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CHAPTER 1 

General introduction 

1.1 Background 

1.1.1 Rapid prototyping and flexible electronic components  

Rapidly manufacturing electronic components is pursued in this generation. The 

demands of applications like integration circuits [1-1], Physical sensor [1-2], wearable 

devices [1-3], and bioengineering [1-4]. One strategy is integration of various functional 

materials to realize a multi-functional composite material possessing the desired 

properties. One common constituent in the composite material is a polymer-based 

material, and examples of the polymers are polyimide [1-5], polyamide 6 [1-6], 

polypropylene [1-7], 3D-printed polymer [1-8,1-9] and polyethylene terephthalate (PET) 

[1-10–1-12]. Three-dimensional (3D)-printed polymer has attracted a great attention due 

to its high degree of freedom and precise resolution in the design of complex 3D structures. 

3D-printing technology is also known as rapid prototyping. The demand structure can be 

rapidly printed without the complex steps in conventional mold production. Since the 

invention of the first 3D printer by Dr. Hideo Kodama in 1981 [1-13], a variety of 3D 

printers have been released for specific requirements continuously. 

3D printers could be distinguished by the basic working methods such as the 
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material jetting and material with light (UV: ultraviolet) exposed. Examples of the 

material jetting type are Fused Deposition Modeling (FDM) and Direct Ink Writing 

(DIW) [1-14]. FDW is commonly and widely used. The first step in FDW is melting the 

thermoplastic material from a solid state to a molten state, and consequently the material 

is injected out through a nozzle to form successive object layers. The type of material 

with light (UV) exposed would form a layer to layer structure, and the examples are 

PolyJet 3D printing, Stereolithography (SLA), Digital Light Processing (DLP) and 

Liquid-Crystal Display (LCD) UV-curing printer as shown in Fig. 1.1. The LCD UV-

Curing 3D printers would construct the layer to layer structure by exposing the printed 

layer to UV light to harden and maintain the shape of the structure, then the next layer 

would be printed on top of the solidified layer [1-15].  

On the other hand, the demand for flexible functional materials is also high in 

electronic devices. PET (polyethylene terephthalate) is a promising candidate because of 

the high chemical stability, biocompatibility, flexibility, low cost and decent mechanical 

strengths [1-16]. The high chemical stability is a double-edged sword, which make it 

difficult to integrate with other functional materials.   

 

1.1.2 Methodology for the integration of material for the applications  

Most polymer materials are electrically non-conductive which leads to 

difficulties in the integration. Also, electrical conductivity is a fundamental property for 

conductors in electronic devices. A number of integration processes are developed to 

combine electrically non-conductive materials with various functional materials, such as 

sputtering [1-17], ink printing [1-18], chemical vapor deposition [1-19], chemical fluid 

deposition [1-20,1-21], cold-spray coating [1-22] and electroless plating processes [1-23–
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1-29]. Among all of these processes, the most effective integration process is suggested 

to be the electroless plating process. This is mostly because of its low cost, moderate 

deposition rate and the ability to deposit various metal coatings on surfaces having 

complex structures, which are all advantageous in rapid fabrication of electronic 

components. 

 

1.1.3 Conventional electroless plating 

Electroless plating is also known as chemical or autocatalytic plating [1-30]. It 

is often compared with electroplating. In electroplating, the electrical current is driven by 

an external power supply, hence the substrate has to be electrically conductive. In 

electroless plating, the electrical current to carry out the reduction reaction is generated 

by reducing agents instead of an external power supply. This then allows 

electrodeposition of materials on an electrically non-conductive substrate. 

In electroless plating, the reduction reaction involves the autocatalytic 

conversion of metastable redox pairs, created by dissolved reducing agents and metal 

complexes in the solution. This process allows the deposition of metals on a surface in a 

conformal manner. The overall reaction involves two coupled redox reactions: the 

oxidation of a reducing agent and the reduction of a metal complex [1-31] (as illustrated 

in Fig. 1-2). There are three common steps in an electroless plating process: a pretreatment 

step, a catalyzation step, and a metal deposition step. Purpose of the pretreatment step are 

cleaning and roughening of the substrate surface to enhance interactions between the 

substrate surface and the deposited metal coating.  

In the catalyzation step, catalyst seeds needed for the later metal deposition step 

are formed on the electrically non-conductive substrate surface. Conventionally, the 
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catalyst seeds are deposited by treating the surface with solutions containing Sn2+ ions 

(SnCl2) and Pd2+ (PdCl2) ions successively . In this way, Sn2+ ions adsorbed on the surface 

would be oxidized to allow reduction of the Pd2+ ions to form palladium catalyst seeds on 

the surface, the following reaction: 

Sn2+ + Pd2+ → Sn4+ + Pd                 (1) 

Hence, roughening of the surface in the pretreatment step is critical to improve the 

interaction.  

Then, in the metal deposition step, with presences of reducing agents in the 

solution, reduction of the metal ions would be initiated from the catalyst seeds and 

gradually form a metal coating covering the entire surface, as shown in Fig.1-3. The 

general composition of the electroless plating solution includes (1) metal ions ( Ni, Pt, 

and Au) to be reduced, (2) reducing agents ( hypophosphite, and hydrazine) act as the 

source of the electrochemical energy to trigger reduction of the metal ions, (3) 

complexing agents (ethylenediaminetetraacetic acid (EDTA) ) to ensure the reduction 

reaction only takes place on the catalyst surface, (4) bath stabilizer (sulphate, nitrate and 

chloride) to stabilize the bath from decomposition by shielding the catalytically active 

deposition [1-32]. 

The catalyst (Ni, Cu, Pd, Ag, Au) plays a crucial role in electroless plating 

reaction [1-33]. The catalyst is responsible for initiating and facilitating the redox 

reactions that lead to the deposition of the metal on the substrate. Transition metals are 

often used as the catalyst in electroless plating because they possess unpaired d-electrons 

or empty d-orbitals that can facilitate the adsorption of reaction molecules during catalysis. 

This interaction can lead to the activation of chemical bonds and the reduction of the 

activation energy required for the reaction to occur [1-34]. 
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(1) Ni-P metallization 

Ni-P has unique properties like excellent corrosion, wear resistance, ductility, 

lubrication, soldering, and electrical conductivity [1-35], and these properties makes it 

widely accepted in engineering applications. Reactions involved in Ni-P electroless 

plating are provide in the following [1-36]: 

Niads
2+

+ H2PO2 ads
− + H2O → Ni0 + 3H+ + HPO3 

2−        (2) 

H2PO2 ads
− + H2O → HPO3 

2−+H+ + 2Hads                (3) 

H2PO2 ads
− + Hads → P0 + H2O + OH−                 (4) 

2Hads → H2                                              (5) 

 

The phosphorus content can be controlled to form different properties of deposited Ni-P. 

They can be classified into [1-37]: 

(i) 3-5% P (low phosphorus). Sufficient wear resistance and corrosion resistance 

in concentrated caustic soda. 

(ii) 6-9% P (medium phosphorus). Eligible corrosion protection and abrasion 

resistance for most applications.  

(iii) 10-14% P (high phosphorus). Excellent ductile, high corrosion resistance 

against chlorides, and simultaneous mechanical stress. 

Additionally, Ni-P is widely regarded as the most suitable sacrificial metal layer for the 

electroless plating of Au. Doped phosphorus can enhance Ni-P alloys by bonding free 

electrons around nickel atoms, causing a shift from a metallic to an amorphous crystal 

structure. This enhances the electronegativity of the phosphorus atoms, allowing them to 

attract oxidative cations such as Au+3 [1-38]. 
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(2) Au metallization 

Gold is a highly sought-after metal due to its unique physical, chemical, 

optical, electronic and catalytic properties [1-39]. With the growing demand for gold 

in nanotechnology, effectively utilizing gold is a crucial issue. Electroless gold plating 

process occurs through two mechanisms: gold cementation by immersion 

replacement of the substrate metal, and gold reduction by a catalytically oxidized 

reducing agent. Gold cementation solutions do not contain dissolved reducing agents, 

and as a result, the thickness of the gold film in such solutions typically does not 

exceed 0.1 µm. In contrast, solutions with a reducing agent enable the deposition of 

thicker and non-porous gold films [1-40]. In the conventional gold deposition, CN- is 

commonly used as a complexing agent for Au+ to form KAu(CN)2. However, the use 

of cyanide as a complexing agent in these baths is highly toxic. As a result, non-

cyanide baths are developed to replace KAu(CN)2, and examples of the alternatives 

are Au(III) chloride complex (KAuCl4) and Au(III)–DMH complex. The reaction 

equation is provided in the following [1-41]: 

2Au3+ + 3Ni → 3Ni2+ + 2Au                 (6) 

(3) Pt metallization 

 Platinum can be prepared with a well-defined nanostructure and has gathered 

significant scientific attention due to its intriguing properties for a multitude of 

applications, such as highly active catalysts [1-42], actuators [1-43], nanodevices [1-

44], electrodes [1-45], and high biocompatibility sensors [1-46]. Electroless Pt plating 

is typically achieved using either hydrazine (N2H4) or borohydride as the reducing 

agent, with N2H4 being the most commonly used due to its ability to produce a Pt 

metallization film without any co-deposition. The Pt ion source in the metallization 
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solution is often (NH3)2Pt(NO2)2, which has been widely utilized for this purpose. The 

reaction equation is provided in the following : 

2(NH3)2Pt(NH3)2 + N2H4 ∙ H2O → 2Pt + 5N2 + 9H2O          (7) 

 

1.1.4 Supercritical carbon dioxide assisted electroless plating 

In the conventional pretreatment and catalyzation steps, toxic and strong acids 

are used to treat the polymer surfaces. The polymer substrates often suffer undesired 

damage and contamination by the strong acids. In addition, the interaction between the 

polymer substrates and metal coating is insufficient to ensure proper reliability of the 

metallized polymer. A catalyzation method utilizing supercritical carbon dioxide (sc-CO2) 

as the solvent is developed to eliminate usages of the strong acids and enhancement of 

the interaction [1-47]. 

Supercritical carbon dioxide (sc-CO2) is a state of carbon dioxide when both the 

temperature and pressure are above its critical point (31.0°C, 7.4 MPa) [1-48]. Illustration 

of the apparatus is shown in Fig. 1-4. Supercritical fluids exhibit physical properties 

(Density, Diffusion, Viscosity) that are intermediates between those of gases and liquids, 

and these properties can be easily tuned by controlling the pressure and temperature [1-

49]. Additionally, sc-CO2 offers several advantages over non-polar organic solvents, such 

as great self-diffusivity, low viscosity, zero surface tension, and non-toxicity. As a result, 

sc-CO2 has become a popular substitute for non-polar organic solvents in electroless 

plating. In the sc-CO2 assisted electroless plating process, the pretreatment step is not 

needed since sc-CO2 used in the catalyzation step is effective in cleaning the substrate 

surface, and the interaction between the substrate and the metal coating is enhanced by 

having catalyst seeds embedded inside the polymer substrate to anchor the metal coatings 
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on the substrate surface. The mechanism is similar to the root system of plants, which 

huge trees stand tightly on the ground because of the roots extending deep into the soil in 

Fig. 1-5. 

 

1.1.5 Crystallinity of polymers 

Crystallinity is an important factor that affects the properties and 

behavior of polymers. The degree of crystallinity refers to the extent to which a 

polymer's molecular chains are arranged in an ordered, crystalline structure. Here 

are some ways in which crystallinity can impact polymers [1-50–1-54]: 

 

1. Mechanical properties 

Crystalline regions in polymers provide additional strength and stiffness 

compared to amorphous regions. As the degree of crystallinity increases, the 

polymer tends to have higher tensile strength, modulus of elasticity, and resistance 

to deformation. This is because the regular packing of polymer chains in 

crystalline regions allows for more efficient stress transfer. 

 

2. Thermal properties 

Crystalline regions have a higher melting point and heat resistance 

compared to amorphous regions. Polymers with higher crystallinity generally 

exhibit higher melting temperatures, greater thermal stability, and improved 

resistance to thermal degradation. The presence of crystalline domains can also 

affect the thermal expansion behavior of the polymer. 
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3. Optical properties 

Crystalline regions in polymers can affect their optical properties, such 

as transparency, refractive index, and birefringence. The arrangement of polymer 

chains in the crystalline structure can lead to variations in light transmission and 

scattering, resulting in different optical characteristics. 

 

4. Barrier properties 

Crystalline regions can hinder the diffusion of gases and liquids through 

the polymer matrix, thereby improving its barrier properties. Polymers with higher 

crystallinity tend to have lower permeability to gases and liquids, making them 

suitable for applications requiring gas or moisture barriers. 

 

5. Processing and mechanical behavior 

The presence of crystalline regions can affect the processing behavior of 

polymers. Higher crystallinity can result in increased melt viscosity, which may 

impact processing methods such as molding or extrusion. Additionally, the 

presence of crystalline regions can influence the polymer's response to mechanical 

stress, including its elasticity, creep resistance, and toughness. 

 

It's important to note that the crystallinity of a polymer can be influenced by 

various factors, including polymer composition, processing conditions, cooling rates, and 

post-treatment methods. By controlling these factors, it is possible to tailor the 

crystallinity and, subsequently, the properties of the polymer to meet specific application 

requirements. 
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1.2 Thesis objective 

With the increasing demand for electronic components, there is a growing 

emphasis on accelerating the manufacturing process. Composite materials have emerged 

as the preferred choice in this endeavor. However, the compatibility issues between 

commonly used polymers and metals as composite materials remain a challenge. Among 

various integration techniques, electroless plating has been identified as holding the 

highest potential due to its ability to provide uniform coatings on complex surfaces, easy 

control of coating rate, and relatively low cost. However, concerns still exist regarding 

the adhesion and mechanical properties of metallic polymer composites for practical 

applications. 

Recently, several methods have been proposed to enhance the adhesive 

properties of metallized polymers. The hydrophobic nature of polymers such as PET and 

3D-printed polymers poses a challenge for interactions between metal ions in electroless 

plating solutions. To address this issue, chemical solutions rich in hydrophilic functional 

groups, such as hydroxyl and carbonyl groups, are used to improve adhesion [1-55–1-58]. 

