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Abstract: The chemical vapour deposition technique was applied to obtain Ti/SBA-15 composites.
Titanium(IV) tetraisopropoxide (TTIP) and titanium(IV) tetrabutoxide (TNBT) as sources of TiO;
were deposited on mesoporous silica (SBA-15) from the gaseous phase at 180200 °C and treated at
250 °C in air. X-ray diffraction, Fourier-transform infrared spectroscopy, and Raman spectroscopy
were used for structural investigations. Moreover, energy-dispersive X-ray spectroscopy studies and
electrophoretic mobility measurements were conducted. Investigations revealed that Ti ions were
mainly deposited on the SBA-15 surface as a thin layer of amorphous TiO,. However, Ti ions were
not detected in the composites synthesized using TNBT as the starting reagent. The thickness of the
deposited titanium oxide layer was estimated as 6-7 nm, and the porous silica structure has not been
damaged. Moreover, the Ti ions deposition on the SBA-15 surface did not significantly change the
investigated Ti/SBA-15 composites’ thermal stability compared to pristine silica.

Keywords: chemical vapour deposition; mesoporous silica; SBA-15; surface modification

1. Introduction

Highly porous materials have attracted considerable attention due to their outstanding
physicochemical properties such as considerably high specific surface area and particular
pore volume, highly ordered mesoporous structure, and the possibility of easy modification
towards specific functionalizations such as adsorption, photo-catalysis or electro-catalysis,
drug delivery, and release media, etc. [I-4]. As a representative, one often refers to the
silica-based mesoporous material —SBA-15, which has a morphology of a hexagonal array
of uniform tubular channels with a tunable pore diameter in the range of 5-30 nm and
thick pore walls of 3-6 nm [5]. Moreover, SBA-15 attracts attention due to the high value
of its specific surface area, which is as high as 1000 m?-g~! [1], and good thermal stability,
reaching 700 °C [6].

For tailoring SBA-15 properties, metal ions are introduced into the silica framework.
Most often, this is realized by the addition of metal precursors during the process of silica
synthesis. This technique is often called a “direct” or ‘one-pot” synthesis, and it was used
to produce various composites, such as Ti/SBA-15 [5], Al/SBA-15 [7], Fe/SBA-15 [8], and
Zr/SBA-15 [9]. In this case, metal incorporation occurs in the whole volume of the prepared
composite, leading to its homogeneous distribution. Such materials were studied mainly
for their catalytic properties. The metal-modified materials obtained by direct synthesis
show enhanced thermal stability compared to their pristine silica analogues.

Modification of the SBA-15 structure can be also realized by the adsorption of metal
ions from the solution or by impregnating silica with solutions of metal salts followed by
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drying and calcination. However, the main drawback of this method is an agglomeration
of the metal on the composite surface, thus some actions against it need to be taken during
these techniques. For example, Ni/SBA-15 composite was obtained by impregnation of the
SBA-15 in the aqueous nickel(II) nitrate solution with EDTA (ethylenediaminetetraacetic
acid) addition [10]. The use of the Ni(II)-EDTA complex resulted in homogeneous Ni ions
distribution on the SBA-15 surface, significantly improving the catalytic activity in the
hydrogenation of naphthalene. Most composites obtained this way contain crystals of
metals or their compounds rather than uniform layers.

Another option for the synthesis of functionalized silica is the modification with
volatile compounds of metals. Recently, Kosmulski et al. developed the chemical vapour
deposition (CVD) method where Sn, Ti, and Al ions were placed directly onto the SBA-15
surface by absorbing metal chloride vapours below their boiling point temperature [11-13].
This method allows obtaining composited with a slightly lower value of a specific surface
area and uniform distribution of the metal ions onto the silica surface in comparison to other
more popular methods. For example, structural investigations of Sn/SBA-15 composites
revealed that Sn ions were located in the pores rather than on the external surface [12].
In the case of the Al/SBA-15 composite, CVD allowed obtaining a uniform layer of Al
ions on the silica surface without crystallization which resulted only in a slight decrease
of the specific surface value [11]. However, this method has limited applicability. Metal
precursors must evaporate and absorb onto the silica surface without destroying its porous
structure which restricts their use at temperatures below 700 °C.

