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Abstract 

A solid silver – ligand complex,-oxolato-bis(ethylenediaminesilver(I)) was developed 

for formulating particle-free conductive inks. The complex has approximately 47% silver 

content by weight, and is soluble in ink-jet compatible polar solvents. Aqueous ink 

formulations for the inkjet printing was developed to print uniform films on glass and 

polyimide substrates. When cured, printed films comprising crystalline metallic silver was 

determined by XRD. Optimized curing conditions were found to be 120°C for less than 

five minutes, which may be compatible with high throughput printing. Cured films 

demonstrated better adhesion on polyimide substrates than on glass. This study has 

improved the state of the art material used for MOD inks and provided a method for 

printing on a variety of flexible electronic form factors. 
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Chapter 1. Introduction 

As the size of conventional electronics decreases, the cost of manufacture is increasing. In 

this era, where technology is at our fingertips in the form of smart devices, reducing the 

price and weight of the electronic components is desirable. In an attempt to satisfy this 

demand, printed electronics are capturing industry attention for their properties of lower-

cost, flexibility and lighter weight. The potential applications are sensors,1, 2 transistors,3, 4 

photovoltaics,5, 6 displays,7 supercapacitors,8 organic light emitting diodes (OLED)9, radio 

frequency identification (RFID) tags10 and energy harvesting devices.11 Decades of effort 

have resulted in material and process developments.2, 5, 7, 12-16 Translating these 

developments from the lab bench to the print production floor however, requires tuning the 

materials to the demands made by the large scale printing process and workflow.17 

Particular effort has been made toward printing ink formulations to produce electronic 

traces, interconnects and contacts.18-21  

Silver ink formulations have been extensively studied in the form of nanoparticles21, 

MOD22 (metal-organic decomposition) inks for inkjet printing, and in the form of pastes23 

for screen printing. To overcome the printing process limitations imparted by particle-

based dispersions, solution-phase inks that produce a metal conductive trace upon thermal 

activation, known as precursor inks or metal-organic-decomposition (MOD) inks, have 

been developed.20, 21, 24 Similarly, copper,25 carbon nanotubes,4 graphene26 and conducting/ 

semiconducting polymers27-29 are considered for printing functional devices. Substrates 

used for printing such devices include paper,30 polyimide films,31 polyesters32 

polycarbonate,33 polyether imide and polyacrylate.34 
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Silver MOD ink technologies vary primarily by the ligands used to solubilize and stabilize 

the metal. Early work involved using silver carboxylate soaps that were soluble in organic 

solvent systems optimized for ink jet printing. 18, 35-37 Although these systems produced 

silver traces with conductivities approaching that of bulk silver, the nominal curing 

temperatures and times were too high to be viable in a production workflow. Lowering the 

curing and/or sintering temperature and reducing processing time required research into 

alternative silver-ligand complexes and solvent additives. 22, 24, 38, 39 With many of these 

alternative approaches, nominal conductivity was only achieved by further processing the 

samples at longer times or higher temperatures. 

Particle-based metal inks and silver film conductivity of reactive inks have been improved 

by increasing the silver loading fraction. One approach was to select ligands possessing 

multiple silver binding sites, thereby increasing the available reducible silver concentration 

while still maintaining ink stability. Silver oxalate22, 23, 40 and silver citrate41 are two 

examples of silver – ligand complexes that were found to have excellent ink stability 

properties as well as promoting silver reduction upon thermal activation. These material 

improvements, however, have yet to gain adoption because they would disrupt current 

production processes.  

In this study, we present an improved synthetic approach using silver oxalate and optimized 

ink formulations. The approach includes these following factors: (i) high silver content 

silver oxalate salt which is easily reduced to elemental silver, (ii) complexing agents to 

stabilize the silver salt, (iii) water as solvent, (iv) long term stability of the ink in solid form 

and (vi) curing at 130°C for two minutes.  
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Chapter 2. Literature Review 

2.1 Printed Electronics  

Printed electronics have promising applications for future consumer electronics. Their 

flexibility and lightweight characteristics meet the emerging application needs in 

displays,42 healthcare,43 energy harvesting,11 wearable44 and human machine interface 

technologies.13 Advantages44 of integrating printed electronics with various applications 

are listed below. 

