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ABSTRACT

Silver (Ag) nanoparticles with a mean diameter of about 24.3 nm were syn-

thesized by electroless deposition in an aqueous solution using PAA-Na and

ascorbic acid as protective and reducing agents, respectively. The Ag

nanoparticles were utilized as conductive ink and sintered at room temperature

using different halide solutions (NaCl, NaBr, NaI, LiCl, KCl) at varying con-

centrations. A significant increase in particle size of about 174–990% was

observed after sintering depending on the type of halide solution used. This also

led to an increase in the electrical conductivity of the printed Ag pattern. Halide

solutions with smaller ionic sizes generally promote the fusing of Ag

nanoparticles, which results in larger Ag particles (NaCl[NaBr[NaI) and

higher electrical conductivity. The use of an ionic stabilizer (PAA-Na salt) is

more effective as a capping agent for Ag nanoparticles. Sintering is also more

significant in samples stabilized by PAA-Na compared to those with PAA only.

1 Introduction

Printed electronics are products of additive manu-

facturing technologies, which combine various elec-

tronic materials and printing processes [1, 2]. This

technology has the potential to revolutionize the

fabrication of many electronic and optoelectronic

devices, such as thin-film transistors [3], photo-

voltaics [4, 5], antennas [6, 7], membrane switches [8],

and OLED displays [9, 10], leading to more sustain-

able manufacturing. An important component of

printed electronic devices is the conductive ink,

which is formulated to be printable on different

substrates including plastics, paper, glass, metal, or

fabrics. Recently, metal nanoparticle inks dispersed

in a carrier solvent are directly printed on plastic

substrates to serve as electrical connectors [11–13].

Conductive metallic inks are commonly made from

copper (Cu), gold (Au), and silver (Ag). Among the

three, Cu is the most economical and abundant.

However, Cu nanoparticles are easily oxidized in an

ambient environment, which results in diminishing

conductivity over a short amount of time [13–15]. Au

is highly conductive and stable against oxidation

even at high temperatures. However, Au is a pre-

cious metal, which makes Au nanoparticles costly
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and not ideal for mass production [16, 17]. Ag,

though also a precious metal, is more economical

than Au. At the same time, Ag nanoparticles exhibit

excellent oxidation resistance [18–21]. Previous

studies have also shown that Ag nanoparticles can be

easily synthesized in large volumes at low tempera-

tures using liquid-phase methods [12–16, 18, 19]. The

cost-effectivity of these synthesis processes for Ag

nanoparticles supports the economic advantages of

using these nanomaterials in future electronics.

Conductive inks, such as those prepared from Ag

nanoparticles, are typically dispersed in aqueous or

organic solvents stabilized by polymers and surfac-

tants [22–24]. However, the presence of these stabi-

lizers limits the percolation paths between particles

and consequently increases the resistance of the

printed pattern. The removal of these organic stabi-

lizers is achieved by sintering at high temperatures

[23, 25]. This might be damaging to heat-sensitive

substrates. To circumvent this problem, low-temper-

ature sintering methods, such as low-pressure

plasma sintering [6], microwave and gamma radia-

tion sintering [25], intense pulse light sintering [20],

electron irradiation [26], and chemical sintering

[11, 27] have been recently developed.

Previous works have reported different approaches

to the chemical sintering of nanoparticles at room

temperature. Chemical sintering involves the

removal of the polymer stabilizer on the surface of

the particles using a fusing solution. In this process,

the polymer stabilizer is desorbed from the surface of

the metal nanoparticles, leading to destabilization

and consequently coalescence. For example, Mag-

dassi et al. sintered Ag nanoparticles at room tem-

perature using

poly(diallyldimethylammoniumchloride) (PDAC) as

the fusing solution [11]. Room-temperature sintering

using PDAC resulted in Ag patterns with sheet

resistance and resistivity of 0.05 X/square and 6.8

lXcm when printed on an Epson photo paper. On

the other hand, the sheet resistance and resistivity

were 0.68 X/square and 70 lXcm when printed on

a copier paper [11].

Other fusing or sintering agents that have been

reported include various halide salts, such as mag-

nesium chloride (MgCl2) and sodium chloride

(NaCl), and some acid halides like hydrochloric acid

(HCl) [12, 28, 29]. Similar to PDAC, halide solutions

are electrolytic in nature, which could lead to the

desorption of polymer stabilizers on the surface of Ag

nanoparticles. In fact, Ag nanoparticle patterns on

polyethylene terephthalate (PET) films achieved a

conductivity of about 41% of bulk Ag after room-

temperature sintering using HCl vapor. Among these

studies, the effects of different cations or anions in the

halide solutions on the sintering process were not

fully discussed. At the same time, chemical sintering

was limited to only one type of stabilizer, specifically

poly(acrylic) acid sodium salt (PAA-Na). The influ-

ence of the type of stabilizer for Ag nanoparticles was

also not explored.

