pt alloy catalysts in 0.1 M NaOH demonstrates Faradic 

processes of hydrogen oxidation/evolution and oxygen adsorption/desorption reactions that vary 

with the catalyst’s composition. In addition, non-Faradic processes also occurred between the 

hydrogen and oxygen region, the double layer charging. 
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Figure 80: Cyclic voltammograms showing the electrochemical activity of the unannealed Au-Pt 

alloy catalysts in 0.1 M of NaOH at a potential scan rate of 100 mV/s as a function of 

electrode composition. 

On the forward and reverse scans, the observed anodic/ cathodic peaks for Pt-rich alloy catalysts 

exhibits Pt-surface activity, while no activity can be observed for the formation of Au-O and 

Au(OH)2 due to capping the potential range at +0.15 VSCE to prevent possible dissolution of the 

binary film when cycling to more positive potentials (in the potential range between +0.2 and +0.5 

VSCE) . Figure 81 a, b, and c show electrochemical stability tests for each of Pt6.1-Au93.9, Pt55.7-Au44.3 

and Pt97.9-Au2.1 alloy to evaluate the stability of the alloy films as the potential is scanned at more 

positive values. For the purpose of quantification, the current of the oxygen evolution reaction 

(OER) at +0.5 VSCE versus the number of cycles was determined. Significant changes can be noticed 

in the OER activity at the Au-Pt alloy catalyst after carrying out 100 sweep scans without stopping 

or allowing any convection. As the number of sweep scans increase, the peak current of the OER 

continually decreases. Among the Pt-Au alloy samples, the Pt55.7-Au44.3 catalyst show the highest 

reduction current. The reduction of the OER peak current can be attributed to subsequent 

dissolution of Pt. Thus, the range of the potential scan when investigating the catalytic activity 

was capped to +0.15 VSCE. 
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Figure 81: CVs of (a) (Pt6.1-Au93.9, (b) Pt55.7-Au44.3, (c) Pt97.9Au2.1 recorded for 100 sweep scans at a 

scan rate of 100 mV/s in which the upper potential limits is reaching the oxygen 

evolution reaction (OER) range. OER is plotted as a function of the number of cycles 

showing a continuous decrease in the peak currents indicating loss of surface area.  

The key purpose of comparing the catalytic activity of the Au-Pt alloy catalysts was to study the 

hydrogen adsorption/desorption over different composition, as their peak current is clearly 

dependent on Au-Pt alloy concentrations. As the Pt concentration increases in the Au-Pt alloy 

catalysts, the current density of the hydrogen adsorption/ desorption becomes more pronounced 

(Figure 80). The incorporation of Au alters the surface ability to adsorb/desorb the hydrogen, 

suggesting low surface activities in the alloy catalysts within the potential range and therefore 

lower current density. As can be seen, the peak current of the hydrogen adsorption/desorption is 

maximum for the Pt-rich alloy catalysts, while the peak current for the Au-rich alloy catalysts 

shows a substantial drop. Moreover, the double layer charging of the Pt-rich is much higher 

compared to the Au-rich alloy catalysts. This indicates that the presence of Au in the Au-Pt alloy 

catalysts could modify the electronic structure and reduce the hydrolysis of borohydride on the 

alloy catalysts. The question to be asked is how the BHads species associated with catalytic 

hydrolysis and the direct BOR would respond to the Au-Pt alloy surface over various compositions. 

When 0.01 M NaBH4 was added to the 0.1 M NaOH solution, two characteristic oxidation peaks 

were observed. Figure (82) shows CVs of various compositions of the Au-Pt alloys recorded on the 

anodic scan between -1.1 VSCE and -0.2 VSCE. The shape of the CVs in the displayed Figure show 

irreversible anodic peaks, which indicates very complex electrochemical reactions. The forward 
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scan of the Pt-99 at. % alloy shows a large anodic peak taking place at -1.03 VSCE. As the 

concentration of the Pt in the Au-Pt alloy decreases, this anodic peak shifts to more positive 

potentials. As the potential is scanned further positive, another process starts to appear on Au-Pt 

alloy catalysts with Pt composition ≤ 80 at. %. Note that the appearance of this process is absent 

of the anodic peak observed on the Pt-99 at. % alloy catalyst. 

 

Figure 82: CVs showing the electrochemical behaviour of the unannealed Au-Pt alloy catalysts in 

alkaline solution containing 0.01 M NaBH4 and 0.1 M NaOH at scan rate of 25 mV/s 

from -1.1 VSCE to -0.2 VSCE. 

The mechanism of the BOR on pure Pt39 suggests that Hads produced by the hydrolysis of 

borohydride reaction competes with the BH4
- for sites on the electrode surface, and considering 

the literature, the anodic peak taking place on the Pt-99 at. % catalyst at -1.03 VSCE is attributed to 

the H2 oxidation reaction. This indicates that the second process (on the Pt79.1Au20.9 catalyst) 

which starts on that at more positive potential is due to BOR. The onset potential of these 

oxidation reactions for the Au-96 % and Pt-99 % alloys is in line with the oxidation peaks observed 

in the case of Pt and Au pure metals (see Chapter 3). Therefore, alloying Pt with Au could provide 

more interesting interpretations into the mechanism of the BOR.  

One can see the dependence of these onset potential values of both oxidation reactions (HOR and 

BOR) on the alloy catalyst composition. As displayed in Figure (82), the HOR peaks on the Pt-rich 

and the Au-rich shifts between -1.03 VSCE and -0.88 VSCE. As the Pt concentration increases in the 

Au-Pt alloys, the onset potential of the HOR shifts towards more negative potential and vice versa. 

In the same range as the increase in the Pt content, the onset potential of the BOR shifts towards 
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more negative potentials from -0.5 VSCE to -0.63 VSCE. This suggests that the addition of Pt on the 

Au-Pt alloys causes the BOR to occur at a more negative potential. Among the Au-Pt alloy 

catalysts, the Pt79.1-Au20.9 alloy catalyst shows high activity for the BOR. The observed phenomena 

of shifting the potential value of both reactions (HOR and the BOR) is a clear indication of the 

adjusted electronic/ ensemble properties. 

