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Defect engineering of semiconductor photocatalysts is considered as an evolving strategy to adjust their
physiochemical properties and boost photoreactivity of the materials. Here, hydrogenation and UV light
pre-treatment of TiO,/SiO, composite with the ratio of 9 : 1 (9TiO,/1SiO,) were conducted to generate
Ti** and non-bridging oxygen holes center (NBOHC) defects, respectively. The 9TiO,/1SiO, composite
exhibited much higher photocatalytic water splitting than neat TiO, and SiO, as a consequence of the
electronic structure effects induced by the defect sites. Electron paramagnetic resonance (EPR) indicated
that hydrogenated and UV light pre-treated of 9TiO»/1SiO, boosted a higher density of Ti** and NBOHC
defect which could serve to suppress photogenerated electron—hole pair recombination and act as
shallow donors to trap photoexcited electron. Overall, both defect sites in 9TiO,/1SiO, delivered
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Introduction

Photocatalytic water splitting into oxygen and hydrogen is
possible, feasible, sustainable and a promising approach for
solar energy storage and generating clean energy without any
pollution.*”® Photocatalytic overall water splitting can occur via
either a stepwise two-electron pathway through hydrogen
peroxide generation or a one-step four-electron pathway,
wherein the four-electron process for O, evolution is thermo-
dynamically favorable compared to the two-electron process for
H,0, generation."* Nevertheless, the kinetically two-electron
process for H,0, formation is someway easier to occur. Thus,
it remains a task to control the electron pathway in order to
improve the energy conversion and utilization.

Several catalysts have been used for photocatalytic water
splitting application, including g-C3N,*® BiVO,,**" carbon
nanotubes," Ag-based," TiO,,'*"” etc. Among various catalysts,
the most commonly used metal oxide based catalyst, TiO,, has
gained much attention due to their relatively high activity,
abundant, non-toxic, and low-cost.”® However, this photo-
catalyst is still far away for large-scale applications because of
their low photocatalytic efficiency due to rapid recombination
of photo-generated electrons and holes, the unsuitable energy
band position and values, and sluggish surface reaction
kinetic.'®*® Thus, there is vital need to fabricate and design low-
cost and more efficient photocatalysts.
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defect engineering in enhancing photocatalytic performance.

Several strategies have been developed in order to enhance
photocatalytic efficiency of TiO, based photocatalyst including
formation of heterojunction with another semiconductor® and
doping with foreign atoms.”* Besides, defect engineering of
TiO, photocatalyst is also one of the approaches commonly
used to suppress electron-hole recombination by creating mid-
gap states, and thus improving photocatalytic performance.?*>*
It has been reported that hydrogen reduction treatment has
been successfully used to generate Ti** associated with oxygen
vacancy defects.”>” On the other hand, SiO, is also known to
possess defect sites when subject to appropriate treatment
conditions. Recently, it has been reported that UV light pre-
treatment has been able to generate non-bridging oxygen
holes center (NBOHC, =Si-O") and capable of dehydrogenating
organic compounds.”®?® The question then arises to whether
Ti** and NBOHC can be effectively generated in TiO,/SiO,
composites using a combined treatment strategy including
thermal treatment coupled with light illumination and then
harnessed to invoke synergism for photocatalytic water
splitting.

The ensuing work examines the prospect of hydrogenation
and UV light pre-treatment with the intent to generate multiple
defects on TiO,/Si0, comprising Ti** and non-bridging oxygen
holes center (NBOHC) and evaluate the capacity for photo-
catalytic water splitting. Knowledge gained from physi-
ochemical properties coupled with X-ray photoelectron
spectroscopy (XPS) and electron paramagnetic resonance (EPR)
analysis were used to identify the role of defects on TiO,/SiO, for
enhancing photocatalytic water splitting.
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Experimental
Materials

Titanium isopropoxide (TTIP, Sigma-Aldrich, =97%) tetraethy-
lorthosilicate (TEOS, Sigma-Aldrich, =98.5%), ethanol (Sigma
Aldrich, >96%), HCl (Sigma Aldrich, 37%), hydrogen (AGI,
>99.99%), nitrogen (AGI, >99.99%), air (AGI, Dry Compressed
Air).

