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Tunable TiO,-Heterophase Junctions for Studying and
Enhancing Photocatalytic H, Production Under Visible Light

Zakaria Guebli,'?! Houria Djediai,’®’ Rafik Benrabaa,*\> 9 Laaldja Meddour-Boukhobza,!“!
Jean Francois Blach,®! Annick Rubbens,! Axel Léfberg,f! and Pascal Roussel*!]

Photocatalytic performance of titanium dioxide under visible
light was optimized by preparing heterophase compounds (con-
taining two or more phases) by hydrolysis method using TiCl,
as a precursor with different concentrations (0.5, 0.7, 1, and 2)
to adjust condensation modes of Ti**. The structural and tex-
tural properties of the synthesized TiO, multiphase were fully
characterized by XRD, Raman scattering, FTIR, BET, MEB-EDX,
XPS, diffuse UV-vis, and EIS spectroscopy. The increase of TiCl,
amount precursor has a significant effect on the heterophase
junctions of TiO, structure and more especially on textural and
structural properties. The best specific surface area (131 m?/g)
is observed for the sample at high Ti-content (2 in Ti**). The
anatase phase (79%) is detected only for 0.5 in Ti** sample.
However, both rutile (R) and brookite (B) phases are present in
0.7, 1, and 2 Ti-contents. On the one hand, the band gap of

1. Introduction

To reduce harmful emissions and protect the environment in
the face of technological developments, it is important to shift
to clean energy sources. Hydrogen is a promising source of
sustainable energy with a high energy density, excellent trans-
portability, and storage capacity."! Unlike fossil fuels,'>* hydro-
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2.9 eV allows titanium dioxide to be active under visible light.
In addition, the presence of rutile/brookite heterophase junction
contributes significantly to the improvement of active sites for
photocatalytic reaction. The separation efficiency of photogener-
ated electrons and holes contributes to photocatalytic evolution
performance under visible light for hydrogen production. The
optimal sample (0.7 content in Ti** species) which presents in
its structure 52% of rutile and 46% of brookite phases pre-
sented the highest photocatalytic activity with a 230 pmol/h of
hydrogen generation, attributed to the heterophase junctions
R52/B46, highly pore size 20.60 nm, and relatively small bandgap
energy 2.974 eV. This work opens new horizons on the creation
and study of a multiphase TiO, that works under visible light in
the fields of renewable energies and various other fields.

gen has a smaller environmental footprint and can help mitigate
the impact of climate change. It is possible to obtain hydro-
gen from natural gas, coal as a fossil resource, from water,
and biomass as a renewable resource. Now, hydrocarbon fuel
reformation is widely utilized as an advanced method of pro-
ducing hydrogen. Nevertheless, the Industrial Revolution and
the development of the world's population has increased the
need for energy, resulting in excessive use of non-renewable
resources like fossil fuels.* For the common utilization of hydro-
gen as a kind of energy, technological developments are needed
that will enable the cost reduction of innovative sustainable
hydrogen-generating methods.!

Researchers are developing several technologies to generate
hydrogen including chemical, biological, electrolytic, photolytic,
and thermochemical generation.'®”! The production of hydro-
gen by photocatalysis is one of the most promising methods in
this field of renewable energy. The production of energy from
the photocatalysis of water means that we can use water as a
source of fuel for future energy needs. Among the various cat-
alytic materials such as W05,'®°! ZnO,"® CdS,™ and Ti0,.l'*"!
Titanium dioxide (TiO,) is the most extensively studied, due to
its strong redox ability, nontoxicity, low cost, and stable phys-
ical and chemical properties."™"™! TiO, also possesses desirable
electronic and optical properties that are useful in the devel-
opment of photocatalysts,"®! self-cleaning materials,!"”! and solar
cells."™® It finds applications in various fields including hydro-
gen production,?! organic compound degradation,!???! metal
ion remediation,'*?*! and organic compound synthesis.>>?%! TiO,
exists in several crystalline forms, namely anatase, rutile, and
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Figure 2. XRD patterns of samples (0.5Ti, 0.7Ti, 1Ti, and 2Ti) prepared with
different concentrations of TiCl, precursor.

brookite, as well as another polymorph TiO, (B).[”?8! The unique
properties of different crystalline forms of TiO, significantly
impact its photocatalytic performance, which is dependent on
the bandgap energy and kinetics of various steps involved in
the photocatalytic process.!*! In Figure 1, the molecular orbital
interactions between titanium (Ti) and oxygen (O) in TiO, are
illustrated. These interactions are mainly due to the “d” orbitals
of Ti and “p” orbitals of O, which contribute to the formation
of bonding and antibonding orbitals.>%! Additionally, the energy
difference between the highest occupied molecular orbital (i.e.,
valence band, VB) and the lowest unoccupied molecular orbital
(i.e, conduction band, CB) is known as the bandgap energy (Eg).
For TiO, anatase, the bandgap energy is approximately 3.2 eV.
Figure 2 depicts the photocatalytic mechanism involved in TiO,
water splitting, as described in.!*"! The process comprises three
key steps: (1) absorption of photons with a wavelength equal to
or greater than the bandgap energy, leading to the creation of
electron-hole pairs; (2) separation and migration of either elec-
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Figure 1. (a) Schematic representation of molecular orbital interactions between titanium (Ti) and oxygen (O) of TiO,;3!

the important steps in photocatalytic water splitting using semiconductors.*"!

