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ABSTACT

The aim of this doctoral project has been centered on the development of innovative
green synthetic methods able to govern the key physico-chemical properties of
noble metal nanoparticles (NPs), i.e. size, shape and surface chemistry. Metallic
NPs have attracted great attention for their impressive catalytic properties and
enormous potential in nanomedicine as artificial enzymes (nanozymes). To fully
uncover their potential, it is necessary to finely control the shape of nanomaterials
whilst keeping the ultra-small characteristics, in order to achieve superior efficiency
(per mass unit), selectivity and enhanced activity in catalytic processes. Indeed,
size and shape of the nanomaterial together with the capping agents govern the
surface properties and, hence, all the processes happening at the surface, such as
catalysis. Different shapes offer great versatility to tune the nanocrystal (NCs)
catalytic properties, which are dictated by surface facets. Green synthetic
procedures have been developed to obtain pure, monodisperse, citrate-capped Pt
and Pd NPs with accurate control on their size and the shape, without the use of
polymers, surfactants and organic solvents. For Pd NPs, different geometrical
shapes were achieved, such as icosahedrons, cubes, rods and wires while
maintaining the thickness of 7 nm and length ranging from 38 to 470 nm (in the
case of rods and wires) and the size (in the case of cubes and icosahedron) below
10 nm. These engineered nanomaterials exhibited good biocompatibility along with
interesting enzymatic and catalytic properties, due to the absence of sticky
molecules, high quality of the surface and the removal of toxic reagents. Moreover,
a green synthetic procedure has been developed to obtain ultra-small Pt NCs by
combining a strong and a weak reducing agent in aqueous environment in a single
reaction vessel in only 10 minutes. NCs with size as low as 2.8 nm and high
percentage of {111} surface domains have been achieved. These NCs have been
physico-chemically and electrochemically characterized, disclosing significant
perspectives for their use as innovative electrocatalysts or nanozymes in portable
diagnostics.

CHAPTER 1

Introduction

1.1 Nanotechnology

Nanotechnology is a term used in the fields of science and engineering, where
phenomena at the nanoscale are used in the design, characterization, production,
and application of materials, structures, equipment, and systems1. Through
nanotechnology, devices and systems are designed and engineered by controlling
their features at the nanometer scale. The term "nano" comes from the Latin “nanus”
and the Greek “nanos” words, meaning "dwarf", and refers to the unit prefix of the
metric system "nano-", namely a unit of one billionth (1 nm=10-9 m)2. The term
“nanotechnology” was first proposed by the scientific community in 1974. Norio
Taniguchi defined nanotechnology as "the process of separating, consolidating, and
deforming materials with the help of atoms or molecules". Today, the term is used
to define the study of "devices that are or have basic components in at least size in
the range of 1-100 nm"2–4. A nanometer is a spatial unit of measurement equal to
10-9 meters and is comparable to the width of ten hydrogen atoms or a glucose
molecule. (Figure 1.1).
The most interesting feature of nanomaterials is that they can exhibit new chemical
and physical properties compared to the bulk form of materials of the same
composition2,5. The changes in these properties are attributed to the high surfaceto-volume ratio and, hence, to an increase in surface area6.

Figure 1. 1 A nanoscale comparison between some nanomaterials and different chemical
and biological structures7.

The distinguishing properties of NPs are:
a) small size (1–100 nm);
b) large surface-to-volume ratio;
c) physical and chemical properties that can be tuned by changing size,
composition, and shape8.
These new improved properties of nanoscale materials open door for a wide range
of applications.
The science and technology of the nanoworld has impacted our daily life and
attracted a great deal of investment from governments and industrial companies in
many countries. It is estimated that US $ 22 billion has been spent on
nanotechnology research since 20019. This increasing interesting has led to the
rapid development of the nanotechnology in many scientific fields, including
energy, chemistry, medicine, and biotechnology.

1.2 Nanotechnology in catalysis

Catalysis is extremely important for the chemical industry. About two thirds of
chemicals and 90% of chemical processes involve catalysis. The importance of
catalysis is also reflected in public health and environmental protection, a wellknown example being catalytic converters for removing toxic emissions from
cars10. Catalysis is a complex and interdisciplinary science, integrating chemistry,
materials science, and chemical reaction engineering. Catalysis is a central theme
of chemical research as the majority of reactions require a catalyst, usually a metal.
In general, a catalyst is a particular substance that can accelerate chemical reactions
without the latter being consumed during the reaction. The ability of the catalyst
lies in its ability to accelerate chemical reactions by reducing the energy barrier of
the transition state, i.e. the activation energy, and the ability to control the reaction
path for the selective synthesis of the desired product. Currently, catalysis is widely
used, not only in organic or inorganic chemistry with homogeneous and
heterogeneous catalysis, but also in biological applications (e.g., enzymatic
catalysis).
Noble metal catalysis is an important area of heterogeneous catalysis in the
chemical industry. In particular, many recent studies concern the heterogeneous
catalysis done by precious metal NPs. Unlike homogeneous and enzymatic
catalysis, heterogeneous catalysis refers to a catalytic process that usually involves
solid catalysts and reactants in different phases (e.g., gas or liquid). Although
micron-sized particles are also used in some cases, heterogeneous noble metal
catalysts contain almost only small particles, usually nano-sized (e.g., 1-100 nm in
diameter).
In general, metal heterogeneous catalysts consist of two main components: active
metal particles and support. Typical substrates are carbon black, Al2O3, SiO2, MgO,
Fe2O3, TiO2, CeO2, etc. The most commonly used conventional method for the
preparation of metal catalysts is the wet impregnation method11. In this method, the
support (usually in powder form) is dipped in a metal precursor solution (from about
1 to 20% by weight), subsequently dried and then subjected to heat treatment12. The
precursor of the metal decomposes and turns into NPs, at high temperatures, and is
finally dispersed on the support surface. Obviously, the impregnation method can

hardly control the size and shape of the metal particles. Although the impregnation
method is very old, it is still a very popular method for the preparation of
heterogeneous catalysts. In recent decades, many variants or new methods have
been developed, such as co-precipitation, which involves the simultaneous
precipitation of active metals and supports, precipitation13 ,sol-gel method14,
colloidal precipitation and so on.
Metal nanocatalysts prepared by conventional salt-based methods are usually
composed of polydisperse NPs, which hinder particle size dependent studies or
particle size dependent catalytic results. This situation is even worse when dealing
with very small NPs (less than 5 nm in diameter), because it is even more difficult
to control their uniformity. Furthermore, there is no guarantee that the metal salt
deposited in the calcination step has been completely converted into NPs. It has
been widely demonstrated that the catalytic reactivity of NPs is highly dependent
on their size, composition, and some other parameters. The emergence of
nanotechnology provides very advanced technology for the preparation of uniform
NPs, especially in the process of solution-step synthesis of precious metal NPs,
which have opened up new opportunities for catalysis. This well-defined
nanocatalyst offers many interesting opportunities, such as determining the types
of surface atoms active in catalysis (e.g., corner and edge atoms), determining the
influence of surface facets on catalytic performance, and gaining insight into the
effects of electron dimension induced quantization of energy in ultra-small metal
NPs in catalysis. Compared to bulk metals, the shape of the NPs results in a
significantly higher surface-to-volume ratio (i.e., with a higher surface atomic
fraction) and reduced cohesive energy. As a result, the surface atoms (especially
those at sharp corners and edges) become very active15. The geometry of the surface
atoms (such as size and shape) and electrons are all very important for catalysis.
For well-defined metal nanocatalysts, many issues of fundamental importance
should be more fully understood in future research, such as the nature of the
catalytically active sites, the interaction of metal supports, the effect of the
arrangement of surface atoms, and the atomic origins of the structure-activity and
structure-selectivity relationships.

1.2.1 Metal NPs in catalysis
The control of size, shape, structure, and composition of noble metal NPs offers a
good opportunity to improve their potential applications in the fields of catalysis,
electronics, and in the energy field16. Pt nanomaterials with high index facets or
complex morphologies or multi-compositions show higher electrocatalytic
activities towards small molecule oxidation and oxygen reduction reactions than
commercial catalysts16,17. With growing environmental concerns and accelerated
depletion of fossil fuels, the development of new technologies for the production of
new alternative energy conversion and storage devices, such as solar cells,
supercapacitors, and lithium ion batteries, is very important to solve the current
energy crisis10. As an environmentally friendly energy device, fuel cells have been
extensively investigated for their many advantages, including high energy density
and low environmental impact16. Among NMNs, Pt- and Pt-based nanomaterials
are still widely used and are the most effective catalysts for fuel cells. However, the
cost and reliability of the noble metal nanocatalysts used is one of the main
obstacles to the commercialization of fuel cells.
The latest major advances in the synthesis of nanomaterials have led to the
formation of various types of nanomaterials with controlled size, shape,
composition,

particle

interaction,

and

hybridization.

These

functional

nanomaterials offer good opportunities for the future development of highly active
catalysts for fuel cell reactions.
1.2.2 Shape effect of metal NPs in catalysis
It is well known that catalysis involves the surface. Therefore, gaining control over
the exposed facets of the NPs is essential for catalysis. In recent years, the
availability of metal NCs with controllable shapes offers some interesting
opportunities for catalysis research18. Among the precious metals, Ag, Au, Pd, Pt,
Rh, and Ir are all face centered cubic structures (FCC). The cell of the FCC unit and
the most common crystalline planes of {100}, {110} and {111} are shown in Figure
1.2. Indeed, "spherical" NPs are surrounded by many types of facets with different
types of indices of Miller. The most common are {111} and {100} facets. The
surface {111} shows a hexagonal packing of atoms, the surface {100} shows square
atoms, and the surface {110} shows an open structure with the second layer of
atoms also accessible to the reactants (Figure 1.2).

Figure 1. 2 FCC unit cell and low-index crystallographic planes.

The NPs of different shapes also have different proportions of atoms at the corners
and edges. Such corner and edge atoms are particularly important in catalysis.
Various forms of precious metal NCs have been reported in the literature, each with
specific crystallographic aspects. Regarding chemical synthesis, several methods
have been developed to prepare solution-phase metallic NPs with excellent shape
control. Some general methods, such as kinetic control methods, photoinduced
growth methods, semi-mediated methods, and polyol methods have allowed the
synthesis of a variety of nanostructures, namely nanotetrahedra19, nanoprisms20,
nanotubes21, nanocubes22, and nanowires23.
The shape of the NPs was found to strongly influence the catalytic selectivity:
cubocahedral Pt NPs produce both cyclohexane and cyclohexene, while cubic Pt
NPs only produce cyclohexane24. The high surface area-to-volume ratio of the
nanocatalyst is a major catalyst factor, which greatly improves atomic efficiency
and reduces the cost of the precious metal catalyst. Size-dependence has long been
an important problem in catalysis25–27. For ultra-small metal nanocatalysts, some
sub-nano clusters are particularly active in certain reactions. In order to achieve
high activity and also reduce the cost of precious metal catalysts, there is a great
need to develop simple methods to produce specific shape NCs with smaller shapes
(approximately <10-20 nm).
The development of easy synthetic methods of shape-controlled NCs is also of
particular importance to some catalysis researchers who are less experienced in
nanoparticle synthesis and shape control. In fact, easy methods of synthesis can be
easily followed and reproduced.

1.3 Synthesis of metal NPs

A variety of techniques can be used to produce different types of NPs, but in general
they can be divided into two main groups, called "top-down" and "bottom-up".
Electron or ion beams, scanning probes, optical near field or UV are typical
lithographic techniques belonging to the "top-down" synthesis. This method shows
some shortcomings, especially when smaller particles have to be generated, because
quantum effects and defects will play an important role and new fluids or new
lithography techniques are required28.
Bottom-up synthesis, on the other hand, exploits the chemical properties of
molecules to favor their self-assembly into useful conformations through covalent
or supramolecular interactions. While neither top-down nor bottom-up are superior
choices, the latter is favored for its absolute precision, complete process control,
and minimal energy loss. Furthermore, it can produce much smaller particles29.
The most common bottom-up approaches are:
- Chemical vapor deposition method: this happens when a solid material is
deposited on or near the surface of a substrate heated by a chemical vapor reaction
and the resulting solid is in the form of a thin film or powder30.
- Sol-gel method: it is usually used in the synthesis of metal oxide NPs, and is based
on the following three phases: the hydrolysis of the metal precursor, the
condensation of the metal hydroxide produced to obtain a three-dimensional gel,
and the drying process, during which a dry gel or airgel will be obtained31.
-Electrochemical reduction method: the NPs are prepared by electrochemical
oxidation/reduction in a two-electrode cell32.
- Colloidal synthesis method: due to the tight control of the composition and
morphology of NPs, it has become one of the most popular preparation strategies.
Furthermore, colloidal metal NPs have attracted attention due to their use as a
catalysts, photocatalysts, absorbers and sensors, and they can be used in optical and
electronic devices19.
Generally, in this final synthesis method, the metal precursor is reduced in a
solution containing a stabilizer, which ensures that the NCs do not clump together

and makes it more stable after synthesis. Parameters such as temperature, stabilizer,
pH, and solvent must be controlled to achieve the desired characteristics33. By
choosing specific experimental conditions, it is possible to obtain a certain
crystalline morphology. Four main strategies could be adopted to obtain NPs of
colloidal metals, namely electrochemical reduction of metal salts, thermal or
photochemical decomposition of metal complexes, condensation of atomic metal
vapor and chemical reduction of metal salt, which is the most used strategy. This
technique is used for different materials such as gold, silver, palladium, platinum
or cobalt.
Among the synthetic methods to obtain colloidal NPs, the Wet Chemical Reduction
method (WCR) shows the greatest potential for catalyst design because it provides
a way to model the size and the shape of particles during the growth process, thus
ensuring a narrow size distribution. It guarantees strict control of synthesis
parameters and is often used in laboratory research because it facilitates the
synthesis of shaped NPs with high catalytic performance. WCR is based on
different phases which, through the use of a reducing agent, lead to the growth of
NPs starting from the salt precursor. The first phase is characterized by the
formation of zero valence metal atoms by salt reduction and then by the formation
of a cluster growth by collision of metal atoms or autocatalytic reduction34. In this
step, the monomers that make up the metal precursor can be combined with
long/short molecules. Depending on the strength of the bond, the monomer will be
more or less available for use and the size of the monomer will affect diffusibility
and thus synthesis35.
Clusters are not stable and can dissolve back forming isolated metal atoms until
they reach a critical radius (𝑟 ∗ ) and overcome a critical free energy barrier (∆𝐺 *),
becoming thermodynamically stable nuclei. This is the phase of nucleation which
can be clearly illustrated by La Mer diagram.

Figure 1. 3 Plot of La Mer model for the generation of atoms, nucleation, and subsequent
growth of colloidal synthesis36

The first region of the graph represents the increase in precursor concentration that
slows down after critical supersaturation (Ccrit), which occurs at the beginning of
nucleation (the second region). The last part shows the decrease in the solute
concentration when the nucleus starts to incorporate free atoms or small unstable
clusters, the solute concentration drops below the supersaturation level and grows
in NPs (third synthesis stage). Thus, when r is less than 𝑟 ∗ , clusters dissolve and
new clusters are formed from collisions, and when r is less than 𝑟 ∗ , the clusters
grow and eventually reach the critical size (𝑁𝑟 ∗ ).
To promote the nucleation process, 𝑟 ∗ should be small and ∆𝐺 * should be large,
because this can improve overcoming the required energy barrier. It is important to
separate the seed formation mechanism, that occurs during the nucleation process,
from the growth stage in order to achieve a lower polydispersity, i.e. the size
distribution of the NPs in the final solution must be restricted, new nucleation may
occur along with the growth of existing nuclei.
Changes in shape are known to result in various catalytic properties, for which
precise morphology control is required for precise applications. In order to
minimize the total surface energy, the NPs form facets in the initial growth phase,
but optimal shape control could be achieved during the autocatalytic growth phase
through the use of directing agents, such as organic ligands, ionic salts or polymers
that selectively promote the growth of a specific aspect at the expense of the
others37,38.

1.3.1 Thermodynamic and kinetic control
In order to manipulate the synthesis process to obtain NPs of a certain shape and
size, it is necessary to consider thermodynamics, i.e. the reduction potential or
surface covering agents, and kinetic parameters such as temperature and
concentration39.
Tuning the reaction temperature is the most immediate and employed strategy to
obtain a thermodynamic or kinetic shaped nanoparticle.
A thermodynamic control could be reached when the reaction is conducted for a
long period, so that the atoms could arrange in the minimum energy state for the
Gibbs free energy. This method could be enhanced, raising temperature to facilitate
atomic mobility. The final structure will represent an equilibrium state.
In particular, in an isotropic system, a spherical shape is the preferred shape. In
anisotropic growth, the crystalline structure in which the atoms are arranged in
different directions, different shapes are obtained, for which theoretically the
minimum surface energy is not reached. Theoretically, the equilibrium shape of the
NCs can be predicted by the Wolff structure, which takes into account the effect of
energy minimization on all favorable planes in the crystal structure.
Thermodynamic control can be achieved by introducing a covering agent, which is
a molecule that selectively binds to the facets of the NC, reduces its surface free
energy and thereby improves its growth and final shape expression. Examples of
commonly used capping agents are ascorbic acid, polyethylene glycol,
polyvinylpyrrolidone, and sodium citrate and allow for the formation of various
NPs shapes. However, there are differences in the use of capping agents since they
can modify the catalytic performance of the product by changing the
physicochemical properties and reducing the accessibility of the reagent to the
active sites.
Sometimes it happens that, during growth phase, atoms don’t deposit on the most
active sites with the high surface free energy, corresponding to the thermodynamic
product but they should migrate and occupy the sites with a low surface free energy,
leading to a less thermodynamically favourable shape and, hence, a kinetic product.
The specific surface free energy of a crystal depends on the types of facets exposed,
the involvement of capping agents, and the presence of twin defects40.

