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Abstract

To aim at the application for electronics fields such as flexible display and
heterogenerous catalysis, room-temperature (RT) chemical sintering of metal nanoparticles
(NPs) was performed by dipping into an organic solvent containing a sintering agent. The
coalescence of metal NPs was systematically investigated with the various combinations of
metal, ligand, dipping solvent, and sintering agent. Furthermore, electrical resistivity and
catalytic activity of the obtained porous metal thin films were evaluated.

In this study, the author mainly disclosed the following three points.

1. The lowest electrical resistivity of the Ag thin film on the PET substrate obtained from tri-
n-octylphosphine oxide (TOPO)-capped Ag NP paste was (1.2 £ 0.5) x 10° Q m in the case
of dipping into the methanol solution containing cetyltrimethylammonium chloride at RT.
In addition, it was shown by X-ray diffraction pattern (XRD) and X-ray photoelectron
spectroscopy (XPS) measurements that the purity of the obtained Ag thin film was
comparatively high. (Chapter 2)

2. The Cu/Ag thin film on the PET substrate was prepared from TOPO-capped Cu-Ag core-
shell (Cu@Ag) NPs by dipping into the 29 mM HCI methanol solution at RT. The lowest
electrical resistivity of the obtained Cu/Ag thin film was (5.1 £ 1.7) x 10° Q m. The
effective coalescence of Cu@Ag NPs with slight oxidation was successfully achieved at RT.
(Chapter 3)

3. Owing to the use of TOPO as a sacrificial template, porous Pd structures were successfully
obtained from Pd NPs by dipping into the methanol solution containing KOH at RT. The
catalytic activity of porous Pd structures in the Suzuki coupling reaction increased with the

increase of the KOH concentration in the RT sintering. (Chapter 4)

Based on these results, the author concludes that the RT chemical sintering method developed
in this study could be adapted to the fabrication of electrodes on printed electronics and
heterogeneous catalysts at low cost and energy. The findings obtained in this study would
largely contribute to the development of industries using metal thin films such as electronics,

chemical industry, and cells.
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Chapter 1: General Introduction

Section 1-1: Background
1-1-1 Metal Nanoparticles (NPs)

Nanoparticle (NP) is a very small particle ranging in size from 1 to 100 nm and it generally
consists of organic polymers [1, 2] and inorganic materials such as silica [3-6]. Particularly, metal
NPs have attracted much attention in various industrial fields such as electronics [7], biomedical assay
[8-10], photovoltaics [11, 12], and catalysis [13] due to the specific properties (e.g., surface plasmon
resonance [14-18], melting point depression [19], and high catalytic activity [20, 21]), depending on
their size and shape. As materials of metal NPs, noble metals such as Au [22], Ag [23], Pt [24], and
Pd [25] are general and other common metals such as Cu [26], Fe [27], Co [28], Ni [29], and Al [30]
are also often used. Among them, Au, Ag, and Cu NPs show the local surface plasmon resonance
[31], which is the unique property originated from the miniaturization of metals. In addition, catalytic
activities of some metal NPs (e.g. Pt, Pd, Au, etc.) are remarkably higher than those of their bulk
metals due to the much larger surface area [32].

Meanwhile, metal NPs easily aggregate due to their high surface energy. Normally, the
surface of metal NPs is covered with organic compounds such as surfactants in order to prevent their
aggregation (Figure 1-1a). This kind of compound is called ligand. The ligand consists of two parts,
adsorption group and non-adsorption moiety (Figure 1-1b). The adsorption groups of ligands interact
with the surface of metal NPs. Adsorption groups of thiol [33], carboxy [34], amino [35], phosphine
[36], phosphine oxide [37], and hydroxy groups [38] have been used, depending on the kind of metal.
The non-adsorption moiety (e.g. alkyl chain and aromatic ring) of ligands affects the solvent
dispersibility of metal NPs. Metal NPs covered with ligands having a hydrophilic group disperse in
polar solvents (e.g. water and ethanol). On the other hand, metal NPs covered with ligands having a

hydrophobic group disperse in non-polar solvents (e.g. n-hexane and cyclohexane). The available



ligands, however, are severely limited by the synthetic conditions of metal NPs. Therefore, ligand
exchange has been performed for the functionalization after the synthesis of metal NPs (Figure 1-2)

[39-45].
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Figure 1-2. Ligand exchange on the surface of metal NPs.



1-1-2 Ligand Exchange on the Surface of Metal NPs

Ligand exchange proceeds based on adsorption equilibrium towards the surface of metal NPs
between original ligands and additive ligands (Figure 1-3a) [39]. If the adsorption strength of additive
ligands is almost the same as that of original ligands, the progress degree of ligand exchange is
determined by the molar ratio of original ligands to additive ligands. On the other hand, if the
adsorption strength of additive ligands is much larger than that of original ligands, ligand exchange
proceeds irreversibly (Figure 1-3b). In this case, original ligands are completely replaced with

additive ligands.
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Figure 1-3. Ligand exchange based on (a) adsorption equilibrium and (b) difference of adsorption

strength.



Ligand exchange is conducted by the following two methods: single-phase system and two-
phase system. In the single-phase method, metal NPs are mixed with additive ligands in a
homogeneous solvent (Figure 1-4a) [39-43]. The kinds of ligands are limited by their solubility to the
dispersion of metal NPs. Although the diameters of metal NPs do not change during the ligand
exchange, the crystallinity could change in some cases [40, 42]. The two-phase system method is
performed in a mixture of two immiscible solvents (Figure 1-4b) [44, 45]. The ligand exchange
proceeds through phase transfer of NPs. For example, the n-hexane dispersion of Ag.Se NPs capped
with 1-dodecanethiol was combined with the N.N-dimethylformamide (DMF) solution of 11-
mercaptoundecanoic acid as an additive ligand [45] (Figure 1-5). Although Ag.Se NPs capped with
1-dodecanethiol before the ligand exchange do not disperse in DMF, Ag>Se NPs capped with 11-
mercaptoundecanoic acid after the ligand exchange disperse in various hydrophilic media such as

water. Thus, solvent dispersibility of metal NPs could be controlled by ligands.
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1-1-3 Printed Electronics for Fine Metal Patterning

Printed electronics have attracted much interest for the fabrication of fine conductive metal
patterns on flexible substrates. Recently, flexible electrodes are demanded for the development of
flexible display and electronic paper. Moreover, ultra-fine metal patterns are required for the
downsizing and lightening of electrical device [46]. The fine patterns are fabricated by conventional
printing technology such as inkjet printing, gravure offset printing, and blade coating. In these
methods, metal precursors (e.g. metal NP and metal salt) and catalysts are printed on the substrate,
and then they are changed to the conductive metal pattern by the post-printing process. For example,
the fabrication of fine metal pattern is performed by (1) electroless plating of the printed catalyst-
pattern, (2) reduction of the printed metal salt-pattern, and (3) sintering of the printed metal NP-
pattern.

The plating of metal is a traditional method for deposition of metal on the flexible substrate
(Figure 1-6). In particular, the electroless plating of metal is widely applicable to various kinds of
substrates (e.g. plastic substrates) [47-49]. First, a catalyst is printed on the substrate. Here, Pd NPs
or its complex ions are generally used as catalysts. Second, the substrate is dipped into a plating
aqueous solution containing a target metal ion and a reducing agent. A target metal ion is reduced by
a reducing agent in the vicinity of the catalyst and a metal film is deposited electrolessly on the
substrate. Finally, this substrate is dried and sintered. Generally, as plating metal films are densely
packed, the conductivity of plating metal film is very close to that of bulk metal. Although the plating
is a good candidate for printed electronics due to low-temperature process (< ~80 °C), it is difficult

to fabricate ultra-fine patterns by this method.
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Figure 1-6. Fabrication of metal films by electroless plating.

The reduction of metal ion is performed by irradiating plasma or intense pulsed light to the
printed metal salts or metal complexes (Figure 1-7) [57, 58]. The metal complexes are decomposed
and reduced by the irradiation. The conductivity of obtained metal films comes up to the 50% value
of bulk metal conductivity [58]. Generally, the bending resistance of fine metal patterns obtained by

the reducing metal ion is significantly higher than that obtained by the electroless plating.
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Figure 1-7. Fabrication of metal film by irradiating plasma or intense pulsed light to printed metal

salt.

The other method is the deposition of conductive metal NPs. This method is based on the
coalescence of metal NPs. As materials of metal NPs for conductive inks, Au [50], Ag [51], Cu [52],
and Ni [53] are often used. Moreover, alloy metals are also used (e.g. Ag-Pd alloy NPs [54] and Cu-
Ag core-shell NPs [55]). Among them, Ag is the most frequently adopted material for conductive ink
and industrial products. Due to their high cost, Ag and other noble metals need to be replaced with
cheaper metals such as Cu, Ni, and Al. The challenge in utilizing inexpensive metals such as Cu, Al,
and Ni is developing, whereas they are easily oxidized in air due to the lower oxidation potential. A
conductive film is obtained by the continuous coalescence of metal NPs (Figure 1-8). The obtained
metal films have many voids due to the shape and misarrangement of metal NPs. The conductivity of
obtained metal films comes up to the 60% value of bulk metal conductivity [56]. One of the
advantages of coalescence of metal NPs is printing and sintering of multiple metal NP layers. In

addition, the ligands on the surface of metal NPs should be removed for the effective coalescence of



metal NPs after printing them on the substrate. Therefore, various physical sintering methods such as
thermal treatment, microwave irradiation, plasma treatment, laser irradiation, and flash light
irradiation have been developed so far for the fabrication of fine conductive metal patterns on the
flexible substrate. Unfortunately, these methods often induce the damage and shrink of plastic
substrates by locally heating based on electromagnetic irradiation. The shrinkage causes the
resolution loss of fine patterning. Therefore, the coalescence of metal NPs under milder conditions is

strongly desired. One of the candidates is RT chemical sintering.

\ Desorption of ligand NPs on the substrate

Figure 1-8. Fabrication of metal film by sintering of NPs.



Section 1-2: Sintering Technology of Metal NPs
1-2-1 Thermal Sintering

The various physical sintering of metal NPs for the fabricating fine metal patterns have been
developed. The thermal sintering is the most traditional among the sintering processes [59-67]. Metal
NPs generally melt and coalesce by heating. The heating is normally carried out in an electric furnace.
There are two representative methods in the thermal sintering. Namely, they are the melting of metal
NPs and the desorption of ligands (Figure 1-9).

Metal NPs have the advantage of melting-point depression as compared to their bulk metals.
Melting-point depression is caused by the higher surface free energy based on the high surface-to-
volume ratio. For example. the melting point of Ag NPs (diameter: 2.5 nm) is around 400 °C (bulk
Ag: 962 °C) [17]. In the melting method (Figure 1-9a), a densely-packed metal film is obtained as
the voids are filled with the melting metals. However, the sintering temperature is much higher than
the glass transition temperature of commonplace plastic substrates.

On the other hand, the coalescence of metal NPs is also caused by the desorption or thermal
decomposition of ligands (Figure 1-9). This desorption method is performed at lower temperature
compared with the melting method. For example, Cu NPs were sintered at 80 °C under N> flow [64].
In this case, the conductivity of the Cu film was at most the 0.02 % value of bulk Cu conductivity
(5.96 x 10’ S m™! = 1.68 x 10® Q m [68]). In this method, the sintering temperature is almost the
same as the glass transition temperature of commonplace plastic substrates such as poly(ethylene
terephthalate). Since NPs only coalesce each other, the voids generate (Figure 1-9b). As a result, the
electrical resistivity of the metal film obtained by the desorption method is relatively higher compared
with that obtained by the melting method.

In both cases, the damage and shrink of plastic substrates by heating are inevitable.
Nevertheless, the thermal sintering is a major process in the industrial areas due to its large-scaling

with ease.

10
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Figure 1-9. (a) Melting of NPs at high temperature (~500 °C) and (b) coalescence of NPs at low

temperature (~200 °C) in the thermal sintering method.
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1-2-2 Microwave Sintering

Metal NPs can also be sintered by microwave irradiation (Figure 1-10a) [69]. Metal NPs are
locally heated by the vibration of free electrons caused by microwave (Figure 1-10b). However, the
penetration depth of microwave radiation is very small (1~2 um). Therefore, only the thin metal film
can be obtained. The irradiation range of microwave is relatively wide. The conductivity comes up
the 10-34 % value of bulk Ag conductivity (6.3 x 10’ Sm™ = 1.6 x 10® Q m, [68]) by irradiating and
heating at 110 °C for 1-2 min [69]. Microwave sintering is often combined with other sintering
processes such as thermal sintering and plasma sintering. Therefore, the damage and shrink of plastic

substrates by heating often occur.

a) g
L J—L J—L

Substrate printed Microwave Metal film
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Coalescence of NPs

Surface heating by
vibration of free electrons

Microwave irradiation

Figure 1-10. lllustration of (a) microwave sintering method and (b) coalescence process of metal NPs.
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1-2-3 Plasma Sintering

Plasma sintering is generally performed by exposure of metal NPs to Ar plasma (Figure 1-
11a) [56]. The sintering starts from the top layer of printed patterns (Figure 1-11b). Thus, if the plasma
exposure time is not sufficient, the top layer can be easily peeled off by an adhesive tape. The
conductivity of the obtained Ag thin film was the 40 % value of bulk Ag conductivity after 60 min

exposure at 70 °C [56]. However, this approach requires the expensive and specific equipment.

a)
Ar*
Ar*
'
— L 7
Substrate printed Exposure to Ar plasma Metal film
with NP ink

Substrate Substrate m Substrate

Exposure to Ar plasma The sintering starts from Coalescence of NPs
the top layer. on the surface layer

Figure 1-11. Illlustration of (a) plasma sintering method and (b) coalescence process of metal NPs.
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1-2-4 Laser Sintering

Laser sintering is a kind of photonic sintering. The sintering of metal NPs is performed at
the spot irradiated with high energy-density light (continuous or pulsed laser operated in the visible
light and infrared range) (Figure 1-12) [70-75]. The fine metal patterns are obtained with ease since
laser can focus the spot with the extremely-small size. For example, the conductivity of the Ag line
(line width: ~11 pm) was the 23 % value of bulk Ag conductivity by irradiating with 50 mW laser
(scanning speed: 50 mm s™) [70]. The conductivity of metal thin films depends on the scanning speed
of laser. If the scanning speed is too fast, the sintering of metal NPs is not sufficient. Therefore, this

method is not suitable for large-scaling.

I Irradiation of laser

Washing
L P> [ J —>
Substrate printed  Selective sintering Metal pattern

with NP ink

Figure 1-12. lllustration of laser sintering method.
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1-2-5 Flash Light Sintering

Flash light sintering has attracted interest for rapid fabrication of fine metal patterns such as
roll-to-roll manufacturing [76-80]. This method is performed by irradiating with high energy pulsed
light for < 100 ms using a xenon flash lamp (Figure 1-13). For example, conductive thin films were
obtained from Cu NPs by irradiating with flash light (8 J cm™, 5 ms). The conductivity of this Cu
film was the 24 % value of bulk Cu conductivity [77]. In this case, oxide shells of Cu NPs can be
eliminated by the intermediate alcohol generated from the decomposition of poly(N-
vinylpyrrolidone) under ambient conditions [77]. Generally, commonplace plastic substrates are
damaged by heating. For example, the maximum temperature of the polyimide substrate irradiated

with flash light (8 J cm™) was 274 °C [78].

-
L J—L g —L T

Substrate printed Irradiation of flash light Metal film
with NP ink

Figure 1-13. lllustration of flash light sintering method.
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Section 1-3: Fabrication of Conductive Metal Films at Room-Temperature (RT)
1-3-1 Deposition of n-Junction Metal NPs

This method is performed by evaporating a solvent in the inks containing 7z-junction metal
NPs. Kanehara et al. reported that Au electrodes were successfully fabricated by printing z-junction
Au NPs at RT (~25 °C) [81, 82]. The conductivity of this electrode was the ~24 % value of bulk Au
conductivity (4.42 x 10’ S m™! =2.26 x 10® Q m [68]). Here, Au NPs are capped by aromatic
molecules having a large 7z-conjugated system as the conductive ligand. For example,
2,3,11,12,20,21,29,30-oktakis[2-(dimethylamino)ethylthio Jnaphthalocyanie (OTAN), is used as a
large 7-conjugated molecule (Figure 1-14). In these NPs, orbital hybridization between 7 orbitals of
aromatic molecules and orbitals of metal core contributes to charge transport among metal NPs.
Although this method is easy and useful for flexible electronics, printing and sintering of multiple

metal NP layers is difficult.
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Figure 1-14. Illustration of deposition of z-junction metal NPs.
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1-3-2 RT Chemical Sintering

The chemical sintering method is carried out by dipping into a solvent containing sintering
agents at RT (Figure 1-15). This method is also called RT chemical sintering. In this method, sintering
agents are used for the easy desorption of ligands from metal NPs. When ligands desorb from metal
NP, metal NPs coalesce even at RT. The first achievement in this method is the Magdassi’s report
[83]. In that study, the conductive lines were prepared by depositing the aqueous dispersion of
polypyrrole-capped Ag NPs on the glass substrate and RT sintering with CaCl,. The conductivity of
this line was the 14 % value of bulk Ag conductivity [83].

