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Neutron diffraction study of porous glasses structure
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Microscopic structure of three types of porous glasses with the average pore diameter of 5, 7 and
140 nm obtained by chemical etching was studied by neutron diffraction. The analysis of
diffraction patterns has shown that in these glasses, besides an amorphous phase forming a weakly
structured background, there are microscopic crystalline inclusions of sassolite with a diffraction
size of 26+ 3 nm and of o-quartz with a characteristic size of 641 nm. Microcrystalline inclusions
sizes do not depend on the average pore size diameter. It is shown that in these samples a tridymite
phase does not make a significant contribution to observed scattering and a relative sassolite
contribution decreases substantially with the average pore size increasing from 5 to 140 nm.
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1. Introduction

Porous glasses (PG), obtained as a result of through chemical etching of alkali
borosilicate (ABS) glasses with a two-framework structure [1, 2], are promising
prototype matrices for new nanocomposite materials (NCM), whose properties are
defined by the properties and the state of substances embedded into nano-range pore
space [3]. In these NCM, numerous interesting, and absent in bulk, macroscopic
physical properties (both from fundamental viewpoint and practical application) have
been observed. Thus, for example, for nanostructured sodium nitrite (obtained by
embedding the matrices with different average pore diameters into porous glasses) it
is shown that a decreasing pore diameter leads to a decrease in the temperature of phase
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transition (PT) into a ferroelectric phase, type of PT, giant growth of dielectric
permittivity and mobility of constituent ions above PT temperature [4—7]. These NCMs
with embedded ferroelectrics could be considered as quite promising materials for
FeRAM [8] and capacitors with ultra-high capacitance.

While studying the temperature evolution of NCM crystal structure and
determination of nanoclusters size, it is important to have information about a possible
contribution from the matrix itself (porous glass) to the diffraction peaks observed in
the experiment. Using X-ray scattering on porous glasses, it is shown that depending
on the composition of initial two-phase ABS glasses, the obtained PG are either X-ray
amorphous [9] or they also contain microscopic crystalline a-quartz, tridymite and
sassolite inclusions besides amorphous silica [10]. It should be noted that the presence
of small amounts of microcrystalline boron- and silica-containing phases with
compositions depending on initial glasses chemical etching conditions was established
by electron microdiffraction [11, 12]. The positions of elastic peaks corresponding to
these inclusions can coincide with the positions of reflections from the embedded
material, and this will lead to distortion of not only a peak shape and broadening of
Bragg peaks, but also to incorrect results related to crystal structure and nanoclusters
sizes of embedded materials.

To determine this possible contribution from the microcrystallites of the matrix
itself and to estimate also the sizes of these microcrystallites, the study of the structure
of three porous glasses types was carried out using neutron diffraction. The advantages
of this method in comparison with those mentioned above are: i) this is a nonde-
structive method, ii ) neutron penetration in samples is large (many orders of magnitude
larger in comparison with X-rays), which allows to obtain a diffraction pattern
corresponding to the total in-beam volume averaging, iii) at the same time there are
no limitations in the X-ray phase analysis: a small amount (< 5%) of crystalline phase
or small crystallite sizes lead to diffraction peaks broadening that makes it impossible
to give an unambiguous answer about the presence of microcrystallites. Electron
microdiffraction allows to register the presence of a microcrystalline phase, but its
identification is complicated in those cases when there are more than two micro-
crystalline phases. In a number of cases, neutron diffraction allows to realize this
procedure.

2. Samples and experiments

Three porous glasses types, PG5, PG7 and PG140 with the average pore diameters of
5,7 and 140 nm, respectively, were used as samples. PG compositions and parameters
characterizing the pore space are listed in Table 1. According to Zhdanov’s defini-
tion [1], PG5 and PG7 are microporous glasses. A system of interconnected open-
-ended pores in these PGs is obtained after a single etching cycle of two-phase ABS
glasses by acid-salt solution. According to the results of an initial glasses structure
study by transmitted electron microscopy (TEM), the sizes of liquation channels in
the inves-tigated two-phase glasses range from 25—60 nm to ~200 nm [9, 11, 15, 16].



Neutron diffraction study of porous glasses structure 273

Table 1. Compositions of porous glasses and parameters of pore space.

Porous glass composition [wt%] Pore space parameters
. Average pore Porosity™*
Na,0 B,0; SiO, ALO;  P,05 |F| radius® [nm] (%]
PG5 0.17 5.96 93.75 <0.1 0.07 0.05 4.9 27
PG7 0.43 5.80 93.67 <0.1 - - 7.1 25
PG140  0.60 8.62 90.55 023 - - 140 57

Note: for PG5 glass, the data from [13, 14] are listed.

We have defined pores parameters for PG7 and PG140 according to the procedure explained in [13]:
*Calculation from nitrogen thermal desorption;

**From weight method.

It should be noted that there is a difference between the microporous glasses PG5 and
PG7, which consists in their qualitative composition (ref. Table 1), and in particular
there are phosphate- and fluoride-ions in PGS5.

