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It is not an exaggerated fact that the semiconductor titanium dioxide (TiO,) has been evolved
as a prototypical material to understand the photocatalytic process and has been demonstrated for
various photocatalytic applications such as pollutants degradation, water splitting, heavy metal
reduction, CO, conversion, N, fixation, bacterial disinfection, etc., as depicted in Figure 1. [1,2]
The rigorous photocatalytic studies over TiO, have paved ways to understand the various chemical
processes involved and physical parameters (optical and electrical) required to design and construct
diverse photocatalytic systems. [3,4] Accordingly, it has been realized that an effective photocatalyst
should have ideal band edge potential, narrow band gap energy, reduced charge recombination,
enhanced charge separation, improved interfacial charge transfer, surface-rich catalytic sites, etc.
These studies further highlighted that single component catalysts may not be good enough to achieve
the required/enhanced photocatalytic process. As a result, many strategies have been developed to
design a variety of photocatalytic systems, which include doping, composite formation, sensitization,
co-catalyst loading, etc. [5] The doping strategy includes cationic and anionic doping, where it is
found that the essential purposeof doping is to tune the band gap energy of the photocatalyst by
introducing the new energy levels of the doped elements underneath the conduction band (CB) and
above the valence band (VB) of the semiconductor photocatalyst, respectively. On the other hand, the
composite formation serves in multiple ways to almost meet all the requirements to achieve a quantum
efficient photocatalytic process. The basis of composite formation is found to redesign the charge
transport kinetics in the bulk and surface/interface of the integrated photocatalyst systems. These
composite systems generally include p-n heterojunction, Z-scheme, etc. Similarly, the mechanism of
sensitizing the photocatalysts includes the integration of plasmonic metal nanoparticles, carbon-based
materials, 2D materials, quantum dots, and metal organic frameworks to enhance their optical
absorption, electrical transportation properties, etc. [6] Interestingly, the co-catalyst loading serves
as an ‘engineered-catalytic-site’ for the specific redox process to achieve the selective photocatalytic
reactions. Furthermore, the unique systems, such as ferroelectric-based photocatalysts, are found
to be more interesting as they are governed by their inherent internal electrical field and surface
polarization properties. For instance, the ferroelectric properties intrinsically facilitate the adsorption
of the surrounding molecules, carrier separation, and interfacial charge transfer via band bending
phenomenon, etc. Similarly, the influence of defects in photocatalysis has been well studied over TiO,,
where the concepts of “self-doping”, “oxygen vacancy”, “colored TiO,”, etc. have been well addressed
in TiO;photocatalysts.

Catalysts 2020, 10, 670; doi:10.3390/catal10060670 1 www.mdpi.com/journal/catalysts
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Figure 1. Overview of TiO,-based various photocatalytic systems and their applications.

Towards highlighting the above mentioned diversities in TiO, photocatalysis, there have been many
interesting research works on TiO,, involving material designs for various photocatalytic applications
published in this Special Issue. These material systems include TiO, QDs@g-C3Ny p-n junction,
[7] oxygen defective TiO, nanorod array, [8] TiO,/N-doped graphene QDs, [9] TiO,/HKUST-1, [10]
TiO,-Carbon composite, [11] Ru-Ti oxide, [12] TiO, coated porous glass fiber cloth, [13] Ag/Fe304/TiO,
nanofibers, [14] Pd-doped TiO,, [15] N-doped TiO,, [16] C/N/S-doped TiO,, [17] Mo/W co-doped
TiO;, [18] Fe-doped TiO,, [19] N-doped graphene QDs-TiO,, [20] Nd-doped TiO,, [21] Cu-doped TiO,
thin film, [22] surface engineered TiO,, [23] etc., for various photocatalytic applications, such as the
degradations of a variety of pollutants, [24-30] biomass reforming, [10] heavy metal reduction, [14] and
bacterial disinfections, [22] etc. In addition to these original research papers, some excellent review
papers have also been published in this Special Issue, focusing on the various TiO,-based photocatalytic
systems and their mechanisms and applications. [1-6] To this end, it is highlighted that future works in
TiO, should involve developing new material systems based on TiO,. For instance, instead of doping
N into TiO,, the composition/phase tunable Ti oxy-nitride systems should be developed and so should
the Ti oxy-phosphates, oxy-sulfurs, oxy-carbons, etc. From application perspectives, TiO, should be
investigated for its photocatalytic efficiencies towards the production of H»/O, from atmospheric vapor,
dark-photocatalytic activities, hydrogen storage, biodiesel productions, etc. However, the research
should also be continued on bare TiO, to achieve an in depth understanding of the photocatalytic
mechanisms towards finding new photocatalytic applications.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract:  Anatase nanoparticles (5-10 nm) generated on H-titanate nanotube surface
(H-titanate/anatase) were prepared by an ingenious and simple method. H-titanate tubes were
prepared by a hydrothermal reaction of Ti powder in concentrated NaOH solution and an ion
exchange process with HNOj solution. After that, at a relatively low drying temperature (100 °C),
a small quantity of anatase nanoparticles were in-situ formed on the H-titanate tubes surface
by a surface dehydration reaction. In-situ transformation can form a strong interface coupling
between H-titanate and anatase, which is conducive to accelerating charge transfer and improving
its photocatalytic activity. In addition, the smaller average crystal size, the large specific surface
areas (BET), the nanotubed and layered structure and the synergistic effect of dual phases would be
beneficial to improving the photocatalytic efficiency.

Keywords: in-situ formation; anatase nanoparticles; H-titanate nanotubes; dual-phase;
low temperature

1. Introduction

Water contamination resulting from the rapid development of industrialization has attracted
worldwide attention. Photocatalytic degradation is the most promising strategy to completely solve
the organic pollutants problem [1]. Among all kinds of conversion systems, TiO,-based materials for
water pollution are considered to be an environmentally friendly and promising way to efficiently
utilize solar energy [2,3]. Under UV irradiation, anatase can degrade a broad range of tenacious
and toxic organic contaminants in water, and it is nontoxic, relatively cheap and chemically stable.
However, its photocatalytic application is limited owing to the rapid recombination of the excited
electron-hole pairs, the low visible light activity and low surface area [4,5]. Coupling anatase with
another semiconductor favors a narrow band gap and the electron-hole separation [6-9], so as to
improve the quantum efficiency. Moreover, the synergistic effect between two different phases can also
enhance the photocatalytic activity [6,10].

It was reported that H-titanate was formed from TiO, reacting with a concentrated NaOH solution
to form titanate and then the ion exchange reacted with a dilute acid solution [11-13]. After calcination
at a high temperature, H-titanate can transform into anatase TiO, [13]. Based on the above formation
mechanism of TiO,-H-titanate-TiO,, it is estimated that, at low calcination temperature, a small
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amount of anatase TiO, will be formed in situ on the H-titanate nanotube surface. Several papers have
reported the synthesis of titanate/anatase composites; however, most preparation processes were carried
out under high pressure and high temperature conditions, which consumed more energy [14-16].
For example, Xiong et al. reported a nitrogen-doped titanate-anatase core—shell nanobelts. In this
paper, the titanate—anatase was obtained by calcination at 500 °C [14]. Yan et al. demonstrated
that the titanate nanotube/anatase nanoparticle composites could be prepared by the hydrothermal
method using as-obtained titanate tube dispersed into a HNOj3 solution [15]. Herein, we report that
a dual-phase photocatalyst (anatase nanoparticles (5-10 nm) was generated in situ on a H-titanate
nanotube surface) was obtained via a controllable surface dehydration reaction at low temperature
(100 °C) and atmospheric pressure, which exhibited a higher visible light photocatalytic activity than
P25; pure H-titanate nanotubes and pure anatase. The efficient visible light photocatalytic activity can
be attributed to: (1) In situ transformation can form strong interfacial coupling between H-titanate and
anatase, which is favorable to accelerating charge transfer [17]; (2) H-titanate has a layered structure,
which is composed of TiOg octahedra sheets sharing four edges, similar to that of anatase crystals,
which is easy to form a heterostructure between anatase and H-titanate [14,18,19]. In the meantime,
at a low drying temperature, dual-phase catalyst retained the nanotubed and layered structures,
which was beneficial for the high BET surfaces to adsorb organic pollutants and promote the diffusion
of organic molecules inside the pores. The smaller average crystal size of anatase nanoparticles means
a stronger redox ability in the photocatalytic process. Therefore, in the presence of the dual-phase
catalyst, rhodamine B (RhB) and methylene blue (MB) can be completely decomposed in a very short
time under visible light irradiation. In addition, the synergistic effect would be beneficial to improve
the photocatalytic efficiency.

2. Results and Discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of the as-synthesized material. As shown in
Figure 1a, there are several diffraction peaks located at 20 = 9.8°, 24.4°, 28.4°, 48.4° suggesting that the
as-prepared sample is layered titanate with a component of H,TiyO4(OH), [20] and a 0.9 nm interlayer
distance, which is further confirmed by TEM observation. After drying at 100 °C, the crystal structure
of H-titanate was well maintained; the diffraction peaks of anatase-type TiO, (JCPDS no. 21-1272) [21]
are clearly observed (Figure 1b), showing that dual-phase H-titanate/anatase was obtained at a low
temperature, which may be due to the dehydration of the H-titanate. The broad peaks indicate its low
crystallinity and nanosized crystallites. With increasing calcination temperature, the peaks of anatase
become narrower and sharper (Figure 1c,d). After calcination at 500 °C for 5 h, all diffraction peaks
of H-titanate disappeared (Figure le), which suggested that the layered H-titanate was completely
transformed into anatase. The apparent sharpening of peaks suggests its high crystallinity. To further
confirm the coexistence of these two TiO, phases in the as-synthesized products, Raman spectroscopy
was tested for the H-titanate and dual-phase catalysts (Figure 2). In Figure 2b, the peaks that center at
143 (Eg), 514 (A1) and 636 cm™! (Eg) belong to the anatase phase [22], while others match well with
the hydrogen titanate phase (shown in Figure 2a). The Raman spectrum in Figure 2b is composed of
the characteristic peaks of the H-titanate and anatase phase, which are in good agreement with the
XRD analysis.
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Figure 1. XRD patterns of (a) TiO,-60 (the as-prepared H-titanate tubes), (b) TiO,-100, (c) TiO,-200,
(d) TiO,-300, (e) TiO,-500, T is the H-titanate phase and A is the anatase phase.
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Figure 2. Raman spectra of (a) TiO,-60 and (b) TiO,-100.

The detailed characterization and crystal structure of the H-titanate/anatase composite were
investigated via transmission electron microscopy (TEM), as shown in Figure 3. H-titanate was
formed via the hydrothermal reaction of titanium powder with a concentrated NaOH solution to
form sodium titanate and then a subsequent ion exchange reaction with HNOj solution at room
temperature. The dual-phase H-titanate/anatase catalysts were prepared by in situ generation of
anatase nanoparticles on the H-titanate tube surfaces by a controllable surface dehydration reaction at
a low drying temperature (100 °C). Figure Sla shows images of only the nanotubes, whereas Figure 3b
shows that some nanoparticles adhered to the surface of nanotubes, which indicates that a new phase
was obtained after drying at 100 °C. The average diameter of the as-synthesized nanoparticles is
about 5-10 nm. Figure 3b1 (high-resolution transmission electron microscopy (HRTEM) images)
distinctly reveals a lattice fringe spacing of 0.35 nm, which corresponds well with the (101) anatase.
Figure 3b2 shows that the nanotubes are crystallized of layered H-titanate. It also indicates that the
H-titanate retains its morphology of nanotubes, and the anatase reveals the morphology of nanoparticles.
There are only particles in Figure S1b, which indicates that when the calcination temperature increased
to 500 °C, H-titanate nanotubes completely transformed into anatase nanoparticles. The above results
coincide with the XRD analysis. At a low drying temperature (100 °C), the photocatalyst retained its
original nanotube structure and a small amount of anatase nanoparticles were formed on the H-titanate
nanotube surfaces. Specific surface area (BET) is a key factor in photodegradation. High specific
surface area offers more reaction sites for dye molecules and hydroxyl groups. Therefore, the porosities
of the samples were determined by N, sorption. Figure 3¢ exhibits the N, sorption isotherms of
all as-synthesized products and the DFT (Density Functional Theory) pore size distributions of the
dual-phase photocatalyst. The obtained isotherms of the samples are the typical IUPAC type-IV
isotherm. We can see that the isotherms decreased with the decrease in the amount of H-titanate
nanotubes. The corresponding DFT pore size distribution curve (inset of Figure 3c) of the dual-phase
catalyst shows two pore sizes centered at ~1.0 nm and ~12 nm, respectively, which directly proves
the layered and nanotubed structure of the dual phase catalyst. BET measurements show that the
as-synthesized H-titanate tubes have a surface area of 245 m?-g~!, and dual-phase photocatalyst has
a surface area of 174 m?-g~!. As the calcination temperature raised to 500 °C, the surface area of the
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product decreased to 95 m?-g~! (Table S1). The decrease in surface area may be due to the decreased
proportion of layered H-titanate nanotubes. In other words, the specific surface area of the catalysts
is enormously increased by the H-titanate nanotubes, which is hoping to enhance the photocatalytic
property of the nanomaterials.
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Figure 3. (a,b) are the TEM images of TiO,-100. (b1) and (b2) are the HRTEM images of TiO,-100
for the enlarged view of the circle and rectangle areas in (b). (c) Reversible nitrogen gas adsorption
isotherm for the (c1) TiO,-60, (c2) TiO,-100, (¢3) TiO,-500 measured at 77 K. The inset is the pore size
distribution of the TiO,-100 photocatalyst calculated via DFT method.

UV-Vis diffuse reflectance absorption spectra of as-synthesized H-titanate nanotubes (TiO,-60),
dual-phase H-titanate/anatase (TiO,-100) and anatase nanoparticles (TiO,-500) are shown in the
Figure 4a. As indicated in Figure 4a, in the range of 200-800 nm, the H-titanate nanotubes, dual-phase
H-titanate/anatase and anatase samples demonstrate similar absorption. Compared with that of pure
H-titanate and anatase, the absorption edge of dual-phase H-titanate/anatase moved toward a longer
wavelength. It may be owing to the synergistic effect of H-titanate and anatase, resulting in a narrow
band gap, which is a crucial role to the realization of solar energy conversion. The Kubelka-Munk
method is often used to estimate the band gap energy (Eg) of as-prepared products [23]. Figure 4b reveals
the Tauc plots of (ahv)? vs. photon energy (hv) of H-titanate tubes, dual-phase H-titanate/anatase
and anatase photocatalyst. The band gap (Eg) can be acquired by extending the vertical segment to
the hv axis. As shown in Figure 4b, the Eg of the H-titanate, H-titanate/anatase, and anatase is 3.48,
3.30, and 3.36 eV, respectively, which reveals the same results with the ultraviolet-visible diffffuse
reflectance spectra (UV-Vis DRS) analysis. The photoluminescence (PL) technique is usually used
to investigate the charge carrier separation and transfer processes because PL emission results from
the free photogenerated carriers recombination [24]. Figure 4c shows the PL spectra of dual-phase
H-titanate/anatase, H-titanate and anatase excited at 315 nm. The emission intensity of dual-phase
H-titanate/anatase is much weaker than that of pure H-titanate and anatase, which can be attributed to
the formation of H-titanate/anatase heterojunction in two semiconductor interfaces. Different band edge
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positions of H-titanate and anatase can reduce the recombination of the carriers [19,25]. That enables
more free electrons and holes to participate in the photocatalytic reactions and accelerates the
photocatalytic process.
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Figure 4. (a) UV/Vis diffuse reflectance absorption spectra, (b) plots of (athv)? versus hv, and (c) PL
spectra of TiO,-60, TiO,-100 and TiO,-500.

The photocatalytic activities of as-prepared samples were studied by degradation of methyl orange
(MO), rhodamine B (RhB) and methylene blue (MB) in aqueous solution under visible light at room
temperature. In order to evaluate the photocatalytic efficiency, P25 was chosen as the photocatalytic
reference material. In general, high specific surface area can improve the adsorption performance of the
materials. Therefore, prior to the photocatalytic degradation studies, the adsorption properties of the
materials were investigated. In general, a high degree of surface adsorption was observed within the
first 30 min of stirring time in dark before attaining the saturation level. In Figure 5a and Figure S2A, P25
shows no obvious adsorption capacity, whereas the as-received dual-phase H-titanate/anatase catalyst
shows 90% MB, 25% RhB, 8.9% MO dye adsorption, the H-titanate shows 92% MB, 59% RhB, 9.1% MO
adsorption due to their nanotubed and layered structures, larger specific surface areas, which are
beneficial for enhancing the photocatalytic activity. In addition, the electrostatic attraction between the
catalysts and the dye molecules plays an important role in the different adsorption behavior of several
dyes [26]. MB, RhB is cationic and MO is anionic in the aqueous solution, while the nanotubes possess
negative surface charge, which is more favorable to absorb MB and RhB. Although both RhB and MB
are cationic dyes, the adsorption capacity of nanotubes for MB is much higher than that of RhB, which is
due to the different molecular structures of dyes. The more linear shape and smaller size of MB molecule
mean a weaker steric hindrance during the adsorption process [26]. In order to verify the adsorption
of dye on H-titanate/anatase, FTIR analysis was carried out after a MB adsorption and degradation
test (Figure S3). According to the previous report [27], in adsorption test, the peaks at 2926 cm™~! and
666 cm ™! indicated that the MB was adsorbed onto the H-titanate/anatase nanotubes surfaces. After
the degradation process, the peaks disappeared, suggesting that MB degraded completely.
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Figure 5. (a) Photocatalytic degradation of methylene blue (MB) (a1), rhodamine B (RhB) (a2), methyl
orange (MO) (a3) over the dual-phase H-titanate/anatase catalysts and photocatalytic degradation
of MB (b1), RhB (b2), MO (b3) over P25 under visible light irradiation, (b) cycling experiments of
H-titanate/anatase catalysts for RhB degradation under visible light irradiation.

When visible light was turned on, as shown in Figure 5a, RhB was almost decomposed within
only 30 min (Figure 5a2 and Figure 54), MO was removed by about 60% (Figure 5a3) within 30 min
illumination, and the MB completely decomposed in just 5 min (Figure 5al) in the test of the dual-phase
H-titanate/anatase photocatalyst, whereas P25 showed no significant degradation for the dyes in
30 min. Additionally, without any photocatalyst, RhB, MB and MO were hardly degraded by visible
light [28-30], which demonstrated the high reactivity of as-synthesized dual-phase nanotubes catalysts.
Compared with many reported TiO,-based materials, it also shows higher photocatalytic activity
for the degradation of organic dyes under visible light. Xiong et al. reported that under the visible
light irradiation, MB degraded completely in about 175 min in the presence of the nitrogen-doped
titanate-anatase core-shell nanobelts catalyst [14]. S-doped Na;TigO13@TiO; core-shell nanorods can
completely decompose MB in 100 min under visible light [31]. Li et al. demonstrated that within
60 min of UV light irradiation, RhB was completely decomposed in the presence of the double-shell
anatase-rutile TiO;, spheres [32]. The report of Pan et al. showed that within 40 min visible light
irradiation, MO can be degraded by about 50% in the presence of GQD-TiO, heterojunctions [33].
Figure S2A shows the photocatalytic activity of all as-synthesized catalysts for MB, RhB and MO
under visible light irradiation. Compared with pure H-titanate and anatase catalysts, the dual-phase
catalyst exhibited the best photoactivity. Figure S2B displays the degradation rate of the materials
(dual-phase H-titanate/anatase and P25) for MO, RhB under visible light irradiation. It is noted that the
dual-phase catalyst displays better degradation efficiency than P25. H-titanate/anatase photocatalyst
shows 15 times higher efficiency for the photodegradation of RhB and 17 times higher efficiency for
the photodegradation of MO compared to P25 under visible light radiation, which demonstrated the
high photocatalytic activity of the dual-phase H-titanate/anatase. In order to evaluate the stability of
the dual-phase photocatalyst, several photodegradation tests of RhB under visible light were carried
out (Figure 5b). After four cycles of photocatalytic degradation, within about 30 min, the RhB could
be decomposed completely, which indicates that the dual-phase H-titanate/anatase has excellent
photocatalytic stability.

Based on above results, the dual-phase (H-titanate/anatase) catalyst reveals a high visible light
photo-degradation ability. It can be expounded by the following involved reasons: (1) In-Situ generation
can form a strong interfacial coupling between H-titanate and anatase, which is useful for accelerating
charge transfer and improving the photocatalytic activity [17]; (2) The dual-phase catalyst retains
the nanotubed and layered structures, and possesses a high BET surface area. Large specific surface
area and pore structure can provide more active sites to adsorb organic pollutants and promote the
diffusion of organic molecules inside the pores. The layered titanate product has been considered as
an excellent adsorbent [34,35]. It would be beneficial to improve the photocatalytic activity. In addition,
the meso-nanotubes structure is also conducive to the rapid diffusion of quantum, which is formed in the
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photocatalytic process, further promoting photogenerated charge transport to improve the separation
rate [36,37]; (3) The synergetic effect between H-titanate and anatase is one of the major ingredients for
its enhanced visible light photocatalytic activity. When two phases combined, a staggered band gap
was formed, which lead to the efficient charge separation of the cross phase junction [38]. As shown in
Figure 6, under visible light irradiation, anatase in dual-phase can be excited to generate electron-hole
pairs. Electrons are excited from the valence band (VB) to the conduction band (CB). According to the
energy band data, the CB and the VB energy potentials in anatase are —0.26 and 2.94 eV [39], while those
of titanate are —0.50 and 3.03 eV [31]. The photogenerated electrons accumulated on anatase will
migrate from the CB of anatase to that of titanate due to the potential difference. In this way, titanate
can effectively collect photogenerated electrons and anatase collect holes. These electrons react with the
surface adsorbed O, to form O, -, because the CB edge potential of titanate (—0.50 eV) is more negative
than the standard redox potential of Op/O,7- (-0.33 eV) [40]. In the mean time, the VB potential of
anatase (2.94 eV) is more positive than the standard redox potential of -OH/OH™ (1.99 eV) [41,42],
the holes react with OH™ to generate -OH radicals. Then the organic pollutants could be mineralized
by the produced -OH and O, radicals. Hence, the above efficient separation of photogenerated
electron-hole pairs process improves the photodegradation rate of dyes; (4) The new anatase phase
with a small average crystal size means a stronger redox ability because of the quantum size effect [43].
Combining all above factors, the dual-phase H-titanate/anatase photocatalysts displayed high visible
light activity.
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Figure 6. The proposed photocatalytic mechanism of H-titanate/anatase composite.

3. Materials and Methods

3.1. Materials

The titanium powder was purchased from Aladdin, Tianjin, China. The NaOH and the HNOj3
were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.

3.2. Catalyst Preparation

The photocatalysts were prepared by the following synthetic route. Firstly, 1.5 g titanium powder
was mixed with 35 mL NaOH solution (10 M) and stirred at room temperature for 5 h. The mixture
was transferred into a Teflon-lined autoclave and kept at 150 °C for 72 h. The obtained precipitates
were washed with deionized water until neutral and dried in an oven (60 °C) overnight. Afterwards,
the ion-exchange reaction was followed with 0.5 M HNOj solution for 3 h at room temperature.
There were three times ion-exchange reactions for the product. The final product was dried at 60 °C
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for 24 h to produce the hydrogen titanate (H-titanate) tubes and then dried at 100 °C for 24 h to yield
hydrogen titanate/anatase nanotubes. The as-prepared H-titanate was calcined in air at 200, 300 and
500 °C for 5 h to get TiO, products. Henceforth, these samples are referred to as TiO,-60, TiO,-100,
TiO,-200, TiO,-300 and TiO,-500, respectively.

3.3. Catalyst Characterization

X-ray powder diffraction (XRD) analysis was carried out using a D/Max-2550 X-ray powder
diffractometer (Tokyo, Japan) with Cu K« radiation. The ultraviolet-visible diffuse reflectance spectra
of the samples were measured on a UV-Vis-NIR spectrophotometer (Shimadzu U-4100, Shanghai,
China) detecting absorption over the range of 200-800 nm. The morphologies of samples were
measured on a Tecnai G2 S-Twin F20 transmission electron microscopy (TEM, FEIL, Hillsboro, FL, USA).
N adsorption-desorption isotherms were obtained at 77 K on a Micromeritics ASAP 2020 sorptometer
(Norcross, GA, USA). Raman spectra were recorded using a Renishaw InVia Raman spectrometer
(London, UK) with a wavelength of 532 nm. Room temperature photoluminescence (PL) spectra with
an excitation wavelength of 315 nm were measured on a FLUOROMAX-4 (Beijing, China).

3.4. Photocatalytic Activity Test

The photocatalytic activities of the photocatalysts were performed at room temperature in a glass
reactor fitted with a Xe lamp (300 W). A 420 nm cut-on filter was used to ensure that only visible light
illuminated the photocatalyst. The reaction liquid was prepared by mixing 0.25 g photocatalysts and
100 mL rhodamine B (or 10 mg/L MB; 10 mg/L MO) aqueous solution (10 mg/L). Then, the suspension
was stirred in dark for 30 min to reach adsorption-desorption equilibrium before irradiation. Then it
was irradiated under visible light. The suspension (8 mL) was withdrawn from the irradiated solution at
preset time intervals and centrifuged to separate the photocatalyst particles, and then the supernatants
were analyzed by UV-Vis spectrophotometer (UV-2450, Shanghai, China).

4. Conclusions

In conclusion, anatase nanoparticles generated on H-titanate nanotubes surfaces were successfully
synthesized by an ingenious method. H-titanate tubes were prepared by a hydrothermal synthesis
of Ti powder in concentrated NaOH solution and an ion exchange process with HNOj solution.
After that, at a relatively low drying temperature, a small amount of anatase nanoparticles were
in-situ formed on the surface of the H-titanate tubes by the surface dehydration reaction. It showed
higher photocatalytic activity than pure H-titanate nanotube, anatase, and P25 under visible light
(100% rhodamine B (RhB) and methylene blue (MB), 60% methyl orange (MO) degraded in 30 min
under visible light irradiation) due to the in-situ transformation, the smaller average crystal size,
the nanotubed and layered structure, the large BET surface areas and the synergistic effect of the
H-titanate/anatase dual phases, which can accelerate the transfer of electron-hole pairs and inhibit
their recombination. This work provides an ingenious and simple method to prepare an efficient
visible-light-responsive TiO,-based photocatalyst for solving environment problems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/6/695/s1,
Figure S1: TEM images of (a) TiO,-60, (b) TiO,-500, Figure S2: (A) Photocatalytic degradation of RhB over
the (a;) dual-phase H-titanate/anatase, (a;) H-titanate, (a3) anatase catalysts; photocatalytic degradation of MB
over the (bj) dual-phase H-titanate/anatase, (b,) H-titanate, (b3) anatase catalysts; photocatalytic degradation
of MO over the (c;) dual-phase H-titanate/anatase, (c;) H-titanate, (c3) anatase catalysts under visible light
irradiation. (B) Photocatalytic kinetic plot of the (a;) P25, (ay) dual-phase H-titanate/anatase for degradation of
RhB; photocatalytic kinetic plot of the (by) P25, (by) dual-phase H-titanate/anatase for degradation of MO under
visible light irradiation.
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Abstract: Photocatalysis is a multifunctional phenomenon that can be employed for energy
applications such as Hy production, CO, reduction into fuels, and environmental applications
such as pollutant degradations, antibacterial disinfection, etc. In this direction, it is not an exaggerated
fact that TiO, is blooming in the field of photocatalysis, which is largely explored for various
photocatalytic applications. The deeper understanding of TiO, photocatalysis has led to the design
of new photocatalytic materials with multiple functionalities. Accordingly, this paper exclusively
reviews the recent developments in the modification of TiO, photocatalyst towards the understanding
of its photocatalytic mechanisms. These modifications generally involve the physical and chemical
changes in TiO, such as anisotropic structuring and integration with other metal oxides, plasmonic
materials, carbon-based materials, etc. Such modifications essentially lead to the changes in the energy
structure of TiO, that largely boosts up the photocatalytic process via enhancing the band structure
alignments, visible light absorption, carrier separation, and transportation in the system. For instance,
the ability to align the band structure in TiO, makes it suitable for multiple photocatalytic processes
such as degradation of various pollutants, H, production, CO; conversion, etc. For these reasons,
TiO; can be realized as a prototypical photocatalyst, which paves ways to develop new photocatalytic
materials in the field. In this context, this review paper sheds light into the emerging trends in TiO,
in terms of its modifications towards multifunctional photocatalytic applications.

Keywords: TiO,; semiconductors; photocatalysis; redox reactions; band gap engineering;
nanostructures

1. Introduction

Since the observation of an enhanced electrolysis of water (H,O) molecules into H, and O, using
TiO, as photo-anode and Pt as cathode under UV light irradiation, [1] the research on TiO; is gaining
significant momentum towards its “photocatalytic’ process, which is coined later on. In 1977, Schrauzer
and Guth reported the Pt/Rh metal modified-TiO, powders for the photocatalytic splitting of water
molecules [2]. Followed by such pioneering work in the field, a range of semiconducting materials have
been explored for the photocatalytic properties towards various photocatalytic applications [3-12].
Accordingly, there has been prompt progress in developing various photocatalytic systems to convert the
chemical energy through water splitting [13-16] into H, and O, and other associated reactions [17,18].
Specifically, diverse binary oxide-based photocatalysts have been developed and demonstrated as
reliable photocatalysts [19-21].

Despite the emergence of various binary oxide photocatalytic systems, TiO, is considered as the
most promising material due to its unprecedented stability, excellent physiochemical properties with
ease of synthesis, availability, and relatively lower cost [22-24]. In addition to this, TiO, exhibits three
polymorphs, namely anatase, rutile, and brookite [25], in which the anatase phase is widely used
because of its photocatalytic efficiency as its conduction band has been positioned in the appropriate
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negative potential, which is the favorable band edge position for redox reactions [26]. Despite
such merits and reliable properties, TiO, lacks in some of the other specific crucial properties for
photocatalysis, such as wide bang gap energy, rapid charge recombination, insufficient transportation,
etc. [27]. To surpass such limitations, TiO, has been modified in many different ways through
chemical and physical modifications, where the former involves doping, composite formation, defects
creation, functionalization, plasmonic sensitization, co-catalyst loading, etc., and the other involves
size, morphology, and shape modifications, etc. [28].

In this review, we have essentially focused on the versatile modifications of TiO, such as
morphology modifications, doped TiO,, hetero-junctions, Z-scheme, plasmonic, ferroelectric/perovskite,
chalcogenides, metal-organic frameworks, carbon-based TiO,, defective TiO,, etc. TiO, may be the
only material that has been used to construct the any given aforementioned photocatalytic systems and
investigated for almost all the photocatalytic applications such as dye degradations, pharmaceutical
degradations, H; evolution, O, evolution, CO, reduction, heavy metal reduction, N, fixation, organic
synthesis, antimicrobial disinfection, etc. Unlike other existing reviews, which merely provides
TiO, modifications such as doping, etc., this review paper gives insights into the modifications of
TiO, towards developing various photocatalytic systems as a whole, which can be prototyped using
other materials.

2. Mechanics of TiO, Photocatalysis

Photocatalysis (PC) is the process of performing a chemical reaction in the presence of light and a
photoactive catalyst, where the charge carriers (electron hole) get separated by the incident photons
with sufficient energy and transferred to the respective bands and involved in the redox reactions. The
following equations show the reaction mechanism of the photocatalytic process [29,30].

Incident photon: Photocatalyst + hv — e~ + h* 1
Reduction: 2H" +2¢e” - H, AE=0V )
Oxidation: 2H,0 + 4h™ —» O, + 4H* AE=1.23V 3)
Overall: 2H,0 — 2H, + O, (AG = + 237.2 kjmol ™) 4)

As mentioned in the reaction equations, the incident photons generate the photo-induced electron
hole (e7/h*) pairs in the semiconductor and the electron involved in the reduction reactions, while the
holes are involved in the oxidation reactions. The first and foremost prerequisite for a photocatalyst
is to have an appropriate band edge potential (valence band/VB, conduction band/CB) to induce the
required redox species. Considering the PC process in TiO,, the VB and CB level of TiO, lies at +2.9
and —0.3 eV, respectively, which leads to the band gap energy of 3.2 eV. It should be noted that the VB
and CB level of TiO; lies at more positive and more negative values in comparison with the standard
redox potential of Op/H,O (1.23 eV) and H+/H, (0 eV) vs. normal hydrogen electrode (NHE), which is
one of the more favorable conditions for the photocatalytic redox reactions [31,32].

Apart from the band edge positions, the photocatalytic process also requires enhanced surface
reactivity, charge separation, and transportations mechanisms [33]. Upon excitation, the photocatalyst
should facilitate the transportation of electrons to the surface, which essentially determines the surface
chemistry and reactivity of the photocatalyst. The surface of TiO, typically contains more defects,
which are often found to be oxygen vacancies; the unpaired electrons in such defects are transferred to
the conduction band of TiO, and facilitate the catalytic reactions in the system [34]. Interestingly, the
accumulation of electrons leads to the band bending phenomenon in TiO, that considerably redesigns
the transportation of charges or energy to the surrounding molecules [35]. Charge recombination
dynamics is one of the serious issues in a photocatalyst. Regarding TiO,, with its indirect band gap, it
is proposed that the recombination process occurs via non-radiative pathways and, thus, the lifetime
of charge carriers in TiO, varies from picoseconds to milliseconds [36,37]. In addition, the observed
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relatively enhanced PC efficiency of TiO, can also be ascribed to its electron and hole trapping [38].
Generally, the photo-induced charge carriers do not tend to recombine directly due to the factors such
as carrier trapping, band bending, etc. Accordingly, it is predicted that the holes in TiO; can be trapped
either at the “bridging” O?~ or “surface bound” OH~ anions, which results in the generation of O~
and/or OH® centers, respectively. Similarly, the photo-induced electrons can be forced to migrate
into the bulk from surface, where they can be delocalized in possible Ti sites. Furthermore, it is also
predicted that in TiO; it is of more possible for bulk trapping rather than surface trapping and thereby
TiO, shows relatively enhanced photocatalytic activities as compared to the other semiconducting
oxide-based photocatalysts [38-40].

3. Versatile Modifications of TiO, and Their Photocatalytic Mechanisms

TiO, as a photocatalyst has been modified in a variety of ways that generally includes (i)
morphological, (ii) defective, (iii) elemental doping (cationic/anionic), (iv) plasmonic metal-loading,
composites with (v) binary oxides, (vi) perovskite systems, (vii) metal-organic frameworks, (viii)
carbon materials, (ix) chalcogenides, etc. These modifications essentially lead to development of
new photocatalytic systems, enhancing (i) the overall visible light/full-sunlight absorption, (ii) charge
separation, (iii) recombination resistance, (iv) charge transportations, and (v) tuning of the band
edge potential of the system. Accordingly, the following section presents some of the recent studies
that mainly highlight the photocatalytic mechanism/functions in such chemically and physically
modified TiO,.

3.1. Morphology-Dependent Photocatalytic Properties of TiO;

Photocatalysis can be influenced by the size, shape, and morphology of the photocatalyst due to
the spatial confinements of electrons in the system [41,42]. For instance, compared to bulk, the surface
reactivity is higher for the nanoparticles, where their high surface area/energy facilitates the enhanced
(i) catalytic activity on the surface, (ii) surface adsorption of the molecules, and (iii) promotion of
charge carriers to surface. The size parameter also considerably influences the band-gap energy as well
as band-edge position in a photocatalyst. Similarly, the geometrics of photocatalyst also influences
the PC process. For instance, compared to the particles, the one-dimensional nanostructures show
improved activity due to the enhanced “delocalization of electrons” in the conduction band of the
photocatalyst [43,44]. Further, photocatalysts also demonstrate the crystal-facet-dependent efficiencies
towards various photocatalytic applications. TiO, nanocrystals with different shapes, as shown in
Figure 1a—f, have been synthesized and demonstrated for photo-reforming of methanol into hydrogen
under UV light [45].

Figure 1. TEM images of TiO, NCs synthesized using the precursor TiFy (a,d), a mixed precursor of
TiF, and TiCly (b,e), and TiCly (cf). Those depicted in a—c and d—f are synthesized in the presence of
OLAM and 1-ODOL, respectively. (reproduced with permission from ref. [45]).
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In another study, the synthesis of TiO, solid and hollow nanocubes have been demonstrated, as
shown in Figure 2, and applied for the photocatalytic-mediated synthesis of benzimidazole under
UV and visible conditions [46]. Similarly, TiO, with different morphologies such as nanospheres,
nanocubes, nanotubes, nanorods, nanoflowers, nanosheets, and nanofibers have been synthesized
and studied for their photocatalytic applications [47-53]. The size and morphology control over TiO,
photocatalyst exhibit significant influences over their (i) optical properties such as tunable band-gap
energy, repositioning of band edge positions, visible light absorption, etc., (ii) electronic properties
such as increased carrier lifetime, enhanced photocurrent conduction, reduced recombination, and (iii)
surface properties such as enhanced surface energy, porous structures, enhanced surface adsorption,
etc. Realizing the photocatalytic phenomenon, these properties are very much important to achieve
the enhanced efficiencies in the photocatalytic materials.

g
ot
2
3
=

Figure 2. (A) Overall flowchart for fabrication of black hollow nanocubic (BHC)-TiO, (a—p),
(B) Comparison photocatalytic activity of different TiO, nanostructures in the synthesis of benzimidazole
under UV and visible conditions; (C) Schematic diagram of the light scattering effect caused by BHC-TiO,
nanocubes (a) and schematic of the proposed mechanism for benzimidazole preparation by BHC-TiO,
architecture (b) (reproduced with permission from ref. [46]).

3.2. Doped TiO;

Doping can be essentially classified into two categories, (i) cationic and (ii) anionic doping.
Accordingly, TiO; has been widely modified through doping under both categories. The cationic and
anionic doping in TiO; leads to the formation of new energy levels underneath the conduction band
and above the valence band [54]. The former doping has often been found to reduce the band gap
energy and facilitates the visible light absorption and charge separation in TiO,, whereas the latter
often helps in shifting of the VB position, mitigates the defects, and enhances the chemical stability of
TiO; [55]. The anionic dopants such as N, C, S, and P have been largely doped in TiO,. Among them,
the N doping showed relatively enhanced photocatalytic activity due to the increased stability in the
system. Similarly, there are variety of elements doped at the cationic site of TiO, and explored for their
photocatalytic activities under UV-visible light.

3.2.1. Anionic Doping inTiO,

Chen et al. reported the origin of visible-light absorption characteristics of C-, N-, and S-doped
TiO; nanomaterials [56]. In their studies, the TiO,-P25 showed the typical band-edge absorption
around 390 nm with band gap energy of 3.2 eV, while the C and S doping also showed the same values,
however the N-doping showed an absorption around 415 nm with band gap energy of 3.0 eV. Further,
their valence band-X ray photoelectron spectra revealed an interesting feature that the doping of C, S,

20



Catalysts 2019, 9, 680

and N created additional states in the TiO, system, as shown in Figure 3A [56]. These additional states
were attributed to the C 2p, S 3p, and N 2p orbitals and they were found to add deeper states into
the band gap of TiO, in the order of C > N > S. Emy et al. reported the band gap engineering in the
anionic co-doped TiO; [57]. According to their investigations, they have explained that in F-doped
TiO,, the band gap reduction is mediated by the presence of surface Ti3* defects underneath the CB,
while in N-doped TiO,, the mid-band states have been formed as the N species fill voids as impurities
above the VB. On the other hand, the co-doping of N and F into TiO, leads to the biggest band gap
reduction to 2.24 eV from 3.19 eV, where it is attributed to the doping induced creation of defects and
shifting of the VB tail towards Fermi level as shown in Figure 3B [57].

(A) (B) Ti0, F-TiO, N-TiO,  NFTiO,

Hole energy

-0.33ev Conduction band (CB)
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Figure 3. (A) Valence band (VB) XPS spectra of pure and (C, S, N)-doped TiO,; (B) proposed band
gap engineering structure for all (F, N) doped TiO, (reproduced with permission from refs. [56,57],
respectively).

Based on the available experimental evidences and theoretical results obtained by Wang et al. [58],
we have concluded that both the bang gap narrowing and the overlapping of O 2p state with the
dopant-induced states strongly affect the photocatalytic activities of anion-doped TiO,. However,
Kuznetsov et al. [59] have reported that the visible light absorption happening in these doped-TiO,
may be due to the formation of color centers and may not be due to the band gap narrowing. Further,
they have also argued that the red shift in the absorption edge could be due to the emergence of color
centers and the doping (heavily) may completely lead to the formation of material with completely
different chemical composition from TiO, with different electronic band structures. However, it should
be noted that the anion-doped TiO; is considered as the second-generation photocatalysts [60].

3.2.2. Cationic Doping in TiO,

As described, the cationic doping essentially introduces the intra-band energy levels close to the
CB of TiO,, which leads to the red shift in the optical property of the system and it is also observed in
various cations such as transition metal, [61-63], rare-earth [64-66], and other metals [67-69] doped
TiO,. However, the main drawback of the cation doping is the creation of more trapping sites for
charge carriers (both electrons and holes) that considerably reduces the efficiency of the photocatalyst.
This is because the trapped carriers tend to recombine with the respective mobile carriers in the system.
The mechanism of cation doping is essentially to tune the Fermi level and electronic structure of
d-electron configuration in TiO,, thereby to tune the energy levels to absorb the visible light energy
and to enhance the overall photocatalytic efficiency of the system as shown in Figure 4a—c [70-72].
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Figure 4. Band gap engineering in TiO, via (a) Fe, (b) Ce, (¢) Cu doping, showing the formation
of dopant energy states underneath the conduction band of TiO, and associated carrier dynamics
(reproduced with permission from refs. [70-72], respectively).

Consequently, there have been many cations doped in TiO, towards enhancing its PC activities.
In such cation doping, TiO; has been doped with the (i) transition metals such as Sc, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Y, Zr, Nb, Mo, Cd, and W [73-84]; (ii) rare-earth metals such as Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Er, Yb, and La [85-89]; and (iii) other metals such as Li, Mg, Ca, Se, St, Al, Sn, and Bi [90-97]. In the
case of rare earth elements doping, the electronic configurations such as 4f, 5d, and 6s are found to be
favorable to tune the band edge positions, density of states, and width of VB and CB via altering the
crystal, electronic, and optical structures in TiO;, [98-100]. In addition, the rare earth elements tend to
form complexes through their f-orbital and form various Lewis-based organic compounds, thereby
improving the photocatalytic activities of TiO, [101,102]. For instance, lanthanum (La) leads to the
NIR absorption in TiO; [103], cerium (Ce) owing to its tunable electronic configuration of 4f states,
such as 4f 0540 (Ce**) and 4f 540 (Ce3*), where it leads to the formation of mid-band gap in TiO, that
facilitates the absorption of in the visible region 400-500 nm [104,105].

3.3. Hetero-Junction TiO,

Coupling of TiO, with other semiconductors, especially narrow band gap semiconductors to form
a heterojunction, is considered to be one of the promising strategies to improve the photocatalytic
efficiencies of the system [106,107]. The selection of semiconductors towards forming the heterojunction
should be made in such a way that they have different band edge potential and conducting types.
For instance, Figure 5a,b depicts the charge transfer mechanisms in the p-n and non p-n junctions
between the semiconductors [107]. Such configuration provides several features to the system, such
as it helps improve the (i) charge separation, (ii) life time of the charge carriers, (iii) recombination
resistance, and (iv) interfacial charge transportations towards the adsorbed molecules [106,107]. The
semiconductor that coupled with the host-semiconductor would typically act as a sensitizer. In such
cases, it is the sensitizers that get excited and transfer/inject the carriers into the host-semiconductor
and, therefore, the VB of the sensitizer should be more cathodic than the VB of TiO,, so that the holes
cannot migrate to the TiO,; thereby, the charge separation remains in the system [108]. These kinetics
facilitate the phenomenon of electron injections into TiO, as demonstrated in Figure 5c,d [109]. Based
on such thermodynamics of heterojunction formations, Bessekhouad et al. developed Cu,O/TiO,,
BipyO3/TiO;, and ZnMn,O,/TiO; heterojunctions towards the photocatalytic degradation of multiple
organic pollutants Orange II, benzamide, and 4-hydroxybenzoic under UV-visible light [109]. In this
study, they have discussed that the CB of Cu,0 is positioned at —1.54 eV, which is more negative
than the CB of TiO, (-0.41 eV) that favored the transfer of electrons to TiO, from Cu,O. Importantly,
such electrons-transfer kinetics led to the faster degradation of Orange II molecules as compared
to benzamide and 4-hydroxybenzoic molecules as they require more holes oxidation. The same
results were also observed in the case of Bi;O3/TiO; heterojunction. In the case of ZnMn,O,/TiO,
heterojunction, the CB position of ZnMn,0Oy is estimated to be +0.062 eV, which is greater than the
CB of TiO,. Under such circumstances, the electrons excited to the CB of ZnMn,O4 could not be
transferred to TiO,, but the opposite would happen when the TiO, is excited. However, ZnMn;0,/TiO,

22



Catalysts 2019, 9, 680

heterojunction was not found to be effective and, in fact, it had a tendency to decrease the efficiency of
TiO,. From their results, they finally concluded that the band edge positions of the semiconductors
involved should be compatible for an effective inter-particle electron injection to happen in the system
and, more importantly, the generated holes must be promoted and react highly at the surface to have
an improved carrier separation process.

(a) p-type Electric field (b)

TiO,

Figure 5. Schematic diagram showing the energy band structure and electron-hole pair separation in
the (a) p-n heterojunction; (b) non p-n heterojunction; (c) energy diagram illustrating the coupling of
two SC in which vectoral electron transfer occurs from the light-activated SC to the non-activated TiO,;
(d) diagram depicting the coupling of SC in which vectoral movement of electrons and holes is possible
(reproduced with permission from refs. [107,109]).

As aforementioned, the charge transportation mechanism in heterojunction structure is dependent
upon the band-edge levels of the semiconductors forming the heterojunction. For instance, the
Fe304/TiO; has been widely studied in this direction. Liu et al. [110] reported the 3D flower-like
a-Fe;O3@TiO; core-shell nanostructures, in which the observed photocatalytic efficiency was attributed
to the interfacial charge transportation.

As shown in Figure 6a, where they have irradiated the photocatalyst under UV-visible light,
it will excite both the semiconductors. Upon the contact of a-Fe,O3 with TiO, system, the excited
electrons in o-Fe;O3 get injected into the CB of TiO, due to the relative work function of «-Fe,O3 (5.88
eV) and TiO; (4.308 eV) system as it leads to the positioning of CB of TiO, to be positioned below
the CB «-Fe;O3. The study by Xia et al. [111] proposed the charge transfer kinetics in x-Fe,O3@TiO,
system under UV and visible light irradiation separately, as shown in Figure 6b. They explained that
under visible light irradiation, the carriers get excited in a-Fe;O3 and transferred to TiO,, whereas
no excitation would happen in TiO; as the system is irradiated by visible light and, subsequently,
the charges carrier would be promoted to the surface and perform the photocatalytic redox reaction.
On the other hand, it was observed that the system was irradiated under UV light, carriers in TiO,
get excited, and the x-Fe;O3 becomes recombination center of the photo-induced carriers; as a result,
a-Fe,O3@TiO, exhibits relatively poor photocatalytic activity. To address such issues and towards
making the x-Fe;O3@TiO; to work efficiently, Lin et al. [112] developed TiO, with abundant oxygen
vacancies via self-doping, which greatly shifted the VB edge position to 2.50 eV (vs. NHE), which is
very close to that of x-Fe;O3 (2.48 eV) and unaltered CB position with respect to the CB position of
a-Fep O3, as shown in Figure 6¢c. However, despite the considerable amount of research that has been
done on TiO,-based heterojunction photocatalyst, the carrier dynamics and their transportation, and
thereby the photocatalytic process, should be studied in detail [113,114].
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Figure 6. (a,b) Schematic diagram of the band edge positions and charge transfer mechanism in
various «-Fe,O3@TiO, photocatalytic systems under UV and visible light irradiation. (c) The presence
of abundant oxygen vacancies in TiO; shifts its VB edge position and aligns it to the VB of Fe,O3
(reproduced with permission from refs. [110-112], respectively).

3.4. Z-Scheme-Based TiO,

The concept of Z-scheme photocatalytic process is essentially derived from the natural
photosynthesis process, which demonstrated a significantly enhanced potential towards accomplishing
high photocatalytic efficiencies [115]. The Z-scheme photocatalyst is typically constructed by
coupling two photocatalytic semiconductors, which is likely similar to the conventional heterojunction
photocatalyst [116]. However, Z-scheme has a unique mechanism for the injection/transfer of charge
carrier into the adjacent semiconductor, as shown in Figure 7a,b [117]. Notably, among the two coupled
photocatalysts in Z-scheme, one will be an oxidation and the other will be a reduction photocatalyst. The
selection of such oxidation and reduction photocatalyst will be based on the VB and CB edge position,
which is dependent upon the specific applications [118]. As a result of such meticulous construction,
Z-scheme systems demonstrate exotic features such as (i) simultaneous strong reduction-oxidation
abilities, (ii) spatial separation of reduction and oxidation active sites, (iii) enhanced carrier-separation
efficiency with high redox abilities, and (iv) extended light absorption range [119,120].
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Figure 7. Schematic illustration of the (a) typical heterojunction and (b) Z-scheme photocatalysts
(reproduced with permission from ref. [117]).

In the Z-scheme-based systems, TiO, has been largely used as oxidation photocatalyst owing
to their low VB position and accordingly, it has been coupled with the other photocatalytic systems
such as CdS [121,122], g-C3Ny [123-125], NiS [126], ZnIn,Sy [127], CupO [128], and WO5_, [129] owing
to their high CB position that act as the reduction photocatalysts. As shown in Figure 7a [117], in
the typical heterojunction photocatalyst, the separated electron holes in PCI will be injected into the
respective CB and VB of the PCIIL. In contrast, the charge transfer mechanism in Z-scheme always
follows a signature pathway in which the electrons excited to the CB of low VB photocatalyst will be
injected into the VB of the high CB photocatalyst (Figure 7b) [117]. As listed above, Figure 8a-d shows
the mechanism of various TiO,-based Z-scheme photocatalysts. Interestingly, Fu et al. [128] proposed
a Z-scheme system mediated by Ag located at the interface of the TiO, and Cu,O. They observed that
the TiO, and CuyO coupled photocatalyst demonstrated a relatively poor photocatalytic performance;
as a result, they proposed that upon the irradiation of TiO, and Cu,O, the electrons in the CB of Cu,O
get transferred into the TiO, and meanwhile, the holes in VB of TiO, get transferred to CuyO. Such a
process essentially led to the depletion of hole density in the VB of TiO; and it increased in the VB of
CupO. Under such circumstances, due to the low positive VB edge position of CuyO, it has insufficient
energy to oxidize the OH or H,O molecules. To address such an issue, they introduced Ag into the
interfacial contact of TiO, and Cu,O, as shown in Figure 8e [128].

In this TiO,-Ag-Cu, 0O system, firstly, the equilibrium in Fermi levels has been established; thereby,
upon irradiation, the excited electrons in the TiO, CB get injected into Ag and due to the localized electric
field created by Ag, these electrons are further injected into the Cu,O and enhanced the photocatalytic
efficiency of the system. Further, they proposed that this system keeps the photo-induced holes on
more positive potential (VB of TiO,) and electrons on more negative (CB of Cu,0), which essentially
enhance the redox ability as well as the charge separation efficiencies of the system as a whole.
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Figure 8. Charge transfer mechanism in various Z-scheme-based TiO, photocatalysts, (a) CdS/TiO,,
(b) g-C3N4/TiOy, (c) NiS/TiO,, (d) ZnInyS4/TiO;, and (e) TiO,—Ag—Cu,O (reproduced with permission
from refs. [121,124,126-128], respectively).

3.5. Plasmonic TiO,

Plasmonic photocatalysis is one of the emerging and interesting concepts in this field [130]. These
types of photocatalysts make use of the plasmonic nanoparticles to harvest energy in the visible
region [131]. It extends the absorption range of the photocatalyst in UV-visible-IR region [132]. The
plasmonic nanoparticles also play an important role in alerting the charge transfer mechanism in the
host photocatalysts. The plasmon-mediated process in photocatalysts can occur in four different ways,
(i) direct migration of carriers from the plasmonic particles to photocatalyst, (ii) indirect migration of
carriers between the plasmonic particles and photocatalyst via the localized surface plasmon resonance
(LSPR), (iii) localized plasmonic heating, and (iv) radiative transfer of photons from the plasmonic
particles to the photocatalyst, where these photons will excite the photocatalyst to generate the electron
hole pairs in the system [131-133]. However, the origins and functions of plasmonic photocatalysts are
under hot debate.

Noble metals such as Ag, Au, Pd, and Pt have been integrated with TiO, to produce the
TiO,-based plasmonic photocatalysts. Among them, Ag-TiO, has been relatively largely studied with
different configurations [134-137]. Plasmonic sensitization conventionally happens by the deposition
of plasmonic nanoparticles (NPs) onto the surface of the host photocatalyst. However, there have
been other configurations such as core-shell structuring [137], filling up the plasmonic NPs into the
pores of the host photocatalyst, and composite-like formation [135]. As aforementioned, the plasmonic
nanoparticles can extend the light absorption in the visible region and they can also substantially
influence the charge transfer kinetics the photocatalyst. However, there are essentially two pathways
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proposed regarding their charge transfer, which is either from the (i) plasmonic NPs to photocatalyst or
(ii) photocatalyst to plasmonic NPs [130]. As a result, it has also been proposed that the scheme of such
charge transfer is also determined by the relative band edge potential, conducting type (n/p-type), and
work function of the photocatalyst and plasmonic metal, respectively, and also determined by the light
source that is used to excite the plasmonic photocatalyst system, as shown in Figure 9a-b [134,138].

metal p-type s.c.

metal n-type s.c. y metal p-type s.c.

S - Visible light . . . .oon - l UV light

b ' . § N

OH *OH

Figure 9. (a) Band bending occurs in the metal-semiconductor junction and (b) charge transfers in
plasmonic photocatalyst, depending upon the light source irradiated (reproduced with permission
from refs. [134,138], respectively).

As depicted in Figure 9a [138], the work function of the metal nanoparticle with respect to the host
semiconductor also directs the course of charge transfer in the plasmonic photocatalyst. For instance,
the work function of Au, Ag, and anatase TiO; has the work function of 5.23, 4.25-4.37, and 5.10 eV,
respectively, where the Au-TiO, and Ag-TiO, follow the Schottky-junction and Ohmic-junction,
respectively, for the charge transfer in the system, as shown in Figure 10a,b [139]. Compared to the
Ag and Au, the surface plasmon resonance (SPR) properties of Pt/Pd-deposited TiO, has been less
explored [140]. However, these metal NPs have been explored as a co-catalyst for various photocatalyst
systems [141-143]. This is because the plasmonic peak of Pt NPs appears below 450 nm, while the SPR
properties of Ag and Au can be well tuned in visible to IR region, and therefore, the Pt and Pd NPs
have not been typically used for developing the plasmonic photocatalysts [144-146].
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Figure 10. Work function dependent band-bending in (a) Au/TiO,, (b) Ag/TiO, plasmonic systems
(reproduced with permission from ref. [139]).

3.6. Ferroelectrics Modified TiO;

Ferroelectrics are defined by the spontaneous electric polarization that can be induced by an
external electric field, where the induced spontaneous polarization will be permanent in the material
and it essentially originates from the off-center displacements of ions in a non-centrosymmetric crystal
system [147]. In ferroelectric materials, the internal screening induced by the free carriers and the bulk
defects lead to the distribution of charge carriers in the near surface of the material, which essentially
creates a space-charge region and band bending in the system [148]. These features greatly help in
the photocatalytic process. The bands of ferroelectrics bend at the near the surface or interface region,
depending upon the positive or negative spontaneous polarizations, as shown in Figure 11a,b [149].
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Figure 11. Schematic diagram of band bending in a ferroelectric material; (a) a surface with negative
polarity and (b) a surface with positive polarity.

For instance, in a negatively polarized surface, the electrons will be depleted from the surface,
which leads to a creation of a spatial-charge layer (depletion layer) with “upward” band-bending. On
the other hand, in a positively polarized surface, the electrons will be accumulated for screening, which
leads to a “downward” band bending in the system along with formation of a spatial accumulation
charge layer. Thereby, these interesting features in ferroelectric, along with such deformed migration
of charge carriers, largely helpful to exhibit exotic photo-active chemical properties [150,151]. The
features such as the spontaneous polarization, deformed migration of carriers, surface charges, band
bending process, and the external and/or internal screening effects altogether direct the photo-induced
charge carriers in a ferroelectric toward an effective oxidation and reduction reaction for various
photocatalytic applications [152-158].
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Ferroelectric materials such as BaTiO3 [159-161], BiFeOs [162,163], PbTiO3 [164] have been
successfully integrated with TiO, to produce ferroelectric-TiO, photocatalysts. Zhang et al. have
explained how the ferroelectric phenomenon influences the photocatalytic activity of the system, where
they demonstrated it using BiFeOs/TiO; system [162]. They proposed a plausible energy level for the
BiFeO3/TiO, system, as shown in Figure 12a,b. According to this diagram, the energy levels at the
interface of BiFeO3; (BFO) and TiO, are strongly influenced by the induced polarization in BiFeO3,
where it bends the band of BFO upward when the polarization in negative (i.e., away from the surface)
and downward when the polarization is positive (i.e., towards the surface). Under such circumstances,
the photo-induced electrons in negative domains are impeded by the energy barrier at the interface;
meanwhile, in positive domains, the electrons are moved to the interface, in such a way that it facilitates
the photocatalytic activity with enough redox abilities of the excited charge carriers in the system [163].
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Figure 12. The energy bands at the BiFeO3/TiO, interface bend (a) upward and (b) downward
corresponding to the applied polarization (reproduced with permission from ref. [162]).

3.7. Carbon-Based TiO, Composites

Carbon-based materials-modified TiO, photocatalysts demonstrate significant enhancements
in the photocatalytic process due to various reasons such as (i) high surface area, (ii) enhanced
electrical conductivity, (iii) tunable optical properties, (iv) improved surface adsorption efficiency, and
(v) controllable structural features [165-167]. These properties essentially help improve the overall
properties of the photocatalysts. For instance, the enhanced surface area populates more catalytic-sites
on the surface of the catalysts. The enhanced electrical conductivity improves the charge separation
and transportation characteristics of the system. The tunable optical properties help activate the
photocatalyst under a desirable light source such as visible light and/or sunlight. The improved
surface adsorption essentially paves the way for the adsorption of surrounding molecules onto the
surface of the photocatalyst that eventually enhances the interfacial interaction of the photocatalyst
and molecules. Finally, the controllable structural features of carbon materials such as quantum dots
(fullerenes) [168-170], 2D materials (graphene, g-C3Ny4) [171,172], 1D materials (carbon nanotubes
(CNTs), carbon fibers) [173-176], and 3D materials (carbon spheres, flowers) [177,178] offer unique
charge transportations and improve the overall efficiency of the carbon-based photocatalytic materials.

TiO; has been modified by the variety of carbon-based materials such as carbon doping, carbon
coating, composites with activated carbon, graphene/graphene oxide/reduced-graphene oxide, g-C3Ny,
CNTs, carbon fibers, anisotropic carbon structures, etc. [165-178]. The general photocatalytic
mechanisms of these carbon-based TiO, systems are summarized in Figure 13a-d [168,179-181]
Yu et al. [168], have reported the mechanism of carbon quantum dots (CQDs)-integrated TiO, towards
photocatalytic H, production. The CQDs play a dual vital role in the improved photocatalytic properties.
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During the photocatalytic excitation under UV light, the CQDs act as (i) electron reservoirs and (ii)
photo-sensitizers. The former role of CQDs essentially plays a role in trapping the photo-generated
electrons from the conduction band of TiO, and facilitates the enhanced process of electrons-holes
separation. On the other hand, the latter characteristics of m-conjugated CQDs is to sensitize the TiO,
as similar to the organic dyes, towards making it a visible light active “dyade”-like structure, where
it gives the electrons to the CB of TiO, and leads to the visible light-driven hydrogen production
(Figure 13a) [168].
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Figure 13. Photocatalytic mechanism in various carbon-TiO, systems, (a) carbon QD-TiO,, (b)
carbon nanotubes (CNT)-TiO,, (c) g-C3Ny-1Go-TiO,, (d) rGO-TiO; (reproduced with permission from
refs. [168,179-181], respectively).

The carbon nanotubes (CNTs), owing to their large electron-storage capacity (per electron for every
32 C-atoms), accept the photo-induced electrons from the supported semiconductor and, thereby, they
largely hinder the recombination of charge carriers [179]. It is believed that the excellent conductive
nature of the CNTs promotes the electron-hole separation via the formation of a heterojunction between
CNTs and semiconductors. For instance, as similar to the carbon QDs, the CNTs also play a dual role in
the photocatalytic process. Accordingly, the freely moving electrons in the excited TiO; get transferred
into the CNTs scaffolds, where the excess holes in the VB in TiO, are set to reach and react with the
H,0O and OH™ to generate radicals such OH® as shown in Figure 13b [179]. On the other hand, it is
known that TiO; is UV-driven, but it is observed that the CNTs-TiO, nanocomposites have become
visible light driven, which is attributed to the photo-sensitizing effect of CNTs. In this scenario, the
photo-induced electrons in CNTs (sensitizers) get injected into the CB of TiO; and lead to reducing the
adsorbed molecular oxygen to form the superoxide species. In parallel, the holes in these positively
charged CNTs react with H,O and form OH?® radicals, as shown in Figure 13b.

Yu et al. [180] have demonstrated that the coupling between TiO, and g-C3Ny cannot lead to the
formation of heterojunction; rather, it always tends to form the Z-scheme-based photocatalyst system.
Based on their experiments, they have explained the phenomenon that if TiO, and g-C3Ny form a
heterojunction, then the following scenario will emerge. Under the UV exposure, the photo-induced
holes will get transferred from the VB of TiO, to that of the g-C3Ny4 and the electrons will get transferred
from CB of g-C3Njy to that of the TiO;. As a result, the holes of g-C3N, cannot oxidize the adsorbed
H,0 or OH™ to form the OH*® radicals due to the higher potential of VB of g-C3Ny with respect to the
H,O/OH™ couple. Such a process eventually leads to the lower oxidation, thereby the photocatalytic
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efficiency of the system is much lower than the TiO,. However, the observed photocatalytic efficiency
of TiOy/g-C3Ny is higher than the individual counterparts, which essentially means that this system
forms a direct Z-scheme system without the electron mediator, as shown in Figure 13c [180].

The photocatalytic mechanism in the reduced graphene oxide (rGO)-TiO, composite has been
proposed by Tan et al. [181] as shown in Figure 13d. In the rGO-TiO; composite, the d and 7 orbital of
TiO, and rGO, respectively, matches well in their energy levels and they overlap each other well (d-m).
As a result, rGO is bound to serve as an electron-collector as well as a transporter towards effectively
separating the photo-induced electron-hole pairs, which eventually enhances the lifetime of the charge
carriers as well, and thereby the photocatalytic efficiency of the rGO-TiO, system [182-185].

3.8. 2D-Transition Metal Chalcogenides Modified TiO,

It is well established that the large surface-to-volume ratio of 2D nanostructures can provide more
surface-active sites for the photocatalytic reactions. The planar structure of 2D materials essentially
favors the charge transportations across the interfaces of the catalyst and surrounding phases and
thereby it drastically improves the photocatalytic efficiencies [186]. Moreover, as compared to other
nanostructures, the 2D nanostructures exhibit exotic properties owing to the atomic arrangements
with surface atomic elongation and structural-disorder characteristics [187]. These interesting physical
structure-induced properties of 2D materials largely contribute in enhancing the photo-stability and
chemical durability of the photocatalyst. Furthermore, 2D materials, due to their flat band potential
and effective band bending at the interface, help tune the band gap energies and band-edge positions
of the photocatalysts [188]. Specifically, when these 2D materials couple with the other metal and metal
oxides, their unique 2D structures serve as a matrix for those integrated materials and enhance the
optical and electrical properties of the system as a whole [189-191]. In this direction, the 2D transition
metal chalcogenides (2D TMC) with general chemical formula of MX;, M = Mo, or W and X =S, Se, or
Te serve as both the independent or composite photocatalytic materials [191]. Accordingly, TiO; has
been modified with these 2D TMC materials to avail their structural features and unique properties
towards various photocatalytic applications.

Among the listed 2D TMC materials, the MoS,/TiO; system has been largely explored for the
photocatalytic applications [192-197]. Interestingly, the charge transfer in this system depends upon
the photon energy used to excite the system. The Figure 14a,b shows the charge transfer in a MoS,/TiO,
system that irradiated under UV and visible light, respectively [198,199]. When the MoS,/TiO,
system irradiated under UV light, the electrons that were excited in TiO, will be transferred to the
attached MoS; nanosheets; thereby, this process significantly limits the electron hole recombination
and promotes carrier separation by effectively transporting to the adsorbed H* ions to reduce them
to produce molecular hydrogen. On the other hand, when the MoS,/TiO, system is irradiated under
visible light, the electron transfer occurs from the MoS, to TiO,, as shown in Figure 14b [199]. It should
be noted that the TiO, used in this study is doped with N species that facilitates visible light absorption
in TiO; as well. Therefore, the coupling of MoS; with TiO, promotes the excited electrons to the CB of
TiO, from the CB of MoS,. The further photocatalytic reactions essentially occur via the conventional
redox reactions on the surface of the photocatalyst.
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Figure 14. Photocatalytic charge transfer process in MoS,/TiO, under the irradiation of (a) UV light
and (b) visible light (reproduced with permission from refs. [198,199]).