The BH4
- on the alloy catalysts follows both the BOR and the spontaneous catalytic hydrolysis 

pathways. Providing sites on the alloy surface that facilitate the catalytic hydrolysis reaction of the 

BH4
- gave rise to Hads. The measured current at -0.8 VSCE increases with increasing the Pt content in 

the alloys due to its high kinetics for HOR (Figure 83). In the case of Pt-rich catalysts, the sites 

preferably favour adsorption of Hads as observed by the linear increase in the measured current 

densities of HOR at -0.8 VSCE. This illustrates that the pathway for the catalytic hydrolysis reaction 

of the BH4
- largely affected the catalysis for the direct BOR when Pt is present on the Au-Pt alloy 

surface. On the other hand, the measured currents at both -0.5 VSCE and -0.2 VSCE indicate that the 

BOR is more rapid for Pt ˃ 30%. As can be seen, there is a slight increase in the measured current 

relative to areas where the number of the Pt atoms decreases on the Au-Pt alloy surface. When 

more addition of Pt (≥ 80 %) is present on the alloy surface, the current drops to the same as in 

the Au-rich alloy surfaces. This suggests that when the BH4
- reaches the Au-Pt alloy surface, it 

undergoes a spontaneous catalytic hydrolysis followed by the production of the hydrogen and 

therefore leading to reducing the full utilization of the BOR. This means that the pathway for the 

BOR reaction in the presence of Pt on the Au-Pt alloy surface may proceed through less than the 

8-electron route at a potential higher than -0.8 VSCE. 
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Figure 83: Comparison of the current density of the direct BOR extracted from the CVs data of 

the unannealed Au-Pt alloy catalysts at -0.8 VSCE, -0.5 VSCE and -0.2 VSCE. 

 

It should be noted that it is difficult to make high throughput electrochemical analysis using I-

threshold to extract the ignition potential of the BOR as a function of composition and give an 

indication of the high/ low catalytic activity due to interference from the HOR. It appears that the 

presence of an ensemble of a single Pt atom surrounded by ensembles of Au atoms still offer 

active sites on the Au-Pt alloy surface for Hads produced by the hydrolysis of the borohydride. 

Therefore, an electrochemical technique is required that can be used to determine the catalytic 

activity of the Au-Pt alloy catalyst via monitoring the hydrogen produced by the catalytic 

spontaneous hydrolysis of the borohydride that will be revealed in Chapter 7.  

6.3.2 The Electro-catalytic Activity of the Annealed Au-Pt Alloys for Direct BOR 

Further electrochemical screening experiments were carried out to examine the activity of the 

Au-Pt alloy (annealed at 300 ⁰C for 15 min) in the absence and in the presence of NaBH4. Figure 84 

shows a comparison of selected CVs of the Au-Pt alloy catalysts with different compositions. The 

CVs were recorded in in 0.1 M NaOH under same conditions and at the same potential range as 

the unannealed Au-Pt alloy catalysts (between -1.05 VSCE and + 0.15 VSCE) at a sweep rate of 100 

mVs-1. 
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Figure 84: Cyclic voltammograms showing the electrochemical activity of the annealed Au-Pt 

alloy catalysts in 0.1 M of NaOH at a potential scan rate of 100 mV/s as a function of 

electrode composition. 

The CVs carried out on the annealed Au-Pt alloy catalysts show similar surface redox processes to 

the unannealed Au-Pt alloy. For both alloy samples (annealed and unannealed), increasing the 

composition of Pt in the alloys results in increasing the current density of the surface redox 

reactions. However, the annealed Au-Pt alloy sample exhibits much lower peak currents. In 

comparison with the CVs of the unannealed Au-Pt alloy catalysts, the two pairs of the hydrogen 

desorption peak are less pronounced. The maximum current density of the HOR reaction at -0.7 

VSCE can be extracted to understand the effect of Pt addition on the annealed Au-Pt alloy catalysts 

after annealing. The peak current of the hydrogen desorption for the (annealed) Pt93.5 Au6.5 

catalyst is maximum at ca. 1.8 μA mm-2, whereas that for the (unannealed) Pt91.5Au8.5 catalyst is 

maximum at 7.5 μA mm-2. This indicates that the Au-Pt alloy catalysts after annealing exhibited a 

change in the surface area, which leads to a decrease in the current density of the HOR on the 

annealed alloy catalysts.  

The CVs shown in Figure 85 are representative of the activity and catalytic behaviour of the 

annealed Au-Pt alloy catalysts in 0.01 NaBH4. The voltammogram shows no foreign peaks as 

compared with the unannealed Au-Pt alloy catalysts. The anodic peak assigned for the HOR 

(produced by the catalytic hydrolysis) has a similar shape to those discussed above for the HOR on 

the unannealed Au-Pt alloy in the presence of the borohydride. However, based on the CVs data, 

the HOR on the annealed Au-Pt alloy exhibits a shift towards more negative potential values 

compared to the unannealed Au-Pt alloy sample. As can be seen, the onset potential of the first 

anodic peak corresponding to the HOR on the Pt-rich (97 at. %) alloy catalyst starts at ca. -1.07 

VSCE (extracted at I-threshold= 10 μA mm-2) with a current density maximum at ca. 60 μA mm-2, 
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while on the unannealed Pt-rich (99 at. %) alloy catalyst, the HOR occurs around -1.03 VSCE. The 

anodic peak of the HOR on the annealed the Pt78.4-Au21.6 alloy catalyst starts at ca. -1.05 VSCE 

reaching a maximum current density at ca. 59 μA mm-2. Moreover, the onset potential of the HOR 

on the annealed Pt51.7-Au48.3., Pt39.2Au60.8, and Pt11.5Au88.5 alloy catalysts starts almost at the same 

onset potential, -1.04 VSCE and -1.03 VSCE respectively. Furthermore, the onset potential of the HOR 

on the Pt1.6Au98.4 alloy catalyst is at ca. -1.1 VSCE, while on the unannealed Pt3.2-Au96.8 alloy catalyst, 

the HOR onset potential was at ca. -0.88 VSCE. It could be possible that a beginning of a phase 

separation in the Au-Pt alloy bulk structure (or perhaps alight enrichment of Pt on the alloy 

surface) were formed after annealing which may account for the shifts of the HOR to more 

negative potential on the annealed Au-Pt catalysts.  

 

Figure 85: CVs showing the electrochemical behaviour of the annealed Au-Pt alloy sample with 

various compositions in 0.01 M NaBH4 and 0.1 M NaOH at scan rate of 25 mV/s from 

  -1.1 VSCE to -0.2 VSCE. 

 

The anodic peaks of the HOR overlaps with the BOR for alloy catalysts of Au concentration ≥ 10 at. 

%. This indicates that a mixed oxidation reaction is occurring in this potential region. As can be 

seen from the CV of the catalyst composition of Pt97.2-Au2.8 that as the potential is forward 

scanned from -1.0 VSCE to more positive potentials, an anodic peak current starts to increase. This 

anodic peak can be seen on the Au-rich (Pt ≤ 10 at. %) alloy catalysts at -0.5 VSCE. This can be 

attributed to the BOR exhibiting the same anodic peak shape observed on the unannealed Au-rich 
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alloy catalysts. Note that the BOR on the unannealed Au-Pt alloy was clearly observed at higher Pt 

concentrations (Pt-79.1 at. %). It seems that the high catalytic activity towards the borohydride 

hydrolysis at more negative potentials block the active sites for the BH4
- and that reduces the 

effective oxidation of the borohydride on the annealed Au-Pt alloy compared to the unannealed 

Au-Pt alloy.  

