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Electrochemical aspects of coinage metal
nanoparticles for catalysis and spectroscopy
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Down scaling bulk materials can cause colloidal systems to evolve into microscopically dispersed insoluble
particles. Herein, we describe the interesting applications of coinage metal nanoparticles (MNPs) as colloid
dispersions especially gold and silver. The rich plasmon bands of gold and silver in the visible range are
elaborated using the plasmon resonance and redox potential values of grown metal microelectrode
(GME). The gradation of their standard reduction potential values (E°), as evaluated from the Gibbs free

energy change for bulk metal, is ascribed to the variation in their size. Also, the effect of nucleophiles in

the electrolytic cell with metal nanoparticles (MNPs) is described. The nucleophile-guided reduction

potential value is considered, which is applicable even for bulk noble metals. Typically, a low value (as
low as E° = +0.40 V) causes the oxidation of metals at the O, (air)/H,O interface. Under this condition,
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the oxidation of noble metal particles and dissolution of the noble metal in water are demonstrated.

Thus, metal dissolution as a function of the size of metal nanoparticles becomes eventful and
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demonstrable with the addition of a surfactant to the solution. Interestingly, the reversal of the nobility of
gold (Au) and silver (Ag) microelectrodes at the water/electrode interface is confirmed from the
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evolution of normal and inverted ‘core—shell’ structures, exploiting visible spectrophotometry and surface-

enhanced Raman scattering (SERS) analysis. Subsequently, the effect of the size, shape, and facet- and

support-selective catalysis of gold nanoparticles (NPs) and the effect of incident photons on current

conversion without an applied potential are briefly discussed. Finally, the synergistic effect of the

emissive behaviour of gold and silver clusters is productively exploited.

1. Introduction

Over the last 180 years, since their discovery, the applications of
colloids have continuously increased. The pioneering work by
Selmi (1845)," Faraday (1857),> Graham (1861),> and Zsigmondy
(1865)* laid the foundation for the recent milestones in elec-
trochemistry, catalysis and spectroscopy regarding Au and Ag
colloid nanoparticles (NPs). On 1% March 1869, the Russian
chemist Mendeleev created a roadmap to scientifically organize
elements based on their atomic weight. The periodic table
proposed by Mendeleev contained 63 elements including seven
ancient elements Fe, Sn, Pb, Hg, Cu, Ag, and Au, which was
submitted to the Russian Chemical Society. His quintessential
draft of the table was based on coinage metals and predicted
elements, which became the hallmark of the scientific
community. Gold glitters with a yellow gloss and does not
tarnish and is insoluble in simple acid and water. However,
copper and silver metal tarnish in moist air. Therefore, humans
have cherished gold since ancient times for many reasons.
Three noble metals, i.e., copper, silver and gold, are known as
coinage metals with positive reduction potential values. Among
them, copper is the cheapest and most abundant metal in the
Earth's crust. Cu exhibits remarkable catalytic performance
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towards various reactions owing to its intriguing physical and
chemical properties. Considering its plasmon-driven light-
harvesting ability and catalytic function, Cu serves as a prom-
ising platform for efficient light-driven chemical reactions such
as plasmonic Au and Ag.®

It is worth mentioning that for Au and Cu, a superimposed
collective and discrete excitation occurs upon the absorption of
light, and in the case of Ag, discrete electronic oscillation, i.e.,
scattering/reflection, happens due to the interband transition at
the shorter wavelength. In the case of Cu, although it possesses
a tunable localized surface plasmon resonance (LSPR) from the
ultraviolet-visible to near infrared region, it is limited by its
facile oxidation (E°, +0.34 V) due to its immediate surroundings.
Therefore, our discussion is mainly focused on Au and Ag.*”
Among the three coinage metals, gold is the noblest and it
retains its golden yellow luster, and thus it is widely used to
create jewelry. Additionally, among them, gold has the highest
standard redox potential (E° = +1.50 V) value, with the repre-
sentative equation [aq. Au(m) + 3e~ — Au(s)]. Alternatively,
among them, silver is the highest electrical conducting metal,
with an E° value of +0.79 V, while that for Cu is +0.34 V.

Their representative redox reactions are [aq. Ag(1) + e~ —
Ag(s)] and [aq. Cu(u) + e~ — Cu(s)], respectively.” This grada-
tion of the redox potential value of the coinage metals in the
periodic table is a predictive group property, but has a far-
reaching consequences compared to Mendeleev's periodic
table. This value indicates that very stable metallic Au(0) is
easily obtained from the thermodynamically unstable Au(m)
ion, which is one reason why metallic gold is ubiquitous in
some places in the Earth's crust. Here, it is pertinent to mention
that Au is the softest base of all the metals in the periodic table.

The Indian River Subarnarekha (means golden line in
Bengali) got its name because metallic gold is found in its sand
banks. Alaskan soil is also rich in elemental gold. With the
advent of quantum mechanics, the large relativistic effect of
gold in the 6™ period was observed. However, this value is lower
for silver in the 5™ period of the periodic table. In fact, the
pattern of the accommodation of the elements is the power of
Mendeleev's periodic table.

Aqua regia, a mixture of concentrated aq. hydrochloric acid
and concentrated nitric acid in ratio of 3:1 (v/v) can easily
dissolve metallic gold. The simple case of the dissolution of bulk
gold in aqua regia proceeds through surface oxidation of gold by
HNO; and the available C1™ from the concentrated HCI present in
aqua regia results in the formation of the yellow chloroauric acid
(HAuCl,). Huge amounts of gold are used to make gold orna-
ments and the number of published research papers has reached
over 1 862 565 in the literature due to its higher stability than
AgNPs. Thus, the innumerable applications of metal nano-
particles especially AuNPs have revolutionized the world of
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nanotechnology. This has become possible because of the spec-
tacular increase in the resolution power of microscopy and
spectroscopy. The imaging of small particles on the nanometer
scale is possible due to the recognizable interaction of the elec-
tron beam of wavelength A (in meter) with the negligible mass of
nanoparticles, m, in kg, and velocity, v, in meters s~ '. This
became a reality only after understanding the wave-particle
duality, as given by the de Broglie equation (2 is Planck's
constant in ] Hz ). Thus, colloid research, an adventure in the
“neglected dimension” as designated by Ostwald" entered the
era of nanoparticle/nanotechnology research.

In 1783, Carl Wilhelm Scheele discovered the reaction for
metallic gold dissolution in an aqueous solution of cyanide."
This reaction is termed cyanidation, which is represented as
follows:

4Au(s) + 8NaCN(aq.) + Ox(g) + 2H,O(l) —
4 Na[Au(CN),](aq.) + 4NaOH(aq.) (1)

After that, Bagration, Elsner and even Michael Faraday
independently demonstrated the binding stoichiometry of
Au(m) with the cyanide ion. In this process, oxygen is consumed
to form the complex Au(CN), ion. Metallic gold is extracted
from its reaction with aqueous NaCN or KCN. Finally, gold is
precipitated from aqueous solution by Zn flakes.

Zn + 2Na[Au(CN),] — 2Au| + Nay[Zn(CN),] ()

It is worth mentioning that asphyxiation, a deadly condition
that occurs in mammals and from cyanide poisoning, chokes
the oxygen uptake capacity of the body. Surprisingly, HCN is
produced as a metabolic product of some compounds present
in apples, almonds, etc. It is now known that the O,/H,0 or O,/
OH™ system can also dissolve bulk gold. Furthermore, the
unique dissolution of gold can be expedited by employing
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Fig. 1 Standard redox potential of the silver microelectrode as
a function of agglomeration number. For a large value of n, the
potential approaches that of the conventional silver electrode.
Reprinted with permission from The Royal Society of Chemistry (ref.
13).

12118 | RSC Adv,, 2022, 12, 12116-12135

View Article Online

Review

AuNPs. This is because the agglomeration number of AuNPs is
only a few atoms, whereas for bulk gold it is « (Fig. 1),** given
that the formal potential of Au(m)/Au,, is more negative than the
E° values of O,/H,0 (+1.23 V) or O,/OH ™ (+0.40 V) system. In the
cyanidation process, gold or silver redox couples attain a very
low reduction potential value.

Therefore, Au(i) forms more stable complexes with ligands
containing soft donor atoms such as S, C, Se, and P, while Au(ur)
forms more stable complexes with more electronegative or hard
donor atoms such as N, O, F, and Cl. This indicates that
complexes of Au(m) with soft ligands are unstable, easily
reduced to the Au(i) state, while complexes of Au(i) with a hard
donor are unstable, which disproportionate to Au(in) and Au(0)
according to the following reaction:

3AuCl,” = AuCly + 2Au + 2C1° (3)

It is pertinent to mention that the standard reduction
potential values of Au(ur)/Au(0) and Au(1)/Au(0) are +1.50 and
+1.69 V, respectively. Thus, Au(1) is more oxidizing than Au(m).
Metals or any material with dimensions of <100 nm are gener-
ally called nanoparticles, whereas colloid particles are between
1 nm to 1 um in size. A reduction in the size of a material can be
achieved via physical and chemical methods, which are known
as the ‘top down’ and ‘bottom up’ methods, respectively. On the
nanoscale, all three coinage metal nanoparticles exhibit rich
plasmon bands in the visible range of electromagnetic radia-
tion. It is interesting to mention that metallic gold is yellow
(because of its very large relativistic effect and absorption of
more blue light) and AuNPs in the form of a dispersion appear
pink because of plasmon absorption. However, sub-nanometer
particles (with a size of <1 nm called metal cluster) of gold and
silver have no plasmon band, instead they noticeably fluoresce
because of interband transitions.™ Furthermore, the stability of
metal clusters both in aqueous and organic solvents has
recently been described in the literature.™

