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Abstract. The aim of this work was to prepare a flexible nanocomposite from ultra-fine titanium oxide (TiO,) growth on
carbon fibre via microwave-assisted hydrothermal synthesis (MHS) and to evaluate its photocatalytic properties. The TiO;
nanoparticles were directly grown on the carbon fibre (CF). Thus, a study comparing the conventional titania coating vs.
the MHS were performed. The significant layer interaction as a function of the coating method on the visible and dark dye
photodegradation performance was observed. Techniques such as X-ray diffraction, electron microscopy (field-emission
scanning electron microscope (FESEM)), Raman spectroscopy, among others were used aiming to characterize the different
route samples. This study reports a reproducible and single method to manufacture of nanocomposites through the growth of
TiO; nanoparticle on CF by MHS that allow controlling the thickness layer. Similar procedure of synthesized nanocomposite
could be applied in different chemical compositions to advanced applications, based on the electrochemical nanostructure.
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1. Introduction

Several materials and methods have been investigated for
solution coating of semiconductors that offer excellent poten-
tial for achieving low-cost manufacturing and flexible elec-
tronic devices. An alternative method is to use semiconductor
materials such as titanium oxide (TiO,), but there are prob-
lems like low efficiency during processing as well as the
immobilization of TiO, particles in porous matrices (flex-
ible holders). Among the most commonly used matrices,
the carbon fibres (CF) present better properties for this pur-
pose, such as a good adsorption capacity, dark colour, and
a uniform pore structure [1,2]. They are also in the form of
felt or tissue, which is preferable for handling when com-
pared with the granular holders. Moreover, the synergistic
effect between TiO, and carbon can greatly retard the recom-
bination of photo-induced electrons and holes, leading to
improved electrochemical performance of TiO,, as well as the
possibility of forming flexible composites. A recent study

Nanoparticles; titanium dioxide; microwave-assisted hydrothermal synthesis; carbon fibre.

showed that the CF surface can be treated with nitric acid
(HNO3) to change its topographies and obtain better per-
formance when impregnated with nanoparticles, which is
evidenced by the increased surface roughness caused by etch-
ing, thereby making the impregnation easier [2]. Therefore,
HNOs;-treated CF was selected as the matrix for the load-
ing of TiO, by two different methods in this study. The
first technique immersed the HNO;-treated CF in an impreg-
nation solution containing conventional TiO, nanoparticles.
The second method was via microwave-assisted hydrothermal
synthesis (MHS) that could allow the synthesis of different
morphologies of the TiO, nanoparticles in a short period of
time, with controlled particle thickness and employing a clean
process. Besides, this technique enables the growth of other
nanoparticles, such as stabilized lead zirconate titanate (PZT),
which exhibits piezoelectric properties. More nanoparticles
were adsorbed via MHS on the CF surface, with fewer
crystal defects and well-defined morphology and without
the necessity of further treatments [3—-6]. The coating fibre
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allows the obtainment of a versatile nanocomposite with
properties desirable to structural, chemical and physical appli-
cations.

2. Experimental

2.1 Materials and methods

Analytical grade reagents were used without further purifi-
cation. The surface treatment of the CF was performed with
concentrated HNOj. The fibre samples (dimensions of 30 x 30
mm) were immersed in a HNOj5 solution at 90°C for 30 min
in order to increase the surface area and facilitate the impreg-
nation of nanoparticles by creating surface defects.

A fibre sample that was not subjected to treatment (0 min)
was used as a standard. After the treatment, the CF samples
were washed in distilled water at 100°C and then oven dried
at 50°C for 2 h (treated). After, 0.078 g of conventional P25
TiO, were dispersed in 100 ml of distilled water to form an
aqueous solution with a concentration of ImM. This solution
was dispersed for 15 min by a sonication probe. The CF sam-
ples treated were immersed in this solution for 24 h in order
to impregnate the CF surface with conventional P25 TiO,
nanoparticles. Henceforth, the samples are referred to as CF
+ P25 or conventional composite.

