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Abstract

The reduction of silver nitrate in polyols in the presence of hydroxyethylated carboxylic acid as a stabilizer
was investigated. The effect of synthesis conditions, in particular temperature, synthesis time, concentrations of
silver salt, stabilizer, and sodium hydroxide, on the structural characteristics of the synthesized particles was
studied by means of electron microscopy and X-ray diffraction. It was shown that large polyhedra 200—800 nm
in size are formed in the system in the absence of the stabilizer, 2-[2-(2-methoxyethoxy)ethoxylacetic acid
(MEEAA). In the presence of MEEAA, silver nano- and microplates with the sizes ranging from 10—20 nm to 1 pm
are formed, depending on synthesis conditions. The optimal reaction conditions were determined for obtaining
silver plates 100—500 nm in size, with the dominating 200—300 nm fraction: temperature, 100 °C; synthesis time,
1 h; MEEAA to Ag molar ratio, 3 : 1. The type of polyol was shown to affect both the morphology of the result-
ing particles and the fraction of plates and polyhedra in the final product. Thus, the fraction of polyhedra with
respect to the plates increases when passing from ethylene glycol to triethylene glycol and propylene glycol. The
effect of the alkaline reagent (NaOH) on the composition, size, and morphology of reduction products was studied.
It was shown that the rate of silver ion reduction increases significantly in the presence of NaOH, which allows
carrying out the process at room temperature. At a molar ratio of NaOH to Ag equal to 4 : 1, nanoplates 10—20 nm
in size are formed. As-synthesized silver micro- and nanoplates can be used in the development of conductive
materials, including pastes and inks for printed electronics.

Key words: silver, and microplates,
2-[2-(2-methoxyethoxy)ethoxylacetic acid, reduction

nano- ethylene glycol, propylene glycol, triethylene glycol,

INTRODUCTION due to the high conductivity o this metal and its
stability to oxidation.

The methods of obtaining nanoparticles of
precious metals including silver, as well as mate-
rials based on them, were considered in detail in
monographs [3, 4]. These methods include a well
known citrate method proposed by Turkevich,
the reduction of silver ions in the aqueous medi-
um with sodium borohydride, synthesis in two-
phase organic-aqueous systems, a method involv-

At present, nanomaterials based on nanoparti-
cles of different metals are the object of intense
studies because of their unique properties allowing
a broad application of these materials in electron-
ics, catalysis and medicine. With the development
of digital technologies, nanoparticles of metals
such as silver, gold, copper, nickel, aluminium and
zine, are actively used in pastes and ink for printed

electronics [1, 2]. Special attention is attracted to
micro- and nanometer silver particles, which is
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ing organic reducing agents, and synthesis in re-
verse micelles. One of the methods to obtain



POLYOL SYNTHESIS OF SILVER NANO- AND MICROPLATES 65

metal particles of submicron size is based on the
reduction of their organic or inorganic salts in a
high-boiling organic liquid. The substances used
in these processes as the reducing medium are
usually aliphatic polyols (ethylene glycol and its
derivatives di-, tri- and tetraethylene glycols, in-
cluding polyethylene glycol, as well as the com-
pounds containing more than two hydroxyl
groups, for example, glycerol) acting as stabilizers
limiting the growth of particles and preventing
their agglomeration [5—7]. The polyol process is
relatively simple in application because it does
not require complicated equipment or special
conditions, and it allows controlling the size, the
shape of particles and their size distribution by
means of optimization of reaction conditions, for
example, synthesis temperature and reagent con-
centration, nature of the stabilizing agent and
solvent type. As a result, particles of different
shapes may be obtained. Among various shapes
of silver particles, plates are of special interest
because they possess unique spectrum of plasmon
resonance due to their geometric anisotropy [8]. It
is this reason that makes them especially promis-
ing as the material for sensors and diagnostics. It
has also been demonstrated that silver films ob-
tained as a result of the deposition of ink-based
on non-spherical silver particles on plastic sub-
strates and subsequent annealing are more uni-
form, have lower electric resistance and improved
mechanical properties in comparison with similar
films formed from spherical particles [9].

In the present work, we describe the results of
the investigation of silver ion reduction by polyols
(ethylene glycol, triethylene glycol and propylene
glycol) in the presence of methoxypolyethylene gly-
col modified with a carboxylic group, 2-[2-(2-meth-
oxyethoxy)ethoxylacetic acid (MEAA). It was ex-
pected that the introduction of the end carboxyl
group into polyethylene glycol would enhance its
adsorption capacity with respect to silver particles
and thus would improve their stabilization against
aggregation [10]. In addition, the particles stabilized
by oxyethylated carboxylic acids due to the pres-
ence of oxygen in the hydrocarbon chain are well
dispersed in a broad range of polar solvents includ-
ing alcohols and ethers of glycols, which allows ob-
taining stable colloid systems that may be used to
prepare functional ink for jet printing, as well as
glues and pastes [11].