By immersing the hydrophobic surface in a hydrophilic chemical solution, the surface 

properties can be modified from hydrophobic to hydrophilic. This modification enables 

better interaction with the electroless plating solution, resulting in improved adhesion 

between the metal and polymer substrate. However, when the polymer substrates have 

low chemical resistance, there is still a concern regarding the potential risk of damage 

when using a chemical solution. 

In this thesis, my main focus was on sc-CO2 assisted electroless plating, where I 

proposed specific approaches to address the aforementioned issues. I explored the 
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application potential of sc-CO2 assisted electroless plating by depositing different metals 

such as Ni-P, Au, and Pt on 3D-printed polymers and PET materials. 

  

1.3 Thesis overview 

 To accomplish the objectives of this thesis, the following chapters are established. 

 In Chapter 1, backgrounds of 3D-printed polymer and PET, conventional 

electroless plating, sc-CO2 assisted electroless plating. After the background, the 

motivation and objective of this thesis are described. 

 In Chapter 2, extending the results of chapter 2, sc-CO2 assisted 

functionalization of PET toward flexible catalytic electrodes was fabricated, the Au/Ni-

P/PET composite material was achieved due to great contribution of sc-CO2 assisted 

catalyzation.   

 In Chapter 3, the mechanical properties of Pt/PET assisted by sc-CO2-

catalyzation were demonstrated. The fracture strength was determined by measuring the 

stress value at the point of short circuit. This method of evaluation is more relevant to the 

performance of flexible electronic components. 

 In Chapter 4, Ni-P/3D-printed polymer structures was achieved by sc-CO2-

assisted electroless plating process to demonstrate the potential for rapid fabrication of 

electronic components. 

 In Chapter 5, extend the result of chapter 5, further mechanical properties were 

discussed. Because gold possesses better chemical stability and the smaller ductility 

difference between gold and 3D-printed polymers than between Ni-P and 3D-rinted 

polymers. Au/Ni-P/3D-printed polymer is a promising material toward additive 

manufacturing of electronic components. 
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In Chapter 6, the surface roughness difference with 3D-printed structures was 

utilized to achieve pattern in electroless plating. The circuit integrated with electronic 

components is possible to be fabricated. 

In Chapter 7, effects of the sc-CO2 assisted catalyzation process on the 

fabrication of Ni-P/PET composite films are demonstrated through crystallinity to discuss 

the mechanism of diffusion. The focus on the crystallinity changes of sc-CO2 treated PET 

and sc-CO2 treated PET with organometallic compounds is described. 

 In Chapter 8, general conclusions and the future work of this study are provided. 
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1.4 Figures  

 

 

Figure 1-1. Schematics of the 3D printing methods: Fused deposition modeling (FDM), 

PolyJet (or Material jetting), Direct ink writing (DIW), Stereolithography(SLA)/Digital 

light projector (DLP), Direct laser writing (DLW), Selective Laser Sintering (SLS) [1-

15].  
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Figure 1-2. The overall reaction of electroless plating involves two coupled redox 

reactions [1-31]. 
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Figure 1-3. Conventional electroless plating process. 
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Figure 1-4. High pressure apparatus: (a) CO2 gas tank, (b) CO2 liquidization unit, (c) 

compressor, (d) high pressure pump, (e) box oven, (f) reaction cell, (g) substrate, (h) 

magnetic stirrer and (i) back pressure regulator 
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Figure 1-5. Metallization of polymer inspired by the root system of plants. 
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CHAPTER 2 

Sc-CO2 assisted functionalization of Polyethylene 

Terephthalate (PET) toward flexible catalytic 

electrodes  

2.1 Introduction 

  The flexible catalytic electrode was a composite of Au/Ni-P/ PET. Sc-CO2 was 

used as the solvent in the catalyzation step of an electroless plating process. Pd(hfa)2 was 

used as the source of the palladium catalyst for the high solubility in sc-CO2. After the 

catalyzation step, Ni-P was firstly deposited on the catalyzed PET as the sacrificial layer 

for later gold deposition. A tape adhesion test, which could reveal the positive 

contribution of the sc-CO2 catalyzation on reliability of the metallized PET. After 

deposition of the gold layer, the flexible Au/Ni-P/PET composite was evaluated as the 

catalytic electrode in oxidation of urea, ascorbic acid and glucose to demonstrate the 

applicability in flexible biosensors. 
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2.2 Experimental 

2.2.1 Material 

PET films provided by Toray Industries, Inc. were cut into small pieces having 

dimensions of 2.0 cm x 2.0 cm to be used as the substrate. A conventional catalyzation 

step was conducted as comparisons with the sc-CO2 catalyzation step. For the 

conventional catalyzation step, a commercially available catalyzation solution (ICP 

Accera KCR, Okuno Chemical Industries Co., Ltd.) was used. CO2 used in the sc-CO2 

catalyzation step was provided by Nippon Tansan Gas Co., Ltd. and had a purity of 

99.99%. Pd(hfa)2 (<=100%), KAuCl4 (99.995%), urea (99.0-100.5%), L-Ascorbic acid 

(99%), D-(+)-Glucose (≥99.5%) and phosphate buffered saline (PBS, P5493) were 

purchased from Sigma-Aldrich. The Ni-P electroless plating solution was a commercially 

available solution (Top Nicoron VS-LF, Okuno Chemical Industries Co., Ltd) having a 

composition of nickel chloride (9 wt%), sodium hypophosphite (12 wt%), complexing 

agent (12 wt%), and ion-exchanged water (67 wt%). The gold electroless plating solution 

was also a commercially available solution (Non Cyanide Electroless Gold Solution, 

MATEX Japan Co., Ltd.), and the solution contained 2 g/L of gold and pH at 7. For the 

tape adhesion test, tapes with a model number of 810-1-18D Scotch Magic Tape by 3M 

were used.  

2.2.2 Conventional and sc-CO2 Catalyzation 

In the conventional catalyzation step, the PET film was immersed in the ICP 

Accera KCR solution for 30 min at 30°C. For the sc-CO2 catalyzation step, a high pressure 

apparatus (Japan Spectra Company, Japan) was utilized. The reaction cell was made of 

stainless steel 316 with polyether ether ketone coating on the inner wall, and the inner 

volume was 50.0 ml. A piece of the PET film and 50.0 mg of Pd(hfa)2 were placed in the 
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reaction cell before pressurizing CO2 into the reaction cell. The catalyzation was 

conducted at 15.0 MPa and 80.0 °C for 2.0 hr. Density of CO2 is 0.428 g/ml at 80.0 °C 

and 15.0 MPa [2-1]. 50.0 mg of Pd(hfa)2 in the reaction cell implied the concentration in 

sc-CO2 was 0.4 wt%. 

  

2.2.3 Metal deposition 

No post-treatment was conducted after the catalyzation step. The catalyzed PET 

films were immersed into the Ni-P electroless plating solution at 70.0 °C for 3.0, 6.0, 9.0 

and 12.0 min. For the gold deposition, Ni-P/PET composites with 3 min of the Ni-P 

deposition time were used. Before deposition of the gold layer, a sensitization step is 

needed. The sensitization was conducted by immersing the Ni-P/PET composite into a 

0.1 mM KAuCl4 solution at 30.0 °C for 2.0 hr to form gold particles on the surface. Then 

the sensitized Ni-P/PET composite was immersed in the gold electroless plating solution 

at 65°C for 60.0, 90.0 and 120.0 min to cover the Ni-P surface with gold. 

 

2.2.4 Characterization 

Surfaces of the Ni-P/PET and the Au/Ni-P/PET composites were observed by a 

scanning electron microscope (SEM, S-4300SE, HITACHI). Crystal structures of the Ni-

P/PET and the Au/Ni-P/PET composites were identified by X-ray diffraction (XRD, 

Ultima IV, Rigaku). Thickness of the Ni-P and gold layers were estimated by observing 

cross-section of the Ni-P/PET and the Au/Ni-P/PET composites, respectively, by the 

SEM. The electrical resistance was evaluated by a four-point probe (MCP-T37, 

Mitsubishi Chemical Analytech Co., Ltd.). For the tape adhesion test of the Ni-P/PET 
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composite, a piece of the 3M tape was firmly stuck to the sample surface while applying 

a 1 kg load. After removing the load, the 3M tape was peeled off to complete the tape 

adhesion test. The tape adhesion test was conducted for five samples prepared under the 

same conditions to ensure reliability of the result.  

Amperometric curves generated from oxidation of urea, ascorbic acid and glucose 

were prepared to demonstrate the catalytic activity of the flexible Au/Ni-P/PET 

composites toward catalytic electrodes in biosensors. The amperometric measurement 

was performed with a three-electrode system and a potentiostat (1287A, Solartron 

Analytical). The counter electrode was a platinum plate having a surface area of 4.0 cm2, 

and the reference electrode was a Ag/AgCl reference electrode. The applied potential was 

at +0.3, +0.35 V and +0.25 vs Ag/AgCl for oxidation of urea [2-2], ascorbic acid [2-3] 

and glucose [2-4], respectively. The supporting solution was 40 ml of the PBS. At the 

beginning of the amperometric measurement, the concentration of the biomolecules to be 

detected was at zero. The concentration step-wisely increased to were 25, 50 and 75 μM 

at a roughly 30 s interval for urea. The concentrations for ascorbic acid and glucose 

ascorbic acid were 2.5, 5.0 and 7.5 mM at the same 30 s interval. The tape adhesion test 

was also conducted for one of the Au/Ni-P/PET composite electrodes, and the electrode 

was used in the amperometric measurement of glucose to demonstrate the high reliability 

as flexible catalytic electrode. 

2.3 Results and discussion 

2.3.1 Metallization of PET 

A piece of the PET film is shown in Fig. 2-1(a). The PET film was transparent and 

smooth. After the conventional catalyzation step, the PET film was still transparent. 
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Metallization of the conventionally catalyzed PET was not successful. The PET film 

remained clear and transparent without any signs of metal-like features on the surface 

after the immersion in the Ni-P solution electroless plating solution for 12.0 min, and the 

gold deposition was also not possible since there was no Ni-P on the surface. For the sc-

CO2 catalyzed PET, the appearance did not change much as shown in Fig. 2-1(b). The sc-

CO2 catalyzed PET was transparent and showed a faint yellow color. The yellow color 

was suggested to be originated from the color of Pd(hfa)2, which is yellow. Surface of the 

sc-CO2 catalyzed PET film was covered with grey metal-like coatings after the Ni-P 

deposition step as shown in Fig. 2-1(c), and the color changed to golden color after the 

gold deposition step as shown in Fig. 2-1 (d).  

Effects of the Ni-P deposition time on the surface morphology of the Ni-P/PET 

composite could be observed from the SEM images shown in Fig. 2-2. Cauliflower-like 

nodules were observed on the surfaces. This is a typical morphology of amorphous Ni-P 

prepared by electroless plating [2-5, 2-6]. In electroless plating, reduction of metal ions 

in the solution is driven by the reducing agents, and this reducing power is not high hence 

the particles tend to have anisotropic growth leading to the cauliflower-like morphology. 

The amount and average size of the cauliflower-like nodules increased as the Ni-P 

deposition time increased. The result indicated heterogenous nucleation was favored over 

homogeneous nucleation leading to formation of larger particles as the Ni-P deposition 

time prolonged. 

The thickness of the Ni-P layer reached 0.51 μm after 3.0 min of the Ni-P 

deposition, and the thickness increased to 0.74, 1.04 and 1.37 μm when the Ni-P 

deposition time extended to 6.0, 9.0 and 12.0 min, respectively, as shown in Fig. 2-3. The 

Ni-P thickness was determined from the cross-sectional observations illustrated in Fig. 2-
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3(b) to (e). The Ni-P thickness increased almost linearly as the Ni-P deposition time 

increased. When considering the Ni-P overall growth rate, the overall growth rate 

gradually decreased as the Ni-P deposition time increased. In electroless plating, an 

incubation time is required before reduction of the metal ions starts, and the reduction 

reaction rate slows down as the reaction proceeds because of consumption of the metal 

ions and the reducing agents in the solution [2-7]. 

XRD patterns of the Ni-P/PET composites obtained in this study are shown in Fig. 

2-4. As mentioned before, Ni-P obtained by electroless plating is usually amorphous [2-

6]. All XRD patterns had a broadened peak at 2θ = 45°, which were suggested to be 

contributed by the amorphous Ni-P. Signals at around 2θ = 25° were caused by the PET. 

When compared with the PET XRD peak, intensity of the Ni-P broad peak gradually 

increased as the Ni-P deposition time increased, which indicated an increase in the Ni-P 

amount on the PET with the Ni-P deposition time. This increase corresponded well with 

the relationship between the Ni-P thickness and the Ni-P deposition time shown in Fig. 

2-3(a). 

Contribution of the sc-CO2 catalyzation on the metallization of PET was quantified from 

electrical resistance of the Ni-P/PET composites as shown in Fig. 2-5. The electrical 

resistance reached 0.70 Ω when 3.0 min of the Ni-P deposition time was used, which 

suggested fully coverage of the Ni-P on the PET film. As the Ni-P deposition time 

prolonged to 6.0, 9.0 and 12.0 min, the electrical resistance decreased to 0.55, 0.27, and 

0.23 Ω, respectively. The decrease in the electrical resistance was a result of the increased 

amount of Ni-P on the PET film. After the tape adhesion test, the electrical resistance 

slightly increased to 0.79, 0.76, 0.30 and 0.73 Ω for the samples with 3.0, 6.0, 9.0 and 

12.0 min of the Ni-P deposition time, respectively. The increasing level of the electrical 
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resistance was the largest for the 12.0 min sample. The surface condition of the Ni-P layer 

with 12.0 min of the deposition time is suggested to be the main cause. As shown in Fig. 