Zhang et al., have reported the possible charge transfer mechanism in P25-TiO,/MoS, and
P25-TiO,/WS, systems under UV-visible irradiation [200]. Accordingly, the excited electrons in
P25-TiO,/MoS, migrate from the CB of TiO, to the CB of MoS,, while it occurs vice versa in the
P25-TiO,/WS; system, as shown in Figure 15a,b [200]. The observed charge transfer mechanism is
essentially due to the relative band-edge potentials of the semiconductors involved in the composite.
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Figure 15. Photocatalytic charge transfer mechanism in (a) P25-TiO,/WS, and (b) P25-TiO,/MoS,
(reproduced with permission from ref. [200]).

Similar to the aforementioned systems, there are alternative hypotheses to explain the charge
transfer mechanism in MoSe,/TiO; system. Chu et al. [201] and Shen et al. [202] have proposed that
the MoSe,/TiO, follows the heterojunction mechanism towards the charge transfer process in the
system, as shown in Figure 16a [201]. Accordingly, the type-II heterostructure, which formed between
MoSe; and TiO,, facilitates the electron transfer from the CB of MoSe; to that of TiO, and reduces the
recombination process, prolongs the lifetime of the carriers, and provides an enhanced conductivity
in the system towards transporting the carriers to the surrounding for the effective photocatalytic
process. On the other hand, Zheng et al. proposed that this system follows the Z-scheme to transfer
the charges from the TiO; to MoSe; [203]. According to their hypothesis, the MoSe,/TiO, (nanotubes)
photocatalyst could not form a type-II heterojunction. This may be because of the reason that the
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holes in TiO, VB are likely to migrate into the MoSe, VB if type-II has been formed. However, their
experimental investigations using ESR and PL demonstrated that the proposed charge is not possible,
owing to the low potential of 0.98 V that cannot effectively oxidize the adsorbed surface H,O to produce
OH?* radicals. Therefore, the photo-generated electrons in the CB of TiO, might have been transferred
and recombined with the holes in MoSe; VB, leaving the holes in the VB of TiO; and electrons in the
CB of MoSe; via constructing a ‘direct Z-Scheme’ to augment the photocatalytic redox reactions in
the system, as shown in Figure 16b [203]. Similarly, the WS,/TiO; system has also been explored for
various photocatalytic applications and their mechanisms [204-210].

)
(a) & (b)
2 N
£ Vis N
: 3 . o Reduction’ —— I
g vwe—‘“i 3 — -0.76 V 4-NP/4-AF
] = € 028V 0,/ 0,
Ed 5 \ CB
= -5
3 WhT .......................
= 6 / i
E e
2 s MoSe, VB
.......... . 2.70 VOH /-OH
TiO,

Figure 16. Charge transfer mechanism in MoSe;/TiO; (a) heterojunction and (b) Z-scheme (reproduced
with permission from refs. [201,203]).

3.9. Metal-Organic Framework-TiO, Composites

Metal-organic frameworks (MOFs) are an exotic class of crystalline materials with inherent porous
structures. MOFs are constructed using the metal clusters that interconnected by organic ligands
built into a 3D networked structure. Their unique properties, such as the well-ordered porosity, very
high specific surface area, and tunable surface chemistry, have made them a promising material for
various applications, including photocatalysis. MOFs can be reliable photocatalytic materials due
to semiconductor-like properties. In addition, they possess high surface area that largely facilitates
enhanced surface catalytic activities; the metal clusters play a role in the effective absorption of incident
photons and charge separation, while the ligands favor the charge transportations in the system.
However, the major issue in MOFs is the moderate charge separation that considerably reduces the
overall photocatalytic efficiency of the MOFs [211-216].

Yao et al. proposed the observed superior photocatalytic efficiency of TiO,@-NH,-UiO-66
composites towards the degradation of styrene [217]. According to their findings, (i) the plenty of
available interconnected nanopore facilitated the enhanced and rapid diffusion of the surrounding
styrene molecules into the pores of MOFs, where the encapsulated TiO, effectively oxidized the
molecules with the produced oxidation radical species, and (ii) the linkers in MOFs acted as antenna to
augment the light absorption and sensitize the TiO; and led to the effective absorption of light towards
the transportation of charge carriers in the system; thereby, it demonstrated excellent photocatalytic
activity [217].

Similarly, the photocatalytic efficiency of TiO,/NH,-UiO-66 nanocomposites towards CO,
reduction has been demonstrated by Crake et al. [218]. Based on their observations, the composite
of NH,-UiO-66 and TiO, can lead to the formation of type-II heterojunction. This could essentially
be because of the factor that the CB position of NH,-UiO-66 lies at —0.6 eV, while the TiO, CB lies
at a more negative potential at —0.28 eV, as shown in Figure 17a [218]. They have further proposed
that the photocatalytic activity of TiO»/NH,-UiO-66 nanocomposites was mainly ruled out by (i) the
concentration of TiO,, (ii) the effective charge separation characteristics of NH,-UiO-66, and (iii) the
enhanced availability of charge carriers at the interface of the TiO,/NH,-UiO-66 system. Ling et al.
have synthesized a ternary nanocomposite composed of TiO,/UiO-66-NH,/graphene oxide and studied
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towards the photocatalytic dye (RhB) degradation and H, evolution [219]. They have reported that,
under the visible excitation, the electrons tend to transfer from RhB* to CB of MOFs to CB of TiO, due
to the cascading potential of these systems. Under such circumstances, the integrated GO captures the
electrons from the CB of TiO, that eventually enhances charge separation, thereby accelerating the
dye removal. On the other hand, the electrons from GO further migrate to the Pt and lead to the H,
production. It is also possible that the electrons from RhB* can get directly injected into Pt and produce
Hy, as shown in Figure 17b [219]. Similarly, there have been other TiO,/MOFs-based photocatalytic
systems reported [220-225].
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Figure 17. Photocatalytic charge transfer process in (a) TiO,/NH,-UiO-66 for CO, reduction and
(b) TiO,/NH,;-UiO-66/GO/Pt for dye removal and H, production (reproduced with permission from
refs. [218,219]).

3.10. Reduced/Defective/Colored TiO,_, Photocatalysts

The off-stoichiometricity in TiO,, which is induced by processes such as self-doping by Ti** ions
and oxygen vacancy creations (V,), plays an important role in enhancing the visible light absorption
and photocatalytic efficiency of the TiO, materials [226-230]. Based on such a modification approach,
TiO; has been synthesized in a variety of “colors” such as black, blue, red, and yellow. The reduced
band gap energy in off-stoichiometric TiO, essentially originates due to the formation of localized
energy states (0.75-1.18eV) underneath the CB minimum of the TiO, [231]. As compared to any
other modification strategies, the self-doping and/or oxygen vacancy creation is more favorable for
maintaining the intrinsic properties of the TiO, as well as to introduce the visible light absorption
characteristics and enhance the photocatalytic efficiencies of TiO, [232-234].

The first black-TiO, was produced by Chen et al. with band gap energy of around 1.0 eV via
high-pressure hydrogenation process in the crystalline TiO; [235]. The general mechanism for the
formation of black TiO, is broadly attributed to the presence of Ti** by self-doping, formation of
hydroxyl groups on the surface, oxygen vacancies, Ti-H bonds, and the formation of H-energy states
in the mid-gap of the TiO, band structure, which eventually dispersed the VB in TiO,, as shown in
Figure 18a [235]. Zhu et al. synthesized the stable blue TiO, nanoparticles [236] and proposed the
origin that the observed blue color could be due to the high concentration of Ti3* defects in the bulk
and the formation of mid-gap electronic energy states beneath the band gap of TiO,. As a result,
the observed enhanced photocatalytic properties were attributed to their unique structural features,
which is the disordered-core/ordered-shell-like structure. This essentially means that the TiO, was
stoichiometric at the surface while it was off-stoichiometric in the core. These features collectively
improved the overall photocatalytic efficiencies of the blue TiO; by enhancing the charge separation
and transportation, as shown in Figure 18b [236].

34



Catalysts 2019, 9, 680

(a)

> conduction
_____ band

Y 33ev
2.18 eV
(N
valence
band

Black TiO, white TiO,

1,54eVI

Figure 18. Band gap structure of (a) black-TiO; and (b) blue-TiO, (reproduced with permission from
refs. [235,236]).

Wau et al. developed ultra-small yellow TiO, nanoparticles via simple sol-gel process with UV
treatment technique. Based on their experimental findings, the origin of the observed yellow color of
TiO; could be due to titanium vacancies (V1;) and titanium interstitials (Ti;) as shown in Figure 19a [237].
Interestingly, Liu et al. prepared the red anatase TiO, via a gradient co-doping of B-N into the system.
It was observed that the band gap energy varied from 1.94 eV on the surface to 3.22 eV in the core, as
shown in Figure 19b [238].

(a) Relaxation ;(pansion (b) B/N rich | BIN free

Figure 19. (a) Structure of yellow-TiO, and (b) anatase red TiO, via gradient B-N co-doping (reproduced
with permission from refs. [237,238]).

Ren et al. reported that the NaBH,4 reduced TiO, photocatalysts with a range of colors such as
white, light-yellow, light-grey, and dark-grey, which were prepared by varying the concentration of the
reducing agent NaBHy, as shown in Figure 20a [239]. The observed color variation was attributed
to the self-doping of Ti®* ions into the TiO,. Similarly, Fan et al. reported the synthesis of TiO,
with white, dark brown, light brown, yellow, light yellow, gray, yellowish gray, and yellowish white
color (Figure 20b) that were derived from the amorphous hydrated TiO, through hydroxylated and
N-doping process with a controlled degree of disorders using a heating treatment technique [240]. In
this study, the observed color variation was attributed to the heating process that turned the Ti-OH
bonds in amorphous TiO; into the Ti-O bonds that transformed the disordered TiOg octahedron into
a regular 3D structure. As a result, the formed hydroxylated anatase TiO, with enhanced degree of
disorder strongly influenced the optical transition in TiO, and narrowed down the band gap energy.
Further, these colored TiO, materials have also demonstrated enhanced photocatalytic efficiencies
towards the degradation of acid fuchsin under visible light.
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Figure 20. Photographic images of the (a) chemically reduced TiO, with increasing concentration of
NaBHjy and (b) hydroxylated and N-doped anatase TiO, that were derived from the amorphous hydrate
TiO, at the increasing processing temperature (reproduced with permission from refs. [239,240]).

4. Summary and Outlook

Undoubtedly, TiO; is indeed an interesting material for various photocatalytic applications. As
described, the fundamental photocatalytic process involves the excitation of photo-induced carriers
and their successful transfer to the surface to produce the desired redox species towards the designated
photocatalytic application. The versatile applications emerge essentially due to the produced redox
species with appropriate energy, which is dictated by the band edge potential of the photocatalyst.
Since TiO; inherently meets such requirements, it has been successfully used for various photocatalytic
applications. However, TiO; has limitations such as its wide-band gap, moderate charge separation
efficiency, etc. To overcome such limitations, TiO, has been both physically and chemically modified.
Accordingly, herein we provided a glimpse on the various modifications that were performed on
TiO, towards enhancing its photocatalytic efficiencies. These modifications include morphological
modifications, anionic-cationic doping, heterojunction formations, Z-scheme formations, plasmonic
integrations, ferroelectric integrations, carbon-based materials integrations, 2D transition metal
chalcogenide integrations, metal-organic framework integrations, and defects inducements in TiO5.
We also have discussed the charge transfer mechanism that manifests in these various modified-TiO,
photocatalytic systems.

TiO, can be a prototype photocatalyst, which can be used to design new photocatalytic materials.
The meticulous investigations on TiO, for their photocatalytic mechanism can be better applied
towards its effective applications in photocatalysis. In this direction, the further improvement in TiO,
could be the establishment of techniques to intrinsically modify the TiO, towards their photocatalytic
enhancements. Such known techniques are the inducement of defective structures in TiO, through
self-doping, atoms in interstitial positions, oxygen-, and Ti-vacancies. For instance, instead of doping
the N atoms into TiO,, the O atoms can be partially replaced by N atoms to form oxy-nitrides
and so the oxy-phosphates, oxy-sulfur, oxy-carbon, etc., can be formed by partially replacing the
O atoms with P, S, and C, respectively. These modifications may lead to the formation of entirely
different TiO,-based materials with possibly new crystal phase and structure and can exhibit enhanced
photocatalytic efficiencies. Towards applications, TiO, can be explored for new photocatalytic processes
such as the production of H»/O, from the atmospheric vapor, dark-photocatalysis, hydrogen storage,
biodiesel productions, etc. TiO, should be consistently explored towards further understanding of
their photocatalytic mechanisms and finding new photocatalytic applications.
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Abstract: Photocatalytic technology has been considered to be an ideal approach to solve the energy
and environmental crises, and TiO; is regarded as the most promising photocatalyst. Compared with
bare TiO,, TiO; based p-n heterojunction exhibits a much better performance in charge separation,
light absorption and photocatalytic activity. Herein, we developed an efficient method to prepare
p-type TiO, quantum dots (QDs) and decorated graphitic carbonitrile (g-C3N4) nanocomposites,
while the composition and structure of the TiO,@g-C3Ny were analyzed by X-ray diffraction, Fourier
transform infrared spectroscopy, thermogravimetric analysis, transmission electron microscopy,
X-ray photoelectron spectroscopy and UV-visible diffuse reflectance spectroscopy characterizations.
The characterization results reveal the surface decorated TiO, quantum dots is decomposed by titanium
glycerolate, which exhibits p-type conductivity. The presence of p-n heterojunction over interface is
confirmed, and photoluminescence results indicate a better performance in transfer and separation of
photo-generated charge carriers than pure semiconductors and type-II heterojunction. Moreover,
the synergy of p-n heterojunction over interface, strong interface interaction, and quantum-size
effect significantly contributes to the promoted performance of TiO, QDs@g-C3N4 composites. As a
result, the as-fabricated TiO, QDs@g-C3Ny4 composite with a p/n mass ratio of 0.15 exhibits improved
photo-reactivity of 4.3-fold and 5.4-fold compared to pure g-C3Ny in degradation of organic pollutant
under full solar spectrum and visible light irradiation, respectively.

Keywords: p-n heterojunction; g-C3Ny; TiO,; charge separation; photocatalysis

1. Introduction

With the increasing concerns regarding the global environmental and energy-related crises
over the past decades, photocatalytic technology has been considered to be an effective approach
since the foundation of Fujishima-Honda effect in 1972 [1,2]. The key for an efficient photocatalytic
process lies in the design and construction of highly active photocatalyst, which requires a wide light
absorption edge, fast transfer and separation of photo-generated charge carriers, and quick surface
redox reaction [3-7]. TiO; is regarded as the most promising photocatalyst due to the advantages such
as earth abundance, low price, excellent thermal and chemical stability, and being environmentally
friendly [8,9]. Unfortunately, the broad band gap (i.e., 3.2 eV for anatase) means TiO; can only be
excited by ultraviolet (UV) light, which is less than 5% in the solar spectrum. Meanwhile, the fast
charge recombination rate in single TiO, also results in a low quantum efficiency. Therefore, it is an
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urgently necessary to promote the light absorption and charge separation efficiency of TiO, to meet the
requirements of industrial applications [10,11].

Recently, many researchers have focused on the modification of TiO, towards an improved
photocatalytic performance, including for: morphology modulation [12-14], metal or nonmetal
doping [15-18], defect engineering [19-22], and fabrication of hetero/homojunction [2,23-27]. In our
previous reports, we found that the introduction of titanium vacancies into TiO, will widen the valence
band, which controls the mobility of holes inherently and thus increase charge separation efficiency.
Moreover, the introduction of metal vacancies can alter TiO, from an n-type semiconductor to a p-type
semiconductor [28]. Pan et-al. modified p-type TiO, with n-type TiO, quantum dots (QDs) to construct
p-n homojunction, and the resulted p-n homojunction exhibits significantly high photo-activity compared
with pure type TiO,, which is attributed to the formation of large electronic field over the interface [29].
Moreover, besides the influence of p-n homojunction, quantum sized TiO, can also enhance the charge
separation due to the quantum size effect [13,30-32]. However, in these reports, both the titanium
defected TiO, and TiO, QDs still absorb only UV light, which limits their applications under sunlight.

Graphic carbon nitride (g-C3Ny) is a promising metal-free photocatalyst in the field of H, production,
organic pollutant degradation, CO, reduction, and artificial photosynthesize due to the suitable band
structure (2.7~2.8 eV), excellent chemical and thermal stability [33-37]. Usually, g-C3Ny is synthesized by
thermal condensation of melamine, urea or other triazine derivatives, but the resultant product exhibits
an irregular 2D aggregation structure, leading to a lower surface area and electrical conductivity, as well
as an increased charge carrier recombination [38,39]. Both theoretical and experimental results suggest
that nanosheet structured g-C3Ny will exhibit a larger surface area and lower charge transfer resistance,
so the exfoliation of bulk g-C3Ny into nanosheets has been regarded as an effective approach to promote
the photocatalytic performance of g-C3Ny [40,41]. Wang et-al. applied a liquid exfoliation method on
bulk g-C3Ny to prepare layer g-C3Ny, and the charge transfer resistance decreased by 75% according to
the electrochemical impedance spectroscopy (EIS) results, indicating a lower charge recombination [42].
Cheng et-al. conducted an exfoliation treatment on bulk g-C3Ny using a simple thermal oxidation etch
method, and g-C3Nj nanosheets with layer thickness of 2 nm and surface area of 306 m?/g were obtained.
Compared with bulk g-C3Ny, the charge carrier life in the as-prepared g-C3Ny nanosheets is prolonged
because of the quantum confinement effect [43]. Li and coworkers also reported the synthesizing of 6-9
atomic thick g-C3Ny nanosheets by a thermal exfoliation approach, the photocatalytic degradation rate is
2.9 times higher than that of bulk g-C3Ny [44]. Therefore, the exfoliation of bulk g-C3Ny to nanosheets
can effectively increase the surface area, and thus improve charge transfer and separation.

Construction of heterojunction is an effective approach to improve the photocatalytic performance
by combining both the advantage of two semiconductors, and the electronic field will enhance the charge
transfer and separation across the interface. Type II heterojunction with staggered band alignment
is the most widely studied structure. Jiang et-al. placed 5.5 nm sized TiO; on g-C3Ny nanosheets.
Due to the formation of type-II heterojunction, the resultant composites exhibited a Rhodamine B (RhB)
degradation rate of 2.5-fold compared to pure g-C3Ny [25]. However, this is due to the fact that the work
function of the same types semiconductor is closed to each other, which limits the driving force in type-II
heterojunction. Instead, with different conductivity types semiconductor contacts, p-n heterojunction
will be formed and the difference of the work function is large enough to realize a more efficient charge
carrier separation [26,29]. For example, Wang et-al. reported that Cu,O/TiO; p-n junction exhibits a
much better photoelectrochemical activity than that of pure TiO, and pure Cu,O [27].

In this work, based on the improvement of our previous work [26,28,29], nanosized titanium
glycerolate (TiGly), precursors of p-type TiO, quantum dots, were successfully synthesized and in-situ
deposited on the surface of g-C3Ny, TiO,@g-C3N4 nanosheet p-n heterojunctions were then obtained
after calcination in air. This p-n junction can achieve the function of killing three birds with one stone:
p-type TiO, QDs for promoted charge separation, g-C3N4 nanosheets for lower charge resistance and
p-n junction for enhanced charge transfer over interface. Therefore, compared with pure g-C3Ny
and TiO,/g-C3Ny type-II heterojunction, TiO, QDs@g-C3Ny p-n heterojunctions exhibit promoted

50



Catalysts 2019, 9, 439

electron-hole separation efficiency and excellent photocatalytic performance in degradation of organic
pollutant and hydrogen evolution.

2. Results and Discussion

The synthesizing process of bulk g-C3Ng and TiO,@g-C3Ns p-n heterojunctions were
diagrammatically presented in Scheme 1. Consistent with the literature reported, melamine was
calcined in air at 550 °C and then bulk g-C3Ny4 were obtained. Previously, we have demonstrated that
titanium glycerolate (TiGly) is the precursor of p-type TiO,, the organic groups will be gradually removed
after calcination, and titanium vacancies (Vr;) will be introduced into TiO, during the conjunction
process of the remaining Ti-O-Ti parallel lattice chains. Herein, in order to fabricate TiO,@g-C3Ny p-n
heterojunction, bulk g-C3Ny is synthesized firstly, and then TiGly nanoparticles were in-situ deposited
on the surface of g-C3Ny and labeled as TGC-x according to the added g-C3Njy. After calcination in
air, g-C3Ny was exfoliated and TiGly nanoparticles were decomposed to p-type TiO, QDs (labeled as
PTC-x). The sharp peak at about 27.4° in the X-ray diffraction (XRD) pattern of TGC-x (Figure 1a) can be
attributed to the periodic accumulation of layers of conjugated aromatic systems in bulk g-C3Ny [45].
In the sample TGC-20 and TGC-40, a weak peak appearing at about 10.2°, which is the characteristic
peaks corresponding to TiGly [28], indicating the presence of TiGly nanoparticles. As for TGC-60,
the content of TiGly is too low to be detected.
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After being calcined at 470 °C for 1 h, TiGly nanoparticles will be decomposed into anatase p-type
TiO,. As shown in Figure 1b, no diffraction peaks of TiGly can be observed, only anatase TiO, (JCPDS
No. 21-1272) and g-C3Ny (JCPDS No. 87-1526) can be observed in PTC-x, with no other visible phases
or impurities. Notably, the full-width at half maxima (FWHM) of peaks at 25.3° corresponding to
(101) planes of p-type TiO, nanoparticles is broadened from 0.57 to 0.65 compared with bulk p-TiO,,
so the average particle size of the TiO, nanoparticles is smaller than the bulk p-TiO, according to
Scherer Equation. The same phenomenon can also be observed in bulk g-C3Ny4 and g-C3N4 nanosheets,
the peak at 27.4° corresponding to (002) plane of g-C3Ny nanosheets is broadened and drastically
weakened from PTC-60 to PTC-20, which is due to the decreased thickness of nanosheets during the
thermal exfoliation process [39]. Moreover, we also calculated the lattice constant of the p-type TiO2
nanoparticles based on XRD patterns, the results indicate that a = b = 3.793 A, slightly larger than
normal anatase TiO2 (a = b = 3.785 A for JCPDS No. 21-1272), whereas the c axis shrinks from 9.514 A
t0 9.488 A, which is identical with that of titanium defected TiO5 [28].

Thermogravimetric (TG) tests were conducted to quantify the relative content of TiO, QDs in the
as-prepared samples. As shown in Figure 2, the weight loss of the samples below 80 °C is due to the
removal of surface absorbed water, whereas the weight loss between 80 °C and 400 °C is attributed to
the decomposition of titanium glycerolate as shown in Equation (1) [28,29]. Since bulk g-C3Ny exhibits
almost no weight loss in this range, the weight loss of TGC-x can all assigned to the decomposition
of TiGly. As shown in Figure 2, the weight loss is 20.03%, 9.77% and 7.98% for TGC-20, TGC-40 and
TGC-60, respectively. Therefore, according to Equations (2) and (3), the mass content of TiGly in TGC-x
can be calculated as 43.7%, 21.3% and 17.4%, respectively, corresponding to a p-type TiO, QDs mass
content of 29.6%, 12.8% and 10.2% in PTC-20, PTC-40 and PTC-60, respectively. Additionally, there is a
sight weight increase after 80 °C for all the samples, which may be due to the impurity in the sample
gas used in TG tests, but this deviation will not affect the calculated QDs content in the samples.

TiGly (Tis(C3H403)s) + 140,—3Ti1 O, + 12C0O, + 10H,0 1)
— Ws
Y16 = g 2
_ mrion yrc(1-Wrg) _ y16 ~ ¥16Wre
yTio2 = = ®3)

mriog +mg-cans  yrc(1-Wrg) +1-yrc  1-yrcWrc
Among these figures: yrg is the calculated content of TiGly, %; W; is the weight loss of TGC-x, %;
Wiy is the weight loss of pure TiGly, %; mTio; is the calculated mass of TiO, in unit mass of PTC-x, g;

Mg c3ng is the calculated mass of g-C3Ny in unit mass of PTC-x, g; yrio> is the calculated mass content
of p-type TiO, QDs in PTC-x, %.
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Figure 2. TG profiles of bulk g-C3Ny, TiGly and TGC-x.
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High resolution transmission electron microscopy (HRTEM) analyses were conducted to reveal
the morphology and composition of the samples. Unlike the densely packed bulk g-C3Ny reported
in literatures [39], the as-prepared g-C3Ny exhibits a nanosheet structure, the edges are curled and
rough due to the minimizing surface energy (Figure 3a), which provides a lower resistance pathway
for charge transfer. As shown in Figure 3b—d, the light contrast nanosheets are g-C3N4 nanosheets
whereas the dark contrast are the p-type TiO, nanoparticles decomposed from TiGly. Figure 3e shows
the lattice fingers of 0.35 nm and 0.48 nm in the dark contrast, corresponding to the (101) and (002)
planes of anatase TiO,, which reveal the exposure of (010) facet of anatase, consistent with the XRD
results [31]. The typical size of TiO, nanoparticles is 4-5 nm according to the particle size distribution
result shown in the inset of Figure 3e, which is accordance with the characteristic size of quantum
confinement effect. It is noteworthy that when the p-type TiO, QDs are in-situ grown on the surface of
g-C3Ny, there is a strong interaction that exists between them so that the TiO, QDs cannot be peeled
off even after a 30 min ultra-sonication process. Moreover, the strong interaction implies an obvious
interface heterojunction between TiO, QDs and g-C3Ny4, which will enhance the transfer of photo
generated electrons and holes [25]. In addition, in agreement with the TG results, the relative content
of TiO, QDs decreases from PTC-20 to PTC-60.

Figure 3. TEM images of (a) g-C3Ny nanosheets, (b) PTC-20, (¢) PTC-40 and (d) PTC-60, (e) is the enlarged
image of PTC-40, inset: size distribution of TiO, QDs in PTC-40.

In order to further investigate the composition and interaction between p-type TiO, QDs and g-C3Ny
in the as-prepared composites, Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron
spectroscopy (XPS) characterizations were conducted. As shown in Figure 4a, for the TGC-x, there are
three characteristic bands corresponding to g-C3Ny, namely the broad peaks located at 3000-3400 cm ™!
assigned to the stretching of N-H bonds, the strong peaks at 1250-1650 cm™! due to the stretching
vibration of C=N heterocycles and C-N bonds, and the band around 808 cm ! related to the ring vibration
of s-triazine [45-48]. Moreover, besides the above three peaks, another three peaks related to TiGly
appearing in TGC-x, the peaks located at around 1000~1150 cm™! were attributed to the alcoholic Ti-O-C
stretching mode, the apparent peak at 611 cm™~! was indexed to the stretching mode of Ti~O bonds, and
the bands located at 2855-2927 cm™~! were assigned to the glycerol C-H stretching vibration [49]. Besides,
the broad peak over 3000-3600 cm™! was attributed to the presence of physically adsorbed water and
glycerol O-H stretching mode. Therefore, by combining with the XRD, TG and FI-IR results, it is proved
that the as-prepared TGC-x samples is composed by TiGly and g-C3Nj.
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Figure 4. (a) FT-IR patterns of bulk g-C3Ny, TiGly and TGC-x before calcination; (b) FI-IR patterns of

layered g-C3Ny, p-TiO; and PTC-x.

Upon calcination, the major FI-IR peaks of g-C3Ny4 almost all remained in PTC-x samples
(Figure 4b). However, the bands assigned to C-H and O-H in TiGly disappeared, while only the
stretching band of Ti-O remained, indicating the transformation of TiGly to TiO,, further confirming
the formation of TiO, QDs@g-C3Ny heterojunction. Moreover, with the decrement of g-C3Ny content
from PTC-60 to PTC-20, the intensity of s-triazine ring vibration 808 cm™! also decreases, which is in
agreement with the above TG results. It is noteworthy that the stretching vibration of Ti-O-Ti shifted
significantly towards a lower wavenumber in PTC-x composites, suggesting a strong interaction exists
between p-TiO, QDs and g-C3Ny [25], which is in favor of charge transfer across the interface and thus
promotes the photocatalytic performance of the heterojunction.

XPS spectrum were recorded to study the status of the C, N, Ti and O elements in the composites.
Figure 5a shows the Cls XPS spectra of the samples, there are two main peaks located at 284.8 eV and
288.5 eV, respectively. The peak located at higher binding energy is attributed to the sp3-bonded C of
N-C=Nj in g-C3Ny, and the peak located at 284.8 eV is due to the surface contaminated carbon during
XPS test and sp2-hybridized carbon atoms presented in graphic domains [29]. In the N1s XPS spectra
(Figure 5b), a asymmetric profiles can be observed in all the samples, with a main peak at 401 eV and a
shoulder peak at lower binding energy, the main peak is due to the sp2-hybridized nitrogen (C-N-C),
while the shoulder peak is usually attributed to amino functional groups with a hydrogen atom (C-NH)
and sp3-hybridized nitrogen (N-[C]3) [25,39]. For the Ti 2p XPS spectra of the PTC-x (Figure 5c),
the binding energy of Ti 2p3/; and Ti 2p;; are observed at 458.9 eV and 464.4 eV, respectively, suggests
the existence of TiO; in the samples. Notably, compared with the Ti 2p binding energy of 458.4 eV in
n-type TiO; [29], the Ti 2p binding energy in the as-prepared samples shifted towards a higher binding
energy, indicating the existence of titanium vacancies (Vr;) and p-type properties of the TiO, QDs [28].
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Figure 5. (a) Cls, (b) N1s and (c) Ti 2p XPS spectra of layered g-C3Ny, p-TiO, and PTC-x, respectively.
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The O1s XPS spectrum were shown in Figure 6, there is only one symmetrical peak at around
532.7 eV appearing in pure g-C3Ny, which is attributed to the loosely bonded oxygen species on the
surface (O,, H,O or OH groups), no peaks corresponding to C-O and N-C-O appeared at 531.4 eV,
indicating that no O doping process occurred in g-C3Ny during the calcination process [38]. As for
the TiO,@g-C3N, composites, the Ols peaks split into two peaks located at 532.7 eV and 529.8 eV,
respectively. The lower binding energy is assigned to the oxygen anions (O?”) in the crystal lattice of
anatase [28], and the concentration of TiO, QDs is proportional to the intensity of this peak. As shown
in Figure 6b—d, from PTC-20 to PTC-60, the intensity of this peak becomes obviously weak, confirming
the gradually decreased content of TiO, QDs in the composites. These results are in good agreement
with the TEM, TG and FT-IR results, indicating that the composites are composed of g-C3N4 and p-type
TiO, QDs, and that the content of TiO, QDs decreases from PTC-20 to PTC-60.
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Figure 6. Fitted O1s XPS spectra of (a) layered g-C3Ny, (b) PTC-20, (c) PTC-40 and (d) PTC-60, respectively.

The light absorption properties of the as-prepared samples were characterized by UV-visible
diffuse reflection spectrum (UV-vis DRS). As illustrated in Figure 7a, pure g-C3Nj can absorb light
from UV region to visible light up to 465 nm, while p-type TiO, only absorb UV light up to 400 nm.
As for the TiO, QDs@g-C3Ny composites, there is a remarkable absorption edge extension to the
visible region compared with single TiO, [39]. Moreover, with the increasing content of g-C3Ny
form PTC-20 to PTC-60, the optical absorption edge of p-n heterojunction shifts towards a longer
wavelength, indicating a stronger light absorption in the visible light region, which is beneficial for the
improvement of photocatalytic performance. Meanwhile, the quantum-size effect of the p-type TiO,
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QDs is illustrated by VB XPS spectra. As shown in Figure 7b, a blue shift of VB edge is observed in the
as-prepared heterojunctions due to the existence of TiO, nanoparticles, and this tendency becomes
more and more obvious with the increment of TiO,, confirming the quantum dots nature of the surface
decorated p-type TiO, nanoparticles [31].
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Figure 7. (a) UV-vis DRS spectra and (b) valence band density of states (DOS) of layered g-C3Ny,
PTC-20, PTC-40 and PTC-60.

As mentioned above, we have demonstrated that the surface deposited TiO, QDs is abundant
in titanium vacancies, while both experimental and density functional theoretical (DFT) results have
indicated that metal defected TiO; is p-type semiconductor [28]. In general, g-C3Ny4 exhibits n-type
conductivity, therefore, p-n heterojunctions will be formed across the interface, which can afford a large
electrical filed and more efficient charge separation. Therefore, according to the band gap and valence
band (VB) position of pure g-C3Ny and TiO,, the band alignment of the p-n heterojunction (PTC-40) is
diagrammed in Scheme 2. Both TiO, and g-C3Ny can be excited under A > 365 nm, charge redistribution
process will occur to equilibrate the Fermi level (Ef) due to the large difference of E¢ between p-type TiO,
and n-type g-C3Ny, the consequence is that the photogenerated electrons migrate to the conduction
band (CB) of TiO; and holes to the g-C3N4 VB. However, only g-C3Ny can be excited under visible
light irradiation (A > 400 nm), and the photogenerated electrons will still transfer to the CB of TiO,,
while the holes tend to keep stay in the VB of g-C3Njy. In both cases, an efficient electron-hole spatial
separation can be realized and the lifetime of charge carriers can also be prolonged, these separated
electrons can react with O, or H,O to form reactive oxygen species (-O,~) or Hp, while the holes will
oxidize an organic pollutant or sacrificial agent directly. In addition, the presence of metal vacancies
will enlarge the width of VB, which controls the mobility of holes inherently [28], and thus the synergy
influence of metal vacancies, quantum confinement effect, and nanosheet structure can effectively
promote the charge transfer and separation across the interface.

The facilitated charge separation by the p-n heterojunction was confirmed by photoluminescence (PL)
spectra. As shown in Figure 8, pure g-C3Ny has an emission peak around 450 nm, whereas p-TiO; exhibits
a signal at around 400nm, which is due to the band-band transition, namely the energy corresponding
to the emission is close to the excitation energy of g-C3Ny and TiO,, respectively [25,29]. The PL
intensity of PTC-x is much lower than pure p-type TiO, and g-C3Ny, indicating a promoted electron-hole
separation by the p-n heterojunction. Notably, PTC-40 exhibits the lowest PL intensity among the samples,
suggesting a higher charge separation efficiency and a better photocatalytic performance, which also
indicates that there exists an approximate p/n ratio between the p-type TiO, and n-type g-C3Ny in
the heterojunction.
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Scheme 2. Schematic illustration of TiO, QDs@g-C3Ny p-n heterojunction and the pathway for
electron-hole transfer and separation over the junction under simulated solar irradiation (A > 365 nm)
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Figure 8. Steady state PL spectra of layered g-C3Ny, PTC-20, PTC-40 and PTC-60.

Photocatalytic degradation of organic pollutants and photocatalytic water splitting were conducted
to evaluate the performance of as-prepared TiO,@g-C3Ny p-n heterojunctions. Figure 9a shows the
photodegradation rate of the samples based on pseudo-first-order reaction mode. Under simulated
sunlight irradiation (A > 365nm), the degradation rate of MO for PTC-40 with a TiO; (p) to g-C3Ny (n)
mass ratio of 0.15 is 0.52 min~!-g~!, which is the highest among the PTC-x and is 4.3-fold higher than
that of pure g-C3Ny4. Moreover, we also tested the photoactivity with a cut-off filter of A > 400 nm to
evaluate the visible light photocatalytic performance, the reaction rate exhibits the same trends with
that under simulated solar spectrum (Figure 9b), and the reaction rate for MO degradation of PTC-40 is
0.125 min~1-g~!, 5.4-fold higher than pure g-C3Nj. This result confirms that p-n heterojunction exhibits
a better photocatalytic performance than single photocatalyst and that the as-prepared TiO,@g-C3Ny
is active under visible light.
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Figure 9. Pseudo-first-order reaction rate in degradation of methyl orange (MO) and phenol under:
(a) full solar spectrum and (b) visible light (A > 400 nm).

The photocatalytic H, evolution reaction rate is shown in Figure 10a, the H; release rate for
g-C3Ny, PTC-20, PTC-40 and PTC-60 is 186 pmol-g~>-h~!, 712 pmol-g~*h~!, 1072 pmol-g~'-h~!
and 838 pumol-g~1-h~!, respectively. It is clearly that the H, evolution rate of PTC-40 is the fastest,
which is 5.8-fold of pure g-C3Ny, 1.5-fold of PTC-20 and 1.3-fold of PTC-60. Combining with the PL
results and photoactivity, we can get the conclusion that PTC-40 has the most efficient electron-hole
separation, and thus exhibits the best photocatalytic performance among the as-fabricated samples.
Meanwhile, this phenomenon also indicates that a suitable p/n ratio is required to construct the best
p-n heterojunction. In comparison, we also loaded n-type TiO, QDs on the surface of g-C3Ny to
construct a type-II heterojunction and found that the promotion in photoactivity is far from that
by p-n heterojunction (1.44-fold vs. 5.8-fold in Hj evolution), illustrating that p-n heterojunctions
are more effective in accelerating photogenerated charge carrier separation and promoting the
photocatalytic performance.
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Figure 10. (a) Time course of hydrogen evolution and (b) hydrogen generation rate of the samples.
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3. Experimental

3.1. Materials

Ethanol, glycerol, melamine and methyl orange (MO) were all purchased from Tianjin Jiangtian
Fine Chemical Research Institute. Titanium butoxide (C15H3¢O4Ti, TBOT), triethanolamine (TEOA)
and phenol were purchased from J&K chemical. Milli-Q ultra-pure water with a resistivity larger than
18.2 M()-cm was used in all experiments. All the chemicals were reagent grade and used as received.

3.2. Preparation of Bulk g-C3Ny

Bulk g-C3N4 was synthesized by thermal annealing melamine under air atmosphere. Typically,
5 g of melamine was put into an airtight crucible, then the crucible was placed into a muffle furnace
and calcined at 550 °C for 4 h with a ramping rate of 5 °C/min. After being cooled down to room
temperature naturally, the obtained yellow powder is bulk g-C3Ny.

3.3. Preparation of TiO, QDs@g-C3Ny4 p-n Heterojunction

As shown in Scheme 1, for the fabrication of TiO, QDs@g-C3N, p-n heterojunction, x (x = 20, 40, 60)
mg g-C3Ny was dispersed in 148 mL ethanol and sonicated for one hour. After that, 5 mL glycerol was
added into the solution. After being stirred for another 20 min, 400 uL TBOT was dropwised into the
solution and then titanium glycerolate (TiGly) was in-situ grown on the surface of g-C3Ny, the solution
was stirred at room temperature for 16 h. The resulted powders (labeled as TGC-x) were washed
with water and absolute ethanol for several times, and dried at 70 °C overnight. After calcination of
TGC-x in air at 470 °C for 1 h, TiO; QDs@g-C3Ny4 p-n heterojunctions were obtained and labeled as
PTC-x (x = 20, 40, 60). As a reference, n-type TiO, QDs deposited g-C3N4 was synthesized with the
same procedure (x = 40 mg) except that glycerol was replaced by 233 uL. NH3-H,O for the purpose of
triggering the nucleation of TiO, on g-C3Nj as previously reported (the reference sample was labeled
as NTC-40) [29].

3.4. Characterization of Photocatalysts

The calcination temperature for the decomposition of titanium glycerolate and the content of TiO,
was determined by thermogravimetric analysis (TGA Q500, TA Instruments, DE, USA) with air gas
flow at 50 mL/min in a range of 30-500 °C (5 °C/min). In order to obtain the composition of the samples,
Fourier transform infrared spectroscopy (FT-IR, Bruker Tensor-27 spectrum, Bavaria, Germany) was
conducted before and after calcination, the FT-IR spectra were acquired in the range of 400-4000 cm ™!
with a resolution of 1 em™1.

All the samples were characterized with an X-ray diffractometer (XRD-6100, Shimadzu, Kyoto,
Japan) to determine the crystalline properties. The X-ray diffractometer was equipped with a Cu Ko
radiation at 40 kV and 30 mA at a scanning rate of 5°/min. The diffraction patterns were determined
over 2 theta range of 5°-90° with a resolution of 2°/min. To obtain the average size of the crystalline size,
Scherrer equation was used (D = 0.9/ cos6), whereas the lattice constants was calculated according to
Bragg equation of 2dhklsin® = A, where A is the applied wavelength, 0 is the Bragg angle and {3 is the
FWHM value.

The chemical states of the as-prepared samples were characterized by X-ray photoelectron
spectroscopy (PHI-1600, ULVAC-PHI, Kanagawa, Japan) with Al K« radiation, and the binding energy
was calibrated by the C1s peak (284.8 eV) of the contamination carbon. High resolution transmission
electron microscopy (HRTEM) analysis was carried out using a Tecnai G2 F-20 transmission electron
microscope (FEI, OR, USA) with a field-emission gun operation at 200 kV.

The band gap and the light absorption properties of the samples were determined with a UV-vis
diffuse reflectance spectrum (U-3010, Hitachi Ltd., Lbarakiken, Japan ) with a 60 mm diameter integrating
sphere using BaSO; as the reflectance sample. Steady-state photoluminescence spectra (PL) spectra were
measured by a Fluorolog3-21 (Horiba JobinYvon, NJ, USA) with the excitation light at 325 nm.
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3.5. Photocatalytic Degradation and Hydrogen Evolution

Photodegradation of organic pollutants (phenol and MO) was conducted in an opening quartz
chamber (150 mL) vertically irradiated by a 300 W high-pressure xenon lamp (PLS-SXE300, Beijing
Perfect Light Co. Ltd., Beijing, China) located on the upper position. The irradiation area was about
20 cm?. The light density was measured using a radiometer (Photoelectric Instrument Factory, Beijing
Normal University, Model UV-A, Beijing, China), and the results indicate that the light density at
365 nm and 400 nm was 34.7 mW/cm? and 32.5 mW/cm?, respectively. Reaction conditions included
the following: a temperature of 25 °C, solution volume of 100 mL, Cy (phenol) of 400 pmol-L™1; Cy (MO)
of 120 umol-L™1; photocatalyst of 0.1 g-L™!. Prior to the reaction, the suspension was stirred without
irradiation for 20 min to achieve an adsorption equilibrium. Samples were withdrawn, centrifuged
and analyzed using a U-3010 UV-vis spectrometer.

Photocatalytic hydrogen production was carried out in a Pyrex top-irradiation reaction vessel
connected to closed glass gas system. 10 mg catalyst dispersed in 120 mL aqueous solution containing
TEOA (30 vol.%). The temperature of reaction solution was maintained at 0 °C. The resultant hydrogen
was analyzed using an off-line gas chromatography (Bruker 450-GC, CA, USA) equipped with a
thermal conductive detector (TCD), 5 A molecular sieve column, and N as carrier gas.

4. Conclusions

In this work, p-TiO; QDs@g-C3Ny p-n heterojunctions were fabricated by in-situ decorating
titanium-defected TiO, QDs on the surface of g-C3Ny, in which TiO, QDs bring up p-type conductivity
and g-C3Ny affords for n-type conductivity. The as-prepared p-n heterojunction exhibits higher charge
separation efficiency and photocatalytic performance in H, evolution reaction and degradation of
organic pollutant than pure g-C3Ny and TiO,/g-C3Ny type-II heterojunction under both UV-light and
visible light irradiation, which can be ascribed to the synergy of a large electrical field over interface, a
strong interface interaction, and the quantum confinement effect. In all the samples, PTC-40 with a
p/n mass ratio of 0.15 exhibits the best photocatalytic performance. This work demonstrates that the
construction of p-n heterojunction is an effective pathway to accelerate the electron-hole separation
that is the key for a highly efficient photocatalyst.
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Abstract: In this study, oxygen vacancy modified TiO, nanorod array photoelectrode was prepared
by reducing hydrogen atmosphere to increase its free charge carrier density. Subsequently, a p-type
conductive poly 3,4-ethylenedioxythiophene (PEDOT) layer was deposited on the surface of oxygen
vacancy modified TiO,, to inhibit the surface states. Meanwhile, a p-n heterojunction formed between
PEDOT and TiO, to improve the separation of photo-induced carriers further. The photocurrent
of TiO, nanorod array increased to nearly 0.9 mA/cm? after the co-modification under standard
sunlight illumination, whose value is nearly nine times higher than that of pure TiO, nanorod array.
Thus, this is a promising modification method for TiO, photoanode photoelectrochemical (PEC)
performance improving.

Keywords: oxygen vacancy; polymeric composites; photoelectrochemistry; co-modification;
solar energy conversion

1. Introduction

TiO; has been widely investigated in the past few decades since Fujishima and Honda first reported
its potential in the fields of photocatalysis and photoelectrochemistry in 1972 [1]. The theoretical limited
photocurrent densities of anatase and rutile TiO, are 1.1 mA/cm? and 1.8 mA/cm? under solar light
illumination, respectively. [2] Limited by its low solar light utilization rate and high photo-generated
carrier recombination rate, many modification methods have been researched, such as metal doped [3],
non-metal doped [4], and construct heterojunction [5]. Several elements have been introduced into
TiO,, such as Fe [6], S [7], and N [8]. Metal and non-metal doping could narrow the bandgap,
extend the light absorption range and increase the charge carrier density to improve its photocatalysis
performance. However, the introduction of heterogeneous atoms is likely to cause asymmetric doping
or impurities, which would serve as recombination centers for the photo-generated electrons and holes,
therefore reducing the PEC performance. Many previous research works showed that the formation
of surface oxygen vacancy [9-13] could increase the charge carrier density of the semiconductor to
improve its PEC performance. Wang et al. [14] obtained a yellowish ZnO with a narrowing band gap
by introducing the oxygen vacancies into ZnO crystal, which increased the free charge density of the
7Zn0, so that the transfer process of the photogenerated charges became feasible.

Polymer organic semiconductors with good film-forming properties, high conductivity,
high visible light transmittance and excellent stability are widely used in the field of photoelectrode
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modification. Park et al. [15] used a blend of 100 nm TiO, scattering particles in PEDOT:PSS (poly
3,4-ethylenedioxythiophene:poly styrenesulfonate) solution to fabricate transparent electrode films.
When utilized in an organic photovoltaic device, a power conversion efficiency of 7.92% was achieved.
Sakai et. al. [16] assembled PEDOT and TiO, layer-by-layer to switch electric conductivity in response
to ultraviolet and visible light. PEDOT is a promising material to modify the TiO, photoanode to
improve its PEC performance [17-20].

Therefore, in this work, we prepared oxygen vacancy modified TiO, nanorod array photoanode
with high charge mobility capacity. Then, a p-type PEDOT layer was covered on the surface of
oxygen vacancy modified TiO, photoanode to inhibit the undesirable surface state and construct a p-n
heterojunction to accelerate the separation capacity of photo-generated carriers [5].

2. Results and Discussion

The XRD (X-ray Diffraction) patterns of series samples were shown in Figure 1, all diffraction
peaks of the prepared three photoelectrodes can be indexed as rutile-type and anatase-type TiO,
(JCPDS No. 21-1276, JCPDS No. 21-1272) [21,22]. The characteristic diffraction peaks at 26 = 36.08°,
54.32, 62.74, and 69.78° corresponded to the (101), (211), (002), and (112) crystal planes of rutile-type
TiO,, and the XRD peaks at 20 = 63.68° corresponded to the (204) crystal planes of anatase-type TiO,.
The other characteristic diffraction peaks at 20 = 26.57°, 37.76°, 51.75°, and 65.74° corresponded to
the (110), (200), (211), and (301) crystal planes of SnO, (JCPDS No. 46-1088), which caused by the
fluorine doped tin oxide (FTO) conductive glass. So, the prepared TiO, nanorod array included rutile
phases and little anatase phases. The TiO; nanorod array preparing method in this work was referred
to in Liu’s work [17]. The vanished peaks for anatase and rutile TiO, at 25.4° and 27.4° on the XRD
curves maybe attributed to the crystal face inhibition effect of the oriented growth nanorod structure,
whose results are similar to Liu’s work [17].
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Figure 1. XRD patterns of TiO,, H-TiO,, and H-TiO,-PEDOT.

The SEM technique was employed to observe the surface morphologies of the series samples,
and the results are shown in Figure 2. As presented in Figure 2A-C, both TiO,, H-TiO,,
and H-TiO,-PEDOT appear to have a distinct nanorod structure. The cross-section image of
H-TiO,-PEDOT shown in Figure 2D reveals that the TiO, nanorod is growing vertically on the
FTO substrate. The nanorods are tetragonal in shape with square top facets, the expected growth
habit for the tetragonal crystal structure. The nanorods are nearly perpendicular to the FTO substrate.
After 8 h of growth, the average diameter and length, as determined from SEM, were 90 + 20 nm and
1 + 0.2 um, respectively. The peaks of (101) crystal planes for rutile and (204) for anatase TiO, can be
clearly observed in the HRTEM image inset in Figure 2D, which is in agreement with the XRD results.
Meanwhile, PEDOT layer can be observed at the edge area of TiO; nanorod. Elements distribution
of H-TiO,-PEDOT were tested by STEM and STEM-EDS mapping. The STEM mapping shown in
Figure 2E reveals the uniform distribution of Ti, O, and S element on the surface of the nanorod,
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where the S element corresponding to the PEDOT deposition layer. This result indicates that PEDOT
layer was successfully deposited on the surface of H-TiO, photoelectrode.

100nm T00nm 100nm

Figure 2. SEM images of (A) TiO,, (B) hydrogen treated TiO, (H-TiO,), (C) PEDOT modified hydrogen
treated TiO, (H-TiO,-PEDOT) and (D) cross-section image of H-TiO,-PEDOT. Insert is the HRTEM
image of H-TiO,-PEDOT. (E) STEM mapping of H-TiO,-PEDOT.

Similar results could be observed on EDS mapping (Figure 3), in which, the O, Ti, and Sn
element corresponding to TiO, nanorod and FTO substrate were evenly distributed throughout all the
H-TiO,-PEDOT photoelectrode, besides, C and S elements could be observed simultaneously, which is

corresponding to the STEM mapping showed in Figure 2E.

C Kal

SKal

TiKat Sn Lat

Figure 3. EDS mapping of H-TiO,-PEDOT. (A) Scanning area, (B) O Element, (C) C Element, (D) Ti
Element, (E) Sn Element, (F) S Element.

To determine the surface composition and chemical states of the series samples, high-resolution
XPS spectra of O 1s and S 2p were used (see Figure 4). The characteristic peaks at 529.8 eV and
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530.8 eV correspond to the lattice oxygen (Oj,) and the vacancies of O element (Og4ef). Compared to
TiO,, the peak area of Ogef in H-TiO, was enhanced after the hydrogen treatment, indicating the
increase of oxygen vacancies from 34.2% to 43.77%, which might improve the PEC performance [16].
Oxygen vacancy concentration refers to the proportion of oxygen vacancy peak area to the total oxygen
peak area. Because XPS can only read the distribution of surface elements, the peak area of oxygen (O
1s, Ojat, Ogef) becomes smaller after PEDOT loading, but the relative content is credible. Next, the peak
area of Ogef in H-TiO»-PEDOT was reduced further after PEDOT deposition, which can be ascribed to
the protection of PEDOT layer. The S was observed in the XPS spectra of H-TiO,-PEDOT indicating
PEDOT was introduced successfully, which corresponds to the result of the XPS survey spectra shown
in Figure 4C. Because of the low loading amount of PEDOT, noises can be found on the XPS S2p curve.
The characteristic peaks of Ti 2p did not shift after the hydrogen treatment, and the deposition of
PEDOT (Figure 4D) indicated that the unique TiO, nanorod structure was preserved.
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Figure 4. High-resolution XPS spectra of O 1s (A) and S 2p (B) of the TiO,, H-TiO, and H-TiO,-PEDOT.
XPS survey spectra (C), high-resolution XPS spectra of Ti 2p (D) of the TiO, and H-TiO,-PEDOT.

The PEC performance results of series samples are presented in Figure 5. Figure 5A is the current
density-time curve of the series of electrodes, and Figure 5B is the current density-voltage curve of the
series of electrodes. The current density-voltage curve shows that the current density of the TiO, sample
at zero bias (vs. Ag/AgCl) is about 0.07 mA/cm?. The current density of H-TiO, sample at zero bias is
about 0.27 mA/cm?. The current density of H-TiO,-PEDOT sample at zero bias is about 0.33 mA/em?.
In the voltage range from —0.5 to 0.5 V, the photocurrent density of sample H-TiO,-PEDOT is higher
than that of sample H-TiO,, and the PEC performance of pure TiO, nanorod array is the worst.
Figure 5C is the impedance data of each sample in the absence of light. The arc radius of pure TiO,
is the largest, corresponding to the largest impedance. The arc radius of H-TiO; is the smallest,
corresponding to the smallest impedance. After PEDOT deposition, the arc radius of H-TiO,-PEDOT
become larger because of the impedance of PEDOT. After oxygen vacancies modification, the arc
radius and impedance of the obtained H-TiO, sample decreases. PEDOT conductive layer coated on
the hydrogen treated TiO, photoelectrode make the arc radius of the obtained H-TiO,-PEDOT further
smaller, indicating a smaller impedance of this sample.
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Figure 5. The current density-time curves (I-T) (A), the current density-potential (I-V) (B), AC impedance
spectroscopy (EIS) (C), intensity modulated photocurrent spectroscopy (CIMPS) (D) and intensity
modulated photovoltage spectroscopy (CIMVS) (E) of series photoelectrodes.

Figure 5D shows the CIMPS data of each sample under a monochrome light LED-365 nm with a
5% amplitude. The electron migration time of the sample can be obtained by converting the frequency
of the minimum imaginary component into Equation (1), which is shown in the Experimental Section.
Electron migration time represents the sum of the photogenerated electron time from excitation to the
back electrode FTO and the time of photogenerated holes oxidation of the electrolytes in the electric
double layer. Figure 5E is the CIMVS data in the same testing conditions. The electronic lifetime can be
obtained by introducing the obtained frequency into Equation (2).

From the calculation results shown in Table 1, the electron migration time decreases obviously
after hydrogen treatment. However, hydrogen treatment also introduces defects in the surface and
bulk phase, which increases the probability of secondary recombination to reduce the lifetime of
photogenerated electron holes. After the PEDOT conductive layer deposition, the surface state cannot
be oxidized by air, meanwhile, p-n junction can be formed between TiO, and PEDOT thin film.
The formation of p-n junction electric field accelerates the separation of photogenerated electron holes
and reduces the electron migration time. The charge collection efficiency of these three samples was
also calculated and the calculation process is shown in Equation (3). H-TiO,-PEDOT photoanode
shows a 37.71% charge collection efficiency whose value is higher than that of TiO, and H-TiO,,
indicating that more real hot carriers can be used in the PEC process.

Table 1. The calculated data through CIMPS and CIMVS results.

fmin (CIMPS) t fimin (CIMVS) trec 9 (%)

TiO, 172.24 0.924499 154.22 1.032523  10.46
H-TiO, 673.58 0.236402 536.63 0.296733  20.33
H-TiO,-PEDOT 845.47 0.18834 526.63 0.302367  37.71

IPCE of the series of electrodes were tested and the results are shown in Figure 6A. It can be
seen that the photoelectric conversion efficiency of hydrogen-reduced TiO; is significantly higher
than that of non-reduced TiO,. After loading PEDOT on the photoelectrode, the H-TiO,-PEDOT
electrodes reducing surface state have more than 60% photoelectric conversion efficiency. Figure 6B
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presents the ultraviolet-visible diffuse reflectance result of the series photoanodes. It can be seen that
the absorption band edge of pure TiO; is about 400 nm, because of anatase (band gap 3.2 eV) and
rutile (band gap 3.0 eV) mix phase. After hydrogen treatment, an indicated absorption can be found
from 400 nm to 600 nm, because of the oxygen vacancy energy level formed on the top of the TiO,
valance band. The light absorption capacity of oxygen modified TiO, nanorod array did not change
after the PEDOT outer layer loading. Comparing with Figure 6A, there is no photocurrent response of
H-TiO,-PEDOT photoanode in the wavelength area from 400 nm to 600 nm, indicating that there is
no IPCE contribution from oxygen vacancy surface energy level. Figure 6C is a photocurrent-time
curve measured continuously for 4 h under 0.5 V (vs. Ag/AgCl) external bias voltage. After 4 h
continuous illumination, the photocurrent generating by H-TiO,-PEDOT photoanode decays less than
10% of the initial value, showing acceptable stability. Meanwhile, the oxygen and hydrogen evolution
performance were tested during the PEC stability testing for 4 h, and the result shown in Figure 6C
indicate that the H-TiO,-PEDOT photoanode can completely split pure water into hydrogen and
oxygen under simulated sunlight illumination.
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Figure 6. The IPCE curves of series photoelectrodes under 0.5 V (vs. Ag/AgCl) (A), UV-Vis DRS of series
photoelectrodes (B), the stability test of H-TiOp-PEDOT under 0.5 V (vs. Ag/AgCl) and corresponding
oxygen and hydrogen evolution performance (C).

In Table 2, the related research on TiO, electrodes in recent years is listed. When comparing
them, we can see that H-TiO,-PEDOT electrodes presented in this work obtained relatively high
PEC performance.

Table 2. Statistical list of references.

Electrode Light Source Voltage Electrolyte Current Density
TiO, B-NRs [23] Xe lamp 88 mW cm ™2 11V 1M KOH 0.8 mA/cm?
TiO, nanorod array [24] AM 1.5100 mW cm 2 05V 0.5 M NaClO4 15 uA/cm?
Carbon Dot/TiO, Nanorod [25] Xe lamp 88 mW cm~2 ov 0.1 M NaSOy + 0.01 M NayS 0.35 mA/cm?
H:TiO; nanotube arrays [26] AM 1.5G 100 mW cm—2 ov 1M NaOH 0.6 mA/cm?
TiO, nanotubes [27] UV light 70 mW cm~2 02V 1 M KOH 0.125 mA/cm?2
This Work Simulated sunlight 100 mW cm~2 05V 0.1 M NaSOy + KPi 0.9 mA/cm?

The PEC performance improving the mechanism of H-TiO,-PEDOT nanorod photoanode is
shown in Figure 7. Firstly, a nanorod array structure of TiO, was prepared, which provided a unique
route for the photogenerated electron transfer and reduced the recombination rate. In addition,
after hydrogen treatment, oxygen vacancies formed on the surface of TiO; nanorod, increasing the
concentrations of free charge carriers. Lastly, a PEDOT layer was deposited on the surface of oxygen
vacancy modified TiO,, to inhibit the surface states and improve the separation of photo-induced
carriers further by p-n heterojunction formation between PEDOT and TiO,. Thus, more photogenerated
holes were transferred to the PEDOT layer and oxidized water, whereas more photogenerated electrons
were transferred to the FTO substrate through the TiO, nanorod to improve the PEC performance of
H-TiO,-PEDOT photoanode.
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Figure 7. Schematic diagram of the mechanism of H-TiO,-PEDOT nanorod thin film under
simulated sunlight.

3. Materials and Methods

All reagents used in this study were purchased from Aladdin Industrial Corporation (Shanghai,
China) with analytical grade. Tetrabutyl titanate, 3,4-ethylenedioxythiophene, and sodium dodecyl
sulfonate were not further purified.

3.1. TiOy Nanorod Array and Oxygen Vacancy Modified TiO, Nanorod Preparation

The TiO; nanorod arrays were prepared through the solvothermal method. In a typical synthesis,
0.5 mL tetrabutyl titanate was dissolved in 15 mL of hydrochloric acid (36.5%) under continuous
stirring, and then 15 mL of deionized water was added for another 5 min to obtain a homogenous
solution. The mixed solution was then transferred into a 50 mL Teflon stainless steel autoclave,
then two cleaned FTO substrates were immersed into the mixture and kept at 160 °C for 8 h in an
oven. After that, the FTO substrates were cleaned with deionized water and then dried under ambient
conditions, followed by annealing at 450 °C for 2 h with a ramping rate of 10 °C/min in air in a mulffle
furnace to obtain TiO, nanorod array. Then, TiO, nanorod array was reduced by annealing at 350 °C
for 0.5 h with a ramping rate of 10 °C/min in hydrogen conditions, which was denoted as H-TiO,.

3.2. PEDOT Preparation

The PEDOT was coated by H-TiO, nanorod array through electrodeposition method. Typically,
1 mL 3,4-ethylenedioxythiophene (EDOT) and 20 mmol of sodium dodecyl sulfonate (SDS) were
dissolved into 200 mL of deionized water under continuous stirring to prepare precursor solution,
the deposition process was carried out in a three-electrode system in the above solution. The as-prepared
H-TiO, photoelectrodes, platinum and Ag/AgCl electrode were served as the working, counter,
and reference electrodes, respectively. The electrodeposition was carried out using multi-current steps
containing 0.01 s of 1 mA of anodic pulse, 0.004 s of 1 mA of cathodic pulse and 0.5 s of 0 A rest current.
This above process is termed as one cycle, and 20 cycles were repeated, the obtained electrode was
denoted as H-TiO,-PEDOT. Three-electrode system was used to test the H-TiO,-PEDOT stability with
an applied bias of 0.5 V (vs. Ag/AgCl). At the same time, oxygen and hydrogen evolution performance
were detected by gas chromatography (979001I) regularly.

3.3. Characterization

The micromorphology of the prepared photoelectrodes was characterized using a field emission
scanning electron microscope (FE-SEM, Ultra 55, Zeiss, Oberkochen, Germany) and a field emission
transmission electron microscope (FE-HRTEM, JEM-2100F, Beijing, China). TEM sample was scraping
the electrode film into powder and filling the power with alcohol or acetone in a small container. Then a
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small amount of powder sample was put into it, next, it was placed in an ultrasonic oscillator to vibrate
for more than 15 min, and then a copper mesh with supporting film was used to gently pull it out from
the solution. The elemental compositions of the photoelectrodes were tested through energy dispersive
spectroscopy (EDS, X-max, Oxford Instruments, Oxford, England) and scanning transmission electron
microscopy (STEM, JEM-2100F, Tokyo, Japan) mapping. X-ray diffraction (XRD, D/MAX-2500/PC,
Rigaku Co., Tokyo, Japan) was used to identify the crystalline structures of the prepared series
photoelectrodes. The elementary composition and bonding information of the materials were analyzed
using X-ray photoelectron spectroscopy (XPS; Axis Ultra, Kratos Analytical Ltd., Kratos Analytical,
Manchester, England). Characterization of the optical absorption properties of a series of electrodes
was done by UV-Vis diffuse reflectance (TU-1901, Persee Co., Beijing, China).

3.4. PEC Performance Testing

PEC performance measurements were performed in a traditional three-electrode experimental
system using Zahner Zennium Pro Electrochemical Workstation (Zahner, Kronach, Germany).
The prepared series photoelectrodes, Ag/AgCl (saturated KCI), and a piece of platinum acted as the
working, reference, and counter electrodes, respectively. The series photoelectrodes were illuminated
under a standard solar simulator (AM1.5G) (LSE341-Zahner, Kronach, Germany). All tests were
performed in 0.1 M NaySO; electrolyte. The photocurrent test with time (I-t) curves was measured at a
bias potential of 0 V (vs. Ag/AgCl). The linear sweep voltammetry (I-V) curves were measured from
-0.5t0 1.5V (vs. Ag/AgCl) at a scan rate of 0.02 V s™!. The IPCE of the photoelectrodes were tested at
0.5V (vs. Ag/AgCl) bias potential using an IPCE tester (TLS03-Zahner, Germany). Electrochemical
impedance spectroscopy (EIS) tests were performed at OCP vs. Ag/AgCl (saturated KCI) over the
frequency range between 10° and 10~! Hz. Control intensity modulated photocurrent/photovoltage
spectroscopy (CIMPS/CIMVS) measured series photoelectrodes with an LED white light source (LSW)
from 100 K to 0.1 Hz. The electron transit time (t,) and electron lifetime (Trec) can be obtained by the
following Equations:

Tr = 1/(27t fenmps) €]
Tree = 1/(27 fomvvs) 2
(%) = (1 = T/Trec) X 100% 3)

where fenvips/femvys is the frequency of the minimum imaginary component.

4. Conclusions

In this study, PEDOT modified oxygen vacancy-TiO, nanorod was prepared, oxygen vacancy
can improve the charge transfer capacity of TiO,. Meanwhile, the PEDOT could not only serve as
the protective layer to inhibit the surface states, but also to fabricate a p-n junction to increase the
separation efficiency of the photo-generated electrons and holes. Thus, a near 0.9 mA/cm? photocurrent
of TiO, nanorod array was achieved after oxygen vacancy and PEDOT co-modification under standard
sunlight illumination. Furthermore, the PEC stability test showed that the photocurrent generating
by H-TiO,-PEDOT photoanode decays less than 10% of the initial value after 4 h of continuous
illumination. Meanwhile, the H-TiO,-PEDOT photoanode can completely split pure water into
hydrogen and oxygen under simulated sunlight illumination. Thus, oxygen vacancy and PEDOT
co-modification is a promising method for TiO, photoanode PEC performance improving.
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Abstract: Textile industries produce copious amounts of colored wastewater some of which are
toxic to humans and aquatic biota. This study investigates optimization of a bench-scale UV-C
photocatalytic process using a TiO, catalyst suspension for degradation of two textile dyes, Acid
Blue 113 (AB 113) and Acid Red 88 (AR 88). From preliminary experiments, appropriate ranges
for experimental factors including reaction time, solution pH, initial dye concentration and catalyst
dose, were determined for each dye. Response surface methodology (RSM) using a cubic IV optimal
design was then used to design the experiments and optimize the process. Analysis of variance
(ANOVA) was employed to determine significance of experimental factors and their interactions.
Results revealed that among the studied factors, solution pH and initial dye concentration had
the strongest effects on degradation rates of AB 113 and AR 88, respectively. Least-squares cubic
regression models were generated by step-wise elimination of non-significant (p-value > 0.05) terms
from the proposed model. Under optimum treatment conditions, removal efficiencies reached 98.7%
for AB 113 and 99.6% for AR 88. Kinetic studies showed that a first-order kinetic model could best
describe degradation data for both dyes, with degradation rate constants of kj 45113 = 0.048 min~!
and kl,AR gg = 0.059 min~t.

