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Abstract 

Silver conductive ink using silver oxalate as silver precursor has attracted 

considerable research interest due to its unique properties. However, silver oxalate has 

poor dissolvability in organic solvents and high thermal decomposition temperature, the 

latter is not desirable for pattern formation on some low cost polymer based flexible 

substrates. In this paper, different kinds of alkylamine were chosen as ligands to formulate 

silver oxalate inks to address the mentioned issues. The role of amines in silver oxalate 

based inks was studied in detail. The influence of amine types on thermal property, 

stability and electrical performance of the formulated silver oxalate inks was investigated. 

The relationships between them were established and elucidated. The results show that 

highly conductive silver films with controlled microstructure features can be achieved for 

low temperature sintering by selection of an appropriate amine as the latter has a strong 

influence on the decomposition temperature of the formed silver-amine complex and it 

determines the nucleation and growth of silver particles in the film formation process. 

The chemical reactions occurring within the ink were also studied. An optimal silver 
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complex ink was prepared by using blended amines as ligands finally, producing a 

uniform silver film with good quality and favorable conductivity at 150°C. The results 

are important for future design of stable and high conductive silver complex inks for 

practical applications. 

Keywords: silver oxalate; conductive ink; electrical properties; microstructure; film  

1. Introduction 

Flexible electronics is a burgeoning technology in the electronics industry, 

which make use of various patterning methods to transfer functional inks onto 

flexible substrates for fabrication of electronic devices. The key features include 

flexibility, large-area and low-cost fabrication, offering a possibility for future 

wearable and consumer electronics.1, 2 This technology mainly involves in three 

parts, the materials, the patterning technologies and the metallization methods. Of 

them, the materials, i.e. the conductive inks, are a main issue for the practical 

application of the technology.      

Currently, silver-based inks are the most favored inks, which have been 

commercialized and applied in fabrication of electronic products such as 

conductive circuits,3 RFID tags4 and sensors.5 Silver complex inks have been under 

fast development as there is no aggregation issue associated with such inks during 

preparation, storage and the patterning process compared with the silver 

nanoparticle based inks, which is a key advantage of this type of ink. Besides, such 

inks don’t require the complicated processes for preparation of silver nanoparticles. 

Owing to these merits, an increasing number of studies on such inks have been 

reported.6-19  
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In general, this type of ink consists of an organic silver precursor, complexing 

agent and volatile organic solvent. The main challenge of the ink is to form highly 

conductive films at low sintering temperature, where the selection of each 

constituent is very critical. Silver oxalate is proved to be an ideal silver precursor.13, 

19, 20 It can produce conductive silver with minimal organic residue at a relatively 

low decomposition temperature. However, silver oxalate has poor dissolvability in 

organic solvents that are commonly used for the ink formulation and its 

decomposition temperature is still high for some heat-sensitive substrates. It has 

been shown that transformation of silver oxalate into complex using ligands can 

solve these issues as the silver complex formed would have good solubility in 

organic solvents and lower decomposition temperature.13, 20  

Up to now, alkylamines are mainly selected as the ligands for silver oxalate in 

development of organic silver ink since they have excellent complexing ability with 

silver and can solubilise and stabilize the silver precursors in organic solvents.2 

Dong et al synthesized a silver oxalate ink using ethylamine as a ligand.13 It was 

found that the silver oxalate could be dissolved in the organic solution of 

ethylamine with no difficulty and the obtained ink can produce silver film with low 

resistivity of 8.4μΩ∙m at the sintering temperature of 170°C for 30min. Zope et al. 

reported a silver oxalate ink using ethylenediamine as a ligand.19 Silver conductive 

traces can be produced with a resistivity of 4.26 × 10-8Ω∙m, which is 2.7 times that 

of bulk silver. Although interesting results have been obtained in the previous work, 

these studies were only focused on a specific ink formulation. The role of amines 
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in silver oxalate based inks was barely studied. It is known that the type of amine 

is a critical factor as it will not only increase the solubility of silver oxalate in 

organic solvents via forming a soluble silver-amine complex but also decrease the 

thermal sintering temperature of the silver ink by transferring silver oxalate into 

active atomic monomers, making the ink suitable for plastic substrates applications.  

Therefore, it is necessary to study the effect of amine types on the properties of the 

formulated ink and to elucidate their functions as well as to formulate an optimal 

silver oxalate ink producing a favorable conductive film for flexible electronics 

application.  

In this work, the effects of amine types on the thermal property, stability and 

electrical performance of the formulated silver oxalate inks were investigated in 

detail. We demonstrate that highly conductive silver films with controlled 

microstructure features can be achieved by selection of amine types. The 

underlying mechanism is elucidated. The chemical reactions occurring within the 

ink and the film formation process were also studied. An optimal silver complex 

ink was prepared by using blend amines as ligands, producing highly conductive 

silver film at 150°C. Successful circuit application was demonstrated.  

