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ABSTRACT 
 
Liquid-based inkjet printing is considered as a 

constructive (rather than destructuve) low-cost technique 
for printed circuit board fabrication. A convenient way of 
depositing silver films and lines using inkjet technology is 
to generate silver nanoparticles (AgNP) that can be 
dispersed and stabilized in solutions, processed into desired 
patterns and subsequently annealed.  To avoid the 
aggregation of AgNPs, polymers are usually preferred due 
to their better stabilization of AgNPs and good adhesion to 
substrates, but high conversion temperatures and 
incompatibility are the major drawbacks. Since low 
molecular-weight nitrocellulose decomposes at a relatively 
low temperature and possesses good adhesion properties to 
many substrates, it has been selected to stabilize AgNPs in 
methanol solutions with 3-aminopropanol as a co-stabilizer. 
These colloidal solutions were found to be very stable, with 
no evidence of aggregation over a period of 12 months, and 
displayed properties (viscosity, surface tension) compatible 
with inkjet printing technologies. The main advantages of 
using nitrocellulose are its property to stabilize AgNPs and 
its low converison temperature (degradation at 135ºC, 
annealing temperature at 190ºC). Films annealed on both 
glass and polyimide substrates showed identical overall 
properties (thickness, homogeneity, conductivity), 
demonstrating clearly the potential of nitrocellulose-
stabilized AgNPs for inkjet printing of electronic circuits. 
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1 INTRODUCTION 
 
The progress in the field of organic electronics 

(conducting or semi-conducting polymers, light-emitting 
materials and photovoltaics) has enabled the use of 
flexible electronic devices and liquid processing 
techniques, such as inkjet printing. Unlike other 
patterning and impact printing techniques such as 
vacuum deposition, stamping, photoengraving or 
milling, liquid-based inkjet printing techniques are less 
time-consuming, require lower production costs and 
offer the possibility of printing large area displays. In 
addition, very high resolution down to several tens of 
microns can be achieved [1]. Traditional methods used 

for printed circuit boards are known as destructive 
methods, liquid-based printing is considered as a 
constructive technique, since material can be dropped on 
demand, contributing to lower production costs. 

Semiconducting materials have been processed using 
liquid processing techniques. The deposition of 
conducting materials to serve as electrodes is more 
challenging and has been concentrated on conducting 
polymers and colloidal metallic nanoparticles to be 
converted to the corresponding metal. Despite recent 
progresses on conducting polymers, the conductivity of 
metals is still higher by a few orders of magnitude.  The 
three most commonly-used metals in electronic devices 
are silver, gold and copper. Each of them finds 
applications in different markets. Silver has the highest 
electrical conductivity, 61.8 MS.m-1 at 25 ºC [2] and has 
been commercialized in relatively low-cost and middle 
range performances circuit boards (e.g. wearable and 
portable electronics, smart label, radio frequency 
identification tags). A convenient way of depositing 
silver films and lines using liquid-based technology is to 
generate silver nanoparticles (AgNP) that can be 
dispersed and stabilized in solutions, processed in the 
desired form and pattern and subsequently annealed. 

Silver nanoparticles aggregation can be avoided by 
the use of stabilizers that include small molecules [3] or 
polymers [4-8]. Polymers are preferred for inkjet 
applications due to their better stabilization of silver 
nanoparticles and remarkable adhesion to many 
substrates. Polymers bearing hydroxyl, amino or 
carboxylate functionalities such as poly(vinyl alcohol) 
(PVA) [4] poly(ethylene glycol) (PEG) [5] poly(vinyl 
pyrolydone) (PVP) [4,6,7] and carbomethylcellulose 
(CMC) [8] have been successfully used for stabilizing 
AgNPs. However, high conversion temperatures (> 250 
ºC), incompatible with most flexible polymeric 
substrates susceptible to be used in devices represent the 
main drawback of polymer-stabilized NPs.  