Keywords: process optimization; response surface methodology; kinetic study; Advanced oxidation
processes (AOPs); TiO, catalyst; textile wastewater

1. Introduction

Dyes are widely used in several industries such as textile industry, paper, plastics, food, cosmetics
and so forth. [1]. The textile industry has large water consumption and thereby, produces copious
amounts of colored wastewater. It has been estimated that 1-20% of total dye consumption is lost during
the dying process, which is subsequently introduced to the receiving water bodies [2]. Some dyes are
carcinogenic and toxic to humans and aquatic biota [3], requiring appropriate treatments. Methods
for color removal are generally divided into three main groups: physical, chemical and biological
treatments. Physical methods, such as adsorption and screening, only transfer pollutants from one
phase to another; therefore post-treatment is necessary for complete removal of contaminants [4]. The
toxic nature and complex molecular structures of many dyes limit their biological degradation [5].
Hence, biological methods are usually not able to treat colored wastewaters [6]. In addition, biological
methods have a disadvantage of producing large volumes of sludge [7]. Chemical methods, on the
other hand, have demonstrated more promising results [4]. In chemical treatment methods, instead of
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transferring contaminants from one phase to another, the dyes are converted into harmless substances.
Advanced oxidation processes (AOPs) are among the most powerful chemical treatment techniques
used for removal of organic compounds. AOPs are characterized by in-situ generation of hydroxyl
radicals (*OH), which are strongly oxidizing species (oxidative potential +2.8 V) [6]. Hydroxyl radicals
unselectively attack organic molecules to degrade them into simpler and less harmful compounds and
ultimately, convert them into CO,, H,O and mineral acids [4,8,9]. Photocatalytic degradation is an
advanced oxidation method in which hydroxyl radicals are generated by irradiating UV light on a
semiconductor catalyst [10]. In the past several decades, titanium dioxide (TiO,) has been proved to be
more efficient for the photocatalytic processes than other semiconductors. It is inexpensive, non-toxic,
water-insoluble, highly reactive and photochemically stable [6].

In a photocatalytic reaction, when TiO; particles are illuminated with a light source having energy
greater than its band gap (Eg 1io, = 3.2 €V), electrons in the valence band promote to the conduction
band, creating electron-hole pairs [6,11]. Formation of electron-hole pairs is a fast-reversible reaction.
To prevent this, an electron acceptor, which is dissolved in most cases, is necessary to entrap free
electrons and reduce the rate of electron-hole recombination [10]. Photogenerated electrons may also
react with dye molecules and reduce them [6]. Holes, on the other hand, can react with hydroxide
ions (OH™) or adsorbed H,O on the catalyst’s surface and generate hydroxyl radicals. Finally, dye
molecules will react with the formed radicals. This reaction takes place on the surface of the catalyst
particles and will continue until complete mineralization of the organic species [10]. The photocatalytic
reactions described above can be summarized as [8]:

TiO; +hv — e” +h™ (€]

e +0; - 05 @)
h*+Organic — CO, 3)
h*+H,0 - -OH+H* 4
-‘OH + Organic — CO, +H,O (5)

A number of studies have investigated aqueous phase photodegradation of various dyes using
TiO; catalyst [1,7,9,11-18]. Sohrabi and Ghavami (2008) [1] studied photocatalytic degradation of
Direct Red 23 using UV/TiO, system. They reported an increase in dye decomposition rate with
increasing TiO, concentration up to 4.0 g/L; the rate then decreased with further increases in catalyst
dose. Juang et al. (2010) [7] investigated photodegradation and mineralization of single and binary
Acid Orange 7 (AO7) and Reactive Red 2 (RR2) under UV irradiation in TiO, suspensions. Their results
showed that after 20 min of UV irradiation with 0.5 g/L TiO,, complete removals of single AO7 and RR2
were achieved at pH 6.8. Photocatalytic degradation of Amaranth dye was investigated in a UV-C/TiO,
system by Gupta et al. (2012) [13]. They obtained degradation efficiencies of 17%, 26%, 38% and 64%
for UV, UV + H;O,, UV + TiO; and UV + TiO, + HyO; systems, respectively, after 100 min irradiation.
Barakat (2011) [9] investigated the removal of Procion® yellow H-EXL dye over TiO, suspension and
obtained 100% photodegradation efficiency under optimum conditions of pH = 5.0, TiO, dose = 1.0 g/L
and dye concentration = 10 mg/L. Toor et al. (2006) [14] evaluated the photocatalytic degradation
of Direct Yellow 12 in a shallow pond slurry using TiO, suspension under irradiation of UV light
using black fluorescent lamps lies in UV-A range. After 1.5 h and under optimum conditions (TiO,
dosage = 2.0 g/L, pH = 4.5 and initial dye concentration = 100 mg/L) complete decolorization was
achieved. Khataee et al. (2009) [15] investigated degradation of three azo dyes by UV-A irradiation
using immobilized TiO, and achieved complete decolorization after 6 h at natural pH and an initial
dye concentration of 30 mg/L.

However, to the best knowledge of authors, there are limited numbers of studies [19] which have
assessed interaction effects between operational factors in the photocatalytic degradation process of
dyes and optimized the process.
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There are several classical methods for design and optimization of experiments. For instance,
the one-factor-at-a-time method does not consider the interactions among experimental factors [20,21].
The full factorial method, considers interaction effects through a great number of experiments but can
be time-consuming and costly in multi-variable systems [20,21]. Response surface methodology (RSM)
is a collection of statistical and mathematical methods used for development of a functional relationship
between a response of interest and a number of input variables [22]. This method is applied for
designing experiments, evaluating the effects of individual operational parameters and their interaction
effects and optimizing the parameters, with a significant reduction in the number of experiments [23-25].
Several recent studies have optimized the response of various environmental treatment processes using
models based on RSM [19,24-33]. For example, Saber et al. (2014, 2017) [26,27] used RSM to optimize
Fenton and photo-Fenton processes for treatment of petroleum refinery effluents, Cifuentes et al.
(2017) [34] used RSM for simulation of the ethanol’s catalytic steam reforming, Li et al. (2018) [35] used
RSM to investigate photocatalytic performance and degradation mechanism of Aspirin by TiO,, Inger
etal. (2019) [36] optimized ammonia oxidation using RSM and Aljuboury et al. (2016) [37] optimized
TiO,/ZnO photodegradation of petroleum refinery wastewaters by using RSM.

The current work, for the first time, optimizes experimental conditions for photocatalytic
degradation of two anionic textile dyes, Acid Blue 113 (AB 113) and Acid Red 88 (AR 88), in a
TiO, suspension system using UV-C irradiation. A simple enclosed bench-scale batch photoreactor was
constructed for this study. Mercury vapor UV-C lamps were positioned over a relatively shallow free
surface dye solution to provide sufficient light penetration as well as reduce costs of employing quartz
tubes to immerse a UV lamp in the solution. In RSM-designed experiments, initial dye concentration,
catalyst loading and solution pH were considered as independent parameters. The degradation
efficiency of dyes was the target response. Modeling photocatalytic degradation efficiency, examining
the influences of several variable parameters on degradation efficiency and their interactions and
determining optimum conditions for dye removal were conducted using RSM with a cubic IV
optimization method. Kinetic studies were also conducted to evaluate dyes’ photodegradation rates
under optimum conditions.

2. Results and Discussions

2.1. Stage 1: Preliminary Experiments

Figure 1 shows the effects of different experimental factors on photocatalytic degradation of AB
113 and AR 88 textile dyes in the first stage one-factor-at-a-time preliminary experiments.

Figure 1a shows that increasing TiO, dose up to 2.0 g/L and 1.0 g/L, enhanced removal efficiencies
of AB 113 and AR 88, respectively. Increases in catalyst dose above these thresholds resulted in
decreased removal efficiencies. Even though increase of TiO, particles in the solution might provide
more active sites for the dye molecules to be adsorbed and degraded, excessive amounts of catalyst
particles might aggregate leading to a decreased number of active sites. Excessive TiO;, doses can also
increase the opacity of solution and consequently reduce the penetration of UV light and thus decrease
the treatment efficiency [1,38]. These results agreed with the previous studies [1,9,14,38] reporting
decreased photocatalytic efficiency when applying TiO, dose above an optimum value.

Figure 1b shows that increasing reaction time improved removal percentages for both dyes.
A higher overall removal efficiency was observed for AR 88 compared with AB 113 over the entire
reaction time. As observed, only 7.4% and 8.7% increases in removal efficiencies were observed after
90 min for AB 113 and AR 88 dyes, respectively, indicating that 90 min was sufficient for most of the
dye degradation reactions to occur. Hence, a fixed reaction time of 90 min was considered for both
dyes in the main experiments (i.e., second stage experiments), while other experimental factors (e.g.,
initial dye concentration, catalyst dose and pH) were optimized using RSM.
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Figure 1. Results of preliminary experiments for photocatalytic degradation of Acid Blue (AB) 113
and Acid Red (AR) 88 textile dyes. Effects of changing (a) TiO, dose (g/L) (Initial dye concentration =
50 mg/L, pH = 3.0, Reaction time= 90 min), (b) reaction time (min) (Initial dye concentration = 50 mg/L,
pH = 3.0, TiO; dose = 1.0 g/L), (c) Initial dye concentration (mg/L) (Reaction time = 90 min, pH = 3.0,
TiO, dose = 1.0 g/L) and (d) pH (Initial dye concentration = 50 mg/L, Reaction time = 90 min, TiO;
dose = 1.0 g/L). Error bars show standard deviation of duplicate runs.

Figure 1c illustrates that, as expected, increasing dye concentration from 20 mg/L to 200 mg/L
decreased removal efficiencies in both dyes (from 97.6% to 40% for AR 88 and from 92.6% to 54.4% for
AB 113). This was likely because increasing dye concentration in the solution while maintaining a
constant catalyst dose caused the fixed number of catalysis sites to be saturated faster [39]. In addition,
increased dye concentration probably decreased the light transmittance in the solution. Decreased UV
penetration can reduce the activation rate of TiO, particles and hinder the generation of *OH radicals,
resulting in decreased photocatalytic degradation efficiencies for both dyes [39].

Figure 1d represents the effects of changing pH from 2.0 to 10.0 on removal efficiencies of AB 113
and AR 88. For AB 113, increasing pH from 2.0 to 6.0 caused a marked decrease in removal efficiency
from 96.7% to 40.3% (56.4% decrease). Further increasing pH above 6.0 up to 9.0 decreased efficiency
by only an additional 18%. For AR 88, increasing solution pH from 2 to 10 only resulted in 11.8%
decrease in degradation efficiency. Detailed discussion about the effects of solution pH on each of dyes
and possible interactions with other factors are presented next in Section 2.2.

In order to investigate the sole contribution of adsorption in removal of dyes from the aqueous
solutions, experiments were conducted under dark conditions (i.e., without UV-C radiation) for both
AB 113 and AR 88 dyes. After 90 min reaction under dark conditions in the closed photoreactor under
the fixed experimental conditions of TiO, dose = 1.0 g/L, initial dye concentration = 50 mg/L and
pH = 3.0, concentrations of both AB 113 and AR 88 remained unchanged when the reacted samples
were analyzed by the UV-VIS spectrophotometer. This showed that adsorption onto TiO, particles did
not by itself have a significant role in dye removal, demonstrating that the observed removal of dyes in
the UV-C/TiO, system were due to photocatalytic process.

2.2. Stage 2: Process Optimization

2.2.1. Response Surface Plots, Fitted Models and ANOVA

Figures 2 and 3 show the results obtained from the 30 experimental runs (i.e., stage 2) for AB 113
and AR 88, respectively, after 90 min reaction time. Analysis of variance (ANOVA) for AB 113 and AR
88 are presented in Tables 1 and 2, respectively. Significance of the model terms was evaluated based
on computed F-statistic values and their associated p-values. Least-squares cubic regression models
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were generated by eliminating non-significant terms (p-value > 0.05). Reduced cubic models for AB
113 and AR 88 are expressed in the Equations (6) and (7), respectively.

AB 113 Removal (%) = 76.75 — 21.30A — 17.41B — 12.47C + 2.28AB — 2.26AC — 8.06A2 ©
—11.57B%- 5.14A2C — 4.44AB? + 5.23AC? + 16.52B°
AR 88 removal (%) = 74.21 — 2.00A — 7.67B — 19.61C — 2.03AC — 1.25BC — 11.18B>

—1.63ABC +3.57AB? — 3.99AC? — 3.30B2C — 4.44A3 + 7.18B3 — 3.95C3 @
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Figure 2. Response surface and contour plots for photocatalytic degradation of AB 113 as a function of
(a) C: initial dye concentration (mg/L) and B: TiO, dose (g/L) (pH = 3.0, reaction time = 90 min), (b) A:
pH and B: TiO, dose (g/L) (initial dye concentration = 50 mg/L, reaction time = 90 min) and (c) A: pH
and C: initial dye concentration (mg/L) (TiO, dose = 1.0 g/L, reaction time = 90 min).
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Figure 3. Response surface and contour plots for photocatalytic degradation efficiency of AR 88 as a
function of (a) C: initial dye concentration (mg/L) and B: TiO, dose (g/L) (pH = 3.0, reaction time =
90 min), (b) A: pH and B: TiO, dose (g/L) (initial dye concentration = 50 mg/L, reaction time = 90 min)
and (c) A: pH and C: initial dye concentration (mg/L) (TiO, dose = 1.0 g/L, reaction time = 90 min).

Table 1. Analysis of variance for modified cubic model obtained for photocatalytic degradation of AB

113 in the UV-C/TiO, system.

Source F-Statistic Value p-Value
Model 86.33 <0.0001
A-pH 129.56 <0.0001
B-TiO, dose (g/L) 18.05 0.0005
C-Initial dye concentration (mg/L) 44.81 <0.0001

AB 411 0.0578

AC 458 0.0462

A2 20.69 0.0002
B2 50.53 <0.0001

A2C 5.13 0.0360

AB? 4.56 0.0467

AC? 5.87 0.0261

B’ 14.68 0.0012

Lack of Fit 0.51 0.8499
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Table 2. Analysis of variance for modified cubic model obtained for photocatalytic degradation of AR

88 in the UV-C/TiO; system.

Source F-Statistic Value p-Value
Model 217.009 <0.0001

A-pH 0.773 0.392

B-TiO, dose (g/L) 14.338 0.0016
C-Initial dye concentration (mg/L) 92.905 <0.0001
AC 9.611 0.0069

BC 3.301 0.088
B2 90.316 <0.0001

ABC 4961 0.0406

AB? 6.835 0.0188

AC? 6.427 0.0221

B2C 5.822 0.0282

A3 3.379 0.0847

B3 10.334 0.0054

(e 3.466 0.0811

Lack of Fit 1.312 0.4046

Figure 2 shows that removal efficiencies greater than 90% for AB 113 occurred for conditions of
pH between 2.0 and 3.0, TiO, dose of 0.7 to 2.0 g/L and dye concentration of 20 to 65 mg/L.

For AR 88, Figure 3 shows that removal efficiencies greater than 90% occurred for conditions of
pH between 2.0 and 4.5, TiO; dose of 1.0 to 2.0 g/L and dye concentration between 20 and 30 mg/L.

As observed from Figure 2 and Equation (6), AB 113 removal efficiency decreased with increasing
pH (term A) and initial dye concentration (term C), which is consistent with preliminary experiments. pH
could affect the speciation of dye molecules and consequently, the electrostatic force between catalysts
particles and dye molecules. Since chemical reactions associated with photocatalytic degradation take
place on the surface of the catalyst particles [10,38], adsorption of the contaminants” molecules onto
catalyst surface is an essential step for efficient photocatalytic degradation [40].

The point of zero charge (zpc) for TiO, Degussa P 25 is 6.5 [41]. Hence, the TiO, surface was
positively charged at pH < 6.5 and negatively charged at pH > 6.5. On the other hand, AB 113 is a
disulfonate acid dye (having two sulfonated (~SO37) groups) with an acid dissociation constant (pKa)
of 0.5 [38]. Therefore, AB 113 tended to be negatively charged at pH > 0.5. The increased density of
positive charges on the surface of TiO, particles under acidic conditions was likely to be favorable for
adsorbing AB 113 [42] and consequently improved photodegradation efficiency. The cubic regression
model also showed that there were interaction effects between these two factors (i.e., A for pH and
C for dye concentration) due to presence of the statistically-significant terms AC, A2C and AC? in
the equation. These significant interactions indicated that changing pH affected the speciation and
ionization state of AB 113 dye molecules as well as TiO, particles’ surface charge [43].

Effects of catalyst dose (term B) on AB 113 dye degradation were also consistent with preliminary
experiments, as well as studies reported in the literature [1,9,14], which is improving removal efficiency
by increasing TiO, dose to an optimum point and then reducing the efficiency at greater values.
Statistically significant (p-value < 0.05) interactions between the catalyst dose (term B) and the solution
pH (term A) were also observed in ANOVA results. These interactions could be due to the effect of pH
on the surface charge of TiO,, affecting the adsorption of dye molecules on its surface. Since the reaction
between hydroxide ions in the solution and holes on the surface of TiO, particles could generate
hydroxyl radicals, an alkaline environment could be favorable for hydroxyl radicals” generation.
However, the electrostatic repulsion between the negatively charged surface of TiO, and OH™ anions
in an alkaline environment would hinder the formation of hydroxyl radicals leading to a reduced
degradation efficiency [44]. Venkatachalam et al. [45] reported that an acidic environment is beneficial
for photocatalytic degradation by TiO,, since it minimizes electron-holes recombination and enhances
*OH production. In addition, TiO, particles agglomerate in alkaline conditions, leading to a reduced
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exposed surface area to the energy source (UV-C light) [46]. This could be another reason for the
decreased removal efficiency of both dyes at higher pH values.

Mohammadzadeh et al. (2015) [38] investigated the photodegradation of AB 113 using ZnO-Ag
catalyst under UV illumination. They reported that although there is a stronger electrostatic attraction
force between ZnO-Ag and AB 113 at 0.5 < pH < 9.0, which is favorable for photocatalytic degradation
reactions, since the catalyst dissolves at pH < 3.0, the overall decolorization was enhanced at higher
pH values. Ma et al. (2011) [47] studied photooxidation of three azo dyes including AB 113 using
TiO,/H,0, under vacuum ultraviolet (VUV, A < 190 nm) irradiation. Consistent with the results of
the present study, they found that lower pH values (in their experimental range of 3.0 < pH < 9.0)
enhanced AB 113 photodegradation.

Figure 3 shows that AR 88 removal efficiencies exceeding 90% occurred for dye concentrations
between 20 and 53 mg/L and TiO, doses between 1.0 and 2.0 g/L. In the studied range, pH (term A)
was not found to be a significant factor in AR 88 removal efficiency. Increasing initial AR 88 dye
concentration (term C) reduced its degradation efficiency. Table 2 and Equation (7) indicate high
interactions between all three factors (AC, BC, ABC, AB?, AC? and BZC). Presence of interaction terms
between A and C (i.e., pH and initial dye concentration) in the regression model suggested that these
two factors were not completely independent. Hence, it could be inferred that changing pH in a wider
range probably would show more intense effects on the response. This could also be explained by the
electrostatic repulsion between negatively charged surface of TiO, particles in alkaline environment
and negatively charged sulfonic groups (R-SO37) present in structure of AR 88 [3,43]. Therefore,
increased negative surface charge of TiO, particles due to increased pH could have hindered adsorption
of AR 88 onto catalyst surface and consequently, reduced the removal efficiency. However, a pK, of
10.7 for AR 88 [48] suggests that AR 88 was not highly ionized in the pH range used in this study. Thus,
pH effects on degradation of AR 88 were not very significant. Similar to AB 113, changing TiO, dose
(term B) showed an optimum point for AR 88 photodegradation beyond which increasing catalyst
dose reduced removal efficiency. For AR 88, the pH parameter (term A) was kept in the model because
of the significant interaction effects between pH and other factors (i.e., AC, AC?, ABC, AB?).

The obtained models’ p-values of < 0.0001 demonstrated significance of cubic models for both
dyes. High lack-of-fit p-values of 0.8499 and 0.4046 for AB 113 and AR 88, respectively, confirmed
that both reduced cubic models were statistically significant. High calculated F-statistic values and
correspondingly low associated p-values for each retained parameter (Tables 1 and 2) indicated
highly significant effects of each retained specific parameter or combination of parameters on removal
efficiency. The potency of experimental variables on changing removal percentages could be graded as
pH > initial dye concentration > TiO, dose for AB 113 and initial dye concentration > TiO, dose > pH
for AR 88. In addition, interaction between pH and the second power of initial dye concentration for
AB 113 (AC?) was found to be the most significant interaction, while for AR 88 the interaction between
pH and initial dye concentration for (AC) was the most significant interaction (See Figure S1).

A summary of the fitted models’ statistical characteristics for two studied dyes, as well as for the
cubic models before modification is shown in Table 3.

Values of Rzadj 0f 0.9700 for AB 113 and 0.9898 for AR 88 (Table 3) indicate that both reduced models
could describe a very large portion of the variance in the design space. Table 3 shows coefficients of
variation (standard deviation/mean) of 5.88% and 3.47% for AB 113 and AR 88, respectively, meaning
that standard deviations were 5.88% and 3.47% of the mean, respectively.
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Table 3. Summary of fitted models’ characteristics for photocatalytic degradation of AB 113 and AR 88
textile dyes in UV-C/TiO, system, before and after removing insignificant terms.

AB 113 AR 88
Item Initial Cubic Reduced Initial Cubic Reduced
Model Cubic Model Model Cubic Model
Standard deviation 3.90 3.78 2.35 227
Mean 64.24 64.24 65.35 65.35
Coefficient of variation, % 6.06 5.88 3.60 3.47
PRESS 1205.01 664 1780.39 265.73
R? 0.9890 0.9814 0.9962 0.994
Rzad]- 0.9682 0.9700 0.9890 0.990
Adequate precision 26.392 34.834 33.969 42.061

Adequate precision was obtained 34.834 and 42.061 for AB 113 and AR 88, respectively. Values
greater than 4 for this factor are desirable. High values denote an adequate signal and show that the
model can navigate the design space [23]. Comparing values before and after models” modification, it
is observed in Table 3 that the modifications enhanced the signal-to-noise ratio for both dyes, reflected
as increased adequate precision values.

For a specific model, a lower value for the Predicted Residual Error Sum of Squares (PRESS, see
Equation (13) in Section 3.4) is favorable, showing that the model is not overly sensitive to any single
data point [49]. Table 3 shows that PRESS values decreased by 81.5% and 567% after modification of
AB 113 and AR 88 models, respectively, indicating that the cubic models were improved by removing
statistically insignificant data points.

2.2.2. Optimization

In order to verify the accuracy of the reduced cubic models in predicting optimum treatment
condition, a third round of experiments was carried out under optimum conditions. Predicted optimum
operating conditions and removal efficiencies as well as the obtained experimental results are shown
in Table 4. Removal efficiencies of 98.7% and 99.6% under optimum conditions were achieved for AB
113 and AR 88 dyes, respectively; values reasonably close to 100% removal efficiencies predicted by
the reduced cubic models.

Table 4. Optimum conditions for photocatalytic degradation of AB 113 and AR 88 dyes in UV-C/TiO,
suspension system.

H Initial Dye TiO; Dose  Predicted Removal ~ Achieved Removal
P Concentration (mg/L) (g/L) Efficiency (%) Efficiency (%)
lAl]; 2.21 43.13 0.98 100% 98.7%
AR 88 2.36 22.40 1.22 100% 99.6%

Regarding the practical applications of the optimized conditions, it should be noted that although
highly acidic conditions—causing high operational costs—were proposed for the complete degradation
of both AB 113 and AR 88, Figures 2 and 3 illustrate that high removal efficiencies could be achieved in
a wider range of operating conditions. For example, having an initial dye concentration of 50 mg/L and
a reaction time of 90 min, removal efficiencies of almost >80% could be achieved with pH increased to
4.0 and 5.0 for AB 113 and AR 88, respectively.

2.3. Stage 3: Kinetics of Photocatalytic Degradation

In order to evaluate photocatalytic degradation rates of AB 113 and AR 88, kinetic studies were
performed for each dye under the optimum experimental conditions. Results are shown in Figure 4
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and reaction rate constants and model characteristics associated with fitted kinetic models are shown
in Table 5.
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Figure 4. First-order kinetic models for photocatalytic degradation of (a) AB 113 and (b) AR 88 dyes in
UV/TiO, suspension system under optimized conditions for each dye (AB 113: initial dye concentration
=43.13 mg/L, reaction time = 90 min, TiO, dose = 0.98 g/L, pH = 2.2; AR 88: initial dye concentration =
22.40 mg/L, reaction time = 90 min, TiO, dose = 1.22 g/L, pH = 2.4). Error bars show standard deviation.

Table 5. Characteristics of First order kinetic models for photocatalytic degradation of AB 113 and AR
88 in a UV-C/TiO; suspension system.

ki (min~!)  p-Value forky  Co moger  p-Value forn C, R? RMSE (mg/L)

AB113 0.048 213 x 1077 41 1.13 x 1078 0.996 1.72
AR 88 0.059 8.60 x 1077 20.4 3.70 x 1077 0.993 1.12

High coefficients of determination (R%45 113 = 0.996 R% 41 g3 = 0.993) and low root mean square
error (RMSE) values (RMSE¢, o113 = 1.72 and RMSE(, sg sg = 1.12) between the first order kinetic
models and experimental values shown in Table 5 demonstrated that first-order kinetic models were
appropriate for observed dye degradation under optimum conditions.

AR 88 showed a higher degradation rate compared to AB 113 (k1 ar s = 0.059 min~! with a p-value
of 8.60 x 1077 compared to ki, s 113 = 0.048 min~! with a p-value of 2.13 x 1077) under optimum
conditions. This is consistent with the preliminary results shown in Figure 1b indicating a higher
removal percentage for AR 88 compared to AB 113 at all reaction times.

Ma et al. (2011) [47] reported a pseudo-first order rate constant of k = 0.2469 min~! at pH = 3.0 as
the highest degradation rate for AB 113 with an initial dye concentration of 0.0523 mM in the studied
pH range of 3.0 to 11.0, using a VUV/TiO; system, with the VUV lamp immersed in the dye solution
and TiO, dose of 0.5 g/L. After 60 min, 60% of AB 113 was decomposed. The higher reaction rate
obtained by Ma et al. (2011) [47] compared to the present study could be due to the application of
VUV, with a lower wavelength and thus higher energy compared to UV-C, which potentially enhance
the excitation of TiO, particles. In addition, immersing the VUV lamp inside the dye solution using a
quartz tube also provides a better exposure of catalyst particles to the energy source. The present study
proposed a more economical approach by using a higher wavelength UV-C (meaning a lower energy,
primary emission band 254 nm) source and eliminating the use of quartz-tube through direct radiation
of UV on the solution surface. Mohammadzadeh et al. (2015) [38] obtained a pseudo-first-order rate
constant of 0.007 min~! for AB 113 photodegradation in a ZnO-Ag/UV system with an immersed
UV lamp, under the conditions of initial dye concentration = 40 mg/L, catalyst dose = 0.15 g/L and
optimum pH = 8.0. After 90 min, almost 50% of AB 113 degraded. Their lower degradation rate
compared to the present study might be due to the application of a different catalyst at a lower dose.

Anandan et al. (2008) [11] studied the photocatalytic degradation of AR 88 using Ag-loaded TiO,
particles (Ag/TiO;) under visible light and compared the photodegradation rates with using unloaded
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TiO,. They obtained first-order rate constants of about 0.006 min~! and 0.008 min~"! for TiO, and
Ag/TiO,, respectively, using an initial AR 88 concentration of 0.034 mg/L, a TiO, dose of 0.6 g/L, with
no pH adjustments. After 425 min, 55% TOC removal was observed using Ag/TiO,. Konyar et al.
(2017) [50] studied photocatalytic degradation of AR 88 using sintered-reticulated ZnO catalyst under
UV-A and UV-C radiations, in a quartz tube reactor surrounded by a cylindrical light assembly. They
obtained pseudo-first order rate constants of about 0.007 min~! and 0.009 min~! for photodegradation
under UV-A and UV-C radiations, respectively, having initial AR 88 concentration of 50 mg/L and
catalyst dose of 40 g/L, without pH adjustment. After 180 min, 60% and 80% color removal percentages
were obtained under UV-A and UV-C radiation, respectively.

Asshownin Figure 5, AB 113 is a diazo naphthyl dye and AR 88 is a mono-azo naphthyl dye, having
conjugated chromophores responsible for their color. When TiO; is added to the dye solutions, AB 113
and AR 88 molecules are adsorbed mainly through their sulfonate groups [51]. The main degradation
pathway proposed by previous researchers studying photodegradation of naphthyl azo dyes in AOP
systems [51,52] is the attack of hydroxyl radicals to the naphthalene ring, forming a hydroxylated
naphthyl azo dye which is subsequently cleaved. Additionally, hydroxyl radicals attack the aromatic
rings with azo groups resulting in azo bond cleavage. Both these reactions result in chromophoric group
destruction [52]. Mohammadzadeh et al. (2015) [38] investigated degradation pathway and reaction
byproducts for AB 113 photodegradation using a ZnO-Ag nanophotocatalyst under UV radiation. They
showed that cleavage of azo bond during a 90 min photocatalysis reaction resulted in the formation of
4-diazenyl-1-naphthylamine, 1-naphthyldiazene or 5-diazenyl-1-naphthol intermediate compounds,
which were gradually converted to CO, and H,O [38]. Madhavan et al. (2010) [53] proposed a pathway
for the TiO, mediated photocatalytic degradation of AR 88 by investigating reaction intermediates using
a mass spectrometer and showed formation of hydroxyamino naphthol (4) and 4-aminonaphthalene
sulfonic acid (5) as the intermediate products. In the proposed pathway, they showed that AR 88
photocatalytic degradation was mainly due to the hydroxyl radical attack to the aromatic rings [53].
It is expected that the mechanism of hydroxyl radicals attack to AB 113 and AR 88 molecules in the
UV-C/TiO; system to be similar to the mechanisms proposed by Mohammadzadeh et al. (2015) [38]
and Madhavan et al. (2010) [53], consisting of cleavage of azo bonds.
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Figure 5. Molecular structure of (a) Acid Red 88, pKa = 10.7 and (b) Acid Blue 113, pKa = 0.5.
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3. Materials and Methods

3.1. Materials and Equipment

Acid Red 88 (AR 88) (also known as Fast Red A or 2-Naphthol Red; CAS number 1658-56-6;
molecular formula CypH;3N;NaO4S; molecular weight 400.38 g/mole) and Acid Blue 113 (AB113)
(Fast Navy Blue 5R; CAS number 3351-05-1; molecular formula C3,H»1N5NaOgS,; molecular weight
681.65 g/mole) were purchased from Sigma-Aldrich (St. Louis, MO, USA) (dye content 75%). Both of
these dyes are common azo acid dyes, usually applied for wool, nylon, rayon and polyester dyeing [54].
Acid dyes are negatively charged dyes [55], which are protonated in pH values below their acid
dissociation constant (pKa). The chemical structure of AR 88 and AB 113 are shown in Figure 5.
Titanium dioxide (TiO,) Degussa P25 with an average particle size of 30 nm [14] and surface area of 57
mz/g [11] was purchased from Merck (Kenilworth, NJ, USA) (reagent grade) and used as received.
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Solutions of 1 M, 0.1 M and 0.01 M of HCI and NaOH were used to adjust solution pH to
pre-determined values before initialization of photocatalytic process. Standard buffer solutions of
pH of 4.0 and 7.0 were used to calibrate the pH meter (Jenway, staffordshire, UK) 3045 Ion Analyzer
pH meter with a Sentek (Stepney, Australia) single-junction, glass body combination electrode filled
with AgCl). To separate TiO, particles from treated solutions, 8 mL of treated dye solutions were
poured in 15 mL-polypropylene centrifuge tubes (17 mm X 120 mm). A Sigma (St. Louis, MO, USA)
201 centrifuge machine was used at 4000x g rpm for 40 min to separate particles. The supernatant
was then decanted and used for analysis. Laboratory scales [Sartorius-AC 121S-00MS (Géttingen,
Germany) and Rad Wag-WTB 3000 (Radom, Poland)] with the resolution of 0.001 g were used to
measure the mass of dyes and TiO, particles. All the experiments were carried out using DI water
(with an electrical resistivity of 1 MOhm/cm at 25 °C). A Rayleigh (Beijing, China) UV1601 UV/VIS
spectrophotometer was calibrated against standard dye solution concentrations and used to measure
the dye concentration.

3.2. Photoreactor

Photocatalytic degradation experiments were conducted in a batch reactor, shown schematically in
Figure 6. The reactor setup consisted of two UV-C lamps [each lamp: Philips (Somerset, NJ, USA) TUV
G30T8 25PK; 30 W, 0.37 A, 102 V; primary emission 253.7 nm, UV-C radiation 12 W, 10% depreciation
during 9000 h; 90 cm length, 28 mm diameter], two 4.5-volt rotary agitators, an aeration pump [Hailea
(Guangdong, China) ACO 5505, 6 Watt, air output = 5.5 L/min] with two output tubes and two
cylindrical dishes (Schott, Germany) for holding dye solutions, with an inside diameter of 13 cm,
height of 7.5 cm and bottom thickness of 5 mm. UV lamps were placed on two concrete columns with
a height of 25 cm on the top of dye solutions’ containers. Distance from the UV lamps to the surface
of dye solutions was 20.7 cm. To ensure a homogenous stirring of catalyst particles in dye solutions
during the photocatalytic process, samples were agitated at 150 rpm using rotary agitators. Aeration
pump tubes were placed in sample containers to supply the oxygen demand for photocatalytic reaction
with the oxygen flow rate of 3.9 X 1072 mole/min, as well as to achieve a uniform suspension of TiO,
particles in the aqueous solutions. To prevent UV-C radiation leakage, the reactor setup was covered
with a cardboard box of 30 cm X 40 cm x 110 cm dimensions. The internal surface of the box was
completely covered with aluminum foil to prevent escape of UV radiation. By reflecting the radiation
toward the samples, the removal efficiency would likely be enhanced.

©

(a)

\( d)/

Figure 6. Schematic of the UV-C/TiO, photoreactor set up: (a) UV-C lamps, (b) agitators, (c) aeration
pump, (d) sample containers (e) photoreactor cover.

3.3. Experimental Procedure and Measurements

Fresh dye solutions were prepared by adding appropriate amounts of dye powder and DI water
in 500-mL volumetric flasks. The solutions were agitated for 10 min on a rotary shaker to obtain a
homogenous dye solution and then poured into the cylindrical reaction dishes. Dye solution pH was
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adjusted to the predetermined levels and the predetermined masses of TiO, powder were added to the
solutions. The suspensions were immediately placed in the photoreactor and the mechanical agitators
and air pump were simultaneously turned on sand worked in the dark for 5 min. After 5 min, the two
UV lamps were turned on to initiate the photocatalytic reactions. Reaction time was measured from the
beginning of UV irradiation. All the experiments were carried out at room temperature (23 + 0.1 °C).
To monitor the effectiveness of the process, light absorbance of the samples was measured by the
UV-VIS spectrophotometer at characteristic wavelengths of 505 nm and 565 nm for AR 88 and AB 113,
respectively [16,56]. Dye concentrations in treated samples were determined from measured light
extinction based on Beer-Lambert’s law as expressed below:

logo (I/I,) = A (8)

A=elC ©)

where I,/I is the ratio of incident light to transmitted light, A is light absorbance, ¢ is the molar
absorption coefficient (L mg~' cm™'), L (cm) is the length of solution that light passes through, which is
equal to cell thickness used in spectrophotometer and C is the concentration of solution (mg/L) [57]. For
dye concentrations ranging between 20 to 200 mg L1, the light absorption versus dye concentration
plots at the peak of each dye’s absorption spectrum were linear for both dyes (Figure S2). The extinction
coefficient (¢) showed values of 0.20 L mg™! cm™ for AR 88 and 0.21 L mg~! cm™! for AB 113 (Figure
S1).
Degradation efficiency, R (%), was calculated using Equation (10):
Ci—-Cy
R(%) = ——x100 (10)

1

where C; and Cy are initial and final dye concentrations (mg/L).

3.4. Statistical Analysis

Apart from R? and standard deviation as the two well-known statistical analysis measures,
analysis of variance (ANOVA) uses other standard factors to evaluate significance of a fitted regression
model to a data set. These factors include coefficient of variation, adequate precision and predicted
residual error sum of squares.

Coefficient of variation is the standard deviations which is expressed as the mean percentage:

__ Standard deviation

Coefficient of variation (%)
mean

x100 11)

Adequate precision is an indicator for measuring signal to noise ratio of the model, which is
calculated as:

maximum predicted response—minimum predicted response

Adequate precision = (12)

Average standard deviation of all predicted response
Predicted residual error sum of squares (PRESS) is a measure between the fitted values and

observed values. From a fitted model, each observation from the data set is removed, the model is

refitted and the predicted value at that excluded point is calculated. The PRESS is calculated as: [50]

n

PRESS = Y (yi - §-4)° (13)
i=1

where 7 is the number of data points, y; is the outcome of ith data point and the #_; is the prediction of
ith data point from the refitted model excluded ith data [58].
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The F-test in ANOVA investigates if the variance between the means of two populations are
significantly different. The F-statistic is the ratio of the “between-group variability” to the “within-group
variability”, or:

variation between sample means

F= 14
variation within the samples (14

The p-value tests the null hypothesis which expresses that data from all groups are from populations
with equal means. In other words, p-value determines that if all the populations really have the same
mean, what is the chance that random sampling would result in the means as far apart as observed.
The p-value is computed from a comparison of the computed F-statistic to the critical value of the
F-statistic for the given number of degrees of freedom.

If the null hypothesis of no significant difference between sample manes is true, the F-statistic is
expected to be close to 1. A large F-statistic means that the variation among the group means is more
than is expected to occur by chance. Therefore, a large F-statistic, if it exceeds the critical F-statistic for
a pre-established level of significant (typically p < 0.05) can lead to the rejection of the null hypothesis,
meaning that the data were not likely to have been sampled from populations with the same mean.

3.5. Experimental Design and Optimization

3.5.1. Preliminary Experiments

Experiments and optimization were performed in three stages. In the first stage, preliminary
experiments were conducted to determine the ranges of experimental factors to be used in the main
experiments. In the second stage, the main experiments were conducted to determine optimal
experimental conditions using the response surface methodology. Finally, in the third stage, reaction
kinetics were investigated under optimized operational conditions.

Four independent factors including pH, initial dye concentration, TiO, dose and reaction time
were used to evaluate dye removal efficiencies in the preliminary first-stage experiments. Adopting a
one factor-at-a-time approach, three out of four variables were held constant and the fourth was varied
in 4 or 5 levels. Table 6 shows variables and levels used in the preliminary experiments. Two replicate
runs were conducted for each combination.

Table 6. Experimental factors and levels used in preliminary experiments for photocatalytic degradation
of AB 113 and AR 88 in the UV-C/TiO; system.

Variables Levels
pH 2.0 3.0* 6.0 9.0 10.0
Initial dye *
concentration (mg/L) 20 50 100 150 200
TiO, dose (g/L) 0.5 1.0* 2.0 4.0 -
Reaction time (min) 30 60 90 * 120 180

* Fixed value of variable when other factors changed.

3.5.2. Experimental Design Using Response Surface Methodology

Experimental design, statistical analyses, mathematical modeling and optimizations were
accomplished using Design Expert software (Design-Expert®, V 10, Stat-Ease, Inc., Minneapolis,
MN, USA). Similar to the paper by Saber et al. [26], a cubic IV optimal design method was employed
to investigate the effects of input factors and their interactions on dye removal percentage (i.e., the
target response), in the second experimental stage. Cubic IV optimal design minimizes the integral of
prediction variance through the design space and results in a lower prediction variance throughout
an area of interest [59]. Ranges of experimental variables were considered based on the results from
preliminary experiments. As Table 7 shows, six levels of pH, six levels of TiO, dose and six levels of
initial dye concentration were considered as the independent variables in the optimal design. For each
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dye, 30 combinations of conditions were developed according to the cubic IV optimal design algorithm.
The achieved removal efficiency for each run was considered as the target response. In order to account
for experimental errors, three replicate runs were conducted for each combination of conditions and
the average removal efficiency of the three runs was reported for each experimental run.

Table 7. Experimental factors and their levels used in cubic IV optimal design for photocatalytic
degradation of AB 113 and AR 88.

Factors Levels
A: pH 20 25 30 35 40 50
B: TiO, dose (g/L) 05 10 15 20 25 30

C: Initial dye concentration (mg/L) 20 50 60 80 115 150

Analysis of variance (ANOVA) was performed on the fitted cubic models for each dye to evaluate
the significance of the fitted models and to identify the relative significance of experimental factors
and their interactions on the removal efficiency for each dye. Three-dimensional response surface
and contour plots were generated based on the cubic least-squares regression models obtained
from ANOVA.

3.5.3. Kinetic Studies

In the third stage, additional experiments were conducted to investigate reaction kinetics under
the optimized treatment conditions determined from the cubic IV optimal experimental design.
A first-order kinetic model can be described as:

In (C) =1n (C,) — kit (15)

where, f is the reaction time (min), C, and C (mg/L) are the initial dye concentration (mg/L) and dye
concentration at time #, respectively and k; is the first-order reaction rate constant (min~!). When
evaluating goodness of fit for a kinetic model, root mean square error (RMSE) (Equation (16)) was
used along with R? value to evaluate model validity [60].

L](Cm - Cexp)z
RMSE = — (16)
where C,yy and Cy, are the experimental and calculated values (based on the fitted kinetic models) of

dye concentration and 7 is the number of data points.

4. Conclusions

This study optimized photodegradation of AB 113 and AR 88 dyes in a UV-C/TiO, suspension
system using RSM, considering initial dye concentration, solution pH and catalyst dose as variant
factors and the removal percentage as the target response. Under optimum conditions, kinetics of
photocatalytic degradation of AB 113 and AR 88 were also investigated. Analysis of variance showed
that reduced cubic models could well describe the removal of AB 113 and AR 88 dyes. The F-test
showed that the solution pH and initial dye concentration were the most important parameters for
removal of AB 113 and AR 88, respectively. Although pH was the most significant parameter affecting
AB 113 removal efficiency, it was found to be insignificant for AR 88 removal. However, pH of the
AR 88 solution showed significant interactions with the other two factors. Degradation efficiencies of
98.7% and 99.6% were achieved under optimum conditions for AB 113 and AR 88, respectively. The
present study demonstrated almost complete degradation of AB 113 and AR 88 in 90 min under the
optimized conditions obtained using RSM, with first-order rate constants of degradation rate constants

of k1, ap 113 = 0.048 min~! and k1, 4 gg = 0.059 min~".
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Results show that a UV-C/TiO, photocatalytic degradation process can be considered as a
promising and cost-effective technique for dye removal from textile industry effluents. As a proposal,
a dyeing plant could adjust conditions in its effluent to the optimized values to obtain more than
98.7% destruction of waste dye and then adjust effluent pH to neutral values and filter to remove
and recycle the TiO; particles prior to discharge to a receiving water. Additional batch experiments
should be conducted at a bench scale in multi dye solutions to evaluate competition between various
dyes, followed by pilot-scale application of this treatment method on a real textile wastewater in a
flow-through reactor to evaluate limitations due to incomplete mixing and dispersion.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/360/s1,
Figure S1: Computed F-values for significant (p < 0.05) regression model terms associated with photocatalytic
degradation of (a) AB 113 (a) and (b) AR 88 [A: pH, B: TiO; dose (g/L) and C: Initial dye concentration: (mg/L)].,
Figure S2: Absorbance versus dye concentrations graphs for (a) AB 113 and (b) AR 88, showing linearity of data
for both dyes in the studied dye concentration between 0 mg/L to 200 mg/L.
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Abstract: Interfacial charge transfer is crucial in the efficient conversion of solar energy into fuels
and electricity. In this paper, heterojunction composites were fabricated, comprised of anatase TiO,
with different percentages of exposed {101} and {001} facets and nitrogen-doped quantum dots
(NGQDs) to enhance the transfer efficiency of photo-excited charge carriers. The photocatalytic
performances of all samples were evaluated for RhB degradation under visible light irradiation,
and the hybrid containing TiO, with 56% {001} facets demonstrated the best photocatalytic activity.
The excellent photoactivity of TiOo/NGQDs was owed to the synergistic effects of the following factors:
(i) The unique chemical features of NGQDs endowed NGQDs with high electronic conductivities
and provided its direct contact with the TiO, surface via forming Ti—-O-C chemical bonds. (ii) The
co-exposed {101} and {001} facets were beneficial for the separation and transfer of charge carriers in
anatase TiO,. (iii) The donor-acceptor interaction between NGQDs and electron-rich {101} facets of
TiO, could remarkably enhance the photocurrent, thus hindering the charge carriers recombination
rate. Extensive characterization of their physiochemical properties further showed the synergistic
effect of facet-manipulated electron-hole separation in TiO, and donor-acceptor interaction in graphene
quantum dots (GQDs)/TiO, on photocatalytic activity.
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1. Introduction

Anatase TiO, is generally considered a better photocatalyst than rutile, mainly due to its
attributes of longer exciton diffusion length, higher electron mobility, and longer carrier life time [1,2].
The photocatalytic activity of anatase has been revealed to depend closely on the crystal surface [3,4].
Clear pictures have now shown that reduction and oxidation reactions would preferentially occur on
{101} and {001} facets, respectively. Furthermore, it has been found that the {101} surface is attractive for
electrons in aqueous solutions while excess electrons tend to strongly avoid the {001} surface via surface
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science experiments and first-principles simulations [5]. The substantial electrons in anatase TiO,
generated via photoexcitation play an important part in many energy-related applications. However,
due to intrinsic defects and the fast carrier recombination rate, electron trapping in anatase TiO, are
unavoidable, which hamper the overall photocatalytic activity [6,7].

To solve this problem, fabrication of heterojunctions modified anatase TiO, has emerged as a
promising method [8-10]. Angus and co-workers reported the development of a hetero-structured
material by using pre-formed carbon nitride nanosheets (CNNS) composite with facet-controllable
TiO,. The materials possess an excellent CO, adsorption capacity and charge transfer rate, thus leading
to the improvement of the photocatalytic activity of TiO, [11]. Luca Rimoldi et al. have then reported
a method to combine TiO, with WOj3. Due to the admirable properties of WO3, the photocatalytic
activity enhanced remarkably [12]. Through a series of experiments and calculations, Latterly Olowoyo
et al. have also found that carbon nanotubes (CNTs) can strongly be attached to the {101} facet of TiO,,
since the atomic orbitals of anatase overlap with the orbitals of the CNTs [13].

As anovel class of quantum dots (QDs), graphene quantum dots (GQDs) have currently attracted
intensive interest in fabricating new heterojunctions, due to their large surface areas, high electron
mobilities, conductivity, and adjustable band gaps [14,15]. These properties ensure discrete electronic
levels, which could allow for light-induced electron injection, efficient carrier transfer, and long-lived
excited states [16-20]. GQDs have also been explored as the light absorber and heteroatoms-doped
GQDs are expected to realize absorption in the visible region [21]. A variety of surface functional groups
on GQDs could provide better covalent chemical linking between anatase and GQDs, facilitating
charge separation and transfer behaviors [22-24]. Pan et al. have found that monodispersed
amine-functionalized GQDs anatase TiO; heterojunctions have an absorption range extended into
the visible light region and a much lower carrier recombination rate. They attributed the improved
performance to the proper energy position of GQDs/TiO, 23]. Then, Yu and co-workers reported
the decoration of GQDs on {001} faceted anatase TiO, with an exposed percentage of 65%—75%.
The experiments show a promotion of photocatalytic hydrogen evolution rate of the composites
compared to bare anatase, which might originate from the higher-charge separation efficiency. [25]
Zheng and co-workers also utilized TiO, and sulfur, nitrogen co-doped GQDs (SN-GQDs) to develop
an efficient photocatalyst for synthesizing HyO,. They testified that SN-GQDs induced visible light
absorption, promoted charge transfer, and provided active sites for -OOH formation [26]. Recently,
Prezhdo et al. built several models of donor-acceptor interaction between GQDs and TiO, via stacking
and covalent bonding, respectively, to provide guidance for subsequent photocatalysis application [16].

These findings provide strong evidence and also motivation for deeply understanding the models
of electron-hole separation dynamics at heterojunction interfaces [3,21,27,28]. There has still been no
adequate investigation, considering the influence of facet-dependent photogenerated charge-carrier
separation in anatase TiO,, on the photocatalytic activity of GQDs/TiO,. Since both theoretical
and experimental studies had shown that {101} crystal facets are electron-rich while {001} crystal
facets are hole-rich in anatase TiO,, it would be desirable to elucidate the different donor-acceptor
interaction between NGQDs and TiO, with specific facet composition, thus providing explicit guidance
in constructing heterojunction structures with superior performance.

Herein, we have designed a heterojunction composite via depositing nitrogen-doped GQDs on
anatase TiO, with different exposure percentages of {001} and {101} facets, combining the advantages
of facet and interfacial modification to maximize the driving force promoting charge carrier transfer.
The visible light-driven dye degradation performances on anatase TiO, with {101}, {001}, and {001}-{101}
facets, and their corresponding heterojunctions with nitrogen-doped GQDs (NGQDs) have been
systematically studied. To further understand the electron transfer mechanism, the relationships of the
morphology, chemical states, optical, and electrical properties with the photocatalytic activity were
intensively analyzed.
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2. Results and Discussion

2.1. Structural Characterization

The crystalline phases of different samples before and after decoration with NGQDs were firstly
identified. Figure 1 shows the X-ray diffraction (XRD) patterns of anatase TiO, with different exposed
facets. The diffraction peaks appeared around 20 values of 25.3, 38.6, 48.0, 53.9, and 62.1, assigned
to the (101), (112), (200), (105), and (213) crystal planes of anatase titania, respectively [27]. For bare
anatase TiO,, with the increase of Hydrofluoric acid (HF) volume, the {004} diffraction peak was
broadened, implying the thickness of the TiO, along the {001} direction was decreased. Meanwhile,
the intensity of the {200} diffraction peaks was enhanced, indicative of the increasing side length of the
nanoparticles along the {100} direction. According to the two peaks, the percentage of the exposed
{001} facet could be estimated, based on the calculation method reported in the literature. Shown in
Table 1, the percentage was increased when increasing the HF volume [29]. The calculation method
was described in the supporting information, as shown in Figure S1. By comparison, the XRD patterns
of TiO,/NGQDs exhibited similar but much lower diffraction peaks. The XRD pattern of NGQDs
showed a wide weak diffraction peak centered at 26.8°, assigned to the {002} facet [30]. Though the
diffraction peak of NGQDs was not observed in the composites, which might be due to the relatively
low diffraction intensity of NGQDs, the peak attributed to the {101} facet of anatase decreased obviously.
The possible reason is that the {002} crystal orientation in NGQDs influenced the {101} surface of TiO,,
thus leading to decrease of the peak [31].

(a) (b)

T3-NGQDs
A A T3 A Lo A
- - T2-NGQDs
5 7] =1 O RSP
& & TI-NGQDs
g Jt R R
g 5 TO-NGQDs
= E A A A
g = & = = 4 = a e -
PDF#21-1272|5 3 § 2,8 22 PDF#21-1272|5 gl 212 e
e 8 AE R i O I I [ B
10 20 30 40 50 60 10 20 30 40 50 60
20 (degree) 20 (degree)

Figure 1. XRD patterns of different samples (a) without and (b) with nitrogen-doped quantum dots
(NGQDs) decoration.

Table 1. Structural information of different anatase titania samples.

Samples Average thickness (nm) Average length (nm) Percentage of {001}
TO 8.9 8.1 12%
T1 8.5 13.8 56%
T2 6.1 21.6 71%
T3 43 25.5 85%

In Raman spectroscopy, all samples show similar peaks centered at 144, 394, 514, and 636 cm™!
shown in Figure S2. When increasing the addition amount of HF, the intensity of the Eg peak at
144 cm~! decreased simultaneously. The Eg peak is mainly attributed to the symmetric stretching
vibration of O-Ti—O TiO, [29]. A higher percentage of exposed {001} facets generally represented fewer
amount of symmetric O—Ti—O stretching vibration modes, thus leading to the decreasing intensity of
Eg peak in the Raman spectra. Thus, it could be concluded from the Raman spectra that the exposure
percentage of {001} facets increased with the increase of HF volume. Shown in the inset of Figure
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S2b, two characteristic peaks of D and G band appeared at 1351 cm™! and 1590 cm™!, respectively,
confirming the presence of graphite-like structure in the composites.

X-ray photoelectron spectroscopy (XPS) spectra were measured to study the bonding conditions in
the heterojunctions, shown in Figure 2. The Ti 2p spectra showed two peaks with the binding energies
of 458.9 eV and 464.6 eV, which are assigned to Ti 2p*? and 2p'/? spin-orbital splitting photoelectrons,
respectively. The splitting values indicated Ti** chemical states in these samples, while no Ti** forms
were observed [32]. The C 1s spectra could be then fitted into three Gaussian peaks (288.8 eV, 286.1 eV,
and 284.8 eV). The peak at 288.8 eV was assigned to the sp? hybridized carbon in the skeleton of
NGQDs and also some carbon contaminants from the ambience. The other two peaks corresponded to
the oxygenated carbon, representative of carboxyl carbon (288.8 eV) and hydroxyl carbon (286.1 eV)
functional groups, respectively [33-36]. No Ti—C bond related peak (282 eV) was observed, implying
that the NGQDs were probably anchored to the surface of TiO, via Ti-O-C bonds. In some reported
studies, functional groups including C-O and COOH were evaluated to identify the existence of
Ti-O-C bonding [32,37]. These groups are not that stable and might be converted to the epoxy group
during the composite formation process.
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Figure 2. XPS spectra of different TiO,/NGQDs composites.

The evidence of Ti-O-C bonding formation was further provided in the O 1s XPS spectra. It was
fitted into two symmetric peaks. The peaks at 530.3 eV is ascribed to the oxygen in crystal lattice
(Ti-O-Ti) and the other peak at 531.6 eV is believed to result from the Ti-O-C bonding, based on
previously reported cases [25,32,38]. These results indicated the composite formation of TiO,/NGQDs
through the C-O-Ti bonds. The C-O-Ti bonds are capable of mediating the coupling between NGQDs
and TiO,, which could promote the interfacial electron transfer. The N 1s spectra revealed a peak
centered at 400.3 eV, which could be assigned to the pyrrolic N (400.5 eV). The nitrogen atoms are
mainly introduced by the NGQDs, demonstrating the successful decoration of NGQDs on the surface
of TiO; [30]. Furthermore, the percentages of different bonds according to the fitting results of the XPS
high-resolution spectra were calculated, shown in Table 2 and Table S1. Similar percentages implied
similar bonding and chemical composition in different composites.

Table 2. Percentages of different bonds according to the fitting results of the XPS high-resolution spectra
calculated from Figure 2.

Bond T0-NGQDs T1-NGQDs T2-NGQDs T3-NGQDs
% of Ti 2p 26.57 27.63 27.23 27.69
% of C 1s 21.18 19.4 20.65 18.99
O-C=0/Ti-O-C 288.8 eV 7.91 8.03 7.84 7.83
C-0286.1eV 19.53 20.30 19.05 19.26
C=C284.8eV 72.56 71.07 73.40 73.34
% of O 1s 51.69 52.33 51.53 52.85
Ti-O-Ti 530.3 eV 77.80 80.97 80.84 80.42
Ti-O-C 531.6 eV 22.20 19.03 19.16 19.58
% of N 1s 0.55 0.64 0.58 0.47
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2.2. Morphology Characterization

The morphology of anatase TiO, with and without NGQDs decoration were characterized by
Transmission Electron Microscope (TEM) and High Resolution Transmission Electron Microscope
(HR-TEM). The morphology and crystal facets of TiO, remained similar before and after NGQDs
modification, as can be seen from Figure 3 and Figure S3. Figure S3 shows that sample T0 is mostly
composed of nanoparticles with a truncated octahedral bipryramid. After adding HF into the reaction
system, it could be found that the anatase TiO, mostly consists of nanoplates and the plate size increases
with the increase of HF volume, which is consistent with the XRD calculation results. Figure S4 shows
the TEM image of NGQDs, which has an average size of ~2.4 nm. Clear lattice fringes demonstrative
of its well-crystalline structure, and the autocorrelated HRTEM lattice image (inset in Figure S4b) show
a 0.21 nm lattice fringe assigned to the {100} plane of GQDs [39,40].

The formation of NGQDs/TiO, heterojunctions could be obviously observed in the TEM images,
shown in Figure 3, of which the NGQDs were uniformly decorated on both {001} and {101} facets
of TiO,. The NGQDs are shown with red circles. No selective deposition of NGQDs on a specific
facet of anatase TiO, was found. The autocorrelated HRTEM lattice image (inset in Figure 3c,f) both
show 0.21 nm lattice fringes assigned to the {100} plane of GQDs. Meanwhile, the autocorrelated
HRTEM lattice image (inset in Figure 3c,f) also show clear lattice fringes of 0.35 nm and 0.19 nm, which
could be assigned to the {101} and {001} facet of TiO,, respectively. The HRTEM lattice images of all
composites show that the lattices of both NGQDs and TiO, are simultaneously recognized, revealing
good attachment of NGQDs over the TiO, surface.

Figure 3. TEM images of (a) TO-NGQDs, (b,c) TI-NGQDs, (d) T2-NGQDs, and (e—f) T3-NGQDs.
The inset in (a) is the HR-TEM image of TO-NGQDs. The inset in (c) is the autocorrelated HRTEM
lattice images recorded from the corresponding selected areas. The inset in (d) is the HRTEM image of
T2-NGQDs. The inset in (f) is the autocorrelated HRTEM lattice images recorded from the corresponding
selected areas.

2.3. Optical and Electrical Properties

The optical properties of all samples were investigated via the Ultraviolet-Visible (UV-Vis) diffuse
reflection spectroscopy (UV-DRS). All anatase TiO, demonstrate an absorption threshold near 400 nm
in the ultraviolet region. The band gaps of the anatase could be obtained based on the Kubelka-Munk
rule, seen from the inset in Figure 4a. The band gaps of T0, T1, T2, and T3 are 3.22, 3.28, 3.30, and
3.32 eV, respectively. Apparently, with the increase of the {001} facet percentage, the light absorption
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edge was slightly blue shifted [21]. The UV-vis spectrum of NGQDs is shown in Figure S4d, and
the band gap was approximately 1.56 eV, according to our previous work [30,41]. After decorating
NGQDs, it was found that there was an increasing visible light absorption for all composites. Generally,
the resultant extended light absorption was due to the existence of Ti-O-C chemical bonds between
GQDs and TiO; [32,37]. The interaction could improve the interfacial carrier transfer rate, which is
beneficial to photocatalysis under visible light irradiation. Meanwhile, the presence of the energy gap
of NGQDs further ensured the long-lived excited states and absorbance of solar photons in the broad
solar spectrum.

The electrochemical Mott-Schottky experiments of the anatase were then measured (Figure 4c).
The plots present a positive slope and the flat band potential values were recalculated vs. NHE (Normal
Hydrogen Electrode). Combined with the band gaps of anatase TiO, and NGQDs, we proposed
electronic band structures for all composites, shown in Figure 4d. It was hypothesized that the
downshift of conduction band (CB) band level of the anatase might make the electrons less reductive
and also weaken the dynamics of the electron transfer rate between TiO, and NGQDs [42-44].
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Figure 4. UV-vis diffuse reflection spectra (UV-DRS) of (a) bare anatase TiO,, (b) TiO,/NGQDs
composites, (¢) Mott—Schottky plots of bare anatase TiO,, and (d) band structure diagram of different
samples and NGQDs. The inset in (a) is the Tauc plot of the corresponding bare anatase TiO,.

Moreover, the photogenerated charge carrier separation and transfer rate was determined using
photocurrent responses, shown in Figure 5. Fast and uniform photocurrents with good reproducibility
was demonstrated, indicative of relatively reversible photo-responses. Via three on-off cycles under
visible light irradiation (>420 nm), it was found that the photocurrent density of bare anatase TiO,
decreased in the order of T2, T3, T1, and T0. This suggests that defects (oxygen vacancies) are possibly
formed on the surface of pristine anatase TiO, with small size under light illumination in our work,
which would introduce defect energy levels in the band gap and lead to electron-hole separation under
visible light irradiation [25]. Meanwhile, the synergistic effect of {001} and {101} facets would also affect
the charge carrier separation efficiency, resulting in the difference of photocurrent.

After depositing NGQDs, their corresponding photocurrent responses were all enhanced obviously.
The photocurrent density of TiO,/NGQDs composites decreased in the order of T1I-NGQDs, T2-NGQDs,
T0-NGQDs, and T3-NGQDs. The photocurrent density of sample T1-NGQDs was the highest, about
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three times larger than that of sample T3-NGQDs. The photocurrent enhancement could be attributed
to the promoted separation rate of photogenerated charge carriers, owing to the introduction of NGQDs.
The unique chemical features of NGQD endow it with superior carrier mobility and excellent electronic
conductivity [45,46]. Moreover, the extended 7-electron systems of NGQD provide its sufficient
contact with the surface of titania, and the formation of Ti-O-C bonding could also facilitate the
donor-acceptor interaction [16]. These factors contributed to the apparent enhancement of photocurrent
density. We calculated multiple times the photocurrents of the anatase TiO, with and without NGQDs
decoration, shown in Figure 5c. Interestingly, the times decreased with the decrease of exposed {101}
facet percentage in TiO,. The phenomenon indicated a noticeable improvement of electron-hole
separation efficiency between the NGQDs and the electron-rich {101} facet, compared to that between
the NGQDs and the hole-rich {001} facet. The difference demonstrated that efficient electron transfer
existed in the interfacial interaction between NGQDs and TiO, with high {101} facet exposure.

(a) (c)

g L ] et
on —
B o — -51.0
‘1 -t 8
o3 =08
z Light off _g' 6
EM z 06
] P04 4
< 2
o g
E Eoz 2
=
Goo <P} .
150 20 4 6 & 100 120 T sy
20 4 6 8 100 “.sGﬂ"‘;\mG@‘

n )
et

Time (s) Time (s)

Figure 5. Periodic on-off photocurrent output of (a) bare anatase TiO,, and (b) TiO/NGQDs composites.
(c) The multiple times of the photocurrents of the anatase TiO, with and without NGQDs decoration.

Electrochemical impedance spectroscopy (EIS) measurements were utilized to investigate
the mechanism of photocurrent improvement. The semicircle diameter generally indicates the
carrier transfer resistance. In Figure 6, all Nyquist plots of the composites presented as semicircle,
the corresponding arc radius of EIS Nyquist plots all decreased compared to that of bare anatase
TiO,, which is consistent with the photocurrent output. Among all photocatalysts, sample T1-NGQDs
exhibited the smallest semicircle while sample TO the largest. This result is demonstrative of more
effective carrier separation and transfer process in the heterojunctions [47,48]. Thus, it could be
concluded that the percentage of exposed {001} facet indeed had different effects on the electronic
properties of the composites, which might be attributed to the different interfacial interaction between
NGQDs and TiO; with different facet compositions.
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Figure 6. Electrochemical impedance spectroscopy (EIS) Nyquist plots of different TiO, samples
without and with NGQDs decoration.
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Photoluminescence (PL) emission spectrum could help to directly understand the carrier behaviors
and observe the radiative recombination of charge carriers [49,50]. Generally, PL emission signals
are caused by the photo-induced carrier recombination process. Lower intensity is relevant to
better photocatalytic performance. All peaks shape similarly in Figure 7. After decorating NGQDs,
the composites exhibited a slight decrease in the PL intensity, compared to the bare anatase, which
was probably due to the efficient electron transfer from the CB band of anatase to NGQDs. Thus,
the trapping and recombination of charge carriers could be hindered.
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Figure 7. PL spectra of different TiO, samples without and with NGQDs decoration.
2.4. Photocatalytic Performance

The photocatalytic performances of all samples were evaluated for RhB photodegradation under
visible light irradiation after achieving absorption-desorption balance in the dark, as seen from Figure 8.
Obviously, the photocatalytic degradation efficiency of the TiO,/NGQDs heterojunctions was greatly
enhanced compared with that of the bare anatase TiO,. Among the composites, approximately 96%
of the dye was photo-degraded by the T1-NGQDs within 3 h. The degradation process followed the
pseudo-first-order kinetics:

c

- ln(a) =kt (1)
where k is equal to the corresponding slope of the fitting line, representing the rate constant indicative
of the photocatalytic efficiency. To prove the efficiency of sample T1-NGQDs, the photocatalytic
degradation activity of other three organic pollutants including methylene blue (MB), methyl orange
(MO), and phenol (Phe) were compared. It demonstrated that the TI-NGQDs exhibited high
photocatalytic activity for degrading MB dye as well as other common organic species (including
phenol, colorless aqueous solution), shown in Figure S6.

