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General Introduction 

Nowadays, traditional materials, such as metals, glass, and ceramics, are gradually 

replaced by polymers because of their good behavior in the bulk properties such as resistance 

to thermal deterioration and chemicals, and intact post-treatment mechanical strength. Besides, 

their low cost and ease of manufacture also provide a convenience to obtain them, by which 

polymer products are used in various fields in our daily life. With a broad range of chemical 

and physical properties for different families of polymeric materials, it is easier to choose 

polymers for each individual application. Determined by the biocompatibility, biomaterials are 

commonly used in medical devices such as the syringes1 and drug delivery systems with the 

combination of targeting molecules and human tissue implants namely synthetic skin, synthetic 

blood vessels, artificial hearts, cardiac 

pacemakers, bone implants.2,3 

Polymers also play an important role 

in the food packaging industry instead 

of the traditional material such as 

glass (heavy and fragile) and paper 

(high cost and waste). To solve the 

problem of the depletion of fossil 

fuels and the corresponding 

environmental concerns, polymers 

were also used as a new type of 

electric energy generator (Figure 

1).4,5 Furthermore, the polymer membrane was also used in the water desalination. Therefore, 

polymers have played an essential role in advancement of technology, applied engineering, and 

materials. 

However, their surface properties are correlated to their bulk properties, and most 

polymers have inert surfaces under ambient conditions. The surface properties of polymers 

Figure 1. Five examples of polymer applications. 
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inhibit their intended wide range of applications and therefore need modification via various 

routes. It would be interesting to tailor the surface properties of a polymer independent of its 

structure and bulk properties. The researchers are devoted to the development of the techniques 

to tune their surface properties for the extensive use of polymers. For example, polymer textile 

materials can be used for the enhancement of neural cell growth rate via the modification of 

their biological cell compatibility by ion implantation.6 The technique of nanostructured 

surfaces with functional coatings and generation or release of antimicrobial compounds were 

used to reduce the interaction of bacteria and microbes with synthetic surfaces in the tissue 

implants.7 Many efforts were also performed to adjust the barrier, mechanical, and adhesion 

properties of the food package polymers such as polyethylene (PE) and polyethylene 

terephthalate (PET) to meet various requirements.8,9 To enhance the polymer membrane 

resistance, the researchers controlled the membrane fouling through layer-by-layer assembly.10 

Surface modification of polymers is widely used to impart desirable properties to a specific 

application. 

 

Figure 2. The sorts of polymer surface modification methods. 

 

In general, the surface modification of polymer substrates can be achieved via two 

strategies: 1) to modulate the surface energy of polymer material. The surface hydrophilicity, 

adhesion property, surface absorbing and releasing are achieved by the addition of functional 

groups onto the polymer surface. 2) mechanical anchorage owing to the high roughness or 
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porosity of the plastic surface. The surface modification methods are always classified into 

physical treatment, wet chemical treatment and patterning (Figure 2).  

 

 

Figure 3. Different functional groups are introduced on the polymer surface basing on the 

nature of the process gas. 

 

Physical treatments such as plasma, laser and corona discharge are considered to be a 

clean and fast process without addition of other unwanted elements. Among the physical 

treatments, plasma is a widely accepted route that can be used in the surface of most types of 

polymer materials. According to the nature of the process gas (Figure 3), the numerous 

approaches that have been developed for the plasma treatment can be divided into two types 

that used reactive or inert gas.11 With the reactive gas, the functional groups can be directly 

introduced into polymer material surface by the plasma treatment. For instance, plasma 

treatment using air or oxygen introduced the oxygen-containing groups such as C–O, C=O and 

O–C=O onto the surfaces of polypropylene (PP)12,13, polycarbonate (PC)14, poly (ethylene 

terephthalate) (PET)15, acrylonitrile butadiene styrene (ABS)16, polystyrene (PS)17 and also 

specific polyester nonwoven fabrics18. Carboxylate groups on PP19 and PC20 were reported to 

be generated by plasma treatment with CO2 gas. C–N, N–C=O, and possibly C=N has been 

confirmed to be incorporated into the PC surface by plasma treatment with N2 or NH3.
21,22 H2O 

gas was also applied in the plasma treatment to introduce the oxygen containing groups to PC, 

PET23 and polyethylene (PE), PS, PP24. The N and O containing groups can also be 

incorporated onto PC surface by atmospheric plasma at the same time.25 Besides, the 

incorporation of Cl, F, and O was observed on PP treated under the specific CF3Cl plasma.26 

For the second type, inert gas plasma is used to generate free radicals subsequently using them 
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in a grafting procedure.27–30 Plasma treatment not only provides chemical bonding but also has 

effect on the roughness of polymers surfaces.  However, the polar functional groups induced 

via plasma treatment suffer from rotation and migration in the days following the treatment 

and the hydrophilicity cannot keep stable.31,32 Besides, the plasma treatment requires for high 

energy and expensive equipment.  

Another physical treatment using laser has also been utilized for surface modification of 

many types of materials including plastics and various applications. For instance, the PET foil 

surface was immobilized with silver nanoparticles by the action of polarized excimer laser light 

for its antibacterial property.33 Wilhelm Pflegin and coworkers have developed a laser-assisted 

modification of PS to obtain a chemically modified PS surface bearing carboxylic acid groups 

well-suited for controlled competitive protein adsorption or protein immobilization.34 

Polyamide fabric has been treated under CO2 laser to improve the dyeability of fabric.35 The 

surface modification of fluorocarbon polymer films was carried out with ArF excimer laser 

irradiation and selective-area electroless plating of nickel metal on the surface has been 

achieved.36 Besides, the laser induced chemical and physical modification has been reported to 

be associated with the irradiation wavelength.37 Surface modification using a laser can be 

carried out in different ways such as etching, ablation, evaporation, surface functionalization, 

etc. Laser beams can be precisely directed onto designate location even from long distances 

without losing energy and easy to control. However, the capital investment and operational 

costs of laser surface treatments are still high. Thermal properties are also limited because of 

the possibility of thermal damage.38  

Other physical treatment has also been utilized for modification of polymers surface to 

modulate their surface properties for different purposes. Corona discharge could modify the 

polymer surface by rearranging free radicals on the surface to form functional groups that 

directly enhance hydrophilicity and adhesion.39 Corona discharge modification on the PP40,41 

and low density PE42,43 and the subsequent effect on adhesion property have been studied. 

Recently, corona discharge treatment has been employed for the modification of fibers to 

improve the dyeability44,45 and interfacial compatibility46. Besides, the surface properties after 
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corona discharge modification can also be modulated by controlling the operating conditions 

such as temperature47. UV treatment is also an effective, economical and an efficient 

noncontact polymer surface modification method, which is usually performed on 

photopolymers. The UV light initiates a photochemical reaction that generates a cross-linked 

network of polymers along with a change in surface chemical properties like hydrophilicity 

and adhesion property. The UV induced modification is also based on the generation of radicals 

on the polymer surface placed in the inert or reactive atmosphere and the possible reactions are 

shown in Table 1.48 Simultaneously, surface roughness is also increased after UV treatment 

and can be controlled by the UV irradiation time and wavelength.49 Moreover, UV-ozone 

system, which includes an ozone generating device and the UV light source, was designed for 

the modification of the polymers surfaces.50–53 This system occurs through insertion of an O 

(1d) atom to form ether linkages, and hydrogen abstraction by O (3p) to form carbonyl and/or 

carboxyl functional groups, which is more efficient for surface energy improvement. Besides, 

another function of UV in the surface modification is used as an inducer to achieve functional 

grafting with organic molecules.54,55  

 

Table 1. Possible reactions following UV-lamp irradiation. 

Type Scheme Effect 

1. Recombination A1* + *A1 → A1-A1 None 

2. Reaction with radical(s) of a neighboring 

chain 
A1* + *A2 → A1-A2 Crosslinking 

3. Reaction with reactive atmosphere A1* + Z → A1-Z* Addition 

4. Reaction with bi-functional substance A1-Z* + *A2 → A1-Z-A2 
Crosslinking, thin 

layer deposition 

 

Apart from the physical treatments mentioned above, wet chemical treatment is also an 

important approach for surface modification to obtain a surface with the aimed functional 

groups and subsequent properties.  Especially, the wet chemical grafting is suitable for bio-

application, for example, the improvement of adhesion with cell on the polymers56,57 or 

antibacterial property58–60 via grafting the corresponding compounds. Besides, the wet 

chemical modification can also improve the metal adhesion to the polymer surfaces.61,62 while 
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wet chemical treatments provide a wide range of reagents to selectively treat polymers at large 

scale, they require a harsh approach with the precise strength of the reagent and the time of 

treatment. Moreover, additional procedures may generate the hazardous waste. In practical 

application, physical and chemical treatments are usually combined for the easier operation 

and better property. For example, plasma treated polypropylene was surface-modified with 

polydopamine (PDA) in an aqueous medium without employing other chemicals.63 

 

 

Figure 4. Schemes of process of (a) photolithography and (b) one sort of printing. 

 

In addition, except of the introduction of the functional groups, polymer surface 

properties and their applications can also be adjusted by the surface patterning. Surface 

patterning of polymers is an indispensable approach for research fields including cell biology, 

tissue engineering and medicinal science and the development of optics and electronics. For 

example, the cells have been patterned on the PDA-micropatterned substrates through selective 

adhesion to the PDA-coated region.64 Daniel Zabetakis and Walter J. Dressick used the top-

surface imaging and hybrid photoresist/self-assembled monolayer patterning approaches, in 

conjunction with selective electroless metal deposition, to develop processes capable of 

fabricating appropriate submicron and nanoscale metal features useful as electrical 

interconnects.65 Zhihong Nie and Eugenia Kumacheva66 have summarized the techniques for 

the surface patterning, including photolithography and printing (Figure 4). Besides, interface 
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wrinkle whose orientation and geometry can be tailored plays a distinguishing role for the 

surface patterning.67,68  

Although the surface modification methods of polymers have been developed for years, 

all the methods have merits and defects. The study and development on mild and highly 

effective polymers surface modification is still in high demand. Previously, the oxidation of 

methane to methanol and formic acid has been achieved by a recently proposed novel method 

using light-activated chlorine dioxide radical (ClO2
•).69 Photochemical oxygenation of methane 

occurred in a two-phase system under ambient conditions. The methanol and formic acid were 

highly yielded with a methane conversion of 99% without formation of the further oxygenated 

products such as CO2 and CO. In this oxidation, the chlorine radical (Cl•) generated from the 

ClO2
• upon light activation cleaved the C-H bond, and the subsequent addition of singlet 

oxygen provided an oxygenated product (Figure 5). Upon this reaction mechanism, this 

oxidation using light-activated ClO2
• was supposed to be applied as a surface modification 

strategy for polymer chain.  

 

Figure 5. The functions of ClO2
• under the light irradiation. 

