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Abstract. In this work, a study of iron and silver nanoparticles was carried out by Raman spectroscopy.
The spectra were obtained by changing the temperature. The positions of individual spectral lines were
found to determine the presence or absence of second-order phase transitions. Based on the data on the
shift of spectral lines, one can also draw a conclusion about the stability of the objects of study under
changing external conditions and how this affects changes in the suspensions in which they are included.
Absorption coefficients were measured, and the sizes of the studied nanoparticles in aqueous suspensions
were determined.
Keywords: suspensions of iron and silver nanoparticles, lubricants, Raman scattering of light, shift of
spectral lines.
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Interest in nanoparticles arose at the end of the last century and has been continuously
growing since then. The area of application of nanoparticles is also expanding. For instance,
they are used as catalysts for chemical reactions, and special coatings are created to absorb
solar energy The efficiency of using nanoparticles depends on many factors, such as surface
chemistry, size, size distribution, shape, particle morphology, particle composition, agglomeration
and dissolution rate, reactivity of particles in solutions, etc. [1]. Nanoparticles of metals such as
iron and silver have found great use in medicine. For example, the most famous property of iron
nanoparticles (FeNPs) is that it can be used as a material that destroys the membrane of cancer
cells, while silver nanoparticles (AgNPs) are used as a sterilizing material, which is best shown by
drugs based on colloidal silver used as a biologically active additive [2–7]. In addition to medical
applications, FeNPs and AgNPs are widely used in electronics and technological processes [2–4].
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The increased interest is primarily associated with the manifestation of properties that are
different from the properties of systems consisting of coarse particles. In particular, these special
properties make the properties of suspensions, in which nanoparticles are an integral part, also
non-standard. Suspensions of nanoparticles, also called nanofluids, have received a wide range
of applications. At present, much attention is paid to the creation of highly efficient lubricants
with improved properties through the use of ultrafine powders with particles 10–100 nm in size
and a specific surface area up to 450 m−2/g. The effectiveness of the use of nanomaterials and
nanofunctional additives is confirmed by the results of studies [8–11]. For example, in [8], ex-
pressions were obtained for the dependence of the efficiency, power loss due to friction, taking
into account the presence of nanoparticles in lubricants. The derivation of a relation describing
the change in the viscosity of a lubricant composite material on the volume of a dispersed filler
is presented. The study [9] proposed a new rheological model of suspensions based on the gener-
alized Casson model and showed its application to particles of various shapes and sizes in media
with different viscosities. The injection of nanosized SiO2, FeO, Fe2O3, Na2O, K2O particles
into the lubricating medium makes it possible to improve the antifriction and antiwear properties
of tribocouplers of the support units of mechanisms and machines [12]. Nanotribological studies
carried out by domestic and foreign researchers have shown that fullerenes and fullerene blacks
can be successfully used as antifriction, antiwear, and antiseize additives [13,14]. In [15,16], the
mechanical properties of thin lubricating layers of several molecular diameters of octamethylcy-
clotetrasiloxane were studied using a surface force apparatus, it was shown that the sliding of
liquid layers is in good agreement with expectations based on bulk viscosity, while sliding in the
upper part solid substrate is 35 times higher. Experimental studies of the rheological properties
of lubricating oils with and without nanoparticles show that nanoparticles have a significant
effect on rheological parameters [17]. The results showed that the apparent viscosity increases
with increasing concentration of nanoparticles. In this regard, it seems relevant to study the
viscoelastic properties of colloidal suspensions of nanoparticles by various methods.

Metal nanoparticles are used as materials that complement research methods, improving their
qualitative and quantitative characteristics. They are used especially effectively to obtain giant
Raman scattering, which makes it possible to obtain spectra of higher intensity compared to its
traditional technique [18,19]. Since Raman spectroscopy is one of the most sensitive and powerful
non-destructive optical spectral measurement methods, it was chosen as a method for studying
FeNPs and AgNPs at various temperatures.

In this work, iron and silver nanoparticles were studied using Raman spectroscopy. It has
been established that the position of individual spectral lines determines the presence or absence
of second-order phase transitions. For the first time, the ultrasound attenuation spectra of
suspensions were measured. The difference in the behaviour of the attenuation coefficient for
AgNPs suspension and FeNPs suspension from the ultrasound frequency was shown.

