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Preface to ”Titanium Dioxide Photocatalysis”

This book contains the contributions of the Special Issue of Catalysts on “Titanium Dioxide

Photocatalysis”, with the aim of presenting the current state-of-the-art in the use of titanium dioxide

(TiO2) as a photocatalyst, with a special emphasis on new TiO2 nanomaterials for photocatalytic

hydrogen production, photoelectrochemical water splitting, and environmental remediation. For this

Special Issue, we invited contributions from leading groups in the field with the aim of giving a

balanced view of the current state-of-the-art in this discipline.

Dating from the seminal work of Fujishima et al. issued in 1971, TiO2 is at the center of intense

research devoted to the development of efficient photocatalysts. Among the many candidates for

photocatalytic applications, TiO2 is almost the only material suitable for industrial use. This is

because TiO2 has a good trade-off between efficient photoactivity, high stability, and low cost. The

rational design elements of interests for efficient TiO2 catalysts are optical properties, nanocrystal

shape, and organization in superstructures. The main drawback of TiO2 photocatalysts remains their

inability to achieve visible light absorption and photoconversion, and most recent research activities

have been devoted to the improvement of the optical absorption properties of TiO2 nanomaterials.

Here we present some examples of strategies to enhance the final efficiency of TiO2-based materials.

These approaches include doping, metal co-catalyst deposition, and the realization of composites

with plasmonic materials, other semiconductors, and graphene. On the other hand, the precise

crystal shape (and homogeneous size) and the organization in superstructures from ultrathin films

to hierarchical nanostructures have been demonstrated to be critical for obtaining photocatalysts

with high efficiency and selectivity, as showcased in the presented articles. Finally, the theoretical

modeling of TiO2 nanoparticles in real experimental conditions and the reactivity of photoelectrons

are discussed in two contributions from Kohtani et al. and di Valentin et al.

The review by Monai and the papers by Nunes, Liu, and Zelny address the synthesis of

novel nanostructures. Monai et al. provide a comprehensive review on brookite, describing

the most advanced synthetic methodologies to produce pure brookite and brookite-containing

composites, together with some guidelines for characterization. Finally, structure/activity relations

are summarized and a perspective on the future development of brookite nanostructured materials

is given. Nunes et al. describe the synthesis of TiO2 nanorods, spheres, powders, and arrays by

microwave irradiation. The synthesis of large-scale pinecone nanostructured TiO2 films, active under

solar irradiation, in the photo-oxidation of organic pollutants and in hydrogen production by a fast

anodizing method is reported by Liu et al. Furthermore, Zelny et al. report a detailed investigation

of mechanical and adhesion properties of Ti films sputtered at different temperatures, showing that

the most active sample in photoelectrochemical water splitting was obtained at 150 ◦C.

Other important strategies to increase TiO2 photocatalytic efficiency include non-metal doping,

metal co-catalyst deposition, the formation of composites with carbon-based nanomaterials, and the

preparation of plasmonic nanoparticles. Cravanzola et al. report the synthesis of S-doped TiO2

photocatalysts, which were then tested for methylene blue photodegradation. An extensive FTIR

investigation shines light on the structure–activity relationship of the prepared materials. In contrast,

Bernareggi et al. report a strategy based on flame spray pyrolysis to produce Cu- and Cu–Pt-modified

TiO2 for photocatalytic hydrogen production. An optimal loading of 0.05% Cu was found for the

most active photocatalyst. Interestingly, copper-modified TiO2 nanomaterials were also the focus of

the review by Janczarek and Kowalska. In particular, they describe the performance enhancement

ix



by copper species for oxidative reactions, and identify two key factors: plasmonic properties of 
zero-valent copper and heterojunctions between titania and copper oxides. In another report, Zabihi 
et al. described composites made by a semiconductor and graphene as promising materials to 
enhance photogenerated charge separation due to the high electrical conductivity of graphene-based 
nanomaterials. A new route to couple graphene to TiO2 is reported, showing the possibility of using 
ultrasonication to increase the processability and scalability of composite materials for enhanced 
photocurrent generation and photocatalytic dye degradation. Finally, the review by Kohtani et 
al. summarizes the recent progress in the research on electron transfer in photoexcited TiO2 and 
highlights the use of highly uniform TiO2 nanocrystals with specific exposure of the reactive facets. 
In particular, the authors point out the key role of the precise control of the structural properties, that 
is, the maximization of surface shallow traps and the minimization of density of deep traps as well as 
inner (bulk) traps.

To conclude, we would like to express my sincerest gratitude to all authors for the 
valuable contributions, without which this book would not have been possible.

Vladimiro Dal Santo, Alberto Naldoni

Special Issue Editors

x
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1. Definitions, Historical Aspects, and Perspectives

Dating from the seminal work of Fujishima et al. issued in 1971 [1], titanium dioxide (TiO2) is at
the center of intense research devoted to the development of efficient photocatalysts. Among the many
candidates for photocatalytic applications, TiO2 is almost the only material suitable for industrial use.
This is because TiO2 shows a good trade-off between efficient photoactivity, high stability, and low
cost [1,2]. The principal applications deal with the use of TiO2 as a photocatalyst for environmental
remediation both in polluted air and waste water treatment [3] and as a material in solar cells [3,4].

The main drawback of TiO2 photocatalysts still remains their inability for visible light absorption
and photoconversion, and most recent research activities have been devoted to the improvement of the
optical absorption properties of TiO2 nanomaterials. Strategies including doping; self-doping; and the
realization of composites with plasmonic materials, 2D materials, other semiconductors, and quantum
dots are of particular interest [1,2]. Black-TiO2 visible light active photocatalysts [5], antimicrobial
materials [6], photoelectrochemical devices for water splitting, and CO2 photoreduction [7] are among
the hot topics. The rational design elements of interests for efficient TiO2 catalysts are optical properties,
nanocrystal shape, and organization in superstructures. On the other hand, precise crystal shape
(and homogeneous size) and organization in superstructure from ultrathin films to hierarchical
nanostructures have been demonstrated to be critical for obtaining photocatalyst with high efficiency
and selectivity.

The present Special Issue of Catalysts is aimed at presenting the current state of the art in the
use of TiO2 as a photocatalyst, with a special emphasis on new TiO2 nanomaterials (both powdered
catalysts and photoelectrodes) for photocatalytic water splitting, CO2 reduction, and environmental
remediation. In the present Special Issue, we have invited contributions from leading groups in the
field with the aim of giving a balanced view of the current state of the art in this discipline.

2. This Special Issue

Dr. Alberto Naldoni and I were honored to accept the kind invitation by Assistant Editor Shelly
Liu to act as editors of this Special Issue. We tried to acquire possible authors able to contribute with
high-level papers and reviews and we hope we succeeded in this task. This is particularly due to the
wonderful and uncomplicated cooperation of Assistant Editor Shelly Liu and her competent team.
Moreover, I owe particular thanks to all the authors who contributed their excellent papers to this
Special Issue that is comprised of 11 articles, among them 3 reviews, covering key aspects of this topic
together with a variety of innovative approaches.

Three comprehensive reviews cover most recent advances in key areas, such as electron transfer
dynamics, brookite-based photocatalysts, and copper-modified titania.

The review by Kohtani et al. [8] summarizes the recent progress in the research on electron transfer
in photoexcited TiO2. In particular, the authors point out the key role of the precise control of the
structural properties, that is, the maximization of surface shallow traps and minimization of density of
deep traps as well as inner (bulk) traps in the development of highly active photocatalysts. The authors

Catalysts 2018, 8, 591; doi:10.3390/catal8120591 www.mdpi.com/journal/catalysts1
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also highlight, as a promising strategy, the use of highly uniform TiO2 nanocrystals with specific
exposure of the reactive facets.

Monai et al. [9] provides a comprehensive review of the advancement in the applications of
brookite as a photocatalyst. First, the most advanced synthetic methodologies to produce pure brookite
and well-defined brookite-containing composites are presented, together with some guidelines for
thorough characterization of the materials. Finally, structure/activity relations are summarized and a
perspective on the future development of brookite nanostructured materials is given.

The review by Janczarek and Kowalska [10] focuses on the performance enhancement by copper
species for oxidative reactions due to their importance in environmental remediation. Two key factors
are identified and discussed: plasmonic properties of zero-valent copper and heterojunctions between
semiconductors (titania and copper oxides) including novel systems of cascade heterojunctions.
The role of particle morphology (faceted particles, core-shell structures) is also described. Finally,
future trends of research on copper-modified titania are discussed.

Synthesis of novel nanostructures by different preparation routes is addressed in the papers
by Nunes, Liu, and Zelny [11]. Microwave irradiation proved to be an effective synthesis route to
produce TiO2 nanorod sphere powders and arrays at low process temperatures using water as a
solvent. The remarkable photocatalytic activity under UV and solar irradiation was ascribed to the
presence of brookite but also depends on the nanorod, sphere, and aggregate sizes.

A fast anodizing method [12] was employed to synthesize large-scale (e.g., 300 × 360 mm)
pinecone nanostructured TiO2 films. The pinecone TiO2 possesses strong solar absorption and exhibits
high photocatalytic activities in photo-oxidizing organic pollutants in wastewater, producing hydrogen
from water under natural sunlight. This work shows a promising future for the practical utilization of
anodized TiO2 films in renewable energy and clean environment applications.

A promising approach to fabricate nanostructured TiO2 films on transparent substrates is
self-ordering by the anodizing of thin metal films on fluorine-doped tin oxide (FTO) coupling pulsed
direct current (DC) magnetron sputtering for the deposition of titanium thin films on conductive glass
substrates and anodization and annealing for the TiO2 nanotube array [13]. Zelny et al. reported
a detailed investigation of mechanical and adhesion properties of Ti films sputtered at different
temperatures, showing that a more active TiO2 nanotube sample towards photoelectrochemical water
splitting was obtained from a Ti substrate sputtered at 150 ◦C, showing the lowest crystallite size,
best degree of self-organization, and enhanced charge transfer at the semiconductor/liquid interface.

The use of plasmonic nanomaterials in photocatalysis [14] has gained great attention due to their
ability to enhance the reaction yield of semiconductor photocatalysts. In this contribution, Bao et al.
coupled plasmonic Ag nanoparticles to high-surface-area TiO2 nanofibers to achieve a very active
photocatalyst toward dye molecule degradation, showing enhanced performance when using the
plasmonic Ag/TiO2 material.

Composites made by semiconductor and graphene [15] are particularly promising to enhance
photogenerated charge separation due to the high electrical conductivity of graphene-based
nanomaterials. In this article, a new route to couple graphene to TiO2 was reported, showing the
possibility of using ultrasonication to increase the processability and scalability of composite materials
for enhanced photocurrent generation and photocatalytic dye degradation as well.

Bernareggi et al. [16] report a strategy based on flame spray pyrolysis to produce Cu- and
Cu–Pt-modified TiO2 for photocatalytic hydrogen production. An optimal loading of 0.05% Cu was
found for the most active photocatalyst, which only contained Cu.

Nonmetal doping [17] is a very common approach to increase the light absorption and therefore
the photocatalytic efficiency of TiO2. In this report, S-doped TiO2 photocatalysts were synthesized
and tested for methylene blue photodegradation. An extensive FTIR investigation shined light on the
structure–activity relationship of the prepared materials.

The article by Selli et al. [18] provides a new approach for the computational modeling of large
titanium dioxide nanoparticles with diameters from 1.5 nm (~300 atoms) to 4.4 nm (~4000 atoms), usually

2



Catalysts 2018, 8, 591

too demanding for theoretical calculation. The authors investigated photoexcitation and photoemission
processes involving electron/hole pair formation, separation, trapping, and recombination and provided
a description of the titania/water multilayer interface—a relevant case study for photocatalytic systems.

In conclusion, the special issue “Titanium Dioxide Photocatalysis” should be of great interest
for all of those involved in the various aspects of this topic, which are discussed in the contributions
and review articles. They introduce new synthetic procedures, modeling of structures and reactivity,
novel nanostructures, and plasmonic composites, thereby meeting the state of the art of both scientific
and technical standards.
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Abstract: Electrons, photogenerated in conduction bands (CB) and trapped in electron trap defects
(Tids) in titanium dioxide (TiO2), play crucial roles in characteristic reductive reactions. This review
summarizes the recent progress in the research on electron transfer in photo-excited TiO2. Particularly,
the reactivity of electrons accumulated in CB and trapped at Tids on TiO2 is highlighted in the
reduction of molecular oxygen and molecular nitrogen, and the hydrogenation and dehalogenation
of organic substrates. Finally, the prospects for developing highly active TiO2 photocatalysts
are discussed.

Keywords: titanium dioxide; photocatalysis; surface defects; bulk defects; trapped electrons;
accumulated electrons

1. Introduction

Since Fujishima and Honda discovered photoelectrochemical water splitting on titanium
dioxide (TiO2) photoelectrodes in the early 1970s [1], TiO2 photocatalysis has been applied
in various fields, such as the storage of solar energy [2–5], environmental purification [6],
organic synthesis [7–11], anti-bacterial applications [12], and anti-fogging treatments [12,13].
These characteristic photo-functionalities are induced by incident light, in which the behavior of
photogenerated electrons and holes, as well as the roles of defects formed on surface and in lattice,
are of particular importance. The defect sites are the recombination centers for the photogenerated
electrons and holes, because photocatalytic activities decrease with increasing the amount of defects
created [2,6,8]. However, Amano et al. reported that the introduction of defect states in TiO2 with H2

reduction treatment greatly enhanced the photocatalytic activity for the water oxidation reaction in
aqueous solution [14,15]. Moreover, Kong and coworkers claimed that tuning the relative concentration
ratio of bulk defects/surface defects in TiO2 nanocrystal improves the separation efficiencies of
photogenerated electrons and holes, thereby enhancing the photocatalytic activity [16]. Thus, further
understanding of the defects in TiO2 necessitates the development of highly active photocatalysts.

The properties of defects—such as energy levels, structures, and interactions with
adsorbates—have been reviewed by Diebold [17], Henderson [18], and Nowotny [19,20] in detail,
but many unanswered questions remain. Recent studies in this field have made the considerable
progress during the last decade. This review summarizes the recent progress in the research on the
defects in TiO2. Herein, we focus on the properties of electron trap defects formed within the bandgap
of TiO2 associated with Ti defects, specifically the intra-bandgap Ti states (Tids). Firstly, the fate of
photogenerated electron and holes in TiO2 are described with respect to Tids and hole trap sites in
Section 2. Next, the origin of Tids and their energy distribution in TiO2 are considered in Section 3.
In Section 4, the reactivity of electrons trapped at Tids and accumulated in the conduction band (CB)
on the representative reductive reactions are highlighted. Finally, the prospect for developing a highly
active TiO2 catalyst is discussed.
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2. Fate of Photogenerated Electrons and Holes in TiO2

Although several models exist for the charge transport, trapping, and the reaction of
photogenerated electrons and holes on photoexcited TiO2, we adopted a schematic model for the
anatase TiO2 based on the recent selected reviews and reports as illustrated in Figure 1 [11,21–25].

 

Figure 1. Schematic model of the earlier stage of photocatalysis in the anatase titanium dioxide (TiO2).
CB: conduction band; VB: valence band; Aad: adsorbed electron acceptor; Dad: adsorbed electron donor.

This model consists of several steps:

Step 1. Electron–hole pair generation

TiO2 + hν → TiO2 (e− + h+) ([<100 fs])

Step 2. Trapping CB electrons (ecb
−) at defect Ti4+ sites

Tids
4+ + ecb

− → Tids
3+ ([100 fs–500 ps])

Step 3. Trapping valence band holes (hvb
+) at terminal Ti–OH or surface Ti–O–Ti sites

Ti-OsH or Ti-Os-Ti + hvb
+ → Ti-OsH·+ or Ti-Os

·+−Ti ([<100 fs–200 fs])

Step 4. Reduction of adsorbed electron acceptor (Aad) with ecb
− at reduction sites

ecb
− + Aad → Aad

·− ([>10 ns])

Step 5. Reduction of Aad with electrons trapped at defect sites (Tids
3+)

Tids
3+ + Aad → Tids

4+ + Aad
·− ([slow process])

Step 6. Oxidation of adsorbed electron donor (Dad) by trapped holes at oxidation sites

Ti-OsH·+ or Ti-Os
·+-Ti + Dad → Ti-OsH or Ti-Os-Ti + Dad

·+ ([100 ps–10 ns])
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Step 7. Recombination of ecb
− with trapped holes

ecb
− + Ti-OsH·+ or Ti-Os

·+-Ti → Ti-OsH or Ti-Os-Ti ([1–10 ps])

Step 8. Recombination of Tids
3+ with trapped holes

Tids
3+ + Ti-OsH·+ or Ti-Os

·+-Ti → Tidt
4+ + Ti-OsH or Ti-Os-Ti ([>20 ns])

where time scales for each step are described in brackets [21–24]. The time scales depend on the
crystalline phases, crystallinity, specific surface area, and the presence of bulk and surface defect
states in TiO2. The following assumptions were applied to this model: (a) CB electrons (ecb

−) contain
both electrons in CB and electrons trapped at shallow sites, located just below the CB edge of TiO2

within 0–0.05 eV. These electrons were assumed to be in thermal equilibrium in the bulk CB and at the
shallow trap sites; (b) Valence band holes (hvb

+) are rapidly transported to the surface hole trap sites
(Ti–OsH or Ti–Os–Ti) (Step 3); (c) trapped holes (Ti–OsH·+ or Ti–Os

·+–Ti) are the main oxidants for the
adsorbed electron donor (Dad) (Step 6); and (d) charge carrier recombination occurs between ecb

− and
holes trapped at the surface trap sites (Step 7), as well as between electrons trapped at Ti defect states
(Tids

3+) and holes trapped at the surface trap sites (Step 8), whereas the interband electron–hole carrier
recombination (e− + h+→hv or heat) is negligible.

These assumptions can be justified as follows. Tamaki and coworkers described the charge carrier
dynamics under weak excitation conditions for nano-crystalline anatase TiO2 samples in femtosecond
to microsecond time scales [22,23], which should be compatible with the actual photocatalytic reactions
under the usual UV irradiation conditions. They observed the ecb

− and hvb
+ pair generation within

100 fs, and the ecb
− migration between CB and shallow trap sites in equilibrium. These electrons

then relaxed to deep trap sites (Tids) with an approximate 500 ps time constant. Meanwhile, hvb
+

was rapidly trapped to the surface terminal Ti–OsH sites within 100 fs to create Ti–OsH·+ [22,23].
If the photoinduced event occurred in alcohols, the lifetime of the Ti–OsH·+ generated on the TiO2

surface would be in the nanosecond or sub-nanosecond time scale (approximately 0.1–3 ns in alcohols)
due to the fast reaction of Ti–OsH·+ with the abundant alcohol adsorbed on the TiO2 surface [24].
Therefore, the free hvb

+ rarely presents in the bulk or on the surface of TiO2, so that ecb
− may recombine

only with the trapped holes.

3. Origin and Energy Distribution of Electron Trap Defects (Tids)

The bulk and surface Tids are formed in reduced or doped TiO2 in both rutile and anatase
phases [17–20]. As depicted in Diebold’s review [17], the bulk Tids are easily created in the rutile
single crystal by thermal annealing in a vacuum, resulting in the formation of blue color centers,
indicating high conductivity. Therefore, TiO2 is classified as an n-type semiconductor. The H2

reduction of TiO2 creates both oxygen vacancies and Ti3+ ions, which is an electron trapped in a Ti4+

lattice site, as described in Reaction (1) using Kröger–Vink notation [14,15,19,20]

Ox
O + 2TixTi + H2 → V••

O + 2Ti′Ti + H2O (1)

where Ox
O is an O2− ion in the oxygen lattice site, V••

O is an oxygen vacancy with a double positive
charge, and Ti’Ti is a Ti3+ ion in the titanium lattice site. The two Ti’Ti that are created per V••

O have
two excess electrons, which are responsible for the n-type conductivity, the blue-black colorization,
and the enhancement of photocatalytic activity on TiO2. The H2 reduction on TiO2 can also induce a
disordered structure in the surface layer of TiO2 nanocrystals, indicated by black TiO2 [26–28]. Black
TiO2 exhibits high photocatalytic performance in decomposing organic pollutants and in generating
hydrogen gas in an aqueous methanol solution under solar light irradiation. The other titanium oxides
that have Tids are the F-doped or Nb-doped TiO2, in which oxygen atoms are substituted with fluorine
atoms or Ti atoms are replaced with Nb atoms, respectively [29]. Another type of Ti defect in TiO2
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is titanium interstitials (Ti•••i ) possessing excess Ti atoms or ions in the lattice or in the near-surface
region on TiO2 surface [17–20,30].

Facile laser ablation and processing techniques have been developed to introduce the defects into
TiO2 nanocrystals and colloids in liquid [31–34]. In a typical procedure, TiO2 suspensions are irradiated
by a high-intensity pulsed laser with frequent repetition rates to produce the characteristic blue-black
TiO2. The obtained TiO2 nanoparticles enhanced the photocatalytic activities in decomposing an
organic dye [31] and in a water splitting reaction [32].

The electronic energy of Tids is located just below the CB edge in the band gap of TiO2 in
a broad range of 0–1.8 eV [35]. Di Valentin and co-workers theoretically calculated the energy
levels of point defects in bulk anatase TiO2, which are located at 0.3, 0.4, 0.7, and 0.8 eV below
the CB edge, for six-fold-coordinated Ti introduced by F- or Nb-doping, Ti–OH species associated
with hydrogen doping, five-coordinated Ti’Ti associated with the oxygen vacancy site, and titanium
interstitials Ti•••i , respectively [29]. Deskins et al. calculated the relative energies of Tids formed in
the {110}-terminated rutile TiO2 surface by means of the density functional theory (DFT), known as
the DFT + U method [36,37]. They modeled the formation of Tids at various Ti sites, such as the
five-coordinated Ti and oxygen vacancies [37]. The calculation for the five-coordinated Ti in the
presence of surface hydroxyls indicated that deep Tids sites may exist in the second Ti layer from the
surface or under the five-coordinated Ti rows [36].

The presence of these Tids species, such as Ti′Ti and Ti•••i , can be experimentally confirmed by
means of electron spin resonance (ESR) [38–42], infrared radiation (IR) [40,42–48], ultraviolet-visible
absorption (UV–vis) [14,42,49–51], photoluminescence (PL) [52], photoacoustic [53–56],
and photoelectron spectroscopies [17,18,30]. Scanning tunneling microscopy (STM) and atomic
force microscopy (AFM) are powerful tools for the direct observation of surface Tids [17,18,30,57–59].
The oxygen vacancy (Ti’Ti accompanied by V••

O ) [57–59] and interstitial Ti (Ti•••i ) [30] sites were
directly observed on the TiO2 surface.

The Tids described above are not the only type of point defects. There are many types
of lattice defects including step edges, line defects, grain boundaries, and impurities [17].
The Tids energies can be strongly affected by site heterogeneity due to the local structures.
Furthermore, under actual photocatalytic conditions, the TiO2 surface is always covered by adsorbates,
especially solvent molecules; thus, the energy of Tids should depend on the adsorbed species [19,20].
Therefore, the information from the theoretical calculations and the photoelectron spectroscopy,
applied to the clean catalyst surfaces under ultra-high vacuum conditions, may be limited for actual
photocatalytic systems. To address this issue, Ohtani et al. developed a powerful tool for measuring
the energy-resolved distribution of electron trap states for many types of TiO2 powders, composed of
anatase, rutile, and brookite in methanol-containing gas phase, by means of reversed double-beam
photoacoustic spectroscopy (RDB-PAS) [56]. They showed that the electron energy of the trap states is
distributed around the CB edge of TiO2 and the distribution range of anatase TiO2 is relatively broader
than that of rutile TiO2 (Figure 2). The energy distribution patterns for both anatase and rutile TiO2

powders are similar to those obtained by the photochemical method, which uses the surface reaction of
the trapped electrons with methyl viologen to release its cation radical in de-aerated aqueous solution
containing methanol as a sacrificial reagent [60]. They also revealed that the total density of the traps
is well-correlated to the specific surface area of TiO2 powders, suggesting that the electron trap sites
are predominantly located on the surface of TiO2, and they do not depend on the type of crystallites in
anatase, rutile, or their mixtures.
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Figure 2. Comparison of energy-resolved distribution of electron traps (ERDT) patterns measured using
the photochemical method shown by the grey patterns [60], and reversed double-beam photoacoustic
spectroscopy (RDB-PAS), shown by the plots [56], for representative anatase (TIO−2; 18 m2g−1) and
rutile (7 m2g−1) samples. The top line, at 3.2 eV, and the dashed line show the conduction bands (CB)
edge positions of anatase and rutile estimated by the reported bandgaps at 3.2 and 3.0 eV, respectively.
Reprinted from reference [56], an open access article under conditions of the Creative Commons
Attribution (CC BY) license.

The energy distribution of Tids can also be obtained by an electrochemical method [61,62]. In this
method, the potential variation in accumulated charge at the TiO2 electrode can be measured in
aqueous solution. By calculating the derivative of the accumulated charge (Q) versus the applied
potential (U), the energy density of Tids is directly proportional to dQ/dU and the plot of dQ/dU vs. U
reflects the energy distribution of Tids. The maximum density of Tids is located around 0.25–0.4 eV
below the CB edge for nanostructured anatase TiO2 and P25 TiO2 samples with a ratio of anatase to
rutile of approximately 80:20. Thus, the distribution of Tids within 0–0.4 eV is predominant, so that
electrons trapped in these trap states may participate in the reductive reaction on TiO2.

4. Reactivity of Trapped and Accumulated Electrons

This section highlights the reactivity of electrons trapped at Tids and accumulated in CB in
the reductions of molecular oxygen O2 and molecular nitrogen N2, and the hydrogenation and
dehalogenation of selected organic substrates occurring on TiO2. The reductive reactions associated
with Tids have been extensively investigated under various experimental conditions and through
theoretical calculation methods. Although many studies have been performed for clean surfaces on
TiO2 under high-vacuum conditions [17,18,30,57–59], here we focus on the reactions occurring on
powder or colloidal TiO2 under conventional gas or liquid phase conditions.

Here we define the terms ‘accumulated electrons’ (ecb
−) and ‘trapped electrons’ (Tids

3+) to
distinguish them. Accumulated electrons contain both electrons in CB and electrons trapped at
shallow Ti states, located just below the CB edge of TiO2, within 0–0.05 eV. These electrons can be in
thermal equilibrium between the bulk CB and at the shallow trap sites, and easily migrate through these
states. The accumulation of electrons in these states should occur after saturation of the intra-bandgap
Ti states (Tids) during UV irradiation. These electrons are highly reactive at the TiO2 interface (Step 4 in
Figure 1).The trapped electrons Tids

3+ mean the electrons trapped at Tids are located in relatively deep
energy from the CB edge. Therefore, the trapped electrons Tids

3+ cannot be excited thermally to the CB
or the shallow states, exhibiting either low or no reactivity at the TiO2 interface (Step 5 in Figure 1).

The trapped electrons Tids
3+ and the accumulated electrons ecb

− are quite stable in the presence
of a good sacrificial hole scavenger, such as alcohols or amines, and in the absence of electron acceptors
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such as O2, the lifetime may exceed several hours [50,51,63]. This extremely long lifetime of Tids
3+

and ecb
− is attributable to the excellent hole scavenging ability of the sacrificial reagents on the TiO2

surface [24], which prevents the recombination of Tids
3+ and ecb

− with the surface trapped holes.
In other words, the hole scavengers inhibit Steps 7 and 8 in Figure 1. The excess charges caused by
electrons Tids

3+ and ecb
− on the irradiated TiO2 are balanced by the insertion (intercalation) of protons

into the TiO2 lattice [47,62,64,65]. The electrons Tids
3+ and ecb

− show the unique blue-black coloration
from the visible to the IR region [14,40,42–51], which enables the tracing of the lifetimes of the species
generated on the irradiated TiO2. Interestingly, the electrons Tids

3+ and ecb
− are distinguishable by

measuring IR spectra. The free electrons ecb
− exhibit the typical exponential frequency-dependent

spectrum that is attributed to the intra-CB transition [43,44,46,48], whereas the trapped electrons
Tids

3+ are characterized by a broad absorption in the mid-IR region that is ascribed to a direct optical
transition [46,48].

4.1. Reduction of Molecular Oxygen and Hydrogen Peroxide

The interfacial electron transfer between molecular oxygen (O2) and electrons Tids
3+ or ecb

−

on nanocrystalline TiO2 films was examined using a transient UV–vis absorption spectroscopy in
gas phase [66]. In the presence of ethanol, as a sacrificial hole scavenger under ethanol-saturated
conditions (5.8%), the half-life (t50%) of the electron-species Tids

3+ and ecb
− was approximately

0.5 s in the absence of O2. The t50% value drastically decreased with increasing O2 concentration,
to approximately 12 μs in an oxygen concentration of 21% (air saturated conditions). Thus, the efficient
electron transfer of molecular oxygen in a gaseous phase occurred on TiO2 films by using ethanol
as the hole scavenger. The dynamics of the electron transfer between O2 and the nanosized TiO2

particles in a liquid phase were also investigated by employing a simple and facile stopped flow
technique [50,51]. With methanol as the hole scavenger, the electrons on the TiO2 particles, in an
argon-purged and de-aerated aqueous solution, were accumulated by pre-UV irradiation, causing
blue colorization characterized by a broad absorption band in the visible light region of 400–800 nm.
In the stopped flow experiment, the TiO2 solution containing the electron-species Tids

3+ and ecb
−

was mixed with the aqueous solution containing O2 at pH2.3, and the change in absorbance of the
electrons was recorded at 600 nm. The absorbance signal decreased slowly with a rate constant of
8.9 × 10−7 mol L−1 s−1 in the absence of O2, whereas the signal rapidly disappeared within a few
seconds under O2-saturated conditions. Thus, efficient electron transfer from the accumulated TiO2

to O2 proceeded even in the aqueous solution. The reduction of hydrogen peroxide (H2O2) was also
confirmed by the same stopped flow experiment [50,51]. The decay rate of the electron-species Tids

3+

and ecb
− in the H2O2 reduction was slower than in the O2 reduction under similar conditions.

The reduction of O2 on TiO2 results in the formation of reactive oxygen species (ROS),
such as superoxide anion radicals (O2

·−), hydroperoxy radicals (·OOH), hydrogen peroxide (H2O2),
and hydroxyl radicals (·OH), under both aqueous and aerated conditions [6,21]. These ROS
play a crucial role in the photocatalysis on TiO2 for water purification, air cleaning, self-cleaning,
self-sterilization, etc. The sequential ROS generation on photo-irradiated TiO2 under acidic conditions
can be depicted as follows [6,21,50,51]:

Photoreduction: O2 + (Tids
3+ and ecb

−) → O2
·−

Protonation: O2
·− + H+ →·OOH

Disproportionation: 2·OOH → H2O2 + O2

Photoreduction: H2O2 + (Tids
3+ and ecb

−) →·OH + OH−

Though the CB edge of anatase TiO2 is located at −0.27 V vs. standard hydrogen electrode
(SHE) at pH2.3 [67], anatase TiO2 produced the superoxide anion radial by photoexcitation; O2/O2

·−

was approximately 0.33 V vs. SHE [68]. This could be due to the strong adsorption of O2 at the
Tids sites, such as V••

O , which may lead to a positive shift of the redox potential (O2/O2
·−). In this

electron transfer step, an electron seems to be transferred from the Ti 3d orbital to the π* orbital of the
adsorbed O2.
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4.2. Reduction of Molecular Nitrogen, Nitrate, and Nitrite Ions

Molecular nitrogen (N2) is chemically stable, so photocatalytic reduction of N2 to ammonia (NH3)
under ambient temperature and pressure is challenging. Hirakawa and coworkers recently reported
that the photocatalytic conversion of N2 to ammonia with water occurred on the bare TiO2 powders
under ambient conditions [69]. They stated that the active sites for N2 reduction are the Tids with
oxygen vacancies mainly formed on the rutile {110} surface. They investigated the photocatalytic
reductions of nitrate (NO3

−) and nitrite (NO2
−) ions to ammonia and N2 on bare TiO2 under ambient

conditions [70]. They proposed that the Tids sites selectively promoted the eight-electron reduction of
NO3

− to NH3 (NO3
− + 9H+ + 8e− → NH3 + 3H2O), while the Lewis acid site promoted nonselective

reduction, resulting in N2 and NH3 formation. Thus, TiO2 with many Tids and a small number of Lewis
acid sites produced ammonia with very high selectivity. The use of artificial fertilizers in agriculture
has caused a great deal of concern for water pollution caused by the production of NO3

− and NO2
−

ions from fertilizers [71]. Therefore, a chemical process for the reduction of NO3
− and NO2

− ions on
TiO2 may be useful for an environmental recycling process.

4.3. Hydrogenation of Carbonyl Compounds

Kohtani et al. examined whether electrons Tids
3+ and ecb

− transfer to acetophenone (AP)
derivatives adsorbed on TiO2 [63,72]. The photoreductive hydrogenation of several aromatic carbonyl
compounds was confirmed to occur on UV-irradiated P25 TiO2 as illustrated in Scheme 1 [72,73].
They evaluated the number of transferred electrons in the injection experiment using a pre-irradiated
TiO2 suspension. When the P25 TiO2 powder was dispersed in de-aerated ethanol as a hole scavenger
and irradiated with UV light for 2 h, the white color of TiO2 powder changed to blue-gray. After the
blue-gray color change was confirmed, a large amount of AP derivatives was injected into this
TiO2 suspension in the dark. In this experiment, ethanol acted not only as a solvent but also as a
hole scavenger.

Scheme 1. Photocatalytic hydrogenation of aromatic carbonyl compounds: Ar = aromatic ring, R = H,
Me, Et, i-Pr, or CF3. Reprinted with permission from reference [72]. Copyright (2014) The Royal Society
of Chemistry.

Figure 3a shows that the blue-gray color of the pre-irradiated P25 TiO2 suspension remained for a
few days in the absence of AP derivatives [63], meaning that the electrons accumulated on the P25
TiO2 surface are quite stable in the de-aerated ethanol. Figure 3b,c show the color change induced by
the addition of aromatic carbonyl compounds. The blue-gray color of TiO2 rapidly changed after the
injection of 2,2,2-trifluoacetophenone (TFAP) where the aromatic ring (Ar) was C6H5 and the R was
CF3 (Scheme 1). The change from blue-gray to white was completed within 3 h in the TFAP solution as
shown in Figure 3c. This result indicates that all the trapped and accumulated electrons on TiO2 were
consumed in the reduction of TFAP within 3 h. On the other hand, with AP, a part of the blue-gray
species on TiO2 was remarkably stable even after 50 h, as shown in Figure 3b, which may be due to the
remaining electrons trapped at the deep states of TiO2.
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Figure 3. Color changes of the pre-irradiated P25 TiO2 powder dispersed in de-aerated
ethanol (a) in the absence of substrates, and after injection of (b) 300 μmol acetophenone (AP),
or (c) 2,2,2-trifluoacetophenone (TFAP). Adapted with permission from reference [63]. Copyright
2012 American Chemical Society. UV irrad.: UV irraditaion.

Figure 4 depicts the time evolution of the secondary alcohols 1-phenylethanol (AP-OH) or
1-phenyl-2,2,2-trifluoroethanol (TFAP-OH), as products after the injection of substrates AP or TFAP,
into the sufficient pre-irradiated TiO2 suspension, respectively [63]. The amount of each product
quickly grew within 0.5 h, which agrees with the observation of color change in the TiO2 suspension
(Figure 3b,c). The amount of TFAP-OH product obtained from the reactive substrate TFAP rapidly
increased, and reached 5.4 μmoL within 1 h. Assuming all Tids

3+ and ecb
− electrons were consumed in

the reductive hydrogenation of TFAP, the total amount of Tids
3+ and ecb

− on the TiO2 powder was
estimated to be about 100 μmol·g−1. The time evolution of AP-OH from the less reactive substrate
AP consisted of a fast component within 0.5 h, and a slow component after 0.5 h, which increased
gradually to reach 4.1 μmol (Figure 4). The slow component represents the slow electron transfer event
from middle Tids, between shallow and deep states, to AP adsorbed on TiO2. The total amount of
AP-OH production was about 25% smaller than that of TFAP-OH production. In the reduction of the
less reactive substrate AP, the deep Tids

3+ species remained on the TiO2 surface for a long time (>20 h)
after the injection of AP. The amount of deep Tids

3+ that remained on TiO2 was roughly estimated to
be 25% given the difference between the amounts of TFAP-OH (5.4 μmoL) and AP-OH (4.1 μmoL).
Thus, the residual 25% electrons could not react with AP and remained at the deep trap sites.

 

Figure 4. Time evolutions of the amount of AP-OH (�) and TFAP-OH ( ) after the 300 μmol injection of
substrate (AP or TFAP) into the 2 h pre-irradiated TiO2 suspension at 32 ◦C Adapted with permission
from reference [63]. Copyright (2012) American Chemical Society.
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Assuming that all Tids
3+ and ecb

− electrons react with TFAP, the percentages of reacted electrons
were estimated for other AP derivatives, as summarized in Table 1 [72]. The number of reacted
electrons showed a tendency to decrease with decreasing the reduction potential (Ered) of the substrates
according to the dependence on the actual reaction rates as listed in Table 1. This implies that the rates
of photocatalytic hydrogenation of AP derivatives are governed by the electron transfer efficiency
from the Tids sites to the adsorbed AP sites. Notably, the relative position between the Tids energy
distributed within the bandgap and the acceptor level of the AP derivatives (the solid Gaussian curve)
should be appropriate (Figure 5) [72]. The energy distribution of Tids in TiO2 powders and colloids can
be obtained by photochemical [60], electrochemical [61,62], and RDB-PAS [56] methods. The acceptor
levels of AP derivatives can be estimated by the Marcus theory [72,74–76].

Table 1. Reduction potentials, amount of reacted electrons, percentages of reacted electrons,
and reaction rates at maximum concentration of substrates [72]. Adapted with permission from
reference [72]. Copyright (2014) The Royal Society of Chemistry.

 

Substrate Ered/V a Amount of Reacted
Electrons b/μmoL

Percentage c/% Reaction Rate d/mMh−1

1 (TFAP) –1.35 10.2 100 –
2 –1.59 8.22 81 3.4 ± 0.2
3 –1.62 6.32 62 2.2 ± 0.2
4 –1.80 6.09 60 2.0 ± 0.1

5 (AP) –1.89 7.38 72 1.9 ± 0.1
6 –0.92 5.70 56 1.2 ± 0.1
7 –1.94 4.76 47 0.75 ± 0.05

a Reduction potentials vs. SHE (standard hydrogen electrode). b Molar number of reacted electrons estimated by
the injection experiment using a pre-irradiated TiO2 suspension. c Percentage of the reacted electrons per the total
amount of Tist

3+ and ecb
− (10.2 μmol) generated on 0.10 g TiO2. d Reaction rates at the maximum concentration

of substrates.
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Figure 5. Schematic illustration of the electron transfer reaction from the Tids states to the adsorbed
AP derivatives, where Ered is the reduction potential of AP derivatives, λ is the reorganization energy
(approximately 0.7 eV for AP), and E0 is the energy at the top of curve for the acceptor level, calculated
by qEred – λ and shown by the solid line. The dotted line indicates the donor energy level for
anionic species. Reprinted with permission from reference [72]. Copyright (2014) The Royal Society
of Chemistry.
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Kohtani et al. also reported the photohydrogenation of AP derivatives on P25 TiO2, modified
with metal-free organic dyes such as rhodamine B, fluorescein, and coumarin derivatives [77,78].
The use of these organic dyes successfully extended the UV response of TiO2 to the visible light region,
though these reaction rates were much slower than the hydrogenation rate using UV excitation of
non-modified TiO2. In this dye-sensitized system, the electron injection from dye into TiO2 can take
place in two different ways: (1) injection via a lowest unoccupied molecular orbital (LUMO) level of
the excited dye to the CB of TiO2, and (2) direct injection of TiO2 to CB on the excitation of the charge
transfer complex (TiO2

δ− dyeδ+) [77]. The injected electrons should then be distributed to the Tids
sites on the P25 TiO2 surface. The accumulated electrons were observed with the blue-gray color for
all dye-TiO2 powders during visible light irradiation.

4.4. Defluorination of Fluorinated AP Derivatives

Compounds containing fluorine atoms are often used as pharmaceutical and agrochemical
reagents. Since the C–F bond is one of the strongest bonds, C–F bond activation and cleavage is a field
of current interest in organic chemistry [79], although less is known about the catalytic activation and
cleavage methods. Photocatalytic reaction is one of the promising methods to promote the activation
and cleavage of the C–F bond of fluorinated compounds under mild conditions. Therefore, an attempt
was made to use trapped and accumulated electrons on TiO2 for the sequential multi-step electron
transfer in the reduction of fluorinated AP derivatives (Figure 6) [80]. The reaction of fluorinated AP
derivatives on TiO2 showed the two photocatalytic reductive transformations, i.e., the defluorination
and reduction of the carbonyl group. The reduction of 2-fluoromethylacetophenone (MFAP) only
provided the ketone AP because of the C–F bond cleavage, whereas the reaction of TFAP only
provided the alcohol TFAP-OH as a result of the reduction of the carbonyl group. Interestingly,
the reduction of 2,2-difluoromethyacetophenone (DFAP), possessing characteristics between those
of MFAP and TFAP, gave the defluorinated ketones, MFAP and AP, as well as hydrogenated alcohol
1-phenyl-2,2-difluoroethanol (DFAP-OH), as shown in Figure 6. The defluorination reactions became
unfavorable with increasing the number of fluorine atoms on the substrates. This mainly arises because
of the increase in the bond dissociation energy of the C–F bond and the positive shift of the reduction
potential of fluorinated AP derivatives with the increasing number of fluorine atoms [80].

Figure 6. Schematic illustration on the photocatalytic reduction of 2,2-difluoromethyacetophenone
(DFAP) on the UV irradiated TiO2. Reprinted with permission from reference [80]. Copyright (2016)
Elsevier B.V.
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4.5. Hydrogenation of Nitroaromatic Compounds

Several organic nitroaromatic compounds can be easily hydrogenated to create the corresponding
amino compounds on the UV-irradiated TiO2 in the presence of 2-propanol as a sacrificial hole
scavenger (Scheme 2).

 

Scheme 2. Photocatalytic reduction of nitroaromatic compounds and oxidation of 2-propanol as a
sacrificial hole scavenger.

Shiraishi et al. reported that some kinds of rutile TiO2 particles promote the highly efficient
photocatalytic hydrogenation of nitroaromatic compounds [81,82]. They claimed that the oxygen
vacancy sites on the rutile {110} behave as the adsorption sites for the nitroaromatic compounds and
the electron trap sites, resulting in the formation of aniline derivatives with significantly high yields of
greater than 25% at 370 nm [81]. They also found that the activity of rutile particles depends on the
number of defects on the particles [82]. The inner (bulk) defects behave as the deactivation sites for the
recombination of electrons and holes, whereas the surface defects behave as the active reaction sites as
well as the deactivation sites. As a result, the reaction rate is proportional to the ratio of the amount of
surface defects to that of total defects (Nsurface/Ntotal) in the rutile TiO2 particles, which aligns with the
report of Kong and coworkers [16].

Molinari and coworkers examined the selective hydrogenation of NO2–C6H4–CHO, bearing the
two reducible functional groups, –NO2 and –CHO [62]. They found that the nitro group was easily
reduced by the trapped electrons at Tids within the bandgap, whereas the aldehyde group was reduced
by electrons accumulated on CB. Therefore, the chemoselective reduction of functional groups can
be controlled by the energy distribution patterns of Tids, which may depend on the type of TiO2

powders. The selective reduction of functional groups is difficult to achieve through conventional
thermal catalysis. Therefore, this topic is an interesting issue for chemoselective photocatalysis.

5. Summary and Potential for the Development of Efficient Photocatalysis

According to the reports of Kong et al. [16] and Shiraishi et al. [82], the photocatalytic efficiencies
increased with increasing the ratio of the amount of surface to bulk defects (Nsurface/Nbulk) or
the amount of surface to total defects (Nsurface/Ntotal). For example, molecular oxygen (O2) in a
gaseous phase would be easily adsorbed on the surface Tids and reduced by electrons Tids

3+ and ecb
−,

resulting in the efficient formation of ROS, which oxidize benzene efficiently [16]. Further, the surface
Tids behaves as the active reaction site in the efficient reduction of nitrobenzene [81]. Thus, the surface
defects favorably act as adsorption sites as well as reaction sites.

In addition, the relative position between the energy distributions of Tids and the acceptor level
(reduction potential) of substrates should be appropriate as indicated in Figure 5 [72]. The electrons
accumulated in CB and trapped at shallow Tids can easily participate in the reaction, whereas those
trapped at deep Tids cannot [63]. These unreacted electrons remain at the deep Tids sites and exhibit an
extremely long lifetime in alcohols. Thus, the shallow traps enhance photocatalytic activity, while the
deep traps cause a reduction. Furthermore, Amano et al. proposed that the creation of shallow Tids
greatly enhances electrical conductivity, thereby facilitating the charge transport and separation caused
by the formation of band bending in the space charge layer at the TiO2-liquid interface [14,15].

In conclusion, the development of highly active photocatalysts necessitates precise control of
the structural properties; the density of surface shallow traps should be maximized and the density
of deep traps as well as inner (bulk) traps minimized, as proposed by Ohtani [83]. One of the
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promising strategies for meeting these requirements is the use of highly uniform TiO2 nanocrystals
with specific exposure of the reactive facets [42,84–87]. In particular, the anatase {101} and {001} facets
have been reported to be favorable for the reductive and oxidative reactions in TiO2 photocatalysis,
respectively [87–91]. If the reductive and oxidative facets could be selectively covered with a
large amount of the active shallow Tids and the terminal Ti–OsH hole trapping sites, respectively,
the photocatalytic activity on the TiO2 nanocrystals would be greatly enhanced by the effective
electron-hole charge separation, followed by the subsequent charge transfer reactions at the specific
reductive and oxidative sites. Therefore, special attention should be directed toward the development
of TiO2 nanocrystals with precisely controlled facets.
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Abstract: Advances in the synthesis of pure brookite and brookite-based TiO2 materials have opened
the way to fundamental and applicative studies of the once least known TiO2 polymorph. Brookite is
now recognized as an active phase, in some cases showing enhanced performance with respect to
anatase, rutile or their mixture. The peculiar structure of brookite determines its distinct electronic
properties, such as band gap, charge–carrier lifetime and mobility, trapping sites, surface energetics,
surface atom arrangements and adsorption sites. Understanding the relationship between these
properties and the photocatalytic performances of brookite compared to other TiO2 polymorphs is
still a formidable challenge, because of the interplay of many factors contributing to the observed
efficiency of a given photocatalyst. Here, the most recent advances in brookite TiO2 material synthesis
and applications are summarized, focusing on structure/activity relation studies of phase and
morphology-controlled materials. Many questions remain unanswered regarding brookite, but one
answer is clear: Is it still worth studying such a hard-to-synthesize, elusive TiO2 polymorph? Yes.

Keywords: TiO2; brookite; polymorph; polymorphism; photocatalysis

1. Introduction

Polymorphism—the ability of a solid material to exist in more than one crystal structure—is
a common property of metal oxides [1]. Different polymorphs have distinct chemico-physical
properties, such as electronic and optical properties, magnetism [2], ion conductivity [3],
photo/electro-chromism [4], and surface energy and atom arrangement, which in turn affect the
material performance in various applications, such as sensing [5] and photocatalysis [6,7]. Rationalizing
the effect of crystal structure on the performance of a photocatalytic material is a pivotal research
goal, since both Fe2O3 and TiO2, the most investigated and widely used photocatalysts, may exist in
different crystal structures [7,8]. Nonetheless, studying such a relation is not a trivial task, because of
the many interconnected factors which influence the rate of photochemical reactions (e.g., particle size,
shape, crystallinity, number/type of defects, electron–hole recombination, surface area, reactant and
intermediate species adsorption on the catalyst surface) and the difficulty of synthesizing materials
with a single crystal structure. The latest advances in nanotechnology are shedding new light on
the field of photocatalysis, helping to understand the role of crystal structure and morphology in
photocatalytic processes.

There are four commonly known polymorphs of TiO2: anatase (tetragonal), rutile (tetragonal,
the most thermodynamically stable phase), brookite (orthorhombic) and TiO2 (B) (monoclinic) [9].
The structural parameters of these polymorphs are listed in Table 1. Such different lattice structures
cause different mass densities and electronic band structures in TiO2 polymorphs. The exact position
of the conduction and valance band edges of TiO2 polymorphs is still debated, mostly because it is
dependent on the purity of the material, its crystallinity and its particle dimensions. While a consensus
has been reached for an approximate band gap value, Eg, of anatase (3.2 eV) and rutile (3.02 eV), the
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reported experimental Eg values of brookite range from 3.1 to 3.4 eV: both smaller and larger than that
of anatase [10]. Even more uncertain is the value of Eg of monoclinic TiO2 (B), reported in the range
of 3.1–4.1 [11–13]. Theoretical approaches (e.g., hybrid functionals, GW methods, the Bethe-Salpeter
equation (BSE) method) are also not able to accurately estimate both the fundamental and optical
band gap of these materials [10,13,14]. Nonetheless, determining the band gap, the flatband potential
and the energy level of trap states, defects and impurities is crucial for the design of materials with
improved photocatalytic properties, so future theoretical and experimental detailed studies are needed
in order to solve these issues [15].

Table 1. Structural parameters of the main TiO2 polymorphs. Date reproduce from reference [9], with
permission of the American Chemical Society, 2017.

