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ABSTRACT (ENGLISH) # # 5972034423 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE 
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 Porapak Suriya : PDMS-SILVER NANOCOMPOSITE FOR BENDABLE 

AND STRETCHABLE CONDUCTIVE STRIPES. Advisor: Prof. Sanong 

Ekgasit, Ph.D. Co-advisor: Jariya Buajarern, Ph.D. 

  

In this research, a simple and low-cost protocol for fabricating PDMS-

silver composite as flexible conductive polymer is presented. Rod-shaped silver 

acetate (RS-AcOAg) was synthesized and fabricated into a solvent-cast RS-AcOAg 

film. The film was thermally decomposed into porous silver structures at 300ºC. 

The thermal decomposition of RS-AcOAg film induced the formation of silver 

microparticles (AgNPs) on the surface of RS-AcOAg with the expense of RS-

AcOAg rod. AgNPs sintered into bigger particles and turned RS-AcOAg film into 

porous silver film consisting of interconnected quasi-sphere silver microparticles 

(AgMPs). The sintered structures transformed porous silver into rigid structures and 

affected the electrical resistivity due to the cracked structures when mechanical 

strain was applied. To suppress the sintering of the AgMPs, polydimethylsiloxane 

base (bPDMS) was coated on the surface of RS-AcOAg before the thermal 

decomposition. The bPDMS decreased mobility of AgMPs and suppressed the 

sintering. The porous silver film with and without bPDMS-suppressed sintering 

consisted of AgMPs with particle size of ~240 nm and ~950 nm, respectively. 

Commercial columnar silver acetate (CC-AcOAg) was employed for comparison 

purpose. The porous silver film with bPDMS-suppressed sintering strongly 

embedded onto the surface of polydimethylsiloxane (PDMS) as PDMS-silver 

composite, exhibited excellent mechanical properties with high conductivity under 

mechanical strain, including stretching, bending, and twisting. An application of 

PDMS-silver composite as a flexible conductive strip to use as strain sensor for 

robotic hand was demonstrated. 
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nm : nanometer 

cm-1 : reciprocal centimeter 

min-1 : reciprocal minute 

mol : mole 

N : Newton 

g : gram 

mg : milligram 

cm2 : square centimeter 

cm3 : cubic centimeter 

mL : milliliter 

kV : kilovolt 

mW : milliwatt 

cps : count per second 

S/m : siemens per meter 

Ω : ohm 

Ω/sq : ohms per square 

K : kilo 

M : mega 

Pa : pascal 

N : number of samples 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER I 

INTRODUCTION 

 

Due to their diverse potential applications, flexible conductive materials have 

attached scientists’ interest for decades [1-3]. The flexible conductive polymer is 

widely used for many electrical applications, including stretchable electrodes [4-5], 

medical device [6], and stretchable electronics [7-9] due to their excellent electrical 

properties under mechanical strain. (i.e., stretching, bending, and twisting). 

Flexible conductive polymer is composed of a conductive material and a 

polymer substrate. Various conductive materials were successfully used in flexible 

conductive polymer fabrication including of silver [10-15], copper [16-17], carbon 

nanotube [18-19], and graphene [20-21]. Silver metal is widely employed for flexible 

conductive material fabrication due to its electrical conductivity (6.30 x 105 S/m at 

20ºC) [22]. For polymer substrates, polydimethylsiloxane (PDMS, SYLGARD® 184) 

[23-25], polyethylene terephthalate (PET) [26-27], and polyurethane (PU) [28] were 

commonly used for making flexible substrates due to a good elastic property under 

mechanical strain as bending [8]. Since past decade, several fabrication methods of 

flexible conductive polymer have been successfully accomplished, for example, 

screen printing [10, 12, 29-30], inkjet printing [11, 24, 31], spin coating [32-34], dip 

coating [14], and vacuum filtration [35]. 

In this research, the facile, simple, and low-cost fabrication method for 

PDMS-silver composite as flexible conductive strip was investigated. Rod-shaped 

silver acetate (RS-AcOAg) was synthesized and casted into a thin film via solvent-

casting. The film was then thermally decomposed at 300°C to convert RS-AcOAg 

into silver microparticles (AgMPs) and sintered to form porous silver structures. The 

sintered-structures affect the electrical resistance of the strip because they form rigid 

porous silver structures, which are easily cracked [36]. To avoid sintering effect, 

polydimethylsiloxane base (bPDMS) is coating on RS-AcOAg surfaces which aims to 

suppress sintering. Then the mixture is casting into a film and thermal decomposition. 

The silver porous structures under suppress sintering are further fabricate into flexible 

conductive strips. The porous structures are strongly adhesive onto a surface of 
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PDMS by molding fabrication. The flexible conductive strip exhibited excellent 

mechanical properties and high conductivity under mechanical strains including 

stretching, bending, and twisting.  Additionally, we demonstrated the potential to 

apply the flexible conductive strips as a strain sensor in robotic arms. 

 

1.1 The objectives 

1. To synthesize rod-shaped silver acetate (RS-AcOAg). 

2. To compare the properties of RS-AcOAg with commercial columnar 

silver acetate (CC-AcOAg). 

3. To investigate porous silver films via thermal decomposition of  

RS-AcOAg and CC-AcOAg under polydimethylsiloxane base 

(bPDMS) suppressed sintering. 

4. To fabricate the efficient flexible conductive strips by casting PDMS 

onto the porous silver films. 

5. To demonstrate an application of the flexible conductive strips in strain 

sensor. 

 

1.2  Scopes of research 

1. Develop the synthesis procedure of RS-AcOAg via ultra-sonication. 

2. Compare the structure morphology, size distribution and chemical 

composition of silver acetate between homemade grade; RS-AcOAg 

and commercially available grade; CC-AcOAg. 

3. Study the influence of bPDMS on the sintering effect of porous silver 

structures. 

4. Study an electrical resistivity of porous silver strip under mechanical 

strain, stretching, bending, and twisting condition. 

5. Demonstrate strain sensor by using porous silver strips in robotic arm. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

THEORETICAL BACKGROUND 

 

2.1 Flexible conductive polymer 

Flexible conductive polymer or commonly known as flex electronics (Figure 

2.1) is mainly composed of conductive materials and polymer substrates. This 

material is a novel technology which is used for assembling electronic circuits by 

combined electronic devices on flexible polymer substrates. It can be folded, 

wrapped, rolled, and twisted with negligible effect on its electronic function [37]. 

 

 

Figure 2.1 Flexible conductive polymer [38]. 

 

2.1.1 Applications of flexible conductive polymer 

Yan Wang et al. demonstrated the preparation of flexibles substrate for 

applying in flexible circuit of radio frequency identification (RFID) technology. In 

this work, a flexible substrate was fabricated based on functionalize stannous chloride 

(SnCl2) on a surface of Teslin paper. Then, a copper sheet which was a conductive 

material was printed on the top of modified-Teslin paper surface via electroless 

deposition techniques. The conductivity of fabricated substrate is up to 4x107 S/m. 

Additionally, the conductivity of this substrate while applied the mechanical force 

(bending) was measured. The conductivity was decreased 4% and 9% when bend the 

substrate at 90° and 180°, respectively [39]. 

Jinhoon Kim et al. fabricated a highly stretchable transparent electrode by 

spin-coating a layer by layer of silver nanowire (AgNW), aerogel and 

polydimethylsiloxane (PDMS) on a glass substrate. After PDMS curing process, an 
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embedded AgNW-PDMS electrode was peeled of glass substrate. A sheet resistant 

(Rs) was 15 Ω/sq and an optical transparency was 80%. In addition, a conductivity of 

this flexible electrode still maintained after stretched up to 70% for 100 cycles [33]. 

Jiazhen Sun et al. reported the fabrication method of bendable circuit board on 

PDMS surface. To form flexible substrate, PDMS sheet was firstly fabricated, then 

the mixture of trifluoroacetic acid and silver salt was printed onto the surface of 

PDMS sheet with strip pattern to form a flexible circuit board by inkjet printer. 

Further that, the silver salt was reduced into silver metal by hydrazine hydrate. The 

conductivity of flexible circuit board was measured using a platinum probe. The 

conductivity remained high even if the flexible circuit board was bended for 800 

cycles [24]. 

Yougen Hu et al. fabricated flexible conductor by directly print on a substrate 

surface. The conductive paste was prepared by mix polystyrene (PS) and silver 

nitrate. Then, the paste was screen printed on PDMS sheet to fabricate flexible 

conductive polymer. The flexible conductive polymer was measured an electrical 

conductivity after 100 cycles and the electrical conductivity remained high [30].  

Jun Young Jeon et al. presented flexible conductive polymer as electronics 

bandage for detecting joint movements. In this work, silver ink/CNT mixture was 

screen printed on the PDMS substrate. An electronics bandage gave high joint 

movement signal even it was under a 4% of strain [6]. 

Tallis Costa et al. studied a flexible sensor by using polyethylene terephthalate 

(PET) as a flexible substrate and carbon nanotube (CNT) as a conductive material. An 

inkjet printing was used for making a pattern of CNT on PET surface. The flexible 

sensor can absorb the forces with 0.5 N and an electrical resistivity increased only 

21%. The flexible sensor was applied in stamp molding and BioMEMs [31]. 

Jinhui Li et al. presented flexible conductive polymer as electronics skin self-

healing properties. Three-dimensional graphene structures with 2% of weight were 

mixed with furfurylamine (FAGS) for using as a self-healing agent. Polyurethane 

(PU) and bismaleimide were mixed into the FAGS mixture for making gel of flexible 

conductive polymer. The flexible conductive polymer remained an efficient electrical 

conductivity after 200 cycles of 10% strain [21].  
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Khushbu R. Zope et al. prepared silver ink from silver oxalate for applying in 

flexible conductive substrate fabrication. The silver ink can print onto various 

substrates such as PET, glasses, and polyimide (PI) to form flexible conductive 

substrates. Then, thermal-photonic curing was applied to make the silver ink attached 

on the substrates. The electrical resistivity of flexible conductive substrates was 

4.26×10-8 Ωm [15]. 

 

Table 2.1 The fabrication of flexible conductive material and its applications. 

 

  

Year 
Conductive 

Materials 

Substrate 

Materials 

Fabrication 

method 
Application Ref. 