Herein, the dissolution of Au and Ag as bulk metal or
nanoparticles (NPs) in water is unambiguously described. Thus,
the importance of the reduction potential value for metal
colloid dissolution in water is generalized, taking the agglom-
eration number in one case, and electron injection in the Fermi
level of MNPs in the other. Therefore, the highlighted electro-
chemistry approach becomes demonstrable especially for
microelectrodes of Au, and also for Ag in aqueous surfactant
medium. This demonstration becomes striking simply because
of their rich plasmon band in the visible range. Among the
innumerable possible plasmonic applications of Au and Ag NPs,
surface-enhanced Raman scattering (SERS) is also detailed
here. The inertness of gold, the classical reactions for its
extraction and its electrochemical behavior are explained at the
atomic level. Furthermore, the formation of bimetallic NPs,
alteration of nobility and exquisite properties related to sup-
ported AuNPs in catalysis, the effect of incident photon to
current conversion efficiency (IPCE),"** and Au clusters (sub-
nanometer particles) are briefly discussed for their future
prospects. Also, a discussion is presented on a few other metals
and compounds, but the main focus is Au and Ag nanoparticles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Metal electrodes and interfaces
with or without an external power
source

Electrochemistry is a subject dealing with the quantitative
relationship between electricity and the chemical properties of
substances. Alternatively, colloidal microelectrodes or grown
microelectrodes (GME)* are considered to have some similar
functions as that of conventional electrodes, though former are
more versatile, new and popular. GME do not have any external
battery connection, which will be discussed in detail as a major
part herein. The electrolysis of water was conducted about 200
years ago for the 1% time by William Nicholson and Anthony
Carlisle with an applied potential. After 34 years, Michael
Faraday (1834) announced the laws of electrolysis but after the
mechanism of conductance was suggested by von Grotthuss in
1805. The static double layer concept at the electrode-solution
interface was conceived by Helmholtz, and subsequently a new
idea of the diffuse layer model was introduced by Gouy and
Chapman. Stern combined the two above-mentioned concepts
and suggested a hybrid model to explain the existing equilib-
rium at the electrode-solution interface.

The electrode potential originates from the potential differ-
ence developed at the interface, similar to GME between the
electrode and electrolyte. It is developed due to the transfer of
charged species across the interface. The succeeding part
relates to the normal idea of electrolytic cells. When a metal rod
is partially immersed into an electrolytic solution of ions of the
same metal, the metal atoms have a tendency to enter into the
solution in the form of positive ions. This develops an electro-
static potential (called electrode potential) at the surface of the
separation of the metal rod and the electrolytic solution. This
escaping tendency of the metal is known as the ‘solution pres-
sure’ or ‘solution tension’ of the metal and is constant at a given
temperature. The metallic rod develops a negative charge when
its positive ions leave and enter the solution and an electrical
double layer is created at the interface. The reverse tendency of
metal ions to interact with metal rods is known as the osmotic
pressure of the ions in the solution. Thus, the electrode
potential of a metal rod arises due to the difference between its
solution pressure and the osmotic pressure of its ions.

For a redox reaction at an electrode surface, one can fix the
concentrations of the oxidized and reduced species in solution.
Subsequently, a Galvani potential difference is imposed;
otherwise, using a potentiostat, the Galvani potential difference
can be fixed experimentally to fix the ratio of the activities of the
respective species in solution. Alternatively, it is not possible to
independently fix both the Galvani potential difference and the
concentrations in solutions.

Undoubtedly, the kinetics of chemical processes at elec-
trodes cannot be explained using the concept of osmosis. It is
admissible and useful to compare the properties of osmotic and
electrochemical equilibrium but better to consider the
exchange currents and even small deviations from equilibrium.
However, the influence of activation barriers has to be explicitly
excluded for the electrodic processes to remain reversible in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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thermodynamic sense compared to osmotic processes, which is
a serious limitation. A parallel between osmotic and electro-
chemical potentials does not exist for many important types of
electrodes. Nevertheless, all the applications of (classical)
thermodynamics in electrochemistry are governed by this
limitation. Accordingly, this limitation can be simplified
considering that the reaction proceeds in continuous electro-
chemical equilibrium. Here, we deal with this unrealistic rela-
tion to link thermodynamics and a part of electrochemistry.
Modestly, the concepts of osmotic and electrochemical poten-
tial under the conditions of continuous osmotic and electro-
chemical equilibrium may be loosely considered as being
parallel.”* When the solution pressure of a metal is more than
the osmotic pressure of the ions, the cations pass into the
solution more rapidly, leaving the electrode negatively charged.
When the solution pressure of the metal is less than the osmotic
pressure of the ions, the cations migrate from solution and get
deposited on the electrode, making it positively charged. When
a metallic zinc rod is placed in distilled water, the electrical
charge on the zinc rod is always negative.

The description of the electrode-water interface may be
assessed from the concept of the oscillatory dipolar behavior of
the structure of water at room temperature, which causes
charge polarizations on the metal surface of the electrode under
consideration. The as-produced electric double layer drives the
electrode potential. Particularly, the potential of zero charge
(pzc) of the electrode can be assumed for partial charge transfer
from the solvating water layer, causing a change in the work
function, ¢, of the solvated metal electrode in comparison to
vacuum. The charge of the electrode (or equivalently the
potential) is a useful variable, which is well controlled for the
surface in question. In most cases, the electrochemical poten-
tials and the Fermi level of a redox reaction are often considered
with electrochemistry. The chemical potential is the work
required to add a particle to the system in equilibrium between
two phases at constant pressure and temperature. If the added
particle is charged, it is considered that it is electrochemical
potential. To discuss the function of GME, colloid chemistry
provides direct information, which is discussed in the suc-
ceeding sections.

3. Metal colloids

Colloidal particles (1-1000 nm) describe huge interfaces, and
hence a myriad of reactions and applications has been reported
for colloids. This is also the case for metal colloids, which are
known as ‘sols’ (suspension of very metal fine particles
dispersed uniformly in a medium), where the most interesting
cases arise with coinage metal colloids. More than one hundred
years ago, it was mentioned by Ostwald that silver sols with
a high degree of dispersion exhibit a yellow color with greenish
tinge, which has been immensely appreciated recently together
with his low dimension chemistry. Interestingly, stable colloidal
metal particles under dispersion serve as good “microelec-
trodes” for many electron transfer reactions although they are
not connected to an external potential source as in normal
cases.””” When the metals are present in finely dispersed form,
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efficient photochemical reactions become possible with Ag.”* An
elegant example is the classical development of photographs
involving Ag halides in gelatin. Currently, numerous chemical
reactions of Au and Ag colloids in their nanodimensions are
being conducted as a function of their size, shape, morphology,
and composite with respect to their potential electrochemical
reactions. Colloidal gold particles in solution bear a charge, and
thus chemical control of their nanocrystal shape, composition,
and charge-carrier density further broadens their potential
properties and applications. The reactions of colloidal metal
particles in a dispersion involve the accumulation of electrons
and positive holes, which leads to changes in their Fermi level,
affecting their redox properties. Again, the oxidation of water by
hot positive holes from a gold microelectrode occurred at
positive potential, which has now become a regular and popular
area of research.” A discussion on metal semiconductor inter-
faces has been omitted for brevity.

A metal nanoparticle is an assembly of many metal atoms
with the approximate size of 1-100 nm with a surface positive
(6") charge. The most stable type of assembly is spherical
assemblies due to their minimum surface energy. At the center
of a spherical assembly, there is one central atom, which is
coordinatively saturated (typically surrounded by other atoms),
and the peripheral atoms are coordinatively unsaturated
because of the dispersion medium. Thus, there is a lack of
electron density in the surface atoms, which makes the surface
of the assembly positively charged. To maintain electro-
neutrality, negative ions from the dispersing phase are dragged
onto the surface of the nanoassembly. An elegant example is the
self-assembled monolayers of alkane thiols on gold surfaces.
Thus, the metal nanoparticle assemblies acquire a negative
charge unless otherwise indicated,” and the electrostatic
repulsion between the negatively charged particles stabilizes
(electrostatic stabilization) the metal nanoparticles in the
dispersion. Small particles of metal and metalloid may be ob-
tained easily as a stable colloid via the reduction of the
respective compounds via the ‘bottom up’ method.>” The simple
photochemical method is another reproducible technique.*®
Eventually, metal colloids, i.e., MNPs, often behave as a micro-
electrode without a connection to the battery. These MNPs can
then transfer electrons for a chemical reaction with or without
illumination. The optical property of the surfaces of coinage
metals, i.e., plasmon absorption in the visible range is unique,
rich and distinct. This happens due to the collective surface
oscillations of electron gas. However, although there is
a discrete excitation for Ag, in the case of Au and Cu, a discrete
but superimposed excitation occurs. Fluorescence may be
another surface property of these MNPs.*> The stepwise
enlargement of AuNP seeds to any desired size has been shown
in a controlled fashion using Au(CN).>° An excellent depiction
is the stable gold nanoparticle dispersion demonstrated by
Michael Faraday. In this context, it is relevant to mention that
molecular colloids always become a selective adsorbent of their
own ions, in general similar to colloidal AgCl, which attracts
either Ag(1) or Cl™ ions to achieve electrostatic stability and
remain dispersed in a polar solvent (Fig. 2) such as water, and
are known as hydrosols.
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Fig. 2 Formation of AgCl colloids with surface charges.

A remarkable paper appeared in the literature, where AuNPs
were stabilized by long chain thiols or amines,* and conse-
quently the surface of the AuNPs behave as a non-polar
assembly and is dispersed in non-polar solvents (steric stabili-
zation). Subsequently, the organic solvent (dispersing phase,
non-polar solvent) may easily be removed by evaporation from
the organosol and nanoparticle, resulting in the formation of
a powder.”® The binding propensity of ligands is commonly
described in the literature. However, the effect of nucleophiles
is rarely discussed, which becomes interesting to consider for
coinage metals.

