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Abstract 

In this thesis, the catalytic capabilities of Pd species deposited by Atomic Layer Deposition 
(ALD) was explored on different substrates. Pd species composed of Nanoparticles (NPs) and 
Single atoms (SAs) were synthesized on anodic TÍO2 nanotube (TNT) layers and carbon papers, 
respectively, to investigate their performance in methanol electro-oxidation and the alkaline 
hydrogen evolution reaction (HER). Pd NPs were deposited on T N T layers as methanol 
oxidation catalyst, leveraging their large surface area and direct electrical contact through the 
titanium foil. T E M analysis showed Pd particle sizes between 7 and 12 nm, with a shift to a 
porous Pd layer formation beyond 450 A L D cycles. Cyclic voltammetry revealed that catalytic 
activity peaked at 400 and 450 cycles, indicating optimal Pd loading and anti-poisoning 
characteristics, potentially enabling direct C H 3 O H to C O 2 conversion. The other role the Pd 
achieved through the presence of SAs and NPs. Pd species were decorated on carbon papers 
were studied as H E R catalyst, the samples before and after electrochemical measurements were 
characterized with X-ray photoelectron spectroscopy confirming the presence of P d 2 + species. 
The electrochemical active surface area increased significantly with A L D cycles, reaching a 
plateau at 300c Pd. Notably, C P 600c Pd demonstrated an overpotential of 4.55 mV, the lowest 
reported for Pd electrocatalysts in alkaline conditions. This highlights the synergistic effects of 
Pd configurations on H E R enhancement and explores the mechanism by which the H E R process 
occurs. 

Abstrakt 

V této práci byly zkoumány katalytické schopnosti druhů Pd deponovaných metodou Atomic 
Layer Deposition ( A L D ) na různých substrátech. Druhy Pd složené z nanočástic (NP) a 
jednotlivých atomů (SA) byly syntetizovány na vrstvách anodických nanotrubiček TÍO2 (TNT) a 
uhlíkových papírech, aby se prozkoumalo jejich chování při elektrooxidaci methanolu a reakci 
vývoje alkalického vodíku (HER). Pd N P byly naneseny na vrstvy T N T jako katalyzátor oxidace 
methanolu, čímž se využil jejich velký povrch a přímý elektrický kontakt přes titanovou fólii. 
T E M analýza ukázala velikosti částic Pd mezi 7 a 12 nm, s posunem k tvorbě porézní vrstvy Pd 
po 450 cyklech A L D . Cyklická voltametrie odhalila, že katalytická aktivita dosáhla vrcholu po 
400 a 450 cyklech, což ukazuje na optimální zatížení Pd a vlastnosti proti otravě, což potenciálně 
umožňuje přímou konverzi C H 3 O H na CO2. Další role Pd dosáhla přítomností S A a NP. Druhy 
Pd byly dekorovány na uhlíkových papírech a byly studovány jako H E R katalyzátor, vzorky před 
a po elektrochemických měřeních byly charakterizovány rentgenovou fotoelektronovou 
spektroskopií potvrzující přítomnost druhů P d 2 + . Elektrochemicky aktivní povrchová plocha se 
významně zvýšila s cykly A L D a dosáhla plato při 300c Pd. Pozoruhodné je, že CP 600c Pd 
vykazoval nadměrný potenciál 4,55 mV, což je nejnižší hodnota udávaná pro Pd 
elektrokatalyzátory v alkalických podmínkách. To zdůrazňuje synergické účinky Pd konfigurací 
na zesílení H E R a zkoumá mechanismus, kterým dochází k H E R procesu. 
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CHAPTER 1 

1. Chapter 1: Introduction 

1.1. General overview and background 

The demand for sustainable energy solutions has become increasingly urgent in the face of 

escalating energy demands and environmental concerns. As traditional fossil fuels continue to 

dominate global energy production, the imperative to transition towards cleaner alternatives has 

become undeniable. Among the group of emerging energy sources, hydrogen gas (Fh) stands out 

as a promising fuel [1], transition to a new era of clean and efficient energy utilization. H2 

possesses several key attributes that make it an important prospect for energy production. Its 

remarkable energy density, coupled with its ease of storage and transport, result in an 

exceptionally versatile fuel option. Furthermore, H2 combustion yields only water as a 

byproduct, offering a compelling solution to overcome greenhouse gas emissions. 

The color-coding system for H2 is a simple way to indicate the source and environmental impact 

of H2 production. Green H2 is produced using renewable energy sources such as wind or solar 

power, making it the most sustainable option. Blue H2 is derived from natural gas with capturing 

the emitted carbon capture to minimise harmful emissions. Grey H2 is also made from natural 

gas but without capturing the emitted carbon, leading to higher emissions. H2 can be produced 

from coal in two forms: The color distinction refers to the type of coal used. Turquoise H2 is 

produced through a process called methane pyrolysis, which yields H2 and solid carbon. Purple 

and Pink H2 are generated using electrolysis that involve nuclear energy. White H2 is naturally 

occurring and found underground. Table 1.1 summarise some of the mostly used techniques to 

produce H2. The current methods of H2 production include drawbacks. Processes such as steam 

reforming of natural gas or coal gasification heavily rely on carbon-based resources, perpetuating 

carbon emissions and environmental degradation. Despite the high efficiencies, it is important to 

explore alternative processes that are more sustainable. Consequently, there is an urgent 

imperative to develop innovative and sustainable approaches to H2 generation. Among the 

various pathways to clean H2 production, water splitting emerges as a particularly promising 

solution. This process involves the dissociation of water molecules into H2 and oxygen gases, 

typically facilitated by the application of an electric current or harnessing solar energy. Beyond 
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CHAPTER 1 

its intrinsic environmental benefits, water splitting holds immense potential for integration with 

fuel cells [2]. 

Table 1.1. Efficiency % estimation and environment impact of different processes to extract H2. 

Process Identification 

color 

Efficiency (%) ref Environmental 

Impact 

Photoelectrochemic 

al Cells 

Green 10-18% [3] Low (No C 0 2 

emissions) 

Steam Reforming of 

Natural Gas 

Grey -81% [4], [5] High ( C 0 2 

emissions) 

Coal Gasification Brown/black 60-70 [6], [7] High ( C 0 2 

emissions) 

Electrolysis of 

Water (water 

splitting) 

Green/pink/purple 95 [8] Moderate 

(Energy 

Intensive) 

Fuel cells represent a cornerstone of the transition towards a sustainable energy future. By 

harnessing the chemical energy of H2 and O2, these devices can efficiently generate electricity 

[9] while emitting only water compared to the pollutants associated with conventional 

combustion engines. Fuel cells have acquired significant attention, particularly in the 

transportation sector, where they offer a compelling alternative to traditional internal combustion 

engines, promising enhanced efficiency and reduced emissions. 

1.2. Process of water splitting reaction. 

Water splitting is a process that involves two half-reactions: the hydrogen evolution reaction 

(HER) and the oxygen evolution reaction (OER), which occur at the cathode and the anode of 

the water splitting device, respectively. Both reactions have high thermodynamic and kinetic 

barriers, which means that they require a large amount of energy and a long time to complete. 

Therefore, the main challenge is to reduce the energy requirement and increase the reaction rate 

of both the H E R and OER. For this purpose, various strategies have been employed to modify 

the electrode materials, optimize the electrolyte composition, and design novel catalysts. 

2 



CHAPTER 1 

The invested energy used to split water wi l l be stored in H2 molecule according to the following 

reaction: 

1 
H 2 0 + 237.2 kjmol (electricity) + 48.6 kjmol (heat) -> H 2 + - 0 2 ( 1 ,) 

Where 237.5 kJ/mol is the Gibbs free energy, 48.6 kJ/mol is referred to the overpotential needed 

to drive the reaction forward, which then convert to heat and stored in H2 molecule. 

Figure 1.1 provide a representation of the activation energy (E a) needed for the electrochemical 

system to be driven forward. The x-axis depicts the progress of the reaction, where the left and 

right sides represent the reactants and products of the reaction. The introduction of a catalyst 

significantly reduces the E a required to reach the designated products compared to the absence of 

a catalyst. Consequently, the presence of a catalyst increases the reaction rate without affecting 

the thermodynamic equilibrium, which is described by Gibbs free energy (Eq. 1.1). It is 

important to note that a negative Gibbs free energy (G < 0) is required for the reaction to be 

spontaneous. 

AB 
• Reaction Progress 

No Traditional Cooperat ive 
Catalyst Catalyst Catalyst 

Figure 1.1. Activation energy diagram for electrochemical system with and without a catalyst 

[10]. 
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CHAPTER 1 

Among the different types of catalysts, noble metal-based materials have shown remarkable 

performance for both the H E R and OER, due to their high intrinsic activity, good conductivity, 

and high stability [11]. However, the high cost and scarcity of noble metals limit their large-scale 

application and motivate the search for alternative and cheaper catalysts. One of the most studied 

and promising materials is Palladium (Pd). Pd has a high catalytic activity and selectivity for the 

H E R due to the H-Pd bonding discussed in section 1.5 of this chapter, as well as a good stability 

and resistance to poisoning. One of the effective ways to reduce the Pd loading and enhance its 

utilization is to deposit Pd NPs on 2D carbon supports [12], such as graphene [13], carbon 

nanotubes [14] or carbon papers [15]. The carbon supports can provide a large surface area, a 

high electrical conductivity, and a strong interaction with Pd NPs, which can improve the 

dispersion, stability, and activity of Pd catalysts. Moreover, the 2D carbon supports can also be 

doped with heteroatoms, such as N , S, or P, to create more active sites and modify the electronic 

structure of Pd catalysts [16]. Pd is a metal that can absorb and release large amounts of H2 gas 

reversibly, making it a potential material for H2 storage and purification [17]. Pd can form an 

alloy with hydrogen, called palladium hydride, which has a higher hydrogen-to-metal ratio than 

other metal hydrides. Palladium hydride can store up to 900 times its own volume of H at room 

temperature and atmospheric pressure [18]. 

1.3. Pd catalyst deactivation and limitations 

The most commonly used catalysts for H E R and O E R are based on precious metals/metals 

oxides such as platinum (Pt) and iridium oxide (Ir02), which have high activity and stability in 

acidic media, but are scarce and expensive, For example, a study by Guillen-Soler et al. [19] 

demonstrated that while Pd nanoparticles can enhance the H E R when used in a hybrid structure 

with M 0 S 2 and polyoxometalate (POM), the scarcity and high cost of Pd make it impractical for 

widespread application. In contrast, non-precious metal catalysts such as nickel-based (Ni-based) 

[20] and copper-based (Cu-based) [21] catalysts are more abundant and cheaper. However, it 

faces challenges such as rapid charge recombination and susceptibility to photo-corrosion, which 

limit its efficiency and durability. Pd has been reported to exhibit bifunctional catalytic 

properties for both O E R and H E R in acidic media and can deliver low overpotentials. However, 

the efficiency of the catalyst can be significantly affected by its microstructure and the platform 

on which it is used. Therefore, it is important to search for a catalyst design that can meet the 
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required standards for reducing the amount of Pd used, both due to its high cost and the impact 

of its morphology, such as the crystalline planes and shapes, which directly affect the surface 

area exposed to the electrolyte and, consequently, the final efficiency of the catalyst. 

Additionally, Pd finds widespread application as a catalyst for methanol oxidation in direct 

methanol fuel cells (DMFCs) . However, the catalytic performance of Pd is susceptible to 

degradation due to surface poisoning by adsorbed intermediate compounds, notably carbon 

monoxide (CO). The formation of stable C O layers on the Pd surface obstructs the active sites 

crucial for methanol and oxygen adsorption, consequently impairing catalytic activity and 

stability. Moreover, the catalyst's activity may decline over time due to the oxidative conditions 

which can lead to its deactivation. 

Catalyst deactivation during electrochemical water splitting is a significant issue that affects both 

the efficiency and longevity of the system. This deactivation can occur due to various factors, 

including the accumulation of reaction intermediates on the catalyst surface and changes in the 

catalyst's active sites. Suryanto et al. [22] discussed the development of a nickel-iron oxide 

interface catalyst that exhibits both H E R and OER activity, but they also noted that maintaining 

this dual-functionality over time is challenging due to corrosion-induced compositional and 

structural changes. 

1.4. Pd catalyst synthesis 

The synthesis of Pd nanostructures can be performed through various techniques. The most used 

methods such as Chemical Vapor Deposition (CVD) [23], Sol-Gel Process [24], Microemulsion 

techniques [25], Sonochemical Synthesis [26]. Similarly, Microwave-Assisted Synthesis uses 

microwave radiation to achieve rapid and uniform heating [27], which can significantly reduce 

the synthesis time for Pd nanostructures. Electrodeposition and Atomic Layer Deposition (ALD) 

stand out as prominent methods due to the ease of synthesis and high controllability level 

respectively. Each technique offers unique advantages and challenges in tailoring Pd catalysts to 

meet specific application requirements. 

In the electrochemical process such as electrodeposition, the presence of the Helmholtz layer at 

the electrode-electrolyte interface presents a complex interplay of benefits and challenges for 

accurate electrochemical measurements. One significant challenge arises from the limited mass 

5 
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transport in the depletion region. This restricted ion diffusion can lead to concentration gradients 

near the electrode surface, potentially slowing down desired reactions and causing discrepancies 

in current-potential measurements. Furthermore, the applied potential directly influences the 

Helmholtz layer structure and composition, giving rise to double layer effects (ihp and ohp) as 

represented in Figure 1.2. The voltage drops across the layer described by Eq. 1.2 is caused by 

this potential-dependent phenomenon. This phenomenon also combines the potential drop with 

the pH of the electrolyte used, resulting in a difference between the applied and real potential 

experienced by the reacting species at the electrode surface. This deviation from ideal behavior 

complicates the study of reaction mechanisms and thermodynamic properties. 

2-3/cT 
VH= (pH0-pH) (1.2) 

e 

Where pHo is the pH at which the charge is equal to zero, T is the reaction temperature, k is the 

equilibrium constant, and e is the charge of an electron. 

Fortunately, strategies exist to mitigate these challenges and achieve more reliable data. One 

approach involves tunning the supporting electrolyte concentration that can enhance the ion 

mobility within the bulk solution, reducing the impact of limited diffusion near the electrode. 

However, careful balancing is crucial, as overly concentrated electrolytes can promote unwanted 

side reactions. Another approach utilizes pulsed electrochemical techniques, like pulsed potential 

deposition. B y turning on-off cycles of applied potential, promoting diffusion during the off-time 

and influencing the dynamics of the Helmholtz layer. This can minimize concentration gradients, 

suppress side reactions, and ultimately improve the efficiency and accuracy of electrochemical 

measurements. 
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Helmholtz layer 

Semiconductor ^ 
'ihp Vohp 

Electrolyte Potential 

H 2 0 <f>ohp 

H 

d 
X 

ihp ohp 

0 Proton 

Q Hydroxide ion 

© Electron in sur face state 

ihp ohp 

Figure 1.2. Schematic representation of the inner (ihp) and outer(ohp) Helmholtz planes at the 

interface between the electrode surface and the electrolyte [28]. 

The morphology and thickness of the Pd deposited layers can be controlled by varying the 

solution composition, potential, and time. However, pulsed potential electrodeposition (PPD) as 

represented in Figure 1.3 offers distinct advantages over its continuous counterpart. This method 

capitalizes on the crucial role of the pause time, the interval between deposition pulses, to 

achieve improved film characteristics and address limitations inherent in continuous deposition. 

The key advantage of PPD lies in its ability to control the morphology and properties of 

deposited films. The pause time facilitates diffusion, replenishing the depletion zone formed 

during the pulse and allowing adsorbed species to arrange themselves on the surface, ultimately 

leading to smoother, denser, and more uniform films [29]. Additionally, by manipulating the 

pulse duration and frequency, researchers can tailor the composition, crystal structure, and other 
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functional properties of the deposited material for specific applications [30]. 

= _ 

-
-
w 

Time 
Constant current electrodeposition 

Time 
Pulse current electrodeposition 

Figure 1.3. Pulsed deposition versus continuous deposition diagram [31 ] 

It is important to note that while the pause time significantly reduces the depletion zone, 

complete elimination might not be achievable in all scenarios. The efficacy of depletion zone 

reduction depends on the interplay between pulse parameters, diffusion rates, and electrolyte 

properties. However, despite the partially depleted zone, PPD still offers significant advantages 

over continuous deposition, making it a preferred technique for various advanced material 

synthesis applications. Following each pulse, nucleated material, such as reduced Pd ions on 

existing Pd nuclei, continues to grow, resulting in the formation of various shapes and sizes of Pd 

nanostructures [32]. The nucleation and growth mechanism of Pd nanostructures by 

electrodeposition can be more complicated and depends on several factors, such as the solvent, 

Pd ion concentration, pulse duration and frequency, and substrate material. In the work of 

Fuentes et al. [33], Pd growth follows a 3D-controlled structure on the nucleated Pd° sites. The 

structural formations differ depending on the substrate used, forming spherical clusters on highly 

oriented pyrolytic graphite (HOPG) and cauliflower structures on T i with a narrow size 

distribution. 

The crystalline structure of electrodeposited Pd depends on the substrate, the precursor, and the 

deposition parameters. For example, Pd deposited on graphene oxide showed a flower-like 

morphology with (111) dominant facets, while Pd deposited on ITO showed spherical 

nanoparticles with (100) facets. The reason for obtaining different morphology is related to the 

nucleation and growth processes, the adsorption of anions or additives, and the surface energy of 

the facets. ( I l l ) facets for example have high surface energy, favouring rapid growth along these 
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planes. Result in polyhedral or dendritic shapes. (100) facets have lower surface energy, leading 

to slower growth, yield cubic or octahedral particles. 

Previous works have tuned the relative exposure of (100) and (111) facets in Pd nanocrystals 

during formic acid oxidation. The resulting electrocatalytic activity varied with shape (cubes to 

octahedrons). However, during the nucleation mechanism, Kim et al. [34] propose a two-step 

nucleation mechanism for Pd on carbon electrodes, involving the formation of (PdCU) 2" 

complexes and their subsequent reduction to Pd° atoms. A kinetic model has been developed for 

the growth of Pd nanoparticles on carbon electrodes, based on the aggregation of Pd atoms and 

the coalescence of Pd clusters. It was validated that the growth rate and particle size distribution 

depend on the applied potential and the PdCk concentration. 