2016 Copper sheet 
Teslin 

paper 

Electroless 

deposition 
Flexibles devices [39] 

2016 AgNWs PDMS Spin coating Flexible electrode [33] 

2016 AgNPs PDMS Inkjet printing 
Flexible circuit 

board 
[24] 

2016 AgNPs PDMS 
Screen 

printing 

Flexible 

conductive 
[30] 

2016 
Silver 

ink/CNT 
PDMS 

Screen 

printing 
E-bandage [6] 

2017 CNT PET Inkjet printing Flexible sensor [31] 

2018 Graphene PU Mixing E-skin movement [21] 

2018 AgNPs PET Inkjet printing 
Flexible 

conductive 
[15] 
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Various kinds of conductive materials and flexible substrates were used in 

flexible conductive polymer fabrication (Table 2.1). Over the past 3 years, silver 

materials and PDMS substrates are commonly used in the fabrication process. With 

their unique property, flexible conductive polymer as composite materials can be 

applied in various applications. 

 

2.2 Silver acetate (AcOAg) 

Silver acetate (AcOAg) crystal is an inorganic compound which contained 8 

membered ring structure (Figure 2.2) [40]. In general, AcOAg crystal is a white 

powder. It is a useful reagent in laboratory and industrial due to its water solubility 

and thermal decomposition temperature (Table 2.2). AcOAg is widely used 

worldwide, especially in America and Europe where it is an important ingredient in 

chewing gum and spray component for anti-smoking drug. Moreover, AcOAg can 

apply in many fields including, treating alcohol addiction [41]. In medical field, it has 

the potential to inhibit pathogens such as bacteria [42]. Focusing on an application in 

potential fabrication, AcOAg is used as silver coating [43] and conductive silver ink 

[44]. For chemical field, it is used as a precursor material for synthesizing silver 

microparticles (AgMPs) or silver nanoparticles (AgNPs) [45]. 

 

 

Figure 2.2 Structure of  silver acetate. 
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Table 2.2 The general information of silver acetate [46]. 

 

2.2.1 Synthesis of silver acetate  

Miller et al. used silver nitrate (AgNO3) as a precursor to synthesize silver 

acetate (AcOAg) to use as silver coating. A 100 g of AgNO3 was dissolved in water. 

Then, an excess sodium hydroxide (NaOH) was added into the solution to precipitate 

silver oxide (Ag2O). The 70 g of Ag2O was obtained from the mixing solution. After 

that, mucilage or gum was added into the solution. Lastly, a 20 g of acetic acid 

(AcOH) was added into the solution while stirring and ionized to acetate ions. Then, 

the acetate ions reacted with silver ion to form AcOAg [43]. 

Qadeer et al. prepared AcOAg from a reaction between AgNO3 and 

ammonium acetate (NH4OAc). Then, AcOAg powder was washed with DI water and 

left it dried at room temperature [47]. 

Logvinenko et al. prepared AcOAg by a reaction of acetic acid 

(AcOH) and silver carbonate (Ag2CO3) at 45-60°C. After that the reaction was cooled 

to room temperature to allow the white powder of AcOAg formation [48]. 

 

2.2.2 Thermal decomposition of silver acetate 

To make the conductive material using AcOAg, thermal decomposition of 

AcOAg is required to convert AcOAg into porous silver metals because AcOAg itself 

is unable to be electrical conductivity. Chemical equations for thermal decomposition 

of AcOAg under O2 condition (Eq. 1) and inert gas condition (Eq. 2) are shown below 

[45]. 

  

Properties Value 

Chemical formula C2H3AgO2 

Molecular mass 166.912 g/mol 

Appearance Solid, white powder 

Decomposition temperature 280ºC 

Solubility 151 mg/mL in water at 25ºC 

https://en.wikipedia.org/wiki/Acetic_acid
https://en.wikipedia.org/wiki/Silver_carbonate
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4CH3COOAg(s)  +  7O2(g)  4Ag(s)  +  8CO2(g)  +  6H2O(g)  (1) 

2CH3COOAg(s)   2Ag(s)  +  CH3COOH(g)  +  CO2(g)  +  H2(g)  +  C(s) (2) 

 

To study thermal properties of AcOAg, thermogravimetric analysis (TGA) and 

derivative thermogravimetric analysis (DTG) were used as a tool for characterization 

up on heating AcOAg under thermal decomposition in air and nitrogen (Figure 2.3). 

The TGA-DTG profiles reveal similar thermal behavior in both air and nitrogen . The 

weight loss step maximized at 292ºC and 295ºC in air and nitrogen flow, respectively. 

This step resulted in residue values of 65.08 % (in air) and 64.20 % (in nitrogen) due 

to the loss of a mixture of CO, CO2, H2O and CH3COOH gases during the thermal 

decomposition of AcOAg [49]. 

 

 

Figure 2.3 TGA-DTG thermograms obtained by heating the AcOAg (A) in air, and 

(B) nitrogen atmospheres with heating rate of 20ºC min−1 [49]. 
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The differential scanning colorimetry (DSC) profile while decomposed 

AcOAg at 260-286ºC with multi-steps and the long flat exothermic peak at 286-331ºC 

referred to the fine recrystallization. Herein, the data referred to completely changed 

of physical and chemical properties at those temperatures (Figure 2.4) [48]. 

 

 

Figure 2.4 DSC curve for the decomposition of CH3COOAg; m=13.9 mg, standard  

aluminum-sample holder ( the lid with holes) , heating rate 10 K min–1, 

Ar flow (25 cm3 min–1) [48]. 

 

To follow the changing of AcOAg structure after the thermal decomposition, 

SEM technique was used. The results show that the columnar AgOAc (Figure 2.5a) 

was thermally decomposed to a chain structure of AgNPs with sintering structures. 

While the columnar AcOAg was initially decomposed at 180ºC, the spherical AgNPs 

with diameter 50 nm were formed along the columnar AcOAg surfaces (Figure 2.5b). 

When the temperature was heated up to 195°C, AgNPs were gradually aggregate and 

grow into submicron-sized particles at certain parts of the AcOAg surface (Figures 

2.5 c and d). When the temperature raised up to 300ºC, AgNPs aggregated and formed 

AgMPs as a chain along with the original columnar crystals of the AcOAg. The 

diameter of each AgMPs exhibited 250 nm (Figure 2.5f) [45]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 

 

 

Figure 2.5 SEM images of partially decomposed silver acetate obtained by heating 

the sample at different temperatures (a, b) = 180ºC, (c, d) = 195ºC, and 

(e, f) = 300ºC [45]. 

 

2.2.3 Applications of AcOAg 

Due to the shape of AcOAg is a columnar crystal, it can form porous 

structures with high surface area, which is useful for using as electrical conductivity 

material and catalyst. Moreover, the low thermal decomposition temperature of 

AcOAg indicated that AcOAg can transform into silver metal with the low thermal 

energy. 

Avellaneda et al. used AcOAg to inhibit the infectious disease of prosthetic 

parts and cardiac bypass surgery which can use for treat an obstructive coronary 

artery disease [50]. 

Jeanmonod et al. used AcOAg for coating of prosthetic vascular grafts 

improves their vascularization after implantation without inducing severe 

inflammatory side effects [51]. 
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Tao et al. used AcOAg as a silver carrier for synthesizing of organic silver 

conductive ink (OSC ink). The OSC was printed on PDMS substrates for use as 

microelectronic devices [52]. 

 

2.3 Sintering effect 

Sintering is the process of compacting and forming a solid structure of 

materials such as metals, ceramics, and plastics by thermal or pressure. The atoms of 

materials diffuse across the grain boundaries of particles, fusing and necking the 

particles together and creating the sintered structure [53]. In some cases, sintering is 

useful because it reduces the porosity and enhances properties such as strength, 

electrical conductivity, translucency and thermal conductivity. On the other hand, 

sintered structure is limiting the conductive properties such as the fabrication of 

forming flexible materials because it can break easily when apply mechanical strain. 

 

 

Figure 2.6 Sintering mechanism [54]. 

 

2.3.1 Sintering resistance 

The sintered structure can be controlled by adjusting temperature [55-56] or 

coating with surface stabilizing agent [57-59] to limit the diffusion of particles across 

the boundaries of atom which can prevent the fusing of particles to form the sintered 

structures. The rigid and the shrinkage of structures decreased after being control 

sintering. 

 

2.4 Polydimethylsiloxane (PDMS) 

Polydimethylsiloxane (PDMS) is polymeric organosilicon compounds that is 

based on silicone material. PDMS is colorless, transparent, hydrophobic, inert, 

flexible, non-toxic, and non-flammable. PDMS is widely used in industrial, consumer, 

food and medicinal or pharmaceutical applications [60]. 
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2.4.1 The structure of PDMS 

The chemical formula of PDMS monomer unit is 

(CH3)3SiO[Si(CH3)2O]n(CH3)3, the repeating unit of PDMS polymer  is [Si(CH3)2O]n 

(Figure 2.7), where n is the number of repeating monomer units PDMS polymer 

possess 2 main compositions, PDMS base and PDMS curing agent. The chemical 

structure of PDMS base and curing agent are in Figure 2.8 and Figure 2.9, 

respectively. The polymerization was initiated when PDMS base and PDMS curing 

agent were mixed together as PDMS precursors. The –Si-H bond of PDMS curing 

agent was reacted with –CH=CH2 bond to form –Si-CH2-CH2-Si- as a cross-linked 

polymer or curing reaction (Figure 2.10). Generally, PDMS precursor are cured at 

60ºC for 30 minutes or at room temperature using 24 hours to form PDMS 

elastomeric polymer. Curing PDMS is an elastomeric material because it is soft 

texture and transparency [60]. 

 

Figure 2.7 The chemical structure of PDMS repeating monomer units. 

 

 

Figure 2.8 The chemical structure of PDMS base, SYLGARD® 184. 

 

Figure 2.9 The chemical structure of PDMS curing agent, SYLGARD® 184. 
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Figure 2.10 Schematic represents the polymerization of PDMS, SYLGARD® 184. 

 

2.4.2 The properties of PDMS 

2.4.2.1 The physical properties of PDMS elastomeric polymer 

PDMS elastomeric polymer is colorless, transparency, hydrophobicity, inert, 

flexible, non-toxic, non-flammable, low glass transition temperature (Tg) and 

crystalline melting temperature (Tm). The service temperature range is -45ºC to 200ºC. 

A general physical property of PDMS was presented in Table 2.3. 

 

Table 2.3 The physical properties of PDMS SYLGARD® 184. 

