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1 Overview

The reduction processes of metal ions can be used to prepare metal nanoparticles in
an aqueous solution, in which UV-Vis spectroscopy can be used as an excellent tool
to characterize the properties of metal nanoparticles, in particular the size and shape
of the metal nanoparticles and their surface property in the state of the colloidal
dispersion system. In addition, UV-Vis spectroscopy enables the amount of pre-
cursor metal ions used during the formation of metal nanoparticles to be measured.
In this chapter, the sonochemical reduction processes for Pd(II), Au(IIl), Pt(II),
Pt(IV), Ag(I), and MnO, "~ are described on the basis of changes in the absorption
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spectrum during ultrasonic irradiation to understand the sonochemical reduction
mechanism of metal ions. In addition, the optical properties of the sonochemically
formed metal nanoparticles such as the spherical nanoparticles of Pd, Au, Pt, Ag,
MnO,, and Au/Pd and the shape-controlled nanoparticles are reviewed to under-
stand the formation processes during ultrasonic irradiation.

2 Introduction

Metal nanoparticles have attracted considerable attention in various fields of tech-
nology because of their useful physicochemical properties arising from the effects
of the size of nanoparticles. The structure and shape of the nanoparticles are also
important factors to control their properties. Therefore, various types of preparation
methods such as controlled chemical methods with an appropriate reductant [1-4]
as well as photochemical and radiation chemical methods [5, 6] have been actively
developed. Although there are a number of methods available to prepare metal
nanoparticles, a sonochemical method offers unique synthetic processes: the
sonochemical method involves radical reactions and/or thermal reactions, which
originate from extremely high temperatures and pressures generated in cavitation
bubbles. In addition, strong shock waves and micro-jet flows are also induced by
ultrasonic irradiation of a liquid as a consequence of a cavitation phenomenon.

The reduction processes can be conveniently used to prepare metal nanoparticles
in an aqueous solution. As representative reactions, the following reactions proceed
under ultrasonic irradiation in an aqueous solution containing an organic additive
(RH) under a rare gas atmosphere [7]:

H,O — e¢OH+ e H 4.1

RH+ ¢ OH(eH) — eR+H,0(H,) 4.2)

RH — pyrolysis radicals and unstable products 4.3)
M™* + reductants — M° (4.4)

MO — (M) 4.5)

MY+ (M7), = (M), (4.6)
where M™ and M° correspond to a metal ion and metal atom, respectively.
Reactions (4.1)—(4.3) indicate the sonochemical formation of reductants: (4.1) «H
is formed from the pyrolysis of water, (4.2) *R and H, are formed from the
abstraction reaction of RH with «OH or *H, and (4.3) pyrolysis radicals and unstable
products are formed via the pyrolysis of RH. Some of the pyrolysis radicals and

unstable products act as reductants. In this mechanism, most of the organic
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additives used, including general organic stabilizers such as surfactants or water-
soluble polymers, correspond to RH. After the formation of M°, some of the M’
aggregate to form small particles, (M%), as Eqs. 4.4 and 4.5. In addition to such
aggregation, the formed M can be adsorbed on (M°), to give (M®),.,1, as Eq. 4.6.
The general mechanisms for the formation of metal nanoparticles are studied
elsewhere [1-4].

Sonochemical reduction processes can be used as eco-friendly techniques for the
synthesis of nanoparticles, because these experiments can be conducted in
a solution at around room temperature and the amounts of used reagents and/or
reaction times can be reduced [7-10]. Since the sonochemical processes offer
unique synthetic routes, they are expected to be promising ones to synthesize
various types of novel functional nanoparticles.

Although there are some reviews about the sonochemical synthesis of metal
nanoparticles, the UV-Vis spectrum analyses for the formation of the metal
nanoparticles as well as the reduction of metal ions are not described comprehen-
sively. Therefore, in this chapter, the comprehensive data for changes in the
absorption spectrum of the sample solution during ultrasonic irradiation are
shown and analyzed to understand the mechanism for the formation of metal
nanoparticles and reduction of metal ions, where the synthesis of spherical metal
nanoparticles of Pd, Au, Pt, Ag, MnO,, and Au/Pd and the synthesis of shape-
controlled nanoparticles of Au nanorods are described.

3 Experimental and Instrumental Methodology

Various types of sonicators and irradiation systems have been used for
sonochemical reactions. An ultrasonic cleaning bath can be used conveniently;
however, when the intensity of ultrasound is not high enough, the sonochemical
reactions with OH or H radicals do not occur sufficiently. This is because hot
cavitation bubbles do not generate sufficiently and thus the amounts of OH or
H radicals formed are very small. On the other hand, a horn-type sonicator can be
used as a high-intensity sonicator, which is often used as a strong homogenizer.
Although a horn-type sonicator can produce hot cavitation bubbles, the frequency
of ultrasound is generally limited to as low as 20—50 kHz. Stronger physical effects
such as shock waves and micro-jet flows are also induced by the irradiation with
a lower frequency sonicator. This is because changes in the size of the cavitation
bubbles during ultrasonic irradiation are larger at the lower frequency.

In this chapter, a standing-wave-type irradiation system is mainly used for the
sonochemical reduction of metal ions and formation of metal nanoparticles. The
representative irradiation setup and the characteristics of the reaction vessel are
shown in Fig. 4.1 [11]. In this system, standing waves are formed by overlapping
the irradiated ultrasound with the ultrasound reflected at the top interface of the
sample solution. The glass vessel is cylindrical and it has a Teflon valve and a port
covered by a silicon septum for gas bubbling. The bottom of the vessel is planar,
1 mm thick and 55 mm in diameter. The vessel is mounted at a fixed position. Since
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Fig. 4.1 One example of the

irradiation setup and the

characteristic of the reaction Teflon valve
vessel in a standing-wave-

type irradiation system

(Reprinted with permission

from Ref [11]. Copyright

2002 The Chemical Society

of Japan)

Glass vessel

Silicon septum To ultrasonic

generator

n

Water bath(2~40°C

Sample
solution

Oscillator

the distance from the oscillator to the vessel bottom affects sonochemical efficiency
[11], the distance from the oscillator must be controlled carefully. In general, the
vessel bottom is fixed at the A/2 distance from the oscillator to get high
sonochemical efficiency, where A is the wavelength of ultrasound in the sample
solution.