Chloride ion (by dipping into a solvent containing NaCl or exposing to a vapor such as HCI)
[84-87] and hydroxide ion (by dipping into a solvent containing e.g., NaOH) [88] have been used as
sintering agents for the RT chemical sintering of Ag NPs. The highest conductivity of the Ag film
obtained by dipping into water containing CI” was the 41 % value of bulk Ag conductivity [85]. On
the other hand, if the interaction between ligands and NPs is comparatively weak, sintering agents
are not necessary for the desorption of ligands. Wakuda ef al. reported that dodecylamine-capped Ag
NPs could be sintered by dipping into methanol without a sintering agent [89, 90]. The conductivity

of this Ag film was the 2.2 % value of bulk Ag conductivity [90].
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Figure 1-15. [llustration of RT chemical sintering method.



Section 1-4: Purpose of This Study

Although conductive metal films are obtained at RT, the conventional RT chemical sintering
method has a problem that their conductivity is lower than that of the metal films obtained by sintering
methods with more or less heating. In consideration of these backgrounds, the author aimed to
develop a novel RT chemical sintering method by dipping metal NPs into an organic solvent
containing a sintering agent in this thesis, because this method is easy, energy saving and applicable
to the fabrication of flexible electrodes on commonplace plastic substrates. Conventionally, aqueous
dispersion of metal NPs is used in the RT chemical sintering method. On the other hand, non-aqueous
dispersion of metal NPs is better than aqueous dispersion in terms of easy viscosity control and stable
solvent dispersion.

To the best of the author’s knowledge, the RT chemical sintering in an organic solvent
reported so far was only two examples. As mentioned in section 1-3-2, one is the study reported by
Wakuda et al [89, 90]. However, Wakuda et al. did not use a sintering agent. The other is the study
reported by Dai et a/ [91]. In that study, non-aqueous dispersion of 1-amino-2-propanol-capped Cu-
Ag core-shell NPs (Cu@Ag NPs) was casted on the substrate and it was dipped into water containing
NaOH as a sintering agent and NaBH4 as a reducing agent at RT. In this case, the RT chemical
sintering was not performed in organic solvents. Organic solvents allow for the use of various organic
sintering agents. Therefore, the RT sintering of non-aqueous NP pastes with an organic solvent
containing a sintering agent was investigated in detail in this study.

As the first step of this study, the interaction between ligands and metal NPs was
systematically investigated under various conditions because the effect of ligands on the coalescence
of metal NPs has not been sufficiently investigated yet. The investigation provides the optimal
combination of ligand, sintering agent, and dipping solvent. The RT chemical sintering of Ag NPs,

Cu@Ag NPs, and Pd NPs was performed in this thesis. Here, tri-n-octylphosphine oxide (TOPO),
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octanoic acid (OA), oleic acid, oleylamine and 1-dodecanethiol (DDT) were used as additive ligands.
Their functional groups are well known as general adsorption moieties for metal nanoparticles. The
coalescence of metal NPs was evaluated by crystallite sizes, the amount of ligand on the surface of
NPs, and electron microscopic images. The crystal reconstruction and growth in the neck-like region
of coalesced NPs was due to the surface diffusion of atoms. This is why coalescence of metal NPs
causes the increase in crystallite size.

As the second step, the metal thin films were fabricated under the optimal conditions
determined in the first step. The properties of metal thin films obtained by the RT chemical sintering
method were examined. In particular, conductivity and catalytic ability were investigated.

The purpose of this study is to establish the RT chemical sintering method of metal NPs with
an organic solvent containing a sintering agent. This study helps to clarify the coalescence behavior
of metal NPs in an organic solvent containing a sintering agent. Therefore, the author expects that

this sintering method would be adopted to the effective coalescence of various kinds of metal NPs.
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Section 1-5: Composition of This Thesis

This thesis is constructed for the purpose described in the section 1-4. As for non-aqueous
pastes of Ag NPs, Cu@Ag NPs, and Pd NPs, the RT chemical sintering was performed with an
organic solvent containing a sintering agent. In this thesis, the coalescence behavior of metal NPs in

an organic solvent and the properties of their precipitates were investigated.

In Chapter 1, general information of metal NPs and printed electronics was described for
understanding this research deeply. Furthermore, various sintering methods of metal NPs developed

so far were introduced.

In Chapter 2, the RT chemical sintering of Ag NPs was performed in an organic solvent
containing a sintering agent. The experimental conditions such as sintering agent, dipping time,
dipping solvent, and ligand of Ag NPs were examined for optimizing the coalescence of Ag NPs.

Finally, the conductivity of the obtained metal thin films was examined.

In Chapter 3, the RT chemical sintering of Cu@Ag NPs was performed in an organic solvent
containing a sintering agent and/or a reducing agent. Aiming at the application to conductive nanoinks
having migration and oxidation resistance, oleylamine- and oleic-acid-capped Cu@Ag NPs were
synthesized and their coalescence behavior was investigated in an organic solvent. The experimental
conditions such as sintering agent, reducing agent, and ligand of Cu@Ag NP were examined for
optimizing the coalescence of Cu@Ag NPs. Finally, the conductivity of the obtained metal thin films

was examined.

In Chapter 4, the RT chemical sintering of Pd NPs was performed in an organic solvent
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containing a sintering agent for the fabrication of porous Pd structures. The experimental conditions
such as sintering agent and organic sacrificial template were examined for optimizing the coalescence
of Pd NPs. Furthermore, catalytic activities of porous Pd structure were evaluated using the Suzuki

coupling reaction.
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Chapter 2: RT Chemical Sintering of Ag NPs and Their Conductivity

Section 2-1: Introduction

Printed electronics have recently been drawing many people’s attention from a viewpoint of
applications to wearable device and flexible display [1]. In printed electronics, particularly, Ag NPs
are highly expected as nanoinks for fine pattern preparation by direct inkjet printing owing to low
melting point, stable solvent dispersion, and high electric conductivity of their film. In this field, a
fine metal patterning is fabricated by traditional printing technology. Normally, Ag NPs are covered
with ligands to prevent the aggregation in the paste. After printing them on the substrate, the high
conductivity is obtained by heating at very high temperature (> 250 °C) based on the removal of the
ligands and the subsequent coalescence of Ag NPs. On the other hand, flexibility and transparency
are required for the substrate of flexible electrodes. Plastic substrates satisfy the properties but shrink
by the thermal treatment. The shrinkage causes the loss of resolution of fine patterning. Therefore,
the development of sintering methods without the high temperature heating is highly desirable.

There are various sintering methods except for the simple thermal heating [2] nowadays, as
mentioned in Chapter 1. Microwave irradiation [3-6], plasm treatment [5], laser irradiation [7-9], and
flash light irradiation [10-12] have been well known as physical sintering methods. Although the
process temperature in most of these methods is much lower than that in the thermal heating, the
substrate is locally heated by electromagnetic irradiation. Local heating induces the damage and
shrink of plastic substrates. Therefore, some chemicals (sintering agents) have been used for the assist
of the sintering process. As these methods are carried out at room-temperature (RT), they are called
RT chemical sintering. In the RT chemical sintering, Ag NPs are dipped into a solvent containing a
sintering agent, which induces the desorption of ligands and then the coalescence of Ag NPs. These
methods are mostly performed with aqueous Ag NP pastes in water because chloride salts such as

sodium chloride [13-15], hydrogen chloride [13, 16], and poly(diallyldimethylammonium) chloride
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[17] known as sintering agents of Ag NPs are extremely soluble in water. On the other hand, the RT
chemical sintering with organic solvents was reported by Wakuda et al/ [18, 19]. In this report,
dodecylamine-capped Ag NPs were prepared and sintered at RT by dipping into methanol. The
affinity of the ligand to organic solvents is essential and therefore aqueous pastes of Ag NPs modified
with polyionic compounds (e.g. sodium citrate and polyvinyl pyrrolidone) cannot be applied to the
RT chemical sintering with organic solvents. The electrical resistivity of the Ag thin film obtained by
this method was about 10 Q m. As no sintering agent was used in the Wakuda’s study, there is a
possibility that more excellent conductivity can be achieved by adding a sintering agent. Non-aqueous
Ag NP pastes are better than aqueous pastes in terms of easy control of viscosity and stable solvent
dispersion of NPs. However, the RT chemical sintering of Ag NPs with organic solvents has been
rarely performed because it is difficult to design a non-aqueous Ag NP paste fitted for this objective.
In other words, Ag NPs need to stably disperse in the paste and to easily coalesce by the addition of
sintering agents. In this chapter, aiming at the development of non-aqueous Ag NP pastes for RT
chemical sintering, the combinations of ligand, dipping solvent, sintering agent were optimized.
First, oleic-acid-capped Ag NPs were adopted as the starting material for some ligand
exchanges. Here, tri-n-octylphospine oxide (TOPO), octanoic acid (OA), and 1-dodecanethiol (DDT)
were used as additive ligands. Their functional groups are well known as general adsorption moieties
for Ag NPs [20-22]. Although amine ligands are also often used [23], the ligand exchange from oleic
acid to n-octylamine did not proceed at all in the previous study performed in my laboratory [24].
Therefore, amine ligands were not used here. The crystallite sizes of Ag NPs and the amounts of
ligands existing on the particle surface after ligand exchanges and subsequent washing process with
methanol as an antisolvent were evaluated by powder X-ray diffraction (PXRD) and
thermogravimetric analysis (TGA), respectively, in order to investigate desorption performance of

ligands from Ag NPs (Figure 2-1).
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Second, the non-aqueous paste consisting of Ag NPs capped with optimized ligands was
prepared and the RT chemical sintering was carried out by dipping into organic solvents such as
methanol (Figure 2-2). Sintering agents such as cetyltrimethylammonium chloride (CTAC) and
cetyltrimethylammonium bromide (CTAB) for organic solvents were added into a dipping solvent.
After the RT chemical sintering, the morphology and electrical resistivity of the obtained Ag thin
films were investigated. The chemical composition of the Ag thin films after the RT chemical
sintering was analyzed in detail by PXRD and X-ray photoelectron spectroscopy (XPS)
measurements. In addition, the author considered the formation mechanism of Ag thin films from Ag

NPs capped with optimized ligands in the RT chemical sintering with the aid of the sintering agents.
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Figure 2-1. Ligand exchanges from oleic acid to TOPO, OA, and DDT on the surface of Ag NP and

subsequent washing process with antisolvent.
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Section 2-2: Results and Discussion
2-2-1 Ag NPs after Ligand Exchange

Oleic-acid-capped Ag NPs prepared by the improved vacuum evaporation on running oil
substrate (VEROS) method, which is one of the physical synthetic method of metal NPs, were used
as starting materials. The improved VEROS method uses a cylindrical chamber for the formation of
the oil film containing protective agents [25, 26]. The thin oil film is exposed to metal vapor many
times with the rotation of the cylindrical chamber. Then, metal NPs with high purity can be obtained
in the single step. The oleic-acid-capped Ag NPs are advantageous over dodecylamine-capped Ag
NPs used in the Wakuda’s study [18, 19] in terms of the below-mentioned points. Several tens of
grams of Ag NPs can be produced even in a day in the laboratory scale equipment. Oleic acid adsorbs
on Ag NPs more firmly than amine ligands, therefore, oleic-acid-capped Ag NPs can be completely
isolated in air [24]. It takes only a few hours to prepare the paste from oleic-acid-capped Ag NPs.

As prepared Ag NPs after ligand exchanges and before the washing process, Transmission
electron microscopy (TEM) observation was carried out (Figure 2-3). By the image analysis, average
diameters of Ag NPs as prepared after ligand exchanges with TOPO, OA, and DDT were determined
to be 5.8 = 2.0 nm (Figure 2-3b), 5.3 = 1.5 nm (Figure 2-3¢), and 5.4 + 1.4 nm (Figure 2-3d),
respectively. The average diameters of Ag NPs as prepared after ligand exchanges were almost the
same as that before ligand exchanges (6.3 £+ 1.5 nm, Figure 2-3a). These results demonstrate that the
coalescence of NPs is not induced by ligand exchanges, meaning that the additive ligands exist on
the particle surface. Furthermore, the reaction solutions were diluted with n-heptane at the same ratio
and 20 h later their plasmonic absorption peak derived from Ag NPs was measured (Figure 2-4). In
the cases of ligand exchanges with OA and DDT, the bathochromic shift and broadening of the
plasmonic absorption peak were observed compared with that of original Ag NPs before ligand
exchanges. Generally, aggregation of Ag NPs induces long wavelength shift and broadening of the

original plasmon peak [27]. On the other hand, such events were hardly observed in the case of the
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ligand exchange with TOPO. These facts suggest that TOPO-capped Ag NPs can disperse more stably
in the solution than OA-capped and DDT-capped Ag NPs. In other words, TOPO firmly adsorbs on

the Ag surface in a nonpolar solvent such as n-heptane.

Figure 2-3. TEM images of Ag NPs a) before and after ligand exchanges with b) TOPO, c) OA, and

d) DDT.
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Figure 2-4. Absorption spectra of Ag NPs in n-heptane before and after ligand exchanges with TOPO,

OA, and DDT.
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Furthermore, the storage stability of the TOPO-capped Ag NP paste was investigated for 0
day (just after the fabrication) and 50 days. The Ag NP paste was diluted with n-heptane before
measurements. The absorption spectra are shown in Figure 2-5. The absorption peaks and their full
width at half maximum (FWHM) are summarized in Table 2-1. Even after the storage of the Ag NP
paste for 50 days at RT, the bathochromic shift and broadening were hardly observed in absorption
spectra. Similarly, from TEM observations (Figure 2-6), average diameters of Ag NPs hardly changed
from 0 day (7.3 = 1.5 nm) to 50 days (7.1 = 1.2 nm). These results clearly indicate that the morphology
and dispersion of Ag NPs remained unchanged after the storage and that the Ag NP paste can be

stored stably for at least 50 days.
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Figure 2-5. Absorption spectra of TOPO-capped Ag NPs stored for 0 day and 50 days at RT in n-

heptane.
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Table 2-1. Absorption peak and FWHM of TOPO-capped Ag NPs stored for 0 day and 50 days at RT.

Elapsed days Absorption peak (nm)

FWHM (nm)

0 403

50 402

63

55

O
N

Frequency

Q.
N

Frequency

500

400 -

300 -

200 -

100 -

400

5

10 15 20
Diameter / nm

300 -

200 -

100 -

5

10 15 20
Diameter / nm

Figure 2-6. (a), (c) TEM images and (b), (d) particle size distributions of TOPO-capped Ag NPs

stored for (a), (b) 0 day and (c), (d) 50 days at RT in TOPO.
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2-2-2 Ag Precipitates after Ligand Exchange and Subsequent Washing Process

The Ag precipitates dried in vacuum after the washing process with methanol were analyzed
by pyrolysis GC-MS to investigate the progress of ligand exchanges. Figure 2-7 shows total ion
chromatograms (TICs) of the additive ligands and Ag NPs before and after ligand exchanges. After
ligand exchanges, the peak of oleic acid at around 21 min (Figure 2-7a) was not detected in Ag NPs
(Figure 2-7 e-g). These results show that oleic acid was completely removed during ligand exchanges.
If not so, oleic acid should be detected like in the previous study performed in my laboratory [24].
Alternatively, in the case of the ligand exchange with OA, the peak of OA (Figure 2-7c) was clearly
detected (Figure 2-7f). As for DDT, the peak of di-n-dodecyl sulfide originated from DDT in the
pyrolysis process [28] was detected at around 26 min (Figure 2-79), instead of the peak of DDT
(Figure 2-7d). On the other hand, no peak was observed in the case of the ligand exchange with TOPO
(Figure 2-7e) although the peak of TOPO was expected to be detected at around 28 min (Figure 2-

7h).

Normalized TIC

g)

5 10 15 20 25 30
Time / min

Figure 2-7. TICs of a) Ag NPs before ligand exchanges (capped with oleic acid), b) TOPO, c) OA,

d) DDT, and Ag NPs after ligand exchanges with €) TOPO, f) OA, g) DDT.
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The Ag precipitates were also used for TGA (Figure 2-8). Heating was performed in a helium
atmosphere at a rate of 10 °C min in the temperature range from 30 to 500 °C. The weight losses at
500 °C of oleic-acid-capped Ag NPs (before ligand exchanges) and Ag precipitates capped with
TOPO, OA and DDT were 17 wt %, 4.4 wt %, 11 wt %, and 17 wt %, respectively, which assumes
the loss of ligands on the particle surface. The molar amounts calculated from the weight losses in
the cases of OA (7.6 x 10 mol g*) and DDT (8.4 x 10 mol g!) were almost equal to that of oleic
acid (6.6 x 10 mol g*) adsorbed on the surface of the original NP. In the case of TOPO, the molar
amount on the particle surface (1.1 x 10 mol g*) significantly decreased. This result indicates that
TOPO was mostly removed from the particle surface in the washing process with methanol. In
addition, the desorption temperature of TOPO from the Ag surface (350 °C) estimated from the TGA
curve was significantly higher than the thermal decomposition temperature of TOPO (295 °C),
demonstrating that TOPO on the Ag surface may be decomposed during the pyrolysis before its
vaporization. Therefore, it is reasonable that TOPO was not detected in the pyrolysis GC-MS as

shown above.
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Figure 2-8. TGA curves of oleic-acid-capped Ag NPs (before ligand exchanges) and Ag NPs after

ligand exchanges with TOPO, OA, and DDT in a helium atmosphere.
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Next, Ag precipitates derived from Ag NPs after the washing process with methanol were
evaluated by PXRD and TEM measurements. In order to dissociate NPs and their coalesced particles,
n-hexane was added to the precipitates after the washing process, and the dispersion was separated
into the supernatant (NPs) and precipitate (coalesced particle) after the centrifugation at 1000 rpm for
10 min. The precipitates were used for PXRD measurements (Figure 2-9). The crystallite sizes were
calculated based on the Scherrer equation using FWHM of the diffraction peaks at 2° =~ 38° [29-31].
The crystallite sizes after ligand exchanges with TOPO, OA, and DDT were 18.1 + 0.4 nm (Figure
2-9b), 4.5 = 0.1 nm (Figure 2-9c), 3.2 = 0.1 nm (Figure 2-9d), respectively. The crystallite size
increased in all the cases compared with that of the original Ag NPs (2.4 £ 0.1 nm, Figure 2-9a).