Nitrocellulose (RS type, 12% nitrogen) is a low 
molecular weight polymer that decomposes at a low 
temperature, typically around 135 ºC [9] or by laser 
ablation. This material also possesses good adhesion 
properties to many substrates and has been used in 
industrial applications for coating and printing. 

We report here the preparation of nitrocellulose-
stabilized AgNPs in methanol solutions, with 3-
aminopropanol (3AP) as co-stabilizer. The properties of the 
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ink will be discussed and the final conductivity of the cured 
films examined. Both glass and polyimide substrates have 
been used and films annealed on both materials showed 
identical overall properties (thickness, homogeneity, 
conductivity), which clearly demonstrates the potential of 
nitrocellulose for stabilizing AgNPs for inkjet printing of 
silver electrodes. 

 
2 EXPERIMENTAL 

 
Silver nitrate (99%), nitrocellulose (MW = 1045, 30 

wt% in isopropanol, 12 wt% N, Figure 1), 3-
aminopropanol (>99%), methanol (HPLC grade) were 
purchased from Sigma-Aldrich and used without further 
purification. Polyimide films were received from Dupont 
Canada. 

UV-visible spectra were recorded on a Varian Cary 300 
Bio UV-visible spectrophotometer. Viscosity was measured 
with a Cambridge Applied System VL-4100 apparatus. 
Nanoparticles were imaged by transmission electron 
microscopy (TEM, JEOL-JEM JEM-200FX TEM 
instrument, operating at 80 kV). Thermogravimetric 
analysis (TGA) was performed on a TA Instrument Hi-Res 
TGA2950 thermogravimetric analyzer. Silver contents on 
surfaces were measured by X-ray photoelectron 
spectroscopy with a VG ESCALAB 3 MarkII equipment, 
with an Al radiation source (300W, I = 20 mA, V = 14 kV). 
Morphologies of films were observed by scanning electron 
microscopy (SEM) on a Hitachi S-4700. Film thicknesses 
were measured by Dektak 3030 surface profiler and SEM 
(ImageJ software). The conductivity was measured via the 
4-point resistivity technique [10]. 

Nitrocellulose/AgNP colloidal solutions were 
prepared by diluting nitrocellulose in methanol to afford 
a 2.0 wt% nitrocellulose solution. 3AP and silver nitrate 
were added followed by sonification at 25°C for 30 
minutes. The reaction was assumed to be complete when 
all silver nitrate was dissolved. This afforded a dark 
brown colloidal solution of silver (3.6 wt%), 
nitrocellulose (2.0 wt%) and 3AP (1.1 wt%); UV-vis 
absorption: λmax = 415 nm. Viscosity: 1.2 cPs. 

The AgNP colloidal solution was cast uniformly on a 
clean glass or polyimide substrate, followed by 
evaporation for 3 h. This afforded a dark-brown film. 
Homogeneity of the films and reproducibility of this 
casting method were demonstrated by UV-vis absorption 
intensity measurements (relative standard deviation is 
5%). For the conversion of these precursor films, they 
can be placed on a hot plate or on a metallic holder in an 
oven and heating it to the desired temperatures. 
 

3 RESULTS AND DISCUSSION  
 

3.1 AgNP Colloidal Solutions and Thin Films  

A convenient way for the preparation of AgNP 
colloidal solutions is the direct reduction of silver (I) 

(such as silver nitrate) solutions to silver (0) in the 
presence of a reducing agent. Mild reducing agents can 
be used in conjunction with stabilizers, such as 
phenylhydrazine/alkylamine [3], aldehyde/poly(vinyl 
pyrolidone) [4,7], trisodium citrate/CMC [8], ethylene 
glycol/poly(ethylene glycol) [5], or ethanol/poly(vinyl 
pyrolidone) [11]. The choice of the stabilizer is also 
critical since it helps to further control the growth of the 
nanoparticle and to prevent early aggregation. 
Furthermore, if the AgNP generated are aimed to be used 
for conductive inkjet printing, the stabilizer must be 
degradable at relatively low temperatures. 

