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Abstract 
The article presents a comparative study of the surface properties of silica and alumina nanoparticles synthesized by various 
methods.
Using the IR spectroscopy we demonstrated that the synthesis method affect the surface properties of nanoparticles while 
maintaining the phase composition of the material. The article demonstrates the relationship between the types of surface 
sites, their strength, and the interaction of nanoparticles with the dispersed medium. In particular, a significant difference 
was observed in the strength of the active sites for all samples, which was reflected in the rheology of nanofluids based on 
epoxy resin. This demonstrates the importance of accurate descriptions of the surface properties of nanoparticles, as they 
determine their interaction with other materials.
The article also considers the possibility to evaluate the intensity of the particle-medium interaction based on the fractal 
dimension. Our study showed that it varies significantly depending on the synthesis method. The article discussed the 
possibility to determine the intensity of the particle-medium interaction using the values of the nanoparticle’s zeta potential 
and the interfacial layer.
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1. Introduction
Nanoparticles are a common class of materials, 

whose properties have been studied in much 
detail. However, few researchers pay attention 
to the fact that, having the same chemical and 
phase compositions, some of the properties 
of nanoparticles depend on the conditions of 
their synthesis and may vary significantly [1]. 
At the moment, there are dozens, and for some 
substances even hundreds, of approaches to 
the synthesis of nanoparticles. The synthesis 
is always performed under certain conditions 
resulting in the formation of particles with 
specific crystal and surface structures. Therefore, 
powders synthesised using different methods 
are effective for different applications, and it is 
only possible to determine a suitable option for 
a particular application by trial and error. This 
appears to be the only reliable method, since there 
is no uniform approach to the characterisation of 
nanoparticles.

The significant difference between the 
characteristics of nanoparticles and bulk materials 
is quite often explained by the growing influence 
of the surface area, whose fraction in relation to 
the volume increases with the decrease in the size 
of the particles [2]. However, the changes in the 
properties of the surface itself, although crucial, 
are never taken into account. These changes 
may include surface defects (variations in the 
local coordination number, twinning, changes 
in the crystallographic planes, and porosity), the 
presence and composition of functional groups, 
and their inhomogeneity. These factors, except for 
lyophobic behaviour, are widely underestimated, 
even though they play an important role in the 
process of interaction of particles with a dispersed 
medium.

It is known that surface energy is proportional 
to the number of broken bonds in the surface 
atoms multiplied by the energy of these bonds. 
For particles with a metallic crystal structure this 
parameter helps to determine the melting point 
[3–5], as well as other thermodynamic parameters 
[6, 7] and the surface energy [8].

For oxides and more complex particles, the 
situation is more complicated.

Firstly, the existing descriptions of such 
nanoparticles, similar to bulk materials, mostly 
focus on their composition (purity) and size.
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Secondly, such particles may be a combination 
of crystalline phases or be X-ray amorphous 
only in the order of short ranges [9, 10]. Since 
the surface energy can be different for different 
crystallographic planes on the surface of the 
particle [11], the identity of such particles can 
be questionable.

Thirdly, the surface of nanoparticles can have 
unique features which must be taken into account 
as opposed to the features of the surface of bulk 
materials. These features might include: porosity 
of the surface, the strength and concentration 
of Brønsted acid sites (BAS) and Lewis acid sites 
(LAS) [12], and ductility and elasticity of the 
neighbouring clusters comprising the particle.

For the gas-phase synthesis the key factors are 
the cooling rate and the mechanical and thermal 
properties of the cooling gas and the evaporated 
materials [13–16]. Additionally, the fast cooling 
rate of the vapour may result in a fixed metastable 
state of some of the clusters thus creating a 
ratio between the surface and the bulk energy 
characteristic for nanoparticles of a different 
size. In the case of a liquid-phase synthesis the 
result depends on the type of the process, the 
type of the reagent, the pH, the concentration 
of the precursor, the temperature, and the 
duration of the process [17]. The multicomponent 
sensitivity to the conditions of the synthesis 
results in significant variations of the size of the 
nanopaticles, their size distribution, and surface 
characteristics. Thus, during cryochemical 
condensation of silver vapour [18] different 
fractal dimensions of the particles were observed 
depending on the solvent: 1.9 (isopropanol), 1.7 
(acetonitrile), 1.5 (toluene). The average sizes of 
the primary particles in the fractal cluster were 
16.0, 21.0, and 9.4 nm respectively.

