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Fine silver particles of uniform size and shape have been synthesized from silver nitrate in hot ethylene 
glycol. Quasi-spheric and monodisperse silver particles are produced only when particle sintering is 
prevented during the growth step. For this purpose, a protective agent, namely, polyvinylpirrolidone 
(PVP), was added to the system. Particle size increases with increasing temperature and PVPisilver 
nitrate weight ratio. Heterogeneous nucleation of metallic silver with a critical concentration of in-sifu 
formed platinum nuclei produces monosize particles that have a rod-like shape. This drastic change in 
particle shape indicates that under these conditions PVP also acts as a crystal habit modifier. The 
thickness of rod-like particles changes when different PVPisilver nitrate weight ratios are used. Electron 
microscopy and X-ray diffraction techniques were used for particle characterization. The synthesis of 
metallic particles in liquid polyols, which act as both solvent and reducing agent, is a useful method 
for producing highly pure, fine, and monodisperse particles of uniform shape. ‘i 1992 Academic PW\. 1nc. 

Introduction 

Highly pure silver powders of fine, mo- 
nosize, and uniformly shaped particles are 
increasingly needed for specific uses in 
many areas of technological importance, but 
especially in high-tech industrial applica- 
tions. In the electronics industry, for exam- 
ple, they constitute the active part of con- 
ductive inks, pastes, and adhesives used in 
the manufacture of various electronic parts 
(1). Conductive silver pastes and inks form 
the basis of the thick-film technology for 
producing such electronic components as 
hybrid microcircuits (2) and the internal 
electrodes of multilayer ceramic capacitors 
(3). 
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Processes for the manufacture of silver 
powders involve a variety of methods rang- 

ing from chemical, physical (atomization 
and milling), and electrochemical to thermal 
decomposition. Each of these methods, 
however, produces particles of varying 
physical properties such as apparent den- 
sity, surface area, particle size and shape, 
and particle size distribution. Particles with 
the smallest size, narrowest size distribu- 
tion, and highest purity are those chemically 
produced by reduction of silver compounds 
or complexes in aqueous (4) or organic me- 
dia (5). Although both inorganic and organic 
reducing agents are used for producing sil- 
ver particles from solution, organic reducing 
agents present the advantage of forming 
finer particles (1). 

In what is now known as the polyol pro- 
cess (6, 7), which is a newly developed 
chemical method for the synthesis of fine, 
highly pure, and monodisperse metallic par- 
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titles of uniform shape, liquid polyols such 
as diethylene glycol and ethylene glycol 
are used as both the solvent medium and 
reducing agent. Reduction of a metallic 
compound, nucleation of the metallic spe- 
cies, and growth of the metal particles in the 
polyol take place under strictly controlled 
reaction conditions. The polyol process has 
been successfully used for producing pow- 
ders of cobalt, copper, nickel, and precious 
metals from many metallic compounds (7). 
Continuing with our research work on the 
synthesis of fine and monodisperse metallic 
particles of uniform shape using the polyol 
process, we report here the results on the 
synthesis and characterization of silver par- 
ticles of specific size, shape, and narrow size 
distribution. This investigation was mainly 
undertaken for optimizing the reaction con- 
ditions required for producing monodis- 
perse silver particles of uniform size and 
shape by reduction of silver nitrate in hot 
ethylene glycol, nucleation of the metallic 
silver by homogeneous and heterogeneous 
nucleation, and growth of the nuclei without 
sintering. The effect of such process vari- 
ables as temperature, time, molar ratio of 
silver nitratejethlyene glycol, molar ratio of 
nucleating agent/metallic silver, weight ra- 
tio of protective agent/silver nitrate, and 
both mode and order of addition of reagents 
on the morphology, size distribution, and 
degree of sintering of the particles produced 
has been investigated in detail. 

