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Na,Ti30,/H,Ti30; heterojunction nanotubes were obtained through the microwave-assisted hydrothermal
method (MAH) with different band gap energy engineering. This study aimed to synthesize sodium titanate
nanotubes and evaluate the influence of H™ insertion on their photocatalytic properties. Heterojunctions were
identified by X-ray diffraction, Raman spectroscopy and high-resolution transmission electron microscopy, and
their electronic levels and defects were investigated using diffuse reflectance and photoluminescence spectro-
scopies in the UV-Vis region. The cation exchange process promotes the formation of Na,Tiz0,/H,Tiz0; het-
erojunction with coexistence of both phases in the nanotube. Photocatalytic results of Rhodamine-B (Rh-B) dye
discoloration show that the prepared materials have activity under visible and UV light irradiation, and are
dependent on the proportion of hydrogen and sodium-titanate phases present. The material with highest sodium
concentration showed discoloration with a half-life time of 23 min under visible light irradiation. Theoretical
results reveal the heterojunction band offset as a staggered gap, with the effective bandgap occurring between
the O-2p of Na,Tiz0; and Ti-3d of H,Ti30;. The charge carrier transfer mechanism in the heterojunctions is well
described by Z-scheme, with H,TizO, and Na,Ti3O, as the main oxidation and reduction phases for dye dis-
coloration.

1. Introduction

separation rate and flexible energy band structure, and have been stu-
died mainly in the depollution of the environment [18-24] and ob-

Considering that pollution levels have been increasing with mea-
surable concentrations of the most diverse micropollutants [1,2], such
as non-steroidal anti-inflammatory drugs [1], pesticides and herbicides
[2], and textile dyes [3,4], it is necessary to study and develop en-
vironmentally friendly devices. Nanotubes are yielding unusually bril-
liant results in the diversified research area such as overall water
splitting [5-71, electrode for batteries [8-10], gas sensor [11-13], su-
percapacitor [14-17] and environmental renovation [18-20]. Hy-
drogen titanate nanotubes and sodium titanates are promising as pho-
tocatalysts precisely due to their physicochemical properties, strong
solar-light absorption ability, high photogenerated charge carriers’
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taining renewable energy [25-27].

Titanates nanostructures have layered structures and high specific
surface area [28,29]. The different compositions are related to the
method of synthesis, such as sol-gel process, electrochemical (anodic)
oxidation, or by alkaline hydrothermal treatment. The experimental
parameters of these methods - temperature, time, pH or reagents used,
are also related to the different compositions and their properties [30].
One of the methods used for the synthesis of one-dimensional nanos-
tructures, nanotubes, is the microwave-assisted hydrothermal (MAH)
method. This has the advantage of using relatively low temperatures
and short reaction times [31,32], thus improving the cost-effectiveness
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of processing and allowing to study the growth kinetics of the particles.
In this method, there are several parameters that can influence the
growth, organization and shape (morphology) of the nanoparticles
[33,34], influencing the electronic conduction properties of the semi-
conductors.

A way to optimize the photocatalytic properties of titanate nano-
tubes is to manufacture a photocatalyst with heterojunction structure,
which acts directly on the photocatalysis mechanism through its charge
carriers transport mechanisms. Photocatalysts that shows the Z-scheme
mechanism have been attracting interest from researchers due to their
stronger redox capacity when compared to a conventional type II het-
erojunction photocatalyst [35]. In the Z-scheme, more positive poten-
tials of valence band (VB) and more negative of conduction band (CB)
can improve the transfer of charged species (e/h™) with strong oxi-
dation and reduction capacities. This type of system shows an improved
separation of the charge carriers which, consequently, improve the
photoactivity of the materials [36-39].

Regarding TiO,-derived nanotubes, which have titanium oxide as
their precursor material to form the nanotube, there are some studies in
literature related to the mechanism of formation and composition of
such structures according to the medium in which their synthesis is
carried out [32,40,41]. According to the desired morphology, tem-
perature and reaction time of syntheses are well defined in literature
[42,43]. Suetake et al. [44] and Hu et al. [45] observed structural and
morphological changes in the synthesized materials when subjected to
thermal treatments at different temperatures, and they directly affect
the mechanism and the photodegradation efficiency of the material. In
addition, studies show that the particle size and composition of titanate
directly influences the photocatalytic properties. Sodium titanate na-
notubes showed high photocatalytic efficiency under UV light irradia-
tion [23]. Sandoval et al. [4] studied the degradation of methylene blue
dye by TiO,-derived nanotubes and evaluated the photocatalytic ac-
tivity under UV irradiation, assigning its efficiency mainly to the hy-
drogen titanate phase. For the nanotubes obtained by this method, the
presence of both phases (hydrogen and sodium titanate) is verified
[4,46]. However, a discussion regarding the interface effects between
these phases is poorly studied in literature, and in this work our main
goal is to investigated a material that has two different crystalline
phases in its structure.

Recent investigations of phases and facet engineering of semi-
conductor crystals have shown that the optical activity is not only de-
pendent on the physical and chemical properties of the catalyst, but
also on the correlation of the externally exposed crystal surface, that is,
on the arrangement and construction of the atomic surface [47-50].
Therefore, analyzing the concomitant presence and interfacial effects of
both phases of titanate (heterojunction) in photocatalytic activity is of
fundamental importance for improvement and modelling of materials
with desirable properties.