1. Low-cost fabrication promotes economies of scale which decreases the cost per part 

as the level of production increases. If low cost sensor tags are available in the form 

of printed electronics, it will be applicable to a large number of products.  

2. Similar fabrication technology can be used for different applications by changing 

the design of the trace to be printed. Tailor made designs are easily offered by such 

printing processes. 

3. Printing on flexible substrates opens new doors for applications. Bendable and 

stretchable substrates, for example, are necessary for wearable sensors. Some 

wearable sensors can directly go on to the skin since they are flexible. 

4. Seamless integration is possible due to the compatibility of printing process and 

materials with various substrates. Materials developed for a specific printing 

processes can be utilized to print on alternate substrates with slight modifications. 

5. Emerging applications are opening new fields. Printed electronics are emerging as 

sensors in healthcare monitoring units providing non-invasive tests, and replacing 

patient-unfriendly invasive tests. 
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2.2 Inks and Substrates 

A printing ink comprises at least one active ingredient, and a suitable vehicle for the 

selected printing process. The active ingredient provides the function of the printed device, 

e.g. electrical conductivity or sensing. The ink vehicle is generally a mixture of ingredients 

responsible for precise roles such as (a) active ingredient solubilizing agent, (b) reducing 

agent, (c) humectant, (d) stabilizing agent for nanoparticles (if any), or (e) rheology 

modifier. A detailed account of recently explored ink formulations are summarized in 

Table 1. 

Table 1: Recent advances in materials and processes for printed electronics. 

Type 

of ink 
Formulation Substrate 

Printing 

process 
Year Application Ref. 

Silver 

MODa 

Silver oxalate, 

ethylamine, ethyl 

alcohol, ethylene glycol 

Polyimide Inkjet 2015 
Inkjet 

printing 

Dong et 

al.22 

Silver 

MOD 

Silver acetate, 

ammonium hydroxide, 

Poly(ethylene 

terephthalate), 

polyimide, 

glass 

Inkjet 2012 

High-

conductivity 

features 

Walker 

et al.24 

Silver 

ROMb 

Silver 

hexafluoroacetyl-

acetonate 

cyclooctadiene, 

toluene, isopropyl 

alcohol 

Glass Inkjet 2016 

Atomic 

Layer 

Deposition 

(ALD) 

Black et 

al.39 

Copper

/Silver 

MOD 

Copper(II) acetate 

monohydrate, silver 

oxide, ammonia 

solution, di-

ethanolamine 

Glass, 

polyimide 

Spray 

pyrolysis 
2016 

Conductive 

films 

Suren et 

al.45 

Silver 

NPc 

Silver nanowires, zinc 

oxide 

Poly(ethylene 

terephthalate) 

Rotary 

screen 

printing 

2015 

Semi-

transparent 

electrodes 

Angmo 

et al.46 

Silver 

MOD 

Silver carbonate, 

glycol, water, isopropyl 

amine 

Polyimide - 2012 
Conductive 

traces 

Chang et 

al.47 
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a = Metal-organic decomposition, b = Reactive organometallic, c = nanoparticles and d = 

nanoparticles of copper core and silver shell.   

Type 

of ink 
Formulation Substrate 

Printing 

process 
Year Application Ref. 

Silver 

NP 

Commercial silver 

nanoparticles inks: 

organic base and 

aqueous base 

Substrate with 

polymeric 

receiving 

layer, 

substrate with 

inorganic 

micro-porous 

receiving 

layer 

Inkjet 2015 

Frequency 

selective 

surfaces 

(FSS), RFID 

tags 

Sanchez-

Romagu

era et 

al.10 

Silver 

MOD 

Silver acetate, 

ethanolamine, ethanol, 

reducing agents 

(ethylene glycol, 

acetaldehyde, formic 

acid, 

dimethylformamide or 

glucose) 