2-2, the average size of the particles on the surface and the surface roughness were the 

largest for the 12.0 min sample. The large particle size and rough surface both led to a 

higher chance of the metal coating to be damaged and ripped off from the Ni-P/PET 

composite during the tape adhesion test and eventually resulted the increased electrical 

resistance. However, the electrical resistances were still low suggesting that the Ni-P/PET 

composite retained a decent electrical conductivity after the tape adhesion test, which 

revealed the positive effect of the sc-CO2 catalyzation on the metallization of PET. 

 

2.3.2 Characterization of Au/Ni-P/PET composite 

After the sensitization in 0.1 mM KAuCl4 solution, gold was deposited on the Ni-

P/PET composites. For the sc-CO2 catalyzed and then Ni-P deposited Ni-P/PET 

composites, the entire surface changed to a golden color after 60.0 min of the gold 

deposition time. Surfaces of the Au/Ni-P/PET composites were covered with tiny 

particles as shown in Fig. 2-6. Rugged surfaces were observed when the gold deposition 

time was longer than 60.0 min.   

The gold thickness was 1.02 μm after 60 min of the gold deposition, and the 

thickness slowly increased to 1.32 and 1.65 μm after 90 and 120 min, respectively, of the 

gold deposition as summarized in Fig. 2-7. Again, an incubation time was needed for 

formation of gold on the surface, and the gold growth rate was much smaller than the Ni-

P growth rate. Gold ions are very active in solutions, and complexing agents are needed 

to stabilize the gold ions to allow it to be stored before usage. Consequently, reduction of 

gold ions would be limited by the complexing agents and resulted a slow growth rate. In 
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fact, the gold growth rate obtained in this study corresponded well with the information 

provided by the gold electroless plating solution supplier.   

XRD patterns of the Au/Ni-P/PET composites are shown in Fig. 2-8. Signals at 

around 2θ = 40°, 45°, 65°, 78° and 83° were evidences of face-centered cubic (FCC) 

crystal structure of gold (JCPDS card No 46-1043). The peak at 2θ = 25° was contributed 

by the PET, and signals from the Ni-P were not identified. With 3.0 min of the Ni-P 

deposition time, the Ni-P thickness was expected to be at 0.51 μm. The gold thickness 

reached 1.02 after 60 min of the gold deposition time, hence, the amount of Ni-P left on 

the PET should be very low. The poor crystallinity of Ni-P would be another reason. On 

the other hand, relative intensity of the gold peaks increased as the gold deposition time 

increased. This also suggested an increase in the amount of gold on the surface.  

Gold is one of the most electrically conductive materials. The electrical 

resistances of the Au/Ni-P/PET composites were all much lower than those of the Ni-

P/PET composites, which the electrical resistance decreased by about 10 times after the 

gold deposition. The electrical resistances of the Au/Ni-P/PET composites are 

summarized in Fig. 2-9. The electrical resistance was 0.015 Ω for the composite with 60 

min of the gold deposition, and the value further reduced to 0.012 and 0.010 Ω after 90 

and 120 min of the gold deposition, respectively. 

 

2.3.3 Catalytic activity of Au/Ni-P/PET composite 

The catalytic activity of the Au/Ni-P/PET composite in oxidation of three 

common sensing-targets (urea, ascorbic acid and glucose) in biosensors were evaluated. 

After introducing the biomolecule into the PBS solution (25 μM for urea and 2.5 mM for 

ascorbic acid and glucose), a sudden increase in the current density was observed as 
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shown in Fig. 2-10 and Fig. 2-11(a) The increase of the current response represented the 

current generated from the oxidation reaction of the biomolecules. The current density 

increased again after adjustment of the concentration to a higher value (50 and 75 μM for 

urea and 5.0 and 7.5 mM for ascorbic acid and glucose). In oxidation of these three 

biomolecules, the current density increased immediately after introducing the 

biomolecules into the PBS solution, and then the current density gradually reduced to a 

steady-state level. The steady-state level was higher than the steady-state level at a lower 

concentration of the biomolecules. The gradual decrease in the current density is 

suggested to be caused by products produced from the oxidation reaction that adsorb on 

surface of the electrode and interfere with the main reaction [8]. Nevertheless, the overall 

current density was higher when a higher concentration of the specific biomolecule was 

introduced into the PBS solution, which revealed the catalytic activity of the flexible 

Au/Ni-P/PET composite electrode in the oxidation reaction. Regarding reliability of the 

Au/Ni-P/PET composite, after the tape adhesion test, the composite electrode still showed 

an obvious increase in the current density along an increase in the glucose concentration. 

The result confirmed the intactness of the Au/Ni-P/PET composite.  

 

2.4 Chapter summary 

Functionalization of PET films were achieved by an electroless plating process 

involving a sc-CO2 catalyzation step to demonstrate the potential in preparation of 

flexible catalytic electrodes. Metallization of the PET catalyzed by conventional method 

was not successful. The sc-CO2 catalyzation step was conducted in sc-CO2 containing 

Pd(hfa)2 as the source of the palladium catalyst for the later Ni-P deposition. The Ni-P 

layer was used as the sacrificial layer in deposition of the gold layer. By the sc-CO2 
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catalyzation, the electrical resistance of the Ni-P/PET reached 0.27 Ω after 9.0 min of the 

Ni-P deposition time. The electrical resistance merely changed to 0.30 Ω after the tape 

adhesion test, which confirmed contributions of the sc-CO2 catalyzation on the reliability 

of the Ni-P/PET composite. Gold was deposited on the Ni-P/PET composite also by an 

electroless plating process, and the electrical resistance was lowered to 0.015 Ω after 60.0 

min of the gold deposition. The catalytic activity of the Au/Ni-P/PET composites in 

oxidation of urea, ascorbic acid and glucose were confirmed, which demonstrate the 

potential as flexible catalytic electrodes in biosensors.   
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2.6 Figures 

 
 

Figure 2-1. Image of the (a) PET film , (b) sc-CO2 catalyzed PET films, (c) Ni-P/PET 

composite and (d) Au/Ni-P/PET composite. Unit of the major scale of the ruler shown in 

the figure is cm. 
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Figure 2-2. SEM observations of top views of the Ni-P/PET composites prepared with 

(a) 3.0, (b) 6.0, (c) 9.0 and (d) 12.0 min of the Ni-P deposition time.      
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Figure 2-3. (a) a plot of the Ni-P deposition time versus the Ni-P layer thickness and the 

overall growth rate, and SEM observations of cross-sectional views of the Ni-P/PET 

composites prepared with (b) 3.0, (c) 6.0, (d) 9.0 and (e) 12.0 min of the Ni-P deposition 

time. 
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Figure 2-4. XRD of the Ni-P/PET composites prepared with (a) 3.0, (b) 6.0, (c) 9.0 and 

(d) 12.0 min of the Ni-P deposition time. 
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Figure 2-5. Plots of the Ni-P deposition time versus the electrical resistance.   
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Figure 2-6. Surface morphology of the Au/Ni-P/PET composites prepared with (a) 60.0, 

(b) 90.0 and (c) 120.0 min of the gold deposition time.     
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Figure 2-7. A plot of the gold deposition time versus the gold layer thickness. 
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Figure 2-8. XRD of Au/Ni-P/PET composites with (a) 60.0, (b) 90.0 and (c) 120.0 min 

of the gold deposition time. (FCC Au: JCPDS no. 04-0784) 
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Figure 2-9. A plot of the gold deposition time versus the electrical resistance. The insert 

image shows appearance of the Au/Ni-P/PET composite. 
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Figure 2-10. Amperometric curves generated from oxidation of (a) urea and (b) ascorbic 

acid in PBS using the Au/Ni-P/PET composite as the catalytic electrode.    
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Figure 2-11. Amperometric curves generated from oxidation of glucose in PBS using the 

(a) as-fabricated and the (b) tape adhesion tested Au/Ni-P/PET composite as the catalytic 

electrode. 
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  CHAPTER 3 

Platinum metallization of Polyethylene Terephthalate 

(PET) by sc-CO2 catalyzation and the tensile fracture 

strength  

3.1 Introduction 

In the chapter 2, a flexible catalytic electrode composite of Au/Ni-P/PET was 

successfully fabricated. While gold is commonly used in bioelectronic components, 

platinum (Pt) is often preferred for its high biocompatibility and ability to avoid allergic 

reactions in individuals [3-1]. However, Pt electroless plating is rarely reported in 

metallization of the PET. To expand the range of metalized flexible electronic components 

for various applications. In this chapter, metallization of biocompatible Pt metal is 

realized by supercritical CO2 (sc-CO2) assisted electroless plating. The catalyst precursor 

used in the sc-CO2 catalyzation step is an organometallic compound, palladium (II) 

acetylacetonate (Pd(acac)2). The electrical resistance is evaluated, and a tape adhesion 

test is utilized to demonstrate intactness of the Pt layer on the PET film. A tensile test is 

conducted to evaluate the mechanical strength of the Pt/PET. In-situ electrical resistances 

of the specimen are monitored during the tensile test. The fracture strength is determined 
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from the stress value when the short circuit occurred. The promoted fracture strength and 

the decent electrical conductivity demonstrate the advantages toward biomedical devices. 

 

3.2 Experimental 

3.2.1 Materials 

PET films (Toray Industries, Inc.) were cut into dog-bone shaped specimen as 

illustrated in Fig. 3-1. In the narrow section, the length was 18 mm, the width was 3 mm, 

and the thickness was 0.1 mm. The metallization of the PET by a conventional 

catalyzation step was conducted to be used as comparisons with the sc-CO2 catalyzation 

step. A commercial catalyzation solution (Okuno Chemical Industries Co., Ltd.: ICP 

Accera KCR) was used for the conventional catalyzation step. For the sc-CO2 catalyzation, 

CO2 with a purity of 99.99% was purchased from Nippon Tansan Gas Co., Ltd. 

Palladium(II) acetylacetonate (Pd(acac)2) and ε-caprolactam (99%) were purchased from 

Sigma-Aldrich. The Pt electroless plating solution was also a commercial solution 

(MATEX Japan Co., Ltd.: Non-Cyanide Electroless Platinum Solution.), and the solution 

contained potassium tetranitroplatinate (0.1% ~ 0.3%), sodium borohydride (0.05% ~ 

0.3%), others (0.5% ~ 0.8%). For the tape adhesion test, a 3M Scotch tape (3M: Scotch 

Magic Tape, 810-1-18D) was used. 

 

3.2.2 Conventional and sc-CO2 Catalyzation 

 In the conventional catalyzation, the PET specimen was immersed in the 

catalyzation solution at 30.0 ± 1 °C for 30 min. For the sc-CO2 catalyzation step, the sc-

CO2 equipment was provided by Japan Spectra Company. The reaction cell was made of 

stainless steel 316 lined with polyether ether ketone coatings on the inner wall, and the 
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inner volume was 50.0 ml. A piece of the PET specimen was placed in the reaction cell 

with 50.0 mg of Pd(acac)2 and 30.0 mg of ε-caprolactam (99%). The sc-CO2 catalyzation 

was conducted for 2.0 hr at 120.0 ± 𝟏 °C and 15.0 MPa. 

 

3.2.3 Metal deposition 

No additional treatment was conducted after the catalyzation step. The 

conventionally catalyzed and sc-CO2 catalyzed PET films were immersed into the Pt 

electroless plating solution for 30 min, 45 min, and 60 min at 70.0 ± 𝟏 °C. 

 

3.2.4 Characterization 

The surface morphology and cross-section of the Pt metallized PET (Pt/PET) 

were observed by an optical microscope (OM, KEYENCE: VHV-5000) and a scanning 

electron microscope (SEM, HITACHI: S-4300SE). The crystal structure and phase of the 

Pt/PET were identified by an X-ray diffractometer (XRD, Rigaku: Ultima IV). The 

thickness of the Pt layers was evaluated by observing the cross-section by the SEM. The 

electrical resistance was examined by a four-point probe (Mitsubishi Chemical Analytech 

Co., Ltd.: MCP-T37). The adhesion test was conducted by firmly sticking a piece of the 

3M tape with a 1 kg load to the specimen surface [3-2]. After removing the load and 

peeling the 3M tape off the specimen surface in sequence, the electrical resistance was 

measured again. To ensure reliability of the result, the adhesion test was conducted three 

times using different samples prepared under the same conditions. The tensile test was 

conducted by a universal testing machine (Shimadzu Corp.: Autograph Instron–type AG-

1kNI). The electrical resistance of the tensile specimen was monitored by an electrical 

resistance meter (HIOKI E.E. CORPORATION.: RM3544) during the tensile test. The 
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fracture point of the specimen was determined by the point when the electrical resistance 

suddenly increased to an extremely high value as a result of short circuit. 

  

3.3 Results and discussion 

3.3.1 Pt metallization of PET 

Surface appearances of the conventionally catalyzed and the sc-CO2 catalyzed 

PET specimens after 60 min of the Pt deposition time are shown in Fig. 3-1(b). The PET 

specimen by conventional catalyzation remained clear and transparent showing only 

features of the as-received PET film. The conventional catalyzation was suggested to be 

ineffective to catalyze the PET specimen, and lead to the unsuccessful metallization result. 

On the contrary, the sc-CO2 catalyzed PET specimen was fully covered with a layer of 

gray metal-like coatings after the Pt deposition step. The metal-like coatings were 

believed to be metallic Pt, and the metallized PET remained flexible after the Pt 

deposition step. 

XRD patterns of the as-received PET film and the Pt metallized PET specimens 

prepared with the sc-CO2 catalyzation step are shown in Fig. 3-2. Surfaces of the PET 

was entirely covered with the metal-like appearance when the Pt deposition time longer 

than 30 min was used. Therefore, only specimens with the Pt metallization of 30 min, 45 

min and 60 min were characterized. The peak at 2θ = 25° revealed the contribution from 

the PET [3-3]. Signals at around 2θ = 39.9°, 46.4°, 67.7°, 82.5° and 85.9° were evidences 

of the face-centered cubic (FCC) crystal structure of Pt (JCPDS card No 87-0647). 