This work shows a study of nanotubes with the presence of two
phases of titanates, with photocatalytic activity under visible and UV
light irradiation. Experimental analyses using scanning and transmis-
sion electron microscopies (SEM and TEM), X-ray diffraction (XRD),
Raman scattering spectroscopy, diffuse reflectance spectroscopy (DRS),
photoluminescence emission spectroscopy (PL) together with theore-
tical analyses using density functional theory (DFT) reveal the com-
position, morphology and structure (crystalline and electronics) of the
prepared materials. Such analyses were applied in order to explain the
differences in the photocatalytic response observed by the content of
different phases of the titanates nanotubes.

2. Experimental procedure
2.1. Preparation of titanate nanotubes

The nanotube syntheses were perfomed by the microwave-assisted
hydrothermal (MAH) method. The procedure started with the
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preparation of a suspension with commercial TiO, (VETEC 98%) dis-
persed in 10 M aqueous NaOH solution [51] and taken to the micro-
wave heat treatment after 1 h in magnetic stirring at 25 °C. The
synthesis temperature was fixed at 180 °C, with a maximum pressure of
148 psi, heating time of 7 °C.min~ ! and synthesis time of 1 h, under
power of 450 W.

The alkaline powders obtained were subjected to two types of wa-
shes: successive washes with deionized water until reaching a neutral
pH, that is, gradually decreasing the initial pH from 14 to 7, obtaining
nanotubes (NT) named as “NT-H,O” sample; and alternating washes
with deionized water and a 0.1 M HCI solution, until reaching neutral
pH, resulting in nanotubes named as “NT-HCl” sample. At the end,
another wash with ethanol was made for both samples and the powders
were dried at 60 °C.

2.2. Titanate nanotubes characterization

The morphology of the samples was analyzed by field-emission
scanning electron microscope (FE-SEM) in FE-SEM JEOL® model 7500F
equipment, and by TEM analysis in a FEI TECNAI G2 F20 HRTEM®
microscope. Crystallinity was evaluated by XRD using the Rigaku®
diffractometer, model RINT2000, with 26 angular scanning from 20 to
80°, Cu Ka radiation (.. = 1.5406 f\). To determine the vibrational
modes and obtain information of the structures at short range, Raman
scattering spectroscopy was performed using a LabRAM iHR550
(Horiba Jobin Yvon), with a He-Ne laser of A = 632.8 nm, obtaining
scattering spectra in the range from 50 to 1000 cm ™! with a Silicon (Si)
charge-coupled device (CCD, Synapse). Porosity and specific surface
area were evaluated by a Micrometrics ASAP specific surface meter,
using adsorption-dessorption isotherms of N, physisorption, according
to the method of Brunauer, Emmett, Teller (B.E.T).

Optical characterizations were made for obtaining the gap energy of
the samples through diffuse reflectance measurements in an absorption
spectrophotometer in the UV-Vis region with an integrating sphere of
150 mm in diameter with InGaAs detectors, in the Lambda 1050 model
from Perkin Elmer. From the diffuse reflectance spectra obtained, it is
possible to calculate the bandgap energy (Eg) of the samples, con-
sidering the Kubelka-Munk remission function (Equation (1)), which is
proportional to the absorption coefficient of the material, described in
Equation (2). The Tauc plot determines the bandgap energy (Eg) of the
samples from the intercept on the abscissa axis of a linear fit of the
(ahv)/? vs hv plots, where a is the absorbance and hv the photon en-
ergy, considering an indirect bandgap for sodium and hydrogen tita-
nates. From the values of E; found, their corresponding wavelengths (\)
were calculated using Equation (3).

FRR) = (1 — R¥)/2R « « (€]
(ahv)r = K(hv — Ey) 2)
E = hv/a 3)

In the equations described above F(R) is the Kubelka-Munk func-
tion, R is the reflectance value, E is the bandgap energy in €V, h is the
Planck constant (4.136 x 107° eV.s), v is the speed of light
(2.998 x 10® m.s™!) of the incident photon and the exponent r can
have values %2 and 2 representing the indirect and direct transition,
respectively. Assuming the indirect transition, it is evident that, when
plotting (a¢hv)'/? as a function of hv, it is possible to calculate E, by
extrapolating the linear region to (ahv)¥? = 0.

In order to explore the electronic transitions and investigate the
nature of the defects within the materials, microphotoluminescence
spectroscopy were employed by means a home made confocal micro-
scope using as excitation source a 355 nm laser (Cobolt/Zouk) coupled
to a single mode optical fiber, with the beam focused on the sample by
an aspheric lens (WD = 1.6 mm and NA = 0.64). Neutral density filters
were used to control the laser power. The luminescence was collimated
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by the same lens and magnified into a 50 pm multimode optical fiber.
The backscattered laser beam was blocked using an superedge filter,
and the luminescence was dispersed by a diffraction grid of 150 lines/
mm contained within a 75 c¢cm spectrometer (Andor/Shamrock) and
detected by a Si-CCD (Andor/Idus).

2.3. Photocatalytic experiments

The photocatalytic tests were performed in a photoreactor main-
tained at a temperature of 28 °C with a thermostatic bath, with air
bubbling (10 mL.min~"!) under two irradiation conditions: UV light
(A = 254 nm), with Osram® lamp Puritec HNS 2G7, 11 W, and visible
spectrum light from a Philips TL-D commercial lamp, 15 W. The tests
were performed in a Rhodamine-B (Rh-B) solution with a concentration
of 0.01 mmol.L.! with 70 mg of suspended titanate nanotubes. In all
tests, aliquots of the solution exposed to photocatalytic action were
removed from time to time and analyzed with an absorption spectro-
photometer Perkin Elmer Lambda 1050 region.

