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Abstract: Semiconductor photocatalysts have attracted a great amount of multidiscipline research
due to their distinctive potential for solar-to-chemical-energy conversion applications, ranging from
water and air purification to hydrogen and chemical fuel production. This unique diversity of
photoinduced applications has spurred major research efforts on the rational design and development
of photocatalytic materials with tailored structural, morphological, and optoelectronic properties in
order to promote solar light harvesting and alleviate photogenerated electron-hole recombination
and the concomitant low quantum efficiency. This book presents a collection of original research
articles on advanced photocatalytic materials synthesized by novel fabrication approaches and/or
appropriate modifications that improve their performance for target photocatalytic applications such
as water (cyanobacterial toxins, antibiotics, phenols, and dyes) and air (NOx and volatile organic
compounds) pollutant degradation, hydrogen evolution, and hydrogen peroxide production by
photoelectrochemical cells.

Keywords: TiO, nanomaterials; visible light activated titania; heterojunction photocatalysts; photonic
crystal catalysts; plasmonic photocatalysis; graphene-based photocatalysts; water and air purification;
solar fuels

Semiconductor photocatalysis has been considered as a key technology to face the global concerns
of environmental pollution and the ever increasing energy demands, through the utilization of
environmentally benign earth-abundant materials and renewable energy sources, such as solar
energy [1]. Photocatalytic materials have been attracting significant interest for diverse applications,
ranging from sustainable water/air remediation as well as hydrogen and chemical fuel production
by photocatalytic water splitting [2]. Their unique potential for solar powered technologies has
been the stimulus for the development of nanostructured photocatalysts with improved structural,
morphological, and electronic properties that could effectively evade the two main limitations of the
process efficiency, i.e., the low quantum yield, stemming from the recombination of photogenerated
charge carriers, and the poor visible light harvesting, pertinent mostly to wide band gap semiconductors
such as the benchmark titanium dioxide (TiO;) photocatalysts [3].

Research efforts have been accordingly focused on the design and fabrication of advanced
photocatalytic materials relying on competent modification approaches such as coupling with
plasmonic nanoparticles, surface engineering, and heterostructuring with other semiconducting
and/or graphene-based nanomaterials, as well as tailoring the materials’ structure and morphology
(e.g., nanotubes, nanowires, and photonic crystals) in order to boost light harvesting and photon
capture, charge separation, and mass transfer that play a pivotal role in photocatalytic environmental
remediation and solar to chemical energy conversion applications [4,5].

This Special Issue consists of 10 original full-length articles on advanced photocatalytic materials
fabricated by innovative synthetic routes and judicious compositional modifications, with diverse
applications ranging from the degradation of hazardous water and air pollutants to hydrogen
evolution and photoelectrocatalytic hydrogen peroxide production. T. M. Khedr at al. [6] reported
on the degradation of microcystin-LR (MC-LR), a highly toxic and persistent hepatotoxin commonly
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detected in cyanobacterial algae blooms, by visible-light-activated C/N-co-modified mesoporous
anatase/brookite TiO, photocatalysts, prepared by a one-pot hydrothermal method. The complete
removal of MC-LR from aqueous solutions was achieved under visible light irradiation, related to the
unique combination of visible light photogenerated electrons from anion-induced impurity states and
interfacial charge transfer between the brookite and anatase phases.

N-modified TiO, was utilized by M. Janus et al. [7] as an additive for the technologically appealing
application of photocatalytic active cement mortars that feature air purification by NOy decomposition
without compromising, and even improving, cement’s mechanical properties. Laser pyrolysis was
applied by K. Wang et al. [8] to synthesize novel C-modified titania/graphene nanocomposites
with markedly high activity on different photocatalytic applications from acetic acid oxidative
decomposition and methanol dehydrogenation (even without a Pt co-catalyst) to visible-light induced
phenol degradation and Escherichia coli inactivation. Surface functionalization of TiO, photonic
crystals by graphene oxide (GO) nanocolloids and subsequent thermal reduction was reported by
Diamantopoulou et al. [9] as a promising approach for the development of efficient photocatalytic films
that combine the unique slow photon-assisted light harvesting, surface area, and mass transport of
macroporous photonic structures with the enhanced adsorption capability, surface reactivity, and charge
separation of GO nanosheets.

Fluorine-doped tin oxide (FTO) inverse opals crystal were also exploited by X. Ke et al. [10] as
macroporous photonic crystal substrates for the successive deposition of plate-like WO; and Ag,S
quantum dots with tunable photoelectrochemical response by the light incidence angle. Control over
the shape and facet growth of TiO, nanocrystals was demonstrated by Y. Du et al. [11] by tuning
the pH of the exfoliated metatitanic nanosheet solutions used as precursors in a simple fluorine-free
microwave-assisted hydrothermal method, leading to enhanced photocatalytic and photovoltaic
performance. The oriented morphology and enhanced surface area of TiO, nanowires, grown on TiO,
nanotube arrays by electrochemical anodization, in combination with Au plasmonic nanoparticles were
successfully applied by T.C.M.V. Do et al. [12] for the photocatalytic degradation of eight important
antibiotics in model aquaculture wastewater from the Mekong Delta region.

Plasmonic Ag nanomaterials were also incorporated in silver-copper oxide heterostructures by
H. Suarez et al. [13] to promote the full-spectrum photocatalytic-assisted volatile organic compound
(VOCQ) oxidation in the gas phase, using n-hexane as a probe molecule, with LED illumination in the
visible-NIR range. V. H. Nguyen et al. [14] reported on sulfate modification as an efficient means to
improve the structural and photocatalytic properties of sol-gel synthesized BiVO, with annealing
temperature, used as an alternative metal oxide photocatalyst beyond TiO,, leading to enhanced
decomposition of methylene blue as a model dye pollutant under LED visible light.

The sensitization of mesoporous Titania films by nanoparticulate CdS and CdSe, in combination
with ZnS passivation was used by T. S. Andrade et al. [15] for the fabrication of ZnS/CdSe/CdS/TiO,/FTO
photoanodes, enabling broad visible light harvesting. These photoelectrodes combined with a Pt-free
counter electrode, made of carbon cloth with deposited nanoparticulate carbon, were used for the
assembly of a photoelectrochemical cell operating as a Photo Fuel Cell, i.e., without any external
bias. These devices were demonstrated to photoelectrocatalytically produce substantial quantities
of hydrogen peroxide with the Faradaic efficiency exceeding 100% in the presence of NaHCOj3
carbonate electrolyte.

All the published articles were thoroughly refereed through the standard single-blind peer-review
process of Materials journal. As Guest Editor, I would like to acknowledge all of the authors for
their excellent contributions and the reviewers for their valuable and prompt comments that greatly
improved the quality of the papers. Finally, I would like to thank the staff members of Materials,
in particular Ms. Floria Liu, Section Managing Editor, for her devoted efforts and kind assistance.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Microcystin-LR (MC-LR), a potent hepatotoxin produced by the cyanobacteria, is of
increasing concern worldwide because of severe and persistent impacts on humans and animals
by inhalation and consumption of contaminated waters and food. In this work, MC-LR was
removed completely from aqueous solution using visible-light-active C/N-co-modified mesoporous
anatase /brookite TiO, photocatalyst. The co-modified TiO, nanoparticles were synthesized by a
one-pot hydrothermal process, and then calcined at different temperatures (300, 400, and 500 °C).
All the obtained TiO, powders were analyzed by X-ray diffraction (XRD), Raman spectroscopy,
transmission electron microscope (TEM), specific surface area (SSA) measurements, ultraviolet-visible
diffuse reflectance spectra (UV-vis DRS), X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared (FTIR) spectroscopy, and photoluminescence (PL) analysis. It was found that all samples
contained mixed-phase TiO; (anatase and brookite), and the content of brookite decreased with
an increase in calcination temperature, as well as the specific surface area and the content of
non-metal elements. The effects of initial pH value, the TiO, content, and MC-LR concentration on
the photocatalytic activity were also studied. It was found that the photocatalytic activity of the
obtained TiO; photocatalysts declined with increasing temperature. The complete degradation (100%)
of MC-LR (10 mg L~1) was observed within 3 h, using as-synthesized co-modified TiO, (0.4 g L 1)at
pH 4 under visible light. Based on the obtained results, the mechanism of MC-LR degradation has
been proposed.

Keywords: anatase; brookite; C/N-TiO,; microcystin-LR; photodegradation; visible light

1. Introduction

The desire to provide safe potable water has increased due to economic and population growth
in recent years. Moreover, global freshwater resources, which might be used for the production of
drinkable water, have been even diminished because of water pollution and climate change [1]. Both
inorganic and organic compounds of natural, urban and industrial origins are considered as water
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pollutants. For example, cyanobacteria (commonly known as blue-green algae) are photosynthetic
and microscopic organisms existing in aquatic systems, including fresh, brackish and marine water. It
has been suggested that an increased content of cyanobacteria in water is caused by eutrophication,
climatic changes, available nutrients of agricultural origin and waste disposal in water [1-4]. They can
reproduce to compose harmful algal blooms (HABs) under convenient conditions (high temperatures
and nutrient concentrations, and strong sunlight), and some cyanobacteria contain and release toxins as
metabolic byproducts and during “cell death” (lysis). These toxic compounds, known as cyanotoxins,
are considered a significant threat to human, animals, environment, and even ecosystems due to
their high solubility in water, toxicity and chemical stability [1,2,5,6]. There are diverse species of
cyanotoxins, detected in the water around the world, but the Environmental Protection Agency (EPA)
clearly focused on three of them as being of the biggest threat to the environment: microcystin-LR
(MC-LR), cylindrospermopsin (CYN), and anatoxin-a [1,7]. Out of all known cyanobacterial toxins,
MC-LR (L for Leucine and R for Arginine) is considered as the most toxic of the microcystins, and the
most abundant and harmful in aquatic systems [1,7,8]. MC-LR is a cyclic heptapeptide containing
several moieties, including Adda, and other amino acids [7]. The toxicity of MC-LR is large due to the
Adda chain, and thus the detoxification requires the removal of the Adda side chain or isomerization
from trans to cis. However, the trans-to-cis photoisomerization demands UV irradiation, and thus
is impossible under visible light (vis) [7]. Several technologies, including ozonation, chlorination,
and phototransformation, have been tested to some extent for removing (and/or detoxifying) MC-LR
from water [7,8]. Recently, great attention has been focused on promising green technologies, such as
advanced oxidation technologies (AOTs) for removal of cyanotoxins, due to their ability to produce
free radicals with strong oxidizing power (mainly hydroxyl radicals) resulting in possible complete
degradation (mineralization) of cyanotoxins to CO; and HyO. Among AOTs, TiO,-based photocatalysis
is probably the most widely used for the degradation of emerging pollutants because of promising
characteristics, such as non-toxicity for both human and environment, low costs, strong oxidizing
ability, photochemical stability, high efficiency, biocompatibility, and facile synthesis with various
morphologies [9,10]. Indeed, Feitz et al. reported the decomposition of MC-LR (low concentration) in
a natural organic matrix using conventional TiO, /UV-based photocatalysis process [11]. Despite the
considerable advancement in TiO,-based photocatalysis that has been accomplished recently, there are
some drawbacks that restrain the photocatalytic performance of TiO,. The most serious drawback for
TiO; is its large band gap (despite excellent redox ability), which requires UV irradiation (expensive,
toxic, and with low content (ca. 4-5%) in the solar spectrum) for photo-excitation, thereby restricting
its photocatalytic activity under vis (safe and cheap since natural solar radiation might be used (46%
of the sun’s electromagnetic radiation)). In addition, rapid electron—hole recombination (typical for
all semiconductors) results in low quantum yields of photocatalytic reactions [7,9,10,12]. Therefore,
various strategies, including chemical and structural modifications, have been applied to improve the
photocatalytic performance of TiO, [12-16]. It should be noticed that the formation of mixed-phase
TiO; nanostructure [9,10], and heterojunctions with other semiconductors [17] facilitate the charge
facilitates the charge separation to overcome the electron-hole recombination, and thus enhancing
the activity of TiO,. The TiO; band gap can be modified by the aggregation state and by differences
in particle size, as Reinosa et al. previously demonstrated [18]. Moreover, surface modification
and doping (interstitial and substitutional) with metal and non-metal (ions and compounds) have
demonstrated to be effective methods for increasing the photocatalytic efficiency of TiO; resulting from
enhanced electron-hole separation and appearance of vis absorption [7-9,12,13,16]. Recently, research
has focused on synthesis of co-modified TiO; because of their higher photocatalytic activity than that of
single-modified TiO, [7-9,12,13,16]. However, there are only limited studies focusing on the synthesis
of non-metal co-modified TiO, for degradation of MC-LR [7]. As far as we know, there is only one
report by Liu et al. on the activity of C-N co-modified anatase-TiO, for degradation of MC-LR under
visible light irradiation [19]. They prepared C-N co-modified anatase films through a sol-gel method
from titanium (IV) isopropoxide (TIP), polyoxyethylene sorbitan monooleate (Tween 80, nonionic
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surfactant) and anhydrous ethylenediamine (EDA) as Ti, C, and N source, respectively. Unfortunately,
titanium alkoxides (e.g., TIP) are very sensitive to moisture, thereby synthesis under inert gas and/or
the multi-steps processes (resulting in low yields) must be applied [9,10]. Moreover, incomplete
removal (65%) was only achieved for 0.5 mg L~! MC-LR during 5-h vis irradiation (fluorescent lamps
with a UV block filter, A > 420 nm, pH 3). Therefore, in this study, commercially available Tiy(SO4)3
and glycine were used as the TiO,-precursor and non-metal ions source, respectively, to prepare
C/N co-modified mesoporous A/B TiO, through one-pot surfactant-free hydrothermal approach.
Additionally, the as-prepared TiO, powder was further calcined at different temperatures (300, 400,
and 500 °C) to investigate the effect of thermal treatment on the properties, and thus photocatalytic
activities of TiO, photocatalysts. The as-synthesized and calcined TiO, powders were characterized by
advanced techniques, and used for MC-LR degradation using low-cost irradiation source (visible-LED
lamp, A = 420 nm). After 3 h irradiation, the complete removal of MC-LR (Cy = 10 mg L1 was
achieved using 0.4 g L~! as-prepared C-N co-modified TiO; at pH 4.

2. Materials and Methods

2.1. Materials

Titanium(III) sulfate (TS, Tip(SO4)3, Fisher, Loughborough, Leicestershire, UK, 15%), sodium
nitrate (NaNOj, Koch-light laboratories Ltd., Haverhill, Suffolk, UK, 98%), glycine (GLY,
H,N-CH,-COOH, Sigma-Aldrich, St. Louis, MO, USA, 99%), sodium hydroxide (NaOH, LobaChemie,
Pellets, Mumbeai, India, 98%), MC-LR (Cal-Biochem, Nottingham, UK, 99%), and absolute ethanol
(CH3CH,0H, Sigma-Aldrich, Darmstadt, Germany, 99.8%) were used without any further purification.
The water used for the experiment was deionized water (DI, 8.2 i Q).

2.2. Preparation of Photocatalyst

In a typical procedure, two different mixtures were prepared. For the first mixture (A), NaNOj3
(0.1 umol L) was added to TS solution (0.5 umol L) and then subjected to gentle stirring for
25 min till the formation of a transparent solution. The second mixture (B) consisting of an aqueous
solution of GLY (1 mol L™!) and NaOH (2 mol L~!) was mixed with a solution (A) dropwise under
continuous stirring, and then stirred for 30 min to complete the reaction, resulting in obtaining a
milk suspension. Then, the obtained suspension (maintained at 40 mL) was poured into the 100-mL
Teflon-lined tube. The sample was treated at 200 °C for 20 h, and then naturally cooled to room
temperature, collected, washed several times with ethanol and water, and dried at 60 °C for 12 h.
Finally, the as-prepared sample was calcined in a furnace open to air at three temperatures (300, 400,
and 500 °C) for 1 h. The as-synthesized and calcined samples were named as CDT-0.00, CDT-300,
CDT-400, and CDT-500, respectively.

2.3. Characterization of Photocatalyst

The crystal structure of TiO, was analyzed by the X-ray diffraction (XRD, D8, Bruker AXS X-ray
diffractometer, Karlsruhe, Germany) in a 20 range from 15 to 70°. Raman spectra were obtained on
a Senterra Dispersive Micro-Raman (Bruker, Munich, Germany) under excitation with the 532-nm
line of a doubled Nd:YAG laser at an incident power of 10 mW. Transmission electron microscope
(TEM, JEOL-JEM-1230, Tokyo, Japan) was used to investigate the particle sizes and morphologies.
Brunauer-Emmett-Teller (BET) specific surface areas were estimated based on nitrogen adsorption
isotherms at 350 °C using Quanta Chrome Instruments (). All samples were degassed at 180 °C for
12 h before the N; physisorption measurements. The BET specific surface area was estimated using
the adsorption data in the relative pressure (P/P,). The Barrett-Joyner-Halenda (BJH) pore size
distribution was estimated from adsorption data. UV-vis absorption spectra were measured using
UV-vis spectrophotometer (UV-2501 PC, Shimadzu, Tokyo, Japan) with an integrating sphere and
BaSOj as a reflectance standard. The reflectance data were converted to F(R) values according to the
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Kubelka—Munk theory. The (F(R) hv)'/2 versus energy of the exciting light was plotted to obtain the
band-gap energy [10]. The X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, Waltham,
MA, USA) measurements were performed to investigate the surface chemical composition. The room
temperature FT-IR absorption spectra were recorded using JASCO 3600 spectrometer (Tokyo, Japan),
in the spectral range from 400 to 4000 cm~!. The PL spectrometer (Shimadzu RF-5301PC, Tokyo, Japan)
was used to determine the photoluminescence properties.

2.4. Photocatalytic Experiments

A stock aqueous solution of MC-LR (30 mg L) was prepared (pH 6.3). Prior the photocatalytic
experiments, the standard calibration curve was made for MC-LR concentrations in the range of
5-30 mg L. The photocatalytic degradation experiments were carried out in a double jacket round
quartz reactor with a 50 mL volume. The temperature was maintained at 25 °C by circulation
thermostated water around the reactor. Firstly, an aqueous solution of MC-LR (40 mL) was added to
a round quartz reactor containing TiO, powder, and then sonicated to obtain a uniform suspension,
which was then stirred for 180 min in the dark to achieve the adsorption equilibrium for MC-LR on the
catalyst surface before turning the experiments [20]. Thereafter, the suspension was irradiated from
the top by a visible-LED lamp (Amax = 420 nm, intensity = 1 mW cm2, height 20 cm). The samples were
dragged at different times, and then filtered using a 0.22-um filter membrane. The residual MC-LR
concentration at different durations was adopted using a High-Performance Liquid Chromatography
(HPLC, 1260, Agilent, Hamburg, Germany) with a G1311C-1260 Quat pump and a G1365D-1260
MWD UV detector (Hamburg, Germany), set at 238 nm with a C18 column (100 mm Long x 4.6 mm
i.d., 3.5 um particles) and using the method reported before [21]. The reaction rates were estimated
and fitted with the Langmuir-Hinshelwood first-order kinetic model. The degradation rate (r) was
calculated using Equation (1) [3,9,10]:

r=K x Co", 1)

where K is the rate constant, Cj is the initial MC-LR concentration, and # is the order of the reaction.
The MC-LR photodegradation efficiency (E %) using the as-prepared and calcined TiO, samples under
visible light was determined using Equation (2) [9,10]:

E% = (1 — (C/Cp)) x 100, (2)
where Cj and C are the MC-LR concentrations before and after irradiation, respectively.
3. Results and Discussion

3.1. Characteristics of Photocatalyst

The crystallographic structure of TiO, powders, obtained by thermal hydrolysis of an aqueous
solution of Tiy(SO,)3, which was pre-oxidized by sodium nitrate in the presence of 1 mol L1 glycine
at pH 10 and then calcined at different temperatures (300, 400, and 500 °C), was investigated by
XRD. The XRD patterns of CDT-0.00, CDT-300, CDT-400, and CDT-500 samples are displayed in
Figure 1. The diffraction peaks of all samples showed mixed-phase titania of anatase and brookite.
The peaks at 25.27° (101), 36.96° (103), 37.76° (004), 38.56° (112), 47.84° (200), 53.76° (105), 55.04°
(121), 62.56° (204), and 68.64° (116) were well attributed to anatase-TiO, (JCPDS No. 84-1286) [9,10].
Additionally, the formation of brookite TiO, phase (JCPDS no.15-0875) could be confirmed by the peaks
at 25.27° (120), 30.72° (121), 37.76° (201), 47.84° (231), 53.76° (320), 55.04° (241), and 68.64° (400) [9,10].
Although almost all brookite peaks overlapped with those of anatase, the most intensive brookite
peak at 30.72° clearly indicated its presence. It should be pointed that brookite (metastable) is not a
common titania polymorph, whereas anatase (metastable) and rutile (stable) have been frequently
reported. Therefore, these results indicate the role of glycine, Na*, and pH value in the formation
of anatase-brookite TiO;. It has been proposed that insoluble titanium hydroxide (Ti(OH),) is firstly
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obtained by the direct hydrolysis of a mixture of aqueous Tiy(SO4)3 and NaNOj3 [9,10,22]. Then,
by adding sodium hydroxide (to adjust pH to be 10) and glycine, the insoluble sodium titanate
(Naz.xH,Ti;O5.H,0) and soluble five-membered ring complex [Ti(OH)x(C2HsNOy)y]*  are formed
during the hydrothermal treatment [10,22-25]. The sodium titanate is transformed into brookite
at a high temperature in highly alkaline medium, whereas [Ti(OH)x(C;HsNOy)y]*™ is transferred
into anatase to obtain anatase-brookite heterojunction titania [10,22]. The content of the anatase
and brookite phases were calculated using Zhang formula [26]. It was observed that an increase in
calcination temperature resulted in a decrease in brookite content. Therefore, it was found that brookite
was gradually converted to anatase over this temperature range (see Figure 1), and/or amorphous
titania was transformed to anatase (as suggested by more intensive anatase peaks). Although some
reports suggest the direct transition of brookite into rutile (not via anatase) [27] and an accelerated
anatase to rutile transition (starting at 500 °C) in the presence of brookite [28], this study showed that
the brookite presence does not necessarily cause fast and direct anatase-to-rutile transition (even at
500 °C). The Scherrer’s equation was applied to estimate the average crystallite size for the anatase
and brookite phases from the broadening of peaks 25.27° (120) and 30.72° (121), respectively (see
Table 1) [10]. Clearly, both anatase and brookite crystallite sizes showed a typical upward trend with
increasing calcination temperature. The change in phase structure and particle size of TiO, with
increasing calcination temperature is corroborated by some previous reports [29-31]. For example,
Allen et al. studied the influence of calcination temperature on the morphology (crystalline phase
and size) and photocatalytic performance of TiO;. They noticed a similar trend for the calcination of
anatase-brookite TiO, samples, where anatase content increased gradually with increasing temperature,
in contrast to the decrease in brookite content. Moreover, the crystal size of anatase and brookite
increased with increasing calcination temperature [31].
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Figure 1. XRD patterns for CDT-0.00, CDT-300, CDT-400, and CDT-500 samples.

Table 1. Crystal size, BET surface area, pore volume, pore size and band gap of CDT-0.00, CDT-300,
CDT-400, and CDT-500 samples.

Samples Crystal Size (nm) BET Surface Pore Volume Pore Size Band Gap
A B Area (m%g~1) (ecm3g~1) (nm) (eV)
CDT-0.00 16 32 72.41 0.29 8.6 2.79
CDT-300 17 35 66.00 0.27 9.3 2.82
CDT-400 20 42 55.22 0.26 9.8 2.86
CDT-500 25 50 20.51 0.23 10.7 3.00

To confirm the phase structure of the obtained TiO;,, Raman spectroscopy was used. In Figure 2a
and Table 2, it is explicit that all the TiO, samples exhibited certain peaks matching to the vibration
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modes of anatase and brookite [9,32]. Figure 2b shows the main Raman peak of anatase (Eg mode,
peak position at around 145 cm 1). The peak was red-shifted and its width increased with increasing
temperature, and these observations are consistent with the literature data [33]. The redshift and
broadening of Raman peaks of Eg mode can be assigned to thermal expansion, intrinsic anharmonicity
and phonon confinement effects [33]. Heating results in expanding of material leading to redshift, and
the intrinsic anharmonicity is stronger with temperature [33,34]. The phonon—phonon interactions,
which may be due to the O-Ti-O bond vibrational type, were very obvious in the Eg mode, hence
the phonon confinement effects should cause an increase in the shift and asymmetric broadening of
Raman peaks [33,34].
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Figure 2. (a) Raman spectra of CDT-0.00, CDT-300, CDT-400, and CDT-500 samples; and (b)

enlargement of the main peak around 145 em~ L

Table 2. Raman vibration bands and their assignments in CDT-0.00, CDT-300, CDT-400, and CDT-500
samples at 532 nm excitation wavelength.

Assignment [Peak Position (cm )]

Samples

Anatase Brookite
CDT-0.00 Eg [145.5, 636], Blg [517.5], Alg [396, 517.5] Ag [199, 636], Alg [396], Blg [517.5]
CDT-300 Eg [146.5, 639], Blg [518], Alg [397, 518] Ag[199, 639], Alg [397], Blg [323, 518]
CDT-400 Eg [148.1, 641.5], Blg [518.1], Alg [399, 518.1] Ag[199, 641.5], Alg [399], Blg [518.1]
CDT-500 Eg [149, 644], Blg [521], Alg [400, 521] Ag[199, 644], Alg [400], Blg [323, 521]

Figure 3 shows exemplary TEM images and the corresponding electron diffraction (ED) patterns
of all samples obtained at different calcination temperatures. All samples contained nano-rod-like
particles and small nano-quasi-spherical-like particles. Since brookite has orthorhombic structure, in
which TiOg octahedron shares three edges and corners, the rod-like particles of brookite have frequently
been reported [35-39]. Therefore, it was assumed that the small nanoparticles Were related to the
anatase phase, whereas brookite formed the rod-like particles. Similar to crystallite size, the particle
sizes increased with an increase in the calcination temperature. According to the insets in Figure 3a—d,
the interface, as revealed by the electron diffraction (ED) patterns, consisted of anatase /brookite, being
consistent with XRD data.
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Figure 3. (a-d) TEM images of CDT-0.00, CDT-300, CDT-400, and CDT-500 samples, respectively.

Figure 4a shows the nitrogen adsorption—desorption isotherms and pore-size distribution
(inset) of CDT-0.00, CDT-300, CDT-400, and CDT-500 samples. It was found that all TiO, samples
exhibited IV-type isotherm according to IUPAC classification, proving the formation of a mesoporous
structure [32,40]. The broad hysteresis loops (0.35-0.96 P/P,) for CDT-0.00 and CDT-300 samples
and narrow ones (0.53-0.96 P/P,) for CDT-400 and CDT-500 samples indicate that thermal treatment
caused a shift for hysteresis loops to higher relative pressure, and this might correlate with the gradual
loss of mesoporous structure with increasing temperature [41]. Moreover, it should be mentioned that,
with increasing temperature, the particle and pore sizes of the TiO, photocatalyst increased, resulting
in narrowing the hysteresis loops because the large particles could be considered as irregular voids [42].
Additionally, it must be pointed that thermal treatment influenced all surface properties, e.g., pore
sizes increased from 8.6 to 10.7 nm, whereas pore volume and specific surface area decreased from 0.29
t00.23 cm® g1 and 72.4 to 20.5 m? g1, respectively, by thermal treatment at 500 °C (as summarized
in Table 1). Figure 4b presents the diffuse reflectance spectra and band gap estimations (inset) of
as-prepared and calcined TiO, photocatalysts. The increase in calcination temperature resulted in
the hypochromic effect, i.e., shift of the absorption edge towards shorter wavelengths, demonstrating
the broadening of the band gap (from 2.79 to 3.00 eV), as shown in Figure 4b and Table 1. Generally,
brookite shows broader bandgap than anatase, ca. 3.3 eV, but the modification resulted in bandgap
narrowing; however, temperature again caused an increase in the band gap. Accordingly, it is proposed
that, by applying the thermal treatment, the non-metal elements released gradually, hence the visible
light response of the samples was diminished, resulting in redshift of absorption edge and broadening
of band gap, similarly to previous reports [43,44].

To determine the nature of incorporated elements, the modified TiO, photocatalysts were also
characterized by XPS and FT-IR (see Figures 5-7). Figure 5a shows XPS spectra of the samples for
titanium (Ti 2p). All samples exhibited two Ti components with the core level binding energies at
458.5, and 464.2 eV for Ti 2p3,, and Ti 2p; /5, respectively. These peaks are attributed to TiO, lattice
(Ti-O-Ti) [7,8,10,19,32]. Figure 5b gives the XPS of O 1s spectra of the TiO, samples. The samples
displayed two O components with the O 1s binding energies at 529.7 and 531.6 eV. The low binding
energy is ascribed to oxygen in TiO, lattice (Ti—O—Ti), and the higher one to the surface hydroxyl
groups, resulting from chemisorbed water [7,8,10,19,32]. It was observed that the content of surface
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hydroxyl groups decreased with increasing the calcination temperature, and this is consistent with
the FTIR results. The decrease in surface hydroxyl groups might lead to reducing the possibility for
trapping photogenerated holes, and thus enhancing the possibility of the electron-hole recombination,
which agrees with the PL results [7,8,10,19,32,45]. The XPS spectra for C 1s are presented in Figure 6a.
Two peaks were observed with the binding energies of 284.4 and 288.7 eV, which were assigned to
C-C, and C-H and C-O, C=0, O=C-O, Ti-O-C, and C-N bonds, respectively [10,19,32]. For nitrogen (N
1s), one peak with binding energy of 401.7 eV might correspond to the chemisorbed N species (NO,
N,O, NO?, and NO3"), hyponitrite species, interstitial N-doping (Ti-O-N and Ti-N-O linkage) and
substitutional N-doping (O-Ti-N linkage) (see Figure 6b) [10,19,32]. The surface compositions of C/N
co-modified TiO, samples are summarized in Table 3. It indicates that the atomic concentration of Ti
and O increased with increasing temperature, while O/Ti ratio remained almost unchanged. On the
other hand, the content of N and C decreased with increasing calcination temperature, which might be
explained by the thermal release of surface modifiers (non-metal elements), as already reported [43,44].
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Figure 4. (a) N sorption isotherm and pore size distribution (inset); and (b) diffuse reflectance spectra
and Tauc plots (inset) for all obtained samples.
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Figure 7. FT-IR of CDT-0.00, CDT-300, CDT-400, and CDT-500 samples.

Table 3. The surface composition of Ti, O, C, and N obtained from XPS.

Content (at. %) Ratio
Samples
Ti 2p O1s Cis N1s O/Ti
CDT-0.00 20.20 56.20 21.70 1.90 2.8
CDT-300 20.64 57.60 20.10 1.66 2.8
CDT-400 21.05 58.10 19.40 1.45 2.8
CDT-500 21.98 58.60 18.20 1.22 27

The existence of carbon and nitrogen for the obtained TiO, powders was further confirmed by
FTIR spectroscopy, as shown in Figure 7. It was found that prepared TiO, samples displayed vibration
modes at the 4000-400 cm ~! range, indicating the possible incorporation of C and N in the TiO, lattice
(see Figure 7 and Table 4) [9,10,32,40]. The Ti-O bond and Ti—O-Ti bridge stretching are located at
900-400 cm ! [9,10]. The low FTIR bands located at 480 cm ™! are attributed to Ti-Ng. bonds [10,32].
The bands located at 1416 cm ! are related to Ti-Npen , C-Hpen, and N-Hpep [10,32]. N-Hpe, and
O-Hgy. bonds are located at 1630 cm ! [9,10,32,40]. The FTIR bands located at 2922 cm ! are assigned
to C-Hgy. [10]. The broad bands located at 3418 cm ™! are characterized to O-Hgy. [9,10,32,40]. The
weak FTIR bands located at 37003800 cm ™! are due to N-Hg. [10,32]. It is worth noting that
the intensities of O-H, N-H, C-H and Ti-N vibration bands decreased with increasing calcination
temperature, confirming XPS data, i.e., the thermal treatment caused a release of non-metal elements
and/or chemosorbed H,O [46-48].
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Table 4. FTIR vibration bands and their locations for CDT-0.00, CDT-300, CDT-400, and

CDT-500 samples.
Vibration Mode Bands Location (cm ™)
Ti-O; Ti-O-Ti (stretching) 400-900

O-H (stretching) 3418

O-H (bending) 1630
N-H (stretching) 3700-3800

N-H (bending) 1630; 1416

C-H (stretching) 2922

C-H (bending) 1416

Ti-N (bending) 1416, 480

3.2. Photocatalytic Activity of Photocatalyst

3.2.1. Degradation of MC-LR over TiO, Photocatalyst

To compare the catalytic activity of as-synthesized (CDT-0.00) and calcined (CDT-300, CDT-400,
and CDT-500) C-N co-modified TiO, for MC-LR removal, three kinds of experiments were performed:
MC-LR adsorption in the dark (blank test), MC-LR photolysis (without photocatalyst), and MC-LR
photodegradation (visible light + photocatalyst). In the initial experiments, the pH value and the
content of TiO; were 6.3 and 0.3 g L1, respectively. Before the photocatalytic reaction, the adsorption
of MC-LR on the surface of co-modified TiO, samples in the dark was performed (see Figure 8a). It
was found that 3-h stirring resulted in 40%, 39%, 33% and 20% adsorption of MC-LR on the surface of
CDT-0.00, CDT-300, CDT-400 and CDT-500, respectively. More efficient adsorption of MC-LR on the
surface of as-synthesized co-modified TiO, than that on the calcined samples could result from larger
specific surface area, as shown in inset of Figure 8a. Blank tests (in the absence of photocatalyst and
irradiation) indicated that MC-LR is stable and irradiation was necessary for its efficient decomposition
(Figure 8a,b). It was found that 3-h vis irradiation resulted in almost complete degradation of MC-LR,
reaching 95% (0.0172 mni~!, r = 1.04 x 10~% mmol L), 90% (0.0131 mni~!, r = 0.81 x 10~% mmol
L), 86% (0.0113 min~1, r = 0.76 x 10~* mmol L~1), and 79% (0.0084 mn~!, r = 0.68 x 10~* mmol
L) removal efficiencies for CDT-0.00, CDT-300, CDT-400, and CDT-500 samples, respectively, as
shown in Figure 8b. Therefore, it was confirmed that all co-modified titania samples displayed a high
photocatalytic performance. Several reasons could be responsible for this high photocatalytic activity,
such as formation of mixed-phase structure (anatase/brookite (A /B)), mesoporous morphology, and
non-metal co-modification [9-19,22,25,32,48]. The formation of A/B mixed-phase TiO, might facilitate
the migration of electrons from brookite to anatase, and holes from anatase to brookite, and hence
reducing the possibility of electron-hole recombination [9,10,22,25]. The high photocatalytic activity
of the mesoporous TiO; can be explicated by: (i) more active sites for photocatalytic reaction; (ii)
the cumulation of hydroxyl radicals inside the pores; (iii) the high dispersion of mesoporous TiO,
in the aqueous solution; and (iv) the rapid diffusion of MC-LR to the reactive sites on the surface
of the mesoporous TiO; photocatalyst [49,50]. The high activity of the photocatalysts under visible
light can be attributed to narrowing of band gap resulting from non-metal modification, as shown
in our previous report on non-modified titania [32]. Moreover, it was observed that the degradation
rate was decreased with an increase in calcination temperature, which might be explained by: (i)
the increases in crystal and pore sizes; and (ii) the decreases in specific surface area and the content
of non-metal elements. It is worth noting that the charge-carriers recombination was gradually
increasing with increasing the calcination temperature, probably due to a decrease in the amount of
adsorbed water molecules, which play an essential role in the photocatalytic activity since they can
react with photogenerated holes forming reactive oxygen species (ROS), thereby inhibiting charge
recombination [19]. These hypotheses were confirmed by changes in the XPS spectra (a decrease in
hydroxyl groups), FTIR bands (O-H vibration) and PL intensities (Figures 5, 7 and 9, respectively)
with an increase in calcination temperature. For example, the intensity of the bands located at 3418
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and 1630 cm !, attributed to the O-H vibration modes of adsorbed water molecules, decreased with
increasing the calcination temperature (Figure 7).
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Figure 8. Change of the MC-LR concentration with initial concentration 10 mg L' versus reaction
time: (a) under dark condition; and (b) under visible light illumination for 3 h using CDT-0.00, CDT-300,
CDT-400, CDT-500 catalysts (0.3 g L 1) at pH 6.3.
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Figure 9. PL spectra of CDT-0.00, CDT-300, CDT-400, and CDT-500 catalysts.

The photoluminescence (PL) spectroscopy has been used widely to investigate the charge
separation/recombination of photogenerated charges. Additionally, the PL emission intensity is
related directly to the recombination rate of the e~ /h* pairs, i.e., the lower is the PL emission
intensity, the lower is the recombination rate, hence an increase in the photocatalytic activity of
the materials [10,33]. Indeed, higher PL intensity of the sample CDT-0.00 than those of calcined
samples (Figure 9) correlates well with photocatalytic activity (Figure 8), confirming the lower charge
carriers’ recombination. The results indicate that PL peaks of all samples are located at the same
position around 485 nm, which can be attributed to the free electron recombination process from the
conduction band (CB) to the ground state recombination center [32]. The PL intensities increased
with increasing the calcination temperature, i.e., the as-synthesized TiO, catalyst (CDT-0.00) exhibited
the lowest PL intensity indicating the lowest charge carriers’ recombination, and thus the highest
photocatalytic activity for MC-LR degradation.

3.2.2. Improvement of Photocatalytic Degradation

To attain the highest efficiency of MC-LR degradation on co-modified TiO, under vis irradiation,
the condition-dependent activity was investigated, i.e., the influence of the initial pH value, the initial
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content of TiO,, and the initial concentration of MC-LR. Firstly, the pH effect on the degradation of
MC-LR (10 mg L 1) on CDT-0.00 photocatalyst (0.4 g L 1) was investigated for three different pH
values (4, 6.3, and 8), and the data are shown in Figure 10a. The complete MC-LR degradation (100%,
K =0.034 min~!, and r = 2.01 x 10~* mmol L~1) was achieved at the acidic pH 4, whereas at more
neutral (pH 6.3) and basic (pH 8) conditions, the total degradation efficiencies were lower reaching 97%
(K=0.019 min~1,and r =1.16 x 10~* mmol L~1) and 81% (K = 0.009 min~—?!, and r = 0.59 x 10~% mmol
L), respectively. The enhanced photocatalytic degradation of MC-LR in acidic conditions has
already been reported [3,4]. It is well known that the TiO, surface is positively /negatively charged
below/above the point of zero charge (p,. = 6-8 depending on titania sample) [51-55]. Hence, the
TiO, surface is positively charged (Ti-OH,*) at pH 4. It is important to note that MC-LR is negatively
charged above pH 2.10, and positively charged below this value [56]. Therefore, obtained results, i.e.,
best activity at pH 4, suggest that attractive forces between the positively charged TiO, (TiOH,*) and
the negatively charged MC-LR (MC-LRH") enhance the adsorption of MC-LR on the surface of C/N
co-modified TiO, photocatalyst, thus improving its photocatalytic degradation.
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Figure 10. (a) Photodegradation of 10 mg L~ MC-LR in the presence of CDT-0.00 (0.4 g L~1) under
visible irradiation at different pH values (4, 6.3, and 8); and (b) photodegradation of 10 mg L' MC-LR
using different dosages of CDT-0.00 (0.3, 0.4, and 0.5 g L") under visible irradiation at pH 4.

Next, the influence of photocatalyst dose was investigated, and obtained data are shown in
Figure 10b for three different values (0.3, 0.4,and 0.5 g L~1) at acidic conditions (pH 4) and for initial
concentration of MC-LR of 10 mg L~!. It was found that the photocatalytic efficiency increased
with an increase in the photocatalyst content from 0.3 to 0.4 g L~ (from 98% (K = 0.021 min~!, and
r =127 x 10~* mmol L) to 100% (K = 0.034 min—!, and r = 2.01 x 10~% mmol L)), due to
more efficient photon absorption, similar to reported data [21,39,57,58]. However, further increase
in the photocatalyst dose (0.5 g L™1) resulted in a decrease in the photocatalytic efficiency to 64%
(K =0.006 min—!, and r = 0.37 x 10~* mmol L~1), due to the “inner filter” effect (reduced penetration
depth and increased scattering of the incident light beam) [20,56]. Therefore, for reliable comparison
between different photocatalysts the photoirradiation, experiments should be performed at maximum
photon absorption, i.e., after reaching plateau in photocatalyst dose-activity dependence, as clearly
discussed by Kisch [58]. Although, usually for titania powders of specific surface areas of about
50-200 m?g !, the optimum dose in the range of 0.5-3.0 g L~ [58] has been proposed, our data indicate
that even 0.5 g L1 could be too large (probably due to intensive coloration by C/N-modification).

The influence of initial MC-LR concentration on the photocatalytic performance of as-synthesized
C/N co-modified TiO, with an initial TiO, dose of 0.4 g L' at pH 4 is shown in Figure 11. Tt
was found that an increase in MC-LR concentration resulted in a decrease in degradation efficiency.
This obvious behavior is caused by the fact that higher concentration means higher competition
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(more molecules) for same content of reactive oxygen species, as well as the competition between
oxidation by-products and original compound (MC-LR) for both adsorption (on the photocatalyst
surface) and degradation. The MC-LR degradation presented a first-order behavior (as confirmed
by logarithmic plot (Figure 11b)) with the reaction rates of 2.01 x 10~ mmol L1 (K = 0.034 min~1),
1.03 x 107* mmol L~ (K=0.017 min~'), and 0.73 x 10~* mmol L~! (K = 0.011 min~!) and degradation
efficiency after 180-min vis irradiation of 100%, 95% and 83% at the initial MC-LR concentration of 10,
20, and 30 mg L1, respectively.
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Figure 11. (a) Photodegradation of MC-LR with different initial concentration (10, 20, and 30 mg L™1),
using 0.4 g L~! CDT-0.00 under visible irradiation at pH 4; and (b) plot of C/Cj vs irradiation time.

3.2.3. Proposed Mechanism for MC-LR Removal

(i) Adsorption:

Before irradiation, an aqueous solution of MC-LR was stirred with C/N co-modified TiO, powder
in the dark for 180 min to attain the adsorption equilibrium for MC-LR on the photocatalyst surface.
Scheme 1 shows the proposed mechanism of MC-LR adsorption on the TiO; surface in the dark at
acidic conditions, i.e., fast adsorption due to the attractive forces between the positively charged TiO,
(TiOH,*) and the negatively charged MC-LR (MC-LRH").