Atomic Layer Deposition (ALD) A L D is a well-established gas phase deposition technique 

based on alternating self-limiting gas-surface chemical reactions. The precursors are introduced 

separately to react with the active surface sites followed by purging steps using an inert gas (N2 

or Ar) avoiding any chemical reaction in the gas phase between the precursors. The unparalleled 

sub-nanometer thickness control lies in the self-limiting nature of the chemical surface reactions, 

caused by the limited number of active surface sites (available to react with the gas phase 

precursor), restricting the growth process to one layer per cycle. The A L D cycle is repeated until 

the desired layer thickness is achieved. More importantly, A L D is the only deposition method 

that enables conformal and uniform deposition on complex substrates including high aspect ratio 

structures and nanostructured porous materials, regardless the electronic conductivity of the 

material to be deposited, unlike in the previously described electrodeposition technique [35]. 

A L D enables to deposit various types of materials, such as metal oxides, sulfides, nitrides, but 

also different noble metal nanostructures, which offers numerous fascinating opportunities, 

harvested in this work as well as in the recent literature. 

The A L D process of noble metals (such as Pt or Pd), however does not follow the typical A L D 

layer by layer growth. Instead, the process starts by nucleation that occurs selectively on the 

surface sites that have a high affinity for the noble metal precursor, such as functional groups 

originated by the co-reactant, defects, steps, or edges. The growth rate and especially the size of 

the growing objects is strongly affected mainly by A L D parameters as the precursor of choice, 

the deposition temperature and the number of A L D cycles. As the number of cycles increases, 
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the single atoms (nuclei) atoms form clusters, which grow into nanoparticles with increasing 

number of cycles. The nanoparticles can eventually coalesce and form a continuous film as 

represented in Figure 1.4, depending on the surface mobility and the interparticle distance [36]. 

This is in strong contrast, to the typical growth of metal oxides that in general lacks of nucleation 

delay leading to the formation of uniform and continuous layers [37]. This is because metal 

oxides readily form strong metal-oxygen bonds, which result in a more uniform and complete 

layer on the substrate surface, leading to a layer-by-layer growth. 

Figure 1.4. Schematic representation of nucleation of noble metals during ALD process in 

comparison to classical ALD growth of e.g. metal oxides, both are drawn as function of ALD 

cycles that increase from left to right. 

In particular, the Pd A L D process involves two steps: firstly, exposing the substrate to a Pd 

precursor, such as Palladium (II) hexafluoroacetylacetonate (Pd(hfac)2), which mainly adsorbs 

onto the active functional groups of the surface; secondly, exposing the substrate to a reducing 

agent, such as formalin or f h , which reacts with the adsorbed precursor and forms Pd metal. The 

cycle is repeated until the desired metal size and/or morphology (clusters, nanoparticles, 

continuous film) is achieved. One must note that the A L D precursor must fulfilled three basic 

criteria: i) volatility to provide sufficient vapor pressure; ii) thermal resistance to withstand the 

deposition temperature (usually above 100°C); iii) reactivity with the substrate and the co-

reactant. The precursor also should present additional features, such as to be chemically resistant 

toward air and moisture for easy handling, to be noncorrosive including by-products, to present 

low toxicity, and allow cost-effective and large-scale synthesis [38]. 
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The selection of co-reactants, such as O2, O3, H 2 O , or formaldehyde, further influences the 

interaction between the precursor and the substrate by influencing the nucleation sites. O2 and 

O3, for example, can promote the formation of bridging oxide species on the surface, influencing 

the growth pattern of film. Conversely, H 2 O or formaldehyde can act as hydroxylating agents, 

modifying the surface termination and the adsorption of the metal precursor. 

Sun et. al. [39] described the process at which the deposition of Pt for example nucleates on a 

carbon substrate using O2 as a co-reactant. A monolayer of oxygen-containing functional groups 

act as anchoring points for the provided (methylcyclopentadienyl)-trimethylplatinum 

(MeCpPtMe3) precursor in the second step of the A L D cycle. Upon exposure of the precursor, 

some of the ligands react with the adsorbed oxygen and form other species such as C O 2 , H 2 O , 

and hydrocarbon fragments as by-products. Consequently, controlling the distribution and 

uniformity of nucleation can be tuned by providing selective quantity of the co-reactant per each 

cycle. 

Furthermore, the effect of substrate must be taken into account, when studying the growth 

mechanism. The growth of Pd on oxides or carbon substrates for example depends on several 

factors mentioned before in addition to the presence of functional groups on the surface, which 

directly influence the reactivity and the nucleation behaviour. According to the Volmer-Weber 

mechanism [40], Pd can form 3D islands on the carbon surface through instantaneous nucleation 

and diffusion-controlled growth [41]. The A L D temperature affects the size and shape of the Pd 

islands, as well as the surface diffusion and reaction kinetics of the Pd precursors. The surface 

morphology of the carbon substrate influences the distribution and density of the Pd islands, as 

well as the defects and edges that can act as nucleation sites [42]. The presence of functional 

groups on the carbon surface, such as hydroxy Is, carboxyl's, sulfates, and sulfides, can modify 

the surface charge, the adsorption affinity, and therefore the oxidation state of the Pd atoms, 

leading to different nucleation and growth behaviours. When discussing other noble metals, such 

as Pt, the nucleation process is similar to that of Pd. In their study, Han-Bo-Ram et. al. [43] 

examined the effects of substrate microstructure, surface hydrophilicity, and catalytic activity on 

Pt nucleation and film formation during A L D . It was found increasing the thickness of the TiCh 

layers used for Pt nucleation resulted in the transformation from amorphous to anatase. This 

11 



CHAPTER 1 

recrystallisation occur due to the longer exposure of TiCh to heat with higher number of cycles to 

achieve the thicker layers. This transformation enhanced Pt nucleation, in addition to the 

hydrophilicity effect of the substrate, which enhanced the formation of the nucleation sites for 

wider Pt distribution and growth. Other studies have shown that carbon substrates with high 

oxygen content can induce the formation of Pd core-shell nanostructures [44], which have 

enhanced catalytic activity towards methanol oxidation reaction (MOR). However, other studies 

have reported that sulfur-containing functional groups can inhibit the Pd nucleation or cause the 

formation of PdS, which has lower catalytic activity [45]. Therefore, the nucleation and growth 

of Pd on carbon substrates is a sensitive and tuneable process that can result in various Pd 

nanostructures with different properties and applications. 

The different structure formation of the deposited material can greatly affect its catalytic 

properties due to the different electronic structures and energy bands for each as shown in 

Figure 1.5. Single Atoms (SAs) have localized electronic states with separated energy levels. 

Each atom contributes well-defined atomic orbitals. These states are influenced by the atomic 

number and electronic configuration. While SAs can be catalytically active due to their high 

surface energy, unique electronic states, and strong interaction with the support [46], their low 

coordination number, SAs aggregates overtime leading to the loss in stability and activity [47]. 

For example, when Pd atoms are supported on a substrate or close to other atoms, their electronic 

states can be altered due to charge transfer or electronic interactions. This can lead to changes in 

the oxidation state of the Pd atoms and lower their catalytic properties. 
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Figure 1.5. Geometric and electronic structures ofSAs, nanoclusters, and NPs [48]. 

Nanoclusters consist of several hundred atoms. As the cluster size increases, the energy levels 

broaden into bands due to the hybridization of atomic orbitals within the cluster. On the other 

hand, nanoparticles contain thousands to millions of atoms and exhibit bulk-like behavior. Their 

electronic structure includes well-defined energy bands, resulting from collective interactions 

across the entire particle. During the H E R process, the overlap of d-band states with hydrogen 

orbitals enables the efficient adsorption and dissociation of H2 molecules, thereby promoting the 

reaction. 

1.5. H-Pd bonding 

The effect of hydrogen adsorption/desorption on Pd is detrimental to explain the Pd activity as a 

catalyst for water splitting reactions. For this reason, molecular orbital theory is used to describe 

the bonding between atoms. Molecular orbitals are the result of the overlap of atomic orbitals, 

which are the regions of space where electrons are most likely to be found around an atom. 
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When two atoms such as Pd and H approach each other, their atomic orbitals can interact and 

combine to form new orbitals that belong to the whole molecule and can hold electrons that are 

shared between the atoms. Generally, Pd forms stronger bonds with hydrogen when compared to 

Pt for example, because it has smaller atomic radius [49]. This means that Pd has higher 

adsorption and lower desorption energies of H when compared with Pt. How well transition 

metal-based catalysts can acquire and release H is also influenced by how the empty d orbitals of 

the transition metals and the s orbital of H interact with each other. 

The strength of the bond depends on the energy difference and the electron occupancy of the 

molecular orbitals [50]. H has one "s" orbital, which is spherical and can overlap with any orbital 

of another atom. The s and p orbitals of Pd are similar to those of the second period elements, 

such as carbon (C), nitrogen (N), and oxygen (O), which can hybridize to form new orbitals. For 

example, carbon can form sp, sp2, or sp3 hybrid orbitals, depending on the number of bonds and 

lone pairs. These hybrid orbitals can then overlap with the s orbital of hydrogen to form sigma 

(o) molecular orbitals [51], which are symmetrical along the bond axis. However, O and fluorine 

(F), which are also second period elements, cannot hybridize their s and p orbitals, because they 

have very different energies. The s orbital is much lower in energy than the p orbital, and the 

energy gap is too large for them to mix. Therefore, the s and p orbitals of O and F remain 

separate and do not form new orbitals. Instead, they overlap directly with the s and p orbitals of 

hydrogen to form sigma (o) and pi (%) molecular orbitals, respectively. 

The d orbitals of Pd are more complex and have different orientations and symmetries [52], 

which are characterized by increased complexity and a greater number of nodes compared to o 

and 7i molecular orbitals. It is worth noting that Pd is unique among metals due to its Pauling 

electronegativity of 2.20, which is the same as H [53]. This allows for the sharing of electrons 

between H and Pd without the generating a large dipole, thus forming a hydride easily. 
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(a) 

Metal d orbital Empty metal d orbital 

Figure 1.6. Graphical representation of the bonding between H2 on a metal with d orbital. 

Knowing that Pd have a full 4d orbital. 

Figure 1.6. represent the bonding diagram of H2 with a metal 4d orbital. The (a) case represents 

full d orbital as the case of Pd and the (b) case represents the bonding in case of empty. The bond 

between two hydrogen atoms consists of both 71 and o bonds. The o bond is formed by the 

overlap of the dihydrogen orbital that holds the electrons. The 71 bond is formed by the transfer of 

electrons from the metal's d orbital to the dihydrogen orbital that weakens the bond. In the 

context of dissociative adsorption, H2 on a Pd cluster is catalyzed by the dangling bonds of the 

Pd surface and electron correlations. Notably, the 4d orbitals of Pd play a pivotal role, with the 

outer 5s orbital assuming a secondary function in this catalytic process [54]. 

Dong et al. [55] reported how the atomic hydrogen interact with different facets of Pd crystals, 

such as (111), (100), and (110), which have different arrangements of atoms on the surface. They 

concluded that the higher hydrogenation activity of more open surfaces of Pd(110), could be 

related to the faster diffusion of hydrogen on the Pd crystalline plan. Another work by Sampyo 

et. al. [56] Describes the diffusion of hydrogen relative to different Pd crystalline plans. They 

compare the activation energy barriers for H to diffuse from the surface to the subsurface, and 

among different sites on the surface and the subsurface. It was found that the diffusion barrier 

from the surface to the subsurface on Pd (211) is lower than that on Pd (111), implying a higher 
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probability of finding subsurface hydrogen on Pd (211). Hydrogen prefers to bind at high 

coordination sites on all surfaces, with similar adsorption energies and geometries [57]. One of 

the descriptors for hydrogen binding on Pd is the d-band center which refers to the energy level 

of the d-orbitals of surface metal atoms, this band center can shift due to alloying with other 

elements such as indium (In) [58]. 

Finally, the nature of interaction of hydrogen with Pd enhances the catalytic activity of the 

system, facilitating the dissociative adsorption of H2 and demonstrating the potential for 

designing Pd catalysts in a more "molecular" form. Where the dissociation of H2 adsorbed 

molecule with least amount of energy leading to the dissociation of H2 into to hydrogen atoms 

[59]. The important part is that this process completely reversible, with equilibrium between 

hydrogen molecule and radicals form as shown in Eq. 1.3 below. 

H2%H*+H* (1.3) 

It is worth noting that during the adsorption process, the stability of the Pd-Pd bond and the 

unique electronic interactions contribute to the catalytic ability of the system. This is due to 

electron back-transfer from the bonding M O of H2 to that of Pd2, which weakens the H - H bond 

but does not significantly affect the Pd-Pd bond. 

1.6. Objectives of the thesis 

a) Study the effect of Pd nanoparticles loaded within nanotubular T i 0 2 substrates to 

overcome the poisoning issues that limit Pd activity during M O R . 

b) Design and find the optimum Pd morphology and loading quantity for H E R and compare 

the catalytic activity with the reported Pd catalyst in the literature. 

c) Investigate the effect of using treated carbon substrates on the activity of Pd species, 

using A L D as a precision-controlled technique to synthesis Pd species. Where species can 

be associated with the presence of SAs, S A clusters, NPs, or all of these at the same time. 
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1.7. Contribution of the thesis 

By following the proposed methodology, this thesis aims to exploit the most relevant aspects that 

govern the electrocatalyst performance along with the catalyst design using A L D . The successful 

synthesis of the catalyst for both M O R and HER, as mentioned in the objective section, wi l l 

result in a more efficient catalyst design, ultimately saving more energy. Furthermore, the 

enhancement of the synthesised catalyst durability for water splitting devices is expected to 

reduce maintenance requirements, consequently lowering operational costs for end-users in the 

market. This strategic combination of methodologies not only aims to improve the catalyst 

design but also to address practical implications related to energy efficiency and cost-

effectiveness in water splitting applications. 

1.8. Outline of the thesis 

The search for efficient and sustainable electrocatalysts for energy conversion processes has been 

a driving force in current research. Chapter 1 of this dissertation starts by general introduction to 

provide understanding about different aspects that affect Pd catalytic activity and the use metal 

oxides as a promising cheap photocatalyst for water splitting. Additionally, it provides overview 

on the challenges encountered during the catalytic process of a catalyst and the studied solution 

to overcome these challenges. The fundamental aim of this research is to utilize the potential of 

Pd-based catalysts for two critical electrochemical reactions. M O R and H E R are the focus of our 

investigation. Additionally, the use of A L D with controlled parameters has been investigated as a 

potential synthesis technique for designing a Pd catalyst, due to its exceptional precision and 

control. The sections of this thesis are structured with a specific focus on the catalysts synthesis 

techniques and their applications. 

The 2 n d chapter of this thesis focuses on methanol oxidation reaction (MOR), a crucial process 

in fuel cells and direct methanol fuel cells (DMFCs) . Methanol fuel cells have emerged as a 

promising technology for portable power sources and electric vehicles due to their high energy 

density. However, their widespread adoption has been hindered by the lack of efficient and 

durable M O R electrocatalysts. In this context, our research ventures into the precise deposition 

of Pd nanoparticles onto Ti02 nanotubes (TNTs) using A L D . The novelty here lies in the 

intersection of A L D with M O R , a relatively unexplored research area. B y employing A L D , high 
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level of control was achieved over Pd nanoparticle size and distribution, enabling us to tailor 

catalysts with remarkable performance and durability. This section aims to examine the complex 

interactions between Pd nanoparticles and TNTs, revealing the mechanisms that confer 

resistance to C O poisoning. Our research aims to tackle the crucial problem of C O poisoning in 

M O R and, as a result, presents a groundbreaking route towards sustainable methanol-based 

energy conversion. 

In the 3 r d chapter studies the synergistic effects of Pd SAs and nanoparticles when deposited 

onto carbon papers (CPs) using A L D . The generation of clean and sustainable hydrogen is 

essential for a green energy future. H E R plays a central role in hydrogen production 

technologies, and the search for efficient electrocatalysts is very important. The novelty lies in 

the unique combination of A L D and Pd-based catalysts for H E R , offering precise control over 

the catalyst's atomic arrangement. By utilizing the inherent benefits of SAs and nanoparticles on 

CPs, overpotentials are significantly reduced, making these catalysts highly efficient. Our work 

paves the way for increase in H E R efficiency and stability. Moreover, the detailed 

characterization techniques employed in this section not only provide valuable insights into the 

catalyst's structure but also ensure its long-term viability. This section thus contributes 

significantly to the field of clean hydrogen production and highlights the important role of A L D 

in catalyst design. 

The importance of this study is its contribution to the development of sustainable water splitting 

as a clean source of energy. B y connecting the dots between M O R , H E R , this dissertation 

consolidates various aspects of electrochemical catalysis, each serving a specific objective to 

improve the energy conversion efficiency. 
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2.1. Abstract 

In this chapter, the performance of Pd nanoparticles (NPs) prepared by Atomic Layer 

Deposition (ALD) as a catalyst for methanol electro-oxidation has been reported. Pd NPs 

were decorated onto anodic Ti02 nanotube (TNT) layers as supporting material that 

possess a large available surface area and direct electrical contact via the underlying 

titanium foil. Different Pd loadings (150 - 300 - 450 - 600 A L D cycles) show different 

particles sizes ranging between 7 and 12 nm, as revealed by T E M . Coalescence 

dominated visibly from 450 A L D cycles, which led to a porous Pd layer all along the 

T N T walls rather than the growth of individual particles. Electrocatalytic performance 

was investigated by cyclic voltammetry (CV) , where the catalytic activity increased 

proportional with Pd loading up to the highest values for 400 and 450 cycles, whereas a 

further increase in the number of A L D cycles (NALD) did not show any additional 

improvement in methanol oxidation current densities. T N T layers decorated with 400, 

450 and 600 Pd A L D cycles show featureless curves suggesting complete anti-poisoning 

ability or possibly a proof of a direct conversion from C H 3 O H to CO2 (without any 

intermediate byproducts). The lack of an oxidation peak during the anodic scan and 

therefore a reduction peak during the cathodic scan, confirms Pd NPs (stabilized by Ti02) 

efficiently utilize OH a d S and chemisorbed C H 3 O H in a way that its C O poisoning was 

inhibited. As a result, the tuned high surface area T N T layers exhibited excellent 

performance as a supporting material for Pd NPs against formation of electrochemical 

poisoning species. Finally, the mechanism of the T N T layers interaction with Pd NPs, 

which led to the propelling methanol oxidation reaction without loss in performance over 

cycling is postulated. 
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2.2. Introduction 

The ever-increasing global energy demand along with the environmental issues, 

originated from the use of fossil fuel, triggered an intense search for sustainable and clean 

energy alternatives. Direct methanol fuel cells (DMFCs) , in which the chemical energy 

stored in methanol is converted to electrical energy, have been explored in the last years. 