Particularly, the crystallite size significantly increased in the case of the ligand exchange with TOPO.
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Figure 2-9. PXRD patterns of a) Ag NPs before ligand exchanges (capped with oleic acid) and

precipitates separated after ligand exchanges with b) TOPO, ¢) OA, and d) DDT.
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This tendency was also observed in the TEM images of the precipitates (Figure 2-10). In the
precipitate separated after the ligand exchange with TOPO (Figure 2-10a), most of NPs were angular
shape (red arrow points), showing that NPs coalesced each other to form larger and angular
nanoparticles. In contrast, less angular NPs were observed in the precipitates separated after ligand
exchanges with OA and DDT (Figure 2-10b and 2-10c). These results indicate that TOPO-capped Ag
NPs coalesce in the washing process with methanol more effectively than OA- and DDT-capped Ag
NPs. In order to confirm the effect of methanol in the washing process on the crystallite size, PXRD
measurements for TOPO-capped Ag NPs were performed before and after the addition of methanol
in the washing process (Figure 2-11). The crystallite size before and after the addition of methanol
were 2.0 £ 0.1 nm and 19.1 £ 0.9 nm, respectively. Consequently, it was shown that the addition of

methanol after the ligand exchange with TOPO induced the significant increase of the crystallite size.

Figure 2-10. TEM images of precipitates separated after ligand exchanges with a) TOPO, b) OA, and

¢) DDT.
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Figure 2-11. PXRD patterns of Ag NPs in the case of the ligand exchange with TOPO a) before and

b) after the addition of methanol in the washing process.
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2-2-3 Effect of Antisolvents on Coalescence of Ag NPs

In the previous section, the author found the following interesting experimental results.
When TOPO was used for the ligand exchange of oleic-acid-capped Ag NPs, TOPO existed on the
surface of as-prepared Ag NP after the ligand exchange. Then, TOPO desorbed from the NP surface
in the washing process with methanol as an antisolvent. At this time, the crystallite size significantly
increased, which shows that some NPs coalesced each other [32]. For increasing the crystallite size,
methanol seems to play a crucial role. In order to verify this hypothesis, ethanol and 1-propanol were
also adopted as antisolvents. In the washing process with antisolvent, the more hydrophobic the
antisolvent was, the smaller the increase degree of the crystallite size became (Table 2-2).
Furthermore, TGA measurements indicate that the molar amounts of TOPO remaining on the NP
surface became larger in the cases of ethanol and 1-propanol than that in the case of methanol. These
results show that methanol weakens the interaction between TOPO and the Ag surface most
effectively. On the other hand, the interaction between ligands and the Ag surface in methanol is
enough strong in the cases of OA and DDT as shown above. The interactions between ligands and
the Ag surface are different among three additive agents. Namely, the main bonding forces of TOPO,
OA, and DDT are dipole interaction, ionic interaction, and covalent bond, respectively. The dipole
interaction between TOPO and the Ag surface would be weakened most effectively in a polar solvent.
Therefore, TOPO-capped Ag NPs most effectively coalesced by the addition of methanol and the

crystallite size increased at the maximum in all the cases.
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Table 2-2. Molar amounts of ligands on the Ag NP surface and crystallite sizes of Ag precipitates

after the ligand exchange with TOPO.

Antisolvent  Molar amount (x 10*mol g!)*  Crystallite size + standard error (nm)®

Methanol 1.1 18.1+0.4
Ethanol 1.9 104+04
1-Propanol 1.9 33+0.1

a) By TGA. D) By PXRD.
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2-2-4 Effect of Sintering Agent Concentration on Coalescence of Ag NPs

As mentioned in the previous section, TOPO firmly adsorbed on the Ag surface in n-heptane
but tended to desorb in methanol, unlike OA and DDT. This interesting property of TOPO motivated
the author to think that TOPO-capped Ag NPs are suitable for Ag nanoink in the RT chemical sintering
with organic solvents. Thus, the non-aqueous paste consisting of TOPO and TOPO-capped Ag NPs
was prepared and the RT chemical sintering was carried out by dipping into organic solvents such as
methanol and ethanol. The fabricated Ag nanoink was cast onto the PET substrate. The RT chemical
sintering was carried out by dipping the substrate into an organic solvent containing a sintering agent
under an air atmosphere.

At first, CTAC and methanol were used as a sintering agent and dipping solvent, respectively.
The reason is that CTAC has a chloride ion and it is freely soluble in methanol. The TOPO-capped
Ag NP paste cast on the substrate was sintered at RT by dipping into methanol containing the different
concentrations of CTAC. Figure 2-12 demonstrates the change of electrical resistivity of the Ag thin
films as a function of the CTAC concentration in methanol. Here, the dipping time was fixed at 120
min. In the absence of CTAC, no conductivity was obtained. The SEM image of the Ag thin film
shows that organic residues cover Ag NPs and inhibit their coalescence (Figure 2-13a). From the
energy dispersive X-ray spectrum (EDS) (Figure 2-14a), the organic moistures were determined to
be a compound containing the P atom, which would be assumed as TOPO. Therefore, the addition of
chloride salt is necessary for obtaining a conductive Ag thin film in this RT chemical sintering. The
result is apparently different from the Wakuda’s result [19]. In the Wakuda’s study, sintering agents
were not necessary for the RT sintering. This difference may be due to the fact that TOPO adsorbs on
Ag NPs more firmly than amine ligands. According to Figure 2-12, the increase of the CTAC
concentration contributed to the decrease of electrical resistivity. In the cases of more than 0.20 mM

CTAC, the electrical resistivity reached an almost constant value. In fact, most of Ag NPs coalesced
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in the corresponding SEM images (Figure 2-13¢ and 2-13d). In the cases of more than 0.20 mM
CTAC, the organic residues were mostly removed from the Ag thin films, which was confirmed by
the EDS spectrum (Figures 2-14c¢ and 2-14d). On the other hand, some organic moistures remained
in the case of 0.040 mM CTAC (Figure 2-13b). In fact, the small peak originated from the P atom of
TOPO was detected in the EDS spectrum (Figure 2-14b). Here, the author can say that the addition
of more than 0.20 mM of chloride salt is preferred. In addition, the cross sectional SEM image of this
thin film revealed that the coalescence of Ag NPs proceeded up to 1 um depth at least by dipping into

0.20 mM CTAC methanol solution at RT for 120 min (Figure 2-15).
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Figure 2-12. Change of electrical resistivity of the Ag thin films as a function of the CTAC

concentration in methanol (dipping time: 120 min).
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Figure 2-13. SEM images of the Ag thin films prepared from the TOPO-capped Ag NP paste by

dipping into methanol (a) without and with (b) 0.040 mM, (¢) 0.20 mM, (d) 1.0 mM CTAC.
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Figure 2-14. EDS spectra of the Ag thin films prepared from the TOPO-capped Ag NP paste by

dipping into methanol (a) without and with (b) 0.040 mM, (c) 0.20 mM, (d) 1.0 mM CTAC.
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Figure 2-15. Cross sectional SEM images of the Ag thin film prepared from Ag NPs by dipping into
the 0.20 mM CTAC methanol solution observed at (a) 10 000-fold magnification and (b) 15 000-fold

magnification.
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2-2-5 Effect of Dipping Time on Coalescence of Ag NPs

Next, the effect of dipping time in the RT chemical sintering was investigated using the
TOPO-capped Ag NP paste. The concentration of CTAC was set to 1.0 mM in methanol. The dipping
time was changed in the range of 1-120 min. Figure 2-16 and 2-17 show the change of electrical
resistivity of the Ag thin films as a function of dipping time and their SEM images, respectively.
Before the dipping (Figure 2-17a) and after 1 min of dipping (Figure 2-17b), the organic moistures
were observed in almost all of the area. The organic moistures were determined to be a compound
containing the P atom from the EDS spectrum (Figure 2-18a). Even after 2 min of dipping, organic
moistures were still left in some parts (Figure 2-17c, 2-18b). Actually, the electrical resistivity was
relatively high at that time. The electrical resistivity gradually decreased with the increase of the
dipping time in the range of 1-10 min. The electrical resistivity of the Ag thin film after 10 min of
dipping was (6.0 £ 2.5) x10™ Q m. After 10 min of dipping, the organic moistures were completely
removed and the coalescence of Ag NPs was clearly observed (Figure 2-17d). From these results, it
is concluded that more than 10 min of dipping is required for obtaining the conductivity in the RT

chemical sintering.
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Figure 2-16. Change of electrical resistivity of the Ag thin films as a function of dipping time into

the 1.0 mM CTAC methanol solution.
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Figure 2-17. SEM images of (a) cast film of the TOPO-capped Ag NP paste and the Ag thin films
prepared from the TOPO-capped Ag NP paste by dipping into the 1.0 mM CTAC methanol solution

for (b) 1 min, (¢) 2 min, and (d) 10 min.
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Figure 2-18. EDS spectra of the Ag thin films prepared from the TOPO-capped Ag NP paste by

dipping into the 1.0 mM CTAC methanol solution for (a) 1 min, (b) 2 min, and (c) 120 min.
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2-2-6 Effect of Dipping Solvent on Coalescence of Ag NPs

Following, the effect of dipping solvent on electrical resistivity was investigated using the
TOPO-capped Ag NP paste and CTAC (Figure2-19). The dipping time was fixed at 120 min. Here,
ethanol and 1-propanol were used instead of methanol. In the case of ethanol, the similar profile to
methanol was observed. Coalescence of Ag NPs was observed in the SEM image in the same way as
the case of methanol (Figure 2-20a). The lowest electrical resistivity was (1.1 £ 0.7) x10° Qm. In
the case of 1-propanol, the electrical resistivity was totally higher than that in the case of ethanol. The
electrical resistivity was too high to be measured in the range of more than 0.80 mM CTAC (0.80
mM, 1.0 mM, and 1.2 mM). The high electrical resistivity was attributed to incomplete coalescence
of Ag NPs (Figure 2-20b). In such cases, many cracks were generated in the film due to the low
adhesion strength between Ag NPs and the PET substrate in 1-propanol. In summary, the more
hydrophilic the dipping solvent was, the lower the electrical resistivity was. This result nicely
corresponded to that in the section 2-2-4. Therein, it was mentioned that the more hydrophilic the
washing solvent was, the larger the crystallite size of Ag NPs was in the washing process with
centrifugation after the ligand exchange from oleic acid to TOPO. This phenomenon may be due to
the desorption of TOPO from Ag NPs based on the significant lowering of the interaction between
TOPO and the Ag surface in a hydrophilic solvent. In addition, the solubility of the ligand affects the
desorption from the metal surface. In the Wakuda’s study, oleylamine on the surface of Ag NPs easily
desorbed in the good solvent of the ligand [19]. As TOPO is highly soluble in methanol and ethanol,
it is similarly thought that most of TOPO desorbs from Ag NPs in methanol and ethanol, which

induces the effective coalescence of Ag NPs.
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Figure 2-19. Change of electrical resistivity of the Ag thin films as a function of the CTAC

concentration in various dipping solvents (dipping time: 120 min).

Figure 2-20. SEM images of the Ag thin films prepared from the TOPO-capped Ag NP paste by

dipping into the 1.0 mM CTAC (a) ethanol and (b) 1-propanol solution for 120 min.
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2-2-7 Effect of Sintering Agents on Coalescence of Ag NPs
Other types of sintering agents, which are NaCl, CH3COONa, and

hexadecyltrimethylammonium bromide (CTAB), were also examined using the TOPO-capped Ag NP
paste and methanol. The concentration of sintering agents and dipping time were fixed at 1.0 mM and
120 min, respectively. Table 2-3 shows the lowest electrical resistivity in each case. The electrical
resistivity in the case of NaCl and CTAB was comparable to that in the case of CTAC. In the case of
CH3COONa, the Ag thin film with the high electrical resistivity was obtained. In the cases of halide
salts, the organic residues were completely removed and the coalescence of Ag NPs was clearly
observed (Figure 2-21a and 2-21b). In the case of CH3COONa, however, the organic moistures were
observed in almost all of the area (Figure 2-21c). These results may be explained by solubility of
generated silver salts (AgCl, AgBr, and AgCH3COOQ). The solubility of silver acetate to methanol is
significantly higher than silver halides (Table 2-4). Therefore, the interaction between the Ag surface
and halide ion seems to be stronger than that between the Ag surface and acetate ion. The halide ion
adsorbs on the Ag surface, and then TOPO desorbs from Ag NPs. This event induces the coalescence
of Ag NPs (Figure 2-22). Thus, sintering agents possessing halide ion showed the strong sintering
ability towards Ag NPs. As it is relatively time-consuming and laborious to dissolve NaCl in methanol,
CTAC and CTAB are more suitable for this RT chemical sintering due to the high solubility in

methanol.
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Table 2-3. Electrical resistivity of the Ag thin films after the RT chemical sintering using various

sintering agents.

Sintering agent Electrical resistivity (€2 m)
>
’%\97/\'}"@' (3.8+0.8) x 10
CTAC
NaCl (2.6+0.7) x 103
I~ |-
7 T+Bf' (2.6 +0.8) x 10°
CTAB
CH3COONa (3.3+22)x 1073

Figure 2-21. SEM images of the Ag thin films prepared from the TOPO-capped Ag NP paste by

dipping into the 1.0 mM (a) NaCl, (b) CTAB, and (c) CH;COONa methanol solution for 120 min.
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Table 2-4. Solubility product constants of silver salts in methanol.

Silver salts ~ Solubility product constants Temperature (°C) Ref.

AgCl 107130 23 31
AgBr 107132 23 31
AgCH3;COO 10°? 25 32

Coalescence
of Ag NPs

Absorption of CI-
on Ag NPs Desorption of TOPO from Ag NPs

Figure 2-22. Plausible schematic illustration of the RT chemical sintering of TOPO-capped-Ag NPs

by dipping into methanol containing CI".
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2-2-8 Effect of Ligands on RT Chemical Sintering of Ag NPs

To confirm the necessity of the ligand exchange from oleic acid to TOPO, oleic-acid-capped
Ag NPs were also used as Ag nanoink. The obtained Ag thin film was not conductive even under the
best sintering conditions (dipping solvent: methanol, dipping time: 120 min, and sintering agent: 1.0
mM CTAC). Moreover, it was observed in the SEM image that Ag NPs were partially coalesced

(Figure 2-23). Thus, TOPO is more suitable than oleic acid in this RT chemical sintering.

- ‘3 | ‘MA | N

Figure 2-23. SEM image of the Ag thin film prepared from the oleic-acid-capped Ag NP paste by

dipping into the 1.0 mM CTAC methanol solution for 120 min.
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2-2-9 Characterization of Ag Thin Films Prepared by RT Chemical Sintering
The Ag thin film was prepared from the TOPO-capped Ag NP paste by dipping into the 1.0

mM CTAC methanol solution for 120 min. The PXRD pattern is shown in Figure 2-24, in addition to
bulk Ag and the PET substrate. The diffraction peaks at 260 = 38°, 44°, 64°, and 77° are identified as
the (111), (200), (220), and (311) planes of face-centered cubic Ag, respectively [31]. The diffraction
pattern also had 260 = 23° and 26°. These peaks refer to the (110) and (100) planes of PET [35]. The
diffraction pattern of the Ag thin film was almost consistent with the sum of bulk Ag (face centered
cubic structure) and PET substrate. The crystallite sizes of the Ag thin films are calculated based on
the Scherrer equation using FWHM of the diffraction peaks at 26~ 38° [31]. The crystallite size in
the case of Figure 2-24¢ determined to be 26 nm. The crystallite size significantly increased compared
with that of the original NP (4.4 nm). This result shows the coalescence of Ag NPs. Slightly, the peak
originated from Ag>O or AgCl (26=32°) was also observed (red arrow point) [36, 37]. Next, the Ag
thin film was evaluated by TGA (Figure 2-25). The weight loss at 500 °C was 3.4 wt%, which assumes
the loss of organic residues in the Ag thin film. Namely, organic compounds such as TOPO and CTAC
hardly existed in the Ag thin film. This result demonstrates that the purity of the Ag thin film obtained

in this method is relatively high.
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Figure 2-24. PXRD patterns of (a) bulk Ag, (b) PET substrate, and (c) the Ag thin film prepared from
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the TOPO-capped Ag NP paste by dipping into the 1.0 mM CTAC methanol solution for 120 min.
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Figure 2-25. TGA curve of the Ag thin film prepared from the TOPO-capped Ag NP paste by dipping

into the 1.0 mM CTAC methanol solution for 120 min.
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The chemical composition of the Ag thin films after the RT chemical sintering was analyzed by XPS,
as shown in Figure 2-26. Three kinds of concentrations (0.040 mM, 0.20 mM, and 1.0 mM) of the
CTAC methanol solutions were used and the dipping time was fixed at 120 min. Particularly, the
peaks of Ag 3d were noted here, and the peaks of 368.5 eV and 374.5 eV were identified as Ag 3ds.
and Ag 3dsp, respectively [36-41]. In the cases of the 0.040 mM and 0.20 mM CTAC methanol
solutions, only above-mention peaks were observed. The experimental facts show that the pure Ag
thin film was formed in these cases. On the other hand, in the cases of the 1.0 mM CTAC methanol
solution, the peaks of 367.9 eV and 373.9 eV were observed. They were identified as Ag 3ds/» at and
Ag 3ds;2 in AgoO or AgCl, respectively [36-41]. In the case of the high CTAC concentration, TOPO
rapidly desorbs from Ag NPs and the Ag surface may be oxidized by O> in the unprotected area of
Ag NPs. In the case of the low CTAC concentration, the Ag surface is protected with TOPO during
the RT chemical sintering. Accordingly, the appropriate concentration of sintering agents should be

used for the RT chemical sintering.

