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Abstract: A series of titanium dioxide (TiO,) modified
with 3-aminopropyltriethoxysilane (APTES) was prepared
by high-temperature calcination in an argon atmosphere
in the temperature range from 800 to 1,000°C. The proper-
ties of the obtained samples were compared with those of
pure TiO, annealed under the same conditions. Examining
electron paramagnetic resonance (EPR) parameters at room
temperature for APTES-TiO, showed an intense resonance
line from defects related to conducting electrons with geg
from 2.0028 to 2.0026 and 1.9052 for temperatures 800,
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900, and 1,000°C, respectively, while for pure calcined
Ti0O,, these ERP lines were not observed. With the increase
in the calcination temperature to 900°C for APTES-TiO,
samples, the EPR increases linearly. This has been com-
bined with a relatively high anatase content and small
crystallites. The EPR line intensity at RT calculated for
1g of sample showed an almost linear relationship with
the photoactivity in removing ORANGE II dyes from water.

Keywords: APTES-modified TiO, photoactivity, EPR
measurements

1 Introduction

Titanium dioxide (TiO,), a wide band gap inorganic semi-
conductor (3.23 eV for the most active anatase phase), is a
fascinating material from the perspective of both pure
theoretical science and industrial use [1]. Its extensive
application in various fields, particularly in heteroge-
neous photocatalysis [2-4]. Because TiO, is an inexpen-
sive, stable, and non-toxic material, the significant efforts
made over the past decades in the synthesis of modified
TiO, have provided nanomaterials with new properties and
applications with greatly enhanced performance [5-8].
Modified TiO, has been and continues to be studied
by magnetic resonance for years [9-12]. Electron para-
magnetic resonance (EPR) is a spectroscopic method
frequently utilized to investigate the structure and inter-
actions of paramagnetic entities like transition metal
ions, free radicals, and defects in solids such as electrons
trapped in lattice vacancies [13]. These defects are impor-
tant for the TiO, photocatalytic properties [13,14]. Infor-
mation from the EPR study supplements data from other
characterization methods and gives a more detailed picture
of the surface and interfacial electron transfer processes [14].
In TiO,-based photocatalysts, the photogenerated charges
like electrons (e”) and holes (h") have sufficiently distinct
structures and electron configurations to enable the spectral
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resolution of each species. Additionally, the structural diver-
sity between anatase and rutile phases makes it possible to
observe electrons trapped in each of the two TiO, polymor-
phous forms. Such sensitivity to the structural geometry of
the trapping sites results in EPR being a beneficial technique
for studying electron transfer processes in photocatalysts
[14,15] and confirming the paramagnetic reactive species
formation in studied materials [16,17]. It is a fairly known
fact that silicon and its oxides can significantly modify the
surface of TiO,. For example, the pronounced reversible sur-
face change of the hydrophilic-to-hydrophobic for TiO,/Si
coatings is described [18]. Recently, the narrow EPR signal
intensity with the temperature decrease is observed. This
effect is explained by the Anderson localization of con-
duction electrons in the defected crystalline structure of
rGO [19].

In our previous studies, a series of materials based on
TiO, modified with 3-aminopropyltriethoxysilane (APTES)
with improved photocatalytic activity under artificial solar
light (ASL) irradiation were successfully synthesized [20].
The new photocatalysts were prepared in a two-step
process by a 4-hour solvothermal functionalization in a
pressure autoclave at 180°C and calcination in an argon
atmosphere in the temperature range from 800 to 1,000°C,
where the modifier concentrations were 100, 500 and
1,000 mM. The presence of APTES after modification
was confirmed via FT-IR/DRS measurements and the
EDX mapping and N, C, and Si content analysis. It was
reported that the presence of carbon and silicon in the
APTES/TiO, samples contributed to an effective delay
in the phase transformation of the anatase to rutile, the
increase in crystallite size (during annealing) affected the
decrease in specific surface area. The efficiency of the pre-
pared materials was studied during the methylene blue
(MB) decomposition under ASL irradiation. The calcination
enhanced the ASL-driven photocatalytic activity of all
APTES-modified TiO,. It was noted that the highest dye
decomposition degree was obtained for materials annealed
at 900°C. Moreover, considering the highest performance
and economic aspects, TiO,—4 h—-180°C-500 mM-Ar-900°C
was found to be the most prospective nanomaterial. The
most important conclusion was the experimental finding
that in the modified APTES/TiO, samples during calcination
to 900°C, the anatase phase is still present in an amount of
up to 96% with crystallite size of 30 nm, while the rutile
phase with crystallite size of 55nm occurred with a slight
increase of about 6% [20].