 

On the other hand, the metallization of polymer is the most attractive and applied in a 

large variety of technological applications. Polymers are always considered as alternatives to 

conventional metal-based devices. For example, the metallized polymer can be used in the 

automobile industry as a component of automobile, such as bumper, to reduce its weight to 

improve the fuel efficiency. After metallization, polymers can also be applied as the substrate 
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in the fabrication of printed circuits in 

microelectronics, which possess the toughness, 

torsion resistance and light weight. With the 

progress of the times and the development of 

technology, the higher demand for decorative 

coating material also require the metallization of 

polymers. For instance, the adhesion of sputtered 

Cu films on UV-ozone modified poly (methyl 

methacrylate) (PMMA) substrates was enhanced 

via UV-ozone treatment, based on which, a 6-in. 

PMMA chip with arrays of three-electrode 

electrochemical microsensors was designed and fabricated (Figure 6).70  There are two sorts 

of metallization of plastics: one is direct adhesion between polymer and metal foil or plate 

using an adhesive. Most of adhesives are regarded as contaminations due to the toxic 

components. To reduce the use of toxic substance and simply the operations, adhesive-free 

adhesion is desired. To date, few studies about adhesive-free adhesion between polymer and 

metal has been reported. Polydimethylsiloxane (PDMS) surface was successfully adhered to 

hard metal material via plasma treatment.71,72 PP surface grafted with maleic anhydride showed 

good adhesion with Cu without adhesive, which can be utilized as a coating for copper wires 

and cables.73 The other type of metallization of polymer is metal plating on polymer surface. 

Metal plating includes electroplating and electroless plating. Compared with electroplating, the 

metal deposition on the electroless plated polymer surface was more uniform. The surface 

conductivity and specific shape of polymer were not required. Therefore, the electroless plating 

was widely applied. However, for the electroless plating, adhesion and film quality 

improvement and ability of plating for complex shapes are still desired, which is based on 

surface modification. For example, high-resolution and well-defined metallic circuits 

fabricated via electroless Cu plating were successfully prepared on the polymer surface by laser 

direct structuring.74 

Figure 6. The picture of electrochemical 

microsensors fabricated via the adhesion 

of sputtered Cu films on UV-ozone 

modified PMMA substrate. 
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Furthermore, three types of engineering plastics, polypropylene (PP), acrylonitrile 

butadiene styrene (ABS) and polycarbonate (PC), are chosen for investigation. These three 

types of engineering plastics have their own specific chemical structures and properties and 

have been practically used for different purposes. PP is produced via chain-growth 

polymerization from the monomer propylene, belonging to the group of polyolefins and is 

partially crystalline and non-polar. PP is a commodity plastic with properties of high wear 

resistance and torsion resistance, which can be used in textile, package, food industry, coating 

fields.  Considering the chemical structure, PP is a simple alkane with methyl groups in the 

side chains. ABS is a terpolymer made by polymerizing styrene and acrylonitrile in the 

presence of polybutadiene. The ratio of the three monomers can be modulated. ABS is 

amorphous and therefore has no true melting point. It possesses the characters of high strength, 

high toughness and ease of processing. Due to the uniformly distributed butadiene, ABS is 

usually considered as the best choice for electroless metal plating. Besides, it has also been 

utilized for the fabrication of musical instruments, luggage, automotive components and Lego. 

Polycarbonates used in engineering are strong, tough materials, and some grades are optically 

transparent, so they are widely used for manufacturing CD, lens, water bottle, and bulletproof 

glass. Considering the chemical structure, PC has an oxygen containing structure, and the 

aromatic carbons exist in its main chain while methyl groups in the side chain. Despite of the 

differences, the common character for them is low surface energy and poor adhesion property 

with heterogeneous materials.  

Therefore, in this thesis, the surfaces of the three types of engineering plastics, were 

modified via the oxidation using light-activated ClO2
• mentioned before. Subsequently, the 

adhesions of three plastics with metal material were also evaluated (Figure 7).   
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Figure 7. The scheme of the oxidation of three plastics and the subsequent adhesion 

evaluations in this thesis.   

Contents of this thesis 

Chapter 1 

 In this chapter, PP film surface was modified by the recently proposed oxidation 

method using light-activated ClO2
• gas. The surface chemical compositions, hydrophilicity and 

adhesion behavior with metal were studied. The effects of oxidation conditions on oxidation 

degree and oxidation depth and the effect of oxidation temperature on the adhesion strength 

with Al plate were further investigated. Moreover, this chapter developed an approach for the 

electroless metal plating on PP surface. The influence of light irradiation on the activation of 

ClO2
• and modification process was studied and light irradiation was found that only required 

to activate ClO2
• gas but have no direct modification on PP, by which the internal void could 

be oxidized and electroless plating for a complicated structure was possible.  

 

Chapter 2 
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In this chapter, the modification method via oxidation using light-activated ClO2
• was 

used to oxidize the surface of ABS resin. The surface chemical composition, hydrophilicity 

and surface morphology were investigated. As a result, butadiene in the ABS resin was 

confirmed to be oxidized. The adhesion of the metal layer deposited on the oxidized ABS resin 

after electroless plating was also studied. Furthermore, the effects of different oxidation time 

and temperatures on the chemical composition, hydrophilicity and adhesion were investigated 

to obtain optimal conditions. This chapter aims to develop an environmentally friendly and 

efficient way to modify ABS resin surface which can be applied for further electroless metal 

plating. 

 

Chapter 3 

 In this chapter, ClO2
• was used as an oxidizing agent for PC oxidation by light 

irradiation under ambient conditions. The chemical composition, hydrophilicity and 

transparency of the PC film surface after oxidation were analyzed. The effects of the oxidation 

conditions, viz. temperature and time, were also investigated. The oxidized PC films were 

subjected to electroless plating. This research aims to achieve the surface modification of PC 

via oxidation for the further modification or application. 
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Chapter 1 

Polypropylene (PP) surface oxidation by light-activated chlorine dioxide 

radical for metal−plastics adhesion 

1.1  Introduction 

Recently, multi-materialization, the use of various materials at the appropriate places, 

has attracted much attention due to the development and further functionalization of 

lightweight materials. As described in the general introduction, the plastic/metal composite 

materials, which involve adhesion of plastic and metal plate1 and/or electroless metal plating 

on plastic, are one of the most significant technologies on account of its light weight, high 

recyclability, steady physical properties and low production cost. For example, the superior 

properties of heat resistance, corrosion resistance and high mechanical strength to weight ratio 

allow PP-metal composites to be widely used in various fields, such as automotive, electronics, 

and packaging.2-5 In general, however, due to the low adhesion strength of non-polar PP to 

hydrophilic metals, it is necessary to modify PP surfaces to increase the surface energy without 

any changes in their bulk properties. 

Therefore, both physical and chemical surface treatments of PP have been well developed 

to improve its adhesive properties.6,7 Several surface modification methods have been 

employed, such as corona discharge, plasma treatment and chemical wet oxidation.8 In the case 

of corona discharge, oxygen containing groups are effectively introduced in a single step, but 

the introduced oxygen functional groups are generally unstable and decrease over time.9,10 In 

addition, atomic oxygen in the discharge method causes PP chain scission.11 Although plasma 

treatment is most commonly used in the industry as a safe and effective method, it could result 

in cross-linking on the plasma treated layer. In addition, it is difficult to modify all surface area 

on PP with complicated structures and shapes. Chemical wet oxidation uses strong oxidant and 

is generally effective as well, but these oxidants are toxic and have disadvantage for the 
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production of hazardous chemical wastes. Consequently, the development of a safe and simple 

method with low cost to improve the adhesion property of PP is still highly demanded.  

Therefore, according to the oxidation using ClO2
• mentioned in the general introduction, 

this chapter demonstrated surface oxidation of PP film surface and the adhesive-free adhesion 

between aluminium and oxidized PP modified by ClO2
• gas with UV irradiation. Oxidation of 

PP enhanced adhesive property of PP with aluminum. The effects of reaction time and 

temperature on the oxidation degree, oxidation depth, chemical composition, and adhesive 

strength were investigated. As a result, it is found that the adhesion strength increased by the 

increase of oxidation temperature of PP. In addition, XPS measurement revealed that the higher 

reaction temperature resulted in deeper oxidation depth.  

On the other hand, as mentioned in the general introduction, electroless metal plating on 

plastics is also an important approach in metallization. It is known that PP is one of the most 

difficult substrates to apply electroless metal plating. Therefore, efficient pre-treatments are 

needed to improve surface adhesion. Many methods have been developed for surface activation 

of polymers, such as plasma12-15, UV16, layer-by-layer coating17, chemical etching18 and 

grafting for Pd-free plating on the surface19. In addition, Takeyasu et al., reported an electroless 

plating method that is useful for metal deposition onto internal obscured regions of a complex 

structure.20 Herein, the electroless plating of PP was also investigated via modification by light 

activated ClO2
• oxidation as pre-treatment and this method was also employed onto other 

polymers with similar chemical structure. In addition, as an important finding, it is found that 

UV irradiation is only required for the activation of ClO2
• but is unnecessary for the surface of 

polymer.  

1.2  Experimental section 

Materials  

Sodium chlorite (NaClO2) was commercially obtained from Sigma-Aldrich (Tokyo, 

Japan). Ni plating reagents (SnCl2, PdCl2, Ni2SO4·6H2O, Glycine and NaH2PO2·H2O) were 
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purchased from Nacalai Tesque (Kyoto, Japan). Cu plating solutions (OPC-50 inducer M, 

OPC-150 Crystal RW, and ATS Addcopper IW) were obtained from Okuno Chemical Industry 

(Osaka, Japan). The commercial polypropylene (PP) pellets (Prime Polymer, F327) were hot-

pressed for 15 min at 175 °C under 10 MPa into films with a thickness of 200 μm. Al plate was 

purchased from the Nilaco Corporation (Tokyo, Japan) and washed with ethanol before use. 

PVC (Poly (vinyl chloride)) and PE (Polyethylene) films were purchased from AS ONE 

Corporation (Osaka, Japan). 

Modification of PP film surface  

ClO2
• treatment: PP film was oxidized by the ClO2

• gas generated from aqueous solution 

(7 ml) of NaClO2 (100 mg) and 35% HCl aq. (100 μL) under irradiation with a 60 W LED 

lamp (λ = 365 nm, 20 mW/cm2). A new glassware system was devised to perform the oxidation 

of a PP film in larger size and/or heating condition. The aqueous solution of NaClO2 was filled 

into outer moat part of glassware and the PP sample was put into inner side. Before the 

oxidation, the PP film was washed by water and was dried in vacuum drying oven. Plasma 

treatment: PP film was treated for a minute with a vacuum plasma equipment (Sakigake-

Semiconductor, YHS-R). 

Surface characterization  

The chemical compositions and functional groups were determined by ATR-FTIR 

(FT/IR4700, JASCO) at room temperature with a diamond window. All spectra were acquired 

at 4 cm-1 resolutions over 100 scans in the scan range of 500–4000 cm-1. To confirm the 

reproducibility, the measurement was performed over twice for each sample. Elemental 

compositions of the surface were calculated using X-ray photoelectron spectroscopy (XPS: 

Kratos Ultra 2). The XPS parameters included the power of analysis (wide: 75 W, narrow: 150 

W), monochromatic Al Kα. The survey and high-resolution XPS spectra were collected at fixed 

analyzer pass energies of 160 eV and 10 eV, respectively. To confirm the reproducibility, the 

measurement was performed over twice for each sample. Binding energies were referred to C-
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H (sp3) carbon for C 1s peak set at 285.0 eV. The peaks were fitted by using CasaXPS Version 

2.3.15 computer program (Casa Software Ltd). Static contact angle was determined by using a 

Drop Master DM300 (Kyowa Interface Science). 1.0 μL of water droplet was fixed onto the 

surface and the contact angle was determined at 5 sec (scanning time) after the attachment of 

the droplet. Data are obtained as the mean of five independent experiments with standard 

deviation. 