Methods

Catalyst synthesis. TiO,, SiO,, and binary 9TiO,-1SiO,
composites synthesized using a conventional sol-gel method.
The ratio of 9:1 TiO,/SiO, is chosen based on the reported
work by Saputera et al.>® which showed that 9 : 1 ratio exhibited
the best catalytic performance for catalytic oxidation of organic
compound. Briefly, titanium(wv) isoproxide (TTIP) and tetrae-
thylorthosilicate (TEOS) were used as starting materials.
Ethanol was used as a solvent. Firstly, TTIP was dissolved in
ethanol mixed TEOS, stirred 20 min at a room temperature and
followed by the addition of 1 M HCI to the solution until pH =
3.5. Distilled water was finally added and the solution was then
stirred for 20 min. The solution was dried at 105 °C for 12 h.
Heat treatment consisted of calcination and hydrogenation was
then performed in a tubular furnace. Calcination was per-
formed at 300 °C under a flowing air stream with heating and
flow rates of 5 °C min~" and 50 mL min~", respectively. The
calcination conditions were maintained for 3 h. Hydrogenation
was conducted at 500 °C under a 10 vol% H,/N, flowing gas
stream with heating and total flow rates of 5 °C min~" and 50
mL min~", respectively. The hydrogenation conditions were
maintained for 3 h. UV light pre-treatment was conducted at
spiral reactor for 30 minutes.*

Catalyst characterizations. Sample morphology was investi-
gated by high resolution transmission electron microscopy
(HRTEM), using a Hitachi H9500 equipped with an energy
dispersive X-ray spectroscopy (EDX) digital imaging. The
particle size distribution was determined using Image]J software
by averaging 100 particles size. The crystal structure of the
samples was evaluated by X-ray diffraction (XRD) using a Bruker
D8 Advance. Data were collected by varying 26 between 20° and
80° with a step size of 0.026°. UV-vis absorption spectra of the
samples were acquired using a Shimadzu 2450 spectropho-
tometer with BaSO, as the reference.

The existence of defects was evaluated using electron para-
magnetic resonance (EPR) spectroscopy (Bruker Elexys 500
model). EPR measurements were conducted at 9.419 GHz (X-
band). The microwave power, the modulation amplitude, and
the temperature were set at 2 mW, 5 G, and 120 K, respectively.
UV light pre-treatment was performed outside the EPR cavity
using a light source of 20 W black light blue lamps with
a maximum emission at 365 nm.

X-ray photoelectron spectroscopy analyses were performed
using a VG ESCALAB MKII spectrometer. The radiation was
provided by a monochromatic X-ray source (Al Ko, 1486.6 eV)
operated at a 164 W emission power. Ti 2p, Si 2p, and O 1s core-
level spectra were recorded, and the corresponding binding
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energies were referenced to the C 1s peak at 285 eV (from
surface carbon). The core-level spectra were deconvoluted into
their components with a mixed line shape of Lorentzian (20%) -
Gaussian (80%), using the software package Thermo Avantage
after subtraction of the Shirley-type background.

Photocatalytic activity assessment. Hydrogen evolution was
used as the model reaction to assess the photocatalytic perfor-
mance of the catalysts. Typically, 100 mg of photocatalyst was
dispersed in 150 mL of water and methanol with a volume ratio
of 9 : 1 under ultra-sonication. The reaction was carried out in
an enclosed top-irradiated Pyrex cell with a quartz window.
Prior to light irradiation, argon gas purging was performed for
30 minutes to remove air from the reactor. The suspension was
then irradiated by a 300 W xenon lamp (Toption, Top X-300) for
5 h under continuous stirring and a water jacket was placed on
the top of the reactor. Hydrogen generation was analyzed and
quantified every 30 minutes using a gas chromatograph
equipped with a thermal conductivity detector (TCD) (Shi-
madzu, Argon as the carrier gas). The catalysts were collected by
centrifuging and washed with water and ethanol to remove the
impurities. The recovered catalysts were oven-dried at 70 °C
overnight.