(b) Schematic representation of

trons or holes from the bulk to the surface (or recombination
of electron-hole pairs within the bulk material); (3) surface reac-
tions involving photo-reduction (H* to H,) and photo-oxidation
(H,0 to O,). The kinetics of these three steps play a crucial role
in determining the activity of the photocatalyst. The H, pro-
duction rate of TiO, is directly proportional to the number of
photo-excited electrons at the water/TiO, interface. The deter-
mination of the overall quantum yield involves calculating the
ratio between the number of H, molecules that evolved and
the number of incident photons, as noted in.*?! For an efficient
water-splitting process, the CB minimum edge of a photocata-
lyst should be smaller than the H*/H, reduction potential (0 V
vs. NHE), while the VB maximum edge must be greater than the
H,0/0, oxidation potential (+1.23 V vs. NHE). The water-splitting
process of TiO, involves two half-reactions:

2H20 + 4—h+ — 02 + 4-HJr (1)

2H" 428 — H, (2
The overall reaction can be expressed as:
2H20 — 2H2 + 02 (3)

The irradiation is correlated to its intrinsic wide bandgap
(3.2 eV for the anatase polymorph and 3.0 eV for the rutile one)
and rapid recombination of photogenerated electron-hole pairs,
which impedes its high photocatalytic efficiency.3! For this rea-
son, its photocatalytic performance is not sufficient for natural
light utilization since the amount of UV radiation contained in
solar light is too low (ca. 5%).1>* Additionally, photocatalytic
water splitting is considered a “challenging reaction”, with a high
Gibbs free energy (AG® = 286 kJ mol™").3*! Therefore, many
researchers are devoting their efforts to developing and syn-
thesizing catalysts that respond to visible light. These studies
include various strategies to improve the performance of tita-
nium dioxide-based catalysts, such as the construction of porous
frameworks,'**¥! surface sensitization,*®! doping,!**%%! defects,!*"
or the creation of semiconductor junctions.?*! Among these
strategies, creating semiconductor junction structures has been
shown to be a successful and optimal approach that will
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Table 1. Various methods for synthesizing heterophase TiO,. A (anatase), R (rutile), B(brookite).

Precursor Method Heterophase TiO, Application Refs.
TTIP Hydrothermal A-R Methylene blue degradation [59]

TTIP Sol-gel A-R Oxalic acid degradation [60]
TiCl, One-step condensing reflux A-R Rhodamine B degradation [61]

TiCl3 Hydrothermal A-R Hydrogen generation [62]

TBOT Hydrothermal A-R Hydrogen generation [63]

TALH Hydrothermal A-B Hydrogen generation [64]
TiCls Hydrothermal A-B Rhodamine B degradation [65]
TiS; Hydrothermal A-B Hydrogen generation [66]
TTIP Sol-gel complex A-B Hydrogen generation [67]

Ti (Opr)4 Sol-gel complex A-B Hydrogen generation [68]
TiCl, Solvothermal R-B Hydrogen generation [69]
TiCl, Effective acid-regulated hydrolysis and A-R Hydrogen generation [70]

condensation A-R-B
R-B
TTIP LTDRP A-R-B Methylene blue degradation 71

increase the separation efficiency of photogenerated charges
and holes and speed up the hydrogen generation process.4+!
TiO, heterophase has been reported to be a promising strat-
egy for improving photocatalytic performance, as it can facili-
tate the transfer of photogenerated electrons from one phase
to another**% For instance, commercial TiO, “P25 Degussa”
is a well-known heterophase photocatalyst, consisting of 20%
rutile and 80% anatase, which exhibits excellent photocatalytic
activity.""! In addition to anatase/rutile, other TiO, heterophase
composites, such as anatase/brookite, have been synthesized
and shown to have superior photocatalytic abilities compared
to pure anatase.®>>3! More recently, there has been a grow-
ing interest in developing new TiO, heterophase composites,
including anatase/TiO, (B),***! rutile/brookite,*® as well as
three-phase composites such as anatase/rutile/brookite,””! and
anatase/rutile/TiO, (B).®! Table 1 shows the various methods
used to synthesize polyphasic titanium dioxide.

The studies on Rutile/brookite photocatalyst were reported
in 2008 by Di Paola et al.”?! the formulation was synthesized by
thermohydrolysis of TiCl, in HCl or NaCl mediums. The photo-
catalytic performance was tested in 4-nitrophenol degradation
and quantitative determination was performed by measuring in
the UV region (A = 315 nm). In another study, brookite/rutile
was obtained using the solvothermal method. The highest phe-
nol degradation activity was obtained from a composition of
72% brookite and 28% rutile.[>”*] Another way to prepare a con-
trolled rutile/brookite is the hydrothermal method. The research
found that the TiO, (38% brookite and 62% rutile”!) sample pre-
sented the highest photocatalytic activity for RhB degradation.
This explains that the biphase of brookite/rutile with optimized
phase proportions is responsible for the efficient synergy effect.

In summary, TiO, plays a crucial role in energy and environ-
mental fields. A major bottleneck toward developing artificial
photosynthesis with TiO, is that it only absorbs UV light, owing
to its large bandgap of 3.2 eV. If one could decrease the bandgap
value of TiO, to the visible region, TiO,-based photocataly-
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sis could become and in strength a competitive clean energy
source.

It is within this framework that the interest of our study falls,
which aims to synthetize TiO, with tunable structure compo-
sition using the hydrolysis and condensation of Ti*" method.
During this protocol, Titanium tetrachloride (TiCl;) is used as
the structure precursor and NaOH as basic regulator and coordi-
nation agent to adjust the hydrolysis and condensation modes
of Ti**, thereby governing heterophase junctions of TiO,. Our
findings reveal that increasing TiCl, precursor concentration
significantly affects the TiO, structural, textural, crystal phase
and heterophase junctions narrowing the band gap to 2.9 eV
and enabling it to be active under visible light. Additionally,
the presence of rutile/brookite heterophase junction crossing
contributes to improve the active sites for photocatalytic reac-
tion and separation efficiency of photogenerated electrons and
holes, resulting in improved photocatalytic evolution perfor-
mance under visible light for hydrogen production. Furthermore,
the obtained sample 0.7Ti demonstrated the highest photo-
catalytic activity among all other samples (230 pmol/h of H,-
production) due mainly to the heterophase junctions R52/B46
leading to an improvement in the efficiency of charge separa-
tion and transfer. This study will pave the way for new research
on creating and investigating multiphase TiO, that works under
visible light for various applications, including renewable energy.

