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Abstract

Taguchi robust design method witly brthogonal array was implemented to optimize experimental conditions for the preparation of nano-
sized silver particles using chemical reduction method. Particle size and the particle size distribution of silver nano-particles were considered
as the properties. Molar concentration ratidrgfAgNO3]/[reducing agent (hydrazine)]) value, concentration of dispersant (sodium dodecyle
sulfate, SDS), and feed rate of reactant were chosen as main parameters. As a result of Taguchi analysis in this study, the concentration of
dispersant was the most influencing parameter on the particle size and the size distribution. The feed rate of reactant had also principal effect
on particle size distribution. The optimal conditions were determined by using Taguchi robust design method and nano-sized silver particles
(~8nm) were synthesized. In addition, by the analyses of X-ray diffraction, high-resolution transmission electron microscopy, and electron
diffraction (ED) pattern, the resultant particles were characterized to be pure crystalline silver with a face-centered cubic (fcc) structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction with controlled particle size, shape, and particle size distri-
bution.

Ultrafine metal and metal alloy powders have manyimpor- ~ Several methods currently have been applied to syn-
tant applications in electronics, dental, and chemical indus- thesize silver nano-particles, such as physical processes of
tries[1,2]. Of these metal powders, nano-sized Ag particles atomization or milling5], chemical methods of thermal de-
have been widely used in the electronics industry for the man- composition, chemical reducti¢@], sol-ge[7], water-in-oil
ufacture of conductive thick film circuits and for the internal (W/O) microemulsiong8,9], or electrochemical processes
electrodes of multilayer ceramic capacitf8g}]. Especially, [10-12] Of those chemical methods, the W/O microemul-
silver nano-particles with narrow particle size distribution are sion approach is a method to prepare nanometer-sized Ag,
of considerable currentuse in chemicalindustry and medicine ZrO», and BaTiQ particles. W/O microemulsion system,
due to unique properties such as thermal conductivity, high which consists of an oil phase, a surfactant phase, and an
resistance to oxidation, and bactericidal action. Therefore, aqueous phase, is a thermodynamically stable isotropic dis-
many efforts have sought to produce silver nano-particles persion of the aqueous phase in the continuous oil phase. In

addition to the W/O microemulsions, the method of chem-
- _ ical reduction from aqueous solutions is also most prefer-
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feature of this chemical reduction method is to give a desir- 2.2. Preparation and characterization of silver
able particle shape and size at high yield and low preparationnano-particles
costs.

In the formation of silver nano-particles by chemical re- The experimental investigation was carried out at room
duction method, there are several factors that are importanttemperature and under atmospheric pressure using silver ni-
to prepare nano-sized powder of silver. Properties of silver trate solution as the precursor. The solution of chemical re-
nano-particles obtained by chemical reduction method are af-duction system was prepared by dissolving hydrazine hydrate
fected by various parameters such as the molar concentratiorand sodium dodecyle sulfate in distilled water and by adding a
ratio of R ([AgNOg]/[reducing agent]) value, dispersant con- required amount of distilled water with AgNQIn this work,
centration, and feed rate of reactant. The interrelationshipsthe molar concentration ratio & (JAgNOs]/[hydrazine])
between the above parameters are complex, and the analysigias varied in the range of 1-7, and the concentration of
of this chemical reduction system to optimize the factors is a hydrazine hydrate was fixed at 0.005M. In addition, the
time and labor-consuming work. Hence, the analyses usingconcentrations of SDS dispersant and feed rate of AGNO
conventional experimental methods are inefficient. aqueous solution were changed in the range of 0.001-0.01 M

