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The Road goes ever on and on, 
Down from the door where it began. 

Now far ahead the Road has gone, 
And I must follow, if I can, 

Pursuing it with eager feet, 
Until it joins some larger way 

Where many paths and errands meet. 
And whither then? I cannot say. 

 
(J.R.R. Tolkien, The Lord of the Rings) 
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Preface 

 
 
 
The design, fabrication and application of nanostructures or 
nanomaterials cannot leave aside the fundamental understanding of the 
relationships between physical properties or phenomena and materials 
size. 
Nanotechnology deals with materials or structures in nanometer scales, 
typically ranging from sub-nanometers to several hundred nanometers. 
On nanometer scale, materials and structures possess new physical 
properties and exhibit new physical phenomena. Some of these properties 
are already known (for example, band gaps of semiconductors can be 
tuned by varying materials size). There may be many more properties not 
yet known, allowing further advancement in technology.  
Nanotechnology has a broad range of potential applications spanning from 
electronics and optics to catalysis and energy storage and production.  
Only when the desired size, morphology and chemical composition are 
obtained is possible to investigate the eventual new physical properties and 
applications of nanomaterials and nanostructures.  
It was also shown that decorating materials with other nanostructures 
enormously enhances the properties of the nanomaterial. 
Heterostructures consisting of nanostructures distributed on the surface 
of a substrate could potentially display not only unique properties of 
nanostructures, but also additional novel functionalities and properties 
due to the interaction between them.  
 
The aim of this thesis was the controlled synthesis of mono- and bi-metallic 
nanoparticles for application in sensing and energy production.  
The dissertation is structured as follows: 
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 Chapter 1: a brief introduction to the world of nanotechnology and 
nanostructures is presented, with a focus on nano-fabrication techniques. 
The second part describes the importance of mono- and bi-metallic 
nanoparticles, with a particular attention of the interaction with a 
conductive support, the theoretical background, and different 
applications. 
 
 Chapter 2: the synthesis and characterization of mono- and bi-
metallic nanoparticles with different solution-based techniques are 
presented. In particular, chemical reduction of Au, Pd, Pt and Au@Pd 
(core@shell) nanoparticles is deeply described. 
 
 Chapter 3: the decoration of ZnO nanorods with Au nanoparticles 
is investigated in terms of energy band modification of the semiconductor 
and modulation of the built-in electric field. Photoluminescence and 
Cathodoluminescence analyses (supported by Montecarlo and COMSOL 
simulation) provide a solid basis for the comprehension of the effect of the 
formation of a nano Schottky junction at the metal-semiconductor 
interface. 
 
 Chapter 4: a new synthesis procedure of NiO microflowers is 
described. Electrocatalytic intrinsic activity of nanostructures decorated 
graphene paper is evaluated during oxygen evolution reaction. After 
decoration of NiO microflowers with Pt nanoparticles, the nanostructures 
are use as anode electrode for hydrogen evolution reaction. Moreover, A 
full cell for alkaline electrochemical water splitting has been built, 
composed of Pt decorated NiO microflowers as cathode and bare NiO 
microflowers as anode 
 
 Chapter 5: the decoration of a Ni oxide nanostructure with NPs of 
Au, Pd and Au@Pd (Au core, Pd shell) is experimentally investigated. 
Electrochemical measurements quantitatively elucidate the effect of 
decoration with mono or bimetallic nanoparticles. The presence of 
bimetallic nanoparticles enhances enormously the electrochemical 
performances of the material in terms of sensitivity, catalytic activity, and 
electrical transport. The modification of energy band diagram in 
semiconductor is analyzed and discussed also in terms of electron transfer 
during redox reactions. 
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Summary 
Nanoparticles are nanostructures with at least one dimension at the nanoscale level 
(few nanometers). The optical, electrical, mechanical, magnetic, and catalytic 
properties of nanoparticles are significantly different from their bulk counterparts 
due quantum size effect, surface effect, and dielectric confinement effect. 
In this introductive chapter, after a brief historical excursus on nanotechnology, we 
will focus our attention on basic properties of nanostructures, especially metal 
nanoparticles. The role of support is introduced and schematized. 
Particular attention will be paid to the study of a particular case of metal 
nanostructures: bimetallic nanoparticles. The presence of two different metals in the 
same structure can strongly modify the electrical and catalytic properties of the 
bimetallic nanoparticles. A theoretical approach explaining the enhancement of 
catalytic properties of bimetallic nanoparticles is presented and detailed. Finally, 
some examples of application of bimetallic nanoparticles will be provided. 
This chapter represents a starting point for developing the key concepts presented 
in the experimental chapters of this thesis 
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1.1 There’s Plenty of Room at the Bottom 
 
“What could we do with layered structures with just the right layers? 
What would the properties of materials be if we could really arrange the 
atoms the way we want them? They would be very interesting to 
investigate theoretically. I can’t see exactly what would happen, but I can 
hardly doubt that when we have some control of the arrangement of 
things on a small scale, we will get an enormously greater range of 
possible properties that substances can have, and of different things that 
we can do. […] There’s Plenty of Room at the Bottom. I will not now 
discuss how we are going to do it, but only what is possible in principle - 
in other words, what is possible according to the laws of physics.” 
 
In his lecture at Caltech, in 1959, Richard P. Feynman predicted the 
enormous potential of manipulating matter at the atomic scale [1]. It is 
possible, he proposed, for scientists to assemble new materials at the level 
of single atoms and molecules, where there are “new kinds of forces and 
new kinds of possibilities, new kinds of effects”. It is generally accepted 
that Feynman’s words constituted the starting point for the 
nanotechnology.  
 
Nanotechnology is the ability to build materials, devices, and systems with 
atomic precision. A brief and general definition of nanotechnology is the 
statement by the US National Science and Technology Council [2], which 
states: 
 
“The essence of nanotechnology is the ability to work at the molecular 
level, atom by atom, to create large structures with fundamentally new 
molecular organization. The aim is to exploit these properties by gaining 
control of structures and devices at atomic, molecular, and 
supramolecular levels and to learn to efficiently manufacture and use 
these devices”.  
 
Nanotechnology received its greatest momentum with the invention of 
scanning tunneling microscope (STM) in 1981 by Gerd K. Binnig and 
Heinrich Rohrer, staff scientists at IBM’s Zu ̈rich Research Laboratory.  
 
That happened 22 years after Feynman’s predictions (Figure 1.1).  
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The Nobel Prize award in 1986 to Binnig and Rohrer for the discovery of 
STM was quickly followed by the development of a family of related 
techniques which, together with STM, may be classified in the general 
category of Scanning Probe Microscopy (SPM) techniques. Of the latter 
technologies, the most important is undoubtedly the atomic force 
microscope (AFM) developed in 1986 by Binnig, Quate, and Gerber.  
 
 

 
Figure 1.1: Nanotechnology timeline. 
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1.2 Nanostructures: basic properties 
 
When the size of materials is reduced to nanoscale, the physical and 
chemical properties change drastically.  
As the size of the material reduces from the bulk to nanosize (10−9 m), the 
surface area increases drastically for the same volume of a given material 
(Figure 1.2(a)). As a result, the nanoparticles exhibit interesting physical 
and chemical properties, initially unseen in the bulk material.  
The chemical reactivity increases as the size of the reactants decreases, 
particularly at the nano-level. Nanoparticles of materials are highly 
unstable compared to the corresponding bulk material. 
The surface atoms are less coordinated to their neighboring atoms, com- 
pared to the internal atoms. This implies that the surface atoms have 
higher energies. For a nanostructure, the number of surface atoms is large 
(if compared to the total number of atoms), which increases the chemical 
reactivity of the nanomaterials. The higher surface-to-volume ration of 
nanostructures is widely used in many applications, like chemical 
catalysis, storage devices, solar cells, etc. [3].  
In nanomaterials, the electrons are confined to regions having one, two or 
three dimensions (Figure 1.2(b)) when the relative size is comparable with 
the de Broglie wavelength.  
Nanostructures with one direction below this critical value (thin film, layer 
structure, quantum well) are defined as 2D nanostructures. When two 
dimensions are below this critical value (linear chain structure, quantum 
wire) the nanostructures are defined as 1D and when all the dimensions 
are also below this threshold (cluster, colloid, nanocrystal, quantum dot) 
it is referred to as 0D. 
In a structure of size similar to the electron de Broglie wavelength, the 
behavior of the electron should be described quantum mechanically, i.e., 
by using Schrödinger equation. 
The density of states, DOS (number of electronic states per unit volume 
and energy), is greatly modified for different types of nanostructures 
depending on the degree of confinement as shown in Figure 1.2(b). 
For bulk materials, the DOS has a square root dependence on energy. 
However, this dependence changes accordingly with the dimensionality of 
the structures. The variation in DOS with dimensionality results in 
outstanding optical and electrical properties for realizing advanced 
nanodevices.  
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Figure 1.2: (a) a cartoon showing the variations in the surface-to-volume ratio of bulk 
vs. nano; (b) schematic drawing to show the concept of system dimensionality and the 
corresponding density of states (DOS) versus energy (E) diagram (for ideal cases)  
[adapted from 4]. 
 
The interest in nanomaterials is driven by their many desirable proper- 
ties. In particular, the ability to tailor the size and structure provides 
excellent prospects for designing novel nanodevices.  
Numerous nanofabrication methods in nanotechnology have been used 
successfully. As the technology develops further, new approaches will 
emerge [5]. 
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In general, two major strategies are used to produce nanostructured 
materials: the “bottom-up” and “top-down” method, as shown 
schematically in Figure 1.3.  
The top-down approach is based on the assembly of structures by 
manipulating components of larger volume using lithographic and non- 
lithographic fabrication technologies in order to fabricate micro- and 
nano-system components.  
On the other hand, the bottom-up approach, arranging atoms or molecules 
in nanostructures, involves the manufacture of device structures through 
the systematic assembly of molecules, atoms, or other basic units of 
matter. In the bottom-up approach, nanoscale features are mainly built up 
from their elemental constituents.  
Elemental constituents are combined using various nanomanufacturing 
processes including self-assembly, chemical synthesis, molecular beam 
epitaxy, nano-imprint lithography, roll-to-roll processing, and dip pen 
lithography [6].  
 

 
Figure 1.3: Schematic representation of top-down or bottom-up synthesis roots. 

 
One important issue is the availability of raw materials for the synthesis of 
different types of nanostructures. The increasing need for advanced 
materials and components that enable certain functions for a variety of 
important applications, a growing world population and the fact that our 
earth’s resources are limited raise the question of future material supply. 
Although their significant economic importance for key sectors in the 
global economy, most of elements have a high-supply risk and there is a 
lack of substitutes. Figure 1.4(a) represents a particular periodic table in 
which the size of each square is proportional to the relative abundance of 
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each chemical element. Moreover, the color of the squares indicates the 
availability of these elements in the next years. 
The development of new non-precious metal nanostructures is essential 
for rationally designing highly active low-cost materials as alternatives to 
state-of-the-art critical raw materials.  
Transition non-critical raw materials (metal oxides, sulfides, and carbides) 
have been deeply explored for decades owing to their low cost, excellent 
durability, and electrical and physical properties. 
Several materials exhibit high catalytic and electrocatalytic performances, 
mainly due to the presence of noble metals, such as Au, Pt, Pd, Ru, Ir [7]. 
The scarcity of these elements is easily understandable from Figure 1.4(b). 
Their amount is about 9 orders of magnitude less than elements such as 
oxygen, silicon, and iron. 
Several strategies have been proposed to minimize the use of noble metals.  
One approach to overcome these challenges is to increase the surface to 
bulk atomic ratio of noble metal materials, thus allowing for a lower metal 
loading to be used without compromising their efficiency [8]. Another 
strategy is represented by the synthesis of noble metal nanoparticles and 
their incorporation (decoration) in other nanostructures in order to reduce 
the amount of critical. Metal decoration of nanostructures is emerging as 
a promising methodology for adding functionalities and developing 
materials properties, with applications to electronics, sensing, catalysis, 
and computing industries [9-15]. 
 
In the following sections the importance of nanoparticles (mono- or bi-
metallic) will be highlighted. Particular attention will be paid to the effect 
of the support material and to the modifications of the physical, chemical 
and catalytic properties of the decorated nanostructures. Moreover, the 
effect of alloying different metals will be investigated presenting some 
theoretical backgrounds for the description of the enhancement of the 
catalytic properties of bimetallic system (d-band model). Finally, some 
example of application in different fields will be described, focusing the 
attention on catalysis and sensing. 
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Figure 1.4: (a) Periodic table of the abundance of the elements [16]; (b) Abundance 
(atom fraction) of the chemical elements in Earth’s upper continental crust as a 
function of atomic number [17]. 
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1.3 Metal nanoparticles 
 

1.3.1 Importance of metal nanoparticles 
Nanoparticles (NPs) are of high scientific interest as they show unusual 
properties compared to their bulk counterparts [18]. As previously 
remarked, at the nanoscale the properties of the materials change. As the 
size of a material decreases, the percentage of atoms at its surface becomes 
substantial. Therefore, the surface-to-volume ratio increases substantially 
influencing the surface-related properties of the material. In general, the 
main properties and the advantageous characteristics of NPs are: 

• High surface-to-volume ratio[19]; 
• Higher zeta potential [20]; 
• Possible separation and recyclability [21]. 

 
1.3.2 Impact of nanoparticle–support interaction 
Because of their small size and probable solubility in reaction media, it is 
not always easy to separate metal nanoparticles from the solution. To 
overcome this problem, NPs are usually anchored onto a solid support [22-
27]. There is a large number of the studies reporting on NPs supported on 
a variety of metal oxides [28-36].  
However, supports are typically not inert and the interaction with 
nanoparticles gives rise to new interface phenomena. Such metal-support 
interaction may have a profound impact on the resulting performance of 
the metal nanoparticles [37,38]. Impact on catalysis originates from 
interactions between metal nanoparticles and their supporting matrix 
(Figure 1.5(a)). Typical metal- support phenomena relate to five aspects: 

1. charge transfer, 
2. interfacial perimeter, 
3. nanoparticle morphology, 
4. chemical composition, 
5. strong metal-support interaction (SMSI). 

 
These phenomena are often entangled, and some will have a stronger 
influence than others, depending on the catalyst and the reaction.  
Several synthetic strategies for the control of the metal-support interaction 
have been reported, which can be classified according to changes to the 
catalyst’s components before and after assembly of the composite material. 
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Figure 1.5: (a) The five main phenomena of metal-support interactions; (b) the 
approaches for tuning such interactions are divided after the different stages of 
catalyst modification (support, nanoparticle, treatments on the metal-support 
composite material) [Adapted from 39]. 
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1.4 Bimetallic nanoparticles 
 
Noble metals NPs have been prepared and studied since several years. 
They became valuable materials in various applications, such as 
homogeneous and heterogeneous catalysis, nanomedicine, and imaging 
[41]. Bimetallic NPs have been introduced later but now they represent an 
exciting area of research because they offer a new degree of freedom to vary 
the particle properties by blending two metals in one particle [42]. 
 
1.4.1 Structural features of bimetallic nanoparticles 
In general, the average particle size and the size distribution are the most 
important properties of nanoparticles. However, these parameters are not 
always easy to outline and to determine, mainly due to absence of a 
uniformity in most of NP dispersions [41,43]. 
The architecture of bimetallic NPs can differ in terms of atomic ordering 
(alloyed or intermetallic), crystal structure, internal structure (with 
different numbers of twin defects and/or stacking faults), shape or type of 
facet, as well as configuration (dimeric, dendritic, or core−shell, including 
concentric/non- concentric) [44]. Figure 1.7 shows a summary of the major 
bimetallic architectures typically found in the literature. 
 
Typically, NP can be divided into four main categories [43]: 

- Core-shell segregated NPs: consist of a shell of one type of atom (B) 
surrounding a core of another (A). One kind of metal precursor is 
reduced first, and it gives rise to the generation of an inner core. 
Then the other kind of metal precursor is decomposed into metallic 
atoms and grows on the surface of the core. 

- Subcluster segregated NPs: consist of A and B subclusters, which 
may share a mixed interface (left) or may only have a small number 
of A-B bonds (right).  

- Mixed A-B nanoalloys: may be either ordered (left) or random (i.e., 
a solid solution, right). 

- Multishell nanoalloys: may present layered or onion-like 
alternating -A-B-A- shells.  
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Figure 1.7: Schematic representation of some possible mixing patterns: core-shell (a), 
subcluster segregated (b), mixed (c), three shell (d). The pictures show cross sections 
of the clusters [Adapted from 43].  
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The degree of mixing and atomic ordering in NPs depends mainly on the 
following factors [42,43]: 

1. Bond strengths of A-A, B-B, and A-B bonds.  
2. Surface energies of bulk elements A and B. 
3. Relative atomic sizes. 
4. Charge transfer. 
5. Size of single nanoparticles. 
6. Specific electronic/magnetic effects.  

 
In addition to being more complicated than their monometallic 
counterparts, bimetallic NPs are superior in many ways. 
Independently of the ordering, a certain improvement of catalytic and 
sensing performance is observed and typically explained inferring a 
synergistic effect [45].  
The property modulation of bimetallic nanoparticles is mainly dependent 
on these synergetic effects between two distinct elements, including 
electronic effect, lattice stress, bifunctional effect, and ensemble effect 
[42].  
A clear example of this phenomenon will be deeply investigated in Chapter 
5, in which the catalytic properties of supported Au@Pd bimetallic NPs 
were compared with those of monometallic Au and Pd NPs. 
 
 

1.4.2 Electronic Properties and Catalytic Activity of Bimetallic nanoparticles 
Experimental characterization of bimetallic nanoparticles, in terms of 
electrical, catalytic, optical properties, is quite limited despite recent 
developments. Most of the time the interpretation of experimental findings 
relies heavily on theoretical modeling, simulations, or statistical 
approaches. Most NPs properties fall in the nanoscale since they cannot be 
inferred by extrapolation of their bulk counterparts.  
In this paragraph we want to give a theoretical perspective of electronic 
properties of bimetallic systems and their influences on catalytic activity 
[46,47]. 
 
The d-Band Model 
The d-band model, developed by Hammer and Nørskov [42,45,48], has 
played a central role in understanding chemical reactivity and the 
adsorption on transition metal surfaces. 
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In these materials, the electronic states arising from s and p orbitals of 
transition metal atoms are delocalized and form wide energy bands. The 
overlap of d orbitals is much weaker, and therefore leads to narrow energy 
bands. 
The different behaviors of sp and d orbitals heavily impact on chemical 
adsorption on transition metal surface. It can be decomposed into two 
steps, as illustrated in Figure 1.8 [45]. 

1. In the first step, the external orbitals of the adsorbate interact with 
the wide sp band of the metal surface. As a results, the energy level 
becomes a renormalized resonance peak (with an energy 
determined by the interaction strength and a position shifter 
towards lower energy).  

2. In the second step, the renormalized molecular state interacts with 
the narrow d-band of the metal surface and split into bonding and 
anti-bonding states. 

The adsorption energy can therefore be written as  
 

ΔE!"# = ΔE#$ + ΔE" 																																																															(1.1) 
 
It includes the contribution of both sp and d states. 
It has been well established that the magnitude of ΔE" is strongly 
correlated to the d-band center with respect to the Fermi level (EF) [45,48]. 
In general, the higher d-band center in energy leads to stronger adsorption 
[48].  
 