2. Experimental Section 

2.1 Preparation of silver-amine complex ink and film 

Silver nitrate (AgNO3), oxalic acid (H2C2O4), sodium hydroxide (NaOH), 

ethylenediamine (C2H8N2),  1, 2-diaminopropane (C3H10N2), butylamine (C4H11N), 

hexylamine (C6H15N), octylamine (C8H19N), ethanolamine (C2H7NO), ethylene glycol 

(C2O2H6, EG) and ethanol (C2H6O, EA), were purchased from Sigma-Aldrich and were 
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used without further purification. Polyimide films (PI) of 127µm in thickness were 

obtained from DuPont and were used as substrates. Before application, 15mm15mm PI 

samples were cleaned using deionized water and ethanol to remove the particles and 

organic contaminations on the surface.   

Silver organic inks were prepared in a mixture of EG and EA via a complexing 

reaction of the synthesized silver oxalate and different amines. The method for preparing 

silver oxalate is as follows: firstly 10ml of oxalic acid aqueous solution (0.45g oxalic 

acid) was added to 10ml of sodium hydroxide aqueous solution (0.4g sodium hydroxide) 

and the obtained mixture was stirred for 30min at room temperature. Then, 10ml of silver 

nitrate solution (1.7g AgNO3) was added to the above mixture at once. After one hour of 

stirring in the absence of light, the white color product, silver oxalate, was filtered and 

washed with water for three times and then in ethanol twice, dried at 40°C for 8 h in an 

oven and stored in a dark place.  

For ink preparation, the obtained silver oxalate was dispersed in a mixed solvent 

containing ethanol (0.375 ml) and ethylene glycol (0.375 ml). After stirring for 5 minutes, 

amines with different alkyl-chain lengths were added separately. The mixture was stirred 

for 60 minutes to form each ink. In order to make a reasonable comparison, the weight of 

silver oxalate (0.152g) and solvent were the same in each ink and the Ag/amine molar 

ratios were kept at a constant value of 1:2.  

A drop-coating method was used to prepare the film. Two drops of each ink were 

deposited and spread evenly on the surface of 15mm15mm PI substrates using a Thermo 

Scientific™ Samco™ standard disposable transfer pipettes (3.2ml). Then the obtained 

wet films were sintered at selected temperatures within 60 minutes for metallization.  
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2.2 Characterization 

Ultraviolet-visible (UV-Vis) absorption spectra were recorded on a Lambda 25 UV-

Vis spectrophotometer. Ethylene glycol was used as the solvent since it does not produce 

any turbidity in the ink dissolution or dilution process when compared with ethanol and 

it can result in good transmittance after ink dilution. The UV-Vis absorption spectra were 

obtained from a sample of the ink after dilution by approximately 500 times and quartz 

cuvettes were used to contain the samples. Fourier transform infrared (FT-IR) spectra 

were obtained on a Thermo Scientific Nicolet iS5 FT-IR spectrometer. Thermal behaviors 

of all inks were investigated with a thermal analyzer (TA instrument) using aluminum 

pans at a heating rate of 10 °C min-1 and a nitrogen flow rate of 80 ml min-1. X-ray 

diffraction (XRD) analysis was conducted by using Cu Kα radiation. Surface 

morphologies of the sintered silver films were observed via a FEI Quanta 3D Scanning 

Electron Microscope (SEM) and chemical composition was confirmed by an Oxford X-

maxN 150 surface energy disperse spectrometer (EDX). The sheet resistivity was 

measured using a 4-point probe system (Jandel Engineering, UK). The thickness of the 

film was measured by a Dektak surface profilometer so as to calculate its volume 

resistivity.  

3. Results and discussion 

3.1 Basic chemical reaction  

Silver-amine complexes of silver oxalate with different alkylamines were formed via 

the following chemical reaction process: the amino group (-NH2) of amine molecules 

coordinates with the silver atom and subsequently form the complex.  

