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This Special Issue aimed at focusing on photo- and photo-electrocatalytic processes
specifically devoted to present both new catalytic materials and possible applications in
environmental and energetic fields.

In fact, solar-driven photoelectrocatalytic (PEC) processes could be considered as one
of the focal points to which the research should be addressed in the next future to achieve
optimal results in environmental recovery and energy production. However, due to the low
efficiency and selectivity of photocatalytic processes under solar energy, a major challenge
exists to improve the performance of photocatalytic materials and increase the effectiveness
of single and combined processes.

In this context, I would like to sincerely thank all the authors who accepted the
challenge and collaborated with their excellent contributions to this Special Issue, which
includes ten articles and five review papers.

Summarizing, the papers present both state-of-the-art and new trends on wastewater
treatment and sustainable methods for organic degradation and energy production.

Among the different proposals TiO2-based materials remain one of the protagonists in
most of the papers, which used titania as single electrode material or in combination with
either metal oxides or noble metal nanoparticles [1,2]. The effectiveness of the prepared
electrodes, as well as the effect of the physical characteristics of the synthesized materials on
the final PEC performances, are generally assessed during waste water treatment processes
(WWTP) for the removal of organic pollutants, with special attention on persistent organic
pollutants, drugs, or dyes which represent the most problematic classes of substances in
traditional WWTP.

Analogous processes have been examined at different catalysts such as spinel ZnFe2O4
(ZFO) [3] ZnO/Ag [4], or Niobium-based metal oxides [5], which are generally proposed
as photoanode materials for organic degradation in different range of wavelength of the
irradiating light.

The synthesis of cathodic materials has also been investigated. Electrochemical deal-
loying has been proposed [6] where starting from Ni-Cu co-deposits, highly porous Ni
electrodes were obtained, which demonstrated greater activity towards hydrogen evolution
reactions, in comparison with commercial smooth Ni electrodes.

Cathodic materials were also the focus of some papers in which WWTP were coupled
with the electrical energy production in microbial fuel cells [7,8]

The effectiveness of PEC processes has been assessed also in combined processes
with sono-electrolysis for the degradation of drugs [9]: in that case boron-doped diamond
electrodes were used, which are widely known in the electrocatalysis field.

Moreover, the development of photoactive and durable floating devices has been
proposed for the treatment of water basins [10]. The major challenge in this field is the
development of effective devices which allow an easier retrieval of the photocatalyst than
in the case of powder catalysts. This allows for a more efficient light usage, since light,
especially UV, attenuates rapidly in water.

Catalysts 2021, 11, 586. https://doi.org/10.3390/catal11050586 https://www.mdpi.com/journal/catalysts
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Five review papers completed the picture, by presenting a wide panoramic on the
recent progress in the development of novel photocatalysts for H2 production by water
splitting or for WWTP [11,12]. Graphitic carbon nitride materials [13] and metal sulphide
composite nanomaterials [14] have been proposed as photocatalysts, and numerous strate-
gies have been developed for their preparation. Finally, a brief summary of the current
challenges and an outlook for the development of composite photocatalysts in the area of
wastewater treatment were provided [15].

The guest editor would like to express her gratitude to both the editorial team for their
professional assistance and all the authors for their valuable scientific contributions.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Titanium dioxide (TiO2) thin films are used for a broad range of applications such as
wastewater treatment, photocatalytic degradation activity, water splitting, antibacterial and also in
biomedical applications. There is a wide range of synthesis techniques for the deposition of TiO2 thin
films, such as chemical vapor deposition (CVD) and physical vapor deposition (PVD), both of which
are well known deposition methods. Layer by layer deposition with good homogeneity, even thickness
and good adhesive nature is possible by using the PVD technique, with the products being used
for photocatalytic applications. This review studies the effects of magnetron sputtering conditions
on TiO2 films. This innovative technique can enhance the photocatalytic activity by increasing the
thickness of the film higher than any other methods. The main purpose of this article is to review
the effects of DC and RF magnetron sputtering conditions on the preparation of TiO2 thin films for
photocatalysis. The characteristics of TiO2 films (i.e., structure, composition, and crystallinity) are
affected significantly by the substrate type, the sputtering power, the distance between substrate and
target, working pressure, argon/oxygen ratio, deposition time, substrate temperature, dopant types,
and finally the annealing treatment. The photocatalytic activity and optical properties, including the
degree of crystallinity, band gap (Eg), refractive index (n), transmittance (T), and extinction coefficient
(k), of TiO2 films are dependent on the above- mentioned film characteristics. Optimal TiO2 films
should have a small particle size, a strong degree of crystallinity, a low band gap, a low contact angle,
a high refractive index, transmittance, and extinction coefficient. Finally, metallic and nonmetallic
dopants can be added to enhance the photocatalytic activity of TiO2 films by narrowing the band gap.

Keywords: magnetron sputtering; titanium dioxide (TiO2) film; photocatalytic activity; metal and
non-metal doping; optical properties

1. Introduction

Titanium dioxide (TiO2) is a low-cost non-toxic oxide semiconductor that is extensively employed
in various industries due to its optical, electronic, and photocatalytic properties. It is mostly used in
thin film form, which enhances the quantum efficiency. Because TiO2 has high transparency and a high
refractive index, it can be employed for optical coatings such as those for dielectric interference filters [1],

Catalysts 2020, 10, 598; doi:10.3390/catal10060598 www.mdpi.com/journal/catalysts
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multilayer mirrors, and anti-reflection coatings [2]. Its high dielectric constant and lower resistivity
(~10−7Ω·cm−1) give TiO2 the potential for use in the fabrication of capacitors for microelectronic
devices [3,4]. In addition, the high chemical stability and modest band gap of TiO2 make it suitable for
fabricating dye-sensitized solar cells [5] and photocatalysts. Photocatalysis using TiO2 films has been
used to clean up environmental problems [6,7]. TiO2 films have gradually replaced conventional TiO2

powder, which requires stirring during the reaction process and is difficult to separate after the end of
reaction [8].

According to electrochemical properties, TiO2 is typically characterized as an n-type
semiconductor [9]. TiO2 can exist as an amorphous layer or one of three crystalline phases: anatase
(tetragonal, a = 0.3785 nm, c = 0.9514 nm), rutile (tetragonal, a = 0.4594 nm, c = 0.2958 nm), and brookite
(orthorhombic, a = 0.9184 nm, b = 0.5447 nm, c = 0.5145 nm) (Figure 1). In all crystalline forms of
TiO2, titanium atoms surrounded by six oxygen atoms form TiO6 [10]. In the anatase phase, corner
(vertice)-sharing octahedra form (001) planes (Figure 1a) and result in a tetragonal structure. In the
rutile phase, the octahedral share edges at (001) planes, therefore, forming a tetragonal structure
(Figure 1b). In the brookite phase, both edges and corners are shared, which create an orthorhombic
structure (Figure 1c) [11].

 
Figure 1. Building-block representation of TiO2 (a) rutile phase, (b) anatase phase, and (c) brookite
phase. Reprinted with permission from [11], Copyright 2009, Elsevier.

4



Catalysts 2020, 10, 598

The thermal stability of crystallineTiO2 is affected by the film structure and particle size [10]. Rutile
is a thermodynamically stable phase, whereas anatase and brookite are metastable. It has been reported
that for pure TiO2 films, the metastable anatase phase can easily transform into the more stable rutile
phase at high temperature [12,13]. Each crystalline form has practical applications. Rutile is desirable
for optical applications, whereas anatase has suitable photocatalytic properties [14,15]. The bandgaps
of anatase, rutile, and brookite are 3.2, 3.0, and ∼3.2 eV, respectively [16]. In photocatalysis, TiO2 is
excited by photons with energy equal to or higher than their band gap energy level and electrons
on the TiO2 surface are excited to the conduction band (eCB

−, CB), generating positive holes in the
valence band (hVB

+, VB) (Equation (1)). Moreover, the CB and VB can further react with water and
molecular oxygen, respectively, resulting in the formation of the hydroxyl radical (·OH) (Equation (2))
and the superoxide radical anion (O2

·−) (Equation (4)). O2
·− subsequently reacts with H+ to generate

the hydroperoxyl radical (·OOH) (Equation (6)), and then it may further react with itself to produce
H2O2 (Equation (8)). The radicals produced by photocatalysis are powerful oxidants that can efficiently
oxidize organic species, with mineralization producing mineral salts, CO2, and H2O (Equations (3), (5)
and (7)). For TiO2, the photocatalysis reactions (1) to (8) are listed below [16]:

TiO2
hv→ e−CB + h+VB (1)

H2O + h+VB → ·OH + H+ (2)

·OH + pollutant → H2 O + CO2 (3)

O2 + e−CB → O·−2 (4)

O·−2 + pollutant→ H2O + CO2 (5)

O·−2 + H+ → ·OOH (6)

·OOH + pollutant→ H2O2 + CO2 (7)

·OOH + ·OOH→ H2O2 + O2 (8)

TiO2 films have been modified to enhance their photoelectric properties and make them excitable
by visible light (narrowing the band gap) [17]. Many studies have demonstrated that the addition of
dopants (metal and non-metal) onto TiO2 films can enhance the effect of photocatalytic activity [16].

Metal dopants can act as electron traps at the semiconductor interface that prevent recombination
(see Figure 2) [18,19], and non-metal dopants substitute the lattice O atom in the structure of TiO2 to
increase the absorption of light in the visible spectrum (see Figure 3) [20,21].

 
Figure 2. Schematic of metal-TiO2 photocatalytic mechanism.

5



Catalysts 2020, 10, 598

 
Figure 3. Schematic models in a 2 × 2 × 1 supercell for (a) oxygen vacancy and (b) substitutional
N-doping. Reprinted with permission from [21], copyright 2009, Elsevier.

Moreover, non-metal dopants can also increase the thermal stability of anatase [22]. There are
many important parameters which control and enhance the photocatalytic performance of the TiO2 thin
films. The parameters are listed as follows: different pathways during reaction process, i.e., nucleation
growth, formation of different phases like anatase or rutile, surface area, at the interface of the reactants.
TiO2 thin films can be deposited by some advances techniques like physical vapor deposition (PVD),
chemical vapor deposition (CVD), and wet chemical methods including dip coating, spin coating, spray
pyrolysis, etc. Moreover, thermal evaporation, reactive sputtering, ion or electron beam evaporation
methods are widely used. These mentioned applications are low cost, and easy to access which is
preferable for outdoor applications. The disadvantages of these techniques are that they must be
followed by secondary process which include drying and annealing of the thin films to increase the
stability and crystallinity of the films, which are some of the essential criteria for the desired enhanced
photocatalytic activities. Generally, vapor phase methods present various advantages such as well
controlled homogeneity and thickness over a large area and good adhesive nature [23]. The CVD
method requires higher temperatures (400–900 ◦C) compared to PVD processes [24]. This disadvantage
of requirement of excessive heat can be incompatible with some substrate materials. Some titanium
precursors and their byproducts are highly corrosive in nature, which leads to various material
handling and storage problems [25]. However, the PVD processes have garnered great interest since
they are not limited to deposition only at thermodynamically equilibrium and they run at much lower
costs in comparison to CVD processes [26]. There are many PVD methods that are being applied for
the deposition of thin films such as oxidation, deposition, DC magnetron sputtering, RF magnetron
sputtering, thermal evaporation, pulsed laser deposition (PLD), etc.

Highly homogenous and high-density films are obtained in these processes due to bombardment
of energetic particles, thus these energetic hot particles take part in the photocatalysis process followed
by surface plasmon resonance mechanism [27]. This method yields highly porous and dense films at
relative low temperatures. TiO2 thin films prepared in this technique can exhibit diverse photocatalytic
activities, including high surface area, morphology, defect density, and crystallization pathways.
In comparison with TiO2 bulk nanoparticles, TiO2 thin films exhibit a limited surface area, which
hinders the efficiency of the photocatalysis for the decomposition of the organic compounds [28]. Thus,
various strategies are reported to enhance the surface area of thin films for higher photocatalytic dye
degradation studies, where novel sputtering methods are established to produce highly porous thin
films for better adsorption of the dye molecules on the surface of the photocatalyst TiO2 thin films.
Suzuki et al. [28] have reported a sculptured TiO2 thin film providing a higher photocatalytic efficiency.

6
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To achieve a high surface area, nowadays another effective process is established, namely to control
nano-crack network formation within sputter deposited TiO2 thin films [29,30].

This review is focused on the effect of magnetron sputtering conditions on TiO2 films. Magnetron
sputtering allows the structure and composition of TiO2 films to be easily controlled, yields uniform
films, and is suitable for large-scale industrial production. Thus, the optimal operating conditions for
magnetron sputtering are of interest. The considered operating conditions, which influence the quality
of photocatalytic thin films (PTFs) during magnetron sputtering, are the substrate type, sputtering
power, distance between substrate and target, working pressure, argon/oxygen ratio, deposition time,
substrate temperature, dopant type, and annealing treatment.

2. Working Principle of Magnetron Sputtering Technique

DC magnetron sputtering techniques are used for depositing thin films over large areas.
The continuous current glow discharge that originates the energetic particles that support sputtering
process can be obtained by applying a potential difference between two electrodes in the presence of a
gas (usually argon) kept at low pressure inside a vacuum chamber. The potential difference can be
delivered by a continuous current power supply that can provide tens of thousands of volts, depending
on the equipment configuration. An electric field is formed between the electrodes separated by a
distance d and having a potential difference V due to the presence of electrons formed by processes
such as ionization, thermionic emission and collisions between particles. Here ionization is caused by
cosmic rays, but it cannot be maintained. A schematic diagram is shown in Figure 4a.

 
Figure 4. Schematic diagram of the working principle of (a) DC and, (b) RF magnetron.

The gas pressure inside the chamber should not be very low in order to allow a collision between
electrons and some atoms before the electrons hit the anode. If the gas pressure is very high, the
electrons will neither reach enough velocity nor achieve enough energy in order to form new ions
or excited species in the collisions. Under the electrical field, positive ions are accelerated towards
the cathode while electrons are accelerated towards the anode. Once electrons travel a long enough
distance before the collision, they will acquire enough kinetic energy to promote a new ionization.
The main difference between the RF and DC magnetron sputtering is that they work in AC source
and DC source mode, respectively. The main advantage of using RF sputtering techniques is that they
work well with insulating targets. Moreover, the electric field inside the plasma chamber changes with
RF frequency, which avoids any charge up effects. A schematic diagram of RF magnetron sputtering is
shown in Figure 4b.

3. Effect of Deposition Conditions on Photocatalytic Thin Films

3.1. Substrate Type

Many materials have been used as substrates in magnetron sputtering, including organic materials
(cotton fabrics [31] and polycarbonate [18,32]), inorganic materials (glass [16,33,34] and quartz [35,36]),
metals (wafers of alumina (Al2O3) [37] zinc oxide (ZnO) [38], and stainless steel [39]), and minerals

7



Catalysts 2020, 10, 598

(sapphire [5]). Since the transmittance of PTFs affects the photocatalytic efficiency, materials such as
glass and quartz are widely used as substrates due to their high transmittance.

Applying TiO2 coatings on a glass surface is the most commonly used method of fabricating
PTFs. Sun et al. [40] reported that TiO2 coated on glass has good antibacterial, disinfectant,
antifogging, and self-cleaning properties. PTFs have been deposited using chemical vapor deposition,
spin coating [40], the impregnation method [41], electrodeposition [42], the sol-gel process [43],
evaporation [44], and other sputtering methods [45,46]. Using magnetron sputtering for fabricating
PTFs has several advantages, including a high deposition rate, low substrate temperature, good surface
flatness, and high density of the deposited layer. However, many researchers have demonstrated that
the sodium ions (Na+) from the glass can diffuse into the TiO2 film at a high substrate temperature [47,48]
and this Na+ ion diffusion from the glass can reduce the photocatalytic actively of TiO2 films. In order
to restrain Na+ ion diffusion, many researchers have applied a silicon (Si) pre-coating on the glass [49].
Meng et al. [50] and Nair et al. [36] used a quartz substrate to prevent light refraction and Na+

ion diffusion. Many researchers have found that a metal oxide coating on the surface of glass
(e.g., indium tin oxide (ITO) [51–53] and fluorine-doped tin oxide (FTO) [32,54]) can increase the
electrical conductivity, however, the photocatalytic activity of TiO2 films mainly depends on the
crystalline structure of the surface, not the substrate type [32].

3.2. Sputtering Power

Sputtering power is an important parameter for fabricating TiO2 films via RF [33,55–57] and
DC [58] sputtering. The crystal phase of TiO2, which affects photocatalytic activity, strongly depends
on the sputtering power used [34,58–60].

Chen et al. [32] investigated the effect of RF power on the photodecomposition of the dye methylene
blue (MB). The results showed that an increase in RF power during TiO2 film fabrication decreases
subsequent MB photodecomposition. This result is consistent with that reported by Huang et al. [59]
that RF power has a significant influence on MB photodecomposition. This can be attributed to changes
in the crystalline phase, surface morphology, and optical properties caused by RF power.

TiO2 exists in an amorphous phase or one of three crystal polymorphs, namely anatase (tetragonal),
rutile (tetragonal), and brookite (orthorhombic). These crystalline phases can be prepared using
magnetron sputtering [12]. Huang et al. [59] fabricated TiO2 films at increasing RF powers (50–250 W)
and observed the conversion of the crystalline phase using X-ray diffraction (XRD). Their results
showed that the rutile phase is the favored structure during deposition. With an increase in RF power
during deposition, the amorphous, rutile, and a combination of rutile and anatase phases are obtained
in sequence. Nevertheless, the anatase phase content levels are similar (in the range of 34% to 37%)
at all RF power levels. Sputtering power also affects the elemental composition of the deposited
films. The bonding condition of titanium on the surface of TiO2 films can be investigated by X-ray
photoelectron spectroscopy (XPS). Lin [58] and Lin and Wu [61] found that Ti4+ forms compared
favorably to other types of titanium ion and that the deposited films become non-stoichiometric with
increasing sputtering power density, as determined using XPS. The components with the highest and
lowest energies on TiO2 films were Ti4+ and Ti0, respectively. The intermediate components (Ti3+, Ti2+,
and Ti+) have an energy shift, with resulting energies that fall between those of Ti4+ and Ti0.Substantial
contributions from lower oxidation states (Ti3+ or Ti2+ and Ti+) are their large oxygen deficiency.
The photocatalytic activity of TiO2 mainly depends on the crystallinity and density of surface defect
sites [61]. Liu et al. [62] reported that the dominant defects on TiO2 surfaces are Ti3+ defects and oxygen
vacancies. Ti3+ is considered to be an important reactive agent for many adsorbates. Hence, some
studies have suggested that Ti3+ sites might play an essential role in the photocatalytic process over a
TiO2 photocatalyst [61,63]. Su et al. [60] studied the orientation transformation of crystalline TiO2 film
for various RF powers. The sputtering power was set in the range of 100 to 300 W. The results showed
that the schematic phase diagram of the crystalline phases can be divided into four regions, as shown
in Figure 5.
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Figure 5. Schematic phase diagram of TiO2 films defined by sputtering power. The diagram is compiled
from experimental data obtained from XRD: (�) (101)-preferred orientation anatase, (�) (112)-preferred
orientation anantase, (�) anatase with almost equivalent (101) and (112) peaks, and (•) rutile and
anatase mixture.Reprited with permission from [60], Copyright 2004, IOP Publishing.

An anatase-preferred orientation transformation between (101) and (112) is observed. At low
total pressure conditions (<11.5 mTorr), anatase (101) exists at low sputtering power (200 W), whereas
mixed anatase and rutile phases formed at high RF power (200 to 300 W). Anatase (112) is obtained
only at high levels of RF power and high total pressure. These findings are confirmed by using a
high RF power, resulting in a mixture of highly crystalline anatase and rutile phases [55]. Rutile is a
thermodynamically stable phase, whereas anatase and brookite are metastable. Therefore, the rutile
phases of TiO2 films are formed with high sputtering power. In addition, these results imply that the
crystalline phase of TiO2 in turn becomes amorphous, anatase, and rutile as the sputtering power
is increased. The efficiency of photodecomposition of anatase phase in TiO2 films is found to be
better than those of amorphous, rutile, brookite, and anatase/rutile phases [64]. Bombardment on the
substrate at higher power may cause film damage and decrease compactness, which can be an obstacle
to rutile growth [55]. This trend has also been reported by Chow et al. [65], who found a similar effect
of negative-bias-induced bombardment.

Film density is also directly affected by sputtering power. It has been well established that
the refractive index is closely correlated with film density [66]. Many researchers found that the
refractive index increases with increasing sputtering power [34,35,67]. Theoretically, for a well-balanced
magnetron, the power per sputtered adatom increases with increasing total sputtering power, delivering
more energy to the growing film and thus improving densification. Therefore, a higher refractive
index (n) means a denser film [34] and a finer film nano/micro-structure [37,68,69]. In addition, the
refractive index of a transparent thin film is directly proportional to its electronic polarization, which is
in turn inversely proportional to the inter-atomic separation [1]. The refractive index of TiO2 films also
depends on porosity (volume of pores per volume of film) of the film layer and can be calculated using
the Swanepoel method [1,35,68,70] (Equations (9) and (10)). The porosity of the deposited film was
calculated from the refractive index obtained from previous studies [70–72] (Equations (10) and (11)).
From the refractive index, the porosity of each sputtered film can be derived using Equation (12) [72].

N′ =
1
2

(
1 + n2

s

)
+

2ns(Tmax − Tmin)

Tmax·Tmin
(9)

n =

√
N′+

√
N′2 − n2

s (10)
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ρfilm

ρ
=

n2 + 1 n2
film − 1

n2 − 1 n2
film + 2

(11)

Porosity(%) =

⎛⎜⎜⎜⎜⎜⎜⎝1−
(
n2

p − 1
)

(n2 − 1)

⎞⎟⎟⎟⎟⎟⎟⎠× 100 (12)

where Tmax and Tminare the corresponding transmittance maximum and minimum, respectively, at a
certain wavelength λ in the optical transmittance spectrum (for determination of Tmax and Tmin, refer
to [69]). ns is the refractive index of fused quartz. ρfilm is the film density, ρ is the bulk anatase TiO2

density (3.9 g/cm3) or rutile TiO2 density (4.23 g/cm3), nP is the refractivity of porous thin films, and n
is the refractivity of bulk TiO2. As is well known, the refractivity of bulk anatase TiO2 is na= 2.52 and
that of rutile TiO2 is nr = 2.92 at 500 nm [72].

Nair et al. [36] attributed the increase in the refractive index to the densification of layers treated
at a high RF power. Since the densification of layers is correlated with the thickness of the films,
an increase in the sputter power increases the deposition rate at the target [57,73]. Yang et al. [35]
found that a high sputtering power can increase the surface roughness of the film, which results in
decreased transmittance [57,74]. The surface roughness affects the contact angle of films; the contact
angle increases with roughness [75]. Many researchers have demonstrated that the rutile phase is more
hydrophilic than the anatase phase [74,76,77]. Therefore, the sputtering power is an importer factor
when the magnetron sputtering process is used to fabricate TiO2 films. It also directly influences the
crystalline phase (including elemental composition), optical properties, and physical characteristics of
deposited films.

3.3. Distance between Substrate and Target

Relatively little research has been conducted on the effect of the distance between substrate and
target (S-T) on the crystalline phase of TiO2 films during the magnetron sputtering. Ogawa et al. [15]
have investigated the crystalline phase of TiO2 films obtained with various S-T distances during RF
magnetron sputtering with an MgO substrate. According to XRD results, the crystalline structure
of TiO2 changes with S-T distance. When the S-T distance is under 90 mm, the rutile phase of TiO2

film is dominant. At an S-T distance of 100 nm, mixed rutile and anatase phases are observed. At S-T
distances of 110 and 120 mm, the anatase phase is dominant, with epitaxial growth with its α-axis
perpendicular to the MgO substrate. Shibata et al. [78] reported that the anatase phase grows from the
reaction between neutral Ti and neutral O2 or O2

−, and that the rutile phase results from the reaction
between decelerated Ti+ or activated Ti and O2

−. Hence, more anatase TiO2 film is created at low
kinetic energy of sputtering compared to rutile TiO2 film [59]. This result implies that the crystal
structure shift is due to the reaction of sputtering particles between the substrate and the Ti target.
When the substrate bias voltage is increased, the electrons in the plasma bombarded Ti atoms, creating
Ti+ or activated Ti, resulting in increased formation of rutile TiO2 [79]. In the magnetron sputtering
process, a magnetic field configured parallel to the target surface can constrain secondary electron
motion to the vicinity of the target [80]. Therefore, a decrease of S-T distance (increase in magnetic
field range) increases the kinetic energy of sputtering, and thus rutile TiO2 film is formed under this
sputtering condition. While the S-T distance increased resulting in the decrease of magnetic field
strength, secondary electrons can easily recombine in the plasma, resulting in a decrease in the kinetic
energy of sputtering and the formation of anatase TiO2 film.

The S-T distance also affects the deposition rate and particle size. Sundaram and Khan [81] found
that a 2–7 cm distance between S-T during the magnetron sputtering process decreases deposition rate
due to a large number of negative and neutral ions in a small space, which led to the occurrence of
resputtering on the surface of the growing film. Regarding particle size, Barnes et al. [82] indicated
that the clusters nucleate close to the target and migrate to the substrate via convection. A small S-T
distance limits convection, leading to an almost uniform cluster size and small grain size. An increase
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in S-T distance increases convection space, and thus leads to an increased size distribution of clusters
and grain size on TiO2 films. This phenomenon has been observed in metal evaporation systems [83].
The grain size influences the photocatalytic activity of TiO2 films [18,84]. Using the Scherrer Equation,
the crystalline grain size can be calculated from an XRD pattern as:

D =
0.9× λ
B cos θ

(13)

where D is the mean grain size for crystalline planes, B is the full width at half maximum (FWHM)
intensity in radians, and λ is the wavelength of the Cu Kα radiation source. Many researchers
have reported that smaller particles enhance photocatalytic activity [18,85,86] due to the decrease of
distance between the crystal interface and the surface of the substrate [87]. Smaller particles induce the
quantum size effect, which influences the optical absorption edge of the films, resulting in an increase
of the band gap and the absorption onset blue-shift. Therefore, photocatalytic activity increases with
increasing oxidation rate. For large particles, the e−/h+ volume recombination is the dominant process.
An appropriate S-T distance is thus important when fabricating TiO2 films using magnetron sputtering.

3.4. Working Pressure

The deposition rate, surface morphology, and crystalline phase of TiO2 films are affected by the
working pressure during the sputtering process [14,87,88]. The working pressure directly affects the
photocatalytic activity of TiO2 films since it affects the gas collisions, which affect the characteristics
of deposited films. Many researchers have also reported that the photocatalytic activity of TiO2

films is significantly correlated with the working pressure [8,89]. For example, TiO2 films with high
photocatalytic activity can be prepared using a relatively low-working pressure [90]. Thus, specific
parameters of deposited films are influenced by the working pressure, namely the deposition rate
(thickness), surface morphology, and crystal phase of TiO2 films.

The effect of working pressure in the sputtering process on the deposition rate has been investigated
by many researchers [14,87,91]. Zeman and Takabayashi [14] found that the increasing working
pressure (0.18—1.50 Pa) significantly decreases the deposition rate during magnetron sputtering
(Figure 5). Zhu et al. [91] obtained different experimental results when using ZnO and Al to fabricate
films. They measured the deposition rate for fabricating ZnO-Al films at various working pressures.
The experimental results showed that the deposition rate is low at low working pressure (0.5 Pa)
and then it increases with the working pressure up to 1.0 Pa. Above 1.0 Pa, the deposition rate is
decreased with increasing working pressure. They also found that the decrease in deposition rate
with higher working pressure (above 1.0 Pa) can be fitted using the Keller-Simmons model [92], which
suggested a decay of the deposition rate at high pressures is caused by shielding effects of gas particles
between the target and substrate. Nevertheless, the low deposition rate at low working pressure can
be explained by the resputtering of ZnO by highly energetic particles, which are more prevalent at
lower pressure. Chaoumead et al. [87] used RF magnetron sputtering to deposit ITO thin film on
glass substrates. The trend of the deposition rate of the ITO film was similar to that reported by
Zhu et al. [91]. Decreases in deposition rate of ITO film is observed when the working pressure is
increased from 5 to 15 mTorr (low working pressure). When the working pressure is further increased
to 20 mTorr yielding decreases in the deposition rate. Finally, it is clear that the surface morphology is
affected by the working pressure.

Scanning electron microscopy (SEM) [14,92] and atomic force microscopy (AFM) [89,93] can be applied
to observe the surface morphology of PTFs. In PTFs, the particle size influences surface morphology.
Many researchers have demonstrated that particle size depends on sputtering pressure [88,89,94]. It has
been suggested that the pressure influences the energy transfer from the applied electric field to the
species present in the discharge, and thus increasing the sputtering pressure results in an increase in the
number of gas-phase collisions and a reduced fraction of particles with sufficient energy reaching the TiO2

film [95]. In other words, higher sputtering pressure leads to lower ion kinetic energy, which decreases the
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particle size [96]. Jin et al. [88] indicated that the surface morphology is strongly influenced by working
pressure. Spherical TiO2 particles are observed on the surface of TiO2 films via field-emission SEM. When
the working pressure is increased from 5 to 10 mTorr, the grain size of TiO2 particles decreased from 35
to 25 nm. The working pressure thus affects the grain size of TiO2 particles; hence, increasing working
pressure increases surface roughness [97] during the sputtering process. Zeman and Takabayashi [14] also
found that working pressure affects surface morphology. A significant change in film density is observed
when the working pressure is increased from 1.35 to 15.3 mTorr. Three types of surface morphology are
observed. (i) A dense surface with only a few distinct symmetrical particles corresponds to rutile film
(working pressure: 1.35 mTorr) [14]. (ii) The anatase surface (working pressure: 4.8 to 9.75 mTorr) is
characterized by relatively densely packed surface particles resembling an array of different polygons.
These particles have a symmetrical or elongated shape with a size of 10 to 50 nm. (iii) When the working
pressure exceeded approximately 1.30 Pa, the surface morphology changed again [14]. The surface
obtained at a higher working pressure is less dense, which implies that voids occupy more space and the
surface roughness increases. Zhang et al. [93] have confirmed these findings by using AFM (Figure 6)

 
Figure 6. AFM morphological images of TiO2 films deposited at (a) 0.4 Pa and (b) 1.4 Pa. Reprinted
with permission from [93], copyrught 2009, Elsevier.

The surface of TiO2 film deposited at 0.4 Pa is much smoother than that of film deposited at
1.4 Pa. El Akkad et al. [98] found similar results, where rough surfaces are obtained at high working
pressures. The change in surface morphology is due to the transition of the crystal phase at high
working pressure [14].

Many researchers have found that the anatase phase of TiO2 films is dominant at high working
pressure, whereas the rutile phase is dominant at low working pressure [14,87]. Wang et al. [89]
showed that the band gap increases with increasing working pressure. This is due to the different
content levels of anatase and rutile phases. For wavelengths below 400 nm, the transparency of films
sharply decreases in the ultraviolet (UV) region; it is almost constant for wavelengths above 400 nm.
This decrease is caused by the fundamental absorption of light [99]. This phenomenon is due to the
quantum size effect when the particle size is very small [100]. Nair et al. [36] found that the increase in
porosity with increasing sputtering pressure results in a decrease of the refractive index. This suggests
that sputtered particles undergo more scattering and that fewer atoms reach the substrate, resulting in
lower crystallinity at high working pressure.

The absorption coefficient (α) can be expressed as [36,90,100]:

α = d−1 ln
( 1

T

)
(14)

where T is the transmittance and d is the thickness of the film.
The band gap energy (Eg) can be calculated based on the absorption spectra using [36,94]:

αhv = A
(
hv− Eg

)n/2
(15)
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where α, hv, Eg, and A are the absorption coefficient, light frequency, band gap energy, and a constant,
respectively. The value of n depends on the type of optical transition of the semiconductor (n = 1
for direct transition and n = 4 indirect transition). TiO2 has been demonstrated to have both directly
forbidden and indirectly allowed transitions. The indirectly allowed transition dominates the optical
absorption because the directly forbidden transition is weak. The value of the direct optical band
gap is obtained by plotting (αhv2) versus hv (Taucplot) in the high-absorbance region. Extrapolating
the linear portion of the graph to the X axis yields Eg, which is the sum of terms correlated to carrier
concentration [17], structural disorder [1], and thermal contribution [101].

An increase in the working pressure can effectively increase the density of gas particles in the
chamber and decrease the cathode potential, which may further influence the probability of collisions
and the acceleration of particles, resulting in changes in the crystalline structures formed. Šícha et al. [97]
obtained the following results: (i) For the formation of amorphous TiO2 film, the energy E delivered
to the deposited film decreases when the working pressure is below 2 Pa, and is thus insufficient to
stimulate film crystallization. (ii) For the formation of rutile TiO2 film, crystalline phases are formed
at low values of PT (total pressure) and PO2 (oxygen pressure) when the energy E (incident and
condensing atoms) is sufficient for the crystallization and is delivered to the deposited film. The energy
E increases with decreasing PT in consequence of a decrease of collisions between particles. In addition,
the condition of low PO2 can change the chemical process, contributing to the formation of the rutile
phase. (iii) For the formation of anatase TiO2 film, crystalline phases are formed when the working
pressure is higher than 2 Pa. The increase of sputtering time also ensures that a sufficient amount
of energy is delivered to the deposited films and stimulates the crystallization of the anatase phase.
In addition, Zeman and Takabayashi [14] found that the boundary between the metallic and reactive
modes shifts when the working pressure and the ratio of PO2/PT are increased.

The change in crystalline phase of TiO2 films is not only affected by the working pressure but also
the argon/oxygen ratio in magnetron sputtering.

3.5. Argon/Oxygen Ratio

During magnetron sputtering, argon and oxygen serve as the plasma gas and the reactive gas,
respectively. Thus, the oxygen partial pressure may influence the discharge parameters, such as plasma
potential, discharge voltage, deposition rate, and ion composition of the discharge, and thus the
characteristics of TiO2 films in the magnetron sputtering process [14]. Although numerous attempts
have been made to study the relationship between the argon/oxygen ratio and photocatalytic activity,
no clear consensus has been reached. Zhang et al. [101] found that TiO2 film deposited at a high argon
flow rate absorbs lighter irradiation, which results in more electron-hole pairs generated in the TiO2

film and thus enhances photocatalytic activity. Huang et al. [66] reported that the photocatalytic activity
of TiO2 films increases with increasing oxygen flow rate. These results differ from those reported by
Chiou et al. [33], who found that the argon/oxygen ratio and the photocatalytic activity of TiO2 films
are not significantly related. Since the photocatalytic activity of TiO2 depends on the strength of the
crystalline phase and the characteristics of the deposited films, the effect of the argon/oxygen ratio on
the characteristics of TiO2 films needs further study.

The effects of the argon/oxygen ratio on the photocatalytic activity of TiO2 films have been
extensively investigated. Many researchers have found that a lot of properties of TiO2 film are affected
by the argon/oxygen ratio in magnetron sputtering, including the deposition rate [62,74,82,102,103],
grain size and surface roughness [37,76,87,104], crystallinity and surface chemical composition [33,86],
and optical properties [1,37,62,105]. The dissociation energy of argon is about 15.76 eV and that of
oxygen is about 48.77 eV. Thus, argon gas is more easily dissociated [33].

The deposition rate decreases slowly with increasing proportion of oxygen (Figure 7) [62,74,102,103].
Pradhan et al. [105] and Liu et al. [62] suggested that this decrease is due to the transition from metallic to
reactive sputtering modes. Tomaszewski et al. [102] investigated the transition mechanism on the surface
during magnetron sputtering. They found that increasing the oxygen flow rate led to a significant decrease
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in the sputtering voltage. In the low-energy state, Ti and O-related species sputtered from a TiO2−x target
easily reach the substrate, forming stoichiometric TiO2 films. However, the oxygen of the sputter gas can
be decomposed and changed to O− ions in the plasma, which are accelerated by the electric field around
the target, increasing the opportunity for ion-induced secondary electron emission and thus decreasing
the deposition rate. This explanation is consistent with those results reported by Zhang et al. [104].

 
Figure 7. Deposition rate of TiO2 films as a function of oxygen partial pressure at a constant sputtering
pressure (10 mTorr). Reprinted with permission from [74], copyright 2010, Elsevier.

The grain size and root-mean-square (RMS) surface roughness of TiO2 films are affected by
the argon/oxygen ratio in magnetron sputtering [37,76,87,104,106]. Argon is the main sputtering
gas that imparts kinetic energy to the sputtered atoms. The partial pressure of oxygen can affect
particle collisions and the mobility and diffusion of the species approaching the substrate. Studies
have found three different phenomena: (i) The grain size increases with increasing oxygen partial
pressure. Laha et al. [37] suggested that the increase in the oxygen flow rate decreases the mobility of
the sputtered ions, resulting in increased particle size. (ii) The grain size decreases with increasing
oxygen partial pressure. Lin et al. [74] and Huang and Hsu [103] reported that the grain size decreases
as the percentage of O2 increases. Huang and Hsu [103] found that high oxygen gas content in the
sputtering process increases the resputtering effect, which results in insufficient energy for grain
growth. (iii) The grain size initially decreases and then increases with further increases in the oxygen
partial pressure [86,87]. Regarding the relation of surface roughness and the argon/oxygen ratio,
many researchers have demonstrated that the surface roughness decreases when oxygen pressure
increases [2,37,76,87,106]. Jeong et al. [2] found that Ti and Si atoms decreased with increasing
proportion of oxygen. Laha et al. [37] found that the surface of the films become smooth and flat as
a result of increased grain size. However, Xu and Shen [86] found that the RMS surface roughness
of TiO2 films decreased with increasing oxygen gas pressure, and that the RMS surface roughness
is not related to the grain size. Toku et al. [107] gave a different interpretation of the influence of
oxygen pressure on the surface roughness of deposited films. They indicated that increasing the
percentage of O2 makes the potential drop across plasma sheath decreases due to the abundant negative
oxygen ions formed in the plasma; therefore, the impact of energetic ions on the surface is reduced.
This impact may be the reason for the surface is becoming uniform in the absence of impurities.
However, Huang and Hsu [103] reported an increase in RMS surface roughness (from 12.3 to 18.1 nm)
when the percentage of oxygen is increased from 0% to 20% (argon% + oxygen% = 100%). Water
and Chu [106] found a simialr trend, with an increase in the oxygen content there is increasing in the
RMS surface roughness of ZnO films. Many researchers agree that both the grain size and surface
roughness of TiO2 films are important factors of photocatalytic performance. A small grain size can
decrease the recombination of electron-hole pairs [18,86] and a low surface roughness can prevent light
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scattering [108,109] and thus increase the hydrophilicity of deposited films [76]. However, studies on
the effects of the argon/oxygen ratio on the grain size and roughness of TiO2 films have reported mixed
results. The optimal argon/oxygen ratio for photocatalytic activity is thus difficult to determine.

The effects of the argon/oxygen ratio on the crystallinity and surface chemical composition of TiO2

films have been investigated in many studies [79,83,105,106,110–112]. Oxygen plays an important role
in the preparation of TiO2 films via magnetron sputtering. Many researchers believe that the oxygen
concentration during magnetron sputtering affects oxygen vacancies, which cause structural defects in
the deposited films [37]. Zhang et al. [101] found that the discharge voltage increases with increasing
oxygen flow rate up to a certain threshold. With increasing oxygen flow rate, the secondary electron
emission in the reaction chamber is also increased. A mixture of metallic Ti and titanium oxides is
deposited on the substrate before the threshold is reached. Only after the oxygen flow rate reaches the
threshold can a uniform transparent TiO2 thin film form on the substrate

A large secondary electron emission may thus help convert the target into titanium oxides.
In addition, the oxygen in the chamber can promote the substitution of Ti in the TiO2 crystal lattice,
change the crystallinity of TiO2 films [113], and implant anion species on TiO2 films, leading to changes
in the surface chemical composition [79]. Toku et al. [107] deposited TiO2 films at various oxygen
concentrations and found that the degree of crystallinity (anatase 101) of TiO2 films is greatest at an
oxygen content of 30%, and then decreases with increasing oxygen content (see Figure 8).

 
Figure 8. XRD patterns of TiO2 films deposited on silicon (100) at various O2 concentrations in Ar/O2

gas mixture (a–c). Reprinted with permission from [107], copyright 2008, Elsevier.
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The crystal phases of TiO2 films are also affected by the oxygen concentration in magnetron
sputtering. When the oxygen concentration is increased, the crystallinity of TiO2 films slightly
changes from the anatase phase to a mixture of anatase and rutile phases [14]. However, the authors
concluded that working pressure has the most influence on the crystalline phase of deposited films.
Tavares et al. [109] also found that the oxygen flow rate influences the crystalline phase of TiO2 films.
At flow rates below the 2.4 sccm threshold, the texture is very weak and only a slightly pronounced
anatase (101) peak is observed. With increasing oxygen flow rate, other anatase peaks, namely (004),
(200), (105), (211), (204), and (106), are enhanced at threshold conditions. When the oxygen flow rate
is above the threshold, the crystalline phase of TiO2films gradually changes from anatase to rutile
because the latter is more stable. Above 3.6 sccm, the crystal phase becomes amorphous due to the
high pressure and inherent reduced adatom mobility. Xiong et al. [110] reported similar results, with
TiO2 films showing a phase transition from anatase to rutile when the oxygen flow rate is increased.
Kinetic energy (sputtering power or working pressure) is thus not the only factor in determining the
crystal phase. Consequently, they inferred that the species sputtered from the target and the surface
reactions on the substrates have a large impact on crystal nucleation and growth.