As a sample solution, an aqueous solution of metal ions (e.g., 0.1-1.0 mM, 60 or
65 mL) is added to the vessel. Since a dissolved gas in the sample solution strongly
affects sonochemical efficiency [11, 12], the solution should be purged with an
appropriate gas. After purging, ultrasonic irradiation is carried out using an ultra-
sonic generator (4,021type; frequency, 200 kHz; Kaijo Co.) and a 65 mmd oscil-
lator (Kaijo Co.), which is operated at ca. 20-200 W in a water bath maintained at
a constant temperature. In this chapter, figures other than Fig. 4.11 are based on the
results obtained by this irradiation system. After irradiation, small amounts of the
sample solutions are drawn from the silicon septum by a syringe with a stainless-
steel needle and then the sample solutions are analyzed by UV-Vis spectroscopy
and/or various analytical methods.

As described in the reduction mechanism, organic compounds, which act as
a precursor for the formation of reductants during ultrasonic irradiation, are added
before or after gas purging. When a high-volatile organic compound is added to the
sample solution, its vaporization property should be considered: the addition of
a high-volatile compound should be performed after gas purging to avoid the
decrease in the concentration by its vaporization.

As a matter of course, the physicochemical properties of the cavitation bubbles
affect the reduction processes of the metal ions as well as various chemical
reactions. Since the bubble temperature is one of the most important factors to
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control the chemical effects of cavitation, it is important to understand the bubble
temperature of the used irradiation system. To estimate the bubble temperature,
analyses of sonoluminescence (light emission from a cavitation bubble) and reac-
tion kinetics can be used. Here, we briefly present the analysis of reaction Kinetics.
Based on the literature [12—15], the bubble temperature can be estimated from the
sonolysis of a tert-butyl alcohol (#-BuOH) aqueous solution in the presence of an
appropriate rare gas. During the sonolysis of this solution, CHj radicals are formed
by the pyrolysis of z-BuOH, which then react to form C,H,, C,H,4, and C,Hg. Since
the product ratio (C,H, + C,H4)/C,Hg is dependent on the temperature, the
bubble temperature can be estimated by analyzing the yield of these products: the
product ratio is equal to the ratio k,/k;, where k; (rate constant for 2CH3; — C,Hg) is
24 x 10 T7% dm> mol ! s7! and k, (rate constant for 2CH; — C,H,4 + H,) is
1.0 x 10'® exp(—134 kJ/RT) dm>® mol~' s™'. C,H, is formed via the thermal
reaction of C,H,.

Figure 4.2 shows the estimated bubble temperature as a function of the thermal
conductivity of each rare gas [12]. It can be seen that the bubble temperature is
about 3,900 K and is almost the same among all of the rare gases. In the analysis of
sonoluminescence induced by using a horn-type 20-kHz sonicator, the bubble
temperatures decrease with increasing thermal conductivity of the dissolved
gases, where it is considered that the greater the conductivity of the gas, the more
heat is dissipated to the surroundings, resulting in the decrease in the bubble
temperature. Until now, the bubble temperatures estimated from analyses of the
sonoluminescence, reaction kinetics, and a computer simulation are generally in the
range between 3,900 and 30,000 K [12-21].

In addition to the measurement of the bubble temperature, chemical efficiency is
often measured. The yield of H,O, formed in the sonolysis of pure water can be
regarded as the chemical efficiency [11, 22], because the yield of H,O, can be
connected to that of the OH primary radicals formed in the sonolysis of water.

2 [ ] OH — H202 (47)

Koda et al. [22] investigated the effect of frequency on the sonochemical
efficiency in the frequency range of 19.5-1.2 MHz, where the yields of H,O,
were measured by KI oxidation and the Fricke reaction (Fe(Il) oxidation) with
a UV-Vis spectrophotometer. They showed that the highest chemical efficiency
existed in the range of 96-500 kHz. In addition, the liquid height of the sample
solution also affects the sonochemical efficiency [23]. Therefore, to get high
chemical efficiency, the frequency and liquid height should be optimized as well
as the configuration of the irradiation system.

As a reference, we introduce several examples for the effects of frequency on the
chemical reactions. From the viewpoint of environmental remediation, the degra-
dation of 1,4-dioxane and CCl, has been investigated. In the case of 1,4-dioxane,
the rate of degradation was the highest at 358 kHz in the frequency range of
205-1,071 kHz [24]. In the case of CCly, the rate of degradation was the highest
at around 500-618 kHz in the frequency range of 20—1,078 kHz [25]. On the other
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Fig. 4.2 Cavitation bubble 4500 . . . .
temperature estimated in the
presence of different rare
gases from the analysis of
reaction kinetics. Ultrasound
(200 kHz) is irradiated to

a t-BuOH aqueous solution at
20 °C (Reprinted with
permission from Ref. [12].
Copyright 2006 American
Chemical Society)
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hand, from the viewpoint of the reduction of metal ions to form metal nanoparticles,
the effect of frequency on the rate of reduction has been investigated. For example,
the rate of Au®* reduction in the presence of 1-propanol decreased with increasing
frequency (213 kHz > 358 kHz > 647 kHz > 1062 kHz), and the rate was the
lowest when a horn-type sonicator of frequency 20 kHz was used [26]. Here,
UV-Vis spectroscopy acts as a strong tool for the measurement of the concentration
of Au" in an aqueous solution during ultrasonic irradiation.

In the following section, the formation of metal nanoparticles is described in
connection with the reduction behavior of metal ions based on the analysis of
changes in the UV-Vis spectra during ultrasonic irradiation.