Ag° Ag* Ag® Ag*

>

‘»

g |2

=

D

N | D)

©

e

o

z _C)J\

373 371 369 367 365
Binding Energy / eV

377 375

Figure 2-26. XPS spectra of Ag 3d in the Ag thin films prepared from the TOPO-capped Ag NP paste

by dipping into the a) 0.040 mM, b) 0.20 mM, and ¢) 1.0 mM CTAC methanol solutions for 120 min.
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2-2-9 Comparison between RT Chemical Sintering and Thermal Sintering

For comparison, the thermal sintering was carried out at 350 °C for 120 min on the glass
substrate using the oleic-acid-capped Ag NP paste. The SEM image showed that Ag NPs significantly
coalesced each other and formed a continuous film after the thermal sintering (Figure 2-27). In the
case of the thermal sintering, much larger grains of Ag NPs than those prepared by the RT chemical
sintering were observed (Figure 2-13 and 2-17) because Ag NPs partially melted by heating at 350 °C.
The organic residue rarely remained in the Ag thin film, which was confirmed by the EDS spectrum
(Figure 2-28). The electrical resistivity of the Ag thin film, which was (7.8 £ 3.4) x10° Q m, is slightly
lower than those of the Ag thin films prepared by the RT chemical sintering. The electrical resistivity
of this Ag thin film obtained by the thermal sintering seems to be the lowest value under my
experimental conditions. Therefore, it was shown that the RT chemical sintering examined in this

study has the almost similar film-formation ability to that of the normal thermal sintering.

ey

Figure 2-27. SEM image of the Ag thin film prepared from the oleic-acid-capped Ag NP paste by the

thermal sintering (350 °C, 120 min).
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Figure 2-28. EDS spectrum of the Ag thin film prepared from the oleic-acid-capped Ag NP paste by

the thermal sintering (350 °C, 120 min).
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Section 2-3: Summary

On the surface of Ag NP, ligand exchanges from oleic acid to the additive ligands were
carried out and the NPs were washed with methanol as an antisolvent after the reactions. In the case
of the ligand exchange with TOPO, most of ligands desorbed from the particle surface and the
crystallite size significantly increased. In contrast, the crystallite sizes of Ag NPs capped with OA and
DDT less increased. Although TOPO firmly adsorbed on the Ag surface in a nonpolar solvent such
as n-heptane, the adsorption strength was dramatically weakened in methanol. Therefore, in
application of Ag NPs to nanoinks for writing fine pattern, sintering temperature of the written pattern
could be lowered extremely by using the TOPO-capped Ag NPs and their subsequent washing process
with methanol.

Based on the above-mentioned results, the author can say that pure Ag thin films were
prepared from the TOPO-capped Ag NP paste by dipping into an organic solvent containing a
sintering agent. The lowest electrical resistivity in this study was (1.2 £ 0.5) x 10 Q m under the
conditions of the RT chemical sintering (dipping time: 120 min, CTAC concentration: 0.20 mM, and
dipping solvent: methanol). The electrical resistivity could be decreased by increasing the
concentration of Ag NPs in the paste. The author revealed that electrical resistivity of the Ag thin
films was dependent on sintering agent, its concentration, dipping time, ligand of Ag NP, polarity of
dipping solvent, and solubility of ligand for dipping solvent. Notably, it is possible that the excess
addition of sintering agents induced not only the formation of Ag thin film but also the generation of
Ag>0 or AgCl. Therefore, the appropriate concentration of sintering agents should be added in the
RT chemical sintering with organic solvents. The author expects that the knowledge obtained in this
chapter will be a guideline in the fabrication of flexible electrodes by the RT chemical sintering of

Ag NPs with organic solvents.
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Section 2-4: Experiments
2-4-1 Materials

All the chemicals and solvents were obtained commercially and used without further
purification. Tri-n-octylphosphine oxide (TOPO) was purchased from Aldrich. Octanoic acid (OA)
was purchased from Tokyo Chemical Industries Co.,Ltd. 1-Dodecanethiol (DDT) was purchased
from Merck. Sodium chloride (NaCl), cetyltrimethylammonium chloride (CTAC), and
cetyltrimethylammonium bromide (CTAB) were obtained from Wako Pure Chemical Industries, Ltd.
Sodium Acetate (CH3COONa) was purchased from Nakarai Tesque, Inc. Oleic-acid-capped Ag
nanoparticles (Ag NPs, Kishu-Giken Co.,LTD, Wakayama, Japan), which were synthesized by the
improved vacuum evaporation on running oil substrate (VEROS) method [25, 26], were used for
fabrication of Ag nanoink. The average diameter of oleic-acid-capped Ag NPs used here was 6.3 +

1.5 nm (Figure 2-3a).

2-4-2 Ligand Exchange and Subsequent Washing Process

Oleic-acid-capped Ag NPs were dispersed in n-heptane at a concentration of 0.50 g L. The
n-heptane solution of the additive ligand (0.12 M) was added to the dispersion of Ag NPs. The molar
amount of the additive ligands was 40 times as large as that of oleic acid adsorbed on the surface of
the original nanoparticle. The concentrations after mixing were adjusted to 0.45 g L' (Ag NP) and
1.1 x 10> M (additive ligand), respectively. The mixture was stirred at 40 °C for an hour. After the
reaction, Ag NPs were purified by the following washing process with antisolvent. The reaction
solution was somewhat concentrated by a rotary evaporator. This concentrated solution was used as
Ag paste. Methanol as an antisolvent was then added to the dispersion. The volume ratio of the solvent
containing nanoparticles to the antisolvent was more than four. The dispersion was then centrifuged
at 14 500 rpm for 10 min. After the removal of the supernatant, antisolvent was added to the residue

again. The centrifugation at 5000 rpm for 10 min was then carried out. The same procedure was
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repeated three times. The obtained nanoparticles were dried in vacuum.

2-4-3 Preparation for Ag Thin Films

The ligand exchange of Ag NPs from oleic acid to TOPO was carried out as mentioned in
the section 2-3-2. After the ligand exchange, n-heptane was removed by a rotary evaporator. Thus,
the prepared paste mainly consists of TOPO and TOPO-capped-Ag NPs (TOPO-capped Ag NP paste).
For comparison, the paste consisting of n-heptane and oleic-acid-capped Ag NPs was also prepared
(oleic-acid-capped Ag NP paste). The concentration of Ag NPs was set to 7.4 wt% in the paste in both
cases. These pastes were used as Ag nanoink.

Poly(ethylene terephthalate) (PET) substrate (Toray, Lumirror S10 250 pm) was first washed
by acetone and methanol. The fabricated Ag nanoink was cast onto the PET substrate (20 mm x 20
mm). This substrate was dipped in an organic solvent (20 mL) containing a sintering agent at RT
(about 25 °C) under an air atmosphere (Figure 2-2). After the RT chemical sintering, the obtained Ag
thin films (thickness ~5 um) were dried in air for 120 min at RT before measurements such as SEM
and electrical resistivity. For comparison, the Ag thin film was also prepared on the glass substrate
from the oleic-acid-capped Ag NP paste by heating at 350 °C for 120 min in an electrical furnace

(thermal sintering).

2-4-4 Characterization

TEM images were taken at 100 kV with a JEM-2100 (JEOL, Japan) for the observation of
synthesized metal NPs. The diameter of NPs was evaluated by ImaegJ software. The morphology of
Ag thin films was characterized by FE-SEM (JSM-6700F, JEOL, Japan). EDS was carried out by FE-
SEM (JSM-7800F, JEOL, Japan) equipped with Octane Elect (AMETEK EDAX). Electrical
resistivity was measured using a four-probe method (MCP-T370, Mitsubishi Chemical Analytech Co.,

Ltd., Japan). The thickness of Ag thin films was measured by laser microscopy (OLS4100,
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OLYMPUS, Japan). Electrical resistivity was evaluated to multiply sheet resistance by thickness. The
absorption spectra were recorded by a UV-Vis spectrophotometer U-2010 (Hitachi, Japan) and V-730
(JASCO, Japan) at RT. The as-prepared after ligand exchanges (TOPO, OA, and DDT) were diluted
to 0.018 g L''. The diluted samples were left to stand in quartz cell with PTFE cap for 20 h before
measurements. The as-prepared samples after the ligand exchange were diluted with n-hexane for
measurements of absorption spectra. TGA was carried out by a ThermoMass Photo (Rigaku, Japan).
TICs for analysis of ligands adsorbed on Ag NPs were obtained from a GC-MS spectrometer, QP2010
Plus (Shimadzu, Japan). Here, Ultra ALLOY UAS5-30M-0.25F (Frontier Laboratories Ltd., Japan)
was used as a column. The samples for GC-MS were heated by a PY-3030D pyrolyzer (Frontier
Laboratories Ltd., Japan) at 300 °C before injection. XRD patterns were recorded using a MiniFlexII
(Rigaku, Japan, Cu Ka radiation) equipped with a Ka filter operating at 30 kV and 15 mA. The
crystallite size was calculated by the Scherrer’s equation: D = 0.94/f cos@, where D is the crystallite
size, A is the wavelength of X-ray, £ 1s the FWHM of diffraction peak, and @is the diffraction angle.
XPS measurements were carried out by a KRATOS AXIS Ultra DLD X-ray photoelectron

spectrometer (Shimadzu, Japan).
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Chapter 3: RT Chemical Sintering of Cu-Ag Core-Shell NPs and Their

Conductivity

Section 3-1: Introduction

Printed electronics have attracted much interest for the fabrication of fine conductive
patterns on flexible substrates [1-4]. Metal NP pastes are often used as nanoinks in printed electronics
[5]. The fine conductive patterns are obtained by the coalescence. The Ag NP ink is most frequently
used because of its high conductivity and oxidation resistance. However, Ag is relatively expensive
and short circuit often occurs in its fine patterns [6]. This phenomenon is called the electromigration
effect and is a characteristic feature of Ag. These days, Ag is being replaced with copper (Cu), which
is relatively inexpensive and shows less electromigration effect. The sintering of Cu NPs has to be
carried out under an inert gas (e.g. Ar and N») and a reducing gas (e.g. formic acid and H») because
Cu is easily oxidized by oxygen in air [7-11]. These problems can be simultaneously solved by using
Cu-Ag core-shell (Cu@Ag) NPs [12-14] because Cu@Ag NPs have the properties of both migration
and oxidation resistances originated from Cu and Ag, respectively.

The RT chemical sintering method can be carried out without heating, as shown in Chapter
2. In this method, sintering agents are used to desorb organic ligands easily from metal NPs. When
organic ligands desorb from metal NP, metal NPs coalesce even at RT. To the best of the author’s
knowledge, the report by Dai ef al. is the sole example of the RT chemical sintering of Cu@Ag NPs
[15]. In the paper, oleylamine-capped Cu@Ag NPs were prepared and they were sintered at RT by
dipping into water containing NaOH as a sintering agent and NaBHj4 as a reducing agent. However,
the milder conditions for the RT chemical sintering are desirable from the viewpoint of the protection
from metal oxidation and substrate denaturation.

In Chapter 2, the author reported that TOPO-capped Ag NPs were effectively coalesced by

centrifugation with methanol. In addition, the RT chemical sintering of TOPO-capped Ag NPs was
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carried out by dipping into methanol containing a halide salt. The electrical resistivity of the obtained
Ag thin films was comparable to that of the Ag thin film prepared by the heating at 350 °C. These
results showed that a halide salt effectively worked as a sintering agent of TOPO-capped Ag NPs in
methanol. On the basis of these backgrounds, the author created a new strategy for the fabrication of
conductive thin films with both migration and oxidation resistances on the plastic substrate in this
chapter. The outline of the strategy is shown in Figure 3-1. First, TOPO-capped Cu@Ag NPs were
prepared by the ligand exchange. The obtained precipitate was dried in air and evaluated by
transmission electron microscopy (TEM), field emission scanning electron microscopy (FE-SEM),
X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). Then, Cu/Ag thin films were
fabricated at RT from TOPO-capped Cu@Ag NPs by dipping into methanol containing a sintering
agent and/or a reducing agent. As TOPO easily desorbs from Ag NP in methanol, the coalescence of
Cu@Ag NPs proceeds even at RT with the aid of a sintering agent. In addition, a reducing agent
protects metals from the oxidation during the RT process. Here, various combinations of sintering
agents such as cetyltrimethylammonium chloride (CTAC) and HCI, and/or reducing agents such as
oxalic acid, malonic acid, and hydrazine were examined for the RT chemical sintering of Cu@Ag
NPs. Mild reagents were selected for the protection from metal oxidation and substrate denaturation.
As for the obtained Cu/Ag thin film under the optimal conditions, the morphology and electrical

resistivity were investigated.
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RT chemical sintering of Cu@Ag NPs

Figure 3-1. Preparation of conductive thin films with both migration and oxidation resistances on the
plastic substrate by the RT chemical sintering of TOPO-capped Cu@Ag NPs in methanol containing

a sintering agent and/or a reducing agent.
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Section 3-2: Results and Discussion
3-2-1 Cu-Ag Core-Shell NPs before and after Ligand Exchange with TOPO

The synthesis of Cu@Ag NPs was carried out based on the method reported by Muzikansky
et al [16]. First, oleylamine-capped Cu NPs were synthesized by the thermal decomposition method.
Next, oleylamine/oleic-acid-capped Cu@Ag NPs were synthesized by the galvanic replacement
method. Then, the ligand exchange from oleylamine/oleic acid to TOPO were performed on the NP
surface (Figure 3-2). As for Cu@Ag NPs before and after the ligand exchange, TEM observation was
carried out (Figure 3-3). From the analysis of TEM images, the average diameters of Cu@Ag NPs
before (Figure3-3a) and after (Figure3-3c¢) the ligand exchange were determined to be 5.8 £ 2.6 nm
(Figure 3-3b) and 5.5 £ 1.9 nm (Figure 3-3d), respectively. These results indicate that the morphology
of Cu@Ag NPs remained unchanged before and after the ligand exchange. Although some bigger
NPs were also observed before and after the ligand exchange, they already existed before the galvanic
replacement reaction (Figure 3-4). Noticeably, about 15 nm of NPs decreased and about 10 nm of
NPs increased instead after the ligand exchange. The fact may be due to the size decrease of bigger
Cu@Ag NPs based on the partial dissolution, judging from the fact that the supernatant in the washing
process after the ligand exchange was a blue color originated from Cu?’. The elemental molar ratio
Cu/Ag of synthesized Cu@Ag NPs was determined to be 95/5 mol/mol% by X-ray fluorescence

(XRF) analysis.

Figure 3-2. Ligand exchange of Cu@Ag NP from oleylamine/oleic acid to TOPO.
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Figure 3-3. (a), (c) TEM images and (b), (d) particle size distributions of (a), (b) oleylamine/oleic-

acid-capped Cu@Ag NPs and (c), (d) TOPO-capped Cu@Ag NPs.
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Figure 3-4. (a) TEM image and (b) particle size distribution of oleylamine-capped Cu NPs.

77



The absorption spectra of Cu@Ag NPs were measured before and after the ligand exchange
with TOPO. The as-prepared samples after the ligand exchange were diluted with n-heptane. As a
reference, oleylamine-capped Cu NPs was also measured under the same conditions. Their absorption
spectra are shown in Figure 3-5. The absorption peaks at around 420 nm and 566 nm were originated
from localized surface plasmon resonance of Ag and Cu, respectively [16]. On the other hand, the
absorption peak of oleylamine-capped Cu NPs was observed at 579 nm. The hypsochromic shift
based on the covering of Cu with Ag has also been reported by Muzikansky ef a/ [16]. Even after the
ligand exchange with TOPO, broadening of absorption peaks based on the aggregation of NPs was
hardly observed. This result shows that TOPO-capped Cu@Ag NPs stably dispersed in a nonpolar

solvent.

i Before ligand exchange

—After ligand exchange
with TOPO

—Cu NPs (Before galvanic
replacement)

300 400 500 600 700 800
Wavelength / nm
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o O o O -
O N B~ OO 0O = N

Figure 3-5. Absorption spectra of Cu@Ag NPs before and after the ligand exchange from

oleylamine/oleic acid to TOPO, and oleylamine-capped Cu NPs before the galvanic replacement.

