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The comparative analysis of atomic structure and morphology of fumed silica nanoparticles prepared under
different synthesis conditions has been carried out using TEM, FTIR, quantum chemistry, and low-temperature
nitrogen adsorption methods. It has been determined that the structure of amorphous silica nanoparticles is
formed by branched chain-like clusters of 0.6 - 2.4 nm in size that correspond to proto-particles or nuclei of
nanoparticles. A linear part of the smallest clusters is consisted of two tetrahedra SiO4 with common oxygen atom
and oppositely directed vertices. The inter-tetrahedral average angle Si — O — Si is ca. 180°. It has been shown
that the textural porosity of fumed silica powder depends on the initial degree of aggregation of nanoparticles.
The average mesopores (1 nm < R < 25 nm) volume is in the rage of 0.26 - 0.60 cm* g™ for materials pretreated
at different temperatures. It has been found out that the mean pores radius decreases from 34 nm to 10 nm with
decreasing average size of silica nanoparticles. The micropores (R < 1 nm) contribution to the total pore volume

is small for all materials (0.003 - 0.029 cm®g™).
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Introduction

The main feature both of natural and synthetic forms
of disordered amorphous silica is the absence of long-
range ordering of the oxygen and silicon atoms
arrangement, the isotropy of physical and chemical
properties, and the difference from zero of the entropy of
these materials at 0 K. The structure of quartz glass
formed by three-dimensional disordered grid consisted of
vertices-joined [SiO,] tetrahedra has been well
investigated [1]. The radial distribution function of
quartz glass has the first intense maximum at ca.
0.162 nm and the second one at about 0.265 nm [2].
These distances correspond to the Si-O and O-O bond
lengths in [SiO,] tetrahedra and are close to similar
characteristics of the structure of crystalline silica form
with tetrahedral coordination of silicon atoms [3]. The
blurred character of subsequent maxima indicates short-
range ordering (0.6 - 0.7 nm) for quartz glass and other
amorphous forms of silica. Most models of amorphous
silica are based on the disordered spatial grid approach
[4]. At the same time, the presence of local ordering in
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the X-ray amorphous silica is possible at the distance up
to 0.8 - 1.0 nm [5]. There are some notifications about
crystal-like structural motives in disordered silica. There
are conclusions on the presence of ultrafine crystallites in
amorphous silica of quartz or tridymite structures [6]
based on FTIR data. The ribbon-like crystallites with a
wollastonite-like structure were observed in silica gel
using optical spectroscopy [7]. According to NMR
spectroscopy data, the structure of silica gel consists of
fragments of cristobalite [8], but for fumed silica both
quartz and cristobalite motives were observed [9].

The most forms of disordered silica have a globular
morphology at a nano/microscaled level. The nucleation
and growth of globular nanoparticles is typical for the
pyrogenic synthesis that is caused by flame reaction
conditions (reaction medium, flame velocity, turbulence
and temperature). Coagulation and coalescence processes
are happened simultaneously with primary silica
nanoparticles formation that leads to the formation of
various aggregates of nonporous nanoparticles (NPNP)
and agglomerates of aggregates. The morphological
properties of fumed silica depend on temperature of
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reaction medium and velocity of gas/vapor flow. The
variations of these parameters allow one to control the
material structure and texture. At the same time, there is
a lack of information on the morphology effect on the
short-range ordering in fumed silica nanoparticles. The
combination of optical spectroscopy and HRTEM
methods may allow us to observe ultrafine clusters in the
amorphous silica nanoparticles. The main aim of this
work was to study correlations between the short-range
structural arrangement and morphological characteristics
of fumed silica.