4 Key Research Findings
4.1 Pd Nanoparticles

Pd nanoparticles can be widely applied to catalysts for cross-coupling reactions,
hydrogenations and oxidations [27-29]. As described in the Introduction section,
various preparation methods have been studied to prepare Pd nanoparticles. The
size and shape of the nanoparticles are important factors to control their catalytic
properties, because the surface structure and electronic state change depending on
the size and shape of the nanoparticles. For example, the amount ratio of Pd atoms
on the facets, edges, and corners of the nanoparticles changes when the size and
shape of the nanoparticles change, resulting in the different catalytic activity for the
structure sensitive reactions. By using a sonochemical reduction method, we can
prepare size-controlled Pd nanoparticles [30]. We can see the characteristics of
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Fig. 4.3 (a) Changes in absorption spectra during ultrasonic irradiation of a Pd(IT)-SDS aqueous
solution under an argon atmosphere and (b) absorption spectra after addition of Nal to each sample
solution of (a). Conditions: PdCl,-2NaCl 0.5 mM, SDS 8 mM, cell length 0.5 cm (Reprinted with
permission from Ref. [30]. Copyright 1996 American Chemical Society)

changes in the UV-Vis absorption spectra of a sample solution during ultrasonic
irradiation.

Figure 4.3a shows changes in the absorption spectra during ultrasonic irradiation
of an aqueous solution containing PdCI,-2NaCl (hereafter, abbreviated to Pd(Il))
and sodium dodecyl sulfate (SDS) under an argon atmosphere. Small absorption
peaks at around 300 and 400 nm, characteristic of Pd(Il), are observed before
ultrasonic irradiation (corresponding to 0 min in Fig. 4.3a).

These peaks gradually disappear with irradiation and a broad absorption band
between the UV and visible region appears. Based on the Mie theory [31], this
broad band can be attributed to the spectrum of the solution containing colloidal Pd
nanoparticles. The color of the solution changes from initial pale yellow to dark
brown by ultrasonic irradiation. As a matter of fact, the formation of Pd
nanoparticles must be confirmed by several analysis methods as described later.

To understand the mechanism of Pd(II) reduction and Pd nanoparticle formation,
the concentration of Pd(II) should be measured as a function of irradiation time.
However, it is impossible to determine the concentration of Pd(II) from the spectrum
analysis of Fig. 4.3a. This is because the spectrum of Pd(Il) in an aqueous solution
consists of [PdClx(H20)4,X]("_2)_ or [PdClX(OH)4,x]2_, which are dependent on the
concentration of Pd(II) and the pH value of the solution. By using a Nal colorimetric
method [30], the concentration of Pd(II) in the sample solution can be determined:
the addition of an appropriate amount of a saturated Nal aqueous solution to the
sample solution results in the formation of a Pd(Il)-iodide complex with a large
absorbance (¢ = 9,600 M~ cm ™' at wavelength of 408 nm) as seen in Eq. 4.8.

PA(II) + 41~ — [Pdly)*~ (4.8)

In addition, since the aggregation of colloidal Pd nanoparticles occurs simulta-
neously, the aggregated Pd nanoparticles can be removed by filtration with
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a membrane filter. Therefore, based on this method, the concentration of Pd(II) in
the sample solution can be spectrophotometrically determined without interference
from surfactants and colloidal Pd nanoparticles. Figure 4.3b shows the
absorption spectra obtained from each of the irradiated Pd(II) solutions in the
presence of SDS after Nal addition and filtration with a 0.2-pm pore size membrane
filter. The absorption peak attributed to [PdI,]*~ is clearly observed at 408 nm
before ultrasonic irradiation, and the peak gradually decreases with increasing
irradiation time.

In the presence of polyethylene(40)glycol monostearate (PEG40MS) instead of
SDS, changes in the absorption spectra during irradiation were similar to those in
the presence of SDS. On the other hand, in the case of a Pd(II)-polyvinyl
pyrrolidone (PVP; Mw, 40,000) aqueous solution and a Pd(II)-polyoxyethylene
(20)sorbitan monolaurate (Tween20) aqueous solution, different absorption spectra
were observed: when Nal was added to the sample solution of Pd(II)-PVP or Pd(II)-
Tween20, the absorption intensity and peak considerably changed
(e =21,000 M~ ' cm ™" at wavelength of 342 nm). These changes in the absorption
spectra would be due to the fact that the coordination of PVP and Tween20 to Pd(II)
partly occurred. However, a good linear line dependence of absorbance versus
concentration of Pd(I) was able to be obtained as in the SDS and PEG40MS
solutions.

By using the colorimetric method, the rates of reduction of Pd(II) can be
measured and analyzed. For example, when the types of added organic additives
were changed, it was found from the analysis of the colorimetric method that the
rates changed in the order of no organic additive (6.9 pM min~') < 1 g/L PVP
(87 pM min™") < 8 mM SDS (130 pM min~") < 0.4 mM PEG40MS
(230 yM minfl) < 5 g/L Tween20 (400 pM minfl), at an initial concentration of
1.0 mM of Pd(II) [30]. In addition, when the concentration of SDS was increased,
the rates of reduction of Pd(II) also increased as 30 uM min~ ! at 0.1 mM SDS <
100 pM min ', at 1 mM SDS < 130 uM min "', and at 8§ mM SDS. Even in the case
of the addition of alcohols or carboxylic acids, the rates can be changed. For
example, the rates were 250 uM min ' in a 10 mM -BuOH aqueous solution and
300 pM min~' in a 10 mM n-pentanoic acid aqueous solution. Based on these
results, it was concluded that organic additives act as a precursor for the formation
of reductants as described in the mechanism of the sonochemical reduction. There-
fore, the concentration and types of organic additives are important factors to
control the rates of reduction.