Results and discussion
Physiochemical properties

Fig. 1 provide representative TEM images and particle sizes
distribution of the hydrogenated and hydrogenated following
UV-light pre-treated SiO,, TiO,, and 9TiO,-1SiO, catalysts,
labelled as Si-H, Ti-H, 9Ti-1Si-H, Si-H-UV, Ti-H-UV, and 9Ti-1Si-
H-UV, respectively. The TEM images of Si-H and Si-H-UV show
that the particles were found to be irregular in shape with a size
distribution between 10-30 nm. For the Ti-H and Ti-H-UV
samples, the particles appeared to become more rounded
with a size distribution between 10-40 nm. In the case of 9Ti-
1Si-H and 9Ti-1Si-H-UV depicts that highly crystalline spher-
ical TiO, nanoparticles interspersed with amorphous SiO,. EDX
mapping (Fig. 2) confirmed that titanium and oxygen elements
are uniformly distributed throughout the TiO,-SiO, compos-
ites. It is also noted that there exists a homogeneous thin
amorphous silica layer in between two spherical TiO, particles
favoring the interaction between TiO, and SiO,.

Fig. 2 also shows that the majority of the TiO,-SiO, particles
are also well-dispersed nanospheres within a lightly compacted
aggregate and with a broad particle size distribution from 5 to
40 nm. Larger TiO,-dominant particles were present following
UV light pre-treatment (Fig. 2b), with elemental Si being
observed on/in those particles as well. High resolution TEM
indicates that 9Ti-1Si-H (Fig. 3a) and 9Ti-1Si-H-UV (Fig. 3b)
consists of highly crystalline spherical TiO, interposed with
amorphous SiO,. Lattice fringes with d-spacing of 0.353 and
0.325 nm are observed which can be attributed to anatase (101)
and rutile (110) crystal phase.

Fig. 4a shows the XRD patterns for the hydrogenated
samples (Ti-H, Si-H, 9Ti-1Si-H) and are compared with the
catalysts after hydrogenation following UV light pre-treatment
(Ti-H-UV, Si-H-UV, and 9Ti-1Si-H-UV). The XRD pattern of

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 TEM images and particle size distributions of (a) Si-H (b) Si-H-UV (c) Ti-H (d) Ti-H-UV (e) 9Ti-1Si-H (f) 9Ti-1Si-H-UV.

hydrogenated TiO, samples shows peaks at 25.4°, 37.7°, and
48.1° which are characteristic of the (101), (004), and (200)
anatase phase crystal facets (JCPDS 84-1286), while peaks at
27.6°, 36.2°, and 41.5° corresponded to the (110), (101), and
(111) rutile phase crystal facets (JCPDS 88-1175). The XRD
pattern of the hydrogenated SiO, was characterized by a broad
peak at 21.5° corresponded to the characteristic of amorphous
SiO, phase. The diffraction peaks of TiO, with a main compo-
nent of anatase phase and a small fraction of rutile phase can be
observed for 9TiO,-1SiO, composites. The XRD patterns
provide clear evidence that incorporation of Si atoms into the
TiO, lattice, suggesting Ti-O-Si bonding is existed. However,
there are no significant differences of XRD patterns among all
catalysts which were treated without and with UV light pre-
treatment.

