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Spatial organization of sodium nitrite nanoparticles in porous glass with

interface modified by titanium dioxide
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The results of a study of the effect of titanium oxide modification of the porous glass sodium nitrite interface on
the spatial organization of NaNO; nanoparticles obtained by introducing sodium nitrite from an aqueous solution
into the pore space of a mesoporous glass matrix with an average channel (pore) diameter of 6(1) nm (PG6) are
presented. It is shown, that in the nanocomposite (NCM) PG6+NaNO, sodium nitrite forms nanoagglomerates
with a radius of gyration of 68 nm, in which the amorphous and crystalline phases coexist. On a spatial scale from
2 to 27 nm, a surface fractal-type structure is realized in this NCM, described by the scattering law 1(Q) ~ Q™¢
(Q is the transferred momentum) with a = 3.57(2). The sizes of coherent scattering regions for sodium nitrite
nanoparticles in PG6+NaNO, and PG6+TiO,+NaNO, nanocomposites (~ 10 nm) have been determined.
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Several factors leading to significant changes in the
properties of nanostructured materials (compared to the
properties of their bulk counterparts) are known. One of
these is the influence of the interface that modifies the
properties of nanocomposite materials (NCMs). In the
present study, alkali-borosilicate glasses (ABSs) were used
as a matrix for the production of NCMs; the procedure
for fabrication of such mesoporous matrices was detailed
in [1,2]. Following partial acid etching of through intercon-
nected channels (their average diameter in our ABSs was
(D) ~ 45(5) nm) filled with a chemically unstable phase, a
mesoporous matrix with a dendritic 3D network of pores
(voids) was formed. The average pore diameter in the
obtained PG6 matrix was determined to be (d) ~ 6(1) nm
based on mercury porosimetry data. The total volume
(porosity of the sample) of these voids was ~ 25% of the
sample volume. NaNO, was used as the ,,guest” substance.
Its properties and structural evolution have been studied
extensively for both the bulk material and NCMs [3-8].
The fabrication of a titanium dioxide interface was detailed
in [9]. The average pore diameter decreases to ~ 4nm in the
process, but their through dendritic structure is preserved.
TiO, itself forms one or two amorphous material layers
on the surface of PG6 pores. NaNO, was introduced
into the voids of PG6 and PG6+TiO, matrices from a
saturated aqueous solution [9]; in both samples, 59% of
the initial PG6 pore volume were filled with NaNO,. It was
demonstrated in [9] that the presence of titanium dioxide
in pores has a profound effect on the dielectric proper-
ties of PG6+4TiO,+NaNO, nanocomposites, which change
radically compared to those of PG6+NaNO,. This effect
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may be associated with a change in spatial organization
and phase composition of the PG6+4TiO,+NaNO, NCM.
Therefore, the aim of the present study was to perform
a step-by-step examination of the evolution of spatial
NCM organization along the following chain: empty PG6
glass—PG6+TiO,—PG6+TiO,+NaNO,. The crystal struc-
ture of PG6+NaNQO; and PG6+TiO,+NaNO, samples was
studied using a SuperNova Oxford Diffraction (1 = 0.71 A,
MoK,;) X-ray diffractometer. Measurements were carried
out in transmission (the plate thickness was 0.5mm); the
exposed region of the samples was ~ 200 um? in size. The
background from the amorphous framework of empty PG6
and for the PG6+TiO, NCM was measured separately. The
spatial characteristics of the PG6+TiO,+NaNO, sample
were studied by small-angle X-ray scattering (SAXS) at
the Xeuss 3.0 setup (JINR, LNP, Dubna, 1 = 0.71,&) at
three different sample—detector distances: 550, 1825, and
4605 mm. Figure 1 presents the diffraction patterns for
the PG6+NaNO, and PG6+TiO,+NaNO, NCM samples
(the corresponding backgrounds from empty PG6 and
PG6+TiO, were subtracted). The structure corresponds
to NaNO,, but Bragg peaks are broadened strongly due
to the size effect. Having analyzed the peak widths,
we determined sizes (L;;) of the coherent scattering
regions (CSRs), which characterize the size of NaNO,
nanoparticles in NCMs: (L;) = 9(1) nm for PG64+NaNO,
and (L) =12(3)nm for PG6+TiO,+NaNO; (inset in
Fig. 1). Figure 1 shows clearly that the integral intensity of
Bragg peaks increases sharply for the PG6+TiO,+NaNO,
NCM: it is approximately 4.5 times higher than the one
for PG6+NaNO,. Since the degree of filling of the pore
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Figure 1. Room-temperature diffraction patterns for PG6+NaNO, (gray curve) and PG6+TiO,+NaNO; (black curve) NCMs. The

