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Abstract: Samples of porous matrices with the surface of channels (pores) modified with 
carbon were prepared on the basis of nanoporous sodium borosilicate glasses (SBS) with aver-
age pore diameter of 6 ± 0.5 (PG6) nm. A procedure has been developed for introduction of 
carbon into the PG6 channels from an aqueous solution of sucrose with its subsequent thermal 
decomposition. X-ray diffraction studies of the state of carbon in the pores of the obtained 
modified matrix have been carried out. The small-angle neutron scattering method is used for 
study of internal spatial arrangement of these matrices and to obtain information concerning 
to the state of channel surfaces in these samples. A combined analysis of the data obtained 
by X-ray diffraction and from the results of small-angle neutron scattering have shown that 
the process of thermal decomposition of sucrose in the channels leads to the formation of 
amorphous carbo layers on the internal surface of the channels (pores) in these glasses, i.e. the 
«matrix-porous space» interface is being modified.
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Аннотация. С целью создания нанокомпозитных материалов на основе искусственных 
нанопористых матриц с модифицированным интерфейсом разработана процедура 
введения углерода С в каналы нанопористого натриево-боросиликатного стекла (PG6) 
со средним диаметром пор 6,0 ± 0,5 нм из водного раствора сахарозы с последующим ее 
термическим разложением. Образцы созданного материала PG6+С были исследованы 
методами адсорбционной порометрии азота (NAP), дифракции рентгеновского излучения 
(XRD) и малоуглового рассеяния нейтронов (SANS). В результате XRD-исследования были 
получены данные о состоянии углерода в порах (размер пор определяли методом NAP) 
созданной модифицированной матрицы, а метод SANS позволил выявить особенности 
внутреннего пространственного устройства данной матрицы и получить информацию 
о состоянии поверхности каналов в этих образцах. Совокупный анализ полученных 
результатов показал, что процесс термического разложения сахарозы в каналах приводит 
к формированию слоя аморфного углерода на внутренней поверхности каналов (пор) 
данного стекла, т. е. происходит модификация интерфейса «матрица – пора».

Ключевые слова: нанопористое боросиликатное стекло, модификация интерфейса, 
малоугловое рассеяние нейтронов, рентгеновская дифракция
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Introduction

The link between confined geometry, in particular, the size effect, and the macroscopic physical 
properties of materials is the focus of much attention, as it is one of the most pressing problems in 
modern condensed matter physics, with experiments and theoretical models confirming that these 
properties are considerably modified in this case. The primary interest lies in the nanocomposite 
materials (NCM) based on natural and artificial nanoporous frameworks, which are actively used 
as porous glasses, opals, chrysotile asbestos, MCM-41 (48) and SBA-15 molecular sieves, etc. 
The existing methods for NCM synthesis allow obtaining materials with magnetics, ferroelectrics, 
semiconductors, metals, liquids and other substances embedded in the pore space. Modern 
experimental equipment can be used to study the relationship of the size effect and confined 
geometry with the crystal structure, phase transitions (PT), transport properties and other 
characteristics of nanostructured substances. 

Notably, tailoring the type of framework and the mean diameter of the channels makes it 
possible to trace the correlation between the size of a nanoparticle (and sometimes its shape) and 
the properties, assessing the role that the framework itself (in particular, the interface between the 
framework and the embedded material) and its topology (spatial arrangement) play in inducing 
new macroscopic physical properties in nanocomposite materials. 

Unfortunately, the effect of the interface on the properties of NCM has been poorly understood; 
for this reason, the goal of this study consisted of producing a new type of porous frameworks 
based on porous glasses (PG) with the mean pore diameter of 6 nm (PG6), where the interface 
between the framework and the pore space is modified by carbon coating. 