Fig. 4b provides the UV-vis spectra of the catalysts performed
under ambient conditions. The spectra show changes in the
light absorption properties of the catalysts, which can be
investigated by the existence of a blue color in the 9TiO,-1SiO,

This journal is © The Royal Society of Chemistry 2020

composites (Fig. 4b-inset). The parent SiO, sample did not
display absorption in the UV-vis range as expected given the
properties of the insulator materials. The parent TiO, sample
exhibited an absorption band in the UV range with an onset at
about 380 nm, which is a characteristic for a main component
of anatase phase crystal structure. In the case of 9Ti0,-1SiO,
composites, the absorption onset wavelength shifted towards
the higher wavelength (blue region). In addition, absorption in
the visible region over the 400-650 nm range was clearly
observed for the 9Ti-1Si-H and 9Ti-1Si-H-UV samples whereby
the intensity of absorption increased as the combination of
hydrogenation and UV light pre-treatment were obtained. On
the other hand, the broad visible light absorption was not
apparent for the neat TiO, and neat SiO, sample. Visible light
absorption of the blue colored TiO,-SiO, composites is corre-
sponded to the formation of Ti*" associated with oxygen vacancy
defects.’ Ti** species are known to generate mid-gap electronic
states within the band gap of TiO, and thus lowering the energy
band gap of the TiO, based catalysts.*?

RSC Adv, 2020, 10, 27713-27719 | 27715
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Fig. 2 TEM image, energy dispersive X-ray (EDX) elemental mapping
of Ti, Si, and O of (a) 9Ti-1Si-H (b) 9Ti-1Si-H-UV.

Fig. 3 HRTEM of (a) 9Ti-1Si-H (b) 9Ti-1Si-H-UV.

The existence of defect sites in the hydrogenated SiO,, TiO,
and 9Ti0,-1Si0, (Si-H, Ti-H, and 9Ti-1Si-H) and following UV-
light pre-treatment (Si-H-UV, Ti-H-UV, and 9Ti-1Si-H-UV) were
probed using EPR spectroscopy as shown in Fig. 5a. Based on
the EPR results, peaks at g values of 1.952 in the EPR spectra
corresponded to the paramagnetic Ti** centres.*** In addition,
the peak at g-value of 2.079 suggests non-bridging oxygen hole
centers (NBOHCs) are exist while the peak at g-value of 2.002
indicates oxygen vacancies (Ov) which may coexist with
NBOHCSs on the hydrogenated SiO,.**** A g-value signal at 1.952
was observed for neat TiO, representing Ti** centres, although
at much lower intensities compared with 9TiO,-1SiO, as
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Fig.4 (a) XRD and (b) UV-vis of Si-H, Si-H-UV, Ti-H, Ti-H-UV, 9Ti-1Si-
H, 9Ti-1Si-H-UV. Inset of (b) absorption at the visible light range and
the obtained color of catalysts after hydrogenation and hydrogenation
following light pre-treatment.

observed from the corresponding double integrated intensity of
EPR spectra (Fig. 5b). In some instances, hydrogenated TiO, has
been reported to generate a weak signal at g value of 2.002,
attributed to paramagnetic superoxide species adsorbed on the
TiO, surfaces which may impose on the oxygen vacancies or
NBOHC signals. However, the EPR spectra of hydrogenated
TiO, give no evidence of a peak at g value 2.002 being present
such that it will not interfere with the silica defect signals in the
same g-value. The findings demonstrates that a small amount of
Si0, can assist in stabilizing the Ti** defect site, reflected in the
binary 9TiO,-1SiO, possessing an enduring blue color (Fig. 4b-
inset).

The influence of UV light pre-treatment on defect site
formation in the TiO,, SiO, and 9TiO,-1Si0O, composites
following hydrogenation treatment was also probed. The EPR
spectra (Fig. 5a) and double integrated intensity (Fig. 5b) show
that for 9TiO,-1SiO, there is a distinct escalation of the peak at
g-value of 2.079 after UV light pre-treatment, attributed to
NBOHC defects. The intensity of the Ti*" defect signal (g =
1.952) and oxygen vacancies (g = 2.002) slightly increased

(a)