Ti/SBA-15 composite is attractive due to its significant catalytic properties. Moreover,
the low cost of materials and their environmentally friendly character has increased interest
in synthesizing such composites in recent years. Therefore, significant efforts have been
devoted to developing transition metal (titanium) doped silica frameworks. The most
common method to incorporate Ti ions into the mesoporous silica framework is the co-
condensation technique [5,14]. However, mixed-phase products containing TiO, crystallites
and disordered porous SiO; are frequently obtained [15,16]. Low loading of isolated Ti ions
in Ti/SBA-15 could be achieved by the ‘one-pot” method because titania clusters would
dissolve under the acidic synthesis environment of SBA-15. Post-synthesis methods to load
titanium onto the SBA-15 surface have been employed to solve this issue [16]. Titanium
alkoxide sources are usually chosen to substitute TiCl4 to avoid damaging the silica frame-
work by the corrosive gaseous HCl by-product [17]. Dry solvents such as dried alcohols,
alkanes, and toluene are often used to avoid the rapid hydrolysis of titanium alkoxides. Lin
et al. [16] prepared Ti/SBA-15 by grafting SBA-15 with titanium tetraisopropoxide (TTIP)
and titanium tetrabutoxide (TBOT) in several solvents (i.e., 1-butanol, ethanol, isopropyl
alcohol, 1-hexanol, toluene, and n-octane). They found that the type of solvent has little
effect on the formation of Ti crystallites on the SBA-15 surface. The drawback of this method
was the use of relatively expensive Ti precursors and hazardous solvents.

In our work, Ti/SBA-15 composites were synthesized by the chemical vapour deposi-
tion method presented in Refs. [11,13], with some modifications. To avoid the formation of
acidic by-products, we used organic titanium compounds such as titanium tetraisopropox-
ide (TTIP) and titanium tetrabutoxide (TNBT) as starting reagents for Ti loading on the
silica surface. The influence of the titanium source and synthesis conditions on the Ti ions
incorporation ratio and type of Ti deposited form were investigated. Systematic structural
and chemical composition studies of the Ti/SBA-15 composites were done by X-ray diffrac-
tion, nitrogen sorption isotherm, FTIR, Raman Spectroscopy, EDS, and electrophoretic
mobility.

2. Materials and Methods

Mesoporous silica was produced by a standard procedure presented in Ref. [6]. For
silica coating with titanium ions, the chemical vapour deposition method by adsorption of
titanium(IV) isopropoxide (TTIP) or titanium(IV) tetrabutoxide (TNBT) was used in a way
similar to the one described in [11]. However, the cited method was slightly modified in
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that the hydrolysis process that occurred after the precursor adsorption was substituted
by its thermal degradation. Silica and TTIP or TNBT were put in two separate 5 cm?
glass beakers and then into an air-tight 300 cm® glass reactor. The Ti:Si molar ratio of
substrates varied in the range of 0.19-1.50. The reactor was then thermostated at a selected
temperature in the range of 180-200 °C for 1 or 2 days to produce vapour of TTIP or TNBT.
The beaker containing silica with the adsorbed precursor of Ti was put into a laboratory
dryer and dried in air for one day at 250 °C (degradation).

Next, small amounts of the final composites were mixed with 1-2 cm? of Jones’ reagent
(16 g K,CryOy, 40 cm® H,S0,, and 150 cm?® H,0) to test that the organic part of the
precursors was effectively removed. Should this not be the case, the solution would change
colour from orange to green, which would indicate the occurrence of the reaction according
to the scheme presented in Figure 1. There was no change of colours in any solution, so we
may conclude that a temperature of 250 °C was sufficient for removing the organic part of
the precursors. The final amount of titania deposited onto SBA-15 was calculated from the
gain in the sample mass.

CHs
CHj
H3C~< ? CH;, CH;
0—Ti—0 +2H,0=TiO, +4 H04<
HsC o] CH; CH;
CH;
H4C HsC
3 >—0H +K,Cr,0; +4H,S0, = 3 >:0 +K,S0, + Cry(S0), + 7 H,0
H,C HsC

Figure 1. TTIP hydrolysis and oxidation of hydrolysis by-products.

A Gemini V (Micromeritics) was used to measure the adsorption of nitrogen at 77 K.
The instrument software calculated the specific surface area (SSA) by Brunauer-Emmett—
Teller (BET) theory, single-point adsorption, the total volume of pores (P/Py of about
1), t-plot micropore volume, the average pore width (4V/SSA by BET), and adsorption
isotherms of nitrogen. SSA measurements were performed on all specimens using about
30 mg of powder, dried in a helium stream for at least one hour at 300 °C.

X-ray diffraction (XRD) of the obtained powders was performed with a Bruker D2
Phaser diffractometer (Bruker GmbH, Karlsruhe, Germany) equipped with a CuKa lamp
with a wavelength A = 1.54184 A, in the 26 range from 3° to 80°. A lamp diaphragm and a
diaphragm above the sample of 1 mm (both) were used. The diffractograms were registered
with a 0.020233° 26 step and a sampling time of 0.05 s. In addition, selected composites
were investigated by Small-angle X-ray scattering (SAXS) using a PANalytical Empyrean
diffractometer equipped with a multichannel detector (Pixel 3D) using a CuKa source,
operating at 45 kV and 40 mA in the range from 0.00082064° to 6° 26 with a scan step of
0.01 for 4s.