The titanium glycolate used to prepare the CF and TiO,—
MHS nanocomposites by MHS was prepared by following
a method reported by Wang et al [7]. Later, the samples
were stored for further use. Both TiO,—MHS powder and the
CF and TiO,—MHS nanocomposites were synthesized inside
a polytetrafluoroethylene (PTFE) vessel in a temperature-
controlled microwave oven (MEF41, Electrolux, Brazil). For
synthesis of the pure TiO, powder, 0.30 g of the previously
prepared titanium glycolate were dispersed in 50 ml of abso-
lute ethanol (A1084.01.BJ, Synth, Brazil), using a sonication
probe (Disruptor, Unique, Brazil) for 20 min. Subsequently,
50 ml of distilled water was added to the solution and son-
icated for 2 min. The final dispersion was placed in the
PTFE vessel and heated at 150°C for 20 min. After cool-
ing up to room temperature (~24°C), the white precipitate
was collected and washed three times with absolute ethanol.
The washed precipitate was dried in an oven (ASSE, DeLeo,
Brazil) with no air circulation for 12 h. Hence, the material
is referred to as TiO,—MHS. The synthesis of the CF-TiO,
nanocomposite followed the same procedure and conditions
used for the synthesis of the pure TiO, powder, differing only
by the addition of the CF sample (dimensions of 30 x 30 mm)
to the titanium glycolate dispersion. The resulting nanocom-
posite was washed with distilled water several times until no
more particles could be rinsed from the fibre, followed by dry-
ing in an oven for 12 h. Henceforth, the CF-TiO, via MHS
nanocomposite is referred to as CF and TiO,—MHS. An alter-
native and promising idea using the same technique, can be
the growth of PZT by MHS method. In order to produce these
composites 3.31 g of lead nitrate (Vetec, Brazil), 0.884 g of
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zirconium nitrate (Vetec, Brazil), and 1.39 g of titanium iso-
propoxide (Sigma Aldrich, USA) were dispersed in 40 ml of
distilled water. Then, 11.20 g of potassium hydroxide (Synth,
Brazil) was gradually added to this solution. Later, the mate-
rial was placed in the microwave oven at 160°C for 2 h.

2.2 Characterization

The crystalline structure of the conventional P25 TiO,,
TiO,—MHS and PZT powders were characterized by pow-
der X-ray diffraction (XRD; 6000, Shimadzu, Japan), using a
monochromator with CuK, radiation (A = 1.5418 A) in the
scan range of 10-80°C. The Raman spectra were obtained
with a Raman spectrometer (inViaT640001, Renishaw, USA)
equipped with triple monochromator and coupled to a charge-
coupled device detector. An argon laser with a wavelength
of 532 nm was used as the excitation source. The spec-
tra were obtained by observing the radiation scattered at
180°C to the incident radiation (‘back scattering’) with a x50
lens. For spectra acquisition, accumulations were not used.
The determination of the surface area of the nanoparticles
was performed using multi-molecular adsorption theory and
measuring the physical adsorption of N, gas at 77 K. The
adsorption and desorption isotherms for subsequent determi-
nation of the specific surface area (Spgr) of the materials
were measured with a surface area analyzer (BELSORP-mini,
BEL Japan Inc., Japan) by Brunauer—-Emmett—Teller method.
Thus, 0.246 g of each sample was dried at 120°C under an N,
stream for 3 h. The size and morphology of the nanocompos-
ites were analysed using a field-emission scanning electron
microscope (FESEM; JSM-7500F, JEOL, Japan). An energy-
dispersive X-ray spectrometer (720, Shimadzu, Japan) was
used to quantify the presence of TiO,. Band gap calcula-
tion and ultraviolet—visible (UV-vis) spectroscopy (Cary 100
UV-visible spectrophotometer, Agilent, USA) were used to
determine the photocatalytic properties as well.

The interaction between the coating and the fibre was mon-
itored by layer dye photodegradation experiments, 50 ml of
an aqueous solution of rhodamine B (RhB) with the initial
concentration of 2 x 10~7 M was used as a model to evaluate
the photocatalytic activity of the nanocomposites. Samples of
nanocomposites (30 x 30 mm) were placed symmetrically in a
reaction cell and exposed to a 160 W mercury lamp (. > 380
nm) that was fixed along the cell axis. The distance between
the solution and the lamp was kept constant at 100 mm. The
photocatalytic reaction was monitored by sampling 1.5 ml of
each processed solution for 30 min to measure the absorbance
at A = 553 nm using a UV-vis spectrophotometer.