—pa, E 14
(b)
ot
\ﬁ— [ si-H-uv
~ |EETH
3 | [ vHuv
3 o S | oTisin
z T TiHAVY g [ oTi-1siH.UV
z
Z =
S E
£ g
= £
|~ Si-H é
=== SLHUV 3
=]
.
NBOHC o, i
a=20m g=2002 gmt982
Defects
24 2.2 20 1.8 1.6
g-value
Fig. 5 (a) EPR spectra and (b) double integrated intensity of EPR

spectra at g-values of 2.079 (NBOHC), 2.002 (oxygen vacancies, Ov)
and 1.952 (Ti** centers) for hydrogenated SiO,, TiO, and 9TiO,-1SiO,
without UV light pre-treatment (Si-H, Ti-H, and 9Ti-1Si-H) indicated as
solid lines, solid bars and following UV light pre-treatment (Si-H-UV,
Ti-H-UV, and 9Ti-1Si-H-UV) indicated as dashed lines, cross-hatched
bars.
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compared with the signal obtained without UV light pre-
treatment. NBOHC can be generated by the breaking of
strained Si-O-Si linkages or by the rupture of peroxy linkages
through hydroxylation.** NBOHC can be also generated upon
irradiation by oxygen-hydrogen bond breakage from silanol
functional groups.*” The double integrated intensity of the EPR
spectra clearly demonstrates that a significant increase in
NBOHC defects occurs for 9TiO,-1SiO, composites after UV
light pre-treatment, indicating there is an interaction between
the TiO, and SiO, that promotes defect generation.

Fig. 6 shows the deconvoluted XPS spectra at Ti 2p, O 1s and
Si 2p core levels. For the Ti 2p core level spectra (Fig. 6a),
following UV light pre-treatment of hydrogenated samples, the
Ti 2p peaks of 9TiO,-1SiO, shift towards lower binding energy
while no significant shift for neat TiO,. The negative shifts can
be attributed to the existence of Ti-O-Si bonds.?® In addition,
Ti*" peaks are observed at binding energy of 457.7 eV (ref. 39) for
9Ti-1Si-H and 9Ti-1Si-H-UV which confirms the EPR results
(Fig. 5a). The Si 2p spectra for the hydrogenated SiO, and
9TiO,-1Si0, (Fig. 6b) are dominated by a peak centred at
a binding energy of 103.0-103.7 eV. This peak is characteristic
of Si*" in Si0,.>® Following UV light pre-treatment, a negative
peak shift was observed, indicating a change in the chemical
environment of the Si-O-Si bonds. In the case of the O 1s core
level spectra (Fig. 6¢), the binding energy for hydrogenated TiO,
and SiO, are in good agreement with the literature relative to O-
Ti and O-Si at 530.2 and 533.4 €V, respectively.*’ In the case of
the binary 9TiO,-1SiO,, the peak shifts towards a negative
binding energy following UV light pre-treatment, indicating
a higher electron density within the oxygen environment.**

Photocatalytic activity assessment

The photocatalytic performance of the hydrogenated TiO,, SiO,,
and 9TiO,-1Si0, prior to and following UV light pre-treatment
was evaluated via hydrogen generation in an aqueous mix of
water and methanol solutions. Fig. 7 provides the photoactivity
profiles under UV-visible-light irradiation (full spectrum),
whereby a substantial difference in evolved hydrogen can be
observed. Si-H exhibited negligible activity irrespective of the
presence of UV light pre-treatment as expected given by the
insulating properties of the material. Marginal activity was
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Fig. 6 Deconvoluted XPS spectra of hydrogenated SiO,, TiO, and
9TiO,—-1SiO, without UV light pre-treatment (Si-H, Ti-H, and 9Ti-1Si-
H) and following UV light pre-treatment (Si-H-UV, Ti-H-UV, and 9Ti-
1Si-H-UV) over the (a) Ti 2p (b) Si 2p and (c) O 1s core levels.
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Fig. 7 (a) Hydrogen evolution of hydrogenated SiO,, TiO, and 9TiO,—
1SiO, without UV light pre-treatment (Si-H, Ti-H, and 9Ti-1Si-H) and
following UV light pre-treatment (Si-H-UV, Ti-H-UV, and 9Ti-1Si-H-
UV) compared with neat (non-hydrogenated) TiO, (Ti) from an
aqueous solution including water and methanol under Xenon lamp
(full spectrum). (b) Photocatalytic stability test of hydrogen evolution
using 9Ti-1Si-H-UV in three cycles. Photocatalyst loading = 50 mg;
suspension volume = 150 mL.