78



The ligand exchange to TOPO was confirmed by pyrolysis gas chromatograph mass
spectrometry (GC-MS) measurements of the precipitates of Cu@Ag NPs after the RT chemical
sintering. Figure 3-6 shows total ion chromatographs (TICs) of the used ligands and Cu@Ag NPs
before and after the ligand exchange. Although the peaks of oleylamine and oleic acid were clearly
detected in the case of Cu@Ag NPs before the ligand exchange, they were not detected after the
ligand exchange. This result indicates that the ligand exchange from oleylamine/oleic acid to TOPO
proceeded on the surface of Cu@Ag NP. However, the peak of TOPO was not detected after the
ligand exchange. In the section 2-2-3, the desorption temperature (350 °C) of TOPO from the Ag NP
surface was significantly higher than the thermal decomposition temperature (295 °C) of TOPO.
Therefore, TOPO on the Cu@Ag NP surface also may be decomposed before its vaporization. The
removal of TOPO induces the coalescence of Cu@Ag NPs in the subsequent RT chemical sintering

after the ligand exchange.

Oleic acid L

Oleylamine L

TOPO ‘
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Figure 3-6. TICs of oleic acid, oleylamine, TOPO, and Cu@Ag NPs before and after the ligand

exchange from oleylamine/oleic acid to TOPO.
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Next, attenuated total reflection infrared (ATR-IR) spectra of oleic acid, oleylamine, TOPO, and
Cu@Ag NPs before and after the ligand exchange with TOPO were measured to clarify the presence
of TOPO on the surface of Cu@Ag NP (Figure 3-7). In the IR spectrum of Cu@Ag NPs after the
ligand exchange, the peaks originated from oleylamine and oleic acid were not detected and the
characteristic band associated with P=0O was observed at around 1100 cm™' instead. Furthermore, XPS
spectra of Cu@Ag NPs before and after the ligand exchange with TOPO showed the existence of P
atoms only after the ligand exchange (Figure 3-8). These experimental facts clearly demonstrate the
progress of the ligand exchange. In Chapter 2, the author reported that adsorption strength of TOPO

to the Ag surface was larger than those of oleylamine and oleic acid.

V,s(COO")
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Figure 3-7. ATR-IR spectra of (a) oleic acid, (b) oleylamine, (c) TOPO, and Cu@Ag NPs (d) before

and (e) after the ligand exchange from oleylamine/oleic acid to TOPO.
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Figure 3-8. XPS spectra of Cu@Ag NPs (a) before and (b) after the ligand exchange from

oleylamine/oleic acid to TOPO.
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3-2-2 Cu-Ag Core-Shell Precipitates after Ligand Exchange and Subsequent Washing Process
The concentrated TOPO dispersion of Cu@Ag NPs was used without purification as the
paste for the metal NP ink. The paste was also used to investigate the coalescence of Cu@Ag NPs as
a model experiment for the actual RT sintering (Figure 3-9). In the model experiment, the methanol
solution containing a sintering agent and/or a reducing agent was added to the paste. The precipitate
was collected by centrifugation, which corresponds to the washing process in the actual RT sintering.
After the ligand exchange and subsequent washing process, the precipitates of Cu@Ag NPs were
used for pyrolysis GC-MS to investigate the progress of ligand exchanges. After the ligand exchange
and subsequent washing process, TEM observation of the precipitate of Cu@Ag NPs was carried out.
Figure 3-10 shows the neck-like structure formed by coalescence of Cu@Ag NPs (Figure 3-10a). The
crystal reconstruction and growth in the neck was due to the surface diffusion of atoms (Figure 3-

10b) [17, 18]. Thus, coalescence of NPs causes the increase in crystallite size.
Concentration Washing with methanol
— —
Sintering agent and/or
> Paste reducing agent
O~

@“\l{b Cu@Ag precipitate

Figure 3-9. Ligand exchange and subsequent washing process of the paste of TOPO-capped Cu@Ag

NPs with methanol containing a sintering agent and/or a reducing agent.

82



Figure 3-10. (a) TEM images of the precipitate of Cu@Ag NPs after the washing process using the

29 mM HCI methanol solution. (b) A high magnification image of the red square area in (a)

The crystallite sizes of the precipitates of Cu@Ag NPs were evaluated by PXRD (Figure 3-11A). For
comparison, the precipitates of TOPO-capped Ag NPs prepared by the same method were also
examined (Figure 3-11B). In the RT chemical sintering, various combinations of sintering agents
and/or reducing agents were added into methanol during the washing process (Figure 3-12). Here,
CTAC and HCI, which have a chloride ion, were used as sintering agents. Chloride ion has often been
used as a sintering agent of Ag NPs [19-22]. Oxalic acid and malonic acid were used as an acidic
reducing agent, and hydrazine was used as a basic reducing agent. In all the cases, the diffraction
peaks at 260 = 38°, 44°, 64°, and 77° were identified as the (111), (200), (220), and (311) planes of
face-centered cubic Ag, respectively [23]. In addition, the diffraction peak of face-centered cubic Cu
(111) (26=43°) overlapped that of Ag (200) [13]. The crystallite sizes were calculated based on the
Scherrer equation using FWHM of the diffraction peaks at Ag (111) [23]. The calculated values of
crystallite sizes are summarized in Table 3-1. In the absence of sintering agents and reducing agents,
the crystallite size of the precipitate of Cu@Ag NPs slightly increased compared with that of Cu@Ag

NPs before the ligand exchange. In the cases of CTAC, HCI, oxalic acid, and malonic acid, the
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crystallite sizes significantly increased. In the case of hydrazine, however, the crystallite size slightly
increased. On the other hand, the crystallite sizes of the precipitates of Ag NPs significantly increased
in all the cases. These contrasting results indicate that the interaction between TOPO and the metal
NP surface changes with the existence of Cu. The interaction of TOPO with the Cu@Ag NP surface
would be stronger than that with the Ag NP surface. In fact, the increase in the crystallite size of

Cu@Ag NP was much smaller than that of Ag NPs in the cases of methanol only.

Table 3-1. Crystallite sizes of the precipitates of Cu@Ag NPs at Ag (111) and the precipitates of Ag

NPs after the washing process using methanol containing a sintering agent and/or a reducing agent.

Crystallite size = standard error (nm)

Added agents
Cu@Ag NPs Ag NPs
Before ligand exchange 2.8+0.1 42+0.1
No addition (methanol only) 42+0.3 12604
1.0 mM CTAC 13.4+0.1 18.6 £0.3
29 mM HCl 12.2+0.2 26.9+0.3
100 mM oxalic acid + 1.0 mM CTAC 14.1+0.4 204+ 0.5
100 mM malonic acid + 1.0 mM CTAC 16.4+0.1 25.8+0.8
100 mM hydrazine + 1.0 mM CTAC 54+0.1 17.7+0.4
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Figure 3-11. PXRD patterns of (A) Cu@Ag NPs and (B) Ag NPs (a) before the ligand exchange, and
the precipitates of Cu@Ag NPs and Ag NPs after the washing process using methanol in the (b)
absence and presence of (¢) 1.0 mM CTAC, (d) 29 mM HCI, (e) 100 mM oxalic acid + 1.0 mM CTAC,
(f) 100 mM malonic acid + 1.0 mM CTAC, and (g) 100 mM hydrazine + 1.0 mM CTAC. Reference

patterns of (h) bulk Ag and (i) bulk Cu.
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Figure 3-12. Chemical structures of sintering agents and/or reducing agents.
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Next, SEM images of the precipitates after the washing process were observed (Figure 3-13). The
significant coalescence of Cu@Ag NPs was observed only in the case of 29 mM HCI (Figure 3-13c).
When CTAC, malonic acid, and hydrazine were added into methanol, the coalescence of Cu@Ag
NPs moderately proceeded (Figure 3-13b, 3-13e, and 3-13f). In the SEM and TEM images for the
washing process using methanol only (Figure 3-13a and 3-14), the NPs hardly coalesced. Organic
acicular crystals (red arrow points) clearly remained in the case of oxalic acid (Figure 3-13d). To
confirm the point, the amounts of organic compounds in the precipitates after washing process were
evaluated by thermogravimetric analysis (TGA) (Figure 3-15). Heating was performed under helium
atmosphere at a rate of 10 °C min™! in the temperature range from 28 to 500 °C. When HCI and
hydrazine were added into methanol, the weight loss significantly decreased compared with that of
Cu@Ag NPs before the ligand exchange. This result shows that most of the organic compounds such
as oleylamine, oleic acid and TOPO were removed during the washing process. In addition, HCI and
hydrazine are volatile compounds and soluble in methanol and then may not remain in the precipitates.
On the other hand, when oxalic acid was added, the weight loss was higher than that of Cu@Ag NPs
before the ligand exchange. It seems that the thermal decomposition at 320 °C brought about the
formation of Cu(Il) oxalate because the characteristic TG curve in the case of 100 mM oxalic acid

and 1.0 mM CTAC was in good agreement with that of Cu(Il) oxalate [24].
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Figure 3-13. SEM images of Cu@Ag NPs after the washing process using methanol in the (a) absence
and presence of (b) 1.0 mM CTAC, (c) 29 mM HCI, (d) 100 mM oxalic acid + 1.0 mM CTAC, (e)

100 mM malonic acid + 1.0 mM CTAC, and (f) 100 mM hydrazine + 1.0 mM CTAC.
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Figure 3-14. TEM image of the precipitates of Cu@Ag NPs after the washing process using methanol
only.
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Figure 3-15. TGA curves of the precipitates of Cu@Ag NPs after the washing process using methanol

containing a sintering agent and/or a reducing agent.
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The elemental composition of the precipitates of Cu@Ag NPs after the RT chemical sintering was
analyzed by XPS. The peaks at 368.5 eV and 374.5 eV were identified as Ag 3ds» and Ag 3d3» in
Ag’, respectively (Figure 3-16A). On the other hand, the peaks at 367.9 eV and 373.9 eV were
identified as Ag 3ds» and Ag 3ds» in Ag”, respectively [13, 25, 26]. In all the cases, the peaks of Ag®
were observed. In the cases of 29 mM HCI and 100 mM hydrazine + 1.0 mM CTAC (Figure 3-16A
d and g), the peaks of Ag” were not observed although the peaks were clearly detected in the other
cases. The addition of HCI or hydrazine did not induce the oxidation of Ag. The peaks at 932.3 eV
and 933.9 eV in Cu 2p were identified as Cu® or Cu0, and CuO, respectively (Figure 3-16B) [13, 27,
28]. In all the cases, the peaks of Cu’ or Cu,0, and CuO were observed. In the case of oxalic acid,
the peak at 935.3 eV in Cu 2p was identified as Cu(COO), (Figure 3-16B ¢) [29] because the C 1s
peak originated from COO™ was detected at 289.1 eV (Figure 3-17) [30]. This result also supports the
existence of Cu(Il) oxalate, as shown in the SEM image (Figure 3-13d) and the TGA curve (Figure
3-15). It is noticeable that the peak of CuO existed before the ligand exchange. This fact demonstrates
that a small part of Cu was already oxidized at the time of synthesis of Cu NPs, which are coexistence
of Cu’ or Cu,0, and CuO. The further oxidation of Cu and Cu,O slightly proceeded in all the cases.
The result indicates that Cu NPs were almost covered with the Ag shell. The above-mentioned results
show that HCl is the most suitable as a sintering agent for the RT chemical sintering of Cu@Ag NPs
in terms of the increase of crystallite size, almost complete removal of organic compounds, and

suppression of Ag and Cu significant oxidation.
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Figure 3-16. High resolution XPS spectra of (A) Ag 3d and (B) Cu 2p peaks obtained from (a)
Cu@Ag NPs before the ligand exchange, and the precipitates of Cu@Ag NPs after the washing
process using methanol in the (b) absence and presence of (c) 1.0 mM CTAC, (d) 29 mM HCI, (e)

100 mM oxalic acid + 1.0 mM CTAC, (f) 100 mM malonic acid + 1.0 mM CTAC, and (g) 100 mM

hydrazine + 1.0 mM CTAC.
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Figure 3-17. XPS spectrum of C 1s peaks obtained from the precipitate of Cu@Ag NPs after the

washing process using the 100 mM oxalic acid + 1.0 mM CTAC methanol solution.
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3-2-3 Effect of Acidity on Coalescence of Cu-Ag Core-Shell NPs

From the results in the section 3-2-2, the author hypothesized that the coalescence of Cu@Ag
NPs was affected by the acidity in the methanol solution because the acidic methanol solution
containing HCI, oxalic acid, or malonic acid strongly induced the coalescence of NPs. As TOPO is
protonated under the acidic conditions, TOPO on the surface of Cu@Ag NP easily desorbed, which
brings about the effective coalescence (Figure 3-18a). On the contrary, the basic methanol solution
containing hydrazine suppressed the coalescence. To investigate the hypothesis, various amounts of
NaOH were added to the 1.0 mM CTAC methanol solution. The PXRD patterns and the crystallite
sizes of the precipitates of Cu@Ag NPs after the RT chemical sintering are shown in Figure 3-19 and
Table 3-2, respectively. The addition of the low concentration of NaOH (< 3.9 mM) slightly increased
the crystallite size. Under the basic conditions, it may be difficult for TOPO to desorb from Cu@Ag
NP (Figure 3-18b) because TOPO is not protonated. On the other hand, the addition of the high
concentration of NaOH (= 10 mM) significantly increased the crystallite size. When the high
concentration of NaOH was added, it is probable that the hydroxide ion effectively worked as a
sintering agent (Figure 3-18c) because the hydroxide ion has also been used as a sintering agent of
Ag NPs [31]. The sharp peak originated from Cu2O (26 = 36°) was observed in those cases [32-34].
Moreover, the main peak originated from Ag and Cu (2 8 = 44°) shifted and the peak became identical
with that of bulk Ag. Namely, it means that most of Cu atoms were oxidized under the high
concentration NaOH (> 10 mM). The slow desorption of TOPO under the basic conditions may allow

Cu to be oxidized by oxygen in air before the coalescence.
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Figure 3-18. Plausible mechanism of coalescence of Cu@Ag NPs under various conditions.

Table 3-2. Crystallite sizes of the precipitates of Cu@Ag NPs at Ag (111) after the washing process

using the 1.0 mM CTAC methanol solution and various concentrations of NaOH.

Added agents Crystallite size = standard error (nm)

Before ligand exchange 2.8+0.1

1.0 mM CTAC 13.4+0.1

0.39 mM NaOH + 1.0 mM CTAC 7.2+0.1
1.0 mM NaOH + 1.0 mM CTAC 7.6£0.2

3.9 mM NaOH + 1.0 mM CTAC 5.7+0.1
10 mM NaOH + 1.0 mM CTAC 20.5+0.6

100 mM NaOH + 1.0 mM CTAC 18.8 +0.2
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Figure 3-19. PXRD patterns of the precipitates of Cu@Ag NPs after the washing process using the
1.0 mM CTAC methanol solution and various concentrations of NaOH. [NaOH] = (a) 0 mM, (b) 0.39
mM, (c) 1.0 mM, (d) 3.9 mM, (e) 10 mM, and (f) 100 mM. Reference patterns of (g) bulk Ag and (h)

bulk Cu. The red arrows show the peak originated from Cu,O.
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3-2-4 Characterization of Cu/Ag Thin Film Prepared by RT Chemical Sintering

The TOPO paste of Cu@Ag NPs can be used as a NP ink because Cu@Ag NPs stably
disperse in a nonpolar solvent. After the Cu@Ag NP ink was cast onto the PET substrate, the RT
chemical sintering was carried out by dipping the substrate into methanol containing a sintering agent
and/or a reducing agent for 30 min under air atmosphere (Figure 3-20). The various methanol
solutions containing a sintering agent and/or a reducing agent were examined here. Only in the case
of 29 mM HCI a conductive thin film was obtained (Table 3-3). The optical image of the Cu/Ag thin
film is shown in Figure 3-21. The electrical resistivity of the obtained Cu/Ag thin film was (5.1 £ 1.7)
x10” Q m, which is comparable to that [(1.2 = 0.5) x10° Q m] of the Ag thin film reported in the
section 2-2-5. From the corresponding SEM images, it was shown that most of the Cu@Ag NPs
coalesced and that organic compounds were removed (Figures 3-22¢ and 3-22d). In addition, the
cross sectional SEM image of this thin film revealed that the coalescence of Cu@Ag NPs proceeded
up to 1 um depth at least (Figure 3-23). However, many cracks were observed. Thus, the resistivity
of this thin film was higher than that of bulk Ag and Cu. In other cases, electrical resistivity was too
high to be measured. The high electrical resistivity was attributed to the many cracks and organic
compounds that existed in the film. While the coalescence of Cu@Ag NPs and removal of organic
compounds were attained by the addition of 1.0 mM CTAC, 100 mM malonic acid + 1.0 mM CTAC,
and 50 mM NaOH + 60 mM hydrazine (Figures 3-22b, 3-22h, and 3-22j), many cracks generated in
the film because of the relatively-slow coalescence (Figures 3-22a, 3-22g, and 3-22i). Strong acid
such as HCI was necessary for the preparation of the conductive thin film. In the case of oxalic acid,
organic compounds mostly remained (Figures 3-22e and 3-22f). This fact induced the high electrical

resistivity. The existence of organic compounds was also confirmed by TGA (Figure 3-15).
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Figure 3-20. Preparation of a Cu/Ag conductive thin film by the RT chemical sintering of Cu@Ag

NPs through dipping into methanol containing a sintering agent and/or a reducing agent.

Table 3-3. Electrical resistivity of Cu/Ag thin films prepared from Cu@Ag NPs by dipping into

methanol containing a sintering agent and/or a reducing agent for 30 min at RT.

