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Chapter 1 

General Introduction 

 

1.1  Introduction 

    Generally, a “metal” is a material that has good ductility, electrical and thermal 

conductivity, and characteristic shiny appearance. However, a metal is typically influenced by 

ambient environments, and as a result, corroded or oxidized. This weak point becomes much 

more pronounced when the size of metal gets smaller as the specific surface gets larger. On 

the other hand, an “oxide” generally has a good chemical and thermal stability. For example, 

Al develops a thin layer of oxides that protects the metal Al from further corrosion, which is 

called passivation. In terms of Al, the oxide layer is so thin and transparent that the shiny 

appearance or other features of metal Al are basically maintained. Like Al, some metals 

develop good passivation layers, but the others have thick oxide layers or cannot stop the 

further oxidation, which induces the loss of characteristic properties of metals. Cu is a 

representative example of a metal whose appearance remarkably changes by the oxidation in 

both dry and wet environments. In air, the black CuO layer formed by an oxidation covers the 

surface of metal Cu, and the original metallic surface gets lost with time. Cu is also damaged 

in solutions as the dissolution by an oxidation.
1-4

 

    The aim of this study is to stabilize metals by the oxide-coating. Especially, we focus the 

core-shell structure of Cu@SiO2, namely SiO2-coated Cu. Silica is an oxide that shows a 

remarkable chemical and thermal stability. It will also keep the color of core metals, since 

silica is a transparent material. We investigate the method of silica-coating and suggest the 

evaluation techniques for measurement of the stability of core metals in solutions. As the 
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application of synthesized Cu@SiO2 particles, we also report the approaches to red color 

glaze for ceramics. Furthermore, the silica-coating of magnesium for the improvement of 

corrosion resistance is also reported. 

    In the following of this chapter, a brief overview about fabrications and features of 

metallic copper nanoparticles is described, and the sol-gel process is introduced, which is the 

general method for oxide-coating. Then, the description about glaze for ceramics or pottery is 

briefly described. At the end of this chapter, the outline of the present study will be formed. 

 

1.2  Copper nanoparticles 

    Nanoparticles are used in various fields as magnetic recording materials,
5,6

 

biomaterials,
7,8

 catalysts,
9,10

 inks for printed electronics,
11-13

 optical sensors,
14,15

 pigments,
16,17

 

etc. The synthesis and characterization of nanoparticles is widely investigated in the world. 

Various synthesis methods of nanoparticles are suggested in both top-down and bottom-up 

approaches. In the top-down approach, particles are fabricated by mechanical crushing of the 

source materials using a milling process.
18-20

 In the bottom-up approach, structures are built 

up by chemical processes.
21-23

 The selection of the respective process depends on the 

chemical composition and the desired features specified for the nanoparticles. We have 

investigated the electroless deposition method for the fabrication of metallic nanoparticles 

such as Cu, Co, Ni.
24-26

 In this method, metallic nanoparticles are formed by mixing two 

solutions containing a precursor of the metal and a reducing agent as shown in Figure 1.1. The 

nucleation and growth of the particles proceed in the simultaneous reactions of oxidation of 

the reducing agents and reduction of metallic ions, and nanoparticles are precipitated in the 

solution as long as the reducing agent works. However, once the reducing agent is 
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decomposed or exhausted, the reducing ability of the solution decreases, and the metallic 

nanoparticles are oxidized again. 

    Cu is a reddish metal with good thermal and electrical conductivity, and it has an 

advantage for its lower cost than the other noble metals. Moreover, nanoparticles of Cu show 

the characteristic dark red color like blood due to the surface plasmon resonance, and they are 

capable of wide variety of optical applications.
27-29

 However, Cu nanoparticles are remarkably 

sensitive to the oxidation,
30

 and the unique color or other features of metallic Cu nanoparticles 

are easily lost even at room temperature. For instance, when Cu nanoparticles or Cu pastes are 

commercially offered, some manufacturers give a moderate oxidation to the synthesized 

nanoparticles by an air bubbling for avoidance of a complaint about color change after 

breaking a seal. Therefore, the investigation for the stabilization technique of metallic Cu 

attracts a great deal of attention.
 

 

1.3  Sol-gel process 

    The sol-gel process is a method for fabricating oxides by chemical reactions in a solution 

at relatively low temperature. In this work, we focused silicate glass (silica, SiO2) as a stable 

oxide-coating layer. Silicate glass is industrially produced by melting the ingredients over 

1773 K. On the other hand, the glass fiber used for an optical fiber needs an enormously high 

transparency, and it is generally produced by a vapor phase reaction. However, these 

producing method need high temperatures or operations of complex equipment. The sol-gel 

process is relatively new method with a simple procedure compared with the melting method 

and the vapor phase reaction method.
31-33

 In the sol-gel process, tetraethyl ortho silicate 

(TEOS) is one of the most famous precursors of silica. Figure 1.2 schematically shows the 
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reactions of TEOS in the sol-gel process. First, the hydrolysis reaction proceeds by a water 

with a catalyst of acids or bases. In order to make a uniform mixture of TEOS and water, 

these chemicals are generally reacted in the alcohol solution. Next, the condensation reaction 

proceeds by molecules of water dissociated from Si(OH)4 with a generation of bridging 

oxygen. By the continuous progress of these hydrolysis and condensation reactions, through a 

stage of sol, silica gel is finally formed. Since this silica gel still contains water molecules and 

unreacted hydroxyl groups, an appropriate heat-treatment is necessary to obtain the tight 

silicate glass. As shown in Figure 1.3, the weight of silica fabricated by sol-gel process 

decreases in heat-treatment, which indicates that the remaining water molecules are vaporized 

and the unreacted hydroxyl groups are well-condensed by heat-treatment. 

    As the basic catalyst for the hydrolysis reaction of TEOS, ammonia (NH3) is often 

chosen, but sodium hydroxide (NaOH) is rarely used. This is because NaOH has a low 

catalytic activity of condensation reaction in sol-gel process. Na is a network modifier of 

silica as shown in Figure 1.4, and thus it disturbs the homogeneous bridging of Si-O-Si.
34-36

 

As a result, non-uniform and small silica particles are obtained when NaOH catalyst is used as 

shown in Figure 1.5. Moreover, since the Na remains in a network of silica even after the 

heat-treatment, purity of fabricated glass is low. Therefore, NH3 should be used as the basic 

catalyst for sol-gel reaction to synthesize the uniform and pure silica. 

 

1.4  Glaze 

    A pottery or china is generally coated by a glassy layer to give it colors, decorations, 

strength or waterproofing property, and this coating layer of glass is called “glaze”. Various 

kinds of glazing techniques have been developed by many peoples in many places since 
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ancient times. Originally, glazes were obtained by firing a mixture of clay with wood ashes or 

straw ashes. In this process, glazes were colored by metallic components contained in the 

clays or ashes. But recently, in order to get desired colors or decorations, metal components 

are mixed in advance.
37,38

 

Glazes are typically classified based on the firing temperature. From a historic point of 

view, the inception of oriental glaze is ash glaze or feldspathic glaze. These glazes need high 

temperature (more than 1473 K) for firing; in other words, the melting point of these glazes is 

high, since these glazes have a relatively high SiO2 content. Glazes which need high 

firing-temperature like ash glazes or feldspathic glazes are called “high-temperature glaze”. 