 

 

 

 

 

SiO

CH3

CH3

C
H

CH2
+ SiO

CH3

CH3

O Si

CH3

H

O Si

CH3

CH3 Pt-based
catalyst

SiO

CH3

CH3

O Si

CH2

CH3

O Si

CH3

CH3

CH2

Si CH3H3C

O

Properties Value 

Refractive Index 1.42 

Viscosity base 5100 cP 

Viscosity mixed 3500 cP 

Specific Gravity 1.03    

Shear modulus 411    KPa 

Young’s modulus 1.2     MPa 

Yield strength 700    KPa 

Glass transition temperature, Tg -125   ºC 

Crystalline melting temperature, Tm -40     ºC 
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2.4.2.2 The chemical properties of PDMS 

PDMS elastomeric polymer is inert and hydrophobic, it does not react with 

chemical or organic solvents. PDMS elastomer polymer can be used with water and 

alcohol solvents without deformation. However, PDMS base can be dissolved in 

organic solvents, for example, ethyl acetate, toluene, and xylene. 

 

2.4.2.3 The mechanical properties of PDMS 

PDMS elastomeric polymer is a viscoelastic material. After polymerization 

and cross-linking, it will be flexible and able to bend. As shown in Table 2.3, shear 

modulus and Young’s modulus of PDMS elastomeric polymer are 411 KPa and 1.2 

MPa, respectively [61]. 

 

2.4.2.4 The thermal properties of PDMS 

The thermal decomposition temperature of PDMS was proceed from 25ºC to 

800ºC (Figure 2.9). C-Si bond was decomposed at 449.98ºC. Si-O bond was 

decomposed at 546.85ºC. The cyclic dimethyl siloxane bond was decomposed at 

698.48ºC The TGA thermograms of PDMS are presented in Figure 2.11 [62]. 

 

Figure 2.11 TGA thermograms of PDMS (N2, 10ºCmin-1) [62]. 
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2.4.3 Applications of PDMS polymer 

Due to the advantage of PDMS properties, PDMS is widely used in many 

applications including contact lens, medical device, sealants, optic device, 

antifoaming agent, and cosmetics [61]. Currently, it also uses as substrates to produce 

flexible conductive polymer [23, 29]. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 

EXPERIMENTAL SECTION 

 

3.1 Chemical reagents 

1. Granular silver metal (99.99% purity, 1-2 mm diameter, Gold Field 

Refinery Co. Ltd., Thailand) 

2. Silver acetate crystal with columnar structure, commercially available 

grade; commercial columnar silver acetate CC-AcOAg (99% purity, 

Sigma Aldrich) 

3. Ethyl acetate, AcOEt (Merck, Thailand) 

4. Glacial acetic acid, AcOH (Merck, Thailand) 

5. Hydrogen peroxide, H2O2 (30% w/w) (Merck, Thailand) 

6. Polydimethylsiloxane, SYLGARD® 184 (Dow Corning Corp., Midland, 

MI, USA) 

3.2 Instruments 

1.  Optical microscope, OM (Carl Zeiss Axio Scope. A1 with a CCD camera, 

Carl Zeiss, AxioCam HRc) 

2.  Scanning electron microscope, SEM (JEOL JSM-6510) 

3.  Fourier-transform infrared spectroscopy, FTIR (ATR, Thermo Scientific) 

4.  Raman microscope (DXR, Thermo Scientific)  

5.  Two-point probe multimeter (UNI-T, UT60G) 

6.  Thermal gravimetric analysis, TGA (Mettler-Toledo Ltd., Thailand) 

7. Differential scanning calorimetry, DSC (Mettler-Toledo Ltd., Thailand) 

8. X-ray diffractometer, XRD (Rigaku RINT2000) 

9.  Nitrogen adsorbtion-desorbtion analyzer (BEL Japan, Inc.) 

10.  3D printer (SCOOVO C170, Japan) 

11.  Hotplate stirrer (Heidolph) 

12.  Furnace (RhinoTherm, Rojana, Thailand) 

13.  Sonicator (Elmasonic, E 30H) 

14.  Ultrasonicator (Sonics VCX-750 Vibra Cell) 

15.  Thermal evaporator (CRTM-6000G, ULVAC KIKO Inc., Japan) 
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3.3 Synthesis of rod-shaped silver acetate (RS-AcOAg) 

Rod-shaped silver acetate (RS-AcOAg) was prepared as following: 82 mL of 

ethyl acetate (AcOEt), 6 mL of acetic acid (AcOH), and 12 mL of 30% w/w hydrogen 

peroxide (H2O2) were mixed together. After that, the mixture was poured into a 

beaker, which contained 3 g of granular silver metal. The beaker was wrapped with 

aluminum foil for 48 hours at room temperature to allow the crystallization of AcOAg 

crystals as Bundle-AcOAg (Bun-AcOAg) which is compact packing of RS-AcOAg. 

After that, the Bun-AcOAg was purified by filtration and washed with AcOEt for 

several times until the filtrate reached pH 4. 

To prepare RS-AcOAg, the filtrate of Bun-AcOAg from the previous step was 

dissolved in AcOEt and then, placed in an ultra-sonicator (Sonics VCX-750 Vibra 

Cell, power 250 watts) with 60% amplitude for 30 minutes. 

 

 

Figure 3.1 The schematic represented a step of rod-shaped RS-AcOAg synthesis. 

 

3.4 Preparation of porous silver films with and without polydimethylsiloxane 

base (bPDMS) film coating 

Silver acetate solution was prepared by disperse 0.3 g of the RS-AcOAg or 

commercial columnar (CC-AcOAg) in 3 ml of ethyl acetate. The mixtures were 

sonicated for 5 minutes and casted a film on the glass slide. The area of the film was 

1.5x6.5 cm2 which were limit the area by using polyimide (PI) tape. The films were 

further thermally decomposed at 300ºC for 1 minute by using a furnace for convert 

into the porous silver films (Figures 3.2 (A1 and A2)). To study sintering effect, both 

RS-AcOAg and CC-AcOAg were coated with bPDMS. The mixtures were prepared 

by disperse 0.3 g of the RS-AcOAg in 3 mL of ethyl acetate. Then, a 0.003 g of 

bPDMS was added into the mixtures and sonicated for 5 minutes. The thin film was 

casted and decomposed as described above (Figures 3.2 (B1 and B2)). 
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Figure 3.2 Schematic represented the preparation of a porous film by using  

(A1) RS-AcOAg, (A2) CC-AcOAg, (B1) bPDMS-coated RS-AcOAg, 

and (B2) bPDMS-coated CC-AcOAg. 

 

3.5 Fabrication of porous silver films as flexible conductive strips 

The porous silver films from thermally decomposed RS-AcOAg with and 

without bPDMS film coating were chosen to employ as raw materials for fabricating 

PDMS-silver composite as flexible conductive strips due to its thermal, 

morphological, and chemical composition properties. 

PDMS substrate was prepared by mixing PDMS base with curing agent at 

10:1 ratio. The mixture of PDMS was degassed by vacuum pump for an hour, then 

poured onto the porous silver films. After curing at 60ºC for 3 hours, the cured-PDMS 

was cut into a strip and peel off from the glass slide to yield the porous silver 

conductive strip (Figure 3.3). 
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Figure 3.3 The fabrication of porous silver conductive strip from (A) RS-ACOAg 

and (B) bPDMS-coated RS-AcOAg. 

 

3.6 Characterization the morphology of silver acetate and porous silver films 

3.6.1 Scanning Electron Microscopy (SEM) 

Morphology and particles size of silver acetate samples: RS-AcOAc, bPDMS-

coated RS-AcOAg, CC-AcOAg, and bPDMS-coated CC-AcOAg were observed by 

SEM with an accelerating voltage of 10 kV using secondary electron imaging (SEI) 

mode. A few milligrams of each silver acetate sample were dissolved in AcOEt. After 

that, the samples suspension was dropped and spread on a glass slide to form a silver 

acetate film. Then, the film was transferred onto the carbon tape which attached on an 

aluminum stub by stamping. To eliminate the remaining AcOEt, the samples were 

further evaporated for 10 minutes. The porous silver film of all samples was also 

prepared with the same protocol. 

Energy-dispersive X-ray spectroscopy (EDS) mode of SEM with an 

accelerating voltage of 5kV, magnification of 3000X, and point analysis mode was 

used for identifying the elemental composition of the samples. 

The length and width of the silver acetate samples and the silver particles size 

of the porous silver samples were determined by using ImageJ software (N = 300).  
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3.6.2 Optical microscopy (OM) 

After porous silver conductive strips was fabricated, the morphology of porous 

structure was observed under conditions of no stretching, while stretching, and after 

stretching using refractive mode of optical microscope (OM) with a CCD camera and 

100X objective lens. 

 

3.7 Characterization of molecular information of the silver acetate before and 

after thermal decomposition 

3.7.1 Fourier-transform infrared spectroscopy 

The functional groups of RS-AcOAg and CC-AcOAg were investigated using 

iD7 ATR Fourier-transform infrared spectrometer (FT-IR), (Thermo Scientific). All 

FT-IR spectra were collected by attenuated total reflection (ATR) technique in a 

single reflection mode with a zinc selenide prism (Harrick, IRK-FTS). The spectral 

resolution was 4 cm-1 and the number of scans was 64 in the spectral range of 4000-

700 cm-1. Samples were prepared by placing a drop of samples solution on glass slide. 

After the sample solution was dried, spectrums were collected. 

 

3.7.2 Raman spectroscopy 

Raman spectra of the silver acetate film was recorded by DXR Raman 

microscope with 532 nm excitation laser, 5-10 mW laser power, 32 numbers of scan, 

25 µm pinhole, and 20x objective lens were employed with a 1 µm laser spot size. 

The silver acetate samples were prepared by dropping the silver acetate suspension on 

glass slide. 

 

3.8 Characterization of diffraction pattern of silver acetate 

3.8.1 X-ray diffraction 

The RS-AcOAg and CC-AcOAg were dried at room temperature for 30 

minutes by vacuum pump before characterizing XRD analysis. The XRD patterns 

were obtained with Rigaku RINT2000 X-ray diffractometer using Cu Kα1 radiation (λ 

= 0.154 nm) and a power of 40 kV and 20 mA. The diffracted intensities were 

recorded at 2θ angles range from 20° to 80°. 
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3.9 Study of thermal properties of silver acetate and porous silver films 

3.9.1 Thermal gravimetric analysis (TGA) 

The thermal decomposition profile of silver acetate was determined by using 

TGA measurements which performed by using a TGA instrument (Mettler-Toledo, 

Ltd., Thailand). The process was carried out under nitrogen gas flow at the rate of 50 

cm3/min. The samples were prepared by placing a various amount of silver acetate 

samples with 5 mg on a ceramic pan. The samples were heated from 25ºC to 900ºC 

with the heating rate of 10ºC/min. 