Figure 1. 4 Effect of surface diffusion on the growth pattern of a Pd cubic seed41

Figure 1.4 show that the relationship between Vdiffusion (corresponding to the
diffusion of the atomic surface) and Vdeposition (atomic deposition rate) will result in
a thermodynamic or kinetic product. When Vdeposition /Vdiffusion ≫ 1, the shape
will be controlled by kinetics, resulting in the formation of octopods, starting from
cubic seeds, because the atoms aim to migrate from the corners towards the edges
which are more reactive for the smaller coverage density for roofing agents.
Usually, these two parameters can be experimentally manipulated. Vdeposition has a
relation with the rate of metal atoms introduction, which is influenced by the
reduction rate of the salt precursor and the reductant. Most common ways of
controlling this value are manipulating the temperature. The temperature variation
can be coupled with a syringe pump, which allowing a fine regulation of the reagent
concentration, varying the types of precursor and reductant, the concentration of
reagents, the pH value and, finally, introducing additives42. In summary,
thermodynamic control is usually related to faster reduction achieved with strong
reducing agents (such as borohydride), while slower conditions (such as ascorbic
acid) allow shape-directing agents to interact on the surface of the particles, leading
to the kinetic product. Another consequence of the slow reaction is the decrease in
seed formation during the nucleation process and, hence, the increase in the
concentration of the precursor. Larger particles will form, and their morphology

will be affected accordingly. With careful control of all these parameters, the
desired shape can be obtained43.

1.4 Metal NPs as nanozymes and applications in nanomedicine
The European Science Foundation's vision of nano-nanomedicine is defined as
follows: "Nanomedicine uses nano-sized tools to diagnose, prevent, and treat
diseases and deepen understanding of the complex pathophysiology of underlying
diseases. The ultimate goal is to improve life quality"44.
In nanotechnology research, there is no doubt that nanomedicine is a major area of
attention, because nanoscience can lead to long-awaited breakthroughs in the
treatment of complex diseases2,40,45–47. Although nanomedicine is still in the early
stages of development, the scientific interest and progress of the topic can be clearly
seen from the rapid growth of scientific literature published every year2,48. Research
on nanomedicine is booming, but multiphase clinical trials are very challenging.
The US Food and Drug Administration (FDA) has approved several nanomedicines
as anticancer therapies and others are being development49.
Compared to conventional drugs2,37,38, nanomedicine has the following
pharmacokinetic advantages: efficacy, improved drug bioavailability, dose
response, drug administration, personalized therapy, and safety. As mentioned
earlier, nanoscale materials are similar in size to organelles, macromolecules, and
proteins, so they can easily interact with them for disease detection and drug
delivery.
Nanomaterials have become the basis of nanomedicine due to their small size and
high surface-to-volume ratio. Furthermore, the unique optical, physicochemical,
catalytic, magnetic, and biological properties of nanomaterials50,51 are key elements
of their biomedical applications45. Despite these advantages, their efficacy and
toxicological profiles have not been fully explored2,52,53.
Nanomaterials can be obtained by two different synthesis methods, such as topdown and bottom-up approaches54,55. They can be characterized by different shapes
(i.e. NPs, nanoprism, nanotube, nanotube, and nanosheet) and composed of various
materials54.

Based on their composition45,56, nanomaterials can be divided into:
1

Inorganic nanomaterials (metal and metal oxide NPs57,58, quantum dots59,
plasmonic NPs60);

2

Biological nanomaterials (protein61 and ribonucleic acid NPs62);

3

Organic nanomaterials (polymeric NPs63 and liposomes64);

4

Hybrid organic-inorganic nanomaterials58;

5

Nanostructures carbonaceous materials (carbon dots65, nanodiamonds66,
carbon nanotubes67, graphene68, and furellene61).

Figure 1. 5 NPs role in biomedicine69

Among these, noble metal NPs, such as platinum, gold, palladium, cerium, and
silver, due to their unique physical-chemical70 and optical71 properties, have
recently attracted great attention in medicine70. Up to now, metal NPs have been
used in various fields of nanomedicine46, such as imaging probes72, delivery
vehicles73, diagnostic tools74, anti-infectives and anti -cancer75,76, radiant heat and
photothermal agents55,77,78.
Catalytic metal NPs have attracted great interest due to their unique physical and
chemical properties, due to the high surface area-to-volume ratio affecting surface
properties10,79. In recent decades an impressive level in the synthesis and
characterization of nanomaterials has been achieved, with excellent control in terms

of size, shape, and composition80,81. The interesting fact is that some NPs are similar
in size to proteins in addition to having catalytic activity82. Some NPs use the same
substrate to produce the same alternatives products as natural enzymes, thus
demonstrating that they are potential artificial enzymes. These nanomaterials with
enzyme-like properties are called "nanozymes"83,84. Nanozymes have unique
advantages over natural enzymes, such as excellent durability, stability, and lowcost and easy-to-scale production84–87. Nanozymes have been widely used in many
fields, including biosensors, immunoassays, cancer diagnosis and treatment,
neuroprotection, stem cell growth and removal of pollutants17,83,87–89. One type of
highly researched nanozymes are alternatives to antioxidant enzymes, such as
glutathione peroxidase (HRP), superoxide dismutase (SOD) and catalase (CAT),
which are widely used in the development of immunological tests or therapies
related to diseases due to oxidative stress90.
The antioxidant effects of different nanozymes have been studied (Figure 1.6)70,91–
94

. However, conflicting data on their toxicity and chemical stability limit their

clinical application. Fullerenes and cerium oxide NPs have been described as
effective nanozymes and proposed as drugs for oxidative stress-related diseases,
including autoimmune and neurodegenerative disorders, diabetes, endometriosis,
and ischemia14,75,86,92,95–99. However, the conflicting data about their toxicity and
chemical stability limit their clinical application70,96,100.On the contrary, platinum
NPs (Pt NPs) and palladium NPs (Pd NPs), widely used in chemical industries as
efficient catalysts,10,101 have recently attracted interest for their physico-chemical
properties, catalytic abilities, relatively simple synthetic procedures, and rich
spectrum of surface functionalization available, making them great candidates for
application in nanomedicine and in catalysis. Pt NPs have been recently reported as
efficient nanozymes for the treatment of oxidative stress-related diseases or the
development of colorimetric biosensors84,101–109. Moreover, Pd NPs are
characterized by invaluable catalytic, mechanical and optical properties110–112 that
have recently gained much interest in the field of nanomedicine and catalysis due
to their remarkable physico-chemical properties, relatively simple synthetic
procedures, and rich spectrum of possible surface functionalization. According to
reports, Pd NPs possess form-dependent antioxidant enzymatic activity113. The
SOD mimic activity of Pd NPs was also studied. A more detailed discussion of the
mimic enzymatic activity of Pd NPs will be introduced in section 1.5.3.

Figure 1. 6 Nanozymes. (A) Fullerenes, cerium oxide NPs, and Pt NPs as SOD and CAT
mimics. (B) Cerium oxide NPs redox activities. (C) Fullerene ROS scavenging activities
(left) and SOD-like properties (right)70

1.5 Pd NPs and their applications
1.5.1 Pd NPs
Palladium (Pd) is a rare precious metal of the Pt-group elements. A market survey
published in 2011 showed that more than 60% of Pd was used as a substitute for Pt
to oxidize CO into CO2 in catalytic converters, thanks to its high compatibility and
only 40% of the cost of Pt114. Pd is widely used as an active catalyst in automotive
catalytic converters and is also widely used in the electronics, engineering,
biomedicine, and jewelry sectors110. Pd is also of great importance in organic

synthesis due to its ability to dissociate molecular hydrogen in an atomic state,
which includes Suzuki, Heck and Stille coupling110,115–117.
This potential has also been successfully used to control harmful exhaust emissions
from automobile engines, treat environmental pollutants, and produce intermediates
for pharmaceutical products97,110,118. Most of these applications require the use of
Pd with a specific shape and size, therefore they are the main parameters to be
controlled to maximize efficiency. Pd NPs are becoming increasingly important due
to their high surface area-to-volume ratio and high surface energy. According to the
latest studies, Pd-based nanomaterials can replace Pt in direct alcohol fuel cells and
have higher steady-state activity and performance than Pt112.
Compared to Pt-based materials, Pd nanomaterials show significant advantages in
terms of reactivity, toxicity tolerance, and cost of ethanol electrooxidation112. In the
case of electrooxidation of formic acid, hydrogenation of saturated olefins, oxygen
reduction reaction and H2O2 electrochemical reduction, Pd-based catalysts also
have obvious advantages over Pt35.
Pd nanomaterials have also found applications in the electrochemical detection of
hydrogen, hydrocarbons, volatile organic compounds, and biological molecules,
such as glucose112. Since Pd NP has an excellent ability to degrade methylene blue,
methyl orange, nitrophenolic dyes, and chlorinated organic compounds, it has also
been used in the electrochemical treatment of wastewater pollutants110,112,119.
The current widespread use and anticipated demand for future applications are
greatly increasing its value, thus driving research to optimize the use of Pd by
managing its nanoscale facility. The wide application and tremendous development
of the Pd are linked to the increasing number of articles published in the last decade.
Most of the literature covers chemistry, materials science and engineering, with a
focus on the design and synthesis of Pd NPs with enhanced catalytic activity, so
that their physical and chemical properties can be adapted to different industrial
fields.
1.5.3 Pd NPs as enzyme-mimetics
Some precious metal NPs have the ability to mimic antioxidant enzymes. Pd NPs
have considerable catalytic activity and this property helps them function as

enzyme-mimetics. It has been reported that Pd NPs can mimic antioxidant enzymes
such as CAT, HRP, and SOD94,113,120–123.
In particular, Pd NPs can mimic HRP by acting as a biological CAT enzyme to
effectively catalyze the reduction of H2O2 in water and molecular oxygen, or
promote oxidation of reduced substrates, thereby decomposing H2O2 in water. They
can also act as a natural SOD, catalyzing the decomposition of O2- into molecular
oxygen and H2O2. This antioxidant enzyme-mimicking property of Pd NPs
promises its use in medicine, for the scavenging of reactive oxygen species (ROS)
in the body, that causes oxidative stress-related diseases and age-related disorders
(eg.

Cardiovascular

diseases,

carcinogenesis,

neurodegeneration,

skin

deterioration, etc.). A shape dependent in vitro ROS scavenging activity of Pd NPs
was reported, in which it helped to preserve the homogeneity of mitochondrial
membrane potential and attenuate damage to important biomolecules, thereby
protecting cells against oxidative damage113. The enzymatic activity of Pd NPs
depends on many factors, such as size, shape, and pH113,121,122. The enzymemimicking antioxidant property of Pd NPs should be used in the medical field to
reduce ROS levels in the body, for the treatment of oxidative stress-related diseases
and age-related disorders (such as cardiovascular disease, carcinogenesis,
neurodegeneration, skin deterioration, etc.). Pd NPs shape-dependent ROS
scavenging activity has been reported in vitro, and it was demonstrated that they
help to preserve homogeneity of mitochondrial membrane potential and attenuate
damage to important biomolecules, thus protecting cells from oxidative damage124.
Although Pd NPs have strong antioxidant enzyme mimetic activity and can provide
tremendous opportunities for the nanomedicine industry to treat or prevent diseases
related to oxidative stress.
1.5.4 Pd NPs in catalysis
Pd play an important role in catalysis due to its efficiency in extended downstream
processes (C-C and C-heteroatom bonds formation reaction, reactions of
hydrogenation, hydrohalogenation, carbonylation, and oxidation)125. It has been
shown that the versatility of Pd can be attributed to its ability to stabilize a large
variety of materials in various oxidation states126–128.

Pd nanocatalysts applied in hydrogenations
An interesting approach for industrial purposes is represented by organic
synthesis, which involves the activity of small non-reactive molecules, such as
H2, N2, NH3, H2O and CO2, through the transition metal catalysts or enzymes.
Hydrogenation is the main reaction for the reduction of unsaturated bonds129,130.
The search for catalysts for hydrogenation showing improved selectivity and
reactivity is an active research field for the transition metal complexes Pd, Ru,
Rh, and Ir131. Nanocatalysis offers privileged means towards hydrogenation
processes, given the extensive surface in relation to the volume132,133. Pd NPs,
for example, show a high reactivity towards the activation of H2134–137, due to the
adsorption capacity 900 times higher than their volume138,139. Therefore, the
(chemo) selectivity of these nanomaterials towards hydrogenation is highly
controlled by surface interactions with modifiers/stabilizers, substrates or even
supports140,141.
Pd-based nanoparticle leveraged coupling reactions
Catalysis not only provides many new tools to activate chemical bonds, but also
to introduce new chemical functions in a personalized way. The selective
formation of new C-C, C-N, C-O, C-S or C-P bonds through a catalytic process
represents an unprecedented method of synthesis and is applied in many other
disciplines, such as materials science, biomedicine, and biomedical
electronics142–145. Nanocatalysis can predict new pathways of substrate
activation through the combination of several homogeneous and heterogeneous
reactions146–149. Among the transition metals, Pd shows a predominant role due
to its catalytic activity towards C-C cross-coupling reactions and related
transformations147,150–154. Pd NPs can activate aryl halide substrates (iodides and,
in some cases, bromides) at very low concentrations, down to a few ppm,
enabling C(sp2)−C(sp2) cross-coupling reactions (Heck and Suzuki−Miyaura)
at catalyst turnover numbers as high as 540000. Furthermore, as the Pd/substrate
ratio decreases, the catalyst conversion rate increases, indicating that a
homogeneous mechanism by metal leaching can be used for the Heck
reaction155–157. These very low catalyst loadings have enabled a direct entry
toward

nanoparticle-leveraged

sustainable

approaches146,158,159

via

immobilization on solid supports160 or biomass-derived solvents as liquid
phases161.
Pd-based NPs Suzuki reactions
Today, Pd NPs have become a commercial catalyst for the Suzuki coupling
reaction35. These types of reactions are the coupling reactions of arylboronic acid
with aryl halides, which provide a general way to synthesize biaryl groups,
which are important precursors for polymers and liquid crystals116.
Traditionally, these reactions are catalyzed by the phosphine-Pd ligand
complexes. However, due to problems such as separation from the reaction
mixture and recovery of the catalyst, Pd NPs have been used162. The effects of
particle size on the catalyst in Suzuki reactions have been studied in detail. Pd
NPs activity is generally expressed in terms of the initial conversion frequency
(TOF; moles of product per mole of total surface Pd atoms / min). The general
trend shows that reactivity increases with decreasing particle size, which
indicates that the Suzuki reaction is "structure sensitive", i.e. the low
coordination number of the vertices and the edge atoms on the particle surface
react. Hence, the intrinsic activity depends not only on the particle size but also
on the particle shape. Furthermore, the effect of the stabilizer on the activity and
stability of a Pd colloid was investigated. It was found that the Pd NPs protected
by all the stabilizers under study showed good stability while the catalytic
activity was lost. It was concluded that in these cases the stability of Pd colloids
and their catalytic activity is anticorrelated, in other words, the higher the
stability, the lower the activity162,163.