2. Experimental Section

2.1. Photocatalysts Preparation

The starting material used for preparing samples of TiO, het-
erophase is titanium tetrachloride (TiCl;, Fluka 98%), which was
not subjected to any further purification. At cold temperature, TiCly
was slowly added to distilled water, resulting in a highly exother-
mic hydrolysis reaction that produced large amounts of hydrochloric
acid fumes, leading to high acidity. After continuous stirring for
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Table 2. Ratios of TiCl; in water.

Samples 0.5Ti 0.7Ti 1Ti 2Ti

TiCla/H,0 (%) 55 77 1l 2

30 min, NaOH was added drop by drop, with the volume of NaOH
increasing with the concentration of TiCly, until the pH of the solu-
tion reached between 2.5 and 3, leading to the precipitation of
a gel. The gel was stirred again for 30 min at room temperature,
then filtered and washed with distilled water and ethanol. Subse-
quently, the gel was dried at 80 °C for 14 h, followed by grinding
and calcination at 600 °C for 2 h (Table 2).

2.2. Characterization Techniques

Powder X-ray Diffraction (PXRD) analysis was conducted employing
a Bruker AXS D8 Advance-Eco diffractometer operating in Bragg-
Brentano geometry, utilizing Cu Ko radiation (. = 15418 A) and
equipped with a Lynx Eye detector. Patterns were systematically
collected at room temperature within the 260 = 10-80° range,
employing a 0.02° step and a 96 s counting time per step. Phase
identification was performed using the EVA software.

Laser Raman Spectroscopy (LRS) was conducted at room tem-
perature using a Horiba HR800 Raman device. The samples were
subjected to a NIR Laser with a wavelength of 785 nm, and the beam
was focused onto the samples using a microscopic configuration.
The acquisition and data processing were carried out using LABSPEC
software.

Fourier Transformed Infrared Spectroscopy (FTIR) spectra were
obtained at a resolution of 2 cm™" and 60 scans, covering the range
of 4000 to 400 cm~". A Shimadzu 8400S model was employed for
the analysis, and samples were pelletized with KBr powder (3%
powder mixed with 97% KBr).

To collect diffuse reflectance data, a double-beam UV-visible
spectrophotometer (Jasco V-650) equipped with an integrating
sphere was utilized, covering a wavelength range of 200-900 nm.
BaSO, was employed as the standard, and the powder was com-
pacted under a pressure of 5 kbar. The diffuse reflectance spectra
were used to determine the band-gap energies of the samples.
This analysis involved converting the reflectance data into Kubelka-
Munk function (F(R)) values.

Photoelectrochemical testing of the prepared electrodes was
performed using Electrochemical Impedance Spectroscopy (EIS) on
a VersaSTAT 3 galvanostat system with a three-electrode cell con-
figuration in a 0.1 M Na,SO, electrolyte. The reference electrode
used was Ag/AgCl (3.5 M KCl), the platinum electrode served as
the counter electrode, while the prepared TiO, electrodes served as
working electrodes.

The specific surface area (Sger) of the catalysts was determined
through nitrogen adsorption at 196 °C, employing a Micromeritics
ASAP2010 apparatus.

Scanning electron microscopy (SEM) and X-ray energy dispersive
microanalysis (EDS) were performed on a HITACHI 4100S apparatus
at 15 kV.

X-ray photoelectron spectroscopy (XPS) was carried out using
an Escalab 220 XL spectrometer (vacuum generators). A monochro-
matic Al K, X-ray source was utilized, and electron energies were
measured in the constant analyzer energy mode. The pass energy
was 100 eV for the survey of spectra and 40 eV for the single ele-
ment spectra. All XPS binding energies were referenced to the Cls
core level at 285 eV. The incident X-rays and the analyzer formed
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an angle of 58° and photoelectrons were collected perpendicularly
to the sample surface. The analysis of spectra was performed using
CasaXPS software.

2.3. Photocatalytic Tests

Photocatalytic hydrogen (H,) production was conducted within a
double-walled pyrex reactor equipped with an IR cut-off filter and
connected to a temperature-controlled bath to maintain a consis-
tent temperature. The bath temperature was set to an optimal value
of 50 £+ 0.5 °C, a point at which water evaporation is predominant.
The reactor was designed to prevent the Vortex phenomenon, and
to ensure uniform dispersion of the powder (100 mg) in 100 mL
of electrolytic solution (0.1 M NaOH) under moderate agitation
(400 rpm) across the entire reaction space.

Prior to the photocatalytic process, the electrolytic solution was
subjected to gentle agitation for homogeneity, and the system was
purged with nitrogen (N,) gas for 30 min. The photocatalytic reac-
tion was initiated using three symmetrical LED lamps (3 x 13 W)
surrounding the reactor, producing a total flux of 23 mW cm™2.
The generated hydrogen was subsequently analyzed using gas
chromatography (Agilent Technology 7890A), and the quantity was
volumetrically determined through a custom setup as detailed
elsewhere.”®) The 0, quantification was not done in this paper.
Since there is no competitive reaction, the amount of evolved O,
is easily quantified from the ratio (H,/O, = 2).

