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Abstract—Changes in the composition and physicochemical properties of porous monolithic 3D nanostruc-
tures of aluminum oxyhydroxides (porous monolithic aluminum oxides, PMAO) chemically modified in
methyltrimethoxysilane vapors have been studied by thermal-analysis methods. The conditions of formation
and compositions of organosilicon compounds on the PMAO surface have been determined, a high degree
of hydrolysis (91%) of the alkoxy groups of the modifier during chemisorption has been confirmed. The
dependence of the composition of the porous nanocomposite structure (Al,0;—SiO,) on the conditions of
chemical and thermal treatment has been investigated. General changes in the chemical composition of the
nanocomposite when using different annealing times in the range from 100 to 1200°C has been described.
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INTRODUCTION

The study of the structure and physicochemical
properties of porous media and 3D nanocomposites
comprises an important task of modern materials sci-
ence. The properties of nanocomposite media can dif-
fer significantly from those of both bulk materials and
individual nanoparticles forming a nanocomposite
material, which opens up new opportunities for creat-
ing materials with certain dielectric, magnetic, and
optical properties depending on the degree of order-
ing, size, shape, chemical, and phase composition of
nanoparticles [1]. One should especially note that the
development of the technology of new nanomaterials
and nanocomposites based on porous structures opens
up additional opportunities for creating optical media
with controlled properties for the terahertz range.

In the present work, we investigated 3D nanomate-
rials synthesized using an original technology [2—4],
the products of which were monolithic highly porous
structures that represented a spatial 3D grid of alumi-
num hydroxide nanofibrils of a diameter of 6 £ 2 nm
and an average length of 100—300 nm. Highly porous
monolithic blocks of the material based on nanostruc-
tured aluminum oxyhydroxides (PMAO) synthesized
recently normally have a volume of up to 1 dm? and a
constant cross-sectional area, which is determined by
the size and shape of the metallic Al plate, whereas the

height depends on the synthesis time: at room tem-
perature, the growth rate of PMAO is =1 cm/h. In
terms of physical and chemical properties, PMAO
materials are very similar to aerogels, but differ from
them fundamentally in the method of production: the
surface of a liquid metal alloy containing aluminum is
oxidized in one stage at room temperature in a humid
air atmosphere. PMAO materials retain their solidity
during annealing up to 1700°C and above, but the lin-
ear dimensions of the samples decrease isotropically,
while their physical properties change significantly:
density from =0.02 to <3 g/cm?’, open porosity from
99.3 to 25%, specific surface area from 300 to 1 m?/g,
and the phase composition from amorphous
A1203'4H20 to ’Y‘, 9-, al’ld OC-A1203 [2—6]

One should mention that the prospects of using
PMAO-based materials for terahertz optics are partic-
ularly determined by the possibility of optimizing an
important parameter of the complex permittivity of a
medium. Controlling the 3D structure parameters and
changes in the chemical composition of PMAO allows
changing the dielectric, magnetic, and optical proper-
ties of a material. High and completely open porosity
of PMAO materials makes it possible both to chemi-
cally modify both the surface of nanofibrils and fill the
free space in the 3D nanostructure with nanoparticles
using liquid and gaseous media [7—12]. Treatment of
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Fig. 1. Results of TGA studies of the samples: (/) PMAO,
(2) PMAO-M(2), (3) PMAO-M(3), (4) PMAO-M(4),
and (5) PMAO-M(7).

the nanofibrils’ surface with organosilicon com-
pounds (tetracthoxysilane (TEOS), trimethylethox-
ysilane (TMES), and methyltrimethoxysilane
(MTMYS)) with subsequent annealing up to 450°C is a
simple and efficient method to deposit a thin layer of
SiO, on the surface of nanofibrils [9—12]. The pres-
ence of even a monomolecular layer of SiO, noticeably
affects the diffusion mass transfer in the surface layer
of nanofibrils of the PMAO—-SiO, composite, which,
when the samples are annealed up to <800°C, results in
a significant difference in the properties of the original
and modified nanomaterials, namely, the 3D structure
parameters, bulk density, morphology of nanofibrils,
and kinetics of the phase transition of amorphous
Al,05;:nH,0 into the y-phase of Al,O; [11, 12].

PMAO materials remain monolithic during
annealing up to 1700°C and above; however, the linear
dimensions of the samples decrease isotropically,
while their physical properties change significantly:
density from =0.02 to <3 g/cm?, open porosity from
99.3 to 25%, specific surface area from 300 to 1 m?/g,
and structural-phase state from amorphous oxyhy-
droxide Al,O5nH,0, where n = 3.4—4.6, to crystalline
oxides, Y-, 0-, and a-Al,O5 [2—6].