Ag
2
C2O4+2R-NH2→[Ag(R-NH2)]2C2O4 



7 

As amine has weak reduction, thereby UV-visible spectroscopy was first used to 

investigate the as-prepared inks, as shown in Fig.1. As expected, no absorption peak for 

silver nanoparticles appeared in the wavelength range between 380nm and 450nm,21, 22 

implying that the complex was formed and only existed in the form of ions in the ink. The 

optical images of freshly prepared inks are also shown in Fig.1 (the inset). It can be seen 

that the inks formulated using 1,2-diaminopropane, butylamine, hexylamine 

and octylamine separately, were colorless and transparent. Inks from ethylenediamine and 

ethanolamine both had color. As for the reason, we believe that it is associated with the 

absorption and reduction properties of the amine. Ethylenediamine is faint yellow. Also, 

unlike other monodentate amines used in the this work, the bidentate ethylenediamine has 

greater reducing capacity19 and will reduce a small number of silver complex ions into 

colored Ag2O from the effect of the heat released from the complexion process,11 thereby 

resulting in a colored ink. The molecule structure of ethanolamine is similar to that of 

ethylenediamine, so the ink also has color. However, as the amount of the reduced Ag2O 

is very low and furthermore the UV-Vis absorption spectra were obtained from a sample 

of the ink after dilution by approximately 500 times, therefore the effect of absorption of 

Ag2O is not observable in the spectra. The different absorption intensities are relative 

intensities and the data traces were shifted for clarity.  

FT-IR spectroscopy and 1H-NMR were used to investigate and confirm the above 

reaction mechanism. As all the selected amines have similar complexing behavior with 

silver oxalate, herein 1,2-diaminopropane was only chosen to make an elucidation, the 

FT-IR results are shown in Fig.2.  
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The absorption peaks appeared at 3357 and 3280 cm -1 in the spectrum of 1,2-

diaminopropane were attributed to the asymmetric and the symmetric stretching vibration 

of NH2 groups. Two peaks at 2956 and 2921 cm-1 were assigned to the asymmetric stretch 

of CH3 and CH2, respectively. The peak at 2863cm-1 related to the symmetric stretching 

mode of CH2. After complexation, it is worth noting that the peaks associated with the 

NH2 groups undergo a dramatic red-shift, from 3357 to 3240 cm-1, 3280 to 3179 cm-1. 

This indicates the decrease of vibration frequencies of the amine group.23 Besides, a new 

carbonyl peak appears at 1550 cm-1, which is from the silver oxalate. These changes could 

be explained as follows: amino group donated electrons to the silver ion after the reaction 

of 1,2-diaminopropane and silver oxalate, which decreased the electron density of the 

amino group and thus caused the shift of infrared absorption to lower wave number.20, 24 

This result implied that the formulation of the silver ink was achieved by a facile 

complexing reaction.  

It should be mentioned here that in order to avoid the influence from the solvents, 

the complex for the FT-IR measurement was prepared using only silver oxalate and 1,2-

diaminopropane in a stoichiometric ratio (The Ag/amine molar ratio is 1:2). The chemical 

formula of the complex is [Ag(R-NH2)]2C2O4. 

The 1H-NMR results of the obtained complex also confirmed the reaction process, 

as shown in Fig.3. The position of the hydrogen in the methyl group of 1,2-

diaminopropane shifted from the range of 1.13-1.25 to 1.24-1.26. The position of the 

hydrogen in the methylene and methyne group of 1,2-diaminopropane shifted from the 

range of 2.56-2.70 to 2.64-2.75 and 2.73-2.99 to 2.99-3.08. These chemical shift changes 

indicated that the complex reaction occurred and silver-amine complex was formed.  
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The solubility of silver oxalate in the organic solvents containing each type of amine 

was also investigated. It was found that silver oxalate dissolved quickly in the solvents 

containing ethylenediamine, 1,2-diaminopropane, butylamine and ethanolamine 

separately, within 5 minutes. However, in the solvents of hexylamine and octylamine, the 

dissolvable rate was slow and more time was necessary. These differences indicated that 

the solubility of silver oxalate in the organic solvents is strongly related to the types of 

amines and their alkyl-chain length. This can be illustrated by the electron-donating 

capacity of nitrogen atom in the amino group and the basicity difference as well as the 

hydrocarbon chain of amines. It is known that amine has stronger electron donor 

capability, hence it is easier to coordinate with silver ions,14 and therefore the silver 

oxalate could dissolve rapidly in the solvents containing ethylenediamine and 1,2-

diaminopropane. For the ink derived from silver-ethanolamine complex, since this 

complex contained one OH group, hence its solubility was increased. For hexylamine 

and octylamine, although they have strong electron-donating capacity resulted from the 

long carbon chain lengths, the steric-hinerance effect was also strong. Therefore, their 

ability for complexing and dissolving the silver oxalate was weaker than that of 

butylamine.  

3.2 Thermal behavior of various complex inks 

Thermal behavior of various silver-amine complex inks and other related phenomena 

in the sintering process were investigated by DSC analysis, the results are given in Fig. 4.  

