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Abstract. Boron-modified TiO, thin films with different boron contents were obtained by the spin coating technique.
Chemical composition and bonding were determined by X-ray photoelectron spectroscopy (XPS). Raman, UV-visible
and photoluminescence spectroscopies were used to characterize the deposited films. XPS results revealed that the boron
content varied from 2.1 to 9.0 at% and that Ti-O-B bonds are formed at the highest content. Raman spectra showed that
incorporation of B in the titania lattice improved the crystallinity of the anatase phase and promoted a decrease in the
crystallite size. Photoluminescence characterization indicated a quenching of the electron—hole recombination rate due to
boron incorporation. The photocatalytic activity improved with films modified with B under solar-simulated irradiation.
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1. Introduction

Nowadays wastewater remediation is considered a key issue
to provide clean water for human consumption and activi-
ties [1]. Water pollution originating from different anthro-
pogenic activities is a topic that has been gaining
importance in recent years because of its potential damage
to the environment. To address this issue, several proce-
dures have been proposed for wastewater treatment, such as
absorption, biodegradation, chlorination and most recently
the so-called advanced oxidation processes [2,3]. In general,
terms, the advanced oxidation processes takes advantage of
the high reactivity of OH radicals in oxidation processes
that have proven their effectiveness for achieving the
complete mineralization of organic pollutants [4,5]. Among
the advanced oxidation processes, the photocatalysis pro-
cess has proven to be a suitable green option for the treat-
ment of wastewaters polluted with organic molecules. TiO,
(titania) is considered the most popular photocatalyst owing
to its physicochemical properties [6]. However, TiO, has
two major drawbacks when used as a photocatalyst, its
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bandgap energy close to 3.2 eV, which makes it active only
under UV light, and the higher recombination rate of pho-
togenerated charges that it presents. Therefore, different
strategies to overcome these disadvantages have been pro-
posed, such as modifying the TiO, by doping with other
elements or coupling it with other semiconductors. In this
way it is possibly to reduce the bandgap energy to make
TiO, photoactive under visible light as well as to decrease
the recombination rate of the electron—hole pairs, both
responsible for the good performance of the photocatalysts
[6]. It is worth mentioning that our research group has
investigated the modification of TiO, with metals such as
Ni, Co, Fe, Ag, Au, Pt, Sn, Bi, non-metals such as N, and
with a lanthanide Eu [7-13]. These studies have provided
information about the effect of the modifiers on the
physicochemical properties of TiO, as well as on the pho-
tocatalytic performance under solar light for the pho-
todegradation of dyes as model molecules of pollutants
contained in wastewaters. Another important aspect of our
work is the use of photocatalysts in thin film form with
some advantages over photocatalysts in powder form, as
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nanoparticles or nanostructures in colloidal suspension,
avoiding the difficulty of removing them from the reaction
system [14,15], as well as the use of amounts of photocat-
alysts as low as 25 pg cm > [14]. In this work, we report the
modification of TiO, with boron in thin film form with the
purpose to obtain a visible-light-driven photocatalyst for the
photodegradation of malachite green dye using a solar light
simulated source.

2. Materials and methods

2.1 Synthesis of thin films

Thin films were deposited by the spin coating method
spreading the precursor solutions, prepared by the sol-gel
technique, at 3500 rpm onto glass substrates using a spin
coater KW-4A from Chemat Technology. After deposition,
the thin films were subjected to a thermal treatment at
400°C in a conventional oven at a heating rate of 3°C min™"
for 2 h.

Titanium isopropoxide (Ti[OCH(CHj3),]4, Aldrich 97%),
nitric acid (HNOj;, Fermont 70%), 2-propanol (CHs.
CHOHCH3;, Fermont 99.8%) and boric acid (H;BOs, Fer-
mont) were the reagents used to prepare the precursor
solutions. The synthesis was carried out under environ-
mental conditions, mixing 5 ml of 2-propanol with 0.75 ml
of titanium isopropoxide under continuous stirring. Subse-
quently, different quantities of boric acid (as a boron pre-
cursor) were added under stirring for 5 min to obtain
theoretically 3, 5, 10 and 20 wt% of B,03 in the titania film.
The obtained films were labelled respectively as TiBl,
TiB2, TiB3 and TiB4. The TiBO sample containing only
TiO, was used as reference. Afterwards, 1 ml of nitric acid
was added to promote the transition of the sol to a gel-like.
This procedure has been reported elsewhere for the prepa-
ration of TiO, thin films modified with different metals
[7,12—-14].