The goal of the present studies is to develop a
simple method to obtain micro- and nanoplates of

Ag, which may be used to prepare electroconduc-
tive materials including pastes and ink.

EXPERIMENTAL

Silver nitrate AgNO, (99.9 %, GOST 1277-75,
SoyuzKhimProm, Russia), sodium hydroxide
NaOH of the Kh Ch. reagent grade,
2-[2-(2-methoxyethoxy)ethoxyacetic acid CH O,
(MEAA, the mass fraction of the major substance
>90 %, Sigma Aldrich, USA), ethylene glycol
HO(CH,),0H of Os. Ch. reagent grade (GOST 1016475,
the mass fraction of the major substance 99.8 %),
1,2-propylene glycol CH,CH(OH)CH,OH of Os. Ch.
9-5 reagent grade (TU 2634-146-44493179-11,
the mass fraction of the major substance not less
than 99.7 %), triethylene glycol H(OCH,CH,),OH
of Os. Ch. reagent grade (GOST 10164—75, the
mass fraction of the major substance 99.8 %) and
ethanol (95 %, Khimmed, Russia) were used in
the investigation. Solutions were prepared using
distilled water.

The reduction of AgNO, was carried out as
follows. A weighted portion of AgNO, was put
into a heat-resistant beaker 100 mL in volume
and dissolved in polyol in the presence of the
sodium salt of 2-[2-(2-methoxyethoxy)ethoxy]
acetic acid (the sodium form of MEAA) under
mixing and heating with an oil bath to the required
temperature. After synthesis, the mixture was
cooled with a cold water bath, and the precipitate
was separated from the settled layer of the liquid
phase by decanting. The precipitate was washed
with ethanol three times and dried in the air at
room temperature. The size of particles and their
morphology were studied with the help of
transmission electron microscopy (TEM) and
scanning electron microscopy (SEM), and X-ray
phase analysis.

X-ray phase analysis of precipitation products
was carried out using a D8 Advance diffractometer
(Bruker, Germany, CuK -radiation,
unidimensional detector Lynx-Eye with nickel
filer, step 0.02° over 0, time of accumulation in a
point 35.4 s). Evaluation of the average size of
crystallites was made using the Rietveld method
and the software for profile and structural
analysis Topas 4.2 (Bruker AXS, Germany). The
broadening of reflections due to crystallite size
was modelled with the Double—Voigt function.
Investigation of the samples by means of TEM
was carried out using a JEM-2010 electron
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microscope (JEOL, Japan) with accelerating
voltage 200 kV and 0.14 nm resolution, SEM
studies were carried out with the 3400N scanning
electron microscope (Hitachi, Japan).

RESULTS AND DISCUSSION

Reduction of silver nitrate by ethylene glycol

The reduction of AgNO, by ethylene glycol
was investigated in the presence of modified
methoxypolyethylene glycol, the sodium form of
MEAA, which was used as a stabilizer. The
structural formula of MEAA is shown in Fig. 1. It
was assumed that MEAA would bind to the
surface of silver crystals more efficiently than
non-modified polyethylene glycol due to the
presence of end carboxylic groups in the structure.
The features of MEAA coordination on the
surface of silver nanoparticles were studied by us
previously by means of IR spectroscopy. which
allows obtaining the information on the method
of carboxyl group coordination with the metal
[10]. As a result, it was demonstrated that the
coordination of carboxylic groups of MEAA on
the silver surface does exist. Both monodentate
and bridging coordination of carboxylic groups
with silver occurs.

The dependence of the size and morphology of
the formed particles on the conditions of their
synthesis was studied, in particular the
dependence on the time of the reduction,
precursor concentration, alkali concentration and
the relation of the stabilizer (MEAA) to silver in
the solution. It was established that silver nitrate
within the studied range of its concentrations
forms with the sodium form of MEAA a salt
soluble in polyols. So, the reduction of silver ions
with the formation of metal particles proceeds in
the solution according to the mechanism of
homogeneous nucleation. Unlike this system, the
salts of silver with fatty acids are practically
insoluble in water, alcohols and polyols [12—15].