One of the most obvious methods to determine 
the difference in the interaction of nanoparticles 
of various origin with the medium they are 
dispersed in, is to measure its viscosity. The 
experimental studies [19, 20] demonstrated 
that higher concentrations and smaller size of 
the particles result in an increase in viscosity. 
However, the results obtained by different 
researchers vary greatly and are significantly 
higher than the values calculated using the the 
Batchelor–Green formula [21] commonly used 
for suspensions with microparticles. This can 
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be accounted for only by the variations in the 
interaction intensity between the liquid and 
nanoparticles [22] which differ in their surface 
structure, namely the thickness of the interfacial 
layer.

The variability of the surface properties 
occurring during the synthesis can be identified 
using IR and UV spectroscopy, which determine 
characteristic vibrations of bridging, terminal, 
and other bonds between the surface atoms. Thus, 
[1, 23] demonstrated that when different methods 
of synthesis of SiO2 nanoparticles are used, their 
structure changes from close-packed (aerosils) to 
ribbon (silica gels). When the composition of the 
surface group is the same, the key factor is their 
inhomogeneity, i.e. their reactivity distribution. 
In particular, the ratio between the terminal and 
bridging OH groups may vary for nanoparticles 
[24]. A change in the number of Lewis acid sites 
can result from a number of factors including 
the changes in the local coordination number of 
oxygen, aluminium, silicon, or other elements 
of the oxide [25], thus reflecting the value of the 
surface energy of a particular sample.

Another way to determine the concentration 
of the active sites is by means of adsorption 
of acid-base indicators [[26]. Analysis of the 
adsorption spectra distribution makes it possible 
to predict the sorption capacity of the surface 
and other properties of nanoscale materials. In 
particular, it helps to determine the variations in 
the strength and concentration of BAS and LAS 
during the treatment of the surface and show 
their relation to the properties of the material, 
such as dielectric permittivity [27] and the 
coefficient of friction of the surface [ 28].

However, it is difficult to use the results of the 
IR spectroscopy and the indicator method directly 
due to their complexity and lack of transparency. 
Besides, the theoretical and practical aspects 
of the process need to be further elaborated by 
both researchers and manufacturers. Therefore, 
in our study, we analysed the results of the 
spectroscopy, particle-particle interaction based 
on the fractal dimension, and particle-medium 
interaction based on the viscosity measurements 
[29]. A fractal dimension is assumed to be a 
common factor which demonstrates the specifics 
of the interaction between particles and their 
environment or a material.

2. Materials and methods
To compare SiO2 and Al2O3 nanoparticles 

we used samples obtained by several synthesis 
methods: SiO2 and Al2O3 obtained by means 
of electron beam evaporation (Тs and Ta 
samples); commercially available SiO2 and 
Al2O3 powders synthesised by pyrogenic process 
(Аs and Aa samples), (Evonik Industries, 
Germany); commercially available SiO2 and 
Al2O3 powders obtained by liquid phase method 
(Ls and La samples), (Nanjing XFNANO Materials 
Tech Co., China); commercially available 
SiO2 powders obtained using the plasma arc 
method (Psp sample), (Plasmotherm, Russia); 
commercially available Al2O3 AKP50 powders 
synthesised by means of chemical deposition 
(Sa sample) (Sumitomo Chemical, Japan); and 
commercially available Al2O3 powders obtained 
using the exploding wire method (Еa sample), 
(Perspektivnye Materialy, Russia). Their TEM 
photographs and particle size distribution 
are presented in Fig.  1–3. All silica particles 
were X-ray amorphous. Analysis performed by 
the Rietveld method demonstrated that their 
structural parameters and binding energies were 
similar. Aa and Ta samples were a gamma phase 
of aluminium oxide, and La, Ea, and Sa samples 
were an alpha phase of aluminium oxide. All 
particles were of spherical shape and had a similar 
average diameter. However, the range of particle 
size distribution varies greatly, which means that 
the particles will behave differently when applied 
for practical purposes.