2.4. Theoretical methods

The titanates nanoparticles were theoretically studied by applying
the Density Functional Theory, with the default WC1LYP hybrid func-
tional [52]. All the calculations were made using the CRYSTAL17
program [53], which uses a Gaussian-type basis set to represent crys-
talline orbitals as a linear combination of Bloch functions defined in
terms of local functions (atomic orbitals). The sodium, titanium,
oxygen, and hydrogen atomic centers were described by all-electron
basis set, 8-511G [54], 86-411(d31)G [55], 8-411d1 [56] and 5-11G*
[57], respectively.

As a first step, the optimization of the lattice parameters and in-
ternal coordinates of HyTi3O, and Na,TisO, were conducted to mini-
mize the total energy of the structure at experimental parameters. In
order to compare directly with the experimental results obtained in the
present study, the theoretical structure for H,Ti3;O, was obtained as
belonging to the monoclinic C2/m space group, while the Na,TizO, was
simulated as monoclinic P2;/m. The optimized cell parameters ob-
tained are a = 16.21, b = 3.76 and ¢ = 9.50, with § = 99.62, for
H,Tiz07; and a = 8.64, b = 3.81 and ¢ = 9.21, with 8 = 101.79, for
Na,TizO;. The theoretical cell parameters are in agreement with the
experimental and theoretical data [58-62].

From the optimized structures, the electronic properties were ob-
tained. The band structures were obtained for 100 K points along the
appropriate height-symmetry paths of the adequate Brillouin zone, and
the Density of States (DOS) diagrams were calculated to analyze the
corresponding electronic structure. Based on the electronic properties,
the electronic transitions were evaluated by band alignment, con-
sidering the H,Ti30,/Na,Ti30, heterostructure. Accordingly, the het-
erostructures can be classified as type-I and/or type-II behavior, de-
pending on the band offset between the two materials. This analysis can
help to explain the photocatalytic properties observed experimentally.

3. Results and discussions
3.1. Morphology and structure of titanate nanotubes

Figure S1 shows the images obtained by FE-SEM for samples pre-
pared from commercial anatase TiO,. It is observed that the spherical
morphology presented by commercial TiO, (Figure S2), was changed to
nanotube type morphology using the MAH synthesis method at 180 °C/
1h, as shown in SEM, Figure S1, and supported by TEM images, Fig. 1. It
is observed that the two samples differ in length and diameter size. The
sample washed with 0.1 M HCI solution showed less agglomerated
nanotubes compared to the sample washed only with deionized water,
which is related to the effect of the interation between H" ions and the
nanotube surface. The dimensions of the nanotube were calculated by
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average values measured from regions of the sample. For the NT-H,O
sample, the outer diameter obtained was 10.10 nm, the inner diameter
of 5.07 nm (inserted in Fig. 1a) and the wall thickness of 2.51 nm. For
the NT-HCI sample, the outer diameter was 9.20 nm; the inner diameter
was 5.4 nm (inserted in Fig. 1b), and the wall thickness was 1.98 nm.
Therefore, the NT-H,O nanotubes have a larger external diameter and
wall thickness than the NT-HCI nanotubes. It can also be observed
spherical particles along the titanate nanotubes in the NT-HCl sample,
Fig. 1b. To further investigate these particles, a HRTEM image was
collected and is shown in Figure S3. According to the randomness of
atoms composing this particle and the absence of fringes, it can be
concluded that these particles are in the amorphous form and possible
composed by titanium and oxygen atoms.

Fig. 2 shows an HRTEM image of NT-H,O sample. According to the
Fast Fourier Transform (FFT) analyses (inset) of the obtained nanotube,
the presence of both titanate phases (H,TizO, and Na,Tiz0,) were
observed in the same nanotube particle. The TEM analyses were per-
formed in DigitalMicrograph (Gatan) software by applying a mask filter
in the FFT generated from the HRTEM image. Then the pattern was
generated from inverse FFT and its frequency distribution was analyzed
to obtain the crystalline interplanar distance. Due to the nanotube
morphology, the HRTEM analyses can be performed only in its walls,
which causes a relatively weak intensity of the points in the FFT ana-
lyses, as can be observed in Fig. 2. The formation of the heterojunction
between both titanate phases was confirmed by TEM analyses, as ob-
served by the interplanar distances of 7.89 A related to the H,Tiz0,
(200) plane and 8.45 A related to the Na,TizO; (001) plane, both
being the most intense planes in XRD patterns, according to ICSD n°
237,518 and ICSD n° 15463, respectively.

Since the HCl is a strong acid with a high dissociation constant, the
washing process in the synthesis procedure results in a higher con-
centration of Hs0™ in solution compared to the washing process with
deionized water. The higher content of HsO" in solution provides a
higher content of H* to interact with suspended Na,TizO; nanotubes
by a cation exchange reaction, thus forming H,Ti;O, phase [63]. This
heterojunction with both phases in a same particle is characteristic of
cation exchange reactions, indicating the effectiveness of the washing
process to provide a higher content of H* for the formation of the
heterojunction. The cation exchange method was also employed by
Rivest et al.[64] to obtain nanorods with heterojunctions between Cu,S
and CdS, also observing the presence of both phases in the same par-
ticle. The cation exchange process by the washing process is re-
presented in the Equation (4).

Na,Tiz0; + xHCl — 1-xNa,Tiz0, + xH,TizO, + xNaCl 4

The specific surface area of the nanotubes is related to the outer and
inner diameter and its thickness. It was observed that the nanotubes
washed only with deionized water have a smaller surface area,
349.01 m?/g, when compared to the nanotubes washed with the HCI
solution, 505.73 m?/g. In photocatalysis this is an important parameter
for the efficiency of the material, since the larger the surface area, the
greater its surface contact with the reaction medium.