 

3.9.2 Differential Scanning Calorimetry (DSC) 

Crystallinity of the silver acetate samples (RS-AcOAc, bPDMS-coated RS-

AcOAg, CC-AcOAg, and bPDMS-coated CC-AcOAg) were investigated by DSC 

measurements (Mettler-Toledo, Ltd., Thailand). All samples were placed into the 

DSC aluminum pans and heated from 25ºC to 350ºC with a heating rate of 10ºC/min 

under nitrogen gas flow at the rate of 50 cm3/min. In this work, an empty pan was 

used as a reference.  

 

3.10 Study of surface area of porous silver films 

The surface area was determined by the Brunauer−Emmett−Teller (BET) 

method using nitrogen adsorption-desorption analyzer, BEL Japan, Inc. Belsorp mini 

II analyzer. The samples (approximately 5 mg) were prepared and degassed at room 

temperature for 30 minutes before the BET measurements. N2 was used throughout 

the adsorption experiments. The BET surface areas were determined by using the data 

under the relative pressures between 0-1 before the capillary condensation. The pore 

size distributions were calculated from the adsorption data by the 

Barret−Joyner−Halenda (BJH) method. 

 

3.11 Electrical resistance measurement of porous silver conductive strip 

Three types of mechanical strain devices: stretching, bending, and twisting 

were fabricated by 3D printer (SCOOVO C170, Japan) and used for measuring an 
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electrical resistance by two-point probe multimeter (UNI-T, UT60G). For stretching 

test, the strip was fastened by the device, then, the strip was measured the electrical 

resistance while it was stretched. The changing length was measured by a ruler scale 

(Figure 3.4A). For bending and twisting test, the strip was also fastened by the device, 

then the strip was measured the electrical resistance while it was bended (Figure 3.4B) 

and twisted (Figure 3.4C). The degree of bending and twisting were measured by 

angle degree chart. The electrical resistance as mentioned before was measured with 2 

types; 1) during continuously applied the mechanical force to the flexible conductive 

strip and 2) after 10 cycles of deformation of stretching, bending, and twisting. 

To measure the electrical resistivity of the porous silver strips, the electrical 

resistivity was measured under the relative changes of the resistance (∆R/R0) where 

∆R/R0 = (R-R0)/R0, where R0 is the electrical resistance of the strip before applied 

mechanical strain, and R is the resistance while applied the mechanical strain. 

 

 

Figure 3.4 The mechanical strain devices (A) stretching, (B) bending, (C) twisting 

for electrical resistivity measurement. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

RESULTS AND DISCUSSION 

 

4.1 Synthesis of RS-AcOAg 

Silver acetate (AcOAg) was prepared as follow: A homogenous mixture of 82 

mL of ethyl acetate, 12 mL of hydrogen peroxide, 6 mL of acetic acid were prepared. 

Ethyl acetate acted as a solvent while hydrogen peroxide acted as an etchant for silver 

metal. Generally, the mixing of ethyl acetate and hydrogen peroxide were not the 

homogeneous mixture. When an acetic acid was added into the mixture, it turned into 

the homogeneous mixture. Acetic acid acted as an emulsifier. Then, the homogeneous 

mixture was poured into a beaker, which contained 3 g of silver metal. The beaker 

was covered with food wrap for 48 hours at room temperature to allow the formation 

of the flower-shaped silver acetate (FS-AcOAg), then, FS-AcOAg fell off and became 

bundle silver acetate (Bun-AcOAg) (Figure 4.1). 

 

 

Figure 4.1 Digital photographs showing crystal growth of AcOAg. 

 

While the reaction was proceeding, bubbles of O2 gas were generated in the 

solution via the catalytic decomposition of hydrogen peroxide over silver metals 

(Eq.1). Normally, hydrogen peroxide is thermodynamically unstable and slowly 

decomposed into water and O2 gas without a formation of O2 gas bubbles [63]. 

 

2H2O2     2H2O(l)  +  O2 (g)    (1) 

 

Silver metals were oxidized by hydrogen peroxide to form silver ions (Ag+), 

the silver ions were released into the solution (Eq.4) while an acetic acid was 

24 h 48 h

O2 bubbles FS-AcOAg Bun-AcOAg

Ag 
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dissociated into acetate ions (CH3COO¯) (Eq.5). Subsequently, silver ions reacted 

with acetate ions and formed AcOAg crystals (Eq.6). 

 

Ag       ⇌    Ag+    +    e¯                        E0 = -0.7996 V  (2) 

H2O2  +  2H+  + 2e¯   ⇌    2H2O                          E0  = +1.763 V (3) 

2Ag  +  H2O2  + 2H+ ⇌    2Ag+  +  2H2O             E0  = +0.964 V (4) 

CH3COOH  ⇌    CH3COO¯  +  H+             Ka = 1.8 x 10−5  (5) 

Ag+    +    CH3COO¯    ⇌    CH3COOAg     (6) 

 

The reaction mixture was left undisturbed for 24 hours, allowing a formation 

of flower-shaped silver acetate (FS-AcOAg). After that, the petals of FS-AcOAg 

tended to fall off due to complete dissolution of silver metal and bundled silver 

acetate structures (Bun-AcOAg) were formed. Bun-AcOAg consists of densely 

packed rod-shaped silver acetate (RS-AcOAg) (Figure 4.2). 

 

Figure 4.2 The morphological growth of AcOAg crystals. 

 

4.2 Morphology of RS-AcOAg 

Bun-AcOAg was obtained as the final product from the AcOAg preparation 

(Figure 4.2). However, rod-shaped RS-AcOAg was required to use as conductive 

materials in this work. Therefore, RS-AcOAg had to be disassembled from Bun-

AcOAg by the ultra-sonication technique.  

The morphological details of RS-AcOAg were observed by scanning electron 

microscope. Bun-AcOAg petals (Figure 4.3A1) was a dense packing of RS-AcOAg 

(Figure 4.3A2). After an ultra-sonication with an ultrasonic probe operated at 750 kW 

with frequency of 20 kHz and 60% amplitude, Bun-AcOAg was disintegrated into     

RS-AcOAg (Figure 4.3B1). RS-AcOAg possessed the distribution of Bun-AcOAg 

after ultra-sonication (Figure 4.3B2).  

Flower shape-AcOAg Bundle-AcOAg
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Figure 4.3 SEM micrographs of (A) Bun-AcOAg and (B) RS-AcOAg. 

 

4.3 Comparison between RS-AcOAg and CC-AcOAg 

4.3.1 Dimensions 

RS-AcOAg and CC-AcOAg were sonicated in ethyl acetate before 

measurement. The obtained slurry was dropped on an aluminum stub for 

morphological characterization with a scanning electron microscope (SEM). The 

widths and lengths of RS-AcOAg and CC-AcOAg were measured directly from SEM 

micrographs. Dimension of RS-AcOAg and CC-AcOAg were measured from 300 

particles using ImageJ program.  The size distribution histograms of RS-AcOAg and 

CC-AcOAg were compared. 

The average width and length of RS-AcOAg (Figure 4.4) were 1.4±0.4 μm 

and 14.0±5.0 μm, respectively. In contrast, the average width and length of CC-

AcOAg (Figure 4.4) were 4.9±1.0 μm and 38±15 μm, respectively. RS-AcOAg were 

3-times smaller than CC-AcOAg in both width and length. In addition, the 

distribution in the dimensions of RS-AcOAg were less than those of CC-AcOAg. As 

reported by Yilan Ye (2018), the aspect ratio (the ratio of length to width) of rod-

shaped structure was between 2 to 24 [64]. Herein, the aspect ratio values of RS-

AcOAg and CC-AcOAg were 10 and 8, respectively. The aspect ratio of RS-AcOAg 

was 23% greater than that of CC-AcOAg. The high aspect ratio of conductive 

materials might enhance the electrical conductivity of flexible conductive strips [65].  
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Figure 4.4 SEM micrographs of (A) RS-AcOAg and (B) CC-AcOAg and the 

corresponding size distribution of widths and lengths. 

 

4.3.2 Molecular information 

To confirm that RS-AcOAg and CC-AcOAg are the same materials, Fourier-

transform infrared spectroscopy (FTIR), Raman spectroscopy, and X-ray powder 

diffraction (XRD) techniques were used for characterization. FTIR spectra of  

RS-AcOAg and CC-AcOAg (Figure 4.5A) show the same characteristic peaks of 

AcOAg as asymmetric C-O stretching (1592 cm-1), symmetric C-O stretching (1420 

cm-1), symmetric CH3 deformation (1350 cm-1), in plane CH3 rocking (1020 cm-1),  

C-C stretching (930 cm-1), O-C-O bending (660 cm-1), and out of plane O-C-O  

(620 cm-1) [66]. In addition, Raman spectra of RS-AcOAg and CC-AcOAg (Figure 

4.5B) also show the same characteristic peaks of AcOAg as C-H stretching (3009  

cm-1, 2940 cm-1), symmetric C-H bending (1414 cm-1), symmetric O-C-O stretching 

(1347 cm-1), and symmetric C-CH3 in plane bending (934 cm-1) [67]. XRD patterns of  

RS-AcOAg and CC-AcOAg (Figure 4.5C) show the same characteristic peaks that the 

unit cell for AcOAg was determined to be triclinic [45]. 
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Figure 4.5 (A) FTIR spectra, (B) Raman spectra, and (C) XRD patterns of 

RS-AcOAg and CC-AcOAg.  

C: XRD pattern
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4.3.3 Thermal decomposition 

In order to utilize RS-AcOAg and CC-AcOAg as conductive materials for 

fabricating PDMS-silver flexible conductive strips, they must be thermally 

decomposed to silver metal. Thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) were employed for investigating the thermal 

decomposition of RS-AcOAg and CC-AcOAg. Thermal decomposition of AcOAg as 

CH3COOAg under nitrogen atmosphere is shown in Eq.7 [45]. 

 

2CH3COOAg(s)   2Ag(s) + CH3COOH(g) + CO(g) + H2(g) + C(s)  (7) 

 

The thermogravimetric (TG) and the corresponding differential 

thermogravimetric (DTG) thermograms of RS-AcOAg and CC-AcOAg are shown in 

Figure 4.6.  