dashes at the bottom indicate the positions of peaks.

The inset shows sizes (L) of the coherent scattering region for NaNO, in

PG6+NaNO; (dark symbols) and PG6+TiO,+NaNO; (light symbols) NCMs.

space, the geometric dimensions of the samples, and the
measurement geometry were the same for both NCMs,
the intensity was logically expected to increase by a factor
of (La/Ly)? ~2.35 (instead of 4.5) due to an increase
in the CSR size. This fact supports the assumption
that the presence of titanium dioxide contributes to an
increase in the fraction of crystalline sodium nitrate in the
PG6+4TiO,+NaNO,; NCM. This also implies that both sam-
ples contain an amorphous phase of sodium nitrite, as was
suggested in [9]. SAXS studies of the spatial organization of
the PG6+TiO,+NaNO, NCM were performed next. The
spatial characteristics of PG6 and PG6+TiO, matrices were
determined in [10]. It is known [11] that the SAXS intensity
at large transferred momenta Q = 47” sinf (QRy > 1 is the
Porod’s region, where Ry is the radius of gyration, the
root-mean-square radius of inertia of a scattering particle)
is written as

1(Q) = AQ ™ +B, (1)

where A and B are constants and B is the background
at large Q. Constant A contains a difference in scattering
amplitude density (contrast) (Ap)? = (pp — ps)?, where pp
and ps are the scattering densities for the material in pores
and the matrix material [12]. In the case of highly branched
surfaces (surface fractals), 3 < a <4 [12]. The value
of a =4 corresponds to scattering by a smooth surface
(Porod’s law). At QRy < 1 (Guinier region), the following
relation holds true:

1(Q) = 1(0) exp(—(Q°Rg)/3). (2)
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The value of 1 < a < 3 corresponds to the presence of
a mass fractal with dimension D, = a, while 4 < a < 6
implies scattering by a diffuse surface [13].  Expres-
sion d=27/Q is sufficient for a transition to direct
space. Figure 2 presents the dependences of intensity
I(Q) for empty glass PG6 and the PG6+TiO,+NaNO,
NCM. The |(Q) dependence for the NCM differs sharply
from that for empty PG6 and PG6+TiO, [10]. In
the region spanning from Q; = 0.023 A~! (d=273A) to
Q; =0.26A! (d =24A), 1(Q) follows closely the Q~*
law with a = 3.57(2); ie.,a spatial structure similar to
a surface fractal is established on this scale in direct
space in PG6+TiO,+NaNO,. Using expression (2), we
determined Ry = 68(2) nm for NaNO, nanoagglomerates in
PG6+TiO,+NaNO,. The presence of a correlation peak in
I (Q) for unfilled PG6 with a maximum at Qpax ~ 0.02 A-1
is typical for porous glasses [14,15] and is attributable to
the process of spinodal decomposition [16] of the two-
phase system of the initial borosilicate glass [1,2], which
leads to the formation of structural units in the matrix with
characteristic size D ~ 27/ Qmnax, Where Qpax is the position
of the maximum of this peak. The correlation peak in the
PG6+TiO,+NaNO, NCM shifts strongly toward smaller
Q, which is associated with the emergence of additional
interfaces. The peak itself is characterized well by squared
Lorentzian