Added agents Electrical resistivity (€2 m)

1.0 mM CTAC No conductivity

29 mM HCI (5.1£1.7)x 103

100 mM oxalic acid + 1.0 mM CTAC No conductivity
100 mM malonic acid + 1.0 mM CTAC No conductivity
60 mM hydrazine + 50 mM NaOH No conductivity
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Figure 3-21. Optical image of the brown Cu/Ag thin film obtained by dipping Cu@Ag NPs into the

29 mM HCI methanol solution for 30 min at RT.
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Figure 3-22. SEM images of Cu/Ag thin films prepared from Cu@Ag NPs by dipping into the (a, b)
1.0 mM CTAC, (c, d) 29 mM HCI, (e, f) 100 mM oxalic acid + 1.0 mM CTAC, (g, h) 100 mM malonic

acid + 1.0 mM CTAC, and (i, j) 50 mM NaOH + 60 mM hydrazine methanol solutions.
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Figure 3-23. Cross sectional SEM images of the Cu/Ag thin film prepared from Cu@Ag NPs by
dipping into the 29 mM HCI methanol solution observed at (a) 10,000-fold and (b) 30,000-fold

magnification.

To confirm the necessity of the ligand exchange to TOPO, oleylamine/oleic-acid-capped Cu@Ag NPs
were also used as nanoink. The obtained Cu/Ag thin film was not conductive even after dipping into
the 29 mM HCI methanol solution for 30 min at RT. As oleylamine oleic acid are less soluble in
methanol, it may be difficult for them to desorb from Cu@Ag NPs in methanol. This phenomenon
was also observed in the section 2-2-4. Moreover, it was observed by SEM measurements that some
cracks were generated in the Cu/Ag thin film (Figure 3-24). Thus, TOPO is more suitable than

oleylamine and oleic acid in the RT chemical sintering of Cu@Ag NPs.

100



Figure 3-24. SEM image of the Cu/Ag thin film prepared from oleylamine/oleic-acid-capped

Cu@Ag NPs by dipping into the 29 mM HCI methanol solution.

To confirm the elemental composition of the Cu/Ag thin film prepared using the 29 mM HCIl methanol
solution, PXRD measurement was carried out. The PXRD patterns of the Cu/Ag thin film were a
simple mixture of PET [35], Ag, and Cu peaks (Figure 3-25). Table 3-4 shows the crystallite sizes at
Ag (111) and Cu (111). While the crystallite size of Ag increased compared with that of Cu@Ag NPs
before the ligand exchange, that of Cu mostly remained unchanged. This result indicates that the

coalescence of Cu@Ag NPs occurred only on the Ag shell.
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Figure 3-25. PXRD patterns of (a) bulk Ag, (b) bulk Cu, (c) PET substrate and (d) Cu/Ag thin film

prepared using the 29 mM HCI methanol solution on the PET substrate.

Table 3-4. Crystallite sizes of Cu/Ag thin film prepared using the 29 mM HCI methanol solution at

Ag (111) and Cu (111).
Crystallite size = standard error (nm)
Ag (111) Cu (111)
Before ligand exchange 2.8+0.1 8.6+0.1
After dipping into
151+£0.4 83+0.2

29 mM HCI methanol solution
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Section 3-3: Summary

The ligand exchange from oleylamine/oleic acid to TOPO was carried out on the surface of
Cu@Ag NPs and the NPs were sintered at RT with methanol containing a sintering agent and/or a
reducing agent. In the case of 29 mM HCI, the crystallite size significantly increased. In addition, Ag
and Cu were hardly oxidized during the process. Under strong acidic conditions, protonated TOPO
rapidly desorbed from Cu@Ag NP, which brought about the effective coalescence with slight
oxidation. On the basis of these results, a Cu/Ag thin film was prepared from TOPO-capped Cu@Ag
NPs by dipping into methanol containing 29 mM HCI. The electrical resistivity of the obtained thin
film was (5.1 £ 1.7) x 10° Q m. The RT coalescence of Cu@Ag NPs with slight oxidation was
successfully achieved under mild conditions in this study. The author expects this method to be widely
applicable to the fabrication of electrodes on flexible substrates by RT chemical sintering of core-

shell metal NPs.
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Section 3-4: Experiments
3-4-1 Materials

All the chemicals and solvents were obtained commercially and used without further
purification. Cu(Il) acetylacetonate and sodium hydroxide (NaOH) was purchased from Kishida
Chemical Co., Ltd. Tri-n-octylphosphine oxide (TOPO) was purchased from Aldrich. Silver nitrate,
cetyltrimethylammonium chloride (CTAC), oleylamine, oleic acid, oxalic acid, hydrazine
monohydrate, and malonic acid were purchased from Wako Pure Chemical Industries, Ltd. Hydrogen
chloride methanol solution (6.6 w/w%) was purchased from Tokyo Chemical Industries Co., Ltd.
Oleic-acid-capped Ag NPs (Kishu-Giken Co., Ltd., Wakayama, Japan), which were synthesized by
the improved vacuum evaporation on running oil substrate (VEROS) method [36-38], were used for
the fabrication of Ag NP ink. The average diameter of oleic-acid-capped Ag NPs used here was 7.1 +

1.7 nm (Figure 3-26).

I Diameter:
7.1+1.7 nm
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Figure 3-26. (a) TEM image and (b) particle size distribution of oleic-acid-capped Ag NPs.
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3-4-2 Synthesis of Cu-Ag Core-Shell NPs

The synthesis of Cu@Ag NPs was carried out based on the method reported by Muzikansky
et al [16]. First, Cu NPs were synthesized by the thermal decomposition method. Next, Cu@Ag NPs
were synthesized by the galvanic replacement method. Typically, Cu(Il) acetylacetonate (2.1 g) was
added to 100 mL of oleylamine at RT (about 25 °C). The solution was stirred at 100 °C for 2 h under
N2 bubbling. Then, this solution was heated at 220 °C for 3 h under Ar atmosphere. After the reaction,
the solution was cooled to RT. The oleylamine-capped Cu NPs were collected by centrifugation of
the reaction solution at 15 000 rpm for 50 min, and the supernatant was removed. Then, oleylamine-
capped Cu NPs were dispersed in about 2 mL of n-hexane. Silver nitrate (1.4 g, Cu:Ag = 1:1 mol/mol)
was dissolved in 10 mL of oleylamine. The silver nitrate oleylamine solution (10 mL) and oleic acid
(10 mL) were added to the dispersion of Cu NPs. The mixture was stirred at RT for 20 h under Ar
atmosphere. After the reaction, about 60 mL of methanol was added as an antisolvent to the dispersion
of Cu@Ag NPs (about 20 mL). The dispersion was then centrifuged at 15 000 rpm for 10 min. After
the removal of the supernatant, about 20 mL of methanol was added to the residue again. The
centrifugation was then carried out at 5000 rpm for 10 min. The same procedure was repeated two

times. The obtained oleylamine/oleic-acid-capped Cu@Ag NPs (1.4 g) were dried in air.
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3-4-3 Ligand Exchange of Cu-Ag Core-Shell Nanopaticles and Subsequent Washing Process

The ligand exchange from oleylamine/oleic acid to TOPO and subsequent washing process
of Cu@Ag NPs were carried out in accordance with that shown in Chapter 2. First, oleylamine/oleic-
acid-capped Cu@Ag NPs (50 mg) were dispersed in 90 mL of n-heptane at a concentration of 0.56 g
L-!. Next, the n-heptane solution of TOPO (0.13 M, 10 mL) was added to the dispersion of Cu@Ag
NPs. The concentrations after mixing were adjusted to 0.50 g L™! of Cu@Ag NP and 1.3 x 102 M
TOPO, respectively. The mixture was stirred at 40 °C for an hour. Then, n-heptane was removed by
a rotary evaporator to increase the NP concentration in the paste. In this step, centrifugation is not
suitable because once sedimented NPs do not redisperse in the solvent. The concentrated TOPO
dispersion of Cu@Ag NPs was used without purification as the paste (metal / TOPO = 37 / 500
w/w%) in the preparation of Cu/Ag films (see following paragraph). Although the paste contains
oleylamine and oleic acid as impurities, the amount (about 13 mg) is very small compared with that
(500 mg) of TOPO. Therefore, the effect of impurities would be negligible.

In addition, the paste was also used to investigate the coalescence of Cu@Ag NPs as a model
experiment for the actual RT chemical sintering. The methanol solution containing a sintering agent
and/or a reducing agent was added to the paste. The combinations of sintering agent and/or reducing
agent used here were 1.0 mM CTAC, 29 mM HCI, 1.0 mM CTAC + 100 mM oxalic acid, 1.0 mM
CTAC + 100 mM malonic acid, and 1.0 mM CTAC + 100 mM hydrazine. Methanol was used as a
solvent in all the cases. The volume ratio of the solvent containing metal NPs to the methanol solution
was set to more than five. The dispersion was then centrifuged at 4000 rpm for 10 min. After the
removal of the supernatant, the methanol solution was again added to the residue under an
ultrasonication. The centrifugation was carried out at 4000 rpm for 10 min. The RT chemical sintering
in the model experiment was completed at this stage. Then, pure methanol was added to the residue

under an ultrasonication to remove a sintering agent and/or a reducing agent. The precipitate was
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collected by centrifugation at 4000 rpm for 10 min, and the supernatant solution was removed. The

obtained precipitate was dried in air and evaluated by TEM, FE-SEM, XRD, and XPS.
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3-4-4 Preparation of Cu/Ag Conductive Thin Films

The pastes for the fabrication of Cu/Ag films were prepared as mentioned in the section 3-
4-3. Poly(ethylene terephthalate) (PET) substrates (Toray, Lumirror S10 250 um) were washed with
acetone and methanol before use. Several drops of the fabricated paste were cast onto the PET
substrate (20 mm x 10 mm). This substrate was dipped in 20 mL of methanol containing a sintering
agent and/or a reducing agent at RT (about 25 °C) for 30 min in air (Figure 3-20). The combinations
of sintering agent and/or reducing agent used here were 1.0 mM CTAC, 29 mM HCI, 1.0 mM CTAC
+ 100 mM oxalic acid, 1.0 mM CTAC + 100 mM malonic acid, and 50 mM NaOH + 60 mM hydrazine.
Methanol was used as a solvent in all the cases. After the RT chemical sintering, the obtained Cu/Ag
thin films (thickness: ~5 pm) were rinsed with pure methanol and dried in air for 30 min at RT before

measurements such as electrical resistivity.
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3-4-5 Characterization

TEM images were taken at 100 kV with a JEM-2100 (JEOL, Japan) for the observation of
synthesized metal NPs. The diameter of NPs was evaluated by ImaegJ software. The morphology of
Cu/Ag thin films was characterized by FE-SEM (JSM-6700F and JSM-7800F, JEOL, Japan).
Electrical resistivity was measured using a four-probe method (MCP-T370, Mitsubishi Chemical
Analytech Co., Ltd., Japan). The thickness of Cu/Ag thin films was measured by laser microscopy
(OLS4100, OLYMPUS, Japan). Electrical resistivity was evaluated to multiply sheet resistance by
thickness. The absorption spectra were recorded by a UV-Vis spectrophotometer V-730 (JASCO,
Japan) at RT. The as-prepared samples after the ligand exchange were diluted with n-hexane for
measurements of absorption spectra. TGA was carried out by a ThermoMass Photo (Rigaku, Japan).
TICs for analysis of ligands adsorbed on Cu@Ag NPs were obtained from a GC-MS spectrometer,
QP2010 Plus (Shimadzu, Japan). Here, Ultra ALLOY UAS5-30M-0.25F (Frontier Laboratories Ltd.,
Japan) was used as a column. The samples for GC-MS were heated by a PY-3030D pyrolizer (Frontier
Laboratories Ltd., Japan) at 300°C before injection. FT-IR was performed using a FT-IR 4100
(JASCO, Japan) coupled with an ATR instrument having a Ge crystal. XRD patterns were recorded
using a MiniFlexII (Rigaku, Japan, Cu Ka radiation) equipped with a Ka filter operating at 30 kV
and 15 mA. The crystallite size was calculated by the Scherrer’s equation: D = 0.94/f cosé, where D
is the crystallite size, A is the wavelength of X-ray, £ is the FWHM of diffraction peak, and @ is the
diffraction angle. XPS measurements were carried out by a KRATOS AXIS Ultra DLD X-ray
photoelectron spectrometer (Shimadzu, Japan). XRF measurement was carried out by an EA6000VX

(Hitachi, Japan).
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Chapter 4: Fabrication of Porous Pd Structures by RT Chemical

Sintering of Pd NPs and Their Catalytic Activities

Section 4-1: Introduction

Pd is one of the most important and widely used metals in organic syntheses [1], purification
of automotive exhaust gases [2], and fuel cell technology [3]. For example, Pd salts and Pd complexes,
such as Pd(Il) acetate and tetrakis(triphenylphosphine)palladium(0), are used as a homogeneous
catalyst [4,5]. Homogeneous catalysts have potential problems such as difficult separation and
recovery of catalysts from the reaction medium. In recent years, Pd nanoparticle (Pd NP) has also
been used as such a catalyst due to its large surface area and excellent solvent dispersibility [1,6-12].
However, Pd NPs tend to aggregate upon heating, which leads to serious decline in their catalytic
abilities. To prevent Pd NPs from the aggregation in the reaction, Pd NPs are normally covered with
organic ligands. The ligands limit the reaction solvent where Pd NPs can disperse. The Pd NPs-
catalyzed reaction takes place less efficiently in the unfavorable solvents due to the aggregation of
NPs and the inhibition by ligands. The functional groups of ligands interact with the Pd NP surface
and can potentially alter the bonding modes of the adsorbents, thereby affecting the catalytic activity
[13].

These days, porous metal structures (PMSs) have been reported as catalytic metals such as
Ag [14,15], Ni[16,17], Au [18,19], Pt [20,21], Pd [22,23], and their alloy metals (e.g. Cu-Ag [24],
Pd-Au[25], and Pd-Ni[26]). In contrast to traditional porous materials such as silica and carbon, they
possess intrinsic  catalytic properties depending on the type of metal. Especially,
nanoporous/mesoporous metals have been used as heterogeneous catalysts due to their extremely-
large surface area and easy separation. Many types of PMSs have been fabricated by electrochemical

methods [27]. This type of method typically involves four main steps: (1) formation of a sacrificial
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template on the substrate and electrode; (2) filling of pores with target metal precursors; (3) reduction
of the precursors by reducing agent and electrochemical reduction; (4) selective removal of the
template [27]. However, only conductive electrodes (e.g. carbon) can be used as a substrate in this
method. Also, PMSs are fabricated by electrochemical dealloying of the base metal in alloy [27]. For
example, Tanaka ef al. has fabricated PMS of Pds7Ni23P1o from a glassy metallic alloy of Pd3oNisoP2o
[28]. Although the selective dealloying requires a large amount of energy, it is difficult to obtain pure
PMSs by this method.

The RT chemical sintering method of metal nanoparticles with TOPO can be conducted
without heating, as shown in Chapters 2 and 3. In this method, only sintering agents are added to
desorb organic ligands easily from metal NPs. This brings about the coalescence of metal NPs at RT.
At that time, many voids were generated by the simple outflow of TOPO in the metal thin film. This
event motivated the author to fabricate porous Pd structures by the RT chemical sintering. Although
the conventional methods for the fabrication of porous metal structures using a sacrificial template
produce a lot of waste containing metal ion and chemicals for removing the template, the amount of
waste could be suppressed in the RT chemical sintering of NPs because the template can be removed
easily during the sintering in this method. Therefore, the RT chemical sintering could be a new
candidate for the fabrication of porous metal structures in environmental-friendly processes.

In Chapters 2 and 3, the author reported that TOPO-capped Ag NPs and Cu@Ag NPs were
effectively coalesced by centrifugation with methanol. The RT chemical sintering of TOPO-capped
Ag NPs and Cu@Ag NPs was carried out by dipping into methanol containing chloride ions. The
obtained metal thin films showed higher resistivity than that of bulk metal due to many voids
generated during the sintering. In this chapter, the author created a new strategy for the fabrication of
porous Pd structure by the RT chemical sintering of Pd NPs with sacrificial templates and sintering

agents. The outline of the strategy is shown in Figure 4-1. First, oleylamine-capped Pd NPs were
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mixed with TOPO as a sacrificial template to prepare the Pd NP paste. Then, porous Pd structures
were fabricated at RT from Pd NPs by dipping into methanol containing a sintering agent. Since
TOPO easily dissolves in methanol, the coalescence of Pd NPs proceeds even at RT with the aid of a
sintering agent. Here, various sintering agents such as KOH, CTAC and HCI were examined. As
porous Pd structures are expected to be heterogeneous catalysts, the Suzuki coupling reaction, which

is a well-known Pd-catalyzed reaction [29-32], was performed for the evaluation of the catalytic

abilities.

Dipping at RT
>

Sintering Agent,
Methanol Pd

TOPO

Sacrificial Template Dissolution of TOPO Porous Pd structure
Coalescence of Pd NPs

Figure 4-1. RT chemical sintering of TOPO paste of Pd NPs by dipping into methanol containing a

sintering agent.
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Section 4-2: Results and Discussion
4-2-1 Pd NPs ink

The synthesis of oleylamine-capped Pd NPs was conducted based on the method reported
by Mazumber et al. [33]. Regarding the obtained Pd NPs, TEM observation was performed (Figure
4-2). From the analysis of TEM images, the average diameter of Pd NPs was determined to be 5.6 +
0.6 nm (Figure 4-2b). This result clearly indicates that Pd NPs did not coalesce at all before the

sintering process for the fabrication of porous Pd structures.
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Figure 4-2. (a) TEM image and (b) particle size distribution of oleylamine-capped Pd NPs.