In this work, Ag nanoparticles were prepared by

electroless deposition (chemical reduction) in an

aqueous solution using silver acetate (AgCH3COO)

and ascorbic acid (C6H8O6) as Ag precursor and

reducing agent, respectively. Poly(acrylic) acid (PAA)

and poly(acrylic) acid sodium salt (PAA-Na) were

used as stabilizers or capping agents. Two methods

of sintering, i.e. (1) direct mixing of Ag nanoparticles

and halide solutions and (2) sequential printing of Ag

nanoparticles and halide solutions on the substrate,

were explored. Different substrates were also used

for creating Ag nanoparticle patterns. Further, the

effects of the type and concentration of the halide

solution (cation and anion) on the sintering of Ag

nanoparticles were investigated. Finally, a mecha-

nism for the room temperature sintering of Ag

nanoparticles in the presence of halide solutions was

proposed. To the best of our knowledge, the mecha-

nism by which the Ag nanoparticles sinter at room

temperature in the presence of electrolytic solutions

is still not fully explained.

2 Experimental

2.1 Synthesis of Ag nanoparticles
by electroless deposition

The synthesis method was based on the reported

work by Magdassi et al. [11]. In a typical experiment,

Ag nanoparticles were synthesized by adding 4.5 g

silver acetate (AgCH3COO, Sigma Aldrich) and 2.9 g

of 20 wt% poly(acrylic) acid sodium salt (PAA-Na

MW 8000, Sigma Aldrich) into 28 mL hot distilled

water (* 60 �C) in a reflux set-up. The resulting

mixture was heated to 95 �C with constant stirring.

Once the temperature reached 95 �C, 3.4 g of 30 wt%

ascorbic acid (C6H8O6, Ajax Finechem) was added

and the mixture was heated at 95 �C with constant
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stirring for another 30 min. Afterward, the mixture

was cooled down to room temperature and the

nanoparticles were collected via centrifugation at

6000 rpm for 90 min. The recovered nanoparticles

were washed with distilled water several times and

finally dispersed in distilled water for storage. The

effect of the nature of surfactant was explored by

performing the same synthesis procedure using

poly(acrylic) acid (PAA, Sigma Aldrich) as a

stabilizer.

2.2 Room temperature sintering of Ag
nanoparticles

Two treatments were explored to induce sintering of

Ag nanoparticles at room temperature. For treatment

1, sintering of Ag nanoparticles was triggered in the

solution by mixing 10 wt% as-prepared Ag

nanoparticles in 100 lL of 50 mM aqueous NaCl

solution. Then, 20 lL of the resulting mixture was

deposited on a cellulose acetate film and air-dried at

room temperature for 1 h. For treatment 2, sintering

of Ag nanoparticles was initiated after deposition on

a substrate by dropping 20 lL of 10 wt% Ag

nanoparticles in water. After deposition, the Ag

nanoparticles were air-dried at room temperature for

1 h, followed by dropping 20 lL of 50 mM NaCl

solution on top of the nanoparticles. The effects of

different types and concentration of fusing solutions

were investigated using various halide solutions,

including sodium chloride (NaCl, EMSURE), sodium

bromide (NaBr, Fluka), sodium iodide (NaI, Sigma

Aldrich), lithium chloride (LiCl, JT Baker) and

potassium chloride (KCl, Horiba) at increasing con-

centrations (10–75 mM).

2.3 Handwriting of conductive Ag
nanoparticle lines

To create conductive Ag lines and patterns, a com-

mercial pen (0.5 mm bold line with 1.0 mm ball,

Sakura Gelly Roll Stardust) was used. First, the ink of

the commercial pen was blown out using an aspira-

tor. Afterward, the blank pen was immersed in

ethanol and sonicated for 1 h for washing. Known

amounts of as-prepared and sintered Ag nanoparticle

ink formulation were then injected into the cleaned

pens. The pen with the Ag nanoparticle ink was then

used to handwrite Ag lines and patterns on different

substrates.

2.4 Characterization

The surface morphology of the Ag nanoparticles was

characterized using scanning electron microscopy

(FESEM, Hitachi SU8230). ImageJ (National Institutes

of Health (NIH) and the Laboratory for Optical and

Computational Instrumentation [LOCI, University of

Wisconsin]) was used to measure the dimensions of

the nanoparticle. Particle size analysis (Particulate

Systems, Nanoplus-1) was also employed to deter-

mine the average diameter of the synthesized and

fused nanoparticles. Transmission electron micro-

scopy (TEM, JEM-2100F was also used to confirm the

fusing of nanoparticles. The phase composition and

crystal structure of the Ag nanoparticles were ana-

lyzed by X-ray Diffraction (XRD, Shimadzu XRD-

7000) using Cu Ka. The handwritten patterns for

conductivity measurements were straight lines with

lengths and diameters equal to 25 and 2 mm,

respectively. One straight line for each halide solu-

tion was drawn and the resistance for each line was

measured at 10 different points within the line using

a digital multimeter (UNI-T UT58A), and the average

values with the corresponding standard deviation

were reported.

