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The simplest preparation method of stable sols of naked 2-90 nm pure silver nanoparticles in water is suggested for the first time using

silver(I) oxide without reducing agents or anionic pollutants.

The known methods of silver sol preparation are numerous'~’ because
this nanomaterial becomes popular in medicine®? and medical
diagnostics'” like the SERS (surface enhanced Raman spectro-
scopy) detection of single biomolecules or other analytes.'!!> At
the same time, it is usually difficult to remove trace impurities
like borates, if for instance NaBH, is traditionally used,! or
products of oxidizing organic compounds,* or cytotoxic anions
like NO3 in the case of a silver nitrate soluble precursor. It is
evidently possible to apply an additional purification step, such as
ultracentrifuges and ultrasonic re-dispersing of precipitated nano-
particles, or to remove anions and pollutants by dialysis. However,
it is also possible to get then enlarged aggregates of silver nano-
particles or coagulated sols. Thus, it remains important to search
for new robust, cheap and user-friendly methods for preparation of
silver nanoparticles. In this paper, to the best of our knowledge, the
simplest preparation of naked 2-90 nm pure silver nanoparticles
in pure water is suggested for the first time using silver(I) oxide
soluble complexes without reducing agents or anionic pollutants;
the method is referred to as a PUSH (pure silver hydrosol) one.
Silver oxide is a well-known compound,'? which is unique
in terms of the purpose of this work because it consists of com-
ponents of the system under question only, namely, silver and
oxygen, constituting also a water solvent; the decomposition
temperature of Ag,0 is about 150-300°C in a dry state; finally,
Ag,0 is only partly soluble in water and precipitates from Ag*
solutions when treated by alkali metal hydroxides, and then it
can be easily purified by washing with small portions of distilled
water. The remaining point is that silver(I) oxide can be transferred
into a clean transparent solution if aqueous NHj; is used to form
water-soluble complexes. All the described advantages were experi-
mentally applied in this work with an additional stage of silver(I)
oxide complexes decomposition in boiling water under the condi-
tions of fixed silver content and controlled decomposition time."
All the resulting sols were yellow-brownish with different
intensities of their colors as dependent mostly on the initial
silver(I) oxide complex concentration in hot water. First signs
of coloring could be observed already after 10—15 min upon the
injection of the complex into boiling water, and the color becomes
more intense in time. Finally, after an hour, a reflecting metallic
silver film could be observed on water surface for the most con-
centrated solution although the solution remained dark-brownish
in the bulk. All the sols were odorless and stable for at least
several days. Their drying at room temperature gives no crystals
of remaining silver(I) oxide while nanoparticle sol forms a thin
and smooth silver layer. Probably some amount of aqueous NH;
still remains in the sols despite of water boiling and abrupt falling
of NH; solubility since pH exceeds 7 in several cases (Table 1).
Indirectly it correlates with negative -potentials of the particles
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Table 1 Basic characteristics of silver nanoparticle sols.

Sample preparation Mean size  {-Poten- Plasmon pH

conditions of nano- tial/mV  peak position of the
particles according solution

Solution Reaction  according to UV-VIS

volume time/min  to DLS/nm spectro-

of added scopy/nm

silver oxide

complex/ml

0.1 20 23;202 =35 412 8

0.5 20 2;38;409 42 417 9

2.5 20 7;92 =51 430 10

0.1 30 27; 158 -30 410 8

0.5 30 2;40; 144 42 425 9

2.5 30 11; 84 —49 443 10

0.1 60 26; 234 —41 412 7

0.5 60 40; 365 —44 427 7

2.5 60 87 —48 452 9

(Table 1) since NH; tends to absorb onto silver particle surfaces
demanding a shell of hydroxyls around the nanoparticles. We
believe that the presence of ammonia in the sols does not disturb
at all in most of cases of practical applications of the sols since
silver sols admixed to different buffer solutions prior, for example,
SERS measurements of biological objects and this makes the
toxicity of NH; negligible.