Dark
Stirring (3 h)
Blue-green algae TiO, catalyst

(MC-LR) 0.4
10 mg/L -

Acidic pH 4 MC-LR

MC-LR adsorption
on TiO, surface

Scheme 1. Proposed mechanism of MC-LR adsorption on co-modified TiO; at acidic pH 4.

(ii) Photodegradation:

The proposed mechanism of the MC-LR photodegradation on C/N co-modified TiO,
photocatalyst is shown in Scheme 2. Firstly, vis irradiation could excite semiconductor only from the
impurity energy levels (non-metal levels, considering surface modification with doping-like nature, e.g.,
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surface oxygen replaced by nitrogen and carbon) to the conduction band, and leaving photo-generated
holes at the impurity levels in both anatase and brookite phase, as presented in Equation (3).

Photo—excitation
%

TiO, +hv ht +e, (3)

Visible light
o, / Y )
. CB SN
MC-LR € 8 > .
R H,0 €, TR | & 2
B ookite N MC-LR
O, or HO)) 4= o,--(w [Amatass \ ¥ ‘ HO aWwe
~hv| |
H,0+ col/ HO' v B (b w | bor HO'
#® j!'T vB I°
Non-toxic by-products HO* H,0+CO,
\ 4 %
C/N co-doped TiO, Non-toxic by-products

Scheme 2. Possible mechanism of MC-LR degradation over C/N co-modified A/B TiO, photocatalyst.

Moreover, it is possible (and has already been proposed in our previous and other
reports [9,10,22,25,32,40,47,48]) that photogenerated electrons could transfer from brookite to anatase,
whereas the holes could migrate inversely (from anatase to brookite), thereby enhancing the
electron-hole separation. Following that, these separated charges can oxidize and reduce the adsorbed
H,0 and O, respectively, to form high reactive oxygen species (ROS) by the following reactions:

H,0 +h+ Oxidation *OH, 4
Oz te Reduction .702, (5)
*~0; +H,0 —— °*OH 6)

Finally, MC-LR adsorbed on the TiO, surface can be degraded either directly by h* or indirectly by
formed ROS (Equations (4)—(6)) to be converted finally into non-toxic products, H,O and CO,, as
shown in Equation (7).

Degradation
EE—

MC-LR +h™, *OH, (and/or) *~ O, H,0 + CO; + non-toxic by-products 7)

4. Summary and Conclusions

MC-LR toxic pollutant was removed from aqueous solution over visible light responsive C/N
co-modified, mesoporous, mixed-phase (A/B) TiO, photocatalyst, synthesized through one-pot
hydrothermal approach using glycine as C/N source. The as-synthesized and calcined TiO, at
different temperatures (300, 400, and 500 °C) were prepared, and characterized by XRD, Raman, TEM,
BET-surface area, UV-vis-DRS, XPS, FTIR, and PL. The important parameters, including the initial pH
value, the photocatalyst content, and MC-LR concentration, were studied to reach the best conditions
for photocatalytic degradation of MC-LR using the co-modified TiO, under visible irradiation. The
results reveal that all mesoporous co-modified A /B TiO, photocatalysts exhibited high photocatalytic
activity toward MC-LR degradation, probably because of their mesoporous structure and non-metal
modification. The photocatalytic efficiency decreased with increasing calcination temperature, as a
result of decreased specific surface area and a release of non-metal modifiers. The complete degradation
of 10 mg L~ MC-LR over 0.4 g L~! as-synthesized C/N co-modified TiO, at pH 4 was achieved under
vis irradiation for 180 min. It is proposed that mixed-phase formation and non-metal co-modification
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cause the high photocatalytic activity under visible light irradiation, as shown in Scheme 2. Therefore,
it is concluded that this photocatalyst is suitable for efficient water/wastewater treatment under
natural solar radiation.
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Abstract: Antibiotic residues in aquaculture wastewater are considered as an emerging environmental
problem, as they are not efficiently removed in wastewater treatment plants. To address this issue,
we fabricated TiO, nanotube arrays (TNAs), TiO, nanowires on nanotube arrays (TNWs/TNAs),
Au nanoparticle (NP)-decorated-TNAs, and TNWs/TNAs, which were applied for assessing the
photocatalytic degradation of eight antibiotics, simultaneously. The TNAs and TNWs/TNAs were
synthesized by anodization using an aqueous NHyF/ethylene glycol solution. Au NPs were
synthesized by chemical reduction method, and used to decorate on TNAs and TNWs/TNAs.
All the TiO; nanostructures exhibited anatase phase and well-defined morphology. The photocatalytic
performance of TNAs, TNWs/TNAs, Au-TNAs and Au-TNWs/TNAs was studied by monitoring
the degradation of amoxicillin, ampicillin, doxycycline, oxytetracycline, lincomycin, vancomycin,
sulfamethazine, and sulfamethoxazole under ultraviolet (UV)-visible (VIS), or VIS illumination by
LC-MS/MS method. Allthe fourkinds of nanomaterials degraded the antibiotics effectively and rapidly,
in which most antibiotics were removed completely after 20 min treatment. The Au-TNWs/TNAs
exhibited the highest photocatalytic activity in degradation of the eight antibiotics. For example,
reaction rate constants of Au-TNWs/TNAs for degradation of lincomycin reached 0.26 min~! and
0.096 min~! under UV-VIS and VIS irradiation, respectively; and they were even higher for the other
antibiotics. The excellent photocatalytic activity of Au-TNWs/TNAs was attributed to the synergistic
effects of: (1) The larger surface area of TNWs/TNAs as compared to TNAs, and (2) surface plasmonic
effect in Au NPs to enhance the visible light harvesting.

Keywords: TiO, nanomaterials; Au nanoparticles; anodization; photocatalytic degradation of
antibiotics; LC-MS/MS

1. Introduction

Titanium dioxide (TiO,) is one of the most widely studied materials for applications
in solar cells [1-3], pollutant degradation [4-6], photolysis of water [7], gas sensing [8],
and bio-applications [9,10], due to its excellent photocatalytic reactivity, high chemical stability,
non-toxicity, biocompatibility, and low cost [11-13]. However, the large band gap of TiO, (3.2 eV)
limits it light absorption to only 5% of the solar spectrum [14-16]. Considerable effort has been
made to improve the light absorption of TiO, by doping with non-metals (N, E, S) [17-19] or
chemical modification to narrow the band gap [20]. In addition, visible-light absorption can also be
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achieved by coupling TiO, to small-band-gap quantum dots [21]. Recently, a new approach involving
metal nanostructures in enhancing the visible-light photoactivity of TiO, via plasmonic effect has
received much attention [22-26]. Moreover, metal nanoparticles (NPs) have demonstrated good
photo-stability [14].

TiO, nanomaterials are of great interest because of their large surface area and high light absorption
capability [27-31]. In this study, TiO, nanotube arrays (TNAs) and TiO, nanowires on nanotube
arrays (TNWs/TNAs) are of interest, because they can provide a large surface-to-volume ratio and
unidirectional electrical channel [32,33]. TNWs/TNAs presented a better photocatalytic degradation
of methylene blue than that of TNAs, which was attributed to the presence of partial coverage of
TNWs on the surface of TNAs for the enhanced surface area [6]. By using the anodic oxidation,
the nanostructures of TNAs and TNWs/TNAs can be fabricated on immobilized Titanium folds that
allows retrieval of the photocatalysts from the reaction solution after treatment, so they can be reused
for many times.

The aquaculture production sector of the Mekong Delta (Vietnam) has reached an annual
production of 1.14 million tons in 2012 [34,35]. Antibiotics are commonly used in aquaculture for
the prevention and treatment of diseases. However, Vietnam has very little enforced regulation
pertaining to antibiotic usage in domestic aquaculture. Consequently, antibiotic residues in aquaculture
wastewater of the Mekong Delta region are considered as an emerging environmental problem,
due to their adverse effects on ecosystems, the aquaculture production and its economy [36,37],
and human health [38—42]. Indeed, antibiotic residues in the environment have been found at low
levels, usually in the ng'L™'-pg-L~! range [38-40]. The antibiotic residues can result in bacterial
antibiotic resistance [41,42], which in turn can be a serious risk to humans and other animals [37].
To address this environmental issue, photocatalysis has received tremendous attention, owing to its
great potential in removing antibiotics from aqueous solutions via a green, economic, and effective
process [43,44]. Indeed, photocatalytic degradation of tetracycline using nanosized titanium dioxide in
an aqueous solution has been studied. Also, the degradation of paracetamol in aqueous solutions by
TiO; photocatalysis in powder and immobilized forms have been studied [45]. Y. He et al. studied
the degradation of pharmaceuticals (i.e., Propranolol, Diclofenac, Carbamazepine, and Ibuprofen) in
wastewater using immobilized TiO, photocatalysis under simulated solar irradiation [46]. Therefore,
the hypothesis of this study is that the antibiotic residues in aquaculture wastewater can be degraded
effectively and rapidly by using nanostructured TiO, and Au-TiO, photocatalysts.

In this study, we fabricated TNAs, TNWs/TNAs, Au NP-decorated TNAs, and Au NP-
decorated TNWs/TNAs and utilized them to degrade antibiotic residues in aquaculture wastewater
of the Mekong Delta (Vietnam) via the photocatalysis process. Indeed, for the first time,
we successfully developed a sensitive, specified and repeatable analytic procedure to assess the
photocatalytic removal efficiency of important classes of antibiotics, including amoxicillin (AMOX),
ampicillin (AMPI), doxycycline (DXC), oxytetracycline (OTC), lincomycin (LCM), vancomycin (VCM),
sulfamethazine (SMT), and sulfamethoxazole (SMZ) simultaneously in aquaculture wastewater,
using liquid chromatography/tandem mass spectrometry (LC-MS/MS) analysis. LC-MS/MS is the
combination of liquid chromatography (LC) with mass spectrometry (MS). Structural-morphological,
and photocatalytic degradation kinetics of the eight antibiotics under UV and/or VIS irradiation are
discussed in detail.

2. Experimental Details

TNAs and TNWs/TNAs were grown on Titanium (Ti) foil substrates (99.9% purity, 1 cm x
2.5 cm size, 0.4 mm thickness) by anodic oxidation. Prior to anodization, the substrate was first
ultrasonically cleaned using acetone, methanol, and deionized water, followed by drying in a N, gas
flow. The anodization was performed using a two-electrode system with the Ti foil as an anode and a
stainless steel foil (S5304) as a cathode. The electrolyte contained 0.3 wt % NH4F (SHOWA, Tokyo,
Japan) in ethylene glycol (EG) solution with 2 vol % water. The Ti foil was anodized at 30 V for 1 h

24



Materials 2019, 12, 2434

and 5 h to grow TNAs and TNWs/TNAs, respectively. The samples were then annealed at 400 °C for
1 h to induce sample crystallization. Au nanoparticles were prepared by chemical reduction method
in which water (100 mL) containing HAuCly. 4H,0O (0.2 mM) and citric acid (0.5 mM) was stirred
at 120 °C. The Au-TNAs and Au-TNWs/TNAs were prepared by immersing the samples in the Au
solution for 6 h at room temperature. The samples were then annealed at 400 °C for 1h to improve the
crystallinity and Au-TiO, interfaces.

The crystal structures of the nanomaterials were characterized by X-ray diffraction (XRD, Bruker D2,
Bruker, Billerica, MA, USA) using Cu Ka radiation (A = 1.5406 A). Morphologies of the samples
were characterized by scanning electron microscopy (SEM, JEOL JSM-6500, Pleasanton, CA, USA).
An antibiotic solution was designed and prepared to reflect the practical aquaculture wastewater
samples, collected at Dam Doi district of Ca Mau province, which is one of the large aquaculture areas
of Mekong Delta, Vietnam. The aquaculture wastewater had a biochemical oxygen demand (BOD) of
10.7 mg/L, chemical oxygen demand (COD) of 19.6 mg/L, and low concentration of organic matter.
The spiked mixture solution of standard eight antibiotics with an initial concentration of 500 ng/mL
was dissolved in blank wastewater samples containing 0.1% (v/v) formic acid. Photocatalytic reactions
were carried out by immersing a sample into a 30 ml antibiotic solution under UV-VIS at approximately
120 mW-cm~2 or VIS illumination at approximately 95mW-cm~2 using a 100 W Xenon lamp. Prior to
illumination, the catalyst was immersed into the solution and magnetic stirring followed for 20 min
in the dark, to ensure absorption-desorption equilibrium between the photocatalyst (sample) and
antibiotic solution. A band-pass filter for A > 400 nm was used to select the VIS spectrum region from
the Xenon lamp. The reaction temperature was kept at 32-33 °C for all photocatalytic reactions. After a
certain photocatalytic reaction time, qualitative and quantitative analysis of antibiotics was determined
by LC-MS/MS technique. We used ultra performance liquid chromatography (Acquity H-Class, Waters,
Milford, MA, USA) coupled with a triple quadrupole mass detector (Xevo-TQD, Waters, Milford, MA,
USA), and equipped with an electrospray ionization (ESI) interface. Mass analysis was in positive and
multiple-reaction monitoring (MRM) and daughter ion mode. The Agilent Poroshell 120 Phenyl-hexyl
(4.6 x 150 mm; 2.7 um) column was used, and the mobile phase included acetonitrile-methanol-aqueous
formic acid 0.1% in gradient program [47]. The results were evaluated using the degradation percentage
of each antibiotic at various reaction times, starting at 0 and followed by 2, 5, 9, 14, and 20 min, as
the ratio between the initial peak area of antibiotic solution (without photocatalytic treatment) and
peak area of treated antibiotic solution. It was possible to follow the degradation progress of every
antibiotic by calculating these areas with Masslynx Software 4.1.

3. Results and Discussion

Figure 1 shows the XRD patterns of TNAs, TNWs/TNAs, Au-TNAs, and Au-TNWs/TNAs. All the
samples exhibited the anatase phase of TiO, with preferred orientations of (004), (101) and (105) lattice
planes at 37.8°, 25.1°, and 53.8°, respectively (JCPDS No. 21-1272). Also, there were no rutile peaks,
indicating that the TiO, nanomaterials in this study possessed a pure anatase phase. This result agreed
with those reported in [4,5,13,19,48,49]. A closer inspection of the (004) peaks revealed that Au (111)
component was found in the (004) peaks of Au-TNAs and Au-TNWs/TNAs, as demonstrated in
Figure 1c, confirming the presence of crystalline Au NPs in these samples.

The grain sizes (D) of the samples were estimated by using the Scherrer equation: D = 0.94/cos0,
where A, B, and 0 are the X-ray wavelength, full width at half maximum of the anatase phase TiO,
(004)-oriented peak, and Bragg diffraction angle, respectively [50]. Clearly, the estimated grain size
varied in a narrow range between 21.3 nm and 24.7 nm, and the full width at half maximum (FWHM)
of the (004) peak remained almost constant (Figure 1b). Those results confirmed that the grain size and
the crystallinity of four nanomaterials were almost the same.
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Figure 1. (a) The XRD patterns of TiO, nanotube arrays (TNAs), TiO, nanowires on nanotube arrays
(TNWs/TNAs), Au-TNAs, and Au-TNWs/TNAs. (b) Grain size and the full width at half maximum
(FWHM) of (004) peaks of the four nanomaterials. (c) The (004) peak of Au-TNAs shows two components
of TiO, (004) and Au (111).

Figure 2 shows the morphology of TNAs, TNWs/TNAs, Au-TNAs, and Au-TNWs/TNAs. Clearly,
the TNAs exhibited a highly ordered, uniformed, and clean surface. The TNAs had tube diameter
of 75 nm and thickness of 5.4 um (Figure 2a inset). In Figure 2b, TNWs/TNAs exhibited a TNWs
(length of 6 um) covering on the TNAs. The thickness of TNWs/TNAs film was 8.6 um, as shown in the
inset of Figure 2b. The inset in Figure 2c shows the morphology of as-synthesized Au nanoparticles
with size of 20 + 10 nm. For Au-TNAs samples, Au nanoparticles distributed relatively uniformly on
the surface of TNAs (Figure 2¢). In addition, a typical energy-dispersive X-ray spectroscopy (EDS)
spectrum of Au-decorated TiO, samples in this study is shown in the inset of Figure 2c. Obviously, Ti,
O, Au peaks were observed, confirming the successful fabrications for Au-TNAs and Au-TNWs/TNAs
samples. Finally, the morphology of Au-TNWs/TNAs can be observed in Figure 2d.

During the anodization process, TNA growth is driven by the anodic-oxidation reaction (to form
TiO, from Ti) and the chemical dissolution of the TiO; layer under the presence of electric field [19,51-53].
The reactions are given below:

Anodic reaction: Ti + 2H,O — 4e — TiO, + 4H"

Cathodic reaction: 4H" + 4e — 2H,

Chemical etching (dissolution) reaction: TiOy + 6F~ + 4H,* — TiF¢2~ + 2H,O

The current density (j) changes with anodizing time (f) in an anodic oxidation process [53,54].
Initially, the j rapidly decreases, then slightly increases, and finally remains a constant [54]. According
to the j—f characteristics, the TNAs growth process can be divided into three stages. In the early stage,
the formation of a non-conductive thin oxide layer, associated with the decrease of j (Figure 3a). Next,
there is the local growth of pits as evidenced by the slight increase of j (Figure 3b). Finally, the nanotube
arrays are grown from the initial pits when j remains a constant (Figure 3c). When the dissolution
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rate of the wall of the nanopores is slower than that of the growth rate of nanopores, the diameter and
length of the nanotubes will gradually increase. And, these sizes will remain unchanged when the
growth rate is equal to the dissolution rate [53,55].

1pm

) Au-TNWs/TNAs
& Ny

Figure 2. SEM images of (a) TNAs, (b) TNWs/TNAs, (c) Au-TNAs, and (d) Au-TNWs/TNAs. The insets

in (c) show a typical EDS spectrum for Au-TNAs and Au-TNWs/TNAs, and the morphology of
as-synthesized Au nanoparticles.
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Figure 3. The growth process of TiO, nanotube arrays (TNAs): (a) non-conductive thin oxide layer
forming, (b) local growth of the pits, (c) growth of the semicircle pores and developed nanotube

arrays, (d) The shape and wall thickness profile of TNAs prior to the emergence of nanowires (TNWs),
(e) Schematic of the TNWs/TNAs structure.
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In the EG/H,O solution containing NH4F electrolyte, the migration of F~ toward the electric field
at the bottom electrode is inhibited by the highly viscous solution. Thus, the F~ concentration at the
tube mouth is much higher than it is at the tube bottom [6], while the chemical dissolution reaction is
enhanced under the presence of H* ions from water. Consequently, the tube wall thickness near the
tube mouth was thinner than the lower sections, as shown in Figure 3d. By increasing anodizing time,
strings of through holes are formed on the tube wall and they would initiate and propagate downward
from the top to the bottom of TNAs (or along the F~ migration direction). Meanwhile, the holes near
the top expand and connect to each other, and finally split into nanowires (Figure 3e) [6].

The photocatalytic degradation kinetic of LCM is used to evaluate the photocatalytic performance
of the four nanomaterials. The pseudo-first-order rate constants were determined by fitting the data with
the Langmuir-Hinshelwood kinetics rate model [56,57]. Figure 4a,b shows photocatalytic degradation
of LCM using five reaction conditions, namely photolysis (UV-VIS or VIS), and photocatalysis
with TNAs, TNWs/TNAs, Au-TNAs, and Au-TNWs/TNAs nanomaterials. Both photolysis and
photocatalysis reactions generally follow the exponential decay, C; = Cy X e~k where C; is the
concentration of antibiotic at time t (ng/mL), Cy is the initial concentration (ng/mL), and k is the reaction
rate constant (min~!). By performing the linear fitting on the plot of —In(C/Cp) versus reaction time
t, the k is yielded, and the fittings are shown in Figure 4c,d. Specifically, the k values of LCM were
4.8 x 1072 min~! and 0.93 x 1072 min~! under UV-VIS and VIS irradiation, respectively. This indicates
that UV irradiation degrades the antibiotics better than VIS, due to the higher photon energy via
the photolysis effect [46,58,59]. As shown in Figure 4ab, the photocatalysis shows significantly
better performance in eliminating LCM than photolysis. The k values for LCM were in ranges of
14.8 X 1072-26 x 1072 min~! under UV-VIS illumination and 7.2 x 1072-9.5 x 10~ min~! under VIS
illumination (Figure 5a). That means that the reaction rates of photocatalysis were 3.1-5.5 times and
7.6-10.3 times higher than those of UV-VIS photolysis and VIS photolysis, respectively.
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Figure 4. (a) Photocatalytic degradation of lincomycin (LCM, 500 ng/mL) using five reaction conditions
of photolysis (UV-VIS), and photocatalysis (with TNAs, TNWs/TNAs, Au-TNAs, and Au-TNWs/TNAs).
(b) Photocatalytic degradation of LCM under photolysis of the visible light (A > 400 nm of Xenon lamp)
and the photocatalysis conditions. (¢,d) LCM degradation kinetic curves of the five reaction conditions
under UV-VIS illumination (c) and VIS illumination (d).

Figure 5a shows the k values of the four kinds of nanomaterials under UV-VIS and VIS irradiation.
Generally, the k of TNWs/TNAs is higher than that of TNAs, which is primarily attributed to the
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presence of partial coverage of TNWs on the surface of TNAs for the enhanced surface area [6,53].
There was a significant enhancement in the k values by decorating TNAs and TNWs/TNAs with Au
NPs, because of the enhancement of the visible-light photoactivity of TiO, via the localized surface
plasmon resonance (LSPR) effect [14,22,60] (Figure 5a). The LSPR of spherical Au NPs (20 + 10 nm
diameter) in this study was suggested by the absorption peak at 529 nm (Figure 5b), which was well
consistent with the LSPR-peaks of Au nanoparticles in [61,62]. In addition, the absorption enhancement
in VIS region for Au-TiO, was confirmed by the UV-VIS absorption spectra in [61,63]. LSPR can be
described as the local electromagnetic fields near the surface of Au NPs being strongly enhanced
when the electromagnetic field of the incident light becomes associated with the oscillations of the
conduction electrons of Au NPs. Indeed, optical simulations clearly presented LSPR-enhanced electric
fields at the interface of Au-TiO,, owing to photo-excited Au nanoparticles [64]. Herein, a proposed
mechanism for enhanced photocatalytic activity of Au-TiO, is that the LSPR-absorption of Au NPs
generate photoexcited electrons and holes under VIS irradiation, and then the energetic electrons can
inject into the conduction band of TiO, and trigger photocatalytic reactions (Figure 5c) [61,62,65,66].
Therefore, Au-TNWs/TNAs possessed the highest photocatalytic performance amongst the four kinds
of nanomaterials, due to the synergistic effects of large surface area and the LSPR effect.
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Figure 5. (a) Reaction rate constant (k) of various nanomaterials in photocatalytic degradation of
Lincomycin (500 ng/mL) under UV-VIS and VIS irradiation. (b) Absorption spectrum of the solution
of Au nanoparticles, showing the LSPR peak at 529 nm; and the inset image is a photograph of the
Au nanoparticle solution. (¢) A proposed mechanism for the photocatalytic activity of Au-TiO, upon
the excitation of the Au surface plasmon band. (d) Reaction rate constant of various antibiotics under
photocatalysis using Au-TNWs/TNAs under UV-VIS irradiation. The antibiotic abbreviations: SMT,
sulfamethazine; VCM, vancomycin; OTC, oxytetracycline; SMZ, sulfamethoxazole; DXC, doxycycline;
LCM, lincomycin.

Figure 5d summarizes the k values of various antibiotics treated using photocatalytic reaction
of the Au-TNWs/TNAs (the best nanomaterial in this study) under UV-VIS irradiation. Here, the k
is determined by the intrinsic photocatalytic property of the nanomaterial and the photolysis of
antibiotics. AMOX and AMPI with [ lactam ring structures decomposed rapidly by photolysis reaction
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with UV-VIS illumination [67]. In addition, the reaction rate of SMT and SMZ reached high values of
1.41 min~! and 1.05 min~, respectively; meanwhile, it was only 0.26 min~! for LCM. That is because
the former has amine bond structure [68], while LCM has amide bond structure [68]. Similarly, all the
molecule structures with amide bonds of VCM, DXC, and OTC are more resistant to photolysis.
Consequently, VCM, DXC, and OTC exhibited lower k values (1.05, 0.46, and 0.54 min‘l) and needed a
reaction time above 20 min to completely degrade. For comparison, the photocatalytic degradation
rate of OTC using the Au-TNWs/TNAs (i.e., 0.54 min~') was far higher the k of 0.032 min~! using TiO,
nanobelts loading Au NPs [63].

For the typical LC-MS/MS analysis in more detail, Figure 6a illustrated photocatalytic kinetic
analysis of OTC at various reaction times of 0, 2, 5, 9, 14, and 20 min using Au-TNWs/TNAs and
UV-VIS irradiation. As a result, removal percentage of OTC increased dramatically as a function of
reaction time, and obtained 100% at 20 min. This indicates that antibiotics can completely degrade
using the photocatalytic reaction with TiO,-based nanomaterials. Additionally, the UV-VIS photolysis
or photocatalysis of antibiotics can produce potentially harmful substances [47,68]. Figure 6b shows the
mass spectra of intermediates of OTC after 9 and 14 min of photocatalytic reaction. It is observed that
intermediates separate at retention times of 4.58, 5.65, 10.97 min, respectively. At first, the OTC derived
molecule 460.01 m/z is observed with a precursor ion [M-H]* 461.01 in positive mode for the pristine
blank sample. In monitoring reaction mode, there are only three product ions with the transition of m/z
461 — 426, 443 and 201 m/z. Meanwhile, after exposure to UV-VIS and Au-TNWs/TNAs, new product
impurity ions with 126, 114, 126 m/z appeared at retention times of 4.58 min; ions 230, 106, 92 m/z at a
retention time of 5.65 min, and 123.98, 92 m/z at 10.07 min also appeared. These results suggested the
presence of decomposed products of the investigated antibiotics.
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Figure 6. (a) Chromatogram ultra performance liquid chromatography (UPLC)-MS/MS photocatalytic
degradation kinetic model of oxytetracycline (OTC, 500 ng/mL) with exposure to UV-VIS and
Au-TNWs/TNAs.  (b) Chromatogram UPLC-MS/MS impurities of OTC decomposition with
exposed-UV-VIS and Au-TNWs/TNWs at reaction times of 9 and 14 min.
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4. Conclusions

In this study, TiO,-based nanomaterials (i.e., TNAs, TNWs/TNAs, Au-TNAs, and Au-TNWs/TNAs)
were developed toward the end of enhanced photocatalytic degradation of popular antibiotics. All the
four kinds of nanomaterials exhibited the anatase phase with (004) and (101)-preferred orientation,
grainsize of 21.3-24.7 nm, and a similar crystallinity. The morphology of the samples was highly uniform
and well-defined, which is promising for enhanced photocatalytic activity. In addition, we proposed
and shed light on the formation mechanisms of TNAs and TNWs/TNAs. The nanomaterials were
utilized for evaluating the photocatalytic degradation of antibiotics in model aquaculture wastewater
by an LC-MS/MS method. The photocatalytic activity of TNWs/TNAs was higher than that of TNAs,
primarily owing to the larger surface area of the former than the latter. By decorating Au NPs onto
TNAs or TNWs/TNAs, the photocatalytic activity of Au-TNAs and Au-TNWs/TNAs was enhanced
significantly compared to that of TNAs and TNWs/TNAs, because of the local surface plasmon
resonance effect. Consequently, the Au-TNWs/TNAs achieved the highest activity for decomposition of
antibiotics under UV-VIS or VIS irradiation. Based on the photocatalysis’s kinetic results, the photolysis
of the eight antibiotics is of great concern. It was found that the photolysis of antibiotics depends on
the stability of their structures. Indeed, the beta-lactam group (AMOX, AMPI) is more sensitive to
photolysis than the sulfonamides group (SMT, SMZ) under UV-VIS irradiation. The photo-degradation
pattern of more stable antibiotics (i.e., LCM, DXC, OTC, and VCM) followed pseudo-first order
kinetics well, and their reaction rate constants were 0.26, 0.46, 0.54, and 0.51 min~?, respectively.
Furthermore, the appearance of transformation products of the investigated antibiotics was evident
after the chromatographic analyses, whose identification is of interest for future studies.
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Abstract: Surface functionalization of TiO, inverse opals by graphene oxide nanocolloids (nanoGO)
presents a promising modification for the development of advanced photocatalysts that combine
slow photon-assisted light harvesting, surface area, and mass transport of macroporous photonic
structures with the enhanced adsorption capability, surface reactivity, and charge separation of GO
nanosheets. In this work, post-thermal reduction of nanoGO-TiO, inverse opals was investigated
in order to explore the role of interfacial electron transfer vs. pollutant adsorption and improve
their photocatalytic activity. Photonic band gap-engineered TiO, inverse opals were fabricated by
the coassembly technique and were functionalized by GO nanosheets and reduced under He at
200 and 500 °C. Comparative performance evaluation of the nanoGO-TiO; films on methylene blue
photodegradation under UV-VIS and visible light showed that thermal reduction at 200 °C, in synergy
with slow photon effects, improved the photocatalytic reaction rate despite the loss of nanoGO and
oxygen functional groups, pointing to enhanced charge separation. This was further supported by
photoluminescence spectroscopy and salicylic acid UV-VIS photodegradation, where, in the absence
of photonic effects, the photocatalytic activity increased, confirming that fine-tuning of interfacial
coupling between TiO, and reduced nanoGO is a key factor for the development of highly efficient
photocatalytic films.

Keywords: TiO,; photonic crystals; graphene oxide nanocolloids; reduced graphene oxide; photocatalysis

1. Introduction

Over the last decades, TiO, has been widely studied as a low cost, nontoxic, and highly stable
photocatalyst, which can degrade a great number of gaseous and aqueous pollutants for environmental
remediation [1]. Despite its unique advantages, the photocatalytic efficiency of TiO; is, however, limited
by the recombination of photogenerated charge carriers [2] and its wide energy band gap (3.0-3.2 eV),
which requires ultraviolet light for electron excitation [3]. Extensive research has accordingly been
focused on tailoring titania’s structural and morphological characteristics as well as its compositional
and electronic properties by doping, defect engineering, and heterostructuring in order to enhance
charge separation and visible-light harvesting [1]. Particular interest has been recently placed on TiO,
photonic crystals, a promising titania modification featuring a periodic and mesoporous structure that
can manipulate light propagation at specific wavelengths [4]. Because of their periodicity, photonic
crystals—the most common being the inverse opal structure fabricated by the self-assembly of colloidal
opal templates [5,6]—exhibit photonic band gaps (PBGs), which constitute frequency regions within
the crystal where electromagnetic irradiation cannot propagate. At wavelengths near the PBG edges,
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slow photon effects appear, i.e., light propagation at reduced group velocity, leading to an increase in
the optical path length and an enhancement of light-matter interactions [7-10].

Among the diverse heterostructured TiO, photocatalysts, nanocomposites comprising titania
with graphene or its derivatives have emerged as a distinct material class of topical interest because
of graphene materials” exceptional electron acceptor action and charge transport, together with their
unique two-dimensional morphology and broadband light absorption [11-13]. In particular, graphene
oxide (GO) has attracted much attention since 2004, when graphene research first emerged [14], as a
solution-processable graphene precursor. It consists of graphene sheets with randomly distributed
oxygenated groups on each plane and thus contains both sp? and sp® carbon atoms [15]. Owing
to its abundant oxygen groups, GO demonstrates rich surface chemistry and reactivity, which can
be favorably exploited for the assembly of highly efficient GO-TiO, composite photocatalysts with
strong interfacial coupling and improved charge separation under optimal conditions [16,17] as well as
exceptional pollutant adsorption ability [18]. Significant efforts have been recently devoted to determine
and control the size and thickness variation of micrometer-sized GO sheets [19], which are crucial for
their surfactant properties and emulsion ability [20,21] as well as for efficient GO incorporation and
electrical performance as filler in polymer composites [22]. In the case of composite photocatalysts, GO
nanosheets may act as scavenger and shuttle of TiO,-photogenerated electrons, inhibiting electron-hole
recombination depending on the oxidation state of GO and the nature of the pollutant [23-26], although
GO may also operate as a sensitizer of TiO, via the formation of p—n junctions that enable electron
transfer from GO to TiO, under visible light [27], depending on the variation of the m—m* localized
states of the inhomogenously distributed aromatic sp? domains, especially in reduced GO (rGO) [23,28].
Moreover, electrodeposition of GO coatings on anodized TiO, nanotube arrays and post-thermal
reduction was recently shown to enhance the photocatalytic performance of pristine GO-TiO; films due
to the enhanced charge separation and adsorption ability of the GO sheets [29]. Controlled synthesis of
stable aqueous GO nanocolloids consisting of nanometer-sized GO nanosheets (nanoGO) was recently
demonstrated by the chemical exfoliation of graphite nanofibers [30]. Compared to regular GO sheets,
which extend over several microns, the smaller size of nanoGO sheets increases the oxygen-containing
functional groups in the basal planes and the sheet edges, leading to higher colloidal stability and
hydrophilicity as well as more available surface reaction and anchoring sites and enhanced interfacial
coupling with TiO, nanomaterials [31]. Very recently, surface functionalization of PBG-engineered
TiO, photonic films by GO nanocolloids was demonstrated as an effective approach to enhance the
photocatalytic degradation of methylene blue (MB) dye under UV-VIS and visible light by combining
the advantages of macroporous inverse opals of improved light harvesting, surface area, and mass
transport with the high adsorption capacity, reactivity, and charge separation of GO nanocolloids [32].
In the case of UV-VIS irradiation, nanoGO deposition on the titania inverse opals led to a marked
improvement of the MB photocatalytic degradation rate, which was related to the synergy of slow
photon amplification upon spectral overlap of the low-energy edge of the incomplete TiO; inverse opal
PBG (stop band) with the dye electronic absorption, enhanced MB adsorption due to the electrostatic
interactions of surface oxygen groups and 7-m coupling with the dye molecules [33], and interfacial
nanoGO-TiO, charge transfer [32]. Likewise, a distinct acceleration of dye photodegradation kinetics
was observed for the nanoGO-TiO, photonic films under visible light, which was related to the
combination of increased dye adsorption with the slow photon-intensified dye photocatalysis based
on the self-sensitization mechanism.

In this work, postreduction of PBG-engineered graphene oxide-titania photonic films was
explored in order to elucidate the interplay of interfacial electron transfer with pollutant adsorption
via GO'’s surface functional groups and thus provide a means to further improve the photocatalytic
performance of nanoGO-TiO, photonic crystals. To this end, well-ordered TiO, inverse opal films
fabricated by the coassembly technique with tuned stop band for the optimal slow photon-assisted
MB photodegradation were functionalized by GO nanosheets and reduced by thermal annealing in
He at different temperatures (200 and 500 °C). Thermal reduction of nanoGO is expected to increase
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the sp?/sp? ratio of carbon atoms, leading to a decrease in the energy gap and an increase in the
conductivity of rGO nanosheets [34,35]. Comparative performance evaluation of the pristine and
reduced nanoGO-TiO; inverse opals was performed on MB dye degradation under UV-VIS and visible
light as well as UV-VIS photodegradation of colorless salicylic acid (SA), an emerging water pollutant
rarely investigated by photonic crystal photocatalysts [4]. Despite the decrease in the GO amount
and the reduction in surface oxygen groups on the post-treated photonic films, a clear enhancement
of the photocatalytic activity was identified, indicating that optimization of charge transfer between
reduced GO and the nanocrystalline TiO, inverse opal walls may effectively alleviate electron-hole
recombination and promote their photocatalytic performance.

2. Materials and Methods

2.1. Materials

Monodisperse polystyrene (PS) spheres with diameter of 425 nm were purchased from
Microparticles GmbH (Berlin, Germany) in the form of colloidal dispersion of 5% solids (w/v)
in deionized (DI) water (2.3% CV, SD = 0.01 um). The specific sphere diameter was selected because
the corresponding nanoGO-TiO, inverse opals presented the optimal photocatalytic activity on
MB degradation in comparison to the ones synthesized by colloidal PS spheres of other diameters
(220, 350, and 510 nm) [32]. Titanium(IV) bis(ammonium lactato)dihydroxide (TiBALDH) 50 wt.%
aqueous solution (388165, Sigma-Aldrich, St. Louis, MO, USA), graphene oxide aqueous nanocolloidal
dispersion consisting of single-layer GO sheets down to a few nanometers in lateral width, 2 mg/mL
in HyO, 42.0%-52.0% C in dry basis (795534, Sigma-Aldrich, St. Louis, MO, USA), and Hellmanex™
III were obtained from Sigma-Aldrich. All other reagents were of analytical or ACS reagent grade:
ethanol (EtOH, 32221, Honeywell Riedel-de Haén, puriss. p.a., absolute, >99.8%), methanol (MeOH
179337, Sigma-Aldrich, ACS reagent, >99.8%), acetone (32201, Honeywell Riedel-de Haén, ACS reagent,
>99.5%), hydrochloric acid (HCL, 30721 Fluka, ACS reagent, fuming, >37%).

2.2. Inverse Opal Fabrication and Surface Modification

Titania inverse opal films were fabricated via the evaporative coassembly of the PS colloidal spheres
with the hydrolyzed TiBALDH titania precursor [36]. This synthesis route was selected over the more
common successive deposition method, which involves liquid infiltration and subsequent removal of
the polymeric opals, as it produces high-quality inverse opal films with large photonic domains [32].
In particular, cleaned glass substrates (58902 Sigma-Aldrich) by Hellmanex™ III andultrasound
acetone-EtOH washing) were nearly vertically suspended into glass vials, each containing 8 ml of
0.2 wt.% PS dilute sphere suspension and 0.168 mL of titania precursor, synthesized by stirring of
1.23 mL TiBALDH solution, 1.5 mL HC1 0.1 Mand 2.85 mL EtOH for 1 h. The vials were placed in a
heating oven at 55 °C until the solvent fully evaporated over 3 days, leading to the deposition of a thin
film on the glass substrates. The obtained films were calcined at 500 °C in air for 2 h, resulting in the
removal of the polymer matrix and crystallization of titania in the inverse opal structure. The fabricated
TiO, photonic crystals were designated as PC. The surface functionalization of the inverse opals was
performed by dipping the films for 24 h in the nanocolloidal GO dispersion, whose pH had been
stabilized at 10 by periodically adding 1-2 drops of NaOH aqueous solution (1 M) and intermediate
10 min stirring. The modified photonic films were denoted as GOnano-PC. The reduction was carried
out thermally by calcinating the GOnano-PC films for 2 h under He flow at 200 and 500 °C, producing
the rGO-modified photonic crystals named as rGOnano(200)-PC and rGOnano(500)-PC, respectively.

2.3. Material Characterization

The morphology and phase composition of the inverse opals was studied using scanning electron
microscopy (SEM, Quanta Inspect, FEI, Eindhoven, The Netherlands) coupled with energy-dispersive
X-ray spectroscopy (EDXDX4, EDAX, Mahwah, USA, and transmission electron microscopy (TEM,
CM20, FEI, Eindhoven, The Netherlands) augmented by energy-filtered TEM (GIF 200, Gatan,
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Pleasanton, CA, USA). The composition of the films was analyzed by X-ray photoelectron spectroscopy
(XPS, SPECS, Berlin, Germany). Core-level photoemission spectra were collected with a PHOIBOS 100
(SPECS, Berlin, Germany) hemispherical analyzer at a pass energy of 15 eV utilizing Mg K« radiation
at 1253.6 eV. The binding energy scale was calibrated using the position of both Au 4f;/, and Ag34s,»
peaks at 84 and 368.3 eV, respectively, measured on clean gold and silver foils. Gaussian-Lorentzian
shapes (Voigt functions) were used for deconvolution of the recorded spectra after standard Shirley
background subtraction. The structural properties of the films were investigated by micro-Raman
spectroscopy (inVia Reflex, Renishaw, UK) with 514.5 nm excitation from an Ar* ion laser. The laser
beam was focused on the sample by means of a x50 (NA = 0.75) objective under low power density
(0.05 mW/um?) to avoid local heating. The optical properties of the photonic films were determined
by diffuse and specular reflectance UV-vis spectroscopy (Cary 60 UV-Vis, Agilent, USA) equipped
with a fiber optic diffuse reflectance accessory (Barrelino) and a 15° specular reflectance one (PIKE,
UV-VIS 15Spec), using a Halon standard and a UV Al mirror for baseline measurements, respectively.
Charge transfer was investigated by photoluminescence (PL) measurements performed by lock-in
amplification techniques. The excitation beam was generated by a light-emitting diode at 275 nm
and modulated by a mechanical chopper (SR540, Stanford Research Systems, Sunnyvale, USA). The
modulated PL signal was analyzed by a 1/4 monochromator (77200, Oriel, Irvine, USA) and detected by
a Si photodiode (FDS1010, Thorlabs GmbH, Munich, Germany) using a benchtop photodiode amplifier
(PDA200C, Thorlabs GmbH, Munich, Germany) and a lock-in amplifier (PAR 126, Princeton Applied
Research, Oak Ridge, TN, USA).

2.4. Photocatalytic Performance

The photocatalytic activity of the inverse opals was evaluated on the aqueous phase degradation
of methylene blue [3,7-bis(dimethylamino)phenazathionium chloride] (MB, A18174, Alfa Aesar) and
salicylic acid (SA, 247588, Sigma-Aldrich) under UV-VIS and visible light. The photonic films (~1.5 cm?)
were placed horizontally at the bottom of beakers containing aqueous MB (4 mL, 3 uM) or SA (3 mL,
25 uM) solutions, where they were left for 60 min under dark conditions to reach adsorption-desorption
equilibrium under stirring [32,37]. To further enhance the adsorption of salicylic acid on the titania
films, the pH of the SA solution had been stabilized at 3 using dilute HCL solution [37]. The illumination
source was a 150 W Xe lamp (6255, ORIEL GmbH, Darmstadt, Germany), and UV-VIS irradiation was
selected by the combination of a long-pass edge filter with cut-on wavelength of 305 nm (20CGA-305,
Newport) and a heat reflective mirror (Newport 20CLVS-3 CoolView™, Tayg = 85% at 332-807 nm,
Ravg = 95% at 840-1500 nm, 20CLVS-3 CoolView™, Newport, Irvine, USA). Visible-light irradiation
was selected by an additional long-pass edge filter with cut-on at 400 nm (20CGA-400, Newport,
Irvine, USA). The horizontal Xe beam was directed on the film surface via a UV-enhanced Al mirror
(Newport ValuMax 20D520AL.2, /10, Ravg > 90% at 250-600 nm, ValuMax 20D520AL.2, Newport,
Irvine, USA). The power density of the incident beam reaching the film surface was 2.8 mW/cm? in the
case of MB degradation and nearly 1 sun (96 mW/cm?) for the SA in the UV-VIS spectral range. At
given time intervals, a small (0.5 mL) aliquot of the MB/SA solution was withdrawn and quantitatively
analyzed using a 10 mm path length quartz micro cell (105B-QS, 500 uL, HELMA Analytics) in the
Cary 60 spectrophotometer. Subsequently, the analyzed aliquot was poured back into the reacting
solution and the illumination continued. The photocatalytic experiments were performed in triplicate,
and standard errors were calculated for the mean kinetic constants. The stability of the photocatalytic
films was tested by recycling three times the SA degradation test for the same film, with intermediate
cleaning of SA residues on the used film by 1 h UV-VIS illumination in 4 mL deionized water.

