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Ultra-fast green synthesis of a defective TiO,
photocatalyst towards hydrogen production
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An ultra-fast green synthesis of defective titanium dioxide (TiO,) photocatalysts was conducted by the

microwave-assisted method using L-ascorbic acid

(L-As) as a reducing agent. Effect of L-As

concentrations on the chemical-, optical- and photoelectrochemical properties as well as the

photocatalytic performance towards the hydrogen (H,) production was explored. The obtained TiO,

nanoparticles (NPs) illustrated the brown fine powders with different brownness levels depending on the

concentrations of L-As. A high L-As concentration provided a high brownness of TiO, NPs with a high

generation of Ti** defects and oxygen vacancies (O,), which can extend the light absorption towards the

visible and near-infrared regions, suppress the recombination rate of electron—hole pairs, promote the

photocurrent response and minimize the interface charge transfer resistance. An appropriate quantity of

generated defects and good porous properties played a crucial role in photocatalytic H, production.

Under fluorescence illumination, the sample synthesized with a TiO, and L-As weight ratio of 1:0.25
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(PAs0.25) exhibited the highest H, production rate (~162 pmol g~* h™t in the presence of 1 wt% Au co-

catalyst) with a slight drop (~8.2%) after the 5th use (15 h). The synthesis method proposed in this work

DOI: 10.1039/d4ra04284k

rsc.li/rsc-advances

1. Introduction

Based on the specific properties of TiO, (e.g. high chemical/
thermal stability, low cost, eco-friendly and high UV light
absorption capacity),"* it has been extensively applied in the
paint/plastic industry, cosmetic/hygiene industry, food
industry, energy storage systems, gas sensing systems, medical
devices, etc.>* Besides, it is widely used as a photocatalyst for H,
production,>® pollutant degradation,>*”* antibacterial,®™*" air
purification,"” and medical application.'»**'* However, the
photocatalytic application of TiO, is still limited to the UV
region (<5% of full sunlight) due to its relatively wide bandgap
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provides a new insight to an ultra-fast synthesis of defective TiO, NPs using an eco-friendly chemical
precursor under non-severe conditions.

(~3.2 eV) and fast recombination of electron-hole pairs.*> To
overcome these shortcomings, various strategies have been
conducted to improve the photocatalytic performance of TiO,
NPs including the introduction of some defects (Ti**/0,) or
metal/non-metal elements and coupling with other conductive
materials or semiconductors.">'® The deposited metals can
serve as the co-catalysts to facilitate the kinetic of surface
reaction by suppressing the recombination of charge carriers
through the Schottky junction.’”*®* However, the utilization of
inappropriate contents/metal species may decrease the TiO,
crystallinity, reduce the thermal stability and sometimes act as
the charge recombination center which in turn diminishes the
photocatalytic performance.'***** The non-metal dopants can
extend the visible light response of TiO, from 400 to 600 nm due
to the generation of an intermediate energy level which can
elevate the oxygen 2p state's valence band (VB).>> Nevertheless,
they were unable to absorb light in the infrared region.*® The
coupling of TiO, with other conductive materials or semi-
conductors can reduce the recombination opportunity of charge
carriers and furnish the band alignment to fit to the redox
potential of adsorbed molecules.” However, the synthesis
process is quite complicated, requires several elementary steps
and sometimes demands extreme synthesis conditions.
Currently, the defect engineering of TiO, conducted by the
introduction of crystal and/or surface defects (e.g. Ti** species,
Oy sites, or disordered atomic rearrangement) is considered as
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a reasonable strategy to improve the crystal morphology,
textural property, electronic structure, charge transport prop-
erty and eventually the photocatalytic activity of the pristine
TiO, NPs. That is, the surface defects play and essential role on
the geometric, electronic, and chemical properties of photo-
catalysts, while the bulk defects play a vital role on the energy
density of states, bond length, bond energy, position of Fermi
level, electrical affinity as well as the shift of conduction band
(CB).>**® Therefore, many procedures have been conducted to
synthesize the defective TiO, NPs (e.g. chemical reduction/
oxidation, thermal treatment, anodization, or laser/plasma
irradiations) for various applications (e.g. energy storage, solar
cells/fuel cells, chemical production, waste remediation and
medical therapy).”