The calculated k values of different samples are shown in Figure 8c (the red column corresponds
to the bare anatase TiO, and the blue column to the composites). Before decorating NGQDs, sample
T2 and T3 exhibited nearly the same constant rate, higher than that of TO and T1. RhB could be
easily absorbed on the titania surface with reactive {001} facet exposure, leading to subsequent dye
self-photosentization process decomposing RhB under visible light irradiation [51-53].

After decoration of NGQDs, it was found that the values were much higher, and the calculated k
of T1-NGQDs reached the highest, about 0.8 h™!. The multiple times of the k values of the anatase
TiO, with and without NGQDs decoration were then calculated, shown in Figure 8d. Notably, it was
shown that the times decreased with the increase of the exposed {001} facet percentage in TiO,, which
is consistent with the photocurrent variation in Figure 5c. The same law illustrates the photocatalytic
degradation performance depends greatly on the interfacial charge carrier separation and transfer
rate, demonstrative of the significant donor-acceptor interaction between NGQDs and {101} facets.
At the same time, it was supposed that the different roles of {001} and {101} facets in separating the
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photogenerated electron-hole are unignorable, since the hybrid containing TiO, with 56% {001} facets
exhibited a higher reaction rate value than that with 12% {001} facets.
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Figure 8. The photocatalytic degradation of RhB for different samples under visible light irradiation.
Change of the relative concentration (C¢/Cp) of RhB in (a) bare anatase TiOy, (b) TiO,/NGQDs composites
as a function of irradiation time up to 180 min. (c) Plot of k (In(Cy/Ct)) values for RhB degradation in
different samples. (d) The times of the k values of the anatase with and without NGQDs decoration.

2.5. Photocatalytic Mechanism

The schematic representation of the electron-hole separation and transfer in TiO,/NGQDs
heterojunction composites during the photocatalytic reaction is shown in Scheme 1. Under visible
light irradiation, both NGQDs and anatase TiO, of avoidable intrinsic defects were capable to generate
photo-excited electrons. Obviously, the narrow energy gaps for NGQDs allow for rich hot electrons
to produce when the excitation wavelength is larger than 420 nm. According to the measured
band potential values, the energy levels in Figure 4d further demonstrate that the band configuration
contributes to electron injections from the CB level of TiO, to the LUMO of NGQDs. The donor-acceptor
interaction was greatly promoted due to the full contact and C-O-Ti formation between NGQDs and
TiO,. The appropriate band alignments explain for the reason why the photocatalytic activities were
all enhanced after depositing NGQDs on the surface of TiO,, compared to that of bare TiO,.

On the other hand, for bare TiO;, it was found that the anatase TiO;, with the higher percentage of
exposed {001} facet owned a much better photocatalytic performance which is due to the high activity
of the {001} facet. However, the reaction rate value (k) achieved the highest for T1-NGQDs rather than
T3-NGQDs. The different variation trend of k value in bare TiO, and TiO,/NGQDs heterojunctions
imply the possible influence of facets in the interfacial electron transfer process. It revealed that the
photo-excited electron and holes behave differently in TiO,, where electrons could be easily trapped in
the {101} facet while holes tend to run to the {001} facet. Since NGQDs are a good electron transport
medium, its deposition on the titania surface with more percentages of exposed {101} facets could
result in a higher electron transfer efficiency, which is consistent with the increasing multiple times of
photocurrent and also k values with and without NGQDs decoration. Simultaneously, the different
roles of {101} and {001} facets in anatase TiO, on charge carrier separation is not negligible, considering
that the k value of T1-NGQDs is higher than that of TO-NGQDs. By comparing the degradation activity
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of TiO, before and after NGQDs decoration, it could be concluded that there is a synergistic effect of
facet-manipulated electron-hole separation in TiO, and donor-acceptor interaction in GQDs/TiO, on
the visible light driven photocatalytic performance.

Pollutants /> 4200m

Products

Pollutants

Scheme 1. Schematic illustration of the proposed band alignment and interfacial electron transfer
process for the TiO/NGQDs heterojunction composites under visible light irradiation (A > 420 nm).

3. Materials and Methods

3.1. Synthesis of Anatase TiO,

The anatase TiO, with different exposed percentages of {001} and {101} facets were prepared via
the traditional hydrothermal method. Typically, different volumes (0.2, 0.4, and 0.8 mL) of hydrofluoric
acid (>40.0%. Sinopharm Chemical Reagent Co.,Ltd, Shanghai, China) were added into the mixture of
tetrabutyl titanate (5 mL; >99.0%, Aladdin, Shanghai, China) and ethanol (8 mL). After stirring for
30 min, the mixture was then transferred into a 50 mL Teflon-lined autoclave and heated at 180 °C
for 24 h. After that, the products were collected by centrifugation, followed by being rinsed several
times with absolute ethyl alcohol and dried at 60 °C overnight. The obtained anatase TiO, co-exposed
with {001} and {101} facets were named as T1, T2, and T3 respectively. To prepare TiO, with the {101}
dominating plane, the same procedure was conducted but with 0.4 mL of H,O, which was named TO.

3.2. Synthesis of NGQDs

The NGQDs were prepared according to a one-step hydrothermal process reported by Sun and
co-workers [54]. In a typical run, 1.44 g of urea (AR, Aladdin, Shanghai, China) and 1.68 g of citric acid
(GR, Aladdin, Shanghai, China) were dissolved in 40 mL of deionized water (DI water). The solution
was transferred into a 50 mL Teflon-lined stainless autoclave and heated at 180 °C for 8 h. The final
product was centrifuged several times at 10,000 rpm for 5 min with absolute alcohol. The obtained
NGQDs precipitate was dried at 80 °C for 1 h to obtain the NGQDs powders.

3.3. Synthesis of TiOy/NGQDs Heterojunction Composites

An ultrasonic-hydrothermal method was used to prepare the TiOp/NGQDs heterojunction
photocatalysts. A certain amount of TiO, and GQDs at a low doping level (1.0 wt%) was added into
40 mL of DI water. The suspension solution was placed in an ultrasonic bath for 30 min and then
transferred into a 50 mL Teflon-lined stainless autoclave by heating at 120 °C for another 2 h. After
centrifuging several times with DI water and being dried at 60 °C overnight, the final powders were
named as T0-NGQDs, T1-NGQDs, T2-NGQDs, and T3-NGQDs, respectively.
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3.4. Characterization

The XRD patterns of all samples were recorded with a PAN analytical X'Pert Pro MPD
diffractometer (Pananalytical, Holland) using Cu-K« radiation (A = 0.1541 nm), and the data
was collected from 20° to 80° (20). UV-vis diffuse reflectance spectroscopy (DRS) were taken
at room temperature measured using BaSO, as the reference on a UV-3150 spectrophotometer
(Shimadzu, Kyoto, Japan). The photoluminescence (PL) spectroscopy was performed using a RF-5301pc
fluorescence spectroscopy (Shimadzu, Kyoto, Japan). Band gap energies were calculated by analysis of
the Tauc-plots resulting from Kubelka-Munk transformation of absorption spectra. High resolution
transmission electron microscope (HRTEM) were conducted by a Phillips/FEI Tecnai F20 S-TWIN
TEM (Hillsborough, OR, USA) instrument operating at 200 kv. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on an ESCALAB 250 Xi (Thermo Scientific, MA, USA) using
non-monochromatized Mg-K« X-ray as the excitation source. The binding energies for the samples
were calibrated by setting the measured binding energy of C 1s to 284.60 eV. The Raman spectra were
measured on a LabRAM HR Evolution (Horiba, Tokyo, Japan) at room temperature using the 532 nm
line of an argon ion laser as the excitation source.

3.5. Photocatalytic Performance

The photocatalytic performance of the as-synthesized photocatalysts were examined under a
300 W Xe lamp (PLS-SXE 300/300 UV, Perfect Light, Shanghai, China) equipped with a 420 nm cut-off
filter as the visible light irradiation source. A total of 15 mg of catalysts were added into 50 mL of a
10.0 mg-L~! solution of different dyes: Rhodamin B (RhB), methylene blue (MB), methyl orange (MO),
and phenol (Phe) (Sinopharm Chemical Reagent Co. Ltd., Shanghai, China). The molar concentration
was 0.026, 0.031, 0.030, and 0.11 mmol/L, respectively. Before irradiation, the suspension was stirred in
the dark to ensure the adsorption-desorption equilibrium of RhB on the surface of the photocatalyst.

3.6. Photoelectrochemical Measurements

The photocurrent measurements, electrochemical impedance spectroscopy (EIS) and
Mott-Schottky experiments were conducted on an electrochemical analyzer (CHI 660C work station,
CHI, Shanghai, China). The employed standard three-electrode configuration included a platinum plate
(as the counter electrode), an Ag/AgCl electrode (as the reference electrode), and a working electrode.
The working electrodes were prepared as follows: 40 mg of powders and 5 mg of Mg(NO3),-6H,O
(=98%; Alfa Aesar, Shanghai, China) were dispersed in 100 mL of isopropanol. The suspension was
ultrasound for 1 h. A clean SnO, transparent conductive glass doped with fluorine, FTO (as cathode)
facing the stainless-steel anode was then immersed into this suspension. The distance between the
two electrodes was fixed at about 5 cm. The Mg?* adsorbed samples suspension was loaded in a
quartz vessel as the electrolyte, and the electrophoresis process was performed at 60 V for 120 s. After
the electrophoretic deposition (EPD) process, the prepared electrodes were washed by ethanol and
deionized water several times and dried at room temperature. A 350 W xenon lamp with a cut-off
filter (A > 420 nm) was used as a light source and placed 20 cm away from the working electrode.
The working electrode was immersed in 0.1 M Na;SO, aqueous solution. The EIS measurements were
performed over a range from 0.01 to 1000 Hz at 0.2 V, and the amplitude of the applied potential in
each case was 5 mV.

4. Conclusions

In summary, nitrogen-doped graphene quantum dots were successfully deposited onto the surface
of anatase TiO, with different percentages of exposed {001} facets to form TiO,/GQDs heterojunction
composites. The photocatalytic performances of the hybrid containing TiO, with 56% {001} facets
exhibited the highest reaction rate value under visible light irradiation. The successful decoration
of NGQDs on the TiO, surface extended the light absorption edge into the visible light region. Due
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to Ti-O-C formation and high electron conductivity of NGQDs, the photocurrent responses of the
composites were all enhanced obviously, compared to that of the bare samples. Meanwhile, the different
roles of {101} and {001} facets in anatase TiO, on charge carrier separation was also not negligible.
The improved photocatalytic activity was due to the synergistic effect of facet-manipulated electron-hole
separation in TiO, and the remarkable donor-acceptor interaction between NGQDs and the electron-rich
{101} facet. The existence of the {101} facet contributed to the interfacial electron transfer that played a
vital role in improving the photocatalytic activity of the NGQDs/TiO, heterojunctions. Furthermore,
the existence of both facets in anatase assisted the further enhancement of photocatalytic performance.
This work provided a new clue to improve the interfacial charge transfer in faceted semiconductor
related heterojunctions.
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Abstract: Coupling metal-organic frameworks (MOFs) with inorganic semiconductors has been
successfully tested in a variety of photocatalytic reactions. In this work we present the synthesis
of TiO,/HKUST-1 composites by grinding, solvothermal, and chemical methods, using different
TiO, loadings. These composites were used as photocatalysts for hydrogen production by the
photoreforming of a glycerol-water mixture under simulated solar light. Several characterization
techniques were employed, including X-ray diffraction (XRD), UV-Vis diffuse reflectance spectroscopy
(DRS), infrared spectroscopy (FTIR), and time-resolved microwave conductivity (TRMC). A synergetic
effect was observed with all TiO,/HKUST-1 composites (mass ratio TiO»/MOF 1:1), which presented
higher photocatalytic activity than that of individual components. These results were explained in
terms of an inhibition of the charge carrier (hole-electron) recombination reaction after photoexcitation,
favoring the electron transfer from TiO, to the MOF and creating reversible Cu'*/Cu® entities useful
for hydrogen production.

Keywords: hydrogen production; photocatalysis; TiO,-HKUST-1 composites; solar light

1. Introduction

Nowadays, one of the most important necessities of society is the use of natural renewable
resources to produce energy, minimizing the use of fossil fuels and reducing the associated harmful
pollution produced by their combustion. On the other hand, hydrogen is considered a good candidate
as a green energy carrier because it produces null pollution during its combustion, and it can be
obtained from renewable sources [1-3]. The use of hydrogen as an energy carrier has several benefits,
such as the many different storage possibilities, its ability to be converted to other energy forms with
ease and to be produced from water with near-zero emissions, and its high conversion efficiency [2].
However, there are also severe limitations for the widespread use of hydrogen, for example, as a fuel
for transportation. If we are planning to use hydrogen-combustion and hydrogen-fuel-cell vehicles in
the future, we must first resolve outstanding issues, such as the efficient and safe storage of hydrogen,
creating a fueling infrastructure, and reducing its production costs [4]. Certainly, one possibility to
reduce the production cost of hydrogen is the use of green energy sources. In this sense, hydrogen
production using solar energy can be categorized as: (a) thermal, (b) photovoltaic, (c) bio-photolysis,
and (c) photo-electrochemical [5]. Although most of the production methods involve renewable
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sources, they are not well understood, and their development implies an increase in production costs
and low global efficiency [2-5].

Photocatalytic hydrogen generation can be obtained mostly by two different approaches:
(1) photocatalytic water splitting and (2) photocatalytic reforming of organics [6]. The first method
relates to the capability of water to be reduced and oxidized by reacting with photogenerated electrons
and positive holes, during semiconductor irradiation, in the presence of selected co-catalysts. The
second approach is based on the ability of some organic species—namely, sacrificial agents—to
donate electrons to the positive holes of the illuminated photocatalyst and be oxidized, generating
proton ions, while photogenerated electrons reduce the latter to produce hydrogen in the presence of
proper co-catalysts.

Glycerol is a sustainable compound that can be used for hydrogen production by photocatalytic
reactions (photoreforming). Although this reaction has been studied extensively, the overall
performance towards hydrogen evolution is low, and in many cases, a high photocatalytic activity is
only achieved with UV-light irradiation. For this reason, the search for new materials, active and stable
in the presence of sunlight, is of great interest [7-9].

Metal organic frameworks (MOFs) are obtained by the self-assembly of metal ions and organic
ligands through the formation of covalent bonds or the presence of inter-molecular forces between
them [10]. MOFs present a long-range periodic structure with good crystallinity, and MOF-based
structures take some unique properties of both organic and inorganic porous materials. They exhibit
several advantages such as a high surface area, tunable pore size, easy preparation, flexibility, and
structural diversity [11]. CuMOF, also known as HKUST-1, copper-benzene-1,3,5-tricarboxylate
(Cu-BTC), MOF-199 or Basolite® C300, was first assembled by Chui et al. [12] through the formation of
coordination bonds between trimesic acid (H3BTC) and Cu ions [13].

MOFs have been investigated in many fields, such as sensing, drug delivery, sequestration,
separation, molecular transport, electronics, bioreactors, optics, energy production, and catalysis,
among others [14]. Applications in photocatalysis have been reported in the last decade, and
since then, several articles and reviews have been published focusing on artificial photosynthesis
(i.e., water splitting and CO, photoreduction) [15,16], organic photosynthesis [17], and pollutants
degradation [18,19].

Specifically, in solar-driven hydrogen evolution with the presence of a sacrificial electron donor,
e.g., alcohols, most of the MOFs cannot be used as a stable and efficient photocatalyst for this application
individually [20]. Certain modifications of the pristine MOEF, including the decoration of the organic
linker or metal center, combination with semiconductors, metal nanoparticles loading, decoration with
reduced graphene oxide, sensitization, pyrolyzation, and incorporation with other functional materials,
have been tested to increase their activity and stability under visible light [19,21].

Hybrid nanocomposites of semiconductors with MOFs have attracted increased attention because
they improve charge transfer mechanisms with a lower charge recombination and more efficient
light harvesting [22]. Hybrid nanocomposites based on TiO, and HKUST-1 are exciting materials
which could show synergic effects enhancing photocatalytic activity under visible light. Only a
few investigations have reported the synthesis, structure, and properties (i.e., as photocatalysts in
hydrogen production) of TiO,/HKUST-1 nanocomposites [23-26]. Particularly, it has been reported
that in these nanocomposites, HKUST-1 is transformed to Cu-Cu,O nanoparticles after calcination
at 400 °C, presenting better rates of hydrogen production in comparison with Cu deposited on TiO,
by conventional methods [24]. There are contradictory results concerning the stability of HKUST-1.
For example, when this MOF was used in aqueous media, it decomposed after 24 h of reaction [27].
However, TiO,/HKUST-1 composites synthesized using ionic liquids as solvents showed high activity
and stability during photo-oxidation/photoreduction reactions [28].

In this context, it would be very useful to know the role played by TiO,-HKUST interactions
on the activity and stability in glycerol photoreforming. Therefore, TiO,/HKUST-1 composites were
synthesized by employing three methods: the first composite was prepared by grinding the commercial
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reagents, Aeroxide® TiO, P25 (Evonik, P25), and HKUST-1 (Basolite® C300). These composites
were designated as TiO, P25/com-HKUST-1. The second one was formed by TiO, prepared by a
solvothermal route in the presence of the commercial HKUST-1 (TiO,-ST/com-HKUST-1), and the third
composite was prepared by synthesizing HKUST-1 by a chemical route in the presence of TiO, P25
(TiO, P25/syn-HKUST-1). Furthermore, the aim of the present work was focused on the effect of the
preparation method of TiO,/HKUST-1 composites, as well as the mass ratio TiO,:MOF employed, on
their photocatalytic properties for hydrogen production, using glycerol as a sacrificial agent.

2. Results

2.1. Photocatalytic Hydrogen Evolution

Due to the lack of studies regarding the effect of the optimal amount of TiO, that can be
deposited on the HKUST-1, Figure 1 shows the photocatalytic hydrogen evolution rates as a function
of TiO, content. All the experiments were conducted under similar operating conditions, and the
H, production rate was estimated after 8 h of irradiation time. As can be observed, the results
demonstrate a synergic photocatalytic activity between HKUST-1 and TiO,, and the best performance
corresponds to the composites with 50 wt % TiO,. In the case of the catalyst prepared by grinding
(50TiO; P25/com-HKUST-1) the production rate was 2.9 mmol x g‘1 x h™1, 2.4 mmol x g‘1 x h™1 for
the 50TiO,-ST/com-HKUST-1, and 4.5 mmol X g’1 x h™1 for the 50TiO, P25/syn-HKUST-1. Note that
the photoactivity of the synthesized HKUST-1 and commercial HKUST-1 was insignificant, and as a
comparison, the production rate shown by TiO, P25 was 1.1 mmol X g~! x h™1.

It is very important to highlight that during the reaction, there was a change in color in the
photocatalysts from light blue (original composite color) to reddish brown (spent composite, see
Figure 2b), which is indicative that the Cu?* originally present in the HKUST-1 was partially reduced
towards Cu'* or Cu® [28,29]. This observation suggests that HKUST-1 assembled with Cu ions and
benzene 1,3,5-tricarboxylate ligands (Cu-BTC) is an unstable material when irradiated in an aqueous
medium, and functions as a precursor of Cu reduced species interacting with TiO,, as co-catalysts in
the production of hydrogen. Note that the highest amounts of CO, and CH, were obtained with the
50TiO, P25/syn-HKUST-1 composite, which comes from the photocatalytic oxidation of an aqueous
solution of glycerol. Indeed, it has been proposed that a secondary alcohol photoreforming can
produce methane via 3-hydride elimination, which could explain the origin of produced methane [30].
Figure 1d compares the amount of hydrogen produced as a function of the irradiation time for
the prepared 50TiO,/HKUST-1 composites. Hydrogen production followed almost the same trend
with the three photocatalysts. However, a higher photoactivity was observed with the 50TiO,
P25/syn-HKUST-1 composite.

It is important to point out that only the 50TiO, P25/syn-HKUST-1 composite presented long-term
activity, and it was evaluated in five cycles, under simulated solar light. Figure 2a shows the H,
production rate reached during 8 h of reaction time in each cycle. It can be seen from the second cycle
that the composite shows a reduction on the production rate, and in the fifth cycle the observed reduction
was ca. 50% of the production rate observed in the first run. An explanation for this unfavorable
behavior can be given in terms of a partial reduction of Cu?* contained in the original HKUST-1 by
the photogenerated electrons in the TiO, conduction band, which was clearly demonstrated by the
color change of the original HKUST-1 from light blue (original composite) to reddish brown (spent
composite), as shown in Figure 2b. Furthermore, the zone attributed to the d-d spin allowed the
transition of the Cu?* between 500-800 nm (discussed later), which was modified to a reddish-brown
color, as is characteristic of Cu reduced species in the HKUST-1 structure [31]. Interestingly, after
each reaction cycle and subsequent washing and purging of the reaction cell, the solid returned to the
original light blue color of the composite. This means that the HKUST-1 structure was not completely
destroyed, otherwise it would be forming the Cu'*-Cu?* MOF meta-stable phase with photocatalytic
activity to reduce protons to hydrogen. This behavior was previously reported in other applications of
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HKUST-1 [28,29,31,32] however, this is the first time that it has been observed in the photocatalytic
hydrogen evolution reaction, which requires a systematic and thorough study.
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Figure 1. Effect of TiO, content on the Hy, CO,, and CHy production rates of TiOp/HKUST-1
composites, after 8 h irradiation with simulated solar light with (a) TiO, P25/com-HKUST-1,
(b) TiO,-ST/com-HKUST-1, and (c) TiO, P25/syn-HKUST-1 (d) Hydrogen evolution vs. time for
TiO,/HKUST-1 composites: 50TiO, P25/com-HKUST-1 (a), 50TiO,-ST/com-HKUST-1 (o), and 50TiO,
P25/syn-HKUST-1 (m).
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Figure 2. (a) Photocatalytic stability tests of 50TiO, P25/syn-HKUST-1, under simulated solar light,
(b) UV-Vis diffuse reflectance spectra (DRS) of fresh and spent 50TiO, P25/syn-HKUST-1 composites.
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2.2. Characterization

Figure 3 shows the Fourier-transform infrared (FT-IR) spectra of com-HKUST-1, syn-HKUST-1,
and TiO,/HKUST-1 composites. Clearly, the com-HKUST-1 and syn-HKUST-1 spectra are quite similar
to those reported in previous works [33-35], which indicates that the method employed for the
synthesis of syn-HKUST-1 was effective. In these spectra, several signals appeared in the range from
1300 to 1500 cm ™! and from 1500 to 1700 cm™!, which are associated with the interactions between
the carboxylate anion—in symmetric and asymmetric modes respectively—with the metal ion [34,35].
The signals indicated at 1110, 765, and 740 cm™! are associated with the C-H vibration modes in
the aromatic ring [34]. The band at 1060 cm™! is attributed to the presence of copper coordinated
N,N-dimethylformamide (DMF) molecules [33], and the band centered at 507 em1is assigned to the
Cu-O stretching mode [35]. On the other hand, all the bands mentioned previously appeared in the
spectrum of the 50TiO, P25/com-HKUST-1 composite, indicating a weak interaction between TiO,
P25 and com-HKUST-1. In the case of the 50TiO,-ST/com-HKUST-1 and 50TiO, P25/syn-HKUST-1,
the bands between 1300 and 1700 cm™! were less defined, and the signals at 507, 740, and 765 cm™!
were replaced by a broad band (500-900 cm™1) in the case of TiO,-ST/com-HKUST-1 and two bands
(500~700 and 765-830 cm™!) in the spectrum of 50TiO, P25/syn-HKUST-1. These last results could
indicate that there is a chemical interaction between TiO, and HKUST-1 when either component is
obtained by a chemical route.
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Figure 3. Fourier-transform infrared (FT-IR) spectra of (a) syn-HKUST-1 (1), com-HKUST-1 (2)
(b) 50TiO, P25/syn-HKUST-1 (3), 50TiO; ST/com-HKUST-1 (4), and 50TiO, P25/com-HKUST-1 (5).

The optical properties of HKUST-1 and the TiO,/Cu MOFs composites were investigated by UV-Vis
diffuse reflectance spectroscopy (DRS). As can be seen in Figure 4a, the as-prepared HKUST-1 sample
and the commercial HKUST-1 showed a similar spectrum, exhibiting two characteristic absorption
bands centered at 300 and 700 nm, similar values to those reported in the literature [36]. Note that one
shoulder can also be detected at 375 nm. The first band located in the UV region is assigned to m-m*
transitions of the ligands and the band in the visible zone is attributed to the d-d spin and allowed
transition of the Cu?* [37]. The shoulder at 375 nm is ascribed to the ligand-to-metal charge transfer
(LMCT), and the additional broad absorption band between 500 and 800 nm is assigned to the d-d spin
and allowed transition of the Cu?* (d?) ions [37].
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Figure 4. UV-Vis DRS spectra of (a) P25 (1), syn-HKUST-1 (2), com-HKUST-1 (3), and (b) TiO,/HKUST-1
composites: 50TiO, P25/com-HKUST-1 (4), 50TiO; ST/com-HKUST-1 (5), and 50TiO, P25/syn-HKUST-1 (6).

Figure 4b corresponds to the UV-Vis DRS spectra of the TiO,/HKUST-1 composites. In general, all
composite photocatalysts showed similar absorption behavior to the pristine HKUST-1. However, it
is worth noting a slight change of their absorption edge to the UV zone (350—400 nm), compared to
those of commercial and synthesized HKUST-1 (Figure 4a), which can be related to the TiO,-HKUST-1
interaction. On the other hand, the slight differences in the 50TiO, ST/com-HKUST-1 composite
spectrum (e.g., a lower absorption in the visible region) could be related to a shielding effect by TiO,,
partially inhibiting the visible light absorption of the Cu?* ions in the HKUST-1 structure, because
TiO,, in this particular composite, was grown in intimate contact with the commercial HKUST-1.

Figure 5a presents the X-ray diffraction (XRD) pattern of syn-HKUST-1, which is quite similar to
the pattern of com-HKUST-1, showing the main reflections peaks at 11.6°, 13.4°, 17.4° and 19° [38,39].
These results prove that the HKUST-1 structure was successfully obtained using our described
preparation method. XRD patterns of 50TiO, P25/com-HKUST-1, 50TiO, ST/com-HKUST-1, and
50TiO, P25/syn-HKUST-1 composites are shown in Figure 5b. These three samples displayed the
same reflections described earlier, indicating that the HKUST-1 structure was preserved despite
the preparation method used. Note that a higher crystallinity is observed in samples 50TiO,
P25/com-HKUST-1 and 50TiO, P25/syn-HKUST-1 in comparison with sample 50TiO, ST/com-HKUST-1,
which means that a poor crystallization of TiO;, occurred due to the low synthesis temperature (i.e.,
100 °C) compared to that reported in the literature, above 150 °C under solvothermal process [40].
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Figure 5. X-ray diffraction patterns of (a) as-sensitized HKUST-1 (1), commercial HKUST-1 (2), and
(b) 50TiO, P25/com-HKUST-1 (3), 50TiO; ST/com-HKUST-1 (4), and 50TiO, P25/syn-HKUST-1 (5).
v denotes the peak corresponding to TiO, anatase.
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Figure 6a compares the time-resolved microwave conductivity (TRMC) profiles of TiO, P25,
syn-HKUST-1, and com-HKUST-1, obtained under a wavelength excitation of 355 nm. The highest
signal was exhibited by TiO, P25, which also presented a long-time decay. It is worth noting that
syn-HKUST-1 showed a TRMC signal because it behaves like a semiconductor material; however,
it decays faster than TiO, P25, revealing a short lifetime of photogenerated electrons. Surprisingly,
com-HKUST-1, which presented very similar structure and light absorption (see Figure 4a) to those
of syn-HKUST-1, displayed a much lower TRMC signal, revealing a great difficulty in executing the
charge separation after irradiation with UV light of 355 nm.
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Figure 6. Time-resolved microwave conductivity (TRMC) transient signal of (a,c) P25 (1), syn-HKUST-1
(2), com-HKUST-1 (3) (b,d) TiOp/HKUST-1 composites: 50TiO, P25/com-HKUST-1 (4), 50TiO,
ST/com-HKUST-1) (5), and 50TiO, P25/syn-HKUST-1 (6). The excitation wavelengths were 355 nm
(a,b) and 410 nm (c,d).

On the other hand, by analyzing the TRMC signals of the composites in Figure 6b, the sample
prepared by grinding (sample 4) displayed a decay profile quite similar than that obtained with
TiO, P25, indicating that the charge carrier dynamics are mainly due to the TiO, P25 contribution.
Unexpectedly, the 50TiO, ST/com-HKUST-1 (sample 5) presented a TRMC signal with an Imax value
slightly smaller than that of the grinding composite (sample 4), clearly showing a charge carrier
separation, but with a short time decay. The decay signal abruptly becomes highly noisy after 70 ns,
denoting a charge carrier recombination or electron transfer from TiO, to HKUST-1. The 50TiO,
ST/com-HKUST-1 (sample 6) did not display a clear TRMC signal, similar to that shown by the
com-HKUST-1(Figure 6a), which can be connected with the XRD results, meaning that TiO, was
poorly crystallized.

As simulated solar light is being used in the photocatalytic evaluation, it is interesting to see
the TRMC signals of the materials under 410 nm excitation. As can be seen in Figure 6¢, TiO, P25,
com-HKUST-1 and syn-HKUST-1IMOFs presented similar behaviors to those presented under 355 nm
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excitation, but all the samples showed a lower I;ax value. The TiO, P25 signal can be attributed to the
presence of rutile, which has a bandgap of 3.0 eV, making possible the generation of electron-hole pairs
under visible-light irradiation. All the composites shown in Figure 6d exhibited a small TRMC signal,
which means that they have the capacity to generate electron-hole pairs under 410 nm excitation.

3. Discussion

The above results suggest that the photocatalytic performance of TiO, is improved by the
incorporation of HKUST-1, forming a semiconductor-MOF composite regardless the preparation
method. Nonetheless, the integration of HKUST-1 with TiO, P25 (TiO, P25/syn-HKUST-1) by a
chemical method showed greater photocatalytic activity and stability compared with to grinding
(TiO, P25/com-HKUST-1) or the TiO,-ST/com-HKUST-1. At first glance, the greater photocatalytic
activity shown by the composites in comparison with TiO, P25 or HKUST-1 is explained by the synergy
between the semiconductor and the MOF, inhibiting electron-hole recombination. This cooperative
behavior implied the partial reduction of the Cu?* contained in the MOF, forming Cu'* species which
absorb visible light and could contribute to the proton reduction, as shown in Figure 7. The creation
of reversible Cul*/Cu®* entities in the composite was attributed to the electron transfer from P25 to
HKUST-1 generating in situ species, i.e., Cul*-Cu?* MOF, giving rise to improved hydrogen production.

‘

hv
Glycerol

CO, + H,0

CO, + H,0

Leaching
Regeneratlon
Figure 7. Proposed photocatalytic mechanism of glycerol photoreforming with the TiO, P25/syn-HKUST-1
under solar light irradiation.

Furthermore, it was found that the higher photoactivity and stability shown by the TiO,
P25/syn-HKUST-1 can also be related to a strong interaction between the two components, which was
not seen with the other two composites prepared by grinding or mixing poor crystallized TiO, with
commercial HKUST-1.

4. Materials and Methods

4.1. Materials

Copper (II) acetate monohydrate (Cu(OAc),H,O), trimesic acid (H3BTC), N,N-dimethylformamide
(DME), Triethylamine (Et3N), and Titanium (IV) isopropoxide were purchased from Sigma-Aldrich
(St. Louis, MO, USA), Ethanol (EtOH) and ammonium hydroxide 30% were purchased from Panreac
Chemicals (Chicago, IL, USA), and deionized water (H,O), Aeroxide® TiO, P25 (Degussa), and
Basolite® C300 (Sigma-Aldrich) were used as reference materials without further purification.
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4.2. Preparation Methods

42.1. Grinding (TiO, P25/com-HKUST-1)

The composites were prepared by grinding the TiO, P25 and commercial HKUST-1 powders by
hand in an agate mortar until a homogeneous light blue color was obtained. Five composites were
prepared with a TiO, content of 25, 50 and 75 wt %.

4.2.2. TiO; Solvothermal Deposition on Commercial HKUST-1 (TiO,-ST/com-HKUST-1)

TiO, was prepared by mixing 1.14 mL of titanium (IV) isopropoxide with 100 mL of anhydrous
ethanol and sonicating this for 5 min. Then, under vigorous magnetic stirring, concentrated nitric
acid (70% v/v) was added drop by drop to get a pH around 1. The solution was diluted with 10 mL of
distilled water, and 8 mL of ammonium hydroxide was added as a precipitating agent. Subsequently, a
given amount of commercial HKUST-1 was added to the suspension under vigorous stirring. The
resultant suspension was placed in a homemade PTFE-lined autoclave and sealed hermetically, and
then introduced into a convective furnace (Fisher Scientific, Pittsburgh PA, USA) at 100 °C for 24 h.
The composite formed was recovered and washed five times with a mixture of DMF/EtOH/H,O (molar
ratio of 1:1:1) to eliminate the residues of any organic compound. Then, the product was dried at 50 °C
for 5 h. The solid was ground in an agate mortar and sieved using a US 80 mesh to get a homogeneous
particle size. Three composites were prepared by this method with a nominal TiO, content of 25, 50,
and 75 wt %.

4.2.3. TiO;, P25 Incorporation During HKUST-1 Synthesis (TiO, P25/syn-HKUST-1)

The synthesis route of synthesized HKUST-1 mainly followed the procedure reported by
Tranchemontagne et al. [41] with some modifications, such as the integration of the TiO, P25 during
the preparation of precursor solution. First, two solutions were prepared: one solution containing
100 mg of trimesic acid (H3BTC) dissolved in 6 mL of a mixture of DMF/EtOH/H,O with a molar
ratio (1:1:1), and a second solution contained 200 mg of Cu(OAc), x H,O dissolved in 6 mL of the
solvent DMF/EtOH/H,O. Both solutions were mixed under magnetic stirring to get a homogeneous
solution. Then, 0.2 mL of Et3N was added drop by drop as an oxidant agent to the reaction mixture
under magnetic stirring. After that, a given quantity of TiO, P25 (25, 50 and 75 wt %) was added to the
MOFs precursor solution. This suspension was kept under magnetic stirring for 24 h, and the powder
was obtained by centrifugation. The solid was washed five times with 5 mL of DMF to eliminate the
residues of any organic compound, and finally, the solid was dried—at 50 °C for 5 h—milled and
sieved to get a homogeneous particle size.

4.3. Characterization Techniques

All composites were characterized by several techniques. X-ray diffraction patterns were recorded
on a Siemens D-5000 diffractometer (Munich, Germany), with a copper anode and Cu-K« radiation
over a 2 theta range of 10-80° using a step size of 4 °/min. FTIR and UV-Vis spectra of powder samples
were respectively obtained using a Nicolet system (Nexus 470, Thermo Fisher Scientific, Waltham, MA,
USA) (with KBr pellet samples) and a GBC spectrophotometer (Cintra 20, GBC Scientific, Hampshire,
IL, USA), repectively.

The dynamics of the charge carriers in the photocatalysts were studied by the TRMC technique.
The TRMC set-up consists of two main components: (1) a pulse light source, which has the objective
to photo-excite the samples and (2) microwave source. A Gunn diode of Ka band at 30 GHz was
used to generate the incident microwaves. A tunable laser in the range between 220 and 2000 nm
(NT342B; EKSPLA, Vilnius, Lithuania) was used as a light source. It was equipped with an optical
parametric oscillator (OPO). The laser delivered 8 ns FWMH pulses with a frequency of 10 Hz. The
selected excitation wavelengths were 355 and 410 nm, with a light energy density of 747.6 puJ X cm™2
and 2.6 mJ x cm~2, respectively.
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4.4. Photocatalytic Hy Evolution

The composite powders were evaluated in the hydrogen production reaction using a glycerol-water
solution with a volumetric ratio glycerol/water = 1:9. The photocatalytic reaction was carried out
in a 25 mL glass cell. The composites (1 g/L) and the glycerol-water mixture was placed in the
cell and mixed to form a homogeneous suspension, and then purged with nitrogen to eliminate all
dissolved oxygen. Before irradiation, the reaction cell was maintained under stirring for one hour for
adsorption/desorption equilibration and then irradiated with a solar simulator (Model 9600, 150 W;
Newport Corporation, Irvine, CA, USA) for 8 h or 24 h. The gas mixture (H,, CO,, CHy) produced
during the reaction was analyzed in a Perkin-Elmer Gas Chromatograph (Autosystem XL, Waltham,
MA, USA).

5. Conclusions

A series of TiO,/HKUST-1 composites were successfully prepared using grinding, solvothermal,
and chemical methods. All composites showed a higher photocatalytic activity than the individual
components, particularly those containing a TiO,/HKUST-1 weight ratio of 1:1. These results
demonstrated the effect of the synthesis method of composites on photocatalytic activity and stability.
The best performance was obtained with the composite prepared by a chemical route, i.e., the synthesis
of HKUST-1 in the presence of TiO, P25, leading to a strong interaction between the two components.
The higher photocatalytic performance of the composites, compared with TiO, or HKUST-1, was
explained regarding a synergy between the semiconductor and the HKUST-1, inhibiting electron-hole
recombination. There was experimental evidence of the reversible partial reduction of Cu?* towards
the Cu'*-Cu entities contained in HKUST-1, which could indicate the in situ formation of highly
active HKUST-1 co-catalysts, improving the photocatalytic activity.
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Abstract: Titanium dioxide (TiO,) is one of the most practical and prevalent photo-functional
materials. Many researchers have endeavored to design several types of visible-light-responsive
photocatalysts. In particular, TiOp-based photocatalysts operating under visible light should be
urgently designed and developed, in order to take advantage of the unlimited solar light available.
Herein, we review recent advances of TiO,-based visible-light-sensitive photocatalysts, classified by
the origins of charge separation photo-induced in (1) bulk impurity (N-doping), (2) hetero-junction
of metal (Au NPs), and (3) interfacial surface complexes (ISC) and their related photocatalysts.
These photocatalysts have demonstrated useful applications, such as photocatalytic mineralization of
toxic agents in the polluted atmosphere and water, photocatalytic organic synthesis, and artificial
photosynthesis. We wish to provide comprehension and enlightenment of modification strategies
and mechanistic insight, and to inspire future work.

Keywords: Titanium dioxide (TiO,); visible-light-sensitive photocatalyst; N-doped TiO,; plasmonic
Au NPs; interfacial surface complex (ISC); selective oxidation; decomposition of VOC; carbon nitride
(C3Ny); alkoxide; ligand to metal charge transfer (LMCT)

1. Introduction

Titanium dioxide (TiO;) is one of the most practical and prevalent photo-functional materials,
since it is chemically stable, abundant (Ti: 10th highest Clarke number), nontoxic, and cost-effective.
In recent years, a great deal of attention has been directed towards TiO, photocatalysis for useful
applications such as photocatalytic mineralization of toxic agents in the polluted atmosphere and
water, photocatalytic organic synthesis, and artificial photosynthesis [1-20].

The TiO; involving Ti%* sites that are oxygen-deficient at the impurity level exhibits n-type
semiconductor. The photocatalytic activities of TiO, strongly depend on crystal structures (anatase,
brookite, and rutile), crystallinity, crystalline plane, morphology, particle sizes, defective sites, and
surface OH groups. The valence band (V.B.) and conduction band (C.B.) of TiO; consist of O 2p and
Ti 3d orbitals, respectively, and their band gap (forbidden band) is circa ~3.0-3.2 eV (~410-380 nm).
Photo-irradiation (hv > 3.2 eV) of the TiO, photocatalyst leads to band gap excitation, resulting in
charge separation of electrons into the C.B. and the holes in the V.B. These photo-formed electrons and
holes simultaneously work as electron donors and acceptors, respectively, on the photocatalyst surface,
thus enabling the photocatalytic reactions. Details are given in other articles and reviews [21-25]. UV
light reaching the earth surface represents only a very small fraction (4%) of the solar energy available.
Therefore, many researchers have endeavored to design several types of visible-light-responsive
photocatalyst. In particular, TiO,-based photocatalysts operating under visible light should be urgently
designed and developed, in order to take advantage of the unlimited solar light available.

In the late 1990s, Anpo et al. first reported that TiO, doped with Cr, V, and Fe cations by ion
implantation operates under visible light irradiation. They exhibited red shift of the band-edge of the
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TiO,, resulting in decomposition of NO into Ny, O,, and N,O [26]. This work accelerated subsequent
works for the design and development of visible-light-responsive photocatalysts. Recently, much
attention has been paid to visible-light-responsive TiO; prepared by: doping with nitrogen (N), carbon
(C), and sulfur (S) ions etc.; surface plasmonic effects with Au or Ag nanoparticles (NPs); the interfacial
surface complex (ISC); coupling with visible-light-sensitive hetero-semiconductors (cadmium sulfide,
carbon nitride etc.); and dye-sensitized photocatalysts. In fact, some photocatalysts are considered to
work under similar principles.

Along these backgrounds, this review focuses on the recent advances of the visible-light-sensitive
TiO, photocatalyst. These advances have been classified by the origin of charge separation
photo-induced in (1) the bulk impurity (N-doping), (2) hetero-junction of metal (Au NPs), and (3)
the interfacial surface complex (ISC) (See Figure 1). They have been well characterized by several
spectroscopic techniques, and applied for mineralization of volatile organic compounds (VOC), water
splitting to produce Hy, and fine organic synthesis.

Visible
ht

Figure 1. Visible-light-sensitive TiO, photocatalyst modified by (1) nitrogen-doping, (2) plasmonic Au
nanoparticles (NPs), and (3) interfacial surface complex (ISC).

2. Nitrogen-doped TiO, Photocatalysts

In 1986, Sato and co-workers first explored the photocatalytic activity of nitrogen-doped TiO,
(N-doped TiO,) photocatalysts for the oxidation of gaseous ethane and carbon monoxide [27].
They found that N-doped TiO, photocatalyst exhibited a superior photocatalytic activity to pure TiO,
under visible light irradiation. Later, in 2001, Asahi et al. demonstrated visible-light-induced complete
photo-oxidation of gaseous CH3CHO (one of VOCs) to CO, with an N-doped TiO, photocatalyst [28].
In this section, fundamental synthetic routes, characterizations, and application of photocatalytic
reactions are highlighted.

2.1. Synthesis of N-doped TiO, Photocatalyst

N-doped TiO, was prepared by employing several procedures and materials. Details are given
in Reference [13]. Preparation methods for N-doped TiO; photocatalysts can be classified into two
categories: dry processes and wet processes.
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2.1.1. Dry Processes

Typically, N-doped TiO, powder can be prepared by the nitrification of TiO, in an ammonia
(NH3) gas flow at high temperature [28,29]. The amount of N doping into the TiO, can be controlled
by annealing temperatures in the range of 550—600 °C under an NHj3 flow. However, a large number
of O vacancies are introduced into the N-doped TiO, with increasing annealing temperature, since the
NHj; decomposes into N, and H; at high temperature, and TiO, is simultaneously reduced by H; [30].
Figure 2 shows schematics of N-doping into TiO,, accompanied by the formation of oxygen vacancies
to exhibit the n-type semiconductor.

2. 2 0%
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Figure 2. When the N°~ is replaced with lattice 0% ions in the TiO, lattice, the hole (h*) is formed in
order to compensate for the charge balance (p-type semiconductor) (a). However, an oxygen vacancy
is produced by the reduction with Hy, which is formed by the decomposition of NH3 to produce an
oxygen vacancy and excess electrons (b). As a consequence, N3— doped into TiO, (N-doped TiO,)
involves electrons located at N 2p and Ti 3d sites at impurity levels (n-type semiconductor) (c).

2.1.2. Wet Processes

A sol-gel method can be employed for the preparation of N-doped TiO, powder. Typically, NHz
aq. (NH4OH) is added to a solution of titanium (IV) isopropoxide (TTIP) [31-33] to form titanium
hydroxide involving N-species. The precipitate was dried, followed by calcination at ~400-450 °C in
air to obtain a yellowish TiO, powder.

2.2. N-states in N-doped TiO;

One of the major concerns is to understand the physico-chemical nature of the N species in
N-doped TiO,, which are responsible for the visible light sensitivity. They were characterized by density
functional theory (DFT) calculations, X-rap photoelectron spectroscopy (XPS), Ultraviolet-visible
(UV-vis) and electron paramagnetic resonance (EPR) spectroscopy.
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2.2.1. DFT Calculations

DFT calculations demonstrated the electronic structures of the N-doped TiO, photocatalyst (see
Figure 3). The substitution of N with lattice O of the N-doped TiO, exhibits band gap narrowing (circa
0.1 eV) caused by mixing orbitals of N 2p with O 2p, resulting in the negative shift of the valence band
edge. On the other hand, the interstitial N is localized to impurity states (N 2p levels) above the V.B.
(circa 0.7 eV) in the mid-band gap. Therefore, the oxidation power of photo-induced holes on the N 2p
is lower than on the O 2p in the TiO, lattice.

Substitutional N-doped TiO, Interstitial N-doped TiO,

)
SONON
A NVZNPZN
(¢] (o)

3.06 eV 246 eV

\
>T1 T1 /T 1

N2p

= [

Figure 3. Schematic illustration of structures and their corresponding energy bands for substitutional
and interstitial N species in the N-doped TiO,, together with photo-induced electronic processes.

2.2.2. XPS Spectra

XPS analysis can confirm the oxidative states of the N species and bonding states in the N-doped
TiO; (See Figure 4I). N 1s XPS peaks at a binding energy in the range of ~396-400 eV showed different
oxidative states of the N species. By the combination of the DFT calculations [31], it was identified that
the N 1s XPS peaks at ~396-397 eV are due to the substitution of N with the lattice O of TiO, [13,34],
while those at ~399-400 eV are due to the interstitial N in the form of NO, or NH, [13,31,35,36].
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Figure 4. XPS [I] and UV-vis absorption spectra [II] of (a) N-doped TiO, nanoball film [34], and (b)
N-doped TiO, prepared by the sol-gel method [36].
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2.2.3. Optical Properties

The UV-vis absorption spectra of the N-doped TiO, are shown in Figure 4II. The N-doped TiO,
with the substitution of N exhibited band gap narrowing from 3.1 to 2.8 eV. On the other hand,
the N-doped TiO, prepared by the sol-gel method exhibited visible light absorption up to 540 nm
(2.3 eV), due to the electronic transition from localized N doping level to the C.B. of the TiO,, while
band-narrowing was not observed. These results are in good agreement with the DFT calculations.

2.2.4. Electron Paramagnetic Resonance (EPR) Spectra

N species in the N-doped TiO; are present at either diamagnetic (N ™) or paramagnetic (N*) bulk
centers, which are responsible for the visible light sensitivity [31,37]. The EPR measurements can
detect the paramagnetic (N*®) bulk centers (see Figure 5). One type, of three lines with a hyperfine
tensor (g =2.006 and A = 32.0 G) splitting by nuclear spin of nitrogen (I = 1), was observed. The signal
intensity of N* radicals increased when the light was turned on, while the signal intensity significantly
decreased when the light was turned off. In general, the paramagnetic interaction between N species
and O, makes EPR signals disappear. However, they were remarkably enhanced in the presence of
O, under A > 420 nm, while its signal intensity still remained to some extent even after the light was
turned off. These results suggest that N-species are located in bulk inside the TiO,, and visible light
irradiation of the N-doped TiO, exhibits effective charge separation to form holes (N*® radicals) and
electrons, which participate in the oxidation and reduction of reactant molecules, respectively.

m
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Figure 5. Schematic illustration of [I] formation of paramagnetic -N by the excitation of diamagnetic
N~ species. Electron paramagnetic resonance (EPR) signal [II] of -N radicals on N-TiO,, and the
relative signal intensity of In/Ino [III] under vacuum, in the presence of argon (Ar) or O, (400 Pa) [37].
INo and Iy show the intensity due to -N radicals at the initial and measured time, respectively.

2.2.5. Photo-Electrochemical Properties

Nakamura et al. investigated the photo-electrochemical oxidation power of the N-doped TiO; by
employing several electron donors [38]. Figure 6 shows that the photo-induced hole on the N 2p level
can directly oxidize only I" ions under visible light illumination, while I", SCN~, Br~, and H,O are
oxidized by the hole on the V.B. under UV light illumination. Therefore, the oxidation power of the
holes induced on the N 2p level is lower than that of those on the O 2p on the V.B. Tang et al. studied
the dynamics of photogenerated electrons and holes on the N-doped TiO, using transient absorption
spectroscopy [39]. They concluded that the lack of activity of nanocrystalline N-doped TiO, film for
photocatalytic water oxidation is due to rapid electron-hole recombination.
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On the other hand, Higashimoto et al. investigated the photo-electrochemical reduction power
of the N-doped TiO; (see Figure 7) [33]. When the N-doped TiO, was photo-excited under visible
light irradiation, the photo-induced electrons were accumulated on the oxygen vacancies of TiO,.
Subsequently, when various kinds of redox species as electron acceptors were introduced into the
photo-charged N-TiO,, the accumulated electrons could reduce O, molecules, Pttt Ag*, and Aud
ions, but not MV2*, H*, and Cu?* ions. In principle, the N-doped TiO, has the potential to reduce
H*/H,, but many oxygen vacancies involved in the bulk TiO; could influence the drastic charge
recombination. In particular, photo-induced electrons trapped at the oxygen vacancies (mainly y
region) could reduce O, molecules to form such active oxygen species as hydrogen peroxide (H,0,),
resulting in further oxidation of organic substrates.
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Figure 6. Schematic illustration of proposed energy bands for the N-doped TiO,, together with some
photo-induced electronic processes. E: equilibrium redox potentials for one electron transfer [38].
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Figure 7. Energy levels for sub-band structures of N-doped TiO, and photo-induced charge transfer
into various kinds of redox species under visible light irradiation. The energy levels of sub-bands at
the «, B, and y potential regions (oxygen vacancies) and N-doping levels are also shown. Oxygen
vacancies were estimated from the photo-electrochemical measurements. Signs of circle and cross stand
for energetically favorable and unfavorable electron transfers, respectively [33].
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2.3. Application to Photocatalytic Decomposition of Volatile Organic Compounds (VOC)

Time profile for the photocatalytic decomposition of gaseous acetaldehyde on the N-doped TiO,
is shown in Figure 8. The N-doped TiO, exhibited photocatalytic activity 5 times greater than TiO,
under visible light irradiation, while they exhibited similar activities under UV light irradiation [28].
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Figure 8. Photocatalytic decomposition of gaseous acetaldehyde on the N-doped TiO, photocatalyst.
Evolved CO, concentration (O, e, N-doped TiO,; [J, , TiO,) [28].

Table 1 shows that the N-doped TiO, exhibited photocatalytic activity for the decomposition of
several kinds of VOC into CO; under visible light irradiation (A > 420 nm). It was observed that the
N-doped TiO; exhibited photocatalytic activity for the decomposition of aldehydes, but little activity
for alcohol, acid, ketone, and halogene compounds. The vanadium species was deposited on the
N-doped TiO, (VCl3/N-doped TiO,) by impregnation method. As shown in Table 1, VCl3/N-doped
TiO; showed higher photocatalytic activity for the decomposition of all VOC, in particular, acetic acid
or acetone by ~13-16 times more than N-doped TiO,. Therefore, it was confirmed that vanadium
species worked as the effective co-catalyst.

Table 1. Yields of CO, for the photocatalytic decomposition of various kinds of volatile organic
compounds (VOC) in aqueous solutions with N-TiO, and VCl3/N-doped TiO, under visible light
irradiation (A > 420 nm) for 3 h [40].

E Yields of CO,/umol
ntry Reactant Molecules
N-doped TiO; VCl3/N-doped TiO,

1 methanol 2 0.2 1.1

2 ethanol @ 0.3 0.5

3 formaldehyde @ 4.6 21.6

4 acetaldehyde # 41 35.0

5 formic acid @ 0.7 4.8

6 acetic acid @ 1.2 17.0

7 acetone ? 0.7 114

8 ethyl acetate 2 13 10.6

9 dichloromethane ? 24 4.1

10 trichloromethane P 1.5 4.1

11 1, 1-dichloroethane ? 0.7 4.8

12 trans-1, 2-dichloroethylene b 1.0 5.7

Concentrations of VOC are (a) 0.5 M and (b) 50 mM.
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Furthermore, effects of co-catalysts (48 metal ions using nitrate, sulfate, chloride, acetate, and
oxide precursors) deposited on the N-doped TiO; for the photocatalytic activities were examined
(See Figure 9) [40]. The bars marked in yellow exhibited higher photocatalytic activities than the
N-doped TiO, by itself. In particular, N-doped-TiO,-deposited Cu, Fe, V, and Pt oxides exhibited high
photocatalytic activities. The local structures of the co-catalysts were characterized by XPS. It was
observed that Cu loaded N-doped TiO; involves cuprous oxide (CupO) or Cu hydroxides, Fe loaded
N-doped TiO; involves clusters containing Fe-O bonds or Fe?* hydroxide [41], and Pt loaded N-doped
TiO, involves Pt** /Pt2* species [36]. The redox potentials of co-catalysts such as V (+IV/+V), Fe
(+1I/+101), Cu (+1/+1I), and Pt (+III/+IV) were in the range of circa +0.6 to +1.0 V vs. SHE, while the
multi-electron reduction of O, leads to the formation of active oxygen species via O + 2H" +2e™ /
H,0; (Eg = +0.687 V vs. SHE). Therefore, the co-catalysts, such as Pt, Fe, Cu, and V species, enhance
the photocatalytic activity due to the effective electron transfer to O, (O, reduction), resulting in the
formation of active oxygen species.

CO, evolution / pmol h!

Several kinds of metallic salts for co-catalyst

Figure 9. Photocatalytic activities for the decomposition of acetic acid under visible light irradiation
(A > 420 nm) on N-doped TiO,, modified by various kinds of metal species as co-catalysts. Each metal
salt used in this study is shown [40].

2.4. C3Ny-Modified TiO, Compared with N-doped TiO,

Several nitrogen sources such as urea, cyanamid, cyanuric acid, and melamine were employed
for the preparation of N-containing TiO, photocatalyst, i.e., the TiO, surface is modified with
polymerized carbon nitride (C3Ny) [42-51]. The structures of the C, N-species strongly depend
on their concentrations. If the C, N species are present in only a small amount, they act as a molecular
photosensitizer. At higher amounts they form a C3Njy crystalline semiconductor, which chemically
binds to TiO;. The C3N4-TiO, was systematically synthesized by thermal condensation of cyanuric acid
on the TiO; surface [51]. In fact, H, was evolved from TEA aq. on the C3N4-TiO, photocatalyst under
visible light irradiation, while the N-doped TiO, did not exhibit H, production. From characterization
of C3N4-TiO; by Fourier transformed-infrared (FI-IR), XPS, electrochemical measurements, and DFT
calculations, the band structures and photo-induced charge separation mechanisms were demonstrated
(Figure 10). The C3N4-TiO; was found to exhibit photo-induced charge separation through the
hetero-coupling of semiconductors between C3Ny4 and TiO; on the surface. On the other hand,
N-doped TiO, was photo-sensitized by bulk impurity of the N-doping. It can be assumed that many
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oxygen vacancies promoted the charge recombination, resulting in weak reduction power in the
N-doped TiO,.

Pt species C.B.

B cB. —
\ Iill.l‘lllll‘ 06eV
2 H . J Photo-charging

‘ Visible-light
25eV

/ alcohol
e

V.B. oxidative products

V.B.

TiO, C\N,
Figure 10. Photo-induced charge separation on the C3N4 deposited TiO; surface [51].

3. Plasmonic Au NPs Modified TiO,

3.1. What Is Localized Surface Plasmon Resonance (LSPR)?

Localized surface plasmon resonance (LSPR) is an optical phenomenon generated by light when
it interacts with conductive nanoparticles (NPs) that are smaller than the incident wavelength. The
LSPR is induced by the collective oscillations of delocalized electrons in response to an external electric
field. The resonance wavelength strongly depends on the size and shape of the NPs, the interparticle
distance, and the dielectric property of the surrounding medium. The Au and Ag NPs exhibit unique
plasmon absorption [52,53]. The plasmonic Ag NPs are considered to be unstable under illumination,
and could be applicable to multi-colored rewritable devices. In this section, we focused on stable
plasmonic Au NPs exploited for a visible-light-sensitive photovoltaic fuel cell or photocatalyst [54,55].

3.2. Preparation and Characterization of Au-TiO;, Photocatalyst

3.2.1. Photodeposition (PD) Methods

By using the photocatalysis of TiO,, metallic Au was deposited on the TiO, surface, accompanied
by the oxidation of methanol [56,57] or ethanol [58]. Typically, TiO, powder was suspended in a
50 vol. % aqueous methanol in the presence of HAuCly-6H,O, purged of air with argon. The suspension
was photoirradiated with UV light under magnetic stirring. The temperature of the suspension during
photoirradiation was maintained at 298K. The Au/TiO, photocatalyst was centrifuged, washed with
distilled water, dried at 393K, and ground in an agate mortar.

3.2.2. Colloid Photodeposition Operated in the Presence of a Hole Scavenger (CPH)

Colloidal Au NPs were prepared using the method reported by Frens [59]. In brief, mixtures of
an aqueous tetrachloroauric acid (HAuCly) solution and sodium citrate were heated and boiled for 1 h.
The color of the solution changed from deep blue to deep red. The citrate plays a role in the reduction
of Au ions, and the capping agent in suppressing the aggregation of Au NPs. The suspension of TiO,
in an aqueous solution of colloidal Au NPs and oxalic acid was then photo-irradiated at A > 300 nm at
298 K under argon (Ar). The solids were recovered, washed, and dried to produce Au-TiO,. Details
are given in Reference [60].
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3.2.3. Deposition Precipitation (DP) Method

Deposition—precipitation (DP) methods were employed for the deposition of a gold (III) species
on the TiO, surface [61,62]. The [AuCI(OH)3]~, main species present at pH 8, adjusted by NaOH aq.,
reacts with hydroxyl groups of the TiO, surface to form a grafted hydroxyl-gold compound. The
catalyst was then recovered, filtered, washed with deionized water, and dried. Finally, the powder
was calcined at ~473-673 K in air.

3.2.4. Characterization of the Au-TiO, Photocatalyst
The Au-TiO, photocatalysts were typically characterized by the transmittance electron microscope

(TEM) for the particle sizes, and UV-vis absorption for optical properties (See Table 2).

Table 2. Particle sizes of Au nanoparticles (NPs) and optical properties of the Au-TiO, prepared by
several techniques.

Entry Au Deposition Methods Particle Sizes/nm Top Peak/nm Ref.
1 PD ~10-60 ~530-610 [56-58]
5 CPH ~12-14 ~550-560 [60,63-66]
13 ~550-620 [67]
~2~ ~550~ 1
3 op 2.6 550-560 [61]
<5 550 [68-70]

Kowalska et al. [56,57] reported that Au-TiO, photocatalysts with different Au particle sizes
(~10-60 nm) were prepared by photo-deposition (entry 1). The particle sizes of Au strongly depend
on the particle sizes of the TiO, polycrystalline structure. The top peak of plasmonic absorption
was in the range of ~530-610 nm, depending on the particle sizes of the Au NPs. Tanaka and
Kominami et al. [60,63-66] reported unique CPH methods for the preparation of Au-TiO, (entry 2). The
particle sizes were uniformed to be ~12-14 nm, which exhibits plasmonic absorption at ~550-560 nm.
Thus, colloidal Au NPs were successfully loaded onto TiO, without change in the original particle size.
Furthermore, the top peak of Au plasmon absorption was found to extend towards 620 nm by simple
calcinations of the samples. This phenomenon is due to high contact area between TiO; and Au NPs
without change of particle size [66]. Additionally, Naya et al. [67,68] and Shiraishi et al. [69] employed
precipitation deposition methods to deposit small Au NPs (~2-6 nm) on TiO; (entry 3).

3.3. Application of LSPR of Au-TiO, to Several Photocatalytic Reactions

Au NPs deposited on TiO, have been used as visible-light-responsive photocatalysts for several
chemical reactions: decomposition of VOCs, selective oxidation of an aromatic alcohol, direct water
splitting, H, formation from sacrificial aqueous solutions, and reduction of organic compounds (see
Table 3). Several research groups concluded that photocatalytic activities are induced by LSPR of the
Au NPs. Some research indicates that small Au NPs (~5 nm) effectively work for the reactions [61,69].
Tanaka and Kominami et al. suggest that two types of Au particles of different sizes loaded onto TiO,
exhibit different functionalities. That is, the larger Au particles contribute to strong light absorption,
and the smaller Au particles act as a co-catalyst for H, evolution [63].
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Table 3. Applications to several photocatalytic reactions on the Au-TiO; photocatalyst.

Entry Photocatalytic Reactions Au Deposition Methods References

1 oxidations of 2-propanol and ethanol PD [56-58]
oxidation of formic acid CPH [60]
oxidation of thiol to disulfide DP [67]
) oxidation of amine to imine DP [68]
oxidation of aromatic alcohol to aldehyde CPH [6o]
DP [69]
oxidation of benzene to phenol PD [70]

H, formation from alcohols CPH [63,71]

’ water splitting into H, and O, BII’JH {2}1}72]
4 reduction of nitrobenzene to aniline CPH [65]

3.4. Application to a Photovoltaic Fuel Cell Operating under Visible Light Irradiation

The Au-TiO; films were found to exhibit the behavior of a photovoltaic fuel cell [54,55]. An anodic
photocurrent was yielded on the Au—TiO; film as the visible light was irradiated, while the current
was observed neither on a TiO; film under visible light irradiation, nor on the Au—TiO; film when the
light was turned off. The short-circuit photocurrent density (Jsc) was strongly influenced by kinds of
donors, and the photocurrent efficiency was maximized in the presence of Fe?* ions. Furthermore, the
photocurrent action spectra were closely fitted with the absorption spectrum of the Au NPs deposited
on the TiO, film (See Figure 11).

' I ' . . . 0.08
o 50} m [
5 Fe?
< .
3 |
- 3
Y 0.06 3
: £
£ w{Fe(CN)* . <
~ r

cr; 0.04
. Fc(COOH);
= 1 . . .
E®/ V vs. Ag/AgCl 400 500 600 700
vs-Ad Wavelength / nm

Figure 11. Short-circuit photocurrent densities [I] vs. apparent formal potential of different donors on
the Au—TiO, photoanode in acetonitrile/ethylene glycol (v/v 60/40) containing 0.1 M LiNO3 and
0.1 M donors; IPCE [II] of the Au—TiO; film in a Np-saturated acetonitrile and ethylene glycol (v/v:
60/40) solution containing 0.1 M FeCl, and 0.05 M FeCl; [55].

3.5. Mechanisms of Charge Separation

The mechanism for the Au plasmon-induced charge separation is shown in Figure 12. Visible
light irradiation generates the photo-excited state of the Au NPs by LSPR. The photo-excited electrons
are injected into the C.B. of TiO,, while the holes abstracted electrons from a donor in the solution. The
Au NPs behave like an intrinsic semiconductor, and the Fermi levels of Au NPs and TiO, are leveled
out, resulting in the formation of Schottky barrier at Au-TiO, junctions. This band model seems to be
similar with dye-sensitized photo-anodic electrodes.
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Figure 12. Schematic illustration [I] and its energy band levels [II] for the photo-induced charge
separation on the Au-TiO; in the presence of donors [55].

Recently, Furube et al. studied the plasmon-induced charge transfer mechanisms between Au NPs
and TiO, by means of femtosecond visible pump/infrared probe transient absorption spectroscopy [73].
The electron transfer from the Au NPs to the C.B. of TiO, was confirmed to occur within 50 fs, and that
the electron injection yielded 20-50% upon 550 nm laser excitation.

4. Photo-Induced Interfacial Charge Transfer

4.1. Dye-Sensitized TiO, Photocatalysis

Dye sensitized TiO, photocatalysis was studied in the late 1990s. The Ru complex, [Ru(bipy)3]**
grafted on the TiO, surface exhibits visible light absorption [74,75]. In this system, the excitation of the
Ru complex induces electron transfer via metal-ligand charge transfer (MLCT). The photo-induced
electrons are then transferred onto TiO,, resulting in photocatalytic water splitting to produce Hj.
The platinum-chloride-modified TiO, system was reported by Kisch et al. [76,77]. Photo-irradiation
of Pt(IV) chloride exhibits visible-light absorption to generate the active center, (Pt*(Cl™)4 + hv —
Pt3*CI%(CI7)3. The photo-induced electrons are transferred from Pt3* to C.B. of TiO; as reductive sites,
while the C1° work as the oxidative sites, resulting in the redox photocatalytic reactions. Important
strategies to develop these types of photocatalysts are to design robust sensitizers adjusted with
HOMO-LUMO levels.