3 Results and discussion

3.1 Room-temperature sintering of Ag
nanoparticles

Figure 1 shows the high and low magnification

FESEM images of Ag nanoparticles before and after

sintering with NaCl at room temperature. The as-

prepared Ag nanoparticles are quasi-spherical in

shape with an average diameter of 24.3 nm and a

relative standard deviation of about 28.9% of the

mean as seen in Fig. 1a. This indicates that the as-

prepared Ag nanoparticles are relatively monodis-

persed. This is possibly due to the action of PAA-Na

as a stabilizer and capping agent. It was suggested

that the interaction between the Ag nanoparticles and

PAA-Na is through an Ag-oxygen (Ag–O) bond [29].

The O from the carboxylic group of PAA anchors on

the Ag surface in a bidentate mode, probably by ion–

dipole interaction [29]. The relative monodispersity

of the Ag nanoparticles may be due to the steric

hindrance provided by the long polymeric chain of

PAA, as well as the electrostatic repulsion of anionic
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carboxylic group side chains. Consequently, particle

growth and agglomeration of the Ag nanoparticles

were hindered.

When the Ag nanoparticles were dispersed in

50 mM NaCl aqueous solution, a drastic increase in

the particle size to about 206.5 nm was observed as

seen in Fig. 1b. Necks were also formed in between

the nanoparticles as seen from the high magnification

FESEM image. This could lead to percolation paths

for electron movement. Similarly, the particle size

was also enlarged when a drop of 50 mM NaCl

solution was subsequently added to the printed Ag

nanoparticle ink (Fig. 1c). The average particle

diameter was determined to be about 175.1 nm,

which is smaller compared to the Ag nanoparticles

directly dispersed in NaCl solution. It is possible that

the sintering of Ag nanoparticles in solution allows

more atom movement among the nanoparticles.

Further, diffusion paths might be shorter, which

promotes sintering and enlargement of the particle

size. On the other hand, the structure of the Ag

nanoparticles is more rigid after deposition. Conse-

quently, mass transport is hindered, which limits the

sintering process [11, 12, 29]. In both cases, it is clear

Fig. 1 SEM images of a as-prepared Ag nanoparticles, b Ag nanoparticles dispersed in 50 mM NaCl solution, and c Ag nanoparticles

dropped with 50 mM NaCl solution
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that NaCl was effective in inducing the sintering of

Ag nanoparticles without heat. Further, there seemed

to be a decrease in the total number of Ag nanopar-

ticles present after sintering. This is more apparent in

the sample directly mixed with NaCl solution. It is

possible that Oswalt ripening also played a role in the

enlargement of particle size, wherein the smaller Ag

nanoparticles were dissolved and deposited on the

surface of the larger particles.

The corresponding XRD patterns of the as-pre-

pared and sintered Ag nanoparticles are presented in

Fig. 2. Five distinct diffraction peaks at 2h equal to

38.44�, 44.48�, 65.02�, 77.60�, and 82.20� were identi-

fied for all samples. These peaks are due to the

reflections of the (111), (200), (220), (311), and (222)

planes of face-centered cubic (fcc) Ag (JCPDS File No.

04-0783). No other peaks attributed to AgCH3COO or

any compound were identified from the diffraction

patterns of the as-prepared sample in Fig. 2a. This

indicates the high purity of the as-prepared Ag

nanoparticles. However, extra peaks at 2h equal to

32.44� and 46.30� were observed for the sintered Ag

nanoparticles as seen in Fig. 2b, c. These peaks are

attributed to the (200) and (220) planes of AgCl

(JCPDS File No. 31-1238). The Ag halide may be due

to the Cl- ions adsorbed on the surface of Ag

nanoparticles, which results in the formation of an

AgCl layer. Then again, it is obvious from the XRD

patterns that AgCl is only present in minute con-

centrations and metallic Ag is the predominant

phase.

On the other hand, broadening was more pro-

nounced in the diffraction peaks of the as-prepared

Ag nanoparticles compared to the sintered samples.

This indicates a very small crystallite size of about

6.89 nm determined from the broadening of the (111)

peak. This value is smaller than the apparent particle

diameter measured from FESEM (24.3 nm), which

implies that the Ag nanoparticles are polycrystalline.

On the other hand, sharper Ag peaks were observed

for the nanoparticles sintered by directly mixing with

NaCl as in Fig. 2b. This suggests improved crys-

tallinity possibly due to grain growth after sintering.

However, only moderate enhancement in crys-

tallinity was achieved by sintering Ag nanoparticles

after printing. These results are consistent with the

change in particle size measured from FESEM images

in Fig. 1b, c.

Fig. 2 (Color online) XRD patterns of a as-prepared and sintered Ag nanoparticles via b mixing with 50 mM NaCl and c sequential

dropping of Ag nanoparticles and 50 mM NaCl
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The electrical resistance of the Ag nanoparticles

before and after room temperature sintering on dif-

ferent substrates is listed in Table 1. As-prepared Ag

nanoparticles deposited on cellulose acetate achieved

an electrical resistance of about 57.7 X while deposi-

tion on bond paper (80 gsm) resulted in a non-con-

ductive pattern. The Ag nanoparticles were possibly

absorbed and deposited in between the cellulose

fibers of the paper, which explains the lack of con-

ductive pathways [30]. On the other hand, Ag

nanoparticles sintered in a solution of 50 mM NaCl

achieved lower resistance (0.3 and 1.3 X) after depo-
sition on both substrates. This can be attributed to the

increase in particle size after sintering. For the sample

sintered by sequential dropping, the measured

resistance was about 20.5 and 43.7 X for patterns

deposited on cellulose and paper, respectively. The

apparent decrease in resistance of the Ag patterns is

due to the increase in the size of the nanoparticles

after sintering. Consequently, an interconnected net-

work of Ag nanoparticles was formed, which led to

more conductive pathways [6, 11, 12].