Therefore, Taguchi robust design mettd8-15]was in- and 1.3-15.9 ml/min, respectively.
troduced in this paper. Taguchi method is a combination of  The apparatus consists of a reservoir of starting solu-
mathematical and statistical techniques used in an empiricaltions, a microfeed pump to supply the solutions, a water
study. It is economical for characterizing a complicated pro- bath, and a reactor with stirrer. The microfeed pump (MP-
cess. It uses fewer experiments required in order to study all3, EYELA) with a constant feed rate fed the starting solu-
levels of all input parameters, and filters out some effects duetion A (AgNOs/H20) into the reactor with another solution
to statistical variation. Taguchi method can also determine B (hydrazine/SDS/KHO) and the experiment was conducted
the experimental condition having the least variability as the with dry nitrogen. The reaction was initiated by adding the
optimum condition. The variability of a property is due to solution A into the solution B with stirring for 10 min. The
‘noise factor’, which is a factor difficult to control. On the feed rate of AQN@ aqueous solution was controlled by a mi-
contrary, the factor easy to control is called ‘control factor’. crofeed pump. The semi-batch system using this microfeed
The variability can be expressed by signal to noise (S/N) ratio pump is easier than a batch system in controlling the size,
[15]. The experimental condition having the maximum S/N shape, and size distribution because of its short nucleation
ratio is considered as the optimal condition, as the variability and a slow reaction rate. The silver nano-particles precipi-
of characteristics is in inverse proportion to the S/N ratio.  tated were separated in a centrifuge at 10,000 rpm for 10 min

The objectives of this work are: (1) to suggest a method and were then washed with acetone to remove organics from
for the synthesis of silver nano-particles by using a chemi- the particles. The particles were dried at°@for 24 h. A
cal reduction process, (2) to apply the Taguchi robust designschematic diagram of the experimental procedure is depicted
method on the optimization of properties and to obtain the in Fig. 1
silver nano-particles with narrow particle size distribution by
using optimal synthesis conditions, and (3) to evaluate the

. . . Micro feed pump
effect of several parameters on the particle size and the size i

. . . . _ . = "
distribution of silver nano-patrticles. Reducing Agent (NH, - H,0) + AaNO, +H,0
Dispersant (SDS) + H0O solution solution
2. Experimental procedure l

2.1. Starting materials

Silver nano-particles were prepared by chemical reduc- PT— Ere—
tion method by adding of silver nitrate (AgN{99.99%), sggg:aﬁin act:;?n:l
Aldrich) aqueous solutions to beaker consisting of hydrazine
hydrate (NH4-H20 (98%), Aldrich) and sodium dodecyle

sulfate (SDS) (CH(CH,)110SQsNa (99%), Aldrich) aque- | Drying at 70 ¢ for 24 v |
ous solution. All chemicals were reagent grade. In this work,

hydrazine hydrate and sodium dodecyle sulfate were used as

a reducing agent and a dispersant, respectively. In addition, l

acetone (99%, Duksan) was used as a washing agent and wa- Pe—

ter used in this experimentwas double distilled and deionized. (TEM, DLS)

The solutions were prepared in a glove box at room temper-

ature under dry air. The humidity in the glove box was kept Fig. 1. Experimental procedure for the synthesis of silver nano-particles
below a few percent. using chemical reduction method.
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Table 1
Parameters and levels used in this experiment
Levels
Low (1) Medium (2) High (3)
A Molar concentration ratio oR ([AgNO3]/[hydrazine]) value ) 1 4 7
B Dispersant concentration (M) 0.001 0.005 .0D
C Feed rate (ml/min) 1.3 5.9 1%

The particle size and the size distribution of silver the most principal influence on the particle size and the
nano-particles were observed using field emission scanningsize distribution of silver nano-particles. The structure of
electron microscope (FE-SEM, JEOL, JSM-6330F, Japan), Taguchi’'s orthogonal robust design and the results of mea-
transmission electron microscope (TEM, JEOL, JEM-2020, surement are shown ifable 2and the smallest values of
Japan), and a dynamic light scattering (LPA-3000, 3100, particle size (10.4 nm) and standard deviatii (0 nm) are
Otsuka electronics). The dried silver nano-particles were shown in experiment no. 3. These values mean that silver
subjected to UV-vis spectrophotometer (Agilent 8453, nano-particles having an average size of 10.4 nm are synthe-
Hewlett—Packard, USA) and zeta potential analyzer (LEZA- sized and the highly monodispersed nano-particles with the
600, Otsuka electronics, Japan) to determine the particle sizerange of 9.4-11.4 nm are obtained. In the Taguchi method,
distribution and colloidal stability, respectively. In addition, the terms ‘signal’ and ‘noise’ represent the desirable and un-
the major phase of the obtained particles was analyzed bydesirable values for the output characteristic, respectively.
X-ray diffraction (D/MAX 2000, Rigaku, Japan) using Cu Taguchi method uses the S/N ratio to measure the quality