Adhesion of PP to metal 

Adhesion of PP to metal plate was performed by thermocompression bonding without 

any adhesives. The PP film was cut into 3×3 mm2 and was placed between two pieces of Al 

plates, then the thermocompression bonding was carried out at 160 °C under 20 MPa for 5 min. 

The Al/PP/Al were loaded to failure at 5 mm/min in tensile mode, and the failure strain was 

measured. Data are obtained as the mean of three independent experiments with standard 

deviation. 

Electroless plating  

Ni Plating: the conventional two-step catalyzation, sensitizing/activation method, was 

applied to deposit the Pd catalyst on PP film. The sensitization was carried out by immersing 

the film in a mixture of 10 mM SnCl2 and 200 mM HCl aqueous solution for 2 min at room 

temperature. The activation was carried out by immersing in a mixture of 1 mM PdCl2 and 200 

mM HCl aqueous solution for 2 min at room temperature. This sensitizing/activation treatment 

was repeated twice. Electroless plating was then performed in a solution comprising 100 mM 

NiSO4·6H2O, 200 mM Glycine, 200 mM NaH2PO2·H2O and H2O, pH 5.0, for 20 min at 75 °C. 

Cu plating: the catalyst loading was achieved by dipping into OPC-50 Inducer M solution at 

45 °C for 6 min and then into OPC-150 Crystal RW solution at 25 °C for 5 min. Copper 

deposition was conducted by immersing in ATS Addcopper IW solution at 25 °C for 1 min. 

The adhesion of metal layer to polymer film was evaluated through a cross-cut tape adhesion 

test. 
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1.3  Results and discussion 

Surface modification of polypropylene (PP) by light activated chlorine dioxide radical 

(ClO2
•) 

In order to confirm the hydrophobicity of PP surface before and after oxidation, the water 

contact angle was measured. The untreated PP film showed hydrophobicity with a contact 

angle of 107±0.9° (Figure 1-1a), while the contact angle of PP film oxidized via light-activated 

ClO2
• at 25 °C for 10 min decreased to about 86±1.8° (Figure 1-1b).  

 

Figure 1-1. Pictures of the water contact angle of (a) the untreated and (b) oxidized PP surface. 

 

Figure 1-2. (a) XPS wide scan spectra and (b) C1s spectra of untreated PP film surface and 

oxidized (oxidized at 25 °C for 10 min) PP film surface. 
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Moreover, to examine the details of introduced functional groups, X-ray photoelectron 

spectroscopy (XPS) was employed to untreated and oxidized PP films (oxidized at 25 °C for 

10 min) (Figure 1-2). C1s is the major component on the surface of untreated PP film, while 

C1s and O1s can be assigned to oxidized PP film. According to Figure 1-2a, the results reveal 

that oxidation leads to a significant increase in oxygen content (3.9% to 15.2%), and small 

amount of chlorine is incorporated into the surface after oxidation. Figure 1-2b shows C1s 

spectra of PP film before and after oxidation for 10 min at 25 °C respectively. The spectra of 

untreated PP film reveal the presence of main peak with binding energy about 285.0 eV for C-

C/C-H. The oxidized PP film also shows peaks around 285.0 eV, 286.5 eV and 288.0 eV, which 

are attributed to C-O, C-Cl and O-C=O respectively. The oxidized portion of PP was also 

studied in our group.21 PP contains primary C-H bonds in the side chains and secondary and 

tertiary C-H bonds in the main chain and the bond dissociation energy of these C-H bonds 

decrease in the order primary, secondary and tertiary one. However, the most feasible reaction 

for the oxygenation is the O2-addition to primary carbon to yield the corresponding peroxyl 

radical and the rate-determining step of oxygenation is the O2-insertion to form the peroxyl 

radical group. 

The effect of oxidation time on chemical component ratio (Figure 1-3a) was investigated 

to reveal the relationship between reaction condition and oxidation degree. The samples were 

oxidized at 25 °C at different oxidation time. The chemical component ratio was calculated 

from the XPS C1s spectra. The sum ratio of oxygen containing functional groups (C-O and 

COO) was about 35% when the PP film surface was oxidized for 3 min. When the oxidation 

time was extended to 10 minutes, the ratio of oxygen containing functional groups reached 

saturation. When the oxidation time was longer than 10 min, no significant difference was 

found for the amount of oxygen, thus it was decided that the reaction time for oxidation of 

samples for further studies was 10 min.  

The effect of the oxidation temperature (25°C, 60°C and 90°C) on chemical component 

ratio was also investigated (Figure 1-3b). Even when reaction temperature was increased to 
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60 °C or 90 °C, the sum of the oxygen containing group ratio was around 40%, which is almost 

as the same as the ratio of reaction at 25 °C. 

 

Figure 1-3. (a) The relation curves of oxidation time-chemical components ratio calculated 

from C1s spectra; (b) The relationship between oxidation temperature and chemical 

components ratio calculated from C1s spectra. Data are displayed as the mean of three 

independent experiments with standard deviation. 

Adhesion between metal and oxidized PP 

The adhesion strength was measured as a function of oxidation temperature (Figure 1-

4a, b). As shown in Figure 1-4c, the adhesion strength became higher as the oxidation 

temperature of PP raised. From the results of Figure 1-4d, the adhesion became stronger with 

the increase of oxidation degree. As seen from XPS and IR studies, the oxidation created -

COOH groups on PP surface. These results indicate that there is the strong interaction between 

oxygenated functional groups on PP and aluminum surface. The interaction between 

carboxylate groups of maleic anhydride-modified PP and Al sheet has been reported, which 

was confirmed to be the reason of interfacial adhesive strength by the electron donor-acceptor 

interaction.22,23 Besides, the high surface roughness of the PP film oxidized at high temperature 

was not considered to be the main reason for the adhesion improvement because the adhesion 

experiment was conducted by the thermocompression and the PP film surface turned to be 

smooth after adhesion experiment. Compared to the untreated PP film, with the increase of 



- 23 - 
 

oxidation temperature, the adhesion strength of oxidized PP film could reach about 23±2.7 

N/mm2, which was about 7 times higher than that of untreated PP (Figure 1-4c). In addition, 

plasma treatment, which is the most common treatment for PP modification, only led to a 

maximum adhesion strength of 7±0.5 N/mm2. 

 

Figure 1-4. (a) Pictures of before and after thermocompression bonding of Al/PP/Al; (b) 

Schematic illustration of the adhesion strength test; (c) The relationship between adhesion 

strength and oxidation temperature of untreated PP and PP treated under the UV light with 

ClO2
•; (d) ATR-IR spectra of untreated PP film and PP films oxidized at 25, 60 and 90 °C. 

Data are displayed as the mean of five independent experiments with standard deviation. 

 

Although there was no significant difference in the ratio of the polar functional groups 

on the surface of the treated PP film (Figure 1-3b), the adhesion strength increased with 
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increasing oxidation temperature (Figure 1-4c). On the other hand, peak intensity at the 1720 

cm-1 region for IR increased (Figure 1-4d), indicating that the increase in adhesion strength 

could be the result of the incorporation of functional groups in the depth direction at higher 

oxidation temperature. 

 

Figure 1-5. (a, b) Chemical composition with the etching depth of PP film oxidized at (a) 25 °C 

and (b) 90 °C for 10 minutes; (c, d) O1s spectra of PP film before and after 210 nm etching. 

Oxidation temperatures were (c) 25 and (d) 90 °C, respectively. 

 

To further quantitatively evaluate the depth of oxidation, untreated PP and oxidized PP 

films were etched by the Ar+ gas cluster ion while measuring the XPS. Although the etching 

depth of PP film cannot be directly calculated from the etching time, the hardness of the PP 
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material is similar to that of PLGA [poly (lactic-co-glycolic acid)], therefore the etching depth 

of the PP films can be derived from the calculation of PLGA.  

 

Table 1-1. Chemical composition ratio before and after etching of PP film oxidized in 10 min 

at 25 and 90 °C. 

Samples 
Oxidized at 25 °C Oxidized at 90 °C 

C-O (%) COO (%) C-O (%) COO (%) 

Before etching 19.3 4.9 20.7 6.9 

After etching 

(105 nm) 
3.0 0.1 12.1 3.0 

After etching 

(210 nm) 
2.4 0.0 9.9 2.0 

 

Table 1-1 shows the chemical composition of PP films oxidized at 25 and 90 °C for 10 

min. In the case of 25 °C, the amount of oxygen decreased with increasing depth and the 

oxidized depth limit was determined to be about 110 nm. However, oxygen containing groups 

still existed on the surface of PP films treated at 90 °C after etching to depth of 210 nm (Table 

1-1 and Figure 1-5). These results clearly support that higher reaction temperature results in 

deeper oxidation depths. At nanometer range, the difference in the oxidation depth has a great 

influence on the adhesive strength. Furthermore, light activated ClO2
• oxidation method can 

control the amount of incorporated oxygen at the thickness of nanometer level, and it can give 

strong adhesive ability without worsening the bulk physical properties of PP. 

Electroless metal plating to oxidized PP 

Both untreated and oxidized PP films were deposited into a sensitizer/activator solution 

and then immersed in a Cu plating solution (Figure 1-6a). After immersing for 1 min, both 

untreated and oxidized PP films were completely plated with Cu. After plating with Cu, the Cu 

layer of untreated PP film was completely removed after a tape test (Figure 1-6b left). On the 

contrary, good adhesion of Cu layer with the oxidized PP film was observed (Figure 1-6b 

right). Electroless Cu plating of PE and PVC films also gave similar results as shown in Figure 

1-6c and d. Next, electroless Ni plating on PP, PE, and PVC was also studied by the same 
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methodology. As shown in Figure 1-7, all of the oxidized samples showed good adhesion with 

metal layer. The improvement in the adhesion of PP film surface with metal layer resulted from 

the interaction between the loaded catalyst of Pd2+ and the incorporated polar functional groups. 

These results indicate that the light-activated ClO2
• oxidation method can be applied to the pre-

treatment of metal plating for many polymers with similar chemical structure. 

 

Figure 1-6. (a) Schematic diagram of the surface pretreatment for Cu plating. Pictures of Cu 

electroless plated (b) PP films, (c) PE plates, and (d) PVC plates after Scotch-tape test. Left 

and right are before and after oxidation, respectively.  

 

Figure 1-7. (a) Schematic diagram of the surface pretreatment for Ni plating; Pictures of 

electroless Ni plated (b) PP films; (c) PE plates and (d) PVC plates after Scotch-tape test. 

Light activated ClO2
• oxidation for porous three-dimensional substrate 
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In general, it is known that light irradiation on plastics can cause polymer chain scission. 