Hydrogen (H,) is now recognized as a prominent sustainable
energy carrier to support the global energy consumption
because of its high energy density, storability and environ-
mental friendliness.” Recently, it was reported that the pres-
ence of surface Ti*" and bulk Ti** species at optimum content
can maximize the photocatalytic H, evolution rate.** During the
formation of Ti** defects, the O, sites were concurrently created
to maintain the charge balance.* The defective TiO, synthe-
sized from the pristine macro/mesoporous TiO, framework via
the microwave irradiation using vitamin C as a reducing agent
exhibited an increased surface area and improved visible light
response due to the presence of Ti**/O, defects, which then
promoted the H, production (23.2 umol g~* h™*) and the RhB
degradation (26.7 x 10~% min~ "), approximately 3.3- and 10.68-
fold higher than the pristine TiO, NPs.*> The rational intro-
duction of Ti**/O, defects through the chemical reaction with L-
ascorbic acid gave the brown TiO, with a square/rectangular
shape structure.** A high H, production rate of 8.1 mmol g "
h™" under natural solar light was achieved due to its high visible
light response, resulting from the presence of O, that allowed
the electron migration from the filled O, defects to the CB. The
existence of surface defects accelerated the ethanol reforming to
H, and acetaldehyde due to a weaken chemical adsorption of
intermediate species on the surface defects.*® Nevertheless,
excessive surface defects induced the negative effect on the
photocatalytic activity because it can migrate into bulk structure
and acts as the charge recombination center,*® which dimin-
ished the photocatalytic activity for H, production. The black
TiO, nanosheet-assembled microspheres synthesized by
thermal treatment under H, environment in the presence of
protective agent (e.g. ethylenediamine, EN) exhibited high
surface area (140.5 m”> ¢~ ') and H, production rate (6.54 mmol
g " h™" with 1 wt% Pt co-catalyst) under the Xenon lamp irra-
diation.** This is because the added EN can reduce the aggre-
gation of TiO, nanosheets, mitigate the phase transformation
and prevent the reaction of O, sites with surrounding air. The
defective nano-TiO, photocatalysts synthesized by the C-H
group-assisted method in aerobic-annealing atmosphere illus-
trated a considerable photocatalytic H, production (5.47 mmol
g~ ' h™"! under visible light) causing by the oxidation of C-H
groups, which can preserve the nanotube structure, delay the
TiO, crystallization, prevent the oxygen migration to the TiO,
lattice and also promote the formation of O, sites.*® The
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addition of Ni on the MIL-125(Ti) derived pure TiO, (t-TiO,)
enhanced the photocatalytic activity of the resultant xNi/t-TiO,
catalysts. Approximately 4.28 mmol g~' h™" was produced
under the full-spectrum light in the presence of 1 wt% Ni,
attributing to the synergetic effect of Schottky barrier and O,
sites which can enhance the charge separation and migration.*
The nano-Cu/TiO, synthesized by the microwave-assisted
hydrothermal with oxalic acid possessed a high H, production
rate (6.8 mmol g~ " h™') under 365 nm UV LED array due to the
formation of the mid-gap energy state associated from the
surface O, defects and the effective charge separation efficiency
and light absorption ability associated from the employed Cu
co-catalyst.””

Although various procedures have been meticulously devel-
oped to synthesize the defective TiO, NPs as reviewed above, they
still consisted of various elementary steps, including (i) the
synthesis of TiO, based material and (ii) the introduction of
defects into the TiO, structure. In this work, the microwave-
assisted method was conducted to synthesize defective TiO, NPs
because this method (i) possesses a high energy transmission
efficiency, thus accelerating the reaction rate and shortening the
synthesis time and (ii) distributes the homogeneous heating
power, thus providing the sample with better crystallinity.**** The
1-As was used as a reducing agent due to its green chemical. This
proposed procedure is clean and consumes a short time to
synthesize the defective TiO, NPs in non-severe condition. The
preliminary results demonstrated that both optical and photo-
electrochemical properties as well as the number of created
defects in the resultant photocatalysts could be controlled by the
added quantity of reducing agent. Good porous property and
appropriate content of defects promoted the on par photocatalytic
H, production under fluorescence irradiation.

2. Experimental
2.1 Synthesis and characterization

A set of defective TiO, photocatalysts was facile synthesized
from the commercial TiO, powders via the microwave-assisted
method using 1-As as a reducing agent. In a typical process,
1 g of TiO, (=99.5% TiO, (P25); Sigma-Aldrich) was dispersed in
30 mL of ethylene glycol (99.9% C,HO,; KemAus) under the
constant stirring rate at 400 rpm at 25 °C for 5 min. Meanwhile,
0.1 g 1-As (99% CgHgOg; KemAus) was dissolved in 20 mL of
deionized (DI) water. Then, both solutions were mixed together
under the gentle stirring for 10 min. The mixture was then
transferred to a 100 mL Teflon-sealed vessel and continuously
sonicated for 60 min. Then, the vessel was placed in the
microwave reactor (Multiwave PRO, Anton Paar, Austria) and
treated at the power output of 600 W for 15 min using the ramp
rate of 300 W min . After the reaction time was proceeded, the
solid portion was separated from the solution by centrifugation
at 8000 rpm (5804R, 136 Eppendorf) for 10 min and washed for
4 times by distilled water. The ready-to-use defective TiO,
sample, denoted as PAs0.10 was obtained after drying overnight
at 80 °C. A similar procedure was repeated with increasing
amounts of 1-As to 0.25 g, 0.50 g, and 0.75 g, respectively
denoted as PAs0.25, PAs0.50, and PAs0.75.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04284k

Open Access Article. Published on 02 August 2024. Downloaded on 1/22/2026 7:10:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