 

Figure 1: Chemical structure of nitrocellulose  
(R = NO2, 12 wt% N). 

 
Therefore, we chose to use a methanol/nitrocellulose 

system to carry out the controlled growth of AgNPs 
stabilized with low degradation temperature agents. 
Methanol offers the advantages of being a mild reducing 
agent for silver nitrate and of having a relatively low 
viscosity and boiling point, which are important 
properties for high resolution inkjet printing [12]. The 
presence of 3AP in the mixture also revealed to be 
crucial. Without 3AP the reaction was not completed 
after 5 hours, as evidenced by the low intensity of the 
plasmon resonance band of the solution at 415 nm 
[3,5,8], whereas with 1 wt% of 3AP in the starting 
mixture, silver nitrate, poorly soluble in methanol, was 
totally converted to AgNP in 30 min. 3AP may be 
helpful to dissolve silver nitrate and to stabilize the 
AgNPs to some extent, while still being easily removed 
upon film casting and heating. Finally, nitrocellulose 
revealed to be a very effective stabilizer for AgNPs. 
Above a concentration of 1.5 wt%, nitrocellulose/AgNP 
colloidal solutions are stable for periods of time over 12 
months. The size distribution of the nanoparticles 
obtained is quite large (5-50 nm), their maximum size is 
kept below 100 nm, which is a requirement to avoid 
clogging of the nozzle [8]. 

With the aim of fine tuning the formulation of a 
conductive ink in mind, we opted for the lowest 
stabilizer content possible without occurance of 
aggregation, even after months of storage. The optimal 
conditions were found to be 3.6 wt% silver nitrate, 1.1 
wt% 3AP and 2 wt% nitrocellulose. For such a 
formulation, the viscosity of the ink is very low (1.2 
cPs), within the required 1-8 cPs range for inkjet printing 

[8,12] and the surface tension is 21.7 mN.m-1, close to 
the range of 23-30 mN.m-1 required [13]. Interestingly, a 
study of the evolution of the viscosity with the ink 
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composition revealed the strong influence of 3AP and 
AgNPs on the viscosity of nitrocellulose methanol 
solutions. Moreover, nitrocellulose is known in the 
coating and printing technology area for providing good 
adhesive and wetting properties to many substrates such 
as wood, glass and plastic as well as for its uniform film 
formation. Indeed, very uniform films were cast with our 
precursor ink, on both glass and polyimide substrates, as 
evidenced by UV-vis absorption measurements (standard 
deviations in the intensity of λmax are less than 5%) and 
SEM (Figure 2). 

 
3.2 Annealing Temperature  

Nitrocellulose (Figure 1) is well known for its low 
decomposition temperature, near 135 ºC [9]. It has been 
extensively used as gunpowder, plastic substrate in the 
film industry, coating on various materials, membrane 
and for non-specific protein immobilization. Its thermal 
decomposition pathway initiates with the scission of 
oxygen-nitrogen bonds, which requires relatively little 
energy (36-40 kcal.mol-1) [9,14]. The remaining 
cellulose residue is left with reactive radicals that can 
further react in multiple subsequent pathways.  

To further investigate the effect of temperature on the 
annealing of nitrocellulose/AgNP films, a series of 
experiments was conducted on a hot plate using films 
coated on glass substrates, at temperatures between 140 
and 260 ºC. At a low temperature (e.g. 140  ºC), just 
above the onset of degradation of nitrocellulose, the 
composite films darkened but no conductivity was 
measured, even after 10 h of annealing. TGA results 
confirmed that residues obtained from samples treated in 
such a manner had very similar decomposition traces 
than those of untreated samples, with 56 wt% remaining 
at 500 ºC for the former and 43 wt% for the latter. 