 
Figure 1.8: Illustration of the d-band model [adapted from [42]. 
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The d-band model gives a connection between the intrinsic electronic 
properties and the catalytic activity of transition metals.  
The d-band model can also be used to understand the variation of the 
catalytic activity when the transition metal is strained or compressed 
[128]. In the case of tensile strain, the d-band is narrowed because of 
reduced inter-atomic overlap and has to shift toward higher energy to 
maintain a constant number of d-electrons. An opposite process occurs if 
the transition metal surface is compressed. 
 
Another theoretical approach to investigate the electronic and catalytic 
properties of bimetallic systems is the so-called monolayer bimetallic 
surfaces method (Figure 1.9) [49-52].  Different monolayer bimetallic 
surfaces can be considered: 

(a) a monolayer of the guest metal on top of the host metal; 
(b) the second layer of the host metal is replaced by the guest metal; 
(c) the alloyed (intermixed) surface with a pure metal substrate. 

 
Figure 1.9: Monolayer bimetallic surfaces: (a) the overlayer structure; (b) the 
subsurface monolayer structure; and (c) the alloyed surface with a pure metal 
substrate.  
 
 
Tuning the Reactivity of Bimetallic Surfaces  
There are four main mechanisms (Figure 1,10) strictly related with the 
ability of the tuning of reactivity of transition metal surfaces with the 
introduction of a second metal [45-49]: 

• strain effect 
• ligand effect 
• ensemble effect 
• overlayering effect 
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Figure 1.10: Schematic representation of the four mechanisms that affect the reactivity 
of bimetallic systems. 
 

Strain Effect  
The presence of an adlayer of a host material could cause a compressive or 
tensile strain due to the difference in the effective atomic size of guest and 
host metals, which can change the d-band width and position.  
 
Ligand Effect  
Two metals, with different capability of accepting or donating electrons, 
can form heteronuclear bonds that are significantly different from those in 
pure metals. This effect is often termed as the ligand effect[50].  
 
Ensemble Effect  
Also known as geometric effect, it refers to the effect related to particular 
geometric arrangements of transition metal atoms on bimetallic surfaces 
[53]. Adsorption energy depends sensitively on the ensemble 
configuration.  
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Overlayering effect 
As discussed above, overlayer is one of the components of a bimetallic 
system that segregates to the surface [45]. In such systems, the overlayer 
atoms have ligand effects from the second layer, but they also have to adapt 
to the lattice constant of the host metals (strain effects). 
Figure 1.11 shows a systematic theoretical study of shifts in d-band centers 
as different transition metals are deposited on host materials. 
 

 
Figure 1.11: Calculated shifts in the d-band centers for several overlayer structures. 
The shifts are given relative to the d-band center for the pure metal surface. These 
shifts reflect the change in reactivity of the overlayer relative to the pure metal 
[Adapted from 45]. 
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1.5 Applications of metal nanoparticles 
 
Bimetallic nanostructures have been developed to minimize the utilization 
of precious metals or to exploit the secondary function to the primary 
metal surface. These features can affect the surface reaction with different 
activity, selectivity, and durability. 
Four main applications can be recognized as illustrated by Figure 1.12. 
 
 

 
Figure 1.12: Schematic illustration of the four different categories of application of 
metal nanoparticles. 
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Electrocatalysis 
Mono- and bi-metallic NPs have been widely used for various surface and 
electrochemical reactions [54]. For energy and environmental issues, there 
has been much attention to electrochemical conversions combined with 
renewable energy [55].  
Some important reactions and corresponding mono- and bi-metallic 
nanostructured electrocatalysts are listed below: 

• Oxygen Reduction Reaction (ORR).  
• Fuel Oxidation.  
• Oxygen Evolution Reaction (OER).  

 

Heterogeneous catalysis 
Heterogeneous catalysts have been widely used for the production of 
chemicals, energy conversion, and environmental remediation [59-78]. 
Bimetallic catalysts have also been developed with modified electronic and 
geometric structures that provide more control to tune reaction pathways 
[61,62]. 
Four categories of reactions can be distinguished: 

• CO Oxidation.  
• Hydrogenation/Dehydrogenation.  
• Hydrogen Evolution Reaction (HER).  
• Coupling Reactions.  

 

Plasmonics 
Surface Plasmon Resonance (SPR) is one of the most important properties 
of noble metals, which holds great promise for bio‐imagining, molecular 
detecting, and solar cells [44].  
Because of the synergistic effect, bimetallic NPs not only have properties 
of single component but also some extraordinary properties [79]. 
Bimetallic NPs (in particular, Au-Ag and Au-Pd) have received increasing 
attention in the past ten years [80].  
 
Sensing 
A sensor can selectively recognize the target analyte in a complex matrix 
and produce a measurable signal. Compared with bulk metals, metal NPs 
show unique optical, electronic, and catalytic properties attributed to their 
nanosize [44,81,82]. Moreover, bimetallic nanoparticles often provide 
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optimized chemical and physical properties than their monometallic 
counterpart with better sensitivity and selectivity. 
Different types of sensors can be recognized [83-92]: 

• Plasmonic sensors. 
• SERS-based sensors. 
• Luminescence-based sensors. 
• Electrochemical sensors. 
• Gas sensors. 

 
 
1.6 Conclusions 
 
In this chapter, the basic properties of mono- and bi-metallic nanoparticles 
were explored. The effect of the support was highlighted pointing out how 
it is fundamental in modify and determine the overall electrical and 
catalytic properties of the decorated materials. Particular importance was 
given to the theoretical description of the bimetallic effect and to the 
possible uses of metal nanoparticles in different applications. The 
Nørskov’s d-band model was introduced as a possible theoretical 
description for the effect of alloying different transition metals on 
adsorption of molecules. What has just been described provides a 
background to the topics covered in the following chapters. The effect of 
the decoration of metal oxide nanostructures (ZnO, NiO) with Au, Pd, Pt 
and Au @ Pd (core-shell) NPs will be systematically investigated. The 
experimental results of the analyzes and the simulations will provide the 
working basis for developing simplified models to describe the NP-support 
interaction. Particular attention will be paid to the study of the 
modification of the electrical and electrochemical properties of the 
decorated nanostructures and to the variation in the position of the energy 
bands due the formation of a junction at the semiconductor metal 
interface. 
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Summary 
The concept of building up decorated systems is emerging as a methodology to add 
new functionalities maintaining the properties of the individual components. The 
surface of nanostructures has a crucial role in determining the electrical and 
optoelectronic properties of nano-devices. As the surface-to-volume ratio is very 
high, the surface states also play a key role on optical absorption, gas sensing, 
luminescence and other properties. Recently, heterostructures composed of different 
semiconductor oxides have been found to significantly enhance the response during 
sensing. In this regard, design, and preparation of composites with unique 
heterostructures will be increasingly important in the development of high 
performance nanodevices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Synthesis of mono- and bi-metallic nanoparticles  

35 
 

2.1 Chemical reduction of metal nanoparticles 
In this section different synthesis methods for the preparation of mono- 
and bi-metallic NPs are proposed. The main advantage of these techniques 
is that it is not necessary to reach high temperatures (the process takes 
place at room temperature). Furthermore, the number of reactants is 
reduced to two, the metal precursor and the reducing agent (trisodium 
citrate and ascorbic acid in our case). The variation in concentration of one 
of these two parameters (dissolved in aqueous solution) has a strong 
impact on the average size of the NPs and, indirectly, on their physical and 
catalytic properties. 
 
2.2.1 Au nanoparticles synthesis with trisodium citrate 
A first method to synthesize Au NPs is the modified Turkevich method [22-
25]. Through this procedure it is possible to obtain Au NPs at room 
temperature, without any correction of the pH of the solution (see 
Supplementary Information). Gold chloride trihydrate (HAuCl4	⋅	3H2O, 
Sigma-Aldrich, St. Louis, MO, USA, ≥99.9%) and trisodium citrate 
(Na3C6H5O7	⋅	H2O, Sigma-Aldrich St. Louis, MO, USA) are used without 
further purification.  
The same quantities (50 mL) of 1mM gold chloride trihydrate and 3mM 
trisodium citrate are mixed in a beaker covered by a glass plate. During 
stirring the solution color shows a transient color change (from 
transparent to dark grey) and becomes stable in 2-3 h. After 24 hours, it 
shows the typical red wine color. 
The solution is then stored at 4-8°C without any further preparation. 
The NPs have a quite uniform diameter of about 20 ± 3 nm, as measured 
by SEM images on more than 200 NPs dispersed on a flat Si substrate. A 
STEM picture of a representative Au nanoparticle is shown in Figure 
2.1(a). Each nanoparticle has a rounded-like shape with some bump due to 
the crystalline grains that make it up. STEM in Figure 2.2(b) shows that 
these AuNPs exhibit highly polycrystalline structures with grain size down 
to 10 nm. Indeed, the higher magnification insets of Figure 2.2(b) show 
different crystallographic orientations arising from different grains 
composing the NP. 
The presence of Au nanoparticle within the colloidal solution produced 
with the modified-Turkevich method was checked with UV-vis 
spectroscopy (Figure 2.2(c)). Absorbance spectrum shows a narrow and 
sharp peak (centered at around 530 nm) which is a clear indication of the 
presence of NPs in colloidal form [24]. NPs solutions results stable over 
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prolonged time as confirmed by absorbance analyses performed on the as 
prepared solution and after two months from the preparation (dashed line 
in Figure 2.2(c)). 
The main advantages of this synthesis method are: 

• No temperature or pH dependence, 
• High stability of the solution, 
• Low toxicity of reagents, 
• Uniform size of Au NPs, 
• No influence of the substrate on the morphology 

 

 
Figure 2.1: (a) STEM images of an Au NP; (b) STEM micrograph and high 
magnification insets of an isolated Au NP; (c) Absorbance spectrum of Au NPs 
solution as prepared (As prep) and after 2 months [25].  
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2.2.1 Au, Pd and Pt monometallic nanoparticles with ascorbic acid 
Dispersions containing metal monometallic (Au, Pd, and Pt) NPs can be 
also produced through a green chemical reduction method at room 
temperature using ascorbic acid (AA) as reducing agent [26], instead of the 
most common trisodium citrate [1-4]. The use of AA is justified by its water 
solubility, biodegradability, and low toxicity compared with other reducing 
agents, looking for a method that generates a great variety of metal NPs 
[5]. However, the studies reported using ascorbic acid as reducing agent 
show no great control over the size or polydispersity of the obtained NPs. 
The aim of this research work was to synthesize and control, average size 
and morphology of Au, Pd and Pt, and bimetallic NPs with a core–shell 
structure, from aqueous solutions of Au(III), Pt(II), and Pd(II) species 
through a soft-chemistry green method using ascorbic acid as a reducing 
agent.  
 
Monometallic Au and Pd NPs are synthesized by adding 30 µL of 33mM 
AA in 30 mL of 0.12 mM HAuCl! (Sigma-Aldrich, St. Louis, MO, USA, 
≥99.9%) and 0.9 mM PdCl" (Sigma-Aldrich, St. Louis, MO, USA, ≥99.9%) 
aqueous solutions, respectively [6]. Pt NPs dispersion was produced by 
dispersing 30 µL of 33 mM AA in 30 mL of 0.2 mM H"PtCl# (Sigma-
Aldrich, St. Louis, MO, USA, ≥99.9%) aqueous solution [7,8]. The solutions 
were stirred for 5 minutes. All dispersions can be used without any further 
cleaning. The presence of NPs within the colloidal dispersion was checked 
with UV-vis spectroscopy. 
 
 
Au nanoparticles 
Scanning transmission electron microscopy (STEM) image and relative 
EDX spectrum of a metal NP dispersed on a TEM grid are shown in Figure 
2.2(a-b). Au NPs have a rounded-like shape with a quite uniform diameter 
of about (20 ± 3) nm and a crystalline structure quite similar to that found 
on Au NPs synthesized with the modified Turkevich method, with some 
bumps all around the surface due to different grains composing the NP 
(inset of Figure 2.2(a)) [9]. Au absorbance spectrum (Figure 2.2(c)) shows 
a narrow and sharp plasmonic peak (530 nm) which is a clear indication 
of the presence of stable NPs in colloidal form [3]. 
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Figure 2.2: (a) STEM image and (b) EDX elemental map of a single Au NP dispersed on 
a TEM grid (grain boundary magnification in the inset); (c) absorbance spectrum of 
Au Pt colloidal dispersion obtained with trisodium citrate. 
 
 
Pd nanoparticles 
Pd NPs also show a spherical shape with size ranging from few to hundreds 
of nanometers (Figure 2.3(a)). Despite this shape, the clear and ubiquitous 
presence of small Pd grains (Figure 2.3(b)) tells us that Pd NPs are always 
composed of these very small grains. Also in this case, EDX elemental map 
(Figure 2.3(c)) and absorbance spectrum (Figure 2.3(d)) help us to 
univocally characterize our NPs and colloidal solution. No absorbance 
peak can be observed in the case of Pd colloidal solution: it is known that 
colloidal dispersions of Pd NPs synthesized with AA do not exhibit a well-
defined absorption band [5]. 
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Figure 2.3: (a) STEM image, (b) small grains magnification, and (c) EDX elemental map 
of a single Pt NP dispersed on a TEM grid; (c) absorbance spectrum of Au Pt colloidal 
dispersion obtained with trisodium citrate. 
 
 
Pt nanoparticles 
Finally, Pt NPs synthesized with AA through our procedure show smaller 
mean size (2 nm) if compared with the other metal NPs obtained with the 
same procedure (Figure 2.4(a)). Also in this case, absorbance spectrum 
(Figure 2.4(b)) does not show any absorbance band, similarly to Pt NPs 
solution case [5,7,8].  
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Figure 2.4: (a) STEM image Pt NPs; (d) absorbance spectra of Pt colloidal dispersion. 
 
 
 
2.2.2 Au@Pd (core@shell) bimetallic nanoparticles 
A similar method of what previously described can be used to synthesize 
bimetallic nanoparticles, only using ascorbic acid as reducing agent and 
the metal precursors. 
 
The synthesis of bimetallic Au@Pd NPs is shown in Figure 2.5(a). 10 mL 
of Au NPs colloidal solution (obtained with the above-described method) 
and 30 mL of PdCl" aqueous solution were mixed with 50 µL of AA (Sigma-
Aldrich, St. Louis, MO, USA) and stirred for 5 minutes [10]. The 
dispersions were used without any further cleaning. 
The presence of Au@Pd NPs within the colloidal dispersion was checked 
with UV-vis spectroscopy (Figure 2.5(b)) [1,5,11]. The typical Au peak at 
530 nm (Figure 2.1 and 2.2) is drastically reduced compared with the case 
of monometallic Au NPs because of the contemporary presence of both Au 
and Pd. This evidence remarks that Au atoms are confined in the core of 
the NPs whereas Pd atoms are on the surface [12,13]. 
RBS analyses (Figure 2.5(c)) confirm the presence of Au (peak at 1.8 MeV) 
and Pd (peak at 1.7 MeV) onto Si as expected. RBS was used to confirm the 
effective presence of bimetallic NPs after the decoration of a flat Si 
substrate, since Au and Pd amounts are proportional to the peak area [6] 
(RBS spectra of Au and Pd monometallic NPs on Si are reported for 
comparison). In the case of Au@Pd NPs, the amount of Au and Pd is 7.0 ⋅
10$%at	cm&" and 1.6 ⋅ 10$%at	cm&", respectively. The spread in the width of 
the peaks indicates the presence of 3D agglomerates of NPs onto the 
surface with a NP mean size higher than those of mono-metallic case. 
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STEM pictures and EDX color maps of representative Au@Pd NP are 
shown in Figure 2.5(d-e). STEM image of Au@Pd NPs reveals a core-shell 
structure with a Au core (∼	25 nm) and Pd shell (∼	10 nm) made of smaller 
Pd clusters (Figure 2.5(d)). This result is confirmed with STEM EDX 
spectroscopy data. Indeed, the corresponding line-scan of Figure 2.5(f) 
shows clear evidence of the core–shell configuration. 
 

 
Figure 2.5: (a) Schematic representation of Au@Pd core-shell NPs synthesis; (b) 
absorbance spectrum of Au@Pd NPs dispersion; (c) RBS spectra of Au, Pd and 
Au@Pd NPs on Si substrate; (d) STEM image of an Au@Pd (core@shell) bimetallic 
nanoparticle; (e) EDX elemental maps of an Au@Pd NP with the corresponding (f) 
EDX lines scan (Pd red line and Au green line) showing the core shell structure 
[Adapted from 6].  
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3.4 Conclusions 
 
In conclusion, we demonstrated reliable and cost-efficient methods for 
preparing mono- and bi-metallic nanoparticles. Nanoscale noble metal 
nanoparticles decorating the surfaces of the nanostructures significantly 
affect the electrocatalytic and electrical properties of the samples. In the 
next chapters we will see some examples of decorated nanostructures used 
for different applications. The effect of the decoration will be investigated 
in terms of carrier concentration, energy band bending of the supporting 
semiconductor and sensing properties of the electrodes. 
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Summary 
In this chapter, the decoration of ZnO nanorods by means of Au nanoparticles is 
experimentally investigated and modelled in terms of energy band bending. ZnO 
nanorods were synthesized by chemical bath deposition. Photoluminescence and 
cathodoluminescence are used to exploit the decoration effect to different extents. 
Decoration with Au nanoparticles induces a 10 times reduction in free electrons 
below the surface of ZnO, together with a decrease in UV luminescence and an 
increase in visible-UV intensity ratio. Energy band modifications and carrier 
concentrations are also evaluated through electrochemical analyses and simulated 
using a multiphysics approach, revealing a noticeable halo effect in the electric field 
at the ZnO surface close to the edges of the Au NPs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Localized energy band bending in Au decorated ZnO nanorods  

47 
 

3.1 Au nanoparticle decoration of ZnO nanorods 
 
Zinc oxide (ZnO) is an n-type semiconductor (band gap of 3.2–3.4 eV, large 
excitonic-binding energy of 60 meV) attracting great attention due to its 
physical and chemical properties [1,2]. One of the most intriguing aspects 
of ZnO is the possibility to easily grow many different nanoscale forms. 
Figure 3.1 (a-g) reports a collection of ZnO nanostructures: nanobelt, 
nanowires, nanotubes, nanopropellers, nanorods, and hierarchical 
nanostructures. 
 

 
Figure 3.1: A collection of novel nanostructures of ZnO: (a) Nanobelt; (b) aligned 
nanowire arrays; (c) nanotubes; (c) array of propellers; (d) mesoporous nanowires; 
(e) cages and shell structures; (f) hierarchical shell; (g) nanorods [adapted from 2]. 
 
In particular, ZnO nanorods (NRs) have proven to be promising 
nanostructures for a wide range of applications, especially for photonics 
and optoelectronics in the UV or blue spectral range [3–9]. 
A controlled improvement of performance needs a microscopic 
understanding of ZnO surface states and deep levels, especially in low-
dimensional nanostructures where the significant surface-to-bulk ratio 
significantly impacts electronic energy band bending.  
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The surface decoration of semiconductor nanostructures with metallic 
nanoparticles (NPs) usually leads to an improvement of their catalytic and 
electrical properties [10–14]. The formation of nano-Schottky junctions at 
the metal–semiconductor interface leads to the creation of a strong electric 
field directed toward the surface and to a significant modification of the 
ZnO NRs energy band profiles [15–19]. As a consequence, space charge 
regions and surface-localized electric fields promote a catalytic effect and 
modify the radiative recombination process. 
Apart from near-band-edge emission, ZnO nanostructures may also 
exhibit luminescence in the visible range [1,20–27], as shown in Figure 
3.2(a). There is a general consensus in attributing the UV emission to the 
radiative transition from the free donor exciton states below the 
conduction band minimum to the valence band maximum, while visible 
emission is ascribed to the transitions from defect states inside the energy 
band gap (Figure 3.2(b)). 
 