PDMS layer 

on PET 

adhered to 

glass 

Pattern 

created 

by laser 

etching 

2013 
Micro-

electronics 

Tao et 

al.48 

Silver 

MOD 

Silver carbonate, 

glycol, water, isopropyl 

amine 

Polyimide - 2012 
Conductive 

traces 

Chang et 

al.47 

Silver 

NP 

Silver nanoparticles 

[from silver nitrate, 

sodium borohydrate 

and capping agents - 

poly (vinylpyrrolidone), 

polyaniline, L-cysteine 

or Oleic acid] dispersed 

in ethanol 

Poly(ethylene 

terephthalate) 
- 2012 

Printable 

electronics 
Li et al.49 

Silver 

NP 

Silver nanoparticles 

(from silver acetate, 

toluene, phenyl 

hydrazine and 

stabilizing agents: 1-

hexadecylamine or 1-

dodecylamine) 

dispersed in 

cyclohexane 

Glass, SiO2 

surface 

Spin 

coating, 

mask-

assisted 

microcon

tact 

printing 

2005 Transistors Li et al.50 

Silver/ 

Copper 

NPd 

Silver nitrate, copper 

nitrate, hydrazine 

hydrate, polyacrylic 

acid sodium salt 

Glass 
Inkjet 

printing 
2009 

Conductive 

traces 

Grouchko 

et al.51 
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2.2.1. Silver MOD:  

MOD stands for metal-organic decomposition. In MOD inks (Figure 1), a metal ion is 

coordinated to an electron donating (typically organic) molecule through a lone pair of 

electrons. This metal containing molecular complex usually portrays enhanced solubility 

and stability in the chosen ink vehicle. In addition, the complexing molecule is selected in 

such a way that the metal becomes highly conductive after thermal decomposition of the 

organic content. 

 

 

Figure 1: Proposed reaction schemes for solid silver complex formulated for this study 

(A) formation of solid silver (S-Ag) complex --oxolato-bis(ethylenediaminesilver(I)) 

from silver oxalate and ethylene diamine in water and (B) thermal decomposition of 

the S-Ag complex. 

Silver is solvated in these ink formulations, giving the formulations better stability than 

that of nanoparticle inks. Unlike MOD inks, particulate inks can encounter problems of 

nozzle clogging due to particle agglomeration. Recently, Dong et al.22 used silver oxalate 

salt to formulate MOD ink for inkjet printing applications. This ink was reported to be 

Water,

Ice bath

(A) 

H2OAg  NH3 CO2

(B) 
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stable for several months when stored at temperatures below 10°C in the dark. The curing 

conditions were 150°C for 30 minutes. In 2012, Walker et al.24 formulated silver MOD ink 

with silver acetate as the precursor. This ink formulation took 15 minutes to cure at 90°C 

and the conductivity reported was equivalent to bulk silver. 

Similar to MOD inks, silver ROM (Reactive Organometallic) inks were explored to avoid 

the curing process after printing. Black et al.39 demonstrated a sinter-free process of silver 

ROM ink on a heated substrate to produce conductive films. 

2.2.2. Silver nanoparticle inks:  

Recently, multiple scientific studies reported the electrical device fabrication using silver 

nanoparticles instead of the vacuum deposition process.29 In one of the studies, 

nanoparticles of 10 nm  diameter were stabilized by long chain 1-alkylamines.50 Li et al.49 

compared the conductivity obtained from silver nanoparticles using different capping 

agents. The study indicated that silver nanoparticles/poly (vinylpyrrolidone) showed better 

conductivity than silver nanoparticles systems having other capping agents such as, 

polyaniline, L-cysteine or oleic acid. Sanchez-Romaguera et al.10 investigated the 

correlation between silver nanoparticles, substrates and sintering methods and stated that 

the choice of sintering process was limited by the size of nanoparticles and the type of 

substrate used. 

Like other various studies, printing with a silver nanowire containing ink has been 

demonstrated by Angmo et el.46 Silver nanowire films thus printed were transparent as 

required for solution-processed solar cells and other optoelectronic devices. . 
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2.2.3. Hybrid inks:  

Suren et al.45 fabricated a continuous film made of silver and copper particles. These hybrid 

material films were made by spray pyrolysis of solution based ink, followed by annealing 

at 200°C for 25 mins in an inert atmosphere of nitrogen. Core-shell nanoparticles having 

copper as core and silver as shell have been formulated by Grouchko et al.51 Upon heating, 

however, the silver shell breaks open to expose and oxidize copper, compromising the 

electrical conductivity of the printed patterns. 