3. Results and Discussion

3.1. Morphology, Structural, and Optical Properties

The morphology of the TiO, photonic crystals was examined by SEM and TEM. Figure la—c
displays representative SEM images of the rGOnano(200)-PC inverse opal featuring a well-ordered,
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periodic macroporous structure corresponding to the (111) planes of an fcc lattice. The spherical
macropores were hexagonally arranged and were well interconnected through smaller pores with
diameter of ca. 50-90 nm. The average diameter of the macropores was 245(10) nm, a value much
smaller than that of the original PS colloidal spheres, namely 425 nm, confirming the persistent
shrinkage of metal oxide inverse opals by means of the amorphous-to-crystalline phase transition
and the inorganic matrix volume decrease after calcination [38]. According to cross-section SEM,
shown in Figure 1c, the film thickness was around 4.5 um. Furthermore, it was observed that surface
modification of the TiO, inverse opals by nanoGO as well as their subsequent thermal reduction at
200 and 500 °C left both the morphology and the size of the macropores pores intact, identical to those
of the pristine photonic films [32].

d=0.35nm. ..

Figure 1. (a)—(c) Top view and cross-section SEM and (d)—(f) TEM images of the rGOnano(200)-PC
inverse opal at different magnifications. The insets in the high-resolution TEM (HR-TEM) image (f)
show the fast Fourier transform (FFT) patterns of the indicated areas.

TEM images at successively higher magnifications, displayed in Figure 1d—f, show that the walls
of the inverse opal skeleton were mesoporous, consisting of ca. 10 nm titania nanoparticles with the
most common 0.35 nm d-spacing arising from the (101) planes of the anatase TiO, phase. To verify
the deposition of graphene oxide and reduced graphene oxide sheets on the inverse opals, elemental
mapping was performed by energy-filtered (EF) TEM. Figure 2a—h show a bright-field TEM image
of the inverse opal skeleton and the corresponding C, O, and Ti EF-TEM elemental maps for the
GOnano-PC and rGOnano(200)-PC films, respectively. The presence of carbon, besides Ti and O, on
the nanocrystalline TiO, walls of a void macropore could be identified in both cases, verifying the
successful surface modification of the titania photonic films with GO nanosheets.

Due to their reduced lateral size, GO nanosheets could be fully incorporated in the inverse opal
macropores, justifying the absence of any noticeable effects on the periodicity and macropore diameter
of the photonic crystals. On the other hand, surface functionalization of the TiO, inverse opals by
regular, micrometer-sized GO sheets resulted in extended coverage of the nanocrystalline TiO, walls by
GO sheets over several macropores [32]. The extensive GO coverage of the TiO, skeleton can impede
the pore accessibility to the diffusing pollutant molecules and thus impose an adverse effect to the
photocatalytic process, similar to the partial surface clogging observed for benchmark mesoporous P25
films subjected to the same functionalization treatment [32].
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fa)

200 nm

Figure 2. Bright-field TEM image and the corresponding C, O, and Ti energy-filtered TEM (EF-TEM)
elemental maps of (a)-(d) GOnano-PC and (e)—(h) rGOnano(200)-PC.

The structural properties of the TiO, photonic crystals and their functionalization with GO were
further investigated by Raman spectroscopy. Figure 3a compares the Raman spectra of the pristine and
modified photonic films at 514.5 nm. All inverse opals exhibited the characteristic bands of anatase
TiO;, at approximately 148 (Eg), 398 (B1g), 520 (A1g + Byg), and 643 (Eg) cm~!. No traces of polystyrene,
rutile, or brookite could be detected, confirming the removal of the polymer matrix as well as the
crystallization of titania in the anatase phase after thermal treatment [39]. Furthermore, appreciable
broadening and shift of the anatase Raman peaks was observed, especially for the low-frequency Eg
mode, which shifted to 148 cm~! and broadened to full-width at half-maximum of 18 em~!, indicative
of the formation of anatase nanocrystals with size <10 nm [40], in close agreement with the direct
imaging of the nanocrystalline inverse opal walls by HR-TEM (Figure 1).
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Figure 3. (a) Raman spectra of the pristine and modified inverse opals. (b) Energy-dispersive
X-ray spectroscopy (EDX) spectra and C, O, Ti elemental analysis for GOnano-PC and reduced
rGOnano(200)-PC. C 1s X-ray photoelectron spectroscopy (XPS) spectra for the (¢) GOnano-PC and (d)
rGOnano(200)-PC films.
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In addition to the anatase Raman bands, the GOnano-PC film presented the characteristic G-mode
of graphene oxide, stemming from the stretching of sp? carbon atoms, and the highly dispersive
D-band, activated by defects in GO in the frequency range of 1000-2000 cm~!. The G-band displayed a
distinct asymmetric lineshape with spectral weight being shifted at higher frequency [24], related to
the diverse contributions of alternating single-double carbon bonds [41]. Reduction at 200 °C led to a
significant decrease in the intensity of the G- and D-modes relative to that of anatase by nearly 65%,
suggesting that a considerable amount of GO is removed from the film when it is thermally treated [30].
This behavior could be clearly identified in the Raman spectrum of rGOnano(500)-PC, where the G-
and D-peaks could be hardly detected, indicating that the film almost recovered its pristine state after
annealing at 500 °C. In addition, the intensity ratio Ip/Ig determined from the integrated areas of
the D- and G-bands, which is the characteristic probe of the sp? domain size as well as the defect
density in graphitic materials [42,43], decreased from the value of 1.60 for GOnano-PC to 1.54 for
rGOnano(200)-PC films. The partial restoration of sp? bonds and the decrease of defects in the GO
nanosheets could be accordingly inferred [44—46], considering that GO thermal reduction does not
cause a large expansion of the average graphitic domain size [47]. The loss of GO sheets was further
supported by EDX, as shown in Figure 3b, where a nearly 70% decrease in the C content was observed
for rtGOnano(200)-PC with respect to the GOnano-PC. The surface composition of the nanoGO-TiO,
inverse opals was investigated by XPS. Figure 3¢c,d compares the deconvoluted XPS C1s spectra of the
GOnano-PC and rGOnano(200)-PC films. Both spectra were highly functionalized with oxygenated
groups such as epoxy/hydroxyl groups (C-O at ~286.5 eV), carbonyl group (C=0 at ~288.3 eV), and
carboxyl group (O-C=0 at ~290 eV) [24,47]. As expected, increased amounts of oxygenated groups
were present in GOnano-PC compared to the thermally reduced film. It was found out that, for the
nanoGO-PC, the ratio between the strongest C 1s peak, corresponding to the signal arising from C atoms
in the C-C/C=C configurations and the other components corresponding to the oxygenated groups, was
1.5, indicating a considerable oxidation degree. After thermal reduction, this ratio reached a value of 2.1,
indicative of the loss of surface oxygen groups and the enhancement of the sp? carbon bonds [47].

The decrease in the GO amount on the TiO; inverse opals upon thermal reduction was further
evidenced in the diffuse reflectance (DR%) spectra, as shown in Figure 4. Besides the anatase band gap
edge below 400 nm, all films presented a broad DR% peak at approximately 580 nm, close to the low
energy (red) edge of the stop band identified at 525 nm in the pristine PC by the 15° incidence specular
(R%) spectra. It should be noted that the DR% intensity considerably exceeded the specular one due
to the presence of disorder with respect to the relatively coarse beam size (1.5 mm?) that probes film
areas comprising several domains of variable thickness and surface flatness [32]. Diffuse reflectance
was more intense at higher wavelengths than the stop band predicted by the R% spectra because
slow photons at the “red” stop band edge, which are localized at the high dielectric medium, i.e., the
titania skeleton, experience a longer optical path and are thus more likely to be scattered. Surface
modification of the titania photonic films with nanoGO as well as the post-thermal treatment hardly
affected the position of the broad DR% photonic peak, reflecting the weak effect of the GO nanosheets
on the inverse opal macropores and periodicity, in agreement with SEM analysis (Figure 1). However,
a distinct decrease in the initial DR% was observed for GOnano-PC, arising from the broadband
absorption of the GO nanosheets [30]. On the other hand, the DR% reflectance was gradually restored
after post-treatment at 200 and 500 °C, corroborating the corresponding GO losses on the thermally
reduced photonic films.

The stop band spectral position can be approximated by modified Bragg’s law for first-order

diffraction from the (111) planes [4]:
A =2dyq1 | /ngff —sin20

where A is the stop band wavelength; di11 = V2/3D is the interplanar spacing of the (111)
planes, with D being the macropore diameter; and 7.5 is the volume-weighted average of the
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void spheres’ refractive index y,iq and titania n10, occupying the inverse opal skeleton, defined by
nff .= n? f+ ”%ioz (1- f), with f being the filling fraction (f = 0.74 for the ideal fcc lattice) and 6
being the angle between the incident beam and the plane normal. Using 0 = 15° together with the
measured stop band position and macropore diameter for n1i0, = 2.55 and 1,5, = 1.0, the ng value of
1.34 and titania skeleton filling fractions (1 — f) of 0.14 were determined in air, in perfect agreement
with previous results [32]. Moreover, using the obtained TiO, filling fraction and ny,0 = 1.33, the
stop band position of 626 nm was calculated for the inverse opal films in aqueous medium, where the
photocatalytic reaction takes place.

"—PC
rGOnano(500)-PC
—— rGOnano(200)-PC

— GOnano-PC

1
I
X2 Jp

200 400 600 800 1000
Wavelength (nm)

Figure 4. UV-VIS diffuse reflectance (DR%) spectra of the pristine and modified photonic crystals. The
dashed line shows the specular R% spectrum of the pristine PC film at 15° incident angle.

3.2. Photocatalysis

Figure 5 displays the adsorption of methylene blue on the different inverse opals under dark
conditions. A marked rise of MB dark adsorption was observed after nanoGO functionalization, which
can be attributed to the electrostatic interactions between the negatively charged oxygenated groups of
GO and the positively charged amino groups of the cationic MB dye. These interactions can be further
assisted through the 7=t coupling of GO itinerant sp? electrons with delocalized electrons in the
aromatic rings of the MB molecules [33]. Dark adsorption lessened with thermal reduction, reflecting
the decrease in surface oxygen groups as well as the GO amount on the photonic films, as inferred
from the Raman, EDX, XPS, and UV-VIS results. In fact, the MB adsorption of the rGOnano(500)-PC
film was only slightly higher than that of the pristine one, indicating the defunctionalization of the
sample after thermal annealing at 500 °C. The small difference in MB adsorption between the pristine
and the rGOnano(500)-PC photonic film can be related to residual rGO that could not be detected by
Raman spectroscopy, but it enhanced the adsorption slightly.
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Figure 5. Methylene blue (MB) adsorption on the pristine, GO- and rGO-modified TiO, photonic
crystals under dark conditions.
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Figure 6a,b presents the MB photodegradation kinetics for the pristine, GOnano and rGOnano
photonic crystals under UV-VIS and VIS irradiation, respectively. In all cases, the In(C/Cp) = f(t)
plots were linear, indicating that the MB photodegradation followed first-order kinetics. Figure 6¢
summarizes the apparent rate constants kyy.yis and kys calculated from the slopes of the corresponding
plots. It was evident that the GO-functionalized film presented the highest apparent rate under both
UV-VIS and VIS illumination, implying that deposition of GO nanosheets on the titania films can
boost their photocatalytic performance. This behavior can be attributed not only to the higher MB
adsorption but also to the enhanced charge separation induced by GO as well as the slow photon
amplification produced by the specific photonic crystal [32]. In particular, photogenerated electrons in
TiO, by UV-VIS light can be scavenged and shuttled in the GO nanosheets, leading to the decrease
in electron-hole recombination. As a result, MB molecules could be degraded not only by hydroxyl
radicals formed by valence band holes of TiO, but also via intermediate peroxide or other radicals
formed in the GO sheets [18]. Nevertheless, photocatalytic experiments in the presence of 0.01 M
methanol (MeOH) as hydroxyl radical scavenger [48] showed roughly 50% and 30% reduction of the
corresponding kyy.yis and kyis constants, respectively, as shown in Figure 3 for the rGOnano(200)-PC,
verifying the dominant role of *OH radicals in MB degradation, especially under UV-VIS light [49].
In addition, the PC film fabricated by the 425 nm PS spheres presented the optimal photocatalytic
performance due to slow photon effects [32]. In the present case, the red edge of the 626 nm stop band
for the PC film in water is also very close to the MB electronic absorption at 664 nm, where multiple
scattering due to “red” slow photons localized in the titania skeleton occur, leading to the acceleration
of MB photodegradation kinetics. Furthermore, GO can promote the self-sensitized photocatalytic
oxidation of MB molecules, which is the main degradation mechanism under visible light, where
TiO,-photogenerated carriers are absent due to the wide anatase band gap. In this case, the strong
MB adsorption on the GO nanosheets is crucial for the interfacial electron transfer and the enhanced
photodegradation as the electrons of the adsorbed MB molecules excited by visible light are scavenged
by GO-TiO;, forming the oxidation radicals that degrade the pollutant.
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Figure 6. MB photodegradation kinetics of the inverse opals under (a) UV-VIS and (b) VIS irradiation.
(c) Apparent rate constants k and (d) reaction rates r = kCp under UV-VIS and visible light.
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Nevertheless, it can be noticed that the initial concentration Cy of the MB solution in the
photocatalytic experiments was not the same for all samples because of the different degree of
MB adsorption on each film (Figure 5). To take the Cy variation into account, the reaction rate r
was estimated, which, for low (<mM) MB concentrations, is proportional to Cy, according to the
Langmuir-Hinshelwood (L-H) model, r = kC [49]. Figure 6d compares the reaction rates for all
inverse opals under UV-VIS and visible illumination. In both cases, the maximum r value was observed
for the rGOnano(200)-PC and not for the GOnano-PC film despite the high apparent constant k of the
latter, indicating that the photocatalytic activity of the GO-modified sample improved after reduction
at 200 °C. This behavior would further suggest enhanced charge transfer and transport on the rGO
nanosheets due to their higher conductivity and favorable work function [23,35]. It appears that, in
the case of the rtGOnano(200)-PC film, the enhancement of electron transfer/transport is the definitive
factor in its photocatalytic efficiency as MB adsorption was lower than that for the GO-functionalized
sample. On the other hand, the reaction rate of GOnano-PC decreased when the film was thermally
reduced at 500 °C, with its value being almost the same as that for the pristine one. This behavior
complies favorably with previous results on the fabrication of highly efficient GO-TiO, powder
nanocomposites for the photocatalytic decomposition of different water pollutants [16,24,50], where a
mild thermal reduction post-treatment at 200 °C in N, atmosphere was found to enhance the optimal
assembly and photocatalytic activity of TiO, nanoparticles on GO sheets. Although direct comparison
of the films’ photocatalytic performance with literature values is rather difficult due to differences
in dye concentration, film size and mass, and irradiation density, the present rates are comparable
or even higher than the r~10% M~! min~! that can be derived from the UV-VIS MB degradation k
values reported in a thorough study of TiO, inverse opals (5 ppm MB with 2 mg and 5 cm? area of
2.5-3 pm thick photonic films under simulated solar light) [51] and most importantly exceed those of
the benchmark mesoporous P25 films under the same conditions [32].

To explore charge separation effects on the GO- and rGO-functionalized TiO, photonic crystals, the
photodegradation of salicylic acid under UV-VIS irradiation was subsequently investigated. Salicylic
acid is a colorless water pollutant that absorbs in the UV range, as shown in Figure 7a, away from the
stop band of the photonic films (626 nm in water), excluding the contribution of slow photon effects
that are dominant in the MB dye degradation.

Moreover, its adsorption on the titania films, although enhanced at pH = 3 due to the SA
chemisorption on the TiO, surface [37,52], is relatively weaker compared to that of MB molecules
with minimal effects on the corresponding reaction rates [53]. Comparative SA photodegradation
experiments for the PC, GOnano-PC and rGOnano(200)-PC films were accordingly exploited as an
indirect means to assess the efficiency of charge separation for GO- and rGO-functionalized films.
SA degradation followed first-order kinetics, as shown in Figure 7b. The corresponding plot for
rGOnano(500)-PC was similar to that of the pristine one and thus not included in the graph. The
reaction rates r, depicted in Figure 7c, revealed an improvement of the photocatalytic activity for
GOnano-PC, which was further increased after thermal reduction, despite the loss of GO nanosheets
and surface oxygen groups. In this case, the improved photocatalytic activity for r~GOnano(200)-PC
can be mainly attributed to the improved charge separation arising from the enhanced electron transfer
from TiO; to the rGO nanosheets due to their lower work function and higher conductivity [23,34,47].
SA photodegradation by rGOnano(200)-PC in the presence of MeOH as *OH scavenger revealed a
weak effect on the reaction rate, corroborating the major role of direct SA oxidation by TiO, valence
band holes [37]. Moreover, consecutive SA photodegradation tests for the optimal rGOnano(200)-PC
photocatalyst, shown in Figure 7d, corroborated the film stability (roughly 6% reduction of the SA
degradation was observed after three photocatalytic cycles), similar to the excellent stability of the
GOnano-TiO, inverse opals on MB degradation [32].
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Figure 7. (a) Salicylic acid (SA) absorbance variation for the rGOnano(200)-PC film under UV-VIS light.
Photodegradation (b) kinetics and (c) reaction rates of SA for the PC, GOnano-PC and rGOnano(200)-PC
inverse opals under UV-VIS irradiation. (d) SA photodegradation kinetics after three successive
photocatalytic tests using the rGOnano(200)-PC film.

The charge separation on the rGO-modified photonic films was further supported by PL
spectroscopy (Figure 8). The PL spectra of the pristine film exhibited a broad band at 380 nm,
whose intensity was drastically reduced after the surface deposition of GO, verifying the decrease in
electron-hole recombination and corroborating the interfacial transfer of UV photogenerated electrons
from TiO; to the GO nanosheets. Postreduction of GO at 200 °C led to a further decrease in the
PL intensity, reflecting the promotion of electron transfer. On the other hand, PL intensity was
augmented after reduction at 500 °C due to the defunctionalization of the film. The PL intensity of
the rGOnano(500)-PC, however, did not reach that of the pristine photonic crystal, probably owing to
residual graphene oxide on the sample even after its calcination.
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Figure 8. Photoluminescence (PL) spectra of the pristine, GO-functionalized and rGO-functionalized
photonic crystals.

45



Materials 2019, 12, 2518

4. Conclusions

TiO, inverse opals, fabricated via the coassembly of polystyrene colloidal spheres with the water
soluble TIBALDH precursor, were surface-functionalized with GO nanosheets and, subsequently,
thermally reduced at 200 and 500 °C. Neither GO surface modification nor postreduction affected
the highly ordered macroporous structure of the TiO, photonic films, leaving the photonic stop band
positions intact. Raman, EDX, and XPS spectroscopies corroborated the successful GO functionalization
of the TiO, inverse opals and disclosed that, upon post-thermal treatment, the amount of nanoGO
was moderated on the modified films along with the partial recovery of sp?> domains. Aqueous phase
photodegradation of the MB dye under UV-VIS and visible light showed that thermal reduction of
the GO-TiO; photonic films at 200 °C, in synergy with slow photon amplification, improved the MB
photocatalytic degradation rate despite the loss of oxygen functional groups and GO nanosheets,
indicative of enhanced charge separation due to the lower work function and higher conductivity
of the rGO nanosheets. The intensification of interfacial charge transfer was further supported by
both photocatalytic experiments under UV-VIS light using salicylic acid as emerging water pollutant
and PL spectroscopy. In that case, the SA photocatalytic degradation was drastically increased on the
post-treated rGO-TiO, inverse opals despite the absence of photonic effects. This confirms that further
optimization of the amount of reduced GO nanosheets and fine-tuning of their interfacial coupling
with the TiO, nanoparticles on the nanocrystalline walls of the macroporous inverse opal films is a
promising route to alleviate electron-hole recombination and boost their photocatalytic performance.
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Abstract: In addition to the most common applications of macroporous film: Supplying a large
surface area, PC-FTO (macroporous fluorine-doped tin oxide with photonic crystal structure) can be
employed as a template to control the morphologies of WO3 for exposing a more active facet, and
enhance the overall photo-electron conversion efficiency for the embedded photoactive materials
under changing illumination incidence through refracting and scattering. The optical features of
PC-FTO film was demonstrated by DRUVS (diffuse reflectance UV-vis spectra). Plate-like WO3 were
directly synthesized inside the PC-FTO film as a control group photoanode, Ag,S quantum dots were
subsequently decorated on WOj to tune the light absorption range. The impact of photonic crystal
film on the photoactivity of Ag,S/WO3 was demonstrated by using the photoelectrochemical current
density as a function of the incidence of the simulated light source.

Keywords: photocatalytic materials; photonic crystals; nanocomposites

1. Introduction

Photocatalysis for applications on a photon-electricity or photon-chemical bond have been paid
much attention due to the energy crisis and environmental pollution [1]. Photoelectrochemical devices
were therefore developed to perform solar energy conversion including photocurrent generation [2],
pollutant degradation [3], and Hy or CO evolution [4,5]. In consideration of the photocatalysis
mechanism, improving the performance of a solar energy conversion device is based on several
critical factors, such as the enhancement of light harvesting, efficient utilization of photons, rapid
charge carrier separation and transportation. To this end, many efforts including elemental doping [6],
dye sensitization [7], adding co-catalysts [8], making composites [9], plasma enhancement [10] and
nanostructuring the photoactive materials [11,12] have been made, leading to improved solar energy
conversion efficiency being achieved. Though, in addition to the above attempts, a more convenient
strategy is correlating the nature of the sun and materials. To be more specific, the sun can be considered
as a light source of changing angle relative to a certain location of the Earth, due to the changing solar
elevation angle. Thus, the solar energy conversion devices receive photons of varied incidence and
density, typically, the photon density (mW cm™2) reaches its zenith at noon (ca. 90° solar elevation
angle). In this case, the photonic crystals (PCs) could take advantage of this nature of the sun for
more effective utilization of solar energy, due to its capability for manipulating the photon migration
depending on their incidence.

PCs are long-range ordered arrays materials and possess periodic modulation of refractive index
(RI) within an optical wavelength. The formation of photonic stop band (PSB) of a certain PCs structural
material is attributed to the differences between the RI of the PCs material and the RI of its external
media (including gas, liquid or solid), and the periodicity. The concept of photonic effect within the
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PSB range in PCs was first proposed by John [13] and Yablonovitch [14], independently. After that, the
photonic properties of PCs were further explored by theoretical calculations [15-17]. That is, within
a particular wavelength range that satisfies Bragg-Snell’s law [18], the PSB inhibits the propagation
of photons from a certain direction, reduces the group speed of photons (slow photons) and induces
multiple scattering [19]. The position of PSB in wavelength is commonly tunable, as is demonstrated
by Bragg-Snell’s law, it is reliant on the periodic order, the RI of PCs material and external media, filling
factors and incidence of illumination. Whereas for a given PCs based solar energy conversion device
in certain environment, filling factor, periodic order and RI should be considered as constants, and
thus the incidence of illumination would be the only tunable parameter for the manipulation of PSB
positions. In addition, different from tuning the R1, the filling factor or periodic order, the changing
of incidence would not affect the other properties of PCs (including geometric surface area, electric
conductivity and interfaces between PCs and embedded photoactive materials), which makes it very
convenient to study the PSB impact on photoactivity of embedded photoactive materials.

TCOs (transparent conductive oxides) including ITO (indium-doped tin oxide), ATO
(antimony-doped tin oxide) and FTO (fluorine-doped tin oxide) have been intensively applied
in functional windows, solar cells and displays [2,20]. For a solar energy conversion device, TCOs are
an ideal material for the synthesis of PCs due to their transparency in visible range and good electrical
conductivity. For instance, in previous studies, powder or film PCs have been employed to supply
enlarged surface areas available to support the embedded photoactive materials including g-C3Ny [21],
CdS [22], TiO;, [23], and halide perovskite photocatalyst [24]. Although the studies of the photonic
effect of PSB towards photoactivity of embedded photoactive material are limited. Of direct relevance
to this work, CdS embedded WO; PCs powders were fabricated [25], the manipulation of PSB was
obtained through varying the periodic order (pore size) of WO3; PCs powder. Enhancement of the
hydrogen evolution rate is achieved in case of absorption range of CdS overlapping with the PSB of
WO; PCs. However, the varied periodic order of WO3; PCs would not only change the PSB but also
suggest a different surface area and reaction sites for the embedded photoactive materials, which make
it less convenient to study the photonic effect on photocatalysis. In our recent report [26], g-C3Ny as
the photoactive material was embedded in an FTO PCs film, overlapped the PSB of FTO PCs film
and absorption range of g-C3N4 was achieved by tuning the position of the PSB through controlling
incidences. An alternative approach to fit the PSB and absorption range of photoactive materials is
tuning the absorption of photoactive materials by adding dyes.

Inorganic semiconductors such as CdS, CdSe, PbS, MnTe, and Ag,S, or organic dyes have been
exploited as sensitizers for light-absorption enhancement in dye-sensitized solar cells (DSSCs) or
quantum dot-sensitized solar cells (QDSCs) [3,9]. Among them, Ag,S is a convenient candidate
compound for applications in photoanodes. The energy band gap of Ag,S is ca. 1.1 eV [27],
corresponding to a broad absorption range of visible light and near-IR regions. In addition, Ag,S
reveals a promising absorption coefficient of ca. 104 cm~! [28]. In the previous study, Ag>S quantum
dots were prepared on TiO; of various architectures (including nanotubes and nanorods) [29] for the
formation of DSSCs, and also being synthesized on ZnO and SnO for the preparation of QDSCs [30,31].
The adding of Ag,S exhibited impressive light absorbability for the electrodes and thus led to improved
photoactivity. However, in addition to these wide bandgap semiconductors (TiO,, ZnO and SnO;),
WOj3 exhibits a narrower band gap which can be photoactivated by visible light, and the band structure
allows an efficient photoelectron injection when composited with Ag,S [32].

In this work, WO3 was exploited as the photoactive materials, plate-like WO3 were directly
synthesized in FTO PCs film via a solvothermal method. Ag,S was then loaded on WOj3 via SILAR
(successive ion layer adsorption and reaction) method. As control groups, WO3 and Ag;S sensitized
WO; were also prepared on p-FTO (planar FTO glass). DRUVS (diffuse reflectance UV-vis spectra)
and PEC (photoelectrochemistry) were correlated to analyze the photonic effect on the photocatalytic
performance of Ag,S sensitized WO;.
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2. Materials and Methods

H,S504 (295%), HyO; (30 vol.%), FTO glass slide (11 Q) sq‘l), monodispersed polystyrene (2.5 wt.%
aqueous suspension, 450 nm in diameter), SnCly-5H,O (99.99%), NH4F (99.99%), NayS-9H,0 (99.5%),
AgNO3 (99.8%), WClg (99.95%) and methanol were purchased from Sigma-Aldrich (Saint Louis, MO,
USA) and used as received.

2.1. Synthesis of PC-FTO Films

The PC-FTO film was prepared through a modified well-established soft-template method [33].
A planar FTO glass was stood vertically in a glass sample vial (10 mL volume) containing 5 mL of
PS aqueous suspension at 60 °C for 16 h to obtain the PS film template. The FTO precursor solution
was prepared from SnCly-5H,0 (1.4 g, 4 mmol) sonicated in ethanol (20 mL) until dissolved, next, the
saturated NH4F solution (0.24 g, 2 mmol) was added, and the resulting mixture was further sonicated
until optically clear and colorless. The PS film was pre-soaked in ethanol for 30 min before being stood
vertically and submerged in FTO precursor solution for another 30 min under a vacuum (0.1 Pa). The
wet slide was then removed from the glass vial and transferred to a furnace oven for calcination at
450 °C for 2 h with a heat ramp rate of 1 °C min~! in the air to burn off the PS spheres.

2.2. In-Situ Synthesis of WO3 Platelets in PC-FTO Films

The WO3 precursor solution was prepared using WCly, (1.0 g, 6 mmol) sonicated in methanol for
ca. 15 min (40 mL) until dissolved. A PC-FTO substrate was put in an autoclave (25 mL volume) filled
with 15 mL WOj3; precursor solution. Subsequently, the autoclave was transferred to a furnace oven
at 100 °C for 6 h. The sample was then transferred from the autoclave to a furnace oven for a heat
treatment at 475 °C for 2 h with a heat ramp rate of 1 °C min™ in the air.

2.3. Sensitizing of WO3 with Ag>S Quantum Dots via SILAR Method

The Ag,S precursor was prepared from AgNOjz (50 mM) and Na,S (50 mM) aqueous solutions.
Typically, a WO;@PC-FTO film was soaked in AgNOj solution for 30 s before being dried by nitrogen
stream. The film was then soaked in Na;,S solution for another 30 s. Subsequently, the film was
rinsed with DI water and dried with nitrogen stream. This process was repeated several times to get
AgyS/WO3@mac-FTO photoanodes sensitized with the varied amounts of Ag,S dots.

2.4. Characterization

Samples were stuck to an aluminium stage by sticky carbon tape, and then the SEM images were
achieved by a Hitachi S-4800 field emission scanning electron microscope (Tokyo, Japan). For the
preparation of TEM samples, films were scraped off from the FTO substrates and carefully ground.
The samples were then transferred to methanol for 15 min sonication. One drop of the suspension
was added to 3 mm porous carbon-coated copper grids and allowed to dry under air. JEOL 2011
transmission electron microscopes (Tokyo, Japan) were exploited to collect the TEM images with
200 kV accelerating voltage. An attached kit of an EDAX Phoenix X-ray spectrometer (Mahwah, NJ,
USA) incorporated to the TEM was employed to perform energy dispersive analysis of X-rays (EDX)
mapping. An Ocean Optics HR2000+ high-resolution spectrometer (Edinburgh, UK) was incorporated
with a DH-2000-BAL lamp with a light wavelength of 200 nm to 1100 nm (deuterium/helium). An
R400-7-UV-Vis transmission probe (Ocean Optics, Edinburgh, UK) was used to record the diffuse
reflectance UV-vis spectra using deuterium/helium lamb (200 nm-1100 nm). Spectra were collected
using Spectra Suite software (Version 2.7) of 10 s integration time, 30 boxcar smoothing width, and
10 scans to average. Wide angle PXRD patterns were obtained by a Lynx eye incorporated detector
Bruker-AXS D8 Advance instrument (Billerica, MA, USA), with Cu K« (1.54A) radiation, the slit on the
source was 1 mm and the detector slit was 2.5 mm. PXRD data were scanned from 10° to 70° 20, with
0.02° step size and a scan speed of 0.1 s per step.
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PEC measurements were carried out using a standard 3 electrode setup. The Ag/AgCl (3 M KCl
internal solution) was exploited as the reference electrode and a platinum sheet (10 x 10 mm?) was used
as the counter electrode. The samples were used as a working electrode, the connection was achieved
using copper tape on the top of the electrode and the bottom 10 mm of the electrode was immersed
into the electrolyte solution. The PEC cell contained a quartz window allowing the illumination of
simulated solar light. A 150 W Xe lamp with the (irradiance of ca. 100 mW cm~2) was exploited as the
simulated light source. NaOH (1 M) with pH at 13.6 was prepared as the aqueous electrolyte solution
using the Millipore system (=18 MQ cm~3, Burlington, MA, USA) filter water. All potentials can be
referenced to the reversible hydrogen electrode (RHE) using the following equation: E.;(Ag/AgCl) =
0.0210 V vs. NHE at 25 °C.

E(vs.RHE) = E(vs. Ag/AgCl) + E,f(Ag/AgCl) + 0.0591V x pH
3. Result and Discussion

3.1. Geometrical Properties

The geometrical properties of the as-prepared PC-FTO films are initially characterized by scanning
electron microscope (SEM), Figure 1a exhibits an inverse opal structural (face-centered cubic, FCC) film
with the pore size of ca. 330 + 30 nm and a smooth FTO skeleton. This PC-FTO film was fabricated
on FTO glass via a well-established soft template method [34]. Figure 1b presents the edge of the
as-prepared PC-FTO film, which was approximately nine layers corresponding to ca. 2 um in thickness,
indicating a large surface area available for the embedded materials, in comparison to that of planar
analogs. The long-range ordered FCC array and the periodic RI (between FTO skeleton and air pore)
suggests intensive photonic effects as expected by Bragg-Snell’s law. The hexagonal arrangement of
the air pore corresponds to the (111) plane of an FCC structure, which is the predominant plane for the
formation of a PSB from a PCs film. After the coating of WO3, homogeneous plate-like materials could
be observed on the skeleton of PC-FTO (Figure 1c and Figure S1), without blocking the pores. The
WO3@PC-FTO exhibits a relatively rougher surface in comparison to the bare PC-FTO (Figure 1a).

Figure 1. (a) SEM image of macroporous fluorine-doped tin oxide with photonic crystal structure
(PC-FTO) viewed perpendicularly; (b) SEM image of the edge of PC-FTO film; (c) SEM image of
WO3@PC-FTO; (d) SEM image of Ag,S/WO3@PC-FTO, scale bar = 500 nm.
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It should be noted that the amount of the embedded photoactive materials in a PC film should
be carefully controlled because the excessive coating will reduce the periodicity of PCs, on the other
hand, the insufficient coating may lead to weak photoresponse. Furthermore, the geometrical shape
of the WO; in a PC-FTO film can also be compared to that which is synthesized on a planar FTO
substrate using the same method (Figure 2). Within PC-FTO films, the feature size of the materials can
be restrained to a certain scale by the nanostructural substrate due to the complex geometrical surface,
similar feature size control effects can also be found in Fe;O3 embedded SiO, [35] or SnO, [12] in
previous reports. Figure 1d and Figure S2 reveal the WO3;@PC-FTO film after the decoration of Ag,S,
the Ag,S decorated samples led to rougher surface due to the relatively small crystal size of Ag,S.

Figure 2. SEM images of WOj3 synthesized on planar FTO glass. (a) SEM of WO3 of low magnification;
(b) SEM of WOj3 of high magnification.

3.2. Optical Properties

Since this work was focused on the impact of photonic crystal film on the photocatalytic
performance of AgyS/WOs;, the photonic effects and the optical properties of AgyS/WO; were
characterized by diffuse reflectance UV-vis spectra (DRUVS) and UV-vis absorption spectra, respectively.
The PSB position (expressed as the reflectance maximum) of PC-FTO film was recorded at the different
incidence of illumination with respect to the surface normal (Figure 3a) through DRUVS. For comparison,
the PSB position for (hkl) plane of a PC-FTO was also estimated by mathematic calculation from a
combination of Bragg’s and Snell’s laws as the following expresses:

NI

2y o 2 0
A= " [(pn + (1 —q)ng —sin 9]

DV2

M2+ K2+ lz]%

where ¢ is the filling factor of PC-FTO film (assumed to be 0.26 for FCC structure), n and n are the
RI of FTO (ca. 1.61) and the external media, respectively. D is the periodic order of PC-FTO film
(ca. 340 nm). Since the calculation of a PSB position using Bragg-Snell’s law is based on an ideal FCC
structural model, thus a comparison between the calculated and experimental incident dependence
of PSB can be exploited to evaluate the optical quality of the as-prepared PC-FTO film. As shown
in Table S1, the experimental PSB is in good agreement with the Bragg diffraction from (111) sets of
planes, in an incidence range from 15° to 45°. The PC-FTO exhibits varied PSB positions (from 585 nm
to 635 nm) in the DRUVS (Figure 3b) according to the incidence of illumination. The PSB shift can
also be confirmed by eye when holding the PC-FTO film at a certain angle relative to the lamp, the
colors (attributed to the diffuse reflectance of PCs) varied from red to violet as shown in Figure 3c,
indicating a wide tunable range of PSB positions. It should be noted that the DRUVS can hardly collect

dpp =
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the reflected photons when there is a wide angle between sample and probe, but the photographs in
Figure 3c could be evidence for the wide tunable range of the PSB.

a) b)

----Wo,
----Ag,58&WO,

WOs/Ag2S@PC-FTO

Absorbance (a.u.)
(‘me) duURDIY

=

Wavelength (nm)

Figure 3. (a) Schematic diagram of the varied incidence illumination on a PC-FTO based electrode.
(b) diffuse reflectance UV-vis spectra (DRUVS) (solid line) of photonic stop band (PSB) positions under
different incidence and UV-vis absorption spectra (dash line) of WO3 and Ag,S/WO3. (c) digital
photographs of one PC-FTO film under different incidences.

3.3. Qualitative Analysis

Figure 4a and Figure 54 reveal the high-resolution transmission electron microscopy (HR-TEM)
images of the as-prepared Ag,S/WO3 on PC-FTO, the embedded WOj3 platelets were attached by Ag,S
(few nanometer in size), in which the lattice fringes corresponded to the (200) plane of Ag,S (JCPDS
04-0774) and the (002) crystal plane of WO;3; (JCPDS 43-1034), respectively. The elemental mapping
of Agr,S/WO3;@PC-FTO was achieved by energy dispersive X-ray spectroscopy (EDX), from which
the skeleton of PC-FTO, WO; platelets and Ag,S dots are clearly presented in Figure 4b and Figure
S3. The elemental ratio of the as-prepared Ag,S/WO3@PC-FTO sample was presented in Table S2.
The powder X-ray diffraction (PXRD) was also employed for the characterization of an as-prepared
AgrS/WO3@PC-FTO, from which the diffraction patterns were consistent with the HR-TEM results.
The loading amounts of AgyS via SILAR led to no obvious difference in the PXRD patterns of samples
but the slightly increased diffraction patterns from Ag,S (Figure 5).

WO0:(002)

/

0.384 nm

Figure 4. (a) high-resolution transmission electron microscopy (HR-TEM) image of Ag,S/WO3;@PC-FTO
photoanode; (b) TEM-EDX elemental mapping of Ag,S/WO3;@PC-FTO.
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Figure 5. Powder X-ray diffraction (PXRD) of Ag,S/WO3@PC-FTO electrode with different loading of
Ag)S,* = WO;3, #=5n0; and e = Ag,S.

3.4. Photocatalytic Properties

Photoelectrochemistry (PEC) was exploited to evaluate the photoactivity of Ag,S/WO3@PC-FTO
photoanode, as a function of incidence. The setup of a PEC cell was built up with a standard three
electrode system in 1 M NaOH aqueous electrolyte, in which the sample, Pt wire, and Ag/AgCl were
employed as a working electrode, counter electrode and reference electrode, respectively. The incidence
of illumination was obtained by rotating the working electrode to a certain degree relative to the Xe
lamp (as shown in the schematic diagram in Figure 3a). Since the rotating of electrode will lead to a
reduction of received photon density (mW cm™2) by electrode, the photo density received by electrode
at a certain angle was obtained by rotating a detector (shell removed) of photometer at the same angle,
thus a correction (photocurrent divided by photon density received by photometer at certain angle) was
conducted to evaluate the photocurrent generation under constant irradiance (1 sun, 100 mW cm™~2).

AgrS/WO3@PC-FTO electrodes of different SILAR cycles performed varied photocatalytic activities
when the surface normal was illuminated, in which the 3 SILAR cycles performed the maximum
photocurrent density of ca. 1.54 mA cm™2 at 0 V vs. Ag/AgCl (Figure S5) and good stability (Figure S7)
in a linear sweep voltammogram (LSV), and thus this electrode was selected for the study of incidence.

For comparison, the Ag,S/WO3@planar-FTO photoanode and WO3@PC-FTO photoanode were
also prepared using the same method. Due to the absence of PCs substrate, the current density
generated by Ag,S/WO;@planar-FTO is ca. 32% (0.52 mA cm~2 vs. 1.54 mA cm™2) in comparison to
AgyS/WO;@PC-FTO at surface normal illumination, this is due to the lack of surface area available for
the photoactive materials. The current density of Ag,S/WO3@planar-FTO was reduced 61.5% along
with the incidence from 0° to 75° (Figure 6a), while the current density per sun shows no obvious
variation, suggesting that the electrode could generate stable current density relative to 1 sun. In
terms of the WO3@PC-FTO electrode, the current density reduced 47.6% from 0° to 75° illumination
(Figure 6b). Interestingly, an obvious enhanced current density per sun was obtained at 75° and 60°
illumination, where the edge of the PSB (60°) and PSB (75°) overlapped with the absorption range of
WO;. Though for the Ag,S/WO3@PC-FTO electrode (Figure 6¢), due the narrow band gap of Ag,S
(1.1 eV, Scheme 1) [36] in visible, the PSB of PC-FTO can always overlap with the absorption range of
AgyS/WOj3, and thus reducing the enhancement of current density per sun when rotating the electrode,
but it still performed a slower reduction (54.5%) of current density with respect to that on planar-FTO.
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In theory, the PCs could suppress the recombination of charge carriers in PSB or its edge [37], and this
was proved in some previous experimental reports, for instance, a 40% longer lifetime of PL decay
was observed when the emission frequency of Tb>* is close to the PSB in a PC-SiO, system [38]. With
respect for a photocatalysis system, the external media is typically aqueous (RI > 1.33), and thus the RI
differences between PCs materials and external media is smaller than PCs in the air (RI ~ 1.00), which
may reduce the photonic effects from PSB (Figure S6). For example, the g-C3N4 exhibited no excited
state lifetime change when its absorption range overlaps with the PSB [8]. In our case, although the
absorption of Ag,S/WO; always overlapped with the PSB, we also saw no obvious PL decay lifetime
enhancement. Even though, the scattering and refracting will still improve the utilization of light, when
the incidence of light changes. The observed slower reduction of current density and the improved
current density per sun at certain incidence suggests the realistic value of PCs.