The increase in the HOR current for the annealed Au-Pt alloy compared to the unannealed alloy 

sample can be related to increasing Pt atoms on the alloy surface (Figure 86). The HOR current 

density at -0.8 VSCE increases almost the double compared to the unannealed alloy sample. This 

may indicate that a formation of a Pt-like structure as well as a change in Pt composition on the 

Au-Pt alloy surface (Pt segregation) may have occurred after annealing the Au-Pt alloy sample as 

was apparent from the XRD and XPS results. For this reason, a high amount of Hads on the alloy 

surface was produced by the catalytic hydrolysis of BH4
-.  

The current density at -0.5 VSCE and -0.2 VSCE is following almost the same trend for Pt ˃ 30 at. %, 

whereas at lower than 30 at. % of Pt, there is a deviation to a higher current density compared to 

the unannealed Au-Pt alloy sample.  The increase in the current densities of the HOR associated 

with the overlap of the BOR current densities as well as the shift of the HOR towards lower onset 

potentials could mean that a higher rate of HOR oxidation was produced. Thus, it can be 

concluded that although the formation of Hads or H2 (bubbles) at the surface can be oxidized by Pt 

at a lower onset potential, the two processes (BOR and the spontaneous catalytic hydrolysis) 

proceeding simultaneously can be a challenge on the Au-Pt alloy catalysts and therefore it should 

be further investigated. 
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Figure 86: Comparison of the current density of the direct BOR extracted from the CVs data of 

the annealed Au-Pt alloy catalysts at -0.8 VSCE, -0.5 VSCE and -0.2 VSCE.  

 

 Conclusion 

The HT-PVD method was used to synthesise non-equilibrated and equilibrated Au-Pt binary alloys 

as a function of compositions. The synthesised Au-Pt alloys were then characterised using 

SEM/EDX, XRD and XPS respectively. The EDX results showed that the composition of Pt in the Au-

Pt alloys varied linearly across the surface in the range between 1 ≤ x at. % ≤ 99. 

The XRD patterns of the Au-Pt alloy were characterized. Different annealing temperatures (300 ⁰C 

and 600 ⁰C) were performed on the Au-Pt alloys. It was found that the Au and the Pt of the Au-Pt 

alloy samples (RT and annealed at 300 ⁰C) formed a single crystalline phase over the complete 

composition, while two-phase mixture in the annealed Au-Pt alloy sample (600 ⁰C) appeared in 

the composition range between ca. 10 and 40 Pt at. %. 

 The XPS analysis showed binding energy shifts in the unannealed Au-Pt alloy sample. The surface 

compositions present on the Au-Pt alloy, quantified by XPS, were compared with the EDX bulk 

composition before and after annealing at 300 ⁰C for 15 min. The surface composition of the Au-

Pt alloy showed minimal segregation of Pt atoms on the alloy surface.  

While focused on the direct BOR on the unannealed and annealed Au-Pt alloy catalysts, this study 

highlighted electrochemical stability of the Au-Pt alloy film to explain some of the effects on Au-Pt 

alloy film. This experiment was carried out by repeatedly cycling the potential (without stopping) 
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in the range between -1.05 VSCE and +0.5 VSCE. After performing 100 cycles, it was found that the 

peak current of the OER continually decreased. This was ascribed to the subsequent dissolution of 

Pt on the Au-Pt surface and suggested that lower potentials are required when studying the direct 

BOR on the surface of the Au-Pt alloy catalysts. 

The electrochemical behavior of the unannealed and annealed Au-Pt alloy catalysts was screened 

in the absence and in the presence of the borohydride. Observations made from the CVs data for 

the Au-Pt alloy catalysts in 0.1 M NaOH showed Pt-surface redox reactions. The Au surface oxide 

redox reactions in the voltammetry were absent and were not observed because of the much 

lower potential scan. However, from the CVs, it was possible to observe the effect of the Pt 

addition on the HER and HOR. The cathodic and the anodic peaks on Pt-rich catalysts showed high 

current density compared to the Au-rich catalysts. The activity of the HOR and HER decreased on 

the annealed Au-Pt alloy compared to the unannealed Au-Pt alloy.  

The catalytic assessment of the Au-Pt alloy catalysts in the presence of the 0.01 NaBH4 showed 

interesting results. The voltammograms of the annealed and unannealed Au-Pt alloy catalysts are 

complicated due to anodic overlapping peaks. The characteristics of the Au-Pt alloy oxidation 

reactions were found to be affected by changing the catalyst composition. The presence of Pt in 

the Au-Pt alloy catalyst showed strong influence on promoting the borohydride hydrolysis 

reaction. This led to producing large amount of H2 oxidized at more negative potential than the 

BOR. This suggested that the presence of a very small Pt in the Au-Pt alloy catalysts increasingly 

modified their catalytic properties. Thus, an electrochemical technique is essential for monitoring 

the Hads oxidation reaction produced by the catalytic hydrolysis of the borohydride to determine 

the catalytic activity, and that will be discussed in the following chapter. It can be concluded that 

the Au-Pt alloy system may not be suitable for DBFCs due the issue of high catalytic activity 

towards the borohydride hydrolysis reaction. 
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Chapter 7 High Throughput Hydrogen Probe Technique 

In this chapter, a novel electrochemical method for detecting H2 produced by the catalytic 

borohydride hydrolysis at an array of 100 solid surface electrodes will be revealed. This method is 

adapted from the SECM technique invented by Professor Alan J. Bard, in which electrochemically 

oxidizable or reducible species generated at an electrode surface are detected through an 

electrochemical reaction at a tip (ultra-micro-electrode (UME) with a diameter of 10μm)151 (The 

so-called Surface Generation/ Tip Collection mode). Our method uses the High Throughput 

Hydrogen Probe technique (Ni, diameter of 0.5 mm) that works as an indicator of hydrogen 

oxidation. The probe is specially designed to measure the electrochemical current of hydrogen 

evolution produced by the hydrolysis of the borohydride across the substrate as a function of 

electrode composition (a 1 mm2 solid surface). 