 
Figure 3.2: (a) Photoluminescence spectrum for ZnO NRs before and after thermal 
process (annealing in oxygen atmosphere); (b) Model for the photoluminescence 
emission of ZnO NRs with an excitation at 3.81 eV [adapted from 28]. 
 
When decorated, luminescence from ZnO NRs changes, with an 
enhancement of visible emission at the expense of UV emission 
[10,19,28,29]. Such a process could be the consequence of a significant 
bending of electronic energy bands into ZnO just below the metal 
nanoparticle, inducing free carrier depletion. Such an effect in decorated 
ZnO nanorods allows the application of these composite materials in UV 
sensing and light-induced catalysis [11,16,18,19,31,32].  
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3.2 Materials and Methods 
 
3.2.1 Synthesis and decoration of ZnO nanorods 
ZnO NRs used in our study have been previously synthesized through 
chemical bath deposition (CBD) on Si substrates cut by Czochzralski (Cz) 
wafers. Zinc nitrate hexahydrate and hexamethylenetetramine were used 
for the growth of ZnO NRs with concentrations of 25 mM and 50 mM, 
respectively [33].  
Au NPs were synthesized through the modified Turkevich method [34–36] 
at room temperature, without any correction of the pH of the solution (see 
Chapter 2 for details).  
ZnO NRs were decorated via dip coating by simply immersing different 
substrates in the Au NP colloidal solution. Decorated samples are labelled 
according to the number of immersions in the solution (e.g., Au5-ZnO 
refers to a ZnO NR immersed 5 times into Au NP solution).  
 
3.2.2 Characterization 
UV-vis spectroscopy was performed on the Au solution using a Varian Cary 
500 (Agilent Technologies, Santa Clara, CA, USA) double beam scanning 
UV/VIS/NIR spectrophotometer. 
Surface morphology was analyzed by using a Scanning Electron 
Microscope (Gemini field emission SEM Carl Zeiss SUPRA 25, FEG-SEM, 
Carl Zeiss Microscopy GmbH, Jena, Germany). SEM images were analyzed 
using ImageJ software [37].  
Transmission electron microscopy (TEM) analyses of Au NPs dispersed on 
a TEM grid were performed with a Cs-probe-corrected JEOL JEM 
ARM200F microscope at a primary beam energy of 200 keV operated in 
scanning TEM (STEM) mode.  
The amount of Au loading onto ZnO NRs was evaluated by Rutherford 
backscattering spectrometry (RBS, 2.0 MeV He+ beam at normal 
incidence) with a 165◦ backscattering angle using a 3.5 MV HVEE 
Singletron accelerator system (High Voltage Engineering Europa, The 
Netherlands). RBS spectra were analyzed using XRump software [38].  
Photoluminescence (PL) measurements were performed by pumping at 
∼0.7 mW the 325 nm (3.81 eV) line of a He–Cd laser chopped through an 
acousto-optic modulator at a frequency of 55 Hz. The PL signal was 
analyzed using a single grating monochromator, detected with a 
Hamamatsu visible photomultiplier, and recorded with a lock-in amplifier 
using the acousto-optic modulator frequency as a reference. PL spectra 
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were taken in air or vacuum within a cryostat (∼ 106 mbar) to ascertain the 
role of atmospheric O2. All PL spectra were converted by Jacobian 
transformation from wavelength to energy dispersion [39].  
Cathodoluminescence (CL) measurements were performed using a 
Scanning Electron Microscope (Gemini field emission SEM Carl Zeiss 
SUPRA 25, FEG-SEM, Carl Zeiss Microscopy GmbH, Jena, Germany), 
equipped with a Gatan MonoCL3 CL spectroscopy/imaging system. The 
beam energy was varied between 2 and 20 keV, providing different probe 
depths below the surface as determined by CASINO simulations [40]. All 
CL spectra were corrected for the overall detection response of the system.  
Electrochemical measurements were carried out at room temperature by 
using a VersaSTAT 4 potentiostat (Princeton Applied Research, Oak Ridge, 
TN, USA) and a three- electrode setup with a platinum counter electrode, 
a saturated calomel electrode (SCE) as reference electrode, and the 
samples as working electrodes. An amount of 0.5 M Na2SO4 (Sigma 
Aldrich, St. Louis, MO, USA, ≥85%) was used as a supporting electrolyte. 
Mott– Schottky (M-S) analyses were conducted on bare and decorated 
ZnO NRs samples in the potential range −1 ÷ 0 V vs. SCE, at 1000 Hz 
frequency.  
A simulation of the band position of the semiconductor and the electric 
field on the surface of ZnO NRs induced by the metal decoration has been 
carried out by COMSOL Multiphysics® software (v.5.0, COMSOL Inc., 
Stockholm, Sweden) [41].  
 
 
3.3 Materials characterization 
 
The CBD grown ZnO nanorods are shown in Figure 3.3(a-c). A uniform 
nanostructured film made of ZnO NRs onto Si can be seen in low 
magnification SEM image in Figure 3.3(a). ZnO NRs present a width of 
around 100 nm and a length of 700 nm (Figure 3.3(b-c))). The effective 
decoration of ZnO NRs with metal NPs can be appreciated in Figure 3.3(d), 
showing ZnO NRs with the surface densely decorated by Au NPs after 20 
immersion (inset of Figure 3.3(d)).  
RBS analyses (Figure 3.4(a)) confirm the presence of a small amount of Au 
(peak at 1.8 MeV) and Zn (large peak at 1.0-1.5 MeV) onto Si (signal from 
0.6 MeV downward), as expected. RBS was used to perform a quantitative 
measurement of Au after multiple immersion, since the Au amount is 
proportional to the Au peak in the spectrum [19]. 
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Figure 3.3: (a) Tilted SEM images of bare ZnO NRs; (b) magnified SEM image of ZnO 
NRs and (c) cross section SEM image of ZnO nanostructured film; (d) SEM images at 
different magnification of Au20-ZnO. 
 
 
Figure 3.4(b) shows the variation of Au amount with number of 
immersions, showing a fairly linear increase from 1.0	&	10!"	'(	)*#$ (after 
1 immersion) to 4.7	&	10!%	'(	)*#$ (after 20 immersions). As expected, Au 
amount on ZnO NRs increases with the number of immersions, allowing 
to carefully monitor the extent of decoration. We verified that the size of 
Au NPs does not change with the number of immersions, confirming that 
the synthesis method produces highly stable suspension of Au NPs [34, 
36]. Our decoration method effectively covers the ZnO NRs surface with a 
varying density of Au NPs. 
 

 
Figure 3.4: (a) RBS spectrum of the Au20-ZnO sample; (b) variation of the Au loading 
on the surface of ZnO NRs as a function of the number of immersions. 
The density of Au NP cannot be extracted by SEM analysis, because of the 
rough surface and shadowing effect. 
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Thus, the Au amount (-&'(, obtained by RBS [42]) was joined with Au NP 
diameter to evaluate the density . of NPs decorating ZnO NRs, through 
the following relation:   
 

-&'( = .	0)*	1+,																																																																													(3.1) 
 
where 0)* is the Au atomic bulk density (5.9	&	10$$'(	)*#-) and 1+, is the 
volume of a single NP ()*-) based on the measured size of NPs. The result 
of such an exercise shows that the NP density can be tuned from 
1.0	&	10.	.78	)*#$ to 4.5	&	10!/	.78	)*#$ (from 1 up to 20 immersions). 
 
 
3.4 Photoluminescence and Cathodoluminescence 
 
PL spectra were acquired for both bare and decorated NRs in vacuum and 
in air (Figure 3.5). All the emission spectra (Figure 3.5(a)) consist of a 
narrow UV peak (2.7 – 3.5 eV) and a broader visible band (1.8 – 2.7 eV). 
Figure 3.5 reports the visible emission multiplied by a factor of 10 with 
respect to the UV emission. It is now well-assessed that UV peak arises 
from a very fast transition (timescale below 1 ns [42-49]) of free excitons 
from a donor state (FX-D) to valence band maximum (VBM) [51]. Visible 
emission is due to recombination between holes in VBM and electrons 
trapped at midgap levels induced by oxygen vacancy (10) or zinc vacancy 
(112) [20, 51-54]. This process is much slower than that leading to UV 
emission, with characteristic time in the ns-µs range [43, 45, 48, 50]. 
PL measurement in vacuum is aimed to disentangle the effect of 
atmospheric :$, as it is well assessed that oxygen adsorption onto ZnO NRs 
modifies the energy bands at surface [52]. Visible PL is scarcely affected by 
gold decoration or :$ adsorption, still the UV radiative recombination of 
electron-hole in ZnO is clearly modified. The area of each peak in the PL 
spectra is related to the number of photons emitted in that energy range, 
so the ratio (.345/.67) between the areas of visible and UV peaks quantifies 
how many photons are emitted in the visible range per each photon 
emitted in the UV. Such a ratio indicates the relative probability of 
radiative recombination in the two channels, and its changes with surface 
condition are indicative of modification in the electron-hole recombination 
process. Figure 3.5(b) displays .345/.67 increasing with Au NPs loading, 
both in air and in vacuum. 
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In addition, this ratio, as measured in air, is always higher than in vacuum. 
It is worth to note that Au decoration in vacuum gets the same effect 
(.345/.67 increase from 0.11 to 0.13) of :$ adsorption (without metal NPs). 
The largest visible-to-UV emission is got by joining the two effects on ZnO 
surface (:$ adsorption and Au decoration). This unbalance between UV 
and visible emission will be later explained in terms of energy bands 
bending caused by nano Schottky junction at the metal-semiconductor 
interface. 
The experimental results point out that Au NP decoration and :$ surface 
adsorption show a similar effect on the radiative recombination, as they: 
(i) reduce the UV emission and slightly increase the visible one; (ii) 
produce a high energy tail in the visible emission spectrum. 
 

 
Figure 3.5: (a) PL spectra of bare ZnO (green continuous line) and Au20-ZnO (red and 
dotter line) in air, and bare ZnO in vacuum (green dotted line), with visible emission 
multiplied by a factor of 10; (b) ratio between the intensity of visible (!!"#) and UV 
emission (!$%) in air and in vacuum versus Au NPs decoration extent. 
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To further investigate the effect of ZnO NRs decoration with Au NPs, CL 
analyses were carried out on bare (ZnO) and decorated sample (Au20-
ZnO). CL spectra were acquired at different electron beam energies (</, 
varied in the range 2-20 keV) and different beam current (using SEM 
aperture of 10, 30 and 60 =m). 
CL spectra for bare ZnO and Au20-ZnO at beam energy of 10 keV are 
reported in Figure 3.6(a). CL spectra show the emission from two different 
peaks, a sharp UV peak and a broad visible region (like in PL analysis). For 
Au20- ZnO (red line in Figure 3.6), the absolute intensity of the two peaks 
significantly decreases compared to that of bare ZnO, probably because of 
shadowing effect by Au NPs in the decorated sample. CL spectra of bare 
ZnO acquired for different beam energy and current are reported in Figure 
3.6(b). It is worth to note that as the beam energy increases both UV peaks 
and visible bands increase too. 
 

 
Figure 3.6: (a) CL spectra of bare ZnO (green) and Au20-ZnO (red), with visible 
emission multiplied by a factor of 5; (b) CL spectra of bare ZnO at different electron 
beam energies. 
 
The relationship between </ and the probe depth R is 
 

R	[nm] =
27.6	A	</

!.9:

0Z/.;.
																																																																										(3.2) 

 
where 0 is the target material density (g	cm#-); Z and Z are, respectively, 
the target atomic number and atomic weight; and </ (keV) is the initial 
electron energy. 
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Information from CL at different energies can be calculated as a function 
of Kanaya-Okayama electron penetration depth [54] using Monte Carlo 
simulations of electron-solid interaction. As expected, when the beam 
energy is increased from 2 to 20 keV, the penetration depth (and so the 
probe depth) passes from few nm to around 2 =m [54-55]. 
 

 
Figure 3.7: CASINO simulation of the variation of the (a) interaction volume and (b) 
energy loss in respect to beam energy variation. 
 
Moreover, as the energy of the beam varies, it is possible to calculate the e-
h generation rate (I/) from the relationship [56]: 
 

I/ = 6.25	&	10$!	</	J/ 	
1 − L	<M/</

<4
																																																		(3.3)	

 
where </ is the electron beam energy, J/ is the electron beam current, L is 
the fraction of incident electron backscattered from Montecarlo 
simulations (∼ 0.25), <M is the mean energy of backscattered electrons (∼
0.65	</), and <4 is the ionization energy (related to the band gap of the 
material: <4 = 2.8	<< +P, where 0 < P < 1 depending on the material 
[56]). 
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As the beam energy increases, the probe depth increases too. The probe 
depths at different energies were simulated with Monte Carlo simulations 
through CASINO software [40, 57-59] (Figure 3.8), ranging from few tens 
of nanometers (at 2 keV) to 2 micrometers (at 20 keV). As a direct 
consequence, the generation of electron-hole pairs is diluted in a much 
larger volume, inducing a dramatic reduction of volumetric generation rate 
by 4 orders of magnitude. 
 

 
Figure 3.8: CASINO simulation of the probe depth (yellow) and e-h generation rate 
(red) of the electron beam at different beam energies. 
 
 
Also in this case, as done for PL analysis, we evaluated the ratio between 
the visible and the UV emission. Figure 3.9(a-b) shows that .345/.67 ratio 
increases with beam energy and decreases with beam current. As for PL, 
also in CL the presence of Au NPs gives a larger .345/.67 ratio with respect 
to bare ZnO. 
Moreover, .345/.67 ratio increases at lower e-h pairs generation rates. 
Figure 3.9(b) clearly confirms this trend by varying the beam current 
without changing the probe depth. These results can be explained 
considering the different timescales of the two radiative recombination 
processes. The slow one (leading to visible emission) becomes weaker at 
high generation rate probably because the strong concentration gradient 
of e-h pairs induces a significant diffusion which reduces the 
recombination on long timescales. 
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Figure 3.9: Ratio between the intensity of visible (!!"#) and UV emission (!$%) as a 
function of the electron beam energy (b) and current (c). 
 
 
3.5 Mott-Schottky analysis 
 
In order to better understand the effect of Au decoration on energy bands 
and free carrier density, Mott-Schottky analysis was performed by 
immersing the bare and decorated ZnO NRs sample in an aqueous solution 
of .'$R:". Even if a liquid-semiconductor interface is now tested, we wish 
to extract information on the Au NPs decoration effects. ZnO and Au20-
ZnO samples have been characterized by measuring their capacitance as a 
function of electrode potential [60-65], and a typical result is shown in the 
Mott-Schottky plot (S#$T8	<) in Figure 3.10. The flat band potential <=' 
and the donor density .> can be obtained from the linear part of the plot 
as intercept with x-axis and slope, respectively (see Appendix A for details) 
[51-63, 65-68]. The plot appears to have a linear section in the potential 
range −0.2 ÷ −0.45 V vs SCE in the case of ZnO, and −0.2 ÷ −0.6 V vs SCE 
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for Au20-ZnO sample. The flat band potentials obtained are -0.68 V and -
0.85 V vs SCE for ZnO and Au20-ZnO, respectively. 
Concerning donor concentration, from Eq. (B3), we found values of 
3.2	&	10!:	)*#- and 2.0	&	10!9	)*#- for bare and decorated samples, 
respectively. The flat band potential gives an indication of the band 
bending at liquid-semiconductor interface at equilibrium, and here we 
observe that such a bending is almost 0.2 eV larger in Au20-ZnO and this 
is probably due to the Au NPs decoration. On the other hand, the reduction 
by one order of magnitude of the donor concentration in Au20-ZnO 
confirms that Au NPs decoration effectively depletes the free carriers at the 
surface of the ZnO NRs. 
 
 

 
Figure 3.10: Mott-Schottky plot of ZnO and Au20-ZnO in 0.5 M !"&#$' (dashed lines 
represent the fits to linear regions). 
 
 
3.6 Modeling the Au NP decoration effect 
 
Au NPs decoration clearly affects the electronic energy band at ZnO, as 
largely shown in the previous section. We now try to quantify such an effect 
investigating the band bending at the metal-semiconductor interface 
through a Multiphysics approach. 
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To visualize the band modification in ZnO NRs decorated with metal NPs, 
COMSOL [40] simulations were performed assuming a single Au circular 
dot (20 nm large) placed onto ZnO in vacuum ambient (see Figure 3.11 for 
a scheme of simulation). The following parameters are used for ZnO [69]: 

- relative dielectric permittivity Vr = 8.3; 
- energy gap << 	= 	3.4	eV; 
- electron (hole) mobility =2 = 0.01	m2V-1s-1 (=? = 0.002	m2V-1s-1); 
- effective mass *eff,C = 0.28	*/ (*eff,V = 0.59	*/); 
- electronic affinity W/ = 4.1	eV; 
- donor concentration .>/ =	10!;	cm-3. 

At room temperature, the computed effective densities of states for 
electrons and holes are .@ = 	3.6	&	10$"	m-3 and .7 = 	1.1 ⋅ 10$%	m-3, while 
the effective Richardson constant for electrons is Y2∗ = 4Z[*eff, C	\

$/ℎ- =

34	A K-2cm-2. At the unbiased Schottky contact the Fermi level of Au 
(ΦBC = 4.8	eV) and that of ZnO are aligned, leading to an energy barrier 
(ΦD = 0.7	eV) for electrons. 
 

 
Figure 3.11: 2D COMSOL simulation of the electric field of a single ZnO NR in presence 
of a Au NP on its surface. 
 
Band bending comes at metal-semiconductor junction because of different 
work functions. Au has a higher work function (ΦBC = 4.8	eV [70]) than 
that of ZnO (ΦD = 4.2	eV [71]), leading to a potential barrier for electrons 
and to a significant upwards bending of ZnO conduction and valence bands 
at the metal-semiconductor interface. The energy map of the conduction 
band minimum (CBM) as a function of depth and distance from NP center 
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is reported in Figure 3.12(a). The simulation neglects any surface defects 
or temperature dependence. The upward bending of CBM overcomes 0.6 
eV beneath Au NP center and extends almost 20 nm within ZnO material. 
As a consequence, electron population in conduction band is largely 
affected. Moreover, a giant electric field arise under Au NP, pointing Au. 
The 2D map of electric field at ZnO surface below a circular Au dot is shown 
in Figure 3.12(b) showing intensity as high as 10;	1	*#! with a 
characteristic halo effect beneath the Au NP circumference. The electric 
field is proportional to the spatial derivative of the CBM energy; thus, the 
highest electric field is found close to Au NP edges, creating this distinctive 
halo. Such a strong and localized electric field caused by Au decoration is 
extremely effective in modifying the band profile and carrier density close 
to the surface. Moreover, the halo effect can be responsible of catalytic 
effect at ZnO surface sites close to Au NP edges. To understand PL and CL 
data of ZnO NRs decorated with Au NPs, the radiative mechanism in ZnO 
NRs must be focused. As already said, UV emission is a fast process 
occurring a fraction of ns after the e-h generation, while visible emission 
involves mid-gap levels in a radiative recombination of e-h well slower 
than that causing UV one [43]. It has already been demonstrated that these 
levels are below the Fermi level [24, 72-73]. Thus, UV emission is expected 
to be affected by band bending much more than the visible one, as the first 
is related to shallow levels whose population largely depends on Fermi 
level position [19]. The presence of a high electric field caused by Au NP 
decoration (Figure 3.12(b)) could very effectively promote separation of 
generated charge carriers thus reducing the fast e-h recombination. This 
evidence could explain the increase of .345/.67 ratio observed in the 
decorated samples (both in PL and in CL analyses). 