Relative intensities of the Pt peaks increased and the PET XRD peaks gradually weakened 

following an increase in the Pt deposition time, which revealed the amount of Pt on the 

PET specimen increased with the Pt deposition time. Thickness of the Pt layer is described 
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in a later section. The Pt (111) peak became the XRD peak with the highest relative 

intensity when the Pt deposition time reached 45 min. Relative intensities of the Pt peaks 

did not vary much as the Pt deposition prolonged, which suggests the crystal structure did 

not change much as the Pt deposition time increased.  

Morphologies of the Pt/PET with 30 min, 45 min and 60 min of the Pt deposition 

time are shown in Fig. 3-3. The surfaces were covered with small and relatively uniform-

sized particles and large irregular shaped particles. As the Pt deposition time prolonged, 

there was no obvious change in the average sizes of the small uniform-sized and large 

irregular shaped particles, and an increase in the density of the irregular shaped particles 

was observed. 

The thickness of the Pt layer was determined from the cross-sectional images. 

Examples of the cross-sectional images are shown in Fig. 3-3(d) to (f). The Pt layer 

thickness reached 0.20 μm after 30 min of the Pt deposition time, and it thickened to 0.32 

μm and 0.41 μm when 45 min and 60 min, respectively, of the Pt deposition time was 

used. Fig. 3-4(a) shows the relationship between the Pt deposition time and the Pt layer 

thickness. The Pt layer thickness increased almost linearly as the Pt deposition time 

increased. Regarding the Pt layer growth rate, a complete Pt coverage of the PET surface 

was not achieved when the Pt deposition time was shorter than 30 min. Hence, the Pt 

growth rate were determined using the 30 min, 45 min and 60 min specimens. The Pt 

growth rate was 0.0067 μm/min in the in the first 30 min of the Pt deposition. For the Pt 

deposition time of 30 min to 45 min, the Pt growth rate was 0.0080 μm/min, and the Pt 

growth rate decreased to 0.0060 μm/min in the next 15 min interval. A plot of the Pt 

deposition time versus the Pt growth rate is provided in Fig. 3-4(a). In electroless plating, 

an incubation time is usually needed before the metal deposition starts, and the growth 
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rate would gradually decrease when the deposition time is long because of continuous 

consumption of the metal ions and reducing agents involved in the metal deposition [3-

4]. Therefore, generally, the growth rate is expected to be low to almost zero during the 

period of the incubation time. Then, a constant growth rate is achieved before 

concentrations of the reactants in the plating solution drop to a certain level. In this study, 

the incubation time was suggested to be less than 30 min for the sc-CO2 catalyzed PET 

specimen.  

 

3.3.2 Electrical resistance of Pt/PET  

The electrical resistances of the Pt/PET were summarized in Fig. 3-4(b). The 

Pt/PET prepared with 30 min of the Pt deposition time before the adhesion test showed a 

decent electrical resistance at 0.95 Ω with a small standard deviation. The result 

confirmed the PET specimen was fully covered by the Pt. As the Pt deposition time 

extended to 45 min and 60 min, the electrical resistances were reduced to 0.80 Ω and 0.54 

Ω, respectively. The reduced electrical resistance was a result of an increase in the amount 

of Pt on the PET specimen, and this corresponded well the trend of the relative XRD peak 

intensity observed from the XRD characterization.  

Some parts of the metallized Pt could be removed from the PET surface by the 

peeling motion of the tape in the tape adhesion test if the adhesion between the Pt and Pet 

is weak. Hence, the tape adhesion test was used to evaluate the reliability of the Pt layer 

on the PET. After the tape adhesion test, the electrical resistance of the Pt/PET with 30 

min of the Pt deposition time increased to 1.76 Ω, which was an 85.3% increase. This 

increase in the electrical resistance was large, but the electrical resistance was still low 

and applicable toward electronic devices. For the Pt/PET with 45 min and 60 min of the 
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Pt deposition time, the electrical resistances increased to 1.50 Ω and 1.09 Ω, respectively, 

after the adhesion test. The increasing percentages were 87.5% and 101.9% for the Pt/PET 

with 45 min and 60 min of the Pt deposition time, respectively. Again, the Pt/PET with 

the longest Pt deposition time showed the lowest electrical resistance after the adhesion 

test, but the increasing percentage was the highest.  

The resistance to the peeling motion of the tape in the tape adhesion test is 

suggested to be related to the size of the tape, weight applied in the tape adhesion test, 

interactions between the Pt layer and the PET substrate surface, and surface conditions of 

the Pt layer. The size of the tape and the weight were the same in evaluations of all 

specimens. The interaction between the Pt layer and the PET substrate is suggested to be 

mostly affected by the sc-CO2 catalyzation. Again, the same sc-CO2 catalyzation step was 

applied in the 30 min, 45 min and 60 min specimens. Therefore, the surface condition 

illustrated in Fig. 3-3 was thought to be the main cause leading to the increase in the 

increasing percentage of the electrical resistance after the tape adhesion test. The large 

irregularly shaped particles are suggested to be more likely to be removed after the tape 

adhesion test leading to an increase in the electrical resistance. Hence, the 60 min 

specimen showed the largest increasing percentage after the tape adhesion test. 

 

3.3.3 Fracture strength 

 Engineering stress-strain (SS) curves generated from the tensile test and the in-

situ electrical resistances as the tensile test proceeded are provided in Fig. 3-5. In the three 

SS curves, the yield point is not clear, and the linearity in the elastic region is poor. The 

specimens were composite materials composed of an outer Pt layer and PET core in the 

cross-section, and this resulted the unclear yield point and the poor linearity. Regarding 
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the in-situ electrical resistances in the three specimens, all three of them increased almost 

linearily before the short circuit occurred. The short circuit was defined to be the condition 

when the in-situ electrical resistance suddenly reached an extremely high value during 

the tensile test. 

For the mechanical strength, the unclear yield point and the poor linearity lead 

to difficulties in determination of the yield strength. The electrical resistance is a key 

property indicating performance of the Pt/PET in this study. Therefore, the stress value 

when the short circuit occurred between two ends of the dog-bone shaped specimen was 

used and reported as the fracture strength in this study. The fracture strengths are provided 

in Table 1. The fracture strength was 33.9 MPa for the Pt/PET with 30 min of the Pt 

deposition time. As the Pt deposition time increased to 45 min and 60 min, the fracture 

strength reached 52.3 MPa and 65.9 MPa.  

The overall strength of a composite material is expected to increase when there 

is an increase in amount of the constituent material with a higher strength. The tensile 

strength of Pt is much higher than that of PET. Hence, an increase in the amount of the Pt 

layer in the Pt/PET is expected to cause an increase in the fracture strength. As shown in 

Fig. 3-4(a), the Pt layer thickness increased almost linearly with the Pt deposition time. 

Therefore, a positive relationship between the fracture strength and the Pt deposition time 

was an expected result. 

 

3.4 Chapter Summary 

 Pt metallization of PET film was successfully achieved by electroless plating 

with the supercritical CO2 catalyzation step. Sc-CO2 functioned as the solvent, and Pd(II) 

acetylacetonate was used as the Pd catalyst source in the catalyzation step. The thickness 
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of the Pt layer increased linearly as the Pt deposition increased from 30 min to 60 min. 

The Pt layer thickness reached 0.20 μm after 30 min of the metal deposition time, and the 

Pt layer thickened to 0.41 μm as the deposition time extended to 60 min. For the as-

metallized Pt/PET with 30 min of the Pt deposition time, the electrical resistance was 0.95 

Ω, and the electrical resistance reduced to 0.54 Ω as the Pt deposition time prolonged to 

60 min. The thickened Pt layer was the main course of the reduced electrical resistance. 

For the Pt/PET with 60 min of the Pt deposition, the electrical resistance merely changed 

to 1.09 Ω after the tape adhesion test, and the fracture strength was at 65.9 MPa. The low 

electrical resistances before and after the adhesion test and the high tensile strength in the 

Pt/PET reported in this study all revealed advantages of the sc-CO2 catalyzation step in 

development of biocompatible and flexible electronics.  
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3.6 Figures 

 

Figure 3-1. (a) Illustration of the dog-bone shaped specimen. (b) Appearances of 

comparison of metalized PET catalyzed in conventional solution and sc-CO2 
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Figure 3-2. XRD patterns of the (a) PET film and the Pt/PET prepared with (b) 30 min, 

(c) 45 min and (d) 60 min of the Pt deposition time. (JCPDS card No 87-0647) 
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Figure 3-3. Surface morphology of Pt metallized PET treated by the sc-CO2 catalyzation 

follow by (a) 30 min, (b) 45 min, and (c) 60 min of the Pt deposition time, and cross-

sectional view of the specimen with (d) 30 min, (e) 45 min, and (f) 60 min of the Pt 

deposition time. 
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Figure 3-4. Plots of the (a) Pt deposition time versus the Pt layer thickness and the Pt 

growth rate, and the (b) Pt deposition time versus the electrical resistance. 
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Figure 3-5. Engineering stress-strain curve of the engineering stress-strain curves and in-

situ electrical resistances of the Pt/PET prepared with (a) 30 min (b) 45 min (c) 60 min of 

the Pt deposition time. 
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4.7 Tables  

 

Table 4-1. Fracture strength of the Pt/PET. 
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CHAPTER 4 

Metallization of 3D-printed polymer via sc-CO2 

assisted electroless plating 

4.1 Introduction 

In the previous chapter, the flexible electronic components are achieved and 

demonstrated the exclusive performance by the sc-CO2 treatment. Therefore, the next 

target is to develop a rapid fabrication approach using 3D printing technology. However, 

the weak chemical resistance of 3D-printed substrates has made metallization as a 

challenge. To address this issue, a supercritical carbon dioxide (sc-CO2) assisted 

electroless plating process was utilized in this chapter to successfully metalize a 3D-

printed substrate. Ni-P coatings were deposited onto the catalyzed polymer structure using 

a commercially available Ni-P solution. Electrical resistance of the Ni-P metallized 

polymer structure was measured using the four-point probe method, and the adhesion of 

the Ni-P coating on the polymer structure was evaluated using a tape adhesion test. 

 

4.2 Experimental 

4.2.1 3D printing 

The 3D printer (Mars UV Photocuring LCD MSLA 3D Printer) and photopolymer 
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resin (Standard LCD UV-Curing Photopolymer Rapid Resin for 3D Printers) were 

purchased from Elegoo Inc. The 3D-printed polymer structure was prepared by a series 

of printing and exposure steps. In the printing step, the photopolymer resin would be 

printed into a layer of square mesh patterns having a resolution of 50 μm by 50 μm in X-

Y plane via the LCD active mask and the minimum layer thickness was about 100 μm. 

Then each layer of the square mesh patterns would be exposed to UV light at λ = 405 nm 

for 6 s. A 3D-printed structure with a desired shape was prepared by repeating the printing 

and exposure steps controlled by a computer software. Two designs of the 3D-printed 

polymer structure were prepared. One was with the shape of a hammer to demonstrate 

the ability to metallize 3D-printed polymer structures having a complex design, the other 

one was a square-pad for evaluation of the properties as shown in Fig. 4-1. For the 

hammer, dimensions of the head were 38 mm × 20 mm × 15 mm, and the length and 

diameter of the handle were 25 and 4.5 mm, respectively. The square-pad was 20 mm on 

each side, and the thickness was 2 mm. 

 

4.2.2 Catalyzation 

As a comparison with the sc-CO2 catalyzation, conventional catalyzation was 

conducted with a commercially available catalyzation solution (ICP Accera KCR, Okuno 

Chemical Industries Co., Ltd, Japan). The immersion time was 30 min, and the 

temperature was maintained at 30 °C. The sc-CO2 equipment was purchased from Japan 

Spectra Company. The reaction cell was made of stainless steel 316 with polyether ether 

ketone coating on the inner wall, and the inner volume was 50 ml. The temperature and 

pressure were maintained at 70 °C and 15 MPa, respectively. Density of CO2 at 70 °C and 

15 MPa is 0.50588 g/ml [4-1]. 100 mg of Pd(hfa)2 (Sigma-Aldrich, USA) was introduced 
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into the reaction cell, and the concentration would be 0.4 wt% in sc-CO2. The catalyzation 

time was 2 hr. 

 

4.2.3 Metal deposition 

The metal deposition step was conducted with a commercially available Ni-P 

solution (Top Nicoron VS-LF, Okuno Chemical Industries Co., Ltd, Japan). The Ni-P 

solution had a composition of nickel chloride (9 wt%), sodium hypophosphite (12 wt%), 

complexing agent (12 wt%), and ion-exchanged water (67 wt%). Temperature of the Ni-

P solution was kept at 70, 80 or 90 °C. The deposition time was 3, 10 or 30 min. 

 

4.2.4 Characterization 

Surface morphology of the Ni-P metallized 3D polymer structure was observed 

by a scanning electron microscope (SEM, S-4300SE, HITACHI, Japan). Crystal structure 

of the deposited Ni-P coating was identified by X-ray diffraction (XRD, Ultima IV, 

Rigaku, Japan). Thickness of the Ni-P coating was estimated by observing the cross-

section of the Ni-P/polymer structure by the SEM. The polymer substrate was hard and 

brittle after the exposure step, hence the cross-section was prepared by cutting back-side 

of the Ni-P metallized polymer substrate then break the sample into two halves along the 

cutting mark. The electrical resistance was evaluated by a four-point probe (MCP-T37, 

Mitsubishi Chemical Analytech Co., Ltd. Japan). For the tape adhesion test [4-2], a piece 

of 3M tape (810-1-18D Scotch Magic Tape, 3M, USA) was firmly stuck to the sample 

surface by applying a 1-kg load and peeled off afterward. The square-pad samples were 

used in the morphology observation, XRD, electrical resistance and tape adhesion test 

characterizations. 
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4.3 Results and Discussion 

4.3.1 Ni-P metallization of 3D-printed polymer 

Overviews of hammer-shaped 3D-printed polymer structures catalyzed by the 

conventional method and the sc-CO2 catalyzation followed by metal deposition at 90 °C 

are shown in Fig. 4-2(a) and Fig. 4-2(b), respectively. An US quarter-dollar coin was also 

demonstrated as a scale and color comparison. Color of the as-prepared photopolymer 

resin was red with some transparency. Appearance of the 3D-printed hammer hardly 

changed after the metal deposition step when the conventional catalyzation was used as 

shown in Fig. 4-2(a), which indicated the conventional catalyzation was ineffective to 

deposit Pd catalysts on surfaces of the 3D-printed polymer. On the other hand, the 3D-

printed hammer catalyzed in sc-CO2 showed metal-like surfaces after the metal 

deposition step as shown in Fig. 4-2(b), which revealed Pd seeds were successfully 

decorated on the 3D-printed polymer by the sc-CO2 catalyzation and worked as the 

catalyst in the later metal deposition step. Appearance of the sample in Fig. 4-2(b) showed 

similar metallic luster to the metal coin.  