2.3 Printing Processes 

Inkjet printing is the most widely explored technique in current research explorations of 

printed electronics.52 Inkjet printing53 provides the controlled ability to deliver drops (of 

picoliter volume) on demand. Most commercial printers use piezoelectric ejection for the 

nozzels.54. The ejection chambers contain piezoelectric material, which contracts and 

expands with applied AC voltage to create droplets. These droplets are fired towards the 

substrate directed by the nozzles. Adhesion and spreading of the droplets onto the substrate 

is determined by the substrate surface energy and ink surface tension and rheology.  

Apart from inkjet printing, other widely explored printing techniques are flexography, 

screen printing, gravure printing, aerosol-jet printing and offset lithography.15 High 

viscosity paste inks are spread over a patterned mesh with uniform speed in screen printing. 

In this case, print resolution is limited by the mesh size. On the other hand, gravure printing 

provides good resolution, but is limited to large sized batches and long production runs 

without the ability to produce low volumes affordably.   
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Chapter 3. Objectives 

Silver metal was the focus of this study due to its moderate reduction potential and high 

conductivity in the metallic state. MOD formulations were preferred over particulate 

formulations to improve ink stability. Nanoparticles in the particulate ink, for example, can 

agglomerate and show poor stability. These agglomerates can also block the print-head 

nozzles during the printing process.  

In MOD inks, dissolved metal-ligand complex remains in solution for a long period of 

time. MOD ink stability is limited by the stability of metal-ligand complex. Taking the 

metal-ligand complex out of the solution form to a solid state complex, would enhance the 

stability further. This solid complex could be used by dissolving it in the appropriate 

vehicle when needed for printing. 

Improving the current state of the art for materials and process parameters of MOD inks 

were the primary goals of this research study. The two main aspects of these goals include: 

1. Development of a new solid silver complex having the active component as a solid 

material that could be dissolved into an ink vehicle when needed, and  

2. To provide the curing conditions compatible with high throughput processing 

conditions. 

The materials selected for the metal-ligand complex were silver oxalate and ethylene 

diamine. Silver oxalate is 71% w/w silver. Silver oxalate thermally decomposes to silver 

and carbon dioxide.40 Ethylene diamine is a bi-dentate metal ligand and boils at a low 

temperature (116°C). Having less organic content in the metal-ligand complex should 

make the curing (reduction to silver) process easier and faster as the energy and time 
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required to combust the organic content to carbon dioxide is directly proportional to the 

amount of organic content.  
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Chapter 4. Experimental 

4.1 Materials 

All the chemicals used were analytical grade. Silver nitrate, oxalic acid dihydrate, ethylene 

diamine and isopropyl alcohol were purchased from Acros Organics, US. These chemicals 

were used without any further purification steps. Glass microscope slides (from Corning 

Incorporated USA) and Kapton® film (DuPont USA, polyimide, 0.1 mm thick) were used 

as substrates. 

4.2 Procedures 

Silver Oxalate Synthesis. 

The silver oxalate synthesis procedure was adapted from a previously published 

procedure55. Oxalic acid (0.5 M, 30 ml) solution was added to a silver nitrate solution (0.5 

M, 50 ml). The white precipitate of silver oxalate thus obtained was filtered and washed 

with distilled water. Silver oxalate was then dried at 60°C for six hours and stored in the 

dark at room temperature. 

Solid Silver (S-Ag) Ink Formulation.  

Ethylene diamine (0.726 ml, 10.864 mmol) was dissolved in 1.2 ml of distilled water. 

Silver oxalate (1.1 g, 3.621 mmol) was then added to this solvent mixture at intervals over 

the period of five minutes. An excess of isopropyl alcohol (15ml) was added to this liquid 

ink mixture. The precipitated silver complex was filtered and washed with small volumes 

of isopropyl alcohol. The solid ink was then dried at RT under vacuum for four hours and 

stored in an amber colored storage bottle below 4°C. 
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Inkjet Printable Liquid Silver (IJ-Ag) Ink Formulation.  