For the IR spectroscopy, tablets were formed 
with the ratio of the mass to the geometric area 
being 15–49 mg/cm2. The tablets were put into 
a vacuum IR cuvette and were vacuumized for 
1 hour at 10–3 Pa. Then, without contact with 
the atmosphere, the samples were put into a 
measuring chamber, which measured the spectra 
at temperatures of up to 77 K. The spectra 
were then recorded at room temperature and 
at 77–110  K. The spectra were recorded using 
a Shimadzu IRTraсer-100 spectrometer in the 
range of 600–6000 cm–1 with a resolution of 
4  cm–1. The number of accumulated scans was 
100 which ensured the signal-to-noise ratio of 
at least 75000. The adsorption was performed at 
77 K in doses which ensured the pressures of 0.1, 
0.4, 0.9, 1.4, and 10 Torr in the cuvette.
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To measure the IR spectra of the adsorbed 
pyridine, the initial powders were mixed with 
barium fluoride at a ratio of 1:2. Barium fluoride 
was transparent in the region of 1000 cm–1 and 
thus did not distort the spectra in the region of 
ОН groups. Prior to the adsorption of pyridine, the 
samples were vacuumized at 450 °С for 2 hours. 
The final pressure was below 10–3 Torr. Pyridine 
was adsorbed at a temperature of 150–160 °С for 
15–20 minutes and then the air was evacuated 

for 60 minutes at the same temperature until the 
vacuum level was at least 10–2 Torr. The spectra 
were recorded with a resolution of 4 cm–1 in the 
region 1000–4000 cm–1 using a Shimadzu-8300 
IR-Fourier spectrometer until 200 spectra were 
accumulated. The strength of the acid sites was 
qualitatively evaluated based on the position 
of two bands showing the vibrations of the 
pyridine ring in the regions 1440–1460 and 1590–
1630 cm–1.

                        a                                                   b                                             c                                               d
Fig. 2. TEM photographs of Al2O3 nanoparticles: a) – sample La, b) – sample Ea, c) – sample Ta, d) – sample Aa

Fig. 3. Probability density function (PDF) of nanoparticle size distributions: (a) SiO₂; (b) Al₂O₃.

                        a                                                   b                                                c                                            d
Fig. 1. TEM photographs of SiO2 nanoparticles: a) – sample Ls, b) – sample Ps, c) – sample Ts, d) – sample As
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The calculation methodology of the fractal 
dimension [30] is based on the linear dependence 
of the area of the agglomerate on its perimeter 
on double logarithmic scale. The calculation 
was performed based on the analysis of TEM 
photographs. Using photographs of various 
scales, for instance 50, 100, 200, and 500 nm, 
we obtained data on the similarity of particle 
agglomerations depending on the scale. Then 
from log S = C +2/D   ·  log P we obtained the 
fractal dimension D2 as the slope of the linear 
dependence of logS on logP. To obtain 3D 
fractal dimension D3 we recalculated the 2D 
values of D2 using the formula D3 = 1.5  · D2. 
The measurement error was 0.005–0.01, which 
allowed us to use this parameter to assess the 
intensity of interaction between the particles 
and the medium.

3. Results
3.1. Variations in the fractal dimension

The fractal dimensions calculated for SiO2 
and Al2O3, nanoparticles are given in Fig. 4. As 
we can see, for all groups of SiO2 nanoparticles 
fractal dimensions grow almost linearly with 
the growth of the specific surface in the range 
of 0.1–0.15. At the same time, the effect of the 
synthesis method can be stronger, reaching 
up to 0.4–0.5. The fractal dimension of Al2O3 
nanoparticles (Fig. 4b) generally demonstrates 
a similar dependence. When the specific surface 
varies, the fractal dimensions of the particles of 
the same type are very close. When a different 
synthesis method is used, the difference is 0.3–

0.5. The difference can also be accounted for by 
a different phase, since samples of Aa and Ta are 
gamma phase, and samples of La, Ea, and Sa are 
alpha phase. Nevertheless, the difference in the 
fractal dimension caused by the use of different 
synthesis methods is significant even for the 
same phase.