Experimental Materials and Methods 

Materiuls 

All chemicals used were reagent grade. 
Ethylene glycol and silver nitrate (Rectapur) 
were purchased from Prolabo. The organic 
compounds tested for their ability to prevent 
particle sintering included both surfactants 
and polymers such as sodium dodecyl sul- 
fate (Rectapur, Prolabo), laurylamine (Ald- 
rich), hydroxypropyl cellulose (Aldrich), 
polyvinyl alcohol (Prolabo), polyethylene 

glycol (Prolabo), and polyvinylpirrolidone 
(Aldrich). Hexachloroplatinic acid (Pro- 
labo) was used as nucleating agent. 

Methods 

The synthesis of fine and monodisperse 
silver powders using the polyol process in- 
volves adding ethylene glycol solutions of 
silver nitrate and an organic protective agent 
to a given volume of hot ethylene glycol 
(EG) under stirring. For determining the op- 
timum reaction conditions the following pa- 
rameters were varied: silver nitrate/EG mo- 
lar ratio, protective agent/silver nitrate 
weight ratio, and both temperature and time 
of the reaction. 

A 0.025 silver nitrate/EG molar ratio was 
found to give the best results, and it was 
therefore used in all reactions. Addition of a 
protective agent is necessary for preventing 
particle sintering. Of all the organic chemi- 
cals tested for this purpose, polyvinylpirrol- 
idone (PVP) gives the best protective action. 
It was dissolved in ethylene glycol and 
added drop by drop with the aid of a peristal- 
tic pump. Under these conditions, the most 
satisfactory range of temperature is from 
160 to 180°C. Metallic silver formed immedi- 
ately after adding the silver nitrate solution 
to hot ethylene glycol, but the reaction was 
allowed to proceed for 15 min to ensure 
complete reduction of soluble silver species 
and allow for particle growth to the desired 
size. This method produces monodisperse 
quasi-spheric silver particles. 

Monodisperse rod-like silver particles 
were synthesized as follows. A critical con- 
centration of hexachloroplatinic acid dis- 
solved in ethlyeneglycol was added to ethyl- 
ene glycol at 160°C before the addition of 
both the silver nitrate and PVP solutions. 
The silver nitrate/EC molar ratio was kept 
constant at 0.025 and the reaction time for 
15 min. For investigating the effect of pro- 
tective agent concentration on particle size, 
the PVP/silver nitrate weight ratio was 
varied from 0.2 to 4.0. The molar ratio of 
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metallic nuclei/metallic silver was varied 
from 10m6 to 10e2. 

At the end of all reactions the suspension 
was cooled to room temperature, and the 
solids were separated from the supernatant 
by centrifugation. Subsequently, the solid 
product was washed with acetone and water 
several times until a clear solution was ob- 
tained. The particles were then dried at 40°C 
in air. 

Characterization of the metallic particles 
was achieved through different techniques. 
Their X-ray diffraction patterns were ob- 
tained with a Philips X-ray powder diffracto- 
meter (model PW1729) using CuKa radia- 
tion. The form and size of the final products 
were determined from microphotographs 
obtained with a Philips scanning electron 
microscope (model 50.5). The average parti- 
cle size was determined upon feeding the 
microphotograph to a computer connected 
to an optical microscope. Particle size histo- 
grams were then computed using a com- 
puter program developed in our labora- 
tories. The crystallographic structure of the 
rod-like silver particles and of the platinum 
nuclei was determined using a JEOL elec- 
tron microscope (Model 200CX). The chem- 
ical analyses of the solid products were per- 
formed at the “Laboratoire d’Analyses 
Chimiques” of CNRS. 

Results and Discussion 

It is well known that the morphology, size 
distribution, and degree of sintering of me- 
tallic particles produced by reduction of me- 
tallic salts in solution depends on such reac- 
tion conditions as temperature, time, molar 
ratio of metallic salt/reducing agent, mode 
and order of addition of reagents, presence 
and type of protective agents, degree and 
type of agitation, and whether nucleation is 
homogeneous or whether it is heteroge- 
neous. For optimizing the synthesis of silver 
particles of uniform size and form by homo- 
geneous nucleation using the polyol pro- 

cess, the effect of several parameters on the 
silver yield, and the morphology, size, and 
degree of sintering of the particles, was in- 
vestigated. 