3. Results and discussion

3.1 Nanocomposite characterization

The XRD patterns of conventional P25 TiO,, TiO,—MHS
and PZT are showed in figure 1 as well as the identification
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Figure 1. XRD patterns of Standard and EDX of (a) TiO, P25 and TiO,—MHS and (b) PZT.

of chemical elements on the surface by X-ray spectrometer,
which showed the presence of a larger amount of titanium
in the sample prepared via MHS when compared to the
conventional method. For XRD, as expected, the P25 TiO,
has anatase and trace of rutile phases. The diffraction peaks
of TiO,—MHS sample can be indexed to an anatase-type
structure, according to its JCPDS card, as well as PZT sample
and its respective pattern card. The peaks of the TiO,—MHS
sample are broader and have lower intensities, indicating that
the crystallinity was lower and the particle size was smaller
than P25 TiO,. Regarding the peak characteristic of plane
observed in TiO,—MHS sample, which shows broader and
lower peak intensities that could be peaks superimposed and
eventually the presence of rutile phase and its peak character-
istic. In addition, the carbon XRD patterns can interfere with
TiO,—MHS phase [8,9]. The patterns of the nanocomposites
are inconclusive owing to the overlapping peaks of CF and
TiO»fine particles, as functions of MHS method apply here.

Figure 2 shows the Raman peaks near 148, 400, 518 and
640 cm~! that are associated with the anatase TiO, mode [8,
10,11]. Two other low-intensity broadband peaks are located
at ~1355 and ~1582cm™!, which correspond to the D-band
(induced by defects) and G-band (graphite mode) of carbon,
respectively [12,13].

The peaks in the Raman spectrum of the CF and TiO,—-MHS
sample have higher intensities than those in the spectrum of
the CF + P25 sample (figure 2), probably due to higher coating
homogeneity as a result of the MHS employed.

On the basis of the results obtained from the Raman spectra,
itis possible to calculate the ratio of the D- and G-band inten-
sities (Ip and Ig) to evaluate the extent of disorder in the CF
that originate from defects associated with vacancies, grain
boundaries and amorphous carbons. The calculated I, and I
ratios showed little change among the samples with a value of
0.8565 for HNOs-treated CF, 0.8512 for CF + P25 and 0.8578
for CF and TiO,—MHS. These values showed few variations
among themselves, indicating the absence of phase shift,
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Figure 2. Raman spectrum of CF + porous.
Table 1. BET data of nanoparticles.
Samples TiO,—MHS P25 TiO,
BET surface area (m? g~ ') 145.15 44.968
Total pore volume (cm® g~ 1)3 0.2689 0.0573
Pore diameter (nm)® 7.4112 5.1012

4Single-point total pore volume of the pores at P/ Py, 0.95.
bBJH desorption average pore diameter.

and the graphitic nature of carbon (sp?) on the fibre carbon
composite remained the same even after they were impreg-
nated with TiO, [14,15]. In addition, these results show that
the material transformed into crystalline anatase TiO, after
microwave treatment was performed; such data is in agree-
ment with the XRD results presented in the previous section.

Table 1 shows the characteristics of pore-size distributions
among the nanoparticles of TiO,—MHS and conventional P25
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TiO, obtained by measuring nitrogen adsorption isotherms.
The surface area of TiO,—MHS was about 145.15 m? g’l,
i.e., it had a higher relative value when compared with the lit-
erature (44.968 m? g~ ") [16]. This suggests that TiO,—MHS
sample had a high internal surface area for adsorption of
dyes and it could potentially improve the efficiency of light
collection. The volume and pore diameter also increased
because of the MHS method.

Figure 3 shows FESEM images of samples prepared via
different impregnating routes. As shown in figure 3a and b,
the nanoparticles were uniformly distributed in the CF + P25
sample, but a small amount of TiO, can be seen on the surface
when compared with images of the CF and TiO,-MHS sam-
ple in figure 3c and d. This can be explained by the fact that
carbon materials are good microwave absorbers [17,18], and
microwave heating can be successfully achieved when carbon
materials are used as the microwave receptors in applications
such as enhancement of carbon-catalysed reactions [18]. As
these materials have high thermal conductivity and can con-
vert radiation energy to thermal energy, the heat created is
instantaneously transmitted to the reactants. In the present
study, the carbon fibre absorbs microwave radiation and con-
verts it to thermal energy, which is transmitted from the centre
to the surface. Then, a preferential zone of synthesis is created
on the surfaces of the carbon fibre. This explains the enhanced
integration of the TiO, particles onto carbon fibre when MHS
is employed.
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It has also been reported that the particle size of clusters
vary depending on the solvent and the power of the microwave
[19].