As for PG140, this macroporous glass (according to Zhdanov’s definitions [1])
was obtained from microporous glass (like PG7) after the second chemical etching
cycle, but by alkali solution. As a result of one-stage glasses chemical etching,
the parameters of PG pore space are determined by the sizes of the so-called secondary
silica particles and the density of their package [17]. Pore diameters of macroporous
glasses correspond to liquation channels sizes, formed by a chemically unstable phase
in the initial two-phase glass [18].

After chemical etching of glasses, the alkali and acid residuals were carefully
washed out from PG by distilled water. Directly before measurements all samples were
dried in a vacuum furnace at ~150 °C during approximately 1.5 days to remove water
adsorbed in pores and to decrease the background due to neutron scattering on
hydrogen at diffraction measurements. All experiments were carried out on a powder
diffractometer E2 (Helmholtz-Zentrum Berlin, Germany) at incident neutrons
wavelength 1.21 A and at scattering angle 28 from 6 to 82°.

3. Results and discussion

In Figure 1, the experimental diffraction patterns for glasses PG5, PG7 and PG140 are
presented. It can be easily seen that in addition to a large background associated with
scattering on amorphous silica there are also clearly pronounced diffraction peaks
(marked with arrows and numbers 1-5), which indicate the presence of regions with
crystal structure, and their total contribution to the scattering is quite large in compar-
ison with a background. Widths of these peaks considerably exceed the experimental
resolution of a diffractometer. It is easy to see that the integral intensity of the first
peak decreases with pore diameter increasing and the peak itself becomes less
pronounced. It should be noted that for PG7 and PG140 practically identical diffraction
patterns are observed, which is probably caused by the same silica framework nature.
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Fig. 1. Neutron diffraction spectra from porous glasses with the average pore diameter of 5 nm (PGS),

7 nm (PG7) and 140 nm (PG140). Numbers 1-5 mark the positions of peaks used to determine parameters

of phases contained in these glasses. For obviousness sake spectra shifted on y-axis by 1000.

Some difference between PG5 and PG7 (PG140) diffraction patterns can be caused
by formation (along with borosilicate microcrystalline phases) of the phosphorous-
and/or fluoride-containing crystal structures, like for example Na,SiF¢ [19]. Unfortu-
nately, the number of peaks available, their apparent broadening and high background
do not allow us to carry out a full scale profile analysis procedure to determine all
possible contributions to the total diffraction pattern from different phases; however
available experimental data allows to make a whole number of conclusions important
for understanding the microscopic structure of porous glasses.

Initially we have tried to identify crystalline phases giving a contribution into
the scattering. To this end, the expected neutron scattering spectra have been modelled
tridymite, o-quartz and sassolite, which presence in similar glasses have been shown
in [9-12]. Necessary unit cell parameters and atoms positions have been taken from
papers [20-22]. In Figure 2, the calculated spectrum for tridymite and the experimental
spectrum for PG140 are shown. As it is possible to see, the positions of very intensive
peaks (especially at angles 17-23°) for tridymite do not coincide with experimental
peaks, moreover there are almost no tridymite peaks in the region where experimental
elastic peaks are observed.

It leads to the conclusion that the contribution of a tridymite phase is too small or
is absent practically. Therefore this contribution to the scattering was not further
considered. In Figure 3 the calculated spectra for a-quartz (Fig. 3a) and sassolite
(Fig. 3b) in comparison with experimental data for PG7 are presented. It is easy to see
that there is almost no contribution from a-quartz to peaks 3, 4 and 5 since the elastic
peaks corresponding to this quartz modification lie at different diffraction angles.
However, there are peaks corresponding to sassolite structure. For peaks 1 and 2
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Fig. 2. Experimental spectrum for PG140 and calculated spectrum (corrected for diffractometer
resolution) for tridymite phase (dashed line). Vertical lines at the bottom — tridymite elastic peaks
positions.
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Fig. 3. Experimental spectrum for PG7 and calculated ones for ¢-quartz (a) and sassolite (b) adjusted for
instrumental resolution. Vertical lines at the bottom — elastic peaks position for the respective phases.

the situation is a bit different: in these angle diapasons there are peaks both from
a-quartz and sassolite. It is known that the intensity of scattering for every Bragg
reflection is proportional to a structure factor in square F2.

In the first step of the treatment, peak 3 of an experimental pattern has been
represented by a sum of Gaussians (this shape corresponds to an instrumental line
shape of our instrument) corresponding to elastic reflection for sassolite in this angle
diapason. The amplitude of each Gaussian was determined by the corresponding
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Table 2. HKL values, peaks positions (scattering angle) and structure factors for sassolite elastic
peaks in peak 3 angle range of diffraction pattern (Figs. 1-3).