Figure 4.4 shows a TEM image of Pd nanoparticles formed from the sonolysis of
a 1.0 mM Pd(II) and 0.4 mM PEG40MS aqueous solution. It can be seen that the
size of the Pd nanoparticles is ca. 5 nm [10]. Since organic additives of PVP, SDS,
PEG40MS, and Tween20 act as colloidal stabilizers to suppress the aggregation of
Pd nanoparticles, the synthesis of the size-controlled Pd nanoparticles can be
performed by using these stabilizers. The average size of the sonochemically
formed Pd nanoparticles decreased with decreasing initial concentrations of
Pd(II) [30]. In addition, the average size decreased with increasing rates of Pd(I)
reduction [32].
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Fig. 4.4 TEM image of
sonochemically prepared Pd
nanoparticles from the
reduction of 1.0 mM Pd(II)
and 0.4 mM PEG40MS
(Reprinted with permission
from Ref. [10]. Copyright
1996 Elsevier)

The types of precursors also affect the reduction behavior of metal ions and
formation behavior of metal nanoparticles. When a [Pd(NH3),4]Cl, aqueous solution
is sonicated instead of PdCl,-2NaCl, the rate of reduction is different. Figure 4.5a
shows changes in the absorption spectra of a [Pd(NH3)4]Cl, aqueous solution
containing 2-propanol during ultrasonic irradiation [33]. A broad absorption band
between the UV and visible region increases with increasing irradiation time, and
an absorption peak can be observed at 225 nm at the irradiation times of 30, 60, and
120 min. Creighton and Eadon [31] reported that the calculated surface plasmon
peak of spherical Pd nanoparticles of 10 nm diameter in water was located at
220-230 nm. In most cases, it is difficult to confirm the peak at 220-230 nm
experimentally because it is often overlapped with other absorption spectra of
coexisting solutes such as inorganic ions and organic stabilizers.

However, if the spectrum interference due to coexisting solutes was removed,
the absorption spectra should become clearer. Figure 4.5b and ¢ shows absorption
spectra of sonochemically formed Pd nanoparticles before and after corrections in
the region from 200 to 280 nm, where the corrected absorption spectra (Fig. 4.5¢)
are prepared by abstracting the spectra of [Pd(NH3)4]Cl, remaining in the irradiated
solution from the spectra of Fig. 4.5b. In this case, the concentrations of [Pd(NH3),]
Cl, are measured first by the colorimetric method, and then, the overlapping spectra
are removed from the uncorrected absorption spectra. Since the mole absorption
coefficient of CI~ and NH," ions is quite small compared with that of [Pd(NH3),]
Cl,, the corrections for these ions are excluded. As seen in Fig. 4.5¢c, the clear peak
corresponding to the surface plasmon of the Pd nanoparticles can be seen after the
spectrum corrections.
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Fig. 4.5 (a) Changes in the absorption spectra of [Pd(NH3)4]Cl, solution in the presence of
2-propanol during ultrasonic irradiation. (b) Absorption spectra of sonochemically formed Pd
nanoparticles before and (c¢) after corrections. Conditions: 0.2 mM [Pd(NH3)4]Cl,, 100 mM
2-propanol, argon atmosphere, cell length, 0.5 cm (Reprinted with permission from Ref. [33].
Copyright 2002 The Chemical Society of Japan)

The TEM analysis indicated that the size of the formed Pd nanoparticles was
about 20-30 nm. The Pd nanoparticles formed here were stable in the colloidal state
for more than 6 months, although no stabilizer existed in the solution.

Based on the colorimetric method, we can measure the rates of [Pd(NH3)4]2+
reduction during ultrasonic irradiation. Although the sonochemical reduction of
[Pd(NH;)4]** did not proceed in the absence of 2-propanol, it proceeded in the
presence of 2-propanol, where the rate was estimated to be 2.1 pM min " at 0.2 mM
[Pd(NH3)4]**. Consequently, it was found that the rate of [Pd(NH;)4]** reduction
was slower than that of the Pd(II) (= PdCl,-2NaCl) reduction, indicating that
[Pd(NH3),]*" is more stable than Pd(Il) for the reducing species formed from the
sonolysis of water and 2-propanol.

4.2 Au Nanoparticles

Au nanoparticles can be widely applied to various fields of nanotechnology such
as catalysts [34-36], sensors [37, 38], and surface-enhanced Raman spectroscopy
[39]. By using a sonochemical reduction method, we can prepare Au
nanoparticles. Figure 4.6a shows a representative spectrum change in the solu-
tion containing NaAuCly (hereafter, abbreviated to Au(Ill)) and SDS during
ultrasonic irradiation [40]. The absorption peak at around 300 nm can be
observed before ultrasonic irradiation. This peak corresponds to
[AuCl,_,(OH),]™ [41]. After irradiation, a new absorption peak appears at
around 530 nm, and its intensity gradually increases with increasing irradiation
time, indicating the formation of Au nanoparticles. It is also clear that the
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Fig. 4.6 (a) Changes in absorption spectra during ultrasonic irradiation of Au(III)-SDS aqueous
solution under an argon atmosphere and (b) absorption spectra after addition of NaBr to the sample
solution of (a). Conditions: NaAuCl, 1 mM, SDS 8 mM, cell length 1.0 cm (Reprinted with
permission from Ref. [40]. Copyright 1996 Radiation Research Society)

absorption peak corresponding to [AuCl,_,(OH),] ™ disappears at 15 min irradi-
ation. In this case, the color of the sample solution gradually changes from initial
yellow to reddish-violet by ultrasonic irradiation.

It is clear that the concentration of [AuCl,_,(OH),]” cannot be measured
correctly from the analysis of Fig. 4.6a because the spectrum of Au nanoparticles
overlaps with that of [AuCl,_,(OH),]™ during ultrasonic irradiation, and thus, the
peak corresponding to [AuCl, (OH),]™ shifts. However, when the addition of
a NaBr solution to the sample solution of Fig. 4.6a is performed, the concentration
of [AuBr,]™ formed from [AuCl; OH,]™ can be measured as seen in Fig. 4.6b,
where the following ligand exchange reaction occurs:

[AuCly_«(OH),|” +4Br~ — [AuBry]” + (4 —x)CI” +xOH~  (4.9)

Simultaneously, the aggregation of colloidal Au nanoparticles occurs. Since the
aggregated Au nanoparticles can be removed by filtration, the concentration of
unreduced Au(IIl) can be determined, and the rate of reduction of Au(Ill) can be
calculated to be 83 pM min~'. The rates of reduction of Au(IIl) are strongly
dependent on the types and concentrations of organic additives [40] and the types
of dissolved gases [11].