displayed by Ti-H and UV light pre-treatment invoked a slight
improvement. For 9Ti-1Si-H, the photocatalytic activity was
enhanced by two-folds following UV light pre-treatment. The
low activity of Si-H may be explained by the insulating proper-
ties of SiO, materials. In contrast, the efficient charge trapping
of defects comprising Ti**, oxygen vacancies, and NBOHCs in
9Ti-1Si-H and 9Ti-1Si-H-UV (as illustrated by the EPR results,
Fig. 5) which promotes an enhancement of photocatalytic
activity of water splitting. The variation in performance indi-
cates that the incorporation of small amount of SiO, to TiO, is
advantageous for enhancing its photocatalytic water splitting
activity via defect formation.

The stability test of the most active catalyst, e.g. 9Ti-1Si-H-UV
was conducted in three cycles (Fig. 6b). It can be seen that the
photoactivity was decreasing gradually by approximately 17%
and 24% at second and third cycles, respectively compared to
the first cycle. The deactivation of the catalyst can be due to the
oxidation of surface oxygen vacancies associated with Ti**
defects** and hydrogenation of NBOHC defect.**

A schematic depicting photocatalytic water splitting over 9Ti-
1Si-U-V has been proposed (Fig. 8), derived from the experi-
mental findings. Initially, as was highlighted by EPR (Fig. 5) and
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Fig. 8 Schematic mechanism of photocatalytic water splitting on 9Ti-
1Si-H-UV in the presence of Ti** and NBOHC defects.

XPS (Fig. 6), Ti** species are formed when the Ti-O bond in a Ti-
O-Si bridge is broken during the hydrogenation process.
Crucially, this leaves a Ti** site and Si-OH terminal group
positioned adjacent to each other. Ti** may also form by the
direct reduction of Ti*" by oxygen extraction or Ti-O-Ti bond
breakage; however, given the lower activity of neat TiO,
compared with TiO,-SiO, composites, this is anticipated to be
a secondary process. Upon UV light pre-treatment, a NBOHC
defect is generated by dehydroxylation of the Si-OH terminal
group adjacent to the Ti*" site. During photocatalytic water
splitting process, photogenerated electron was trapped and
accumulated by Ti** and combining with NBOHC defect, it was
proposed that both defects were able to facilitate oxidation and
reduction of water into oxygen and hydrogen, respectively. This
proposed mechanism clearly highlights that catalyst treat-
ments, including hydrogenation and UV light pre-treatment
that create multiple defect sites in binary 9TiO,-1SiO,
composites, are crucial to the overall photocatalytic water
splitting performance.

Conclusions

The presented findings have demonstrated that defect sites can
be generated in TiO,/SiO, to invoke a substantial enhancement
in photocatalytic water splitting performance. Here, a sequen-
tial hydrogenation and UV light pre-treatment approach was
employed to produce two distinct and adjacent defect sites in
a Ti0,/Si0O,-based material. Hydrogenation generated Ti*" sites
while UV light pre-treatment introduced silica-based NBOHC
sites. Both defect sites then united to facilitate water splitting
reaction more efficiently. The study clearly demonstrates the
supremacy of defect engineering and the potential it holds as
a versatile approach to upgrade catalyst performance in the on-
going research for low-cost, efficient and abundant catalysts for
photocatalytic water splitting processes.
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