The objective of the present work was to study the
effect of the processing time in MTMS vapors on the
chemical composition and evolution of the structural
parameters of PMAO—SiO, nanocomposites (herein-
after, PMAO-M) at thermal treatment up to 1200°C.
Particular attention was paid to the water content in
the nanomaterials as the main factor causing losses in
the terahertz range.

EXPERIMENTAL

Monolithic PMAO samples were grown on the sur-
face of a thin layer of mercury (several microns)
deposited on the surface of an Al plate of a thickness of
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0.5 mm. The samples were grown in a climate chamber
with a controlled air atmosphere at a constant tem-
perature of 25°C and humidity of 70%. Under these
conditions, a monolithic 3D nanostructure formed
and grew strictly normally to the surface of the Al
plate. The PMAO growth rate was ~1 cm/h [2—4].

Chemical modification of the surface of the
PMAO samples was carried out at room temperature
in saturating MTMS vapors, the processing time was
2, 3, 4, and 7 hours. Both the initial PMAO samples
and the PMAO-M samples were processed in MTMS
vapors for 4 h and, then, annealed in a muffle furnace
at fixed temperatures in the range from 100 to 1200°C
for 4 h. After each stage of the processing, the samples
of PMAO and PMAO-M were weighed, their linear
dimensions were measured, and the changes in mass
and volume density were estimated.

The PMAO and PMAO-M samples were studied
by thermal analysis (TA) methods in dynamic and
modulation modes in an argon medium using DSC-
Q100 and TGA-Q500 devices (TA Instruments,
United States), as well as in a nitrogen atmosphere
using a TGA-Q50 device (TA Instruments, United
States) fitted with a Nicolet iS 10 IR Fourier spec-
trometer (Thermo Fisher Scientific, United States).

RESULTS AND DISCUSSION

Thermal treatment of the PMAO and PMAO-M
samples results in an isotropic decrease in their linear
dimensions, increase of the volume density, and
changes of the structural-phase state of the fibril
material from amorphous to crystalline. Along with
increasing density, their mechanical strength also
increases.

The thermogram of the unprocessed PMAQO sam-
ple is shown in Fig. 1. The mass-loss curve has two
characteristic sections: a low-temperature one from
~20 to 250°C, where losses reach ~30%, and a high-
temperature one from 250 to 700°C, where the maxi-
mum mass loss of the sample does not exceed 15%. In
earlier-published works [4, 6], the composition of
PMAO was described as Al,O5 - nH,0, where n = 3.6—
4.2. As for the PMAO sample grown at 25°C and 70%
humidity, we obtained the following value: n = 3.59 + 0.3.

Figure 1 also shows thermograms of PMAO-M(X)
samples that were chemically treated with MTMS
vapors, where X is the duration of treatment in hours.
As follows from comparing the mass-loss curves, the
main difference between the PMAO and PMAO-
M(X) samples was observed for the relative total mass
loss: the longer the exposure time in MTMS vapors,
the less the mass loss at annealing (Table 1). As can be
concluded from the results given in Table 1 and Fig. 2,
(1) treatment of the samples in MTMS vapors at room
temperature leads to an increase of the mass of the
PMAO samples, whereas the maximum saturation of
the surface with hydrolysis products is achieved in 4 h,
Vol. 59
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Table 1. Results of TGA studies of PMAO-M(X) samples in the temperature range of 20—700°C, where m/my, is a relative
change in the mass of the samples as a result of treatment with MTMS, Am is a relative increase in the mass of samples
treated with MTMS vapors, and A is a relative total mass loss when the samples are heated to 7},,,, = 700°C

Sample m/m; Am, % Aw, % X y
PMAO — — 40.52 — —
PMAO-M(2) 1.0982 9.8208 35.08 0.36 £ 0.06 0.23+£0.14
PMAO-M(3) 1.0990 9.8947 34.10 0.41 +0.16 0.25+0.08
PMAO-M(4) 1.1363 13.6313 31.64 0.46 = 0.04 0.27 £ 0.09
PMAO-M(7) 1.0888 8.8797 30.38 0.41 £ 0.07 0.16 £ 0.07

and (2) the process of hydrolysis of MTMS is deter-
mined by its interaction with hydroxyl groups and
adsorbed water on the surface of PMAO. This process
reduces the water content in the samples; however, the
total mass of the PMAO-M(X) samples increases due
to the deposition of hydrolysis products, which can be
described by the following reaction equation:

Al,O;-nH,0 + xCH;Si(OCH;),
— Al,05-x[CH3(OCH;),Si0, 5_g 5, | (D
X (n—1.5x+ 0.5xy)H,O + x(3 — y)CH3OHT,

where x is the number of moles of MTMS adsorbed on
the surface per 1 mol of Al,O; and y is the average frac-
tion of nonhydrolyzed methoxy groups in MTMS
molecules.