Homogeneous Nucleation 
of Silver Particles 

Although the main objective of this inves- 
tigation was the synthesis of fine and mono- 
disperse silver powders, the silver yield of 
the reaction was chosen as the critical test- 
ing parameter for determining the optimum 
reaction temperature. First, the tempera- 
ture was varied from 115 to 160°C while 
fixing the reaction time at 25 min and the 
silver nitrate/ethylene glycol molar ratio at 
0.025. When the reaction temperature is be- 
low 150°C silver yields are smaller than 5%, 
but they increase significantly to 60% at 
160°C. This last temperature, therefore, was 
selected to investigate the effect of reaction 
time on the yield of silver. By decreasing 
the reaction time to 15 and 5 min, silver 
yields decrease to 50% and 3%, respec- 
tively. These preliminary results indicated 
that silver yields increase with time at a fixed 
temperature, and also increase with temper- 
ature at a fixed time. The effect that both 
temperature and time have on silver yields 
clearly shows that silver production is con- 
trolled by the rate of Ag(1) reduction, which 
increases with temperature. All products 
obtained, however, show a high degree of 
particle sintering, a phenomenon that in- 
creases with both reaction temperature and 
time. 

Typical silver powders obtained by reduc- 
tion of silver nitrate in ethylene glycol at 
160°C are shown in the microphotograph 
presented in Fig. 1. These powders are poly- 
disperse and show a wide range of forms 
arising from the sintering of quasi-spheric 
individual particles. Because of the rela- 
tively high temperature used in the synthesis 
of these particles, their brownian motion 
and mobility of surface atoms increase, thus 
enhancing the probability of particle colli- 
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FIG. I. Microphotograph of sintered silver particles 
obtained by reduction of silver nitrate in ethylene glycol 
at 160°C. 

sion, adhesion, and subsequent coalescence 
by sintering. Particle coalescence by sin- 
tering is the means by which the system tries 
to attain thermodynamic equilibrium by re- 
ducing its total surface area. Since a number 
of organic materials are known to function 
as protective agents for preventing the sin- 
tering of colloids (8, 9), we have investigated 
the effect that the addition of such chemicals 
as sodium dodecyl sulfate, laurylamine, hy- 
droxypropyl cellulose, polyvinyl alcohol, 
polyethylene glycol, and polyvinylpirroli- 
done has on the morphology, size, and de- 
gree of sintering of silver particles. Of all 
the additives used, PVP exhibited the best 
protecting properties. 

The reaction scheme for producing fine 
and monodisperse silver powders using the 
polyol process involves the reduction of the 
soluble silver species by ethylene glycol, 
nucleation of metallic silver, and growth of 
the individual nuclei in the presence of a 
suitable protective agent. Addition of this 
chemical is essential for preventing the co- 
alescence of the nuclei during the growth 
step. Upon addition of the ethylene gly- 
col-silver nitrate solution to hot ethylene 
glycol, the soluble Ag(1) species are reduced 
to metallic silver. As the reaction proceeds, 
the concentration of metallic silver in solu- 

tion increases, reaches the saturation con- 
centration, then supersaturation and finally 
the nucleation concentration. Spontaneous 
nucleation then takes place very rapidly and 
many nuclei are formed in a short time, low- 
ering the silver concentration below the nu- 
cleation and supersaturation levels into the 
saturation concentration region. The nuclei 
then grow by deposition of metallic silver 
until the system reaches the saturation con- 
centration At the end of the growth period, 
all metal particles have grown at almost the 
same rate and the system exhibits a narrow 
size distribution. It is during the nucleation 
and growth steps that particle-particle adhe- 
sion and sintering must be prevented. In 
aggregation processes, particle coalescence 
by sintering is one of the main mechanisms 
by which the free energy of the system is 
lowered as a consequence of the decrease 
in interfacial area (10). Hindering particle 
coalescence is therefore very critical in the 
production of monodisperse metallic pow- 
ders by the polyol process. Prevention of 
particle sintering is achieved by adding a 
critical dosage of an organic protective 
agent whose function is to cover the parti- 
cles, thus effectively eliminating any possi- 
bility of silver particle-silver particle bond 
formation. The presence of this agent at the 
solid/liquid interface, however, does not in- 
terfere with the silver diffusion-surface de- 
position process since the particles grow to 
a definite size. 