The samples were dispersed in pure ethanol and the obtained dispersions were al-
lowed to dry on copper holders in a vacuum oven at 100 °C. Then samples were coated
with a gold layer of a nominal thickness of 3 nm using a Quorum Q150R GS sputtering
device. Images were recorded with a Jeol JSM-6010LA scanning electron microscope (SEM).
Energy-dispersive X-ray spectroscopy (EDS) analysis, including elemental mapping, was
performed with an accelerating voltage of 20 kV, and a working distance of 10 mm.

Fourier-transform infrared spectroscopy (FTIR) studies were done using a Nicolet iS5
spectrometer equipped with an iD7 ATR attachment and a diamond crystal. The depth of
penetration was ~2 um. The obtained samples were ground in a mortar, mixed evenly, and
the obtained powder was directly pressed onto a diamond ATR (attenuated total reflection)
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crystal. Spectra were registered in the range of 400-4000 cm ! with a resolution of 4 cm™!

and 16 scans per spectrum.

The samples in the form of powder were mixed and compressed using a Specac Atlas
Power T8 hydraulic press equipped with a pellet die. Then, bulk samples were analyzed
using a WlITec alpha 300R confocal Raman microscope. Measurements were carried out at
room temperature with a 532 nm laser in the wavelength range from 100 to 400 cm ™. For
each sample, the spectra were taken and averaged from 3 different measurement areas.

Two specimens of Ti/SBA-15 were dispersed (1:10,000 by mass) in 1 mmol NaCl solu-
tion at 25 °C, and the electrophoretic mobility of the particles was measured as a function
of pH using a Malvern Zetasizer. The { potential was calculated using the Smoluchowski
equation [18].

3. Results and Discussion
3.1. Ti Absorption and Specific Surface Area

Investigated samples were marked as TiX, where X = 1-15. Specimens denoted as
Ti1l-Til3 were obtained with TTIP precursor, whereas Til4 and Til5 were synthesized with
TNBT. Synthesis conditions (Ti:Si molar ratio of starting reagents, temperature, time of
evaporation, and adsorption of TTIP or TNBT) and the Ti/SBA-15 composites properties
are summarized in Table 1. In addition, the properties of the original SBA-15 are reported
as a reference.

Table 1. The conditions of synthesis and properties of the Ti/SBA-15 composites.

Sample Ti:Si? jégrs‘?;;l,:it(i)f:sl [mSZS;I] P‘fzfny‘;lfﬁ‘ € Micrﬁlz:l)sr 'ng?]Iume Pore Size [nm] Weig}[‘:/ﬂ?ai“ b

SBA-15 - - 1000.8 1.250 0.096 5.0 0
Til 0.33 190°C,1d 807.9 1.107 0.067 5.5 11.68
Ti2 0.23 190°C,1d 730.5 0.995 0.060 5.5 14.34
Ti3 0.22 190°C,1d 7183 0.984 0.069 5.5 23.34
Ti4 0.27 190°C,1d 721.7 0.952 0.086 5.3 28.88
Ti5 0.71 180°C,2d 680.5 0.919 0.078 5.4 32.72
Ti6 0.68 180°C,2d 757.8 0.910 0.094 48 34.84
Ti7 0.19 200°C,1d 764.7 0.980 0.093 5.1 37.18
Ti8 0.48 180°C,2d 729.2 0.750 0.069 4.1 37.57
Ti9 1.50 180°C,2d 684.0 0.786 0.071 4.6 40.25
Ti10 1.05 180°C,2d 625.0 0.581 0.057 37 40.85
Till 0.86 180°C,2d 676.7 0.807 0.102 4.8 41.92
Ti12 1.46 180°C,2d 620.9 0.830 0.104 53 42.26
Ti13 0.49 180°C,2d 647.9 0.773 0.068 4.8 47.49
Til4 0.48 190°C,2d 910.2 1.198 0.084 5.3 0.75
Til5 043 190°C,2d 811.5 1.127 0.078 5.6 117

2 molar ratio of the starting materials ([TTIP or TNBT]:SBA-15); b (Si0, = 100%).

Composites Ti3—Til5 were prepared using silica SBA-15 that was pre-dried at 120 °C
for 1 h. During the synthesis of the Til and Ti2 composites, silica without pre-heating
was used. As a result, specimens Til and Ti2 contain less titanium oxide than composites
marked as Ti3 and Ti4, which were prepared using a similar ratio of the starting reagents at
the same synthesis conditions. Pretreatment of silica affects the properties of the composites
and allows obtaining of composites with higher loading of Ti ions.