On the other hand, “low-temperature glaze” which is melted less than 1473 K is sometimes 

desired. To lower the melting point of glazes, alkali metal elements or borate components are 

mixed with feldspars, and by crushing this mixture, water-insoluble glass frit is formed. The 

fritted glazes are often used for “overglaze” decoration. Overglaze is a coloring method for 

giving an already-glazed product a more colorful, decorative, and glassy look.
39

 

    Figure 1.6 shows the appearances of some glazes which contain the same amount of 

pigment, which strongly suggests that the color of glaze is dramatically influenced even by 

the glass matrix or firing atmosphere. Therefore, the scientific investigation of glaze is 

awfully complicated since it needs complex analysis of multicomponent systems and 

optimization based on artisanal techniques. However, the further academic investigation will 

certainly help the development of glazes and glass science, and thus, it is indispensable also 

for the growth in art and industry in this field. 
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1.5  Outline of this study 

    The outline of this study is explained in Figure 1.7. The following are detailed 

descriptions of each chapter. 

In chapter 2, the synthesis method of silica-coated Cu nanoparticles via electroless 

deposition and sol-gel process is proposed. The most important concept in this coating 

process is preservation of core metals during the formation of coating layers. Therefore, the 

evaluation of the stability of core metals and the measurement of reaction rate is of great 

significance. We suggest the evaluation method of the stability of core metals in a solution 

using QCM measurements combined with electrochemical measurements. This evaluation 

offers valuable insight for the paradigms of the relationship between thermodynamics and 

kinetics. 

    In chapter 3, the application of silica-coated Cu nanoparticles for red color glaze is 

described. The silica-coated Cu nanoparticles are mixed with glass frit and heat-treated to 

check if they can be used as the pigment of red color glaze for overglaze decoration. We 

demonstrate that the silica shells efficiently protect the Cu-core from oxidation even during 

the heat-treatment for the fabrication of glaze. 

    In chapter 4, the silica-coating method is expanded to a coating of bulk materials as 

transparent corrosion resistant films. We try the dip coating of bulk Cu and Mg using 

trifunctional alkoxysilane with the expectation for the flexibility of coating layer and good 

adhesion property to the metal substrates. 
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Figure 1.2 Photograph of silica fabricated from TEOS and simplified reaction formulae of 

hydrolysis and condensation of TEOS. 
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Figure 1.1 Schematic illustration of eletroless deposition for synthesis of nanoparticles. 
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Figure 1.4 Schematic diagram of mechanism of a network modifier in silica network. 

 

Figure 1.3 Result of thermogravimetric measurement of silica-gel fabricated via sol-gel 

process of TEOS using NH3 as a catalyst. 
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Figure 1.6 Appearance of glazes of the same pigment with various glass matrices. 

 

Figure 1.5 FE-SEM images of silica fabricated from TEOS using NaOH aqueous solution 

(a) and NH3 aqueous solution (b) as an initiation catalyst. 
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Figure 1.7 Outline of this study. 
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Chapter 2 

Synthesis of Silica-coated Copper Nanoparticles 

 

2.1  Introduction 

2.1.1 Cu nanoparticles and silica-coating 

As mentioned in the previous chapter, Cu is so sensitive to the ambient atmosphere that it 

is easily oxidized in air and dissolved into a solution. Cu nanoparticles show the good optical 

properties such as surface plasmon resonance and they have a characteristic red color, but 

nanoparticles are much more sensitive to the oxidation and dissolution, since they possess a 

large specific surface area, and the characteristic red color of Cu nanoparticles is easily 

spoiled.
1
 The difficulty in handling the naked nanoparticles in ambient atmosphere even at 

room temperature prevents various metal nanoparticles to be easily used. In order to 

overcome this problem, nanoparticles are often used as composite structures, for example 

“supported” structure,
2-4

 “endohedral” structure,
5,6

 or “core-shell” structure.
7-10

 Among them, 

core-shell structure is mostly investigated due to its high stability and dispersibility. In these 

reports, SiO2 shell is widely used as it has especially remarkable stability against various 

chemicals or heat, and it also enables to maintain the unique color and optical property of 

metal core due to a relatively low refractive index of SiO2.
11-13

 Mine et al. successfully 

fabricated Au@SiO2, namely, silica-coated Au nanoparticles, by the sol-gel process using 

tetraethyl orthosilicate (TEOS) with NH3 as an initiator of sol-gel process.
11

 Moreover, 

Ag@SiO2 was fabricated by the similar process by Kobayashi et al.
12

 Fabrication of Ag 

nanowires with conformal sheaths of SiO2 through a sol-gel process was reported by Yin et 

al.
13

 In the fabrication process of silica-coated metal nanoparticles or nanowires, evaluating 
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the dissolution behavior of metals and deposition behavior of silica shells is the key to obtain 

the well coated core-shell structures. However, there is no report on quantitative evaluation of 

the dissolution and deposition behaviors of target materials for optimizing the reaction bath. 

Generally the fabrication of Cu@SiO2 nanoparticles is difficult due to the character of Cu 

nanoparticles which is easily oxidized during the coating process and soluble in NH3 solutions 

used as an initiator of sol-gel process. Therefore, control of the reaction bath by the 

quantitative evaluation of both thermodynamics and kinetics is crucial in the fabrication of 

Cu@SiO2 nanoparticles. 

We have reported the synthesis method of Cu nanoparticles accompanied with 

electrochemical evaluation.
14

 In this synthesis method, Cu nanoparticles are formed by 

mixing CuO and hydrazine (N2H4) in NaOH solution, but in the silica-coating process, NaOH 

badly affects the formation of silica network. Therefore, in this work, we developed a new 

synthesis method of Cu nanoparticles which uses NH3 instead of NaOH, and consistent 

procedure with a simple beaker method is suggested as shown in Figure 2.1. 

 

2.1.2 Mixed potential measurement 

An electrochemical measurement is a powerful tool for monitoring the circumstances 

around a metal immersed in a solution. Especially, a mixed potential is good indicator of 

reducing ability in the solution. When a metal is immersed in the solution, two reactions, the 

oxidation reaction and reduction reaction, simultaneously proceed. These reactions are 

accompanied with electron transferences, and thus, the electric currents are arisen on the 

metal. These electric currents are called “anodic current” and “cathodic current”. The 

balanced potential of total anodic and cathodic currents is called “mixed potential” as 
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schematically shown in Figure 2.2. By combining the mixed potential and pH measurements 

with thermodynamic calculations, the most stable species in the solution is estimated. For 

example, our group has reported that the oxidation-state of Cu is predicted and controlled by 

comparing the mixed potentials with potential-pH diagrams.
15

 Specifically, in this report, the 

selective synthesis of Cu and Cu2O nanoparticles was demonstrated by controlling the mixed 

potential. The difference between the redox potential of metal and the mixed potential 

corresponds to a driving force of the metal deposition or dissolution, which indicates that we 

can evaluate the reducing ability of the solution by mixed potentials. 