I. Materials and characterization

The fumed silica samples were synthesized by
combustion of silicon tetrachloride vapor in a hydrogen-
air flame at 1100 — 1400 °C [10]. The morphological
characteristics of the powders were analyzed using low-
temperature nitrogen adsorption-desorption isotherms
recorded using a Micrometrics ASAP 2405N analyzer.
The calculation of the BET specific surface area and pore
volume were done according to standard methods [11].
The pore size distributions were calculated using
modified Nguyen-Do method and a regularization
procedure at a = 0.01 [12] with a model of pores as voids
between nonporous nanoparticles (NPNP) in aggregates
and agglomerates. The morphology of silica
nanoparticles and their secondary structures was
investigated using a transmission electron microscope
(TEM) JEM 2100F (accelerating voltage 80 -200 kV,
points and lines resolution of ca. 0.19 nm and 0.1 nm,
respectively). FTIR spectra were recorded using a
Nicolet 8700A (Thermo Scientific) spectrometer at room
temperature.

I1. Results and discussion

Fumed silica was synthesized as a result of high
temperature oxidation of silicon tetrachloride in the
oxygen-hydrogen flame at industrial conditions [13]. The
properties of fumed silica depend on many factors: a
molar ratio of the reagents (SiCl;, O, H)), gas flow
velocity and turbulence in a reaction chamber, and flame
temperature. The analytical characteristics of the test
samples correspond to the specifications of the technical
conditions of Ukraine for industrial grades of silica A-50,
A-150, A-200, A-300, and A-380 (Technical conditions
of Ukraine 24.6-05540209:2007). The formation of
fumed silica nanoparticles can be divided into several
steps: protoparticles nucleation — primary particles —
aggregates — agglomerates [14].

At the first stage of the reaction, the oxidation of
silicon tetrachloride molecules, first, to silicon monoxide
and, second, to silicon dioxide is occured. Gas-phase
polymerization leads to the formation of small
oligomeric molecules (SiO,), (x > 6-10) that form
protoparticles (Fig. 1) [15, 16] as a kinetically unstable
cluster of SiO, molecules [17]. The primary particle
formation at the next stage is a result of spatial
optimization of [SiO,,] species coordination with the
unification of separate oligomeric chains. These
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processes are accompanied by coalescence of
protoparticles, surface energy minimization and leads to
mostly spherical morphology of primary particles. These
primary particles were directly observed by TEM for
A-150 and A-380 samples (Fig. 2). The aggregation of
primary particles at the next stage is a result of chemical
bonding of surfaces hydroxyl groups with elimination of
water and formation of ordinary siloxane bonds [18]. The
compactification of primary nanoparticles due to direct
sintering with the formation of the secondary particles
can associate to mesoporous 3D-grid (Fig.2). This
texture provides the hysteresis loops formation on the
adsorption-desorption isotherms of nitrogen (Fig. 3, a).
The calculated values of the BET specific surface area
for investigated samples are 52, 150, 179, 270, and
414 m%g. The average nanoparticle sizes of
A-50, A-150, A-200, A-300, and A-380 samples are 50,
18, 15, 10, and 7 nm, respectively. A linear (R* = 0.98)
dependence of the total pore volume vs. specific surface
area (Fig. 3, b) is an evidence of a smaller aggregation
degree for silicas with a smaller Sget value.

1.04
7 o 1
PO~ o 4 S0)
EAER = S LS e e
Sen, RRD *ug«"ti‘__‘ﬂ:
08l :ﬁ:‘ ﬁ%’%@
i R i)
12 18 25mm SAXS
S 061
2
I
o 04
w
o
o
o Models
0.0+t .

1 10 ; 160
Particle diameter (nm)

Fig. 1. Particle size distribution for A-300 calculated

using small angle X-ray scattering (SAXS) [15] and

clusters with 22, 44, and 88 tetrahedrons calculated using

DFT method (oB97X-D/cc-pVDZ, Gaussian 09, D.01)

[16].

Mesopores are dominating for all investigated
silicas. A decrease in the average particles size causes a
decline of mesopore size values (Fig. 3, c) since the
samples with the most probable pore size of 7, 10, 15,
and 50 nm have the average pore size of 6, 8.5, 10.5, and
34 nm, respectively. The micropores contribution to the
total pore volume is respectively low (0.003 -0.029
cm*g?). The direct HRTEM observation of silica
particles allows one to detect nanopores of ca. 0.3 - 0.5
nm in sizes localized along atomic chains and as voids
between adjacent NPNP in aggregates. The nanopores
content increases with decreasing average particle size
because the number of contacts between adjacent smaller
NPNP increases in more strongly compacted aggregates.