4.2. Visible-Light-Responsive TiO, Photocatalyst Modified by Phenolic Organic Compounds

Strong interaction of phenolic groups in organic compounds with Ti-OH of the TiO, surface
probably forms two types of interfacial surface complexes (ISC, Figure 131I), which exhibits visible
light absorption via LMCT. The photocatalysis of the ISC is strongly influenced by the electronic
structures of the ISC (Figure 13II): the ISC with EWG exhibits strong oxidizability under visible light
irradiation, and it can favorably oxidize the TEA, together with H, evolution from deaerated TEA
aqueous solutions [78]. The visible light response of the ISC is attributed to electronic excitation from
the donor levels (0.7 V above V.B.) to the C.B. of TiO; (see Figure 14). Therefore, the electronic structures
of sensitizers strongly influence the photocatalytic activities. Ikeda et al. [79] demonstrated that a
TiO, photocatalyst modified with 1,1’-binaphthalene-2,2’-diol (bn(OH);) exhibited photocatalytic H,
evolution from deaerated TEA aq. under visible light irradiation. Kamegawa et al. [80] designed a 2,
3-dihydroxynaphthalene (2,3-DN)-modified TiO, photocatalyst for the reduction of nitrobenzene to
aminobenzene under visible light irradiation.
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Figure 13. Schematic illustration for the formation of two types of ISCs [I], and photocatalytic H
evolution [II] from aq. TEA (10 vol. %) on (a) BC/TiO,, (b) MC/TiO,, (c) CA/TiO,, (d) BA/TiO,,
(e) BN/TiO;, and (f) TN/TiO; [78]. BC: 4-t-butyl catechol, MC: 3-methoxy catechol, CA: catecol, BA:
2,3-dihydroxy benzoic acid; BN: 3,4-dihydroxy benzonitrile; TN: tiron.
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Figure 14. Schematic illustration of photo-induced charge separation on the BN/ TiO, for H; evolution
from TEA aq. in the presence of Pt as co-catalyst under visible light irradiation [78].

On the other hand, the phenolic compounds were degraded on the TiO, in the presence of O,
under visible light (A > 420 nm) illumination, producing CI~ and CO, [81]. The ISC formed by the
interaction of phenolic compounds with TiO, exhibited self-degradation. It was proposed that an
electronic transition occurs from the ISC to the C.B. of TiO, to form active oxygen species, which also

participate in the oxidative degradation of phenolic compounds.

4.3. Interfacial-Surface-Complex-Mediated Visible-Light-Sensitive TiO, Photocatalysts

The interfacial surface complex (ISC)-mediated visible-light-sensitive TiO, photocatalyst was
applied to selective oxidation of several aromatic alcohols [82-88]. Unlike to the ISC in Figure 14,
reactant molecules adsorbed onto the TiO, surface (ISC) is activated under visible-light irradiation,
and they are converted into products. Figure 15 shows reaction time profiles for the oxidation of
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benzyl alcohol in an acetonitrile solution suspended with TiO, photocatalyst in the presence of O,
under visible light irradiation (A > 420 nm). This reaction does not proceed without TiO; or irradiation.
It was found that the amount of benzyl alcohol decreased with an increase in the irradiation time,
while the amount of benzaldehyde increased. Neither benzoic acid nor CO, were formed as oxidative
products. The yield of benzaldehyde reached circa 95%, and the carbon balance in the liquid phase
was circa 95% after photo-irradiation for 4 h.
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Figure 15. Selective oxidation of benzyl alcohol on TiO; (50 mg) under visible light irradiation [82].
The initial amount of benzyl alcohol was 50 umol. Amounts of: benzyl alcohol (a); benzaldehyde (b);
benzoic acid (c); CO; (d); and percentage of total organic compounds in solution (e).

Photocatalytic oxidation of benzyl alcohol and its derivatives into corresponding aldehydes was
carried out with TiO, under visible light irradiation. Benzyl alcohol and its derivatives substituted by
-OCHj3, -Cl, -NO,, -CHj3, -CF3, and -C(CH3)3 groups were successfully converted to corresponding
aldehydes with a high conversion and high selectivity on TiO,, while no other products were observed
(See Table 4). However, the phenolic compound (entry 9) was deeply oxidized, since it strongly
adsorbed on the TiO, surface [82].

Table 4. Chemoselective photocatalytic oxidation of different kinds of benzylic alcohols on TiO, [82].

OH ) o}
/©)\Rl 110, 9, > /@Am
Visible-light (4h)
R2 R2

Entry R R, Conversion (%) Selectivity (%)
1 H H >99 >99
2 H C(CHs); >99 >99
3 H OCH; >99 >99
4 H CHj; >99 >99
5 H Cl >99 >99
6 H NO, >99 >99
7 H CF3 >99 >99
8 CHj3 H >99 >99
9 H OH > 85 23

4.3.1. What Is the Origin of the Visible Light Response?

The interaction of benzyl alcohol with TiO, was analyzed by FI-IR spectroscopy (See Figure 16).
Characteristic features of the ISC are as follows: (i) a remarkable downward negative band at 3715 cm !
attributed to the O-H stretching of the terminal OH group; (ii) a new band appeared at circa 1100 cm~?,
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which is attributed to the C-O stretching of the alkoxide species formed by the interaction of benzyl
alcohol with TiO,, while that of benzyl alcohol by itself is 1020 cm 1.

1020 cm!
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ca.1020 cm’!

alkoxide

$0.01
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wC-0) | .-H
1100 cm O
O—H 3715cm!

—Ti— O—Ti—
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4000 3000 2000 1000
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[1] [

Ti-OH groups

Figure 16. FT-IR spectra [I] of benzyl alcohol by itself and benzyl alcohol adsorbed on TiO,; and [1I]
their peak identification [82].

When the TiO; was treated by diluted HF (aq), the IR band at 3715 cm~! on the HF-TiO,
drastically decreased, while the photocatalytic activity significantly decreased. The active sites were
confirmed to be alkoxide by the interaction of benzyl alcohol with the terminal OH groups of TiO,.

TiO, by itself exhibited absorption only in the UV region, which is attributed to the charge
transition from V.B. to C.B. When the benzyl alcohol was adsorbed on TiO,, absorption in the visible
region could be observed. This absorption in the visible light region is assignable to the ISC through
the LMCT (See Figure 17). The action spectra of apparent quantum yield (AQY) plots were fitted with
the photo-absorption of TiO,-adsorbed benzyl alcohol, suggesting that visible light absorption directly
participated in the photocatalytic reactions.
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Figure 17. UV-vis absorption spectra of TiO, (a), TiO, adsorbed with benzyl alcohol (b), and
apparent quantum yield (AQY) for the formation of benzaldehyde (c); and schematic illustration
of photo-induced charge transfer through LMCT in the alkoxide [82].

DEFT calculations [87] indicated the interaction of benzyl alcohol with surface hydroxyl groups on
the TiO, surface, resulting in the formation of alkoxide species. The electron density contour maps for
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the alkoxide species are shown in Figure 18. The orbital #212 at —0.80 eV forms the V.B. of TiO,, while
#218 at +2.25 eV forms the C.B. One type of surface state consisting of the orbital (#215) originates with
the alkoxide species ([Ti]-O-CH,—ph) hybridized with the O2p AOs in the V.B. of the TiO,. The energy
gap between #215 and #218 (2.8 eV) was confirmed to be the origin for the visible light response.
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Figure 18. Photo-induced electron transfer from the hybridized orbital to the C.B. of TiO, under visible
light irradiation [87]. Density maps of V.B., C.B., and hybridized orbital are shown here.

4.3.2. What Makes the High Selectivity for the Photocatalytic Reactions?

It was observed that benzyl alcohol is adsorbed on TiO, more favorably than benzaldehyde in
a mixture of benzyl alcohol and benzaldehyde under dark conditions. This result indicates that the
interaction between benzaldehyde and TiO;, is fairly weak. According to DFT calculations [87,88], the
interaction of benzyl alcohol with the TiO; surface formed a hybridized orbital, while benzaldehyde
did not form orbital mixing. Therefore, once benzaldehyde was produced by the oxidation of benzyl
alcohol, benzaldehyde was immediately released into the bulk solution, and was not oxidized further
to benzoic acid or CO;.

4.3.3. Reaction Mechanisms behind the Selective Photocatalytic Oxidation of Benzyl Alcohol

The photocatalytic activities for the oxidation of benzyl alcohol or &, x-d2 benzyl alcohol were
investigated. The kinetic isotope effect (KIE) [=kc.i/kcp] was estimated to be 3.9 at 295 K. This
result suggests that the process for the x-deprotonation is the rate determining step (RDS) for the
overall reaction. From the experimental and theoretical studies by DFT calculations, one of the
favorable reaction paths is depicted in Figure 19. When benzyl alcohol interacts with Ti-OH of the
TiO;,, the alkoxide species (ISC) is formed on a Ti site (3). The ISC was photo-excited under visible
light irradiation via LMCT of the ISC, which induces holes (h*) and electrons (e™). Subsequently,
the electrons are transferred to O, to form superoxide anions (the bonding distance between O-O
becomes longer), which induces x-deprotonation of the benzyl alcohol (4-5TS). Such hydro-peroxide
species would further induce the de-protonation from another benzyl alcohol to form benzaldehyde
(7-8TS), resulting in regeneration of the surface terminal OH groups. The consecutive generation of the
terminal OH groups would, thus, be one of the key factors for the photocatalytic reactions.
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Figure 19. Possible reaction path for the selective oxidation of benzyl alcohol in the presence of O, on
the TiO, under visible light irradiation [87].

4.4. Photocatalytic Oxidation of Benzyl Amine into Imine

Imines are important intermediates for the synthesis of pharmaceuticals and agricultural
chemicals. Selective photocatalytic oxidation of benzyl amine into N-benzylidenebenzylamine takes
place in the presence of O, on the TiO, at room temperature (Scheme 1) [89,90]. Several kinds of
benzylic amines were examined, and they were converted into the corresponding imines, yielding circa
38-94% [89]. The origin of the visible light response is due to formation of amine oxide (ISC) through
the interaction of benzylic amine onto the surface of TiO,, and the ISC exhibits electronic transition
from the localized N 2p orbitals of the amine oxide (ISC) to the C.B. of TiO,. The photo-induced redox
catalysis produces benzaldehyde in the presence of O,. Subsequently, the condensation reaction of
benzaldehyde with another benzyl amine forms N-benzylidenebenzylamine under dark conditions.

TiO,, O N
visible-light

benzyl amine N-benzylidenebenzylamine

Scheme 1. Selective oxidation of benzyl amine into N-benzylidenebenzylamine on the TiO,
photocatalyst under visible light irradiation.

5. Conclusions

This review focused on some fundamental issues behind the visible-light-sensitive TiO,
photocatalysts, highlighting the bulk and/or surface electronic structures modified by doping with
nitrogen anions; plasmonic Au NPs, and interfacial surface complexes (ISC) and their related
photocatalysts. Tailoring the interface and bulk properties, including surface band bending, sub-band
structure, surface state distribution, and charge separation, significantly reflects on the photocatalysis.
We hope that this review has provided some useful contributions for the future design and development
of novel photocatalytic systems employing TiO, as well as non-TiO, semiconductor materials
with nanoscale levels. The applications of such photocatalytic systems could not only convert
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unlimited solar energy into chemical energy, but also protect our environment, leading to sustainable
green chemistry.
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Abbreviations

NPs
IsC

nanoparticles
interfacial surface complex

VOCs volatile organic compounds

V.B.

C.B.
XPS
EPR

valence band

conduction band

X-ray photoelectron spectroscopy
electron paramagnetic resonance

UV-vis Ultraviolet-visible
LSPR localized surface plasmon resonance

PD
CPH
DP
TEM
Jsc
IPCE
DFT

photodeposition

colloid photodeposition by hole scavenger
deposition precipitation

transmittance electron microscope
short-circuit photocurrent

incident photo to current efficiency
density functional theory

MLCT metal to ligand charge transfer
FT-IR Fourier transformed-infrared

KIE

kinetic isotope effect

LMCT ligand to metal charge transfer
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Abstract: Titanium dioxide (TiO;) nanomaterials have garnered extensive scientific interest since
1972 and have been widely used in many areas, such as sustainable energy generation and
the removal of environmental pollutants. Although TiO, possesses the desired performance in
utilizing ultraviolet light, its overall solar activity is still very limited because of a wide bandgap
(3.0-3.2 eV) that cannot make use of visible light or light of longer wavelength. This phenomenon
is a deficiency for TiO, with respect to its potential application in visible light photocatalysis and
photoelectrochemical devices, as well as photovoltaics and sensors. The high overpotential, sluggish
migration, and rapid recombination of photogenerated electron/hole pairs are crucial factors that
restrict further application of TiO,. Recently, a broad range of research efforts has been devoted to
enhancing the optical and electrical properties of TiO,, resulting in improved photocatalytic activity.
This review mainly outlines state-of-the-art modification strategies in optimizing the photocatalytic
performance of TiO,, including the introduction of intrinsic defects and foreign species into the
TiO, lattice, morphology and crystal facet control, and the development of unique mesocrystal
structures. The band structures, electronic properties, and chemical features of the modified TiO,
nanomaterials are clarified in detail along with details regarding their photocatalytic performance
and various applications.

Keywords: TiO,; energy band engineering; morphology modification; mesocrystals; applications

1. Introduction

Over the past several decades, the increasing severe energy shortages and environmental pollution
have caused great concern worldwide. To achieve sustainable development of society, there is an
urgent need to explore environmentally friendly technologies applicable to pollutant recovery and
clean energy supplies. In the long-term, solar energy is an inexhaustible source of renewable energy;
therefore, developing technologies and materials to enhance solar energy utilization is central to both
energy security and environmental stewardship. In 1972, Fujishima and Honda first published a
study for producing hydrogen on titanium dioxide (TiO;) photoelectrodes under ultraviolet light
illumination, which garnered worldwide attention [1,2]. From then on, semiconductor photocatalysis
has been considered one of the most promising pathways to address both hydrogen production and
pollution abatement. Photocatalysis can be widely used anywhere in the world, providing natural
solar light or artificial indoor illumination is available [3].

Semiconductor materials are often used as photocatalysts [4]. According to band energy theory,
the discontinuous band structure of semiconductors is composed of low energy valence bands filled
with electrons, high-energy conduction bands, and band gaps. When the energy of the incident photons
equals or exceeds the bandgap, the photoexcitation of electron-hole pairs and the consequential
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photocatalytic redox reaction take place [5]. The photocatalytic process mainly involves the steps of
generation, separation, recombination, and surface capture of photogenerated electrons and hole pairs.
Photochemical reactions occur on the surface of a solid catalyst, which includes two half-reaction
oxidation reactions of photogenerated holes and reduction reactions of photogenerated electrons [6].
The specific process that occurs in semiconductors is described in Figure 1. During this process, a large
proportion of charge carriers (e~ /h* pairs) recombine quickly at the surface and interior of the bulk
material, leading to the dissipation of absorbed energy in the form of light (photon generation) or heat
(lattice vibration). Therefore, these charge carriers cannot participate in the subsequent photocatalytic
reactions, which is detrimental to the whole process [7].

0,; H,0; CO,...

%
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= \\ e e O S
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4
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degradation products

organic pollutants

Figure 1. Photocatalytic process in semiconductor.

The electrons and holes that successfully migrate to the surface of the semiconductor without
recombining can be involved in the reduction and oxidation reactions, respectively, which are the
bases for photodegradation of organic pollutants and photocatalytic water splitting to produce Hj [8].
As excellent oxidizers, the photogenerated holes can mineralize organic pollutants directly. In addition,
the holes can also form hydroxyl radicals (¢OH) with strong oxidizing properties. Photoexcited
electrons, on the other hand, can produce superoxide radicals (O,e~) and eOH. These free radicals and
e~ /h* pairs are highly reactive and can induce a series of redox reactions. In addition, with respect
to water splitting, photogenerated electrons can be captured by H+ in water to generate hydrogen,
while holes will oxidize H,O to form O, [9-11].

In general, to increase the activity of photocatalysts and utilize visible light more effectively,
several requirements need to be satisfied. First, the light absorption process determines the amount of
excited charges, which means that more charge carriers are likely to be accumulated on the surface if
more light can be absorbed by the photocatalyst. Additionally, considering that ultraviolet (UV) light
occupies less than 4% of sunlight’s emission spectrum, while visible light accounts for approximately
40%, a smaller bandgap is necessary for a semiconductor to absorb solar energy across a broad range
of spectra. Therefore, improving the optical absorption properties has become a common purpose
for photocatalyst design to enhance their overall activity [12]. In addition, the position of conduction
bands (CBs) and valence bands (VBs) is critical, which are responsible for the production of active
species, such as ¢OH, HO,e, H,O,, and O,e~. Furthermore, the photogenerated electrons and holes
should be transported and separated efficiently in the photocatalyst because the fast recombination of
charge carriers will otherwise result in low reactivity. Finally, the as-prepared photocatalytic materials
and their modification processes should be environmentally friendly and economical [13].
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Since 1972, TiO, has been intensively investigated due to its thermal and chemical stability,
superhydrophilicity, low toxicity, and natural geologic abundance. Compared with other semiconductor
materials, TiO, is of ubiquitous interest across many research fields and for many applications [14],
such as photodegradation of pollutants and hazardous materials, photolysis (splitting) of water to yield
H,, artificial photosynthesis, etc. Nevertheless, the poor visible light absorption and fast electron-hole
recombination, as well as the sluggish transfer kinetics of the charge carriers to the surrounding media,
considerably limit the photocatalytic activities of TiO,. Hence, during the past few decades, much effort
has been devoted to overcoming these problems by, for example, reducing e~ /h* pair recombination
and improving the optical absorption properties by energy band regulation, morphology control,
and the construction of heterogeneous junctions [15].

In this review, we mainly focus on the regulation of the electronic structure and modification of the
micromorphology of TiO, nanomaterials to achieve property enhancements that could be applicable
to a variety of potential applications.

2. Energy Band Engineering of TiO,

The absorption of incident light and redox potential of TiO, mainly depend on its energy band
configuration [16]. To utilize solar energy more effectively, it is necessary to explore and develop
longwave-light-sensitive TiO, photocatalysts with excellent performance on the basis of energy band
engineering [17]. A better understanding of the electronic structure of TiO, is important for band gap
modification. The molecular orbital bonding energy diagram in Figure 2 clearly shows the fundamental
features of anatase TiO, [18]. The chemical bonding of anatase TiO; can be deconstructed into Ti,
e.g., Tityg (dyz, dyz, and dyy), O py (in the TizO cluster plane), and O p (out of the TizO cluster plane).
The upper valence bands include three main regions: the o bonding, which is located at the bottom,
is the most stable bond type, and arises from the hybridization of Tj, e.g., O p,; the hybridization of
the O pr and Ti dy; (or d;) orbitals constitutes the middle energy region of 7 bonding; and the higher
energy region in the top of the valence bands, which is dominated by the O p orbitals. The conduction
band is composed of Ti 3d and 4s, and the bottom of the conduction bands is composed of the isolated
Ti dy orbitals [19,20]. For the purpose of narrowing the bandgap of TiO,, three basic approaches of
adjusting the VBs or CBs or the continuous modification of the VBs and CBs of the anatase are shown

in Figure 3.
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Figure 2. (a) Total and projected densities of states (DOS) of the anatase TiO, structure and (b) molecular
orbital bonding structure for anatase TiO, [18]. Copyright 2004 The American Physical Society.
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Figure 3. Three schemes of the band gap modifications of TiO, match the solar spectrum: (a) a higher
shift in valence band maximum (VBM); (b) a lower shift in conduction band minimum (CBM); and (c)
continuous modification of both VBM and CBM.

2.1. Doping of TiO,

To extend the visible light response of TiO, and improve its photocatalytic activities, various
modification strategies, such as dye sensitization, impurity or intrinsic doping or semiconductor
coupling, have been developed [21-23]. Among them, introducing impurity ions into the TiO, crystal
lattice to substitute the host anions and/or cations has earned much attention in the past decade.

By means of physical or chemical methods, researchers have been able to introduce a variety of
ions into the TiO, matrix, where they change the band structure of TiO; by inducing impurity states
within the bandgap [2], as shown in Figure 4. In general, ion doping contributes to the improved
activities of TiO, in three ways: (1) by narrowing the bandgap and promoting the adsorption of the
main region of the solar spectrum, such as doping with N, S, C, B, etc. [24,25]; (2) by improving
the conductivity of TiO, and the mobility of charge carriers, the increased charge traps can reduce
bulk recombination and separate photogenerated electrons and holes more efficiently (e.g., Zn, Fe,
and Y) [26]; and (3) by altering the conduction band position of TiO, with certain metal ion dopants,
such as Zr**, Nb®*, and W°*, which further affects the carrier transfer properties [27].

Foreign clements

Figure 4. TiO, nanoparticles with different doping elements [2]. Copyright 2014 American
Chemical Society.

TiO, doping can be doped with a variety of metal ions, including transition metal and rare earth
metal ions. For transition metal dopants, such as Fe, Mn, V, Cu, and Cr, both delocalized and localized
impurity states will be created within the band gap of TiO; along the crystal field splitting of metal
3d orbitals [28-30]. Mizushima et al. determined impurity levels of 1.9 to 3.0 eV below CBM by

148



Catalysts 2019, 9, 191

doping V, Cr, Mn, and Fe based on a large number of experimental results, and they suggested that
cation vacancies may lead to these impurity states [31]. An early work by Borgarello et al. in 1982
reported that Cr**-doped TiO, nanoparticles (investigated for properties of photocatalytic hydrogen
evolution) exhibit excellent absorption of visible light in the range of 400 to 550 nm. They believed that
the 3d electrons of Cr®* were excited into the conduction band of TiO,, thus inducing a visible light
response [32]. Doping TiO, with certain earth rare metal ions represents another promising method
to prolong the recombination time of charge carriers and improve their separation efficiency. The 4f
electrons in most rare earth elements can give rise to the formation of a multielectron configuration,
which acts as a shallow trap for photogenerated electrons and holes [33]. Furthermore, the use of
rare earth metal ion dopants in TiO, tends to facilitate the utilization of solar light from ultraviolet
to infrared light regions. Li et al. prepared a series of Ce-doped TiO, nanoparticles by the sol-gel
method. The characterization results showed that Ce ions entered the TiO, matrix at Ti sites, leading
to the formation of impurity states, as shown in Figure 5. In addition, enhanced separation of the
photogenerated charge carriers was also realized due to the coexistence of Ce** and Ce** dopant
ions [34].
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Figure 5. Band energy structure and charge transfer [34]. Copyright 2017 American Chemical Society.

Anandan et al. studied the photodegradation of monocrotophos under visible light irradiation
with La-doped TiO,. They associated rapid mineralization with the enhanced separation of electrons
and holes by doping La®* into the TiO, matrix, which subsequently generated a large number of
oOH radicals along with the trapping of excess holes at the surface [35]. In contrast, based on the
density functional theory calculation method, Sun et al. worked extensively on the changes of the
electronic structure and the photocatalytic activity of TiO, after introducing substitutional La dopants.
Their calculations demonstrate that the enhanced visible light absorption of La-TiO; mainly arises
from adsorbed La on the TiO, surface rather than from substitutional La doping [36]. Notably,
not all kinds of dopants give rise to positive consequences. Chio et al. systematically studied 21
kinds of metal ion-doped TiO, materials and their application with respect to various photocatalytic
reactions [37]. The results associated with model reactions for the photocatalytic reduction of carbon
tetrachloride and the photodegradation of chloroform indicated that only the doping of certain ions,
such as Fe?*, Ru3*, Re®*, V4, and Mo*, increased reactivity. In addition, the study demonstrated
that optimizing the content and placement of the dopant ions content play a positive role in affecting
photocatalytic activity. Despite the robust photoactivity of certain metal ion-doped TiO; catalysts,
some inevitable problems remain and need to be considered. The metal-doped nanomaterials have
been shown to suffer from unstable optical properties and thermal instability, in addition to the need
to use expensive ion implantation equipment to produce these enhanced materials [38]. Furthermore,
the localized d-electron state formed in the band gap of TiO, may become the recombination center of
photogenerated electron-hole pairs, thereby leading to a decline in the photocatalytic activity.
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Recently, the non-metal doping of nitrogen (N), sulfur (S), carbon (C), fluorine (F), iodine (I),
and phosphorus (P) has been extensively studied due to their relatively high photostability and
photoelectric properties [39]. However, in comparison to metal-doped TiO,, the role of the non-metal
dopants as recombination centers of charge carriers might be minimized. By replacing the oxygen
atoms in the TiO; lattice, the non-metal elements can significantly narrow the bandgap and thereby
improve the visible light response of TiO,. In addition, impurity states can be formed near the valence
band edge alone with non-metal doping, as displayed in Figure 6. Instead of acting as recombination
centers, these occupied levels can be regarded as shallow traps that effectively separate photogenerated
electron-hole pairs [40].
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Figure 6. Comparison of atomic p levels among anions. The band gap of TiO, is formed between the O
2pm and Ti 3d states [39]. Copyright 2014 American Chemical Society.

In 2001, Asahi et al. first published research on N-doped TiO, nanomaterials, which initiated a
wave of studies related to non-metal-doped photocatalysts [41]. In a similar work, Zhao et al. reported
highly active N-doped TiO, nanotubes for CO, reduction. Despite the tubular structure with a large
surface area providing more surface active sites, the N dopants contributed more to the improved
photocatalytic activity. It was found that a redshift of the light absorption and a color center were
achieved with N-doped TiO, nanotubes because N atoms can substitute for the lattice O atoms of
TiO,, thereby reducing its bandgap and resulting in a ~4 times higher visible light photocatalytic
CO; reduction activity in comparison to pure TiO, nanotubes [42]. Irie et al. prepared C-doped TiO,
nanoparticles by oxidizing TiC powder, and the efficiency of decomposing gaseous isopropanol under
visible light was significantly improved [43]. S-doped anatase TiO, with a high surface area was
obtained by Li et al. They treated pure TiO, using a supercritical strategy and used the materials for
methylene blue degradation under visible light irradiation. S atoms with large diameters are difficult
to dope into the TiO; lattice, but X-ray photoelectron spectroscopy (XPS) detected the existence of
S-Ti—O bonds, which introduced lattice defects, acting as shallow traps for electrons and reducing
carrier recombination [44]. Li et al. mixed HIO3 with tetrabutyl titanate and hydrolyzed the samples
directly to obtain I-doped TiO,, which significantly boosted its visible light performance [45].

Although various non-metal ions are used for doping modification of TiO,, N doping is still one
of the most widely used methods to modify the electronic structure and to extend light absorption to
the visible range [46]. However, researchers have not yet come to a complete agreement regarding the
mechanisms associated with the N doping enhancements. In the literature, it is not difficult to find
studies stating that it is not only the dopant concentration but also the dopant location in the TiO,
lattice (surface or bulk, substitutional, and interstitial) that ultimately determines the photocatalytic
properties [17,47]. In the case of N-doped TiO, nanomaterials, some researchers believe that only
the substitution of O~ by N3~ with high dopant concentrations can elevate the valence band edge,
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bringing about the desired band gap narrowing [48,49]. However, others suggest that the doping of N
will induce oxygen vacancies in TiO;, and that the enhanced visible light adsorption is associated with
the local state induced in the band gap, rather than the generally believed theory that the introduction
of N into the TiO; lattice can reduce its band gap, as shown in Figure 7 [50].
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Figure 7. (a) Diffuse reflectance spectra of the anatase TiO, nanobelts before and after heat treatment in
ammonia gas flow at different temperatures and (b) the band structure of N-doped-TiO, under visible
and UV light irradiation [50]. Copyright © 2009 American Chemical Society.

As another widely studied non-metal-doped TiO,, F-doped TiO, also shows promising potential
for photocatalytic applications. Zhang et al. obtained F-doped TiO, mesocrystals through the
topological transformation of TiIOF, precursors. An in situ characterization technique was adopted
to detect the doping process. The results showed that the doping of F was accompanied by the
formation of oxygen defects, which ensured a higher visible light response [51]. Park et al. added
sodium fluoride to aqueous TiO, suspensions to obtain surface fluorinated TiO,, and a series of
characterizations showed that neither an improvement in crystallinity nor a redshift of the band edge
was achieved, but the photocatalytic oxidation of phenol and Acid Orange was considerably enhanced.
They attributed such photocatalytic improvement to fluorine surface modification, which enhances
free «OH radical-mediated oxidation pathways [19]. Similar to the doping of N, the reason for the
observed high performance upon F doping is still undetermined. Some studies suggest that instead
of entering the TiO, lattice, fluorine ions adsorbed on the surface of TiO, can increase the wettability
and surface acidity, which is beneficial to the adsorptivity and e~ /h* separation of the oxide [20].
Other researchers hold the opinion that a tail state in the band gap of TiO, is formed by F doping,
which favors the more efficient utilization of incident light. Recently, an increasing number of studies
proposed that a charge compensation effect induced by F doping brings about the formation of a
certain amount of oxygen vacancies and Ti%* in TiO,, resulting in the enhanced absorption of visible
light [52,53]. Although the principle of F doping is not very clear, the proper doping level of F can
effectively improve the activity of TiO,.

2.2. Intrinsic Defect Formation

In 2011, a black TiO, with a narrowed bandgap (approximately 1.5 eV) and fabricated by
hydrogenation reduction was reported to achieve absorption of full spectrum sunlight and improved
photocatalytic activity [54]. Unsurprisingly, this discovery has aroused worldwide scientific interest
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and paved the way towards intrinsic defect modification. Creating intrinsic defects in the TiO,
lattice is a kind of self-structural modification that includes surface disorder layers, Ti**/oxygen
vacancy self-doping, formation of surface Ti-OH, and incorporation of doped-Consequentially,
considerable changes in surface properties and electronic and crystal structures are often achieved
in this process [55-57]. Furthermore, studies in terms of defect engineered TiO, have confirmed that
these intrinsic defects are emerging as a promising attribute for improving the separation of electrons
and holes, outperforming, in some cases, other kinds of modified TiO, nanomaterials [58].

Since the study by Chen et al., various methods have been developed to induce defects in TiO,,
including direct reduction of TiO,; that is, the currently reported Hy, Al, Na, Mg, NaBHy, hydrides,
imidazoles, etc. can effectively transfer modify pure TiO, nanomaterials into their defect engineered
counterparts under certain conditions [59,60]. In addition, electrochemical reduction and high-energy
particle bombardment (such as photon beam and H; plasma or electron beam) are widely used to
induce TiO, defects. Partial oxidation from low-valence-state Ti species such as TiHj, TiO, TiCl3, TiN,
and even Ti foil represents another promising approach, fulfilling the needs for highly active TiO,_
photocatalysts [61]. Liu et al. prepared rice-shaped Ti** self-doped TiO,_y nanoparticles through
mild hydrothermal treatment of TiH; in H,O, aqueous solution, and proposed a unique “surface
oxide-interface diffusion-redox mechanism” (as shown in Figure 8) to explain the formation process
of TiOy_ [62]. The defect types and their formation mechanism in TiO,_y are closely related to the
preparation methods. Generally, the Ti-H bond is present only in hydrogen-reduced TiO,_, while the
surface disorder layer causes severe damage to the TiO; structure. Thus, relatively strong reduction
conditions are required, such as high temperature/pressure hydrogen reduction, aluminothermic
reduction, hydrogen plasma treatment, etc. Surface Ti-OH, Ti®*, and oxygen vacancies commonly
exist in most defective TiO, nanostructures [63].
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Figure 8. (A) Schematic of the formation mechanisms for the rice-shaped Ti** self-doped TiO,
nanoparticles. (B,C) The interface diffusion-redox diagram. The green arrows indicate ion diffusion [62].
Copyrighted 2014 The Royal Society of Chemistry.

The dominant mechanism involved in improving photocatalytic performance by inducing intrinsic
defects into TiO, can be explained, both experimentally and theoretically, to be the regulation of the
band structure of TiO; and boosted charge separation and transport. For black TiO,, band tail states
and shallow dopant states can be formed to reduce its band gap and further increase its optical
absorption properties. Chen et al. observed a disordered surface layer in black TiO, nanocrystals
after a hydrogenation treatment, as shown in Figure 9. From the high-resolution transmission electron
microscopy (HRTEM) spectra, it can be readily observed that the straight lattice fringes are bent at the
edge of the particles, and the lattice spacing is no longer uniform, indicating that the hydrotreated
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black TiO, nanoparticles possess a “crystal-disordered” core-shell structure. Such a disordered layer
is believed to facilitate the introduction of the tail state at the top of the valence band and the bottom
of the conduction band, consequently yielding a redshift of the light absorption [54]. Moreover,
because the disorder layer exhibits a set of properties that are distinct from those of their crystalline
counterparts, rapid charge separation could be realized when the amorphous layer closely contacts
crystalline TiO,. The lattice distortions tend to blueshift the VBM while having less impact on CBM.
Therefore, the photogenerated holes accumulate in the thin disordered shell and participate in the
photocatalytic reactions immediately; electrons are widely spread in both the shell and core regions.
This result highlights the strong synergistic effect on charge transfer between the crystalline and
disordered parts [64].
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Figure 9. (A) Schematic illustration of the structure and electronic DOS of a semiconductor in the form
of a disorder-engineered nanocrystal with dopant incorporation. (B) A photo comparing unmodified
white and disorder-engineered black TiO; nanocrystals. (C,D) HRTEM images of TiO, nanocrystals
before and after hydrogenation, respectively [54]. Copyright 2011 American Association for the
Advancement of Science.

For Ti%* /oxygen vacancy incorporation and H-doping in reduced TiO, y, the hybridization of
Ti-3d, O-2p and H-1s orbitals results in the mid-gap states formation below the CBM and the Fermi
level’s upshift [65,66]. The extra electrons in either Ti>* or oxygen vacancies are inclined to occupy
the empty states of Ti ions, forming new Ti 3d bands below the CBM. With a further increase in
defect concentration, the 3d band shifts deeper and finally results in multiple bands in the CBM.
Moreover, the existence of multiple mid-gap states as well as the associated derivate (surface Ti-OH)
can also function as extra carrier trap sites or carrier scavengers to prolong the lifetime of electrons and
holes [67]. The high concentration of electron donors will greatly improve the conductivity of materials
and promote the transfer of carriers [68]. Wang et al. treated pure white TiO, with hydrogen plasma to
fabricate H-doped black TiO, for photodegradation of methyl orange under visible light irradiation.
The as-prepared samples showed a degradation rate 2.5 times that of the white counterpart [69].
Sinhamahapatra et al. reported a novel controlled magnesiothermic reduction to synthesize reduced
TiO,_y under 5% H,/Ar atmosphere [70]. During this process, the band position and band gap,
surface defects and oxygen vacancies can be well regulated to maximize the optical adsorption in the
visible and infrared regions and minimize the charge recombination centers. As shown in Figure 10,
a new controlled magnesium thermal reduction method to synthesize and reduce black TiO, under 5%
H;/Ar atmosphere. The material has the best band gap and band position, oxygen vacancy, surface
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defect, and charge recombination center, and the optical absorption in visible and infrared regions is
improved obviously. These synergistic effects enable the defective TiO,_, with Pt as a co-catalyst to
produce Hj at a rate of 43 mmol h~! g~! under the full solar wavelength light illumination, superior

to other reported photocatalysts for hydrogen production.
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Figure 10. (a) H; generation profile, (b) rate (rH;) of hydrogen generation for different samples, and (c)
the stability study of the sample BT-0.5 under the full solar wavelength range of light [70]. Copyright

2015 The Royal Society of Chemistry.

To date, numerous strategies, either common or uncommon, have been developed to introduce
various kinds of dopants or defects into the TiO, matrix. However, considering its highly stable
nature, most methods are rigorous and energy-consuming, and are contrary to the sustainable
and environmentally friendly development criteria. Therefore, an increasing number of studies
are dedicated to seek convenient, economical, energy efficient, and environmentally friendly methods
for the structural modification of TiO; [71]. In our recent studies, we developed a facile photoreduction

strategy to induce intrinsic defects into anatase TiO, to modulate its band structure, thereby extending
the absorption of incident light to the visible region. As shown in Figure 11, the band gap was narrowed
to 2.7 eV, and the color changed to earth yellow after the photoreduction treatment. NH;TiOF;3
mesocrystals were adopted as precursors, which can release fluorine and nitrogen ions during the
topological transformation process. Thus, non-metal ion doping (i.e., F and N ions) was also achieved
simultaneously, further improving the transport and separation of photogenerated charge carriers.
The as-prepared NF-TiO,_, exhibited excellent photocatalytic degradation and photoelectrochemical

efficiency under visible light irradiation compared to pristine TiO; [72,73].
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Figure 11. (a) UV-Vis diffuse reflectance spectra and (b) Tauc plot for band gap determination [73].
Copyright 2018 Springer Nature Publishing AG.

3. Morphology Modification

It is well known that the photocatalytic performance of semiconductors is closely related to their
structural and morphological characteristics at the nanoscale, including their size, dimensionality,
pore structure and volume, specific surface area, exposed surface facets, and crystalline phase
content [74]. During the past few decades, numerous promising structure engineering strategies
have been developed to fabricate highly active photocatalysts with the desired morphology and
structure. Among them, particular emphasis has been placed on controlling and optimizing the
structural dimensionality of a given semiconductor to improve its photocatalytic efficiency.

Zero-dimensional TiO, nanospheres are the most widely studied TiO,-based materials because
of their high specific surface area and attractive pore structures [75-77]. Figure 12 shows a classic
ripening approach to synthesize hollow nanospheres [75]. As photocatalytic reactions take place
on the surface of the photocatalyst, TiO, nanoparticles with smaller sizes are inclined to provide
more reactive sites, resulting in better photocatalytic performance. Moreover, due to the quantum
size effect, the photogenerated electrons and holes in the bulk regions are able to migrate to the
surface of TiO, nanoparticles via shorter distances, thereby considerably reducing the carrier quench
rate [78]. TiO; nanospheres are also good candidates as light captors, and their structural features
enable as much light as possible to access the interior, resulting in amazing light harvesting capabilities.
However, it should be mentioned that the diffusion length of photogenerated electrons and holes must
be longer than the particle size to avoid the recombination of the dominant carriers on the surface of
the photocatalyst, which is very important for achieving efficient charge carrier dynamics [79].

One-dimensional (1D) nanostructures, including nanotube (NT), nanorod (NR), nanobelt (NB),
and nanowire (NW), have become a popular research topic in recent years. They have been
extensively studied because of their distinct optical, electronic and chemical properties. Despite
some similar features with nanoparticles, such as quantum confinement effects and large surface
area, 1D nanomaterials possess many unique properties, which are hard for other categories of
structured materials to achieve. For example, 1D nanostructures restrict the migration of electrons
and protons by allowing the lateral confinement of electrons/protons and guide their transport in
the axial direction [80,81]. Furthermore, excellent flexibility and mechanical properties enable them
to be easily used and recycled. In this regard, 1D TiO,-ordered nanostructures are promising not
only for constructing highly active photocatalytic systems but also for building blocks for various
(photo)electrochemical devices, such as batteries, fuel cells, solar cells, and photoelectrochemical
cells. To further optimize the photocatalytic reactivity of 1D TiO, nanomaterials, one can precisely
regulate the aspect ratio (the ratio of length to diameter) or modify these 1D nanostructures with
novel strategies to accelerate electron transport and separation processes, as well as to enhance
the capture of incident light; TiO, nanotubes are examples of these materials [82]. Through the
electrochemical anodization process, it is possible to precisely control the tube crystal structure
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(anatase, rutile, or amorphous) and tube geometry (diameter and length), as shown in Figure 13a,
or direct the tube arrangements to obtain a defined tube-to-tube interspace (Figure 13b). For the sake
of extending the scope of application, constructing flow through membranes with TiO, nanotubes is a
good choice (Figure 13c). Other modifications for minimizing charge carrier annihilation and boosting
light harvesting are illustrated in Figure 13d—i, ranging from self-decoration to surface alterations to
energy band engineering.

Figure 12. (A) Schematic illustration (cross-sectional views) of the ripening process and two types
(i and ii) of hollow structures. Evolution (TEM images) of TiO, nanospheres synthesized with 30 mL
of TiF4 (1.33 mM) at 180 °C with different reaction times: (B) 2 h (scale bar = 200 nm), (C) 20 h (scale
bar =200 nm), and (D) 50 h (scale bar = 500 nm) [75]. Copyright 2004 American Chemical Society.

TiO, nanosheets, nanoflakes, and thin films consist of titania-based two-dimensional
nanomaterials, which have flat surfaces and high aspect ratios. The lateral size of some nanomaterials is
controllable, ranging from the sub-micrometer or even nanometer level to several tens of micrometers
with thicknesses of 1-10 nm. Such structures provide TiO, nanomaterials with several unique
characteristics, such as excellent adhesion to substrates, low turbidity and high smoothness [83].
Furthermore, when exposed to UV light irradiation, TiO, 2D nanomaterials exhibit superhydrophilicity,
which leads to a variety of potential applications, such as self-cleaning coatings and electrodes in
photoelectronic devices [84]. Notably, considering that photocatalytic reactions always occur on the
surface of catalysts, the exposed crystal facets are of great importance in determining the photocatalytic
performance. Accordingly, developing TiO, crystals with different active facets is highly desirable in
many applications. In general, TiO, nanocrystals have three basic low-index exposed facets—{101},
{001}, and {010}—with surface energy relationships of {001}, 0.90 ] m~2 > {100}, 0.53 ] m~2 > {101},
0.44 ] m~2 [85,86]. Therefore, as the most thermodynamically stable facets, the {001} crystal facet is
dominant among most anatase TiO, nanomaterials, reducing the overall surface energy of the material.
In 2008, Yang et al. first reported TiO, single crystals with 47% highly active {001} facets exposed to HF
as capping agents [87]. This work has attracted considerable global attention. Since then, TiO, with
various ratios of exposed {001} facets have been successfully fabricated [88]. Meanwhile, other active
planes, such as {010}, {111}, and {110}, have also been reported and widely used in water splitting, solar
cells, artificial light synthesis and other fields, as shown in Figure 14 [89]. Zheng et al. obtained {001}
facet-oriented anatase by facile heat treatment of a tetrabutyl titanate, absolute ethanol, and HF mixture.
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Such a material with 85% {001} facets exhibited much higher photocatalytic activity in comparison to
commercial P25 materials [90].
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Figure 13. Schematic drawing of (a,b) formation and (c—i) modification of anodic nanotube arrays
(as discussed in the text) [82]. Copyright 2017 American Chemical Society.

During the process of photocatalytic reactions, oxidation predominantly occurs in the {001} facets,
while reduction occurs in the {101} crystal plane of TiO, because the {101} facet (with relatively low
surface energy) tends to attract more electrons. Electron holes subsequently accumulate in the {001}
plane, facilitating the space separation of electron-hole pairs [91]. In addition, Ti atoms of the {001}
plane exist mainly in the form of 5-coordination, which can provide more active sites that more readily
attract free reactant molecules than the {101} plane. Thus, when a certain proportion of {001} crystal
facets are exposed, the photocatalytic activity increases rapidly. Nevertheless, it is not always the
case that a higher {001} crystal face exposure ratio results in improved catalytic performance. Studies
have reported that the photocatalytic activity is compromised when the proportion of {001} facets
exceeds 71% [89]. In addition, faceted TiO, photocatalysts suffer from weak visible light utilization
due to their large band gap. Hence, the modification of the electronic structure of faceted TiO,
to fully utilize sunlight and promote the migration and separation of electron/hole pairs is highly
desirable. Wang et al. prepared Ti®* self-doped TiO, mesoporous nanosheets dominated by {001}
facets with supercritical technology. They associated the extended region of incident light absorption
with the introduction of Ti®* [91]. Using an ionic liquid as a surface control agent, Biplab et al.
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synthesized microporous TiO, nanocrystals with exposed {001} facets. After depositing Pt on the
surface, the hydrogen production rate in visible irradiation was greatly improved [92].

Figure 14. Summary of main shapes and applications (i.e., lithium ion batteries, photocatalytic
hydrogen evolution, photodegradation, and solar cells) of anatase, rutile, and brookite TiO, crystals
with their surfaces consisting of different Facets [89]. Copyright 2014 American Chemical Society.

A three-dimensional TiO, hierarchical structure based on intrinsic shape-dependent properties
has been the central focus of many recent studies. Designed and fabricated 3D TiO, nanomaterials
commonly incorporate interconnected structures, hollow structures and hierarchical superstructures
constructed from small dimensional building blocks [93]. Most of these novel structures include
larger spatial dimensions and more varied morphologies. The high surface-to-volume ratio provides
a more efficient diffusion path for reactant molecules, enabling the contaminant molecules to enter
the framework of the photocatalyst for efficient purification, separation, and storage. In addition,
the unique optical characteristic is of particular interest because many of these architectures have
distinctive physicochemical properties favorable for incident light utilization. For example, when light
is irradiated onto the surface of the TiO, hierarchical structure, photons are scattered multiple times,
so the probability of the catalyst absorbing photons is increased; this phenomenon is known as the
“trapping effect” and is illustrated in Figure 15 [94].

Incident light

\ Inelastic scattering
Reflecting

Elastic scattering

|

Figure 15. Schematic diagram of the reflecting and scattering effects in hierarchical microspheres [94].
Copyright 2014 The Royal Society of Chemistry.
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The hollow structure TiO, nanomaterials have attracted considerable attention due to their
amazing light harvesting ability, low density, and large specific surface area. The hollow structure,
on the one hand, is capable of providing a large amount of space to accommodate more reactant
molecules, thereby increasing the effective contact between the catalyst and the reactants. On the other
hand, incident light inside the cavity can undergo multiple reflections to capture more light, as shown in
Figure 16 [95]. Kondo et al. obtained TiO, hollow nanospheres through hydrothermal and calcination
processes with polymer polyethylene cationic balls as templates. The as-prepared photocatalyst had
more favorable activity than its commercial counterparts with respect to decomposing isopropanol [96].
In the following work, an ultrathin TiO, shell-like structure was prepared in a similar manner with
a shell thickness of approximately 5 nm. The morphology of the TiO, hollow materials prepared
by the hard template method is relatively uniform, and the composition and thickness of the shells
are adjustable. However, the preparation process is complicated and requires multiple execution
steps to be realized. Moreover, the hollow structure may be destroyed when the template is removed.
Therefore, alternative strategies, including soft templates and non-template methods, have played an
increasingly important role in the development of hollow structure TiO, nanomaterials in recent years.
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Figure 16. Comparison of photocatalytic activities of titania spheres with solid, sphere-in-sphere,
and hollow structures [95]. Copyright 2007 American Chemical Society.

Li et al. prepared hollow TiO; nanospheres with high photocatalytic activity by a template-free
process. The increased catalytic activity is mainly due to the multiple reflections of incident light
inside the TiO, sphere, which extends the optical path [97]. Multichannel TiO, hollow nanofibers were
constructed by Zhao et al. for degrading gaseous acetaldehyde, and the specific surface area of this
material increased rapidly as the number of channels increased. They proposed that the multichannel
hollow structures induced both an inner trap effect on gaseous molecules and a multiple-reflection
effect on incident light, which were the main reasons for the improved photocatalytic activity of TiO,
hollow fibers [98]. Shang et al. synthesized submicron-sized TiO, hollow spheres from a mixture
of TiCly, alcohols, and acetone by a template-free solvothermal method. Control of the sphere size
was achieved by adjusting the ratio of ethanol to acetone. Based on a series of characterizations,
they suggested a possible formation mechanism for the hollow structure: the tiny anatase phase TiO,
nanoparticles with poor crystallinity form through a hydrolysis reaction, due to the very high surface
energy, and then quickly aggregate to form spheres. The increased water promotes the crystallinity
of particles in the spherical shell, while the internal particles dissolve and migrate to the spherical
shell, leading to the formation of highly crystalline TiO, hollow spheres [99]. An intriguing work
carried out by Kang et al. to establish hierarchical anatase TiO, nanocubes with hollow structures
has been reported recently. Instead of seeking complicated templates or surfactants, they directly

159



Catalysts 2019, 9, 191

converted NH4TiOF3 mesocrystals to hollow spiny TiO, with a high specific area and photodegradation
activity [73].

4. TiO, Mesocrystals

It is widely accepted that for TiO,-based photocatalytic materials, large crystallites result in
high structural coherence, which benefits the transfer and separation of electron-hole pair, while the
availability of plentiful reaction sites is dependent on obtaining large specific surface areas. However,
producing a structure that simultaneously satisfies the requirements of large crystallites and high
surface area is extremely challenging. Fortunately, the advent of mesocrystals is a promising material
that may meet the challenge [100]. Mesocrystals were first proposed by Colfen and Antonietti in 2005,
and since then have received increased attention [101]. Different from the classical single crystals in
which the crystal lattice of the entire sample is continuous with no grain boundaries and polycrystals
whose units do not have the same orientation, mesocrystals are a new kind of superstructure material
that follow a nonclassical crystallization process involving crystallographically ordered assemblies
of nanocrystal building blocks. The relevant formation mechanisms of TiO, mesocrystals reported
thus far mainly include topotactic transformation, mineral bridges, nanoparticle alignment with
organic matrices, physical ordering, space constraints, and self-similar growth [100]. Different methods
may give rise to different structures and morphologies, but the as-prepared TiO, mesocrystals are
usually single-crystal-like structures with high porosity, surface area, and crystallinity; they are
considered periodically hierarchical structures that are similar to sophisticated biominerals. All of
these features pave the way for a wide range of applications, such as catalysis and energy storage and
conversion [102].

Fabrication and modification strategies for TiO, mesocrystals have developed rapidly in recent
years. Due to the similar structure between NH,TiOF3 and TiO,, preparing TiO, mesocrystals through
topotactic transformation from NH4TiOF3 represents an innovative process. As illustrated in Figure 17,
the critical parameters in the {001} facets of both NH4TiOF3 and TiO, are quite similar, with an average
lattice mismatch of 0.02%. The position of titanium atoms in the {001} plane of TiO, is similar to
NH4TiOF3, but in NH4TiOF3, these are separated by ammonium ions in a lamellar structure. Hence,
it is reasonable to use NH4TiOF; as a starting material, transforming it into TiO, mesocrystals by
thermal decomposition or aqueous hydrolysis with H3BO3 [71].

Based on this mechanism, Majima et al. performed extensive studies on tailoring TiO,
mesocrystals with versatile structures and morphologies, as well as postmodifications to further
improve their photocatalytic efficiency. For example, to investigate the anisotropic electron
flow in different facets and to maximize their separation during the photocatalytic reaction,
Zhang et al. controllably synthesized a specific facet-dominated TiO, superstructure with NH4F
as an orientation-directing agent [103]. Under UV light irradiation, mesocrystals with different facet
ratios showed different reactivity orders in the photooxidation of 4-chlorophenol, i.e., {001} > {101}
(by 1.7 times), and photoreduction, i.e., {101} > {001} (by 2-3 times).

Moreover, constructing the composite of MoS; and TiO, mesocrystals, as well as the co-catalyst
selective modification on TiO,, also showed the desired separation of photogenerated charge carriers
during the hydrogen evolution reaction [104]. In terms of extending the absorption of incident light
to the visible region, Zhang et al. tried doping or codoping non-mental elements into the TiO,
matrix to examine the effects on its electronic structure and band gap. An in situ fluorine-doped
TiO, superstructure was recently realized. F doping into TiO, mesocrystals for the incorporation of
active color centers facilitates visible light harvesting and accelerates charge separation for hydrogen
generation [51]. They further introduced nitrogen and fluorine codopants into {001} facet-oriented
TiO; mesocrystals during topochemical transformation for photoreduction of Cr(VI) under visible
light illumination. The extended optical light absorption could be attributed to doped nitrogen, which
introduces the isolated mid-gap state. The high yield of hydroxyl radicals and preferential adsorption
are correlated with fluorine doping, as confirmed by the comparison between untreated TiO, with
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TiO, washed in NaOH aqueous solution. The synergistic effect on charge separation and trapping
was suggested through a femtosecond time-resolved diffused reflectance (TDR) measurement [105].
As shown in Figure 18, the g-C3N4 nanosheet/TiO, mesocrystal metal-free composite was successfully
constructed by Elbanna et al. [106]. The as-prepared sample exhibited an excellent hydrogen evolution
rate under visible light irradiation without any noble metal co-catalyst. Then, they further broadened
the light capture of the TiO, mesocrystals to include near-infrared regions. Au nanorods (NRs) with
various aspect ratios were loaded onto the surface of TiO, by the ligand exchange method. Different
aspect ratios resulted in different incident light absorption and photogenerated electron transfer.
The highest photocatalytic activity of Au NRs and TMC composites reached 924 pmol h~! ¢! under
visible-near-infrared (NIR) light irradiation [107].
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Figure 17. Illustration of the oriented transformation of NH;TiOF; mesophyte to TiO, (anatase)
mesocrystal [71]. Copyright 2008 American Chemical Society.
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Figure 18. Representative scheme of electron injection and movement in g-C3N4 NS (31 wt %)/TMC
during visible-light irradiation [106]. Copyright 2017 American Chemical Society.
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Considering the aforementioned merits of mesocrystal nanomaterials, we recently tried different
approaches to further improve the optical absorption properties of TiO, mesocrystals, in addition to
their enhanced transfer and separation properties. Oxygen vacancies and N dopants were successfully
introduced into the TiO; lattice with a facile low temperature calcination process [108], as shown in
Figure 19. NH4TiOF3 mesocrystal nanocubes were used as precursors in our system, and topological
transformation from NHyTiOF; to TiO, facilitated the release and doping of nitrogen. Oxygen
vacancies were also readily produced in the inert heating atmosphere. The significantly improved
photodegradation and photoelectrochemical performance under visible light irradiation may be
associated with the unique structure of mesocrystals as well as the introduction of foreign and
intrinsic defects.
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Figure 19. Schematic representation of the synthesis of TiOyx nanosheets. X-ray powder diffraction
(XRD) pattern of (a) NH4TiOF; and (b) N/TiO;_y. SEM images of (c,e) NH4TiOF3 and (d,f)
N/TiO,_y [108]. Copyright 2019 The Royal Society of Chemistry.

5. Separation of Charges

Since metals and metal oxides have different working functions, resulting in the formation of a
Schottky potential barrier, an effective modification method is to deposit precious metals (Ag, Au, or
Pt) on the surface of metal oxides.

Choi et al. presented Ag/TiO, by a photodeposition method [109]. Due to the different transfer
rates of interface charges between electrons and holes to redox species in water, excessive charges can
accumulate on photocatalysts [110,111]. By depositing Ag, which can provide a temporary home for
excessive electrons, the composite utilized the electron storage capacity to promote the separation
of electrons and holes to reduce Cr(VI) in the following dark period. Li et al. prepared a sandwich
structure with CdS-Au-TiO; on a fluorine-doped tin oxide (FTO) substrate [112]. In this composite
structure, Au nanoparticles not only acted as an electronic relay between CdS quantum dots (QDs)
and TiO, to increase charge separation occurring on a long-time scale but also served as a plasma
photosensitizer that prolonged the photoconversion to improve the absorption range of light. The rate
of charge transfer and reverse transfer depends on the relative energy of the hot plasma electrons to
the Schottky barrier [112]. The PEC performance is represented in Figure 20.
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a Below 525 nm b Above 525 nm

TiO,

Figure 20. (a) Electron relay effect of Au nanoparticles, facilitating the charge transfer from CdS QDs to
TiO, nanorods under the irradiation of incident solar light with a wavelength <525 nm. (b) Plasmonic
energy transfer from the excited Au nanoparticles to TiO, through hot electron transfer under the
irradiation of incident solar light with a wavelength >525 nm. CB = conduction band, VB = valence band,
Er = Fermi energy level, and ®}, = Schottky barrier [112]. Copyright 2014 American Chemical Society.

Precious metal deposition can greatly improve the performance of catalysts, but the scarcity
of precious metals dramatically limits this modification method and makes it difficult to achieve
industrial-scale production. In this case, the search for an inexpensive and efficient doped composite
has also attracted much attention. Carbon, abundant on earth, has good electrical conductivity, and its
combination with TiO, can result in excellent photocatalytic performance. Wang et al. demonstrated
TiO,—carbon nanoparticles by the sol-gel method and then synthesized core-shell-structured TiO,
and amorphous carbon [113]. This unique morphology and structure result in the modified TiO,
sample exhibiting enhanced responsiveness and excellent photocatalytic activity. Due to the rapid
charge transfer in the carbon shell, both the carrier separation efficiency and the photodegradation of
pollutants in water is improved. The reduced TiO, is also more efficient in the production of H, due to
its correct edge position.

6. Application of TiO, Nanomaterials

Over the past several years, semiconductors, especially titanium dioxide, have been widely used
as photocatalysts. It is well known that there are three main steps associated with the photocatalysis
process: (1) generation of electrons and holes after the absorption of photons; (2) separation and
migration of the charge; and (3) transition of the charge and reaction between the carriers and
the reagent. To date, TiO; has been mainly applied in the areas of environmental conservation,
new energy resources, and so on. In this section, we will focus on recent progress in these photocatalytic
applications of TiO,.

6.1. Applications in the Environment

6.1.1. Degradation of Aqueous Pollutants

Industrial development is often accompanied by pollution of the environment, especially water.
Photocatalytic water treatment using heterogeneous semiconductors under visible light is considered
an eco-friendly technology. Photocatalysis involves the generation of large numbers of electrons
and holes on the surface of TiO, after the absorption of photons; the photogenerated holes have
considerable oxidizing capacity and can degrade almost all organic contaminants including carbon
dioxide (CO,). However, due to its own deficiencies, such as a wide bandgap and fast recombination of
electrons and holes, TiO, cannot make full use of sunlight to remove the pollutants in water. Wang et al.
reported hydrogenation by TiO, nanosheets with exposed {001} facets maintained by the formation of
Ti-H bonds [114]. By annealing the fine-sized pristine hydrothermal product under a high-pressure
hydrogen atmosphere, the hydrogenation of F-modified anatase TiO, nanosheets (with exposed high
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percentages of {001} facets) was achieved. Under UV-Vis and visible light irradiation, this material
decomposed methylene blue (MB) faster than P25 and pristine TiO,, as shown in Figure 21.
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Figure 21. Photocatalytic decomposition of MB (a) and eOH generation measurement (b) of TiO, and
TiO,—H under UV-Vis light irradiation. Schematic illustration (c) of the hydrogenation effect on the
structural change in TiO, and TiO,—H [114]. Copyright 2012 The Royal Society of Chemistry.

Plodinec et al. applied black TiO, nanotube arrays with Ag nanoparticles, which promoted
hydrogenation for the degradation of salicylic acid [115]. The photocatalyst can degrade salicylic acid
effectively, and its photocatalytic performance far exceeds that of TiO, nanotubes and commercial
TiO, P25 (the reference material used for the modeling of photocatalytic processes). Ling et al.
prepared TiO, nanoparticles (with diameters of 10-23 nm) that exhibited photocatalytic activity [116].
The initial degradation rate of phenol by a TiO, nanocatalyst was 6 times higher than that achieved
with HyO; alone, and the addition of H,O, to TiO; can increase the initial concentration of hydroxyl
radicals and accelerate the degradation rate. Hao et al. developed a TiO, /WO3/GO nanocomposite
(via a hydrothermal synthesis), which presented excellent optical absorbance and displayed excellent
photocatalytic activity for the degradation of bisphenol A [117].

In addition to the oxidizing capacity, the photogenerated electrons on TiO, have strong reducing
capacity to remove pollutants, such as Cd(Il), Hg(II), As(V), and Cr(VI), from water; these cations can
be reduced into less toxic metallic or ion states. Dusadee et al. fabricated a titania-decorated reduced
graphene oxide (TiO,-rGO) nanocomposite via a hydrothermal process [110]. Studies on reducing the
toxic Cr®* (hexavalent chromium) ion toxicity using the titanium dioxide x/rGO numerical control
have found that photocatalytic reduction of toxic Cr®* generally increases with the increase in x.
In addition, since rGO accelerates electron transport, the combination of photoexcited electrons and
holes decreases leads to an increased duration of photocatalytic activity [118]. TiO, has facilitated
many pollutant degradation processes such as the reduction of nitrate, the degradation of acid fuchsin,
the decomposition of acetaldehyde, and the dechlorination of CCly [119-122]. Due to the continued
proliferation of environment pollutants, TiO, and other nanostructured materials should be vigorously
developed in the future to improve the degradation of pollutants by photocatalysis.

6.1.2. Degradation of Air Pollutants

Just as industrial and technological developments can result in water pollution, so too can the
atmosphere be adversely impacted by toxic pollutants that are emitted from chemical manufacturing
plants, power plants, industrial facilities, transportation technologies, etc. Air pollution impacts the
health of the global environment and the array of species that live within it, and new techniques
are sought to reduce harmful airborne emissions. Highly efficient oxidation and reduction during
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photocatalysis are considered to be an effective method to degrade inorganic and organic air pollutants
to improve air quality [123-125]. Similarly, TiO; is considered the most promising photocatalyst.
Kakeru et al. prepared TiO, nanoparticles with palladium sub-nanoclusters (<1 nm) using the flame
aerosol technique [126]. Under sunlight, these materials can remove NOx at approximately 3 to 7
times the rate of commercial TiO, (P25, Evonik) (without Pd). Natércia et al. prepared new composite
materials of TiO, (P25) and N-doped carbon quantum dots (P25/NCQD) by a hydrothermal method,
which was first used as the photooxidation catalyst of NO under the irradiation of ultraviolet and
visible light [127]. The experiment showed that the conversion rate of the P25/NCQD composite
material (27.0%) was more than twice that of P25 (10%) without modification, and the selectivity in
visible light increased from 37.4% to 49.3%. The photocatalytic performance of the composite material
in the UV region was also better than that of P25. Zeng et al. reported a Hj reduction strategy to
produce H-TiO, materials (with enhanced oxygen vacancy concentrations and distributions) that can
promote formaldehyde decomposition in the dark [128]. Research of TiO,-based photocatalysts has
also been conducted to facilitate removal of tetrachloroethylene [129], acetone [130], benzene [131],
phenol [73], etc. from the atmosphere.

6.2. Applications in Energy

6.2.1. Photocatalytic Hydrogen Generation

With the extensive use of nonrenewable fossil fuels, mankind is facing an unprecedented energy
crisis. The photogenerated electrons on TiO, have strong reducing capacity, enabling hydrogen
production from the photocatalytic splitting of water. Moreover, hydrogen combustion produces only
water and no harmful emissions, and therefore its potential as a truly clean energy source has received
considerable attention since it was discovered. Zou et al. reported a self-modified TiO, material
with paramagnetic oxygen vacancies [132]. For the synthesis of V,-TiO, (V,: denotes a paramagnetic
oxygen vacancy), they chose a porous amorphous TiO, material as a precursor that possessed a high
surface area of 543 m? g~ 1. The precursor was calcined in the presence of imidazole and hydrochloric
acid at an elevated temperature in air to obtain the V-TiO, material [132]. The V,-TiO;, sample (for Hp
evolution from water) used methanol as a sacrificial reagent under visible light (>400 nm) at room
temperature, and the H, production rate was approximately 115 pmol h~! g1, which is substantially
higher than that achieved with Vo-Ti**-TiO, (32 umol h™! gfl). Zhou et al. introduced an ordered
mesoporous black TiO, material that utilized a thermally stable and high surface area mesoporous
TiO; as the hydrogenation precursor for treatment at 500 °C [133]. The samples possessed a relatively
high surface area of 124 m? g~! and exhibited a photo response that extended from ultraviolet to
visible light. As shown in Figure 22, the ordered mesoporous black TiO, material exhibits a high
solar-driven hydrogen production rate (136.2 pumol h™1), which is almost twice as high as that of
pristine mesoporous TiO; (76.6 pumol h™!). Zhong et al. constructed a covalently bonded oxidized
graphitic C3N4/TiO; heterostructure that markedly increased the visible light photocatalytic activity
for Hj evolution by nearly a factor of approximately 6.1 compared to a simple physical mixture of
TiO, nanosheets and O-g-C3Ny [134].

6.2.2. Photocatalytic CO, Reduction into Energy Fuels

In addition to reducing water to hydrogen, the photogenerated electrons on TiO, are capable
of generating valuable solar energy fuels, such as CHy, HCO,H, CH,O, CH30H, and CO,, which
are considered highly viable energy sources that can alleviate the problems associated with the
production of greenhouse gases from the combustion of fossil fuels. Slamet et al. prepared Cu-doped
TiO, through an improved impregnation method for photocatalytic CO; reduction [135]. Both the
distribution of copper on the catalyst surface and the grain size of copper—titania catalysts (crystallite
size of approximately 23 nm) were uniform, and it was determined that Cu doping can greatly
enhance the photocatalytic performance of TiO, with respect to CO; reduction. Liu et al. found that
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copper-loaded titania photocatalysts, prepared via a one-pot, sol-gel synthesis method, comprised
highly dispersed copper and that CO, photoreduction exhibited a strong volcano dependence on Cu
loading, which reflected the transition from 2-dimensional CuOy nanostructures to 3-dimensional
crystallites; optimum CHy4 production was observed for 0.03 wt.% Cu/TiO; [136].
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Figure 22. Photocatalytic hydrogen evolution of ordered mesoporous black TiO, (a) and pristine
ordered mesoporous TiO, materials (b). (A) Cycling tests of photocatalytic hydrogen generation
under AM 1.5 and visible light irradiation. (B) The photocatalytic hydrogen evolution rates under
single-wavelength light and the corresponding QE. The inset enlarges the QE of single-wavelength
light at 420 and 520 nm [133]. Copyright 2014 American Chemical Society.