18
— ’ )
a).. . . b) .. 5 €) i+ -
> e 18
A oy *: -
E «; s ¥
£ 14 »
025
B - L - e E
E £ - E,, -
2 x 2 2
4 @ 020 £
2 2 - 2 »
$ o3 € g 10
z £ - £
8 » § E 5
£ - —=— Current density E 015 = 13 ol & Current density
= Current a8
3 —e— Current density per Sun G Loy 3 = Current density per Sun

Current density per Sun

3

* . ‘Ralall:jangle loa:e lamp * ’ ” “ Rnliliv‘:angletbfe lamp " ’ * = R-\lli::nngl- (DJ:Q lamp * ¢
Figure 6. Incidence dependence of photoelectrochemistry (PEC) current density and current density
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Scheme 1. Mechanism of Ag,S decorated WO3 under illumination.
4. Conclusions

AgrS/WO3 and WO3 were synthesized in a PC-FTO film to demonstrate the incidence of light as a
function of photocurrent density. In addition to the enhanced surface area, the embedded photoactive
materials in PC-FTO perform enhanced PEC at certain incidences in comparison to that on planar
analogs. Due to the multiple scattering and refracting nature of PCs, photons could be collected
more effectively at certain incidence ranges (in comparison to planar analogs), resulting in enhanced
photocurrent generation when integrating the product from all incidences. In consideration of the
nature of sun (a changing angle light source), the results suggest that the PCs based substrate would
support more efficient utilization of solar energy for the embedded photoactive materials.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/16/2558/s1,
Figure S1: SEM image of a bare WO3@mac-FTO photoanode; Figure S2: SEM images of mac-FTO film coated
with only Ag,S quantum dots; Figure S3: EDX elemental mapping of Ag,S/WO3;@mac-FTO with 3 SILAR cycles;
Figure S4: TEM of Ag,S/WO3;@PC-FTO in different magnification; Figure S5: (a) UV-vis absorption and (b) LSV
of AgyS/WO;@PC-FTO with different SILAR cycles; Figure S6: PSB spectra of PC-FTO in NaOH electrolyte;
Figure S7: Stability test of AgyS/WO3@PC-FTO electrode under illumination from surface normal for 5 min;
Table S1: Calculated and experimental PSB of PC-FTO film from (111) plane; Table S2: Elemental ratios of
AgrS/WO3@PC-FTO with 3 SILAR cycles.
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Abstract: In this study, we investigated sulfate-modified BiVO, with the high photocatalytic activity
synthesized by a sol-gel method in the presence of thiourea, followed by the annealing process at
different temperatures. Its structure was characterized by thermal gravimetric analysis (TGA), powder
X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy/energy-dispersive X-ray
spectroscopy (SEM/EDS), X-ray photoelectron spectroscopy (XPS), and ultraviolet-visible diffuse
reflectance spectroscopy (UV-Vis DRS). The BiVOy synthesized in the presence of thiourea and calcined
at 600 °C (T-BVO-600) exhibited the highest photocatalytic degradation efficiency of methylene blue
(MB) in water; 98.53% MB removal was achieved within 240 min. The reaction mechanisms that
affect MB photocatalytic degradation on the T-BVO-600 were investigated via an indirect chemical
probe method, using chemical agents to capture the active species produced during the early stages
of photocatalysis, including 1,4-benzoquinone (scavenger for O, ), ethylenediaminetetraacetic acid
disodium salt (scavenger for h'*), and tert-butanol (scavenger for HO®). The results show that holes
(h*) and hydroxyl radicals (HO®) are the dominant species of MB decomposition. Photoluminescence
(PL) measurement results of terephthalic acid solutions in the presence of BiVO4 samples and BiVO,
powders confirm the involvement of hydroxyl radicals and the separation efficiency of electron-hole
pairs in MB photocatalytic degradation. Besides, the T-BVO-600 exhibits good recyclability for MB
removal, achieving a removal rate of above 83% after five cycles. The T-BVO-600 has the features of
high efficiency and good recyclability for MB photocatalytic degradation. These results provide new
insight into the purpose of improving the photocatalytic activity of BiVOy catalyst.

Keywords: sulfate-modified BiVO,; methylene blue; LED visible light; photodecomposition

1. Introduction

Bismuth vanadate (BiVO,) has recently been extensively studied by researchers around the world
and has been used as a new catalyst in the photocatalytic field because of the economic advantage
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of synthetic materials, low toxicity, excellent chemical stability, and narrow bandgap (about 2.4 eV
for monoclinic scheelite BiVOy) [1]. Researchers have discovered that BiVO, offers outstanding
photocatalytic performance in water splitting and oxidation of toxic organic compounds [2-6].
The photoinduced charge carrier formation was highly efficient due to low bandgap energy properties.
However, recombination of excess electrons and holes are extensive due to its poorly charged transfer
characteristics and weakly adsorbed surface, limiting the photocatalytic activity of BiVO, [7]. In order
to improve the separation efficiency of the photogenerated electron-hole pairs to the catalytic surface for
high-photodynamic catalysis, the researchers proposed several measures, such as (1) control of crystal
structure, crystal form, and crystal surface [8,9], (2) formation of p-n bonds and the establishment of an
internal electromagnetic interaction region extending from n-type semiconductor (BiVOy) to p-type
semiconductor materials [10], and (3) formation of the monoclinic-tetragonal structure of BiVOy [11].
Such approaches mainly involve improving the photocatalytic activity of BiVOy, which is enhanced
through either material synthesis with crystal form control or doping with nonmetal elements which
have been proven to be efficient and promising research directions recently.

According to previously published studies, the concentration of the reactants and the solution
medium (such as the pH, the effect of anions) had significant implications for the crystalline form of
BiVOy in solution. For example, small changes in the affecting factors (such as pH, temperature, and
reactants) will alter the growth of BiVOy crystals. As a result, crystalline forms such as nanoplates [12],
micro bar [13], elliptic structure [14], and various crystal forms are formed [15]. Therefore, the addition
of a surfactant to the reaction solution to control the crystal growth process could facilitate the designing
of the ideal catalyst. For this purpose, recently, researchers have been using urea for the synthesis
of BiVOy. Urea can control the precipitation of cation by slowly forming hydroxide ions in solution
through hydrolysis [9,16]. Thus, the slow hydrolysis of urea leads to a gradual increase in the pH of
the reaction solution and provides a special solution for controlling the crystal growth process. Also,
the doping of nonmetal elements, such as S [17], C [18], N [19], and P [20], into the structure of BiVO,
photocatalyst also enhances the photocatalytic efficiency of this material. Similar to urea, thiourea
(CS(NH>),) also hydrolyzes to form NHjz, which participates in the pH adjustment of the reaction
solution, thus contributing to the process of controlling the crystal growth of the material. Also,
previous studies have used thiourea as the S source to modify BiVO, to enhance the photocatalytic
activity of the material [4,17,21]. The previous studies have used thiourea or Na;S as the S source
to modify BiVO, to enhance the photocatalytic activity of the material. However, S-doped BiVO,
was synthesized by hydrothermal method, and surfactants were introduced in the synthesis process.
In some of these studies, these surfactants may have a bad effect on the environment. Therefore, easier
methods to synthesize S-doped BiVO, are necessary.

Hence, we report on the synthesis of sulfate-modified BiVO, by a sol-gel method using thiourea
as the reducing agent to control simultaneous crystal morphology as well as the S source for material
modification. At the same time, we investigated the effect of heating temperature on the structure
of BiVOy as well as on the photocatalytic activity of the material in the decomposition of organic
compounds using visible light.

2. Experimental

2.1. Materials

Ammonium metavanadate (NH; VO3, >98%), bismuth(III) nitrate pentahydrate (Bi(NO3)3-5H,0,
>98.0%), tert-butanol (TBA, (CH3)3COH, 299.5%), and 1,4-benzoquinone (BQ, C4H,O,) were purchased
from Sigma-Aldrich. Thiourea (CH4N,S, 99.8%) was purchased from Prolabo (France). Nitric
acid (HNO3, 65-68%), ethanol (CH3CH,OH, 99.7%), ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na), and methylene blue (MB, 99%) were obtained from Xilong Chemical Co., Ltd. (Shantou,
China).
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2.2. Fabrication of Sulfate-Modified Bismuth Vanadate (BiVOy)

We synthesized the sulfate-modified BiVO, using the sol-gel combustion method with a coupling
of the sol-gel process and the annealing process. Firstly, 20 mmol of Bi(NOj3)3-5H,O was dissolved
in 200 mL of HNOj; (2M) and stirred for about 30 min to form a clear solution (solution A). At the
same time, 20 mmol of NH,; VO3 was dissolved in 200 mL of water and stirred for about 180 min at
70 °C to form a uniform transparent yellow solution (solution B). After adding solution B to solution
A drop by drop, a dark yellow solution was obtained. Then, 62.5 mmol of thiourea was added to
the mixture. The obtained mixture was vigorously stirred for 30 min before being heated at 85 °C to
evaporate the water under continuous stirring overnight. Finally, the obtained powder was finely
ground and calcined at different temperatures (400-700 °C) for 3 h with a heating rate of 5 °C/min in
the air. The obtained samples were denoted as T-BVO-400, T-BVO-500, T-BVO-600, and T-BVO-700,
corresponding to the annealing temperature of 400, 500, 600, and 700 °C, respectively. For comparison,
BiVO, was synthesized with the absence of thiourea and calcined at 600 °C (denoted as BVO-600).

2.3. Characterization

Thermal gravimetric analysis (TGA) was conducted on a TGA Q500 V20.10 Build 36 under air
condition with a heating rate of 5 °C/min from room temperature to 800 °C. X-ray diffraction (XRD)
patterns were recorded in a D8 Advance Bruker powder diffractometer (Bruker, Billerica, MA, USA)
with a Cu Ko excitation source at a scan rate of 0.030°/s in the 2-theta range of 5-80°. The surface
morphologies and particle size of BiVO, samples were observed by scanning electron microscope
(SEM, JEOL JSM 7401F, Peabody, MA, USA). X-ray photoelectron spectroscopy (XPS) was recorded on
Thermo VG Multilab 2000 (Thermo VG Scientific, Waltham, MA, USA). Fourier transform infrared
(FT-IR) spectra were recorded on an EQUINOX 55 spectrometer (Bruker, Billerica, MA, USA). Raman
spectroscopy was carried out on the TIORIBA Jobin Yvon spectrometer (Horiba Scientific, Kyoto, Japan)
with a laser beam of 633 nm in the wavenumber of 100-1000 cm ™. The optical absorption characteristics
of the photocatalysts were determined by ultraviolet-visible (UV-Vis) diffuse reflectance spectroscopy
(UV-Vis DRS, Shimazu UV-2450, Kyoto, Japan) in the range of 300-900 cm~L. Photoluminescence (PL)
measurements were recorded using an F-4500 Spectro-fluorometer (Hitachi, Chiyoda, Japan).

2.4. Photocatalytic Activity Test

The photocatalytic activities of the BiVO4 samples were evaluated by the photodegradation of
methylene blue (MB) in a 250 mL double-layer interbed glass beaker photocatalytic reactor under
visible light irradiation by six daylight Cree® Xlamp® XM-L2 LEDs (Cree, Inc., Durham, NC, USA)
with max power of 10 W and max light output of 1052 lumen). In each run, a mixture consisting of
MB aqueous solution (15 ppm, 100 mL) and the given catalyst (100 mg) was magnetically stirred in
the dark for 1 h to reach the adsorption-desorption equilibrium of the dye on the catalyst surface.
After this time, the LEDs light source was switched on. Five mL of the suspension was withdrawn at
the same intervals and immediately centrifuged to separate photocatalyst particles at 7000 rpm for
15 min. The MB concentration was monitored by measuring the absorption intensity at its maximum
absorbance wavelength of A = 664 nm using a UV-visible spectrophotometer (Model Evolution 60S,
Thermo Fisher Scientific, Massachusetts, MA, USA) in a 1 cm path length spectrometric quartz cell.

2.5. Active Species Trapping Experiments

The active species generated during the early stages of photocatalytic processes such as O,~,
h*, and HO® are responsible for MB degradation and are determined by an indirect chemical probe
method. Chemical agents, namely BQ, EDTA-2Na, and TBA were agents that capture O,~, h*, and
HO?, respectively. The experimental procedure was similar to the above photocatalytic experiments
except that the chemical agents are added before the beginning of the photocatalytic experiment.
The concentration of agents added was 0.3 M except for BQ. The concentration of BQ was 1.0 x 107> M
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because higher concentrations of BQ might hinder the determination of MB concentration by UV-Vis
absorption spectra.

2.6. Analysis of Hydroxyl Radical (HO®)

The generation of hydroxyl radicals (HO®) in the LED/sulfate-modified BiVO, system was
detected by the PL technique using terephthalic acid (TA) as the sensor molecule. The formation
of 2-hydroxyterephthalic acid (HTA) from the reaction of TA with HO® radicals exhibits strong
photoluminescence. The process was similar to the above photocatalytic activity test with the
replacement of MB solution by TA solution containing TA 0.5 mM and NaOH 2 mM. A fluorescence
spectrophotometer analyzed the clear solution at an excitation wavelength of 315 nm after 240 min
of irradiation.

3. Results and Discussion

3.1. Characterization of Sulfate-Modified BiVOy and Pure BiVOy

The crystal structure of sulfate-modified BiVO, and pure BiVO4 was confirmed by X-ray diffraction.
Figure 1A displays the XRD pattern of the BiVO, samples that were synthesized with/without the
presence of thiourea and calcined at 600 °C (T-BVO-600 and BVO-600 samples). For the BVO-600
sample, the diffraction peaks on the XRD pattern aligned with the monoclinic scheelite phase of BiVO,
(m-s BiVOy, JCPDS no. 01-075-1867) with weakly diffracted peaks at 20 = 15.5°, strongly diffracted
peaks at 20 = 28.9°, and the splitting of peaks at 20 = 18.5°, 35°, and 47°. However, with the presence of
thiourea, the XRD pattern of the T-BVO-600 sample not only shows the characteristic diffraction peaks
in the monoclinic scheelite structure, but also exhibits weak diffraction peak characteristics for bismuth
oxide sulfate (Biz 67036(504)16, JCPDS no. 00-041-0689), indicating that the presence of thiourea did
not alter the phase structure of m-s BiVOy crystal. In addition, there was no observable change in the
position of the (121) and (040) planes of both T-BVO-600 and BVO-600 samples, implying that S could
not be doped into the lattice of BiVOy crystal. The negligible differences between lattice parameters
of T-BVO-600 and BVO-600, which are shown in Table 1, also confirm that no significant change in
the crystal phase of BiVO, occurred. These analyses indicated the possible loading of S to the BiVOy,
surface as sulfate instead of doping into the lattice of BiVOy.

To investigate the presence of functional groups and bonds in the material structure, the material
was analyzed by FI-IR, as shown in Figure 1B. In general, both T-BVO-600 and BVO-600 samples have
characteristic vibration peaks for m-s BiVOy, which is consistent with the FI-IR results for the BiVO,
material in the previous study. These peaks are the stretching vibration () and bending vibration mode
(v) respectively, of the O-H bond of the water molecules adsorbed onto the surface of the material [22],
the bending vibration of the Bi-O bond [23], the stretching vibration of the VOi_ group [22,23], and the
asymmetric stretching vibration of V=0 [24]. Also, the presence of the SO?[ group on the T-BVO-600
sample was detected through FT-IR spectra at wavenumbers of 1110 and 1016 cm™, corresponding to
the asymmetric and symmetric stretching vibrations of S=0 bonds [25].
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Table 1. Lattice parameters and the V-O bond lengths at 829 cm™! for the Bismuth vanadate (BiVO,)
prepared by the different annealing temperature.

Cell Parameters ?

Sample Preparation Crystallite Bond Length ? (A)
No. Condition (°C) a b [ B Veen Size @ (nm)
(A) (A) (A) A) (A3) V-0
T-BVO-85 85 - - - - - - -
T-BVO-400 400 5.136 5.094 11.686 90257 305277 36.890 1.7002 + 0.0005
T-BVO-500 500 5.174 5.101 11.664 90222 307.809 34.420 1.6961 + 0.0002
T-BVO-600 600 5.186 5.093 11.669 90174  308.195 33.700 1.6940 + 0.0002
T-BVO-700 700 5.192 5.094 11.667 90.198 308576 32.740 1.6937 + 0.0006
BvO-0p 000 (without 5.192 5.095 11.664 90.206  308.501 33190 1.6935 + 0.0006
thiourea)

2 Data obtained by XRD data; ® Data obtained by Raman data.
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Figure 1. The X-ray diffraction (XRD) patterns (A), Fourier transform infrared (FI-IR) spectra (B), and
Raman spectra (C) of T-BVO-600 and BVO-600.
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Figure 1C displays the Raman spectra of sulfate-modified BiVO, and pure BiVO,. As shown
in Figure 1C, both samples have characteristic vibration peaks for m-s BiVOy, consisting of (i) the
stretching vibration (s) and asymmetric vibration mode (85) of V-O at 829 and 709 cm™! respectively,
(ii) the symmetrical bending vibrations (vs) and asymmetric bending vibrations (v,s) of the VOi_
group at 368 and 327 cm™! respectively, and (iii) the external modes (rotation/translation) in BiVO, at
212 and 129 cm™! [26]. The V-O bond length of sulfate-modified BiVO, and pure BiVO,4 samples can
be calculated via the empirical expression [27,28]:

v = 21349.¢~19176R (1)

where, v is the stretching vibration frequency of V-O (em™!) and R is the V-O bond length (A). The R
values of T-BVO-600 and BVO-600 samples are 1.694 and 1.692 A, respectively. This result further
confirmed the monoclinic scheelite phase of BiVOy.

To provide more structure information, the chemical states of T-BVO-600 and BVO-600 samples
were determined by XPS. As shown in Figure 2A, the chemical composition of the two samples mainly
consists of Bi, V, C, and O elements. The presence of S element in the T-BVO-600 sample indicated
that S is deposited on the BiVOy surface. The high-resolution XPS spectrum of the T-BVO-600 showed
a broad peak of S 2 s at 233.9 eV (Figure 2B), assigned to S*© in the SOi_ group [29,30]. Figure 2C
shows the Bi 4f spectrum containing two strongly symmetric peaks Bi 4f7, and Bi 4fs5),. They are
158.97 eV and 164.36 eV for the T-BVO-600 sample, and 158.52 eV and 163.88 eV for the BVO-600
sample respectively, which are characteristics of Bi%* [31,32]. The shoulder of the Bi 4f7p (159.41 eV)
and Bi 4fs (164.66 eV) spectra for the BVO-600 sample could be ascribed to the presence of Bi**
oxidation state in BiVOy [33,34]. The shoulder of the Bi 4f7, (156.55 eV) and Bi 4fs), (162.34 eV) spectra
for the T-BVO-600 sample could be ascribed to the presence of Bi>* oxidation state in BiO [35,36].
The asymmetric V 2p3), signals can be decomposed into two subpeaks at 514.85 eV and 516.95 eV
for T-BVO-600, and 514.9 and 516.51 eV for BVO-600 (Figure 2C), which is assigned for V4* and V°*
species, respectively [31]. The surface molar of V4*/V>* for T-BVO-600 (0.502) was higher than that of
the BVO-600 (0.027) sample, which confirmed that the T-BVO-600 sample was oxygen-deficient [19].
The BE positions of O 1s at 530.10 eV in the BVO-600 sample and 530.9 eV in the T-BVO-600 sample
(Figure 2D) are assigned to O%~ [17]. In the case of BVO-600, this peak can be decomposed into two
subpeaks at 529.76 eV and 531.69 eV (Figure 2D), which are assigned to the lattice oxygen (Ojayt)
in crystalline BiVO, and the adsorbed oxygen (O,4s) on the BiVOj, surface, respectively. Similarly,
the O 1s peak of T-BVO-600 can also be decomposed into two subpeaks at 530.25 eV and 532.57 eV
(Figure 2D). However, the slight shifting of the peak indexed to the adsorbed oxygen (O,gs) toward a
higher BE for the T-BVO-600 (Figure 2D) could be due to the presence of sulfate on the BiVO, surface.
The surface molar of O,4s/Oj,y for T-BVO-600 (0.354) was lower than that of the BVO-600 sample
(0.436). The low number of O,45 species play an important role in the photocatalytic performance of
T-BVO-600 (to be seen in investigating the mechanisms of dye degradation section). The XPS results,
together with XRD and FT-IR, confirm the presence of bismuth oxide sulfate (Bizs 67036(SO4)16) in the
T-BVO-600 structure.
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Figure 2. Full scan (A), S 2s (B), Bi 4f (C), V 2p3/2 (D), and O 1s (E) X-ray photoelectron spectroscopy
(XPS) spectra of T-BVO-600 and BVO-600.

Crystal morphology, particle size, and particle distribution of the material were observed through
SEM images. The SEM images of the samples were synthesized under different conditions, as shown in
Figure 3A,B. The obtained shape and crystal size of the materials were very different when synthesizing
under different conditions. For the BiVO4 sample which was synthesized without thiourea and calcined
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at 600 °C, the crystal morphology has a granular shape and is approximately 1 pm in size. For the BiVOy,
synthesized using thiourea, the forming material has a granular crystalline form with insignificant
granular boundaries, and particles are deposited into large plates with openings formed between
the particles. In addition, the presence of S element in the T-BVO-600 sample was also confirmed
by FE-SEM/EDS images (Figure 3C). These results, along with the XPS result (Table 2), revealed that
sulfate was successfully deposited into the BiVO, surface.

Figure 3. Scanning electron microscopy (SEM) images the BiVOy, samples: T-BVO-600 (A) and BVO-600
(B) and field emission scanning electron microscopes and energy-dispersive X-ray spectrometer
(FESEM/EDS) images of the T-BVO-600 sample with maps of Bi Mal, V Kal, OKal, and S Kal (C).

Table 2. Surface element compositions of the BVO-600 and T-BVO-600 samples.

Atomic % ?

Sample No.
O1s C1s Bi 4f V 2p3 S 2s
BVO-600 46.55 29.25 15.85 8.36 -
T-BVO-600 50.94 28.44 11.67 6.22 2.72

@ Data obtained by XPS data

The light absorption properties of photocatalytic materials were analyzed using the UV-Vis DRS
technique. The results are shown in Figure 4A. All BiVO,4 samples showed narrow absorption in the
visible light region, which can facilitate the enhancement of photocatalytic property under visible
light irradiation. The bandgap energy of BiVO, samples can be estimated from the (ahv)?~hv curves
(Figure 4B). The Eg value of the BiVO, samples was determined to be 2.29 eV for T-BVO-600 and
2.23 eV for BVO-600.
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Figure 4. Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) spectra (A), (ahv)2-hv
curves (B), and photoluminescence (PL) spectra of T-BVO-600 and BVO-600 (C).

The photoluminescence spectra of the T-BVO-600 and BVO-600 samples were also used to study
the separation efficiency of electron-hole pairs generated by irradiation. The higher intensity of the PL
spectrum of the sample indicates that the electron-hole pair recombination takes place more rapidly,
thus reducing photocatalytic activity. The PL spectrum of the BiVO, samples upon excitation at 325 nm
is shown in Figure 4C. It can be seen that BVO-600 generates broad emission peaks in the wavelength
range of 360-625 nm with a maximum emissivity of 430 nm corresponding to the transfer of charges
from Bi to V centers [37]. Whereas the synthetic BiVO, samples using thiourea do not seem to emit

peaks in this wavelength range, indicating that the recombination of electrons and holes in these
samples is very low.

3.2. Effect of the Annealing Temperature

To investigate the effect of the annealing temperature on the phase structure of BiVOy crystals, the
amorphous BiVO,, which was obtained after heating at 85 °C under continuous stirring overnight
(T-BVO-85), was calcined at a different temperature. XRD patterns of the amorphous BiVO, and BiVO,
samples annealed from 400 °C to 700 °C are shown in Figure 5A. As shown in Figure 5A, the amorphous
BiVO, exhibited a low crystal with the main phase of vanadium oxide (V30s5, JCPDS No. 01-071-0039).
When T-BVO-85 was annealed at 400 °C, the XRD pattern showed the coexistence of tetragonal scheelite
phase of BiVOy (t-s BiVOy, JCPDS No. 14-0133) and V,05 (JCPDS No. 00-041-1426). Besides, we also
observed that the peak at 26 = 13.26° for T-BVO-85 and T-BVO-400 samples were related to the typical
in-planar peak of graphitic carbon nitride (g-C3Ny4) polymers [38,39] which were formed during heating
at 85 °C to evaporate the water and the annealing at 400 °C. When further increasing the annealing
temperature to 500 °C (T-BVO-500), the XRD pattern of this sample demonstrated a pattern similar to
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that of m-s BiVO, with the coexistence of BiO(SO4), (JCPDS No. 01-078-2087). The peak at 13.26°
disappeared, which indicated that the organic compounds were completely burned. The T-BVO-600
sample exhibited the coexistence of m-s BiVO, and Bizyg 67036(SO4)16, which was analyzed above.
When further increasing the annealing temperature to 700 °C, pure m-s BiVO, was formed. The XRD

results indicate that the different annealing temperatures would result in BiVO, materials with different
composition and phase.
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Figure 5. XRD pattern (A), Raman spectra (B), and FI-IR spectra (C) of the BiVO4 amorphous (85 °C)
and sulfate-modified BiVOy, annealed at 400, 500, 600, and 700 °C.

The FT-IR spectra of the amorphous BiVO, and BiVO,4 samples annealed from 400 °C to 700 °C
were shown in Figure 5B. For the amorphous BiVO,4 and BiVO,4 samples annealed at 400 °C and 500 °C,
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absorption bands are located at 620, 730, 806, 940, 1110, 1385, 1406 (and 1598), and 3168 cm™! assigned
to the C—C (aromatic), N-H (bending), tri-s-triazine, C-H, C-C, C-H (aromatic), C-N (aromatic),
and N-H vibrations respectively, which confirms the formation of g-C3Ny [40—-43]. The formation
of g-C3N4 compounds obtained by polycondensation of thiourea at different temperatures is in
agreement with previous reports [38,44,45]. The BiVO,4 samples annealed at 600 °C and 700 °C have
characteristic vibration peaks for m-s BiVO, and no peaks that could be indexed to the presence of
organic compounds.

The Raman results (Figure 5C) show that the BiVO,4 samples annealed at 500 °C, 600 °C, and 700 °C
have characteristic vibration mode in the m-s BiVO, while T-BVO-400 has characteristic vibration
mode in the t-s BiVOy [26]. In addition, the R values of the T-BVO-500 and T-BVO-600 samples shown
in Table 1 matched with the V-O bond length of m-s BiVOy, while the R values of T-BVO-400 matched
with the V-O bond length of m-s BiVO, [46]. This result further confirmed the significant effect of
annealing temperature on the structure phase of BiVOy, which is in agreement with XRD and IR results.

The SEM images of the samples synthesized under different conditions are shown in Figure 6.
The obtained shape and crystal size of the materials were very different when synthesized under
different conditions. For the BiVOy synthesized using thiourea, the non-calcined sample has no definite
shape. After being heated at 400 °C and 500 °C, the crystals with granular shape are formed and
sized less than 1 pm. The particle size becomes more significant with increasing calcining temperature
(Figure 6) due to the growth of BiVOy crystals during high calcining temperature. When the calcining
temperature increases to 600 °C, the forming material has a granular crystalline form with insignificant
granular boundaries and particles are deposited into large plates with openings formed between the
particles. At700 °C, the material forming the crystal structure is mainly irregular particles, about 2 pm
in size. Obviously, heat treatment exerts a significant influence on the morphology and crystallinity of
BiVO,4 when the BiVO, was synthesized in the presence of thiourea.

TG analysis was performed to observe the physical and chemical processes that occur when the
T-BVO-85 sample was processed at different temperatures as well as the purity of the T-BVO-600
sample. Figure 7 shows the weight loss curve of T-BVO-85 and T-BVO-600. From the TGA curve
shown in Figure 7A, the T-BVO-85 has five mass loss processes occurring when the sample is heated
from room temperature to 800 °C. The first loss of mass occurs from room temperature to 100 °C
with a weight loss of 1.07%, corresponding to the removal of adsorbed water on the surface of the
material. The second mass loss process in the range of temperature from 100 °C to 300 °C, related to
the decomposition of thiourea, corresponds to approximately 31.00% of the weight loss. The third
mass loss in the temperatures range from 300 °C to 470 °C is due to the decomposition of the nitrate
salts with a mass loss of about 7.98% [47] The fourth mass loss in the temperature range from 470 °C to
540 °C involves complete oxidation of carbon residue in the sample with mass loss of about 4.81%.
The fifth mass loss in the region from 540 °C to 680 °C is the transition between the tetragonal and
monoclinic phases, which is accompanied by a weight loss of about 7.61%. The differential thermal
analysis (DTA) curve of the T-BVO-85 shows five exothermic peaks, corresponding to five mass loss
processes on the TG curve. The sharply exothermic peak at 218.67 °C with significant weight loss in
the TG curve is attributed to the decomposition of the thiourea because the decomposition reaction of
thiourea is the exothermic reaction. For the T-BVO-600 sample (Figure 7B), only one mass loss occurred
during the high-temperature range of 605 °C to 690 °C, corresponding to the phase transition between
the tetragonal and monoclinic phases. The weight loss accounts for about 0.68%. In addition, no other
mass loss occurred at lower temperatures, indicating that thiourea and nitrate salts were decomposed
entirely in the sample when the sample was heated at 600 °C.
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Figure 6. SEM images of the BiVO4 amorphous (a) and sulfate-modified BiVO, annealed at 400 °C (b),
500 °C (c), 600 °C (d), and 700 °C (e).
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Figure 7. Differential thermal analysis-Thermal gravimetric analysis (DTA-TGA) curves of the BiVOy:
(A) T-BVO-85 and (B) T-BVO-600.
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3.3. Photocatalytic Activities

According to the results of the photocatalytic activity shown in Figure 8, it can be seen that on the
synthetic BiVO, samples using thiourea, the calcined samples showed better photocatalytic efficiency
than the non-calcined BiVO,4 sample (except for the sample calcined at 400 °C). After 240 minutes of
irradiation, about 46.02% of MB was removed for the BiVO, sample without calcining. However, the
removal efficiency of MB can reach 87.13%, 98.93%, and 97.57% for the sample calcined at 500, 600, and
700 °C, respectively. The results show that calcining can enhance the photocatalytic activity of the
thiourea-based BiVO, sample, and the calcined sample at 600 °C has the best photocatalytic activity.
For the non-thiourea synthesized BiVOj calcined at 600 °C, low photocatalytic activity, only about
85.54% of MB was removed.
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Figure 8. Photocatalytic degradation of methylene blue (MB) over BiVO4 samples (A), plots of
In(C,/C) versus irradiation time representing the fit using a pseudo-first-order reaction rate (B), and
UV-vis absorption spectra of MB solution separated from catalyst suspensions during illumination
using T-BVO-600, (C). Insert displays a digital photo of photodegradation for MB after different
illumination times.

The photocatalytic degradation of MB according to the first kinetics [48], as confirmed by the
linearity of In(Cy/Cy) according to time (t, min) (shown in Figure 8B) and the reaction rate constants of
the samples, are listed in Table 3. The results indicate that MB photolysis occurs very slowly with no
catalyst. When using BiVO; catalysts synthesized using thiourea, the photocatalytic activity of the
samples increased as the calcining temperature increased, and the photocatalytic activity reaches a
maximum when the calcining temperature is 600 °C (T-BVO- 600). The photocatalytic activity on the
sulfate-modified BiVO, increases in the following order: T-BVO-400, T-BVO-500, T-BVO-700, T-BVO-600
with the rate constant (k) respectively, are 1.881 x 1077 min~!, 7.240 x 1073 min~!, 13.90 x 1073 min~!,
and 18.37 X 103 min~!. The rate constant of BVO-600 is 7.620 x 1073 min~!, smaller than that of the
T-BVO-600 by about 0.548 times.
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Table 3. The bandgap energy of the samples and the rate constants (k) values of the samples for

MB degradation.
Preparation Bandgap ¢ First Kinetics
Sample No.  Condition (Eg) K x 103 R? tyo too
(o) eV (min~1) (min) (min)

T-BVO-85 85 - 4313 x 107+ 0.824 1.607 x 106 5.339 x 10°
T-BVO-400 400 2.230 1.881 x 1074 0.506 3.685 x 10° 12.241 x 10°
T-BVO-500 500 2.112 7.240 0.955 95.738 318.037
T-BVO-600 600 2.288 18.370 0.989 37.733 125.345
T-BVO-700 700 2277 13.900 0.977 49.867 165.654

600 (without

BVO-600 thiourea)

2.246 7.620 0.945 90.964 302.176

¢ Data obtained by UV-Vis-DRS data; ¢ Data obtained by the relationship between In (Cy/C) and irradiation time
t (min)

Figure 8C shows the change in the UV-vis absorption spectrum of MB over time in the presence of
T-BVO-600. As the lighting time increases, the maximum absorption peak of MB at 664 nm decreases.
The decrease in MB concentration was also observed through the dark blue of the MB solution, which
began to fade, and the blue color was almost completely lost when the lighting time increased to
240 min. In addition, there is no increase in the absorption peak in the UV region of MB during
irradiation, suggesting that most MB has completely decomposed. The high photocatalytic activity of
T-BVO-600 indicates that it can be widely used in the treatment of wastewater containing organic dyes.

3.4. Investigation of the Mechanisms of Dye Degradation

The photodegradation mechanism of MB by T-BVO-600 and BVO-600 has been investigated via an
indirect chemical probe method, using chemical agents to capture the active species produced during
the early stages of photocatalysis. During photocatalytic oxidation, organic compounds (especially
compounds containing double bonds) are attacked by active species, including holes (h*), hydroxyl
radicals (HO®), and superoxide anion radical (O,7). According to previous studies, BQ, EDTA, and
TBA were agents that capture O,~, h*, and HO®, respectively [49-51]. As shown in Figure 94, the
MB degradation effect of T-BVO-600 was only slightly reduced by the addition of EDTA and the
decomposition efficiency decreased as TBA was added to the photocatalytic system. Meanwhile,
the photocatalytic activity of MB degradation did not change significantly when EDTA and TBA
were added to the reaction system (Figure 9B). These results indicate that h* and HO® are the major
species of MB decomposition under T-BVO-600/visible light system. However, there was a slight
increase in the MB degradation effect observed after BQ was added to the T-BVO-600/visible light
system. This was also observed in the BVO-600/visible light system. This result is due to the increasing
separation efficiency of electron-hole pairs through immediately e~ captured by BQ. The mechanism of
the photocatalytic activity under visible light irradiation in the samples used in this study is described
in Figure 10. The reaction mechanism can be proposed as follows:

Sulfate-modified BiVOy + hv (visible light) — Sulfate-modified BiVO, (e”(CB) + h*(VB))

H,0(ads) + h"(VB) — OH®(ads) + H"(ads)
O, + e (CB) = O, (ads)
0, (ads) + H* — HOO"(ads) )
2HOO (ads) — HyO5(ads) + O,
H,0, (ads) — 20H™ (ads)
MB + OH™ — dye intermediates — CO, + H,O
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MB + h*(VB) — dye intermediates — CO, + HyO
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Figure 9. Trapping experiments of photocatalytic degradation of MB over (A) T-BVO-600, (B) BVO-600
samples (BQ: 1,4-benzoquinone, EDTA: ethylenediaminetetraacetic acid disodium and TBA: tert-butanol)
and (C) PL spectra of terephthalic acid (Aex = 315 nm) in the presence of BiVO, samples.
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Figure 10. Illustrative representation of direct mechanism for MB photodegradation process.

In addition, the formation of hydroxyl radicals (HO®) on the surface of the BiVO, catalyst
was detected by photoluminescence (PL) technique using terephthalic acid as the sensor molecule.
Terephthalic acid immediately reacts with the HO® radicals to form 2-hydroxyterephthalic acid (HTA)
with strong photoluminescence. Figure 9C shows the change in peak intensity of the reaction solution
after 240 minutes of irradiation with the presence of BiVO, samples under different synthesis conditions.
In Figure 9C, the fluorescence signal is recorded with very low intensity in the wavelength range from
370 to 600 nm when no catalyst is used. However, in the presence of catalysts, strong fluorescence
intensity was observed at 380 nm. The PL signal of the T-BVO-600 sample was higher than those of the
other samples, indicating that the formation of HO® on this sample was highest and correlated with
the high photodegradation of MB.

3.5. Reusability and Stability

To be an effective catalyst in practical applications, the reusability of the catalyst is a critical factor.
Here, the reusability of the T-BVO-600 was tested five times. At each time, the reaction solution was
withdrawn over time. The catalyst was separated by centrifugation and then collected and purified
by washing (three times with ethanol and one time with distilled water) for the next experiment.
The results are shown in Figure 11A. It can be seen that the photocatalytic activity of the material
decreased gradually as the cycle was repeated. The removal efficiencies of MB at each cycle were
98.65%, 97.31%, 95.98%, 90.77%, and 83.11%, respectively. This result is due to the reduction of the
catalyst in the purification process since micro-sized T-BVO-600 plates can adhere to the centrifuge
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tube causing sample loss during washings. Compared with the first cycle, the removal efficiencies of
MB decreased slightly at the second and third times, and significantly decreased at the fourth and
fifth times. In addition, the crystalline structure of the materials was also tested by XRD (Figure 11B).
The XRD pattern of T-BVO-600 after five times of use still exhibits characteristic diffraction peaks
as in monoclinic T-BVO-600 at a 20 angle by 18.5°, 28.9°, 35°, and 47°. Also, the crystalline surface
morphology before and after the reaction of T-BVO-600 is shown in Figure 11C. According to the SEM
image, there is no clear difference in surface morphology and crystal structure. The results of the above
analysis show that the crystal structure, as well as the morphology of the material, does not change
after the photocatalytic reaction.
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1004 98.53 97.12 95,98
90.67 ;
83.13 s e
80 7
- 2
g [
: £
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Figure 11. Photo-stability tests over T-BVO-600 sample for the cycling photodegradation of MB (A), XRD
patterns (B), and SEM micrograph (C) of T-BVO-600 sample before and after the photo-stability tests.

4. Conclusions

The sulfate-modified BiVO, photocatalytic material with the high photocatalytic degradation
efficiency of MB was successfully synthesized by a sol-gel method. The results indicate that the heat
treatment exerted an important influence on the crystal phase, morphology, and crystallinity of BiVO,
when the BiVO, was synthesized in the presence of thiourea. The thiourea also significantly affected
the control of crystal formation and crystal phase of BiVO, with and without the presence of thiourea
and calcined at 600 °C. The as-prepared T-BVO-600 exhibited the highest degradation of MB, in which
98.53% removal of MB was achieved within 240 min. The T-BVO-600 exhibited good recyclability for
MB removal, removal of MB was above 83% after five cycles. The T-BVO-600 with the features of high
efficiency and good recycling ability is a promising photocatalyst for water purification.
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Abstract: A facile one-pot microwave-assisted hydrothermal synthesis of rutile TiO, quadrangular
prisms with dominant {110} facets, anatase TiO, nanorods and square nanoprisms with co-exposed
{101}/[111] facets, anatase TiO, nanorhombuses with co-exposed {101}/{010} facets, and anatase
TiO; nanospindles with dominant {010} facets were reported through the use of exfoliated porous
metatitanic acid nanosheets as a precursor. The nanostructures and the formation reaction mechanism
of the obtained rutile and anatase TiO, nanocrystals from the delaminated nanosheets were
investigated. The transformation from the exfoliated metatitanic nanosheets with distorted hexagonal
cavities to TiO, nanocrystals involved a dissolution reaction of the nanosheets, nucleation of the
primary [TiOg]®~ monomers, and the growth of rutile-type and anatase-type TiO, nuclei during
the microwave-assisted hydrothermal reaction. In addition, the photocatalytic activities of the
as-prepared anatase nanocrystals were evaluated through the photocatalytic degradation of typical
carcinogenic and mutagenic methyl orange (MO) under UV-light irradiation at a normal temperature
and pressure. Furthermore, the dye-sensitized solar cell (DSSC) performance of the synthesized
anatase TiO, nanocrystals with various morphologies and crystal facets was also characterized.
The {101}/[111]-faceted pH2.5-T175 nanocrystal showed the highest photocatalytic and photovoltaic
performance compared to the other TiO, samples, which could be attributed mainly to its minimum
particle size and maximum specific surface area.

Keywords: anatase TiO, nanocrystals; high-energy facets; photocatalytic activity; photovoltaic
performance

1. Introduction

Inorganic nanocrystals with tailored morphologies and specific facets have received much attention
in the past decade due to their many intrinsic shape-dependent properties and excellent technological
applications in energy and environmental fields [1,2]. As one of the most studied semiconductor metal
oxides, titanium dioxide (TiO,) has been extensively utilized in photovoltaic cells, dye-sensitized soar
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cells, photocatalysis, the photocatalytic degradation of organic pollutants, Li-ion batteries, etc., due to
its good photocatalytic activity, high biological and chemical inertness, long-term chemical and thermal
stability, low price, nontoxicity, and excellent degradation capability [3-7]. Compared to the other two
crystalline phases (rutile (tetragonal, space group P4,/mnm) and brookite (orthorhombic, space group
Pbca)) of TiO,, anatase (tetragonal, space group [41/amd) is widely accepted for its higher photocatalytic
activity and for having the most superior dye-sensitized solar cell performance [8,9]. However,
the photocatalytic and photovoltaic performances of anatase TiO, nanocrystals still need to be further
improved for their practical application and commercialization. To achieve this purpose, anatase TiO,
nanocrystals with high crystallinity, well-defined morphology, good architecture, a small crystallite
size, a large specific surface area, and proper composition are desirable to improve photocatalytic and
photovoltaic performance [10,11]. Besides, anatase TiO, nanocrystals with well-defined morphologies
and tailored high-energy crystal facets for photocatalysis and photoanodes also have been proven to be
an effective approach to significantly improve photocatalytic and photovoltaic performance in recent
years [12]. Surface scientists have demonstrated that the average surface energies of anatase TiO,
increase in the order of {111} facet (1.61 J/m?) > {110} facet (1.09 J/m?) > {001} facet (0.90 J/m?) > {010}/{100}
facet (0.53 J/m?) > {101} facet (0.44 J/m?2) [13,14]. Generally speaking, facets with high surface energies
diminish rapidly during the crystal growth process for the minimization of the total surface free energy
under equilibrium conditions, which results in the total exposed surface of the anatase TiO, crystals
being primarily controlled by {101} facets with poor reactivity and thermodynamic stability [15]. As a
result, the morphology of the anatase TiO; crystals is a slightly truncated tetragonal bipyramid with
eight equivalent {101} facets and two equivalent {001} facets based on Wulff construction [8]. Therefore,
it is imperative to reasonably design and synthesize various morphologies of TiO, nanocrystals with
exposed high-energy surfaces to enhance photocatalytic activity and optimize dye-sensitized solar cell
(DSSC) performance. Important progress was made by Wen and coworkers, who reported the synthesis
of nanosized anatase TiO; crystallites with their dominant {010} facets exposed [16]. Subsequently,
Yang and coworkers reported the synthesis of microsized anatase TiO, crystals (with around 47%
and 89% {001} facets being exposed) by using TiF, as the raw material and hydrogen fluoride (HF) as
the capping agent [15,17].Following these breakthroughs, more and more research work has focused
on the design and control of the synthesis of anatase TiO, crystals with varied percentages of high
active facets [2,8,18-20]. However, the previously reported methods for synthesizing anatase TiO,
crystals with high-energy facets often involve the use of toxic and corrosive HF or other F-containing
species, which restricts the practical application of TiO, nanocrystals [10,12]. For example, Feng
and coworkers reported the synthesis of regular foursquare anatase TiO, mesocrystal sheets with
dominant {001} facets by using TiCly as the titanium source and HF as the capping agent [21]. Illa and
coworkers reported on hollow spheres assembled by high-energy {001}-faceted mesoporous cuboid
anatase nanocrystals, which showed higher photocatalytic and photoelectrochemical activity than did
those of commercial P25 [22]. Khalil and coworkers reported the synthesis of Au-TiO, heterostructures
with exposed {001} facets, which showed enhanced photocatalytic performance [23]. Ye and coworkers
reported the synthesis of anatase TiO, crystals with co-exposed {101}/{001} and {010}/{001} facets by
using (NHy),TiFg as the titanium and fluorine species [24]. Xu and coworkers reported the synthesis
of square-shaped plate TiO, single crystals with well-defined {111} facets that were exposed using
both HF and ammonia as the capping reagents [14]. Amoli and coworkers reported the synthesis of
anatase TiO, nanocubes and nanoparallelepipeds with well-defined {111} facets exposed by using
oleylamine as the morphology controlling agent and NH3/HF as the stabilizing agent [25]. Recently,
we also synthesized truncated tetragonal bipyramid anatase TiO, nanocrystals with co-exposed {001},
{010}, and {101} facets and tetragonal cuboid anatase TiO; nanocrystals with co-exposed [111]- and
{101} facets by using the H* form of tetratitanate H,Ti4Og as the precursor and HF as the capping
agent [26]. Very recently, using porous metatitanic acid H,TiO5 as the precursor and HF as the capping
agent, cuboid-like anatase TiO, nanocrystals with co-exposed {101}/[111] facets and irregular anatase
TiO, nanocrystals with co-exposed {101}/{010} facets were also synthesized [27].
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The microwave-assisted hydrothermal method is unique in its ability to be scaledup without
suffering thermal gradient effects, providing a potentially industrially important improvement over
convective methods in the synthesis of nanocrystals [28]. The advantage of using the microwave-assisted
hydrothermal method over a conventional heating method lies in its homogenous selective heating and
scalability, its shorter reaction time, its rapid formation rate, and the higher purity and better crystallinity
of the produced products (as the yields obtained are identical for both heating methods) [29-31].
For example, under microwave-assisted solvothermal conditions, Yoon and coworkers reported the
synthesis of various polymorphs of TiO, nanocrystals with different morphologies by using TiCly or
TiCl as precursors [29]. Nunes and coworkers reported the production and photocatalytic activity
of brookite/rutile mixed-phase TiO, nanorod spheres and nanorod arrays grown on polyethylene
terephthalate substrates, which displayed remarkable degradability performance and reusability under
ultraviolet and solar radiation for the degradation of rhodamine B [32].