Thus, we studied several control experiments to investigate the effect of light irradiation on 

plastic surface and the active species in this surface oxidation. Here, in order to test the effect 

of UV irradiation on PP surface, the apparatus was set up (Figure 1-8b) to protect the PP film 

from UV while ClO2
• was still generated.  

 

Figure 1-8. The schema of experimental method of oxidation of PP surface (a) UV irradiation 

for both ClO2
• gas and polymer surface; (b) UV irradiation for only ClO2

• gas. 

 

Figure 1-9. ATR-IR spectra of PP surface (i) untreated, (ii) treated under the UV irradiation 

with ClO2
•, (iii) treated under the UV irradiation without ClO2

•, (iv) treated under the dark with 

ClO2
•, (v) treated with light-activated ClO2

• (no UV irradiation for PP surface during reaction) 

at 25 °C for 10 minutes. 
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According to the results of control experiments, it is found that UV irradiation is only 

required for the activation of chlorine dioxide radicals. That is to say, surface modification of 

polymers did not proceed by the direct light irradiation on PP surface using LED (365 nm) as 

light source. As shown in Figure 1-9, ATR-IR was employed to identify the incorporated 

functional groups. The spectrum (Figure 1-9-(i) and -(ii)) indicated the occurrence of surface 

oxidation: the reacted PP film showed new absorption peak at 1720 cm-1, which corresponds 

to the introduction of carbonyl groups (C=O). These data revealed that the carboxyl groups 

were incorporated onto the PP film surface. Furthermore, it was found that the oxidation 

reaction did not proceed in the case of two control experiments, namely, the reaction was 

conducted under the UV irradiation on PP surface but in the absence of ClO2
• gas (Figure 1-

9-(iii)) and under the dark but in the presence of ClO2
• gas (Figure 1-9-(iv)). On the other hand, 

PP was successfully oxidized under light activated (UV irradiated) ClO2
• gas atmosphere 

without irradiation on PP surface. Additionally, the adhesion strength test of aluminum plate 

with the modified PP film that was oxidized at 90 °C for 10 minutes under light activated ClO2
• 

gas atmosphere without irradiation on PP surface showed almost the same result (21±3.8 

N/mm2) with the result mentioned above (Figure 1-4c; 23±2.7 N/mm2). Based on these results, 

we concluded that this novel oxidation was proceeded by the light-activated ClO2
• radicals as 

active oxidant. Therefore, this novel modification method can be potentially used for complex 

plastics shapes where light cannot reach directly. 

Then, we tried electroless plating of the mesh type PP, which has an internal void and a 

more complicated shape. As mentioned above, this novel surface oxidation was accomplished 

by light-activated ClO2
• gas. Based on this fact, we considered that the gas could oxidize the 

internal void, and metal plating for a complicated structure would be possible. As expected, 

mesh type PP could also be successfully plated with copper (Figure 1-10a). The conductivity 

test of Cu plated PP film and PP mesh film by LED were conducted (Figure 1-10b). These 

results show that the light activated ClO2
• oxidation method can be applied to pre-treatments of 

both metal-polymer adhesion and metal plating on polymers. 
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Figure 1-10. (a) Pictures of before and after Cu electroless plating on oxidized PP mesh film; 

(b) Pictures of conductivity test of Cu plated PP film (b) and PP mesh film (c) by LED. 

1.4  Conclusions 

This chapter demonstrated that PP film surface can be modified via the oxidation method 

using light-activated ClO2
• and the adhesion of PP film with Al plate can be achieved after 

oxidation without any adhesives, as well the electroless metal plating on PP was achieved. We 

confirmed that the carbonyl groups were introduced onto film surface by IR and XPS 

measurements. Oxidation degree increased with increasing reaction time and temperature. It 

was found that the incorporation of polar groups in the depth direction increased as the reaction 

temperature was raised. The results show a positive correlation between the oxidation degree 

of PP and the adhesive strength. PP and metal could be firmly bonded by simple oxidation 

treatment on polymer surface. Because polar groups are easily introduced onto the surface of 

polymeric materials, the clean and energy-saving light activated ClO2
• oxidation method is used 

as a novel platform for surface treatment of polymer substrates. In addition, it should be noted 

that the surface oxidation is caused by light-activated ClO2
• gas indicating that this novel 

method is applicable to complex shape samples.  
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Chapter 2 

Photooxidation of the ABS resin surface for electroless metal plating 

2.1 Introduction 

As mentioned in the general introduction, in recent years, metallization of plastics has 

attracted significant attention. The materials resulting from the combination of metals and 

plastics always have both the high mechanical strength and lightness of plastics with the 

reflectivity, electrical conductivity, and decorative properties of metals. Among plastic 

materials, ABS resin is one of the most widely applied thermoplastics owing to its inherent 

merits such as excellent toughness, processability, corrosion resistance, and low cost.1-4 

Electroless metal plating is one of the most useful metallizations because it is non-galvanic 

method without using any expensive equipment and a uniform surface can be obtained. 

Furthermore, electroless metal plating provides an electrically conductive substrate for further 

coating by electroplating and interactions between the plastic substrate and the metal layer.5,6  

Before electroplating, plastic surfaces must be pretreated. Significant effort has been 

made toward investigating both physical and chemical modification methods. Among the 

studied modification methods, the application of a solution of chromic acid and sulfuric acid 

on the ABS resin surface has been used as the most popular treatment for the surface etching 

modification of the ABS resin surface for electroless plating.7,8. However, the use of chromic 

acid is limited because it is harmful to the environment. The high surface roughness resulting 

from the dissolution of PB improved the affinity of the metal to the ABS resin, but led to the 

loss of material. The ABS resin surface can also be successfully modified by the MnO2-H2SO4 

and MnO2-H2SO4-H3PO4 etching systems; however, the problems of MnO2 solubility and 

retention of MnO2 on the ABS resin surface have limited their application.9,10 Other chemical 

methods have also been investigated for surface modification such as photocatalytic reaction11 

and the use of ozonated water12 and a mixture of acid with hydrogen peroxide13; however, they 

are not ideal methods for the adhesion of ABS resin to metal layer because of the weak adhesion 
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strength. Physical treatment of plasma14,15 and optophysic treatment16 have been proven to be 

effective for ABS resin surface modification; however, they can cause material loss and require 

high energy. 

In chapter 1, surface oxidation of PP film, adhesive-free adhesion between an aluminum 

plate and surface-oxidized PP and successful electroless metal plating on surface-oxidized PP 

were achieved.17 These results indicated that ClO2
• oxidation can be applied as a surface 

modification method for plastics, and surface oxidation can result in the enhancement of 

adhesion between the metal layer and surface-oxidized plastics.  

 

Figure 2-1. ABS resin plate surface modification via oxidation using light-activated ClO2
• and 

following electroless plating. 

 

Therefore, considering the serious problems caused by the previous environmentally 

harmful and inefficient methods, we applied the light-activated ClO2
• for the oxidation of the 

ABS resin surface to develop a new modification method for pretreatment before electroless 

metal plating (Figure 2-1). Herein, the surface chemical composition, hydrophilicity, surface 

morphology, and adhesion of the metal layer after electroless plating were compared with those 

after the popular physical plasma treatment. Moreover, the effects of different oxidation 

reaction time and temperatures were investigated to obtain optimal conditions for electroless 

metal plating. Additionally, the oxidation of the ABS resin surface without direct UV 

irradiation on resin surface was studied, and an attempt was made to plate ABS resin with 

complex shapes printed by a 3D printer by copper. 

2.2 Experimental section 
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Materials 

Sodium chlorite (NaClO2) was commercially obtained from Sigma-Aldrich (Tokyo, 

Japan). Hydrochloric acid was purchased from FUJIFILM Wako Pure Chemical Corporation 

(Osaka, Japan). Cu plating solutions (OPC-50 inducer M, OPC-150 Crystal RW, and ATS 

Addcopper IW) were kindly provided by Okuno Chemical Industry (Osaka, Japan). Ni plating 

reagents (SnCl2, PdCl2, Ni2SO4·6H2O, glycine, and NaH2PO2·H2O) were purchased from 

Nacalai Tesque (Kyoto, Japan). Commercial ABS resin plates were purchased from AS ONE 

Corporation (Osaka, Japan).  

Modification of the ABS resin plate surface  

 The ABS resin plate was oxidized by the ClO2
• gas generated from an aqueous solution 

in a newly devised glassware described in the chapter 1. All samples were washed with water 

and dried in a vacuum drying oven before oxidation. For comparison, plasma treatment was 

conducted by treating the ABS resin plate for 10 s using a vacuum plasma equipment 

(Sakigake-Semiconductor, YHS-R). 

Surface characterization  

The static water contact angle was determined using Drop Master DM300 (Kyowa 

Interface Science, Saitama, Japan). In this study, 1.0 μL water droplet was fixed on the surface, 

and the contact angle was determined 5 s (scanning time) after the attachment of the droplet. 

The functional groups were determined by ATR-FTIR using the Nicolet iS5 spectrometer 

(Thermo Scientific, MA, USA) equipped with iD5 ATR accessory at room temperature. 

Elemental compositions of the surface were calculated using X-ray photoelectron spectroscopy 

(XPS; JEOL JPS-9010MC, Tokyo, Japan). The XPS parameters included the power of analysis 

(low resolution: 75 W, high resolution: 150 W) and monochromatic Al Kα. The survey and 

high-resolution XPS spectra were obtained at the fixed analyzer pass energies of 160 eV and 

10 eV, respectively. Peak-differentiation-imitating analysis was performed by the CasaXPS 

Version 2.3.15 computer program. Data are presented as the mean ± standard deviation of five 



- 35 - 
 

independent experiments. The SU3500 scanning electron microscope (SEM; Hitachi, Tokyo, 

Japan), operated at 15 kV, was used for the observation of the morphological changes of the 

ABS resin plate surface. Before measurements, the ABS resin plates were adhered to the probe 

followed by coating with a thin layer of Au–Pd using an ion sputtering apparatus (E-1010 

Hitachi Ltd., Tokyo, Japan). Oxidation of the ABS resin plate was determined by proton 

nuclear magnetic resonance (1H-NMR) spectroscopy using JNM-ECS400 (400MHz, JEOL 

Ltd., Tokyo, Japan) and CHCl3-d as a solvent. 

2.3 Results and discussion 

Surface analysis of modified ABS resin   

Figure 2-2a shows the ATR-FTIR spectra of the ABS resin plate surface before and after 

treating with the light activated chlorine dioxide radical (ClO2
•). In the case of untreated ABS 

resin plate, the main absorption peaks around 2919 cm-1, 2237 cm-1 and 1637 cm-1 assigned to 

C-H stretching vibration, C≡N stretching vibration and C=C stretching vibration, respectively. 

Compared with the untreated ABS resin plate, ABS resin plate surface-oxidized at 25°C in 10 

min (encoded as oxABS-25/10) shows the absorption peak at 2919 cm-1 is obviously weakened, 

while a small new peak at 1710 cm-1 assigned to C=O appeared, which demonstrated that the 

oxygen containing group was incorporated onto the ABS resin plate surface and the light 

activated chlorine dioxide radicals could oxidize the C-H bond. The hydrophilicity of the ABS 

resin plate surface before and after oxidation was measured by water contact angle (Figure 2-

2b). The results show the contact angle of oxABS-25/10 (69.1±1.4°) was lower than that of the 

untreated samples (89.3±1.1°). The hydrophilicity of the ABS resin plate surface was improved 

after oxidation reaction.  

