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Abstract

The present work reports the ultrasound assisted synthesis of nanosized oxide semiconductors, as TiO, (anatase) and Bi,0, (a-phase)/mesoporous carbon stable
architectures exhibiting high photocatalytic activity for organic pollutants degradation.

The use of ordered mesoporous carbon with a pore diameter around 5nm and high specific surface area of 1392m?/g was a successful one, providing an ideal support
for semiconductor oxide photocatalysts. Thus, by using ultrasound assisted method the photoactive systems for organics removal from waste waters has been obtained.

Due to the presence of the polar oxygenated groups on mesoporous carbon surface, these might stimulate the formation of the stable (nano) architectures, and
enhance the interfacial combination of semiconducting oxide nanoparticles with carbon nanostructure. The prepared systems by this way have been characterized by N,-
sorption measurements, X-ray diffraction, SEM microscopy and FTIR spectroscopy. A correlation between their structural, textural and morphological properties is related,
and the photocatalytic activity of the synthesized materials has been checked for the methyl orange bleaching in liquid phase, under UV light.

The photocatalytic performance of the synthesized nanosized oxide semiconductors/ordered mesoporous carbon nanoarchitectures was evaluated by bleacing
of Methyl Orange (MO). It was found that the synthesized a-Bi,0,/mesoporous carbon and TiO,/mesoporous carbon composites showed a much higher degradation
efficiencies (of 95% and 98%, respectively) as compared to commercial anatase nanoparticles. For the enhanced photocatalytic activity of the composite systems is
responsible the synergistic effect as result of mesoporous carbon structure — oxide semiconductor interactions.

Introduction mesoporous carbons are considered interesting materials that
can be used in a wide field of applications like adsorption,

In recent years, the application of high intensity ultrasound catalysis, water and air purification or energy storage [2].

to the synthesis of nanostructured materials has attracted They are inert and have attracted broad interest due to well-

much attention [1]. Providing control over the size, morphology
and nano/microstructure of metal oxides, the main advantages
of the sonochemical approach evaluated against conventional
methods are the time-shortening of the sol-gel reaction,
the size distribution uniformity and improved phase purity,
recognized also by many other research groups.

defined structure, appropriately pore size, large pore volume
and high specific surface area, as well as a high mechanical
stability. Earlier, activated carbon has been used as supporting
material to enhance the photocatalytic activity of anatase [3].
But, its irregular pore structure led to a decreased adsorption
of organics influencing the performance of the photocatalyst.
Due to their physical and chemical properties, ordered In order to solve this problem, ordered mesoporous carbons

Citation: Ignat M, Sacarescu L, Vasile A (2020) Ultrasound assisted synthesis of nanosized oxide semiconductors/ordered mesoporous carbon nanoarchitectures.
Int J Nanomater Nanotechnol Nanomed 6(1): 006-012. DOI: https://dx.doi.org/10.17352/2455-3492.000033


https://crossmark.crossref.org/dialog/?doi=10.17352/2455-3492.000033&domain=pdf&date_stamp=2020-02-03

™ PeertechzPublications

are synthesized [4] and used as support, thus increasing the
photocatalytic efficiency of TiO,-based photocatalysts [5].

The main objective of this study was to prepare oxide
semiconductor nanoparticles using the ultrasound-assisted
synthesis, immobilizing them on ordered mesoporous carbon
structures and use the obtained composites for the removal of
dyes from polluted water. Due to their electronic structure, oxide
semiconductors (e.g., TiO,, ZnO, Bi,0,, Sn0,, V,0,, Fe,0,) act as
sensitizers for light-reduced red-ox processes [6]. Although,
TiO, is the most studied photocatalyst for the last two decades,
due to its photocatalytic properties, nontoxicity and stability,
bismuth oxide, Bi,0,, has attracted a great attention due to its
variable band gap energy (from 2 to 3.96 eV), being excited by
the light ranging from visible to ultraviolet [7].