To optimize the synthesis process, silver
concentration C Ag in the initial solution was varied
within the range 0.05—0.5 mol/L, reduction
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Fig. 1. The structure of 2-[(2-(2-methoxyethoxy)ethoxylacetic
acid (MEAA).

temperature — within the range 20—170 °C, the
time of reduction at a definite temperature was
varied from 5 min to 4 h, and the molar ratio of
MEAA/Ag was varied from 05 : 1 to 3 : 1.
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Fig. 2. Microphotographs and diffraction patterns of powders
obtained as a result of the reduction of AgNO, by ethylene
glycol in the presence of the sodium form of MEAA (b, c, curve
1) and in its absence (a, ¢, curve 2). Here and in Fig. 3: T =
100 °C, synthesis time 1 h, MEAA/Ag =3 :1, CAg = 0.5 mol/L.



POLYOL SYNTHESIS OF SILVER NANO- AND MICROPLATES 67

Effect of stabilizer

The effect of stabilizer on the size and
morphology of the particles formed as a result of
the reduction of AgNO, by ethylene glycol was
studied at a temperature of 100 °C and synthesis
time 1 h. It was shown that in the absence of
MEAA polyhedra 200—800 nm in size are formed
in the system (Fig. 2, a), while in the presence of
MEAA (with the molar ratio of MEAA/Ag =
3 : 1) nanoplates 200—500 nm in size and 10—
50 nm thick are formed (see Fig. 2, b). According
to the data of XPA (see Fig. 2, c¢), the final
product of reduction under these conditions is
metal silver. This is confirmed by three main
characteristic diffraction maxima at 20 = 38.1,
44.1 and 64.4°, corresponding to diffraction from
the planes (111), (200) and (220) of the face-
centred cubic structure of silver (JCPDS, [001-
1164]).

The effect of the molar ratio of MEAA/Ag on
the size and morphological characteristics of the
formed particles was investigated. It was
demonstrated that with an increase in the
amount of the stabilizer in the system, the size
of particles and their polydispersity decrease;
polyhedra are formed along with plates. At the
molar ratio MEAA/Ag = 0.5 : 1, silver plates
0.5—1 pm in size are formed. So, at low MEAA
concentrations the stabilization of silver particles
is insufficiently efficient to protect them from
aggregation, which leads to the formation of
larger nano- and microparticles. An increase in
the time of reduction from 1 to 4 h has practically
no effect on the characteristics of the formed
powders and leads only to an increase in the
fraction of coarse particles in them.

Effect of the temperature of reaction medium

It is known [5, 7, 8] that the reduction of silver
ions with ethylene glycol is due mainly to the
presence of glycol aldehyde formed as a result of
the oxidation of ethylene glycol by atmospheric
oxygen during heating:
2HOCH,CH,0H + O, — 2HOCH,CHO + 2H,0O (1)
In turn, this compound reduces silver ions
according to the reaction
HOCH,CHO + 2Ag+ + H,O —

2Ag’ + HOCH,COOH + 2H* (2)

Glycol aldehyde is formed in noticeable

amounts at a temperature of 140—150 °C [7],

however, the reduction of silver ions in our
system starts even at a temperature of 80 °C. We
demonstrated that under these conditions the
major reducing agent is ethylene glycol itself [14].
At lower temperatures, the rate of reaction
decreases, so only an insignificant part of silver is
reduced. To reveal the effect of temperature on
the properties of the formed particles, the
reduction was carried out within the temperature
range of 80—150 °C with the molar ratio of
MEAA/Ag = 3 : 1 and process duration 1 h. The
mass ratio of the solid and liquid phases was
1: 20. It follows from the data obtained by means
of TEM and optical spectroscopy that silver nuclei
2—5 nm in size are formed at the initial stages
of the process, and then they are arranged in
larger particles. It is demonstrated that the
temperature of reduction affects the rate of
their growth and, as a consequence, their
average size and their size distribution. At a
temperature of 80 °C, after 1 h the product is
composed of nanoplates with a broad size
distribution from 50 to 500 nm. Temperature
rise to 100 °C leads to the formation of plates
100 to 500 nm in size, but prevailing plates are
those 200—300 nm in size and 10—50 nm thick
(see Fig. 2, b). Further temperature rise to
120 °C leads to the formation of a mixture
composed mainly of thickened plates, polyhedra
and a small number of plates 200—800 nm in
size, while only coarse aggregates of particles
of indefinite morphology are formed at 150 °C.
So, 100 °C is an optimal temperature for
obtaining plates 100—800 nm in size, among
which the major part of plates are 400—500 nm
in size and about 50 nm thick as average. At a
temperature above 100 °C, the rate of ion
diffusion in solution and the rate of formation
of silver nanoparticles and the degree of their
aggregation start to increase, so it becomes
almost impossible to control the growth of
particles and especially the formation of
anisotropic structures from them. As a result,
the formation of polydisperse shapeless
aggregates occurs. On the other hand, at a
temperature below 100 °C, the possibility of the
kinetic control of reduction and consequent
anisotropic particle growth should increase,
however, uniform plates are not formed under
these conditions, too, which may be due to the
slow reduction of silver ions and a small amount
of nuclei formed at the initial stage.
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Fig. 3. Microphotographs of powders obtained as a result of AgNO, reduction in the presence of MEAA by triethylene glycol (a)