1.6 Pt NPs and their applications
1.6.1 Pt NPs
As mentioned in the previous sections, nanomaterials with catalytic properties, such
as Pt, cerium and fullerene NPs, have received wide attention in many fields due to
their unique physical and chemical properties related to their surface and to the high
surface-to-volume ratio. In recent years, the interest in Pt NPs has grown rapidly as
they represent new tools for the automotive sector, the chemical industry, and the

manufacturing of biomedical equipment164,165. The automotive and chemical
industries are very interested in the development of more effective Pt NP-based
catalytic converters and high value-added chemical catalysts. In order to meet the
more stringent requirements presented by the government, Pt NPs are used to lower
emission of health treating exhausted gases. The chemical industry has greatly
incentivized the development of new Pt-based nanomaterials as it uses efficient Pt
catalysts for the production of high value-added chemicals. Pt-catalyzed
hydrogenation is a type of reaction widely used in the preparation of important
chemicals, such as fats and vitamins166 in the food industry and biofuels167 in the
energy sector. Also in other chemical reactions of industrial importance, Pt plays a
vital role, such as isomerization and dehydrogenation10,168–170. The catalytic
properties of Pt are also important in the oxidation reaction used in the production
of organic acids,111 or in the oxidation of carbon monoxide in catalytic
converters168. To meet the growing demand for "green technology" and
environmentally friendly energy, Pt has found its application in the collection of
photochemical solar energy171, application in the decomposition of highly polluting
aromatic compounds172, and application in water treatment173,174. Despite the
growing demand for this material in technical applications and in luxury goods, the
abundance of Pt in the earth's crust is very low (about 0.01 ppm). In these years the
highest percentage of Pt is used in catalytic converter and for jewellery43. The value
of the Pt is increasing more and more in recent years due to the current and wide
use and will increase considerably for the foreseen future applications, thus pushing
research to optimize the use of the Pt and managing its structure in the best possible
way. Pt NPs tailored physico-chemical properties rule their target applications,
ranging from fuel cells,175–177 gas-sensors,177–179 bio-imaging,122,180–182 detection of
biological molecules,31,183–189 as well as nanomedicine105,108. The increase in the
number of articles published on the Pt in the last decade is related to the increase in
research on it and its wide range of applications and future industrial applications.
Most of this literature covers materials science, chemistry and engineering,
focusing on the design and synthesis of Pt NPs with improved catalytic activity,
adapting their physico-chemical properties for particular industrial sectors.
Despite the promising characteristics of Pt NPs, their use in medicine has not yet
been thoroughly studied, as their application in the medical sector has been slowed
down by concerns about their toxicity. The toxicological profile of Pt NPs is still

under study, despite the growing number of reports on cytotoxicity .and little data
suggesting a cytotoxic effect of this material101,106,190–192 The major reason for
controversy is the presumed release of Pt ions due to the corrosion of NPs in an acid
environment, such as in lysosomes, which would cause cytotoxicity56,193,194.
Another crucial aspect is that the toxicity observed is related to the presence of
synthetic products, endotoxins, stabilizing agents and contaminations195–197. By
eliminating these problems in the future, the catalytic activities of Pt NPs could be
exploited in the medical field to develop drug delivery nano-systems with
therapeutic properties or to improve diagnostics and treatments.
1.6.2 Enzymatic properties of Pt NPs
Among

redox-active

nanomaterials,

Pt

NPs

have

attracted

particular

interest100,101,105,106,108,109,191,198–208 owing to their high efficiency and selectivity as
artificial CAT, HRP and SOD enzymes209,210. In particular, Pt NPs are able to
efficiently catalyze the reduction of H2O2 into water and molecular oxygen acting
as the biological enzyme CAT, or to promote the oxidation of a reduced substrate
in order to decompose H2O2 to water, as HRP mimics. They are also able to act as
the natural SOD, catalyzing the dismutation of O2- into molecular oxygen and H2O2.
For the first time in 1997, Kajita et al. described the scavenging properties of Pt
NPs in vitro. In the study they found that thanks to the catalytic properties of Pt
NPs, stabilized only with citrate and pectin, they are able to completely extinguish
H2O2 and O2-. In subsequent studies, it was demonstrated that Pt NPs are able to
mimic mitochondrial complex I, ubiquinone oxidoreductase NADH activity,211 as
well as catechol oxidase,212 polyphenol oxidase,213 and ascorbate oxidase,214
showing greater affinity for substrates than natural enzymes.
Furthermore, from recent studies, it has been seen that Pt NPs are able to suppress
lipid peroxidase199,215 and catalyze, with greater affinity and efficiency than the
biological enzyme, the oxidation of peroxidase chromogenic substrates, such as 3,
3 ', 5,5'-tetramethylbenzidine (TMB) or 3, 3'-diaminobenzidine, in the presence of
H2O2,209,216–218 even in extreme conditions of temperature and pH219,220. Peroxidase
activity of Pt NPs could be affected by particle size and shape209,221, by protein
shells,222–224 or by ambient pH216,225–227. It is possible to modulate the enzymatic
activity of Pt NPs in a dose-dependent manner through the absorption on the surface
of typical peroxidase inhibitors, including 3-amino-1,2,4-triazole, NaN3 and Hg2+

221,228,229

. Overall, recent discoveries on the free radical extinguishing capacity of

Pt NPs pave the way for their potential nanomedicine applications, as scavengers
for the treatment of diseases related to oxidative stress or as artificial enzymes in
nanodiagnostics.
1.6.3 Pt NPs in fuel cells
In recent years, it has been accepted that fuel cells could be the ultimate solution
for power generation, thanks to the fact that they are highly efficient, have zero
emissions, a silent process, and have an renewable source of reagents230–233. Among
the various materials for fuel cells, Pt was found to be the best single metal
electrocatalyst for Oxygen Reduction Reaction (ORR) with a high activity and
duration in acid234,235. However, due to the high scarcity and high cost of this
precious metal, there is a tendency to reduce the Pt load, with the aim of having a
load of a total (anode + cathode) less than 0.125 mg cm-2 236. This attempt to reduce
the load without having a loss of performance is the focus of the latest
electrocatalytic studies237,238.
To achieve greater ORR activity with less Pt, most emerging approaches focus on
controlling the electronic state of the surface and the surface structure of Pt
NPs239,240. The electrocatalytic activity of an ORR catalyst depends not only on
surface-to-volume ratio (morphology), but also on the structure or arrangement of
the atoms on the surface. ORR has been shown to be structure sensitive and relies
heavily on the crystallographic orientation of the Pt surface. In some studies DFT
calculations have shown that {111} facets contribute to the high activity observed
on 2.2 nm Pt NPs thanks to the fact that they have an adequate binding energy with
oxygen241.
A wide range of physical and chemical methods have been developed to synthesize
Pt NPs with specific facet structures177,242. The final shape of the particle along with
its surface energy can be tuned by controlled synthesis through the use of different
agents, coverage, morphology of seeds, reducing agents, and temperature. In fact,
it is possible to obtain different morphologies by manipulating the structures of the
seeds during the nucleation phase and controlling the reaction kinetics during the
growth phase243.

The ORR activity is influenced by the monocrystalline surfaces of Pt244. The effect
of the Pt facet on the activity is in the order: Pt {110}> Pt {111}> Pt {100}. A study
of well-defined single crystals of Pt in the Nafion ™ environment showed that the
Pt {111} surface is more active than the Pt {100} surface for ORR. The difference
in activity is most evident for the high current density regime. Therefore, the Pt
{111} facet is mostly desired in Pt-based electrocatalysts for ORR in Proton
Exchange Membrane (PEM) fuel cell application244,245.
In conclusion, significant progresses have been made recently in the studies of the
Pt based ORR catalysts, showing that:
1) the size of the Pt NPs has a significant effect.
2) the catalyst structure has a great effect on the ORR activity.
3) the controlled synthesis of Pt NPs with both control of the size and structure must
be a very important future direction
Overall, the growing amount of data present on Pt and Pd NPs properties made
these two materials a very interesting and versatile tools for several applications in
nanomedicine, in nanodiagnostic, in catalysis and in energy field. To further
harness their peculiar features, my thesis work has focused on improvement of the
production of Pd and Pt shaped NPs with great attention to the reagents and solvent
used.

CHAPTER 2

Palladium NPs synthesis, characterization and
application as nanozymes

2.1 Introduction
Palladium (Pd) is a precious transition metal that has well-known catalytic and
enzymatic properties and for this reason, it could play an important role in
nanomedicine and in the energy field246–248. Pd’s activity towards a great number
of chemical applications makes it one of the most important materials in the field
of catalysis249. Accurate control on the shape of the NCs has proven to be a powerful
way to modulate their properties and hence their performance in a broad range of
applications,

including

catalysis,

sensing,

nanodiagnostics,

and

nanomedicine110,250–252.
For Pd NPs, the shape and the size play a fundamental role as they regulate the
catalytic and enzymatic activity and selectivity of the material in many industrial
key processes, such as catalysis, electrocatalysis, and fuel cells112,253,254. In
particular, the surface structure, i.e. the specific arrangement of the atoms at the
surface, is the key point determining and controlling the catalytic and
electrocatalytic properties of the material. Other factors that influence reactivity
include the presence of surface defects on the nanoparticle and the capping agent
used to stabilize nanoclusters. Considering his notoriously low abundance in the
Earth’s crust, is a fundamental step to reduce the use of this material trough a fine
nano-structuring that involves the size and the shape116,254–256. Another crucial
aspect that must be taken into account in the preparation of Pd NPs for biomedical
applications and catalysis, is to avoid the presence of toxic reaction by-products, as
these can influence the in vitro and in vivo effects of Pd NPs 196. Moreover, the use
of various surfactants and polymers as shape-directing or capping agents i.e.
poly(vinylpyrrolidone) (PVP) or tetradecyl trimethyl ammonium bromide,
cetyltrime-thylammonium bromide (CTAB), often complicated by the use of a
multiphase setups or by the use of soft and hard templates are detrimental to many
catalytic reactions because they alter the surface properties of the material255,257–260.

Due to these problems, there is a growing need to replace the classic stabilizing,
reducing, and coating reagents with ecological and non-toxic reagents in order to
obtain biocompatible Pd NPs.
Pd is a FCC metal, hence it has the ability to form a variety of geometric shapes.
This can be achieved by controlling the thermodynamics or kinetics involved in
crystal growth (Figure 2.1).
The key factors controlling the morphology of the final product are the crystallinity
of the Pd seed (single crystal, monocrystalline twin or polycrystalline twin) and the
growth rate along different crystalline planes114,247. Xia and colleagues
demonstrated that the reduction rate of the salt precursor plays a quantitative role
and can help control the nucleation and growth of NCs in a predictable way
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Therefore, the reduction rate and its control have become the subject of in-depth
research involving all stages of the synthesis process. The rate of reduction is
controlled by a large number of experimental parameters, such as reaction
temperature and pressure, pH, ionic strength, reducing and capping agents,
stabilizers. By manipulating the initial reduction of the Pd (II) precursor during the
synthesis process, nanocrystalline seeds of Pd with well-defined structures (single
crystal, polycrystalline, or stackable defective) can be formed.
When the reduction rate is very rapid, single crystals tend to form preferentially,
while twin crystals are formed when the reduction rate is considerably slowed
down. Each type of seed can grow into a NC with different possible shapes,
determined by the growth rate along different facets.
Monocrystalline seeds can evolve into octahedron, cubic, or cubic octahedron
depending on the speed of growth along the facets {111} and {100}. On the other
hand, cuboctahedral and cubic seeds may evolve into octagonal rods and
rectangular bars, respectively, as a result of anisotropic growth. Multiple-twinned
seeds will evolve into icosahedrons, decahedrons, or five-fold twinned rods,
depending on whether or not the side {100} surface can be stabilized. Singletwinned seeds grow into right bipyramids, with the {100} surface stabilized.

Figure 2. 1 Schematic illustration of different reaction pathways that lead to different
geometry Pd nanostructures. Green, orange and purple represent the {100}, {111} and
{110} facets, respectively. Twin planes are delineated with red lines. The parameter R is
delineated with red lines. The parameter R is defined as the ratio between the growth rates
along <100> and <111> axes115.

The morphological aspects are easier to control and offer greater versatility than
other parameters, such as size. Thanks to this greater ease of control and the ability
of the atoms residing in different facets to possess different activities, it is possible
to regulate the catalytic properties of NCs more precisely114,247. Furthermore, the
catalytic activity of Pd NPs in the cross-coupling reaction is closely related to the
intrinsic size and shape of the catalyst. For example, under aerobic conditions, the
cubic NPs in the Suzuki-Miyaura reaction are more active than the octahedral and
cubic octahedral structures. This difference in the catalytic activity is due to the
influence of the different facets that make up the NPs surface and to the presence

of O2, in relation to the leaching of the soluble catalytic oxide species of Pd and its
participation in a homogeneous mechanism262.
Among the various shapes, high aspect ratio nanomaterials (rods and wires) and
also ultra-small cubes of Pd have attracted great interest, because their onedimensional (1D) morphology guarantees the presence of largely pristine surfaces
with extended crystal facets263–265. In particular, pentatwinned Pd nanorods and
nanowires exhibit extensive {100} lateral facets and lattice strain at the twin
boundaries (TBs). The presence of {100} facets is highly advantageous as it has
been demonstrated to be 1 order of magnitude more effective in the oxygen
reduction reaction compared to {111} facets. Also, lattice strain has been proven to
increase the activity in oxygen reduction reaction and formic acid oxidation by
modifying the surface electronic structures266.
These features greatly enhance the performance of nanocubes, nanorods, and
nanowires in catalysis and electrocatalysis by strongly reducing Ostwald ripening,
sintering, and detachment from the support and providing improved resistance
against dissolution. However, despite the promising features and potential
application of nanorods and nanowires, the growth along one direction is highly
disfavored energetically. Despite the large amount of synthesis methods of Pd
nanocubes 267,268, most of these approaches still need improvement in terms of yield,
monodispersity, perfection of cube formation, and size control. Furthermore, even
when these requirements are met, the cubes obtained are unlikely to drop below 10
nm269. Like other face-centered cubic (FCC) metals, Pd does not spontaneously
form anisotropic structures in an isotropic medium. To minimize surface energy,
Pd NPs tend to have an isotropic (quasi-spherical) shape with a mixture of several
facets on the surface.
Therefore, it is challenging to synthesize Pd nanocubes, nanorods, and nanowires
as uniform samples with high yield. The most promising reports in the literature use
hydrothermal processes to achieve Pd 1D morphologies270,271. For these methods,
it has been clearly established that oxidative etching provoked by the couple O2/
halides and the seeds morphology are the two crucial parameters to be strictly
controlled in order to favour the anisotropic growth272. In a colloidal solution of Pd
particles, halides (Br-, I-, Cl-) can chemisorb on specific crystallographic facets of
the material. The chemisorption efficiency of halides on the Pd surface decreases
in the order I->Br->Cl-, blocking the growth on specific facets and favoring the

preferential formation of {100} facets264. Moreover, the reduction rate and, more in
general, the reaction kinetics, pivotal parameters in order to guarantee anisotropic
features, are strongly influenced by the concentration of halides ions. Another
important issue regarding the hydrothermal synthetic protocols developed up to
now is that they strongly rely on the use of various surfactants and polymers as
shape-directing or capping agents. This represents a limit to applications of these
nanomaterials as the most commonly used shape-directing agents are detrimental
to many catalytic reactions, altering the surface properties of the material. To
overcome this problem, several protocols have been adopted to eliminate the
organic coating from the surfaces of the NPs. However, the majority of these
treatments do not guarantee complete removal of the coatings together with being
expensive, time consuming, and, most importantly, harsh for the surface structure
of the materials273. In this chapter, I will describe a “green” and fast synthetic
method in which sodium citrate, ascorbic acid, formic acid, and potassium bromide
(KBr) are used to produce Pd nanostructures in an aqueous environment without
the use of a complex setup. This protocol produces different shapes of citratecapped Pd NPs simply by combining a seed synthetic procedure with the
concentration-dependent effect of KBr. Nanocubes, pentatwinned nanorods of
different lengths, penta-twinned nanowires with high aspect ratios, and quasi
icosahedra NPs have been synthesized. These nanostructures are stabilized by
citrate molecules, overcoming the issues related to the use of polymers, surfactants,
and difficult-to-remove organic capping agents. In addition, their catalytic
properties as antioxidant nanozymes were investigated, together with their
toxicological profile264.

2.2 Materials and methods
2.2.1 Chemicals
All NPs syntheses were carried out in purified MilliQ water. All chemicals were
purchased from Sigma-Aldrich and used as received. All glass vessels were washed
with aqua regia and purified MilliQ water prior to use. The chemicals used are
Palladium (II) chloride 99.999% (PdCl2), acetic acid (CH3COOH) puriss. p.a., ACS
reagent, reag. ISO, reag. Ph. Eur., ≥99.8%, formic acid puriss. p.a., ACS reagent,

reag. Ph. Eur., ≥98%, l-ascorbic acid BioXtra, sodium citrate tribasic dehydrate
BioUltra, potassium bromide BioXtra, ≥99.0%(KBr), sodium borohydride.