Limited studies have used methods for characterising the hydrogen evolution. Most of these 

studies measured the borohydride hydrolysis indirectly by determining the hydrogen volume. For 

example, Amendola and his co-workers studied the oxidation of the BH4ˉ on an electrode-

deposited (Au (97%)-Pt (3%)51. A closed electrochemical cell containing a basic solution of 5% 

NaBH4 and 25% NaOH was used, while applying a constant potential to the working electrode at 

fixed times. The volume of the H2 formed during the BH4ˉ ion oxidation was measured using an 

inverted burette that was filled with water. From the gas volume, they found that the calculated 

number of electrons was less than eight. Geng and his co-workers147 measured the hydrogen 

produced by the hydrolysis using a flow metre during the operation with DBFCs. They concluded 

that the rate of hydrolysis on the Au-Pt/C catalyst is higher than Au.  

Allen J. Bard and his co-workers48 used direct current measurements to study the intermediates of 

the BOR on Au. They used the SECM technique for detecting the intermediates reaction at an 

ultra-micro tip (10 μA) of Au electrode generated by Au substrate by holding the substrate 

potential in the region of the BOR. They found that the intermediates generated at the Au surface 

due to the oxidation of the borohydride gave a reduction current at the tip. Our method, 

however, provides direct current measurements for the hydrogen oxidation reaction at the Ni 

probe, which at negative potentials does not interfere with the BOR or intermediate reactions. In 

addition, it is fast and easy for screening combinatorial materials combined with the high-

throughput electrochemical screening method to monitor active catalysts and detect which 

catalyst has the higher hydrogen oxidation current. 

BH4⁻ + H2O → BH3(OH⁻) + H2        (Equation 7-1) 

The hydrogen evolution rate is equivalent to the borohydride hydrolysis rate. According to 

Equation 7-1, for each BH4⁻ ion produced by the catalytic hydrolysis, one molecule of H2 is 
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evolved. Therefore, as the concentration of the borohydride increases, the hydrogen evolution 

rate increases2. In addition, the selectivity to the hydrolysis reaction varies with surface 

composition. Thus, this chapter outlines analytical and detailed studies on monitoring H2 for the 

Au-Pt alloy catalysts over a wide range of compositions. 

 Experimental 

To validate the approach, hydrogen evolution was first monitored on a Pt arrays sample (Figure 

87). This approach was used to make sure that no other products on the Pt surface are produced 

apart from H2 while the detection is taking place at the tip, H2 → 2H+ + e. The Pt arrays sample 

was placed on a stage that is mounted onto two linear stages (Zaber, T-LS28-M) to allow the 

substrate to move in the x,y directions. A piezoelectric motor from Burleigh instruments was used 

to alter the tip-substrate separation in the z direction. The high throughput electrochemical cell 

contained a solution of 0.1 M NaOH. A Ni macro electrode (0.5 mm in diameter and 1 mm length) 

was used as a working electrode probe, SCE was used as a reference electrode and Au mesh was 

used as a counter electrode. The H2 was generated at the Pt arrays by applying a fixed potential 

using a single potentiostat that was connected separately to a different PC. Prior to any detecting 

measurement of H2 oxidation at the tip, the area surrounding the substrate-tip separation was 

purged by Ar gas using glass pasteur pipettes (FisherBrand), Inner-Ø at the tip approx. 1.0 mm to 

prevent hydrogen saturation. The substrate area of the Pt surface is 1 mm2. 

 

Figure 87: Schematic view of H2 detection using Ni macro electrode to probe H2 over the surface 

of Pt. 

It should be noted that H2 bubbles generated at the catalyst and interacting on the probe did not 

allow a stable screening. To overcome this issue, as the probe moves to the passivated substrate 

(the area between each Au-Pt surface), the separation between the probe and the substrate was 

adjusted to a sufficient distance in order to prevent accumulation of bubbles at the probe and 

subsequently brought back again when detecting at the rest catalyst field.  
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7.1.1 Calibration of the Hydrogen Generation from the Pt Surface and Hydrogen Oxidation 

at Ni Probe 

To generate H2 at the surface (via water reduction), the potential of the Pt substrate subsequently 

was alternated between -0.85 VSCE and a range of potentials, -1.05 VSCE and -1.1 VSCE, -1.2 VSCE, -1.3 

VSCE and -1.4 VSCE (Figure 88). When the Pt substrate potential was at -1.4 VSCE, hydrogen was 

vigorously evolved into the bulk solution. The time taken for H2 generation was limited to 20-30 

seconds to prevent H2 saturation. As the potential is switched to -0.85 VSCE, no hydrogen bubbles 

were observed. Figure 89 shows the H2 oxidation current recorded at the Ni macro electrode 

during H2 generation and H2 elimination. As can be seen, the oxidation current at the Ni electrode 

increases as the hydrogen generation increases. The oxidation current remains at zero during H2 

elimination. This indicates that the amount of hydrogen evolution at the Pt surface is reflected in 

the increase/ decrease of the oxidation currents at the Ni probe. 

 

Figure 88: Chronoamperometric approach showing the hydrogen evolution on the Pt surface 

generated by alternating the potential between -1.00 VSCE at a range of potentials 

including -1.05 VSCE, -1.1 VSCE, -1.2 VSCE, -1.3 VSCE, and -1.4 VSCE. 
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Figure 89:  Chronoamperometric approach showing the response of the Ni probe to the 

hydrogen generated from Pt surface while the Ni probe was fixed at -1.0 VSCE. 

 

A further experiment was carried out to measure the oxidation of H2 through the hydrolysis of the 

borohydride over the Pt substrate using concentrations of NaBH4 0.005 M and 0.01 M. Small 

concentrations of borohydride were used to reduce saturation of H2 from surrounding areas 

(hydrogen generation from adjacent Pt substrates) while H2 probing (Figure 90).  

 

Figure 90: Schematic view showing H2 generation by the borohydride hydrolysis from the 

surrounding Pt array as well as the area of detection while probing H2 between two 

Pt substrates. 
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The Pt substrate was fixed at -1.0 VSCE at which neither hydrogen generation from water reduction 

nor hydrogen oxidation occurs. The potential of the Ni electrode probe was fixed at -1.0 VSCE to 

oxidise H2. More positive potentials were avoided to prevent possible interference of oxygen 

reduction with the hydrogen oxidation at the Ni. The probe was brought into close proximity with 

the Pt substrate (50 μm). When the probe was in position to effectively probe H2, NaBH4 (0.005 M) 

was added to the electrolyte (0.1 M NaOH). This was followed by adding more borohydride (0.01 

M) after about a minute. Figure 91 shows the influence of the borohydride hydrolysis reflected on 

the oxidation of H2 at the Ni (noise is due to bubbles). As was expected, the H2 oxidation current 

increased as more borohydride was added due to an increase in the surface coverage by 

borohydride at the Pt substrate. This illustrates that our approach can be used for determining 

the hydrolysis of the borohydride, whereby the probe can move across the whole arrays sample 

to monitor H2 as a function of electrode composition. 