The average size of the formed Au nanoparticles has been measured to be 10 and
9 nm from the analysis of dynamic light scattering and TEM, respectively [40].
Recently, Haiss et al. reported a simple method to estimate the size of Au
nanoparticles from the analysis of an UV-Vis spectrum [42]. They plotted the
ratio of the surface plasmon resonance peak (A, to the absorbance at 450 nm
(Ays0) as a function of the logarithm of the particle diameter (D), where the plots
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were prepared by use of the theoretical and experimental data, respectively. As
a result, the linear relationship between Ay, /A4so and D was established in the size
range from 5 to 80 nm as follows:

Agpr
D = exp(B; A”’ —B,) (4.10)
450

where B, is the inverse of the slope (m) of the linear fit, B, is By/m, and By is the
intercept. They found from the theoretical data that B; and B, were 3.55 and 3.11,
respectively. On the other hand, from the experimental data, B; and B, were 3.00
and 2.20, respectively.

By using the theoretically and experimentally measured values of B; and B,, the
diameter of the sonochemically formed Au nanoparticles at 15 min irradiation in
Fig. 4.6a can be calculated to be 8.8 and 9.7 nm, respectively. These values are in
good agreement with those measured by dynamic light scattering and TEM. The
size of the sonochemically formed Au nanoparticles can be controlled by various
parameters such as types of organic additives and dissolved gas, intensity of
ultrasound, frequency of ultrasound, and distance between the reaction vessel and
the oscillator [11, 26].

4.3 Pt Nanoparticles

Pt nanoparticles can be applied to various catalysts for electrocatalytic oxidations
[43, 44] and water-gas shift reactions [45]. A sonochemical reduction method can
be used to prepare Pt nanoparticles [10, 46, 47]. Figure 4.7a shows changes in the
absorption spectra during ultrasonic irradiation to an aqueous solution containing
K,PtCly (hereafter, abbreviated to Pt(I)) and SDS [46]. Small absorption peaks at
380.5 and 317.5 nm attributed to Pt(II) gradually disappear, and a broad absorption
band between the UV and visible region increases with increasing irradiation time.
This spectrum change is due to the progress of the reduction of Pt(II) and formation
of Pt nanoparticles.

The absorption spectrum of Pt(Il) is unclear as seen in Fig. 4.7a, because Pt(Il) in
water consists of [PtClx(H20)4,x](x72)7 or [PtClx(OH)4,X]27. However, the con-
centration of Pt(II) can be determined by the Nal colorimetric method as follows:

Pt(IT) + 41~ — Ptl,*~ 4.11)

Since the aggregated Pt nanoparticles that are induced by the addition of Nal can
be removed by filtration, the absorption spectra of PtI,>™ attributed to Pt(II) can be
clearly measured as seen in Fig. 4.7b. The spectrum and TEM analyses indicated
that the rate of Pt(I) reduction and the average size of the formed Pt nanoparticles
were measured to be 26.7 pM min~" and 2.6 nm, respectively [46].

In the following section, we look at the sonochemical reduction of the different
valence of the Pt precursor. Figure 4.8a shows changes in the absorption spectra
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Fig. 4.7 (a) Changes in the absorption spectra of a solution of K,PtCl, and SDS during ultrasonic
irradiation under an argon atmosphere and (b) absorption spectra of Nal treated sample solution of
(a). Conditions: K,PtCl, 1 mM, SDS 8 mM (Reprinted with permission from Ref. [46]. Copyright
1999 American Chemical Society)

Absorbance

200 300 400 500 600 700 300 400 500 600 700
Wavelength / nm Wavelength / nm

Fig. 4.8 (a) Changes in the absorption spectra of a solution of H,PtClg and SDS during ultrasonic
irradiation under an argon atmosphere and (b) absorption spectra of Nal treated sample solution of
(a). Conditions: H,PtClg 1 mM, SDS 8 mM (Reprinted with permission from Ref. [47]. Copyright
2001 Elsevier)

during ultrasonic irradiation of an aqueous solution containing H,PtClg (hereafter,
abbreviated to Pt(IV)) and SDS [47]. It can be seen that the absorbance in the UV
region attributed to Pt(IV) decreases with increasing irradiation time from O min to
15 min. After 15 min irradiation, a broad absorption band between the UV and
visible region increases with increasing irradiation time. This spectrum change is
due to the consecutive progress of the reduction of Pt(IV) to Pt(II) and Pt(I) to Pt(0)
(corresponding to the formation of Pt nanoparticles) as described later.
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Similar to Pt(Il), the following ligand exchange reaction of Pt(IV) (Pt(IV) in
water consisting of [PtCls_(H,0),]% ™ or [PtCls_(OH) ,J*7) occurs after
addition of a saturated Nal solution to the sample solution of Fig. 4.8a.

Pt(IV) + 61~ — Ptlg*~ (4.12)

Therefore, the absorption spectra of PtIf,z* attributed to Pt(IV) can be measured
as seen in Fig. 4.8b, where the formation of PtI427 (Pt(ID)) is also confirmed as an
intermediate during the sonochemical reduction of Pt(IV).

From the analysis of Fig. 4.8b, changes in the concentrations of Pt(IV), Pt(Il),
and Pt(0) during ultrasonic irradiation can be prepared as shown in Fig. 4.9. It is
clear that the reduction of Pt(IV) proceeds to form Pt(I) and then the reduction of
Pt(II) to Pt(0) proceeds consecutively [47].

It has also been reported that the reduction rates of Pt(IV) to Pt(II) were strongly
affected by the concentration and types of organic stabilizers of SDS, PEG40MS,
and sodium dodecylbenzenesulfonate, although those of Pt(II) to Pt(0) were hardly
affected. The average sizes of the formed Pt nanoparticles at 8 mM SDS and
0.4 mM PEG40MS were measured to be ca. 3 nm and ca. 1 nm, respectively [47].