During the TGA process, the PMAO-M(X) sam-
ples were heated up to 7,,,, = 700°C, which led to the
complete decomposition of hydrolysis products with
the formation of a thin layer of SiO, on the surface of
the nanocomposite structure, Al,053xSi0;:

A12O3'X[CH3(OCH3)ySiOl.S—O.Sy]
X (n—1.5x+ 0.5xy)H, O — AlL,0; - xSiO,.

From the TGA data and measurements of relative
mass changes during the annealing of the PMAO and
PMAO-M(X) samples, parameters x and y in equation
(1) (Table 1) were estimated, which enabled us to
establish almost complete (~91%) hydrolysis of
methoxy groups on the surface; here, the molar con-
tent of Si in the material was from 15 to 25% per mol
Al (Fig. 2). For comparison, the authors of [12] per-
formed chemical modification of PMAOQO using TEOS
and obtained molar ratios Si/Al from 5 to 25%,
depending on the processing time. The obtained iden-
tical maximum values of the Si content confirmed that
the model describing the saturation of the PMAO sur-
face with hydrolysis products was sound.

The proportion of the surface occupied by the
adsorbate under conditions close to saturation was
estimated. If we proceed from the assumption that
some of the MTMS molecules adsorbed on the surface
remain nonhydrolyzed, while the rest of the surface is
covered with CH,;Si(O—);, a product of complete
hydrolysis of MTMS, then the proportion of adsorbed

()
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MTMS molecules does not exceed 9% and the resi-
dues of complete hydrolysis are equal to 91%.

To estimate the area occupied by one MTMS mol-
ecule, we assumed the value of the molar volume of
the molecule as 109.172 ¢cm?/mol, which was calcu-
lated using the Gaussian 09 program and quantum-
chemistry calculation of the optimal structure and
volume of molecules. The area occupied by the
adsorbed molecule on the surface was estimated based
on the assumption of that the molecule has a spherical
shape. This assumption was quite justified if we con-
sidered the fact that the central Si atom in
CH;Si(O—); was in a tetrahedral environment. By
occupied area, the residue of CH; Si(O—); is virtually
equal to the size of the SiO, molecule [13], which
remains on the surface as a result of annealing. The
thickness of the SiO, layer on the surface of the 3D
Al,0;—Si0, nanocomposite was 0.97 £ 0.07, i.e.,
~] monolayer.

One should mention that the treatment of PMAO
at 7 > 30°C and high pressures of saturating MTMS
vapors could lead to the formation of cavities of up to
1 mm in size inside the monolith, destroying the uni-
formity of the 3D structure. We attribute this to the
formation of MTMS condensate in the volume of the

0.6

Parameter x

Treatment time, h

Fig. 2. Dependence of parameter x, which determines the
Si content in the NAOM samples, on the processing time
with MTMS vapors.
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Fig. 3. Study of the effect of pre-annealing on the composition of PMAO-M(4) samples. (a) Changes in the relative content of H,O per
Al,O3 molecule after pre-annealing at temperature 73, the composition of samples after pre-annealing is given, and m is the number of
moles of H,O per 1 mol Al,O3 after annealing up to 7,,,, = 700°C: (/) PMAO-M(4), without annealing, Al,O3 -
0.46[CH3(CH30) »7Si01 345] - 3.84H,0; (2) T}, = 100°C, Al,O3 - 0.46[CH3(CH30), 175101 415] - 3.19H,0); (3) T}, = 200°C, m =

2.32; (4) Ty, = 380°C, m = 1.87; (5) T;, = 520°C, m = 1.73; (6) T}, = 650°C, m = 1.66: (7)

T, =900°C, m = 1.21; (8) T;, = 1000°C,

m=0.94; and (9) T}, = 1200°C, m = 0.554. (b) Thermograms in the low temperature range of 20—200°C. Samples pre-annealed
at 7}, = 380°C show a significant difference in the course of the decomposition curves of the deposited products to 7~ 150°C.

3D structure and on the surface of nanofibrils, with
subsequent destruction by capillary forces.