The morphology of all synthesized defective TiO, samples
together with the parental TiO, NPs (P25) was analyzed as
follows. The microstructure was monitored by a field emission
scanning electron microscopy (FE-SEM, JSM7610FPlus, JEOL)
and a high-resolution transmission electron microscopy (TEM,
JEM-3100F, JEOL) with an applied voltage of 300 kV. The crystal
structure and lattice disorder were observed by an X-ray
diffraction (XRD) equipped with a Bruker D2 Phaser diffrac-
tometer using Cu Ko X-ray and the Raman spectroscopy
(XploRA PLUS, Horriba) with the laser excitation wavelength of
532 nm. The carbon content in all samples was quantified from
the results of thermogravimetric (TGA) analysis (TA Instru-
ments, TGA55). The surface area and porous property were
taken at 77 K via the N, adsorption/desorption isotherms by
a Multipoint Surface Area Analyzer (Tristar 113020, Micro-
meritics) using the Brunauer-Emmett-Teller (BET) method.
The micropore volume was estimated from the ¢-plot method,
while the mesopore and macropore volumes were determined
from the BJH desorption method. The qualitative recombina-
tion rate of charge carriers was determined by the photo-
luminescence (PL) emission detected by a luminescence
spectrometer (PerkinElmer LS-55) using the excitation wave-
length of 310 nm. The unpaired electrons and defects were
qualitatively examined by an electron paramagnetic resonance
spectroscopy (EPR, model, EMXmicro, Bruker) at 298 K. The
light absorption capacity was examined over the wavelength of
200-800 nm using a UV-vis spectrometer (UV-2600, Shimadzu).
Lastly, the chemical composition and valence state were
detected by an X-ray photoelectron spectroscopy (XPS, Kratos
Axis Supra+) with a monochromatic Al Ko (7v = 1486.6 eV) and
the C 1s peak at 285.0 eV was used as a reference.

2.2 Photoelectrochemical property

The photoelectrochemical property of respective TiO, samples
including the photocurrent response and the charge transfer
resistance was examined by a three-electrode system in 0.1 M
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NaCl using Pt wire and Ag/AgCl as counter and reference elec-
trodes, respectively. In each experiment, a certain quantity of
TiO, NPs was dispersed in 0.50 mL of DI water and sonicated at
room temperature for 30 min (GT Sonic-D3). Then, 0.50 mL of
isopropanol (i-C3HgO, QRec) was added and continuously
sonicated for 30 min. Then, 0.22 mL of Nafion solution (Aldrich)
was added and again sonicated for 30 min. Then, the photo-
catalyst ink was coated on the surface of fluorine-doped tin
oxide (FTO) conducting glass via the painting method to get an
effective area of 4 cm®. The photocatalyst-coated FTO was dried
at 60 °C for 60 min to eliminate the free moisture and solvent.
Then, it was incorporated into a three-electrode system as
working electrode and connected with the voltammetry analyzer
(Princeton Applied Research, Versa STAT®) equipped with the
LED lamp (113.6 mW cm™2) as the excitation light source. The
charge transfer resistance was measured by the electrochemical
impedance spectroscopy (EIS) using the AC amplitude of 10 mVv
during a wide frequency in the range of 100 mHz to 100 kHz.

2.3 Photocatalytic activity

The photocatalytic activity of all synthesized defective TiO,
samples was examined for the H, production via the water
splitting process at ambient temperature and pressure. In each
experiment, approximately 0.4 g of respective defective TiO,
samples decorated by 1 wt% Au was dispersed in 200 mL of
distilled water with 20 vol% methanol (CH3;O0H, QReC). The
obtained mixture was then transferred into a well-sealed Pyrex
cylindrical reactor and gently stirred in the absence of irradi-
ated light under the continuous supply of argon gas (99.999%
Ar, SI Tech) at constant flow rate of 100 mL min~" for 30 min to
eliminate dissolved oxygen in the solution. Subsequently, the
mixture was irradiated by a set of fluorescence lamps (Philips
PL-s 11W/865/2p) at the light intensity of 90 mW cm™> at
545 nm under Ar flow rate of 30 mL min~'. The generated H,
was collected at particular times and analyzed the concentra-
tion by the gas chromatography (GC-14B, Shimadzu) equipped

Fig. 1 Color (upper row) and FE-SEM images (lower row) at magnification 1000 00 x of pristine P25 and synthesized PAsx photocatalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with the thermal conductivity detector (TCD) and a Porapak Q
column. The GC was operated at injector/detector temperatures
of 150 °C, column temperature of 42 °C using Ar as the carrier
gas. For the whole experiment, the temperature of the photo-
reactor was precisely controlled at 18 °C using an internal water-
cooling system (Rotary compressor, Carrier). The apparent
quantum efficiency (AQE) of all explored samples for the pho-
tocatalytic H, production was calculated by eqn (1).***

2 x number of produced H, molecules
Number of incident photons
2MN, AhC

= x 100

AQE(%) = x 100

(1)

where M is the produced hydrogen in mole, N, is the Avogadro's
number, # is the Planck constant, c is the light velocity, I is the
light intensity (0.09 W cm™2), A is the irradiation area measured
by the reactor window (100.47 cm?), ¢ is the reaction time (3 h),
and 2 is the wavelength of light (545 nm).