 

Figure 91: Hydrogen oxidation current recorded at the Ni probe using concentration of 0.005 M 

and 0.01 M of NaBH4 in 0.1 NaOH M as a source of hydrogen generation via the 

catalytic spontaneous hydrolysis reaction. 

 Detection of Hydrogen over Au-Pt Alloy Catalysts 

The results, which were previously presented to validate the utilisation of the high throughput 

hydrogen Probe method, demonstrated that hydrogen generated from the Pt substrate via 

hydrogen reduction/ borohydride hydrolysis can be oxidised at the Ni probe. Thus, the use of this 

electrochemical method of surface generation/ probe collection as a measure to determine the 
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hydrogen evolution produced by the catalytic spontaneous hydrolysis of the borohydride over Au-

Pt alloy arrays as a function of composition will be reported first.  

Screening for hydrogen evolution was performed to determine the hydrolysis of the borohydride 

(0.01 M) at the Au-Pt alloy as a function of compositions. High pH alkaline solution (NaOH 0.1 M) 

was used to make sure that the hydrolysis of the borohydride was not influenced by the chemical 

hydrolysis reaction. The probe potential at which H2 is oxidised at the Ni probe was fixed at -1.0 

VSCE to avoid probing other active species such as BH4⁻, intermediates and O2 that are 

electrochemically oxidised/ reduced at more positive potentials. The potential of the Au-Pt alloy 

arrays was fixed at potential -1.0 VSCE where the only source of H2 present between the probe and 

the Pt surface separation is produced by the spontaneous catalytic hydrolysis. 

Before the actual hydrogen detection, the distance between the probe and the substrate was 

calibrated (Figure 92). The probe was alternated between an insulated layer (Si-N substrate) and 

the Pt surface. In addition, it should be noted that the probe can block the diffusion of BH4⁻ to the 

Pt substrate, which affected the hydrogen evolution screening. To overcome this problem, the 

distance between the probe and the substrate was adjusted. Moreover, for precise hydrogen 

screening, it is also important to have minimal interaction with hydrogen oxidation generated by 

adjacent Pt substrates and therefore 50-25 distance was used to probe hydrogen throughout.  

 

Figure 92: Distance calibration between the Ni probe and the substrate showing positive current 

as the probe moves closer (≤ 200) to the Pt surface and the effect of the probe on the 

BH4⁻ diffusion for the case of 25-5 μm distance. 
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Figure 93 shows variations in the hydrogen oxidation current at the Ni probe using the HT-ECSP. 

The purpose of this experiment was to elucidate the first anodic peaks, which were referred to 

the H2 oxidation seen in Chapter 6 (CVs of 0.01 M NaBH4) on the Au-Pt alloy catalysts (Figure 82). 

By screening from Au rich to Pt rich catalysts, it could be seen that the maximum oxidation 

current is detected at the Ni probe for Au-Pt alloy composition between 30 and 80 Pt at. %. At this 

range, the hydrogen oxidation current varies between around 14 and 23 μA mm-2. In addition, the 

hydrogen detected for the Au-Pt-alloy catalysts in the Pt range between 80 and 100 at. % showed 

a relatively smaller hydrogen oxidation current varying between around 8 and 17 μA mm-2. On the 

other hand, the hydrogen oxidation current when probing at the Au-Pt alloy composition in the 

range between 0 and 20, showed a minimum current, ranging between 1 and 5 μA mm-2. This 

suggests that a relatively high hydrolysis of borohydride is recorded at intermediate Au-Pt alloy 

compositions. This can be attributed to the electronic/ensemble effects, which enhanced the 

catalytic selectivity towards the hydrolysis. 

Figure 94 shows a comparison of the hydrogen oxidation current versus Pt composition. The 

Figure demonstrates that the lowest hydrogen oxidation current was obtained when the Pt 

composition was ca. 1 at. %. This can be attributed to the addition of Au, which exhibited low 

catalytic activity towards the hydrolysis of the borohydride. This finding confirms that the 

presence of Pt in the alloy catalyst increases the hydrolysis rate reflected on the hydrogen 

oxidation and is in line with the literature found152-153. Furthermore, earlier findings (Chapter 6) 

where the anodic currents corresponding to the hydrogen oxidation was reported in the presence 

of NaBH4, is also in consistent with this finding. Therefore, combining this data with that obtained 

by the CVs and high throughput electrochemical screening, it can be concluded that the Au-rich 

catalysts associated with the smallest H2 evolution can be considered as an effective catalyst for 

BOR, while the intermediate and rich-Pt catalysts have a modest activity or are inactive for the 

direct BOR due to high spontaneous catalytic hydrolysis of the adsorbed BH4
-. 
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Figure 93: Hydrogen screening across the Au-Pt alloy surface using the high throughput hydrogen 

probe method. The probe/ Pt surface was at 50 μm. The potential of the substrate and 

the probe was fixed at -1.0 VSCE. The electrolyte consists of 0.1 NaOH and 0.01 M of 

NaBH4. 

 

 

Figure 94: Variation of H2 oxidation current extracted from the data presented in Figure 95 for 

determining the rate of the hydrogen evolution (due to hydrolysis) generated at the 

Au-Pt alloy surface as a function of electrode composition. 
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Chapter 8 Overall Conclusion 

The overall aim of this thesis was to optimise catalysts with higher activity for DBFCs. The 

synthesis of combinatorial materials via the HT-PVD method led to the discovery of novel 

catalysts. High throughput bulk/surface techniques including SEM/EDX, XRD and XPS were used to 

characterise alloy catalysts as a function of composition. Specifically, gradient compositions of 

binary alloys of Au-Ni (Chapter 4), Au-Cu (Chapter 5) and Au-Pt alloy catalysts (Chapter 6) were 

synthesised, characterised and electrochemically screened to evaluate their catalytic activity for 

the direct BOR. Interesting catalytic trends were observed across these binary alloy systems.  

The initial results discussed in Chapter 3 reveal that the direct BOR on Au and Ag metals occurred 

at more negative potential compared to Pt, Ni and Cu metals. The direct BOR was influenced by 

(1) the hydrogen evolution produced by the catalytic hydrolysis reaction (as in the case of Pt 

metal) that forced the onset potential of the BH4
⁻ oxidation to occur at higher potentials (more 

positive potentials) and by (2) the passivation layer formed by the adsorption of O2/OH (as in the 

case of Ni, and Cu) that supresses the oxidation reaction of BH4
⁻. This demonstrates the 

importance of alloying Au with other 3d metals to improve the catalytic activity for the direct BOR 

as well as reduce its cost in DBFCs  

From the study on the binary alloy catalysts, XRD results showed that non-equilibrated Au-Ni solid 

solution materials were formed over a wide range of compositions (98 ≥ Au at. % ≥ 2).  The 

equilibrated Au-Ni alloys in the composition range 85≥ Au at. % ≥10 exhibited phase separation. 