2.2 Characterization of thin films

The thin films were characterized by X-ray photoelectron
spectroscopy (XPS) to determine the elemental chemical
composition and the chemical bonding of the present
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Figure 1. Boron content (nominal and experimental) as a

function of the amount of B,O5 used in the synthesis.

elements. The XPS spectra were acquired from 50 to 1000
eV of binding energy in the high-resolution mode in the
region of each element using a K-Alpha Thermo Scientific
XPS spectrometer. The adventitious carbon peak was
adjusted at 285 eV to correct any displacement due to
sample charging. The microstructure of the thin films was
characterized by Raman spectroscopy; spectra were recor-
ded using a micro-Raman LabRam 800 system equipped
with a confocal microscope Olympus BX40, samples were
excited using a Nd:YAG laser (532 nm) at power levels
close to 0.7 mW. The bandgap energy was calculated using
the Tauc method from the transmittance spectra acquired
from 200 to 1100 nm using a Perkin Elmer Lambda 35 UV-
Vis spectrophotometer. Photoluminescence (PL) properties
of the thin films were studied through PL spectroscopy
using a spectrofluorometer FluoroMax 4 from Horiba Jobyn
Ivon equipped with a 150 W Xenon lamp as an excitation
source. Scanning electron microscopy (SEM) was used to
observe the surface morphology of the thin films with a
JEOL JSM-5900-LV microscope.

2.3 Photocatalytic evaluation

The photocatalytic performance of the obtained thin films
was evaluated following the degradation of the malachite
green (MG) dye. The degradation reaction was performed in

Table 1. Elemental chemical composition obtained from XPS.

Photocatalyst Ti (at%) O (at%) B (at%) experimental B (at%) nominal B,03 (wt%)
TiBO 32.0 68.0 0 0 0

TiB1 30.6 67.3 2.1 1.4 3

TiB2 37.0 60.2 2.8 2.3 5

TiB3 272 68.1 4.7 4.5 10
TiB4 31.0 60.0 9.0 8.9 20
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Figure 2. XPS Ti-2p region corresponding to films (a) without
boron (TiB0) and (b) containing 9.0 at% of boron (TiB4).
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Figure 3. XPS B-1S region of films with different boron
contents: 0, 2.1 at%, 2.8 at%, 4.7 at% and 9.0 at%.
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Figure 4. XPS O-1s region corresponding to films (a) without
boron and (b) containing 9.0 at% of boron.

a batch reactor where a piece of 1 cm? of the photocatalyst
thin film (approximately 25 pg of mass, lower than that used
in powder form) was introduced into 25 ml of an aqueous
solution of the MG dye (10 pmol 17"). Initially, the reaction
was evaluated in dark conditions in the uncatalysed and
catalysed process, where reaction and absorption onto the
thin films was dismissed. Afterwards, the photocatalytic
reaction was carried out by stirring for 15 min in dark
conditions to reach the equilibrium between the thin film
used as a photocatalyst and the dye solution to discard the
absorption process. Photocatalytic reaction was activated by
illuminating the thin films with light emitted by a solar
simulator (Sciencetech SF150 model, class A) at an average
intensity close to 60 mW cm . The degradation degree of
the MG dye was followed by the decrease of its charac-
teristic absorption band peaking at 617 nm, this was carried
out by taking aliquots each 15 min for the 2 h of reaction
time. Previously, a calibration curve of absorbance of the
MG dye as a function of the concentration was traced.
Kinetic rate constants were obtained, considering a first-
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Figure 5. Surface morphology of films: (a) without boron, (b) 4.7 at% of B and (c¢) 9.0 at% of B.
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Figure 6. (a) Raman spectra of the B-modified TiO, thin films,
(b) zoom of the 144 cm™ Raman band.

order kinetic model, from the slope of the plot of natural
logarithm of MG concentration vs. reaction time.
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Figure 7. (a) XRD patterns of the B-modified TiO, thin films,
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and crystallite size as a function of the boron content.
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Figure 8. PL spectra of the different photocatalysts.
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Figure 9. PL intensity vs. boron content.
3. Results

3.1 Characterization of thin films

Table 1 shows the chemical composition determined from
the XPS spectra (experimental) and calculated as the
expected load of B,O3; (nominal) to obtain theoretically 3,
5, 10 and 20 wt% as B,0; in the titania film. In general
terms, it can be seen that the boron content in the films
varies from 2.1 to 9.0 at%. These data are plotted in
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Figure 10. (a) Transmittance spectra and (b) Tauc plots

corresponding to different thin films.