Unlike hydrogen fuel cells, D M F C s use liquid fuel that allows easier handling and 

transportation. The two main reactions that determine the activity of D M F C s are the 

anodic methanol oxidation reaction (MOR) and cathodic oxygen reduction reaction 

(ORR) [1]. The catalytic reaction kinetics during the fuel cell activity is dependent on the 

electrode surface morphology and/or nanoparticles (NPs) sizes. Larger NPs can relatively 

increase the NPs surface exposed to the surrounding electrolyte as compared to the 

interacted substrate surface [2]. hi contrary, smaller NPs are less likely to have C O 

poisoning specially at high temperatures, due to oxygen bond break resulting in oxygen 

desorption at this level, which shows more resistant to C O poisoning [3]. Noble metal-

metal oxide-support interactions generally play a significant role in electrocatalysis, as 

they maintain a high catalytic activity of noble metal NPs due to their tolerance towards 

poisoning from reaction byproducts. The use of metal oxide supports, such as M n 0 2 [4], 

Sn02 [5], or Ti02 [6], proved to be very beneficial as they are highly stable and maintain 

consistent conversion efficiency in fuel cells. Supporting materials, decorated by NPs as a 

catalyst, enhance the electron transport at the catalyst/electrolyte interface. The presence 

of oxide supporting material, whether it is a reducible metal oxide, such as Ti02 or FeO x , 

or a not reducible oxide such as Zr02 [7], can directly affect the catalytic activity. For 

instance, in catalytic converters used in the automotive industry, C O interacts with 

oxygen on the catalyst surface producing CO2. Hence, the reaction can proceed in two 

directions. In case the supporting material provides oxygen, as it happens with Ti02, 

these oxygen atoms wi l l substitute the missing oxygen on the surface. Otherwise, C O 

most likely substitutes oxygen atoms and deactivates the surface [8]. In parallel, 

approaches based on variations in the electrode morphology (nano-, meso-, and 

macroporous materials) have shown a huge impact to prevent the development and 

accumulation of intermediate products on the active electrode surface. In addition, the use 
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of alkaline electrolytes showed higher catalytic activity towards the anodic regime 

compared with acidic electrolytes [9]. One must bear in mind that testing noble metals, 

such as Pd, under intense anodic conditions in alkali medium can result in total 

deactivation, due to the formation of Pd hydroxylates. Also the electrolyte concentrations 

can directly affect the M O R rate [10]. 

Regarding the noble metal NPs used as catalyst towards methanol electro-oxidation, the 

inherent stability of Pt makes it a great catalyst choice as an anode in D M F C s . However, 

taking into consideration the Pt scarcity and the corresponding high costs for large scale 

Pt production, a search for alternative catalysts has been initiated. Alloys of Pt with other 

noble metals, such as Pd, are considered to be used on D M F C s electrodes in order to 

reduce or substitute Pt mass. While a complete M O R during the electrochemical process 

involves the transfer of 6 electrons to have CO2 as an end-product, incomplete oxidation 

can result in other undesired products such as formaldehydes, formic acids, and C O [11]. 

Pd has the tendency to bond with C O molecules, which leads to poisoning of the active 

surface. Even at lower temperatures, the process can still facilitate C O to react, forming 

Pd(CO) x compounds [12]. Hydration reaction that is more predominant on Pd surface as 

compared to Pt, can later form O H groups that support the de-poisoning of the 

intermediate " C O " during methanol oxidation [13], as shown later also in this paper. 

The importance of having NPs is based on the fact, that it significantly improves the 

surface to volume ratio, providing more catalytic active sites. The growth of uniform Pd 

NPs on high specific surface area supporting materials is of paramount importance due to 

the improved NPs count per unit area of support, thus increasing the catalytic activity of 

the process. Several reports have reported on the employment of Pd NPs on different 

substrates [14][15][16]. The available literature shows that the deposition of Pd NPs on 

T N T layers utilizing different techniques such as electrochemical milling [17], chemical 

bath deposition [18] [19] and electrodeposition [20], suffers from non-uniform depositions 

with variations in coverage density all along the surface. Some of the published 

literatures have focused on A L D based deposition of Pd NPs on T N T layers for their 

applications on organic molecule degradation [2] [15] [21] [22]. Wel l dispersed Pd NPs 

over T N T layers were obtained in these papers and their activities for different catalytic 
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reactions were proposed. However, T N T layers as a standalone are not a good material 

for the electrocatalytics purposes, knowing its poor electrical conductivity. However, as a 

supporting material, high surface area T N T layers can be detrimental to facilitate the 

oxidation of reactant molecules (methanol). This is due to an enormous amount of surface 

hydroxyl groups that are well known to oxidize intermediate products, majorly C O 

generated during methanol electrooxidation [23]. 

In this chapter, the performance of Pd nanoparticles (NPs) prepared by Atomic Layer 

Deposition ( A L D ) was reported as a catalyst for methanol electro-oxidation. Pd NPs were 

decorated onto anodic Ti02 nanotube (TNT) layers as supporting material that possess a 

large available surface area and direct electrical contact via the underlying titanium foil. 

Different Pd loadings (150 - 300 - 450 - 600 A L D cycles) show different particles sizes 

ranging between 7 and 12 nm, as revealed by transmission electron microscopy. 

Coalescence dominated visibly from 450 A L D cycles, which led to a porous Pd layer all 

along the T N T walls rather than the growth of individual particles. Electrocatalytic 

performance was investigated by cyclic voltammetry (CV), where the catalytic activity 

increased proportional with Pd loading up to the highest values for 400 and 450 cycles, 

whereas a further increase in the number of A L D cycles (NALD) did not show any 

additional improvement in methanol oxidation current densities. T N T layers decorated 

with 400, 450 and 600 Pd A L D cycles show featureless curves suggesting complete anti-

poisoning ability or possibly a proof of a direct conversion from C H 3 O H to CO2 (without 

any intermediate byproducts). The lack of an oxidation peak during the anodic scan and a 

reduction peak during the cathodic scan confirms Pd NPs (stabilized by Ti02) efficiently 

utilize OHads and chemisorbed CH3OH in a way that its C O poisoning was inhibited. As a 

result, the tuned high surface area T N T layers exhibited excellent performance as a 

supporting material for Pd NPs against formation of electrochemical poisoning species. 

Finally, the mechanism of the T N T layers interaction with Pd NPs, which led to the 

propelling methanol oxidation reaction without loss in performance over cycling is 

postulated. The aim is to conformaly decorate T N T layers by homogeneously distributed 

Pd NPs using A L D and to evaluate their catalytic activity profiles for methanol electro-

oxidation. Therefore, the ability of Pd NPs on T N T (Pd/TNT) layer electrodes to 

withstand against surface poisoning is elaborated. Pd NPs were decorated by A L D onto 5 
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um thick anatase T N T layers. The morphology and the chemical composition of the 

resulting Pd/TNT layers were investigated in detail by scanning electron microscope 

(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) , and X-ray 

photoelectron spectroscopy (XPS). The electrocatalytic activity of Pd/TNT layers 

towards methanol electro-oxidation was evaluated by cyclic voltammetry (CV) and 

chronoamperometry (CA) as a function of the number of A L D cycles. 

2.3. Experimental part 

2.3.1. T N T layer preparation 

The detailed protocol for the T N T layer was published in our previous work [24]. 

Briefly, T i foils (Sigma-Aldrich, 0.127 mm, 99.7% purity) were degreased and anodized 

at room temperature using a high-voltage potentiostat (PGU-200 V , IPS Elektroniklabor 

GmbH) to develop T N T layers of ~5 um thickness and -230 nm diameter in an ethylene 

glycol-based electrolyte containing 10% water and 0.15 M N H 4 F at 100 V for 4 hours. T i 

foils and T N T layers were annealed in air for 1 h at 400 C. 

2.3.2. Atomic Layer Deposition of Pd 

Pd NPs were deposited onto T N T layers and onto annealed T i foils using TFS 200 A L D 

reactor (Beneq) provided with stop-flow configuration. 

Palladium(II)hexafluoroacetylacetonate P d ^ H E g C ^ h (95%, Strem Chemicals) and 

formalin (37% formaldehyde in water with 10-15% of methanol, Sigma-Aldrich) were 

used as the Pd precursor and co-reactant, respectively. The Pd precursor was heated up to 

65 °C, while the deposition process temperature was 200 °C. One A L D cycle ( N A L D = 1) 

was defined by the following sequence: Pd pulse (2 s)-exposure (10 s)-N 2 purge (20 s)-

formalin pulse (1 s)-exposure (10 s)-N 2 purge (20 s). A preliminary step to enhance the 

density of hydroxyl functional groups on the surface substrate was applied to improve the 

Pd nucleation. Such preliminary step consisted of 5 A L D cycles (water pulse (0.5 s)-

exposure (10 s)-N2 purge (20 s)) followed by 20 cycles (Pd (0.25 s)-exposure (10 s)-N2 

purge (20 s)) was employed with pulse, exposure, and purge durations programmed as "5 

* (0.5:10:20 s) and 20 * (0.25:10:20 s)" for H2O and Pd precursor respectively prior to 
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the actual deposition of Pd. The sole necessity of H 2 O pulse is to create - O H functional 

groups on the substrate so that Pd can nucleate efficiently. 

2.3.3. Characterization methods 

Blank and Pd decorated TNTs (Pd/TNTs) and Pd/Ti foils were characterized by scanning 

electron microscope (SEM) FEI Verios 460L. Pd/TNTs were also characterized by an 

high-resolution transmission electron microscope (HRTEM) Thermo Fisher Scientific 

Titan Themis 60-300, operated at 300 k V and equipped with a C s image aberration 

corrector, a high angle annular dark field detector for scanning transmission electron 

microscopy ( S T E M - H A A D F ) imaging, and Super-X energy dispersive X-ray (EDX) 

spectrometer with four 30 mm windowless detectors for S T E M - E D X analysis to check 

the morphology and Pd NPs size/distribution. The crystalline structure of Pd/TNT layers 

was assessed using X-ray diffraction X R D (Rigaku Smartlab 3 k W diffractometer 

equipped with C u - K a l radiation source). Surface chemical state of Pd NPs before and 

after electrochemical measurements were studied using X-ray photoelectron spectroscopy 

(XPS) Kratos Analytical Axis Supra instrument, with A l - K a monochromatic X ray 

source (hv = 1486.69 eV). The spectra were deconvoluted using the CasaXPS software 

and referenced to the Femi Level cut off, which means is at 0 eV on the binding energy 

scale. Pd 3d spectra were deconvoluted with asymmetric Lorentzian function L A (1.5, 4, 

45) for metallic state (Pd°), mixed Gaussian-Lorentzian functions G L (30) for Pd oxides 

or hydroxides and Pd plasmon loss. 

2.3.4. Electrochemical analysis 

The electrochemical measurements were carried out in a normal three electrodes 

electrochemical cell at room temperature. Autolab VIONIC potentiostat supported by 

EvTTELLO software was used for this purpose. Two solutions of 1M K O H and 1M 

K O H / C H 3 O H were used as electrolytes. The reference electrode was A g / A g C l 3 M KC1 

(E = 0.210 V vs RHE) . A Pt foil was used as counter electrode, where Pd decorated T i 

foils (Pd/Ti) and Pd/TNT layers were used as working electrodes. Before every 

measurement, degassing of all electrolytes was carried out by bubbling with ultra-high 

purity nitrogen for at least 15 minutes, this to ensure the removal of the dissolved 
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unwanted oxygen that can interfere during the electrochemical oxidation process. A l l 

potentials given in this paper were recalculated versus R H E . Cyclic voltammetric (CV) 

measurements were carried at a scanning rate of 10 mV s \ Electrochemical impedance 

spectroscopy (EIS) was conducted using the same setup as above, using methanolic K O H 

as a solution at 0.8 V vs. R H E . In order to check and compare the stability of various 

Pd/TNT layers and Pd/Ti foils, chronoamperometric (CA) measurements were performed 

at an applied potential of 0.9 V vs R H E for 2 hours. The geometrical surface area (0.636 

cm ) was used to determine the current densities. In addition, the electrochemical active 

surface area (ECSA) has been determined and compared with the literature results. 

2.4. Results and discussion 

2.4.1. Structural characterization 

The scanning electron microscope (SEM) images depicted in Figure 2.1 offer a visual 

representation of T N T layers, each 5 um thick with an inner diameter of approximately 

250 nm. These layers were decorated with Pd NPs through varying cycles of Pd A L D , 

ranging from 0 to 600 cycles. Notably, the images confirm a homogeneous distribution of 

Pd NPs across both the inner and outer walls of the T N T layers. As one can expect, an 

increase in the N A L D results in a higher density of Pd NPs on the T N T layer surface. 

Starting from N A L D of 450 cycles, Pd nanoparticles begin to coalesce, resulting in a 

porous Pd layer, as shown in Figure 2. Id. 

Figure 2.A.1*, displaying S E M images of the oxidized titanium foils decorated with Pd 

NPs using analogous Pd A L D cycles ( N A L D ) : 0, 150, 300, 350, 400, 450 and 600, 

presents an intriguing contrast. Here, the Pd NPs exhibit coalescence at 300 cycles, a 

notably earlier occurrence compared to the T N T layers. This disparity can be attributed to 

the distinct nucleation density offered by the T N T layers along with their significantly 

higher surface area, accommodating a higher Pd loading. Consequently, the comparative 

analysis of N P size from Pd/Ti becomes challenging due to the premature coalescence 

observed in this context. Additionally, the thickness of these specimens poses a limitation 

Appendix data can be found at the end of this chapter, page 48. 
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on T E M analysis, as the specimens are impervious to electrons, inhibiting detailed 

structural characterization. 

The elemental composition analysis through energy-dispersive X-ray spectroscopy 

(EDX) provides valuable insights into the weight percentage (wt %) distribution of C, T i , 

O, and Pd. Figure 2.A.2 elucidates a direct correlation between the Pd content on 

Pd/TNT layers and the increasing number of Pd A L D cycles. Concurrently, the E D X 

spectra illustrated in Figure 2.A.3 approve the increasing Pd along with increasing N A L D -

The morphological features of Pd/TNT layers were further characterized by H R T E M and 

compared with the non-decorated Pd layer (0 N A L D ) . H R T E M images in Figure 2.2 

provide an overview of the size and distribution of Pd NPs on TNTs. The Pd NPs were 

uniformly distributed all along the walls of T N T layers. As mentioned above, Pd NPs 

coalescence started from 450 A L D cycles (Figure 2.2d). Regarding the Pd NPs size 

dependency with the number of A L D cycles, Figure 2.2f shows the average Pd NPs size 

for each sample with different number of A L D cycles, determined using the statistical 

analyses from T E M images. The average sizes of Pd NPs at 150, 300, and 450 A L D 

cycles measured 7.5, 10.5, and 12.5 nm, respectively. Notably, a higher A L D cycle count 

(600) indicates further coalescence of Pd NPs, initiating the formation of a porous Pd 

layer along the T N T walls. 
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Figure 2.1. SEM top views of 5 jum thick TNT layers decorated with Pd NPs using 

different NALD: (a) 0, (b) 150, (c) 300, (d) 350, (e) 400, (f) 450, (g) 600. The scale bars in 

all images represent 300 nm. 
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Figure 2.2. TEM images of single TNT with Pd NPs grown after 0 (a), 150 (b), 300 (c), 

450 (d), and 600 (e) Pd NALD, respectively, (f) Average NPs size as function of NALD (for 

the same samples as in a) to e)). 
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The X R D patterns, as illustrated in Figure 2.3a, offer crucial insights into the structural 

characteristics of the pristine titanium nanotube (TNT) layer. The distinct peaks observed 

are representative of the anatase TiC>2 phase, with prominent peaks registered at 25.2° and 

48°, corresponding to the (101) and (200) anatase peaks, respectively. Additionally, 

supplementary peaks identified at 38.4° and 40.2° signify the crystalline planes of T i 

substrate, specifically the (002) and (101) planes. The introduction of palladium (Pd) by 

atomic layer deposition ( A L D ) onto the T N T layers results in noticeable changes in the 

X R D patterns, particularly in the higher Pd loading (450 and 600 N A L D ) - The expected 

appearance of the (111) Pd plane diffraction peak at 40.1° is obscured by the overlap with 

the T i (101) peak, making it difficult to distinguish. Closer examination of the 40.1° peak 

in the 600 A L D cycle sample reveals a broadening of the peak with reduced intensity. 

This broadening, which is relatively different from other peaks, indicates the reduction in 

size of the Pd nanoparticle crystals. Another significant observation is the appearance of a 

broad peak around 46.2°, attributed to the Pd (200) plane, which is clearly visible only in 

T N T layers decorated with 450 and 600 Pd N A L D cycles. This appearance correlates with 

the formation of a porous Pd structure, which is different from samples deposited with 

lower Pd A L D cycles (150 and 300). In the latter, the dispersed nature of the Pd 

nanoparticles within the T N T walls hinders their detection by X-ray diffraction. 

Figure 2.3b show high resolution Pd, Pd 3d X P S spectra obtained before and after the 

C A . Both spectra show the corresponding spin-orbit splitting Pd 3d5/2 / Pd 3d3/2 with 

similar shapes. Seven components were used to deconvolute both spectra; six associated 

to the spin-orbit splitting, which correspond to three different chemical species, and the 

leftover for the characteristic plasmon loss that appears as Pd is mostly metallic. The first 

doublet (red peaks) are centered at 335.3 / 340.6 eV confirming the presence of metallic 

Pd (Pd°) [25]. The binding energies corresponding to the second doublet (blue peaks) at 
2+ 

336.9 / 340.5 eV, were related to Pd [26], while those from the third doublet (green 

peaks), located at 338.7 / 344.0 eV were assig ned to P d 4 + [27]. P d z + and P d 4 + could be 

related to corresponding oxides or hydroxides [28][29]. Since no major differences were 

found from chemical species and/or binding energies shifts in Pd spectra before and after 

the electrochemical measurements, quantification of the oxidation states was performed, 

as shown in Figure 2.3c. According to these results, it is evident that after C A 
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measurements the amount of metallic Pd decreases slightly (around 4.3%), while the 
2+ 

content of Pd increases. 

Binding energy (eV) 

Figure 2.3. a) XRD patterns of 5 /urn thick Pd/TNT layers decorated with NALD = 0, 150, 

300, 450, and 600 Pd. b) Pd 3d XPS high resolution spectra of 600c Pd/TNT layers 

before and after chronoamperometric (CA) measurements, c) Atomic concentration of Pd 

obtained from the fitted XPS spectra. 