3. Results and discussion
3.1 Morphology of brown TiO, NPs

The digital pictures of all TiO, samples were illustrated in Fig. 1
(upper row). It is noteworthy that the microwave treatment with

0.35nm
(101)
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L-As induced the color change of the pristine P25 from the white
to the brown color, indicating the formation of disordered
structures or defects in TiO, NPs.*>*® The degree of brownness
increased as the increase of 1-As concentration, roughly indi-
cating a linear increase of defects. Regarding the morphology,
the original P25 sample illustrated the sphere-like structure
with the agglomeration status (Fig. 1 (lower row)). No noticeable
change of size and shape of PAsx samples was observed after the
microwave treatment. By the HR-TEM analysis, the pristine P25
exhibited the sharp and clear lattice fringes (Fig. 2(a)). However,
the PAsx samples represented a blurring lattice at the outer
layer of TiO, NPs (black arrow in Fig. 2(b) and (c)), indicating the
presence of surface defects.”

The crystallite structures of all samples were examined by the
XRD analysis. As displayed in Fig. 3, the P25 samples exhibited
the characteristic diffraction peaks of both anatase and rutile
phases. That is, it displayed the diffraction peaks of anatase
phase at 26 of 25.3°, 37.8°, and 48.0°, corresponding to the
crystal planes of (101), (004) and (200), respectively (PDF 01-070-
7348) and displayed the diffraction peaks of rutile phase at 26
crystallite sizes of all TiO, samples were respectively computed
by Spurr and Myers equation*® and Debye-Scherrer equation.*
As tabulated in Table 1, the anatase fraction and crystallite size
of all PAsx samples were around 0.84-0.85 and 22.09-22.68 nm,

(b) PAs0.25

Fig. 2 HR-TEM images of (a) P25 and defective TiO, samples; (b) PAs0.25 and (c) PAs0.75 synthesized by microwave-assisted method.
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Fig. 3 Representative XRD spectra of P25 and PAsx photocatalysts.

24216 | RSC Adv, 2024, 14, 24213-24225

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04284k

Open Access Article. Published on 02 August 2024. Downloaded on 1/22/2026 7:10:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Properties of pristine P25 and synthesized PAsx photocatalysts
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P25: 1-As Anatase Crystallite size  BET area  Viicro® Vineso + Vinacro? Viotal Average pore  Bandgap
Samples  (weight ratio)  fraction®  of TiO,” (nm) Mg  (em’g™ (em’g™) (em®g™)  size (nm) energy (eV)
P25 0.85 21.27 54 0.0001 0.1525 0.1526 12.45 3.22
PAs0.10 1:0.10 0.84 22.09 53 0.0000 0.3791 0.3791 27.18 2.98
PAs0.25 1:0.25 0.84 22.68 55 0.0000 0.3915 0.3915 28.33 2.96
PAs0.50 1:0.50 0.85 22.09 53 0.0000 0.3558 0.3558 26.40 2.94
PAs0.75 1:0.75 0.84 22.09 54 0.0000 0.3601 0.3601 26.61 2.90

“ Estimated from XRD analysis using Spurr and Myers equation. * Estimated from XRD analysis using Debye-Scherrer equation. ¢ Estimated from ¢-

plot method. ¢ Estimated from BJH desorption method.

closing to those of the pristine P25 sample. This indicates that
the microwave-assisted method using 1-As as a reducing agent
negligibly altered the phase and crystallite size of TiO, NPs.

To elucidate the lattice disorder, the Raman study was con-
ducted. As shown in Fig. 4(a), the P25 sample demonstrated the
Raman-active modes of E, (141.3, 192.1, 636.3 em ™Y, Big
(392.4 em™') and A,y (512.2 ecm™'), indexing the presence of
tetragonal anatase as the principal species.?® All PAsx samples
also illustrated these five Raman peaks (3 Eg, 1B, and 1A;,) of
anatase dominate phase with a slight blueshift (inset of
Fig. 4(a)). This phenomenon highlighted the presence of
asymmetric O-Ti-O bonds in the TiO, structure, owing to the
formation of surface O, sites.**>** The degree of Raman shift
increased as the increase of L-As concentrations, suggesting the
increase in surface O, sites. As reported by literature, the
microwave-assisted method can convert 1-As into carbonaceous
substances such as carbon nanodot®** or carbon micro-
sphere.®® In this work, a trace of generated carbonaceous
substances was obviously detected in Raman spectra of all PAsx
samples. As shown in Fig. 4(b), the Raman spectra was signifi-
cantly pronounced during 1400-1690 cm ' and 1700-
2740 cm™ ', accompanied by the presence of low sp® amorphous
carbon.” The Raman intensity increased as the increase of L-As
concentrations, indexing the increased amount of generated
carbonaceous materials. By thermogravimetric (TGA) analysis,
weight contents of carbonaceous materials were found to be
1.29, 1.57, 1.84 and 2.01 wt% for PAs0.10, PAs0.25, PAs0.50 and
PAs0.75, respectively.