XPS analysis showed that Au was segregating at the surface after thermal annealing at 300 ⁰C.  

The bulk composition of the Au-Cu alloy catalysts in the range of 5 ≤ x ≤ 90 was determined by 

EDX. The XRD results of the unannealed Au-Cu alloy indicated single-phase alloys across the 

compositions. Moreover, the annealed Au-Cu (at 300 ⁰C) showed variation in the peak intensity of 

the (111) Bragg peaks. The peak intensities of the (111) Bragg peaks were increased in the region 

of Au-rich compositions indicating an increase in the crystal size. The XPS analysis of the surface 

composition relative to the bulk composition before and after annealing showed no evidence of 

segregation of either element at any composition.  

The bulk composition of the Au-Pt alloys across the surface, determined by EDX, was in the range 

between 1 ≤ x at. % ≤ 99. The XRD results of the Au-Pt alloy (RT and 300 ⁰C) exhibited a single 

crystalline phase across the complete composition. However, further annealing (600 ⁰C) resulted 

in phase separation in the composition range between ca. 10 and 40 Pt at. %. 
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The surface composition of the Au-Pt alloy was compared with the bulk composition before and 

after annealing. The surface composition of the Au-Pt alloys showed a slight segregation of Pt 

atoms on the alloy surface.  

The Au-Ni alloys were found to be interesting catalysts for DBFCs. The activity of the alloy 

catalysts varies with the addition of Ni. The value of the onset potential of the direct BOR was 

reasonably low for alloy compositions with small Ni additions (10 to 40 at. %) in the alloy 

catalysts. There were many compositions from this alloy system that have much lower onset 

potential than the metallic Au. This could be attractive from a cost point of view as it suggests that 

a low-cost catalyst could substitute Au pure metal, while still preserving high catalytic activity. The 

optimal catalyst was found near the Au65-Ni35 composition. As shown in Figure 48, the Au-Ni alloy 

catalysts showed a decrease in the catalytic activity for the direct BOR after annealing due to 

surface enrichment with gold that was also observed in the XPS results. This means that the 

catalyst preparation method influences the Au-Ni alloy catalysts, as the non-equilibrated alloy 

catalysts showed better catalytic activity for the BH4
⁻ oxidation reaction than the equilibrated alloy 

catalysts. 

The performance of the (unannealed and annealed) Au-Cu alloy catalysts towards the direct BOR 

was evaluated as a function of composition. The catalytic activity was found to be strongly 

associated with the alloy catalyst composition. It has been shown that adding very small amount 

of Au (10 to 20 at. %) to the unannealed Cu-rich catalysts increased the activity of the BH4
⁻ 

oxidation reaction. However, the presence of more Au atoms in the unannealed Cu-rich alloy 

catalyst showed lower BH4
⁻ oxidation activity shifting the onset to more positive potentials. The 

increase in the activity was attributed to the modification of the electronic structure and the 

ensembles. The Cu78.3Au21.7 alloy exhibited the highest activity followed by Cu62.4Au37.6 and 

Cu89.7Au10.3. For the annealed Au-Cu samples, the performance of the alloy catalysts was found to 

exhibit higher catalytic activity by shifting the onset potential of the direct BOR by ca. 0.15 

towards lower potential compared with the unannealed Au-Cu alloy catalysts. The optimal 

composition for the direct BOR was found at the (annealed) Cu70-Au30 alloy catalyst.  

The presence of Pt on the Au alloy catalysts reduced the catalytic activity for the direct BOR. The 

catalysts in this binary alloy were favourably generating H2 produced by the catalytic hydrolysis. 

There were difficulties in identifying the catalyst activity from the recorded CVs due to 

overlapping peaks, which placed some limitations on using the high throughput electrochemical 

analysis. However, this led to the development of a novel high throughput hydrogen probe 

technique used as an effective means for monitoring H2 evolution produced by the catalytic 

hydrolysis reaction on the Au-Pt alloy catalysts (Chapter 7). The method was first used to measure 

the H2 oxidation current at Ni probe. The activity of the alloy catalysts for the catalytic hydrolysis 
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reaction was found to be different with varying compositions. The current of the hydrogen 

oxidation on the Pt-rich catalysts was much higher than the Au-rich alloy catalysts, while the Pt at 

intermediate compositions was showing the highest H2 oxidation current. This makes the Au-Pt 

alloy system unsuitable as anode materials for DBFCs.  

While the surface area can be increased by surface roughening, it is believed that the increase in 

BOR current density is mostly attributed to the electronic/ geometric modification of the alloy 

catalysts when measured at low overpotential (eg. -0.8 VSCE). As discussed earlier, the direct BOR 

was found to be dependent on the surface composition and structure. An increase/ a decrease in 

the composition of diluents in the Au-M alloy catalysts influence the catalytic activity for BOR. 

Table 5 shows the maximum current density of the unannealed and annealed Au-M (M= Ni, Cu 

and Pt) alloy materials for BOR extracted at a  potential of -0.8 VSCE, -0.5 VSCE and -0.2 VSCE. The 

results were studied to yield the following conclusions: 

i. The BOR activity at -0.8 VSCE on the Au-Ni alloy is optimal when a small ensemble of Ni 

(30%) and a large ensemble of Au are present on the alloy surface.  

ii. The most active ensembles of Au-Cu (as measured at -0.8 VSCE) are associated with small 

Au ensembles (ca. 20 % Au).  

iii. With the increase in Cu contents in the annealed Au-Cu alloy, the current density of BOR 

at -0.2 VSCE was linearly reduced. When the BOR is proceeding at higher oxidation 

potentials, Au becomes the most active component and the addition of Ni or Cu on the 

surface deactivated the reaction by the strongly adsorbed oxide species. 

iv. The activity of the BOR at -0.8 VSCE was affected by the addition of Pt on the Au-Pt alloy 

surface; the reaction follows pathways, the spontaneous catalytic hydrolysis and the BOR. 

v. The current density of the BOR on the annealed Au-Pt alloy at -0.5 VSCE overlaps with the 

HOR over a wide potential window which led to uncertainty in the activity of BOR at Pt > 

50 at.%. The BH4
- in the presence of Pt on the Au surfaces produces Pt-Hads, which 

subsequently oxidized and the remaining of BOR may proceed at higher oxidation 

potentials than -0.8VSCE. 

Table 5 Comparison of the maximum current density values representing the activity of the BOR 

on Au-Ni, Au-Cu and Au-Pt alloy catalysts at different oxidation potentials including -0.8 

VSCE, -0.5 VSCE and -0.2 VSCE. 