2.2.2 Chemical synthesis of Pd NPs
The precursor solution was obtained by dissolving PdCl2 in 1 M CH3COOH
aqueous solution at a concentration of 56.4 mM. All the NPs syntheses were carried
out in a sealed glass container (ACE glass pressure reactor with a Teflon cap).
Synthesis of Pd seed
Pd seeds were synthesized by adding 80 μL of PdCl2 acidic solution (56.4 mM) to
130 mL of MilliQ water at 20 °C, immediately followed by a quick addition of 8.8
mL solution containing sodium citrate and citric acid (at 0.03 M and 2 mM
concentration, respectively) and 550 μL of freshly prepared NaBH4 (0.02 M). The
vessel was moved to an oil bath already at 105 °C to obtain a quick reduction of the
Pd ions, and, hence, seeds of size below 3 nm. The reaction time was 10 min (under
magnetic stirring at a moderate rate). After removal from the glycerol bath, the glass
container was left to cool under stirring for another hour.
10 nm quasi-icosahedra Pd citrate-capped NPs Synthetic Procedure
Pd NCs seeds (8 mL, synthesized following the protocol described in the previous
paragraph) were added to 60 mL of MilliQ water at room temperature together with
159 μL of Pd (II) acetate (0.05 M) and 1 mL of a solution containing 0.34 M sodium
citrate, 0.2 M formic acid, and 0.5 mM L-ascorbic acid. The vessel was then sealed,
placed in a glycerol bath at room temperature, and brought to 105 °C in 5 minutes.
The reaction was kept for 10 minutes under stirring at moderate rate. The vessel
was then removed from the glycerol bath and gradually cooled to room temperature
under stirring for 1 hour. After cooling, the NPs were washed with 2 mM sodium
citrate solution using 10K Amicon® Ultra Centrifugal Filters, and stored at 4 °C.
38 nm Pd citrate-capped nanorods synthetic procedure
Pd NCs seeds (4 mL) were added to 60 mL of MilliQ water at room temperature
together with 159 μL of Pd (II) acetate (0.05M) and 1 mL of a solution containing
0.34 M sodium citrate, 0.2 M formic acid, and 0.5 mM L-ascorbic acid. After 1

minute, 1.8 mL of 0.3 M KBr were added to the solution. The vessel was then
sealed, placed in a glycerol bath at room temperature, and brought to 105 °C in 10
minutes. The reaction was kept for 10 minutes under stirring at moderate rate. The
vessel was then removed from the glycerol bath and gradually cooled to room
temperature under stirring for 1 hour. The products were washed with 2 mM sodium
citrate solution using 3k Amicon® Ultra Centrifugal Filters, and stored at 4 °C.
71 nm Pd citrate-capped nanorods synthetic procedure
Pd NCs seeds (4 mL) were added to 60 mL of MilliQ water at room temperature
together with 159 μL of Pd (II) acetate (0.05 M) and 1 mL of a solution containing
0.34 M sodium citrate, 0.2 M formic acid, and 0.5 mM L-ascorbic acid. After 1
minute, 1.8 mL of 0.5M KBr were added to the solution. The vessel was then sealed,
placed in a glycerol bath at room temperature, and brought to 105 °C in 10 minutes.
The reaction was kept under stirring at moderate rate for 20 minutes. The vessel
was then removed from the glycerol bath and gradually cooled to room temperature
under stirring for 1 hour. The products were centrifuged for 45 minutes and washed
as reported in the previous paragraph.
280 nm Pd citrate-capped nanowires synthetic procedure
Pd NCs seeds (4 mL) were added to 60 mL of MilliQ water at room temperature
together with 159 μL of Pd (II) acetate (0.05 M) and 1 mL of a solution containing
0.34 M sodium citrate, 0.2 M formic acid, and 0.5 mM L-ascorbic acid. After 1
minute, 1.8 mL of 1 M KBr were added to the solution. The vessel was then sealed,
placed in a glycerol bath at room temperature and brought to 105 °C in 10 minutes.
The reaction was kept under stirring at moderate rate for 20 minutes. The vessel
was then removed from the glycerol bath and gradually cooled to room temperature
under stirring for 1 hour. The products were centrifuged for 45 minutes and washed
as reported in the previous paragraph.
470 nm Pd citrate-capped nanowires synthetic procedure
Pd NCs seeds (4 mL) were added to 60 mL of MilliQ water at room temperature
together with 159 μL of Pd (II) acetate (0.05 M) and 1 mL of a solution containing
0.34 M sodium citrate, 0.2 M formic acid, and 0.5 mM L-ascorbic acid. After 1
minute, 1.8 mL of 1 M KBr were added to the solution. The vessel was then sealed,

placed in a glycerol bath at room temperature and brought to 105 °C in 10 minutes.
The reaction was kept under stirring at moderate rate for 1 hour. The vessel was
then removed from the glycerol bath and gradually cooled to room temperature
under stirring for 1 hour. The products were centrifuged for 35 minutes and washed
as reported in the previous paragraph.
7nm Pd citrate-capped nanocubes synthetic procedure
4 mL of Pt seeds (described in 3.2.2 paragraph) were added to 60 mL of MilliQ
water in a sealed glass container (ACE glass pressure reactor with Teflon cap)
together with 159 μL of Pd (II) acetate (0.05M) and 1 mL of a solution containing
0.2M formic acid, 0.34M sodium citrate, and 0.5·10-3M L-ascorbic acid. After 1
minute, 1.6 mL of 0.5 M KBr were added to the solution. The vessel was then
sealed, placed in a glycerol bath at 105°C for 3 minutes. The reaction was kept
under stirring at moderate rate for 10 minutes. After, the solution was cooled to
room temperature.
10 nm quasi-icosahedra Pd citrate-capped NPs scale-up method
Pd seeds (2 mL) were added to 30 mL of MilliQ water together with 79.5 μL of Pd
(II) acetate (0.05 M) and 500 μL of a solution containing 0.34 M sodium citrate, 0.2
M formic acid, and 0.5 mM L-ascorbic acid. This procedure was quickly repeated
for 15 vessels that were then closed, moved in the microwave chamber, and brought
to 105 °C in 5 minutes. The reaction time was 10 minutes. The containers were then
cooled to 20 °C.
38 nm Pd citrate-capped nanorods scale-up method
Pd seeds (2 mL) were added to 30 mL of MilliQ water together with 79.5 μL of
Pd(II) acetate (0.05 M), 900 μL of 0.3 M KBr, and 500 μL of a solution containing
0.07 M sodium citrate, 0.1 M formic acid, and 0.5 mM L-ascorbic acid. This
procedure was quickly done for 15 vessels that were then closed, moved in the
microwave chamber and brought to 105 °C in 5 minutes. The reaction time was 10
minutes. The containers were then cooled to 20 °C.

70 nm Pd citrate-capped nanorods scale-up method
Pd seeds (2 mL) were added to 30 mL of MilliQ water together with 79.5 μL of
Pd(II) acetate (0.05 M), 900 μL of 0.5 M KBr, and 500 μL of a solution containing
0.07 M sodium citrate, 0.1 M formic acid and 0.5 mM L-ascorbic acid. This
procedure was quickly done for 15 vessels that were then closed, moved in the
microwave chamber and brought to 105 °C in 5 minutes. The reaction time was 20
minutes. The containers were then cooled to 20 °C.
280 nm Pd citrate-capped nanowires scale-up method
Pd seeds (2 mL) were added to 30 mL of MilliQ water together with 79.5 μL of
Pd(II) acetate (0.05 M), 900 μL of 1 M KBr, and 500 μL of a solution containing
0.07 M sodium citrate, 0.1 M formic acid, and 0.5 mM L-ascorbic acid. This
procedure was quickly repeated for 15 vessels that were then closed, moved inside
the microwave chamber, and brought to 105 °C in 5 minutes. The reaction was held
stationary for 20 minutes and then gradually cooled to 20 °C.
470 nm Pd citrate-capped nanowires scale-up method
Pd seeds (2 mL) were added to 30 mL of MilliQ water together with 79.5 μL of
Pd(II) acetate (0.05 M), 900 μL of 1 M KBr, and 500 μL of a solution containing
0.07 M sodium citrate, 0.1 M formic acid, and 0.5 mM L-ascorbic acid. This
procedure was quickly repeated for 15 vessels that were then closed, moved inside
the microwave chamber and brought to 105 °C in 5 minutes. The reaction was held
stationary for 60 minutes and then gradually cooled to 20 °C.
2.2.3 Determination of Pd NPs concentration
Pd NPs concentration was determined via Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-EOS, Agilent 720/730 spectrometer). Briefly, 10-100
μL of the Pd NPs solution were dissolved in a 1 mL strong oxidizing agent (aqua
regia) overnight and diluted to 10 mL with MilliQ water. The concentration was
measured comparing the results with a Pd standard calibration curve. Measurements
were performed at 3 different wavelengths (λ=177.648, 203.646, and 214.424 nm).
Each measurement was repeated in triplicate.

2.2.4 Transmission electron microscopy imaging of Pd NPs
Bright-Field Transmission Electron Microscopy (BF-TEM) and High-Angle Annular
Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM) overview

images of the samples were acquired using a JEOL JEM-1011 microscope with a
thermionic source (W filament) and operated at 100 kV. High-Resolution
Transmission Electron Microscopy (HR-TEM) analyses were carried out using an
image-CS-corrected JEOL JEM-2200FS microscope with a Schottky emitter and
operated at 200 kV. For HR-TEM analyses, drop-casting of the NPs in suspension
(after concentration and purification with 3K Amicon Ultra centrifugal filters) was
carried out onto a carbon-coated (ultrathin film on a holey film) Cu grid for the
seeds and onto a holey-carbon-coated Cu grid for the nanowires. An average
background subtraction filter was applied to the HR-TEM images of the seeds in
order to improve the visibility of the crystalline features because of the small size
of the seeds and to the amorphous carbon support film. Thickness and length of the
NPs were obtained by imposing a threshold on the BF-TEM images and, then, by
measuring with ImageJ software274.
2.2.5 Cell viability assessment of Pd NPs
Viability of HeLa cells was assessed by evaluating cell metabolic activity by
MTS(3-(4,5-dimethylthiazol-2yl)-5-(3-cyrboxymethoxy-phenyl)-2-(4sulfophenyl)-2H-tetrazolium,inner salt) assay Cell-Titer96 Aqueous One Solution,
Promega. The assay was performed according to the manufacture’s protocol. HeLa
cells were seeded in a 96-well plate (Constar) at the final density of 10000 cells per
well and incubated overnight and in an atmosphere with 5% CO2 at 37 °C. The
culture medium was then removed and replaced with DMEM 10% FBS containing
Pd nanocubes, quasi icosahedra, nanowires, and nanorods at the concentrations of
5, 10, and 25 μg/mL. Cells were incubated with different type and concentrations
of NPs for 24 and 48 hours. Non-treated cells were used as a control. After the
incubation, the cell medium was removed, replaced by 120 µL MTS working
solution (20 µL MTS reagent plus 100 µL of cell culture medium) and incubated
with cells for 2 hours at 37 °C and 5% CO2.
The absorbance at 490 nm wavelength was measured using the plate reader Biotek
Synergy HT. The absorbance value of MTS working solution diluted in cell culture
medium was taken as blank. Cell viability was calculated by subtracting the

absorbance of blank from absorbance of samples. Data were normalized to the
control samples (non-treated cells) and expressed as mean ± SD. All experiments
were performed in quadruplicates.
2.2.6 Membrane integrity assay
The plasma membrane integrity was assessed by measuring lactate dehydrogenase
(LDH) release using CytoTox-ONE homogeneous Membrane Integrity Assay
reagent (Promega).
HeLa cells were seeded in 96-well plate at a final density of 10000 cells per well
and incubated overnight in an atmosphere with 5% CO2 at 37 °C. The culture
medium was then removed and cells were incubated with nanocubes, quasi
icosahedra, nanorods, and nanowires at concentrations of 5, 10, and 25 μg/mL
respectively for 24 and 48 hours. Non-treated cells were used as a control. Assay
plate was removed from 37 °C incubator and equilibrated to 22 °C approximately
20 minutes before the test. Afterwards, the membrane integrity assay was
performed following manufacturer’s instructions. 100 µL of CytoTox-ONETM mix
solution were added directly into each well without removing cell culture medium.
Positive control samples were performed adding 2 µL of lysis solution, provided by
the kit and blank samples were prepared mixing 100 µL of CytoTox-ONETM mix
with cell-free culture medium. The plate was incubated at 22 °C for 10 minutes.
Then, 50 µL of Stop solution were added to each well and the absorbance was
measured at a wavelength of 560-590 nm using the plate reader (Biotek Synergy
HT plate reader). Plasma permeability was calculated by subtracting absorbance of
blank from absorbance of samples. Data were normalized to negative control
samples and were expressed as mean ± SD. All experiments were performed in
quadruplicates.
2.2.7 Peroxidase-like Activity of Pd NPs
3,3′,5,5′-Tetramethylbenzidine (TMB) and hydrogen peroxide (H2O2) were chosen
as chromogenic substrates and oxidating agents to evaluate the peroxidase (HRP)like activity of nanorods and nanowires. The TMB oxidation reaction kinetics has
been characterized by UV–vis spectroscopy measurement, reading the absorbance
of the solution at 652 nm. The reaction kinetics was monitored during the time (5
min). The test was performed using 10 mM acetate buffer at pH 4.7, together with

100 mM H2O2, at room temperature. The catalytic activities of 10 pM (1 ppm)
citrate-coated and PVP-coated (PVP concentration of 10 and 100 ppm) nanowires
were assessed. The same procedure was applied for assessing the catalytic activities
of 35 pM (1 ppm) nanorods, 230 pM (0.2 ppm) nanocubes, and 130 pM (0.5 ppm)
quasi icosahedra. Citrate-coated Pt NPs (120 pM, 0.1 ppm) were used as a control
in the experiment.

2.3 Result and Discussion
2.3.1 Synthetic Methodology
The syntheses of citrate-capped Pd NPs were carried out by a “green” Wet
Chemical Reaction (WRC) technique, in the presence of L-ascorbic acid, sodium
citrate, and formic acid as the reducing and directing agents. All syntheses were
performed in aqueous environment in absence of polymers, surfactants or other
inorganic salts, using only “green” biocompatible compounds. This is highly
important for the application of these NPs in nanomedicine and in catalysis, as it
guarantees absence of toxicity and of sticky-agent on the surface. Fine control of
the size and shape is achieved by finely tuning the synthetic parameters, the seed
morphology, and the concentrations of KBr (Figure 2.2).

Figure 2. 2 Scheme illustrating the synthetic method.

The synthetic approach is based on the synergistic interplay of physical parameters
and reagents, which provides shaped NPs without the use of polymeric directing
agents or sticky molecules. The reaction was performed in a closed vessel under
temperature and warming-up rate control in the presence of easy-to-remove
reagents, namely sodium citrate, formic acid, and ascorbic acid.
To obtain other geometrical shape and to better control the reaction, it is necessary
to control all the stages of the NPs formation. In particular, nucleation and crystal
growth are crucial steps to obtain NPs. The first step in the nanoparticle synthesis
by WCR method, is the nucleation phase, in which cluster of metal atoms/nuclei
(seeds) are obtained from the reduction of the Pd precursor. These nuclei serve as
templates for the subsequent crystal growth. The seed-mediated growth method
separates the nucleation and growth stages of metal NCs, thus providing better
control over the size, size distribution, and crystallographic evolution of metal NPs
22

.

In all the syntheses of nanorods and nanowires, with the presence of KBr, two
population of NPs were obtained. One population consists of a mix of cubes,
icosahedral, and octahedral NPs, and the other one consists of nanorods and
nanowires. This is due to the presence of a mix of different morphologies of seeds.
Therefore, a centrifugation was required in order to increase the percentage of
nanorods/nanowires. All the samples were centrifuged to remove small NPs and
then imaged by TEM. This step is fundamental to purify the sample from the other
small NPs formed during the synthesis.

Figure 2. 3 BF-TEM images of Pd nanorods and nanocubes prepared using 8 mM of KBr
with a reaction time of 10 minutes(A), prepared using 13 mM of KBr with reaction time of
20 minutes(B), prepared using 27 mM of KBr with reaction time of 20 minutes (C) and 60
minutes (D) respectively, before the centrifugation.

Table 1 gives a summary of the parameters of Pd nanorods, nanowires, and quasi
icosahedra NPs obtained with different concentrations of KBr and different reaction
times, including the average values for diameter, thickness, length, and aspect ratio.
The presence of Br- promotes the growth of nanowires with an aspect ratio as high
as 67.2. We therefore established a clear dependence between the length of the
rods/wires and the concentration of KBr, while maintaining a constant thickness of
the nanomaterials. The synthesis produces highly monodisperse nanorods,
nanowires, nanocubes and quasi icosahedra (Figures 2.4, 2.5, 2.6). Moreover, the
length of the 1D structures can be modulated from 38 to 470 nm by increasing the
concentration of KBr and the time of the reaction, while maintaining constant
thickness.

Table 1 Dimension of Pd Quasi icosahedra, nanorods and nanowires obtained at different
concentrations of KBr and reaction time.

Pd Np
Unshaped
Polydisperse
Nanowires
Nanowires
Nanorods
Nanorods
Nanocubes
Nanorods
Quasi icosahedra

KBr
(mM)
54
40
27
27
13.5
13.5
13.5
8
0

Diameter
(nm)
n.a
n.a
7±1.2
7.5±1.5
7.4±1.2
6.9±1.3
7±0.7
6.5±0.9
8.9±0.1

Length
(nm)
n.a
n.a
470±132
280±80
71±14
66±9
7±0.7
38±7
8.9±0.1

Reaction
time (min)
20
20
60
20
20
10
10
10
20

Aspect
ratio
n.a
n.a
67.2
37.3
9.5
9.5
1
5.8
1

Figure 2. 4 Morphological characterization by BF-TEM of the Pd nanowires with a length
of 470 nm (A) and with a length of 280 nm (C) and the corresponding size distribution
analysis of length and thickness in (B) and (D), respectively.

Figure 2. 5 Morphological characterization by BF-TEM of Pd nanorods with different
lengths in (A) and (C) and size distribution analysis of the length and thickness in (B) and
(D), respectively.