4. Chemistry of coinage revisited in
aqueous solution

4.1. Coinage metals in aqueous medium and effect of
nucleophiles

The functioning of coinage metals in water has been described
with little experimental detail. Analytical grade Cu, Ag and Au
wires were used after thorough cleaning, and the stock solu-
tions of CuSO,, AgNO; and HAuCl, in distilled water were
reserved for further experimentations. The reagent solutions
were obtained by employing the usual reported procedure. At
room temperature (25 °C), nucleophiles such as I, SCN ", and
CN~ were employed individually for the dissolution of the
coinage metal wires in water under sonication and the obser-
vations are reported in Table 1 and (Fig. 3).** Sonication
prompted the dissolution process, resulting in the formation of

Table1 Standard reduction potential [E° (V) vs. (SHE)] of Cu, Ag and Au
in the presence of a ligand/nucleophile®

Redox couples

Ligand/nucleophile Cu'/cu’ Ag'/Ag® Au?/Au®
H,O +0.799 +0.799 +1.500
Cl™ +0.137 +0.222 +1.000
Br— +0.033 +0.090 +0.870
SCN ™ —0.270 — +0.660
I —0.185 —0.150 +0.500
CN™ —0.430 —0.310 —0.600

¢ Reproduced with permission from Elsevier (ref. 32).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Nucleophile induced dissolution of coinage metals

100~ o
* Cu
C Au
- s Ag
> 715h-
| e
(=
e
3
2
S SO
4 /
F
= .
o
= 25
‘/‘
‘/1 1 L
0 3o 60 9 120

Time (min)

Fig. 3 Dissolution of Cu, Ag and Au wires in I,/I7or 1,/SCN™ solution
under sonication at 25 °C: @ for Cu; A for Ag; and [ for Au.
Conditions: [I] = 1072 mol dm™3, [I"] = [SCN7] = 0.1 mol dm~.
Reproduced with permission from Elsevier (ref. 32).

a coinage metal hydrosol. Explicitly, the hydrosols of Au, Ag and
Cu exhibited A, values at about 525, 410 and 400 nm,
respectively. The aggregation of the small hydrosol shifted the
Amax values to the red region (bathochromic shift). On the
contrary, a hypsochromic shift (blue shift) was observed when
the hydrosols were simply nanoparticle dispersions in aqueous
medium. Upon nucleophilic attack, the stable nanoparticle
dispersions of the coinage metals dissolved in water, which was
beneficial to study dissolution reactions. Parallel reactions with
Au, Ag and Cu wires were also carried out in the presence of
different nucleophiles to study the dissolution of the respective
metals in aqueous solution (Fig. 3). The dissolution of stable
dispersions of nanoparticles was monitored spectrophotomet-
rically at the respective Ay, values. However, the dissolution
reactions of the metal wires were determined gravimetrically.
The rate of dissolution of the wires followed the order of Cu> Au
> Ag. Three common nucleophiles, CN™, SCN and I, were
employed, and upon the addition of the nucleophiles,
a decrease in E;j, values was observed, as experimentally evi-
denced by cyclic voltammetry. The nucleophiles increased the
Fermi level of the metals. This increase in Fermi level makes the
metal surface vulnerable to oxidation, as evidenced by the
measured Ej, values. As expected, the hydrosols dissolved
promptly, leaving behind the metal wires, and the color-
bleaching reactions of the sol systems were always faster than
the dissolution of wires due to their surface area. After the
dissolution of the metals the presence of Au(ut), Ag(r) and Cu(u)
in aqueous solutions were individually tested with NaBH,
solution, and in each case, stable MNP dispersions, i.e., M(0) in
solution, were confirmed spectrophotometrically. The ease of
the construction of an electrochemical cell involving the I,/I™
system helped to study Au(ur)/Au(0) elaborately. It is very

© 2022 The Author(s). Published by the Royal Society of Chemistry
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important to note that the I,/I -assisted dissolution of Au is
facile, which is much faster than the rate of the CN™-assisted
dissolution of Au(0) in air. Thus, the latter is an inferior agent
for the oxidation of Au(0) (Fig. 3).>

The probable redox reactions at the gold surface for its
dissolution by the I,/I” system are as follows:

2Au + 21" + I, = 2Aul + 21" (4)
2Aul + 21, + 21" = 2[Auly]” (5)

The presence of I, a nucleophile, is essential for the
oxidation of Au(0), and molecular I, alone did not dissolve Au(0)
in solution but dissolved Ag(0) easily.> It is pertinent to
mention that the ‘repetition of property’ was the mother of the
invention behind the idea of framing the periodic table. Among
three elements, even for the coinage metals, Cu, Ag, and Au,
Mendeleev indicated the gradation of their periodic property.
The harmony, correlation or gradation of properties always
helps in formulating a neat conclusion. The farsighted Men-
deleev did that, where currently, one similar elegant topic has
emerged, i.e., redox reactions, which are related to the redox
potential value. Thus, the gradation of the redox potential
values of the coinage metals in the periodic table has far-
reaching revelation, which was corroborated by Mendeleev. In
addition, the pattern of the accommodation of the elements in
periods and groups is the strength of the periodic table. Metallic
gold dissolves in water at room temperature (25 °C) in the
presence of nucleophiles such as I", SCN™, and CN". All these
nucleophiles also perform well for the dissolution of other
metals, which is a general observation.

The important effect of ions on noble metal surfaces has not
been addressed in a comprehensive way.>* The chemical
adsorption of nucleophilic molecules/ions or deposition of
another metal has been studied in detail. Here, the resulting
changes in the chemical, photochemical, and optical properties
are discussed. Metal particles carrying excess electrons initiate
electrochemical reactions such as the reduction of water or the
deposition of metals. The dependence of the standard redox
potential on particle size is also discussed.*** Both galvanic
replacement and exchange reactions have been explained
straightforwardly*®*' based on thermodynamics for up- or
down-scaling and tuning metal particles, which are related to
the structure-property relationship. The electronic structure of
MNP is important to infer surface phenomena of all types, i.e.,
adsorption processes, which determine electrochemistry, spec-
troscopy and catalysis. Adsorption occurs in the case of catalysis
of a single atom. Furthermore, the environment surrounding
the catalyst particle has different effects. Ion exchangers and
solubilizers fall in the category of adsorption, producing better
product yields.

4.2. Demonstration of down scaling and nucleophile-
induced dissolution of coinage metals in water

The above-mentioned nucleophiles also work well for the
dissolution of other metals.*” The concentration of nucleophile
used is in the range of 10°-10"' mol dm™® to perform
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dissolution reactions. Finely divided metals with an increased
surface area, that is, with a low aggregation number of atoms
(n), dissolve quickly and produce a “microelectrode”.* The
dissolution of coinage metals becomes eye catching because of
their colours in the nanoscale under dispersion. However, the
dispersion of stable nanoparticles in water or in dilute
(107* mol dm?) aqueous surfactant solutions with a metal
concentration in the range of 107°-10"* mol dm > effectively
stabilizes the metals in their nanodimensions (1-100 nm).
Stable dispersions of these metal nanoparticles exhibit a rich
plasmon band in the visible range.** Then, it is easy to follow
the color bleaching (disappearance of yellow colour of Cu and
Ag, and pink colour of Au) of nanoparticle dispersions as their
dissolution (oxidation) proceeds® in air. Absorption spectro-
photometric measurements revealed that the maximum
absorption appears at ~400 nm for Cu and Ag and ~520 nm for
Au NPs in air.*?

The reproducible demonstration of experimental details for
the dissolution reaction of the cheaper silver nanoparticles (as
a representative) in aq. NaBH, (E° = —1.24 V) solution is
versatile,* reversible and cost effective. A similar concentration
of NaBH, was used throughout the experiment, which produced
intense yellow coloration'®* with aq. AgNO; (10> mol dm3) in
the presence of NaBH, (10~> mol dm™) in air. The redox
reaction can be written as follows:

2AgNO; + 2NaBH, + 6H,0 —
2Ag(0) + 2NaNO; + 2H3BO; + 7H, (6)

Evolution of the plasmon band of silver particles needs
careful manipulation/introduction of NaBH, solution. The
dropwise addition of NaBHy,, i.e., addition in portions, produces
black Ag(0) particles, whereas the introduction of NaBH, solu-
tion all at once produces a yellow solution. In this reaction, the
adsorption of BH; ion on the Ag nanoparticle surface makes it
negatively charged, which become susceptible to oxidation in
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the presence of air/oxygen (the reduction potential of O,/OH
should reach =+0.40 V). The oxidation of Ag(0) can be written as

4Ag + O, + 2H,0 — 4Ag" + 40H ™, (7)

where under this condition, dissolution occurs with the shaking
of the solution in air.*»*

The homogenization of compounds in surfactant solution
not only compartmentalizes the reaction products but also
takes care of the cleansing action. Both these abilities are
demonstrated in the following paragraph for the redox reaction
of silver(1) with the appearance of its plasmon band.

4.3. Reversible redox reaction of silver nanoparticles in
aqueous surfactant solution

Again, in this section, the moderately cheaper silver nano-
particles under dispersion are considered. Upon shaking the
yellow solution of AgNPs in air, the surface of the dispersed
AgNPs gets oxidized. Thus, the yellow colour is successively
bleached due to the oxidation of the AgNPs in the surfactant
solution, and finally their plasmon band disappears completely
due to their quantitative oxidation, i.e., Ag microelectrode
dissolution at air/water interface. On leaving the clear solution
to stand, NaBH, (already introduced in excess in the solution)
again reduces the oxidized Ag(i) and brings back the yellow
colour of the AgNPs, as presented in Fig. 4.*> Thus, the revers-
ible oxidation and reduction proceed for the AgNPs in the
solution as long as the nucleophile BH, , ie., reductant
remains in the aq. medium. The surface of the particles upon
oxidation by O, in the air, gets covered with a silver oxide layer.
To refresh the silver surface, ionic or non-ionic surfactant
(107 mol dm®) solution is very effective (Fig. 4), which
removes Ag,0.*” Common surfactants solubilize the silver oxide
layer on the Ag nanoparticle surface and oxidation progresses
steadily.”**® However, BH, , being more diffuse, readily
supports the dissolution of the AgNPs. Thus, BH,™ successively
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Fig. 4 (a) Absorption spectra of silver plasmon resonance during bleaching by purging O, (—) and reappearance in CTAB media (...). Curves 1-4

represent successive stages of bleaching starting from stable sol (1) to completely bleached sol (4) and curves 5-7 represent the successive
stages of the reappearance of the sol, where 14 represents it complete conversion. (b) Mechanism of the reversible formation and dissolution of
a silver nanoparticle. Reproduced with permission from the American Chemical Society (ref. 45).
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produces size-controlled AgNPs in steps from the dissolution of
the oxide layer.