The TG thermograms show the onset temperatures, which are the temperature 

where weight loss begins, of RS-AcOAg and CC-AcOAg at 268ºC and 276ºC, 

respectively (Figure 4.6). The lower onset temperature of RS-AcOAg suggested that 

the thermal decomposition of RS-AcOAg was initiated at a lower temperature than 

that of CC-AcOAg due to the better thermal transfer of small particles. The smaller 

sizes of RS-AcOAg increase surface area, causing an improvement in the thermal 

absorption ability [68]. The derivative TG thermograms showed decomposition 

temperature of RS-AcOAg and CC-AcOAg at 287°C and 284°C, respectively. The 

insignificant differences in the thermal decomposition profiles of RS-AcOAg and CC-

AcOAg implied that RS-AcOAg and CC-AcOAg possessed the same thermal 

decomposition properties (Figure 4.6). 

The weight loss values at 400°C of RS-AcOAg and CC-AcOAg were 

approximately at 35.0% and 35.4%, respectively (Table 4.1). The weight loss referred 

to the decomposition of organic part of AcOAg as acetate group [49]. The residual 

weights at 400°C of RS-AcOAg and CC-AcOAg were 65.0% and 64.6%, respectively 

(Table 4.1). The residual weight at 400°C was attributed to silver and carbon residue, 

according to Eq.7 [45]. The weight loss values and the residual weights of RS-AcOAg 

and CC-AcOAg were approximately the same as the theoretical values of 32.8% and 

68.2%, respectively. 
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Figure 4.6 TG and the corresponding  DTG curves of (A) RS-AcOAg and  

(B) CC-AcOAg. 

 

Table 4.1 Thermal properties of RS-AcOAg and CC-AcOAg. 

Materials 

Onset 

temperature 

(°C) 

Decomposition 

temperature 

(°C) 

Residual 

weight at 

400°C (%) 

Weight loss 

at 400°C 

(%) 

RS-AcOAg 268 287 65.0 35.0 

CC-AcOAg 276 284 64.6 35.4 

  

The DSC profiles of RS-AcOAg and CC-AcOAg within the range of 25°C to 

350°C exhibited a single exothermic peak (Figure 4.7). The exothermic peak 

temperatures of RS-AcOAg and CC-AcOAg were 282°C and 288°C, respectively. 

The exothermic peak temperature was assigned to the decomposition reaction of 

AcOAg into silver metal [48]. The exothermic temperatures of RS-AcOAg and  

CC-AcOAg were silghtly different (6°C) as a result of the different sizes of  

RS-AcOAg and CC-AcOAg. The smaller sizes of RS-AcOAg increase surface area, 

causing an improvement in the thermal absorption ability [68] and lowering 

decomposition temperature. The enthalpies of the reactions (∆H) determined from the 

area under the exothermic peaks of RS-AcOAg and CC-AcOAg were 63.75 Jg-1 and 

67.18 Jg-1, respectively. The thermal decomposition of both RS-AcOAg and  

CC-AcOAg are exothermic due to the decomposition of acetic acid residue as the 

AcOAg was decomposing [48]. 
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Figure 4.7 DSC thermograms of RS-AcOAg and CC-AcOAg.  

 

4.3.4 Thermal dependence decomposition and sintered structures 

Thermal decomposition of RS-AcOAg and CC-AcOAg were studied at RT, 

200°C, 250°C, and 300°C. RS-AcOAg and CC-AcOAg must be thermally 

decomposed to form silver metal as porous silver structures which was used for being 

conductive materials. While RS-AcOAg and CC-AcOAg were thermally 

decomposing, the porous silver structures became sintered structures due to fusing of 

silver particles during heating.  

Sintering is the process of compacting and forming contacts between particles 

during heating. Atoms in the materials diffuse across the boundaries of the particles, 

fusing the particles together and creating the rigid structure [53]. 

The morphological profiles and silver particles growth of RS-AcOAg and  

CC-AcOAg were investigated by a scanning electron microscope (SEM) with thermal 

dependence decomposition at RT, 200°C, 250°C, and 300°C. At room temperature, 

the shape of RS-AcOAg and CC-AcOAg were rod shape with the width of 1.4 ± 0.4 

μm (Figures 4.8A1) and columnar shape with the width of 4.9±1.0 μm (Figure 

4.8B1), respectively. When the temperature was raised to 200°C, 0.1±0.02 μm silver 

nanoparticles (AgNPs) were formed and presented as small particles on RS-AcOAg 

surfaces (Figure 4.8A2). On the other hand, 0.18±0.06 μm AgNPs were partially 

formed on edges of CC-AcOAg (Figure 4.8B2). After the temperature increased to 

250°C, AgNPs with quasi-spherical shape of both RS-AcOAg and CC-AcOAg were 
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fused together to form bigger particles as silver microparticles (AgMPs) with 

0.25±0.07 μm and 0.73±0.22 μm, respectively (Figures 4.8 (A3 and B3)). Finally, 

when the temperature was raised to 300°C, each melted AgMPs chains of both RS-

AcOAg and CC-AcOAg were became extensively sintered porous silver structures 

with size of AgMPs as 0.95±0.16 μm and 2.3±0.46 μm, respectively (Figures 4.8 (A4 

and B4)). 
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Figure 4.8 Size distribution of AgMPs obtained by decomposition of (A)  

RS-AcOAg and (B) CC-AcOAg at 200°C, 250°C, and 300°C. 

 

To study the molecular information of RS-AcOAg and CC-AcOAg at various 

temperature of RT, 200°C, 250°C, and 300°C, FTIR technique was used. FTIR 

spectra of RS-AcOAg and CC-AcOAg at RT show the same characteristic peaks as 

asymmetric C-O stretching (1592 cm-1), symmetric C-O stretching (1420 cm-1), 

symmetric CH3 deformation (1350 cm-1), in plane CH3 rocking (1020 cm-1), C-C 
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stretching (930 cm-1), O-C-O bending (660 cm-1), and out of plane O-C-O (620 cm-1) 

(Figures 4.9 (A and B)). When the temperature was raised up to 200°C and 250°C, 

both RS-AcOAg and CC-AcOAg are remain the same characteristic peaks, thus,  

RS-AcOAg and CC-AcOAg were not completely decomposed and the AcOAg 

remained at those temperatures. However, when the decomposition temperature was 

increased to 300°C, the characteristic peaks of RS-AcOAg and CC-AcOAg were 

disappeared due to a complete decomposition of AcOAg. This means both  

RS-AcOAg and CC-AcOAg were completely decomposed into silver metal. 

 

 

Figure 4.9 FTIR spectra of thermally decomposed (A) RS-AcOAg and (B)  

CC-AcOAg at RT, 200°C, 250°C, and 300°C. 
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4.3.5 Suppressed sintering porous silver structure by bPDMS  

Extensively sintered structures of RS-AcOAg and CC-AcOAg after thermal 

decomposition at 300ºC made the porous silver structure rigid due to the necking and 

fusing of neighboring AgMPs [56-57]. The extensively sintered structures tended to 

crack when the mechanical forces were applied [36]. To suppress extensive sintering, 

small amount of polydimethylsiloxane base (bPDMS) was used as a film coated onto 

the surface of RS-AcOAg and CC-AcOAg. The bPDMS possessed good thermal 

stability, good chemical resistance, and inertness [61]. Moreover, bPDMS can 

dissolve in ethyl acetate, which is used as solvent [69]. 

Thermal stability of bPDMS was investigated by thermogravimetric analysis. 

The thermogravimetric (TG) thermogram was shown in Figure 4.10. The onset 

temperature of weight loss at 389°C determined by TGA analysis, suggested that 

bPDMS was thermally stable at the temperature being investigated. It remained in the 

porous silver structure for suppressing sintered structure when the AcOAg was 

thermally decomposed at 300°C. 

 

Figure 4.10 TG thermogram of bPDMS. 

 

To suppress sintering, small amount of polydimethylsiloxane base (bPDMS) 

was used as a thin film coating onto the surface of RS-AcOAg. 

In order to determine optimum amount of bPDMS for thermal decomposition 

of RS-AcOAg, (bPDMS-free, 0.001 g, 0.003 g, 0.005 g, 0.01 g, and 0.02 g) was 
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mixed with 10%wt/wt of RS-AcOAg in ethyl acetate (0.3 g of RS-AcOAg and 3.0 g 

of ethyl acetate). Then, the mixture was solvent casted on a glass slide to fabricate  

bPDMS-coated RS-AcOAg film. The film was dried in vacuum chamber at room 

temperature and was thermally decomposed at 300°C. After thermal decomposition, 

the color of all samples changed from white to dark yellow, depending on the amount 

of bPDMS (Figure 4.11). 

 

Figure 4.11 Photographic images of (A) bPDMS-coated RS-AcOAg on glass 

substrates at room temperature and (B) thermally decomposed at 300°C 

at various amount of bPDMS: (1) bPDMS-free, (2) 0.001 g, (3) 0.003 g, 

(4) 0.005 g, (5) 0.01 g, and (6) 0.02 g. 

 

Figure 4.12 presented SEM micrographs of bPDMS-free RS-AcOAg and 

bPDMS-coated RS-AcOAg films before and after thermal decomposition. When the 

amount of bPDMS was lower than 0.01 g (Figures 4.12 (A1-A5)), RS-AcOAg was 

uniformly coated with bPDMS. However, bPDMS was formed as a continuous fluid 

film when the amount of PDMS was more than 0.01 g (Figure 4.12A6). After thermal 

decomposition, bPDMS-free RS-AcOAg and bPDMS-coated RS-AcOAg were 

transformed to porous silver structure. When the amount of bPDMS was 0.001 g 
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(Figure 4.12B2), the porous silver structure remained the sintering of silver particles 

as compared to structure that obtained from thermal decomposition of bPDMS-free 

RS-AcOAg (Figure 4.12B1). When the amount of bPDMS was added up to 0.003 g, 

sintering was suppressed, and the rod shape of porous silver structures were formed 

(Figure 4.12B3).  However, when the bPDMS was more than 0.005 g (Figures 4.12 

(B4-B6)), silver particles could be mobilized into fluid bPDMS and the porous 

structures were deformed. 