It can be seen that all inks have a primary endothermic peak at a temperature around 

150C, which is attributed to the decomposition of silver-amine complexes. The broad 

peak at temperature below 90C is assigned to the evaporation of ethanol and free amine 
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in the ink. This is in agreement with the previous research on silver-amine complex inks.9, 

13, 14 The inks derived from ethylenediamine and 1,2-diaminopropane with shorter carbon-

chain lengths, have similar thermal behaviors, giving a relatively high decomposition 

temperature (150C). The Inks derived from butylamine, hexylamine and octylamine that 

have longer carbon-chain lengths, displayed similar thermal behaviors, showing a low 

temperature around 135C. As for the ink from ethanolamine, it has a complex thermal 

decomposition behavior and the final endothermic peak appeared at 185C, which is high 

for application with the low temperature flexible substrates such as PET.  

From the above analysis, it can be seen that the thermal decomposition temperature 

of silver-amine complex inks is also correlated with the types of amines and their alkyl 

chain lengths. The variation in thermal decomposition temperature of the inks is a direct 

reflection of the thermal stabilities of the silver-amine complex.14 The complex with low 

thermal abilities usually gives rise to lower decomposition temperature. It is known that 

the thermal stabilities of silver-amine complex were mainly affected by the steric 

hindrance, which decreases with the increasing size of the side groups in the amines.14 

Thus, when amines with long carbon-chain lengths but same amino number such as 

butylamine, hexylamine and octylamine, were used to prepare the ink, the decomposition 

temperature of the corresponding ink decreased significantly. This is beneficial for 

applying the ink on a variety of substrates. For ethylenediamine and 1,2-diaminopropane 

with short carbon-chain lengths and more amino numbers, they have stronger capacity to 

coordinate with silver ions due to the stronger capacity of donating electron, and as a 

consequence, the complex formed have higher thermal stability. Here, it should be noted 

that although amines with longer carbon-chain lengths could decrease the ink 
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decomposition temperature, their boiling points are high that would increase the 

temperature in film formation process to remove them. Considering this point, no attempt 

was made to try amines with much longer alkyl carbon chains. As butylamine and 1,2-

diaminopropane have lower boiling temperatures of 78C and 117.3C respectively and 

the resulted inks have lower decomposition temperature in comparison with that of other 

inks, these two amines were chosen for the subsequent ink formulation work.    

3.3 Stability, film morphology and resistivity of various complex inks 

To evaluate the stability of various silver-amine inks, preservation with 

different time durations were made and optical images were obtained and given in 

Fig.5. After storing in a refrigerator at 3C for one week, the inks from 1,2-

diaminopropane (Fig.5b) and butylamine (Fig.5c) had no color change and 

sediment or educts only. The long-term stability of these two inks was also tested 

by storing in refrigerator at 3C for up to 60 days (Fig.5b1 and c1). Clearly, there 

were educts on the bottle wall of the ink formulated using butylamine (Fig.5c1) 

while the ink from 1,2-diaminopropane (Fig.5b1) was still transparent without any 

color change, implying good stability and hence long shelf life. 

Based on the analysis of the DSC results, the temperature of 150C was chosen 

to sinter the as-prepared silver-amine complex inks to investigate the relationship 

between the resistivity and amine types. The obtained silver films were tested by a 

four-probe method and the results are shown in Fig.6. Notably, the sheet resistance 

of the film is dependent on the types of amines and its alkyl-chain lengths. The film 

from the ink prepared using butylamine showed the lowest sheet resistance 

(0.066Ω/square), while the film derived from ethanolamine ink had high sheet 
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resistance that was beyond the measurement range of the four-probe instrument. 

The film sheet resistance derived from ethlyenediamine ink was higher 

(0.322Ω/square) than that of the ink derived from 1,2-diaminopropane 

(0.105Ω/square) but was much lower than that of hexylamine (1.077Ω/square) 

and octylamine (20.679Ω/square) derived inks. The error for all the sheet resistance 

measurements is about 0.010Ω/square.  

Since the weightings of silver oxalate and solvent were the same in each ink, 

the Ag/amine molar ratios were kept at a constant value, only two drops of each ink 

were used to produce the films and the temperature selected for sintering was 

relatively high, there was not much difference in the thicknesses of the films 

derived from ethlyenediamine, 1,2-diaminopropane and butylamine and 

hexylamine inks. For the film from ethanolamine ink, it was not conductive. An 

average thickness of 1.43μm was used as an estimated valuation of the film for 

resistivity calculation.  In combination with the sheet resistance, it is easy to see 

that the resistivity of the films from amines with different alkyl chain lengths but 

one amino number, increased as the chain length was increased, while the resistivity 

of films from amines with two amino numbers but different alkyl chain lengths, 

decreased with the increase of chain length. 