Fig. 3a shows the XRD patterns for the NT-H,O and NT-HCI samples
and the standard cards of monoclinic phases of the sodium trititanate
(Na,Tiz0, space group P121/m1, ICSD - n° 15463) and of the hydrogen
trititanate (H,Tiz0O, space group C12/m1l, ICSD - n° 237518), and of
the anatase phase of the titanium dioxide (TiO», space group I41/amdsS,
ICSD - n° 9852).

The XRD patterns have a profile consisting regarding two of the
peaks group shown. The first group of peaks indicated in red dashed
lines in the Fig. 3a, are located at 9.7°, ~ 28°, and 39.1° 20 corre-
sponding to the planes (100), (1-11), and (30-3) of the Na,TizO,
phase, respectively. The second one, indicated in blue dashed lines in
the image, is located at 9.2°, 24.2°, and 48.4° 26 corresponding to the
planes (001), (1-10), and (020) of the H,Ti3O, phase, respectively. In
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Fig. 1. TEM images of the titanates washed with a) water (NT-H,0) and b) HCI solution (NT-HCl), showing the inner and outer diameter, and the wall thickness of

the obtained nanotubes (inset).

Fig. 2. HRTEM image of NT-H,O with its FFT analyses (inset).

order to verify the presence of the precursor phase in the samples, the
TiO, anatase phase pattern is also shown. By carefully checking the
TiO, peaks, we can conclude that the main planes do not coincide with
the diffracted peaks of the samples, discarding the presence of the
anatase phase in the material composition. Therefore, XRD patterns of
the samples indicate the monoclinic phases of the HyTizO, and of the

NagTi307.

The peak observed in the XRD patterns at ~ 9.5° has a wider profile
due to the contribution of the (h00) planes of two phases. When com-
paring the patterns presented by the two samples, the presence of a
peak at 61.2° referring to Na,Ti3O, phase [32] is noted only in NT-H,O,
showing that it has higher concentration of Na* ions into its lattice
than in NT-HCI. Fig. 3a also shows displacements of the peaks located in
the region of 10° and 28°. The NT-HCI sample has these peaks shifted to
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a smaller diffraction angle compared to the NT-H,O sample. According
to Bragg's Law, the decrease in the diffraction angle is a consequence of
the increase in the distance of the atomic planes [65]. This observed
displacement may be related to the difference in the concentration of
Na™ and H* ions in the crystalline lattice of the samples, related to the
synthesis method of obtaining NT-HCL

These findings are supported by the relative concentration of the
sodium titanate phase, as shown in Table 1. The relative concentrations
were calculated using the sum of the peaks’ integrated intensities for
each phase, according to the Equation (5) [66]. Y, INand ), I are the
sums of the peaks integrated intensities of the sodium titanate phase
and hydrogen titanate phase, respectively. There was a 22% reduction
in the sodium titanate phase content for the NT-HCl sample compared
to the NT-H,O sample. A change in the relative intensities of

(1-11) and (1-10) planes in the samples, which belong to Na,Tiz0O,
and H,Ti30,, respectively, was observed. As shown in Fig. 3a, the
sample washed with deionized water presented a higher intensity of
(1-11) plane than (1-10), thus inverting the relative intensity of these
planes for washing with HCI, indicating a higher proportion of H,Tiz0,
in the NT-HCl sample than the NT-H,O sample. Futhermore, this
change in diffraction plane intensity implies a difference in the surfaces
exposed in the nanotubes [67,68]. As can be seen in Fig. 3b, the (1-10)
plane of the hydrogen titanate phase has atomic surface coordination of
TiO4.1V, type, whereas the (1-11) plane has several types of cluster
coordinations increasing the level of surface defects [69]. This will re-
sult in different interactions in the photocatalytic mechanism as dis-
cussed in the following topics.

Relative concentration(%) = Z IN/( Z IN + Z IH) (5)

The short-range changes in the crystalline structure of the obtained
nanotubes were investigated by Raman spectra, Fig. 4. From the ob-
tained spectra it is possible to denote modes related to stretching of
distorted octahedron [TiOg] clusters, Na...O-Ti bending mode, and

Table 1
XRD results for NT-H,O and NT-HCI samples.

(1-10) H,Ti;0,

[Ti04...2V,]
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Fig. 3. a) XRD patterns of NT-H,O and NT-HCI
samples, in which the blue, red, and wine dashed
lines indicate the planes of the H,Tiz0,, Na,Tiz0,
and anatase TiO, phases respectively, and b) ar-
rangement of the surfaces (1-10) and (1-11) of the
hydrogen and sodium titanate phases, respectively,
showing the clusters belonging to each surface. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web

[TiO4...1Vp]

£ version of this article.)
(=

:: || i s

2 -~ GO 10n

LU \ /i

> et

i r} 1 1 L ! L T | L

2 | s | Na,Ti0, - ICSD 15463

£ b T g (1-11) Na,Ti;0,

- l LT, i)

a) NT-HC]
Ti-O-Ti

670 Ti-O-H

- 830
= : : : -
8 200 400 600 800 1000
2
e p77—-THO-Ti b) NT-H,0
E |Na.Ti-0 T-O-Ti
/..,\ 448 \ Ti-O
15719 665 705 f
912
200 400 600 800 1000

Raman shift (cm™)

Fig. 4. Raman spectra of nanotubes: a) NT-HCl and b) NT-H,O samples. The
position and types of scattering of the Raman bands are indicated by arrows
within the image.