In the present work, we report a facile synthesis of shape-tunable TiO; nanocrystals with dominant
{110}, {010}, and [111] facets through a simple one-step fluorine-free microwave-assisted hydrothermal
method. The synthetic process demonstrates that the pH value of the exfoliated nanosheet solution plays
a key role in morphology evolution and facet exposure under hydrothermal conditions. The possible
transformation reaction mechanism of the TiO, nanocrystals with various morphologies and exposure
facets and the photocatalytic and photovoltaic performance were investigated. Compared to P25 TiO,
nanocrystals, the pH2.5-T175 nanocrystals with dominant [111] facets showed higher photocatalytic
and photovoltaic performance.

2. Materials and Methods

2.1. Preparation of Layered Li,TiOzand H,TiO3

Lithium metatitanate (Li;TiO3) was formed through a conventional solid-state reaction [33].
Lithium carbonate (Li;CO3, 99.0%) and titanium dioxide (TiO,, 98.5%) were taken in a molar ratio of
1.05:3 and milled in a horizontal ball mill at 50 rpm for 6 h, and then the mixture was calcined at 850 °C
for 24 h in an air atmosphere. Then, 10.0 g of the obtained earthy gray Li, TiO3 powder was acid-treated
three times with a 1.0 mol-L ™! HCl solution (1 L) at room temperature for 24 h under magnetic stirring
to remove Li* completely from the metatitanate to obtain a white metatitanic acid H, TiO3 sample.

2.2. Exfoliation of HyTiO3 into a Nanosheet Colloidal Solution

The obtained metatitanic acid H,TiO3 sample (5.0 g) was hydrothermally treated at 100 °C for
24 h with magnetic stirring in a 12.5% tetramethylammonium hydroxide solution (50 mL, (CH3)4NOH,
hereafter TMAOH) to intercalate TMA™ ions into the interlayer of the metatitanic acid H,TiO3 and
to obtain a TMA™*-intercalated layered H,TiO3 sample. The intercalation compound obtained was
delaminated into H,TiO3 nanosheet by dispersed it in 450 mL of deionized water with stirring at room
temperature for 3 days.

2.3. Microwave Hydrothermal Synthesis of TiO, Nanocrystals

TiO, nanocrystals were prepared through microwave-assisted hydrothermal treatment of the
above exfoliated H, TiO3 nanosheet colloidal solution (40 mL) at a desired temperature for 2 h. After the
microwave hydrothermal process, the resultant sample was filtered, washed multiple times with
deionized water, and then dried using a freeze-drying machine. Here, the obtained TiO, sample is
specified as pHx-Ty, where x and y are the desired pH value of the nanosheet colloidal solution and
the desired temperature of the microwave-assisted hydrothermal treatment, respectively.

2.4. Photocatalytic Activity

The photocatalytic activity of the resulting TiO, nanocrystals was assessed through the
photodecomposition of carcinogenic and mutagenic methyl orange (MO), one of the most stable
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azo dyes [34,35]. Here, 200 mL of 2.31 x 10~% mol/L MO solution was added to a 250mL quartz
glass beaker containing 75 mg of as-prepared TiO, nanocrystals and then sonicated for 5 min for the
complete dispersion of the TiO, nanocrystals followed by continuous stirring for 60 min in the dark to
prepare the suspension solution of TiO, nanocrystals. The above suspension solution was placed in the
dark for 2 days to ensure that the adsorption—-desorption phenomenon reached equilibrium. After that,
photocatalytic degradation was carried out by stirring the above suspensions under ultraviolet
irradiation using a 175-W low-pressure mercury lamp (A = 365 nm). The distance between the mercury
lamp and the suspension solution was 30 cm. At intervals of 15 min, 4 mL of suspension solution was
taken out from the beaker and centrifuged at 2000 rpm for 5 min to separate the TiO, nanocrystals, and
the concentration of MO supernatant solution was analyzed by using a TU-1901 spectrophotometer
(Beijing Purkinje General Instrument Co. Ltd. Beijing, China). The photodegradation efficiency (1) of
the as-prepared TiO, nanocrystals (as a percentage) was calculated according to the equation [36]:
= 0% 100%
Ct

where ¢y and ¢ represent the concentration of the MO suspensionin the absence and presence of light
irradiation, respectively. For a comparison, Degussa P25-TiO; (~87% anatase and ~13% rutile) was
also investigated.

2.5. Fabrication of Photoanodes and Dye-Sensitized Solar Cells (DSSCs)

For the preparation of the nanoporous TiO, layers with the prepared TiO, nanocrystals and
the Degussa P25-TiO; nanocrystals, a viscous slurry was prepared through the following procedure.
The prepared TiO, nanocrystals (0.5 g) were dispersed in ethanol (2.5 g) and then mixed with «-terpineol
(2.0 g), ethyl-cellulose 10 (1.4 g of 10 wt% solution in ethanol), and ethyl-cellulose 45 (1.1 g of 10 wt%
solution in ethanol). Subsequently, the resulting mixture was sonicated for 5 min and then ball-milled
for 3 days. After removing the ethanol with a rotary evaporator, an optical paste containing 18%
TiO,, 9% ethyl-cellulose, and 73% «-terpineol was obtained. A nanoporous TiO, photoanode was
obtained according to the following steps. Fluorine-doped tin oxide (FTO)-conducting glass substrates
were cleaned in the order of neutral cleaner, deionized water, and absolute ethanol by ultrasonication
for 5 min. Subsequently, the FTO glass substrates (12.5 x 25.0 mm?) were dipped into titanium
tetraisopropoxide solution (0.1 mol-L 1) for 1 min and then washed with ionized water and absolute
ethanol. After being dried, the prepared FTO glass substrates were placed in a muffle furnace, and the
reaction temperature was increased to 480 °C at 10 °C/min and was kept at this temperature for 1 h
to coat a dense TiO; film on the surface of the FTO glass substrates. Afterwards, the prepared TiO,
paste was coated on the above FTO glass substrates by using the doctor-blade technique, was dried at
100 °C for 15 min, and was sintered in the above muffle furnace at 315 °C for 15 min. This process
was repeated several times until the desired thickness of TiO, film was obtained. The above FTO
glass substrates coated with the TiO, pastes were first sintered at 450 °C for 30 min, then treated with
0.1 mol-L~! titanium tetraisopropoxide solution as described above, and finally sintered at 480 °C for
1 h to fabricate TiO, thin-film photoanodes. After being cooled to 80 °C, the TiO, photoanodes were
immersed in N719 dye solution for 24 h at room temperature. An N719-sensitized TiO, photoelectrode
(working electrode) was coupled with a platinum-sputtered FTO glass substrate (counter-electrode)
with an electrolyte solution between the electrodes to assemble a sandwich-type DSSC. The electrolyte
of the DSSC consisted of a solution of 0.6 mol-L~! 1-butyl-3-methylimidazolium iodide, 0.03 mol-L™! I,,
0.1 mol-L~! guanidinium thiocyanate, and 0.5 mol-L™" tert-butylpyridine in a cosolvent of acetonitrile
and valeronitrile at a volume ratio of 85:15, which was injected into the cell through capillary forces.

2.6. Characterization

X-ray diffraction (XRD) patterns of the resulting specimens were prepared by a XRD-6100 powder
X-ray diffractometer (SHIMADZU, Kyoto, Japan) with Cu Ko radiation. Field-emission scanning
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electron microscopy (FESEM, HITACHI, Tokyo, Japan) and a transmission electron microscope (TEM,
JEOL, Tokyo, Japan) were used to characterize the morphological and structural properties of the
TiO; nanocrystal specimens. The specific surface area of the specimens was determined through
aBrunauer-Emmett-Teller (BET) analysis (Quantachrome Quadra Win Instruments, Ashland, VA, USA)
using Ny as the adsorbate gas at =196 °C. All of the specimens were degassed at 120 °C for 3 h prior
to nitrogen adsorption measurements. Photovoltaic DSSC performance and photocurrent-voltage
characteristic curves were measured using a Hokuto-Denko BAS100B electrochemical analyzer (Hokuto,
Yamanashi-ken, Osaka, Japan). The effective irradiation area of the DSSC was fixed at 0.25 cm?.

3. Results and Discussion

3.1. Preparation of the Metatitanic Acid Titanate Nanosheet Colloidal Solution

The XRD pattern of the layered Li;TiO3 sample obtained at 850 °C for 24 h in an air atmosphere
is shown in Figure 1a. The diffraction peaks recorded at 20 = 18.59°, 20.40°, 36.10°, 43.78°, 47.86°,
57.78°, 63.46°, and 66.90° can be attributed to the reflections of (002), (020), (-131), (-133), (-204),
(006), (—206), and (062) crystal planes of layered Li;TiO3, which were almost in accordance with
the characteristic diffraction peaks of the monoclinic Li; TiO3 crystal (C2/c space group, JCPDS No.
33-0831). The interlayer spacing was estimated to be 4.47 A according to the (002) crystal plane of
LiTiO3, and the chemical formula (Lip 96 TiO3 ) (on the basis of the chemical analyses) was close to
the theoretical formula of Li,TiO3. The corresponding crystal structure of layered Li; TiO3 is shown
in Figure 1d. The crystal structure of Li;TiO3 could be represented as a cubic close packing of three
different layers (Lig layers, Og layers, and Li, Tiy layers) in the ¢ axis direction [37]. In the Li, Tiy layer,
1/3 of the 4e sites were occupied by lithium atoms and 2/3 by titanium atoms, so the formula for
a well-ordered Li, TiO3 could be written as Li(Lij;3Tio3)O, [37-39]. That is, the atomic fraction of
titanium in the Lig layers and Li, Ti4 layers was 75% and 25%, respectively [38]. Lithium extraction in
the layered Li; TiO3 precursor was performed using 1 mol-L™! hydrochloric acid. According to the
chemical analyses (Hj.993Lig 007 TiO3), the amount of lithium extracted was about 99.65%. Figure 1b
depicts the XRD pattern of HyTiO3. The main peak corresponding to (002) of H,TiO5 slightly shifted
to a higher 20 angle compared to the peak in Figure 1a, indicating a decrease in the interlayer (from
4.77 to 4.72 A) through an exchange of the lithium atoms (radius of ~0.076 nm) for hydrogen ions
(radius of ~0.0012 nm) [33]. It can be seen that the XRD pattern in Figure 1b is similar to that in
Figure 1a, which suggests that the structure did not change much after lithium extraction. The FESEM
image of Li,TiO3 shows that the irregular particles with smooth surfaces were nonagglomerated, and
the average size of the particles was in the range of 0.5-2.0 um (Figure 2a). The particle shape of
H,TiO3 (nonagglomerated) was similar to that of the Li;TiO3 precursor, except that the smooth surface
of the H,TiO3 particles became rough and irregular cracks appeared on the surface (Figure 2b,c),
implying that the extraction process hardly destroyed the structure of the precursor even if the Li*
ions in the Li;Tiy intralayers were extracted. The XRD pattern of the TMA*-intercalated H, TiO3
sample (i.e., the dried TMA*-exfoliated H,TiO3 nanosheets) is shown in Figure 1c. Compared to the
diffraction peaks of the HyTiO3, a set of new diffraction peaks was observed at ~5.30° (002), ~10.52°
(004), and ~15.84° (006) in the TMA*-intercalated H,TiO3 sample. The basal diffraction peak of H,TiO3
significantly shifted to a lower 20 angle (Figure 1b), indicating the expansion of the interlayer (from
4.72t0 16.66 A) through the intercalation of (CH3)sN*. The gallery heights of [(CH3)4N],TiO3, which
were determined by subtracting the TiO32" layer thicknesses of 4.6 A, were 12.06 A (16.66-4.6 A). Since
the height of (CH3)4N* and the diameter of a water molecule are ca. 5.3 and 2.8 A [40,41], respectively,
it was suspected that two molecules of water (2 X 2.8 A) and a molecule of (CH3),N* (5.3 A) were
vertically arranged in the interlayer. Overall, the data in Figure 1c shows that [(CH3)4N],TiO3 formed
nanosheet stacks after drying [42].
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Figure 1. X-ray diffraction (XRD) patterns of (a) Li,TiOs, (b) H,TiO3, and (c) TMA*-intercalated
H,TiO3 samples; and (d) structural model of Li; TiO3 viewed in the a axis and c axis directions.
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Figure 2. Field-emission (FE)SEM images of (a) Li,TiO3, and (b,c) H, TiOs.
3.2. Synthesis of TiO, Nanocrystals from Metatitanic Acid Nanosheet Colloidal Solution

TiO, nanocrystals with different structures and morphologies were rapidly synthesized by
microwave-assisted hydrothermal treatment of the prepared metatitanic acid nanosheet colloidal
solution at various pH values (0.5-13.5) and temperatures (105-185 °C) for 2 h. The crystallographic
structures of the TiO, nanocrystals obtained at different pH values and various temperatures were
identified by XRD analysis (see Supplementary Materials, Figures S1-S8). The dependence of the TiO,
nanocrystals on the microwave-assisted hydrothermal reaction conditions is summarized in Figure 3.
It can be seen that the rutile phase was formed preferentially under strong acidic conditions (pH < 0.5).
The mixed-phases of rutile and anatase were formed by the microwave-assisted hydrothermal
metatitanic acid nanosheet colloidal solution within a certain pH range (0.5 < pH < 1.0). The rutile
phase disappeared when the pH increased to 1.5, indicating that the rutile phase was stable under
strong acidic conditions and that its stability was greater than anatase. A pure anatase phase could
be obtained in a wide pH range of 1.5 < pH < 13.5 at a certain temperature, and its crystallinity
increased with increasing temperature and pH values (see Supplementary Materials, Figures 5S2-58).
The unreacted layered compound was observed at pH >6.5 and atlow temperatures (see Supplementary
Materials, Figures S2, S5, and S8) and was formed through the restacking of the exfoliated metatitanic
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acid nanosheets, implying that higher pH values and lower temperatures are not conductive to a
transformation from nanosheets to anatase nanocrystals.
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Figure 3. Changes in the crystal form of titanium dioxide with temperature and pH value.

Figure 4 shows the XRD patterns of the typical samples at different pH values varying from 0.5
to 13.5. Apparently, for the pHO0.5-T175 sample, the diffraction peaks (26 values) of 27.42°, 36.06°,
38.29°,41.24°,44.12°, 54.30°, 56.56°, 62.82°, 64.00°, and 69.04°, could be assigned to (110), (101), (200),
(111), (210), (211), (220), (002), (310), and (301) crystalline surfaces of the rutile TiO, phase, respectively
(JCPDS No. 21-1276, Figure 4a). With an increasing pH value in the suspension liquid, the pH1.0-T175
sample exhibited an anatase/rutile coexisting diffraction pattern, as shown in Figure 4b. The peaks at
20 values of 27.40°, 36.04°, 41.28°, 54.34°, 56.70°, 62.88°, and 69.05° could be ascribed to (110), (101),
(111), (211), (220), (002), and (301) crystalline surfaces of the rutile phase, respectively (JCPDS No.
21-1276), while other diffraction peaks at 25.46°, 37.82°, and 48.02° arose from the (101), (004), and (200)
crystalline surfaces of the anatase TiO, phase, respectively (JCPDS No. 21-1272). The mass fraction of
anatase and the rutile contents present in the sample could be accurately obtained from the following

equations [43]:
1

" 1+ 1.26[Ix(110)/14(101)]

1
T 1+ 08[I(101)/Ix(110)]

where W4 and Wr represent the mass fraction of anatase and rutile in the mixed phase, respectively,
and [ (101) and Ir(110) represent the diffraction peak integral intensity of the anatase TiO; (101) crystal
surface and the rutile TiO,(110) crystal surface, respectively. As shown in Figure 4b, the diffraction
peak integral intensity of the anatase TiO; (101) crystal surface and rutile TiO, (110) crystal surface was
60.7% and 100.0% in the mixed phase, respectively. Therefore, the mass fraction was 32.51% for anatase
TiO; and 67.31% for rutile TiO,. With the pH values further increasing to 1.5, the rutile phase decreased
to almost null, which means that the H,TiO3 nanosheets were completely transformed to anatase
nanocrystals and that the entire structure became anatase (Figure 4cj), i.e, the higher pH inhibited
the growth of rutile TiO, and promoted the growth of anatase TiO, during the microwave-assisted
hydrothermal reaction process. The various diffraction peaks observed at ~25.66° (101), ~38.22° (004),
~48.32° (200), ~54.10° (105), ~54.50° (211), ~62.86° (204), and ~68.67° (116) were the characteristic
peaks of anatase TiO, (JCPDS No. 21-1272). It could be found that the broadening diffraction peaks

Wa

)

Wr (2)
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became sharper with increasing pH values, demonstrating that the grain size of the anatase matrix
increased with increasing pH values. The increase in grain size was attributed to the Ostwald ripening
phenomena during the particle growth process [43].
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Figure 4. Evolution of the XRD patterns of the TiO, nanocrystal samples synthesized at various pH
values with the indicated lattice phases of (®) anatase and the (®) rutile phases.

3.3. Morphology and Exposed Crystal Facets of TiO, Nanocrystals

Figure 5a depicts a TEM image of the pH1.5-T175 nanocrystals derived from microwave-assisted
hydrothermal treatment of the exfoliated H, TiO3 nanosheet colloidal solution at 175 °C with a reaction
time of 2 h. As shown, a large number of rod-shaped nanocrystals with a size of about 10-30 nm and
a small number of rhombic nanocrystals with a size of ~10 nm were observed. The corresponding
high-resolution TEM (HRTEM) images (Figure 5b,c) showed unparallel (101) and (011) atomic planes
of the rod-shaped nanocrystals with a lattice spacing of 3.44 and 3.47 A (or 3.42 A), respectively, and an
interfacial angle of 82°, which matches well with the theoretical value for the angle between the {101}
and {011} facets of anatase TiO, nanocrystals [14]. Therefore, the dominant exposed crystal plane of the
pH1.5-T175 nanocrystals was perpendicular to the above {101} and {011} crystal facets, i.e., the crystal
plane was vertical to the [111] crystal zone axis. Since the crystal plane perpendicular to the {101}
and {011} crystal facets was uncertain, for convenience, we express it as an [111] facet. The exposed
rod-shaped nanocrystal [111] crystal facet could be further confirmed through a fast-Fourier-transform
(FFT) diffraction pattern (Figure 5c inset). It should be noted that the [111] facet was different from
the {111} facet, because anatase belongs to a tetragonal system, not a cubic system. In a cubic crystal
system, the crystal plane perpendicular to [111] the crystal zone axis is the {111} facet. According to the
above analysis, the rod-shaped nanocrystals co-exposed in the crystal planes were [111] facets and
{101} facets, i.e., {101}/[111] facets. Figure 5d shows the unparallel (101) and (002) planes of the rhombic
nanocrystals with a lattice spacing of 3.38 and 4.62 A, respectively. Moreover, the interfacial angle
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of ca. 68.3° between the aforementioned atomic planes also matches well with the theoretical value
of anatase TiO; nanocrystals [15,44]. Therefore, the above rhombic nanocrystal was confirmed to be
anatase TiO, with dominant {010} facets on the two basal surfaces and {101} facets on the four lateral
surfaces. Figure 5e-h presents HRTEM images of pH2.5-T175. As shown, nanocrystals with short
rod-shaped, square-prism-shaped, and some irregular morphology were observed. Along the [111]
zone axis, the HRTEM image in Figure 5e,f,h displays (101) and (011) crystal facets of the rod-shaped
(or square-prism-shaped) nanocrystal with an interfacial angle of 82°, which is in good agreement
with the theoretic value. Therefore, the above rod-shaped and square-prism-shaped anatase TiO,
nanocrystals co-exposed {101}/[111] facets. Furthermore, lattice fringes with a spacing of 3.50 A could
be assigned to the {101} facets of the irregularly shaped anatase nanoparticles. The FFT diffraction
pattern of the yellow dashed lines region (Figure 5e,g/h inset) further indicated that the rod-shaped,
square-prism-shaped, and irregular TiO, nanocrystals were single-crystalline.

pHLA-T175 i k Zor e pHLS-T175

e e pH2.5-T175
pH2.5-T175 P

pH2.5-T175

Figure 5. (a) TEM and (b-d) high-resolution (HR)TEM images of (a—d) pH1.5-T175 and (e-h) HRTEM
images of pH2.5-T175 samples prepared by microwave-assisted hydrothermal treatment of the exfoliated
H,TiO3; nanosheet colloidal solution at 175 °C with a reaction time of 2 h.The insets in (c,e,g,h) are
fast-Fourier-transform (FFT) diffraction patterns.

As shown in Figure 6a,b, the synthesized pH4.5-T175 nanocrystals (anatase phase) mainly had
two morphologies, a square prism and a rhombus. Moreover, a small number of anatase nanocrystals
with irregular morphologies were also observed in the above sample. Figure 6¢,d shows an HRTEM
image of typical square-prism-shaped anatase TiO, nanocrystals. The lattice fringes of 3.52 and 3.52 A
corresponded to {101} and {011} lattice spacing, respectively, and the angle of 82° measured between
the {101} and {011} facets matched closely with the theoretical value, corroborating that the exposed
crystal facets were [111] facets and {101} facets (or {011} facets) on the two basal surfaces and the four
lateral surfaces of the square-prism-shaped anatase TiO, nanocrystals, respectively. According to the
above discussion, the irregular anatase TiO, nanocrystals in Figure 6e co-exposing the crystal facets
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were also {101}/[111] facets. The lattice fringes with spacing of 3.51 A could be assigned to the {101}
facet of the approximately rhombic anatase TiO, nanocrystal (Figure 6f), which was parallel to the
lateral surface, indicating that the lateral surface had exposed {101} facets.
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Figure 6. (a,b) TEM images and (c—f) corresponding HRTEM images of the pH4.5-T175 sample prepared
by microwave-assisted hydrothermal treatment of the exfoliated H,TiO3 nanosheet colloidal solution
at 175 °C with a reaction time of 2 h.

Figure 7a,c shows a TEM image of the product obtained at pH = 6.5 and t = 175 °C with a
reaction time of 2 h. As shown, a large number of well-defined spindle-shaped nanocrystals 70-130 nm
in length and 15-30 nm widewere observed. In addition, some square-prism-shaped nanocrystals
20-50 nm in length and 20-30 nm wide were also observed. Figure 7b,d includes corresponding
HRTEM images taken from the marked area of the TEM images in Figure 7a,c, respectively. As shownin
Figure 7b, the spindle-shaped nanocrystal displayed the (101), (10-1), and (002) atomic planes with
lattice spacings of 3.53, 3.53 and 4.76 A, and the angles a, f8, y between the (101) and (002), (10-1) and
(002), and (101) and (10—-1) facets were 68.3°, 68.3°, and 43.4°, respectively, the same as the theoretical
values [45]. These facts prove that the spindle-shaped anatase nanocrystal exhibited four flat facets
{010} facets on the four vertical surfaces, eight inclined {101} facets on the slant surfaces, and two
parallel {001} facets on the top and bottom surfaces. Along the [010] zone axis, the HRTEM image in
Figure 7d also displays (101) and (002) crystal facets with an interfacial angle of 68.3°, indicating a
spindle-shaped anatase nanocrystal with exposed {010} facets on the four vertical surfaces.

The well-defined nanospindle structure (with a particle size of about 70-140 x 17-35 nm?) of the
pH8.5-T175 sample was further confirmed by the TEM image, as shown in Figure 8a. Two magnified
TEM images of the uniform anatase nanospindles are presented in Figure 8c,e. Figure 8b,d,f shows
HRTEM images marked from the yellow dotted frame area indicated in Figure 8a,c,e, respectively.
There were three types of lattice with fringe spacing of 3.53, 4.74, and 3.53 A (or 3.49,4.78, and 3.49 A)
and interfacial angles of 68.3°, 68.3°, and 43.4°, which agreed well with the (101), (002), and (10-1)
lattice planes of anatase TiO,. The {001} facets were perpendicular to the long axis (c axis) direction
and parallel to the transverse axis (b axis) direction of the spindle-shaped nanocrystal, respectively,
indicating the oriented growth of spindle-shaped nanocrystals in the [001] crystallographic direction.
Therefore, the exposed lattice facets of the nanospindles were mainly {010} facets (based on the
HRTEM analysis).
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Figure 7. (a,c) TEM images and (b,d) corresponding HRTEM images of the pH6.5-T175 sample derived

from microwave-assisted hydrothermal treatment of the exfoliated H,TiO3 nanosheet colloidal solution
at 175 °C with a reaction time of 2 h.

pHB:5T175

pH8.5-T175

20 nm . pH8.5-T175 |5.am b pH8.5-T1%5

Figure 8. (a,c,e) TEM images and (b,d,f) corresponding HRTEM images of the pHS8.5-T175 sample
derived from microwave-assisted hydrothermal treatment of the exfoliated H,TiO3 nanosheet colloidal
solution at 175 °C with a reaction time of 2 h.
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Figure 9 displays typical FESEM images of the samples derived from microwave-assisted
hydrothermal treatment of the exfoliated H,TiO3 nanosheet colloidal solution at various pH values
(0.5-2.5) and temperatures (155-185 °C). The pHO0.5-Tx (x = 155, 165, 175, or 185) sample exhibited
quadrangular prism morphology with a length of 50-100 nm and a width (or thickness) of 15-30 nm,
which corresponded with the rutile TiO, phase and the elongation direction of the nanocrystals along
the [001] crystallographic direction (Figure 9a—d) [46]. The average size of the quadrangular prism
nanocrystals did not change obviously with an increase in the temperature, indicating that an increase
in temperature mainly increased the crystallinity of the nanocrystals during the microwave-assisted
hydrothermal reaction, which was consistent with the results of the XRD analysis. As shown in
Figure S1, the intensity of the diffraction peaks of the rutile phase at 26 = 27.42° (110), 36.06 (101),
38.29° (200), 41.24° (111), 54.30° (211), and 56.56° (220) increased with an increase in the reaction
temperature (from 105 to 185 °C), indicating that the crystallinity of rutile nanocrystals improved.
For the pH1.0-T175 sample, some bigger rod-shaped nanocrystals (rutile phase) and lots of smaller
nanocrystals (anatase phase) with various morphologies were observed (Figure 9e). With a further
increase in the pH value, rod-shaped (or square-prism-shaped) nanocrystals with a size of about
several tens of nanometers were observed, all of them belonging to the anatase phase (Figure 9f-i).
The results showed that the pH value of the nanosheet colloidal solution had a great influence on the
crystal structure and morphology of the produced TiO,.

100 nm
pHO.5-T175 #3¢ek 1eenn
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pHO0.5-T185 3 n pH1.0-T175

pH2.5-T165 T pH2.5-T185

Figure 9. FESEM images of TiO, nanocrystals synthesized under different pH values and temperatures:
(a) pH0.5-T155, (b) pHO.5-T165, (c) pH0.5-T175, (d) pHO.5-T185, (e) pH1.0-T175, (f) pH1.5-T175,
(g) pH2.5-T165, (h) pH2.5-T175, and (i) pH2.5-T185.

94



Materials 2019, 12, 3614

As shown in Figure 10a—c, the pH4.5-Ty (y = 165, 175, or 185) sample mainly exhibited square-prism
and rhombus morphologies with a particle size of ~15-30 nm. With the increase of temperature,
the particle size did not increase significantly, which indicated that the increase of temperature only
increased the crystallinity of the particles, which was consistent with the results of the XRD analysis.
As shown in Figure S4, the intensity of the characteristic diffraction peaks of the anatase phase
at 20 = 25.66° (101), 38.22° (004), 48.32° (200), 54.10° (105), 54.50° (211), and 62.86° (204) increased
with increases in the reaction temperature (from 115 to 185 °C), indicating that the crystallinity of
anatase nanocrystals increased with an increase in the reaction temperature. Figure 10d—j presents
the FE-SEM images of pHx-Ty (x = 6.5, 8.5, 10.5, or 12.5; y =125, 165, 175, or 185) products, which
revealed that the obtained TiO, products consisted of uniform, well-defined, spindle-shaped structures
with an axial length of 75-155 nm and a transverse width of 20-35 nm. Interestingly, a series of
directional streaks could be observed on the surface of the spindle-shaped crystal, which were
perpendicular to the long axis (c axis)direction and parallel to the transverse axis (b axis) direction of the
spindle-shaped nanocrystals, indicating that the orientation growth was in the [001] crystallographic
direction. The crystal size increased with an increase in the pH value (from 6.5 to 12.5), especially
for the [001] orientation of the spindle-shaped nanocrystals. Arrow-shaped crystals 500-700 nm in
length were formed at pH13.5, as shown in Figure 101. Spindle-shaped, arrow-shaped nanocrystals
and unreacted nanosheets were observed at lower temperatures, indicating that a lower temperature
was not conducive to the fracturing of the nanosheet (Figure 10g,k).
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Figure 10. FESEM images of the TiO, nanocrystals synthesized under different pH values and
temperatures: (a) pH4.5-T165, (b) pH4.5-T175, (c) pH4.5-T185, (d) pH6.5-T165, (e) pH6.5-T175,
(f) pH6.5-T185, (g) pH8.5-T125, (h) pH8.5-T175, (i) pH10.5-T185, (j) pH12.5-T185, (k) pH13.5-T155, and
(I) pH13.5-T175.

3.4. Transformation Reaction from the Delaminated H,TiO3 Nanosheets to TO, Nanocrystals

The nanocrystal conversion process between the exfoliated H,TiO3 nanosheets and the TiO,
nanocrystals can be described as the schematic diagram in Figure 11. On the basis of the discussion
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above, the transformation reaction mechanism from the exfoliated metatitanic nanosheets with distorted
hexagonal cavities to TiO, nanocrystals can be described by the following chemical equations:

[TiO5]1% + 3H,0 — [TiO]*~ + 6H* (3)
[TiOg]®~ + 8H" — TiO; + 4H,0 (4)
[TiOg1®~ + 4H,0 — TiO, + 8OH~ (5)

First, the delaminated [TiO3]%~ nanosheets were split into many primary [TiOg]8~ monomers along
the edge-shared oxygen atoms under microwave-assisted hydrothermal conditions. At this stage, the
pH values of the [TiO3]%~ nanosheet colloidal solution had an important influence on the reaction (3). As
shown in Figure 3, the acidic conditions were advantageous to the reaction (Equation (3)), which could be
carried out at relatively lower temperatures, while the alkaline conditions were disadvantageous to the
reaction (Equation (3)), which needed to be carried out at relatively higher temperatures. Furthermore,
the rutile-type and anatase-type TiO, nuclei were formed by polymeric [TiOg]®~ monomers along
the equatorial and apical edges at different pH values, respectively. Rutile nuclei could be formed
under super acidic conditions (Equation (4)), and anatase nuclei could be formed under weak acidic,
neutral, or alkaline conditions (Equations (4) and (5)). Finally, the different types of TiO, nanocrystals
with various morphologies and exposed facets were formed through the directional growth of the
TiO, nuclei.
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Figure 11. Schematic diagramof the formation mechanism of the TiO, nanocrystals with different
morphologies from the exfoliated H,TiO3 nanosheets at different pH values.

The growth of the rutile-type and anatase-type TiO, nuclei along the different crystallographic
directions caused the formation of a rutile quadrangular prism, an anatase nanorod, an anatase
nanorhombus, an anatase square nanoprism, and an anatase nanospindle. As shown in Figure 11,
a rutile quadrangular prism with exposed {110} facets on the four lateral surfaces was formed by
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the directional growth of the rutile-type TiO, nuclei along the [001] crystallographic direction under
strong acidic conditions (pH = 0.5, 1.0). An anatase nanorod (or square nanoprism) with co-exposed
{101}/[111] facets was formed by the directional growth of the anatase-type TiO, nuclei along the [101]
and [011] crystallographic directions, and an anatase nanorhombus with dominant exposed {010}
facets was formed by the directional growth of the nuclei of anatase-type TiO, along the [101] and
[001] crystallographic directions at relatively low pH values (1.0 < pH < 4.5). At pH > 6.5, an anatase
nanospindle with dominant exposed {010} facets was formed by the directional growth of the nuclei of
anatase-type TiO, along the [001] crystallographic direction.

3.5. Photocatalytic Activities of the As-Synthesized TiO, Nanocrystals

The photocatalytic activities of the TiO, nanocrystal samples synthesized in the present work
were quantitatively evaluated via bleaching 7.5 mg/L MO solutions under UV light irradiation at room
temperature. The photocatalytic degradation of MO can be considered as the following reactions [47,48]:

TiO + hv — TiOz(e™ +h™)
h™ 4+ OH™ — -OH
e +0p; » Oy~
0O,” + H,O - HO,- + OH™
HO;- + H,O — H,O;, + -OH
H,O, - 2-:0H

‘OH + MO — peroxides or hydroxylated intermediates— degraded or mineralized products.

The above reactions were selected because both the photoelectrons and photoholes eventually
participate in the formation of the OH radical, which degrades MO. In order to have a better evaluation
of the photocatalytic efficiency of the as-prepared ~TiO; nanocrystals, Degussa P25 (average particle
size of 26.2 nm) was chosen as the photocatalytic reference. Figure 12a and Figure S9 show the UV-Vis
absorption spectra of the centrifuged MO solutions at certain intervals during the photodegradation
treatment with and without TiO, nanocrystals. As can be seen, the intensity of the peaks in the visible
region gradually decreased with an extension of the irradiation time. Moreover, it can be observed that
the strongest peaks at 464 nm shifted toward the shorter wavelength direction (i.e., a hypsochromic
shift), which can be attributed to the demethylation of the MO [49]. Demethylation and cleavage of the
MO chromophore ring structure occurred simultaneously during the initial period of photodegradation
of MO, in which demethylation played a predominant role [49]. With the prolongation of UV light
irradiation time, the demethylated MO intermediates could be further decomposed, which was
indicated by the change in peak intensity at 435 nm (Figure 12a). However, the intensity of the peaks
changed little after 90 min of UV irradiationin the absence of the TiO, sample (see Figure S9d), which
indicated that the bleaching/degradation of the MO aqueous solution occurred on the surface of the
TiO, photocatalyst [35].

Figure 12b shows the evolution of the photodegradation rate along with the irradiation time.
It can be noticed that the pH2.5-T175 nanocrystal showed the highest decomposition efficiency among
all the tested samples, reaching above 96.5% under UV irradiation for 90 min. The second fastest
decomposition efficiency was obtained with the pH4.5-T175 nanocrystal, where 93.3% of MO was
decomposed after 90 min of UV light irradiation. The order of decomposition efficiency observed for
MO degradation in the other samples was P25 (81.1%) > pH6.5-T175 (44.7%) > blank sample (3.1%).
In order to have a quantitative comparison of the decomposition efficiency of the above samples,
the experimental data in Figure 12b were fitted according to the pseudo-first-order kinetic process,
which can be expressed as follows [50]:

In(co/cy ) = kt

where k is the photocatalytic degradation rate constant (min~?), and t is the degradation time. The fitted
curves are shown in Figure 12¢, and the obtained k (min~?), as well as the correlative coefficient (R?) of
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all the curves, is listed in Table 1. Obviously, the curves agreed well with the experimental data points.
It can be seen that the pH2.5-T175 nanocrystal showed the highest k value of 0.0346 min~!, almost
1.23,1.85,5.32, and 86.5 times as high as that of pH4.5-T175, P25, pH6.5-T175, and the blank sample
(Table 1), respectively, which helped us to have a better understanding of the pH2.5-T175 nanocrystal
having the highest performance among all of the tested samples.

It is well known that the photocatalytic activity of a photocatalyst can be strongly influenced by
many factors, including phase structure, particle morphology, crystallite size, specific surface area,
crystal composition, crystallinity, and crystal facets [35,51]. Generally speaking, the specific surface
area increases with a decrease in the particle size. Figure S10 shows the particle size distributions of
pH2.5-T175, pH4.5-T175, pH6.5-T175, and P25 measured from the enlarged photograph of FESEM
images, and the corresponding parameters are listed in Table 1. Since degradation occurs on the surface
of catalysts, the surface area is an important parameter for photocatalytic activity. The specific surface
area was ranked in the order of pH2.5-T175 > pH4.5-T175 > P25 > pH6.5-T175, which was opposite to
the increasing order of the average particle size (Table 1). The photocatalytic activity increased in the
order of pH2.5-T175 > pH4.5-T175 > P25 > pH6.5-T175 > blank. The pH2.5-T175 sample exhibited the
highest photocatalytic activity of the samples, while pH6.5-T175 showed the lowest photocatalytic
activity of the samples. On the basis of the results, the order of the photocatalytic activity can be
explained by considering the following factors: (1) A smaller particle size can provide a powerful redox
capability in the photochemical reaction due to the quantum size effect, resulting in an increase in the
rate of migration and a decrease in the rate of recombination of the photoelectrons and photogenerated
holes, thereby improving the photocatalytic activity [52]. (2) The larger specific surface can provide
more adsorption sites, resulting in an enhancement of MO adsorbed on the surface of TiO,, thereby
contributing to the improvement of the photocatalytic activity [53].
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Figure 12. (a) UV-Vis spectral changes of the centrifuged methyl orange (MO) solutions at certain
intervals during the photodegradation treatment with pH2.5-T180; (b) photocatalysis degradation
profiles of MO under UV irradiation; (c) first-order kinetics fitting data for the photodegradation of the
MO; (d) degradation amount of MO per unit area of TiO, nanocrystals.
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In order to better understand the intrinsic photocatalytic activity of the different TiO, nanocrystals,
we examined the degradation amount of MO per unit surface area of catalyst (mg (MO) per m? (TiO,
surface area)), as shown in Figure 12d. The degradation amount of pH2.5-T175, pH6.5-T175, P25,
and pH4.5-T175 was calculated to be 0.13, 0.25, 0.27, and 0.31 mg/m?, respectively. On the basis of
the above results and discussions, we know that the co-exposed facets of pH2.5-T175, pH4.5-T175,
pH6.5-T175, and P25 were {101}/[111] facets, {101}/[111] facets, {010}/{001} facets, and {101}/[111]
facets [54], respectively. Although the exposed crystal facets of the pH2.5-T175 and pH4.5-T175
nanocrystals were the same, their photocatalytic performances were quite different, indicating that
the crystal facets were not the main factor affecting the photocatalytic performance. The degradation
amount of MO per unit surface area of the pH2.5-T175 nanocrystals was the smallest among the
samples, which can be attributed to them having the lowest crystallinity. Except for pH2.5-T175,
theother samples all had high crystallinity, so their photocatalytic activity depended on the crystal plane.
For the low-index facets of anatase, the average surface energy (y) can be arranged in the following
order: y(111} (1.61J/m?) > y{110) (1.09 J/m?) > y(oo1 (0.90 J/m?) > v 010§ (0.53 J/m?) > yj101 (0.4 J/m?) [55].
The P25 sample contained~87% anatase nanocrystals (partially co-exposed in the {101}/[111]-facets)
and ~13% rutile nanocrystals, with an average size of ~26.2 nm [54]. The degradation amounts of MO
per unit surface area of the pH4.5-T175 and P25 nanocrystals were higher than that of the pH6.5-T175
nanocrystal, which can be attributed to the existence of oxygen vacancies (active reaction sites) on the
[111] facets of the TiO, nanocrystals [14]. The pH4.5-T175 nanocrystal exhibited higher degradation
amounts than did the P25 nanocrystal due to the larger proportion of [111] facets exposed on the
surface of TiO,, which could create more active reaction sites in the process of photocatalytic reaction.

Table 1. specific surface area, average particle size (nm), k, and R? values of the TiO, nanocrystals.