 In a typical PUSH preparation run, a 0.5 M aqueous sodium hydroxide
solution was added dropwise to 20 ml of a freshly prepared 0.1 M aqueous
silver nitrate solution until the complete precipitation of black-brown
silver(I) oxide. Then, this as-prepared oxide was washed three times with
deionized water (Milli-Q, Millipore) and dissolved in 5 ml of a 10% aqueous
ammonia solution. The obtained transparent silver complex solution was
filtered through Millex-LCR syringe driven filter units (Millipore, 0.45 pm
pores). An aliquot portion of the resulting solution (0.1, 0.5 or 2.5 ml)
was added to 50 ml of boiling deionized water, leading to decomposition
of the silver complex: 4[Ag(NH;),]OH = 4Ag + 8NH; + O, + 2H,0.
After 20, 30 and 60 min of the decomposition reaction, the aliquots of
silver nanoparticle sols were collected and immediately quenched down
inside plastic Eppendort tubes by cold water to store in a refrigerator at
about 5°C overnight. The overall concentration of silver in sols varied
in the range of 0.2—5 mM.

The obtained silver nanoparticles were characterized by a transmis-
sion electron microscopy (TEM) and electron diffraction (ED) using a
LEO912 AB OMEGA (Carl Zeiss) electron microscope. The UV-VIS
absorption spectra were recorded using a Lambda 35 spectrophotometer
(Perkin—Elmer). Zetasizer Nano ZS (Malvern Instruments) was used for
dynamic light scattering (DLS) measurements of the particle size distribu-
tion and G-potentials. The pH of prepared solutions was estimated using
a universal indicator paper.
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Figure 1 Typical TEM image and ED pattern (insert) of silver nanoparticles.

The special color of PUSH sols and their difference in reflec-
tion and transmission configurations originates from the presence
of silver nanoparticle as clearly proved by TEM, ED, DLS and
UV-VIS spectroscopy data (Figures 1-3, Table 1). Direct observa-
tions of silver precipitates by TEM at early stages of silver(I)
oxide complex decomposition (Figure 1) show round-shaped
nanoparticles with a bimodal size distribution. The major fraction
possesses diameters within the range of 1-5 nm while a smaller
amount of nanoparticles grows up to 20-30 nm and some of
them have twin defects. The aggregation of nanoparticles is not
observed.

A remarkable picture is given by DLS data. It is well-known
that DLS results could overestimate the mean particle size of
large objects compared to the real particle size distribution and
also DLS often mimics broad distributions with a set of narrower
DLS peaks. Nevertheless, Figure 2 shows that silver nanoparticles
smaller than 10 nm can be found in as-prepared samples together
with another, larger particle fraction; this is in a full agreement
with TEM data (Figure 1). The observation is a reflection of
expected nucleation-and-growth process features, probably, with
an interference of diffusion rate limiting factors caused by the over-
lapping of diffusion fields around growth sites. Indeed, the first
10-15 min of colorless solution would correspond to the nucle-
ation stage resulting in first embryocrystals of silver. Then, the
growth process starts with the highest supersaturation and forces
the first fraction of metallic silver to grow very quickly to the
largest sizes thus diminishing local supersaturation. At the same
time, the homogeneous nucleation of silver persists under the con-
ditions of falling supersaturation and that permanently generates
new growth sites composing the small particle fraction. Most
probably, 100-200 nm particles grow much slower and become
a final point of size evolution because of a smaller ratio of surface
and volume for larger particles, while a supersaturation decrease
in time prevents fast growth, as at the very beginning, making a
20-30 nm fraction dominant due to the evolution of the smallest
particles. Actually, such bimodal particle distributions are not
rare,'* and they could be due to coupling between diffusion pro-
cesses, including overlapping diffusion fields, and undercooling/
supersaturation variation in time. It is known that this is caused,
for example, by soft impingement, followed by a renewal of driving
force for nucleation, with the subsequent soft impingement.'*
Under very high supersaturation, the particle size distribution
becomes unimodal because supersaturation always outruns diffu-
sion and the particle ensemble never reaches soft impingement.