Ka radiation. characteristic deviating from the desired value. The S/N ra-
tios are different according to the type of characteristic. In
2.3. Orthogonal array and experimental parameters the case that smaller characteristics are better, the S/N ratio

is defined a$14]:
Taguchi’'s orthogonal array tablg6,17] was used by
choosing three parameters that could affect the particle sizes
and standard deviatioable 1shows the parameters and lev-  §y "at° [dB] = —10log
els used in this experiment. The orthogonal array ofylpe
was used and is representedable 2L and subscript9mean  wherey; is the characteristic property, is the replication
Latin square and the repetition number of the experiment, re- numper of the experiment. The unit of S/N ratio is decibel
spectively. Four three-level parameters can be positioned in(dB), which is frequently used in communication engineer-
a Lg orthogonal array table. One column of the orthogonal jng. Consistent with its application in engineering and sci-
array was assigned as error term to increase the accuracy ognce, the value of S/N is intended to be large; hence, the
the analyses. The numbers 1, 2, and 3able 2indicate the value of (y% + y% + y% +...)/n should be small. To obtain
first, second, and third levels of a factor, respectively. optimal conditions, the-lower-the-better quality characteris-
tic for particle size and standard deviation must be taken.
Table 2shows the S/N ratio for particle size and stan-
dard deviation usingq. (1) Since the experimental design
3.1. Determination of optimal conditions using Taguchi is orthogonal, it is then possible to separate out the effect
robust design of each parameter at different levels. For example, the mean
S/N ratio for theR value at levels 1, 2, and 3 can be calcu-
A Taguchi robust design method was used to identify lated by averaging the S/N ratios for the experiments 1-3,
the optimal conditions and to select the parameters having4—6, and 7-9, respectively. The mean S/N ratio for each

y§+y§+y§+...
n

1)

3. Results and discussion

Table 2
Experimental measured values for particle size and standard deviation (S.D.) of silver particles and S/N ratio (Taguchi orthogonal array(34ple of L
Experiment no. A B C Error Average particle size Standard deviation
Raw data (nm) S/N ratio (dB) Raw dat#ifm) S/N ratio (dB)
1 1 1 1 1 62.6 —35.93 15 —2352
2 1 2 2 2 22.0 —26.85 3 —9.54
3 1 3 3 3 10.4 —20.34 1 00
4 2 1 2 3 343 -30.71 5 —1398
5 2 2 3 1 67.2 —36.55 14 —2292
6 2 3 1 2 26.7 —28.53 3 —9.54
7 3 1 3 2 54.3 —34.69 12 —2158
8 3 2 1 3 245 —27.78 23 —27.24
9 3 3 2 1 14.0 —22.92 2 —6.02
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Table 3
S/N response table for particle size
Symbol Parameter Mean S/N ratio (dB)
Level 1 Level 2 Level 3 Maximum—minimum
A R ([AgNO3)/[hydrazine]) value —-27.71 —31.93 —28.47 4.22
B Dispersant concentration (M) —33.78 —30.39 —23.93 9.85
C Feed rate (ml/min) -30.75 —26.83 —30.53 3.92

Mean S/N ratio (dB)
Mean S/N ratio (dB)

-24 T T T T T T T T
Al A2 A3 B1 B2 B3 C1 Cc2 Cc3

-36 T T T T T T T T
A1 A2 A3 B1 82 B3 C1 c2 c3

Levels of parameters Levels of parameters

Fig. 2. SIN graph for particle size. Fig. 3. SIN graph for standard deviation.