1. Experiment

The measurements were carried out in order to determine the presence or absence of phase
transitions, which may be evidenced by a significant shift in the spectral lines or a significant
change in the spectral composition. The substances under study were iron [20] and silver [21]
nanoparticles, since there are no data for them obtained by Raman spectroscopy at temper-
atures below room temperature [22,23]. The spectra of silver nanoparticles were obtained in
the frequency range of 180–3200 cm−1, and the spectra of iron nanoparticles in the range of
20–1200 cm−1. Since FeNPs have a much higher absorption capacity compared to AgNPs, it
took an order of magnitude longer time for signal accumulation to obtain spectra with resolvable
lines

The spectra were obtained on a Horiba Jobin Yvon T64000 triple Raman spectrometer. The
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excitation source was solid-state laser radiation at a wavelength of 532 nm. The spectral resolu-
tion at which the Raman spectra (RS) were obtained was 2 cm−1 for both FeNPs and AgNPs.
The measurements were carried out with a temperature change in the range of 223–328 K, with
a stabilization accuracy better than 0.1 K. All spectral data were obtained in backscattering
geometry.

Particle suspensions with a mass concentration of 1% were prepared. Suspensions were pre-
pared using a two-stage method. First, the particle powder was mixed in distilled water using a
high-speed stirrer during 30 minutes, and after that it was treated with an ultrasound disperser
UZTA-0.4/22-OM (power 400 W, frequency 22 kHz, 30 minutes).

Ultrasound attenuation spectra of 1 wt.% suspensions were measured using an acoustic and
electroacoustic spectrometer DT1202 (Dispersion Technologies). In addition, this device allows
you to determine the particle size distribution over a wide range of particle concentrations. The
acoustic sensor of the device measures the attenuation coefficient of ultrasound in a wide dynamic
frequency range (from 3 to 100 MHz). The spectrometer has a chamber in which an ultrasound
wave emitter and an ultrasound signal receiver are located. The chamber is filled with the test
liquid, in which ultrasound propagates from the emitter to the receiver. In this case, ultrasound
waves are scattered by particles, which leads to changes in the spectrum of the ultrasound signal,
which is recorded by the device.

2. Results and discussion
Let us consider AgNPs first. Since the spectra extend over a wide frequency range, to simplify

their processing, the obtained spectra were divided into three frequency ranges: 180–950 cm−1,
950–1770 cm−1 and 2780–3200 cm−1. The frequency interval 1770–2780 cm−1 is not subject to
investigation, since no spectral lines with the intensity exceeding the noise level were found in
our spectra of this frequency range.

In the frequency range 180–950 cm−1 (Fig. 1), it is inappropriate to divide the experimental
contour into components due to the proximity of overlapping low-intensity spectral lines, which
makes it impossible to trace the positions of individual lines.

Fig. 1. Raman spectra of AgNPs at various temperatures (indicated to the right of the spectrum)
in the frequency range 180–950 cm−1

In Fig. 2a, the two most intense lines correspond to vibrations of the carbon atom, which is
explained by the AgNPs synthesis method. Also, as a result of the interaction of Ag nanoparticles
with air and carbon, a large number of additional spectral contours appear. Due to the strong
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electrostatic interaction between the nanoparticles of the studied substance and the detected
elements, the lines corresponding to Ag vibrations cannot be detected in their pure form.

In Fig. 2b, there are no sharp jumps in the intensities of individual lines; therefore, in the
frequency range of 2780–3200 cm−1, the most obvious pattern of line positions is presented.

Fig. 2. Raman spectra of AgNPs at different temperatures (indicated to the right of the spectrum)
divided into different ranges: a) 950–1770 cm−1, b) 2780–3200 cm−1 (frequencies in cm−1 are
indicated above the spectra)

In this regard, dependences of the position of the Raman lines on temperature were plotted
(Fig. 3). It can be seen from the figure that the shifts of the lines are small and new lines do not
appear. The disappearance of the line at a frequency of 3019 cm−1 at a temperature of 313 K
occurs due to a decrease in its intensity, that is why the signal-to-noise ratio does not allow it to
be further resolved. The highest frequency component of the spectrum undergoes the greatest
shift. With an increase in temperature and a strong influence of noise, the determination of its
position has an error of the order of 7 cm−1. The high level of noise with respect to the signal
is explained by the presence of chemisorption in the test substance [24].