Polymorph Crystal System Space Group
Unit Cell Parameters

a/nm b/nm c/nm β/degree

anatase tetragonal I41/amd 0.379 - 0.951 -
rutile tetragonal P42/mnm 0.459 - 0.296 -

brookite orthorhombic Pbca 0.918 0.545 0.515 -
TiO2 (B) monoclinic C2/m 1.216 0.374 0.651 107.3

Once considered inactive, brookite is now gaining more and more attention in the field of
photocatalysis due to its peculiar performance. A very comprehensive review of brookite was
published some years ago by Di Paola et al. [10]. while some detailed reviews on TiO2 for photocatalytic
applications can be found in the literature, focusing on electronic properties [16], exposure of tailored
facets [17] and nanostructural control [18]. The present review is focused on the advancement in
brookite synthesis for photocatalytic applications, a research field in rapid expansion. First, the most
advanced synthetic methodologies to produce pure brookite and well-defined brookite-containing
composites are presented, together with some guidelines for thorough characterization of the materials.
Then, some applications of brookite as a photocatalyst are outlined in comparison with the performance
of other TiO2 polymorphs. Finally, structure/activity relations are summarized and a perspective on
the future development of brookite nanostructured materials is given.

2. Characterization

TiO2 polymorphs are usually identified by X-ray diffraction (XRD) or Raman spectroscopy. The
presence of brookite in a TiO2 sample can be evidenced by the presence of the characteristic (121)
peak at 2θ = 30.8◦ in the XRD pattern (Figure 1a). While rutile is also straightforward to identify
from XRD patterns, thanks to the (110) peak at 27.43◦, the detection of anatase in an apparently pure
brookite sample is complicated by the overlapping of the (101) main diffraction peak of anatase at
25.28◦ with the (120) and (111) peaks of brookite, at 25.34◦ and 25.28◦, respectively (Figure 1a). In order
to quantitatively assess the phase composition of a TiO2 sample, the whole XRD pattern should be
fitted by a structure refinement method, such as the Rietveld method [19]. The method is very accurate
as it allows us to take into account the broadening of the XRD peaks at higher Bragg diffraction angles
and the possible preferred crystal orientations in plate- or rod-like crystallites, for which the reflex
intensities vary from that predicted for a completely random distribution. In a study by some of
the present authors on the synthesis of TiO2 nanocrystals with precise and tunable exposed facets,
the Rietveld method was used in conjunction with simulations and electron microscopy results to
determine the phase and the average nanocrystal dimensions [20].

22



Catalysts 2017, 7, 304

  
(a) (b) 

Figure 1. (a) XRD patterns (colored dots) and Rietveld analysis (black lines) of pure rutile, anatase
and brookite (reproduced from [21] with the permission of the Elsevier, 2017) and (b) corresponding
Raman spectra.

Raman spectroscopy can be used in combination with XRD in order to gain more insight into the
phase composition of TiO2 samples. Raman is very sensitive to minor phase impurities which might
go undetected by XRD, and allows spatial mapping in the 10 × 10 micrometer resolution in confocal
microscope setups. Since the vibrational spectrum of brookite presents more bands than the other
two polymorphs, small amounts of brookite can be detected (Figure 1b) [22]. The more symmetric
anatase and rutile structure gives rise to much simpler Raman spectra, with characteristic features
evidenced in Figure 1b [23]. Insights into the surface/bulk distribution of phases in a TiO2 sample
can be gained by a combination of common visible/IR Raman with UV Raman spectroscopy, which is
more surface-sensitive due to the adsorption of UV light by TiO2 [24,25]. This approach was used to
demonstrate that, in the anatase → rutile transition, rutile forms in the bulk, while anatase can persist
on the surface of the sample to higher temperatures than previously thought. Applying this method to
the study of brookite-based samples could lead to a deeper understanding of brookite formation and
phase transitions.

Transmission electron microscopy (TEM) can provide insights in the phase composition of small
areas of the material (hundreds of nanometers in size) by electron diffraction over a selected area
electron diffraction pattern (SAED) [26]. In this regard, it can be used in combination with XRD, which
gives bulk-sensitive results. Moreover, high-resolution TEM (HRTEM) can reveal the presence of
amorphous material, which can be also quantified quite precisely by electron energy loss spectroscopy
(EELS), provided that a crystalline and amorphous standard are available [27]. HRTEM can be used to
study preferential exposure of facets, crystal morphology, grain boundaries and presence of defects,
which can all influence the photocatalytic activity of a material and are therefore very important in
structure/activity relation studies. Nonetheless, in some cases it is hard to distinguish between TiO2

phases, making a definitive assignment difficult if nanocrystals are not suitably aligned with respect to
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the electron beam [28]. Moreover, the presence of defects and lattice deformation can lead to slight
changes of diffractograms, so intensive characterization is needed in this kind of HRTEM study [26].

Quite interestingly, X-ray absorption spectroscopy (XAS) techniques have seldom been used to
study TiO2 polymorphism [29–31], despite the crystal structure sensitivity of such methods. A reason
for this is that XAS techniques are not for routine characterization, since they require access to
synchrotron facilities. However, Ti L3-edge and O K-edge XAS can be used to study the local Ti and O
symmetry and to investigate the crystal structure in great detail. For instance, the pre-edge region of
the Ti L3-edge allows accurate quantification of the degree of crystalline nature of a sample, in a more
sensitive way than is performed by XRD [30]. Finally, in-situ studies would give new insights into
phase transition processes and in structure–activity relations.

Other characterization techniques, not sensitive to phase composition, are nonetheless essential
in order to fully characterize and study TiO2 materials, especially for their use in photocatalysis and
to study structure/activity relations. A comprehensive discussion of all such techniques is out of the
scope of this paper, but recent reviews on the topic can be found in the literature [32,33].

3. Synthesis

The first synthesis of pure brookite dates back to the 1950s [34]. Since then, a lot of progress has
been made in controlling the phase composition of TiO2 materials, and now a number of synthetic
methods exist to produce pure and mixed-phase brookite, rutile and anatase. The effect of the
preparation parameters of TiO2 materials on the final phase composition has also been widely
investigated and was recently reviewed by Kumar and Rao [35]. However, the development of
new phase-specific synthetic routes remains a trial-and-error process, due to the many thermodynamic
and kinetic factors influencing the final phase composition. Indeed, the thermodynamic stability
of polymorphs in nanocrystal systems is strongly affected by surface energy contributions, which
in turn depend on the nanoparticles size, shape, exposed facets and surface adsorbates, as recently
reviewed [36]. Kinetic processes such as reactant diffusion and ripening can be even more influential
in particle formation and growth regimes, which usually occur far from equilibrium. The fact that
brookite synthesis is more challenging than that of anatase and rutile is due to the narrower energy
stability window of brookite compared to other polymorphs.

Moreover, brookite, anatase and monoclinic TiO2 (B) are all metastable phases, and are
transformed to the most thermodynamically stable polymorph—rutile—by annealing at high
temperatures. Therefore, post-synthetic temperature treatments, usually employed to improve the
degree of crystallization, to reduce the sample or to remove organic precursors, should be carefully
controlled in order to avoid the phase transformation of metastable polymorphs. The process of phase
transformation has been widely investigated, especially on anatase, but its mechanism is not yet
consolidated, to the point that all these transitions were observed: anatase to brookite to rutile [37],
brookite to anatase to rutile [38], anatase to rutile [39,40], and brookite to rutile [41]. This is due to
the fact that the phase transformation process depends on many factors, such as starting material,
temperature, particle size, surface area [37], surface defect sites and presence of adsorbates [42]. The
transformation sequence was rationalized in terms of surface enthalpy crossover upon coarsening [37],
but further studies are needed in order to shed some light on such a complex process.

Hydrothermal methods are the most commonly employed to synthesize brookite. Briefly,
a TiO2 precursor is mixed with water or organic solvents, an acid or base and additives such as
capping/chelating agents or salts, and heated in an autoclave to moderately high temperatures and
pressures. Typical Ti precursors are chlorides (TiCl3, TiCl4), Ti(SO4)2, alkoxides (e.g., isopropoxide,
butoxide), alkaline titanates and amorphous titania. In general, there is no one-fit-all strategy in order
to obtain brookite; acidic or basic conditions can be employed to obtain pure brookite, depending on
the set of conditions, and additives which are necessary in one case can be avoided by changing other
synthetic parameters. Nonetheless, varying the reaction parameters in a systematic way, different
polymorphs can be obtained [43,44].
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Adapting the procedure reported by Zhao et al. [45], some of us showed that pure brookite,
anatase and rutile with a well-defined shape and dimension can be obtained using titanium (IV)
bis(ammonium lactate) dihydroxide, Ti(NH4C3H4O3)2(OH)2, and varying the concentration of urea in
aqueous solution (0 to 7.0 M) at 160 ◦C for 24 h (Figure 2). Pure brookite nanorod formation was favored
by higher urea concentrations, corresponding to higher pH values due to urea decomposition, in
accordance with the literature [45,46]. Interestingly, the use of comparable urea concentrations to those
reported by Zhao et al. resulted in slightly different phase compositions of the final material, probably
because of the influence of setup parameters such as autoclave free volume and heating/cooling
method [21].

  
(a) (b) 

Figure 2. (a) Evolution of phase composition and (b) mean crystallite sizes as a function of the initial
urea concentration. Reproduced from reference [21] with the permission of the Elsevier, 2017.

The drawbacks of hydrothermal synthesis are high energy consumption, low throughput and
of difficult scalability due to the high pressure and temperature conditions of the sealed synthesis
vessel, which also makes in-situ monitoring of the synthesis a challenging task. However, to the best
of our knowledge, pure brookite has not been synthesized so far by other wet-chemistry methods,
such as sol-gel, ionic liquids assisted synthesis, ultrasound and microwave-assisted synthesis and
microemulsion [35,47]. The reason for this is most probably related to the aforementioned narrower
stability window of brookite compared to other polymorphs, but this aspect surely deserves more
investigation in the future.

Mechanochemical activation methods, such as ball milling (BM), are emerging as more sustainable
synthetic methods because of the absence of bulk solvents and the possibility to use metal oxides or
hydroxides as starting materials [35,48]. While pure brookite synthesis by BM has not been reported
so far, future studies could clarify the role of the reaction parameters on the phase composition of the
final material. Moreover, brookite could be used as a starting material in BM synthesis in order to
study its stability (and therefore the feasibility of the synthetic method) and the phases formed under
different conditions.

Modification of TiO2 by doping (H, N, C, metal ions), co-doping and self-doping (Ti3+, black
titania [49]) are general strategies to enhance TiO2 light harvesting and photocatalytic properties.
Doped brookite synthesis by the introduction of dopants or their precursors in brookite hydrothermal
synthesis was recently reported [10]. As suggested by a computational study of TiO2 polymorphs
(H,N)-co-doping, the effect of doping on the electric properties of anatase, rutile and brookite can be
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different. For instance, (H,N)-co-doping reduced the band gap of anatase and brookite, but had little
effect on rutile [50]. Combined experimental and theoretical results on this topic could greatly extend
our knowledge of TiO2, and some efforts have been recently spent in this sense [51].

Self-doping of TiO2 by Ti3+ can be accomplished by various reduction methods, using plasma or
thermal, chemical or electrochemical activation [49]. With the intent of avoiding harsh, harmful and
expensive methods, recent studies focused on the development of yet other synthetic routes [52,53].
For instance, pure black brookite synthesis was recently reported, in which melted Al was used as a
reducing agent in a two-zone vacuum furnace, instead of employing more dangerous H2 [52]. In this
case, the Al reduction reportedly starts from the brookite surface and causes lattice disorders and
oxygen vacancies in the surface layer. Xi et al. reported a hydrothermal synthesis of black brookite
using post-annealing treatment in order to introduce large amount of Ti3+ defects in the bulk of the
nanoparticles [53]. Interestingly, no rutile or anatase were detected after N2 annealing treatment
at elevated temperatures (up to 700 ◦C), suggesting that brookite can be stabilized by reduction.
Systematic studies comparing different synthetic routes are greatly desired, since the synthetic method
can affect the properties and performances of black TiO2 materials, leading to the diverse results
rationalization found in the literature [49]. Controlling the amount and spatial distribution of surface
lattice disorder, oxygen vacancies, Ti3+ ions, Ti–OH and Ti–H groups present in black TiO2 would
also open the way to band-gap engineering in order to enhance photocatalytic performances in
targeted reactions.

Finally, in order to scrupulously study structure/activity relations in TiO2 materials, the
synthesized samples should not only have controlled phase composition, but also well-defined
crystallite dimensions and morphology. Indeed, different facets of TiO2 crystals have distinct
photocatalytic properties as a result of different atomic and electronic structure [17,54]. The
nanostructure also plays a pivotal role in photocatalysis. For instance, the rate of electron–hole
recombination in brookite nanorods can be controlled by engineering their length, as recently
reported by some of us [28]. The synthesis of nanostructured TiO2 has been widely investigated
in the literature [18,20,55], so that a wide library of morphology-controlled materials can now
be produced. Structure/activity studies on TiO2 are thriving, as they can provide great
insights into reaction mechanisms and give an indication of how to enhance the performance of
state-of-the-art photocatalysts.

4. Photocatalytic Studies

The phase composition of TiO2 nanomaterials is one of the factors strongly influencing
photocatalytic reaction activity and selectivity [56]. This is mainly due to the phase-dependency
of electronic structures (band gap, charge-carrier lifetime and mobility, exciton diffusion length,
trapping sites) and of preferentially exposed surfaces with different energy, atom arrangements and
adsorption sites. While anatase- and rutile-based nanomaterials have been widely investigated and
their photocatalytic performances are well established [9,17], brookite has slowly gained the status of
an efficient photocatalyst only in the last couple of decades, as recently reviewed [10]. Here, we report
the latest advances in photocatalysis over brookite-based materials, focusing on comparative and
in-depth studies, to give a critical view of the present challenges in structure/activity relation studies.

One of the reasons for the different photocatalytic performances of TiO2 polymorphs is the
trapping of photogenerated charge carriers (electrons and holes) in defect sites, resulting in slower
electron-hole recombination kinetics and phase-dependent charge carrier stabilization. The density
of such occupied mid-gap trap states (DOTS) can be studied by time-resolved vis-IR absorption
spectroscopy (TRAS) [57,58]. In a recent experimental study, the depth of electron-traps in brookite
was estimated to be 0.4 eV, which is deeper than that of anatase (<0.1 eV), but shallower than that of
rutile (∼0.9 eV) [57]. These results are in good accordance with the calculated stabilization energies
for rutile (0.8–1 eV) and anatase (0–0.2 eV), in which oxygen vacancies or interstitial Ti atoms were
considered as trap site defects [59,60]. Notably, to the best of our knowledge, no theoretical study has
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been reported on electron trapping at the defects of brookite, even if similar results to anatase and
rutile are expected. Some of the authors recently reported a study on trapped carriers in different
TiO2 polymorphs in the ms–s timescales, typical of photocatalytic reactions [58]. Also in these slow
timescales, anatase and brookite exhibit dispersive power law recombination dynamics, in accordance
with shallow charge trapping, while rutile exhibits logarithmic decay kinetics, indicative of deeper
charge trapping.

The stabilization of electrons in trap states has two opposite effects: on the one side, it reduces
the reactivity of electrons, and on the other, it causes an increase in the lifetime of electrons and holes,
because the probability of recombination is decreased. Therefore, an appropriate electron trap depth
can help in maximizing the yield of long-lived, but still reactive, charge carriers. In the presence of
traps of moderate depth, such as in brookite, electrons can take part in reduction reactions, while
long-lived holes can participate in photocatalytic oxidation reactions, such as water oxidation (Figure 3).
In anatase, the trap-depth is too shallow to extend the lifetime of holes, while in rutile it is too deep
for electron-consuming reactions (Figure 3). Notably, deep electron trapping in rutile extends the
lifetime of holes, which could promote water oxidation. However, the low reactivity of deeply trapped
electrons causes the overall activity to be low [61].

 

Figure 3. Schematic representation of electron trapping sites in anatase, rutile and brookite. CB:
conduction band. Reproduced from reference [57] with permission of the American Chemical
Society, 2017.

Particle size can also have a great influence on photocatalytic activity due to geometric and
electronic effects. While a smaller particle size results in larger surface areas (which means more active
sites per volume) and shorter mean distances for carriers to migrate to the surface, it also brings about
some drawbacks such as less volume to generate and separate charge carriers, an increase of band gap
due to quantum confinement and incomplete band relaxation to the bulk level (which means a smaller
potential drop and electric field in the space charge region, and hindered charge separation) [62].
Therefore, a compromise in particle size between the positive influence of having more reactive
sites and the negative influence of increased recombination is wanted. Nonetheless, electron-hole
separation can be improved by controlling the morphology of nanocrystals, while maintaining high
specific surface areas.

As recently demonstrated by some of the authors by a combination of electron paramagnetic
resonance (EPR) spectroscopy and in-situ TRAS [28], H2 production rates in the photoreforming of
ethanol, glucose and glycerol increases with the increasing length of Pt-decorated brookite nanorods
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due to the longer lifetime of charge-separated states (Figure 4). A broad photoinduced absorption
feature in the visible range is obtained in TRAS when pumping above the brookite band gap, which
was assigned to trapped holes lying energetically within the band gap and physically on or near the
surface of the TiO2 nanoparticles [63]. The TRAS normalized kinetics reported in Figure 4 show an
ultrafast rise due to the trapping of photoexcited holes of the order of a few hundred fs, followed by
a decay due to the recombination of holes with electrons or reaction with adsorbates. The increase in
the lifetime of the trapped holes with nanorod length was attributed to the different surface energy of
crystal faces exposed on the tips and the sides of the nanorods, which drives the electrons and holes to
different crystal faces, leading to enhanced charge carrier separation in longer nanorods [64]. Studies
of photocatalytic coupling of methanol to methyl formate and the photo-oxidation of acetaldehyde to
acetate on brookite nanorods revealed similar length-dependent rate enhancement, corroborating the
proposed model [65].

(a) 

  
(b) (c) 

Figure 4. (a) TEM images and size analysis for the brookite nanorods with different lengths; (b)
Normalized TRAS (time-resolved vis-IR absorption spectroscopy) kinetic traces of Pt-decorated
nanorods in ethanol. Insets show fitted time constants (τ1 (Top) and τ2 (Bottom)); (c) H2 production
rates from ethanol photoreforming on 1 wt. % Pt−brookite nanorods of different length after 10 h under
illumination, normalized by the surface area of the photocatalysts. Reproduced from reference [28]
with the permission of the PNAS, 2017.

The EPR results further indicated that electrons in longer nanorods transfer to Pt faster
than electrons in shorter nanorods. The capture of electrons by Pt increases the lifetime of the
charge-separated state, as indicated by the much faster decays observed for nanorods without Pt in
ethanol [28]. A similar effect was observed for Au surface decoration of brookite nanorods [66], which
enabled electrons a lifetime of four orders of magnitude longer due to efficient hopping on brookite
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lateral facets. Conversely, when Au nanoparticles are introduced in the bulk of nanorods, they act as
recombination centers for plasmonic carriers in the fs timescale.

From the above discussion, it is clear that the control over exposed crystal faces is an
essential aspect in fundamental photocatalytic studies, as the surface energy, chemical surface
state, number/type of defects and reactivity strongly depend on the atomic arrangement of the
exposed surfaces [17,54,67,68]. In the last decade, the synthesis of TiO2 anatase, rutile and brookite
nanocrystals with controlled exposed faces has been reported by several group, employing specific
precursors/conditions or suitable structure-directing agents. All polymorphs show pronounced
structure/activity relations, with distinct crystal faces showing dramatically different reactivity and
specifically promoting reduction or oxidation [64]. Ohno et al. reported clear evidence of such
face-dependent reactivity by studying the photodeposition of Pt (by reduction of PtCl6−) and of PbO2

(by oxidation of Pb2+ nitrate) on rutile, anatase [69], and brookite [68,70]. On brookite TiO2 nanorods,
reduction and oxidation reactions were observed to proceed predominantly on {210} and {212} exposed
crystal faces, respectively [68,70]. In brookite nanosheets, {201} facets acted as oxidation sites, while
{210} and {101} facets acted as reduction sites [64]. Face-specific reactivity was also employed to
selectively modify the tips of brookite nanorods with Fe3+ ions, to enhance the activity in acetaldehyde
photocatalytic oxidation [68].

Theoretical studies also evidenced the importance of the energetics of crystal faces. The sequence
of surface energies of ten stoichiometric 1 × 1 low-index surfaces of brookite was calculated by
first-principle density functional theory (DFT) simulations, showing that the electronic and chemical
properties of brookite and the other TiO2 phases can be significantly different [67]. Recently, combined
theoretical and experimental studies of brookite nanomaterials demonstrated that preferential exposure
of {121} faces, with under-coordinated atoms and lower VB potential, led to higher performance in
photodegradation, while preferential exposure of {211} surface, with higher CB potential, resulted in
enhanced H2 productivity [71,72]. Such calculations also suggested that electrons struggle to migrate
from bulk to {121} faces, in accordance for their poor H2 production efficiency.

While pure phase TiO2 materials are extensively investigated for fundamental studies, mixed
phase TiO2 materials have been shown to provide enhanced photocatalytic performances, due to
charge transfer across the interface of different phases [73]. For instance, the widely investigated TiO2

Degussa P25, used as a standard in the majority of TiO2-related studies, is a mixture of anatase and
rutile particles (anatase/rutile ratio ~70:30) in which a synergistic effect of the two phases is ascribed
to the spatial separation of photogenerated charge carriers [74]. Despite the general consensus in
such mechanisms, there is disagreement about the direction of charge transfer, which depends on the
relative positions of the conduction bands and trap states in the two polymorphs. Electron transfer
from anatase to rutile was proposed by Kawahara et al., based on results of the photodeposition of
Ag on a patterned bilayer-type TiO2 photocatalyst consisting of anatase and rutile phases [75]. SEM
images clearly showed silver particles mostly deposited on the anatase surface, except at the interfacial
region, in which silver deposition occurred preferentially at the rutile layer boundary, suggesting
electron transfer from anatase to rutile. On the other hand, the opposite mechanism was proposed by
other studies basing on EPR spectroscopy results, in which photogenerated electrons migrated from
rutile to anatase trapping sites [74,76].

Recently, a similar enhancement of photocatalytic activity in the photodegradation of organic
molecules and CO2 photoreduction has been also observed for brookite/anatase [45,77,78] and
brookite/rutile mixtures [79,80]. Moreover, anatase-rich/brookite mixture (75:25) was shown to
be much more active for CO2 photoreduction than Degussa P25, an anatase-rich/rutile mixture
with similar anatase fraction [45]. These results suggest that electron transfer may take pace also
in brookite-based TiO2 composites, which may be a new direction for the development of efficient
photocatalysts. However, to the best of our knowledge, no direct evidence for electron transfer, e.g.,
by EPR, has been reported so far. DFT calculations on pairs of rutile, anatase and brookite TiO2

slabs showed that in most cases highest occupied molecular orbital (HOMO) and lowest unoccupied
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molecular orbital (LUMO) states were separated in the two phases, indicating that charge transfer may
take place upon photoexcitation [81]. Such separation was observed to be dependent on the native
HOMO–LUMO states of the two components used to build the composites and on the lattice match
between the surfaces of the two phases. Future experimental and theoretical investigations focused on
the structural and electronic properties of brookite TiO2 composite interfaces are needed to gain further
insights into efficient photocatalyst preparation. On the other hand, since the presence of interfaces
can drastically improve the activity of TiO2 materials, careful characterization is essential to rule out
contamination in fundamentals studies aimed to assess the differences in the activity of polymorphs.

It should be noted that the relative activity of polymorphs is dependent on the considered
photocatalytic reaction, so that a general activity trend among brookite, anatase and rutile (and
their composites) does not exist [82,83]. For instance, two distinct activity trends were observed for
anatase, brookite and their composites in MeOH photoreforming and in dichloroacetic acid (DCA)
degradation [82]. This was explained by two different rate-determining factors: H2 production
was favored by the cathodically-shifted flatband potentials of brookite materials with respect to
anatase, while DCA degradation rates were highest for anatase, and observed to increase with surface
area (Figure 5a). Organic degradation studies can be further complicated by a non-trivial effect of
calcination temperature and the sorption capacity of ions and of dissolved gases (e.g., O2) in water on
the relative activity of brookite and anatase [83]. Normalizing the photocatalytic activity by a certain
value may help in rationalizing the results, as observed by normalization to initial absorbed Ag(I)
or Cr(VI) amount [83] and by normalization to the surface area in anatase/brookite materials used
in photocatalytic reforming of ethanol and glycerol [21]. In the latter case, the activity normalized
to the surface area continuously increased with the brookite content, indicating that the exposed
facets of brookite nanorods possess an intrinsic higher activity in H2 production than that of the other
polymorphs (Figure 5b,c) [21].

Some insights in the factors determining the high intrinsic activity of brookite surfaces come
from DFT calculations on the structure and adsorption properties of brookite (210) and anatase (101)
surfaces, the most commonly exposed facets in nanocrystals [84,85]. The two surfaces are structurally
similar, but the brookite (210) surface presents shorter interatomic distances and a different block
arrangement. These features result in enhanced reactivity toward strong dissociative adsorption of
H2O and HCOOH, and generate highly active junction sites, all factors entailing higher specific activity
of brookite (210) surfaces [84]. On the other hand, charge analysis calculations revealed that CO2

•−

radical anion (the first intermediate in CO2 reduction) formed on the negatively charged anatase
(101) surface, but not on the negatively charged brookite (210) surface, indicating that brookite is not
a suitable catalyst for CO2 reduction [85]. Nonetheless, the study confirmed the previous results on the
favorable adsorption energetics of brookite (210), and revealed that the presence of oxygen vacancies
on the brookite (210) surface enhanced the charge transfer to the CO2 molecule, promoting CO2

•−

radical formation and CO2 reduction.
These results were supported by in-situ diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS) and CO2 photoreduction photocatalytic experiments on defect-free and oxygen-deficient
brookite, anatase and rutile TiO2 nanocrystals [86]. Oxygen vacancies (VO) and Ti3+ sites were created
by helium pretreatment of the as-prepared TiO2 at a moderate temperature on anatase and brookite,
but not on rutile. The production of CO and CH4 from CO2 photoreduction was remarkably enhanced
on defective anatase and brookite TiO2 (up to 10-fold enhancement) as compared to the defect-free
surfaces, thanks to enhanced light harvesting and CO2 adsorption on defect sites. Defective brookite
was the most active photocatalyst among the investigated TiO2 polymorphs, which was tentatively
explained by the favored formation of oxygen vacancies, faster reaction rate of CO2

− with adsorbed
H2O or surface OH groups, and an additional reaction route involving an HCOOH intermediate. High
CO2 photoreduction rates were also observed for defective brookite nanosheets with Ti3+ self-doping,
synthesized by an innovative hydrothermal method combined with post-annealing treatment, avoiding
commonly employed harsh and costly physical methods [53]. Defective brookite nanomaterials are

30



Catalysts 2017, 7, 304

surely worthy of more extensive investigation, in terms of the development of new synthetic routes
and of in-depth characterization (e.g., by EPR [87,88]) and photocatalytic studies.

 
(a) 

  
(b) (c) 

Figure 5. (a) Effect of brookite ratio on the photonic efficiency of TiO2 composites in dicholoracetic acid
(DCA) degradation (green triangles) and H2 production (blue circles). BET surface area (red squares) is
reported for comparison with the efficiency trends. Reprinted with permission of reference [82]; (b) H2

production rate by photocatalytic ethanol dehydrogenation over Pt(0.2 wt. %)/TiO2 prepared using
different urea/Ti molar ratios, normalized with respect to the mass of catalysts and (c) with respect the
surface area. Markers correspond to the urea/Ti molar ratios that allow the preparation of pure phase
materials: rutile (R), anatase (A) and brookite (B). Reproduced from reference [21] with permission of
the American Chemical Society, 2017.

Selectivity studies in photocatalysis have long been lacking, but are now gaining momentum
due to the significant advantages presented by photocatalytic reactions as alternative, green routes
in organic and inorganic chemistry [89]. The selectivity of photocatalytic systems can be enhanced
by two main strategies: modification of the photocatalyst and optimization of reaction conditions
(e.g., aeration, type of solvent, concentration and type of anions [90], use of membranes) [91].
Not surprisingly, the TiO2 phase composition was demonstrated to have an effect on the selectivity
of many photocatalytic reactions, such as ammonia oxidation [92], photoinduced decomposition
of acetone, oxygenate photoreforming [6], and selective oxidation of alcohols to aldehydes [91,93].
For instance, the product distribution of ammonia oxidation was different in the case of rutile, yielding
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nitrates as a major product, and of anatase and brookite, yielding mild-oxidation products such as
nitrites and N2 [92]. In a study by some of the authors, brookite was observed to be less active in
the complete mineralization of glycerol during photocatalytic reforming, leading to higher H2/CO2

and opening interesting opportunities in selective oxidation of sacrificial agents. On rutile, on the
other hand, a selective dehydrogenation of glycerol through the secondary OH group was observed
(although with very low activity) [6]. Furthermore, brookite nanorods were observed to selectively
produce H2O2, a high value-added and green oxidant, during photoelectrochemical water splitting,
also showing a very low onset potential for water oxidation (Eonset ~−0.2 V vs. reversible hydrogen
electrode (RHE)) [66]. These findings suggest that the effect of TiO2 phase composition should be
investigated more in detail in the highly novel field of selective photocatalysis.

Future theoretical and experimental studies on well-defined nanostructured TiO2 materials will
be essential to unravel the conundrum regarding the relative photocatalytic performances of different
polymorphs and their mixtures, considering the discrepancies observed in the literature. We strongly
advise the pursuit of rigorous studies of the electronic structure of TiO2 nanomaterials and of their
facet-specific properties, which requires the development of precise and tunable synthesis methods,
yielding size and morphology-controlled materials. The task is arduous, but can be now undertaken
using the tools of simulations, high-throughput synthesis and nanotechnology.

5. Conclusions and Perspectives

Brookite-based materials are receiving increasing attention in photocatalytic and related
applications, due to their novelty and peculiar properties. This "brookite rush" is rapidly producing
new evidence of the profound influence of phase composition on photocatalytic activity and selectivity,
unraveling the mechanistic aspects and structure/activity relations in photocatalytic processes.
Nonetheless, we are still fumbling around in the dark regarding the paramount electronic properties
of brookite (e.g., its energy gap), so further theoretical and experimental studies are needed in order
to reach a new level of understanding and a wide consensus in the scientific community on this
topic. However, the solid research work previously published on anatase and rutile seems to have
discouraged similar fundamental investigation of brookite. A prime example of this is the case of the
postulated electron transfer in the brookite/anatase and brookite/rutile interfaces, which was not
supported by direct evidence, since similar work was done for anatase/rutile composites [45,77–80].
While such electron transfer is reasonably expected, more caution should be taken in future studies
of brookite.

An intrinsic burden to the development of a wide range of morphology-controlled brookite
nanomaterials is posed by the limited understanding of solvothermal synthetic mechanisms. This is
a common issue in the synthesis of nanomaterials, usually carried out by a trial-and-error approach.
Nonetheless, nanostructured brookite (e.g., nanorods [28], nanosheets [64], and nanocubes [94]) has
been successfully synthesized, and alternative strategies are being proposed to produce highly-oriented
brookite and TiO2 nanoparticles with the desirable specific external crystal facet (e.g., templating with
graphene [95] or 2D oxides [96]). The playground is now open to new areas of investigation, such as
the development of scalable and sustainable brookite synthesis, modification by doping [10,50–53],
controlled introduction of defects, and synthesis of brookite nanocomposites [94,97] and hybrid
organic-inorganic systems [98]. In particular, the effect of TiO2 phase composition in nanocomposites
with metal organic frameworks (MOFs), quantum dots and nanocarbons is still to be assessed. The
formation of phase-dependent charged interfaces in such hierarchically-structured materials could be
a promising strategy for the design of improved photocatalysts [62].

Investigation of new composites could lead to a great enhancement of photocatalytic performance,
stimulating further advances in synthetic methods, characterization techniques and elucidation
of catalytic mechanisms. For instance, a non-trivial influence of co-catalyst loading on CO2

photoreduction activity and selectivity was recently reported for brookite nanocubes loaded with
Ag nanoparticles [94]. A maximum yield of CO was observed for 0.5 wt. % Ag loading, which
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corresponded to the case of the preferential deposition of Ag nanoparticles on {210} faces, while for
intermediate loadings (1 wt. %) of Ag, the CH4 selectivity increased, due to an agglomeration of Ag on
{210} faces and the deposition of small nanoparticles on {001} faces (Figure 6). These fascinating results
were tentatively rationalized in terms of an interplay of charge transfers, adsorption properties and
light harvesting effects, revealing how the synergistic effects in semiconductors/co-catalyst systems
are much more complex than expected, and how they can be used to finely tune the performances of
photocatalytic systems.

Figure 6. Graphical representation of the influence of Ag co-catalyst wt. % content on the CO2

photoreduction activity of brookite nanocubes. Reproduced from reference [94] with permission of the
Elsevier, 2017.

In-depth studies concerning different band gap and trap states, face reactivity, the effects of
crystal morphology and dimension, the presence of vacancies, and the generation of adsorbates and
radicals are of great interest, and recently great progress has been made in the study of these properties.
Photo-induced heterogeneous electron transfer (ET) across the semiconductor and adsorbed molecules,
leading to the formation of radicals (e.g., •OH) is of particular relevance for any photocatalytic reaction,
but studying such highly reactive species is challenging [91,99]. An emerging approach is based on
the use of organic dye probes in microscopic fluorescence imaging, for the sensitive detection of
reactive oxygen species, their diffusion in solution or air, and the identification of photocatalytic active
facets on semiconductor surfaces [100,101]. Recently, a mass spectrometry-based approach was used
to investigate the ultrafast ET of photoelectrons generated by ultraviolet irradiation on the surfaces
of semiconductor nanoparticles or crystalline facets, providing a new technique for studying the
photo-electric properties of various materials [102]. Similar studies of brookite would lead to a deeper
understanding of the reaction mechanism and provide valuable insights into strategies to enhance
activity and selectivity in many photocatalytic reactions.

The phase-dependent activity and selectivity observed in photocatalytic reactions over brookite,
rutile and anatase is probably the most exciting and yet still not well investigated aspect
concerning TiO2 polymorphs. Brookite nanomaterials were found to perform better than other
polymorphs in various photocatalytic reactions (e.g., CO2 photoreduction [86,103], photoreforming
of oxygenates [21,82], ammonia oxidation [92]), and showed promising properties for future
applications also in other fields, such as photoelectrochemical devices [66], dye-sensitized solar cells
(DSSC) [104,105], bio-applications and self-cleaning materials [106,107]. The days in which brookite
was considered just an undesirable byproduct are long gone, it is now time to dig deeper and find out
even more about this and other less familiar TiO2 polymorphs.
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Abstract: Modification of titania with copper is a promising way to enhance the photocatalytic
performance of TiO2. The enhancement means the significant retardation of charge carriers’
recombination ratio and the introduction of visible light activity. This review focuses on two main
ways of performance enhancement by copper species—i.e., originated from plasmonic properties of
zero-valent copper (plasmonic photocatalysis) and heterojunctions between semiconductors (titania
and copper oxides). The photocatalytic performance of copper-modified titania is discussed for
oxidative reaction systems due to their importance for prospective applications in environmental
purification. The review consists of the correlation between copper species and corresponding variants
of photocatalytic mechanisms including novel systems of cascade heterojunctions. The problem
of stability of copper species on titania, and the methods of its improvement are also discussed as
important factors for future applications. As a new trend in the preparation of copper-modified
titania photocatalyst, the role of particle morphology (faceted particles, core-shell structures) is also
described. Finally, in the conclusion section, perspectives, challenges and recommendations for future
research on copper-modified titania are formulated.

Keywords: photocatalysis; copper-modified titania; oxidative reaction systems; heterojunction

1. Introduction

Titanium dioxide (TiO2, titania) has played a crucial role in the development of semiconductor
photocatalysis over the last 40 years [1]. The applicative potential of TiO2-photocatalysis is presently
focused on the areas such as environmental remediation (water treatment [2–4] and air purification [5]),
renewable energy processes—water splitting for hydrogen production [6], conversion of CO2 to
hydrocarbons [7], solar cells [8]—and self-cleaning surfaces [9]. TiO2 is characterized by those
properties that are indispensable to fulfill the requirements of efficient, stable, and green photocatalytic
material (long term stability, chemical inertness, corrosion resistance, non-toxicity) [1].

Despite the above-mentioned benefits, the application of titania is still limited to regions
with a high intensity of solar radiation due to its wide bandgap (ca. 3.0 to 3.2 eV). Therefore,
there is a necessity to incorporate visible light absorption with TiO2. Various strategies of titania
performance improvement towards visible light responses have been proposed in recent years such as
doping, modification, semiconductor coupling, and dye sensitization [10]. As a consequence of
such modifications, TiO2 showed an absorption band in the visible light region and, in most cases,
also photocatalytic activity under visible light irradiation for different reaction systems.

The photocatalytic activity of titania is also limited by the recombination of the photogenerated
electron-hole pairs [11] as typical for all semiconducting materials. Titania exhibits only weak bandgap
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emission upon the recombination of conduction band electrons with valence band holes, and the
irradiative recombination involving trap states is optically allowed [1,12]. Recombination is generally
caused by impurities, defects or other factors, which introduce bulk or surface imperfections into the
crystal and, depending on titania properties, it may occur either on the surface or in the bulk (usually
a decrease in particle size results in an increase in surface recombination) [13,14]. The incorporation
of species capable of promoting charge separation may reduce this phenomenon, and thus result in
improvement of overall quantum efficiency of photocatalytic system. Promoted charge separation
has been reported for titania modified with various modifiers, e.g., ions [14,15], noble metals [16,17],
other semiconductors (heterojunction coupling) [18,19], and doped with metal ions [14].

Considering the above-mentioned limitations (vis inactivity and charge carriers’ recombination),
and similar ways of their removal (surface modification, doping, heterojunction), it is thought
that effective materials based on TiO2, which meet those requirements are highly designable.
It must be pointed out that modification of titania towards visible light photocatalytic activity could
significantly influence photocatalytic performance under UV irradiation and in some cases a decrease
in photocatalytic activity has been observed since modifiers/dopants could also work as recombination
centers for electrons and holes, therefore a proper selection procedure for titania modification should
consider both limitation issues.

Among different metallic candidates for TiO2 modification, copper (Cu) is a very promising
material. Cu-based nanocatalysts have significant applicability in nanotechnology including catalytic
organic transformations, electrocatalysis, and photocatalysis [20–22]. In comparison with other noble
metals (gold, platinum and silver) recognized as very efficient co-catalysts of titania, copper—as
a consequence of its abundance in the Earth’s crust—is an inexpensive material, 100 times and
6000 times cheaper than silver and gold, respectively [21]. Furthermore, owing to the location in the
same group of the periodic table as gold and silver, copper has similar properties due to its electronic
configuration and the face centered cubic (FCC) structure of the atom’s location. Therefore, one can
expect the comparable potential to improve the photocatalytic activity of TiO2, simultaneously with the
higher possibility of successful application. Copper can exist in a wide range of accessible oxidation
states: Cu0, CuI, CuII and CuIII. In this connection, the active copper species in TiO2 photocatalytic
system are copper oxides (Cu2O, CuO) and metallic copper. Cu may also co-exist in both forms
(the oxide and zero-valent) and this is the most probable case when titania is modified with metallic
copper under anaerobic conditions, and thus-obtained photocatalyst is subsequently kept under
aerobic conditions (surface oxidation of metallic copper deposits). The variety of copper forms can
provide difficulty in understanding of their role in considered reaction systems. Therefore, a statement
that the nature of Cu species in TiO2 photocatalysis is still not clearly understood may be made.
There is also some possibility of copper ions doping into TiO2 crystal lattice. The radius of Cu2+ is
0.087 nm, which is larger than the 0.0745-nm radius of Ti4+. Moreover, a huge difference in valence state
suggests that Cu2+ should not replace Ti4+ to enable displacement doping at the crystal lattice site [23].
There is only the possibility of incorporating Cu2+ ions into interstitial positions in the lattice [24–27].

Various papers on copper-modified titania have been already published, including comprehensive
reviews [22,28] about copper species in photocatalysis. However, these reviews are mainly focused on
the photocatalytic reduction reactions, i.e., hydrogen evolution and/or CO2 to methane conversion.
Of course, the Cu/TiO2 system is most known for the mentioned reaction systems—and the number
of papers in this field is the highest—but the application of Cu/TiO2 for the photocatalytic oxidation
of organic compounds is also very promising both under ultraviolet (UV) and visible/solar irradiation,
and the role of Cu species in this system needs clarification. Therefore, in the present work, an overview
of papers has been carried out to compare different mechanisms resulting from an existence of various
forms of copper combined with titania in relation to efficiencies of oxidative reaction systems.
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2. Photocatalytic Systems Based on Cu/TiO2

2.1. Presence of Copper Ions in the TiO2 Suspension

The first papers about Cu/TiO2 systems were mainly connected with photodeposition of copper
on titania surface as the efficient method for Cu removal from water environments [29–32]. CuII ions
were reduced to metallic copper with the participation of photogenerated electrons (e−) and holes (h+)
according to the following Reactions (1)–(3) [29]:

TiO2 + hν → e− + h+ (1)

Cu2+ + 2e− → Cu (2)

H2O + 2h+ → 0.5O2 + 2H+ (3)

In opposition to the above results of Bard’s group [29], Hermann et al. suggested that Cu2+ ions
in TiO2 suspension were photoreduced to Cu+ ions and that metallic copper could not be obtained [33].
However, Jacobs et al. showed that photodeposition of zero-valent Cu particles was possible and was
preceded by photodeposition of Cu2O particles [32].

Another type of study focused on the influence of the presence of copper ions on the efficiency of
photocatalytic oxidation of organic compounds. It was found that addition of dissolved copper ions to
TiO2 reaction system improved significantly the rate of photocatalytic oxidation [34–39]. For example,
Bard et al. observed [29] that Cu2+ ions retarded the electron-hole recombination by trapping of
photogenerated electrons (Equation (2)). The reduced forms, in turn, could prevent the recombination
by hole trapping (Equation (4)).

Cu + 2h+ → Cu2+ (4)

Generally, the small concentration of Cu2+ ions prevents charge recombination. In the case of
large amounts of Cu2+ ions, their influence on the reaction rate can be detrimental considering
that Reactions (2) and (4) are short-circuiting. In 1985, Okamoto et al. showed that a high
concentration of Cu2+ (50 mM) inhibited the efficiency of phenol photooxidation (the first study
using copper for photocatalytic oxidation of organic compounds) [34]. The detrimental effect of a high
amount of Cu2+ ions was also explained by absorbance of UV/vis radiation by copper species [40].
Precipitation of dissolved copper as a hydroxide could also decrease the rate of photocatalytic
oxidation by reflecting UV irradiation through increased solution turbidity (shielding effect) [39].
Brezova et al. observed an inhibition effect of dissolved Cu2+ ions even at low concentrations (>1 mM)
in the phenol oxidation system. The key point is that the observed photodeposition of metallic
copper and Cu2O on titania may significantly influence the process of charge carriers and radical
intermediate generation and recombination and finally, along with Equation (2), result in the inhibition
of photodegradation [40]. Butler and Davis observed negligible adsorption of copper (and other metals)
on titania surface and suggested that mainly dissolved copper (and other metals) increased the reaction
rate via a homogeneous pathway rather than surface reactions on copper-modified titania [39,40].
They proposed a mechanism involving formation of a ternary reactive complex between copper,
organic compound or its oxidation intermediate and oxygen-containing species such as O2, H2O2.
Bideau et al. analyzed TiO2 system in the presence of Cu2+ ions for the oxidation of three organic
compounds: formic acid, acetic acid and propionic acid, and monocarboxylate complexes of Cu2+

were identified as important species in the reaction kinetics [35–37,41]. The observed increase in the
reaction rate in the mentioned studies was explained in terms of the effects of Cu2+/Cu+ redox couple,
which inhibited the electron-hole recombination and the inner sphere mechanism of Cu2+ ions with
the organic compounds, forming organo-metallic intermediates.
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2.2. Copper Species Deposited on TiO2 Surface

2.2.1. Metallic Copper—Plasmonic Photocatalysis

Copper (similar to gold and silver) nanoparticles (Cu NPs)–titania couple can be a very promising
photocatalytic system for both UV and visible light-induced reactions. Cu NPs as surface modifiers of
TiO2 can inhibit electron-hole recombination under UV irradiation working as an electron sink [42,43],
because Fermi energy level of metallic Cu lies below the conduction band of TiO2, and therefore
photogenerated electrons in TiO2 can be easily transferred to Cu NPs. Other important advantage of
Cu NPs is that they can activate TiO2 towards visible light due to localized surface plasmon resonance
(LSPR) of Cu, thus being so-called “plasmonic photocatalysts” [44–49]. The LSPR is excited when light
interacts with the free electrons of a metallic nanostructure, which results in the collective excitations
(oscillations) that lead to significant improvement of the local electromagnetic fields surrounding the
nanoparticles [50]. Spherical metallic nanoparticles, such as gold, silver and copper, are sufficiently
small (in comparison with the wavelength of the light) to be resonant with the light coming from all
directions and indicate coloration as well as a local electromagnetic field enhancement on the particle
surface even without the condition of total internal reflection [44]. The existence of characteristic
surface plasmon resonance band absorbing light in the visible region results in visible-light activity
of noble metal-modified titania, probably due to an efficient transfer of the photoexcited electrons
from metal particles to the conduction band of TiO2 (energy transfer and plasmonic heating have been
also proposed as possible reasons of vis response [51]). This would result in electron-deficiency in
metal and electron-richness in TiO2 and therefore, the direct photocatalytic oxidation occurs on the
metal surface rather than on TiO2 surfaces as shown in Figure 1 [52] or indirect oxidation proceeds by
reactive oxygen species (initiated by superoxide anion radical formation).

Figure 1. Surface plasmon resonance (SPR) effect of metal nanoparticles for TiO2 photocatalysis under
sunlight irradiation. Reprinted with permission from [52]. Copyright Royal Society of Chemistry, 2015.

Based on the unique properties of LSPR, many studies focused mainly on Au and Ag as
plasmonic metals, which improve photocatalytic properties of TiO2 [53]. However, very few studies
have been reported about photocatalytic performance of Cu NPs in connection with titania [47–49].
The main problem with utilizing Cu NPs as a “plasmonic sensitizer” is the known fact that
zero-valent copper is easily oxidized and lose plasmon resonance properties gradually under ambient
conditions [54–56]. For example, (i) although, titania modification by strong radiolytic reduction of
Cu2+ or photodeposition under anaerobic conditions resulted in formation of zero-valent copper, Cu0

was subsequently oxidized under ambient conditions forming CuO/TiO2 and Cu/Cu2O/Cu/TiO2,
respectively [57–59] and (ii) even Cu NPs immersed in water were oxidized by dissolved oxygen [60].

43



Catalysts 2017, 7, 317

The reported main solutions of this problem consider the necessity of preventing copper oxidation by
maintaining Cu in anoxic environments [55,61–63] or protecting its surface with chemical corrosion
inhibitors [64], polymeric layers [47,55], and by oxide encapsulation [65]. The optimal Cu NPs based
plasmonic photocatalysts should work without necessity of addition of surface-obscuring chemical
stabilizers and would be storable indefinitely under ambient conditions [49]. Most of these studies
were focused on Cu NPs alone but not on Cu NPs-TiO2, where it is necessary to consider interactions
between Cu NPs and TiO2 during preparation procedure [66].

Most studies about Cu NPs-TiO2 were connected with unprotected copper under reductive,
oxygen free conditions. Zhang et al. prepared TiO2 nanotube arrays with copper NPs by pulsed
electrochemical deposition method [48]. They reported visible light activity of this material for
hydrogen evolution. Similarly, Kum et al. investigated the properties of the visible light active Cu/TiO2

photocatalyst for hydrogen production [67]. This material showed high stability and photocatalytic
activity in the evacuated chamber. However, it is difficult to distinguish whether the photocatalyst
was activated by excitation of copper LSPR or band gap heterojunction with copper oxides since
photocatalysis experiments were driven by broadband visible light irradiation.

In order to apply the Cu NPs-TiO2 system for an oxidative system, the persistence of metallic
copper to oxidative environment is necessary. Yamaguchi et al. prepared plasmonic Cu NPs deposited
on TiO2 electrode and protected by polyvinyl alcohol, which resulted in efficient photocurrent response
due to LSPR [47]. In the latest research, De Sario et al. studied titania aerogels supporting ca. 5-nm Cu
NPs [49]. They found that plasmonic properties of Cu NPs were preserved by offering an extended
interfacial contact with reduced TiO2 support (characteristic design issue for aerogels). An arrangement
of Cu NPs at high-surface area TiO2 (with multiple Cu-TiO2 contacts per Cu nanoparticle) allowed the
obtaining of a Cu/TiO2 system with good stability and a high content of Cu NPs. Figure 2 shows DRS
spectra of Cu/TiO2[aerogel] (with characteristic peaks for copper LSPR at ca. 770 nm) before and after
photoelectrochemical oxidation of methanol confirming high stability of this material (almost the same
plasmonic properties of Cu/TiO2).