In the present study, we extended our previous work
and, for the first time, used EPR to study the magnetic
properties of a selected series of APTES/TiO, nanomater-
ials functionalized with 500 mM of modifier annealed in
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an argon atmosphere. The photocatalysts modified with
500 mM of APTES were chosen for EPR studies because
they exhibited higher photoactivity than the materials
functionalized with 100 and 1,000 mM concentrations.
To the best of our knowledge, this is the first publication
presenting results from EPR studies of APTES-modified
TiO, photocatalysts heated at high temperatures, which
have photoactivity in the ASL range. Furthermore, in this
article, we also extended our previous studies by adding
activity results for Orange II under both ultraviolet (UV)
light and ASL irradiation. EPR measurements were made
at room temperature because photocatalytic activation
was performed at this temperature.

It is interesting to compare the formation of magnetic
moments and their intensity concerning the photoactivity
and determine whether they increase photoactivity in the
TiO, samples modified with APTES after calcination.

2 Experimental

The crude TiO, slurry, provided by the chemical plant
Grupa Azoty Zakltady Chemiczne “Police” S.A. (Police,
Poland), was used as a TiO, starting material. APTES
utilized as a silicon precursor was purchased from Merck
KGaA (Darmstadt, Germany). Ethanol from P.P.H. “STANLAB”
Sp.J., (96%, Poland) was used as a solvent of APTES. Orange II
(C1eHNoNaO,S, >85%, Firma Chempur®, Poland) was used as
a model for organic water pollution. The APTES-modified TiO,
nanomaterials were obtained using the solvothermal method
and calcination process. The concentration of the APTES in
ethanol was 500 mM. The samples were calcined at 800, 900,
and 1,000°C for 4 h in Ar atmosphere (60 mL-min™, purity of
5.0, and Messer Polska Sp. z 0.0., Poland). The procedure is
described in detail in our previous publication [20].

2.1 Photocatalytic activity measurements

The Orange II decomposition processes under ASL irra-
diation with the intensity of 837 W-m ™2 for 300-2,800 nm
and 0.3 W-m™ for the 280-400 nm regions as well as
under UV-Vis light irradiation, with the radiation inten-
sity of 65 W-m™ for 300-2,800 nm and 36 W-m™ for the
280-400 nm region, were carried out to determine the
photoactivity of the prepared materials. The experiments
were conducted in a glass beaker using 0.5 L of dye solu-
tion with an initial concentration of 5mg-L ™ and 0.5 g-L™*
of the appropriate photocatalyst. Before irradiation,
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Figure 1: Diffuse reflectance Fourier transform infrared spectra of APTES/TiO, nanomaterials [20].

adsorption measurements were performed in light-free
conditions for 60 min to establish the adsorption—desorp-
tion equilibrium at the photocatalyst—dye interface. After
that, the suspension was subjected to ASL radiation.
The Orange II concentration was analyzed every 60 min-
utes using the V-630 UV-Vis spectrometer (JASCO
International Co., Japan). The obtained activity results
were converted as the mass of MB or Orange II removed
per 1g of photocatalyst.