Samples Specific Surface ~ Average Particle =~ Degradation Rate Constant Correlative
Area (m?/g) Size (nm) k (min~1) Coefficient (R?)
pH2.5-T175 135.6 8.3 0.0346 0.9502
pH4.5-T175 54.8 133 0.0281 0.9846
pH6.5-T175 32.3 87.0 0.0065 0.9920
P25 525 239 0.0187 0.9971
blank 0.0004 0.9595

3.6. Photovoltic Performances of As-Synthesized TiO, Nanocrystals

The photocurrent-voltage characteristics of the DSSCs with the as-synthesized TiO, nanocrystals
and commercial Degussa P25 nanoparticles in the photoelectrodes are shown in Figure 13, and the
detailed photovoltaic parameters of the four DSSCs, including open-circuit (Vo) and short-circuit
photocurrent densities (Jsc), the fill factor (FF), and the overall conversion efficiency (1), are summarized
in Table 2. For comparison, the thicknesses of the TiO, porous films were kept almost the same, at about
20 um. The value of Jsc increased in the order of pH6.5-T175 < P25 < pH4.5-T175 < pH2.5-T175, which
agreed with the decreasing order of the crystal size, while the value of V¢ increased in the order of P25
< pH2.5-T175 < pH4.5-T175 < pH6.5-T175, which was almost consistent with the increasing order of
the crystal size, except for the P25 sample. The value of FF increased in the order of P25 < pH4.5-T175
< pH2.5-T175 < pH6.5-T175, which was almost the same as the Vo increasing order, except for the
pH2.5-T175 sample. The value of 1) increased in the same order as the Jsc value, i.e., the cell made
of pH2.5-T175 nanocrystals showed the highest performance for the DSSCs, which represented an
enhancement 20.7%, 25.1%, and 33.5% compared to the pH4.5-T175, P25, and pH6.5-T175 samples,
respectively. It is well known that the particle size, specific surface area, film thickness, exposed
crystal facets, crystal structure, and particle morphology of photoanodes are essential factors for
enhancing photovoltaic properties [56,57]. The photoanode films of DSSCs that are prepared by smaller
nanoparticles often possess a large internal surface area, which is beneficial to the adsorption of dye,
resulting in an increase in the photocurrent and energy conversion efficiency [57]. The cells with the
pH6.5-T175 electrode exhibited the lowest value of Jsc and 7 (Table 2) due to having the largest particle
size and the lowest specific area (Table 1), which reduced the available internal surface area for the
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adsorption of the dye molecules, resulting in a decrease in light-harvesting efficiency [58]. The cells
made of pH2.5-T175 possessed the highest Jsc and 7 values, which can be attributed to their minimum
particle size and maximum surface area.
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Figure 13. Current—voltage characteristic curves of dye-sensitized solar cells (DSSCs) fabricated using
pH2.5-T175, pH4.5-T175, pH6.5-T175, and P25 samples.

Table 2. Cell performance parameters of DSSCs fabricated using different TiO, samples.

Photoelectrode Film Thickness (1m) Jsc (mA/cm?) Voc (V) FF 1 (%)

pH2.5-T175 19.17 13.19 0.701 0.595 5.50
pH4.5-T175 20.03 12.32 0.704 0.556 4.83
pH6.5-T175 19.11 8.22 0.715 0.622 3.66

P25 20.40 10.73 0.693 0.554 412

In accordance with the previous discussion, the exposed crystal facets of the pH2.5-T175,
pH4.5-T175, pH6.5-T175, and P25 nanocrystals were {101}/[111] facets, {101}/[111] facets, {101}/{010}
facets, and {101}/[111] facets (only a small fraction), respectively. It has been reported that the adsorption
equilibrium constant and the surface uptake density of N719 dye molecules on different crystal facets
of the TiO, surface increase in the order of the following: without specific exposed facets < {101} facets
< [111] facets < {010} facets on the surface of anatase TiO,. In other words, the strong adsorption
and surface uptake density of N719 dye molecules on the surface of anatase TiO, can increase the
light-harvesting efficiency, resulting in an improvement in the photovoltaic performance [59,60].
However, the {101}/{010} facets co-exposed in the pH6.5-T175 photoanode exhibited the lowest Jsc
value, which implies that compared to the specific area, the crystal facets were not the most important
effecting factor in this research. The cells with a pH6.5-T175 photoanode showed the highest Voc and
FF values, which may be attributed to the fact that the high surface uptake density can decrease the
charge recombination at the TiO,/electrolyte interface [56], and the oriented anatase TiO, nanospindle
structure can improve the charge transport properties in the porous TiO; film [57]. The photoanode
made of pH2.5-T175 nanocrystals (co-exposed {101} and [111] facets) possessed a higher Jsc value than
did the one made of pH4.5-T175 nanocrystals (co-exposed {101} and [111] facets) or P25 nanocrystals
(partial co-exposed {101} and [111] facets) at a similar film thickness, which can be attributed to the
higher specific surface area enhancing N719 dye adsorption, resulting in an increase in the Jsc value.

4. Conclusions

Microwave-assisted hydrothermal synthesis is an effective synthesis route to produce TiO,
nanocrystals with different morphologies and high-energy surfaces at relatively low temperatures,
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which can shorten the reaction time, reduce the energy consumption, and enhance the purity and
crystallinity of the produced products compared to the traditional hydrothermal method. Titanate
nanosheets were exfoliated from layered porous metatitanic acid with a lepidocrocite-type structure,
which was suitable as a building block for the assembly of different structured TiO, nanocrystals.
The pH values of the nanosheets had a significant effect on the crystallinity, crystallite, phase structure,
morphology, and exposure facets of the prepared TiO, nanocrystals. Rutile TiO, quadrangular prisms
with dominant {110} facets, anatase TiO, nanorods and square nanoprisms with co-exposed {101}/[111]
facets, anatase TiO, nanorhombuses with co-exposed {101}/{010} facets, and anatase TiO, nanospindles
with dominant {010} facets were synthesized through a facile green approach with the use of exfoliated
porous metatitanic acid nanosheets as the precursor at various pH values. The morphology and
exposed crystal facets of the obtained TiO; nanocrystals could be controlled by adjusting the pH value
of the nanosheet solution. The transformation reaction mechanism from the exfoliated metatitanic
nanosheets with distorted hexagonal cavities to TiO, nanocrystals could include a dissolution reaction
of the nanosheets, nucleation of the primary [TiOg]®~ monomers, and the growth of rutile-type
and anatase-type TiO, nuclei. The {101}/[111]-faceted pH2.5-T175 nanocrystal showed the highest
photocatalytic and photovoltaic performance compared to the other TiO, samples, which could be
attributed mainly to its minimum particle size and maximum specific surface area.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/21/3614/s1,
Figures S1-S8: Evolution of the XRD patterns of the TiO, nanocrystal samples synthesized at pH0.5-13.5 and
various temperatures; Figure S9: UV-Vis spectral changes of MO solutions as a function of UV irradiation time in
the presence of (a) pH4.5-T175, (b) pH6.5-T175, and (c) P25 photocatalysts and in the (d) absence of photocatalysts;
Figure S10: Particle size distributions of (a) pH2.5-T175, (b) pH4.5-T175, (c) pH6.5-T175, and (d) P25.
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Abstract: In this paper, studies of the mechanical properties and photocatalytic activity of new
photoactive cement mortars are presented. The new building materials were obtained by the addition
of 1,3, and 5 wt % (based on the cement content) of nitrogen-modified titanium dioxide (TiO,/N)
to the cement matrix. Photocatalytic active cement mortars were characterized by measuring the
flexural and the compressive strength, the hydration heat, the zeta potential of the fresh state, and the
initial and final setting time. Their photocatalytic activity was tested during NOx decomposition.
The studies showed that TiO,/N gives the photoactivity of cement mortars during air purification
with an additional positive effect on the mechanical properties of the hardened mortars. The addition
of TiOy/N into the cement shortened the initial and final setting time, which was distinctly observed
using 5 wt % of the photocatalyst in the cement matrix.

Keywords: photoactive cement; TiOp/N; NOx decomposition; mechanical properties

1. Introduction

In the last few decades, nanoparticles have been considered as an additive to the concrete
and related cement products in order to improve the properties of building materials [1]. The first
documented addition of the nanoparticles to a cement-based system occurred in 1964 when the
nano-SiO, facilitated a faster and more complete hydration of cement [2]. However, the application
of various nanoparticles, such as nano-TiO;, nano-Al,O3, and nano-Fe;O3 in cement and concrete
materials has developed intensively since circa 2004 [3-5]. Combining TiO, nanoparticles with
cementitious binders appeared to be one of the most promising ways to obtain environmentally
friendly products [6]. Namely, a TiO, photocatalyst, when activated by the suitable light, is capable of
supporting the chemical reactions, which can degrade an atmospheric pollutant and give a self-cleaning
property [7]. It is worth pointing out that the building surfaces are exposed to the highest levels of air
pollution and at the same time to the solar radiation, which is necessary in photocatalytic processes.

In the urban areas, NOx (NO + NO,) is one of the most common pollutants from the external
sources (traffic, industry) [8]. NOx contributes to the formation of the photochemical smog, and it is
associated with lung problems and asthma [9]. The potential of cementitious materials containing
photocatalysts to decrease the NOx concentration was proven many times [10-12]. For example,
Lee et al. [13] studied changes in NO and NO, concentration using TiO,-containing cement-based
materials during UV irradiation, suggesting that the materials are capable of oxidizing both gases
efficiently. It was observed the similar amounts of NO and NO; gases were degraded at 3 h, regardless
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of the variations in the water/cement ratio. The mechanism of NOx degradation consists of a series of
reactions that take place during the photocatalytic process. Typically, it can be described as a sequential
oxidation process, as follows: NO — HNO; — NO,~ — NO;~ [8,11].

Many works in the photocatalytic branch are directed at modification of the base TiO, structure
through doping of the photocatalyst with the non-metals or the metal ions [14,15]. Mainly, it can
enhance its activation in the visible light [16], but other advantages are also observed. In the treatment
of NOx, modifications of TiO, can improve the catalytic selectivity toward nitrate rather than the more
toxic NO, [7].

Although the photocatalytic cements and concretes have been extensively studied [17], it is
still controversial whether the added photocatalyst enhances building properties. On the one hand,
the presence of TiO, nanoparticles can have a positive filler effect in cement mortars, increasing the
mechanical strengths. One of the reported best performance enhancement results of the inclusion
of TiO, nanoparticles in the cementitious materials included a 45% increase in the compressive
strength [18] and an 87% increase in the flexural strength [19]. Yang et al. [20] indicated that the
addition of 0.5 wt % TiO, to cement slag pastes allowed achieving approximately 10%, 15%, and 9%
higher compressive strengths in comparison to the reference material at 3 d, 7 d, and 28 d, respectively.
Meanwhile, the flexural strengths of the same photocatalytic materials were 25%, 25%, and 38% higher
than the reference sample after the same range time of the curing. On the other hand, researchers also
observed [21,22] a slight decrease in the mechanical strength of the photocatalytic cement mortars,
which has been attributed to the decline of the sample’s homogeneity and the formation of weak zones
in the structure of hardened mortars.

Some authors [7] indicated that the effective use of photocatalysts in cement is highly connected
with the assurance of the optimized dispersion of TiO; particles in the cement matrix. The agglomeration
of TiO; particles can interfere not only with the mechanical strength, but also block access to an internal
surface of TiO,, limiting the photocatalytic efficiency. The degree of repelling between particles of
cement mortars has a direct relationship with “zeta potential”, which shows the electrokinetic behavior
of particles and gives a valuable indication of the surface charge state, achieving values from =30 mV
to +30 mV [23,24]. When the constituent particles of mortars have the same charge, they tend to
repeal each other, and no agglomeration occurs. Up to now, the zeta potential measurements of
cementitious materials have been performed with a low fraction of solid. Therefore, it is challenging
to obtain information about the zeta potential values of real fresh cement mortars and even more so
referring to photocatalytic cement mortars. Lowke and Gehlen [24] considered the zeta potential of
Portland cement and mineral additions in cement suspensions with high solid fractions. They found
a continuous increase in the zeta potential of cementitious suspensions with the increasing w/c ratio
(water/cement). Moreover, the determining factor on the zeta potential appeared to be the molar
Ca/SO4 concentration ratio, which was more crucial than the effect of the type of addition.

The absolute values of zeta potential may vary not only with mortar composition or w/c ratio but
also with the time of hydration [25]. The hydration mechanism of cement consists of the reactions of
cement components (e.g., alite or tricalcium silicate, belite or dicalcium silicate) with water. The formed
crystalline calcium hydroxide and calcium-silicate-hydrate (C-S-H) comprise over 60 wt % of the
hydration products in the total mass [26]. As the reactions continue with time, the hydration products
gradually bind together and with other components of concrete to form a solid mass. The hydration of
cement is an exothermic chemical reaction. The generation of heat is highly determined by the chemical
composition of the cement mixture. It was reported that nanoparticles of TiO, could significantly
change the hydration of cement and influence the rates of heat evolution [27,28]. The cement hydration
is directly related to the setting time of cement mortars. Mostly, the photocatalytic cements showed
a shortened initial and final setting time for the samples with higher TiO, contents, which is attributed
to the acceleration of the hydration rate [29].

The aim of this paper is to present the results of our study on the influence of a prepared TiO,/N
photocatalyst on the properties of the fresh and hardened cement mortars. TiO,/N was chosen as the
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photocatalyst because there is the possibility of producing this material in the amount of 0.5 kg per
day. Moreover, the technological project of installation for TiO/N production exists and may be used
for photocatalyst production at a large scale. The photocatalyst has been added in different dosages
(1, 3, and 5 wt % to cement mass) to cement mortars. The measurements of the initial and the final
setting time, the flexural and the compressive strength, the hydration heat, and the zeta potential were
conducted. The photocatalytic activity was monitored during the NOx degradation process.

2. Materials and Methods

2.1. Materials

Ordinary Portland cement CEMI 42.5 N from Holcim, Germany was used in this study. Standard
sand, according to EN 196-1, was used for all mortars.

The preparation of the photocatalyst (TiO,/N) was carried out using HEL Ltd. “Autolab” E746
installation. The commercial titanium dioxide supplied by Grupa Azoty Zaklady Chemiczne ‘Police’
S.A. (Poland) was used as a starting material. First, 600 g of TiO, and 350 mL of NH,OH with
a concentration of 2.5% were placed in an autoclave. The reactor was closed, and the mixture was
blended using a magnetic stirrer and heated up to 100 °C for 4 h. Afterwards, the catalyst was dried
in air for 4 h at 100 °C. Finally, the obtained photocatalyst TiO,/N was ground with mortar to form
a fine powder. The structural and the textural parameters on N-modified TiO, in Table 1 were placed.
The results of TEM (transmission electron microscope), XRD (X-ray powder diffraction), FTIR/DRS
(fourier transform infrared spectroscopy/diffuse reflectance), XPS (X-ray photoelectron spectroscopy),
and Raman spectroscopy in our earlier publication were presented [30]. The presence of nitrogen in
the modified titania sample was confirmed by FTIR analysis. The narrow bands at 1640 cm™! and
1440 cm™! are attributed to the hydroxyl (OH) and ammonium (NHy*) groups, respectively, while
the band at 1536 cm™! could be assigned to either NH, or NO, and NO groups. The sample was also
studied by Raman spectroscopy. The Raman spectra of the sample exhibit four distinct peaks located at
145 cm™1, 393 cm™!, 514 cm ™, and 646 cm ~1; those bands correspond to the anatase phase of TiO; [30].

Table 1. Structural and textural parameters of N-modified TiO,.

Local Mean Crystallite Global Mean Crystallite ~ Mean Particle Size According to

Photocatalyst  Size According to TEM Size According to XRD DLS (Dynamic Light Scattering) [SBZ';T]
[nm] [nm] [nm] mie
TiO,/N 6.1 10.8 167.6 235

2.2. Specimen Preparation

The specimens 40-40-160 mm® and 80-40-10 mm?® were produced according to EN 196-1 with
a water to binder ratio (w/b) = 0.4 and cement to standard sand ratio of 1:3. Cement was replaced
by catalyst in 1, 3, and 5 wt % by mass of cement. Samples without replacement were produced as
a reference. For each type of mortar, 6 specimens were produced. Masses needed for the preparation
of 3 specimens are presented in Table 2.

Table 2. Mass of materials used for the production of three 40-40-160 mm? mortar specimens.

Mass of Used Materials [g]

Materials
1% 3% 5%
CEMI1425N 4445 436.5 427.5
TiO,/N 45 13.5 22.5
Standard sand 1350 1350 1350
Water 180 180 180
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A standard mixer with a stainless steel bowl with a capacity of 5 dm? according to EN 196-1 was
used. First, water was poured into a bowl, and cement was added. The mixer was started immediately
at low speed (rotation 140 min~!) and after 30 s, standard sand was steadily added for the next 30 s.
Afterwards, the mixer was switched to the higher speed (285 min~!) for an additional 30 s. To remove
all the mortar adhering to the wall and the bottom part of the bowl, the mixer was stopped for 90 s.
In the end, the mixing was continued at high speed for 60 s. The specimens were molded immediately
after the preparation. The first layer of mortar was poured into the mold situated on the jolting
table and then compacted. The second layer of mortar was poured on the first layer and compacted.
The excess mortar was struck off with the straight metal edge. Casting molds containing fresh samples
were wrapped with stretch film and stored at room conditions for 24 h. All specimens were demolded
after 1 day and were cured in tap water for the next 27 days.

2.3. Compressive and Flexural Strength Measurements

After 28 d, specimens were tested for their flexural and the compressive strength. The flexural
and the compressive strength measurements were carried out following EN 196-1. For each mortar
type, six 40-40-160 mm? specimens were tested for the flexural strength. The prism halves (after the
test of flexural strength) were tested for compressive strength, so for each mortar type, 12 specimens
were tested. A standard testing machine (ToniNORM 2010.040, Toni/Technik, Berlin, Germany) was
used both for the flexural and the compressive strength measurements.

2.4. Setting Time (Vicat Needle Test)

The setting of cement and its rate affects the open time of the mortar. In this study, the influence
of the addition of the catalyst on the setting time of cement was tested. The Vicat Apparatus is a device
that is used to determine the setting time of the cement paste. In this study, an automatic device
ToniSET COMPACT version 05/00, which did 6 parallel tests, was used for determining the setting time.
For each mortar type, 2 specimens were tested. Mortar preparation and the setting time measurements
were run according to the EN 196-3 standard. During the measurement, the specimens were kept at
20 °C. The water to binder ratio of paste used for the setting time test was w/b = 0.3. The time when
the needle stopped 6 mm from the base plate was recorded as the time for the initial setting. The final
setting was defined as the time when the needle only made a 0.5 mm mark on the surface.

2.5. Hydration Heat Measurements

Calorimetry data were obtained from externally mixed pastes containing 40 g of cement and
16 g of water, in at least a twofold determination. Data points were recorded every 60 s at 20 °C
(Isothermal heat flow calorimeter MC-CAL100, C3 Analysentechnik, C3 Prozess und Analystechnik,
Haar, Germany).

2.6. Zeta Potential Measurements

A Zeta and Titration 310 instrument from Dispersion Technology was used for the zeta potential
measurements without the dilution of samples, which to some extent avoided the differences in the
hydration and surface properties between diluted and original samples. First, 16 g of water was added
to 40 g of cement and mixing for 20 s. As the background, the centrifuged water from such prepared
mortars was used. The average particle sizes of cement amounted to 9 pum.

2.7. NOx Decomposition

The photocatalytic activity of the prepared plates of cement mortar toward the degradation of air
pollutions was also proved. In our previous works [31,32], the gaseous NO (1.989 vppm =+ 0.040 ppm,
Air Liquide) was used as model pollution in photocatalytic tests. NOx removal was evaluated using
the experimental installation, whose scheme is presented in Figure 1.

108



Materials 2019, 12, 3756

Figure 1. The scheme of installation to the photocatalytic removal of NOx (S—the source of pollution;
M—mass flower; H—humidifier; R—photocatalytic reactor with irradiation source; A—NOx analyzer).

The studied plate of cement mortar (one at dimensions of 80 x 40 x 10 mm?) was placed in the
central part of a cylindrical reactor (Pyrex glass; @ X H =9 x 32 cm?), and the reactor was tightly closed.
The NO was diluted with humidified synthetic air in a ratio of 1:1. The oxygen and water molecules
were necessary for the formation of oxidative species, which are essential in the photocatalytic reactions.
The polluted air flowed through the reactor continuously with a rate of 500 cm3/min. At the beginning
of the process, the dark conditions were maintained until NO concentration reached equilibrium
(about 1 ppm during about 35 min). Then, the UV lamps were turned on for 30 min. The irradiation
sources surrounded the reactor and were characterized by the cumulative intensity of 100 W/m? UV
and 4 W/m? VIS. The temperature of the whole system was stable at the level of 22 °C by using
a thermostatic chamber. The NO and NO, concentrations were continuously measured in the outlet of
the reactor using chemiluminescent NOx analyzer (T200, Teledyne). All measurements were repeated
three times, and errors were 2%.

3. Results

3.1. Compressive and Flexural Strength

The compressive and the flexural strength of pure cement and cement with the addition of 1, 3 and
5 wt % TiO,/N specimens were measured. The obtained results are presented in Figure 2a,b. As it can
be seen in Figure 2a, the value of the compressive strength of unmodified cement amounted to 53 MPa
(red line), while the addition of 1, 3, and 5 wt % of TiO,/N increased the compressive strength of the
specimens in all cases. The highest value of the compressive strength was observed for specimens
with 1 wt % of TiO,/N and amounted to 57.4 MPa. The lowest increase of the compressive strength
was found for a specimen with the addition of 5 wt % of TiO,/N. Similar behaviour occurred during
the flexural strength measurements. As can be seen in Figure 2b, the value of the flexural strength of
unmodified cement amounted to 6.92 MPa (red line). Analogous as in the case of the compressive
strength, the addition of 1, 3 and 5 wt % of TiO,/N increased the flexural strength of the specimens in
all cases. The highest value of the flexural strength was observed for a specimen with 1 wt % of TiOy/N
and amounted to 7.60 MPa. The lowest increase of flexural strength was obtained using specimen with
addition of 5 wt % of TiO,/N.

The mechanical properties (the compressive and the flexural strength) of cement strongly depend
on the amount of used titanium dioxide. Wang et al. [33] discovered that with the incorporation of
TiO; nanoparticles, the strength firstly showed a fast increase compared with the ordinary mortar until
the dosage of TiO, nanoparticles reached up to 2 wt %, and then the rate of this increase slowed down.
The strength of the cement mortar is closely related to the amount of ettringite and C-S-H gels, and the
existence of nanoparticles facilitates the cement hydration, thereby producing more hydration products.
In addition to the filler property of nanoparticles to fill the pores in C-S-H gels, it is well known that
nanoparticles have a large surface area to volume ratio, and hence, the additional surface area turns out
to be an appropriate place for hydration products to precipitate. Nanoparticles enable the formation of
abond between itself and C-S-H gels. As a result, the strength can be accordingly improved. However,
there is also an undesirable effect due to the large ratio of surface area to volume, since nanoparticles
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can glue together, many nanoparticle clusters, and the strength that can be generated is very weak,
leading to a heterogeneous microstructure.

compressive strength [MPa] flexural strength [MPa]
60 8
56
75
52
48 2
43
40 65
36
6
32
28 55
24
CEM 1+ 1%TiO2/N CEM 1+ 3%TiO2/N CEM |+ 5%TIO2/N CEM I+ 1%6TIO2/N CEM 1+ 3%TiO2/N CEM |+ 5%TiO2/N
(a) (b)

Figure 2. (a) Compressive and (b) flexural strength of CEM 142.5 N with the addition of 1, 3, and 5 wt
% of photocatalyst TiO,/N. In the red line, the compressive strength (53 MPa) and flexural strength
(6.92 MPa) of pure CEM 1 42.5 was presented.

Beyond 3 wt % nano-TiOj, the cementing system seems to be saturated, and the poor dispersion of
the nanoparticles generated by their high surface area may create weak zones in the system. In addition,
it could also enhance the particle packing density of the blended cement by filling up the nanopores
and reducing both the larger pores as well as the overall porosity of the mix. This decreased the total
specific volume of the pores; the refinement of the pore structure when up to 3 wt % nano-TiO; is
used as a partial replacement of cement was also reported by Praveenkumar et al. [34] and Nazari and
Riahi [35,36].

3.2. Setting Time

The initial and the final setting time of tested specimens is presented in Table 3. As can be seen,
with the increasing addition of TiO,/N to cement, the initial setting time decreased. In the case of the
specimens modified by the addition of 5 wt % of TiO,/N, the initial setting time was 40 min faster
than that for unmodified cement. The same behavior was observed for the final setting time. With an
increasing addition of TiO,/N to cement, the final setting time decreased. Specimens of cement with an
addition of 5 wt % of TiO,/N showed a final setting time that was about 57 min faster in comparison to
the unmodified cement. A similar observation was made by Hernandez-Rodriguez et al. [37]; they
added commercial TiO, P25 to CEM I 52.5 R and the results showed that the photocatalysts act as
a setting accelerator.

Table 3. The values of initial and final setting time of CEM I and CEM I with the addition of 1, 3, and
5wt % of TiO,/N photocatalysts.

Samples The Initial Setting Time [min] The Final Setting Time [min]
CEM I142.5N 218 305
CEM + 1 wt %TiOy/N 217 310
CEM + 3 wt %TiOy/N 207 275
CEM + 5 wt %TiOy/N 178 248

3.3. Hydration Heat

In Figure 3, the isothermal calorimetry results of unmodified cement and cement modified by the
addition of 1, 3, and 5 wt % of TiO»/N photocatalysts were presented.
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Figure 3. Isothermal calorimetry results for cement modified by the addition of 1, 3, and 5 wt % of
TiO,/N to deionized water at a water to binder ratio (w/b) = 0.4.

According to the literature, there are five stages of heat for a typical Portland cement [38,39].
The addition of modified titanium dioxide into the cement influences hydration heat; the paste with
the addition of TiO,/N showed less heat generated up to 20 h compared to the unmodified cement.

3.4. Zeta Potential Measurements

The average value of zeta potential amounted to —5.01 mV for unmodified cement mortar and
—4.90 mV, —4.69 mV and —-5.94 mV for cement mortars modified by the addition of 1, 3, and 5 wt % of
TiO,/N, respectively.

It is worth pointing out that TiO, photocatalysts are characterized by a negative charge in high pH
medium. In our previous work [40], it was proven that the point of zero charge of TiO,/N is about 5.8.
Namely, the TiO,/N surface appeared to be positively charged at pH < 5.8, whereas it was negatively
charged at pH > 5.8. The application of TiO,/N with highly alkaline cement resulted in the presence of
a negatively charged form of TiOy/N particles.

Zingg et al. [41] concluded that the phases C3S and C-S-H are positively charged, whereas the
ettringite is negatively charged. During the initial stage of cement hydration, the aluminate reacts with
water and sulfate, forming a gel-like material (ettringite) surrounding the cement grains. The negative
values of zeta potential at the beginning of the hydration process confirmed it.

3.5. NOx Decomposition

In Figure 4, the photocatalytic activity of unmodified and modified cements is presented.
The activity of obtained materials during NO removal was tested. The mechanism of photocatalytic
NO removal is as follows [42]. Initially, active oxidizing groups are generated at the TiO, surface
(reactions 1-3):

Oy +e” >0y (1)
OH™ +h' - -OH )
H* + O~ — HO,. 3)

The action of these moieties on NO molecules leads to their oxidation to the form of NO,, followed
by the formation of nitric(III) and (V) acids (reactions 4-6):

NO + HO,~ — NO, + -OH )
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NO, + -OH — HNO; )
NO + -OH — HNO,. 6)

In Figure 4a, the decreasing of NOx concentration [ppm] is presented. During the first 40 min,
the equilibrium of NO was obtained. After 40 min, the UV light was switch on, and it is possible
to observe that the NOx concertation decreased. The irradiation takes 30 min, and after this time,
the light was switched off. Figure 4b presents the NOx degradation in percent after 30 min of UV light
irradiation. The reference sample, pure CEM I, showed the removal of NOx on the level of about 6.3%.
The same observation concerning the blank sample was presented by Xu et al. [43]. They found that
using reference cement composites without any TiO,, the NOx concentration slowly decreased by 6%
during 15 min of irradiation. It is worth pointing out that in our studies, the photolysis of tested gas
amounted to 1.3% under the same conditions and the same irradiation source. The application of
nitrogen-modified TiO, in cement mortars involved the degradation of NOx on the photocatalytic
path, which can be observed as the unambiguous decrease of NOx concentration directly after turning
on the irradiation. The increase of TiO,/N loading in cement matrix caused the increase of the NOx
degradation rate from 14.2% for CEM I + 1 wt %TiOy/N to 22.9% for CEM I + 5 wt %TiO,/N. Apart
from the influence of the photocatalyst dose in the cement matrix, the accessible surface area of the
photocatalyst is essential for the photocatalytic effectiveness [10]. Therefore, we did not observe
a proportional increase of NOx degradation rate with the higher TiO»/N loading. However, it appeared
that the nitrogen-modified photocatalyst might be used as an additive to cement materials to increase
its air purification properties. Moreover, in Table 4, the NO removal and NO, formation during the
photocatalytic oxidation of NO are presented.
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Figure 4. (a) Graph of NOx [ppm] decomposition and (b) NOx degradation [%] on CEM I samples,
and cements modified by the addition of 1, 3, and 5 wt % of TiO,/N under UV light irradiation.

Table 4. The NO removal and NO, creation during NO photooxidation with cement modified by

TiOy/N.
Sample NO Removal [ppm]  NO; Formation [ppm] = NOx Removal [ppm]
Photolysis 0.023 0.013 0.010
CEM1 0.057 0.009 0.048
CEM I + 1% TiO/N 0.141 0.030 0.111
CEMI + 3% TiO,/N 0.179 0.025 0.154
CEMI + 5% TiO,/N 0.211 0.032 0.179

112



Materials 2019, 12, 3756

In Table 5, the initial photodegradation rates are presented. It was calculated 5 min after switching
on the UV light. This value was calculated as pg of NO removal, NO; creation, and NOx total removal
on the surface of modified cement plates [em?] during the time of UV light irradiation [h]. As it can be
seen, the highest vales of NO removal, NO, creation, and NOx total removal were when the cement
was modified by the addition of 5 wt % of TiOy/N.

Table 5. The initial photodegradation rate for modified cement during NO removal, NO creation, and
NOx total removal.

NO Removal NO, Formation NOx Total Removal

Sample [ug/cm?/h] [ng/cm?/h] [ug/cm?/h]
Photolysis 0.289 0.038 0.251
CEM I 0.315 0.091 0.224
CEM I + 1% TiO,/N 2.530 0.622 1.908
CEM I + 3% TiO,/N 3.145 0.496 2.649
CEM I + 5% TiO,/N 3.403 0.651 2.752

The similar results of NOx photocatalytic degradation on cement materials were observed by other
authors as well. It was reported [13] that 5% TiO, replacement by the mass of cement in cement pastes
allowed decreasing the NO concentration from 1 ppm to about 0.7 ppm. The results were calculated
after 3 h of exposure to UV irradiation, because it was the necessary time to achieve the relative stasis
in NO concentration. Jimenez-Relinque et al. [21] applied 2% of commercial TiO, with different types
of cement in normalized mortars. NO gas diluted in the air was used as model pollutant with an
initial concentration of 1 ppm + 50 ppb. After 1 h of UV irradiation, they obtained NO photocatalytic
degradation on the level of 15-30% and NOx removal in the range of 18-25%, depending on the applied
cement type.

In Figure 5, the lifetime of tested modified cement plates was presented. As it can be seen, there
was no decrease in the photocatalytic activity of the modified cement plates. NO removal and total NOx
removal are on the same level. There are only small differences between NO and NOx concentration,
and this behavior suggests that with time (increasing the number of cycles), more NO; is produced.
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Figure 5. The lifetime of CEM I + 5 wt %TiO,/N under six cycles of irradiation.
4. Conclusions

The nitrogen-modified titanium dioxide (TiO,/N) may be used as an additive to cement mortars
to produce the cement with photocatalytic properties. All photocatalytic samples degraded regarding
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the NOx concentration during irradiation time, achieving a higher NOx removal rate with a higher
TiO,/N dosage in cement materials. The addition of TiO,/N up to 5 wt % into the cement mortar
did not decrease the mechanical properties but even slightly increased the compressive and the
flexural strength.

Nanoparticles of TiO,/N appeared to have an influence on the cement hydration. Acceleration of
the initial and the final setting time indicated that the photocatalytic particles might act as seeds for the
precipitation of C-S-H. The addition of 5 wt % of TiO,/N into the cement mortar shortened the setting
time by about 57 min. Moreover, the presence of TiO,/N in the cement matrix caused less heat to be
generated during the hydration process.

The negative charge of high solid cement mortar, which was determined based on the zeta
potential, was amplified using a higher amount of TiO,/N photocatalyst, from —4.3 mV to -5.5 mV at
the beginning of hydration. High TiO,/N loading in the cement matrix resulted in more negative zeta
potential, because the very fine TiO; is negatively charged at a high pH.
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Abstract: Volatile organic compounds (VOCs) are recognized as hazardous contributors to air
pollution, precursors of multiple secondary byproducts, troposphere aerosols, and recognized
contributors to respiratory and cancer-related issues in highly populated areas. Moreover, VOCs
present in indoor environments represent a challenging issue that need to be addressed due to its
increasing presence in nowadays society. Catalytic oxidation by noble metals represents the most
effective but costly solution. The use of photocatalytic oxidation has become one of the most explored
alternatives given the green and sustainable advantages of using solar light or low-consumption light
emitting devices. Herein, we have tried to address the shortcomings of the most studied photocatalytic
systems based on titania (TiO,) with limited response in the UV-range or alternatively the high
recombination rates detected in other transition metal-based oxide systems. We have developed
a silver-copper oxide heteronanostructure able to combine the plasmonic-enhanced properties of Ag
nanostructures with the visible-light driven photoresponse of CuO nanoarchitectures. The entangled
Ag-CuO heteronanostructure exhibits a broad absorption towards the visible-near infrared (NIR)
range and achieves total photo-oxidation of n-hexane under irradiation with different light-emitting
diodes (LEDs) specific wavelengths at temperatures below 180 °C and outperforming its thermal
catalytic response or its silver-free CuO illuminated counterpart.

Keywords: plasmonic photocatalysis; silver-copper oxide; VOCs remediation; full-spectrum
photoresponse

1. Introduction

Global warming, massive deforestation for urbanization and increasing contamination caused
by mankind practices are contributing to the alarming rise of pollutant emission levels worldwide.
Among these contaminants, the exposure to volatile organic compounds (hereafter VOCs) is recognized
as a serious hazard to human health contributing to skin, respiratory, and cancer diseases [1-3]. Even
if the exposure dose is very low, it has become an issue of increasing interest since many of the VOCs
emitting sources are not only stemming from big factories or production plants. Indoor sources such
as tobacco smoke, solvents, paints, furniture, computer, personal use products, etc. are continuously
contributing to the VOCs emissions in indoor habitats [1-5]. There are currently different exploring
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technologies devoted to VOCs remediation including the use of plasma discharges [6-9], microwaves
combining absorption-desorption—-combustion steps [10-12], photodegradation [2,5,13-20], and
adsorption/catalytic oxidation [2,21-29]. Total oxidation of VOCs promoted by conventional catalysts
represents one of the most appealing alternatives. Noble metals are able to completely oxidize
VOCs into CO, and H,O at mild reaction temperatures [22,23,25,30-39]. Transition metal oxides and
complex metal oxides (i.e., rare earth element-based perovskites) are also excellent VOCs oxidation
candidates that operate at relatively mild temperatures without incurring in the burdening costs of
noble metals [3,8,16,37-45]. Alternatively, the use of inexpensive arrays of photocatalysts based on
titania (TiO,) has become one of the most important research fields towards the sustainable remediation
of VOCs [5,20,46-51]. The advantages of using solar light or low consume artificial lights to promote
VOCs oxidation at room temperature is being actively pursued. Current limitations are found either in
the weak response of the most active semiconductor photocatalysts (i.e., TiOp, ZnO) beyond the UV
range (that only represents 4%-5% of the full solar spectrum) or in the rapid electron-hole recombination
rates detected in transition metal oxide semiconducting photocatalysts with expanded absorption
capacities towards the visible-near infrared (NIR) ranges (i.e., MOy, M = Cu, Fe, Mn, Co) [2,43,52-58].

To overcome these drawbacks, current research interests in VOCs remediation are focused on
the development of hybrid nanomaterials combining metal oxides, metal transition oxides and/or
noble metals with photocatalytic response expanded towards the visible-NIR ranges [16,21,59-69].
Metallic nanoparticles can play a determining role in expanding the absorption range of regular metal
oxides such as titania (TiO,) and/or reducing the electron-hole recombination rates of metal transition
oxides (i.e., MOy (M = Fe, Mn, Co, Cu) [2,3,19,58,59,70-90]. Furthermore, metallic nanoparticles have
become particularly relevant due to their plasmonic properties [2,76,81,86,91-96]. The localized surface
plasmon resonance (LSPR) is a unique characteristic of these materials (normally Au, Ag, Pt, or other
noble metals), which can extend the absorption of light towards the visible light spectrum [69,87-90].
Thus, LSPR greatly supports the utilization of the solar spectrum [69,81,92,97-104]. In addition,
plasmonic nanoparticles may play active roles as sensitizers (via antenna effects) or accommodate
charges from semiconductors upon forming effective Schottky metal-semiconductor junctions as in
well-established noble metal-TiO; hybrid systems [69,92,97-100].

In the present work, we aimed at exploring the synthesis of a hybrid heterostructured
catalyst combining the plasmonic properties of Ag and the p-type semiconductor capabilities of
CuO [3,101-104]. Both materials are abundant, affordable, and exhibit a strong potential for full-range
photocatalytic applications. Previous studies based on plasmonic silver nanostructures [76,92],
CuxOy systems [105-107] or in the combination of silver-copper alloys [108-112], silver-copper oxide
heterostructures [109,113-115] or even silver-copper oxide decorating TiO, [70,108] have already
proved their potential not only in visible-NIR expanded photocatalysis [70,114,116], but also in solar
harvesting, electrocatalysis, bacteria disinfection, field emission enhancement or the formation of novel
superconducting structures [55,108,109,111,114-120]. Herein, we have demonstrated that these Ag-CuO
heterostructures with an intertwined configuration maximize the plasmon-semiconductor interaction.
As a result, a very active hybrid heterostructure with full-spectrum LED-driven photoresponse
towards the total oxidation of n-hexane has been developed. Its photocatalytic response becomes
especially photoactive upon irradiation with LED wavelengths of 460 nm. The heterostructure fully
photooxidizes n-hexane at temperatures below 180 °C and outperforms its silver-free CuO counterpart
thereby outlining the relevance of the silver nanostructures entangled with the CuO nanotubes in the
Ag-CuO hybrid. To the best of our knowledge, this study presents the first example of full-spectrum
photocatalytic assisted VOCs oxidation in a diluted gas phase with this kind of Ag-CuO configuration.
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2. Materials and Methods

2.1. Synthesis of the Photocatalysts

The Ag-CuO heteronanostructures were synthesized following a protocol reported elsewhere [121].
Cu(NO3)2-3H0 (3.2 mmol, Aldrich, Saint Louis, MO, USA, 99.9%) and AgNO3 (3.1 mmol, Aldrich,
Saint Louis, MO, USA, 99.9%) were dissolved in 3 mL of deionized water. The resulting silver-copper
solution was added to an aqueous solution of NaOH 3 M (4 mL, Aldrich) with vigorous stirring for 6 h
under an inert Ar atmosphere. The resulting black adduct that was vacuum filtered, washed with water,
and dried at 100 °C for 2 h. The solid was calcined at 350 °C for 6 h. In order to obtain silver-free CuO
nanostructures, an analogous synthesis protocol was followed but skipping the addition of the silver
salt precursor. The synthesis of the photocatalysts has been performed at the platform of Production of
Biomaterials and Nanoparticles of the NANBIOSIS ICTS, Spain, more specifically by the Nanoparticle
Synthesis Unit of the CIBER in BioEngineering, Biomaterials & Nanomedicine (CIBER-BBN).

2.2. Characterization Techniques

Transmission electron microscopy (TEM) analysis was carried out using a T20-FEI microscope
(Hillsboro, OR, USA). Aberration corrected scanning transmission electron microscopy (STEM) images
were acquired using a high angle annular dark field detector in a FEI XFEG TITAN microscope (Hillsboro,
OR, USA) at 300 kV equipped with a CETCOR Cs-probe corrector. High-resolution transmission
electron microscopy (HR-TEM) images were acquired with the aid of a FEI TITAN?® electron microscope
operated at 200 kV. Elemental analysis was carried out with Energy Dispersive Spectroscopy (EDS)
(EDAX, Mahwah, NJ, USA) detector using single point and scanning profiles. The samples were
drop-casted onto Ni mesh grids. The N, adsorption/desorption analyses were performed with the aid
of a Micromeritics ASAP2020 analyzer (Norcross, GA, USA). 80-100 mg of the catalyst was degassed
at 90 °C for 12 h. The surface area was determined using the Brunauer-Emmett-Teller (BET) method
rendering a value of 4.7 m?-.g~! for the Ag-CuO tubular heterostructures. Scanning electron microscopy
(SEM) analysis was carried out with FEI-Inspect S50 equipment (Hillsboro, OR, USA). X-ray diffraction
patterns were obtained in a PANalytical Empyrean equipment (Malvern, UK) in Bragg Brentano
configuration using Cu-K radiation and equipped with a PIXcel1D detector. The absorption spectra
were acquired with a JASCO V-670 UV-VIS-NIR spectrophotometer (Tokyo, Japan) and the aid of an
integrated sphere accessory.

2.3. Photocatalytic Reaction Setup

The experimental setup designed to carry out the photocatalytic degradation of n-hexane has
been previously described elsewhere [20,122]. Briefly, the reaction was conducted in a home-made
system comprising a quartz cell (50 x 10 x 5 mm? (height x width x length). The cell was illuminated
by two high power LEDs (LedEngin) cooled with the aid of custom-designed fans. Different LEDs
wavelengths were individually tested. Each LED operated with different power: 405 nm (3.9 W),
460 nm (2.2 W), and 940 nm (3.2 W). Selected light irradiances ranged from 7 to 11,000 mW/cm? (based
on LED specifications and experimental setup) and LED powers were programmed with the aid of
an external power supply unit (ISO-TECH, IPS-405, 0—40 V). The temperature of the catalytic bed
containing 300 mg of Ag-CuO during irradiation was monitored with the aid of a K-type thermocouple.
The photocatalytic experiments were performed with a total flow of 50 mL-min~! of gas containing
200 ppm of n-hexane (space velocity = 10,000 h~!). Conventional heating experiments were carried out
with a home-built system consisting of an aluminium holder designed to heat the same reactor area as
in the quartz reactor used for the photocatalytic test [20]. The inlet final concentration of n-hexane was
achieved upon mixing with the proper flow rates, n-hexane in Ny, O;, and synthetic air (all purchased
from PRAXAIR Espafia S.L.U., Madrid, Spain), in order to get the different total flow rates assessed.
After an equilibration period of 30 min that served us to evaluate the adsorption of n-hexane in the
dark, the LED lights were turned on for different time intervals and the gas effluent outlet analyzed by
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gas chromatography (Agilent 3000 Micro GC, Santa Clara, CA, USA). An OV-1 and a PPQ column in
line with a thermal conductivity detector (TCD) were employed to separate and detect the different
gas compounds. The steady state final concentration achieved was always <10 ppm of n-hexane when
maximum LED power was used. This steady state was always achieved within minutes regardless of
the experimental settings. Under the conditions used, the n-hexane detection limit was 3 ppm and
CO, was the only oxidation product detected. Maximum error in the mass balance closures for carbon
and oxygen in this work was +2%.