The silver complex proposed to be -oxolato-bis(ethylenediaminesilver(I)) (S-Ag) ink 

solid (2.5 g) was dissolved in distilled water (2.5 ml). Rheology and surface tension were 

adjusted to 29.6 N/m and 15-18 mPa·s respectively by adding isopropyl alcohol (0.3 ml) 

to the mixture. The ink jet (IJ-Ag) ink was filtered through 0.2 µm syringe filters before 

printing. 

Inkjet Printing.  

IJ-Ag ink was printed on glass microscope slides and Kapton® films with a Dimatix printer 

(DMP-3000 by Fujifilm USA). The print-head temperature was set to 25°C and the print 

platen was kept at room temperature while printing. Kapton films and glass substrates were 

cleaned with isopropyl alcohol before printing. The stand-off distance from print-head to 

substrate was set to 800 µm for Kapton® film and 1200µm for the glass substrate. Printed 

patterns were cured at temperatures ranging from 90°C to 150°C on a hot-plate to achieve 

good conductivity. 

S-Ag and IJ-Ag Characterization. 

IR: Silver oxalate and S-Ag complex were studied by infrared spectroscopy (Shimadzu IR 

Prestige-21 with ATR).  

NMR: S-Ag complex and oxalic acid were analyzed by 13C NMR (Bruker Avance DRX 

300) in deuterated water (D2O). 

Surface tension of IJ-Ag ink was measured using a Contact Angle Goniometer and 

Tensiometer (Model 250, Rame-hart, USA) using the pendant drop method.  
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Stability studies of the S-Ag complex and IJ-Ag ink were performed for 60 days at 4°C 

and RT. 

Thermogravimetric analysis (TA Instruments, Model: Q500) was performed for Silver 

oxalate, S-Ag complex and IJ-Ag ink. The sample (~ 8mg) was heated from room 

temperature to 300 °C at a 5°C/min rate. 

Imaging: Surface morphology and thickness of the printed films were measured using a 

scanning electron microscope (TESCAN FESEM). 

XRD: The X-ray diffraction pattern of the film was recorded on a RIGAKU Dimax-II using 

Cu Kα, 0.15418 nm wavelength.  
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Chapter 5. Results and Discussion 

5.1 Silver Oxalate 

Silver oxalate was selected because it contains the largest silver weight fraction (70% silver 

by mass). Silver oxalate40 degradation has been comprehensively studied by Boldyrev et 

al. who showed that silver oxalate thermally decomposes to produce silver metal and 

carbon dioxide. Boldyrev et al. also demonstrated that the silver oxalate decomposition 

depends upon the silver oxalate preparation method. Silver oxalate was prepared by three 

different methods (Table 2) and thermally decomposed using the same heating rate. 

Table 2: Different methods of silver oxalate (AgOX) preparation. 

AgOX 

batch 
Silver nitrate Oxalic Acid Mixing 

AgOX17 
0.5 M, 100 ml 

(50 mmol) 

0.5 M, 60 ml 

(30 mmol) 

Oxalic acid poured 

in silver nitrate 

AgOX18 
0.2 M, 100 ml 

(20 mmol) 

0.1 M, 100 ml 

(10 mmol) 

Simultaneous 

pouring 

AgOX19 
0.1 M, 100 ml 

(10 mmol) 

0.05 M,100 ml 

(5 mmol) 

Simultaneous 

pouring 

These three original batches showed differences in their thermal decomposition profile 

(Figure 2A). The onset of the decomposition step was observed at 130°C, 142°C and 

168°C for AgOX18, AgOX19 and AgOX17, respectively.  

Inks were formulated with the respective AgOX batch using ethylene diamine as a 

complex. Ethylene diamine (0.726 ml, 10.864 mmol) was dissolved in 1.2 ml of distilled 

water and subsequently, silver oxalate (1.1 g, 3.621 mmol) was added to the mixture. Inks 
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formulated with the different AgOX batches showed the same thermal decomposition 

profile (Figure 2B). Original batch method of AgOX 19 was selected as the preferred 

method for the ease of preparation.  