6.2.3. Solar Batteries

Since semiconductors absorb photons to produce photonic carriers and the photonic carriers move
and separate at the same time, electric energy can be obtained through charge transport. TiO; can
also be applied to dye-sensitized solar cells, Li-ion batteries, Na-ion batteries, and supercapacitors.
Liu et al. synthesized a spring-like Ti@TiO, nanowire array wire that could be used as a photoanode
in dye-sensitized solar cells; this configuration exhibited a conversion efficiency maintenance rate of
more than 95.95% [137]. Another study reported the use of anatase TiO, nanotubes on rutile TiO,
nanorod arrays as photoanodes in quantum dot-sensitized solar cells, which have a small thickness of
1 um and an excellent solar energy conversion efficiency of approximately 1.04%; this is almost 2.7
times higher than the conversion efficiencies measured for solar cells using the original TiO, nanorod
array photoanodes, as shown in Figure 23 [138]. Chen et al. implemented a C@TiO, nanocomposite as
the anode material for lithium-ion batteries, which utilize the esterification of ethylene glycol with
acetic acid in the presence of potassium chloride. Li-ion batteries utilizing the C@TiO, nanocomposite
anode exhibited excellent rate performance and specific capacity (237 mA h~! g'), and a coulomb
efficiency (CE) of approximately 100% after 100 cycles [139]. Su et al. synthesized anatase TiO, via
a template approach for use as the anode in Na-ion batteries; use of the template-synthesized TiO,
resulted in better battery performance in comparison to that achieved when amorphous and rutile
TiO; was used as the anode material. Compared to other crystalline phases of titanium dioxide,
anatase titanium dioxide produced the highest capacity, 295 mA h~! g~1, in the second cycle, tested
at a current density of 20 mA g~! [140]. Kim et al. developed a black-colored TiO, nanotube array
synthesized by electrochemical self-doping of an amorphous TiO; nanotube array and N, annealing;
the material exhibited good stability, high capacitance, and electrocatalytic performance, and is an
excellent material for supercapacitors and oxide anodes [141].

6.2.4. Supercapacitors

Yang et al. developed a hybrid material, covalently coupled ultrafine H-TiO, nanocrystals/
nitrogen-doped graphene, via the hydrothermal route [142]. Due to the strong interaction between
H-TiO; nanocrystals and NG plates, the high structural stability of the H-TiO, nanocrystal aggregation
is inhibited. At the same time, the NG matrix plays the role of electron conductor and mechanical
skeleton, imparting good stability and electrochemical activity on most of the well-dispersed ultrafine
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H-TiO; nanocrystals [142]. The material exhibited a high reversible specific capacity of 385.2 F g~!
at1 A g~! and excellent cycling stability with 98.8% capacity retention. Parthiban et al. reported a
blue titanium oxide (B-TiO2) nanostructure that was applied via a one-pot hydrothermal route and
hydrothermal oxidation [143]. The B-TiO, nanostructure indicated excellent cycling stability with
approximately 90.2% capacitance retention after 10,000 charge—discharge cycles.
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Figure 23. (a) Electron lifetime as a function of Voc for TiO2 NRA and H-TiO, NRA electrodes with
various reaction times. (b) Recombination resistance (Rrec) of the QDSCs made from TiO, NRAs and
H-TiO, NRAs at various forward biases in the dark. (c) Transient photovoltage responses of CdS-TiO,
NRAs and CdS-H-TiO2 NRAs. The wavelength of the laser pulse was 532 nm. Inset: schematic setup of
TPV measurements. (d) Schematic configuration for our device showing the interfacial charge transfer
and recombination processes [138]. Copyright 2015 The Royal Society of Chemistry.

6.3. Other Applications

6.3.1. Antibacterial and Wound Healing

It is generally believed that electron-hole pairs formed under light illumination, such as eO%~
and eOH, not only destroy all chemical contaminants but also kill microorganisms. Liu et al. proposed
a TiO, / AgyO heterostructure (produced by a facile in situ precipitation route) to enhance antibacterial
activities [144]. Yu et al. synthesized a TiO,/BTO/Au heterostructured nanorod arrays (exhibiting
piezophototronic and plasmonic effects) by using a simple process that combined hydrothermal
and PVD methods. This material can be used as an antibacterial coating for efficient light driven
in vitro/in vivo sterilization and wound healing [145].

6.3.2. Drug Delivery Carriers

TiO, has the advantages of nontoxicity, stability, biocompatibility, and natural abundance.
The preparation of TiO, with a high specific surface area can be advantageous in drug delivery
carrier applications. Johan et al. controlled the kinetics of drug delivery from mesoporous titania
thin films via surface energy and pore size control [146]. Different pore sizes ranging from 3.4 nm
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to 7.2 nm were achieved by the use of different structural guiding templates and expansive agents.
In addition, by attaching dimethyl silane to the pore wall, the surface energy of the pore wall could
be altered. The results indicated that the pore size and surface energy had significant effects on the
adsorption and release kinetics of alendronate [146]. Biki et al. designed silica-supported mesoporous
titania nanoparticles (MTN) coated with hyaluronic acid to cure breast cancer by effectively delivering
doxorubicin (DOX) to the cancer cells [147]. Guo et al. deposited (onto the surface of MTN) hyaluronic
acid and cyclic pentapeptide (ADH-1), which target CD44-overexpressing tumor cells and selectively
inhibit the function of N-cadherin, respectively, to overcome the drug resistance of tumors [148].

Recently, Nakayama et al. found that HyO,-treated TiO, can enhance the ability to produce
reactive oxygen species (ROS) in response to X-ray irradiation [149]. As shown in Figure 24, the atomic
packing factor (APF) intensity indicated that hydroxyl radical production in the TiOx (HyO,-treated
TiO;) nanoparticles increased in a radiation dose-dependent manner in comparison to that of the
non-H,O;-treated TiO; nanoparticles. This behavior allows H,O,-treated TiO, nanoparticles to act as
potential agents for enhancing the effects of radiation in the treatment of pancreatic cancer. Dai et al.
designed and synthesized a novel nanodrug delivery system for the synergistic treatment of lung
cancer [150]. They loaded DOX onto H,O;-treated TiO, nanosheets. In this way, chemotherapy and
radiotherapy were combined effectively for the synergistic therapy of cancers.
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Figure 24. ROS production by the TiOxNPs, PAA-TiOxNPs, and TiO, NPs under X-ray irradiation.
(A) Atomic packing factor (APF) intensity indicating that hydroxyl radical production in the TiOxNPs
and the PAA-TiOXNPs increased in a radiation dose-dependent manner, but that of the TiO, NPs
did not. Irradiated radiation doses were 0, 5, 10, and 30 Gy. Data are shown as the mean + SD from
5 independent experiments. (B) Production and scavenging of ROS by 1 mM vitamin C (Vit. C) or
1 mM glutathione (GSH). Histograms show the mean 4= SD calculated from 5 independent experiments.
(C) Hydrogen peroxide production from the TiOXNPs under X-ray irradiation [149]. Copyright 2016
Springer Nature Switzerland AG.

7. Conclusions

As discussed in this review article, TiO,-based nanomaterials with wide band gaps have
advantages associated with natural geologic abundance, nontoxicity and stability but they also
exhibit inherent deficiencies and limitations related to ineffective visible light responses and other
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photocatalytic properties. The present review aimed to summarize key studies related to the marked
enhancement of the photocatalytic performance of TiO, by analyzing its electrical structure and
photocatalytic reaction process. We have highlighted TiO, photocatalysts with well-defined electrical
and structure design, as well as tailored facets, dimensions, and remarkable morphologies, which are
promising with respect to enhancing the photocatalytic properties of TiO,. All works presented in
this review has enabled the authors to obtain an in-depth understanding of the TiO, photocatalytic
process, and the critical design of TiO, nanostructures with enhanced light absorption, high surface
area, desired photostability, and charge carrier dynamics. We hope that this review will guide the
future development of more robust TiO,-based photocatalysts for large-scale applications.

Finally, photocatalysis technology is one of the most active research fields in the world in recent
years. However, photocatalysis technologies based on TiO, semiconductor still suffer from several
key scientific and technological problems, such as low solar energy utilization rate, inferior quantum
yield, and difficult recovery, which greatly restricts its wide application in industry. The fundamental
solution to improve solar energy absorption is energy band engineering, designing and regulating the
bandgap to optimize the harvesting of incident photons. Narrow bandgap and direct semiconductor
are more likely to make use of low energy light, but they are restricted by very high electron and
hole recombination rate and the incompatible band-edge position. High quantum yield is inevitable
for an idea photocatalysis in practical solar engineering, but it cannot be achieved simply doping or
inducing intrinsic defects. More works are needed to do to search high quantum yield. All of the above
problems depend on the deepening of basic research. Although at present, photocatalysis technology
is still a long way from large-scale production and application, its huge potential excellent performance
provides a good way for our development. In the near future, with the breakthrough of these key
issues, the practical application of nano-photocatalytic materials will certainly be realized to improve
our environment, provide cleaner energy, and bring more convenience to our daily life.
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Abstract: In this work, the elimination of hexabromocyclododecane (HBCD) is explored by using
photodegradation of the UV /TiO; system, the UV/potassium persulfate (KPS) system, and the
homo/heterogeneous UV /TiO, /KPS system. The experimental results show that the dosages of TiO,
and potassium persulfate have optimum values to increase the degradation degree. HBCD can be
almost completely degraded and 74.3% of the total bromine content is achieved in the UV /TiO, /KPS
homo/heterogeneous photocatalysis, much more than in the UV /persulfate system and the UV/TiO,
system. Roles of radicals SO4°*~ and OH® in the photocatalysis systems are discussed based on
experimental measurements. The high yield of the concentration of bromide ions and decreased pH
value indicates that synergistic effects exist in the UV /TiO, /KPS homo/heterogeneous photocatalysis,
which can mineralize HBCD into inorganic small molecules like carboxylic acids, CO, and H,O,
thus much less intermediates are formed. The possible pathways of degradation of HBCD in the
UV/TiO, /KPS system were also analyzed by GC/MS. This work will have practical application
potential in the fields of pollution control and environmental management.

Keywords: hexabromocyclododecane; environmental management; photocatalysis; advanced
oxidation processes

1. Introduction

Hexabromocyclododecane (HBCD) is a high bromine content additive flame retardant that is
mainly used in polystyrene electrical equipment, insulation boards, resin, polyester fabric, synthetic
rubber coating, and so on [1]. Studies have shown that HBCD is a potential endocrine disruptor,
and it has immunotoxicity, neurotoxicity, and cytotoxicity [2]. The presence of HBCD was detected
in environmental samples such as water, atmosphere, sediment, soil, food, and even in the human
body in breast milk and plasma, as it can be enriched through the food chain, causing persistent
pollution [3]. The hazard of HBCD and its pollution in the environment have caused widespread
concern, and it is of great significance to develop a strategy for the elimination of HBCD pollution [4].
However, the molecular structure of HBCD with a ring structure is relatively stable, making it
heat-resistant, UV-resistant, and difficult to be decomposed in the natural environment [5]. Methods
for eliminating HBCD in the environment include microbial degradation, ultrasonic degradation,
chemical reduction, phytoremediation, and mechanical ball milling [6-8]. However, these methods
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have not been practically used because of the harsh reaction conditions, high energy consumption,
low efficiency, and secondary pollution [9,10]. Nowadays, advanced oxidation processes (AOPs) have
been widely used for the elimination of organic pollutants of water or gas, using the highly reactive
chemical species like hydroxyl radicals (OH®) to oxidize most of pollutants into small molecular
substances that are harmless to the environment, such as CO,, H,O and so on [11]. Increasing the
number of hydroxyl radicals could increase the efficiency of the AOPs reactions. Some types of
AOPs based on UV, H;O,/UV, O3/UV and H,O,/03/UV combinations use photolysis of H,O,
and ozone to produce OH?®, while the heterogeneous UV /TiO, photocatalysis and homogeneous
photo-Fenton are based on the use of a wide-band gap semiconductor and addition of H,O, to
dissolved iron salts that produce OH® under UV irradiation, respectively [12]. Among AOPs, the
UV/TiO; heterogeneous photocatalysis has gradually attracted the interest of scientists in elimination
of toxic pollutions due to its efficiency, low-cost and broad applicability [13]. The photocatalytic
technology can be briefly described as follows: under UV irradiation, the electron in TiO, was excited
and transferred from the valence band (VB) to the conduction band (CB), resulting in the formation of
high energy electron-hole pairs; the electrons may also react with O, and generate a superoxide ion
(O,°7), while holes were captured by surface hydroxyl groups (OH™) on the photocatalyst surface
to yield OH® [14,15]. However, the photogenerated electron-hole pairs are easy to combine within a
very short time of 1077~107!2 s, which results in a lower photocatalytic degradation efficiency [16].
In order to solve this problem, scientists have conducted lots of meaningful and in-depth research.
For instance, Aronne et al. found that high Ti3* self-doping TiO,  not only has a wide range of
visible light responses, but also has a low recombination rate of electron-hole pairs [17]; Sannino
et al. fabricated hybrid TiO,-acetylacetonate amorphous gel-derived material with stably adsorbed
superoxide radical (O,°7) active in oxidative degradation of organic pollutants in the absence of any
light irradiation [18,19].

It has been reported that using the strong oxidant of persulfate ion (S,0g2~) (with redox potential
of 2.05 V) is effective for degrading organic pollutions in water solution through direct chemical
oxidation [20]. The S,O8,~ can be activated via thermal, UV light, or redox decomposition to generate
the stronger oxidant of sulfate radicals (Ey = (2.5-3.1) V vs. NHE) [21-23]. It's worthwhile to note
that both the persulfate ion and sulfate radicals (5O4°~) can be dissolved in water, so the free radicals
and contaminants in water can be contracted at the molecular level, leading to a higher reaction
rate. For instance, Li et al. have found that addition of persulphate to UV/TiO, could improve the
photocatalytic degradation of tetrabromobisphenol A and other pollutants [24-26]. Therefore, it is
necessary to combine persulfate and UV/TiO, photocatalytic techniques to increase the mineralization
of HBCD.

In this work, degradation of HBCD under UV /TiO,, UV/potassium persulfate (KPS), and
UV/TiO, /KPS systems were investigated. Effects of TiO, and KPS dosage have been examined
on degradation degree of HBCD. The photodegradation efficiency and the yield of bromide ion were
tested to evaluate the mineralization of HBCD. The intermediates were analyzed by GC/MS to study
the degradation mechanism. Based on experimental measurements, roles of radicals SO4°~ and OH*®
in the photocatalysis systems were also discussed.

2. Results and Discussions

2.1. Determination of TiO, Dosages

The amount of catalysts added in the solution needs to be matched to the number of contaminants
in the photocatalytic process, so the dosing weight range of the catalyst were determined. Figure 1
shows the effects of different TiO, dosages on the photodegradation rate of HBCD. Under the condition
of no addition of TiO,, the degradation rate was only 21.5% at 180 min. Having increased the catalyst
dosage of TiO, to 100 mg/L, the photocatalytic efficiency also increased to 82.93%. Further increasing
the dosage of TiO, more than 100 mg/L, the photocatalytic efficiency decreased. The dosage of the
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addition increased the suspended particles in the solution, and greatly reduced the utilization of light,
resulting in the partial catalyst not being fully activated during the photocatalysis, so the photocatalytic
efficiency decreased [24,27]. In addition, the HBCD adsorbed on the catalysts in dark is less than 10%,
so the free radical (OH®) reaction dominates the rate of degradation reaction in the UV /TiO, system.

100
—e— 400 mg/L
——300 mg/L
804 _, 200 mg/L //
—»—100 mg/L /”'
—<— 50 mgiL e
601 . o mg/L

—eo—In dark

Degradation degree (%)
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Time (min)

Figure 1. Effects of different TiO, dosages on the photodegradation rate of HBCD (the initial
concentration of HBCD is 25 mg/L, and KPS dosage is 0 mg/L).

2.2. Effect of KPS Dosage

Figure 2 shows the effect of different K,S,0Og dosages on the photodegradation rate of HBCD. The
addition of K»S,0g can effectively improve the degradation efficiency of HBCD, but its degradation
efficiency increases first and then decreases with further increasing K,S,0g concentration, and the
highest degradation efficiency occurs at 4 mM. When the K,S,0g dosage was more than 4 mM, the
degradation efficiency of HBCD decreased with the increase of persulfate dosage. When the K;5,0g
concentrations in the solution are between 0 and 4 mM, the main reactions in the UV /TiO, /KPS
system are as follows [28]:

$,08% + UV — 250,°~ 1)
TiO; + UV — ecp +hip )
$,08%" +ecp — 2504°~ ®)
H,O +hiy — OH® +H' )

The advanced oxidation process relies on the amount of free radicals and is reflected in the
degradation rate of the contaminants. The strong oxidizing agents of sulfate radicals (SO4°~) and
hydroxyl radicals (OH®) generated by the above reactions increase with increasing KPS concentration
in the solution. But increasing the KPS dosage further to 8 mM will lead to a surplus of reactants
(S,04%7), which may deplete lots of OH® and SO4°~, and lead to the decrease of the degradation
degree by the following two reactions [29]:

$,08%~ + OH® — $,04°~ + OH™ (5)

S,08%" +504°~ — SO42~ +S,05°~ (6)
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Figure 2. Effects of different KPS dosages on the photodegradation rate of HBCD (the initial
concentration of HBCD is 25 mg/L, and TiO, dosage is 100 mg/L).

2.3. Kinetic Analysis of Different Reaction Systems

Figure 3 shows the degradation effect of HBCD in the three systems of “UV/TiO, (TiO,:
100 mg/L)”, “UV/K;35,05 (KPS: 4 mM)”, and “TiO; (TiO,: 100 mg/L) + K;S,05 (KPS: 4 mM)”,
respectively. The initial HBCD concentration and light source in the three systems were all the same
(25 mg/L, 100 W mercury lamp). The degradation degree of HBCD over time in 180 min is shown in
Figure 3a. The degradation degree for the UV /TiO, /KPS photocatalytic system was 87.6% at 90 min,
but the degradation rates for the UV/TiO, photocatalytic system and UV /KPS system were only
56.8% and 52.5% at the same time. The above experimental results show that the degradation effect of
UV/TiO, /KPS photocatalytic system on HBCD is far superior to that of the UV/TiO, system and the
UV/KPS system.

The kinetic model was used to study the degradation dynamic behavior of the three different
systems [30], —In(Cy/C) = kt, where k is the reaction apparent rate constant and ¢ is the light irradiation
time. Figure 3b shows the effect of different systems on the kinetics of HBCD under irradiation for
180 min. The three reaction systems are all fit to pseudo-first-order kinetics, and the k values for
the UV/KPS system, the UV/TiO, system, and the UV /TiO, /KPS system are 0.0065, 0.0080, and
0.0174 min ", respectively (Figure 3b). Obviously, the k value of the UV/TiO, /KPS system is far higher
than those of the UV /KPS system and the UV /TiO, system, indicating that the degradation efficiency
of the UV /TiO, /KPS photocatalytic system is much higher than that of the UV /KPS photocatalytic
system and the UV/TiO, photocatalytic system. The photocatalytic process of the UV /TiO, system
contains an adsorption and free radical (O,*~, OH®, etc.) reaction [21]. The HBCD adsorbed on
the catalysts in dark is less than 10%, so the free radical reaction dominates the rate of degradation
reaction in the UV/TiO, system. The UV /KPS system also relies on sulfate radicals (SO4°~, 5,05°~,
etc.) excited by UV light to degrade pollutants [22,24]. In the UV/TiO,/KPS system, more free
radicals were present and the free radical reaction is more complicated. S,052~ can be excited by
photogenerated electrons on the surface of the catalyst to generate sulfate radicals (5O4°~), while
SO4°~ can react with OH™ to produce OH® [21-24]. In the three systems, the degradation rates are
all determined by the reactions between free radicals and contaminant molecules, while the intensity
of the UV light (100 W) and the initial concentration (25.00 mg/L) of the contaminants in the three
systems are all the same, so all reaction systems could be in line with pseudo-first-order kinetics.
Figure S1 (Supporting Information) shows the degradation of HBCD over the UV /TiO, /KPS system
with three time cycling uses. The TiO, photocatalysts could be easily recovered by sedimentation and
reused, which would greatly promote their industrial application in eliminating organic pollutants
from wastewater.
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Figure 3. The degradation degree (a) and kinetic linear simulation curves of the removal of HBCD (b)
in UV/TiO,, UV/KPS, and UV /TiO, /KPS systems. (The initial concentration of HBCD is 25.0 mg/L,
KPS dosage is 4 mg/L, and TiO, dosage is 100 mg/L).

2.4. The Mineralization Degree of HBCD

Measuring the concentration of bromide ion is a practical strategy to evaluate the amount of
intermediates and the mineralization degree of HBCD [24]. Figure 4 shows the change of bromide
ion concentration during the degradation of HBCD in the UV /TiO, /KPS system. The initial HBCD
concentration, TiO, dosage, and K,S,0g dosage were 25.0 mg/L, 100 mg/L, and 4 mM, respectively.

As can be seen from Figure 4, with the prolongation of degradation time, the concentration of
bromide ion in the solution increased continuously. When the reaction was carried out for 3.0 h, the
concentration of bromide ions in the solution was 13.8 mg/L, which accounted for 74.3% of the total
bromine content of HBCD in the solution. It can be seen that the yield of bromine ion by UV /TiO, /KPS
system is much better than that of UV /TiO, system (12.3 mg/L) and UV /KPS system (11.9 mg/L). The
significantly increased bromide ion concentration yield indicates that there exist synergistic effects in
the UV/TiO, /KPS photocatalysis as described in the previous Formulas (1)—(4), which can mineralize
HBCD into inorganic small molecules relatively thorough, thus much fewer intermediates are formed
in UV/TiO, /KPS homo/heterogeneous photocatalysis.

Figure 5 shows the change of pH in solution over time during HBCD degradation. It can be
seen that the pH value of the solution gradually decreases from 6.53 to 3.72 with the increasing
of the degradation time within 180 min. It may be due to the partial consumption of OH™ in the
solution, since OH™ can easily react with SO4°~ to produce OH®. The CO; gas generated during the
mineralization of HBCD subsequently dissolved in the water, which also lead to a decrease in pH.
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At the same time, there are some small molecules of carboxylic acids generated in the degradation
of HBCD, which also cause the decrease in pH. As mentioned above, the degradation rate of HBCD
reached 96.5% when the reaction proceeded to 180 min. It is indicated that the intermediate in the
solution is rapidly decomposed into small molecular of carboxylic acids, and further mineralized to
CO; and HyO, so that the pH of the solution continued to decrease as the reaction time prolonged. The
increasing concentration of bromide ions in the solution and the decreasing pH value indicate that
HBCD is highly mineralized in UV /TiO, /KPS homo/heterogeneous photocatalysis.
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Figure 4. The change of bromide ion in water samples from different time points (the initial
concentration of HBCD is 25.0 mg/L, KPS dosage is 4 mg/L, and TiO, dosage is 100 mg/L).
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Figure 5. The change of pH over time (the initial concentration of HBCD is 25.0 mg/L, KPS dosage is
4 mg/L, and TiO; dosage is 100 mg/L).

2.5. The Mechanism of Photodegradation of HBCD

Figure 6 shows the mass spectrum of the intermediates obtained by GC-MS analysis. The
solution was sampled during the degradation of HBCD in the UV/TiO, /KPS system at 90 min,
with the reaction conditions the same as mentioned above. The mass spectrum of degradation
products were tetrabromocyclododecene (A), dibromocyclododecadiene (B), 1,5,9-Cyclododecatriene
(C), 1,2-Epoxy-5,9-cyclododecadiene (D), dibromo-epoxy-cyclododecene (E), 4,5-dibromooctanedioic
acid (F), and succinic acid (G), respectively [31-33].
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Figure 6. The mass spectrum of the intermediates in the UV/TiO,/KPS system at 90 min
((A) Tetrabromocyclododecene; (B) Dibromocyclododecadiene; (C) 1,5,9-Cyclododecatriene; (D)
1,2-Epoxy-5,9-cyclododecadiene; (E) Dibromo-epoxy-cyclododecene; (F) 4,5-dibromooctanedioic acid;
(G) succinic acid).

By analyzing the degradation products of GC/MS, the possible degradation pathway of HBCD in
UV/TiO, /KPS system is determined, as shown in Figure 7. Under the action of active free radicals,
two adjacent C-Br bonds in the molecular structure of HBCD undergo cleavage and debromination to
form carbon-carbon double bonds, thus the compounds A, B, and C were obtained successively [34].
Compound C can be directly oxidized to D or oxidized to G by double bond cleavage. In addition, the
compound B can also be oxidized to form the compound E, or oxidized to F and G by double bond
cleavage [35]. The compound F can also be further debrominated and oxidized to form G. Succinic
acid (G) is a small molecule, and it can be easily degraded by free radicals (like SO4*~ and OH®) into
carboxylic acids, CO,, and HO in the following time. The adsorption of intermediate species on the
surface of TiO, may cover the active sites, which may result in a decrease in catalytic efficiency. But in
this work, the initial concentration of HBCD is very low (25 mg/L), and under the irradiation of UV
irradiation, the surface of the titanium dioxide is hydrophilic, so the organic intermediates are more
easily dispersed into the water-methanol mixed solution under strong stirring.
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Figure 7. Possible pathways of degradation of HBCD in UV/TiO, /KPS systems.

3. Materials and Methods

3.1. Reagents

Ethanol (HPLC grade) and acetonitrile (HPLC grade) were supplied by LABSCIENCE (Reno,
NV, USA) and TEDIA (Nashville, TN, USA), respectively. HBCD (99.0%), sodium carbonate (99.8%),
sodium bicarbonate (99.5%), sodium nitrite (99.0%), potassium persulfate (KPS, 99%), dichloromethane
(HPLC grade), anhydrous sodium sulfate (99.0%) and methanol (HPLC grade) were supplied by
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). All reagents were used as received
without further purification. TiO, nanoparticles were laboratory-made, as described in the previous
literature [26].

The preparation of HBCD stock solution was as follows: accurately weigh 0.05 g of HBCD powder
into 100 mL volumetric flasks, and add chromatographically pure methanol to the 100 mL mark. After
dissolving, the HBCD stock solution with the concentrations of 500.00 mg/L was obtained, and then it
was stored in a refrigerator at 4 °C for later use. The HBCD stock solution was diluted by ultrapure
water to different concentrations for drawing the peak area-concentration standard curve, and it also
be used as pollutants in the photodegradation experiments.

3.2. Photodegradation of HBCD

The photoreactor was supplied by Xujiang Electromechanical Plant (XPA-7, Nanjing, China).
For determination of TiO, dosages, a 50 mL HBCD water-methanol mixture solution with the
concentration of 25.00 mg/L was added into a quartz tube, and then TiO, powder with different
dosages (0~400 mg/L) were also added into the tube. For determination of the effect of KPS dosage,
a 50 mL HBCD water-methanol mixture solution with the concentration of 25.00 mg/L was added into

185



Catalysts 2019, 9, 189

a quartz tube, and then TiO, powder with the dosage of 100 mg/L and KPS with different dosages
(1~8 mM) were also added into the tube. For the kinetic analysis, the photodegradation of HBCD
in the three systems of “UV /TiO; (TiO,: 100 mg/L)”, “UV/K35,0g (KPS: 4 mM)”, and “TiO; (TiO;:
100 mg/L) + K»5,05 (KPS: 4 mM)” were performed, respectively. In all of the above experimental
systems, after all the reagents were completely added, the mixed solution was placed in dark and
stirred for 60 min to allow all the reagents to be uniformly mixed and to achieve adsorption equilibrium
between TiO, particles (if any) and HBCD in the solution system. Then, turn on the cooling water
and the 100 W mercury light source to start the photocatalytic reaction. Quickly take 2 mL of the
sample at intervals of 30 min, place it in a tube containing 2 mL of methanol, mix well by shaking,
and filter through a 0.22 um filter. The filtrate was loaded into the sample vial for analysis in a
liquid chromatograph. The average of 3 parallel determinations was taken as the concentration of
each sample.

For the measurement of bromide ion concentration, a sample solution was quenched right after
the sample was taken out by using a same volume of 0.2 M sodium nitrite solution. Then supernatant
and the TiO;, nanoparticles were separated in the same method. The supernatant was used to measure
the concentration of bromide ion.

3.3. Analysis Method

Concentrations of HBCD were measured by a high-performance liquid chromatography (HPLC,
LC-20AD, Shimadzu, Kyoto, Japan) instrument equipped with UV-vis detector set at 210 nm. The
mobile phase was acetonitrile/water (85/15 (v/v)) and the flow rate was maintained at 1.0 mL/min.
The HPLC chromatogram of HBCD was shown in Figure S2 (Supporting Information). According
to the change of concentration of HBCD before and after degradation of the reaction system, the
degradation rate of HBCD was calculated. The calculation was as follows:

MHBCD = x 100% @)

Co—C

0
where C represents the initial concentration of HBCD in the reaction system and C; represents the
concentration of HBCD in the system at time t.

Concentration of bromide ion was measured by a Diane Ion chromatograph (ICS1100, Dionex,
Sunnyvale, CA, USA) with an IonPac AS23 anion analytical column (250 mm x 4.0 mm X 5 um,
Dionex, Sunnyvale, CA, USA) and a Dionex IonPac AG22 anion protective column (50 mm x 4 mm,
Dionex, Sunnyvale, CA, USA). The peak area-concentration standard curve of Br ion was plotted
using potassium bromide powder as the bromine source. Leaching solution was 4.5 mM Na,COs and
1.4 mM NaHCOj3; with a flow rate of 1.2 mL/min.

The intermediates were qualitatively analyzed by a gas chromatography/mass spectrometry
(GC/MS, Shimadzu QP2010 plus). The inlet temperature of GC is 200 degrees with the column
type of DB-5MS capillary column (30 m x 0.25 mm x 0.25 um, Agilent, Santa Clara, CA, USA).
The injection volume is 1 pL, and the carrier gas is high purity nitrogen (99.999%). The ion source
temperature, the electron bombardment energy, and the scanning mode of the mass spectrometer is
240 °C, 70 eV, and full scan mode (15~500 m/z), respectively. The sample solution was pretreated by
extraction by dichloromethane and passed through anhydrous sodium sulfate, then it was concentrated
by evaporation to about 1 mL under nitrogen, and passed through a 0.45 um filter before the
GC/MS analysis.

4. Conclusions

Degradation of HBCD is investigated in the UV /TiO,, UV/KPS, and UV /TiO, /KPS system
by measurement of the concentrations of HBCD and bromide ion. HBCD can be almost
completely degraded and 74.3% of the total bromine content is achieved in the UV/TiO, /KPS
homo/heterogeneous photocatalysis, much more than in the UV /KPS system and the UV/TiO,

186



Catalysts 2019, 9, 189

system. The SO4°~ produced in persulphate and OH® radicals produced in TiO, photocatalysis
have synergistic effects in the degradation of HBCD in the UV /TiO, /KPS homo/heterogeneous
photocatalysis. The high yield of the concentration of bromide ions in the solutions indicates that
fewer intermediates are formed in the UV /TiO, /KPS homo/heterogeneous photocatalysis of HBCD.
The efficient UV /TiO, /KPS homo/heterogeneous system would provide great impetus to pollution
control and environmental management.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/2/189/s1,
Figure S1: Photocatalysis for HBCD degradation in the UV/TiO, /KPS system with three time cycling uses,
Figure S2: The HPLC chromatogram of HBCD.
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Abstract: Toxic microcystins (MCs) produced by freshwater cyanobacteria such as Microcystis
aeruginosa are of concern because of their negative health and economic impacts globally. An advanced
oxidation process using UV/TiO, offers a promising treatment option for hazardous organic
pollutants such as microcystins. The following work details the successful degradation of MC-LA,
MC-LR, and MC-RR using a porous titanium-titanium dioxide (PTT) membrane under UV-LED
light. Microcystin quantitation was achieved by sample concentration and subsequent LC-MS/MS
analysis. The PTT membrane offers a treatment option that eliminates the need for the additional
filtration or separation steps required for traditional catalysts. Controlled periodic illumination was
successfully used to decrease the total light exposure time and improve the photonic efficiency for a
more cost-effective treatment system. Individual degradation rates were influenced by electrostatic
forces between the catalyst and differently charged microcystins, which can potentially be adjusted
by modifying the solution pH and the catalyst’s isoelectric point.

Keywords: Microcystis aeruginosa; microcystin; controlled periodic illumination; titanium dioxide;
advanced oxidation process

1. Introduction

Cyanobacteria are a phylum of phototrophic bacteria capable of producing toxic blooms.
Microcystis aeruginosa is a common freshwater cyanobacteria which produces microcystins (MC),
a group of cyanotoxins with strong hepatotoxic effects. With the increased eutrophication of
freshwater resources worldwide, the prevalence of these toxic blooms is a growing concern [1-3].
Over the last several years they have been linked to a variety of both animal and human poisonings
globally, including in Canada, Australia, the United Kingdom, China, and Africa [4]. The World
Health Organization deems the acceptable level of microcystin-LR, the most common microcystin,
in drinking water to be 1 ug L™! [4]. For example, a review document produced by Health Canada
in 2016 concluded that toxic algal blooms impact drinking water safety in the majority of Canadian
provinces [5]. These toxic blooms also cause significant economic losses in affected areas by impeding
tourism and fishing, lowering property values, and requiring expensive preventative strategies and
monitoring [2,6,7].
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Recent studies show that advanced oxidation processes (AOPs) such as ultraviolet (UV) light/TiO,
photocatalysis can break down microcystins [8-12]. When TiO, particles are irradiated by UV
light, electrons in the valence band are excited to the conduction band, creating electron-hole pairs.
These electron-hole pairs can either undergo redox reactions directly with small organic molecules or
with water to form reactive oxygen species (ROS) such as hydroxyl radicals, which then participate in
redox reactions with small organic molecules [13-20]. UV/TiO, photocatalysis is a promising AOP
for treating microcystins in water because the TiO; is catalytic, providing a constant oxidant source
without having to be replenished, as is the case in UV/H;O, AOPs.

Traditional slurry TiO, reactors are impractical for water treatment because they require
an additional filtration step to remove the catalyst. In order to address this issue, a porous
titanium~titanium dioxide membrane was used in this study. The membrane is made of a porous
titanium sheet, oxidized, and calcinated to produce TiO, structures on its surface. In order to show the
hydroxyl radical production of the catalyst under UV illumination, the conversion of terephthalic acid
(TPA) to 2-hydroxyterephthalic acid (HTPA) was quantified by fluorescence [16]. The trade-off of using
the membrane is that it has less surface area than the equivalent mass of powder TiO,, decreasing
adsorption and lowering the degradation rate [21,22].

Previous work also suggests that the photonic efficiency of the process can be improved using
controlled periodic illumination (CPI) [19,23,24]. The improved efficiency under CPI conditions can
be compared to a phenomenon called Parrondo’s paradox, where alternating two less favorable
conditions results in a more favorable outcome. The improved efficiency, when using a catalyst such as
the porous titanium-titanium dioxide (PTT) membranes, can be explained by mass-transfer limitations.
Because the membrane has a limited surface area for adsorption, the rate of the reaction may be
limited by this surface area at high LED duty cycles [25]. In this case, periodically illuminated lighting
conditions (within the mass-transfer limit) will be equally effective. In the case of photon-limited
reactions (for example, slurry reactors), mass-transfer limitations would not apply because the reaction
rate is faster than the adsorption rate.

Typical light sources such as mercury and xenon lamps require mechanical shutters to produce
CPI, take time to warm up, and lack efficiency and reliability. UV-LEDs are ideal light sources in this
case because high-frequency CPI can be generated using pulse-width modulation (PWM) through a
microcontroller. The microcontroller also allows for easy optimization of the light frequency, including
the implementation of dual-frequency profiles that may exhibit a synergistic effect. By decreasing the
cumulative light exposure time in UV/TiO, photocatalysis, the efficiency of the system and the life
span of the light source can be increased without sacrificing performance. A more energy-efficient
system would be particularly advantageous for the practical application of larger-scale water treatment.

The following study details the removal of MC-LA, MC-LR, and MC-RR from water using
UV/TiO, photocatalytic degradation with porous titanium-titanium dioxide membranes. Degradation
under each set of conditions, for individual and cumulative microcystin concentrations, was monitored
using LC-MS/MS. Controlled periodic illumination at frequencies of 50, 5, 0.5, and dual 0.05 and
25 Hz were all considered, with the goal of improving the photonic efficiency of the AOP.

2. Results and Discussion

2.1. PTT Membrane Characterization

The PTT membrane characterization results have been described in previous works [16,17].
In summary, Raman spectra and XRD indicated mainly anatase TiO,, with some rutile TiO; and
titanium. The experimental band-gap energy of 3.0 eV also indicated that the PTT membranes were
primarily composed of crystalline TiO,. The isoelectric point of the PTT membrane was also determined
to be 6.0 using a SurPASS™ electrokinetic analyzer.
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2.2. TPA Conversion

A summary of the TPA conversion under continuous UV, 0.5, 25, and dual 0.05 and 25 Hz can
be seen in Figure 1. As expected, k1 was highest for continuous UV light because the cumulative
UV-LED exposure was twice that of the other lighting conditions. In order to properly compare
degradation relative to the electrical energy consumed, electrical energy per order (Egp) was calculated.
Although the dual lighting conditions had the lowest degradation rates, they also had the lowest Ego,
making dual lighting the most efficient set of conditions for TPA conversion. The other two frequencies
tested also had lower Egg values than that for continuous light, making continuous UV-LED exposure
the least efficient of the four conditions tested for TPA conversion. These results are in agreement
with Parrondo’s paradox and show that CPI is a viable method for improving the efficiency of the
photocatalytic AOP.
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Figure 1. (a) Rate constants and (b) electrical energy per order for terephthalic acid (TPA) conversion
under various UV-LED conditions.

2.3. Degradation of Microcystins under Continuous Light

Experiments testing the membrane under dark conditions and testing UV exposure without
the membrane showed no degradation of the microcystins (see the Supplementary Information).
This verifies that the photocatalytic AOP was responsible for the microcystin degradation. All three
microcystins showed successful degradation when treated with UV light and PTT membranes, with a
cumulative rate of —0.00453 min~!. MC-LA degraded the fastest, with a rate of —0.00841 min~".
Both MC-LR and MC-RR degraded at less than half that rate (—0.00350 min~! and —0.00332 min !,
respectively). This difference in the degradation rate can be explained by the difference in adsorption,
which is influenced by relative charge.

The unmodified experimental pH was determined to be 5 and remained consistent throughout
the course of the experiment. At this experimental pH, each microcystin has a different charge
depending on the variable amino acids in the ring structure. A summary of these charges is included
in Table 1. At experimental pH the PTT membrane is positively charged. These relative charges can
explain the significant difference seen between degradation rates for MC-LA and MC-LR or MC-RR.
In solution, MC-LA is the most oppositely charged to the PTT membrane and experiences the greatest
electrostatic attraction. MC-LR is also negatively charged (though not as strongly) and will experience
less significant electrostatic attraction. Inversely, MC-RR is positively charged and will experience
electrostatic repulsion from the PTT membrane. The increased electrostatic attraction experienced by
MC-LA will increase its adsorption onto the PTT membrane and result in a faster degradation rate.
Since MC-LR and MC-RR compete with MC-LA for limited adsorption sites on the PTT membrane,
the two microcystins that experience less electrostatic attraction will not adsorb as well and will have
slower degradation rates. The influence of these interactions is reflected in the relative degradation
rates under continuous UV illumination, where MC-LR and MC-RR have degradations rates less than
half that of MC-LA.
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Table 1. Microcystin charge at experimental pH.

Compound Charge at pH 52
MC-LA —1.9332
MC-LR —0.9329
MC-RR 0.0567

@ Charge was calculated by chemicalize.org.

These results are consistent with previous studies by Arlos et al. and Liang et al., which showed
that electrostatic forces between the pollutant and catalyst have a significant influence on the
degradation rate [16,25]. The influence of electrostatic forces demonstrates the importance of
considering the pH and the charge of target pollutants when treating water [26]. Degradation rates are
highly pH-dependent, so the pH of the water being treated must be considered, especially in practical
applications. In future water treatment designs, this information can be used to tune the isoelectric
point of the catalyst to improve the degradation of desired pollutants.

2.4. Degradation of Microcystins under CPI

Using UV-LED PWM, the following CPI conditions were examined: 0.5, 5, 50, and dual 0.05 and
25 Hz. The calculated Egg for these conditions, as well as those for continuous UV light for comparison,
can be seen in Figure 2. Because MC-LA degraded preferentially to MC-LR and MC-RR, the change
in concentration of MC-LR and MC-RR was subtle and lacked linearity (see Table S1 and Figure S1).
For this reason, there were significantly larger errors associated with their calculated Ego. As a
result, the cumulative microcystin Ego was considered when comparing different lighting conditions.
As predicted by the TPA results, several of the controlled periodic illumination conditions presented
more energy efficient options. Both the 5 and 0.5 Hz UV lighting had significantly lower Ego than the
continuous UV lighting. Dual frequency lighting, which is an equal combination of 0.05 and 25 Hz,
had a comparable Egg to continuous UV.

Among the lighting conditions tested, the least degradation overall was observed at 50 Hz
(cumulative kapp = —783x10°* min_l, see Table S1). Very little degradation of MC-LA and
MC-RR occurred, and no degradation of MC-LR occurred (see Figures S1 and S2). Given the low
magnitude of degradation and the associated margin of error, it is difficult to discern any trend in
degradation between different microcystins under 50 Hz UV illumination, as was done for continuous
UV. This significant decrease in overall degradation resulted in a correspondingly high Ego for
microcystin degradation under 50 Hz UV. In general, the Egp increased as the frequency increased,
meaning lower-frequency lighting conditions were more efficient. In dual lighting, the combination of
both high and low frequencies balanced each other and resulted in an insignificant net change relative
to continuous UV.

Interestingly, the improvement of reaction efficiency under CPI agrees with Parrondo’s paradox.
In Parrondo’s paradox, alternating between two less favorable conditions yields a more favorable
result. In this case, the two less favorable UV-LED conditions were off (which did not contribute to
the AOP) and on (which was inefficient). By alternating these two conditions at different frequencies,
the time the UV-LED was on decreased by 50%. The favorable outcome was that the Ego under CPI
decreased, demonstrating improved efficiency.

Although the PTT membrane provided a more practical option for water treatment, the reduced
surface area relative to a slurry reactor imposed mass-transfer limitations. Because the rates of
adsorption and desorption to the surface of the catalyst were significantly slower than the rate
of electron-hole pair formation and recombination, the process of adsorption and desorption was
rate-limiting [24,27]. This had a significant impact on the photonic efficiency of the system. In using
CP], the dark period allowed for the equilibration of the untreated pollutant molecules on adsorption
sites, without wasting energy [18,23,28]. This improved the photonic efficiency of the photocatalytic
system. The results indicated that CPI is a viable method for improving the efficiency of photocatalytic
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AQPs used to treat organic pollutants and toxins, though further optimization of conditions is required.
Improving the photonic efficiency of the process makes it more energy efficient and prolongs the life
of the light source. These characteristics are particularly attractive in the water treatment industry
because they reduce costs.
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Figure 2. Electrical energy per order for microcystin degradation under continuous and controlled
periodic illumination (CPI) conditions.

3. Materials and Methods

3.1. Reagents and Chemicals

Microcystins and nodularin (Cayman Chemicals, Ann Arbor, MI, USA) were dissolved in
UHPLC-grade methanol (VWR International, Mississauga, ON, Canada) and stored at —20 °C.
PTT membrane synthesis required hydrogen peroxide (Sigma-Aldrich, St. Louis, MO, USA) and
0.254-mm-thick porous titanium (PTi) sheets (Accumet Materials, Ossining, NY, USA). For LC-MS
analysis, HPLC-grade ammonium fluoride (Sigma-Aldrich, St. Louis, MO, USA) and HPLC-grade
acetonitrile (Thermo Fisher Scientific, Waltham, MA, USA) were used. For measuring hydroxyl radical
formation, TPA and sodium hydroxide were purchased from Sigma-Aldrich, St. Louis, MO, USA.
Water was purified using a Milli-Q®Integral water purification system (EMD Millipore, Burlington,
MA, USA) (18.2 mQ)-cm resistivity at 25 °C).

3.2. PTT Membrane Synthesis and Characterization

PTT membrane synthesis and characterization methods are described in previous works [16,17].
In short, PTi membranes were cut into 5-cm diameter discs, cleaned and oxidized in a hydrogen
peroxide solution at 80 °C, and then calcined at 600 °C. Material characterization methods included
micro-Raman spectroscopy (He—Ne laser A = 632.8 nm, Renishaw, Wotton-under-Edge, UK), scanning
electron microscopy (FE-SEM LEO 1550, Carl Zeiss Microscopy, Jena, Germany), and X-ray diffraction
(XPERT-PRO, Malvern Panalytical, Malvern, UK).

3.3. Experimental Setup for Microcystin Degradation

A volume of MC-LA, MC-LR, and MC-RR stock solution was evaporated to dryness under
nitrogen gas and then reconstituted to 2 ug/L in MilliQ water for a reaction solution. The PTT
membranes were suspended in 0.4-L beakers on metal stands, 1.5 cm under the solution surface with a
volume of 0.3 L.

Many studies of UV/TiO, photocatalysis use methanol as a carrier solvent when preparing
aqueous pollutant solutions [10,16,17,29-35]. More recent studies show that methanol has a significant
effect on photocatalytic degradation because it acts as a hydroxyl radical scavenger, even at low
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concentrations [36,37]. In order to replicate the effects of methanol under typical experimental
conditions, all reactions were conducted in 0.02% methanol.

Reactions took place using a UV-LED source with an average irradiance of 2.18 mW cm~2 under
continuous illumination and 1.08 mW cm~2 under a 50% duty cycle (measured 18 cm from the light
source using Thorlabs PM100-USB power meter, S120VC 200-1100 nm, 50 mW). Reaction solutions
were stirred at 600 rpm. The solution surface was initially 10.5 cm below the light source. A diagram
of the reaction setup is shown in Figure 3a with the UV-LED (LED-Engin LZ1, 1000 mA) spectral
power distribution peaking at 365 nm and the total radiation included angle of 105° (90% of the total
radiant flux).
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Figure 3. (a) Experimental setup for UV/TiO, reactors and (b) UV-LED spectral power
distribution and radiation pattern. Abbreviations: PWM—pulse-width modulation, PTT—porous

titanium-titanium dioxide.

Reactions were equilibrated in the dark for 1 h before UV-LED irradiation, with a total reaction
time of 6 h. Samples of 4 mL were taken every hour. Each set of conditions was repeated in triplicate.
Arduino microcontrollers and LEDSEEDUINO LED current drivers were used to program the UV-LEDs
for 0.5, 5, and 50 Hz as well as a dual frequency (0.05 and 25 Hz alternating for equal periods).
The pulsed-width modulation script used to program the different conditions can be found in the
Supplementary Information. All UV-LED flashing sequences had a duty cycle of 50%. The duty cycle
is the ratio of the time on to the time off, as described by the following equation:

ngxloo%

where D is the duty cycle expressed as a percentage, PW is the pulse width duration, and T is the

period of the wave.
At low adsorbate concentrations, the following equation can be used to approximate

Langmuir-Hinshelwood kinetics [38]:

dac
—r=g = —kappC.

The equation can then be rearranged and integrated to give the following [25]:

C
(St

where C(g L~ 1)is the analyte concentration at time f (min), C, (g L~ 1) is the initial analyte concentration
att = 0, and kapp (min~?) is the apparent kinetic rate. The slope of a plot of the equation gives the
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kapp- OriginLabPro (version 8.0, OriginLab, Northhampton, MA, USA, 2018) was used to complete the
linear regression analysis to determine the rates for cumulative and individual compounds.

3.4. Experimental Setup for TPA Conversion

The experimental method is derived from previous work [16]. In brief, a solution of 5 mM
TPA was made in 6 mM NaOH. Under the same conditions as described in the previous section,
300 mL of this solution was placed in a beaker with a PTT membrane. UV-LED irradiation began
after a 1-h dark equilibration, and samples were taken at various time points over 4 h. The following
lighting conditions were tested: Continuous, 0.05, 25, and dual 0.05 and 25 Hz. All frequencies were
programmed with a duty cycle of 50%. HTPA concentrations were quantified by fluorescence using a
plate reader (SpectraMax M3, Molecular Devices, San Jose, CA, USA) with an excitation wavelength
of 315 nm and emission from 350 nm to 550 nm. The intensity value was taken from the peak of
the spectrum.

HTPA was the first degradation product of TPA, so its concentration increased sharply at the
beginning of the reaction. As more HTPA was produced, it also degraded into more oxidized products.
These rates can be described by the following kinetic model [39]:

Chrpa = %(1 - eszt)

where k; is the zeroth-order rate of HTPA formation, k; is the pseudo first-order degradation rate of
HTPA, Cyrpa is the concentration of HTPA in mol L~1, and t is time in minutes.

3.5. Electrical Energy per Order

To more accurately compare the efficiency of lighting conditions with different duty cycles,
electrical energy per order (Egp) was calculated. Egp is the energy in kWh needed to decrease the
microcystin or TPA concentration by one order of magnitude in a liter of water. Ego was calculated by
the following equations [40,41]:

1000-P-t
Epo(MC) = 7oy
V-log(c—})
1000-P-t
Epo(HTPA) = ———
EO( ) sz

where P is the power dissipated over the treatment process in kW, t is the reaction time in min, V' is
the reaction volume in L, k; is the degradation rate of HTPA, and C; and Cf are the initial and final
microcystin concentrations, respectively.

3.6. Sample Preparation and Analysis

Each 4-mL sample was spiked with nodularin (NOD), a toxin similar in structure to microcystins,
to 0.8 pg L1 for an internal standard [1]. The spiked samples were then evaporated to dryness
in a Rocket Evaporator (Thermo Scientific) and reconstituted in 160 uL of UHPLC-grade methanol.
Prepared samples were stored at —20 °C until analysis.

Microcystin quantitation was achieved with LC-MS/MS using an Agilent 1200 HPLC and
3200 quadrupole ion trap (QTRAP) mass spectrometer with electrospray ionization (ABSciex).
Specific mass spectrometry parameters are summarized in Table 2. In order to achieve separation,
a Poroshell 120 SB-C18 column (4.6 x 150 mm, 2.7 um, Agilent Technologies) was used with 0.5 mM
ammonium fluoride and acetonitrile (ACN) at 1 mL min~! and 40 °C, with 20-uL sample injections.
For the mobile phase gradient, 10% ACN was held for 0.5 min, which was increased to 100% ACN over
4.5 min and held for 1 min. The mobile phase composition was then returned to 10% ACN over 0.5
min and equilibrated for 3.5 min before the next injection. The calibration curves for each microcystin
were linear from 0.5 to 500 pg L1
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Table 2. Mass spectrometry parameters for the detection of microcystins.

Q12 Q3P Time DP* EP4 CE® Cxpf CEP8 Retention

(Da) (Da) (ms) (volts) (volts) (volts) (volts) (volts) Time (min)
NOD 825.563 135.3 150 96 12 75 4 40 4.55
MC-LA  911.395 135.2 150 51 12 81 4 36 4.62
MC-LR  995.699 135.1 150 116 12 99 4 36 4.67
MC-RR  519.960 135.2 150 131 7 41 4 26 4.88

@ First quadrupole, b third quadrupole, ¢ declustering potential, d entrance potential, ¢ collision energy, f collision
cell exit potential, and & collision cell entrance potential.

4. Conclusions

In this study three common microcystins, MC-LA, MC-LR, and MC-RR, were successfully
degraded in water using a UV/TiO, photocatalytic AOP. Egg values calculated for TPA conversion
determined continuous UV-LED illumination to be less efficient than all the CPI conditions
tested, demonstrating the potential of CPI to improve the efficiency of the photocatalytic AOP.
Under continuous illumination, the negatively charged MC-LA degraded at more than twice the
rate of MC-LR or MC-RR because it preferentially adsorbed onto the positive PTT membrane catalyst.
The pH dependence of the degradation rates suggests that the isoelectric point of the catalyst can be
tuned to improve the degradation of target pollutants in water of a known pH, given the compound
charges. CPI conditions of 0.5, 5, and 50 Hz as well as dual 0.5 and 25 Hz with a 50% duty cycle
were also examined for treating microcystins. When considering the cumulative microcystin solution,
the 0.5 and 5 Hz CPI conditions were determined to be more efficient than continuous UV light based
on the calculated Egp. These results can be explained by mass-transfer limitations, where the rate of
adsorption and desorption onto the surface of the catalyst limits photonic efficiency. The results of this
work indicate that the use of CPI has the potential to improve the energy efficiency and light source life
span in photocatalytic AOPs and is worth further investigation. Improving these parameters makes
photocatalytic AOPs more attractive as a large-scale water treatment solution because they have the
potential to greatly decrease costs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/2/181/s1,
Table S1: Calculated degradation rates. Poor fit with the linear regression model due to insignificant degradation
is seen in membrane-only and UV-only conditions, as well as in 50 Hz MC-LR; Figure S1: Change in microcystin
concentration over the course of various UV /TiO, treatments; Figure S2: Linear regression plots for the calculation
of degradation rate; Figure S3: Chromatogram demonstrating the separation of MC-LA, MC-LR, MC-RR,
and NOD.
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Abstract: A TiOp-Carbon (TiO,C) composite was prepared using the microwave-assisted method
and sulfonated using fuming sulfuric acid to produce a TiO,C solid acid catalyst. The prepared solid
acid catalyst was characterised using scanning electron microscopy, Brunauer-Emmett-Teller analysis,
Fourier transform infrared spectroscopy, and X-ray diffraction. Crystallinity analysis confirmed
that TiO,C has an anatase structure, while analysis of its morphology showed a combination of
spheres and particles with a diameter of 50 nm. The TiO,C solid acid catalyst was tested for use
in the catalytic dehydration of fructose to 5-hydroxymethylfurfural (5-HMF). The effect of reaction
time, reaction temperature, catalyst dosage, and solvent were investigated against the 5-HMF yield.
The 5-HMF yield was found to be 90% under optimum conditions. The solid acid catalyst is very
stable and can be reused for four catalytic cycles. Hence, the material has great potential for use in
industrial applications and can be used for the direct conversion of fructose to 5-HMF because of its
high activity and high reusability.

Keywords: TiO,C composite; acid catalyst; dehydration; fructose; 5-Hydroxymethylfurfural

1. Introduction

Increase in the usage of fossil fuels for the production of chemicals and energy has caused not only
a rise in greenhouse gas emissions into the atmosphere, but also water pollution, thereby contributing
to the growing number of serious health issues. These side effects have spurred researchers to look
for alternative ways of producing valuable chemicals and energy using sustainable and renewable
resources. Biomass has been identified as a promising resource for the sustainable production of
valuable chemical feedstocks and fuels [1]. 5-hydroxymethylfurfural (5-HMF) has been recognised
as a key intermediate in the production of biorenewable chemicals [2] and has been classified as a
“platform molecule” because it is an important chemical building block used to derive a variety of
chemicals, pharmaceuticals, and furane-based polymers [3].

5-HMF is usually synthesised from the dehydration of fructose or glucose using homogeneous
organic acids or heterogeneous solid acid catalysts [4]. Although the use of homogeneous catalysts
produces high fructose conversion and high dehydrations of 5-HME, there are drawbacks with regard to
separation, recycling, and equipment corrosion [5,6]. Heterogeneous acid catalysts such as mesoporous
zirconium phosphate [7,8], sulfonated metal oxides [9], magnetite mixed-metal oxides [10], and
functionalised silica nanoparticles [11,12] have been used for the dehydration of fructose to 5-HME.
Although the use of some of these materials has promising results, the studies cited pointed out the
remaining challenge of finding catalysts that are highly active, selective, chemically and structurally
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stable during repeated use, and do not lead to any side reactions (by-products). Biomass-derived
carbonaceous materials were found to be promising candidates for catalytic support application
because of their low cost of production and thermal stability [13]. For example, Wang et al. [14] used a
sulfonated carbonaceous solid acid catalyst for the dehydration of fructose into 5-HMF in dimethyl
sulfoxide (DMSQO). Their catalyst was very efficient and effective in that it converted 96.1% of the
fructose for a high 5-HMF yield of 93.4%. Zhao et al. [15] further explored a sulfonated carbon sphere
solid acid catalyst that converted 100% of the fructose in DMSO solvent at 160 °C for 1.5 h to produce
90% 5-HME. Wang et al. [16] used C-based solid acid catalysts to catalyse dehydration of fructose in
DMSO for 1.5 h at 130 °C to achieve 91.2% 5-HMF. Guo et al. [17] used a lignin-derived carbonaceous
catalyst to convert fructose into 5-HMF under microwave irradiation in the mixture of DMSO and ionic
liquid at 110 °C for 10 min for a fructose conversion of 98% and a 5-HMF yieldof 84%. Hu et al. [18]
explored the use of a magnetic lignin-derived carbonaceous acid catalyst for the catalytic conversion of
fructose into 5-HMF in DMSO solvent. Use of the magnetic C-based catalyst achieved a 100% fructose
conversion and a 5-HMF yieldof 81.1% under optimum reaction conditions.

Studies have found that the anatase phase of TiO, can catalyse the dehydration of carbohydrates
such as fructose and glucose into 5-HMF and that the performance of the TiO; catalyst is strongly
controlled by its morphological and structural properties [3,19-21]. For example, the use of
nanostructured TiO, remarkably favoured the production of 5-HMF from glucose and fructose [19,20],
with its high activity being ascribed to the morphology of the nanoparticles [20].

In this paper, we report the synthesis, characterisation, and application of TiO,-Carbon sphere
(TiO,C) composite for the catalysis of the dehydration of fructose into 5-HMF in DMSO solvent.
To the best of our knowledge, there have been no reports on the use of TiO,C as a catalyst for the
dehydration of fructose into 5-HMF. We synthesised the TiO,C composites using a microwave-assisted
method. Because TiO, has redox acidic sites, Bronsted acid sites were introduced by sulfonating
the TiO,C composites with concentrated sulfuric acid. Scanning electron microscopy (SEM),
Brunauer-Emmett-Teller (BET) analysis, X-ray diffraction, and Fourier transform infrared (FTIR)
spectroscopy were used to characterise the TiO,C acid catalyst. This solid acid catalyst was tested in
DMSO solvent as a catalyst for the dehydration of fructose into 5-HME. To achieve a higher dehydration
of 5-HME, reaction parameters such as reaction temperature, reaction time, and catalyst amount were
optimised. Moreover, the ability to recycle the catalyst was studied to evaluate its catalytic stability.

2. Experimental and Methods

2.1. Materials

All chemicals used for synthesising the TiO, nanoparticles (NPs) and TiO,C composites were
purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). Titanium (IV) isopropoxide
(TTIP) and fructose were used as precursors in the preparation of TiO, and TiO,C composites.
Polyvinylpyrrolidone (PVP) was used as a surfactant and ammonium hydroxide was used as a
reducing agent for the preparation of TiO, NPs. Sulfuric acid was used for sulfonating the TiO,C solid
acid catalyst.

2.2. Preparation of TiO, Nanoparticles Using the Sol-Gel Method

Ethanol (50 mL) was mixed with 17.79 g of TTIP and stirred for 30 min. PVP (4 g) was added to the
mixture, which then was stirred at 70 °C until it was completely dissolved. Next, 4 mL of NH3-2H,O
was added. The solution was heated at 90 °C under reflux conditions for 24 h. The resultant sample
was washed with water and dried at 100 °C for 24 h.

2.3. Preparation of Carbon Spheres Using the Microwave-Assisted Method

The carbon precursor (fructose) was mixed with deionised (DI) water and stirred at room
temperature (25 to 27 °C) for 2 h. The obtained mixture was transferred into microwavable plastic
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vessels that were then placed into the ultraclave high-performance microwave reactor and allowed to
react at 180 °C for 2 h.

2.4. Preparation of TiO,C Composites Using the Microwave-Assisted Method

TiO; nanoparticles were added to 50 mL of DI water. The solution was sonicated at 30 °C
for at least 1 h, after which the fructose was added. The pH of the solution was adjusted to 2.
The solution was stirred at room temperature (25 to 27 °C) for 2 h and then microwaved in the
ultraclave high-performance microwave reactor for another 2 h at 180 °C. The resultant sample was
washed three times with DI water, dried at 150 °C for 24 h, and then calcined at 500 °C for 2 h. Different
amounts of TiO, nanoparticles (1, 5, and 10%) were loaded onto the carbon spheres. For example,
to prepare the 1%TiO,C nanocomposite, 0.1 g of TiO, nanoparticles was added to 9.9 g of fructose,
whereas to prepare the 5%TiO,C and 10%TiO,C, the mass ratio of TiO, nanoparticles to fructose was
0.5:9.5 and 1:9, respectively. The TiO,C composites loaded with 1, 5, and 10% TiO, were denoted as
1%TiO,C, 5%TiO,C, and 10%TiO,C, respectively.

2.5. Preparation of the Sulfonated Carbon and TiO,C Acid Catalysts

TiO,C was sulfonated by adding 1 g of TiO,C composite to 25 ml of concentrated sulfuric acid
and stirring the solution at 120 °C for 24 h under reflux conditions. The sulfonated samples, denoted as
TiO,C_S, were washed with DI water and dried at 150 °C for 24 h. The carbon spheres were sulfonated
using the same method and were denoted as C_S.

2.6. Surface Acid Measurement Tests

A total of 100 mg of C_S and TiO,C_S composite acid catalysts was mixed with 50 ml of DI water
and 40 ml of 0.01 M NaOH and stirred at room temperature (25 to 27 °C) overnight [22]. The solution
was filtered and titrated with 0.1 N of oxalic acid using phenolphthalein as the indicator.

2.7. Characterisation

Elemental composition and surface morphology analyses were conducted using the AURIGA®
scanning electron microscope (Zeiss, Oberkochen, Germany). The crystallinity and phase composition
were investigated using the PanAlytical X'Pert Pro (Panalytical Ltd., Eindhoven, The Netherlands).
The functional groups of the catalysts were measured in the wavelength range of 550-4000 cm ™!
using a Spectrum 100 FTIR spectrometer (PerkinElmer, Waltham, MA, USA). The specific surface area,
pore volume, and pore size were measured using the ASAP 2020 BET analysis system (Micromeritics
Instruments Corp., Norcross, GA, USA).

2.8. Catalytic Testing

Fructose (0.5 g), DMSO (6 ml), and catalyst (0.1 g) were placed in a vessel and allowed to react for
1hat 120 °C using the ultraclave high-performance microwave reactor. After the reaction, the solution
was centrifuged to separate the solid catalyst particles from the liquid, and the supernatant liquid was
analysed using a Lambda UV-Vis spectrometer Model 750s (PerkinElmer, Shelton, CT, USA) at the
wavelength of 284 nm.

2.9. Reusability Studies

Reusability of the materials was studied using the dehydration of fructose into 5-HMF in DMSO
as an illustrative reaction. The C_S and TiO,C_S composite acid catalysts were allowed to react for
1 h in separate vessels and then were separated from the solution by centrifugation. The recovered
catalysts were then washed thoroughly with DI water and ethanol and dried for 4 h at 90 °C. This
process was repeated four times, with the 5-HMF yield calculated each time.
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2.10. Hot Filtration Tests

The 1%TiO,C_S, 5%TiO,C_S, and 10%TiO,C_S acid catalysts were used to perform hot filtration
tests to determine the heterogeneous nature of the acid catalyst. In a typical procedure, 0.5 g of fructose
and 0.1 g of TiO,C_S were added to 6 ml of DMSO and allowed to react for 30 min using the ultraclave
high-performance microwave reactor. After the reaction, the solution was allowed to cool down and
then was centrifuged to separate the catalyst from the reaction mixture. The solution was analysed
using a UV-Vis spectrometer at a wavelength of 284 nm. The same reaction was repeated for 1 h using
the solution filtrate without adding the substrate.

3. Results and Discussion

3.1. BET Surface Area and Pore Volume of the Catalysts

The BET surface area and pore volume of the carbon spheres and the various compositions of the
TiO,C composites are presented in Table 1. The carbon spheres had a surface area of 517 m? /g before
sulfonation. However, a reduction in surface area was observed after adding TiO, NPs to the carbon
due to TiO, NPs blocking some of the micropores of the carbon. The TiO,C composite loaded with the
lowest dosage of TiO, NPs (i.e., 1%TiO,C) had a larger surface area and pore volume of 413 m? /g and
0.26 cm® /g, respectively, than the composites loaded with higher amounts of TiO; (i.e., 5%TiO,C and
10%TiO,C). The surface area of the TiO,C composite decreased when a high loading of TiO, NPs was
introduced onto the carbonaceous support. The 1%TiO,C composite had the highest pore volume of
0.26 cm3/g compared to that of 5%TiO,C and 10%TiO,C composites. Both the surface area and the
pore volume were affected by functionalising the carbon spheres and TiO,C with concentrated sulfuric
acid. After sulfonation, the surface area of the carbon spheres decreased from 517 to 167 m?/ g and
that of the 1%TiO,C, 5%TiO,C, and 10%TiO,C composites decreased from 413 to 83, 273 to 61, and 202
to 59 m? /g, respectively. Pore volume also decreased. The reduction in surface area and pore volume
might be attributed to the SO3H groups that were attached to the pores of the carbon spheres and
TiO,C composites during sulfonation. Other researchers reported similar results [21,22]. For example,
Tamborini et al. [21] synthesised sulfonated porous carbon materials and used them for the production
of biodiesel. The surface areas of the different synthesised carbons (PC100S and PC200S) were 630 and
695 m? /g, respectively. The sulfonation process decreased the surface area of PC100S to 470 m?/g
and that of PC200S to 140 m?/g. The pore volume of the carbon materials also decreased from 0.92
to 0.77 cm3/g and from 1 to 0.34 cm3/g, respectively. Sulfonation corroded the microporosity and
mesoporosity of these carbon materials. Liu et al. [22] prepared a carbon-based acid catalyst and used
it for the esterification of acetic acid with ethanol. After sulfonation, the surface area and pore volume
of the activated carbon decreased from 751 to 602 m2/ g and from 0.47 to 0.38 cm?/ g, respectively.
Their findings suggested that SO3H groups were grafted onto the pore spaces of the activated carbons.