Figure 2. 6 BF-TEM images of Pd nanocubes in (a), quasi icosahedra (c), and the
respectively size distribution analysis (b and d).

Because of the difficulty in achieving the anisotropic growth in an isotropic
medium, there are few reports in the literature about monometallic Pd nanorods and
nanowires275–278. Some of these approaches employ soft or hard templates, such as
step edges on a solid surface, mesostructures assembled from surfactants or
polymers, channels within a porous material, or an existing nanostructure of
different materials279–282. In addition, biological macromolecules, such as proteins,
DNA, and viruses, have been proposed as biotemplates. However, the majority of
biotemplates produce 1D materials with a high polydispersity of surface facets,
while requiring a complex setup for synthesis283–285. Moreover, when templates are
employed during synthesis, it is necessary to selectively remove them using
expensive and time-consuming post-synthesis treatment to obtain clean surfaces
suitable for catalytic applications. In contrast, this approach is a solution-phase
process that is free of templates. This method also takes advantage of the synergistic
interplay of KBr, weak reducing agents, low temperature, and a reduced amount of
oxidative etching to obtain anisotropic growth. The synthesis does not require a
complex setup, contrary to many reports in the literature, which propose multiphase
procedures and vapor or freeze-dry treatment for the synthesis of the 1D
material279,280,286. In addition is fast, as Pd nanowires can be produced in 20 min for
a length of up to 280 nm, while nanorods and nanocubes can be produced in around
10 min.
2.3.2 Role of seeds morphologies
The seed-mediated growth method has been used as it decouples the growth of the
nanomaterial from seed production, therefore allowing the selection of the protocols
for the seed syntheses which favor specific geometries. Indeed, it has been proven
in the literature that the specific surface atomic structure of the seeds controls the
final shape of nanomaterials.
Pd seeds with well-defined defect structures (single-crystal, single-twinned,
multiple-twinned, or stacking fault-lined) can be formed by manipulating the
reduction rate of Pd ions in a synthesis together with the other physical
parameters115. The effect of the concentration of the reducing agent is fundamental.
With a lower concentration of NaBH4 we obtained seeds with a bigger dimension
than the ones obtained with a two-times higher concentration of NaBH4. Moreover,
the seeds morphology changes with the concentration of NaBH4. Higher

concentration of NaBH4 likely favors the twinned morphology and, hence, the
growth of nanowires.
We tested different protocols for synthesis of the seeds, but the majority provided
a high polydispersity of seed morphologies, leading to high polydispersity of shapes
of the nanomaterial. On the other hand, by increasing the reaction rate, we were
most likely able to form a higher amount of multiply twinned seeds.
HR-TEM analyses (Figure 2.7) confirmed that our protocol for the synthesis of
seeds produces a small fraction of multiply twinned seeds, together with a more
abundant population of few nanometers, single-crystalline particles.
HR-TEM analysis further supports the theory that multiply twinned seed
morphology is a preliminary condition to grow rods and wires combined with the
stabilization of lateral {100} surfaces278,287,288. It should be further emphasized that
the presence of multiply twinned seeds is a necessary but not sufficient condition
to obtain 1D Pd nanomaterials. The synergistic interplay of all the synthetic
parameters (weak reducing agents, fixed amount of oxygen, KBr, and seed
morphology) is fundamental to favor the formation of nanorods and nanowires. To
obtain nanocubes instead, the presence of single crystal seeds is necessary, with
also the synergistic interplay of all synthetic parameter.
To obtain a greater monodispersity of shape in the case of nanocubes, Pt singlecrystals were used as seeds, due to the difficult to obtain a monodisperse population
of Pd seeds (in term of size and crystallinity). In the HAADF-STEM image (Figure
2.8) it is clear the presence of the single crystal Pt seeds inside the Pd nanocubes,
thanks to the different density of the two materials. The image clearly shows that
thanks to the extreme monodispersity of Pt seeds it is possible to obtain highly
monodispersed cubes.

Figure 2. 7 HR-TEM analysis of the two main types of Pd seeds. (a) Image of a multiply
twinned Pd particle, with three distinguishable domains, separated by TBs. Twinning is
confirmed by (b) the corresponding fast Fourier transform (FFT). (c) Single-crystal Pd
particle, (d) exhibiting [011] orientation in the FFT. The observed patterns have been
compared with the Pd FCC structure (ICSD 41517) and indexed accordingly.

Figure 2. 8 Morphological characterization by HAADF-STEM of the Pd cubes NPs with
clear presence of Pt seeds(a), HR-TEM image of a Pt single crystal seed (b) with the
corresponding FFT analysis (c), compared with the Pd FCC structure (ICSD 41517) and
indexed accordingly.

2.3.3 Role of bromide
Reduction kinetics play a key role in controlling the nucleation and growth of NCs.
L-ascorbic acid is reported to be a very strong reducing agent in the case of Pd. It

initiates a quick reduction at room temperature that produces big and polydisperse
particles. For this reason, L-ascorbic acid was replaced by formic acid, a weaker
reducing agent that gives a higher control over the growth of the seeds. It has been
demonstrated in the literature that introducing bromide ions into a synthesis can
promote the formation of small NPs enclosed by {100} facets115. In order to obtain
NPs enclosed by {100} facets, KBr was introduced into the synthesis. To favor the
formation of cubes, rods, and nanowires over icosahedra, decahedra, and octahedra,
Pt seeds, in case of cubes, Pd seeds, for rods and wires and the PdCl42– precursor
have been exposed to an excess amount of Br–, with the consequent formation of
PdBr42– and a passivation of the surface of the seeds. The exchange of Cl- and Brleads to a more stable complex in water solution, which can modify the chemical
equilibrium and then slow down the reduction kinetics. In addition, chemisorption
of Br– to {100} facets has been clearly shown to promote anisotropic growth of Pd
nanostructures (Figure 2.9).

Figure 2. 9 Schematic illustration of the mechanism of growth due to the presence of KBr.

Br- has been coupled with the use of relatively weak reducing agents, namely
sodium citrate, formic acid, and L-ascorbic acid, which allow to further slow down
the reaction kinetics. Moreover, Br– not only affects growth but also acts at the seed
level, by favoring localized oxidative etching of seeds in synergy with oxygen115.

TEM images show the different shapes obtained by harnessing the ability of KBr
to favor anisotropic growth. We demonstrated that with a concentration of 27 mM
of KBr, we obtained the formation of 470 nm and 280 nm nanowires with a high
aspect ratio (Figure 2.4). Using a concentration of 8 mM KBr, we obtained 38 nm
nanorods, while with a concentration of 13.5 mM, we obtained 70 nm nanorods and
nancubes (Figure 2.5 and Figure 2.6a). All the samples were centrifuged to remove
small NPs and then imaged by TEM. This step is fundamental to purify the sample
from the other small NPs formed during the synthesis (Figures 2.3).
Our results confirm that it is possible to modulate anisotropic growth by tuning the
concentration of KBr. As reported by Xia et al. 278, at high concentrations of Br–,
Pd{100} facets are more efficiently capped by Br– ions in the growth phase, and
thus, the growth is quicker on the {111} facets than on the {100} facets272,289. The
result is axial growth along the ⟨110⟩ direction during synthesis, thus resulting in
the formation of ultrathin nanowires in case of multiple-twinned seeds and nacubes
in case of single-crystal seeds. On the other hand, we found experimentally that fine
tuning of the amount of KBr is necessary to control the growth. At an extremely
high concentration of KBr, the reduction rate of the Pd(II) precursor was nearly
suppressed, thus losing the ability to control the shape and size of the Pd NPs. The
excess of Br could block the growth along the 1D direction on seed surfaces, thus
promoting the self-nucleation of unshaped NPs290. Indeed, from the point of view
of thermodynamics, the excess of Br– ions present in the solution renders Pd (II)
complexes less prone to reduction, because of the shift of the chemical equilibrium,
a dominant factor responsible for the slow reduction kinetics. On the other hand, a
small concentration of KBr is not sufficient to promote the growth of Pd 1D
morphologies, probably because there is an insufficient amount of Br– ions during
the growth to efficiently cap the nanomaterial surface291,292. Moreover, in the
absence of KBr, we obtained NPs with a quasi icosahedra shape and an average
diameter of 9 nm (Figure 2.6c and Figure 2.10). Citrate acts as a capping agent,
favoring the formation of {111} facets in the truncated octahedral particles (Figure
2.10). It should be noted that we only achieved anisotropic growth by fine-tuning
the concentrations of all the reagents and reaction conditions. Formic acid is the
main reducing agent that promotes the growth of anisotropic Pd. Without formic
acid, ultra-small NPs are obtained. Formic acid has the required reducing power to

drive the formation of nanowires with a controlled growth kinetics in which the
bromide ions can exert their directing agent function.

Figure 2. 10 Morphological characterization by High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) of the Pd quasi icosahedra NPs
prepared without KBr (a), HR-TEM image of a Pd truncated octahedron NPs (b) with the
corresponding FFT analysis (c), compared with the Pd FCC structure (ICSD 41517) and
indexed accordingly.

Moreover, the synergy of formic acid with ascorbic acid and sodium citrate
guarantees higher quality and lower polydispersity of the nanowires, as confirmed
by HR-TEM analysis.
The analysis was conducted by drop-casted Pd nanowires onto a porous carbon
support film were found to adhere to the contours of the pores (Figure 2.11). They
thus demonstrated partial flexibility, while keeping homogeneous crystallographic
orientation along their whole length. The wires exhibit TBs, parallel to the ⟨110⟩
elongation direction, running throughout the nanowire. At the two sides of the
boundary, [11̅0]- and [11̅1]-oriented regions are observed, in close agreement with
the well-known penta-twinned structure fully enclosed by {100} lateral facets,
reported for several 1D metal nanostructures.

Figure 2. 11 HR-TEM study of the crystal structure of Pd nanowires. (a) Overview BFTEM image and (b) HR-TEM image of a nanowire, partly suspended on a hole in the carbon
support film- The nanowire exhibits two regions, separated by a twin boundary, identified
by their (c, d) FFTs as [1-10] and [1-11] zone-axis-oriented Pd (ICSD 41517).

2.3.4 Oxidative Etching
Oxidative etching was controlled and limited using a closed vessel environment and
by working at a relatively low temperature (slightly above 100 °C). As observed by
Xia and co-workers291, temperatures above 150 °C and a high concentration of
oxidants such as O2 can fracture the newly formed wires and favor the formation of
smaller irregular NPs. In the case of an open vessel, we observed the formation of
NPs that are polydisperse in shape and size, likely because of the high excess of
oxygen (Figure 2.12 A). Therefore, it is important to work in an environment in
which the amount of oxygen is controlled and kept constant. Moreover, we
introduced citrate molecules in the reaction solution, as they could adsorb onto Pd
NPs surfaces. Once present on the surface, citrate molecules can compete with
oxygen adsorption on the NPs surfaces, thus reducing the quantity of oxygen, while,
simultaneously, they can react and, consequently, exhaust the adsorbed oxygen.
Therefore, our synthetic protocol harnesses these factors (closed vessels and
presence of citrate molecules) to disfavor the fracture of Pd nanowires, hence
promoting the anisotropic growth of the nanomaterial.

Figure 2. 12 BF-TEM images of aggregated NPs obtained in an open vessel with an
uncontrolled amount of oxygen in the reaction solution(A) and nanowires obtained in
nitrogen atmosphere (B).

On the other hand, a controlled and limited amount of O2 is beneficial at the
beginning of the reaction as it likely favors the formation of multiply twinned seed
morphology through oxidative etching, improving the yield of the synthesis.
Indeed, it has been reported in the literature that oxygen in synergy with Br– acts at
the seed level, by favoring localized oxidative etching of seeds. As a further proof
of this mechanism, the reaction performed under a nitrogen atmosphere produced a
lower number of nanowires with higher polydispersity (Figure 2.12 B).
2.3.5 Toxicological profile
Pd NPs are playing an increasingly important role in nanomedicine and
nanodiagnostics, thanks to their catalytic properties. In particular, their use as a
catalyst / nanozyme is interesting. Indeed, an interesting example is the use of Pd
NPs for the conversion of inactive prodrugs into toxic drugs directly inside the cells,
thus allowing local chemotherapy250. In order to exploit the potential of citratecoated Pd quasi icosahedra, nanocubes, nanorods, and nanowires as a novel tool in
nanomedicine, it is pivotal to have a clear toxicological profile. Therefore, we
performed cytotoxicity studies by monitoring mitochondrial activity and membrane
integrity after exposure to the nanomaterial. A careful toxicity assessment of Pd
nanowires and nanorods is fundamental because there has been a long controversy
regarding the toxicity of these asymmetric shapes in the literature. For instance, the
toxicological profile of gold nanorods has not been clearly established until pivotal
studies demonstrated that CTAB molecules, present in gold nanorod solutions, play
a crucial role in cellular cytotoxicity293. On the other hand, recent studies on the

toxicity of the material per se show that Pd NPs synthesized without polymers,
surfactants, or toxic stabilizers do not cause cellular damage in vitro, while having
beneficial antioxidant properties124. Moreover, there is growing evidence from in
vitro and in vivo studies that pristine Pd NPs do not modify cellular
metabolism110,113,262,294.

Figure 2. 13 Cell viability of Hela cells assessed by MTS assay after 24 and 48 hours of
incubation with (A) Pd nanorods, (B) Pd nanowires, (C) Pd nanocubes, and (D) Pd quasi
icosahedra at the concentration of 5, 10, and 25 µg/mL of Pd. Data are normalized to the
values of the untreated samples, set to 100%. The error bars represent the standard
deviation.

MTS and LDH assays (Figures 2.13 and 2.14) proved that all shaped Pd NPs do not
alter metabolic activity and do not affect viability of HeLa cells, even at high
concentrations, such as 25 μg/mL. It should be further stressed that the lack of LDH
release indicates that these nanomaterials are not altering cellular membrane
integrity, demonstrating that the shape does not play a role in exerting damages to
the cellular environment.

Figure 2. 14 Membrane integrity assay on Hela cell after 24 and 48 hours of incubation
with (A) Pd nanorods (B) Pd nanowires, (C) Pd nanocubes (D), and Pd quasi icosahedra at
the concentration of 5, 10, and 25 µg/mL of Pd. Data are normalized to the values of the
untreated samples, set to 100%. The error bars represent the standard deviation.

2.3.6 Enzymatic activity
Pd nanomaterials have remarkable catalytic and enzymatic properties. We studied
the antioxidant nanozyme abilities of Pd nanorods and nanowires, namely their
HRP-like antioxidant activity.
The HRP-like activity of 35 pM rods and 10 pM wire NPs (both 9.4 μM in terms of
Pd atoms) was assessed by UV–vis spectroscopy, by using TMB and H2O2 as HRP
substrates. The Pd NPs activity was directly compared to 5 nm Pt NPs (0.1 ppm).
Interestingly, Pd nanowires and nanorods efficiently catalyze the oxidation of
TMB, despite their low concentration, as clearly visible in Figure 2.15. Pt NPs have
higher catalytic activity compared to the Pd nanomaterial, thanks to the higher
surface available for catalysis, also because of their diameter value (5 nm). These
data show a remarkable peroxidase performance of the Pd nanomaterial and
highlight their potential application as biomimetic nanozymes.

Figure 2. 15 UV-vis absorption–time curves of the TMB–H2O2 reaction system catalyzed
by Pd quasi icosahedra (0,5ppm) (A), Pd nanocubes (0.2 ppm) (B), Pd nanowires (1 ppm)
(C), Pd nanorods (1 ppm) (D), and spherical 5 nm Pt NPs (0.1 ppm) as a control.

Figure 2.16 clearly show that the catalytic activity of citrate-coated nanomaterials
is higher than that of PVP-coated ones, thanks to the absence of sticky molecules.
Indeed, the presence of PVP on the surface of nanowires and nanorods decreases
the catalytic turnover rate in the oxidation of the chromogenic substrate in a PVP
concentration-dependent manner.

Figure 2. 16 Time dependent absorption curves at 652nm of the TMB–H2O2 reaction
system catalysed by (A) Pd nanowires at concentration of 10 pM (1 ppm) coated with
different concentration of PVP in comparison with spherical Pt NPs at concentration of 120
pM (0.1 ppm)

A major advantage of this new method is the removal of PVP and other large
surfactant molecules from the synthetic process. Studies have reported the synthesis
of penta-twinned Pd nanowires, nanorods or nanocubes using surfactants, such as
CTAB, dodecyltrimethylammonium bromide (DTAB), tetraoctylammonium
bromide (TOAB), and/or dodecylamine266,276,295,296. Although these surfactants
favor anisotropic growth as they act as a capping agent for {100} facets, they
represent a problem after synthesis, as they are extremely difficult to remove.
Although PVP confers stability to the nanomaterials, it covers the surface and
deteriorates their catalytic properties. The removal of polymers from the synthetic
environment does not affect the quality of the surface facets and the level of
monodispersity obtained with this new method, as we demonstrated that these
features are of high quality compared to the methods present in the literature.
Moreover, we showed that the absence of difficult-to-remove polymers guarantees
better catalytic performance in the oxidation of TMB.