4.4 Ag Nanoparticles

Ag nanoparticles have been investigated actively from the fundamental point of
view to understand the mechanism of Ag(I) reduction and Ag nanoparticle forma-
tion. This would be because Ag(I) is a simple monovalent metal cation, and the
formed Ag clusters have a size-dependent absorption property. In addition, Ag
nanoparticles can be widely applied to various technologies such as surface-
enhanced Raman spectroscopy [48] and optical sensing [49, 50].
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Nagata et al. reported the formation of Ag nanoparticles from the sonochemical
reduction of Ag(I), where AgClO4 or AgNO; were used as precursors [51]. An
example for changes in the absorption spectra of an aqueous solution containing
AgNOj; and PVP during irradiation is shown in Fig. 4.10 [52]. Although little
absorption is observed before irradiation, a new absorption peak at around
420 nm gradually emerges with irradiation time. It is clear that the concentration
of Ag(I) cannot be measured by analyzing the spectra of Fig. 4.10. To measure the
amount of the formed Ag(0) colorimetrically, Nagata et al. used Eq. 4.13:

Ag(0) + C(NO,), — Ag(I) + C(NO,)*~ + NO, (4.13)

where the absorbance of C(N02)3 ~ (¢ =14,000 M ! em ! at wavelength of
350 nm) was measured. By analyzing the amount of C(N02)3 ~, the reduction rate
of Ag(I) can be estimated. Ag nanoparticles can be also synthesized in the presence
of other stabilizers such as SDS, PEG40MS and Tween20. The average size of the
Ag nanoparticles formed from the sonochemical reduction of AgClO4-PEG40MS
was measured to be 13 nm, as determined by a dynamic light scattering photometer.
Gedanken et al. reported the formation of Ag nanoparticles from the sonochemical
reduction of Ag(l) in the absence of organic additives under an argon-hydrogen
atmosphere [53]. Zhu et al. reported the formation of Ag nanorods from the
sonochemical reduction of Ag(I) in the presence of methenamine and PVP [54].
Xu and Suslick recently reported that very small Ag nanoparticles with a highly
fluorescent property (hereafter, abbreviated to Ag nanoclusters) can be prepared by
the sonochemical reduction of Ag(I) in the presence of polymethylacrylic acid
(PMAA), which acts as a capping agent [55]. We can observe changes in the
absorption spectra during the formation of Ag nanoclusters. They used a horn-
type sonicator (1 cm? Ti horn at 20 kHz and 25 W cm ™ 2) to prepare Ag nanoclusters
under an argon atmosphere at 20 °C. Figure 4.11a shows changes in the absorption
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Fig. 4.11 (a) UV-Vis spectra and (b) fluorescence emission spectra of the solution containing
PMAA and AgNO; after increasing length of sonication time; the excitation spectrum shown in (b)
corresponds to the 90-min sample with an emission wavelength of 610 nm (inset: solution of the
Ag nanoclusters illuminated by a UV lamp with 365-nm excitation) (Reprinted with permission
from Ref. [55]. Copyright 2010 American Chemical Society)

spectra of an aqueous solution containing Ag(I) and PMAA during ultrasonic
irradiation. The formation of Ag nanoclusters can be confirmed by an absorption
peak at around 440-520 nm, which gradually emerges by ultrasonic irradiation. In
this case, the color of the solution gradually changes from colorless (0 min) to pink
(90 min) and then dark red (180 min). The formed Ag nanoclusters were measured
to be less than 2 nm in diameter.

Since the carboxylic acid groups in PMAA have a strong affinity for Ag(I) ions and
Ag metal surfaces, the aggregation of Ag nanoclusters would be suppressed. The
formed Ag nanoclusters have a high fluorescent property, as seen in the inset of
Fig. 4.11b. They also reported that the optical and fluorescence properties of the
sonochemically synthesized Ag nanoclusters also change by modifying the stoichiom-
etry of the carboxylate groups of PMAA to Ag(I) [55]. In general, Ag nanoclusters can
be applied to fluorescent sensors for metal ions such as Cu(Il) [49] and Hg(II) [50].
More recently, it has been reported that Au/Ag nanoclusters with a yellow emission can
be synthesized by ultrasonic irradiation in the presence of bovine serum albumin [56].

4.5 Reduction Mechanism of Metal lons

The reduction of Pd(II), Au(Ill), Pt(II), Pt(IV), and Ag(I) proceeds by ultrasonic
irradiation as described before. Here, the reduction behavior among Pd(II), Au(IIl),
Pt(Il), and Ag(I) in the presence of SDS will be compared by analyzing the rates of
reduction. Based on Eqgs. 4.1-4.6, various types of reductants are formed in the
sonolysis of SDS and water. Since each of the reductants should have different
reducing potentials for metal ions, the rate of reduction of metal ions should depend
on the reactivity of the metal ions with reductants.
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In the case of 200 kHz ultrasonic irradiation under an argon atmosphere, the
rates of the sonochemical reduction are reported to be in the order of 130 uM min "
for Pd(Il) > 83 uM min~! for Au(IIl) > 19 M min~! for Pt(I) > 7 M min~! for
Ag(D) [10]. Since metal ions have different valences, the rates of the sonochemical
reduction should be corrected for comparison with each other. If the rates were
corrected on the basis of the number of electron transfers (e.g., Pd(I) needs two
electrons to form Pd(0) and Au(IlI) needs three electrons to form Au(0)), the order
would become Pd(I) ~ Au(IIl) > Pt(Il) > Ag(I). This order does not agree with
the order of the redox potential of each metal ion. It is found that the rates of the
sonochemical reduction of Pt(I) and Ag(I) are considerably slower than those of
Pd(II) and Au(IIl). From the analysis of the reduction behavior during gamma ray
irradiation under a N,O atmosphere [10], it is suggested that the sonochemical
reduction of Pt(Il) and Ag(I) proceeds mainly via the reduction by *R and H,,
which are formed by the abstraction reactions as Eq. 4.2. On the other hand, in the
cases of Pd(II) and Au(III), the sonochemical reduction proceeds mainly via the
reduction by pyrolysis radicals and unstable products, which are formed by the
pyrolysis of RH as Eq. 4.3.