2.4.2. Electrochemical activity 

Figure 2.4a exhibits the electrocatalytic activity profile of Pd/Ti foils in electrolyte of 1 

M K O H solution. The blank foil shows no response along the C V in the potential range 

(0 to 1.2 V ) , indicating no oxidation reaction occurs. Increasing Pd N A L D from 150 to 600 

enhanced the current density at lower potentials, showing sharp peak at around 0.1 V . 

This peak represents the desorption of H on the Pd NPs surface due to the electrolyte (1M 

K O H ) enriched with dissociated hydroxyl groups. While it is well known that the Pd 

surface gets gradually oxidized as the anodic scan moves towards higher potential region 

for E > 0.7 V [30], the reverse scan shows a reduction peak at around 0.7 V representing 
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the desorption of oxygen (reduction of PdO to Pd), adsorbed during the previous forward 

scan between 0.75 and 1.2 V . Figure 2.4b depicts the C V s obtained from the set of Pd/Ti 

foils tested in 1 M K O H / C H 3 O H . Noticeable oxidation peaks appear starting from T i 

foils decorated with 300 Pd N A L D . The results also indicate that increasing Pd N A L D 

deposited on T i foils leads to an increase in the methanol oxidation peak current density, 

and therefore in the cathodic scan the C O oxidation peak current density. The highest 

current density value of 8.9 m A cm corresponds to the T i foils decorated with 450 Pd 

N A L D , while those decorated with 300 and 600 Pd N A L D show comparatively lower values 

of 5.8 and 7.8 m A cm 2 at -0.8 V (noted from the third C V cycle). 

The electrocatalytic activity of Pd NPs on T i foils in methanolic K O H electrolyte shown 

in Figure 2.4b follows the trend of anodic oxidation of M e O H and cathodic oxidation of 

CO [31]. The obtained C V scans are explained by the fact that during the anodic scan, the 

sample surface is being activated within a certain potential range, after which it becomes 

deactivated by oxide species (such as CO), attached on Pd NPs surface preventing further 

electro-oxidation of methanol. Oxidation reaction initiates at around 0.7 V and the 

resulting current density increases to reach the electro-oxidation limit at 0.8 V . At this 

point (0.8 V ) , the catalytic active sites of Pd NPs surface were poisoned due to adsorption 

of C O intermediate formed during methanol oxidation, decreasing the current density 

until the surface is completely inactivated. However, reactivation of the Pd NPs surface 

occurs during the reverse cathodic scan within a potential value ranging between 0.7 and 

0.6 V , due to oxidation of the adsorbed C O molecules (to CO2) and reduction of PdO to 

metallic Pd. 

The metallic Pd and Pd hydroxides are responsible for the increase in the current density 

among samples of Pd/Ti foils. Along the potential increase in the anodic scan the number 

of neighboring O H groups on Pd also increases. Thus, such increment of O H groups at 

higher potentials facilitates an additive effect on the removal of the C O molecules, 

adsorbed during the anodic scan. 
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1MK0H 1 M (KOH + CH,OH) 

E (V) vs RHE E (V) vs RHE 

Figure 2.4. CV curves of three consecutive cycles for Pd/Ti foils (a, b) and Pd/TNT 

layers (c, d) decorated with different NALD (0, 150, 300, 350, 400, 450, and 600), 

recorded in 1 M KOH (a, c) and methanolic (1 M KOH + 1 M CH3OH) electrolyte by 

applying a scanning rate of 10 mV s~'. 
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Figure 2.4c-d shows the electrocatalytic performance obtained from Pd/TNT layers, 

which behaves differently from Pd/Ti foils, when it comes to M O R . T N T layers tested in 

non-methanolic electrolyte (Figure 2.4c) show similar peaks compared with T i foils. 

Such that in the oxygen adsorption range (0.7 - 1 . 2 V ) , Pd-OH, PdO, and/or PdO x could 

be formed, while a desorption reduction peak is more pronounced in Pd/TNT layer 

decorated with 400, 450 and 600 Pd N A L D compared with T i foils due to higher Pd 

loadings. Furthermore, Figure 2.4d shows Pd/TNT layers performance in methanolic 

K O H , showing current densities of 66.7, 64.8 and 62.6 m A cm obtained at 1.2 V for 

400, 450 and 600 Pd N A L D respectively. The C V s show no visible anodic and cathodic 

peaks, thus representing a featureless polarization curve with an onset potential of 0.5 V . 

The T N T layer is an oxyphilic oxygen atoms provider. It appears to be an effective 

oxidizer to mitigate electro-oxidation of methanol on the Pd/TNT layer surface, 

circumventing either C O poisoning of Pd NPs surface or avoiding formation of 

intermediate organic species. [8, 23, 32] 

2.4.3. Poisoning/de-poisoning mechanism 

During the electrode deactivation, observed for Pd/Ti foils, C O species, in addition to 

other intermediates formed during the process of methanol electro-oxidation, are believed 

to be the main electrode poisoning species. As a matter of fact, based on the previous 

literature [32] C O is not the only source of poisoning the catalyst surface, and removal of 

CO is a diffusion controlled process, which explains the slow desorption process. The 

oxidation of C O a d S is considered as the rate determining step according to the following 

reaction, and it is well known that the complete M O R can yield C O 2 as end product: 

C H 3 0 H a d s + 4 0 H - -> C 0 a d s + 4 H 2 0 + 4 e _ Eq. 1 

C 0 a d s + 2 0 H ~ -> C 0 2 + H 2 0 + 2e~ Eq. 2 

In a typical anodic scan of M O R (Figure 2.4b) the oxidation starts and carries on until a 

certain potential where the adsorbed O H groups can no longer react with the available 

CO molecules adsorbed on the surface (CO a ds), leading to a current density drop. C O and 

O H groups are believed to be evolving during the same potential window. However, the 
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effect of higher potential excels the activity of O H groups. To simplify, C O bonding on 

the surface can only lead to a loss of surface activity as explained before and shown in 

(Figure 2.4b), while the C O oxidation reaction occurring with the neighboring O H 

groups, bonded into the surface of high surface area TNTs, plays an important role in 

clearing C O molecules and the other adsorbed species. 

The obtained featureless curves (Figure 2.4d) show no decline in the current density 

during consecutive C V s within the applied potential range (0 to 1.2 V ) . In order to study 

such effect, the potential range is split into two parts. A lower potential region below the 

peak potential value around 0.8 V (Figure 2.4b), and a higher region above this value. At 

the lower potential region, adsorption of C H 3 O H takes place, and Eq. 1 applies resulting 

in C O adsorbed on the surface. Following, Eq. 2 applies at higher potential, supported by 

the oxophilic nature of Ti02 and its electron donor properties, which enhance the CO a ds 

oxidation kinetics enough to keep the C H 3 O H oxidation without surface blockage by 

intermediates. Thus, C O a d S oxidation reaction is not considered as the rate determining 

step anymore with the Pd/TNT layers. 

The electrochemical surface area (ECSA) was determined using the integrated reduction 

peak of PdO. The value of charge for the reduction of a PdO monolayer was taken from 

the literature [33][34] with Q M = 424 |iC c m - 2 For each electron in a Pd atom, it 

requires around 210 uC cm as a charge to reduce one PdO layer. The reduction of PdO 

monolayer involves two electrons per Pd atom. The E C S A value was determined using 

the following formula. 

E C S A = 

Since the value of Q; n t is scan rate dependent, it is correct to use different scan rates for 

determining the final value of charge integrated from the reduction peak. 

The E C S A of Pd/TNT layers decorated with 450 Pd and 600 Pd N A L D were calculated to 
2 2 2 

be 176 cm and 213 cm , far higher as compared to 0.636 cm obtained as the 

corresponding geometrical area (defined as the dimensional area exposed to the 

electrolyte, without taking the surface porosity into consideration). The E C S A value 
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obtained for the T N T layer decorated with 600 Pd N A L D is about 7 times larger than the 

E C S A values reported in the literature, which were estimated to be 22.3, 29.6, and 7.1 

cm 2 for Pd/TNT layers (500, 700, and 900 Pd N A L D ) [2], and 14.2 cm 2 for palladium 

supported TiC>2 nanotube array (Pd-TNTA) developed by electrochemical milling and 

faceting (ECMF) method [17]. 

Electrochemical impedance spectroscopy (EIS) was used as a powerful tool to study the 

electron-transfer kinetics of the methanol oxidation reaction. EIS measurements were 

carried out at a frequency range (10 * and 10 J Hz), and an A C amplitude of 10 m V at a 

potential value of 0.8 V vs R H E . In general, the charge transfer resistance value is 

represented by the diameter of the semicircle. A smaller diameter corresponds to a 

smaller charge transfer resistance, which in turn represents a high charge transfer rate 

provided the evaluation performed for all the samples at the same potential. Figure 2.5 

represents the Nyquist plots for Pd/TNT layers decorated with different N A L D of Pd. The 

Nyquist plots for T i foils and a comparative assessment of charge transfer resistance 

values for both foils and TNTs with Pd are provided in Figure 2.A.4-5. The decrease in 

charge transfer resistance for TNTs decorated with N A L D Pd is evident and no significant 

difference among samples with 400, 450 and 600 N A L D was observed, which aligns with 

observed current densities from C V for the samples. 
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Figure 2.5. EIS Nyquist plots for Pd/TNT layers using different NALD-

In order to evaluate the stability of Pd NPs in 1M K O H electrolyte within the potential 

range of 0 - 1 .4V, 2 2 consecutive C V cycles were performed for TNTs decorated with Pd 

NPs using N A L D = 6 0 0 , as shown in Figure 2.6. The resulting C V curves showed several 

meaningful regions in the anodic as well as in the cathodic scan, as described ahead. The 

lower potential (region 1) corresponds to hydrogen desorption or adsorption in addition to 

K + cation species [35 ] . This process takes place as a result of a previous adsorption 

process happened during the reverse scan at potential ranges between ( 0 - 0 . 2 V ) . The 

peak intensity increase with cycling could be due to accumulation of the adsorbed species 

at the surface during cycling. In (region 2 ) , the lower current density corresponds to the 

double layer charge, but the current density increases upon cycling. It is shown in ref [36] 

that it is unlikely that the rise of the anodic peak during cycling is related to oxide 

formation. At the same time, the decrease in oxygen adsorption current density (region 3) 

may indicate the lower quantities of the adsorbed O H groups on the surface and PdO 

could be formed alternatively. The detailed oxidation process is not yet fully understood. 
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The formed O H groups react with monoxides obtained during dehydrogenation process 

leading to a complete reaction. Then the slight increase in current density of the sharp 

cathodic peak (region 4) represents the reduction of PdO into Pd, where the intensity 

increases with increasing the palladium oxide on surface. 

i • 1 > 1 • 1 1 — i > 1 1 1 • 1 > 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 

E (V) vs RHE 

Figure 2.6. CV curves (22 consecutive cycles) obtained in 1M KOH for 5jum TNTs 

decorated with Pd NPs using NALD = 600. 

2.4.4. Electrode stability 

In order to exploit the stability of Pd NPs on TNTs in 1M K O H + 1M C H 3 O H 

electrolyte, 22 consecutive C V cycles were performed for TNTs decorated with Pd NPs 

using N A L D = 450, within the potential range of 0 - 1.2V. The resulting C V curves shown 

in Figure 2.A.7 prove very good stability of the sample tested. 

In order to gain a further insight into the stability of the Pd/Ti foils and Pd/TNT layers' 

electrocatalyst, chronoamperometric (CA) measurements were carried out for 2 hours at 

0.9 V . C A curves obtained for Pd/TNT layers are shown in Figure 2.7. C A curves for 
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Pd/Ti foils are shown in Figure 2.A.6. Pd/Ti foils show a drastic decrease in the current 

densities during the C A analysis confirming the effect of C O poisoning that led to a loss 

of active sites responsible for methanol electro-oxidation. Whereas the results obtained 

from Pd/TNT layers confirm the benefits of noble metal - metal oxide support interaction, 

by providing significantly higher tolerance to C O poisoning. The C A results depict 

relatively stable current densities along the C A test for the Pd/TNT layers decorated with 

600 Pd N A L D , developing a current density of 28.5 m A cm (Figure 2.7). In contrast, the 

Pd/TNT layers decorated with 450, 400, 350, 300, and 150 Pd N A L D show comparatively 

a higher current density drop (compared to the initial current density) after 2h test, with 

current densities of 24.8, 16.7, 0.5, 1.07, and 0.07 m A cm , respectively. Interestingly, 

the drop in current densities was attenuated for a higher Pd N A L D - Thus, the percentages 

of current density loss were 16.1%, 23.7%, 32.1%, 42.8%, 49%, and 75.8% for 600, 450, 

400, 350, 300 and 150Pd N A L D , respectively. Therefore, the results indicate that the Pd 

NPs size plays a significant role in the electrocatalytic performance. Thus, the dominance 

of the O H coverage on small Pd NPs wi l l decrease the catalytic active Pd surface 

responsible for methanol adsorption, leading to a higher drop in the current densities 

under long term performance [37]. Hence, based on the results obtained in this work, it is 

suggested that the drop in current densities is in relation to the size of Pd NPs deposited 

onto T N T layers for different N A L D , where the current density stability follows this trend: 

600 > 450 > 400 > 350 > 300 > 150c. It is worth clarifying that the current drop in the 

same plot can be separated into two parts. The fast drop during the first few seconds is 

related to electron accumulation when the circuit is closed. Following, as the potential is 

triggered, the high current recorded just after t = 0 s is due to the trapped electrons at the 

surface, while, as mentioned above, the later current density decrease is ascribed to 

decrease in metallic Pd content produced by a gradual oxidation of metallic Pd to PdO 
2_i_ 

(Pd ) as noted in the table of Figure 2.3c. In the next period, the current densities are 

much more stable. In addition to the ability of Pd/TNT layers to stand against poisoning, 

the obtained current densities show decent records, when compared with other literatures 

- for comparison see Table 2.1. 
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Figure 2.7. Chronoamperometric (CA) curves demonstrating the stability of Pd/TNT 

layers with different NALD (150, 300, 350, 400, 450, and 600). CA curves were recorded 

in 1M KOH + 1M CH3OH at 0.9VRHEfor 2 h. 

To confirm the stability of the Pd loaded TNTs, the surface chemical state of T N T layers 

decorated with 600 Pd N A L D was further investigated after the electrochemical 

measurements by the wide survey spectra (Figure 2.A.8a). In both cases (before and after 

electrochemical measurements), the spectra reveal the presence of C, O, T i , F and Pd. 

The C signal comes from the adventitious carbon. The presence of oxygen can be 

identified from the Auger O K L L signal, since the O Is has a strong overlapping with the 

Pd 3p3/2 signal. T i peaks are due to the substrate (TNT layers), while F is a remnant from 

the T i foil anodization process. In order to verify the chemical nature of TiC>2 after the 

A L D process, additional high resolution X P S analysis was conducted for Pd/TNTs 

sample produced with 600c of Pd A L D process (i.e. before any electrochemical 

experiment). This sample spent the longest time in the A L D reductive atmosphere, shows 
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The T i 2p high resolution spectrum of the corresponding sample was shown in Figure 

2.A.8b. The spectrum reveals only the T i 4 + state, since T i 2p 3 / 2 is at -459 eV. Thus, it is 

clear that no reduction of T i 4 + to T i 3 + occurred during the A L D process. 

Table 2.1. Overview of current densities obtained from the published literature and 

compared with density acquired in this work. All values determined or calculated at 0.9V 

vs RHE, if not denoted otherwise. 

From C V From CA 

Substrate Scan rate 

mV s"1 

Current 

density 

(mA cm" ) 

Onset 

potential 

Area considered from 

current density (mA 

cm" 2)@time® V 

Ref. 

no
l 

ox
id

at
io

n 

Sn0 2 /Pd 500 

cycles 

25 1.19 

E C S A 

-0.465 (ECSA) 

0.4 @0s 

0.19 @ 3500s 

[38] 

no
l 

ox
id

at
io

n 

T i 0 2 

TNTs/Pd 

500 cycles 

25 0.63 

E C S A 

-0.465 (ECSA) 

0.2375 @0s 

0.175 @ 3500s 

[2] 

E
th

a P d / T i 0 2 C 50 18 0.424 Chronopotentiometric 

3mA cm"2 @0s@0.57V 

3mA cm"2 @28800s @ 

0.72V 

[19] 

Smooth Pt 

electrode 

50 3.84xl0" y 

A 

0.5 N A [39] 

la
ti

on
 

Pd/C 20 3.1 0.6 N A [30] 

M
et

ha
no

l 
ox

ic
 

PdRh/C 20 5 0.6 N A 

M
et

ha
no

l 
ox

ic
 

P d / T i 0 2 NTs 

in H 2 S 0 4 

50 8.66 A 0.436 N A [40] 

60-65% 

porous Pd 

25 710 0.15 N A [10] 
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P d / T i 0 2 - C 50 2.24 

(ECSA) 

0.44 (ECSA) 

1.83 @7200s 

[41] 

T i 0 2 / P d 

450 cycles 

10 32 -0.5 (Geometric) 

24.8 @7200sec @0.9V 

This 

work 

2.5. Conclusion 

A L D is an effective method to load NP of Pd on high aspect ratio substrates. Thus, it was 

used to decorate T N T layer by Pd NPs using different number of A L D cycles. The 

mechanism of methanol electrochemical oxidation was successfully assessed using C V 

and extended potentiostatic measurements. The formation of featureless curves represents 

an innovation in bypassing the poisoning effects of methanol electro-oxidation 

intermediates. The advantage of this process can be claimed to the presence of T1O2, an 

oxophilic supporting material for Pd NPs, which effectively promote a complete 

conversion of CH3OH to CO2. In addition to the supporting effect of the TiC>2 nanotube 

substrate, NPs size proved to show an important effect against surface deactivation, 

where increasing the NPs size from 7.5 to 12.5 nm (towards porous Pd layer) show much 

lower loss in current. Notably, X P S analysis for 600c Pd provided significant evidence 

about the Pd oxidation state after chronoamperometric measurements, obtained as 85.5% 

in metallic form of Pd°, which slightly lower value compared to before C A . Such that, the 

2+ 

decrease in metallic Pd content (oxidized to Pd ) can stand as the main reason of activity 

loss during M O R , where no clear poisoning occurred as an effect of adsorbed carbonyl 

groups on the surface of Pd NPs. 
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2. A . Appendix: 

(a) " ^ ^ ^ ' ^ 

300 nm 
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(f) ^ 
° « j . • • •»*••» > * • « • % -. -

Figure 2.A.I. SEM ofTi substrates decorated with PdNPs using different NALD-' (a) 150, 

(b) 300, (c) 350, (d) 400, (e) 450 and (f) 600. The scale bars in all images represent 300 

nm. 
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150c Pd 300c Pd 350c Pd 400c Pd 450c Pd 600c Pd 

N A L D Pd/TNT 

Figure 2.A.2. EDX quantification of elements for Pd decorated TNTs with different NALD 

= 150, 300, 350, 400, 450, and 600, before electrochemical measurements, acquired 

using 5kv as electron beam energy source. 
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Figure 2.A3. EDX spectra recorded for Pd/TNTs with different NALD = 150, 300, 350, 

400, 450, and 600, before electrochemical measurements, acquired using 5kV electron 

beam energy. 
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Figure 2.A.4. EIS Nyquist plots for Ti foils decorated with Pd using NALD = 150, 300, 

350, 400, 450, 600, recorded at 0.8 VRHE in 1M KOH + 1M CH3OH. 
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Figure 2.A.5. Charge transfer resistance (Rct) for Pd deposited on TNTs and Ti foils 

obtained by fitting the EIS Nyquist plots, shown in Figure 2.5 and Figure 2.A.4, 

respectively. Using [R(RQ)] circuit model for Ti foils and [R(RQ)(RQ)] for TNTs. 
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Figure 2.A.6. Chrono-amperometric curves recorded to evaluate the stability ofPd 

decorated Ti foils with different NALD =150, 300, 350, 400, 450, and 600, recorded in 1M 

KOH + 1M CH3OH at 0.9Vfor 2 h. 