The majority of PG-based NCM considered previously were prepared by embedding materials 
into pores either from an aqueous solution or from a melt. Coating the surface of nanochannels 
with carbon dramatically alters the wettability of the framework by the embedded aqueous solution/
melt, potentially leading to major transformation in the spatial arrangement of nanoparticles 
in these nanocomposites, and therefore in the physical characteristics (macroscopic properties) 
of NCM. Our plan was not only to fabricate frameworks with a modified interface but also 
to compare their characteristics with similar parameters of pure PG6 glasses, obtaining data 
on the state of carbon coating in novel porous glasses. Nitrogen adsorption porometry (NAP), 
X-ray diffraction (XRD) and small-angle neutron scattering (SANS) were used to examine the 
properties of the frameworks.

Sample preparation and experimental methods

Porous sodium borosilicate (SBS) glasses with a mean pore diameter of 6.0 ± 0.5 nm (PG6) 
were used to prepare glasses with a carbon-modified interface; these are the so-called microporous 
glasses, obtained after partially removing the chemically unstable phase appearing during phase 
separation [1]. The pore diameter in the original PG6 frameworks was determined by mercury 
porosimetry; pores in these glasses comprise a random open 3D network of interconnected 
channels, that is, a dendritic structure. 

Porous glasses were prepared by the standard procedure [1] at the Ioffe Institute. Fig. 1 
schematically shows the spatial arrangement of an ‘empty’ PG6 glass. The pore space in the 
channels between the secondary silica particles (mainly consisting of silicon dioxide SiO2 and 
formed after acid etching of pure glasses) and the framework consisting of amorphous SiO2 is 
precisely what generates a random 3D network of interconnected nanochannels with a mean 
diameter of about 6 nm in this glass.

The samples for the measurements were rectangular plates of microporous SBS with the 
dimensions not exceeding 10.0 × 4.0 × 0.5 mm (due to the requirements imposed on the samples 
for SANS measurements with the setup). The porosity of these glasses was approximately 23% of 
the total sample volume. The sample of pure PG6 glass taken for SANS measurements weighed 
21.1 mg; the sample of pure PG6 glass taken for carbon filling was 30.3 mg; the carbon embedded 
into this sample weighed 1.6 mg (about 5%).

The glass plates prepared were processed as follows. First, pure porous glass was annealed 
in air for a day at a temperature of 500 ºС. Then the glass was immersed in a 15% aqueous 
sucrose solution (GR grade) and slowly heated to 200 ºС. As sucrose started to decompose, 
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the temperature was slowly raised to 300 ºС, and the sample was held at this temperature for 
about 24 h. The temperature was increased to 350 ºС for 30 min at the final stage of annealing. 
The degree of pore saturation was determined by the gravimetric method; it amounted to 
approximately 16.5 ± 2.3% of the initial pore volume. Naturally, filling the pores with carbon 
was expected to produce a decrease in the total pore volume and specific surface area of the 
channels, so we measured the decrease in this area by adsorption porosimetry (the BET method, 
proposed by Brunauer, Emmett and Teller [2, 3]). The specific surface area was 68.27 ± 0.14 
m2/g for pure PG6, and 49.58 ± 0.48 m2/g for glass with carbon, i.e., filling with carbon did in 
fact lead to a decrease in the specific surface area, while the overall change in this parameter 
was about 27%, which is in good agreement with the change in the pore volume. 

Diffraction studies were conducted at room temperature with the SuperNova X-ray diffractom-
eter system from Agilent Technologies (at Peter the Great St. Petersburg Polytechnic University) 
at 0.7092 Å wavelength (Kα1Mo), in transmission mode; the incident beam was focused into a 
narrow spot on the sample surface. 

The internal spatial arrangement in pure PG6 glasses and carbon-filled PG6 samples (referred 
to as PG6+C from now on) was analyzed using the YuMO spectrometer for small-angle neu-
tron scattering [4–6] at the IBR-2 pulsed reactor (Frank Laboratory of Neutron Physics, Joint 
Institute for Nuclear Research, Dubna, Moscow Oblast, Russia). 