3. Results and Discussion
3.1. Structural Properties by XRD, Raman, and FT-IR

X-ray diffraction was employed to assess the crystallinity, phase
structure, and purity of the fabricated photocatalysts. The
Figure 2 shows the XRD diffraction patterns of TiO, samples pre-
pared and calcined at 600 °C for 2 h. In all cases, a multiphase
was observed. In the sample with the lowest concentration of
0.5Ti, anatase peaks (major phase) were observed at 26° = 25.28°,
36.94°, 37.78°, 38.60°, 48.07°, 53.87°, 55.01°, and 62.70° attributed to
the diffraction peaks (101), (103), (004), (112), (200), (105), (211), and
(204) respectively. In addition, we notice the presence of other
peaks of lower intensity at 260° = 27.40° 36.06°, 41.23°, 44.05°,
54.33°, 56.62°, 64.08°, and 68.97° attributed to the planes (110),
(101), (111), (210), (211), (220), (310), and (301) of the rutile phase,
while peak appearing at 260 = 30.82° was attributed to the plane
(221) of the brookite phase. For samples 0.7Ti, 1Ti, and 2Ti, no
anatase phase was observed with the emergence of other peaks
of rutile at 20° = [62.76°, 69.78°] attributed to the diffraction of
the planes (002) and (112) respectively. The peaks of brookite
phase were observed at 26 = [25.38° 30.77°, 39.19°, 42.52°, and
48.08°] attributed to the diffractions of the plans (210), (211), (204),
(400), and (221), respectively. Finally, we noted that peaks of
halite phase (NaCl) were also observed at 26° = [31.64°, 45.37°,
and 66.21°] attributed to the diffractions of the plans (200), (220),
and (400), respectively. The intensity of the halite phase peaks
increases with increasing initial concentration of TiCl, precursor.
It was formed from the reaction of the Na™ from the coprecipi-
tating agent with the Cl~ from the TiCl, precursor. This may be
due to the fact that the washing process was not complete. A
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Figure 3. (a) Raman spectra of multiphase TiO, samples (0.5Ti, 0.7Ti, 1Ti, and 2Ti). (b) Raman spectra of multiphaseTiO, samples (0.5Ti, 0.7Ti, 1Ti, and 2Ti) in

the spectral range: 100-400 cm™".

Table 3. The ratio of phases in each sample using the Rietveld method.
Samples 0.5Ti 0.7Ti 1Ti 2Ti
Anatase% 79 0,00 0,00 0,00
Rutile% 13 52 44 58
Brookite% 8 46 53 34
Halite% 0,00 2 3 8

comparison of XRD patterns of the samples reveals that a good
crystallization of the anatase phase was obtained in the sam-
ple with the lowest concentration 0.5Ti. While the increase in
the initial concentration of TiCl, precursor leads to the com-
plete conversion of the anatase phase into rutile and brookite
with good crystallization. The Rietveld refinement method was
used to find out the percentage of phases in each sample (see
Table 3).

Figure 3a shows the Raman spectra recorded from 100 to
800 cm™' for the four TiO, samples, with no observed lines
for higher wavenumbers. The anatase Raman spectrum presents
four main bands: a very intense line at 144 cm™, in the very low
frequency range, and a triplet of much weaker intensity than
the first one at wavenumbers 397, 516, and 640 cm~".””! For the
rutile form of TiO,, three bands are observed, two of equiva-
lent intensity at values 445 and 612 cm™, and a large broad
band of lower intensity at 237 cm~.”! The brookite phase has
its vibration bands largely overlap with those of the two previ-
ous forms of TiO,. Its identification will nevertheless be possible
with the vibrations located at 128, 324, and 366 cm™', a detailed
study on a single crystal of brookite.”®! reinforcing this choice
and assignment. For the 0.5 Ti composition, the anatase form is
largely in the majority in the mixture (Figure 3a), the position in
wavenumber of the weak peaks observed for this composition
suggests the formation of a very small proportion of rutile (445
and 612 cm™") and brookite (245, 324, and 366 cm™'). The large
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quantity of anatase in the mixture does not allow us to observe
the line at 128 cm™' located in the foot of the intense band at
144 cm™". By increasing the additional titanium content, the char-
acteristic bands of the anatase form decrease in intensity, while
those relating to the brookite phase increase in intensity as do
those of rutile TiO, at 445 and 612 cm~". This clearly indicates the
transformation of anatase into brookite and rutile by increasing
the additional titanium content. If the line at 640 cm~' character-
izing anatase does not decrease in intensity like the two others
at 397 and 516 cm™, this is due to its overlap with the line at
640 cm™' of brookite form of which its concentration increases
in the mixture. The feature study of intense line at 144 cm™ of
the anatase phase (Figure 3b) supports our writings. Indeed, we
can notice the increase in the intensity of the line located at
128 cm™, a widening of the line at 144 cm™" with a shift of its
extremum towards high wavenumbers, resulting from the forma-
tion of the component at 153 cm™' of the brookite phase increas-
ing in intensity with the addition of the precursor. These results
are in agreement with various works in the literature on tita-
nium oxide.””8% Raman scattering analysis confirms the results
obtained by XRD. The phase change (anatase-rutile—brookite) is
proportional to the additional addition of the precursor TiCl, for
the synthesis of TiO,.

Table 4 represents the wavenumbers observed by Raman
scattering for our mixed TiO, samples and compared them to the
results of the literature.