ATR-FTIR (Figure 2-4a) and the water contact angle measurements (Figure 2-4b) were 

also conducted on the ABS resin plate before and after treatment with atmospheric plasma. The 

results show that the new absorption peak of C=O in the IR spectra obtained after oxidation 
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did not appear after the plasma treatment, but the peak intensity of C-H sharply decreased. The 

hydrophilicity of the ABS resin plate was improved after plasma treatment. 

 

Figure 2-2. (a) ATR-FTIR spectra and (b) the water contact angles of the untreated ABS resin 

plate and oxABS-25/10. 

 

Figure 2-3. (a) Low-resolution XPS spectra and (b) C 1s high-resolution spectra of the 

untreated ABS resin plate surface and oxABS-25/10 surface. 

 

To comprehensively investigate the effect of oxidation on the chemical state of the ABS 

resin plate surface, the chemical composition and functional groups were determined by XPS 
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measurement. The polar groups introduced into the ABS resin plate surface oxidized with ClO2
• 

were also determined from the curve fitting of the C 1s high-resolution spectra. Figure 2-3a 

shows the low-resolution XPS spectra of the untreated ABS resin plate and oxABS-25/10, and 

the C 1s high-resolution spectra are displayed in Figure 2-3b. In the low-resolution XPS 

spectra of the untreated ABS resin plate, a main peak around 285 eV corresponding to carbon 

and a peak around 400 eV corresponding to nitrogen are observed. Oxygen also existed in the 

untreated ABS resin plate because of the inevitable incorporation of oxygen from the industrial 

production process. After oxidation, the amount of oxygen on the ABS resin plate surface 

significantly increased (from 7.84% to 17.22%) and a small amount of chlorine was introduced 

into the ABS resin plate surface. The C 1s high-resolution spectrum of the untreated ABS resin 

plate indicated three peaks due to C–C, C–H, and C=C (284.9 eV), C–O and C≡N (286.4 eV), 

and π–π* (291.9 eV). After oxidation for 10 min at 25°C, new peaks appeared due to the 

incorporation of the -COO groups (289.0 eV) and C-O/C-Cl (286.5 eV). Although the peak at 

286.5 eV is difficult to be deconvoluted into the peaks of the C–O, C–Cl, and C≡N groups, the 

results reveal that the amount of the C-O/C-Cl groups increased after oxidation. The 

incorporation of polar functional groups via oxidation is beneficial to the adhesion of the 

polymer to metal. Herein, the introduction of trace amounts of C–Cl groups is also an 

unignorable reason for the adhesion between the metal layer and polymer. In contrast, less 

oxygen (Figure 2-4c) and oxygen-containing groups (Figure 2-4d) were incorporated into the 

plasma-treated ABS resin plate surface, and these polar functional groups evolved their 

orientation and migration into the bulk polymer.18,19  
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Figure 2-4. (a) ATR-FTIR spectra of the untreated ABS resin plate and ABS resin plate treated 

with plasma for 10 s; (b) the water contact angles of the ABS resin plate before and after 

treatment; and (c) XPS wide scan spectra and (d) C1s spectra of the untreated ABS resin plate 

surface and plasma-treated ABS resin plate surface (10 s).  

The time stability of the ABS resin oxidized by this method in our study was investigated. 

After 4 months, the amounts of oxygen and polar functional groups on the surface were 

determined by XPS. Only a slight decrease was observed in the oxygen amount (from 16.14% 

to 15.67%) and polar functional groups (taking carboxylic groups as an example: from 8.78% 

to 8.07%). This result revealed that herein, oxidation retarded the rotation and migration of 

polar functional groups. Moreover, the surface asperities induced by plasma treatment cause 

surface deterioration.  
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Figure 2-5. 1H-NMR spectra of the untreated ABS resin plate surface and oxABS-25/10 

surface (five pieces of the oxidized ABS resin plate surface were rinsed with CHCl3, and CHCl3 

was evaporated. The remnant was dissolved in CDCl3). 

 

As ABS resin is a kind of copolymer of three monomers of acrylonitrile, butadiene, and 

styrene, 1H-NMR spectroscopy was conducted to confirm the oxidized part of the ABS 

polymer chain. In the 1H-NMR spectra (Figure 2-5) of the ABS resin plate surface before and 

after oxidation, the chemical shift of 5.3 ppm, corresponding to the protons of -HC=CH- in 

butadiene, decreased after oxidation. Moreover, the chemical shift of 2.0 ppm, corresponding 

to the proton of -CH2- located beside -HC=CH-, decreased after oxidation. Both results 

indicated that the -HC=CH- bond of butadiene in ABS resin was broken by ClO2
• during 

oxidation and PB was the oxidized part.  

It is important to observe the microscopic appearance of the untreated ABS resin plate 

and oxABS-25/10 to examine the morphological changes of the ABS resin plate surface after 

oxidation. The purchased ABS resin plate surfaces are smooth and hydrophobic due to the lack 

of polar functional groups on them (Figure 2-6a), which cannot provide a mechanical or 

chemical anchorage to the metallic deposit. The oxABS-25/10 surface is rough with nano-
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bubbles/holes (Figure 2-6b). For comparison, the morphology of the plasma-treated ABS resin 

plate surface was observed by SEM (Figure 2-6c). A large number of smaller bubbles/holes 

were created by the plasma treatment, which led to a rougher ABS resin plate surface. 

 

Figure 2-6. SEM images of the (a) untreated ABS resin plate surface, (b) ABS resin plate 

surface oxidized at 25 °C for 10 min, and (c) ABS resin plate surface treated by plasma for 10 

s. 

Effects of oxidation conditions 

The effects of oxidation time on the chemical component ratio, surface hydrophilicity, 

and surface morphology were investigated to reveal the relationship between the oxidation 

conditions and oxidation degree. The ABS resin plates were oxidized for different durations of 

oxidation at room temperature. Figure 2-7a and c show the surface chemical component ratio 

after oxidation for different durations. Although before and after oxidation, a significant 

increase in the oxygen amount and polar functional group ratio was observed on the ABS resin 

plate surface, the rate of increase sharply decreased with the increasing oxidation time. When 

the oxidation time was increased to 30 min, the oxygen amount and polar functional group ratio 

no longer increased. Specifically, oxidation occurs rapidly and is finished in a short time, which 

is beneficial for industrial use. Moreover, the water contact angles (Table 2-1) of the ABS resin 

plates oxidized for different durations of oxidation were almost the same, which is in 

accordance with the XPS results. SEM images (Figure 2-8) display the difference between the 

surface morphologies of the ABS resin plates oxidized for different durations of oxidation, and 

the results reveal that the number of nano-bubbles/holes on the surface and roughness increased 

with the increasing oxidation time. Longer oxidation time resulted in more surface damage. To 
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obtain a comparably high oxidation degree in a shorter time while avoiding surface damage, 

the optimal oxidation time was determined to be 10 min. This oxidation is considered to be a 

"self-limiting" process, meaning that the oxidation produces a surface that prevents further 

oxidation. 

 

Figure 2-7. Relation of oxidation time with chemical component ratio calculated from the low-

resolution spectra (a) and C 1s high-resolution spectra (c). Relation of oxidation temperature 

with chemical component ratio calculated from the low-resolution spectra (b) and C 1s high-

resolution spectra (d). Data are displayed as mean ± standard deviation of three independent 

experiments. 

 

Table 2-1. Water contact angles (WCAs) of the ABS resin plate surface oxidized under 

different conditions. 

Oxidation 

condition 
untreated 

25 °C 60°C  

10 min 

90°C  

10 min 5 min 10 min 30 min 60 min 

WCAs 89±1.1 69±1.4 69±2.9 69±2.8 67±3.1 68±4.1 62±0.5 
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Figure 2-8. SEM images of the ABS resin plate surface oxidized at (a) 25 °C for 10 min, (b) 

25 °C for 30 min, (c) 25 °C for 60 min, (d) 60 °C for 10 min, and (e) 90 °C for 10 min. 

 

The effect of the oxidation temperature was also investigated. Figure 2-7b and d display 

the surface chemical component ratios after oxidation for 10 min at different temperatures. 

After oxidation at 25 °C for 10 min, the oxygen ratio reached 17.22% and the carboxylic group 

ratio reached 11.21%. With an increase in the oxidation temperature, the oxygen ratio and 

carboxylic group ratio slightly increased and the ratio of the other polar groups no longer 

increased. The SEM images (Figure 2-8a, d and e) show that the number of nano-bubbles/holes 

on the surface and roughness increased with an increase in the oxidation temperature. To 

summarize, the optimal oxidation time and temperature were determined to be 10 min and 

25 °C, respectively. 

Electroless metal plating of modified ABS resin 

After the polar functional groups were confirmed to be incorporated into the ABS resin 

plate surface by oxidation via ClO2
•, both the untreated ABS resin plate and oxABS-25/10 were 

exposed to electroless plating using Cu and Ni described in the chapter 1. After electroless 

plating, the adhesion of the metal layer to the surface of the resin plates was tested by the Scotch 

tape test (Figure 2-9). According to the Cu electroless plating described in the Experimental 

section, the samples were placed in a sensitizer/activator solution and then immersed in a Cu 
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plating solution. Both the untreated ABS resin plate and oxABS-25/10 were completely 

covered by a thin Cu layer after 1-minute immersion. However, after the Scotch tape test, the 

Cu layer on the untreated ABS resin plate was completely removed (Figure 2-9a), while strong 

adhesion of the Cu layer to oxABS-25/10 was observed. Ni electroless plating was also 

conducted via the method shown in the Experimental section. After immersion in the Ni 

solution for 20 min, oxABS-25/10 was fully plated, while the untreated ABS resin plate was 

rarely plated (Figure 2-9b). Moreover, the Ni layer on the plated oxABS-25/10 was not 

removed by the tape test. The strong adhesion of the metal layer to the ABS resin plate was 

achieved by surface oxidation via ClO2
•, which can be used as a basic treatment for the next 

electro-metal plating. The improved adhesion between the modified ABS resin plate and the 

deposited metal layer is attributed to the chemical interaction between the incorporated polar 

functional groups as well as the slightly rough surface created herein, and the former is the 

main reason. For comparison, the plasma-treated ABS resin plate was plated with Cu (Figure 

2-9c). The result indicated that the ABS resin plate treated by oxidation has a comparable 

adhesion property with the traditional physically plasma-treated ABS resin plate. However, the 

polar functional groups induced by plasma treatment suffer from the rotation and migration 

and plasma treatment cause more surface deterioration. The effects of oxidation conditions on 

electroless Cu plating were also investigated (Figure 2-10 and Table 2-2). The ABS resin 

plates oxidized for different durations at room temperature were completely covered by a Cu 

layer, and all samples passed the Scotch tape test. The sample oxidized at 60°C was not 

completely covered by the Cu layer and part of the deposited Cu layer was removed after the 

tape test. The Cu layer deposited on the samples oxidized at 90 °C turned dark after electroless 

plating. 
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Figure 2-9. Images of the (a) Cu electroless-plated and (b) Ni electroless-plated ABS resin 

after the Scotch tape test. Left and right images were obtained before and after oxidation, 

respectively. (c) The Cu electroless-plated ABS resin treated by plasma for 10 s after the Scotch 

tape test. 