Several researchers have found that the argon/oxygen ratio affects the surface chemical composition.
Ti4+ and Ti3+ are dominant species of the elemental compositions. Peaks at 2p3/2 (458.5 eV, TiO2) and
2p1/2 (464.1 eV, TiO2) are observed, representing the existence of Ti4+, when XPS is used to examine
TiO2 films fabricated at high oxygen pressure in the magnetron sputtering process. If a high argon
pressure is used to fabricate TiO2 films, Ti3+ will be the dominant species and peaks at 2p3/2 (457.5 eV,
Ti2O3) and 2p1/2 (463.3 eV, TiO2) will appear in the XPS spectrum [2,62,106,114]. However, the Ti3+

state of TiO2 films may decrease the probability of electron-hole recombination, leading to enhanced
photocatalytic activity. Vancoppenolle et al. [115] investigated the reactive species (Ti+, TiO+, TiO2

+) are
generated on TiO2 films at different argon/oxygen ratios. Ti+ decreases and TiO+ and TiO2

+ increases
when the oxygen content was increased from 0% to 20%. In addition, O2 is incorporated practically
and completely into the growing films at a low flow rate. Barnes et al. [82] provided a schematic of the
theory of charged clusters in terms of nanocrystal and thin film growth that is depicted in Figure 9.

 

Figure 9. Schematic of the theory of charged clusters in terms of nanocrystal and thin film growth.
Reprinted with permission from [82], copyright 2004, Elsevier.

This figure shows the nucleation of TiO2 clusters, which is a simulated reaction between Ti and O
atoms during the magnetron sputtering process. The clusters are the growth unit for the thin film.
Shibata [78] reported that the anatase phase is the result of the reaction between metallic Ti with neutral
O2 or O2

− and that the rutile phase results from the reaction between ionic Ti+ or activated Ti with O2
−.

16



Catalysts 2020, 10, 598

Toku et al. [107] used mass spectra to measure the variation of Ti and TiO2 particles on TiO2 films with
oxygen content (Figure 10).

 

Figure 10. Variation of intensity of Ti+ and TiO2
+ species as a function of O2%. Partial pressures are

normalized to 1 at maximum value. Reprinted with permission from [107], copyright 2008, Elsevier.

They divided the elemental composition of TiO2 films into three categories: metallic, transition,
and oxide. The results show that the three regions can be distinguished, since each one describing a
different process occurring during discharge. At the condition of pure argon and low oxygen (Region I),
the peak of Ti is predominantly due to the bombardment by argon ions. When the oxygen content
is increased, an increase in the TiO2

+ peak is observed (Region II). With oxygen content higher than
60% (Region III), an increase in oxygen content causes a decrease in the intensity of the anatase phase.
As the oxygen is increased, the target becomes gradually oxidized, and consequently fewer Ti atoms
and more TiO2 molecules are ejected from the target. TiO2 molecules in magnetron sputtering can
originate from either the sputtering of the oxidized target or from the reaction of Ti atoms and O2

molecules being charged. Ti atoms cannot be deposited on the substrate without argon gas in the
magnetron sputtering process. Some researchers claim that the overdose of oxygen content in the
magnetron sputtering might be responsible for the growth of low-crystallinity films [107].

The optical properties of PTFs is depending on the crystal phase and surface characteristics.
The crystal phase of PTFs is affected by the argon/oxygen ratio in the sputtering process. Jeong et al. [2]
found that the structural characteristics of both TiO2 and SiO2 are significantly improved with
oxygen gas addition in the sputtering ambient compared to those of films grown without oxygen
gas. Choi et al. [52] obtained similar results, finding that low mobility could be caused by high
oxygen content. Their study showed that the decrease of collisions of Ar/O2 gases during surface
diffusion may result in the deficiency of crystallinity of TiO2 films. The band gaps of the rutile and
anatase phases are 3.0 and 3.2 eV, respectively. Structural defects in deposited films may also cause
a variation in the band gap. The structure of deposited films consists of the UV emission band and
the visible emission broad band. UV emission causes exciton recombination, and visible emission is
attributed to structural defects, which are related to deep-level emissions [37]. Laha et al. [37] and
Tomaszewski et al. [102] found that the argon/oxygen ratio during magnetron sputtering influences
the level of oxygen vacancies in deposited films. Therefore, the level of oxygen vacancies is related to
the band gap of the deposited films.
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Transmittance (T) and the refractive index (n) are also affected by the argon/oxygen ratio in
magnetron sputtering. High transparency in the visible range and a proper band absorption edge are
very important for self-cleaning applications and photocatalysis. Xiong et al. [110] have investigated
the effects of the argon/oxygen ratio in RF sputtering on the optical properties of TiO2 films. They found
that light transmittance in the visible range (400–800 nm) is slightly increased when the oxygen content
is increased. At wavelengths below 350 nm, a significant drop in transmittance is discovered, which
is attributed to the absorption of light caused by the excitation of electrons from the VB to the CB.
Laha et al. [37] found that the transmittances of TiO2/Al2O3 films in the spectral range (200–1100 nm) is
increased with increasing argon/oxygen ratio. Moreover, the maximum transmittances are red-shifted
with increasing argon/oxygen ratio, which can be explained by the particle size effect. Regarding the
refractive index (n), Tomaszewski et al. [102] found that it is reduced with increasing oxygen content.
They also indicated that the refractive index is correlated with the deposition rate. Kumar et al. [1]
found a similar trend for MgTiO3 films fabricated by RF magnetron sputtering at various oxygen
content levels. The change in the refractive index is attributed to the packing density and crystallinity
of the deposited films. The fabrication of thick TiO2 films requires a long sputtering time and sufficient
energy, which results in high packing density. Kumar et al. [1] found that the amorphous nature of
deposited films is highly disordered and thus the films have a low refractive index. This is attributed
to the low film density and low adatom mobility when the energy applied during the magnetron
sputtering is insufficient. The oxygen content affects the crystal phase of TiO2 films and its optical
properties. The thickness of TiO2 films also affects these properties.

3.6. Deposition Time

The deposition time is directly proportional to the thickness of deposited films. The influence
of thickness on photocatalytic activity is still being debated [8,46,66]. Some researchers hypothesize
that photocatalytic activity mainly depends on the crystalline phase and optical properties of PTFs,
not thickness [46,66]. Huang et al. [66] found that sputtering power is a more important factor
than sputtering time in enhancing photocatalytic activity of fabricated PTF films to decompose
MB. Chen et al. [32] revealed that the sputtering time of PTF film fabrication has no effect on the
photodecomposition of MB. Jamuna-Thevi et al. [39] used Ag-doped TiO2 coatings on stainless steel to
obtain antibacterial properties against Staphylococcus (S.) aureus. The results showed that the level of
silver ions affected the reduction of S. aureus, not the deposition time. Nevertheless, Zheng et al. [8]
and Eufinger et al. [67] found that film thickness plays an important role in the photocatalytic activity
of TiO2 films. The thickness (d) of films can be calculated as [1]:

d =
λ1λ2

2(λ1n2 − λ2n1)
(16)

where n1 and n2 are the refractive indices of two adjacent maximum and minimum at wavelengths λ1

and λ2, respectively.
When the film thickness is below a critical value, the photocatalytic activity of TiO2 films increases

with increasing thickness. Once the film thickness exceeds the critical thickness, it has little influence
on the photocatalytic activity of TiO2 films. Yang et al. [46] indicated that the deposition time had a
dominant effect on MB absorbance. Zhang et al. [104] observed the optical properties of PTFs obtained
with deposition times of 2, 3, and 5 h. The results showed that the three kinds of TiO2 film exhibits
quantum size effects and that the blue-shift of their band edges is slightly increased with decreasing
deposition time. The authors attributed this to increases in the film thickness and grain size, which
resulted in complete crystallinity. Rahman et al. [111] shows the deposition of TiO2 homogeneous highly
porous thin films by hydrothermal method and enhanced photocatalytic degradation efficiency with
increase in film thickness with the increase in titania precursor concentration. They also reported that
the thickness can be determined from the transmittance spectra, which shows that the transmittance of
the films decreases with film thickness. This phenomenon occurs due to the increase of the atom on the
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surface because of the increase in deposition time or concentration of the precursor. In another article
revealed that on increasing the deposition time of the magnetron sputtering the thickness, crystalline
size and resistivity of the films are increased gradually [112]. In addition the structural and electrical
properties of the ZnS film has been studied with the variation of film thickness have been investigated.
It was observed that with the increasing the deposition time, the crystalline quality could be improved
with developing better conducting behavior according to the increase in film thickness [113,116].
The better conducting behavior can increase the generation of the charge carriers on the surface of
the material, which is the key reason for the enhanced photocatalytic activity. With the increase in
film thickness, the quality of the crystallinity is improved as well as grain size value is increased, with
increase in film thickness [117]. All characteristics are enhanced with the increase in deposition time.
The roughness of prepared films is acquired from AFM measurements, and their evolutions with
deposition time are increased by increasing the thickness, where it increases from 2 nm to a maximum
value of 7 nm, when film thickness is from 70 nm to 170 nm, respectively. These results were confirmed
by Abdalah et al. [118]. The cross section of the films, investigated from the SEM characterization, can
be increased with deposition time and reaction rate. In sputtering technique, the parameters like base
pressure, substrate temperature, deposition time and distance between the substrate and target are
vital for better films properties. To obtain better optical properties and photo response properties in
photocatalysis reactions doping elements, substrate, as well as deposition time can be changed for
enhanced results. Abbas et al. [119] has reported in his research that the crystallization of the PbS
thin films can be improved by increasing the deposition time and annealing temperature to increase
thickness of film. The low value of transmittance in the UV region and increases gradually as the
wavelength shifts to the NIR region. It can also be emphasized that the transparency window decreases
with the deposition time, due to increasing thickness with time. Thickness of the film increases with
increased deposition time or different nature of the substrate. Deposition time can affect the surface
roughness by RF sputtering process [115]. The results show the highest roughness of the sample after
depositing the films for 10 minutes, but it decreases with a deposition time of 15 minutes [120]. By
lowering the amount of surface roughness the rate of surface reactions will increase.

Recent studies [36,117] have found that increased thickness increases the refractive index.
This infers that higher thickness leads to higher photocatalytic activity. Šícha et al. [97] found
that the deposition time (relative to the thickness of deposited films) in the magnetron sputtering
process could be adjusted to form different crystalline phases of TiO2 films. When the thickness
was above 1000 nm, the deposited films have an anatase (101) phase structure. With a thickness of
330 nm, the deposited films have a poor crystallinity and exhibited a mixture of anatase and rutile
phases with very low intensity of the rutile phase. When the thickness of the deposited films was
below 140 nm, the crystalline phase became an amorphous phase. In addition, Zhang et al. [101] and
Šíchaet al. [97] both found that the substrate temperature increases with increasing deposition time.
The final substrate temperature was approximately 150 ◦C. The energy of nucleation sites is a function
of temperature [118]. Therefore, increasing deposition time might cause the substrate temperature to
increase, which could further promote crystallite growth and increase grain size. This implies that
substrate temperature also influences the optical properties of deposited films.

3.7. Substrate Temperature

The substrate temperature during magnetron sputtering can influence the characteristics of
deposited films, including photocatalytic activity [32,46,55,121], crystallinity [48,56,72,122–124], refractive
index [2,58,70], surface roughness [48,58,119,122], and optical properties [58,72,119,122]. Photocatalytic
activity is usually tested using MB solution. When a substrate temperature higher than 400 ◦C is
applied for depositing films, higher decomposition effect of MB solution can be achieved [46,55].
Substrate temperatures lower than 400 ◦C do not significantly influence the decomposition of MB [32].
This phenomenon can be attributed to the change of crystallinity with substrate temperature. Xu et al. [86]
reported that a monotonic increase of the rutile/anatase phase ratio is observed with increasing substrate
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temperature. They suggested that the nucleation site energy increases with increasing substrate
temperature. For substrate temperatures higher than 400 ◦C, nucleation sites have enough energy to
transform metastable anatase into the thermally stable rutile phase.

It is generally recognized that deposition on unheated substrates usually results in amorphous
films [101]. Increasing the substrate temperature promotes particle diffusion and provides the extra
energy needed to grow the crystalline phase of deposited films. Haseeb et al. [48] prepared TiO2 thin
films using the RF sputtering process at various substrate temperatures. They found that an increase
in substrate temperature promoted the growth of the crystalline phases of TiO2 films. XRD patterns
showed peaks of the main anatase phase, namely those for (101), (200), and (211), of TiO2 films at room
temperature. Other anatase planes, namely (103), (004), (105), and (204), are formed when the substrate
temperature was increased. However, anatase planes (101), (200), and (211) decreased significantly
with increasing the substrate temperature. Ananthakumar et al. [122] used the DC sputtering process
to prepare TiO2 films and obtained similar results. The degree of crystallinity of the deposited films
is increased with increasing substrate temperature (in the range of 100 to 500 ◦C). They found that
the polycrystalline tetragonal structures of anatase phase (101), (004), and (105) are obtained for TiO2

films when the substrate temperature was 400 ◦C. Random growth orientations are found for the
deposited films due to the amorphous nature of the substrates. When the substrate temperature is
higher than 300 ◦C, only the (004) peak is observed. When the substrate temperature is increased
to 500 ◦C, the (004) peak decreases. This means that the formation of the (004) peak plays a major
role in the decreasing c-axis orientation. Zheng and Li [125] studied the properties of Nb-doped TiO2

films deposited on LaAlO3 by RF sputtering. Their results show that the anatase (004) phase in the
deposited films at temperatures of 650 to 800 ◦C became the main reflection, which indicates that the
films had a good c-axis texture (growth direction). The diffraction peak of the anatase (004) phase in
TiO2 only appears when magnetron sputtering is used [126]. The FWHM values of the (004) peak were
used to estimate the crystallite size along the c-axis using Scherrer’s relation (see Equation (13)) [127].
According to Zheng and Li [125], the (004) peak becomes the main reflection for films deposited by
RF sputtering. Moreover, the FWHM values of the (004) peak decreased with increasing substrate
temperature (from 600 to 800 ◦C), while the intensity of the (004) diffraction increased with increasing
substrate temperature. This indicates that better c-axis textured anatase films with larger grain sizes are
likely to form at high substrate temperatures. Many researchers have found that better c-axis textured
anatase ITO films with larger grain sizes are likely to form at high substrate temperatures [128,129].
The increase in particle size with increasing temperature can thus explain the diffraction patterns. XRD
was used to analyze the effect of substrate temperature in magnetron sputtering on the crystalline
phase of films. Except for the anatase (004) phase, the intensity of other anatase phases in PTFs decrease
with increasing substrate temperature [72,126,130]. This means that the anatase (004) phase is relatively
stable. During magnetron sputtering, the crystalline phases of TiO2 film change from amorphous
to anatase and then to rutile with increasing substrate temperature [2,56,122,130]. A high substrate
temperature may thus provide sufficient energy to generate crystalline phases.

The particle size increases with increasing substrate temperature. Because the surface roughness
depends on the grain size, substrate temperature affects surface roughness. Takeuchi et al. [131] and
Haseeb et al. [48] both found that surface roughness increased with increasing substrate temperature.
They attributed this to the substrate giving extra energy, resulting in an increase in particle collisions.
The surface roughness of films affects optical properties; a high surface roughness causes a lot of light
scattering [58].

It has been demonstrated that the refractive index of films can be increased with increasing
substrate temperature [2,58,72], which implies that the use of high substrate temperature during RF
sputtering will lead to high packing density, crystallization, and oxygen deficiency. The transmittance
of deposited films is affected by the substrate temperature during magnetron sputtering. Parameters
such as stoichiometry, crystallinity, and thickness may also influence the transmittance of deposited
films. The crystallinity of TiO2 films is easily affected by substrate temperature. Lin [58] used
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simultaneous RF and DC sputtering to deposit Ti-doped TiO2 nano ceramic films. The visible light
transmittance is decreased following the increasing in substrate temperature. Takeuchi et al. [131] used
RF sputtering with a high substrate temperatures ranging from 100 to 700 ◦C for the preparation of
TiO2 films have confirmed these results; the anatase phase of TiO2 has higher visible transmittance
than those of other crystalline phases [90]. However, the substrate temperature is a key factor for
the transmittance of deposited films. Hasan et al. [72] used various substrate temperatures (room
temperature, 200 ◦C, and 300 ◦C) to prepare TiO2 films via the RF sputtering method. They observed
that substrate temperatures of 200 and 300 ◦C do not affect transmittance because the crystallinity is not
altered significantly and there is no phase transformation to the anatase phase in TiO2 films. A change
of crystalline phase in deposited films requires sufficient extra energy from the heated substrate.
Moreover, the structure of the crystalline phases in deposited films may alter the transmittance.
Ananthakumar et al. [122] used DC sputtering to prepare TiO2 films at various substrate temperatures
and found that the degree of crystallinity of the deposited films are significantly increased with an
increasing in the substrate temperature. The authors have postulated that multiple factors, such as the
increase in structural homogeneity [122], defects in the oxygen structure, and impurities in plasma
gas [132] are involved in this process. Moreover, a substrate temperature in the sputtering process may
increase the band gap [122,127] because the substrate temperature affects the crystallinity of deposited
films. Lin [58] used the co-sputtering process (RF and DC sputtering) to deposit TiO2 films and found
that the band gap is decreased with increasing substrate temperature due to a possible Moss-Burstein
shift; the change of the energy gap is the result of a large decrease in the free carrier concentration,
and there is a corresponding downward shift of the Fermi level to below the band edge. In conclusion,
a higher substrate temperature can provide extra energy to promote crystalline growth in deposited
films, changing the optical properties.

4. Metal Oxide Doping

Many researchers have found that doping metals into TiO2 films enhances their photocatalytic
activity and extends the absorption edge into the visible light region [107,133]. Metals can be doped
into TiO2 films using layer-by-layer [45,134–136] and co-sputtering [57,137] methods. The co-sputtering
method allows easy composition control and the layer-by-layer method yields higher quality thin
films [136].

TiO2 is an important material for transparent conducting oxide (TCO) layers in thin films because
it has high optical transmittance (>80%) in the visible range and low resistivity (10−7Ω·cm−1) [4].
Optical materials based on ITO [51,117] and FTO [52,133] are the most widely used TCO films due to
their low resistivity (< 10−4Ω·cm−1) [120]. TCO thin films can be used as substrates for the deposition
of TiO2 using sputtering to enhance the effect of electron transfer [51]. However, due to the scarcity and
high cost of indium, ITO may not be able to satisfy anticipated demand in the future. Moreover, TiO2

films usually demonstrate poor responses under visible light due to their wide band gap (Eg = 3.20 eV).
In order to solve this problem, many researchers have found that metal doping effectively enhances
the photoelectric properties [57,94,138] and lowers the band gap of TiO2 films [139]. When the two
materials are connected electrically, electrons migrate from the semiconductor to the metal until the
two Fermi levels are aligned [17]. Therefore, several dopants, such as Ag [94,125], Al [61], Au [57],
CdS, CeO [109], CeO2 [109], Cr, Cu [135], Fe [18], Mo [132], Nb [140,141], Pt [134], and Si [113], have
been used for TiO2 thin film.

Metals such as Cr, Co, and Fe that are deposited on a TiO2 surface can react with oxygen, resulting
in the reduction ofTiO2 and the oxidation of the metals [136]. These metals can produce a series change
of structure, which affects photocatalytic activity. Liu et al. [62] found that the electron transfer between
TiO2 and CeO2 networks via Ti–O–Ce structural units plays an important role in photocatalysis.
The results revealed that the CeO1.62TiO2 phase is the original cause of visible light photocatalysis [121].
The holes drifting from CeO1.62TiO2 to TiO2 under an inner electric field can inject photo-induced
holes into TiO2 and endow the TiO2-CeO2 composite films with photocatalytic properties. Therefore,
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the TiO2-CeO2 films have better activity than that of pure TiO2 films under UV illumination [121].
Matsuoka et al. [135] indicated that Pt loading in TiO2 films enhances photocatalytic activity; the
optimum Pt loading is determined to be 21 μgcm−2. Carneiro et al. [18] found that the absorption edges
of Fe-doped TiO2 films shifted to the visible region with increasing concentrations of iron. Fe-doped
TiO2 films prepared at a low iron concentration have a better photocatalytic activity than that of pure
TiO2 films. In TiO2, the CB consists of Ti 3d atomic orbital. For example, in Fe-doped TiO2, the
mixing of Fe 2p state with O 2p state shifts the CB downward and narrows the band-gap energy of the
photocatalyst [139]. Fe with different ion forms (Fe2+, Fe3+ and Fe4+) can act as traps for electron hole
pairs and consequently inhibit their recombination. However, increasing metal concentration may
increase the recombination rate of photo-generated electron-hole due to the metal ion species acting as
both electron and hole traps, and thus forming multiple trap sites. If there are too many traps of charge
carriers in the bulk of catalyst or on its way to the surface, its apparent mobility may become low and
it will likely recombine with its mobile counterpart generated by subsequent photons before it can
reach the surface [142]. The schematic diagram of the mechanism is shown in Figure 11 below.

 
Figure 11. Schematic mechanism of visible light driven photocatalysis process Fe doped TiO2 according
to tailor the band gap.

Zhang et al. [104] reported that the absorption edges of Cu-doped samples shifted to the
longer wavelength region; however, the optical transmittance of these films decreases abruptly with
increasing copper concentration. Subrahmanyam et al. [19] further tested the photocatalytic activity of
Ag-modified TiO2 under UV and sunlight. The silver content on the TiO2 surface is between 0.89 and
5.74 at.%. These results demostrated that the maximum photodegradations of rhodamine red molecules
are 3.77 at.% and 0.89 at.% with Ag-doped TiO2 film for irradiation at 254 and 352 nm, respectively.
This result suggests that the optimum Ag content in TiO2 films, which depends on the irradiation
wavelength, is below 5.74 at.%. Similarly, the results of Jung et al. [57] confirmed that increasing the
concentrations of Au in TiO2 films can decrease photocatalytic activity. In addition, Seong et al. [143]
found that the type of doping metal in TiO2 films is an important factor; the photocatalytic activity of
TiO2/SiOx double-layer samples is superior to that of pure TiO2 thin films and the TiO2/SiO2 double
layer. Metal dopants can act as recombination centers for photogenerated holes. Therefore, excess
mental dopant decreases the photocatalytic activity of TiO2.

The functional mechanism of photocatalytic activity on metal-doped TiO2 has been
investigated [133,144]. Lee and Lee [49] employed the RF magnetron sputtering method to prepare
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TiO2/SiO2/glass thin films for their investigation of the effect of the SiO2 interlayer on the film properties.
It is found that the SiO2 interlayer enhances crystallinity and induces a very fine columnar structure
that prevents Na+ ion diffusion. For understanding the photochemical process for metal-doped TiO2

films, Zuo [94] has proposed that the surface plasmon resonance (SPR) of the metal dopant increases
the absorption wavelength of the films. For instance, the SPR of Ag nanoparticles was centered at
around 490 nm for a cluster-like film [145]. The electrons are trapped in individual clusters or islands,
and cannot move freely. Sufficient energy (i.e., from irradiation) can excite surface plasmons, leading
to absorption. Hence, the increase of the absorption edge on TiO2:Ag film is predictable. Generally,
the mechanism of photocatalytic process is initiated when light with energy equal to or greater than
the bandgap, incident on the TiO2 valence band that can lead to the generating positive (holes) and
negative (electrons) charge carriers on the surface of TiO2 nanoparticle. These photogenerated electron
hole pairs causes recombination, become it gets trapped in metastable states between the CB and VB,
or react with the organic pollutant adsorbed on the surface of TiO2. These charge carriers initiate
reduction and oxidation reactions of electrons and holes, respectively, at the surface of catalyst which
in turns leading to the generation of highly reactive agents, such as superoxide and ·OH hydroxyl
radicals, by reacting with dissolved molecular oxygen, surface hydroxyl groups, and adsorbed water
molecules. In the case of metal doping, defect levels are created near the CB, while nonmetals induce
additional defect levels above the VB, which in turn narrows the bandgap and thus contributes to
visible-light photoactivity. In co-doped and multi doped TiO2, electrons can jump either from these
defect levels or from VB to the defect impurity level of the metal or to the topmost level of CB of TiO2.
Metal ions existing in variable oxidation states can act as trapping centers of electrons, which results in
the enhancement in the lifetime of charge carriers, thereby increasing the photocatalytic activity of
TiO2.

A surface plasmon is a collection of electrons of the conduction band which oscillates in the
interface between conductor and nonconductor or semiconductor and metal oxide or metal, or
semiconductor oxide as well [136,146]. Warren et al. [145] has reported in his work that when an electric
field (here we consider solar light, visible light or UV light source) is irradiated the metal’s surface
plasmon, the density of electron is decreased on one side of the metal while is increased on the another
side. This redistribution of the charge carriers inside the surface plasmon’s, creates an electric field
inside and outside the metal. The metal is in opposite direction. A series of charge density oscillations
will take place with this displacement of electron density which is caused by the coulombic restoring
force. This phenomenon of oscillation of charge density and electric field creation are called either
surface plasmon resonance (SPR) or localized surface plasmon resonance (LSPR) [147]. According to the
mechanism of hot electron and hole present in the SPR, the excitation of the electron from the plasmonic
metal because of the SPR effect, which further comes back to the conduction band of TiO2 for reactions
of photocatalysis. The study of Tian et al. with Au-doped TiO2 nanocomposites in an electrochemical
cell may be used to explain this mechanism [148]. In most of the studies Au, Ag and Cu have been
used as plasmonic metals which elicit hot electrons to transfer from the metal to the semiconductor
under solar light illumination. The difference stands for the surface plasmon on Au and Ag is that Au
resonates under solar light, whereas Ag resonates in the near-UV light region. Electrons can be excited
from the noble metals via the SPR mechanism [149–151]. Furube et al. [149] discovered that the flow of
excited electrons uses the SPR effect from gold nanoparticles to TiO2 nanoparticles using femtosecond
transient absorption spectroscopy. Chen et al. [152] reported the number of electrons that obtained
sufficient energy to overcome the Schottky barrier via the Fowler Theory. Water oxidation assisted by
plasmon using Au-NR–TiO2 electrodes was studied by Nishijima et al. [151] who confirmed that the
evolution of O2 and H2O2 from the electrodes in the solution based on the finding of the induction of
electron–hole pairs during water oxidation with a stable plasmon. By using a photoelectrochemical cell
Chen et al. [152] have also evaluated the mechanism of water splitting over Au-ZnO photoelectrodes
under visible light. The possible mechanism of the photocatalytic process and the transfer of hot
electrons in Au- doped TiO2 are shown in Figure 12 [153].
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Figure 12. Proposed possible mechanism of the pathway of the hot electrons transferred in Au
doped TiO2.

Yan et al. [128] hypothesized that the mixing of metals with TiO2 implanted under a lightly doped
layer may lead to: (i) the introduction of an upward self-built electric field which could promote charge
separation; (ii) an increase in more photogenerated carriers under visible light as the energy gap is
curtailed; (iii) the inhibition of charge separation because of a large number of defects; (iv) the intensify
of the Schottky barrier between TiO2 and the metal substrate, and thus hindering a charge transfer.

György and Pérez del Pino [154] found that the dopant incorporation leads to the decrease of the
crystallites’ average dimensions. Carneiro et al. [18] and Subrahmanyam et al. [19] reported that metals
doped into TiO2 films can act as electron traps at the semiconductor interface. Kamisaka et al. [138]
suggested that electron-trapping character of metal doped TiO2 films is affected by the crystal phase of
TiO2 and the formal charged state of metals. The trapping of charge carriers can decrease the volume
recombination rate of (e−/h+) pairs and thus increase the lifetime of charge carriers. The process of
charge trapping is depicted as follows [84]:

Mn+ + e−cb →M(n−1)+ (17)

where Mn+ is the metal ion dopant. The energy level of Mn+/M(n−1)+ lies below the CB edge. Thus, the
energy level of transition metal ions affects the trapping efficiency.

Seong et al. [143] illustrated the pathway of charged electrons (e−) and holes (h+) in TiO2/SiOx

thin films (Figure 13).

 

Figure 13. Schematic illustration of photocatalytic process for TiO2/SiOx double-layer photocatalyst.
Reprinted with permission from [143], copyright 2009, Elsevier.
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The CB and VB edges of TiO2 are located within the SiOx bandgap. Under UV irradiation, the
electron-hole pairs are initially generated in the TiO2 layer. The generated electrons are accumulated in
the CB of TiO2 that are attracted to the trap level of SiOx due to a difference in the work functions of
TiO2 and SiOx and thus preventing e−/h+ recombination. This may explain why the photoactivity of a
dual-layer photocatalyst is the highest among the prepared samples, even though its light absorbance
is not the largest [45]. Jung et al. [57] used the co-sputtering method to prepare Au/TiO2 thin films
and found that some of the electrons reacted with lattice metal ions (Ti4+) to form Ti3+ defective sites.
The formation processes of defective sites on the TiO2 surface can be expressed as:

TiO2 + hv→ h+
vb + e−cb (18)

e−cb + Au→ Au− (19)

Au− + Ti4+ → Ti3+ + Au (20)

H2O(abs) + h+
vb → OH·+ H+ (21)

Au− + h+ → Au (22)

The Ti3+ sites arise from the Ti4+ sites at which the photogenerated electrons are trapped [144].
A certain number of Ti3+ ions reduce the electron-hole recombination rate and thus enhance
photocatalytic activity [113]. Liu et al. [155] proposed that the doped Ag− ions convert Ti4+ to
Ti3+ by charge compensation. These phenomena can be explained by the defective sites on the TiO2

surface. The electrons react with adsorbed oxygen molecules or surface Ti4+ can generate reactive
species O2

•− and reactive center surface Ti3+, respectively. The number of recombination centers of
inner Ti3+ thus decreases accordingly. In addition, a loaded silver particle can either transfer one
electron to an adsorbed oxygen molecule to form O2

•− or move to the TiO2 surface Ti4+ to form surface
Ti3+. These photochemical reactions explain why the photocatalytic activity of metal-doped TiO2 films
is higher than that of regular TiO2 films.

The photocatalytic efficiency of metal-doped TiO2 films seems to depend on the metal particle size,
type of metal dopant, fabrication technology, and the hydrophilicity. Many researchers have proved
that a large number of small epitaxial deposits on a semiconductor substrate is energetically capable
of trapping photoelectrons which might decrease the space distance of charge carriers and increase
the probability of the recombination of electrons and holes [147,149,156]. Thus, smaller particles have
better photocatalytic activity because the transportation length of the e−/h+ pair from the crystal
interface to the surface is shorter; and small grains (<40 nm) are more easily achieve charge separation
as compared to large grains [147]. Lin and Wu [61] doped Al into TiO2 films using RF sputtering and
resulting in a smaller grain size, lower porosity, a higher linear refractive index, a lower stress-optical
coefficient, and a higher visible-infrared transmission. However, Zuo [94] reported that Ag doping in
TiO2 films increases the FWHM due to large Ag clusters and broader size distribution. Ag nanoparticles
are aggregated and form island-like structures. The large number of irregular nanoparticles and
the interaction among the densely packed Ag nanoparticles resulted in broader peaks and red-shifts
of absorption curves. The type of metal dopant can also influence photocatalytic activity [57,144].
Anpo and Takeuchi [136] have doped various metals into TiO2 films and then examined their effect
on the level of red-shift. It is demonstrated that the order of the red-shift efficiency of doped metals
is found to be V > Cr >Mn> Fe > Ni. Such a shift allows metal-ion-implanted TiO2 to use the
solar irradiation more effectively in the range of 20–30%. Maeda and Watanabe [13] compared the
photocatalytic activity of the plasma-enhanced chemical vapor deposition (PECVD) with those of
the sol-gel method for fabricating TiO2 films. Experimental results revealed that the grain size of
TiO2 films obtained using the PECVD method is almost uniform after annealing at 900 ◦C, and that
these films have a higher photocatalytic activity than that of those obtained using the sol-gel method.
It is inferred that the sputtering process can be used to fabricate optimal photocatalytic thin films.
Additional studies have demonstrated that the surface of TiO2 becomes highly hydrophilic under UV
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light irradiation [55,74]. This is attributed to the structural change in the TiO2 surface. Electrons can
reduce the Ti4+ cations to the Ti3+ state, and the holes can oxidize the O2

− anions, creating oxygen
vacancies. Water molecules can occupy these oxygen vacancies, producing adsorbed OH groups,
and making the surface hydrophilic [156]. It has been shown that more OH groups can improve the
photocatalytic activity and thus the hydrophilicity may improve further the photocatalysis [147,149,150].
Nevertheless, the putative photocatalytic effects of doping various metals into TiO2 films are still
controversial [49,141,148]. Moreover, it has been reported that doping suitable amounts of Si and Ag
in TiO2 films significantly enhance hydrophilicity [49,147,148]. However, Jun and Lee [141] found that
Cr doping is accompanied by the formation of not only the rutile TiO2 phase but also the Cr2O3 phase,
all of which degraded hydrophilicity [151–153]. The hydrophilicity of films has been evaluated by
examining photographs and measuring the contact angle of a water droplet. The water contact angle
(θ) can be calculated as [50]:

θ = arctan
4HL

L2 − 4H2 (23)

where L and H are the diameter and height of the spherical crown, respectively.

5. Non-Metal Oxide Doping

Doping materials in the TiO2 thin films is a very common approach for enhancement of the TiO2

photocatalytic activity [154,155,157–160]. The main strategy of the doping is the tailoring of the band
gap extending the absorption at longer wavelength. The dopants include transition, noble metals,
non-metals and oxide materials as well. Noble metals like Ag, Au, Pd, and Pt exhibits better absorption
properties in incorporating with TiO2 followed by the mechanism of surface plasmon resonance
(SPR) [161]. TiO2 thin film incorporated with Au and Ag exhibited red-shifted wavelength and boost
plasmon resonance, which can improve the overall photocatalytic organic decomposition [162,163].
However, metallic NPs can also enhance the photocatalytic performance of TiO2 thin films through a
non-plasmonic mechanism. But they have high cost which limits their usage in doping science with a
large scale applications, whereas, transition metals offer more cost-effective processes [164]. On the
other hand, non-metals are heavily preferred in the doping of TiO2 thin films. Some of commonly used
non-metals dopants are N, B, and S. [165,166]. Other non-metals such as, H, F, and I have also been
incorporated into TiO2 thin films during the preparation process to lower the band gap of the composite
films to drives it to provide visible light photocatalytic activity. Valentin et al. have employed the
density functional theory (DFT) to investigate the effects on the electronic structure of replacing lattice O
atoms with B, C, N, or F dopants, or the inclusion of the same atoms in interstitial positions. The energy
level of the bands introduced by doping increases with decreasing electronegativity. Fluorine is very
electronegative, which introduces states below the O 2p valence band and leads to the formation of Ti3+

ions due to the charge compensation. In case of doping with B and C, this leads to the combination
of energy levels above and below the valence band. For further improvement of visible light-driven
photocatalysis, binary and ternary co-doping of two nonmetal elements such as N-C and N-B has also
been studied. In many cases the synergistic effect is observed for the co-doping, but the parameters
used in co-doping are very complex so there is no clear cut conclusion on doping effects [167–172].

Non-metal doping into TiO2 thin films has many effects on the microstructure of the material
that is depending on the reaction route in spite of band gap narrowing and visible light-driven
photocatalysis. B-doped TiO2 shows reduced size with a resulting higher surface area and suppressed
phase transformation, and improved photogenerated charge separation, which may contribute to the
photocatalysis-enhanced performance of titania [173–176]. The general mechanism of the doped TiO2

with metal or nonmetal is visualized below (Figure 14):
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Figure 14. Schematic diagram for general photocatalysis mechanism for metal and nonmetal doped
TiO2 nanocomposite.

The doping of nonmetals into TiO2 films leads to great photocatalytic activity [16]. Non-metals
used as dopants include nitrogen (N) [171,172], carbon (C) [171], sulfur (S) [144], and fluorine (F) [22].
Many researchers have found that non-metals introduced into TiO2 films can narrow the band gap [156],
which is believed to be responsible for increasing the photocatalytic activity at long wavelengths
(λ > 500 nm) [171].

Nitrogen can be easily introduced into the TiO2 structure due to its comparable atomic size
with that of oxygen, small ionization energy, and high stability. Therefore, nitrogen is the most
promising non-metal dopant. Pelaez et al. [16] used various nitrogen-containing organic compounds
in a modified sol-gel method to synthesize N-doped TiO2. The obtained samples showed a better
photocatalytic activity compared to those of other metal-ion-doped TiO2 samples and Evonik P25-TiO2.
Bersani et al. [20] demonstrated that a significantly high substitution of the lattice O atoms of TiO2

with N atoms narrows the band gap of TiO2 thin films, enabling them to absorb and operate under
visible light irradiation as a highly reactive, effective photocatalyst. Prabakar et al. [177] prepared
visible-light-active nitrogen-doped TiO2 films using DC-reactive magnetron sputtering with a Ti target
in an Ar + O2/N gas mixture. These results indicated that increasing the amount of N decreased the
particle size of the anatase phase. Moreover, the absorption edge tends to be red-shifted as the N
concentrations are increased. Parker and Siegel [178] used Raman spectra to analyze photocatalysts
discovered that oxygen deficiency is the origin of all these effects. A clear decrease in the band gap and
the nitrogen 2p states on the top of the VB on N-doped TiO2 (compared to those of pure TiO2) has
found by Sathish et al. [179]. Di Valentin et al. [180] reported that the Ti–N bond lengths (1.964 and
2.081 Å) are similar to the Ti–O bond lengths (1.942 and 2.002 Å) in the matrix. This infers that N can
easily substitute the O sites in the TiO2 structure, and that the change may not degrade the crystallinity.
Moreover, Lindgren et al. [181] found that a small concentration of N promotes the growth of anatase.
Li and Shang [182] reported that N-doped TiO2 photocatalyst is an anatase-rutile mixed phase which
leads to a better electron-hole separation and enhances the visible light photocatalytic activity.

Both carbon and sulfur dopants have shown positive results for visible light activity in TiO2, since
they narrow the band gap [16,174]. Hamal and Klabunde [183] indicated that carbon embedded in
the TiO2 structure increases visible light absorption, and that carbon can act as a trap site within the
CB and the VB, increasing the lifetime of photogenerated charge carriers. Khan et al. [153] prepared
carbon-modified rutile TiO2 using flame spray pyrolysis and observed that carbon replaces some of
the lattice oxygen sites. Hsu et al. [184] has obtained a similar result, finding that carbon in TiO2

substitutes the lattice oxygen atoms and forms Ti–C bonds. XPS spectra of C-doped TiO2 has revealed
a C 1s peak at ~281.8 eV and a free graphitic peak (C–C) at 284.6 eV [182]. The former is regarded as a
response to visible light and the latter is served as a photosensitizer [184,185]. Furthermore, carbon
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doping of TiO2 increases the absorption edge, which can be attributed to the visible light sensitivity
originating from the localized C 2p formed in the band gap. Periyat et al. [176] used sulfuric acid to
modify TiO2 and found that the anatase phase can resist high temperatures (≥800 ◦C) and that the
presence of sulfur increases visible light photocatalytic activity. The effect of fluorine dopant is similar
to that of sulfur dopant in TiO2; it increases the anatase to rutile phase transformation temperature [22].
Fluorine dopant is unable to shift the TiO2 band gap; nevertheless, it improves the surface acidity and
causes the formation of reduced Ti3+ ions due to the charge compensation between F− and Ti4+ [16].
The present review has identified that nitrogen and carbon are the most suitable non-metals for doping
TiO2 films in the sputtering process.

6. Annealing Treatment

It has been demonstrated that annealing treatment provides extra energy for the growth of the
crystalline phase of TiO2 films which is similar to the effect of substrate temperature all of which
affects the crystalline phases [50,71]. XRD patterns show that the anatase (211) peak increases with an
increasing annealing temperature on TiO2 films (Figure 15) [186].

 
Figure 15. XRD pattern of anatase TiO2 thin film annealed at (a) 500 ◦C 0.5 h and (b) 400 ◦C 3 h. Each
noted percentage is the ratio of XRD intensity of A(211) to that of A(101). ‘A’ and ‘R’ represent anatase
and rutile phase, respectively. Reprinted with permission from [186], copyright 2017, Elsevier.

Zhang et al. [104] found that the anatase phase appears when the annealing temperature is higher
than 300 ◦C. Others observed that the rutile phase is first found at annealing temperatures of 600 to
800 ◦C [12,56,71]. The anatase phase changes into the rutile phase completely at 1000 ◦C [50], while the
brookite phase initially forms at annealing temperatures of above 1000 ◦C [50].

Zhang et al. [104] also reported that the photocatalytic activity decreases with an increasing
in the annealing temperature from 200 to 900 ◦C. Ye et al. [71] annealed as-deposited TiO2 films at
500 ◦C and obtained the same result, which is attributed to the reduction of oxygen vacancies on the
surface of TiO2; this has implied that a change of elemental composition (Ti3+ changed to Ti4+) on
the surface of TiO2 films occurres when the deposited films are annealed, which can decrease the
photocatalytic activity on the surface of TiO2 films by increasing the electron-hole recombination rate.
However, Meng and Lu [187] have obtained a different result. They found that the photocatalytic
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activity of TiO2 films annealed at 600 ◦C is the lowest, and then increases with increasing annealing
temperature. The content of anatase TiO2 is gradually decreased while the rutile TiO2 is rather
increased. This suggests that the annealing temperature affects the crystalline phase of TiO2 and thus
influences its photocatalytic activity.

Annealing treatment also influences the optical properties of TiO2 films. Hasan et al. [72]
found that the band gap of annealed films increases with increasing temperature (from 300 to
600 ◦C). Other optical properties (the extinction coefficient (see Equation (24)), refractive index,
and transmittance) are decreased with increasing temperature. Zhang et al. [104] also found that
annealing can cause opacity and that transmittance decreases with increasing annealing temperature
(200 to 900 ◦C). Kumar et al. [1] found that annealed films exhibit an enhanced refractive index and a
larger band gap, which is ascribed to the improvement in packing density, crystallinity, and decrease
in the porosity ratio. These results are indirect evidence that anatase TiO2 transformed into rutile TiO2.
Such degraded optical properties after annealing treatment, which may be attributed to higher packing
density within the film and a slight increase in crystallinity [1,72].

The extinction coefficient (k) can be derived [37,69] as:

α =
4πκ
λ

(24)

where α is the absorption coefficient and λ is the absorption wavelength. A low extinction coefficient
implies low absorption [37].

Many studies have demonstrated that the grain size is increased with increasing annealing
temperature [15,50,185]. Ye et al. [71] found that increased grain size results in increased density of
TiO2 thin films results in increased refractivity, but a decreased porosity ratio (P%). Ye et al. [71] and
Hasan et al. [72] reported that P% is decreased with increasing annealing temperature (Figure 16).