Alloy Catalyst 

 

Diluent at. % Annealing 

(T, 300 ⁰C) 

jMax (μA mm-2) E (VSCE) Reaction 

path 

Au-Ni (Ni) 15-40 % unannealed ca. 15 -0.8 Direct BOR 
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Au-Ni (Ni) 20-70 % annealed ca. 10 -0.8 Direct BOR 

Au-Ni (Ni) 1-50 % unannealed ca. 55 -0.5 Direct BOR 

Au-Ni (Ni) 1-35 % annealed ca.70-55 -0.5 Direct BOR 

Au-Ni (Ni) 1-35 % unannealed ca. 55-35 -0.2 Direct BOR 

Au-Ni (Ni) 1-35 % annealed ca. 35-17 -0.2 Direct BOR 

Au-Cu (Cu) 87-60 % unannealed ca. 2-3 -0.8 Direct BOR 

Au-Cu N/A annealed No activity -0.8 N/A 

Au-Cu (Cu) 10-40 % unannealed ca. 30 -0.5 Direct BOR 

Au-Cu (Cu) 10-60 % annealed ca. 80-60 -0.5 Direct BOR 

Au-Cu (Cu) 70-80 % unannealed ca. 13-15 -0.2 Direct BOR 

Au-Cu (Cu) 10-80 % annealed ca. 30 -0.2 Direct BOR 

Au-Pt (Pt) 50-100 % unannealed ca. 30-50 -0.8 HOR/ 

hydrolysis 

Au-Pt (Pt) 30-100 % annealed ca. 50-70 -0.8 HOR/ 

hydrolysis 

Au-Pt (Pt) 30-80 % unannealed ca. 50-60 -0.5 HOR+ BOR 

+partial 

hydrolysis 

Au-Pt (Pt) 10-100 % annealed N/A -0.5 uncertainty 

Au-Pt (Pt) 40-80 % unannealed ca. 50 -0.2 BOR 

Au-Pt (Pt) 1-30 % annealed ca. 50 -0.2 BOR 
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 Future work 

The gold catalyst in the DBFCs increases the system cost. This thesis focused on reducing or 

mitigating the dependence of the fuel cell on Au by providing promising anode candidates for 

DBFCs. The HT-PVD method and the HT-electrochemical screening techniques used in this work 

were the first to be used for exploring novel catalysts for DBFCs. Future research will focus on 

investigating the alloying effects on non-noble metals such as Zn, Fe, CO, also regarded as 

catalytic materials for the direct BOR. More effort should be extended into screening new alloy 

materials to be further explored. Ternary alloy materials such as Au, Ni and Zn could be an 

interesting catalyst to investigate. 

The hydrolysis of the borohydride on other catalyst materials should be examined to better 

understand the mechanism of the direct BOR using the hydrogen probe. The detection of 

hydrogen evolution is likely to impact on the electrochemical results.  
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Appendix A  

Table 6 Experimental detail of the alloy samples synthesised by HT-PVD on different substrate and 

the required surface analytical technique used for characterisation. Deposition was 

carried out at room temperature. 

Sample number Elements Substrate  Mask 

(y/n) 

Annealed 

(y/n) 

Screening measurement 

8533 Au, Ni Si wafer Yes No EDX 

8539 Au, Ni Si wafer Yes Yes EDX, XRD, AFM 

8540 Au, Ni Si wafer Yes Yes EDX, XRD 

8542 Au, Ni Si wafer No Yes XPS, EDX 

8543 Au, Ni Si wafer No Yes XPS, EDX, AFM 

8545 Au, Ni ITO/e-chem Yes Yes ECS, EDX 

8852 Au, Ni ITO/e-chem Yes No ECS, EDX 

8855 Au, Ni ITO/e-chem Yes No ECS, EDX 

8857 Au, Ni ITO/e-chem Yes Yes ECS, EDX 

8869 Au, Cu Si wafer Yes No EDX 

8871 Au, Cu Si wafer Yes Yes XRD, EDX 

8876 Au, Ci Si wafer Yes Yes XRD, EDX 

8889 Au, Cu Si wafer No Yes XPS, EDX 

8892 Au, Cu Si wafer Yes Yes XRD, EDX, AFM 

8884 Au, Cu Si wafer No Yes XPS, EDX,  

8833 Au, Cu Si wafer No No EDX, AFM 

8879 Au, Cu ITO/e-chem Yes No ECS, EDX 
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8883 Au, Cu ITO/e-chem Yes yes ECS, EDX 

8886 Au, Cu Au/e-chem Yes no ECS 

8887 Au, Cu Au/e-chem Yes no ECS 

9336 Au, Pt Si wafer Yes no EDX, AFM 

9337 Au, Pt Si wafer Yes yes XRD, EDX 

9338 Au, Pt Si wafer Yes yes XRD, EDX 

9341 Au, Pt Si wafer No yes XPS, EDX 

9348 Au, Pt Si wafer No yes XPS, EDX, AFM 

9345 Au, Pt ITO/e-chem Yes yes ECS, EDX 

9346 Au, Pt ITO/e-chem Yes no ECS, EDX 

9347 Au, Pt ITO/e-chem Yes yes ECS, EDX 

9353 Au, Pt Au/e-chem Yes no ECS 

9361 Au, Pt Au/e-chem Yes no ECS, H2 Detection 

9339 Au, Pt Au/e-chem Yes no ECS, H2 Detection 
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AFM (a trace-retrace) data show the thickness profile at the edge of the deposited films. From 

this, the thickness of the binary alloy film materials was measured. 

 

Figure 95: Trace-retrace plot of the sample number 9336 of the Au-Pt alloy system showing the 

film thickness. 
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Figure 96: Trace-retrace plot of the sample number 8833 of the Au-Cu alloy system showing the 

film thickness. 
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Figure 97: Trace-retrace plot of the sample number 9539 of the Au-Ni alloy system showing the 

film thickness. 
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Appendix B  
XPS data including the peak position, peak area, and atomic ratio extracted from XPS spectra 

using CasaXPS software. 

Table 7 a summary of the XPS data analysis showing core level position, area of the Au (4f) and Ni 

(2p) peaks and the bulk/ surface composition calculated in atomic percentage in the 

unannealed Au-Ni sample (RT). 