 

2.1.3 QCM measurement 

The information obtained by mixed potential measurements is just a thermodynamic 

estimation. In other words, we can only know “what is the most stable species in the solution” 

by mixed potential measurements. Therefore, in order to understand the deposition or 

dissolution behavior strictly, the kinetic information should be measured in addition to the 

mixed potential measurements.
16-18

 In this work, the behavior of formation and dissolution of 

metals is investigated by an in-situ QCM measurement in conjunction with the mixed 

potential measurement. When the deposition or dissolution reaction of metals proceeds in the 

solution, the similar reaction is detected on the QCM substrate at the same time. The weight 

change of the QCM substrate m was calculated from the frequency of quartz substrate using 

the following equation (Sauerbrey equation), 

 f
f

A
m

qq
-

2

02

m
 (2.1) 

where f0 is the frequency of the QCM substrate before the weight change, A is the active area 

of the QCM substrate (0.196 cm
2
), q is the density of quartz (2.648 g cm

−3
), and mq is the 
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shear modulus of quartz (2.947×10
11

 g cm
−1

 s
−2

). As shown in Figure 2.3, the in-situ QCM 

measurement enables us to evaluate the kinetic information of the deposition or dissolution, 

such as a reaction rate, a start point, and a terminal point of the deposition and dissolution 

reaction. 

 

2.1.4 Electrochemical meaning of combination of mixed potential and QCM 

measurement 

In this work, we suggest the concept of evaluating the reducing ability by comparing the 

measured mixed potential with the oxidation-reduction potential in order to discuss the 

stability of Cu nanoparticles electrochemically. Figure 2.4(A) schematically shows the mixed 

potential and pH of the solution plotted against time (red line) and oxidation-reduction 

potential (blue dot). Figure 2.4(B) is the projection view of Figure 2.4(A), i.e. potential versus 

time graph. The deposition and dissolution behavior of Cu nanoparticles are properly 

analyzed accompanied with the QCM measurements. The reduction reaction of Cu formation 

proceeds as the mixed potential is shifted to be lower than the oxidation-reduction potential 

by addition of reducing agent. During the precipitation process of Cu, from (a) to (c) in Figure 

2.4, the difference between measured mixed potential and oxidation–reduction potential 

reflects the driving force for the reduction of Cu as shown in (b) in Figure 2.4(B). Since Cu 

ionic species in the solution momentarily decrease with the precipitation of Cu, the 

oxidation-reduction potential approaches asymptotically to the mixed potential, and the 

boundaries of potential-pH diagram change with time. This kinetics of change in 

oxidation-reduction potential can be evaluated by the termination point in QCM measurement. 

In other words, the termination point in QCM measurement indicates the completion point of 
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deposition; (c) in Figure 2.4. The potential-pH diagram is originally drawn for the equilibrium 

state, however, as Cu gets precipitated, we cannot determine the potential-pH diagram 

actually. Therefore, at (b), (c) and (d) in Figure 2.4(A), the quasi potential-pH diagrams are 

drawn over the graph. Cu is kept precipitated as long as the reducing ability is maintained as 

shown in (c)-(d) in Figure 2.4, however, the mixed potential gradually gets higher by the 

decomposition of reducing agent with time, and the oxidation-reduction potential follows the 

mixed potential as shown in (d)-(e) in Figure 2.4, which indicates that Cu is oxidized and then 

finally dissolved. This dissolution behavior is also expected to be monitored by QCM 

measurement. The silica-coating should be accomplished before the oxidation of Cu starts, i.e. 

during the reducing ability is maintained, namely, from (c) to (d) in Figure 2.4. Therefore, we 

should accurately determine the timing of addition of TEOS for silica-coating by the 

combined measurement of mixed potential and QCM. 

 

2.2  Experimental 

2.2.1 Synthesis method of silica-coated copper nanoparticles 

    CuO powder is purchased from Kanto Chemical, Inc. Ammonia aqueous solution (NH3, 

28 %), hydrazine monohydrate (N2H4・H2O, 98 %), gelatin fine powder, ethanol (C2H5OH, 

99.5 %), tetraethyl orthosilicate (Si(OC2H5)4, TEOS, 95 %) and nitric acid (HNO3, 60 %) are 

purchased from Nacalai Tesque, Inc. and used without further purification. 

The whole synthesis procedure is shown schematically in Figure 2.5. The precursor of 

Cu nanoparticles was first prepared by CuO powder (3.15×10
−3

 mole, 0.25 g) dispersed into 

NH3 aqueous solution (28 %, 19 ml) and gelatin (0.20 g) was added as a dispersing agent. 

Reducing agent solution was also prepared by hydrazine (0.08 mole, 2.0 g) mixed with NH3 
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aqueous solution (28 %, 19 ml) and gelatin (0.20 g). These two solutions were agitated 

separately at a rate of 500 rpm with a magnetic stirrer. The temperature of the solutions was 

kept at 323 K throughout the reaction for synthesis of Cu nanoparticles. Additionally, the 

effect of dissolved oxygen was minimized by bubbling nitrogen gas for more than 30 minutes. 

Then the two solutions were mixed to start the reaction. Here, the total amount of solution is 

about 40 ml, the molarity of NH3 is 14.06 mol dm
−3

, and the molarity of Cu is 0.079 mol 

dm
−3

. 

    In parallel to the above process, ethanol (32 ml) and TEOS (8 ml) was mixed together. 

The nitrogen gas was also introduced for more than 30 minutes. This solution was added to 

the synthesized Cu nanoparticles’ suspension at room temperature and stirred for more than 

20 minutes to fabricate SiO2 shells on the Cu nanoparticles. Nitrogen gas bubbling was 

consistently continued through this process. In this procedure, the NH3 solution works not 

only as a solvent of Cu nanoparticles, but also as an initiator catalyst of sol-gel process of 

TEOS. 

Finally the product was annealed in Ar gas atmosphere at 973 K for 10 hours to increase 

the stability of the SiO2 shells and remove the extra gelatin. 