 

 

Figure 2: Thermogravimetric analysis of (A) silver oxalate batches prepared from 

different methods and (B) their respective ink formulations. Heating rate= 5°C/min. 

5.2 Solid Silver Complex (S-Ag)  

Sparingly soluble silver oxalate was found to dissolve in the presence of excess nitrogen 

containing complexing agents. Nitrogen containing Lewis bases increase the solubility in 

polar solvents by complexation. 
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Figure 3: Proposed structure of S-Ag complex - -oxolato-

bis(ethylenediaminesilver(I)). 

As a result, water was used as a solvent to solubilize the complex of ethylene diamine and 

silver oxalate. To get this complex from liquid (solubilized) to solid form, isopropyl alcohol 

was added to precipitate the solid silver (S-Ag) complex, -oxolato-

bis(ethylenediaminesilver(I)).  

 

Figure 4: TGA of S-Ag indicating the silver content of 46.8%w/w (heating rate 

=5°C/min). 
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TGA of the S-Ag complex (Figure 4) showed that the amount of silver was 46.8% w/w 

which is very close to the theoretical silver content value of 51% w/w. The difference of 

the solid content from theoretical value may be due to impurities or residual solvent. The 

initial loss below 70°C could be due to trace amounts of solvent. The S-Ag complex 

decomposed at a lower temperature (125°C) than silver oxalate (195°C, Figure 2A) using 

the same heating profile. 

IR and NMR spectroscopies were performed to confirm the formation of the -oxolato-

bis(ethylenediaminesilver(I)) (S-Ag) solid complex. Coordination with ethylene diamine 

(electron donating moiety) would exhibit peak shifts. IR and NMR spectra were studied 

for the original and complexed characteristic peaks to confirm the formation of solid silver 

complex. 

In IR spectra, the O-Ag stretching peak was found by silver oxalate and by S-Ag complex 

at 410 cm-1 and 340 cm-1 respectively54 (Figure 5 and Table 3Table 3). Peak shifts to 

higher vibrational frequencies (lower wavenumber) indicate complexation of the electron 

donating moiety.56, 57 Shorter C-C bond stretching frequencies also indicates the 

conjugation of ethylene diamine to silver.  
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Figure 5: IR spectroscopy (A) solid complex (S-Ag) and silver oxalate (AgOX), 

(B) peak at 410 cm-1 of O-Ag bond and peak at 340 cm-1 of O-Ag bond 

conjugated with amine group from complexing agent. 

Table 3: Interpretations of IR peaks. 56, 57 

Wavenumber (cm-1) and intensity a 
Assignments b 

S-Ag AgOX 

1552 (s) 1556 (m) υas (O─C═O) 

1355 (m) 1375 (w) υs (C─C) 

1294 (s) 1300 (s) υs (C─O), δ (O─C═O) 

754 (m) 771 (s) δas (O─C═O), υs (Ag─O) 

- 515 (s) δ (O─C═O) 

340 (m) 410 (m) υ (Ag─O) 

a s = strong, m = medium. w = weak; b υs = symmetric stretching, υas = Antisymmetric stretching, δs 

= symmetric bending, δas = antisymmetric bending. 
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Figure 6: C13 NMR of (A) S-Ag and (B) oxalic acid. 

C13 NMR spectra of S-Ag complex and oxalic acid were measured (see Figure 6). Silver 

complexation to oxalic acid is expected to result in a down-field shift as shown in Figure 

6A, when compared with free oxalic acid (Figure 6B). The presence of a 44ppm C13peak 

was assigned to the equivalent carbons on the ethylene diamine moiety (Figure 6A).  

5.3 Inkjet Formulation 

MOD ink (IJ-Ag) was formulated from S-Ag using water as the solvent. Isopropyl alcohol 

was used to adjust the surface tension of the formulation. The pendant drop method was 
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used to measure the surface tension of the formulated ink. It was consistently found to be 

about 30 N/m. The low surface tension assisted printing with the inkjet printer.  