Table 1. Textural properties and hot filtration results of carbon spheres and TiO,C nanocomposites.

Catalyst before Sulfonation Catalyst after Sulfonation
SBET Vp SBET Vp Sulfonic Groups
(m?/g) (cm®/g) (m?/g) (ecm®/g) (m-molg~1) 2
C 517 - (G} 167 - 1.34
1%TiO,C 413 0.26 1%TiO,C_S 83 0.07 1.46
5%Ti0,C 273 0.13 5%Ti0,C_S 61 0.04 1.55
10%TiO,C 202 0.10 10%TiO,C_S 59 0.03 1.49

C: Carbon; Sggr: Surface Area; Vp: Pore Volume; S_: Sulfonated; * Attained by titration with NaOH.

The acid strength of C_S, 1%TiO,C_S, 5%TiO,C_S, and 10%TiO,C_S was calculated to be 1.46,
1.55,1.49, and 1.36 mmol g~ !, respectively, as seen in Table 1. The acid distribution results confirmed
that SO3H acid sites were introduced onto the surface of the prepared catalysts, verifying the strong
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adsorption bands of the S=O group at 1180 and 1008 cm~!, which were associated with the SO3~
groups in the FTIR spectra discussed in Section 3.3.

The heterogeneous nature of the 1%TiO,C_S, 5%TiO,C_S, and 10%TiO,C_S acid catalysts was
evaluated using hot filtration tests conducted at optimum conditions. The results showed that leaching
of SO3H functional groups did not occur during the dehydration of fructose to 5-HMEFE. The 5-HMF
dehydration was about 80% after 30 min of reaction. The reaction was repeated again for 1 h and
showed that the HMF dehydration did not improve beyond 80%. These findings confirmed that the
TiO,C_S acid catalysts are heterogeneous and that the functional groups were strongly attached to the
surface of the TiO,C_S catalysts, so leaching did not occur.

3.2. Surface Morphology

The SEM images of the neat carbon and neat TiO,C composites are shown in Figure la—d,
and those of the C_S and TiO,C_S acid catalysts are shown in Figure le-h. The neat carbon was
spherical and had a smooth surface, with the spheres agglomerated and interconnected (Figure 1a).
The neat 1%TiO,C_S, 5%TiO,C_S, and 10%TiO,C_S composites consisted of a combination of
interconnected spheres and small TiO, particles which did not have a definite shape, and were
aggregated (Figure 1b—d). Moreover, a high amount (5 and 10 wt.%) of TiO; NPs loading promoted
the formation of irregular TiO, particles in the TiO,C composites. After sulfonation, the particles were
found to have shrunk, as seen in Figure 1f-h, whereas in a case of C_S the spheres were found to have
enlarged as shown in Figure 2e.

Figure 1. SEM low magnification images of (a) neat C, (b) neat 1%TiO,C, (c) neat 5%TiO,C, (d) neat
10%TiO,C, (e) C_S solid acid catalyst, (f) 1%TiO,C_S solid acid catalyst, (g) 5%TiO,C_S solid acid
catalyst, and (h) 10%TiO,C_S solid acid catalyst.

Figure 2 shows the high magnification SEM images of (a) C_S solid acid catalyst, (b) 1%TiO,C_S,
(c) 5%TiO,C_S, (d) 10%TiO,C_S and (e) sulfonated TiO,. From Figure 2a, we can see that the C_S
solid acid catalyst had a smooth surface, whereas the 1%TiO,C_S and 5%TiO,_S showed the presence
of small traces of TiO, particles which were deposited onto the carbon surface. In the 10%TiO,C_S
sample (Figure 2d) TiO, particles were deposited on the surface of the carbon. However, these TiO,
particles were not homogeneously distributed onto the surface of the carbon. In the sulfonated TiO,
sample (Figure 2e); SEM revealed that TiO, particles had irregular shaped and were agglomerated.
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Figure 2. SEM high magnification images of (a) C_S solid acid catalyst, (b) 1%TiO,C_S solid acid
catalyst, (c) 5%TiO,C_S solid acid catalyst, (d) 10%TiO,C_S solid acid catalyst and (e) sulfonated TiO,.

The energy-dispersive spectroscopy (EDS) spectra of the neat carbon and neat TiO,C composites
are shown in parts (a) to (d) of Figure 3, and those of the carbon spheres and TiO,C after sulfonation
are shown in parts (e) to (h) of Figure 3. The EDS spectrum of the carbon spheres contains only C
and O peaks, whereas that of the composite samples contains the Ti peak, confirming that TiO, was
present in the samples. The elemental weight percent of C decreased with an increase in TiO; loading.
After sulfonating the carbon, the C, O, and S peaks are present in the spectrum (Figure 3e), indicating
that the carbon spheres were neat and no impurities were detected in the sample. The spectra of
the TiO,C_S acid catalysts [parts (f) to (h) of Figure 3] showed the presence of C, O, Ti, and S, and
the elemental weight percentage of Ti increased with an increase in the loading percentage of TiO,.
However, the weight percentage of C decreased with an increase in the loading percentage of TiO5.
No other impurity elements were found in the prepared solid acid catalysts. The presence of S in all
the solid acid catalysts indicated that the samples were successfully functionalised with sulfuric acid.
Elemental composition analysis revealed that all the prepared acid catalysts contained sulfonic acid in
the form of SO3H groups [23], further proving the presence of sulfonic groups, as indicated in Table 1.
Wang et al. [14] also confirmed the presence of sulfonic groups on the surface of carbon materials after
sulfonation. The TiO,C_S composites had C, O, Ti, and S, and their elemental weight percent of Ti
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increased with an increase in the loading percentage of Ti. However, the weight percent of C decreased
with an increase in the loading percentage of Ti.
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Figure 3. EDS spectra and elemental composition of (a) neat C, (b) neat 1%TiO,C, (c) neat 5% TiO,C,
(d) neat 10% TiO,C, (e) C_S solid acid catalyst, (f) 1%TiO,C_S solid acid catalyst, (g) 5% TiO,C_S solid
acid catalyst, and (h) 10% TiO,C_S solid acid catalyst.

3.3. Chemical Analysis Using FTIR

The FTIR spectra of the neat, calcined, and sulfonated carbon spheres are shown in Figure 4a.
The presence of oxygen groups is demonstrated by the bands at 3000-3600 and 1710 cm ™!, which were
attributed to ~OH stretching and C=0 vibrations, respectively [3,24]. The 875-750 cm™~! band was
assigned to the aromatic C-H group, and the presence of aromatic rings was confirmed by the band
at 1620 cm 1, which was assigned to C=C vibrations [24]. Additional bands at 1180 and 1008 and
1106—1168 cm~! were observed in the spectrum of the sulfonated carbon spheres. These bands were
assigned to the symmetric stretching vibration of S=O groups, which are associated with the SO3~
groups [25] and C=S stretching [26], respectively as shown in Figure 4a. These sulfonic peaks in the
spectrum of the sulfonated carbon spheres indicate that -SO3H functional groups were attached to
the carbon spheres. The FTIR spectra of the neat, calcined, and sulfonated 1%TiO,C, 5%TiO,C, and
10%TiO,C (Figure 4b—d) show bands at 1700 and 1200 cm ™!, which were attributed to the C=0 and
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C-O stretching of the carboxyl group [27]. A strong adsorption band of the S=O group at 1008 cm~?,
which was associated with the SO3~ groups, was observed.
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Figure 4. Cont.
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Figure 4. FTIR spectra of neat, calcined and sulfonated (a) carbon, (b) 1%TiO,C, (c) 5%TiO,C,
and (d) 10%TiO,C.

3.4. Structural Characterisation Using XRD

The XRD patterns of the calcined carbon spheres and TiO,C composites are shown in Figure 5a.
The XRD pattern of the neat carbon spheres showed broad peaks at 25° and 43°, which were indexed
to the [002] and [100] characteristic phases of amorphous carbonaceous material, whereas the TiO,C
sample which was loaded with the least dosage of TiO, (1%TiO,C), was found to be amorphous, due to
the effect of high concentration of the carbon which was present in the sample. The XRD pattern of the
crystalline structure of the 5%TiO,C and 10%TiO,C composites had sharp peaks at 25.2°, 37.83°, 48.2°,
54.8°,62.2°, and 70.2°, which were indexed to the [101], [004], [200], [105], [204], and [116] phases of
anatase TiO, [28]. After sulfonation, the peaks for the carbon spheres and 1%TiO,C shifted, as shown
in Figure 5b. Moreover, the acid treatment (sulfonation) caused the [100] plane peak to disappear.
The 5%TiO,C and 10%TiO,C composites were not affected by the sulfonation.
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Figure 5. XRD results for carbon spheres and TiO,C composites (a) that were calcined at 500 °C and
(b) after sulfonation.

3.5. Catalytic Testing
3.5.1. Effect of Different Solvents on the Dehydration of Fructose into 5-HMF

Dehydration of fructose into 5-HMF was tested using different alcoholic solvents (such as
isopropanol, ethanol, and methanol), water, and DMSO at 120 °C for 60 min (Table 2). All the
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alcoholic solvents produced a low 5-HMF yield of <12% on all the solid catalysts tested for this reaction.
Water was also found to be an ineffective solvent. DMSO was the most effective solvent. The HMF
yield was 84% for the carbon solid acid catalyst, 91% for 1%TiO,C_S, 92% for 5%TiO,C_S, and 95%
for 10%TiO,C_S. Thus, the HMF dehydration increased as the TiO, content increased. These results
suggest that DMSO is a suitable solvent for use in the dehydration of fructose into 5-HMF when using
TiO,C solid acid catalysts. DMSO acted both as a solvent and as a reaction mediator; hence a high
dehydration of 5-HMF was achieved.

Table 2. Dehydration of fructose in different solvents.

HMF Dehydration (%) [UV-Vis at the Measured Absorbance of 284 nm]

Catalyst Methanol DI Water Ethanol Isopropanol DMSO
C 3 5 11 1 84
1%TiO,C 3 6 4 9 91
5%TiO,C 3 1 6 0 92
10%TiO,C 0 4 12 11 95

Reaction conditions: Substrate, fructose; catalyst amount, 0.1 g; temperature, 120 °C; time, 60 min.

Table 3 shows a comparison of the TiO,C composite acid catalyst synthesised in this work with
other catalysts reported in published works on dehydration of fructose into 5-HMF in DMSO using
the microwave-assisted method. We found that our designed TiO,C_S acid catalysts produced the
highest 5-HMF yield. The highest 5-HMF yield that we achieved at 120 °C, a temperature lower than
those used in other studies, was 91% for 1%TiO,C_S and 92 and 95% for 5%TiO,C_S and 10%TiO,C_S,
respectively. To our knowledge, this is the first report of the use of TiO,C_S composites as effective
solid acid catalysts for the conversion of fructose into 5-HMF using the microwave-assisted method.
De et al. [19] used mesoporous TiO, nanomaterial to catalyse the dehydration of D-fructose into 5-HMF
in DMSO solvent under microwave-assisted heating. This reaction was conducted at 130 °C for 2 min
for a 49.2% 5-HMF yield was achieved. Dutta et al. [15] also used mesoporous TiO, nanoparticles
for the same reaction at 140 °C for 5 min and reported a yield 0f53.4%. Use of carbonaceous acid
catalysts for this reaction achieved a 100% conversion of fructose and 90% 5-HMF yield at 160 °C for
1.5 h. Wang et al. [16] used carbon-based solid acid catalysts to catalyse the dehydration of fructose
into 5-HMF at 130 °C for 1.5 h for a 5-HMF yield of about 91.2%. Hu et al. [18] explored a magnetic
lignin-derived carbonaceous acid catalyst for the catalysed conversion of fructose into 5-HMF and
achieved a 5-HMF yield of 81.1% with 100% fructose conversion.

Table 3. Comparison of results of the dehydration of fructose (substrate) into 5-HMF in DMSO using
carbonaceous and TiO,-based solid acid catalysts.

Catalyst Mass Substrate Mass T Time 5-HMF Yield (%)

Catalyst ® @ ©C) (min) Uv-Vis® HPLCP Ref.
cs 0.1 05 120 60 84 - This work
1%Ti0,C_S 0.1 05 120 60 91 - This work
5%Ti0,C-S 01 05 120 60 92 - This work
10%TiO,C_S 0.1 05 120 60 95 - This work

TiO, 0.05 0.1 130 2 195 47.8 [19]

TiO, 01 0.05 140 5 534 - [20]

cs 0.1 05 160 90 - 90 [15]

C 04 05 130 90 - 91.2 [16]

Magnetic lignin-derived 0.05 0.1 130 40 - 81.1 [18]

carbon (MLC)-SOsH

2 5-HMF dehydration was calculated by UV-vis at the measured absorbance of 284 nm; ® 5-HMF dehydration
measured by HPLC.

3.5.2. Effect of Reaction Temperature on HMF Dehydration

The effect of reaction temperature on the catalytic transformation of fructose to HMF was
carried out at 25, 60, 80, 100 and 120 °C. The reaction was conducted using 1%TiO,C_S, 5%TiO,C_S,
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10%TiO,C_S, C_S solid acid catalysts and without the catalyst (non-catalytic reaction). The results are
shown in Figure 6, which suggests that no 5-HMF was formed when the reaction was carried out in
the absence of a catalyst on all the reaction temperatures that were studied. For the carbon solid acid
catalyst and reaction temperature of 25 °C, the 5-HMF yield was <8%. When the temperature was
raised to 60 °C, the 5-HMF yield slightly increased to 35%. At 80 °C, the 5-HMF yield improved to 71%.
The highest 5-HMF yield of 85% was achieved at 120 °C. The effect of reaction temperature was also
tested using the 1%TiO,C_S, 5%TiO,C_S, and 10%TiO,C_S solid acid catalysts. The 5-HMF yield was
low when the reaction was conducted at 25 °C, then increased as the reaction temperature increased.
The highest HMF yields of 91, 92, and 95% were achieved at 120 °C with the use of 1%TiO,C_S,
5%TiO,C_S, and 10%TiO,C_S solid acid catalysts, respectively. Thus, the best temperature for 5-HMF
production using these composite catalysts was 120 °C. Compared to the performance of the carbon
solid acid catalyst, an improved HMF yield was achieved with the use of 1, 5, and 10%TiO,C_S solid
acid catalysts.
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Figure 6. Effect of reaction temperature on fructose dehydration into HMF using sulfonated carbon
and TiO,C composite catalysts in DMSO solvent.

3.5.3. Effect of Reaction Time on 5-HMF Dehydration

The effect of reaction time on the catalysed dehydration of fructose into 5-HMF was studied
using different times of 15, 30, 60, and 120 min. The reaction was conducted using the prepared solid
acid catalysts and no catalyst (non-catalytic reaction). The results are shown in Figure 7. No 5-HMF
was formed when the reaction was carried out without a catalyst for all four reaction times. When
the reaction was performed with the C_S solid acid catalyst, increasing the reaction time from 15 to
30 min improved the 5-HMF yield from 25% to 46%. The HMF dehydration increased rapidly to 85%
after conducting the reaction for 60 min. However, performing the reaction for 120 min caused a
slight drop in the 5-HMF yield to 83%. When conducting the dehydration reaction using 1%TiO,C_S,
5%TiO,C_S, and 10%TiO,C_S solid acid catalysts, increasing the reaction time from 15 to 30 min
increased the 5-HMF yield from 27 to 49%, 28 to 58%, and 29 to 68%, respectively. Increasing the
reaction time to 60 min significantly improved the 5-HMF yield to >90% for all the TiO,C composite
acid catalysts. Finally, for a reaction time of 120 min, the HMF dehydration for 1%TiO,C_S, 5%TiO,C_S,
and 10%TiO,C_S solid acid catalysts was calculated to be 88, 92, and 93%, respectively.
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Figure 7. Effect of reaction time on the dehydration of fructose into HMF in DMSO solvent.
3.5.4. Effect of Catalyst Amount on HMF Dehydration

The effect of the amount of catalyst on the 5-HMF yield was studied, with the results presented in
Figure 8. The reaction was carried out using catalyst dosages of 0.02, 0.05, 0.1, and 0.2 g. The results
indicated that no 5-HMF was formed when this reaction was conducted in the absence of a catalyst
on all the catalyst dosages that were studied. The 5-HMF yield increased from 34 to 59% when
the amount of the C_S solid acid catalyst increased from 0.02 to 0.05 g under the same reaction
conditions. An increase in the catalyst dosage to 0.1 g increased the 5-HMF yield to 85%. However,
increasing the catalyst dosage to 0.2 g resulted in a reduction of the 5-HMF yield to 82%. The effect of
catalyst concentration was also tested using the 1%TiO,C_S, 5%TiO,C_S, and 10%TiO,C_S solid acid
catalysts. An increase in the catalyst dosage from 0.02 to 0.1 g drastically improved the 5-HMF yield
of the 1%TiO,C_S, 5%TiO,C_S, and 10%TiO,C_S solid acid catalysts to 91, 92, and 95%, respectively.
However, when the catalyst dosage increased to 0.2 g, the 5-HMF yield of the 5%TiO,C_S, and
10%TiO,C_S solid acid catalysts slightly decreased to 91 and 92% respectively, whereas in a case of
the 1%TiO,C_S the 5-HMF yield increased to 93%. This decrease in 5-HMF dehydration at a high
catalyst dosage for the 5%TiO,C_S and 10%TiO,C_S, could be attributed to the excess acid active sites
that promote both the dehydration reaction and the formation of by-products such as humins [29].
The 5-HMF yields did not increase with an increase in catalyst dosage for the C_S, 5%TiO,C_S and
10%TiO,C_S solid acid catalysts.
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Figure 8. Effect of catalyst dosage on the dehydration of fructose into HMF in DMSO solvent.

3.5.5. Reusability of the Catalyst

The reusability of the catalysts was studied, with the results presented in Figure 9. After the first
run, the 5-HMF yields were 94, 97, and 93% for 1%TiO,C_S, 5%TiO,C_S, and 10%TiO,C_S, respectively.
The 5-HMF yield slightly decreased after the fourth run. The 5-HMF yield of the 1%TiO,C_S and
10%TiO,C_S composite acid catalysts decreased by 3% and that of 5%TiO,C_S decreased by 5%. These
results indicate that the TiO,C composite acid catalysts are highly stable and can be reused for the
dehydration of fructose.
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Bl 10%Ti0,C_S
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Figure 9. Recycling of the 1%TiO,C_S, 5%TiO,C_S, and 10%TiO,C_S acid catalysts used in the
dehydration of fructose into HMF. Conditions: reaction time = 60 min, reaction temperature = 120 °C,
catalyst concentration = 0.1 g, amount of fructose = 0.5 g, volume of DMSO = 6 mL).
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4. Conclusions

TiO,C solid acid catalysts were successfully prepared using the microwave-assisted method and
then sulfonated with concentrated sulfuric acid. Microwave heating increases the rate of dehydration
of fructose. The dehydration of fructose is closely related to the acidity of the catalyst. Among the
solvents tested for use in the dehydration of fructose into 5-HMF, DMSO performed the best in terms
of 5-HMF dehydration. The reaction temperature, reaction time, and catalyst dosage were found to
have an effect on the 5-HMF dehydration. The solid acid catalysts synthesised in this work were highly
stable and heterogeneous. Moreover, this study was the first time such TiO,C solid acid catalysts were
used for dehydrating fructose into 5-HME.
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Abstract: To suppress the agglomeration of a photocatalyst, facilitate its recovery, and avoid
photolysis of dyes, various support materials such as ceramic, carbon, and polymer have been
investigated. However, these support materials pose the following additional challenges: ceramic
supports will settle down at the bottom of their container due to their high density, while the
carbon support will absorb the UV-vis light for its black color. Herein, we propose a floatable, UV
transmitting, mesoporous bleached wood with most lignin removal to support P25 nanoparticles
(BP-wood) that can effectively, recyclable, three dimensional (3D) photocatalytic degrade dyes such
as methylene blue (MB) under ambient sunlight. The BP-wood has the following advantages:
(1) The delignification makes the BP-wood more porous to not only quickly transport MB solutions
upstream to the top surface, but is also decorated with P25 nanoparticles on the cell wall to form a 3D
photocatalyst. (2) The delignification endows the BP-wood with good UV transmittance to undergo
3D photocatalytic degradation under sunlight. (3) It can float on the surface of the MB solution to
capture more sunlight to enhance the photodegradation efficiency by suppressing the photolysis of
MB. (4) It has comparable or even better photocatalytic degradation of 40 mg/L and 60 mg/L MB
than that of P25 nanoparticles suspension. (5) It is green, recyclable, and scalable.

Keywords: bleached wood support materials; 3D photocatalyst; UV transmittance; floatable;
recyclable

1. Introduction

In order to rapidly, efficiently, and cost-effectively remove dyes from industrial waste water [1],
various technologies, such as physical adsorption [2], photocatalytic degradation, chemical oxidation,
and membrane filtration, have been implemented, among which photocatalytic degradation has been
demonstrated to be of high efficiency [3-5]. Heterogeneous photocatalysis is based on the use of UV
light with a wavelength shorter than 380 nm to stimulate a semiconductor material (i.e., TiO, with
band gap of ca. 3.2 eV, corresponding to radiation of UV light with a wavelength of about 380 nm)
to excite the electrons from the valence band to the conduction band to generate electron-hole pairs,
which serve as the oxidizing and reducing agents to photocatalytic degrade dyes [6]. The efficiency
of TiO, was reported to be influenced by many factors, such as crystalline structure [7-10], particle
size [10-13], and doping with the other ions [14-17]. However, there are some disadvantages in
the use of TiO, nanoparticle suspension during photocatalytic processes: it tends to agglomerate at
high concentrations, and is difficult to separate and recycle from the solution [18,19]. To overcome
these disadvantages, TiO, can be supported on a material that suppresses the agglomeration and
facilitates its further recovery. In this context, various support materials, such as ceramic (i.e., molecular
sieves, silica, zeolite, and clay) [19-22], carbon (i.e., activated carbon, carbon nanotube, graphene,
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and graphite) [18,23-26], and polymer (i.e., chitosan, polyamide, polyester) [27-29] have been
investigated. However, these support materials pose additional challenges. For instance, ceramic
supports will settle down at the bottom of their container due to their high density, while the dyes in
the upper solution will absorb the UV light to have photolysis instead of photocatalytic degradation
by the photocatalyst. The carbon support will absorb the UV-vis light due to its black color [30-32].
Thus, it is still a challenge to provide an excellent support material with low density to float on the
dye solutions’ surface to efficiently exploit UV light, 3D porous structure to support photocatalysts
nanoparticles, transmit UV light and transport dye upstream.

Wood, an earth-abundant, natural, low density, hierarchical, mesoporous material, has been
widely used as the template to prepare TiO, nanomaterials [33,34], the substrate to coat with TiO,
nanoparticle to enhance weathering performance [35], and the support to decorate with palladium
nanoparticles for efficient wastewater treatment [36]. With its mesoporous structure, wood is comprised
of numerous long, partially aligned lumens as well as nanochannels along its growth direction,
facilitating its floatation on the solutions’ surface, decoration nanoparticles on the cell wall, and bulk
treatment as water flows through the entire mesoporous wood [36]. However, it is difficult to exploit
wood as a photocatalyst support due to the 20-30% lignin, whose absorption ranges from 300 nm to
600 nm [31].

The objective of the current study is to test the hypothesis that the bleached wood
(i.e., cellulose-based hierarchical porous structure of wood obtained via delignification) can also
be exploited as an alternative photocatalyst support material. Herein, P25, a commercial TiO;
photocatalyst was coated on three kinds of wood-based supports, namely bleached wood with
P25 (BP-wood), half-bleached wood with P25 (HBP-wood), and natural wood (N-wood) with P25
(NP-wood). The first two are obtained by removing about 50% lignin and 95% lignin, respectively.
Notably, the mesoporous structure of N-wood is well maintained even after removing 95% lignin,
and possess transmittance with UV light. The photocatalytic activity of above three wood-based
catalysts are investigated in aqueous solution by using methylene blue (MB) dye as a model
contaminant under ambient sunlight illumination. The mesoporous structure of the bleached wood is
demonstrated to play important roles in the photocatalytic degradation since the wood is composed of
50% vessel channels and 20% fiber channels, which provide a pathway to quickly transport MB solution
onto the top surface to be photodegraded with the P25 nanoparticles under sunlight illumination.
Moreover, the P25 nanoparticles can be penetrated into the wood cell wall to form 3D photocatalitic
composites to further enhance the photodegradation with the illumination of transmitted UV light.
The experimental result shows that it has better photocatalytic degradation of 60 mg/L MB than that
of P25 nanoparticles suspension.

2. Results and Discussion

Scheme 1a illustrates the preparation process of BP-wood and the photocatalytic process. In order
to remove lignin, the natural basswood is delignified by HyO, steam. Scheme 1b demonstrates
the approximate photodegradation mechanism of BP-wood-supported catalysts. The degraded
materials are continuously transported from the bottom of the BP-wood to the top and inside, forming
a 3D catalytic mechanism under the permeation of the light source. As for the control group (P25
nanoparticles are directly added to the MB solution), shown in Scheme 1c. P25 is easily wrapped with
the light-absorbing dye in the solution, so that the dye undergoes weak photolysis under illumination,
which has a certain degree of influence on the photocatalytic degradation of P25.
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Scheme 1. Material preparation and usage. (a) Sketch of BP-wood preparation. (b) Wood absorbs
methylene blue (MB) from the bottom of the contact surface and sends MB to the location of lower
concentration by capillary action and transpiration of the pipeline. With the provision of ultraviolet
light from sunlight, TiO,, once exposed to MB, immediately produces an effective photocatalytic
degradation. There is also a degradation process of MB inside the timber pipe and inside the pipe wall.
Due to the higher transmission of UV light in BP-wood, the P25 penetrating into the interior of the wood
also plays a role of catalyzer. (c) Schematic diagram of a control group-added P25 particles directly.

The lignin content can be decreased from 22.5% (N-wood) to 12.3% (Half B-wood), to 1.01%
(B-wood) when the H,O, steam time prolong to 1 h and 4 h, respectively (shown in Figure 1a). The
mechanical strength of BP-wood is shown in Figure 1b. For the wet BP-wood with a thickness of 5 mm,
the fracture strength is about 0.4 MPa. It is lower than that of N-wood and dry BP-wood (2.4 MPa),
which was strong enough to be carried out in the photocatalytic process. From Figure 1c,d, we can see
that massive microscale pores were generated in the cell wall and cell wall corners after delignification
compared with N-wood, which will provide sites to P25 nanoparticles, and a pathway to quickly
transport dye solution upstream to the B-wood'’s top surface. Furthermore, P25 nanoparticles dispersed
in aqueous solutions were coated on the surface of N-wood, Half B-wood, and B-wood to obtain
P25 nanoparticles supported on the N-wood (NP-wood), Half B-wood (HBP-wood ), and B-wood
(BP-wood), respectively. As shown in Figure le, Raman spectra revealed that peak intensity of B-wood
at 1300, 1602, and 1730 cm ! decreased compared with that of N-wood, which further demonstrated
the removal of most of the lignin in B-wood [37]. Moreover, the degradation of the cellulose was
negligible, while both lignin and hemicellulose were dramatically removed, as shown in our previous
work [38]. The color changed from yellow to white during delignification process, shown in Figure 1f.
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Figure 1. (a) Lignin content and (b) Mechanical strength of BP-wood in wet state. SEM images of cell
wall corners and the middle lamella of (c) Natural basswood (N-wood) and (d) B-wood. (e) Raman
characterization of N-wood, B-wood. The images were obtained through baseline corrected and
normalized. (f) Photos of wood after removal of different content of lignin.

In order to investigate the water transportation capacity, we designed a dye transportation
experiment. N-wood and B-wood are put into a dye solution to observe the distance the dye arrives
after a certain time. As shown in Figure 2a, the dye in the B-wood reaches to a larger distance than that
of the N-wood, which indicates that the B-wood exhibits better material transportation capabilities
than that of N-wood. The speed of dye transportation in the B-wood and the N-wood are determined
to be 2.2 and 6.3 mm/min, respectively (Figure 2b).

b

Speed (mm min'1)
o - N w £ (3] N

N-wood B-wood

Figure 2. (a) The MB transport distance through B-wood and N-wood after 0, 5 min. (b) The MB
transport speed through B-wood and N-wood during 5 min.

As shown in Figure 3a-d, P25 nanoparticles are not only decorated on the top surface of B-wood,
but also penetrate into the cell wall of B-wood due to its mesoporous structure, which results in
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three-dimensional (3D) P25-wood composites. The light transmittance of wet BP-wood and NP-wood
in the range of 200-800 nm are shown in Figure 3e. It is worth noting that, in the ultraviolet range of
300-400 nm, BP-wood still has a light transmittance of 0.5-20%, while NP-wood does not have light
transmittance before about 550 nm due to the existence of 22.5% lignin.

To demonstrate the 3D photocatalytic features of BP-wood, the P25 nanoparticles coated on the
B-wood surface were purposely removed to preserve the P25 nanoparticles which had penetrated
into the interior of the B-wood (BI-wood). 10 mg/L methylene blue (MB) aqueous solution was
photocatalytically degraded with BI-wood, and B-wood under ambient sunlight. The re-plotted linear
graph of In(cy/c) ~t shown in Figure 3f indicates that the photocatalytic degradation of MB with P25
decorated inside the BP-wood follows roughly the pseudo-first-order reaction [7]. The rate constants
were determined to be 0.35,0.21, and 0.18 h—! for Bl-wood, B-wood, and methylene blue (MB) aqueous
solution, respectively. That is, the photocatalytic degradation of Bl-wood is better than absorption of
B-wood and the photolysis of MB, which indicates that the bleached, delignified wood can be used as
3D photocatalyst support due to its mesoporous structure, and UV transmittance.

§20 [ 20} _:I-woodd
g —=—BP-wood g ==DS-Woo
£ ——NP-wood § 1.5 —Blank
E 10f £
2
s 5t
[

[1]13
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Figure 3. SEM images of B-wood’s (a) top surface and (b-d) cross section decorated with P25
nanoparticles. (e) Optical transmittance of BP-wood and NP-wood. (f) Comparison of photocatalytic
degradation of Bl-wood with TiO, removed at the top and B-wood and blank control groups
(where Cj is the initial concentration of the dye solution and C is the concentration of dye at
corresponding time) [6].

The photocatalytic properties of BP-wood, HBP-wood, and NP-wood were examined by
measuring the photodegradation of 20 mg/L MB under ambient sunlight. As shown in Figure 4a, all
wood-based photocatalysts, including BP-wood, HBP-wood, and NP-wood can float on the surface of
the MB solution, and the P25 nanoparticles coating the top surface of the BP-wood are directly exposed
to sunlight. Figure 4b shows the MB photolysis and photodegradation kinetic curves for reactions in
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which P25, NP-wood, HBP-wood, and BP-wood are used as photocatalysts. Overall, the photocatalytic
activity increased when the lignin content decreasing. The re-plotted linear graph of In(cp/c) ~ t
shown in Figure 4b indicates that the rate constants were determined to be 0.52, 0.41, 0.21, and 0.08
h~! for P25, BP-wood, HBP-wood, and NP-wood, respectively. Combining with the corresponding
lignin content, we can conclude that the photocatalytic activity of wood supported P25 increases with
the decreasing of lignin content. Notably, the photolysis of MB with 20 mg/L is very small. After
photodegradation, both BP-wood and NP-wood were taken out from the solutions. It is clear that,
after the photodegradation, the P25 nanoparticles” suspension leads to a turbidity inside the entire
beaker, which indicates the difficulty to be separated and recycled (Figure 4c). As for NP-wood, the
solution after photodegradation exhibits yellow color due to the leaching of N-wood [32]. However, it
is clean and pollution-free for BP-wood, which reveals the clean and environmental benign. We further
exam the BP-wood and NP-wood after photodegradation, shown in Figure 4d,e. Compared with the
blue color of the interior of NP-wood, BP-wood appears pure white without MB molecules. That is,
the MB molecules inside BP-wood are also photocatalytical degraded, which further demonstrates the
3D photocatalyst feature of BP-wood. As for NP-wood, although there was photocatalytic degradation
occurring on the surface, the MB molecules absorbed in the porous wood still remained.

— P25
b 3.0 = BP-wood
25 — HBP-wood
S 2.0} === NP-wood
=== Blank

4
Time (h)

€

Figure 4. (a) Photo of photocatalytic degradation devices under sunlight. (b) Photodegradation of MB
monitored as the normalized concentration change versus irradiation time under sunlight. Photo of
(c) MB solutions, (d) BP-wood, and (e) NP-wood after photodegradation of MB solution under sunlight.

We also characterize the photocatalytic degradation of the high-concentration MB solution
with BP-wood under ambient sunlight. From Figure 5a,b, we can see that the photodegradation
performance of the BP-wood is comparable to or even better than those of P25 suspension when the
concentration of MB increases to 40 mg/L and 60 mg/L, respectively. As we know, MB molecules
can be degraded by either photolysis or photocatalytic degradation. With the MB concentration
increased, MB molecules will absorb more UV light to be degraded by photolysis, which decreases the
photocatalytic degradation efficiency of P25 suspension, while the effect on BP-wood is negligible due
to its floatability. Figure 5¢ further demonstrates that the enhancement factor of the BP-wood versus
P25 suspension increased with the increasing of MB concentration.
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Figure 5. Photodegradation of MB solutions with (a) 40 mg/L, (b) 60 mg/L monitored as the
normalized concentration change versus irradiation time in the presence of P25 and BP-wood under
ambient sunlight. (c) Enhancement factor of the use of BP-wood compared with P25. (d) Recycling
performance of BP-wood.

The photodegradation process of BP-wood consists of the following steps. Firstly, the BP-wood
floats on the surface of MB aqueous solutions due to its low density. Secondly, the MB solutions
will transport to the top surface of the BP-wood via aligned channels to make contact with P25
nanoparticles. Thirdly, MB molecules will be photocatalytical degraded via P25 nanoparticles under
UV light with a wavelength shorter than 380 nm in sunlight. Fourth, MB molecules will continuously
accumulate in both top surface and the interior of BP-wood via a concentration gradient to continuous
photodegradation. It should be noted that the P25 nanoparticles decorated into the cell wall of BP-wood
also exhibit photocatalytic activity since UV light can be transmitted into the interior of BP-wood.

Thanks to its large size and 0.4 MPa mechanical strength, BP-wood can be easily recycled to
photodegrade the MB solution under ambient sunlight. After the degradation, the BP-wood was taken
out and kept under ambient conditions. As shown in Figure 5d, our BP-wood exhibited excellent
recyclable performance: during the 5 circles, it takes 6.5, 7.0, 6.8, 7.1, and 6.9 h respectively to achieve
photodegradation of a 20 mg/L MB solution. There is no significant decline in efficiency during the
photodegradation process.

3. Materials and Methods

3.1. Materials and Chemicals

Basswood was used in this study. P25 was bought from Degussa AG. H,O,, MB, anhydrous
ethanol ethanol were bought from Sigma Chemicals (Shanghai, China).

3.2. Preparation of N-Wood and B-Wood

Natural basswood (N-wood) slices with size of 7t x 20 x 20 x 5 mm?® were obtained by cutting
along the direction perpendicular to the growth of wood. Half-B-wood and B-wood were obtained
by HyO, steam delignification of above-mentioned N-wood at 100 °C for 1 and 4 h, respectively [38].
After rinsed with water, and ethanol for three times, they were dried at 50 °C for 4 h.
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3.3. Preparation of NP-Wood and BP-Wood

The P25 nanoparticles were dispersed in deionized water and ultrasonically dispersed for 10 min.
After overnight, the upper 5 mL * 3 g/L P25 suspension was coated on the N-wood, Half-B-wood,
and B-wood to form NP-wood, HBP-wood, and BP-wood.

3.4. Photocatalytic Activity Measurement

The photocatalytic activity of the aforementioned samples was investigated by placing NP-wood,
HBP-wood, and BP-wood on the surface of MB aqueous solution to measure the P25-assisted
photodegradation of 100 mL MB aqueous solutions. At the same time, 0 mL and 5 mL * 3 g/L
P25 suspension was added into 100 mL MB aqueous solutions as the control group. Then, they were
irradiated under ambient sunlight. Finally, the concentration of MB after illuminating for a certain time
was monitored by measuring the absorbance of the solutions (which were centrifuged at 2000 rpm to
remove P25) at 664 nm.

3.5. Characterization

Scanning electron microscopy images were determined with a Nova NanoSEM 450, Lincoln,
Ne, USA. The accelerating voltage was 15 kV. The UV-vis absorption was measured on Cary
500 Scan UV-vis-NIR spectrophotometer (Harbor, CA, USA). The transmittance of the material
comes from the ultraviolet visible spectrophotometer. The UV-visible spectrophotometer model is
U-4100 Spectrophotometer, Hitachi (Tokyo, Japan). A universal mechanical test machine was used
to measure the mechanical properties with the SUNS UTM-5000 electronic universal testing machine
(Shenzhen, China). The size of the test sample was 10 x 1 x 0.5 cm®. And Raman spectra were
obtained from LabRam HR Evolution, Horiba, France.

4. Conclusions

To summarize, a floatable, recyclable, efficient, UV light permeable, environmentally friendly,
and 3D photocatalyst was easily synthesized through decoration with P25 nanoparticles on both
the surface and in the interior of bleached wood. The bleached wood was obtained by removing
most lignin from N-wood through H,O, steam delignification. The delignification not only endows
bleached wood with UV light transmittance, but also provides a highway to transport the MB solution
up to the top surface. The as-made BP-wood photocatalyst shows a high photocatalytic degradation of
60 mg/L MB solution under ambient sunlight, better than that of P25 nanoparticles suspension. It also
exhibits excellent recyclability due to its large size, floatability, and 0.4 MPa mechanical strength. The
present work opens up an efficacious avenue for designing bleached wood-based recyclable, floatable,
UV permeable, and efficient 3D photocatalyst for environmental pollution.
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Abstract: Several Ru-Ti oxide-based catalysts were investigated for the catalytic oxidation of HCI to
Cl, in this work. The active component RuO, was loaded on different titanium-containing supports
by a facile wetness impregnation method. The Ru-Ti oxide based catalysts were characterized by XRD,
Ny sorption, SEM, TEM, H,-TPR, XPS, and Raman, which is correlated with the catalytic tests. Rutile
TiO, was confirmed as the optimal support even though it has a low specific surface area. In addition
to the interfacial epitaxial lattice matching and epitaxy, the extraordinary performance of Ru-Ti
rutile oxide could also be attributed to the favorable oxygen species on Ru sites and specific active
phase-support interactions. On the other hand, the influence of additive Ce on the RuO, /TiO,-rutile
was studied. The incorporation of Ce by varied methods resulted in further oxidation of RuO,
into RuO,%* and a modification of the support structure. The amount of favorable oxygen species
on the surface was decreased. As a result, the Deacon activity was lowered. It was demonstrated
that the surface oxygen species and specific interactions of the Ru-Ti rutile oxide were critical to
HCI oxidation.

Keywords: Ru-Ti oxide catalysts; HCI oxidation; oxygen species; Ce incorporation; active
phase-support interactions

1. Introduction

The treatment of the huge amount of excess hydrogen chloride byproduct has become a
challenging and demanding problem in the chlorine-based chemical industry, as a byproduct HCl is
environmentally undesirable and has a very restricted market [1,2]. The method using heterogeneously
catalyzed HCl oxidation (Deacon process) to recycle chlorine is regarded as a low energy-consuming
and sustainable route for the more efficient Cl, industry [1]. The reaction is exothermic and reversible,
which is shown as follows.

cat.

4HCl + Oy €5 2Cly+2H,0 AH, p9s= —28.5 kJ-moly

Ru-based catalysts are commonly considered the most active for this process. RuO, supported
on rutile TiO, and SnO; (cassiterite) with an excellent activity and outstanding lifetime have been
successively reported by Sumitomo [2] and Bayer [3], respectively. Great attention has been paid to
Ru-Ti oxide catalysts in various catalytic reactions besides the Deacon process, including oxidation
of propane [4], N,O decomposition [5], selective methanation of CO [6], CO oxidation [7], and
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aqueous-phase ketonization of acetic acid [8,9]. The Ce-based catalysts also exhibit Deacon activity
and outstanding stability in the process [10,11]. Related studies have demonstrated that CeO; can
accelerate the catalyst reoxidation step by supplying oxygen donor/storage sites [10]. Although the
single Ce-based or Cu-based catalyst shows a limited activity, the combination of Ce-Cu can boost the
overall HCl oxidation performance [12,13]. The build-up of Ce-Ti oxide can also enhance the oxygen
storage capacity [14,15]. The CeO,/TiO, catalyst showed excellent activity for selective catalytic
reduction of NO with NH3, where the Ce-O-Ti species were confirmed to be the active sites [16-19].
The concentration of surface adsorbed oxygen presented a positive correlation with the catalytic
activity in the NH3-SCR reaction [16,20]. However, the combination of Ru-Ce-Ti for HCI catalytic
oxidation has not been reported to the best of our knowledge.

Despite a number of studies concerning supported Ru-based catalysts for one-step HCI
oxidation [21,22], there are only a few research studies about the details of active phase-support
interactions in the Ru-Ti oxide-based catalysts [2,23]. Moreover, little attention was paid to the
influence of oxygen species in this catalytic process. In addition to the lattice matching and epitaxial
growth of RuO, on the substrate [2,21], the extraordinary performance of Ru-Ti rutile oxide for the
Deacon process still requires a more sufficient interpretation.

In this article, the performance of different shaped Ru-Ti oxide based catalysts, resembling the
forms of the industrial reality, are compared in the Deacon process. Detailed characterizations are
performed to investigate the special oxygen species and interactions of the catalysts. The favorable
oxygen species and specific active phase-support interactions ensure high Deacon activity of
RuO, /TiO,-rutile. The role of Ce in the Ru-Ti rutile oxide system was also investigated. The addition
of Ce decreased favorable oxygen species and affected the active phase-support interactions between
RuO; and TiO;, by evolving the Ru-O-Ce structure and enhancing the positive charge density of Ru
sites. The Deacon activity was lowered as a result. It can be deduced that the electronic interactions
between RuO, and rutile TiO, are critical for the gas-phase oxidation of HCl to Cl,. The findings in
this work may be a reference value for the design and tailor of Ru-Ti oxide based catalysts toward
better Deacon activity.

2. Results and Discussion

2.1. Morphology and Phase Structure

The crystal structures of the catalysts were analyzed by X-ray diffraction (XRD). The XRD patterns
of the supported catalysts only exhibit characteristic diffraction peaks of the TiO, supports (Figure 1).
Due to the low loading and high dispersion of the Ru species, the RuO, phase were logically not
detected. In the XRD pattern of RuO, /TiO(OH),, much broader peaks can be observed than those of
RuO; /TiOz-a, which implies that the support that originated from the TIO(OH); precursor has a much
lower crystallinity as well as average crystallite size.
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Figure 1. XRD patterns of the RuO, /TiO; catalysts with the supports of: TiO,-rutile, TiO,-anatase, and
TiO(OH); (as the precursor).

The SEM micrographs in Figure 2 show that the anatase TiO; and the corresponding catalysts
(35 to 50 nm) have a smaller particle size than the rutile of 45 to 60 nm. The particle size of rutile
TiO; has not changed much after loading RuO; (Figures 2a and 2c), while some coagulation can be
observed on anatase TiO; and the average size has increased from 40.3 nm to 48.5 nm (Figures 2b
and 2d). The supported catalysts were also scrutinized by TEM. As displayed in Figure 3a, some
dark edges and layers were observed on the substrate of RuO, /TiO,-r. They were presumed to be
the dispersed RuO; phase, which was consistent with the literature [2,4]. On the other hand, some
aggregation can be observed in RuO, /TiO,-a (Figure 3b). The EDX elemental mapping proves the
existence of highly dispersed Ru species on the TiO,-r support (Figure 4).

@@ : gﬁ;‘g |

Mean: 53.9+7.4nm

500nm

Figure 2. SEM micrographs of the rutile (a) and anatase TiO, supports (b) used in this study,
RuO, /TiOs-r (¢), RuO, /TiOy-a (d).
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Figure 4. TEM-EDX elemental mapping of RuO, /TiO;-1: (a) representative TEM image, (b) Ti (Ka1)
green color, (¢) O (Kxl) blue color, (d) Ru (Lal) pink color, and (e) EDX (Energy-dispersive X-ray)
result of the selected area.
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2.2. Characterization of Oxygen Species and Interfacial Interactions

2.2.1. Hp-TPR Analysis

Temperature programmed reduction (TPR) by H, was employed in this study to distinguish
specific oxygen species and estimate the oxygen storage capacity [11,14]. The Hy-TPR profiles of
the bulk RuO, and supported catalysts are shown in Figure 5. In this scenario, all the supported
catalysts were loaded with an Ru content of 0.5 wt%. The bulk RuO, sample was reduced in the
range of 130 to 230 °C. It should be noted that the RuO, sample used in characterization was obtained
from RuCl;-3H,0 calcined at 350 °C for 8 h, the phase of which was verified by XRD (see Figure
S1). The RuO; phase prepared by this method has a preferential (1 0 1) plane rather than (1 1 0)
(PDF #65-2824). It may be the origin of different reduction temperatures as discussed in the previous
study [21]. The H,-TPR profile of RuO, /TiO,-r contains three peaks in the range of 90 to 200 °C and
one peak from 330 to 450 °C. The former three peaks are assigned to the reduction of RuO,, while the
last one is attributed to the partial reduction of the TiO; surface [24]. Ru-Ce/TiO;-r and RuO, /TiO;-a
exhibit a similar reduction peak of titania, except that the peak shifts to a higher temperature were
similar to RuO,/TiO,-r. Note the peak in the range 370 to 500 °C of Ru-Ce/TiO,-r includes the
reduction of ceria. The H-TPR profiles of pure TiO, in rutile and anatase phase are shown in Figure 52,
which confirms the partial reduction of TiO, support.
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/ \\
™\ ) /
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. / h — N 7///
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b .
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Figure 5. H,-TPR profiles of the bulk and supported RuO, catalysts.

In the range of 50 to 200 °C, the oxygen species of RuO, were subjected to reduction. Generally,
the reduction temperature of the same phase is related with the particle size. In fact, oxygen species
with different reducibility can be a more essential perspective. We know that smaller particles expose
more surface species. For our catalysts, RuO, phase is mainly distributed on the surface of TiO,
support and more surface species mean more surface oxygen species. Among these oxygen species, it
is quite probable that species with more coordination numbers are more difficult to reduce.

For sample RuO, /TiO;-1, the peaks (from 90 to 200 °C) are evidently distinguished from the
other two catalyst samples. We deduce that the three peaks are assigned to the reduction of top
oxygen, bridge oxygen, and bulk oxygen of RuO, with Hy, from a low to a high reduction temperature.
These three types of oxygen are coordinated to 1, 2, 3 Ru atoms, respectively. The former two oxygen
species are located at the surface and are significant to the Deacon process [21,25,26]. For sample
RuO,/TiOs-a, only one reduction peak was detected in the range from 90 to 200 °C, which was
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attributed to the elimination of bulk oxygen. It could be rationalized in the following way. RuO, could
not grow epitaxially on TiO,-a due to a huge difference of lattice matching. Thus, the RuO; active
phase mainly exists as bigger particles on TiO;-a rather than films in RuO, /TiO,-r [2]. In this case,
the bulk oxygen species of RuO; prevailed, which was coordinated to 3 Ru atoms and was the most
difficult to reduce. From Figure 5, it can be observed that Ru-Ce/TiO,-r and RuO,/TiO;-a have a
better oxygen storage capacity than RuO, /TiO,-r, especially in the high temperature range.

2.2.2. XPS Analysis

XPS analysis was performed to study the surface species and electronic structure of the catalyst
samples. The survey spectra verified the complete removal of chlorine in all the catalysts (not shown).
The XPS peaks of O 1s were deconvoluted to analyze the different types of O species in the supported
catalysts (Figure 6). The O 1s peaks were mainly composed of signals corresponding to the chemisorbed
oxygen (Oy) and the lattice oxygen (Op,, Og,) [27-29]. XPS data of chemisorbed oxygen are listed
in Table 1. The proportion of chemisorbed oxygen (O«) on the surface exhibited a dependence on
Ru loading (Figure 6a—c). RuO,/TiO,-r exhibited a higher amount of chemisorbed oxygen with
the increase of Ru loading, while a much lower content of chemisorbed oxygen was detected in
RuO, /TiO,-a (Figure 6d, Table 1). The Ti 2p core-level spectra of RuO, /TiO,-r also show a relevance
with the Ru content (Figure S3), where the XPS peaks are broadened and shifted to a lower binding
energy with the increase of ruthenium. The chemical environment change of the Ti sites can be ascribed
to the interactions and electronic effects among Ti, Ru, and O atoms. A slight interfacial charge transfer
from RuO, to TiO,-r may lead to the binding energy shift of the Ti 2p peaks [30,31].

() B,

! ! ! ! ! ! ! ! ! ! L L L L L L L L L L
536 535 534 533 532 531 530 529 528 527 526 525 536 535 534 533 532 531 530 529 528 527 526 525

Binding Energy (eV) Binding Energy (eV)
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Binding Energy (eV) Binding Energy (¢V)

Figure 6. XPS profiles and fitting curves of O 1s peaks: RuO, /TiO,-r of (a) 0.3, (b) 0.5, () 1.0 wt% Ru,
RuO, /TiO,-a of (d) 0.5 wt% Ru.
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Table 1. Chemisorbed oxygen (O) in the RuO, /TiO, catalysts.

Sample Ep of Oy (eV) O /Ot (%)
0.3 wt%-RuO, /TiOy-r 532.11 18.29
0.5 wt%-RuO, /TiOy-r 532.27 20.12
1.0 wt%-RuO, /TiOp-r 532.57 23.70
0.5 wt%-RuO, /TiO,-a 532.36 16.51

The Ru 3d spectra for RuO,-CeO, /TiO,-r catalysts are presented in Figure 7. The signal of
Ru 3ds, core-level, attributed to RuO, or RuO,%*, was detected in the region of 281.2-282.9 eV.
Meanwhile, the peaks around 280.5 eV appeared for Ru-2Ce/TiO,-r and Ru-2Ce-C/TiO,-r, which
were assigned to Ru® [3]. The peaks of C 1s and Ru 3d3/, appeared to overlap [32,33]. The Ru
3ds/, peaks shifted toward a higher binding energy when the preparation methods were altered.
In the spectra of Ce 3d, an overall shift towards lower binding energies was observed in the similar
sequence of Ru-2Ce-R/TiO;-1, Ru-2Ce/TiO,-1, and Ru-2Ce-C/TiO,-r (Figure S4). It can be inferred
that electrons are transferred from RuO, to CeO,, which results in the further oxidation of RuO,
into RuO,%*. As shown in Figure 5, the reduction peaks of Ru-Ce/TiO,-r in the low temperature
range (90 to 200 °C) are one fewer than those of RuO, /TiO,-1, which is ascribed to the elimination of
top oxygen on the RuO, surface (vide supra). The existence of top oxygen is critical to the Deacon
reaction with Ru-based catalysts [25,26]. In RuO,-CeO, / TiO;-1, Ru-O-Ce linkage was likely formed,
which induced the decrease of the active sites in the Ru-Ti rutile oxide system. The generation of
Ru® in Ru-2Ce/TiO,-r and Ru-2Ce-C/TiO,-r also indicated the decrease of the active sites for HCI
oxidation. The decline of chemisorbed oxygen from XPS data is also consistent with the deduction
above (see Figure S5, Table S1).

Cls+Ru3d,),

Ru3d,,

RuO,/TiO,r

Ru-2Ce-R/TiO,r

Intensity (a.u.)

Ru-2Ce/TiO,r

B Ru-2Ce-C/TiO,-r
1 1 1 1 1 1 1 1
290 288 286 284 282 280 278 276 274

Binding Energy (eV)

Figure 7. XPS spectra and peak fitting curves of Ru 3d of the supported RuO, and Ru-Ce/Ti
oxide catalysts.

2.2.3. Raman Analysis

The active phase-support interactions were further confirmed by Raman characterization.
As shown in Figure 8a, the characteristic bands of rutile TiO, are observed at 234, 441, and 606 cm L,
which can be assigned to the multiple photon scattering process, the Eg (planar O-O vibration), and A1
(Ti-O stretch) Raman-active modes, respectively [32,34,35]. Since the RuO, Raman bands overlapped
with those of TiO,-, only the Eg mode of RuO, at 515 cm ! could be distinguished [5], which indicates
the existence of the RuO, phase in the catalyst. The declination of Raman signals of TiO,-r was
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ascribed to the decreased amount of Ti-O-Ti structure, which resulted from the formation of Ru-O-Ti
structure with the increase of Ru loading. The relative intensity of the RuO, Raman signal at 515 cm !
was enhanced at the same time, which coincided with the change of the active component loading.
Moreover, the RuO, Raman bands shifted from 515 to 507 cm ™! with the increase of Ru loading, while
a clear blue-shift towards higher wavenumbers (from 234 cm ™! to 258 cm™1) was observed in the
spectrum of the support (Figures 8b and 8c). The Raman shifts suggest that the rutile structure of the
TiO, support was modified according to the changed RuO; crystal size and interfacial interactions,
substantially as a result of the mechanical strains generated from the differences between the rutile
phase of RuO; and TiO, support [6]. The formation of Ru-O-Ti linkage corresponded with the results
from XPS analysis. The interactions between Ce and Ti were also confirmed by Raman characterization
on the set of Ce-containing RuO, /TiO,-r catalysts. The characteristic bands of planar Ti-O vibration
and O-O stretch for TiO,-r exhibited a slight blue shift (see Figure S6) in accordance with the binding
energy shift of the Ru 3d5,, core-level peak. It indicated that the chemical environment of the rutile
support was also affected by Ce addition.
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Figure 8. Raman spectra of TiO,-r and RuO, /TiO,-r with 0.1, 0.3, 0.5, and 1.0 wt% Ru loading (a) and
partial enlarged views of TiO-r (b) and RuO; (c).
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2.3. Catalytic Performance of Ru-Ti Oxide Based Catalysts

2.3.1. Catalytic Activity of RuO,/TiO,-r Catalyst

The influence of Ru loading on HCl conversion is depicted in Figure 9a. It can be noted that the
increase of Ru loading contributes to the reaction conversion to a certain extent. The catalysts with
0.5 wt% and 1.0 wt% Ru loadings achieved similar conversion. As presented in Figure 9b, the ratio of
O, /HCl also plays a critical role in the reaction, especially when the value is less than 1.0 vol./vol.
Since oxygen re-adsorption is recognized as the rate-determining step under lean oxygen condition, a
higher O, partial pressure has been proven to be beneficial for Cl, production [26].
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Figure 9. The influence of Ru loading at 350 °C (a) and feed O, /HCI ratio at 320 °C (b) on HCIL
conversion. Note volumetric flowrate HC1/O, = 1:2 for (a).

Figure 10 shows HCI conversion at different reaction temperatures on catalysts with 0.5 wt% and
1.0 wt% Ru loading. For both catalysts, the conversion was improved with the elevation of the reaction
temperature. When comparing the two catalysts with different Ru loadings over 300 °C, we found
that the conversion was not proportional to the loading amount of the active component. It implied
that the Ru-specific activity declined with the increasing loading. As indicated by Figure S3, a slight
interfacial charge transfer from RuO, to TiO,-r shows up with the increase of Ru content. This charge
transfer was deduced not to be beneficial to Ru-specific activity.
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Figure 10. HCI conversion on different reaction temperatures and Ru loading.
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2.3.2. Comparison of Ru-Ti Oxide Based Catalysts

The catalytic activities for HCI oxidation over Ru-Ti oxide based catalysts using different supports
are compared in Table 2. Although RuO,/TiO,-r has the smallest surface area (28 m?-g~!) among all
the Ru-Ti oxide based catalysts, its catalytic activity turned out to be the best. Notably, the specific
surface area of the supports seemed to be less critical in the RuO,/TiO,-based catalytic system.
The performances of catalysts differed significantly when the support was changed, even though the
supports were all based on the Ti-O structure.

Table 2. Characterization and catalytic activity data.

Reaction BET Surface HCl
a c : d . —1.p-1 -1 g
Temperature No. Catalyst Azrea71 Comzersmn STY (gC]Z 8ru h™ ) TOF (h™1)

(m?-g—1) (%)

1 RuO, /TiOy-r 28 (28) 93.5 57.3 163.2

350 °C 2 RuO, /TiO;-a 44 (79) 53.6 32.8 934

3 RuO, /TiO(OH), © 193 (309) 21.1 129 36.7

4 RuO, /TiOy-r 28 81.0 49.6 141.3

5 Ru-Ce/TiOyr © 27 74.3 45.5 129.6

320°C 6 Ru-2Ce-R/TiO,-r f 26 73.2 448 127.6

7 Ru-2Ce/TiO,-r 27 66.3 40.6 115.6

8 Ru-2Ce-C/TiOp-r 27 61.8 37.9 107.9

2 0.5 wt% Ru loading based on the support or support precursor.  The precursor of support is TIO(OH),.
¢ Determined by N, adsorption, surface area of the support in brackets. 4 The space time yield defined as
the gram of Cl, produced per gram of Ru per hour. ¢ The molar ratio of Ru/Ce is 1 and 0.5, denoted as Ru-Ce and
Ru-2Ce respectively. { The catalysts prepared by different methods are distinguished by suffixes —R and -C, which
refer to the impregnation of TiO,-r support with Ru first and Ce first, respectively. The catalysts without suffixes
above are prepared by co-impregnation with Ru and Ce. 8 Calculated based on the mole of HCl reacted per hour
per mole of Ru.

Herein, we attempt to explicate the influence of favorable oxygen species and interfacial
interactions of the Ru-Ti oxide system on the Deacon process, by correlating the characterization
results with catalytic performances. With the increase of Ru loading, the linkage of Ru-O-Ti appeared
to be more abundant, which was confirmed by the results from XPS and Raman spectra. Subsequently,
the amount of chemisorbed oxygen species increased. The chemisorbed oxygen is intimately related
with coordinatively unsaturated ruthenium atoms [26], which provide critical active sites and promote
oxygen activation. It can partially explain the higher activity of RuO, when loaded on TiO,-r. Since
RuO; can grow epitaxially on the rutile titania, the exposure of more active sites is favored.

A series of Ru-Ce-Ti oxide catalysts were prepared by different methods, as described in the
experiment. From Table 2, it can be affirmed that the incorporation of Ce reduced the activity of Ru-Ti
rutile oxide catalysts. The catalytic activity declined with the increase of Ce loading by comparing the
results of No. 4, 5, and 7 in Table 2. When exchanging the impregnation sequence of Ru and Ce, it was
found that performing Ru impregnation in the first place was beneficial for improving the catalytic
performance to some extent (see No. 6, 7, and 8).

2.3.3. The Influence of Ce on the Ru-Ti Rutile Oxide System

The characterizations and catalytic performances of Ce-containing RuO, /TiO,-r catalysts further
confirmed the significance of the active phase-support interactions for the RuO,/TiO;-r system.
When Ce was introduced to the TiO,-r support prior to Ru, a greater change of the RuO, and TiO,-r
structure was incurred. The formation of Ti-O-Ce and Ru-O-Ce linkages remarkably affected the
interfacial interactions and electronic structure of the RuO, /TiO,-r system, which was corroborated
by XPS and Raman characterizations. The new linkages restricted the active sites of coordinatively
unsaturated ruthenium and the transport of oxygen species. The amount of chemisorbed oxygen
evidently decreased when improving the priority of the introduction of Ce (Figure S4, Table S1).
The correlated catalytic activity declined, as presented in Table 2 (No. 4, 6, 7, and 8).
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The introduction of Ce triggered further oxidation of RuO; into RuO,%* and could be unfavorable
for HpO desorption and CI recombination. Higher positive charge density of Ru sites induced easier
adsorption of the reactants. Therefore, the active-phase surface was more likely to be poisoned by
adsorbates. Since HCI oxidation proceeds on RuO, via a Langmuir-Hinshelwood reaction mechanism,
adsorbed HCI dehydrogenates through a hydrogen transfer to produce Cl and OH species in on-top
positions [26]. The recombination of neighboring on-top Cl atoms to form the desired Cl, product is
regarded as the rate-determining step. Nevertheless, the existence of Ce strengthened the dissociative
adsorption of HCl so that the liberation of Cl; restricted the activity, which was also observed on the
IrO,(110) surface [36,37]. Although Ce-based catalysts showed Deacon activity themselves, the active
temperature for the Deacon process was generally reaching 430 °C or more, considering the higher
energy requirements for Cl activation and recombination [10,11]. Therefore, ceria itself contributed to
little Deacon activity for RuO, /TiO;-r below 350 °C in this study.

On the other hand, although Ce provided more reducible oxygen species (Figure 5), it seemed
that the oxygen species with a high reduction temperature were not crucial for the Deacon reaction.
The oxygen species of support with a lower reduction temperature (330 to 350 °C) in RuO, /TiO,-r, as
a result of interfacial interactions between the phases, was speculated to be beneficial for facilitating
activation and transport of oxygen species for the active phase. Moreover, compared to RuO, /TiO,-r,
the most readily reducible oxygen species (90 to 100 °C) in Ru-Ce/TiO,-r disappeared. The on-top
oxygen occupying the coordinatively unsaturated ruthenium sites are mentioned in the discussion of
the Hp-TPR results. The introduction of Ce enhanced the positive charge density of Ru sites, which
might cause the easier formation of the bridge and bulk oxygen of RuO, other than the on-top oxygen.
Because of the higher positive charge density of Ru sites, O was more inclined to bond to Ru atoms
and the coordination number of O with Ru on the RuO, surface likely increased. More evidence may
be provided by further characterizations on fine structure and corresponding computational studies.

3. Materials and Methods

3.1. Preparation of Catalysts

All the reagents were of an analytical grade, supplied by Aladdin (Shanghai, China), and used as
received without further purification, except for TiIO(OH), from Tuoboda Titanium Dioxide Products
Co. (Wuxi, China). Ru-Ti oxide based catalysts were prepared by a facile wetness impregnation
method as follows. First, RuCl3-3H,O was dissolved in a mixed solution with an equal volume of
water and ethanol. After 3 min of ultrasonic mixing, support or the support precursor was added and
the suspension was stirred for 16 h at room temperature. Then the mixture was evaporated under
vacuum in a rotary evaporator. The obtained powder was dried at 120 °C for 12 h and was then
tableted into cylinders with a diameter of 5 mm. Lastly, the sample were calcined at 350 °C in static air
for 8 h. The nominal loading of Ru was 0.1, 0.3, 0.5, and 1.0 wt% on the support basis. The supports and
support precursors included rutile and anatase TiO, and TiO(OH),. Henceforth, the rutile and anatase
TiO, polymorphs are abbreviated as TiO,-r and TiO,-a, respectively. The RuO,-CeO, /TiO,-r catalysts
were all loaded with 0.5 wt% Ru on the rutile TiO, basis. They were prepared by almost the same
method as RuO, /TiO; except that Ce(NO3)3-6H,O was introduced to the solution when dissolving
RuCl3-3H,0. The molar ratios of Ru/Ce were 1.0 and 0.5, which were denoted as Ru-Ce/TiO,-r and
Ru-2Ce/TiO;-1, respectively.

In order to investigate the effect of Ce on the Ru-Ti oxide system, the RuO,-CeO, / TiO,-r catalysts
were also prepared by changing the sequence of Ce introduction, where the molar ratios of Ru/Ce were
0.5. The powder from the rotary evaporator (vide supra) was added to the solution of Ce(NO3)3-6H,0.
Then the suspension was stirred, evaporated, dried, tableted, and calcined as described before.
The impregnation sequence of Ru and Ce was also exchanged for obtaining another catalyst. These two
catalysts were distinguished by suffixes -R and -C, namely Ru-2Ce-R/TiO,-r and Ru-2Ce-C/TiO;-r.
The catalysts without the suffixes were prepared by co-impregnation with Ru and Ce.
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3.2. Characterization of Catalysts

Powder X-ray diffraction (XRD) patterns were recorded with an Empyrean, PANalytical X-ray
diffractometer (Almelo, The Netherlands), with Cu K« radiation (A = 0.154056 nm) at 40 kV and 40 mA.
The diffraction patterns were taken in the 20 range of 5 to 90° with a step size of 0.02°. Specific surface
areas of the samples were measured by N, physisorption at 77 K using a Micromeritics ASAP 2020
instrument (Norcross, GA, USA). The surface area was determined by the Brunauer-Emmett-Teller
(BET) method. The morphology and particle size of prepared catalysts and supports were studied by a
scanning electron microscope (SEM, FEI Quanta 600FEG, operated at 20 kV, Hillsboro, OR, USA) and a
transmission electron microscope (TEM, FEI Tecnai G2 F20, operated on 200 kV, Hillsboro, OR, USA).
The energy-dispersive X-ray spectroscopy (EDX, Oxford INCA Energy IE350, Oxford, UK) mapping
method was applied to determine the elemental distributions of different components in the catalysts.