 

Figure 4.12 SEM micrographs of (A) bPDMS-coated RS-AcOAg films on glass 

substrates at room temperature and (B) the corresponding thermally 

decomposed films at 300°C with various amount of bPDMS: (1) 

bPDMS-free, (2) 0.001 g, (3) 0.003 g, (4) 0.005 g, (5) 0.01 g, and (6) 

0.02 g. 
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When an excess bPDMS was added into RS-AcOAg, the mixture tended to be 

a liquid form. When the mixture was casted to form bPDMS-coated RS-AcOAg film 

and the film was thermally decomposed to porous silver structure (Figure 4.13A1), 

the silver particles might be released into the mixture (Figure 4.13A2). To confirm the 

migration of silver particles into bPDMS, the coated bPDMS was dissolved by rinsing 

the film with ethyl acetate and the remained silver structures were observed with a 

SEM. The remained structures after dissolving bPDMS were not porous structures 

and were deformed due the mobilization of silver particles into ethyl acetate (Figure 

4.13B1). In addition, the color of ethyl acetate after the bPDMS dissolution was 

yellow, indicating the dissolution of dispersed silver nanoparticles. These results 

confirmed that an excessive amount of bPDMS affected the deformation of AcOAg 

structure after the thermal decomposition (Figure 4.13B2). 

 

 

Figure 4.13 Digital photographs and the corresponding SEM micrographs of (A) 

porous silver from excess bPDMS-coated RS-AcOAg, and (B) A after 

rinsing by ethyl acetate. 

 

From previous investigation, 0.003 g of bPDMS was selected as the optimum 

amount for RS-AcOAg film casting due to the effective suppression of silver particle 

sintering and preservation of porous silver structure after thermal decomposition 

(Figure 4.12B2), which was appropriate for fabricating flexible conductive strips. 
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4.4 Comparison of RS-AcOAg and CC-AcOAg after coating with bPDMS 

4.4.1 Thermal decomposition 

RS-AcOAg and CC-AcOAg were coated with the optimum amount of bPDMS 

to suppress sintering. Thermal decomposition profiles of RS-AcOAg, bPDMS-coated 

RS-AcOAg, CC-AcOAg, and bPDMS-coated CC-AcOAg were investigated and 

compared. The differential thermogravimetric (DTG) thermograms and 

thermogravimetric (TG) profiles of all samples are shown in Figure 4.14 and Figure 

4.15, respectively.  

TG thermograms showed the onset temperatures of the samples. The onset 

temperatures of RS-AcOAg and bPDMS-coated RS-AcOAg were 268°C and 269°C, 

respectively (Figures 4.14 (A1 and A2)). The onset temperatures of CC-AcOAg, and 

bPDMS-coated CC-AcOAg were 276°C and 275°C, respectively (Figures 4.14 (B1 

and B2)). As obviously shown, the onset temperatures of them are insignificant 

difference with or without being coated with bPDMS. DTG thermograms showed 

single maximum thermal decomposition temperatures for all samples (Figure 4.13). 

The thermal decomposition temperatures of bPDMS-coated RS-AcOAg and bPDMS-

coated CC-AcOAg slightly decreased compare to those of RS-AcOAg and  

CC-AcOAg because the thermal conductivity of bPDMS film which was coated onto 

the surface of AcOAg is higher than that of nitrogen gas for 100 times [70], thus, the 

bPDMS induced the decomposition of AcOAg more quickly so the decomposition 

temperatures of bPDMS-coated RS-AcOAg and bPDMS-coated CC-AcOAg 

decreased. 

TG thermograms of RS-AcOAg, bPDMS-coated RS-AcOAg, CC-AcOAg, 

and bPDMS-coated CC-AcOAg (Figure 4.15) showed that the thermal stability of 

bPDMS-coated RS-AcOAg and bPDMS-coated CC-AcOAg slightly decreased when 

they were film coated by bPDMS, according to the thermal conductivity effect of 

bPDMS.  

The weight loss values at 400°C of RS-AcOAg, bPDMS-coated RS-AcOAg, 

CC-AcOAg, and bPDMS-coated CC-AcOAg were 35.0%, 35.8%, 35.4%, and 35.7%, 

respectively (Table 4.2). The residual weights at 400°C of RS-AcOAg, bPDMS-

coated RS-AcOAg, CC-AcOAg, and bPDMS-coated CC-AcOAg were 65.0%, 64.2%, 
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64.6%, and 64.3%, respectively (Table 4.2). The weight loss values and residual 

weights at 400ºC of all samples were also approximately the same as the theoretical 

values of 35.4% and 64.6% respectively [49] (Table 4.2). 

 

 

Figure 4.14 TG thermograms and the corresponding  DTG thermograms of (A1) 

 RS-AcOAg, (A2) bPDMS-coated RS-AcOAg, (B1) CC-AcOAg, and 

(B2) bPDMS-coated CC-AcOAg.  
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Figure 4.15 TG thermograms of RS-AcOAg, bPDMS-coated RS-AcOAg,  

CC-AcOAg, and bPDMS-coated CC-AcOAg. 

 

Table 4.2 Thermal properties of RS-AcOAg, bPDMS-coated RS-AcOAg,  

CC-AcOAg, and bPDMS-coated CC-AcOAg. 

Materials 

Onset 

temperature 

(°C) 

Decomposition 

temperature 

(°C) 

Residual 

weight at 

400°C (%) 

Weight loss at 

400°C (%) 

RS-AcOAg 268 287 65.0 35.0 

bPDMS-coated 

RS-AcOAg 
269 280 64.2 35.8 

CC-AcOAg 276 284 64.6 35.4 

bPDMS-coated 

CC-AcOAg 
275 283 64.3 35.7 
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DSC profiles of all samples were scanned from 25°C to 350°C. The 

exothermic peak temperatures of RS-AcOAg, bPDMS-coated RS-AcOAg,  

CC-AcOAg, and bPDMS-coated CC-AcOAg were 282, 286, 288, and 291°C, 

respectively (Figure 4.16). As mention before, the thermal decomposition of all 

samples is exothermic reaction due to the decomposition of acetic acid residue 

releasing by the decomposition of AcOAg [48]. When RS-AcOAg and CC-AcOAg 

were coated with bPDMS, the exothermic temperatures of bPDMS-coated RS-AcOAg 

and bPDMS-coated CC-AcOAg are insignificant difference, whereas the 

corresponding enthalpy changes (H) decreased. The enthalpies of decomposition 

reaction of RS-AcOAg, bPDMS-coated RS-AcOAg, CC-AcOAg, and bPDMS-coated 

CC-AcOAg are  

63.75 Jg-1, 47.38 Jg-1, 67.18 Jg-1, and 46.44 Jg-1, respectively. The enthalpy changes of 

bPDMS-coated RS-AcOAg and bPDMS-coated CC-AcOAg significantly decreased 

when compared to those of RS-AcOAg and CC-AcOAg. The bPDMS could absorb 

some acetic acid residue [71] while bPDMS-coated RS-AcOAg and bPDMS-coated 

CC-AcOAg were thermally decomposed. The adsorbed acetic acid residue is not be 

decomposed, resulting in the reduction of exothermic enthalpy. 

 

 

Figure 4.16 DSC profiles of RS-AcOAg, bPDMS-coated RS-AcOAg, CC-AcOAg 

and bPDMS-coated CC-AcOAg. 
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4.4.2 Thermal dependence decomposition and suppressed sintering 

To suppress sintering, RS-AcOAg and CC-AcOAg were coated with bPDMS 

as bPDMS-coated RS-AcOAg and bPDMS-coated CC-AcOAg, respectively. The 

morphological profiles and silver particles growth of bPDMS-coated RS-AcOAg and 

bPDMS-coated CC-AcOAg were investigated by SEM with thermal dependence 

decomposition at RT, 200°C, 250°C, and 300°C. At room temperature, the shape of 

bPDMS-coated RS-AcOAg and bPDMS-coated CC-AcOAg were rod shape and 

columnar shape, respectively (Figures 4.17 (A1 and B1)). When the temperature was 

raised to 200°C, 0.11±0.02 μm silver nanoparticles (AgNPs) were formed and 

presented as small particles on RS-AcOAg surfaces (Figure 4.17A2). On the other 

hand, 0.11±0.03 μm AgNPs were partially formed on edges of bPDMS-coated  

CC-AcOAg (Figure 4.17B2). After the temperature increased to 250°C, AgNPs of 

both bPDMS-coated RS-AcOAg and bPDMS-coated CC-AcOAg were grew up with 

the same size as 0.18±0.05 μm and 0.18±0.03 μm, respectively (Figures 4.17 (A3 and 

B3)). Finally, when the temperature was raised to 300°C, AgNPSs size of both 

PDMS-coated RS-AcOAg and bPDMS-coated CC-AcOAg were slightly increase as 

0.24±0.07 μm and 0.26±0.07 μm, respectively (Figures 4.17 (A4 and B4)). 
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Figure 4.17 Size distribution of AgMPs obtained by decomposition of (A) bPDMS-

coated RS-AgOAc and (B) bPDMS-coated CC-AgOAc at 200°C, 

250°C, and 300°C. 
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To study the molecular information of bPDMS-coated RS-AcOAg and 

bPDMS-coated CC-AcOAg with thermal dependence decomposition at RT, 200°C, 

250°C, and 300°C, FTIR technique was used for characterization (Figure 4.18 (A and 

B)). FTIR spectra of bPDMS-coated RS-AcOAg and bPDMS-coated CC-AcOAg 

show characteristic peaks of AcOAg as asymmetric C-O stretching (1592 cm-1), 

symmetric C-O stretching (1420 cm1), symmetric CH3 deformation (1350 cm-1), in 

plane CH3 rocking (1020 cm-1), C-C stretching (930 cm-1), O-C-O bending (660  

cm-1), and out of plane O-C-O (620 cm-1) [66] and also show characteristic peaks of 

bPDMS as C-H stretching (2905 cm-1), symmetric C-H bending (1257 cm-1), Si-O-Si 

stretching (1053 cm-1, 1009 cm-1), C-H rocking (843 cm-1), and Si-C stretching (787 

cm-1, 688 cm-1) [72]. When the temperature was increased to 200°C and 250°C, both 

bPDMS-coated RS-AcOAg and bPDMS-coated CC-AcOAg show the same 

characteristic peaks, thus, bPDMS-coated RS-AcOAg and bPDMS-coated CC-

AcOAg were not completely decomposed and the AcOAg and bPDMS remained at 

those temperatures. However, when the temperature was at 300°C, AcOAg was 

completely decomposed to form silver metal as porous silver structures. However, 

characteristic peaks of bPDMS remained in the porous silver structures even if they 

were decomposed at 300°C. These results confirmed that bPDMS was still coated on 

the surface of porous structures without decomposition due to its thermal stability as 

shown in TG thermogram of bPDMS (Figure 10). Moreover, the same characteristic 

peaks of bPDMS at RT and 300ºC implied that bPDMS was coated on surface of 

porous structures as a surface stabilizer [73-74] without chemical reaction. 
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Figure 4.18 FTIR spectra of thermal dependence decomposition of (A)  

bPDMS-coated RS-AcOAg and (B) bPDMS-coated CC-AcOAg at RT, 

200°C, 250°C, and 300°C. 