The as-deposited Ni-P was expected to be amorphous. The XRD signals at 

around 2θ = 20° were contributed by the 3D-printed polymer as shown in Fig. 4-2(c) to 

Fig. 4-2(e). The signals at around 2θ = 45° were caused by the amorphous Ni-P. Intensities 

of the Ni-P signals increased and the polymer signals decreased along with an increase in 

the metal deposition time, which suggested an increase in amount of Ni-P deposited on 

the surface when a longer metal deposition time was applied.   

The surface morphology of Ni-P metallized 3D-printed square-pad structures 

catalyzed in sc-CO2 could be observed from the SEM images shown in Fig. 4-3. The 
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sample with the deposition temperature at 90 °C and the deposition time at 3 min showed 

checkerboard-like surface as shown in Fig. 4-3(a), and one side of the square pattern was 

about 50 μm long, which was the same as the resolution of the square mesh patterns in 

the printing step of the 3D-printed square-pad structures. This implied the square pattern 

observed from the SEM was simply reflecting surface conditions of the as-printed sample 

[4-3,4-4]. The checkerboard morphology became less obvious as the deposition time 

increased to 10 and 30 min as shown in Fig. 4-3(b) and Fig. 4-3(c), respectively. The 

surface was found to be covered by cauliflower-like nodules when 30 min of the 

deposition time was used. The nodule morphology is commonly observed in electroless 

plated materials [4-5] because of the tendency of deposited Ni-P to have isotropic growth 

to reduce the surface energy as the deposition proceed [4-6].  

The thickness of the Ni-P layer reached 1.7 μm when 3 min of the deposition 

time was used for the 3D-printed polymer catalyzed in sc-CO2 as shown in Fig. 4-3(d). 

The thickness increased to 2.4 and 4.3 μm when the deposition time increased to 10 and 

30 min, respectively. The effect of the metal deposition time on the Ni-P layer thickness 

is summarized in Fig. 4-4(a). The increased thickness as the deposition time increase 

corresponded well to results observed from the XRD (Fig. 4-2(c) to (e)) and the surface 

morphology (Fig. 4-3(a) to Fig. 4-3(c)), which the XRD responses from the substrate 

gradually decreased and the peak intensities contributed by the Ni-P gradually increased 

as the deposition time prolonged. Also, the leveling effect [4-7] observed in the sample 

with the deposition time at 30 min was also a result of the prolonged metal deposition 

time, which surface conditions (the square mesh patterns) of the 3D-printed structure 

became unobservable as the covering Ni-P layer thickened.   
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4.3.2 Electrical resistance of Ni-P metalized 3D-printed polymer 

 Effects of the deposition temperature on electrical resistance of the Ni-P 

metallized 3D-printed polymer structures are shown in Fig. 4-4(b). In previous sections, 

the samples were metallized at a deposition temperature of 90 °C, because this 

temperature was the optimum temperature found in this study. As shown in Fig. 4-4(b), 

an increase in the resistance was observed when a lower deposition temperature was used. 

The resistance was 0.61 Ω when the temperature was at 90 °C, and the resistance 

increased to 1.77 and 7.27 Ω when 80 and 70 °C was used. As suggested by results shown 

in Fig. 4-2(a) and (b), conditions of the catalyst deposited on the polymer play an 

important role on quality of Ni-P deposited on the polymer. According to a study on 

thermal stability of Pd(hfa)2 [4-8], thermal degradation of Pd(hfa)2 occurs when the 

temperature reaches 90 °C. As the thermal degradation occurred, Pd embedded in the 

organometallic complex structure would be released to form metallic Pd. After the sc-

CO2 catalyzation step, Pd ions in the Pd(hfa) compounds were expected to stay in the 

oxides state with no catalytic activity since the temperature used in the sc-CO2 

catalyzation was 70 °C and no reducing agent was introduced. After having contact with 

reducing agents in the Ni-P solution, the Pd(hfa)2 would be decomposed and reduced to 

release metallic Pd, which became the catalyst in the deposition of Ni-P. This is one of 

the causes of the incubation time observed in electroless plating [4-9] Therefore, the metal 

deposition temperature was suggested to have great influence on reduction of the Pd(hfa)2 

in the initial state of the metal deposition step, and eventually affected qualities of the Ni-

P layer.   

In Fig. 4-4(c), electrical resistances of the Ni-P metallized 3D-printed polymer 

structures were evaluated before and after the tape adhesion test to reveal reliability of 
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the samples. The resistances were 0.61, 0.15, and 0.03 Ω for the sample with 3, 10, and 

30 min of the deposition time, respectively, before the tape adhesion test. The reduced 

resistance as the deposition time increased was suggested to be results of the thickened 

Ni-P layer. After the tape adhesion test, the resistances were 0.76, 0.48, and 0.04 Ω for 

the sample with 3, 10, and 30 min of the deposition time, respectively. Generally, the 

resistance did not change much after the tape adhesion test revealing advantages of the 

sc-CO2 assisted electroless plating process in metallization of 3D-printed polymer 

structures. 

 

4.4 Chapter Summary 

Metallization of 3D-printed polymer structures was achieved by sc-CO2 assisted 

electroless plating process to demonstrate the potential for rapid fabrication of electronic 

components. The catalyzation step was conducted in sc-CO2 with Pd(hfa)2 as source of 

the Pd catalyst. Thickness of the metallized Ni-P reached 1.7 μm after 3 min of the metal 

deposition time, and the Ni-P layer thickened to 4.3 μm as the deposition time extended 

to 30 min. The electrical resistance reached 0.61 Ω after 3 min of metal deposition time, 

and the resistance was lowered to 0.03 Ω after 30 min of the deposition time. After the 

tape adhesion test, electrical resistance of the Ni-P metallized 3D-printed polymer 

structure merely changed to 0.04 Ω for the sample with 30 min of the deposition time.  
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4.6 Figures 

 

Figure 4-1. Schematic diagrams of the 3D-printed (a) hammer and (b) square-pad 

structures. 
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Figure 4-2. Metalized 3D-printed hammer structures catalyzed in (a) conventional 

solution and (b) sc-CO2, and XRD of the metallized 3D-printed square-pad structures 

treated by the sc-CO2 catalyzation follow by (c) 3, (d) 10, and (e) 30 min of the metal 

deposition time and the deposition temperature at 90 °C. 
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Figure 4-3. Surface morphology of Ni-P metallized 3D-printed square-pad structures 

treated by the sc-CO2 catalyzation follow by (a) 3, (b) 10, and (c) 30 min of the metal 

deposition time, and cross-sectional view of the samples with (d) 3, (e) 10, and (f) 30 min 

of the metal deposition time and the deposition temperature at 90 °C.     
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Figure 4-4. Plots of (a) the metal deposition time versus the Ni-P layer thickness with the 

deposition temperature at 90 °C, (b) the metal deposition temperature versus the electrical 

resistance with the deposition time fixed at 3 min, and (c) the metal deposition time versus 

the electrical resistance with the deposition temperature maintained at 90 °C. 
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CHAPTER 5 

Sc-CO2 assisted gold metallization of 3D-printed 

polymer and the tensile strength 

5.1 Introduction 

 In chapter 5, successful Ni-P metallization of 3D-printed polymer structures by 

a supercritical carbon dioxide (sc-CO2) assisted electroless plating process demonstrated 

the potential for rapid fabrication of electronic components. However, to advance the 

results towards practical applications, the mechanical properties need to be evaluated. In 

addition to the adhesion test, a tensile test was conducted in this chapter. Furthermore, 

the application fields of the 3D-printed substrate were expanded by depositing a 

sacrificial Ni-P layer for sequential gold deposition. 

 

5.2 Experimental 

5.2.1 3D printing  

The 3D printer (MARS 2 PRO MONO LCD MSLA resin 3D printer) and 

photopolymer resin (Standard LCD UV-Curing Photopolymer Rapid Resin for 3D 

Printers) were purchased from Elegoo Inc. The resin was composed of phenolic epoxy 
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resin (40-50 wt%), 6-hexanediol diacrylate (20-40 wt%), color pigment (2-5%), and 1-

hydroxycyclohexyl phenyl ketone (3-5 wt%). UV light at λ = 405 nm was used as the 

light source in photopolymerization of the resin. For the tensile test, a dog-bone shaped 

structure was prepared. A schematic diagram of the dog-bone shaped structure is provided 

in Fig. 5-1(a). 

 

5.2.2 Catalyzation 

A commercial catalyzation solution (Okuno Chemical Industries Co., Ltd.: ICP 

Accera KCR) was used to catalyze the 3D printed polymer structures to be used as 

comparison treated by the sc-CO2 catalyzation. For the conventional catalyzation step, 

the experimental conditions were 30°C and 30 min. For the sc-CO2 catalyzation step, the 

sc-CO2 equipment was provided by Japan Spectra Company. The reaction cell was 

constructed by stainless steel 316 with polyether ether ketone coating on the inner wall, 

and the inner volume was 50.0 ml. The 3D printed polymer structure and 50 mg of 

palladium bis-hexafluoroacetylacetonate (Pd(hfa)2, Sigma-Aldrich) were placed in the 

reaction cell. After sealing the reaction cell properly, liquidized CO2 was pumped into the 

reaction. The pressure was controlled at 15 MPa, and the temperature was at 70 °C. The 

catalyzation time was 1.0 hr. 

5.2.3 Metal deposition 

After the catalyzation step, the catalyzed 3D printed polymer structures were 

immersed into a Ni-P electroless plating solution (Okuno Chemical Industries Co., Ltd: 

Top Nicoron VS-LF) for 3.0 min at 70.0°C. The Ni-P plating solution is composed of 

nickel chloride (9 wt%), sodium hypophosphite (12 wt%), complexing agent (12 wt%), 

and ion-exchanged water (67 wt%). In electroless plating of gold [1], decoration of less 
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noble metals on the catalyzed substrate is required to be used as the sacrificial material 

before deposition of gold. And, Ni-P was chosen as the sacrificial material in this study. 

In addition, a sensitization step by immersing the Ni-P decorated 3D printed polymer 

structures in a 0.1 mM KAuCl4 (99.995%, Sigma-Aldrich) solution for 1hr at 30.0 °C was 

conducted. Then the Ni-P decorated/KAuCl4 sensitized/3D printed polymer structures 

were placed in a commercially available gold electroless plating solution (MATEX Japan 

Co., Ltd.: Non-Cyanide Electroless Solution, and the solution contained 2 g/L of Au and 

pH at 7) for 15.0 min, 30.0 min and 45.0 min at 65° C to cover the entire surface with 

gold.  

 

5.2.4 Characterization 

Surface morphologies and cross-section of the gold metallized 3D printed 

polymer structures were observed by a scanning electron microscope (SEM, HITACHI: 

S-4300SE).  The thickness of the gold layer was determined through observing the cross-

section, and the thickness of at least five locations was obtained and averaged to be used 

as the reported thickness. Crystal structures and phase of the gold metallized 3D printed 

polymer structures were identified by X-ray diffraction (XRD, Rigaku: Ultima IV). The 

electrical resistance was examined by a four-point probe (Mitsubishi Chemical Analytech 

Co., Ltd.: MCP-T37). Intactness of the gold layer on the 3D printed polymer structures 

was investigated by a tape adhesion test [5-1, 5-2]. The tape adhesion test was conducted 

by firmly sticking a piece of 3M Scotch® tape onto the gold metallized sample surface 

with a 1 kg load. After removing the load and peeling the tape off the sample surface in 

sequence, the electrical resistance was measured again. The tape adhesion test was 

conducted three times using different samples prepared under same conditions to provide 
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a reliable result. The tensile test was conducted by a universal testing machine (Shimadzu 

Corp.: Autograph Instron–type AG-500NI). The electrical resistance of the dog-bone 

shaped structure was monitored by an electrical resistance meter (HIOKI E.E. 

CORPORATION.: RM3544) during the tensile test to determine the fracture point. Also, 

a video (Canon: HFR32) was taken during the tensile test. 

 

5.3 Results and discussion 

5.3.1 Au metallization of 3D-printed polymer 

Surface appearances of the 3D printed dog-bone shaped structures after the gold 

deposition step are provided in Fig. 5-1(b). The original color of the photopolymer resin 

is grey. The conventional catalyzation treated sample remained the color of the 

photopolymer resin after the gold deposition step, and this revealed unsuccessful 

metallization of the 3D printed polymer structures. On the other hand, the gold 

metallization was successful for the sc-CO2 catalyzed samples, which showed metal-like 

golden color after the gold deposition step. The results suggested the conventional 

catalyzation was ineffective in decoration of Pd catalyst seeds on the 3D printed polymer 

structure, hence, the gold deposition was not possible for the conventional catalyzation 

treated sample.  

X-ray diffraction patterns of the as-printed polymer structure is provided in Fig. 

6-2(a). Signals at around 2θ = 20° were contributed by the solidified photopolymer resin. 

After decoration of Ni-P on the sc-CO2 catalyzed sample (Fig. 5-2(b)), a broad peak at  

signals at around 2θ = 45° was observed, and this suggested presence of amorphous Ni-

P, which is commonly acquired in Ni-P obtained by electroless plating [5-3]. After the 

gold deposition, the XRD patterns are shown in Fig. 5-2(c) to (e). Signals at around 2θ = 
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40°, 45°, 65°, 78° and 83° could be assigned to face-centered cubic (FCC) crystal 

structure of gold (JCPDS card No 46-1043). In Fig. 5-2(c), contributions from the 

photopolymer resin were obvious, and the two FCC gold peaks at 2θ = 40° and 45° were 

not that sharp, which is suggested to be influenced by the amorphous Ni-P, in the 15.0 

min gold metallized sample. As the gold deposition time increased to 30.0 min and 45.0 

min, relative intensities of the photopolymer resin gradually decreased, and influences of 

the amorphous Ni-P became less observable. These findings suggested an increasing trend 

of the amount of gold deposited on the sample.     