level of the other parameters can be computed in the similarany other factors, implying that these parameters have the
manner. most significantinfluence. Consequently, the particle size and
The mean S/N ratio for each level of the parameters is sum-the size distribution of silver nano-particles were all mainly
marized and the S/N response table for particle size is shownaffected by the concentration of SDS dispershigf. 4shows
in Table 3 As shown iriTable 3 the maximum—minimumval-  the FE-SEM micrographs of silver powders according to the
ues of dispersant (SDS) concentration are the highest valuesconcentration of SDS dispersant, which is the most principal
Therefore, it can be found that dispersant (SDS) concentra-parameter. The particle size decreased from sub-micron size
tion is the significant parameter for affecting particle size. to nanometer size with increasing of the SDS concentration.
Fig. 2 shows the S/N response graph for particle size. As The reason for these results can be explained as follows: in
shown inEg. (1) the greater the S/N ratio, the smaller is the general, the mechanism of stabilization for maintaining col-
variance of particle size around the desired value. Therefore,loidal dispersionis divided into five way$8], in other words,
the optimum condition is A1, B3, and C2. In other words, (1)electrostatic stabilization, (2) steric stabilization, (3) stabi-
based on the S/N ratio, the optimal parameters (conditions)lization by hydration forces, (4) depletion stabilization, and
for particle size are A at level 1, B at level 3, and C at level 2. (5) stabilization by van der Waals force. In the case of in-
The S/N response table and graph for standard deviationorganic particle’s colloidal system, it has been known that
are shown inTable 4andFig. 3, respectively. In the case stabilization of the system is resulted from electrostatic re-
of standard deviation, the optimal conditions are A1, B3, and pulsive force and van der Waals force. In the case of polymer
C2.Itwas also found thatthe values (maximum-minimum) of materials such as SDS adsorbed on the surface of colloidal
B (dispersant concentration) and C (feed rate) are higher thanparticles, however, the stabilization of colloid is determined

Table 4
S/N response table for standard deviation
Symbol Parameter Mean S/N ratio (dB)
Level 1 Level 2 Level 3 Maximum—minimum
A R ([AgNO3]/[hydrazine]) value -11.02 —1548 -1828 7.26
B Dispersant concentration (M) —19.69 —19.90 -5.19 1471
C Feed rate (ml/min) —20.10 -9.85 —-14.84 1025
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that colloidal system using water-soluble polymer such as
SDS is stabilized and well dispersed by mechanisms of (1),
(2), and (3).

Once the optimal level of the design parameters has been
selected, the final step is to predict and verify the improve-
ment of the quality characteristic using the optimal level of
the design parameters. The predicted S/N ratio using the op-
timal level of the design parameters can be calculat§tils

3 e 91 (i R

where [S/N}, is the total mean S/N ratio, [S/Nis the mean
S/N ratio at the optimal level, and is the number of the
main design parameters that affect the quality characteristic.
In the case of particle size, the value of [S{N¢alculated
from Table 2is —29.37. Also, [S/N] for A1, B3, and C2 can

be obtained fronTable 3and the values are27.71,—23.93,
and—26.83, respectively. By using these valugg, (2)can

be written as [S/Njredicted= —29.37 + [(~27.71 + 29.37) +
(—23.93 + 29.37) +4{26.83 + 29.37)]. Therefore, the pre-
dicted S/N ratio £ 19.7) for particle size can then be obtained
and the corresponding estimated particle size can also be cal-
culated by usingeq. (1) In other words, the value of S/N
ratio (—19.7) at optimal condition (A1B3C2) is substituted
into Eqg. (1) and therEqg. (1)can be expressed asl9.7 =
—10 log§?). Finally, estimated particle size (9.6 nm) can be
obtained. The predicted S/N ratio for standard deviation can
also be computed by same procedure.