The YuMO setup comprises two moving detector systems, with sample-to-detector distances 
of 5.28 and 13.4 m, covering the momentum transfer range of 0.006–0.500 Å−1; the momentum 
transfer Q is defined as follows:

Q = (4π/λ)·sin (θ/2),

where λ, Å, is the neutron beam wavelength; θ is the scattering angle.
The beam can be collimated to a diameter of 14 mm, i.e., the samples were completely 

covered by the incident beam in our case. The obtained neutron scattering spectra were corrected 
for transmission and thickness of the samples, background scattering by the holders used (thin 
adhesive tape served as the holder in our case) and by a reference vanadium sample in the SAS 
package [7, 8]. The I(Q) dependences were obtained as a result, corresponding to the neutron 
scattering intensity I versus the momentum transfer Q (cm−1 in absolute units). 

Fig. 1. Schematic spatial arrangement of the microstructure 
in microporous alkali borosilicate glasses [1]:

framework joints (shaded) consist mainly of SiO2; a microporous structure evolves in the region 
of the chemically unstable phase (CUP, the remaining space) after the first cycle of acid etching; 

secondary silica (black circles) has its own internal structure; the surfaces of the channels 
where CUP emerges are shown by black lines 
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Results and discussion

As a first stage of the study, we used X-ray diffraction to examine the state of carbon embedded 
into the pores of the PG6 glass. Fig. 2 shows the diffraction patterns for both pure and carbon-
filled PG6 glasses. No pronounced diffraction peaks were observed in both cases, as evident 
from comparing the simulated spectrum of graphite (Fig. 2, vertical lines) expected for the given 
wavelength with the experimental spectrum for PG6+C (also shown in Fig. 2).

We believe that any other crystalline phases of carbon are unlikely to appear, considering 
the technique used for filling the pores (see above). It has been established that SiO2 is in an 
amorphous state in a pure PG6 sample (the same can be concluded from analyzing the data 
in Fig. 2). Apparently, the spectra follow the same trend for both types of glasses; therefore, 
we can safely assume from the above that carbon is in an amorphous state in the PG6+C 
glass as well.

Notice the relative position of the curves: the one corresponding to scattering by PG6+C lies 
above that for PG6. Since the sample area illuminated by X-rays is the same in both cases (as 
follows from the geometry of the experiment), the samples have the same thickness and the same 
exposure time, additional scattering is associated with additional scattering centers, that is, carbon 
atoms, which is generally confirmed by our calculations. 

Because our studies were aimed at exploring the internal structure in PG6+C glasses and 
comparing it with similar parameters for PG6 samples, we subsequently applied the SANS method, 
whose exact benefit is that it can provide data on the spatial arrangement in the given objects, 
including the size of particles in glasses and their fractal characteristics. The following relation is 
known for the intensity I(Q) of neutron scattering by porous systems, [9]:

I(Q) ~ Vp
2 np

2(ρp – ρs)
2P(Q) S(Q), (1)

where Vp , cm
3, is the volume of the pores; np, cm

−3, is their spatial density; ρp and ρs, cm
−2, are 

the scattering-length densities of the material in the pores and in the framework, respectively; 
P(Q) is the shape factor for pores (or particles in the framework); S(Q) is the structure factor 
depending on spatial ordering of the pores (it describes the interference effects from the scat-
tering controlled by the contrast between the pore and the framework); recall that Q, Å−1, is the 
momentum transfer (see above). 

Fig. 2. XRD patterns for pure (dashed line) and carbon-filled (solid line) 
samples of porous PG6 glasses. 

The vertical lines mark the positions of the most intense peaks in graphite (C) 
at a given wavelength (0.7092 Å); the figure shows the intensity percentage 

for each reflection relative to the (002) peak 
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Considering disordered systems such as porous glasses, provided that there is no strong 
correlation between inhomogeneities (or fluctuations in the scattering length density) and given 
large Q values, the structure factor S(Q) and the difference in the scattering-length density 
(Δρ)2 = (ρp – ρs)

2 play a major role in Eq. (1). Large values of Q are assumed to be those falling 
within the Porod region [10], where the condition QRg ≥ 1 is satisfied (Rg is the radius of gyration, 
or the root-mean-square radius of inertia for a scattering particle or pore).