X-ray diffraction and SEM were then used to probe the crystalline structure 

and surface microstructure of the obtained silver films from various complex inks 

(Fig.7 and Fig.8) to gain insight into the underlying reasons for various sheet 

resistances of films from different inks. 
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It can be seen that all the XRD data is in good agreement with the standard 

powder diffraction card of Joint Committee on Powder Diffraction Standards 

(JCPDS) for a face-centered cubic (fcc) crystal structure of silver (JCPDS No.03-

065-2871) and no diffraction peaks from other impurities were detected, indicating 

that the silver-amine complex was transformed into silver crystals and the 

following reaction occurred.  

[Ag(R-NH2)]2C2O4

∆
→ 2𝐴𝑔(𝑠) + 2𝐶𝑂2(𝑔) ↑ +2R-NH2(𝑔) ↑ 

 
The films from the inks of hexylamine and octylamine showed relative weak 

peaks at 2θ values of about 38.2°, 44.4°, 64.5°, 77.5° and 81.6°, indicating low 

crystalline structure. The films from inks of ethylenediamine, 1,2-diaminopropane 

and butylamine showed sharp peaks, corresponding to a well-crystallized silver 

film.  

Here, the crystallite size of the silver nanoparticles in each film was calculated 

using the Debye-Scherrer equation to further confirm the statement, which was 

shown in Table 1. Clearly, the films from first three inks have better crystallinity 

than the other ones.  

Table 1. Particle size of silver nanocrystals in each film 

Amine 2 (Degrees) FWHM Size (nm) 

Ethylenediamine 38.211 0.148 54.94 

1,2-diaminopropane 38.211 0.151 53.84 

butylamine 38.157 0.204 39.59 

hexylamine 38.120 0.237 33.94 

octylamine 38.230 0.323 25.23 
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Fig.8 shows the optical and SEM images of the films produced from six 

different types of silver-amine ink. It can be seen that the films have diverse 

morphologies, where the microstructures were quite different in terms of particle 

morphology, size and the degree of contact.  

The silver film, derived from ethlyenediamine ink, showed an irregular crystal 

structure consisting of small and big particles and had many voids and poor 

connection between the particles (Fig.8a and a1), while the silver films produced 

from the butylamine and hexylamine derived inks presented a uniform and dense 

surface structure consisting of spherical silver nanoparticles and few voids as well 

as good contact between the particles. Besides, there was a significant solvent 

shrink effect for hexylamine ink in the sintering process and because of this the 

formed film does not cover the substrate completely. The silver film derived from 

the 1,2-diaminopropane ink showed a loose surface morphology that was composed 

of big silver crystals and some voids. The silver films from the octylamine and 

ethanolamine derived inks had structures that were composed of few silver particles 

surrounded by large amount of residues from the solvents.  

The influences of amine types on the microstructure morphology of silver 

films from different silver oxalate inks during sintering process, were analyzed and 

shown schematically in Fig.9. For the silver-amine complex ink, the sintering 

process is a type of in situ particle synthesis process.14 For amines with short carbon 

chain lengths, they have low boiling point and their silver complexes have high 

decomposition temperature so that the amine in the ink would evaporate prior to 

the decomposition of silver-amine complex during sintering process. The decrease 
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of amine concentration could cause a broad nucleation event (Fig.9a) and further 

lead to coalescence of the particles.25 Low concentrations of amine will restrict the 

mobility of particles. Besides, evaporation of ethanol in solvent occurred at the 

same time. Both effects can produce bubbles that need to go through the films 

consisting of silver nanoparticles, so the films have pores (Fig.8a1 and 8b1).
 13 On 

the contrary, for amines with long-chain, they evaporate slowly and the 

unevaporated amine would encapsulate the produced silver particles and restrain 

their growth, yielding a film with narrow particle size distributions (Fig.9b, Fig.8c1, 

8d1 and 8e1).
25 For the film derived from ethanolamine, as ethanolamine has a 

higher boiling point of 170°C, thereby most of them still left in the film, 

surrounding the silver particles and separating them from connection between each 

other (Fig.8f1). This is the reason why its film is not conductive. 

The chemical composition of the films derived from various amines was 

identified by EDX surface energy spectrum, which can be seen in Fig. 10. Clearly, 

three elements (C, O, and Ag) were detected in each film, which is in accordance 

with the original chemical composition of the compounds. The film from the 1,2-

diaminopropane derived ink had the highest Ag content with 96.03% and fewer 

organic residue while the Ag content in the film produced by ethanolamine based 

ink was least and the amount of organic residue is up to 40%, which is in agreement 

with the previous analysis.  

