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Abstract A convenient method to synthesize uni-
form, well-dispersed colloidal silver nanoparticles is
described. Aldonic acid or a-hydroxy acid compounds
of low molecular weight are used instead of polymeric
compounds as dispersing agents to prepare silver
nanoparticles. The size, conformation, and electrical
conductivity of the silver nanoparticles, and the effect
and function of the dispersing agents are investigated
in detail. Using these low molecular weight com-
pounds as dispersing agents, silver nanoparticles with
a diameter of 10 nm or less and high electrical
conductivity can be obtained. In addition, this proce-
dure allows silver nanoparticles to be sintered at
150 °C, which is lower than that required for silver
nanoparticle formulation using polymeric compounds
(200 °C). The silver nanoparticles produced by this
process can be used to prepare various inks and to
manufacture electronic circuits. It is found that low
molecular weight compounds are more effective
dispersing agents than polymeric compounds in the
formation of silver nanoparticles.

Keywords Silver nanoparticle - Dispersing agents -
Electrical conductivity - Nanotechnology

J. Natsuki - T. Natsuki (X)) - T. Abe

Faculty of Textile Science and Technology, Shinshu
University, 3-15-1 Tokida, Ueda, Nagano 386-8567,
Japan

e-mail: natsuki@shinshu-u.ac.jp

Abbreviations

XRD X-ray diffraction

TEM Transmission electron
microscopy

EDS Energy dispersive X-ray
spectroscopy

SEM Scanning electron microscopy

FT-IR Fourier transform infrared
absorption spectroscopy

CsH;;0sCOONa (2R,35,4R,5R)-2,3,4,5,6-
pentahydroxyhexanoate (also
called sodium gluconate)

AgNO; Silver nitrate

Na;Ct Trisodium 2-hydroxypropane-1,
2, 3-tricarboxylate

DMAE 2-(Dimethylamino) ethanol

PVP Polyvinylpyrrolidone

PVA Polyvinyl alcohol

Introduction

Nano-sized metal particles have attracted a great deal
of attention in recent years because their optical and
chemical properties are different from those of the
bulk material (Lewis 1993; Thomas 1988; Schmid
1992). As a result, they find wide application in
various fields including catalysis, photonics, electron-
ics, and antibacterial applications. Recently, metal
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nanoparticles have been used as inkjet inks to produce
electronic devices because of advantages such as high
electrical conductivity. Silver nanoparticles in partic-
ular are used widely in the electronics industry for
printed electronic circuits due to their high conduc-
tivity (Lee and Chou 2005; Tsuruga and Abe 2008).
Apart from electronic applications, silver-based com-
pounds such as colloidal silver have also been used for
antibacterial applications (Klueh et al. 2000; Zhao and
Steven 1998; Cho and So 2006).

An effective synthetic technique is required to
produce nanoparticles with controlled shape and small
size. Chemical and physical methods have usually been
used to prepare silver nanoparticles. Among them,
chemical reduction methods are used extensively
because they can be implemented under simple and
mild conditions and can be used to prepare nanoparticles
onalarge scale. Itis well known that silver nanoparticles
can be produced as a result of chemical reaction at low
cost and in high yield (Zielinska et al. 2009; Brust et al.
1994; Zhang et al. 2006; Pathak et al. 2000; Wang et al.
2000; Sondi et al. 2003; Radziuk et al. 2007; Zhang
et al. 1996). Although such chemical methods are
popular, they possess several problems. For example,
organic solvent is needed in many cases; the reduction
process requires relatively high temperature; and the
complete separation of silver particles from the reaction
mixture is difficult. In general, to control the size and
morphology of particles, a dispersing agent that can
prevent aggregation of the nanoparticles is required.
Polymeric compounds have been widely used as
dispersing agent in the synthesis of metal nanoparticles
(Tan et al. 2003; Hsu and Wu 2007; Chou and Lai 2004;
Wang et al. 2005). For example, polymeric compounds
such as polyvinylpyrrolidone (PVP) and polyvinyl
alcohol (PVA) have been investigated, and their pro-
tecting role and mechanism have been demonstrated
(Zhang et al. 1996; Wang et al. 2005). However,
polymeric compounds have some disadvantages because
of their high molecular weight compounds, including
high decomposition temperature and low solubility,
which limit their use in nanoparticle synthesis.