 

2.2.2 Measurements and characterization 

During the reaction, a gold-sputtered QCM electrode (SEIKO EG&G, QA-A9M-AU) or 

copper-sputtered QCM electrode (SEIKO EG&G, QA-A9M-CU) was immersed in the 

solution in order to monitor the weight change of the QCM electrode. The weight change was 

calculated from the frequency of quartz substrate using the Sauerbrey equation. In addition to 

the QCM measurement, the mixed potential was measured by a potentiostat/ galvanostat 
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(Hokuto Denko Co., Ltd., HA-151) using an Ag/AgCl electrode (HORIBA, 2565A-10T) as a 

reference electrode to measure the reducing ability of a solution. The pH of the solution was 

measured by a pH meter (HORIBA, pH/ COND METER D-54). The morphology of products 

was observed by a field-emission scanning electron microscope (SEM: JEOL Ltd., 

JSM-6500F) and a transmission electron microscope (TEM: JEOL Ltd., JEM-2010). The 

crystalline structure of products was investigated by X-ray diffraction (XRD: Rigaku 

Corporation, RINT-2500). In the XRD measurement, a soda-silicate glass capillary tube 

(Hilgenberg GmbH, Markröhrchen aus Glas Nr.10) or a low-background single-crystal silicon 

sample holder was used to hold the sample. 

 

2.3  Results and Discussions 

2.3.1 Deposition and dissolution behavior of Cu nanoparticles 

Figure 2.6 shows the time transition in the deposition amount of products on a 

gold-sputtered QCM electrode and mixed potential during the synthesis process of Cu 

nanoparticles, namely region 1 in Figure 2.4. The curve of deposition amount is almost flat 

after 10 minutes, indicating that the reaction is estimated to end in about 10 minutes. This 

simply means that the mixed potential initially became lower than the oxidation-reduction 

potential of Cu/Cu(I) redox pair by addition of reducing agent, and after 10 minutes, the 

concentration of Cu ions decreased and thus the precipitation of Cu nanoparticles finished. 

The precipitation of Cu nanoparticles was also confirmed by the color change of solution 

which turned dark red. As shown in Figure 2.6, the precipitation rate of nanoparticles in the 

reaction bath is evaluated as the deposition on the QCM electrode, indicating that the QCM 

measurement was applicable to this system. 
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Figure 2.7 shows the SEM image and the XRD pattern of synthesized Cu nanoparticles. 

The mean particle size was 30 nm, which was determined by image analysis for randomly 

selected 300 particles. XRD pattern of the products shown in Figure 2.7(b) indicates that the 

Cu was evidently synthesized even in NH3 aqueous solution. 

The Cu nanoparticles are kept precipitated as long as the reducing ability is maintained 

by hydrazine in the solution. However, the lack of the hydrazine, in other words, the decrease 

of the reducing ability of the solution with time induces the dissolution of Cu nanoparticles. 

Figure 2.8(a) and Figure 2.8(b) shows the time transition in the thickness of copper-sputtered 

QCM electrode in the solution during the hydrazine remained, namely, region 2 in Figure 2.4, 

and after the hydrazine was completely decomposed, namely, region 3 in Figure 2.4. The 

thickness was calculated from the weight change, m, and the density of Cu (8.9 g cm
−3

). 

Here, minus indicates the decrease of thickness, i.e. the dissolution of Cu, and the decreasing 

rate of thickness corresponds to the dissolution rate of Cu nanoparticles. The graph of Cu 

nanoparticles in region 2, i.e. in the solution with hydrazine, was kept almost flat for 30 

minutes as shown in Figure 2.8(a), indicating that the as-synthesized Cu nanoparticles are 

prevented from dissolution even in NH3 solution for at least 30 minutes. On the other hand, as 

shown in Figure 2.8(b), Cu in region 3, i.e. in the solution after the decomposition of 

hydrazine was continuously dissolved. The two pictures located below the blue line in Figure 

2.8(b) are QCM electrode before and after dissolution of Cu, which visually shows the 

dissolution of Cu on QCM electrode. Considering the diameter of synthesized Cu 

nanoparticles of about 30 nm, Cu nanoparticles are estimated to be completely dissolved 

within 1 minute in the solution without hydrazine. The difference in the dissolution rate is 

concerned with the reducing ability of the solution. The reducing ability of the solution could 
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be evaluated from a measurement of mixed potential. The mixed potential is determined as 

the balanced potential of total anodic currents and total cathodic currents induced by anodic 

and cathodic reactions. In this suspension, oxidation of hydrazine and oxidation of Cu are 

considered to proceed as main anodic reactions shown in equations (2.2), (2.3), and reduction 

of dissolved oxygen as a cathodic reaction shown in equation (2.4). 

 4eOH4N4OHHN 2242  -  (2.2) 

 eCu(I)Cu   (2.3) 

 - OH4O2H4eO 22
 (2.4) 

Figure 2.8(c) shows the time transition in the mixed potentials in the as-synthesized Cu 

nanoparticles’ suspension, and Figure 2.8(d) shows the time transition in the mixed potentials 

in the solution after Cu nanoparticles was completely dissolved. The dotted line in Figure 

2.8(c) and Figure 2.8(d) is the oxidation–reduction potential, E, of Cu/Cu(I) redox pair (−0.30 

V vs SHE) calculated from the thermodynamic data listed in table 1,
19

 where the measured pH 

of the solution is 12.9 and the total concentration of Cu(I) ionic species is assumed as the total 

amount of Cu chemical species contained in the solution (0.079 mol dm
−3

). In the 

as-synthesized Cu nanoparticles’ suspension, the existence of hydrazine maintained the 

reducing ability of solution, which could be verified from the lower mixed potential than the 

oxidation–reduction potential of Cu/Cu(I) redox pair as shown in Figure 2.8(c). This is 

consistent with the result of QCM measurement that Cu nanoparticles are prevented from 

dissolution for at least 30 minutes as shown in Figure 2.8(a). While, the mixed potential of 

copper-dissolved NH3 aqueous solution bath is higher than the oxidation–reduction potential 

of Cu/Cu(I) redox pair as shown in Figure 2.8(d), indicating that Cu metal is dissolved into 

this solution, which is consistent with the dissolution behavior shown in Figure 2.8(b). 
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2.3.2 SiO2 coating of Cu nanoparticles 

Figure 2.9 shows the time transition in the deposition amount of products on a QCM 

electrode during the fabrication of SiO2. The change in the deposition amount is almost flat 

after 20 minutes, and thus the reaction is estimated to end in about 20 minutes. As the 

synthesized Cu nanoparticles are kept at least 30 minutes with the residual hydrazine as 

shown in figure 2.9(a), the SiO2 shells were sufficiently formed before the dissolution of Cu 

nanoparticles. 

Figure 2.10 shows the SEM image and the XRD pattern of synthesized Cu@SiO2 

nanoparticles. Cu nanoparticles remains in SiO2 shell and thickness of SiO2 shell is about 

40-50 nm. 

    In order to increase the stability of SiO2 shells and to remove the extra gelatin, Cu@SiO2 

nanoparticles were annealed in Ar gas atmosphere at 973 K. Figure 2.11 shows the TEM 

image and the XRD pattern of Cu@SiO2 nanoparticles after annealing process. The sample 

was held on a low-background single-crystal silicon sample holder for XRD measurement. As 

shown in Figure 2.11, Cu nanoparticles remained in SiO2 shells and the thickness of SiO2 

shell decreased to about 30-40 nm, indicating the SiO2 shells were condensed and tightened 

by the annealing process. 