A slight lowering of temperature and increasing the synthesis time led to an increase
in the Ti loading in specimens Ti5-Ti6 and Ti9-Til3. Composites marked as Ti5, Ti6, and
Ti8 contained similar amounts of titanium oxide. Although the starting Ti:Si ratio was the
lowest in Ti8, this composite had the highest amount of deposited Ti ions. Despite the
distinctive discrepancies in the starting Ti:Si ratio, samples from Ti9 to Til3 contain more
than 40% weight gain in the final mass. This suggests that the extension of the synthesis time
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enhances TTIP absorption or causes deeper penetration of Ti ions into the silica framework.
The sample marked as Ti7 with the lowest Ti:Si starting ratio was synthesized at the highest
temperature, but the efficiency of titania deposition was estimated as 49.30 % wt. It is
visible that the amount of absorbed Ti ions for Ti7 is much higher than the observed value
for samples prepared with similar Ti:Si ratio but in different conditions. These discrepancies
might originate from differences in the partial pressure of the TTIP vapours at different
temperatures. The lower reaction temperature could lead to the more intensive absorption
of TTIP on the reaction vessel walls than on the silica surface.

Despite a similar chemical structure of TTIP and TNBT compounds, it was found that
TNBT absorption onto the SBA-15 surface is harder to achieve. Surprisingly, during the
synthesis process, a large part of TNBT remained in the reactor. Several attempts to modify
the synthesis conditions were made, but only the synthesis carried out at 190 °C resulted in
a minor gain in the silica mass of Til4 and Til5 samples. This temperature is only 16 °C
lower than the boiling point of TNBT. Lack of TNBT absorption is an unexpected result
because, in the case of TTIP, the absorption occurs 32-52 °C below its boiling point. CVDs
were also done with different reagents such as anhydrous metal chlorides slightly below
the boiling points of the starting compounds [11-13].

Samples obtained without pre-drying of SBA-15 (Til-3) and with pre-drying of SBA-15
(Ti4-Ti13) show different efficiency in the deposition of TiO,, despite the use of a similar
Ti:Si molar ratio and synthesis conditions. The Ti:Si ratio was estimated from the starting
molar ratio of substrates used in the synthesis, and shown in Table 1 as the percentage
of deposited TiO;. One can see that the preparation conditions of silica before synthesis
had an impact on the final contents of elements in obtained composites and the Ti:Si ratio
varied. This may be due to the different water vapour content in the air. Our syntheses
were carried out for several days, which could affect the water vapour content in the air
because we did not remove the air from the reactor before the synthesis, and we did not
dry the air in the reactor. Hence, we believe that part of the TTIP was hydrolyzed before it
was deposited on SBA-15.

The used substrates (Sigma-Aldrich) had the same concentration (97 %). TNBT has
a similar density to TTIP (approx. 1 g-mL~!). The higher molar mass of TNBT does not
result in a higher boiling point relative to TTIP, and, in fact, the boiling point of TNBT is
lower than that of TTIP. We believe that a significant difference in the dynamic viscosity of
both compounds (for TTIP 3 mPa-s at 25 °C [19] and TNBT ca. 66 mPa-s at 25 °C [20]) was
responsible for the lack or small amount of deposited TNBT. The pure TNBT is odourless,
and after removing samples from the reactor, there was a noticeable smell of butyric acid.
Butyric acid and TiO, remained in the vessel in which the TNBT was originally contained.
Hence, we believe that no adsorption on SBA-15 occurred. We conclude that adsorption
at the temperature below boiling point and high viscosity prevented evaporation and
deposition on SBA-15, and only hydrolysis of TNBT with water vapour in the air inside the
reactor occurred.

Moreover, modification of the SBA-15 surface with titania caused changes in the
silica morphology. Increasing the Ti loading caused a reduction in the value of specific
surface area and total pore volume of the silica, while the micropore volume was relatively
insensitive to modification. Furthermore, the decrease in the value of the specific surface
area of the obtained composites was not a linear function of titanium oxide loading, as
shown in Table 1 and Figure 2. The reduction in pore volume is small compared to SBA-15
and indicates partial deposition of TiO; in the pores (reduction of pore volume).
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Figure 2. Summary of the TiO, content relative to a specific area recorded with the samples prepared
with TTIP precursor.