In the manufacture of electronic circuits, nanopar-
ticles must be sintered to obtain high electric conduc-
tivity. It is preferable to perform sintering at the lowest
temperature possible. However, the use of polymeric
materials as dispersing agents means that a high
temperature is required for sintering. For example,
silver nanoparticles synthesized with PVP require

@ Springer

sintering around 200 °C (Hsu and Wu 2007; Chou and
Lai 2004). As dispersing agents, the use of low
molecular weight compounds with many hydroxyl
groups may be effective in the synthesis of silver
nanoparticles and may negate the problems associated
with the use of polymeric materials.

We have previously reported a method to prepare
silver nanoparticles with a diameter less than 10 nm
using PVP (named Group A here). Group A silver
nanoparticles required sintering at 200 °C to remove
polymer and exhibit electrical conductivity (Natsuki
and Abe 2011). Therefore, we attempted to find low
molecular weight compounds that could behave as
effective dispersing agents, and to investigate the effect
of such compounds on nanoparticle size, morphology
and sintering temperature. Sodium gluconate and DL-
malic acid disodium salt, which have low molecular
weight, were used instead of polymeric compounds to
synthesize silver nanoparticles (named Group B). In
addition, Group B silver nanoparticles can be sintered at
150 °C, which is lower than that required for Group
A (200 °C). The colloidal silver nanoparticles formed
are stable in an aqueous medium. These advantages not
only make the silver nanoparticles suitable for preparing
inks for manufacturing electronic circuits with screen or
inkjet printing, but also suggest a wide range of potential
biomedical applications. It is expected that electronic
circuits can be manufactured by sintering at relatively
low temperature using the silver nanoparticles prepared
by this method.

Experimental
Materials

Silver nitrate (AgNO3), trisodium 2-hydroxypropane-
1,2,3-tricarboxylate (Na;Ct), dimethylaminoethanol
(DMAE), triethylamine (Et;N), imidazole, pL-malic
acid disodium salt and sodium gluconate (sodium
(2R,35,4R,5R)-2,3,4,5,6-pentahydroxyhexanoate) were
obtained from Wako Pure Chemicals Co., Ltd. (Osaka,
Japan).

Preparation of silver nanoparticles
Group A silver nanoparticles were prepared using PVP

as a dispersing agent, which was reported in our
previous work (Natsuki and Abe 2011).
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By the similar procedure, Group B was prepared as
follows: sodium gluconate (1.0 g, 4.58 mmol, the
molar ratio of sodium gluconate to AgNOj is 1.5) was
dissolved in de-ionized water (20 ml) by stirring for
10 min at room temperature. Into this solution, AgNO;
(0.50 g, 2.94 mmol) was added and the solution was
kept stirring for 10 min to dissolve the AgNO;
completely, then an aqueous solution of sodium citrate
hydrate (0.88 g, 2.94 mmol) in de-ionized water
(20 ml) was added drop-wise. After all of the solution
was added, an aqueous solution of dimethylaminoeth-
anol (0.027 g, 0.294 mmol) was added to the reaction
mixture. Then, the mixture was kept stirring for 1 h at
room temperature.

After the reaction, the silver particles were separated
from the solution by centrifugation at 5,000 rpm for
1 min, and washed with 20 ml de-ionized water twice,
then dispersed again into de-ionized water (10 ml).

The same reaction procedure described above was
used to prepare other silver nanoparticles by varying
the kind of reactants (as shown in Table 1).