2.4 Conclusion
In conclusion, we developed a fast synthetic procedure to synthesize 9 nm quasi
icosahedra, 7 nm nanocubes and tunable ultrathin, penta-twinned Pd nanorods and
nanowires with a thickness of 7 nm and length ranging from 38 to 470 nm. The
synthesis was performed in an aqueous solution and with the use of green, biogenic,
biocompatible, and easy-to-remove compounds. Because of the synergy between
Br– ions, citrate molecules, reduced oxidative etching, and the seed geometry, the
protocol achieves tunability, speed, and high quality of the material. In particular,
a high fraction of {100} facets is present on the surface, as proven by HR-TEM.
Moreover, the protocol does not require any soft or hard template. Our approach is
based on the ability of KBr to act as a shape-directing agent on seed-mediated
growth. However, the presence of Br– is not sufficient to favor the formation of
nanowires as the synergistic interplay between KBr, citric acid, formic acid, seed
morphology, and limited oxidative etching is necessary to obtain anisotropic
growth. The ability of KBr to promote anisotropic growth in combination with PVP
in the organic solvent has been demonstrated by Xiong et al297. However, we have
established a clear relationship between the concentration of KBr and the length of

the 1D nanomaterial, paving the way to a deeper understanding and, hence, control
of the growth mechanism.
Another advantage of our method is that the synthesis is carried out in water and
does not require an organic solvent. Moreover, only biogenic and easy-to-remove
small molecules are used to achieve the growth of nanowires and nanorods,
guaranteeing a green approach to the production of these nanomaterials. To the best
of our knowledge, there is only one report in the literature in which an aqueous
synthesis of Pd nanowires was described without the use of a polymer or surfactant.
However, TEM images show an intricate network of wires that are wavy and
polydisperse in length and thickness. Analysis of images of these reports suggests
that nanowire formation is due to random aggregation and orientated attachment
that lead to high polydispersity of the surface facets279,280,286. Moreover, our
reaction maintains the thickness of the nanowires at 7 nm, independent of the
length, retaining the ultrathin characteristic of the material. This represents a great
advantage as the ratio between the available surface and mass of the nanomaterial
remains high even for long nanowires. To the best of our knowledge, the only report
in the literature that allows the production of nanowires with a comparable
thickness relies on the use of an organic solvent and high quantity of PVP to achieve
this ultrathin feature278. Instead, our protocol, guarantees the complete absence of
surfactants on the surface of the material as the reaction is conducted using sodium
citrate, ascorbic acid, formic acid, and KBr, that is, reagents that are biocompatible,
biogenic, and easier to remove compared to surfactants. As is clear from the Figure
2.16 the absence of sticky molecules of the surface represents a great advantage for
applications in catalysis where clean surfaces are required.
In summary, the as-prepared Pd nanomaterials show a high level of
biocompatibility and interesting enzymatic and catalytic properties because of the
absence of sticky molecules together with the high quality of the surface, paving
the way to their application in catalysis, sensing, nanodiagnostics, and
nanomedicine.

CHAPTER 3

Shaped-controlled, citrate-coated ultra-small Pt NPs
synthesis and electrochemical characterization

3.1 Introduction
In recent years, metal NPs have been intensively investigated as relevant catalytic
materials and very interesting enzymatic-like activity.
The catalytic properties and, therefore, the industrial / biomedical applications of
metal NPs are strongly determined by their size, shape, elemental composition,
structure of the electronic surface, and capping agent246,249,298. The scientific
community has focused attention on the development of new synthesis methods to
obtain NPs of a specific shape. In particular, the shape and size control of colloidal
NPs, such as Pt NPs, during synthesis is a key aspect for their applications, as they
regulate the NPs activity and selectivity (i.e., in hydrogen fuel cells and catalysis
applications)299,300 .
It has been demonstrated for catalytic Pt nanocrystals (NCs) that the shape plays a
fundamental role, as it establishes the specific arrangement of the atoms on the NPs
surface. This is a key point for determining and controlling the electrocatalytic
performance of the materials300. Indeed, the surface structure is an important
parameter affecting the NPs activity as the catalysis is entirely dependent on surface
properties.
Although several synthetic methods described in the literature obtain a specific
surface arrangement of Pt NPs270,301,302, only few of them do not involve the use of
polymers, surfactants, organic solvents, and other toxic and difficult-to-remove
directing agents.
In most studies, a large number of capping agents, surfactants and organic solvents
are used, which can influence the catalytic and toxicological characteristics of NPs.
Moreover, the coating that remains on the surface of the NCs can affect and often
damage the catalytic performance of the material.
In particular, it has been clearly determined that shape directing agents such as PVP,
tetradecyltrimethylammonium bromide, and oleylamine can poison the NPs

catalytic performance by modifying the surface properties of the material 43,303,304.
Therefore, several purification steps have been proposed to effectively remove the
organic coating on the surface of the NPs. Nevertheless, the purification steps are
ineffective, time-consuming, expensive, and often affect the surface structure and
the catalytic properties of the NPs. To overcome this problem, in the recent years,
the use of “green reagents”, biocompatible solvents and highly purified reagents is
increased, because they can provide a high degree of purity of the nanomaterial190.
There are several methods to obtain shaped NPs of which the main ones are:
physical, chemical and biological. Many different chemical processes have been
developed to control NPs size, shape, and composition, namely wet chemical
reduction (WCR),305 electrochemical reduction,306 galvanic displacement,43 and
chemical vapor deposition307. Among these, WCR has attracted great attention in
lab scale research for obtaining medical grade NPs. But the use of large amounts of
capping agents, surfactants, and organic solvents in this kind of synthesis, could
affect the toxicological profile and the catalytic properties of NPs, representing an
obstacle to the large-scale use of this approach in nanomedicine and in catalysis.
Recently, physical synthetic approaches have gained attention in order to overcome
the limits of chemical synthesis, including the use of organic solvents or dangerous
reagents. Among these, laser ablation method,308 aerosol-assisted deposition,309
electron-beam-induced reduction,310 and flame synthesis311 have been widely
explored. However, the low production yield and the difficulties in tuning the size
and shape of NPs obstacle their use. Biological synthesis is based on unicellular and
multicellular biological systems, as suitable alternative to chemical and physical
methods. Bio-assisted syntheses consist in non-toxic processes to obtain NPs with
controlled shape, size and composition, offering many advantages for biomedical
applications, including the absence of undesired reaction solvents. Synthesis of Pt
NPs via bio-assisted methods is of much interest for the scientific community
because of the ecological, low-toxic and cost-effective routes. On the other hand,
the lack of control of NPs properties, together with the eventual presence of
undesired biological components on the surface, obstacles the use of these
techniques for nanomedicine and for catalytic applications.
These synthetic chemical, physical, and biological methods to obtain biocompatible
Pt NPs for nanomedical and catalytic applications are summarized in Table 2, with
special attention to “green approaches”.

Table 2 Summary of advantages and disadvantages of Pt NPs synthetic methods107

Synthesis
methods

Advantages

Disadvantages

Potentially harmful reagents
 Use of capping agents,
✓ Accurate control of NPs
reducing agents, surfactants
size and shape
and organic solvents
✓ High reaction yield
 Possible toxicity related to
✓ High versatility in surface
residual and capping agents
chemistry
 Possible bacterial and
endotoxin contamination
“Green reagents”
✓ Biocompatible
capping/reducing agents
Chemical
and non-toxic solvents
✓ Accurate control of NPs
size and shape
✓ High reaction yield
✓ Easy post- synthesis
functionalization

Physical

✓
✓
✓
✓
✓

Biological

✓
✓

 Possible
bacterial
and
endotoxin contamination

 Highly diluted solutions
 Difficult tunability of NPs
Purity
size and shape
No solvent contamination
 Highly diluted solution
No coating contamination
 Possible NPs stability issue in
biological environment
Green synthesis
 Highly diluted solutions
Absence of toxic reaction  Possible
endotoxin
and
solvents
bacterial contamination
Large-scale synthesis
 Difficult size and shape
Cost-effectiveness and easy
tunability
availability
 Difficult
purification
procedures

Recently, for Pt nanostructures, a strong dependence has emerged between the
geometry of the surface atoms and the stability of the nanomaterials. It has been

definitively demonstrated that the Pt {111} facet has a superior resistance to
dissolution and restructuring in contrast to Pt {100}, which has unstable surface
atoms, more prone to dissolution and restructuring, leading to dissolution rates one
order of magnitude higher than Pt {111}312.
Furthermore, one of the main challenges in the synthesis of ultra-small catalytic
nanomaterials is that as the particle size decreases, the proportion of specific surface
domains (such as {111} and {100}) tends to decrease dramatically, while the low
coordination sites as edges, steps, corners and folds become predominant in the
surface313. Therefore, being able to design some octahedral Pt NCs at the nanoscale
with a high percentage of {111} facets represent a challenge. To date, there are few
methods in the literature to control the shape and size of ultra-small catalytic
nanostructures and almost all methods rely on the use of polymers, surfactants,
organic solvents and other guiding agents that are difficult to remove after
synthesis271,273,302.
In this chapter, we will describe two new “green” synthetic procedures to obtain 3
and 7 nm octahedral NPs without toxic and sticky agents characterized by a high
percentage of {111} facets, with a focus on the importance of the seeds
morphologies and the synergistic interplay of all the synthetic parameters, the
combination of weak reducing agents and strong reducing agent, fixed amount of
oxygen and the temperature. These two different NCs could be used as innovative
electrocatalysts or nanozymes in portable diagnostics.

3.2 Materials and methods
3.2.1 Chemicals
All NPs syntheses were carried out in purified MilliQ water. All chemicals were
purchased from Sigma-Aldrich and used as received. All glass vessels were washed
with aqua regia and purified MilliQ water prior to use. The chemicals used are
Chloroplatinic acid hexahydrate BioXtra, L-ascorbic acid BioXtra, sodium citrate
tribasic dehydrate BioUltra, sodium borohydride (NaBH4), and citric acid
anhydrous. Vulcan carbon black XC72R was used as support material for fuel cell.

3.2.2 Chemical synthesis of Pt NPs
Pt seed synthetic procedure
Pt single crystal seeds were synthesized by adding 53 μL of a hexachloroplatinic
acid aqueous solution (0.5 M) to 90 mL of MilliQ water. After 1 min, 2.2 mL of an
aqueous solution containing 35 mM sodium citrate and 3 mM citric acid were
added, immediately followed by a quick addition of 2 mL of a freshly prepared 11
mM NaBH4 aqueous solution. The vessel was moved to an oil bath already at 105
°C to obtain a quick reduction of the Pt ions, and, hence, seeds of size below 3 nm.
The reaction time was 10 minutes (under magnetic stirring at a moderate rate). After
removal from the glycerol bath, the glass container was left to cool under stirring
for another hour.
7 nm octahedral Pt NPs synthetic procedure
The synthesis was performed in ACE glass pressure reactor with Teflon cap. 3 mL
of the previously described Pt seeds, were added to 86 mL of MilliQ water. 15 μL
of hexachloroplatinic acid aqueous solution (0.5 M) were added together with 1.5
mL of an aqueous solution of sodium citrate (35 mM) and L-ascorbic acid (70 mM).
The vessel was then sealed, placed in a glycerol bath at room temperature, and
brought to 105 °C in 20 min. After 1 hour under magnetic stirring at a moderate
rate, the vessel was removed from the bath and left to cool under stirring for another
hour. After cooling, the NPs were washed with 2 mM sodium citrate solution using
100K Amicon® Ultra Centrifugal Filters, and stored at 4 °C.
3nm ultra-small pyramidal/truncated octahedral Pt NCs synthetic procedure
3 nm Pt truncated octahedral NCs were synthesized by adding 55 μL of an
hexachloroplatinic acid aqueous solution (0.5 M) to 90 mL of MilliQ water at
boiling temperature. After 1 min, 2 mL of 35 mM sodium citrate and 3 mM citric
acid aqueous solution were added, immediately followed by a quick addition of 1.1
mL of 22 mM aqueous solution of NaBH4, just dissolved. After 15 min, the solution
was cooled to room temperature. After cooling, the NPs were washed with 2 mM
sodium citrate solution using 30K Amicon® Ultra Centrifugal Filters, and stored at
4°C.

3.2.3 Determination of Pt NPs concentration
Pt NPs concentration was determined via Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-EOS, Agilent 720/730 spectrometer). Briefly, 10-100
μL of the Pt NPs solution were digested with aqua regia overnight and then diluted
to 10 mL with MilliQ water. The concentration was measured comparing the results
with a Pt standard calibration curve. Measurements were performed at 3 different
wavelengths (λ=177.648, 203.646, and 214.424 nm). Each measurement was
repeated in triplicate.
3.2.4 Cleaning Process for the Pt NCs
The methodology used is similar to that previously employed with citrate-capped
octahedral Pt NCs in litherature314. 0.2 g NaOH pellet were directly added to the
colloidal suspension (about 10 mL) containing the 3 nm ultra-small
pyramidal/truncated octahedral Pt NPs. The incorporation of NaOH induces the
destabilization of the suspension and the consequent precipitation of the NCs in few
minutes. After complete precipitation, the supernatant was discarded and the NCs
were washed three times with ultrapure water.
3.2.5 X-ray diffraction
X-ray diffraction (XRD) patterns were obtained using a Bruker D8 Advance
Powder Diffractometer equipped with a KFL Cu 2K X-ray source and a Lynx Eye
Detector. The measurements were conducted in Bragg-Brentano geometry between
20° and 90° at a step size of 0.04° and 7 s per step. Experiments were performed in
collaboration with the Electrochemical Energy, Catalysis, and Materials Science
Laboratory, Department of Chemistry, Chemical Engineering Division, Technical
University Berlin (Germany).
3.2.6 Deposition of Pt NPs on carbon
The dispersion of the Vulcan carbon black XC72R was obtained by adding the
carbon to MilliQ water under strong stirring conditions. Magnetic stirring and
ultrasonic stirring were alternated for 2 hours in order to have a well dispersion of
carbon. Afterwards, 3 nm ultra-small pyramidal/truncated octahedral Pt NPs were
added with a loading of 20% w/w and the solution was sonicated for other 15
minutes. After the adsorption of Pt NPs on carbon, a solution of NaOH (1M) was

added to precipitate the catalyst overnight. Then, the material was washed 5 times
with MilliQ water.
3.2.7 Quantification of Pt on carbon
The mass of Pt NPs dispersed on carbon was determined via thermogravimetric
analysis (TGA Q500 V20.13 Build 39). Before the analysis, the sample was freezed
in dry ice and lyophilized. The amount of Pt on carbon was measured comparing
the results with the same quantity of only carbon. Measurements were performed
under air, starting from 30 °C and increasing the temperature with a rate of 10
°C/min up to 600 °C.
3.2.8 Transmission Electron Microscopy analysis
Bright-field Transmission Electron Microscopy (BF-TEM), High-Angle Annular
Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM), and
High Resolution TEM (HR-TEM) were carried out using a JEOL JEM 1011
microscope with a thermionic source and operated at 100kV, a FEI Tecnai G2 F20
TWIN microscope with a Schottky emitter and operated at 200kV, and a JEOL
JEM-2200FS microscope with a Schottky emitter and operated at 200kV,
respectively. The lateral size of the NCs was obtained by manually imposing a
threshold on the BF-TEM images, followed by manual measurement of the side
using the ImageJ software274.
3.2.9 Electrochemical characterization
Electrochemical measurements were performed in an Autolab PGSTAT302N
(Metrohm Autolab) in collaboration with the Institute of Electrochemistry,
University of Alicante (Alicante, Spain). A three-electrode electrochemical cell
working in an NStat configuration at room temperature (a Pt wire as a counter
electrode, a reversible hydrogen electrode (RHE) connected to the cell through a
Luggin capillary as reference electrode, and three working electrodes working
simultaneously) was used. The working electrodes were prepared by depositing a
known aliquot of 4 μL of the water solution containing the NCs onto a glassy carbon
rod (3 mm diameter, Goodfellow). The electrode was then protected and dried under
an Ar atmosphere until complete evaporation of the solvent. The glassy carbon
collector was mechanically polished to a mirror finish with 2 and 0.3 μm alumina
slurries (Buehler) and sonicated in MilliQ water to remove all polishing residues,

before each experiment. The voltammetric characterization of the samples was
performed in 0.5M H2SO4. All electrolyte solutions were prepared from MilliQ
water and sulphuric acid and deaerated with Ar (Air Liquide N50) before being
used.
3.2.10 CO stripping experiments
CO stripping experiments were performed by bubbling CO (Air Liquide N47) in
the electrolyte (0.5 M H2SO4) at 0.05 V for 1-2 minutes. The complete CO blockage
of the surface was verified by cycling the electrode between 0.05 and 0.35 V.
Subsequently, CO was removed from the solution by bubbling Ar for at least 15-20
minutes. Adsorbed CO was then electrochemically oxidized in a single sweep.
3.2.11 Surface area determination and quantification of the {111} surface
domains at the NCs
The electroactive surface area of the different Pt NCs was determined by measuring
the charge involved in the so-called hydrogen underpotential deposition region and
assuming 230 μC cm-2 for the total charge after the subtraction of the double-layer
contribution315.
The quantification of the {111} surface sites at the surface of the 3 nm ultra-small
Pt NCs was carried out by employing the irreversible adsorption of bismuth (Bi)316.
Bi adsorption was achieved by contacting the electrode containing the Pt NCs with
a Bi2O3 saturated solution (0.5M H2SO4) at open circuit potential. The maximum
Bi coverage was reached with immersion times of about 2-4 minutes. The electrode
was then thoroughly rinsed with ultrapure water before being immersed at 0.05 V
in the electrochemical cell containing a 0.5 M H2SO4 solution and cycled between
0.05 and 0.75 V at 50 mV s-1.
3.2.12 Peroxidase-like Activity
Peroxidase (HRP)-like activity of 7nm octahedral Pt NPs and 3 nm ultra-small
pyramidal/truncated octahedral Pt NCs was evaluated by recording the oxidation
of the peroxidase chromogenic substrate 3,3′,5,5′-Tetramethylbenzidine (TMB)
in the presence of hydrogen peroxide (H2O2) as oxidating agent. The TMB
oxidation reaction was characterized by UV–vis spectroscopy measurements by
reading the absorbance of the solution at 652 nm for 5 minutes. The reaction

was carried out in 10 mM acetate buffer at pH 4.7, together with 100 mM H2O2,
at room temperature. Citrate-coated and polyethylenimine(PEI)-coated (PEI
concentration of 50 ppm) 3 nm ultra-small pyramidal/truncated octahedral Pt
NPs were used at concentration of 0.01 ppm. Furthermore, the difference in
catalytic activity between spherical and octahedral Pt 3 nm NCs (0.01 ppm) was
assessed to evaluate the specific activity of the {111} facets at the same size.