 

4.4.3 The morphology of porous silver structures 

To compare the structures of porous silver structures with and without coating 

with bPDMS, the SEM micrographs of RS-AcOAg, bPDMS-coated RS-AcOAg, CC-

AcOAg, and bPDMS-coated CC-AcOAg after thermal decomposition were taken. 
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structures were extensively sintered (Figures 4.19 (A1 and B1)) due to fusing of silver 

particles. On the other hand, bPDMS-coated RS-AcOAg and bPDMS-coated CC-

AcOAg after thermally decomposed, were remaining in rod and columnar shape, 

respectively (Figures 4.19 (A2 and B2)) due to bPDMS suppressed the sintering of 

silver microparticles (AgMPs). 

 

 

Figure 4.19 SEM micrographs of the porous silver structures of (A1) RS-AcOAg, 

(A2) bPDMS-coated RS-AcOAg, (B1) CC-AOAg, and (B2) bPDMS-

coated CC-AcOAg after thermal decomposition. 

  

4.4.4 The morphology of microparticles (AgMPs) 

The morphology of AgMPs from porous structures of RS-AcOAg, bPDMS-

coated RS-AcOAg, CC-AcOAg, and bPDMS-coated CC-AcOAg after thermal 

decomposition at 300°C were investigated by using SEM technique. The particle sizes 

of AgMPs were directly measured from SEM micrographs by ImageJ software and 

the size distribution histograms were subsequently created. AgMPs of thermally 

decomposed RS-AcOAg and CC-AcOAg possessed the average sizes about 

0.95±0.16 μm and 2.3±0.46 μm, respectively (Figures 4.20 (A1 and B1)). The 

conductive material with high aspect ratio tends to have a high thermal conductivity 

[75-76]. The thermal conductive property along the rod axis are very different from 
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the transverse direction. It directly affects the thermal conductivity of the material 

[77]. Therefore, the RS-AcOAg with higher aspect ratio and high thermal 

conductivity was uniformly thermal decomposed and generated uniform AgMPs size 

when compared to the various AgMPs size on CC-AcOAg. 

Interestingly, thermally decomposed of bPDMS-coated on both RS-AcOAg 

and CC-AcOAg exhibited essentially the same average AgMPs sizes which were  

0.24±0.07 μm and 0.26±0.07 μm, respectively (Figures 4.20 (A2 and B2)). In 

addition, the average size of AgMPs sizes and the size distributions of bPDMS-coated  

RS-AcOAg and bPDMS-coated CC-AcOAg significantly decreased when compared 

to those of RS-AcOAg and CC-AcOAg. It is possible that bPDMS could suppress the 

excessive sintering of AgNPs during the thermal decomposition of bPDMS-coated 

RS-AcOAg and bPDMS-coated CC-AcOAg due to the interfacial phenomena 

between AcOAg surfaces and bPDMS film. bPDMS film played an important role as 

a surface stabilizer for reducing sintering of AgMPs. Normally, when AcOAg was 

thermally decomposed, the AgMPs were generated on the surfaces of AcOAg and 

fused together to form the sintering structure. When bPDMS film was employed, 

silver particles generated during the thermal decomposition of AgOAc were 

immediately coated by bPDMS film. Therefore, the aggregation and fusion between 

neighboring AgMPs were suppressed. 
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Figure 4.20 Size distribution histograms of AgMPs after thermal decomposition of 

(A1) RS-AgOAc, (A2) bPDMS-coated RS-AcOAg, (B1) CC-AgOAc, 

and (B2) bPDMS-coated RS-AcOAg. 

 

4.4.5 The surface areas of porous silver structures 

To compare surface areas of porous silver structures with and without 

suppressed sintering by bPDMS, BET analysis was used. The surface areas of porous 

silver structures from thermal decomposition of RS-AcOAg and CC-AcOAg were  

2.05 m2/g and 1.36 m2/g, respectively. On the other hand, the surface areas of porous 

silver structures from thermal decomposition of bPDMS-coated RS-AcOAg and 

bPDMS-coated CC-AcOAg were 3.43 m2/g and 2.37 m2/g, respectively (Table 4.3). It 

can conclude that the surface areas of porous silver structures from thermal 

decomposition of RS-AcOAg and CC-AcOAg increased to 67% and 74%, 

respectively, after they were suppressed sintering by bPDMS. The surface areas of 

porous silver structures, which were suppressed sintering, increased due to the smaller 

size of AgMPs. 
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Table 4.3 The surface areas of porous silver structures. 

 

Source of porous silver Surface area (m2/g) 

RS-AcOAg 2.05 

bPDMS-coated RS-AcOAg 3.42 

CC-AcOAg 1.36 

bPDMS-coated CC-AcOAg 2.37 

 

4.4.6 Elemental analysis 

In this work, chemical compositions before and after thermal decomposition 

of RS-AcOAg, bPDMS-coated RS-AcOAg, CC-AcOAg, and bPDMS-coated  

CC-AcOAg after thermal decomposition at 300ºC were studied by using the energy-

dispersive X-ray spectroscopy (EDS) mode of SEM (point analysis). 

Focusing on the percentage of silver atom of RS-AcOAg increased from 

22.14% to 80.29% after thermal decomposition, whereas the percentage of carbon 

atom decreased from 76.52% to 17.99% (Figures 4.21 (A and B)). On the other hand, 

bPDMS-coated RS-AcOAg after thermally decomposed the percentage of silver atom 

increased from 20.55% to 72.14%, whereas the percentage of carbon atom decreased 

from 57.56% to 24.56% and the percentage of silicon atom decreased from 9.47% to 

1.56% (Figures 4.21 (C and D)). 

 

 

Figure 4.21 SEM-EDX point analysis of (A) RS-AcOAg, (B) after thermally 

decomposed RS-AcOAg, (C) bPDMS-coated RS-AcOAg, and (D) after 

thermally decomposed bPDMS-coated RS-AcOAg. 
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SEM-EDX info of CC-AcOAg and bPDMS-coated CC-AcOAg before and 

after thermal decomposition were presented in Figure 4.22. The percentage of silver 

atom of CC-AcoAg increased from 26.29% to 85.21%, whereas the percentage of 

carbon atom decreased from 72.47% to 13.53% (Figures 4.22 (A and B)). After 

bPDMS-coated CC-AcOAg was thermally decomposed to porous silver structure, the 

percentage of silver atom increased from 21.13% to 72.89% and the percentage of 

silicon atom increased from 1.45% to 2.76%, while the percentage of carbon atom 

decreased from 72.69% to 18.47% (Figures 4.22 (C and D)).  

 

 

Figure 4.22 SEM-EDX point analysis of (A) CC-AcOAg, (B) thermally decomposed 

CC-AcOAg, (C) bPDMS-coated CC-AcOAg, and (D) thermally 

decomposed bPDMS-coated CC-AcOAg. 

 

The SEM-EDX info (Figures 4.21-4.22) presented that the percentage of 

carbon atom from all samples were not decomposed to 0% due to an acetic acid 

residue was remaining after thermal decomposition of the AcOAg as presented in 

Eq.7. These results implied that RS-AcOAg, bPDMS-coated RS-AcOAg, CC-AcOAg 

and bPDMS-coated CC-AcOAg were thermally decomposed at 300ºC to porous silver 

structures.   

According to the characterization, we can conclude that RS-AcOAg and  

CC-AcOAg are the same materials based on FTIR spectra, Raman spectra, and XRD 

patterns. However, the aspect ratio of RS-AcOAg is 23% higher than CC-AcOAg and 

tends to have a high thermal conductivity. In addition, the AgMPs size of thermal 

decomposition morphology of RS-AcOAg and CC-AcOAg were different as  
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0.95±0.16 μm and 2.3±0.46 μm respectively. After the porous silver structures from  

RS-AcOAg and CC-AcOAg were film coated by bPDMS, the size of AgMPs 

decreased to 0.24±0.07 μm and 0.26±0.07 μm, respectively, because bPDMS was 

aimed as a surface stabilizer to suppress sintering of AgMPs during thermally 

decomposed. Moreover, the surface areas of porous silver structures from RS-

AcOAg, which was suppressed sintering, is higher than that of CC-AcOAg due to the 

smaller size of AgMPs. Herein, RS-AcOAg and bPDMS-coated RS-AcOAg were 

selected to employ as a raw material for the fabrication of PDMS-silver composite as 

flexible conductive strips and comparison of electrical resistivity. 

To compare the morphological structures of RS-AcOAg and bPDMS-coated 

RS-AcOAg after thermal decomposition the SEM was used for investigated. The 

porous silver structures from thermally decomposed of RS-AcOAg (Figure 4.23A) 

showed the sintered structures. In contrast, porous silver structure from thermally 

decomposed of bPDMS-coated RS-AcOAg (Figure 4.23B) remained in the rod shape 

with suppressed sintering. The porous structure from thermally decomposed  

RS-AcOAg with sintered structure tended to crack under mechanical loading due to 

the sintered structure. 

 

 

Figure 4.23 Porous silver structure of (A) RS-AcOAg and (B) bPDMS-coated  

RS-AcOAg after thermal decomposition at 300°C. 
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4.5 Fabrication of PDMS-silver composite flexible conductive strips 

RS-AcOAg was choosen for further PDMS-silver composite fabrication for 

applying as a flexible conductive strip due to the appropriate morphology, the high 

aspect ratio, and the suitable thermal decomposition properties when compared to  

CC-AcOAg. The porous silver film, which is attached on the surface of PDMS, 

played a crucial role in the conductive property. The existence of porous silver layer 

on PDMS substrate was confirmed by a chemical test. Herein, H2O2 was dropped on 

the surface of the conductive strip which can interact with Ag metal and generate O2 

bubbles (Figure 4.24A) from the catalytic decomposition of H2O2 by silver metal. In 

contrast, there were no bubbles on the bare PDMS surface (Figure 4.24A). 