Surface conditions of the gold metallized samples were evaluated from the SEM 

images shown in Fig. 5-3(a) to (c). In Fig. 5-3(a), surfaces of the 15.0 min sample were 

covered with many tiny particles, and these particles were believed to be gold. Some 

portion of the surface showed a darker color than the color of the tiny particles, and this 

was suggested to be regions still not covered with gold. As the gold deposition time 

increased to 30.0 min, sizes of the particles increased, and the entire surface was covered 

with the particles as shown in Fig. 5-3(b). In Fig. 5-3(c), the average size of the particles 

did not change much, but boundaries of the particles became less obvious as the gold 

deposition time extended to 45.0 min.  

Examples of the cross-sectional images used to determine the gold layer thickness 

are provided in Fig. 5-3(d) to (f). The gold layer thickness reached 0.48±0.11 μm after 

15.0 min of the gold deposition time, and it thickened to 0.92±0.12 μm and 1.23±0.26μm 

as the gold deposition time prolonged to 30.0 min and 45.0 min, respectively. An increase 

in the gold layer thickness corresponded well with the relative XRD signal intensity (Fig. 

5-2(c) to (e)) and surface condition (Fig. 5-3(a) to Fig. 5-3(c)) results, which the amount 

of gold on the sample increased following an increase in the gold deposition time. The 
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relationships between the gold deposition time, gold layer thickness and gold growth rate 

were plotted and shown in Fig. 5-4(a). The gold growth rate in the first 15.0 min interval 

of the gold deposition time was calculated to be 0.032 μm/min, and the gold growth rate 

gradually decreased to 0.029 μm/min and 0.021 μm/min for the second and third 15.0 min 

interval, respectively, of the gold deposition time. Reduction of the gold growth rate was 

suggested to be a result of a decrease in the concentration of reactive species in the gold 

electroless plating solution. 

 

5.3.2 Electrical resistance of Au Metalized 3D-printed polymer 

The electrical resistance of the 15.0 min sample was 0.70 Ω, and it reduced to 0.28 

Ω and 0.15 Ω, indicating an improved electrical conductivity, as the gold deposition time 

extended to 30.0 min and 45.0 min, respectively.  After the tape adhesion test, the 

electrical resistances slightly increased to 0.83 Ω, 0.35 Ω and 0.18 Ω for the 15.0 min, 

30.0 min and 45.0 min samples, respectively. The results are summarized in Fig. 5-4(b). 

Generally, the electrical resistance remained at a low level after the tape adhesion test, 

and this demonstrated the strong interaction between the gold layer and the 3D printed 

structure by the sc-CO2 catalyzation in metallization of 3D printed polymer structures. 

 

5.3.3 Fracture strength 

The fracture strength (σF) of the as-printed dog-bone shaped structure was 23.0 

MPa. After the gold metallization, the fracture strength increased to 34.9 MPa for the 15.0 

min sample, and the fracture strength reached 39.7 MPa and 47.6 MPa as the gold 

deposition time increased to 30.0 min and 45 min, respectively. The engineering stress-

engineering strain curves for each sample are provided in Fig. 5-5. Fig. 5-4(c) shows the 
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relationship between the gold layer thickness and the fracture strength. In general, 

strengthening of the 3D printed structure was obtained by depositing more gold on the 

sample. The fracture strength of pure gold is 120 MPa [5-4], which is much larger than 

the fracture strength then the as-printed dog-bone shaped structure. Therefore, it was 

expected to see an increase in the fracture strength after the gold metallization. 

In a further analysis on the contribution of the metallized gold to the fracture 

strength, a value of the fracture force divided by the area of the metallized gold in the 

cross-section (𝜎𝐹,𝐴𝑢) was calculated as indicated in the following equation:  

𝜎𝐹,𝐴𝑢 =
𝑇ℎ𝑒 𝑓𝑜𝑟𝑐𝑒 𝑤ℎ𝑒𝑛 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑜𝑐𝑐𝑢𝑟𝑠

𝐶𝑟𝑜𝑠𝑠͟𝑠𝑒𝑐𝑖𝑜𝑛𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒  𝑔𝑜𝑙𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
 

A plot of the gold layer thickness versus the 𝜎𝐹,𝐴𝑢   is provided in Fig. 5-4(c). A 

decreasing trend was observed following an increase in the amount of gold metallized 

onto the 3D printed structure. In mechanical characterization of small-sized metal-based 

materials, the mechanical strength is reported to be dependent on the size of the sample 

used in the mechanical test, which is known as the sample size effect [5-5]. Usually, a 

smaller-is-stronger is reported when reducing the sample size from bulk-size to micro-

scale or smaller. The higher 𝜎𝐹,𝐴𝑢 obtained as the gold layer thickness decreased is to 

some extend similar to the smaller-is-stronger phenomenon in the sample size effect. 

 

5.4 Chapter summary 

Additive manufacturing of gold metallized 3D structures was demonstrated in 

this study. Complete gold metallization of the 3D printed structures was realized by sc-

CO2 assisted electroless plating. The sc-CO2 was employed as a solvent to promote 

interaction between the Pd catalyst and surfaces of the 3D printed structures in the 

catalyzation step, and this eventually contributed to the complete gold metallization. 
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Thickness of the gold layer reached 0.48 μm after 15.0 min of the gold deposition time, 

and the thickness was elevated to 1.23 μm as the gold deposition time increased to 45.0 

min. The electrical resistance showed a negative correlation with the gold deposition time. 

The sample with 15.0 min of the gold deposition time showed the electrical resistance at 

0.70 Ω, and it was reduced to 0.15 Ω when the gold deposition time was extended to 45.0 

min. For the 45.0 min sample, the electrical resistance slightly worsened to 0.18 Ω. In 

addition, the strengthening was observed in the gold metallized samples, and the highest 

fracture strength was 47.6 MPa for the 45.0 min sample.  In conclusion, the gold 

metallized 3D printed structures reported in this study are promising materials toward 

electronic components by the low electrical resistance, resistant again the tape adhesion 

test, and promoted tensile fracture strength.   
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5.6 Figures 

 

Figure 5-1. (a) A schematic design of the 3D printed dog-bone structure and (b) images 

of the 3D printed dog-bone structures after the gold deposition step. 
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Figure 5-2. XRD of (a) 3D printed polymer structure, (b) Ni-P decorated and sc-CO2 

catalyzed sample, and gold metallized 3D printed polymer structure with (c) 15.0 min, (d) 

30.0 min and (e) 45.0 min of the gold deposition time. 
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Figure 5-3. Surface conditions of the gold metallized 3D printed polymer structures 

prepared with (a) 15.0 min, (b) 30.0 min and (c) 45.0 min of the gold deposition time, and 

cross-sectional view of the samples with (d) 15.0 min , (e) 30.0 min, and (f) 45.0 min of 

the gold deposition. 
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Figure 5-4. Plots of (a) the gold deposition time versus the gold layer thickness and gold 

growth rate, (b) the gold deposition time versus the electrical resistance, and the (c) gold 

layer thickness versus and the two fracture strengths (σF and σF,Au). 
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CHAPTER 6 

Selective pattern achieved by sc-CO2 assisted metallizat

ion of microstructure on 3D-printed polymer 

6.1 Introduction 

Selective patterning is a popular issue in the electroless plating field due to the 

requirement for integrated circuits. Additional treatments are introduced in the 

catalyzation step to ensure that the metal is deposited only in the required area. Published 

methods such as photolithography, which involves using photoresist polymers [6-1], or 

utilizing a laser to induce the required pattern for metallization [6-2], are effective in 

achieving selective patterning. However, they are relatively complex. In this chapter, the 

simple structures fabricated using 3D printing technology were utilized to achieve 

selective patterning based on differences in surface roughness. 

  

6.2 Experimental 

6.2.1 3D printing  

The 3D printer (Saturn 2 MONO LCD MSLA resin 3D printer) and 

photopolymer resin (Standard LCD UV-Curing Photopolymer Rapid Resin for 3D 
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Printers) were purchased from Elegoo Inc. The resin was composed of phenolic epoxy 

resin (40-50 wt%), 6-hexanediol diacrylate (20-40 wt%), color pigment (2-5%), and 1-

hydroxycyclohexyl phenyl ketone (3-5 wt%). UV light at λ = 405 nm was used as the 

light source in photopolymerization of the resin. A schematic diagram of the rectangle, 

pillar, and cone-shaped structure with different space interval (0.3, 0.15, 0.075mm) is 

provided in Fig. 6-1(a). 

 

6.2.2 Catalyzation 

To compare with the sc-CO2 catalyzation, a commercial catalyzation solution 

(ICP Accera KCR by Okuno Chemical Industries Co., Ltd.) was used to catalyze the 3D-

printed polymer structures. The conventional catalyzation was conducted at 30°C for 30 

minutes. 

For the sc-CO2 catalyzation, a sc-CO2 equipment provided by Japan Spectra 

Company was used. The reaction cell was made of stainless steel 316 with a polyether 

ether ketone coating on the inner wall, and its inner volume was 50.0 ml. A 3D-printed 

polymer structure and 50 mg of palladium bis-hexafluoroacetylacetonate (Pd(hfa)2, 

Sigma-Aldrich) were placed in the reaction cell. After sealing the cell properly, liquid 

CO2 was pumped into the reaction, and the pressure was controlled at 15 MPa while the 

temperature was set at 70 °C for 1.0 hour. 

 

7.2.3 Metal deposition 

Following the catalyzation step, the 3D-printed polymer structures were 

immersed in a Ni-P electroless plating solution (Top Nicoron VS-LF by Okuno Chemical 

Industries Co., Ltd.) at 90.0°C for 4.0, 6.0, 8.0 minutes. The Ni-P plating solution 
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consisted of nickel chloride (9 wt%), sodium hypophosphite (12 wt%), complexing agent 

(12 wt%), and ion-exchanged water (67 wt%). In this study, Ni-P was chosen as the 

sacrificial material for electroless plating of gold [6-3], where less noble metals are 

required to be decorated on the catalyzed substrate before deposition of gold. 

After the Ni-P decoration, a sensitization step was conducted by immersing the 

structures in a 0.1 mM KAuCl4 solution (99.995%, Sigma-Aldrich) at 30.0°C for 30 min. 

Subsequently, the KAuCl4 sensitized/Ni-P/3D-printed polymer structures were immersed 

in a commercially available gold electroless plating solution (Non-Cyanide Electroless 

Solution by MATEX Japan Co., Ltd.), which contained 2 g/L of Au and had a pH of 7, 

for 1 hour at 65°C to ensure complete surface coverage of the pattern with gold. 

 

6.2.4 Characterization 

The surface morphologies and cross-section of the 3D-printed polymer 

structures with gold were observed by an optical microscope (OM, KEYENCE: VHV-

5000) and a scanning electron microscope (SEM, HITACHI: S-4300SE).  The thickness 

of the Ni-P layer was determined through observing the cross-section, and the thickness 

of at least five locations was obtained and averaged to be used as the reported thickness. 

Crystal structures and phase of the Ni-P metallized 3D-printed polymer structures were 

identified by X-ray diffraction (XRD, Rigaku: Ultima IV). The electrical resistance was 

examined by a Digital multimeter (SANWA SUPPLY INC.: PC-710). By exploiting 

differences in adhesion, unwanted portions were removed using tape to achieve a 

patterned effect. The tape was conducted by firmly sticking a piece of 3M Scotch® tape 

onto the Ni-P metallized sample surface.  
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6.3 Result and discussion 

6.3.1 Conventional and sc-CO2 Catalyzation 

Overviews of various 3D-printed patterns catalyzed by the conventional method 

and the sc-CO2 catalyzation followed by Ni-P metallization at 90 °C are shown in Fig. 6-

2(a) and Fig. 6-2(b), respectively. The original color of the photopolymer resin is grey. 

The 3D-printed patterns treated by conventional catalyzation remained original color of 

photopolymer after Ni-P metallization step, which indicated that the unsuccessful 

catalyzation was conducted. On the contrary, Ni-P metallization of the 3D-printed pattern 

treated by sc-CO2 catalyzation was successfully performed, which showed the metal 

bright-like surface with clear pattern in Fig. 6-2(b). As a result, the conventional 

catalyzation was ineffective in the decoration of Pd catalyst seeds on the 3D-printed 

pattern. The metallization certainly could not be achieved for the conventional 

catalyzation treated sample. 

 

6.3.2 Morphology of 3D-printed pattern 

The surface morphology of rectangle, pillar and cone with space interval of 0.3, 

0.15, 0.075 mm were observed by OM in Fig. 6-3(a) to (i). In addition, the surface 

roughness of each pattern was measured. The surface roughness of rectangle pattern with 

space interval of 0.3 was 14. 23 μm. Upon reducing the pace interval to 0.15 mm, the 

roughness increased to 15.56 μm. When the space interval was further decreased to 0.075 

mm, the roughness reduced to 12.63 μm. This reduction in roughness is likely due to 

overlapping that occurred during the printing process, which caused the leakage of 

radicals generated from the UV-exposed resin. Delicate 3D-printed designs are more 

susceptible to this issue, as the radicals can easily accumulate on the undesired structures 
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that were not UV-exposed. On the other hand, the pillar pattern showed a different trend 

compared to the rectangle pattern. When the space interval was 0.3 μm, the roughness of 

the pillar was 18.21 μm, and as the space interval decreased, the roughness increased. 

Even in Fig. 6-3(f), where a slight overlap appears to have occurred again, the roughness 

was still higher. The cone pattern showed a similar trend to the rectangle pattern, with 

roughness increasing from 5.29 μm to 13.46 μm as the space interval decreased. However, 

when the space interval was decreased to 0.075 mm, the roughness of the cone pattern 

decreased as well. This is likely due to the printing resolution being sufficient for the peak 

of the cone, and the height of the cone not being achieved as expected. 