The amount, mode and order of protec- 
tive agent addition ,was found to be very 
critical for avoiding particle sintering while 
allowing for particle growth. When the full 
dosage is added in the solid form, at room 
temperature or at intervals during the course 
of the reaction, particle sintering is not pre- 
vented. The protective agent was therefore 
added as an ethylene glycol solution. If this 
solution is added before or after more than 
1 min of the addition of the silver nitrate 
solution, however, particle sintering also 
occurs. These findings confirm that agglom- 
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eration and subsequent coalescence of nu- 
clei occur very early in the growth step. 
Dropwise addition of the protective agent 
solution using a burette also proved to be 
unsatisfactory for complete prevention of 
particle sintering, but it helped in lowering 
the degree of sintering of the product. It was 
therefore decided to add the PVP solution 
drop by drop with the aid of a peristaltic 
pump, starting at the time of silver nitrate 
addition. Using this technique we were able 
to produce monodisperse silver powders 
with a narrow size distribution. 

For increasing the average particle size, 
the reaction temperature was varied from 
160°C up to the boiling temperature of the 
solvent, namely, 194°C. At this tempera- 
ture, the reduction of silver nitrate is ob- 
served to occur instantaneously. Although 
silver yields are very high and the average 
particle size increases when silver nitrate 
is reduced in boiling ethylene glycol, the 
product obtained is polydisperse, shows a 
high degree of sintering and, therefore, a 
wide variety of particle shapes. Silver yields 
obtained in the range of temperature from 
160 to 180°C were found to increase with 
temperature, but the degree of sintering of 
these products also increased. 

Typical silver particles obtained at 180°C 
and in the presence of a 1.6 : 1 PVP/silver 
nitrate weight ratio are shown in the micro- 
photograph presented in Fig. 2a. These par- 
ticles are quasi-spheric, very uniform in 
size, and present no sintering. Their size 
distribution is given by the histogram shown 
in Fig. 2b, and one can clearly see that this 
powder has a narrow size distribution. The 
average diameter of these particles was 
estimated to be 0.81 pm; the standard 
deviation has a value of 0.13 pm. The X-ray 
diffraction pattern of this material, which is 
presented in Fig. 3, shows the peaks charac- 
teristic of metallic silver. The chemical anal- 
ysis of these powders gave the following 
results (% by weight): %C, 0.14-0.28: %N, 
0.05-0.10: %O, 0.11-o. 16. In spite of the 

use of PVP as protective agent, silver pow- 
ders produced by the polyol process are of 
acceptable chemical purity, since the resid- 
ual protective agent residing on the surfaces 
of the particles is removed during the wash- 
ing step. 

Next, the amount of added protective 
agent was varied for investigating the effect 
of surface coverage on particle sintering and 
size. The addition of a critical PVP dosage 
was found to be necessary for increasing 
the particle size while inhibiting sintering. 
Dosage additions below and above this criti- 
cal value result in chaotic particle growth, 
which occurs by sintering. The effect that 
temperature and protective agent concen- 
tration have on particle size, degree of dis- 
persion and silver yield is summarized in 
Table I. Analysis of these data reveal that 
by a judicious control of the reaction param- 
eters, the silver suspensions produced using 
the polyol process contain particles with the 
desired size and a narrow size distribution. 