FT-IR spectroscopy was used to study the nature of chemical
bonding and identify the functional groups present in the
nanostructures of multiphase TiO, samples. Figure 4 shows the
recordings made from 400 to 4000 cm™' on samples pelleted in
potassium bromide. For the 420--750 cm™' range, the change
in spectral feature is linked to variations in the concentration
of the different phases of TiO, depending on the additional
titanium content. However, very weak peaks appear for higher
wavenumbers. It can be noted that the absorption at 3745 cm™
is due to the stretching of the OH bond of the water molecule
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Figure 4. FTIR spectra of heterophases TiO, samples.

on the surface. The vibrations at 1022, 1508 cm™' can be due
to the residual carbonate, the band at 1708 cm™~' indicating the
formation of carbon dioxide at the surface. These observations
are in agreement with a nanometric size of the crystallites.

3.2. Textural Properties by SEM-EDX, BET, and XPS
The size, shape, and surface morphology of the samples of TiO,
multiphase 0.5Ti, 0.7Ti, 1Ti, and 2Ti were studied using SEM with

different magnifications and represented in Figure 5. 200x mag-
nification in all samples shows scattered solid particles from
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Table 4. Raman active optical phonon modes of anatase, rutile and brookite TiO, species comparison with the Raman wavenumbers of synthesized
polyphase titanium dioxide samples.
TiO, Anatase TiO, Rutile TiO, Brookite
Raman Shifts of Our Published Data Raman Shifts of Our Published Data Raman Shifts of Our Published Data
Samples (cm™) (cm—)[7779.80] Samples (cm™) (cm")[77:8081] Samples (cm™") (cm~1)[78:80]
128 125
144 144 142 145 153 152
196 196 213 194
237 232 245 246
323 324
366 366
397 394
413 412
445 448 502 492
516 516
545 545
588 584
612 613
640 638 640 640
826
2Ti Table 5. Tabulated TiO, (0.7Ti and 2Ti samples) elemental composition.
C (6} Na a Ti
1Ti 0.7Ti600 - 10 kV - x900 0.87 34.05 0.93 0.62 63.52
= [ ——— 2Ti600 - 10 kV - x900 0.64 31.65 1.26 0.91 65.54
§
5 Jozn .
§ the nodules of various sizes, while 2000x magnification shows
S ) ' clear, smooth particles in all samples. The particles in 0.5Ti,
= jesT 1Ti, and 2Ti samples show regular shapes and large sizes. In
. comparison, 0.7Ti sample consists of smaller particles with differ-
s74s0m | 1708 ob : ent shapes and displays a relatively better distribution. Smaller
WP (Y i : particle size creates more points of interaction. It is useful for
R T T o b photocatalysis.!®?! Figure 6 and Table 5 represent the TiO, (0.7Ti

and 2Ti) sample’s energy dispersive X-ray (EDX) spectroscopy
results. The effective synthesis of TiO, (0.7Ti and 2Ti) samples,
which mostly contain titanium and oxygen as predicted at a
higher energy level, was demonstrated by EDX analysis.!®*! It also
indicates the presence of Cl, due to the NaCl, more visible in
sample 2Ti (the presence of the carbon element is attributed to
the carbon coating before the sample characterization).
Nitrogen adsorption isotherms on TiO, nanoparticles for the
four samples were examined at incremental relative pressures to
analyze and ascertain the BET surface area, pore size, and pore
volume. The corresponding values for BET surface area, pore size,
and pore volume of the four samples are presented in Table 6.
From Figure 7, the Linear Isotherm plot of TiO, nanoparticles for
the four samples show a stepwise adsorption-desorption branch
at a wide range of pressure (P/Po): Type IV isotherm classifica-
tion that is attributed to the presence of mesopores (2-50 nm),
according to the International Union of Pure and Applied Chem-
istry (IUPAC) classification.’® We observed an adsorbed quantity

© 2024 Wiley-VCH GmbH
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Figure 5. SEM images of 0.5Ti, 0.7Ti, 1Ti, and 2Ti samples.

Table 6. BET surface area, pore size, and pore volume of 0.5Ti, 0.7Ti, 1Ti, afﬁnity for samples with low concentrations of 0.5Ti, 0.7Ti, and

and 2Ti. 1Ti being 76.86 cm3/g STP 99.64 cm?/g STP, and 75.33 cm?/g STP,
Samples BET Surface Area Pore Size Pore Volume respectively. In the contrast, the sample with the highest concen-
(m¥/g) (hm) (cm3/g) tration (2Ti), the adsorbed quantity increases being 15142 cm?/g

STP. This is due to the BET surface area affinity for samples with

0.5Ti 41 1.52 0.2

.I low concentrations of 0.5Ti, 0.7Ti, and 1Ti being 41 m?/g; 30 m?%/g,
o7 30 2060 015 and 28 m?/g, respectively. In the sample with the highest content
i 28 16.47 oM

(2Ti), the BET surface area is 131 m?/g. The pore size calculated
2T 131 7.14 0.23 using the Barrett-Joyner-Halenda (BJH) model are 11.52, 20.60,
16.47, and 7.14 nm for 0.5Ti, 0.7Ti, 1Ti, and 2Ti, respectively. The
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Figure 6. EDX spectra of 0.7Ti and 2Ti samples.

Table 7. The values of valence band conduction band and band gap
energy for all samples.