Figure 2. Diffuse-reflectance UV–visible spectroscopy of Cu nanoparticle-modified TiO2 aerogels
fabricated by photocatalytic reduction of Cu2+ at the TiO2 surface before (red) and after (black)
photoelectrochemical oxidation of methanol. Reprinted with permission from [49]. Copyright Royal
Society of Chemistry, 2017.
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2.2.2. Copper Oxides—Heterojunction Systems with TiO2

The Concept of Heterojunction between Copper Oxides and Titania

It is well known that coupling TiO2 with other semiconductors with different redox energy levels
can lead to an increase in photocatalytic efficiency by the enhancement of the charge carrier separation
process and thus an increase in the lifetime of the charge carriers. Moreover, the proper selection of
coupled semiconductors can also activate the heterojunction system towards a visible light response.
To create the efficient heterojunction system, both semiconductors must possess different energy levels
from their corresponding conduction and valence bands. In such a configuration, several advantages
can be obtained: (a) an improvement of charge carriers’ separation; (b) an increase in the lifetime of
the charge carrier; and (c) an enhancement of the interfacial charge transfer efficiency to adsorbed
substrates [68,69].

In the case of an efficient interparticle electron transfer between the semiconductor and TiO2,
the conduction band of TiO2 must be more anodic than the corresponding band of the sensitizer.
Under visible light irradiation, only the semiconductor-sensitizer is excited and the electrons
photoexited to its conduction band are injected into the TiO2 conduction band. If the valence band of
the sensitizer is more cathodic than the valence band of TiO2, the hole generated in the semiconductor
remains there (enable to migrate to TiO2). These thermodynamic conditions favor the phenomenon
of electron injections, as shown in Figure 3a. When the system of coupled semiconductors works
under UV–vis irradiation, both semiconductors are excited. For heterojunction system described
above, two origins of electrons in the conduction band (CB) of titania are considered: (i) injected into
TiO2 (the same as under vis excitation) from coupled semiconductor; and (ii) photoexcited electrons
from titania valence band under UV irradiation, resulting in a high concentration of electrons in CB
of TiO2. Whereas, holes left in the valence band (VB) of TiO2 may migrate to the VB of coupled
semiconductor and influence a high concentration of holes in the couple semiconductor/electrolyte
interface (Figure 3b) [70].

Figure 3. (a) Energy diagram illustrating the coupling of two semiconductors (SC) in which vectorial
electron transfer occurs from the light-activated SC to the nonactivated TiO2; (b) Diagram depicting
the coupling of SC in which vectorial movement of electrons and holes is possible. Reprinted with
permission from [70]. Copyright Elsevier, 2005.
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Cu2O and CuO are p-type semiconductors with band gap energies of 2.1 eV and 1.7 eV, respectively.
The band positions of copper oxides in relation to TiO2 are shown in Figure 4a.

Depending on the band positions of two semiconductors forming heterojunction, three different
types of heterojunction could be distinguished: I, II and III (Figure 4b). Type II, which provides the
optimum band positions for efficient charge carrier separation, is considered the most probable for
the CuxO/TiO2 system. Photoexcited electrons are transferred from CB(B) to CB(A) and this transfer
can occur directly between semiconductors due to favorable energetics of the relative positions of
CBs, or due to band bending at the interface inducing and internal electric field. Whereas, holes are
transferred simultaneously from VB(A) to VB(B) and as a result photogenerated electrons and holes
are separated from each other, reducing the recombination probability and increasing the lifetimes of
the charge carriers [71].

Figure 4. (a) Band gap energies and band positions of titania (anatase and rutile) and copper
oxides—values of band positions were taken from the reference. Data collected from [71]; (b) Types of
heterojunction system of coupled semiconductors.

Both copper oxides, especially Cu2O, are very promising semiconductors for photocatalytic
hydrogen production [72–75]. The main limitation of their application results from not good
photostability, which is very important issue for oxidative photocatalytic systems. Generally,
Cu2O possesses higher photocatalytic activity than CuO for degradation of organic compounds [75,76].
Although CuO has much smaller band gap than Cu2O, and thus is able to absorb more vis photons, the
positions of CB and VB for CuO are insufficient to catalyze the production of hydroxyl and superoxide
radicals, which are primary initiators for the photocatalytic oxidation of organic compounds [75].
Deng et al. found that combined CuO/Cu2O nanostructures can be efficient photocatalysts for the
photodegradation of organic compounds and possess better resistance against photocorrosion [76].
They proposed that the co-existence of CuO could inhibit the photocorrosion of Cu2O, and furthermore
the CuO/Cu2O system can be more photocatalytically efficient than single CuO or Cu2O.

CuO-TiO2 Heterojunction

Taking into consideration above-mentioned issues, the heterojunction between p-type
semiconductors–copper oxides and n-type one–titania could be a very promising way to improve the
photocatalytic activity of titania under UV or/and visible light irradiation and to obtain more active
and stable photocatalytic material than copper oxides alone. In the middle of eighties Okamoto et al.
prepared Cu-deposited TiO2 by UV-irradiation of deaerated suspension of slightly reduced
(in hydrogen) anatase powder in the presence of CuSO4 [34]. They assumed that only metallic copper
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was obtained on titania surface (but without experimental evidence). It was found that Cu-deposited
TiO2 was significantly more active in phenol photocatalytic oxidation than single TiO2 in the presence of
Cu2+ ions. However, the useless of this photocatalyst for wastewater treatment was suggested because
of dissolution of deposited Cu into the reaction solution transforming again to Cu+ and Cu2+ ions.
This research expressed two main problems with the discussion on Cu/TiO2: careful characterization
of copper forms connected with titania, and the stability of prepared photocatalyst. To understand
the mechanism of improvement of photocatalytic activity and to analyze perspectives of application,
thorough research considering above issues is necessary.

The first research including aspects of different forms of copper in connection with titania
and photooxidation activity was performed by Song et al. in 1999 [77]. They investigated the
effect of oxidation state of copper loaded on titania surface on photocatalytic oxidation reaction.
Cu was photodeposited on TiO2 surface in the presence of CuSO4 and ethanol as a hole scavenger.
Moreover, to obtain Cu/TiO2 photocatalysts with different oxidation states of surface-loaded copper,
samples were annealed at 200 ◦C and 300 ◦C. They reported that non-annealed samples contained
only metallic copper, whereas annealing at 200 ◦C and 300 ◦C resulted in copper oxidation to mainly
Cu2O and CuO, respectively. It was found that metallic copper deposited on titania improved the
photocatalytic activity of TiO2 for photooxidation of 1,4-dichlorobenzene. In contrast, the use of
oxidized form of copper on titania resulted in a significant decrease in photocatalytic activity and
it was proposed that copper oxide clusters on TiO2 were not effective in the transfer of photoexited
electrons [77].

Another report, which confirmed detrimental effect of CuO presence, was done by Chiang et al.
for photocatalytic oxidation of cyanides in the CuO/TiO2 system [78]. CuO/TiO2 was prepared
by photodeposition method and subsequent thermal treatment in air at 110 ◦C for various copper
contents (0.05–10 at. % (atomic percentage) Cu). Only slight improvement of photocatalytic activity
was observed for 0.1 at. % Cu, due to suggested electron trapping by CuO. It was proposed that
a decrease in photocatalytic activity with a further increase in CuO content was caused by reduced
photon absorption since well dispersed nanosized CuO particles covered the surface of TiO2 (shielding
effect). Moreover, it was suggested that higher concentration of CuO could promote recombination of
photogenerated holes with the trapped electrons resulting in a decrease in available holes for redox
reactions. Chiang et al. also examined photocatalytic activity in cyanide oxidation system under the
presence of dissolved Cu2+ ions. The presence of copper ions was detrimental for the rate of reaction.
This decrease could be explained in terms of the competition reaction of copper(I) cyanide complexes
for the photogenerated hydroxyl group [78].

Shun-Xin et al. proposed another preparation method of Cu/TiO2, i.e., impregnation of titania
precursor in copper salt during sol-gel synthesis [79]. They suggested the co-existence of both
copper oxides on titania surface and copper ions (Cu2+ and Cu+) in the lattice of titania (doping).
Authors proposed that Cu2+ could trap the excited electron in CB of titania, inhibiting electron-hole pair
recombination, whereas Cu+ could transfer electron to oxygen adsorbed on the surface of photocatalyst
accelerating interfacial electron transfer [79].

Arana et al. studied methyl tert-butyl ether (MTBE) photocatalytic oxidation on CuO-TiO2

under UV irradiation [80]. They observed a significant improvement of photocatalytic activity of
copper-modified titania in comparison with pure TiO2. Considering the reduction potential for
Cu2+/Cu+ (+0.17 V vs. NHE (normal hydrogen electrode)), CuO deposits on TiO2 surface could react
with the photogenerated electrons through Reaction (5), and Cu+ ions could be re-oxidized to Cu2+ by
oxygen, H2O2 or other oxidizing species present in the Medium (6):

Cu2+ + e−CB → Cu+ (5)

Cu+ + (O2, H2O2, other oxidants) → Cu2+ + e− (6)
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Therefore, the Reaction (5) of Cu2+ ions with the photogenerated electrons should slow down
electron-hole recombination resulting in activity enhancement [80].

The mechanism for the Cu/TiO2 system under visible light irradiation was proposed by Irie et al.
for 2-propanol oxidation [81,82]. They prepared Cu(II)-grafted TiO2 photocatalyst by impregnation
method using CuCl2·2H2O as the source of copper. Authors suggested that Cu2+ ions existed in the
form of amorphous CuO clusters. They proposed that visible light irradiation initiated interfacial
charge transfer (IFCT): electrons in the VB of TiO2 were directly transferred to Cu2+ and Cu+,
and the holes created in the VB of TiO2 decomposed organic compounds (Figure 5) [82]. It was proposed
that for efficient IFCT, Cu2+ ions had to be atomically isolated on the TiO2 surface. Authors suggested
that produced Cu+ ions could reduce O2 by a multielectron reduction, being re-oxidized to Cu2+.
This multi-step reduction process could be initiated by a two-electron reduction of oxygen to peroxide
(Equation (7)), and the following four-electron reductions (Equations (8) and (9)).

2Cu+ + O2 + 2H+ → 2Cu2+ + H2O2 (7)

3Cu+ + O2 + 4H+ → 2Cu2+ + Cu3+ + 2H2O (8)

4Cu+ + O2 + 4H+ → 4Cu2+ + 2H2O (9)

It was concluded that Cu2+ ion in the amorphous form affords the smooth reversibility between
Cu2+ and Cu+ forms [82]. The possibility of this mechanism was also confirmed by this group for other
material, i.e., Fe(III)-grafted TiO2 [83]. Similar mechanism was proposed for CuO/WO3 system by
Arai et al. [84]. Photoexcited electrons in WO3 were transferred to CuO and Cu2+ was reduced to Cu+,
and reduced surface was re-oxidized (Cu+ to Cu2+) by oxygen.

Figure 5. Mechanism for the generation of photocatalytic activity of Cu(II)/TiO2 under visible light.
Visible light irradiation induces interfacial charge transfer (IFCT) from the valence band (VB) of TiO2 to
the Cu2+ ion. Reprinted with permission from [82]. Copyright American Chemical Society, 2009.

The properties of photocatalytic material prepared by Irie et al. [82] were optimized in the field
of crystallinity, the interfacial junction between TiO2 and CuO nanoclusters, and the amount of CuO
nanoclusters. The synthesized CuO-TiO2 nanocomposites exhibited efficient interfacial charge transfer
(IFCT) for decomposition of volatile organic compounds and strong anti-pathogenic effects under
indoor conditions. The mechanism of those dual type properties is presented in Figure 6. It was
proposed that Cu+ species were very efficient for enhancing the antibacterial and anti-viral properties
of TiO2 photocatalysts (even under dark conditions), i.e., holes in the valence band (VB) of TiO2,
generated under irradiation with visible light, in combination with Cu+ species, could attack the outer
membrane, proteins, and nucleic acid (DNA and RNA) of viruses and bacteria, resulting in their death
and inactivation [85].
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Figure 6. Proposed processes of photocatalysis and inactivation of viruses and bacteria under
visible-light irradiation and dark conditions. Reprinted from [85] under CC BY-NC 3.0 license, 2009.

To understand the mechanism of coupled photocatalysts, it is necessary to know the exact
positions of the valence band (VB) and conductance band (CB) of semiconductors. The ambiguity over
the positions of the conduction and valence bands in CuO (and Cu2O) results in different explanations
for the mechanistic aspects of heterojunction systems. For example, Li et al. prepared CuO/TiO2 (rutile)
nanocomposites by impregnation and subsequent calcination in air [86]. They tested photocatalytic
properties of this material using methylene blue as a model compound under UV/vis irradiation.
The authors proposed that CuO/TiO2 system could be classified as type I of heterojunction,
as presented in the inset of Figure 7 (different CB and VB positions for CuO than presented in
Figure 4a). In this system, since the band edges of TiO2 bracketed those of CuO, coupling between CuO
and TiO2 could lead to decreased photocatalytic activity due to transfer of both electrons and holes
simultaneously from TiO2 to CuO resulting in their recombination in CuO. However, when the copper
content was very low (0.1 wt %) significant improvement of photocatalytic activity was observed
in comparison to unmodified titania (Figure 7). Therefore, it was proposed that copper existed in
this sample as highly dispersed CuO clusters and substitional Cu2+ (Ti-O-Cu linkages), and UV
illumination resulted in trapping of electrons in TiO2 lattice. Photogenerated electrons were localized
at Ti sites in the bulk of titania lattice and holes at interfacial sites of TiO2-CuO (by EPR spectroscopy).
However, at higher copper loadings, no photogenerated electrons were observed at titania lattice
trapping sites. Slamet et al. explained this phenomenon as a “shading effect” [87] (also known as
“shielding effect” or “inner filter effect” and observed for various titania surface modifications, e.g.,
with Au NPs [88], and Pt NPs [89]): colored CuO absorbed light and reduced the photoexcitation
capacity of TiO2 (competition about photon absorption). Li et al. concluded that efficient electron
transfer from the CB of TiO2 to CuO led to the absence of Ti3+ (trapped electrons) in CuO-TiO2 at high
CuO loadings. They formulated a hypothesis that the form of CuO (clusters or nanocrystallites) had
a significant influence on the type of charge transfer kinetics between TiO2 and CuO [86].

Moniz et al. prepared a CuO/TiO2 (P25) composite using microwave co-precipitation
technique [90]. It was found that 5% CuO/P25 exhibited near 1.6 times higher efficiency than pure
P25 in mineralization of a model organic pollutant (2,4-dichlorophenoxyacetic acid (herbicide)) under
UV/Vis. To analyze the mechanism of photocatalytic activity, the authors determined the band edge
positions of CuO and TiO2. They experimentally determined those positions by the interpretation of
impedance (Mott-Schottky) plots. The difference in conduction band energies of the two materials
suggested that electron transfer from TiO2 to CuO was feasible, given the 0.34 V offset which could
provide sufficient driving force for charge separation (Figure 8). It was also evidenced by the fact that
pure CuO was inactive for photo-decomposition, and thus photocatalytic oxidation by CuO did not
occur [90]. The concept of this junction was not connected with the increase of visible light absorption
of P25 but only with more efficient charge separation. Photogenerated electrons were transferred from
TiO2 to the conductions band of CuO, followed by transfer of photoexcited holes from TiO2 to the
surface for the expected oxidation reactions.
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Figure 7. First-order rate constants (k in min−1) as measured by methylene blue degradation under
UV irradiation. Synthesized CuO-TiO2 nanocomposites with different copper loadings were used as
the photocatalysts. Inset: a schematic diagram showing the photoinduced charge separation (e− in
conduction band and h+ in valence band) in TiO2, charge transfer from TiO2 to CuO and subsequent
charge recombination in CuO (dotted arrow). The difference between the conduction band edges of
TiO2 and CuO is estimated to be 0.75 eV. Reprinted with permission from [86]. Copyright American
Chemical Society, 2008.

Figure 8. Mechanism of charge transfer in CuO/TiO2 heterojunction. Reprinted with permission
from [90]. Copyright John Wiley & Sons, Inc., 2015.

Siah et al. prepared CuO photodeposited on TiO2 [91]. Under UV irradiation, the photocatalytic
activity for 2,4-dichlorophenoxyacetic acid decomposition increased by a maximum factor of 4.3
compared with unmodified TiO2, when TiO2 was loaded with 0.75 mol % CuO. In contrast,
under visible light and solar simulator irradiation, the optimum loading of CuO was much lower
(0.1 mol %), and enhancements of 22.5 and 2.4 times were observed. In the case of samples loaded
with higher amounts of CuO (1–5 mol %), CuO clusters can mask the surface of titania, which prevents
the light source from reaching the active sites. CuO clusters in CuO-high loaded TiO2 may act also as
recombination centers. Therefore, in addition to the increased charge separation and improved visible
light absorption, the masking effect will also be considered in designing efficient heterojunctions in the
copper oxides–titania system [91].

Another strategy to obtain efficient visible light active photocatalyst, based on titania–copper(II)
oxide, was proposed for self-doped TiO2 (Ti3+) grafted with amorphous CuO [92]. Cu-modified
self-doped TiO2 was obtained by thermal treatment of mixture of titanium oxides (Ti2O3 and TiO2

mixture) in air, and their subsequent impregnation with copper salt solution. As it was reported in
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earlier Irie’s works [81,82], in the case of titania modified with amorphous nanoclusters of Cu2+ oxide,
electrons in the valence band of TiO2 could be directly excited to CuO nanoclusters, which could serve
as an efficient oxygen reduction site through the multi-electron process. Significant improvement
of visible light activity was achieved for CuO-modified-self-doped titania (CuO/Ti3+-TiO2) in
comparison with CuO/TiO2 in the oxidation of gaseous 2-propanol. Under visible light irradiation,
induced electrons on an isolated Ti3+ band could be transferred to the surface CuO nanoclusters
efficiently, in addition to the direct charge transfer from the titania VB to the CuO nanoclusters,
as shown in Figure 9. Therefore, for CuO/Ti3+-TiO2, under visible light irradiation, there were holes in
the VB decomposed 2-propanol, while photoinduced electrons were consumed (via oxygen reduction)
on CuO nanoclusters. It was proposed that amorphous Cu(II) oxide nanoclusters grafted on titania
surface suppressed the recombination of electron—hole pairs (at the isolated Ti3+ band), and acted
as a co-catalyst for efficient oxygen reduction to consume the photoinduced electrons. Therefore,
the photocatalytic activity of CuO/Ti3+-TiO2 under both UV and visible light irradiation was very
high and stable [92].

Figure 9. Proposed photocatalytic mechanism of CuO/Ti3+-TiO2 visible light activation. Reprinted
with permission from [92]. Copyright American Chemical Society, 2011.

Cu2O-TiO2 Heterojunction

For the first time, a Cu2O/TiO2 heterojunction system without the presence of other forms of
copper was prepared by electrochemical deposition of Cu2O on Ti foil by Siripala et al. as a thin
film heterojunction photocathode [93]. They observed a photoresponce demonstrating efficient
light-induced charge carriers’ separation at Cu2O-TiO2 junction. Moreover, it was proposed that
TiO2 film successfully protected the Cu2O layer against photocorrosion. In the next study, Li et al.
prepared composites of Cu2O-TiO2 (P25) by electrochemical method for UV-decomposition of dye
brilliant red [94]. Prepared material was more active than pure P25, but unfortunately the mechanism
was not discussed.

Bessekhouad et al. studied photocatalytic efficiency of Cu2O/TiO2, prepared by direct mixing
of both semiconductors [70]. The activity of this heterojunction system was checked by using model
organic pollutant Orange II under both UV and visible light irradiation. It was assumed that Brownian
motion sufficed to permit charge transfers between the particles of the two solids. They observed
that the amount of Cu2O in the heterojunction played an important role, since vis photocatalytic
efficiency increased with an increase in Cu2O amount reaching saturation at ca. 30% (Figure 10a).
It was proposed that under visible light irradiation, electrons from Cu2O could be injected into the
CB of TiO2, and at titania surface react with dissolved oxygen molecules and induce a formation
of oxygen peroxide radicals (O2

•−). Similarly, in the case of the UV system, an increase in content
of Cu2O resulted in enhanced efficiency, but resultant activities at high content of Cu2O were only
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slightly higher than that of pure TiO2, whereas for low content of Cu2O a significant deactivation of
TiO2 was noticed (Figure 10b). This fact was attributed to the increase of charge trapping mechanism
contributions when both semiconductors are excited. According to the authors, the CB of Cu2O was
more negative than the CB of TiO2 favoring the electron transfer from Cu2O to TiO2. Other conditions,
such as the kinetics of reactions occurring at each surface, should be also considered. For example,
the holes generated in Cu2O had to react faster to induce an efficient charge separation [70]. Moreover,
it should be reminded that lack of holes’ consumption (oxidation reaction by holes) could result in
photocorrosion of the sensitizer (here Cu2O) [69].

Figure 10. Photocatalytic degradation of Orange II in Cu2O/TiO2 system under: (a) visible irradiation
and (b) UV–vis irradiation. Reprinted with permission from [70]. Copyright Elsevier, 2005.

Huang et al. performed similar investigations on Cu2O/TiO2 system under UV and visible
light irradiation for decomposition of Orange II [95]. They used titania P25, Cu(CH3COO)2·H2O as
a copper source and alcohol-aqueous based chemical precipitation method to prepare heterojunction
photocatalysts, in which copper was present in only one form-Cu2O (2–3-nm particle size). Similar to
Bessekhouad work, it was found, that an increase in content of Cu2O resulted in higher photocatalytic
activity (70%-Cu2O content with highest activity). They reported 6 and 27 times higher photocatalytic
activity for Cu2O/TiO2 system than that for pure P25 for UV–Vis and visible light irradiation,
respectively. The weak point of this and Bessekhouad’s research under visible light irradiation is the fact
that vis-response should not be tested for dyes due to possibility of semiconductor sensitization [96,97].
Although Huang et al. justified that the excited electrons could not migrate from Orange II to Cu2O,
since the reduction potential of Acid Orange II was lower (−1.25 V) than CB of Cu2O (−1.5 V),
the possibility of electron migration to CB of titania could not be omitted. According to Figure 11,
under UV light irradiation, both Cu2O and TiO2 could be excited (process (1) and (3) corresponding
to Equations (10) and (11), respectively), the generated electrons in Cu2O and holes in TiO2 could
migrate to CB of TiO2 (process (2)) and VB of Cu2O (process (4)), respectively. This transfer process
is thermodynamic favorable since both CB and VB of Cu2O lie above that of TiO2 (heterojunction
type II), which results in prolongation of the lifetime of excited electrons and holes, inducing higher
quantum efficiency. Meanwhile, the generated electrons react with dissolved oxygen molecules and
produce O2

•− (Equations (12) and (13)) to decompose organic pollutants (Equation (14)), while the
holes could induce some oxidation process directly (Equation (15)). Under visible light irradiation,
process (1) can also occur due to the narrow band gap of Cu2O (2.0 eV), and thus Orange II still can be
photocatalytically decomposed by the redox reactions (Equations (11)–(14)), where Equation (12) is
possible due to the transfer of electrons from Cu2O (process (2)):

Cu2O + hν → Cu2O(e−) + Cu2O(h+) (10)

TiO2 + hν → TiO2(e−) + TiO2(h+) (11)

TiO2(e−) + O2 → TiO2 + O2
•− (12)
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Cu2O(e−) + O2 → Cu2O + O2
•− (13)

OII*
ads + O2

•− → products (14)

OII*
ads + TiO2(h+) → products (15)

Similar conclusions were proposed by Zhang et al., who prepared TiO2 film covered by a Cu2O
microgrid by the microsphere lithography method [98]. The underlying TiO2 film was composed of
nanosized particles covered by microgrids of Cu2O, which were composed of particles smaller than
20 nm. By comparison of three types of thin films—TiO2, Cu2O and TiO2-Cu2O for methylene blue
degradation—it was found that under both UV and visible light irradiation the heterojunction system
was the most active. The authors suggested the same mechanism of heterojunction as that explained
above (Figure 11).

A modified explanation of the enhanced photocatalytic activity of Cu2O/TiO2 heterojunction
system considering the role of Ti3+ was proposed by Xiong et al. [99]. TiO2 and Cu2O were prepared
separately and final coupled photocatalyst was obtained by suspension mixing. It was reported
that Cu2O/TiO2 photocatalyst had much better vis activity in degradation of brilliant red X-3B and
photocatalytic hydrogen evolution than TiO2 and Cu2O alone. It was proposed that photogenerated
electrons from Cu2O were captured by Ti4+ ions in TiO2 and thus being reduced to Ti3+ ions, as shown
in Figure 12. Whereas, left holes in the valence band of Cu2O formed “hole centers” hampering the
charge carriers’ recombination. Therefore, trapped electrons (in Ti3+ ions with prolonged lifetime) could
be transferred to the interface between the composite and solution, resulting in retarded recombination
between electrons in TiO2 (Ti3+) and holes in Cu2O [99].

Figure 11. The scheme of excitation and separation of electrons and holes for Cu2O/TiO2

heterostructures under irradiation. Transformations (1) and (3) represent the excitation process in Cu2O
and TiO2, respectively; process (2) and (4) stand for the transfer of electrons and holes between Cu2O
and TiO2). Transformations (1) and (2) occur both under UV and visible light, while process (3) and (4)
under UV light. Reprinted with permission from [95]. Copyright Elsevier, 2009.
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Figure 12. Interfacial electron transfer in Cu2O/TiO2 composite in the presence of Ti3+. Reprinted with
permission from [99]. Copyright Elsevier, 2011.

Wang et al. prepared Cu2O-loaded TiO2 nanotube arrays (NTAs) by electrochemical anodization
of Ti foil and subsequent Cu2O deposition by an ultrasonication-assisted sequential chemical bath
deposition (S-CBD) method [100]. They check both visible light photocatalytic (Rhodamine B as model
pollutant) and photoelectrocatalytic activities of Cu2O/TiO2 NTAs. The photocatalysts with small
content of Cu2O exhibited the largest photocurrent and photoconversion efficiency under visible light
irradiation, as well as the highest visible light photocatalytic degradation rate of RhB. In particular,
when 0.5 V bias potential was applied, Cu2O/TiO2 NTA photoelectrodes were found to possess
superior photoelectrocatalytic efficiency, due to a synergistic effect of electricity and visible light
irradiation [100].

However, in the case of heterojunctions for photocatalysts obtained according to standard methods
an improved charge separation was observed, some limitations were also suggested, due to the
incompact contact and small interface between two semiconductors. Therefore, the preparation of
interconnected heterostructures with a large interface between two semiconductors was proposed for
improvement of the charge transfer efficiency. For example, Cu2O@TiO2 core-shell photocatalyst was
prepared by in situ hydrolysis and crystallization method (Figure 13), and tested under solar radiation
for 4-nitrophenol degradation [101]. It was found that Cu2O@TiO2 had absorption properties similar
to pure Cu2O: strong visible light absorption in the range of 400–600 nm (Figure 14a), and was the most
active among other coupled photocatalysts, e.g., prepared by physical mixing Cu2O/TiO2(PM) and by
chemical method denoted to Cu2O/TiO2 (Figure 14b). Moreover, weaker photoluminescence signals
for Cu2O@TiO2 sample than for pure Cu2O suggested retardation of charge carriers’ recombination,
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probably because introduction of TiO2 shell could reduce the surface oxygen vacancies and defect in
Cu2O core [101].

Figure 13. The formation of compact interface between two components ascribed as in situ hydrolysis
and crystallization synthetic method of core-shell Cu2O@TiO2. Reprinted with permission from [101].
Copyright Elsevier, 2011.

Figure 14. (a) UV–Vis diffuse reflection spectra of pure Cu2O and Cu2O@TiO2 sample; (b) comparison
of photocatalytic degradation of 4-nitrophenol under solar light in the absence of the photocatalyst and
over different photocatalytic systems. Reprinted with permission from [101]. Copyright Elsevier, 2011.

Another strategy for obtaining efficient copper oxide–titania coupled photocatalyst is based on
consideration of the morphology of copper oxide and titania. For example, Liu et al. synthesized Cu2O
nanospheres decorated with TiO2 nanoislands (Cu2O-NS/TiO2-NI) by a facile hydrolyzation reaction
followed by a solvent-thermal process. [102]. It was found that Cu2O-NS/TiO2-NI demonstrated
superior photocatalytic performance under visible light illumination for methyl orange degradation,
E. coli bacteria disinfection, and also a better stability during the photocatalysis process from their
specific structure. The design of a partial coverage of Cu2O nanosphere with TiO2 nano-islands
enabled the reaction between photo-generated holes and water to produce hydroxyl radicals or
directly with organic pollutants/microorganisms in water. Therefore, the accumulation of holes on the
underlying Cu2O films prevented photocorrosion, and subsequently made this photocatalyst stable
during the photocatalysis process (Figure 15). It was shown that part of Ti4+ was reduced to Ti3+ in
Cu2O-NS/TiO2-NI, suggesting that under visible light irradiation photo-generated electrons in Cu2O
were transferred to TiO2 and trapped there. After shutting off the irradiation, these trapped electrons
could be gradually released from TiO2 to react with O2 producing reactive radicals, which imparted
the photocatalytic memory effect to Cu2O-NS/TiO2-NI photocatalyst (Figure 15) [102].
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Figure 15. Proposed energy band structure of the Cu2O/TiO2 p-n heterojunction, the photocatalytic
activity enhancement mechanism under visible light illumination, and the post-illumination catalytic
memory mechanism in the dark. Reprinted with permission from [102]. Copyright American Chemical
Society, 2014.

It is well known that controlled morphology by application of exposed facets (faceted
semiconductors) significantly enhances photocatalytic performance, due to excellent crystallinity
and low content of defects, e.g., octahedral and decahedral anatase particles [103,104]. Therefore,
it is not surprising that similar concept was applied for copper oxide–titania heterojunction systems.
For example, Liu et al. prepared Cu2O@TiO2 photocatalysts using Cu2O with exposed facets [105].
First, Cu2O nanocrystals with different types of morphology: cubes, cuboctahedra and octahedra
were synthesized, and then Cu2O@TiO2 core-shell polyhedral nanostructures were prepared by
hydrothermal reaction. It was proven then the morphology of Cu2O cores was well preserved during
hydrothermal process (Figure 16A). Well-crystallized anatase nanoparticles created a uniform and
rough layer covering the smooth surface of Cu2O core. The photocatalytic activity of Cu2O@TiO2

in the visible light was checked in relation to methylene blue and 4-nitrophenol. The activity of all
coupled samples was higher than that of single Cu2O and TiO2, and increased with the following
order regarding Cu2O morphology: cubes < cuboctahedra < octahedra. The surface photovoltage
spectroscopy (SPS) was used to analyze photoinduced carrier separation and charge transfer behavior,
where the magnitude of SPS response peak depended on the amount of net charge accumulated on
the material surface. It was shown that SPS response correlated with the type of facet configuration,
and Cu2O@TiO2 octahedra had the strongest SPS response, Cu2O@TiO2 cuboctahedra—medium,
whereas Cu2O@TiO2 cubes—the lowest (Figure 16B), showing the same tendency as the photocatalytic
activity. Moreover, it was found that Cu2O@TiO2 core-shell photocatalysts had different band offset
values (Figure 16C), demonstrating a clear facet-dependent activity. The photocatalytic performance
of Cu2O@TiO2 polyhedra was different with that of pure Cu2O polyhedra without TiO2 shells,
which could be attributed to the different driving forces for the charge carrier separation [105].
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Figure 16. (A) SEM and TEM images of Cu2O@TiO2, Cu2O nanocrystals in the shape of cubes—(a,b)
and, cuboctahedra—(c,d), and octahedra—(e,f); (B) Surface photovoltage spectroscopy (SPS) spectra
of Cu2O@TiO2 core-shell polyhedra, compared with that of the as-synthesized Cu2O cuboctahedra;
(C) Energy band diagrams for different types of morphology. Reprinted with permission from [105].
Copyright American Chemical Society, 2015.

Mixed Copper Species Deposited on Titania Surface

Frequently, during preparation of copper-modified TiO2, a mixture of copper species is
obtained [58,59], and such systems are named as “cascade heterojunction systems.” For example,
Helaili et al. prepared Cu2O/TiO2, Cu/Cu2O/TiO2 and Cu/Cu2O/CuO/TiO2 heterojunctions using
chemical methods, and examined their potential application as photocatalysts for oxidative reactions
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(Orange II as a model dye pollutant) under visible light irradiation [106]. The obtained results suggested
the following rules, which could govern the electrons transfer mechanism: (a) metallic Cu improved the
photocatalytic activity of single semiconductor by the formation of apparent Ohmic junction enhancing
the charges transfer kinetics; (b) electromotive forces developed from semiconductor/semiconductor
heterojunction suppressed the effect of metallic Cu due to the formation of an apparent Schottky type
junction; (c) diffusion potential developed from multiple steps electrons transfer had more impact
for improving the efficiency than that developed from one step transition; and (d) heterojunction
cascade obtained from monobloc of photosensitizers was more efficient than that obtained from
direct mixture of the semiconductors [106]. Xing et al. prepared Cu/Cu2O/TiO2 photocatalyst as
an efficient heterojunction system for terephthalic acid degradation under UV/Vis irradiation [107].
According to the mechanism presented in Figure 17, under UV/vis irradiation electrons and holes
are photogenerated on both Cu2O and TiO2. Because the Fermi energy level of Cu is lower than that
of p-type Cu2O, electrons from the CB of Cu2O migrate to Cu until the two Fermi levels are aligned.
Holes in the VB of Cu2O recombine with electrons in the CB of TiO2. Therefore, holes in the VB of TiO2

are efficiently separated from electrons, and engage in hydroxyl radicals’ formation. In the case of
visible light irradiation, only Cu2O is photoexcited. Electrons in the CB of Cu2O are trapped by highly
conductive Cu, whereas migration of holes from the VB of Cu2O to VB of TiO2 is impossible, and thus,
the negligible amount of hydroxyl radicals can be detected. This transmission pathway (under UV)
is analogous to that of the Z-scheme system instead of a type II heterojunction system. It means that
Cu/Cu2O/TiO2 system with very intensive charge separation is much more efficient in the case of
UV/vis system than for visible light system, where Z-scheme model dominates [107].

Figure 17. Reaction pathway for photoexcited e–h pairs in Cu/Cu2O/TiO2 nanojunctions. Reprinted
with permission from [107]. Copyright John Wiley & Sons, Inc., 2013.

Analogically, it is thought that the morphology of titania should be also important issue for the
efficiency of copper species–titania heterojunction system. Janczarek et al. prepared copper-modified
titania based on decahedral anatase particles (DAP) with eight equivalent (101) facets and two (001)
facets [58]. Copper species were photodeposited on DAP surface. It was estimated that Cu2O was
a predominant form of copper (82.0%), whereas other copper species existed in minority, CuO (12.8%)
and Cu(0) (5.2%). Copper species formed small nanoclusters of ca. 2 nm, which were uniformly
distributed on all facets of DAP. This material Cu/Cu2O/CuO/TiO2(DAP) was especially active in
UV/vis system for acetic acid oxidation but very low improvement of activity for 2-propanol oxidation
was observed under visible light irradiation, confirming mechanistic issues described in the previously
mentioned studies [58].

Qiu et al. prepared CuxO-TiO2 nanocomposites dedicated to indoor environments for degradation
of volatile organic compounds and pathogens [108]. The structure of copper species deposited on

58



Catalysts 2017, 7, 317

titania surface was nanocluster mixture of Cu2O and CuO. The balance between Cu(I) and Cu(II) states
in CuxO was critical to achieving efficient VOC decomposition and antipathogenic activity. It was
found that the optimum Cu(I)/Cu(II) ratio in CuxO nanoclusters was 1.3. This material had also good
antiviral and antibacterial activity under dark conditions. The ratio of Cu(I)/Cu(II) did not markedly
change after long-term visible-light irradiation, indicating that the multielectron reduction reaction was
catalytic in air with a turnover number greater than 22 [108]. Luna et al. studied Cu2O-CuO-TiO2(P25)
semiconductors for gallic acid oxidation under UV/vis LEDs irradiation [109]. By using UV light, CuO
addition to TiO2 did not enhance the photoactivity and acted like an impurity or a defect at the surface,
favoring the fast recombination of charge carriers, or like an electron fast scavenger. In the case of
visible light system (Figure 18), CuO addition evidenced the injection of charge carriers from Cu2O
to TiO2 and CuO, as suggested by TRMC study. Gallic acid degradation proceeded by a sequence of
reactions involving the formation of intermediates such as, maleic, fumaric, oxalic and formic acids,
before reaching its mineralization [109].

Figure 18. A proposed scheme showing the photoredox processes during degradation of gallic acid
(GA) in presence of Cu2O–CuO–TiO2 (P25) photocatalysts, air and visible light (LEDs). Reprinted with
permission from [109]. Copyright Elsevier, 2016.

3. Conclusions

The design of an efficient and stable photocatalyst for oxidative reaction systems with high
activity under UV and visible light is still a challenge. Among various metals considered as titania
modifiers, copper is one of the most promising because of its abundancy, low cost and similar
properties to expensive noble metals such as gold and silver. The enhancement of TiO2 photocatalytic
activity with copper modification can be realized by two main mechanistic concepts: preparation
of plasmonic photocatalyst with metallic copper on titania surface and formation of heterojunctions
between titania and copper oxides. Direct doping of titania lattice by copper ions is rather difficult
because of different sizes of Cu2+ and Ti4+. The chemical stability of copper species is a very important
issue for copper-modified TiO2. This issue should be always considered in design thinking about
copper-modified titania, primarily for metallic copper. In this review, the successful attempts to obtain
stable metallic Cu were presented, and this breakthrough research may cause an increase in the number
of research in the copper-focused, visible light-oriented plasmonic photocatalysis.

This review also highlights various heterojunction concepts according to different copper
oxides–titania configurations. Owing to the authors’ knowledge there is still no comprehensive research
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paper considering all main variants of copper oxides–titania heterojunctions to perform a comparable
study. To analyze the mechanism of heterojunction, it is necessary to calculate exact positions of VB
and CB of semiconductors. The problem is that these values for copper oxides can significantly
differ in various papers, resulting in change of the possible type of heterojunction. Therefore,
an accurate photoelectrochemical characterization of each component of heterojunction system is
required. Among copper oxides in relation to heterojunction with titania, Cu2O has the promising
application potential to wastewater treatment including its very good antipathogenic properties,
even better that metallic copper [108]. For oxidative reaction systems, cascade heterojunction with
different forms of copper is also a perspective option. Additional presence of metallic copper in such
heterojunction system is beneficial under UV irradiation, but is detrimental in the case of visible light
irradiation. The presence of Ti3+ ions can also positively influence the efficiency of heterojunction
system. Moreover, the content of copper oxides (Cu2O/CuO) in cascade heterojunction system is a very
significant parameter influencing photocatalytic activity. The new research areas are opening with
the development of methods, which allow to obtain copper oxides and titania with specific particle
morphology. The influence of different types of crystal facets of Cu2O on the efficiency of Cu2O/TiO2

system has been confirmed and is still under debate. Furthermore, the core-shell configurations
for copper oxide–titania heterojunctions can increase a photocatalytic efficiency and stability of
whole photocatalytic system. Additionally, the post-illumination catalytic memory phenomenon,
observed in Cu2O(nanospheres)/TiO2(nanoislands) can be important extension for photocatalytic
properties under dark conditions.
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Abstract: In the present study, titanium dioxide nanostructures were synthesized through
microwave irradiation. In a typical microwave synthesis, nanorod spheres in the powder form were
simultaneously produced with nanorod arrays grown on polyethylene terephthalate (PET) substrates.
The syntheses were performed in water or ethanol with limited temperature at 80 ◦C and 200 ◦C.
A simple and low-cost approach was used for the arrays growth, which involved a PET substrate with
a zinc oxide seed layer deposited by spin-coating. X-ray diffraction (XRD) and Raman spectroscopy
revealed that synthesis in water result in a mixture of brookite and rutile phases, while using
ethanol as solvent it was only observed the rutile phase. Scanning electron microscopy (SEM)
showed that the synthesized spheres were in the micrometer range appearing as aggregates of
fine nanorods. The arrays maintained the sphere nanorod aggregate structures and the synthesis
totally covered the flexible substrates. Transmission electron microscopy (TEM) was used to identify
the brookite structure. The optical band gaps of all materials have been determined from diffuse
reflectance spectroscopy. Photocatalytic activity was assessed from rhodamine B degradation with
remarkable degradability performance under ultraviolet (UV) radiation. Reusability experiments
were carried out for the best photocatalyst, which also revealed notable photocatalytic activity under
solar radiation. The present study is an interesting and competitive alternative for the photocatalysts
existing nowadays, as it simultaneously results in highly photoactive powders and flexible materials
produced with low-cost synthesis routes such as microwave irradiation.

Keywords: TiO2; nanorod spheres; nanorod arrays; flexible substrates; microwave irradiation;
photocatalysis

1. Introduction

Titanium dioxide (TiO2) has been extensively studied for applications ranging from sensors [1,2] to
dye-solar cells [3]. However, recently, this material has been widely used as photocatalyst agents [4–10].
The great interest in TiO2 as photocatalyst is related to its low-cost, non-toxicity, high stability and
photoactivity, and earth-abundance [5–7,11–15]. TiO2 commonly appears in the amorphous form or
as three distinct crystalline phases: two tetragonal ones, anatase and rutile, and as an orthorhombic
phase, brookite [16]. From these crystalline phases, rutile is the most stable, while anatase and brookite
are metastable and can be converted to rutile upon heating [17]. Moreover, TiO2 typically exhibits
n-type semiconductor character, displaying optical band gaps of 3.0 and 3.2 eV for rutile and anatase,
respectively [18]. The band gap values reported for brookite in the literature are varied, and range
from 3.13 to 3.40 eV [17,18].
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Catalysts 2017, 7, 60

TiO2 is usually used as a photocatalyst in the forms of anatase and rutile [19–22]. Recently, it has
been found that the mixture of both phases displayed higher photocatalytic activity than pure
phases [23]. Brookite, in contrast, is not explored for photocatalytic applications; as the other TiO2

crystalline phases, however, the interest on this material has been growing lately [17,24,25]. For these
materials to act as photocatalysts, redox reactions on their surface must occur [5]. In general,
the photocatalytic degradation will occur when TiO2 is exposed to radiation with higher energy
than its band gap, creating electron–hole pairs. Then, electrons in the conduction band generate
superoxides [26], while holes create hydroxyl radicals [5,27] which will decompose organic and
inorganic compounds [28].

The improved photocatalytic activity of materials relies on several factors, in which the most
expressive ones are crystal size, crystalline phase, specific surface area, impurities and exposed
surface facets [5,6]. Several TiO2 micro- and nanomaterials with numerous shapes, such as sheets [29],
spheres [30], rods [31], plumes [32], and wires [33], have been reported for photocatalytic applications.
Moreover, it has been previously reported that multi-scaled structures, such as nanorods in
micro-spheres, are promising for improving photocatalytic activity [34], since they combine the
higher surface/volume ratio of nanorods, which results in higher density of active sites for surface
reactions [35,36] to the micrometer size of spheres that can be easily recycled due to the enhanced
intrinsic weight sedimentation ability [34]. TiO2 photocatalysts in the form of films or arrays are
also frequently used, avoiding the recycling processes [5]. However, the films are often grown or
deposited on rigid substrates [37], which limits their application on adaptable surfaces and increases
production costs.

Several physical and chemical techniques have been reported to produce TiO2 nanostructures,
arrays and films over the years [38]. These techniques include sol-gel method [39], atomic layer
deposition [40], thermal evaporation [41], sputtering [42], hydrothermal and solvothermal
synthesis [43–46], and microwave irradiation [5]. Indeed, microwave synthesis appears as a viable
and inexpensive option for the TiO2 production due to its intrinsic characteristics and by the fact
that it relies on the efficient heating of solvents and/or reagents [47], providing accurate temperature
control, celerity, enhanced efficiency/cost balance [47–50] and uniformity [51]. Nevertheless, the type
of solvent employed in microwave-assisted routes is a key parameter [47,52]. Several metal oxide-based
materials have been synthesized under microwave irradiation, producing well-defined structures and
morphologies, and specific phases or compositions with high purity [5,50,52–56].

The present work reports the production and photocatalytic activity of TiO2 nanorod spheres and
nanorod arrays grown on PET, both simultaneously synthesized under microwave irradiation with
water or ethanol as solvents, and where the synthesis temperature was fixed. The aim is to challenge
the present state of the art concerning the exploitation of an easy, environmentally friendly, low-cost
sustainable and reliable approach to produce improved TiO2 photocatalysts both in the powder form
as micro-sized particles easily recycled and as uniform arrays on PET substrates that can be adaptable
to different surfaces such as the ones required for water/wastewater treatment. Moreover, to the best
of the author’s knowledge, TiO2 arrays grown at low temperatures on ZnO seeded PET substrates
using inexpensive synthesis and seed deposition routes without any process to increase the PET
adhesion to TiO2 has never been reported before. It is also intended to offer options to commercial TiO2

photocatalyst materials in the powder form, which normally presents limitations, especially in recovery
due to its nanometer size (~30 nm) [20]. Structural and morphologic characterizations of the microwave
synthesized materials have been carried out by X-ray diffraction (XRD), Raman spectroscopy, scanning
electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS) and transmission
electron microscopy (TEM). Optical properties were assessed through diffuse reflectance spectroscopy,
and the photocatalytic activity has been evaluated from the evolution of rhodamine B degradation
under ultraviolet (UV) and solar radiations. Rhodamine B was considered as a model-test contaminant
and indicator due to its photocatalytic activity and absorption peaks in the visible range, thus its
degradation can be easily monitored by optical absorption spectroscopy.
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2. Results and Discussion

TiO2 nanorod spheres and arrays were synthesized under microwave irradiation using
two distinct solvents and fixing the synthesis temperature to understand the influence of these
parameters on the material properties and final photocatalytic behavior. Following an easy and low-cost
approach, the TiO2 nanorod arrays were grown on seeded flexible substrates at low temperature,
which opens to the possibility of employing these materials to a broad range of applications.

2.1. X-ray Diffraction and Raman Spectroscopy

Figure 1a shows powder diffractograms of the nanorod spheres (powder) synthesized using
water and ethanol as solvents and with synthesis temperature of 80 ◦C and 200 ◦C. The solvent clear
influences the final TiO2 phase of the materials produced. All peaks in the experimental diffractograms
could be assigned to either brookite or rutile depending on the synthesis conditions used. The materials
synthesized with water showed a mixture of brookite and rutile phases, with higher amounts of
brookite to the 80 ◦C H2O material (53% of brookite (ICDD file No. 01-076-1937) and 47% of rutile
(ICSD file No. 96-900-4143)). The 200 ◦C H2O material resulted in a proportion of 26% of brookite
to 74% of rutile. The fact that higher temperatures resulted in lower amounts of brookite is due to
a temperature threshold where all the brookite phase is converted into rutile [17]. Lower temperatures
form higher amounts of brookite, and higher temperatures form rutile-rich structures. Both materials
synthesized with ethanol formed single phased materials fully assigned to rutile. The use of ethanol has
been reported previously to form rutile-rich nanostructures [57,58]. No peaks associated to impurities
such as Ti(OH)4 were detected and all the peaks suggest that the materials are well crystallized.
The broad width observed for the materials synthesized at 80 ◦C suggests the presence of small
sized particles.

Raman measurements were also carried out (Figure 1b), as this technique allows distinguishing
between TiO2 phases [59]. Raman spectra confirmed the presence of both brookite and rutile for
the 80 ◦C H2O nanorod spheres. The Raman bands associated to rutile were also discernible for the
80 ◦C condition. Nevertheless, for the 200 ◦C condition, the phase mostly present is rutile. The nanorod
spheres synthesized with ethanol revealed only the presence of the rutile phase for both the 80 ◦C and
200 ◦C conditions. The Raman bands associated to rutile can be assigned to B1g (110 cm−1), Eg (237 and
443 cm−1) and A1g (609 cm−1), respectively, while the Raman bands of brookite can be assigned to
A1g (124, 150, 198 cm−1), B1g (214 and 278 cm−1), B2g (365 cm−1), and B3g (320 cm−1) [59]. For all
conditions, the characteristic Raman band of ~518 cm−1 [59] associated to the presence of anatase was
not detected, confirming the XRD results. No additional bands could be found in both spectra.

XRD measurements of the TiO2 arrays were not presented due to the broad and intense peaks
coming from the substrate which obscured the TiO2 signal, nevertheless from Raman spectra, the TiO2

phases present at each material could be identified (Figure 2). The Raman spectrum from the PET
substrate is presented for comparison. From the PET bands on both Raman spectra, it is possible to
infer that the 80 ◦C EtOH nanorod arrays are thicker or denser than the ones synthesized with water
(the PET bands (*) are more expressive on the 80 ◦C H2O material). Raman spectrum of the 80 ◦C H2O
nanorod arrays confirmed the presence of both brookite and rutile for this material in accordance to
the nanorod sphere results (see Figure 1a,b). The 80 ◦C EtOH revealed to be a single phased material
fully assigned to rutile, such as the nanorod spheres (see Figure 1a,b). Some of the TiO2 Raman bands
were overlapped by the PET bands, however the ones without overlapping were in accordance to the
TiO2 Raman bands detected for the powder materials. Raman bands coming from the ZnO seed layer
were not identified, nevertheless some ZnO Raman bands overlap with TiO2 ones [52].