Meanwhile, the porosity and surface roughness of

the substrate possibly affect the distance between the

Ag nanoparticles after deposition [30]. This then

influences the length of the diffusion path during

sintering. Compared to bond papers, cellulose acetate

films have smaller pore sizes and lower surface

roughness. These possibly led to shorter diffusion

paths, which promotes the sintering of Ag nanopar-

ticles. As a result, more compact and interconnected

Ag nanoparticle patterns were formed on cellulose

acetate.

To determine the extent of sintering of Ag

nanoparticles, the cross-sectional area of the sintered

Ag nanoparticles via sequential dropping was

investigated. Figure 3 shows the FESEM images of

the cross-section of the sintered Ag nanoparticles

after sequential dropping of 10 lL each of Ag

nanoparticles and 50 mM NaCl. It is clear from the

FESEM micrograph that sintering did not only occur

with the nanoparticles at the surface but progressed

to the bottom of the printed pattern. Sintering

occurred throughout the whole layer, which indicates

that coalescence took place in three dimensions. This

large mass transport then results in the densification

of the printed Ag nanoparticle pattern [11].

As proof of concept, the 10 wt% Ag nanoparticles

dispersed in 50 mM NaCl solution were used to

create handwritten patterns on cellulose acetate and

bond paper (Fig. 4a, b). The resistance of the sintered

Ag nanoparticles was 6.5 and 20 X when deposited

on cellulose acetate and bond paper, respectively.

The patterns were able to light up the LED assembled

in a circuit without any annealing and even after

bending and folding as shown in Fig. 4c, d. In fact, no

significant change in the resistance was observed

during the bending/folding test. It was also observed

that NaCl improved the adhesion of the Ag

nanoparticles onto the plastic substrate. Delamina-

tion was observed for samples without NaCl solu-

tion, while the sintered pattern remained intact after

bending. This may be due to the densification of the

sintered nanoparticles, which possibly improved the

mechanical integrity.

3.2 Effect of concentration of sintering
agent

The effects of different concentrations of sintering

agents on the resulting particle size and electrical

conductivity were also investigated. NaCl was

employed as the model sintering agent. The concen-

tration of aqueous NaCl solution was varied from 10

to 75 mM. The Ag nanoparticle loading was kept

constant at 10 wt%, whereas glossy paper was used

as substrate. Figure 5 shows the FESEM images of

sintered Ag nanoparticles with increasing NaCl

concentration. As shown in Fig. 5a, only a few sin-

tered nanoparticles with an average diameter of

about 103.7 nm were observed when 10 mM NaCl

was used. A low amount of NaCl was possibly not

effective in destabilizing the PAA-Na on the surface

of the nanoparticles [31].

When the concentration of NaCl was increased to

25 mM, the particle size significantly increased to

195.6 nm as listed in Table 2. However, smaller

individual nanoparticles were still present as seen

Table 1 Resistance values of as-prepared and sintered Ag

nanoparticles using 20 lL of 50 mM NaCl solution deposited

on film and paper

Ag nanoparticles Resistance, X

Cellulose acetate Paper

As-prepared 57.7 –

Sintered via mixing 0.3 1.3

Sintered via sequential dropping 20.5 43.7
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from Fig. 5b. At 50 mM NaCl, the average particle

diameter was measured to be about 197.4 nm. As

shown in Fig. 5c, multiple percolation paths between

particles were also observed. Necking between par-

ticles was clearly present, which confirms the coa-

lescence of individual Ag nanoparticles. Sintering

using 75 mM NaCl resulted in very large particles

with an average diameter of about 221.7 nm. Almost

all of the particles were sintered producing an inter-

connected network of large particles as seen in

Fig. 5d. The presence of a higher number of charged

particles, i.e. halide ions, can effectively disrupt the

electrostatic stabilization provided by PAA-Na. As a

result, the elongated PAA molecules on the surface of

Ag nanoparticles were successfully desorbed. Coa-

lescence of Ag nanoparticles then occurred to lower

the surface energy.

As more percolation paths were formed at higher

concentrations of NaCl, the resistance of the Ag pat-

terns was reduced as seen in Table 2. However, the

large amount of AgCl precipitated on the surface of

the sintered Ag nanoparticles, particularly at 75 mM

NaCl, might have offset the improvement in the

electrical conductivity. It is known that AgCl is non-

conductive [30]. Thus, a slight increase in resistance

was determined after sintering the nanoparticles with

75 mM NaCl. Though AgCl was precipitated even at

lower concentrations of NaCl, their presence might

not be sufficient to lower the conductivity of the Ag

nanoparticle pattern.