 
Figure 3.12: COMSOL simulations at the interface between Au and ZnO NR. (a) 3D plot 
showing CBM energy and (b) electric field map in ZnO 5 nm below a circular Au dot. 
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3.7 Conclusions 
 
In conclusion, a simple procedure for ZnO NRs decoration with Au NPs is 
reported, and the effects on the position and population of electronic 
energy bands of ZnO are discussed and modelled. Surface decoration with 
20 nm Au NPs is obtained by multiple immersion in a colloidal solution, 
leading to NPs density up to 4.5	&	10!/	.78	)*#$. Au decoration 
significantly affects the radiative emission of ZnO, with different extents in 
the UV and visible emission processes. The Au decoration significantly 
reduces the UV radiative emission in comparison to the visible one, and 
such evidence is attributed to a noteworthy upwards band bending caused 
by nano Schottky junction formed at Au-ZnO interface. A strong electric 
field (up to 10;	1	*#!) at ZnO surface results from multiphysics 
simulation, with a distinctive halo effect beneath the Au NP edges. The 
effect in photo- and cathodoluminescence analyses is discussed in terms of 
enhanced separation of generated e-h pairs. 
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Summary 
Electrochemical water splitting represents a promising source of renewable energy. 
It is composed of two half reactions: the oxygen evolution reaction (OER) and the 
hydrogen evolution reaction (HER), taking place at the anode and cathode, 
respectively. This chapter is divided into two parts: 
 
Part 1. 
OER represents a limiting factor for overall water splitting because of its slow 
kinetics and large energy barrier. Typically, critical raw materials such as IrO2 and 
RuO2 can be involved as catalysts, still sustainable and efficient catalysts are 
urgently required. Among oxides of transition metals, NiO represents a promising 
candidate as high-performance catalyst for oxygen evolution reaction. Here, a low-
cost, high-throughput, environmentally friendly chemical methodology produces 
NiO microflowers composed of very thin sheets (20 nm thick) intertwined like petals 
of a desert rose. These microflowers, dispersed onto a graphene paper substrate by 
spin coating or drop casting, are carefully tested as electrocatalysts for OER. The 
reported results prove that Ni based nanostructures are promising materials for 
efficient anode in sustainable water splitting electrocatalysis. 
 
Part 2. 
HER in alkaline media requires high amount of Pt based catalysts due to its sluggish 
kinetics. Herein, we report a low-cost chemical methodology to decorate NiO 
microflowers with ultralow amounts of Pt nanoparticles. These decorated 
microflowers, dispersed onto graphene paper by drop casting, build a high-
performance HER.  The effect of Pt decoration has been modelled through energy 
band bending supported by electrochemical analyses. A full cell for alkaline 
electrochemical water splitting has been built, composed of Pt decorated NiO 
microflowers as cathode and bare NiO microflowers as anode, showing a low 
potential of 1.57 V to afford a current density of 10 mA cm–2 and a good long-term 
stability. The reported results pave the way towards an extensive utilization of Ni 
based nanostructures with ultralow Pt content for efficient electrochemical water 
splitting. 
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Efficient and cheap renewable energy production from water electrolysis 
is a crucial challenge for a sustainable society [1-4]. Electrochemical water 
splitting represents a promising way to produce renewable energy. Water 
splitting is composed of two half reactions: the oxygen evolution reaction 
(OER) and the hydrogen evolution reaction (HER), taking place at the 
anode and cathode, respectively [5,6]. Figure 5.1 shows a schematic 
representation of both reactions and the plot of the current as a function 
of the applied potential. 
 

 
Figure 5.1: Hydrogen evolution reaction and oxygen evolution reaction of 
electrocatalytic water splitting [Adapted from 3]. 
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Part 1. 
 
P1.5.1 Enhanced Electrocatalytic Activity of low-cost NiO 
Microflowers on Graphene Paper for Oxygen Evolution Reaction 
 
The OER is considered the limiting process of the overall water electrolysis, 
because it involves four sequential electron transfer, thereby having slow 
kinetics and a large energy barrier for water splitting [7-9]. In alkaline 
solution (Figure P1.5.1), the OER can be described by the following 
electrochemical reaction [8]: 
 
4OH! → O" + 2H"O + 4'!																																																																					(P1.5.1) 

 

 
Figure P1.5.1: Illustration of the electrocatalytic OER in alkaline media. 

 
Over the past decades, considerable research effort has been devoted to 
design, synthesize, and characterize different oxygen evolution anode 
materials with the aim of achieving acceptable rates of active oxygen 
production at the lowest possible overpotentials [8]. Optimizing the 
kinetics of the OER is crucial for the generation of hydrogen as a renewable 
fuel. Accordingly, the development of efficient, abundant, and inexpensive 
catalysts is essential. Nowadays, one important issue is the availability of 
raw materials for large-scale production of energy through electrolysis [10-
12]. 
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Although their significant economic importance for key sectors in the 
global economy, they have a high-supply risk and there is a lack of 
(suitable) substitutes, due to their unique and reliable properties. The 
development of new non-precious metal catalysts and understanding the 
origin of their activity for the OER are essential for rationally designing 
highly active low-cost catalysts as alternatives to state-of-the-art critical 
raw materials [13,14].  
Oxides and hydroxides of non-critical transition metals (e.g., Fe, Co, Ni) 
have been extensively investigated and are currently prevailing 
electrocatalysts used in the OER [6,15-17]. Although they possess inferior 
electrocatalytic activity for the OER if compared with the state-of-art 
materials (RuO", IrO"), they have relatively low cost and high corrosion 
resistance in alkaline solution as anode materials for the OER [18,19]. 
Among these, Ni oxide represents a promising candidate as anode material 
with enhanced electrochemical performances [20-25]. 
Both experimental and theoretical studies suggested that the Ni"# has the 
more efficient interactions with OH! for the OER compared with other 
metal oxides (Fe, Mn, Co) which is ideal for catalysts with superior 
performance [23,26]. Furthermore, NiO nanostructures (such as oriented 
arrays, multilayers, or interconnected networks) increase electrolyte 
permeability through the active material, facilitating the mass transport at 
the interface [24]. Thanks to unique size dependent properties, mass 
diffusion, and high surface area, nanostructured NiO is often used as a 
high-performance OER catalyst [21-23,25,27-29]. Finally, graphene 
supported NiO nanostructures has been demonstrated in literature very 
good option, since graphene enhances electron transport and hence 
catalytic performance [30-32], promotes nanostructures dispersion and 
inhibits their aggregation. 
The electrochemical performance of the catalyst should be carefully 
evaluated in terms of the balance between mass loading and intensive 
quantities (Turnover frequencies and mass activities). The frequently used 
overpotential value at fixed current density (as indicator for the catalytic 
activity of the electrodes) is largely dependent on catalyst mass and surface 
over volume ratio. A careful determination of Turnover frequency and 
mass activity, independent of catalyst mass, is a key step towards a solid 
evaluation of the electrochemical properties of new OER catalysts17. They 
provide a clear and unequivocal indication of the real intrinsic catalytic 
properties of the materials used, decoupling them from the effects linked 
to the catalyst mass loading. 



 
Bare and Pt decorated NiO microflowers for overall water splitting  

76 
 

P1.5.2 Experimental 
 
P1.5.2.1 Synthesis of NiO microflowers 
NiO microflowers (µFs) were obtained from a chemical solution method 
through a bain-marie configuration at 50 °C (see Appendix B for details).  
 
P1.5.2.2 Preparation of the electrode 
Graphene paper (GP) substrates (240 nm thick, Sigma Aldrich, St. Louis, 
MO, USA) were rinsed with deionized water and dried in N" to clean the 
surface from any impurity. The electrode is realized by spin coating (200 
rpm, 4 minutes) µFs solution onto GP in an area of 1 cm". Electrodes were 
dried on a hot plate at 80 °C for 10 minutes. The amount of catalyst was 
varied by adding another drop of solution and repeating the spin coating 
and drying steps. NiO µFs loaded on GP by spin coating were labelled NiOS1 
and NiOS2. To further increase the µFs mass on GP we deposited 10 µL of 
µFs solution via drop casting in an area of 1 cm", followed by drying on hot 
plat at 80 °C for 10 minutes. 
Also in this case, the amount of catalyst was varied through the addition of 
different drop of solution. The electrodes prepared by drop casting method 
were labelled NiOD1, NiOD2 and NiOD3. The mass of µFs on GP was 
measured by a Mettler Toledo MX5 Microbalance (sensitivity: 0.01 
mg). The values obtained for the catalysts mass were 0.06 mg, 0.18 mg, 
0.30 mg, 0.50 mg, and 0.75 mg for NiOS1, NiOS1, NiOD1, NiOD2, and NiOD3, 

respectively. Table P1.5.1 summarizes the deposition method and the mass 
loading of the prepared samples. 
 
 

Sample Deposition method 
Catalyst loading 

[±0.01 mg] 
NiOS1 SPIN COATING 0.06 
NiOS2 SPIN COATING 0.18 
NiOD1 DROP CASTING 0.30 
NiOD2 DROP CASTING 0.50 
NiOD3 DROP CASTING 0.75 

Table P1.5.1: Deposition Method and Catalyst loading for all the prepared electrodes. 
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P1.5.2.3 Characterization of NiO microflowers on graphene paper electrodes 
Surface morphology was analyzed by using a Scanning Electron 
Microscope (Gemini field emission SEM Carl Zeiss SUPRA 25, FEG-SEM, 
Carl Zeiss Microscopy GmbH, Jena, Germany) combined with energy 
dispersive X-ray spectroscopy (EDX). SEM images were analyzed by using 
ImageJ software [33]. 
The amount of NiO µFs on GP was evaluated by Rutherford backscattering 
spectrometry (RBS, 2.0 MeV He# beam at normal incidence) with a 165° 
backscattering angle by using a 3.5 MV HVEE Singletron accelerator 
system (High Voltage Engineering Europa, Netherlands). RBS spectra 
were analyzed by using XRump software [34]. 
XRD patterns were recorded using a Rigaku Smartlab diffractometer, 
equipped with a rotating anode of Cu Kα radiation operating at 45 kV and 
200 mA, in grazing incidence mode (0.5 °). 
Transmission electron microscopy (TEM) analyses of NiO µFs dispersed 
on a TEM grid were performed with a Cs-probe-corrected JEOL JEM 
ARM200F microscope at a primary beam energy of 200 keV operated in 
scanning TEM (STEM) mode. STEM images were analyzed by using 
DigitalMicrograph® software [35]. 
Electrochemical measurements were carried out at room temperature by 
using a VersaSTAT 4 potentiostat (Princeton Applied Research, USA) and 
a three-electrode setup with a platinum counter electrode, a saturated 
calomel electrode (SCE, HI-5412 Glass body refill calomel reference 
electrode, Hanna Instruments) as reference electrode, and our samples as 
working electrode, without purging any inert gas. 1 M KOH (pH 14, Sigma 
Aldrich, St. Louis, MO, USA) was used as supporting electrolyte. Current 
density was normalized to the geometrical surface area and measured 
potentials vs SCE were converted to the reversible hydrogen electrode 
(RHE) according to the equation [36]: 
 

E$%& 	= 	E'(& 	+ 	0.059 ⋅ pH	 + 	0.244																																											(P1.5.2) 
 
Cyclic voltammetry (CV) curves were recorded at a scan rate of 5 mV	s!) in 
the potential range −0.3	 ÷ 	1.0 V vs SCE in order to stabilize electrodes. 
OER activities of NiO catalysts were investigated using linear sweep 
voltammetry (LSV) at scan rate of 5 mV	s!). Electrochemical impedance 
spectroscopy (EIS) was performed with a superimposed 5 mV sinusoidal 
voltage in the frequency range 10* ÷ 10!)	Hz. Nyquist plots were acquired 
in the so-called turnover region, just after the onset potential of each 
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sample where all the studied electrocatalysts possess appreciable OER 
activity [38]. All measured potentials (D′) were manually corrected by FG+-
compensation as follows: 
 

D = D, − FR-																																																																																								(P1.5.3) 
 
where F is the electrode current and G+ [Ω] is the uncompensated 
resistance, as measured by EIS. 
Tafel plots were extrapolated from polarization curves by plotting the 
overpotential D as a function of the log of current density. 
Chronopotentiometry (CP) analysis was employed to study the stability of 
samples in a 1 M KOH solution for 15 hours at a constant current density 
of 10 mA	cm!". 
 
 
 
P1.5.3 Materials characterization 
 
Figure P1.5.2(a-b) shows SEM and STEM images of NiO µFs. The 
morphology of the catalysts remembers that of a desert rose (inset Figure 
P1.5.2(a)), an intricate formation of rose-like crystal 
clusters of gypsum or baryte, which include abundant sand grains. 
NiO µFs are further characterized by using X-ray diffraction (XRD) 
spectroscopy (XRD pattern in Figure P1.5.2(c)). All the reflections in XRD 
pattern can be indexed to face-centered cubic (fcc) phase NiO (JCPDS card 
no. #47-1049). The two characteristic peaks at 37.25°, and 43.28°, 
correspond to the (111), and (200) diffraction planes, respectively. No 
peaks from other phases are detected, indicating that the product is of high 
purity. 
An in-plane view STEM micrograph of a single NiO nanosheet is shown in 
Figure P1.5.2(d). The inset is an enlarged view of the NiO nanosheet at 
atomic resolution that shows the crystal lattice and confirms that it is NiO 
Fm-3m in the bunsenite form (Figure P1.5.2(e) shows a 3-D atomic model 
of NiO fcc atomic cell). Furthermore, it was found that the nanosheets 
composing the µFs are (111) planes (Figure P1.5.2(b) and P1.5.2(d)). 
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EDX spectrum of NiO µFs on GP is reported in Figure P1.5.2(f), indicating 
the effective deposition of catalyst on the carbon-based substrate. EDX 
analysis unravels the presence of a peak at 0.85 keV easily attributed to the 
L. of Ni, whereas the two peaks centered at 7.47 and 8.26 keV arise from 
K. and K/ lines of Ni, respectively. The C peak (K., 0.277 keV) is ascribed 
to the underneath GP substrate. 
 
 

 
Figure P1.5.2: (a) SEM image of NiO µFs dispersed on GP (desert rose in the inset); (b) 
STEM image of a single NiO nanosheet; (c) XRD pattern of NiO µFs; (d) high 
resolution STEM images of the edge of a nanosheet with an enlarged view of atomic 
lattice in the inset; (e) 3-D atomic model of the NiO fcc atomic cell; (f) EDX spectrum 
of µFs dispersed on GP. 
 
 
 
Mass variation of NiO µFs on GP was confirmed by Rutherford 
backscattering spectrometry (RBS) analysis (Figure P1.5.3(a)) since the Ni 
amount is proportional to the Ni peak (∼ 1.5 MeV) in the spectrum [37]. As 
expected, Ni amounts on GP increased with the number of drops, both 
during spin coating and drop casting. The low tail of Ni peak at low 
energies is attributable to a 3D cluster configuration of Ni µFs 
agglomerated onto the substrate. Peaks at 0.45 MeV and 0.7 MeV refer to 
the presence of carbon and oxygen from the substrate and µFs, 
respectively. 
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Finally, SEM analysis allowed us to assess the presence or absence of NiO 
µFs agglomerates depending on the deposition method. Figure C3 
confirms the presence of large agglomerates of µFs in the case of drop 
casting method while almost no agglomeration was detected in the spin 
coating case. 
After OER test, NiO µFs do not appreciably change their morphology 
(Figure P1.5.3(b) shows NiOS1 electrode after OER). 
 
 

 
Figure P1.5.3: (a) RBS spectra of NiO µFs on GP; (b) SEM images of NiO µFs on GP 
after electrochemical tests. 
 
 
P1.5.4 Electrochemical characterization – OER 
 
To measure the performances of NiO µFs electrocatalysts toward OER, we 
performed a series of electrochemical measurements in alkaline media (1M 
KOH, pH 14). Figure P1.5.4 reports the polarization curves of the samples 
(obtained from linear sweep voltammetry technique, LSV) after their 
stabilization through CV (∼20 cycles). Two kinds of behavior can be 
recognized in all the samples: 

(i) at low overpotentials all the electrodes show a similar response, 
with a rapid increase of current density due to oxygen 
formation; 

(ii) at high overpotentials the slope for spin coated samples is well 
lower than that of other samples. 

OER is somehow quenched for low massive samples at higher current 
density (Table P1.5.2). NiOD2 and NiOD3 samples (with a mass of 0.50 and 
0.75 mg, respectively) exhibit improved OER performance, as evidenced 
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by the overpotential of (314±1) mV and (312±1) mV required to reach a 
current density of 10	mA	cm!", which is lower compared to those ones for 
samples with lower mass. 
The similar values for both catalysts suggested us that not only the material 
dispersion plays a crucial role in the catalytic performance, but al the 
amount of catalyst is a fundamental parameter to investigate the 
electrochemical behavior of the samples. It seems to be a sort of a limiting 
mass (0.50 mg in our case) beyond which no further increase of 
overpotential can be detected. 
 

 
Figure P1.5.4: (a) Polarization curves of NiO on GP. 

 
To assess the activity trend of our set of electrocatalysts and to further 
elucidate the electrode kinetics, electrochemical impedance spectroscopy 
(EIS) was performed (Figure P1.5.5(a)). This kind of circuit is extensively 
used in all these cases in which products are formed after the 
adsorption/desorption of one or more intermediates species at the 
electrode surface [41,42-46]. Table P1.5.3 reports all the parameters 
extracted from the fit. 



 
Bare and Pt decorated NiO microflowers for overall water splitting  

82 
 

In this circuit (Figure P1.5.5(b)), R- is the uncompensated resistance 
(linked with the voltage drop in the solution), R01 is the charge transfer 
resistance for the electrode reaction, CPE23 the double layer capacitance (in 
our case all the capacitances are replaced with Constant Phase Elements, 
CPE, to take into account the non-ideal behavior of the electrodes), R4 is 
related to the mass transfer resistance (pseudoresistance) of the adsorbed 
intermediate OH!, and CPE4 is the pseudocapacitance (associated with the 
surface coverage of the adsorbed intermediates) [18,20,38,41,42-45]. The 
experimental data, supported by the Armstrong and Henderson model, 
show a reduction in both R01 and R4 as the mass of the catalyst increases, 
while R- remains almost constant (Figure P1.5.6(a)), as expected. The 
reduced R01 and R4 prove that the increase in catalyst mass accelerates the 
electron transfer kinetics at the electrode-solution interface, facilitating 
the adsorption of OH! on the surface of µFs (and the subsequent O" 
formation). The increase in mass leads to an increase in CPE23indicating an 
improved capability to adsorb OH! and higher electrocatalytic activity 
(Figure P1.5.6(b)). By contrast CPE4 decreases as the mass of catalyst 
increases since the higher the number of active sites, the lower their 
occupancy. 
 