2.2. Electron Microscopy

Figure 3 shows the SEM images of TiO2 nanorod spheres. All the experimental conditions
resulted in micro-sized spheres composed by fine nanorods appearing radially arranged. The 80 ◦C
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H2O material exhibited two sphere structures: one more spherical with cracks, and the other
displaying a flower-like (cauliflower) structure. Nevertheless, both sphere types displaying closely
packed nanorods. The average sphere diameter was 2.4 ± 0.9 μm. Moreover, a large amount of
individual nanostructured particles was also detected for this condition (see the right inset pointed
by the arrow in Figure 3a or Figure S1), demonstrating that a clear mixture of structures is present,
as expected from XRD and Raman results (Figure 1). For the 200 ◦C H2O condition, the material
evolved to homogeneous spherical structures with an average sphere diameter of 3.6 ± 0.8 μm.
Other types of structures continued to surround the spheres for this synthesis condition. The 80 ◦C
H2O nanorods presented average widths of 11.4 ± 3.1 nm, while with the increase of synthesis
temperature, the nanorods increased their size (average widths of 31.6 ± 8.3 nm) and the square shape
of the nanorods could be clearly discernible (compare insets in Figure 3a,b).

Figure 1. (a) XRD diffractograms from the TiO2 nanorod spheres produced using water and ethanol at
80 and 200 ◦C. For comparison, experimental data are presented together with the simulated rutile,
brookite and anatase diffractograms; (b) Raman spectra of the TiO2 nanorod spheres. Dot lines indicate
the rutile bands and dashed ones point out to the brookite ones.
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Figure 2. Raman spectra of the TiO2 nanorod arrays produced with water and ethanol at 80 ◦C, together
with the PET substrate for comparison. Dot lines indicate the rutile bands and dashed ones point out
to the brookite ones.

Figure 3. SEM images showing the TiO2 nanorod spheres produced under microwave irradiation with
water as solvent at: (a) 80 ◦C; and (b) 200 ◦C; and using ethanol at: (c) 80 ◦C; and (d) 200 ◦C. The insets
magnify the nanorod structures, and the arrows in (a) point to the nanorod structure inside the sphere
(left side) and to the distinct TiO2 structure observed on the powder synthesized at 80 ◦C (right side)
and using water as solvent.

70



Catalysts 2017, 7, 60

The 80 ◦C EtOH nanorod spheres are highly homogeneous with quasi-spherical structures,
tending to a flower-like structure with closely packed nanorods. The average sphere diameter was
2.2 ± 0.4 μm, with nanorod widths of 10.8 ± 2.8 nm. Upon the temperature increase, the 200 ◦C
EtOH spheres maintained the uniform structure, being highly comparable to the 80 ◦C EtOH material.
The average sphere diameter is 2.1 ± 0.3 μm with nanorods presenting widths of 27.7 ± 6.2 nm and
squared shape (see inset in Figure 3d).

Comparing the micro-sized spheres regarding the solvent used, it was observed that the nanorod
spheres synthesized with alcohol were smaller than the ones synthesized with water, in agreement
to previous reports [60]. This behavior can be approximated to the solvent characteristics under
microwave irradiation. As water is a solvent with higher boiling point than ethanol and also with
lower loss tangent [52], these properties lead to lower microwave coupling efficiency [61], lower heating
rate and pressure inside the microwave vessel during synthesis. Thus, the length of the nanorods can be
tuned and form longer nanorods in the presence of water (larger TiO2 nanorod spheres). Faster reaction
rates result in smaller particle sizes [62], as observed for the materials synthesized with ethanol.

The 80 ◦C H2O nanorod spheres were further investigated by TEM, to identify the distinct TiO2

nanostructures observed in Figures 3a and S1. A bright-field image and respective diffraction pattern
are presented in Figure 4. Small sized rod-like structures are clearly seen, and are steadily compared to
the ones observed by SEM analysis (see the inset pointed by the arrow in Figure 3a). These structures
displayed an average width and length of 22.4 ± 6.7 and 73.7 ± 34.8 nm, respectively. The ring
diffraction pattern attested that these particles are solely from the brookite phase.

Figure 4. (a) Bright field TEM image of the TiO2 structure detected at the 80 ◦C H2O nanorod spheres;
(b) Ring diffraction pattern confirming the TiO2 brookite phase (TiO2 brookite simulation is included).

The large TiO2 micro-sized nanorod spheres appeared as dark structures on TEM and have
not been presented. TiO2 nanorod micro-sized spheres have been reported previously [3,34,63].
These spheres are formed during synthesis, as the nanorods produced initially in solution having the
rutile phase, tend to aggregate in spheres in order to reduce the surface energy [60]. Thus, the nanorod
spheres observed after microwave synthesis for all conditions studied are believed to have the rutile
phase, with the individual TiO2 nanorods having a [001] growth direction, such as previous related
studies [5,63]. The nanorod spheres produced at 80 ◦C with water presented significant structural
differences, and it can be expected that these dissimilarities are related to the nanorod sphere evolution
along synthesis. The compact structure is more likely to occur as it was observed previously for
synthesis using water as solvent [5]. Moreover, with the temperature increase, spherical, larger and
more compact spheres were observed, supporting the assumption of evolution to compact structures.
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The TiO2 nanorod arrays were also successfully synthesized under microwave irradiation and
using ZnO as seed layer on a PET substrate. The image of the produced material demonstrates that
the substrates maintained their flexibility after microwave irradiation (see photograph in Figure 5).
SEM images revealed that both TiO2 nanorod arrays ensued similar final materials composed by
similar nanorods agglomerates forming TiO2 flower-like structures such as the ones observed for the
powder spheres. The synthesis with water resulted in nanorod arrays organized as smaller individual
aggregates along the substrate (Figure 5a). For the material synthesized with ethanol, it could also be
observed that larger individual aggregates were also formed, but presenting a cauliflower aspect and
more closed packed than the 80 ◦C H2O material (compare Figure 5a,b). These structures were grown
side-by-side along the substrate appearing as a continuous material. These results confirm the Raman
spectra where the 80 ◦C EtOH nanorod arrays appeared to be thicker and denser due to the lower
contribution of the PET substrate to the Raman spectrum (see Figure 2). The TiO2 nanorods grown
on the arrays presented widths comparable to the nanorods observed at the micro-sized spheres for
both materials. The average aggregate sizes (thickness) were 570 ± 86.7 nm and 760 ± 114.6 nm for
the 80 ◦C H2O and 80 ◦C EtOH, respectively.

Figure 5. SEM images showing the TiO2 nanorod arrays produced under microwave irradiation
and using: (a) water; and (b) ethanol as solvents. Both arrays were synthesized with temperature
limited to 80 ◦C. The insets show the magnified image of the arrays and the cross-section of the
arrays produced. The array pile-up observed for the 80 ◦C H2O condition is expected to be due
to electron beam interactions with the flexible substrate during SEM analysis, causing the array
detachment. A photograph of the bended PET substrate with the TiO2 nanorod arrays is also shown.

EDS analyses were carried out in the material cross-sections, which revealed homogeneous
distributions of Ti and O in all materials produced (see Figure S2). The presence of ZnO (Zn map)
could not be confirmed through EDS due to the reduced thickness of the film [64].

2.3. Optical Characterization

Optical band gaps have been evaluated from reflectance data through the Tauc plot. The optical
band gap (Eg) is related to the optical absorption coefficient and the incident photon energy as
follows [65,66]:

αhν = A
(
hν − Eg

)n (1)
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where α is the linear absorption coefficient of the material, hν is the photon energy, A is a proportionality
constant and n is a constant exponent which determines the type of optical transitions (n = 1/2 for direct
allowed transition and n = 2 for indirect ones). Moreover, for determining the band gap, the (αhν)2

against hν is plotted, and extracted through the intersection of the extrapolation of the linear portion
with 0. The band gaps were estimated for all the produced TiO2 nanorod spheres and arrays. The band
gaps were 3.05 eV, 3.00 eV, 3.06 eV, and 3.03 eV for 80 ◦C H2O, 200 ◦C H2O, 80 ◦C EtOH and 200 ◦C
EtOH nanorod spheres, respectively (Figure 6a). No significant band gap differences were observed
between the solvents and temperatures tested. Moreover, the evaluated band gaps are within the
reported values for the different TiO2 phases [18,67,68]. The band gaps obtained for the TiO2 nanorod
arrays synthesized at 80 ◦C were 3.30 eV for the 80 ◦C H2O and 3.04 eV for the 80 ◦C EtOH, respectively
(Figure 6b), with both values within the values typically reported for the TiO2 phases. A contribution
from the ZnO seed layer could be expected to the values obtained (ZnO band gap has been reported
to be 3.37 eV [52]), nevertheless this contribution was not evident for the 80 ◦C EtOH condition.
An analogous study, demonstrated that the ZnO seed layer deposited by spin-coating and annealed
at 200 ◦C, resulted in an optical band gap value of 3.26 eV [64]. Structural characteristics as array
thickness and compactness can also largely influence the final band gap value [5], which may justify
the differences observed. The presence of other phases with larger band gaps than rutile (brookite
in the case of the 80 ◦C H2O nanorod arrays) could also have played a role in the higher band gap
observed; nevertheless, this effect was not confirmed for the nanorod spheres, and thus a direct relation
cannot be inferred.

Figure 6. (αhν)2 variation versus photon energy hν for the TiO2 nanorod: (a) spheres; and (b) arrays.

2.4. Photocatalytic Activity

The photocatalytic activity of both the TiO2 nanorod spheres and arrays were evaluated through
the rhodamine B degradation efficiency under UV and solar radiation. For the best photocatalyst
material, reusability tests were carried out. The degradation ratio (C/C0) vs. UV exposure time is
presented in Figure 7, where C is the concentration of the pollutant in the aqueous solution at each
exposure time and C0 is the initial solution concentration. The gradual rhodamine B degradation
under UV radiation in all conditions could be observed in Figure 7 and Figure S3, where the 80 ◦C H2O
nanorod spheres showed the highest photocatalytic activity. This material reached values of 95% after
90 min, while the other powder materials required 150 min to reach closer degradation values, i.e., 87%
for the 200 ◦C H2O, 92% for the 80 ◦C EtOH, and 94% for the 200 ◦C EtOH. From Figure 7b, it can also be
observed that the 80 ◦C H2O powder photocatalyst can be reutilized despite the activity deterioration
observed over the exposures [20,69], which can be related to the powder saturation of rhodamine B [69]
or photocatalyst weight loss during experiments [70]. Moreover, a comparable degradation behavior

73



Catalysts 2017, 7, 60

was observed to the Degussa P25 catalyst (see Figure S4), however the synthesized photocatalyst has
the advantage of being easily recovered and recycled due to its micrometer size.

Figure 7. (a) Rhodamine B degradation ratio (C/C0) vs. UV exposure time for all the materials produced.
(b) Rhodamine B degradation ratio (C/C0) vs. UV exposure time for the 80 ◦C H2O nanorod spheres
after several UV exposure experiments to attest the reusability of the material. The blank rhodamine B
solution was simultaneously exposed during the degradation experiments.

The TiO2 arrays on PET substrates with 150 min of UV exposure time reached 64% and 61% for the
80 ◦C H2O and 80 ◦C EtOH nanorod arrays, respectively. The powder materials were more effective
in rhodhamine B degradation; nevertheless, this performance is expected, as powders have a better
adsorption activity and photocatalytic efficiency than films due to the larger surface area and higher
amount of material [71]. A blank rhodamine B solution was also measured during the UV exposure
experiments, presenting some degradation without the catalyst, however significantly lower than the
degradation observed for all materials (Figure 7a).

The photocatalytic activity depends on several properties such as band gap, crystallite size, crystalline
phase, specific surface area and active facets [5,13]. The TiO2 active facets are {110} > {001} > {100} for
rutile [22] and {210} for brookite [17]. In the present study, two synthesis temperatures and solvents
were investigated ensuing different TiO2 phases, as well as distinct nanorod sphere and aggregate sizes.
A clear relation between the band gaps of all the materials and their photocatalytic behavior cannot be
established, as no significant variations were determined (Figure 6).

Regarding the size effect, a relation with fine particles and photocatalytic activity can be stated.
In the case of the materials synthesized with water, the 80 ◦C condition formed smaller nanorods
than the 200 ◦C one. Thus, the spheres with finer nanorod widths resulted in the highest degradation
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performance (Figure 7a). The nanorod lengths must also be considered, which is deeply related
to the TiO2 sphere size as the nanorods are radially aligned forming the sphere (the 80 ◦C H2O
formed smaller spheres). A size effect contribution from the reduced size of the brookite particles
is also expected (see Figures 3, 4 and S1), along with other property contributions such as active
facets [17]. Moreover, fractions of another TiO2 phase were identified by XRD, Raman, SEM and
TEM (Figures 1, 3 and 4) resulting in a material with a mixture of TiO2 phases (brookite and rutile),
which largely increases the photocatalytic performance [72]. Brookite has been reported to display
higher photocatalytic activity than anatase or rutile [59], thus an expressive contribution to the
photocatalytic performance of the 80 ◦C H2O material, is expected to be from the higher amount
of brookite phase. The 200 ◦C H2O nanorod spheres still presented a mixture of TiO2 phases, however
with lower fractions of brookite than the 80 ◦C H2O one, and when compared with the pure rutile
materials, the poorer rhodamine B degradation performance of the 200 ◦C H2O material could be
justified by the larger sphere sizes detected among all materials.

No significant differences in rhodamine B degradation under UV exposure have been detected
between both spheres synthesized with ethanol. Both rutile materials resulted in similar sphere
diameters despite the difference in nanorod widths. Nevertheless, the 200 ◦C EtOH spheres appeared
to have a more open structure, which can lead to the higher specific surface area [73], justifying the
slight higher rhodamine B degradation (~2% higher than the 80 ◦C EtOH spheres).

The TiO2 nanorod arrays followed similar photocatalytic behavior than the spheres, where the
arrays produced with water, revealed an enhanced photocatalytic activity under UV exposure than
the ones synthesized with ethanol. Raman spectroscopy revealed that the 80 ◦C H2O nanorod arrays
is a mixture of TiO2 phases (brookite and rutile), while the 80 ◦C EtOH is fully composed of the
rutile phase. Additionally, a nanorod aggregate size effect can also be approached, where the smaller
aggregates formed in water associated with the mixture of the crystalline phases may have resulted
in an increase of the photocatalytic performance. Moreover, the 80 ◦C H2O aggregates are expected
to have higher surface area than the ones of the 80 ◦C EtOH material, in which the latter presented
a closed structure with cauliflower aspect and nanorods closely packed.

All the TiO2 nanorod spheres and arrays were then exposed to solar radiation to mimic ambient
conditions (Figure 8). Once again, the 80 ◦C H2O nanorod spheres revealed the greater photocatalytic
activity under the solar light simulating source. This behavior was expected due to the enhanced
properties of this material and to confirm these results, the absorption in function to the exposure
time at a fixed wavelength of 500 nm, was measured in all powder materials (Figure S5). The 80 ◦C
H2O nanorod spheres revealed the higher absorption value at this wavelength suggesting that this
material can be employed for pollutant degradation under visible/solar radiation. The degradation
ratio (C/C0) vs. solar light exposure time is also presented in Figure 8b. The photocatalytic activity of
80 ◦C H2O material is higher under UV than under solar simulating light source (compare Figures 7a
and 8b), which is expectable, however the degradation under solar radiation is expressive (55% after
150 min). The blank rhodamine B solution was not influenced under solar light so all the photocatalytic
effect is due to the presence of the catalyst. The TiO2 nanorod arrays also revealed some rhodamine B
degradation under solar light; however, further investigation is required to improve the degradation
rate (17.5% rhodamine B degradation after 150 min for the best array photocatalyst, i.e., the 80 ◦C
H2O material). Nevertheless, the TiO2 nanorod arrays on flexible substrates show very promising
results as these materials can adapt to unlike surfaces, i.e., in a photocatalytic auto-cleaning tubular
line for water/wastewater treatment, moreover the approach suggested in this work is an interesting
option, as it results in highly malleable materials and uses low-cost production routes.
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Figure 8. (a) Rhodamine B absorbance spectra at different solar light exposure times for the 80 ◦C
H2O nanorod spheres. (b) Rhodamine B degradation ratio (C/C0) vs. solar light exposure time.
The blank rhodamine B solution was simultaneously exposed during the degradation experiments.
The absorbance spectra have not been normalized.

3. Experimental

3.1. TiO2 Nanorod Sphere and Array Productions

The TiO2 nanorod spheres and arrays have been synthesized simultaneously under
microwave irradiation. The TiO2 microwave solution has been prepared using titanium (IV)
isopropoxide (Ti[OCH(CH3)2]4, TTIP, 97%) and hydrochloric acid (HCl, 37%) both from Sigma
Aldrich, St. Louis, MO, USA. Deionized water or ethanol (CH3CH2OH, EtOH, 99.5%) were used
as solvents. In a typical synthesis, 45 mL of each solvent was mixed to 15 mL of HCl and stirred
for 5 min. Afterwards, 2 mL of TTIP was added and the final mixture stirred for 10 min before
microwave synthesis.

Microwave synthesis was performed using a CEM Focused Microwave Synthesis System
Discover SP. Time, power and maximum pressure have been set at 75 min, 100 W and 17 bar,
respectively. Solution volumes of 20 mL were transferred into capped quartz vessels of 35 mL,
which were kept sealed by the constraining surrounding pressure. The synthesis temperature was
fixed to 80 ◦C and 200 ◦C, and the materials produced were named: 80 ◦C H2O, 200 ◦C H2O, 80 ◦C
EtOH, and 200 ◦C EtOH regarding the temperature and solvent used.

Each microwave reaction resulted in powder and arrays grown on the flexible substrate. In the
case of the spheres, the powder composed of micro-sized spheres were collected from the bottom of
the microwave vessel, washed with deionized water, centrifuged for 5 min at 4000 rpm for several
times, and dried at 50 ◦C for 3 h. The TiO2 arrays were grown on seeded substrate, i.e., polyethylene
terephthalate, following a simple and efficient approach (Figure 9). For the microwave reaction, a piece
of seeded PET substrate (20.0 mm × 20.0 mm) was placed at an angle against the vessel with the seed
layer facing down [5]. The flexible substrates exposed to 200 ◦C and higher pressure became fragile
after synthesis, and this condition has not been investigated. The nanorod arrays were synthesized at
80 ◦C and substrate kept malleable. After the synthesis, the materials were cleaned with deionized
water and dried in air.
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Figure 9. Scheme of the ZnO seed layer deposition and TiO2 array growth. ZnO seed layer deposition
on PET substrates by spin-coating and TiO2 nanorod arrays growth under microwave irradiation.

Regarding the ZnO thin films to act as seed layers, their deposition was carried out
using the spin-coating method. The ZnO solution was prepared from zinc acetate dihydrate
(Zn(CH3COO)2·2H2O, 98%), ethanolamine (C2H7NO, 99%) and 2-methoxiethanol (C3H8O2, 99.8%).
The reagents are from Sigma Aldrich and were used without further purification. In a typical reaction,
the seed layer solution was prepared by dissolving zinc acetate in 2-methoxiethanol and then adding
the ethanolamine. The proportion between zinc acetate and ethanolamine is 1:1, and the final mixture
concentration was kept at 0.35 M [64]. The mixture was stirred for 1 h at 60 ◦C and filtered before
depositing the ZnO thin films by the spin-coating method. Before deposition, the PET substrate
was ultrasonically cleaned in isopropanol (10 min) and dried with compressed air. No treatment
to increase adhesion has been performed. The film deposition was carried out at 3000 rpm for 35 s
at room temperature. After each deposition, the films were dried at 180 ◦C for 10 min to remove
the solvents, until completing a total of 6 depositions. In the final layer, the substrate with the
deposited film was annealed for 1 h at 180 ◦C. The annealing temperature selected is between the
PET glass transition temperature (~80 ◦C) and its melting temperature (~250 ◦C) [74], however
an analogous study revealed that this temperature range is necessary to properly eliminate the
reagents [64]. The thickness of the ZnO seed layer cannot be properly estimated as some ZnO chemical
etching is expected during microwave synthesis. Nevertheless, prior to synthesis, in Figure S6,
the estimated seed layer thickness was 50.7 ± 3.6 nm. Some increment to the photocatalytic behavior
of the TiO2 arrays can be expected from the ZnO seed layer. In fact, the use of ZnO thin films as seed
layers for growth TiO2 materials has been reported previously [75,76], where the combination of both
oxides with high chemical stability and UV absorption, result in enhanced photocatalytic activity [75].

3.2. Structural and Optical Characterizations

X-ray diffraction experiments were performed using a PANalytical’s X’Pert PRO MPD
diffractometer equipped with a X’Celerator 1D detector and using CuKα radiation. The XRD data were
acquired in the 20◦–75◦ 2θ range with a step size of 0.05◦. The XRD data were employed to determine
the phase and composition of TiO2 nanorod spheres. The PET substrate originates very broad and
intense peaks on XRD, obscuring the signal of the TiO2 arrays. For comparison, powder diffractograms
of rutile, anatase, brookite have been simulated with PowderCell [77] using crystallographic data from
Reference [78]. Raman spectroscopy experiments were performed at room temperature, using a Xplora
plus Horiba spectrometer and a 532 nm laser.

Surface and cross-section SEM observations were carried out using a Carl Zeiss AURIGA
CrossBeam FIB-SEM workstation equipped for EDS measurements. The dimensions of individual
nanorods, spheres and arrays have been determined from SEM micrographs using the ImageJ
software [79] and considering 30 distinct structures for each measurement. TEM observations were
carried out with a Hitachi H8100 microscope operated at 200 kV. A drop of the sonicated dispersion was
deposited onto 200-mesh copper grids covered with formvar and allowed to dry before observation.
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Diffuse reflectance spectroscopy measurements of the nanorod spheres (dried powders) and
arrays (TiO2 nanorod arrays + ZnO seed layer + PET substrate) were performed in the 250–800 nm
range with a PerkinElmer lambda 950 UV/VIS/NIR spectrophotometer equipped with a 150 mm
diameter integrating sphere integrating sphere. The calibration of the system was achieved by using
a standard reflector sample (reflectance, R = 1.00 from Spectralon disk). The optical band gap of the
TiO2 films was estimated from reflectance spectra using the Tauc plot method [65,80,81].

3.3. Photocatalytic Activity

The photocatalytic activity of the produced materials was evaluated at room temperature from
the degradation of rhodamine B from Sigma Aldrich. The experiments considered the International
standard ISO 10678. For each experiment, 25 mg of each powder containing the TiO2 nanorod spheres
was dispersed in 50 mL of the rhodamine B solution (5 mg/L) and then stirred for 30 min in the
dark to establish absorption-desorption equilibrium. The TiO2 nanorod arrays were used without any
further preparation, where the flexible substrates with the arrays were placed on the bottom of the
recipient and kept in the dark under stirring for 30 min prior to exposure. UV exposure was carried
out using 3 lamps of 95 W aligned in parallel, from Osram, with an emission wavelength of 254 nm
(ozone free). The distance between the light sources and the materials was 10 cm. Absorption spectra
were recorded using a PerkinElmer lambda 950 UV/VIS/NIR spectrophotometer with intervals of
30 min for the first 90 min, and one more exposure of 60 min to complete a total exposure time of
150 min. For powder materials, after each exposure, 4 mL of the rhodamine B solution with the catalyst
was collected and centrifuged for 5 min at 4000 rpm. After the absorption spectrum acquisition,
the solution measured was returned to the recipient for further measurements. To perform reusability
experiments, the powder was recovered by centrifugation, discarding the liquid from the previous
exposure and drying the remaining material at 50 ◦C for 3 h. The reusability tests were carried out
by the repeated UV exposure of the same sample in fresh solutions for 90 min along several weeks.
The commercial TiO2 (Degussa P25) was used for comparison (see Supplementary Materials). All the
photocatalysts (TiO2 nanorod spheres and arrays) were exposed to a solar light simulating source for
equal exposure times as the UV experiments using a Xe lamp at room temperature with intensity of
100 mW/cm2 and AM1.5 spectrum. Exposure experiments at a fixed wavelength of 500 nm over time
were carried out using the PerkinElmer lambda 950 UV/VIS/NIR spectrophotometer.

4. Conclusions

Microwave irradiation proved to be an effective synthesis route to produce TiO2 powders and
arrays at low process temperatures, compatible with the use of flexible and low-cost substrates as PET.
The approach proposed in this study appears as a valid option due to the low-priced characteristics of
the synthesis and seed layer deposition routes. The material characteristics and final properties can
be tuned by selecting the solvent and limiting the synthesis temperature. Water revealed to be the
most adequate solvent for synthesizing materials with a mixture of phases and higher photocatalytic
activities; nevertheless, ethanol formed homogeneous rutile-based materials with good photocatalytic
degradation under UV radiation. Photocatalytic activity was assessed from rhodamine B degradation,
with the 80 ◦C H2O nanorod spheres showing the highest photocatalytic activity of all materials tested
under UV radiation (95% after 90 min) and displaying reusability characteristics over time. All the
materials were further exposed to solar radiation and the 80 ◦C H2O powder resulted in a rhodamine B
degradation of 55% after 150 min. The presence of the brookite phase in this material was determined
as the main responsible for the increased photocatalytic activity. Nevertheless, a relation between
the nanorod, sphere and aggregate sizes and their photocatalytic activity has been suggested for all
materials tested. In the present study, both the nanorod spheres and arrays presented remarkable
photocatalytic activity and, depending on the application desired, the materials can be employed as
powders that are easily recycled, as they appear in the micrometer range, or as arrays grown on flexible
substrates that can be adapted to several surfaces.
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Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/2/60/s1.
Figure S1: SEM images of the 80 ◦C H2O nanorod spheres showing the nanorods radially arranged. The inset
evidences the nanorod structures inside the sphere. Figure S2: Cross-section SEM images (artificial colored) of
the: (a) 80 ◦C H2O; and (e) 80 ◦C EtOH nanorod arrays grown on ZnO seeded PET substrates, together with the
corresponding X-ray maps of Ti: (b,f); O (c,g); and C (d,h). Figure S3: Rhodamine B absorbance spectra at different
UV exposure times for the TiO2 nanorod spheres produced with water at: (a) 80 ◦C; and (b) 200 ◦C; and with
ethanol at: (d) 80 ◦C; and (e) 200 ◦C. The TiO2 nanorod arrays grown on PET were also tested as photocatalystis
at 80 ◦C for: (c) water; and (f) ethanol. The photograph illustrates the PET substrate with the TiO2 nanorod
arrays covering a tube containing the pollutant solution. The absorbance spectra have not been normalized.
Figure S4: Rhodamine B degradation ratio (C/C0) vs. UV exposure time for the 80 ◦C H2O nanorod spheres
and Degussa P25. Figure S5: Absorbance measurements over time at 500 nm for all the TiO2 nanorod spheres.
Figure S6: Cross-section SEM image of the ZnO seed layer prior to microwave synthesis.
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Abstract: Anodization has been widely used to synthesize nanostructured TiO2 films with promising
photocatalytic performance for solar hydrogen production and pollution removal. However, it usually
takes a few hours to obtain the right nanostructures even on a small scale (e.g., 10 mm × 20 mm).
In order to attract interest for industrial applications, fast and large-scale fabrication is highly desirable.
Herein, we demonstrate a fast and large-scale (e.g., 300 mm × 360 mm) synthesis of pine-cone TiO2

nanostructures within two min. The formation mechanism of pine-cone TiO2 is proposed. The
pine-cone TiO2 possesses a strong solar absorption, and exhibits high photocatalytic activities in
photo-oxidizing organic pollutants in wastewater and producing hydrogen from water under natural
sunlight. Thus, this study demonstrates a promising method for fabricating TiO2 films towards
practical photocatalytic applications.

Keywords: pine-cone TiO2 nanoclusters; formation mechanism; lattice defects; optical absorption;
large-sized films; printing and dyeing wastewater

1. Introduction

Nano-structured photoactive TiO2 materials are believed to have a great promise for many
photocatalytic applications such as pollution degradation [1], watersplitting [2], and dye-sensitized
solar cells [3]. Many methods have been created to fabricate TiO2, such as sol-gel [4,5], hydrothermal
treatment [6,7], assisted-template method [8–10], laser ablation [11–14], and electrochemical anodic
oxidation [15,16]. However, these methods have a common shortcoming that it needs a long reaction
time to obtain the photocatalysts. For example, it usually takes several days for the sol-gel and
hydrothermal methods to obtain TiO2 [17–21]. Konishi et al. synthesized monolithic TiO2 by sol-gel
method from the starting solution containing titanium n-propoxide, HCl, formamide, and H2O,
followed by aging for 24 h, drying for seven days, and heat-treatment for three hours in air [22]. Lu’s
group prepared TiO2 nanosheets by a hydrothermal method with titanium butoxide and hydrofluoric
acid solution mixed in a Telfon-lined autoclave at 200 ◦C for 24 h, and subsequent drying at 50 ◦C
overnight [23]. Although it is faster to prepare TiO2 with the anodic oxidation method, it still takes a
few hours [24–27]. For example, well-aligned TiO2 nanotube arrays were obtained after first anodizing
for two hours in an electrolyte containing NH4F, ethylene glycol, and H2O at 60 V, and again anodizing
for 20 min at 60 V, and finally annealing for three hours at 450 ◦C [28]. On the other hand, in real
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applications, TiO2 nanotube films obtained by the anodization method have many advantages, such
as high photocatalytic activity, simple installation and easy recycling. However, so far, it is rarely
reported on the large-scale production of anodized films, leaving their practical promise in industrial
application unknown. For practical industrial applications, it is highly desirable to develop a fast and
large-scale fabrication method.

In the present study, we demonstrate a fast and large-scale anodizing synthesis of TiO2 within two
minutes. The synthesized TiO2 has a pine-cone-like structure (pine-cone TiO2: PCT). This structure is
formed as a result of continuous deposition of TiO2-coated graphene layers and subsequent removal of
graphene during the annealing process. It has a strong visible-light absorption and exhibits impressive
photocatalytic performances for photocatalytic oxidation of organic pollutants in wastewater and
photocatalytic generation of hydrogen from water under natural sunlight irradiation.

2. Results and Discussion

2.1. Morphology

The morphologies of the TiO2 films were investigated with scanning electron microscope (SEM).
Figure 1A and Figure S1 showed that three-dimensional pine-cone-like nanoclusters were grown on
the surface of the Ti substrate when the Ti foil was anodized with grapheme in the electrolyte. When
the Ti foil was anodized without graphene in the electrolyte, only a rough oxide layer was formed
on the Ti foil without the formation of any nanoclusters, as shown in Figure S2. These indicated that
the graphene played a crucial role for the formation of the pine-cone nanostructure. The pine-cone
nanocluster was made of many layered structures (Figure 1B and Figure S3); there were layers of pores
between adjacent layers within the pine-cone structure, and each layer was comprised of small TiO2

nanoparticles (Figure 1C and Figure S4). In addition, the areas between the pine-cones were comprised
of nanotubes structures (Figure 1D, Figures S5 and S6). These unique pine-core structures provided a
large specific surface area of the film.

Figure 1. Cont.
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Figure 1. (A) Field-emission scanning electron microscopy (FE-SEM) image of the pine-cone TiO2 (PCT)
film anodized in the electrolyte of graphene (5.0 mg) and magnesium nitrate solution (100.0 mg L−1,
50.0 mL) at 60 V for 2 min, (B) enlarged scale of the PCT nanoclusters, (C) enlarged scale of the marked
region in B. (D) enlarged scale of the marked region in B.

2.2. Proposed Formation Mechanism

To understand the formation process of these unique pine-cone structures, we examined the
morphology changes of the films formed after various anodization periods. Figure 2 showed a series
of TiO2 films obtained at different anodization times from 1 to 3 min which apparently displayed
the evolution of the pine-cone structures. Figure 2A showed that, after being anodized for 1 min, an
uneven oxide layer with many small holes was formed, along with many bumps which had some
small cracks in the center. After being anodized for 1.5 min, the size of the small holes increased, along
with the expansion of the bumps and the cracks in the center (Figure 2B). After 2 min anodization,
pine-cone structures were formed in the center of the cracks (Figure 2C). Further anodization led to the
partial dissolution or collapse of the pine-cone structure (Figure 2D).

Figure 2. Cont.
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Figure 2. Growth process of PCT film on Ti foil prepared at 60 V for different times. FE-SEM images of
film anodized for (A) 1 min, (B) 1.5 min, (C) 2 min, (D) 3 min.

Based on the observation above, a possible mechanism as shown in Figure 3 was proposed
to explain the formation of the PCT film. As illustrated in Figure 3A, at the beginning, a compact
oxide layer with small holes was formed. Mg2+ and NO3

− ions in the solution moved to the cathode
and anode under the electrical field, respectively. The NO3

− ions reacted with the oxide layer and
soluble species such as [TiO2−x(NO3)x]m−n (m > n, 0 < x < 2) were formed, leading to the local
dissolution/thinning of the oxide layer and forming many small pores rapidly. Meanwhile, as shown
in Figure 3B, as NO3

− and OH− reacted with the oxide layer/Ti interface to form soluble [Ti(NO3)n]m−n

(m = 3, 4; n > 4) and Ti(OH)4 species [29] the pores continued to grow. However, the formation of oxide
layers led to lattice expansion and generated stress at the metal/oxide interface. Accumulation of the
stress led to the deformation of the film and formation of bumps and eventually cracks (Figure S7) [30].
Some of the TiO2 fragments were washed to the electrolyte by the O2 gas (Figure S8). In this experiment,
the pH of the electrolyte was 6.8. As the point of zero charge (pHpzc) of TiO2 was approximately

87



Catalysts 2017, 7, 229

6 to 6.5 [31–33], the surface of TiO2 was negatively charged in the electrolyte. In addition, it was
found that most of the graphene sheets were quickly adsorbed on the cathode. So, the graphene
sheets were likely positively charged on the surface. Therefore, the negatively charged TiO2 fragments
could be easily adsorbed on the surface of the positively charged graphene sheets to form layered
structures. As negatively charged TiO2 accumulated on the graphene sheets, this eventually turned
the graphene-TiO2 complex negatively charged on the surface to prevent further accumulation of TiO2

on the surface. As shown in Figure 3C, the complex was attracted to the anode and reversed on charge
on the surface under the electrical field. The cracks on the expansion parts were excellent landing
positions where the electric field intensity was the strongest due to the shortest distance between the
two electrodes. As this process proceeded, a layer-by-layer stacking structure was obtained. At the
end, the graphene was removed in the annealing process at 723 K in the air, and the pine-cone was
formed as shown in Figure 3D.

Figure 3. Cont.
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Figure 3. Schematic illustration of the formation mechanism of the PCT film: (A) formation of
the anodic oxide layer and pore growth; (B) formation of the cracks and TiO2-graphene layers;
(C) deposition of the TiO2-graphene layers on the cracks; (D) removal of the graphene and formation
of the pine-cone structure.

2.3. Crystal Phase and Surface Chemical Composition

Both XRD and Raman measurements suggested the PCT film annealed at 737 K had an
anatase/rutile mixed phase. The grain sizes estimated with the Scherrer equation from the XRD
pattern were around 18 and 20 nm for the anatase and rutile phases, respectively (Figure S9 and
Table S1). The mixed crystal parameters obtained were consistent with their theoretical values [34].
The Raman peaks (Figure S10) at 147, 198, 396, 515, and 636 cm−1 were from the Eg(1), Eg(2), B1g, A1g or
B1g, and Eg(3) modes of the anatase phase, respectively. The peak located at 448 cm−1 was due to the
Eg mode of the rutile phase. XPS measurements (Figure S11) revealed that the PCT film was found
to contain Ti, O, C, and N, while TNTs was comprised of only Ti, O, and C. The C element existing
at the surface of films was derived from carbon contaminants or residual organic carbons [35]. The
concentration of N calculated from the N 1s XPS spectrum of the PCT film was ~2.93 at %, which
included interstitial N (Ti-O-N; 399.6 eV; 81.3%) [36], substitutional N (Ti-N; 397.1 eV; 8.7%) [37], and
molecularly chemisorbed γ-N2 (401.3 eV; 10%) [38], as shown in Figure S12. N atoms were introduced
by the anodizing technique, likely from the nitric irons attacking the oxide layer and some adsorbed
complexes, such as [TiO2−x(NO3)x]m−n (m > n, 0 < x < 2) and [Ti(NO3)n]m−n (m = 3, 4; n > 4), during
the formation of TiO2 [29,39]. These complex anions [Ti(NO3)n]m−n were thermodynamically unstable
and decomposed into thermodynamically stable TiO2 with N doping [29]. In addition, the NO species
from the decomposition of the nitrate radical might be chemisorbed on the surface or incorporated into
the defects of the resultant TiO2 [40]. The binding energies of the Ti 2p3/2 (458.4 eV) and lattice O2−

(529.5 eV) states of the TNTs shifted 0.2 eV and 0.5 eV toward lower binding energies of 458.6 eV and
530.0 eV, as shown in Figures S13 and S14, respectively. These suggested the reduction of the valence
state of titanium from Ti4+ to Ti3+ [41], and the presence of N species and oxygen vacancies (Vo) [42].

2.4. Lattice Defects and Optical Absorption

ESR results (Figure 4A) showed that the PCT film exhibited a strong signal at g = 2.004, while
TNTs did not show observable signals. This signal was attributed to the electron traps associated with
Vo [43,44], possibly associated with N doping, Ti3+ and/or disordered structures. N doping could
lead to thermal instability and the formation of Vo [45,46]. The interface between the Ti substrate and
the oxide layer could undergo the reaction Ti + TiO2→TiOx (x = 0–2) to form Vo [47]. Moreover, the
fast cooling process employed was a key component for maintaining stable Vo defects and forming a
disordered structure. As shown in Figure S15, the fast cooling sample possessed more Vo defects than
a slow cooling sample. The metastable defective phase on the surface, such as Vo, can subsequently be
oxidized when a sample annealed at high temperature is rapidly exposed to oxygen-rich air [48], but
the Vo defects are maintained at a high concentration in the internal lattice.
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Figure 4B showed that the valence band maximum (VBM) of the PCT film was located at 0.72 eV,
and the band tail region was shifted toward the vacuum level, ending at approximately −0.34 eV,
while TNTs displayed the typical valence band value of TiO2 with the VBM located at ~1.25 eV below
the Fermi energy [49]. The substantial shift of the VBM (1.59 eV) for the PCT film was likely caused by
the substitutional/interstitial N atoms and the disorder of the anatase/rutile interfaces [50].

309.0 309.3 309.6 309.9 310.2 310.5

A
In

te
ns

ity
 (a

.u
.)

 

Magnetic field (mT)

 PCT 
 TNTs

-4 -2 0 2 4 6 8 10 12 14

 

B

C
ou

nt
s (

a.
u)

Binding Energy (eV) 

(-0.34 eV)

(0.72 eV)

(1.25 eV)

 PCT 
 TNTs

500 1000 1500 2000 2500
0.2

0.4

0.6

0.8

1.0

1.2

1.4

C

A
bs

or
ba

nc
e 

(a
.u

.)

Wavelength (nm)

 

 PCT
 TNTs
 Ti foil

Figure 4. Cont.

90



Catalysts 2017, 7, 229

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

1

2

3

4

5

6

D

 PCT
 TNTs

(a
hv

)2 
(a

.u
.)

hv (eV)

Figure 4. (A) Electron spin resonance (ESR) spectra of the PCT film and typical TiO2 nanotube
arrays (TNTs) in air at 77 K. (B) Valence band edge spectra of the PCT film and TNTs.
(C) Ultraviolet-visible-near-infrared (UV-vis-NIR) absorption spectra of the PCT film and TNTs.
(D) Bandgap evaluation from the plots of (αhv)2 vs. the energy (h) of the absorbed light.

The UV-vis-NIR absorption spectra in Figure 4C showed that both PCT film and TNTs had a
substantial absorption from 200 to 400 nm due to electron excitation from VB to CB. The PCT film
had absorption above 500 nm and the absorption edge remarkably extended to the infrared region
(760–2500 nm). This enhanced visible-infrared absorption might be attributed to the N doping and/or
Vo and/or the nanoporous pine-cone structure. Nanoporous-layer-covered on the TiO2 nanotube
arrays were reported as photonic crystals with a substantial optical absorption even in the infrared
region [51–53]. Some oscillations in absorbance might also be due to optical interference. The plots of
(αhv)2 versus the energy of the absorbed light (hv) [37] shown in Figure 4D hinted that the PCT film
might have several distinct electronic transitions, while the TNTs had one of 3.27 eV.

2.5. Photoelectrochemical Activity

The photoelectrochemical activity of the PCT film under natural sunlight was evaluated with its
transient photocurrent response, linear sweeps voltammogram and calculated its photoconversion
efficiency. As shown in Figure 5A, the PCT film had a strong photocurrent density of 0.28 mA cm−2,
14-fold of the TNTs (0.02 mA cm−2). Figure 5B displayed that the photocurrent density of the PCT film
increased rapidly with increasing bias. Figure 5C showed that a maximum photoconversion efficiency
of 0.21% was obtained at −0.34 V vs. Ag/AgCl (0.66 V vs. a reversible hydrogen electrode) for the
PCT film, approximately 13 times higher than that of TNTs.
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Figure 5. Photoelectrochemical activities of the PCT film and TNTs: (A) Transient photocurrent
responses; (B) Linear sweep voltammograms in a potential range of −0.9 to 0.7 V vs. Ag/AgCl;
(C) Calculated photoconversion efficiencies under natural sunlight.

2.6. Photoelectrocatalytic Activity

The solar-driven photoelectrocatalytic activity of the PCT film (30 mm × 40 mm) was further
evaluated with hydrogen generation and MO degradation under natural sunlight. As shown in
Figure 6A, the PCT film exhibited stable activity during a 10-day testing period, and maintained a
hydrogen yield of up to 0.8 mL h−1 cm−2. The PCT film also displayed a high photoactivity in MO
degradation (Figure 6B). The MO (20 mg L−1, 40.0 mL) degradation rate was 97% and 82% after 2 h on
a sunny and cloudy day, respectively (the illumination intensity of sunlight is summarized in Table S2).
Measurements showed that the self-decomposition of MO under the light and the adsorption by the
photocatalyst were negligible (Figure 6C). The PCT film maintained a stable degradation rate over
10 cycles (Figure S16). Thus, the PCT film is a durable, stable, and efficient photocatalyst.

The activity of a large-sized PCT film (300 mm × 360 mm, Figure 6D and Figure S17) was also
evaluated with the decomposition of 2.0 L of MO (20 mg L−1) under three-types of light sources:
UV-light, natural sunlight and fluorescent lamp. It had a good photocatalytic activity under UV light
and sunlight (Table 1), with 94% and 85% of MO removed within 20 min and 2 h, respectively.
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with 20 h of overall irradiation time. (B) Comparison of the solar-driven photoelectrocatalytic activity
of PCT film in sunny day and cloudy day. (C) Degradation rates of methyl orange (MO) solution
with PCT film in three different processes. Photolysis means the MO degradation under light in
the absence of PCT film, adsorption means the MO degradation in the darkness with PCT film, and
photoelectrocatalytic is the MO degradation under light and bias with PCT film. (D) Picture of the
large-size PCT film (300 mm × 360 mm) compared with the laptop.

Table 1. Degradation of MO solution under three different light sources with a large-scale PCT film.

Light Sources Irradiation Time (min) Degradation Rate (%)

UV 20 94
sunlight 120 85

fluorescent lamp 180 16
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2.7. Photoelectrocatalytic Degradation of Wastewater

The practical performance of the PCT film (30 mm × 40 mm) was further tested with the printing
and dyeing wastewater. Figure 7 showed the treatment process. After flocculation and precipitation,
the upper wastewater (50.0 mL) was taken out for the photoelectrochemical degradation under UV
light. The UV-visible absorbance spectra of waste water (Figure S18) showed that the peaks around
230 and 280 nm obviously decreased after 1 h irradiation, and completely disappeared after 2 h. The
wastewater after the test almost had no color. The removal rates of COD and TOC reached 90% and
72.8%, respectively (Table 2). These results indicated that the PCT film had a good photocatalytic
activity for purifying wastewater from printing and dyeing industries. According to the previous
MO degradation tests, we can calculate that 2.5 L upper wastewater can be purified in 2 h with one
large-scale PCT film (300 mm × 360 mm). That means, one 300 mm × 360 mm PCT film can purify 5 L
of printing and dyeing wastewater within 2 h. Accordingly, around 556 L wastewater can be purified
everyday with 1 m2 of our PCT film.

Figure 7. A schematic diagram of the treatment process for printing and dyeing wastewater.

Table 2. Chemical oxygen demand (COD) and total organic carbon (TOC) removal rates after
photoelectrocatalytic degradation.

Initial Concentration
(mg L−1)

Final Concentration
(mg L−1)

Removal Rate (%)

COD 2620 253 90
TOC 1030 280 72.8

3. Experimental Section

3.1. Fast Anodization Synthesis of the TiO2 Nanostructured Film

Ti foils (purity 99.9%, 0.3 mm × 30 mm × 40 mm) are polished with abrasive papers, cleaned with
acetone, anhydrous ethanol, and distilled water in an ultrasonic bath, each for 10 min. The foils are
then washed in a solution of HF/HNO3/H2O (1:4:5 v/v/v) for 30 s, and rinsed with deionized water
several times. A mixture of graphene (5.0 mg) (transmission electron microscopy (TEM) and high
resolution transmission electron microscopy (HRTEM) images are shown in Figures S19 and S20) and
magnesium nitrate solution (100.0 mg L−1, 50.0 mL) is sonicated for 30 min to form a uniform aqueous
electrolyte. In the anodizing process, two Ti foils are used as the anode and cathode, and are subjected
to a constant voltage of 60 V for 2 min at 298 K. The sample is then rinsed with distilled water, and
calcinated at 723 K for 2 h in a muffle oven. This is followed by a fast cooling step, where the sample
is immediately taken out from the muffle oven after calcination, and cooled to room temperature.
For comparison, the film anodized without graphene in the electrolyte (100.0 mg L−1, 50.0 mL of
Mg(NO3)2) is obtained in the same condition, and typical TiO2 nanotube arrays (TNTs) are prepared
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as well at 60 V in 0.6 wt % NH4F-10 vol % H2O-EG electrolyte for 2 h. In the anodizing process, a Ti
foil and a graphite rod are used as the anode and the cathode, respectively.

3.2. Fast Anodization Synthesis of Large-Scale TiO2 Film

Large Ti foils (purity 99.9%, 0.3 mm × 300 mm × 360 mm) are cleaned the same way as the small
Ti foils. They are first polished using abrasive papers, then cleaned with acetone, anhydrous ethanol,
and distilled water in order. The pre-treatment, composition of the electrolyte, anodization conditions,
and calcinations are the same as those applied to the small foils in Section 3.1.

3.3. Characterization

The micromorphologies are analyzed with a Hitachi S-4800 field-emission scanning electron
microscopy (FE-SEM) instrument and Tecnai G2 F20 TEM instrument. The crystalline structures are
obtained with glancing angle X’pert Pro X-ray diffraction (XRD) with Cu-Kα radiation (0.15418 nm).
Ultraviolet-visible-near-infrared (UV-vis-NIR) absorption, Fourier Transform Infrared (FIIR) and
Raman spectra are recorded on a Hitachi U-4100 UV-vis-NIR spectrometer, a Nicolet-5700 FTIR
spectrophotometer and a LeiCA DMLM micro-spectrometer with excitation wavelength of 514.5 nm,
respectively. The chemical states of samples are examined on a Perkin-Elmer X-ray photoelectron
spectroscopy (XPS) instrument with an Mg K anode. The binding energy values are calibrated with C
1s = 284.4 eV. Surface defect is studied with a JES FA-200 electron spin resonance (ESR) spectrometer in
air at 77 K.

3.4. Photoelectrochemical Performance

The photoelectrochemical measurements are conducted under sunlight in a three-electrode cell
using a CHI 830C electrochemical workstation. A 1.0 M NaOH solution, the TiO2 film (1.0 cm2),
Ag/AgCl and Pt foil, are used as the electrolyte, the working electrode, the reference and the counter
electrode, respectively. The linear sweep voltammetry and photocurrent density are recorded. The
efficiency of photoconversion is calculated as follows [54].

η(%) = [(total power output − electrical power input)]/[light power input]× 100%
= jp

[(
E0

rev −
∣
∣Eapp

∣
∣)/I0

]× 100%
(1)

here, jp refers to the photocurrent density (mA cm−2), E0
rev = 1.23 V the standard potential for H2

evolution, I0 the incident-light power density, and the applied potential Eapp = Emeans − Eaoc, where
Emeans refers to the working electrode potential at jp, Eaoc the open circuit working electrode potential
under equivalent conditions, and Eaoc is the voltage where the photocurrent becomes zero.

3.5. Photoelectrocatalytic Activity in Hydrogen Generation and Removal of Model Organic Pollutants

The photoelectrocatalytic activity is assessed with photocatalytic hydrogen generation and
pollutants degradation under sunlight. Hydrogen generation is conducted in a quartz cell with
a 1.0 M NaOH and 10% vol of methanol. The TiO2 film (30 mm × 40 mm) and Pt foil are used
as the photoanode and the cathode, respectively. A bias potential of 1.0 V is applied to the two
electrodes separated by a Nafion membrane. Prior to irradiation, this system is purged to remove
the air completely with argon. The hydrogen gas produced at the Pt electrode is collected in an
inverted burette.