Summing up the data on all the types of 
particles, we can see that the particles synthesised 
using electron beam evaporation have smaller 
fractal dimension (2.3–2.6) than the particles 
synthesised by any other method. The largest 
fractal dimension, often close to the limit value 
(D3max = 3), was observed in particles synthesised 
by liquid phase methods (Ls, La, Sa). Nanoparticles 
obtained by means of the pyrogenic process have 
intermediate values of fractal dimension whose 
range (2.3–2.7) varies significantly depending 
on the type of the synthesised material. Based 
on this data, we can assume that the fractal 
dimension reflects the difference in the force 
field of the surface of nanoparticles which forms 
agglomerates of various complex forms: sphere-
like, ribbon, chain, jellyfish-like, etc. Under certain 
conditions it can be used as a basic identification 
parameter for the application of nanoparticles.

3.2. Variations in the surface properties 
The most common surface defects are porosity 

and plane distortions (steps, depressions, twinning 
of the crystal lattice, and other distortions). In any 
case, the coordination numbers of the first and 
the last atoms change, affecting their ability to 
interact with the medium. This is how LAS appear, 

Fig. 4. The fractal dimension D3 of nanoparticles: a) – SiO2 and b) – Al2O3
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which result from coordinatively saturated metal 
cations in various coordination environment of, 
for instance, oxygen atoms (Fig. 5).

Another peculiar feature of the surface is the 
formation of ОН groups, for instance terminal or 
bridge groups, which are easily identified in IR 
spectra based on the occurrence of absorption 
bands at 3400–3800 cm–1. They are considered to 
be BAS. There can also be basic sites, i.e. bridge 
oxygen atoms or OH group oxygen atoms. Such 
surface properties are determined by means 
of IR spectroscopy, which can ensure the quite 
accurate identification of characteristic bands 
in the spectrum.

For SiO2, the strength of the sites is determined 
based on the frequency shift of the ОН stretching 
vibrations towards the region of low frequencies 
during the adsorption of СО. For Al2O3, the LAS 
strength is determined based on the shift of the 
bands of adsorbed pyridine at 1440–1460 cm–1 and 
1590–1630 cm–1 to the region of high frequencies. 
The larger the shift, the stronger the asidic site. A 
number of studies of the said nanoparticles were 
carried out, and the difference in their structures 
was determined [10, 31, 32]. The results of the 
measurements are given in Table 1.

From the point of view of interactions with 
the medium, the strongest are the LAS which 
interact through the valence bonds of metals in 
the oxide. The next are basic sites interacting 
through oxygen atoms. The terminal OH groups, 

i.e. BAS are the weakest. Based on the analysis 
of the data on the SiO2 samples, we can assume 
that the As sample demonstrates the highest 
intensity of the interaction with the medium due 
to the observed LAS (2200 cm–1) and a significant 
shift of the frequency of stretching vibrations. 
The next is the Ps sample due to a significant 
shift in the frequency of stretching vibrations 
of the OH group (87 cm–1) during the adsorption 
of СО. The third should be the Ts sample with a 
significant shift of the frequency of СО stretching 
vibrations (83 cm–1). The Ls sample, with a shift of 
the frequency of stretching vibrations (79 cm–1) 
and a strong BAS (2170 cm–1), demonstrates the 
weakest interaction with the medium.

Similar conclusions can be made for the 
nanoparticles As and Ts obtained using the 
indicator method in [33]. The indicator method 
demonstrated that the surface of the As 
nanoparticles was mostly covered in LAS, while 
for the Ts sample, Lewis basic sites and BAS were 
observed.

As for the aluminium oxide, we can assume 
that the Aа sample (1454 and 1622 cm–1) has the 
strongest interaction with the environment. The 
second is the Ta sample (1447 and 1604 cm–1). 
At the same time, the La sample demonstrated 
medium LAS in the range of 2180–2197 cm–1. 
The same for the Ea sample at 2189 cm-1. They 
are thus compatible with regard to the intensity 
of their interaction with the medium.