Its known that the crystalline structures of silica and
silicates are based on the [SiO,] tetrahedrons formed at
sp® hybridization of the silicon atom valence electrons.
According to the Magnus rule, the type of coordination
polyhedrons in the oxide material depends on the ratio
between of the cation (r¢) and anion (r,) radii. The
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b
Fig. 2. TEM images of (a) A-150 and (b) A-380 samples morphology.
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Fig. 3. (a) Nitrogen adsorption-desorption isotherms; (b) total pore volume vs. specific surface area, and (c) pore size
distribution for fumed silica samples prepared at different synthesis conditions.
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Fig. 4. () HRTEM image of fumed A-380 and (b)
distribution spacing calculated using TEM image and
Fiji/local thickness software (https://imagej.net/Fiji).

structural stability vs. tetrahedral coordination is ensured
in the range of 0.225 <r./r, <0.414. The silicon atoms
typically have a tetrahedral coordination with r. /r, ratio
close to 0.3. The [SiO,] tetrahedra typically are bonded
through common oxygen atoms without common edges.
HRTEM image of fumed A-380 nanoparticles (Fig. 4)
demonstrates filamentous domains (average length and
width of about 0.6-24 and 0.26-0.28 nm,
respectively). The average size of the [SiO,] tetrahedra is
0.297 - 0.298 nm that is close to the observed domains
width and the average height of the tetrahedron side, i.e.,
short filamentous domains formed by [SiO,4] tetrahedra.
The similar linear clusters [(SiO-),0,H3] were observed
for porous silica prepared using the laser ablation method
[19].

The linear condensation of the [SiO,] tetrahedra
during the pyrogenic synthesis causes the three-
dimensional chains formation with nucleation of 3D
silica particles on the next stage. This process is possible
only with an open branched chain with a period of two
tetrahedra (Fig. 5,a). The alternation period of the
isolated chains is defined as the number of polyhedra in
one repeating fragment of the linear part of the chain
[20].

The formation of locally ordered three-dimensional
structure is possible at the orientation of the [SiO,]
tetrahedra vertices perpendicular to the chains. In this
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case, the @si.0.si angle along the linear chain is close to
180° and the formation of the six-chained rings upon
[SiO,] tetrahedra association is possible (Fig. 1, insert
and 5, b). The atomic structure of amorphous SiO, is
characterized by a series of oxygen atoms, the distance
between which is equal to the length of the [SiO4]
tetrahedron edge (Fig. 4, b) surrounded by four groups of
oxygen atoms. These groups of atoms in a plane
perpendicular to the chain clusters are directly observed
in HRTEM images. The three-dimensional atomic
structure of fumed silica nanoparticles is formed by
linear short and open clusters ordered with a period of
two [SiO,4] tetrahedra. The spatial disorientation of chain
clusters and their different lengths cause the long-range
structural disordering of the fumed silica (Fig. 4, b). The
confirmation of this hypothesis is possible with the
careful analysis of FTIR data.

Fig. 5. The models of (a) linear [SiO,4] tetrahedra formed
chain as a main structural unit of amorphous SiO, and (b)
its possible arrangement in silica structure.

The typical infrared (IR) spectra of fumed silica
nanoparticles are characterized by the presence of
valence symmetric and asymmetric Si-O stretching
vibrations in the [SiO,] tetrahedra corresponding to
bands at 808-810 cm™ and 1300 - 900 cm™, respectively
(Fig. 6, a). The band with a maximum at 480 - 471 cm™
corresponds to the deformation vibrations of the siloxane
framework.