3.2. XRD Investigations

The wide-angle XRD pattern of the original SBA-15 in the scan range 7-80° shows
no peaks that can be assigned to the SiO; crystal phase (Figure 3). This result confirms
the amorphous form of SBA-15. Furthermore, the XRD patterns show a broad diffraction
halo at 26 = 23° indicating amorphous silica. We examined composites containing 23-47%
weight gain (prepared with TTIP) and 0.75% weight gain (Til4, prepared with TNBT).
The XRD pattern of SBA-15 is relatively insensitive to the Ti-modification, as illustrated in
Figure 3. For reference, a diffractogram of the commercial mixture of two forms of TiO,
oxide containing 20% rutile and 80% of anatase was added in Figure 3. No peaks derived
from Ti oxides in our composites were visible in the registered diffractograms.

Ti3 — Til4
Ti7 — SBA-15 —
Ti8 TiO,

Ti13 (20% rutile,

80% anatase) —

Counts [a.u.]

10 20 30 40 5 60 70 80
20([]

Figure 3. Wide-angle XRD patterns of some composites and a mixture of Ti oxides.

3.3. SAXS

Figure 4 shows SAXS curves recorded for the SBA-15 matrix and two selected mate-
rials where vapour deposition of TTIP was conducted at 180 °C for two days. The two
materials differ in the Ti:Si ratio. The pattern of the curves is compatible with hexagonally
arranged nanometer-sized cylinders forming “bundles” in the form of polydisperse flexible
cylinders with size in the order of 100 nm, as described in Ref. [21]. The presence of the
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flexible bundles is confirmed by SEM investigations presented in the next subsection. Their
footprint on the SAXS curves is the step-like drop followed by a power law in the low
g-regime. The lack of higher-order fringes can be explained by the high polydispersity of
the cylinder dimensions. The peaks in the region 0.04-0.07 A correspond to the internal
structure of these cylinders, as has been observed in earlier works [6,21]. This internal
structure corresponds well to hexagonally packed cylinders. The overall morphology is
not affected qualitatively by the deposition process.

T —— T 3
106:_ —o— SBA-15_:
—— Ti3
L —=— Til3 ]
=3 E
.ﬂ.: ]
> E E
2 F 7
n N
C
U E 3
+J = 3
C ]
- [ -
10°F E
1L |
10 §l 1 llllll 1 1 1 11]JA1 E

1072 107!

g [A ]

Figure 4. SAXS curves recorded for selected samples. The curves for Ti9 and Til3 have been translated
for clarity.

Due to the complexity of the system, a satisfactory fitting of appropriate model func-
tions to the scattering curves was not possible. Therefore we follow the paradigm in
references [6,21] in order to quantify the geometry in terms of the lattice parameter 44. The
first scattering peak around 0.05 A is assigned to the (100) lattice plane. The interplanar
spacing dig can be calculated from the location of the peak, and it is possible to derive the
lattice parameter gy from it. It was found that g increases modestly from 11.5 £ 0.1 nm
(d100 = 10.0 £ 0.1 nm) in SBA-15 to 12.0 £ 0.1 nm (d190 = 10.4 = 0.1 nm) for the samples
with deposited Ti. This is likely due to a small amount of Ti being incorporated into the
SBA-15 framework. There is no evidence for a dependence of d1gy on the Ti:Si ratio.

The wall thickness (pore wall thickness estimated by subtracting the pore size from
the hexagonal unit-cell dimension (ag)) for SBA-15 was equal to 6.5 nm, and for composites
with deposited TiO, was calculated as 7.3 nm. It is evident that after deposition the wall
thickness grew.

3.4. SEM and EDS Mapping

SEM images of selected samples are presented in Figure 5. investigations revealed
that the microstructure of the synthesized composites and original SBA-15 are similar. The
30,000x magnified image showed particles ranging from 800 to 1100 nm with uniform
distribution. Each presented SEM image contained a mapping of three elements (EDS): Si,
O, and Ti. The maps were coloured depending on the depicted element: silicon—green,
oxygen—blue, and titanium—red. The titanium content in the Til4 and Til5 composites was
at the noise level, similar to the original SBA-15, which confirmed no titanium deposition
from the TBNT precursor on the SBA-15 surface. Furthermore, the residue of TNBT in
the glass beaker after adsorption showed only changed colour and became more viscous.
The small mass gain in Til4 and Til5 could be the result of water adsorption during the
synthesis process. Thus, we did not continue further studies of composites obtained from
TNBT, and we focused on composites obtained from TTIP.
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Figure 5. SEM images of selected composites.