Fig. 5. Possible types of surface structures and sites
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3.3. Variations in the interaction intensity 
Experimental  measurements  of  the 

z-potential and the thickness of the interfacial 
layer [29] according to the model presented in [22] 
demonstrated that there is a strong correlation 
between these values, which indicates their 
affinity. From the point of view of colloidal 
chemistry, the z-potential is determined by the 
intensity of the interaction between the particle 
and the medium and corresponds to the thickness 
of the layer where the medium connected with 
the particle and divided from it is dispersed 
(Stern layer [34]). The result of the comparison 
(Table 2) demonstrates the presence of a linear 
dependence of the thickness of the interfacial 
layer d, obtained based on the measurements of 
the viscosity of the nanofluid on the value of the 
z-potential. This means that the surface structure 
and the value of the z-potential connected with it, 
which determine the intensity of the interaction 
of the particles with the medium, depend more 
on the synthesis method rather than on the size 
of the particles.

Comparing the data from Table 2 and the 
assumptions regarding the interaction intensity 
based on the IR spectroscopy, we can see that 

they are almost identical. The thickness of the 
interfacial layer corresponding to the interaction 
intensity is the largest for the the As sample, and 
then deteriorates in the same order as determined 
by the IR spectroscopy. A slight difference can 
be accounted for by the possible affinity of the 
resin to the specific surface groups, or by some 
additional factors. Aluminium oxide samples 
demonstrated the same correlation. The only 
difference is the use of electroexplosive particles 
(Ea) in the epoxy resin, where their effect on 
the viscosity is significantly stronger than the 
expected value. 

The fractal dimension is not so obviously 
connected with the interaction intensity. We 
assume that the most effective is the value of 2.3–
2.5, while the almost ideal values (D3max = 3) make 
the interaction with the medium less intensive. 
This is analogous to the process of cluster 
formation up to the point when a metastable 
isomer state is reached. It is known that at this 
point diffusion-limited aggregation of molecules 
is no longer a priority, because the system is ideal, 
and therefore it is more profitable to grow new 
clusters. In this case, the effective interaction 
between the particles and the environment 

Table 1. Interpretation of the IR spectra (cm–1)

Sample SiO2 Ls Ps Ts As
Shift in the frequency of OH stretching 

vibrations of the SiOH groups 79 87 83 83

Medium LAS* 2170 none none none
Strong BAS* none none none 2200

Hydrogen-bonded OH groups none weak 3650 3690, 3580 3690, 3580
Stressed Si-O-Si bridges 927 930 810 810

Stressed bridges none none 886, 946 886, 946
Sample Al2O3 La Ea Ta Aa

Terminal OH groups (over 3750) very weak
3795, 3780

very weak
3783 3785 strong 3785

Bridge OH groups (3650–3745) weak 3680, 
3695, 3732

3721, 3680 
weaker than 
those of La

medium 
3685, 3745, 
weak 3660

strong 3685, 
medium 3745, 

weak 3660
Medium LAS* 2180-2197 2189 none none

Medium BAS** 2164 none none none
LAS** in the ranges of:

1440–1460 none none 1447 1454
1590–1630 none none 1604 1622

* according to the stretching vibrations of the adsorbed СО
** according to the spectra of the adsorbed pyridine
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requires available LAS bonds, which form on the 
defects of the surface. At the same time, low D3 
prevents the formation of stable bonds between 
the atoms of the nanoparticles and the medium, 
also resulting in an insignificant increase in 
viscosity.

Therefore, the conducted study of the 
connection between the properties of the 
nanoparticles and their interaction with the 
medium demonstrated that it is possible to 
identify the particles by certain available 
parameters. The study thus provides researchers 
with a tool for forecasting the technological 
processes in this very complicated segment of 
nanotechnologies.

4. Conclusions
The article discussed the necessity to take into 

account the synthesis method when designing the 
technological processes with nanoparticles, since 
it determines the effectiveness of interaction of 
the particles with the medium. We suggest that 
the composition of the surface particle sites, 
which determine the intensity of their interaction 
with the environment, should be taken into 
account, namely LAS, basic sites, and BAS. The 
article demonstrated examples of the effect of 
such sites for the silica and alumina nanoparticles 
synthesised by means of several methods. The 
correspondence with the surface properties is not 
uniform and it is necessary to take into account 
surface forces. Therefore, the quality control of 
the full-scale production requires the control over 
the stability of size distribution of the particles 
and the fractal dimensions.
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