3.3 Effect of type of sintering agent

In addition to NaCl, other halide salts (NaBr and NaI)

were used as fusing agents to investigate the effect of

type of anion on the sintering process. Figures 5e–l

are the FESEM images of Ag nanoparticles sintered

with increasing amounts of NaBr and NaI. Similar to

NaCl, there is an apparent increase in the size of the

particles as the concentrations of NaBr and NaI were

Fig. 3 (Color online) Cross-section SEM images at a 20,0009 and b 50,0009 magnification of sintered nanoparticles via sequential

deposition of Ag nanoparticles and 50 mM NaCl solution

Fig. 4 (Color online) Patterns handwritten on a cellulose acetate and b bond paper subjected to c bending and d folding
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raised. At 10 mM NaBr, moderate sintering was

observed resulting in nanoparticles with an average

diameter of 91.5 nm as seen in Table 2. Then again,

some free unsintered Ag nanoparticles were still

present (Fig. 5e). On the other hand, increasing the

NaBr concentration to 25 mM resulted in larger par-

ticles of about 140.4 nm. Further increase in NaBr

concentration (50 to 75 mM) produced more

significant sintering and improved conductivity.

However, Ag nanoparticles sintered using 75 mM

NaBr solution could not be printed on cellulose

acetate due to severe coagulation and precipitation of

crystals, possibly AgBr. As a result, the sintered Ag

nanoparticles could not be dispersed in the ink for-

mulation. As seen in the diffraction pattern in Fig. 6a,

Fig. 5 Ag nanoparticles sintered using a 10, b 25, c 50, and d 75 mM NaCl solution, e 10, f 25, g 50, and h 75 mM NaBr solution, i 10,

j 25, k 50, and l 75 mM NaI. The magnification from left to right is 50,0009 and 200,0009.

Table 2 Diameter and

resistance of Ag nanoparticles

fused using halide solutions

with different anions

handwritten on glossy paper

Ag NP parameters Fusing solution Fusing solution concentration, mM

0 10 25 50 75

Diameter, nm NaCl 24 103.7 195.6 197.4 221.7

% increase in diameter 0 332 715 723 824

Diameter standard deviation, % – 24.55 42.39 19.37 53.75

Resistance, X 110,000 216.6 22.9 9.0 16.4

Resistance standard deviation, % – 103.40 4.10 3.92 8.40

Diameter, nm NaBr 24 91.5 140.4 187.7 261.6

% increase in diameter 0 281 485 686 990

Diameter standard deviation, % – 23.23 33.02 38.15 36.41

Resistance, X 110,000 406.2 43.0 36.1 –

Resistance standard deviation, % – 79.32 5.47 7.05 –

Diameter, nm NaI 24 65.9 101.1 174.5 199.2

% increase in diameter 0 174 321 627 730

Diameter standard deviation, % – 12.01 27.20 31.38 39.80

Resistance, X 110,000 54,360 3297.8 540 2561.2

Resistance standard deviation, % – 21,055.7 1010.96 146.60 569.20
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AgBr was already present in the sample sintered with

50 mM NaBr.

The efficacy of NaI as a fusing solution was also

explored. Low concentrations of NaI (10–25 mM)

were also not effective as fusing agents as shown in

Fig. 5i–l. As listed in Table 2, the average diameters

of Ag nanoparticles were 65.9 and 101.1 nm when 10

and 25 mM NaI were employed, respectively.

Increasing the concentration to 50 mM produced

particles with an average diameter of 174.5 nm.

Necks and multiple percolation paths were also more

clearly observed at 50–75 mM NaI. Some crystalline

precipitates, i.e. AgI, were also formed after

using[ 50 mM NaI as seen in the XRD pattern in

Fig. 6b. The presence of AgI was also detrimental to

the electrical conductivity of the Ag patterns.

To support the SEM results, particle size analysis

was performed. Results showed that the Ag particles

have an average diameter of 334.8, 321.8, and

262.8 nm when sintered using 50 mM NaCl, NaBr,

and NaI, respectively. The largest Ag nanoparticles

were obtained after sintering with NaCl, which is

more evident at concentrations[ 20 mM. This was

followed by nanoparticles fused with NaBr, then NaI.

The change in particle size due to the anion type can

be attributed to the variation in the ionic size of the

halide. Cl- has the smallest ionic radius of about

1.81 Å. On the other hand, Br- has an ionic radius of

about 1.96 Å, whereas 2.20 Å for I-. The relatively

smaller moiety of Cl- ions compared to Br- and I-

ions may have efficiently replaced the stabilizer on

the surface of the nanoparticles since smaller ions can

better penetrate through the elongated polymer on

the Ag surface [12]. As more halide ions adsorbed on

the surface of the Ag nanoparticles, more PAA

molecules were desorbed.