To check the stability of the annealed sample, both annealed and non-annealed product 

were immersed in 1.0 mol dm
−3

 HNO3 aqueous solution, which is known as a strong 

oxidizing agent. Figure 2.12 shows the TEM image and XRD pattern of annealed and 

non-annealed Cu@SiO2 nanoparticles which were immersed in HNO3 for 24 hours. The 

annealed SiO2 shells prevented Cu nanoparticles from oxidation and dissolution, and 
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Cu@SiO2 nanoparticles stayed unchanged even in a strong oxidizing agent as shown in the 

TEM image (i) in Figure 2.12(a). On the other hand, the Cu in non-annealed Cu@SiO2 

nanoparticles was dissolved into HNO3 aqueous solution and hollow SiO2 particles are 

obtained as shown in TEM image (ii) in Figure 2.12(a). These results are also confirmed by 

the XRD pattern shown in figure 2.12(b). 

 

2.4  Conclusions 

    In this chapter, we have demonstrated the synthesis method of silica-coated Cu 

nanoparticles and suggested the technique for evaluating the dissolution behavior of Cu using 

mixed potentials and QCM measurements. Cu nanoparticles were synthesized via electroless 

deposition method in a NH3 aqueous solution, and we have verified that it takes about 10 

minutes for precipitating Cu nanoparticles by monitoring the deposition rate. If Cu is 

dispersed in the NH3 solution, Cu is continuously dissolved into NH3 solution by forming 

ammine complexes. However, in this work, reducing ability of the solution was maintained by 

the hydrazine and Cu nanoparticles were stably dispersed in the solution bath for at least 30 

minutes. On the other hand, SiO2 shells were fabricated by sol-gel process of TEOS. The 

formation rate of SiO2 was also verified by QCM measurement. SiO2 shells were fabricated 

much faster than the dissolution rate of Cu nanoparticles, which is important for the 

fabrication of well coated Cu nanoparticles. 
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Figure 2.2 Schematic illustration of relation of anodic and cathodic currents with mixed 

potential. 
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Figure 2.1 Schematic illustration of procedure for synthesis of Cu nanoparticles. 
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Figure 2.4 Schematic diagram of the time transition in the mixed potential and 

oxidation-reduction (redox) potential, overdrawn on the time-dependent quasi potential-pH 

diagrams. 

 

Figure 2.3 Conseptual diagrams of QCM measurement and weight change graphs detected 

by QCM measurement during deposition and dissolution reaction. 
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Figure 2.5 Schematic diagram of the whole procedure for synthesis of silica-coated Cu 

nanoparticles. 
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Figure 2.7 (a) SEM image of Cu nanoparticles and (b) XRD pattern of Cu nanoparticles 

held in a capillary tube. 

 

Figure 2.6 Time transition in (a) deposition amount of Cu deposited on a QCM electrode 

and (b) mixed potential during the synthesis of Cu nanoparticles. 
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Table 2.19 The molar chemical potentials used in the calculations.
19

 

 

Substance m0 (kcal/mol) Substance m0 (kcal/mol)

H+
0 Cu 0

NH3 −6.36 Cu+ 12.00

NH4
+

−19.0 Cu(NH3)2
+ −15.6

H2O −56.69 Cu(NH3)
+ −2.8

NH4OH −62.86

 

Figure 2.8 Time transition in the thickness of copper-sputtered QCM electrodes immersed 

in Cu nanoparticles’ suspension (a) during the reducing ability was maintained (region 2) 

and (b) after the dissolution of Cu nanoparticles (region 3), (c) mixed potential in the Cu 

nanoparticles’ solution measured at the same time as (a), and (d) mixed potential in the Cu 

nanoparticles’ solution measured at the same time as (b). 
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Figure 2.10 (a) SEM image and (b) XRD pattern of non-annealed Cu@SiO2 core-shell 

particles held in a capillary tube. 

 

Figure 2.9 Time transition in the deposition amount of silica on a QCM substrate during the 

fabrication of silica shells. 
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Figure 2.12 (a) TEM image and (b) XRD pattern of (i) annealed Cu@SiO2 particles 

immersed in HNO3 and (ii) Cu@SiO2 particles without annealing process immersed in 

HNO3. 

 

Figure 2.11 (a) TEM image and (b) XRD pattern of Cu@SiO2 core-shell particles which 

were annealed to form tight SiO2 shells. 
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Chapter 3 

Red Color Glaze of Silica-coated Copper Nanoparticles 

 

3.1  Introduction 

3.1.1 Red color glaze using copper 

Since ancient times, red glass, especially transparent and deep red glass, has been always 

desired. In terms of glaze, which covers potteries or dishes, not only color quality or 

performance but also environmental and human safety is highly required. For these reasons 

gold or copper has often been used as a pigment of red color glass and glaze.
1-3

 For example, 

in Kyoto, Japan, a technique of manufacturing the oxblood (deep red) glaze called shinsha, 

using copper, has been traditionally developed by many craftworkers.
4
 Oxblood glaze is the 

high-temperature glaze which is generally achieved by means of heat-treating glass materials 

with metallic copper or copper oxide under reducing atmosphere. In that process, carbon 

monoxide (CO) gas flow and high temperature are necessary in order to achieve red color, so 

it is considered that oxblood glaze is one of the most dangerous and difficult glazes. If the 

appropriate condition is not provided, the color of glaze becomes blue or green after firing as 

shown in Figure 3.1. Furthermore, to provide more beautiful red color, Pb is often added to 

the glaze,
5-7

 and thus, these glazes may badly affect the human health. In silicate glass, five 

types of copper components, metallic copper (Cu), copper oxides (Cu2O, CuO) and copper 

ionic species coordinated by oxygen atoms (Cu
+
, Cu

2+
), can be considered to exist. Among 

these components, only Cu and Cu2O are capable of coloring glass redly, and the others do 

not work as red ingredients, so copper should not be oxidized to CuO or ionic species when 

red color is needed. In other words, if Cu or Cu2O can be stably dispersed in glazes through 
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the heat-treatment for melting and shape-forming on potteries or ceramics, red color is 

achieved dramatically easily compared with current method. 
 

In this work, we propose a safe and easy red color glaze for overglaze decoration by 

using silica-coated copper nanoparticles. The stable silica-shells sufficiently protect the Cu 

nanoparticles and prevent them from oxidation even during the heat-treatment, which means 

that the CO gas flow and the addition of Pb become needless in this concept. 