Fe (a)
—P25

> ——PAs0.10

‘ @ ——PAs0.25

> £ / ——PAs0.50
z = AN PATS |
= 100 120 140 160 180 200 220

Raman shift (cm™)
E,
Eg Blg Alg
100 200 300 400 500 600 700 80

Raman shift (cm™)

To examine the surface area and porous property of all
samples, the N, adsorption/desorption analysis was conducted.
As illustrated in Fig. 5(a), all samples possessed the type IV
isotherm with H2-type hysteresis loop based on the IUPAC
classification, signifying the presence of mesopores in their
structures.> High adsorption/desorption volumes were evi-
denced at high relative pressures (P/P,) for all samples, indi-
cating the presence of large mesopores,** obviously evidenced
by the inset of Fig. 5(a). Besides, the isotherms of all PAsx
samples shifted upward compared with that of P25, indicating
their better BET surface area, pore size and pore volume. As
summarized in Table 1, all explored samples possessed a non-
microporous structure. All PAsx samples exhibited the compa-
rable BET surface area compared with the P25 sample, while
they possessed the noticeably large pore sizes and high pore
volumes. That is, increasing the 1-As quantity from 0.1 g to
0.25 g increased both pore sizes and pore volumes. However,
further rising the r-As quantity from 0.25 g to 0.75 g abated both
properties. This can be speculated that an excessive 1-As
contents may induce the pore thinning and then pore collapse,
leading to the decrease of pore sizes and pore volumes but still
maintaining the overall BET surface area.

To verify the presence of unpaired electrons, the EPR study
was conducted. As illustrated in Fig. 5(b), no virtual EPR signal
was observed for the P25 sample, suggesting the absence of
unpaired electrons or bulk defects.** The obvious EPR signals
were emerged for all synthesized PAsx samples with the g-value
of ~2.004, indicating the presence of bulk O, sites in their

(b)

Intensity

1200 1400 1500 1600 17

Raman shift (cm™)

1300

Intensity

1000 1400 1800 2200

Raman shift (cm™')

2600

Fig. 4 Representative Raman spectra at (a) low and (b) high Raman shifts of pristine P25 and synthesized PAsx photocatalysts.
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Fig. 5 Representative (a) N, adsorption/desorption isotherms, (b) EPR spectra, (c) PL spectra and (d) UV-vis diffused reflectance spectra of

pristine P25 and synthesized PAsx photocatalysts.

structures.”>*® The EPR signal substantially increased as the
increase of L-As concentrations. This suggested that the quan-
tity of generated O, sites can be virtually controlled by the
quantity of -As. Interestingly, no EPR signals were observed at
the gvalue of ~1.94-1.96, indicating the absence of Ti*"
defects.’®*® However, as mentioned above, the rhombic Ti**
defects are naturally generated with the coincidence of gener-
ated O, sites to maintain the charge balance.*

To explore the behavior of electron-hole recombination, the
PL analysis was conducted at 25 °C with the excitation wave-
length of 310 nm. As depicted in Fig. 5(c), the P25 sample
exhibited the strongest PL emission spectra, indicating its
highest recombination rate of charge carriers.®® All PAsx
samples illustrated a low pronounce of PL spectra compared
with that of P25 sample, indicating their low recombination rate
of charge carriers. For all synthesized PAsx samples, the inten-
sity of PL emission decreased as the increase of L-As concen-
trations, mirroring the increased trend of the charge separation
efficiency. The PAs0.75 sample illustrated the lowest intensity of
PL emission might be due to the presence of highest content of
generated defects observed from EPR analysis, which can serve
as the charge trapping sites and eventually hinder the recom-
bination of charge carriers.>”*®

Fig. 5(d) illustrated the diffuse reflectance UV-vis-NIR spectra
of all samples during the wavelength of 200-800 nm. The P25
sample illustrated a strong decrease in reflectance at 400 nm,
indicating its strong UV light absorption and visible light

24218 | RSC Adv, 2024, 14, 24213-24225

inertness. However, all PAsx samples displayed a low pronounce
of reflectance spectra during 400-800 nm, indicating their
ability to absorb visible light. The extend of visible light
response at wavelength longer than 400 nm could be attributed
to the presence of defects which can initiate the mid-gap state
energy level for electron transfer from VB to this mid-gap state
level and then to the CB* and/or the generation of band tail
which can shift the position of VB and/or CB bands and even-
tually shortening the bandgap values.® Thus, the light with low
photon energy (or the light with long wavelength) is able to drive
the migration of generated electrons from VB to CB. The cor-
responding bandgap values of all explored samples were then
calculated according to the Kubelka-Munk relation (eqn (2)).*
As summarized in Table 1, all synthesized samples illustrated
the narrow bandgap values compared with those of pristine P25
sample (3.22 eV). The bandgap values of all synthesized samples
decreased as the increase of 1-As concentrations, probably
attributing to increase of defect concentrations.

(F(Rw)hvﬁ = B(hv— E,) (2)

where (F(R)«) = (1 — R )*/2R is the Kubelka-Munk function, R
is reflectance of specimen, % is the Planck constant, v is the
photon's frequency, B is a constant, E, is the bandgap value, and
v is constant (equal to 1/2 or 2 for direct and indirect transition
bandgaps, respectively).®

To examine the chemical composition and valence state in
all explored samples, the XPS analysis was conducted. Via the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representative (a) XPS survey scan and HR-XPS spectra of
photocatalysts.