Table 2. Optical bandgap energy of the TiB thin films.

Photocatalyst Boron content (at%) E; (eV)
TiBO 0.0 3.0
TiB1 2.1 3.1
TiB2 2.8 3.1
TiB3 4.7 33
TiB4 9.0 34

figure 1, in which a good correlation between both values,
the nominal and the experimental, of boron content with the
amount of B,O5; used for the synthesis is observed. The
linear behaviour observed suggests that the proposed pro-
cedure enables controlling the B content in the thin films in
an easy way.

High-resolution XPS measurements were performed for
all samples to determine the chemical bonding of the
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Figure 11. Malachite green dye degradation as a function of the

reaction time for the prepared photocatalysts.

Table 3. Kinetic rate constants obtained assuming a first-order
reaction.

Kinetic rate

Boron constant under simulated solar
Photocatalyst content (at%) light (x 1073, min ™)
TiBO 0.0 2.0
TiB1 2.1 3.2
TiB2 2.8 3.9
TiB3 4.7 *
TiB4 9.0 2.6

*Not possible to calculate.

present elements Ti, O and B. Figure 2 shows the XPS
Ti2p region spectra of the sample TiB0, without boron
(figure 2a) and of the sample TiB4, with the highest boron
content (figure 2b). In both cases, a doublet with peaks
close to 464.0 and 458.3 eV is observed. These binding
energies agree well with Ti-O bonds in TiO, [16]. Spec-
trum of the film containing 9.0 at% of boron shows
broader signals than the spectrum of the film without B,
indicating a variation of the chemical bonding environ-
ment of Ti due to the boron incorporation. Figure 3 shows
the XPS Bls region spectra of the prepared films with
different content of boron. The spectra of samples TiBl1,
TiB2 and TiB3 show a peak at 191.9 eV, whereas the peak
for the sample TiB4 is slightly shifted to 192.1 eV sug-
gesting the formation of B,0;. Figure 4 shows the Ols
region spectra of the sample without boron (figure 4a) and
of the sample containing 9.0 at% of boron (figure 4b).
These spectra show asymmetric peaks with tails extending
to high binding energies. These peaks were fitted using
Voigt line shapes, which are shown in these figures. The
most intense peak around 530.2 eV is attributed to O-Ti

Bull. Mater. Sci. _##HHHHEHEHEHHEHEHERAE

(min™)

Figure 12. The kinetic rate constants of the MG degradation
reactions using scavengers.

bonds, indicating the presence of TiO, [17]. The peak
close to 531.4 eV is attributed to O-H bindings and is due
to adsorbed moisture from the atmosphere [17]. Two
additional signals appear in the sample with boron, the
first one at 533.0 eV is attributed to B-O bonds confirming
the presence of Ti-O-B bonds, whereas the peak at 534.3
eV is due to adsorbed water also due to adsorbed moisture
from the atmosphere [18].

Surface morphology observed from SEM images show
reasonably smooth surfaces with some defects that increase
in number as the boron content increases, as is seen in
figures Sa—c. It is worth noting that these changes in mor-
phology due to B incorporation could be useful for photo-
catalytic applications, because the specific surface area
increases as a function of the boron content.

The Raman spectra shown in figure 6a display the char-
acteristic vibrational modes of the anatase crystalline phase
of TiO, at 145 cm™ (Ey), 196 em™ (Ep), 395 cm™" (B,y),
517 cm™ (A, + Byy) and 639 em™ (E,) [19]. Two main
changes in the Raman spectra due to boron incorporation
are observed. The first one is a monotonic increase in the
Raman intensity of the peak at 145 cm™" as a function of the
boron content, suggesting that boron promotes a better
degree of crystallinity of the anatase phase as the B content
increases. The second one is a slight shift of the main
vibration mode from 142 to 145 cm™" as the boron content
increases as is shown in the zoom of the vibrational mode at
142 cm™ (Eg) in figure 6b.