 

Figure 2-10.  Images of the Cu electroless-plated ABS resin oxidized under different 

conditions.   

 

Table 2-2. Scotch tape test results of the Cu electroless-plated ABS resin plates oxidized under 

different conditions. 

Oxidation 

conditions 
Untreated 

25oC 60oC 90oC 

10 min 30 min 60 min 10 min 10 min 

Removal 

Ratio 
16/16 0 0 0 2/16 0 

 

In a previous study on PP oxidation using this method, it was demonstrated that UV 

irradiation is only required for the activation of ClO2
•.17 In this study, we investigated the 

oxidation process via UV-activated ClO2
• on the ABS resin plate surface without UV 
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irradiation on the ABS resin plate surface. The water contact angle and XPS measurements 

were conducted to observe the hydrophilicity and oxidation degree (Table 2-3). The results 

revealed that the hydrophilicity of the ABS resin plate surface was improved and oxygen-

containing groups were incorporated into the ABS resin plate surface after oxidation via UV-

activated ClO2
• without UV irradiation on the ABS resin surface. Under the same conditions 

of oxidation time and temperature (10 min and 25 °C, respectively), the ratio of oxygen and 

polar groups on the ABS resin plate surface oxidized without UV irradiation on the surface 

was significantly lower than that for oxABS-25/10; however, with the increasing oxidation 

time or temperature, the oxidation degree reached the same level. These results indicate that 

the rate of oxidation was lower without UV irradiation on the ABS resin surface. Moreover, 

electroless plating was conducted on the ABS resin, which had an internal void and a more 

complicated shape (Figure 2-11). Because the ClO2
• gas was applied as an oxidant to modify 

the ABS resin surface, it can reach even the back side of the ABS resin which cannot be 

exposed to the light. As expected, the ABS resin with a complicated shape could also be 

successfully plated with copper including internal surfaces. These results show that the light-

activated ClO2
• oxidation method can be applied as an effective pretreatment for the electroless 

plating of ABS resin. 

 

Table 2-3. Water contact angles (WCAs) and chemical component ratios calculated from the 

XPS measurement of the ABS resin plates surface oxidized under different conditions without 

UV irradiation on the ABS resin surface. 

 

Oxidation 

conditions (no UV 

on surface) 

WCAs 

(°) 

Atomic ratio (%) 

C O N Cl 
C-H/C-

C/C=C 

C-

O/C≡N 

/C-Cl 

O-C=O 

25°C@5 min 83 88.75 6.66 3.79 0.80 80.03 16.29 1.90 

25°C@10 min 75 83.57 11.26 3.21 1.96 75.76 17.32 5.20 

25°C@30 min 75 75.99 16.97 3.27 3.77 67.32 23.58 7.72 

60°C@10 min 74 70.62 18.69 3.34 7.35 63.86 23.64 11.37 

90°C@10 min 69 64.71 22.53 3.44 9.32 61.34 20.43 16.92 
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Figure 2-11. Images of Cu electroless-plated ABS resin with different complex structures 

printed by a 3D printer (image inside the left part shows partially magnified details). 

2.4 Conclusions 

In this chapter, oxidation via light-activated ClO2
• was demonstrated to be useful for the 

modification of the ABS resin surface, which could be applied as an effective alternative 

pretreatment for the electroless plating of ABS resin instead of the traditional methods. Herein, 

the improvement of the ABS resin surface hydrophilicity was revealed by the water contact 

angle measurement, and the polar groups, including the carboxylic groups, were confirmed to 

be incorporated into the ABS resin surface by IR and XPS measurements. The oxidized portion 

of the ABS resin was proved to be PB by H-NMR spectroscopy. Electroless metal plating could 

be achieved after simple oxidation modification of the ABS resin plate surface. According to 

the oxidation degree and the electroless plating results, the optimal oxidation conditions were 

determined to be 10 min and 25 °C, and the reaction was fast under these mild conditions. It 

should also be noted that the surface oxidation of ABS resin did not require direct light-

irradiation on the surface, which led to the successful plating of ABS resin with complex shapes. 

Compared with the commercial wet chemical process, this modification is an environmental-

friendly process without causing significant surface damage, while identical electroless plating 

results were also obtained.  Thus, this oxidation method is a clean and effective approach for 

the modification of ABS resin surface due to the ease of induction of polar groups and its 

energy efficiency. 
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Chapter 3 

Surface modification of polycarbonate using the light-activated chlorine 

dioxide radical 

3.1 Introduction 

Polycarbonate (PC) is one of the most commonly used polymers owing to its specific 

properties, such as transparency, high mechanical strength, light weight, high electrical 

insulation, and high temperature resistance,1-3 which make it a suitable alternative for 

conventional engineering materials. Biocompatible PC plastic, a type of bio-based degradable 

polymer, can be widely used for different purposes, including optical applications, food contact 

materials, medical devices, and digital optical data storage discs.4-6 Furthermore, owing to its 

facile fabrication, PC plastic is widely commercially available. However, PC presents certain 

drawbacks, such as poor hydrophilicity and adhesion properties;7,8 therefore, the surface of 

commercial PC plastic should be properly modified to expand its applications. To date, both 

physical and physical-chemical treatments, including plasma9-12, laser13,14, ion beam15-17 and 

ultraviolet (UV)-ozone18 treatments, have been studied for the modification of PC surface. 

However, all these treatments require high costs and hazardous operating conditions and cannot 

be used for complex geometric shapes. In addition, the polar functional groups induced via 

plasma treatment suffer from rotation and migration in the days following the treatment, and 

the transmittance of PC decrease after plasma treatment,19,20 the use of ion beams on polymeric 

material induces irreversible changes in their macromolecular structure, and UV-ozone causes 

C–C bond cleavage, resulting in significant decrease in the molecular weight of the plastics.21 

Therefore, these treatments are not ideal for the surface modification of PC, and consequently, 

the demand for fast, efficient, energy-saving, and safe surface treatment processes has 

increased. 

In this study, according to the modification via oxidation mentioned in the general 

introduction and used in the chapter 1 and 2, the modification of the PC film surface achieved 
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using light-activated ClO2
• was confirmed using X-ray photoelectron spectroscopy (XPS) and 

proton nuclear magnetic resonance (1H-NMR). The hydrophilicity and surface morphology of 

the PC film surface after oxidation were also analyzed. The oxidation conditions, viz. the 

oxidation time and temperature, were investigated to reveal their effects on the oxidation 

degree, chemical composition, and hydrophilicity of the PC film surface. Moreover, since 

transmittance is a key property for the applications of PC, the effect of oxidation temperature 

on PC plates transmittance is also studied. These results were used to determine the optimal 

reaction conditions. In addition, after PC films surfaces were oxidized using light-activated 

ClO2
•, they were subjected to electroless plating which is a useful metallization method. 

3.2 Experimental section 

Materials 

Sodium chlorite (NaClO2) and hydrochloric acid (HCl) were purchased from Sigma-

Aldrich (Tokyo, Japan) and FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan), 

respectively. Cu plating solutions (OPC-50 inducer M, OPC-150 Crystal RW, and ATS 

Addcopper IW) were kindly provided by Okuno Chemical Industry (Osaka, Japan). The Ni 

plating reagents (tin (II) chloride (SnCl2), palladium (II) chloride (PdCl2), nickel (II) sulfate 

hexahydrate (NiSO4·6H2O), glycine, and sodium hypophosphite monohydrate 

(NaH2PO2·H2O)) were purchased from Nacalai Tesque (Kyoto, Japan). PC films (with a glass 

transition temperature of 148 °C) were purchased from AGC Inc. (Tokyo, Japan) and PC plates 

with the same chemical structure as PC films were provided by NAGASE & CO., LTD (Osaka, 

Japan) 

Oxidation of PC film/plate surface  

The PC film/plate surface was oxidized using UV-activated ClO2
• gas, which was 

generated via the irradiation on an aqueous solution described in the chapter 1. A watch glass 

system was set up to perform the oxidation of the PC film/plate surface using the procedure 
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described in the chapter 1. The commercial PC films and plates were cut into the area of 3×1cm2 

with the thickness of 0.18 mm and 0.5 mm, respectively. The PC films/plates were placed 

inside the watch glass system and the aqueous solution filled the outermost part of the 

glassware. Both the PC films/plates and aqueous solutions were irradiated using UV light. All 

the samples were washed with water and dried in a vacuum oven at 25 °C before oxidation. 

The oxidized samples were also washed with water and dried in a vacuum oven at 25 °C prior 

to tests. After modification, the used solution was irradiated by the UV light until the excess 

ClO2
• was completely decomposed.  

Characterization 

The surface chemical composition of the PC films was determined using an JPS-9010MC 

XPS (JEOL, Tokyo, Japan) instrument. The XPS inert parameters included the power of 

analysis (wide: 75 W, narrow: 150 W) and monochromatic Al Kα radiation. The survey and 

high-resolution XPS profiles were obtained at the constant analyzer pass energies of 160 and 

10 eV, respectively. The CasaXPS Version 2.3.15 software was used for the peak-

differentiation-imitating analysis of the C1s narrow XPS profile. Three independent 

experiments were conducted to obtain the standard deviation of the data. The static water 

contact angles of the PC films were determined using a Drop Master DM300 (Kyowa Interface 

Science, Saitama, Japan) contact angle meter. A 1.0-μL water droplet was placed on the surface 

of the PC film, and the contact angle was determined 5 s (scanning time) after the attachment 

of the droplet. The functional group composition of the PC film surface was determined using 

1H-NMR spectroscopy utilizing a JNM-ECS400 (400 MHz, JEOL, Tokyo, Japan) instrument 

and deuterated dimethylformamide (DMF-d7) as the solvent. A SU3500 scanning electron 

microscopy (SEM; Hitachi, Tokyo, Japan) device operated at 15 kV was used for the 

observation of the morphological changes of the PC films surface. Before measurements, the 

PC films surface was adhered to the probe and then it was coated with a thin Au–Pd layer using 

an E-1010 (Hitachi, Tokyo, Japan) ion sputtering apparatus. The transmittance of the PC plates 

was determined using a U-2810 (Hitachi, Tokyo, Japan) ultraviolet–visible (UV–vis) 
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spectrophotometer and a haze meter (NDH-4000, Nippon Denshoku, Tokyo, Japan) was 

employed to measure the haze values. 

3.3 Results and Discussion 

Surface modification of PC film via oxidation 

 

Figure 3-1. Proton nuclear magnetic resonance spectra of the untreated PC film and oxidized 

PC surface. Chemical shifts (δ) ranged from (a) 0.2 to 7.8 and (b) 8.5 to 12.0. Here, oxidized 

PC denotes PC film oxidized using light-activated ClO2
• at 25 °C for 10 min. 