 

3.1.2 Pb-free low-melting-point glass frit (raku-frit) 

As mentioned in the first chapter, glass frits are often used for the overglazing as the 

low-temperature glaze. For lowering the melting point of glass, the addition of alkali and 

alkaline-earth metal components is indispensable, since they work as a network modifier in 

the glass network. In terms of glazes, not only lowering the melting point but good adhesion 

property to a green body of ceramics is also important. The addition of PbO is also effective 

to stabilize the glass network and lower the melting point. It is reported that both network 

former like and network modifier like PbO can exist in the glass network, and other additive 

elements influence the function of Pb. Therefore, Pb has been known as the useful element 

and widely used until now. However, recently, with increasing the attention to health and 

reinforcing the legal regulation, the Pb-free products are intensively desired.
8
 

In Kyoto Municipal Institute of Industrial Technology and Culture, the research for the 

Pb-free low-melting-point glass frit has been investigated for several years, and Pb-free glass 

frit called raku-frit which has low melting point of 953 K was produced. This new glass frit 

widely attracts a great attention in the ceramics industry due to its low melting point, good 

adhesion property to a green body of ceramics, and high safety. In this work, we use this 
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raku-frit to fabricate the glaze of silica-coated Cu nanoparticles and follow the same glazing 

procedure as the testing method taken in Kyoto Municipal Institute of Industrial Technology 

and Culture. The component of raku-frit is listed in Table 3.1.
9
 

 

3.1.3 Color value in L*a*b* color space 

    In this study, the evaluation of color is significantly important because the purpose of this 

work is “red color” of glaze. A color value of a color space is a good tool for the quantitative 

evaluation of color. A color space is a stereoscopically visualized space of color system, 

which enables us the description of color by the coordinate value. Various configuration 

models of color space are suggested in the world, for instance, Munsell model, RGB model, 

XYZ model, and L*a*b* model.
10,11

 The L*a*b* color model is based on the human 

perception, and it is possible to evaluate the difference of colors by determining the distance 

between two points in the color space. Figure 3.2 shows the color space of L*a*b* color 

model. L* value corresponds to the lightness (L* = 0 indicates black and L* = 100 indicates 

diffuse white), and a* and b* value correspond to the colors (a* = negative values indicate 

green, a* = positive values indicate red, b* = negative values indicate blue and b* = positive 

values indicate yellow). In this work, the color of fabricated glaze is quantified and evaluated 

by L*a*b* color model measured by a colorimeter. 

 

3.2  Experimental 

    The raku frit, namely Pb-free low-melting-point glass frit, was provided by Kyoto 

Municipal Institute of Industrial Technology and Culture. The silica-coated Cu nanoparticles 

which were tightened by heat-treating at 1173 K in Ar atmosphere were prepared by the same 
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method as described in chapter 2. Silicon (Si) powder was purchased by Wako Pure Chemical 

Industries, Ltd. 

The raku frit (1.0 g) and silica-coated Cu nanoparticles (0.04 g) were mixed in a mortar 

without and with Si powder (0.003 g, 0.005 g). The mixture was put on white ceramic test 

pieces, and heat-treated in a temperature profile like figure 3.3 under ambient atmosphere. 

    The color of fabricated glaze was quantified by a colorimeter (Nippon Denshoku, NF333 

spectrophotometer). 

 

3.3  Results and Discussions 

    Figure 3.4 shows the measured color value of the shinsha glaze, which is set as the target 

color in this study. Figure 3.5 shows the cross-sectional microscopic image of the shinsha 

glaze. As shown in Figure 3.5, the bluish glass layer covers on the red foundation layer, and 

this bluish layer is the key of the characteristic deep red color of shinsha glaze. When the 

surface blue layer is polished, the bright red color appears as shown in Figure 3.6. 

Figure 3.7 shows the appearances and color values of fired glazes. For comparison, the 

appearance of fired glaze of raw Cu nanoparticles which is not coated is shown in Figure 3.8. 

In Figure 3.7, the distance on the L*a*b* color space indicates the difference of color, and in 

this work, the sample which has the nearest color to the shinsha glaze is 0.003 g-Si-added 

sample. This indicates that Si controls the oxidation of Cu nanoparticles, but the excess 

addition badly affects the final color of fired product. The sample which does not contain Si 

powder also shows the red color, which indicates the silica-shells efficiently protect the Cu 

nanoparticles even against the attack of oxygen in firing process of glaze. In this result, even 

the color of 0.003 g-Si-added sample was yet a little different from the deep red color of 
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shinsha glaze. However, the characteristic deep red color of shinsha glaze can be caused by 

the blue layer on the top of the glaze, and thus, the target color is considered to be achieved by 

further ingenuity, for example, extending the firing time, rising the firing temperature, or 

quantitative control of cooling profile. 

 

3.4  Conclusions 

    In this chapter, we have achieved the red color glaze for the application of Cu@SiO2 

nanoparicles. The silica-shells effectively protect the Cu from oxidation in the firing process 

of 1073 K, and red color glaze is produced even without any additional agents. The sample 

which has the nearest color to shinsha glaze is 0.003 g-Si-added sample, which indicates the 

addition of Si is effective to control the oxidation of Cu. Even this sample showed a little 

different color from shinsha glaze, but the characteristic deep red color of shinsha glaze is due 

to the blue layer on the glaze, and thus there may be some approaches to achieve better red 

color. 
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Table 3.1 Components of raku-frit.
9
 

 

Component Molar fraction

SiO2 60.0 – 66.0 %

Al2O3 2.0 – 4.0 %

B2O3 12.0 – 26.0 %

Li2O 0 – 10.0 %

Na2O 1.5 – 5.0 %

K2O 2.5 – 5.0 %

CaO 0 – 1.0 %

MgO 0 – 1.0 %

SrO 0 – 1.0 %

BaO 0 – 2.5 %

ZnO 1.0 – 8.0 %

SiO2 + Al2O3 : 63 – 68 %

B2O3 + R2O + RO : 32 – 37 %

R2O + RO : 8.5 – 24.5 %

R2O > RO

(R2O = Li2O + Na2O + K2O)

(RO = CaO + MgO + SrO + BaO + ZnO)

3

4

OKONa

OLi

22

2 


3

2

ZnOBaO

SrOMgOCaO






 

Figure 3.1 Appearances of glaze which contains Cu fired (a) in reducing atmosphere and 

(b) in air. 

(a) (b)
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Figure 3.3 Temperature profile of firing glazes. 
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Figure 3.2 Schematic illustration of L*a*b* color space and its cross-sectional diagram of 

a*b* plane. 
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Figure 3.6 Bright red color of polished shinsha glaze. 
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Figure 3.5 Cross-sectional microscopic image of shinsha glaze. 
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Figure 3.4 Color value of shinsha glaze. 
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Figure 3.8 Appearance of fired glazes of raw Cu nanoparticles. 

 

Figure 3.7 Color values of fired glazes of silica-coated Cu nanoparticles. 
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Chapter 4 

Transparent Corrosion Resistant Films for Copper and 

Magnesium 

 

4.1  Introduction 

4.1.1 Improvement in corrosion resistance of metals 

    A passivation film formed in wet condition around room temperature is generally 

hydrated oxide, oxyhydroxide or insoluble compound of a substrate metal.
1-3

 Ti, Al, stainless 

steel, etc. typically form the tight and thin layers with a few nm thicknesses, and thus they 

have transparent passivation films. On the other hand, Mg, Cu, Zn, Pb, etc. form the thick 

layers, and thus they are tarnished. In terms of Mg, we have tried the plasma anodization for 

improvement of corrosion resistance, and we have found that the glassy coating layer is 

formed on the Mg substrate and relatively high corrosion resistance is achieved by the plasma 

anodization.
4,5

 Currently, to achieve the practical use of Mg, transparent coating with high 

stability is needed. However, the coated layer formed by plasma anodization is thick and 

whitish appearance. Therefore, to fabricate the transparent coating layer, a different coating 

method should be investigated. 