The effect of prethermal treatment on changes in
the overall chemical composition was studied on the
PMAO-M(4) samples, and the results are shown in
Fig. 3. An increase in pre-annealing temperature 7T}
leads to a decrease of the total mass loss of the samples
at T, = 700°C. To describe the evolution of the
chemical composition of the samples, two tempera-
ture ranges of pre-annealing should be discerned. The
first range is low-temperature, 7, < 380°C. Under
these conditions, complete hydrolysis of methoxy
groups occurs and the bound water is partially
removed from nanofibrils; however, methyl groups
(CH;—) remain on the surface and the total composi-
tion of the surface layer can be described as
AlLOyx[Si(CH3)O; 5 — 5] - mH,0, where m is the
number of mol H,O per 1 mol AL,O;. Quantitative
estimates of parameter m for the thermograms
obtained at TGA with T,,,, = 700°C are given in the
caption to Fig. 3.

During high-temperature annealing of the samples
at 7 > 400°C and above, all the adsorbed water is
removed, methyl groups are oxidized, and a layer of
Si0O, is formed on the surface [14]. Heating the sam-

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

ples up to 800°C and above reduces the content of
structural water in nanofibrils to m < 0.1 and the crys-
tallization of the y-Al,O; phase begins. At tempera-
tures above 1200°C, all the structural water is com-
pletely removed and the o-Al,O5 phase is formed [4]:

ALO;-X[Si (CH3 ) 01.5—0.5y]'mH20

. (3)
— Al,05-xSi0,.

To establish the sequence of decomposition stages
of the deposited products, measurements were carried
out in the modulation mode. Activation energy E, was
estimated for various stages of decomposition [15].
The activation energy for NAOM-4h (Fig. 4a) has a
plateau in the range of 100—440°C corresponding to a
stage of decomposition: the removal of water. In addi-
tion, there is a peak around ~450°C, which indicates
the beginning of another stage occurring simultane-
ously with the previous one. For the NAOM sample
(Fig. 4b), a significant deviation from the constant
value of E, begins at ~300°C. Thereafter, the depen-
dence takes on a more complex form, the interpreta-
tion of which becomes difficult. However, on the mass
loss curve at T'= 850°C, there is a step corresponding
to the loss of ~1.5% H,O during the phase transition of
aluminum hydroxide y-Al,O; [4]. Since the obtained
Vol. 59
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Fig. 4. TG and DTG curves obtained in the modulation mode for samples of (a) NAOM-4h and (b) NAO.

results do not allow complete separation of the stages of
phase transitions, the obtained numerical values of the
activation energy must be considered as estimated ones.
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Fig. 6. DTA curves for cooling and reverse heating of the
NAO sample: (/) heating curve; (2) cooling curve.
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No residues of organic decomposition products
were detected during annealing of the samples NAO,
NAOM-2, NAOM-3, and NAOM-4 by IR-Fourier
spectroscopy. This can be explained by their low con-
tent, as well as a fairly long annealing stage in the air
atmosphere. The IR spectra of the samples studied do
not virtually differ, while bands associated with water
absorption are observed on all of them. Changes in the
intensities of the bands over time correspond to the graph
of differential TG curves indicating the release of water
throughout the decomposition process (Fig. 5).

The DSC curves at cooling to 7= —85°C and
reverse heating did not show transitions to crystalliza-
tion or melting (Fig. 6). At T'= —27°C, a curve bend
similar to the glass transition was observed. This fact
indicates the bound state of water molecules in NAO
and preventing crystallization (Fig. 6).

CONCLUSIONS

As a result of the study, we have determined a rela-
tionship in changes in the composition and structural-
phase properties of nanostructured aluminum hydrox-
ide during its modification of methyltrimethoxysilane
and heat treatment. The composition of the NAO
samples has been confirmed: Al,O, -nH,0, where n =
3.6. A high-temperature stage of decomposition of the
material corresponding to the phase transition of alu-
minum hydroxide to y-Al,O; has been detected by the
modulation TGA method.

The dependence of the chemical composition of
NAO nanocomposites with MTMS processing prod-
ucts on the holding time of NAO samples in vapors has
been established. Four hours are enough to fully satu-
rate the surface: during this time, the formation of a
monomolecular layer of chemosorbate occurs. As a
result of interaction with the surface, hydrolysis of
methoxy groups characterized by a degree of transfor-
mation equal to 91% takes place. The composition of
Vol. 59
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NAOM samples after high- and low-temperature
annealing at different temperatures has been studied.
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