 

The chemical structures of the untreated PC film surface and PC film surface oxidized 

using light-activated ClO2
• at 25 °C for 10 min (hereafter oxidized PC) were confirmed using 

1H NMR. To prepare the surface of the oxidized PC samples, five oxidized PC samples were 

rinsed with DMF to dissolve their surface. Then, DMF was evaporated and the residual 

substance was dissolved in DMF-d7 and was subsequently subjected to 1H NMR analysis. 

Figure 3-1 presents the 1H-NMR spectra of the untreated PC film and oxidized PC surfaces. 

The peak of the aromatic protons in the range of 7.3-7.4 ppm and that of the methyl protons at 
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1.67 ppm, which were assigned to the main chain of PC, were observed in Figure 3-1a. After 

oxidation, the intensity of the peak of the methyl protons (1.67 ppm) slightly decreased and 

that of the peak of the hydroxyl proton of Ph–C–OH (2.09 ppm) increased. Furthermore, new 

peaks at the chemical shifts of 10.8 and 9.7 ppm, which were assigned to the carboxyl and 

aldehyde protons, respectively, appeared in the spectrum of oxidized PC (Figure 3-1b). The 

oxidation mechanism of PC was complicated and comprehensive. In this study, the mechanism 

was supposed as follows: According to the feasible reaction mechanism for the oxygenation of 

PP,21 the activation and oxygenation of C-H on PC occurred selectively at the side-chain methyl 

groups rather than at the phenyl groups, which was supported by the absence of the Ph–OH (δ 

= 6.7) peak from the 1H-NMR spectra of oxidized PC. Another hypothesis is also proposed. 

After activation and dehydrogenation of the C-H in the methyl groups in the side chain, the 

subsequent isomerization provides an activated site in the quaternary carbon in the main chain 

of PC (Figure 3-2),22 which is supported by the presence of the Ph-C-OH. Besides, the C-O 

bond cleavage in the -O-(C=O)-O- did not occurred due to the absence of the Ph-OH.  

 

Figure 3-2. Scheme of the isomerization after activation and dehydrogenation of the C-H in 

the methyl groups. 

 

In addition, XPS measurements were conducted to determine the surface chemical 

composition and identify the functional groups of the PC films. The survey and C1s narrow 

XPS profiles of the untreated PC film and oxidized PC surface are illustrated in Figure 3-3a 

and b, respectively. Two peaks at approximately 285 and 532 eV, which corresponded to C 

and O, respectively, were observed in the survey profiles of untreated PC film and oxidized 

PC surface. The ratio of O on the surface of untreated PC film was 18.71% and that of oxidized 

PC was increased to 22.15%; moreover, a small amount of Cl was detected on the surface of 

the oxidized PC sample (Figure 3-3a). The polar groups introduced on the surface of oxidized 
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PC were also identified using the curve fitting of the C1s narrow profile. The C1s narrow 

profile of untreated PC was deconvoluted into four peaks with the following binding energies 

and assignments: (1) 285 eV, aromatic and aliphatic carbon; (2) 286.5 eV, C–O; (3) 290.5 eV, 

–O–(C=O)–O–, and (4) 291.5 eV, π-π* transitions. After PC was oxidized for 10 min at 25 °C, 

a new peak at 289.0 eV appeared in its spectra, and that was ascribed to the introduction of the 

–COO groups on the surface of oxidized PC. Although it was difficult to distinguish the peaks 

ascribed to the C–O and C–Cl polar groups, the intensity of the peak at 286.5 eV, which 

corresponded to the C–O/C–Cl groups, was increased. In this study, the introduction of the 

small amount of C–Cl polar groups on the surface of oxidized PC was also considered to be 

an important reason for the improvement in the hydrophilicity and adhesion with 

heterogeneous materials of oxidized PC. These results indicated that this oxidation method 

using light-activated ClO2
• was effective for the introduction of functional groups on the PC 

film surface. Furthermore, the XPS results were consistent with the 1H NMR results.  

 

Figure 3-3. (a) X-ray photoelectron spectroscopy (XPS) survey profile and (b) C1s narrow 

XPS profile of untreated polycarbonate (PC) film and oxidized PC surface. Here, oxidized PC 

denotes PC film oxidized using light-activated ClO2
• at 25 °C for 10 min. 

 

The oxidation depth was also determined by the XPS and oxidized PC surface were 

etched by the Ar+ gas cluster ion while measuring the XPS. The result showed that the oxidation 
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depth of oxidized PC is about 126 nm which indicated the oxidation of PC film surface 

occurred at nanometer level.   The durability of the PC film oxidized by this method in our 

study was also investigated. The amounts of oxygen and polar functional groups on the surface 

were determined by XPS 4 months after oxidation. Only a slight decrease was observed in the 

oxygen amount ratio (from 25.04% to 24.04%) and polar functional groups (taking carboxylic 

groups as an example: from 4.24% to 4.04%). This result indicated oxidation retarded the 

rotation and migration of polar functional groups. 

In comparison with PP (Chapter 1), the amount ratio of the introduced oxygen and 

oxygen-containing ratio on the PC film surface is much lower under the same oxidation 

conditions, which indicated the reactivity of PC is lower than PP. PP is a simple alkane with 

methyl groups in the side chains. However, PC has an oxygen containing structure, and the 

aromatic and quaternary carbons exist in its main chain. The lower reactivity of PC may result 

from lower ratio of carbon of methyl groups in the chemical structure and the different possible 

reaction mechanisms. 

 

Figure 3-4. (a) Photographs of water contact angles of untreated polycarbonate (PC) film and 

oxidized PC surfaces. Scanning electron micrographs of (b) untreated PC film and (c) oxidized 

PC surfaces. Here, oxidized PC denotes PC film oxidized using light-activated ClO2
• at 25 °C 

for 10 min. 
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Water contact angle measurements were performed to assess the hydrophilicity of the PC 

film surface before and after surface oxidation (Figure 3-4a). The contact angle of the untreated 

PC film was 92.5±2.8° and that of oxidized PC was decreased to 72.9±2.1°. These results 

revealed that the hydrophilicity of the PC film surface was improved via oxidation. The surface 

morphologies of untreated PC and oxidized PC were observed using SEM. Both film surfaces 

were smooth (Figures 3-4b and c). Besides, the surface roughness was determined by the AFM 

measurement (Figure 3-5). The arithmetical mean deviation of roughness (Ra) of the untreated 

PC film surface and the oxidized PC surface were determined to be 2.208 nm and 1.573 nm, 

respectively, which indicated that both surface roughness values had no significant difference 

and both the untreated PC film and the oxidized PC possessed smooth surface. Thus, smooth 

PC film surfaces were provided for the subsequent electroless plating. These results 

demonstrated that the surface of the PC film was not destroyed during the oxidation reaction 

performed under UV irradiation, and the surface modifications of the PC films only involved 

the addition of chemical bonds. In addition, the improvement of the wettability of the PC film 

surface mainly resulted from the introduction of the surface polar functional groups. 

 

Figure 3-5 Atomic force microscopic (AFM) images of (a) untreated PC film surface; (b) 

oxidized PC surface (Ra: the arithmetical mean deviation of roughness). 

Effects of oxidation conditions 
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Figure 3-6. Relationship between oxidation temperature and chemical composition of PC film 

surface calculated using (a) the XPS survey profile (green: C, red: O, blue: Cl) and (b) C1s 

narrow XPS profile (black: aromatic/aliphatic C, red: C–O/C–Cl, blue: O–C=O) of the PC film 

surfaces. Relationship between oxidation time and chemical composition of polycarbonate 

(PC) film surface calculated using (c) the X-ray photoelectron spectroscopy (XPS) survey 

profile (green: C, red: O, blue: Cl) and (d) C1s narrow XPS profile (black: aromatic/aliphatic 

C, red: C–O/C–Cl, blue: O–C=O) of the PC film surfaces. Three independent experiments were 

preformed to obtain the standard deviations. 

 

The effects of oxidation time and temperature on the chemical composition and surface 

wettability of the PC films were investigated. The PC films were oxidized for different time at 

25 °C. The surface chemical compositions after oxidation for different time are presented in 

Figures 3-6a and b. The ratio of O and polar functional groups on the PC film surfaces were 

increased after oxidation; however, they did not increase with increasing oxidation time. These 

results indicated that oxidation occurred rapidly and finished fast, which is beneficial for 
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industrial use. Furthermore, the water contact angles of the PC film surfaces oxidized for 

different time were almost the same (Table 3-1), which was consistent with the XPS results. 

The SEM images revealed that the surfaces of the PC films oxidized at 25 °C for 10 and 60 

min were smooth (Figures 3-7a and b), which indicated that the oxidation time did not affect 

the surface morphology. Thus, the optimal oxidation time was determined to be 10 min. 

The effect of oxidation temperature on the chemical composition and surface wettability 

of the PC films was also investigated. The surface chemical compositions after oxidation for 

10 min at different temperatures are illustrated in Figures 3-6c and d. As the oxidation 

temperature increased, the ratios of O and polar groups on the PC film surface increased. SEM 

images (Figure 3-7c and d) were also analyzed to investigate the differences between the 

morphologies of the PC film surfaces oxidized at different temperatures. The results revealed 

that the PC film surface chemical structure was destroyed and reorganization occurred at high 

oxidation temperatures. The increase in the ratios of O and polar groups were attributed to 

surface damage, which promoted the oxidation at the PC film deeper surfaces.  

 

 

Figure 3-7. Scanning electron micrographs of polycarbonate film surfaces oxidized (a) at 25 °C 

for 10 min, (b) at 25 °C for 60 min, (c) at 60 °C for 10 min, and (d) at 90 °C for 10 min. 
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Table 3-1. Water contact angles of the polycarbonate films surface oxidized under different 

conditions. 
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Figure 3-8. Transmittance curves of untreated polycarbonate (PC) plate and PC plate oxidized 

for 10 min at different temperatures. 

 

Transmittance is a key property for the applications of PC. Researchers have established 

that the transmittance of PC is affected by the preliminary physical and physical-chemical 

modifications19. The surface damage of the PC film oxidized at elevated temperatures is shown 

in the SEM images (Figures 3-7c and d); the transmittances of an untreated PC plate and PC 

plate oxidized for 10 min at different temperatures were measured using UV–vis spectroscopy 

(Figure 3-8). The transmittances of the untreated PC plate and PC plates oxidized at 25 and 

60 ℃ for 10 min were similar. However, the transmittance of the PC plate oxidized at 90 ℃ 

for 10 min was lower than those of the previously mentioned samples. Moreover, a highly 

transparency plate should also have a low haze value. The haze value was also determined by 

Oxidation 

conditions 
untreated 

25 °C 60°C  

10 min 

90°C  

10 min 3 min 10 min 30 min 60 min 

Water contact 

angles (°) 
92.5±2.8 

74.3 

±1.0 

76.8 

±0.7 

76.4 

±1.4 

76.9 

±2.2 

74.7 

±1.8 

74.6 

±3.2 
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a haze meter and calculated according to Equation 1, where T.T. and P.T. indicate the total 

transmissivity and parallel transmissivity, respectively.  