 

 
Figure P1.5.5: (a) Nyquist plots with the fitting curves plotted, (b) schematic 
representation of equivalent circuit elements on NiO catalyst on GP. 
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Figure P1.5.6: Behavior of equivalent circuit elements as a function of mass loading. 

 
 
 

Sample 
Catalyst loading 

[±0.01 mg] 
Overpotential at 10 
#$	&#!" [±'	#(] 

Tafel slope 
[#(	)*&!#] 

NiOS1 0.06 338 54-108 
NiOS2 0.18 326 48-97 
NiOD1 0.30 324 40-50 
NiOD2 0.50 314 47-60 
NiOD3 0.75 312 56-58 
Table P1.5.2: Overpotential (at a current density of 10 mA	cm!$) and Tafel slope for 

NiO microflowers on GP. 
 
 
 

Sample .%	[0] .&'	[0] .(	[0] 2)*	[#3	4+!#] 5# 2([#3	4+!#] 5" 

NiOs1 4.67 2.71 18.6 6.05 0.8 2.38 0.6 
NiOs2 4.44 2.00 12.9 6.93 0.8 2.35 0.6 
NiOD1 5.47 0.68 13.1 6.89 0.8 1.84 0.8 
NiOD2 4.78 0.61 11.1 7.3 0.8 1.3 0.7 
NiOD3 4.54 0.43 10.3 9.87 0.9 0.62 0.6 

Table P1.5.3: EIS fitting parameters. 
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P1.5.5 OER performance evaluation  
 
The electrocatalytic activities of NiO µFs were further examined by 
corresponding Tafel plots, extrapolated from polarization curves (Figure 
P1.5.7), and the Tafel slopes extrapolated from the linear fit of data points 
are reported in Table P1.5.2. Generally, a smaller Tafel slope implies faster 
electrochemical kinetics [4,7,8]. 
 
 

 
Figure P1.5.7: Tafel plots of NiO µFs deposited on GP substrates. 

 
 
Moreover, it is possible to have an indication of the rate determining step 
(RDS) of the process. By considering the different proposed path for OER 
[8,19] and the works of Doyle, Brandon and Lyons [18,20,47] on OER on 
Ni electrodes, our Tafel slopes in the low current density region indicate a 
RDS represented by the adsorption of OH– ions on the surface of the 
electrocatalyst (see Appendix C for details on OER mechanism at Ni-based 
electrodes). 
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Any change of Tafel slope in this potential region can easily reflect the 
concentration of active sites and their contribution in the overall process 
[7]. The lower Tafel slope of drop casted catalysts indicates that the oxygen 
production rate is reduced for massive samples. At high current density, 
the Tafel slopes drastically change for the samples prepared by spin 
coating (reflecting the trend of current density in LSVs of Figure P1.5.4). 
For drop casted catalyst the Tafel slope values remain nearly constant for 
the entire investigated potential range. The mentioned increase can be 
attributed to different mechanisms: 

(i) increased mass transport resistances, 
(ii) (ii) change in the RDS, 
(iii) (iii) adsorption of the reaction intermediates [20], 
(iv) (iv) change of active sites and their contribution [7]. 

Given the above, the small mass deposited on the GP for NiOS1 and NiOS2 
does not provide an adequate number of active sites to produce oxygen 
causing a change in the slope of the polarization curves and an increase of 
Tafel slopes. 
Our results prove that there is a limit mass value (and a degree of 
dispersion) below which the catalytic performance of NiO electrodes 
drastically worsens at high overpotentials. Nevertheless, to deeper 
investigate the effect of NiO µFs in the OER mechanism it is essential to 
take into account the number and especially availability of active sites on 
the surface of the catalysts.  
 
Relying only on overpotential to evaluate the OER performance can be 
misleading since that is an extensive quantity and it is not quantitatively 
linked to the number of active materials involved in the OER. Not only the 
number of active sites on the surface of our catalysts influences the oxygen 
production, but also the rate of adsorption/desorption of OH!	 ions. To 
better investigate the metrics related to the intrinsic activity of the 
electrodes, the turn-over frequency (TOF) must be considered [17,48]. The 
TOF is defined as the rate of production of oxygen molecules per active 
site: 
 

TOF =
Q

4RS 																																																																																								(T1.5.4) 
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where Q is the measured current at a fixed overpotential, the term 4 
represents the number of electrons involved in the OER, S is the Faraday 
constant and R is the number of moles of the active sites [48]. 
The greatest difficulties come from determining the number of active sites.  
There is not a general consensus in considering the bulk of the catalyst or 
only the outer surface as an active element involved the OER [16]. At least 
two possibilities can be identified: 

(i) the activity is confined to a near surface region in which there is 
ionic conductivity and electrolyte intercalated between the µF 
and in the multiple plans composing NiO nanosheets, and 

(ii) bulk activity in which the entire material is active [16,17,47]. We 
determined a minimum (TOF6-37) and a maximum (TOF892:;) 
TOF based on the different assumptions on the number of active 
sites described above. 

In particular, TOF6-37 assumes that all the deposited moles are active, while 
TOF892:; assumes that only one active site per electron is transferred in the 
Ni reduction peak of the cyclic voltammogram (CV, see Figure P1.5.8) [16]. 
For the calculation of TOF6-37, the number of moles is given by: 
 

R =
total	mass	[g]

MW	[g	mol!)] ⋅ ^[cm"]																																																										(P1.5.5) 

 
where ̂  is the testing area of the electrode and MW is the molecular weight 
of NiO (74.6928 g	mol!)). 
Concerning the determination of redox peak integration is the easiest 
approach and an efficient way of finding out the number of active catalytic 
sites. It is possible to use the first backward sweep of a CV scan and 
integrate the charge under the reduction peak [48]. The R for TOF892:; can 
be calculated by the following expression: 
 

R =
_	[C]

S	[C	mol!)] ⋅ ^	[cm"]																																																															
(P1.5.6) 

 
where _ is the total charge of a redox peak, S is the Faraday constant 
(96485 C	mol!)). 
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Figure P1.5.8: Reduction peaks of electrodes after the first backward scan during CV. 

 
 
Figure P1.5.9(a) shows the values for TOF6-37 and TOF892:; calculated for 
all the samples at fixed overpotential. In all cases TOF892:; is approximately 
two orders of magnitude higher than TOF6-37. By considering only TOF6-37, 
it is easy to understand how the less massive sample (NiOS1) has a higher 
TOF. 
On the other hand, TOF892:; designates as best electrocatalyst the NiOD2 
sample. This discrepancy arises from the consideration that not all the 
catalyst mass deposited on GP is electrochemically active during the OER, 
but only a small fraction of the total mass contributes with active sites to 
the reaction [47,48]. To evaluate and compare the intrinsic catalytic 
activity, it is important to look at the activity per unit mass (mass activity, 
A	mg!)). 
Mass activity is defined as the ratio between a fixed current density a and 
the catalyst loading. In our case we calculate the mass activity at a current 
density of 10	mA	cm!" by using the following expression: 
 

Mass	activity =
a	[A	cm!"]

catalist	loading	[mg	cm!"]																															(P1.5.7) 
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Figure P1.5.9(b) compares the mass activity of the NiO catalysts at a 
current density of 10 mA	cm!" by considering both the total loading of µFs 
and only the redox contribution to the OER. The mass activity calculated 
from the redox fraction of the total mass is almost 2 orders of magnitude 
higher than in the bulk case. Such behavior reveals that increasing the 
mass of the µFs does not lead to a corresponding increase of the intrinsic 
OER performance, because of the decrease of the number of electrocatalyst 
active sites. In the massive samples, the electrochemical properties are 
weakened, leading to less effective material utilization [25]. 
 

 
Figure P1.5.9: (a) TOF,-./ and TOF01234 of NiO catalysts on GP; (b) bulk and redox mass 
activity at a current density of 10 mA	cm!$. 
 
The obtained results should be compared with the state-of-art. As 
remarked by Kibsgaard, the state-of-art for OER is not represented by 
ruthenium, iridium, or ruthenium- and iridium-based materials, and 
comparison with these precious materials is irrelevant [17]. Table P1.5.4 
compares state-of-the-art for TOF of NiO-based non-noble metal catalysts 
for the OER in alkaline media at an overpotential of 350 mV. The reaction 
rate (TOF892:;) of 6.98 s!) for NiOD2 is, to the best of our knowledge, 
among the highest reported for non-noble catalysts in alkaline condition 
in literature [16,24,25,48-52]. Moreover, we compared the mass activity of 
our electrocatalysts at a constant current density of 10 mA	cm!" as a 
function of overpotential with the current state-of-art (Figure P1.5.10). In 
our samples, an increase of the mass loading leads to a reduction of the 
overpotential for the OER, but at the same time, a significant decrease of 
intrinsic activity. This comparison, together with the TOF values, makes 
our NiO µFs valuable candidates as anode electrodes for the OER. 
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Figure P1.5.10: Mass activity at 10 mA	cm!$ as a function of the overpotential and the 
catalyst loading [adapted from 17]. 
 
 
Finally, the durability of the NiOD2 electrode was tested using 
chronopotentiometry. As displayed in Figure P1.5.11, the voltage at a 
current density of 10	mA	cm!" was slightly increasing up to 15 hours 
remaining lower than 0.4 V, demonstrating a good stability of the 
electrode. 
 
 

 
Figure P1.5.11: Chronopotentiometric test of NiOD2 electrode. 
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Part 2. 
 
P2.5.1 Physical Insights into Alkaline overall water splitting with 
NiO Microflowers Electrodes with ultra-low amount of Pt catalyst 
 
The hydrogen evolution reaction (HER) is one of the most often studied 
electrocatalytic processes owing to its industrial and technological interest 
for producing hydrogen gas through a limited number of green reaction 
steps [1-11].  
 

 
Figure P2.5.1: Hydrogen production steps [11]. 

 
The reaction occurs at cathode via a two-electrons reaction [12]: 
 
2H# + 2e! → H"																																																																																								(P2.5.1) 

 
From an industrial perspective on water electrolysis, HER is often 
conducted in alkaline media to achieve higher stability of the catalyst 
materials [11]. In alkaline medium, HER proceeds through two steps [8, 9, 
13, 14]: 
1. First, the catalyst splits a H"O molecule (Volmer step) into a hydroxyl ion 
(OH!) and an adsorbed hydrogen atom (H<2=); 
2. then, a hydrogen molecule is formed via either the interaction of the H<2= 
atom and water molecule (Heyrovsky step) or the combination of two H<2= 
atoms (Tafel step). 
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However, the kinetics of HER in alkaline medium are slow if compared 
with those in acid environment because of the low concentration of 
available protons. As a consequence, this process will require additional 
effort to obtain protons by water dissociation near or on electrode surface.  
The state-of-art HER catalyst is platinum (Pt) and its alloys, but the 
scarcity and cost of Pt, universally considered a critical raw material, limit 
its large-scale application for electrolysis [12]. In past decades, extensive 
research has been focused on the development of practical alternatives to 
Pt, as efficient and renewable energy sources [13, 15]. These have resulted 
in the identification of a myriad of promising HER catalysts free of 
precious metals such as sulfides, phosphides, carbides, nitrides, selenides, 
and borides [3, 16, 17]. 
Meanwhile, enhancing the efficiency of noble metals utilization may also 
provide a realistic approach to the development of high-performance and 
cost-effective catalysts. While Pt is well-known to be effective for the 
adsorption of H<2= atoms, the overall sluggish HER kinetics in alkaline 
solutions stems from the insufficient catalyzing capability of Pt toward the 
cleavage of the H − OH bond. A possible solution consists in the creation of 
catalysts with a combination of metal oxides and Pt, where the oxides 
promote the dissociation of H"O and the nearby Pt facilitates the 
adsorption and recombination of H<2= into molecular H" [12, 15, 18]. 
The transition metal oxide NiO is considered a valuable candidate as active 
material for electrochemical water splitting thanks to its Earth abundance 
and low cost [19]. Furthermore, NiO nanostructures (interconnected 
networks, nanosheets, microflowers) increase electrolyte permeability 
through the active material, making more favorable the mass transport at 
the electrode-solution interface [20]. Thanks to unique catalytic 
properties, nanostructured NiO is often used as a high-performance OER 
catalyst [21-24]. Recent literature reports also evidenced that NiO is 
particularly interesting due to its high stability for HER in alkaline 
electrolytes [4]. 
Heterostructured materials on the nanoscale have exhibited great 
potential in this area. These classes of catalysts, with double or multiple 
types of active sites on the surface, exhibit remarkable advantages for the 
HER in alkaline solutions. A synergistic electronic interaction between the 
metal and the oxide has been proposed as the reason for the enhanced HER 
performance [4, 11, 18]. In particular, Pt-NiO catalysts can be the key for 
designing efficient and cheap catalyst at which Pt favors H# adsorption and 
NiO promotes the adsorption of OH! species [25, 26]. 
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Unfortunately, there are no reports on overall water splitting using only 
NiO-based materials (decorated or not) as bifunctional electrocatalysts, 
except for two ones [1, 24]. Mondal et al. tested the performance of porous 
hollow nanostructured NiO electrodes for overall water splitting taking 
advantage of their high surface areas, porous microstructures, inner 
hollow architectures [1]. Similarly, Bian et al. synthesized a hierarchically 
structured Pt/NiO/Ni/CNTs with a low loading of Pt NPs for efficient OER 
and HER, benefiting from the presence of the NiO/Ni heterojunction to 
boost the overall water splitting performance [25].  
In this second part, we report a new strategy for overall water splitting 
electrodes, using NiO microflowers decorated with ultralow content of Pt 
nanoparticles (NPs). Our hybrid metal-oxide catalyst unfolds outstanding 
activity toward HER. An alkaline electrolyzer is finally tested using Pt-NiO 
µFs electrode and undecorated NiO µFs as cathode and anode, 
respectively. The presented electrode represents a valid strategy for the 
deployment of cost-effective electrocatalysts with a very small content of 
noble metal for widespread water electrocatalysis application. 
 
 
 
P2.5.2 Experimental 
 
P2.5.2.1 Preparation of the electrode 
Pt nanoparticles (NPs) dispersion was produced through the green 
chemical reduction method described in Chapter 2 [17].  
Graphene paper (GP) substrates (1	x	1.5	cm", 240 nm thick, Sigma Aldrich, 
St. Louis, MO, USA) were rinsed with deionized water and ethanol and 
dried in N" to clean the surface from any impurity. NiO µFs were deposited 
by drop casting by using 20 µL of NiO dispersion. The samples were then 
dried on a hot plate at 80 °C for 10 minutes. Pt NPs were dispersed onto 
the electrode by subsequent addition of drops with NP dispersion in order 
to vary the catalyst loading. The mass of NiO (0.30 mg) on GP was 
measured by a Mettler Toledo MX5 Microbalance (sensitivity: 0.01 mg). 
Decorated samples are labelled according to the number of Pt dispersion 
drops (e.g. 5Pt-NiO indicates NiO catalyst decorated with 5 drops of Pt NPs 
dispersion). 
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P2.5.2.2 Characterization of Pt decorated NiO microflowers 
Surface morphology was analyzed by using a Scanning Electron 
Microscope (SEM, Gemini field emission SEM Carl Zeiss SUPRA 25, Carl 
Zeiss Microscopy GmbH, Jena, Germany). SEM images were analyzed by 
using ImageJ software [27]. 
Transmission electron microscopy (TEM) analyses of Pt decorated NiO 
µFs dispersed on a TEM grid were performed with a Cs-probe-corrected 
JEOL JEM ARM200F microscope at a primary beam energy of 200 keV 
operated in scanning TEM (STEM) mode and equipped with a 100 mm2 
silicon drift detector for energy dispersive X-ray (EDX) spectroscopy. For 
EDX elemental mapping, the Pt X-rays signal was collected by scanning 
the same region multiple times with a dwell time of 1 ms. TEM images and 
EDX spectra were analyzed by using DigitalMicrograph® software [28]. 
The variation in the amount of Pt NPs on NiO µFs was analyzed by 
Rutherford backscattering spectrometry (RBS, 2.0 MeV He# beam at 
normal incidence) with a 165° backscattering angle by using a 3.5 MV 
HVEE Singletron accelerator system (High Voltage Engineering Europa, 
Netherlands). RBS spectra were analyzed by using XRump software [29]. 
Once the Pt amount is known, the number of active Pt moles can be 
calculated as follows: 
 

R>1	[g	cm!"] =
Dose>1	[at	cm!"]
i?	[at	mol!)]

																																																							(P2.5.1) 

 
where Dose>1 is the RBS Dose, representing the amount of Pt atoms per 
cm", and i? is the Avogadro’s number. 
Electrochemical measurements were carried out at room temperature by 
using a VersaSTAT 4 potentiostat (Princeton Applied Research, USA) and 
a three-electrode setup with a graphite rod as counter electrode, a 
saturated calomel electrode (SCE) as reference electrode, and the prepared 
electrodes as working electrodes. 1 M KOH (pH 14, Sigma Aldrich, St. 
Louis, MO, USA) was used as supporting electrolyte.  Cyclic voltammetry 
(CV) curves were recorded at a scan rate of 10 mV	s!) in the potential range 
−0.7	 ÷	−1.5 V vs SCE in order to stabilize the electrodes. The HER 
activities of decorated catalysts were investigated using linear sweep 
voltammetry (LSV) at scan rate of 5 mV	s!) in the same potential windows 
of CVs. Electrochemical impedance spectroscopy (EIS) was performed 
with a superimposed 10 mV sinusoidal voltage in the frequency range 
10* ÷ 10!)	Hz at a potential just after the onset potential (j@ABCD, the 
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minimum potential at which a reaction product is formed at an electrode).  
Tafel plots were extrapolated from polarization curves by plotting the 
overpotential (D) as a function of the log of the current density. Mott–
Schottky (M-S) analyses were conducted on bare and decorated samples in 
the potential range 0 – 1 V vs. SCE, at 1000 Hz frequency. 
Chronopotentiometry (CP) analysis was employed to study the stability of 
the samples in a 1 M KOH solution for 15 hours at a constant current 
density of 10 mA	cm!". 
 
 
P2.5.3 Morphological and elemental characterization 
 
Figures P2.5.2(a-b) show SEM images of NiO µFs on GP. Our catalyst 
recovers the surface of graphene electrode with an irregular thickness due 
to the agglomeration of µFs. After decoration, Pt NPs spread onto NiO µFs 
(Figure P2.5.2(c)). EDX elemental map in Figure P2.5.2(d) allowed us to 
confirm the effective presence of Pt decorating NiO catalyst. 
 

 
Figure P2.5.2: (a) SEM image of NiO µFs on GP; (b) tilted view of NiO µFs on GP; (c) 
STEM Z-contrast image of Pt NPs on NiO µFs (20Pt-NiO); (d) EDX elemental map of 
Pt NPs (red) on a single NiO sheet (green and yellow for Ni and O, respectively). 
RBS analyses (Figure P2.5.3(a)) confirmed Pt presence and allowed us to 
quantify the Pt loading, by using a flat substrate covered with the same 
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drops containing Pt NP dispersion used for the electrode fabrication. We 
assume that after drop casting, the measured Pt loading on a flat substrate 
is the same of that on NiO µFs. The Pt loading is related to the area of Pt 
peak in the RBS spectrum (at around 1.8 MeV) [32]. As expected, Pt 
amount increases with the number of drops: 1.2x10)E	at	cm!", 
1.8x10)E	at	cm!", 3.4x10)E	at	cm!", for 5, 10, and 20 drops, respectively 
(Figure P2.5.3(b)). Pt NP density cannot be verified by SEM analysis 
because of the rough surface and shadowing effect caused by NiO 
nanostructures. 
 