3 Results and discussion

Several new characteristic bands from APTES were noted
in the spectra presented in Figure 1, indicating that the
synthesis of the new nanomaterials method was carried
out successfully. These bands are located at about 2,920,
2,881, 1,536, 1,363, 1,155, and 1,070 cm ' and assigned to
the symmetric and asymmetric stretching vibration of
alkyl groups, the asymmetric -NH} deformation modes,
C-N bonds Si-O-Si stretching vibrations, and Si—-0-C
stretching mode, respectively. The stretching vibrations
of Ti-0-Si bonds are observed between 950 and 910 cm ™.
However, the band at 910 cm ™! is related to the condensa-
tion reaction that occurred between silanol and surface
—OH groups [20]. It should be noted that after calcination,
some characteristic bands for APTES such as alkyl groups,
—-NH; and C-N bonds did not present. The reason for this
was the non-permanent bond between these groups and
the TiO, surface. The presence of APTES on the TiO, sur-
face, and thus, the effectiveness of the modification was
confirmed also by nitrogen and carbon analysis and EDX
mapping presented in our previous article [20]. It was found

that the addition of silicon and carbon in APTES/TiO, sam-
ples effectively delayed the anatase-to-rutile phase transfor-
mation and the increase in crystallite size of both TiO,
polymorphous forms during high-temperature annealing.
Therefore, the calcined APTES-functionalized TiO, showed
higher specific surface area and pore volume values than
the reference materials (Table 1). Furthermore, the modi-
fied TiO, surface charge change from positive to negative
after calcination enhanced the dye adsorption degree [20].
EDS measurements show that silicon content fluctuates
around 2% for all calcined samples by mass with carbon
content from 0.17 to 0.08 and 0.03 wt% for temperatures
800, 900, and 1,000°C, respectively.

For pure starting-TiO, samples calcined only in argon
at 800, 900, and 1,000°C and without APTES modification
(TiO,~Ar-800°C, Ti0,~Ar-900°C, and TiO,—Ar-1000°C,
that contain only rutile with crystallites above 100 nm
[20]), the spectral spectra measurements did not show
any EPR signal at RT in the investigated measuring range.

Contrary to the above-mentioned samples, during
calcination in argon at 800, 900, and 1,000°C with
APTES modification (TiO,—4 h-180°C-500 mM-800°C,
TiO,—4 h-180°C-500 mM-900°C, and TiO,—4 h-180°C—
500 mM-1000°C), an intense symmetrical resonance
line appeared. In Figure 2 are given experimental EPR
spectra measured at RT compared to the uncalcined
Ti0,-4 h-180°C-500 mM material. For EPR parameters,
calculation spectra have been collected, as shown in
Figure 3.

The EPR parameters: effective g-factor (g.q), peak-to-
peak linewidth ABpp, and integrated intensity I, can
be calculated from the magnetic resonance condition:
hv = g.¢ upB, where h is Planck constant, v — the micro-
wave frequency, ug—Bohr magneton, and B, magnetic
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Table 1: Physicochemical properties of starting-TiO,, reference samples, and APTES-modified TiO, nanomaterials [20]

Sample name SgeT Viotal Anatase in Anatase Rutile in Rutile Zeta
(m2g™ (emig™) crystallite crystallite crystallite crystallite potential
phase (%) size (nm) phase (%) size (nm) 8 (mV)
TiO,—Ar-800°C 6 0.020 1 >100 99 >100 -35.9
TiO>—Ar-900°C 3 0.008 - - 100 >100 -36.7
TiO,—Ar-1,000°C 4 0.009 - - 100 >100 -41.3
TiO,—-4 h—-180°C-500 mM 124 0.162 96 15 4 48 +22.8
TiO,—4 h—-180°C-500 mM-800°C 95 0.221 96 20 4 58 -47.4
TiO>—4 h-180°C-500 mM-900°C 46 0.192 94 30 6 55 -51.0
TiO,—-4 h—-180°C-500 mM-1000°C 16 0.069 12 47 88 >100 -41.3
E TiO,-4h-180°C-500mM-1000°C
S E
E‘ -: 1 1 N 1 1 1 N 1 N 1 N 1
a E
g 3 J\ﬁ TiO,-4h-180°C-500mM-900°C
> E
a E ] ] , ] ] ] , ] \ ] \ ]
c FE
L E
E E TiO,-4h-180°C-500mM-800°C
e E
R o
DUC) :: ! . ! . ! . ! . ! . ! . ! . !
a E
woE TiO,-4h-180°C-500mM
:: 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
334 335 336 337 338 339 340 341