Additionally, the LED light was illuminated while the two-point probe multimeter 

was clipped on the surface of a strip (Figure 4.24B). These results implied that the 

porous silver was fixed on the top of PDMS substrate. 

 

 

Figure 4.24 (A) Digital images of hydrogen peroxide testing, confirming that silver 

structures were adhered on PDMS surface after fabrication. (B) LED 

light testing while the two-point probe multimeter was clipped on the 

surface of a strip. 

 

After the fabrication, the morphology of the porous silver on the strip under 

30% strain was observed under an optical microscope. Two types of flexible 

conductive strips i.e. the porous silver strip from thermally decomposed RS-AcOAg 

(Figure 4.25A) and the porous silver strip from thermally decomposed bPDMS-coated 

RS-AcOAg (Figure 4.25B) were investigated. The electrical resistivity values of the 

porous silver strips from RS-AcOAg and bPDMS-coated RS-AcOAg at the original 

length were 6.3 Ω and 5.0 Ω respectively. At 30% strain, the electrical resistivity 

values of the porous silver strips from RS-AcOAg and bPDMS-coated RS-AcOAg 
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increased to 7.6 Ω and 6.2 Ω, respectively. The empty space within the porous silver 

structures can be observed when the strip was under 30% strain (Figures 4.25 (Ab and 

Bb)). The porous silver structure was recovered after stretching (Figures 4.25 (Ac and 

Bc)). The electrical resistivity values at the recovered state of the porous silver strips 

from RS-AcOAg and bPDMS-coated RS-AcOAg were 7.6 Ω and 6.2 Ω, respectively. 

The electrical resistivity of the porous silver strips from RS-AcOAg at the recovered 

state was slightly increased due to the sintered structure was cracking after applying 

the strain loading. On the other hand, the electrical resistivity of the porous silver 

strips from bPDMS-coated RS-AcOAg was invariable under 30% strain. 

 

 

Figure 4.25 Optical microscope images of PDMS-silver composite as the porous 

silver strips from (A) RS-AcOAg and (B) bPDMS-coated RS-AcOAg; 

(Aa, Ba) original film (R=6.3 Ω, 5.0 Ω), (Ab, Bb) during under strain 

(R=7.6 Ω, 6.2 Ω), and (Ac, Bc) after releasing strain (R=7.0 Ω, 5.0 Ω). 

The strips were under 30% strain. 
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To measure the electrical resistivity of the porous silver strips, the electrical 

resistivity was measured under the relative changes of the resistance (∆R/R0) where 

∆R/R0 = (R-R0)/R0, R0 is the electrical resistance of the strip before applied 

mechanical strain, and R is the resistance while applied the mechanical strain. 

The relative changes of the resistance (∆R/R0) under continuously monitored 

during applied mechanical strain (Figure 4.26A), bending (Figure 4.26B), and 

twisting (Figure 4.26C) increased when the mechanical strain was applied to the 

strips. As expected, the porous silver strips from bPDMS-coated RS-AcOAg (red 

line) displayed the lowest relative changes of the resistance. The porous silver strips 

from RS-AcOAg (black line) had higher relative changes of the resistance compared 

to the porous silver strips from bPDMS-coated RS-AcOAg (red line) due to internal 

cracking of sintered structure under mechanical loading [36]. The evaporated silver 

strip (blue line), which was thermally evaporated a 150 µm thickness of silver metal 

on PDMS substrate by thermal evaporator was using a benchmark. It displayed the 

highest relative changes of the resistance due to cracking of silver metal. For twisting 

condition, when the force was applied on the strips, the relative changes of the 

resistance (Figure 4.26C) increased significantly compared to stretching and bending 

because the twisting generated more cracking points in the porous silver structures. 
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Figure 4.26 Relative changes of electrical resistance (∆R/R0) under continuously 

applied the mechanical force with (A) stretching, (B) bending, and (C) 

twisting of flexible conductive strips. The blue, black, and red lines were 

represented the relative change of evaporated silver strip, porous silver 

strip from RS-AcOAg, and porous silver strip from bPDMS coated  

RS-AcOAg, respectively. 
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The relative changes of electrical resistance (∆R/R0) under cyclic mechanical 

loadings at 30% stretching (Figure 4.27A), 90° bending (Figure 4.27B), and 180° 

twisting were shown in Figure 4.27C. The relative changes of electrical resistivity 

under cyclic mechanical loadings exhibited the same trend as continuous mechanical 

loadings. The porous silver strip from bPDMS-coated RS-AcOAg (red line) showed 

the lowest values and the highest consistency in relative changes of electrical 

resistivity after each mechanical loading cycle due to suppress sintering structure by 

bPDMS. The porous silver strip from RS-AcOAg (black line) exhibited higher 

electrical resistivity than the porous silver strips from bPDMS-coated RS-AcOAg due 

to internal cracking of sintered structures. The evaporated silver strip (blue line) 

displayed the highest electrical resistivity due to cracking of silver metal film on the 

surface of the strip under various mechanical loadings.  
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Figure 4.27 Relative changes of electrical resistance (∆R/R0) under cyclically applied 

mechanical loadings with (A) 30% strain, (B) 90º bending, and (C) 180º 

twisting of flexible conductive strips. The values for evaporated silver 

strip, porous silver strip from RS-AcOAg, and porous silver strip from 

bPDMS-coated RS-AcOAg are shown in blue, black, and red lines, 

respectively. 

A

 

 Ev aporated silv er

 
0 5 10 15 20

Bending cycle (times)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

∆
R
/R

0

 Porous silv er f rom RS-AcOAg

 Porous silv er f rom bPDMS-coated RS-AcOAg

Stretching cycle (times)

 

 

0 5 10 15 20

∆
R
/R

0

0

1

2

3

4

5  Ev aporated silv er

 Porous silv er f rom RS-AcOAg

 Porous silv er f rom bPDMS-coated RS-AcOAg

 

∆
R
/R

0

0.0

0.5

1.0

1.5

0 5 10 15 20
Twisting cycle (times)

 Ev aporated silv er

 Porous silv er f rom RS-AcOAg

 Porous silv er f rom bPDMS-coated

RS-AcOAg

B

C



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

58 

 

From the relative changes of electrical resistance, the porous silver strip from 

bPDMS-coated RS-AcOAg exhibited the excellent mechanical properties with low 

electrical resistivity under mechanical strain, including stretching, bending, and 

twisting. To compare the ∆R/R0 of the porous silver strip from bPDMS-coated  

RS-AcOAg to the other works, we found that the ∆R/R0 of the porous silver strip 

which fabricated in this study had lower ∆R/R0 than AgNWs/PDMS [12] and silver 

ink/PDMS [13] under applying mechanical forces including strain and bending.  

Furthermore, the porous silver strip from bPDMS-coated RS-AcOAg with  

4 cm length was employed as a flexible conductive polymer and preliminarily 

demonstrated with LED devices (Figure 4.28). According to visual observations, the 

LED exhibited significant brightness under 30% strain (Figure 4.28A), 90º bending 

(Figure 4.28B), and 180º twisting (Figure 4.28C). In addition, the strip could also be 

applying as a strain sensor for controlling a robotic arm movement (Figure 4.29). 

 

 

 

Figure 4.28 LED applications of porous silver conductive strip from bPDMS-coated 

RS-AcOAg. Photographic images of working LEDs under (A) 30% 

strain, (B) 90º bending, and (C) 180º twisting loads. 
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Figure 4.29 The strain sensor fabricated from the porous silver strip of bPDMS-

coated RS-AcOAg for controlling robotic arm movement. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 

CONCLUSIONS 

 

In this research, a simple and low-cost synthetic protocol for fabricating 

PDMS-silver composite as flexible conductive strips is presented. To form conductive 

materials, the small amount of AcOAg, which is required for fabricating flexible 

conductive polymer, is only 10% w/w, was thermally decomposed at 300°C. The 

thermal decomposition of AcOAg induced the formation of AgMPs on the surface of 

AcOAg with the expense of AcOAg and turned into sintered and rigid structures. The 

sintered structures affected the electrical resistivity due to the cracking of structures 

when mechanical strain was applied. To suppress sintering structure, bPDMS was 

employed for film coating on the surface of AcOAg before thermal decomposition. 

The bPDMS film also played an important role in a surface stabilizer. The sintering of 

AgMPs was reduced because silver particles, which was forming during the thermal 

decomposition of AgOAc, were immediately coated by bPDMS film. Hence, the 

aggregation and fusion between neighboring AgMPs were suppressed. Herein, silver 

acetate crystals, which was obtained by synthesis (RS-AcOAg) and commercial (CC-

AcOAg), were used in this study for comparing the dimension, morphological 

structures, molecular information, and chemical composition. There were no 

significant differences in molecular information and chemical composition. However, 

the size of RS-AcOAg is 3-times smaller than CC-AcOAg whereas the aspect ratio of 

RS-AcOAg is 23% higher than CC-AcOAg, suggesting that the electrical 

conductivity properties of RS-AcOAg tends to be better than CC-AcOAg [65]. 

Moreover, the surface area of porous silver structure of RS-AcOAg, which was 

suppressed sintering by bPDMS coating, was higher than that of CC-AcOAg. Thus, 

RS-AcOAg was chosen to employ as a raw material for conductive materials 

fabrication under suppressed sintering by coating with bPDMS as bPDMS-coated RS-

AcOAg. To form the flexible conductive strip, bPDMS-coated RS-AcOAg was 

thermally decomposed at 300°C to form porous silver films. Then, the mixture of 

PDMS base and curing agent was poured on the porous silver films. After curing 

process, a flexible conductive strip was cut and detached from supporting surface. The 
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flexible conductive strip from bPDMS-coated RS-AcOAg exhibited excellent 

mechanical properties with low electrical resistivity under applied mechanical strain, 

including stretching, bending, and twisting. Herein, an application of the PDMS-silver 

composite as a flexible conductive strip to use as a strain sensor for robotic hand was 

demonstrated. 

 For further development of this research, the simple and low-cost 

synthetic protocol for fabricating PDMS-silver composite can be applied in flexible 

circuit boards instead of general circuit boards. The advantages of flexible circuit 

boards are their conductive efficiency under mechanical stress, space saving, low 

production costs and their suitability for current electrical equipment design. 
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