As the efficiency of oxide semiconductor is limited by
the electron-hole recombination process, by supporting
nanoparticles on carbon materials, the charge separation could
be stabilized, as well as the charge recombination could be
reduced, thus enhancing the photocatalyst reactivity. Therefore,
oxide semiconductor nanoparticles supported on ordered
mesoporous carbon could show an increased photoresponse,
due to the carbon structures that are able to promote a
rapid photoinduced charge separation and slow charge
recombination, by accepting the photogenerated electrons from
photocatalytic nanoparticles. Accordingly, this work deals first
with the sonochemical-assisted synthesis and characterization
of photoactive catalyst comprised of TiO, (anatase) and
Bi,0, (0.-phase) oxides supported on ordered mesoporous
carbon structures, exhibiting high photocatalytic activity. As
heterogeneous photocatalysis using oxide semiconductor has
demonstrated to be very effective in the oxidation of different
organic compounds, the synthesized materials have been tested
in dye bleaching process. Accordingly, the target pollutant
was methyl orange (MO), as a representative of a commercial
anionic class of dyes, being stable to visible and UV lights.

Experimental
Materials and equipment

All reagents used in the experiment were of AR grade
purchased from Aldrich and Acros Organics: tetraethyl
orthosilicate (Si(OCZHS) 4) and tri-block copolymer poly (ethylene
glycol)-block-poly (propylene glycol)-block-poly(ethylene
glycol) (Pluronic P123, molecular weight=5800, EO, PO, EO, ),
glycerol (C,H,(OH),), bismuth (III) nitrate pentahydrate
(Bi(NO,),-5H,0), titanium (IV) butoxide (Ti(OCH,CH,CH,CH,),),
isopropyl alcohol (i-C,H,0H), nitric acid (HNO,). All products
were utilized as received. Deionized water used throughout the
experiments was prepared with an ELGA purelab water system.

The reaction mixtures have been irradiated with a high
intensity ultrasonic generator SONICS VIBRA CellTM Model CV
33 (1.13cm diameter Ti horn) with 750W power and working
frequency of 20kHz, pulsed mode (3s/1s on/off cycle). The
temperature during the sonication increased up to 60°C.

Powder X-ray diffraction patterns (PXRD) were recorded
using a Bruker D8 Advance AXS diffractometer, Bragg-
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Brentano parafocusing goniometer, with Soller and fixed
slits, using a Ni-filtered Cu Ko radiation (1=0.1541nm), with
an emission current of 25mA and a voltage of 36kV. Scans
were collected at room temperature, over the scattering angle
(20)=20-60° range, using a step size of 0.02°. As well, for the
structural investigation of the mesoporous systems, small-
angle X-ray scattering measurements (SAXS) on the powdered
samples were carried out. The analysis has been performed
on a Bruker-Nanostar U apparatus equipped with a 3-pinhole
collimation system that provides a precisely parallel X-ray
beam with high intensity and virtually no background, so that
fast measuring times and extremely high resolution can be
achieved.

BET-specific surface area of starting material and
resulted composites were calculated from nitrogen adsorption
isotherm determined at 77K using a Quantachrome Nova 2200
Instrument & Pore Size Surface Area Analyzer after the sample
was outgassed under vacuum at 473K.

Scanning electron microscopy (SEM) investigations have
been carried out on a Tescan Vega II SBH microscope at an
acceleration voltage of 30kV. Before analysis, all samples
sputter-coated with a thin layer of gold (3onm) (using a
EMS 550X Sputter Coater). As well, transmission electron
microscopy (TEM) investigations have been carried out on a
Hitachi High-Tech HT7700 HT7700, designed with ground-
breaking features, chief among these is that superior level of
operability and the extensive range of useful digital imaging
functions.

FTIR spectra were recorded with a Bruker Vertex FTIR
spectrometer, resolution 2cm™, in the range of 4000-400cm™
by KBr pellet technique. The FTIR experiments were performed
both for unloaded and loaded ordered mesoporous carbon
materials.

The concentration change of methyl orange was determined
by the Shimadzu 2401 UV-Vis spectrophotometer, on a
pre-registered calibration curve of standard methyl orange
solutions.