3. Results

3.1. Characterization of the Silver-Copper Oxide Plasmonic Photocatalyst

The morphological evaluation of the Ag-CuO heterostructures by SEM revealed the presence
of tubular-shaped structures (Figure 1a) [121,123,124]. A more detailed analysis by HAADF-STEM
in combination with EDX analysis confirmed the presence of both Ag and Cu species as segregated
elements. Figure 1b—d reveal the corresponding analysis of the outer surfaces of the tubular structures.
Small Ag nanoparticles are supported onto the Cu-based surface (Figure 1b,d). An extended EDX line
profile analysis across two individual nanotubes further confirmed the alternating presence of either
silver or copper elements (see Figure le—f).

It is also worth mentioning that Ag was identified with different morphologies, including small
segregated nanoparticles, rod-shaped anisotropic structures (Figure 1g), and non-uniform aggregates
dispersed along the tubular-shaped CuO matrixes (Figure 1i). HR-TEM analysis of the Cu-based
regions confirmed the presence of a well-defined orientation corresponding to a CuO crystalline phase
(Figure 1h). The FFT inset in Figure 1g corresponded to the orientation of the CuO fraction in the [0-1-1]
direction. The (200), (11-1), and (-11-1) planes were identified and matched with a C2/c monoclinic
system. EDX mapping of the intensities of Ag-L and Cu-L signals further assessed the entangled
distribution of Cu (Figure 1j) and Ag phases (Figure 1k).

XRD analysis also corroborated the presence of both silver and copper oxide crystalline phases
assigned to a cubic (Fm3m) and a monoclinic (C2/c) system, respectively (Figure 2a). The optical
characterization of the Ag-CuO nanohybrids by UV-Vis-NIR spectroscopy revealed a broad absorption
spectrum expanding towards the visible and near-infrared (NIR) range (Figure 2c). The silver-free
CuO nanotubes synthesized as control (Figure 2b) exhibited similar optical absorption properties in
the visible range, although it did not expand beyond the visible range and decayed in the NIR region
(Figure 2c). The energy band gap for both the CuO and Ag-CuO nanostructures was determined from
the optical absorption near the band edge using the classical Tauc approach and assuming an indirect
band gap semiconductor system where oEpjoton = K (Eppoton— Eg)l/2 (being Eppoton and Eg the discrete
photon energy and the band gap energy, respectively). The estimated band gap energy was calculated
at 1.33 eV for the CuO nanostructures and 0.71 eV for the Ag-CuO hybrids (Figure 2d). These values
were lower than the band gap reported for bulk CuO structures (typically 1.4 eV) and confirmed the
potential optical response of these structures in the visible-NIR range [53].

120



Materials 2019, 12, 3858

— Spot 1
Spot 2

:Iw cps Ag—L

Intensity (arb.u.)

5‘0 160 150 260 2%0 360 3%0 460 450 r
EDX line profile distance (nm)

Figure 1. Morpho-chemical characterization of the silver-copper oxide photocatalyst: (a) SEM
representative image accounting for the tubular shape of the Ag-CuO hybrids; (b) High Angle Annular
Dark-Field (HAADF)-STEM image of small Ag nanoparticles (NPs) in the outer area of the nanotubes
dispersed in a Cu-based matrix, the numbers refer to specific areas for EDX spectra acquisition; (c¢) EDX
analysis of selected spots in (b) accounting for the specific present of Ag or Cu; (d) HAADE-STEM
image of a CuO nanotube with Ag NPs decorating in the external region; (e) STEM image of individual
nanotubes and EDX line profile analysis performed and plotted in (f); (f) evolution of Ag-L and Cu-L
intensities across the EDX line profile analysis depicted in (e); (g) HAADE-STEM image accounting
for the presence of anisotropic Ag shapes embedded within the Cu-based matrix; (h) HR-TEM image
corresponding to the Cu-enriched region accounting for the presence of a monoclinic CuO phase (inset:
Fast Fourier Transform (FFT) image with indexed CuO planes in the [0-1-1] direction); (i) HAADF-STEM
image of a fraction of Ag-CuO nanotube containing bigger aggregates (the square accounts for the
selected area for EDX mapping analysis); (j) EDX map accounting for the Cu-L edge (wt %) intensity in
the selected area of (i); (k) EDX map accounting for the distribution of the Ag-L edge intensity (wt %)
in the selected area of (i).
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Figure 2. Additional characterization of the photocatalytic materials: (a) X-ray diffractogram of the
Ag-CuO hybrid material accounting for the presence of both cubic and monoclinic crystallographic
phases for silver and copper oxide, respectively; (b) HAADF-STEM representative image of the
silver-free CuO nanostructures; (¢) UV-Vis-Near Infrared absorption spectra of the Ag-CuO and CuO
nanomaterials; (d) Tauc plots for the determination of the band gap energies for Ag-CuO and CuO

structures assuming an indirect transition.
3.2. Photocatalytic Performance of the Ag-CuO Heterostructures for N-Hexane Total Oxidation

Figure 3 shows the photocatalytic response of the Ag-CuO hybrid towards the oxidation of
n-hexane under illumination with a high irradiance LED emitting at 405 nm (see inset in Figure 3b).
Total oxidation was achieved at temperatures below 180 °C. Remarkably, light-off oxidation curves
started at temperatures below 50 °C and Tsy (Temperature of reaction required to reach 50% of
conversion) remained below 100 °C. These results contrast with the photocatalytic behavior identified
for the silver-free CuO counterpart under similar LED irradiation conditions. In this latter case,
temperatures above 200 °C were necessary to reach match T5y and a complete n-hexane oxidation
was not achieved (maximum 90% conversion, see Figure 3a). Finally, it is worth mentioning that the
thermal catalytic experiment (in the absence of LED irradiation) with the Ag-CuO catalyst yielded
higher n-hexane conversion levels than the CuO catalyst but were less effective than the photocatalytic
experimental conditions (Figure 3a).

Additional photocatalytic experiments were carried out with the Ag-CuO heterostructure under
illumination with different LED wavelengths at 460 and 940 nm, respectively. The use of LEDs emitting
in the visible and NIR ranges rendered equivalent n-hexane photo-oxidation levels and analogous
overlapping light-off curves to the one displayed in Figure 3a (data not shown). The major differences
were observed in terms of the LED power density required in each experiment to achieve those
conversion levels. Figure 3b summarizes the LED power irradiance (expressed in W/cm?) required
at 405, 460, and 940 nm, respectively. Upon comparison of the three LEDs, it became clear that the
photocatalytic efficiency was higher at 460 nm. The irradiation under the LED emitting at 405 nm
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required almost double irradiance to reach full photo-conversion of n-hexane. We observed a stable
photo-response after multiple cumulative reaction runs performed under different LED wavelengths
and no evidences of deactivation.
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Figure 3. LED-driven photocatalytic oxidation of n-hexane: (a) n-hexane conversion curves obtained
after photocatalytic activation of Ag-CuO (spherical symbols), CuO (triangle symbols) with a LED
emitting at 405 nm, and alternatively after thermal heating of Ag-CuO with a conventional heating setup
(square symbols); (b) n-hexane light-off curves under different irradiation wavelengths as a function of
the irradiance (in W/cm?) specifically required for each LED; (inset: Digital image of the 405 nm LEDs
simultaneously irradiating the quartz cuvette reactor).

4. Discussion

The positive photocatalytic response towards n-hexane oxidation of the present Ag-CuO
hybrid structures can be justified in terms of the synergetic combination of plasmonic silver
and the visible-light response of the p-type semiconductor CuO. In contrast to previous Ag-Cu
systems [55,108,109,111,114,117,119], our synthesis methodology enables the generation of a well
entangled hybrid system where Ag domains of different sizes and morphologies are perfectly
encapsulated within CuO nanotubes (Figures 1 and 2). The most plausible mechanism for the
formation of this hybrid is the thermal decomposition of an unstable silver-copper mixed oxide
AgxCuyO, that evolves into the corresponding silver and copper oxides counterparts [125-127].
The thermal treatment at high temperature during the preparation also favored the subsequent thermal
decomposition of Ag,O into metallic Ag and oxygen at temperatures in the range of 195-205 °C and
enabling partial mobility of silver throughout the CuO tubular scaffold (Figure 1) [76,128].
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To justify the full-range response under different LED wavelengths (Figure 3b), a combination of
different photo-excitation and charge-transfer mechanisms can be taking place [68,69,81,99,129,130].
The different photocatalytic response observed after comparison between Ag-CuO and CuO irradiated
with the 405 nm LED (Figure 3a) clearly demonstrates the positive influence of the silver entangled
nanostructures. Given the heterogeneous disposition of silver entities, different photo-activation
pathways can be simultaneously occurring in our catalysts. First of all, a fraction of smaller silver
domains (Figure 1b—d) with the proper energy levels can be acting as sinks or trap centers for the
electrons photogenerated by the CuO semiconductor fraction (Figure 4a). As a result, the expected
high electron-hole recombination rates of CuO can be inhibited and/or partially delayed. Therefore,
the unpaired holes remain available in the valence band of CuO to readily oxidize n-hexane molecules
(Figure 4a). Likewise, electrons in the Ag surface can participate in the formation of reactive superoxide
anions or relax via thermal energy dissipation [95,131]. The superoxide anions may subsequently
react after their photo-induced dissociation (Figure 4a) and contribute to the oxidation of the n-hexane
molecules [5,68,69,76,81,105,130,132].

b a
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Figure 4. Schematic diagram illustrating the most plausible charge-transfer and photocatalytic
mechanisms in the metal/p-type semiconductor Ag-CuO hybrids: (a) If the LED excitation wavelength
is larger than the energy band gap of CuQO, electrons from the valence band can be excited to the
conduction of CuO and subsequently transferred and trapped by Ag energy levels; (b) Ag plasmon-
induced charge transfer by hot holes injection into the p-type CuO energy levels.

Another fraction of silver structures with different sizes and anisotropic shapes (i.e., rod-like) that
remain embedded within the CuO tubular matrix (Figure le,g,i) can provide additional plasmon-driven
photo-excitation pathways. Metallic silver nanostructures are considered as excellent plasmonic
materials [68,95,133]. The valence electron clouds present in their metal surfaces can oscillate and
resonate at different frequencies in the UV-Vis-NIR ranges generating localized surface plasmons
(LSPR). The surface plasmons can interact with the CuO nanotubes via radiative damping mechanisms
that imply the reemission and/or trapping of light from the metal to the surrounding semiconductor
matrix [95,133]. This approximation would be more likely to occur with the larger Ag domains
isolated within the CuO nanotubes (Figure le-i) where scattering phenomena would be more plausible
(Figure 2c¢) [95,131]. The photocatalytic response under 940 nm wavelengths can be also tentative
attributed in part to the presence of rod-shaped Ag structures entangled within the CuO matrix
(Figures 1g and 3b). These anisotropic silver nanostructures exhibit plasmon absorbance at longer
wavelengths than spheres or cubes (Figure 1g) [68]. The presence of silver expands the absorption and
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light-trapping capabilities in the visible-NIR range, thereby expanding the potential exploitation of the
solar energy (more than 80% of the solar spectrum range) [68,92].

Surface plasmons can alternatively decay via non-radiative pathways involving the generation of
electron-hole pairs by interband and/or intraband excitations [68,81,92,95]. In this scenario, Ag and
CuO entangled interfaces can form a metal/p-type semiconductor Schottky barrier for holes after
matching their Fermi levels [3,55,119]. The excitation with sufficiently high energy LEDs (i.e., 405 and
460 nm, Figures 3 and 4b) enables the plasmon-induced injection of hot holes from the silver bands
into the valence band of the CuO p-type semiconductor (Figure 4b). These high energetic holes are
able to pass the Schottky barrier and rapidly react with the n-hexane. The reduced dimensions of
the heteronanostructures minimize the probability of undergoing another relaxation/recombination
process [68]. While the injection of hot electrons (using n-type semiconductors such as TiO,) is the most
accepted plasmon-driven charge transfer mechanism, there exist recent interesting studies claiming
the importance of hot holes in other plasmonic-based systems [73,86,92,97,134-137] such as Au-NiOy,
Au-pGaN [73], Au nanorods coated with a CoO nanoshell [138], Au nanostructures [101,139,140],
or Ag-BiOCl hybrids [86,137].

We tentatively propose a combination of the different photocatalytic mechanisms given the
diversity of Ag domains. Indeed, the better photoresponse of the Ag-CuO hybrid in comparison with
the CuO nanostructures confirms the important role of silver as plasmonic structure to harvest light in
the whole visible to NIR range. Likewise, the close contact between both metal and semiconductor
phases has enabled a suitable interfacial contact to promote electron and holes mobilities and minimize
undesired recombination and relaxation pathways. In summary, we can conclude that our Ag-CuO
represents a very attractive metal/p-type semiconductor candidate with full-spectrum response that
can be envisioned as an affordable alternative for green and sustainable photo-assisted chemistry, with
special attention to energy and remediation processes.
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Abstract: Laser synthesis was used for one-step synthesis of titania/graphene composites (G-TiO,
(C)) from a suspension of 0.04 wt% commercial reduced graphene oxide (rGO) dispersed in liquid
titanium tetraisopropoxide (TTIP). Reference titania sample (TiO,(C)) was prepared by the same
method without graphene addition. Both samples and commercial titania P25 were characterized by
various methods and tested under UV/vis irradiation for oxidative decomposition of acetic acid and
dehydrogenation of methanol (with and without Pt co-catalyst addition), and under vis irradiation
for phenol degradation and inactivation of Escherichia coli. It was found that both samples (TiO,(C)
and G-TiO,(C)) contained carbon resulting from TTIP and C;Hy (used as a synthesis sensitizer),
which activated titania towards vis activity. The photocatalytic activity under UV/vis irradiation
was like that by P25. The highest activity of TiO,(C) sample for acetic acid oxidation was probably
caused by its surface enrichment with hydroxyl groups. G-TiO,(C) was the most active for methanol
dehydrogenation in the absence of platinum (ca. five times higher activity than that by TiO,(C)
and P25), suggesting that graphene works as a co-catalyst for hydrogen evolution. High activity
under both UV and vis irradiation for decomposition of organic compounds, hydrogen evolution and
inactivation of bacteria suggests that laser synthesis allows preparation of cheap (carbon-modified)
and efficient photocatalysts for broad environmental applications.

Keywords: carbon-doped titania; carbon-modified titania; graphene/titania; vis-active photocatalyst;
antibacterial properties; laser pyrolysis

1. Introduction

Titania (titanium(IV) oxide; titanium dioxide) is probably the most intensively studied semiconductor
for both environmental and energy application, i.e., water/air purification, wastewater treatment,
self-cleaning surfaces, sterilization, photocurrent generation, water splitting and fuel production [1-6].
Although titania has many advantages, including low-cost, high activity and stability, two main
shortcomings limit titania broad and common applications. First, quantum yields of photocatalytic
reactions driven by titania are much lower than 100% since photogenerated charge carriers recombine
fast, as typical for all semiconductors. Moreover, wide bandgap (ca. 3 eV, depending on polymorphic
forms) of titania allowing good redox properties results in its activity only under UV irradiation, and
thus main part of solar radiation cannot be used for photocatalytic process.
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Therefore, various methods have been proposed for titania modifications, such as doping
(substitutional or/and interstitial), surface modification or formation of composites with other materials
(e.g., heterojunctions). The most famous and probably most efficient for activity enhancement under UV
irradiation is surface modification of titania with noble metals, since noble metals work as an electron sink
(larger work function than electron affinity of titania), and thus hindering charge carriers’ recombination,
as probably firstly reported by Kraeutler and Bard more than forty years ago [7]. Recently, another
property of noble metals, i.e., surface plasmon resonance (SPR) at vis range has been studied to activate
titania towards vis irradiation [8,9]. However, noble metals are quite expensive, and thus cheaper
materials are more recommended. For example, titania modification with carbon seems to be more
attractive for broad and commercial application.

Various sources of carbon have been proposed for titania modification, such as polyvinyl alcohol [10],
n-hexane [11], alcohols (methyl, ethyl, isopropyl, n-butyl, 2-butyl and tert-butyl alcohols) [12], benzene [13],
ethylene glycol and pentaerythritol [14] and glucose [15]. Interesting approach was proposed for
carbon-doped titania nanostructures (micro- and nanospheres and nanotubes), synthesized via a single
source vapor deposition in an inert atmosphere (Ar), where titanium butoxide (common organic precursor
of titania) was used also as a carbon source [16]. Similar findings were reported for titania prepared
from titanium isopropoxide by the sol-gel method and calcined at different temperatures (350, 450, 550,
650 and 750 °C) [17]. It was found that calcination at 350 °C resulted in the strongest vis absorption,
correlating with the highest surface content of carbon and the highest photocatalytic activity under vis
irradiation. However, surface modification (with C-C species) was suggested as the main reason of vis
response, rather than C-doping (no bandgap narrowing).

Recently, 2D carbon structures, i.e., graphene (G), graphene oxide (GO) and reduced graphene oxide
(rGO), have been proposed for titania modification, due to large specific surface area (efficient reagents
adsorption), high conductivity (inhibited charge carriers’ recombination by highly mobile electrons),
flexible structure and high stability [18]. For example, (i) TiO,-GO composite, prepared by thermal
hydrolysis of suspension containing GO and titania peroxo-complex, was efficient for photocatalytic
degradation of butene in the gas phase [19], (ii) TiO,-rGO, synthesized by ionothermal method,
was able to generate hydrogen [20], (iii) hydrothermally prepared TiO,-rGO and TiO,-G decomposed
bisphenol A under both UV and vis irradiation [21] and 4-chlorophenol under solar radiation [22],
respectively, (iv) ZnO-G, prepared by the Hummers/Offeman/hydrothermal method, caused efficient
degradation of cyanide in water under UV, vis, solar and even NIR irradiation (plasmonic absorption
of NIR through coupling of graphene) [23] and (v) x-Fe;O3-ZnO/rGO, synthesized by the Hummer
method, redox replacement and electrochemical process, was able to capture and reduce CO, to
CH3OH under vis irradiation [24]. Accordingly, G, GO and rGO-modified titania samples are widely
used for photocatalytic applications. However, the role of 2D carbon has not been completely clarified
yet, as summarized in recent review paper by Giovannetti et al. [18]. It was proposed that under
UV irradiation, electrons from conduction band (CB) of titania migrate to graphene, due to its more
positive Fermi level, which hinders charge carriers’ recombination. Whereas, under vis irradiation,
the opposite direction of electrons’ transfer has been proposed, i.e., from photoexcited state of graphene
to CB of titania.

Our recent study on graphene-modified titania has shown that this material might be efficiently
used for perovskite solar cells, where graphene presence enhanced power conversion efficiency
significantly, as a result of photoluminescence quenching, due to enhanced electron migration [25].
Therefore, to further examine the potential and application possibility of graphene-modified titania,
prepared by a novel and simple method using laser pyrolysis, more detailed characterization and
photocatalytic activity for degradation of organic compounds, hydrogen evolution and microorganism
inactivation under both UV and vis irradiation have been investigated in this study.
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2. Materials and Methods

2.1. Synthesis

Titania (TiO,(C)) and graphene-modified titania (G-TiO,(C)) were prepared by laser pyrolysis.
This synthesis technique has already been described in several publications, e.g., Pignon et al. for the
synthesis of TiO, with controlled anatase to rutile ratio and Belchi et al. for the one-step synthesis
of graphene/TiO, nanocomposites [25,26]. A schematic drawing of the experimental set-up is shown
in Figure 1, and the most salient features of the technique are described hereafter. Briefly, liquid
titanium(IV) tetraisopropoxide (TTIP) purchased from Sigma-Aldrich (>97% purity) was used for
the synthesis of titania (labeled as TiO,(C)). A suspension of 0.04 wt% industrial graphene (reduced
graphene oxide G-200 from SIMBATT Company (Shanghai, China), oxygen content of less than 8 at%,
a few layers (<10 layers), leading to a high specific area (>600 m?/g)) dispersed in TTIP was used for
the synthesis of graphene-TiO,(C) nanocomposite material labeled as G-TiO,(C). Droplets of the liquid
precursor or suspension were obtained with a pyrosol device (RBI, Meylan, France). The droplets were
carried out with a carrier gas (Ar) to the reactor where they intersected with the beam of a high-power
CO; laser (maximum emission at 10.6 um). TTIP could not absorb well the laser radiation, therefore
CyHy was added as a sensitizer to the Ar carrier gas. After laser absorption, the reactive medium was
rapidly thermalized by collisional transfer. Decomposition of precursors and growth of nanoparticles

occurred with an appearance of a flame.
Powder
collection '—>

Sensitizer C2H

4> Aerosol / Cloud

Liquid precursers
TTIPor

GrapheneinTTIP

wCarrier gas
Argen

Figure 1. Schematic drawing of the laser pyrolysis experimental set-up for preparation of titania
samples (TiO(C) from TTIP and G-TiO;,(C) from TTIP and graphene).

The laser internal power was set at 530 W corresponding to a 400 W laser power, measured under
Ar atmosphere after the reaction zone. The laser power measured at the same place during the reaction
was 230 W. The pressure was regulated at atmospheric pressure, i.e., 10° Pa. The ethylene (sensitizer)
and argon (carrier) gas flow rates were 355 and 2000 sccm, respectively. The production rate was
1.3 g/h for the TiO»(C) and 0.36 g/h for the G-TiO,(C) sample. This difference is caused by the higher
viscosity of the suspension in the presence of graphene, leading to reduced generation of droplets
by the pyrosol device. Post-reaction annealing (6-h under air at 450 °C) was performed to remove
amorphous carbon present in the powders, due to the carbon content in the precursors.
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2.2. Characterization of Samples

The morphology of the powders was evaluated by a Carl Zeiss ULTRAS55 scanning electron
microscope (Carl Zeiss, Oberkochen, Germany) and by a JEOL 2010 high-resolution transmission
electron microscope (Jeol, Tokyo, Japan) operated at 200 kV. For SEM analysis, the powder was directly
observed on the carbon tape. For HRTEM measurements, the powder was dispersed in ethanol
and nanoparticles were separated with intensive ultrasound radiation using a Hielscher Ultrasound
Technology VialTweeter UIS250V (Teltow, Germany). Then, the dispersion was dropped on a grid
made of a Lacey Carbon Film (300 mesh Copper, S166-3H, purchased from Oxford instruments SAS,
Abingdon, Great Britain). The Raman spectra were acquired on an XploRA PLUS Horiba apparatus
(Kyoto, Japan) using a laser emission at 532 nm for excitation. The composition of samples was
estimated by an energy-dispersive X-ray spectroscopy (EDS; HD-2000, HITACHI, Tokyo, Japan).

Photoabsorption properties for samples before and after annealing were analyzed by diffuse
reflectance spectroscopy (DRS; JASCO V-670 equipped with a PIN-757 integrating sphere, JASCO, LTD.,
Pfungstadt, Germany). Barium sulfate was used as reference for DRS analysis. Crystalline properties
were analyzed by X-ray powder diffraction (XRD; Rigaku intelligent XRD SmartLab with a Cu target,
Rigaku, LTD., Tokyo, Japan). Crystallite sizes of anatase, rutile and graphene were estimated using
the Scherrer equation. Chemical composition of the surface (content and chemical state of elements,
i.e., titanium, oxygen and carbon) was determined by X-ray photoelectron spectroscopy (XPS; JEOL
JPC-9010MC with MgKe X-ray, JEOL, LTD., Tokyo, Japan).

Energy-resolved distribution of electron traps (ERDT) pattern and conduction band bottom
(CBB) position were analyzed by reversed double-beam photoacoustic spectroscopy (RDB-PAS) and
photoacoustic spectroscopy (PAS), respectively, and detailed procedure was described elsewhere [27].
In brief, for RDB-PAS measurement, as-prepared sample was filled in stainless-steel sample holder
in a home-made PAS cell, equipped with an electret condenser microphone and a Pyrex window on
the upper side. Methanol-saturated nitrogen was flowed through the cell for 30 min, the cell was
irradiated by a 625-nm light-emitting diode beam (Luxeon LXHL-ND98, LUMILEDS, San Jose, CA,
USA), modulated at 35 Hz by a function generator (DF1906, NF Corporation, Yokohama, Japan) as
modulated light, and a monochromatic light beam from a Xe lamp (ASB-XE-175, Spectral Products,
Putnam, CT, USA), equipped with a grating monochromator (CM110 1/8 m, Spectral Products, CT, USA)
as continuous light. The continuous light was scanned from 650 to 300 nm with a 5-nm step. RDB-PA
signal was detected by a digital lock-in amplifier (LI5630, NF Corporation). Obtained spectrum was
differentiated from the lower-energy side and calibrated with the reported total electron-trap density
in units of pmol g‘1 measured by a photochemical method [28] to obtain an ERDT pattern. For PAS
measurements, the cell window was irradiated from 650 to 300 nm by a light beam from a Xe lamp
(ASB-XE-175, Spectral Products) with a grating monochromator (CM110 1/8m, Spectral Products, CT,
USA) modulated at 80 Hz by a light chopper (5584A, NF Corporation, Japan) to detect the PAS signal
using a digital lock-in amplifier, and then photoacoustic (PA) spectra were calibrated with a reference
of a PA spectrum of graphite. The CBB, as energy from the top of the valence band (VBT), of samples
was calculated from the onset wavelength corresponding to the bandgap of samples.

2.3. Activity Tests

The photocatalytic activity of samples was evaluated under UV/vis irradiation for: (1) oxidative
decomposition of acetic acid (CO, evolution) and (2) anaerobic dehydrogenation of methanol (H,
evolution; with/without in situ platinum deposition (2 wt% in respect to TiO,), photodeposition details
might be found here [29]), and under vis irradiation for (3) oxidation of phenol. For activity tests, (1-2)
50 mg and (3) 10 mg of photocatalyst was suspended in 5 mL of aqueous solution of (1) acetic acid
(5 vol%), (2) methanol (50 vol%) and (3) 0.21 mmol/L phenol in 35-mL Pyrex test tubes. The tubes were
sealed with rubber septa, the suspensions were continuously stirred in a thermostated water bath and
irradiated by (1-2) Hg lamp (A > 290 nm) and Xe lamp (A > 420 nm; Xe lamp, water IR filter, cold mirror
and cut-off filter Y45, in a reactor shown in Figure 3 of Ref. [30]). For methanol dehydrogenation,
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two kinds of reactions were carried out, i.e., with (“Hj system (Pt)”) and without (“H; system (no Pt)”)
platinum deposited in situ and working as co-catalyst for hydrogen formation. Suspensions containing
titania and methanol and hexachloroplatinic acid (H,PtClg 6H,O; in the case of “H; system (Pt)”) were
pre-bubbled with Ar (100 mL/min, 15 min) to remove oxygen from the system. The amounts of (1)
generated hydrogen, (2) liberated carbon dioxide and (3) phenol and benzoquinone (main degradation
product) were determined by chromatography: (1-2) gas chromatography with thermal conductivity
detector (GC-TCD), gas phase sampled every 20 min for (1) or 15 min for (2)) and (3) HPLC (liquid
phase sampled every 30 min).

Antibacterial activity was evaluated using Escherichia coli K12 (ATCC29425, Manassas, VA, USA)
as a model of bacteria. The procedure was described elsewhere [31]. In brief, 10 mg of sample was
suspended in 7 mL of bacterial suspension (ca. 1-5 x 10® cells/mL) in Pyrex-glass test tube and irradiated
with xenon lamp, equipped with cold mirror and cut-off filter Y45 (A > 420 nm) or kept in the dark under
continuous stirring at 25 °C. After irradiation at 0.5, 1, 2 and 3 h, portions of suspension were taken,
diluted and inoculated on the plate count agar (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) medium. Agar plates were incubated at 37 °C for ca. 16 h, and then formed colonies were counted.

Commercial titania P25 (Degussa/Evonik) was used as reference sample since P25 has exhibited
one of the highest photocatalytic activity among various titania samples in different reaction systems
(oxidation and reduction) [29,32,33], and thus is commonly used as a “standard” titania sample.

3. Results and Discussion

3.1. Characterization of Samples

SEM and TEM images of graphene, TiO,(C) and G-TiO,(C) samples are given in Figure 2 Original
graphene sheets and graphene sheets covered with fine NPs of titania are shown in Figure 2a,b, respectively.
Figure 2¢,d illustrates TiO,(C) sample, with good homogeneity of fine TiO, NPs of ca. 10-20 nm,
corresponding well with the diameter estimated from specific surface area (SSA) measurement by BET
(Brunauer, Emmet and Teller) method (ca. 25 nm).

i

Figure 2. SEM (a—c) and TEM (d) images of: (a) graphene (SIMBATT); (b) G-TiO,(C) and (c,d)
TiO,(C) samples.
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The samples formed by the laser pyrolysis were grey, due to the presence of significant content
of carbon (ca. 25% [25]) from titania precursor (TTIP) and C,Hy (a pyrolysis sensitizer). Although the
previous study indicates the disappearance of the grey color after annealing (430 °C for 6 h; The conditions
were estimated carefully to remove carbon impurities, and to avoid graphene combustion [25]), annealed
samples were still greyish, probably due to different geometric conditions in a new furnace (KDF S-70;
Denken-High Dental Co., Ltd.). The respective photoabsorption spectra before and after annealing are
shown in Figure 3a,b.
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Figure 3. (a,b) Diffuse reflectance spectroscopy (DRS) spectra of samples before (black) and after (red)
annealing: (a) TiO,(C) and (b) G-TiO,(C); (c,d) Bandgap estimation using Tauc’s bandgap plots for
samples after annealing: (c) TiO,(C) and (d) G-TiO,(C).

Similar photoabsorption spectra have already been reported for C-modified titania, prepared from
TTIP by the sol-gel method and calcination at 350 °C [17]. Interestingly, it was found that photoabsorption
properties at vis range were stronger for TiO, (C) sample than for G-TiO,(C) sample (both before and
after annealing), which suggests that annealing resulted in removal of only part of the carbon used for
synthesis. It is possible that adsorption of titania NPs on graphene sheets resulted in less available area
of titania surface to be modified with carbon (from TTIP and C;Hy). It should be pointed that thermal
treatment (annealing) might cause stable surface modification of titania with carbon [17], whereas the
pyrolysis might result in carbon doping (since carbon is introduced during titania synthesis), similar to
samples prepared via vapor deposition [16]. Therefore, both kinds of modification could be expected
in the case of TiO,(C) sample, i.e., C-doping and C-modification. Whereas, in the case of G-TiO,(C),
titania was additionally modified with graphene. Although, clear bandgap narrowing was not observed,
it is proposed that C-doping might be possible, considering slight shift of absorption edge from 388 nm
(for pure anatase) [34] towards vis region, as calculated from bandgap energy [35] (Figure 3c,d)), i.e.,
ca. 394 nm (Eg = 3.15 eV) and 392 nm (Eg = 3.16 eV) for TiO,(C) and G-TiO,(C) samples, respectively.

To find the reason of vis absorption by TiO,(C) sample, and to characterize both samples in detail,
XRD, XPS, EDS, Raman spectroscopy and PAS/RDB-PAS analyses were performed, and obtained data
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are shown in Figures 4-8 XRD patterns of both samples were very similar, indicating that anatase
was the main crystalline form, i.e., 78.7% in TiO,(C) and 79.2% in G-TiO,(C) (Figure 4 and Table 1).
The minority of rutile was also detected in both samples, reaching 4.3% in TiO,(C) and 3.6% in
G-TiO,(C), and thus the ratios of anatase to rutile were 18.5:1 and 22:1, respectively. The smaller content
of rutile in G-TiO,(C) sample suggests that co-present graphene could inhibit the anatase-to-rutile phase
transition during annealing. The graphene was detected only in G-TiO,(C) sample (ca. 3.9%). Although
the signal was not intense, clear pattern could be seen after subtraction of titania peaks, as shown in
Figure 4d (pink). It was found that the typical diffraction peak of graphene at 20 = 26.7° [21,36] was
shifted to ca. 30° (at max. intensity) indicating possible partial hybridization with titania. Moreover,
the additional, broad peaks at ca. 22° (002), 40-50° ((100), (101) and (004)) and 70-90° ((110), (112),
(006) and (201)) are typical for all carbon materials, and thus might indicate the presence of both 2D
nanostructures, i.e., graphene oxide (GO) and reduced graphene oxide (rGO) [23,37], and other carbon
materials. Similar XRD patterns were reported for various carbon materials, e.g., carbon aerogel [38],
carbon black [39], carbon nanospheres [40] and activated carbon [41]. The crystallite size changed only
slightly from 9.8 to 8.99 nm for anatase and from ca. 10.5 to 10.9 nm for rutile, suggesting that graphene
did not only inhibit anatase-to-rutile transition, but also influenced the formation and growing of
crystals, as already reported [22,42]. Interestingly, slight shift of anatase peaks to 25.26° for TiO,(C)
and 25.27° for G-TiO,(C) samples ((101) anatase at 25.31°) might confirm C-doping for both samples
(Figure 4c; in comparison to reference titania sample: P25 for clarity).
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Figure 4. XRD patterns of: (a) TiO,(C); (b) G-TiO(C), (c) TiO5(C), G-TiO,(C) and P25 titania at (101)
anatase peak; (d) G-TiO,(C) and TiO,(C) after subtraction of titania peaks.

139



Materials 2019, 12, 4158

—— TiOL(C)
—— G-TiOy(C)

intensity (a.u.)

]

0 7000 2000 3000 4000
Raman shift (cm™)

Figure 5. Raman spectra of TiO,(C) (red) and G-TiO,(C) (black).
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Figure 8. Energy-resolved distribution of electron traps (ERDT) pattern (bars) and conduction band
bottom (CBB) position (bottom of grey box) of: (a) G-TiO,(C), (b) TiO,(C), (c) P25 and (d) ST01; values
in < > denote the total density of electron traps (ETs) in the unit of pmol g~1.

Table 1. Crystalline properties of samples.

. o o
Samples Crystalline Content (%) Crystallite Size (nm)

Anatase  Rutile Carbon  Graphene  Anatase  Rutile Carbon  Graphene
G-TiO,(C) 79.2 3.6 14.5 27 9.0 10.9 22 39
TiOy(C) 78.7 43 17.0 - 9.8 10.5 1.9 -

The Raman spectra for both samples were very similar, as shown in Figure 5, and a mapping
recorded on a G-TiO,(C) sample is provided in Figure S1. Four clear peaks appeared at ca. 136, 390,
510 and 630 cm™?, corresponding well to Eg, Big(1), A1g + Big2) and Eg) modes of anatase [19-21,43],
respectively. Unfortunately, it was difficult to detect two characteristic peaks for graphene-kind
structure at ca. 1304-1349 cm™! and 1588-1601 cm™! (as reported for graphene, GO, rGO, multiwall
carbon nanotubes (MWCNT) of graphitic nature [19,20,23,44]), probably due to its low content.
Interestingly, low-intensity peaks at ca. 1350 and 1560 cm~! could be observed for TiO,(C) sample
(Figure 5), which might result from surface modification of titania with carbon, as suggested by
DRS spectrum (Figure 3a). Similar Raman spectra were reported for anatase titania NPs uniformly
distributed inside the porous carbon matrix, synthesized using furfuryl alcohol, tetrabutyltitanate, and
nonionic surfactant [45]. It is known that D and G bands of carbon structures are located at ca. 1350 and
1600 cm ™!, and G band is common for all sp2 carbon forms giving information on the in-plane vibration
of sp2 bonded carbon (tangential stretching mode of C=C bond), whereas D band is associated with
structural disorder (the presence of sp3 defects) [19,44]. Therefore, it was confirmed that TiO,(C) was
surface modified with carbon species, correlating well with high absorption at vis range (Figure 3a).
Moreover, slight broadening of peaks (confirming a decrease in crystallite size (XRD data; Table 1)) and
frequency shift after titania modification with graphene might be attributed to photon confinement,
non-stoichiometry and internal stress/surface tension effects [45], which corresponds well with higher
content of Ti>* and electron traps (ETs) in G-TiO»(C) sample (as discussed further).

The surface of photocatalysts was characterized by XPS analysis, and obtained data are shown
in Table 2 and Figure 6 Since both samples (TiO,(C) and G-TiO,(C)) were modified with carbon
(during pyrolysis and annealing), pure titania sample (P25) was also analyzed for comparison and
discussion. The ratio of oxygen to titanium exceeded stoichiometric value of 2.0, reaching 2.97 for P25,
5.7 for TiO,(C) and 3.38 for G-TiO,(C). Enrichment of titania surface with oxygen has been commonly
reported as a result of adsorption of water/hydroxyl groups and carbon dioxide from air. For example,
O/Ti ratios of 2.5 [46], 2.1-5.0 [47], 4.6 [48] and 7.7 [49] were reported for titania samples prepared by
laser ablation, hydrothermal reaction, microemulsion and gas-phase methods, respectively. This is
also confirmed by deconvolution of oxygen peak (Table 2) showing high content of hydroxyl groups
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on the titania surface. The binding energies of carbon, oxygen and titanium were estimated after
deconvolution of C 1s, O 1s and Ti 2p3/; peaks into three, three and two peaks, respectively, according to
published reports on titania and carbon-modified titania samples [19,24,50-52]. Titanium was present
mainly in Ti** form (TiO»(C)) and only low content of reduced titanium (Ti%*) was detected, i.e., 0.4%,
0.64% and 1.74% in P25, TiO,(C) and G-TiO,(C) samples, respectively. Almost all titania samples
contain crystalline defects, observed mainly as Ti®* form. It is proposed that graphene presence during
titania synthesis disturbed in the formation of perfect titania crystals, and thus three times higher
content of Ti** was noticed than that in TiO,(C) sample prepared in the absence of graphene sheets.
In contrast to titanium spectra, the significant differences between samples were observed for carbon
and oxygen peaks. In the case of titania, oxygen peak might be usually deconvoluted into three peaks,
i.e., (i) oxygen in crystal lattice of TiO, (at ca. 529.3 eV), (ii) C = O, Ti,O3 and OH groups bound to
two titanium atoms (at ca. 531.7 eV) and (iii) hydroxyl groups bound to carbon or titanium (C-OH
and Ti-OH; at 533.2 eV) [52]. In the case of graphene-modified samples, deconvolution of oxygen
into two peaks was reported, i.e., (i) at 532.3 and 531.3 eV for lattice oxygen (Zn-O-Fe for Fe;O3-ZnO
photocatalyst) and O-C bond in rGO, respectively [24], and (ii) at 529.7 and 531.4 eV for lattice oxygen
(TiO,) and oxygen in adsorbed hydroxyl groups, respectively [19]. It is clear that oxygen in P25 was
mainly in the form of TiO, and water or/and carbon dioxide was also adsorbed on titania surface.
However, in the case of carbon-modified samples, significant adsorption of oxygen (with different
forms) on titania surfaces was noticed with different intensities, i.e., more organic carbon, C-OH and
Ti-OH for TiO,(C) sample and C=0 in G-TiO,(C) sample. Accordingly, it was confirmed that TiO,(C)
sample was surface modified with carbon (from TTIP and/or C,H,), whereas G-TiO,(C) contained
graphene-like forms of carbon (graphene could be partially oxidized during annealing). The presence
of carbon is typical for all titania (and other oxides) samples, mainly due to carbon dioxide adsorption
from surrounding air during sample preparation, which further forms bicarbonate and mono- and
bidentate carbonate adsorbed on titania surface [53]. Of course, carbon from organic precursor of
TiO; (e.g., TTIP, titanium butoxide) might be also present in the final product (as also probable in
TiO,(C) and G-TiO,(C) samples). It was found that samples prepared by pyrolysis contained much
larger content of carbon on the surface than P25, i.e., ratio of C/Ti reached 3.6, 6.39 and 15.22 for P25,
G-TiO,(C) and TiO(C) samples, respectively, confirming significant enrichment of titania surface with
carbon, especially for TiO,(C) sample (as suggested from DRS, XRD and Raman). In the case of titania
samples, carbon might be deconvoluted also into three peaks indicating the presence of C-C, C-O
and C=0 at ca. 284.4, 286.1 and 288.6 eV, respectively. However, in the case of graphene-modified
samples, deconvolution of carbon peak into two peaks was reported, i.e., (i) at 284.6 and 285.3 eV for
graphitic carbon (C-C) and rGO (C-OH) [24], and (ii) at 284.5 and 288 eV for C-C/C-H bonds and C=0,
respectively [19]. Here, carbon peak could be deconvoluted into three peaks for all samples, but the
content of C-O and C=0 was the highest in TiO,(C) and G-TiO,(C) samples, respectively. Therefore,
it was concluded that adsorbed carbon (from TTIP and/or CoHy or graphene) on titania surface was
partly oxidized during annealing.

Table 2. Surface composition of samples determined by XPS analysis for C 1s, O 1s and Ti 2p3/2.

Samples Content (at%) C1s (%) O 1s (%) Ti 2p3p; (%)
C1s O1s Ti2py, C-C/C-H C-O C=0 TiO, =0/~OH® -OH/C-OP Ti* Tit+
G-TiOy(C) 5930  31.42 9.28 55.85 1135 3280  43.70 37.11 19.20 174 98.26
TiOy(C)  69.44  26.00 4.56 48.45 3897 1258 2553 23.93 50.54 0.64  99.36
P25 4708 39.73 13.19 64.87 2327 1186 5837 20.94 20.69 040  99.60

=0/-OH 2: Ti—(OH)-Ti, Ti, 03, C=0; -OH/C-O®: Ti-OH, C-OH, organic carbon.

Since only surface characterization and crystalline composition could be obtained from XPS and
XRD analyses, respectively, EDS measurement was additionally carried out for detailed samples’
characterization, and obtained data are shown in Figure 7. The large content of carbon was found
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in both samples, reaching 21.8 wt% and 51.0 wt% for TiO,(C) and G-TiO,(C) samples, respectively,
confirming samples’ enrichment with carbon both on the surface (XPS data; Table 2) and in the bulk
(crystalline (XRD data; Table 1) and amorphous carbon). Interestingly, it was found that the molar
ratios of carbon to titanium differed significantly between samples, and between EDS and XPS results
for TiO,(C) sample, i.e., C/Ti = 15.3 (XPS) and 1.6 (EDS) for TiO,(C) and Ti/C = 6.4 (XPS) and 6.3
(EDS) for G-TiO,(C). These differences suggest that graphene-modified sample is quite uniform in
composition (bulk/surface), whereas carbon-modified sample (TiO,(C)) is mainly surface-modified
with carbon. Therefore, it has been found that graphene co-presence during titania synthesis disturbs
in titania surface modification with carbon.