XPS survey spectra, three elements including Ti 2p, O 1s and C
1s were detected for all samples (Fig. 6(a)). The Ti 2p and O 1s
elements were the main compositions of all PAsx samples,
while C 1s elements in P25 and synthesized PAsx samples were
contributed to the adventitious carbon® and adventitious
carbon/formed carbonaceous substances, respectively. High-
resolution Ti 2p XPS spectra of the P25 sample showed two
symmetric peaks at 464.6 and 458.8 eV (Fig. 6(b)), assigning to
the Ti 2p,/, and Ti 2ps, of Ti*" species, respectively.® However,
the synthesized PAsx samples showed two asymmetric Ti 2p
peaks with tails towards the low binding energy, indexing the
presence of low valence state of Ti 2p species.** After deconvo-
lution, the main peaks located at ~464.6 and ~458.8 eV were
belonged to the Ti 2p,, and Ti 2p3, peaks of Ti*" species, whilst
small peaks located at ~463.7 and ~457.4 eV were corre-
sponded to the Ti 2py;, and Ti 2ps, peaks of Ti*" species.®
These Ti*" species were created by the reduction of Ti** species
under the microwave irradiation in the presence of 1-As.*?
Regarding the O species, high-resolution O 1s XPS spectra of all
samples revealed two dominated peaks centered at ~531.7 and
~530.1 eV (Fig. 6(c)), relating to the OH™ ions and lattice
oxygens (O>7) in the crystallite framework,** thus indicating
its high crystallinity.®® However, two additional O 1s XPS peak
were observed for all PAsx samples at ~527 eV (orange line) and
~528 eV (gray line), contributing to the double charge effect.*
The virtual presence of surface O, is difficult to identify from the
O 1s spectra (Fig. 6(c)), due to the overlapping of the XPS spectra

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(b) Ti 2p, (c) O 1s and (d) C 1s of pristine P25 and synthesized PAsx

of OH ™ ions and surface O, sites.* Nevertheless, the presence of
O, sites were clearly detected by EPR analysis. For the C species,
high-resolution C 1s spectra of the P25 sample associated from
adventitious carbon depicted four principal peaks at 288.9,
286.0, 285.0 and 282.9 eV (Fig. 6(d)), belonging to the C=0
bonds, O-C-O bonds, C-C bonds and C=C bonds, respec-
tively.” For the PAsx samples, apart from these four XPS peaks,
an additional peak was emerged centered at ~281.4 eV, corre-
sponding to the Ti-C bonds,” confirming the presence of
carbonaceous substances in PAsx samples. The portion of XPS
spectra related to C=C and Ti-C bonds increased as the
increased of 1-As concentrations, underlining an increased
content of carbonaceous substances, reasonably consistent with
the Raman and TGA analysis. Although decreased intensities of
C=0 were observed for the PAsx samples, they were not related
to L-As concentrations because they depended on the quantity of
adsorbed adventitious carbon. The fitting parameters of XPS
data including the peak position and full width at half
maximum (FWHM) of each element are summarized in Table 2.

To understand the bandgap shortening phenomena, the
density of states (DOS) was then computed from the obtained
bandgap values and the valence band XPS spectra.®®’>”® From
Fig. 7(a)-(e), the tops of VB can be estimated by a linear
extrapolation to the x-axis® (black dashed line), which were
2.80, 2.40, 2.10, 1.00 and 0.90 eV for P25, PAs0.10, PAs0.25,
PAs0.5 and PAs0.75, respectively. Besides, the band tails were
observed for all PAsx samples (pink dashed line). Based on the

RSC Adv, 2024, 14, 24213-24225 | 24219
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Table 2 Fitting parameters of XPS data including peak position and FWHM of each element
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XPS peak position (FWHM)

States P25 PAs0.25 PAs0.75

Ti 2p-C — — 455.42 (1.15515)
456.34 (1.30160)
461.6 (1.67403)

Ti** 2P3/2 — 457.46 (2.82959 457.73 (1.46951)

Ti** 2P3s 458.89 (1.06357) 458.82 (1.09567 459.01 (0.94919)

Ti** 2P1s2 — 463.87 (1.46912 463.76 (1.37962)

Ti* 2P1/2 464.62 (1.81105) 464.67 (1.58326 464.74 (1.79558)

Double charge effect (orange line)
Double charge effect (gray line)

Ti-O
Ti-OH
Ti-C
C=C
C-C
0-C-0
C=0

529.98 (1.10494)
531.78 (1.60944)
282.98 (1.90696)
285.00 (1.47382)
286.00 (1.79120)
288.93 (1.61701)

obtained bandgap values of all samples (Table 1), the bottoms
of CB were then computed which were equal to —0.42, —0.58,
—0.86, —1.94 and —2.00 eV for P25, PAs0.10, PAs0.25, PAs0.5
and PAs0.75, respectively. As illustrated in Fig. 7(f), the bandgap
shortening was induced by the upshift of VB maximum and the