Ordered mesoporous carbon synthesis

The mesoporous carbon samples were prepared by a simple
nanocasting route, using the mesoporous ordered silica SBA-15
as template and glycerol as carbon source. The silica template,
SBA-15, was synthesized using a tri-block copolymer (Pluronic
P123) by a sol-gel method [8]. In a typical synthesis of ordered
mesoporous carbon [4], the SBA-15 silica was loaded with a 10%
glycerol solution by dry impregnation method. The resulted
mixture was then subjected to polymerization and the formed
polymer-silica composite was pyrolyzed in a tubular oven at
a temperature of 1073K, under nitrogen flow. Afterward, the
SBA-15 silica framework was removed in order to separate the
carbon structure [4].

TiO, and Bi,0./ordered mesoporous carbon nanoarchi-
tectures synthesis

The experimental procedure of supporting semiconducting
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oxide nanoparticles is based on the dry-impregnation
technique, which consist of drying first the synthesized
mesoporous carbon material at 473K for 2h. Afterward, the
hot sample has been contacted with 5% titanium (IV) butoxide
alcoholic solution, with the impregnation ratio of 1:10.
Thus, the carbon sample adsorbs quick the titania precursor
molecules leading them to the internal mesopores. The same
procedure was followed for the impregnation of bismuth oxide
precursor solution. Therefore, Bi(NO,),-5H,0 was dissolved in
1.12M HNO, solution to avoid the hydrolysis, and the resulted
solution was adsorbed by the hot carbon sample. The titanium
(IV) butoxide/carbon sample was then suspended in 50ml of
isopropyl alcohol, where the hydrolysis was carried out with
s5ml of distilled water, slowly dropped during sonication.
Likewise, the ultrasound-assisted hydrolysis of Bi(NO,), over
the carbon was performed by dripping 50ml of 0.2M NaOH
aqueous solution. Both mixtures were irradiated with high-
intensity ultrasound at room temperature, in ambient air, for
75min. During ultrasound irradiation process, the temperature
of the reaction mixtures raised up to 333K. After that, the
mixtures were filtered and washed several times with distilled
water and ethanol, and the resulted solids were dried at room
temperature overnight. Finally, the oxide semiconductor/
carbon composites have been obtained by annealing at 673K, in
N, flow (with a heating rate of 5°C/min). The obtained samples
were labeled as C-TiO, and C-Bi,0,.

Photocatalytic tests

The photocatalytic experiments have employed the
investigation of the UV-assisted degradation reaction of methyl
orange, from aqueous media, at room temperature using a 6W
Vilber Lourmat UV-lamp (A.=365nm). The solid/liquid ratio was
maintained constant during all experiments. After 30minutes
dark run, where the adsorption-desorption equilibrium was
achieved, the photocatalytic rection was initiated by switching
on the UV light. Moreover, in order to avoid the influence of
the outer light, all photocatalytic tests have been carried out
in a closet where only the UV-lamp illuminated. Thus, only
photons emitted by the UV-source was responsible for the dye
bleaching process. The start concentration of MO solution (C,)
was 40mg/L and the experimental pH of 5.4 for both C-TiO,
and C-Bi,0, samples.

The bleaching of MO solution was monitored by measuring
the MO concentration at established time intervals, by checking
the absorbance at characteristic wavelengths of 272nm and
465.5nm, on the UV-Vis spectrophotometer.

Results and discussions
Structural characterization

The ordering of the porous carbon structure was confirmed
by small-angle X-ray powder diffraction. Thus, the small-
angle XRD pattern of the carbon material shows that it has a
hexagonally ordered mesoporous structure, as evident from
the presence of diffraction peaks indexed as (100) and (110)
reflections of the two-dimensional hexagonal space group
pémm [4].
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When TiO, and Bi,0, nanopartciles have been supported on
the carbon structure (Figure 1), the widening of (100) diffraction
peak was observed, as well as diminished intensity, while the
(110) reflection disappeared, as can be observed in Figures 1a,b
inset. Accordingly, it can be argued that the decrease of the
pore ordering in the carbon structure occurs after TiO, and
Bi,0, nanoparticles deposition during annealing process.