    In this work, we focused the sol-gel dip coating for the improvement of corrosion 

resistance of metals.
6,7

 By taking the appropriate way of sol-gel dipping process, thin and 

transparent coating layers can be achieved and shiny appearances of metals are maintained. 

Moreover, since the sol-gel process proceeds at relatively low temperature, the coated metals 

are scarcely damaged by heat. Therefore, the sol-gel dip coating is adequate method for 

fabricating the coating layer on a metal which is sensitive to the oxidation and corrosion. 



 

Transparent Resistant Corrosion Films for Copper and Magnesium                                       45 

 

 

4.1.2 Modified solution of sol-gel process for dip coating of bulk materials 

    The preparation of appropriate sol-gel solution is one of the most important factors to 

fabricate the uniform coating layer with good adhesion property and no cracks. The process of 

dip coating is simply represented by three steps; dipping, withdrawal and drying, and the 

silica coating layer is formed with the drying process of the solution on the substrate.
8
 

Therefore the sol-gel solution should not be entirely reacted before drying. Moreover, since 

the silica coating layer gets hard and tight as the dehydration reaction and condensation 

reaction proceed, cracks are often generated during the drying process or heat-treatment. In 

order to overcome this problem, trifunctional alkoxysilane like aminopropyl triethoxysilane 

(APTES) or phenyl triethoxysilane (PhTES) is often used.
9,10

 Tetrafunctional alkoxysilane 

like TEOS has four alkoxy groups, namely, four reactive functional groups, and thus the 

strong network with four bonds per one Si atom can be constructed. On the other hand, 

trifunctional alkoxysilane has only three reactive functional groups, and the network is 

modified by the unreactive functional groups. This modified network contributes the 

flexibility of fabricated silica layer and controls the emergence of cracks. In this work, we 

choose APTES as the coating solution. In addition to the contribution of APTES for flexibility, 

good adhesion property to the substrate metal is expected due to the amino group in APTES.
11

 

 

4.1.3 Evaluation of corrosion resistance 

    To evaluate the corrosion resistance, various evaluation techniques are suggested, for 

example, exposure test,
12,13

 immersion test,
14,15

 spray test
16,17

 and electrochemical test 

including cyclic voltammetry, polarization curve measurements, electrochemical impedance 
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spectroscopy, etc.
18-20

 By the exposure test and the immersion test, actual information can be 

provided, based on the practical corrosion environment. However, these tests need much time 

to wait the corrosion in a practical environment. Therefore, accelerated corrosion tests are 

widely developed. Salt spray test is one of the famous methods in the spray tests. It is a 

typical accelerated corrosion test that produces a corrosive attack to the coated samples in 

order to predict its suitability in use as a protective finish. Also, the electrochemical test is 

often used for measuring the stability against the corrosion in a solution. Since the corrosion 

reaction is accompanied with the electron transfer, electrochemical analyses are important and 

powerful tool to evaluate the corrosion behavior. Among them, Tafel extrapolation method 

and polarization resistance measurement are commonly used for the quantitative evaluation of 

corrosion resistance property.
21,22

 

 

4.2  Experimental 

4.2.1 Silica-coating of bulk copper and magnesium 

Copper plate (B-60-P05) was purchased from YAMAMOTO MS Co., Ltd. Magnesium 

plate (MG-273408, 99.9 %) was purchased from The Nilaco Corporation. Ethanol (C2H5OH, 

99.5 %), aminopropyl triethoxysilane (Si(OC2H5)3(CH2)3NH2, APTES, 98 %), acetone 

((CH3)2CO, 99.5 %), citric acid (C3H4(OH)(COOH)3, 99 %), nitric acid (HNO3, 60 %) and 

sodium chloride (NaCl, 99.5 %) were purchased from Nacalai Tesque, Inc. and used without 

further purification. 

    The sol-gel solution for coating was prepared by APTES (5 g) and ethanol (20 g) stirred 

together for 1 day at a rate of 500 rpm with a magnetic stirrer in room temperature. Cu plate 

was cut in 15 × 50 mm and washed by acetone, then immersed in 5 wt% citric acid solution 
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for surface cleaning. The cleaned Cu plate was dipped into the APTES-ethanol solution, 

withdrawn at a speed of 20 mm sec
−1

, and dried in 423 K for 1 minute. This 

dipping-withdrawal-drying process was repeated in 5 times, and at last the sample was 

heat-treated in 523 K for 10 minutes. Mg plate was cut in 10 × 50 mm and immersed in 10 

wt% nital (nitric acid-ethanol solution) for surface cleaning, and then the same dip-coating 

process is treated. In order to check the synthesis or growth of coating layer, the weight of 

sample is measured at the end of every dipping-withdrawal-drying process. 

 

4.2.2 Evaluation of corrosion resistance of silica-coated copper and magnesium 

The corrosion behavior of the samples was evaluated by the electrochemical evaluation. 

The polarization curve was measured in a 3.5 wt% NaCl aqueous solution by a 

potentiostat/galvanostat (Hokuto Denko Co., Ltd., HA-151) using a Pt electrode (90 mm
2
) as 

a counter electrode and an Ag/AgCl electrode (BAS Inc., RE-1S) as a reference electrode. The 

reactive area of the sample was adjusted to 61 mm
2
 and tested as a working electrode. First, 

the spontaneous potential was measured for 30 minutes, and the potential was swept to a 

value of 0.50 V higher than the spontaneous potential at a rate of 1.0 mV sec
−1

. Similarly, in 

the same condition, the spontaneous potential was also measured for 30 minutes, and the 

potential was swept to a value of 0.50 V lower than the spontaneous potential at a rate of 1.0 

mV sec
−1

. Furthermore the salt spray test for 1 week was also attempted. 

 

4.3  Results and Discussions 

The thermal stability of APTES dried in 523 K is examined by thermogravimetry (TG) 

as shown in Figure 4.3. It is assumed that the aminopropyl group of APTES is decomposed at 
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about 723 K, since the drastic drop of weight at about 723 K is accorded with the molecular 

weight change of decomposition of the aminopropyl group. Therefore, the modified network 

structure of APTES is maintained even in the heat-treatment of 523 K. 

Figure 4.4 shows the weight change per 1 mm
2
 of Cu and Mg substrate with every 

dipping-withdrawal-drying process. The weight changed largely in the first dipping process, 

and gradually increased up to third dipping, which indicates a coating layer was deposited 

from the first dipping to the third dipping process. The final amount of coating layers on both 

Cu and Mg was about 2.4 mg per 1 mm
2
, which indicates coating layers in similar thickness 

were synthesized on Cu and Mg. However, in the first dipping, the deposition amount on Cu 

substrate is about twice larger than the amount on Mg substrate, which suggests that the 

APTES has better adhesion property with Cu. 