 
Figure 16. Dependence of refractive index and porosity of TiO2 films on annealing temperature.
Reprinted with permission from [71], copyright 2007, Elsevier.

A correlation between the photocatalytic activity and porosity has been confirmed by a study that
obtained the highest photocatalytic activity is associated with a high-porosity photocatalyst [188].

Regarding hydrophilicity, Ye et al. [71] found that the decrease in water contact angle is associated
with increases annealing temperature in the range of 200 to 600 ◦C, and then is further increased for a
higher temperatures above 800 ◦C (Figure 17).
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Figure 17. Relationship between water contact angle of TiO2 films and annealing temperature.
Reprinted with permission from [71], copyright 2007, Elsevier.

This result is consistent with those reported by Liu et al. [155] and Meng et al. [50], who concluded
that amorphous TiO2 has poor hydrophilicity, anatase TiO2 has excellent hydrophilicity, and rutile
TiO2 has good hydrophilicity. The hydrophilicity effect of anatase TiO2 is superior to that of rutile TiO2

which is due to the surface roughness [155,189]. Khadar and Shanid [190] has demonstrated that the
surface roughness of TiO2 films is increased with increasing annealing temperature; this phenomenon
is due mainly to the ballistic agglomeration vertically on the film.

7. Conclusions

This review demonstrated that TiO2 is a promising semiconductor and photocatalyst due to its
physical, structural, and optical properties under UV light. The working principle of the magnetron
sputtering is discussed in detail, from which we can examine the process of electron transfer from the
cathode to the target substrate material and the effect on sputtering power, pressure, etc. In order to
prepare optimal TiO2 films, the sputtering power, working pressure, argon/oxygen ratio, substrate
temperature, dopant type, and annealing treatment must be carefully selected. Due to a high surface
area, TiO2 nanoparticles exhibit a high photocatalytic activity, nevertheless, their direct use in water
treatment application is limited since their recovery from such aqueous medium needs advanced
technologies which is very costly. Therefore, there is a need of TiO2 thin films for high photocatalytic
activity for both air and water treatments. By tailoring the surface morphology and properties, the
photocatalytic activity of TiO2 thin film can be improved in spite of the worse performance than TiO2

nanoparticles. Thus, reactive sputtering systems and evaporation techniques are critical strategies for
improving the morphological as well as other properties which can enhance the efficiency of the TiO2 thin
films. Optimal TiO2 films must have a small particle size, a strong degree of crystallinity, a low band gap,
a low contact angle (hydrophilic), and a high refractive index, transmittance, and extinction coefficient.
Metal dopants in TiO2 films can act as electron traps, preventing recombination. The photocatalytic
activity of metal-doped TiO2 films is thus higher than that of pure TiO2 films. Non-metal dopants, in
particular nitrogen, can substitute sites in the TiO2 lattice. Other non-metal dopants, including carbon,
fluorine, and sulfur, have been shown to increase visible light photo-induced activity by retaining the
anatase phase of TiO2 films at high temperature. However, only nitrogen and carbon are suitable for
the magnetron sputtering process.
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Abstract: The generation of photocatalytic hydrogen via water splitting under light irradiation
is attracting much attention as an alternative to solve such problems as global warming and to
increase interest in clean energy. However, due to the low efficiency and selectivity of photocatalytic
hydrogen production under solar energy, a major challenge persists to improve the performance of
photocatalytic hydrogen production through water splitting. In recent years, graphitic carbon nitride
(g-C3N4), a non-metal photocatalyst, has emerged as an attractive material for photocatalytic hydrogen
production. However, the fast recombination of photoexcited electron–hole pairs limits the rate of
hydrogen evolution and various methods such as modification, heterojunctions with semiconductors,
and metal and non-metal doping have been applied to solve this problem. In this review, we cover
the rational design of g-C3N4-based photocatalysts achieved using methods such as modification,
metal and non-metal doping, and heterojunctions, and we summarize recent achievements in their
application as hydrogen production photocatalysts. In addition, future research and prospects of
hydrogen-producing photocatalysts are also reviewed.

Keywords: graphitic carbon nitride; photocatalysis; H2 generation; water splitting

1. Introduction

As interest in the fossil fuel depletion and environmental pollution has increased, the development
of clean energy has also recently attracted increased attention. It is important to find new alternative
energy sources because of the increased use of energy, depletion of fossil fuels, and the need for
sustainable energy development [1]. Among the many alternative energy sources, hydrogen-based
energy systems are considered candidates for future energy because they are nonpolluting, inexhaustible,
efficient, and can provide high-quality energy services in a wide range of applications [2,3]. However,
most hydrogen production processes are based on natural gas [4], coal [5], crude oil [6], or the
electrolysis of water [7], and unfortunately, the application of most of these processes is limited because
heat and electrical energy are required. Thus, photocatalytic hydrogen production using solar energy,
a clean energy resource for the foreseeable future, is considered to be an attractive way of solving the
global energy issue and environmental pollution [8,9].

The overall water splitting by a photocatalyst under sunlight irradiation enables the production
of environmentally friendly molecular hydrogen and does not use fossil fuel [10]. A photocatalytic
system should consider the following prerequisites. First, to absorb as many photons as possible,
the photocatalyst must have a narrow band-gap; to generate hydrogen from water splitting, the bottom
of the conduction band (CB) must be more negative than the reduction potential of H+/H2 and the top
of the valence band (VB) must be more positive than the oxidation potential of H2O/O2 [11]. Second,
efficient charge separation and fast charge transport that simultaneously avoid bulk and surface charge
recombination are essential to transfer the photogenerated charge to the surface reaction site [12].
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Third, because the charge carriers at the interface lack the capacity to boost the transportation process,
the charge carriers mostly move via a random path and require a surface chemical reaction that is
active between the charge carrier and the water or other molecules [13]. A variety of semiconductor
materials such as TiO2, ZnO, CdS, and WO3 have been extensively studied for hydrogen generation via
photocatalytic water splitting [14–17]. Among them, WO3 absorbs visible light but has a problem in that
the CB is not useful for hydrogen production because it is lower than the H reduction potential [18,19].
In addition, hydrogen evolution through photocatalytic water splitting has been extensively studied
for metal oxides, quantum dots, and metal–organic frameworks, etc. However, some methods are
difficult to use due to their low efficiency under visible light and the fast recombination rate of the
electron–hole pairs [20–25]. Therefore, it is a major challenge to develop photocatalysts that exhibit
stable water-splitting performance under visible-light irradiation for the efficient use of solar energy.

Recently, graphitic carbon nitride (g-C3N4) has attracted attention as a hydrogen-generating
photocatalyst via water splitting. g-C3N4 is synthesized by the thermal condensation of nitrogen-rich
precursors with a tri-s-triazine ring structure such as cyanamide, dicyandiamide, urea, or thiourea,
resulting in a graphene-like structure after exfoliation (Figure 1) [26]. In addition, it has a band gap of
~2.7 eV corresponding to 460 nm in the visible range and high thermal and chemical stability [27].

Figure 1. Schematic illustration of the synthesis process from the possible precursors of g-C3N4.
Reproduced with permission from [26]; copyright (2016), the American Chemical Society.

However, there are some drawbacks to using g-C3N4 as a water-splitting photocatalyst.
The relatively large band-gap and low charge-carrier mobility limit the electron and hole separation
and transport and thus limit the effective use of visible light [28]. Thus, increasing hydrogen production
during photocatalytic water splitting under visible-light irradiation is necessary through a variety of
methods such as creating heterojunctions with semiconductors and doping with other elements [29–33].
As a result, the focus of this review is on summarizing the current and prospective advances in
photocatalysis research based on g-C3N4 that make it effective even under visible-light irradiation.

2. The Principles of H2 Generation via Water Splitting

Photocatalytic reactions can be divided into three parts. The first step is to obtain photons with
energies that exceed the photocatalyst’s band gap of the electron–hole pairs, the second step is the
separation of the carrier in the photocatalyst by transfer, and the third step is the reaction between
the carrier and H2O. In addition, the electron–hole pairs are concurrently combined with each other.
The photocatalyst is involved in the production of hydrogen, but the lowest position of the CB should
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be lower than the reduction position of H2O/H2 and the position of the VB should be higher than the
potential of H2O/O2 [34–40].

Figure 2 shows the band gap and band edge positions of various semiconductor photocatalysts [41].
A variety of these, such as ZnO, TiO2, and WO3 have been studied for solar hydrogen production
and degradation of organic pollutants [42–45]. However, although there are exceptions for some
semiconductor photocatalysts, most of the semiconductor photocatalysts have low efficiency under
visible-light irradiation. Therefore, it is a major challenge to develop photocatalysts that efficiently
exploit solar energy.

Figure 2. A schematic illustration of the band-gap energy of several typical semiconductor
photocatalysts. Reproduced with permission from [41].

Recently, g-C3N4, which has a unique electron band structure for photo-oxidation and reduction,
has been confirmed by several researchers as an efficient photocatalyst for visible-light activation for
photochemical reactions [46]. This achieves the photoexcited state when creating electron–hole pairs
where photogenerated electrons are involved in the reduction process while the holes are consumed
in the oxidation process [47]. The excited electrons and holes act as reactive species that are highly
oxidizing and reducing. The excited electrons and holes travel to the active sites on the surface,
thereby splitting the water into oxygen and hydrogen (Figure 3) [48]. However, despite its excellent
electron and optical properties, g-C3N4 has low efficiency for visible-light utilization and a high
recombination speed of photoelectric carrier, resulting in the poor formation of radical species causing
redox reaction during the photocatalytic reaction [49]. It has a low specific surface area, provides fewer
reactive sites, and reduces light harvesting. In addition, the low bandgap (2.7 eV) of g-C3N4 is still
quite large for efficient visible-light harvesting and has limited use, leaving much of the visible-light
spectrum unexploited.
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Figure 3. Schematic illustration of the charge-transfer mechanism of neat g-C3N4 as a photocatalyst.
Reproduced with permission from [48]; copyright (2016), Royal Society of Chemistry Advances.

3. Hydrogen Generation of g-C3N4-Based Photocatalysts

In recent years, a review of the technological improvements of the photocatalytic efficiency of
g-C3N4-based materials has been published, mostly focusing on contaminant removal, the reaction
mechanisms, principles of photocatalysis, and the effects of operational parameters [50,51]. Therefore,
the aim of this review is to summarize recent trends in the improvement of hydrogen production
by photocatalysts using various methods for the purpose of improving g-C3N4-based photocatalytic
hydrogen production: (1) modification of g-C3N4; (2) heterojunctions from g-C3N4/semiconductors;
and (3) metal- and non-metal-doped g-C3N4.

3.1. Modification of g-C3N4

Improving the photocatalytic activity of g-C3N4 by introducing various nanostructures such
as nanoparticles, nanosheets, nanorods, and nanowires has recently been studied [52–56]. Surface
modification of the catalytic structure and morphology has the potential to promote charge separation
and narrow the band gap due to increased surface area and efficient charge-carrier separation [57,58].

In 2016, Han et al. [59] reported an atomically thin mesoporous nanomesh of g-C3N4 for hydrogen
evolution by highly efficient photocatalysts (Figure 4a) fabricated via the solvothermal exfoliation of
mesoporous g-C3N4 prepared by the thermal polymerization of freeze-dried nanostructured precursors.
The delamination of the layer material to provide the two-dimensional single-atom sheet has led to
unique physical properties such as a large surface area, a very high unique carrier mobility, and a
significant change in the energy band structure [60]. The mesoporous g-C3N4 nanomesh shows inherent
structural advantages, electron transfer capability, and efficient light harvesting. Figure 4b shows the
electronic band structure of the monolayer mesoporous g-C3N4 nanomesh and bulk counterparts.
The band gap is 2.75 eV for the monolayer mesoporous g-C3N4 nanomesh and 2.59 eV for the bulk
counterpart, as determined from optical absorption spectra. The VB of the monolayer mesoporous
g-C3N4 nanomesh (2.41 eV) identified via X-ray photoelectron spectroscopy is also 0.35 eV higher than
the bulk counterparts (2.06 eV). The CB is upshifted by 0.51 eV when considering the 0.16 eV increase
in the VB and a negative shift of 0.35 eV. The monolayer mesoporous g-C3N4 nanomesh exhibits
significantly improved the light-harvesting ability mainly due to the multiple scattering effect and the
presence of defect sites associated with the mesoporous surface. A 30 h reaction was performed with
intermittent evacuation every 5 h to confirm the hydrogen production ability of mesoporous g-C3N4
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nanomesh under visible-light irradiation (Figure 4c). As a result, the 2.6 mmol H2 gas (59 mL) produced
by the atomically thin mesoporous g-C3N4 nanomesh was not visibly deactivated and the H2 gas was
generated continuously. Wavelength-dependent H2 evolution shows the optical absorption spectrum
of monolayer g-C3N4 nanomesh, indicating that the H2 generation is driven by photoinduced electrons
in g-C3N4 (Figure 4d). In conclusion, the mesoporous g-C3N4 nanomesh produces an atomically thin
mesoporous layer during the freeze-dried assembly and solvothermal exfoliation. Its good application
benefits from structural advantages for light harvesting, electron transport, and accessible reaction
sites [61]. This new type of mesoporous g-C3N4 nanomesh could be applied to photocatalytic and
various engineering fields.

 

Figure 4. (a) Schematic illustration of atomically thin mesoporous g-C3N4 nanomesh photocatalyst
and (b) a band gap schematic of the monolayer mesoporous g-C3N4 nanomesh and bulk counterparts.
(c) Hydrogen production rate of the monolayer mesoporous g-C3N4 nanomesh, the bulk counterpart,
and the traditional g-C3N4 bulk under visible-light irradiation. (d) H2 evolution rate on the monolayer
mesoporous g-C3N4 nanomesh with wavelength dependence. Reproduced with permission from [59];
copyright (2016), American Chemical Society.

In 2018, Zhao et al. [62] reported the fabrication of a mesoporous g-C3N4 consisting of hollow
nanospheres (MCNHN) via a simple vapor-deposition method that improved hydrogen production
under visible-light irradiation. Figure 5a shows the photocatalytic hydrogen evolution by MCNHN
under visible-light irradiation. Both MCNHN and bulk g-C3N4 achieved a stable average rate of
hydrogen production within 4 h, but the hydrogen evolution of MCNHN was 659.8 μmol g−1 h−1,
which is 22.3 times greater than bulk g-C3N4 (29.6 μmol g−1 h−1). The excellent hydrogen production
activity of MCNHN is due to its well-defined structure. The increased surface area provides more
active sites in the photocatalytic reaction, thereby allowing more light to be harvested. Moreover,
the planarized unit layer and the decreased interlayer space of g-C3N4 crystals facilitate the transfer
and separation of photoinduced charge carriers in MCNHN. As a result, photocatalytic hydrogen
generation is significantly improved due to the large surface area and decreased interlayer space
of g-C3N4. Figure 5b shows the proposed photocatalytic mechanism of H2 evolution for MCNHN
based on the aforementioned results and the literature. The active site of MCNHN absorbs visible

45



Catalysts 2019, 9, 805

light. Electrons in the VB are excited to the CB by absorption of photons, and are then transferred
to the Pt nanoparticles loaded on the surface of MCNHN; the corresponding photoexcited holes
remain in the VB. The electron-rich Pt nanoparticles become active sites where water can be split
into hydrogen. In addition, multiple reflections of visible light in the MCNHN with Pt nanoparticles
improves light absorption.

Figure 5. (a) Time course of H2 evolution and (b) a schematic mechanism for photocatalytic H2

evolution on MCNHN. Reproduced with permission from [62]; copyright (2018), Elsevier.

3.2. Heterojunctions and Photocatalysis

Electron–hole charge pairs formed by the photocatalytic hydrogen evolution reaction are
transferred to the surface of the photocatalyst or else recombine with each other. To better understand
this point, let us illustrate it by reviewing the presentation in [63]: a comparison of the influence
of gravitational force on a man jumping off the ground and electrons jumping from the VB to the
CB (Figure 6a,b, respectively). If a man (electron) jumps from the ground (VB) into the sky (CB),
it will return to the floor quickly (recombine with the hole) due to gravitational force. However,
a stool (semiconductor B) can be provided to get the man off the ground (separate the photogenerated
electron–hole pair), as illustrated in Figure 6c,d, respectively. Subsequently, the aforementioned man
will land again on the stool rather than the ground (the electron–hole pair recombination will be
inhibited). Preventing electron–hole recombination is an urgent issue, but it can be achieved by the
proper design of materials [64–66]. Many methods have been proposed to achieve better separation of
the photogenerated electron–hole pairs in semiconductor photocatalysts, such as element combining,
metal and non-metal doping, and heterojunctions [67–72]. Among these strategies, heterojunctions
in photocatalysts have proved to be one of the most promising methods for efficient photocatalyst
preparation due to their improved separation of electron–hole pairs [73].
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Figure 6. Schematics of (a) the influence of gravitational force on a man jumping; (b) recombination of
photocatalyst electron–hole pair; (c) using stool to keep a man from returning to the ground; and (d)
electron–hole pairs separated in a heterojunction photocatalyst. Reproduced with permission from [63];
copyright (2017), John Wiley & Sons, Inc.

3.2.1. Semiconductor Heterojunction Photocatalysts

Suppressing the electron–hole recombination rate is the most important solution to increase
photocatalytic efficiency. Bulk g-C3N4 has low ability to collect visible light, low charge-transport
properties, and small surface area, so there have been many studies to make it an efficient
photocatalyst [74]. Various strategies have been proposed to achieve better electron–hole pair separation
such as element combining, metal doping, and creating heterojunctions. Among these strategies,
g-C3N4/semiconductor heterojunctions have shown the improved separation capability of electron–hole
pairs; the charge carrier is transferred through the heterostructure interface to inhibit recombination,
thereby improving the photocatalytic performance [75–77]. In addition, a g-C3N4/semiconductor
heterostructure can be formed by combining a visible-light excited photocatalyst semiconductor
material having a narrow band-gap and a photoexcited photocatalyst having a large band-gap in a
coupling process; the connection between the two different kinds of photocatalyst having different
band structures induces a new band arrangement [78,79].

In 2017, Zhang et al. [80] reported the in situ synthesis of a g-C3N4/TiO2 heterostructure
photocatalyst which greatly improved the hydrogen evolution performance under visible light.
The g-C3N4 nanosheets were synthesized by calcining urea at 550 ◦C for 4 h. Two hundred milligrams
of the as-prepared g-C3N4 nanosheets were dispersed in 20 mL ethanol and sonicated for 1 hour to
obtain a homogeneous suspension. Under continuous stirring, 40 mL of ammonia solution (~28 wt%)
and tetrabutyl titanate (TBT) (0, 100, 200, 300 and 400 μL) were added and stirred for 12 h to achieve
the in situ synthesis of amorphous TiO2. The obtained products were expressed as CNTO-x (x =
0–4) according to the TBT content. As shown in Figure 7a, the shape of the CNTO-2 sample seen in
a transmission electron microscopy (TEM) image shows that the TiO2 nanoparticles are uniformly
distributed in the g-C3N4 nanosheets. As a result, there is uniform interfacial contact between the
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TiO2 phase and the g-C3N4 phase. Figure 7b shows the average rate of hydrogen production within
3 h. Pure TiO2 does not react with visible light and produces negligible H2, while CNTO-0 exhibits
a low hydrogen production rate of 15 μmol h−1 due to the fast recombination of photogenerated
charge carriers. In contrast, the CNTO-2 sample exhibits significantly improved hydrogen production
performance at 40 μmol h−1. However, as the amount of TiO2 is further increased, TiO2 occupies
the surface of g-C3N4 resulting in less active sites for H2 evolution. The proposed mechanism of
heterostructure composites is also shown in Figure 7c. According to previous reports, the CB and
VB potentials of g-C3N4 and TiO2 are −1.12 and +1.58 V, and −0.29 and +2.91 V, respectively. Under
visible light irradiation, only g-C3N4 can absorb light to generate electron–hole pairs. However, in
pure g-C3N4, photogenerated electrons and holes recombine rapidly, and only a few of the electrons
participate in the reaction, resulting in low reactivity. When g-C3N4 is modified by TiO2 to form a
heterojunction structure, the CB edge of g-C3N4 is more negative than TiO2, so that electrons excited in
the CB of g-C3N4 can be injected directly into the CB of TiO2. Consequently, Pt2+ adsorbed on the
surface is reduced by electrons transferred from the CB of TiO2, and newly formed Pt nanoparticles are
deposited on the surface of TiO2 as an efficient cocatalyst for hydrogen production. The electrons then
accumulate in Pt nanoparticles and participate in hydrogen evolution. Therefore, the photocatalytic
activity of the g-C3N4/TiO2 composite with Pt nanoparticles as a cocatalyst is significantly improved.

 

Figure 7. (a) A TEM image of CNTO-2, (b) H2 evolution rates of the CNTO-x samples under visible
light (λ ≥ 420 nm), and (c) an illustration of the g-C3N4/TiO2 heterojunction system. Reproduced with
permission from [80]; copyright (2017), The Royal Society of Chemistry.

3.2.2. Z-Scheme Heterojunction Photocatalysts

In 2017, Lu et al. [81] reported a Z-scheme photocatalyst that improved the photocatalytic hydrogen
production of g-C3N4 nanosheets by loading porous silicon (PSi). The Z-scheme heterostructure
improved the photocatalytic H2 evolution performance by loading PSi onto the g-C3N4 photocatalyst.
g-C3N4/PSi composites were prepared by the facile polycondensation reaction of PSi with urea
at various PSi content ratios and included pure g-C3N4 that was not PSi loaded for comparison.
The photocatalytic performance of the g-C3N4/PSi composites and pure g-C3N4 in Figure 8a was
evaluated by H2 evolution from water under visible-light irradiation. For composite materials
loaded with PSi on g-C3N4 nanosheets, the rate of H2 evolution was better than that of pure g-C3N4

(427.28μmol g−1 h−1). In particular, the g-C3N4/2.50 wt% composite exhibited the highest photocatalytic
activity with a hydrogen evolution rate of 870.58 μmol g−1 h−1, which is around twice as high as that of
pure g-C3N4. However, in the case of the Si-based photocatalyst, a passive oxide film was formed on
the Si surface, and thus the stability suffered. When the PSi content was larger than 2.50 wt%, the H2

generation activity was reduced. Figure 8b depicts an energy band diagram of g-C3N4/PSi with the
redox potential of the photocatalytic reaction. The Z-scheme heterostructure system is recognized
as the photocatalytic mechanism for the g-C3N4/PSi composite, and the electrons excited from the
CB of PSi in the photocatalyst system can be transferred to the VB of g-C3N4. In addition, the holes
generated in g-C3N4 can move to the CB of PSi through the interface formed between g-C3N4 and PSi.
The recombination at the interface between the electrons and the holes accumulates a large number of
bonds and acts as a recombination center for the electron–hole pairs [82,83]. As a result, the efficiency
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of the photogenerated electron–hole pairs is improved, thereby improving photocatalytic hydrogen
production under visible-light irradiation.

 
Figure 8. (a) Photocatalytic H2 evolution with 100 mg pure g-C3N4 and g-C3N4/PSi composite
photocatalysts under visible light (400 nm) and (b) a schematic diagram of the g-C3N4/TiO2

heterojunction system. Reproduced with permission from [81]; copyright (2017), Elsevier.

3.3. Metal- and Non-Metal-Doped g-C3N4

Among the strategies for making g-C3N4 as a photocatalyst capable of effective hydrogen
production, sufficient doping with metallic and nonmetallic elements is known to enhance the
photocatalytic activity of g-C3N4. Metal doping is an effective strategy to adjust the electronic structure
of g-C3N4 and promotes surface kinetics to accelerate photogenerated electron transfer and provide
active sites for better photocatalytic hydrogen production. In addition, the light transmittance can be
maximized since the spatial distribution and the particle size of the metal can be finely controlled to
provide a sufficient active size.

In 2016, Li et al. [84] reported water splitting by Cu- and Fe-doped g-C3N4 visible-light-activated
photocatalysts. Figure 9a shows the mechanism of water splitting by light-driven catalysis with Fe- and
Cu-doped g-C3N4. Under visible-light irradiation, water is converted to H2 and H2O2, and then H2O2

is further converted to O2 and H2O via the photocatalytic imbalance path. After absorbing visible
light, g-C3N4 forms excited electrons and holes by electron catalysis, and the electrons move from the
energy potential difference between g-C3N4 and Fe or Cu to the metal Fe or Cu sites. The potential
of these electrons is around −0.25 eV and has enough force to induce H2O2 disproportionation to
form ·OH and OH−. In the hole catalytic process (HCP), OH− and H2O2 could form the ·O2

− and
H2O species reaction with the holes. Finally, O2

− and OH can recombine to form O2. Electron
catalysis is an energy-consuming process whereas HCP and recombination processes can be viewed as
energy-releasing processes. Figure 9b shows the oxygen and hydrogen evolution rates of Fe/C3N4

(0.37 wt%) and Cu/C3N4 (0.42 wt%) under visible-light irradiation (λ ≥ 420 nm) for 12 h. In this case,
the production of hydrogen and oxygen by the Cu/C3N4 and Fe/C3N4 photocatalysts were 1.4 and
0.5 μmol, and 2.1 and 0.8 μmol, respectively. In addition, the potential of the Fe/g-C3N4 photocatalyst
is obviously lower than those of the g-C3N4 and Cu/g-C3N4 photocatalysts, which leads to the O2

and H2 evolution activity over the Fe/g-C3N4 photocatalyst being clearly higher than that over the
g-C3N4 and Cu/g-C3N4 photocatalysts. The findings of this study give new insight into the designing
of efficient catalysts for overall water splitting.
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Figure 9. (a) A schematic diagram of the water splitting mechanism by Fe/C3N4 and Cu/C3N4

photocatalysts under visible-light irradiation. (b) Production of H2 and O2 by water splitting by
the Fe/C3N4 and Cu/C3N4 photocatalysts under visible-light irradiation for 12 h. Reproduced with
permission from [84]; copyright (2015), American Chemical Society.

Non-metal doping is a useful strategy to adjust the electronic structure of g-C3N4 and to increase
the photocatalytic effect by promoting the reaction surface. When the non-metal elements B, N, O,
P, and S are used to dope g-C3N4, the photocatalyst is efficiently optimized by lowering the charge
recombination rate due to optical absorption and accelerated charge mobility, and thus the amount
of H2 produced can be increased [85,86]. Consequently, the potential of the Fe/g-C3N4 photocatalyst
is obviously lower than those of the g-C3N4 and Cu/g-C3N4 photocatalysts. This indicates that the
Fe/g-C3N4 photocatalyst has higher activity on photocatalytic hydrogen evolution than the g-C3N4

and Cu/g-C3N4 photocatalysts. The findings of this study give new insights into designing efficient
photocatalytic hydrogen generation and catalysts through overall water splitting.

In 2018, Feng et al. [87] reported P nanostructures with P-doped g-C3N4 as light photocatalysts
for H2 evolution. P nanostructures and P-doped g-C3N4 (P@P-g-C3N4) were synthesized via a
solid reaction, and P@P-g-C3N4 showed increased optical absorption, high-efficiency transmission,
and efficient separation of photogenerated electron–hole pairs. When C atoms are replaced with P
atoms (the gray and red balls in Figure 10a, respectively) in the base frame of g-C3N4, the extra electrons
are decentralized into a π-conjugated triazine ring and generate a positive-charge P+ center, thereby
facilitating rapid separation of the photogenerated excited electrons. Furthermore, efficient band gap
transfers between the P and P-doped g-C3N4 leads to a significant improvement in photoactivity
(Figure 10b). P-doped g-C3N4 photoexcited electrons can be delivered to phosphorus via intimate
contact because the CB edge of g-C3N4 (−1.2 V vs. normal hydrogen electrode (NHE)) is more negative
than P (−0.25 V vs. NHE) which provides an interface under the buildup of the internal electric field.
Thus, the extra electrons superimposed on the P surface can easily be captured by the oxygen molecules
in the solution and react with ·O2− and ·OH. Figure 10c,d shows the hydrogen evolution yield and the
improvement in hydrogen production ability of the photocatalysts prepared at different weight ratios
of P/g-C3N4. P@P-g-C3N4-15 showed the highest hydrogen production rate (941.80 μmol h−1 g−1),
which is around four times that of conventional g-C3N4.
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Figure 10. (a,b) A schematic of the mechanism of H2 evolution by the P@P-g-C3N4 catalyst;
(c) comparison of the evolution rates of H2; and (d) H2 evolution rate of the P@P-g-C3N4 composites.
Reproduced with permission from [87]; copyright (2018), American Chemical Society.

4. Summary and Perspectives

Photocatalytic action is a key factor for the future of environmental pollution and hydrogen
generation due to water splitting. Over the past several years, photocatalytic reactions have emerged
as a promising method to generate hydrogen, and interest in the photocatalyst g-C3N4 has received
attention in a variety of scientific disciplines. However, a major problem that limits the rate of production
of H2 by g-C3N4-based photocatalysis is the fast recombination of photoexcited electron–hole pairs.
This problem can be solved in a variety of ways, including modification, heterojunctions, and metal
and non-metal doping. Table 1 summarizes the literature on the photocatalytic H2 generation of
g-C3N4-based materials. We reviewed the rational design of photocatalysts for efficient H2 generation
though a variety of methods. Furthermore, the improvement of g-C3N4-based photocatalysts will
likely result from advances in science. Herein, we have covered the recent progress of g-C3N4-based
materials involved in hydrogen production in improving their overall photocatalytic activity and have
characterized their performance and importance. We hope that this report will support further research
efforts related to photocatalytic development.

51



C
at

al
ys

ts
2
0
1
9
,9

,8
05

T
a
b

le
1
.

Ph
ot

oc
at

al
yt

ic
H

2
ge

ne
ra

ti
on

of
g-

C
3N

4-
ba

se
d

m
at

er
ia

ls
.

E
n

tr
y

T
y

p
e

M
a

ss
F

ra
ct

io
n

o
f

g
-C

3
N

4

M
a

ss
o

f
P

h
o

to
ca

ta
ly

st
R

e
a

ct
a

n
t

S
o

lu
ti

o
n

L
ig

h
t

S
o

u
rc

e
H

2
G

e
n

e
ra

ti
o

n
R

a
te

(μ
m

o
l

h
−1

)
R

e
fe

re
n

ce

F
ig

u
re

4
M

on
ol

ay
er

m
es

op
or

ou
s

g-
C

3N
4

na
no

m
es

h
10

0
w

t%
0.

01
g

10
0

m
L

of
10

vo
l%

tr
ie

th
an

ol
am

in
e

aq
ue

ou
s

so
lu

tio
n;

3
w

t%
Pt

as
a

co
ca

ta
ly

st

30
0

W
X

e
la

m
p

(>
42

0
nm

)
85

.1
0

[5
9]

F
ig

u
re

5
M

es
op

or
ou

s
g-

C
3N

4
co

m
pr

is
in

g
ho

llo
w

na
no

sp
he

re
s

10
0

w
t%

0.
1

g
10

0
m

L
of

10
vo

l.%
tr

ie
th

an
ol

am
in

e
aq

ue
ou

s
so

lu
tio

n;
3

w
t%

Pt
as

a
co

ca
ta

ly
st

30
0

W
X

e
la

m
p

(>
42

0
nm

)
65

.9
8

[6
2]

F
ig

u
re

7
g-

C
3N

4
na

no
sh

ee
ts
/T

iO
2

50
w

t%
0.

05
g

10
0

m
L

of
10

vo
l%

tr
ie

th
an

ol
am

in
e

aq
ue

ou
s

so
lu

tio
n;

3
w

t.%
Pt

as
a

co
ca

ta
ly

st

30
0

W
X

e
la

m
p

(>
42

0
nm

)
40

[8
0]

F
ig

u
re

8
Po

ro
us

Si
-l

oa
de

d
g-

C
3N

4
97

.5
0

w
t%

0.
1

g
10

0
m

L
of

10
vo

l%
tr

ie
th

an
ol

am
in

e
aq

ue
ou

s
so

lu
tio

n;
3

w
t%

Pt
as

a
co

ca
ta

ly
st

30
0

W
X

e
la

m
p

(>
40

0
nm

)
87

.0
5

[8
1]

F
ig

u
re

9
Fe

-d
op

ed
g-

C
3N

4
C

u-
do

pe
d

g-
C

3N
4

99
.6

3
w

t%
99

.5
8

w
t%

0.
01

g
Pu

re
w

at
er

;
w

it
ho

ut
ot

he
r

co
ca

ta
ly

st
30

0
W

X
e

la
m

p
(>

42
0

nm
)

0.
17

5
[8

4]

F
ig

u
re

1
0

P@
P-

do
pe

d
g-

C
3N

4
75

w
t%

0.
1

g
10

0
m

L
of

10
vo

l%
tr

ie
th

an
ol

am
in

e
aq

ue
ou

s
so

lu
tio

n;
1

w
t%

Pt
as

a
co

ca
ta

ly
st

30
0

W
X

e
la

m
p

(>
42

0
nm

)
94

.1
8

[8
7]

52



Catalysts 2019, 9, 805

Funding: This research was supported by the Technology Innovation Program (or Industrial Strategic Technology
Development Program) (10080293), Development of carbon-based non phenolic electrode materials with 3000
m2g−1 grade surface area for energy storage device funded by the Ministry of Trade, Industry and Energy (MOTIE,
Korea) and the Commercialization Promotion Agency for R&D Outcomes (COMPA) funded by the Ministry of
Science and ICT (MSIT) 2018_RND_002_0064, Development of 800 mA·h·g−1 pitch carbon coating.

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

References

1. Armaroli, N.; Balzani, V. The future of energy supply: Challenges and opportunities. Chem.-Int. Ed. 2007,
46, 52–66. [CrossRef] [PubMed]

2. Kudo, A.; Miseki, Y. Heterogeneous photocatalyst materials for water splitting. Chem. Soc. Rev. 2009,
38, 253–278. [CrossRef] [PubMed]

3. Zhou, H.; Fan, T.; Zhang, D. Biotemplated materials for sustainable energy and environment: Current status
and challenges. ChemSusChem 2011, 4, 1344–1387. [CrossRef] [PubMed]

4. Dicks, A.L. Hydrogen generation from natural gas for the fuel cell systems of tomorrow. J. Power Sources
1996, 61, 113–124. [CrossRef]

5. Lin, S.; Harada, M.; Suzuki, Y.; Hatano, H. Hydrogen production from coal by separating carbon dioxide
during gasification. Fuel 2002, 81, 2079–2085. [CrossRef]

6. Rana, M.S.; Sámano, V.; Ancheyta, J.; Diaz, J.A.I. A review of recent advances on process technologies for
upgrading of heavy oils and residua. Fuel 2007, 86, 1216–1231. [CrossRef]

7. Zeng, K.; Zhang, D. Recent progress in alkaline water electrolysis for hydrogen production and applications.
Prog. Energy Combust. Sci. 2010, 36, 307–326. [CrossRef]

8. Acar, C.; Dincer, I.; Naterer, G.F. Review of photocatalytic water-splitting methods for sustainable hydrogen
production. Int. J. Energy Res. 2016, 40, 1449–1473. [CrossRef]

9. Tong, H.; Ouyang, S.; Bi, Y.; Umezawa, N.; Oshikiri, M.; Ye, J. Nano-photocatalytic materials: Possibilities
and challenges. Adv. Mater. 2012, 24, 229–251. [CrossRef]

10. Lubitz, W.; Tumas, W. Hydrogen: An overview. Chem. Rev. 2007, 107, 3900–3903. [CrossRef]
11. Christoforidis, K.C.; Fornasiero, P. Photocatalytic hydrogen production: A rift into the future energy supply.

ChemCatChem 2017, 9, 1523–1544. [CrossRef]
12. Maeda, K.; Domen, K. Photocatalytic Water Splitting: Recent Progress and Future Challenges. J. Phys. Chem.

Lett. 2010, 1, 2655–2661. [CrossRef]
13. Wei, P.; Liu, J.; Li, Z. Effect of Pt loading and calcination temperature on the photocatalytic hydrogen

production activity of TiO2 microspheres. Ceram. Int. 2013, 39, 5387–5391. [CrossRef]
14. Choi, S.K.; Yang, H.S.; Kim, J.H.; Park, H. Organic dye-sensitized TiO2 as a versatile photocatalyst for solar

hydrogen and environmental remediation. Appl. Catal. B Environ. 2012, 121, 206–213. [CrossRef]
15. Liu, D.; Zhang, S.; Wang, J.; Peng, T.; Li, R. Direct Z-Scheme 2D/2D Photocatalyst Based on Ultrathin g-C3N4

and WO3 Nanosheets for Efficient Visible-Light-Driven H2 Generation. ACS Appl. Mater. Interfaces 2019, 11,
27913–27923. [CrossRef] [PubMed]

16. Kudo, A. Photocatalyst materials for water splitting. Catal. Surv. Asia 2003, 7, 31–38. [CrossRef]
17. Yuan, L.; Han, C.; Yang, M.-Q.; Xu, Y.-J. Photocatalytic water splitting for solar hydrogen generation:

Fundamentals and recent advancements. Int. Rev. Phys. Chem. 2016, 35, 1–36. [CrossRef]
18. Huang, L.; Xu, H.; Li, Y.; Li, H.; Cheng, X.; Xia, J.; Cai, G. Visible-light-induced WO3/g-C3N4 composites with

enhanced photocatalytic activity. Dalton Trans. 2013, 42, 8606–8616. [CrossRef]
19. Wang, G.; Ling, Y.; Wang, H.; Yang, X.; Wang, C.; Zhang, J.Z.; Li, Y. Hydrogen-treated WO3 nanoflakes show

enhanced photostability. Energy Environ. Sci. 2012, 5, 6180–6187. [CrossRef]
20. Wang, C.C.; Yi, X.H.; Wang, P. Powerful combination of MOFs and C3N4 for enhanced photocatalytic

performance. Appl. Catal. B Environ. 2019, 247, 24–48. [CrossRef]
21. Pant, B.; Park, M.; Kim, H.Y.; Park, S.J. CdS-TiO2 NPs decorated carbonized eggshell membrane for effective

removal of organic pollutants: A novel strategy to use a waste material for environmental remediation.
J. Alloy. Compd. 2017, 699, 73–78. [CrossRef]

53



Catalysts 2019, 9, 805

22. Pullen, S.; Fei, H.; Orthaber, A.; Cohen, S.M.; Ott, S. Enhanced photochemical hydrogen production
by a molecular diiron catalyst incorporated into a metal–organic framework. J. Am. Chem. Soc. 2013,
135, 16997–17003. [CrossRef]

23. Cao, S.W.; Yuan, Y.P.; Fang, J.; Shahjamali, M.M.; Boey, F.Y.; Barber, J.; Xue, C. In-situ growth of CdS quantum
dots on g-C3N4 nanosheets for highly efficient photocatalytic hydrogen generation under visible light
irradiation. Int. J. Hydrog. Energy 2013, 38, 1258–1266. [CrossRef]

24. Wang, W.; Jimmy, C.Y.; Shen, Z.; Chan, D.K.; Gu, T. g-C3N4 quantum dots: Direct synthesis, upconversion
properties and photocatalytic application. Chem. Commun. 2014, 50, 10148–10150. [CrossRef] [PubMed]

25. Zhou, L.; Tian, Y.; Lei, J.; Wang, L.; Liu, Y.; Zhang, J. Self-modification of g-C3N4 with its quantum dots for
enhanced photocatalytic activity. Catal. Sci. Technol. 2018, 8, 2617–2623. [CrossRef]

26. Ong, W.J.; Tan, L.L.; Ng, Y.H.; Yong, S.T.; Chai, S.P. Graphitic carbon nitride (g-C3N4)-based photocatalysts
for artificial photosynthesis and environmental remediation: Are we a step closer to achieving sustainability?
Chem. Rev. 2016, 116, 7159–7329. [CrossRef] [PubMed]

27. Naseri, A.; Samadi, M.; Pourjavadi, A.; Moshfegh, A.Z.; Ramakrishna, S. Graphitic carbon nitride
(g-C3N4)-based photocatalysts for solar hydrogen generation: Recent advances and future development
directions. J. Mater. Chem. A 2017, 5, 23406–23433. [CrossRef]

28. Liao, G.; Chen, S.; Quan, X.; Yu, H.; Zhao, H. Graphene oxide modified g-C3N4 hybrid with enhanced
photocatalytic capability under visible light irradiation. J. Mater. Chem. 2012, 22, 2721–2726. [CrossRef]

29. Bhunia, M.K.; Yamauchi, K.; Takanabe, K. Harvesting solar light with crystalline carbon nitrides for efficient
photocatalytic hydrogen evolution. Angew. Chem. Int. Ed. Engl. 2014, 53, 11001–11005. [CrossRef]

30. Hen, S.; Wang, C.; Bunes, B.R.; Li, Y.; Wang, C.; Zang, L. Enhancement of visible-light-driven photocatalytic
H2 evolution from water over g-C3N4 through combination with perylene diimide aggregates. Appl. Catal.
A Gen. 2015, 498, 63–68.