3.3 Result and Discussion
3.3.1 Synthetic methodology of 7 nm quasi-octahedral Pt NPs
The syntheses of citrate-capped quasi-octahedral 7 nm Pt NPs were carried out by
a “green” WCR technique, in the presence of L-ascorbic acid and sodium citrate as
reducing, directing, and stabilizing agents. Accurate control of the NPs size and
shape has been achieved by finely tuning the synthetic parameters and the seed
morphology. Most importantly, all the syntheses were performed in aqueous
environment without the use of polymers, surfactants, or other inorganic salts, and
only using “green” biocompatible compounds. The absence of sticky and toxic
molecules on the NPs surface is highly important for their application in
nanomedicine and catalysis.
To obtain NPs with a defined shape it is necessary to control all the phases of the
formation. In particular, nucleation and crystal growth are crucial steps to obtain
NPs of controlled shape and size. The first step in the synthesis of NPs with the
WCR method is the nucleation phase, in which clusters of metal atoms / nuclei
(seeds) are obtained from the reduction of the Pt precursor. These nuclei serve as
models for the subsequent growth of crystals. The seed-mediated growth method
separates the nucleation and growth phases of metal NCs, thus providing better
control over the size distribution and crystallographic evolution of metal NPs.
The role of seeds morphologies in promoting the anisotropic growth of shaped Pt
NPs has not yet been elucidated. Most of the reports in the literature describe the
use of polymers and surfactants to promote anisotropy and stabilize Pt
nanomaterials43. However, as widely established in the literature, the use of
polymers and surfactants facilitates anisotropic growth, but limits the possibility of
obtaining small sized NPs. Furthermore, the presence of polymers and surfactants

affects the NPs catalytic performances and the removal from the nanomaterial
surface is difficult and seriously compromises the NPs catalytic activity. To date,
there are very few methods described in the literature not involving the use of
polymers and surfactants317,318.
On the contrary, in our method, strong directing agents such as polymers and
surfactants are not used, but the crystallinity of the seeds is exploited. The key point
in the synthesis of octahedral NPs is the use of single-crystal seeds in synergy with
the temperature and specific concentrations of reagents and the controlled amount
of oxygen. The reaction requires a strict control of the temperature and of the rate
of heating in order to slow down the NPs growth by favouring the action of sodium
citrate as directing agent. Moreover, a strict control of oxidative etching is
necessary. This parameter was controlled and limited by using a closed vessel
environment and by working at a relatively low temperature, around 100 °C.
Moreover, we introduce citrate molecules in the reaction solution, as they could
adsorb onto Pt NPs surfaces. Once present at the surface, citrate molecules can
compete with oxygen adsorption on the NPs surfaces, thus reducing the quantity of
oxygen that can react with the surface of seeds. As already explained in the previous
paragraph (2.3.2), the shape of the seeds is one of the fundamental parameters to
obtain the NPs with octahedral shape (Figure 3.1). This is a crucial point in the
synthesis as the quality of the seeds dictates the quality of the nanomaterial. Indeed,
the procedure performed with a high polydisperse mixture of polycrystalline and
monocrystalline seeds promotes polydispersity in shape and, hence, it leads to poor
shape control. Figure 3.2 shows HR-TEM images of Pt seeds and the {111} typical
facets of the single crystal seeds.

Figure 3. 1 Schematic illustration of the mechanism of growth in presence of sodium
citrate.

Figure 3. 2 High-resolution transmission electron microscopy images of NCs with the
corresponding FFT analysis (c), compared with the Pd FCC structure (ICSD 41517).

The synergistic interaction of the reaction parameters, as well as the presence of
sodium citrate and ascorbic acid, promotes the anisotropic growth of NPs and
modifies the reduction kinetics leading to kinetic growth conditions261,319. In a
recent report, it has been clearly shown that citrate ions in aqueous solution can be
simultaneously adsorbed on the Pt {111} surface through all three carboxyl
groups320. Therefore, the citrate adsorbs on Pt {111} more favourably than the other
two basal planes of Pt, providing a stabilizing effect for this crystallographic aspect.
However, synthetic aqueous growth protocols of Pt NPs using sodium citrate are
unable to produce shaped nanomaterials since the presence of sodium citrate is a
necessary but not sufficient condition. To obtain the quasi-octahedral shape, the
reaction conditions, the concentration of the precursor, and the reducing and
stabilizing agents must be precisely adjusted to control the growth process and
guide the reaction under kinetic control. Under the same reaction conditions, but
with open reflux, spherical flower-shaped NPs are obtained (Figure 3.3 A).
Temperature control and heating rate in a closed container play a crucial role in the
formation of octahedral NCs. Higher than reported heating rates result in loss of
control over the growth of the NCs, leading to the formation of flower-like NPs.
Another crucial aspect to favour the controlled growth of NPs is represented by the
lack of impurities. Only with extremely purified Pt precursors, the formation of the
octahedral form can be obtained. Not extensively purified Pt compounds tend to
produce spherical NPs. Therefore, it should be emphasized that the presence of

impurities has a strong influence on the products of the synthesis process (Figure
3.3).

Figure 3. 3 Morphological characterization, by BF-TEM of Pt NPs synthesized within an
open vessel setup (A), without an extensively purified Pt precursor (B), at 115°C (C).

Figure 3. 4 Morphological characterization of 7 nm Pt octahedral NPs, by BF-TEM (A)
and by HAADF-STEM (B), by HR-TEM (C) with the corresponding FFT analysis (D),
compared with the Pt FCC structure (ICSD 41517) and indexed accordingly.

Panoramic images of BF-TEM, HAADF-STEM, and HR-TEM of Pt quasioctahedral NPs are shown in Figure 3.4. Evaluation of the images demonstrates that
the more extended facets are parallel to the {111} planes, while the {100} facets
are slightly present, resulting in a truncated octahedral shape (Figure 3.4).
It is clearly established that the synergy between physical parameters, directing
agents, and seed geometry controls the outcome and the geometry of the
nanomaterial. L-ascorbic acid and sodium citrate simultaneously play a role in
reducing, stabilizing, and promoting the anisotropy of Pt nanomaterials.
Moreover, another major advantage in using carboxyl groups and hydroxyl groups
present on these two molecules, is that weakly bind to the surface of Pt NPs. This
allow to avoid the aggregation of NPs in aqueous solution by binding to the surface
and stabilizing them and as these molecules are weakly bound to the surface,
removal is extremely easy. Thanks to the presence of these weak bound with the
surface of the NPs, the deposition results extremely easy, just using a high
concentration of sodium hydroxide, is possible to obtain a very well-dispersed
solution of NPs on the substrate. As a result, a highly clean surface is obtained,
which is the key feature of catalysis and electrocatalysis.

3.3.2 Deposition on carbon of 7nm Pt NPs
Deposition on carbon of different shaped Pt NPs is a valuable tool for employing
catalytic NPs in nanodiagnostic systems as potential electrodes for small molecules
detection and for energy applications11.
The objective of this technique is to obtain a well-dispersed solution of NPs solidly
anchored to the substrate. Thanks to a well dispersion of NPs on the substrate, the
system enables the exposure of the highest possible surface area, leading to an
increase in NPs catalytic activity.
The method developed to deposit the Pt NPs on amorphous carbon is very easy and
fast. Thanks to the carboxyl groups and hydroxyl groups present on the surface of
Pt octahedral NPs and to the completely absence of polymers and surfactants, the
deposition relies only on the use of sodium hydroxide. Citrate-capped NPs loss the
citrate on the surface and bind very strongly to the carbon substrate (Figure 3.5). In
addition, this technique allows obtaining a very well dispersed and stable dispersion
of NPs, preventing NPs shape loss and deterioration.

Figure 3. 5 Schematic illustration of deposit method on carbon

The morphology of Pt NPs supported on uncontaminated carbon was studied by
TEM analysis. A representative image is shown in Figure 3.6. After being deposited
on the carbon support material (greyish colour in the picture), the Pt NPs result
uniformly distributed on support, show no enhanced tendency for agglomeration,
and clearly maintain the octahedral shape. This deposition method allows to fully
exploit the shaped NPs properties without risking major aggregation and major loss
of available surface area. Moreover, it overcomes polydispersity both in shape and
in size as it is the case now with commercial materials, which have no control during
the synthesis of NPs (Figure 3.6).

Figure 3. 6 TEM image of oct-Pt/C in black and the Vulcan support in gray(A). TEM
image of commercial s-Pt/C (JM) reference catalyst shows the pristine initial state of
spherical Pt particles in black and the carbon support in gray (B).

3.3.3 XRD analysis
For nanocrystalline powders with reduced domain size, a major role is played by
the surface atoms that, for extremely small NCS, can even exceed the number of
bulk atoms. Surface energies generate changes in the length of the interatomic
bonds determining important strain contributions and/or surface atoms lattice
reconstruction

321

. This already justifies the introduction of a size-related lattice

parameter in the Bragg equation, which cannot be anymore routinely applied as for
conventional micrometric polycrystalline powders. The X-ray diffraction data,
collected on the samples, are shown in Figure 3.7.

Figure 3. 7 XRD pattern for oct-Pt/C. The reflections were indexed based on the reference
FCC-Pt structure (AMCSD no. 0014947). The remaining reflection is assigned to graphite2H carbon resulting from the Vulcan supporting material.

The most intense reflections matched the FCC Pt reference pattern, while the
additional weak reflection at the 2θ angle of 25° is assigned to the carbon (002)
graphite-2H reflection. Rietveld refinement was performed to extract the crystalline
parameter of the Pt NPs, due to the presence of multiple phases. The refinement
confirmed the presence of a single Pt phase in addition to carbon contributions, with
the FCC lattice parameter a matching the expected value for Pt, 3.92 Å, and a size
for the coherently scattering crystalline domains of 6 nm, which is consistent with
the average size of the NPs from TEM analysis. These results further demonstrate

the reduced polydispersity in size and shape of the NPs on a significantly large
amount of sample.
3.3.4 Synthetic methodology for the 3 nm ultra-small pyramidal/truncated
octahedral Pt NCs.
The synthesis of citrate-capped ultra-small pyramidal/octahedral Pt NCs was
carried out by a “green” WCR technique, in the presence of citric acid, sodium
citrate, and sodium borohydride as the reducing and directing agents. This synthesis
is a novel, fast, and easy method to obtain ultra-small Pt NCs with an average size
of 3 nm in one-step. The rection was performed in aqueous environment without
the use of polymers, surfactants, and other inorganic salts using only biogenic and
biocompatible compounds. This is highly important for the application of these NCs
in nanomedicine and in catalysis, as it guarantees the absence of unwanted toxicity
and of sticky-agents on the NCs surface, which could deteriorate the surface
properties of the material. An advantage of the reaction is that it does not require
complex setups and is performed in one phase, as all the reagents are dissolved in
the aqueous solution (Figure 3.8). The result is a very easy and fast synthetic method
to obtain ultra-small Pt NCs.

Figure 3. 8 Schematic illustration of the synthetic method

We found that temperature, pressure, and exposure to controlled amounts of oxygen
(due to the vessel closure) play a crucial role in the formation of ultra-small Pt NCs
with extremely high {111} surface domains. In fact, without the complete control
of these parameters, it is impossible to obtain a high monodispersity in NCs size
and shape (Figure 3.9).

Figure 3. 9 Morphological characterization, by BF-TEM) of the synthesis of ultra-small Pt
NCs after 60 minutes of reaction (A), at 100°C (B), 100 µL of Pt precursor (C), and with
66 mM of NaBH4 (D)

This approach provides a new facile and easy method in aqueous environment for
the synthesis of ultra-small Pt NCs with high prevalence of {111} surface domains
without the use of polymers, surfactants, and any other inorganic salts. This is
highly beneficial for applications in catalysis and in biology, as high prevalence of
{111} surface domains and lack of contaminations strongly impact the catalytic
properties of NCs.
In the synthesis process obtained by closing the container during the reaction, the
presence of sodium citrate and the lack of oxygen allow to obtain pyramidal or
truncated octahedral Pt NCs. On the other hand, under the same reaction conditions,
without a closed container, spherical NPs with a percentage of {111} 7% or 8%
have been generated314. (Figure 3.10)

Figure 3. 10 BF-TEM image (A) and HAADF STEM image (B) to show shape and density
of the 3 nm Pt NCs and distribution of the NCs’s sizes (C).

Our results highlight the key role of the synergy between physical and chemical
parameters in the growth of 3nm Pt NCs. Sodium citrate and sodium borohydride
have a synergistic effect, due to their different reduction potential.
This synergistic interaction of the reaction parameters modifies the reduction
kinetics, promotes anisotropic growth and thus determines the conditions of the
growth kinetics299,322.
As already discussed previously, citrate ions in aqueous solutions can be adsorbed
on the surface domain {111} through all three dehydrogenated carboxyl groups320.
Citric acid is more favorably adsorbed on the Pt {111} surface than on the other
two basal planes of Pt, due to the bidentate configuration of the carboxyl group.
This is a great advantage because in this way it is able to stabilize the
crystallographic facet {111} of the particles in the solution to prevent aggregation,
but it can also be easily removed by using NaOH, to deposit the NPs on the
substrate. In this way, we can obtain a highly clean surface, which is a fundamental
aspect of catalysis, without losing stability and avoid major aggregation during the
deposition.
However, in the synthesis of 3nm Pt NCs, only the presence of sodium citrate and
sodium borohydride cannot produce shaped materials, because the presence of
sodium citrate is necessary but not sufficient to obtain most of the octahedral and
triangular shape conditions. The synergistic interaction of all synthesis parameters,
the combination of weak reducing agent and strong reducing agent, a fixed amount
of oxygen and temperature are the basis for obtaining 3 nm ultra-small
pyramidal/truncated octahedra Pt NCs with a high percentage of planes crystalline

{111}. In these specific conditions, the NCs exhibit an octahedral shape fully
enclosed by {111} facets.
A more detailed investigation of the faceting of the NCs was carried out by HRTEM
(Figure 3.11). These analyses showed that the most extended facets are parallel to
{111} planes, where as the {002} facets are scarcely developed, resulting in a
truncated octahedral shape.