 

 
Figure P2.5.3: (a) RBS spectra of Pt NPs on a flat GP substrate; (b) RBS Pt dose and NP 
density as a function of the number of Pt colloidal solution drops. 
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Thus, the Pt amount (lFGH, from RBS [31]) was joined with Pt NP diameter 
to evaluate the density i of NPs decorating NiO µFs, through the following 
relation [33, 34]: 
 

lFGH 	= 	i	mID	nJK																																																																														(P2.5.2) 
 
where mID is the Pt atomic bulk density (6.62x10""	at	cm!L) and nJK is the 
volume of a single NP (in cmL) based on the size of NPs (measured from 
SEM images). Following these considerations, the NP density was found to 
vary from 2x10)M	NPs	cm!" to 6.2x10)M	NPs	cm!" (Figure P2.5.2(b)). 
Finally, from eq. (P2.5.1) the Pt loading can be easily calculated, 
confirming the extremely low content of Pt in our decorated electrodes.  
 
 
P2.5.4 Electrochemical characterization – HER  
 
To evaluate the electrochemical performance of bare and decorated NiO 
µFs on HER in alkaline conditions, electrochemical analyses were 
performed in 1 M KOH (Figure P2.5.4). Polarization curves (Figure 
P2.5.4(a)) clearly show how the presence of Pt drastically reduces the 
activation barrier for the H" production, confirmed by a variation in the 
onset potential and overpotential at a constant current density of 
10	mA	cm!" from 247 to 66 mV (Table P2.5.1). 
Two types of behavior can be distinguished as a function of the quantity of 
Pt: 

(i) for no (or ultralow) Pt loading, both overpotential and onset 
potential appear at relatively high voltages, indicating that high 
energies are required to overcome the adsorption of H# and 
subsequent production of H" steps; 

(ii) by increasing the density of NPs (10Pt and 20Pt), overpotential 
and onset potential drastically reduce pointing out an enhanced 
catalytic action of Pt against HER. 

Tafel slopes of Pt decorated NiO µFs are reported in Figure P2.5.4(b). Pt 
decoration leads to a decrease of Tafel slope to a value of 82 mV	dec!) for 
20Pt-NiO sample. Tafel slope values allow a deep understanding of HER 
catalytic mechanism. 
Three possible pathways (illustrated in Figure P2.5.4(c)) for the HER 
reaction in alkaline medium can be distinguished [8, 9, 35]: 
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(i) electrochemical hydrogen adsorption (Volmer step, H"O	 +
	e! 	→ 	H<2= 	+ 	OH!) at the active site of the catalyst; 

(ii) H" formation through an electrochemical desorption step 
(Heyrovsky step, H<2= + H"O + e! → H" + OH!); 

(iii) H" formation through a recombination step between two 
adsorbed hydrogen atoms (Tafel step: H<2= + H<2= → H"). 

Usually, the rate-determining step (RDS) can be evaluated from the value 
of the Tafel slope [35-37]. Our values (by considering the kinetic analysis 
and mechanism for HER that are based on Butler-Volmer equation [36]) 
suggest that the RDS for our catalysts is represented by Volmer step and 
by the initial hydrogen adsorption. NiO-based materials have been widely 
proved to be optimal catalysts for OH! adsorption [18, 25, 26]. The high 
Tafel slope value for bare semiconductor electrode clearly demonstrates 
that the HER proceeds much slower in NiO sample Conversely, Pt loading 
causes a reduction of Tafel slopes (Figure P2.5.4(d)). 
This evidence suggests that HER is limited by the hydrogen adsorption, 
with a poor efficiency in the NiO case. Conversely, the presence of Pt in 
decorated catalysts reveals an enhanced adsorption of hydrogen atoms on 
the surface. Pt decoration not only reduces the activation barrier for the 
activation of the HER (evidenced by the lowest overpotential for the most 
decorated sample), but also favors the hydrogen adsorption at the catalyst 
surface.  
 

 
Figure P2.5.4: (a) Polarization curves, (b) Tafel plot of bare and decorated NiO µFs; (c) 
HER mechanisms; (d) HER mechanism at NiO and Pt-NiO electrodes. 
 



 
Bare and Pt decorated NiO microflowers for overall water splitting  

99 
 

 
 

Sample 
RBS Dose 
[,-	/0!"] 

NP density 
[123	/0!"] 

Pt loading 
[45	/0!"] 

Overpotential 
[06] 

Tafel slope 
[06	78/!#] 

NiO - - - 247 224 
5Pt-NiO 1.20×1016 1.0×108 3.9 206 260 
10Pt-NiO 1.80×1016 1.5×108 5.8 94 115 
20Pt-NiO 3.40×1016 2.9×108 11.2 66 82 

Table P2.5.1: Amount of Pt NPs for different drops and HER parameters. 
 
 
Nyquist plots from EIS analysis in Figure P2.5.5(a) remark the role of Pt 
NPs in the HER. They were acquired in the so-called turnover region, just 
after the onset potential of each sample in order to appreciate a good HER 
activity [21, 39]. The experimental EIS spectra were fitted (continuous 
lines) by the Armstrong-Henderson equivalent circuit [10, 13, 14, 21, 39, 
40-45] (Figure P2.5.4(b)) and the extracted fitting parameters are reported 
in Figure P2.5.5(c-d). 
The adequately fitted experimental data reveal how the 5 parameters vary 
with Pt decoration (Figure P2.5.5(c-d)). R- and C23 do not appreciably 
change, as expected since the Pt NPs coverage is quite limited and most of 
the interface among NiO µFs and electrolyte is unchanged. A clear 
reduction in both R01 and R4 with Pt loading indicates that Pt accelerates 
the electron transfer kinetics, probably enhancing the availability of 
electrons at surface. C4, related to H<2= adsorption, decreases as the 
amount of Pt increases. Pt NPs act as effective active sites for hydrogen 
adsorption. Consequently, the higher the number of active sites, the lower 
their occupancy and therefore the value of C4. 
 
To quantitatively evaluate the effect of Pt decoration of NiO µFs we 
performed Mott-Schottky (M-S) analysis (Appendix C for details). The M-
S plot typically reports the inverse of squared capacitance (o!") measured 
as a function of potential applied to the sample, as reported in Figure 
P2.5.6(a) [21, 46-51]. By increasing E, o!" goes to zero as the applied 
potential increases, indicating the presence of a capacitance at the 
electrode-electrolyte interface. Such behavior is typical of a p-type 
semiconductor, as NiO is [52, 53]. 
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Figure P2.5.5: (a) Nyquist plot for bare and decorated electrodes; (b) Armstrong and 
Henderson equivalent circuit used to fit the experimental data; (c, d) behavior of 
equivalent circuit elements as a function of mass loading. 
 
 
 
The intercept with x-axis (jNG)  represents the so-called flat band potential 
[46-51, 54-56]. For a planar semiconductor electrode, the quantity 
pjO!H = jNG − jPQ  (where jPQ  is the open circuit potential) represents the 
bending of the semiconductor energy bands [21] resulting from the 
alignment of the Fermi level of the electrode and the redox potential of the 
electrolyte (violet points in Figure P2.5.6(b)).   
After the loading of Pt NPs, we observed a clear shift of ERS	towards more 
positive potential, up to 0.454 V in 20Pt-NiO case (Table P2.5.2). Even if 
our electrodes are nanostructured semiconductors, such evidence reveals 
a considerable difference in energy band bending due to Pt decoration. 
Moreover, it is possible to correlate the effect of decoration on energy band 
position of NiO with catalytic properties of the electrodes by considering 
the value of onset potential (j@ABCD, green points in Figure P2.5.5(b)). 
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Figure P2.5.6: (a) Mott-Schottky plot of bare and Pt-decorated NiO electrodes; (b) 
variation of NiO energy band bending and onset potential as a function of the number 
of Pt solution drops. 
 
 
Onset potential is usually considered an important indicator for the 
catalytic activity along with the exchange current density in 
electrocatalysis [31]. For a cathodic reaction, onset potential is the highest 
potential at which a reaction product (H" in our case) is formed at an 
electrode [57]. A commonly used method for the determination of this 
value is the intersection point between the tangent lines of the Faradaic 
and non-Faradaic [57-59]. Figure P2.5.7(b) clarifies the effect of Pt loading 
on pjO!H and j@ABCD. As the amount of Pt NPs increases, the energy band 
bending grows, index of the creation of a nano Schottky junction at the 
metal-semiconductor interface [21]. 
 
Pt decoration increases the energy band bending, because of electron 
spillover effects, leading to space charge regions and localized electric field 
[34]. At the same time, a drastic reduction of j@ABCD is observed in presence 
of Pt NPs. These two evidences confirm that surface decoration of NiO µFs 
is highly effective in tuning the catalytic properties of our nanostructured 
electrode. The increase in bending of semiconductor energy levels leads to 
accumulation of electrons below the semiconductor surface, considerably 
reducing the activation barrier for H" production and making the HER 
mechanism more favorable at lower overpotentials. 
Figure P2.5.7 schematizes the effect of Pt loading on NiO band position at 
the electrode-electrolyte interface. 
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Figure P2.5.7: Scheme of the modification of energy levels at the semiconductor-
electrolyte interface for bare NiO and Pt-NiO catalysts. 
 
 
 
 

Sample Pt drops 956 [V] 978 [V] :99!: [V] 9;<=>? [V] 

NiO - -0.192 0.270 0.462 -0.106 
5Pt-NiO 5 -0.187 0.292 0.479 -0.081 
10Pt-NiO 10 -0.206 0.370 0.576 -0.036 
20Pt-NiO 20 -0.178 0.454 0.632 -0.024 

Table P2.5.2: Values of open circuit potential, flat band potential, energy barrier, and 
onset potential for bare and decorated samples. 
 
 
As previously said, TOF is a crucial parameter for evaluating the HER 
performance of a catalyst because it reflects the intrinsic electrocatalytic 
activity of the electrode [2, 17, 31, 60]. As presented in Figure P2.5.8(a), 
Pt-decorated samples show markedly high TOF values. It is worth to note 
that the TOF value of 2.07 s!) (at an overpotential of 50 mV) found for 
20Pt-NiO is comparable (and even superior) to those reported in literature 
and confirms that the present Pt NP decorated catalyst owns extraordinary 
efficiency of hydrogen generation (see Table P2.5.3). 
 
The obtained results are now compared with the state-of-art. Figure 
P2.5.8(b) shows the comparison of mass activity measured at 10 mA	cm–" 
and the overpotential for 10 mA	cm–" (based on geometric area) for our 



 
Bare and Pt decorated NiO microflowers for overall water splitting  

103 
 

decorated electrodes with other Pt-based catalysts under alkaline 
conditions [2]. 
In our samples, an increase of the mass loading leads to a reduction of the 
overpotential for the HER, without a significant decrease of intrinsic 
activity. This comparison, together with the TOF values, makes our Pt 
decorated NiO µFs valuable candidates as cathode electrodes for the HER. 
 
 

 
Figure P2.5.8: (a) TOF of Pt-NiO catalysts on GP; mass activity at 10 mA	cm!$ as a 
function of the overpotential and the catalyst loading [adapted from 2]. 
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P2.5.5 Overall water splitting 
 
Motivated by the excellent HER performance of catalysts and the high OER 
activity of our previously reported NiO µFs on GP [21], we investigated the 
overall water-splitting performance under alkaline condition by employing 
20Pt-NiO µFs as the cathode and NiO µFs as the anode (a scheme of the 
Pt-NiO||NiO is reported in Figure P2.5.9(a)). Our as-constructed alkaline 
electrolytic cell requires a low potential of 1.57 V to afford a current density 
of 10 mA cm–2 (Figure P2.5.9(b)), which is comparable or smaller to other 
electrocatalysts reported in Table P2.5.4. 
In addition, the overall water-splitting durability of the two electrodes was 
tested using chronopotentiometry for 24 hours (Figure P2.5.9(c)) showing 
a good stability over prolonged times (with an increase of overpotential of 
50 mV after 24 hours).  
Our results reveal that the present Pt-NO||NiO electrodes represent highly 
efficient electrocatalysts. 
 
 

 
Figure P2.5.9: (b) Polarization curve of the two-electrode electrolyzer Pt-NiO||NiO for 
overall water splitting under alkaline condition (1M KOH, pH 14); (b) long-term 
chronopotentiometric stability test of Pt-NiO||NiO. 
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Catalyst material Electrolyte 
Overall water splitting 

overpotential at 10 mAcm-2 [V] 
Ref. 

Pt/NiO/Ni/CNT-
3||Pt/NiO/Ni/CNT-3 

1M KOH 1.61 61 

NiO/Ni-CNT|| NiFe LDH 1 M KOH 1.50 (20 mAcm-2) 62 
Pt/Ni-P/NF||Ni-P/NF 1 M KOH 1.64 17 
Pt-NiO||NiO 1M KOH 1.57 This work 

Table P2.5.4: Summary of various Ni-based Electrocatalysts for Overall Water 
Splitting. 
 
 
 
 
 
 
Conclusions 
 
In conclusion, we developed a high-efficiency OER and HER catalyst by 
dispersing low-cost synthesized bare or decorated NiO microflowers (µFs) 
onto a GP substrate. By varying the loading of µFs and Pt NPs the role of 
active sites was elucidated with respect to the total mass of electrocatalyst. 
The NiO catalyst with optimized mass loading and material dispersion on 
GP shows an overpotential for OER of 314 mV at current density of 
10	mA	cm!", a promisingly low Tafel slope of 47 mV	dec!).  
The Pt-NiO catalyst with optimized NP loading shows an overpotential for 
HER of only 66 mV at current density of 10	mA	cm!" and a Tafel slope of 
82 mV	dec!). An alkaline all NiO-based electrolyzer was developed by 
using Pt-NiO as cathode and bare NiO as anode, requiring a low potential 
of 1.57 V to afford a current density of 10 mA cm–2 and a good long-term 
stability. The high activity, and low-cost of the present Pt-NiO µFs pave the 
way for large-scale and long-term applications of NiO-based catalysts for 
overall water splitting. 
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Summary 
In this chapter, we experimentally investigate the decoration of a Ni oxide 
nanostructure with NPs of Au, Pd and Au@Pd (Au core, Pd shell). Bimetallic 
decoration of semiconductor electrodes typically improves catalytic and sensing 
performances because of a well-claimed synergistic effect.  Electrochemical 
measurements quantitatively elucidate the effect of decoration with mono or 
bimetallic nanoparticles. Decorated electrodes show higher redox currents than 
bare ones and a shift in redox peaks, which can be ascribed to a more efficient 
electron transport and improved catalytic properties. These effects are satisfactorily 
modeled employing a nano Schottky junction at the nanoparticle-semiconductor 
interface, pointing out large energy band bending, space charge region and local 
electric field in bimetallic decoration. Sensing test of glucose and H2O2 by decorated 
Ni oxide electrodes are performed to consolidate our model. The presence of 
bimetallic nanoparticles enhances enormously the electrochemical performances of 
the material in terms of sensitivity, catalytic activity, and electrical transport. The 
modification of energy band diagram in semiconductor is analyzed and discussed 
also in terms of electron transfer during redox reactions. 
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4.1 Bimetallic nanoparticle decoration 
  
Bimetallic nanoparticles (NPs) have attracted enormous interest in the 
past decade due to their intriguing physical and chemical properties, and 
their applications in many fields of materials science (catalysis, 
photocatalysis, optics, sensing, and nanomedicines) [1-5]. Indeed, the 
addition/substitution of one or more chemical elements to a metallic 
surface increases the possible bonding geometries of surface adsorbates 
and simultaneously changes the electronic structure at surface [6]. 
Generally, bimetallic NPs can be classified according to their mixing 
pattern (chemical ordering) and geometric structure. Two main categories 
of NPs can be identified: core-shell (or core@shell) and nanocomposite 
bimetallic NPs (Figure 4.1), with an ordered atomic arrangement in the 
first case and random mixed atoms in the second one [2]. Independently 
of the ordering, a certain improvement of catalytic and sensing 
performance is observed and typically explained inferring a synergistic 
effect [7]. In fact, most fundamental properties of NPs cannot be described 
as extrapolation of bulk properties. From the theoretical perspective, 
bimetallic NPs provide ideal test bench for the development of novel 
theoretical concepts and techniques and present a series of questions of 
fundamental interest [8].  
 
 

 
Figure 4.1: Bimetallic nanoparticles with different configurations: (a) core-shell and 
(b) alloy [adapted from 1]. 
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Several theoretical investigations studied this synergistic effect on surface 
adsorption and chemical reactions [9-14]. When a foreign metal atom is 
added to a metal host, a key change occurs in d-band position and filling, 
caused by local bonding alteration to accommodate the foreign atom. The 
number of d-electrons is typically affected by these changes, and its 
variation leads to a change in reactivity of bimetallic nanoparticles [15]. 
Figure 4.2 show the effect of different nanoparticles on the electronic band 
structure of the catalyst. From the experimental point of view, the effect of 
bimetallic NPs induces a sensible boost in terms of sensitivity [16,17], 
catalytic activity [11,14,18], and electrical properties [19,20]. However, 
most experimental papers, beyond measuring the bimetallic effect and 
invoking an unspecified synergistic effect, miss any attempt to microscopic 
characterize and model it [21]. A deep understanding of the relationship 
between catalytic outcome and synergistic effect in bimetallic NPs could 
help in developing more efficient sensors with low cost, enhanced activity, 
and high selectivity [21]. 
 

 
Figure 4.1: Electronic band structure of typical (a) monometallic and (b) bimetallic 
nanoparticles. To the right of each diagram is the density of states of a simple 
molecular adsorbate [Adapted from 4]. 
 
Among the different applications of bimetallic NP, electrochemical sensors 
are largely involved to exploit the synergistic effect thanks to their 
simplicity, low-cost fabrication, and ease to be minimized, leading to 
higher sensitivity and selectivity [22-30]. In particular, core-shell 
bimetallic Au@Pd NPs are observed to have superior synergistic effects 
[11-14,26,31]. In most cases, the effect of decoration with bimetallic NPs is 
evaluated on flat or bulk substrates [12,26,32-34]. The enhanced 
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electrocatalytic activity and electrochemical stability of bimetallic NPs 
were exploited for electrochemical enzyme-free sensing achieving high 
sensitivity and selectivity [12,34-35]. The presence of NPs on 
nanostructured substrates can link the advantages of nanostructures (large 
surface area and/or quantum size effect) with the specificity of synergistic 
effects. 
 
 
 
4.2 Methods 
 
4.2.1 Colloidal Au, Pd, and Au@Pd dispersion 
Dispersions containing Au or Pd or Au@Pd NPs following the procedure 
in Chapter 2 [37-40]. 
 