Samples 0.5Ti 0.7Ti 1Ti 2Ti
Valence band (eV) 222 2116 2.116 2.116
Conduction band (eV) —0.76 —0.858 —0.86 —0.868
Bandgap energies (Ey) (eV) 2.98 2.974 2.976 2.984

augmentation in specific surface area can be attributed to a
reduction in the crystal size of the nanoparticles.® Thus, it
is clear that the increasing titanium concentration significantly
affects the surface area of the photocatalysts. This is due to the
change in the ratio of the phases of rutile, anatase, and brookite,
as pointed out from the analysis of XRD and RAMAN (Table 7).
The XPS method was used to analyze the chemical composi-
tion of TiO, samples (Figures 8 and 9). The results showed that all
samples were made up of Ti and O species. The Ti2p spectrum in
all samples had two binding energy values, 458.4 — 458.7 eV and
464.2 - 464.5 eV, which corresponded to Ti** in TiO,. The calcu-
lated difference in bonding energy (BE) of Ti 2ps;, and Ti 2py,
(ABE = BE Ti 2ps/, - Ti 2py;) was equal to ~5.7 eV, indicating the
presence of typical Ti** -0 bonds in Ti0,.18%”! The OTs spectrum
had two peaks, with the peak at 529.7 -529.9 eV being attributed

ChemistrySelect 2024, 9, e202404396 (8 of 17)

to lattice oxygen (O,) of TiO,, and the shoulder peak at 531.3 eV
being assigned to Ogy (Figure 9).

3.3. Optical Properties by UV-vis Spectroscopy

The optical properties of the as-prepared TiO, samples were
explored through diffuse UV-visible spectroscopy, and the find-
ings are illustrated in Figure 10a-c. All samples show high
convergence in the visible light and ultraviolet light absorp-
tion region whereas the drawing shows band edge absorption
around 420 nm. However, the absorption behavior of the 0.5Ti
sample is different from the others, where the absorption values
decrease in 0.7Ti;1Ti, and 2Ti samples until they reach a mini-
mum of -0.5 (au) in 2Ti sample at 420 nm. This negative value
indicates that the samples are transmitting more light than it is
absorbing. This behavior is known as a negative absorption or a
gain spectrum and can be observed in some materials with spe-
cific properties, such as doped semiconductors, quantum dots,
or gain media. In this case, the presence of halite, a sodium
chloride mineral (NaCl), in these three samples may be responsi-
ble for this effect. The sodium ions in halite can act as electron
donors, increasing the number of free electrons in the TiO, and
creating a gain spectrum.

© 2024 Wiley-VCH GmbH
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Figure 7. Plots of adsorption and desorption isotherms of the TiO, samples 0.5Ti, 0.7Ti, 1Ti, and 2Ti.

As shown in Figure 10b, all TiO, samples present a signifi-
cant reflectance rate in the UV range and a fraction in the visible
range, generally due to the charge transfer of the valence band
(which mainly consists of 2p orbitals of oxide anions) to the con-
duction band (Which mainly consists of 3D t2g orbitals of Ti**
cations. [

The band gap energy was determined using the Tauc plot
method. This analysis included converting the reflection data
into Kubelka-Munk function values according to the following
equation (Equation 4):

(1-R? K

F(R) = RS 4

where S is the scattering coefficient and K is and the absorp-
tion coefficient; and it is well known that the band gap is related
to the optical absorption coefficient « by the Tauc function, as
given by equation (Equation 5):

(ahv)% =C(hv — k) (5)

where, C is a constant, hv is photon energy, £ is the allowed
energy gap and n is a constant that depends on the nature of
optical transition, n = 2 and 1/2 represent the indirect and direct
transition, respectively. The following equation (Equation 6) can

ChemistrySelect 2024, 9, e202404396 (9 of 17)

be used for a perfectly diffuse scattering compound:
(F (Ryhv)7 = C (hv — E,) ©6)

where in general, the band-gap energies (E;) of the samples
were calculated by plotting (F(R)hv)"" against the photon energy
(hv) and extrapolating the linear region of the curve to the x-axis.

The results are shown in Figure 10c, where a large con-
vergence in the value of the bandgap energy for all samples
is observed. The transformed Kubelka-Munk function plotted
against the energy of light (Figure 10c) yielded band-gap ener-
gies of 2.98, 2.974, 2.976, and 2.984 eV for the 0.5Ti, 0.7Ti, 1Ti, and
2Ti samples, respectively. It is a typical value for mixed phase
titanium dioxide. The energy band structure of the prepared
photocatalysts was investigated using valence band X-ray photo-
electron spectroscopy (XPS) spectrum. As depicted in Figure 11a,
the linear extrapolation on the front edges of the valence band
(VB) XPS spectra was employed for analysis,7%8%%! the 0.5Ti,
0.7Ti, 1Ti, and 2Ti possess valence band positions of 2.22, 2.116,
2.116, and 2.116 eV, respectively versus normal hydrogen electrode
(NHE). Thus, the conduction band position can be calculated
using the relationship:

Eg = CB-VB — CB = VB + Eg to be -0.76, -0.858, -0.86, and
-0.868 eV, respectively.
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Figure 8. XPS spectra of Ti2p species of 0.5Ti, 0.7Ti, 1Ti, and 2Ti calcined at 600 °C.

Figure 11b illustrates the band diagrams for both the refer-
ence TiO, and 0.7Ti in detail. The valence band, the conduction
band, and the band-gap energies are significantly higher in
reference TiO,!°°! compared to 0.7Ti.

3.4. Electrochemical and Photoelectrochemical Properties

EIS studies, spanning a frequency range of 100-0.1 Hz, were con-
ducted to evaluate the charge transfer mechanism occurring on
the photocatalyst surface and predict the evolution of H, under
radiation. EIS analysis of the 0.7Ti and 2Ti samples was performed
both in the dark and under irradiation (Figure 12). The Nyquist
diagram for the 0.7Ti and 2Ti samples is shown, depicting their
behavior in both conditions. Semicircles observed at high and
low frequencies are associated with interfacial charge transfer.
It was observed that the diameter of these semicircles
decreased when exposed to radiation, indicating rapid trans-
fer of surface charge at the semiconductor/electrolyte interface
and efficient separation of photogenerated electron-hole pairs
(e~/h*). Thus, an efficient charge transfer channel is created
through the fastest intercalation/separation process, which is
associated with the porous structure and high specific sur-
face area. This observation was further supported by SEM and

ChemistrySelect 2024, 9, e202404396 (10 of 17)

BET analysis. Therefore, the semiconductivity of the multiphase
TiO, samples is confirmed, which is highly desirable in the
photocatalytic process.!”"