The effect of varying silver nitrate/ethyl- 
ene glycol molar ratios on the final desired 
characteristics of silver particles synthe- 
sized at 160°C was also investigated. As this 
molar ratio was varied from 0.025 to 0.2, the 
degree of particle sintering was observed to 
increase, and therefore the lowest value was 
chosen as the working molar ratio. Again, 
this observation seems to indicate that con- 
trol of the initial number of nuclei formed 
and their subsequent growth without aggre- 
gation and coalescence is essential for pre- 
paring monodisperse silver systems. When 
the initial concentration of silver nitrate is 
high, the rate of silver reduction seems to 
be higher than the rate of nucleation. As a 
consequence, once the system reaches the 
nucleation step the concentration of soluble 
metallic silver remains above the nucleation 
concentration for a long time, which in- 
creases the nucleation period and produces 
a polydisperse system. Under these condi- 
tions of high nuclei concentration, the total 
surface area of the system increases signifi- 
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FIG. 2. (a) Microphotograph of quasi-spheric monodisperse silver particles obtained by reduction of 
silver nitrate in ethylene glycol at 180°C and in the presence of a 1.6 : 1 PVPisilver nitrate weight ratio. 
(b) Historgram of the size distribution of these particles. d,, = 0.81 pm: cr = 0.13 pm. 

cantly, the degree of protective agent cover- 
age of the nuclei decreases, their separation 
distance is considerably reduced and the 
probability of particle-particle collision and 
adhesion increases. Since the rate of aggre- 
gation is in general determined by the fre- 
quency of collisions and the probability of 
cohesion during collision (1 I), silver particle 
coalescence is promoted in concentrated 
suspensions and they then grow by sintering 
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FIG. 3. X-ray diffraction pattern of the silver powder 
obtained by reduction of silver nitrate in ethylene glycol 
at 160°C. 

and not by deposition of metallic silver 
atoms on their surfaces. 

Heterogeneous Nucleation 
of Silver Pm-tides 

Replacing homogeneous nucleation by 
heterogeneous nucleation in the polyol pro- 
cess reduces the size of metallic particles 
(12). At a critical concentration of platinum 
nuclei and in the presence of the organic 
protective agent, however, we have found 
that both the size and shape of silver parti- 
cles changes drastically. The selective ad- 
sorption of this surface active chemical on 
a particular plane or edge of the nuclei deter- 
mines the particle shape and dimensions. 
The quasi-spheric shape of silver particles 
obtained by homogeneous nucleation is ob- 
served to change into a rod-like shape when 
a critical concentration of hexachloroplati- 
nit acid is added to hot ethylene glycol be- 
fore the addition of both the silver nitrate 
and the PVP solutions. In-situ reduction of 
this nucleating agent provides the nuclei for 
the deposition of metallic silver on those 
planes not covered by the PVP, which acts 
in this system as both protective agent and 
crystal habit modifier, thus inducing an ani- 
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TABLE I 

THE INFLUENCE OF TEMPERATURE AND SURFACTANT/AgN@ WEIGHT RATIO ON SILVER YIELD, AND SIZE 
AND DEGREE OF DISPERSION OF QUASI-SPHERIC SILVER PARTICLES PRODUCED USING THE POLYOL PROCESS 

T(“C) 
Surfactant/AgN03 

weight ratio Size (pm) 
Degree of Yield 
dispersion (%I 

1:1 

160 1.2: 1 
1.6: 1 

1:l 
170 1.2: 1 

1.6: 1 
1:l 

180 1.2: 1 
1.6: 1 

0.37 
(IT = 0.09) 

0.3-l 
0.3-l 
0.3-l 
0.64 

(u = 0.13) 
0.3-1.8 
0.3-I .3 
0.3-1.3 
0.81 

(u = 0.13) 

Monodisperse 

Aggregated 
Aggregated 
Aggregated 
Monodisperse 

Aggregated 93 
Aggregated 95 
Aggregated 94 
Monodisperse 92 

91 

94 
90 
93 
94 

sotropic growth of the silver particles. 
JEOL microphotographs of platinum nuclei 
show that these particles have an average 
size of 50 A (see Fig. 4). 