4.2.2 Decorated Ni oxide electrode (NOE) 

Fluorine-doped Tin Oxide (FTO) substrates (1x2	cm!, resistivity ∼
13	Ω/sq, Sigma-Aldrich, St. Louis, MO, USA) were used as substrate for Ni 
nanofoam (NF) synthesis (details in Appendix B) [41,42]. The metallic Ni 
nanostructure is then decorated via spin coating (500 rpm, 60 s) by using 
50 µL of the mono or bimetallic NPs dispersion as prepared. The samples 
are dried on a hot plate at 80 °C for 10 minutes. Finally, the Ni oxide 
electrode (NOE) were obtained by several cycles of cyclic voltammetry (CV, 
in 0.1 M NaOH, scan rate of 0.05	V	s"#) between -0.3 V and 0.9 V vs SCE, 
leading to surface oxidation of Ni [43]. Decorated samples are labelled 
according to NP type onto NOE (e.g., Au-NOE refers to NOE decorated 
with Au NPs). 
 
4.2.3 Analytical techniques 
UV-vis spectroscopy was performed on Au solution using a Varian Cary 
500 (Agilent technologies, California, USA) double beam scanning 
UV/VIS/NIR spectrophotometer. 
The elemental composition of NPs in the dispersions was evaluated on a Si 
wafer coated with NPs (via spin coating) by Rutherford backscattering 
spectrometry (RBS, 2.0 MeV He$ beam at normal incidence) with a 165° 
backscattering angle by using a 3.5 MV HVEE Singletron accelerator 
system (High Voltage Engineering Europa, Netherlands). RBS spectra 
were analyzed by using XRump software [44]. 
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Surface morphology was analyzed by using a Scanning Electron 
Microscope (SEM, Gemini field emission SEM Carl Zeiss SUPRA 25, FEG-
SEM, Carl Zeiss Microscopy GmbH, Jena, Germany). 
Transmission electron microscopy (TEM) analyses of Au, Pd and Au@Pd 
NPs dispersed on a TEM grid were performed with a Cs-probe-corrected 
JEOL JEM ARM200F microscope at a primary beam energy of 200 keV 
operated in scanning TEM (STEM) mode and equipped with a 100 mm2 
silicon drift detector for energy dispersive X-ray (EDX) spectroscopy. For 
EDX elemental mapping, the Au M and Pd L X-rays signals were collected 
by scanning the same region multiple times with a dwell time of 1 ms. TEM 
images and EDX spectra were analyzed by using DigitalMicrograph® 
software [45]. 
Electrochemical measurements were carried out at room temperature by 
using a VersaSTAT 4 potentiostat (Princeton Applied Research, USA) and 
a three-electrode setup with a platinum counter electrode, a saturated 
calomel electrode (SCE) as reference electrode, and our samples as 
working electrode, without purging any inert gas. 0.1 M NaOH (Sigma 
Aldrich, St. Louis, MO, USA) was used as supporting electrolyte. Cyclic 
voltammetry (CV) curves were recorded at a scan rate of 50 mV	s"# in the 
potential range −0.3	 ÷ 	1.0 V vs SCE. Electrochemical impedance 
spectroscopy (EIS) was performed at the oxidation peak potential with a 
superimposed 5 mV sinusoidal voltage in the frequency range 10% ÷
10"#	Hz. Mott-Schottky (M-S) analyses were conducted on bare and 
decorated NOE samples in the potential range −0.5 ÷ 1 V vs SCE, at 1000 
Hz frequency. Chronoamperometry (CA) analysis was employed to study 
the response of the samples to successive additions of different amounts of 
glucose (D-(+)-glucose, Sigma-Aldrich, St. Louis, MO, USA) and H!O! (30 
w/w% H!O! in H!O, Sigma-Aldrich, St. Louis, MO, USA) to the 0.1 M NaOH 
solution. 
A simulation of semiconductor energy bands, electron concentration, and 
electric field at the metal/semiconductor interface has been carried out by 
COMSOL MultiphysicsÒ software [46]. 
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4.3 Morphological and elemental characterization 
 
Figure 4.3(a) shows the synthesis and decoration procedure of Ni-based 
electrodes by a three-step method: 

1. Chemical Bath deposition (Ni(OH)2 nanowalls); 
2. Thermal Annealing (Ni nanofoam) 
3. Nanoparticle Decoration. 

SEM images of Ni NF and Au@Pd decorated Ni NF are reported in Figure 
4.3(b-c), revealing an open porous structure made of chain-like clusters of 
metallic Ni NPs (20 nm large) with some bigger bimetallic nanoparticles 
randomly distributed on the surface of the nanostructure. 

 
Figure 4.3: (a) Schematic representation of synthesis and decoration of Ni NPs; (b) 
SEM image of porous Ni NPs; (c) High magnification SEM image of Au@Pd NPs 
anchored on the top of Ni NPs (blue arrow). 
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4.4 Electrochemical modification and characterization 
 
The bare or decorated metallic Ni NPs were then modified by 
electrochemical methods in order to form a thin layer of Ni 
oxide/hydroxide through several cycles of cyclic voltammetry (CV, in 0.1 
M NaOH, scan rate of 0.05	V	s"#) between -0.3 V and 0.9 V vs SCE (Figure 
4.4(a)) [43,49]. The surface oxidation of Ni is the last step to produce Ni 
oxide electrodes (NOE) consisting of a metallic Ni skeleton covered by a 
thin semiconductor Ni oxide/hydroxide, possibly decorated with mono- or 
bimetallic NPs.  
Figure 4.4(b) displays the cyclic voltammograms of bare electrode 
compared to that decorated with Au, Pd, and Au@Pd NPs. CV curves were 
recorded in 0.1 M NaOH at a scan rate of 0.05	V	s"# between -0.3 V and 0.9 
V vs SCE, for several cycles, until stable voltammograms are obtained. This 
leads to the oxidation of surface Ni into a ∼ 3 − 4 nm NiOOH/Ni(OH)! shell 
uniformly recovering Ni NPs [43,49]. Actually, the CV curves always show 
a pair of redox peaks around V = 0.6 ÷ 0.75 V vs SCE (oxidation peak) and 
V = −0.05 ÷ 0.15  V vs SCE (reduction peak), caused by the reversible 
transition Ni!$/Ni$&	 in alkaline medium [41,50,51]: 
 

Ni(OH)! 	+ OH" 		↔ 	NiOOH + H!O + e"																																												(4.1) 
 
 
 
 

 
Figure 4.4: (a) Scheme of a cross section of decorated NOE; (b) cyclic voltammograms 
of bare and decorated electrodes. 
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From a microscopic point of view, the liquid/solid interface tested by 
electrochemical analysis is composed of used electrolyte (0.1 M NaOH) and 
NiOOH/Ni(OH)!	semiconductor decorated with mono- or bimetallic NPs. 
The effect of decoration on the redox behavior of Ni electrode will be 
obtained by comparing the bare semiconductor with decorated one. 
Compared to bare electrode, the decorated ones present higher peak 
currents both in oxidation and reduction. In addition, the gap between 
anodic (A',)) and cathodic (A',*) peak potentials (BA' = A',) − A',*) 
decreases in decorated electrodes, especially in bimetallic case. At the same 
time, the full width at half maximum (FWHM, calculated by subtracting 
the background signal to the peak one) of both anode and cathode peaks is 
also reduced following decoration, especially with bimetallic NPs (Figure 
4.5 shows the redox peaks after background subtraction) [52-54].  
 
 

 
Figure 4.5: (a) anodic and (b) cathodic peaks for bare and decorated electrode after the 
subtraction of the baseline. 
 
 
To ensure that the presence of NPs affects predominantly the NOE and not 
the FTO substrate, CVs on Au, Pd, and Au@Pd NP decorated FTO were 
performed. As shown in Figure 4.6(a), neither mono- nor bi-metallic NPs 
influences the electrochemical performances of ITO since CV curves do not 
present any difference between each other. This is a clear indication of how 
NPs decoration is effective in the modification of redox behavior of NOE. 
It is important to note that, although CV cycling creates a Ni 
oxide/hydroxide shell at the metal Ni NPs surface, it does not modify the 
morphology of the nanostructures (a SEM image of NOE after 
electrochemical measurements is shown in Figure 4.6(b)). 
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Figure 4.6: (a) Cyclic voltammograms of Au, Pd and Au@Pd NPs on FTO; (b) SEM 
image of NOE after electrochemical characterization (Au@Pd NP anchored to NOE in 
the inset). 
 
EIS was employed to study the interfacial properties of electrodes. Figure 
4.7(a) exhibits the real and imaginary part of impedance (Nyquist plot) of 
bare and modified electrodes, together with fitting lines assuming a simple 
Randles circuit (inset) [55]. The decoration induces a dramatic change in 
semicircular shape of Nyquist plot, reducing the circle diameter 
(representing the Charge Transfer Resistance ( C*+) from 12.5	Ω	(bare NF) 
to 10 − 11	Ω (Au or Pd-Ni NF), to 5.5	Ω (Au@Pd-NF). Fit parameters are 
reported in Table 4.1. The decreased peak potentials give an indication of 
an enhanced capability of bimetallic system to catalyze the electrocatalytic 
reactions [23,54]. These results prove that decoration accelerates the 
electron transfer kinetics, especially in the bimetallic case [22,23,56-60], 
and well explain the reduction of BA' in the CV curves. 
 

 
Figure 4.7: EIS spectra of bare and decorated NOE (Randle circuit in the inset). 
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Sample !!	[$] !"#	[$] &'(	[)*	+$%&] , 

NOE 43.7 ± 0.3 12.5 ± 0.7 1.1 ± 0.3 0.53 
Au-NOE 41.3 ± 0.2 10.6 ± 0.5 0.7 ± 0.2 0.64 
Pd-NOE 41.2 ± 0.3 10.4 ± 0.6 0.5 ± 0.7 0.65 
Au@Pd-NOE 40.9 ± 0.3 5.6 ± 0.6 0.2 ± 0.4 0.62 

Table 4.1: Circuit parameters calculated from EIS spectra fitting. 
 
 
 
To further investigate the mono- and bimetallic decoration on our 
nanostructured electrode, we performed Mott-Schottky (M-S) analysis 
(details in Appendix A). The M-S plot typically reports the inverse of 
squared capacitance (D"!) measured as a function of potential (A) applied 
to the sample, as reported in Figure 4.8. By increasing E, D"! goes to zero, 
indicating a larger and larger capacitance at the solid-electrolyte interface. 
Such behavior is typical of a p-type semiconductor, as the Ni(OH)! is 
[61,62]. The so-called flat band potential, the intercept with x-axis (A,-) 
[63-69], tells the potential where saturation of D occurs (Table 4.2). In a 
planar semiconductor electrode, after proper correction with open circuit 
potential (A./), BA0"1 = A,- − A./  represents the energy band bending at 
equilibrium (flat Fermi energy, electrode to electrolyte) [70]. The energy 
band bending results from the alignment of the Fermi level of bare or 
modified semiconductor surface and the redox potential of electrolyte [71]. 
With decoration, there is a clear shift of E23	towards more positive 
potential, up to 0.4 V in bimetallic case (Table 4.2). Even if our electrodes 
are not planar but nanostructured semiconductor, such evidence points 
out a key difference in energy band bending due to mono- and bimetallic 
decoration. A larger value of A,-	 points out that a more positive potential 
is needed to saturate the capacitance. This datum helps the modeling of 
bimetallic effects, as follows.  
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Figure 4.8: Mott-Schottky plot of bare and decorated NOE. 

 
 

Sample F45 [V vs SCE] F67 [V vs SCE] GF8"9 [V] 

NOE 0.150 0.065 0.085 
Au-NOE 0.335 0.052 0.283 
Pd-NOE 0.352 0.059 0.293 
Au@Pd-NOE 0.455 0.047 0.408 

Table 4.2: Values of flat band potential, open circuit potential and energy barrier for 
bare and decorated samples. 
 
 
4.5 Modeling the bimetallic decoration effect 
 
Qualitative and quantitative information can be extracted from 
electrochemical analytical data. 
The expression of the peak current I:  in a typical CV strongly depends on 
the reaction mechanism [71-73]. In particular, for a generic reaction: 
 

I: ∝ AD#/!c<ν#/!																																																																																			(4.2) 
 
where A is the area of the electrode (cm!), D is the diffusion coefficient 
(cm!/s), c< is the reagent concentration (mol/cm&), and ν is the scan rate 
(V/s). 
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The quantity that most influences the reaction mechanism is the diffusion 
coefficient. Higher peak current corresponds to a higher diffusion 
coefficient and, consequently, to an improved electron transfer at the solid-
liquid interface.  
Referring to the electron transfer theories developed by Marcus, Hush and 
Gerischer [74-81], it is possible to describe electrochemical kinetics in 
terms of thermodynamic quantities and energy levels. The position of a 
voltammetric peak is related to the electrochemical potential provided, 
therefore it carries information on both the thermodynamics and the 
kinetics of the process [71-73]. By applying an electrical potential, the 
activation energy (ΔG‡) necessary to obtain an oxidation (or reduction) of 
the electrode is provided. The total free energy of the system can be seen 
as the sum of a thermodynamic term (ΔG>?) and an activation one: 
 

ΔG = ΔG< + ΔG‡																																																																																		(4.3) 
 
ΔG< determines the position of the reversible potential, corresponding to 
the process without activation barriers for charge transfer, according to 
Nernst's law: 
 

ΔG< = −nF(E − E@ABCD)																																																																					(4.4) 
 
where n is the number of electrons involved in the reaction, F is the 
Faraday’s constant, E is the electrode potential, and E@ABCD is the standard 
redox potential. On the other hand, ΔG‡ corresponds to that additional 
term (overpotential) that must be provided to start the reaction and 
corresponds to the activation barriers of the process [71,73]. As the 
activation barrier increases, the electrochemical irreversibility of the 
system increases and an overpotential is required for the reaction to take 
place. Due to this additional potential, the CV signals move to more 
extreme potentials (therefore to higher energies). The oxidation potential 
will shift to the right, while the reduction potential will shift to the left. At 
the same time, peaks broaden and lower [73]. 
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Figure 4.9: Variation of (a) -',) and -',* as a function of metal NP decoration (the peak 
separation between the two peaks positions in labelled as .-'), (b) FWHM of the 
anodic and cathodic peaks; (c) relation between .-' and .-+%,. 
 
 
The potential of oxidation (A',)) and reduction (A',*) peaks are reported in 
Figure 4.9(a) for each sample. The position of a voltammetric peak carries 
information on both thermodynamics and kinetics of the electrochemical 
process taking place (Eq. (4.1) in our case) [71-73]. The activation energy 
for electrode oxidation (or reduction) is provided by applying the electrical 
potential to the electrode. It should be noted that in our NOE the metallic 
skeleton provides an effective bias of the catalytic surface, reducing any 
potential drop, in a fashion similar to what previously modelled [43]. As 
the activation barrier increases, the electrochemical irreversibility of the 
system increases and an overpotential is required for the reaction to take 
place, shifting the oxidation (reduction) peak to higher (lower) electrical 
potential. Figure 4.9(a) represents the catalytic action of NP decoration, by 
reducing the activation barrier for Eq. (4.1). 
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It is noteworthy the bimetallic effect which overcomes that of 
monometallic decoration, strongly reducing the BA'. Figure 4.9(b) reports 
the FWHM for all the peaks, evidencing a clear shrinking trend with 
decoration. A catalytic reduction of activation energy results also in a 
reduction of FWHM, and of both anodic and cathodic peaks, making more 
and more favorable the electron transfer at solid-electrolyte interface. 
Figure 4.9(c) clarifies the relation among the BA' and BA0"1, as obtained 
from Figure 4.8. As the energy band bending grows (in bimetallic 
decorated sample), the energy separation among oxidation and reduction 
peaks decreases, index of a strong catalytic effect compared to bare sample. 
The mono- or bimetallic decoration increases the energy band bending, 
because of electron spillover effects, leading to space charge regions and a 
potentially very high, localized electric field [19,40]. 
To compute and visualize such energy band bending at the interface 
between NPs and Ni(OH)!	, COMSOL [46] simulations were performed 
assuming a single metal circular dot (20 nm large) placed onto the 
semiconductor (Figure 4.10(a)) and simulating a nano Schottky junction 
[18,40,70]. The simulation does not consider surface defects or 
temperature dependence and takes into account the experimentally 
extracted Mott-Schottky band bending (Table 4.2). 
Actually, the M-S measurement returns an average behavior of samples 
and not a local quantification of energy band bending at the decoration 
site. Despite these limits, the simulation helps to understand the catalytic 
effect of mono- and bimetallic decoration. 
The p-type semiconductor is greatly enriched in electrons (spillover effect) 
below the metallic dot (Figure 4.10(b)), which means a downward bending 
of its energy bands. The energy map of the conduction band minimum 
(CBM) for Au@Pd decorated sample as a function of depth and distance 
from NP center is reported in Figure 4.10(c). The downward bending of 
CBM extends almost 5 nm within semiconductor, denoting a giant electric 
field under the NP, pointing towards the bulk. Considering our case in 
which the Ni oxide is confined in a thin shell (3-4 m) on a metal core in our 
NOE, it is reasonable to hypothesize that the whole nanostructure is 
depleted of electrons (pushed towards the surface by a giant built-in 
electric field). 
The 2D map of electric field at decoration site is shown in Figure 4.10(d) 
for the bimetallic case, revealing intensity up to 10E	V	m"#. A peculiar “halo 
effect” comes because of the largest potential gradient at the NP edge40. A 
comparison of band bending and electron concentration at decoration site 
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between Au and Au@Pd decoration is presented in Figure 4.10(b) and 
Figure 4.10(e). The bimetallic decoration induces a 10 times higher 
electron concentration in comparison to Au NP decoration, pointing out 
how the synergistic effect among Au and Pd in core-shell nanostructures 
can boost a catalytic action of modified electrodes. 
 
 
 

 
Figure 4.4: (a) 2D COMSOL simulation of the electron concentration at Au@Pd-NOE 
interface; (b) electron concentration profile at metal-semiconductor interface; 
COMSOL simulations of (c) conduction band minimum (CBM) of Au@Pd-NOE 
sample, and (d) electric field map under a circular Au@Pd dot; (e) conduction band 
minimum (CBM) profile for Au and Au@Pd decorated samples. 
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Figure 4.11 contains a schematic representation of our model of bimetallic 
effect by exploiting the energy band bending at the decoration site as a 
consequence of the formation of a nano Schottky junction. Compared to 
bare electrode (Figure 4.11(a)), the presence of mono- and bimetallic NPs 
(Figure 4.11(b-c)) induces a larger ΔA0"1 which points out a larger energy 
band bending of semiconductor. The gradient of energy band represents 
the intensity of localized electric field, which comes from a space charge 
region. In turns, mono- and bimetallic NP decoration leads to 
accumulation of immobile positive charges at the solid-electrolyte 
interface, with greatest extent in case of bimetallic case. In this scenario, 
the large electric field at decoration site should lead to a net local charge 
imbalance, with electron accumulation in the Ni oxide at electrode side, 
and OH" ions buildup at electrolyte side. The increased concentration of 
OH" ions close to the electrode surface makes more favorable the 
conversion of Ni(OH)! to NiOOH (Eq. (4.1)) during the anodic scan of the 
potential. The accumulation of electrons, on the other side, facilitates the 
electrode reduction during the cathodic scan. In bimetallic NP decoration, 
such catalytic actions are enhanced probably because of the different d-
band filling in Au@Pd core@shell NP [11,15]. 
 