The wide-angle X-ray diffraction patterns proved the
formation of oxide semiconductor crystalline phases in prepared
composite samples. Thus, the wide-angle XRD patterns (Figure
2) recorded on C-TiO, and C-Bi,0, samples clearly indicate the
successful formation of oxide semiconductors crystalline phase
inside ordered mesoporous carbon structure. As result, in the
C-TiO, composite sample evidenced that the anatase was the
only formed titania crystalline phase [9]. This was confirmed by
the appearance of the diffraction peak emerging at 26~25.29°,
indexed as (101) reflection, which is characteristic to anatase
phase of tetragonal symmetry belonging to P42/mnm(136)
space group (JCPDS card no. 88-1175). This result is of great
importance for the photocatalytic processes, as anatase exhibits
the highest photocatalytic activity among the other titania
crystalline phases. Thus, no rutile or brookite phases were
detected in the C-TiO, composite sample. On the other hand,
the diffraction pattern of C-Bi,0, composite sample showed
that the major crystal phase of a-Bi 0, is formed (according
to JCPDS card no. 71-2274) [10], with a monoclinic symmetry
belonging to the P21/c (14) space group. The Scherrer equation
allowed to calculate the average of crystallite sizes. Thus, the
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Figure 1: The low angle XRD patterns of the unloaded (C) and TiO, or Bi,0, loaded
ordered mesoporous carbon material (C-TiO,and C-Bi,O,, respectively).

Intensity, a.u
intensity a.u.

Figure 2: The wide angle X-ray diffraction patterns of the unloaded and TiO,,
respectively Bi,0,, loaded ordered mesoporous carbon material.
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sizes of unsupported and supported a-Bi,0, crystallites are of
appropriate values, of 30.79nm and 31.15nm, respectively. The
small difference may be explained in terms of the formation
of «-Bi,0, nanoparticles during the ultrasound treatment.
Returning to C-TiO, pattern, the evaluation of the crystallite
size of TiO, was difficult, as the (101) diffraction peak of
anatase overlapped the (002) reflection of ordered mesoporous
carbon support. Therefore, another technique for crystallite
size evaluation should be considered.

Further, SAXS profiles come to provide more information
about the sizes and shapes of the prepared nanostructures.
Thus, one dimensional (1D) SAXS profiles (Figure 3) appear
linearly decrease with increasing of s value in logarithm
scale, suggesting the formation of long rod-like shaped
nanostructures. Furthermore, the shape of the P(R) function
curves (Figure 3) exhibit the typical features of elongated
cylindrical structures, as anticipated from the 1D SAXS profiles
(13].

Textural and morphological investigation

In order to determine the specific surface area of the
unloaded and oxide semiconductors loaded carbon materials,
the nitrogen adsorption—desorption isotherms were recorded
(Figure 4). According to IUPAC classification, all isotherms
exhibit a type IV with a Hi type hysteresis loop, reflecting
the presence of a mesoporous structure of all samples [4].
Because the isotherm shape after nanoparticles supporting
on the carbon framework has not been modified, indicating
that the oxide semiconductor nanoparticles were deposited
on the external surface of the carbon structure. The registered
isotherms allowed to calculate BET specific surface area as
1392m?/g for ordered mesoporous carbon support, and a little
bit reduced values of 1196m?/g and 1020m?/g, for C-TiO, and
C-Bi,0,, respectively. Since by loading oxide semiconductor
nanoparticles the BET specific surface area and the total
pore volume (Table 1) a slightly decrease is observed, it is
an indication that a very small part of oxide semiconductor
nanoparticles entered the mesopores of carbon material,
while the major part of nanoparticles are located outside of
mesopores. As the decrease of specific surface area is not so
drastic, the assumption of un-altering of ordered mesoporous
carbon structure is confirmed. With respect to TiO, and a-Bi,0,
synthesized nanoparticles, the C-TiO, and C-Bi,0, composite
samples are characterized by enhanced textural properties
given by the carbon support material. The corresponding pore
size distributions were estimated using the Barrett—Joyner—
Halenda (BJH) method, applied on desorption branch of the
isotherm (Figures 3b,4b), allowing to find out the mean pore
size of 3.9nm.