Volume resistivity measurements

To test the behavior of Group B silver nanoparticles,
samples for volume resistivity measurements were
prepared by coating a suspension of silver nanoparti-
cles on a polyimide film surface, then the samples
were heated at 150 °C for 1 h and then soaked in water
or 0.1 M KOH solution for 1 h, then dried at room
temperature. Finally, the volume resistivity of these
samples was measured.

Characterization

UV-Vis spectra of silver suspensions were obtained
with a Hitachi U-4100 UV-Vis spectrophotometer
(Hitachi, Japan). Transmission electron microscopy
(TEM) images of silver nanoparticles were obtained

with a JEOL JEM2010 microscope operating at
200 kV. The samples were prepared by placing a
drop of the silver suspension on a carbon-coated
formvar film on copper grids, and dried at room
temperature. The size distribution of silver particles
was measured with a Zetasizer Nano Series analyzer
(Malvern Instruments). Energy dispersive X-ray spec-
troscopy (EDS) measurements were done with an
emission scanning electron microscope (SEM, Hitachi
S-5000) equipped with an EDS instrument. X-ray
diffraction (XRD) experiments were carried out with a
Rigaku D/MAX-IIIV X-ray diffractometer using Cu
Ko radiation. The volume resistivity was measured
with Loresta-GP MCP-T610 resistivity meter (Mits-
ubishi Chemical Analytech Co., Ltd.). A four-probe
method was used to measure the volume resistivity of
silver nanoparticles.

Results and discussion
Optical properties of Group B silver nanoparticles

The structure of PVP and sodium gluconate, which has
a characteristic structure with many hydroxyl groups,
is shown in Fig. la and b, respectively. An aldonic
acid is any of a family of sugar acids obtained by
oxidation of the aldehyde functional group of an
aldose to form a carboxylic acid functional group, and
gluconic acid is one sort of aldonic acid; o-hydroxy
acids are a class of chemical compounds that consist of
a carboxylic acid substituted with a hydroxyl group on
the adjacent carbon, and pL-Malic acid is one of them.
These compounds can be used as dispersing agents,
and play an important role in stabilizing the nanopar-
ticles. The sodium gluconate and the prL-Malic acid
disodium salt were used in this work.

Similar to Group A silver nanoparticles, those in
Group B show a characteristic absorption band around

Table 1 Comparison of different dispersing agents in the formation of Group B silver nanoparticles

Sample Amine Reducing agent Dispersing agent Average particle size (nm)
1 DMAE Na;Ct Sodium gluconate

2 Et;N Na;Ct Sodium gluconate

3 Imidazole Na;Ct Sodium gluconate 10

4 Imidazole Ammonium hydrogen citrate Sodium gluconate

5 DMAE NasCt pL-Malic acid disodium salt 5
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Fig. 3 EDS spectrum of Group B silver nanoparticles

400 nm in their UV-Vis absorption spectrum (shown
in Fig. 2) caused by the silver nanoparticles.

Figure 3 shows the results of EDS analysis for the
synthesized nanoparticles. The intense peak around
3 keV confirms that the presence of nanoparticles and
they are highly pure. No impurities are observed
besides small amounts of carbon and oxygen, which
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shows TEM images of some of Group B silver
nanoparticles. It is observed that silver nanoparticles
have a spherical shape with a diameter of 10 nm or less.