Increasing the annealing temperature led to an 
increase in the rate of nitrocellulose decomposition. The 
dark films steadily turned into shiny surfaces of silver 
metal. For practical reasons, it is best to keep tc (the time 
at which conductivity was first observed) as low as 
possible, especially for mass production of electronic 
devices. However, at temperatures higher than 190 ºC, 
the appearance of conductivity is accompanied by 
another destructive process leading to inhomogeneous 
films and broken morphologies. Polyimide appears as a 
good candidate for flexible electronics applications. This 
material can be heated safely to 200 ºC without altering 
its mechanical integrity. Therefore we chose to carry out 
a more thorough study of the annealing process at 190 
ºC. At this temperature, tc is only 30 min and the 
conductivity measured via the four point technique is 4.9 
± 0.7 MS.m-1, only one order of magnitude lower than 
the practical limit of bulk silver under ambient 
conditions. Such a high conductivity is one of the 
highest reported in the literature (Table 1), while 

requiring low conversion temperatures and providing 
very good stability of the initial precursor ink. 
 

solvent/ 
stabilizer 

Tconversion 
(°C) 

conductivity
(MS.m-1) ref. 

methanol/ 
nitrocellulose 190 4.9 ± 0.7 this 

work 

toluene/ 
C16H33NH2 160 2-4 [3] 

water/poly(vinyl 
acetate) 190 0.0002 [15] 

water/poly(vinyl 
pyrolydone) 250-300 4.2 [7] 

toluene/ 
nanoparticles 

fluid suspension 
300 2.9 [16] 

α-terpineol 300 30 [2] 
 

Table 1: Comparison of conversion temperature and 
conductivity of various AgNP-stabilizer-solvent systems. 

 
 

3.3 Film Homogeneity and Conductivity  

No noticeable difference in the morphology of the 
films (Figure 2) was observed between samples annealed 
on glass and polyimide substrates at 190 ºC. After 30 
min annealing on a hot plate, a very homogenous film is 
obtained, possessing the best conductivity. Upon further 
heating, some cracks appear in the film, reducing the 
overall area covered by silver. The thickness of the films 
(100 ± 12 nm) and their associated conductivity were 
very reproducible, on both glass and plastic substrates. 

 
Figure 2: TEM (left) and SEM (right) images of a thin 

film of nitrocellulose with AgNPs. 
 
With the oven method, at 190 ºC, a conductivity of 

0.6 MS.m-1 was detected after 3 h and increased to 2.2 
MS.m-1 after 5 h. Prolonged annealing times to 10 and 
24 h further increased the conductivity to 2.3 MS.m-1. 
No evidence of film inhomogeneity or cracks was 
observed by SEM, which tends to indicate that the oven 
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method is a milder and more controlled curing method. 
However, annealing using this method is slower than 
with the hot plate and the maximum conductivity is 
slightly lower.  

TGA measurements indicate 10% organic residues 
with the hot plate method, compared to 25-30% with the 
oven method. XPS studies revealed that the surface of 
films annealed on a hot plate was composed of 100% 
silver, which tends to indicate that undegraded 
nitrocellulose is trapped in the bulk of the samples. Upon 
further heating these nitrocellulose islands may degrade 
and burst, generating cracks and contributing to lower 
the conductivity. In contrast, XPS measurements 
revealed that the surface of films annealed in the oven 
was composed of only 63% silver, consistent with the 
higher overall homogeneity of films cured in that 
manner. In both case, shiny and flexible films of silver 
were obtained (Figure 3). 

 

 
Figure 3: The conversion of ink-printed silver nanoparticle 

composites into rigid and flexible highly-conductive 
surfaces and eletronic devices becomes possible with 
nitrocellulose as stabilizer which can decompose at a 

relatively low temperature of 135ºC. 
 
 

4 CONCLUSTION 
 
The precursor ink based on nitrocellulose-stabilized 

AgNPs shows very good stability and properties 
compatible with inkjet printing on rigid and flexible 
substrates. The conversion temperature (190ºC) is much 
lower than the typical degradation temperature for 
polymers used as flexible substrates (300ºC). The 
performance of the precursor ink for inkjet printing 
should be further evaluated. 
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