To understand the thermal changes during the thermal decomposition of the ink, DTA and 

TGA were performed (Figure 7). The heating rate was 2°C/min. 

 

Figure 7: DTA-TGA of ink formulation. 

According to the DTA-TGA data, the last endothermic peak was observed at 121°C, 

indicating that ink can be cured at 121°C. The endothermic peak near 300° C was 

considered to be an instrument anomaly, as the expected change in weight for this 

endothermic drop was absent on the TGA curve. 

Printed silver film curing was carried out at three different temperatures: 90°C, 120°C and 

150°C. As expected, less time was required to completely cure the film at higher 

temperatures. At 90°C, for example, the required time to cure the film was 15 minutes 

(Table 4). The films were determined to be completely cured when the simple two-point 

electrical resistance reached zero or no longer changed. Four-point probe measurements 

will be used in future studies. 
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Table 4: Curing conditions. 

Curing temperature Required time  

90°C 15 minutes 

120°C 3 minutes 

150°C Less than a minute 

Curing directly at higher temperature created a non-uniform film due to rapid evaporation 

and rapid decomposition of the ink components (Figure 8). Thus, to get uniformly cured 

film, printed patterns were heated at 90°C for one minute and then at 120°C for three 

minutes.  

The solid content of the ink formulation was determined by thermogravimetric analysis. 

The samples were heated from room temperature to 500°C using a 5°C/min heating rate. 

Thermal decomposition of the ink occurred in two stages (Figure 9). The first stage was 

due to solvent evaporation up to 100°C. The second stage was due to the reduction of the 

silver complex to metallic silver. The solid content of the ink was determined to be      

21.6% w/w. 
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Figure 8: Curing conditions (A) printed square shaped film before curing, (B) 

cured at 120°C for 3 minutes, (C) cured at 150°C for 1 minute and (D) cured at 

90°C for 1 minute and then at 120°C for 3 minutes.  

 

Figure 9: TGA of IJ-Ag ink formulation (heating rate 5°C/min). 
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5.4 Stability Studies 

Stability studies were carried out for the S-Ag complex and the IJ-Ag ink formulation. 

Samples were stored in the dark at room temperature and at temperatures below 4°C. After 

three days at room temperature, the S-Ag complex powder appeared brown in color 

(Figure 10B). Below 4°C, it remained visually unchanged and stable at least for 60 days 

(Figure 10C).  

Similarly, the IJ formulation appeared unchanged when stored below 4°C for 60 days. The 

ink solution turned grey slowly, presumably by forming particles of metallic silver at room 

temperature. 

 

Figure 10: Stability of S-Ag complex (A) immediately after the preparation and 

drying, (B) After storing at 25°C for 3 days, (C) stored below 4°C for 60 days. 

As expected, the IJ-Ag ink formulation also showed better stability below 4°C than that at 

room temperature. While stored at room temperature, silver from the ink formulation was 

reduced to grey colored silver particles (Figure 11B), which precipitated over time. Below 

4°C, ink was stable over 60 days (Figure 11C). 
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Figure 11: Stability of the ink formulation (A) stable ink immediately after the 

preparation of the ink, (B)unstable ink at 25°C for 10 days, (C) stable ink stored 

at temperature below 4°C for 60 days. 

5.5 Film Characterization 

Cured films were characterized by SEM imaging to study the morphology and the structure 

at the micro/nano scale (Figure 12). The films were uniform throughout (Figure 12A) at  

 

Figure 12: SEM images of the printed films cured at 90° for one minute and at 120°C 

for three minutes. Scales indicated are (A) 20 µm and (B) 500nm.  
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the micron scale. At the nanoscale, particles ranging from 100 nm to 500 nm were 

observed. As shown in Figure 12B, significant silver grain connectivity was observed. The 

observed particles can be correlated with the two stages of curing: nucleation and growth. 

The printed and optimally cured film was cut with a sharp blade through the film and 

substrate. The cross-sectional view (Figure 13) facilitated the measurement of film 

thickness. Arithmetic average of the three measurements indicated that the silver film, 

printed on Kapton®, was 3.36 µm thick. 