Haze =
𝑇.𝑇−𝑃.𝑇

𝑇.𝑇
× 100%        (1) 

The results were shown in the Table 3-2. The haze values of the untreated PC plate and 

the PC plate oxidized at 25 °C for 10 min were determined to be 0.11 % and 0.12 %, 

respectively, while the PC plate oxidized at 60 °C and 90 °C for 10 min have higher haze values 

of 1.23 % and 8.59 %, respectively. These results were consistent with the SEM results and 

indicated that the decrease in transmittance and increase in haze values at high oxidation 

temperatures were attributed to surface damage. Consequently, the optimal oxidation time and 

temperature were determined to be 10 min and 25 °C, respectively. 

 

Table 3-2. Haze values of untreated polycarbonate (PC) plate and PC plate oxidized for 10 min 

at different temperatures. 

Oxidation conditions Haze value (%) T.T (%) P.T (%) 

untreated 0.11 89.33 89.23 

25 °C for 10 min 0.12 89.44 89.33 

60 °C for 10 min 1.23 89.51 88.40 

90 °C for 10 min 8.95 89.57 81.87 

 

In addition, when PC is used in outdoor under the UV of sunlight, photo-oxidation and 

photo-Fries rearrangement always occur and PC starts to show losses in mechanical properties 

and changes in optical properties, which means UV irradiation causes the photodegradation of 

PC materials, so the practical use of UV irradiation is limited.23,24 Thus, the effect of the UV 

irradiation on the PC film surface should be investigated. In the chapter 1, UV was only 

required for the activation of ClO2
• but not for the PP surface oxidation process. A special setup 

was designed to perform the oxidation of PC film surfaces in the absence of UV light irradiation 

on the PC film surface. In this oxidation process, UV irradiation on the PC film was prevented 

by an aluminum sheet and the PC film surface was only exposed to the UV-activated ClO2
•. 

XPS measurements were performed to determine the chemical composition of the surfaces of 

oxidized PC films (Table 3-3), and the results revealed that O-containing groups were 



- 61 - 
 

incorporated into the PC films surface after oxidation using UV-activated ClO2
• when the PC 

film surfaces were not irradiated with UV light. Furthermore, according to the results of the 

investigation on the effects of the oxidation conditions on the chemical composition of the PC 

film surfaces, the rate of the oxidation of the PC film surface in the absence of UV irradiation 

on the PC films surfaces was lower than that of the oxidation of the PC film surface under UV 

irradiation. Furthermore, the PC film surface was not oxidized when it was only irradiated by 

UV without using UV-activated ClO2
• as the oxidant. These results indicated that UV 

irradiation was only required for the activation of ClO2
• and was not necessary for the oxidation 

of the PC film surface, which could modify PC materials with complex geometric shapes. 

 

Table 3-3. Chemical composition calculated from the X-ray photoelectron spectroscopy 

measurement of the polycarbonate films surface oxidized under different conditions in the 

absence of UV irradiation on the polycarbonate films. 

Oxidation 

conditions 

(absence of UV on 

surface) 

Atomic ratio (%) 

C O Cl 
Aromatic 

/aliphatic C 
C-O/C-Cl O-C=O 

25°C for 3 min 80.71 18.57 0.73 66.23 23.73 1.09 

25°C for 10 min 77.43 20.46 2.11 63.69 24.44 3.65 

25°C for 30 min 71.66 23.97 4.36 59.14 25.84 6.44 

60°C for 10 min 71.69 23.37 4.94 57.02 27.45 6.32 

90°C for 10 min 67.18 23.00 9.82 56.45 25.46 8.33 

Electroless plating of surface-modified PC films 

The incorporation of polar functional groups into the surface of polymers via oxidation 

is beneficial for the adhesion of polymers to metal materials. Among the adhesion techniques, 

electroless plating is an important metallization approach that is widely used in many fields 

including the fabrication of printed circuits in microelectronics and decorative coating in 

general manufacturing. To demonstrate that polar groups were incorporated on the PC film 

surface, both the untreated PC film and oxidized PC were subjected to electroless plating using 

Cu and Ni. After electroless plating, the adhesion of the metal layer to the surface of the PC 

films was tested using the cross-type Scotch tape test according to the ASTM (D3359-09) 
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standard (Figure 3-9). Both the untreated PC film and oxidized PC were completely covered 

by a thin Cu layer (about 60 nm, Figure 3-10b) after electroless plating. After the Scotch tape 

test, the Cu layer on the untreated PC film was completely removed (Figure 3-9a), whereas 

the Cu layer on the oxidized PC sample was not. According to the ASTM standard (5B: The 

edges of the cuts are completely smooth and none of the squares of the lattice is detached; 4B: 

Small flakes of the coating are detached at intersections and less than 5% of the area is affected; 

3B: Small flakes of the coating are detached along edges and at intersections of cuts and the 

area affected is 5 to 15% of the lattice; 2B: The coating has flaked along the edges and on parts 

of the squares and the area affected is 15 to 35% of the lattice; 1B: The coating has flaked along 

the edges of cuts in large ribbons and whole squares have detached. the area affected is 35 to 

65% of the lattice; 0B: Flaking and detachment are worse than 1B), oxidized PC showed the 

adhesion value of 4B while the untreated PC film showed the adhesion value of 0B, which 

indicated that strong adhesion was achieved between the Cu layer and oxidized PC. The Ni 

electroless plating experiment led to identical results.  

 

Figure 3-9. Photographs of (a) Cu electroless-plated and (b) Ni electroless-plated 

polycarbonate (PC) films after the Scotch tape test. Left: untreated PC, Right: oxidized PC. 

The upper rectangular and lower square specimens represent the PC films and the tapes, 

respectively. Here, oxidized PC denotes PC film oxidized using light-activated ClO2
• at 25 °C 

for 10 min. 

 

Furthermore, the Pd2+ (catalyst for electroless plating) amount on the PC film surface 

before plating and after catalyst-loading was determined using XPS (Figure 3-11). The amount 

of Pd2+ attached to the oxidized PC surface was higher than that attached to the untreated PC 
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film surface for both the Cu and Ni electroless plating samples. The improvement of the Pd2+ 

adhesion via the induced polar groups was beneficial for the good adhesion between the 

oxidized PC and metal layer.  

 

Figure 3-10. The SEM images of the cross sections of (a) Ni and (b) Cu films coated by 

electroless plating. 

 

Figure 3-11. X-ray photoelectron spectroscopy survey profile of the untreated PC films and 

oxidized PC surface after catalyst-loading process for electroless plating of (a) Cu and (b) Ni. 

3.4 Conclusion 

In this chapter, the PC film surface was modified successfully via oxidation using light-

activated ClO2
• under mild conditions. The chemical composition of the surface was 

determined using 1H-NMR and XPS, and the results confirmed that polar groups, such as 

carboxyl, aldehyde, and hydroxyl, were incorporated on the PC film surface. The 

hydrophilicity of the PC film surface was also analyzed using water contact angle 
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measurements, and it was determined that surface oxidation improved the hydrophilicity of the 

typically hydrophobic PC film surface. Furthermore, it was demonstrated that direct light-

irradiation on the PC film surface was not required during the surface oxidation process, and 

eliminating the UV irradiation could prevent the photo-degradation of PC materials. Moreover, 

the optimal oxidation conditions were determined to be 10 min and 25 °C, which demonstrated 

that the reaction was complete under these mild conditions. Lastly, after they underwent surface 

oxidation modification, PC films were subjected to Cu and Ni electroless plating. This study 

contributed to the development of surface modification technology for PC materials. The 

oxygenated PC film surface allows further modification with various organic compounds via 

reactions with the induced polar groups on the surface, which could expand the applications of 

PC materials. 
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Concluding Remarks 

In this doctoral thesis, novel modification method via oxidation using the light-activated 

ClO2
• was developed for the surface modification of plastics. As mentioned in this thesis, due 

to the surface low energy of the plastics, surface modifications are required to expand the range 

of their applications. Although the researchers have made much effort to investigate the plastics 

surface modification methods, such as physical treatments of plasma, laser, etc., wet medical 

treatment and patterning, there is still high demand of strategy for the efficient surface 

modification method without change in bulk properties. The results obtained in this thesis about 

plastics surface modification via oxidation using the light-activated ClO2
• are summarized as 

follows. 

In chapter 1, the surface modification of PP via oxidation using the light-activated ClO2
• 

was achieved. The oxygen and oxygen-containing groups such as the hydroxyl and carbonyl 

groups were introduced onto film surface after surface oxidation. The improvement of surface 

hydrophilicity was also observed. The adhesion enhancement of PP film with Al plate after 

oxidation without any adhesives was also demonstrated. Although the number of functional 

groups introduced to the outermost surface did not depend on the reaction temperature, a 

positive correlation between the oxidation depth (oxidation temperature) of PP and the 

adhesive strength was exhibited. The electroless metal plating on PP was achieved as well. 

Furthermore, the UV irradiation was required only for the activation of ClO2
• gas but not for 

surface modification process, which resulted in the well metal plating on the PP mesh film. 

This oxidation was confirmed to be an effective approach for the PP surface modification. 

In chapter 2, oxidation via light-activated ClO2
• was conducted on the ABS resin plate 

surface and demonstrated to be useful for its surface modification. An increase in the amount 

of surface polar functional groups resulting from the incorporation of oxygen-containing 

groups into ABS resin surface was confirmed. Improvement in the surface hydrophilicity of 

ABS resin was also observed after oxidation. The oxidation appearing in the C=C of butadiene 

in the ABS resin was confirmed by 1H NMR spectroscopy. The effect of oxidation conditions 
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was studied to determine that the optimal oxidation time and temperature was 10 min and 25 ℃, 

respectively. Besides, after surface oxidation, the ABS resin plate exhibited good adhesion to 

the metal layer after electroless metal plating. Basing on the achievement of surface oxidation 

via light-activated ClO2
• without UV irradiation on the ABS resin surface, ABS resins with 

complex shape were also successfully electroless plated. This method could be applied as an 

effective alternative pretreatment for the electroless plating of ABS resin instead of the 

traditional methods.  

In chapter 3, light-activated ClO2
• was used as an oxidizing agent for PC oxidation by 

light irradiation under mild conditions. Polar groups like carboxyl, aldehyde, and hydroxyl 

were added to the surface of the PC films without causing surface damage. The PC film surface 

hydrophilicity and adhesion with metal layer obtained from electroless plating were improved 

after surface oxidation, and the specific character of transmittance of the PC films did not 

decrease. Moreover, the investigation of oxidation conditions indicated that the surface 

chemical compositions did not change with the increase in oxidation time, while the high 

temperature caused the surface damage. So the oxidation under a mild ambient conditions is 

effective for PC films modification.  

In conclusion, the three types of plastics with different kinds of chemical structures 

described in this thesis were successfully modified by the oxidation and exhibited good 

adhesion properties with metal materials. This oxidation can be conducted in the atmospheric 

environment without high cost, high energy and surface damage. Also, the oxygen groups on 

the surface were stable for long time. The ClO2
• gas used in this oxidation was flowable without 

wet environment, which is beneficial to metal plating on the polymers with the complex shape. 

This study provided a new strategy for the surface modification of plastics using the clean and 

energy-saving light-activated ClO2
• oxidation method. The oxidized plastics surface allows 

further modification with various organic compounds via reaction with the functional groups 

on the surface, which may have significant implications in synthetic polymer chemistry. 
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