31. Jiang, L.; Yuan, X.; Pan, Y.; Liang, J.; Zeng, G.; Wu, Z.; Wang, H. Doping of graphitic carbon nitride for
photocatalysis: A reveiw. Appl. Catal. B Environ. 2017, 217, 388–406. [CrossRef]

32. Zhu, Y.-P.; Ren, T.-Z.; Yuan, Z.-Y. Mesoporous phosphorus-doped g-C3N4 nanostructured flowers with
superior photocatalytic hydrogen evolution performance. ACS Appl. Mater. Interfaces 2015, 7, 16850–16856.
[CrossRef] [PubMed]

33. Han, C.; Ge, L.; Chen, C.; Li, Y.; Xiao, X.; Zhang, Y.; Guo, L. Novel visible light induced Co3O4-g-C3N4

heterojunction photocatalysts for efficient degradation of methyl orange. Appl. Catal. B Environ. 2014,
147, 546–553. [CrossRef]

34. Li, R.G.; Weng, Y.X.; Zhou, X.; Wang, X.L.; Mi, Y.; Chong, R.F.; Han, H.X.; Li, C. Achieving overall water
splitting using titanium dioxide-based photocatalysts of different phases. Energy Environ. Sci. 2015,
8, 2377–2382. [CrossRef]

35. Miyoshi, A.; Nishioka, S.; Maeda, K. Water splitting on rutile TiO2-based photocatalysts. Chem. Eur. J. 2018,
24, 18204–18219. [CrossRef] [PubMed]

36. Ibhadon, A.O.; Fitzpatrick, P. Heterogeneous photocatalysis: Recent advances and applications. Catalysts
2013, 3, 189–218. [CrossRef]

37. Ohtani, B. Titania photocatalysis beyond recombination: A critical review. Catalysts 2013, 3, 942–953.
[CrossRef]

38. Kato, H.; Kudo, A. Water splitting into H2 and O2 on alkali tantalate photocatalysts ATaO3 (A = Li, Na,
and K). J. Phys. Chem. B 2001, 105, 4285–4292. [CrossRef]

39. Pan, C.; Jia, J.; Hu, X.; Fan, J.; Liu, E. In situ construction of g-C3N4/TiO2 heterojunction films with enhanced
photocatalytic activity over magnetic-driven rotating frame. Appl. Surf. Sci. 2018, 430, 283–292. [CrossRef]

40. Zhang, Y.; Heo, Y.J.; Lee, J.W.; Lee, J.H.; Bajgai, J.; Lee, K.J.; Park, S.J. Photocatalytic hydrogen evolution via
water splitting: A short review. Catalysts 2018, 8, 655. [CrossRef]

41. Kumar, S.; Karthikeyan, S.; Lee, A. g-C3N4-based nanomaterials for visible light-driven photocatalysis.
Catalysts 2018, 8, 74. [CrossRef]

42. Pant, B.; Park, M.; Park, S.J.; Kim, H.Y. One-pot synthesis of CdS sensitized TiO2 decorated reduced graphene
oxide nanosheets for the hydrolysis of ammonia-borane and the effective removal of organic pollutant from
water. Ceram. Int. 2016, 42, 15247–15252. [CrossRef]

43. Ullah, R.; Dutta, J. Photocatalytic degradation of organic dyes with manganese-doped ZnO nanoparticles. J.
Hazard. Mater. 2008, 156, 194–200. [CrossRef] [PubMed]

54



Catalysts 2019, 9, 805

44. Yu, W.; Chen, J.; Shang, T.; Chen, L.; Gu, L.; Peng, T. Direct Z-scheme g-C3N4/WO3 photocatalyst with
atomically defined junction for H2 production. Appl. Catal. B Environ. 2017, 219, 693–704. [CrossRef]

45. Seong, D.B.; Son, Y.R.; Park, S.-J. A study of reduced graphene oxide/leaf-shaped TiO2 nanofibers for
enhanced photocatalytic performance via electrospinning. J. Solid State Chem. 2018, 266, 196–204. [CrossRef]

46. Nasir, M.S.; Yang, G.; Ayub, I.; Wang, S.; Wang, L.; Wang, X.; Ramakarishna, S. Recent development in
graphitic carbon nitride based photocatalysis for hydrogen generation. Appl. Catal. B Environ. 2019,
257, 117855. [CrossRef]

47. Mamba, G.; Mishra, A.K. Graphitic carbon nitride (g-C3N4) nanocomposites: A new and exciting generation
of visible light driven photocatalysts for environmental pollution remediation. Appl. Catal. B Environ. 2016,
198, 347–377. [CrossRef]

48. Patnaik, S.; Martha, S.; Parida, K.M. An overview of the structural, textural and morphological modulations
of g-C3N4 towards photocatalytic hydrogen production. RSC Adv. 2016, 6, 46929–46951. [CrossRef]

49. Zhang, Y.; Liu, J.; Wu, G.; Chen, W. Porous graphitic carbon nitride synthesized via direct polymerization
of urea for efficient sunlight-driven photocatalytic hydrogen production. Nanoscale 2012, 4, 5300–5303.
[CrossRef]

50. Fajrina, N.; Tahir, M. A critical review in strategies to improve photocatalytic water splitting towards
hydrogen production. Int. J. Hydrog. Energy 2018, 44, 540–577. [CrossRef]

51. Tay, Q.; Kanhere, P.; Ng, C.F.; Chen, S.; Chakraborty, S.; Huan, A.C.H.; Chen, Z. Defect engineered g-C3N4

for efficient visible light photocatalytic hydrogen production. Chem. Mater. 2015, 27, 4930–4933. [CrossRef]
52. Chen, Y.; Lin, B.; Wang, H.; Yang, Y.; Zhu, H.; Yu, W.; Basset, J.M. Surface modification of g-C3N4 by

hydrazine: Simple way for noble-metal free hydrogen evolution catalysts. Chem. Eng. J. 2016, 286, 339–346.
[CrossRef]

53. Wang, L.; Wang, C.; Hu, X.; Xue, H.; Pang, H. Metal/graphitic carbon nitride composites: Synthesis, structures,
and applications. Chem.-Asian J. 2016, 11, 3305–3328. [CrossRef] [PubMed]

54. Martha, S.; Nashim, A.; Parida, K.M. Facile synthesis of highly active g-C3N4 for efficient hydrogen
production under visible light. J. Mater. Chem. A 2013, 1, 7816–7824. [CrossRef]

55. Reddy, K.R.; Reddy, C.V.; Nadagouda, M.N.; Shetti, N.P.; Jaesool, S.; Aminabhavi, T.M. Polymeric graphitic
carbon nitride (g-C3N4)-based semiconducting nanostructured materials: Synthesis methods, properties and
photocatalytic applications. J. Environ. Manag. 2019, 238, 25–40. [CrossRef] [PubMed]

56. Zhou, L.; Zhang, H.; Sun, H.; Liu, S.; Tade, M.O.; Wang, S.; Jin, W. Recent advances in non-metal modification
of graphitic carbon nitride for photocatalysis: A historic review. Catal. Sci. Technol. 2016, 6, 7002–7023.
[CrossRef]

57. Xiao, M.; Luo, B.; Wang, S.; Wang, L. Solar energy conversion on g-C3N4 photocatalyst: Light harvesting,
charge separation, and surface kinetics. J. Energy Chem. 2018, 27, 1111–1123. [CrossRef]

58. Yang, H.M.; Park, S.J. Influence of mesopore distribution on photocatalytic behaviors of anatase TiO2

spherical nanostructures. J. Ind. Eng. Chem. 2016, 41, 33–39. [CrossRef]
59. Han, Q.; Wang, B.; Gao, J.; Cheng, Z.; Zhao, Y.; Zhang, Z.; Qu, L. Atomically thin mesoporous nanomesh

of graphitic C3N4 for high-efficiency photocatalytic hydrogen evolution. ACS Nano 2016, 10, 2745–2751.
[CrossRef]

60. Zhang, J.; Chen, Y.; Wang, X. Two-dimensional covalent carbon nitride nanosheets: Synthesis,
functionalization, and applications. Energy Environ. Sci. 2015, 8, 3092–3108. [CrossRef]

61. Jing, L.; Ong, W.J.; Zhang, R.; Pickwell-MacPherson, E.; Jimmy, C.Y. Graphitic carbon nitride nanosheet
wrapped mesoporous titanium dioxide for enhanced photoelectrocatalytic water splitting. Catal. Today 2018,
315, 103–109. [CrossRef]

62. Zhao, Z.; Wang, X.; Shu, Z.; Zhou, J.; Li, T.; Wang, W.; Tan, Y. Facile preparation of hollow-nanosphere based
mesoporous g-C3N4 for highly enhanced visible-light-driven photocatalytic hydrogen evolution. Appl. Surf.
Sci. 2018, 455, 591–598. [CrossRef]

63. Low, J.; Yu, J.; Jaroniec, M.; Wageh, S.; Al-Ghamdi, A.A. Heterojunction photocatalysts. Adv. Mater. 2017,
29, 1601694. [CrossRef] [PubMed]

64. Dong, F.; Zhao, Z.; Xiong, T.; Ni, Z.; Zhang, W.; Sun, Y.; Ho, W.K. In situ construction of g-C3N4/g-C3N4

metal-free heterojunction for enhanced visible-light photocatalysis. ACS Appl. Mater. Interfaces 2013,
5, 11392–11401. [CrossRef] [PubMed]

55



Catalysts 2019, 9, 805

65. Kim, T.W.; Park, M.; Kim, H.Y.; Park, S.J. Preparation of flower-like TiO2 sphere/reduced graphene oxide
composites for photocatalytic degradation of organic pollutants. J. Solid State Chem. 2016, 239, 91–98.
[CrossRef]

66. Chai, B.; Peng, T.; Mao, J.; Li, K.; Zan, L. Graphitic carbon nitride (g-C3N4)–Pt-TiO2 nanocomposite as an
efficient photocatalyst for hydrogen production under visible light irradiation. Phys. Chem. Chem. Phys.
2012, 14, 16745–16752. [CrossRef] [PubMed]

67. Ismail, A.A.; Bahnemann, D.W. Photochemical splitting of water for hydrogen production by photocatalysis:
A review. Sol. Energy Mater. Sol. Cells 2014, 128, 85–101. [CrossRef]

68. Villa, K.; Domènech, X.; Malato, S.; Maldonado, M.I.; Peral, J. Heterogeneous photocatalytic hydrogen
generation in a solar pilot plant. Int. J. Hydrog. Energy 2013, 38, 12718–12724. [CrossRef]

69. Pant, B.; Park, M.; Kim, H.Y.; Park, S.J. Ag-ZnO photocatalyst anchored on carbon nanofibers: Synthesis,
characterization, and photocatalytic activities. Synth. Met. 2016, 220, 533–537. [CrossRef]

70. Gholipour, M.R.; Dinh, C.-T.; Béland, F.; Do, T.-O. Nanocomposite heterojunctions as sunlight-driven
photocatalysts for hydrogen production from water splitting. Nanoscale 2015, 7, 8187–8208. [CrossRef]

71. Xu, J.; Huo, F.; Zhao, Y.; Liu, Y.; Yang, Q.; Cheng, Y.; Min, S.; Jin, Z.; Xiang, Z. In-situ La doped Co3O4 as
highly efficient photocatalyst for solar hydrogen generation. Int. J. Hydrog. Energy 2018, 43, 8674–8682.
[CrossRef]

72. Samsudin, E.M.; Hamid, S.B.A. Effect of band gap engineering in anionic-doped TiO2 photocatalyst.
Appl. Surf. Sci. 2017, 391, 326–336. [CrossRef]

73. Zhou, L.; Wang, L.; Zhang, J.; Lei, J.; Liu, Y. The preparation, and applications of g-C3N4/TiO2 heterojunction
catalysts—A review. Res. Chem. Intermed. 2017, 43, 2081–2101. [CrossRef]

74. Cao, S.; Jiang, J.; Zhu, B.; Yu, J. Shape-dependent photocatalytic hydrogen evolution activity over a Pt
nanoparticle coupled g-C3N4 photocatalyst. Phys. Chem. Chem. Phys. 2016, 18, 19457–19463. [CrossRef]
[PubMed]

75. He, Y.; Wang, Y.; Zhang, L.; Teng, B.; Fan, M. High-efficiency conversion of CO2 to fuel over ZnO/g-C3N4

photocatalyst. Appl. Catal. B Environ. 2015, 168, 1–8.
76. Zhang, Z.; Liu, K.; Feng, Z.; Bao, Y.; Dong, B. Hierarchical sheet-on-sheet ZnIn2S4/g-C3N4 heterostructure

with highly efficient photocatalytic H2 production based on photoinduced interfacial charge transfer. Sci. Rep.
2016, 6, 19221. [CrossRef] [PubMed]

77. Yuan, J.; Wen, J.; Zhong, Y.; Li, X.; Fang, Y.; Zhang, S.; Liu, W. Enhanced photocatalytic H2 evolution over
noble-metal-free NiS cocatalyst modified CdS nanorods/g-C3N4 heterojunctions. J. Mater. Chem. A 2015,
3, 18244–18255. [CrossRef]

78. Zhang, J.; Ma, Z. Ag6Mo10O33/g-C3N4 1D-2D hybridized heterojunction as an efficient visible-light-driven
photocatalyst. Mol. Catal. 2017, 432, 285–291. [CrossRef]

79. Tan, Y.; Shu, Z.; Zhou, J.; Li, T.; Wang, W.; Zhao, Z. One-step synthesis of nanostructured g-C3N4/TiO2

composite for highly enhanced visible-light photocatalytic H2 evolution. Appl. Catal. B Environ. 2018, 230,
260–268. [CrossRef]

80. Zhang, H.; Liu, F.; Wu, H.; Cao, X.; Sun, J.; Lei, W. In situ synthesis of g-C3N4/TiO2 heterostructures with
enhanced photocatalytic hydrogen evolution under visible light. RSC Adv. 2017, 7, 40327–40333. [CrossRef]

81. Shi, Y.; Chen, J.; Mao, Z.; Fahlman, B.D.; Wang, D. Construction of Z-scheme heterostructure with enhanced
photocatalytic H2 evolution for g-C3N4 nanosheets via loading porous silicon. J. Catal. 2017, 356, 22–31.
[CrossRef]

82. Lam, S.M.; Sin, J.C.; Mohamed, A.R. A review on photocatalytic application of g-C3N4/semiconductor (CNS)
nanocomposites towards the erasure of dyeing wastewater. Mater. Sci. Semicond. Process. 2016, 47, 62–84.
[CrossRef]

83. Ren, Y.; Dong, Y.; Feng, Y.; Xu, J. Compositing two-dimensional materials with TiO2 for photocatalysis.
Catalysts 2018, 8, 590. [CrossRef]

84. Li, Z.; Kong, C.; Lu, G. Visible photocatalytic water splitting and photocatalytic two-electron oxygen
formation over Cu-and Fe-doped g-C3N4. J. Phys. Chem. C 2015, 120, 56–63. [CrossRef]

85. Iqbal, W.; Yang, B.; Zhao, X.; Rauf, M.; Waqas, M.; Gong, Y.; Mao, Y. Controllable synthesis of graphitic
carbon nitride nanomaterials for solar energy conversion and environmental remediation: The road travelled
and the way forward. Catal. Sci. Technol. 2018, 8, 4576–4599. [CrossRef]

56



Catalysts 2019, 9, 805

86. Guo, Q.; Zhang, Y.; Qiu, J.; Dong, G. Engineering the electronic structure and optical properties of g-C3N4 by
non-metal ion doping. J. Mater. Chem. C 2016, 4, 6839–6847. [CrossRef]

87. Feng, J.; Zhang, D.; Zhou, H.; Pi, M.; Wang, X.; Chen, S. Coupling P nanostructures with P-doped g-C3N4 as
efficient visible light photocatalysts for H2 evolution and RhB degradation. ACS Sustain. Chem. Eng. 2018,
6, 6342–6349. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

57





catalysts

Review

Recent Progress on Metal Sulfide Composite
Nanomaterials for Photocatalytic
Hydrogen Production

Sher Ling Lee and Chi-Jung Chang *

Department of Chemical Engineering, Feng Chia University, 100, Wenhwa Road, Seatwen, Taichung 40724,
Taiwan; sherlinglee0209@gmail.com
* Correspondence: changcj@fcu.edu.tw

Received: 25 April 2019; Accepted: 13 May 2019; Published: 17 May 2019

Abstract: Metal sulfide-based photocatalysts have gained much attention due to their outstanding
photocatalytic properties. This review paper discusses recent developments on metal sulfide-based
nanomaterials for H2 production, acting as either photocatalysts or cocatalysts, especially in the last
decade. Recent progress on key experimental parameters, in-situ characterization methods, and the
performance of the metal sulfide photocatalysts are systematically discussed, including the forms of
heterogeneous composite photocatalysts, immobilized photocatalysts, and magnetically separable
photocatalysts. Some methods have been studied to solve the problem of rapid recombination of
photoinduced carriers. The electronic density of photocatalysts can be investigated by in-situ C
K-edge near edge X-ray absorption fine structure (NEXAFS) spectra to study the mechanism of
the photocatalytic process. The effects of crystal properties, nanostructure, cocatalyst, sacrificial
agent, electrically conductive materials, doping, calcination, crystal size, and pH on the performance
of composite photocatalysts are presented. Moreover, the facet effect and light trapping (or light
harvesting) effect, which can improve the photocatalytic activity, are also discussed.

Keywords: metal sulfides; H2 production; photocatalyst; facet effect; light trapping; crystal size

1. Introduction

Hydrogen, which has high energy yield and less greenhouse gas emissions after combustion, is an
environmentally friendly and attractive fuel. Hydrogen production and hydrogen economy, together
with potential applications in fuel cell hydrogen electric cars and hydrogen-diesel fuel co-combustion,
are hot topics in research related to hydrogen energy [1–8]. Hydrogen is an alternative energy source
for fossil fuels. Research on generating electricity from solar energy has also gained increasing
attention. Environmentally friendly photocatalytic water-splitting by semiconductor nanomaterials is
very important for the development of a hydrogen economy. The photoexcited electron–hole pairs
play an important role in the water splitting process. Photocatalysts should be able to absorb radiation
and efficiently reduce protons to hydrogen molecules with photogenerated electrons.

Metal sulfide-based photocatalysts are widely investigated because of their unique physical and
chemical properties [9–11]. In comparison with their metal oxide analogs, sulfide semiconductors
with narrower band gaps hold more promise as photocatalysts for H2 production [12]. However, the
H2 production performance of metal sulfide-based composite photocatalysts is still limited because
of the fast recombination of photoexcited carriers [13]. In addition, photocorrosion is also a major
problem for metal sulfide-based photocatalysts. Therefore, many researchers have focused on solving
the problems of photocorrosion and carrier recombination, examining the formation of a heterojunction
by decorating cocatalysts, introducing noble metal nanoparticles, or using porous conductive substrate.
It has been reported that the formation of a heterojunction interface with other semiconductors
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or coupling with other cocatalysts can overcome the carrier recombination and photocorrosion
problems [14]. The formation of a junction helps to promote the transport of photoexcited electrons.
In addition, it is reported that the performance of photocatalysts can also be enhanced further by
doping, modifying the surface texture, and tuning the crystal structure [15,16]. Furthermore, current
research on metal sulfide-based photocatalysts is focused on two hot topics: the search for novel
metal-sulfide nanomaterials that do not contain acutely toxic metals such as cadmium and lead, and
the search for cocatalyst nanomaterials that do not contain noble metals.

In this review, we discuss recent developments in the use of metal sulfide-based nanomaterials
as either photocatalysts or cocatalysts for H2 production, especially those in the last 10 years. Recent
progress on the fabrication and performance of metal sulfide-based composite photocatalysts is reviewed,
including the form of heterogeneous composite photocatalysts, immobilized photocatalysts, and
magnetically separable photocatalysts. In addition, the effects of experimental parameters—including
noble metal loading, transition metal doping, anion doping, calcination, the pH level of solution,
sacrificial agent, structure of photocatalysts, facet effect, light trapping effect, crystal size of photocatalysts,
and fabrication methods—on photocatalytic performance are also systematically reviewed.

2. Composite Photocatalysts

2.1. Semiconductor-Based Composite Photocatalysts

2.1.1. Cadmium Sulfide

CdS is a widely-investigated metal sulfide-based photocatalyst that has a narrow band gap and
high hydrogen production activity. The synergetic effects of this coupled composite photocatalyst on
hydrogen evolution can be studied by investigating the decay behavior of photoexcited carriers. The
synergetic effect is important for the enhancement of hydrogen production by sulfides of transition
metals. Wang et al. [17] reported that (ZnO)1/(CdS)0.2 composite showed noticeably slower decay
kinetics as compared to bare ZnO and CdS when observed with time-resolved fluorescence emission
decay spectra. This finding indicates that the photocatalyst (ZnO)1/(CdS)0.2 is able to produce the highest
H2 evolution among different ZnO/CdS heterostructures due to the transfer of photoexcited carriers
between CdS and ZnO, which may hinder recombination. A similar trend of this synergetic effect was
also observed in other studies, such as those incorporating g-C3N4 on the outer shell of a CdS core [18],
g-C3N4/Ni(OH)2-CdS [19], g-C3N4Ni/CdS [20], co-loading of MoS2 and graphene to CdS nanorods [21],
Ni3N/CdS [22], and MoS2/CdS [23]. Transition metal chalcogenides are appropriate candidates for
composite photocatalysts due to their conduction band positions, which are appropriate for the
reduction reaction of water to form hydrogen [24], and their excellent luminescence and photochemical
properties. Table 1 summarizes the photocatalytic performances of CdS-based photocatalysts.
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Table 1. Photocatalytic performances of CdS-based photocatalysts.

Photocatalyst Morphology
Synthetic
Method

Sacrificial
Agent

Activity
(μmol h−1g−1)

Ref. (Year)

CdS/ZnO Heterostructure Two-step
precipitation Na2S, Na2SO3 1805 [17] (2009)

g-C3N4/CdS Core–shell Solvothermal &
chemisorption Na2S, Na2SO3 4200 [18] (2013)

Ni(OH)2-CdS/g-C3N4 Core–shell Mixture Na2S, Na2SO3 115.2 [19] (2016)

Ni/CdS/g-C3N4 Hybrid system
NaBH4

reduction
method

triethanolamine 1258.7 [20] (2016)

MoS2-graphene/CdS Nanoparticle/nanorods Hydrothermal Lactic acid 2320 μmol h−1 [21] (2014)

Ni3N/CdS Nanorods Two step in-situ
growth method Na2S, Na2SO3 ~62 [22] (2016)

MoS2/CdS Heterostructure Precipitation Lactic acid ~540 [23] (2008)

2.1.2. Copper Sulfide

CuS/ZnS composites are efficient photocatalysts for hydrogen evolution. Wang et al. reported that
CuS/ZnS nanomaterials exhibit high visible light-induced H2 generation activity. The H2 generation
rate increases with increasing Cu2+ ions. However, as with other cocatalysts, when the maximum
amount of Cu2+ is reached (above 7 mol %), the hydrogen evolution rate decreases significantly. This is
due to light shielding by excess CuS, which reduces the number of active sites on the surface [25].
In addition to the solvothermal method for the fabrication of CuS cocatalysts, the growth of CuS/g-C3N4

by an in-situ method has been investigated by other authors. That study found that CuS nanoparticles
were uniformly distributed on g-C3N4 nanosheets [26].

Chang et al. found that CuS-ZnS1−xOx/g-C3N4 heterostructured photocatalyst had a high
photocatalytic H2 generation property. That study demonstrated that the decoration of CuS on the
surface helps to enhance the absorption of the heterostructured photocatalyst [27]. In addition, CuS
is used to decorate free-standing ZnS-carbon nanotube films because CuS can form heterojunctions
with ZnS to improve the separation of photoexcited charge carriers, resulting in higher rates of
hydrogen production [28]. In another work, Markovskaya et al. suggested the important role of CuS in
enhancing the hydrogen evolution rate of the photocatalyst Cd0.3Zn0.7S. The optimized performance
(3520 μmol h−1g−1) was obtained with 1 mol % CuS/Cd0.3Zn0.7S [29]. Similar contributions were also
found for CuS/TiO2 nanocomposites [30,31]. Table 2 lists the photocatalytic activity of CuS-based
composite photocatalysts.

Table 2. Photocatalytic activity of copper sulfide as the cocatalyst.

Photocatalyst Structure Synthetic Method Sacrificial Agent
Activity

(μmol h−1g−1)
Ref. (Year)

CuS/ZnS Hexagonal
plates Solvothermal Na2S, Na2SO3 1233.5 [25] (2015)

CuS/g-C3N4 Nanocomposites In-situ growth
method triethanolamine 17.2 [26] (2017)

CuS-ZnS1−xOx/g-C3N4 Heterostructure
Thermal

decomposition and
hydrothermal

Na2S, Na2SO3,
NaCl 10,900 [27] (2017)

CuS-ZnS/CNTF Nanocomposite Hydrothermal Na2S, Na2SO3,
NaCl 1213.5 [28] (2018)

CuS/Cd0.3Zn0.7S Nanoparticles Two-step technique Na2S, Na2SO3 3520 [29] (2015)

CuS/TiO2 Nanocomposite Hydrothermal Na2S, Na2SO3 1262 [30] (2018)

CuS/TiO2 Nanocomposite Hydrothermal Methanol 570 μmol h−1 [31] (2013)
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2.1.3. Silver Sulfide

Recently, silver sulfide was used as a cocatalyst of ZnS photocatalyst to enhance the hydrogen
evolution rate. For instance, Hsu et al. reported the use of Ag2S-coupled ZnO@ZnS core–shell nanorods
to achieve efficient H2 production. The maximum hydrogen production rate is reached when the
AgNO3 concentration is 2 mM; further increasing the concentration only decreases the hydrogen
production rate [32]. Figure 1 demonstrates the morphology of and a possible mechanism for the
photocatalytic reaction. Because of the growth of Ag2S on ZnO@ZnS nanorods, photoexcited electrons
can effectively transfer from ZnS to Ag2S or migrate to the conductive wire mesh substrate. The reaction
of electrons and H+ can produce H2. Similarly, Yue et al. fabricated a novel Ag2S/ZnS/carbon nanofiber
ternary composite to increase the hydrogen production rate well above that of the reported ZnS
composite photocatalyst. In addition, the synergetic effect of Ag2S and CNF is also important for
inhibiting the recombination of charge carriers [33]. Moreover, nanosheets of ZnS:Ag2S also exhibit a
trend of enhancement similar to that of the above mentioned nanostructure. As reported by Yang et al.,
porous ZnS:Ag2S nanosheets were synthesized such that the porous nanostructure provided a large
surface area for intimate contact with the sacrificial solution [34]. Table 3 shows the H2 generation
performances of photocatalysts loaded with silver sulfide.

Figure 1. Morphology and a proposed mechanism of the photocatalytic H2 production by metal wire
mesh based immobilized photocatalysts with Ag2S-coupled ZnO@ZnS core–shell nanorods. Figure
adapted from [32].

Table 3. Photocatalytic H2 generation property of photocatalysts loaded with silver sulfide.

Photocatalyst Morphology
Synthetic
Method

Sacrificial
Agent

Activity
(μmol h−1g−1)

Ref. (Year)

Ag2S-ZnO@ZnS
core–shell Nanorods Hydrothermal Na2S, Na2SO3,

NaCl 6406 [32] (2016)

Ag2S/ZnS/carbon
nanofiber Nanofibers

Solid-state
process and

cation-exchange
Na2S, Na2SO3 224.9 μmol h−1 [33] (2016)

ZnS:Ag2S Porous
nanosheets

Thermal
decomposition Na2S, Na2SO3 104.9 [34] (2014)

2.1.4. Zinc Sulfide

ZnS is an excellent photocatalyst for photocatalytic water splitting, for it can produce high negative
potentials of photoexcited electrons. Xin et al. reported that ZnS@CdS-Te photocatalysts with a p–n
heterostructure exhibited improved H2 generation rates. Based on the possible mechanism, after the
loading of ZnS on the CdS-Te nanostructure, more surface active sites can be produced, leading to
increased hydrogen generation activity [35]. Figure 2 presents a possible mechanism of ZnS@CdS-Te
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photocatalysts. Moreover, a similar heterojunction between ZnS/g-C3N4 has been studied by Hao et al.
In that study, the close contact between ZnS and g-C3N4 increased the capacity of light harvesting and
efficiency of charge separation. The key factor that enhanced the photocatalytic hydrogen was the
two-photo excitation of ZnS [36].

 

Figure 2. Possible mechanism of ZnS@CdS-Te composite photocatalysts. Figure adapted from reference [35].

In addition to nanostructures, the chloroplast-like structure of Bi2S3/ZnS also possesses high
photocatalytic activity due to its band gap structure. Based on the reported reaction mechanism,
photogenerated electrons migrate from Bi2S3 to ZnS to generate H2, while holes transfer from ZnS
to Bi2S3. This efficient charge separation improves the H2 generation rate in this chloroplast-like
structure [37].

Efficient H2 generation has been achieved by CdS-ZnS photocatalyst without facilitation by a
cocatalyst. This includes the study done by Jiang et al. on a CdS nanorod/ZnS nanoparticle photocatalyst.
The highly efficient hydrogen production likely resulted from the rapid transport of carriers in the
core–shell nanorod structure [38]. Table 4 presents the H2 generation performances of ZnS-based
photocatalysts.

Table 4. Photocatalytic H2 generation performances of ZnS-based photocatalysts.

Photocatalyst Morphology
Synthetic
Method

Sacrificial
Agent

Activity
(μmol h−1g−1)

Ref. (Year)

ZnS@CdS-Te p–n
heterostructure

Microwave
hydrothermal

Na2S·H2O,
Na2SO3

592.5 [35] (2018)

ZnS/g-C3N4 Nanocomposite One-pot
hydrothermal Na2S, Na2SO3 713.68 [36] (2018)

Bi2S3/ZnS Chloroplast-like
structure Solvothermal Na2S, Na2SO3 176.24 [37] (2017)

CdS/ZnS
Core–shell

nanoparticle
composite

Solvothermal Na2S, Na2SO3
239 μmol
h−1mg−1 [38] (2015)

2.2. Electrically Conductive Materials (Non-Noble Metal)-Based Composite Photocatalysts

2.2.1. Graphene

In addition to decoration with noble and non-noble metals, combining a photocatalyst with
graphene or carbon dots is also a useful way to improve activity [39–44]. Graphene can be incorporated
solely or co-loaded with other compounds. Loading graphene provides several benefits, such as a
large surface area and enhanced separation of photoexcited electron–hole pairs. In other words, the
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exceptional electron transfer capability of graphene and intimate contact between the photocatalyst
and graphene can help to transport photoexcited electrons efficiently, thus improving the activity for
photocatalytic hydrogen generation. As shown in work done by Azarang et al. on nitrogen-doped
graphene-supported ZnS nanorods, the photocatalytic activity of ZnS was multiplied by as much as
6 times when solely graphene was loaded and by 14 times when loaded with NG-ZnS [45].

Chang et al. [46] found that the incorporation of graphene with ZnO-ZnS nanoparticles
improved the rate of H2 generation from glycerol. The irradiated and dark states of in-situ C
K-edge NEXAFS spectra were monitored to investigate the electronic properties of the photocatalyst.
In-situ NEXAFS spectra revealed that photoexcited electrons can be transported from ZnO-ZnS
nanomaterials to graphene. NEXAFS spectra were used to investigate the interfacial electronic
states of AgI/BiOI/graphene (A10B/G10) samples [47]. Figure 3a–c presents the intensity change (ΔA)
between the irradiated and dark states of the Ag L3-edge, C K-edge, and Bi lL3-edge of BiOI/graphene
photocatalyst (BG10), and A10B/G10 photocatalyst. In comparison with BG10, A10B/G10 presents
more positive ΔA values of NEXAFS for the Bi L3-edge and the Ag L3-edge under in situ light exposure,
revealing the increased amounts of the unoccupied density of states (DOS) of the Ag L-edge and
Bi L-edge after light exposure due to donating photoexcited electrons for BiOI and AgI. In contrast,
compared with A10B/G10, B/G10 exhibits more negative ΔA values of NEXAFS for the C K-edge under
light irradiation. The reduced C K-edge indicates the decrease of unoccupied DOS of graphene after
light irradiation due to receiving the photoexcited electrons. These results imply the migration of a
charge from AgI to BiOI and then to graphene under light exposure. (Figure 3d). The activity can be
improved by the formation of graphene/BiOI and BiOI/AgI heterostructures.

Figure 3. Intensity change between the irradiated and dark states of (a) Bi lL3-edge, (b) C K-edge, and
(c) Ag L3-edge. (ΔA =Alight −Adark) of B/G10 and A10B/G10 photocatalysts, (d) a proposed mechanism
for the photocatalytic H2 generation reaction by A10B/G10 [47].
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The incorporation of graphene provides not only the above-mentioned advantages but also good
water dispersity of the composite photocatalyst. This advantage was confirmed by Zhang et al. based
on the results of CdSe/CdS-Au (QD-Au) core–satellite heteronanocrystal assembled on graphene
nanosheets [48]. In addition to the common graphene nanosheets, Chang et al. also reported
using flower-like graphene with a 3D porous structure for application in photocatalytic activity.
The application of flower-like graphene enables the photocatalyst to have a higher BET surface area,
which leads to enhanced photocatalytic hydrogen production [49]. Table 5 shows the hydrogen
generation properties of graphene-loaded composite photocatalysts.

Table 5. Photocatalytic H2 production properties of graphene-loaded composite photocatalysts.

Photocatalyst Morphology Synthetic Method Sacrificial Agent
Activity

(μmol h−1g−1)
Ref. (Year)

MoS2/graphene-CdS Nanocomposite Solution-chemistry Lactic acid 1800 μmol h−1 [44] (2014)

Nitrogen-doped
graphene/ZnS Nanorods Thermal annealing

of G-ZnS
Na2S, Na2SO3,

NaCl 1755.7 [45] (2018)

Graphene/ZnO-ZnS Particle-on-sheet Two-step heating Glycerol 1070 [46] (2018)

Graphene/CdS Nanocomposite Solvothermal Lactic acid 1120 μmol h−1 [47] (2011)

CdSe/CdS-Au-graphene Nanocrystals SILAR technique Na2S, Na2SO3 3113 [48] (2014)

Graphene/ZnS Nanocomposite Hydrothermal Na2S, Na2SO3,
NaCl 11,600 [49] (2017)

2.2.2. Reduced Graphene Oxide and Graphene Oxide

Since the discovery of graphene (G) and/or graphene oxide (GO) [50], they have been widely
studied [51–53]. GO consists of graphene nanosheets with epoxy or hydroxyl group-modified
basal planes and carbonyl/carboxylic acid-modified edges [54–56]. In contrast to graphite, GO can
be exfoliated easily and dispersed in aqueous solution because of these hydrophilic groups on the
surface [57–59]. Hence, a few studies have used graphene oxide as the supporting material. For instance,
in a recent study done by Peng et al., GO-cadmium sulfide was immobilized and well dispersed on a
graphene oxide sheet. Increasing the GO-loading up to 5 wt % promoted the hydrogen generation
rate to a maximum of 314 μmol h−1 [60]. Hou et al. found that the introduction of GO can extend the
lifetime of the photoexcited carriers because they can act as both electron transporter and electron
acceptor [61].

A number of authors have also driven the further development of reduced graphene oxide.
For instance, Zhang et al. enhanced solar photocatalytic hydrogen production by introducing
reduced graphene oxide nanosheets and ZnxCd1−xS. That research provided a green method for using
reduced graphene oxide (RGO) as a support material to enhance the performance of ZnxCd1−xS
photocatalyst, for the hydrogen production of RGO-Zn0.8Cd0.2S was 450% higher than that of
pristine Zn0.8Cd0.2S [62]. Similar effects after the incorporation of reduced graphene oxide have
been evidenced in other works, such as studies of ZnO-CdS/RGO [63] and ternary NiS/ZnxCd1−xS/RGO
nanocomposites [64]. Table 6 presents the photocatalytic H2 production properties of graphene oxide
loaded with composite photocatalysts.
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Table 6. Photocatalytic H2 production for graphene oxide loaded with composite photocatalysts.

Photocatalyst Morphology Synthetic Method
Sacrificial

Agent
Activity

(μmol h−1g−1)
Ref. (Year)

GO-CdS Nanocomposite Precipitation Na2S, Na2SO3 314 μmol h−1 [60] (2012)

GO-CdS@TaON Hybrid
composites Hydrothermal Na2S, Na2SO3 633 μmol h−1 [61] (2012)

RGO-ZnxCd1−xS Nanocomposite Coprecipitation-hydrothermal Na2S, Na2SO3 1824 [62] (2012)

ZnO-CdS/RGO Heterostructure Light irradiation-induced
reduction Na2S, Na2SO3 510 μmol h−1 [63] (2014)

NiS/ZnxCd1−xS/RGO Ternary
nanocomposite Coprecipitation-hydrothermal Na2, Na2SO3 205.9 μmol h−1 [64] (2014)

2.2.3. Conductive Polymer

Many papers have reported on the improvement of photocatalytic activity due to the loading of
conductive polymers, such as polythiophene, polypyrrole, PEDOT, and PSS. Conductive polymers
are capable of inducing charge separation in the composite photocatalysts [65]. A recent study
showed that polyaniline (PANI)/ZnS synthesized by solvothermal method increases the hydrogen
evolution rate up to 6750 μmol h−1g−1 because PANI has unique electron and hole transporting
properties [66]. PANI-ZnS composite photocatalysts exhibit improved dispersibility, light harvesting,
and photocurrent response. Wang et al. [67] also reported on conducting polymers (such as polypyrrole,
poly-3,4-ethylenedioxythiophene (PEDOT), and PANI) on the surface of CdS nanorods. It was found
that the rate of hydrogen production of polyaniline@CdS was almost 5 times that of PEDOT@CdS and
3 times that of polypyrrole@CdS. That study showed that polyaniline is an efficient conducting material
for modifying CdS nanomaterials, for it enables better light penetration than does a polypyrrole shell.
Zielińska et al. [68] reported that the hydrogen production of PANI/NaTaO3 photocatalyst under UV
light irradiation was about twice that of pristine NaTaO3 photocatalyst. PANI/NaTaO3 exhibits a
lower PL spectrum than that of NaTaO3, indicating a slower recombination of photoexcited charge
carriers. The photoluminescence (PL) spectrum confirmed that the enhancement resulted from the
efficient charge separation process. Sasikala et al. studied the photocatalytic hydrogen production
performance of MoS2-PANI-CdS photocatalysts [69]. The incorporation of MoS2 and PANI improved
the visible light absorption ability and improved the lifetime of photoexcited electron–hole pairs of
the composite photocatalysts. To achieve high photocatalytic activity, 4% MoS2 and 5% PANI are the
optimum amounts for the composite photocatalysts. The enhanced light absorption and lifetime of
the photoexcited charge carriers result in improved activity of the photocatalysts. Figure 4 presents
a possible mechanism for the electron transfer of MoS2-PANI-CdS photocatalysts. Incorporating
polyaniline helps to separate photoinduced charges across the ZnS-polyaniline interfaces.

 

Figure 4. A proposed mechanism for the electron transfer of MoS2-PANI-CdS photocatalysts when
illuminated. Figure adapted from [69].
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2.2.4. Conductive Substrate

Chang et al. studied the performance of Ni-doped ZnS/NiO/Ni foam photocatalysts [70]. Ni foam
was decorated with doped ZnS to prepare the porous immobilized photocatalysts. The photocatalysts
had an optimized activity of 2500 μmol/g−1 h−1, resulting from their matched band structure, porous
microstructure, and conductive Ni foam as substrate. The surface turned from hydrophobic to
superhydrophilic after Ni-doped ZnS was grown on the surface of the Ni foam. In addition, the porous
microstructure facilitated the transport of reactant and generated a large amount of surface active sites,
and the conductive Ni foam aided in the separation of photoexcited carriers. Figure 5 shows a proposed
mechanism, illustrating the band structure of the photocatalysts and the transport of photoexcited
electrons. When the composite photocatalysts were irradiated with light, the photoexcited electrons
were effectively separated by their transportation from ZnS to NiO. In addition, stainless-steel wire
mesh is also a good candidate for the preparation of porous immobilized photocatalysts [71].

Figure 5. A possible mechanism for the photoexcitation and carrier transporting process of Ni-doped
ZnS/NiO/Ni foam photocatalysts. Figure adapted from [70].

2.3. Magnetic Materials-Based Composite Photocatalysts

Magnetic nanomaterials have been used as the core for the preparation of magnetically separable
photocatalysts. To improve the activity, photocatalyst nanomaterials should be highly dispersible
in solution. Nonetheless, it will become more difficult to separate and reuse the nanoparticles of
photocatalysts by centrifugation for repeated operation if such good dispersal stability is achieved.
Hence, the introduction of magnetic nanomaterials in photocatalysts will enable efficient separation for
the repeated use of photocatalysts. For instance, in studies conducted on NiCo2O4@ZnS and Fe3O4@ZnS
core–shell nanoparticles, the recycled photocatalyst exhibited a good hydrogen evolution rate even
after being recycled three times [72]. The ZnS shell deposited on a magnetic core decreases the magnetic
saturation of core–shell microspheres. CoFe2O4@ZnS nanoparticles exhibit superparamagnetic
properties where no residual magnetism is left after repeated use of the photocatalyst [73]. Figure 6
shows the dispersion and magnetic separation of calcinated CoFe2O4@ZnS-0.5h photocatalyst. The
superparamagnetic property is quite important for photocatalytic H2 generation in practical operations.
After the magnet is removed, there should be no residual magnetism so as to prevent the aggregation
of recycled photocatalysts.
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Figure 6. (a) Dispersion of CoFe2O4@ZnS-0.5h photocatalysts, (b) the separation of CoFe2O4@ZnS-0.5h
photocatalyst by an external magnet. Figure adapted from [73].

3. Experimental Parameters for Enhancing Photocatalytic Activity

3.1. Loading with Metal

The majority of the prior research to improve the activity of photocatalysts involved the loading
of noble and non-noble metals and the coupling of semiconductors. Then the photogenerated electrons
could be transported to the noble metals or delocalized and transported between photocatalysts.

3.1.1. Noble Metal Loading

The photocatalytic activity for the production of hydrogen is affected by the noble metal loaded on
the photocatalyst. Noble metal co-catalysts can accelerate the transport of photoexcited charge and thus
create H2 desorption sites. This will eventually lead to higher H2 generation activity [74]. Although
the rate of H2 generation will increase with increasing noble metal loads, the loading amount will
reach a maximum, above which further increases of a noble metal will not decrease the photocatalytic
activity. The reduction is probably due to two factors: (i) excess noble metal will lead to shielding of
the incident light; and (ii) a higher amount of noble metal decorated on the photocatalyst surface will
causes light scattering of the samples, thus reducing the effective irradiation absorbed by the reaction
suspension [75,76].

Zhou et al. studied the ternary heterojunction photocatalyst CdS/M/TiO2 (M = Ag, Au, Pd,
Pt). Some photocatalysts enriched with the noble metals are better than pristine TiO2 and binary
heterojunction photocatalysts. For example, the hydrogen evolution rate of photocatalyst loaded with
Pd (CdS/Pd/TiO2) is 6.7 times higher than that of CdS/TiO2 [77].