)
)
)
)
527.09 (1.58396)
528.45 (1.83283)
530.00 (1.26645)
531.82 (2.07110)
281.44 (1.36637)
283.11 (2.86555)
285.00 (1.52141)
286.54 (2.66324)
288.86 (1.10000)

(

(

(
526.65 (1.47817)
528.39 (2.24335)
530.17 (1.35471)
532.10 (2.44560)
281.41 (1.44900)
282.94 (2.80595)
285.09 (1.54858)
286.70 (1.87323)
288.91 (1.39404)

presence of VB tail. As mentioned elsewhere, the presence of
Ti** may induce the shift of CB edge.” However, the different
effects of Ti** on the band position of defective TiO, NPs were
observed. For instance, the Ti*" defects induced the upshift of
VB edge and the arising of CB tail”>”® or formed the inter-stage
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Fig. 7 Representative (a)—(e) XPS valence band spectra of pristine P25 and synthesized PAsx photocatalysts and (f) schematic diagram of their

DOS.
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Fig. 8 Representative (a) photocurrent response and (b) Nyquist plot of pristine P25 and synthesized PAsx photocatalysts.

energy levels.””’® In addition, it has been reported that the
generated Ti’*" defects did not alter the band position of
defective TiO,, but acted as the charge trapping center.** A
distinct effect of defects (Ti**/O,) on the band position of this
work compared with literature might be attributed to the utili-
zation of different synthesis method as well as the quantity of
generated defect.

3.2 Photoelectrochemical measurement

To indirectly inspect the separation efficiency of electron-hole
pairs and interfacial charge migration rate, the transient
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Fig. 9
pristine P25 and synthesized PAsx photocatalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry

photocurrent response and EIS experiment were conducted. As
depicted in Fig. 8(a), the P25 sample illustrated an extremely
low photocurrent current density, probably due to its low visible
light response” and low charge separation efficiency. As ex-
pected, a high pronounce of current response was observed for
all PAsx samples, indicating a high generation of active charges
and an improved separation efficiency of charge carriers.®>®
The photocurrent response tended to increase as the increase of
L-As concentrations, indicating a direct trend of charge sepa-
ration efficiency. This is because the generated defects can act
as the charge tripping sites and then accelerate the separation

2.0
—e— Photolysis (no photocatalyst)  (b)
1.6 - —o—PAs0.25 (no hole scavenger)
1.2 4
0.8 1
0.4 -
0.0 ® ® ® ® ®
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200 - - 0.20
Solid bar: Hz production rate (d)
Dashed bar: AQE
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(a) Hz production, (b) blank experiments (c) H, production rate under fluorescence irradiation and (d) AQE at wavelength of 545 nm of
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of electron-hole pairs.**** For the EIS measurement, the P25
sample illustrated a larger size of high-frequency semicircle of
Nyquist plot than those of PAsx samples (Fig. 8(b)), indicating
its higher charge transfer resistance and lower interface
migration of charge carriers.* For all PAsx samples, the sizes of
EIS semicircles trended to decrease as the increase of r-As
concentrations, indexing a decreased trend of charge transfer
resistance. This might be attributed to the presence of a trace of
carbonaceous substances that can promote the electron trans-
fer along their surface. Based on obtained results of the pho-
toelectrochemical measurement, it can be noted that the
quantity of generated defects and carbonaceous substances on
the PAsx samples, which importantly affected the charge sepa-
ration efficiency and charge migration, can be controlled by the
added quantity of r-As.

3.3 Photocatalytic activity

The photocatalytic performances of all explored samples were
evaluated via the photocatalytic H, production under the fluo-
rescence irradiation. The quantity of H, production increased
as the increase of reaction time (Fig. 9(a)). As the blank exper-
iment, two tests were conducted for comparison including (i)
the test without the photocatalyst (photolysis) and (ii) the test
with the photocatalyst without methanol. It was found that no
H, was produced from both tests (Fig. 9(b)). This confirmed that

View Article Online
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the generated H, in our system was originated from the pho-
tocatalytic reaction. Among all explored samples, the highest H,
production rate of 162 4 6.6 umol g~ " h™" was achieved via the
PAs0.25 sample, which was about 1.15 times higher than P25
sample (Fig. 9(c)). The values of AQE at 545 nm calculated from
eqn (1) can be ranked as the order of PAs0.25 > PAs0.10 > P25 >
PAs0.50 > PAs0.75 (Fig. 9(d)). This suggested that the PAs0.25
sample exhibited the highest utilization of the photo-induced
charge carriers in the system,” thus providing the highest
photocatalytic performance. Considering the properties of all
explored samples, it can be diagnosed that the anatase fraction,
crystallite size and BET surface area affected insignificantly the
photocatalytic performance for H, production. Although the
PAs0.50 and PAs0.75 samples exhibited a high charge separa-
tion efficiency, a high light absorption capacity and a low charge
transfer resistance, they possessed a low quantity of H,
production compared with that of the PAs0.25 sample. A high
photocatalytic H, production of the PAs0.25 sample could be
caused by several factors. That is, a high number of large pore
size and high pore volume may induce a sufficient wettability of
mesoporous photocatalysts,® which in turn promote the H"
adsorption and the photocatalytic reaction. Another possible
reason is probably due to the presence of appropriate defect
quantity in the PAs0.25 sample which can improve the light
harvesting, slow down the recombination rate of charge
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Fig. 10 Repetitive (a) photocatalytic H, production under fluorescence irradiation by of synthesized PAs0.25 photocatalyst and (b) EPR spectra

of fresh and 5th used PAs0.25 samples with 1 wt% Au co-catalysts.
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Table 3 Comparative photocatalytic H, production via defective TiO, photocatalysts