Pd NP pastes were prepared by mixing of oleylamine-capped Pd NP and a sacrificial template
(TOPO, 1-dodecanol, and n-octadecane). The sacrificial templates used in this study are shown in
Figure 4-3. The melting points of all the sacrificial templates selected here are around 40 °C. The
surface ligand of Pd NPs was characterized by pyrolysis gas chromatograph mass spectroscopy (GC-
MS) measurements after the RT chemical sintering with the 10 mM KOH methanol solution. Figure
4-4 shows total ion chromatograms (TICs) of the sacrificial templates and Pd NPs before and after

the RT chemical sintering. While the peak of oleylamine was detected in the case of Pd NPs before
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and after mixing the template, the peaks of the sacrificial template were scarcely detected in these
cases. This result indicates that the ligand exchange from oleylamine to the sacrificial template hardly
proceeded on the surface of Pd NPs and that the sacrificial templates were easily removed by washing

with the 10 mM KOH methanol solution.

O-FEC Ho % %

TOPO 1-Dodecanol n-Octadecane

Figure 4-3. Sacrificial templates used in this study.
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Figure 4-4. TICs of (a) oleylamine, (b) TOPO, (c) 1-dodecanol, (d) n-octadecane, (e) oleylamine-
capped Pd NPs, and Pd NPs mixed with (f) TOPO, (g) 1-dodecanol, (h) n-octadecane after washing

with the 10 mM KOH methanol solution.
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4-2-2 Effect of Sintering Agents and Sacrifice Templates on Sintering of Pd NPs

At first, KOH was used as the sintering agent. KOH is often used for the activation of Pd
catalysts and it is easily soluble in methanol. The Pd NP paste containing a sacrificial template was
cast on the glass substrate and it was sintered at RT by dipping into the 10 mM KOH methanol solution
for 30 min. In order to obtain Pd porous structures by the RT chemical sintering, Pd NPs should be
dispersed in the sacrificial template and then coalesce each other via removing the templates by the
dissolution in methanol. In the case of the TOPO paste, organic residues were mostly removed and
NPs were hardly observed after the RT chemical sintering, as shown in SEM and TEM images (Figure
4-5a and 4-5b). On the other hand, NPs hardly coalesced in the case of the 1-dodecanol paste (Figure
4-5c and 4-5d) because they aggregated in 1-dodecanol. In the case of the n-octadecane paste, organic
residues covered NPs and inhibited their coalescence (Figure 4-5e¢ and 4-5f). Although Pd NPs
dispersed in n-octadecane, n-octadecane was hardly removed by methanol due to its low solubility.
These results demonstrate that in this RT chemical sintering, the miscibility of the sacrificial template
with Pd NPs and methanol plays an important role and that TOPO is the best sacrificial template for

the formation of porous Pd structures in methanol.
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Figure 4-5. SEM and TEM images of Pd structures prepared using (a), (b) TOPO, (c), (d) 1-dodecanol,

and (e), (f) n-octadecane by dipping into the 10 mM KOH methanol solution for 30 min.
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Next, the effect of the KOH concentration on the RT chemical sintering was investigated
using the TOPO paste of Pd NPs. According to the SEM images (Figure 4-6), the increase of the KOH
concentration promoted the coalescence of Pd NPs. The amounts of organic compounds in the Pd
structures were evaluated by TGA (Figure 4-7). Heating was performed under a helium atmosphere
at a rate of 10 °C min™! in the temperature range from 30 to 500 °C. In the case of methanol only, the
weight loss decreased compared with that of oleylamine-capped Pd NPs. This assumes the loss of
ligands on the particle surface. The increase of the KOH concentration contributed to the increase of
maximum weight losses at around 350 °C. This result indicates that the Pd methoxide and Pd-OH
generated with the aid of KOH [1,34]. In the case of 50 mM KOH, the weight loss decreased
compared with that in the case of 10 mM KOH. Since the surface area of the Pd structure became
smaller due to their coalescence, the amount of Pd methoxide and Pd-OH on the surface of Pd
decreased. Namely, the optimized KOH concentration is required for the activation of porous Pd
structures. The weight increase was observed at over 350 °C. This phenomenon may be originated

from partial oxidation of Pd by residual oxygen [34].
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Figure 4-6. SEM images of Pd structures prepared from the TOPO paste of Pd NPs by dipping into

methanol (a) without and with (b) 0.10 mM, (¢) 1.0 mM, (d) 10 mM, and (¢) 50 mM KOH.
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Figure 4-7. TGA curves of oleylamine-capped Pd NPs (before the RT chemical sintering) and Pd
structures prepared from the TOPO paste of Pd NPs by dipping into methanol without and with 0.10

mM, 1.0 mM, 10 mM, and 50 mM KOH in a helium atmosphere.
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Other types of sintering agents, which are 1.0 mM CTAC and 29 mM HCI, were also
examined using the TOPO paste of Pd NPs. The concentrations of sintering agents were set according
to our previous study. In the case of HCI, organic residues were completely removed and the
coalescence of Pd NPs was clearly observed (Figure 4-8a). In the case of CTAC, however, organic
residues were observed in almost all of the area (Figure 4-8b). From these results, the coalescence of
Pd NPs was affected by the acidity in the methanol solution. As TOPO is protonated under the acidic
conditions, TOPO in the Pd NP paste is easily removed, which brings about the effective coalescence.
Under the neutral conditions (CTAC), it may be difficult for TOPO to remove from the Pd NP paste
because TOPO is not protonated. To confirm the point, the amounts of organic compounds in the Pd
NPs after the RT chemical sintering were evaluated by TGA (Figure 4-9). When HCI was added into

methanol, the weight loss decreased compared with those after the RT sintering with the 10 mM KOH

and 1.0 mM CTAC methanol solutions.

Figure 4-8. SEM images of Pd structures prepared from the TOPO paste of Pd NPs by dipping into

methanol with (a) 29 mM HCI and (b) 1.0 mM CTAC.
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Figure 4-9. TGA curves of Pd structures prepared from the TOPO paste of Pd NPs by dipping into

methanol with 29 mM HCI and 1.0 mM CTAC. in a helium atmosphere.

The elemental composition of Pd structures prepared by the RT chemical sintering was
analyzed by XPS. The peaks at 335.3 eV and 340.5 eV were identified as Pd 3ds» and Pd 3d32 in
Pd(0), respectively (Figure 4-10). On the other hand, the peaks at 336.9 eV and 342.3 eV were
identified as Pd 3ds; and Pd 3ds/2 in Pd(II), respectively [36,37]. In all cases, the peaks of Pd(0) and
Pd(Il) were observed. The molar ratio of Pd(0)/Pd(Il) was determined based on the respective area of
two peaks (Table 4-1). In the cases of KOH, the ratio of Pd(II) was larger than that in other cases.
Namely, the addition of KOH induced the oxidation of Pd. This result also supports that the Pd

methoxide and Pd-OH generated on the surface of Pd.
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Figure 4-10 High resolution XPS spectra of Pd structures prepared from the TOPO paste of Pd NPs
by dipping into methanol a) in the absence and the presence of b) 29 mM HCI, ¢) 10 mM KOH, and

d) 50 mM KOH.

Table 4-1 The molar ratio of Pd(0) and Pd(II) in Pd structures determined by XPS.

Sintering agents Pd(0) (mol%) Pd(II) (mol%)
No addition (methanol only) 48 52
29 mM HCl 47 53
10 mM KOH 39 61
50 mM KOH 32 68
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The crystallite sizes of porous Pd structures were evaluated by XRD (Figure 4-11). In all
cases, the diffraction peaks at 26 = 40°, 47° and 68° were identified as the (111), (200) and (220)
planes of face-centered cubic Pd, respectively [38]. The crystallite sizes were calculated based on the
Scherrer equation using FWHM of the diffraction peaks at Pd (111). The calculated values of
crystallite sizes are summarized in Table 4-2. In all cases (methanol only, CTAC, HCI and KOH), the
crystallite size of porous Pd structures mostly remained compared with that of oleylamine-capped Pd
NPs. These results indicate that the crystal reconstruction and growth in the neck hardly occurred in

the sintering process.

a) Pd NPs
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2
17
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Figure 4-11. PXRD patterns of (a) oleylamine-capped Pd NPs and Pd structures prepared from the
TOPO paste of Pd NPs by dipping into methanol with the (b) absence and presence of (c) 1.0 mM

CTAC, (d) 29 mM HCI, (¢) 10 mM KOH, and 50 mM KOH.

128



Table 4-2. Crystallite sizes of oleylamine-capped Pd NPs and Pd structures prepared from the TOPO

paste of Pd NPs by dipping into methanol containing a sintering agent.

Sintering agents Crystallite size + standard error (nm)

Before RT chemical sintering

3.3+0.1

(oleylamine-capped PANPs)
No addition (methanol only) 3.1+0.1
1.0 mM CTAC 32+0.1
29 mM HCl 32+0.1
10 mM KOH 3.1+0.1
50 mM KOH 3.3+0.1
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4-2-3 Suzuki Coupling Reaction with Porous Pd Structure as a Catalyst

In this section, the Suzuki coupling reaction of iodobenzene with 4-methylphenylboronic
acid was investigated using porous Pd structures as heterogeneous catalysts (Scheme 4-1) [28]. The
reactions were performed with KOH as a base in the presence of a 3.0 mol% Pd catalyst with respect
to the substrate in methanol at 50 °C for 8 h. The conversion ratio (4-methylbiphenyl/(iodobenzene+4-

methylbiphenyl)) was determined based on the peak area ratio at MCs obtained from GC-MS.

@ (Ho)zB‘Q_ 3 mol% Pd
KOH, CH.OH 50 °C.8h

Scheme 4-1. Suzuki coupling reaction of iodobenzene with 4-methylphenylboronic acid catalyzed by

Pd in methanol.

First, Pd structures prepared from the TOPO paste of Pd NPs by the RT chemical sintering
with the various KOH concentrations were used as catalysts for the Suzuki coupling reaction. As for
all catalysts, the coupling product was eventually obtained in ~95 % of the conversion ratio (Figure
4-12). The slopes of the molar ratio against reaction time (< 3h) were determined by linearly fitting
the molar ratio (4-methylbiphenyl/iodobenzene) to reaction time (Figure 4-13, Table 4-3). The initial
reaction rates were compared from the slopes. The reaction rate became larger with the increase of
the KOH concentration (0.10~50 mM) in the RT chemical sintering. The increase of Pd methoxide
and Pd-OH induced the activation of the Pd surface. Generally, Pd methoxide and Pd-OH promote
transmetalation of boronic acid [1,34]. However, in the case of 50 mM KOH, the reaction rate was
lower than that in the case of 10 mM KOH. In this case, the coalescence of Pd NPs excessively
proceeded (Figure 4-6). Since the surface area of the Pd structure became smaller due to their excess

coalescence, the catalytic activity conversely decreased. Furthermore, a leaching test of Pd was
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performed by inductivity coupled plasma atomic emission spectroscopy (ICP-AES) after the Suzuki
coupling reaction with the porous Pd structure prepared by 10 mM KOH as the sintering agent.
Dissolved Pd was detected in ~0.0015 mol% (4.4 x 107> mmol of Pd). This result is comparable to
the nanoporous Pd in the Tanaka’ study (<0.02 mol%) [28]. Therefore, we can say that the leaching

amount of Pd is quite small in the current catalytic system.
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Figure 4-12. Conversion ratios versus reaction time in the Suzuki coupling reaction of iodobenzene
with 4-methylphenylboronic acid in the cases using Pd structures prepared from the TOPO paste of

Pd NPs by dipping into methanol without and with 0.10 mM, 1.0 mM, 10 mM, and 50 mM KOH.
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Figure 4-13. Fitting lines of the molar ratio (4-methylbiphenyl/iodobenzene) to the reaction time (<
3h) in the Suzuki coupling reaction of iodobenzene with 4-methylphenylboronic acid in the cases
using Pd structures prepared from the TOPO paste of Pd NPs by dipping into methanol without and

with 0.10 mM, 1.0 mM, 10 mM, and 50 mM KOH.

Table 4-3. Slopes of molar ratio (4-methylbiphenyl/iodobenzene) against reaction time (< 3h) in the

cases using Pd structures prepared by dipping into methanol in the presence of various KOH

concentrations.
Sintering agents Slope (min™) Coefficient of determination, R?
No addition (methanol only) 0.0177 0.934
0.10 mM KOH 0.0098 0.903
1.0 mM KOH 0.0378 0.974
10 mM KOH 0.0513 0.993
50 mM KOH 0.0273 0.926
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Next, Pd structures prepared from the TOPO paste of Pd NPs by the RT chemical sintering
with other types of sintering agents, which are 1.0 mM CTAC and 29 mM HCI, were used as catalysts
for the same Suzuki coupling reaction as above (Figure 4-14). In both cases, the reaction rate was
lower than that in the case of 10 mM KOH (Figure 4-15, Table 4-4). These results indicate that pre-
activation of Pd by KOH affects the reactivity. In the cases of CTAC and HCI, Pd methoxide and Pd-
OH are absent on the surface of porous Pd structures in advance. While the conversion ratio became
finally 95 % in the case of CTAC, the conversion ratio was 85 % in the case of HCI. The Pd surface
protonated in the sintering process may partly interrupt the formation of Pd methoxide and Pd-OH
even in the Suzuki coupling reaction with KOH. As 10 mM KOH was the best sintering agent in this
study, the porous Pd structure prepared from the TOPO paste of Pd NPs by the RT chemical sintering

with the 10 mM KOH methanol solution was used for all of the following experiments.
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Figure 4-14. Conversion ratios versus reaction time in the Suzuki coupling reaction of iodobenzene
with 4-methylphenylboronic acid in the cases using Pd structures prepared from the TOPO paste of

Pd NPs by dipping into methanol with 10 mM KOH, 29 mM HCI, and 1.0 mM CTAC.
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Figure 4-15. Fitting lines of the molar ratio (4-methylbiphenyl/iodobenzene) to the reaction time (<
3h) in the Suzuki coupling reaction of iodobenzene with 4-methylphenylboronic acid in the cases
using Pd structures prepared from the TOPO paste of Pd NPs by dipping into methanol with 10 mM

KOH, 29 mM HCI, and 1.0 mM CTAC.

Table 4-4. Slopes of molar ratio (4-methylbiphenyl/iodobenzene) against reaction time (< 3h) in the
cases using Pd structures prepared by dipping into methanol in the presence of 10 mM KOH, 29 mM

HCI, and 1.0 mM CTAC.

Added agents Slope (min™) Coefficient of determination, R*
10 m M KOH 0.0513 0.993

29 mM HCl 0.0157 0.933
1.0 mM CTAC 0.0103 0.909
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Finally, the reusability of the porous Pd structure was investigated in the Suzuki coupling
reaction under the same reaction condition as above. The recovery process in the current catalytic
reaction is very simple. The catalysts and products can be separated easily by centrifugation. The
recovered catalyst was washed with methanol several times and then reused after drying without
further treatments. In Figure 4-16, the use numbers of catalysts were zero (Fresh), one (Reuse 1) and
two (Reuse 2). Indeed, 4-methylbiphenyl was obtained in a high conversion yield even using the
reused catalyst Reuse 1. However, the reaction rate of the reused catalyst was lower than that of
“fresh”. This is because further coalescence of the porous Pd structure proceeded after the first Suzuki
coupling reaction, as confirmed by SEM observation of the catalyst (Figure 4-17). It seemed that
KOH in the reaction medium promoted the coalescence of porous Pd structures. In the case of “Reuse
2”, the reaction rate decreased compared with those of “fresh” and “Reuse 1”. Similarly, further

coalescence of the porous Pd structure proceeded after the second Suzuki coupling reaction (Figure

4-17).
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Figure 4-16. Conversion ratios versus reaction time in the repeated Suzuki coupling reaction of
iodobenzene with 4-methylphenylboronic acid in the cases using fresh and recovered porous Pd

strctures.
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Figure 4-17. SEM images of Pd structures prepared from the TOPO paste of Pd NPs by dipping into
the 10 mM KOH methanol solution for 30 min before and after the use for Suzuki coupling reaction
in methanol. The use numbers of catalysts were (a) zero (Fresh), (b) one (Reuse 1), and (c) two (Reuse

2).
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The catalytic ability of the porous Pd structure was also examined in the Suzuki coupling
reaction with other reactants and solvent. The reaction of 4-iodophenol with phenylboronic acid was
performed with K>2COj as a base in the presence of a 1.0 mol% porous Pd structure with respect to
the substrate in water at RT for 27 h (Scheme 4-2) [39], and 4-hydroxybiphenyl was obtained in 95 %
of the conversion ratio (Figure 4-18). The catalytic activity of porous Pd structures was not affected
by the reaction medium as opposed to that of the NP dispersion [40]. This contrast result would be
due to the non-dispersion of porous Pd structures and the absence of organic ligands which may
prevent the surface of Pd NPs from interacting with reactants.

The porous Pd structure showed similar reusability to that described above. Whatever porous Pd
structures were used, the reaction rate was lower than that of “fresh”. In the case of “Reuse 2”, the
conversion ratio significantly decreased. As in the above case, further coalescence of the porous Pd

structure proceeded after the Suzuki coupling reaction (Figure 4-19).