covalent Ti-O-H bonds, as shown in Table 2. Regarding the active
modes, there are a greater number of modes for the NT-H,O sample
(Fig. 4b) compared to the NT-HCI sample (Fig. 4a). Similar vibrational
modes were found between the samples. For the NT-HCI sample there
was a suppression of the bands located at 157 cm ™! and 912 cm ™ ?,
related to the Na...Ti-O bending mode and the short Ti-O bond in the
distorted octahedron [TiO¢] near to Na ion of the nanotubular struc-
tures, respectively. Also, there was a higher definition of the band at
289 cm™! related to the stretch Ti-O-Ti in an octahedral chemical
environment of [TiOg] [70] and disappearance of the band at 705 cm™ !
assigned to the Ti-O-Ti flexion modes. The suppression of these modes,
the better definition of the bands, as well as the amount of active vi-
brational modes for the NT-HCl sample indicate: i) effective cation
exchange of Na* for H* through the washing process of the samples

Sample 3. Peaks Intensities of Na,TizO; 3. Peaks Intensities of H,TizO, Relative Concentration of Na,TizO, phase Relative Concentration of H,TizO, phase
NT-H,0 2783 1119 71% 29%
NT-HCl1 1524 1614 49% 51%
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Table 2
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Attribution of Raman modes for the nanotubes and the respective comparisons with the literature.

NT-H,O Raman shift (cm™1%) NT-HCl Raman shift (cm ™ %)

Attribution

References Raman shift (cm ™)

157 -
194 190
277 272
- 289
448 451
665 670
705 -
- 830
912 -

Na... O-Ti bending

Na... O-Ti bending

Ti—-O-Ti stretching in edge-shared TiOg units
O-Ti-O stretching

Ti-O-Ti stretching in edge-shared TiOe units
Ti—-O-Ti stretching in edge-shared TiOg units
Ti—O-Ti flexion modes

covalent Ti-O-H bond

short Ti-O bonds in the distorted TiOg octahedron

160 [74,73]

195 [74], 196 [73]

278 [74], 280 [73], 276 [72]
286 [75]

448 [74], 454 [73]

656 [74] 663 [73]

706 [74]

822 [72], 830 [72]

906 [74], 905 [73], 917 [71]

Table 3

[71,72] ii) increased participation of Ti-O terminal bonds where the
oxygen is unshared between [TiOg] clusters [73] and iii) an increase in
symmetry in the nanoparticle with the smaller number of active Raman
scattering modes [72]. Therefore, corroborating with those results
found in the XRD analyses, there are long and short-range changes in
the crystalline structure of the samples, which represent a direct in-
fluence on the transport of charge carriers in the semiconductor.

3.2. Identification of optical and electronic characteristics

Fig. 5 shows the Tauc plots of the NT-H,O and NT-HCI samples,
which were plotted from correlation between their diffuse reflectance
data and their absorbance by Kubelka-Munk algorithm (Equations 1-3)
[76]. For both samples, the Tauc plot shows the formation of two in-
flection points in their spectra. This behavior indicates electronic
transitions between the valence and conduction band of distinct crys-
talline phases in the material. Herein, the appearance of two band gap
values for the NT-H,O and NT-HCl samples, which are registred in
Table 3, confirmed the heterojunction formation in these samples,
supporting the TEM analyses. For the NT-H,O sample, the obtained
band gap values were 3.02 eV and 3.38 eV, as represented in Fig. 5a.
The first value corresponds to an absorption edge wavelength of
411 nm in the visible region, and the second one corresponds to a ab-
sorption edge wavelength in 367 nm, corresponding to the UV region.
For the NT-HCI sample, the band gap values found were 2.46 eV and
2.93 eV, corresponding to absorption edge wavelengths of 504 nm and
423 nm, respectively, comprising part ofthe visible region, Fig. 5b.
Since the H,Ti30; phase presents a lower value of band gap energy than
Na,TizO7, as previously reported by other studies [77,25], the lower
values for both NT-H,O and NT-HCI samples can be assigned to the
H,TizO; phase and the higher values for the Na,TizO, phase. Since
three of the four values correspond to band gap energies visible (above
410 nm) the materials may present photoactivity under visible irra-
diation.

Fig. 6 shows the PL emission spectra of the samples. It was observed
for both samples that the optical recombination comes from different
energy levels inside the bandgap region, most likely from defects
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Fig. 6. Photoluminescent emission spectra of nanotubes washed with H,O and
HCL

centers, pushing the recombination energy to the visible spectral range.
The spectrum of the NT-H,O sample shows a broad band with peaks
with maximum intensities at 415 nm, 437 nm and 463 nm, corre-
sponding to the energies of 2.99 eV, 2.84 eV and 2.68 eV, respectively.
The NT-HCI sample spectrum consists of a more narrow band with a
maximum peak at 415 nm (2.99 eV) and a tail extending to ~ 500 nm.
The broad bands obtained in the PL spectra are characteristic of mul-
tiphononic processes, that is, processes in which the emission occurs
through several paths due to the high density of electronic states within
the band gap region. This allows the momentum electron to relax in the
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Fig. 5. Tauc plot of the a) NT-H,O and b) NT-HCI samples.
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form of a non-radiative process before its radioactive recombination
[78].

Photoluminescent emissions involve radiative electronic transitions
that occur due to the excitation of charged carriers, which emit elec-
tromagnetic radiation in the form of photons when returned to their
fundamental state [34]. This phenomenon is determined according to
the band structure of each material, including the formation of energy
level states in the band gap due to structural distortions and defects.
This can contribute to the radiative emission with a high energy dif-
ference between these levels, increasing the radiactive contribution
[78]. Therefore, in these cases, the degree of structural disorder/defect
is usually inversely proportional to the rate of recombination of the
electronic carriers, and consequently, the emission intensity is higher
[79]. Thus, relating the higher intensity emission spectrum of the NT-
H,0 sample to its structural characteristics discussed in the previous
sections, it is confirmed that this material has a more disordered crys-
talline structure compared to the NT-HCI sample. For the photocatalytic
effects of the materials studied, the electron-hole recombination rate is
an important parameter, since the lower the recombination rate, the
higher the availability of charge carriers to initiate the oxireduction
reactions of organic compounds and dissolved species.