Methylene blue (MB) discoloration test is one of the most popular methods for assessing
photocatalytic activity of films and powders [55–57]. Here we use methyl orange (MO) as the model
organic pollutant as an example. The MO degradation experiments are performed in 40.0 mL of
MO solution (20.0 mg L−1, pH = 6.8) with 0.50 M NaCl as the supporting electrolyte. The TiO2 film
(30 mm × 40 mm) and a cleanly Ti foil are used as the working electrode and the counter electrode,
respectively. A bias potential of 2.0 V is applied. Cycling tests are conducted for 2.5 h at the same time
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of day (12:00 to 14:30) under direct sunlight for 10 days. 1.0 mL of MO solution is taken out every
30 min, and the absorption spectrum of the MO solution is measured with a UV-vis spectrophotometer.
The concentration of MO is determined with the absorbance value at 464 nm. The efficiency of MO
decolorization (D%) is calculated as follows:

D% =
C0 − Ct

C0
× 100% (2)

here, C0 and Ct are the initial absorbance and the absorbance after reaction time t of MO.

3.6. Removal of Organic Pollutants in Wastewater

The performance of the PCT film for practical pollution removal is assessed with the degradation
of wastewater from printing and dyeing industries (Sichuan Mianyang Jialian Printing and Dyeing
Company, Mianyang, China) under UV light. The wastewater is dark brown and its composition is
very complex (pH = 13, Chemical oxygen demand (COD) is 2620 mg/L. Total organic carbon (TOC)
is 1030 mg/L). Then, 100 mL wastewater is taken out to test, after pre-treatment of flocculation and
precipitation, 50 mL upper solutions is then taken for the photoelectrocatalytic degradation. The large
TiO2 film (30 mm × 40 mm) and a cleanly Ti foil are used as the working and counter electrodes,
respectively. A bias potential of 2.0 V is applied to the two electrodes. 0.50 M NaCl is added as the
supporting electrolyte. Then, 1 mL MO solution is taken out every 30 min to measure its absorption
spectrum. After 2 h irradiation, its COD is measured by Potassium dichromate oxidation method, and
its TOC is determined using a Shimadzu TOC analyzer. COD and TOC removal are calculated using
the following equations, respectively.

COD removal(%) = (COD0 − CODt)/COD0 × 100 (3)

TOC removal(%) = (TOC0 − TOCt)/TOC0 × 100 (4)

where COD0 (mg L−1) and CODt (mg L−1) are the initial concentration of chemical oxygen demand
and its remaining concentration of chemical oxygen demand after reaction, respectively. TOC0 (mg L−1)
and TOCt (mg L−1) are the initial concentration of total organic carbon and its remaining concentration
of total organic carbon after reaction, respectively.

4. Conclusions

In this study, we have demonstrated a fast anodizing method to synthesize large-scale
(e.g., 300 mm × 360 mm) pine-cone nanostructured TiO2 film. The pine-cone TiO2 possesses a strong
solar absorption, and exhibits high photocatalytic activities in photo-oxidizing organic pollutants
in wastewater and producing hydrogen from water under natural sunlight. This work has showed
a promising future for practical utilization of anodized TiO2 films in renewable energy and clean
environment applications.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/8/229/s1,
Figure S1: FE-SEM image of overall PCT film, Figure S2: FE-SEM images of the TiO2 film anodized in the
electrolyte of magnesium nitrate solution (100 mg L−1, 50 mL) at 60 V for 2 min, Figure S3: FE-SEM image of top
view of the PCT film, Figure S4: FE-SEM image of layer structure of the PCT film, Figure S5: FE-SEM image of
cracks on the oxide layer, Figure S6: FE-SEM image of the nanoporous oxide layer, Figure S7: FE-SEM image of
small cracks in the Figure 1A, Figure S8: FE-SEM image of TiO2 fragment washed up by O2 gas, Figure S9: XRD
patterns of the PCT films. Specific diffraction peaks for anatase (JCPDS#21−1272) and rutile (JCPDS#21−1276) are
labeled according to A(hkl) and R(hkl), respectively, Figure S10: Raman scattering patterns of the PCT films, where
the anatase and rutile vibration modes are labeled according to mode (a) and mode (r), respectively, Figure S11:
Full XPS spectra of PCT film and TNTs, Figure S12: N 1s XPS spectrum of the PCT film, Figure S13: Ti 2p XPS
spectra of the PCT film and TNTs, Figure S14: O 1s XPS spectra of the PCT film and TNTs, Figure S15: ESR spectra
of PCT film with different cooling styles after calcination at 723 K for 2 h, Figure S16: Stability test of methyl orange
degradation for ten cycles under natural sunlight (CMO = 20 mg L−1, VMO = 40 mL), Figure S17: Pictures for the
large-scale PCT films prepared by different anodization conditions. A laptop was used as a reference, Figure S18:
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UV-Vis absorbance of the printing and dyeing wastewater during the photoelectrochemical degradation process.
� represents the absorbance of the waste water after flocculation and precipitation, Figure S19: TEM images of
prepared graphene. The as-prepared graphene was almost completely transparent and had an average length and
width of about 500 and 300 nm, Figure S20: HRTEM images of prepared graphene. The graphene was no more
than 7 layers thick, Table S1: Lattice parameters and particle sizes of the PCT film, Table S2: Average illumination
intensity of sunlight and outside temperature during the MO photodegradation.
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Abstract: Transfer of semiconductor thin films on transparent and or flexible substrates is a highly
desirable process to enable photonic, catalytic, and sensing technologies. A promising approach
to fabricate nanostructured TiO2 films on transparent substrates is self-ordering by anodizing of
thin metal films on fluorine-doped tin oxide (FTO). Here, we report pulsed direct current (DC)
magnetron sputtering for the deposition of titanium thin films on conductive glass substrates at
temperatures ranging from room temperature to 450 ◦C. We describe in detail the influence that
deposition temperature has on mechanical, adhesion and microstructural properties of titanium
film, as well as on the corresponding TiO2 nanotube array obtained after anodization and annealing.
Finally, we measure the photoelectrochemical water splitting activity of different TiO2 nanotube
samples showing that the film deposited at 150 ◦C has much higher activity correlating well with
the lower crystallite size and the higher degree of self-organization observed in comparison with the
nanotubes obtained at different temperatures. Importantly, the film showing higher water splitting
activity does not have the best adhesion on glass substrate, highlighting an important trade-off for
future optimization.

Keywords: titanium; anodization; TiO2 nanotubes; hardness; adhesion; photoelectrochemistry

1. Introduction

Titanium dioxide (TiO2) is one of the most widely studied semiconductor photocatalysts owing
to its ability to catalyze numerous redox reactions [1], high stability, nontoxicity and low cost [2,3].
Nanocrystalline TiO2 has highly promising optical, photocatalytic and photoelectrochemical (PEC)
performance [4], which have been extensively used for a broad range of applications including
environmental purification, organic oxidations [5], solar cells, PEC water splitting, and hydrogen
peroxide production [1,2,4,6–12].

The photocatalytic performance of TiO2 is strongly affected by its morphology and structure. With
the decrease of the material’s dimensions to nanoscale, surface-to-volume ratio and specific surface
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area increase as well as electronic properties that may also deviate from ideal behavior [13]. Crystal
phase and orientation in nanocrystals and thin films have shown a dramatic role in enhancing charge
separation, band gap, and surface catalytic properties of TiO2 nanomaterials [6,11–13].

Furthermore, TiO2 nanomaterials have shown shape-dependent photocatalytic performance [14].
For thin films, various TiO2 one-dimensional (1D) nanostructures involving self-organized nanotubes,
highly-ordered nanorod arrays, and nanowires, have attracted much attention due to the combination
of highly functional features and controllable nanoscale geometry with the possibility of adjusting
length, diameter, and spacing [13,15–17]. In particular, 1D TiO2 nanotubes (TNT) show better PEC
performance than thin compact layers due to higher surface area, favorable charge transfer along
the nanotube y-axis perpendicular to charge collecting bottom layer, and enhanced light harvesting
efficiency [18].

Self-organized oxide tube arrays can be fabricated by electrochemical anodization of a suitable
metal foil under specific anodic conditions and proper electrolytes [18–23]. For instance, highly
ordered TiO2 nanotube arrays are typically grown by electrochemical anodization of titanium
foils [23]. However, fully transparent photoelectrodes or photonic devices are highly desirable in many
applications including photovoltaics and PEC cells [18,24]. For instance, TNT reaching transparency
higher than 65% and producing stable photocurrent can be employed in PEC tandem cells, in which
the illumination from the support—semiconductor interface is a required condition, enabling the
efficient excitation of both photoanode and photocathode materials [24].

Recently, the anodization of titanium thin films deposited on glass substrates via different Physical
Vapor Deposition methods [18,25], especially magnetron sputtering, have proven to be a promising
route to achieve devices with high stability and performance [16,24–29].

In particular, the properties of TNT are highly influenced by the properties of the starting
magnetron sputtered metal films, which in turn have shown strong tenability depending on energy of
impinging ions, degree of ionization of the sputtered-particles [30], deposition temperature [31], and
concentration of oxygen or nitrogen [32]. Nevertheless, a study exclusively focused on the influence of
temperature of a glass substrate during the pulsed DC magnetron sputtering on the properties of the
deposited titanium films and consequently on the properties and functionality of final TiO2 nanotubes
is still missing. In this work, we report a detailed investigation of mechanical and adhesion properties
of Ti films sputtered at different temperatures, as well as how these different sputtering conditions
influence crystallographic and photoelectrochemical water spitting activity of the self-organized TiO2

nanotubes grown from these Ti films.

2. Results and Discussion

2.1. Structure and Morphology of Sputtered Ti Films

Titanium films were sputtered onto fluorine-doped tin oxide (FTO) substrate at different
temperatures such as room temperature (RT), 150 ◦C, 300 ◦C, and 450 ◦C. For the sake of clarity,
despite the fact that the RT condition did not include intentional heating, the substrate’s temperature
slightly rose up to 80 ◦C due to the bombardment of the FTO surface by plasma discharge ions. The
deposition rate follows a volcano-shaped trend with increasing the deposition temperature and reaches
the maximum of 47 nm/min for 150 ◦C (Figure 1). The grain size follows an opposite trend and the
minimum value of ~80 nm is reached for the Ti sample deposited at 150 ◦C. This dependence can
be ascribed to the processes occurring during the sputtering deposition such as extent of shadowing
effect at low deposition temperatures, and surface and volume diffusion of condensing atoms at higher
temperatures in accordance with the structure zone models [33].
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Figure 1. Crystallite size and deposition rate as a function of deposition temperature for the direct
current magnetron sputtered Ti films. Deposition rate shows a volcano shape dependence on
temperature, while crystallite size has an opposite trend. RT: room temperature.

The as-deposited titanium samples were well adherent to the FTO substrate regardless of the
temperature used without any visually observable defects. The morphological images of all deposited
films are displayed in the scanning electron microscopy (SEM) micrographs reported in Figure 2a–d.
With increasing temperature, the shape of grains and their size distribution varied considerably:
Ti films deposited at RT showed globular morphology, while fully developed hexagonal platelets
with sharp edges were clearly seen for the film deposited at 150 ◦C. The platelets were randomly
distributed and placed on top of each other. The change of morphology is associated with a decrease
of the crystallite size from 120 nm (RT) to 80 nm (150 ◦C) as summarized in Table 1 and Figure 1.
Further increase of the deposition temperature led to a higher surface and bulk diffusivity of sputtered
atoms promoting formation of angular grains, especially for film deposited at 450 ◦C, thus leading to a
substantial increase of crystallite size (see Table 1).

Table 1. Thickness and roughness from profilometry of Ti films; crystallite size of the deposited Ti films
and anodized TiO2 nanotubes. RT: room temperature.

Temperature, ◦C Thickness, μm Roughness, μm Crystallite Size Ti, nm Crystallite Size TiO2, nm

RT 1.35 0.080 120 39
150 1.61 0.125 80 14
300 1.50 0.118 151 25
450 1.48 0.028 167 87

X-ray diffraction was used to determine the crystalline structures of deposited Ti films. Irrespective
of the deposition temperature, the as-prepared films exhibited a variation of peak intensities
corresponding to hexagonal polycrystalline structure of titanium with preferential orientation along
the (002) crystalline plane that is generally the densest plane for hexagonal close packed structures. It is
worth noting the evolution of (100) and (110) peaks with the increase of the deposition temperature in
agreement with previous work [34]. The development of these crystalline planes may be attributed
to the presence of a compressive stress induced in the films’ microstructure [34,35]. Crystallite size
was estimated by using the Scherrer’s equation and retrieved values are shown in Table 1. Figure 2f
shows the energy dispersive X-ray spectroscopy (EDS) spectrum of the titanium film deposited at
150 ◦C on FTO glass. The SEM-EDS analysis revealed traces of Sn in all samples (not shown here)
due to the presence of Sn ions into the FTO (i.e., F-doped SnO2) underneath substrate. The surface
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roughness (Ra) of deposited Ti layers was tested by contact profilometry and the obtained values of
standard Ra parameters are provided in Table 1. Surprisingly, the smoothest surface was identified
for the films composed of the biggest crystalline size. It was also visually observable as a very flat
mirror-like surface. Film thickness obtained from profilometry measurements ranges from 1.35 to
1.60 μm, thus being comparable for all Ti films.

Figure 2. Scanning electron microscope (SEM) images of titanium samples deposited without substrate
heating at (a) RT, (b) 150 ◦C, (c) 300 ◦C and (d) 450 ◦C. (e) X-ray diffraction (XRD) spectra of all
deposited Ti films; (f) energy dispersive X-ray spectroscopy spectrum of titanium film deposited at 150
◦C on fluorine-doped tin oxide (FTO) substrate.

2.2. Mechanical Properties of Sputtered Titanium Films

Analysis of nanoindentation data (Figure 3) evidenced significant differences in mechanical
properties between the deposited Ti films. Substrate heating led to an increase in reduced modulus
from 109 GPa for RT sample (and similar values observed for 150 and 300 ◦C) to 130 GPa for the
film deposited at 450 ◦C. Similarly, hardness values are almost the same regardless of the deposition
temperature up to 300 ◦C (~3.75 GPa), while a small increase can be observed for the film deposited
at 450 ◦C. Nanoindentation hardness of the films is only slightly higher in comparison to the coarse
grained Ti bulk sheet (~2 GPa) measured at the same experimental setup, especially for the films
deposited up to 300 ◦C. This fact correlates well with the fine-grained structure, where dislocation
activity for crystallite with size around 100 nm is suppressed as explained by the well know Hall–Petch
effect [36]. Nevertheless, the relative proximity of hardness values of the Ti films and pure Ti metal bulk
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reflects the high purity of the films, since oxygen or nitrogen impurities strongly affect the mechanical
properties and increase both the hardness and elastic modulus values [32]. No traces of oxygen were
detected using EDS. Hardness increase up to 4 GPa was reported for Ti sputtered films under similar
conditions but under Ar/O2 gas mixture [18]. It should be noted that either oxides (TiO2) or nitrides
(TiNx) can reach much higher hardness. In case of magnetron sputtered TiO2 films hardness values of
pure anatase is in the range of 6–11 GPa, whereas rutile can reach around 20 GPa [37].

Figure 3. Hardness and reduced modulus of the Ti films deposited at different temperatures.

Progressive load scratch tests revealed increasing endurance of Ti films with the increase of
deposition temperature, as demonstrated from the residual grooves tracks shown in Figure 4. Sample
deposited without applying external heating (RT) exhibits full coating delamination starting from 1/3
of the scratch track. Large spalled areas uncovering the bare substrate, far beyond the residual groove,
show that coating-to-substrate adhesion as well as cohesion strength are weak and become a main
reason for the system failure. Substrate heating up to 150 ◦C led to better adhesion, as no delamination
is observed and coating is scratched through after approximately half of the scratch track. Deposition
temperature of 300 ◦C and especially 450 ◦C has a significant impact on scratch resistance as coatings
were not scratched through. The residual scratch tracks’ surface morphologies are almost smooth and
dominated by plastic deformation (see beginnings of the scratches). This is in accordance with the high
level of plasticity index of approx. 83%, defined as the ratio of the plastic work to total indentation
work. With increasing load, formation of faint pile up around the wear track occurs. Only slightly
worn particle packing is observed at the sides of the wear track. It should be noted that findings of
scratch test performed at lower maximum force of 100 mN coincide with those reported in [18].
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Figure 4. Typical scratch tracks for Ti films deposited at temperatures ranging from room temperature
(RT) to 450 ◦C.

2.3. Electrochemical Anodization to Grow TiO2 Nanotubes

Figure 5a shows the current density plot in time during the anodic oxidation of the sputtered
Ti layers sputtered on FTO glass at different temperatures (RT, 150, 300 and 450 ◦C). All the current
transient curves can be divided into three typical stages, already described in detail elsewhere [16,38].
Briefly, the very sharp current density peak observed during the first seconds of the anodization
process is associated with the formation of an initial compact TiO2 layer. A relatively steady state
region followed, denoting the self-organizing electrochemical reaction underlying the formation of
TiO2 nanotubes. Finally, a sudden increase of current density marks the end point of the reaction,
which may be accompanied with the creation of random cracks within the TNT and/or their partial
delamination [39].

Notably, two trends can be observed when the current density curves are compared. The titanium
films deposited at higher temperature required higher current density to be anodically oxidized,
while electrochemical reaction lasted for a much shorter time than the titanium films prepared under
lower temperature. Due to the elevated temperatures, the crystallite size and density of layers are
significantly increased, along with a change in crystallite preferential orientation towards the (002)
planes. The shorter the anodization duration the larger the crystallite sizes; at the same time the denser
the films the higher current density is required for TNT formation. Interestingly, the TNT peeled off in
the center of the anodized area only for the 450 ◦C sample (Figure 5a). The photographs were captured
after the thermal annealing of the as-grown amorphous TiO2 nanotubes in air at 500 ◦C for 1 h to
obtain the crystalline structure. The delamination already occurred during the anodization process
despite thermal annealing. It should be noted that the dominant (002) plane is the one with the highest
thermally induced strain energy per unit volume [40]. Taking into account the crystallographic planes
observed in Figure 2e, the strain energy decreases in the following order (002), (103), (102), (101), (100)
and (110), where the last two are equal [40]. Hence, the problematic anodization of the film deposited
at 450 ◦C stems from the combination of high current density (high thermal load) during anodization
and the highest thermally induced strains of the film’s dominant (002) plane.
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Figure 5. (a) Current density versus time plot recorder during the electrochemical anodization of
titanium films with the pictures of grown and annealed TiO2 nanotubes; (b) XRD spectra of TiO2

nanotubes after thermal annealing at 450 ◦C for 3 h in air.

XRD spectra of the thermally annealed TiO2 nanotubes show only characteristic peaks related
to the polycrystalline anatase phase (Figure 5b). The crystallite size, obtained through the Sherrer
equation, followed the same trend as observed for titanium films, i.e., the smallest grain size of 14 nm
was revealed for the TNT grown from the titanium films deposited at 150 ◦C, while with the increase of
the deposition temperature the grain sizes increased up to 87 nm for 450 ◦C. In the diffractograms, the
signals related to metallic titanium as well as the cassiterite (SnO2) of the FTO substrate were detected.
The source of Ti signal is probably due to the side unanodized parts of the samples rather than residual
Ti impurities in the TNTs.

The cross-sectional and surface SEM morphology images of the prepared nanotubes are shown
in Figure 6. The anodization formed self-organized arrays of highly transparent nanotubes grown
vertically on the FTO substrate. All the prepared nanotubes had a similar thickness of 3 μm, which
corresponds to a volume expansion factor of ~2 due to the anodization procedure. This value is in
agreement with findings from Albu and Schmuki, describing how key parameters such as content of
water in the electrolyte and overall anodization potential influence the expansion factor of TNTs [41].
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The surface SEM images (see inserts in Figure 6) are very similar for RT, 150 ◦C, and 300 ◦C deposited
Ti films. The similarity is due to a nanoporous thin initiation layer which is always present at the top
of nanotubes due to the TiO2 layer formed at the first stage of the anodization process (see description
above). By comparing these three types of nanotube arrays a widening of the tube diameters can be
indicated. The surface morphology is slightly different for the film deposited at 450 ◦C. In this case,
pores with higher diameters are formed at edges of the very large titanium grains (see Figures 2d
and 6d) [39]. The highest quality of nanotubes in terms of homogeneity, degree of organization,
smoothness, and compactness was observed for the TNT grown from Ti films deposited at 150 ◦C.
A much higher number of defects was observed for the TNT grown from RT and 300 ◦C titanium films.
For comparison, the parts of TNT made from Ti films deposited at 450 ◦C, which were not delaminated
from the FTO substrate are also shown. The very low quality of these nanotubes is mainly due to
numerous cracks and is evident (Figure 6d).

Figure 6. Cross-sectional and corresponding surface (inserts) SEM images of the TiO2 nanotubes (TNT)
arrays grown from titanium films deposited at RT (a), 150 ◦C (b), 300 ◦C (c), and 450 ◦C (d).

2.4. Photoelectrochemical Measurements

Photoelectrochemical properties were investigated based on linear sweep voltammetry and
electrochemical impedance spectroscopy (EIS) measurements. The polarization curves showing the
dependence of current density on applied potential are presented in Figure 7a. The performance of
TNT obtained from Ti film sputtered at 450 ◦C was not measured due to the collapse of the structure
upon air annealing. The experiments were carried out in a conventional three-electrode configuration
in 1 M NaOH and under standard AM1.5G (intensity 100 mW/cm2) illumination. All three measured
photoanodes showed a similar voltammetry profile characterized by an onset potential at ~0.74 V
vs. Ag/AgCl and reaching a photocurrent plateau. From the polarization curves (see Figure 7a), the
photocurrent density at 0.5 V (at the end point of the steady-state plateau-like photocurrents and before
the electrochemical oxygen evolution onset potential) are as follows: 175 μA cm−2, 125 μA cm−2, and
116 μA cm−2 for 150 ◦C, RT, and 300 ◦C TNT photoanodes, respectively. The highest photocurrent
value obtained for the sample TNT-150 can be ascribed to the smallest crystallite size, the defect-free
morphology of high quality nanotubes for the 150 ◦C sample.
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Figure 7. Linear sweep voltammetry curves of the TiO2 nanotubes (a). Nyquist plots for TNT-RT,
TNT-150, and TNT-300 measured at an applied bias potential of 0 V vs. Ag/AgCl under illumination of
AM1.5G with the intensity of 100 mW cm−2 (b). Symbols are experimentally measured impedance data;
solid curves are fitted to the equivalent circuit shown (inset). Rs is solution resistance, RCT is charge
transfer resistance, Constant phase element (CPE1) is capacitance element. Photoelectrochemical (PEC)
measurements were carried out in 1 M NaOH electrolyte under simulated solar light irradiation (air
mass-AM1.5G, 100 mW/cm2).

To investigate the reasons underlying the photocurrent trend, we carried out EIS measurements
under AM1.5G illumination at 0 V vs. Ag/AgCl (Figure 7b). The semicircular arch diameter indicates
the charge transfer ability of the examined photoelectrode. To extract the charge transfer parameters
associated with EIS curves, we fitted the curves with an equivalent Randle’s circuit (see inset of
Figure 7b), where Rs is the series/solution resistance, RCT is the charge transfer resistance, and CPE1 is
the constant phase element (capacitance) of semiconductor/electrolyte interface. The fitted parameters
for each sample are shown in Table 2. Rs slightly decreases with increasing temperature of Ti sputtered
films and shows comparable values. The double layer capacitance CPE1 is higher for TNT-RT due to
higher accumulation of charge at the electrode/electrolyte interface; it may be because of grain size
differences or accumulation of more charges at the grain boundaries of the sample. The charge transfer
resistance RCT for TNT-150 sample is 33.7 kΩ, lower compared to TNT-RT (39.7 kΩ) and TNT-300
(36.4 kΩ) suggesting a higher charge transfer rate at the semiconductor/electrolyte interface that, thus,
underlies the observed enhancement in the photocurrent.
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Table 2. Electrochemical Impedance spectroscopy data from measurement taken at 0 V vs. Ag/AgCl
under 1 sun illumination.

Sample RS, Ω RCT, Ω CPE1, μF

RT 16.71 39,799 ± 1149 201 ± 0.57
150 15.70 33,698 ± 279 172 ± 0.33
300 13.37 36,430 ± 841 165 ± 0.44

3. Experimental

3.1. Deposition of Titanium Films by Magnetron Sputtering

Titanium thin films, with thickness of ~1.5 μm, were deposited by pulsed DC magnetron
sputtering of the titanium target (size of 4“ and purity of 99.995%) on a commercially available
FTO coated glasses substrates (Solaronix, Aubonne, Switzerland) with dimensions of 25 × 15 × 2 mm.
A standardized three-step cleaning protocol was used before film deposition. rinsing the substrates in
an ultrasound bath in acetone, ethanol and distilled water, each step lasting 5 min. Subsequent drying
at RT was applied to remove residual water from the glass samples. The chamber was evacuated to
the base pressure of 1 × 10−4 Pa. The depositions were performed at a pressure of 0.2 Pa for 240 min
on unheated as well as heated substrates at various temperatures of 150, 300 and 450 ◦C. Although no
intentional heating was applied the substrate temperature increased up to 90 ◦C during deposition as
a result of its interaction with plasma. The DC power of 700 W (power density of 8.6 W/cm2) was
applied in a pulsed mode at pulse frequency of 50 kHz and duty cycle of 50%. Prior the deposition a
substrate pre-treatment was employed. First the substrate surfaces were cleaned using radio frequency
(RF) (13.56 MHz) plasma etching in argon and then activated in the RF discharge in the mixture 50:50
of Ar and forming gas (10% of H2 and 90% of N2). The RF power of 130 W was typically used.

3.2. Mechanical and Tribological Properties

Mechanical and tribological characteristics were explored using a fully calibrated NanoTest
instrument (MicroMaterials, Wrexham, UK) in a load-controlled mode. Nanoindentation at a peak
force of 3 mN with a diamond pyramidal Berkovich indenter was employed for hardness and elastic
modulus measurement [42,43]. The indentation curves were analyzed using the standard method [44].

Sphero-conical Rockwell indenter with a nominal radius of 10 μm was used for scratch test to
assess the adhesion-cohesion properties of the films. During the standard scratch procedure, the
initially constant topographic load of 0.02 mN was applied over the first 50 μm and then ramped to
500 mN at constant loading rate of 13 mN/s to initiate films failure and reveal their cohesive and/or
adhesive limits. Evaluation of the scratch test was performed on the basis of the indenter on-load
depth record and analysis of the residual scratch tracks. Laser scanning confocal microscope LEXT
OLS 3100 (Olympus, Tokyo, Japan) was used for high-resolution imaging.

3.3. Electrochemical Anodization to Grow Self-Organized TiO2 Nanotubes

The titanium films on FTO glass were washed with ethanol. TiO2 nanotubes were then grown at
60 V using a power source (STATRON 3253.3, Statron AG, Mägenwil, Switzerland) in a two-electrode
configuration with a counter electrode made of platinum (cathode) and the working electrode was
the titanium film (anode). The electrolyte contained 0.2 mol dm−3 NH4F and 4 mol dm−3 H2O in
ethylene glycol. After the anodization process, the samples were washed in ethanol and then dried
in a nitrogen stream. The as-prepared amorphous TNT were annealed at 500 ◦C for 1h in air using
cylindrical furnace (Clasic CLARE 4.0, CLASIC, Revnice, Czech Republic) with temperature increase
5 ◦C min−1 to obtain the crystalline phase. The nanotubes grown from titanium films deposited at
different temperatures such as RT, 150 ◦C, 300 ◦C, and 450 ◦C, are in the text coded as TNT-RT, TNT-150,
TNT-300, and TNT-450, respectively.
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3.4. Characterization of the Titanium Films and TiO2 Nanotubes

Structure of the Ti films was determined using the Empyrean (PANalytical, Almelo, The
Netherlands) diffractometer equipped with Co. radiation source, focusing mirror, and Pixcell detector
via grazing angle regime with incident angle 2◦. Mean crystallite size was determined using the
Scherrer equation. Surface of the films and its cross-sections were observed using Scanning Electron
Microscope Hitachi SU6600 (Hitachi, Tokyo, Japan).

3.5. Photoelectrochemistry

The photoelectrochemical data were collected using a standard three-electrode electrochemical
cell with a Gamry Series G 300 Potentiostat (Warminster, PA, USA). The TiO2 nanotubes served as
working electrode (photoanode), the Ag/AgCl (3 M KCl) as the reference electrode and the Pt wire was
used as the counter electrode. A 150 W Xenon lamp coupled with an AM1.5G filter was used as a light
source. The power intensity was kept at 1 sun (100 mW/cm2) which was calibrated though a silicon
reference solar cell (Newport Corporation, Irvine, CA, USA). The photoelectrochemical behavior of
prepared electrodes was investigated by means of linear sweep voltammetry measurements in 1 M
NaOH electrolyte (pH 13.5). The electrochemical impedance spectroscopy (EIS) data were recorded
using a Gamry instrument (ESA 410, Gamry, Warminster, PA, USA) in the frequency range from 0.1 Hz
to 100 kHz under 1 sun illumination at a bias of 0 V vs. Ag/AgCl. At least three electrodes of each
type were fabricated and tested. All electrodes showed similar J-V curves, and representative data
are reported.

4. Conclusions

In this study, we have reported a detailed investigation of mechanical and adhesion properties of
Ti films sputtered at different temperatures, showing that temperatures as high as 450 ◦C produce Ti
films with well-defined platelet texture and with best mechanical and adhesion properties. However,
we have found that these different sputtering conditions strongly influence crystallographic and
photoelectrochemical water spitting activity of self-organized TiO2 nanotubes grown from Ti films. The
more active TiO2 nanotube sample towards photoelectrochemical water splitting was obtained from
Ti substrate sputtered at 150 ◦C showing the lowest crystallite size, best degree of self-organization,
and enhanced charge transfer at the semiconductor/liquid interface. This work remarks the challenge
behind achieving highly active and durable materials for photonics applications and shows that
advanced magnetron sputtering may enable good control over microstructural properties and, thus,
performance of semiconductor thin films.
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Abstract: The plasmonic Ag/AgCl@TiO2 fiber (S-CTF) photocatalyst was synthesized by a two-step
approach, including the sol-gel and force spinning method for the preparation of TiO2 fibers (TF), and
the impregnation-precipitation-photoreduction strategy for the deposition of Ag/AgCl onto the fibers.
NaOH aqueous solution was utilized to hydrolyze TiCl4, to synthesize TF and remove the byproduct
HCl, and the produced NaCl was recycled for the formation and deposition of Ag/AgCl. The surface
morphology, specific surface area, textural properties, crystal structure, elemental compositions and
optical absorption of S-CTF were characterized by a series of instruments. These results revealed
that the AgCl and Ag0 species were deposited onto TF successfully, and the obtained S-CTF showed
improved visible light absorption due to the surface plasmon resonance of Ag0. In the photocatalytic
degradation of X-3B, S-CTF exhibited significantly enhanced activities under separate visible or UV
light irradiation, in comparison to TF.

Keywords: Ag/AgCl@TiO2 fibers; plasmonic photocatalyst; photodegradation

1. Introduction

As a potential technology, photocatalytic oxidation is widely applied in water treatment [1,2]
and energy conversion area [3,4]. TiO2 is considered to be one of the most promising semiconductor
photocatalysts due to its low cost, chemical stability and non-toxicity [5]. However, its large band
gap (3.2 eV) and high recombination rate of photo-generation carrier [6] limit its applications as an
efficient and visible-light driven photocatalyst. Numerous strategies have been explored to enhance
its activity, especially doping with nonmetal elements (N and S, etc.) [7,8], coupling with other
semiconductors (GO and BiVO4, etc.) [9,10], and depositing with noble metals (Au and Ag, etc.) [11–14].
Ag0 nanoparticles-modified TiO2 exhibits excellent activity under visible light resulting from the
surface plasmon resonance (SPR) [15,16], which is induced by the nano-size and morphology of
Ag0 [17,18].

Kakuta et al. [19] observed that Ag0 species were formed on the surface of AgBr under ultraviolet
(UV) irradiation. Afterward, Huang et al. [20] found that the modification of TiO2 with Ag/AgCl
obviously improved its photocatalytic activity. However, previous research has mainly focused on the
fabrication of nano-sized Ag/AgCl/TiO2 catalysts, such as nanoparticles [21,22], nanospheres [23],
nanoarrays [20,24] and nanofibers [25]. These nano-sized catalysts are difficult to separate directly
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from post-slurry for recycling. Therefore, it is crucial to develop an easily recycled catalyst with a
macroscopic shape and self-supporting structure. TiO2 continuous fibers, fabricated be our group
using sol-gel and force spinning method, is a promising strategy.

In addition, for most studies on Ag/AgCl-deposited TiO2, HCl [26] or cetyltrimethylammonium
chloride (CTAC) [27] were employed as chlorine sources, which were costly, toxic and harmful to
environment. Hence, it is necessary to explore low-cost and non-toxic alternative sources. The cheap
and extensive TiCl4 can be employed as a Ti source for TiO2 fabrication. However, its hydrolytic
process is accompanied with the formation of hazardous HCl [28,29]. For this purpose, Xu et al. [30]
reported a method in which NaOH was used to neutralize the produced HCl and form NaCl during
the hydrolysis of TiCl4. This significant improvement allows us to recycle the produced NaCl, and also
invites the investigation of the feasibility of using the NaCl as Cl source for Ag/AgCl deposition.

In this study, TiO2 fibers (TF) with a macroscopic shape were fabricated by a sol-gel method
according to the previously developed TiO2 continuous fibers [31], and Ag/AgCl nanoparticles
were deposited on TF by an impregnation-precipitation-photoreduction method [20]. TiCl4 served
as the Ti source for TF, and NaOH aqueous solution was utilized to hydrolyze TiCl4, neutralize
the produced HCl and form NaCl. The recycled NaCl was employed as a chlorine source for
Ag/AgCl deposition. The morphology, textural properties, chemical component and optical property
of Ag/AgCl@TiO2 fibers (S-CTF) were analyzed by scanning electron microscopy (SEM), N2 absorption
and desorption isotherms, X-ray diffractometer (XRD), X-ray photoelectron spectroscopy (XPS) and
UV-vis spectrophotometer (UV-vis DRS). The photocatalytic activity and stability were evaluated by
brilliant red X-3B degradation under visible and UV light.

2. Results and Discussion

2.1. Morphology and Textural Properties

2.1.1. SEM

Figure 1 presents typical SEM images of TF, AgCl@TiO2 fibers (CTF) and S-CTF. The diameters
of the fibers are about 30 μm. In Figure 1a,c,e, the surface of TF is homogeneous and smooth, while
the surface of CTF and S-CTF are rough. Local enlarged images of TF, CTF and S-CTF are shown in
Figure 1b,d,f, in which the porous structure that formed by the agglomeration of TiO2 nanoparticles
can be observed. AgCl particles with diameters less than 300 nm (Figure 1d) were successfully
deposited on TF. However, there is no significant difference between the SEM images of CTF and
S-CTF. The existence of Ag0 cannot be observed through SEM, but will be confirmed by XRD, XPS and
UV-vis DRS.

Figure 1. Cont.
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Figure 1. SEM images of TF (a,b), CTF (c,d) and S-CTF (e,f).

2.1.2. Textural Properties

The textural parameters of TF and S-CTF are presented in Table 1. After heat treatment, the
Brunauer-Emmett-Teller (BET) surface area of TF increases from 16.0 of precursor fibers (PF) to
27.9 m2 g−1 (TF), due to the removal of organic matters and the formation of porous structure. With
Ag/AgCl particles deposited on TF, the surface area of S-CTF increases to 30.6 m2 g−1, which is due to
its rough surface [32], as shown in Figure 1.

Table 1. Textural Parameters of TF (TiO2 fibers) and S-CTF (Ag/AgCl@TiO2 fibers).

Samples BET Surface Area (m2 g−1) Pore Volume (cm3 g−1) Pore Diameter (nm)

TF 27.9 0.111 16.7
S-CTF 30.6 0.074 10.8

N2 absorption and desorption isotherms of TF and S-CTF are shown in Figure 2a. Isotherms
of TF and S-CTF belong to typical IV adsorption behavior and Type H1 hysteresis loop, according to
International Union of Pure and Applied Chemistry (IUPAC) classification [33], which is consistent with
pores with homogeneous and spindle cylindrical shapes. This reveals the formation of a mesoporous
structure by the heat treatment. According to the pore-size distribution isotherms (Figure 2b), S-CTF
shows narrower pore-size distribution (3–22 nm) and smaller average pore size (10.8 nm) than TF
(5–40 nm and 16.7 nm). Hence, S-CTF (0.111 cm3 g−1) possesses smaller pore volume compared to
TF (0.074 cm3 g−1). The decrease of average pore size and volume results from the deposition of
nano-sized Ag/AgCl particles into macro-sized pores. In addition, S-CTF shows bimodal porous
structure with two pore-size distribution peaks at 3.80 and 10.8 nm, which has also resulted from the
pore size narrowing by AgCl deposition. The enlarged surface area and narrowed bimodal pore-size
distribution obtained by S-CTF are both benefited to dye adsorption [34,35].
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Figure 2. N2 adsorption-desorption isotherms (a) and pore-size distribution (b) of TF and S-CTF.

2.2. XRD

Figure 3a shows XRD patterns of NaCl produced in the neutral reaction of NaOH and HCl.
According to Joint Committee on Powder Diffraction Standards (JCPDS) standards, its crystal form
is confirmed to be halite NaCl by diffraction peaks at 27.4◦, 31.7◦, 45.4◦, 53.7◦, 56.4◦, 66.2◦ and 57.3◦.
XRD patterns of AgCl, Ag/AgCl, TF, CTF and S-CTF are shown in Figure 3b. Diffraction peaks of TF,
Ag@TiO2(CTF) and S-CTF at about 25.3◦, 37.8◦, 48.1◦, 53.9◦, 55.1◦, 62.7◦, 68.7◦, 70.3◦ and 75.1◦ belong
to (101), (004), (200), (105), (211), (204), (116), (220) and (215) reflections [36] of anatase TiO2 (JCPDS
No. 21-1272), while diffraction peaks of AgCl, Ag/AgCl, CTF and S-CTF at about 27.9◦, 32.3◦, 46.3◦,
54.9◦, 57.5◦, 67.5◦ and 76.7◦ are in accordance with the (111), (200), (220), (311), (222), (400) and (420)
planes [37] of cubic phase AgCl (JCPDS No. 31-1238). A weak diffraction peak at 2θ = 38.3◦ of cubic
phase Ag (JCPDS No. 65-2871) in Ag/AgCl confirmed the successful photoreduction of AgCl and
the formation of Ag0. However, no obvious diffraction peak of Ag0 occurred in S-CTF, which is due
to the peak overlap with anatase (at about 2θ = 37.8◦) and its high dispersion. Otherwise, anatase
peaks of CTF and S-CTF show about 0.45 and 0.2 shifts compared with TF (inset in Figure 3b), which
is mainly caused by the combination of AgCl and the formation of Ag0. The shift of anatase peaks
towards higher angles indicate a lattice expansion [38] due to the AgCl and Ag0 nanoparticles in the
interlayer space of anatase gains agglomerated fibers.

Figure 3. XRD patterns of NaCl separated from reaction solution (a), AgCl, Ag/AgCl, TF, CTF and
S-CTF (b).
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2.3. XPS

The XPS survey spectrum of S-CTF (Figure 4a) shows all peaks of Ti, O, Ag, Cl and C elements.
The peak for C 1s at 284.6 eV is mainly from the adventitious hydrocarbon, due to the XPS instrument
itself. The result of the survey of the XPS spectrum is consistent with the XRD results.

 

Figure 4. XPS spectra of all elements of S-CTF (a) and the band energy of Ti 2p (b), O 1s (c), Cl 2p (d)
and Ag 3d (e).

The valence state of Ti, O, Cl and Ag in S-CTF are investigated by the high-resolution XPS
spectrum (Figure 4b–e). As shown in Figure 4b, the binding energy at 458.6 and 464.6 eV of Ti 2p1/2
and Ti 2p3/2 are lower than those of pure TiO2 (459.4 and 464.7 eV) [39]. The curve resolution of the
Ti 2p signal of S-CTF indicates four different peaks. The peaks at binding energies of 458.2 and 463.9 eV
belong to Ti 2p1/2 and Ti 2p3/2 of Ti3+, while the other two peaks at 458.7 and 464.4 eV belong to
Ti 2p1/2 and Ti 2p3/2 of Ti4+ [40]. Ti3+ (and oxygen vacancy) in S-CTF was produced during the heat
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treatment by the reduction of TF (the removal of partial lattice oxygen) with organic matters in steam as
a reducing atmosphere. The O 1s region is decomposed into two peaks at 530 and 531.9 eV (Figure 4b).
The two kinds of oxygen contributions are ascribed to Ti–O in TiO2 and the OH in Ti–OH (adsorbed
water on the surface of S-CTF) [35]. In Figure 4c, two signal peaks of Cl 2p1/2 and Cl 2p3/2 at binding
energy of 197.1 and 198.7 eV with a separation of 1.6 eV confirmed the Cl− from AgCl [41]. The Ag 3d
region is decomposed into four peaks (Figure 4e). Binding energy peaks at 367.6 and 373.6 eV are
ascribed to Ag0, while 367.1 and 373.1 eV correspond to Ag+ in AgCl particles [26,42]. The difference
of binding energy (0.1 eV) between CTF and S-CTF also indicates the formation of Ag0. According to
the results of XPS, the detail atomic percentages of Ag, AgCl, and TiO2 on the surface of S-CTF were
about 8.5%, 40.7% and 51.8%, respectively. Moreover, the interaction among Ag, AgCl and TiO2 [43] is
further confirmed by the binding energy shifts peaks for all elements compared with standard values.

The crystal structure and chemical component of S-CTF are investigated by XRD and XPS analysis.
The formation of Ag0 and Ti3+ would enhance the optical property of S-CTF.

2.4. UV-Vis DRS

Compared with TF, S-CTF exhibits a slight enhancement in the UV light region (<400 nm) and
considerable enhancement in the visible light region (>400 nm) (Figure 5). CTF shows the highest
absorption in the UV light region among the samples, even higher than S-CTF. With the photoreduction
of AgCl and the formation of Ag0, the absorption of UV light decreases but is still higher than TF.
Therefore, the enhancement of absorption in the UV light region can be ascribed to the combination
of TF and AgCl with excellent UV light absorption. Because of the formation of Ti3+ and oxygen
vacancy, TF possesses localized states below the conduct bind(CB) minimum and shows expected light
absorption in the visible light region [39,44,45]. TF shows an absorption band edge at about 400 nm,
and the absorption band edge of CTF and S-CTF (at about 420 nm) shows an expected red-shift, in
comparison to TF. Compared with Ag/AgCl, S-CTF almost retains the same absorption intensity in
the visible light region, illustrating that the composition of TF and Ag/AgCl has no influence on the
light absorption of Ag/AgCl. Obviously, an additional absorption for S-CTF which was observed in
the region of 400–600 nm, which is attributed to the SPR of Ag0 nanoparticles [41]. The broad and
enhanced absorption in the visible light region is also confirmed the formation of Ag0 [46,47]. These
evidences of Ag0 formation are consistent with the results of XPS.

Figure 5. UV-vis diffuse reflectance spectrum of Ag/AgCl, TF, CTF and S-CTF.
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2.5. Photocatalytic Activity

To evaluate the effect of the interaction between Ag/AgCl and the TF surface, Ag/AgCl/precursor
fibers (S-CPF) were prepared. To investigate the influence of photosensitization and to confirm the
photoactivity of TF, pure TiO2 fibers (pure-TF) were also prepared by PF through heat treatment
(the heating program was the same as that used for TF preparation) in O2 atmosphere with the flow
rate at 0.5 L/min. The photocatalytic activities of pure-TF, TF, CTF, S-CPF and S-CTF toward X-3B
degradation under visible and UV light are shown in Figure 6.

Figure 6. Photocatalytic degradation of 100 mL X-3B (20 mg L−1) over pure-TF TF, CTF, S-CPF and
S-CTF (0.05 g) under visible light (a) and ultrasonic light (b) with blank control groups.

After dark treatment for 30 min (Figure 6), S-CTF and CTF (about 12%) have higher
X-3B adsorption than pure-TF and TF (about 4%). Nearly no adsorption is observed for S-CPF.
The enhancement for X-3B adsorption is a result of the enlarged surface area and narrowed bimodal
mesoporous structure after AgCl deposition.

The degradation efficiencies within 120 min under visible light (Figure 6a) follow an order
of pure − TF (25.6%) < TF (37.1%) < CTF (73.4%) < S − CPF (91.8%) < S − CTF (98.1%).
After 120 min, the degradation efficiency by pure-TF was 25.6%, which was lower than TF (37.1%).
The degradation of X-3B by pure-TF can be attributed to the photosensitization of dye, and the
degradation elevation of TF can be attributed to the existence of Ti3+ and the optical absorption of
visible light. CTF shows high photoactivity due to the reduction of AgCl and the formation Ag0 as
the photoreaction progressed [32]. Because of the strong SPR of Ag0, S-CPF and S-CTF exhibit much
higher degradation efficiencies than TF and CTF. The highest efficiency by S-CTF is ascribed to the
better separation capacity of photo-generated carriers than S-CPF.

Under UV light, the degradation efficiencies of X-3B (Figure 6b) for 120 min are displayed as
following sequence: pure − TF (38.6%) < TF (44.8%) < CTF (84.5%) < S − CPF (85.7%) <

S−CTF (95.1%). The higher efficiency of TF than pure-TF can be attributed to the more efficient carrier
separation with oxygen vacancy in TF. CTF and S-CPF exhibit much higher activity than TF. Compared
with X-3B degradation efficiency under visible light, the efficiency elevation by CTF results from the
excitement of AgCl and the higher activity of TF. Since Ag0 possesses the capacity to trap electrons [48],
S-CTF shows the highest degradation efficiency.

The stability of S-CTF is further measured by a recycling experiment. After five runs, the
degradation efficiencies of S-CTF under visible and UV light are still as high as 90.8% and 87.5%.
The catalyst is stable enough, even considering the inevitable loss of weight during each cycle.
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2.6. Photocatalytic Mechanism

2.6.1. Photoluminescence (PL)

The recombination of the photoinduced electrons and holes is a crucial factor in a photocatalytic
reaction for the decrease of quantum yield. The efficiencies of photo-generated carriers [12,49,50] are
explained by PL analysis. A strong emission peak of TF is observed at about 400 nm with the excitation
wavelength at 325 nm (Figure 7), which indicates the direct recombination of electrons and holes.
No obvious emission peak is observed in PL spectra of Ag/AgCl and S-CTF, while S-CTF shows lower
PL intensity than Ag/AgCl, indicating its better separation capacity caused by the interaction among
Ag, AgCl and TiO2. The results of PL analysis are in accordance with the results of XRD and XPS.
Otherwise, an additional peak of TF (at about 470 nm), belonging to oxygen vacancy [51], further
confirms the formation of oxygen vacancy and Ti3+.

Figure 7. Photoluminescence spectra of TF, Ag/AgCl and S-CTF.

2.6.2. Photocatalytic Mechanism

To better understand the photocatalytic mechanisms of S-CTF and to investigate the main
oxidative species during the photodegradation of X-3B, tert-butyl alcohol (TBA), AgNO3, disodium
ethylenediaminetetraacetate (EDTA-Na2) and benzoquinone (BQ) are used as •OH, electrons, holes
and •O2

− quenchers. Under visible light irradiation, the degradation efficiency of X-3B decreases
from 98.0% to 87.2% (TBA), 74.6% (AgNO3), 43.9% (EDTA-Na2) and 36.7% (BQ). Under UV light
irradiation, the degradation efficiency of X-3B reduces from 95.1% to 85.5% (TBA), 82.2% (AgNO3),
65.5% (EDTA-Na2) and 40.3% (BQ). These results illustrate that the critical species under visible light
are holes and •O2

−, while the most critical specie under UV light is •O2
−.

The photocatalytic mechanism of S-CTF under visible light is shown in Figure 8a. Ag0 exhibits
strong SPR and generates electron-hole pairs under visible irradiation [52]. TF with the existence
of Ti3+ is also excited under visible light. With the efficient interaction of Ag0, AgCl and TF, the
plasmon-excited electrons are injected into the conduction band (CB) of TF [20,45] easily, and
subsequently produce •O2

− with O2. Meanwhile, the photo-excited holes are transferred to the
surface of AgCl, X-3B molecules [20,32] and the value band (VB) of TF. The efficient separation of
carriers among Ag, AgCl and TF is confirmed by PL spectra. Holes participate in the degradation of
organic dyestuff by formation of Cl0 and •OH. Firstly, the holes transfer to AgCl and convert Cl− ions
into Cl0 atoms [53]. The Cl0 species oxidize the X-3B molecules and form AgCl. These reactions ensure
that Ag/AgCl and S-CTF remain stable during the photodegradation process [16,20,37]. Secondly, the
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holes generate by TF yield •OH radicals or degrade organic pollutants directly. The photosensitization
of X-3B [54] (generated electrons can inject into the CB of TF from excited dyes) also can be regarded
as an advantage in its degradation.

Figure 8. Photocatalytic mechanisms of S-CTF under visible (a) and UV (b) light irradiation.

Figure 8b shows the photocatalytic mechanism of S-CTF under UV light. The transformation of
electron-hole pairs is different from visible irradiation. According to the CB and VB edge potentials of
TiO2 (−0.29 and 2.91 eV [40]) and AgCl (0.09 and 3.16 [55]), both TiO2 and AgCl are excited under UV
irradiation. The generated holes of AgCl can easily inject into the VB of TF [41], and then yield •OH
with adsorbed water molecules, or directly degrade organic pollutants such as the holes generated
by TF. The holes also yield Cl0 and reduce this to Cl− via the same route under visible irradiation.
The electrons generated from the CB of TF and AgCl transfer to Ag0, which serves as an electron trap
under UV irradiation [48,56]. These electrons participate in the formation of •O2

− radicals. Moreover,
the oxygen vacancy in TF is also beneficial to trap electrons and promote their separation under visible
or UV light irradiation [40].