 
Figure 13: Cross-sectional view of the printed film along with the substrate 

under SEM. 
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The printed film was also studied by XRD to determine its crystallographic nature (Figure 

14). As expected, conducting silver films were found to have a metallic silver, FCC 

crystalline structure.58  

 

Figure 14: X-ray diffraction pattern for printed and cured silver film using IJ-

Ag ink. 

The elemental content of the film was analyzed by energy dispersive x-ray spectroscopy 

(EDS). As anticipated by the electrical conductivity, cured films were primarily composed 

of metallic silver as represented in Figure 15. Organic matter (in the form of carbon 

content) was present in the films, but less abundant than silver (Figure 15, inset). Nitrogen 

and oxygen however, were found to be essentially absent. 
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The adhesion of the film on both substrates (glass and polyimide) was tested using a tape 

test. The method for the tape test was similar to ASTM standard D3359-09e2.59 The 

adhesion on polyimide was greater than the adhesion on glass (Figure 16). However, the 

upper layer of film on the polyimide substrate was chipped off, indicating poor film 

cohesion.   

 

Figure 15: EDS spectrum of printed silver film. 

 

Figure 16: Tape test indicating adhesion and cohesion properties of the 

printed film. (A) film before the tape test, (B) substrate after the tape test 

and (C) tape with the film after the test. 
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Printed films after curing were found to be conductive using a simple two-probe 

multimeter. More sensitive measurements of the electrical properties of the film using four-

point probes will be investigated in future studies.   



30 

 

Chapter 6. Conclusion 

A new solid silver (S-Ag) complex was developed for MOD inks used in printed 

electronics. Inkjet ink formulation of S-Ag complex have been demonstrated in this study. 

Curing condition for the developed ink were 120° C for less than 5 minutes. Ink 

formulations of S-Ag complex can also be developed for other ink transfer techniques such 

as flexography, screen printing or aerosol-jet printing. This solid complex has exhibited 

good stability when stored in the dark at 4°C.  

The proposed S-Ag structure was -oxolato-bis(ethylenediaminesilver(I)) as confirmed by 

thermal analysis as well as NMR and IR spectroscopic characterization. Silver-nitrogen 

bonded complexes are well known. Isolation of the solid form of the complex, however, 

has enabled longer shelf life and a wide range of ink formulations. Silver was found to be 

46.8% w/w in the S-Ag complex. The combination of a high silver content and high water 

solubility allowed the formulation of concentrated silver MOD inks. Thermochemical 

changes during the curing process were analyzed to reveal the last endothermic step at 

about 120°C. Printing and curing on low-melting substrates, therefore, is be possible.  

Printed and optimally cured films were 3.36 µm thick. Elemental and crystallographic 

analysis of the films indicated that the films were primarily composed of crystalline 

metallic silver, although recorded electrical conductivity needs further validation. All the 

components of the ink were thermally degradable at 120°C, leaving behind primarily 

metallic silver in the film after curing.  

Low curing temperature was achieved by designing the S-Ag complex with the optimum 

amount of organic structure in the complex molecule. Silver oxalate was found to 
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decompose thermally at 195°C to yield silver and carbon dioxide. Complexation of the 

silver oxalate molecule was carried out in such a way that a small complexing agent was 

detached from the silver oxalate molecule first and then helped the reduction to silver at 

lower temperature. Ethylene diamine not only provides two binding sites for complexing 

silver salt but also has a relatively low boiling point (below 120°C) assisting rapid curing 

processes. 

Achieving good printability, lower curing temperature and better electrical conductivity 

have been addressed in many studies in printed electronics. This study has attempted to 

reduce the existing challenges and limitations of a long processing time and a high curing 

temperature by developing this new silver-ligand complex.  
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Chapter 7. Future Work 

Further development of ink formulations using solid silver (S-Ag) complex for various 

other printing processes can be pursued in the future. Curing the printed films was 

intriguing as the continuous film of liquid ink forms a microstructure of nanoparticles. 

Annealing of adjacent nanoparticles was important for the film integrity and conductivity. 

A more detailed study of kinetic-physio-chemical features of the film could lead to 

improved film integrity without compromising electrical conductivity. 
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