The scanning electron micrographs of the unloaded (C) and
TiO, and Bi,0, loaded ordered mesoporous carbon materials
(C-TiO, and C-Bi,0,, respectively) are presented in Figure 5
(first line). The SEM image of the mesoporous carbon material
shows that the long fiber/rod-like morphology from the
parent silica template has been retained. With respect to C
sample, some small parts/agglomerations were observed (SEM
images of TiO, and Bi 0, loaded ordered mesoporous carbon).
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Figure 3: Small angle X-ray scattering intensities of C, C-TiO, and C-Bi,0, samples
against the magnitude of wave vector, s, plotted on logarithmic axes, and the pair-
distance distribution functions (PDDF), P(r), calculated from 1D SAXS profiles, of C,
C-TiO, and C-Bi,0, samples.
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supported ordered mesoporous carbon (C-TiO,) samples and corresponding

pore size distributions (first line), and of Bi,0,-supported ordered mesoporous
carbon (C-Bi,0,) sample and corresponding pore size distributions (second line),
respectively.

Table 1: Textural and structural properties of the synthesized materials.

Sample S, ,m%*g VP,cc/g Average pore diameter, nm d,nm a,nm
c 1392 1.65 4.75 8.66 10.0
C-Tio, 1196 1.23 4.10 0.35 0.40
C-Bi,0, 1020 0.96 3.76 0.32 0.37

Sge; — specific surface area calculated from the linear part of the corresponding

BET plot; VP - total pore volume taken at 0.95 P/P; Average pore diameter was
estimated by the BJH method; d - the d-spacing of (100) reflection; a, — unit cell
parameter calculated by the formula a;=(2d, ) /v3.
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These derive from the TiO, and Bi,0, nanoparticles deposition
on the external surface of ordered mesoporous carbon. It
is interesting to find that the mesoporous carbon material
keeps its morphology, although bismuth oxide nanoparticles
agglomerate more carbon nanorods than titanium oxide. The
pore ordering in the carbon support material is also proved
by TEM (Figure 5, second line), as well as the fiber/rod-like
morphology. Because the XRD results could not provide the
size of TiO, nanoparticles, is was possible to measure it on
TEM image, using an Image]J software. Thus, were found TiO,
nanoparticles of 10 nm, confirming that they widens the XRD
peak, being undetectable nanoparticles by XRD. At the same
time, TEM image of Bi,0, nanoparticles deposited on carbon
support confirm the diameter of 30nm (as was calculated from
XRD).

Infrared spectroscopy analysis

The chemical and structural properties of nanosized oxide
semiconductors loaded ordered mesoporous carbon were
analyzed with Fourier Transform Infrared spectroscopy (FTIR).
The FTIR spectrum (transmission mode) of ordered mesoporous
carbon (C), exhibit absorption bands of characteristic
functional groups on its surface (Figure 6). However, the high
absorbance of the carbon material required a very low sample
concentration and therefore there was likely to be significant
water contamination. It is accepted that the interpretation of
surface groups to be qualitative, as they cannot be expected
to behave as isolated functional groups. Thus, the absorption

Figure 5: The SEM (first line) and TEM (second line) images of the C, C-TiO, and
C-Bi,0, samples.
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Figure 6: FTIR spectra of (a) C-TiO, nanoarchitecture compared with TiO, and C

samples and (b) C-Bi,0, nanoarchitecture compared with Bi,0, and C samples.
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band at 1602cm™ is assigned to the skeletal vibration of carbon
structure. This peak is also observed in both spectra of C-TiO,
and C-Bi,0, samples. The presence of C=0 functional groups
is emphasized by the band at 1734cm™ and —-OH functional
groups appear as a broad band centered at 3500cm™, playing
an important role in wetting process. Also, absorption bands
of O-H bending of carboxyl groups appear at 1450cm™. The
presence of sharp transmission bands at 575cm™ and 480cm™
prove the presence of the crystallized TiO, phase [11] (Figure
6a). The absorption band in the range of 500-700cm™ is
attributed to the Ti-O-Ti vibration of anatase [12], confirming
XRD results. The broad band at 1220cm™ indicated that most
likely Ti-O-C absorption band [13], is present in the spectrum
of C-TiO, sample (Figure 6a), proving that titanium dioxide is
bonded to the carbon surface, where the synergistic effect has
its origin.