Based on the above analysis, it can be concluded that highly conductive silver 

films from silver-amine complex inks with controlled microstructure features can 

be achieved by selection of appropriate amines. The ink formulated using 1,2-
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diaminopropane has better stability, and complete and uniform surface structure 

consisting of big silver crystals but with some voids and a relatively high sintering 

temperature necessary for decomposition of the complex. The ink formulated by 

butylamine has dense structure consisting of small silver crystals and low sintering 

temperature for decomposition of the complex but the film surface is not uniform 

and the ink is not stable after long time storage.  

3.4 Film quality improvement by blended amines 

According to the above experimental results and the previous work by Wu et 

al.,26 Dong et al.14 and Yabuki et al.27, a blend of butylamine and 1,2-

diaminopropane was chosen to improve the film quality of the ink.  

The resistivity and surface morphology of the film sintered at 150°C from 

silver oxalate ink prepared using a blend of butylamine and 1,2-diaminopropane in 

different volume ratio, are shown in Fig.11 and Fig.12 respectively. The molar ratio 

of the blended amines to silver oxalate in the ink was kept at 2:1. In Fig. 12, as the 

volume ratio of butylamine was increased, the film resistivity decreased.   

Clearly, the resistivity of the film decreased with the increased volume of 

butylamine in the blended amine. Meanwhile, the film quality was also improved 

(Fig.11 inset) alone with a surface change from loose to dense distribution of silver 

particles. However, there is a optimum ratio where the film quality and resistivity 

have the best balance, which is 60% butylamine and 40% 1,2-diaminopropane.  

SEM was employed to investigate the surface morphology differences of the 

film sintered at 150°C with butylamine of 0%, 60% and 100% in blend amines, the 

results are shown in Fig.12. The surface morphology of the film derived from the 
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ink containing butylamine only in the blended amine, has uniform and dense 

surface structure consisting of spherical silver nanoparticles with small size and 

better contact. By contrast, the film derived from the ink containing 1,2-

diaminopropane only in the blended amine, has a much loose microstructure that is 

composed of well-defined silver particles but large particle size. The film produced 

from the complex ink with 60% butylamine and 40% 1,2-diaminopropane had a 

mean particle size that is between the values of the inks containing 100% 

butylamine or 1,2-diaminopropane. In further analysis, the crystallite size of silver 

nanoparticles in each film was calculated by using its XRD data. Indeed, the 

structure of the film from the blended amine had the particle size (49.57nm) 

between that of the silver-1,2-diaminopropane complex ink (53.84nm) and that of 

the silver-butylamine complex ink (39.59nm). It should note here that the crystallite 

size of silver nanoparticles calculated using the XRD data belongs to the primary 

particle and is different from the size showed in the SEM images because the latter 

is from aggregated particles (secondary particles).  

As shown in the work by Wu et al,26 amines with a short alkyl chain as ligands 

have stronger activating effect, which could bring more nuclei at low temperature 

and leave less organic residues in metal films. However, they have weaker capping 

effect simultaneously, which would result in a porous structure with wide particle 

size distribution. Amines with a long alkyl chain as ligands could restrain the 

growth of silver naoparticles and yield films with narrow particle size distributions. 

Thus, in our case, blend amines composed of butylamine and 1,2-diaminopropane 

take the advantages of both. This is also the reason why the structure of the film 
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from the blended amine had particle size between that of the silver-1,2-

diaminopropane complex ink and that of the silver-butylamine complex ink.  

Since a packed structure with smaller particles filling the space between bigger 

particles could be obtained (Fig.12b1) because of the balance of the high nucleation 

rate and the weakened Ostwald ripening effect,26 the film quality was improved 

significantly. 

3.5 Optimal silver ink 

Fig.13 (a-c) shows the changes of surface morphology of the silver films 

derived from the optimal ink at the temperature of 150°C for different sintering 

times.  

The film sintered for 10 min is not uniform and consisted of big particles and 

small ones on the surface. These particles have irregular shapes and have a wide 

range of sizes (Fig. 13a). With the increase of the sintering time, the films showed 

a microstructure that mainly consists of big particles and have some voids on its 

surface (Fig. 13b). The film sintered for 60 min had a flat surface profile where 

large silver particles have good contact with each other. Meanwhile, the voids 

became less (Fig. 13c). As discussed before, the film morphology is dependent on 

the solvent and free-amine evaporation rate and thermal decomposition of the silver 

complex. When the sintering time is 10 minutes, solvent evaporation and 

decomposition of silver-amine complex both are inadequate, thereby resulting in 

an uneven film consisting of small silver particles generated mainly by silver-

butylamine complex. For a sintering time of 30 minutes, the film is uniform as there 

is material redistribution due to decomposition of silver-1,2-diaminopropane 
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complex in the film. Further increase in sintering time results in improved surface 

morphology as the small particles could connect to the larger particles.  