 

6.3.3 Metallization of 3D-printed pattern 

Appearance of the 3D-printed pattern samples after Ni-P metallization for 4,6,8 

min was shown in Fig. 6-4(a) to (c). The surface of 3D-printed pattern was fully covered 

by Ni-P metal layer. However, with prolonged deposition time, the surface of Ni-P 

appeared to have some crack which was suspected that be caused by the high internal 

stress of Ni-P [6-4]. In Fig. 6-4(d) to (f) were the Ni-P metalized 3D-ptinted pattern after 

being peeled off with tape. The metal layers on the smooth surface and low roughness 

part of pattern were removed by the tape. From the result of tape peeled-off metalized 

3D-printed pattern, despite the metal deposition time extended, the pattern of pillar with 

0.075 space interval remained more metal than other patterns. The result corresponded 

well to roughness results observed from the OM. The higher roughness surface provided 

more contact area for Ni-P metal to attach, despite the high internal stress of Ni-P usually 

caused weak adhesion. 

The Ni-P layer deposited in this study was expected to be amorphous. Fig. 6-5 
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shows that the XRD signals at around 2θ = 20° were contributed by the 3D-printed 

polymer, while the signals at around 2θ = 45° were caused by the amorphous Ni-P.  

Intensities of the Ni-P signals increased and the polymer signals decreased along with an 

increase in the metal deposition time, which suggested an increase in amount of Ni-P 

deposited on the surface. 

Fig. 6-6(a) summarizes the thickness of the Ni-P layer for different deposition 

times. The thickness of the Ni-P layer was 1.58 μm when a deposition time of 2 min was 

used for the 3D-printed pattern catalyzed in sc-CO2. When the deposition time was 

increased to 6 and 8 min, the thickness of the Ni-P layer increased to 2.2 and 2.81 μm, 

respectively. This trend in thickness increase with longer deposition times corresponded 

well to the results observed from the XRD (Fig. 6-5), where the XRD responses from the 

substrate gradually decreased, and the peak intensities contributed by the Ni-P gradually 

increased as the deposition time prolonged. 

The electrical resistance of the 4.0 min sample was initially measured to be 16.61 

Ω. However, as the Ni-P deposition time was extended to 6.0 min and 8.0 min, the 

electrical resistance reduced to 7.32 Ω and 3.77 Ω, respectively, indicating an 

improvement in electrical conductivity. After the tape peeled-off process, the electrical 

resistances of the 4.0 min, 6.0 min, and 8.0 min samples increased to 23.8 Ω, 13.65 Ω, 

and 7.95 Ω, respectively, as shown in Fig. 6-6(b). 

 

6.3.4 Au/Ni-P/3D-printed pattern 

To achieve selective metallization in electroless plating, a combination of a 

highly rough 3D-printed pattern and a metal with relatively weak adhesion is essential. If 

the adhesion between the metal and 3D-printed pattern is too strong, selective 
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metallization cannot be achieved. Thus, the ideal combination of design for the 3D-

printed pattern and Ni-P deposition time was determined based on the results from Fig. 

6-3 and Fig. 6-4. The pillar with a 0.075 μm space interval and a 6 min Ni-P deposition 

time were selected to achieve a selective metalized pattern. The surface morphology 

observed from SEM in Fig. 6-7(f) showed that the pillar with a 0.075 μm space interval 

and 6 min metalization time retained the most Ni-P after being peeled off with tape. This 

result reveals the possibility of achieving a selective metallization using electroless 

plating. 

A circuit-like 3D-printed pattern was designed, as shown in Fig. 6-8(a). The 

pattern was treated with sc-CO catalyzation and then subjected to Ni-P metallization for 

6 min, as shown in Fig. 6-8(b). The resulting metalized circuit-like 3D-printed pattern 

was achieved, and the electrical resistance was measured from point A to point B as 

labeled in Fig. 6-8(c). The electrical resistance was found to be 170 Ω, which was too 

high for practical use. Therefore, Au was deposited for 1 hour to improve the electrical 

resistance from 170 Ω to 1.7 Ω, as shown in Fig. 6-8 (d). 

 

6.4 Chapter summary 

This study demonstrated the use of additive manufacturing for gold metallized 

circuit production, achieved through sc-CO2 assisted electroless plating. By utilizing sc-

CO2 as a solvent, the Pd catalyst was able to effectively interact with the surfaces of the 

3D printed structures during the catalyzation step, leading to complete gold metallization. 

The roughness of the 3D-printed patterns was found to play a critical role, as the internal 

stress of Ni-P was leveraged to enhance the importance of roughness in adhesion. As a 

result, a selective pattern of gold metallization was achieved in a convenient and efficient 
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process.  
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6.6 Figures 

 

 

Figure 6-1. A schematic design of the 3D-printed patterns. 
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Figure 6-2. Metalized 3D-printed patterns catalyzed in (a) conventional solution and (b) 

sc-CO2. 
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Figure 6-3. OM images of top views 3D-printed rectangle with (a) 0.3, (b) 0.15 and (c) 

0.075 μm space interval, pillar with (d) 0.3, (e) 0.15 and (f) 0.075 μm space interval, and 

cone with (g) 0.3, (h) 0.15 and (i) 0.075 μm space interval. 
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Figure 6-4. Images of Ni-P metallized 3D-printed pattern for (a) 4, (b) 6, and (c) 8 min 

of the metal deposition time, and after tape peeled off (d) 4, (e) 6, and (f) 8 min of the 

metal deposition time. 
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Figure 6-5. XRD patterns of the (a) 3D-printed pattern and the Ni-P/3D-printed pattern 

prepared with (b) 4 min, (c) 6 min and (d) 8 min of the Ni-P deposition time. 
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Figure 6-6. Plots of (a) the Ni-P deposition time versus the Ni-P layer thickness and Ni-

P growth rate, (b) the Ni-P deposition time versus the electrical resistance. 
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Figure 6-7. SEM images of top views of the Ni-P/3D-printed rectangle with (a) 0.3, (b) 

0.15 and (c) 0.075 μm space interval, pillar with (d) 0.3, (e) 0.15 and (f) 0.075 μm space 

interval, and cone with (g) 0.3, (h) 0.15 and (i) 0.075 μm space interval. 
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Figure 6-8. (a) A schematic design of the 3D-printed circuit. Images of the (b) Ni-P/3D-

printed composition, (c) following tape peeled off, and (d) Au/Ni-P/3D-printed 

composition. 
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CHAPTER 7 

Effects of sc-CO2 Catalyzation in Metallization of 

3D Complex Polymer Structure 

 7.1 Introduction 

Throughout the thesis, I have extensively examined a metallization methodology 

for various polymeric structures using supercritical carbon dioxide (sc-CO2) and 

successfully demonstrated its effectiveness. However, a significant issue remains 

regarding the variability of sc-CO2 effects on polymer metallization, which strongly 

depends on the type of polymer. In the conducted studies [7-1, 7-2, 7-3], we employed 

sc-CO2 as a solvent for catalysis and utilized sc-CO2 solutions containing organometallic 

compounds such as Pd(acac)2 or Pd(hfa)2 as catalytic media.  

In this chapter, I aim to elucidate the effect of sc-CO2 on a metallization 

methodology of several polymeric structures. This investigation involves an in-depth 

analysis of the fundamental properties of sc-CO2, which possesses intermediate 

characteristics between a gas and a liquid. In its supercritical state, CO2 exhibits unique 

properties that make it a versatile solvent for various applications, including the 

modification and processing. The impact of sc-CO2 on polymers can be highly diverse 

and relies on several factors, including the type of polymer, molecular weight, 
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temperature, pressure, and the specific application at hand [7-4]. To discuss the effect of 

sc-CO2 on a metallization methodology of polymeric materials, I discussed the effect of 

solvent and gas effect on polymer processing as compared with that of sc-CO2. 

 

7.1.1 Effects of solvent on polymeric materials 

As mentioned above, sc-CO2 possesses intermediate characteristics between a gas and 

a liquid. Solvents can play a significant role on the crystallization of polymers. The choice 

of solvent and its properties can influence the rate of crystallization, the crystal structure, 

and the overall quality of the resulting crystals. Here are some key effects that solvents 

can have on the crystallization of polymers [7-5–7-7]. 

 

(1) Solubility into polymeric materials 

Solvents can affect the solubility of polymer chains, which in turn affects the 

crystallization process. If a solvent has high solubility for a polymer, it can hinder or 

prevent the formation of crystalline structures. On the other hand, a solvent with low 

solubility for a polymer can promote crystallization by facilitating the aggregation of 

polymer chains. 

(2) Nucleation 

Solvents can influence the nucleation stage of crystallization. Certain solvents may 

act as nucleating agents, promoting the formation of nuclei and enhancing the rate of 

crystal growth. Nucleating agents provide sites for the polymer chains to align and initiate 

crystal formation. The solvent's properties, such as its polarity and viscosity, can affect 

the formation and stability of nuclei. 

(3) Chain Mobility 
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Solvents can affect the mobility of polymer chains, which plays a crucial role in the 

crystallization process. A solvent that interacts strongly with the polymer chains can 

reduce their mobility, impeding the formation of crystalline structures. Conversely, a 

solvent with low interaction or weak solvation with the polymer can enhance chain 

mobility and facilitate the formation of well-defined crystals. 

(4) Cooling Rate 

Solvents can influence the cooling rate during crystallization. Different solvents 

have varying heat capacities and thermal conductivities, affecting the rate at which the 

polymer solution or melt cools. The cooling rate can influence the nucleation and crystal 

growth stages. Rapid cooling can lead to a higher rate of nucleation and smaller crystal 

size, while slower cooling may favor larger crystals. 

    (5) Solvent Evaporation  

In some cases, solvent evaporation plays a role in the crystallization process. If a 

polymer is dissolved in a solvent and the solvent is allowed to evaporate, the gradual 

removal of the solvent can induce the polymer chains to aggregate and crystallize. Solvent 

evaporation can result in the formation of thin films, fibers, or other morphologies that 

exhibit enhanced crystallinity. 

 

7.1.2 Effects of gas on polymeric materials 

The effects of gases on polymeric materials can vary depending on the type of gas, 

the specific polymer, and the environmental conditions. Here are some general effects 

that gases can have on polymeric materials [7-8–7-10]: 

(1) Permeation 

Gases can permeate through polymers, meaning they can diffuse into and through 
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the material. This can lead to changes in the properties of the polymer, such as 

dimensional changes, mass loss or gain, and altered mechanical or electrical properties. 

For example, the permeation of oxygen or moisture into certain polymers can degrade 

their mechanical strength or cause oxidation reactions. 

(2) Swelling 

Some gases can cause swelling of polymers, leading to an increase in volume or 

dimensional changes. The swelling effect occurs when the gas molecules penetrate the 

polymer structure, breaking the intermolecular forces and causing expansion. This can 

affect the mechanical integrity of the polymer and lead to changes in its physical 

properties. 

(3) Plasticization 

Certain gases can act as plasticizers for polymers, similar to the effect of supercritical 

CO2. They can reduce the glass transition temperature (Tg) of the polymer, making it 

more flexible and easier to process. This can lead to increased ductility, improved 

moldability, and changes in the polymer's mechanical properties. 

 

7.1.3 Effects of sc-CO2 on polymeric materials 

The effect of solvent leads to crystallization while the gas effect to plasticization. 

Supercritical fluids possess intermediate characteristics between a gas and a liquid, then 

have the opposite effects between gas and liquid. As widely accepted, there are four 

effects of sc-CO2 on polymeric materials including (1) polymer swelling and solubility, 

(2) plasticization, (3) enhanced mass transfer and (4) supercritical foaming as summarized 

below [7-11–7-14].   

(1) Polymer swelling and solubility  
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Sc-CO2 can cause the swelling or dissolution of certain polymers. It can penetrate 

the polymer matrix, disrupting the intermolecular forces and increasing the free volume 

within the polymer. This can lead to increased polymer chain mobility, changes in 

polymer morphology, and altered physical properties. 

(2) Plasticization 

Sc-CO2 can act as a plasticizer for polymers. It can reduce the glass transition 

temperature (Tg) of the polymer, making it more flexible and easier to process. This 

plasticizing effect can be beneficial for improving polymer processing techniques such as 

extrusion, injection molding, or coating. 

(3) Enhanced mass transfer  

Sc-CO2 has excellent mass transfer properties due to its low viscosity and high 

diffusivity. It can efficiently penetrate and permeate polymers, facilitating the extraction 

of impurities, residual monomers, or additives. This makes sc-CO2 a potential 

environmentally friendly alternative to traditional organic solvents in extraction processes. 

(4) Supercritical foaming 

When a polymer is saturated with sc-CO2 and rapidly depressurized, the dissolved 

CO2 can expand and form gas bubbles, leading to the creation of a foam structure within 

the polymer. This process is known as supercritical foaming and is used to generate 

polymer foams with controlled cellular structures and improved mechanical properties. 

 

Therefore, this chapter aims to analyze the effect of sc-CO2 treatment on polymer 

substrates using X-ray diffraction (XRD) patterns to determine changes in crystallinity. 
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7.2 Experimental 

7.2.1 Materials 

PET films provided by Toray Industries, Inc. were cut into small pieces measuring 

2.0 cm x 2.0 cm and used as substrates. CO2 used in the sc-CO2 catalyzation step was 

provided by Nippon Tansan Gas Co., Ltd. and had a purity of 99.99%. Palladium bis-

hexafluoroacetylacetonate (Pd(hfa)2) (<=100%), Palladium(II) acetylacetonate 

(Pd(acac)2) and ε-caprolactam (99%) were purchased from Sigma-Aldrich.  