The deconvolution procedure performed for wide
bands at ca. 1400 — 900 cm™ (Fig. 6, b) allows one to
obtain additional information on structural ordering of
silica samples. The analysis was realized using a
specialized Univem 2.07 software. The spectral lines
were fitted with pseudo-Voigt functions. The wide bands
at a range of 1350 — 900 cm™ was optimally decomposed
with six spectral lines (Fig. 6, b).

The FTIR spectra of silica with the specific surface
area of 52 m?g™ contain weak bands at ca. 1308 and
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Fig. 6. (a) FTIR spectra of fumed silica samples and (b) the results of deconvolution of the bands at 1350-900 cm™.

945 cm™. A band at 1308 cm™ is better observed with
decreasing silica particle sizes. The band at 945 cm™
growth and splits into two bands at ca. 968 and 939 -
941 cm™ (Fig. 6, b). The intensity of four other bands at
ca. 1240, 1182, 1118, and 1047 cm™ decreases with
decreasing average particle sizes. The observed
longwave shift with decreasing nanoparticle sizes is a
result of the size effect associated with the Laplace
pressure influence [21].

The Si-O bond length and the ¢sios; angles for
typical silicates vary in the range of 0.157 nm<
lsio<0.172nm and 120° < @sipsi < 180° [20]. For
crystalline silica modifications (quartz, cristobalite,
coesite, and tridimite), the values of these parameters
change in the ranges of 0.1594 nm <55 <0.1621 nm
and 137° < @sjpsi < 180°.  The peculiarity of the
crystalline structure both of silica and silicates is the
correlation between the siloxane bond lengths in the
[SiO,] tetrahedra and the @siosi angle values. The
increase in lg;_o typically corresponds to the @sjosi angle
decreasing. The comparison of the structural
characteristics of crystalline silica allows one to make a
conclusion that only one of the four @gjos; Valence angles
in coesite is equal to 180° when other is about 142 - 137°.
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The corresponding Si— O bond length for the coesite is
0.1594 nm and 0.1621 nm. The differences in the atomic
structure of crystalline silicas influence the FTIR spectra.
The FTIR spectra of the typical crystalline modifications
of silica (quartz, cristobalite, coesite, and tridymite) [22]
were analyzed.

The IR spectra of coesite contain the characteristic
bands at 1227 cm™ and 1038 cm™. The asymmetric
stretching vibrations frequency range for amorphous
silica is respectively wider comparatively to crystalline
silica spectra. The high-frequency band of asymmetric
vibrations for fumed silica is observed at ca. 1240 -
1236 cm™ (Fig. 6, b) that is an evidence of the shorter
Si— O bonds and @sjosi angle close to 180°. The low
intensity band of asymmetric vibrations at ca. 1038 cm™
is characteristic of coesite only that the fumed silica
contains the longer siloxane bonds compared to other
silica modifications. The bands at ca. 1047 - 1040 cm™
and 1182 — 1100 cm™ indicate the presence the Si—O-Si
bridges with the valence angles of ca. 137 - 147°. It is
clear that the variations in the chain length and spatial
ordering can cause a broader range of the valence angles
in [SiO,4] tetrahedrons in amorphous silica. At the initial
stage of the pyrogenic synthesis, the interaction of SiCl,
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with water molecules leads to the formation of Si(OH),
orthosilicic acid. Their condensation in a turbulent
reaction medium causes the formation of small SiO,
protoparticles (nuclei). The growth of globules due to the
coalescence of protoparticles is limited only by the flame
temperature and reaction duration. During the molecules
Si(OH), condensation some silanol groups do not
participate in the formation of three-dimensional
structure. This is a reason of Si—-OH bonds response in
the FTIR spectra of fumed silica. The deformation
vibrations of the O-H bonds in the silanol groups were
detected as a band at 1628 - 1626 cm™. The band at 968 -
939 cm™ in the spectra of small nanoparticles indicates
the isolated chains formation with the edges connected
[SiO4] structural units. There are two characteristic bands
in the FTIR spectra of Si,O,-based clusters at ca. 950 -
980 and 1030 - 1050 cm™ [23].