The photocatalytic H2 generation activity also increases as greater amounts of Au are loaded onto
ZnS flowers. When the Au load is less than 4%, the photocatalytic activity is able to reach 3306 μmol
h−1g−1. Further increasing the Au load to 6% reduces the activity. Such improvement of photoactivity
can be ascribed to the following reasons. First, in comparison with the conduction band minimum of
ZnS, Au has a lower Fermi level. The photoexcited electrons can be transported to Au. Second, the
Au(I) loaded on the ZnS lattice will extend the light absorption wavelength and enhance the light
harvesting efficiency [78]. Moreover, when Au nanoparticles are incorporated on S,N-modified TiO2

(SNT), the Au particles promote the visible light-driven hydrogen production activity. Because of
surface plasmon resonance, 3.5 nm Au particles deposited on TiO2 can increase light absorption. The
amount of hydrogen generated by the 3Au-SNT is 9 times that of pure SNT [79].

In addition to Au, Pt is frequently incorporated in semiconductor photocatalysts. In a previous
study by Yu et al., Pt was loaded onto a Cu2ZnSnS4 (CZTS) semiconductor with a maximum content
of 1%, and the hydrogen production rate increased. However, the performance decreased when the
Pt load was further increased, due to the optical shielding effect. The production of hydrogen by 1%
Cu2ZnSnS4-Pt was 8 times higher than that of bare Cu2ZnSnS4. Intimate contact between CZTS and Pt
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increases the production of hydrogen [80]. Similarly, in CdS photocatalyst, the hydrogen evolution
reaches a quantum efficiency of 51% and a maximum of 4800 μmol h−1 when 0.65 wt % of Pt is loaded
on CdS. However, the activity can be further increased by loadings of 0.3 wt % Pt and 0.13 wt % PdS on
CdS. The co-loading of noble and non-noble metals onto pristine CdS promotes the splitting of H2S into
H2 and S [81]. Likewise, the addition of Pt to CuS-TiO2 enhances the evolution of hydrogen because
excited electrons from the CB of CuS or through CB of TiO2 can be transferred directly to Pt sites,
resulting in the reduction of protons to hydrogen [82]. Moreover, loading Pt on novel CdxCuyZn1−x−yS
also enhances the photocatalytic performance. The presence of 0.5 wt % Pt increases the H2 production
rate to 557 μmol h−1, as compared to 350 μmol h−1 produced by Cd0.1Cu0.01 Zn0.89S alone [83].

The presence of Cu in a photocatalyst facilitates carrier separation and also increases light
absorption. As reported in a study of In and Cu co-doped ZnS photocatalysts by Kimi et al. [84],
photocatalytic performance is strongly related to the amount of doped Cu. With the suitable amount of
doped Cu (0.03), hydrogen evolution reaches a maximum that is 8 times higher than that of hydrogen
produced by In(0.1)-ZnS photocatalyst. However, with the incorporation of more Cu, the photocatalytic
activity becomes lower than that of single doped In(0.1)-ZnS. An excessive amount of Cu causes light
scattering, and the excess Cu also acts as recombination sites to halt the photocatalytic reaction.

Although the incorporation of noble metals in photocatalysts will increase the rate of hydrogen
production, different noble metals have various effects on the enhancement. When four different noble
metals, Pt, Rh, Pd, and Ru, are decorated on CdS/TiO2 photocatalyst, the amount of photogenerated
H2 by Pt loaded (640 μmol h−1) photocatalyst is the highest [85]. Table 7 shows the photocatalytic H2

generation for noble metal-loaded photocatalysts.

Table 7. Photocatalytic H2 generation for noble metal-loaded photocatalyst.

Photocatalyst Noble Metal Synthetic Method
Activity

(μmol h−1 g−1)
Ref. (Year)

CdS/M/TiO2 Au, Ag, Pt Two-step
photodeposition - [77] (2014)

ZnS flower Au Deposition-precipitation 3306 [78] (2013)
S,N-TiO2 Au Deposition-precipitation 267.6 [79] (2014)

Cu2ZnSnS4 Pt - 1020 [80] (2014)
CdS Pt Photodeposition 8770 μmol h−1 [81] (2009)

CuS-TiO2 Pt Hydrothermal 746 [82] (2016)
CdxCuyZn1−x−yS Pt Co-precipitation 557 μmol h−1 [83] (2008)
In(0.1),Cu(x)-ZnS Cu Hydrothermal 16.6 μmol h−1 [84] (2016)

CdS/TiO2 Pt Precipitation Pt: 640 μmol h−1 [85] (2007)
ZnO-CdS Pt Modified hydrothermal 6180 [86] (2010)

3.1.2. Transition Metal Doping

As observed from a few recent studies, transition metals (TM) have begun attracting attention
because doping with TM can significantly enhance the photocatalytic performance by efficiently
promoting the separation process of photoexcited holes and electrons. For instance, Chen et al.
developed an in-situ photodeposition method to load Co on CdS nanorods. That work reported
a highest photocatalytic activity of 1299 μmol h−1 with the optimum loading of 1.0 wt % [87].
In comparison with nickel and iron, cobalt has the ability to improve the rate of H2 generation.
From the work done by Zhou et al., the enhancement of the activity of MoSx was found to be in the
order of Co > Ni > Fe [88]. This improved performance results from the higher amount of doped
Co and the capability of Co to activate the S-edge sites [89]. A quick screening technology has been
reported to find out the optimized composition of the photocatalyst. M-ZnS based photocatalysts
(M = Cr, Cu, Ni, Mo, and Ag) for photoelectrochemical water oxidation applications can be screened
rapidly using scanning electrochemical microscopy (SECM) with an optical fiber by finding, the spot
with the highest photocurrent among the photocatalyst arrays [90].
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Ni doping can enhance the photocatalytic activity of H2 generation by increasing the absorption of
light of the doped photocatalyst. In contrast, when the amount of Ni loaded on ZnS-graphene composites
is increased, it will degenerate the crystalline property of the photocatalyst [91]. In addition, the
incorporation of Ni on Cd1−xZnxS microsphere photocatalyst increases the rate of hydrogen production
to 191 μmol h−1g−1 when an optimum amount of 0.1 wt % Ni is loaded. The increment results from
the decreased particle size and increased surface area of the photocatalyst [92]. Incorporating a metal
such as Ni onto the photocatalyst can accelerate the process of transferring electrons to the surface and
decrease the band gap, leading to increased photocatalytic activity. A similar trend of enhancement by
Ni doping was also observed with stainless steel wire mesh@doped ZnS photocatalyst [93]. Pristine
stainless steel wire mesh C60 has a hydrophobic surface (water contact angle = 103◦). In contrast, the
water contact angle of ZnS decorated wire mesh photocatalyst C60S0.5 is 0◦. Effective contact between
the sacrificial solution and the photocatalyst surface is very important because the photocatalyst is
used for photocatalytic H2 generation in aqueous sacrificial solution. Improving the hydrophilicity
of the photocatalyst will lead to increased activity. Table 8 lists the photocatalytic H2 production
performances for transition metal doped photocatalysts.

Table 8. Photocatalytic hydrogen production performances for transition metal doped photocatalysts.

Photocatalyst Dopant
Synthetic
Method

Sacrificial Agent
Activity

(μmol h−1g−1)
Ref. (Year)

CdS Co In-situ
photodeposition (NH4)2SO3 1299 μmol h−1 [87] (2018)

MoSG Co Solvothermal TEOA-H2O 11,450 [88] (2019)

ZnS-graphene Ni chemical vapor
deposition Na2S, Na2SO3, NaCl 8683 [89] (2015)

Cd1−xZnxS Ni Hydrothermal Na2S, Na2SO3 191 [92] (2008)

Staninless
steel@ZnS Ni Solvothermal Na2S, Na2SO3, NaCl 14,600 [93] (2014)

3.2. Non-Metal Doping

Gopinath et al. [94] reported that the band gap of semiconductor oxide was reduced by doping
with anions because of the broadening or the upward shifting of VB. Asahi et al. [95] studied the
effects of C, N, F, P, or S doping on TiO2-based photocatalysts. Their results showed that N doping
can decrease the band gap of the photocatalyst due to the energy state overlapping between the N
2p states and O 2p states. Such band gap narrowing was also found for S doped photocatalysts.
Up to the present, only a few studies have demonstrated the use of anion doping to improve the
visible light-induced hydrogen generation performance. As non-metal doping is more difficult to
prepare by conventional chemical methods, it has received little attention. Tsuji et al. demonstrated the
effectiveness of halogen codoped Pb-ZnS photocatalyst in photocatalytic activity. Although Pb-doped
ZnS already has a high hydrogen evolution rate, codoping of halogen is still useful, for it facilitates
the relaxation of the distortion produced by doping with large Pb ions. The photocatalytic activity of
halogen and Pb codoped ZnS is three times higher than that of the Pb-doped ZnS photocatalyst [96].

3.3. Calcination

By changing the treatment temperature and ambient gas condition, the post thermal treatment of
metal sulfide photocatalysts at elevated temperature in air or oxygen usually results in effective
electron–hole separation and enhanced photocatalytic activity, due to the formation of metal
sulfide–metal oxide heterojunction. Hong et al. [97] reported that ZnS–ZnO composite prepared by
thermal treatments from preformed ZnS particles showed improved charge separation and photocatalytic
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activity. Optimizing oxide content in ZnS–ZnO photocatalyst by controlling O2 partial pressure (16.9 kPa)
and temperature (500 oC) can help to achieve a H2 production rate of 494.8 μmol g−1 h−1.

The crystallinity and surface area of a photocatalyst can be modified by calcination. Based on
previous studies, the H2 production rate increases as the calcination temperature increases. However,
there is an optimum temperature for the maximum H2 evolution rate. Further increment of temperature
will cause negative effects on the H2 production rate. This negative effect results from the decrease in
the surface area after heating at high temperature. These findings have been evidenced in Ce-doped
ZnO/ZnS [98], ZnS1−x−0.5yOx(OH)y(1:1) [99], and CdS/TiO2 [85]. Table 9 presents the influence of
calcination treatment on the activity of photocatalysts.

Table 9. Effects of calcination treatment on photocatalytic performance.

Photocatalyst Synthesis Method
Optimum

Temperature (K)
Surface Area

(m2/g)
Activity

(μmol h−1g−1)
Ref. (Year)

Ce-doped ZnO/ZnS precipitation 673 51.25 1200 [98] (2015)
ZnS1−x−05yOx(OH)y(1:1)T1-673 Co-precipitation 373 72.4 ~375 μmol [99] (2009)

CdS/TiO2
Precipitation and
sol–gel method 773 ~25 ~620 μmol h−1 [85] (2007)

3.4. Effects of pH Level

The photocatalytic evolution of hydrogen is affected by the pH level of the sacrificial agent solution.
However, the effect of pH on photocatalytic performance depends on the mechanism of the reaction.
According to previous research by Markovskaya et al., the pH level of the sacrificial agent can be
manipulated by adding NaOH or acetic acid. The addition of acetic acid initially increases the rate of
hydrogen evolution, up to a sharp peak at pH 7.5. Further increasing the acetic acid causes a drop in
the evolution rate. The H2 production in Na2S/Na2SO3 is described as [29]

Na2S + Na2SO3 + 2H2O→ H2 + Na2S2O3 + 2NaOH (1)

According to reaction (1) of the reaction mechanism, the addition of hydroxyl ions thermodynamically
impedes the H2 production reaction, while an increase in the concentration of acetic acid promotes the
reaction. The dependence of the H2 generation rate on the pH level has been reported for Ni-doped CdS
nanorods [100]. Both samples under pH 14.7 conditions performed better than the other two. These
results suggested that the concentration of OH- is an important factor that will affect the efficiency of
hydrogen generation.

3.5. Sacrificial Agent

The sacrificial agent plays the important role of electron donor, efficiently consuming holes to
prevent recombination of charge carriers on the surface of the photocatalyst [100]. Charge recombination
is one of the factors that may hinder the performance of photocatalytic reactions. Adding suitable
sacrificial agents helps to solve the problem. For different reactions, different sacrificial agents should
be used. For photocatalytic hydrogen production reactions, the sacrificial agent acts as the hole
scavenger to reduce the charge recombination of the photoexcited electron–hole pairs. Then electrons
can react with H+ and enhance the photocatalytic performance for hydrogen production. Metal
sulfide-based photocatalysts exhibit excellent activities in aqueous solution containing sacrificial
reagents Na2S and Na2SO3. In addition to Na2S and Na2SO3, some other candidates—such as
methanol [31], triethanolamine [20,101], lactic acid [23,44], glycerol [46], and 2-propanol [102]—can act
as the sacrificial agents for metal oxysulfide or metal oxide/metal sulfide composite photocatalysts.
It will be more constructive from the viewpoints of energy production and environmental protection
if the sacrificial agents are sourced from the chemical waste or byproducts of industrial processes.
One example is glycerol, which is a byproduct of biodiesel manufacturing. In the chemical industry,
sulfur-containing side products and waste are common. In addition to the type of sacrificial agent, its
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concentration also affects the photocatalytic activity. As an example, the effect of glycerol concentration
on the performance of photocatalysts has been studied [46]. Glycerol can react with photogenerated
holes to hinder the recombination of electron–hole pairs. Optimized graphene and glycerol contents
can achieve the maximum H2 generation activity (1070 μmol h−1g−1). Table 10 lists the photocatalytic
activity of photocatalysts using different sacrificial agents.

Table 10. Photocatalytic activity of photocatalysts using different sacrificial agents.

Photocatalyst Morphology Synthetic Method
Sacrificial

Agent
Activity

(μmol h−1g−1)
Ref. (Year)

Ni/CdS/g-C3N4 Hybrid system NaBH4 reduction
method Triethanolamine 1258.7 [20] (2016)

MoS2/CdS Heterostructure Precipitation Lactic acid ~540 [23] (2008)

CuS/TiO2 Nanocomposite Hydrothermal Methanol 570 μmol h−1 [31] (2013)

MoS2/graphene-CdS Nanocomposite Solution-chemistry Lactic acid 1800 μmol h−1 [44] (2014)

Graphene/ZnO-ZnS Particle-on-sheet Two-step heating Glycerol 1070 [46] (2018)

ZnIn2S4/g-C3N4
Hetereojunction

nanosheets In-situ growth Triethanolamine 5.2 μmol h−1 [101] (2016)

CdS/CdSe Nanorods - 2-propanol 40 mmol/h-g [102] (2010)

3.6. Morphology

The morphology of a photocatalyst also affects the performance, for the surface area and the surface
active sites are influenced by the structure. Photocatalysts have different morphologies, including 3D
and porous morphologies, nanosheets, nanorods, nanoflowers, and nanowires [14,19,25,32,34,47,77,103].
Recently, Amirav et al. studied tunable nanorod heterostructures. They demonstrated that a longer CdSe
seeded rod was more active than a shorter rod of the same diameter, as the surface active sites were
located further apart. However, nanorods with comparable rod lengths but smaller diameters will provide
higher activity [102]. Panmand et al. reported that more structural defects and surface states are created
on CdS decorated Bi2S3 nanowires. Figure 7 presents the morphology of a composite photocatalyst.
The photogenerated charge carriers of photocatalysts with such defect energy levels can be effectively
separated, leading to enhanced photocatalytic activity [104].

 

Figure 7. (a) HRTEM image; (b) SAED pattern of CdS decorated Bi2S3 nanowires; magnified HRTEM
images of (c) Bi2S3 nanowire; (d) CdS nanoparticle [104].

In addition, a 2D morphology (such as a nanosheet) can help to improve the photocatalytic
activity. Zhang et al. reported that ZnIn2S4/g-C3N4 heterojunction nanosheets demonstrated higher H2
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production rates compared to single heterojunction components [101]. The contact of the components to
form heterojunctions is very important [105]. A nanorod array structure with a small inter-rod distance
will not easily form heterojunctions with close contact between different components. In contrast, a 2D
heterostructure has enhanced photocatalytic performance because the van der Waals interaction of
the 2D heterostructure junction between 2D metals (1T-MoS2) and the 2D semiconductor (O-g-C3N4)
minimizes the Schottky barrier, thus improving the efficiency of charge transfer [106].

Moreover, the notable high hydrogen production rate and good stability achieved by mesoporous
monoclinic CaIn2S4 with surface nanostructures implies the importance of structure in enhancing the
H2 evolution rate. Ding et al. reported that monoclinic CaIn2S4 (m-CaIn2S4) exhibits a lower ability
than cubic CaIn2S4 (c-CaIn2S4) to absorb visible light, but it also has better photocatalytic performance.
The better performance results from the larger surface area, higher pore volume, more negative
conduction band potential, and efficient separation of photoexcited carriers of m-CaIn2S4 [107].

Furthermore, a core–shell structure will also benefit the photocatalyst, as it may have an increased
surface area and change the surface properties. For example, Chang et al. reported that the growth of
Ag2S-ZnO@ZnS core–shell nanorods on metal wire mesh had modified the surface from hydrophobic to
superhydrophilic. In addition, the H2 production activity also increased with the increasing thickness of
the ZnS shell [32]. A similar trend was also evidenced in studies of NiCo2O4@ZnS and Fe3O4@ZnS core
shell photocatalysts [72]. Table 11 presents the performances of photocatalysts with different structures.

Table 11. Photocatalytic activity of photocatalysts with different structures.

Photocatalyst Morphology Synthetic Method Sacrificial Agent
Activity

(μmol h−1g−1)
Ref. (Year)

ZnIn2S4/g-C3N4
Heterojunction

nanosheets In-situ growth Triethanolamine 5.2 μmol h−1 [104] (2016)

CdS/CdSe Nanorods - 2-propanol 40 mmol h−1g−1 [102] (2010)

CdS/Bi2S3 Nanowires In-situ growth H2S, KOH 4560 [103] (2016)

CaIn2S4

Mesoporous monoclinic
with surface

nanostructure

High temperature
sulfurization Na2S, Na2SO3 3.02 mmol h−1g−1 [106] (2018)

CaIn2S4/g-C3N4
Heterojunction
nanocomposite Two-step method Na2S, Na2SO3 102 [107] (2014)

ZnIn2S4
3D hierarchical

persimmon-like shape

Oleylamine
(OA)-assisted
solvothermal

Na2S, Na2SO3 220.45 μmol h−1 [108] (2012)

Ag2S-coupled
ZnO@ZnS Core–shell Sulfidation Na2S, Na2SO3, NaCl 5310 [32] (2016)

NiCo2O4@ZnS Core–shell Solvothermal Na2S, Na2SO3, NaCl 3900 [72] (2015)

Fe3O4@ZnS Core–shell Solvothermal Na2S, Na2SO3, NaCl 880 [72] (2015)

3.6.1. Facet Effect

It has been reported that the photocatalysis reaction mainly occurs at the surface of the photocatalyst.
The exposure of certain facets leads to greatly improved activity of the photocatalysts, known as the
facet effect. Therefore, the preparation of photocatalysts with specific morphologies and structures is
an important topic in the photocatalysis field. The facet effect has been observed for some oxide-based
photocatalysts. Li et al. [109] reported that efficient separation of photoexcited electron–hole pairs
can occur between different facets of photocatalytic nanomaterials. In comparison with their analogs
with randomly distributed cocatalysts, selective deposition of a reduction cocatalyst and an oxidation
cocatalyst on the {010} and {110} facets of BiVO4 leads to higher photocatalytic activity. Ohno et al. [110]
found the effect of facets on the photocatalytic activity of TiO2 photocatalysts. For the rutile TiO2

nanomaterials, the {110} facet can act as an effective reduction site, and the {011} facet can offer a site for
effective oxidation. TiO2 photocatalysts show high activity because of the synergistic effect between
the {110} and {011} facets.
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Similar results were also found for the sulfide-based photocatalysts. Song et al. found that, in
comparison with 2-D Cu2MoS4 nanosheet with the exposed {001} facet, Cu2MoS4 nanotube with the
exposed {010} facet exhibited effectively improved the performance for photocatalytic degradation
and water splitting [111]. Shen et al. reported that the crystal facets of ZnIn2S4 with a 3D-hierarchical
persimmon-like structure will influence the photocatalytic activity of ZnIn2S4. Extending the reaction
time did not reveal any significant influences on the band gap or surface area of ZnIn2S4. Hence, the
increase in the percentage of the {006} facet enhances hydrogen production [108]. The atomic structure
of the {006} facet mainly consists of unsaturated metal cations. During the H2 generation reaction, the
exposed unsaturated Zn and In cations of ZnIn2S4 will attract S2− and SO3

− anions, which may help
the oxidation process and speed up the consumption of photogenerated holes (Figure 8). This impedes
the electron–hole recombination process, leading to improved photocatalytic activity.

 

Figure 8. Schematic illustration of the hydrogen generation reaction on the {006} facets of the Pt loaded
ZnIn2S4 photocatalysts. Figure adapted from reference [108].

3.6.2. Light Trapping (Light Harvesting)

It is reported that properly patterned surface textures can lead to dramatically enhanced light
absorption by the photocatalyst because of the light trapping effect [32]. Some textured structures—
including nanowire arrays [112], ordered mesoporous structures [113], micro-hole arrays [114],
and hemisphere-array films [115,116]—are able to increase the light harvesting and photocatalytic
performance of photocatalysts. Zhang et al. [112] reported that a 3D ZnO nanowire array–CdS sample
exhibited substantial light-trapping enhancement in the visible light region. A schematic illustration of
interface scattering when the light was irradiated on the surface of porous photocatalyst is provided
in Figure 9 [116]. To enhance the light absorption efficiency, these surface textures allow multiple
reflections and light scattering within the nanostructures. The incident light can travel through the
cavities and decrease the optical loss. Efficient light trapping can be achieved by tuning the shape and
roughness of the textured surface [117].
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Figure 9. Schematic illustration of interface scattering due to nanograss decorated pore-array
photocatalysts. Figure adapted from [116].

3.7. Fabrication Method

Photocatalysts can be prepared by numerous methods, including the coprecipitation, cation
exchange, chemical bath deposition, hydrothermal, and solvothermal methods. The co-precipitation
method may lead to differences between the obtained final element composition in solid solution and
the stoichiometric ratio [118]. The hydrothermal method requires a great amount of time to prepare a
well-crystallized solid solution [119]. In the thermolysis method, the products are treated under high
temperature to achieve fast fabrication, high crystallinity, and photocatalytic performance of the solid
solution [120].

Li et al. found that Zn1−xCdxS photocatalyst fabricated using the simple Zn-Cd-Tu complex
thermolysis method showed better performance than did those synthesized by the coprecipitation and
hydrothermal methods [118,121]. Such a thermolysis method is preferred for the following reasons:
(i) the precursors can be well mixed and reacted to prepare Zn-Cd-Tu complex by the ultrasonication
process; (ii) the loss of precursors can be prevented during the fabrication process; and (iii) Zn1−xCdxS
with a tiny crystallite size can be prepared because thiourea releases S2− ions slowly and offers some N
and C atoms as the pinning points in the Zn-Cd-Tu complex [122].

Zhang et al. reported that a particular fabrication method will enable a photocatalyst to perform
better in photocatalytic activity. The photocatalysts Cd1−xZnxS are prepared by three different methods:
thermal sulfuration, co-precipitation without thermal treatment, and co-precipitation with thermal
treatment. The photocatalyst which is synthesized by the thermal sulfuration method has better
performance because the fabrication method allows uneven distribution of S2− ions, thus leading to a
charge gradient [123]. A similar trend is also evidenced in the work done by Park et al. on a ternary
CdS/TiO2/Pt hybrid. CdS/(Pt-sgTiO2) has the highest hydrogen production because of the electron
transfer from CdS to Pt through TiO2 [124].

3.8. Crystal Size

Hydrogen production activity is also influenced by the crystal size of the photocatalyst. Li et al. [125]
studied the photocatalytic hydrogen production performances of size-selected CdS nanoparticles
decorated with co-catalyst Pt nanoparticles. When the size of CdS nanoparticles decreases from 4.6
to 2.8 nm, the H2 generation quantum yield can increase from 11% to 17%. Such a dependence was
observed because the driving force of photoinduced carrier transfer from CdS to vacant states of Pt
nanoparticles is size-dependent. Baldovi et al. [126] prepared MoS2 quantum dots by laser ablation of
MoS2 particles in suspension and investigated their photocatalytic hydrogen production performance.
Two types of MoS2 nanoparticles exhibited higher activity than that of bulk MoS2. When the size of
MoS2 nanoparticles was decreased from 15–25 nm to 5 nm, the photocatalytic hydrogen generation
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performance was almost doubled. Holmes et al. [127] and Grigioni et al. [128] reported the dependence
of the photocatalytic water splitting activity on the size of CdSe nanoparticles. The photocatalytic
activity increases as the size of CdSe nanoparticles decreases. Figure 10 presents the UV–vis absorption
spectra and quantum yields of CdSe quantum dots photocatalysts with various size. They also
reported that the light harvesting capability and the conduction band energy should compromise to
achieve maximal photocatalytic H2 generation activity. There is an optimal size of 2.8 nm to achieve
maximal photocatalytic H2 generation activity considering the compromise among light harvesting,
band structure, and charge separation.

Figure 10. UV–vis absorption spectra and quantum yields of CdSe quantum dot photocatalysts with
various size. Figure adapted from [128].

4. Conclusions and Perspective

In this review, we have attempted to summarize the efforts performed in the field of metal
sulfide-based photocatalysts. Metal sulfide-based heterogeneous photocatalysts are promising
candidates for photocatalytic hydrogen generation. Recent developments in the material design,
process parameters, and performance of metal sulfide-based photocatalysts have been systematically
discussed. The major problem limiting the photocatalytic H2 generation rates of photocatalysts is the
fast recombination of photoexcited electron–hole pairs. This problem can be solved by decorating with
cocatalysts or incorporating noble metal nanoparticles, conductive polymers, or porous conductive
substrate. The formation of heterogeneous junctions helps to promote the transport of photogenerated
carriers. In-situ C K-edge NEXAFS spectra provide a new method to investigate the electronic density
of the photocatalyst. It can pave the way for the rational design of photocatalysts for efficient H2

generation. In addition, tuning the surface texture can increase the contact surface area with reactants,
and the light absorption can be increased by the light trapping effect. Changing the crystal structure can
also enhance the activity of a photocatalyst because of the facet effect. The fabrication of immobilized
photocatalysts and magnetically separable photocatalysts makes the recycling and repeated use of
photocatalysts easier to handle than photocatalyst dispersion does. The influences of doping and pH
have also been discussed. The photocatalytic activity increases as the particle size of the photocatalyst
decreases. This review provides a systematic overview of recent progress on the performances of
various metal sulfide photocatalysts, together with some important concepts or methods to improve
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and characterize their performances. Key experimental parameters and an in-situ characterization
method can be applied to the research of other photocatalytic materials.

In our opinion, future research efforts should be focused on the following issues. First, we should
develop in-situ spectroscopy and microscopy techniques for investigating the surface active sites,
electronic states, and chemical/physical changes of the photocatalysts, together with intermediates
and the mechanism of the photocatalytic reactions. Second, efforts must be focused on developing
outstanding materials that can achieve both high activity and excellent reusability. Possible directions
for future research are developing new heterojunction structures, increasing charge transfer, enhancing
light harvesting efficiency, and achieving high activity and excellent stability of recycled photocatalysts
after repeated photocatalytic H2 production processes. Finally, to implement the use of these
photocatalysts for photocatalytic hydrogen generation in industry, future works should also focus on
the optimized design of reactor systems for scaled-up photocatalytic processes.
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Abstract: The possibility of wastewater treatment and electricity production using a microbial
fuel cell with Cu–B alloy as the cathode catalyst is presented in this paper. Our research covered
the catalyst preparation; measurements of the electroless potential of electrodes with the Cu–B
catalyst, measurements of the influence of anodic charge on the catalytic activity of the Cu–B alloy,
electricity production in a microbial fuel cell (with a Cu–B cathode), and a comparison of changes
in the concentration of chemical oxygen demand (COD), NH4

+, and NO3
– in three reactors: one

excluding aeration, one with aeration, and during microbial fuel cell operation (with a Cu–B cathode).
During the experiments, electricity production equal to 0.21–0.35 mA·cm−2 was obtained. The use of
a microbial fuel cell (MFC) with Cu–B offers a similar reduction time for COD to that resulting from
the application of aeration. The measured reduction of NH4

+ was unchanged when compared with
cases employing MFCs, and it was found that effectiveness of about 90% can be achieved for NO3

–

reduction. From the results of this study, we conclude that Cu–B can be employed to play the role of
a cathode catalyst in applications of microbial fuel cells employed for wastewater treatment and the
production of electricity.

Keywords: non-precious metal catalysts; Cu–B alloy; microbial fuel cell; cathode; environmental
engineering; oxygen electrode; renewable energy sources

1. Introduction

At present, the power industry faces difficulties ensuring the production of greater volumes
of energy to meet the increased demand. Simultaneously, the production of waste and wastewater
increases considerably. This means that large amounts of industrial and municipal wastewater may
be generated. The traditional design of a wastewater treatment plant consumes a lot of energy to
perform efficiently, and this generates considerable costs. Approximately $23 billion is spent annually
by the United States on domestic wastewater treatment and improving the quality of publicly owned
treatment infrastructure costs another $200 billion [1]. In this context, it is clear that it is important
to decrease the costs of wastewater treatment. Nowadays, there are different ideas for the use of
wastewater as a raw material for other technologies, and there has been fast development in renewable
sources of energy using wastewater. A technical device that can combine electricity production with
wastewater treatment is a microbial fuel cell (MFC) [2]. MFCs are ecological sources of electric energy
which produce electricity from wastewater [2–4]. While the first observation of an electrical current
generated by bacteria is generally credited to Potter [5], very few practical advances were achieved in
this field prior to the 1960s [6–8]. In the 1990s, there was increased interest in MFC research [9–11],
but significant development of MFCs only occurred in recent years [2–4,12–15].
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MFCs are bio-electrochemical systems in the form of devices that use bacteria as catalysts to
oxidize organic and inorganic matter and generate a current [2,7]. Activated sludge is capable of
producing electrons e− and H+ ions. In an MFC, organic material is oxidized on the anode, and the
product of oxidation is CO2 and electrons. For a glucose reaction, we obtain [2,16,17].

ANODE C6H12O6 + 6H2O→ 6CO2 + 24H+ + 24e− (1)

CATHODE 24H+ + 24e− + 6O2 → 12H2O (2)

Summary reaction : C6H12O6 + 6O2 → 6CO2 + 6H2O + electricity (3)

Electron-producing bacteria that are capable of wastewater treatment play a key role in the
effective performance of MFCs [2,4]. Such bacteria include Geobacter, Shewanella, or Pseudomonas,
among many other genera [18–25]. An analysis of reports in this field demonstrates that the highest
values of capacity are generated by MFCs comprising multispecies aggregates, where microorganisms
grow in the form of biofilms. Mixed cultures seem to provide a solid and more efficient solution
compared to cultures based on a single strain, and their isolation from natural sources is a much less
complex task. In contrast, the use of single-strain cultures is associated with technical limitations,
mainly resulting from the need for ensuring sterile growth conditions, and the process usually involves
high costs [26]. Figure 1 shows a diagram of the microbial fuel cell.

Figure 1. Operating principles of a microbial fuel cell (MFC). Figure is not to scale.

Currently, several theoretical and practical works connected to increasing the MFCs’ power have
been presented, not only in the field of the microorganism selection. The upper limit of the power level
that is achievable in MFCs is not yet known because there are many reasons for power limitations.
The reasons limiting the maximum power density may be different, e.g., high internal resistance or low
speed of reactions on electrodes [2,4,27,28]. The speed of the process depends on the catalyst used.
In an MFC, the catalyst at the anode is microbes (on a carbon electrode). Thus, it is important to find a
catalyst for the cathode. Due to its excellent catalytic properties, platinum is most commonly used as
the catalyst. However, due to the high price of platinum, we should look for other catalysts, such as
the non-precious metals. In previous works [29–34] were compared the performances of microbial fuel
cells (MFCs) equipped with different cheap electrode materials (graphite, carbon felt, foam, and cloth
and carbon nanotube sponges, and Polypyrrole/carbon black composite) during two-month-long tests
in which they were operated under the same operating conditions. Despite using sp2 carbon materials
(carbon felt, foam, and cloth) as the anode in the different MFCs, the results demonstrated that there
were important differences in the performance, pointing out the relevance of the surface area and other
physical characteristics to the efficiency of MFCs. Differences were found not only in the production of
electricity but also in the consumption of fuel. Carbon felt was found to be the most efficient anode
material, whereas the worst results were obtained with carbon cloth. Performance seems to have a
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direct relationship with the specific area of the anode materials. In comparing the performances of
the MFCs equipped with carbon felt and stainless steel as the cathodes, the latter showed the worse
performance, which clearly indicates how the cathodic process may become the bottleneck of the
MFC performance. Besides platinum, graphite, carbon felt, foam, cloth, etc., Ni or metal borides are
frequently used as the catalyst of electrodes. Due to costs, in MFCs, carbon or carbon cloth with
platinum is most often used as the cathode catalyst. It is also possible to use metal catalysts for the
cathodes of MFCs [35,36]. The theoretical current density is described by the Butler–Volmer exponential
function [37]. Unfortunately, in real conditions, the choice of catalyst is mainly come to by experimental
methods [37,38]. For this reason, experimental research on the selection of new catalysts for MFCs
is still conducted [14,29,30,33–40]. Herein, we demonstrate the possibility of using Cu–B alloy as a
cathode catalyst for MFCs for municipal wastewater treatment and electricity production.

2. Results and Discussion

Figures 2–5 show the trend in time of electroless potential measured at Cu–B alloys in alkaline
electrolyte (KOH). Cu–B alloys that contained 3%, 6%, 9%, and 12% of B, oxidized for 1, 3, 6, and 8 h,
were selected and the experimental set up in 3.2 chapter was adopted for these measurements.

 

Figure 2. The electroless potential of electrodes with Cu–B catalyst which were oxidized for 1 h.

 

Figure 3. The electroless potential of electrodes with Cu–B catalyst which were oxidized for 3 h.
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Figure 4. The electroless potential of electrodes with Cu–B catalyst which were oxidized for 6 h.

 

Figure 5. The electroless potential of electrodes with Cu–B catalyst which were oxidized for 8 h.

For all concentrations of boride in the Cu–B catalyst, higher current density was obtained when it
was oxidized for 6 h. Thus, measurements of the effect of anodic charge on the catalytic activity of the
Cu–B catalyst were performed for the samples oxidized for 6 h, shown in Figures 6–10. By colored
lines (1-4) was marked the subsequent anodic charge.

 

Figure 6. Influence of anodic charge on the catalytic activity of Cu–B alloy containing 3% of B.
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Figure 7. Influence of anodic charge on the catalytic activity of Cu–B alloy containing 6% of B.

 

Figure 8. Influence of anodic charge on the catalytic activity of Cu–B alloy containing 9% of B.

 

Figure 9. Influence of anodic charge on the catalytic activity of Cu–B alloy containing 12% of B.

Based on the data (Figures 2–5), it should be noted that in any case, the electroless potential
is the highest for the alloy with 9% B concentration. Moreover, the cell voltage is also the highest
for the alloy with 9% B concentration after the third anodic charging of the electrode (Figures 6–9).
Such parameters ensure high efficiency of the electrode’s functioning. Therefore, based on the data
analysis (Figures 2–9), the electrode with 9% B concentration after the third anodic charge was chosen
for further measurements of the MFC.
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Figures 10–12 show the trends of chemical oxygen demand (COD), NH4
+, and NO3

– concentration
during wastewater treatment in the three reactors (R1-R3, 3.3 chapter), in which the MFC was equipped
with a Cu–B cathode and with a carbon cloth cathode.

 

Figure 10. Trend of chemical oxygen demand (COD) reduction during wastewater treatment performed
at the different reactors.

 

Figure 11. Trend of NH4
+ reduction during wastewater treatment performed at the different reactors.

 

Figure 12. Trend of NO3
– reduction during wastewater treatment performed at the different reactors.
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Figure 13 shows power curves of the MFC (with a Cu–B cathode and with a carbon cloth cathode).
The data shown in Figure 13 were obtained during the operation of the MFC (R3 in 3.3 chapter).

 

Figure 13. Power curves of the MFC: effect of the cathode material.

An analysis of the data indicated that, for all the examined concentrations of B, Cu–B alloy oxidized
for 6 h showed high electroless potential. The best result was obtained after triple anodic oxidation,
at a temperature of 673 K and when the concentration of boride is equal to 9%. Therefore, the electrode
with a 9% concentration of B after the third anodic charge was chosen for further measurements with
the MFC. Wastewater from a wastewater treatment plant was fed into the MFC. The R3 reactor was
analyzed in two cases: using the Cu–B cathode and using a carbon cloth cathode. A removal level
of COD of 90% was recorded in all reactors (R1, R2, and R3) (Figure 10). The characteristics of the
curves were found to be different. Better performance was found in the characteristic curve of COD
removal during aeration (Figure 10, blue line) than in the curve of COD removal during MFC operation
(Figure 10, red and black line) since around 81% effectiveness of COD reduction after about 5 days was
obtained in this period.

However, over time, a COD reduction level of 90% was achieved by the application of the MFC
(over a period of 16 days resulting from the use of the Cu–B cathode, compared to 18 days for the case
of the carbon cloth cathode). These results are similar to the case of the reduction time during the
aeration process (15 days). It should be noted that the performance of the Cu–B cathode is better than
that of carbon cloth. A faster decrease in the COD concentration is always measured at Cu-B sample.
The measurement of NH4

+ reduction shows no changes during the MFC operation (R3) (Figure 11) for
either the MFC with a Cu–B cathode or that with a carbon cloth cathode. A similar situation occurred
for the R1 without aeration.

However, the measurements (Figure 12) also show the effectiveness of NO3
– reduction (during

15 days) in the MFC with a Cu–B cathode (effectiveness of 90.71%), the MFC with a carbon cloth cathode
(effectiveness of 88.33%), and the reactor without aeration (effectiveness of 89.52%). The increased
NH4

+ concentration in R2 results from the attachment of hydrogen molecules to ammonia ions during
wastewater putrefaction (Figure 11) [41,42]. The increased NO3

− concentration (Figure 12) is the result
of nitrification during the growth of bacteria [43]. During the MFC experiments, current densities of
0.21 mA·cm−2 for the carbon cloth cathode and 0.35 mA·cm−2 for the Cu–B cathode were obtained.
Power levels of 5.58 mW in the MFC with the carbon cloth cathode and 6.11 mW in the MFC with
the Cu–B cathode were obtained. The power obtained in the MFC with Cu–B alloy as the cathode
catalyst is similar to the power obtained in an MFC with a Ni–Co cathode [44,45]. However, in the
case of using the Ni–Co cathode, the MFC was powered with process wastewater from a yeast factory,
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while the MFC (with Cu–B alloy as the cathode catalyst) analyzed in this work was powered with
municipal wastewater from a wastewater treatment plant.

3. Materials and Methods

3.1. Preparation of a Cathode with Cu–B Catalyst

The Cu–B alloys were obtained by the method of electrochemical deposition and were deposited on
copper mesh electrodes. The alloys were deposited from a mixture of mainly NaBH4 and CuSO4 [46,47].
The alloys were obtained at temperatures of 355–365 K and at a current density 1–3 A·dm−2 [42,46,47].
The composition of the mixture used for electrochemical catalyst deposition is summarized in Table 1.

Table 1. Composition of the mixture applied for catalyst deposition (Cu–B alloy).

Component Volume

NaBH4 0.02 mol·L−1

CuSO4·7H2O 0.05 mol·L−1

NaOH 1.00 mol·L−1

Trilon B 0.12 mol·L−1

Before the deposition of the alloy, the copper electrode was prepared in several steps [42,44,48,49]:
the surface was mechanically purified (to a shine) and then degreased in 25% aqueous solution of
KOH (after degreasing, the surface should be completely wettable with water); then, the electrode was
digested in acetic acid and subsequently washed with alcohol.

To obtain different contents of B in the alloys, the temperature and current density were selected
experimentally. Electrodes with Cu–B alloy as the catalyst (a selection of alloys with different
contents of B) for further measurements were selected by the XRD method using a single-crystal X-ray
diffractometer (Xcalibur, Oxford Diffraction, UK). During the electrochemical deposition, 12 alloys with
different concentrations of boride were obtained. Figure 14 shows the concentrations of components in
the samples obtained during electrochemical deposition.

 

Figure 14. Concentration of components in the samples obtained during electrochemical deposition.

For further research, Samples 2 (3% of B), 3 (9% of B), 11 (12% of B), and 12 (6% of B) were selected.
A further increase in B concentration (over 12%) did not cause an increase in efficiency of the MFC
(i.e., an increase in cell power and current density). These samples were selected based on previous
studies [42,46,47] and to ensure an even increase in B concentration to 12% (in this case, every 3%).
Thus, the Cu–B alloys with 3%, 6%, 9%, and 12% of B were used in measurements.

3.2. Selection of the Electrodes (with Cu–B Catalyst) for Measurements

To assess the Cu–B alloy oxygen activity, first, the oxidation of the alloy was carried out with
measurements of the stationary potential of the oxidized electrode. Due to the fact that the cathode is
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constantly oxygenated during MFC operation, it is necessary to pre-oxidize it. Without pre-oxygenation,
the electrode would oxidize during MFC operation and there would be an efficiency decrease (and,
thus, also a decrease in the current density and the cell’s power). The Cu–B alloy was oxidized at a
temperature of 673 K. The oxidation times were 1, 3, 6, and 8 h. The KS 520/14 silt furnace (ELIOG
Industrieofenbau GmbH, Römhild, Germany) was used for electrode oxidation. Next, we measured
the influence of anodic charge on the catalytic activity of the Cu–B alloy. Initial anode charging
avoids a drop in the cell (MFC) efficiency during operation. Figure 15 shows a schematic view of the
measurement of the catalytic activity of the Cu–B alloy.

Figure 15. Schematic view of the reactor for the measurement of the electroless potential and the
influence of anodic charge of electrodes with a Cu–B catalyst.