To evaluate the effects of *R and H, on the reduction of metal ions, the analysis
of the amount of H,O, formed in the sonolysis of pure water is useful, because the
amount of H,O, should be related to that of *R and H,, taking into account Egs. 4.2
and 4.7. As a result of this analysis, the effects of the pyrolysis radicals and unstable
products on the reduction of the metal ions can also be evaluated as seen in the
literature [10, 11, 26, 30, 32, 33, 40, 46, 47].

4.6 MnO, Nanoparticles

MnO, is a useful material for application to electrochemical capacitors, Li-
batteries, sensors, and catalysts [57-60]. Okitsu et al. reported that
the sonochemical reduction of MnO,4~ occurs to form MnO, nanoparticles [9].
Figure 4.12a and b shows changes in the absorption spectra of a MnO,~ aqueous
solution during ultrasonic irradiation, where no organic compound has been
added. During irradiation, the color of the sample solution gradually changes
from purple (0 min) to pale yellow (8 min) and finally turned to colorless (12, 14,
16 min). Figure 4.12a shows that several absorption peaks of MnO,~ from 450 to
580 nm gradually disappear, and a new broad peak at around 360 nm emerges by
ultrasonic irradiation. Based on the literature [61-64], this new peak can be
attributed to colloidal MnO, particles. Therefore, a pale yellow color solution at
8 min irradiation corresponds to the formation of colloidal MnO, particles. In
Fig. 4.12a, two isosbestic points are also observed at 504 and 580 nm, indicating
that the reduction of MnO,~ to MnO, proceeds consecutively by ultrasonic
irradiation. Figure 4.12b shows changes in the absorption spectra following
further irradiation. The peak at around 360 nm quickly decreases with increasing
irradiation time. This is due to the progress of the reduction of MnO, to Mn>*
[62, 64].
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Fig. 4.12 (a) Changes in absorption spectra of MnO, "~ aqueous solution before and after 2, 4, 6,
and 8 min ultrasonic irradiation and (b) after 8, 10, 12, 14, and 16 min ultrasonic irradiation. (c¢)
Changes in the concentration of MnO,  (e) and absorbance at 400 nm (00) during ultrasonic
irradiation. Initial concentration of MnO,4 : 0.1 mM, argon atmosphere (Reprinted with permis-
sion from Ref. [9]. Copyright 2009 Elsevier)

Figure 4.12c shows changes in the concentration of MnO, during ultrasonic
irradiation. As an index of the amount of MnO, in the sample solution, changes in
the absorbance at 400 nm are also plotted, where the absorbance at 400 nm is
chosen to reduce the overlap of the MnO, "~ absorbance. It is clear that the formation
of MnO, occurs along with the reduction of MnO, ", and the formed MnO, is
reduced consecutively by further irradiation. From Fig. 4.12c, it is found that 8 min
irradiation is the optimum irradiation time to prepare MnQO, particles.

In this study, since no organic additive is added to the sample solution, the
reduction of MnO,~ proceeds as follows:

2MnO,~ + 3H;(or 6H) — 2MnO, + 20H™ + 2H,0 (4.14)

2MHO4_ + 3H202 — 2Mn02 + 302 + 20H™ + 2H20 (415)



4 UV-Vis Spectroscopy for Characterization 169

where MnO,4 ™~ can react with H,O, because of the strong oxidizing agent of MnO,4
[65]. As seen in Eqgs. 4.14 and 4.15, the measurement of pH is also useful to
understand the progress of the formation of MnO,.

4.7 Au Core/Pd Shell Nanoparticles

Bimetallic nanoparticles of Au/Pd can be prepared by sonochemical reduction of
the corresponding metal ions [66—-69]. Au/Pd nanoparticles are recently researched
as active catalysts that can be applied to various catalytic reactions such as alkene
hydrogenation [67, 68], H,O, production [70], and CO oxidation [71]. Figure 4.13a
shows changes in the absorption spectra of the sample solution containing Au(III),
Pd(II), and SDS during ultrasonic irradiation [66]. It can be seen that an absorption
peak at around 520 nm gradually emerges with increasing irradiation time and
becomes clear at 6 min irradiation. This peak is in good agreement with the surface
plasmon peak of Au nanoparticles [31, 40]. After that, the peak becomes broader
following further irradiation. The color of the solution gradually changes from pale
yellow (0 min) to reddish-violet (6 min) and finally to dark brown (15 min) during
ultrasonic irradiation.

Figure 4.13b shows changes in the concentrations of Au(Ill) and Pd(II) during
ultrasonic irradiation, where the concentrations are measured using a colorimetric
method [66]. It can be seen that the reduction of Au(III) starts at first and then the
reduction of Pd(I) starts after completion of the reduction of Au(IIl). The TEM
analysis indicated that the average size of the formed Au/Pd nanoparticles is ca.
8 nm and they have a Au core and a Pd shell nanostructure. Based on the formation
of the core/shell nanostructure, it can be concluded that the reason why the surface
plasmon peak of Au nanoparticles becomes broader at 9 min irradiation is because
of the deposition of the sonochemically reduced Pd atoms on the formed Au
nanoparticles. As seen in Fig. 4.13a and b, the analysis of the UV-Vis spectra is
an important probe to understand the reduction behavior of Pd(I) and Au(IIl) as
well as the formation behavior of Au core/Pd shell nanoparticles.

4.8 Au Nanorods

Rod-shaped Au nanoparticles (Au nanorods) have great potential in a wide variety
of applications such as photothermal therapy of cancer cells [72] and optical data
storage [73]. Okitsu et al. reported the synthesis of Au nanorods from the
sonochemical reduction of Au(I) [74]. Figure 4.14 shows changes in the extinction
spectra of the sample solution during ultrasonic irradiation at pH 3.5. Cetyltri-
methylammonium bromide (CTAB), AgNOs;, and ascorbic acid are added to the
solution of HAuCl,, where CTAB and AgNOs; act as shape-control agents and
ascorbic acid acts as a weak reductant to reduce HAuCly to Au(I). From this figure,
the term of extinction is used instead of absorbance, because Au nanorods have
a light scattering property depending on their size and shape. Therefore, the term of
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Fig. 4.13 (a) Changes in the absorption spectra of sample solution containing Au(III), Pd(I), and
SDS during ultrasonic irradiation. (b) Changes in the concentrations of Au(III) and Pd(II) during
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extinction is appropriate for the results of UV-Vis spectroscopy. In Fig. 4.14, it can
be seen that the extinction intensity gradually increases with irradiation time, and
extinction peaks at around 510 and 880 nm are clearly observed at the irradiation
time from 10 to 180 min. These peaks correspond with the surface plasmon bands of
Au nanorods [3, 75, 76], indicating that the reduction of Au(I) to Au(0) proceeds
and formation of Au nanorods occurs.