In view of the above conditions, relation (1) is further simplified:

I(Q) = A·Q−α + B, (2)

where A, B are constants, and B is the background value at large Q. 
It was found in [11] that the values of the exponent α for highly branched surfaces (surface 

fractals with the dimension DS within 2 < DS < 3) lie in the interval 3 <α ≤ 4, and the following 
expression holds true for the scattering intensity:

I(Q) = A·Q – (6 – Ds) + B, (3)

while the parameter (Δρ)2 is implicitly included in the constant A [11], that is, the quantity Δρ 
(often called the contrast) plays a fundamental role in the dependence of intensity I of small-angle 
neutron scattering on the momentum transfer Q.   

Now let us consider the experimentally obtained dependences I(Q) for PG6 and PG6+C 
glasses (Fig. 3). Notice that all data shown in Figs. 3 and 4 are normalized to the mass of the 
samples.

The fundamental difference between the glasses is that there is only a single interface sepa-
rating the framework from the pore space in pure PG6 glass, which is what actually controls the 
scattering. Since the pore space is filled with air, we can assume that ρp = 0, so that the relation 
for total scattering is determined by the quantity ρs, written as follows for SiO2:

ρs = (bSi + 2bO)·NA ·ds/Mmol, (4)

where bSi, bO, cm, are the amplitudes of neutron scattering by silicon and oxygen nuclei, 
respectively, bSi = 4.149·10–12 cm, bO = 5.803·10–12 cm [12]; NA, mol–1, is the Avogadro number; 
ds, g/cm

3, is the physical density of glass, ds = 2.12 g/cm3; Mmol, g/mol, is the molar mass of SiO2, 
Mmol = 60.084 g/mol. 

Fig. 3. Intensity of small-angle neutron scattering as a function 
of momentum transfer for pure PG6 (triangles) 

and carbon-filled PG6+C (squares) porous glasses. 
The upper grid corresponds to the spatial scale L (Å) in direct space
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Substituting the values, we obtain ρs:

ρs(SiO2) = 3.35·1010 сm–2.

There are three interfaces in the PG6+C glass sample: carbon/framework, carbon/pore space, 
and framework/pore space. Similar calculations by Eq. (4) for the scattering-length density of 
neutrons from carbon (in our case, dC = 2.15 g/cm3, bC = 6.64·10−12 cm for graphite) yield ρs(С) = 
7.18·1010 cm–2. The scattering intensity is proportional to (Δρ)2; the values of (Δρ)2 are fairly large 
in the case of PG6+C at all three interfaces, so that the value for the interface between carbon 
and framework,

Δρ = (7.18 – 3.35)·1010 = 3.83·1010 cm–2,

is higher than that for the interface between the framework and the pore space. A sharp increase 
in scattering by the PG6+C sample should be expected then, compared with PG6, which is ob-
served in the experiment (see Fig. 3). On the other hand, as noted above, the relative fraction 
of carbon amounts to only about 5%, while the scattering (as evident from Fig. 3) increases by 
several times and even by an order of magnitude in the range Q ≈ 0.02 Å–1. It is self-evident that 
such an effect is possible only for well-developed interfaces produced through modification with 
carbon. The I(Q) dependences also exhibit intensity peaks at Qmax1 ≈ 0.0222 Å–1 for PG6 and 
at Qmax2 ≈ 0.0203 Å–1 for PG6+C. As is well known, a modulated structure (correlation peak) 
forms in standard porous Vycor-type SBS glasses. This structure has a characteristic spatial scale 
L ∼ 2π/Qmax, where L amounts to about 30–45 nm, and the scale does not depend on the mean 
pore diameter, exclusively characterizing porous matrices of this type. Filling a part of the pore 
space with carbon leads to a small (but clearly visible) shift in the position of the Qmax2 peak to-
wards a larger L (about 31 nm) compared with the corresponding value for PG6 (about 28 nm), 
while the peak itself becomes much more pronounced compared with the curve for PG6. The 
likely reason for this is that a new, additional spatial scale appears, related to regions with local 
ordering of carbon atoms. 