Figure 2.A.7. Cyclic voltammogram for the TNT layer decorated with 450c Pd ALD 

cycles, recorded for 22 cycles in 1M KOH + 1M CH3OH. 
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Figure 2.A.8. a) Wide XPS survey spectra ofPd/TNT layer with 600 Pd NALD before and 

after CA measurements, b) Ti 2p high resolution spectrum reveals only the Ti4+ state, 

since Ti 2p^/2 is at -459 eV. 

53 



CHAPTER 2 

References 

[I] V . C . Anitha, R. Zazpe, M . Krbal, J.E. Yoo, H . Sopha, J. Prikryl, G . Cha, S. Slang, 
P. Schmuki, J . M . Macak, Anodic T i 0 2 nanotubes decorated by Pt nanoparticles 
using A L D : A n efficient electrocatalyst for methanol oxidation, J. Catal. 365 
(2018) 86-93. https://doi.Org/10.1016/j.jcat.2018.06.017. 

[2] L . Assaud, N . Brazeau, M . K . S . Barr, M . Hanbücken, S. Ntais, E . A . Baranova, L . 
Santinacci, Atomic Layer Deposition of Pd Nanoparticles on T i 0 2 Nanotubes for 
Ethanol Electrooxidation: Synthesis and Electrochemical Properties, A C S Appl . 
Mater. Interfaces 7 (2015) 24533-24542. https://doi.org/10.1021/acsami.5b06056. 

[3] S. Kunz, F.F. Schweinberger, V . Habibpour, M . Röttgen, C. Harding, M . Arenz, 
U . Heiz, Temperature dependent C O oxidation mechanisms on size-selected 
clusters, J. Phys. Chem. C 114 (2010) 1651-1654. 
https://doi.org/10.1021/jp911269z. 

[4] P. Trogadas, V . Ramani, P t /C/Mn02 hybrid electrocatalysts for degradation 
mitigation in polymer electrolyte fuel cells, J . Power Sources 174 (2007) 159-163. 
https://doi.Org/10.1016/j.jpowsour.2007.08.088. 

[5] D . Horiguchi, T. Tsukatsune, Z . Nöda, A . Hayashi, K . Sasaki, Pt/Sn02 
Electrocatalysts on Conductive Fillers, E C S Trans. 64 (2014) 215-220. 
https://doi.org/10.1149/06403.0215ecst. 

[6] M . X u , P. Da, H . Wu , D. Zhao, G . Zheng, Controlled Sn-doping in T i 0 2 nanowire 
photoanodes with enhanced photoelectrochemical conversion, Nano Lett. 12 
(2012) 1503-1508. https://doi.org/10.1021/nl2042968. 

[7] A . R . Puigdollers, P. Schlexer, S. Tosoni, G . Pacchioni, Increasing oxide 
reducibility: The role of metal/oxide interfaces in the formation of oxygen 
vacancies, A C S Catal. 7 (2017) 6493-6513. 
https: //doi .org/10.1021 /acscatal.7b01913. 

[8] Y . Suchorski, S . M . Kozlov, I. Bespalov, M . Datler, D. Vogel, Z . Budinska, K . M . 
Neyman, G . Rupprechter, The role of metal/oxide interfaces for long-range metal 
particle activation during C O oxidation, Nat. Mater. 17 (2018) 519-522. 
https://doi.org/10.1038/s41563-018-0080-y. 

[9] M . Bellini , E . Berretti, M . Innocenti, G . Magherini, M . V . Pagliaro, L . Poggini, 
H . A . Miller , A . Lavacchi, F. Vizza, 3D Titania Nanotube Array Support for Water 
Electrolysis Palladium Catalysts, Electrochim. Acta 383 (2021) 138338. 
https: //doi .org/10.1016/j .electacta.2021.13 83 3 8. 

[10] R. Manoharan, J. Prabhuram, Possibilities of prevention of formation of poisoning 
species on direct methanol fuel cell anodes, J. Power Sources 96 (2001) 220-225. 
https://doi.org/10.1016/S0378-7753(00)00683-2. 

[II] J .L. Cohen, D.J. Volpe, H .D . Abruna, Electrochemical determination of activation 

54 

https://doi.Org/10.1016/j.jcat.2018.06.017
https://doi.org/10.1021/acsami.5b06056
https://doi.org/10.1021/jp911269z
https://doi.Org/10.1016/j.jpowsour.2007.08.088
https://doi.org/10.1149/06403.0215ecst
https://doi.org/10.1021/nl2042968
https://doi.org/10.1038/s41563-018-0080-y
https://doi.org/10.1016/S0378-7753(00)00683-2


CHAPTER 2 

energies for methanol oxidation on polycrystalline platinum in acidic and alkaline 
electrolytes, Phys. Chem. Chem. Phys. 9 (2007) 49-77. 
https://doi.org/10.1039/b612040g. 

[12] S . M . Lang, T. Schnabel, T . M . Bernhardt, Reactions of carbon monoxide with free 
palladium oxide clusters: Strongly size dependent competition between adsorption 
and combustion, Phys. Chem. Chem. Phys. 14 (2012) 9364-9370. 
https://doi.org/10.1039/c2cp23976k. 

[13] H . X . Zhang, C. Wang, J .Y. Wang, J.J. Zhai, W . Bin Cai , Carbon-supported Pd-Pt 
nanoalloy with low Pt content and superior catalysis for formic acid electro-
oxidation, J. Phys. Chem. C 114 (2010) 6446-6451. 
https://doi.org/10.1021/jpl00835b. 

[14] L . M . M . Palma, T.S.S. Almeida, A . R . R . de Andrade, Comparative study of catalyst 
effect on ethanol electrooxidation in alkaline medium: Pt- and Pd-based catalysts 
containing Sn and Ru, J. Electroanal. Chem. 878 (2020) 114592. 
https://doi.Org/10.1016/j.jelechem.2020.114592. 

[15] M . K . S . Barr, L . Assaud, N . Brazeau, M . Hanbücken, S. Ntais, L . Santinacci, E . A . 
Baranova, Enhancement of Pd Catalytic Activity toward Ethanol Electrooxidation 
by Atomic Layer Deposition of SnO 2 onto TiO 2 Nanotubes, J. Phys. Chem. C 
121 (2017) 17727-17736. https://doi.org/10.1021/acs.jpcc.7b05799. 

[16] X . Zhang, J. Zhu, C S . Tiwary, Z . M a , H . Huang, J. Zhang, Z . L u , W . Huang, Y . 
Wu, Palladium Nanoparticles Supported on Nitrogen and Sulfur Dual-Doped 
Graphene as Highly Active Electrocatalysts for Formic Ac id and Methanol 
Oxidation, A C S Appl . Mater. Interfaces 8 (2016) 10858-10865. 
https://doi.org/10.1021/acsami.6b01580. 

[17] Y X . Chen, A . Lavacchi, S.P. Chen, F. di Benedetto, M . Bevilacqua, C. Bianchini, 
P. Fornasiero, M . Innocenti, M . Marelli , W . Oberhauser, S . G Sun, F. Vizza, 
Electrochemical milling and faceting: Size reduction and catalytic activation of 
palladium nanoparticles, Angew. Chemie - Int. Ed. 51 (2012) 8500-8504. 
https://doi.org/10.1002/anie.201203589. 

[18] W . X u , S. Zhu, Z . L i , Z . Cui , X . Yang, Synthesis and catalytic properties of Pd 
nanoparticles loaded nanoporous T i 0 2 material, Electrochim. Acta 114 (2013) 35 -
41. https://doi.Org/10.1016/j.electacta.2013.09.084. 

[19] F. Hu, F. Ding, S. Song, P .K. Shen, Pd electrocatalyst supported on carbonized 
T i 0 2 nanotube for ethanol oxidation, J. Power Sources 163 (2006) 415-419. 
https://doi.Org/10.1016/j.jpowsour.2006.09.039. 

[20] Y . H . Qin, H . H . Yang, R . L . L v , W . G Wang, C.W. Wang, T i 0 2 nanotube arrays 
supported Pd nanoparticles for ethanol electrooxidation in alkaline media, 
Electrochim. Acta 106 (2013) 372-377. 
https://doi.Org/10.1016/J.ELECTACTA.2013.05.067. 

55 

https://doi.org/10.1039/b612040g
https://doi.org/10.1039/c2cp23976k
https://doi.org/10.1021/jpl00835b
https://doi.Org/10.1016/j.jelechem.2020.114592
https://doi.org/10.1021/acs.jpcc.7b05799
https://doi.org/10.1021/acsami.6b01580
https://doi.org/10.1002/anie.201203589
https://doi.Org/10.1016/j.electacta.2013.09.084
https://doi.Org/10.1016/j.jpowsour.2006.09.039
https://doi.Org/10.1016/J.ELECTACTA.2013.05.067


CHAPTER 2 

[21] A . Merenda, M . Weber, M . Bechelany, F . - M . M . All ioux, L . Hyde, L . Kong, L . F . 
Dumee, Fabrication of Pd-Ti02 nanotube photoactive junctions via Atomic Layer 
Deposition for persistent pesticide pollutants degradation, Appl . Surf. Sei. 483 
(2019) 219-230. https://doi.Org/10.1016/j.apsusc.2019.03.285. 

[22] J. L u , J .G. Bao, X . L u , D . Zheng, X . L i , Application of a Pd-Ti02 nanotube/Ti 
electrode prepared by atomic layer deposition to reductive dechlorination of 
trichloroethylene, Electrochem. Commun. 103 (2019) 72-76. 
https://doi.Org/10.1016/j.elecom.2019.05.007. 

[23] J. Shu, R. L i , Z . Lian, W . Zhang, R. Jin, H . Yang, S. L i , In-situ oxidation of 
Palladium-Iridium nanoalloy anchored on Nitrogen-doped graphene as an efficient 
catalyst for methanol electrooxidation, J. Colloid Interface Sei. 605 (2022) 44-53. 
https://doi.Org/10.1016/j.jcis.2021.07.056. 

[24] S. Das, H . Sopha, M . Krbal, R. Zazpe, V . Podzemna, J. Prikryl, J . M . Macak, 
Electrochemical Infilling of CuInSe 2 within TiO 2 Nanotube Layers and 
Subsequent Photoelectrochemical Studies, (2016). 
https://doi.org/10.1002/celc.201600763. 

[25] M . C . Mili tello, S.J. Simko, Elemental Palladium by X P S , Surf. Sei. Spectra 3 
(1994) 387-394. https://doi.Org/10.1116/l.1247783. 

[26] T.L. Barr, Recent advances in x-ray photoelectron spectroscopy studies of oxides, 
J. Vac. Sei. Technol. A 9 (1991) 1793-1805. https://doi.org/10.1116/L577464. 

[27] D . German, E . Pakrieva, E . Kolobova, S .A.C. Carabineiro, M . Stucchi, A . Vi l l a , L . 
Prati, N . Bogdanchikova, V . Cortes Corberän, A . Pestryakov, Oxidation of 5-
Hydroxymethylfurfural on Supported A g , A u , Pd and Bimetallic Pd-Au Catalysts: 
Effect of the Support, Catal. 11 (2021). https://doi.org/10.3390/catall 1010115. 

[28] G A . Shafeev, J. - M . Themlin, L . Bellard, W. Marine, A . Cros, Enhanced 
adherence of area-selective electroless metal plating on insulators, J. Vac. Sei. 
Technol. A 14 (1996) 319-326. https://doi.org/10.1116/L579895. 

[29] W . Gao, R. Jin, J. Chen, X . Guan, H . Zeng, F. Zhang, Z . L iu , N . Guan, Titania-
Supported Pd -Cu Bimetallic Catalyst for the Reduction of Nitrite Ions in Drinking 
Water, Catal. Letters 91 (2003) 25-30. 
https://doi.Org/10.1023/B:CATL.0000006312.32227.4a. 

[30] T. Jurzinsky, B . Kintzel, R. Bär, C. Cremers, J. Tiibke, Methanol oxidation on 
PdRh/C electrocatalyst in alkaline media: Temperature and methanol concentration 
dependencies, J. Electroanal. Chem. 776 (2016) 49-52. 
https://doi.Org/10.1016/j.jelechem.2016.06.038. 

[31] P. Krawczyk, T. Rozmanowski, M . Frankowski, Methanol Electrooxidation at 
Electrodes Made of Exfoliated Graphite/Nickel/Palladium Composite, Catal. 
Letters 149 (2019) 2307-2316. https://doi.org/10.1007/sl0562-019-02785-9. 

56 

https://doi.Org/10.1016/j.apsusc.2019.03.285
https://doi.Org/10.1016/j.elecom.2019.05.007
https://doi.Org/10.1016/j.jcis.2021.07.056
https://doi.org/10.1002/celc.201600763
https://doi.Org/10.1116/l.1247783
https://doi.org/10.1116/L577464
https://doi.org/10.3390/catall
https://doi.org/10.1116/L579895
https://doi.Org/10.1023/B:CATL.0000006312.32227.4a
https://doi.Org/10.1016/j.jelechem.2016.06.038
https://doi.org/10.1007/sl0562-019-02785-9


CHAPTER 2 

[32] P.S. Deshpande, V . R . Chaudhari, B . L . V . V Prasad, Mechanistic Aspects of 
Methanol Electro-Oxidation Reaction through Cyclic Voltammetry : Is It Correct 
to Blame Carbon Monoxide for Catalyst Poisoning ?, Energy Technol. 1900955 
(2020) 1-7. https://doi.org/10.1002/ente.201900955. 

[33] R. Ojani, Z . Abkar, E . Hasheminejad, J .B. Raoof, Rapid fabrication of Cu / Pd 
nano / micro-particles porous-structured catalyst using hydrogen bubbles dynamic 
template and their enhanced catalytic performance for formic acid 
electrooxidation, Int. J. Hydrogen Energy 39 (2014) 7788-7797. 
https://doi.Org/10.1016/j.ijhydene.2014.03.081. 

[34] S. L i , M . Yang, R. Jin, H . Niu , C. Liao, H . Yang, J. Jin, J. M a , Coupling palladium 
nanocrystals over D-phenylalanine-functionalized carbon nanotubes as an 
advanced electrocatalyst for hydrogen evolution and ethanol oxidation, 
Electrochim. Acta 364 (2020) 137290. 
https://doi.Org/10.1016/j.electacta.2020.137290. 

[35] T.E. Society, C. Augusto, C. Rold, Experimental Protocol for H O R and O R R in 
Alkaline Electrochemical Measurements JES F O C U S I S S U E O N E 
L E C T R O C A T A L Y S I S — I N H O N O R O F R A D O S L A V A DZIC Experimental 
Protocol for H O R and O R R in Alkaline, (2018). 
https://doi.Org/10.l 149/2.0011815jes. 

[36] D . Zhan, J. Velmurugan, M . V Mirk in , Adsorption / Desorption of Hydrogen on Pt 
Nanoelectrodes : Evidence of Surface Diffusion and Spillover, (2009). 

[37] D . Y . Chung, K . J . Lee, Y . E . Sung, Methanol Electro-Oxidation on the Pt Surface: 
Revisiting the Cyclic Voltammetry Interpretation, J. Phys. Chem. C 120 (2016) 
9028-9035. https://doi.org/10.1021/acs.jpcc.5bl2303. 

[38] M . K . S . Barr, L . Assaud, N . Brazeau, M . Hanbucken, S. Ntais, L . Santinacci, E A . 
Baranova, Enhancement of Pd Catalytic Activity toward Ethanol Electrooxidation 
by Atomic Layer Deposition of Sn02 onto T i 0 2 Nanotubes, J. Phys. Chem. C 121 
(2017) 17727-17736. https://doi.org/10.1021/acs.jpcc.7b05799. 

[39] E .D . Rus, R . H . Wakabayashi, H . Wang, H.D. Abruna, Methanol Oxidation at 
Platinum in Alkaline Media: A Study of the Effects of Hydroxide Concentration 
and of Mass Transport, ChemPhysChem (2021). 
https://doi.org/10.1002/cphc.202100087. 

[40] M . Wang, D.J. Guo, H . L . L i , High activity of novel Pd/Ti02 nanotube catalysts 
for methanol electro-oxidation, J. Solid State Chem. 178 (2005) 1996-2000. 
https://doi.Org/10.1016/j.jssc.2005.04.006. 

[41] R. Liang, A . Hu, J. Persic, Y . N . Zhou, Palladium Nanoparticles Loaded on Carbon 
Modified T i 0 2 Nanobelts for Enhanced Methanol Electrooxidation, Nano-Micro 
Lett. 5 (2013) 202-212. https://doi.org/10.1007/bf03353751. 