An idea that has provided a unique way to demonstrate the
size-dependent E° values of small metal particles from the
reduction reaction of different dyes experimentally is described
here. The introduction of different indicator dye solutions
(107> mol dm ) of variable E° values in an aqueous reaction
mixture of AgNOj; solution (10> mol dm?), surfactant (2 mol
dm ®) and NaBH, (10> mol dm ) leads to the reduction of the
dye by the evolved GME (grown microelectrode) of AgNPs. The
chosen dye molecules (A4 is widely different from the plasmon
Amax Of AgNP solution) get reduced at different intervals by
GMEs, which clearly indicates that the grown GME of AgNP acts
as a catalyst for dye reduction. The dye reduction is followed
spectrophotometrically at the respective An.x values of the dye
solution. It is interesting to mention that with time, the GME
grows successively but its size remains the same for the entire
period of a particular dye reduction. Subsequently, the growth
of the GME progresses. Surfactants aid the catalytic property of
the particles by controlling their growth by inhibiting the
adsorption of reactants/products on their surface. Various dye
solutions can be reduced with the in situ-produced AgNPs
(Fig. 5), as previously reported.?® Furthermore, this has been
shown to be a general feature for other metal GMEs. The above
discussion is the manifestation of the size-dependent reduction
potential value of AgNPs. The E° value at the initial point of dye
reduction becomes the reference E° for the size-dependent E°
value of the GME. The size of the GME remains the same once
a particular dye is quantitatively reduced, which subsequently
starts to increase. Gelatine (aq.1% solution), Triton X-100 (TX-
100, alkylphenol-polyoxyethylene ether), B-cyclodextrin (B-CD),
etc. have been found to stabilize metal nanoparticles in aqueous
solution.*”*®* Thus, the size tuning of coinage MNPs in polymer,
surfactant, etc. can be generalized in aq. solution.

Growing Silver Microelectrode

BaHg*H2 Dye

Fig. 5 Scheme of growing silver particle-catalyzed redox reaction.
Reproduced with permission from the American Chemical Society (ref.
20).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In the same context, a reproducible photochemical tech-
nique has been reported for the evolution of highly stable Au
nanoparticles in TX-100 medium. The evolved Au nanoparticles
have application for the determination of cyanide ions, avoiding
the aggregation of the Au particles in solution.®

4.4. Consequence of Fermi level shift of metal nanoparticles
upon electron injection by nucleophiles

In the present discussion, electron donation by nucleophiles is
hypothesized to demonstrate the shift in Fermi level (Fig. 6)* as
an indication of colloidal particles of Au and Ag. A study also
validated the changes in their optical absorption, spectroscopy
and catalysis. It has been authenticated that excess electron
deposition by nucleophiles on the particles leads to a blue-shift
(filling of the conduction band states at the Fermi level) in their
plasmon absorption band. On the contrary, the plasmon
absorption band shifts to longer wavelengths with electro-
philes. The shift in the plasmon band shift is in good agreement
with theory.”* It is pertinent to mention that the size of
coinage metal NPs and/or their aggregation in solution shifts
the Amax values of NP dispersions, which is different from the
above-mentioned shifts in Fermi level.

4.5. Typical role of cyanide in coinage metal chemistry

Generally, ligands are electron donors or Lewis bases, where
when written in order of their field strengths, the spec-
trochemical series is obtained. Consequently, the cyanide ion
(CN7) acts as a typical ligand in coordination chemistry and in
redox reactions. The redox processes become interesting in the
case of coinage metals. Henglein reported that cyanide being
a strong nucleophile, shifts the Fermi level of the metals
noticeably and can be studied easily for coinage metals using
a visible spectrophotometer” and at that point, H,O is
decomposed upon UV light irradiation.** The reactivity of the
metal particles increases, creating (i) successive subdivision of
the metal particles and (ii) unsaturated surface atoms of small
metal particles with a nucleophile. In the former case, metal
colloids are evolved under dispersion. Thus, the seed idea of
colloid science,”” ie., colloid-to-molecule transition, was
described by Henglein.>** Finally, one AgNP in a solution but
under dispersion may be considered as a metal microelectrode
in equilibrium with one Ag(i) ion. The nuclearity-dependent
potential changes were explained about 30 years ago.>*

N5*
‘ xN
—_—
N&*
Fig. 6 Adsorption of nucleophile N: schematic description of the
adsorption/desorption equilibrium and accompanying shift in the

Fermi potential. Reproduced with permission from the American
Chemical Society (ref. 43).

Fermi potential
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Fig. 7 Schematic representation of the potential action of cyanide.

Cyanide, a pseudo halide, acts as a strong ligand, reducing
agent, masking agent, and strong complexing agent, and this is
considered a nucleophile (Fig. 7). However, the nucleophilic
property of cyanide has not been addressed in a comprehensive
way for the extraction processes of gold and silver. It is known
that cyanide shifts the Fermi level of metals to a great extent,
making it negative. Thus, the metal becomes vulnerable to
oxidation, and therefore in air, O, can oxidize the metal in the
presence of cyanide. A series of ligands, based on their strength
of interaction with metal ions, is described in the spec-
trochemical series, where the position of the cyanide ion vali-
dates its strong ligand field strength.** It is important to
mention that the strong nucleophilic cyanide ion has been well
exploited in redox processes. As a nucleophile, the Fermi level of
small gold particles shifts towards the (negative) conduction
band by the cyanide ion. Consequently, gold becomes vulner-
able to oxidation. Gold can be dissolved in water when gold
particles are stirred in an aqueous solution of iodide, cyanide,
etc. in air. A demonstrable experiment becomes eye catching if
some surfactant molecules are added to alkali cyanide in
aqueous solution. This is more easily observed with small metal
particles/metal nanoparticles under dispersion. Under these
conditions, the reduction potential values of the metal become
negative with a low aggregation number of metal atoms.
Surfactants and polymers stabilize metal nanoparticles. The
surfactant refreshes the gold surface by removing the oxidized
gold from the surface of the metal nanoparticle and dissolves
the oxidized layer from gold particles. Actually, gold dissolves in
water without any acid! This type of dissolution has also been
demonstrated for silver, and interestingly the reversible
formation of silver nanoparticles (AgNPs) and their dissolution

12124 | RSC Adv, 2022, 12, 12116-12135

are perceptible even with the naked eye.”” Moreover, this
information provides a clue to understand size-selective catal-
ysis and size-tunable catalyst formation.

5. Core-shell metal particles of Au
and Ag

According to the above understanding, monometallic Au and Ag
nanoparticles and bi-metallic core-shell particles from silver
and gold are obtained in a stepwise fashion. Because of the
comparable lattice spacing (~0.408 nm) of Ag and Au, their
integration occurs easily to produce alloy nanoparticles. Even
transient laser irradiation results in the formation of Ag(0)-
Au(0) alloys if they are present together in a reaction medium.*”
However, from a stepwise reaction, the core-shell architecture
evolves.*® Similar manipulation has been elaborated from the
galvanic replacement reaction to obtain a ‘hollow core-shell’
structure over time.*®*** In catalysis, when larger gold particles
are needed, a gold-coated base metal can be used. The chemical
and physical properties of the nanoparticles can be tuned by
using the core-shell structure. The core-shell structure is
generally preferred due to its extraordinary physicochemical
properties, which are very different from that of its constituent
metals.***® To obtain well-defined surface plasmon absorption
bands (around 400 nm for Ag and 520 nm for Au), AUcore—Agshell
nanoparticles have received great attention.>® Also core-shell
nanoparticles have been proven to be a promising substrate for
SERS studies because this architecture allows the tuning of
localized surface plasmon resonance (LSPR). This helps to
achieve favourable SERS signals by varying the size of the core

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00403h

Open Access Article. Published on 21 April 2022. Downloaded on 3/27/2026 11:06:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

and thickness of the shell in association with the electromag-
netic field effect (EM).*>%

The formation of the Aucore—AZshen Structure may be
explained by the different reduction potential values of Au and
Ag (Au > Ag). Commonly, the nobler metal Au becomes the core
(Au(m) is reduced preferentially) in the 1* step and the less
noble metal Ag always remains as the shell (as Ag(1) is reduced
later). In this case, Aucore—Agshen bimetallic particles evolve fol-
lowed by the reduction of the added AgNO, in the 2™ step. The
reduction of AgNO; was carried out using preformed Au nano-
particles (seed). Freshly introduced silver ions were skillfully
reduced under UV (~365 nm) light irradiation or by a weaker
reducing agent (E° = +0.35 V) such as ascorbic acid (10~ mol
dm™?). Then, the Au(0) surface was covered autocatalytically by
the silver shell. For the reduction of AgNO;, the reducing agent
should be less diffusive and weaker than BH,, otherwise the
adsorbed Ag" ions are desorbed from the Au(0) surface and
a mixture of Ag(0) and Au(0) particles are dispersed in the
solution. However, employing ascorbic acid or UV exposure
(~365 nm), Aucore—Agshen particles are obtained. Alternatively,
upon the addition of excess of Au(m) ions to a solution con-
taining preformed Ag(0), Au(m) is reduced, and in turn Ag(0) is
oxidized to Ag(i) because of the higher reduction potential of
Au(m)/Au(0) (E°, +1.50 V) than the Ag(1)/Ag(0) (E°, +0.79 V)
couple. Consequently, hollow,ore—AUghen €volves. An interesting
structural feature has been observed that if the added Au(m)
ions are insufficient compared to preformed Ag(0), then the
inverted Agcore—AUgpnen is formed (Fig. 8) but with a smaller
Ageore-* In this case, galvanic replacement (GR) of simultaneous
oxidation and in situ reduction reactions have attracted interest
in nanoscience for the size and shape tuning of various metal
nanoparticles (MNPs).