3. Materials and Methods

3.1. Chemicals

TiCl4, acetylacetone (AcAc), triethylamine (TEA), methyl alcohol (MeOH), tetrahydrofuran (THF),
NaOH and AgNO3 were purchased from Sinopharm International Co. Ltd. (Shanghai, China). Brilliant
red X-3B was purchased from Shanghai Dyestuff Chemical Plant. All of the experiments in this research
used deionized water. All of the chemical reagents were analytical grade, and were used without
further purification.

3.2. Preparation of Catalysts

TiO2 fibers (TF) were synthesized by a sol-gel method combined with centrifugal spinning
technique, followed by stage-temperature-programmed heat treatment in a steam atmosphere.
The hydrolysis of TiCl4 (10 mL in MeOH) was carried out by mixing 4 mL NaOH aqueous solution
(0.5 g mL−1) and 25 mL MeOH under ice-cold conditions. The reaction can be expressed as:
TiCl4+H2O → TiO2 + HCl . During the reaction, NaOH neutralized the produced HCl to form NaCl,
and the formed NaCl was supersaturated and precipitated due to its relatively small saturation in
MeOH. Then, NaCl was filtered and collected for Ag/AgCl deposition. The TiO2 was chelated by
AcAc to form a spinning solution. After the centrifugal spinning, precursor fibers (PF) were obtained
and converted to TF by the heat treatment in steam as a reducing atmosphere. The detailed heat
treatment program is shown in Table 2.
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Table 2. Program of Segmented Heating.

Temperature (◦C) Heating Rate (◦C min−1) Time (min)

25–95 1.67 42
95–250 1.29 120

250–350 0.83 120
350–550 5.00 40
550–600 0.83 60
600–600 - 120

Ag/AgCl@TiO2 fibers (S-CTF) were prepared by the deposition of Ag/AgCl on TF. The recycled
NaCl and AgNO3 were prepared into impregnation liquids. TF was soaked in 1 M NaCl and
0.1 M AgNO3 solution for 10 min prior for AgCl deposition, and washed by deionized water to
rinse the excess elements after each soak. This process was repeated for five trials. After being dried at
353 K, the prepared AgCl@TiO2 fibers (CTF) were irradiated under a 1000 W xenon lamp (50 cm away
from the light source) for 10 min to reduce partial Ag+ to Ag0 on the surface of the AgCl particles.

3.3. Characterization of Catalysts

To observe the structure and morphology of the prepared samples, scanning electron
microscopy (SEM, JSM 6700F, JEOL, Tokyo, Japan) was employed. A Quadrasorb SI-MP system
(Quantachrome, Boynton Beach, FL, USA) was used to acquire the N2 adsorption-desorption isotherms.
The Brunauer-Emmett-Teller (BET) specific surface area was detected by a multipoint BET method,
and the adsorption data was acquired in the relative pressure (P/P0) range of 0.05–0.3. The pore size
distribution was calculated by employing the Density Functional Theory (DFT). The average pore size
and pore volume data were obtained by the N2 adsorption volume with the relative pressure at 0.991.
An X-ray diffractometer (XRD, D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany) was employed
to determine the crystal structure of the prepared photocatalysts. An ESCALAB 250 spectrometer
(Thermo Electron Corp., Cramlington, UK) with an Al KR source and a charge neutralizer was used
to perform the X-ray photoelectron spectroscopy (XPS). All the spectra were calibrated to the C 1s
peak at 284.6 eV. A UV-vis spectrophotometer (UV-3100, Shimadzu, Kyoto, Japan) was employed to
investigate the light absorption property of the photocatalysts samples. To measure the solid-state
UV-vis diffuse reflectance spectra, an integrating sphere attachment was equipped with BaSO4 as a
background in room temperature and air conditions. A fluorescence spectrometer (F-4600, Hitachi,
Tokyo, Japan) was used to measure the photoluminescence (PL) spectra of all the samples.

3.4. Photoactivity Studies

The photocatalytic performance of S-CTF was evaluated by the decolorization of X-3B under
visible and UV light. A 1000 W Xe lamp inserted by a glass optical filter to cut off short wavelength
components (λ < 420 nm) and a 250 W high pressure mercury lamp with a maximum wavelength
at 365 nm served as visible and UV light sources, respectively. Before the photocatalytic reaction,
50 mg of each sample was added to 200 mL X-3B aqueous solution (20 mg/L) in an open fixed-bed
photo-reactor [57] which was cooled through the circulation of water at 293 K. To establish the
adsorption/desorption equilibrium, the photo-reactor was stirred in dark conditions for 30 min. Then,
the reactor was placed under visible and UV irradiation with the irradiation intensity at the surface of
the dye solution being 250 W m−2 and 15 W m−2, respectively, and cycled by a peristaltic pump with a
flow rate of 20 mL min−1. During the photocatalytic reaction, 3 mL reaction solution was taken at each
interval and filtrated through a 0.45 μm syringe filter. A UV-vis 1601 spectrophotometer (Shimadzu,
Japan) was used to measure the concentration of X-3B by the variation of the maximum absorption
wavelength (536 nm) of filtrate which was determined. The degradation efficiency was calculated by
the formula R = (1 − C/C0)× 100%, in which C and C0 stood for the initial concentration and the
concentration of dye at each moment in the reaction, respectively.
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Species capture experiments were performed to investigate the mechanism of TF. 10.0 mM of
TBA), BQ, AgNO3 and EDTA-Na2 were added into X-3B solution acting as •OH, •O2

−, electrons and
holes scavengers. The reaction processes are same as that of the degradation reaction by S-CTF.

4. Conclusions

In summary, the plasmonic photocatalyst S-CTF was prepared by the gel-sol method to synthesize
TF, and the impregnation-precipitation-photoreduction method to deposit Ag/AgCl particles on the
produced TF. AgCl particles were deposited on TF with recycled NaCl as Cl sources, which were
produced in the hydrolysis of TiCl4 by NaOH aqueous solution. The improved dye adsorption
compared to TF was due to the enlarged specific surface area and narrowed pore-size distribution after
AgCl deposition. The increased photocatalytic efficiency resulted from the SPR of Ag0, enhanced light
absorption, narrowed band gap and efficient charge separation. With its outstanding photocatalytic
performance and high stability, S-CTF is a promising application in organic pollutant treatment
and wastewater purification. Furthermore, this mild, less-toxic and lower-cost synthesis process is
accordance with environmental protection concepts.
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Abstract: In this work, we communicate a facile and low temperature synthesis process for the
fabrication of graphene-TiO2 photocatalytic composite thin films. A sol-gel chemical route is used to
synthesize TiO2 from the precursor solutions and spin and spray coating are used to deposit the films.
Excitation of the wet films during the casting process by ultrasonic vibration favorably influences
both the sol-gel route and the deposition process, through the following mechanisms. The ultrasound
energy imparted to the wet film breaks down the physical bonds of the gel phase. As a result, only
a low-temperature post annealing process is required to eliminate the residues to complete the
conversion of precursors to TiO2. In addition, ultrasonic vibration creates a nanoscale agitating
motion or microstreaming in the liquid film that facilitates mixing of TiO2 and graphene nanosheets.
The films made based on the above-mentioned ultrasonic vibration-assisted method and annealed
at 150 ◦C contain both rutile and anatase phases of TiO2, which is the most favorable configuration
for photocatalytic applications. The photoinduced and photocatalytic experiments demonstrate
effective photocurrent generation and elimination of pollutants by graphene-TiO2 composite thin
films fabricated via scalable spray coating and mild temperature processing, the results of which are
comparable with those made using lab-scale and energy-intensive processes.

Keywords: photocatalysis; spray coating; ultrasonic vibration; graphene-TiO2; sol-gel; microstreaming

1. Introduction

A photocatalyst performs catalytic activity using incident photons as the driving force for
a chemical reaction, without being consumed or chemically altered as a result of the reaction.
Photocatalysts are low-cost, efficient and environmentally-favored alternatives to commonly used
industrial catalysts [1–3]. Photocatalyst works based on oxidative surface decomposition of the
reactants are typically used for the removal of residual oils and solvents and for inhibiting the growth
of microorganisms on the surface [2–4]. Some metal oxides, such as TiO2, with inherent resistance
to oxidation and hydration exhibit photocatalytic properties at room temperature [4–6]. TiO2 is a
large band gap semiconductor that absorbs high energy UV photons to generate electron and hole
pairs. As Figure 1a depicts, the holes may react with the hydroxyl ions from the adsorbed surface
water molecules to form highly reactive but neutral hydroxyl radicals. Airborne or aqueous pollutants
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may be readily adsorbed on the TiO2 surface and react with these hydroxyl radicals, and reduced to
minerals and small molecules [7].

Figure 1. (a) Structure and photocatalytic mechanism in graphene-TiO2 thin films. The rectangular
and rod-like features on graphene illustrate anatase and rutile TiO2, respectively; (b) energy band
alignment of graphene-TiO2. A, R and G denote anatase, rutile and graphene, respectively.

The photocatalytic performance of TiO2 depends on its crystalline form. The differences in
spatial coordination and chemical bonding result in far different ionization potentials, and therefore
different electrical affinities [8–10]. Anatase is famous for its size-dependent physical properties and
fast photoresponse [6,8]. On the other hand, rutile is more stable, and the difference between its direct
and indirect band gap energies is favorably small (quasi-direct band gap) [8]. Therefore, application
of mixed phases of rutile and anatase is a more desirable state for photoreaction purposes [3,8].
According to the literature reports, configuration of amorphous TiO2 to a regulated crystalline form
requires Ti-O2 cleavage at elevated temperatures [9,11], and this requirement raises the production cost
and limits its applications. Therefore, fabrication of multiphase crystalline TiO2 via a low temperature
process is desirable but challenging. This has been achieved in this work.

Carbon-based materials may be combined with TiO2, to alleviate the fast recombination of the
excited electron-hole pairs and to serve as supporting matrix for TiO2 [8,11–13]. Compared to 3D carbon
materials, graphene nanosheets with 2D structure are a better alternative, in that the incorporation
and entrapment of TiO2 nanoparticles into 2D graphene nanosheets is readily achieved. In addition,
graphene-TiO2 hybrid compound, in the form of powders or thin films, enables an extended light
harvesting capability, owing to Ti-O-C bonding. Also, graphene-TiO2 interfaces provide effective
charge transfer junctions, which help the injection of electrons from TiO2 to graphene sheets leading to
prolonged recombination [7,13–16]. Beside coordination with inorganic materials, graphene provides
a strong chemical affinity with organic materials, in particular with the organic dyes [17]. Figure 1b
illustrates the band gap alignment of graphene-TiO2 hybrid thin films. Recent electron paramagnetic
resonance analyses ascertain that the electrical band alignment of rutile/anatase bi-morph allows
electrons to flow from rutile into anatase [8]. This is ascribed to the work function offset, placing
the conduction band of anatase about 0.3 eV more negative relative to that of rutile. The work
function of few-layered graphene (~−5.0 eV) lies between the conduction bands of rutile and anatase.
Therefore, a graphene lattice accommodated between rutile and anatase phases favorably serves as an
electron shuttle, prolonging charge recombination. On the other hand, the valence band of graphene
stands much higher than those of anatase and rutile, inhibiting unwanted hole transfer, thus favoring
photocatalytic function of the composite graphene-TiO2 structure.

The oxidative nature of the composite photocatalyst will be discounted, if the TiO2 nanoparticles
are agglomerated or improperly dispersed in the graphene matrix. To alleviate this complication, several
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strategies have been suggested, such as using TiO2 nanowires instead of nanoparticles [7], and using
layer-by-layer assembly of TiO2 and graphene nanosheets [13]. In a study conducted by Cheng et al. [14],
graphene-TiO2 composite was synthesized by solvothermal reaction, using various graphene to TiO2

ratios. Rahimi et al. [15] studied the role of graphene content on light absorption and photoactivity
of graphene-TiO2 blend made by solvothermal method. Xia et al. [3] used chemisorption assembly
in which titanium (IV) isopropoxide (TIP) was added to functionalized graphene oxide suspension,
followed by an intensive thermal treatment. In another study, incorporation of TiO2 nanoparticles
into graphene sheets was conducted by electrospinning [16]. Posa et al. [18] used graphene oxide and
titanium isopropoxide to grow anatase on reduced graphene oxide nanosheets. Chemisorption was
carried out in an acid-catalyzed sol-gel process which resulted in graphene oxide-TiO2, demonstrating
superior photocatalytic response. In a recent work by Hu et al. [19], graphene-TiO2 thin films were
synthesized by electrostatical self-assembly of graphene oxide on a cellulose-TiO2 film under an
annealing temperature of 500 ◦C. Gopalakrishnan et al. [20] reported in-situ solvothermal preparation
of graphene-TiO2 nanocomposite powder and its photocatalytic activity.

The abovementioned representative works show the great potential of graphene-TiO2 for
photocatalytic applications. Issues such as the presence of toxic hydrazine in the solvothermal
method, the high-temperature processing required for crystallization of TiO2, and the development
and application of low-cost and scalable manufacturing methods have yet to be addressed. In this
work, to obtain functional graphene-TiO2 photocatalysts at low temperatures, we employ the sol-gel
route, combined with ultrasonic substrate vibration-assisted spray [21] and spin [22] coating methods.
Ultrasonic substrate-vibration-assisted spray coating (SVASC) [21] is a novel and more controllable
version of spray coating, which can be used to manufacture films with large areas in a low-cost
industrial process. The employed method has resulted in intact, uniform, and high quality graphene
thin films, e.g., [23,24]. Moreover, uniform and high performance spun-on functional thin films, such
as polymers, perovskite and graphene-polymer hybrid, subjected to ultrasonic substrate vibration
post treatment (SVPT) have been previously developed [22,25,26]. Based on the hydrodynamic and
instability analysis of thin liquid solution films subjected to ultrasonic vibration, Rahimzadeh and
Eslamian [27] concluded that the imposed vibration has a destabilizing effect on the liquid film.
However, if the vibration power and amplitude are kept low, the destabilizing effect is moderate or
insignificant; therefore, if the liquid film can resist the destabilizing effect of vibration and remains
intact, the circulating motion or microstreaming created within the film as a result of the imposed
vibration will actually stir and mix the precursors, a process that results in preparation of uniform
and homogenized composite thin solid films, after solvent evaporation. This simple mechanical
technique is therefore able to replace some tedious and energy intensive chemical and thermal
treatments traditionally used for the fabrication of thin films. In this work, we prepare graphene-TiO2

composite thin films, where both anatase and rutile coexist, using a sol-gel chemical route assisted
with ultrasonic vibration, in which we show that vibration significantly reduces the required heat
treatment temperature. We will elaborate later on the fact that the imposed ultrasonic vibration on
the wet films assists the chemical conversion in the sol-gel process as well. In the following sections,
the physical and optoelectronic and photocatalytic performance of the developed graphene-TiO2 thin
films are presented and discussed.

2. Results and Discussion

Chemical composition of graphene disperse (GD) and a mixture of GD and the TiO2 precursor
solution (titanium isopropoxide bis(acetylacetonate) solution), abbreviated as TS, was studied using
liquid-phase Fourier transform infrared spectroscopy (FTIR), shown in Figure 2. Typical graphene
features appearing in both spectra are as follows: superimposed sharp peaks at 950–1100 cm−1 reflect
C-O stretching on graphene surface, due to the presence of a small percentage of oxygen in the
graphene used in this study. The bold signals at 1250, 1327 and 1385 cm−1 represent shifted C-O-C,
C-O···H or C-O bindings, and imply interlinking of unsaturated –C and –OH groups in alcohols [28].
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Signals at 1430, 1507 and 1580 cm−1 are related to bending vibration of H-C-H and C=O, perhaps
formed during the long term dispersion of graphene in dimethylformamide (DMF). The weak reflection
at 3450 cm−1 shows –OH stretching due to the hydroxyl groups attached to graphene planes [17,28].
The FTIR spectrum of the TS:GD solution presents some additional peaks (Figure 2b). Ti-O vibration is
identified at 670 cm−1. The left shoulder absorption band at 807 cm−1 and the minor peaks around
2800–3100 cm−1 are consistent with Ti-O-C binding, showing the chemisorption between TS and GD
solutions [15,28]. The same peaks (2800–3100 cm−1) may be attributed to metal (in this case, Ti) and
methyl groups (Ti-CHx), as well [29].

(a) (b)

Figure 2. Liquid phase FTIR spectra of precursor solutions. (a) Graphene disperse (GD); and (b) hybrid
TS:GD solution with volume ratio of 1:4.

Figure 3 shows scanning electron microscope (SEM) images of the surface morphology of graphene
and graphene-TiO2 thin films made using spin-SVPT, and SVASC. The effect of the volume ratio of
TS:GD solutions and annealing temperature is also investigated. Figure 3 evidences the improving role
of TiO2 content in surface topography and therefore quality of the composite thin films, in that a higher
fraction of TiO2 in graphene-TiO2 films results in better uniformity, owing to the reinforcing effect
of TiO2 in graphene matrix. Moreover, at identical precursor solutions and annealing temperatures,
application of SVASC results in the formation of slightly more uniform films compared to spin-SVPT
(images (c) vs. (d), and (g) vs. (h)), perhaps due to the detrimental effect of centrifugal forces of
spin coating applied to graphene nanosheets and the titanium gel. Comparison of the upper and
lower panels of Figure 3 reveals that annealing at moderate temperature of 150 ◦C compared to high
temperature of 450 ◦C results in a more uniform and intact structure, owing to gradual drying and
reduced thermal stresses. The surface wrinkles are attributed to the flexible nature of graphene-TiO2

thin films [3,11]. To further demonstrate the remarkable effect of the imposed ultrasonic vibration, in
Figure S1 we have shown the SEM images of selected thin films prepared without substrate vibration,
i.e., by conventional spin and spray coating, where the non-uniform surface of the films are evidenced.
Figure S2 shows the effect of the temperature and TiO2 content on graphene-TiO2 film thickness
(~10–50 nm). An increase in the TS to GD volume ratio results in a decrease in the film thickness.
This may be attributed to the higher density of TiO2 compared to graphene. It is observed that the films
annealed at 150 ◦C are thinner than those annealed at 450 ◦C. This is because at lower temperatures,
the solvent vapor diffuses away from the wet film more effectively, leaving behind a denser film with
less voids. A high temperature may result in fast drying of the film surface and entrapment of the
moisture within the film, leading to a thicker and porous film.

Figure 4 displays the X-ray diffraction (XRD) patterns of graphene and graphene-TiO2 thin films.
Four selected samples are compared to elucidate the effect of the annealing temperature and precursor
composition on the crystalline structure of the ensuing thin films. The typical XRD of graphene is
comprised of a wide background with a sharp peak at 26.6◦ [23,24,30,31]. This sharp signal is present in
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all graphene-TiO2 spectra, except for one case, i.e., the composite thin film prepared using the precursor
solution of TS:GD = 1:4 (lowest graphene content) and annealed at 150 ◦C, which implies homogenous
dispersion of graphene nanosheets [6]. It is found that the abovementioned conditions lead to the
same XRD patterns independent of the casting method (spin-SVPT or SVASC). The signals at 31.8◦

and 34.6◦ represent the graphene oxide and graphene hydroxide perhaps formed during dispersion
in organic and oxidative media [2,3,18]. These unwanted bindings deteriorate the optoelectronic
performance of the graphene-TiO2 thin films. Nevertheless, these two peaks only appear in XRD
patterns of the samples annealed at 450 ◦C. The peak at 36.4 ◦, assigned to 004 anatase and 101 rutile
planes, appear in TiO2-rich samples and is intensified when the film is annealed at 150 ◦C. The peaks
at 44.7◦, associated with the 105 plane of anatase is present in all composite films, but is weak and
slightly shifted in the films with low TiO2 content and annealed at 450 ◦C [18]. The other peak at 45.4◦

is due to 211 anatase plane and appears when the film is deposited from the solution with TS:GD of
1:4 and annealed at 150 ◦C [18]. The reflection peak at 56.6◦ is assigned to 211 anatase and 105 rutile
planes [3,13,15]. These signals are weak in the composite films with low TiO2 content, but are quite
strong in the TiO2-rich film annealed at 150 ◦C. Another signature of TiO2, 200 anatase plane at 48◦

only appears in the rich-TiO2 film annealed at 150◦C. Therefore, a TiO2-rich composite film annealed
at 150 ◦C shows ideal transformation of titanium precursors to crystalline TiO2. It is deduced that the
imposed ultrasonic vibration has significantly reduced the required annealing temperature to achieve
desired crystalline TiO2 film. The explicit peaks of the rutile and anatase TiO2 phases in XRD patterns
indicate that TiO2 was physically combined with the graphene lattice, and no chemical binding has
occurred between graphene and TiO2.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3. SEM surface topography images of graphene and graphene-TiO2 nanocomposite thin films,
made by spin-SVPT and SVASC at various TS:GD volume ratios (for composite films) and annealing
temperatures. (a) Pristine graphene, SVPT, 150 ◦C; (b) graphene-TiO2, SVPT, TS:GD = 1:9, 150 ◦C;
(c) graphene-TiO2, SVPT, TS:GD = 1:4, 150 ◦C; (d) graphene-TiO2, SVASC, TS:GD = 1:4, 150 ◦C;
(e) pristine graphene, SVPT, 450 ◦C; (f) graphene-TiO2, SVPT, TS:GD = 1:9, 450 ◦C; (g) graphene-TiO2,
SVPT, TS:GD = 1:9, 450 ◦C; (h) graphene-TiO2, SVPT, TS:GD = 1:9, 450 ◦C. The films on the upper
panel were annealed at 150 ◦C, while those on the lower panel were annealed at 450 ◦C. Images (a,e)
show pristine graphene films, whereas others are images of graphene-TiO2 composite films prepared
at various TS:GD volume ratios. The films associated with images (d,h) were made by SVASC, whereas
the rest of the films were made using spin-SVPT.
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Figure 4. XRD patterns of graphene and graphene-TiO2 thin films prepared at various compositions
(TS:GD volume ratios) and annealing temperatures.

The transmittance spectra of graphene and graphene-TiO2 thin films are presented in Figure 5.
In general, it is evidenced that the films with higher TiO2 content, deposited by SVASC, and annealed at
150 ◦C are more transparent. TiO2 is unable to absorb the photons in the visible range, due to its large
band gap. Thus, it is expected that a higher TiO2 content in the thin film results in better transparency in
the visible range [3,11]. The films annealed at 450 ◦C show low transparency, presumably due to their
larger thickness, as shown in Figure S2, and the defective porous structure. The SVASC films show a
relatively better transmittance, compared to spin-SVPT films, perhaps due to the destructive effect of the
centrifugal forces that may cause detachment of titanium in the form of hydrogels from the graphene
network in the wet films. Therefore, even when deposited from the same precursor solution, the spray-on
thin films contain larger amount of TiO2, thus showing higher transparency in the visible range.

Figure 5. UV-visible transmission of graphene and graphene-TiO2 thin films fabricated at various TiO2

contents and annealing temperatures. The first number in the labels is the TS:GD volume ratio.

Raman spectra of graphene-TiO2 thin films present various patterns depending on the annealing
temperature and the casting method. Here, we only display the Raman spectra of the film fabricated
using precursor solution with TS:GD volume ratio of 1:4, fabricated by spin-SVPT and SVASC, and
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annealed at 150 ◦C (Figure 6). The Raman spectra of the films fabricated using the same precursor
solution, but annealed at 450 ◦C are presented in Figure S3 of the Supporting Information. Raman spectra
of the films deposited from the solution with TS:GD volume ratio of 1:9 showed no clear TiO2 peaks, due
to the low content of TiO2 in the composite films and high intensity of graphene bands, which obscure
the TiO2 peaks. The prominent peaks at 1570 cm−1 (G), 2700 cm−1 (G’: the unique feature of few-layered
graphene) and the weak peak at 1350 cm−1 (D) are graphene reflections [23,24,32–34]. The sharp and
symmetric graphene peaks indicate the small size, few-layered, nanoscale and homogenous form of
graphene sheets [33–35]. We attribute the formation of this favorable structure to ultrasonic vibration,
which homogenizes the film nanostructure. Another evidence of the smaller, few-layered configuration
of graphene is the high intensity ratio of D to G peaks (ID/IG > 0.23). Small values of ID/IG (<0.2)
suggest the presence of large graphite segments in the domain [34–37]. According to the Raman spectra
of Figure 6, in both SVPT and SVASC films this value is above 0.24. The signals appearing between the
graphene peaks are related to different TiO2 phases. Both spectra of Figure 6 demonstrate the known
440 cm−1 vibrational band of rutile and the 391 cm−1 band of anatase phases. The known peaks at 144
and 236 cm−1 associated with rutile have been combined and circumvented by a wide peak at the left
shoulder of the Raman spectra. The other known vibrational bands of rutile at 580, 613 and 769 cm−1

and conjugated signals of anatase at 520–640 cm−1 [1,10–12] are somewhat detected, although the TiO2

peaks are weak, due to the strong peaks of graphene. It is noted that in Figure 6 there is no footprint
of amorphous TiO2 in the samples annealed at 150 ◦C. Moreover, in both cases rutile is the dominant
phase, which is chemically and thermodynamically stable and is a stronger charge carrier with lower
band gap compared to anatase [3,9,10]. It is also deduced that the high temperature processing at 450 ◦C
disrupts the Raman peaks of graphene (Figure S3), as discussed before. Amorphous TiO2 has reflections
at 1061, 1100 and 1342 cm−1 [9,10,12], and Figure S3a clearly shows the peaks at 1100 and 1342 cm−1,
substantiating that the films annealed at 450 ◦C contain amorphous TiO2 phase.

Figure 6. Raman spectra of graphene-TiO2 thin films, deposited from precursor solution with TS:GD
volume ratio of 1:4: (a) spin-SVPT; and (b) SVASC films annealed at 150 ◦C.

According to the discussed XRD and Raman spectroscopy results, the ultrasonic vibration-assisted
sol-gel followed by spin or spray coating and a mild heat treatment results in the formation of
anatase/rutile polymorph. As substantiated in our previous works [21,25,26] and observed in our
ongoing studies, a very striking effect of the excitation by ultrasonic vibration is its controlling
effect for preferential orientation of crystallization (nucleation and growth), and a decrease in the
activation energy of crystallization, leading to the formation of crystalline phases of titanium at a
lower temperature.

The dark current-voltage (I-V) and sheet resistance curves are affected by the presence of TiO2

in graphene-TiO2 thin films [2,38], because TiO2 behaves as an insulator in the dark. The I-V curves
shown in Figure 7a confirm that TiO2 thin film creates no current in the dark, whereas graphene

135



Catalysts 2017, 7, 136

thin film is highly conductive. The Hall measurements of Figure 7b show that the sheet resistance
of graphene-TiO2 increases by increasing the TiO2 content, as expected. The sheet resistance also
increases in the films annealed at 450 ◦C, due to the formation of defects and voids in the film structure
as a result of rapid drying, as discussed before. However, due to the synergic light-reactive function
of TiO2 and graphene, a different optoelectronic behavior is observed when the films are exposed to
broadband illumination.

Figure 7. (a) Typical dark I-V curves of graphene and TiO2 films; (b) influence of TiO2 content and
annealing temperature on the sheet resistance of graphene-TiO2 thin films.

Figure 8 shows the photoinduced current of graphene-TiO2 thin films compared with those
of pristine TiO2 and graphene thin films. The illumination source was blocked after about 80 s.
TiO2 and graphene films show negligible photoinduced current response, individually (overlapped
in the x axis of the graph), whereas graphene-TiO2 films demonstrate a good synergic photocurrent
generation. The SP2 barrier effect of –O and –OH groups in graphene networks may be responsible
for its negligible photocurrent activity [39]. Also, the large band gap and extremely short lifetime
of excitons in TiO2 result in poor photoinduced current. On the other hand, when combined in the
form of graphene-TiO2 thin film with a well-structured architecture, the composite film benefits from
the high photoinduced charge dissociation of TiO2 at the presence of graphene, increased absorption
range, particularly at Ti-O-C bonds, and prolonged recombination provided by graphene. The larger
photoinduced responses of the thin films fabricated by SVASC are consistent with the aforementioned
characterization results, i.e., the improved structural arrangement and the good uniformity and higher
content of TiO2 in spray-on thin films, compared to those of the spun-on thin films.

Figure 8. Time-resolved photocurrent generation of TiO2, graphene, and graphene-TiO2 thin films
under on and off broadband illumination and 3 V bias. The graphene-TiO2 thin films were deposited
from precursor solution with TS:GD volume ratio of 1:4 and annealed at 150 ◦C. The illumination was
blocked after about 80 s.
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We also investigated the distribution of surface potential and phase images by atomic force
microscopy (AFM) (Figure 9). The potential roughness (Rq) indicates the deviation in distribution of
the surface potential. Figure 9 shows that an increase in the TiO2 content results in a decrease in Rq,
because as shown in SEM images of Figure 3 and AFM phase images of Figure 9, the addition and
increase of the TiO2 content has a positive effect on the surface uniformity and structural homogeneity.
The potential roughness of the spin-SVPT graphene film decreases from 14.3 to 12 mV by adding a
small amount of TiO2 (TS:GD volume ratio of 1:9). A further increase in the TiO2 content (TS:GD
volume ratio of 1:4) results in further reduction of potential roughness to 8.16 mV. With the same
precursor solution, the SVASC film shows the lowest potential roughness of 6 mV. The potential profiles
and the peak-to-valley roughness values along the lines shown on the potential maps are displayed in
Figure S4 of the Supplementary Materials. The variation of peak-to-valley roughness is consistent with
the Rq roughness of Figure 9. The size of the graphene nanosheets and TiO2 particles (bright spots) can
be inferred from some of the AFM phase images.

Figure 9. AFM phase (upper panel) and potential mapping (lower panel) images of graphene-TiO2

films with various TiO2 contents (TS:GD volume ratio), annealed at 150 ◦C. (a) spin-SVPT graphene;
(b) spin-SVPT graphene-TiO2 at TS:GD = 1:9; (c) spin-SVPT graphene-TiO2 at TS:GD = 1:4; and
(d) SVASC graphene-TiO2 at TS:GD = 1:4. Note that letters (a) to (d) under each column in the lower
panel refers to both phase (upper panel) and potential distribution (lower panel) images.

The contact angle of water droplets on graphene and graphene-TiO2 films are shown in Figure S5,
where it is found that graphene-TiO2 film is highly wetting (small contact angle) and therefore
superhydrophilic. This is due to the hydrogen bonding and strong interlinking between Ti–O and
unsaturated –O and –OH groups on graphene [12,40–42]. It is known that TiO2 surface is self-cleaning,
meaning that it removes the surface dirt, such as organic compounds. This may be related to
superhydrophilicity and/or photocatalysis capability of TiO2 surface [43]. Here we show that the
graphene-TiO2 film has a similar capability.

To test the photocatalytic activity of graphene-TiO2 thin films, the best graphene-TiO2 films
(spin-SVPT and SVASC, deposited from the solution with TS:GD volume ratio of 1:4 and annealed at
150 ◦C) in terms of functionality, composition and uniformity, as well as pristine TiO2 and graphene thin
films, were subjected to photodegradation analysis. Figure 10a,b show the time-varying and maximum
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degradation performance (after 60 min) of the abovementioned films, respectively. The TiO2 thin film
shows a poor photodegradation of MB in water, less than 8% after 60 min. This low photocatalytic
performance may be attributed to the fast charge recombination [44,45]. Graphene thin film also shows
a poor involvement in chemical conversion, as observed by others also, e.g., [46], here about 5% after
60 min. In the case of graphene-TiO2 thin films, it is observed that under illumination, the spin-SVPT
and SVASC samples linearly degrade the contaminant, and after 60 min about 77% and 84% of MB in
water is removed, respectively. In graphene-TiO2 thin films, the photoinduced carriers from TiO2 are
conducted within the graphene network, leading to longer carrier lifetime. Moreover, the increased
photoconversion might be due to better trapping of the contaminants, owing to the large surface area
of the 2D structure of graphene, and the unsaturated functional groups on graphene sheets [7,19].
The photoconversion performance and degradation rates observed in Figure 10 are consistent with
photoinduced current results of Figure 8. It is worth noting that the obtained photoinduced reaction
rates of the composite films are comparable with few similar works available in the literature [3,7,18],
but in the present study, the films contain both TiO2 phases and are fabricated using scalable and facile
spray coating at much reduced annealing temperatures, achieved by ultrasonic vibration.

Figure 11 shows the coordination of graphene with a small amount of oxygen with DMF, reaction
of titanium precursor with ethanol and water under acid catalyzing by HCl, and a suggested route for
the sol-gel conversion process and transformation of the amorphous TiO2 to crystalline TiO2. In this
process, it is speculated that the –OH groups for the formation of the gel phase in the hydrolysis step
of the sol-gel process is supplied by ethanol, as well as water. The ultrasonic vibration and a mild
heat treatment convert the titanium gel into crystalline TiO2. It is deduced and supported by the
characterization results that the imposed ultrasonic vibration helps disruption of the gel phase, and
therefore a lower annealing temperature is required to remove the residuals to convert the titanium
precursors to TiO2. Figure 12 illustrates the abovementioned explanation. It is noted that in this work,
ultrasonic vibration is used to assist the sol-gel conversion process, as well as to assist the formation
of a uniform composite film, in one fabrication step. Ultrasonic vibration has been used by others to
boost the chemical conversion, e.g., powder synthesis by sol-gel [47] and hydrothermal [48] processes,
but not thin films.

(a) (b)

Figure 10. (a) Time varying photocatalytic performance of graphene, TiO2 and graphene-TiO2 thin
films fabricated by spin-SVPT and SVASC; (b) Maximum photodegradation performance of the same
films as those in (a) after 60 min under broadband illumination. The model reaction medium is
methylene blue (MB) in deionized water. C0 is the initial concentration of MB in water, and C60 is the
concentration after 60 min. All samples were annealed at 150 ◦C and the graphene-TiO2 samples were
deposited from the precursor solution with a TS:GD volume ratio of 1:4.
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Figure 11. The top reaction shows the dispersion of graphene nanosheets in DMF. The middle reaction
shows the coordination between TiO2 precursors. The bottom reaction shows mixing of graphene and
TiO2 precursors and the sol-gel process assisted by ultrasonic vibration.

Figure 12. The process of graphene-TiO2 thin film formation by low-temperature ultrasonic
vibration-assisted spin and spray coating in a sol-gel route.

3. Materials and Methods

Few-layered graphene nano-sheets (FLGNS, 3 stacked layers, 1 nm average thickness of each
layer with 1.5% oxygen content, and average surface area of 1960 m2/g) were provided by Hengqiu
Graphene Technology Co., Ltd., Suzhou, China. HCl aqueous solution (36.5%), dimethylformamide
(DMF, 99.5%), ethanol (99.5%), 2-propanol (99.8%), acetone (99.5%) and titanium isopropoxide
bis(acetylacetonate) (75% in 2-propanol) were purchased from Sigma-Aldrich, St. Louis, MO, USA.
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Bare glass and indium-doped tin oxide (ITO)-coated glass substrates (1.5 cm × 1.5 cm) were purchased
from Nanbo Display Technology, Shenzhen, China.

The glass substrates were washed in an ultrasonic bath using detergent, 2-propanol, and deionized
water, sequentially, for 30 min and dried in a vacuum oven and placed in an ultraviolet cleaner for
12 min. Precursor solution of graphene-TiO2 thin films was composed of titanium isopropoxide
bis(acetylacetonate) solution (TS) and graphene disperse (GD) mixed with TS:GD volume ratios of
1:4 and 1:9. For preparation of GD, 50 mg of graphene nanosheets was added to 10 mL of DMF,
supersonicated for 6 h, and agitated overnight on a magnetic stirrer. For preparation of TS, 35 μL of
HCl solution mixed with ethanol (1:50 volume ratio, respectively) was gradually added to diluted
titanium isopropoxide bis(acetylacetonate) (0.07 volume ratio in ethanol, stirred for 10 min) and
the mixture was stirred for 30 min. The GD and TS solutions were then mixed, sonicated for
6 h and stirred overnight before casting. The TS precursor solution was converted into TiO2 in a
sol-gel process. The graphene-TiO2 composite thin films were deposited by spin coating followed
by ultrasonic substrate vibration post treatment, called spin-SVPT or simply SVPT and ultrasonic
substrate vibration-assisted spray coating (SVASC). Table S1 in the Supporting Information lists the
experimental conditions. In the case of SVASC, the substrate is ultrasonically vibrated by placing it on
a vibrating metal box. A piezoelectric ceramic (5 W and 40 kHz) is mounted inside the top surface
of the metal box, which vibrates the substrate in the vertical direction. SVASC was performed using
an air-assist spray nozzle mounted on a 3D traverser arm. Back pressure of the atomizing air was set
to 0.3 MPa and the distance between the nozzle tip and the substrate was kept constant at 80 mm.
Nozzle speed, spray flow rate and number of spray passes were set to 10 mm/s, 200 μL/min, and
single spray pass, respectively. In spin-SVPT experiments, the precursor solution was spun at 2000 rpm
for 60 s. The as-spun wet films were immediately placed on the surface of the vibrating box for 10 s.
As-sprayed and as-spun wet thin films were annealed at 150 or 450 ◦C, for 45 min. TiO2 forms in a
sol-gel process assisted by energy impartment to the solution by ultrasonic vibration, and is completed
by removal of the solvents after heat treatment (c.f. Figures 11 and 12).

The intermolecular bindings in composite films were characterized using Raman spectroscopy
(Horiba Jobin Yvon LabRam model HR800, Horiba Scientific, Kyoto, Japan). The Raman spectra were
recorded at room temperature with a micro-Raman system equipped with a CCD camera, using 514 nm
laser line, under attenuated power of 5 mW. Raman shifts were calibrated at 521 cm−1. Liquid phase
Fourier transmission infrared spectroscopy (FTIR) was performed on the precursor solutions, using
a Smart iTR accessory connected to a Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). DMF:ethanol:HCl mixture (10:2:1 volume ratio) was used as the background
medium. The transmission UV-vis spectra of the thin films were recorded using a Shimadzu UV-3101PC
UV-Vis-NIR spectrophotometer, Shimadzu, Kyoto, Japan. Samples were prepared on bare glass and
a second bare glass was used as the background. Surface morphology of the thin films was studied
by scanning electron microscopy (SEM, Hitachi, Model S-3400 N, Tokyo, Japan). The local surface
potential and the phase images were obtained by atomic force microscopy (AFM, Dimension Icon &
FastScan Bio, Brucker, Bremen, Germany), while the thin films were deposited on ITO-coated glass.
Surface potential was determined based on the local differences of the electrical potential between the
sample and a Cr/Pt coated conductive tip (Multi75E-G, BudgetSensors, Sofia, Bulgaria) at constant
force of 3 N/m, positioned at 2 μm distance from the surface. Electrical resistivity of thin films was
obtained using a Hall measurement instrument (MMR Technologies, San Jose, CA, USA), at room
temperature, based on the van der Pauw four-point method. The samples were cast on bare glass. X-ray
diffraction (XRD) patterns of the films fabricated on bare glass were obtained using XRD spectroscopy
(XPert3 MRD (XL), PANalytical, Westborough, MA, USA). The surface profilometery (KLA-Tencor
P7, Milpitas, CA, USA) was used for thickness measurements. The dark current-to-voltage trend and
the photoresponse under illumination were measured in a standard probe station, using a Keithley
source meter Model 2602A, Gorinchem, The Netherlands. The broadband irradiation was generated
using a solar simulator Xenon lamp with an intensity of 100 mW·cm−2. Equilibrium contact angles
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of a 20 μL deionized water droplet were measured using a Theta Lite Optical Tensiometer, Biolin
Scientific AB, Gothenburg, Sweden. Photocatalytic performance of the thin films was evaluated
based on photodegradation of methylene blue (MB) in water under broadband illumination. For each
measurement, 1 mL of MB solution (2 ppm in deionized water) was dispensed on the thin films and
the films were placed under a Xenon lamp (100 mW·cm−2). The distance between the light source
and sample was set to 5 cm in all experiments and 50 μL of reaction fluid was used in 15 min time
intervals, to study the time-resolved catalytic performance, in 60 min. Concentration of MB in water
was measured by UV-vis absorption at 663 nm.

4. Conclusions

In this study, graphene-TiO2 photocatalytic thin films were fabricated via the sol-gel method,
as the chemical route for the formation of TiO2, and spin and spray coating as the casting methods.
The wet films were excited by imposing ultrasonic vibration on the substrate. As a result, rutile and
anatase TiO2 crystalline phases formed in a low-temperature (150 ◦C) annealing process. Therefore,
it is deduced that the ultrasonic vibration assists the conversion of titanium precursors to TiO2 and
facilitates the breakdown of the physical bonds of the gel phase. This ultrasonic vibration-assisted
sol-gel process for casting thin films requires only a mild annealing step, resulting in significant
energy savings compared to the conventional sol-gel process. It is also noted that the spray coating
process is a scalable, fast, and low-cost casting method, suitable for large-scale manufacturing of the
developed photocatalysts.

Morphology, optical, electrical and optoelectronic properties of the composite thin films were
studied by varying the content of TiO2 and the annealing temperature. The best film was obtained with
the highest TiO2 content used in this study (volume ratio of TS to GD precursor solutions of 1:4), and a
mild annealing temperature of 150 ◦C. A higher annealing temperature of 450 ◦C deteriorated the film
characteristics, perhaps due to rapid drying and the formation of voids in the film, thermal sintering,
etc. The method of deposition was also found to be a determining factor. The composite films made by
ultrasonic substrate vibration-assisted spray coating (SVASC) outperformed spin coating followed by
ultrasonic substrate vibration post treatment (spin-SVPT). In this case, the centrifugal forces acting on
titanium-based sol and/or gel phases during the spinning process are presumably responsible for the
removal of titanium from the matrix, and disruption of the film structure.

The characterization techniques showed that the optimized graphene-TiO2 thin film is comprised
of rutile and anatase particles uniformly embedded in a matrix of few-layered graphene thin film.
The composite thin films demonstrated significant photoinduced current generation and photocatalytic
activity. This enhancement was attributed to the advantages of graphene and TiO2, collectively, as
follows. TiO2 can generate photoinduced current in the UV range, but suffers from fast recombination,
due to negligible electrical conductivity. Graphene is highly conductive and a strong charge carrier, and
facilitates charge dissociation in TiO2. A well-structured graphene-TiO2 thin film could ideally exploit
the traits of both graphene and TiO2, offering favorable photoresponse and photocatalytic functions.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/5/136/s1.
Figure S1: Surface morphology of graphene-TiO2 thin films prepared by conventional spin (a) and spray (b)
coating. Both films were deposited from precursor solution with TS:GD volume ratio of 1:4, and the films were
annealed at 150 ◦C, Figure S2: Effect of precursor composition and annealing temperature on the thickness of
graphene-TiO2 composite thin films, Figure S3: Raman spectra of graphene-TiO2 thin films, deposited from the
precursor solution with TS:GD vol. ratio of 1:4. (a) Spin-SVPT, and (b) SVASC, annealed at 450 ◦C, Figure S4:
Line potential profiles of graphene-TiO2 films with various TiO2 contents (TS:GD vol. ratio), annealed at 150 ◦C.
(a) spin-SVPT graphene, (b) spin-SVPT graphene-TiO2 at TS:GD = 1:9, (c) spin-SVPT graphene-TiO2 at TS:GD
= 1:4, and (d) SVASC graphene-TiO2 thin film at TS:GD = 1:4. The line profiles were obtained along the lines
shown on the AFM potential images of Figure 9, Figure S5: Contact angle measurement tests of water droplets
on (a) graphene-TiO2 thin films fabricated by spin-SVPT using a solution with TS:GD volume ratio of 1:4 and
annealed at 150 ◦C, and (b) graphene deposited by spin-SVPT and annealed at 150 ◦C, Table S1: Experimental
conditions used for the fabrication of graphene, TiO2, and graphene-TiO2 thin films via spin coating followed by
substrate vibration post treatment (spin-SVPT) and substrate vibration-assisted spray coating (SVASC). GD stands
for graphene disperse and TS stands for TiO2 precursor solution.
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Abstract: The effect of Cu or Cu-Pt nanoparticles in TiO2 photocatalysts prepared by flame
spray pyrolysis in one step was investigated in hydrogen production from methanol photo-steam
reforming. Two series of titanium dioxide photocatalysts were prepared, containing either (i) Cu
nanoparticles (0.05–0.5 wt%) or (ii) both Cu (0 to 0.5 wt%) and Pt (0.5 wt%) nanoparticles. In addition,
three photocatalysts obtained either by grafting copper and/or by depositing platinum by wet
methods on flame-made TiO2 were also investigated. High hydrogen production rates were attained
with copper-containing photocatalysts, though their photoactivity decreased with increasing Cu
loading, whereas the photocatalysts containing both Cu and Pt nanoparticles exhibit a bell-shaped
photoactivity trend with increasing copper content, the highest hydrogen production rate being
attained with the photocatalyst containing 0.05 wt% Cu.

Keywords: photocatalysis; flame-spray pyrolysis; TiO2 modification; Cu and Pt nanoparticles;
photocatalytic hydrogen production; methanol photo-steam reforming

1. Introduction

The continued use of fossil fuels led to an increased greenhouse effect; thus, cleaner and renewable
energy sources are urgently required. Hydrogen is considered the main alternative to fossil fuels and
technologies based on hydrogen exploitation as an energy vector are already mature, such as fuel cells
or internal hydrogen combustion engines [1,2]. Photocatalysis can provide a straightforward route to
hydrogen production from water solutions, possibly converting solar light into chemical energy in the
form of H-H bond.

Many photocatalysts have been proposed and tested in recent years, for both thermodynamically
up-hill (e.g., hydrogen production from aqueous solutions) and down-hill reactions (photodegradation
of organic pollutants), but titanium dioxide still remains the most widely investigated one, due to
its advantageous physical and chemical properties [3,4]. One of its main drawbacks consists in
the fast recombination of photoproduced electron-hole couples. This drawback can be overcome
by modifying TiO2 with noble metal (Au, Ag, Pd, Pt) nanoparticles (NPs), which improve the
separation of photoproduced charge carriers and, thus, the quantum efficiency of photocatalytic
processes [5]. Furthermore, the rate of photocatalytic hydrogen production from water is largely
increased by performing the reaction in the presence of organic compounds which scavenge the holes
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photoproduced in the semiconductor valence band (VB) more efficiently than water, making the
reaction irreversible [6–11].

Aiming at increasing the photoactivity of titanium dioxide by modification with non-noble
metals (e.g., Ni, Cu, Co), thus reducing the photocatalyst costs, Irie et al. [12] deposited copper
on titanium dioxide powders by grafting. This led to successful visible light activation of the so
obtained photocatalysts both in oxidation reactions (photodegradation of organic pollutants, e.g.,
2-propanol) in the presence of O2 and in hydrogen production from water solutions under anaerobic
conditions [13]. In fact, Cu2+ ions are able (i) to accept electrons from the conduction band (CB)
of TiO2, since the redox potential of the Cu2+/Cu+ couple is more positive than the CB edge of
TiO2; and (ii) to accept photoexcited electrons directly from the VB of TiO2, also under visible light
irradiation. Both these electron transfer paths contribute to increase the separation of photoproduced
charge carriers, with a consequent photoactivity improvement [10].

To further increase the photoactivity of TiO2, modification of the oxide surface by non-noble metals,
such as copper or nickel, has been coupled with noble metal (i.e., Au, Pt, Ag) NPs deposition, attaining
remarkable improvement in terms of photocatalytic hydrogen production rates and efficiency in solar
light exploitation [14–18]. In this context, synergistic effects in photoactivity have been demonstrated
in the case of copper-platinum co-modified TiO2 when small amounts of Cu were deposited together
with Pt NPs, under both aerobic [19] and anaerobic conditions [20,21]. A strong synergistic effect
between copper and platinum NPs deposited over TiO2 has been recently demonstrated in hydrogen
production by methanol photo-steam reforming by our research group [22]. The NPs of the two metals
were deposited on commercial titanium dioxide in subsequent steps, i.e., Cu(II) was pre-grafted on the
oxide surface, followed by Pt NP deposition and chemical reduction.

In the present work, we investigate another, potentially less time consuming, synthetic route
to produce Cu and Cu-Pt co-modified TiO2 photocatalysts in one step, i.e., flame spray pyrolysis
(FSP), and report on the structural characterization of the so obtained materials in relation to their
photoactivity in methanol photo-steam reforming. The FSP technique proved to be an effective method
to synthesize TiO2 photocatalyst powders containing noble metal NPs with high anatase content and
crystallinity, high surface area and excellent metal dispersion [23–26], which are particularly suitable for
photocatalytic hydrogen production from water solutions. In addition, three photocatalysts obtained
either by grafting copper and/or by depositing platinum by wet methods on FSP-made TiO2 were also
investigated for comparison.

2. Results and Discussion

2.1. Photocatalyst Characterization

2.1.1. XRPD and BET Analyses

As shown in Figure 1, the X-ray powder diffraction (XRPD) pattern of pure titanium dioxide FP-T
showed a biphasic crystalline composition (89% anatase, 11% rutile) with no evidence of brookite
reflections; the mean crystallite size of the anatase phase was 14 nm (Table 1). The XRPD analysis of
both FP-(X)Cu-T and FP-(X)Cu/Pt-T series indicate that the anatase crystallite mean size appear to
increase with increasing copper content, as well as the rutile/anatase ratio, a phenomenon which has
already been observed in previous studies [27]. Nevertheless, no reflections due to the metals or to
copper oxides were detected, suggesting that they are finely dispersed in small NPs.