In addition to titanium, oxygen, and silicon, other elements were registered like
coating-derived gold and niobium, brass holder-derived zinc, copper, and lead, and some
carbon from dispersant liquid impurities (visible also in the SBA-15 spectra). Those peaks,
fortunately, do not overlap with silicon and titanium and are marked in grey (Figure 6A).
Their intensity varies with the amount of composite in the measurement area. The amount
of titanium registered by EDS depended on the volume of material present in the area
covered by the microscope. Hence, for obtaining the qualitative amount of titanium in
silica (NTy, Figure 6B), the strength of titanium Ko (area under the curve) was normalized
by silicon Ko with the following formula:

_ AszTi

Nri (1)

B A’
where Ay, m represents the strength of titanium Ka, while Ay si represents the strength of
silicon Ka. The peaks taken to this equation are marked in red (Figure 6). Therefore, the
most significant loading of titanium is visible for Ti13, which is consistent with the gain in
weight after synthesis visible in Table 1.
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Figure 6. (A) EDS spectra of selected composites; peaks from the holder, gold coating, and impurities
are marked in grey, red marked peaks were taken for titanium amount estimation on the right,
(B) comparison of Ti content in selected composites (based on Equation (1)).

3.5. FTIR

Figure 7 shows the FTIR-ATR spectra of the raw materials (SBA-15, TTIP, and TNBT)
compared to the obtained composites. The solid black line is a spectrum of the original
SBA-15; its shape is similar to the data described in the literature [22-25]. 5i-O-Si bonds are
mainly manifested as two very strong bands; bending §Si-O-Si at 438 cm ™! and asymmetric
stretching vasymSi-O-Si at 1052 cm Y which is overlapped with 65i-OH. Moreover, a weak
symmetric stretch of Si-O-Si bonds is present at 805 cm~!. Around 3412 cm™!, a stretching
vOH band refers to the Si-OH groups on the surface. Small amounts of absorbed water
are visible as a weak band at 1636 cm~!. The bands at 974 cm ! and ~1200 cm ™! could
originate from the residues of unreacted precursors since they correspond to Si-C bond
vibrations [26].

T T T T T T T T T T T T T T
L — Ti3 Til3 — SBA-15 4
— Ti7 Til4 == TTIP
— Ti8 — Til5 === TNBT
w— -
O
c
o
oL
[
o
2]
e}
<_ -
noop
)
- /""\ _.'\:;-a’l ‘\41 \“‘\_l\____/""-—~_._‘
(-3 N ———
P R s . | . [Ty X pamne TN fraens
3500 3000 2500 2000 150 1000 500

Wavenumber [cm™']

Figure 7. Assembly of FTIR-ATR spectra of the obtained products (in colour) and raw materials
(in black).

Another analyzed raw material is TTIP, with a spectrum depicted in Figure 7 as a
dashed line. Several of the essential bands can be distinguished, mainly coming from
isopropoxy substituents. These include antisymmetric CHj; vibrations at 2968 cm~! and
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2929 cm~! and symmetric at 2865 cm 1. The CH stretch overlaps with the above-mentioned
bands. Referring to hydrocarbons, we observe a characteristic doublet at 1362 cm ™!
originating in the gem-dimethyl structure of isopropoxides [27]. Then, the bands at 1124
and 1002 cm~! may be assigned to antisymmetric and symmetric stretching vC-O modes,
and 851 to 622 cm ™1 may be due to Ti-O linear stretch [28,29]. Similarly, those stretches are
visible in the spectrum of TNBT (black dotted line) as bands centered at 864 and 604 cem L
Furthermore, three bands from Ti-O-C are present at 1124, 1084, and 1036 cm 1 [30].
Concerning the hydrocarbon substituents, multiple bands from vC-H stretches are present;
namely, 2957, 2930, and 2872 cm~! corresponding to -CHs, and -CH, groups, along with
1463 and 1375 cm ™! bending §CH vibrations, 993 cm ™! from CH, twist, and 968 cm ™! from
CCO stretch [26,30].

The spectra of the composites are very similar to each other. Notably, we did not
observe any bands from TTIP and TNBT alkoxy substituents, suggesting that the organic
part had been removed and the titanium remained in the non-modified form. The spectra
of Til4 and Til5 do not vary much from that of SBA-15, as the titanium content is low
(Table 1). The only visible difference is a slight elevation at ~600 cm~'. In the case of Ti8
and Til3, one can even observe a weak peak that stands out above the overlapping bands at
660 cm ! and may correspond to titanium dioxide that shows an absorption band between
660 and 700 cm ™! [26].

3.6. Raman Spectroscopy

Raman spectra of Ti3, Til3, and the original SBA-15 averaged from three measurement
sites are presented in Figure 8. The spectra of Ti3, Til3, and the original SBA-15 were
selected for this graph. The spectrum of SBA-15 (solid blue line in Figure 8) coincides
with the characteristic bands of amorphous SiO,. The band with a maximum of approx.
812 cm~! corresponds to the siloxane bond (Si-O-Si), and the bands at approx. 480-600 cm ™!
were assigned to four- and three-membered siloxane rings, respectively, while the band at
about 980 cm ! is related to the tensile vibration of the surface silanol (O3Si-OH). According
to the literature, the blue dotted line marks each band’s position (Figure 8) [15,31-35].