A suitable stabilizer combined with a weak reducing agent
provides more interesting features, where kinetic control of the
growth process of Ag and Au MNPs become perceptible. Kinetic
control was observed by using suitable photons.***% Silver
particles grow autocatalytically onto the preformed Au seed
particles (Amax 523 nm) with a 1 : 2 molar ratio of Au and Ag(1).
This bimetallic particle formation is driven by thermodynamics
as argued from the standard reduction potential values of the
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Fig. 9 Schematic representation of the formation of mono- and
bimetallic nanoparticles and their corresponding SERS spectra.
Reproduced with permission from the American Chemical Society (ref.
63).

two participating Au and Ag couples. Then, the A, of Au(0)
shifts from 523 nm to the more red region of ~450 nm
depending on the Ag(0) shell thickness on the Au(0) core. The
result is presented in Fig. 9.

Classically, the careful but preferential cyanide-assisted
dissolution of the Ag shell of Auc,e—Agsnen particles resulted
in the appearance of the original Au(0) plasmon peak at 523 nm.
This experiment unequivocally established the nobility of gold
(E°, +1.50 V) in comparison to silver (E°, +0.79 V). More
importantly, once again this unique experiment well justified
the different periodic properties of the participating coinage
metals in terms of nobility. Recently, water-soluble noble metal
NPs were evolved in aqueous solution.**

Although it is convenient to evolve normal Aucore—Agshen
particles under normal conditions with preformed Au nano-
particles, the reverse case of bimetallic particle formation has
become possible.®* Again, selective gold dissolution by cyanide
has been experimentally explored using fluorescence probes.*

Fig. 8 HRTEM images of (A) AUcore—AGsher and (B) Agcore—AUsnen bimetallic nanoparticles. Reproduced with permission from the American

Chemical Society (ref. 63).
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The description of Au and Ag metal dissolution at the air/water
interface with nucleophiles such as cyanide and BH, has
become a general methodology, as presented in the preceding
section with a variety of nucleophiles. The normal course of the
reduction of Au(ur) and Ag(r) mixtures in aqueous solution may
lead to the formation of bimetallic Au-Ag alloy nanoparticles.
Both Au and Ag have comparable lattice parameters (4.078 and
4.08 A, respectively), which endorse the facile production of
their alloyed bimetallic structures. However, the formation of
Au-Ag alloys depends on the Au(m):Ag(i) ratio and the
tendency of the reductant. Therefore, the concentration and
kinetics control the reduction, which can lead to the formation
of different types of bimetallic particles. For fast kinetics,
AUcore—Agshen Structures evolve.”® In this case, the higher
reduction potential of +1.50 V of the Au(u) couple evolves the
nobler Au(0) core in the 1° instance, and then Ag(i) is reduced
onto the shell. During the course of slow reduction kinetics,
Au(0) core becomes the adsorbent for the incoming Ag(i) ion,
which becomes an adsorbate. The formation of Au(0)core—
Ag(Dshen is authenticated from the red (bathochromic) shift in
the plasmon resonance of the preformed Au(0) particles after
the adsorption of Ag(i). Subsequently, the evolved Au(0)core—
Ag(Dsnhen particles are reduced to produce normal Aucore—Agshel
structures. Under radiolysis condition, if the mono-anionic
Au(CN),” and Ag(CN),  complexes are employed in solution
in presence of CN™ ions, Au(0)core—Ag(1)shen is evolved, which is
formed for chemical reduction. Subsequently, it is observed
from the dynamics of the reduction reaction that the interesting
electron relay takes place from the Au(0) core to the surface-
adsorbed Ag(i) ion. Thus, this electron relay authenticates the
oxidation of the Au core and reduction of the adsorbate, Ag(1).
This process authenticates the reversal of the nobility of Au(0),
i.e., gold becomes less noble than Ag.®® Furthermore, the
kinetics of the reduction of Au(m) and Ag(i) through radiolysis
revealed that slow kinetics of the process evolves AUcore—Agshell
bimetallic particles and fast kinetic supports Au-Ag alloying.*
Similar redox chemistry results for the evolution of normal and
inverted core-shell bimetallic particles by controlled kinetics
were reported by Pande et al.®*

6. Au-Ag alloy nanoparticles (NPs)

Small alloy particles of Au and Ag were discovered long ago, as
discussed in the preceding section.®” This is ascribed to their
similarities in lattice parameter and corresponding plasmon
band shift.®® Alloy formation and the corresponding electronic
spectral information have been explicitly explained based on
the similarity of plasma frequencies of the participating Au and
Ag atoms. The plasmon absorption of these two noble metals as
a hybrid resonance results from the cooperative behavior of
both their d-band and conduction electrons. In another report,
the formation of non-homogeneous but monodisperse Aucore—
Agshen Was reported via the co-reduction of gold and silver
salts.”” The growth process resulted in the replacement of the
surface Ag atom by Au. Thus, the formation of Au-Ag alloys and
their interparticle mixing are prompted by possible galvanic
replacement reaction and place exchange reactions.
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7. Gold is unique and worthy of
importance

Surface plasmons are coherent oscillations of conduction elec-
trons on a metal surface excited by electromagnetic radiation at
the metal-dielectric interface. Plasmonics deals with the study
of light-matter interaction, where the wavelength of light is
significantly larger than the size of the metal particles. Plasmon
excitation enables tunable light absorption and photon
confinement at the nanoscale by coupling a photon with the
collective oscillations of the conduction electrons in the metal.
Surface plasmons exist as either propagating surface plasmon
polaritons (SPPs) on planar interfaces or localized surface
plasmon resonances (LSPRs), which are confined to the surface
of a particle. Surface plasmons are readily damped; thus, after
a short time, the plasmon will start to decay radiatively into
a reemitted photon or non-radiatively via intraband or inter-
band transitions, forming energetic or “hot” electrons. Metal
nanocrystals have large absorption cross-sections and can effi-
ciently enhance and trap light, and therefore plasmon excita-
tion has been widely viewed as an efficient mechanism for
generating non-thermal ‘hot’ carriers. Hot carriers generated
from non-radiative plasmon decay offer new opportunities for
harnessing absorption loss. The hot electrons thermalize
further through electron-electron (e-e) and electron-phonon
(e-p) coupling and the energy is transferred as heat. Further,
non-radiative plasmon decay results in the formation of a pair
of excited ‘hot’ carriers, which can be injected from the metal
into an adjacent semiconductor via internal photoemission
(IPE) to yield a photocurrent. In the sequential processes,
a photon excites the LSPR of the nanoparticle, which subse-
quently decays to yield an excited electron-hole pair. The elec-
tron-hole pairs are distributed over a range of energies, some of
which are high enough to allow electrons to tunnel into the
vacant states of nearby semiconductors. The photogeneration of
hot electrons in a metallic structure and their injection into an
adjacent semiconductor are a crucial mechanism, given that
they allow electrons to be generated in the conduction band of
the semiconductor with incident photon energies larger than
the energy barrier between the two media, which is in general
much smaller than the bandgap of the semiconductor (1.1 eV
for a gold-titania interface). The hot electrons can be captured
before thermalization by an adjacent semiconductor, providing
a novel photoelectrical energy conversion scheme for photo-
voltaics or for driving chemical reactions. In this case, carriers
excited with photon energies lower than the semiconductor
bandgap can be captured, circumventing bandgap limitations
and opening pathways for additional energy harvesting. Hot
carriers can be harnessed for applications ranging from
chemical catalysis to photothermal heating, photovoltaics, and
photodetection. Although much effort has been devoted to
mitigating plasmon nonradiative decay, recent research has
uncovered exciting opportunities for harnessing this process,
such as in photothermal heat generation, photovoltaic devices,
photocatalysis, driving material phase transitions, photon
energy conversion, and photodetection.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Small particles (1-100 nm) of gold display a spectacular
colored nanoparticle effect in glass. This effect and the stability
of small gold particles against air oxidation was discussed in the
Bakerian Lecture delivered by Michael Faraday.” He thought
that it is possible to prepare Au particles much smaller than that
of the wavelength of visible light and a variety of colors may be
observed from the solution due to the particle size variation
under dispersion. G. Mie rationalized the red color of AuNPs by
solving Maxwell's equation for particles of sizes equal to the
wavelength of light.”* Now, we know that the nobility of AuNPs
and their color is due to the collective oscillation of conducting
electrons, which resonate (surface plasmon resonance, SPR)
with the incident photon frequency and distinctly appear in the
visible range. This makes AuNPs unique, even for applica-
tions.” Again, the SPR is dependent on the size, shape, inter-
particle distance, and dielectric properties of the medium in
relation to the local environment of AuNPs.**7