Magnetic field [ mT]

Figure 2: EPR spectra measured at RT of the uncalcined TiO,-4 h-180°C-500 mM, and annealed TiO,—4 h-180°C-500 mM-800°C,
TiO,-4 h-180°C-500 mM-900°C, and TiO,—4 h—-180°C-500 mM-1000°C. The spectra are rescaled to a unit mass.

resonance field. The integrated intensity, proportional to
the magnetic susceptibility on microwave frequency of a
spin system producing EPR spectrum, is defined as [;,; =
A-ABpp where A is signal amplitude. At high tempera-
tures, the width of the resonance lines decreases signifi-
cantly with a change in calcination temperature. So that
the relaxation processes depend on the temperature of
calcination, as given in Table 2.

According to the data listed in Table 2, all parameters
(effective g-factor (g.g), signal amplitude A, and inte-
grated intensity I;,,;) decrease with increased temperature
from 800 to 1,000°C, whereas peak-to-peak linewidth
ABpp shows independent changes from temperature with
their fittings by Lorentzian function.

A step-by-step change in the g.gz value of the para-
meter for a nanocomposite calcined at temperatures of
800-1,000°C may be caused by a change in the resonance
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Figure 3: EPR spectra at RT of the uncalcined

TiO,-4 h-180°C-500 mM, and annealed TiO,-4 h-180°C-500 mM-
800°C, TiO,—-4 h-180°C-500 mM-900°C and

TiO,-4 h-180°C-500 mM-1000°C with their simulations.
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Table 2: EPR parameters for measurements at RT for studied samples

EPR Parameters A (a.u.) ABpp (mT) Jine (MT?) eff
TiO0,—-4 h-180°C-500 mM-800°C 870242.5406 0.28770 7.2031 x 10* 2.0028
TiO,-4 h-180°C-500 mM-900°C 622752.3100 0.28086 4.9124 x 10* 2.0026
TiO,-4 h-180°C-500 mM-1000°C 150861.3207 0.30198 1.3757 x 10* 1.9052

Table 3: Summary of the EPR signal intensity in studied samples
perlg

Sample name EPR intensity line/1g of

photocatalyst
TiO,—Ar-800°C 0
TiO,—Ar-900°C 0
TiO,—Ar-1000°C 0
TiO,—4 h—-180°C-500 mM 0
TiO,—4 h-180°C-500 mM-800°C 65,796
TiO,—4 h-180°C-500 mM-900°C 46,632
TiO,—-4 h-180°C-500 mM-1000°C 13,922

condition by forming an additional internal magnetic field.
It can be formed by the resulting magnetic agglomerates,
reducing its intensity. Observed diminishing energy gape
E, from 3.27 eV to 3.21 and 3.02 confirm changes of electron
behavior [20].

These EPR parameters at the temperatures of 800,
900, and 1,000°C correlate well with the corresponding
decrease in the content of anatase from 94 to 12 wt% and
the increase in the size of their crystallites from 20
through 30 to 47 nm. An increase in the rutile content
from 4 to 88 wt% and an increase in the size of rutile
crystallites from 58 to over 100 nm, at appropriate tem-
peratures [20], were also noticed.