57 

https://doi.org/10.1002/ente.201900955
https://doi.Org/10.1016/j.ijhydene.2014.03.081
https://doi.Org/10.1016/j.electacta.2020.137290
https://doi.Org/10.l
https://doi.org/10.1021/acs.jpcc.5bl2303
https://doi.org/10.1021/acs.jpcc.7b05799
https://doi.org/
https://doi.Org/10.1016/j.jssc.2005.04.006
https://doi.org/10.1007/bf03353751


CHAPTER 3 

Chapter 3: Synergistic effect of Pd single atoms and nanoparticles 

deposited on carbon supports by A L D boosts alkaline Hydrogen 

Evolution Reaction 

Published as "Synergistic effect of Pd single atoms and nanoparticles deposited on carbon 

supports by A L D boosts alkaline hydrogen evolution reaction," B. Bawab, S. M . Thalluri, E. 

Kolfbalovä, R. Zazpe, L. Jelinek, J. Rodriguez-Pereira, J. M . Macak, Chemical Engineering 

Journal, vol. 482, p. 148959, Feb. 2024. 

58 



CHAPTER 3 

3.1. Abstract 

The synergistic effects between carbon supports and noble metal species of an 

electrocatalyst are known to effectively boost the alkaline hydrogen evolution reaction 

(HER). Herein, Atomic Layer Deposition ( A L D ) was employed to decorate carbon 

papers with Pd species comprising single atoms (SAs) and nanoparticles (NPs). 

Transmission electron microscopy analysis revealed the metallic nature and coexistence 

of Pd as SAs and NPs. The results of X-ray photoelectron spectroscopy supported the 
2_|_ 

evidenced S A species, manifested as the Pd . A n increase in the electrochemical active 

surface area from 12.98 to 413.48 cm" was evidenced with increasing A L D cycles from 

30 to 300c Pd and remained unchanged until 600c Pd. The exceptional overpotential for 

CP 600c Pd exhibits the lowest value of 4.55 mV, compared to previous reports for Pd 

electrocatalysts in a non-acidic environment, and confirms the synergistic effect of Pd 

SAs and NPs that plays a major role in enhancing alkaline HER. 
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3.2. Introduction: 

Hydrogen is a clean and renewable energy carrier that can be produced by 

electrochemical water splitting [1]. Among the catalysts studied for hydrogen evolution 

reaction (HER), Platinum (Pt) has emerged as a standard due to its unique activity for 

H E R [2,3], combined with low overpotentials [4-7] and very low Pt loading [8], in 

addition to other catalysts such as Ru [9-12], Ir [13], and Rh [14]. However, one of the 

problems that arise from the utilization of Pt as well as the other mentioned catalysts is its 

high cost and scarcity, which limit the large-scale application. In addition, the slower 

kinetics of Pt in alkaline electrolytes of approximately 3 times lower than that in acidic 

medium [4,15], triggered the search for substitution with similar or better performance 

for H E R purposes. The focus on hydrogen production in an alkaline medium was more in 

demand because corrosion issues arise from the use of an acidic environment during the 

long term H E R process [16]. Therefore, the development of alternative catalyst is needed 

that can perform excellent in alkaline media. 

To address these challenges, Palladium (Pd) emerges as a promising alternative to Pt 

showing good catalytic activity and long-term chemical stability through H E R [17,18], 

especially in alkaline media [19]. One strategy to achieve this is to combine Pd single 

atoms (SAs) and nanoparticles (NPs) on suitable supports, which can create synergistic 

effects between the two types of Pd species and enhance the catalytic performance of Pd. 

A study [20] demonstrates the synergistic activity by anchoring the Pd species on carbon 

self-doped graphitic carbon nitride (CCN X ) . The mechanism reveals that the synergy of 

the Pd species as electron trapping sites significantly lowers the energy barrier of H * 

activation. On the other hand, Pd can form alloys and hydrides with other metals to 

enhance its activity and stability for hydrogen evolution reaction [21,22]. Previous 

studies [23] demonstrate a significant low overpotential for Pd NPs of approximately 80 

mV at a current density of 100 m A cm related to the porous Pd nanoparticle assemblies. 

In some other cases such as Pd-Cu-H [24] that show high catalytic performance and 

attributes this to the better H * adsorption and activation on the Pd surface. Moreover, 

Zheng et al.[25] reported that with increasing the size of Pd NPs from 3 to 19 nm, higher 

H E R exchange currents were obtained in both acidic and alkaline medium due to the 
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decreasing trend of surface defects with increase in NPs size. Furthermore, the proximity 

of active species on a support introduces the intriguing concept of the hydrogen spillover 

effect [26,27], wherein H * species can diffuse from donor to acceptor sites, potentially 

enhancing the catalytic activity. This phenomenon becomes pivotal when considering the 

cooperative synergy between SAs and NPs in catalysis. Recent research [28-30] has 

illuminated the possibility of integrating SAs and NPs on the same support, creating a 

platform for novel catalytic interactions. This synergy holds the potential to catalyze 

reactions that may be challenging for either SAs or NPs alone. 

Carbon-based materials [31,32] are widely used as supports for electrocatalysts, as they 

are low cost, have high stability, and good electrical conductivity. Among them, carbon 

papers (CPs) have a high porosity and surface area [33], which can facilitate catalyst 

distribution, the mass transport of reactants and products during H E R , good electrical 

conductivity known to enhance the charge transfer, and mechanical stability to support 

durability of catalysts for practical long term H E R applications. Therefore, CPs are a 

promising substrate for electrocatalysis. In addition, C P can be easily treated with an 

acidic solution to introduce functional groups such as carboxylic acid, hydroxyl, and 

carbonyl on the surface of carbon substrates [34,35], which can increase their wettability 

and improved affinity with metal precursors during deposition process. The degree of 

acid treatment can affect the hydrophilicity of carbon substrates, as well as their 

mechanical, thermal, and electrochemical properties. 

This study aims to explore the synergistic interplay between Pd SAs and NPs on a 

suitable support for enhanced H E R performance. The employed acid-treated CPs as 

substrates has been employed for the deposition of Pd species using A L D [36], resulting 

in the simultaneous presence of Pd species as both SAs and NPs. Furthermore, along the 

manuscript, Pd SAs and NPs are collectively referred to Pd species. Different number of 

A L D cycles (NALD) comprising of 30, 45, 60, 75, 150, 300, 450 and 600 were applied to 

exploit the presence of Pd species and related activity for alkaline H E R . High-angle 

annular dark field scanning transmission electron microscopy ( H A A D F - S T E M ) images 

evaluation confirmed the coexistence of Pd species as SAs and NPs on CPs starting from 

N A L D = 75c Pd. The electrochemical measurements showed low overpotential values of 

4.55 m V vs reversible hydrogen electrode (RHE) along with low charge transfer 
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resistance (R c t ) of 0.65 Q at 20 m V of applied potential for the CP 600c Pd sample. To 

evaluate the H E R activity of the catalysts, the electrochemical surface area (ECSA) and 

the number of available active sites was assessed. Long-term stability tests employing a 

staircase chronopotentiometry at different current densities show excellent stability of 

CPs decorated with Pd NPs for duration of 15 h in comparison to Pt developed by similar 

A L D route [12]. Accelerated degradations tests at high scan rate in a limited potential 

window further confirmed the excellent durability of the developed CP-600c Pd sample. 

3.3. Experimental 

3.3.1. Electrode preparation/treatment 

Commercial carbon papers (CP) were treated with a 1:3 mixtures of H N O 3 and H 2 S O 4 for 

15 min under sonication at 60 °C. The acid treatment is known to enhance the 

hydrophilic nature of the carbon substrates [12,37]. Subsequently, the CPs were 

thoroughly rinsed with distilled H 2 O several times. The resulting CPs were employed in 

A L D for Pd deposition. 

3.3.2. Atomic Layer Deposition of Pd 

Pd species were deposited onto treated CPs using a TFS 200 A L D reactor. 

Palladium(II)hexafluoroacetylacetonate P d ^ H E g C ^ ^ and formalin were used as the 

precursor and co-reactant. The Pd precursor was heated to 65 °C and the deposition 

process temperature was 200 °C. The A L D cycle was defined by a sequence of Pd pulse 

(2 s), N 2 purge (30 s), formalin pulse (Is), and N 2 purge (30 s). A preliminary step of 250 

ms of Pd precursor with a 30s N 2 purge and Is formalin with a 30 s purge for 20 cycles 

was applied to lower the Pd precursor consumption. This is because in early stages of the 

A L D process, the volatility of the Pd precursor is significantly higher, which can lead to 

issues related to excess Pd precursor wastage and control. B y distributing the initial 

pulses in this manner, better control over precursor consumption was achieve, ensuring 

that the reactor is always with saturated with provided pulse duration. Thus, the total 

number of A L D cycles were calculated taking into consideration of initial 20 cycles (20 + 
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x cycles = Total number of cycles). Different "number of Pd A L D cycles ( N A L D ) " were 

performed on CPs with: N A L D = 30, 45, 60, 75, 150, 300, 450, and 600 cycles. 

3.3.3. Characterization methods 

Pd deposited CPs were characterized using Scanning Electron Microscopy ( S E M , FEI 

Verios 460L) and compared to the Blank CP. High-resolution Transmission Electron 

Microscopy ( H R T E M , Titan Themis 60-300, Thermo Fisher Scientific,) operated at 300 

k V was also employed. H R T E M is equipped with a Cs image aberration corrector, high-

angle annular dark field scanning transmission detector ( H A A D F - S T E M ) , and Super-X 

energy dispersive X-ray (EDX) spectrometry with four 30 mm windowless detectors for 

S T E M - E D X analysis to evaluate the elemental composition and the morphology of the 

deposited Pd. The crystallinity was assessed using X-ray diffraction X R D Rigaku 

Smartlab 3 k W diffractometer equipped with C u - K a l radiation source (k = 1.54060 A) , 

using 40 k V and 30 m A as beam energy source. The patterns were collected in the 29 

range (10 - 90°) and at a scanning rate of 0.01 "/step with a speed of 4 °/min. To verify the 

surface chemical composition before and after electrochemical measurements, X-ray 

photoelectron spectroscopy (XPS) analysis was performed using Kratos Analytical Axis 

Supra instrument, with A l - K a monochromatic X-ray source (hv = 1486.69 eV). The 

acquired spectra were further fitted using CasaXPS software and referenced to the sp 

species in C Is signal at 284.0 eV. In order to perform the binding energy scale 

correction. Pd 3d spectra were fitted with asymmetric Lorentzian function L A (0.95, 2, 

150) for metallic state (Pd°) and mixed Gaussian-Lorentzian functions G L (30) for Pd 

oxides and Pd plasmon loss. Inductively coupled plasma - optical emission spectroscopy 

(ICP-OES) analyses were performed using (Thermo-Fischer i C A P 7400) axial mode, R F 

power 1150 W , 340.458, 324.270, and 363.470 nm after dissolving the CP@Pd in a 

solution of 1:3 mixture of HC1 and H N O 3 in a microwave reactor (Multiwave 5000 -

Anton-Parr). 

3.3.4. Electrochemical analysis 

Electrochemical measurements were performed using the Autolab V I O N I C potentiostat 

supported by I N T E L L O software, where 1 M K O H was used as an electrolyte. A 
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calibrated A g / A g C l (3 M KC1 = 0.210 V versus RHE) used as a reference electrode, 

graphite rod was used as a counter electrode and CPs with and without Pd was used as a 

working electrode. Linear sweep voltammetry (LSV) was performed at a scan rate of 2 

mV s \ where the Tafel slopes are plotted after 100% iR correction. Electrochemical 

Impedance Spectroscopy (EIS) was evaluated at 20 m V overpotential using 10 m V as an 

A C perturbation potential, within a frequency range of 10 to 10 Hz. Copper 

underpotential deposition method was used to estimate the electrochemical surface area 

(ECSA) at a scanning rate of 10 m V s _ 1 and compared for all samples. Stability 

measurements were performed by 15 h long chrono-potentiometry. Stability 

measurements were also performed by accelerated degradation test by subjecting the 

catalyst to 2500 repetitions of cyclic potential sweeps in the potential range of ±50 m V at 

a higher scanning rate of 50 m V s _ 1, in comparison to activity measurements of 2 m V s _ 1. 

A l l the potentials presented are given versus R H E unless otherwise stated. 

3.4. Results and discussion 

3.4.1. Morphological and chemical characterization 

Figure 3.A.1* shows S E M images of CP blank and A L D decorated CPs with Pd species. 

For reference, images of C P decorated with Pt NPs are shown as well. The CPs decorated 

with Pd species by different N A L D from 0 to 600c Pd are presented. Samples with N A L D = 

75, 150, and 300 (Fig. 3.A.1 b-d) exhibit sparse and scattered Pd NPs on the surface of 

CPs. However, for N A L D > 450 and 600 (Fig. Sle,f), the coverage of Pd NPs becomes 

more evident, in terms of size and distribution. During the A L D process for noble metals, 

the initial nucleation stage is followed by atom aggregation, leading to the formation of 

atomic clusters, which subsequently develop into NPs [12,38,39]. However, the 

utilization of acid-treated carbon substrates offers several advantages, including the 

provision of additional active sites for Pd precursor adsorption and facilitating enhanced 

Pd nucleation and growth [40]. A nucleation delay can be noted during the A L D process 

with the Pd precursor employed, which is in line with reported observations due to 

difficulty in removal of re-adsorbed Pd precursor ligands (hexafluoroacetylacetonate) on 

* Appendix data can be found at the end of this chapter, page 79. 
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the support. The nucleation delay during the A L D process with the Pd precursor is a 

phenomenon that occurs when the Pd precursor does not react readily with the substrate 

surface, resulting in a slow and incomplete film formation. One possible explanation for 

this behavior is that the Pd precursor ligands, are strongly adsorbed on the surface and 

hinder the subsequent reactions of the Pd precursor with the surface hydroxyl groups. 

This can lead to a self-limiting effect, where the Pd precursor molecules compete with the 

adsorbed ligands for the available surface sites, and the growth rate decreases as the 

surface coverage increases [41]. Fig. 3.A.lg,h provides morphological overview of A L D 

decorated CP 50c Pt. N A L D of 50 c was chosen for Pt, taking into consideration of 

previous reports [12,42]. The A L D of Pt on CPs shows an excellent coverage. 

More in-depth information about the Pd species on CPs was obtained by H R T E M studies, 

where the elemental composition and indexing of crystalline lattice of Pd NPs were 

collected. Figure 3.1 shows the high-angle annular dark-field imaging ( H A A D F ) and 

dark field (DF4) images, providing further information about the presence of Pd species. 

The C P 30c Pd sample showed no traces of NPs, but only SAs that were marked by red 

circles in the relevant images. Increasing the N A L D to 45c showed a mixture of SAs and 

S A clusters (marked by a red square, while no NPs were observed. When the N A L D 

increased to 75c, the presence of NPs was observed in addition to SAs and S A clusters. 

The presence of SAs in addition to NPs on CP 150, 300, and 600c Pd was also approved 

by T E M in Fig. 3.A.2a-c with further X P S analysis provided later. 
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HAADF (Gaussian blur) DF4 (Gaussian blur) 

Figure 3.1. HAADF-STEM images (left column) and Dark field (DF4) (right column) 

images for 30, 45, and 75c Pd (before and after electrochemical measurements (AE)). 
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Fig. 3.A.3a-i shows the elemental distribution by combining H A A D F - S T E M imaging 

and S T E M - E D X for the CP 600c Pd sample, providing elemental mapping for C - K , O-K, 

Pd-L, and ovelapped C+O+Pd maps, respectively. From the mapping, a significant 

reduction in oxygen distribution at Pd NPs location suggesting dominance of metallic 

nature from A L D depositied Pd. This was further confirmed by the S T E M - E D X line scan 

that was conducted to take advantage of isolated Pd N P on C P as shown in Fig. 3.A.3e. 

Fig. 3.A.3f provides details of the graphical weight percentages along the analysed line 

scan (Fig. 3.A.3e) for C, O and Pd. The trend of O line when compared with Pd line were 

inversly related providing a cross confirmation of metallic nature of the A L D deposited 

Pd. H A A D F - S T E M imaging from Fig. 3.A.1 revealed the presence of S A for lower N A L D 

sample (CP 30c Pd), clusters (CP 45c Pd) and NPs staring from 75c Pd, which is in 

accordance to the A L D noble metal deposition profile, as suggested before. The 

distribution density of individual species of Pd increases with increase in N A L D - A S shown 

in Fig. 3.A.4, the NPs sizes exhibit a gradual growth with increasing the A L D cycles, 

showing average sizes of 0.7, 1.3, 7.1, 8.1 nm size for 75 c, 150c, 300c, and 600c Pd, 

respectively. The Fast Fourier Transformation (FFT) pattern obtained from a single Pd 

NP (Fig. 3.A.3g-i) reveals distinct diffractions represented by marked spots. These 

diffractions correspond to cubic structure and to (311), (002) and (111) planes with d-

spacings of 0.12, 0.19, and 0.23 nm, respectively, which is inline with X R D analysis. 

The crystal structure and phase composition of the CPs modified with Pd species were 

investigated by X-ray diffraction (XRD) . Fig. 3.A.5 shows the X R D patterns of the CPs 

decorated with Pd using different N A L D - The Pd peaks are barely visible for N A L D = 75 

(indicating a low Pd loading on the surface) and become more evident from N A L D > 150, 

suggesting crystalline nature and a higher Pd loading with increased N A L D - However, 

some of the Pd peaks are partially overlapped by the C P substrate peaks evidenced at 

higher N A L D (300 to 600 cycles), especially around 44.59°. The A L D Pd has a cubic 

crystal structure with diffraction peaks matching well with the standard reference pattern 

(PDF 01-087-0641). The characteristic Pd peaks at 29 = 39.39, 45.8, 66.7, and 80.4° 

correspond to the (111), (200), (220), and (311) lattice planes, respectively. The 

diffraction peaks intensity for Pd increases with increasing the A L D cycles with lower 

half width of full maxima indicating a gradual increase in the crystallite size from 5.03 to 
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5.61 nm for C P 300c Pd to C P 600c Pd respectively (Equation (3.A.1), Table (3.A.1) in 

the appendix of this chapter). 

X P S analysis for C P 600c Pd was carried out to gain more insight about the surface 

chemical composition. Fig. 3.2a shows the wide-scan X P S survey spectrum revealing the 

presence of C, O, and Pd elements, where the C peak was used to correct the binding 

energy scale of the spectra. The minor peak observed for F arise from the fact of the re-

adsorbed Pd precursor fragments (containing F species) on the substrate as explained 

before. On the other hand, Pd 3d two sublevels shown in Fig. 3.2c exhibits a significant 

amount of Pd in metallic form, as shown in the red fitted curves at 335 and 340.3 eV. 