T 1 T ‘* T _ " T * I ‘' T " _T T 1T
— SBA-15 Raman bands: : SBA-15 - Brookite _
Ti3  Rutile amorph. TiO;
* Anatase TiO, IT

— Til13

Absorbance

| = 1 L. 1 L | s | s | |

1

A .
100 200 300 400 500 600 700 800 900 1000 1100

Raman shift [cm™]

Figure 8. Raman spectra of selected composites and SBA-15 substrate. Vertical dotted lines represent
described in the literature positions of bands originating in various phases of TiO,.

Spectra registered for Ti6 and Til3 are very similar and show a plurality of absorption
bands. One can distinguish bands derived from anatase (148, 197, 396, 522, 641, and
792 cm 1) [33,36-42], rutile (258, 274, 449, 610, 832 cm 1) [37,39-42], amorphous TiO;
(449 and 680 cm™1) [41], and brookite (156, 258 cm™1) [37]. The band at 313 cm ™! also
suggests TiO; 11, the a-PbO, isomorph [36,39]. Many bands originated from different crystal
structures, indicating the rather disordered nature of the deposited layer. However, the
obtained TiO; is not exclusively amorphous and contains various kinds of crystal seeds. It
seems that the deposited titanium oxide layer is very thin, existing in the form of two- and
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three-dimensional networks, and the most common anatase and rutile crystal structures of
TiO, prevail in the obtained mixture [42]. This suggestion is in line with the XRD results,
where no crystalline reflections were observed. In the case of anatase, the layer thickness
can be estimated from its strong characteristic band at 142 cm~!. The maximum shift of
this band is about 148 cm™!. Therefore, the anatase layer thickness can be estimated as
~6-7 nm [38]. However, the measurement is distorted by the 156 cm~! band appearance,
which overlaps the band at 142 cm™~!. As reported in other works, anatase with a band
shifted to 146 cm~! was called nano-anatase [36]. No titanium carbide was observed for
both samples, which would appear with bands at 260, 420, and 605 cm~! [43].

The spectra of the composites do not differ significantly from each other, and only
slight differences are visible in Figure 8. In Ti3, more than in the other crystalline phases,
anatase content is apparent, mainly seen in the bands 148, 396, and 522 cm ™! rising above
the others. For Til3, a more significant rutile content is evidenced by bands at 258, 274,
and 444 cm~ 1. There is also a significant difference in the intensity of the 680 cm ™! bands,
most likely derived from amorphous TiO,. The higher rutile content in Til3 may be due
to the longer TTIP absorption time (Table 1), as rutile is considered the stable TiO, phase.
At the same time, the other detected titanium oxide analogues (anatase, brookite, TiO, II)
are metastable [39,44]. The longer absorption time undoubtedly also affected the amount
of deposited TiO,, proving that the weight gain was more significant for Til3. More
TiO, promotes the anatase-to-rutile conversion, occurring with the anatase-appropriate
grain size [44]. The more generous amount of amorphous TiO, may be due to the lower
absorption temperature applied to Til3 than Ti3.

3.7. Zeta Potential

The Til3 sample had the largest mass gain of 47.49%, which correlated with the
amount of TiO, deposited. The Ti8 sample contains 37.57% TiO, deposited, which is also a
significant value. Both composites were obtained under the same conditions (180 °C, 2 d),
which allowed a comparison of the obtained results. The high content of the deposited
TiO; in the composites allowed for the assumption that the samples with lower mass gains
would have a similar character to composites with a high content of TiO,, although the
effects would be less visible. Our goal was to show changes in SBA-15 with high loading of
TiO, to capture any changes in the silica composite structure.

The zeta potential of Ti8 and Til3 is compared with the {-potential of the original SBA-15 in
Figure 9. The original SBA-15 has an isoelectric point of about 2.5. After titania deposition, IEP
for Ti13 (47.49 wt% of weight gain) is located at 3.5 and for Ti8 (35.57% of weight gain) at around
4.5. The published results indicate that rutile IEP is approximately 6.0 [45], while anatase is
around 6.1 [46]. The isoelectric shift of the tested composites indicates TiO, deposition occurring
mainly on the SBA-15 external surface. This confirmed results from Raman investigations
suggesting the deposition of TiO; in the form of a thin layer.

The significant decrease in the specific surface area and a relatively small decrease in
the total pore volume for the composites suggests that a small amount of TiO, is located
in the pore interior surface. This is consistent with the EDS mapping of Ti8 and Til3 and
Raman studies of Til3. The more TiO, deposited on the surface, the more the isoelectric
point shifted towards higher pH values.