Figure 4.5 shows the appearance of coated Cu observed by a microscope. The surface of 

the product is iridescent due to the interference of light by thin film on the metal, and thus, the 

film formed on the metal is estimated to be submicron scale. 

    The electrochemical measurement of coated Cu is not available, since the current density 

of coated Cu is below the detection limit of the equipment (1 nA). In other words, Cu is 

strongly coated by an insulated layer by the dip coating. Figure 4.6 shows the result of a salt 

spray test of full-coated and half-coated Cu plate. The corrosion product is observed on the 

edge of coated area, but the corrosion resistance is distinctly improved by coating.  

Figure 4.7(a) shows the Tafel plots of the polarization curve of coated Mg. The tafel 

plots of raw Mg are drawn in the same graph as a reference. The exchange current density at 

the corrosion potential (corrosion current density, icorr) of coated Mg is 4 × 10
−2

 mA cm
−2

, and 

it is 5 times lower than the corrosion current density of Mg, which indicates the corrosion 
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resistant film is formed on the Mg substrate. However, the increase of corrosion resistance is 

still inadequate, and after the salt spray test, Mg substrate is entirely dissolved and only the 

squashily damaged coating layer remains as shown in Figure 4.7(b). The silica layer shows 

the different adhesion property to Cu and Mg, which is due to the different conditions of the 

surface of these metals. In other words, the oxide layer of Cu is entirely removed by acid, 

while the surface of Mg is strongly influenced by oxidation even after the acid pickling. For 

more reliable coating with good adhesion property to Mg substrate, handling Mg in an inert 

atmosphere or further optimizations of sol-gel solution with a function for removing the oxide 

layer are considered to be needed. 

 

4.4  Conclusions 

    In this chapter, we have demonstrated the silica-coating of Cu and Mg for the 

improvement of corrosion resistance. As the sol-gel solution for silica-coating, trifunctional 

silane solution of APTES is effective to give flexibility to the film and avoid the cracks. 

Moreover, APTES shows the good adhesion property to Cu, and Cu is so strongly coated by 

an insulated layer that the electrochemical measurement is not available. After the 1 week salt 

spray test, some corrosion products are observed on the edge of samples. The corrosion 

current density icorr of silica-coated Mg is about 5 times lower than that of raw Mg, but the 

silica-coating of Mg is not so strong as Cu, and corrosion resistance is not improved in salt 

spray test. To achieve the firm coating, further optimization of sol-gel solution and handling 

atmosphere is needed. 
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Figure 4.2 Structual formulae of tetrafunctional silane (TEOS) and trifunctional silane 

(APTES and PhTES). 

AminoPropyl TriEthoxySilane

(APTES)

Phenyl TriEthoxySilane

(PhTES)
TEOS

TrifunctionalTetrafunctional

 

Figure 4.1 Schematic illustration of dip coating procedure. 

dipping withdrawal drying
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Figure 4.4 Appearances and deposition amounts per 1 mm
2
 of (a) Cu substrate and (b) Mg 

substrate after every dipping-withdrawal-drying process. 
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Figure 4.3 Result of thermogravimetric measurement of APTES dried in 523 K. 
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Figure 4.6 Result of 1 week salt spray test of silica-coated Cu. 
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Figure 4.5 Microscopic photograph of silica-coated Cu substrate. 

200 mm
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Figure 4.7 (a) Tafel plots of silica-coated Mg and raw Mg, and (b) result of 1 week salt 

spray test of silica-coated Mg. 
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Chapter 5 

Summary 

 

    In this study, the silica-coating techniques are developed in various fields of stabilization 

for metals. The sol-gel process was an appropriate approach for low-temperature synthesis of 

silica, and thus, the metals which are easily oxidized were successfully coated by silica-shells. 

Moreover, we have suggested not only the method of silica-coating, but also the quantitative 

evaluation of dissolution and deposition behaviors based on QCM and electrochemical 

measurements, and we have also demonstrated the improvement of corrosion resistance of 

metals in some applications. The brief summary for each chapter is described as follows. 

 

Chapter 2 

    The Cu@SiO2 (silica-coated Cu) nanoparticles were successfully synthesized by the 

electroless deposition of Cu and the sol-gel method of TEOS. In this synthesis procedure, the 

formation rate of silica-shells should be faster than the dissolution of Cu, and thus, the 

evaluation of dissolution behavior of Cu and deposition speed of silica is important. In the 

previous reports, we have demonstrated that the “deposition behavior” of metallic 

nanoparticles is effectively estimated by the QCM measurement combined with the 

electrochemical evaluation, but in this work, we also suggested that the measurement of QCM 

and mixed potential is a powerful tool for verifying the “dissolving behavior” of Cu. This 

accurate optimization method which we reported in this study is applicable to other metals of 

fabricating the core-shell structures, and the quantitative evaluations of dissolution of Cu-core 

and formation of silica-shells enabled us to synthesize the silica-coated Cu nanoparticles. 
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Moreover, the tight and strong silica-shells were formed by an appropriate heat-treatment. 

 

Chapter 3 

    In this chapter, the red color glaze was achieved by using the SiO2-coated Cu 

nanoparticles. In this work, the red color of shinsha glaze was set as the target color, and we 

demonstrated the nearest red color by firing the mixture of 1.0 g raku-frit, 0.04 g SiO2-coated 

Cu nanoparticles and 0.003 g Si powder. Also, we found that the key of characteristic deep 

red color of shinsha glaze is blue glass layer formed on the top of relatively bright red layer, 

and thus, the appropriate blue glass layer may enable the color of fired glaze using 

SiO2-coated Cu nanoparticles to conform the color of shinsha glaze. In terms of the 

SiO2-coated Cu nanoparticles, red color was achieved even without Si powder, which 

indicates the Cu-cores were sufficiently protected by the SiO2-shells during the firing of glaze 

(1073 K). 

 

Chapter 4 

    As the further application of the silica-coating technique, the fabrication of transparent 

corrosion resistant films for bulk metals was attempted. Specifically the dip coating method of 

aminopropyl triethoxysilane (APTES) was developed in this chapter. As the sol-gel solution 

for silica-coating, we found that the trifunctional alkoxysilane solution of APTES is effective 

to give flexibility to the film and avoid the cracks. Moreover, the fabricated coating layer 

showed good adhesion property to Cu, and strong corrosion resistant film was formed. Mg 

was also coated by the dip coating method, and the corrosion resistant property of 

silica-coated Mg evaluated by an electrochemical measurement was better than that of raw 
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Mg. However, silica-coated Mg was dissolved by a salt spray test, which indicates the 

silica-coating layer formed in this dip coating procedure had insufficient performance for a 

corrosion resistant film. 
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