Figure 4.15a shows a TEM image of Au nanoparticles formed at 180 min
irradiation in Fig. 4.14. It is clear that rod-shaped nanoparticles are formed in the
size range of 10-50 nm. Figure 4.15b shows the distribution of the aspect
ratio measured. It is found that the formation of nanorods with an aspect ratio
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Fig. 4.15 (a) TEM image of Au nanorods and nanoparticles formed after irradiation of a sample
solution of Au(I) under an argon atmosphere at pH 3.5 for 180 min. (b) Distribution of the aspect
ratio of Au nanorods and nanoparticles (Reprinted with permission from Ref. [74]. Copyright 2009
American Chemical Society)

from 1.5 to 2.0 is almost zero. From Fig. 4.15a and b, spherical-, cubic-, and
irregular-shaped particles with an aspect ratio of less than 1.5 are formed partly,
and the total yield of these is measured to be ca. 20 %. The average aspect ratio
of the formed nanorods was 3.0, when particles with an aspect ratio of less than
1.5 were excluded from the calculation of the average aspect ratio. Since Fig. 4.14
shows that the peak wavelength of the surface plasmon bands hardly changes
during ultrasonic irradiation, it is possible that the formation of nanorods is deter-
mined at the initial growth stage of the formed Au seeds.

The pH of the solution is one of the important factors to control the
sonochemical reduction of Au(I) and formation of Au nanoparticles. Figure 4.16
shows the extinction spectra of the sonochemically formed Au nanoparticles after
180 min irradiation of different pH solutions. It can be seen that the peak wave-
length of the longitudinal plasmon band decreases as the pH of the solution
increases.

The TEM analysis indicated that the average aspect ratio of Au nanorods
synthesized at different pH solutions decreased as follows: 3.0 at pH 3.5 < 2.2 at
pH 5.0 and < 2.1 at pH 6.5, where particles with an aspect ratio of less than 1.5 were
excluded from the calculation of the average aspect ratio. This order can be
connected to the order of the peak shift observed in the extinction spectra as seen
in Fig. 4.16: the peak wavelength of the longitudinal plasmon band decreases with
decreasing aspect ratio of the formed Au nanorods.

As seen in the results for Au nanorods, the extinction spectrum changes strongly
depending on the aspect ratio of Au nanorods. In the case of the synthesis of shape-
controlled nanoparticles with a surface plasmon peak, therefore, the analysis of the
extinction spectrum is an important probe to know the average property of the
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formed nanoparticles in the state of the colloidal dispersion system. In the analysis
of a TEM image, a large number of particles must be analyzed to get the average
information of the formed nanoparticles. In addition, it is possible that the prepa-
ration processes of the TEM specimens affect the formation of some aggregation
with nanostructures. For example, the following phenomena may occur [74]:
(1) during the processes of centrifugation to remove dissolved organic and inor-
ganic species in solution, some aggregation of nanoparticles may occur, and
(2) during the addition of a sample solution to a TEM grid or during the drying
processes of a sample solution on a TEM grid, some aggregation of the
nanoparticles may occur. In such a case, chemical reactions of the nanoparticles
or unreduced metal ions with a TEM grid such as Cu may be induced to form some
aggregation and/or unexpected nanostructures. Therefore, the results of TEM
showing the formation of the unique shape should be compared with those of the
extinction spectrum of the sample solution to confirm whether the formation of
nanostructures occurs in the state of the colloidal dispersion system or not.

5 Conclusions and Future Perspective

UV-Vis spectroscopy provides important information about the sonochemical
reduction processes of metal ions and the formation processes of metal
nanoparticles in solution. In this chapter, the optical properties of spherical
nanoparticles of Pd, Au, Pt, Ag, MnO,, and core/shell bimetal nanoparticles and
shape-controlled nanoparticles are described mainly on the basis of changes in the
UV-Vis spectra during ultrasonic irradiation. It is noted that the UV-Vis spectrum
has to be collected as a function of irradiation time to understand the effects
of ultrasound on the synthesis of these nanoparticles. Since the reduction processes
of metal ions can be linked to the formation processes of metal nanoparticles,
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the analysis of both processes must be performed to understand the mechanism. In
particular, since the analysis of the UV-Vis spectrum of the nanoparticle sample
solution corresponds to real information for the formed metal nanoparticles in the
state of a colloidal dispersion system, the analysis of the spectrum must be
performed comprehensively. In the case of the synthesis of shape-controlled
nanoparticles, it is probable that the analysis of TEM only leads to misunderstand-
ings when the preparation and analysis of the TEM sample are not performed
adequately. Therefore, to evaluate the formed nanoparticles correctly, the results
of the TEM analysis should be compared with those of the UV-Vis spectrum.

In the sonochemical reduction methods, various parameters such as the types of
organic additives and dissolved gas, intensity of ultrasound, frequency of ultra-
sound, and distance between the reaction vessel and the oscillator strongly affect
the rates of the reduction of metal ions and properties of the formed metal
nanoparticles [7]. If we changed the experimental parameters, the properties of
the formed metal nanoparticles would change. However, there are still unclear
points regarding the characteristics of the cavitation phenomenon such as the
bubble temperatures and pressures, number and size distribution of the bubbles,
and its dynamics. If we succeeded in clarifying the cavitation phenomenon in more
detail, the sonochemical reduction methods would be promising ones to synthesize
various types of novel functional nanoparticles. UV-Vis spectroscopy is expected to
be an excellent tool to understand the reduction behavior of metal ions and the
formation behavior of metal nanoparticles, as well as a means to understand the
characteristics of the cavitation phenomenon.
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