These measurements were carried out in a glass cell with the use of a potentiostat. An aqueous
solution of KOH (2 M) was used as the electrolyte. A saturated calomel electrode (SCE) was used as the
reference electrode. The experiments were conducted using an AMEL System 500 potentiostat (Amel
S.l.r., Milano, Italy) with CorrWare software (Scribner Associates Inc., Southern Pines, NC, USA).

3.3. Measurements of Wastewater Treatment and Electricity Production in the MFC with a Cu–B Cathode

Wastewater samples from a municipal wastewater treatment plant were used in the measurements
applied for the purposes of this study. Table 2 contains a summary of the parameters of the wastewater
applied in the measurements.

Table 2. Parameters of wastewater applied for measurements.

Parameter Value

COD [mg·L−1] 1811.0

NH4
+ [mg·L−1] 11.1

NO3
– [mg·L−1] 4.2

pH 6.5

The initial phase of the analysis involved measuring the reduction in the chemical oxygen demand
(COD) in the investigated samples. Subsequently, variations in the NH4

+ and NO3
– concentrations

were measured. These measurements were conducted with regard to three types of reactors: one
excluding aeration (Reactor 1—R1), one with aeration (Reactor 2—R2), and in the form of a continuous
measurement performed in an MFC (Reactor 3—R3). Figure 16 shows these three types of reactors
used in the measurement of wastewater parameters during wastewater treatment.
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Figure 16. The three types of reactors used in the measurement of wastewater parameters during
wastewater treatment: one excluding aeration (Reactor 1—R1), one with aeration (Reactor 2—R2),
and as an MFC (Reactor 3—R3).

All reactors had the same dimensions (length/width/height: 40 cm × 20 cm × 20 cm). Thus, each
reactor contained an equal volume of wastewater of 15 L. Each reactor worked separately but at the
same time. The measurements of COD reduction were carried out (in each reactor, Figure 16) to a point
where a 90% decrease in the concentration was obtained (Figure 10) [44,50], while the measurements of
NH4

+ and NO3
− concentrations were carried out over the same time as the shortest COD reduction time

(15 days; reduction time for R1 reactor with aeration, Figure 10). Determining the measurement time
for NH4

+ and NO3
– parameters allowed a comparison of the results for all three reactors (Figures 11

and 12). In the reactor excluding aeration (R1), an interface between the wastewater and air occurred
only at the wastewater surface. In the reactor with aeration (R2), aeration of wastewater was achieved
as a result of using a pump with a capacity of 270 L·h−1. In the last reactor design (R3), the treatment of
wastewater occurred as a result of using an MFC. The wastewater parameters and electrical parameters
were measured during the MFC operation. Figure 17 shows a schematic view of the MFC (Reactor 3).

Figure 17. Schematic view of the MFC (Reactor 3, Figure 16): 1, casing; 2, electrolyte; 3, Cu–B cathode
or the carbon cloth electrode; 4, proton exchange membrane (PEM); 5, air supply; 6, air bubbles.

Carbon cloth was used in the MFC in the anode, and the metal mesh with Cu–B catalyst formed the
material applied in the design of the cathode of the system. For comparison, measurements were also
carried out for a carbon cloth cathode. The surface area of the anode was 20 cm2, while it was 15 cm2
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for the cathode. The electrical circuit of the MFC was constantly connected with a 10 Ω resistor [44,51].
The acclimation time of the microorganisms was 5 days [2,14,50].

The cathode was placed in a casing that was printed using 3D technology. The thickness of a
single print layer was 0.09 mm. ABS (acrylonitrile butadiene styrene) filament was used as the material
for 3D printing. The bottom wall was printed as a perforated wall in order to install a proton exchange
membrane (PEM). After the PEM was installed, a catholyte with aqueous KOH solution (0.1 N) was
filled into the casing. Subsequently, the cathode with Cu–B catalyst (or a carbon cloth cathode) was
applied as the catholyte. Throughout the course of the experiment employing MFC (R3), the cathode
was aerated at a capacity of 10 L·h−1.

Nafion PF 117 (The Chemours Company, Wilmington, DE, USA), 183 μm thick, was used as
the PEM. A Zortrax M200 printer (Zortrax S.A, Olsztyn, Poland) with Z-Suite software (Zortrax S.A,
Olsztyn, Poland) was used to print the casing. A Hanna HI 83224 colorimeter (HANNA Instruments,
Woonsocket, RI, USA) was applied for the measurement of wastewater parameters. An AMEL System
500 potentiostat (Amel S.l.r., Milano, Italy) with CorrWare software (Scribner Associates Inc, Southern
Pines, NC, USA) and a Fluke 8840A multimeter (Fluke Corporation, Everett, WA, USA) were applied
for the electrical measurements.

4. Conclusions

As demonstrated by the measurements, copper boride alloy is most suitable when oxidized for
6 h at a temperature of 673 K and when the concentration of boride is equal to 9%. In the MFC with a
Cu–B cathode (9% of B), a current density of 0.35 mA·cm−2 and power level of 6.11 mW were obtained.
A shorter (by two days) COD reduction time (assumed reduction level: 90%) was shown in the MFC
with a Cu–B cathode than in the MFC with a carbon cloth cathode. Moreover, the effectiveness of
NO3

– reduction (during a 15 day period) in the MFC with a Cu–B cathode was higher than that in the
MFC with a carbon cloth cathode. Thus, the higher catalytic activity of the Cu–B catalyst compared
to carbon cloth and the possibility of using Cu–B alloy as a cathode catalyst in MFCs powered with
municipal wastewater were shown in this paper.
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Abstract: Microbial fuel cells (MFCs) are devices than can contribute to the development of new
technologies using renewable energy sources or waste products for energy production. Moreover,
MFCs can realize wastewater pre-treatment, e.g., reduction of the chemical oxygen demand (COD).
This research covered preparation and analysis of a catalyst and measurements of changes in
the concentration of COD in the MFC with a Ni–Co cathode. Analysis of the catalyst included
measurements of the electroless potential of Ni–Co electrodes oxidized for 1–10 h, and the influence
of anodic charge on the catalytic activity of the Ni–Co alloy (for four alloys: 15, 25, 50, and 75%
concentration of Co). For the Ni–Co alloy containing 15% of Co oxidized for 8 h, after the third anodic
charge the best catalytic parameters was obtained. During the MFC operation, it was noted that the
COD reduction time (to 90% efficiency) was similar to the reduction time during wastewater aeration.
However, the characteristic of the aeration curve was preferred to the curve obtained during the
MFC operation. The electricity measurements during the MFC operation showed that power equal to
7.19 mW was obtained (at a current density of 0.47 mA·cm−2).

Keywords: Ni–Co catalyst; oxygen electrode; microbial fuel cell; environmental engineering;
electricity production

1. Introduction

Microbial fuel cells (MFCs) are a technology of electric energy generation using organic matter
contained in wastewater [1,2]. Thus, this technology allows the production of energy from waste
products (e.g., wastewater, also industry wastewater) [1,3–9]. Moreover, MFCs allow for wastewater
pretreatment, e.g., reduction of the chemical oxygen demand (COD) concentration. The first
observations of electricity production by bacteria were conducted by Potter [10]. However, greater
progress in the development of this technology was only achieved in the 1960s [11–13]. Because of the
increasing pollution of the environment, research on MFC technology resumed in the 1990s [14–16],
but real development of these technology has only happened in recent years [1–7,17–25].

MFC forms a bio-electrochemical system in which bacteria oxidize organic matter by acting
as a biocatalyst. Therefore, organic matter constitutes the fuel applied for the production of
electricity [1–4,12,22]. This system includes electrodes in the electrode chambers, usually separated by
a proton exchange membrane (PEM) [26]. On the anode, bacteria oxidize organic matter to produce
e− electrons and H+ ions (as well as an additional volume of CO2), whereas H2O is generated on the
cathode through the reaction of e− ions combined with H+ and O2 [1–4,22]. This is a result of cathode
aeration in the cathode chamber. Among many other genera, the Shewanella spp., Pseudomonas spp., or
Geobacter spp. bacteria are capable of generating electrons [21,27–34]. Studies have demonstrated that
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the highest current values in MFC are generated by using multicultural microorganisms. They have
higher efficiency in relation to microorganisms accumulated in monocultures, as a result of the
competition between the bacterial cultures [35]. Research into the peak limits of the current density
and power level of MFC is still at an experimental stage. The limitation of the maximum power density
or current density is the result of the low rate of reactions on electrodes [1–4,36,37]. The rate of the
processes taking place on the electrodes is primarily influenced by the type of applied catalyst. Since
the role of the anode catalyst is taken over by microorganisms, it is important to look for an adequate
cathode catalyst. Because of the excellent catalytic properties, platinum is most commonly used as
the catalyst [38,39]. Unfortunately, it is also characterized by high price. Therefore, it is necessary to
look for other catalysts that do not contain precious metals [40–47]. As electrodes (also as catalysts)
do not contain precious metals, different electrode materials (carbon fiber brush, carbon felt, carbon
foam, carbon cloth, graphite paper, and others) were analyzed in various works [48–56]. Of these
materials, the most efficient anode material is carbon felt. The lowest parameters during MFC operation
were obtained using carbon cloth as electrodes. However, it was found that it was also possible to
use metal electrodes (also as metal electrodes with metal catalysts) as the cathodes of microbial fuel
cells [1,7,8,22,41,57,58]. Nickel is also characterized by good catalytic properties. However, pure nickel
(Raney Ni, the most commonly used form of nickel catalyst) is difficult to use, e.g., it should never be
exposed to air. Even after preparation, Raney Ni still contains small amounts of hydrogen gas and
may spontaneously ignite when exposed to air. Therefore, Ni (mainly as Raney Ni) is supplied as an
aqueous suspension [59]. Therefore, nickel alloys should be easier (also safer) to use while maintaining
good catalytic properties. Additionally, other metals and metal alloys are used as catalysts. One of
them is cobalt and its alloys. These materials have also been used or analyzed during research as a
catalytic material [60–65].

The description of the current density applies the Butler–Volmer exponential function. However,
this function only leads to an output in the form of a theoretical value, which usually deviates
significantly from the values that are obtained experimentally in comparable circumstances [38,66].
Therefore, it is necessary to conduct experimental research concerned with the selection of a catalyst
suitable for a specific substance (in this case a substance employed as the waste material) that further
constitutes the fuel applied in MFC [1,2,38,48–55,66]. The selection of a catalyst has an effect on the
final cost of electricity production and the expenses associated with pre-treatment of wastewater for the
needs of MFC. Because of the large amount of wastewater, it is necessary to provide its treatment, which
incurs huge expenses [67]. However, the energy potential of wastewater allows it to be considered in
the role of a potential source of energy in future applications, primarily as fuel for MFCs. MFCs are
understood as an element that can support the traditional wastewater treatment techniques, as its role
is primarily concerned with reducing COD concentration.

In this work the possibility of using a nickel–cobalt alloy (Ni–Co) in MFC was analyzed.
The analysis concerned the use of Ni–Co alloy as a cathode catalyst for electricity production and
COD reduction.

2. Results and Discussion

Figures 1–4 show the concentrations of Ni and Co in the alloy samples obtained by the method of
electrochemical deposition for planned 15, 25, 50, and 75% concentrations of Co.

Figures 1–4 allow visualization and understanding that it is necessary not only to preserve the
deposition parameters, but also to sort and select the resulting alloys. This necessity arises from the fact
that despite maintaining constant deposition parameters, different alloy compositions were obtained
in corresponding cases.

For further research, the following Ni–Co alloy samples were selected: 7 (15% of Co; Figure 1),
5 (25% of Co; Figure 2), 2 (50% of Co; Figure 3), and 1 (75% of Co; Figure 4).
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Figure 1. Concentration of Ni and Co in the alloy samples obtained by electrochemical deposition for
planned 15% concentration of Co.

 

Figure 2. Concentration of Ni and Co in the alloy samples obtained by electrochemical deposition for
planned 25% concentration of Co.

 
Figure 3. Concentration of Ni and Co in the alloy samples obtained by electrochemical deposition for
planned 50% concentration of Co.

Ni–Co alloys that contained exactly 15, 25, 50, and 75% of Co were selected. These alloys were
oxidized for 1, 2, 4, 6, 8, and 10 h. Next, measurements were carried out according to the methodology
presented in Section 3.2. Before oxidation, all samples were gray, but after oxidation over 4, 6, and 8 h,
the surfaces of the samples were multi-colored, while after oxidation over 10 h, the color of the sample
surfaces changed to black.
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Figure 4. Concentration of Ni and Co in the alloy samples obtained by electrochemical deposition for
planned 75% concentration of Co.

Figures 5 and 6 show stabilization of the electroless potential in the glass half-cell, with the Ni–Co
work electrode (oxidized for 1 and 2 h) in alkaline electrolyte (aqueous solution of KOH). 7,8 show
alloy oxidized for 4 and 6 h. 9,10 show alloys oxidized for 8 and 10 h.

 

Figure 5. The electroless potential of Ni–Co electrodes (oxidized for 1 h).

 

Figure 6. The electroless potential of Ni–Co electrodes (oxidized for 2 h).
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Figure 7. The electroless potential of Ni–Co electrodes (oxidized for 4 h).

 

Figure 8. The electroless potential of Ni–Co electrodes (oxidized for 6 h).

 

Figure 9. The electroless potential of Ni–Co electrodes (oxidized for 8 h).
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Figure 10. The electroless potential of Ni–Co electrodes (oxidized for 10 h).

The data (Figures 5–10) show that during each measurement, the electroless potential was the
highest for the Ni–Co catalyst with 15% of Co. Moreover, the highest electroless potential was obtained
for Ni–Co electrodes oxidized for 8 h (Figure 9).

The analysis of the samples also demonstrated that oxides of lower order, NiO and CoO, were
generated during oxidation lasting from 1 to 8 h. However, during oxidation taking over 10 h, NiCo2O4

and Co3O4 oxides were formed, which decreased the electroless potential (Figure 10) [68–74]. Therefore,
the next measurements, including the influence of anodic charge on the catalytic activity of the Ni–Co
catalyst (described in Section 3.2), were performed for the alloy samples oxidized for 8 h (Figures 11–14).
Colored lines (1–4) in Figures 11–14 refer to the subsequent anodic charges.

 

Figure 11. Voltage of a half-cell with Ni–Co electrode (alloy with 15% of Co); influence of anodic charge
on the catalytic activity of Ni–Co catalyst (lines 1–4 show subsequent anodic charges).
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Figure 12. Voltage of a half-cell with Ni–Co electrode (alloy with 25% of Co); influence of anodic charge
on the catalytic activity of Ni–Co catalyst (lines 1–4 show subsequent anodic charges).

 
Figure 13. Voltage of a half-cell with Ni–Co electrode (alloy with 50% of Co); influence of anodic charge
on the catalytic activity of Ni–Co catalyst (lines 1–4 show subsequent anodic charges).

 

Figure 14. Voltage of a half-cell with Ni–Co electrode (alloy with 75% of Co); influence of anodic charge
on the catalytic activity of Ni–Co catalyst (lines 1–4 show subsequent anodic charges).

In the next step, the MFCs (described in Section 3.3) with different cathodes (with different contents
of Co, and after oxidation of electrodes for 1–10 h) were built. Table 1 shows the maximum power and
average cell voltage obtained in MFCs, with Ni–Co cathodes oxidized for 1–8 h, without anodic charge
before using the electrodes (cathodes).
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Table 1. Maximum power and average cell voltage obtained in microbial fuel cells (MFCs), with Ni–Co
cathodes oxidized for 1–8 h, and without anodic charge before using the electrodes (cathodes).

Oxidizing Time of the
Ni–Co Electrode (h)

Max Power Obtained in MFC (mW) Average Voltage of the MFC (V)

Content of Co in the Alloy (%) Content of Co in the Alloy (%)

15 25 50 75 15 25 50 75

1 5.38 4.67 4.60 4.15 0.88 0.81 0.80 0.76
2 5.41 4.62 4.61 4.34 0.89 0.80 0.78 0.75
4 5.55 4.75 4.66 4.66 0.91 0.83 0.79 0.77
6 5.76 5.01 4.67 4.68 0.91 0.83 0.81 0.78
8 6.02 5.08 4.76 4.70 0.93 0.87 0.86 0.82
10 4.62 4.79 4.60 4.33 0.88 0.79 0.80 0.69

The highest parameters (power and cell voltage) for the MFC with electrodes oxidized for 8 h were
obtained. Thus, these electrodes were chosen for further measurements of the MFCs (with electrodes
after the anodic charge). Table 1 shows the maximum power and average cell voltage obtained in
MFCs, with Ni–Co cathodes (15% of Co), and oxidized for 8 h, with anodic charge before using the
electrodes (cathodes).

The cell voltage of the third anodic charging of the electrode was also highest for the same catalyst
(15% Co) (Figures 11–14, Table 1). Such parameters (Figures 5–14, Tables 1 and 2) show that the Ni–Co
electrode with 15% of Co showed high performance. Figure 15 shows the cell voltage and Figure 16
shows the power curves during the MFC with the highest parameter electrode (Ni–Co cathode with
15% of Co, and after triple the anodic charge) operation.

Table 2. Maximum power and average cell voltage obtained in MFCs, with Ni–Co cathodes oxidized
for 8 h, and with anodic charge before using the electrodes (cathodes).

Content of Co in the
Ni–Co Electrode (%)

Max Power Obtained in MFC (mW) Average Voltage of the MFC (V)

Number of Anodic Charge Number of Anodic Charge

1 2 3 4 1 2 3 4

15 6.34 6.66 7.19 7.09 0.99 0.99 1.03 1.01

25 5.45 5.52 6.72 6.63 0.96 0.97 0.99 0.96

50 5.44 5.63 6.69 6.59 0.93 0.94 0.96 0.91

75 5.03 5.59 6.68 6.65 0.88 0.91 0.92 0.88

 

Figure 15. Cell voltage of the MFC in time: red line—with Ni–Co cathode (15% Co), black line—carbon
cloth cathode.
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Figure 16. Power curves during the MFC operation: red line—with Ni–Co cathode (15% Co), black
line—carbon cloth cathode.

Figure 17 shows the COD reduction in time in the three reactors without aeration, with aeration,
and during the operation of MFC with the highest parameter electrode (Ni–Co cathode with 15% of
Co, and after triple the anodic charge) and with the carbon cloth electrode.

 

Figure 17. Chemical oxygen demand (COD) reduction in time in the three reactors: without aeration,
with aeration, and during the MFC operation (with Ni–Co and carbon cloth electrodes).

On the basis of the results of the measurements of the electrode potential, we can state that among
all analyzed Ni and Co concentrations, the highest value was obtained for oxidized alloys over 8 h
at 673 K. In addition, for all oxidation times, the highest values of electrode potential were obtained
by an alloy containing 15% Co. A similar outcome was obtained when the electrode potential was
performed after anodic charging. In each case, the alloy with the composition comprising 15% Co had
the higher catalytic activity of the analyzed alloys. In the case of triple anode charging using this alloy
(15% Co), the most favorable potential curve was derived. Therefore, the alloy containing 15% Co, after
8 h of oxidation and three times anode loading, was selected for further measurements by application
of MFC. MFC (third reactor, see Section 3.3, Figure 18) was investigated in a setup combined with a
Ni–Co cathode and for comparison with a cathode made of carbon cloth. During the MFC operation,
the levels of COD reduction to the effectiveness of 90% were recorded: 15 days for a Ni–Co catalyst,
and 18 days for the carbon cloth catalyst. In comparison to the data regarding the reactor with aeration
(Figure 15, blue line), this time was longer by 3 days for the carbon cloth catalyst (Figure 17, black line),
and the same for a Ni–Co catalyst (Figure 17, red line). However, the characteristics of the COD decline
curve were comparably less favorable when MFC was applied, as using the aeration taking 5 days
resulted in an 84.8% decrease in the initial COD level (Figure 17, blue line). We should note that similar
results were obtained for the Cu–B catalyst in the conditions when similar wastewater parameters
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were employed; however, the use of Ni–Co alloy as a catalyst provided slightly better parameters
(shorter COD reduction time) compared to that based on the Cu–B alloy [8,22,75].

 

Figure 18. Scheme of the measurements: 1—copper mesh (electrode) to deposit the catalyst,
2—electrolysis bath to deposit the catalyst, 3—electrolyte preparation, 4—furnace for electrode
(catalyst) oxidation, 5—glass cell for electroless potential analysis and for the anodic charge analysis,
6—potentiostat, 7—third reactor (MFC), 6—second reactor (with aeration), 9—first reactor (without
aeration), 10—multimeter, 11—colorimeter, 12—computer.

The measurement of the cell potential demonstrated higher potential during MFC operation of
the Ni–Co catalyst than for the case when the carbon cloth was employed (Figure 15). During MFC
operation, 5.63 mW of power (with the carbon cloth cathode) and 7.19 mW of power (with the Ni–Co
cathode) were obtained (Figure 16). The analysis of the current density (based on data from power
measurements and the area of electrodes) showed that the current density for the Ni–Co catalyst
reached a maximum of 0.47 mA·cm−2, and 0.23 mA·cm−2 for carbon cloth. The maximum power
obtained during the operation of MFC with Ni–Co alloy, was slightly higher (by 1.08 mW) compared
to the maximum power obtained during the operation of MFC with a Cu–B cathode (6.11 mW) [22,75].

3. Materials and Methods

3.1. Preparation of a Ni–Co Cathode

The electrochemical deposition technique was applied to obtain Ni–Co alloy. A copper mesh
was used as the electrode to apply the catalyst (i.e., Ni–Co alloy). The electrolyte for alloying mainly
consisted of a mixture of NiSO4 and CoSO4 [7,76]. The electrochemical deposition was carried out
at temperatures of 293–323 K, at a current density of 1–3 A·dm−2, and at pH 2.0–5.5 [7]. Prior to
the application process of electrolytic alloy, the copper mesh was first washed with 25% aqueous
KOH to ensure its adequate wettability. The next step involved its washing in acetic acid and then in
alcohol [22].

On the basis of previous studies [7], alloys containing 15, 25, 50, and 75% content of Co were
selected for measurement. The temperature, pH, and current density of electrochemical deposition (to
obtain different contents of Ni and Co in the alloys) were selected experimentally, but according to the
previously proposed methodology for obtaining the alloy [7]. For further measurements, the Ni–Co
electrodes with different contents of Co were selected by the XRD method. During electrochemical
deposition, for all of the planned alloys (15, 25, 50, and 75% of Co) the ten different alloys with similar
concentrations of Co were obtained according to a previously developed methodology [7,76]. Based
on the research results (Figures 1–4), for further research, the following alloy samples were selected: 7
(15% of Co; Figure 1), 5 (25% of Co; Figure 2), 2 (50% of Co; Figure 3), and 1 (75% of Co; Figure 4).
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The selection was carried out using a single-crystal X-ray diffractometer (Xcalibur, Oxford
Diffraction, UK).

3.2. Selection of the Ni–Co Electrodes for Measurement

First, measurements of the stationary potential of the electrodes were performed in order to assess
the oxidation activity of the Ni–Co electrodes (with different contents of Ni and Co). Since the electrode
is constantly oxidized during the operation of MFC, it was necessary to pre-oxidize the electrodes,
otherwise, the electrodes would change their catalytic properties (along with the level of oxidation
of the electrode surface) throughout their operation of MFC. The oxidation temperature of all of the
Ni–Co alloy samples was 673 K. The oxidation times were 1, 2, 4, 6, 8, and 10 h. Next, we measured
the influence of anodic charge on the catalytic activity of the Ni–Co alloy. These measurements were
carried out in a glass half-cell (250 mL3) with the use of a potentiostat (Figure 18; 5). An aqueous
solution of KOH (2 M) was used as the electrolyte. A saturated calomel electrode (SCE) was used as
the reference electrode [7,22,77].

The KS 520/14 silt furnace (ELIOG Industrieofenbau GmbH, Römhild, Germany) was used for
electrode oxidation. The experiments of the influence of anodic charge on the catalytic activity of the
Ni–Co alloy were conducted using an AMEL System 500 potentiostat (Figure 18; 6) (Amel S.l.r., Milano,
Italy). The potentiostat was controlled by a computer using CorrWare software (Scribner Associates
Inc., Southern Pines, NC, USA).

3.3. Measurements of Electricity Production and COD Reduction during the Operation of MFC (with Ni–Co
Cathode)

The following phase involved the analysis of the Ni–Co alloy in the function of the cathode
catalyst in MFC. The research included measurements of COD decline and electric energy production
during the operation of the microbial fuel cell.

Waste material was applied to serve as fuel for MFC with Ni–Co cathodes. For this purpose,
wastewater (WW) derived from the municipal wastewater treatment plant (WWTP) was used. Table 3
contains the COD concentration and pH of the WW applied in the measurements.

Table 3. Parameters of wastewater (WW) (from the wastewater treatment plant (WWTP)) used in
measurements of electricity production and COD reduction.

Parameter Value

COD (mg·L−1) 1899.0
pH 6.5

To assess the effectiveness of COD reduction in the microbial fuel cell, the following were compared:
COD reduction time in MFC, COD reduction time in WW without interference, and COD reduction
time accompanying WW aeration. To this end, three reactors were applied: one without aeration
(Figure 18; 9), one with aeration (Figure 18; 8), and one containing MFC (Figure 18; 7). Figure 18 shows
the scheme of the measurements.

Electrical parameters of the MFC were measured in parallel (at the same time) with the COD
reduction [7,22,78]. All reactors had the same dimensions, and therefore the same volume of WW
(15 L) [7,22]. The reactors worked at the same time, and were filled with the same WW. Measurements
of COD were performed in all reactors until obtaining a 90% reduction of COD [20,78]. In the reactor
with aeration, an interface between the WW and air occurred only at the WW surface [5,20,75]. For the
aeration of the WW, the air pump was used (air pump capacity: 270 L·h−1) [7,22]. The MFC included a
carbon cloth anode, a Ni–Co cathode, and a Nafion PEM. After the measurements of the MFC with the
Ni–Co cathode, measurements of the MFC with the carbon cloth cathode were also made. In both
cases (for measurements of the MFC), the surface area of the anode was 20 cm2, and the surface area
of the cathode was 15 cm2. The cathode was immersed in 0.1 N aqueous solution KOH and aerated
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(air pump capacity: 10 L·h−1) [22]. The electrodes of the MFC were constantly connected with a 10 Ω
resistor [5,20]. Microorganisms were acclimated for 5 days [1,2,22,78].

Nafion PF 117 (183 μm thick) (The Chemours Company, Wilmington, DE, USA) was used as
the PEM. A Zortrax M200 printer (Zortrax S.A, Olsztyn, Poland) was used to print the housing of
the cathode (Figure 18; 7). To prepare the 3D object (cathode housing) for printing, Z-Suite software
(Zortrax S.A, Olsztyn, Poland) was used. A Hanna HI 83224 colorimeter (HANNA Instruments,
Woonsocket, RI, USA) was applied for the COD measurement in WW. A Fluke 8840A multimeter
(Fluke Corporation, Everett, WA, USA) was used for the electrical measurements.

4. Conclusions

This paper reports the results of a study concerned with methodology applicable for the production
and selection of Ni–Co alloy as a cathode catalyst for MFC fed by municipal WW. Following that,
measurements were performed with the application of the resulting alloys. As was demonstrated by
the research, the most favorable catalytic parameters were obtained when a Ni–Co alloy containing 15%
Co was applied, which was oxidized over 8 h at 673 K. This alloy demonstrated the highest value of
the electroless potential (Figures 5–10) and the cell potential after charging as an anode (Figures 11–14).
For this reason, this alloy was applied as a cathode catalyst (Figure 18; 7) in further measurements
using MFC.

The measurements concerned with COD reduction also demonstrated that in each of the analyzed
cases (without aeration, with aeration, and using MFC), the assumed level of reduction was 90%.
The time of COD reduction using MFC with Ni–Co cathode (15% Co) to the assumed level of 90% was
15 days (Figure 15). The time obtained was shorter (by 3 days) than the time of COD reduction using
MFC with a carbon cloth electrode, and also shorter than when an electrode with a Cu–B catalyst was
applied [22,75].

During MFC (with Ni–Co cathode, 15% Co) operation, a current density of 0.47 mA·cm−2 and a
power of 7.19 mW were recorded (Figure 17). For comparison, in MFC with the carbon cloth cathode, a
current density of 0.23 mA·cm−2 and a power of 5.63 mW were recorded.

The maximum power obtained during the operation of MFC with Ni–Co alloy was slightly higher
(by 1.56 mW) than the maximum power obtained during the operation of MFC with the carbon cloth
cathode (Figure 16), and slightly higher (by 1.08 mW) than the maximum power obtained during the
operation of MFC with the Cu–B cathode [22,75].

For these reasons, this article demonstrated the applicability of a Ni–Co alloy (containing 15%
of Co) as a cathode catalyst in a microbiological fuel cell, which is based on the supply of municipal
WW. At the same time, the higher catalytic activity of a Ni–Co catalyst (containing 15% of Co) was
demonstrated compared to a carbon cloth, as well as compared to a Cu–B catalyst.
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Abstract: Among all greenhouse gases, CO2 is considered the most potent and the largest contributor
to global warming. In this review, photocatalysis is presented as a promising technology to address
the current global concern of industrial CO2 emissions. Photocatalysis utilizes a semiconductor
material under renewable solar energy to reduce CO2 into an array of high-value fuels including
methane, methanol, formaldehyde and formic acid. Herein, the kinetic and thermodynamic principles
of CO2 photoreduction are thoroughly discussed and the CO2 reduction mechanism and pathways
are described. Methods to enhance the adsorption of CO2 on the surface of semiconductors are also
presented. Due to its efficient photoactivity, high stability, low cost, and safety, the semiconductor
TiO2 is currently being widely investigated for its photocatalytic ability in reducing CO2 when suitably
modified. The recent TiO2 synthesis and modification strategies that may be employed to enhance
the efficiency of the CO2 photoreduction process are described. These modification techniques,
including metal deposition, metal/non-metal doping, carbon-based material loading, semiconductor
heterostructures, and dispersion on high surface area supports, aim to improve the light absorption,
charge separation, and active surface of TiO2 in addition to increasing product yield and selectivity.

Keywords: photocatalytic reduction; CO2; TiO2 photocatalysts; surface modification; solar fuel

1. Introduction

The global emission of greenhouse gases, such as CO2, continues to rise by ~3% each year [1].
Higher atmospheric concentrations of greenhouse gases lead to surface warming of the land and
oceans [2]. According to computational results based on climate models, the average global value of
the temperature rise of +2 ◦C will be surpassed when the concentration of CO2 reaches 550 ppm [1].
If current trends are kept, the CO2 concentration will reach this threshold value by 2050. In addition to
warming the Earth, CO2 emissions have increased the ocean’s acidity. Thirty million of the 90 million
tons of CO2 discharged each day end up in the oceans as carbonic acid, lowering the ocean’s pH
level [3]. Both the increased temperatures and the higher acidity of the ocean have initiated a set of
other impacts including the melting of glaciers, rising sea levels, deeper and longer droughts, more
and larger forest fires, migration of tropical diseases, accelerated extinction rates, increased destructive
power of tropical storms, and increasingly large downpours of rain and snow [3,4]. Natural processes
can potentially remove most of the CO2 that human activities are adding to the atmosphere; however,
these processes operate very slowly and will take too long to prevent rapid climate change and its
impacts [2].

Three theoretical approaches have been widely suggested for solving the climate problem: (1)
direct reduction of CO2 emissions by changing industrial and urban processes and habits, (2) CO2

capture and storage (CCS), and (3) CO2 capture and utilization (CCU). Due to the increasing population
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rate and the increasing demand for high-quality life, the direct reduction of CO2 emissions seems
infeasible [5]. To keep up with energy needs of a growing population, governments are compelled
to continue with their current industrial activities despite the large amounts of resulting greenhouse
gas emissions. Carbon capture and sequestration (CCS) is considered to be a very promising solution
to removing excess CO2 from the atmosphere. The idea behind CCS lies in storing large quantities
of captured CO2 in underground geological formations. The stored CO2 may be used for recovering
oil and gas from partly exploited fields, thus giving an economic value to CO2 [6]. The two major
issues associated with CCS are cost and storage. The high cost of CCS is due to the large amounts
of energy required to separate CO2 from the emission stream. It is estimated that this separation
process could account for 70–90% of the total operating cost of CCS [7]. Also, the storage of CO2

is considered challenging due to the large amounts of CO2 that needs to be stored and the risk of
leakage [2]. Although CCS technologies may appear to be very promising in removing excess CO2

from the atmosphere, they are expensive, energy-intensive, and require large capital investment for
industrial application [8].

To make CCS technologies more economically feasible, carbon capture and utilization (CCU)
technologies have emerged as a feasible and promising technique that can complement the storage
of huge quantities of CO2 in geological and ocean formations. Industrial applications of CO2 are
present in numerous sectors including chemical, oil and gas, energy, pulp and paper, steel, food, and
pharmaceuticals [9]. Currently, the commercial CCU technologies use CO2 for enhanced oil recovery
(EOR) applications. The use of CO2 as a raw input material in the chemical industry is limited to a few
processes such as the production of salicylic acid, urea and polycarbonates [8,10]. Recently, new research
is looking into converting the captured CO2 into valuable products including chemicals, polymers
and fuel. It is estimated that 5 to 10% of the total CO2 emissions may be utilized for the synthesis
of value-added products [11]. The specific application of converting CO2 into fuel is being actively
studied by researches and is showing great promise for future industrial applications. A wide variety
of fuels, including methanol, ethanol, methane, dimethyl ether, formic acid, petroleum-equivalent fuels,
and others may be produced through different CO2 conversion processes. However, these conversion
processes produce large quantities of CO2 and will therefore increase the concentration of CO2 in
the atmosphere instead of reducing it [11,12]. Thus, to stay within the targeted goal of decreasing
CO2 emissions, low-carbon energy sources, such as renewable resources, must be used as the primary
energy input in the CO2-to-fuels conversion process. Other drawbacks of CO2-to-fuels conversion
processes include intensive energy requirements and low energy conversion efficiency [12]. The main
methods of CO2 conversion are thermochemical [13–15], electrochemical [12,13], biological [16–18],
and photocatalytic [19–23].

Photocatalysis is considered to be a promising method for the conversion of CO2 into valuable
products, such as methane, hydrogen, methanol, formaldehyde, ethanol, and higher hydrocarbons [6,19].
One major advantage of photocatalysis over other conversion methods is that it can take place at
room temperature and under atmospheric pressure conditions [19]. In addition to that, it utilizes a
renewable and sustainable form of energy, namely solar energy, for the conversion of CO2. Note that,
unlike conventional processes, the photoreduction of CO2 does not increase net CO2 emissions or
consume additional energy [23]. Despite the intensive research, the photocatalytic reduction of CO2

is still considered inefficient. This is mainly due to the absence of scalable reactor designs able to
simultaneously introduce reactants, photons, and visible light-responsive catalysts to produce specific
fuels in significant quantities [23]. The main challenge in developing an economically feasible process
for the photocatalytic conversion of CO2 is finding a suitable catalyst [24]. The most common type of
catalysts used in the photocatalytic conversion of CO2 are the inexpensive and naturally abundant
transition-metal oxides, such as titanium dioxide (TiO2). TiO2 is one of the most widely used and
commonly investigated semiconductors for photocatalytic applications [25]. This is attributed to its low
toxicity, low cost, high efficiency, and high stability. Other several types of metal oxide semiconductors,
including zirconium oxide, gallium oxide and thallium oxide, have also been investigated for their use
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in the photocatalytic reduction of CO2 [25]. The poor light absorption and the low product selectivity
of these photocatalysts pose a challenge for researchers aiming to efficiently reduce CO2 [26]. Currently,
the development of new, stable, inexpensive, abundant, nontoxic, selective, and visible light-responsive
photocatalysts is being actively investigated [19,27]. In this regard, some state-of-the-art photocatalysts,
such are perovskite oxides and III-V semiconductors, have shown some great promise in driving the
photocatalytic reduction of CO2 specifically under direct sunlight. Perovskite oxides exhibit interesting
compositional flexibility that allows for precise band gap tuning and defect engineering [28]. On the
other hand, III-V semiconductors can easily meet the thermodynamic requirements of CO2 reduction
to CO due to their higher (less positive) conduction band when compared to that of other metal
oxide semiconductors [29]. Nonetheless, the current photocatalytic efficiency of perovskite oxides
and III-V semiconductors is too low for practical CO2 reduction applications. Furthermore, their
low selectivity and high instability have urged researches to continue with their investigations on
TiO2-based photocatalysts for the reduction of CO2 [28].

Besides enhanced photocatalysts, researchers have been also coupling photocatalysis with other
CO2 conversion methods aiming at improving the process efficiency. For instance, in a study proposed
by Zhang et al. [30], a photo-thermochemical process was used for the reduction of CO2. Combining
both processes together allowed for the utilization of both solar and thermal energy. The major
limitation of thermochemical conversion techniques is the high temperature (>1273 K) step required to
reduce the metal oxide catalyst and create an oxide vacancy. In the photo-thermochemical process,
this step is replaced by photocatalysis where UV light is used instead of high temperatures to form
vacant sites. Next, the temperature needs to be only slightly raised (573–873 K) to accelerate the
dissociation of CO2 to CO. Electrocatalysis is another CO2 conversion method that has been coupled
with photocatalysis. As previously mentioned in this work, photocatalysts with outstanding structural
and optical properties need to be developed for an efficient CO2 photoreduction process. From a
thermodynamic perspective, these photocatalysts must possess favorable band gap energies for CO2

reduction. In photo-electrocatalysis, this limitation may be overcome if an appropriate external bias is
applied to the system [31]. Therefore, a broader range of photocatalysts with lower thermodynamic
restrictions can be used for the reduction of CO2. Halmann [32] was the first to report the successful
photo-electrocatalytic conversion of CO2 into formic acid, formaldehyde, and methanol.

In this review, the current advances on CO2 photoreduction over TiO2-based catalysts are critically
discussed. The photocatalytic mechanism of CO2 reduction has been explained particularly in the
case when water is used as a reductant. Furthermore, the various modification techniques of TiO2,
including metal deposition, metal/non-metal doping, carbon-based material loading, formation of
semiconductor heterostructures, and dispersion on high surface area supports, have been summarized.
Although a number of review articles [33–35] have highlighted the possible surface modifications of
TiO2 photocatalysts, this paper provides emphasis on modification techniques that will specifically
enhance the CO2 photoreduction efficiency of TiO2 photocatalysts. Future directions toward efficient
photocatalytic systems for the reduction of CO2 have been also presented.

2. Photocatalytic Conversion of CO2: Thermodynamics and Kinetics

In the photocatalytic approach, semiconductors irradiated by UV or visible light are used for the
reduction of CO2. As can be seen in Figure 1, the light energy (hv) absorbed by the photocatalyst is
used to produce electron–hole pairs, which are generated when that energy is equal or greater than
the band gap energy (Eg) of the photocatalyst. Only then will the electrons (e−) be promoted from
the valence band (VB) to the conduction band (CB) of the semiconducting material, simultaneously
creating a hole (h+) at the VB [20]. The e− and h+ are then transferred to active redox species present
across the photocatalytic interface in order to participate in the conversion process [26].

117



Catalysts 2020, 10, 227

 

Eg 

Figure 1. Generation of an electron–hole pair in a photocatalyst. Reproduced from work in [20].
Copyright 2011 Royal Society of Chemistry.

The photocatalytic reduction of CO2 into value-added products involves radical-chain reactions
that form cation, anion, and electrically neutral or charged radicals. These radicals are produced as a
result of the reaction with photogenerated electrons and holes between the metal oxide photocatalyst
and the reactants [26,36]. As CO2 will be reduced, the presence of a co-reagent, or an electron donor,
that will be simultaneously oxidized, is necessary [37]. A sacrificial donor (D), usually water, is
oxidized by the photogenerated holes in the valence band, while the electrons in the conduction
band reduce CO2 [38]. Hydroxyl groups present on the surface of the photocatalyst might also be
oxidized by the holes [39]. The end products of the photocatalytic reduction of CO2 depend on both the
redox potential (thermodynamics), and surface electron density and photoadsorption/photodesorption
thermodynamics and kinetics [40].

The overall efficiency of the photocatalytic reduction of CO2 is governed by the effectiveness
of three processes: the photogeneration of the electron/hole pair, the interfacial transfer of electrons
between the photocatalyst surface and the adsorbed CO2, and the conversion of redox species to
valuable products [20]. The features of the photocatalyst, the energy of light, and the concentration of
reactants are all factors that greatly influence the reaction rate of the photocatalytic process. Other
important parameters include pH (when the reaction takes place in water), which affects the charge
of the photocatalytic surface, and temperature, which impacts the collision frequency between the
reactants and the photocatalyst [21]. Moreover, the surface of the photocatalyst must be thoroughly
cleaned prior to any photocatalytic test. Otherwise, carbon-containing species, resulting from the
synthesis procedure, will be present on the photocatalyst’s surface and will contribute to product
formation. Dilla et al. [41] developed an efficient photocatalytic cleaning step that may be performed
right before the start of the CO2 photoreduction test. Herein, humid helium is flushed through
the reactor under light irradiation. The cleaning progress is then monitored and, as soon as the
concentration of products from the cleaning reaction is low, CO2 is fed into the reactor. This method
not only ensures a clean photocatalytic surface but also rids the reactor from any trace hydrocarbon
contaminants that might be present inside.

If the participating species are adsorbed on the semiconductor surface, then the photocatalytic
process will certainly be more efficient due to the decrease in activation energy and increase in substrate
concentration near reactive sites. When CO2 adsorbs onto the photocatalyst surface, its structure
transforms from linear to the more reactive bent form (Figure 2). More specifically, the carbon atom
of CO2 binds to a surface oxygen site, while the oxygen atom binds to the surface metal center of
the metal oxide [42]. As a result of the structural transformation, the lowest unoccupied molecular
orbital (LUMO) level of the metal oxide decreases lowering its activation energy [39]. However,
density functional theory (DFT) calculations performed by Sorescu et al. [43] demonstrated that CO2

preferentially binds to the metal oxide surface in a linear geometry. This is most probably due to the
low binding energy (−46 kJ/mol) associated with the linear configuration, the considerable energy
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required to bend CO2 (38.6 kcal/mol) and the significant deformation the metal oxide surface undergoes
when binding to bent CO2 [42,43].