The next stage of the study involved detailed analysis of the slopes in the I(Q) dependences 
for PG6 and PG6+C samples in the region with large momentum transfer Q, where the Porod 
law would be expected be fulfilled (Fig. 4); according to this law, I(Q) ~ Q–4. Indeed, the law 
is apparently well satisfied for both samples in the range of Q values from 0.03 to 0.10 Å–1, sug-
gesting scattering by the smooth surface of channels (pores). If Q ≈ 0.1 Å–1 (this corresponds to 
a spatial scale of about 6 nm, i.e., the mean channel diameter according to mercury porosimetry 
data given earlier), crossover is observed in the behavior of the I(Q) dependences. A region where 

Tab l e 

Nitrogen adsorption porosimetry data for glass samples considered 

Glass sample
Mean pore diameter, nm

for adsorption for desorption 
PG 6 12.70 7.03

PG 6+C 8.31 4.73

Nota t i on s : PG6 and PG 6+C correspond to pure porous SBS glass with a mean pore diameter 
of 6 nm and the same glass filled with carbon (C).
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I(Q) ~ Q–3.1 (dashed line in Fig. 4 ,a) can be reliably detected for pure PG6 in the range 0.100 
< Q <0.178 Å–1, corresponding to scattering by a surface with a well-developed fractal structure. 
This is either scattering by the elements of the internal structure in secondary silica particles (see 
Fig. 1), or by the elements of the spatial structure of the entire chemically unstable phase. Filling 
the porous PG6 glass with carbon leads to a sharp increase in the parameter α up to 3.6 (see Fig. 
4,b), that is, spatial branching is partially removed from the CUP surface and the value of this 
parameter approaches 4, characteristic for Porod’s law (α ≈ 4). If this is the case, a decrease in 
the mean pore diameter should be observed as a result. We verified this assumption using nitrogen 
adsorption porosimetry and obtained the results presented in Table. 

The data presented are clear evidence that filling the PG6 glass with carbon considerably 
modifies the spatial arrangement of the pore space of the resulting new framework, i.e., carbon 
not only covers the surface of the channels where CUP evolves (see Fig. 1), but also the CUP 
particles themselves; the mean diameter of the channels between these particles also partially 
decreases.

Fig. 4. Detailed analysis of the dependences for PG6 (a) and PG6+C (b) 
samples shown in Fig. 3, in the region where the Porod law I(Q) ~ Q–4 is fulfilled 

(marked by straight solid lines). 
The upper grids correspond to the spatial scale L (Å) in direct space

b)

a)
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Conclusion

Analyzing the XRD and SANS spectra, we have established that embedding carbon into the 
pore space of pure porous SBS glass with a mean pore diameter of 6 nm (PG6) modifies the 
internal structure of the pore space. We have confirmed that the carbon embedded into the pores 
(channels) of the initial framework is in an amorphous state, producing layers in this space both 
on the surface of the channels, where a chemically unstable phase (CUP) evolves, and on the 
CUP particles. A sharp increase in the scattering intensity I(Q) in the PG6+C sample compared 
with PG6 (despite the small mass fraction of carbon embedded into the pores) suggests that well-
developed interfaces carbon-filled emerge. The intensity of small-angle scattering in the region 
of high momentum transfer Q is in good agreement with Porod’s law, i.e., scattering by channels 
with a smooth surface. 

Thus, we have obtained nanoporous frameworks with carbon-modified interfaces. 
These frameworks were used to synthesize new nanocomposite materials (NCM); as the next 

stage of research, we plan to embed ferroelectrics (whose properties were previously studied only 
for standard nanoporous SBS) into the pores of these NCM to gain data on the effect of the 
modified interface on the macroscopic physical properties of NCM.
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