The structural defects that are largely related to the wide-range
emission of the visible spectrum are oxygen vacancies of doubly V; and
mono V, ionized types. Both vacancy types work as sites for capturing
excited electrons in their decay. As they become trapped in these de-
fects, photons of specific wavelengths are emitted, corresponding to the
energy difference between electronic levels.

To analyze the contribution of such defects in the structure of the
materials for the emitted wavelengths, deconvolutions of their emission
spectra were perfomed with Voigt area function, as presented in Fig. 7.

For the NT-H,O sample (Fig. 7a) a small band was found in the UV
region (360 nm) and two bands that emit in the violet region (415 and
439 nm) which represent 58.47% of the emission. These emissions
types is related to the band-to-band radiative decay, due to the direct
recombination of the electronic carriers between the conduction and
valence bands [80,81]. The two emission wavelengths of the violet
region are related to band gap energy values found in UV-Vis analysis,
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——509 nm
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Intensity (cts/s)
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confirming the existence of two different materials in the same sample,
presenting different energy levels. There are also bands in blue
(464 nm), cyan (486 nm) and green (509 nm), which are related to the
existence of V5 monoionized oxygen vacancies [78]. This type of defect
is energetically located close to the valence (type-p) or conduction
bands (type-n), which are denominated as shallow defects and re-
present high energy emissions (blue-green) [82]. Double-ionized
oxygen vacancies V; are energetically closer to the Fermi level, so they
are classified as deep defects and correspond to low energy emissions
(yellow-red) [80]. Fig. 8a shows the proposed mechanism for the PL
emission of this material, considering the large band gap previously
found. The possible paths of electronic transitions for PL emission can
be observed, which are formed by the energy levels of the defect states
within the band gap region.

In the deconvolution on PL spectrum of the NT-HCl sample
(Fig. 7b), an intense and wide band was found in the violet region
(414 nm) that represents 74.84% of the total emission. The emissions in
violet (greater energy), are related to the direct radiative decay of the
electronic carriers [81,82]. This percentage increase in relation to NT-
H,0 indicates that it has a lower proportion of defect states in its band
gap, which hinders the direct recombination, resulting in a greater
participation of these states in the total emission in NT-H,O than in the
NT-HCI sample. In the PL spectrum of the NT-HCI sample, there are also
bands in blue (450 nm), cyan (487 nm) and green (535 nm) regions,
however with lower intensities. Fig. 8b shows the proposed mechanism
for the PL emission of this material, considering the large band gap
previously found. The energy levels of the defect states and the possible
paths of electronic transitions for PL emission are demonstrated. The
broader PL band of NT-H,O with a higher contribution of oxygen va-
cancies for the emission are well expected and predicted by theoretical
simulations, as described earlier in Fig. 3b. Since the NT-H,O sample
has a higher proportion of Na,TizO, phase than the NT-HCI sample, and
this phase presents a higher proportion of oxygen vacancies as observed
by the (1-11) surface termination than the (1-10) surface termination
of HoTi30, it is well expected that the sample with higher proportion of
Na,Tiz0; phase , i.e. NT-H,O presents a higher contribution of oxygen
vacancies and hence a broader band in PL emission.
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Fig. 7. Deconvolution of the PL spectra of a) NT-H,O and b) NT-HCI samples.
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Fig. 9. Band structures and density of states for a) Na,Ti;O; and b) H,Tiz0-.

The band structure and DOS are shown in Fig. 9. It can be observed
that, for H,TizO; the band gap is 3.17 eV and it is indirect between I'-B
points, while for Na,Ti3O, the bandgap is direct, 3.24 eV, at I' point.
These results agree with the results available in the literature and
corroborate with the lower band gap value of H,Ti30, than Na,Ti3O,
phases obtained experimentally and analyzed by diffuse reflectance
spectroscopy [61,62] The DOS analyses reveal that the main con-
tributor at VB for both materials is the oxygen. The 2p valence orbitals
are the greater contributors in this region and at the bandgap area. It is
interesting to note that, for both materials, the sodium and hydrogen
atoms have a minimum contribution over the entire energy range,
being more prominent in the innermost CB. As expected, the titanium

atoms have a great contribution at CB, and the 3d orbitals have a high-
density state in this energy range. For both materials, the electronic
transition is expected to occur between the O-2p of the VB and the Ti-3d
of the CB.

3.3. Photocatalytic tests

Fig. 10a shows the results of Rh-B photodiscoloration using the two
photocatalytic samples and the reaction time under UV and visible light
irradiation. Fig. 10b shows pseudo-first order kinetic plot of photo-
discoloration curves. A pseudo first order reaction rate law is assigned
as [In(Ap/Ay) = kt], in which the slope of the fitting line is the value of
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NT-HCI samples.

Table 4
Photocatalytic results and kinetic parameters of the photodegradation reac-
tions.

Radiation Parameter evaluated NT-H,0O NT-HCI
Composition 1 [Na] ™ } [Na]*

uv % Degradation 71.6% 96.4%
K 9.50 x 10® min~! 1.66 X 102 min~!
t1/2 73.0 min 41.8 min

Visible % Degradation 96.3% 49.1%
K 3.03 x 102 min~* 4.28 x 10° min~!
ti2 22.8 min 162.0 min

the rate constant, k. Substituting this constant in [(In 2) / k], the half-
life time of photodiscoloration (t;,») was obtained [83].