Fig. 3. Dependence of the Raman shifts of AgNPs on temperature in the range of 2780–3200 cm−1
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In the presence of a phase transition, the Raman spectrum undergoes changes, which are a
jump in frequency, the appearance of new lines, and a non-chaotic change in intensity during
further measurements. The spectral data were obtained from different points, which means a
different orientation of the nanoparticles for each individual measurement; as a result, at different
temperatures the intensity of individual lines is very different, but this does not indicate the
presence or absence of a second-order phase transition in AgNPs.

A similar procedure for separating spectral contours into components was carried out for
FeNPs (Fig. 4). Since iron is very actively oxidized when exposed to the atmosphere, double
iron oxide FeO∆Fe2O3 (or Fe3O4) is formed on nanoparticles, and therefore it is very difficult
to obtain vibrations of FeNP in its pure form.

Fig. 4. Raman spectra of iron nanoparticles at different temperatures (indicated to the right
of the spectrum) divided into different ranges: a) 60–260 cm−1, b) 250–900 cm−1 (frequencies
in cm−1 are indicated above the spectra)

Since iron atoms are much heavier than oxygen atoms, we can say that the more we descend
into the low-frequency region, the more vibrations correspond to Fe atoms. The frequency range
from 350 cm−1 and above refers to vibrations of O2 molecules. The frequency range above
900 cm−1 is not considered due to the absence of spectral lines in it (Fig. 5).

Thus, vibrations at frequencies of 218 and 501 cm−1 belong to vibrations of the A1g symmetry
type. Vibrations occurring at frequencies of 146, 202, 290, 404 and 622 cm−1 refer to vibrations
of Eg symmetry type. Due to the high noise level compared to the intensity of the Raman
spectrum in the region of about 100 cm−1, it is not possible to resolve two separate lines at all
temperatures, so the separation of the contour in this frequency range is not reliable. Within the
specified temperature range, no significant deviations were found in the location of the spectral
line maxima, which indicates the absence of phase transitions in silver and iron nanoparticles.
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Fig. 5. Raman spectrum of AgNPs at room temperature

Also ultrasound attenuation spectra suspensions were collected. Fig. 6 shows the attenuation
spectra of ultrasound in suspensions. The behavior of the ultrasound attenuation coefficients for
suspensions with AgNPs and FeNPs is significantly different. For FeNPs suspensions, the at-
tenuation coefficient grows with increasing radiation frequency, which indicates a predominantly
viscous attenuation mechanism. For AgNPs suspensions, the behavior of the attenuation coeffi-
cient as a function of frequency is more complex. At frequencies below 30 MHz, the absorption
coefficient decreases with increasing radiation frequency. With a further increase in frequency,
the absorption coefficient grows. This behavior suggests that in this case, the predominant
mechanism of sound attenuation is scattering by AgNPs.

Fig. 6. Ultrasound attenuation spectrum in a 1% suspension: a) AgNPs; b) FeNPs

Based on the attenuation spectra, particle size distributions were obtained (Fig. 7). The
average particle size in a silver suspension is 340 nm, and in an iron oxide suspension is 930 nm.
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Fig. 7. Particle size distribution in water: a) AgNPs; b) FeNP

Conclusion
The Raman spectra of AgNPs and FeNPs were obtained in a wide frequency range within a

temperature range from 223 K to 328 K. As a result of spectral data processing, the absence of
abrupt changes in the spectral composition was shown, and the shifts of individual lines are linear,
which indicates that the ongoing changes in the structure of the investigated particles remain
within the limits of one phase. Also, it can be concluded that the particles have high structural
stability, which makes them promising for use in the composition of colloidal suspensions with
pronounced viscoelastic properties, which are used as lubricants for technological machines and
equipment.

The mechanisms of attenuation on the studied nanoparticles were determined. Numerical
values of the average sizes of silver and iron nanoparticles were also measured.
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Аннотация. В работе было проведено исследование наночастиц железа и серебра методом спек-
троскопии комбинационного рассеяния света. Спектры были получены при изменении температу-
ры. Были получены значения частот отдельных спектральных линий для определения наличия
или отсутствия фазовых переходов второго рода. На основании данных о смещении спектральных
линий также можно сделать вывод об устойчивости объектов исследования при изменении внешних
условий и о том, как это повлияет на изменения суспензий, в состав которых они входят.

Ключевые слова: суспензии наночастиц железа и серебра, смазочные материалы, комбинацион-
ное рассеяние света, смещение спектральных линий.
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