The influence of the type of cation in the halide

solution was also studied. Thus, KCl and LiCl were

also tested as fusing solutions. Chlorides were chosen

as they produced the largest increase in diameter and

improvement in electrical conductivity after sintering

as discussed in the previous section. Figure 7 pre-

sents the FESEM micrographs of Ag nanoparticles

sintered at increasing concentrations of LiCl and KCl.

As seen in Fig. 7a, an interconnected network of

sintered Ag nanoparticles was formed after treating

with 10 mM LiCl solution. Necking was also

observed, which resulted in multiple percolation

paths. As listed in Table 3, particles with an average

diameter of 134.8 nm were formed. At 25–75 mM

LiCl, significant sintering was observed, leading to a

large increase in particle size. However, free Ag

nanoparticles were also present as seen in Fig. 7b. Ag

nanoparticles were also successfully sintered using

KCl solution as shown in Fig. 7e–h. Intense sintering

was observed when the KCl concentration was

50–75 mM. The largest increase in particle size

(165.8 nm) was observed when 75 mM KCl solution

was used as a sintering agent.

It was expected that larger Ag nanoparticles and

more conductive Ag patterns will be produced after

sintering with LiCl due to its high solubility in water.

However, it has been reported that Li? ions are more

strongly hydrated compared to Na? and K? [32],

which possibly leads to lower mobility in water. In

contrast, most alkali metal ions, (e.g. Na? and K?)

except Li?, are large and their charge densities are

low [32, 33]. The electrostatic interactions are also

weak and their ability to form covalent interactions is

also low due to filled outer electron shells [32]. In

particular, potassium is unable to form well-defined

hydrate and solvate complexes in the solid-state

[32, 33], which indicates weak hydration. Thus, it is

possible that larger alkali ions likeK? aremoreeffective

as fusing agents due to their higher mobility in water.

3.4 Proposed sintering mechanism

Figure 8 shows the TEM images of the as-prepared

and sintered Ag nanoparticles. The as-prepared Ag

nanoparticles have an average diameter of 22.0 nm as
Fig. 6 (Color online) XRD patterns of sintered Ag nanoparticles

via mixing with a 50 mM NaBr and b 50 mM NaI
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Fig. 7 Ag nanoparticles sintered using a 10, b 25, c 50, and d 75 mM LiCl solution, and e 10, f 25, g 50, and h 75 mM KCl solution. The

magnification from left to right is 50,0009 and 200,0009 per sample

Table 3 Diameter of Ag

nanoparticles fused using

LiCl, NaCl, and KCl solutions

at varying concentrations

handwritten on glossy paper

Ag NP parameters Fusing solution Fusing solution concentration, mM

0 10 25 50 75

Diameter, nm LiCl 24 134.8 164 168.3 189.4

% increase in diameter 0 461 583 601 689

Diameter standard deviation, % – 26.70 23.96 25.53 17.21

Resistance, X 110,000 4.16 4.34 4.66 5.06

Resistance standard deviation, % – 2.59 2.58 2.71 3.31

Diameter, nm NaCl 24 103.7 195.6 197.4 221.7

% increase in diameter 0 332 715 723 824

Diameter standard deviation, % – 24.55 42.39 19.37 53.75

Resistance, X 110,000 262.2 22.5 9.3 16.8

Resistance standard deviation, % – 103.40 4.10 3.92 8.40

Diameter, nm KCl 24 86.5 117.6 160 165.8

% increase in diameter 0 260 390 567 591

Diameter standard deviation, % – 12.99 22.34 13.56 20.28

Resistance, X 110,000 2.96 3.28 3.34 4.68

Resistance standard deviation, % – 1.87 2.22 2.06 3.40
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seen in Fig. 8a–c. This value is consistent with the

average diameter measured from the SEM images.

The nanoparticles are mostly quasi-spherical, while

some are faceted. Twinning lines were also present in

some of the nanoparticles. The necks at the interface

between the sintered nanoparticles are seen more

clearly from the TEM images, which proves that

sintering indeed occurred after the introduction of

fusing solution (Fig. 8d, e). Lattice mismatch was also

observed which may be due to the coalescence of

nanoparticles with different lattice orientations.

In general, surfactants, such as polymers, can be

chemically or physically adsorbed on the surface of

nanoparticles to form a single or double-layer [34],

which act as capping agents by creating repulsive

forces between nanoparticles either by steric hin-

drance, electrostatic repulsion, or both. It was pro-

posed that PAA is adsorbed on the Ag nanoparticle’s

surface via Ag–O coordination to provide electros-

teric stabilization [10]. The presence of Cl- ions on

the surface of Ag leads to the detachment of weakly

anchored PAA chains [11]. Halides, such as Cl-, are

known to have strong interactions with Ag [11, 12].

Naturally, electrostatic repulsion would arise from

the replacement of PAA molecules with Cl- ions.

There are two opposing forces present in the system:

(1) van der Waals attractive forces between the sur-

face of the particles and (2) the electrical double layer

repulsive force which separates the particles via steric

and electrostatic repulsive mechanisms. Stability is

obtained if the repulsive force surpasses the van der

Waals attractive forces [35]. It can be inferred that the

electrostatic repulsion caused by Cl- ions may not be

enough to overcome the van der Waals attractive

forces between nanoparticles. Coalescence of indi-

vidual Ag nanoparticles then occurs to lower the high

surface energy brought about by the desorption of

PAA.