 
Figure 4.11: Scheme of energy band bending and local electric field E for (a) bare, (b) 
Au (or Pd), and (c) Au@Pd decorated electrode at solid-liquid interface. 
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4.6 Glucose and H2O2 sensing test 
 
To validate our model, sensing tests in both oxidant and reducing 
conditions were conducted, detecting glucose and H!O!, respectively. The 
amperometric responses of NOE, Au-NOE, Pd-NOE, and Au@Pd-NOE 
samples were recorded by successive additions of glucose or H!O! to 
electrochemical cell containing 50 mL NaOH (0.1M). Figure B7 displays 
typical current-time plot of electrodes with continuous addition of glucose 
or H!O!. Steady-state currents were typically obtained 2-3 s after addition. 
 
 

 
Figure 4.12: Chronoamperometric curves of Au@Pd-NOE sample after subsequent 
additions of (a) glucose and (b) H2O2. 
 
 
Concerning glucose test, the fabricated samples show a sensitivity of 
2.41, 2.75, 2.52, 2.90	mA	cm"!mM"#	for NOE, Au-NOE, Pd-NOE, and 
Au@Pd-NOE, respectively. The same electrode, for H!O! test, gave 
sensitivities of 23.6, 130.9, 127.4, 340	µA	cm"!mM"#. Figure 4.13 
summarizes the obtained sensitivities of electrodes, while a large 
comparison with similar sensors in literature is given in Table 4.3. No 
significant changes in sensitivity can be appreciated in glucose test, while 
for H!O! detection, bimetallic NPs catalyze H!O! reduction with a 
sensitivity approximately one order of magnitude higher than bare NOE 
and almost three times higher than samples decorated with monometallic 
NPs. These results consolidate our model of energy band bending induced 
by decoration. Bare NOE (NiO and Ni(OH)!) is made of p-type 
semiconductor [61,62], while decorated NOE shows electron reservoirs 
localized at decoration sites. 
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During glucose oxidation, electrons are transferred from solution to 
electrode and thus no appreciable effects is observed after decoration. The 
downward band bending, as a result of the creation of an electric field 
directed to the bulk of the semiconductor, leads to the transfer of electrons 
to the solution. During the glucose oxidation, however, the electrons have 
to pass from the solution to the samples in order to oxidate the analyte. For 
this reason, no appreciable effect from the oxidation of glucose was 
appreciated and none boost in sensitivity from the decoration with 
bimetallic nanoparticles was observed. On the other hand, during H!O! 
reduction, availability of electrons at surface of NOE boosts the sensitivity 
of decorated electrodes in comparison to bare one. The different orders of 
magnitude of the sensitivity between the oxidation of glucose and the 
reduction of H!O! can be easily explained by considering that only in those 
regions close to NPs (i.e. at the nano Schottky junctions) the electric field 
induces a modification of energy bands and an accumulation of electrons. 
As a consequence, only small percentage of surface (with a higher 
concentration of available electrons) are active in H!O! reduction, while for 
glucose the whole material is responsible for the oxidation reaction. 
Moreover, the synergism between Au and Pd, with higher electric field and 
electron concentration, induces an extra boost in sensitivity and better 
electrochemical performances than the monometallic counterpart. 
 

 
Figure 4.13: Sensitivity of NOE, Au-NOE, Pd-NOE, and Au@Pd-NOE for glucose and 
H-O- test. 
 



 
Enlightening the Bimetallic Effect of Au@Pd Nanoparticles on Ni Oxide Nanostructures 

138 
 

 
GLUCOSE 

   

Electrode Sensitivity 
[12	3)%.	)4%&] 

LOD [14] Ref. 

Au-CuO - GCE 3126.76 1.4 16 
Ag@Cu 20.9 3.5 22 
Au@Ni/C 23.17 15.7 29 
PtPd - MWCNTs 112 31 53 
Au-Ni 30.58 25 59 
CuO/NiO - Carbon 856.7 0.037 82 
PtPb - MWCNTs 17.8 1.8 83 
CuOx/NiOy 2043 0.08 84 
Au-C 101.2 3 85 
NiCoP 6115 0.36 86 
NOE 2410 6 Our Work 
Au-NOE 2750 5 Our Work 
Pd-NOE 2523 7 Our Work 
Au@Pd-NOE 2901 3 Our Work 
    
H2O2    
Electrode Sensitivity 

[12	3)%.	)4%&] 
LOD [m4] Ref. 

AuPd-NG 5095.5 0.02 17 
Ag@Cu 85.1 0.3 22 
Pd@Ag - RGO 1307.46 0.7 23 
CoFe - NGR 435.7 0.28 24 
AuPt 46.7 2.6 25 
PtIr - MWCNTs 58.8 2.5 52 
PtPd - MWCNTs 414.8 1.2 52 
PtAu-RGO - GCE 410.5 0.008 83 
CuOx/NiOy 271.1 0.09 84 
Au-C 170.6 1.5 85 
PtCu 60.4 12.1 87 
PtNi 208.5 31.2 87 
PtPd 239.8 114 87 
PtRh 839.9 348 87 
Au@Pt 882.2 0.1 88 
Ag-Au 600 0.2 89 
Ag-Au 260.08 0.18 90 
NOE 23.6 6.7 Our Work 
Au-NOE 130.9 1.2 Our Work 
Pd-NOE 127 1.3 Our Work 
Au@Pd-NOE 340.8 0.5 Our Work 

Table 4.3: Comparison of analytical performance of bare and decorated Ni NF with 
recently reported glucose and H-O- sensors. 
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4.7 Conclusions 
 
Au, Pd and Au@Pd (core@shell) nanoparticles were synthesized through 
a low-cost method and used to decorate a Ni oxide nanostructured 
electrode. The effect of mono- and bimetallic decoration was carefully 
investigated via electron microscopy and electrochemical analytical 
techniques, revealing that decoration with core@shell nanoparticles 
allows a higher catalytic effect both on Ni redox reaction and on H2O2 
sensing tests. The decoration effect was then modeled employing a nano 
Schottky junction at the nanoparticle-semiconductor interface, leading to 
a significant energy band bending (extending 5 nm below the decorated 
side) and to a giant localized electric field (up to 10E	V	m"#), causing a 
catalysis booster. The bimetallic nanoparticle creates a larger band 
bending correlated with better catalytic and sensing performances 
improved by more than a decade in sensitivity. An insight of electron 
transfer at microscopic scale close to the nanoparticle-semiconductor 
interface is given. 
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Conclusions 

 
 
The aim of this thesis was the controlled synthesis of mono- and bi-metallic 
nanoparticles for application in sensing and energy production. In 
particular, the chemical reduction at room temperature of Au, Pd, Pt, and 
Au@Pd nanoparticles was carefully investigated and controlled.  
The main advantage of these technique is that it is not necessary to reach 
high temperatures (the process takes place at room temperature). 
Furthermore, the number of reactants is reduced to two, the metal 
precursor and the reducing agent (trisodium citrate and ascorbic acidThe 
variation in concentration of one of these two parameters (dissolved in 
aqueous solution) has a strong impact on the average size of the 
nanoparticles and, indirectly, on their physical and catalytic properties. 
The effect nanoparticle decoration of metal oxide semiconductors (NiO, 
ZnO) was evaluated in terms of energy band modification, catalytic effect 
in sensing and energy production (water splitting): 
 

• The decoration of ZnO nanorods by means of Au nanoparticles was 
experimentally investigated and modelled in terms of energy band 
bending. ZnO nanorods were synthesized by chemical bath 
deposition. Decoration with Au nanoparticles was achieved by 
immersion in a colloidal solution obtained through the modified 
Turkevich method. It induced a 10 times reduction in free electrons 
below the surface of ZnO, together with a decrease in UV 
luminescence and an increase in visible-UV intensity ratio. The 
effect of decoration was modelled with a nano-Schottky junction at 
ZnO surface below the Au nanoparticle with a Multiphysics 
approach. An extensive electric field with a specific halo effect 
formed beneath the metal–semiconductor interface. ZnO nanorod 
decoration with Au nanoparticles was shown to be a versatile 
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method to tailor the electronic properties at the semiconductor 
surface. 

 
• A low-cost chemical methodology is reported to obtain large 

amount of microflowers made of interconnected NiO nanowalls 
wisely decorated with ultralow amounts of Pt nanoparticles. These 
decorated micro- flowers, dispersed onto graphene paper by drop 
casting, build a high performance HER electrode. The effect of Pt 
decoration has been modelled through energy band bending 
supported by electrochemical analyses. A full cell for alkaline 
electrochemical water splitting has been built, composed of Pt 
decorated NiO microflowers as cathode and bare NiO microflowers 
as anode, showing a low potential of 1.57 V to afford a current 
density of 10 mA cm2 and a good long-term stability.  

 
• Au, Pd and Au@Pd (core@shell) nanoparticles were used to 

decorate Ni-based nanostructured electrodes. Decorated electrodes 
show higher redox currents than bare ones and a shift in redox 
peaks, which can be ascribed to a more efficient electron transport 
and improved catalytic properties. These effects were satisfactorily 
modeled employing a nano Schottky junction at the nanoparticle-
semiconductor interface, pointing out large energy band bending, 
space charge region and local electric field in bimetallic decoration. 
Sensing test of glucose and H2O2 by decorated Ni oxide electrodes 
were performed to consolidate our model. The presence of 
bimetallic nanoparticles enhances enormously the electrochemical 
performances of the material in terms of sensitivity, catalytic 
activity, and electrical transport. The modification of energy band 
diagram in semiconductor is analyzed and discussed also in terms 
of electron transfer during redox reactions. 

 

Through the studies conducted and described in the previous chapters it 
was possible to verify up to what extent decoration with mono- or bi-
metallic nanoparticles can affect physical and chemical properties of 
supporting nanostructured semiconductors. In all cases an enhancement 
of the electrical and catalytic properties was observed pointing out how 
decoration can be an effective method for locally modifying the position of 
the energy bands of the supporting semiconductor by minimizing the use 
of critical raw material (Au, Pd, Pt, ...). 
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Appendix A 

 

Mott-Schottky Analysis 
 
 
We need to consider what happens at the (idealized) interface between a 
semiconductor electrode and an electrolyte solution. 
In order for the two phases to be in equilibrium, their electrochemical 
potential must be the same. The electrochemical potential of the solution 
is determined by the redox potential of the electrolyte solution, and the 
redox potential of the semiconductor is determined by the Fermi level [1-
2]. If the redox potential of the solution and the Fermi level have not the 
same energy, a movement of charge between the semiconductor and the 
solution is required in order to equilibrate the two phases. The excess 
charge that is now located on the semiconductor does not lie at the surface, 
as it would for a metallic electrode, but extends into the electrode. This 
region is referred to as the space charge region and has an associated 
electrical field.  
For an n-type semiconductor electrode at open circuit, the Fermi level is 
higher than the redox potential of the electrolyte, and hence electrons will 
be transferred from the electrode into the solution. Therefore, there is a 
positive charge associated with the space charge region, and this is 
reflected in an up- ward bending of the band edges (Figure A1(a)). 
For a p-type semi- conductor, the Fermi layer is lower than the redox 
potential, and hence electrons must transfer from the solution to the 
electrode to attain equilibrium. This generates a negative charge in the 
space charge region, which causes a downward bending in the band edges 
(Figure A1(b)).  
The band edges in the interior of the semiconductor vary with the applied 
potential in the same way as the Fermi level. However, the energies of the 
band edges at the interface are not affected by changes in the applied 
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potential. Therefore, the change in the energies of the band edges on going 
from the interior of the semiconductor to the interface, and hence the 
magnitude and direction of band bending, varies with the applied 
potential. There are three different situations to be considered [1]:  

a) At a certain potential, the Fermi energy lies at the same energy as 
the solution redox potential Figure A1(c,d). There is no net transfer 
of charge, and hence there is no band bending. This potential is 
therefore referred to as the flat-band potential, EFB.  

b) Depletion regions arise at potentials positive of the flat-band 
potential for an n-type semi- conductor and at potentials negative 
of the flat-band potential for a p-type semiconductor Figure A1(a, 
f).  

c) At potentials negative of the flat- band potential for an n-type 
semiconductor, there is now an excess of the majority charge carrier 
(electrons) in this space charge region, which is referred to as an 
accumulation region (Figure A1(e)). An accumulation region arises 
in a p-type semiconductor at potentials more positive than the flat-
band potential (Figure A1(b)).  

Using the model of a parallel-plate capacitor, the Mott-Schottky relation 
can be obtained from [1-4]: 

1
"!"#

= 2
%$%%&'&

() − )'( −
+,
& -																																																							(01) 

The interface double layer capacitances CSC and CH (representing the 
capacitance of the space-charge layer, the capacitance of the Helmholtz 
double layer at the semiconductor-electrolyte interface) can be treated as 
two capacitors connected in series. The overall capacitance C is then given 
by 

1
" =

1
"!"

+ 1
")
																																																																																											(02) 

It can be assumed that the width of the space-charge layer is much larger 
than the width of the Helmholtz layer and "!" ≃ ". 
From the resulting Mott-Schottky plot the flat band potential )'( and the 
donor density '& can be now obtained as the intercept with the x-axis and 
from the slope of the linear part. In particular: 

'& =
2

%$%%&(4"!"*#/4))
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Figure A1: Effect of varying the applied potential (E) on the band edges in the interior 
of a p-type semiconductor. (a,b) E > Efb, (c,d) E = EFB, (d,e) E < EFB.  
 
 
It should be noted that the theory just described was developed in the case 
of flat semiconductors. In the case of nanostructured semiconductors, a 
careful evaluation of the structure and electrical properties should be 
carried out. In particular, the effect of the structure and morphology of the 
material on the generated electric field is of fundamental importance [10]. 
Despite this, by comparing the same nanostructure under different 
conditions (for example following decoration with metal NPs), it is 
possible to have a first indication on the changes in the energy levels of the 
material following the interaction of the semiconductor with an electrolyte. 
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Appendix B 

 

Synthesis of Ni oxide 
nanostructures  

 
In this appendix, a brief description of the synthesis procedures of Ni-based 
nanostructured used in our works is presented. In particular, we will focus our 
attention on Ni nanofoam and NiO microflowers. 
 
Ni nanofoam (NF) (Figure 2.5(a-b)) is obtained by a two-step synthesis.  

1. First, a substrate (conductive or not) is immersed in a solution, through 
a bain-marie configuration containing the chemical precursors. Solution 
for CBD was prepared by mixing 0.42 M NiSO! · 6H"O (Merck, 
Darmstadt, Germany, 98%), 0.07 M K"S"O# (Alfa Aesar, Kandel, 
Germany 97%) and 3.5 wt% ammonia (Merck, Darmstadt, Germany, 30–
33 wt% NH$ in H"O). This process is known as Chemical Bath Deposition. 
The bath temperature is kept constant at 50 °C for 20 minutes. After their 
extraction, the substrates show a uniform dark film made of a Ni(OH)" 
nanowalls structure with thin interconnected sheets perpendicular to 
substrate [1-3]. 

2. Finally, a reducing thermal process at 350°C (for 1 hour in Ar and 1h in 
Forming Gas, FG) leads to a structural and chemical transformation in 
which nanowalls are converted into chain-like clusters of metallic 20 nm 
large Ni NPs (Figure 4.2(b)) [4]. 

Ni NF is characterized by an open nanoporous structure formed by 
interconnected sheets, each with a thickness of 10-20 nm. The nanostructured 
film is about 0.5 µm tall on the substrate and shows porous features, with open 
volume as large as 200-400 nm. Further details on Chapter 4. 
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Figure A1: (a) Low- and (b) High-magnification SEM images of Ni NF. 

 
The same solution used for the synthesis of Ni NF, can be used to extract Ni-
based nanostructures (microflowers, µFs) resulted from the homogeneous 
nucleation of reagents. NiO microflowers (Figure 2.5(c-d)) are obtained starting 
from the previously described CBD method through the following steps [5,6]: 

1. After the extraction of the substrates from the chemical bath, the solution 
was centrifugated and washed several times with a mixture of deionized 
water and ethanol (1:1) until a dark blue precipitate (made of Ni(OH)" 
µFs) are totally separated from solution. 

2. The Ni(OH)" µFs were then dried in air in an oven for 24 hours and then 
annealed at 350 °C for 60 min in Ar leading to the conversion of Ni(OH)" 
into NiO [1,7]. 

3. A µFs solution was then prepared by mixing the obtained powder with 
deionized water and ethanol (15 mg of µFs in 8 mL 1:1 of water and 
ethanol) followed by sonication for 15 minutes at room temperature in 
order to avoid nanostructures agglomeration. 

Each NiO µF appears as a porous sphere (with a diameter spanning in the 0.8-
1.2	µm range), made of 2D interconnected nanosheets (with thickness of 20 nm, 
Figure 2.5(d)) pointing toward a common center. A detailed characterization of 
NiO µFs is given in Chapter 5. 
 

 
Figure A2: (a) Low- and (b) High-magnification SEM images of NiO µFs. 
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Appendix C 

 

OER Mechanism 
at Nickel-based Electrodes 

 
 
 
 
Nickel-based materials are considered some of the most promising transition 
metal catalysts for the Oxygen Evolution Reaction (OER) in alkaline media [1,2]. 
Subsequently to the immersion of NiO electrodes in an aqueous solution a layer 
of Ni(OH)! is spontaneously formed at open circuit potential2. During the 
oxidation/reduction cycling the Ni hydroxide layer grows after the conversion of 
Ni(II) to Ni(III) and the formation of NiOOH during the charge step and the re-
formation of Ni(OH)! during the discharge step of the cyclic voltammetry [3]. 
The charge/discharge process of the NiO/ Ni(OH)! electrode can be described as 
follows [4]: 
 
Ni(OH)! 	+ 	OH" 	↔ NiOOH	 +	H!O	 +	e"																																																												(C1) 

 
NiO	 + 	OH" ↔ NiOOH	 +	e"																																																																																						(C2)	

 
Upon the growth of the Ni(OH)!layer, a significant increase in the OER activity 
is generally observed for a hydrous nickel oxide electrode [5]. Besides the 
formation of a stable and optimal Ni(OH)! layer and the formation of different 
charge/discharge phases [6] after potential cycling, an increase of roughness and 
of the number of electrochemically active sites on surface is observed [1]. 
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In terms of a mechanistic analysis of the OER, the major difficulty is represented 
by the fact that the OER is a complex process involving the transfer of four 
electrons. Since electrons are transferred one by one, the process will be 
multistep [7]. Among different proposed mechanisms present in literature, 
Lyons et al. [2,7,8] suggested a mechanistic pathway which involves 
intermediate species in the Ni(III) valence state. For the case of anodic oxide 
covered Ni anodes such a pathway might be written as follows [9]: 
 
[Ni(III)O#(OH)$]%" + OH" → [Ni(III)O#&'(OH)$"']%"																																				(C3a) 

 
[Ni(III)O#&'(OH)$"']%" → [Ni(III)O#OOH(OH)$"!](%"')" + e"								456			(C3b) 

 
[Ni(III)O#OOH(OH)$"!](%"')" + 2OH"

→ [Ni(III)O#O!(OH)$"']%" + H!O + e"																																				(S3c) 
 
[Ni(III)O#O!(OH)$"']%" + OH" → [Ni(III)O#(OH)$]%" + O! + e"													(S3d) 

 
According to this mechanism the rate determining step (RDS) for the OER is 
represented by the formation of a superoxy-(OOH) species by the addition of an 
OH" ion on top of an adsorbed oxygen atom with a Tafel slope of around 40 
mV	dec"'. 
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