Relativistic effects explain the distinctive properties of gold.
The relativistic effects of heavier elements have long been
recognized. The unusual large relativistic effect of gold is now
well-established fact. Explicitly, the 6s-orbital contraction
(decrease in 6s orbital distance from the nucleus), and simul-
taneously 5d-orbital expansion (increase in distance from the
nucleus) for gold atoms are supported by different experimental
facts and figures. The mass of an electron (travelling with half
the speed of light) in the orbital increases for gold. Thus, the
removal of an electron becomes difficult, and consequently blue
light is absorbed, resulting in the appearance of the compli-
mentary yellow color. The yellow color of gold corresponds to an
energy difference of 2.3 eV (absorption energy). Cu has strong
absorption at a slightly lower energy of 2.15 eV, which corre-
sponds to its strong orange color. Similarly, Ag has an energy
difference of 4.0 eV and it has high reflectivity evenly across the
visible spectrum, which results in a pure white color. In general,
all these effects are the result of interband transition. The
relativistic effect, which raises the 5d-orbital and causes
lowering of the 6s-orbital, also explains the color of metals. This
effect is more prominent in Au than in Ag, which is also
explained practically by its color. Thus, nonrelativistic gold
would be white. The most popular plasmonic nanomaterials
come from Cu, Ag and Au, which can directly convert incident
photons (light) into electricity via the generation of hot elec-
trons. When light is absorbed by plasmonic nanomaterials, they
undergo two types of decay, as follows: (i) radiative decay and (ii)
non-radiative decay. Ten years ago, researchers neglected this
non-radiative decay process, and also tried to eliminate this
process to maintain the optical performance of plasmonic
devices. However, in 2004, Tian et al. made a breakthrough
discovery that has been intensively investigated recently.'®
Plasmonic metals experience surface plasmon resonance
decays and generate hot carriers (hot electrons and hot holes)
via localized surface plasmon resonance (LSPR), i.e., collective
oscillations of the free electrons in plasmonic nanostructured
metals. This happens when the resonant frequency of the
electrons exactly matches the incident light.” Consequently,
they transfer their energy to the electrons in the metal and
generate hot electrons. Hot electrons are produced in metal
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nanostructures due to (i) intraband excitation from the occu-
pied s-band to the empty s-band or through (ii) interband
transitions involving the d-band to the empty s-band. Interband
transitions from other bands to the unoccupied conduction
band states are also evident. Therefore, when silver is illumi-
nated with visible light, hot electrons can only be produced by
intraband excitation. Alternatively, gold and copper are capable
of interband excitation in the visible region and hot electrons
with a relatively lower energy are generated than that via
intraband excitation in Ag.”>”® When the metal is kept in contact
with a semiconductor, it will transfer its electron to the semi-
conductor. However, the electron transfer may be indirect
transfer or direct transfer. In the case of indirect transfer, hot
electron injection has to compete with e —e scattering. Also,
because a very small fraction of hot electrons can be transferred,
in this pathway, a very low efficiency is observed, i.e., <2%.
However, in the direct pathway, there is no such e -
e~ scattering, and thus the energy loss will be less, increasing its
efficiency. In this case, when the metal and semiconductor
remain close, it results in the formation of an empty hybridized
orbital, and the generated hot electrons are directly placed in
the empty hybridized orbital.” However, to transfer the elec-
tron, it needs to overcome certain conditions. When the metal
(Au) and semiconductor (TiO,) are kept in contact with each
other, their different work function (¢) leads to the formation of
a space charge region. Due to the effect of this space charge
region, the band edges of the semiconductor will also shift,
causing band bending in the semiconductor. If the work func-
tion of the metal (¢,,) is greater than that of the n-type semi-
conductor (¢g), a Schottky barrier (¢sg) will form at the metal-
semiconductor interface, which will suppress the recombina-
tion of hot carriers. In that case, the electron will transfer from
the semiconductor to metal until the Fermi levels of the metal
(Efm) and semiconductor (E¢s) reach the same level and the
bands will bend upward towards the interface. Also, high
energetic hot carriers can overcome this Schottky barrier.
However, if ¢, < ¢, then there will be no Schottky barrier.
Electron transfer will take place from the metal to semi-
conductor. In that case, the contact between the metal and
semiconductor is regarded as ohmic contact and the bands will
bend downward towards the interface.”” To allow this process to
continue, there should be some electron donor in the solution,
which will donate electrons continuously to the Au nano-
particles. Firstly, Tian et al. tried I and found that the incident
photon to current conversion efficiency (IPCE) was very low, i.e.,
1%."* The corrosive property of I7/I;~ towards the metal (Au)
was the major problem associated with this electron donor.
Then, the same group optimized this problem and tried other
electron donors such as I, F~, Cl~, and Fe*" and they solved
this problem by using the Fe**/Fe’" redox couple.?” In this case,
Fe®" acts as an electron donor and Fe®' acts as an electron
acceptor, as shown in the schematic in Fig. 10. However, this
redox couple can work only when the potential of the redox
couple is more negative than that of the hole and more positive
than that of the conduction band of the semiconductor (TiO,),
otherwise the metal (Au) nanoparticle cannot accept electrons
from the donor and acceptor also cannot accept back transfer
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Fig. 10 Schematic diagram showing the mechanism of the generation of hot electrons, where E., conduction band minimum; E,, valence band
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electrons from Au via TiO,. Fe*' is considered to be the best
donor because it shows the largest photocurrent of about 46 pA
cm? and photovoltage of about 0.68 V. In this whole process,
the most important thing is that the whole mechanism
proceeds without the use of an external electric field. The hot-
electron production efficiency in a nanocrystal strongly
depends on its size, shape, material and local environment.”®
Hot electrons, which are generated in semiconductor-
plasmonic nanostructure composites, are ubiquitously used
for the advancement of solar energy conversion due to their
superlative ability to tune the wavelength over a wide range of
the electromagnetic spectrum by controlling the shape of the
nanoparticles. They operate across the visible-to-near-infrared
(NIR) region,” showing a wide range of applications such as
photodetectors, photocatalysts, photovoltaics, chemical
sensors, and biosensors.” Plasmonic hot electrons are imper-
ishable but have a very short time frame for their generation,
emission and transfer, limiting their applications. Similarly,
large relativistic effects lead to an increased ionization potential
of ca. 2.3 eV, large work function, ¢ value (work necessary to
extract an electron), negatively charged gold cluster, unusual
lattice geometries of AuCl, AuBr and Aul with short Au-Au
distances, helical gold nanowires.” Furthermore, gold has the
highest electronegativity (Pauling scale) and softest acid char-
acter among the metals in the periodic table. Therefore, the
formation of Au™ is understandable. All the other metals in the
periodic table exhibit harder acidity than gold, and interestingly
the hardness of the metal increases in proportion to the
distance from the position of the gold.?® On the contrary, silver
takes high energy UV photon, as already mentioned, to remove
an electron and low energy visible photons are reflected, which
give silver the look of a reflecting mirror. In conclusion, it is
worth mentioning that a superimposed collective and discrete
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excitation occurs for Au and Cu, whereas in the case of Ag,
discrete electronic oscillation occurs due to its interband tran-
sition at a shorter wavelength.

Bacteria are very helpful and vital to the ecosystem. They are
found in various sizes. However, a great challenge associated
with them is their adherence to the surface of materials, initi-
ating the process of colonization, namely the development of
a biofilm. This has an adverse effect on human health and
industrial applications. These challenges have encouraged
researchers to explore solutions, where emphasis has been
placed on the development of antibacterial metals. The state-of-
the-art of coinage metals Cu, Ag, and Au are capable of being
used as antibacterial agents.** Based on this fact, the size, shape
and surface chemistry of MNPs have been proven to affect their
biological activity. Moreover, the dimensions of Ag nano-
particles play a vital role in their activity. Smaller particles
impart a great antibacterial effect. Sharma et al. revealed that
the antibacterial activity of Ag nanoparticles is size dependent.*
AgNPs with a size of 25 nm showed the highest antibacterial
activity among the other sizes tested up to 450 nm. Their anti-
bacterial performance was very more prominent at a very low
concentration of silver (as low as 1.69 pg mL ™" Ag). In contrast,
the low toxicity of gold to bacteria prevents it from being used as
an antibacterial agent. However, bimetallic Au@Ag nano-
structures can reverse this. It was observed that Au@Ag core-
shell nanoparticles exhibited enhanced antibacterial activity
because of the Ag shell around the Au core.*

8. Catalysis with metal particles

The word ‘catalysis’ was 1% used by Berzelius, which eventually
acquired significance in the development of physical chemistry.
The 1909 Nobel Prize in Chemistry was awarded to Ostwald for
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his contribution, which rightly steered the world of catalysis for
innumerable practical applications. The grinding-mixing
protocol (GMP) is a strategy to achieve size-dependent catal-
ysis. Then, size-, shape- and facet-selective catalysis have
enriched the subject for a better understanding of catalytic
reactions. The modification of the catalyst surface is now
explained with the change in work function (¢) value, which can
currently be used to explain the improved product yield of
a catalytic reaction in relation to the facet selection of
a catalytic crystal.

8.1. Catalysis with gold particles: work function (¢), size-,
shape- and facet-selective catalysis

In the groundbreaking report on Au nanocatalytic reactions,
Haruta described the oxidation of CO.** Much emphasis was
given to restructuring the crystal structure of the catalyst to
determine the energetics of the surfaces.®** Recently, real time
work function measurements were carried out for heteroge-
neous catalysis. Direct real-space information about the
dynamics of catalyzed reactions has been elaborated to under-
stand the work function-related changes of a catalytic reaction.
Hence, in situ SEM studies have provided reaction fronts and
the spillover of activated species.*® Several attempts have been
made to rationalize the particle size effect in catalytic reactions.
In particular, Au-catalyzed CO oxidation has been studies but
the role of the altered electronic factors of the supported AuNP
surfaces has been largely ignored. According to the ‘electron
theory of catalysis’ or the ‘rigid band model’, the re-distribution
and concentration of electrons on the catalyst surface/interface
govern the catalytic processes, which is now being considered.
Thermodynamic equilibrium is not achieved while catalysis
proceeds in an open system given that heat and matter are
exchanged with the surroundings. Therefore, the complex
dynamics of catalysis should be studied on a real-time basis. In
situ electron microscopy has paved the way for investigations of
the surface changes of a catalyst for adsorption-desorption
processes during a reaction.®*®” Reactions between the adsor-
bed species in the grain boundary region have been detected
with respect to the contrast variations in SEM images, which
has been related qualitatively to work function (¢) changes.
The changeable property of nanomaterials with large
exposed surfaces has been well described in catalysis. In
heterogeneous catalysis, generally polycrystalline catalyst
particles are employed when the surface area of the catalyst
particles, i.e., radius to charge ratio of the catalyst, becomes an
important issue in terms of product yield and faster kinetics.
Amongst the coinage metals, bulk gold does not support
catalysis very well. There is no energy-permitted vacant orbital
available to establish efficient substrate-gold interaction,
a necessary condition for catalysis. However, a simple disper-
sion of gold nanoparticles (AuNPs) has been shown to perform
well for the 4-nitrophenol reduction reaction.®® Furthermore,
the importance of the size variation of AuNPs has been critically
illustrated, which led to size regime-dependent catalysis.*
Eventually, the 4-nitrophenol reaction has become the ‘bench-
mark model reaction’® and widely used to test the catalysis of
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variety of MNPs.”* In most heterogeneous catalytic reactions,
the surface area of the catalyst particles is increased by the
‘grinding mixing protocol’, resulting in an intimate reaction for
efficient catalysis.” Then, in catalysis, shape selectivity has been
reported, where the reaction involves high-energy surfaces.”

