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Formation of nano- and microstructured layers of silver during thermal
destruction of polyvinyl alcohol with silver nitrate
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The results of experimental study of morphology of silver nanostructures, which appear during ther-

mal destruction of polyvinyl alcohol film with silver nitrate are presented.

It is shown that during

the increase of silver nitrate concentration the maximum size of the formed particles increases from

tens of nanometers up to 2um, and their shape transforms from spherical to irregular.

The growth

of silver nanoparticles occurs at the expense of small silver nanoparticles migration on a substrate
surface, their gathering near the large nanoparticles and confluence of small nanoparticles with larger

ones.
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Introduction

Metal nanoparticles are widely used in photonics and
plasmonics, in telecommunications and information pro-
cessing devices, for the detection of chemicals and
in medicine, as well as in plasmonic devices based
on the amplification of luminescence and Raman scat-
tering under conditions of local amplification of the
electromagnetic wave field amplitude at plasmon reso-
nance [1-4]. Nanoparticles and nanoporous layers of
silver and gold are used in the photocatalytic decom-
position of water [5-7]. For metal nanoparticles syn-
thesis the chemical reactions in liquid and polymer me-
dia [8-10], electrochemical methods [11], vacuum de-
position or laser ablation on a substrate [12,13], ion
implantation [14,15] and a number of other methods
can be used. The paper [16] describes the possibility
of obtaining nanostructures based on silver by thermal
decomposition of silver nitrate dissolved in polyvinyl alcohol
(PVA).

The mechanisms of formation and growth of a fractal
ensemble of nanoparticles essentially depend on the method
and conditions of its synthesis. As a rule, to describe
these processes the aggregation models of nanoparticle-
cluster [17-20] are used. The most common association
models used are diffusion-limited aggregation and ballistic
aggregation.

For sensor applications, not only small (less than 100 nm)
isolated metal nanoparticles with plasmon resonance are

of interest, but also ensembles of metal nanoparticles that
form fractal clusters in which electromagnetic interaction
between nanoparticles occurs. In such clusters, as a result
of the interaction of surface plasmons, ,hot spots“occur,
in which the local amplification of the electromagnetic
wave field amplitude can exceed 10* [21,22]. This leads
to the amplitude of the Raman scattering increasing and,
accordingly, to the sensitivity increasing of chemical and
biosensors.

The aim of this paper was to analyze the optical
properties and morphology of nanostructured silver lay-
ers obtained by thermal decomposition of PVA film
with silver nitrate, as well as to study the processes
that affect the morphology of the formed nanostructured
layers.

1. Experimental procedure

Nanostructured silver layers were fabricated using aque-
ous solutions of AgNO;3; with concentrations of 0.25, 0.5,
1, and 2wt.%. Solutions of AgNO; were mixed with
an aqueous solution of PVA (concentration 0.03 wt.%).
PVA with a relative molecular weight of 25000 was
used.

Polished soda silicate glass plates were used as sub-
strates. After applying a thin layer of the solution to
the substrate, the samples were dried in the dark for
24h.
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Heat treatment of the samples was carried out in
muffle furnaces (Nabertherm) in air atmosphere at a
temperature of T =300°C for 10min. The optical
density spectra of the samples were measured using
Lambda 500 spectrophotometer (Perkin Elmer). Lu-
minescence spectra were measured using a LS55 spec-
trofluorimeter (Perkin-Elmer). Optical measurements were
performed at room temperature. The morphology of the
nanostructured silver layer after heat treatment was studied
using a scanning electron microscope (SEM) JSM 7001F
(JEOL).

2. Results and discussion

Initially, before drying, the mixture of AgNO; and
PVA solutions is colorless. After drying in the dark the
PVA film becomes light yellow at a low concentration
of AgNOs; and yellow-brown at a high concentration of
AgNO;. At that, an absorption band appears on the
optical density spectrum near the wavelength 1 = 410nm
(Fig. 1, curve 2). This band corresponds to the plas-
mon resonance of spherical silver nanoparticles smaller
than 20nm [1,4]. Thus, already at the stage of drying
silver nanoparticles are formed in PVA. Heat treatment at
T = 300°C leads to the amplitude increasing of the plasmon
absorption band and its broadening (Fig. 1, curve 3). The
AgNOs concentration increasing is accompanied by the
amplitude increasing of the plasmonic absorption band, its
broadening, and a long-wavelength spectral shift (Fig. 1,
curve 4). At the maximum concentration of AgNOs
an additional absorption maximum appears at 1 = 370 nm
(Fig. 1, curve 5). The broadening of the plasmonic
absorption band, its long-wavelength spectral shift and
the appearance of an additional absorption maximum are
associated with the size increasing of nanoparticles and
with the electromagnetic interaction of closely spaced
nanoparticles [1,4].

Fig. 2 shows the SEM image of silver nanoparticles
after heat treatment for an AgNO;s; concentration of
025wt%. It can be seen from the Figure that during
heat treatment silver nanoparticles are formed on the
substrate, which have a shape close to spherical. The
largest nanoparticles have sizes of 150—200nm. Most
of the nanoparticles have an average size of less than
50 nm. Smaller sizes of nanoparticles correspond to
their higher concentration on the substrate surface. It
can be seen from Fig. 2 that small nanoparticles are
grouped near larger nanoparticles (marked with arrows in
Fig. 2).