 

7.2.2 sc-CO2 Catalyzation 

For the sc-CO2 catalyzation step, a high-pressure apparatus (Japan Spectra 

Company, Japan) was utilized. The reaction cell was made of stainless steel 316 with 

polyether ether ketone coating on the inner wall, and the inner volume was 50.0 ml. A 

piece of the PET film and 50.0 mg of Pd(hfa)2, 50.0 mg of Pd(acac)2 and 50.0 mg of 

Pd(acac)2 with 30.0 mg of ε-caprolactam were separately placed in the reaction cell before 

pressurizing CO2 into the reaction cell. The each catalyzation was conducted at 15.0 MPa 

and 70.0 °C for 1.0 hr. 50.0 mg of Pd(hfa)2 in the reaction cell implied the concentration 

in sc-CO2 was 0.4 wt%. 

 

7.2.3 Characterization 

 Crystallinity of the PET treated by sc-CO2, PET treated by sc-CO2 with Pd(hfa)2, 

PET treated by sc-CO2 with Pd(acac)2, and PET treated by sc-CO2 with Pd(acac)2 + ε-

caprolactam, as well as each sample metallized by Ni-P also were identified by X-ray 

diffraction (XRD, Ultima IV, Rigaku). The XRD patterns were deconvoluted using 

OriginPro 9.0 software (OriginLab Corporation). A curve-fitting process involving 
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Gaussian functions was applied to the diffractograms to extract individual crystalline and 

amorphous peaks. It was assumed that the sharp peaks represented crystalline domains, 

while the broad peaks represented the amorphous contribution. The crystallinity was 

measured by the following equation [7-15]: 

Crystallinity (%) = 
𝑆𝑐

𝑆𝑡
× 100   

Sc and St represent the area of the crystalline domain and the area of the complete domain 

(crystalline + amorphous), respectively. 

 

7.3 Results and Discussion 

7.3.1. Morphology changes of PET by sc-CO2 treatments 

Figure 7-1 shows the photo images of PET and PET treated by sc-CO2 with 

different catalysts. In the Fig. 7-1(a) to (c) represent PET film before and after sc-CO2 

treatment, and with Pd(hfa)2, respectively, and no noticeable difference was observed 

between the untreated PET. However, The PET film treated by sc-CO2 with Pd(acac)2 in 

Fig. 7-1(d) and Pd(acac)2 + ε in Fig. 7-1(e) exhibited a light-yellow appearance, which is 

due to their relatively low solubility in sc-CO2 compared with Pd(hfa)2. Other than the 

color change attributed to the catalyst type, no significant appearance changes were 

observed after sc-CO2 treatment. 

 

7.3.2 Crystallinity changes of PET by sc-CO2 treatments  

PET is a semicrystalline material comprising crystalline and amorphous reigns 

[7-16], where is recognized that mass transfer of sc-CO2 mainly occurs into the 

amorphous phase. The amorphous region is more favorable for the diffusion of substances 

than the crystalline region. This is because in the amorphous region of PET, the molecular 
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arrangement is more loosely packed, resulting in more pores and voids that facilitate the 

diffusion and transport of substances into the interior of PET. In contrast, the molecular 

arrangement in the crystalline region of PET is more densely packed, resulting in lower 

porosity and slower diffusion rates of substances [7-16].  

Fig. 7-2 (a) and Fig. 7-2 (b) show the XRD patterns of the PET film and PET 

film treated by sc-CO2 for 1hr, respectively. The crystallinity of untreated PET was 64.9 

%, while the crystallinity of sc-CO2 treated was 63.56 %. The crystallinity of PET 

decreased after the sc-CO2 treatment and this decrease can be due to the effect of 

absorption of CO2 molecules into polymer structure [7-10]. When the PET was arranged 

in CO2 environments, the glass transition temperature also can be reduced and lead to the 

increase of amorphous regions, as illustrated in Fig. 7-3. This behavior can be explained 

as the gaseous properties of sc-CO2 and the density of sc-CO2 is close to density of the 

gas state (about 1.0 x 10-3 g/ml3).    

XRD patterns of the PET film treated by sc-CO2 with Pd(hfa)2, Pd(acac)2, and 

Pd(acac)2+ ε-caprolactam were shown in Fig 7-4 (a), (b) and (c), respectively. The 

crystallinity of PET after sc-CO2 treatment with Pd(hfa)2 was enhanced to 64.14 %. Thus 

the solvent effect of sc-CO2 solution with Pd(hfa)2. This is because the dissolution of 

Pd(hfa)2 in sc-CO2 led to an increase in density of sc-CO2, resulting in exhibiting more 

liquid-like properties. Moreover, PET is known to crystallize when it comes into contact 

with solvents [7-10]. Therefore, the observed increase in crystallinity aligns with 

expectations illustrated in Fig. 7-5. 

The crystallinity of PET after sc-CO2 treatment with Pd(acac)2 was merely 

enhanced to 63.73 % which revealed that sc-CO2 solution with Pd(acac)2 is closed to 

gaseous state of CO2 as discussed about sc-CO2 treatment. Also Pd(acac)2 has about 1/100 
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times lower solubility than Pd(hfa)2 into sc-CO2 solvent and thus the light-yellow colored 

Pd(acac)2 deposits on PET after sc-CO2 treatment as shown in Fig. 7-1. The sc-CO2 

solution of Pd(acac)2 can have gaseous property. 

The solubility of Pd(acac)2 is lower than Pd(hfa)2 in sc-CO2 and the dissolution 

of Pd(hfa)2 in sc-CO2 led to a less increase in density of sc-CO2. Also, the interaction 

between PET and Pd(acac)2 was not compatible, making it difficult for Pd(acac)2 to 

remain on the PET. Therefore, the addition of ε-caprolactam, which is rich in NH- 

functional groups to enhance interaction with the PET substrate, is necessary when 

choosing Pd(acac)2 as the catalyst. The crystallinity of PET after sc-CO2 treatment with 

Pd(acac)2+ε-caprolactam was increased to 66.96%. The polar solvent in PET induced an 

increase in crystallinity [7-17]. This results support the above models as shown in Fig. 7-

3 and 7-5. 

 

7.3.3 Effect of PET Crystallinity by sc-CO2 treatments on metallization 

On these studies as mentioned above, the concentration of metal complex as 

Pd(acac)2 and Pd(hfa)2 into polymeric materials influenced metallization by electroless 

plating. Moreover, metallization on amorphous polymeric materials is difficult because 

of the difference in mechanical property between soft amorphous materials and hard 

metals electroplated. Thus, crystallinity of polymeric materials can strongly affect the 

metallization on polymer.  

Pure sc-CO2 treatments decreased the crystallinity of polymeric substrates. When 

we use the scCO2 solutions with Pd(hfa)2 for scCO2 catalyzation, the crystallinity of 

polymer increases and metallization on polymeric materials becomes realized.        
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7.4 Chapter summary 

 The effect of sc-CO2 treatment on the crystallinity of PET was investigated. The 

crystallinity of PET could be modified based on the properties of sc-CO2. The density of 

sc-CO2 close to gas tended to facilitate plasticization, resulting in an increase in the 

amorphous region. Conversely, the density of organometallic compounds dissolved in sc-

CO2, similar to liquid solvent, favored the induction of crystallization. The adjustment of 

PET crystallinity through sc-CO2 treatment has important implications for its properties 

and applications. The presence of crystallinity in PET contributes to its metallization on 

the polymer. By controlling the density and properties of sc-CO2, it becomes possible to 

tailor the crystallinity of PET to meet specific requirements. 
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7.6 Figures 

 

 

 

Figure 7-1. Images of the (a) PET, (b) PET film treated by sc-CO2, (c) PET film treated 

by sc-CO2 with Pdhfa2, (d) Pd(acac)2, and (e) Pd(acac)2+ ε-caprolactam for 1 hr. 
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Figure 7-2. XRD patterns of the (a) PET film and the PET film treated by sc-CO2 for (b) 

1hr. 
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Figure 7-3. Transformation in the crystallinity of PET is induced by the gas-like property 

of sc-CO2. 
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Figure 7-4. XRD patterns of the (a) PET film treated by sc-CO2 with Pdhfa2, (b) Pd(acac)2, 

and (c) Pd(acac)2+ ε-caprolactam for 1 hr. 
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Figure 7-5. Transformation in the crystallinity of PET is induced by the liquid-like 

property of sc-CO2. 
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CHAPTER 8 

General conclusions 

8.1 Conclusions 

In this thesis, effects of metallization of PET and 3D-printed polymer treated by 

the sc-CO2 assisted electroless plating are investigated. Explanations on effects of the Sc-

CO2 in polymer substrates and selection in catalysts are provided. The electrical resistance, 

adhesion ability and tensile ability are evaluated to demonstrate the advantage in practical 

applications.  

  In chapter 2, Functionalization of PET films were achieved by an electroless 

plating process involving a sc-CO2 catalyzation step to demonstrate the potential in 

preparation of flexible catalytic electrodes. Metallization of the PET catalyzed by 

conventional method was not successful. The sc-CO2 catalyzation step was conducted in 

sc-CO2 containing Pd(hfa)2 as the source of the palladium catalyst for the later Ni-P 

deposition. The Ni-P layer was used as the sacrificial layer in deposition of the gold layer. 

By the sc-CO2 catalyzation, the electrical resistance of the Ni-P/PET reached 0.27 Ω after 

9.0 min of the Ni-P deposition time. The electrical resistance merely changed to 0.30 Ω 

after the tape adhesion test, which confirmed contributions of the sc-CO2 catalyzation on 

the reliability of the Ni-P/PET composite. Gold was deposited on the Ni-P/PET composite 
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also by an electroless plating process, and the electrical resistance was lowered to 0.015 

Ω after 60.0 min of the gold deposition. The catalytic activity of the Au/Ni-P/PET 

composites in oxidation of urea, ascorbic acid and glucose were confirmed, which 

demonstrate the potential as flexible catalytic electrodes in biosensors.   

In chapter 3, Pt metallization of PET film was successfully achieved by 

electroless plating with the supercritical CO2 catalyzation step. Sc-CO2 functioned as the 

solvent, and Pd (II) acetylacetonate was used as the Pd catalyst source in the catalyzation 

step. The thickness of the Pt layer increased linearly as the Pt deposition increased from 

30 min to 60 min. The Pt layer thickness reached 0.20 μm after 30 min of the metal 

deposition time, and the Pt layer thickened to 0.41 μm as the deposition time extended to 

60 min. For the as-metallized Pt/PET with 30 min of the Pt deposition time, the electrical 

resistance was 0.95 Ω, and the electrical resistance reduced to 0.54 Ω as the Pt deposition 

time prolonged to 60 min. The thickened Pt layer was the main course of the reduced 

electrical resistance. For the Pt/PET with 60 min of the Pt deposition, the electrical 

resistance merely changed to 1.09 Ω after the tape adhesion test, and the fracture strength 

was at 65.9 MPa. The low electrical resistances before and after the adhesion test and the 

high tensile strength in the Pt/PET reported in this study all revealed advantages of the 

sc-CO2 catalyzation step in development of biocompatible and flexible electronics.  

In chapter 4, Metallization of 3D-printed polymer structures was achieved by sc-

CO2 assisted electroless plating process to demonstrate the potential for rapid fabrication 

of electronic components. The catalyzation step was conducted in sc-CO2 with Pd(hfa)2 

as source of the Pd catalyst. Thickness of the metallized Ni-P reached 1.7 μm after 3 min 

of the metal deposition time, and the Ni-P layer thickened to 4.3 μm as the deposition 

time extended to 30 min. The electrical resistance reached 0.61 Ω after 3 min of metal 
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deposition time, and the resistance was lowered to 0.03 Ω after 30 min of the deposition 

time. After the tape adhesion test, electrical resistance of the Ni-P metallized 3D-printed 

polymer structure merely changed to 0.04 Ω for the sample with 30 min of the deposition 

time. 

In chapter 5, Additive manufacturing of gold metallized 3D structures was 

demonstrated in this study. Complete gold metallization of the 3D printed structures was 

realized by sc-CO2 assisted electroless plating. The sc-CO2 was employed as a solvent to 

promote interaction between the Pd catalyst and surfaces of the 3D printed structures in 

the catalyzation step, and this eventually contributed to the complete gold metallization. 

Thickness of the gold layer reached 0.48 μm after 15.0 min of the gold deposition time, 

and the thickness was elevated to 1.23 μm as the gold deposition time increased to 45.0 

min. The electrical resistance showed a negative correlation with the gold deposition time. 

The sample with 15.0 min of the gold deposition time showed the electrical resistance at 

0.70 Ω, and it was reduced to 0.15 Ω when the gold deposition time was extended to 45.0 

min. For the 45.0 min sample, the electrical resistance slightly worsened to 0.18 Ω. In 

addition, the strengthening was observed in the gold metallized samples, and the highest 

fracture strength was 47.6 MPa for the 45.0 min sample. In conclusion, the gold 

metallized 3D printed structures reported in this study are promising materials toward 

electronic components by the low electrical resistance, resistant again the tape adhesion 

test, and promoted tensile fracture strength. 

In chapter 6, This study demonstrated the use of additive manufacturing for gold 

metallized circuit production, achieved through sc-CO2 assisted electroless plating. By 

utilizing sc-CO2 as a solvent, the Pd catalyst was able to effectively interact with the 

surfaces of the 3D printed structures during the catalyzation step, leading to complete 
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gold metallization. The roughness of the 3D-printed patterns was found to play a critical 

role, as the internal stress of Ni-P was leveraged to enhance the importance of roughness 

in adhesion. As a result, a selective pattern of gold metallization was achieved in a 

convenient and efficient process.  

 In chapter 7, The effect of sc-CO2 treatment on the crystallinity of PET was 

investigated. The crystallinity of PET could be modified based on the properties of sc-

CO2. The density of sc-CO2 close to gas tended to facilitate plasticization, resulting in an 

increase in the amorphous region. Conversely, the density of organometallic compounds 

dissolved in sc-CO2, similar to liquid solvent, favored the induction of crystallization. The 

adjustment of PET crystallinity through sc-CO2 treatment has important implications for 

its properties and applications. The presence of crystallinity in PET contributes to its 

metallization on the polymer. By controlling the density and properties of sc-CO2, it 

becomes possible to tailor the crystallinity of PET to meet specific requirements. 
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