In the case of facet-selective catalysis,* catalyst particles with
a selective facet catalyze a particular reaction®” and other facets
may remain innocent or totally dormant. An analogous
conclusion may be obtained from the work function (¢) value of
a catalyst, which is also surface morphology or impurity driven.
The origin of the catalytic activity of supported AuNPs is still far
from being understood. The genesis of the high activity of
supported Au catalysts is ascribed to the presence of negatively
charged top Au atoms. An atom with low coordinated Au, in
other words, high coordination vacancy or “crown jewel”
concept, was introduced by Toshima et al.®® This idea has
generated many reports on low coordinated Au catalysis.
Recently, C-H oxidation reaction by Au nanoislands has been
advocated, where the stabilization of the spin state, hybridiza-
tion and charge-polarization are considered for a successful
reaction.”

The exhibition of new physical and chemical properties with
thiolate-protected gold clusters has received significant atten-
tion as a typical functional nanomaterial with limited active
sites in photocatalysis.”” Recently, it has been rationalized that
miniaturization of the co-catalyst plays a role in increasing the
number of surface gold atoms, which is related to an increase in
photocatalytic activity. However, the role of the co-catalyst is
complicated and not well understood. Presumably, the gold
cluster seizes a photoelectron, preventing electron-hole
recombination and/or transfer of the seized electron to the gold
surface (active site). Thus, confinement of the cluster on the
catalyst surface and electron confinement on the co-catalyst site
come into play. The catalytic activity is believed to have evolved
from the changes in the number of surface gold atoms (co-
catalyst) that react with hydrogen. In this case, the photoelec-
tron reduces H' of water to Hy; in turn, OH™ produces O,
justifying water splitting by confined gold clusters.

Based on the understanding of the facet-selective affinity of
molecules and ions, the quantitative separation of Au nanorods
(AuNRs) with a high aspect ratio was reported.®” Tetraazaan-
thracene derivatives from the oxidation reaction on selected
Au(111) and Ag(111) facets via covalent C-N bond formation
were discussed. This thermal oxidative cyclodehydrogenation
reaction was supported by ab initio density functional theory
calculations. The detailed mechanistic analysis was consistent
with the experimental reaction conditions.”® Facet-dependent
work function values are available for metals. A comparative
account of the work function values of metals showed that they
are crystal structure dependent. Alternatively, examples of size-,
shape-, and then facet-selective catalysis are the progressive
developments in the field of catalysis. However, facet-selective
catalysis could not be related with the work function values of
metals, and types of catalysis were varied.” Partial charge
transfer has been shown from the solvating water layer to the Pt
electrode, leading to a dipolar polarization distribution along
the interface, which is normal. The creation of an interface

RSC Adv, 2022, 12, 12116-12135 | 12129


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00403h

Open Access Article. Published on 21 April 2022. Downloaded on 3/27/2026 11:06:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

dipole is essential to understand the work function change from
Pt(111) in vacuum to the Pt electrode covered by a film of an
aqueous electrolyte. The partial charge transfer at the point of
zero charge is a feature that has been typically neglected in
traditional electrochemistry, which rather focused on the
arrangement of point charges and the orientation of solvent
molecules from theoretical calculation. It was shown in the
calculation that the redox potential of the catalyst contributes to
the driving force of the reaction, but the electrode regenerates
the active form of the catalyst. From a chemical reaction, an
exclusive concave hexagonal molecule with a high index facet
{hkl} was successfully prepared via the Cu(u)-assisted etching of
hexagonal (NH,),Cu(M00,),(ACM) for the first time. The higher
reactivity of the {001} crystal plane than that of the {010} plane
was observed after the etching process. It was shown that the
high index facet-exposed concave hexagonal ACM serves as
a better catalyst for the photodegradation of dyes than the other
microstructures enclosed by low index facets.”* Thus, the
energetics of the catalyst surface has become very important.

Chemisorbed O, binding weakens due to the work function
of the Pt catalyst. It has been shown that activation energy of
oxygen desorption depends linearly on the potential and work
function of the catalyst. Experimental correlation between
surface structure and catalytic behavior is difficult to generalize.
It is even more difficult to identify the low-coordinated active
sites of a catalyst for the preferred anchoring of different
substrates.'® Again, a catalyst with an exposed surface is very
selective sometimes in relation to a particular reaction, facet,
interface, coordination site, reagent, etc.'* The active sites
change during the reaction process, further complicating the
situation, which may be explained from real-time monitoring of
the work function (¢).

Here, the synthesis of highly fluorescent water dispersible
silver clusters is presented. The clusters on the Au(1) surface
exhibit strong fluorescence due to synergism/cooperativity.
Moreover, the green synthesis and reversible dispersion of
stable silver cluster in water and common organic solvents
make them useful.*® Thus, fluorescing Ag clusters on the surface
of Au present a platform to enhance the fluorescence of Ag and
have potential for sensing activity. The Fermi level does not
include the work required to remove an electron from wherever
it came. A precise understanding of the Fermi level provides
information about the electronic band structure, voltage and
flow of charge.

The binding energy shift of Ag is mainly attributed to the
electron transfer from metallic Ag to ZnO crystals (i.e., forma-
tion of monovalent Ag). The Fermi levels of two components
become balanced when the metal particles come into contact
with a semiconductor, such as Au/ZnO and Ag/ZnO hetero-
structures.'** Accordingly, when Ag (work function = 4.26 eV) is
attached to ZnO (work function = 5.3 eV), some of the electrons
are transferred from Ag to ZnO at the interfaces of the Ag/ZnO
core-shell heterostructures, resulting in higher valence Ag.
The binding energy of monovalent Ag is lower than that of zero-
valent Ag; therefore, the shift to lower binding energies for Ag
3ds, and Ag 3dj, further verifies the formation of Ag/ZnO
heterostructure composites.
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It was described by theory and experiment by Giovannetti
et al. that graphene retains its unique capacitance property with
Au.'” Graphene upon doping onto Au(111) facets weakly inter-
acts with Au and its Fermi level shifts. Here, this weak inter-
action results in a high contact resistance. However, the ¢ value
of graphene changes with Au, similar to that with other metals.
This result becomes important for fabricating high-
performance graphene-based electronic devices. The authors
indicated that metals may be divided into two groups and this
classification becomes important for the fabrication of devices.
This was supported by Song et al.** It has already been indi-
cated that defects, kinks, stairs, impurities, etc. drive catalytic
reactions easily.”® The reasons for this are not well understood
in the case of low coordinated/under coordinated catalyst
particles. However, the importance of heterojunctions is
understood but their manipulation is done in a ‘hit-or-miss’
way.

The work function (¢) of a metal is defined as the minimum
energy needed to remove one electron from the metal, which
depends on the structure, morphology and chemical composi-
tion of the metal surface. For example, different crystallo-
graphic surfaces of the same metal exhibit different work
function values. Thus, the chemical modification of a surface
can also induce altered ¢ values. Therefore, the metal surface
becomes susceptible to oxidation in the presence of suitable
nucleophiles. It is worth mentioning that in the groups of alkali
and alkaline earth metals in the periodic table, the value of the
work function decreases progressively from the top to bottom.
This trend in the change of work function is reverse for the
groups of transition metals. Similarly, E° changes for most
metals. The work function value is anomalous for the coinage
metals, as follows: Au > Cu > Ag, which is explained by the
relativistic effect. Electrochemistry has much in common with
surface science in relation to the solid surface in contact with
another phase. As mentioned already, for electrons in a metal,
the work function, ¢, is defined as the minimum work required
to transfer an electron from the inside of the metal to the
outside. Electrons may go from the inside to the surface of the
metal (work is done against the surface dipole potential).
Therefore, ¢ is a surface term, and hence it is different for
different surfaces of a single crystal. It is important to note that
the work function, ¢, depends on the surface structure at the
single atomic level, and consequently must be defined for each
crystal face. Therefore, facet selectivity appears in catalysis. The
work function is the negative value of the Fermi level, provided
that the reference point for the Fermi level is chosen just
outside the surface of the metal. The standard reduction
potential (E° in V) is a thermodynamic property of the elements.
This value (referred with reference to the standard H, electrode)
are displayed in textbooks, which is related to the Gibbs free
energy change. Eventually, the E° values sequentially designate
a group property of the elements, as presented in the periodic
table. Similarly, the group properties of the elements are
described by the work function (¢, eV) values. Both values are
useful for catalytic reactions to further explain the chemical
reactions. Furthermore, the work function values are not only
facet dependent but also impurity driven, which makes
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a particular metal selective for a particular reaction. Thus, the
controllable work function results in a dramatic change in
catalytic activity and selectivity." The work function, ¢, of
metals varies from 2.3 eV for potassium to 5.3 eV for gold. A
metal such as gold, which has higher work function, ¢, requires
more energy to transfer an electron. The valence bands are filled
with electrons up to the Fermi energy. The energy difference
between Fermi energy and vacuum level corresponds to the
work function (¢). One of the key electronic properties of
a metal that is affected by adsorption is its work function, ¢.'*
The work function, ¢, and its related quantity, the potential of
zero charge, are significant in understanding several surface
and electrochemical phenomena, namely, catalytic activity,
redox kinetics, and electric double layer dynamics. The work
function (¢) of metals is reduced by ~4% upon water adsorp-
tion, which has been observed to be a function of surface
coverage.'””"'® Thus, the surface roughness of the metal in the
case of nanostructured materials should be considered. The
presence of a minute amount of contamination (less than
a monolayer of atoms or molecules) or the occurrence of surface
reactions (oxidation or similar) can change the work function
substantially. Changes in the order of 1 eV are common for
metals and semiconductors, depending on the surface condi-
tions. These changes are the result of the formation of electric
dipoles at the surface, which changes the energy required for
the electron to leave the sample. Due to the sensitivity of the
work function to chemical changes, its measurement can give
valuable insight into the condition of a given surface. The
results justify metal-semiconductor band bending as an inter-
facial activity. The work function also has a significant influence
on the band line-up at semiconductor interfaces. Thus, it is
a major module to study electrochemistry and catalysis. The
work function of a metal surface is now known to be affected by
surface adsorbates, as exemplified by surfactant-modified
particles.™ The removal of heavy metals and preparation of
a new generation of catalysts are never-ending demands to
achieve higher product yields. This is achieved reproducibly
through adsolubilization'* and exploitation of commercial ion
exchange resins.” The former is a process in which adsorption
and solubilization occur concurrently.'** However, the latter
performs extremely well for the synthesis of mono- bi- and
multi-metallic nanoparticle catalysts.?®'*> In both processes,
ionic surfactants are used. More reports on solid heterogeneous
catalysis are warranted to quantitatively relate catalysis and the
work function of metals.