Possible protection and reaction mechanism

In this study, we also demonstrated the formation
of [Ag*—(CsH,;0sCOOH)] complexes and revealed
the protective mechanism of sodium gluconate
(CsH;;0sCOONa) using (Fourier transform infrared
absorption spectroscopy) FT-IR analysis. Figure 6
shows the FT-IR spectra of some samples. For sodium
gluconate, the peaks in the range of 3,000-3,520 cm ™"
can be assigned to the hydroxyl groups, while the
peaks at 1,631 cm™' can be assigned to C=O bond
vibration. For silver nitrate, a very strong peak is
observed at 1,313 Cm_l, which results from the
vibration of nitrate ions. It was found that the FT-IR
spectrum of sodium gluconate +AgNO; (mixing in
water with stirring for 10 min, then water is removed
before measurement of IR) is nearly identical to pure
sodium gluconate. The peaks in the range of
3,000-3,520 cm ™! are very broad and can be assigned
to the hydroxyl groups either from gluconic acid,
from adsorbed moisture or both, and the absorption
peaks at 1,631 cm™' shifted slightly. These changes
may result from coordination of sodium gluconate
with silver ions, resulting in the formation of [Ag*—
(CsH;;0sCOOH)] complex (pH is 5.6 before the
addition of amine). Furthermore, when amine was
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Fig. 6 FT-IR spectra of sodium gluconate, AgNO;, sodium
gluconate + AgNOj3 and Ag nanoparticles

added (pH is 9.0 at this time), the reaction advanced,
then silver nanoparticles formed. For silver nanopar-
ticles, the peaks in the range of 3,000-3,520 cm™!
became weak and the absorption peaks at 1,631 cm™'
were not observed; instead, peaks appear at 1,566,
1,531, and 1,514 cm™". These spectra show that the
silver particles coordinate with O of hydroxyl groups

18
16 -
14
12
10

L 2

. . . k. 4
00 150 200 250 300 350

Sintering Temperature/ °C

Volume Resisitivity / 10E-5 Q+cm

a0 N M O

Fig. 7 Change in the volume resistivity of Group A silver
nanoparticles with temperature

in CsH;,05COO0O™, generating a cover on the surface
of the metal particles. The layer can prevent the silver
particles from agglomerating, leading to small spher-
ical colloidal particles.

The proposed reaction mechanism can be written as
follows, which is similar to that of PVP (Natsuki and
Abe 2011).
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Fig. 8 SEM images of Group B silver nanoparticles a before sintering, and b after sintering at 150 °C for 1 h

AgJr + (C5H1105COOH) — [Ang

—(CsH;;0sCOOH)]
(1)
DMAE + H,0 — DMAE" + OH™ 2)
Na3Ct(C — OH) 4 20H™~ — Na,Ct(C = O) 3
+ H,0 4 2e™
[Ag" —(C5sH;;0sCO07)] + e~
— [Ag ~(CsH;;05CO0™)] + DMAE (4)

As shown in Eq. (1), the amine withdraws a hydrogen
ion and leaves a hydroxyl ion in solution when it is
dissolved in water. The hydrogen ions oxidize the OH
group in Na3Ct and an electron is released in the
process. It suggests that the amine acts as catalyst that
can accelerate the reaction. From Table 1, we can see
that the particle size of Group B silver nanoparticles
changes with various combinations of reagents. Small
and relatively uniform particles with a diameter of
10 nm or less can be obtained under different exper-
imental conditions. Compared with Group A silver
nanoparticles formed using PVP as the dispersing
agent, however, there is no great influence on the
particle size in Group B silver nanoparticles whether
sodium gluconate or pL-Malic acid disodium salt is
used as the dispersing agent. Furthermore, when the
mass of dispersing agent is increased to 2.0 g
(9.16 mmol, the molar ratio of sodium gluconate to
AgNOsis 3.1), the size of the nanoparticles show little
change, which is very different from the case of Group
A silver nanoparticles. This is because the surface of
Group B nanoparticles are covered with anion resulting
from dispersing agents, forming a layer of charges and
silver nanoparticles are repulsed by electrostatic
repulsive force each other, which can prevent

@ Springer

40
35
30
25
20
15
10

5

0

*

0 10 20 30 40 50 60 70 80
Soaking Time / min.