For detail characterization of electronic properties of samples, RDB-PAS analysis was carried out
for all samples, and obtained data are shown in Figure 8. It has been clarified that ERDT/CBB patterns
might be used as a fingerprint of semiconducting metal-oxides powders for their identification [27,54].
This is because the CBB position, and ERDT pattern and total density of ETs (estimated from PAS and
shown inside brackets in the Figure as “<ETs>") might reflect bulk structure, surface structure and
bulk/surface size, respectively. The trend of an increase in <ETs> along with an increase in specific
surface area for commercial titania samples [52] suggests that measured ETs are predominantly located
on the surface of particles with similar area density of ca. 1 ET per nm?. The peak of ERDT pattern of
G-TiO,(C) was shifted to the low-energy, comparing to TiO,(C). Moreover, it appears that larger content
of deep (ca. 2-3 eV) ETs was observed in TiO,(C) sample. On the other hand, the CBB positions were
almost the same for both samples. Therefore, it is proposed that the modification with graphene could
reduce the density of deep ETs (usually considered as recombination centers), but did not influence the
band-gap energy. However, it must be pointed out that both samples could absorb visible light because
the baseline of RDB-PA intensity in the vis range was much higher than that for commercial titania
samples [27], as shown in Figure 52. Lower CBB position of P25 corresponds well with the presence of
rutile of narrower bandgap than that in anatase, i.e., ca. 3.0 vs 3.2 eV, respectively. Therefore, it was
concluded that P25 was not best sample for discussion of RDB-PAS data, since TiO,(C) and G-TiO,(C)
contained mainly anatase phase. Accordingly, another titania sample (ST01; from Ishihara company)
containing only anatase of fine NPs (ca. 10 nm) was analyzed. The CBB positions of G-TiO,(C) and
TiO,(C) were nearly corresponding to that of ST01, confirming bandgap of anatase (CBB position
seems to be almost constant since the bulk structure, i.e., anatase, is the same for TiO,(C), G-TiO,(C)
and STO01). Interestingly, it was found that the total density of ETs (<ETs>)) was much lower in the
samples prepared by laser synthesis than that in commercial titania samples (P25 and ST01) of similar
properties (an increase in specific surface area results in an increase in the content of ETs, as discussed
above [55]). Therefore, it was concluded that carbon from titania synthesis (TTIP and C,Hy) might
fill some crystalline defects, as proved by slight bandgap narrowing by DRS and XRD (Figure 3c,d
and Figure 4c). Moreover, the observed higher-energy peaks at ca. 3.5 eV for TiO,(C) and G-TiO,(C)
(inside CB), compared to those of P25 and ST01, indicate that the surfaces of TiO,(C) and G-TiO,(C)
samples have amorphous nature, as has been observed for commercial amorphous titania and brayed
samples (unpublished data), which might be induced by modification of sample with graphene.

3.2. Photocatalytic Activity

The photoactivity of samples was measured for oxidative decomposition of acetic acid under
UV/vis (CO; system), dehydrogenation of methanol under UV /vis (H; system (Pt) and H; system (no Pt))
and phenol degradation under vis. The obtained data are shown in Figures 9 and 10. The comparison
of activity under UV/vis for all systems to activity of reference sample: P25 (relative activity; activity of
P25 = 100%) is shown in Figure 9a, whereas real activity data are shown in Figure 9b,c.
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Figure 9. Photocatalytic activity data for: (a) relative activity in respect to that by P25 (100%) in three
reaction systems; (b) oxidative decomposition of acetic acid (CO, system); (c) dehydrogenation of
methanol with in situ platinum deposition (H, system (Pt)) and (d) dehydrogenation of methanol
without in situ platinum deposition (H; system (no Pt)).
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Figure 10. Photocatalytic activity under vis irradiation showing: (a) disappearance of phenol and (b)
subsequent formation of benzoquinone during phenol degradation.

At first, data from Figure 9b,c were discussed, i.e., CO, system and H, system (Pt), since usually
for anaerobic alcohol dehydrogenation, metallic co-catalyst (here Pt) must be used since titania is
hardly active for hydrogen evolution. It was found that obtained photocatalysts exhibited high activity,
similar to that by P25 in both reaction systems (oxidation and reduction), which is quite rare. Titania
P25 (Degussa P25/Evonik P25/Aeroxide P25) is probably the most famous mixed-phase titania, due to
extremely high photocatalytic activity in various photocatalytic reactions. For example, P25 was used
for decomposition of organic and inorganic compounds present in water and wastewater [56,57],
degradation of gas-phase pollutants [58], allergens’ removal [59], inactivation of microorganisms [60-62],
self-cleaning surfaces [63,64] and solar energy conversion [65]. P25 is a white powder with fine NPs
(ca. 30 nm), the density of ca. 3.9 g cm™ and specific surface area of ca. 50 m? g~! [29,32]. The different
composition of P25 might be found in the literature, i.e., 70-85% anatase and 15%-30% rutile, and
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the content of amorphous phase is usually not considered [66-68]. Our previous study indicated
that P25 was not homogeneous samples, and the phase composition could vary between each P25
samples. Even P25 powders sampled from the same container possessed different content of anatase,
rutile and amorphous phase, i.e., 73-85%, 13-17% and 0-13%, respectively [29,32], which was not
surprising since the composition depended on the flame conditions (and even the location of formed
particles in the flame) as P25 is produced by gas-phase flame synthesis. The comparison of P25 with 34
titania photocatalysts showed that P25 possessed one of the highest photocatalytic activity despite not
the best properties (specific surface area, crystallite size, ETs content, crystallinity, etc.) [33]. It was
reported that the photocatalytic efficiency did not depend only on the titania properties (specific
surface area, polymorphic composition, defects” content, crystallite and particle sizes), but also on
the kind of photocatalytic reaction. Accordingly, it was proposed that: (i) large particle size resulted
in efficient oxygen evolution, (ii) large specific surface area (small crystallite and particle sizes) in
methanol dehydrogenation (H; system), (iii) anatase presence in oxidative decomposition of acetic
acid (CO; system), (iv) rutile presence and defects’ content in oxidative decomposition of acetaldehyde
and (v) rutile presence in organic synthesis. In our previous study, the higher activity in both reaction
systems (CO; and Hj) than that by P25 was only obtained for faceted anatase sample of decahedral
shape (decahedral anatase particles, DAPs [69]) with intrinsic properties of charge carriers’ separation,
i.e., the migration of electrons to {101} and holes to {001} facets [70,71].

Accordingly, similar activity of P25 to that by TiO,(C) and G-TiO,(C) (and even slightly lower in CO,
system) indicates that both samples, prepared by laser synthesis, might be efficiently used for various
photocatalytic reactions. Moreover, it should be pointed that even their color (greyish) does not significantly
disturb in the overall activity (“inner-filter” effect). Slightly higher activity of TiO,(C) in CO, system and
G-TiOy(C) in Hj system (with Pt) suggests that the form of carbon governs photocatalytic action, and thus
graphene is more recommended for hydrogen evolution. Indeed, graphene-like nanostructures have been
known for high conductivity, participating in electron transfer [37], i.e., from CB of the semiconductor via
G/GO/rGO to adsorbed molecules/compounds [20-23]. Interestingly, slightly higher activity of TiO,(C)
than G-TiO,(C) and P25 for acetic acid oxidation should be discussed in consideration of photogenerated
holes. Buchalska et al. reported that reactive oxygen species (ROS) generated by reaction of photogenerated
holes with water or/and surface hydroxyl groups were mainly responsible for oxidation reaction (rather
than ROS generated by reaction of photogenerated electrons with adsorbed oxygen) in the case of anatase
samples [72]. Therefore, it is proposed that high enrichment of TiO,(C) surface with hydroxyl groups
(either C-OH or Ti-OH (Figure 6 (center)) might cause an efficient formation of ROS, and thus high activity
in oxidation reactions. Interestingly, it was found that in the case of methanol dehydrogenation in the
absence of platinum, G-TiO,(C) sample was ca. five times more active than P25 and TiO,(C) sample
(Figure 9d), suggesting that graphene-like structure might work as a co-catalyst for hydrogen generation.

Since photocatalysts were colored (greyish), the photocatalytic activity under vis irradiation was
also tested for oxidative decomposition of phenol as a model compound. It should be considered
that a disappearance of phenol (a decrease in its concentration in water) is not always equal with its
degradation (possibility of adsorption on the photocatalyst surface), and thus the determination of
oxidation products is recommended. Consequently, activity data were presented for both: (i) a decrease
in the phenol concentration (Figure 10a) and (ii) formation of main intermediate, i.e., benzoquinone
(Figure 10b). Indeed, it was found that both samples, prepared by pyrolysis, exhibited vis activity.
The most active was TiO,(C), but an activity of G-TiO,(C) was only slightly lower, indicating that
graphene might disturb in high activity of other carbon species adsorbed on titania surface or C-doped
titania. However, an activity of bare P25 was meaningless, especially considering benzoquinone
formation (these results confirm that estimation of compound disappearance (here phenol) is not
recommended, due to its adsorption on photocatalyst surface). In contrast to the activities under
UV/vis, G-TiO,(C) and TiO,(C) samples possessed the superior vis-activity than P25, due to the
absorption of visible light (Figure 3). However, it should be pointed that absorption of vis light by
modified titania samples does not guarantee vis activity. There are many colorous titania samples,
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practically inactive under vis irradiation. Therefore, carbon modification during titania synthesis and
post-thermal annealing results in formation of vis-active materials. For clarification of the main reason
of vis activity (surface sensitization, C-doping, etc.), an action spectrum analysis should be performed
(planned further study).

Since high photocatalytic activities of G-TiO,(C) and TiO,(C) under vis irradiation was shown,
the antibacterial activity was examined under vis and in the dark condition (Figure 11). The antibacterial
activities of G-TiO,(C) and TiO,(C) were almost same (considering experimental error) both under vis
(Figure 11a) and in the dark (Figure 11b), i.e., relatively high activity under vis and low in the dark.
Therefore, it is suggested that both samples showed the photocatalytic bactericidal activity, possibly
due to the presence of carbon, rather than the existence of graphene. On the other hand, the activity of
P25 was negligible both under vis and in the dark conditions, due to its wide band-gap and “dark”
inertness. Some reports proposed that vis-responsive bactericidal activity of carbon-modified (mainly
doped) titania [13,73-77] was cased by the presence of carbon and the direct interaction (e.g., redox
reaction) between photocatalyst and bacteria. Interestingly, Wang et al. proposed that the electron
transfer between C-doped titania nanotubes and bacteria induced the intracellular ROS formation and
cell death, evaluated by charging of sample [78]. Moreover, Cruz-Ortiz et al. reported that TiO,—rGO
showed significant bactericidal activity (E. coli) under visible light irradiation, due to the generation of
singlet oxygen [79]. Accordingly, Markowska etal. found enhanced generation of hydroxyl radicals and
decrease in cell viability (via activity of antioxidant enzymes, morphology change and mineralization)
on glucose-modified titania under artificial solar irradiation [15]. Therefore, our results confirm
high activity of carbon-modified samples under vis irradiation for bacteria inactivation, probably via
generated ROS.
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Figure 11. Bactericidal activities of G-TiO,(C) (black), TiO,(C) (red) and P25 (green) under: (a) vis
irradiation and (b) dark conditions; data are expressed as mean + SD (n = 3).

4. Conclusions

Laser pyrolysis with post-annealing proved to be an efficient method to obtain carbon-modified
titania sample (TiO,(C)) with high photocatalytic activity under both UV and vis irradiation. Two sources
of carbon might be considered, i.e., from titanium isopropoxide (TTIP; titania precursor) and C,Hy
(a sensitizer used for laser pyrolysis). The modification of synthesis by addition of 0.04 wt% graphene
into TTIP solution resulted in preparation of graphene/carbon-modified titania (G-TiO,(C)) with similar
properties to non-modified sample (TiO,(C)). Although, all properties and activities of these two samples
were similar, G-TiO,(C) showed ca. five times higher activity for methanol dehydrogenation without Pt
co-catalyst under UV/vis irradiation than TiO,(C) and commercial titania sample (P25), indicating that
graphene might be an efficient co-catalyst for hydrogen evolution. Similar activities of both samples for
other reactions, i.e., oxidative decomposition of acetic acid under UV/vis, methanol dehydrogenation
under UV/vis with Pt deposition in situ, phenol oxidation under vis and E. coli inactivation under vis,
indicate that such low content of graphene (2.7 wt%) did not have significant influence on the overall
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activity. In contrast, carbon-modification seemed to be highly beneficial for activities in all systems since
TiO,(C) and G-TiO,(C) samples exhibited similar activity to one of the most active commercial titania
samples (P25) under UV/vis irradiation, and few orders of magnitude higher activity than P25 under
vis irradiation. Therefore, simple modification with carbon allowed preparation of highly active and
cheap (carbon modified) photocatalysts, active at broad range of irradiation, and thus being attractive
alternative for other titania materials for environmental application.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/24/4158/s1,
Figure S1: Raman mapping of the G-TiO,(C) sample illustrating the presence of C species in localized places;
Figure S2: RDB-PA spectra of (a) G-TiO(C), (b) TiO2(C), (c) P25 (anatase/rutile), and (d) STO1 (anatase).
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Abstract: Photoelectrochemical cells have been constructed with photoanodes based on mesoporous
titania deposited on transparent electrodes and sensitized in the Visible by nanoparticulate CdS
or CdS combined with CdSe. The cathode electrode was an air-breathing carbon cloth carrying
nanoparticulate carbon. These cells functioned in the Photo Fuel Cell mode, i.e., without bias,
simply by shining light on the photoanode. The cathode functionality was governed by a two-electron
oxygen reduction, which led to formation of hydrogen peroxide. Thus, these devices were employed
for photoelectrocatalytic hydrogen peroxide production. Two-compartment cells have been used,
carrying different electrolytes in the photoanode and cathode compartments. Hydrogen peroxide
production has been monitored by using various electrolytes in the cathode compartment. In the
presence of NaHCOj3, the Faradaic efficiency for hydrogen peroxide production exceeded 100% due to
a catalytic effect induced by this electrolyte. Photocurrent has been generated by either a CdS/TiO, or a
CdSe/CdS/TiO, combination, both functioning in the presence of sacrificial agents. Thus, in the first case
ethanol was used as fuel, while in the second case a mixture of Na,S with Na,SO3 has been employed.

Keywords: hydrogen peroxide; TiO,; CdS; CdSe; photoelectrocatalysis; photocatalytic fuel cells;
photo fuel cells

1. Introduction

Titanium dioxide (Titania, TiO;) is the most popular photocatalyst, and this is justified by the
fact that it is stable, it can be easily synthesized and deposited on solid substrates as mesoporous
film of several types of nanostructures, it is considered non—toxic and, most of all, it has very good
electronic properties [1-4]. Thus, it is characterized by relatively high charge-carrier mobility, while its
valence band has a high oxidative potential capable of carrying out most oxidative reactions. Its only
disadvantage is that its light absorption is limited in the UV. For this reason and in order to expand
its light absorption range, titania has been combined with visible-light-absorbing sensitizers [5-17].
Dyes as well as organometal halide perovskites have been very successful as sensitizers of titania,
but their functionality is limited to specific organic or solid-state environments exclusively applied
to solar cells [5,6]. In aqueous environments, only inorganic sensitizers have offered acceptable
performance, and among those, only a few II-VI semiconductors have led to interesting scenarios [7-17].
Indeed, sensitization of mesoporous titania by nanoparticulate CdS and CdSe has been repeatedly
studied, righteously offering efficient sensitization and application in a variety of photocatalytic and
photoelectrocatalytic systems [7—17]. Furthermore, formation of nanoparticulate metal sulfides within
the titania mesoporous structure is very easy and necessitates only “soft” chemistry techniques. In the
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present work, we have followed this established route for titania sensitization in order to construct
photoelectrochemical devices capable of producing a valuable solar fuel, i.e., hydrogen peroxide.

The study of hydrogen peroxide has become very popular in recent years [18]. In addition to its
well-known pharmaceutical applications, hydrogen peroxide is a key substance in advanced oxidation
processes for water treatment, either alone or in combination with iron ions in Fenton processes [19-21].
Hydrogen peroxide is also a means of energy storage in the form of chemical energy since it can be used
as fuel in hydrogen peroxide fuel cells or as oxidant for the operation of several fuel cell types [22-26].
Hydrogen peroxide can be easily handled since it is soluble in water and its consumption simply
results to oxygen or water production. It is then obvious that hydrogen peroxide is indeed a valuable
fuel, and for this reason it is worth producing it in a sustainable manner [27-30]. Photoelectrocatalysis,
which can directly exploit solar energy and employ biomass-derived wastes as fuel may thus offer the
means for sustainable hydrogen peroxide production. This route is investigated in the present work,
and in this sense it constitutes a novelty in spite of the fact that the materials used to make electrodes
are well known and frequently used in the past.

The purpose then of the present work is to study the production of hydrogen peroxide by
means of photoelectrocatalysis. To this goal, we have used a photoelectrochemical cell employing a
photoanode carrying visible-light-sensitized nanoparticulate titania. These cells work as self-running
Photo(catalytic) Fuel Cells (PFC), operating without external bias by photocatalytically oxidizing a fuel,
which may as well be a waste. This offers a double environmental benefit and ensures sustainability.
Hydrogen peroxide has been produced by atmospheric oxygen reduction. The photoanode produced
the current while an air-breathing cathode produced hydrogen peroxide. This is schematically
represented in Figure 1, while details are discussed in the following sections.

Figure 1. Schematic representation of the reactor used in the present work. The oxidation reaction in the
anode compartment corresponds to the case of the $>7/SO32~ electrolyte and the CdSe-enriched photoanode.

2. Materials and Methods

2.1. Materials

Unless otherwise specified, all reagents were obtained from Sigma—Aldrich and were used as
received. Thus, Fluorine-doped Tin Oxide electrodes (FTO, 8 ohm/square) were purchased from
Pilkington North America (Toledo, OH, USA), carbon cloth (CC) from Fuel Cell Earth (Wobum, MA,
USA), carbon black (CB) from Cabot Corporation (Vulcan XC72, Billerica, MA, USA), and Nafion
membrane from Ion Power, Inc (Newcastle, DE, USA).

2.2. Construction of the Photoanode

2.2.1. Deposition of the Titania Film

The photoanode electrode was constructed by the following procedure. An FTO glass was cut in
the appropriate dimensions and was carefully cleaned first with soap and then by sonication in acetone,
ethanol, and water. A compact titania layer was first deposited on the clean electrode by a sol gel
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procedure. A precursor solution was prepared by mixing 3.5 g of Triton X-100 with 19 mL of ethanol,
to which 3.4 mL of glacial acetic acid and 1.8 mL of titanium isopropoxide was added under stirring.
This solution was used for dipping FTO electrodes, which were patterned by covering with tapes the
back side and the front side parts, which should remain clear. Then, it was calcined up to 500 °C.
This was repeated once, to ensure a complete coverage of the active electrode area. Next, a mesoporous
titania layer was deposited on this compact layer by doctor blading, using a paste composed of Degusa
P25 nanoparticles and prepared by a standard procedure based on [31]. The mesoporous film was
calcined at 550 °C. This procedure was repeated once again to ensure that a mesoporous film of around
10 um thick was obtained. Film thickness was approximately determined by SEM. The active area of
the titania film was 1 cm? (1 cm x 1 cm).

2.2.2. Application of CdS on the Titania Film

A fresh titania film was sensitized by CdS nanoparticles by the SILAR (Successive Ionic Layer
Adsorption and Reaction) method [7,32,33] using 0.1 M cadmium nitrate as Cd** and 0.1 M sodium
sulfide as S?~ source. Ten SILAR cycles were sufficient to cover titania with the yellow CdS layer.
This method does not produce a separate CdS layer, but rather, CdS nanoparticles are formed within
the titania mesoporous structure [7]. At the end, the film was first dried in a nitrogen stream and then
for a few minutes in an oven at 70 °C. This electrode was either used as CdS/TiO,/FTO photoanode or
as substrate for the next step of CdSe deposition.

2.2.3. Addition of the CdSe Layer and the ZnS Protective Layer

CdSe was added on the top of CdS by a chemical bath deposition (CBD), as in previous
publications [8,32]. CdSe is formed in a period of about 4-5 h at low temperature (in a refrigerator). The
CdS-sensitized TiO; film was immerged face-up in a precursor solution containing 27 mM of sodium
selenosulphate (Na;SeSO3) as a source of Se?~, and 27 mM of cadmium sulfate as a source of Cd2*. The
precursor solution was prepared by observing the following protocol. An aqueous solution of 80 mM
Se powder was first prepared in the presence of 0.2 M Na;SOj3 by continuous stirring and refluxing
at 80 °C. The procedure lasted about 15 h and was carried out overnight. The obtained solution,
denoted in the following as sol A, actually aimed at the formation of the above sodium selenosulphate
(NaySeSOs). Then, an aqueous solution of 0.12 M nitrilotriacetic acid trisodium salt was prepared,
denoted as sol B. Finally, an aqueous 80 mM CdSO,-8/3H,O solution was also prepared, denoted as sol
C. Sol B was mixed with an equal volume of sol C, and the obtained mixture was stirred for a few
minutes. The combination of sol B with sol C leads to the formation of a complex, which is used as
precursor for slow release of cadmium ions. Finally, two parts of this last mixture were mixed with one
part of sol A, and the thus obtained final mixture was used for CBD. At the end of 4-5 h, the CdS/TiO,
film was red-colored. The thus obtained film was again first dried in a N, stream and then in an oven at
70 °C. It is a common practice to stabilize the CdSe film by a top layer of ZnS [32], which was actually
done in the present work. Thus a ZnS layer was finally deposited on the top by 2 SILAR cycles using
zinc nitrate as Zn?* source and N,S as S>~ source, followed by drying as above. This procedure yielded
ZnS/CdSe/CdS/TiO,/FTO photoanode electrodes with a broad range of light absorption.

2.3. Construction of the Counter Electrode

The cathode electrode was a carbon cloth covered on one side with two layers of carbon black
(CB/CC). The deposition of the CB layer was made by using a paste made by the following recipe:
300 mg of CB was mixed with 8 mL of twice-distilled water under vigorous stirring with a mixer
(more than 4000 rpm), until a viscous paste was obtained. To this mixture 0.1 mL of PTFE (60% in
water) was added as a hydrophobic binder and was again vigorously stirred. This paste was applied
on the carbon cloth with a spatula, dried in an oven at 80 °C, and then sintered at 340 °C. The procedure
was repeated once to reach a quantity of CB equal to 1 mg per cm?. The active area of the electrode
was 1 cm?, as in the case of the photoanode.

155



Materials 2019, 12, 4238

2.4. Description of the Reactor

The reactor was a home-made device based on Plexiglas, which was divided into two compartments
by a Nafion membrane, as schematically shown in Figure 1. The capacity of each compartment was
5 mL. It had two windows which were sealed by the two electrodes (photoanode and cathode). It was
filled with various electrolytes appropriate for each particular case, as described below. The active
area of each window was 1 cm?, fitting the above electrodes. Illumination of the photoanode was
made with a Xe lamp, which provided approximately 100 mW c¢m™2 at the position of the catalyst.
Light entered through the transparent FTO electrode.

2.5. Measurements

The quantity of produced H,O, was spectroscopically determined by its concentration in the
aqueous electrolyte of the cathode compartment. This was done by a standard method analytically
described in the Supplementary File. Photoelectrochemical measurements were made with the
support of an Autolab potentiostat PGSTAT128N (Metrohm Autolab B.V., Utrecht, The Netherlands).
Reflection—Absorption spectra were recorded with a Shimadzu UV-2600 absorption spectrophotometer
equipped with an integration sphere. Field-Emission Scanning Electron Microscopy images (FESEM)
were obtained with a Zeiss SUPRA 35 VP device.

3. Results and Discussion

3.1. Characterization of Electrodes

As already discussed, the photoelectrochemical setup used in the present work employed
three photoanode electrodes based on mesoporous TiO, deposited on FTO transparent electrodes:
Titania alone (TiO,/FTO), CdS-sensitized titania (CdS/TiO,/FTO), and a film with additional CdSe
sensitizer on the top (CdSe/CdS/TiO,/FTO). The light absorption range of each film is given by the
reflection—absorption spectra of Figure 2. The CdS/TiO,/FTO film approximately absorbed photons up to
about 510 nm, corresponding to a band gap of 2.43 eV. The maximum photocurrent density expected for
aphotoanode carrying such a film and for solar radiation equal to 1 sun (100 mW cm™~2) can be calculated
from published charts [2,34] and is around 7 mA cm~2. Correspondingly, the CdSe/CdS/TiO,/FTO
film absorbed photons up to 610 nm with a band gap of 2.03 eV and maximum current density
approximately equal to 13 mA cm™2. Photoanodes made with such combined semiconductors may
then yield substantial current densities appropriate for practical applications.
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Figure 2. Reflection absorption spectra of various photoanode electrodes: (1) TiO,/FTO; (2) CdS/TiO,/FTO;
and (3) CdSe/CdS/TiO,/FTO. In curves (2) and (3), the background including titania absorption has
been subtracted for better presentation of the spectra. The tangential dashed lines give the average
value of the band gap, i.e., 510 nm (2.43 eV) for the CdS/TiO,/FTO film and 610 nm (2.03 eV) for the
CdSe/CdS/TiO,/FTO film. Insert: Film photographs.

CdS and CdSe nanoparticles were synthesized, as explained in the Experimental section, by reaction
of Cd?* cations with S~ anions within the pores of the mesoporous titania film. For this reason, they do
not form separate layers, but they are detected inside the titania mesostructure. This is known from
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previous works [7,8,15,17,35,36], but can be also verified by the following FESEM images shown in
Figure 3. Figure 3A shows a characteristic image of nanoparticulate Titania P25. TiO, nanoparticles
range in sizes around 20-30 nm. Careful observation and comparison of the three images shows the
formation of new species within the mesoporous titania structure in going from pure titania to CdS/TiO,
(Figure 3B) and then to CdSe/CdS/TiO, (Figure 3C). CdS and CdSe particles grow in much smaller sizes
ranging below 10 nm. This intercalated formation of the chalcogenide semiconductors ensures close
proximity between nanoparticles and subsequently efficient sensitization and charge carrier mobility.
Some protective role of titania on chalcogenide nanoparticles cannot be excluded either.
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Figure 3. FESEM images of the three photoanode films: (A) TiO,/FTO; (B) CdS/TiO,/FTO; and (C) CdSe/
CdS/TiO,/FTO. The scale bar is 200 nm in all cases.

The structure of the cathode electrodes (CB/CC) can be seen in the FESEM images of Figure 4,
showing the weaving of carbon filaments making the carbon cloth and the mesostructure of the
deposited carbon black. Carbon black covered all pores making an air-breathing (gas diffusion)
electrode which sealed the electrolyte from any leak. This construction lasted for many hours and for
many rounds of operation.

Figure 4. FESEM images of the carbon cloth (A) and the carbon black film (B). The scale bar is 100 um
and 200 nm, respectively.

The capacity of the CB/CC electrode to carry out reduction reactions may be qualitatively
appreciated by the polarization curves of Figure 5. These curves were obtained in a 3-electrode
configuration using CB/CC or plain CC as working, a Pt foil as counter, and Ag/AgCl as reference
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electrode. Curves were traced in aqueous electrolytes containing 0.5 M of either HySO,4, NaySOy,
or NaHCOj3. All curves have been plot vs. Reversible Hydrogen Electrode (RHE) by taking into
account the pH value of each electrolyte, i.e., 1.0, 6.5, and 8.5, respectively, and by adding 0.2 V for the
potential of the reference electrode. The importance of the presence of carbon black is first obvious
by the fact that reduction reactions are obtained at negative potentials in its absence. In the presence
of carbon black, the most favorable reduction was obtained in a carbonate electrolyte, where the
reduction potential was the most positive of the three electrolytes. More positive reduction potential
means higher intrinsic bias for electron flow from the photoanode to the cathode electrode, therefore,
more efficient electrochemical process. Even though the data of Figure 5 are approximate and do not
allow accurate quantitative results, they are sufficient to highlight NaHCOj as the most promising of
the three electrolytes presently tested. As it will be seen below, hydrogen peroxide production was
indeed the highest in this electrolyte.

2
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Figure 5. Polarization curves for an electrode made of carbon cloth alone (1,2,3) or carbon cloth carrying
carbon black (4,5,6) in various 0.5 M aqueous electrolytes: (1,4) HySOy; (2,5) NapySOy; and (3,6) NaHCOs3.
A Pt foil was used as counter and an Ag/AgCl as reference electrode.

3.2. Current=Voltage Characteristics of Various Photo Fuel Cells

The above described photoanode and cathode electrodes were used to operate various versions of
a photo fuel cell. Figure 6 shows current-voltage characteristics of a two-compartment cell functioning
with a CdS-sensitized photoanode (CdS/TiO,/FTO) and a CB/CC cathode. A Nafion membrane
separated the two compartments. The anode aqueous electrolyte was 0.5 M NaOH with added 5%
w/w ethanol. The cathode compartment contained either 0.5 M aqueous H,SO4, Na;SO4, or NaHCO;.
Curves were plot in a two-electrode configuration in the light-chopping mode to reveal the conditions
of photocurrent production. Maximum photocurrent density was obtained under forward bias and
exceeded 10 mA cm™2 in all three cases. These values were higher than expected for the present
CdS-sensitized TiO, photoanode (i.e., larger than 7 mA cm~2, see above). This is due to the presence of
ethanol and the ensuing current doubling phenomena [37]. Current doubling phenomena are always
observed with photoelectrochemical cells functioning in the presence of an organic fuel, and they
are reported in almost all of our related works. At zero bias, which is of interest in the present case,
substantial photocurrent was produced in all three cases, therefore, production of hydrogen peroxide
in a Photo Fuel Cell mode was monitored in all three cases, as will be detailed below. In the curves
of Figure 6, there is interference to the photocurrent by a capacitance current due to adsorption of
cations in the photoanode mesostructure [38]. This capacitance current appears only when plotting
current-voltage curves and is of no importance for the rest of the measurements.
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Figure 6. Photo Fuel Cell current density—voltage curves plot in the light chopping mode corresponding
to the same electrolyte in the anode compartment (0.5 M aqueous NaOH + 5% w/w ethanol) and
three different 0.5 M aqueous electrolytes in the cathode compartment: (A) HySOy; (B) NapySOy;
and (C) NaHCOs.

In another version of the Photo Fuel Cell, the photoanode carried the ternary semiconductor film,
i.e., CdSe/CdS/TiO,/FTO. In fact, as explained in Section 2.2.3, there was an additional protective layer
of ZnS deposited on the top by 2 SILAR cycles. This layer is not sufficient to change the spectroscopic
characteristics of the photoanode. ZnS absorbs in the UV, and its role is only to protect the underlying
film. Its addition is a common practice for such films [32]. The ternary photoanode is not stable in the
NaOH-+ethanol electrolyte. For this reason, it was employed in the presence of an aqueous mixture of
NayS with NaySO3, which is frequently used with chalcogenide semiconductors and is considered a
model for sulfur-containing water wastes. Figure 7 shows a current density—-voltage curve obtained
with a two-compartment Photo Fuel Cell comprising the above ternary semiconductor photoanode
and a CB/CC cathode electrode. The two compartments were separated again by a Nafion membrane.
The anode electrolyte was an aqueous 0.25 M Na,S and 0.125 M Na,SO3 mixture. The cathode electrolyte
was an aqueous 0.5 M NaHCOj3 solution. The choice of this last electrolyte was made, as it will be
seen below, by the fact that it offers the highest hydrogen peroxide yield. The maximum photocurrent
was within the expected range (i.e., no more than 13 mA cm~2, see above). Of course, in the present
case, no current doubling phenomena were observed since there was no organic additive in the anode
electrolyte. It is noteworthy that the short-circuit current density in the present case was larger than
10 mA cm™2, much larger than in any of the three cases of Figure 6. Here then there is an interesting
case, very promising for practical applications. Both devices, i.e., the one carrying the CdS/TiO,/FTO
photoanode and the one carrying the CdSe/CdS/TiO,/FTO photoanode, are useful for sustainable
production of hydrogen peroxide. In the first case, a biomass-derived fuel may be used, while in the
second case, a water waste containing sulfur products, for example from oil refineries, may be used.
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Figure 7. Photo Fuel Cell current density-voltage curve plot in the light chopping mode corresponding
to 0.25 M NayS + 0.125 M NaySO3 aqueous electrolyte in the anode compartment and 0.5 M aqueous
NaHCOj electrolyte in the cathode compartment.

3.3. Photoelectrocatalytic Hydrogen Peroxide Production

Following the above characterization of electrodes and devices, hydrogen peroxide production
has been monitored by PFC operation. The first system studied was the one operating with the ternary
semiconductor photoanode (i.e., CdSe/CdS/TiO,/FTO), which produced the highest short-circuit
photocurrent. The anode compartment contained an aqueous 0.25 M NayS + 0.125 M NaySO3
electrolyte, while the cathode electrolyte was an aqueous 0.5 M NaHCOj3 solution. Production of
H,0, was monitored under potentiostaticcamperometric conditions at V = 0.0 V. The evolution of the
short-circuit photocurrent is shown in Figure 8. The current density started at 10 mA cm~2. In the
course of the experiment, it dropped to 7.2 mA cm~2, where it was finally stabilized. Hydrogen
peroxide continuously evolved in a cumulative manner within a period of 120 min, as seen in Figure 8.
An analysis of the H,O, as a function of time and in relation with the current flowing through the cell
is presented in Table 1. The second column of this table gives the evolution of the concentration of
hydrogen peroxide in the carbonate electrolyte, while the fifth column gives the average molar rate of
H,0; production in the period of the corresponding time (first column). To a rough approximation,
the rate did not much vary in the course of the present experiment. The molar rate can be associated
with the equivalent current that should flow through the cell to produce hydrogen peroxide by
reduction reactions. Hydrogen peroxide production may be described by the following scheme:

O, + 2H' +2e” — H,0, 1)

It then takes 2 electrons to form one H,O, molecule. Consequently, 1 umole min~! of a substance
which is formed by 2 electrons per molecule, corresponds to 107 mole x 6.023 x 10?> molecules mole~!
x 2 x 1.602 x 1071 C molecule™! x (60 sec)™! = 3.21 mA. The corresponding equivalent current is
then calculated by multiplying the molar rate by 3.21, and the obtained values are listed in column
6. By dividing this current by the corresponding actual average current flowing through the cell
over each time period, we obtained the corresponding Faradaic efficiencies for hydrogen peroxide
photoelectrocatalytic production. The Faradaic efficiency was very high and reached 100%. This means
that all current generated by the present Photo Fuel Cell was consumed to produce hydrogen peroxide
without losses. The carbonate environment is responsible for such a high efficiency both in view of
the data of Figure 5 and the related discussion, and because NaHCOj is known to catalyze hydrogen
peroxide formation [39,40]. When sulfate was used in the presence of carbonate, Faradaic efficiency
was substantially lower. Indeed, Table 2 presents an equivalent analysis with that of Table 1 on
data obtained by the same system as above but by substituting the NaHCO3 electrolyte by aqueous
0.5 M NaySOy. The current flowing through the cell was much lower, and the Faradaic efficiency
for hydrogen peroxide production did not pass 65%. Apparently, NaHCOj electrolyte is much more
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interesting for Photo Fuel Cell operation with the ternary semiconductor photoanode in the presence
of sulfide/sulfite electrolyte.
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Figure 8. Evolution of the short-circuit current (1) and of the quantity of photoelectrochemically
produced H,O; (2) using a PFC operated with a ternary semiconductor photoanode. Anode electrolyte:
Aqueous 0.25 M Na,S + 0.125 M Na,SOj3. Cathode electrolyte: Aqueous 0.5 M NaHCOs.

Table 1. Analysis of hydrogen peroxide photoelectrocatalytic production rate in 0.5 M NaHCOs.
Case of the ternary semiconductor photoanode.

Time H,0, H,0, Corresp. Molar Equivalent Current Average  Faradaic
Conc. Mass Molarity Rate Current at Time  Current Efficiency
(min) (mg/L) (mg) (umol) (umol/min) (mA) (mA) (mA) %
0 0 0 0 — — 10 - —
15 250 1.25 36.8 2.45 7.87 8.5 9.3 91
30 538 2.69 79.1 2.64 8.46 7.8 8.9 95
45 808 4.04 119 2.64 8.48 7.3 8.7 98
60 1092 5.46 161 2.68 8.59 7.2 8.6 100
90 1672 8.36 246 2.73 8.77 7.2 8.6 102
120 2077 104 305 2.54 8.17 7.2 8.6 95

Table 2. Analysis of hydrogen peroxide photoelectrocatalytic production rate in 0.5 M NapSOy4. Case of
the ternary semiconductor photoanode.

Time H,0, H,O, Corresp. Molar Equivalent Current Average Faradaic
Conc. Mass Molarity Rate Current at time Current  Efficiency
(min) (mg/L) (mg) (umol) (umol/min) (mA) (mA) (mA) %
0 0 0 0 - - 6.5 - -
30 201 1.01 29.6 0.98 3.16 6.1 6.3 50
47 329 1.65 48.4 1.03 3.30 5.1 5.8 57
77 594 2.97 87.4 1.13 3.64 4.7 5.6 65

Hydrogen peroxide was also produced by the PFC, which used the binary semiconductor
photoanode, i.e., CdS/TiO,/FTO, and ethanol as a fuel. In that case, data have been obtained for three
different electrolytes in the cathode compartment and the results are presented in Tables 3-5. The first
case involved the carbonate electrolyte, which led to the highest H,O, production. The results are
shown in Table 3. The current flowing through the cell was now lower, as expected in accordance to
the data of Figure 3. As seen in the 7th column, the original current was 3.8 mA cm™2 and settled
at 32 mA cm~2. The H,O, concentration continuously increased and so did the molar rate. It is
interesting that the Faradaic efficiency was very high and grew beyond 100%, verifying the catalytic
effect that the carbonate electrolyte has on the electrocatalytic production of hydrogen peroxide [39,40].
In these works, this effect was studied mainly for cases of hydrogen peroxide production by water
oxidation and is related with the intermediate formation of HCO;3™ and its catalytic effect on water
oxidation. Apparently, equivalent processes may take place during oxygen and water reduction.
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This phenomenon necessitates further study. It must be noted at this point that no hydrogen peroxide
was detected in the anode compartment, suggesting that for the present cells hydrogen peroxide is
an exclusive product of reduction processes. Likewise, it is also a product of photoelectrochemical
processes since no hydrogen peroxide was detected in the dark. In the presence of Na,SO, instead
of NaHCO3, according to the data of Table 4, the catalytic effect was not present anymore and the
Faradaic efficiency was substantially lower. Finally, when sulfuric acid was used as cathode electrolyte,
the system showed a very poor behavior, as seen in Table 5, so this electrolyte was excluded from any
further measurements. The higher short-circuit current recorded in the case of HySO4 and Nay;SO,
(7th column of Tables 4 and 5) is in accordance with the data of Figure 6. The PFC in that case had
an alkaline electrolyte (i.e., NaOH) in the anode compartment with a pH value around 13, while the
pH in the cathode compartment was 1, 6.5, and 8.5 in the case of HySOy4, NaySO4, and NaHCO3,
respectively. In the case then of the first two electrolytes, a strong forward bias of chemical nature
developed between the two electrodes, which justifies the higher currents at V = 0.

Table 3. Analysis of hydrogen peroxide photoelectrocatalytic production rate in 0.5 M NaHCOj.
Case of the binary semiconductor photoanode.

Time H,0, H,0, Corresp. Molar Equivalent Current Average Faradaic
Conc. Mass Molarity Rate Current at Time  Current Efficiency
(min)  (mg/L) (mg) (umol) (umol/min) (mA) (mA) (mA) %
0 0 0 0 - - 3.8 - -
15 113 0.57 16.7 1.11 3.56 34 3.6 99
30 247 1.23 36.3 1.21 3.89 3.2 35 111
47 415 2.07 61.0 1.30 4.17 3.2 35 119
60 556 2.78 81.8 1.36 4.38 3.2 35 125
75 728 3.64 107 143 4.59 3.2 35 131
95 944 4.72 139 1.46 4.69 3.2 35 134

Table 4. Analysis of hydrogen peroxide photoelectrocatalytic production rate in 0.5 M NapSOy4. Case of
the binary semiconductor photoanode.

Time H;O, H;0; Corresp. Molar Equivalent Current Average Faradaic
Conc. Mass  Molarity Rate Current at Time Current  Efficiency

(min) (mg/L) (mg) (umol) (umol/min) (mA) (mA) (mA) %
0 0 0 0 - - 5.1 - -
18 115 0.58 16.9 0.94 3.00 5.1 51 60
40 279 1.40 41.0 1.03 3.28 52 51 64
47 352 1.76 51.8 1.10 3.52 52 52 68
85 705 3.53 104 1.22 3.90 49 5.0 78

Table 5. Analysis of hydrogen peroxide photoelectrocatalytic production rate in 0.5 M H,SO,. Case of
the binary semiconductor photoanode.

Time H,0, H,0, Corresp. Molar Equivalent Current Average  Faradaic

Conc. Mass  Molarity Rate Current at Time Current  Efficiency
(min)  (mg/L) (mg) (umol) (umol/min) (mA) (mA) (mA) %
0 0 0 0 - - 5.1 - -
30 20 0.10 29 0.10 0.31 6.2 6.3 5
83 70 0.35 10.3 0.12 0.39 5.6 59 7
125 125 0.63 18.4 0.15 0.47 49 53 9
142 152 0.76 22.3 0.16 0.50 46 47 11

In conclusion, the above data show that a photoelectrochemical cell operating as a Photo Fuel
Cell, i.e., without any external bias, can produce substantial quantities of hydrogen peroxide with

162



Materials 2019, 12, 4238

high Faradaic efficiency reaching values higher than 100% in the presence of a carbonate electrolyte.
Hydrogen peroxide was produced at the cathode electrode, which was a Pt-free inexpensive combination
of a carbon cloth with carbon black. Both anode and cathode electrodes were characterized after use.
Some of the deposited material leached off the electrodes, but their nanostructure remained the same
as imaged in Figures 3 and 4. This materials leach is mainly responsible for the drop of current during
cell operation.

4. Conclusions

This work has shown that a Photo Fuel Cell can be constructed with a visible light responsive
photoanode based on chalcogenide-semiconductors-sensitized mesoporous titania and a simple
Pt-free cathode made of carbon cloth with deposited nanoparticulate carbon (carbon black). This cell
functioned without any bias producing substantial current. The cathode functionality is based on
atmospheric oxygen reduction, which leads to hydrogen peroxide production. This functionality was
exploited in order to photoelectrochemically produce hydrogen peroxide. High Faradaic efficiencies
have been reached for the production of hydrogen peroxide, which in the presence of NaHCO3 rose
beyond 100% due to the catalytic effect of the latter.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/24/4238/s1,
Detailed description of the determination of hydrogen peroxide in solution.
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