 
Figure 2. Five possible CO2 adsorption configuration models on metal oxide semiconductors. M: Metal
C: Carbon O: Oxygen. Reproduced from work in [44]. Copyright 2014 Wiley-VCH.

To enhance the adsorption of CO2, basic sites and/or micropores must be introduced on the surface
of the photocatalyst. The introduction of sites that can store electrons and acid sites that can stabilize
the species derived from CO2 must also be considered [37]. Therefore, researchers have to focus on
developing such complex photocatalysts with a combination of acidic and basic sites. Additionally, the
adsorption of CO2 could also be improved by synthesizing metal-oxide photocatalysts with oxygen
vacancy sites. These vacancies may then be filled by the oxygen atoms of CO2 promoting the adsorption
of the latter [45]. The generation of an unexpected attraction between the oxygen vacancy and CO2

subsequently lowers the reactive barrier [44].
A large and negative reduction potential (E = −1.90 V) is required for the single electron reaction

that coverts CO2 to CO2
•− [46]:

CO2 + e− → CO2
•−, (1)

This reaction is thermodynamically unfavorable due to the high stability of CO2 and the large
amount of energy needed to change the geometrical configuration of CO2 from linear to bent. CO2

•− is
a highly unstable radical anion that almost immediately converts to CO3

2−, CO, and C2O4
2− [46]. If the

transfer of the single electron occurs simultaneously with a proton transfer, the CO2 reduction potential
can be significantly lowered (i.e., more positive) due to the stabilization of CO2

•− by the proton [37].
The reduction potential can be further reduced to a more positive value when multiple electrons and
holes are simultaneously transferred to CO2. Therefore, the multiple electron reduction of CO2 is
considered more thermodynamically favorable. Here, CO2 typically converts to CO, CH2O2, CH2O,
CH3OH, and CH4. Although more thermodynamically favorable, these multiple electron reactions are
kinetically more challenging and lead to difficulties in process efficiency and selectivity.

As depicted in Figure 3, any photocatalytic reaction mechanism generally involves the following
steps [47]; (1) reactant adsorption onto active sites, (2) light absorption from the catalyst with
subsequent photogeneration of e− and h+, (3) interaction between charges and adsorbed reactants,
(4) redox reactions, and (5) product desorption. Nonetheless, the particular reaction mechanism of
CO2 photocatalysis is fairly complex. The reduction process, which is significantly influenced by the
type of photocatalyst used, can give rise to a range of various possible products. The mechanism is
also highly dependent on the energy of the photoexcited charges. If the excited charge carriers do not
have the sufficient energy to react with the intermediate species, the reaction will not proceed and the
final expected product from the photocatalytic reaction pathway will not be formed. Other factors that
may inhibit the formation of products include product accumulation on the photocatalytic surface and
photocatalyst deactivation. Moreover, the formed products might re-oxidize back to CO2 in oxygen-rich
environments. As a result of the aforementioned challenges, the yield of CO2 photoreduction is usually
very low and, as such, the formed products are generally difficult to detect [39].
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Figure 3. Basic illustration describing the reaction mechanism of CO2 photoreduction. Reproduced
from work in [47]. Copyright 2016 Elsevier B.V.

The kinetic modeling of CO2 photoreduction has only been investigated by few. In these studies,
two insights have been suggested on the rate limiting step. The first proposition claims that the
activation of CO2 through charge transfer is rate limiting [48]. In their mechanistic study, Uner et al. [49]
suggested that the rate of the overall process of CO2 photoreduction was limited by the production of
electrons and protons. The second proposition claims that the reactant adsorption/product desorption
is rate limiting [48]. A kinetic model proposed by Saladin et al. [50] demonstrated that product
desorption was rate limiting at low temperatures while reactant adsorption was rate limiting at high
temperatures. Further studies need to be conducted to help advance the understanding of reaction
kinetics in CO2 photoreduction.

Due to its availability and low cost, water is a desirable reducing agent to provide hydrogen atoms
in the photocatalytic conversion of CO2. It reacts with holes (h+) to form O2 and H+. The H+ ions later
interact with the excited electrons (e−) producing H2 [51]:

2H2O + 4h+→ O2 + 4H+ E = 0.81 V, (2)

2H+ + 2e− → H2 E = −0.42 V, (3)

Together, the CO2 and the H+ react and lead to the formation of stable molecules as shown in the
equations below [51].

CO2 + 2H+ + 2e− → CO + H2O E = −0.53 V, (4)

CO2 + 2H+ + 2e− → HCOOH E = −0.61 V, (5)

CO2 + 4H+ + 4e− → HCHO + H2O E = −0.48 V, (6)

CO2 + 6H+ + 6e− → CH3OH + H2O E = −0.38 V, (7)

CO2 + 8H+ + 8e− → CH4 + 2H2O E = −0.24 V, (8)

Studies have shown that the presence of water in the reaction system favors the formation of
methane as the major CO2 reduction product [37]. Two fundamental mechanisms have been proposed
for this specific reaction. One mechanism suggests that methane is produced in series [52]:

CO2 → HCOOH→ HCHO→ CH3OH→ CH4, (9)

120



Catalysts 2020, 10, 227

The second mechanism assumes that methane forms in parallel with methanol [53]:

CO2 → CO→ CH3OH/CH4, (10)

Evidently, the reaction pathway of CO2 photoconversion also greatly depends on the phase
(liquid/vapor) of water, which has to be considered as an important reaction parameter [39]. The major
product of CO2 photoreduction in aqueous media is usually formic acid (Figure 4), whereas the main
product in gaseous phase is typically CO (Figure 5). It is important to note that although methanol and
methane are the desired end products, the reaction usually does not proceed to that point. Instead, it
typically stops after the formation of formic acid or CO.

Figure 4. Aqueous phase photocatalysis of CO2 and water: proposed reaction pathway. Reproduced
from work in [39]. Copyright 2016 Elsevier Ltd.

 
Figure 5. Gaseous phase photocatalysis of CO2 and water: proposed reaction pathway. Reproduced
from work in [39]. Copyright 2016 Elsevier Ltd.
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Despite the aforementioned, the use of water has some limitations, including low CO2 solubility
(relevant when H2O is used as the solvent), competing reduction reaction leading to hydrogen, and
weak reducibility, eventually lowering the CO2 conversion efficiency [38]. The photoreduction of water
to hydrogen requires lower energy (E = 0 V) than the photoreduction of CO2 (E = −1.90 V) and is,
therefore, considered a strongly competing reduction process [39]. Furthermore, the photoreduction of
CO2 involves a multi-step charge transfer mechanistic approach in contrast to the single electron transfer
step sufficient to initiate the photoreduction of water to hydrogen [37]. Due to these thermodynamic
and kinetic limitations, and depending on the reductant used to obtain hydrogen, the generation
of hydrogen from water photoreduction might occur with efficiency much higher than that of CO2

photoreduction. Thus, when water is used as a reductant in the photocatalytic conversion of CO2,
hydrogen can appear as the predominant product. In addition, the higher dipole moment of water (D
= 1.85), when compared to that of CO2 (D = 0), favors its adsorption on the surface of the photocatalyst
leading to another competing process [54]. The adsorption equilibrium constants of CO2 and water
vapor were determined in a study performed by Tan et al. [47]. Results showed that water vapor
had a considerably higher adsorption equilibrium constant (8.07 bar−1) than that of CO2 (0.019 bar−1).
This implies that CO2 adsorbs weakly on the surface of the photocatalyst. Ideally, and as discussed
earlier in this section, CO2 adsorbs to a photocatalyst surface in a bent configuration, whereby the
carbon atom of CO2 binds to a surface oxygen site while the oxygen atom binds to the surface metal
center. This, however, is only applicable in the absence of water. Molecular dynamics studies were
employed by Klyukin et al. [55] to help investigate the surface adsorption of CO2 in the presence of
water. Simulations showed that CO2 adsorbed at oxygen sites while water saturated the metal sites.
To manage the competitive adsorption between CO2 and water, an optimum concentration of both
reactants must be carefully considered. If CO2 was present at extremely high concentrations, then it
would effectively compete with water for the reactive sites. On the other hand, at CO2 concentrations
lower than that of water, only a limited number of CO2 molecules would adsorb on the photocatalyst
surface [47]. The formation of water-soluble products that are difficult to recover is another challenge
faced in presence of water [37].

To help overcome the drawbacks of water as a reducing agent, many researches are currently
investigating the use of alternative reductants for the photocatalytic conversion of CO2. In this respect,
the dielectric constant (κ) of the reducing agent significantly impacts the conversions and yields of
the photocatalytic process. Solvents with varying dielectric constants (κ), including water (78.5),
acetonitrile (37.5), 2-propanol (18.3), and dichloromethane (9.1), were tested as reducing agents in the
photocatalytic reduction of CO2 [56]. As κ increased, the conversion to formate increased while that
to carbon monoxide decreased. This may be explained by the stabilization of the CO2

•− radical by
solvents with higher κ. Consequently, the more stable anion radical will interact more weakly with the
photocatalytic surface.

As methanol is a strong reducing agent and has high CO2 solubility, Qin et al. [38] investigated its
use as a reductant for the photoreduction of CO2 on a CuO-TiO2 composite catalyst. Results show
that CO2 was reduced to produce methyl formate with a yield of 1602 μmol/g-cat/h. In addition, other
studies on the photocatalytic reduction of CO2 in a solution of NaOH showed that the use of NaOH as
a reductant enhances the photocatalytic efficiency [57,58]. In this respect, CO2 absorbs chemically in
NaOH solutions due to its acidic properties leading to a concentration much higher than in DI water,
and moreover the OH− present in solution may serve as strong hole scavenger, enhancing charge
separation. The optimal concentration of NaOH was reported to be 0.2 M [57,58].

Studies have also shown that the conversion of CO2 using hydrogen as a reducing agent is higher
than that when water is used [59]. This is because the photoreduction of CO2 with hydrogen is more
thermodynamically favorable than that with water [39]. Lo et al. [60] studied the photocatalytic
conversion of CO2 using bare TiO2 (Evonik P-25) under UV irradiation. Three different reductants were
tested: water, hydrogen, and water + hydrogen. The results, which are presented in Figure 6, show
that the highest product yields of CO2 photoreduction were obtained when hydrogen and saturated
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water vapor were used together as reductants, producing methane, carbon monoxide and ethane with
a yield of 4.11, 0.14, and 0.10 μmol/g-cat/h, respectively. The authors propose that water accelerated
the photoreduction of CO2 with hydrogen by donating electrons and subsequently inhibiting charge
recombination. They also suggest that water supplied more hydrogen atoms for the photoreduction of
CO2.

 
(a) (b) 

Figure 6. Effect of reductant on the yield of CO2 photoreduction products, i.e., CH4 (a) and CO (b).
Reproduced from work in [60]. Copyright 2007 Elsevier B.V.

The photocatalytic reduction of compressed CO2 (either liquid or supercritical) might be considered
as an alternative solution to the use of organic solvents, but it has been rarely investigated [61]. Kaneco
et al. [62] performed a study on the photoreduction of liquefied CO2 using TiO2 as the catalyst and
water as the reducing agent. Results show the highly selective formation of formic acid with no other
reduction products detected. Kaneco et al. [63] also investigated the photocatalytic reduction of CO2

into formic acid in supercritical CO2. The photoreduction reaction was conducted at 9.0 MPa and
35 ◦C with TiO2 as the catalyst. Under these conditions, the production rate of formic acid reached
a maximum yield of 1.76 μmol/g-cat/h. Kometani et al. [64] examined the photocatalytic reduction
of CO2 in a supercritical mixture of water and carbon dioxide (400 ◦C and 30 MPa) using Pt–TiO2

as the catalyst. Carbon monoxide, methane, formic acid, and formaldehyde were all detected as
reaction products with yields much higher than those obtained from the same reaction but at room
temperature. Despite the enhanced product yields, the major drawback in using compressed CO2 is
the large amount of energy required to change its state from gas to liquid or to supercritical. One
possible suggestion to help mitigate this limitation could be to target industrial processes that already
utilize CO2 in its compressed form. Thus, the overall energy efficiency of the photoreduction process
could be greatly enhanced.

3. Titanium Dioxide: Synthesis and Surface Modification Strategies for Enhanced CO2

Photoreduction

As shown in Figure 7, TiO2 exists as one of three mineral phases: anatase, brookite, and rutile.
Anatase-phase TiO2 is the most common phase of TiO2, but has a band gap of 3.2 eV, and is therefore
weakly active under visible light. Rutile-phase, with a band gap of 3.0 eV, has the strongest visible
light absorption, whereas brookite (band gap = 3.3 eV) has the weakest [65]. The use of mixed-phase
TiO2 enhances both the visible light harvesting ability and the electron–hole separation of TiO2 [66].
The crystalline phase of TiO2 is highly dependent on its preparation technique.
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Figure 7. Crystal structures of TiO2. Reproduced from work in [67].

The sol–gel method is widely used among researches for the preparation of bare and doped
TiO2-based photocatalysts both as thin films or powders [68]. This is attributed to the many benefits of
this simple and cost effective method, which include the synthesis of nano-sized crystallized powder
of high purity and homogeneity at relatively low temperature, possibility of tuning stoichiometry
and morphology and easy preparation of composite materials [69,70]. Other photocatalysts such as
ZrO2 [71], ZnO [72], and WO3 [73] have also been fabricated via the sol–gel process.

In general, the one-pot sol–gel procedure, shown in Figure 8, consists of two processes: hydrolysis
and condensation. During these processes, the metallic atoms of the precursor molecules bind to
form metal oxides and metal hydroxides. In the case of TiO2, titanium alkoxides, such as titanium
isopropoxide or titanium n-butoxide, are used as the precursor. Alcohol and acid must also be
introduced into the reaction system as reaction modifiers. A densely cross-linked 3D TiO2 gel with
large specific surface area is formed as an end product after allowing the mixture of precursor, alcohol
and acid to stir for several hours [70]. The choice of reaction parameters including reactants molar
ratio, solution pH, reaction temperature, and reaction time, significantly affect the morphology of the
final catalyst [74,75]. For instance, different reactant molar ratios would result in different hydrolysis
rates which would in turn return structurally different TiO2 catalysts [76,77]. Another example is
the choice of acid where using acetic acid in the sol–gel synthesis of TiO2 was shown to favor the
formation of anatase-phase TiO2, whereas using hydrochloric acid favored the formation of brookite
and rutile mixed-phase TiO2. Post-synthesis treatment techniques such as aging, drying and annealing
are sometimes utilized to enhance the activity of the synthesized TiO2 photocatalyst [78]. To develop
TiO2 films, the viscous sol may be deposited on a substrate via film coating techniques [79,80].

 
Figure 8. Sol–gel method for the preparation of bare and doped TiO2-based photocatalysts.

The hydro/solvo thermal method is another one-pot TiO2 synthesis technique that takes place in
an aqueous solution above room temperature and atmospheric pressure [81]. More specifically, the
TiO2 precursor (titanium alkoxides) is mixed with an aqueous solution of an acid or a base for 16 to
72 h at high reaction temperature (110–180 ◦C). Post-synthesis treatment, which includes washing
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the obtained precipitate with DI water and then dispersing it in HCl solution before calcination,
is usually performed to enhance the nanostructure of TiO2. Quenching, or rapid cooling, is also
commonly applied post-synthesis to enhance the photocatalytic activity of TiO2 [82]. The hydro/solvo
thermal process yields highly pure and well-defined TiO2 nanocrystals with narrow particle size
distribution [70]. Depending on the synthesis process parameters, which include the choice of
precursor, the concentration of acidic/alkaline solution and the reaction temperature and time, different
TiO2 morphologies may be obtained. This ability to control the synthesis process to obtain TiO2 as
nanoparticles, nanotubes, nanoribbons, or nanowires is a great advantage of the hydro/solvo thermal
treatment technique [83–85].

A number of studies have reported the significant CO2 photocatalytic conversion improvement of
TiO2-based catalysts when synthesized under supercritical conditions. Camarillo et al. [86] prepared
TiO2 catalysts in supercritical CO2 via a hydrothermal method. The synthesized TiO2 catalyst was used
for the photoreduction of CO2 to methane, where the catalyst exhibited better photoactivity than the
standard reference catalyst Evonik P-25. When prepared in supercritical CO2, TiO2 displayed improved
CO2 adsorption, enhanced charge separation and stronger visible light absorption. The highest methane
production rate of 1.13 μmol/g-cat/h was obtained when diisopropoxititanium bis(acetylacetonate)
precursor and isopropyl alcohol were used in the catalyst preparation.

The choice of precursor significantly affects the photocatalytic property of the synthesized catalyst.
Bellardita et al. [87] prepared TiO2 photocatalysts via the hydrothermal method using two different
precursors, titanium tetrachloride and titanium butoxide. The TiO2 photocatalysts were tested for the
reduction of CO2 and results showed that the photocatalysts synthesized from titanium tetrachloride
favored the formation of formaldehyde, whereas those synthesized from titanium butoxide favored
the formation of methane. The same study also examined the use of copper-doped TiO2 for the
photoreduction of CO2. Results showed that doping TiO2, synthesized with titanium tetrachloride
precursor, with 1 wt.% copper enhanced the formaldehyde production rate. However, doping
TiO2, synthesized with titanium butoxide precursor, with 1 wt.% copper decreased the methane
production rate.

The catalyst morphology plays a crucial role in determining its photocatalytic efficiency. TiO2

nanostructures (nanosheets, nanorods, nanowires, nanotubes, nanobelts, etc.) have been shown to
exhibit superior performance for photocatalytic reduction of CO2 [26]. These nanostructures provide
large surface area, reduced grain boundaries, and facile charge transport paths. Specifically, reduced
grain boundaries and defects usually lead to a direct pathway for electron transport to catalytic sites,
inhibiting the electron–hole recombination rate.

The use of unmodified TiO2 photocatalysts for the reduction of CO2 under UV light has been
reported by many to be inefficient [37]. This is mainly attributed to the reduction potential (−0.5 V) of
electrons in the TiO2 CB which is much lower (i.e., more positive) than the theoretical thermodynamic
requirement for the single electron reduction of CO2 (−1.90 V). To drive any reduction process, the
potential of the CB must be more negative than that of the reduction reaction [39]. This is true in the
case of the multiple electron reduction of CO2 to methane (−0.24 V) or to methanol (−0.38 V). On the
other hand, the co-presence of strong reducing electrons and free protons is detrimental as they may
interact to produce molecular hydrogen. This may be avoided by introducing spatially separated
centers within the TiO2 lattice in order to trap the charges and reduce their recombination [37].

Several modification strategies have been suggested to help overcome the drawbacks of TiO2.
Many of these strategies are shown in Figure 9 and they include metal deposition, metal/non-metal
doping, loading of carbon-based material, formation of semiconductor heterostructures, and dispersion
on high surface area supports. All of the aforementioned techniques serve to enhance the separation
of electrons and holes and to extend the absorption of light into the visible range. Loading TiO2

with carbon-based materials and dispersing TiO2 on inert supports offers the added advantages
of increasing the concentration of surface electrons, improving the surface adsorption of reactants
(specifically CO2), and reducing the agglomeration of TiO2 nanoparticles. Nonetheless, the utilization
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of carbon-based materials hinders the absorption of light while high surface area supports lower the
light utilization efficiency since they absorb and scatter part of the radiation resulting in a waste of
photons. Although TiO2-based heterostructures are complex to synthesize and are considered to be
relatively unstable, they effectively separate oxidation and reduction sites improving the photocatalytic
performance of TiO2 semiconductors. To overcome limitations and drawbacks, many researches have
suggested to employ hybrid systems which combine two or more of these different modification
techniques [40]. The advantages and disadvantages of the main modification strategies along with the
performance results from the most important CO2 photoreduction studies are summarized in Tables 1
and 2 below [19,26,37,88–90]. Further details on the pros and cons of the mentioned TiO2 surface
modification techniques are discussed in the following individual Sections 3.1–3.5

 
Figure 9. Photocatalyst modification strategies. Reproduced from work in [40]. Copyright 2016 Elsevier
B.V.

Table 1. Advantages and disadvantages of TiO2 modification techniques.

Modification Strategy Advantages Disadvantages

Metal Deposition -Enhances electron–hole separation -Expensive
-Rare

Metal Doping -Extends light absorption into visible range
-Enhances electron–hole separation

-Act as recombination centers
-Leads to structural defects
-Possibility of metal leaching

Non-Metal Doping -Extends light absorption into visible range
-Enhances electron–hole separation -Act as recombination centers

Carbon-based Material Loading

-Extends light absorption into visible range
-Enhances electron–hole separation
-Increases electron concentration on TiO2 surface
-Improves CO2 adsorption on catalytic surface
-Reduces agglomeration of TiO2 nanoparticles

-Forbids light absorption by TiO2

Heterostructures
-Extends light absorption into visible range
-Enhances electron–hole separation
-Separates reduction and oxidation sites

-Complex synthesis method
-Instability

Dispersion on Supports

-Enhances the catalyst’s product selectivity, pore
structure and electronic properties
-Eliminates need for post treatment separation
-Provides high surface area
-Enhances dispersion of TiO2 nanoparticles
-Improves adsorption of reactants on catalytic surface

-Low light utilization efficiency

Alkali Modification -Enhances electron–hole separation
-Enhances the chemisorption of CO2

-Encapsulation of TiO2
nanoparticles
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Table 2. Photocatalytic performance of various TiO2-based catalysts in the reduction of CO2*.

Modification
Strategy

Photocatalyst
Synthesis
Method

Reductant
Light

Source
Main Product Yield

(μmol/g-cat/h)
Ref.

Metal Deposition
Platinum

One-dimensional TiO2
single crystals coated with

ultrafine Pt NPs
CVD Water UV Methane: 1361 [91]

0.2 wt.% Pt on mesoporous
TiO2

Soft
Template Water UV Methane: 2.85 [36]

Metal Deposition
Gold 0.5 wt.% Au on TiO2 NWs HT Hydrogen Visible

Carbon monoxide:
1237

Methanol: 12.65
[92]

Metal Deposition
Silver

Ag-electrodeposited on
TiO2 NRs HT Water UV Methane: 2.64 [93]

Metal Deposition
Copper

1.7 wt.% Cu and 0.9 wt.% Pt
NPs on TiO2 (Evonik P-25) - Water UV + Visible Methane: 33 [94]

Cu/C–TiO2 Sol–gel Water UV Methane: 2.526 [95]
Metal Doping

Copper 1.2 wt.% Cu-TiO2 HT Water UV Methanol: 0.45 [96]

2 wt.% Cu-TiO2 Sol–gel NaOH UV Methanol: 12.5 [58]
3 wt.% Cu-TiO2 (Evonik

P-25) - KHCO3 UV Methanol: 194 [97]

Metal Doping
Nickel 0.1 mol % Ni-TiO2 ST Water UV Methane: 14 [98]

Metal Doping
Cerium 0.28 mol % Ce-TiO2 Sol–gel NaOH UV Methane: 0.889 [99]

Non-Metal
Doping Nitrogen N-TiO2 NTs HT NaOH Visible

Formic acid: 1039
Methanol: 94.4

Formaldehyde: 76.8
[100]

Non-Metal
Doping
Carbon

C–TiO2 IMM Na2SO3 Solar Formic acid: 439 [101]

Carbon-based
Material Loading

CNTs

MWCNT/TiO2
nanocomposite - Water Visible Methane: 0.17 [102]

Anatase-TiO2
NPs/MWCNT Sol–gel Water UV Ethanol: 29.872 [103]

Rutile-TiO2 NRs/MWCNT HT Water UV Formic acid: 25.02 [103]
CNT-Ni/TiO2

nanocomposites CVD Water Visible Methane: 0.145 [104]

Carbon-based
Material Loading

Graphene

Graphene/
N-TiO2

ST Water Visible Methane: 0.37 [105]

Hetero-structures 1 wt.% CuO-TiO2
composite - Methanol UV Methyl formate:

1602 [38]

Dispersion on
Supports

0.5 wt.% Cu/TiO2-silica
nanocomposite Sol–gel Water UV Carbon monoxide: 60

Methane: 10 [106]

Alkali
Modification 3 wt.% NaOH-TiO2 IMP Water UV Methane: 8.667 [90]

* Abbreviations: NP: nanoparticle; NW: nanowire; NR: nanorod; NT: nanotube; CVD: chemical vapor deposition;
HT: hydrothermal; ST: solvothermal; IMM: immersion; IMP: impregnation; MWCNT: multiwall carbon nanotubes;
UV: ultraviolet.

3.1. Metal Deposition

Although considered an expensive modification technique, metal deposition enhances the
electron–hole separation in a semiconductor, improving the photoreduction efficiency of CO2 [40,107].
As the work function of the metal increases, the metal’s ability to accept the photogenerated electrons
also increases [36,40]. This in turn enhances the electron–hole separation and the overall photocatalytic
activity of TiO2. Some of the most commonly deposited metals arranged in order of highest work
function include platinum (5.93 eV), palladium (5.60 eV), gold (5.47 eV), and silver (4.74 eV) [25,40].

Wang et al. [91] demonstrated high CO2 photoreduction efficiency of one-dimensional (1D) TiO2

single crystals coated with ultrafine Pt nanoparticles. This efficient Pt–TiO2 nanofilm, shown in
Figure 10, was synthesized via chemical vapor deposition and exhibited selective formation of methane
with a maximum yield of 1361 μmol/g-cat/h. Deposition of Pt nanoparticles enhanced the electron–hole
separation leading to a more efficient photocatalytic performance. Li et al. [36] also proposed the use of
Pt-deposited TiO2 for the photoreduction of CO2 to methane. Results showed that depositing 0.2 wt.%
Pt on mesoporous TiO2 yields methane with a production rate of 2.85 μmol/g-cat/h. Tostón et al. [108]
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examined the photocatalytic activity of 1 wt.% Pt–TiO2 photocatalysts prepared in supercritical CO2.
The synthesized photocatalyst was used to reduce CO2 into methane. The study indicated that the use
of supercritical CO2 results in a photocatalyst with higher surface area, crystallization degree, pore
volume, visible light absorbance, and methane production rate (0.245 μmol/g-cat/h).

 

Figure 10. Enhanced CO2 photoreduction efficiency by ultrafine Pt nanoparticles deposited on TiO2

crystals. Reproduced from work in [91]. Copyright 2012 American Chemical Society.

Owing to the effect of localized surface plasmon resonance (LSPR) and to that of Schottky barrier
formation, Au and Ag nanoparticles have been shown to enhance the visible-light activity of several
semiconducting materials. In LSPR, an electromagnetic field is created and the photoreaction is
improved via photon scattering, plasmon resonance energy transfer and hot electron excitation. On the
other hand, the formation of a Schottky barrier enhances the photoactivity by trapping and prolonging
the electron life [109]. Tahir et al. [92] described the photoreduction of CO2 using Au-decorated TiO2

nanowires, prepared by hydrothermal method. Deposition of 0.5 wt.% Au on the TiO2 nanowires
yielded 1237 μmol carbon monoxide/g-cat/h and 12.65 μmol methanol/g-cat/h. Surface deposition of
Au nanoparticles enhanced charge separation and improved photocatalytic activity under visible light
through plasmon excitation. More specifically, the LSPR effect of Au nanoparticles promotes electrons
to the CB of TiO2. The positively charged plasmas of Au nanoparticles then trap photogenerated CB
electrons enhancing the separation of charges. Next, the LSPR effect of Au improves the energy of these
trapped electrons and, as a result, the efficiency of CO2 photoreduction increases [109]. Kong et al. [93]
proposed the use of Ag-electrodeposited TiO2 nanorods, prepared by hydrothermal method, for the
photocatalytic reduction of CO2 to methane. The photocatalyst exhibited enhanced photoactivity with
a methane yield of 2.64 μmol/g-cat/h. This improved performance was attributed to the plasmonic
characteristics of the Ag nanoparticles.

Murakami et al. [110] photocatalytically reduced CO2 using Ag/Au-TiO2. The deposited metal
nanoparticles act as reductive sites increasing the production of methanol compared to that of bare TiO2.
Zhai et al. [94] photodeposited Cu and Pt nanoparticles on TiO2 (Evonik P-25) using copper sulfate
and chloroplatinic acid, respectively, as the metal precursors. Results showed the photo-depositing
TiO2 with 1.7 wt.% Cu and 0.9 wt.% Pt allowed to produce methane from CO2 with a yield of 33
μmol/g-cat/h. Yan et al. [95] used a sol–gel method to synthesize a novel Cu/C–TiO2 catalyst for the
photoreduction of CO2 in water under UV irradiation. Co-deposition of Cu and C onto the TiO2

surface extended the light absorption into the visible range, reduced the electron–hole recombination
rate and provided an increased number of reaction sites on the photocatalytic surface. The enhanced
Cu/C–TiO2 photocatalyst reduced CO2 to methane with a production rate of 2.53 μmol/g-cat/h.
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3.2. Doping

One of the many strategies used to enhance the activity of TiO2 photocatalysts is doping with
metals such as copper, nickel, silver and cerium. This technique is the most widely applied method
used to extend the light absorption range and suppress the recombination rate of TiO2. Although
introducing metal nanoparticles into the TiO2 matrix leads to structural defects, their presence reduces
the TiO2 bandgap, shifting the absorption threshold to visible [40]. The reduction in bandgap occurs as
a consequence of the new energy level produced by the dispersion of dopants in the TiO2 lattice [111].
Not only that, but the doped metal may also act as an electron trap, enhancing the separation of the
photogenerated electrons and holes during irradiation as illustrated in Figure 11. One major drawback
of metal doping is the possibility of metal leaching and, consequently, catalyst deactivation. This might
occur as a result of the photocorrosion of doped TiO2, especially when water is used as a reductant [37].

 
Figure 11. Electron–hole separation of metal-doped semiconductors. Reproduced from work in [112].
Copyright 1995 American Chemical Society.

To prepare metal-doped TiO2, the sol–gel method is commonly followed due to its versatility
and simplicity. In a typical process, a TiO2 precursor is mixed with a metal-dopant precursor which
has been dissolved in alcohol. After hydrolysis for several hours and at elevated temperatures, the
reaction mixture is dried and a metal-doped catalyst in powder form is obtained [111]. Chemical vapor
deposition and hydro/solvo-thermal techniques may also be used for the synthesis of metal-doped
TiO2.

One of the most commonly used metal dopants incorporated into TiO2 semiconductors is copper.
Different metal loading levels of Cu-doped TiO2 were tested for the photocatalytic reduction of CO2

under UV light. For instance, Wu et al. [96] reduced CO2 to methanol using a Cu-doped TiO2 catalyst
under UV irradiation. The catalyst was synthesized via a hydrothermal method and exhibited a band
gap of 3.3 eV. Doping TiO2 with 1.2 wt.% copper produced methanol with a yield of 0.45 μmol/g-cat/h.
Tseng et al. [58] reported the photocatalytic reduction of CO2 into methanol under UV irradiation
using copper-doped TiO2, prepared using the sol–gel method. The results of this study showed that
doping the TiO2 catalyst with 2 wt.% copper gave the highest methanol yield of 12.5 μmol/g-cat/h.
The copper doping lowered the electron–hole recombination probability, which consequently boosted
the photocatalytic efficiency. Nasution et al. [97] studied the use of Cu-doped TiO2 (Evonik P-25),
prepared by an impregnation method, for the photocatalytic reduction of CO2 under UV irradiation.
Results showed that doping TiO2 with 3 wt.% copper yields a maximum methanol production rate of
194 μmol/g-cat/h. All of the aforementioned studies suggest that the photocatalytic reduction of CO2

using a Cu-doped TiO2 catalyst under UV illumination yields methanol as the main reaction product.
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Due to the LSPR effect of copper nanoparticles, Cu-doped TiO2 has been shown to exhibit
enhanced photocatalytic activity under visible light. The strong local electron field from the LSPR effect
improves the energy of the trapped electrons resulting in an enhanced photocatalytic CO2 reduction
process. The concentration of copper dopant, however, must be carefully considered. Although excess
copper nanoparticles improve the separation of charges, they also lead to the formation of larger
copper particles. These larger particles have a weaker LSPR effect and as such considerably lower the
photocatalytic efficiency [113].

The metal dopant concentration significantly affects the photocatalytic activity of doped TiO2.
Depending on its concentration, the metal dopant can either hinder or promote the anatase-to-rutile
transformation during calcination. The crystal structure transformation to rutile reduces the catalyst’s
surface area and removes any active species present on the anatase surface, thereby lowering the
catalytic performance of doped TiO2 [114]. To maintain high anatase levels and therefore better
photocatalytic activity, low concentrations of metals (0.1–0.5 mol %) are commonly doped into TiO2. In
addition to the structural transformation, the dopant loading level also influences the recombination of
photogenerated charges. By acting as recombination centers, metal dopants, can significantly increase
the electron–hole recombination especially when present at high concentrations (>3 mol %), therefore
lowering the photocatalytic efficiency [115]. Kwak et al. [98] investigated the photocatalytic reduction
of CO2 to methane using a nickel-doped TiO2 catalyst, prepared via a solvothermal method. Doping
with 0.1 mol % nickel gave the highest methane yield of 14 μmol/g-cat/h. Matějová et al. [99] examined
the photoactivity of cerium-doped TiO2, synthesized by the sol–gel method, for the reduction of CO2.
The doped cerium shifted the light absorption of the catalyst into the visible range and enhanced
charge separation. Results showed that doping TiO2 with 0.28 mol % cerium gave the highest methane
yield of 0.889 μmol/g-cat/h.

Nonmetal dopants, such as nitrogen, carbon, sulfur, and fluoride, are commonly used to help
reduce the TiO2 band gap, consequently increasing the absorption of visible light [26]. Substitutional
nonmetal doping typically introduces defect states localized at the impurity site which reduce the band
gap and induce absorption in the visible region. Furthermore, these defect states, which form below
the conduction band, have been shown to be good acceptors of electrons. Nonetheless, nonmetal
doping also leads to the formation of oxygen vacancies. These oxygen vacancy defects generally act as
charge recombination centers which are detrimental in photocatalytic reactions and must therefore
be avoided [116]. As the quantity of nonmetal dopant increases, the amount of defects increases and
the photocatalytic activity consequently decreases. Therefore, in nonmetal doping, extra care must
be taken in optimizing the dopant concentration for enhanced visible light absorption and improved
photocatalytic activity with an acceptable extent of defects [117]. One strategy commonly used to reduce
the recombination of charges in nonmetal doped TiO2 is co-doping with an electron donor–acceptor
pair [118]. Similar to metal-doping, non-metal doping is usually performed via the sol–gel process,
although other techniques including hydro/solvo-thermal methods may also be applied.

Studies have shown that the main reaction product resulting from the photocatalytic conversion of
CO2 using non-metal dopants is formic acid. For example, Zhao et al. [100] studied the photocatalytic
activity of nitrogen-doped TiO2 nanotubes prepared by a hydrothermal method, where titanium (III)
chloride and hexamethylene tetramine were used as precursors. As a doping agent, nitrogen extended
the light absorption of TiO2 into the visible range. The formic acid yield was 1039 μmol/g-cat/h, the
methanol yield was 94.4 μmol/g-cat/h, and the formaldehyde yield was 76.8 μmol/g-cat/h. Xue et
al. [101] investigated the non-metal, substitutional doping of TiO2 with carbon using citric acid as a
precursor. The doped carbon lowered the TiO2 band gap, shifting the light absorption into the visible
range, and improved the charge separation efficiency. CO2 was photocatalytically reduced to yield 439
μmol formic acid/g-cat/h.
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3.3. Carbon-Based Material Loading

The incorporation of carbon-based materials into TiO2 catalysts is gaining wide interest in the
field of photocatalysis. This is mainly due to the carbon-based materials’ properties such as their
abundancy, low cost, good corrosion resistance, high electron conductivity, large specific surface
area, and tunable surface properties. Although in most cases they reduce the light absorbed by TiO2,
loading the catalyst with carbon based-materials, such as carbon nanotubes or graphene, enhances
the electron–hole separation, the electron concentration on the TiO2 surface, and the CO2 adsorption
through π–π conjugations between CO2 molecules and the carbon-based material [40].

Carbon nanotubes are regarded to be among the most remarkable emerging materials mainly
due to their unique electronic, adsorption, mechanical, chemical, and thermal characteristics [119].
Advances in the synthesis techniques of multiwalled carbon nanotubes (MWCNTs) have resulted in a
significant reduction of the material’s cost, consequently allowing for their use on a large industrial
scale [103]. In addition to that, the mesoporosity of carbon nanotubes, which favors the diffusion of
reacting species, is an added value of this widely investigated material [120]. Many recent studies have
focused on developing synthesis methods to combine carbon nanotubes with semiconducting catalysts,
such as TiO2. This new hybrid composite is believed to enhance the efficiency of many photocatalytic
applications, especially with its improved charge transfer properties and the formation of new active
sites [103,120]. The main disadvantage in synthesizing MWCNT/TiO2 hybrids is the need for treating
the carbon nanotubes with strong acids in order to introduce the functional groups to the surface [120].
A range of different techniques has been employed for the fabrication of MWCNT/TiO2 composites:
mechanical mixing [121], sol–gel [122], electrospinning [123,124], and chemical vapor deposition [125].
Depending on the choice of the synthetic strategy, composite materials with different coating uniformity
and varying physical characteristics are prepared. More specifically, uniform TiO2 coatings on carbon
nanotubes may be achieved through electrospinning and chemical vapor deposition, whereas other
methods such as sol–gel typically yield nonuniform coatings with TiO2 aggregates being randomly
dispersed on the carbon nanotube surface [126]. On the other hand, chemical vapor deposition and
electrospinning are complex techniques which require the use of specialized equipment.

Using the process shown in Figure 12, Gui et al. [102] prepared a MWCNT/TiO2 nanocomposite
for the photocatalytic reduction of CO2. The MWCNTs enhanced the TiO2 photoactivity under visible
light, yielding 0.17 μmol methane/g-catalyst/h. Xia et al. [103] studied the effect of using two different
methods of synthesis—sol–gel and hydrothermal—for the preparation of MWCNT-supported TiO2

composite. The sol–gel method formed anatase-phase TiO2 nanoparticles on the MWCNT, whereas
rutile-phase TiO2 nanorods were formed when the hydrothermal method was used. In addition
to that, the MWCNT/TiO2 composite prepared via sol–gel mainly reduced CO2 to ethanol (29.87
μmol/g-cat/h), whereas the composite prepared hydrothermally mainly reduced CO2 to formic acid
(25.02 μmol/g-cat/h). The efficiency of the CO2 photoreduction reaction was significantly enhanced
with the incorporation of MWCNTs. More specifically, the MWCNTs helped reduce the agglomeration
of TiO2 nanoparticles and helped increase the separation of the photogenerated electron–hole pairs.
Ong et al. [104] demonstrated the photocatalytic activity of CNT-Ni/TiO2 nanocomposites in reducing
CO2 to methane under visible light. The nanocomposite, prepared by chemical vapor deposition,
exhibited a reduced band gap of 2.22 eV and a methane yield of 0.145 μmol/g-cat/h.
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Figure 12. Enhanced visible light responsive MWCNT/TiO2 core–shell nanocomposites for
photocatalytic reduction of CO2. Reproduced from work in [102]. Copyright 2013 Elsevier B.V.

Graphene is a 2-D, single layer of graphite with outstanding physiochemical properties including
low production costs, ease of scalability, exceptional catalytic performance, high mechanical strength,
high porosity, high thermal and electrical conductivity, remarkably high CO2 adsorption capacity,
high transparency, high flexibility, and high specific surface area. Furthermore, the exceptional
photocatalytic properties of graphene, which include zero band gap, large BET area and high electron
mobility, have encouraged its use in many photocatalytic applications [127]. Many different types
of semiconducting photocatalysts have been coupled with graphene with the aim of enhancing the
overall efficiency of photocatalysts [128,129]. The preparation process greatly affects the morphology,
structure, size, properties, and activity of the composite photocatalyst [130]. The methods commonly
used for the preparation of graphene-based TiO2 are generally divided into two main categories: in
situ crystallization (including hydrothermal/solvothermal, sol–gel, microwave assisted and others)
and ex situ hybridization (including solution mixing, self-assembly, electrospinning and others). It
is important to note that molecular linkers between TiO2 and the graphene sheets are not required
during the synthesis of the composite [131]. This is a great benefit since molecular linkers might act as
electron traps decreasing the overall photocatalytic efficiency of the graphene-based TiO2 composite.

In general, both the hydrothermal and the solvothermal processes are characterized by their high
reactivity, low energy requirement, mild reaction conditions, relatively environmental set-up, and simple
solvent control. Under optimal conditions, both techniques can yield large quantities of graphene-based
photocatalysts at low cost [129]. Furthermore, TiO2 nanostructures with high crystallinity are typically
produced through the one-pot hydrothermal/solvothermal approach without the need for post-synthesis
calcination [132]. Experimental conditions, including precursor concentration, pH, temperature, and
time, significantly affect the reaction pathway and the nanomaterial’s crystallinity and, therefore, must
be carefully considered [129,132].

In sol–gel techniques and through a series of hydrolysis and condensation steps, a liquid
colloidal solution “sol” containing graphene/graphene oxide and TiO2 precursor is transitioned into a
xerogel [129,132]. The hydroxyl groups present on the surface of the graphene oxide sheets provide
nucleation sites for hydrolysis [129]. Consequently, the TiO2 nanoparticles will be strongly bonded to
graphene, offering a great advantage over other synthesis methods [133].
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Solution mixing is fairly simple and involves only the mixing of a TiO2 precursor in a suspension
of graphene oxide under vigorous/ultrasonic agitation. Simple treatments, including drying and
calcination, may be utilized after synthesis to improve the photocatalytic efficiency of the final composite
material [130]. Furthermore, graphene oxide may be reduced to graphene sheets by the addition
of agents such as amines, sodium borohydride, and ascorbic acid [129]. It is important to note that
detrimental defects in the graphene sheets may arise as a result of long exposure time and high power
ultrasonication. In addition to that, formation of chemical bonds between TiO2 and graphene may be
difficult due to the mild operating conditions [130]. Nonetheless, this technique provides the benefit
of uniformly distributing the TiO2 nanoparticles over the graphene sheets, ultimately improving the
photocatalyst’s activity [129].