The optical band gap (Eg,p) of the TiO, samples was cal-
culated following a method suggested in the literature [20].
The values obtained were 3.10 and 3.23 eV for conventional
P25 TiO; and TiO,—MHS, respectively. Previous studies have
reported Eg,, values of 3.2 and 3.0 eV for the anatase phase
[19-23]. Therefore, the result of 3.23 eV is consistent with
values reported in the literatures for the anatase phase and the
XRD and Raman scattering analysis support it. The result of
3.10 eV for conventional P25 TiO, is also comparable with
previously reported values between 3.1 and 3.15 eV for this
material [24,25].

3.2 Photodegradation test, a comparative surface
evaluation

The photodegradation activity of the CF nanocomposites was
carried out during the RhB-removal process, and the results
are shown in figure 4 and table 2. Under UV irradiation
(figure 4a), the RhB removal rates for CF and TiO,—MHS
showed a higher photocatalytic efficiency for the degrada-
tion of aromatic pollutants when compared to CF + P25
in similar condition, as well as samples under dark condi-
tions. Other authors reported the lowest photocatalytic activity
on pure CF substrate as well [26]. In addition, the results

Figure 3. FESEM images of carbon fibre coated with TiO,: (a) CF 4 P25 x 10,000, (b) CF + P25
% 50,000, (¢) CF + Porous x 10,000 and (d) CF 4 Porous x50,000.
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Figure 4. Photodegradation analysis of RhB on roughness CF, CF + P25 and CF + porous in the (a) presence and (b) absence of UV

illumination.

Table 2. Comparison of RhB removal rates with and without UV illumination at

180 min.

Phenomenon (%) Treated CF CF + P25 CF and TiO,—MHS
Absorption 19.4 12.3 29.8
Absorption + photocatalysis 28.6 48.3 98.9

suggest that the nanocomposites acted in the separation of
RhB under dark conditions due to minor contribution of
adsorption from treated CF substrate and TiO,—MHS particles
capacity. Photolysis action was not observed. The curve of
adsorption obtained under dark conditions (figure 4b) shows
that the CF and TiO,-MHS sample reached saturated adsorp-
tive capacity of RhB at ~30%.

In general, the ideal photodecomposition conditions the
higher aspect ratio between the particle size and surface area,
resulting in a small band gap and low electron—hole recombi-
nation rate. In these cases, the photodegradation rates of RhB
were higher for the CF and TiO,—MHS sample than the CF +
P25 sample. In fact, a lower optimized E,,, should decrease
the recombination rate. On the other hand, here we have
two mutual factors: the capacity of the samples to generate
*OH radicals for the degradation process (which was directly
related with Eg,p) and the difference between the available
surface area of TiO,—MHS and conventional P25 TiO,. The
result observed here suggests that assembly TiO,, on flexible
substrate by MHS, could lead to significant surface perfor-
mance resulting in higher RhB photodecomposition rates.

4. Conclusion

A versatile semiconductor coating on carbon fibre and TiO,—
MHS was successfully synthesized via MHS. This method

offers fast, clean, cost-effective and energy-efficient synthe-
sis, producing a homogeneous layer of TiO, with controlled
thickness. In addition, the procedure proposed allows the
growth of different materials, such as PZT. TiO, nano-
particles prepared via MHS exhibited spherical shapes and
abundant pores. The evaluation of nanoparticles attached in
the carbon fibre surface was observed by dye photodegra-
dation performance and it suggests a significant particles and
fibre carbon interaction as a function of coating via MHS. The
successful synthesis was a result of the microwave irradiation,
which differs from other heating techniques because of its
high penetration allowing it to rapidly heat the bulk material.
Combining the advantages of both CF and TiO, nanoparti-
cles, the nanocomposite with flexible features can be applied
in several areas, like sensors, photovoltaic devices, catalyst
support and reinforced material.
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