9. Graphene with gold and silver

The interparticle coupling effect on the surface plasmon reso-
nance of gold nanoparticles has been described in the litera-
ture.”” The SERS (surface-enhanced Raman scattering) analysis
of a graphene-Ag nanowire hybrid revealed that the plasmon-
driven electron source is available due to strong plasmon-
exciton coupling. As plasmon-to-electron conversion readily
occurs, the evolved electrons then propagate in chemical reac-
tions due to strong plasmon-exciton coupling. However,
experiments have categorized that electron storage is not
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possible in graphene-Ag nanowire hybrids and monolayer
graphene or even single Ag nanowire. Therefore, all these
systems cannot drive chemical reactions with stored electrons.
The latter two systems cannot compete for plasmon-to-electron
conversion, whereas graphene-Ag nanowire hybrids can and
drive a chemical reaction favorably, as already mentioned.'*
However, the work function change of Ag and Au surfaces has
not been investigated.™* All the above-mentioned heteroge-
neous materials help to study chemical reactions because of the
easier separation of the used materials, their higher shelf-life,
easier handling process, easier recovery/reuse, and in many
cases higher efficiency. In this case, the solid surface sometimes
becomes a promoter, as is often observed in the case of
adsolubilization.'*”

10. Surface-enhanced Raman
scattering (SERS) involving Au and Ag
nanoparticles (NPs)

The most remarkable discovery was made from an electrolytic
cell fitted with a silver electrode. In 1974, the huge enhance-
ment in the Raman signal of an organic molecule, pyridine,
using a bulk Ag electrode was reported.'** Subsequently, the
manipulation of gold and silver particles has found innumer-
able applications in surface-enhanced Raman scattering (SERS)
studies.''*'**> Recently, copper nanoparticles have been exploi-
ted as an SERS substrate.'*® Currently, SERS is considered the
most sensitive and selective analytical detection method. The
Raman signal enhancement (million times) is explained by (i)
the charge transfer mechanism, CT*"” and (ii) electromagnetic
mechanism, EM."® In the initial stage, gold and silver sol
systems were employed for SERS studies and extended to
different analyses on Au and Ag micro-electrode systems."® For
the first time, Moskovits noted the SERS intensities arising from
localized surface plasmons in nanostructured metals.**
Furthermore, individual particles with Au or Ag cores have been
found to enhance the Raman signal of the CN™ ion despite the
platinum metal coating on Au and Ag particles. The vibrational
spectral profiles of CN~ have been compared with electro-
chemical findings.”* Gold or silver was employed for SERS
studies on a shell-protected Fe;O, core. The shell thickness was
fine tuned for the study and the effect of the magnetic core was
investigated. Temperature-dependent magnetic studies were
also conducted to relate the SERS enhancement.** Pande et al.
elegantly discussed the formation of normal and inverted core-
shell particles of Au and Ag.®® The morphologies were not only
been confirmed but also compared and the superiority of Ag
over Au for SERS activities®® was categorically described, as
shown in Fig. 9. This enhancement has also been extended to
transition metal nanoparticles with well-known chelating
ligands.™

Fe;0,4 nanoparticles with a size approximately of 13 nm have
been prepared successfully in aqueous micellar medium. Thus,
Fe;0, nanoparticles are protected from surface poisoning,
a new route to develop a shell with noble metals such as gold or
silver. The shell thickness of the core-shell particles becomes
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tunable through the adjustment of the ratio of their constitu-
ents. Thus, this route yields well-defined core-shell structures
with a size in the range of 18 to 30 nm with varying proportions
of Fe;O, to the noble metal precursor salts. These magnetic
nanoparticles were characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), Fourier-transform
infrared spectroscopy (FTIR), differential scanning calorimetry
(DSC), Raman and temperature-dependent magnetic studies for
the fruitful application of SERS studies on magnetic hybrid
materials.'* Here, the magnetic enhancement, i.e., field effect,
was observed due to the enhancement of the SERS signal
intensity. The interaction between Au-TiO, can be easily visu-
alized from the spectral broadening of AuNPs. The direct
conversion of plasmons to electrons has gained wide scientific
interest and has been capitalized, as discussed earlier. The
interaction with a suitable electron donor generates hot elec-
trons and is not discussed in SERS given that it involves
a semiconductor-Au composite.

11. Fluorescence and metal clusters
of Au and Ag

It is known that with a decrease in the nanoparticle size, the
intrinsic size effect predominates, resulting in damping of the
LSPR (localized surface plasmon resonance band)
effect.!#1>12412% The intrinsic size effect is a microstructural
effect and the extrinsic size effect is a dimensional effect. The
spectral properties of SPR have been extensively studied for
different noble nanoparticle systems and compared with the
Mie theory. For very large nanoparticles (diameter D = 20 nm),
the resonant peak energy, Eg, experiences a red shift with an
increase in sizes due to retardation effects and the increasing
contribution from multipolar terms. In addition, for nano-
particles larger than 50 nm, radiative damping of the collective
electronic excitation significantly broadens the line width of
the SPR band. For smaller nanoparticles (D < 20 nm), these
extrinsic size-effects become negligible and intrinsic size-
effects exist. Size-dependent modifications of the dielectric
constant with respect to the bulk values have been critically
considered. However, the disparities in nanoparticle size,
shape, and local environment are complicated issues to
explain the width of the SPR band.**® The fluorescence of Au/Ag
nanoparticles at the sub-nanometer level is generated due to
the interband transition and the consequence of metal-ligand
interaction, which is now an established fact.*>” Ultra-small
MNPs have discrete energy levels and interact with incident
light via electronic transitions between the discrete energy
levels, leading to strong light absorption and emission. The
size of MNPs should normally be less than 2 nm for them to be
luminescent. Some recent studies reported that fluorescence
can be detected from much larger silver nanoparticles due to
strong ligand participation. The fluorescence emission wave-
length and quantum yields of MNPs are strongly dependent on
the surface ligands used for nanoparticle stabilization. Again,
the fluorescence of nanoparticles has an inverse relationship
with the size regime and damping with larger particles. The
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damping of fluorescence relates to quantum confinement,
interband transition, etc.'®® Here, in conclusion, it can be
stated that fluorescence originates from the quantum states at
the inorganic-organic interface from the metal core or mixed
ligand moieties. In some cases, very strong fluorescence
becomes very similar to ligand-related states.” Gold is now
being exploited in heterogeneous or homogeneous catalysis, as
mentioned in the preceding sections. Thus, many more new
discoveries are expected with gold in the nanoscale.

12. Future applications of Au and Ag
nanoparticles (NPs)

In the field of sensors, Au and Ag NP clusters and their heter-
ostructures with carbon dots (CDs) and graphene generate
many nanotechnological applications. Thus, considering all
these nanostructured materials, the fabrication of new devices
has become desirable for bioscience and therapeutic usages.'*
It is important to mention that the majority publications on
MNPs are focused on AuNPs/clusters.’*® Also, the competing
emission applications of the behaviour of molecules and Au-Ag
NP systems are sometimes compared not from a sensitive
analytical detection point of view but selectivity.

Furthermore, plasmon-induced hot electron generation has
been unambiguously proven without any bias voltage,'*™*
resulting in energy storage, with continuous research on pho-
tocatalysis, photoelectrochemistry, and even the clean stereo-
selective synthesis of drug molecules.'**!

13. Conclusions

In conclusion, the manipulation of coinage metals, predomi-
nantly silver and gold colloids, individually or co-jointly, have
been documented from bulk material to cluster formulations.
According to the discussion herein, the representative noble
(bulk) metal Au can be made less noble upon subdivision. A
lower reduction potential value (<+1.50 V) is observed for
smaller Au particles. Electrochemistry with added nucleophiles
and properties of smart material tuning even for hot electron
generation has been considered quantitatively for energy
production and product formulation. It was shown that control
of the electrode potential and consideration and alteration of
the work function value and facet-selectivity of AuNPs compared
to other MNPs can pave the way for their catalytic and spec-
troscopic applications. Most industries rely on catalysis and the
importance of supports for catalyst particles especially for gold,
despite its natural inactivity, has been deliberated. The size,
shape, facet, and coordinatively unsaturated surface atoms for
the design of a new generation of catalysts were presented,
which can further inspire future scientists. Then, the present
status of SERS, the most sensitive technique, for the detection
of analytes down to the single molecular level was discussed,
together with the plasmonic, CT and EM mechanisms.
Furthermore, the emissive behaviour of gold with silver clusters
and their synergistic propensity have recently been capitalized
for detection and cell imaging applications.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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