The arrangement of this surface microstructure was related to particle 

nucleation and growth. In our case, nucleation of small particles was due to silver-

butylamine complex occurred in the first stage because of its relatively low 

decomposition temperature, and then the growth of the particles followed. In the 

last stage, nucleation and growth of large silver particles due to silver-1,2-

diaminopropane complex occurred in the remaining process. Thus, the film formed 

by using the blended amines produced two sizes of particles. 

EDX analysis was employed to investigate the changes in chemical 

composition, as shown in Fig.13 (d-e). As the sintering time was increased from 10 

to 30 minutes, obvious changes in Ag and C content were observed. After 30min, 

the change was not much, indicating that the organic molecules were decomposed 

and volatilized mostly and the decomposition of silver-amine complex was 

completed to a large extent.  

The resistivity of the silver films obtained at various times from the optimal 

silver ink was calculated from the measured sheet resistance and film thickness 

(1.5±0.3μm) and the result was shown in Fig.14. As the sintering time increases 

from 10 to 60 minutes, the resistivity decreases gradually from 16.44 μΩ·cm to 

11.84 μΩ·cm. After 30 minutes, there is no significant improvement in resistivity. 

Thus, sintering for 30min was long enough to form a film with favorable 

conductivity. The decrease in resistivity with time can also be explained by the fact 

that more silver nanoparticles are generated, become larger and are more closely 
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connected. The resistivity of the film from the optimal silver ink after 9 months of 

storage was also measured to be 13.14μΩ·cm, which a slight change indicating that 

the film has good stability. 

Apart from the electrical property, the optical property of the film from the 

optimal silver ink was also studied, the results are shown in Fig.15. The 

transmittance of the film, measured from 400 to 900nm UV-Vis spectroscopy, 

increased with the increase of wavelength, showing an average light transmittance 

of 60%. It displayed a typical plasmonic band of silver nanoparticles at 428nm.28 

In this study, we mainly focused on the effects of the amine types on the 

properties of silver oxalate ink and silver films formation and obtained an optimal 

silver ink. For practical application, a simple circuit was directly made on a PI 

substrate by drawing the optimal silver ink using a rollerball pen (Fig.16). After 

connecting an LED (MCL053GD, 20mA, 2.1V) to the written circuit from the 

silver ink and using a DC voltage of 5V and a protective resistor of 150 Ω, the LED 

was operated successfully, even when the PI film and hence the circuit was bent. 

The current of the circuit was 19.6mA. The circuit operation demonstrates useful 

conductivity of the silver lines.  

4. Conclusions 

In summary, four monoamines and two diamines with long alkyl-chains were used 

to formulate silver oxalate inks, where the amine types on the thermal property, stabi lity 

and electrical performance of the resulted inks were studied. The results show that the ink 

properties are strongly related to the amine used in each case as the latter determines the 

decomposition temperature of the ink. It is also shown that it has a strong influence on 
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the morphology of the resultant film during sintering process. Appropriate selection of 

amines can lead to highly conductive silver films. The chemical reactions occurring 

within the ink and the film formation process were also studied. An optimal silver 

complex ink was synthesized by using blended amines, producing a silver film with 

favorable conductivity at 150°C. Further study will focus on improvement of ink 

properties and the patterning processes.  
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Figures Captions 

 

Fig.1. UV-Vis absorption spectra of the silver oxalate inks prepared using different amines  

Fig.2. FT-IR spectra of 1,2-diaminopropane and the formed silver-amine complex 

Fig.3. 1HNMR spectra of 1,2-diaminopropane and the formed silver-amine complex, D2O 

used as solvent for both 

Fig.4. DSC curves of the silver oxalate inks prepared using different amines  

Fig.5. Optical images of the as-prepared silver oxalate inks storing in a refrigerator at 3C 

for different times, (a, a1) ethlyenediamine, (b, b1) 1,2-diaminopropane, (c, c1) 

butylamine, (d) hexylamine, (e) octylamine, (f) ethanolamine  

Fig.6. Sheet resistance of silver films sintered at 150C for 60min from different silver 

oxalate inks (The error for all the measurements is about 0.010Ω/square) 

Fig.7. XRD patterns of silver films sintered at 150C for 60min from different silver 

oxalate inks  

Fig.8. Optical and SEM images of silver films sintered at 150C for 60min from different 

silver oxalate inks, (a, a1) ethlyenediamine, (b, b1) 1,2-diaminopropane, (c, c1) 

butylamine, (d, d1) hexylamine, (e, e1) octylamine, (f, f1) ethanolamine (c2 and d2 are high 

magnification images of figure c1 and d1, respectively).  