Table 4: Summary of photoactivity for Orange Il decomposition under UV and ASL radiations and the intensity of the EPR signal line per

gram of calcined APTES/TiO, photocatalysts

Sample name Amount of removed dye after

Amount of removed dye after EPR intensity line/1g

360 min of ASL irradiation (mg of 180 min of UV irradiation (mg of of photocatalyst
Orange llI/1g of photocatalyst) Orange l1/1g of photocatalyst)
TiO,-4 h-180°C-500 mM 0.0 0.0 0
TiO,-4 h—-180°C-500 mM-800°C 1.7 28.2 65,796
TiO,—4 h-180°C-500 mM-900°C 1.2 25.8 46,632
TiO,-4 h-180°C-500 mM-1000°C 0.2 6.3 13,922
z 65796 @
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Figure 4: Correlation between the amount of Orange Il dye removed after 180 min of UV irradiation and EPR line intensity for APTES/TiO,

nanomaterials.
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Figure 5: Correlation between the amount of Orange Il dye removed after 360 min of ASL irradiation and EPR line intensity for APTES/TiO,

nanomaterials.

Additionally, the observed EPR signal has recently
been associated with conduction electrons [21] but a
similar signal also occurs from oxygen defects. Both are
related to electron transfer. High calcination tempera-
tures can significantly improve photocatalytic properties.
In both cases, electron transfer plays an important role.
In the first case, at room temperature, the EPR signal is
more intense. Rather, this signal comes from the total
area of the nanocomposite. Surface effects also play an
important role in photocatalytic processes.

Table 3 summarizes the obtained intensities of cal-
cined samples with and without APTES addition, con-
verted to 1 g of photocatalyst. As can be seen, the samples
without modifier showed no EPR signal, while the samples
supplemented with APTES exhibited intense EPR at RT
lines. The calcined samples without the addition of silicon
showing no EPR lineage were also photocatalytically inac-
tive, except for the degradation of the Orange II dye in the
UV range, where small activities were recorded. Therefore,
the EPR lines and the photocatalytic activities of these
samples in the scope of UV and ASL radiation during the
degradation of dyes, Orange I, are summarized in Table 4.

For Orange II, these samples, without APTES modifi-
cation and calcination, showed no activity in both UV
and ASL ranges.

It can be seen that the intensity of the photocatalytic
decomposition of the Orange II dye, both in UV and in
ASL radiation (Figures 4 and 5), is linearly related to the
intensity of the EPR at the RT line signal, with the highest
activity and intensity of the EPR line achieved by the
sample calcined at 800°C.

It was mentioned earlier that the obtained partially
reduced graphene oxide (prGO) has EPR spectra on the

broad and narrow lines [22]. The resonance line was
attributed to the conduction electrons. A similar reso-
nance line was obtained in the samples discussed herein,
with a more intense one for the nanocomposite modifica-
tions of APTES-TiO,.

It is well known the importance of electron transfer,
especially in the temperature range above 650-700°C, as
they cause significant changes in modified TiO, nanocom-
posites photocatalytic processes. With the right concentra-
tion of conduction electrons, maximum photocatalytic
efficiency is obtained. In the modified APTES-TiO,, it
was possible to obtain larger active surfaces [20]. Hence,
at room temperature, we have found more localized mag-
netic defects informing about the increase in conduction
electrons similar to postulated for hydrothermally reduced
graphene oxide [19].

4 Conclusions

Modified APTES-TiO, nanocomposites after calcination
in an argon atmosphere at temperatures 800, 900, and
1,000°C showed changes within many properties com-
pared to pure calcined TiO, that strongly depend on
the temperature of annealing. New EPR lines appeared
in calcined APTES-TiO, materials, whereas these lines
were absent for pure TiO,. EPR studies at room tempera-
ture for calcined APTES-TiO, have shown the formation
of a high concentration of defects associated with con-
duction electrons that strongly depend on the calcination
temperature — g.g decreased from 2.0028 to 2.0026 and
1.9052 for 800, 900, and 1,000°C, respectively. At an
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annealing temperature of 1,000°C, concentration decreases
significantly. It is probably the result of the formation of
magnetic agglomerates. The EPR line intensity at RT calcu-
lated for 1g of sample showed an almost linear relationship
with the photoactivity in removing Orange II dyes from water.
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