Figure 7a shows the XRD patterns of the prepared films
with different boron content. Crystalline phase identifica-
tion was done by comparison using the powder diffraction
file (PDF) data bank supplied by the International Centre for
Diffraction Data (ICDD). The spectrum of the sample
without boron shows clear diffraction lines at 25.30, 37.85,
48.20, 53.95 and 55.10°, characteristics of the anatase phase
of TiO, (00-021-1272).
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The average crystallite size was estimated by using the
Debye-Scherrer equation:

o
~ PcosO’

where D is the mean crystallite size, 4 the wavelength of the
radiation (1.540598 A for Cu-Ko radiation), k a dimen-
sionless number of the order of unity, known as the Scherrer
constant whose value depends on the shape of the crystal,
the size distribution and how the width is determined, 5 the
peak full-width at half-maximum intensity and 0 is the peak
position in radians [20]. The results show that the average
crystallite size decrease with the increment of B content, the
values varied from 14.9 to 10.2 nm for the TiO, and the film
with a boron content of 9.0 at%, respectively.

Figure 7b shows the full-width at half-maximum of the
Raman peak at 145 cm™" as a function of the boron content. The
same graph shows the crystallite size determined from the XRD
patterns. An increased broadening with the boron content and at
the same time a decrease of the crystallite size are observed,
which is in good agreement with previous reports [21].

The PL spectrum of the TiO, film (figure 8a) exhibits a band
emission peaking at 378 nm that can be attributed to an interband
transition in good agreement with the bandgap value of titania
(3.2 eV). When boron is incorporated in the films, the spectra
show changes in the PL emission, becoming broader with the
increase in boron content and displaying signals at 398, 438 and
468 nm that are clearly seen in the spectrum of figure 8e. The last
two signals can be attributed to free and bounded excitons,
respectively [22]. Another change is the appearance of a
shoulder peaking at 356 nm, indicating a widening of the
bandgap. Figure 9 displays the PL intensity as a function of the
boron load, which shows that boron incorporation at lower loads
produces a strong quenching of the PL emission, indicating a
decrease of the recombination rate due to the boron presence.

The optical bandgap energy was estimated from the
transmittance spectra, shown in figure 10a, using the Tauc
method by plotting (ahv)"? as a function of the photon
energy (hv). The optical absorption coefficient was obtained
using the equation:

o= —In(T)/t,

where T is the transmittance and ¢ the thickness of the film.
The E, values were then calculated by a linear fit of the
linear part of the curve, determining its intersection with the
photon energy axis as the quotient of the intercept to the
slope [23,24]. Figure 10b shows the Tauc plots and three of
the lineal fittings performed. The obtained E, values are
shown in table 2 and indicate an increase from 3.03 to 3.38
eV as the B content increases.

3.2 Photocatalytic evaluation of thin films

Figure 11 shows the degradation degree of MG dye
achieved with the different samples. The TiO, thin film

Page 7 of O _#HHH#_

without boron reached 21.9% of degradation, the lowest
value. The photocatalytic response of the samples with the
lower content of boron, 2.1 and 2.8 at%, follows a very
similar behaviour, reaching conversions of 36.6 and 35.9%,
respectively. Further increase in the boron content to 9.0
at% decreases the degradation degree to 24.9%. The kinetic
rate constants shown in table 3 were calculated assuming a
first-order kinetic reaction as the slope from the plot of the
natural logarithm of MG concentration vs. reaction time.
The highest kinetic rate constant corresponds to the TiB2
photocatalysts, followed by the TiB1 film.

In order to gain insight about the chemistry, radicals
involved, and the reaction routes in the degradation process
of the MG dye by photocatalysis, scavenger molecules were
used. The p-Benzoquinone (BZQ, 0.001 M) molecule was
used to trap the superoxide radicals (O,e); triethanolamine
(TEOA, 0.01 M) was used to block holes (h™) and 2-pro-
panol (IPA, 0.02 M) was added to trap the hydroxyl radicals
(OHe) [25-28]. Two photocatalysts were used in the
degradation reactions under the previous conditions by
adding these scavenger molecules separately to the reaction
systems, using the TiO, thin film and using the TiO, film
modified with 2.8 at% of boron; this sample was chosen
because it gave the highest MG degradation. Figure 12
summarizes the results showing the kinetic rate constants
determined in each case. In the first case, the results show
that the kinetic rate constants are in the following order IPA
< BZQ < TEOA. This indicates that holes (h") and OHe
radicals have a lower contribution to the dye degradation.
The incorporation of IPA to the reaction system results in
the lowest kinetic rate constant, suggesting that the OHe
radicals have an important contribution to the MG degra-
dation. When TEOA is used, the highest kinetic rate con-
stant is reached. This result, together with the previous one,
reveal that the preferred route for degradation of the
malachite green dye is the reduction path with the super-
oxide radicals being responsible of the MG degradation.
When boron is used to modify the TiO,, the results are
different. In this case, the use of BZQ results in a kinetic
rate constant higher than in the previous case, suggesting a
major contribution of the h* and OHe radicals to the pho-
tocatalytic degradation of MG. Incorporation of IPA to the
reaction system results in the lowest kinetic rate constant
value, which proves that the OHe is the radical with the
major contribution to the MG degradation. Finally, the use
of TEOA in the reaction system favors the availability of
superoxide radicals for the degradation reaction.