Reflection Reflection Scattering angle 268 Structure
number HKL multiplicity [deg] factor F2
1 [1-21] 2 22.45 12.34
2 [002] 2 22.76 19.56
3 [-102] 2 22.83 7.16
4 [-121] 2 23.32 14.13
5 [200] 2 23.7 8.22
6 [0-21] 2 24.07 7.86
7 [-221] 2 24.78 8.73
8 [2-11] 2 25.22 7.53

structure factor (Miller indices HKL, scattering angles and structure factors are
presented in Tab. 2), fitting parameters (except background parameters) were Gaussian
widths, which for all peaks were the same (since its value is determined by convolution
of instrumental resolution with peak broadening due to a finite crystallite size), and
a parameter taking into account a normalization on integral intensity under that peak.
The obtained curves described the shape of peak 3 quite well for all data. Using
calculated standard deviation value o, the full width at half maximum (FWHM)
By, was determined and then the broadening due to a size effect was found using
a standard formula

[ 52 2
Bsize = Bexp _Bres (1)

the instrumental FWHM B, in this angles range was known initially from E2 dif-
fractometer calibration on standard samples. Then from B, a respective crystallite

size was determined using a well-know Scherrer’s formula [23]:

094

- Bg,.cos(0) @

where: A — neutron wavelength, B
scattering angle.

Using this approach, we have obtained the estimation of a sassolite nanocluster
size 2643 nm. It should be noted that the sizes (diameters) of liquation channels in
the initial two-phase glasses allow the formation of sassolite nanoparticles of this size
in pore space. Further this value was used to describe the contribution in scattering
from these nanoclusters to all other peaks, where it is present (peaks 1, 4 and 5) together
with a-quartz, and for determination of ¢-quartz nanoparticles size from peak 2 also.
Using the calculation procedure mentioned above and taking into account the de-

size — €xperimental broadening of elastic peak, 68—
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pendence of diffractometer resolution function from scattering angle, it is possible to
achieve a fine fit for shapes of peaks 4 and 5 and satisfactory fit for peak 1. Unfor-
tunately, peak 1 contains the contributions not only from a-quartz but possibly from
a tridymite phase. Moreover, the sharp growth of a background at small angles is
difficult to be correctly approximated. The last two circumstances and insufficient
statistics have not permitted to determine the true shape of peak 1. At the next step,
the similar procedure (formula (3)) was applied for peak 2 for all obtained diffraction
patterns, as there were the contributions from both sassolite and ¢-quartz phases into
the integral intensity (and line-shape) of this peak;

2 2
2 (x —x;) 2 (x —x;)
I~ AZFl.exp ———2—;;—— +BZEl.exp ———;é—— 3)
1 2

where: / — integral intensity under peak 2, F [2 — structure factors for a-quartz
reflections; F j2 — structure factors for sassolite reflections; x; and X — elastic peaks
positions for ¢-quartz and sassolite from simulation data; o7 and o, — elastic widths
of ar-quartz and sassolite peaks, respectively. The value o, was taken from fitting of
peak 3 and was constant at fitting of peak 2; varied parameters were 4, B and o] —
width of «a-quartz reflections. The parameters 4 and B correspond to the relative
oa-quartz and sassolite phases contributions. The peak positions and structure factors
for bulk a-quartz and sassolite used at simulation are listed in Tab. 3.

Table 3. HKL values, peaks positions (scattering angle) and structure factors for a-quartz and
sassolite elastic peaks in peak 2 angle range of diffraction pattern (Figs. 1-3).

Reflection Scattering angle 26 Structure
Substance HKL multiplicity [deg] s factor F2
o-quartz [011] 6 20.8533 3.5
o-quartz [101] 6 20.8533 9.86
Sassolite [2-10] 2 20.27 6.77
Sassolite [110] 2 20.37 11.21
Sassolite [-111] 2 20.78 3.09
Sassolite [-211] 2 21.16 8.5

The results of fitting procedure of peak 2 for all glass types are shown in Fig. 4.
One can see that the description of experimental shape is very good. From the broad-
ening of a-quartz elastic peaks, the size of -quartz nanocrystals was determined to
be 61 nm and this size does not depend practically on glass type. The obtained 4 and
B parameters are presented in Tab. 4. It can be seen that with an increasing
average pore diameter, the relative contribution of -quartz phase to the total scattering
(A/B ratio) increases and sassolite fraction is determined with larger relative error.
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Fig. 4. Results of the integral intensity and peak shape fitting for peak 2 for PG5, PG7 and PG140 using
the model described in the text. Experimental errors are shown in the figure.

Table 4. Parameters 4 and B values (Eq. (3)) corresponding to relative contribution from ¢-quartz
and sassolite to peak 2 integral intensity for PG5 and PG140.

Ayerage pore Parameter 4 Paramejter B Ration 4/B
diameter [nm] (a-quartz) (sassolite)

5 86+2 2142 4.1+0.5
140 138+7 17+6 8.1+3.2

A decreasing of sassolite contribution in the scattering at transition from microporous
(PG5) to macroporous (PG140) glasses can be related to a decrease in sassolite
concentration (on absolute scale) due to the dissolution of the boron-enriched inner
surface layer of pore walls at alkali etching of PG [24].

4. Conclusions

The studies of the microstructure of porous glasses with average pore diameters of 5,
7 and 140 nm by neutron diffraction have shown that in these glasses there are sassolite
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and «a-quartz microcrystallites with characteristic size of 26+3 nm and 6+1 nm,
respectively. Their sizes are independent of pore diameters. A significant contribution
of a tridymite phase in our studies is not found. It is shown that the sassolite
contribution decreases substantially with an increase in the average pore diameter.
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