Conclusions

The atomic structure of fumed silica nanoparticles
has been investigated using HRTEM, FTIR, quantum
chemistry, and low-temperature nitrogen adsorption
methods. It has been shown that fumed silica is
characterized by short-range structural ordering. The X-
ray amorphous silica is formed by linear open-branched
chain clusters of ca. 0.6-24nm in length. Each
repeating fragment of a linear part of a chain cluster

contains two [SiO,] tetrahedra bonded through a
common oxygen atom. Inter-tetrahedral Si — O — Si angle
along the chain is close to 180°. The value of valence
angles in Si— O - Si bridges between chains is about
137 - 147°. The presence of small (<10 nm) silica
particles leads to the appearance of a weak band at ca.
968 -939 cm™ in the FTIR spectra that indicates the
presence of [SiO,4] tetrahedra with common edges. The
textural porosity of fumed silica depends on the degree of
aggregation of primary nanoparticles since the smaller
the nanoparticles, the greater the porosity of the powder
and the aggregation of NPNP. The mesopore volume in
the fumed silica powder varies in the range of 0.26 -
0.60 cm*-g*. The contribution of nanopores to the total
pore volume is small as 0.003 - 0.030 cm*-g™.
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ATOMHA CTPYKTYpa Ta MOP(}0J10Tisi MipOreHHOT0 KPpeMHe3eMy

YIBH3 «Ipuxapnamcokuii nayionanshuil yrisepcumem iveni Bacuns Cmedanuxa,
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VY cTaTTi NpUBeNeHO NOPIBHAJIBHUN aHaji3 aTOMHOI CTPYKTYpH i MOpQOJIoril MipOreHHHX HaHOYACTHHOK
KpeMHe3eMy, SKi OTpMaHI IpH Pi3HUX YMOBaxX CHHTE3Y, 3a JOIOMOTOI0 METOIIB TPAHCMICIHHOI eNeKTPOHHOL
mikpockorii (TEM), IY-cnekTpockorii Ta HU3bKOTEMIIepaTypHOl afncopOuii azory. Bu3HaueHo, Mo CTpyKTypa
X-npomMeHeBOaMOPGHHOTO KpeMHe3eMy (OPMYeThCS BIIKPHTOPO3TATYKEHHMH JIAHI[IO)KKOBUMH  KIIACTEPAMH
nosxuuoro 0,6 - 2,4 um. JliHifiHA 4acTHHA IMX KJIACTEPIB CKIAMAEThCS 3 JABOX TeTpaeapiB SiO4 i3 crinsHAM
aTOMOM OKCHT€HY Ta IPOTHJIEKHO CHPSMOBAHMMH BEepIIMHAMH. MDKTeTpaeIpUUHHMN CepelHill KyT 3B’SI3KiB
Si— O - Si cranosuts mpubmuzHo 180°. Iloka3aHo, II0 MOPHCTICTh MIPOTCHHOTO KPEMHE3EMYy 3alCXKHTh BiJ
MMOYaTKOBOT'O CTYyIEHs arperaiii HaHouacTHHOK. CepenmHiii 00°’eM Me30mop 3HaXOmuThcs B miamazoni 0,26 -
0,6 cM¥r ams Marepianis, sKi OTpHMaHi 3a pisHHX TeMmmeparyp. BusHauemo, mo cepemmiii posmip paxiycy
Me30mop 3MeHImyeTbess 3 34 HM 710 10 HM i3 3MEHIIEHHSM CEpeAHBOT0 PO3MIpY TEPBHHHUX HAHOYACTHHOK
KpeMmHe3eMy. Bxiag Mikpomop y 3arajgbHHil 00°’€éM TOp HEBeNMKHHA I Bcix MatepianiB (mpubmmsHo 0,003 -
0,029 eMr).

KiawuoBi ciaoBa: miporeHHHH KpeMHE3eM, KPHUCTANIUYHUA KpEMHE3eM, KIacTepd KpeMHe3eMy,
CHJIOKCAaHOBHUH 3B’A30K.
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