4. Discussion

XPS spectrum of the Bls region suggests that boron is at
interstitial positions in the titania lattice, because the B-O
binding energy in B,0; is at 193 eV and the B-Ti binding
energy is at 187.5 eV, and therefore the observed signal
could be attributed to Ti-O-B bonds [18]. The slight binding
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energy shift observed for the sample with the highest boron
load (figure 3e) could be due to an increase in the number of
B-O bonds starting the formation of B,0O5. The incorpora-
tion of B in the titania lattice is also inferred from the
Raman shift of the peak at 142 cm™ that can be due to
compressive stress induced by B incorporation as well as
due to the improved crystallinity of anatase, also promoted
by B. The bandgap values obtained for the samples with the
lower B content and without B are consistent with the
bandgap value of the anatase phase of TiO,. Also, this
increase in the bandgap can be related to the decrease of the
crystallite size found by Raman spectroscopy and XRD.
Concerning PL results, for photocatalytic applications a
key issue is to investigate the recombination rate of pho-
togenerated electron—hole pairs since they are responsible
for the formation of the reactive species that degrade
organic molecules. The obtained results show that boron
incorporation at lower loads produces a strong quenching of
the PL emission, whereas at the highest boron content the
PL intensity becomes even higher than the emission of the
titania film. It has been reported that the lower the PL
intensity, the lower the recombination rate of photo-induced
electron-hole pairs, and the higher the photocatalytic
activity of semiconductor photocatalysts [29]; therefore, it
is expected that samples TiB1 and TiB2 show better pho-
tocatalytic activity which is observed in the photocatalytic
results. It is important to emphasize that thin films con-
taining boron present better photocatalytic activity than the
thin film without boron. It is also important to remark that
boron-modified TiO, photocatalysts can be considered
visible-light-driven photocatalysts, as they were tested
under simulated solar light, achieving a photocatalytic
activity 65% higher than the photocatalytic degradation
reached with the TiO, thin film, which can be attributed to
the decrease in the recombination rate of the electron—hole
pairs. The obtained results of photocatalytic reactions using
scavengers indicate that modification of TiO, with boron
changes the degradation reaction routes increasing the
participation of the OHe radicals, which could explain the
improved photocatalytic response of the TiB2 sample
observed in figure 11. Additionally, in both cases it is found
that the preferred route for degradation of the malachite
green dye is the reduction path driven by the O,e radicals.
The main finding to elucidate the preferential reaction route
is that the reduction/oxidation ratio changes from 6.3 to 2.5
when boron is incorporated to the TiO, photocatalyst.

5. Conclusions

Boron-modified TiO, thin films with boron contents from
2.1 to 9.0 at% were successfully obtained by the spin
coating technique. The proposed experimental procedure
allows controlling the amount of boron incorporated in the
thin film in an easy way. It was found that boron interacts
with the TiO, lattice producing new bonds. At lower
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amounts of boron incorporated into the TiO, lattice, the
electron—hole recombination decreases and consequently
improves the degradation degree by around 65% for the best
film, the film with 2.8 at% of boron, with respect to the film
without boron. The prepared boron-modified TiO, thin films
can be considered visible-light-driven photocatalysts
because they were tested under simulated solar light.
Additionally, it is worth mentioning that the achieved
photocatalytic activity using thin films is reached using very
low amounts of photocatalysts, typically of the order of tens
to hundreds of pg. The use of scavengers reveals that the
O,e radicals are the reactive species responsible for the MG
dye degradation.
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