Fig. 3 shows the SEM image of silver nanoparticles after
heat treatment for an AgNO; concentration of 0.5 wt.%.
The AgNO; concentration increasing leads to the maximum
size of nanoparticles increasing up to 250nm. In this
case, the shape of the largest nanoparticles differs from
spherical. The concentration of silver nanoparticles on
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Figure 1. Optical density spectra of samples: I — substrate
before application of PVA layer; 2 — after drying the PVA
layer with AgNO; (AgNO; concentration 0.25wt.%); after heat

treatment at temperature T = 300°C and AgNO; concentration
(inwt%): 3 —025,4—05,5—1,6—2

Figure 2. SEM image of silver nanoparticles after heat treatment.
AgNO; concentration 0.25wt%. Arrows indicate grouping of
small silver nanoparticles near larger nanoparticles.

the substrate increases compared to the case described
above.

With further AgNOj3 concentration increasing to 1 wt.%,
microparticles of irregular shape appear, with sizes ex-
ceeding 1um (Fig. 4). The concentration of such mi-
croparticles is low. At the same time a large number
of nanoparticles is formed with sizes of 200—250 nm and
below 100 nm.

At AgNO; concentration of 2wt.% heat treatment leads
to a large number of irregularly shaped silver microparticles
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Figure 3. SEM image of silver nanoparticles after heat treatment.
AgNOs concentration is 0.5 wt.%.

Figure 4. SEM image of silver nano- and microparticles after
heat treatment. AgNOs concentration 1 wt.%.

with the size of 0.5—2 um appearance on the glass surface
(Fig. 5). At the same time, there are also silver nanoparticles
with the size of 100—250 nm, which have a shape close to
spherical.

After the silver nano- and microstructures removal from
the glass surface by etching in nitric acid a broadband
luminescence in the visible region of the spectrum was
detected in a thin near-surface layer of the glass. The
luminescence spectra are shown in Fig. 6. Such Iu-
minescence is characteristic for Ag®™ ions, Ag’ neutral
atoms, and subnanosize molecular clusters of silver Agy,
(n=2—4) [23,24). The contribution to the luminescence
in the spectral range 450—470nm can be associated with
ions, neutral atoms, and Agy silver molecular clusters.
Luminescence near the wavelength 500nm is typical
for neutral molecular clusters of silver Ag,. Lumines-

Figure 5. SEM image of silver nano- and microparticles after
heat treatment. AgNOs concentration is 2 wt.%.
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Figure 6. Luminescence spectra of samples after removal of
nano- and microparticles of silver from the surface: 7 — AgNOs3
concentration is 1wt.%. 2 — AgNOs concentration is 2 wt.%.
Luminescence excitation wavelength is 330 nm.

cence in the spectral range 600—650nm indicates the
presence of neutral molecular clusters of Ags in the
glass.

As shown above, the formation of silver nanoparticles
occurs already at the stage of drying the PVA solution
with AgNO; (Fig. 1, curve 2). The reason for this
is the following. When silver nitrate solution is mixed
with PVA solution, chemical bonds with hydrogen in the
hydroxyl groups in the PVA molecular chains are broken.
As a result, free bonds of PVA hydroxyl groups are
bound to d- and f-orbitals of Ag"™ ions. After that,
the separation of neutral silver atoms from the hydroxyl
groups and the formation of nanoparticles from them are
possible.
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These processes can be written as follows [25]:

—CH,CH- + Ag" — —CH,CH— + H" — —CH,CH— + Ag’ + 2H".

OH OAg

At the stage of melting and thermal decomposition of
the PVA film (T = 220-230°C), small silver nanoparti-
cles migrate over the substrate surface and group near
larger nanoparticles (Fig. 3). After that, the integra-
tion of small silver nanoparticles with larger nanopar-
ticles is possible. This process is similar to the
processes described in the Ostwald theory of ripen-
ing [26,27].

Note that the processes described above occur at tem-
peratures much lower than the melting point of silver
(Tm =980°C). At the same time, it is known that as
the nanoparticle size decreases, its melting point decreases
too [28,29]. The reason for this is the quantum-confined
effects leading to a change in the phonon spectrum.
However, a noticeable decreasing of the melting tem-
perature takes place at nanoparticle sizes below 10nm.
Therefore, we can conclude that the processes associ-
ated with melting do not participate in the observed
effects.

Despite the fact that silver ions have a luminescence
band in the spectral range of 450—470 nm, in our case,
luminescence cannot be associated with them. Silver ions
cannot penetrate the glass when it is heated, as this violates
the electrical neutrality of the glass. The introduction
of Ag" from the silver layer into sodium-silicate glass is
possible only with solid-state ion exchange in the presence
of the electric field [30]. Neutral silver atoms can penetrate
into the surface layers of glass as a result of thermal
diffusion. In silicate glasses silver atoms are grouped near
glass network defects [31]. At their sufficient concentration
some of them form luminescent subnanosized molecular
clusters. Similar effects were observed during thermal
dissolution of continuous films of silver and gold in silicate
glass [32].

Conclusion

Thus, the thermal decomposition of PVA film with
silver nitrate results in the formation of silver nano- and
microparticles. With the concentration of silver nitrate
increasing, the maximum size of the formed nano- and mi-
croparticles increases from tens of nanometers up to 2 um,
and their shape becomes irregular. The growth of silver
nanoparticles occurs due to the migration of small silver
nanoparticles over the substrate surface, grouping them near
larger nanoparticles and further integration of small silver
nanoparticles with larger nanoparticles is possible. Some
of the silver atoms penetrate into the near-surface layer
of the glass substrate and form luminescent subnanosized
molecular clusters.
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