In addition to coalescence, the growth of

nanoparticles also possibly involves Ostwald

Fig. 8 (Color online) TEM images of a as-prepared and b–e sintered Ag nanoparticles showing necking. Lines indicate the direction of

the lattice fringes in each particle
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ripening due to the decrease in the total number of

particles after sintering [36]. The driving force for

Ostwald ripening is also the minimization of the

surface energy of the system [37]. Anderson et al.

examined the impact of stabilizer structure on the

Ostwald ripening rate and indicated that steric length

of the stabilizer molecule is the most important

parameter in preventing Ostwald ripening. A shorter

steric length generally results in an increased ripen-

ing rate [37]. Therefore, the replacement of PAA with

Cl- on the surface of Ag nanoparticles may have

promoted Ostwald ripening due to shorter steric

length.

Figure 9 shows the Raman spectra of as-prepared

and fused Ag nanoparticles. Peaks at 1600 and

1387 cm-1 are characteristic of PAA molecule with

1600 cm-1 ascribed to the vibration of C=C and

1387 cm-1 to O–C–O vibrations. Both peaks became

weak after treating the Ag nanoparticles with 50 mM

NaCl solution, suggesting partial removal of PAA.

The peak at 1004 cm-1 for fused Ag nanoparticles is

ascribed to Ag molecule which was more prominent

after treatment with the fusing solution. This may be

due to the exposure of Ag upon removal of PAA

molecules, which corresponds well with the pro-

posed sintering mechanism. Results of the UV–Vis

analysis showed an absorption peak at 425–437 nm

for both supernatant solutions as seen in Fig. 9. These

peaks are attributed to the surface plasmon resonance

of Ag bound in Ag nanoparticles [38, 39]. The pres-

ence of these peaks in the supernatant solution may

be due to the presence of residual Ag nanoparticles

even after decantation. The shouldering observed on

the main peak of the supernatant after sintering may

be due to impurities, i.e. sodium and chloride ions,

introduced when the sintering solution was added.

To understand why PAA-Na is an effective stabi-

lizer for Ag nanoparticles in this work, Ag nanopar-

ticles were prepared using a normal PAA. Figure 10

shows the morphology of the Ag nanoparticles pre-

pared with PAA before and after sintering using

50 mM NaCl. Ag nanoparticles with an average

diameter of 32.6 nm were successfully synthesized

using PAA. However, rods and other non-spherical

particles were also present (Fig. 10a). The conduc-

tivity of Ag nanoparticles using PAA was also

enhanced after mixing with 50 mM NaCl. This is

evident from the decrease in the measured resistance

from 226.0 to 41.7 kX. The standard deviation of the

resistance values is about 10–15% of the average

value. Then again, the measured resistance values are

significantly larger compared to the sample stabilized

with PAA-Na even after sintering. Relative to the

sintered Ag/PAA-Na nanoparticles, sintering was

not extensive among the nanoparticles, which is

possibly due to the different stabilization mecha-

nisms provided by the two polymers. PAA provides

mainly steric stabilization due to its weakly anionic,

elongated structure, while PAA-Na provides elec-

trosteric stabilization due to the presence of nega-

tively charged carboxylate side chains. Steric

stabilizers are relatively insensitive to the presence of

Fig. 9 (Color online) (LEFT) Raman spectra of a as-prepared and b fused Ag nanoparticles. (RIGHT) UV–Vis spectra of the supernatant

solution a after and b before sintering
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electrolytes than electrostatic stabilizers [40]. Further,

PAA-Na is readily ionized in an aqueous solution to

produce a negatively charged polymer molecule.

Meanwhile, PAA ionization depends on the dilution

of the solution [41]. This means that even with the

same concentration, PAA-Na produces more charged

molecules than PAA which may have resulted in a

more effective stabilization of the synthesized

nanoparticles.

4 Conclusions

In this study, sintering of Ag nanoparticles was done

at room temperature. Sintering was performed via (1)

mixing and (2) sequential printing methods. Mixing

the as-prepared Ag nanoparticles with the sintering

solution produced larger particles compared to the

sample prepared via sequential printing. Room-tem-

perature sintering may have been triggered by the

introduction of electrolytic halide solutions in the

system, which caused the destabilization and even-

tually the desorption of the polymer stabilizer. The

removal of the stabilizer led to the coalescence of Ag

nanoparticles to lower the surface energy. Solutions

containing anions with smaller ionic sizes tend to

generate larger Ag particles and consequently, highly

conductive written patterns. Meanwhile, solutions

with larger cations tend to generate conductive inks

with the lowest resistance values. Sintering also

occurs more efficiently when PAA-Na salt was used

compared to its neutral counterpart which is PAA.

This can be due to the ionic nature of the salt coun-

terpart which is more affected by the presence of

electrolytic halide solutions.
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synthesis, protection, functionalization, and application.