Temperature programmed reduction of hydrogen (H,-TPR) was performed at an AutoChem II
2950 instrument (Micromeritics, Norcross, GA, USA) equipped with a thermal conductivity detector
(TCD). Furthermore, 100 mg catalyst was heated and programmed from 50 °C to 550 °C (or 800 °C
for the pure support) at a rate of 10 °C-min ! in a gas flow of 5 vol.% H, /Ar of 50 cm® STP min 1.
Raman spectra were collected on a confocal Raman microscope (inVia Raman Microscope, Renishaw
plc, Wotton-under-Edge, UK) with a 785 nm laser diode (Renishaw plc, Wotton-under-Edge, UK).
X-ray photoelectron spectra (XPS) were recorded on a Thermo ESCALAB 250 spectrometer (Waltham,
MA, USA) with a monochromatized Al K« (1486.6 eV) radiation and a passing energy of 50 eV. The
binding energies were calibrated by the C 1s signal of adventitious carbon at 284.8 eV.

All the characterizations were performed on catalyst samples with a 0.5% Ru loading unless
otherwise specified.

3.3. Catalytic Tests

The catalytic oxidation of HCI to Cl, was investigated in a Hastelloy alloy (HC-276®) fixed-bed
reactor with a diameter of 30 mm at an ambient pressure. The upstream lines of the set-up were
also made from Hastelloy alloy (HC-276®) in order to prevent the corrosion of the reactor, while the
downstream lines were made from Teflon® to improve corrosion resistance. In addition, a 25-g shaped
cylinder catalyst was loaded into the reactor. Thereafter, the reaction feed (HCI flow = 80 cm? STP
min~! and volumetric flowrate HCl/O, = 1:2, unless otherwise specified) was continuously introduced.
The reaction temperature was controlled in the range of 330 to 430 °C (£1.0 °C). The data obtained
by each test were the average of at least three steady-state measurements. The total chlorine balance
was confirmed with an accuracy of +2%. Blank support without a loading active component showed
negligible activity under the corresponding reaction condition. The reaction effluent was absorbed by
excessive potassium iodide solution and analyzed by iodometry and acid-base titration to measure the
generated Cl, and unreacted HCL. The conversion of HCI was calculated based on the detected results.

4. Conclusions

A series of Ru-Ti oxide based catalysts have been investigated for HCI oxidation in this research.
It was clarified that the special oxygen species and active phase-support interactions of RuO,/TiO,
were significant for the Deacon process. RuO; film grows epitaxially on rutile TiO,. This produces
more active sites and oxygen species on the catalyst surface. More importantly, the assembly of RuO,
and rutile TiO, generates coordinatively unsaturated ruthenium sites and bridge oxygen, which are
efficient for the Deacon reaction. The interactions of Ru-Ti were confirmed by characterizations and
correlated to the amount of the active component. The reducible oxygen species of the rutile TiO,
may facilitate activation and transport of oxygen species during the active phase. It is inferred that
the rutile support is likely involved in the catalytic reaction rather than merely acting as an inert
support. On the other hand, the incorporation of Ce altered the electronic structure of the RuO, /TiO,-r
system. The formation of Ru-O-Ce linkage decreased the amount of favorable oxygen species and
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increased the positive charge of Ru sites, which restricted the recombination of Cl atoms and Cl,
elimination. To achieve a better catalytic performance, a more delicate tuning of the RuO, /TiOp-r
system by considering moderate positive charge density of Ru sites is required.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/9/2/108/s1,
Figure S1: XRD patterns of the self-made RuO; and the corresponding intensity line in red from PDF 65-2824,
Figure S2: H,-TPR profiles of the pure TiO; in rutile and anatase, Figure S3: XPS profiles of Ti 2p for RuO, / TiO,-r
with 0.3, 0.5, and 1.0 wt% Ru, Figure S4: XPS spectra of Ce 3d for Ru-Ce/Ti oxide catalysts, Figure S5: XPS
spectra of O 1s for the supported RuO, and Ru-Ce/Ti oxide catalysts, Table S1: Chemisorbed oxygen (O) in the
supported RuO, and Ru-Ce/Ti oxide catalysts, Figure S6: Raman spectra of the supported RuO, and Ru-Ce/Ti
oxide catalysts.

Author Contributions: Conceptualization, J.S., ].Y. (Jianming Yang) and J.L. (Jian Lu); Data curation, J.S., J.Y.
(Jun Yuan), Q.Y., S.M., Q.Z. and W.W.; Formal analysis, ].Y. (Jianming Yang) and Q.Y.; Funding acquisition, J.Y.
(Jianming Yang) and J.L. (Jian Lu); Investigation, J.S., EH. and J.L. (Jialin Li); Methodology, J.S., EH., J.Y. (Jun
Yuan) and S.M.; Resources, J.S., Q.Z., J.L. (Jialin Li) and W.W.; Software, F.H.; Supervision, ].Y. (Jianming Yang)
and J.L. (Jian Lu); Validation, J.Y. (Jianming Yang) and J.L. (Jian Lu); Writing — original draft, ].S.; Writing — review
& editing, J.S., J.Y. (Jianming Yang) and J.L. (Jian Lu).

Funding: The research was funded by Key Research & Development Plan Projects of Shanxi Province (Nos.
2017ZDXM-GY-073, 2017ZDXM-GY-042, 2017ZDXM-GY-070).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Hammes, M.; Valtchev, M.; Roth, M.B.; Stowe, K.; Maier, W.E. A search for alternative Deacon catalysts. Appl.
Catal. B Environ. 2013, 132-133, 389—-400. [CrossRef]

2. Seki, K. Development of RuO, /Rutile-TiO, Catalyst for Industrial HCl Oxidation Process. Catal. Surv. Asia
2010, 14, 168-175. [CrossRef]

3. Amrute, A.P; Mondelli, C.; Schmidt, T.; Hauert, R.; Pérez-Ramirez, J. Industrial RuO,-Based Deacon
Catalysts: Carrier Stabilization and Active Phase Content Optimization. ChemCatChem 2013, 5, 748-756.
[CrossRef]

4. Debecker, D.P; Farin, B.; Gaigneaux, E.M.; Sanchez, C.; Sassoye, C. Total oxidation of propane with a
nano-RuO; /TiO; catalyst. Appl. Catal. A Gen. 2014, 481, 11-18. [CrossRef]

5. Lin, Q; Huang, Y.; Wang, Y.; Li, L.; Liu, X.Y;; Lv, E; Wang, A.; Li, W.-C.; Zhang, T. RuO, /rutile-TiO,: A
superior catalyst for N,O decomposition. |. Mater. Chem. A 2014, 2, 5178-5181. [CrossRef]

6.  Martinez Tejada, L.M.; Munioz, A.; Centeno, M.A.; Odriozola, J.A. In-situ Raman spectroscopy study of
Ru/TiO; catalyst in the selective methanation of CO. . Raman Spectrosc. 2016, 47, 189-197. [CrossRef]

7. Jiao, Y, Jiang, H.; Chen, F. RuO, /TiO, /Pt Ternary Photocatalysts with Epitaxial Heterojunction and Their
Application in CO Oxidation. ACS Catal. 2014, 4, 2249-2257. [CrossRef]

8. Pham, T.N.; Shi, D.; Sooknoi, T.; Resasco, D.E. Aqueous-phase ketonization of acetic acid over
Ru/TiO, /carbon catalysts. J. Catal. 2012, 295, 169-178. [CrossRef]

9.  Aranda-Pérez, N.; Ruiz, M.P.; Echave, J.; Faria, J. Enhanced activity and stability of Ru-TiO; rutile for liquid
phase ketonization. Appl. Catal. A Gen. 2017, 531, 106-118. [CrossRef]

10. Farra, R,; Garcia-Melchor, M.; Eichelbaum, M.; Hashagen, M.; Frandsen, W.; Allan, J.; Girgsdies, E;
Szentmiklosi, L.; Lopez, N.; Teschner, D. Promoted Ceria: A Structural, Catalytic, and Computational
Study. ACS Catal. 2013, 3, 2256-2268. [CrossRef]

11.  Amrute, A.P; Mondelli, C.; Moser, M.; Novell-Leruth, G.; Lopez, N.; Rosenthal, D.; Farra, R.; Schuster, M.E.;
Teschner, D.; Schmidt, T.; et al. Performance, structure, and mechanism of CeO, in HCI oxidation to Clj. J.
Catal. 2012, 286, 287-297. [CrossRef]

12.  Amrute, A.P; Larrazabal, G.O.; Mondelli, C.; Pérez-Ramirez, ]. CuCrO, Delafossite: A Stable Copper Catalyst
for Chlorine Production. Angew. Chem. Int. Ed. 2013, 52, 9772-9775. [CrossRef] [PubMed]

13.  Fei, Z,; Liu, H.; Dai, Y,; Ji, W.; Chen, X; Tang, J.; Cui, M.; Qiao, X. Efficient catalytic oxidation of HCl to recycle
Cl, over the CuO-CeO; composite oxide supported on Y type zeolite. Chem. Eng. ]. 2014, 257, 273-280.
[CrossRef]

239



Catalysts 2019, 9, 108

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Dutta, G.; Waghmare, U.V.; Baidya, T.; Hegde, M.S.; Priolkar, K.R.; Sarode, P.R. Origin of Enhanced
Reducibility /Oxygen Storage Capacity of Cej.4TixOp Compared to CeO, or TiO,. Chem. Mater. 2006,
18, 3249-3256. [CrossRef]

Sun, P; Guo, R; Liu, S.; Wang, S.; Pan, W. Enhancement of the low-temperature activity of Ce / TiO; catalyst
by Sm modification for selective catalytic reduction of NOy with NHj3. Mol. Catal. 2017, 433, 224-234.
[CrossRef]

Fei, Z.; Yang, Y.; Wang, M.; Tao, Z.; Liu, Q.; Chen, X; Cui, M.; Zhang, Z.; Tang, ].; Qiao, X. Precisely fabricating
Ce-O-Ti structure to enhance performance of Ce-Ti based catalysts for selective catalytic reduction of NO
with NH3. Chem. Eng. ]. 2018, 353, 930-939. [CrossRef]

Zhang, Z.; Chen, L.; Li, Z.; Li, P,; Yuan, F,; Niu, X.; Zhu, Y. Activity and SO, resistance of amorphous Ce, TiOx
catalysts for the selective catalytic reduction of NO with NHj: In situ DRIFT studies. Catal. Sci. Technol. 2016,
6,7151-7162. [CrossRef]

Ding, J.; Zhong, Q.; Zhang, S. A New Insight into Catalytic Ozonation with Nanosized Ce-Ti Oxides for NOx
Removal: Confirmation of Ce-O-Ti for Active Sites. Ind. Eng. Chem. Res. 2015, 54, 2012-2022. [CrossRef]
Li, P; Xin, Y;; Li, Q.; Wang, Z.; Zhang, Z.; Zheng, L. Ce-Ti Amorphous Oxides for Selective Catalytic
Reduction of NO with NHj: Confirmation of Ce-O-Ti Active Sites. Environ. Sci. Technol. 2012, 46, 9600-9605.
[CrossRef] [PubMed]

Shan, W.; Geng, Y.; Zhang, Y.; Lian, Z.; He, H. A CeO,/ZrO,-TiO, Catalyst for the Selective Catalytic
Reduction of NOy with NHjz. Catalysts 2018, 8, 592. [CrossRef]

Hevia, M.A.G.; Amrute, A.P,; Schmidt, T.; Pérez-Ramirez, . Transient mechanistic study of the gas-phase
HCl oxidation to Cl, on bulk and supported RuO, catalysts. J. Catal. 2010, 276, 141-151. [CrossRef]
Teschner, D.; Farra, R.; Yao, L.; Schlogl, R.; Soerijanto, H.; Schomaécker, R.; Schmidt, T.; Szentmiklési, L.;
Amrute, A.P.; Mondelli, C.; et al. An integrated approach to Deacon chemistry on RuO,-based catalysts. J.
Catal. 2012, 285, 273-284. [CrossRef]

Kondratenko, E.V.; Amrute, A.P,; Pohl, M.-M.; Steinfeldt, N.; Mondelli, C.; Pérez-Ramirez, J. Superior activity
of rutile-supported ruthenium nanoparticles for HCI oxidation. Catal. Sci. Technol. 2013, 3, 2555. [CrossRef]
Perkas, N.; Zhong, Z.Y.; Chen, L.W.; Besson, M.; Gedanken, A. Sonochemically prepared high dispersed
Ru/TiO, mesoporous catalyst for partial oxidation of methane to syngas. Catal. Lett. 2005, 103, 9-14.
[CrossRef]

Zweidinger, S.; Crihan, D.; Knapp, M.; Hofmann, J.P.; Seitsonen, A.P.; Weststrate, C.J.; Lundgren, E.;
Andersen, J.N.; Over, H. Reaction Mechanism of the Oxidation of HCI over RuO; (110). J. Phys. Chem. C
2008, 112, 9966-9969. [CrossRef]

Lépez, N.; Gomez-Segura, J.; Marin, R.P.; Pérez-Ramirez, ]. Mechanism of HCl oxidation (Deacon process)
over RuQOy. J. Catal. 2008, 255, 29-39. [CrossRef]

Yang, S.; Zhu, W.; Wang, X. Influence of the structure of TiO,, CeO,, and CeO,-TiO, supports on the activity
of Ru catalysts in the catalytic wet air oxidation of acetic acid. RARE Met. 2011, 30, 488—495. [CrossRef]
Yang, S.; Feng, Y.; Wan, J.; Zhu, W.; Jiang, Z. Effect of CeO, addition on the structure and activity of
RuO,; /v-Al, O3 catalyst. Appl. Surf. Sci. 2005, 246, 222-228. [CrossRef]

Zeng, Y.; Zhang, S.; Wang, Y.; Liu, G.; Zhong, Q. The effects of calcination atmosphere on the catalytic
performance of Ce-doped TiO, catalysts for selective catalytic reduction of NO with NH3. RSC Adv. 2017, 7,
23348-23354. [CrossRef]

Kim, J.; Kim, J.Y,; Park, B.G.; Oh, S.J. Photoemission and x-ray absorption study of the electronic structure of
SrRuy . TixO3. Phys. Rev. B 2006, 73. [CrossRef]

Wang, S.; Liu, B.; Zhu, Y;; Ma, Z; Liu, B.; Miao, X.; Ma, R.; Wang, C. Enhanced performance of TiO, -based
perovskite solar cells with Ru-doped TiO; electron transport layer. Sol. Energy 2018, 169, 335-342. [CrossRef]
Nguyen-Phan, T.-D.; Luo, S.; Vovchok, D.; Llorca, J.; Sallis, S.; Kattel, S.; Xu, W.; Piper, L.E]J;
Polyansky, D.E.; Senanayake, S.D.; et al. Three-dimensional ruthenium-doped TiO; sea urchins for enhanced
visible-light-responsive H, production. Phys. Chem. Chem. Phys. 2016, 18, 15972-15979. [CrossRef] [PubMed]
Sui, C.; Niu, X,; Wang, Z.; Yuan, E; Zhu, Y. Activity and deactivation of Ru supported on Laj Srp4NiO4
perovskite-like catalysts prepared by different methods for decomposition of N,O. Catal. Sci. Technol. 2016,
6, 8505-8515. [CrossRef]

Balachandran, U.; Eror, N.G. Raman spectra of titanium dioxide. ]. Solid State Chem. 1982, 42, 276-282.
[CrossRef]

240



Catalysts 2019, 9, 108

35. Narksitipan, S.; Thongtem, S. Preparation and characterization of rutile TiO, films. ]. Ceram. Process. Res.
2012, 13, 35-37.

36. Over, H.; Schomicker, R. What Makes a Good Catalyst for the Deacon Process? ACS Catal. 2013, 3, 1034-1046.
[CrossRef]

37.  Moser, M.; Mondelli, C.; Amrute, A.P; Tazawa, A.; Teschner, D.; Schuster, M.E.; Klein-Hoffman, A.; Lépez, N.;
Schmidt, T.; Pérez-Ramirez, J. HCI Oxidation on IrO,-Based Catalysts: From Fundamentals to Scale-Up. ACS
Catal. 2013, 3, 2813-2822. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

241






catalysts MBPY

Review

Titanium Dioxide (TiO;) Mesocrystals: Synthesis,
Growth Mechanisms and Photocatalytic Properties

Boxue Zhang, Shengxin Cao, Meiqi Du, Xiaozhou Ye *, Yun Wang and Jianfeng Ye *
Department of Chemistry, College of Science, Huazhong Agricultural University, Wuhan 430070, China;
bx1058779150@hotmail.com (B.Z.); shengxincao@hotmail.com (S.C.); dumeiqi@webmail. hzau.edu.cn (M.D.);

wangyun@mail.hzau.edu.cn (Y.W.)
* Correspondence: xzye@mail hzau.edu.cn (X.Y); jianfengye@mail hzau.edu.cn (J.Y.); Tel.: +86-27-8728 4018 (J.Y.)

Received: 10 December 2018; Accepted: 11 January 2019; Published: 16 January 2019

Abstract:  Hierarchical TiO, superstructures with desired architectures and intriguing
physico-chemical properties are considered to be one of the most promising candidates for solving
the serious issues related to global energy exhaustion as well as environmental deterioration via
the well-known photocatalytic process. In particular, TiO, mesocrystals, which are built from TiO,
nanocrystal building blocks in the same crystallographical orientation, have attracted intensive
research interest in the area of photocatalysis owing to their distinctive structural properties such as
high crystallinity, high specific surface area, and single-crystal-like nature. The deeper understanding
of TiO, mesocrystals-based photocatalysis is beneficial for developing new types of photocatalytic
materials with multiple functionalities. In this paper, a comprehensive review of the recent advances
toward fabricating and modifying TiO, mesocrystals is provided, with special focus on the underlying
mesocrystallization mechanism and controlling rules. The potential applications of as-synthesized
TiO, mesocrystals in photocatalysis are then discussed to shed light on the structure-performance
relationships, thus guiding the development of highly efficient TiO, mesocrystal-based photocatalysts
for certain applications. Finally, the prospects of future research on TiO, mesocrystals in photocatalysis
are briefly highlighted.

Keywords: TiO,; photocatalysis; mesocrystals; synthesis; modification

1. Introduction

Semiconductor-based photocatalysis is well known to be one of the most effective approaches to
alleviate the serious conundrums of global energy exhaustion, as well as environmental deterioration,
by utilizing the inexhaustible solar energy [1-7]. Among various kinds of semiconductors, Titanium
dioxide (TiO,) is the most attractive one as a photocatalyst owing to its high photoreactivity, outstanding
chemical stability, easy availability, and cheap price [8-15]. Despite tremendous efforts having been
made toward the fabrication of TiO, materials, as well as the investigation of their photocatalytic
properties, real applications of TiO; in photocatalysis are still largely hampered by the wide band gap
of TiO; (e.g., 3.2 eV for anatase and brookite, 3.0 eV for rutile), which can merely absorb ultraviolet
radiation (accounting for < 5% of solar light), and the fast recombination of photoinduced charge
carriers, which leads to low quantum efficiency [16-21]. It is always a hot topic in the research area
of materials chemistry and photocatalysis to manipulate the morphology and architecture of TiO; to
achieve extended light response and facilitate photogenerated electron-hole separation, thus realizing
remarkably enhanced photocatalytic activity in various applications [22-26].

Recently, it has been well demonstrated that building highly ordered superstructures from
nanocrystal building blocks is very important for fabricating new materials and devices, as this kind
of nanoparticle assembly can not only display properties and functions associated with individual
nanoparticles, but can also exhibit new collective properties and advanced tunable functions [27-32]. In
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particular, mesocrystals, a new type of ordered superstructure built from crystallographically oriented
nanocrystal subunits, have drawn significant research interest since the concept of “mesocrystal”
was first introduced in 2005 [33,34]. These unique ordered superstructures were initially identified
from the studies of the structural characteristics and growth mechanisms of biominerals, and were
proposed to be formed through a non-classical, particle-mediated growth process, namely, mesoscale
transformation, rather than the conventional classical, atom/ion-mediated crystallization route (Figure 1).
Subsequently, the mesocrystal concept evolved from the classical mesocrystals, which were generated
via the aforementioned mesoscale transformation process, to all the hierarchical materials built from
crystallographically oriented nanocrystal subunits regardless of the mechanism of formation. Despite
the flourishing emergence of reports on the fabrication of mesocrystals, the history of mesocrystal
synthesis is closely related to the continuous exploitation of mesocrystals with new compositions
and the persistent development of synthetic procedures having advantages in terms of low cost,
convenience in handling, and easiness in compositional and structural control [35-41].
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Figure 1. Schematic illustration of the single-crystal formation from classical crystallization, oriented
attachment and non-classical crystallization. Reprinted with permission from [33]. Copyright John
Wiley & Sons Inc., 2005.

To date, mesocrystals with a broad range of compositions involving metal oxides (e.g., TiO, [42-68],
ZnO [69-85], Fe;O3 [86-95], CuO [96-101], SnOx [102,103], Co304 [104-108], Ag,O [109]), metal
chalcogenides (e.g., ZnS [110], PbS [111-113],Ag,S [114], PbSe [115]), metals (e.g., Au [116-118],
Ag [119], Cu [120], Pt [121,122], Pd [123]) have been produced, as introduced in some previous
reviews [124-126]. Among these mesocrystals, TiO, mesocrystals are widely accepted to be particularly
promising in photocatalytic applications [127-152]. It is noted that the high internal porosity and
high surface areas of TiO, mesocrystals can be beneficial for the adsorption of reagents and provide
more active sites for the subsequent photocatalytic reactions, while the well-oriented nanocrystal
alignment provides effective conduction pathways and significantly enhances charge transport and
separation with TiO, particles [135,153]. Although significant attention has been directed to fabricating
TiO, mesocrystals with controlled morphologies, the realization of TiO, mesocrystals is always a
challenging task, probably because the titanium precursors used are highly reactive, and it is rather
difficult to precisely control the growth dynamic of TiO, crystals. Additionally, considering the wide
band gap of the pristine TiO, materials, it is also demanding to modify the mesostructure of TiO,
mesocrystals to realize broadened light absorption, thus achieving highly efficient photocatalysis in
various applications.
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In this review article, we first summarize numerous attempts toward the fabrication of TiO,
mesocrystals. Four representative synthetic routes, namely, oriented topotactic transformation, growth
on substrates, organic-additive-assisted growth in solution, and direct additive-free synthesis in
solution, are presented one by one, with a special focus being channeled towards the underlying
mesocrystallization mechanism and its controlling rules. The construction of doped TiO, mesocrystals,
as well as TiO, mesocrystal-based heterostructures, is also covered in this review. The potential
applications of the resultant TiO, mesocrystal-based materials in photocatalysis are then introduced to
gain a deep understanding of the structure-performance relationships, thus providing useful guidelines
for rationally designing and fabricating highly efficient TiO, mesocrystal-based photocatalysts for
certain applications. Finally, some future research directions in the research area are briefly discussed
and summarized.

2. Synthesis TiO, Mesocrystals

2.1. Oriented Topotactic Transformation

Early reports on the fabrication of TiO, mesocrystals were based on topotactic transformation
from pre-synthesized NH4TiOF3; mesocrystals, as the titanium precursors used (e.g., TiCly, titanium
tetrabutoxide (TBOT), titanium tetraisopropanolate (TTIP)) are normally highly reactive, making
it rather challenging to manipulate the growth process of TiO, crystals upon direct syntheses. In
2007, O’Brien’s group disclosed the first preparation of TiO, mesocrystals. In a synthetic procedure,
NH,4TiOF3 mesocrystals were first prepared in the (NHy),TiFs and H3BO3 aqueous solution with
the assistance of a nonionic surfactant (e.g., Brij 56, Brij 58, or Brij 700). After being washed with
H3BOj solution or sintered in air at 450 °C, the as-formed NH,TiOF3; mesocrystals were successfully
transformed into anatase TiO, mesocrystals, with the original platelet-like shapes well preserved [42,43].
Such a topotactic transformation could proceed mainly because of the crystal structure similarity
between NH,TiOF; and anatase TiO; crystals (less than 0.02% in an average lattice mismatch), and the
as-synthesized NH,TiOF3 mesocrystals could thus serve as a crystallographically matched template
for the subsequent formation of TiO, mesocrystals (Figure 2). Owing to the great effectiveness of
the methodology, NH,TiOF; mesocrystals with a variety of morphologies were obtained by simply
adjusting the reaction parameters, giving rise to a series of morphology-preserved anatase TiO,
mesocrystals [44,45,137,141,143]. In addition, single-crystalline NH4TiOF3 crystals could also be
utilized as a template for the oriented topotactic formation of anatase TiO, mesocrystals. For instance,
by annealing a thin layer of aqueous solution containing TiF4, NH4F, and NH4NOj3 on a Si wafer,
nanosheet-shaped anatase TiO, mesocrystals enclosed by a high percentage of (001) facets were
produced (Figure 3) [135]. Despite the one-step characteristic of the synthetic process, single-crystalline
NH,4TiOF3 nanosheets were actually first generated in the precursor solution at low annealing
temperatures, which could then be easily transformed into anatase TiO, upon further increase in
annealing temperature. With large quantities of N and F elements removed, the volume of the crystals
decreased. Pores would form within the particles, resulting in anatase TiO, mesocrystals consisting of
anatase nanocrystals predominantly enclosed by (001) facets.
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Figure 2. Schematic illustration of oriented topotactic transformation of NH4TiOF3 mesocrystal to
anatase TiO, mesocrystal. The electron diffraction (SAED) patterns of the selected area illustrate
single-crystal-like diffraction behavior for both samples. Reprinted with permission from [43].
Copyright American Chemical Society, 2008.
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Figure 3. (a) Schematic presentation of oriented topotactic formation of anatase TiO, mesocrystals
with dominant (001) facets; (b) SEM; (c) TEM; and (d) HRTEM images of anatase mesocrystals. The
inset displays the related SAED pattern. Reprinted with permission from [135]. Copyright American
Chemical Society, 2012.

Most recently, Qi’s group proposed a new topotactic transformation method for fabricating anatase
TiO, mesocrystals [154]. In their synthetic procedure, (010)-faceted orthorhombic titanium-containing
precursor nanosheet arrays were firstly synthesized on conducting FTO glass substrate through
solvothermally treating 0.1 M K, TiO(C04), in mixed solvents of deionized water and diethylene
glycol. After a further hydrothermal treatment, the as-formed precursor nanosheet arrays could be
readily converted to (001)-faceted anatase TiO, nanosheet arrays. It was revealed that the lattice
match between the orthorhombic precursor crystal and the tetragonal anatase crystal accounted for
the topotactic transformation from (010)-faceted precursor nanosheets to (001)-faceted anatase TiO,
nanosheets (Figure 4).
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Figure 4. Schematic presentation of topotactic transformation from (010)-faceted precursor nanosheet
arrays to (001)-faceted anatase TiO, nanosheet arrays on the basis of crystal lattice matchment between
orthorhombic precursor crystal and tetragonal anatase crystal. Reprinted with permission from [154].
Copyright Springer, 2017.

2.2. Growth on Substrates

As presented above, topotactic transformation has been well demonstrated to be a very
useful method to construct TiO, mesocrystals. However, precursors suitable for such a topotactic
transformation are mainly limited to NH4TiOF3, and it is rather difficult to realize the morphological
manipulation of the resultant TiO, mesocrystals at will. Therefore, it is highly desirable to explore
facile solution-phase routes toward the direct fabrication of TiO, mesocrystals, since these kinds of
syntheses are normally advantageous in light of their low cost, easy modulation of morphology, and
great potential for environmentally benign production of inorganic materials. In 2008, Zeng’s group
first utilized multiwalled carbon nanotubes (CNTs) as substrate to grow anatase TiO, mesocrystals
with controllable surface coverage [155]. It was revealed that the as-formed [001]-oriented petal-like
anatase mesocrystals were uniformly distributed on CNTs, with TiO, nanocrystal building blocks
having diameters in the range of 2—4 nm and mesopores having a very uniform size distribution
centered at 2.5 nm. Additionally, by employing graphene nanosheets as a template to control the
growth dynamic of TiO,, uniform mesoporous anatase TiO, nanospheres were successfully generated
and anchored on the graphene nanosheets (Figure 5) [156]. It is noteworthy that in comparison to the
conventionally generated porous particles constructed by randomly aggregated anatase nanocrystals,
the thus-formed mesoporous nanospheres were single-crystal-like. Detailed investigation on the growth
process of the mesoporous anatase nanospheres revealed that such a graphene-nanosheet-assisted
mesocrystallization route actually involved the nucleation of anatase TiO, on graphene nanosheets
and subsequent oriented aggregation of tiny nanocrystals onto pre-anchored nuclei to reduce the total
surface energy of anatase crystals. As a result, mesoporous mesocrystals of anatase TiO, would finally
form. Moreover, Qi’s group reported the fabrication of two-dimensional (2D) nanoarray structures
constructed from mesocrystalline rutile TiO, nanorods on Ti substrate via a simple solution-phase
synthesis [66]. These nanorod arrays were obtained by hydrothermally treating the aqueous solution
of TBOT and HCI. It was revealed that during the growth process of the mesocrystalline rutile TiO,
nanorod arrays, stem nanorods were first grown onto Ti substrate due to the high concentration
of titanium-containing precursors, and with the consumption of the precursors, the resulting low
concentration of reactant was responsible for the growth of the tiny nanotips with continuous crystal
lattices, resulting in the final mesocrystalline rutile TiO, nanorods with a hierarchical architecture.
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Figure 5. (a) SEM, (b) TEM, and (c) HRTEM images of mesoporous anatase TiO, nanospheres on
graphene nanosheets. The inset is the SAED pattern related to a single nanosphere; (d) Schematic
illustration of the growth mechanism of mesoporous anatase nanospheres. Reprinted with permission
from [156]. Copyright John Wiley & Sons Inc., 2011.

2.3. Organic-Additive-Assisted Growth in Solution

Apart from the aforementioned solid templates or substrates, various organic additives
could also be utilized to guide the formation of TiO, mesocrystals. In 2009, Yu's group first
prepared hollow-sphere-shaped rutile TiO, mesocrystals assembled by nanorod subunits via a facile
hydrothermal synthesis by using TiCl4 as the titanium source and N, N’-dicyclohexylcarbodiimide (DCC)
and L-serine as biological additives (Figure 6) [46]. It was proposed that such hollow-sphere-shaped
mesocrystals were actually formed through a distinctive crystallization and transformation process,
which involved the appearance of polycrystalline aggregates at the initial stage of reaction, mesoscale
transformation to sector-shaped mesocrystals, further transformation of mesocrystals to nanorod
bundles upon end-to-end and side-by-side oriented attachment accompanied by assembly of sectors
to solid spheres, and final generation of hollow spheres via Ostwald ripening. Later on, with
the assistance of organic small molecules of glacial acetic acid (HAc) and benzoic acid, rod-like
anatase TiO, mesocrystals were successfully fabricated via a simple solvothermal route [127]. These
mesocrystals were proposed to be formed through the well-known oriented attachment, and the
mesocrystallization process was found to be carried out under the synergism of hydrophobic bonds,
p-p interactions and “mixed-esters-templates”. Furthermore, Gao’s group synthesized spindle-shaped
mesoporous anatase TiO, mesocrystals by utilizing peroxotitanium as the titanium source and
polyacrylamide (PAM) as the polymer additive to adjust the growth process of TiO, [129]. They
proposed that these anatase mesocrystals were formed via TiO,-PAM co-assembly, accompanied by an
amorphous-to-crystalline transformation.
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Figure 6. (a) SEM, (b) TEM, and (c) HRTEM images of hollow spheres of rutile TiO, mesocrystals. The
inset in (a) is a magnified SEM image and the inset in (b) shows the related SAED pattern. (d) Schematic
illustration of the formation mechanism of the rutile TiO, mesocrystals. Reprinted with permission
from [46]. Copyright American Chemical Society, 2009.
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In 2011, Tartaj’s group developed a method based on inverse microemulsions to produce sub-100
nm sphere-like mesocrystalline nanostructures, which involved a two-stage temperature program [132].
In the first stage, the reaction at a low temperature (60 °C) triggered inverse microemulsions, resulting
in thermal destabilization via forming nanomicellar structures smaller than 100 nm. The subsequent
partial hydrolysis of TiOSO4 produced sub-100-nm sphere-shaped TiO, frameworks through replicating
those nanomicellar structures. In the second stage, increasing the reaction temperature to 80 °C or
higher generated mesocrystalline TiO, architectures with interstitial porosity partially filled with
surfactants. After the removal of the interstitial surfactants, mesoporosity was generated and uniform
spherical-shaped mesocrystalline architectures of anatase TiO, with particle sizes ranging from 50
to 70 nm were produced finally. Later on, this method was extended to fabricate spherical-shaped
mesoporous anatase TiO, mesocrystals with a much smaller size of 25 nm [133].

Recently, Zhao's group reported a facile evaporation-driven oriented assembly method to
fabricate mesoporous anatase TiO, microspheres (~800 nm in diameter) with radially oriented
hexagonal mesochannels and single-crystal-like pore walls (Figure 7) [64]. The synthesis started
with the liquid-liquid phase separation, which was induced by the preferential evaporation of the
solvent of tetrahydrofuran (THF) at a relatively low temperature (40 °C), and spherical-shaped
PEO-PPO-PEO/TiO; oligomer composite micelles with PPO segments as the core and titania-associated
PEO segments as the shell formed at the liquid-liquid phase interface. Upon further evaporation
of THF at 40 °C, the concentration of the spherical micelles increased, leading to the formation of
uniform mesoporous TiO, microspheres assembled by composite micelles (step 1 and 2). As the
evaporation temperature increased to 80 °C, the continuous evaporation of the residual THF and
hydrolyzed solvents from TBOT precursor drove the oriented growth of both mesochannels and
nanocrystal building blocks from the initially formed spherical composite micelles along the free radial
and restricted tangential direction within the TiO, microspheres (step 3). Radially oriented mesoporous
anatase TiO, microspheres with single-crystal-like pore walls were produced after removal of the
triblock copolymer templates finally (step 4). It is noteworthy that by simply adjusting the reaction
parameters, mesoporous, single-crystal-like, olive-shaped, anatase TiO, mesocrystals constructed by
ultrathin nanosheet subunits could also be synthesized [65].

3D radially oriented growth |gf ¢
S| (8h)

Figure 7. Schematic presentation of the formation process of mesoporous anatase TiO,
microspheres with radially oriented hexagonal mesochannels and single-crystal-like pore walls through
evaporation-driven oriented assembly. Reprinted with permission from [64]. Copyright American
Chemical Society, 2015.
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2.4. Direct Additive-Free Growth in Solution

Considering that the introduction of solid substrates or organic additives into the reaction system
is unfavorable for the large-scale production of mesocrystals, it is, therefore, highly desirable to explore
facile additive-free synthetic approaches toward functional mesocrystals with controllable crystallinity,
porosity, morphology, and architecture. In 2011, Qi’s group reported the first additive-free synthesis of
nanoporous anatase TiO, mesocrystals with a spindle-shaped morphology, single-crystal-like structure,
and tunable sizes via solvothermal treatment of the solution of TBOT in HAc, followed by calcination
in air to remove the residual organics (Figure 8) [47]. These mesocrystals were illustrated to be
elongated along the [001] direction, having lengths mainly in the range of 300-450 nm and diameters
of 200-350 nm. It was revealed that under the solvothermal conditions, the reaction between TBOT
and HAc firstly generated unstable titanium acetate complexes through ligand exchange/substitution,
accompanied by the release of C4;HoOH. The subsequent esterification reaction between thus-formed
C4HyOH and the solvent HAc produced H,O molecules slowly. Then, Ti-O-Ti bonds were formed
via both nonhydrolytic-condensation and hydrolysis-condensation processes, resulting in transient
amorphous fiber-like precursor. As the reaction continued, crystallized flower-like precursor was
generated at the expense of the fiber-like precursor. This crystallized flower-like precursor acted
as a reservoir to continuously release soluble titanium-containing species to generate tiny anatase
nanocrystals. These tiny anatase nanocrystals underwent oriented aggregation along the [001] direction,
together with some lateral attachment along some side facets of (101) facets, accompanied by the
entrapment of in situ produced butyl acetate. As a result, [001]-elongated, spindle-shaped, anatase
mesocrystals were produced when the reaction time was long enough. Further calcination in air would
remove the butyl acetate residuals, consequently yielding nanoporous anatase TiO, mesocrystals.

Ti(OCsHs)
+494|:'.,> |:*>. ..

CH3COOH

Figure 8. (a) SEM and (b) TEM images of nanoporous anatase TiO, mesocrystals obtained via
solvothermal treatment of the solution of TBOT in HAc, followed by thermal treatment in air. The inset
is the related SAED pattern of a single mesocrystal. (c) Proposed formation mechanism of nanoporous
anatase TiO, mesocrystals. Reprinted with permission from [47]. Copyright American Chemical
Society, 2011.
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After half a month of Qi’s pioneering work, Lu’s group disclosed the fabrication of anatase TiO,
mesocrystals with a single-crystal-like structure, high specific surface area, preferential exposure of
highly reactive (001) crystal facets, and controllable mesoporous network [130]. As shown in Figure 9,
by hydrothermal treating the solution of TIOSOy in tert-butyl alcohol, anatase TiO, nanocrystals were
firstly generated, the (001) facets of which were preferably adsorbed by SO4?~ anions. Subsequent
oriented attachment of the anatase nanocrystal building blocks created anatase clusters with the
(001) facets well protected (step 1). Upon further attachment of the building blocks, anatase TiO,
mesocrystals preferentially exposed by (001) facets and having a disordered mesoporous network
were finally produced (step 2). It is noteworthy that when the growth was confined in a scaffold
with ordered pore channels, such as mesoporous silica containing 2D (SBA-15, P6mm space group)
and three-dimensional (3D) (KIT-6, In3d space group) ordered mesopores, the subsequent scaffold
removal would lead to TiO, crystals with replicated 2D hexagonal (step 3) or 3D (step 4) ordered
network structure, respectively. More interestingly, such a novel methodology could be extended to
fabricating mesoporous single-crystal-like structures with other compositions (e.g., ZrO,, CeO», etc.),
thus providing promising materials for various applications.
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Figure 9. (a) Synthesis of mesoporous single-crystal-like anatase TiO, mesocrystals. (1) Formation
of anatase clusters through oriented attachment of anatase nanocrystal building blocks with (001)
facets preferably adsorbed by SO42~ ions. (2) Further attachment of the building blocks resulting in
mesocrystals with preferential exposed (001) facets and disordered mesoporous structure. Mesocrystals
with ordered mesoporous structure were prepared by a confined growth of the anatase crystals in
(3) SBA-15 (mesoporous silica with 2D ordered pore channels) and (4) KIT-6 (mesoporous silica with
3D ordered pore channels) followed by scaffold removal. TEM images of anatase mesocrystals with
disordered mesopores (b), mesoporous mesocrystals grown within SBA-15 (c) and KIT-6 (d) followed
by removal of the scaffold. The insets in (b—d) show the related SAED and FFT patterns. Reprinted
with permission from [130]. Copyright John Wiley & Sons Inc., 2011.

The above two groups’ fascinating work opened a promising avenue for the facile synthesis
of porous anatase mesocrystals. An increasing number of reports of the direct fabrication of TiO,
mesocrystals in solutions without any additives have been disclosed in recent years. For example, Leite’s
group proposed a kinetically controlled crystallization process to produce anatase TiO, mesocrystals
with a truncated bipyramidal morphology, which was realized through a nonaqueous sol-gel reaction
between TiCly and n-octanol [131]. By adopting a similar method to adjust the hydrolysis dynamic of
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TTIP in an oxalic acid aqueous solution, hierarchical rutile TiO, mesocrystals were produced [48]. Zhao's
group developed a facile synthetic approach to fabricate regular shaped anatase TiO, mesocrystals with
controllable proportion of (001) and (101) facets [136]. These anatase TiO, mesocrystals were prepared
by solvothermally treating the solution of TTIP in formic acid (FA), and the exposed (101)/(001) ratio
could be adjusted via simply varying the duration of solvothermal treatment. Most recently, our
group proposed a novel synthetic procedure for producing spindle-shaped, single-crystal-like, anatase
TiO, mesocrystals, which was realized by controlling the hydrolysis rate of TiCl; in the green solvent
PEG-400 (Figure 10) [150]. These mesocrystals constructed by ultrafine nanocrystals (~1.5-4.5 nm
in size) were revealed to be spindle-shaped and elongated along the [001] direction, having lengths
predominantly of 50-85 nm and diameters of 2040 nm. It was proposed that at the initial stage of the
reaction, the chelation of PEG-400 to titanium centers firstly resulted in the formation of a titanium
precursor. This chelated titanium precursor then underwent hydrolysis-condensation reaction in the
presence of water to form Ti-O-Ti bonds, accompanied by the gradual oxidation of Ti** to Ti** by
the dissolved oxygen, yielding numerous tiny anatase nanocrystals. These tiny anatase nanocrystals
were temporarily stabilized by the solvent PEG-400 molecules and underwent oriented attachment
along the [001] direction, together with some lateral attachment along some side facets of (101) facets,
resulting in the formation of mesocrystalline anatase aggregates elongated along the [001] direction. It
is worth noting that continuous oriented attachment of tiny anatase nanocrystals on the preformed
elongated mesocrystalline aggregates occurred when reaction time was prolonged, and well-defined
spindle-shaped anatase TiO, mesocrystals were produced when the reaction time was extended to 5 h.
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Figure 10. (a) SEM and (b,c) TEM images of anatase TiO, mesocrystals obtained via hydrolysis reaction
of TiClz in PEG-400. The insets in (a) are the related particle size distributions of the mesocrystals.
(d) SAED pattern recorded on the anatase mesocrystal shown in (c); (e) HRTEM image of anatase
mesocrystal; (f) A tentative mechanism for the formation of anatase mesocrystals. Reprinted with
permission from [150]. Copyright American Chemical Society, 2017.

In addition to the widely employed titanium sources of TBOT, TTIP, TiOSOy, and TiCls, it has been
well proved that titanate precursors could also be utilized for the fabrication of TiO, mesocrystals. In 2012,
Wei’s group reported the synthesis of unique ultrathin-nanowire-constructed rutile TiO, mesocrystals
through direct transformation from hydrogen titanate nanowire precursors (Figure 11) [61]. These
hydrogen titanate nanowire precursors were prepared by hydrothermally treating the anatase TiO, in
KOH solution, followed by acid washing. Then the precipitated hydrogen titanate nanowires were
dispersed in HNOj3 aqueous solution and kept at 50 °C for 7 days, generating single-crystal-like rutile TiO,
mesocrystals having lengths of about 300 nm and diameters 60-80 nm. It was proposed that such rutile
mesocrystals were actually formed via face-to-face oriented attachment of ultrathin hydrogen titanate
nanowire building blocks, accompanied by the conversion from hydrogen titanate precursor into rutile
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TiO,. To further modify the morphology of the rutile TiO, mesocrystals, Wei’s group introduced the
surfactant of sodium dodecyl benzene sulfonate (SDBS) into the reaction solution [62]. They found that
SDBS played a vital role in the oriented self-assembly process, and rutile mesocrystals with controllable
morphologies were successfully fabricated by varying the adding amount of SDBS. Specifically, uniform
octahedral rutile TiO, mesocrystals 100-300 nm in size were obtained when the titanate/SDBS ratio was
set at 0.09, while nanorod-shaped rutile TiO, mesocrystals were fabricated when the titanate/SDBS ratio
increased to 0.15. Interestingly, the morphology and crystalline phase of the TiO, mesocrystals were
demonstrated to be adjustable upon using different counterions to manipulate the growth dynamic of
TiO, [63]. If the conversion of titanate nanowire precursors was carried out in HCI aqueous solution
instead of HNOj3, dumbbell-shaped rutile TiO, superstructures composed of loose nanowire subunits
were prepared, whereas anatase TiO, mesocrystals with a quasi-octahedral or truncated-octahedral
morphology were obtained from H,SO4 aqueous solution. Such a novel synthetic procedure could also
be extendable for the preparation of TiO, mesocrystals with other crystal phases. For example, by using
amorphous titanates as titanium precursor and oxalic acid as structure-directing agent, novel brookite
TiO, mesocrystals were successfully fabricated, as well [157].

Figure 11. (a,b) TEM and (c¢) HRTEM images of rutile TiO, mesocrystals formed by conversion of
titanate nanowire precursors in HNOj3 aqueous solution without any additives. The lower left inset in
(b) is an enlarged TEM image, and the upper right inset is the SAED pattern related to the whole particle.
(d) Schematic illustration of a tentative mechanism for the formation of rutile TiO, mesocrystals.
Reprinted with permission from [61]. Copyright Royal Society of Chemistry, 2012.

3. Modification of TiO, Mesocrystals

3.1. Fabrication of Doped TiO, Mesocrystals

As mentioned above, the pristine TiO, can merely absorb ultra-violet irradiation owing to its wide
band gap; continuous efforts have thus been channeled towards developing visible-light-responsive TiO,
photocatalysts for various applications [8-13,16-21]. In addition to the well-known dye sensitization,
the modification of TiO, with impurity doping was demonstrated to exhibit visible-light-responsive
photocatalytic reactivity and showed improved stability upon light irradiation [11,16,19]. Considering
the novel structural characteristics of TiO, mesocrystals, the fabrication of metal- or nonmetal-doped
TiO, mesocrystals may give rise to ideal photocatalysts for particle applications, and thus has drawn
considerable research interest [158-161]. For example, Majima’s group successfully prepared N-doped
anatase TiO, mesocrystals by solvothermal treatment of the pre-synthesized TiO, mesocrystals with
triethanolamine [158]. Owing to the high internal porosity and high specific surface area of TiO,
mesocrystals, the element of N could diffuse into the pores easily and was adsorbed on the surface.
In addition, by stirring TiO, mesocrystals in NaF aqueous solution at room temperature, F-doped
anatase TiO, mesocrystals could also be fabricated. It was proposed that surface fluorination via ligand
exchange between F~ and surface OH groups on TiO, occurred during the stirring process, resulting in
the incorporation of F into TiO, mesocrystals. Combining these two doping strategies together would
lead to the formation of N, F-codoped anatase TiO, mesocrystals without changing the morphology,
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crystallinestructure, and surface area of TiO, mesocrystals (Figure 12). Apart from the nonmetal-doped
TiO, mesocrystals, it was demonstrated that metal-doped TiO, mesocrystals could also be synthesized.
Wei’s group prepared pure rutile TiO, mesocrystals first, and then hydrothermally treated them in aqueous
niobium oxalate solution. After a certain period of hydrothermal treatment, homogeneous Nb-doped
rutile TiO, mesocrystals could finally be produced [161].
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Figure 12. Proposed synthetic route toward N, F-codoped anatase TiO, mesocrystals. Reprinted with
permission from [158]. Copyright Elsevier, 2016.

Recently, the introduction of oxygen vacancies or Ti** ions into TiO, to produce
oxygen-deficient/Ti** self-doped TiO, mesostructures has been well accepted to be one of the most
efficient ways to extend the light absorption region of TiO, to visible light [162-166]. Different from
traditional doping strategies, introducing oxygen vacancies or Ti>* ions is a unique doping method that
can maintain the characteristic nature of TiO,. At the same time, this kind of doping also improves the
electroconductivity of TiO,, thereby facilitating charge transportation within TiO, particles [162,164,167].
In this regard, great efforts have been made toward preparing oxygen-deficient/l"i3+ self-doped TiO,
mesocrystals [65,136,150,168]. A good example in this area is that Zhao’s group reported a facile
evaporation-driven oriented assembly route combined with post thermal treatment in N, atmosphere
to fabricate ultrathin-nanosheet-assembled olive-shaped mesoporous anatase TiO, mesocrystals
(Figure 13) [65]. These mesoporous mesocrystals were illustrated to have high surface area (~189 m?/g),
large pore volume (0.56 cm?/g), and abundant oxygen vacancies or unsaturated Ti** sites. Additionally,
by thermally treating the anatase TiO, mesocrystals precipitated from the PEG-400/TiClz mixed solution
in vacuum, our group successfully synthesized Ti>* self-doped, single-crystal-like, spindle-shaped,
anatase TiO, mesocrystals [150]. Moreover, by reducing the pre-synthesized TiO, mesocrystals with
NaBHyj, oxygen-deficient sheet-like anatase TiO, mesocrystals were also synthesized [168].
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Figure 13. (a) Schematic illustration of the growth process of Ti>* self-doped olive-shaped mesoporous
anatase TiO, mesocrystals through evaporation-driven oriented assembly process; (b) SEM image,
(c) TEM image, (d) EPR spectra, and (e) Ti2p XPS core-level spectra of Ti** self-doped olive-shaped
mesoporous anatase TiO, mesocrystals. The inset in (c) is the SAED pattern of an individual mesocrystal.
Reprinted with permission from [65]. Copyright American Chemical Society, 2015.
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3.2. Construction of TiO, Mesocrystal-Based Heterostructures

Apart from the above-mentioned doping strategies, the coupling of TiO, mesocrystals with
appropriate foreign elements to construct TiO, mesocrystal-based heterostructures is considered to be
another effective way to enhance the light absorbance capability as well as inhibit the photoinduced
charge carrier recombination [17,18,21]. Hitherto, various kinds of foreign elements have been
successfully utilized to modify anatase TiO, mesocrystals [59,60,169-183]. For example, Sun’s group
successfully fabricated spindle-like TiO,/CdS composites by uniformly distributing CdS nanoparticles
onto nanoporous anatase mesocrystals via the simple hydrothermal and hot-injection methods [170].
Bian’s group produced CdS quantum dot (QD)-decorated anatase TiO, mesocrystals preferably
enclosed by (001) facets via the facile solvothermal treatment of TIOSOy in tert-butyl alcohol, followed
by modification with CdS QDs via a simple ion-exchange treatment [175]. Majima’s group applied a
simple photodeposition method to deposit noble metal (Au, Pt) nanoparticles onto the pre-synthesized
sheet-like anatase TiO, mesocrystals and realized the fabrication of novel metal-semiconductor
superstructure nanocomposites [169]. Similarly, by adopting by a facile impregnation method, they
were also able to deposite Au nanoparticles onto TiO, mesocrystals and fabricate promising plasmonic
photocatalysts [172]. Moreover, to broaden the light-responsive region of TiO, mesocrystals to
near-infrared (NIR) light, they also loaded Au nanorods with controllable size and tunable surface
plasmon resonance (SPR) band onto anatase TiO, mesocrystals through the well-known ligand
exchange method [179]. It is noteworthy that in addition to the deposition of guest elements onto
the pre-synthesized anatase TiO, mesocrystals, anatase TiO, mesocrystals with desired morphologies
could also be grown on various kinds of substrates. Tang’s group introduced graphene oxide (GO)
nanosheets into the reaction solution of TBOT in HAc. They found that after a solvothermal treatment
at elevated temperatures, spindle-shaped anatase TiO, mesocrystals were successfully grown on the
reduced graphene nanosheets [171]. Later on, Lu’s group dispersed a certain amount of graphene
into the reaction system of TiOSOy in tert-butyl alcohol. Upon microwave treatment of the obtained
suspension, anatase TiO, mesocages with a single-crystal-like structure were found to be evenly
anchored on graphene nanosheets [59]. Most recently, our group demonstrated that through in situ
growth of nanosized defective anatase TiO,_., mesocrystals (DTMCs) on g-C3Ny nanosheets (NSs), a
novel 3D/2D DTMC/g-C3Ny4 NS heterostructure with tight interfaces could be formed (Figure 14) [183].

Nucleation of TiO: Self-assembly of TiO:
on g-C:N« NS on g-C:IN« NS

g-CN«NS

Figure 14. (a,b) TEM and (c) HRTEM images of 33.3% g-C3N4/DTMCs. The inset is the SAED pattern
related to the whole particle. (d) HAADF-TEM image with elemental mapping of 33.3% g-C3N4/DTMCs.
(e) Schematic presentation of the in situ growth of TiO, mesocrystals on a g-C3Ny nanosheet. Reprinted
with permission from [183]. Copyright John Wiley & Sons Inc., 2018.
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4. TiO, Mesocrystals for Photocatalytic Applications

4.1. Bare TiO, Mesocrystals for Photocatalytic Applications

Owing to the novel structural characteristics of mesocrystals, it is speculated the as-synthesized
TiO, mesocrystals can be a promising candidate for photocatalytic applications. Liu’s group
first reported that the precipitated rod-like anatase TiO, mesocrystals delivered relatively higher
photoreactivity toward the removal of methyl orange (MO) than the corresponding commercial P25
counterpart [127]. They ascribed the remarkably improved photocatalytic activity of the sample to its
relatively high surface area, which could provide abundant sites for adsorption capability of MO. Yu’s
group proposed that the TiO, mesocrystals obtained in their additive-free reaction system possessed
a well-crystallized rutile phase, low band gap energy and fast electron transfer property, and could
exhibit high and stable photocatalytic activity for the removal of NO [128]. Lu’s group evaluated the
photoreactivity of the obtained single-crystal-like anatase TiO, mesocages and found that those unique
TiO, mesocages with 3D ordered mesoporous channels exhibited superior photocatalytic activity
toward oxidizing toluene to benzaldehyde and cinnamyl alcohol to cinnamaldehyde relative to that of
TiO, mesocages with 2D ordered mesoporous channels, TiO, mesocages with disordered mesoporous
channels, polycrystalline TiO,, and P25 [130]. Leite’s group claimed that the combination of high
surface area and high crystallinity of the recrystallized mesocrystals can be more advantageous in
photocatalytic applications than the corresponding disordered aggregate of nanocrystals [131].

Despite of the great efforts mentioned above toward the investigation of the photoreactivity
of TiO, mesocrystals, it wasn’t until 2012 that Majima’s group first illustrated the photoelectronic
properties of TiO, superstructures, in order to shed light on the intrinsic relationships between
structural ordering and photoreactivity [135]. In their study, plate-like anatase TiO, mesocrystals
synthesized via a topotactic transformation were selected as the target objects. These TiO, mesocrystals
were built from crystallographically ordered anatase TiO, nanocrystal subunits and had a high surface
area and high percentage of exposed highly reactive (001) facets. The photoconductive atomic force
microscopy and time-resolved diffuse reflectance spectroscopy (DRS) were adopted to measure the
charge transportation within the anatase mesocrystals, and the obtained results were compared with
the reference anatase nanocrystals having similar surface area. It was consequently demonstrated
that such a novel structure of anatase mesocrystals could exhibit largely enhanced charge separation
and have remarkably long-lived charges, and thus could deliver greatly enhanced photoconductivity
and photoreactivity (Figure 15). In 2015, Bian’s group carefully evaluated the influence of intercrystal
misorientation within anatase TiO, mesocrystals on the photoreactivity of the sample. They concluded
that the misorientation of nanocrystal building blocks within anatase mesocrystals was harmful for the
effective separation of photogenerated charge carriers and thus largely suppressed the photocatalytic
efficiencies (Figure 16) [184]. Recently, Hu's group reported that the photocatalytic properties of
anatase TiO, mesocrystals were actually largely dependent on the interfacial defects of intergrains
within the particles [152]. They found that anatase TiO, mesocrystal photocatalysts exhibited much
higher photocatalytic activity toward organic degradation and hydrogen evolution in comparison to
single-crystalline crystals and poly crystalline crystals, which can be attributed to the presence of an
appropriate number of interfacial defects at the intergrains and the facilitated charge carrier transport
across the highly oriented interfaces. Moreover, it is inferred that the photoreactivity of the resultant
anatase TiO, mesocrystal could be further optimized by regulation of defects, which could be simply
achieved through annealing in redox atmospheres.
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Figure 15. Photodegradation of (a) 4-CP and (b) Cr(VI) using various kinds of TiO, as catalysts. (c)
Time-resolved diffuse reflectance spectra observed at 200 ns after the laser flash (355-nm) during the
photolysis of Meso-TiO,-500 in the absence and presence of 10 mM 4-(methylthio) phenyl methanol
(MTPM) as the probe molecule to estimate the lifetime of the charge-separated state in acetonitrile.
(d) Differential time traces of %Abs at 550 nm obtained in the presence of 10 mM MTPM for different
TiO, samples in acetonitrile. Reprinted with permission from [135]. Copyright American Chemical
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built from well-ordered (red column) and less-ordered (blue column) orientation of nanocrystal subunits.
Reprinted with permission from [184]. Copyright American Chemical Society, 2015.

4.2. Doped TiO; Mesocrystals for Photocatalytic Applications

Although a number of reports have demonstrated that TiO, mesocrystals can exhibit obviously
enhanced photocatalytic performance in various applications, their real application is still hampered
by the limited light absorbance of the pristine TiO, with a wide band gap. By utilizing the commonly
used doping strategy, the thus-prepared doped TiO, mesocrystals can therefore become visible-light
responsive, thus displaying enhanced visible-light-driven photoreactivity [136,150,158,159,168]. In
2016, Majima’s group investigated the photoreactivity of N, F-codoped anatase TiO, mesocrystals.
They found that, owing to the synergetic effect of N and F doping, the as-prepared product exhibited
high visible-light-driven photoreactivity for degradating RhB and 4-nitrophenol (4-NP) [158]. Our
group demonstrated that the obtained Ti** self-doped anatase TiO, mesocrystals showed much
higher visible-light-driven photoreactivity toward removing NO and Cr (VI) compared with that of
Ti3* self-doped anatase nanocrystal counterparts. Such a photoreactivity enhancement was mainly
due to the intrinsic self-doping nature, high crystallinity, as well as high porosity of the anatase
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mesocrystals (Figure 17) [150]. Most recently, Majima’s group applied femtosecond time-resolved DRS
and single-particle photoluminescence (PL) measurements to characterize reduced TiO, mesocrystals
to get deep understanding of the correlation between oxygen deficiency, photogenerated charge
transfer, and photoreactivity of the material [168]. They confirmed the enhanced light absorption
through forming oxygen vacancies did not always result in higher photoreactivity, and an appropriate
amount of oxygen vacancies was required to improve the photogenerated charge carrier separation,
thus giving rise to optimized photoreactivity.
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Figure 17. (a) UV-Vis DRS, (b) PL emission spectra, and (c) photocurrent intensity of (i) anatase
mesocrystals and (ii) anatase nanocrystals of TiO, self-doped with Ti**. (d) Visible-light-driven
photodegradation of NO upon (i) anatase mesocrystals and (ii) anatase nanocrystals self-doped with
Ti®*. Reprinted with permission from [150]. Copyright John Wiley & Sons Inc., 2017.

4.3. Composited TiO, Mesocrystals for Photocatalytic Applications

In addition to the aforementioned doping strategy, the coupling of TiO, mesocrystals with
appropriate foreign materials to construct TiO,-mesocrystal-based heterostructures is considered to be
another useful methodology to broaden the light absorbance region of the material to visible light or
even near-infrared (NIR) light, as well as to facilitate the mobility of photogenerated charge carriers
within the particle [169-183]. For example, by utilizing CdS nanocrystals to modify spindle-shaped
nanaporous anatase TiO, mesocrystals, Sun’s group combined the advantages of the individual
material, including (1) augmented specific surface area to provide more absorption and reactive
sites; (2) TiO, mesocrystal substrate with high crystallinity and porosity to facilitate charge transport;
(3) uniform distribution of CdS nanocrystals on mesocrystal surface and pores to facilitate charge
transfer, and isolate photoinduced electrons and holes in two distinct materials; (4) tight contact
between anatase mesocrystals and CdS nanocrystals to minimize the photo-corrosion and leaching off
of CdS nanocrystals; and (5) extension of the photo-response of the material [170]. As expected, this
unique spindle-shaped TiO,/CdS photocatalyst exhibited relatively high visible-light-driven activity
toward photodegradation of RhB. Bian’s group reported that by decorating CdS QDs onto TiO,
mesocrystals with a high percentage of exposed (001) facets, considerably high visible-light-driven
photoreactivity could be achieved when selectively oxidizing various kinds of alcohols to their
corresponding aldehydes [175]. Such an enhancement of the photoreactivity could be attributed
to CdS QDs with improved photosensitization, porous mesostructure with high surface area, and
exposed (001) facets with high surface energy and large quantities of oxygen vacancies, which could
promote light absorbance in the visible light region, reactant molecule adsorption and activation, as
well as photogenerated charge carrier separation. Majima’s group claimed that superior electron
transport and enhanced photoreactivity could be realized upon fabricating noble metal (Au, Pt)
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nanoparticle-loaded nanoplate-shaped anatase TiO, mesocrystals [169]. They proposed that most
of the photogenerated electrons could migrate from the dominant surface to the edge of the TiO,
mesocrystal with the reduction reactions mainly occurring at its lateral surfaces containing (101) facets,
as illustrated by single-molecule fluorescence spectroscopy. The as-fabricated metal-semiconductor
nanocomposites were found to display significant enhancement of the photocatalytic reaction rate
in organic degradation and hydrogen production. More interestingly, by utilizing Au nanorods to
modify anatase TiO, mesocrystal superstructures, highly efficient photocatalytic hydrogen production
under visible-NIR-light irradiation could be obtained [179]. This efficient hydrogen production could
be attributed to the SPR of Au nanorods which injected electrons into anatase TiO, mesocrystals and
the facilitated charge transport within mesocrystal particles. Apart from the adjustment of deposited
guest particles, it was also demonstrated that efficient defect-state-induced hot electron transfer could
be found in the as-prepared Au nanoparticles/reduced TiO, mesocrystal photocatalysts, which lead
to the enhanced photoreactivity of the photocatalyst in removing methylene blue (MB) [182]. Most
recently, our group evaluated the photoreactivity of the 3D/2D DTMC/g-C3Ny NS heterostructure with
chemically bonded tight interfaces and found that the as-fabricated composite photocatalyst displayed
much higher visible-light-driven photoreactivity toward removing the pollutants of MO and Cr(VI) than
the corresponding DTMCs and g-C3Ny NSs counterparts (Figure 18) [183]. Systematic characterization
results indicated that such an enhancement in the photoredox ability of the composite photocatalyst
was based on the direct Z-scheme charge separation, as verified by the -OH-trapping experiment.
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Figure 18. (a) Proposed Z-scheme charge-carrier transfer within DTMC/g-C3Ny composite. (b)
XPS valence band spectra and (c) schematic electronic band structures of DTMCs and g-C3Ny4 NSs.
(d) -OH-trapping PL spectra of DTMCs/g-C3Ny and the corresponding fluorescence intensity upon
DTMCs/g-C3Ny in comparison to DTMCs. Reprinted with permission from [183]. Copyright John
Wiley & Sons Inc., 2018.

5. Summary and Outlook

In this paper, we have summarized some recent progress in fabricating TiO, mesocrystals, with
special efforts being directed toward illustrating the underlying mesocrystallization process and its
controlling rules. Four representative routes toward the fabrication of TiO, mesocrystals have been
illustrated: oriented topotactic transformation, growth on substrates, organic-additive-assisted growth
in solution, and direct additive-free synthesis in solution. In line with the flourishing emergence
of reports on the fabrication of TiO, mesocrystals, the trends of TiO, mesocrystal synthesis are
always related to the continuous exploitation of synthetic procedures having advantages like low
cost, convenience in handling, and easiness of compositional and structural control. Apart from the
fabrication of bare TiO, mesocrystals, the construction of doped TiO, mesocrystals, as well as TiO,
mesocrystal-based heterostructures, are both considered to be promising strategies to further enhance
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the performance of TiO, mesocrystals in various applications, and thus have also been covered in this
review. Taking into account the novel structural characteristics of TiO, meoscrystals, such as high
crystallinity, high porosity, and oriented nanocrystal assembly, the potential applications of the resultant
TiO, mesocrystal-based materials in photocatalysis have been discussed to gain a deep understanding
of the structure-performance relationships, which can provide useful guidelines for designing and
fabricating highly efficient TiO, mesocrystal-based photocatalysts for certain applications.

Despite great success having been achieved in the fabrication of TiO, mesocrystals, the related
mesocrystallization process of TiO, mesocrystals is still not fully understood, and deserves further
investigation. It remains an ongoing task to figure out the specific reason for the well-ordered alignment
of TiO, nanocrystal building blocks in certain circumstances and develop facile, reproducible, and
environmentally benign synthetic approaches toward TiO, mesocrystals with desired morphologies
and architectures. In addition, it should be pointed out that compared with the synthesis of
TiO, mesocrystals, the application of thus-produced TiO, mesocrystals in photocatalysis is much
less explored, suggesting the high demand of a deep investigation into TiO, mesocrystal-based
photocatalysts in various applications. For example, although overall enhancement of photoctalytic
activity of TiO, mesocrystals has been demonstrated in recent years, the real mechanism for the
photoreactivity enhancement in certain applications has not yet been fully understood. It is a
necessity to thoroughly examine the relationship between the structure and photocatalytic properties
of TiO, mesocrystals, which can guide the rational design and fabrication of TiO, mesocrystals with
desired morphologies and architectures to fully satisfy the needs of specific applications in the future.
In addition, the exploration of TiO, mesocrystal-based photocatalysts in some more challenging
application areas, such as selective CO, reduction, ammonia synthesis, and methanol activation,
deserves significant research attention to fully excavate their potential in photocatalytic applications.
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