These assumptions agree well with data shown in Figure 2. The
smallest concentration of the silver(I) oxide complex (Figure 2,
curves /-3) gives the smallest initial supersaturation; then, a
smaller amount of 1-2 nm embryocrystals form a 20-30 nm frac-
tion, which pumps silver into the final 200-300 nm fraction. The
medium silver(I) oxide complex concentration keeps a permanently
formed fraction of 1-2 nm nanoparticles since supersaturation is
enough for that; then, a 20-30 nm fraction of silver nanoparticles
remains together with the growing final 200-300 nm fraction. It is
interesting but quite expected that the largest initial concentration
of the decomposing complex generates the highest supersatura-
tion, as compared to other samples. In turn, this gives the highest
probability of the simultaneous formation of numerous nuclei and
provides conditions for their simultaneous fast growth. It relaxes
quickly entire supersaturation, quenches the formation of new
embryocrystals; therefore, the whole silver nanoparticle ensemble
jumps to the 100 nm size and stops to grow quickly since the
particles have a more or less narrow size distribution function and
there is no need for further quick evolution like in the previous
cases. Similar results published elsewhere'> except the application
of hydrogen gas acting as a reducing agent. In our experiments
no chemicals are used to reduce silver.

The finally collected ensembles of nanoparticles [Figure 3(a)]
demonstrate different optical properties, all with clearly observed
plasmonic peaks (PPs). The intensities of PPs increase with the
reaction time and silver(I) oxide complex amount introduced in
the reacting systems. This simply means that more silver scat-
tering/absorption centers appeared in the sols. At the same time,
the positions of PPs show a red shift coinciding with the change
of particle sizes found in the sols by DLS (Figure 2, Table 1).
The broad size distribution of silver nanoparticles leads to a
highly asymmetrical UV-VIS absorption spectra with long tails
towards larger wavelengths. The electrostatic stabilization of sols
is provided by &-potentials of =35 to —50 mV found for the water-
dispersed nanoparticles (Table 1). No sedimentation was observed
at room temperature for at least two weeks in all of the cases.
Moreover, freezing the colloid into ice, keeping it at —15 °C for

Intensity
£

Size/nm

Figure 2 Evolution of particle sizes depending on reaction time and initial
concentration of silver oxide complexes in the solution (DLS data). (/) 0.1 ml
of added solution of silver oxide complex, 20 min of reaction time in boiling
water, (2) 0.1 ml and 30 min, (3) 0.1 ml and 60 min, (4) 0.5 ml and 20 min,
(5) 0.5 ml and 30 min, (6) 0.5 ml and 60 min, (7) 2.5 ml and 20 min, (8) 2.5 ml
and 30 min and (9) 2.5 ml and 60 min.
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Figure 3 Evolution of plasmonic peak positions depending on reaction time
and initial concentration of silver oxide complexes in the solution (UV-VIS
spectroscopy data). (@) 0.1 ml of added solution of silver oxide complex
after (/) 20, (2) 30 and (3) 60 min of reaction time in boiling water; 0.5 ml
after (4) 20, (5) 30 and (6) 60 min; 2.5 ml after (7) 20, (8) 30 and (9) 60 min.
(b) UV-VIS spectra of (1, 3, 4) as-prepared silver sols and (2, 5, 6) after 15 days
of freezing the samples at —15 °C followed by iced sol melting and a short
ultrasonic treatment. PUSH were prepared by addition of (7, 2) 0.1, (3, 5) 0.5,
(4, 6) 2.5 ml of the silver oxide complex into hot water (60 min of reaction
time series).

15 days and melting the iced sols followed by their ultrasonic
treatment for 10 min resulted in the almost complete restoration of
sol colors and their absorption spectra, as shown in Figure 3(b).

Thus, a new simple user-friendly method of pure silver hydro-
sol preparation is suggested. Such PUSH samples are very attractive
in the field of SERS measurements of biological objects!® since
the method is highly reproducible, gives no by-products and
produces stable sols of almost naked silver nanoparticles with
effective absorption and asymmetric PP spectra. Pure silver hydro-
sols are suitable for practical biomedical applications since they
can be stored for a long time in a frozen state with the complete
restoration of their properties afterward, and they do not change the

natural environment of biological objects due to the absence of
toxic stabilizing agents or impurities.
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