Here, the peak energy splitting for Pd 3d spin-orbit doublets appears to be around 5.26 

eV, similar values to those reported in the literature [43,44]. The shoulder peaks fitted in 
2_i_ 

blue curves and located around 336.4 and 341.6 eV were denoted as Pd and they 

correspond to the bonding with surface active O linked species, such as (C-OH and O-

C=0) in the 286-289 eV range originated as a result of CP pretreatments resulting in Sas 

[45,46] and also a minor amount from O that forms PdO as a result of sample exposure to 

air, in-line with previous reports [44]. The olive peaks correspond to P d 4 + species 

centered at 338.2 and 343.4 eV. The reported PdO binding energy for C P 600c Pd was 

around 336.4 eV, close to the values reported for the surface oxides in the literature [47-

50]. It is important to note that the bulk oxides typically exhibit lower binding energies. 

This is supported by the presence of Pd SAs detected by T E M , which contributes to the 

presence of shoulder Pd peak [45,51,52] (represented as Pd 2 + ) . Table 3.A.2 provides a 

quantitative assessment for the deconvoluted high resolution spectra of Pd peak, 
0 +2 

confirming atomic percentages of 79.8 and 13.5 for Pd and Pd components, 

respectively. 
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(a) CP 600c Pd As-prepared 
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Figure 3.2. XPS spectra of CP 600c Pd sample: a) wide survey spectra; b) and c) high-

resolution spectra for C Is and Pd 3d, respectively. 
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3.4.2. H E R activity of C P @ Pd 

During the H2O dissociation on the surface of Pd, O H and H* are formed as 

intermediates, where the H* wi l l participate in the production of H2. Polarization 

experiments were conducted to investigate the performance of CPs decorated with Pd 

species for H E R activity. The L S V analysis was performed in 1 M K O H solution with a 

further iR correction as shown in Fig. 3.3a. The L S V curves show excellent H E R 

activity, with a blank C P sample shown as a reference. It is important to assess the 

overpotential for each electrode required to reach a cathodic current density of 10 m A 

cm . The data in Fig. 3.3a shows that the presence of only SAs as a catalyst on the 

lowest N A L D (30C Pd) results in much higher overpotential of 313.6 mV. As the S A 

density increases, S A clusters start to form, as shown in Fig. 3.1 for 45c Pd, leading to 

lower overpotentials. A substantial decrease in overpotential values was obtained for 75c 

Pd A L D , leading to as low overpotential as 28.8 mV, a much lower value than the 

commercial Pd/C and Pt/C reported with a value of 175 and 72 m V [53]. Increasing the 

Pd loading quantity to 450 and 600c A L D shows a gain in overpotentials recording 5 and 

4.55 mV, respectively. The observed overpotentials are much lower than the values 

reported in the literature [23,24]. This indicates that the treated CPs with A L D decorated 

Pd species have supported to facilitate faster electron transfer and H2O reduction. 

Tafel analysis was used as a parameter to elucidate the reaction mechanism and kinetics 

of the H E R taking place at Pd species surface. This can provide a clear understanding of 

the Pd species behavior, and the mechanism involved within the H E R . According to 

previous findings [54-56], Tafel slope for Pd NPs can range from 40 to 130 m V dec - 1 . In 

the present case, the CP@Pd species including NPs, such as N A L D 75C, 150C, 300C, 450C, 

and 600c, have Tafel slopes of 99, 59, 49, 47, and 49 m V dec - 1 respectively, as shown in 

Fig. 3.3b indicating that the reaction kinetics follow Volmer-Heyrovsky mechanism. 

However, the lower Pd loaded CPs with SAs showed substantial increase in Tafel slope 

value recording 265, 197, and 226 m V dec - 1 for 30, 45, and 60c Pd, respectively. The 

improved kinetics of Pd species on C P increased with increasing N A L D up to 300c Pd, 

while higher N A L D (300, 450, and 600) showed very similar Tafel slopes. The N A L D of Pd 

deposition influenced the Pd species density, which played a critical role for alkaline 
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H E R performance. According to our understanding, the optimal density of Pd species for 

H E R performance was observed with N A L D 300C and stabilizes with further increase until 

600c Pd. However, the Tafel slope obtained from N A L D 300 to 600c Pd, is comparable to 

some of the best reported values for Pd-based electrocatalysts[53]. For a comparative 

purpose, Tafel slope values for CP 50c Pt overlayed in Fig. 3.3b showing a value of 

50.14 m V dec - 1 , which is close to those recorded for the higher Pd loading of 450 and 

600c Pd. 

The initial H2O dissociation has been widely considered as bottle neck problem for 

alkaline H E R . A previous study [57] provides valuable insights into this process through 

comprehensive investigations, utilizing both Density Functional Theory (DFT) 

calculations and Extended X-ray Absorption Fine Structure ( E X A F S ) measurements. 

These analyses elucidate the role of Pd NPs as active centers in facilitating H2O 

dissociation, leading to the generation of key reactive species, active Hydrogen atoms 

(H*) and hydroxyl groups (OH ). Our study builds upon these findings by investigating 

the impact of NPs in the context of our experimental framework. A pronounced 

correlation between the presence and concentration of NPs and the enhancement of H2O 

dissociation was observed. The increased footprint of NPs in the samples of CP@Pd with 

the rise in N A L D concentration suggests a relation with improved H2O dissociation, 

resulting in the enhanced generation of reactive H * species. Our findings support and 

further demonstrate the significance of NPs in the H2O dissociation process during the 

alkaline H E R . B y integrating the results from reference [56] with our own experimental 

observations, the aim was to provide a more complete understanding of this critical 

reaction mechanism. 

The generated H * on the Pd NPs surface are expected to spillover onto the available SAs 

of Pd, where the Volmer-Heyrovsky mechanism (explained in the Supplementary 

Information) occurs. Recently, the unprecedented activity for H E R was demonstrated by 

S A of P d 4 6 in comparison to S A of Pt and A u , when employed as cocatalysts on Ti02 

photocatalyst. This enhanced activity of Pd S A was mainly due to more prominent charge 

localization according to D F T analysis [46]. Similarly, in the current context, the 

adsorbed H* on Pd SAs active sites reacts with the neighboring H 2 0 molecule, such that 
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the proton from the H 2 O molecule combines with the adsorbed H * to form Hydrogen 

molecule (H2). This overall synergistic effect between the Pd NPs and SAs represent the 

enhanced H E R performance of the CP@Pd, the main highlight of this work. 

Charge transfer analysis was carried out employing EIS and is presented in Fig. 3.3c. 

Fitting the experimental EIS data was carried out with a simple equivalent circuit model, 

consisting of only five elements. The circuit fits the experimental data well, as evidenced 

by the excellent agreement between the experimental data and the fitted data for all CPs 

decorated with Pd species. The fitting results illustrate the values of R i , R2/Q1, and R3/Q2 

indicating that the electrical properties of the CP substrate and the Pd species on C P in 

relation to the N A L D - The values obtained from the fitting (Table 3.A.3) showed that the 

resistance (R s) of the samples ranged from 2 to 3.19 Q used for iR correction. The first 

parallel component (R2/Q1) illustrates the charge transfer kinetics of the carbon substrate, 

with resistance values varies from 0.57 to 1.69 Q. While the second component (R3/Q2) 

illustrates the charge transfer resistance at the interface of catalytically active Pd species. 

The R c t decreased significantly from 178.28 to 0.65 Q with increasing N A L D from 30 to 

600c Pd. The decrease in R c t with increase in N A L D , confirms improvement on the 

electrical properties and thus the H E R activity of CP@Pd. The observed increase in 

capacitance can be related to increase in the amount of adsorbed H * on the Pd surface 

[58]. The CP 50c Pt sample was used to perform a comparative assessment of H E R under 

the same conditions. Fig. 3.3d provides a comprehensive view of the activity profiles of 

the respective electrodes, as depicted by the comparative bar plot of overpotentials and 

Tafel slopes. Pt displays an overpotential of 6.8 mV, which falls within the range of 

overpotential values observed for C P 300c and CP 450c Pd. 
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Figure 3.3. Electrochemical HER analysis: a) iR corrected LSV; b) Tafel slope analysis 

in the current density range of (10 - -30 mA cm ); (c) EIS experimental and fitting 

curves data; d) comparitive bar plot for Tafel slopes and overpotential values for CP Pd 

and CP 50c Pt samples. 

3.4.3. Number of active sites and their role in performance enhancement 

For supported catalysts such as S A , NPs or thin films on flat or high surface area 

supports, the calculated electrochemical surface area (ECSA) used to determine the active 

catalyst surface area. One of the common methods to evaluate the E C S A of Pd noble 

metal electrocatalysts is to use the reduction peak of the oxide layer formed on the metal 

surface [59]. However, this method need to be carefully considered basing on the 

available Pd facets and potential range chosen in the C V scan to oxidize and reduce the 

Pd species available on the surface [60]. 
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A n alternative method that can overcome these drawbacks is to use under potential 

electrodeposition of Cu with a further stripping of deposited monolayer of Cu. Therefore, 

the E C S A for C P Pd electrodes was determined by integrating the Cu stripping peak, as 

shown in Fig. 3.A.6(a-f). The initial choice of the applied potential was evaluated by 

performing a series of L S V initiating from different potentials as shown in Fig. 3.A.6a, 

where 0.31 V was used for Cu monolayer deposition. There is a large distinction of bulk 

Cu deposition and monolayer Cu deposition with applied initial potential for L S V . This 

potential for monolayer deposition was adopted for the rest of the C P samples decorated 

with Pd. As shown in Fig. 3.4a, E C S A increased gradually from 12.98 to 413.48 cm as 

the N A L D increased from 30c to 300c. Further increase in the N A L D from 300 to 600c 

shows approximately close E C S A values of 413.48, 395.63, and 411.98 cm respectively, 

which agrees with the overpotentials recorded from L S V s . The increase of E C S A values 

with increasing N A L D can be attributed to the higher active surface area of Pd species 

exposed to the electrolyte [61-63]. Furthermore, the number of active sites ( N ) shown in 

Fig. 3.4b increases from 1.72xl0 1 6 to 5 .47xl0 1 7 by increasing the N A L D from 30 to 300c 

Pd, and with further increase in N A L D , the number of active sites remains relatively stable 

with values of 5 .47xl0 1 7 , 5 .23xl0 1 7 , and 5 .45xl0 1 7 for 300, 450, and 600c Pd 

respectively, which is proportional with E C S A obtained values. Therefore, the saturation 

of the available active sites starts to occur at N A L D = 300c. 

To gain deeper insight about the intrinsic activity of Pd species, the turnover frequency 

(TOF) was quantified as a pivotal marker of intrinsic catalytic performance [64]. TOF 

measures the efficiency of a catalyst active site for a specific reaction [65]. While our 

study has emphasized the E C S A values and the quantification of active sites within the 

Pd species, it is crucial to examine the TOF values, as depicted in Fig. 3.4c. Our analysis 

reveals that the TOF values for Pd species fall within the range of 0.15 to 0.22 H 2 s 1 at 

30 mV, however, by applying N A L D < 45c Pd, T O F value start to decline. This suggest 

that apart from having only SAs as a catalyst, as observed in 30 and 45c Pd, all the 

samples share similar H E R reaction strategy and only the increase in the number of active 

sites directly influences the low overpotentials observed with L S V measurements. It is 

worth noting that our determination of E C S A through copper monolayer deposition 
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involve both SAs and NPs present as a catalyst. This is a critical point of consideration in 

our TOF calculations. 

Figure 3.4. a) Electrochemical surface area (ECSA); b) number of active sites; c) 

turnover frequency (TOF) for 75, 150,300, 450, and 600c Pd at 30 mV overpotential; d) 

TOF for CP 300c Pd at different overpotentials, where the connecting line used for eye 

guidance. The pattern highlighted columns in (a) and (b) referred to CP 300c Pd indicate 

the threshold at which the HER performance gets saturated. 

ICP-OES analysis was carried out for all samples that include NPs to determine the Pd 

metal loadings. The estimated weight percent (wt. %) of Pd as shown Fig. 3.A.7 follow a 

linear increase of 1.61, 4.4, 9.87, 12.82, and 15.88 for C P 75, 150, 300, 450 and 600 c Pd, 

respectively. However, the activities found for the CP@Pd samples are mostly correlated 

with the number of active sites, rather than the loading mass, due to the fact that all the 

loading mass wi l l not participate in the H E R catalytic activity. It is possible to have 
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confusion when relating the improved overpotentials with the decrease in SAs as N A L D 

increases. Due to agglomeration, the increase in NPs size as depicted in Fig. 3.A.4 lowers 

the probability of SAs presence as the NPs are consuming larger area of the CP surface. 

However, NPs exhibit a stronger interaction with water molecules than SAs as described 

[57]. Thus, the increase in the NPs quantity in the higher Pd-loaded CPs resulting in 

producing more hydrogen atoms, compensating for the drop in Pd SAs. 

3.4.4. Stability evaluation by staircase chronopotentiometric and 

accelerated degradation tests. 

How well an electrocatalyst works in practice depends largely on how long it can 

maintain stable activity over the time. To further investigate the stability of C P 600c Pd, 

chronopotentiometric measurements for C P 600c Pd were assessed for 15 h with steps of 

different current densities, as shown in Fig. 3.5a. The overpotentials remained stable 

during the initial 12 h at an applied current density of 10 m A cm . Stepping the current 

density to 20, 50, and 10 mA cm and maintained for 1 h did not hamper the 

overpotential with change in current densities. In fact, a slight gain of 3 m V was observed 
_2 

during the final 1 h stability measurement employing 10 m A cm . For comparison, 50c 

Pt A L D coated CP stability measurement was carried out under the same conditions. A 

raise in 10 m V of overpotentials were observed during the initial 12 h measurement at 10 
_2 _2 

mA cm . Further changing the current densities to 20, 50, and 10 m A cm displayed an 

average of 5, 2, and 6 m V higher overpotential, respectively, when compared with Pd. 

L S V was performed for CP 600c Pd before and after the long-term stability test, as 

shown in Fig. 3.5b. The overpotential increased from 8.27 m V to 15.2 m V after the 

stability test, while the overpotential of C P 50c Pt increased from 6.8 m V to 17.6 mV, as 

shown in Fig. 3.5c. This is around 6.9 m V change for CP 600c Pd, compared to 10.8 mV 

for CP 50c Pt overpotential change, suggesting that C P @ P d retain more activity after the 

stability test. Part of the recorded change could be correlated to the loss of some 

fragments of the electrode due to H 2 bubbles generated on the surface. T E M (Fig. 3.A.8) 

and X P S (Fig. 3.A.9 and Table 3.A.2) analyses, carried out after the stability 

measurement, did not show any significant change in the morphology and oxidation state 
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of the samples. This is a promising result, as it suggests that the Pd species are stable and 

resistant to degradation under the test conditions. H R - T E M imaging and FFT pattern 

analysis in Fig. 3.A.10a,b showed that the Pd NPs had a matching cubic crystalline 

structure with the (311), (002) and (111) planes with d-spacings of 0.12, 0.19, and 0.23 

nm, respectively, after stability measurements. 

Potential (V vs RHE) Potential (V vs RHE) 

Figure 3.5. Stability measurement: a) straicase chronopotentiometry ; b) LSV before and 

after stability test for CP 600c Pd; c) LSV before and after stability test for CP 50c Pt; d) 

LSV before and after degradation test for CP 600c Pd. 

Additionally, the stability of the electrodes was evaluated in dynamic conditions, where 

electrode was subjected to repeated C V at higher scan rate [66]. A n accelerated 

degradation test was performed for the C P 600c Pd sample for 2500 cycles in a potential 

range of + 50 m V and a scanning rate of 50 m V s _ 1. The electrode displayed excellent 

stability, with 1 m V gain in the overpotential between the polarization curves collected 

77 



CHAPTER 3 

before and after test, as observed in Fig. 3.5d. A comparative summary of the relative 

overpotentials and Tafel slopes achieved in this work are listed in Table 3.A.4, along 

with results from other studies. The low values recorded for C P 450 and 600c Pd suggest 

excellent H E R performance by highlighting the importance of using treated CPs and 

A L D technique to obtain Pd species comprising of S A and NPs having unique synergistic 

activity and excellent stability for the alkaline HER. 

3.5. Conclusion 

A L D was employed to decorate Pd species on activated CPs. The coexistence of both 

SAs and NPs plays the major role in improving the H E R activity in an alkaline medium. 

The NPs play a crucial role in H 2 0 dissociation and the H E R process proceeds in the 

presence of SAs. The combination of these parameters with an increased number of 

active sites by increasing N A L D , ushered to an efficient and highly active catalyst with 

overpotentials of 4.55 mV. The overpotentials were comparable to CP@Pt catalyst 

prepared in similar fashion. However, the presence of only SAs on the lower Pd loaded 

CPs showed poor H E R activity. Moreover, the developed CP@Pd catalyst showed 

excellent stability for prolonged duration with no significant loss in activity, as confirmed 

by various characterization techniques ( X R D , X P S , H R T E M ) . Overall, this work 

highlights the synergistic effect of SAs and NPs of Pd on a conducting support as highly 

efficient and stable electrocatalysts for alkaline HER. 
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3.A. Appendix: 

Figure 3.A.I. SEM images of the CP surface with Pd NPs deposited using NALD- (a) 

Blank; (b) 75c; (c) 150c; (d) 300c; (e) 450c; (f) 600c; CP decorated with 50c Pt (g, h) as 

reference. 
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Figure 3.A.2. (a) CP 150c Pd; (b) CP 300c Pd and (c) 600c Pd HAADF-STEM images. 

Arrow marks in red indicate SAs, green indicates atomic clusters and cyan indicate 

larger NPs. 

Figure 3.A.3. TEM analysis: a) A HAADF-STEM image of CP 600c Pd sample; b-e) 

corresponding STEM-EDX elemental mapping, providing C-K, 0-K, Pd-L, and 

overlapped maps; f) collected STEM-EDX spectrum obtained from the line scan, 

indicated by the white arrow shown in e); g) a HR-TEM image of the deposited Pd NPs 

used for FFT analysis (magnified insert); h) FFT analysis corresponding to a blue 
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rectangle in g), revealing a Pd NP with cubic lattice oriented to [Oil] zonal axis; i) 

lattice d-spacing measurements obtained from FFT analysis ofh). 

Figure 3.A.4. Average diameter ofPd NPs determined from the HRTEM images. 
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Figure 3.A.5. XRD patterns of Pd-decorated CP for NALD 75, 150, 300, 450, and 600c 

and comparison to the blank CP. 