3.8. Thermalstability

The calcination of the Ti8 sample was taken as a reference for the investigation of
the Ti/SBA-15 composites’ thermal stability. Calcination was realized as follows: in the
first step, the sample was kept at 500 °C for two hours, then cooled down naturally, and
part was taken for investigation. Afterwards, the rest of the sample was calcined at a
temperature 100 °C higher than in the previous step for another two hours. Finally, the
calcination process was repeated until reaching 1000 °C. The thermal properties of the
original SBA-15 and calcined composite are summarized in Table 2.
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Figure 9. Zeta potential of Ti8, Ti13, and the original SBA-15 in 1 mM NaCl at 25 °C.

Table 2. The effect of calcination on the properties of Ti8.

Calcination Temperature SSA Pore Volume Micropore Volume Pore Size

[°Cl [m2.g71] [em3.g—1] [m3.g~1] [nm]

uncalcined 647.9 0.773 0.068 4.8
500 639.2 0.817 0.077 5.1
600 588.3 0.774 0.060 5.3
700 4523 0.634 0.035 5.6
800 389.7 0.612 0.019 6.3
900 277.6 0.403 0.002 7.1
950 158.6 0.270 negative value 6.8
1000 86.2 0.163 negative value 7.6

Ti8 shows similar thermal stability in the air atmosphere as the original SBA-15. The
thermal treatment led to a decrease in the value of the specific surface area and pore volume.
However, for samples calcined below 700 °C, calcination effects are relatively negligible.
The result of calcination on the specific surface area is shown in Figure 10. Moreover,
above 700 °C, similarly to the original SBA-15, thermal decompositions of the Ti/SBA-15
composite are visible.
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Figure 10. The effect of calcination on the specific surface area of Ti8 and SBA-15.

The study of the thermal stability of the Ti/SBA-15 composites was required for the
determination of the mesoporous structure endurance during the calcination process in
the air atmosphere. Obtained results indicated that the structure of the composite with
the heavy loading of TiO, (Ti8 37.57%) is similar to the unmodified SBA-15. This results
in a drop in the SSA value and the micropore volume above 700 °C. Our results are in
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agreement with the investigations done for amorphous-crystalline TiO, film deposited on
the quartz substrate; the authors indicated that the calcination up to 400 °C did not affect
the film’s structure, however, above this temperature, the crystallite sizes rose from 8 nm to
9 nm [47]. Likewise, XRD investigations for TiO, nanoparticles showed that the calcination
at 500 °C allowed the preservation of the anatase structure, but at 600 °C the appearance of
rutile was observed. Further calcination at 800 °C caused a complete transformation from
anatase to rutile. Moreover, the increase in the calcination temperature caused a rise in the
TiO; nanoparticle size as follows: 15 nm for samples calcined at 500 °C (100% anatase in
the sample), 25 nm at 600 °C (40% anatase, 60% rutile), 32 nm at 700 °C (20% anatase, 80%
rutile), and 42 nm at 800 °C (100% rutile) [48].

3.9. Isotherms

Figure 11 presents the nitrogen adsorption isotherms on the original SBA-15 and
two composites containing the highest amount of titania (Ti8 and Ti13). The presented
adsorption plots correspond to Type IV isotherms typical for mesoporous materials such as
SBA-15 [49]. Initially, adsorption occurs as the monolayer, and then, at higher gas pressures,
multilayer adsorption occurs. The lower amounts of adsorbed nitrogen for the Ti8 and Til3
are due to the decreased specific surface area and pore volume compared to the original
SBA-15.
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Figure 11. Adsorption isotherms of nitrogen on the composites and the original SBA-15.

4. Conclusions

We demonstrated that titanium could be deposited in a closed reactor on porous silica
SBA-15 by evaporation and condensation of TTIP vapour at 180-200 °C (50 °C below its
boiling point). However, employing TNBT as a composite precursor was not successful. Ti
ions deposition caused the decrease in the SSA value because some TiO; penetrates the
mesoporous structure. However, the obtained materials still maintained values of SSA
greater than 600 m?-g~!. Furthermore, the composites produced using pre-dried SBA-15
exhibited higher loading of titania ions amongst the investigated materials.

Investigations revealed that the titania ions incorporated into the silica matrix were
in the TiO, form, and there were no traces of the TTIP precursor. Raman spectroscopy
studies indicated the formation of an amorphous thin film with a thickness of around 6 nm
on the silica surface and suggested the presence of a few TiO, crystallites. Likewise, the
electrophoretic mobility measurements indicated the deposition of Ti ions onto the silica
surfaces.

The thermal stability of the obtained composites is close to the original SBA-15 in the
air. That makes our material a promising candidate for catalytic purposes conducted at
high temperatures with the presence of oxygen in the atmosphere.
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