Fig.9. Schematic illustration of the influences of amine types on microstructure 
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morphology of silver films from different silver oxalate inks during sintering process (a) 

Amines with low boiling point and short carbon chains; (b) Amines with high boiling 

point and long carbon chains 

Fig.10. EDX results of silver films sintered at 150C for 60min from different silver 

oxalate inks, (a) ethlyenediamine, (b) 1,2-diaminopropane, (c) butylamine, (d) 

hexylamine, (e) octylamine, (f) ethanolamine 

Fig.11. Resistivity of silver films sintered at 150C for 60min from a silver oxalate ink 

prepared using a blend of butylamine and 1,2-diaminopropane in different volume; (a) 

1:0, (b) 4:1, (c) 3:2, (d) 2:3, (e) 1:4 and (f) 0:1  

Fig.12. SEM images of silver films sintered at 150C for 60min from a silver oxalate ink 

prepared using a blend of butylamine and 1,2-diaminopropane in different volume, (a) 

100% butylamine, (b) 60% butylamine and 40%1,2-diaminopropane, (c)100% 1,2-

diaminopropane (b1 is high magnification images of figure b)  

Fig.13. SEM and EDX images of silver films sintered at 150C for (a, d) 10, (b, e) 30 and 

(c, f) 60min from the optimal silver oxalate ink 

Fig.14. Resistivity of silver films sintered at 150C for different time from the optimal 

silver oxalate ink 

Fig.15. Transmittance spectrum of silver film from the optimal silver oxalate ink sintered 

at 150C for 60 minutes  

Fig.16. The conductive effect of silver circuit at different conditions. (a) before 

application of a voltage, (b) connected with a voltage, (c) circuit continue to operation 

after bending   
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Fig.1. UV-Vis absorption spectra of the silver oxalate inks prepared using different amines 
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Fig.2. FT-IR spectra of 1,2-diaminopropane and the formed silver-amine complex 
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Fig.3. 1HNMR spectra of 1,2-diaminopropane and the formed silver-amine complex, D2O 

used as solvent for both 
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Fig.4. DSC curves of the silver oxalate inks prepared using different amines  
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Fig.5. Optical images of the as-prepared silver oxalate inks storing in a refrigerator at 3C 

for different times, (a, a1) ethlyenediamine, (b, b1) 1,2-diaminopropane, (c, c1) 

butylamine, (d) hexylamine, (e) octylamine, (f) ethanolamine  
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Fig.6. Sheet resistance of silver films sintered at 150C for 60min from different silver 

oxalate inks (The error for all the measurements is about 0.010Ω/square) 
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Fig.7. XRD patterns of silver films sintered at 150C for 60min from different silver 

oxalate inks  
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Fig.8. Optical and SEM images of silver films sintered at 150C for 60min from different 

silver oxalate inks, (a, a1) ethlyenediamine, (b, b1) 1,2-diaminopropane, (c, c1) butylamine, 

(d, d1) hexylamine, (e, e1) octylamine, (f, f1) ethanolamine (c2 and d2 are high 

magnification images of figure c1 and d1, respectively).  
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Fig.9. Schematic illustration of the influences of amine types on microstructure 

morphology of silver films from different silver oxalate inks during sintering process (a) 

Amines with low boiling point and short carbon chains; (b) Amines with high boiling 

point and long carbon chains 
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Fig.10. EDX results of silver films sintered at 150C for 60min from different silver 

oxalate inks, (a) ethlyenediamine, (b) 1,2-diaminopropane, (c) butylamine, (d) 

hexylamine, (e) octylamine, (f) ethanolamine 
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Fig.11. Resistivity of silver films sintered at 150C for 60min from a silver oxalate ink 

prepared using a blend of butylamine and 1,2-diaminopropane in different volume ratios; 

(a) 1:0, (b) 4:1, (c) 3:2, (d) 2:3, (e) 1:4 and (f) 0:1 
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Fig.12. SEM images of silver films sintered at 150C for 60min from a silver oxalate ink 

prepared using a blend of butylamine and 1,2-diaminopropane in different volume, (a) 

100% butylamine, (b) 60% butylamine and 40%1,2-diaminopropane, (c)100% 1,2-

diaminopropane (b1 is high magnification images of figure b)  
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Fig.13. SEM and EDX images of silver films sintered at 150C for (a, d) 10, (b, e) 30 and 

(c, f) 60min from the optimal silver oxalate ink 
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Fig.14. Resistivity of silver films sintered at 150C for different time from the optimal 

silver oxalate ink 
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Fig.15. Transmittance spectrum of silver film sintered at 150C for 60 minutes from the 

optimal silver oxalate ink 
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Fig.16. The conductive effect of silver circuit at different conditions. (a) before 

application of a voltage, (b) connected with a voltage, (c) circuit continue to operation 

after bending   