and propylene glycol (b). For synthesis conditions, see Fig. 2.

Effect of polyol nature

It was interesting to find out how polyol
structure may affect the size and morphology of
the formed silver particles, as it is known that
polyol may take part in stabilizing metal particles
limiting  their = growth and  preventing
agglomeration. For comparison, propylene- and
triethylene glycol were used as the reaction
medium. The reduction was carried out at
100 °C under the same conditions as in ethylene
glycol: synthesis time 1 h, MEAA/Ag = 3 : 1,
mass ratio of the solid and liquid phases was
equal to 1 : 20. As a result of the investigation,
it was shown that the type of polyol affects the
morphology of the formed particles and on the
percentage of plates and polyhedra in the final
product. For instance, mainly silver plates are
formed under these conditions in ethylene gly-
col (see Fig. 2, b), while a mixture composed of
plates and polyhedra is formed in triethylene
glycol (Fig. 3, a), and mainly polyhedra are
formed in propylene glycol (see Fig. 3, b). The
size of the particles is approximately the same
in all cases: 100—800 nm. This result may be
explained by the higher rate of reduction in the
medium of two latter polyols in comparison
with the rate of silver ion reduction in ethylene
glycol. In addition, it is necessary to mention
the ability of polyols to coordinate metal ions
[16], in particular silver, and this ability is dif-
ferent for different polyols, which may affect
the size and shape of the formed particles.

Effect of alkali

The activity of polyols and alcohols in alkaline
media increases as reported by Gomes and co-
authors [17], so it was interesting to study the
effect of the alkaline reagent (NaOH) on the com-
position, size and morphology of reduction prod-
ucts. It was expected that the rate of silver ion
reduction increases substantially in the presence
of NaOH, which may first of all lead to the change
of particle size, as well as their morphology. It
was shown that, indeed, the rate of silver ion re-
duction increases substantially in the presence of

Fig. 4. TEM microphotographs of silver nanoplates obtained as
a result of AgNO, reduction by propylene glycol in the
presence of MEAA and NaOH. Conditions: T = 25 °C, synthesis
time 3 h, CAg = 0.5 mol/L, molar ratios MEAA/Ag = 3 : 1,
Ag/NaOH =1 : 4.
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NaOH, which allows us to carry out the synthesis
even at room temperature. For the molar ratio of
NaOH/Ag = 4 : 1, the formed particles are nano-
plates 10—20 nm in size (Fig. 4). A decrease in the
concentration of the alkali in the reaction system
to the molar ratio of NaOH/Ag = 2 : 1 leads to an
increase in the average size of the formed parti-
cles to 20—30 nm, and with an increase in the
amount of NaOH (NaOH/Ag = 8 : 1) the degree
of particle aggregation increases, and correspond-
ingly so does their size.

CONCLUSION

The reduction of silver nitrate with ethylene
glycolin the presence of 2-[2-(2-methoxyethoxy)
ethoxylacetic acid is investigated. It is shown
that, depending on synthesis conditions
(temperature and time of the reduction, the
concentrations of silver nitrate, stabilizing
agent, and sodium hydroxide), nano- and mi-
cro-sized (10—20 nm and ~1 pm) silver plates
are obtained. The initial concentration of silver
was 0.05—0.5 mol/L, which is 10—1000 times
higher than the concentrations involved in the
synthesis of nanoplates using widely known
traditional methods. In the absence of MEAA
stabilizer, coarse polyhedra 200—800 nm in size
are formed in the system. It was shown that
100 °C is the optimal temperature for the for-
mation of plates, their size varying from 100 to
500 nm, with the prevalence of the size frac-
tion of plates 200—300 nm.

In the presence of NaOH at room tempera-
ture, silver nanoplates 10 to 20 nm in size were
obtained. As a result of the investigation, a
simple method was proposed for the synthesis
of micro- and nanoplates of Ag which can be
used to develop electroconductive materials, in
particular pastes and inks.
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