The calculated reaction rate constant and the half-life time of the
photodegradation are presented in Table 4. For all photocatalytic ex-
periments, the results are in well agreement with the pseudo-first order
kinetic, according to the Langmuir-Hinshelwood model [84]. For UV
irradiation the NT-HCl sample showed a 25% higher discoloration than
NT-H,0 sample. The photocatalysts irradiated by visible light showed
the opposite behavior, the NT-H,O sample showed a 47% higher pho-
tocatalytic efficiency than the NT-HCI sample. As expected, the faster
photodiscoloration was found for the reaction with NT-HCI
(k = 1.66 x 102 min~') under UV irradiation and with NT-H,O
(k = 3.03 x 102 min~!) under visible light irradiation, which con-
sequently had the shortest half-life times of 42 and 23 min, respectively.

These observed results are related to the compositional, structural
and electronic differences between the two materials. It is possible to
notice that the higher proportion of the Na,Ti;O, phase in the structure
favors the photocatalytic activity under visible irradiation. The differ-
ence in the photocatalytic performance of our experimental results
using different irradiation light can be explained and supported by our
theoretical simulations. As can be seen in the density of states in Fig. 9a,
the band structure of Na,TizO; has an intragap in the conduction band,
and is located near at 4.9 eV above the valence band maximum.
Herewith, as the electron energy state is discrete and quantized, this
region can be poorly occupied by photoexcited electrons due to its low
density of states. Since the maximum intensity emission of the used
ultraviolet lamp is in 254 nm (Anax), its correspondent energy is
4.88 eV, which is close to the intragap region. Therefore, the Na,Ti30,
has a low photocatalytic activity under ultraviolet irradiation due to the
low density of electrons that can be excited in its structure, decreasing
the generation of electron-hole pairs. However, due to the lower energy
of light emission of visible lamp compared to ultraviolet light, the
electrons in the valence band maximum of Na,TizO, can be photo-
excited and occupy the first band of its conduction band, which in-
creases its photocatalytic activity under visible light irradiation. In

contrast, the structure of the conduction band of the H,TizO; is com-
posed of a high density of states, resulting in a continuum of energy
states that can be easily occupied by photoexcited electron from its
valence band maximum under ultraviolet irradiation. Since the energy
of these photoexcited electrons is of approximately 4.9 eV, for the re-
combination of electron-hole pair, these electrons can transit between a
high density of states in several pathways for the electron momentum
relaxation before the recombination, which decreases the recombina-
tion rate and hence the photocatalytic activity. Under visible light ir-
radiation, the photoexcited electrons can occupy a lower energy state in
the conduction band, resulting in a lower density of states for the
electronic transitions before the recombination of electron-hole pair,
possible increasing its recombination rate.

One of the most useful approaches to evaluate electronic transitions
in heterojunctions is the band alignment [85,86]. This method consists
of analyzing the electronic behavior in the valence band maximum
(VBM) and conduction band minimum (CBM) energies of the interface
between the materials. In order to better investigate the photocatalytic
mechanism occurring in the heterojunctions, theoretical and experi-
mental energy band diagrams were performed. Fig. 11a illustrates an
electronic model for the representation of predicted band gap align-
ment of the H,Tiz0,/Na,Tiz0; system. From a theoretical point of view
and based on band energy offsets of the models, the heterostructures
showed to be a type-II structure. For instance, the H,Ti30,/Na,TizO,
interface electronic structure has the electron and hole energies located
at 1.01 eV and 1.08 eV, respectively. The CB and VB of the H,Ti3zO; are
below CB and VB of the Na,Ti3O, resulting in a staggered gap. The
calculated effective bandgap is 2.16 eV, which was obtained by the
difference between the CB of the H,TizO, and the VB of Na,Tiz0-.

It is essential to highlight that the simulations were performed at
0 K, simulating perfect materials, without defects, and without
boundary conditions. However, it is known that many factors can ex-
perimentally influence the interface between the two materials, such as
grain orientation, crystal structure, structural defects, crystallinity and
others [87,88]. For this reason, changing the parameter of the synthesis
in the present study, the experimental band gap of the structures was
changed and directly influenced the interface. According to the ex-
perimental and theoretical results, increasing the hydrogen concentra-
tion (more hydrogen energy levels can be added in the bandgap area)
closes the effective band gap of the heterostructure, which can be ex-
perimentally observed in the band gap difference between NT-H20 and
NT-HCI samples.

The results found in this study on the differences in photocatalytic
efficiency of the NT-H,O and NT-HCI samples on the different excita-
tion energies used during photocatalysis can be unveiled by the PL
analyses. According to the deconvolution results, the NT-H,O sample
presented a higher proportion of intermediate energy levels within the
band gap. This favors the absorption of visible light due to the lower
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energy differences for electronic excitation than the band-band elec-
tronic transition. In contrast, the NT-HCI sample presented the majority
of the band-band electronic transitions with lower proportion of in-
termediate energy states, hampering the visible light absorption and
favoring the UV light absorption due to the direct band-band electronic
transitions.

In order to investigate the charge carriers transfer mechanism in the
heterojunctions for photocatalytic discoloration of Rh-B, experimental
energy band diagrams for both samples were constructed according to
the Mulliken electronegativity and the Equations (6) and (7) [89,90].