1(Q) = A/ ((Quaxo — Q)* + £2)° + By, (3)
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Figure 2. Dependences |(Q) for empty PG6 (solid curve) and the PG6+TiO,+NaNO, NCM (dash-and-dot curve). The dashed line
represents Porod’s law | (Q) ~ Q~*. The straight line between Q; and Q, marks the region where law 1(Q) ~ Q~*¥ holds for scattering

by the PG6+TiO,+NaNO, NCM.
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Figure 3. Diagram of spatial organization of sodium nitrite nanoagglomerates in the PG6+TiO,+NaNO,; NCM (a—c). Gray regions on
the left and right in all panels correspond to the PG6 matrix framework. Size L, = 12(3) nm of the coherent scattering region is indicated

in panel c.

where A; is a constant, B; is the background,
Qmaxo = 0.01264(2) A-1is the position of the maximum,
and « = 0.0078(2)A~! is the inverse correlation radius
(correlation radius re = 277/k). In direct space, the squared
Lorentzian corresponds to a correlation function of the form
F(r) = exp(—«r). The presence of this peak indicates that
NaNO, features local ordering with ro ~ 80nm on scale
L = 27/Qmaxo ~ 50nm. The ,shoulder in dependence
[(Q) for the NCM at Qp is associated with the residual

contribution of the correlation peak from PG6. Thus, the es-
tablishment of spatial organization of NaNO, agglomerates
in this NCM may be presented schematically as a sequence
shown in Figs. 3,a—c.

1. Following the first stage of acid etching [1], a multi-
connected 3D structure of secondary silica and etching
reaction products is established in channels of the matrix
framework with (D) ~ 45nm. This structure is presented
in the illustrated section in the form of ,islands“ (I in
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Fig. 3,a). The empty space (0 in Fig. 3,a) between the
»islands“ of secondary silica and the walls of a channel with
(D) = 45nm forms a 3D network of cavities (pores) with
an average diameter of 6 nm.

2. When an interface is created, a TiO, layer (2 in
Fig. 3,b) forms on the surfaces of channels and secondary
silica, and the average diameter of channels decreases
(~4nm) [9]. According to the SAXS data [10], a for
PG6+TiO, decreases sharply (to 3.21(2)) in the Porod’s
region relative to the corresponding o value for PG6
(close to 4) [10]. In the case of nanoparticles of TiO,
Ryt = 15(2)nm [10]; ie., titanium dioxide in the pores
of PG6 glass forms a surface fractal in several adjacent
pores with an average diameter of ~ 4nm that consists of
interconnected hollow cylinders. The empty space inside
them is filled with NaNO, at the next stage.

3. In PG6+TiO,+NaNO, « increases from 3.21(2)
to 3.57(2) in the Porod’s region (the surface fractal becomes
wsmoother), while Ry ~ 68nm exceeds significantly the
CSR size for NaNO,; particles determined from diffraction
data. Since 1(Q) is governed by contrast (Ap)? rather
than by the aggregate state of the scatterer, crystalline and
amorphous phases of NaNO, have the same contrast. In
this case, the most likely scenario is as follows: as the pore
space is filled, large agglomerates of sodium nitrite, which
consist of smaller nanoparticles of the crystalline phase (3
in Fig. 3,c) located inside more extended 3D regions of
the amorphous phase (4 in Fig. 3,¢), form there. It bears
reminding that the presence of titanium dioxide increases
the fraction of crystalline NaNO, in pores compared to
the case of the PG6+NaNO, NCM. If we assume that the
region of local ordering with r ~ 80 nm and a dendritic 3D
structure established in several neighboring interconnected
channels with (D) ~ 45nm may be inscribed in a sphere
with a certain characteristic Rgo, then Rgg may be estimated
using the formula for the radius of gyration for a sphere.
Let us take r¢ as the effective size of the region. Relation
(Rgo)? = 3/5(r¢)? [17] then yields Rgo~ 62nm. This
agrees closely with the Ry = 68(2) nm value obtained from
the analysis of SAXS data in the Guinier region. The
proposed model of spatial organization of sodium nitrite in
the PG6+TiO,+NaNO; sample explains well the features
of dielectric response of this NCM observed in [9].
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