EDX 

Au at. % 

Transition Binding Energy 
(eV) 

Peak Area At% 

15.7 

 

84.3 

Au (4f7/2) 

 

Ni (2p3/2) 

82.8 

851.45 

427.98 

 

2056.40 

17.23 

 

86.30 

34.6 

 

65.4 

Au (4f7/2) 

 

Ni (2p3/2) 

83.08 

 

851.63 

1391.31 

 

2270.27 

38 

 

62.00 

54.3 

 

45.7 

Au (4f7/2) 

 

Ni (2p3/2) 

83.72 

 

851.82 

2296.43 

 

1567.92 

59.34 

 

40.57 

79.4 

 

20.6 

Au (4f7/2) 

 

Ni (2p3/2) 

84.09 

 

852.55 

3038.27 

 

747.12 

80.26 

 

19.74 

89.5 

 

10.5 

Au (4f7/2) 

 

Ni (2p3/2) 

84.54 

 

852.73 

3038.64 

 

448.73 

87.13 

 

12.87 
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Table 8 A summary of the XPS data analysis showing core level position, area of the Au (4f) and Ni 

(2p) peaks and the bulk/ surface composition calculated in atomic percentage in the 

annealed Au-Ni sample (300 ⁰C for 15 min). 

 

EDX 

Au at. % 

Transition Binding Energy 
(eV) 

Peak Area At% 

15.7 

 

84.3 

Au (4f7/2) 

 

Ni (2p3/2) 

83.35 

 

851.54 

846.82 

 

1606.87 

34.51 

 

65.49 

34.6 

 

65.4 

Au (4f7/2) 

 

Ni (2p3/2) 

83.81 

 

852.92 

1414.24 

 

688.21 

67.27 

 

32.73 

54.3 

 

45.7 

Au (4f7/2) 

 

Ni (2p3/2) 

83.54 

 

851.91 

27471.33 

 

308.09 

88.92 

 

11.08 

79.4 

 

20.6 

Au (4f7/2) 

 

Ni (2p3/2) 

83.63 

 

853.28 

2306.98 

 

184.04 

92.61 

 

7.39 

89.5 

 

10.5 

Au (4f7/2) 

 

Ni (2p3/2) 

83.63 

 

852.92 

2424.05 

 

76.05 

96.96 

 

3.04 
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Table 9 A summary of the XPS data analysis showing core level position, area of the Au(4f7/2) and 

Cu (2p3/2) peaks and the concentration of each element calculated in atomic percentage in 

the unannealed Au-Cu alloy (RT). 

 

EDX 

Cu at. % 

Transition Binding Energy (eV) Peak Area At% 

92.7 

 

7.3 

Au (4f7/2) 

 

Cu (2pf3/2) 

84.00 

 

932.05 

5338.94 

 

522.69 

91.08 

 

  8.92 

80.2 

 

19.8 

Au (4f7/2) 

 

Cu (2p3/2) 

83.63 

 

931.78 

5102.27 

 

1382.74 

78.68 

 

21.32 

58.5 

 

41.5 

Au (4f7/2) 

 

Cu (2p3/2) 

83.27 

 

931.14 

4061.31 

 

3062.24 

57.01 

 

42.99 

27.8 

 

72.2 

Au (4f7/2) 

 

Cu (2p3/2) 

83.27 

 

931.04 

2426.05 

 

5741.40  

29.70 

 

70.30 

4.4 

95.6 

Au (4f7/2) 

Cu (2p3/2) 

83.08 

931.04 

701.41 

6803.64 

9.35 

90.65 

 

 

Table 10 A summary of XPS data analysis showing core level position, area of the Au (4f7/2) and Cu 

(2p3/2) peaks and the concentration of each element calculated in atomic percentage in 

the annealed Au-Cu alloy (300 ⁰C for 15 min). 

EDX 

Cu at. % 

Transition Binding Energy (eV) Peak Area At% 

92.7 

 

7.3 

Au (4f7/2) 

 

Cu (2pf3/2) 

84.18 

 

932.42 

3881.78 

 

628.84 

86.06 

 

 13.94 

80.2 

 

19.8 

Au (4f7/2) 

 

Cu (2p3/2) 

84.27 

 

932.24 

4480.07 

 

1394.80 

76.26 

 

23.74 
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58.5 

 

41.5 

Au (4f7/2) 

 

Cu (2p3/2) 

84.27 

 

932.33 

4061.31 

 

3062.24 

59.75 

 

42.25 

27.8 

 

72.2 

Au (4f7/2) 

 

Cu (2p3/2) 

84.37 

 

932.33 

3217.59 

 

5834.33  

35.55 

 

64.45 

4.4 

 

95.6 

Au (4f7/2) 

 

Cu (2p3/2) 

84.64 

 

932.42 

1065.95 

 

7791.48 

12.03 

 

87.97 

 

 

Table 11 A summary of XPS data analysis showing core level position, area of the Au (4f7/2) and Pt 

(4f7/2) peaks and the concentration of each element calculated in atomic percentage in 

the unannealed Au-Pt alloy (RT). 

EDX 

Pt at. % 

Transition Binding Energy (eV) Peak Area At% 

96.4 

 

3.6 

Au (4f7/2) 

 

Pt (4f7/2) 

84.00 

 

71.65 

2434.27 

 

133.72 

94.79 

 

 5.21 

75 

 

25 

Au (4f7/2) 

 

Pt (4f7/2) 

83.54 

 

71.5 

2014.31 

 

382.93 

84.03 

 

15.97 

47.8 

 

52.2 

Au (4f7/2) 

 

Pt (4f7/2) 

83.45 

 

70.72 

947.92 

 

716.71 

56.94 

 

43.06 

11.2 

 

88.8 

Au (4f7/2) 

 

Pt (4f7/2) 

82.90 

 

70.60 

387.42 

 

1064.85  

26.68 

 

73.32 

3.3 

96.7 

Au (4f7/2) 

Pt (4f7/2) 

82.99 

70.54 

33.98 

814.35 

3.98 

96.02 
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Table 12 XPS Data analysis showing core level locations, area of the Au (4f7/2) and Pt (4f7/2) peaks 

and the concentration of each element calculated in atomic percentage in the annealed 

Au-Pt alloy (300 ⁰C for 15 min). 

EDX  

Pt at % 

Transition Binding Energy (eV) Peak Area At% 

96.4 

 

3.6 

Au (4f7/2) 

 

Pt (4f7/2) 

84.09 

 

74.38 

2421.12 

 

256.83 

90.41 

 

9.59 

75 

 

25 

Au (4f7/2) 

 

Pt (4f7/2) 

83.90 

 

74.05 

1930.26 

 

514.22 

78.96 

 

21.04 

47.8 

 

52.2 

Au (4f7/2) 

 

Pt (4f7/2) 

83.90 

 

71.12 

825.31 

 

936.32 

46.85 

 

53.15 

11.2 

 

88.8 

Au (4f7/2) 

 

Pt (4f7/2) 

83.90 

 

71.21 

355.67 

 

1310.62 

21.34 

 

78.66 

3.3 

 

96.7 

Au (4f7/2) 

 

Pt (4f7/2) 

83.90 

 

71.48 

23.50 

 

905.20 

2.53 

 

97.47 
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