- o o ()
K,COs, H,0 . RT, 27 h
Scheme 4-2. Suzuki coupling reaction of 4-iodophenol with phenylboronic acid catalyzed by Pd in

water.
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Figure 4-18. Conversion ratios versus reaction time in the Suzuki coupling reaction of 4-iodophenol

with phenylboronic acid with in the case using fresh and recovered porous Pd structures.
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Figure 4-19. SEM images of Pd structures prepared from the TOPO paste of Pd NPs by dipping into
the 10 mM KOH methanol solution for 30 min before and after the use for Suzuki coupling reaction

in water. The use numbers of catalysts were (a) zero (Fresh), (b) one (Reuse 1), and (c) two (Reuse

2).
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4-2-4 Comparison between Porous Pd Structure and Pd on Carbon

The catalytic activity of the porous Pd structure was compared with those of commercial
Pd/C (Pd 5.0 wt%) and oleylamine-capped Pd NP in the Suzuki coupling reaction as shown in Scheme
1. The reactions of iodobenzene with 4-methylphenylboronic acid were performed with KOH as a
base in the presence of a 3.0 mol% Pd catalyst with respect to the substrate in methanol at 50 °C for
8 h (Figure 4-20). The conversion ratio and reaction rate in the case using porous Pd structure were
almost equal to that in the case using Pd/C (Figure 4-21, Table 4-5). In other words, the porous Pd
structure showed similar catalytic activity to that of Pd/C. On the other hand, the reaction rate was
significantly lower in the case using Pd NP. This result may be attributed to the fact that the surface
of Pd NPs less effectively interacts with reactants due to the presence of oleylamine. All these results

indicate that the RT chemical sintering makes the catalytic property of Pd more active.

Conversion ratio / %

0 1 2 3 4 5 6 7 8 9
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Figure 4-20. Conversion ratios versus reaction time in the Suzuki coupling reaction of iodobenzene
with 4-methylphenylboronic acid in the cases using porous Pd structures, commercial Pd/C, and

oleylamine-capped Pd NP.
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Figure 4-21. Fitting lines of the molar ratio (4-methylbiphenyl/iodobenzene) to the reaction time (<
3 h) in the Suzuki coupling reaction of iodobenzene with 4-methylphenylboronic acid in the cases

using porous Pd structures, Pd/C, and oleylamine-capped Pd NP.

Table 4-5. Slopes of molar ratio (4-methylbiphenyl/iodobenzene) against reaction time (< 3h) in the
cases using Pd structures prepared by dipping into methanol in the presence of porous Pd structure,

commercial Pd/C and oleylamine-capped Pd NP.

Catalysts Slope (min™) Coefficient of determination, R?

Porous Pd structure (10 m M KOH) 0.0513 0.993
Pd/C 0.0634 0.987
Oleylamine-capped Pd NPs 0.0051 0.889

141



Section 4-3: Summary

The porous Pd structures were prepared by the RT chemical sintering of the Pd NP paste. By
using TOPO as a sacrificial template, porous Pd structures were obtained via dipping into methanol
containing KOH or HCI as a sintering agent. The catalytic activities of porous Pd structures in the
Suzuki coupling reaction increased with the increase of the KOH concentration in the sintering
process. In contrast, the catalytic activity of the porous Pd structure obtained by HCI was low. These
results indicate that pre-activation of porous Pd structures by KOH increases the catalytic activities.
As opposed to the Pd NPs, the reaction solvent hardly affected the catalytic activity of porous Pd
structures due to the absence of ligands. We expect that the porous Pd structure obtained by this
method is a good candidate for environmentally-friendly heterogeneous catalysts and thus this

method could be widely applicable to the preparation of various porous metal structures.
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Section 4-4: Experiments
4-4-1 Materials

All the chemicals and solvents were obtained commercially and used without further
purification. Pd (II) acetylacetonate and borane-triethylamine complex were purchased from Sigma-
Aldrich. Tri-n-octylphosphine oxide (TOPO) and n-octadecane were purchased from Aldrich. 1-
dodecanol was purchased from Nakarai Tesque, Inc. Potassium hydroxide (KOH), potassium
carbonate (K>CO3), cetyltrimethylammonium chloride (CTAC), oleylamine, iodobenzene, and
palladium-activated carbon (Pd 5.0 wt%, Pd/C) were purchased from Wako Pure Chemical Industries,
Ltd. Hydrogen chloride methanol solution (6.6 w/w%), 4-iodophenol, phenylboronic acid, and 4-

methylphenylboronic acid were purchased from Tokyo Chemical Industries Co., Ltd.

4-4-2 Synthesis of Pd NPs and Preparation of Pd NPs Paste

Oleylamine-capped Pd NPs were synthesized based on the method reported by Mazumder
et al. [33]. Typically, Pd(II) acetylacetonate (70 mg) was solved to 15 mL of oleylamine by stirring
at 60 °C for 10 min. After this solution was heated at 90 °C, 0.30 mL of borane-triethylamine complex
as a reducing agent was added to this solution. Then, this solution was heated at 90 °C for 60 min.
After the reaction, about 30 mL of methanol was added as an antisolvent to the dispersion of Pd NPs
(about 20 mL). The dispersion was then centrifuged at 15 000 rpm for 10 min. After the removal of
the supernatant, about 20 mL of methanol was added to the residue again. The centrifugation was
then carried out at 5000 rpm for 10 min. The same procedure was repeated twice. The obtained
oleylamine-capped Pd NPs (20 mg) were dried in air.

The Pd NPs pastes were fabricated as below. First, oleylamine-capped Pd NPs (10 mg) were
dispersed in 18 mL of n-heptane at a concentration of 0.56 g L'. Next, the n-heptane solution of
sacrificial template (5.0 g L™, 2 mL) was added to the dispersion of Pd NPs. The sacrificial templates

used here were TOPO, n-octadecane, and 1-dodecanol. The concentrations after mixing were adjusted
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to 0.50 g L! of Pd NP. The mixture was stirred at 40 °C for an hour. Then, n-heptane was completely
removed by a rotary evaporator to increase the NP concentration in the paste. The concentrated
sacrificial template dispersion of Pd NPs was used without purification as the Pd NPs paste
(metal/sacrificial template = 8.6/500 w/w%) in the preparation of porous Pd structures (see following
paragraph). Although the paste contains oleylamine as an impurity, the amount (about 1.4 mg) is very
small compared with that (100 mg) of the sacrificial template. Therefore, the effect of impurities

would be negligible.

4-4-3 Preparation of Porous Pd Structures

The Pd NPs pastes for the fabrication of porous Pd structure were prepared as mentioned in
the section 4-3-2. Glass substrates were washed with acetone and deionized water before use. Several
drops of the fabricated Pd NPs paste were cast onto the glass substrate (24 mm x 24 mm). This
substrate was dipped in 20 mL of methanol containing a sintering agent at RT (about 25 °C) for 30
min in air. The sintering agents used here were CTAC, HCI, and KOH. Methanol was used as a solvent
in all the cases. After the RT chemical sintering, the obtained porous Pd structures were washed by
centrifugation with pure methanol (5000 rpm, 5 min). After the removal of the supernatant, pure
methanol was again added to the residue under an ultrasonication. The centrifugation was carried out
at 4000 rpm for 10 min. The same procedure was repeated twice. Then, the obtained porous Pd

structures were dried in air for 30 min at RT.

4-4-4 General Procedure of Suzuki Coupling Reaction with Pd as a Catalyst

The Suzuki-coupling reaction in methanol was conducted based on the method reported by
Tanaka et al. (Scheme 1) [28]. Typically, iodobenzene (1.0 mmol) and 4-methylphenylboronic acid
(1.4 mmol) were added to the KOH methanol solution (5.0 mmol / 4.0 mL) at RT. This solution was

added into a centrifuge tube containing a 3.0 mol% Pd catalyst (porous Pd structure, Pd/C and Pd
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NPs) with respect to the substrate and the reaction mixture was stirred for 8 h at 50 °C. For tracing
the reaction, 90 pL of the reaction solution was fractionated. The fractionated solution was filtrated
by the membrane filter to remove Pd catalysts. The filtrated solution was added to the mixed solution
of n-hexane and water. The organic compounds were extracted to the n-hexane phase. The reaction
ratio of 4-methylbiphenyl was coursed by analyzing the extracted solution with gas chromatography-
mass spectrometry (GC-MS). The reaction ratio was determined by the calibration curve described
later.

The Suzuki-coupling reaction in water was conducted based on the method reported by
Sakurai et al. (Scheme 2) [39]. Typically, 4-iodophenol (3.0 mmol) and phenylboronic acid (5.0
mmol) were added to the K»CO3 aqueous solution (9.0 mmol / 30 mL) at RT. This solution was added
into a centrifuge tube containing a 1.0 mol% porous Pd structure with respect to the substrate, and
the reaction mixture was stirred for 27 h at RT. For tracing the reaction, 90 puL of the reaction solution
was fractionated. The fractionated solution was filtrated by the membrane filter for the removal of Pd
catalysts. The filtrated solution was added to the mixed solution of n-hexane and 1.2 M HCl aqueous
solution. The organic compounds were extracted from the aqueous phase to the n-hexane phase. The
reaction ratio of 4-hydroxybiphenyl was determined by analyzing the extracted solution with GC-MS.

The leaching test of Pd in the Suzuki coupling reaction was performed by ICP-AES. The
sample solution was prepared by the following procedure. After the reaction was completed, the
reaction solution (4.0 mL) was evaporated. The residue was dissolved in aqua regia (3.0 mL) and
H2SO4 (1.0 mL), and then it was diluted with the 1% HNO3 and 2 % HCI aqueous solution up to 9.0
mL. The precipitate was filtered off, and the filtrate was analyzed by ICP-AES.

The conversion ratio (yield of biphenyl derivative) was determined by the calibration curve
of molar ratio (biphenyl/iodine phenyl) to main peak area intensity ratio in mass chromatogram (MC).

The MC was collected with the selected ion monitoring (SIM) method. The SIM method can detect
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selected ions at high sensitivity because only these ions were sent to a detector of MS. The calibration

curves covered wide range of molar ratios (biphenyl/iodine phenyl) (Figure 4-22).
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Figure 4-22. Calibration curves of (a) iodobenzene to 4-methylbiphenyl and (b) 4-iodophenol to 4-

hydroxybiphenyl in MC.
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4-4-5 Characterization

Transmission electron microscopy (TEM) images were taken at 100 kV with a JEM-2100
(JEOL, Japan) for the observation of synthesized Pd NPs and porous Pd structures. The diameter of
NPs was evaluated by ImageJ software. The morphology of porous Pd structures was characterized
by field emission scanning electron microscopy (FE-SEM, JSM-6700F and JSM-7800F, JEOL,
Japan). Thermogravimetric analysis (TGA) was performed by a ThermoMass Photo (Rigaku, Japan).
Total ion chromatograms (TICs) for the analysis of organic residue in Pd NPs were obtained from
GC-MS, QP2010 Plus (Shimadzu, Japan). Here, Ultra ALLOY UAS5-30M-0.25F (Frontier
Laboratories Ltd., Japan) was used as a column. The Pd NPs for GC-MS were heated by a PY-3030D
pyrolyzer (Frontier Laboratories Ltd., Japan) at 300 °C before injection. X-ray diffraction (XRD)
patterns were recorded using a MiniFlexII (Rigaku, Japan, Cu Ka radiation) equipped with a Ko
filter operating at 30 kV and 15 mA. The crystallite size was calculated by the Scherrer equation: D
=0.94/p cos®, where D is the crystallite size, A is the wavelength of X-ray, £ is the full width at half
maximum (FWHM) of the diffraction peak and € is the diffraction angle. X-ray photoelectron
spectroscopy (XPS) measurements were performed by a KRATOS AXIS Ultra DLD X-ray
photoelectron spectrometer (Shimadzu, Japan). The leached Pd was quantitated by ICP-AES

(SPECTRO BLUE, Hitachi, Ltd., Japan).
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General Conclusions

In this thesis, the author developed a novel RT chemical sintering method of metal NPs for
the fabrication of metal thin films. As the first step of the objective, the coalescence of metal NPs was
investigated under various conditions. Next, the author performed the RT chemical sintering of Ag,
Cu@Ag, and Pd NPs in an organic solvent containing a sintering agent. Based on these knowledges,
conductive metal thin films and heterogeneous metal catalysts were fabricated by the RT chemical
sintering, and their properties were examined.

In Chapter 1, properties of metal NPs and their general sintering methods for printed
electronics were described. From these findings, the author decided to fabricate conductive metal thin
films and heterogeneous metal catalysts by the RT chemical sintering.

In Chapter 2, on the surface of Ag NPs, ligand exchanges from oleic acid to OA, DDT, and
TOPO were carried out and the NPs were washed with methanol as an antisolvent after the reactions.
In the case of the ligand exchange with TOPO, most of ligands desorbed from the particle surface and
the crystallite size significantly increased. Based on this result, pure Ag thin films were prepared from
the TOPO-capped Ag NP paste by dipping into methanol containing a sintering agent. The lowest
electrical resistivity in this study was (1.2 £ 0.5) x 10~ Q m, which was attained by dipping of TOPO-
capped Ag NPs into the 0.20 mM CTAC methanol solution for 120 min at RT. The author revealed
that electrical resistivity of the Ag thin films was dependent on sintering agent, its concentration,
dipping time, ligand of Ag NP, and polarity of dipping solvent. Notably, it is possible that the excess
addition of sintering agents induced not only the formation of Ag thin film but also the generation of
Ag>0O or AgCl. Therefore, the appropriate concentration of sintering agents should be added in the
RT chemical sintering with organic solvents.

In Chapter 3, the ligand exchange from oleylamine/oleic acid to TOPO was carried out on

the surface of Cu@Ag NPs and the NPs were sintered at RT with methanol containing a sintering
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agent and/or a reducing agent. In the case of 29 mM HCI, the crystallite size significantly increased.
In addition, Ag and Cu were hardly oxidized during the process. On the basis of these results, a Cu/Ag
thin film was prepared from TOPO-capped Cu@Ag NPs by dipping into methanol containing 29 mM
HCI for 30 min. The electrical resistivity of the obtained thin film was (5.1 = 1.7) x 10 Q m. Under
strong acidic conditions, protonated TOPO rapidly desorbed from Cu@Ag NP, which brought about
the effective coalescence with slight oxidation.

In Chapter 4, porous Pd structures were prepared from the Pd NP paste mixed with the
sacrificial template by dipping into methanol containing a sintering agent. Owing to TOPO as a
sacrificial template, porous Pd structures were obtained by dipping methanol into containing KOH as
a sintering agent. The catalytic activities in the Suzuki coupling reaction increased with the increase
of the KOH concentration in the RT sintering. The porous Pd structure prepared by the 10 mM KOH
methanol solution showed the highest catalytic activity.

In summary, this study showed that the RT chemical sintering with methanol containing a
sintering agent could be useful for the coalescence of TOPO-capped metal NPs. Furthermore, the
conductive metal thin films and heterogeneous metal catalysts were successfully obtained by this
method. As far as the author knows, the RT chemical sintering of metal NPs in an organic solvent was
systematically investigated for the first time. The author expects that this method will be applicable
to a wide range of metal NPs and be adapted to the fabrication of printed electronics such as wearable

device and heterogeneous catalysts for fuel cells.
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Future Perspectives

The printed electronics is one of the most attractive technologies nowadays. Various
approaches have been examined for realization of wearable device. For example, in order to fabricate
a foldable electrode, many sintering methods of conductive metal NPs were developed. However, the
author thinks that the RT chemical sintering method should be developed more to avoid the damage
of the flexible substrate (e.g. paper and plastic substrate).

In this study, the author focused on the RT chemical sintering by dipping into an organic
solvent containing a sintering agent. The effect of metal, ligand, dipping solvent, and sintering agent
to the coalescence of NPs was systematically investigated. The author demonstrated that metal NPs
could be easily sintered at RT with the aid of sintering agents in a nonpolar solvent. The findings
obtained in this study would help to select the combination of metal NPs, ligand, dipping solvent, and
sintering agent.

While mechanical properties (e.g. tolerance to tensile strain, bending strength, and adhesion
between the metal and the substrate) and electrical properties (e.g. resistance of migration) are out of
range of this thesis. However, the knowledge obtained here will partly contribute to the fabrication of
the flexible electrode because it was shown in this study that the progress of the RT chemical sintering
is dominated by the following two factors: “solubility of ligand to dipping solvent” and “interaction
between the surface of metal NP and sintering agent”. The better combination of metal NPs, ligand,
dipping solvent, and sintering agent for fabricating the flexible electrode would be predicted by
considering the two factors in the near future.

In addition, a new approach for the fabrication of porous metal structures from metal NPs
was shown in this study. Porous metal structures were researched in terms of heterogeneous metal
catalysts. Although the conventional methods for the fabrication of porous metal structures using

sacrificial template produce a lot of waste containing metal ion and chemicals for removing the
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template, the amount of waste could be suppressed in the RT chemical sintering of NPs because the
template can be removed easily during the sintering in this method. Therefore, the RT chemical
sintering could be a new candidate for the fabrication of porous metal structures in environmental-
friendly processes.

When the RT chemical sintering method suggested in this thesis is completely established,
great impact would be brought into various industrial fields such as catalysis, cells, and electronics.
The author expects that the fabrication of porous structures of various metals (e.g. Zn, Al, and Ni)
will contribute to the solution of energy problems by improving the performance of fuel cell,

secondary battery, and flexible electrode.
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