The EIS Nyquist plot of the 2Ti(RsgBs4) sample exhibited the
smallest arc radius (Figure 12), implying the lowest charge trans-
fer interfacial resistance. The 2Ti(RsgB3;) sample demonstrated
high and stable photocurrent intensity, indicating that the
rutile/brookite phase junction effectively obstructs the recom-
bination of photogenerated electrons and holes. From the
above analysis, it can be concluded that the rutile/brookite
heterophase junction endows TiO, photocatalyst with excel-
lent photogenerated carrier separation ability, significantly con-
tributing to improving the performance of photocatalytic H,
evolution.!%8!

3.5. Photocatalytic Properties in H, Production

The evolution of photocatalytic properties in H, production of
the samples is presented in Figure 13a,b. Figure 13a. shows the
evolution of hydrogen over time for all samples. Among these
samples, 0.7Ti formulation exhibits the highest hydrogen evolu-
tion rate (230 pmol/h), compared to 0.5Ti sample, which contains
the largest percentage of anatase and is free of halite, and
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Figure 9. XPS spectra of OTs species of 0.5Ti, 0.7Ti, 1Ti, and 2Ti calcined at 600 °C.

has a hydrogen evolution rate of 125 umol/h. This difference
in hydrogen evolution rates may be due to the positive effect
of heterophase junctions rate rutile/brookite. Sample 1Ti con-
tains a greater proportion of brookite than rutile (Table 3), and
although it has an almost equal bandgap (Eg) value to 0.7Ti
sample (1Ti; Eg = 2.976 eV) (0.7Ti; Eg = 2.974 eV) and a similar
surface area about 28 m?/g, it has a lower hydrogen evolu-
tion rate of 116 umol/h (about 43.75% lower than sample 0.7Ti).
This difference in hydrogen evolution rates may be due to the
proportion of rutile in the rutile/brookite heterophase junction
being greater than that of brookite, which provides the photo-
catalyst with excellent photo-generated carrier separation ability,
significantly enhancing the efficiency of photocatalytic H, evo-
lution. The sample at a higher content of Ti*" species (2Ti) has
the lowest hydrogen production rate, despite having a high sur-
face area of 131 m?/g (Table 6) and the smallest pore size of
7 nm. Although it contains rutile/brookite heterophase junction
and has a bandgap (Eg) value of 2.984 eV, the hydrogen pro-
duction rate is weaker than that of the other samples, which
may be due to the high proportion of halite in the sample.
The halite could have played a role in inhibiting photocataly-
sis. In addition, we carried out a stability test after 48 h for the
0.7Ti sample to evaluate its photostability. Figure 13b shows that
there was no significant decrease in the amount of hydrogen
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produced. The amount of hydrogen after 48 h was 219 umol,
which is approximately 95.21% of the first amount, indicating the
excellent stability of 0.7Ti sample.

In summary, TiO, heterophase as rutile/brookite exhibits bet-
ter photocatalytic activity than TiO, with A/R/B and B/R phases.
The heightened activity can be attributed to the interaction
between the two phases, mitigating recombination. The mixed
phase incorporates an interfacial electron trapping site, a phe-
nomenon documented in the literature.>>! The redox process
can be accelerated when TiO, is in the mixed phase!®¥ resulting
in a decrease in the recombination rate, an increase in lumi-
nous efficiency, and activation of the energy bandgap by light
with energies lower than UV.%! At semiconductor heterojunc-
tions, the energy bands of two different materials come together,
leading to an interaction and the band structures align close
to the interface due to the discontinuous band structures of
the semiconductors.!®®®! In the research by Sun.et al.l%® and
Chen et al.>®! found that the valence band energy and con-
duction band energy are higher in the brookite phase than in
the rutile phase when there is contact. Electrons move to the
rutile due to the lower conduction band minimum energy, while
holes move to the brookite due to the higher valence band
maximum energy. Holes in the valence band initiate a reac-
tion with water, resulting in the generation of hydroxyl radicals.
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Figure 10. (a) UV—uvis absorption spectra; (b) Reflectivity spectra and (c)Band-gap states of TiO, multiphases samples.

Simultaneously, electrons in the conduction band react with oxy-
gen, producing superoxide anions.[®>*! This contributes to the
reduction of water to produce hydrogen, Figure 14 illustrates this
phenomenon.

It is worth noting that there are few works in the literature
that use TiO, in the visible region for H, production, in addi-
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tion, it is difficult to compare our results with those obtained in
the bibliography because (i) the synthesis of the heterojunction
and (ii) the operating conditions (amount of catalyst and light
source) of the photocatalytic act are not the same. We still tried
to make a comparison with the results of the literature. The pho-
tocatalyst Rs,Bss (0.7 in Ti*4) has the largest hydrogen evolution
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Figure 11. (a) VB XPS of TiO, multiphase samples; (b) Band energy diagram of reference (Ti0,),'8! and 0.7Ti sample.
Table 8. Photocatalytic activity of heterophase TiO, for hydrogen production.
TiO, Composition (%) Amount of Catalyst Light Source H, generation Rate Refs.
R52B46 100 mg/100 mL LED lamps (3 x 13 W) 230 umol g7' h™! Actual study
A12R88 20 mg/80 mL 350 W Xe lamp 74,4 pmol g7' hT [62]
A74B26 20 mg/100 mL 450 W Xe lamp 1014 pmol g~ h™! [66]
A54B46 20 mg/100 mL 450 W Xe lamp 1014 pmol g~ h™! [67]
petitive compared to those obtained by Sun et al.1 which used
100 || —light D-TTf TiO, (Ri4By4) prepared via hydrolysis method using dimethyl dial-
——dark 0.7Ti lyl ammonium chloride and HCl. The Table 8 summarizes some
[ I:ghtzl'f examples of the performance of heterophase TiO, for hydrogen
80 dark 2Ti production.