Further, the FTIR spectrum of C-Bi,0, samples (Figure 6b)
reveal the characteristic absorption band at 825cm™ attributed
to Bi-0-Bi bond, and the strong absorption band recorded at
471cm™ is due to the stretching mode of Bi-O bonds in BiO,
octahedral units [15,16]. As well, the observed absorption band
at 701cmhas been assigned to symmetric stretching vibrations
of Bi-O bonds in BiO, pyramidal units. These results are in
good agreement with the data reported by Carrazan, et al., [17]
and Fruth, et al., [18], where is suggested that the absorption
in the range of 600-400cm™ and 800-400cm™, respectively,
is correlated with the stretching mode vibration of Bi-O. The
absorption bands at 508 and 572cm in FTIR spectra are signed
to a-Bi0, [18, 19], the results being in good agreement with
XRD data discussed above.

All data confirm that the ultrasound assisted synthesis is
the right way to produce nanosized oxide semiconductors/
ordered mesoporous carbon architectures composites.

Photocatalytic activity

Further, the functional properties of C-TiO, and C-Bi,0,
composite samples in terms of photocatalysis, referring to the
reference materials C, TiO, and Bi,0,, have been investigated.
Due to the high specific surface areas, the interfaces of C-TiO,
and C-Bi,0, composite samples are expected to trap easily and
quickly the photogenerated electron, or the photogenerated
electron to diffuse to the ordered mesoporous carbon
graphene sheets. Therefore, the bleaching of MO under UV
light occurs as a result of appeared synergistic effect. When
the adsorption equilibrium in dark (the first 30minutes) was
achieved, a decrease of MO concentration have been observed,
as well as the solution bleaching. Since MO bleaching under
UV irradiation without photocatalysts was only about 2%,
this was considered a negligible value with respect to the
MO bleaching in the presence of the synthesized composite
photocatalysts. As observed, MO removal comes predominantly
from photocatalytic degradation by oxide semiconductor
nanoparticles supported on ordered mesoporous carbon.
Thus, C-TiO, and C-Bi,0, photocatalysts led to a decrease of
the MO concentration faster than the pure TiO, and «-Bi,0,
powders, respectively. These results indicate that the ordered
mesoporous carbon enhances the photocatalytic activity of
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semiconductor oxide nanoparticles, that is attributable to the
high specific surface area of carbon support, as well as due to
the fact that the carbon support acts as an electron reservoir
and possesses great electron transfer properties [20]. Also,
high photocatalytic activity of the obtained architectures is
due to the graphitic carbon structure that is able to promote
a rapid photoinduced charge separation and slow charge
recombination, by accepting the photogenerated electrons
from photocatalytic nanoparticles. Thus, the carbon support
works as an effective adsorbent to concentrate MO around the
photocatalytic nanoparticles, providing high MO concentration
for photocatalytic reaction (Figure 7).

The photocatalytic bleaching experiments allowed to
evaluate the efficiencies of nanosized oxide semiconductors/
ordered mesoporous carbon architectures, that are observed to
be improved compare to that of the pure oxides. After 3 hour
of UV irradiation the efficiencies of oxide semiconductors/
ordered mesoporous carbon nanoarchitectures achieved about
95 — 98% in MO bleaching process. Therefore, the synthesized
composite materials could be an interesting alternative for
anionic dye bleaching from waste waters.

Conclusions

By this work, we described a successful way for the synthesis
of nanosized oxide semiconductors/ordered mesoporous carbon
nanoarchitectures using ultrasounds. It was observed that the
carbon structure was not altered in any way. Even more, the
mesoporous carbon played an important role in promoting
a rapid photoinduced charge separation and slowing down
the charge recombination. As well, the ordered mesoporous
carbon nanostructure contributes to the increase of the specific
surface area of nanosized oxide semiconductor nanoparticles,
thus increasing the surface contact with the dye molecules to
be bleached from solutions. Therefore, a high specific surface
area of the synthesized composites was determined to be much
larger than that of un-supported nanoparticles. By supporting
on the carbon framework, was proved that the nanoparticle
agglomeration can be avoided.

The synthesis is considered to be a successful one in terms
of crystallinity of the synthesized samples. The crystalline
phases of C-TiO, and C-Bi,0, composite samples were proved
to be high photoactive, as a result of the synergistic effect
arising from the combination of semiconductor metal oxide
nanoparticles and mesoporous carbon structure.
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