The average grain size of the Pd NPs was estimated using Scherrer's equation (1) from 

the X R D peaks of N A L D = 450 and 600. The calculated grain size was about 5.616 nm 

coherent with the estimated N P size obtained from S E M micrographs, indicating a slight 

increase in the Pd N P size with N A L D at this range. 

KX 
d = a 7a\ (3-A-^ 

(3cos(0) 

Such that (K = 0.9) is the Scherrer constant, (A = 0.154 nm) is the wavelength of X-ray, 

and (/?) is the full width at half maximum ( F W H M ) . The result verifies the value 

obtained from the S E M micrograph. 

Table 3.A.I. Crystalline characteristics of cubic Pd NPs supported by carbon substrate 

derived from XRD data. 

catalyst 20 Crystallite size (nm) d ( A ° ) 

CP 300c Pd 39.42 5.03 3.95 
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CP 450c Pd 39.32 5.11 3.96 

CP 600c Pd 39.52 5.61 3.94 

Table 3.A.2. Atomic concentration (%) of Pd oxidation state determined by XPS for 

before and after stability measurement. 

Pd u P d 2 + IM 4 + 

Before stability test 79.8 13.5 6.7 

After stability test 67.7 26.9 5.4 

Understanding Tafel kinetics: 

To understand the mechanism of the rate limiting step of the reaction, the two possible 

pathways need to be examined: Volmer-Tafel and Volmer-Heyrovsky. Volmer-Tafel 

involves the adsorption of H * onto the electrode surface followed by recombination of 

the adjacent hydrogen induced by electron transfer to form H 2 as a product. However, 

low Tafel slopes obtained (Figure 3.3b) do not support this theory. Therefore, it is less 

likely that the Volmer-Tafel mechanism is the dominant. Volmer-Heyrovsky from the 

other hand, involves the adsorbed H * to interact with the adsorbed water molecule, 

producing H 2 as a result, which is the evident mechanism based on the low Tafel values 

obtained (lower than 40 m V dec - 1 ), suggesting the dominance of Volmer-Heyrovsky 

mechanism [56]. The possible chain reactions can occur according to reaction (3.A.2) and 

(3.A.4) successively [67]. 

Volmer: H20 + e~ + Pd ^ Pd - H + OH~ (3.A.2) 

Tafel: 2Pd - H ^ H2 + 2Pd (3.A.3) 

Heyrovsky: Pd - H + H20 + e~ ^ H2 + OH~ + Pd (3.A.4) 

The relatively small variations in the values of a 2 for the different A L D cycles of Pd 

species suggest that the capacitance behavior of the Pd species is less sensitive to the 
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number of A L D cycles in the frequency range (10 - 10 ) compared to the more 

pronounced variations observed for CP substrate as shown for ai. C P substrate has a 

porous and rough surface which can provide a large surface area for the deposition of Pd 

species. When Pd species are deposited on the CP substrate, they are well distributed on 

the surface of the substrate, increasing the effective active surface area. This increase in 

the effective active surface area leads to an increase in the capacitance of the C P 

substrate. On the other hand, the capacitance of Pd species fluctuates because their size 

and distribution on the carbon paper substrate may vary with different N A L D of Pd. 

Additionally, the presence of surface impurities or defects on CP can also affect the 

capacitance of Pd NPs. These results suggest that the electrical properties of the C P 

substrate and the Pd species are strongly influenced by the number of A L D cycles. 
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Table 3.A.3. EIS circuit components fitting values for all CP@Pd samples, using the 

circuit model shown in Figure 3c. 

CP N A L D Pd R s ( « ) Ri (fl) CPEi 

(F.s^1') 

ai R 2 (^) C P E 2 

(F.s^1') 

a 2 

CP 30c Pd 2.27 1.17 4.75x1 OT4 0.66 178.28 0.087 0.96 

CP 45c Pd 2.56 0.6 0.1051 0.18 61.03 0.092 0.97 

CP 60c Pd 2 0.71 9.75x10 4 0.67 26.55 0.091 0.92 

CP 75c Pd 3.14 0.57 0.02 0.57 4.26 0.44 0.8 

CP 150c Pd 3.13 1.69 1.21 1 1.3 0.27 0.26 

CP 300c Pd 3.19 0.65 0.09 0.44 1.51 1.57 0.98 

CP 450c Pd 2.78 0.7 0.049 0.48 1.12 2.11 1 

CP 600c Pd 2.84 1.63 3.11 0.91 0.65 0.052 0.47 

CP 50c Pt 2.2 0.33 0.037 0.64 1.58 1.09 0.68 
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Figure 3.A.6. Copper monolayer and bulk stripping LSVfor (a) CP 600c Pd sample with 

Cu deposited at different potentials. Copper monolayer stripping for (b) CP 75c Pd; (c) 

CP 150c Pd; (d) CP 300c Pd; (e) CP 450c Pd and (f) CP 600c Pd at a deposition 

potential of 0.31 V vs RHE. Copper stripping and baseline LSV were performed in 0.5 M 

H2S04 + 20mM CuS04.5H20, and 0.5 M H2S04 respectively. 
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If the relation (Eq. 3.A.5) that combines T O F and the number of active sites was taken 

into consideration, TOF is inversely proportional to the number of active sites (N). 

Therefore, as the number of active sites increases, the T O F decreases. However, the TOF 

is independent of the loading mass, as it is a measure of the intrinsic activity of each 

active site. 

TOF = 1 X N a (3.A.5) 
2 x F x N 

Where (I) is the current density, (F) is the Faraday constant (96485.3 C), (N) is number of 

moles of active sites. 

Figure 3.A. 7. The weight percent of the loaded Pd on the carbon substrat analysed by 

inductive coupled plasma atomic emission spectroscopy (ICP-OES). The connecting line 

is used for eye guidance. 
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Figure 3.A.9. XPS spectra for CP 600c Pd after stability measurements: (a) wide survey 

spectra; (b) and (c) high-resolution spectra for Cls and Pd 3d, respectively. 

After conducting the stability test, additional K peaks corresponding to K 2p was 

detected. These peaks were correlated with the adsorption of K + on the surface from the 

used K O H electrolyte. This occurred due to prolonged exposure of the sample to the 

K O H electrolyte as shown in the high-resolution spectra in Figure 3.A.9b, c. The high-
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resolution C Is spectrum exhibited four shoulder peaks at 284.8, 286.3, 288.0 and 290.2 

eV corresponding to C-(CH) bonds, C - O H and 0-C=0 functional groups on the surface 

and n-n* bonds, besides the main peak at 284.0 eV attributed to sp bonds. The intensity 

of the C Is peak did not change significantly before and after the stability test. The 

atomic percentage of metallic Pd° decreased from 79.8 to 67.7% after stability test as 

shown in Table 3.A.2, while P d 4 + was detected in small quantities ranging between 6.7 

and 5.4 atomic % before and after stability test. 

Figure 3.A.10. (a) HR TEM image for CP 600c Pd after stability measurements; (b) FFT 

analysis corresponding to a blue rectangle in (a). 
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Table 3.A.4. Overview of Pd-based catalyst for HER, collected from the literature and 

compared with the values obtained in this work. 

Material Substrate Electrolyte Overpotentials 

@10mA cm - 2 

Tafel 

slopes 

(mV dec -1) 

Ref. 

Pd@Ru Palladium 

nanorods (Pd 

NRs) 

1 M K O H 30 30 [68] 

NiCo2S4/Pd glassy carbon 

electrode 

1 M K O H 83 70 [69] 

Pd 3 P 0 . 9 5 NPs glassy carbon 

electrode 

1 M K O H 75 64PdP 

NPs-2 

[70] 

Cu-Pd, Pd high surface area 

graphite (HSAG) 

0.1 M K O H 145 mV, 

63 m V 

75, 42 [71] 

PdNPs Carbonized wood 

membrane 

(CWM-2) 

1 M K O H 302 64.5 [72] 

Pd-Ru/C glassy carbon 

electrode 

1 M K O H 42 N A [73] 

Pd-P/Pt-

Ni/C-Ac 

Carbon 1 M K O H 21 55.4 [74] 

CP 450c Pd Carbon paper 

(CP) 

1 M K O H 5 47 This 

work 

CP 600c Pd Carbon paper 

(CP) 

1 M K O H 4.55 49 This 

work 
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This doctoral thesis focused on the controlled synthesis of Pd NPs with tunable properties for 

H E R and M O R , through the in-depth understanding of the reaction mechanisms taking place 

during A L D nucleation and growth, and the effect of the prepared material for H E R and M O R . 

In addition, O E R transition CU2O has been tuned from p-type to n-type and used as 

photoabsorber with the support of ultrathin A L D layers to reduce its oxidative dissolution during 

the water splitting process. The following general conclusions can be drawn from this work: 

y Reproducible A L D route for the synthesis of Pd NPs on various high surface area 

substrates, (such as TNTs) was developed and optimized, in addition to the treated CPs 

for better hydrophilicity that proved to be very effective in supporting the H E R 

mechanism and improve the charge transfer. The Pd NPs exhibited a narrow size 

distribution, a high loading density, and a strong adhesion to the substrates. The Pd NPs 

were characterized by various techniques, such as X R D , T E M , X P S , and electrochemical 

measurements. 

> The Pd NPs decorated on TNTs showed a remarkable electrocatalytic performance for 

M O R in 1M K O H . The Pd/TNTs electrodes had a high resistance to C O poisoning, with 

considerable currents, and a good stability for M O R . The results were compared with Pd 

loaded on other substrates, and proved to have better resistivity against C O , thanks to the 

oxophilic effect of TNTs as a substrate that has supported the M O R . It is worth noting 

that the combination of Pd and TNTs that already showed good adhesion, provided a 

large surface area substrate that are highly tunable and stable, along with the 

unidirectional ID and favorable electron transfer. 

> The Pd NPs deposited on CPs by A L D were found to form Pd SAs, atomic clusters, and 

NPs, which had a synergistic effect on the alkaline H E R . The Pd SAs and NPs catalysts 

had a superior H E R performance and very low overpotentials than the commercial Pt/C 

catalysts and other Pd-based catalysts presented in the literature. However, the 

overpotentials and Tafel slope values became close to that of 50c Pt loaded on the treated 

CPs at N A L D = 450 c Pd. The mechanism of the synergistic effect was revealed by X P S 

and high-resolution T E M images and characterizations, which showed that the Pd SAs 

and NPs modulated the electronic structure and facilitated the hydrogen spillover effect. 
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Based on the results presented in this thesis, further research could be carried out as described 

below: 

y Expanding the potential of A L D in the synthesis of other noble metal NPs, the 

exploration can include metals beyond the commonly studied Pd and Pt, such as 

Rhodium (Rh), Iridium (Ir), and Gold (Au). B y using A L D as a precise technique to 

synthesize these metals, this could unlock a spectrum of possibilities for catalytic 

applications across diverse substrates. For instance, Rhodium NPs synthesized via A L D 

could exhibit unique catalytic properties in reactions like formic acid oxidation, which is 

crucial in fuel cells. Similarly, Ir and A u NPs synthesized through A L D could be 

investigated for their efficiency in glycerol oxidation. Furthermore, exploring the 

potential of ALD-synthesized noble metal NPs for carbon dioxide reduction reactions 

using the combination of materials presented in this thesis could offer sustainable 

pathways for mitigating greenhouse gas emissions. This expansion of A L D techniques to 

covers a broader range of noble metals and catalytic reactions, holds promise for 

addressing critical challenges in energy conversion and environmental sustainability. 

> It is also possible to use the A L D technique to fabricate bimetallic or multimetallic NPs, 

broadening the scope beyond single metal NPs. Combinations such as Pd-Pt, Pd-Ru, Pt-

Ru, and Pt-Ir could be synthesized on diverse substrates, offering a more possibilities for 

investigating their electrocatalytic properties. B y exploring these combinations, which in 

principle complicates the study of the electrochemical reactions due to the different 

interactions of the studied material with the electrolytes and the formation of varios 

compounds, including M O R , H E R , ORR, and EOR. This investigation can be extended 

to study the interplay between composition, size, shape, and structure of bimetallic or 

multimetallic NPs and their electrocatalytic performance and stability. For instance, 

understanding how the atomic arrangement at the N P interface influences catalytic 

activity could lead to the development of highly efficient and durable catalysts for 

various energy conversion and environmental remediation applications. Through 

experimentation and characterization, insights gained from studying these complex NPs 

could introduce a way for the design of next-generation catalysts with tailored properties 

for specific electrochemical processes. 
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> In addition to the A L D technique, methods like plasma treatment, thermal annealing, or 

chemical processing (such as chemical reduction) can be integrated with the synthesized 

noble metals NPs and substrates and finely tuned to amplify their electrocatalytic 

performance. For instance, plasma treatment can facilitate surface functionalization, 

altering the chemical composition and surface energy of the NPs and substrates to 

optimize catalytic activity. Similarly, thermal annealing can induce structural 

transformations, such as grain growth or phase transitions, enhancing the stability and 

conductivity of the catalysts. Additionally, chemical reduction methods can be employed 

to tailor the electronic structure of the NPs, optimizing their reactivity towards specific 

electrochemical reactions. Through systematic experimentation and characterization 

using techniques such as X P S , S E M , and EIS, this can clarify the underlying mechanisms 

behind these modifications. B y gaining insights into the structure-property relationships 

that may lead to enhanced electrocatalytic performance, which can devise the strategies 

for the design of advanced catalyst materials with superior activity, selectivity, and 

durability for a wide range of electrochemical applications. 

y The proposed utilization of A L D techniques for synthesizing noble metal NPs on a wide 

range of substrates presents a crucial part for the understanding of electrocatalytic process 

reactions. This approach involves the exploration of various substrate materials. Since in 

this thesis, the effect of using metal oxide such as TiC>2 NTs and the chemically treated 

and highly conductive carbon substrate. Additionally, it is possible to study the 

interactions between noble metal NPs and metal oxides, metal nitrides, metal carbides, 

metal phosphides, and metal sulfides, in order to evaluate their electrocatalytic 

performance for water splitting reactions. Employing precise control over A L D 

deposition parameters, such as precursor chemistry, temperature, and cycle number, is 

essential for achieving uniform N P growth and morphology while minimizing defects 

and impurities. Characterization techniques, including X R D , X P S , and T E M , facilitate 

comprehensive analysis of the structural and compositional properties of the resulting 

noble metal NP-substrate interfaces. Surface engineering strategies, including pre-

treatment methods and interfacial modifiers, are employed to enhance adhesion, stability, 

and reactivity, thereby ensuring optimal electrocatalytic performance. Careful evaluation 

of catalytic activity, kinetics, selectivity, and stability under relevant operating conditions 
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serves as a crucial benchmark for assessing the efficiency of ALD-synthesized NP-

substrate systems. Through material design and optimization, it is possible to explain the 

catalytic behavior and tailor noble metal NP-substrate configurations for enhanced 

electrochemical performance. 

> The potential application of A L D techniques in fabricating noble metal NPs on 3D 

porous structures, including aerogels, foams, and scaffolds, introduces a new dimension 

to the study. B y evaluating the characteristics of 3D porous structures, such as high 

porosity, large surface area, and enhanced mass transport properties, this aims to explore 

and the advantages of these substrates in catalytic applications. A L D offers precise 

control over N P deposition on complex geometries, enabling the fabrication of well-

defined noble metal N P architectures within the porous network. Characterization 

techniques, including S E M and gas adsorption analysis such as Brunauer-Emmett-Teller 

(BET) to assess the resulting noble metal NP-3D porous structure interfaces surface area. 

Through evaluation of electrocatalytic performance, it is possible to study the influence 

of N P morphology, distribution, and interfacial interactions on catalytic activity and 

stability. The integration of ALD-synthesized noble metal NPs with 3D porous structures 

holds significant promise since several studies has been talking about the effect of the 

exposed crystal planes in the activity of the catalyst. Therefore, implementing these high 

surface area substrates can help in exposing specific catalytically active crystalline planes 

leading for more selective reactions. 

> The identification of Pd SAs and NPs has been confirmed through deep analysis 

employing X P S and T E M in this thesis. In explaining the H E R mechanism, particular 

attention has been given to understanding the synergistic effects observed when SAs and 

NPs are combined. To support this understanding, density functional theory (DFT) 

calculations can offer a powerful tool for predicting the sequential steps of the process, 

accounting for bonding strengths and their impact on H E R kinetics. This supplementary 

validation is pivotal for providing additional insights into any uncertainties surrounding 

the proposed mechanism, thus solidifying the overall credibility of the findings. 
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Summary 

Optimizing the synthesized electrode activity is crucial when designing the catalyst, whether it is 

related to the morphological structure or complementing it with other materials to serve a 

different purpose. Previous studies on various electrocatalysts structures in the recent years have 

provided a basic understanding of the work in this thesis. However, the controllability of the 

deposited electrocatalyst and its structure has only been roughly estimated. It is crucial to work 

on a process that ensures reproducibility and defines the necessary morphology, as these are the 

main factors when assessing catalyst performance. 

The aim of this study was to develop a combination of the noble metal Pd with other high surface 

area materials to limit the poisoning effect, which is a major issue in the use of direct methanol 

fuel cells. Additionally, Pd is a promising water splitting catalyst for H E R , but its performance is 

not comparable to that of Pt, which is considered the benchmark material. The aim of the study 

was to identify a catalyst structure, in combination with a tuned substrate, that would enable the 

Pd catalyst to achieve H E R activity comparable to that of Pt. 

Chapters 2 and 3 are the main sections related to the Pd catalyst. Chapter 2 discusses the use of 

TNTs with high surface area as a support for M O R . TNTs are selected due to their ease of 

reproduction, high surface area, and high stability. However, the main advantage of using TNTs 

as substrates is their oxyphilic nature and ability to act as electron donors, supporting the 

conversion of intermediates to final products such as CO2. The activity of the ALD-synthesized 

Pd NPs depends on their coupling with the substrate to provide longevity during the oxidation 

reaction. Chapter 3 discusses the synthesis of an A L D Pd catalyst coupled with a highly 

conductive carbon substrate that facilitates H E R activity. The catalyst shows comparable activity 

to Pt, a benchmark material. The study also investigates the mechanism of the H E R reaction, 

attributing the high catalytic activity to the synergistic effect of SAs and NPs. Overall, Pd 

performs well as a standalone catalyst. However, combining it with other materials as a support 

can significantly reduce the overpotentials for H E R and overcome the intermediates that can 

obstruct the reaction in the case of M O R as an electrode for D M F C s . 
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