3.6. Anatase; R: Rutile; and B: Brookite

Zim (ohms)
-

4k
' After the photocatalytic act, both catalysts 0.7Ti (the best for-

mulation) and 2Ti (the bad catalyst) are characterized by XRD
analysis. XRD patterns are shown in Figures 15 and 16. For the
0.7T system (Figure 15), we note that the system is almost stable
even after photocatalytic testing, and no change in the struc-

e

0 . L A . 4 4 ture was observed. However, for the 2Ti (Figure 16) system which
» " 150 » -~ » » showed poor photocatalytic activity, a change in the struc-
Zre (ohms) ture was recorded, after photocatalysis, the system transformed

almost into brookite type structure which is not active phase

Figure 12. The EIS diagram of 0.7 and 2 Ti samples in the dark and under in Hy-production under our conditions reaction. This transforma-

illumination in Na,SO4 (0.1 M).

rate (230 umol h~" of H,-generation) and shows a clear enhance-
ment in the hydrogen evolution rate compared to brookite-TiO,
(176 mmol.h™") or rutile-TiO, (58 mmol.h~") as observed by Chen
et. al®®! Our results are more important compared to those
obtained by Xia et al.!%?! or by Cihlar et al.*”! and are very com-
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tion can be explained by considering several factors related to
the experimental conditions and the dynamic processes occur-
ring during photocatalysis. Photocatalytic reactions, especially
under intense light irradiation and in the presence of reac-
tive environments (e.g., alkaline medium), can induce significant
modifications to the surface properties of TiO,. As studied by
Hanaor et al.””! surface reactions during photocatalysis can lead

© 2024 Wiley-VCH GmbH
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Figure 13. (a) Photocatalytic H, evolution rates of synthesized multiphase TiO,,
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Figure 14. Schematic illustration of water splitting photocatalytic
mechanism for TiO, heterophase rutile /brookite.

to the reorganization of the atomic structure, particularly on the
nanoscale, where TiO, particles can be more prone to such trans-
formations due to their high surface area (131 m?/g in our 2Ti
sample), making them sensitive to changes in phase composi-
tion. During photocatalysis, the generation of electron-hole pairs
can lead to the creation or annihilation of oxygen vacancies,
which play a crucial role in the stability of TiO2 phases. The litera-
ture has shown that oxygen vacancies are often located at phase
boundaries (such as rutile-brookite or anatase-brookite) and can
stabilize certain phases. In the case of our 2Ti sample, it is likely
that the photocatalytic process caused the annihilation of these
oxygen vacancies, leading to the destabilization of the rutile and
halite phases and promoting the more kinetically stable brookite
phase. A similar process has been observed where the loss of
oxygen vacancies resulted in structural phase changes during
photocatalysis.!®!The alkaline environment during photocataly-
sis also plays a crucial role in facilitating phase transformations.
As indicated by Wang et al!®®! NaOH treatment can modify

ChemistrySelect 2024, 9, e202404396 (14 of 17)

t (min)

(b) cycle tests of photocatalytic H, evolution over 0.7Ti sample.

surface properties by enhancing the adsorption capacity and
increasing charge separation efficiency, which leads to higher
reactivity at the surface. This reactivity, combined with the loss
of oxygen vacancies, could have accelerated the transformation
of rutile and halite into brookite, which is more stable under the
used conditions in our study.

4. Conclusions

We have successfully synthesized TiO, heterophases with tun-
able phase composition through facile hydrolysis and condensa-
tion of titanium cations method, where the initial concentration
of TiCl, played as a directing factor for the structure and
crystalline phases of TiO, (anatase/rutile/brookite). The study
of the structural characteristics proved that at low concentra-
tion (0.5Ti), the proportion of heterophase junctions of the
rutile and brookite phases is small and there is a high crys-
tallization of the anatase phase. In medium (0.7 and 1 Ti)
and high (2 Ti) concentrations, the crystallization rate of rutile
and brookite increases, which increases the rutile/brookite het-
erophase junction. The sample of 0.5Ti, which presents anatase
in a high proportion (79%) in its structure, has demonstrated
low photocatalytic efficiency under visible light. The presence of
rutile/brookite heterophase junction crossing contributes signif-
icantly to the improvement of the active sites for photocatalytic
reaction and separation efficiency of photogenerated electrons
and holes, which contributes to photocatalytic evolution perfor-
mance under visible light for hydrogen production. The sample
0.7Ti presented the highest photocatalytic activity in H, produc-
tion (230 pmol/h) due to the heterophase junctions R52/B46,
the high pore size 20.60 nm, the almost absence of impuri-
ties and relatively small bandgap energy 2.974 eV, all this led
to an improvement in the efficiency of charge separation and
transfer. This work presents an easy and economical method
for the synthesis of TiO, multi-phases that are active under vis-
ible light. We used it as a photocatalyst to produce hydrogen

© 2024 Wiley-VCH GmbH
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from the photocatalytic water-splitting reaction under visible
light.
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