Figure 3. 11 HR TEM images to show the shape and the facets of NCs

3.3.5 Electrochemical characterization
The use of shaped metal NPs is greatly improving the electrocatalysis of many
electrochemical reactions of interest because most of them are known to be sensitive
to the surface structure. By controlling the rate of reduction of the salt precursor,
the amount of oxygen and the concentration of the different reagents it is possible
to obtain NCs with a preferential shape. However, it must be remembered that the
shape of the NCs is not the key point that controls the electrocatalytic behaviour,
but their specific surface structure. On the other hand, although shaped metal NPs
have made significant progress in various electrocatalytic reactions, their size (<5
nm) has yet to be reduced to allow them to be incorporated into real electrochemical
devices. The combination of these two requirements, i.e. small NCs with a
preferential surface structure, presents a major challenge due to the expected
increase in the atomic percentages of the angular surface and edge as the NPs reach
this size range. This goal has recently been achieved in some studies, in particular

with carbon-backed Pt nanocubes below 5 nm showing a high percentage of {100}
surface sites323.
It is important to have tools to conveniently characterize the surface structure of
"real" NCs, since these are not perfect polyhedra and consequently also the surface
structure of these is not perfectly predictable. In fact, these structures are complex
due to the presence of surface domains of various different sizes and geometries
and a high fraction of surface defects including the corner and edge sites.
Furthermore, this surface structure analysis must also be statistically representative
of the sample and should take into account the inherent heterogeneity of each batch
of NCs. In this regard, it is worth noting that the resulting electrocatalytic activity
(for any reaction) will be the sum of the contributions of each type of surface site
present at the surface of each NCs. Some electrochemical probes have proved
extremely powerful in the in-situ study of the surface structure of different types of
shaped metal NPs. For Pt NPs, the cyclic voltammetric profile in the so-called
hydrogen region (involving the adsorption-desorption states of hydrogen and anion)
obtained in 0.5 M H2SO4, is unanimously accepted as the most convenient way to
qualitatively study their surface structure. The response is used uniquely as a
fingerprint of the Pt surface structure and, from the relative intensity of the different
electrochemical characteristics, it is possible to analyse the surface structure of any
Pt surface. Figure 3.12 shows the representative voltammetric response of 3 nm Pt
NCs. The clarity and symmetry of the different volt-ampere characteristics
highlights the good cleanliness of the surface of the NCs. As described in previous
articles264, the peak at 0.125 V corresponds to the hydrogen adsorption/desorption
on Pt{110}‐type sites, whereas the peak at 0.26 V is due to the Pt{100}‐step sites
on Pt{111} terraces and also due to those sites close to the steps on the Pt{100}
terraces. On the other hand, it is well established that the two-dimensional Pt {100}
terraces produce a large contribution at approximately 0.35-0.37 V. As predicted
by the tetrahedral shape of the NCs, this contribution is very low in the sample.
Finally, the main characteristic of the voltammogram is the contribution at about
0.5-0.55 V which is correlated to the presence of well-defined two-dimensionally
ordered Pt {111} terraces. This finding underline that, qualitatively, 3 nm Pt NCs
exhibit a preferential surface structure {111}. Although there is a smaller
percentage of {111} this is due to a significant decrease in particle size leading to

an increase in the presence of corner and edge surface atoms compared to those of
the terrace.
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Figure 3. 12 Cyclic voltammogram corresponding to the 3nm Pt NCs (a). Voltammogram
obtained after Bi adsorption. Test solution: 0.5 M H2SO4, sweep rate 50 mV s-1(b).

To quantitatively analyse the presence of {111} surface domains, irreversible Bi
adsorption experiments were performed. The results are shown in Figure 3.12. The
analysis indicates that the fraction of {111} domains on the surface of the NPs is
about 21%.
3.3.6 Deposition on carbon of 3nm ultra-small Pt NCs
The method of deposition used for the 3 nm Pt NCs is the same reported in
paragraph 3.3.2. Thanks to the carboxyl groups and hydroxyl groups present on the
surface of 3nm Pt NCs and the completely absence of polymers and surfactant, the
deposition results very easy. The citrate-capped NCs loss the citrate on the surface
and bind to the carbon substrate. A very well dispersed solution of NCs is obtained,
which will remain stable for a long time, avoiding shape loss and deterioration
(Figure 3.13).

Figure 3. 13 BF-TEM image to show the 3nm Pt NCs distribution on amorphous carbon,
after 2 days of deposition(left), and after 1 month (right).

One month after deposition, the NPs are still stable and well dispersed. In fact, there
are no sintering phenomena due to aging.
3.3.7 Enzymatic activity of 3nm ultra-small Pt NCs
In recent years, the application of Pt NCs as antioxidant enzyme-mimetics have
been extensively investigated. It has been clearly shown that shape and size of NPs
play an important role in affecting their catalytic performances. However, up to
now, there is a lack of a clear characterization of the reaction mechanisms induced
by different shaped NPs
As reported in paragraph 3.3.5, spherical Pt NPs are characterized by a mixture of
{111} and {100} facets. On the other hand, 3 nm Pt NCs show {111} structure in
correspondence with the lateral faces and {002} structure as regards the extremities.
This suggests a certain selectivity in the catalysis.
Considering an equal amount of Pt and the same average size, the 3nm Pt NCs
possess a considerably smaller surface compared to the spherical NPs, due to the
packing of NCs into more orderly structures.
To evaluate the catalytic/ enzymatic ability of 3 nm Pt NCs compared to state-ofthe-art spherical NPs with similar size314, we monitored the TMB oxidation in
presence of H2O2. The concentration of the two nanomaterials with the same size
was kept constant at 0.01 ppm in order to evaluate the difference in performance of
their surface structure. Comparing to spherical NPs, 3 nm Pt NCs showed higher
performace in catalysing the TMB oxidation (Figure 3.14 a), reaching a 30% higher
absorbance signal after 5 minutes.

Figure 3. 14 Time dependent absorption curves at 652 nm of the TMB–H2O2 reaction
system catalysed by (a) 3nm Pt octahedral NCs and 3nm Pt spherical NPs synthesized as
described in Moglianetti et. al,334 both kept at concentration of 0.01 ppm and by (b) 3nm
Pt NCs and PEI-coated 3nm Pt NCs at concentration of 0.005 ppm.

Our results confirm the important role of the shape in the NPs catalytic
performances of the NPs.
Moreover, a systematic comparison between citrate-coated and PEI-coated 3nm Pt
NCs was performed. Figure 3.14 b shows that citrate-coated NCs are higher
catalytic, confirming that the absence of sticky molecules on the NCs surface results
in high catalytic performances.

3.4 Conclusion
In conclusion, we developed two fast synthetic procedures to synthesize 7 nm
octahedral Pt NPs and 3 nm ultra-small pyramidal/truncated octahedral Pt NCs. The
syntheses were performed in an aqueous solution with the predominant use of
green, biogenic, biocompatible, and easy-to-remove compounds. We avoided the
use of polymers, surfactants, and organic solvents, which are detrimental for the
NPs catalytic properties and consequent toxicity. For this purpose, we used as
reagents and shape directing agents, sodium citrate, citrate acid, and ascorbic acid
for 7 nm Pt NPs and sodium borohydride and sodium citrate for 3 nm Pt NCs. This
is highly beneficial for applications in catalysis and in nanomedicine, as the high
prevalence of {111} surface domains and the lack of contaminations strongly affect
the catalytic properties of NPs and their toxicological profile.

The synergy between sodium citrate, ascorbic acid, the fine control of the reduction
rate, and the seeds morphologies are the key points governing the synthesis of the
7 nm octahedral Pt NPs. The method permits fine tuning of the size of the
nanomaterial and can be easily scaled up. The synthesis of the 7 nm Pt NPs is seeds
mediated, because the shape of the seeds is one of the fundamental parameters to
obtain the anisotropic growth, and consequently, the octahedral shape. In particular,
we obtained Pt NPs with a high fraction of {111} facets on the surface, as proven
by BF-TEM and by HR-TEM. Moreover, our Pt NPs are resistant to ageing as they
maintain stability in solution, in shape and in size for a long time. Another
important feature of these NPs is that being coated with citrate, they can be
deposited quickly and easily on the substrate. Thanks to the carboxyl groups and
hydroxyl groups present on the surface of Pt octahedral NPs and the completely
absence of polymers and surfactant, the deposition is very easy. Only using sodium
hydroxide, the citrate-capped NPs loss the citrate on the surface and bind very
strongly to the carbon substrate. Moreover, with this technique, a very well
dispersed solution of NPs on the carbon is obtained, which will remain stable for a
long time, avoiding loss of shape and deterioration. These features have been
proven via XRD. In fact, through this technique it has been shown that the analysed
NPs have a reduced polydispersity in terms of size and shape on a significantly
large amount of sample.
We developed also a new synthetic method to obtain 3 nm ultra-small pyramidal/
truncated octahedra Pt NCs. This synthetic procedure allows to obtain 3nm Pt NCs
with high prevalence of {111} surface domains in aqueous environment without the
use of polymers, surfactants, and any other inorganic salts, that is highly beneficial
for applications in catalysis and in nanomedicine. This method is fast and consists
in a one step synthesis, lasting only 10 minutes, with high yield and efficiency. The
reaction does not require a complex setup as it is conducted in a closed vessel under
a fixed temperature in presence of only one easy-to-remove reagent, sodium citrate.
We have identified the values of the physical parameters (temperature and pressure)
together with the oxygen exposure and a mixture of weak and strong reducing
agents that give 3nm Pt NCs. This also solves the problem of removing polymers
and surfactant contaminations from the surface of shaped NCs, that are detrimental
for many catalytic reactions. The high percentage of {111} was demonstrated by
two different analyses, HR-TEM and by cyclic voltammogram. This characteristic

allows to have a greater catalytic activity and a greater selectivity in the reactions.
In fact, its HRP-mimicking activity was evaluated through the analysis of oxidation
rate of a chromogen. Thanks to the high quality of the nanomaterial, the 3nm Pt
NCs outperform the spherical Pt NPs with low percentage of {111} facets. The
catalytic activity is 30% higher than the spherical one. Moreover, also the
importance of a clean surface was demonstrated through the same experiment. In
the case of the 3nm Pt NCs functionalized with PEI the catalytic activity drops
dramatically. These experiments demonstrated the effect of the shape on the
physico-chemical properties of the NPs and the importance of a clean surface.
The high prevalence of {111} surface domains confers specific catalytic properties
to the NPs that will strongly benefit industrial applications, in which selective
catalytic reactions are involved. Moreover, applications in biology could strongly
take advantages from these new methods, as it has been demonstrated that shape
and lack of contaminants have a strong influence in the bio-nano interactions.

CHAPTER 4

4.1 Conclusion

Precise shape control of metallic NPs is known to be an effective way to exploit
their properties, so that their performance can be tuned in various applications,
including catalysis, sensing, nano-diagnostics and nanomedicine. Shape and size
play a key role for metal NPs as they regulate their catalytic and enzymatic activity.
This is due to the surface structure which greatly affects the catalytic performance.
Although there are several methods available for obtaining specific shaped
nanostructures of different noble metals, there are few reports on the synthesis of
shaped noble metal NPs without the use of polymers, surfactants, organic solvents
and other directing agents that are difficult to remove after the synthesis. The
presence of these directing agents on the surface of the NPs also affects the
biocompatibility and catalytic properties of the material. In particular the most
commonly used coating are detrimental to many catalytic reactions, altering the
surface properties. Although several procedures have been developed to completely
remove the organic coating on the surface of NPs, most of these treatments are longterm, expensive, do not guarantee complete removal and, most importantly, can
interfere with the surface structure and, hence, with the catalytic properties.
For this reason, this doctoral work together with previous early works in the group
have developed new 'green' synthesis techniques that make possible to obtain metal
NPs of different shapes without the use of surfactants, polymers, solvents or catalyst
poisoning reagents and / or difficult-to-remove coatings. In this way different Pt
and Pd shaped NPs are obtained, with only the use of green, biocompatible,
biogenic, non-catalyst poisoning and easy to remove reagents. The main
achievement of this doctoral work is the development of a fast synthetic procedure
to synthesize Pd NPs, in particular: 9 nm quasi-icosahedra, nanocubes of 7 nm and
ultrathin tunable, penta- twinned nanorods and nanowires with a thickness of 7 nm
and a length between 38 and 470 nm. We also developed two fast synthetic
procedures to synthesize 7 nm octahedral and 3nm ultra-small Pt NPs. All the
syntheses were performed in an aqueous solution and with the use of green,

biogenic, biocompatible, and easy to remove compounds as sodium citrate and
ascorbic acid.
In particular, in the case of the synthesis of Pd NPs, the protocol produces different
shapes of citrate-capped Pd NPs simply by combining citrate molecules, reduced
oxidative etching, seeds morphologies with the concentration-dependent effect of
KBr. Because of the synergy of these parameters, the protocol achieves tunability,
and high quality of the material. Our approach is based on the ability of KBr to act
as a shape-directing agent on seed-mediated growth and therefore does not require
any soft or hard template. We have established a clear relationship between the
concentration of KBr and the length of the 1D nanomaterial, but the only presence
of Br– is not sufficient to obtain anisotropic growth. Indeed, a key point is the
synergistic interplay between KBr, citric acid, formic acid, seed morphology, and
limited oxidative etching to favor the formation of nanowires, nanorods, and
nanocubes.
To the best of our knowledge, this synthesis of Pd nanowires is the first one that is
carried out in aqueous environment to obtain Pd nanowires without the use of a
polymer or surfactant or solvent. This is a great advantage because only biogenic
and easy-to-remove small molecules are used, guaranteeing a green approach to the
production of these nanomaterials. Moreover, a great advantage of our reaction, is
that maintains the thickness of the nanowires at 7 nm, independent of the length,
retaining the ultrathin characteristic of the material. So, the ratio between the
available surface and mass of the nanomaterial remains high even for long
nanowires. In particular, a high fraction of {100} facets are present on the surface,
as proven by HR-TEM. There are very few reports in the literature that allow the
production of nanowires with a comparable thickness, but in these cases the
syntheses are carried out using an organic solvent and high quantity of PVP to
achieve this ultrathin feature. Instead, our protocol, guarantees the complete
absence of surfactants and polymers on the surface of the material as the reaction is
conducted using sodium citrate, ascorbic acid, formic acid, and KBr, i.e., reagents
that are biocompatible, biogenic, and easier to remove compared to surfactants and
polymers.
Our results emphasize that the cellular toxicity of Pd NPs, previously reported,
could be a consequence of the presence of toxic capping agents or contaminants in

solution, including reaction by-products, endotoxins, and Pd ions. We demonstrated
that NPs toxic effects could be avoided using synthetic methods able to guarantee
the control of size, shape, and stability, together with “green” reagents, as reducingagents, shape-directing agents, and stabilizers. Moreover, we showed that the
absence of difficult-to-remove polymers, like PVP guarantees better catalytic
performance in HRP-mimicking activity, that demonstrate a great advantage for
applications in catalysis where clean surfaces are required.
In the case of Pt NPs the synthesis was also performed in an aqueous solution and
with the use of green, biogenic, biocompatible, and easy to remove compounds,
developing two fast synthetic procedures to synthesize 7 nm octahedral Pt NPs and
3nm Pt NCs. Thanks to the use of sodium citrate, citrate acid and ascorbic acid for
7nm Pt NPs and sodium borohydride for 3 nm Pt NCs, these NPs show a very high
percentage of {111} despite ultra-small size. This is highly beneficial for
applications in catalysis and in biology, as high prevalence of {111} surface
domains and lack of contaminations strongly impact the catalytic properties of NPs.
The synthesis of the 7 nm Pt NPs is a seed-mediated growth, as in the case of Pd
NPs, because the shape of the seeds is one of the fundamental parameters to obtain
the anisotropic growth, and consequently, the octahedral shape. As demonstrated
by BF- TEM and by HR-TEM we obtain Pt NPs with an octahedral shape and high
fraction of {111} facets on the surface in both cases. Another important feature of
these NPs is that being coated with citrate, they can be deposited quickly and easily
on the substrate, maintaining stability in shape and size for a long time. This is
fundamental in diagnostic and energy applications. Easy deposition is obtained
thanks to the weakly-bound carboxyl groups present on the surface of Pt octahedral
NPs and the totally absence of polymers and surfactant. The deposition is very easy
and fast, only using sodium hydroxide: this has the effect of provoking the loss of
citrate from the surface of the citrate-capped NPs and the consequence binding to
the carbon substrate. Moreover, with this technique, a well dispersion of NPs on the
carbon is obtained without a major agglomeration. Using the XRD technique it was
proved that during the deposition there are no problems of reshaping or aggregation
of NPs. This technique has the advantage of analyzing a significantly large sample
quantity thus demonstrating that even after deposition, 7 nm Pt NPs have a reduced
polydispersity in terms of size and shape.

Unlike the other methods, 3nm Pt NCs synthesis consists in a one-step synthesis,
lasting only 10 minutes, with high yield and efficiency. The reaction does not
require a complex setup as it is conducted in a closed vessel under a fixed
temperature in presence of only one easy-to-remove reagent, sodium citrate. These
3 nm Pt NCs show high percentage of {111}, that was demonstrated by two
different analyses, HR-TEM and by cyclic voltammogram. This characteristic
allows to have a greater catalytic activity and a greater selectivity in the reactions.
In fact, its HRP-mimicking activity was evaluated through a reaction with a
chromogen. Thanks to the high quality of the nanomaterial, the 3nm octahedral Pt
NCs outperform, up to 30% more, the 3nm spherical Pt NPs with low percentage
of {111} facets. Moreover, we demonstrate the importance of a clean surface: in
the presence of PEI, another polymer like PVP the HRP-mimicking activity drops
dramatically.
In summary, the high prevalence of {100} surface domains in the case of Pd NPs
and {111}in the case of Pt NPs confer specific catalytic properties to the NPs that
will strongly benefit industrial applications, in which selective catalytic reactions
are involved. Moreover, the as-prepared Pd nanomaterials show a high level of
biocompatibility and both Pd and Pt NPs show interesting enzymatic and catalytic
properties because of the absence of sticky molecules together with the high quality
of the surface. So, the applications in biology, diagnostic and catalysis could
strongly take advantages from this work, as it has been demonstrated that shape and
lack of contaminants have a strong influence in the bio-nano interactions, in
catalysis and energy field.
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