EVB =X Ee + OSEg (6)

Ecp = Evg — Eg ()

In these equations, Eyp and Ecp are the energy of the valence band
maximum and of the conduction band minimum,  is the Mulliken
electronegativity, i.e. the geometric mean of the electronegativity of the
constituent atoms of the material, E; is the experimental band gap
energy and E. is the energy of free electron in the hydrogen scale
(4.5 eV). The calculated values of y for H,TizO, and Na,Ti3O, are
6.15 eV and 5.27 eV, respectively. Considering the experimental band
gap energies obtained by diffuse reflectance spectroscopy, the values of
VB and CB for H,Ti30; in the NT-H,O sample are 3.16 eV and 0.14 eV,
respectively, whereas the VB and CB values for Na,TizO, are 2.46 eV
and —0.92 eV, respectively. In the NT-HCI sample, the calculated VB
and CB values for H,TizO, are 2.89 eV and 0.42 eV, respectively,
whereas the VB and CB values for Na,TizO; are 2.24 eV and —0.69 eV,
respectively.

Fig. 11b and Fig. 11c show the energy band diagrams for the NT-
H,0 and NT-HCI samples, respectively. As can be seen for both samples,
the valence and conduction bands of Na,TizO, present lower potentials

10

compared to the potentials of valence and conduction bands of
H,Ti30;. For both samples, the band offset of the heterojunctions is a
staggered gap, as predicted by theoretical simulations.

However, despite the conventional charge carrier transfer me-
chanism in the type II heterojunction that could occur in the interface,
this type of charge carrier transfer is not the active mechanism for the
photodiscoloration of the heterojunctions obtained. Regarding the re-
action potentials [91,92] in photocatalytic process, a possible me-
chanism that explains the charge carrier transfer in H,Ti30,/Na,Tiz0,
heterojunctions is the Z-scheme [93]. In this mechanism, electrons are
photoexcited from VB to CB of H,Ti30,, and then migrate to the VB of
Na,TizO, structure. Once these electrons are transferred to VB of
Na,Tiz05, they are successively photoexcited to the CB of this structure.
In this sense, the recombination rate in the H,Ti3;O, structure is de-
creased, resulting in a hole-rich VB of H,Tiz0; and an electron-rich CB
of NazTi307.

Therefore, the water oxidation to form hydroxyl radicals as well as
direct oxidation of Rh-B molecules occur at the VB of H,TisO structure,
whereas reduction of dissolved molecular oxygen to form superoxide
radicals occurs at the CB of Na,Ti3O,. The photocatalytic process oc-
curring in the heterojunction samples are described in the Equations
8-16.

H,Tiz0; + hv — HyTisOyysy + HaTisOzeca) ®
Na,Tiz0; + hy — NayTizO7p.ve) + NagTizOz.cn) 9
H,TisOy.cpy + NasTisOyyvey — HoTis0; + NayTisO; 10)
Na,TizO7(.cpy + Oz — Oy~ +Na,Tiz0;, an
H,TisO7¢vey + HoO — HoTis0, + HO'+H™ 12)
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0,"+H"—=HO, 13
HO +Rh-B — COC + CO, + H,0 (14)
HO, +Rh-B — COC + CO, + H,0 (15)
H,Tiz07¢.vgy + Rh-B — COC + CO, + H,0 (16)

As stated in Equations (10) and (11), the H,TisO, and Na,TizO,
phases are excited by incident photons (hv), generating the photo-
excited electrons and holes in the conduction and valence bands, re-
spectively, in each phase. The photoexcited electron in the conduction
band of H,Ti;O, migrates to the valence band of Na,TizO, (Equation
(10)). The photoexcited electron in the CB of Na,Ti3;O3 reduces O, to
form O,~ (Equation (11)) and a photogenerated hole in the VB of
H, T30, oxidizes H,0 to form HO and H* (Equation (12)). The reaction
between O, and H™ generates a reactive species able to oxidize or-
ganic compounds, the hydroperoxyl radical (HO5) (Equation (13)).
Herein, the generated reactive oxygen species, HO" and HO,', along
with the holes in the VB of H,Ti3O; can oxidize the Rh-B molecules to
form colorless organic compounds (COC), CO, and H,0. Therefore, the
formation of the heterojunction between H,TizO; and Na,TizO, phases
in the same nanotube results in a Z-scheme mechanism for photo-
discoloration of the Rh-B solution.

4. Conclusions

The washing process of titanate nanotubes with water and HCl
obtained by the microwave-assisted hydrothermal method proved to be
an important synthesis parameter to control the phase content and
heterojunction structure, as it favored the cation exchange reaction in
the nanotubes. Both samples presented nanotube morphology, differing
only in wall thickness and the inner diameter of the tube. The nano-
tubes obtained are composed of H,Ti30, and Na,TizO, phases in the
same particle due to the cation exchange reaction, as observed by TEM
analyses. Both crystalline phases showed varying content in each
sample, being that the sample washed with HCl showed a higher pro-
portion of the H,Ti;O, phase compared to the sample washed with
water. The PL spectra analyses indicated that the sample washed with
water presented a higher proportion of defects states than the sample
washed with HCI, corroborating the theoretical calculations of surface
termination, in which the (1-11) surface of Na,TizO3; has a higher
content of oxygen vacancies than (1-10) surface of H,Ti3O,. This
higher proportion of defects indicates that a higher efficiency was in-
duced in the sample washed with water under visible light irradiation
compared to the sample washed with HCI, which had a higher effi-
ciency in UV light due to the majority of the band-band electronic
transitions, favoring the UV light absorption. Theoretical and experi-
mental calculations indicated a staggered gap between the hetero-
junction of both phases, in which the heterojunction formed presented a
photocatalytic mechanism governed by the Z-scheme model for charge
carrier transfer. In this sense, this work demonstrated the importance of
the washing process to favor the cation exchange reaction for the for-
mation of heterojunction material in the same particle. It also allowed
investigation of the photocatalytic mechanism involved between both
phases for degradation of organic compounds. Herewith, it is demon-
strated that the washing process is an important parameter to modulate
the phase content and hence the properties of heterojunction materials
for the development of devices with desirable properties.
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