Table 5shows the comparison of the predicted particle size
and standard deviation with the experimental results using
the optimal conditions. There is good agreement between the
predicted and experimental particle size being observed. The
increase of the S/N ratio from no. 3-20.34) as shown in
Table 2to the optimal actual data-17.50) is 2.84 dB, which
means that the particle size is decreased by about 0.72 times.
The comparison of the predicted standard deviation with the
experimental data is also shownTiable 5 where a predicted
standard deviation roughly consistent with the actual results

B0 103nm WD17mm is noted. Consequently, particle size and standard deviation
in the synthesis of silver nano-particles can be decreased and

Fig. 4. FE-SEM micrographs of silver powders according to the concen- improved through the Taguchi method approach.
tration of SDS: (a) 0.001 M, (b) 0.005M, and (c) 0.01 R< 4, feed rate:

5.9 mi/min). 3.2. Characterization of silver nano-particles

by more complicated mechanisms. In other words, the parti- The TEM micrograph and particle size distribution of the
cles are stabilized by some reaction of the above mechanismssilver nano-particles obtained at optimal condition$atfle 5
surface property of the particles, and improvement of parti- are shown irFig. 5 The silver nano-particles with a particle
cle’s surface by adsorbed polymers. Therefore, it is assumedsize of 8 nm were prepared, as showRig. 5a). The particle

;thjltss of the confirmation experiment for particle size and standard deviation

Average particle size (nm) Standard deviatieim(n)

Level Particle size (nm) S/N ratio (dB) Level Standard deviation (nm) S/N ratio (dB)
Prediction Al1B3C2 9.6 —-19.7 Al1B3C2 +0.7 3.8

Experiment A1B3C2 7.5 -17.5 A1B3C2 +1.0 0.0
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Fig. 6. Atypical UV absorption spectrum of silver colloidal solution.
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(@) ing peaks of (111), (200), and (22 0). This revealed that the
50 resultant particles were pure face-centered cubic (fcc) silver
[20]. The corresponding electron diffraction pattern of silver
46 nano-particles is shown iRig. 7(b). Three fringe patterns
can be observed and they are related to the (111), (200),
. and (2 2 0) planes of pure fcc silver.
& 304 Fig. 8depicts the effect of pH on zeta potential and particle
c::‘ size of silver nano-particles prepared at optimal conditions.
% The minus value of zeta potential is shown in overall pH area
@ 204
i
10
Ag(111)
0 2 4 6 8 10 12 14 16 18 20 =
(b) Particle size (nm) é
Ag(2
Fig. 5. TEM photograph (a) and particle size distribution (b) of the silver g0 Ag(220)
nano-particles obtained at optimal conditions.
size distribution of the powder was also measured with a laser Jl

particle size analyzer and it can be found that monodispersec
silver nano-particles were preparédd. 5b)). These results
can be also verified iRig. 6.

Fig. 6demonstrates the UV absorption spectrum of silver
nano-particles obtained from optimal conditions. In general,
it was known that silver nano-particles have a strong absorp-
tion peak at about 400-450 r{®]. This UV absorption peak
means the confirmation of nano-sized silver particles, parti-
cle size, and the particle size distribution. The narrower the
absorption peak is, the smaller and better particle size and
standard deviation are, respectively. Therefore, whether the
formation of nano-sized silver particles with narrow size dis-
tribution is accomplished or not can be predicted by analysis
of UV absorption peak. This resultis identical to thafaf. 5.

Typical X-ray diffraction pattern and electron diffraction
(ED) pattern of Ag nano-particles prepared at optimal con-
ditions are given irFig. 7. XRD analysis shown ifrig. 7(a)
indicated that the silver nano-particles are crystallized show-

(a)

(b)

40 50 60 70

30

20

Fig. 7. XRD pattern (a) and electron diffraction pattern (b) of silver nano-
particles obtained at optimal conditions.
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Fig. 8. Effectof pH on zeta potential and particle size of silver nano-particles
prepared at optimal conditions.

and it is thought that these results are affected by dispersant

61

conditions of this method, silver nano-particles3(nm) with
narrow particle size distribution were prepared and these re-
sults were in good agreement with data analyzed by Taguchi
robust design method. The results of UV-absorption spectrum
and zeta potential showed that the nano-sized silver particles
were prepared at optimal conditions. In addition, it can be
also found that the resultant particles were pure face-centered
cubic silver from XRD analysis.
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