As reported in Table 1, the specific surface area (SSA) of the FP-(X)Cu-T series was only slightly
higher than that of the FSP-made pure TiO2 (110 m2 g−1), while the whole FP-(X)Cu/Pt-T series showed
a somewhat higher SSA with respect to the other samples, with the FP-(0.05)Cu/Pt-T photocatalyst
possessing the highest SSA, i.e., 153 m2 g−1.
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Figure 1. XRPD pattern of selected photocatalyst samples, with standard reference patterns of the
anatase and rutile phases.

Table 1. Crystal phase composition, average anatase particles diameter dA, and specific surface area
SSA of the FSP-made photocatalysts.

Photocatalyst Anatase (%) Rutile (%) dA (nm) SSA (m2 g−1)

FP-T 88.6 11.4 13.9 110
FP-(0.05)Cu-T 83.2 16.8 13.8 116
FP-(0.1)Cu-T 91.8 8.2 14.3 119
FP-(0.5)Cu-T 78.9 21.1 17.1 115

FP-(0.0)Cu/Pt-T 87.3 12.7 14.0 131
FP-(0.05)Cu/Pt-T 91.9 8.1 12.8 153
FP-(0.1)Cu/Pt-T 87.7 12.3 13.4 130
FP-(0.2)Cu/Pt-T 82.4 17.6 14.9 127
FP-(0.3)Cu/Pt-T 83.5 16.5 14.9 129
FP-(0.5)Cu/Pt-T 82.0 18.0 15.2 121

2.1.2. UV-VIS Absorption Properties

The ultraviolet-visible (UV-VIS) absorption spectra of the FP-(X)Cu-T series together with that of
bare FP-T are collected in Figure 2a. First of all, reference FP-T sample shows an important absorption
tail in the whole visible light range originated from the carbonaceous impurities typical of FSP-made
samples [26,28,29]. In the presence of copper the absorption of the materials increases, all FP-(X)Cu-T
samples showing an extra absorption contribution in the 400–500 nm region, to be ascribed to the
direct interfacial charge transfer (IFCT) of electrons from the VB of TiO2 to Cu(II) surface species [12].
In addition, specific Cu(II) d-d transitions, evidenced by the absorption in the 700–800 nm region in
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the spectrum of FP-(0.5)Cu-T (see Figure 2b), confirm that the here employed single-step FSP synthesis
of Cu-containing TiO2 stabilizes surface CuxO species, with copper in an oxidized state.

Figure 2. UV-VIS absorption spectra of (a) the FP-(X)Cu-T series; (b) FP-(0.5)Cu-T in comparison with
FP-(0.5)Cu/Pt-T; (c) the FP-(X)Cu/Pt-T series and (d) the hybrid Pt and Cu co-modified TiO2 samples
prepared by combining FSP with Cu grafting and/or Pt NP deposition through the DP route.

All Pt-containing TiO2 samples showed enhanced absorption with respect to the corresponding
FP-(X)Cu-T photocatalysts (Figure 2c vs. Figure 2a), as clearly evidenced in Figure 2b, where the
absorption spectrum of FP-(0.5)Cu/Pt-T is compared with that of FP-(0.5)Cu-T. However, the materials
of the FP-(X)Cu/Pt-T series (characterized by a light grey color) showed a much lower absorption
with respect to the Pt-Cu/TiO2 “hybrid” samples prepared by combining the FSP technique with
alternative TiO2 surface modification routes implying post-deposition metal reduction (Figure 2c
vs. Figure 2d). This indirectly confirms that, in FSP-made Pt/TiO2 samples, platinum is also mostly
present in oxidized, rather than in metallic, form [30] and that post-deposition chemical reduction may
promote the reduction of both metal co-catalysts into metallic NPs (Figure 2d). Importantly, hybrid
materials with identical co-catalyst content showed the same optical absorption profiles, independently
of their preparation sequence (see Pt/FP-(0.1)Cu-T and (0.1)Cu/FP-Pt-T in Figure 2d). Compared
to such materials, (0.1)Cu/Pt-FP-T, prepared by directly contacting the two metal precursors with
the FP-T powder in subsequent steps, absorbs less light in the visible range and shows a UV-VIS
absorption spectrum comparable to that of the photocatalyst obtained by applying exactly the same
two-step deposition procedure to commercial P25 [22].

2.1.3. XPS Analysis

X-Ray photoelectron spectroscopy (XPS) analysis (see for example Figure 3 and Table 2) confirms
the presence of ca. 20 at% of carbon in FSP-made materials. The C 1s signal exhibits a band peaking at
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ca. 284.8 eV, which can be attributed to organic carbon, and a second peak at ca. 288 eV, ascribable to
carbonaceous traces. The O 1s signal consists of a main peak at ca. 530.3 eV, originating from oxygen
linked to titanium (Ti–O bonds) and a minor peak at ca. 532.5 eV compatible with oxygen in carbonate
species, CO, CO2, and in physisorbed water. The Ti 2p doublet signal is almost identical for all
samples (Figure 3), with the main peak at ca. 458.8 eV and the second one at 464.5 eV, both typical
of Ti4+ in TiO2 [31]. The absence of shoulders at lower energy points to a negligible contribution
of sub-stoichiometric titanium dioxide (TiO2−x) or of Ti–OH surface groups [32–34]. This is also
confirmed by the O/Ti ratio greater than 2 (Table 2). No signals originated from platinum and copper
photoemission could be detected, their intensity possibly being below the detection limit.

Figure 3. XPS spectra of the O 1s, Ti 2p, and C 1s regions for (a) FP-(0.0)Cu/Pt-T and
(b) FP-(0.5)Cu/Pt-T.

Table 2. Results of the XPS analysis for 3 selected FP-(X)Cu/Pt-T photocatalysts.

Photocatalyst
Concentration (at%)

O/Ti Ratio
O 1s Ti 2p C 1s

FP-(0.0)Cu/Pt-T 55.4 23.5 19.7 2.36
FP-(0.05)Cu/Pt-T 54.6 23.1 21.0 2.36
FP-(0.5)Cu/Pt-T 53.5 22.2 23.4 2.41

2.1.4. HRTEM Analysis

Transmission electron microscopy (TEM) investigation of FP-(0.0)Cu/Pt-T (Figure 4a) and
of FP-(0.5)Cu/Pt-T confirms the typical morphology of the flame made powder consisting of
micro-aggregates of spherical nanocrystals. The TiO2 particle size distribution obtained by counting
170 NPs (Figure 4b) is in the 4–28 nm range, with an average value of 11 nm and a standard deviation
of 5 nm.
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Figure 4. (a) TEM; (b) TiO2 particle size distribution; (c) HRTEM; and (d) STEM-HAADF investigation
of FP-(0.0)Cu/Pt-T. The green rectangle in (d) shows the acquisition area of the EDX spectrum.
The white arrow points a surface Pt NP appearing as a bright dot due to the Z-contrast.

The high resolution TEM (HRTEM) image shown in Figure 4c confirms that the TiO2 NPs are
monocrystalline and that their crystal structure corresponds to the anatase phase. Indeed, the plane
distance calculated by FFT analysis of the nanocrystals appearing within the yellow frame in Figure 4c
is 3.5 Å, corresponding to the d-spacing of the [101] plane of anatase.

Pt NPs can be revealed by scanning transmission electron spectroscopy—high angular annular
dark field (STEM-HAADF) analysis as bright dots on the TiO2 surface because of its higher Z-contrast
compared to the lighter Ti and O elements. However, Pt NPs can hardly be distinguished in
Figure 4d (see for example the point indicated by the white arrow), in line with the fact that Pt
is finely and homogeneously dispersed on the TiO2 surface in the form of approximately 1 nm sized
NPs. The presence of Pt was confirmed by energy dispersive X-ray spectroscopy (EDX) analysis,
giving a 0.4 wt% of Pt for FP-(0.0)Cu/Pt-T, in good agreement with its nominal 0.5 wt% content.
Similarly, EDX analysis of the FP-(0.5)Cu/Pt-T (dispersed on a molybdenum grid to avoid artefact on
the Cu signal) confirmed the 0.5 wt% Cu content and its homogeneous dispersion on TiO2.

2.2. Photocatalytic Activity

In the photocatalytic steam reforming of methanol the alcohol acts as an efficient hole scavenger,
thus decreasing the electron-hole recombination rate and making conduction band electrons more
readily available for H+ reduction. Hydrogen production is, thus, coupled with methanol oxidation up
to CO2. Several intermediates, such as carbon monoxide, formic acid, or formaldehyde, are produced
together with other side products, such as methane or ethane. H2, CO2, and CO accumulate
at a constant rate in the closed recirculation system during the photocatalytic tests, according to
pseudo-zero order kinetics.
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The results obtained in methanol photosteam reforming photocatalytic tests are reported in
Figure 5, in terms of hydrogen production rate, rH2, and selectivity to CO2 and CO, SCO2 and SCO,
as in previous studies [35]. We note, first of all, that the higher rate of hydrogen production rH2

obtained with FP-T with respect to P25 TiO2 (3.6 vs. 2.7 mmol h−1 gcat
−1) can be ascribed to the

higher surface area and to the larger anatase content. On the other hand, these two reference samples
behave in the same way regarding side-product formation, with similar selectivities towards carbon
dioxide and monoxide (Figure 5). The rH2 values obtained with the photocatalysts of the FP-(X)Cu-T
series were all around 7 mmol h−1 gcat

−1, more than twice of those obtained with the bare materials,
with a slightly decreasing rate with increasing copper loading. In addition to the beneficial effect on
H2 production rate, the presence of Cu species on the TiO2 surface also influences the selectivity to CO
in methanol photosteam reforming, the higher the amount of this metal, the lower being the selectivity
to carbon monoxide. Thus, in the presence of copper as co-catalyst, preferential complete oxidation of
methanol to carbon dioxide occurs, rather than to carbon monoxide, with a consequent higher rate of
hydrogen production. In fact, full oxidation of one methanol molecule produces three H2 molecules,
while incomplete methanol oxidation to carbon monoxide produces two molecules of hydrogen per
methanol molecule [35].
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Figure 5. H2 production rate (left ordinate) and selectivity to CO2 and CO (right ordinate) obtained
with Cu-containing TiO2 and Cu/Pt-containing TiO2 photocatalysts prepared by FSP in one step.

With respect to the Cu/TiO2 photocatalysts obtained by grafting Cu on P25 TiO2 [22] the
photocatalysts of the FP-(X)Cu-T series showed a lower selectivity towards CO and a higher rate
of hydrogen production. Considering two photocatalysts with the same 0.1 wt% Cu nominal
content, the hydrogen production rate obtained with the FSP-made one is almost double (6.9 vs.
3.8 mmol h−1 gcat

−1), with a halved selectivity to CO (6.1% vs. 10.8%). This might be a consequence
of the formation of small NPs of crystalline copper oxides during the FSP synthesis, acting as
semiconductors and thus forming a heterojunction with TiO2, which improves the separation of
the photoproduced charge couples [36]. In Cu/TiO2 photocatalysts produced by the grafting technique
the oxidized copper species on the TiO2 surface are expected to be in amorphous form, as grafting is
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carried out at room temperature and, thus, their action mechanism, consisting of switching between
the Cu2+ and Cu+ oxidation states, may be different [12].

The presence of Pt on the FP-(X)Cu/Pt-T photocatalysts led to much higher photoactivity in
terms of hydrogen production rate with respect to pure TiO2 and to a ca. doubled photoactivity
with respect to the FP-(X)Cu-T series. Platinum, due to its high work function (5.93 eV for the
111 crystal plane) [37], is a well-known, very efficient co-catalyst of TiO2, particularly contributing
to increased H+ photocatalytic reduction leading to molecular hydrogen evolution [21,31,35,38,39].
As shown in Figure 5, the rate of photocatalytic hydrogen production obtained with the FSP-made
Cu-Pt co-modified photocatalysts showed a bell-shaped trend, with the best performance in terms of
rH2 (22.7 mmol h−1 gcat

−1) being achieved with FP-(0.05)Cu/Pt-T, followed by the Pt-only containing
sample FP-(0.0)Cu/Pt-T. Further increase of the copper content of the FSP-made photocatalysts
had instead detrimental effects on the hydrogen production rate, with rH2 values lower than that
obtained with copper-free FP-(0.0)Cu/Pt-T. The formation of an alloy between Cu and Pt during the
FSP synthesis with the resulting decrease in the total work function of metal NPs and consequent
decreased efficiency in H+ reduction in comparison to pure platinum NPs, may be at the origin of
such a behavior [35]. At the same time, the increase of nominal Cu content employed during the FSP
synthesis may promote the formation of larger copper oxide domains, implying reduced Cu-TiO2

interactions, which possibly determine a decrease of photocatalytic H2 evolution [40].
Anyway, with increasing copper content in the FSP-made Cu-Pt/TiO2 photocatalysts the

selectivity towards carbon dioxide reached values up to 42% in the case of Cu- and Pt-containing
photocatalysts, while the selectivity towards CO was significantly reduced. In fact, SCO dropped from
3.1% and 3.4% for FP-(0.0)Cu/Pt-T and FP-(0.5)Cu-T, respectively, to 1.0% for FP-(0.5)Cu/Pt-T.

Concerning the photoactivity achieved by the “hybrid” samples, as shown in Figure 6, a limited
increase in rH2 up to 10.6 mmol h−1 gcat

−1 was attained upon platinum deposition by the DP method
(see Pt/FP-(0.1)Cu-T vs. FP-(0.1)Cu-T), as a consequence of the above mentioned positive role
played by platinum NPs in favoring electron-hole separation. On the other hand, Pt/FP-(0.1)Cu-T
exhibits a photoactivity very similar to that obtained with (0.1)Cu/FP-Pt-T, in terms of both hydrogen
production rate and selectivity to by-products. The obtained rH2 value is lower than that attained with
the corresponding unmodified photocatalyst, i.e., FP-(0.0)Cu/Pt-T, and points to a negative effect of
copper grafting on the photoactivity of Pt-containing FSP-made TiO2. Surprisingly, (0.1)Cu/Pt-FP-T,
obtained by Cu grafting followed by Pt deposition using the DP method on flame-made bare TiO2,
exhibits a hydrogen production rate much higher than that of the other two “hybrid” samples,
containing the same nominal amount of metals.

Differently from the results obtained in our previous work on Cu-Pt modified TiO2 photocatalysts
prepared starting from commercial TiO2 [22], with the presently investigated FSP-made Cu and
Pt-containing TiO2 photocatalysts no synergistic effect between the two metal co-catalysts was
observed. In fact, with none of them a rH2 value was attained greater than the sum of those
observed with the corresponding single metal (Pt or Cu)-modified TiO2 photocatalyst. Nevertheless,
a limited improvement in photoactivity was observed for very low copper content, i.e., in the case of
FP-(0.05)Cu/Pt-T.

Thus, FSP proves to be an effective way to synthesize single metal-containing TiO2-based
photocatalysts, since both Cu-only and Pt-only containing FSP-made TiO2 samples showed very
high photoactivity in hydrogen production, performing better than TiO2-based photocatalysts with
analogous composition produced through wet-phase techniques, such as grafting of Cu or Pt deposition
through the DP method.

Importantly, the beneficial effects induced in H2 production by combining Cu(II) grafting with
Pt NPs deposition on the TiO2 surface by means of the DP procedure has been confirmed also in
the case of bare FSP-made TiO2, i.e., not only for commercial P25 [22]. In fact, though implying
a more time-consuming procedure, the mild modification conditions ensured by these wet-phase
techniques may avoid the undesired formation of a Cu-Pt alloy, with the consequent stabilization of
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Cu nanoclusters, able to promote the transfer of photoexcited electrons from TiO2 towards Pt NPs,
where H2 evolution occurs [22].
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Figure 6. H2 production rate (left ordinate) and selectivity to CO2 and CO (right ordinate) obtained
with photocatalysts prepared by combining different preparation techniques (see text).

3. Materials and Methods

3.1. Synthesis of the Photocatalysts

Except for commercial P25 TiO2 from Degussa (Evonik, Essen, Germany), all investigated
photocatalysts were home-prepared by FSP in a single step [41], employing a commercial FSP system
(NPS10 Tethis S.p.A., Milano, Italy). The precursor solutions to be burned were prepared by mixing
25 mL of a 1.2 M titanium(IV)-tetraisopropoxide (TTIP) solution in xylene with a fixed volume (i.e.,
5 mL) of a Pt-containing mother solution and/or variable volumes of a Cu-containing solution.
This latter was prepared by dissolving 0.381 g of copper acetate monohydrate into 100 mL of propanoic
acid. The Pt-containing mother solution was prepared by dissolving 0.135 g of hexachloroplatinic acid
(30 wt% actual Pt content) into 50 mL of propanoic acid.

In order to maintain the combustion enthalpy constant in all synthesis, the xylene to propanoic
acid volume ratio was, thus, kept constant (7:4) by diluting all solutions with 10 mL of xylene and with
the required volume of propanoic acid, up to a 50 mL constant final volume.

The so-obtained solutions were injected into the burner at 4 mL min−1 by means of a syringe
pump through a capillary tube and dispersed by pure oxygen (5.0 L min−1). The spray was ignited by
a methane/oxygen flamelet ring surrounding the nozzle. The methane and oxygen flow rates were
1.0 L min−1 and 2.0 L min−1, respectively, and the pressure drop across the nozzle was kept constant at
2 bar. The powders were collected on glass fiber filters (Whatman, Maidstone, UK, model GF6, 257 mm
in diameter) positioned 64 cm over the burner, on top of a steel vessel connected to a vacuum pump
(Seco SV 1040C by Busch, Magden, Switzerland).

Two photocatalyst series were synthesized: the first series, labeled FP-(X)Cu-T, consisted of
copper containing titanium dioxide powders; the second series, labeled FP-(X)Cu/Pt-T, consisted of
platinum and copper containing powders. X corresponds to the Cu/Ti nominal weight percent ratio,
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ranging from 0 to 0.5, while the Pt/Ti nominal weight percent ratio in the second series was fixed at
0.5. Bare titanium dioxide containing no Cu and Pt NPs was also produced by FSP and named FP-T.

Three additional samples were prepared by combining different metal NPs deposition techniques.
Sample (0.1)Cu/Pt-FP-T was obtained from FP-T, by grafting 0.1 wt% of copper [42] and 0.5 wt%
of platinum by the deposition-precipitation (DP) method [43], in two consecutive steps. Sample
(0.1)Cu/FP-Pt-T was obtained by grafting Cu on the surface of FP-(0.0)Cu/Pt-T, followed by the
addition of an aqueous NaBH4 solution in slight excess. Sample Pt-FP-(0.1)Cu-T was obtained by DP
of Pt NPs on FP-(0.1)Cu-T. Briefly, the grafting method [42] consists in drying under vigorous stirring
and heating at 90 ◦C an aqueous suspension containing (Cu(NO3)2·3H2O) and the dispersed TiO2

powder. The DP technique [43] consists of stirring a heated aqueous suspension containing the starting
photocatalyst and H2PtCl6 in the presence of urea to induce the precipitation of Pt NPs, followed by
reduction of the so obtained powder with NaBH4 in an aqueous dispersion.

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.

3.2. Characterization of the Photocatalysts

XRPD analyses were performed using a Philips PW3020 powder diffractometer (PANalytical,
Almelo, The Netherlands), operating at 40 kV and 40 mA and exploiting copper Kα radiation
(λ = 1.54056 Å) as X-ray source. The diffractograms were recorded by scanning between 5◦ and
80◦ 2θ angles, with a 0.05◦ step. Phase quantitative analysis was made by the Rietveld refinement
method [44], using Quanto software (Ver. 1.0, free licence software) [45]; the mean anatase crystallite
size was calculated by applying the Scherrer equation [46], from the width of the most intense reflection
at 2θ = 25.4◦.

The BET specific surface area (SSA) was measured by N2 adsorption/desorption at liquid nitrogen
temperature in a Micromeritics ASAP 2010 (Micromeritics, Norcross, GA, USA) apparatus after
out-gassing in vacuo at 150 ◦C for 2 h. UV-VIS diffuse reflectance (R) analysis was performed with
a Jasco V-670 spectrophotometer (Jasco, Easton, MD, USA) equipped with a PIN-757 integrating sphere,
using barium sulfate as a reference. The results are presented as absorption (A) spectra (A = 1 − R).

XPS data were collected by a PHI-5500 Physical Electronics spectrometer (Physical Electronics,
Chanhassen, MN, USA) equipped with an aluminum anode (Kα = 1486.6 eV) as the monochromatized
source, operating at 200 W applied power, with a 58.7 eV pass energy, 0.5 eV energy step, and a 0.15 s
step time. The vacuum level during the analyses was ca. 10−9 Torr and a neutralizer was used in order
to avoid surface electrostatic charge accumulation on the nonconductive samples.

HRTEM analysis was carried out with a Zeiss LIBRA 200FE transmission electron microscope
(Zeiss, Oberkochen, Germany), equipped with STEM—HAADF and EDX (Oxford X-Stream 2 and
INCA software). The microscope has a 200 kV field emission gun-like source with an in-column
second-generation omega filter for energy-selective spectroscopy. The sample was dispersed in
isopropanol and then a drop of the suspension was deposited on a 300 mesh holey carbon copper or
molybdenum grid.

3.3. Photocatalytic Tests

The photocatalytic activity in hydrogen production from methanol photo-steam reforming was
tested in the already described stainless steel closed system [5], which was modified by substituting
the Plexiglas photoreactor with a new stainless-steel photoreactor, with a front round hollow (4 mm
thick and 63.5 mm in diameter), closed by a Pyrex glass window. The temperature of this new cell can
be increased by means of four heating cartridges regulated by a thermocouple. The photocatalytic bed,
placed in the front hollow of the photoreactor, was prepared by mixing 15 ± 2 mg of photocatalyst
and 7.10 ± 0.05 g of 20–40 mesh (0.42–0.85 mm) quartz beads with few droplets of distilled water,
followed by drying in an oven at 70 ◦C. Prior to any run, the whole system was purged in the dark with
pure nitrogen at 110 mL min−1 for 40 min in order to remove any trace of oxygen. The temperature of
the photoreactor was fixed at 40 ◦C and set at this value 30 min before the beginning of the experiment,
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with a heating rate of 10 ◦C min−1. Then the gas phase, saturated with methanol and water vapors
by bubbling nitrogen into a 20 vol% methanol aqueous solution kept at 30 ◦C, was continuously
recirculated at a constant rate (60 mL min−1) by means of a bellow pump for 15 min before starting the
test. During the photocatalytic run, the gas flow was also set at 60 mL min−1. The absolute pressure
inside the system, initially 1.2 bar, gradually increased during the run due to the accumulation of gas
products. The light source, always switched on 30 min before the beginning of the run and placed
at ca. 20 cm from the photoreactor, was a 300 W xenon arc lamp (LSH302, LOT-Oriel, Darmstadt,
Germany), emitting in the 350–400 nm range. The light intensity on the photocatalyst was 0.31 W cm−2,
as measured with an optical power meter (model PM200 by Thorlabs, Newton, NJ, USA) equipped
with a thermal power sensor (Thorlabs S302C).

The gas-phase composition was analyzed on-line during irradiation by means of a gas
chromatograph (GC, Agilent 6890N, by Agilent, Santa Clara, CA, USA) equipped with two capillary
columns (HP-PlotU and Molesieve 5A), two detectors (thermo conductivity and flame ionization) and
a Ni-catalyst system for CO2 and CO methanation. The instrument was preliminary calibrated for H2,
CO2, CO, CH4, and H2CO analyses. The amount of formic acid produced during the photoreaction
and accumulated in the aqueous solution was determined by ion chromatography at the end of the run,
employing a Metrohm 761 Compact IC instrument (by Metrohm AG, Herisau, Switzerland), equipped
with an anionic Metrosep A column.

The results of photocatalytic tests are reported as H2 production rate (rH2), obtained as the slope
of the straight lines of the produced hydrogen amount (normalized per unit catalyst weight) vs.
the irradiation time plots. The selectivity in hydrogen production was calculated from the rates of CO2

and CO formation (rCO2 and rCO), as the ratio between these latter and the rate of H2 production from
methanol, by taking into account the stoichiometry of the CO2 and CO formation reactions [35].

CH3OH + H2O
hv,TiO2→ 3H2 + CO2

CH3OH
hv,TiO2→ 2H2 + CO

SCO2 =
3rco2

rH2

SCO =
2rCO

rH2

To ensure the reproducibility of the data, the photocatalytic tests were repeated at least twice with
each sample, using the same photocatalytic bed; at the end of each run, the water/methanol solution
in the flask was changed and the whole system was purged with N2 in the dark for 30 min prior to
start a new run.

4. Conclusions

In conclusion, FSP proves to be an effective way to synthesize highly-performing single
metal-containing TiO2-based photocatalysts for photocatalytic hydrogen production. However,
the highest synergistic effect between the Cu and Pt co-catalysts was attained with photocatalysts
prepared by wet-phase methods on bare FSP-made TiO2, i.e., Cu(II) grafting followed by Pt
NP deposition.

Copper overloading (up to 0.5 wt%) of FSP-made photocatalysts is detrimental for H2 production
rate, probably due to Cu-Pt alloying under the here employed harsh synthesis conditions. Nevertheless,
the addition of very low amounts of copper (0.05 wt%) during the FSP synthesis of Pt/TiO2 guarantees
a ca. 20% improvement of the overall photocatalytic hydrogen production, together with a lower
selectivity towards the less desired carbon monoxide side-product.
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Abstract: A comprehensive study on the sulfur doping of TiO2, by means of H2S treatment at 673 K,
has been performed in order to highlight the role of sulfur in affecting the properties of the system,
as compared to the native TiO2. The focus of this study is to find a relationship among the surface,
structure, and morphology properties, by means of a detailed chemical and physical characterization
of the samples. In particular, transmission electron microscopy images provide a simple tool to
have a direct and immediate evidence of the effects of H2S action on the TiO2 particles structure and
surface defects. Furthermore, from spectroscopy analyses, the peculiar surface, optical properties,
and methylene blue photodegradation test of S-doped TiO2 samples, as compared to pure TiO2, have
been investigated and explained by the effects caused by the exchange of S species with O species
and by the surface defects induced by the strong H2S treatment.

Keywords: TiO2; S-doping; sulfidation; HRTEM; XRD; UV-visible; FTIR

1. Introduction

Titanium dioxide (TiO2) is widely used for photocatalysis. It has attracted considerable attention
because of its characteristics, including optical properties, reactivity and chemical stability, as well as its
non-toxicity [1,2]. In particular, TiO2-based photocatalysts have been used for significant applications,
such as antibacterial actions [3], medical research [4], drug delivery [5], and self-cleaning fields [6].
Most of all, this material is widely used in the degradation of pollutants in air and water by the
decomposition of organic compounds [7,8].

Despite its outstanding photocatalytic properties, TiO2 is only able to absorb a small range of the
UV portion of the solar spectrum [9], because of its relatively high band gap. To solve this problem,
the most-used strategy is the engineering and shift of the TiO2 band gap to the visible light region, in
such a way to enhance its photocatalytic activity. In this regard, the surface modification obtained by
anchoring selected species, such as MoS2 or graphene-like systems [10,11], or by the incorporation of
metal or non-metal dopants into the TiO2 structure [12], allows one to harvest the visible spectrum or
to increase the reactivity in the UV spectrum. It has been found that metals are able to induce a desired
band gap shift, but also induces recombination centers, thus reducing the photocatalysis capability in
combination with thermal instability [13].

On the other hand, the incorporation of non-metals, including nitrogen, carbon, sulfur, fluorine,
or iodine [14–21], possibly as quantum dots [22], was found to be a more efficient way to lower the
band gap of TiO2, thus obtaining a photocatalyst with higher activity.

Indeed, sulfur-doped TiO2 has attracted much attention due to the fact that increasing quantities
of S can reduce the band gap [23], as well as show a strong absorption in the visible light [24].

Many strategies have been adopted to synthesize S-doped TiO2 nanocatalysts, from the oxidative
annealing of TiS2, to catalyzed hydrolysis, hydrothermal and solvothermal synthesis, as well as sol-gel
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and co-precipitation methods [25–28]. In this regard, H2S can be used as a precursor to obtain an
S-doped TiO2 surface [29].

According to some authors, the mechanism of H2S adsorption on the TiO2 surface is explained
with dissociative pathways, causing S to fill the O vacancies to obtain S-doped surfaces [29].

However, the integration mechanism of S in TiO2, from a structural point of view, is still under
debate, being to a great extent affected by the synthesis conditions. It has been reported that sulfur
could be adsorbed predominantly in the form of SO4

2− species at the surface of TiO2 nanoparticles [30],
or could be embedded within the TiO2 lattice, thus creating S-Ti-O bonds [31].

Therefore, to better understand and describe the properties and then the possible applications of
the so-obtained S-doped TiO2, it is fundamental to investigate the nature of the H2S interaction with
the TiO2 surface.

Moreover, a further aspect to take into account is the role of H2S as a reactant in catalytic
hydro-treatment and Claus reactions [32,33]. It is noteworthy that, nowadays, the emission limits of
SOx are becoming very rigorous, because air pollution has become a serious global problem. Oil and
gas extraction sites are one of the main sources of H2S emissions, and they are usually removed by
means of the well-known Claus process. The reaction occurs via dissociative adsorption of H2S on
a metal oxide [34], mainly on Al2O3 but also on TiO2, used as catalyst.

In both processes, H2S was found to modify the surface properties of the metal oxide support
catalyst. According to the literature, many theoretical studies concerning H2S reaction and adsorption
on TiO2 are known, particularly those on anatase and rutile phases [35–39].

To our knowledge, only a few experimental studies have focused on the effects originated by
H2S dosage on TiO2 surface, concerning the relationship among surface, structure, and morphology
properties. Our study aims to contribute to these themes, as it reports a quite extensive chemical
and physical characterization of the surface properties of S-doped TiO2, obtained after H2S treatment.
The samples are investigated by X-ray diffraction (XRD), and high resolution transmission electron
microscopy (HRTEM), in addition to Raman, Fourier Transform-Infrared (FTIR) and UV-visible
(UV-Vis) spectroscopies. The obtained results are compared to those of pure TiO2.

2. Results and Discussion

2.1. Structure and Morphology by XRD, Raman, and HRTEM Analyses

2.1.1. XRD Analysis

The XRD patterns of TiO2 before and after H2S dosage at 673 K for 1 h are shown in
Figure 1 (black and red lines, respectively), together with the typical crystalline features of anatase
(PDF card # 21-1272) and rutile (PDF card # 21-1276) phases, as highlighted by blue and green lines
(anatase and rutile, respectively).

From the pattern of TiO2 after the sulfidation procedure, no considerable modifications of the
peculiar peaks of anatase and rutile are observed, thus remarking that the amount of S species inside
the S-doped TiO2 does not affect the lattice under the adopted preparation conditions. We shall return
to this point by analyzing the amount of sulfur via elemental analysis, as illustrated in Figure S1.
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Figure 1. XRD patterns of TiO2 (black line) and S-doped TiO2 (red line). Anatase (PDF card # 21-1272)
and rutile (PDF card # 21-1276) phases (blue and green lines, respectively) are shown for comparison.

2.1.2. Raman Spectroscopy

Figure 2 shows the Raman spectrum of S-doped TiO2 compared with pure TiO2, used as a reference
material, both recorded with a 514 nm laser line.

 

Figure 2. Raman spectra of TiO2 and S-doped TiO2 (black and red lines, respectively). Raman fingerprints
of rutile are marked by asterisks.
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In detail, concerning the spectrum of pure TiO2 (black curve), the four bands at 144, 396, 514, and
636 cm−1 are ascribed to the Eg, B1g, A1g, Eg Raman active modes, respectively, of the anatase phase,
as described in the literature [10,18,40]. Furthermore, the shoulder at 608 cm−1 and the small peak at
444 cm−1 (labelled by asterisks) are due to the A1g and Eg modes of the rutile phase [40]. As for the
S-doped TiO2 sample, as obtained after the sulfidation step (red curve), the typical Raman fingerprints
of TiO2 are still present, even if a clear explanation of the erosion of the weak modes labelled by
asterisks remains unclear [29,35].

2.1.3. Surface Area and HRTEM Analysis

Figure 3a,b depict HRTEM images of nanoparticles of ~15–50 nm in size, exposing lattice fringes
spaced ~0.32 nm or 0.35 nm, corresponding to (110) and (101) planes of rutile and anatase, respectively,
as confirmed by the fast Fourier transform (FFT) investigations (insets of Figure 3b,d).

 

Figure 3. TEM images of TiO2 (a,b) and S-doped TiO2 (c,d). In the insets of (a,c) low resolution images
of TiO2 and S-doped TiO2 are shown, while in the insets of (b,d) two selected regions are Fast Fourier
Transform (FFT) imaged.

In particular, rutile (Figure 3a) and anatase (which reveals its diffraction pattern from [111] zone
axis) nanoparticles (Figure 3b), which have a well-defined structure and shape, show extended faces with
highly regular terminations, together with sharp corners and edges. Conversely, in Figure 3c,d, S-doped
TiO2 particles with rounded shapes are shown, as highlighted by the white arrows. From Figure 3d, it
can be observed that the borders of the particle appear to be completely indented, with corners and
edges sensitively smoothed, which is caused by the formation of local defective regions at the atomic
level. The explanation of this phenomenon could be plausibly ascribed to the action of H2S, whose
strong acidic character could lead to remarkably defective surfaces of TiO2 particles.
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For a deeper understanding of the effects of H2S treatment, the TiO2 and S-doped TiO2 samples
were investigated by low resolution TEM (insets in Figure 3a,c, respectively). From the comparison of
the related particle size distributions shown in Figure S2 (Supplementary Materials), a slight increment
of particle dimensions for S-doped TiO2 is detectable, as confirmed by the mean crystal sizes provided
by the anatase (101) and rutile (110) XRD peak broadenings (Scherrer’s equation) shown in Table S1
(Supplementary Materials).

Moreover, the slight decreasing of the specific surface area (38 m2/g) of S-doped TiO2 observed,
as compared with TiO2 (50 m2/g), in addition to the slight increasing of the particle size in the case of
S-doped TiO2 samples, can be explained by the moderate sintering effect due to annealing treatment
conditions occurring at 673 K under an H2S atmosphere.

Furthermore, the impressive action of H2S on the nature of TiO2 particles has been also confirmed
by FTIR investigation (vide infra).

2.2. Surface Properties by FTIR and UV-Vis Spectroscopies

2.2.1. FTIR Spectroscopy

FTIR spectra collected at 100 K at decreasing CO coverage on TiO2 were compared to a similar
sequence on the S-doped TiO2 sample (Figure 4a,b). The spectra were acquired by increasing an initial
CO dose (70 Torr) to reach equilibrium conditions, i.e., the maximum CO coverage, after which the
system was progressively outgassed up to the complete removal of the adsorbed CO molecules.

 

Figure 4. FTIR spectra of CO adsorbed at 100 K on (a) TiO2 and (b) S-doped TiO2 at decreasing coverages
(black bold line, maximum coverage: pCO = 70 Torr, grey bold line, minimum coverage: pCO → 0);
(c) scheme modelling of Ti sites on two different faces interacting with CO molecules and the frequency
values of the corresponding bands at maximum coverage (black bold line).
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TiO2 spectra show the typical features due to the adsorption of CO on the different Ti sites on
activated TiO2 surfaces, as discussed in the literature (Figure 4a) [41–43].

As can be seen from Figure 4a, the intense main peak observed at 2179 cm−1 can be explained
by the building up of lateral interactions among an array of parallel CO oscillators, adsorbed on
Ti4+ sites on flat (101) surfaces [41], while that at 2155 cm−1 is due to CO molecules interacting
by hydrogen bonds with residual OH groups. The main band, in the 2178 cm−1–2192 cm−1 range
(Figure 4a), undergoes a frequency shift upon decreasing CO pressure, due to the changing of the
lateral interactions between CO oscillators on the TiO2 surface [43,44]. Notice that a higher frequency
shift is indicative of a highly regular and extended face.

Coming back to OH groups, which remain on the surface despite the activation treatment at
673 K, their presence is confirmed by the stretching modes observed at 3718 cm−1 and 3672 cm−1

(inset of Figure 4a). These features are shifted to lower frequency as a consequence of CO adsorption,
thus giving rise to a broad and more intense feature centered at 3562 cm−1. Notice that the spectral
features of the OH groups are then completely restored at a lower CO pressure together with the
progressively disappearing and shifting of the 2155 cm−1 band to 2160 cm−1. These two events indicate
that the complete and reversible CO desorption from OH groups is occurring [42,45].

The sharp band at 2140 cm−1 is easily associated to physically adsorbed CO, which forms
a multi-layer surface when the liquid nitrogen temperature brings CO to a “liquid-like” state [46].
On the other hand, the band at 2146 cm−1 that, by decreasing CO coverage, gradually shifts upward
and merges with the 2155 cm−1 band, is due to the CO species on rutile facelets present in TiO2 P25 [41].

The weak feature at 2166 cm−1 was assigned to CO adsorbed on Ti Lewis centers on (001) surfaces,
where Ti sites along Ti-O rows are strongly bound to two oxygens, which cause a screened electrostatic
potential at these Ti sites, as concluded by Mino et al. [47] in a combined FTIR/Density Functional
Theory (DFT) study on the CO adsorption on anatase (001) and (101) facets.

The weak band at 2208 cm−1 was assigned to CO adsorbed on highly acid Ti Lewis sites located
on defective situations such as edges, steps, and corners, thus exhibiting very low coordination [41].

After H2S dosage (Figure 3b), some modifications can be highlighted. In particular, a slightly
wider Full Width at Half Maximum (FWHM) for the main feature at 2180 cm−1 is observed due
to a more disordered system, caused by the presence of S species interrupting the regularity of the
extended faces.

Notice that the 2180 cm−1–2191 cm−1 main band for S-doped TiO2 (Figure 4b) undergoes a quite
similar frequency shift upon decreasing CO pressure, as compared to pure TiO2 (Figure 4a).

The 2166 cm−1 band, previously assigned to Ti Lewis centers on flat (001) faces and strongly bound
to O anions, presents an increased intensity and can be ascribed to a reduced screening electrostatic
potential due to the O → S exchange. In fact, the presence of sulfur could cause an increased acidity
followed by the observed increased intensity (Figure 4b). Conversely, the reduced intensity of the
2160–2155 cm−1 envelope can be explained by the weaker interaction of CO molecules with the residual
OH groups (Figure 4b).

Moreover, notice that the band at 2207 cm−1, ascribed to CO on highly cus (coordinatively
unsaturated) Ti sites on S-doped TiO2 [41], shows higher intensity with respect to pure TiO2 and is the
last one to disappear by outgassing. It can be hypothesized that the larger S atoms replace the smaller
O ones, thus favoring the formation of defects such as edges, steps, and corners.

These results can be confirmed by the wide band observed in the 3400–3200 cm−1 region, before
CO dosage, due to the formation of surface H2O as a consequence of oxygen-sulfur exchange (inset of
Figure 4b), as explained in the next paragraph.

On the basis of studies concerning the dissociative adsorption of H2S on TiO2 [48], it was found
that above a temperature of 593 K, the Ti–SH bond is still strong, being –SH irreversibly adsorbed on
the surface of TiO2. However, by increasing the temperature, S-H bonds become weaker and finally
break. H moves to a neighboring O, forming –OH groups. Finally H2O is formed at the surface and S
moves to oxygen vacancy positions [29].
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Moreover, besides the dissociative adsorption, H2S molecules can also interact with surface –OH
groups (bonded to Ti4+) to give rise to hydrogen bonds.

2.2.2. UV-Vis Spectroscopy

The UV-Vis spectrum of S-doped TiO2 (red curve) as compared to pure TiO2 (black curve), is
shown in Figure 5. From this, a wide shift of the absorption edge for the S-doped TiO2 sample towards
higher wavelengths (lower energies) is clearly detectable, together with an additional wide absorption
centered at around 390 nm.

 

Figure 5. UV-Vis spectra of S-doped TiO2 (red curve) and pure TiO2 (black curve) used as a reference
material. The Tauc plot of both samples is shown in the inset. An example of a Tauc Plot is
reported in ref. [49].

In particular, the band gap shift is emphasized by the Tauc plot (see inset in Figure 5), where the
intercepts with the abscissa axis of the extrapolation of the linear part of the curves clearly highlight a
red shift of the absorption edge for S-doped TiO2 (see black and red dotted lines for TiO2 and S-doped
TiO2, respectively).

In general, this energy red-shift is associated with a change of TiO2 electronic structure, after
the treatment with H2S, which causes the S → O exchange at the surface of TiO2 [50,51]. Taking into
consideration this aspect, it is well known that the formation of doping states involves additional
electronic levels that can be formed between the valence (VB) and the conduction (CB) bands, thus
reducing the electron transition energy [21,52]. Along this line, the features in the UV-visible range can
be ascribed to the presence of additional electronic states above the valence band edge of pure TiO2,
due to S species, as well supported by XPS measurements [52,53]. These states can be attributed to
sulfur 3p atomic orbitals mixing with the VB of TiO2. In addition, another plausible mechanism to
explain the observed absorption shift could also involve O vacancies caused by the thermal treatment
at 673 K under vacuum conditions [54].

The S-doped TiO2 sample was testedfor the photodegradation of methylene blue (MB) in
water solution under solar light irradiation as compared to the TiO2 P25 benchmark (Figure S4,
Supplementary Materials). In this figure, the MB C/C0 vs. time plots of S-TiO2 and of the TiO2 P25
are shown. Although the MB photodegradation of S-doped TiO2 is definitely high, under solar light
irradiation its photocatalytic activity is lower than that of pure TiO2 P25. We think that the explanation
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for this lower photocatalytic performance in the degradation of MB is the balance of two opposite
effects. The first one, associated with the sulfur doping which allows the solar light harvesting,
is beneficial. However, the defective surface, as a result of the heavy H2S treatment, has a strong,
definitely detrimental effect in the charge separation efficiency. It is safely concluded that, upon the
adopted H2S conditions (673 K, vacuum), the non-reversible surface modification does not help to
increase the photocatalytic efficiency with respect to the TiO2 P25 powder used as a starting material.

3. Materials and Methods

TiO2 (P25, Evonik), in pellet form, was activated at 673 K for 30 min under dynamic vacuum, then
oxidized in an oxygen (40 Torr) atmosphere at the same temperature for 30 min, twice. By keeping the
temperature at 673 K, the obtained sample was sulfided in an H2S atmosphere (30 Torr) for 1 h, twice,
and then outgassed. The sample was further sulfided following the same method.

FTIR spectra of CO adsorbed at 100 K on TiO2 and S-doped TiO2 at decreasing coverages were
obtained in an IR cell designed for liquid nitrogen flowing, and were recorded by means of a Bruker
IFS-28 spectrometer, equipped with a Mercury Cadmium Telluride (MCT) cryogenic detector, with
a resolution of 4 cm−1 (64 interferograms were averaged for each spectrum). The spectra were acquired
in the 4000–400 cm−1 interval, where the fundamental vibration modes are observed.

Raman spectra were recorded using a Renishaw Raman InVia Reflex spectrophotometer equipped
with an Ar+ laser emitting at 514 nm, using both static and rotating configurations.

UV-Vis measurements were collected by using a UV-Vis-NIR spectrophotometer (Varian Cary
5000, equipped with a reflectance sphere. Due to their strong optical absorption, the samples were
diluted in BaSO4 powder.

X-ray diffraction patterns were collected by means of a diffractometer (PANalytical PW3050/60
X’Pert PRO MPD) with a Ni-filtered Cu anode, working with a reflectance Bragg-Brentano geometry,
by using the spinner mode. The mean crystal sizes were calculated from XRD measurements by
Scherrer’s equation: L = Kλ/β cosθ (λ is the X-ray wavelength, β is the full width at half maximum
(FWHM) of the diffraction line corrected by the instrumental broadening, θ is the diffraction angle, and
K is a constant assumed to be 0.9). Peak fitting of XRD patterns was adopted, using the Pseudo-Voigt
function of anatase (101) and rutile (110) XRD peaks.

High resolution transmission electron microscopy images were acquired with a JEOL 3010-UHR
instrument operating at 300 kV, equipped with a 2 k × 2 k pixels Gatan US1000 CCD camera.

N2 adsorption-desorption experiments were carried out at 77 K (Micromeritics ASAP 2020
instrument) to determine the Brunauer-Emmett-Teller (BET) surface area. The surface area of the
samples was determined after outgassing at RT, overnight.

For the photodegradation test, the same quantities of S-doped TiO2 and TiO2 powder (used as
a reference) were dispersed in aliquots of a methylene blue (MB) water solution 12.5 mg/L and kept in
the dark for 1 h at RT. After exposure, for increasing times, to a solar lamp (SOL2/500S lamp, Honle
UV technology, Munchen, Germany) ranging from ultraviolet to infrared radiation (295–3000 nm),
the dispersions were centrifuged for 30 min at 10,000 rpm. Photocatalytic degradation of MB was
investigated by means of UV-Vis spectroscopy in the transmission mode. The integrated intensity of the
adsorbed MB manifestations (C) was used to obtain C/C0 vs. time plots, where C0 is the concentration
at the initial intensity before illumination (Figure S4).

4. Conclusions

In this work, S-doped TiO2 samples were synthesized by means of H2S treatment at 673 K.
From several ex situ investigations, including XRD, Raman spectroscopy, and HRTEM, the structure
and morphology of samples were obtained. In particular, even if XRD and Raman analyses, due
to detection limits, did not give sensitive information concerning the effects of H2S dosage on TiO2,
HRTEM images showed remarkable changes of TiO2 particle shapes as a consequence of H2S, which
causes strong erosion of the faces, corners, and edges of the nanoparticles. This impressive action was
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also confirmed by FTIR spectra, where remarkable differences in the relative intensity of all peaks
in S-doped TiO2, when compared to pure TiO2, were observed. Moreover, the changes in the OH
groups range can be ascribed to oxygen-sulfur exchange phenomena, explained with the dissociative
adsorption of H2S on TiO2.

Finally, UV-Vis spectroscopy demonstrated how also the electronic structure of TiO2 can be deeply
modified by H2S. The red shift of the S-doped TiO2 absorption edge can be explained with additional
extrinsic electronic levels introduced by the sulfur doping. This affected the optical properties of TiO2,
whose absorption edge was extended to the visible-light region.

From all these considerations, it can be safety concluded that H2S treatment of TiO2, to achieve an
S-doped TiO2 material, has a deep and strong effect on TiO2, such as on the morphological, surface,
electronic, and optical properties. However, the photocatalysis efficiency of TiO2 in the degradation of
methylene blue is not improved by the H2S treatment at the adopted conditions, due to the strongly
defective surface of S-doped TiO2 which decreases the charge separation efficiency.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/7/214/s1,
Figure S1: EDAX spectrum of TiO2/H2S, Figure S2: Particle size distributions (PSDs) of TiO2 P25 (left panel) and
of S-TiO2 (right panel), Figure S3: Time dependence of C/C0 upon solar light exposure of S-TiO2 (red line) as
compared to the TiO2 P25 (black dotted line), for photodegradation of methylene blue, Figure S4: FTIR spectra,
recorded before CO dosage, of TiO2 (black curve) and TiO2/H2S (red curve), Table S1: Mean crystal sizes of
anatase and rutile nanoparticles in TiO2 P25 and S-TiO2 samples, as obtained from XRD peak broadening (black
and red patters in Figure 1).
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Abstract: Computational modeling of titanium dioxide nanoparticles of realistic size is extremely
relevant for the direct comparison with experiments but it is also a rather demanding task.
We have recently worked on a multistep/scale procedure to obtain global optimized minimum
structures for chemically stable spherical titania nanoparticles of increasing size, with diameter from
1.5 nm (~300 atoms) to 4.4 nm (~4000 atoms). We use first self-consistent-charge density functional
tight-binding (SCC-DFTB) methodology to perform thermal annealing simulations to obtain globally
optimized structures and then hybrid density functional theory (DFT) to refine them and to achieve
high accuracy in the description of structural and electronic properties. This allows also to assess
SCC-DFTB performance in comparison with DFT(B3LYP) results. As a further step, we investigate
photoexcitation and photoemission processes involving electron/hole pair formation, separation,
trapping and recombination in the nanosphere of medium size by hybrid DFT. Finally, we show
how a recently defined new set of parameters for SCC-DFTB allows for a proper description of
titania/water multilayers interface, which paves the way for modeling large realistic nanoparticles in
aqueous environment.

Keywords: nanospheres; simulated Extended X-ray Adsorption Fine-Structure (EXAFS); excitons;
trapping; titania/water interface; SCC-DFTB; B3LYP

1. Introduction

TiO2 nanoparticles are fundamental building blocks in photocatalysis [1–4]. Their theoretical
description is indeed relevant and requires the size of the model to be as realistic as possible, for direct
comparison with experimental samples.

TiO2 nanoparticles are most typically obtained from sol-gel synthesis. Several studies have proven
that shape and size can be successfully tailored by controlling the conditions of preparation and by
using ad-hoc surface chemistry [5–7]. The minimum energy shape was predicted by Barnard et al. [8]
by Wulff construction, for dimensions below 10 nm, to be a decahedron in the anatase phase, exposing
mainly (101) and small (001) facets. However, growth determining factors are pH and particle density.
An excessive dilution may cause a partial dissolution of titania nanocrystals leading to the formation
of spherical nanoparticles [9]. Those, analogously to nanotubes and nanorods, are characterized by a
high curvature profile and, thus, expected to be more reactive towards molecular adsorption.