Operating condition

Matrix/Hole Catalyst dosage

Photocatalyst ~ Synthesis method Light source scavenger (g™ Co-catalyst H, production
Meso-TiO, Hydrogenation Sunlight simulator with 33 vol% CH;0H 1.7gL? 1 wt% Pt 188 ymol h™*
(ref. 86) AM 1.5G filter
TiO, Chemical reduction ~ Mid-pressure Hg lamp 10 vol% CH;O0H 0.01g L™ 0.03 wt% Rh  0.58 pmol g " h™*
(ref. 87) (>420 nm)
Defective P25  Photoactivation Xenon lamp (300 W, 125 20 vol% CH;O0H 04gL! 1 wt% Pt 1900 pmol g~ h™*
(ref. 88) mwW cm?)
T3 (ref. 35) Organic group- Xenon lamp (300 W with 10 vol% C¢H;sNO; 0.5 g L™" 1 wt% Pt 5470 pmol g ' h™*

assisted method 400 nm cut-off filter)
B-TiO, Sol-gel Xenon lamp with AM 1.5G 10 vol% CH;OH 0.5gL " 0.5wt% Rh 17500 pmol g~ ' h™?
(ref. 89) hydrothermal filter

method
TiO,_(R) Hydrogen-spillover- ~ Xenon lamp (500 W, 320 50 vol% CH;OH 20gL" 1 wt% Pt ~110 pmol g~ " at 24
(ref. 90) assisted formation mW cm™?, A > 420 nm) h
PAs0.25 Microwave-assisted ~ Fluorescence lamp 20 vol% CH;0H 20gL" 1 wt% Au ~162 umol g~ ' h™*

(this work) method (545 nm, 90 mW cm ?)

carriers, improve the charge separation efficiency and also
charges mobility. A small number of defects results in a high
recombination of charge carriers, while overabundant defects
can act as the deep traps to arrest charge carriers and eventually
lessen the photocatalytic performance.”>*® Thus, it can be
said that an appropriate defect content in defective TiO, NPs
affected positively their photocatalytic performance, while too
low or too high quantities contributed the negative effect.
Interestingly, although the pristine TiO, had low porous prop-
erty and no structural defects, it provided the H, production
rate similar to that of the PAs0.10 sample. This might be
attributed to its lighter color than the PAs0.1 sample, thus
allowing a higher light penetration to undergo the reaction
which was sufficient for overriding the effect of defects in the
PAs0.1 sample.

The stability of PAs0.25 sample was finally tested by the
repetitive H, production. As depicted in Fig. 10(a), the decline of
H, production rate of less than 8.2% was observed after the 5th
use (15 h), indexing a high stability of PAs0.25 sample under the
operating condition. A decline photocatalytic activity for H,
production was probably attributed to a decrease of defect
quantity after the repetitive utilizations (Fig. 10(b)).

The photocatalytic activity of the PAs0.25 sample for the H,
production was lastly compared with other selected works. As
summarized in Table 3, a wide range of H, production rate was
observed for several defective TiO, NPs, probably attributed to
the utilization of different synthesis methods and H, produc-
tion conditions. Also, based on the published review article,
a wide range of H, production via defective TiO, NPs was
observed (0.58-56 700 umol g~ h™").>° This indicates that the
quantity of H, production from this work was on par with those
reported by literature. To increase the H, production rate of
defective TiO, NPs synthesized by the microwave-assisted
method, other parameters have to be explored and optimized
such as the use of protecting agent (e.g. ethylenediamine) to
increase the surface area and active site of resultant samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry

4. Conclusion

A set of defective TiO, photocatalysts was one-pot synthesized
from the commercial P25 NPs by the microwave-assisted
method using 1-As as a reducing agent. The obtained samples
illustrated the brown fine powders. Different concentrations of
L-As insignificantly affected the crystallite size, crystallite phase,
and BET surface area, but remarkably affected the degree of
brownness, porous property and the quantity of generated T'**/
O, defects. The higher the 1-As concentrations, the higher the
generated defects, which can (i) extend a strong light absorption
during the visible and NIR regions, (ii) slow down the recom-
bination rate of electron-hole pairs, (iii) accelerate the photo-
current response and (iv) subside the interface charge transfer
resistance. In summary, the presence of appropriate defect
contents and good porous property plays the role on the pho-
tocatalytic H, production via the synthesized defective TiO,
photocatalysts. The synthesis method proposed in this work
provides a new insight to an ultra-fast green synthesis of
defective TiO, NPs using the environmentally friendly chemical
precursor under a non-extreme condition, which may appli-
cable for the large-scale production.
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