Figure 5 presents a microphotograph of 
the type of silver particles synthesized by 
heterogeneous nucleation of silver in ethyl- 
ene glycol at 160°C and in the presence of 
a 2 : 1 PVP/silver nitrate weight ratio. The 
molar ratio of platinum nuclei/metallic sil- 
ver used is 0.001. These silver particles have 
a rod-like shape, a range of particle size from 

FIG. 4. Microphotograph of the platinum nuclei used 
for the production of rod-like silver particles. 

about 3- to 5qrn long and O.l- to 0.5-pm 
thick, and show no sintering. Their electron 
diffraction pattern is characteristic of silver 
metal and indicates that the particles are 
placed down the (110) plane. Different silver 
particles were obtained by increasing or de- 
creasing the critical value of the platinum 
nuclei/metallic silver molar ratio, namely, 
0.001. In the first case, the product obtained 

FIG. 5. Microphotograph of rod-like silver particles 
obtained by heterogeneous nucleation of silver in ethyl- 
ene glycoi at 160°C and in the presence of a 2 : 1 PVPi 
silver nitrate weight ratio. The platinum/silver molar 
ratio used was 0.001. Particle dimensions: 3 pm long 
and 0.5 pm thick. 



PVPisilver nitrate w&&t ratios: (a) I : 1; (b) 4 : 1. 

consists of a mixture of rod-like silver parti- 
cles and quasi-spheric AgCl particles; in the 
second case only quasi-spheric silver parti- 
cles are produced. 

The thickness of the rod-like silver parti- 
cles was found to change when the amount 
of added PVP varied. As shown in Fig, 6, 
considerably thinner rod-like silver particles 
are produced with high dosages of PVP. The 
particles shown in Fig. 6a are those pro- 
duced in the presence of a 1: 1 PVPlsilver 
nitrate weight ratio; those in Fig. 6b were 
synthesized in the presence of a 4 : 1 PVPI 
silver nitrate weight ratio. The decrease in 
particle thickness is perhaps related to ad- 
sorption of excess PVP on some silver sur- 
faces as well, thus inhibiting metallic silver 
deposition during the growth step. 

Conclusions 

Monodisperse quasi-spheric silver pow- 
ders, with average particle sizes in the range 
of 0.37 to 0.81 pm, have been synthesized 
from silver nitrate in hot ethylene glycol and 
in the presence of a suitable organic protec- 
tive agent, namely PVP. The dosage, mode, 
and order of addition of this protective agent 
is very critical for effectively preventing 
particle sintering. By covering the metallic 
surfaces and inhibiting particle-particle 

contact, the protective agent hinders ag- 
glomeration of the particles, which under 
the reaction conditions of the polyol process 
leads to particle coalescence by sintering. 
Particle size is highly dependent on both the 
reaction temperature and PVPisilver nitrate 
weight ratio. When homogeneous nucle- 
ation of metallic silver is replaced by hetero- 
geneous nucleation, through the addition of 
a critical concentration of hexachloroplati- 
nit acid before the addition of both the silver 
nitrate and PVP solutions, the particles 
formed show a drastic change in shape. This 
technique allows the production of mono- 
disperse rod-like silver particles. By ad- 
sorbing on a specific plane of the foreign 
nuclei’s surface, the protective agent also 
acts as crystal habit modifier and induces 
anisotropic growth of the particle. As a re- 
sult, the metallic silver atoms deposit only 
on the bare surface of the nuclei. Rod-like 
silver particles with different thickness were 
produced by varying the PVPisilver nitrate 
weight ratio. The results of this investigation 
show that by a judicious control of the reac- 
tion conditions and use of a suitable protec- 
tive agent, the polyol process is a useful and 
powerful method for the synthesis of highly 
pure metallic silver powders of uniform size, 
shape, and narrow size distribution. 
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