The majority of the computational first-principles studies are devoted to bulk or surface slabs
of anatase TiO2 [10]. Few works have dealt with the decahedral faceted nanoparticles [11–16]
but none with spherical ones. Modelling nanoparticles of realistic size (few nanometers) by
first-principles calculations is very demanding and a global optimization is hardly feasible [17]. Ours is
a multistep/scale approach [18] where we propose first to apply a less expensive but still rather
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accurate method based on density functional theory (DFT), which is the self-consistent-charge density
functional tight-binding (SCC-DFTB) [19], to perform a global structure optimization search of the
nanoparticles; then to run a further DFT relaxation to determine structural and electronic properties
with first-principles level accuracy. For the latter, we use hybrid functionals since they are known to
better describe electronic structure details of TiO2 materials [20–22]. SCC-DFTB has been demonstrated
to be a powerful tool for the quantum mechanics study of many system involving TiO2 [23–26].
The method retains most of the physics of standard DFT at an extremely reduced computational cost.

Furthermore, we would like to describe the interaction of such nanoparticles with light and their
photoactivation producing energy carriers (excitons) and charge carriers (electrons and holes). The aim
is to improve the general understanding of the processes at the basis of light energy conversion into
chemical species with intrinsic redox potential that are those triggering the redox reaction at the oxide
surface [14,27–30].

It is generally accepted that water, as the surrounding environment where titania nanoparticle
work in photocatalytic processes, plays an active role [31–39]. It is, therefore, fundamental to describe
accurately the dynamical water layers arrangement on the surface and how water molecules may enter
the photoactivated reaction chain [40].

In the following, we will present a critical review of our work, relative to the topics highlighted and
discussed above: in Section 2, we present the Computational methodology; in Section 3, we describe
how to obtain realistic spherical nanoparticles models; in Section 4, we discuss the description of the
photoexcitation processes; and, in Section 5, we analyze how the water environment can be modeled
with sufficient accuracy.

2. Computational Details

To tackle the surface complexity of the TiO2 spherical nanoparticles and maintain a high degree
of accuracy, different levels of theory are necessary. Nowadays, density functional theory (DFT) is the
most used method to properly describe equilibrium geometries and electronic structures. However,
many interesting features of the system are accessible only at certain size and time scale. For example,
to explore the potential energy surface related to the different configurations of the TiO2 spherical
nanoparticles through molecular dynamics and simulated annealing processes, an approximated
method has to be used. The self-consistent-charge density functional tight-binding (SCC-DFTB)
approach is a DFT-based quantum mechanical method, which retains a quantum description of the
system at a considerably reduced computational cost. Thus, in addition to geometry optimizations
and electronic structure calculations, SCC-DFTB also enables molecular dynamic simulations for large
systems with a reasonable time length.

2.1. Electronic Structure Calculations

The choice of a specific density functional is based on the aim of the study. Standard
generalized-gradient approximation (GGA) functionals may be sufficient to describe equilibrium
geometries or adsorption energies, however a correct description of the electronic structure of
semiconducting oxides requires the inclusion of a certain portion of exact exchange. The use of
such hybrid functionals in a plane-wave code is extremely cumbersome, thus localized basis function
codes are preferred. The CRYSTAL14 code [41] has been used for most of the density functional theory
(DFT) calculations, employing all-electron Gaussian basis sets [O 8-411(d1) Ti 86-411 (d41) and H
511(p1)] and the B3LYP [42,43] and the HSE06 [44] hybrid functionals. For periodic systems, reference
DFT calculations were carried out with the Quantum ESPRESSO [45] simulation package, using the
PBE functional [46], ultrasoft Vanderbilt pseudopotentials and a plane-wave basis set with a cut off of
30 Ry (300 Ry for the charge density).

The optimized lattice parameters for bulk TiO2 anatase are 3.789 Å and 3.766 Å for a and
9.777 Å and 9.663 Å for c, respectively, for B3LYP and HSE06, which are in good agreement with the
experimental values [47].
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A 6
√

2 × 6
√

2 × 1 TiO2 anatase bulk supercell with 864 atoms was employed to model the
exciton and the related distortions in the bulk. The (101) anatase surface has been taken as a reference
for: (i) surface energies; and (ii) interaction with water. (i) We employed the CRYSTAL14 code
and a minimal cell slab of ten triatomic layers with 60 atoms, where the periodicity was set along
the [101] and [010] directions and not in the direction perpendicular to the surface. (ii) A 1 × 2
supercell three-triatomic-layer slab (72 atoms) has been used within the Quantum ESPRESSO code,
where the replicas in the direction perpendicular to the surface were separated by 20 Å in order
to avoid any interaction between images. For the k-point sampling, a 1 × 1 × 6, a 8 × 8 × 1 and
a 2 × 2 × 1 Monkhorst–Pack grid was used for the bulk, the minimal slab cell and the 1 × 2 slab
supercell, respectively.

Anatase TiO2 nanospheres have been carved from a bulk supercell following the procedure
already described in a previous work by some of us [17]. Nanoparticles have been considered as
molecules in the vacuum with no periodic boundary conditions. Therefore, when an excess electron
or hole is introduced in the system, no background of charge is necessary. In the case of open-shell
systems, spin polarization is taken into account.

Trapping energies (ΔEtrap) for excitons, extra electrons and holes are calculated as the total energy
difference between the trap optimized geometry and the delocalized solution in the neutral ground
state geometry.

The total densities of states (DOS) of the nanoparticles have been simulated with the convolution
of Gaussian functions (σ = 0.005 eV) peaked at the value of the Kohn-Sham energies of each orbital.
Projected densities of states (PDOS) are built using the following procedure, based on the molecular
orbitals coefficients in the linear combination of atomic orbitals (LCAO): summing the squares of
the coefficients of all the atomic orbitals centered on a certain atom type results, after normalization,
in the relative contribution of each atom type to a specific eigenstate. Then, the various projections are
obtained from the convolution of Gaussian peaks with heights that are proportional to the relative
contribution. The zero energy for all the DOS is set to the vacuum level, i.e., the energy of an electron
at an infinite distance from the surface of the system.

2.2. SCC-DFTB Approach

The self-consistent-charge density functional tight-binding method (SCC-DFTB) is based on the
approximation of the Kohn-Sham (KS) DFT formalism. Assuming a second-order expansion of the
KS-DFT total energy with respect to the electron density fluctuations, the SCC-DFTB total energy is
defined as:

ESCC−DFTB
tot = ∑

i
niεi +

1
2 ∑

αβ

vαβ
rep

(
Rαβ

)
+

1
2 ∑

αβ

γαβΔqαΔqβ (1)

where the first term contains the one-electron energies εi from the diagonalization of an approximated
Hamiltonian matrix and represents the attractive part of the energy, whereas the second term
approximates the short-range repulsive energy, given by the sum of the pairwise distance-dependent
potential vαβ

rep
(

Rαβ

)
between the pair of atoms α and β, and Δqα and Δqβ are the charges induced on

the atoms α and β, which interact through a Coulombic-like potential γαβ. For more information on
the details of the SCC-DFTB method, see Refs. [19,48,49].

For all the SCC-DFTB calculations, we employed the DFTB+ simulation package [50]. We initially
made used of the “matsci-0-3” Slater–Koster parameters, which have been shown to be well-suited
for the study of anatase TiO2 in Ref. [24]. Subsequently, to better describe the titania/water/water
interface, we combined the “matsci-0-3” parameters for Ti-O and Ti-Ti interactions with the parameters
in the “mio-1-1” set [19] for O-O, O-H and H-H interactions in what we have named as “MATORG” set.
Furthermore, we modified the γαβ function to improve the description of H-bonding, using a hydrogen
bonding damping function (HBD), in which a ζ = 4 parameter has been used [51]. In this work, we
refer to this HBD modified Slater–Koster parameters set as “MATORG+HBD” [40]. From now on,
DFTB will be used as a shorthand for SCC-DFTB.
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To perform the simulated annealing procedure, we carried out Born–Oppenheimer DFTB
molecular dynamics (MD) within the canonical ensemble (NVT). The integration of the Newton’s
equations of motion has been done with the Velocity Verlet algorithm, using a relative small time
step of 0.5 fs to ensure reversibility. A Nosé–Hoover chain thermostat with a time constant of
0.03 ps was applied to reach the desired temperature during the temperature-annealing simulations.
The simulation time length of the annealing processes was made commensurate to the size of the
nanosphere. Thus, we used a simulation time up to 45 ps for the 1.5 nm, 24 ps for the 2.2 nm, 14 ps for
the 3.0 nm and 11 ps for the 4.4 nm nanosphere. In the case of the titania/water interface, each MD
simulation has been performed for 25 ps.

For the molecular dynamics of the titania/water interface, a 1 × 3 supercell anatase (101) slab
(108 atoms) with a monolayer (ML), a bilayer (BL) and a trilayer (TL) of water, composed of 6, 12 and
18 water molecules, respectively, was used. The desired temperature of the thermostat was set to a
constant low value (160 K) to avoid the desorption of surface water molecules.

2.3. Structural Analysis

The extended X-ray adsorption fine structure (EXAFS) simulated spectra has been simulated via a
Gaussian convolution of peaks (σ = 0.0005 Å) centered at the length of the distance between each Ti
atom and other atoms (O or Ti) in the first, second, and third coordination shells. Projections have been
computed considering only the distances centered on specific Ti atoms with a certain coordination
sphere. In the text, we also report the surface-to-bulk ratio, defined as the ratio between the number of
Ti and O atoms at the surface of the nanosphere and the number of Ti and O atoms in the bulk.

3. Modelling Realistic TiO2 Nanoparticles

We carved TiO2 spherical nanoparticles from large bulk anatase supercells. The radius of the
sphere is set to a desired value and only atoms within that sphere are considered, whereas those outside
the sphere are removed. Some very low coordinated Ti sites are found to be left at the surface of the
model that must be removed or saturated with OH groups; analogously monocoordinated O must be
removed or saturated with H atoms. Therefore, we use a number of water molecules to achieve the
chemical stability of the nanoparticle. We try to keep the number of water molecules as low as possible.
Since we aim at modelling nanoparticles of realistic size, we range from spheres with diameter of
1.5 nm up to 4.4 nm. These contain from 300 up to almost 4000 atoms. The exact stoichiometry of the
prepared nanoparticles [(TiO2)101·6H2O, (TiO2)223·10H2O, (TiO2)399·12H2O, and (TiO2)1265·26H2O] is
reported in Figure 1.

Structural relaxation by geometry optimization from the “as-carved” and chemically stabilized
models is not an efficient approach because we found that it leads to local minimum structures,
which are far from the global minimum one. For this reason, we have drastically changed our approach
and decided to use a less computationally expensive, but still rather accurate, DFT-based method
(DFTB) and to run some molecular dynamics simulations starting from the “as-carved” structures
at increasing temperature (up to 700 K in some cases). This approach allows moving from the local
minimum structure basin, close to the “as-carved” structure, and to further sample the configuration
space. The thermally equilibrated structures obtained with this approach, and then fully relaxed,
are much more stable to any surface modification (i.e., addition of a molecular adsorbate) because
those are true global minima on the potential energy surface of the TiO2 nanospheres. This multi-step
procedure can be rather easily and reasonably applied to nanospheres of increasing size, and certainly
up to the one with a 4.4 nm diameter (~4000 atoms). Once the fully relaxed nanospheres are prepared,
we can investigate structural and electronic properties at the DFTB level of theory. However, to assess
the accuracy of DFTB in this specific context, we must perform a benchmark study against hybrid DFT
model calculations. Those were obtained by full atomic relaxation starting from the DFTB thermally
annealed and optimized spheres. Note that we performed this further DFT(B3LYP) optimization for
all four nanospheres. For the very large one (~4000 atoms) it was an extremely expensive procedure,
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but we consider it worth because a successful benchmark against DFT will assess DFTB reliability for
the investigation of structural and electronic properties of spherical TiO2 nanoparticles, as the basis for
future developments.

Figure 1. DFT(B3LYP) optimized structures, after simulated annealing at DFTB level, of the different
nanospheres considered in this work. For each one, the stoichiometry, the approximate diameter and
the position of the Ti atoms with different coordination are reported (Ti4c in red, Ti5c in green, Ti6c in
black, Ti3c(OH) in magenta and Ti4c(OH) in cyan).
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3.1. Structural Properties

Our study is not only meant to validate the DFTB methodology with respect to an accurate hybrid
DFT method, but also to highlight how the enhanced curvature present in small TiO2 nanospheres, in
analogy to that in nanotubes and nanorods, affects both the coordination of the surface atoms and their
geometrical environment. The different coordination types are illustrated in Figure 1 and their relative
percentage is reported in Table 1. Flat anatase surfaces and faceted nanoparticles are dominated by
Ti6c and Ti5c, whereas it is evident that on spherical nanoparticles different types of coordination
exist that are expected to play a key role in the processes of chemical adsorption. The structural
distortions induced by the nanosize and by the high curvature are investigated through the analysis
of the simulated direct space X-ray absorption fine structure spectra (EXAFS) for bulk and for the
nanospheres models of different size, as obtained with both DFT(B3LYP) and DFTB calculations
(Figure 2). Those provide the distribution of the distances for each Ti atom with the neighboring O or
next neighboring Ti atoms. Figure 2a,b show the EXAFS spectra for the bulk case. Here, no distribution
is observed since crystalline bulk is characterized by two Ti-O distances (two lines on the left side),
which are attributed to equatorial and axial O atoms resulting from a D2d point symmetry at each
Ti center [DFT(B3LYP): Ti-Oeq = 1.946 Å and Ti-Oax = 2.000 Å; DFTB: Ti-Oeq = 1.955 Å and Ti-Oax =
1.995 Å], and single Ti···Ti distances at regular lattice positions [DFT(B3LYP): first shell 3.092 Å, second
shell 3.789 Å; DFTB: first shell 3.090 Å, second shell 3.809 Å].

Table 1. Amount of Ti atoms with different coordination for the variously sized nanospheres, as
optimized at DFTB level, in terms of their number and percentage with respect to the total number of
Ti atoms, is reported. Corresponding values for the optimized nanosphere at the DFT(B3LYP) level are
in parenthesis, only when different from DFTB.

DFTB [DFT(B3LYP)] Number % Number % Number % Number %

Ti Site 1.5 nm 2.2 nm 3.0 nm 4.4 nm

Ti4c
20 19.8

36 16.1 53 13.3 106 8.4(19) (18.8)

Ti5c
20 19.8 43 19.2 69 17.3

159 12.6(21) (20.8) (49) (22.0) (65) (16.3)

Ti6c_sup 20 19.8
28 12.6 72 18

157 12.4(24) (10.8) (75) (18.8)

Ti6c 29 28.7
96 43.1 181 43.4

791 62.5(94] (42.1) (182) (45.6)

Ti3c(OH) 8 7.9 8 3.6 16 4 20 1.6

Ti4c(OH) 4 4 12 5.4 8 2 32 2.5

Figure 2c–j reports the EXAFS simulated spectra for the nanospheres of increasing size.
With respect to bulk, we register a variety of distances due to the lattice distortion and diversity
of coordination sites. For this reason and to improve the level of information provided, we present
a convolution of peaks and project it on each type of coordination site. In the case of DFT(B3LYP)
(left colomn), the first broad peak on the left, related to first neighbor Ti-O distances, is predominantly
made up of Ti6c-O bond lenghts. Low coordinated sites contribute to the shorter Ti-O distances than
in the bulk (red, yellow, brown lines), whereas Ti5c and Ti6c species contribute to the range of bulk
values and to the longer Ti-O distances up to 2.2–2.3 Å (blue, green lines). It is evident that, as the size
increases, the relative portion of Ti6c sites increases (blue line) with a distribution of Ti-O distances
that becomes increasingly more peaked at the bulk values (see Figure 2i). It is clear that the EXAFS
spectrum of the nanosphere with a diameter of 4.4 nm already quite largely resembles that of bulk
anatase, since the surface-to-bulk ratio (0.43) is rather reduced with respect to the other nanospheres
(1.70 > 0.94 > 0.83). The other peaks, for the second and third coordination spheres of Ti···Ti and of
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Ti···O, are also quite broad, except for the largest nanosphere, where they are rather sharp and centered
at the bulk values. In the case of DFTB (Figure 2b,d,f,h,j), similar considerations hold, although a
noticeable difference is that the larger Ti-Oax bonds concentrate at the value of about 2.25 Å. This is a
surface distortion effect, which becomes progressively lower as the size of the nanosphere increases.

Figure 2. Distances distribution (simulated EXAFS) computed with DFT(B3LYP) and DFTB for bulk
anatase (a,b), computed with DFT(B3LYP) for the: 1.5 nm (c); 2.2 nm (e); 3.0 nm (g); and 4.4 nm
(i) nanospheres; and computed with DFTB for the: 1.5 nm (d); 2.2 nm (f); 3.0 nm (h); and 4.4 nm
(j) nanospheres.

Hybrid functional B3LYP simulated EXAFS spectrum for the 2.2 nm nanoparticle was compared
to the corresponding one obtained from the fully optimized 2.2 nm nanoparticle by the semilocal
PBE functional in Figure S1. It is interesting to note that the two curves almost overlap, showing an
excellent agreement between the two methods.

3.2. Electronic Properties

The electronic properties of a semiconducting oxide with a relatively large band gap as TiO2

are not simply described by any quantum mechanical method. Standard DFT methods severely
underestimate the band gap value, whereas hybrid DFT, as a consequence of the contribution of exact
exchange in the exchange functional, provide values in closer agreement with experiments [22]. DFTB
has been tested for bulk TiO2 calculations and found to be in excellent agreement with experimental
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data and DFT Hubbard corrected values [23]. Therefore, DFTB is expected to perform well when
investigating TiO2 nanoparticles.

In the following, we present a comparison of the density of states (DOS) for the nanospheres
of different size, as shown in Figure 3, that have been obtained with DFT(B3LYP) and DFTB on the
corresponding fully relaxed structures. Considering that nanoparticles are finite systems, one could not
really define true band states and band gaps. We have decided to distinguish between very localized
states (molecular orbitals) and delocalized on several atoms of the nanoparticle (pseudo band states).
These two definitions, based on a threshold value of 0.02 for the maximum squared coefficient of
each eigenstate (maxc), lead to two different values of gap: the HOMO-LUMO gap and the BAND
gap, which are reported in Table 2. We observe a decreasing trend with both DFT(B3LYP) and DFTB
methods. The BAND gap values progressively approach the bulk Kohn–Sham value of 3.81 eV for
DFT(B3LYP) and of 3.22 eV for DFTB (the experimental band gap for bulk anatase is 3.4 eV at 4 K) [52].
This is in line with experimental data [53] based on UV-Vis optical techniques the band gap of TiO2

nanoparticles increases with decreasing size, due to quantum confinement effects.

Figure 3. DFT(B3LYP) and DFTB total (DOS) density of states for different size nanosphere, 1.5 nm
(black), 2.2 nm (red), 3.0 nm (green), and 4.4 nm (blue). For each nanosphere, the DOS has been
normalized to the number of TiO2 units to have comparable DOS intensities. The maximum atomic
orbital coefficient (maxc) of each eigenstate is also reported. High values of maxc correspond to localized
states, while low values correspond to delocalized states.
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Table 2. HOMO-LUMO electronic gap (ΔEH−L) and electronic BAND gap ΔEBAND (expressed in
eV) calculated for nanospheres of different size and for bulk anatase with both DFT(B3LYP) and
DFTB methods.

MODEL ΔEH−L ΔEBAND

Nanospheres DFT(B3LYP) DFTB DFT(B3LYP) DFTB

1.5 nm 4.23 3.12 4.81 3.62
2.2 nm 4.13 3.11 4.31 3.55
3.0 nm 4.00 2.95 4.13 3.42
4.4 nm 3.92 2.95 3.96 3.33
BULK - - 3.81 3.22

The DOS curves shown in Figure 3 for the different nanospheres further confirm a band gap
opening going from the largest one (bottom panel) to the smallest one (upper panel). Additionally,
we present the value of maxc for each eigenstate because we wish to highlight the degree of
localization/delocalization of the states making up the DOS. The higher the value of maxc, the higher
the localization. DFT(B3LYP) results show some localization at the band edges (top of the valence band
and bottom of the conduction band) and in the range of OH groups in the low energy range (at about
−14 eV). DFTB results are qualitatively similar, although some excess localization can be observed.
In Figure S2 of the Supplementary Materials we have also reported and compared the total DOS for
the anatase bulk TiO2 calculated at DFT(B3LYP) and DFTB level of theory.

We may conclude this section devoted to the preparation and description of models for TiO2

spherical nanoparticles with the following summarizing remarks: spherical models carved from bulk
supercells must be made chemically stable by the introduction of some hydroxyl groups that saturate
highly undercoordinated sites; such rough models must then undergo a simulated thermal annealing
(with DFTB method) that allows to achieve global minimum stable structures; those must be then
further optimized either with DFTB or, to reach even higher accuracy, with a hybrid DFT method
(here B3LYP). Although some fine details are different, the general picture we obtain with DFTB is
rather similar to that from DFT(B3LYP), which assesses DFTB as a reliable method to investigate
nanoparticles of large realistic size (up to 4000 atoms, corresponding to a diameter of 4.4 nm). This will
allow for further future development and for the study of nanoparticles’ surface functionalization.

4. Modelling Photoactivation of TiO2 Nanoparticles

Titanium dioxide is still considered the reference system in the research fields of photocatalysis and
photovoltaics for its ability to convert light photons into chemical energy. In the very beginning of the
photocatalytic process in a semiconductor, when the material is irradiated with light, an electron/hole
pair or “exciton”, is initially formed [54,55]. Then, if the coupling with lattice vibrations is strong
enough, the exciton may become self-trapped (self-trapped exciton, STE) on few atoms of the crystal,
reducing significantly its mobility. Finally, the photoexcited charge carriers may: (i) migrate towards
the surface of the semiconductor as trapped electrons or holes and express their intrinsic redox activity;
or (ii) recombinate radiatively and emit a photoluminescence photon.

In this regard, the quantum confinement of an exciton in a nanoparticle with a dimension of few
nanometers may significantly influence its size and localization [56]. Furthermore, in a TiO2 spherical
nanoparticle, the close presence of highly undercoordinated surface sites may be a driving force for the
process of excitons separation into electrons and holes or, on the contrary, may accelerate the radiative
recombination via exciton self-trapping processes.

The study of photoexcited charge carriers in nanoparticles, although very demanding, must be
performed by using a hybrid functional method (here B3LYP), since any other local or semilocal
functional, and therefore also DFTB, would not properly describe the degree of electron/hole
localization as a consequence of the self-interaction problem inherent in those methods [57]. DFT+U
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approach could be an alternative viable route; however, hole trapping was found to required very high
and unphysical U values [58].

4.1. Free/Trapped Excitons and Radiative Recombination

We first recall the nature of the self-trapped exciton (STE) in bulk anatase, as shown in Figure 4
and reported in more detail in a previous work [27]. When the system is allowed to relax from the fully
delocalized exciton initial condition (Figure 4b), two different self-trapped excitons can be localized,
which differ for the O atom of the TiO6 octahedron involved in the trapping: this can be either the
equatorial O with respect to the electron trapping Ti (Ti3+-Oeq

− in Figure 4c) or the axial one (Ti3+-Oax
−

in Figure 4d).

Figure 4. (a) Schematic representation of the processes involving the electron/hole couple: the
vertical excitation S0 → T1, the self-trapping relaxation in the bulk structure and the two different
photoemissions T1

eq → S0 and T1
ax → S0. (b–d) 3D spin density plots of the anatase bulk supercell, as

obtained with the B3LYP functional, for the vertical triplet state (b), trapped triplet equatorial (c) and
axial (d) exciton in the bulk. The spin density isovalue is 0.01 a.u. (0.0005 a.u. for the vertical triplet).

The trapping energy (ΔEtrap), that is defined here and in the following as the energy difference
between the fully relaxed trapped system state and the fully delocalized solution in the system
ground state geometry, is more negative by −0.1 eV for the axial exciton (see Table 3). The computed
photoluminescence (PL) energies for the decay of these two self-trapped excitons are given in Table 3.
Noteworthy, the average PL is 2.24 eV, in very good agreement with the experimental value of 2.3 eV [59].

Table 3. Trapping Energy (ΔEtrap) of the exciton in the triplet state and the corresponding
photoluminescence (PL) in the axial and equatorial configuration for bulk anatase and for the
nanosphere. All energies are in eV.

Bulk Nanosphere

Ti3+-Oax
− ΔEtrap −0.59 −0.65

PL 1.99 1.96

Ti3+-Oeq
− ΔEtrap −0.49

PL 2.35

In the spherical anatase nanoparticle model, the vertical excitation does not lead to a fully
delocalized solution as for bulk (Figure 5a), but the resulting exciton partially localizes on a portion
of the curved surface, even if the nanosphere is in its ground state optimized structure. After atomic
relaxation, the exciton becomes trapped in the core of the nanosphere (Figure 5b). As for bulk, the axial

179



Catalysts 2017, 7, 357

solution is favored, with trapping and photoluminescence energies similar to the bulk values (Table 3).
Thus, to summarize, a confinement effect in the nanosized systems is observed for the “Franck–Condon”
exciton, but not for the self-trapped exciton in the core.

Figure 5. 3D spin density plots of the spherical TiO2 nanoparticle, as obtained with the B3LYP
functional, for the vertical triplet state (a), trapped triplet exciton (b) and state (c) with the hole
and the electron at the best trapping sites. The spin density isovalue is 0.01 a.u. (0.002 a.u. for the
vertical triplet).

As a next step, if the electron/hole couple has enough energy to separate, the charge carriers
may migrate to the surface, where many trapping sites are available. Indeed, as we will discuss
in Section 4.2, the most stable configuration for the electron and the hole are a subsurface Ti6c site
and a surface O2c site, respectively. Considering these as trapping sites for the electron and the hole,
the trapping energy of the separated exciton, shown in Figure 5c, amounts to −0.79 eV, significantly
larger than the one of the bound exciton in the core (−0.65 eV). Therefore, there is a favorable energy
gradient for the electrons and holes to separate and to move towards the surface, which is the driving
force for separation and migration processes.

4.2. Separated Carriers Trapping

When the charge carriers are far apart in different regions of the nanosphere, as in Figure 5c,
they behave almost like isolated charges. Thus, it is possible to study the relative stability of electron
or hole trapping sites introducing a single extra electron or extra hole in the system [28].

Within an anatase spherical nanoparticle, we observed that the excess electron, when added to the
system in its ground state geometry, fully delocalizes on all the Ti centers (see Figure 6a), except those
in the outermost atoms on the curved surface. This is used as the reference system for the evaluation
of the trapping energy (ΔEtrap).

After atomic relaxation in the presence of this extra electron, the spin density localizes on several
Ti atoms within the central three atomic core layers (see Figure 6b), with an energy gain of −0.11 eV.
In other words, a quite stable large polaron, involving few atomic layers, is formed. This partially
trapped intermediate situation, also referred to as “shallow trap” [3], cannot be observed in periodic
models of bulk and slabs.

We also investigated the electron localization at “deep traps”, i.e., single atomic Ti sites in the
nanosphere. The trapping energy and the electron localization are shown in Table 4. Unexpectedly, no
trapping has been observed on undercoordinated Ti atoms, i.e., four-fold coordinated at the equator
of the nanosphere (Ti4c

equator), four-fold coordinated Ti with a terminal OH (Ti4c(OH)) and five-fold
coordinated (Ti5c) sites, except for a very small trapping energy (−0.09 eV) in the case of the Ti4c

equator

site (see Table 4).
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Figure 6. Front and top view of the 3D plots of spin density of: (a) an extra electron added to the
neutral ground state structure (isovalue = 0.001 a.u.); (b) a trapped delocalized electron (isovalue =
0.005 a.u.); and (c) an electron trapped on a subsurface six-fold coordinated titanium atom (isovalue
= 0.001 a.u.) in the anatase nanosphere model, as obtained with the B3LYP functional. Below each
structure, the energy gain (ΔEtrap) relative to (a) is given.

Table 4. Trapping energy (ΔEtrap) for electrons at different sites in the spherical anatase nanoparticles,
as obtained with B3LYP functional. The reference zero for ΔEtrap is obtained by adding one electron to
the nanosphere in its neutral ground state geometry, with no atomic relaxation. The charge localization
(%electron) is also given. The sites nomenclature is defined in the text.

Position ΔEtrap (eV) %electron

Ti4c
equator −0.09 88%

Ti4c(OH) No trapping
Ti5c No trapping

Ti6c
subsurf −0.40 85%

Ti6c
core −0.13 62%

Coredeloc −0.11 19%

On the contrary, the best electron trap is the fully coordinated Ti6c site on the subsurface (Ti6c
subsurf

in Table 4 and Figure 6c) with a ΔEtrap of −0.40 eV. Noteworthy, the electron delocalization in the core
of the nanoparticle (Coredeloc in Table 4 and Figure 6b) has been found to be less favored than complete
or full localization on a single subsurface Ti site (−0.11 vs. −0.40 eV), indicating an energy gradient,
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and thus a driving force, for the migration and localization of photoexcited electrons towards atoms
near the surface.

Concerning the hole trapping on spherical TiO2 nanoparticles, if one electron is removed without
any atomic relaxation (vertical ionization), only some regions of the nanoparticles are involved,
as shown in Figure 7a. Since this solution cannot be seen as a delocalized band-like state of a free
(or untrapped) hole, its total energy cannot be used as the reference to compute trapping energies
(ΔEtrap). Thus, in the following we will use adiabatic ionization potentials (IPs) for comparisons, since
they correlate with trapping energies: the smaller the adiabatic IP, the larger the trapping energy of the
considered site. In the core of the nanosphere, the hole almost completely localizes (90%) on the central
three-fold coordinated O atom (O3c

core_ax in Figure 7b and Table 5). Differently from what found for
electrons and discussed above, we could not identify any delocalized “shallow trap” state for holes.

Figure 7. Front and top view of the 3D plots of spin density of: (a) an excess hole resulting from a vertical
ionization of the model (isovalue = 0.001 a.u.); (b) a trapped hole in the core (isovalue = 0.01 a.u.);
and (c) a hole trapped on a two-fold coordinated oxygen atom (isovalue = 0.01 a.u.) in the anatase
nanosphere model, as obtained with the B3LYP functional. Below the structures with a trapped hole
the adiabatic ionization potential (IPad) as a measure of the hole trapping ability is given.
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Table 5. Adiabatic ionization potential (IPad) for holes at different sites of the spherical anatase
nanoparticle, as obtained with B3LYP functional. The charge localization (%hole) is also reported. The
sites nomenclature is defined in the text.

Position IPad (eV) %hole

O2c
4c–6c 7.74 89%/11%

O2c
5c–6c 7.52 92%/8%

O3c
core_ax 7.68 90%

Ti3c(OH) No trapping
Ti4c(OH) No trapping
Ti5c(OH) 7.81 85%/15%

If we allow the hole to reach the curved surface of the nanosphere, several types of O sites are
available for trapping. Among them, the most stable one is a two-fold O atom bridging a Ti5c and
a Ti6c atom (O2c

5c–6c Table 5 and Figure 7c). A second type of two-fold O on the surface, between a
Ti4c and a Ti6c atom (see O2c

4c–6c in Table 5), can also trap the hole but less efficiently than a O2c
5c–6c

site. It is worth underlining that the migration of holes from the nanosphere core to the surface is
energetically favourable by −0.12 eV.

Finally, one should note that on the surface of a spherical nanoparticle there are several hydroxyl
groups that may be stable hole trapping sites. However, as reported in Table 5, we were not able to
localize the hole on the hydroxyl group of a Ti3c(OH) and Ti4c(OH) sites on the nanosphere surface.
On the contrary, we could trap the hole on a Ti5c(OH) site, formed upon dissociation of a water
molecule on a Ti5c, probably because a OH bound to a fully coordinated Ti site is more electron rich
than one bound to an undercoordinated Ti atom. Nonetheless, the OH trapping site is less effective
by 0.29 eV than the most stable O2c hole trapping site. Therefore, in vacuum, the OH groups are not
good trapping sites, but the scenario may change in an aqueous medium, where water molecules
may enhance the trapping properties of the hydroxyl groups, through binding as a ligand to TiOH or
H-bonding to the hydrogen of the OH.

4.3. Comparison with Experiments

Experimental data on trapped charges in anatase TiO2 are available in literature and they can be
compared with calculations performed with the spherical nanoparticle models shown above. First,
the calculated values of the trapping energy relative to a free electron in the conduction band are in
good agreement with the experimental observations for both shallow (delocalized) [60–63] and deep
(localized) [64–66] electron trapping states.

Moreover, the degree of electron localization can be probed through the hyperfine coupling
constant (aiso) with the next-neighboring 17O in the electron paramagnetic resonance (EPR) spectrum.
High values of aiso are expected for localized electrons, low values for delocalized ones. Indeed,
the computed aiso is 6.7 MHz for an electron localized on the innermost Ti atom of the NP (see Ti6c

core

Table 4), whereas it is 3.9 MHz for an electron delocalized in the NP core (Coredeloc in Table 4),
in good agreement with experimental observations of a significant decrease of aiso going from a fully
localized electron on a single Ti ion (as in the Ti3+(H2O)6 complex) [67] to shallow electron traps in
anatase nanoparticles [68]. For the most stable hole trap on the surface, the computed EPR parameters
(g = [2.004, 2.015, 2.019] G and A = [31, 30, −97] G) are in excellent quantitative agreement with the
g- and A-tensor data available in the experimental literature [69,70]. Hence, we may conclude that a
correct localization of both charge carriers is provided by the computational models and methods.

Finally, we employed the transition level approach [27,71] to estimate the electronic transition
energies of the charged traps, since this methodology produces accurate results for excitations of
defects in solids. In the case of electrons, the calculated transition from the trap level of the best
electron trap (Ti6c

subsurf in Table 4) to the conduction band minimum (CBM) is 1.25 eV, in accordance
with the experimental value of 1.37 eV, measured with transient absorption (TA) spectroscopy [72].
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In the case of holes, we computed a transition from the valence band maximum to the trap level for
the best hole trapping site (O2c

5c–6c in Table 5) of 2.59 eV, to be compared with a reported experimental
value of 1.9 eV in the experimental TA spectrum [72]. This inconsistency between the computed and
experimental results may arise because these experiments have been performed in an aqueous solution
and, as mentioned in Section 4.2, the presence of water layers on the nanoparticle may influence the
hole trapping ability of the system, as reported in a recent experimental work [35].

To conclude this section devoted to the study of the life path of energy carriers (excitons) and
charge carriers (electron and holes) in spherical TiO2 nanoparticles by hybrid DFT(B3LYP), we can
summarize as follows: the photoexcited exciton self-trapping is a favorable process but electron and
hole can then separate to migrate towards the surface where they can be highly stabilized. In particular,
for electrons, we observed that deep trapping at subsurface fully coordinated Ti sites is favored with
respect to shallow trapping in the core. In the case of holes, only deep traps were observed with a
surface O2c (Ti5c-O-Ti6c) being the preferential hole trapping site. Computed electron paramagnetic
resonance (EPR) parameters and optical transitions for those electron/hole traps are in good agreement
with experimental data.

5. Modelling Surface Interaction with Water

Understanding the interaction of water with TiO2 anatase surface [73] is essential since
TiO2-based technologies, including photocatalysis, normally operate in an aqueous environment. Many
computational studies based on DFT methods have tackled the interaction between the most exposed
anatase TiO2 (101) surface and water layers [74–76] revealing how the surface complexity influences
the water-titania interface.

However, the study of the dynamical behavior of real size TiO2 nanoparticles (i.e., with diameter
in the range 2–8 nm) [53,69,77–80] in a realistic aqueous environment and with sufficiently long
simulation times, is currently not feasible with DFT methods.

As regards DFTB, from a technical point of view, its performance in the description of a certain
system critically depends on the parameterization of the element-pairs interaction of the atoms
involved. In the case of Ti-containing compounds, two different sets of parameters are available:
“mio-1-1/tiorg-0-1” [23] and “matsci-0-3” [24]. The first set has been developed to handle the interaction
of low index surfaces of both anatase and rutile with water and small organic molecule, but no
assessment has been done for the anatase TiO2 (101) surface. The second set has been thought to
describe bulk TiO2 structures and chemical reactivity of (101) anatase and (110) rutile surfaces with
isolated molecule and monolayers of water. However, this set has been never tested for the description
of bulk water, which is essential for a correct characterization of titania/water-multilayers interfaces.

Recently, we have shown [40] that if these two sets are properly combined in a new one, referred
to as “MATORG”, with some further improvement coming from the inclusion of an empirical
correction [51] for a finer description of the hydrogen bonding (“MATORG+HBD”), it is possible
to achieve a DFT-like description of the interaction between water-multilayers and anatase TiO2 (101)
surface. In the following, we will shortly present the performance of this new set of parameters
for the static and dynamic description of TiO2/water interface by comparison with previous DFT
results. The positive assessment of DFTB methods for studying this type of solid/liquid interface is
extremely important because it gives a solid basis for its application on large realistic nanoparticles in
an aqueous environment.

5.1. Bulk Water and Anatase TiO2 Description

The correct description of the titania/water-multilayers interface is tightly related to the method
ability of properly describing the two components separately. Bulk TiO2 lattice parameters have
been calculated with DFTB and compared, in Table 6, with DFT and experimental values reported in
literature [17,47,81,82]. The agreement is extremely good. The MATORG+HBD set gives an extremely
accurate a value and only slightly overestimates the c lattice parameter and consequently the c/a ratio.
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Table 6. Lattice parameters a and c and their c/a ratio for bulk TiO2 anatase. Values computed with the
DFTB and DFT methods are reported and compared with the experimental values. In parenthesis, the
absolute errors referred to the experimental data are shown.

Method Reference a (Å) c (Å) c/a (Å)

DFTB-MATORG+HBD This work 3.796 (+0.014) 9.790 (+0.288) 2.579 (+0.067)
DFT(PBE) This work 3.789 (+0.007) 9.612 (+0.110) 2.537 (+0.025)
DFT(PBE) Ref. [81] 3.786 (+0.004) 9.737 (+0.235) 2.572 (+0.060)

DFT(B3LYP) Ref. [82] 3.783 (+0.001) 9.805 (+0.303) 2.592 (+0.080)
DFT(B3LYP) Ref. [17] 3.789 (+0.007) 9.777 (+0.275) 2.580 (+0.068)
DFT(HSE06) Ref. [17] 3.766 (−0.016) 9.663 (+0.161) 2.566 (+0.054)

Exp. Ref. [47] 3.782 9.502 2.512

To assess the reliability of DFTB method and MATORG+HBD parameters for the description
of bulk water, two different features are evaluated: the H-bond strength and the radial distribution
function (RDF). We estimate the H-bond strength (ΔEH−bond) by the water dimer binding energy
and report it in Table 7, together with the equilibrium O-O distances (RO-O) of the water dimer.
DFTB results are compared with those obtained with standard and hybrid DFT [83], CCSD [84] and
experiments [85,86]. The description of the H-bond with the MATORG+HBD set is extremely good,
very close to the first-principles and experimental references.

Table 7. Water dimer binding energy (ΔEH−bond) and oxygen–oxygen distance (RO-O). Values obtained
with DFTB (MATORG+HBD), higher-level methods (CCSD, PBE and B3LYP) and experiments are
reported. In parenthesis, the absolute errors referred to the experimental data are shown.

Method Reference ΔEH−bond (eV) RO-O (Å)

DFTB-MATORG+HBD This work 0.199 (–0.037) 2.815 (−0.157)
DFT(PBE) Ref. [83] 0.222 2.889

DFT(B3LYP) Ref. [83] 0.198 2.926
CCSD Ref. [84] 0.218 2.912
Exp. Refs. [85,86] 0.236 2.972

The radial distribution functions (RDF) of oxygen–oxygen (Ow-Ow) and hydrogen–hydrogen
(Hw-Hw) by DFTB with the MATORG+HBD set of parameters are compared with the experimental
ones in Figure 8 [87].

Figure 8. Comparison of the: oxygen–oxygen (Ow-Ow) (a); and hydrogen–hydrogen (Hw-Hw) (b) radial
distribution functions (RDF) obtained experimentally (dashed black line) and calculated with the
DFTB-MATORG+HBD method.
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In the experiment, the first intermolecular peaks for r(Ow-Ow) and r(Hw-Hw) are found to be
located at 2.77 and 2.31 Å, respectively. In excellent agreement, with the MATORG+HBD set, the first
peak position of the Ow-Ow RDF is at 2.75 Å (Figure 8a). The experimental/theoretical curves partially
overlap for distances lower than 3.30 Å: the water density depletion zones are very similar and the
second intermolecular peak is at 5.25 Å, not too far from the experimental data (4.55 Å). Regarding
the Hw-Hw radial distribution function (Figure 8b), the experimental curve is well reproduced by
MATORG+HBD, with the first intermolecular peak located at 2.34 Å.

5.2. Static Description of TiO2/Water Interface

The molecular (undissociated, H2O) and dissociated (OH, H) adsorption of water on the anatase
TiO2 (101) surface has been investigated at different water coverages (low, θ = 0.25 and full, θ = 1).
The adsorption energy per molecule (ΔEmol

ads ) has been calculated with MATORG and MATORG+HBD
and compared with DFT(PBE) results and experimental measurements in Table 8.

Table 8. Values calculated with DFT and DFTB methods of the adsorption energies per molecule
(ΔEmol

ads ) of water on the TiO2 (101) anatase slab in the molecular (H2O) and dissociated (OH, H) state.
Different coverages are considered (low, θ = 0.25 and full, θ = 1). The experimental adsorption energy of
the water monolayer on the (101) surface is also reported. The absolute errors (in parenthesis) reported
for DFTB are calculated with respect to the PBE values from this work.

Method Reference Coverage, θ ΔEmol
ads , H2O (eV) ΔEmol

ads , OH, H (eV)

DFTB-MATORG This work
0.25 –1.08 (+0.41) –0.54 (+0.22)

1 –0.96 (+0.34) –0.58 (+0.15)

DFTB-MATORG+HBD This work
0.25 –0.80 (+0.13) –0.31 (–0.01)

1 –0.71 (+0.09) –0.40 (–0.03)

DFT(PBE) This work
0.25 –0.67 –0.32

1 –0.62 –0.43

DFT(PBE) Ref. [88]
0.25 –0.74 –0.23

1 –0.72 –0.44

Exp. Refs. [89,90] 1 –0.5/–0.7

The DFTB method predicts the molecular adsorption mode of a single water molecule
to be favored with respect to the dissociated one. This is in line with several experimental
observations [73,89–91] and previous DFT data [10,88]. In the full coverage regime (θ = 1),
the MATORG set also correctly reproduces the binding energy decrease for the molecular adsorption
mode and the increase for the dissociated one. However, the MATORG set tends to overestimate
adsorption energies with errors up to 0.41 eV. This discrepancy is almost solved with the inclusion of
the HBD correction, which reduces the error values to less than 0.13 eV.

5.3. Dynamic Description of TiO2/Water Interface

The study of complex and realistic TiO2 (nano)systems in aqueous environment is strongly related
to the ability of the method used to describe the titania/water-multilayers dynamic behavior. To assess
the performance of the MATORG+HBD set of parameters, first-principles simulations must be used as
reference. We will use Car–Parrinello molecular dynamics (CPMD) DFT(PBE) simulations [75] and
other DFT(PBE) structural investigations [92] of water layers on the TiO2 (101) anatase surface, which
already exist in the literature.

In Figure 9, we show the 0 K optimized geometries starting from the last snapshot of each
molecular dynamics trajectory performed with the MATORG+HBD set, in the case of the fully
undissociated water monolayer (ML), bilayer (BL) and trilayer (TL) of water on the (101) TiO2 anatase
surface, respectively.
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Figure 9. DFTB-MATORG+HBD structures of a monolayer (ML), a bilayer (BL) and a trilayer (TL) of
water on the (101) TiO2 anatase surface. Dashed lines correspond to H-bonds.

For the ML, each water molecule (in yellow in Figure 9, left panel) binds a Ti5c of the surface
and establishes two H-bonds with the O2c with an adsorption energy per molecule (ΔEmol

ads in Table 9),
calculated with the MATORG+HBD method, of −0.70 eV, in very good quantitative agreement with
the DFT(PBE) references [74].

Table 9. Values calculated with DFT and DFTB methods of the binding energy per molecule (ΔEmol
ads

in eV) of the water monolayer (ML), bilayer (BL) and trilayer (TL) on the (101) TiO2 anatase surface
after an optimization run from the last snapshot of the MD simulation. The binding energy (ΔEmol

ads ) is
defined as the difference between the total energy of the titania/water interface equilibrium structure
and the sum of the total energy of six isolated water molecules plus the total energy of the optimized
slab with one water layer less.

Water Configuration
ΔEmol

ads (eV)

DFTB-MATORG+HBD DFT(PBE) a DFT(PBE) b

ML –0.70 –0.62 –0.69
BL –0.73 –0.67 –0.65
TL –0.53 –0.53 –0.56

a This work; b from Ref. [74].

In the BL configuration, the water molecules of the first layer are bound to Ti5c atoms of the
surface and form two H-bonds with two molecules of the second layer. The water molecules of the
second layer (in blue in Figure 9, middle panel) have only one H-bond with an O2c of the titania surface,
with the other H atom pointing towards the vacuum. For the BL, the MATORG+HBD adsorption
energy is −0.73 eV, in agreement with DFT(PBE) results (see Table 9).

The TL case is more complicated, since the third water layer (in green in Figure 9, right panel)
is too mobile to allow for a unique structure definition. We added a third water layer on the BL
equilibrium structure with a MATORG+HBD adsorption energy of −0.53 eV (see Table 9), again in
very good agreement with the DFT(PBE) previous study.

Finally, to analyze the behavior of the titania/water-multilayers interfaces during the MD
simulations, the distribution p(z) of the vertical distances between the O atoms of the H2O molecules
and the Ti5c plane of the surface, together with their time evolution (z(t)), were extracted from the MD
trajectory, as shown in Figure 10, and compared to DFT(PBE) CPMD results [75].
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Figure 10. DFTB-MATORG+HBD distribution p(z) and time evolution z(t) of the distances between
the water molecules (O atoms) of the monolayer (ML), bilayer (BL) and trilayer (TL) and the titania
surface (Ti5c atoms). In cyan diamonds, values calculated with DFT(PBE) Car–Parrinello simulations
are shown.

In the case of the ML (Figure 10, top panel), the agreement with the Car–Parrinello (PBE) molecular
dynamics data is satisfactory: as it can be seen from the time evolution of perpendicular distances,
the molecules librate around their equilibrium site and give a total p(z) distribution very similar to the
reference with the peak shifted by only 0.1 Å to shorter values.

Regarding the BL molecular dynamics simulation (Figure 10, central panel), the agreement with
the CPMD (PBE) is extremely good. In the CPMD DFT(PBE) case, the position of the p(z) distribution
peak is at 2.15 Å for the first water layer and at 2.98 Å for the second one, whereas in the MD with
MATORG+HBD, those are at 2.11 Å and at 3.08 Å, respectively. The BL configuration is very stable
since none of the water molecule has left its initial equilibrium position in the whole simulation time.

For the water TL (Figure 10, bottom panel) we observe again a very good agreement between the
DFT(PBE) and DFTB curves: the first two water layers in the MATORG+HBD molecular dynamics
are vertically ordered in their initial equilibrium. On the contrary, the third layer water molecules are
very mobile interacting with the second layer through H-bond. The range of the third layer vertical
distances evaluated with MATORG+HBD is 3.6 < z < 5.1 Å, thus shorter than the one calculated with
DFT(PBE) (~4 < z < 6 Å).

To conclude this section, we have shown that the description by the parametrized DFTB method
with the MATORG+HBD set of the titania/water-multilayers interface (static and dynamic calculations)
is in very good agreement with DFT(PBE) results. In particular, the MATORG+HBD set correctly
describes the key aspects of the multilayer water adsorption on TiO2 surface, properly balancing the
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surface/water and water/water interactions. Based on this assessment and on the computational
efficiency of DFTB, we conclude that this method enables the study of large and realistic TiO2

nanostructured systems into an aqueous environment.

6. Concluding Remarks

In the sections above, we have presented an overview of current possibilities, as explored by
our group with state-of-the-art DFT and DFT-based (DFTB) methodologies, for the description of
realistic nanoparticles in water solution for photoapplications. It is evident that, when the size of
the nanoparticle becomes relatively large (about 4000 atoms), to achieve a diameter size close to the
smallest TiO2 nanoparticles used in practical applications (4.4 nm), the feasible limit for hybrid DFT
calculations is almost reached. We showed that DFTB method can be used to obtain global minimum
structures and to provide a reasonable description of both structural and electronic properties of
these complex systems. Additionally, DFTB method is found to also yield a satisfactory accuracy
for the description of the water layers on top of TiO2 surfaces, which allows introducing the water
environment explicitly into the calculations. However, we have shown that the DFT level of theory is
still mandatory when one wants to describe photoexcitation processes taking place in the nanoparticles
or on its surface, such as exciton formation, charge carrier trapping or electron transfer to adsorbates.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/12/357/s1,
Figure S1: Comparison of the distances distribution (simulated EXAFS) computed with DFT(PBE), in black
and DFT(B3LYP) in red, for the 2.2 nm NS produced at 300 K, Figure S2: DFT(B3LYP) and DFTB total (DOS)
density of states for anatase bulk TiO2. The maximum atomic orbital coefficient (maxc) of each eigenstate is
also reported.
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