Volume Resisitivity / 1.0x103 Q -em

Fig. 9 Change in volume resistivity of Group B silver nano-
particles sintered at 150 °C for 1 h and soaked in 0.1 M KOH
for 1 h

Table 2 Change in the volume resistivity of Group B silver
nanoparticles with soaking time following sintering at 150 °C
for 1 h

Soaking time (min) Volume resistivity (Q cm)

Soaking in HO

5 23 x 10°
10 1.2 x 10!
30 2.0 x 1073
45 64 x 107
60 4.6 x 107
75 29 x 107
90 3.0 x 1074

aggregation of silver nanoparticles. It seems that the
charges on the surface of nanoparticles do not increase
with the amount of dispersing agents. This is different
from the neutral polymeric compounds, in which
particle size is affected easily by the amount of
dispersing agents since the nanoparticles are dispersed
by steric hindrance of PVP.
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Table 3 Comparison of the properties of Group A and B silver nanoparticles

Silver nanoparticle Dispersing agent Average particle Sintering Volume resistivity
sample size (nm) temperature (°C) (Q cm)

A PVP 5-40 200 1.6 x 107

B Sodium gluconate 4-10 150 4.6 x 107

Conductivity of Group B silver nanoparticles

Figure 7 shows the change in the volume resistivity of
Group A silver nanoparticles with temperature. It is
found that the nanoparticles indicate poor electrical
conductivity when they are sintered at less than
200 °C. The volume resistivity of the samples
decreases significantly with rising temperature and
shows a high electrical conductivity because the
covered polymer has been removed when sintered at
250 °C. However, Group B samples show high elec-
trical conductivity in this study when they are treated
with water or alkaline aqueous solution after sintering
even at a relatively low temperature of 150 °C. In
particular, when treated with water followed by
sintering at 150 °C, the samples exhibit almost the
same level of conductivity as that of Group A silver
nanoparticles that are sintered at 200 °C. The SEM
images of Group B silver nanoparticles are shown in
Fig. 8, it is clear that the silver nanoparticles have
coalesced with each other after sintering and treating
with water, which improves electrical conductivity.
Figure 9 shows an example of the change in volume
resistivity of Group B silver nanoparticles that are
sintered at 150 °C for 1 h and then soaked in 0.1 M
aqueous KOH for 1 h. The volume resistivity
decreases with increasing soaking time up to 1 h,
showing a volume resistivity of 3.7 x 107> Q cm at
this point. There is no significant change in volume
resistivity when the soaking time is extended past 1 h.
Table 2 shows the change in the volume resistivity
of Group B silver nanoparticles with soaking time for
samples that are sintered at 150 °C for 1 h. When the
samples are soaked in water for less than 10 min, the
volume resistivity is very high, meaning the electrical
conductivity is low. However, the volume resistivity
decreases significantly after the samples are soaked in
water for over 45 min. The volume resistivity does not
change significantly when the soaking period is
extended past 1 h. The result shows that the nanopar-
ticles can be purified simply and in an environmentally

friendly manner, which are both important factors
from an industrial manufacturing point of view. The
comparison of volume resistivity between Group A
and B silver nanoparticles is shown in Table 3.
Compared with Group A silver nanoparticles, those
in Group B are smaller and more uniform in particle
size, and exhibit almost the same level of electrical
conductivity when sintered at 150 °C as those in
Group A sintered at 200 °C.

Conclusions

In our previous method (Natsuki and Abe 2011),
polymeric compound PVP was used as a dispersing
agent in the synthesis of silver nanoparticles. However,
polymeric compounds with high molecular weight and
low solubility resulted in a high temperature (>200 °C)
being required for sintering. In contrast, low molecular
weight compounds such as aldonic acid or o-hydroxy
acid have good protecting function similar to polymeric
compounds, which can produce uniform, small silver
nanoparticles with high conductivity and also allow
them to be sintered at a relatively low temperature of
150 °C. The lowering of the sintering temperature in
50° is very important and useful from the perspective
of industrial manufacturing. In addition, these com-
pounds are water soluble, cheap, easy to deal with and
environmentally benign, which is useful for the prep-
aration of silver nanoparticles. These results suggest
that such low molecular weight compounds are better at
preventing aggregation of silver nanoparticles than
polymeric compounds.
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