Angew. Chem.—Int. Ed. 46(8), 1222–1244 (2007). https://d

oi.org/10.1002/anie.200602866

35. N. Ali, J.A. Teixeira, A. Addali, A review on nanofluids:

fabrication, stability, and thermophysical properties. J. Nano-

mater. (2018). https://doi.org/10.1155/2018/6978130

36. T.W. Hansen, A.T. Delariva, S.R. Challa, A.K. Datye, Sin-

tering of catalytic nanoparticles: particle migration or ostwald

ripening? Acc. Chem. Res. 46(8), 1720–1730 (2013). http

s://doi.org/10.1021/ar3002427

37. R. Anderson, R. Buscall, R. Eldridge, P. Mulvaney, P.J.

Scales, Ostwald ripening of comb polymer stabilised Ag salt

nanoparticles. Colloids Surfaces A Physicochem. Eng. Asp.

459, 58–64 (2014). https://doi.org/10.1016/j.colsurfa.2014.0

6.033

38. A. Fahmy, W.H. Eisa, M. Yosef, A. Hassan, Ultra-thin films

of poly(acrylic acid)/silver nanocomposite coatings for

antimicrobial applications. J. Spectrosc. (2016). https://doi.

org/10.1155/2016/7489536

17778 J Mater Sci: Mater Electron (2021) 32:17764–17779

https://doi.org/10.1016/j.colsurfa.2010.01.023
https://doi.org/10.1016/j.colsurfa.2010.01.023
https://doi.org/10.1021/cr2001178
https://doi.org/10.1088/1757-899X/264/1/012020
https://doi.org/10.1088/1757-899X/264/1/012020
https://doi.org/10.1051/matecconf/20152703007
https://doi.org/10.1051/matecconf/20152703007
https://doi.org/10.1007/s11664-011-1711-0
https://doi.org/10.1007/s11664-011-1711-0
https://doi.org/10.1155/2017/7896094
https://doi.org/10.1002/adma.200701876
https://doi.org/10.1002/adma.200701876
https://doi.org/10.1038/nmat1806
https://doi.org/10.1063/1.2424671
https://doi.org/10.1063/1.2424671
https://doi.org/10.1002/adma.200502422
https://doi.org/10.1002/adma.200502422
https://doi.org/10.1088/0957-4484/17/13/021
https://doi.org/10.1088/0957-4484/17/13/021
https://doi.org/10.1039/c0jm03838e
https://doi.org/10.1039/c0jm03838e
https://doi.org/10.1039/c1jm13174e
https://doi.org/10.1039/c1jm13174e
https://doi.org/10.1021/nn2005848
https://doi.org/10.1016/j.apsusc.2012.07.112
https://doi.org/10.1016/j.apsusc.2012.07.112
https://doi.org/10.3390/nano7080224
https://doi.org/10.3390/nano7080224
https://doi.org/10.1021/ic2018693
https://doi.org/10.3390/membranes10100272
https://doi.org/10.3390/membranes10100272
https://doi.org/10.1002/anie.200602866
https://doi.org/10.1002/anie.200602866
https://doi.org/10.1155/2018/6978130
https://doi.org/10.1021/ar3002427
https://doi.org/10.1021/ar3002427
https://doi.org/10.1016/j.colsurfa.2014.06.033
https://doi.org/10.1016/j.colsurfa.2014.06.033
https://doi.org/10.1155/2016/7489536
https://doi.org/10.1155/2016/7489536


39. R. Das, S.S. Nath, D. Chakdar, G. Gope, R. Bhattacharjee,

Synthesis of silver nanoparticles and their optical properties.

J. Exp. Nanosci. 5(4), 357–362 (2010). https://doi.org/10.10

80/17458080903583915

40. D. Rawlins, J. Kayes, Steric stabilization of suspensions.

Drug Dev. Ind. Pharm. 6(5), 427–440 (1980). https://doi.org/

10.3109/03639048009068715

41. H. Markovitz, G.E. Kimball, The effect of salts on the vis-

cosity of solutions of polyacrylic acid. J. Colloid Sci. 5(2),

115–139 (1950). https://doi.org/10.1016/0095-8522(50)9001

4-6

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

J Mater Sci: Mater Electron (2021) 32:17764–17779 17779

https://doi.org/10.1080/17458080903583915
https://doi.org/10.1080/17458080903583915
https://doi.org/10.3109/03639048009068715
https://doi.org/10.3109/03639048009068715
https://doi.org/10.1016/0095-8522(50)90014-6
https://doi.org/10.1016/0095-8522(50)90014-6

	Chemical sintering of Ag nanoparticle conductive inks at room temperature for printable electronics
	Abstract
	Introduction
	Experimental
	Synthesis of Ag nanoparticles by electroless deposition
	Room temperature sintering of Ag nanoparticles
	Handwriting of conductive Ag nanoparticle lines
	Characterization

	Results and discussion
	Room-temperature sintering of Ag nanoparticles
	Effect of concentration of sintering agent
	Effect of type of sintering agent
	Proposed sintering mechanism

	Conclusions
	Acknowledgements
	Data availability
	References