Self-assembly is also another highly efficient, time-saving and cost effective synthesis
technique [134,135]. This method offers structure and size control via component design and is
applicable in various fields. The major disadvantages include the need for surfactants, sensitivity to
environmental factors and production of graphene with low mechanical strength [136]. Surfactants are
required in order to help disperse graphene oxide sheets and in order to improve TiO2 nanoparticle
loading [132]. Self-assembly based on the electrostatic attraction between negatively charged
graphene oxide sheets and positively charged TiO2 nanoparticles has been used to synthesize layered
graphene-based TiO2 semiconductors in a simple and cost-effective manner [132,137].

Tu et al. [138] loaded TiO2 nanoparticles onto graphene nanosheets via an in situ method.
The addition of graphene significantly increased the specific surface area of the catalyst, consequently
generating more adsorption and reaction sites on the catalytic surface. The 2 wt.% graphene/TiO2

catalyst was used to reduce CO2 to ethane with a yield of 16.8 μmol/g-cat/h. Ong et al. [105]
deposited nitrogen-doped TiO2 nanoparticles onto graphene sheets using a solvothermal method.
The nitrogen-doped TiO2/graphene catalyst reduced CO2 to methane with a yield of 0.37 μmol/g-cat/h.
The efficient charge separation of graphene and the enhanced absorption of visible light were attributed
to the improved photocatalytic performance of TiO2.

3.4. Heterostructures

Sensitizing wide bandgap semiconductors with narrow bandgap semiconductors or dye molecules
to form heterostructures is another method used to improve the photoactivity of many photocatalysts.
This strategy provides means of increasing absorption toward the visible light region, at the same
time enhancing the electron–hole pair separation, setting apart the reduction and oxidation sites for
an improved performance [40,139]. Examples of narrow bandgap semiconductors that have been
coupled with TiO2 for photocatalytic reduction of CO2 under visible light irradiation include CdS [140],
Bi2S3 [141], CdSe quantum dots (QDs) [142], PbS QDs [143], and AgBr [144]. To enhance the adsorption
of CO2 molecules, materials with high intrinsic basicity, such as cobalt aluminum hydroxide, can
be applied as sensitizers of TiO2 [145]. Four different types of heterostructures exist depending on
the charge carrier separation mechanism: conventional type-II, p-n, direct Z-scheme and surface
heterojunction. However, these mechanisms will not be further discussed as they are considered to be
outside the scope of this review. More details may be found elsewhere [40,146,147].

To synthetize heterostructured photocatalysts, several fabrication methods, including chemical
vapor deposition, atomic layer deposition, hydrothermal/solvothermal, and ion exchange reactions,
have been developed [147]. Chemical vapor deposition allows for the sequential deposition of multiple
materials on a substrate surface. This synthesis route follows a two-step growth procedure: (1) growth
of inner core semiconductor on a suitable substrate, and (2) deposition of outer layer shell semiconductor
on the core surface. Compared to chemical vapor deposition, atomic layer deposition is usually more
favored due to its enhanced benefits which include precise control of film thickness at the atomic level
and conformal growth of complex nanostructures [148,149]. Studies have also shown that atomic
layer deposition enhances the light trapping and carrier separation properties of the photocatalytic
heterostructure [150,151]. A more convenient preparation technique is the hydrothermal/solvothermal
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method. Both the precursor dissolution and the reaction rate are enhanced by this process. Ion
exchange is another approach used to synthesize photocatalytic heterostructures. In this novel process,
cations at the interface of the two semiconducting materials are exchanged [152,153]. Without changing
the shape of the ionic semiconductor, ion exchange reactions selectively yield a dimer structure with
an epitaxial hetero-interface [147].

Li et al. [141] prepared a Bi2S3/TiO2 nanotube heterostructure for the photocatalytic reduction
of CO2 into methanol. The incorporation of Bi2S3 enhanced the visible light absorption and the
photocatalytic performance of the TiO2 nanotubes. The methanol yield of the Bi2S3/TiO2 nanotube
heterostructure was reported to be 44.92 μmol/g-cat/h. Qin et al. [38] investigated the conversion of
CO2 to methyl formate on a CuO-TiO2 heterostructured composite in methanol. The photocatalytic
activity was greatly enhanced due to the heterojunction between CuO and TiO2. More specifically, the
surface-junction improved the transfer of charges by facilitating the migration of electrons from the TiO2

CB to the CuO VB as depicted in Figure 13a. Consequently, the probability of charge recombination
was lowered and the photocatalytic efficiency was enhanced. As can be seen in Figure 13b, the TiO2

catalyst loaded with 1 wt.% CuO exhibited the highest methyl formate yield of 1602 μmol/g-cat/h.
One of the most significant approaches was carried out by Nguyen et al. [154], who employed a
metal doped TiO2 catalyst sensitized with ruthenium dye (N3 dye) for the photoreduction of CO2 into
methane. The methane yield of the N3-Dye-Cu (0.5 wt.%)-Fe (0.5 wt.%)/TiO2 was 0.617 μmol/g-cat/h.
The improved photoreduction of the dye-sensitized TiO2 is attributed to the full absorption of visible
light by the N3-dye along with the efficient charge transfer in the N3 dye-TiO2 system.

  

(a) (b) 

Figure 13. Photocatalytic conversion of CO2 to methyl formate (MF) over CuO–TiO2. (a) Band positions
of CuO and TiO2. (b) Formation rate of MF for the different catalysts. Reproduced from work in [38].
Copyright 2010 Elsevier Inc.

3.5. Dispersion on Supports

The dispersion of TiO2 as a nanoparticle on various types of supports enhances the catalyst’s
product selectivity, pore structure, and electronic properties. In addition to that, this modification
technique eliminates the need for post treatment separation and provides high surface area and mass
transfer rate. An ideal supported-TiO2 photocatalyst must have effective light absorption properties, be
resistant to degradation induced by the immobilization technique and provide firm adhesion between
the support and the catalyst. Key challenges of this strategy include mass transfer limitations and
low light utilization efficiency. TiO2 photocatalysts may be immobilized by dip or spin coating onto
substrates such as fibers, membranes, glass, monolithic ceramics, silica, and clays. In dip coating,
the thoroughly cleaned supports are immersed in a coating precursor solution as is demonstrated
in Figure 14a. After being slowly pulled out of the solution, the coated support is then dried out to
remove excess solution and moisture [155]. The withdrawal speed of the substrate, number of coating
cycles and the TiO2 solution viscosity determine the catalyst film thickness [23]. In spin coating, the
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precursor is deposited on the substrate by a dispenser while the substrate is rotated as demonstrated
in Figure 14b. The rotation continues until uniform distribution of the precursor layer is achieved.
Although the spinning process will result in the partial evaporation of the precursor solvent, the
substrate will still require additional thermal treatment to stabilize the layer. The thickness of the
films obtained by spin coating depends on the concentration of the precursor solution and the rotation
speed [156]. Due to its scale-up applicability and higher controllability, dip coating is usually preferred
over the spin coating technique [157]. In addition to that, superior structural and optical properties,
such as enhanced crystallinity and higher average particle size, have been observed for dip-coated
films in comparison to spin-coated ones [158,159].

 
 

( ) (b) 

Figure 14. Dip-coating (a) and spin-coating (b) of TiO2 photocatalyst on an inert support. Reproduced
from work in [155,160]. Copyright 2017 Elsevier Ltd., 2016 Elsevier B.V.

Bellardita et al. [87] investigated the photocatalytic activity of silica-supported TiO2 for the
reduction of CO2. The primary product obtained from the photocatalytic reaction was acetaldehyde.
Li et al. [106] prepared an ordered mesoporous silica-supported Cu/TiO2 nanocomposites via a sol–gel
method for the photocatalytic reduction of CO2 in water under UV irradiation (Figure 15a). As
previously discussed, one of the many benefits of sol–gel synthesis concerns the control of pore size and
the pore size distribution of the final catalyst. The sol–gel method used to prepare the silica-supported
Cu/TiO2 was carefully formulated to produce ordered mesoporous silica with a pore size of ~15
nm [161]. The ordered mesoporous structure of silica was clearly observed in transmission electron
microscopy (TEM) images as shown in Figure 15c,d. Mesoporous silica, with its ordered pore networks,
has a much higher surface area than agglomerates of silica nanoparticles with irregular mesopores and
is therefore considered a better support for catalysts. The high surface area of the ordered mesoporous
silica support (>300 m2/g) enhanced the dispersion of TiO2 nanoparticles and improved the adsorption
of reactants on the catalytic surface. The main product of the CO2 photoreduction reaction was carbon
monoxide when bare TiO2 was supported on silica. However, when Cu/TiO2 was supported on silica,
the production rate of methane significantly increased. The deposition of Cu enhanced the separation
of charges and improved the kinetics of the multi-electron reactions, consequently increasing methane
selectivity. As can be deduced from Figure 15b, the 0.5 wt.% Cu/TiO2-Silica composite produced carbon
monoxide and methane with a yield of 60 and 10 μmol/g-cat/h, respectively.
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(a) (b) 

  
(c) (d) 

Figure 15. Photocatalytic reduction of CO2 on ordered mesoporous silica supported Cu/TiO2.
(a) Schematic representation of experimental set-up; (b) production rates of CO and methane;
(c) transmission electron microscopy (TEM) image of the 0.5 wt.% Cu/TiO2-Silica composite; (d)
high resolution TEM image of a single TiO2 nanoparticle. Reproduced from work in [106]. Copyright
2010 Elsevier B.V.

4. Conclusions and Future Perspective

In this review, recent advances in the area of CO2 photoreduction have been discussed and the
basic mechanism of CO2 photoreduction, particularly with water, has been described. Limited studies
exist on the reaction mechanism and kinetics of CO2 photoreduction as a result of the complexity
of the reaction which is due mainly to the possibility of forming various products and the presence
of many reaction pathways. In situ techniques, such as FTIR and NMR, would help investigate
crucial reaction kinetic parameters such as active sites, electronic states and reaction intermediates.
Additionally, various modification strategies of TiO2 that may help overcome the limitations of current
CO2 photoreduction technologies have been described. A comparative assessment between the
different TiO2-based catalysts that have been reported in literature so far for CO2 photoreduction was
made. This overview of the latest research trends in CO2 photoreduction may be used as a tool to
help develop low-cost and highly-efficient TiO2-based semiconductors for an improved photocatalytic
reduction of CO2.

Regardless of the significant theoretical advancements, the practical application of TiO2

photocatalysts for the photoreduction of CO2 is still far from being attained. This is mainly due to the lack
of stable and visible light active photocatalysts. Researchers must focus on engineering a photocatalytic
nanocomposite with an optimum band gap that simultaneously enhances charge separation and
visible light absorption. A few suggested strategies include coupling wide band gap semiconductors
with narrow ones, introduction of oxygen vacancies and defect sites and functionalization of the
TiO2 surface. To enhance the adsorption and reduction of CO2 especially in the presence of water, a
basic and hydrophobic TiO2 surface must be developed. The latest studies clearly demonstrate the
considerable improvement in the yield and efficiency of the CO2 photoreduction process with modified
TiO2 catalysts. More specifically, the major limitations of TiO2, including weak visible light absorption,
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increased charge recombination, and low CO2 adsorption capacity, have been greatly overcome by
synthesizing nanocomposites with exposed reactive sites and improved morphology.

Surface modifications to TiO2-based photocatalysts cannot solely suffice the technical and economic
feasibility requirements of CO2 photoreduction applications, especially if they are to be applied on
a large industrial scale. One promising solution could be to combine photocatalysis with other CO2

conversion methods such as thermochemical and/or electrochemical catalysis. Another suggested
solution could be to couple modified TiO2 with other visible-light active photocatalysts with the aim of
improving the photocatalytic process under solar irradiation. Further enhancement might be attained
if compressed CO2 (liquid or supercritical) is used for the photocatalytic reduction process. Although
this increases the CO2 conversion efficiency, the overall cost will be considerably high due to intensive
compression requirements. In this case, industries already utilizing compressed CO2 must be targeted.
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Abstract: Emerging contaminants (ECs) represent a wide range of compounds, whose complete
elimination from wastewaters by conventional methods is not always guaranteed, posing human
and environmental risks. Advanced oxidation processes (AOPs), based on the generation of highly
oxidizing species, lead to the degradation of these ECs. In this context, TiO2 and ZnO are the most
widely used inorganic photocatalysts, mainly due to their low cost and wide availability. The addition
of small amounts of nanoclusters may imply enhanced light absorption and an attenuation effect on
the recombination rate of electron/hole pairs, resulting in improved photocatalytic activity. In this
work, we propose the use of silver nanoclusters deposited on ZnO nanoparticles (ZnO–Ag), with
a view to evaluating their catalytic activity under both ultraviolet A (UVA) and visible light, in order
to reduce energetic requirements in prospective applications on a larger scale. The catalysts were
produced and then characterized by scanning electron microscopy (SEM), X-ray diffractometry (XRD)
and inductively coupled plasma-optical emission spectrometry (ICP-OES). As proof of concept of the
capacity of photocatalysts doped with nanoclusters, experiments were carried out to remove the azo
dye Orange II (OII). The results demonstrated the high photocatalytic efficiency achieved thanks to
the incorporation of nanoclusters, especially evident in the experiments performed under white light.

Keywords: AOPs; zinc oxide; nanoclusters; photocatalysis; UVA; visible light

1. Introduction

Environmental awareness has identified water scarcity as a problem of increasing magnitude in
many areas due to its decisive and essential role in life. The increase in world population, changes in
consumption patterns, the high demand for water in intensive irrigation agriculture or the frequent
events of floods and droughts leads to the depletion of many water resources and the unequal
distribution of water in different regions of the planet [1]. In this context, the development of
novel analytical methods for the analysis of water and the improvement of existing ones reveal the
presence of ECs in both drinking water and wastewater effluents. Some of these compounds may
be toxic to terrestrial and aquatic organisms at low concentrations [2]. These compounds represent
a scientific-technological challenge, since the existing plants have not been designed for their elimination.
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On the other hand, the regulation foreseen for the elimination of this type of contaminants implies
that the new facilities must face their efficient removal [3,4]. For example, the release of wastewater
with pharmaceutical products and bacteria caused the increased resistance to amoxicillin/clavulanic
acid in Salmonella enterica strains from 1% to 7–16% within 15 years (2003–2018). Furthermore, other
compounds such as endocrine disrupting chemicals (EDCs) can be released into the environment,
stored in the organisms due to their recalcitrant properties and stability, and accumulated in certain
organs producing long-term effects [5]. In view of the above, it is necessary to ensure treatment systems
that are capable of eliminating ECs in the different water matrices due to the adverse effects on human
health and ecosystem [6].

Thus, advanced oxidation processes (AOPs) represent an alternative to conventional methods
to remove these contaminants. AOPs are physicochemical processes that involve the generation of
reactive oxygen species (ROS), which are effective against oxidation of organic matter because they
have high oxidation potentials capable of reacting and degrading a wide range of contaminants [7].
In recent years, the use of heterogeneous photocatalysts has been intensively studied for their wide
application for environmental protection, with special attention to wastewater treatment [8]. Some
authors have studied the degradation of the ECs using different types of catalyst based on metallic
oxides such as ZnO or TiO2 for the degradation of pharmaceuticals and personal care products
(PPCPs) [9], pesticides [10] or industrial contaminants [7]. However, photocatalysis may be limited
by costly energy requirements associated with the use of ultraviolet (UV) lamps, which also have
limitations related to low quantum efficiency. Thus, photoactive materials are being developed, whose
catalytic activity takes place in the optical window of visible light [11].

When semiconductor materials are used in photocatalysis, the photocatalyst is irradiated with light
(hν) of equal or greater energy than its characteristic band gap, so that the electrons (e−) of the valence
band (VB) are promoted to the conduction band (CB), thereby generating electron/hole (e−/h+) pairs.
Other mechanistic aspects are based on two broad types of simultaneously occurring photochemical
reactions on the surface of the catalyst. The first involves reduction, from the photo-induced negative
electrons at the CB to the dissolved O2 present in the medium, producing superoxide ions (O2

−•), which
can form hydroxyl radicals (OH•) and hydrogen peroxide (H2O2) in acidic medium. H2O2 may also
decompose to OH• under irradiation. The second involves oxidation, from the photoinduced positive
holes at the VB, which react with H2O or hydroxyl ions (OH−) to produce OH•. The active oxygen
species O2

•− and OH•, and h+ react with organic molecules, triggering their consequent degradation
(Figure 1) [12].

Figure 1. General mechanism of semiconductor photocatalysis (left) and modification of energy levels
with the incorporation of silver nanoclusters (right).
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Among the different photocatalysts, ZnO has received considerable attention due to its exceptional
optoelectronic properties, strong oxidation capability, abundance and physicochemical stability [8].
In this context and with a view to their application in wastewater treatment, the photocatalytic efficiency
of ZnO nanoparticles (NPs) has been evaluated in the degradation of pharmaceutical and personal
care products (PPCPs) [13] or dyes [14].

However, the photocatalytic efficiency of ZnO NPs is often limited by an inefficient absorption
of visible light and a rapid recombination rate of e−/h+ pairs. To avoid these disadvantages,
the incorporation of metallic and non-metallic elements inside the crystal lattice of semiconductors
reduces the recombination of electron-hole pairs. These compounds act by creating new energy levels
between the CB and the VB that act as electron traps. Examples of doping with metallic silver or copper
on ZnO or TiO2 were reported to improve photocatalytic efficiencies [7,15–19].

On the other hand, these drawbacks can be circumvented also by depositing noble metals on
the surface of the catalyst, which trap electrons of the CB of the semiconductor, thus reducing the
possibilities of e−/h+ recombination and increasing the photocatalytic activity (Figure 1) [7]. In the
search for novel materials capable of degrading organic pollutants in water under sunlight, ZnO NPs
have been synthesized and functionalized with silver nanoclusters by a simple and green deposition
method in water, conducted at ambient conditions.

Nanoclusters of metal elements are particles with low numbers of atoms, from 2 to ≤100 atoms,
with sizes below ≈1.5–2 nm, and properties dramatically different from what would be expected from
the scaling laws that govern the behavior of bulk and metal nanoparticles [20]. Nanoclusters of metal
elements show the presence of discrete energy states and a sizable HOMO-LUMO bandgap, similar to
the conduction band–valence band in semiconductors and lose the metallic behavior. This bandgap
can be tuned by changing the number of atoms, the type of metal and the supporting material,
and they can be used for different catalytic applications (heterogeneous catalysis, photocatalysis and
electrocatalysis) [20–23].

In this article, the crystallinity, optical properties and morphology of the nanostructures obtained,
ZnO–Ag, have been evaluated. Finally, the photocatalytic activity of ZnO–Ag nanocomposites with
different Ag loadings has been studied in the removal of the dye Orange II (OII), used as model
compound of organic pollutant, under UVA and white light.

2. Results and Discussion

2.1. Characterization of Catalysts

A sample containing silver nanoclusters of ≤10 atoms was used for the deposition onto the ZnO
NPs. These small nanoclusters show planar geometries, as it can be shown by atomic force microscopy
(Figure S1), confirming the presence of nanoclusters of ≤10 atoms [24].

Different Ag loads were applied on the surface of the ZnO NPs, so that four types of ZnO–Ag
NCs with an Ag content of 1.3, 2.9, 3.2 and 7.4% (w/w) were obtained. The samples were structurally
characterized by X-ray diffraction patterns. The two crystalline phases present in the samples were
metallic silver (Ag, JCPDS PDF-2 card number 04-0783, peaks highlighted with red down-pointing
triangles in Figure 2) and zincite (ZnO, JCPDS PDF-2 card number 36-1451, peaks highlighted with
black up-pointing triangles in Figure 2) with hexagonal wurtzite structure.

No additional peaks were observed in the patterns, revealing the absence of impurity phases in
the catalyst. Furthermore, there was no significant shift of the diffraction peaks, proving that silver
atoms did not substitute any Zn sites in the lattice but were deposited onto the surface of ZnO. Figure 3
shows the morphology of the ZnO NPs (left) and ZnO–Ag NCs (right) observed by FE-SEM. ZnO
NPs are present in the form of spherical aggregates of different sizes, between 50 and 500 nm. These
aggregates are composed of smaller ZnO NPs (10–15 nm). In the case of the ZnO–Ag NCs, the presence
of separate Ag nanoparticles along with the spherical aggregates is shown in Figure 3 (right).

147



Catalysts 2020, 10, 31

Figure 2. X-ray diffraction patterns of ZnO NPs and hybrid ZnO–Ag NCs. The main reflections from
zincite (ZnO, JCPDS PDF-2 card number 36-1451) and metallic silver (Ag, JCPDS PDF-2 card number
04-0783) are included as drop lines.

Figure 3. Scanning electron micrograph of the spherical ZnO aggregates (left); Detailed scanning
electron micrograph of the ZnO–Ag nanocomposites, showing the presence of small Ag nanoparticles
as brighter spots (right).

2.2. Influence of Ag Nanoclusters Loading onto Photocatalytic Activity of ZnO

Experiments were performed using fixed concentrations of a photocatalyst (200 mg L−1) and OII
(10 mg L−1) in 10 mL of aqueous solutions, under UVA light for 60 min or white light for 180 min
(Figure 4). In the absence of photocatalysts, photolysis controls resulted in OII degradation of 9% under
UVA and 5% under white light, while adsorption studies of samples kept in dark conditions showed no
OII removal (data not shown). When comparing the decolorization results, using ZnO nanoparticles as
photocatalyst, no significant improvement in dye removal was observed, with maximum percentages
of 16% and 9% under UVA and white light, respectively. As a general rule for all the experiments,
OII degradation exhibited accelerated kinetic rates under UVA irradiation, which is attributed to
a strong light absorption of these wavelengths by ZnO, while ZnO absorption in the visible region
is weaker. It can be noted that the photocatalytic performance of the ZnO NPs improved with the
addition of Ag nanoclusters, obtaining 97% and 49% of OII removal in the presence of ZnO–Ag with
1.3% (w/w) using UVA or white light, respectively. Photocatalytic performance gradually decreased
with increasing Ag loads in the ZnO NPs. Therefore, there is evidence of the existence of an optimal
silver loading to enhance the photocatalytic activity of the NC. This can be explained by the specific
surface of ZnO available to interact with incident light, being lower with increasing concentrations of
Ag nanoclusters in the NCs [25]. In fact, the decoration of the ZnO NPs with Ag nanoclusters leads
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to a color modification, from white to brownish and grey, due to the formation of Ag nanoparticles,
which improves the absorption of the ZnO–Ag NCs in the visible region (Figure 4).
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Figure 4. Silver loading effect on photocatalytic performance. The values in brackets correspond to the
percentage of Ag in each NC (left); Aqueous suspensions of ZnO-NPs and ZnO–Ag NCs with different
silver loadings (right).

However, according to previous findings, above the optimum Ag loading effectively deposited
onto the NC, this can lead to an enhancement of the e−/h+ recombination rate, acting itself as
a recombination center, thus contributing to a decrease in photocatalytic efficiency [26].

2.3. Influence of Photocatalyst Concentration on OII Removal

From the previous results, ZnO–Ag with 1.3% (w/w) of Ag was selected as the most effective
photocatalyst. The effect of ZnO–Ag (1.3%) concentration was evaluated in 10 mL of aqueous samples
containing an initial OII concentration (COII,i) of 10 mg L−1, which were subjected to white light
with 200–1000 mg L−1 of ZnO NPs or ZnO–Ag (1.3%) NCs, and to UVA light with 50–500 mg L−1 of
photocatalyst (Figure 5). After 3 h of white light irradiation, samples containing from 200 to 750 mg L−1

of ZnO–Ag (1.3%) showed increasing photocatalytic rates, obtaining 49 to 78% of OII elimination,
respectively. This can be explained by the enhancement of the active sites in the catalyst by increasing
their concentration in the samples.

Figure 5. Influence of photocatalyst concentration under white light irradiation for 180 min (left) and
UVA light irradiation for 60 min (right). Error bars were calculated considering a normal distribution,
for p < 0.01 [obtained from kinetic data].
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After 5 h of white light irradiation of the sample containing ZnO–Ag (1.3%) NCs at 750 mg L−1,
it was found that the OII concentration was below the detection limit of the spectrophotometric
method, which was evidenced by the complete color removal of the sample. However, by increasing
the concentration of the photocatalyst to a value of 1000 mg L−1 of ZnO–Ag (1.3%), the extent of
decolorization was inferior to that of the maximum: 60% OII removal. This phenomenon was observed
by other authors for different photocatalysts [27,28] and is probably due to the effects of the NP
aggregation and the reduction of the available surface area for photon absorption. A similar trend,
but with slower reaction kinetics, was observed in samples containing ZnO NPs. As expected, the
tests carried out under UVA light showed full removal of OII after 1 h, using ZnO–Ag (1.3%) NCs at
200 mg L−1. These data were adjusted following a second order equation with an adequate fitting of
data, achieving R2 up to 0.92.

Accordingly, the negative natural logarithm of the ratio between OII concentration and its initial
concentration, ln (COII,0/COII,t), was plotted as a function of the irradiation time and a linear regression
was obtained. Correlation coefficients (R2), half-lives (t1/2) and apparent pseudo-first order rate
constants (k) are presented in Table 1. R2 ranges from 0.9323 to 0.9990, confirming the suitability of the
pseudo-first order model to describe the kinetics of OII removal in the presence of ZnO–Ag (1.3%) and
ZnO NPs, also applied by other authors to model the photocatalytic degradation of dyes and emerging
contaminants. [16,27,29–31].

Table 1. Kinetic parameters for the photodegradation of OII with ZnO–Ag (1.3%) and ZnO NPs.

Irradiation
Source

[Catalyst]
(mg L−1)

ZnO–Ag (1.3%) ZnO

R2 k (h1) t1/2 (h) R2 k (h−1) t1/2 (h)

White light

200 0.9861 0.235 ± 0.006 2.96 0.9425 0.036 ± 0.002 19.25
350 0.9862 0.290 ± 0.007 2.41 0.9728 0.083 ± 0.003 8.25
500 0.9930 0.390 ± 0.007 1.78 0.9847 0.089 ± 0.002 7.70
750 0.9624 0.455 ± 0.017 1.52 0.9748 0.141 ± 0.005 4.81
1000 0.9984 0.308 ± 0.003 2.27 0.9635 0.121 ± 0.004 5.78

UVA light

50 0.9859 0.541 ± 0.018 1.28 0.9323 0.346 ± 0.023 1.99
100 0.9854 0.758 ± 0.026 0.92 0.9923 0.311 ± 0.008 2.22
150 0.9823 1.006 ± 0.037 0.69 0.9988 0.388 ± 0.004 1.78
200 0.9722 3.436 ± 0.176 0.20 0.9990 0.552 ± 0.005 1.26
350 0.9778 3.019 ± 0.137 0.23 0.9951 0.633 a ± 0.012 1.10
500 0.9946 2.650 ± 0.055 0.26 0.9925 0.642 a ± 0.016 1.08

a Not significantly different (p < 0.05).

Other works reported the photocatalytic degradation of OII using modified ZnO catalyst to
improve kinetics. Chen et al. [27] obtained a kinetic constant of 0.033 h−1 using micro-structured ZnO,
which amounted to 0.065 h−1 for ZnO decorated with Ag, both values lower than those obtained in
these experiments, and they also used a larger catalyst concentration: 1500 mg L−1. The enhancement
of the results using nanostructured ZnO could take place because nanostructured catalysts have
more surface/volume ratio than the micro-sized material, increasing the number of active sites per
mass unit. Moreover, Siuleiman et al. [30] have structured ZnO in nanowires, obtaining kinetic
constants of 0.092 and 0.112 h−1 for UVA and visible light irradiation with a catalyst concentration of
500 mg L−1, respectively.

In view of the above, the incorporation of the Ag nanoclusters causes an improvement of the
kinetic constants of 3–6 times, both under UVA and white light radiation. In addition, the improvement
in degradation rates by comparing the same catalyst concentrations under white and UVA light is
7–10 times greater. For all cases, the most notable differences occur for a catalyst concentration in the
range of 200–500 mg L−1. These ratios are similar to those obtained by Sornalingam et al. [31] using
Au-TiO2 NCs with UVA and cold white light. Reuse tests cannot be carried out due to the losses of
catalyst at the recovery stage.

150



Catalysts 2020, 10, 31

3. Materials and Methods

3.1. Materials

All chemicals used in this work were reagent-grade and were used without further purification.
Diethylene glycol ((HOCH2CH2)2O, DEG, 99%) was supplied by Alfa Aesar (Thermo Fisher, Kandel,
Germany); Orange II (C16H10N2Na2O7S2, >85%), zinc(II) acetate dihydrate (Zn(CH3CO2)2·2H2O,
>98%), silver nitrate (AgNO3, >99%) and absolute ethanol (CH3CH2OH, >99.8%) were supplied
by Sigma-Aldrich (St. Louis, MI, USA). Silver nanoclusters (Ag-AQCs DS0481) were provided by
NANOGAP SUB-NM POWDER, S.A (ZIP code 15895 O Milladoiro, A Coruña, Spain). This sample
contains a mixture of Ag nanoclusters with ≤10 silver atoms per nanocluster (100 mg L−1) and Ag(I)
ions (400 mg L−1).

3.2. Synthesis of Nanostructured Photocatalysts

3.2.1. ZnO Nanoparticles

The synthesis of ZnO NPs is based on the preparation of polyol-mediated ZnO [32]. In particular,
100 mL of 90 mM Zn(II) acetate solution in DEG were placed in a round-bottom flask and heated to
180 ◦C for 2 h under mechanical agitation. The obtained NPs were centrifuged at 7500 rpm for 15 min.
Then, ZnO NPs were washed four times with ethanol. Finally, ZnO NPs were redispersed in water at
a concentration ca. 0.83% (w/w) (determined by thermogravimetric analysis).

3.2.2. ZnO–Ag Nanocomposites

10 mL of the Ag nanoclusters stock solution (100 mg L−1 in water) was placed in a 20 mL glass vial
and pH was adjusted to 5 with NH4OH (28–30% w/w). To obtain nanocomposites (NCs) with different
silver loadings, a given volume (1.1–4.1 mL) of the previous prepared stock solution of ZnO NPs
(8.3 g L−1) was added. The reaction mixture was incubated in an orbital shaker for 15 min (220 rpm,
24 ◦C). Then, the NC was centrifuged (7000 rpm, 25 min), the supernatant was removed, and the solids
were re-dispersed in 20 mL of water. The sample was again centrifuged and the solids re-dispersed in
20 mL of water. Duplicate samples were prepared and after the first centrifugation step, the dispersion
was subjected to a photochemical treatment at 254 nm for 15 min in order to reduce the residual Ag(I)
ions present in the dispersion. The samples were then centrifuged and the solids re-dispersed in
20 mL of water. Blank samples of ZnO NPs without Ag nanoclusters were prepared following the
same procedure but using 10 mL of an AgNO3 solution (400 mg L−1) to show the different behavior of
clusters and Ag ions/nanoparticles formed in the blank.

3.3. Characterization of the ZnO–Ag Nanocomposites

The study of the crystalline phases was carried out by X-ray diffraction (XRD) in powder samples
with a Philips PW1710 diffractometer (Cu Kα radiation source, λ = 1.54186 Å). Measurements were
collected between 20◦ < 2θ < 80◦, with steps of 0.020◦ and time per step of 5 s. The concentration of
aqueous stocks of ZnO NPs was obtained by thermogravimetric analysis (TGA). The thermogravimetric
curves were recorded with a Perkin Elmer TGA 7 thermobalance, operating under N2 atmosphere,
from room temperature to 850 ◦C, at a scanning rate of 10 ◦C min−1.

Field-emission scanning electron micrographs were taken with a ZEISS FE-SEM ULTRA
Plus microscope using the angle selective backscatter electron detector (AsB detector). The final
concentrations of Zn and Ag were determined by inductively coupled plasma-optical emission
spectrometry (ICP-OES) using a Perkin Elmer Model Optima 3300 DV spectrometer, equipped with
an AS91 autosampler.

Atomic force microscopy (AFM) measurements were conducted under normal ambient conditions
using an XE-100 instrument (Park Systems, Suwon, Korea) in non-contact mode. The AFM tips were
aluminum-coated silicon ACTA from Park Systems with a resonance frequency of 325 kHz. For AFM
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imaging, a drop of the Ag nanoclusters diluted sample was deposited onto a freshly cleaved mica sheet
(Grade V-1 Muscovite) (Park Systems, Suwon, Korea), which was thoroughly washed with Milli-Q
water and dried under nitrogen flow.

3.4. Photocatalytic Degradation of Orange II under UVA and White Light

The photocatalytic activities of ZnO and ZnO–Ag were evaluated by exposure of samples in glass
beakers to UVA (365 nm wavelength UVP pen Ray model 11SC-1L) or white irradiation (fluorescent
lamp PL G23 11 W 6400 K, 400–730 nm). Photocatalytic tests were performed on 10 mL of aqueous
samples containing 50–1000 mg L−1 of photocatalyst and 10 mg L−1 of OII, at pH 7 and room
temperature. The fluorescent lamp is located externally on one side, at approximately 3 cm from the
vial, and the UVA lamp is in the center of the samples, using a submerged quartz tube. Two types of
control samples were performed in parallel: direct photolysis control samples of OII under the same
irradiation conditions; and adsorption control samples containing photocatalysis and OII, under the
same sample preparation but kept in darkness. The solutions were stirred for 30 min in dark to achieve
adsorption equilibrium. At regular intervals, spectrophotometric measurements were performed to
monitor OII concentration in a BioTek PowerWave XS2 micro-plate spectrophotometer (Winooski, VT,
USA). The photodegradation yield (%) was determined using the following equation:

Yield (%) = (COII,I − COII,t)/COII,0) × 100% (1)

3.5. Determination of Kinetic Parameters

The determination of kinetic parameters was performed by adjusting a pseudo-first order kinetic
model (Equation (2)) to each set of photocatalyst concentration used in the UVA and white light studies.
The linearization of this equation (Equation (3)) and the expression used to calculate the half-life
(Equation (4)) are shown below:

COII,t = COII,i e−kt, (2)

ln (COII,i/COII,t) = kt, (3)

t1/2 = ln(2)/k, (4)

being k the kinetic constant; t the time of the experiment and t1/2 the half-life of the compound
under study.

4. Conclusions

ZnO nanoparticles were prepared by a simple polyol-mediated method and successfully decorated
with Ag nanoclusters, obtaining a novel nanocomposite (ZnO–Ag) with different degrees of silver
loadings (1.3–7.4% w/w). In addition, the final dispersions of nanoparticles received a photochemical
treatment to remove the residual Ag, avoiding the interferences in the subsequent photodegradation
step. The influence of the Ag content on ZnO regarding the removal of Orange II was studied, obtaining
that the presence of this noble metal at 1.3% greatly enhanced the photocatalytic activity, which
suggests the potential of this nanocomposite to be applied in prospective applications in the field of
water treatment, both in drinking and wastewater treatment plants. Semiconductor photocatalysis
represents a promising alternative to conventional technologies since the use of chemicals would
be avoided and solar energy could be used as photon source. In addition, the unspecific oxidation
mechanisms in AOPs allow degradation and mineralization of a wide range of pollutants.

In this work, photocatalytic studies were performed under UVA and white light, obtaining the
optimum concentrations of catalyst and nanoclusters that achieved removal percentages up to 75% for
visible light after 3 h and nearly complete removal for UVA after 1 h. Further research is needed to
fully explore this photocatalysis in practical applications. One of the main drawbacks of this catalyst
is its separation from the water matrix after treatment. Its immobilization on a suitable support that
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avoids additional steps such as centrifugation, which is the method used so far, will allow the reuse of
the photocatalyst in different water treatment cycles, bringing this research closer to a real wastewater
treatment plant. An alternative for this immobilization is the deposition of the NPs onto magnetic
nanoparticles, which can be easily separated by applying a magnetic field. Moreover, immobilization
over supports such as silica, zeolites or alumina would improve the recovery of the catalysts towards
their industrial applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/1/31/s1.
Figure S1: AFM topography image and line profiles of small Ag nanoclusters deposited on mica.
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Abstract: Niobium-based metal oxides are emerging semiconductor materials with barely explored
properties for photocatalytic wastewater remediation. Brazil possesses the greatest reserves of
niobium worldwide, being a natural resource that is barely exploited. Environmental applications of
solar active niobium photocatalysts can provide opportunities in the developing areas of Northeast
Brazil, which receives over 22 MJ m2 of natural sunlight irradiation annually. The application
of photocatalytic treatment could incentivize water reuse practices in small and mid-sized textile
businesses in the region. This work reports the facile synthesis of Nb2O5 catalysts and explores
their performance for the treatment of colored azo dye effluents. The high photoactivity of this
alternative photocatalyst makes it possible to quickly obtain complete decolorization, in less than
40 min of treatment. The optimal operational conditions are defined as 1.0 g L−1 Nb2O5 loading
in slurry, 0.2 M of H2O2, pH 5.0 to treat up to 15 mg L−1 of methyl orange solution. To evaluate
reutilization without photocatalytic activity loss, the Nb2O5 was recovered after the experience and
reused, showing the same decolorization rate after several cycles. Therefore, Nb2O5 appears to be
a promising photocatalytic material with potential applicability in wastewater treatment due to its
innocuous character and high stability.

Keywords: advanced oxidation processes; azo dye; sustainable resources; niobium; water reuse;
water treatment

1. Introduction

New trends in photocatalysis aim to identify niche applications for emerging semiconductor
materials within a sustainable context. Titanium dioxide is the most studied photocatalyst and
photoelectrocatalyst for water treatment [1,2] and water splitting applications [3,4]. However, recent
research efforts have explored alternative semiconductor materials to overcome the most stringent
barrier for the implementation of TiO2 in developing countries: its low activation under visible
light irradiation [5,6]. Enabling the use of the natural sunlight irradiation would reduce operational
expenditure, providing the opportunity for technology adaptation by regions with high solar radiation
according to solar maps. For example, the northeastern region of Brazil receives >22 MJ m2 of sunlight

Catalysts 2019, 9, 1070; doi:10.3390/catal9121070 www.mdpi.com/journal/catalysts
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irradiation annually due to its proximity to the equatorial line, which corresponds to approximately 10
h of sunlight every day [7].

Niobium-based oxide semiconductors have promising characteristics for environmental
applications due to their hypoallergenic character, low cytotoxicity, and physiological and chemical
inertness, along with their high thermodynamic stability [8,9]. However, the most remarkable aspect
for their application in Brazil is their wide availability in the country, which is the major producer
of niobium worldwide, with 99.0% of the world’s niobium being located in Brazil [10]. Sustainable
exploitation of this resource for environmental applications may positively affect socio-economic
aspects, since few applications of niobium have been identified.

Brazil is the fourth biggest cotton textile exporter worldwide and the fifth biggest global
manufacturer. Textile fiber dyeing process requires large volumes of water, resulting in the release of
large amounts of colored wastewater effluent [11,12]. Green and sustainable manufacturing approaches
require the minimization of the usage of water resources. Removal of organic dyes can incentivize
water reuse in dyeing baths [13]. Photocatalytic treatment could be a suitable low-cost alternative
for small/mid-sized Brazilian textile facilities [14,15]. Photocatalytic treatment is classified as an
Advanced Oxidation Process, since it allows the in situ generation of highly oxidant species such as
hydroxyl radicals (�OH) [16,17]. The light irradiation of a semiconductor with photons with a higher
energy than its band gap enables the photo-excitation of an electron from the filled valence band
of the semiconductor to the empty conduction band (ecb

−), leaving a positively charged vacancy or
hole (hvb

+) following Reaction (1) [18,19]. Organic pollutants (i.e., dyes) can then be oxidized by the
photogenerated hole, as well as by heterogeneous �OH formed on the photocatalyst surface from the
water oxidation by the hvb

+ according to Reaction (2) [20,21].

Semiconductor + hν→ hvb
+ + ecb

− (1)

hvb
+ + H2O→ �OH + H+ (2)

The recombination of ecb
− with unreacted hvb

+ through Reaction (3) is responsible for the
oxidative power loss in photocatalytic systems [22,23]. Dissolved oxygen can react with ecb

−, yielding
superoxide radicals (O2

�−) through Reaction (4), which contributes to slowing down the recombination
reaction [24,25]. However, the use of ecb

− scavengers can further minimize the extent of this undesirable
reaction while enhancing performance. For example, the weak oxidant H2O2 can react with ecb

− and
O2
�−, producing additional �OH from Reactions (5) and (6), respectively [26].

ecb
− + hvb

+→ heat (3)

ecb
− + O2 → O2

�− (4)

ecb
− + H2O2 → �OH + OH− (5)

O2
�− + H2O2 → �OH + OH− + O2 (6)

Dye bath effluent decolorization enables water reuse for additional textile dyeing processes,
minimizing the environmental footprint and the capital costs associated with water usage. This work
studies the applicability of novel niobium oxide photocatalysts (Nb2O5) in the efficient decolorization
of wastewaters containing azo-dyes. The synthesized materials were characterized in accordance with
calcination methodologies. Decolorization capabilities were evaluated, and operational variables were
optimized. This innovative alternative for water treatment processes, which is emerging as a new
trend in photocatalytic technologies, meets sustainable technology manufacturing needs through the
use of regionally abundant natural resources.
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2. Results and Discussions

2.1. Characterization of Nb2O5 Photocatalyst

The synthesized Nb2O5 photocatalyst powder was characterized by SEM. The micrograph
in Figure 1a exhibits a uniform particle size distribution of ca. 200 nm. The magnified catalyst
surface depicted in Figure 1b exhibits a high roughness and porosity, which could be induced by the
calcination process of the niobium oxalate complex ammonium salt. The mapping of the chemical
composition of the catalyst particles (Figure 1c) indicated that they are composed of niobium with a
homogenous distribution.

Figure 1. Scanning electron micrographs of Nb2O5-synthesized photocatalyst with magnifications of
(a) 500× and (b) 1000×, and (c) niobium mapping micrograph.

The FTIR spectrum of Nb2O5 in Figure 2 depicts the characteristic bands of niobium oxides:
one shoulder at 900 cm−1 is attributed to the stretch Nb-O and the bands at 661 and 600 cm−1 are
attributed to the angular vibration Nb-O-Nb [27]. Additionally, a band can be observed at 1622 cm−1

that is related to the water adsorbed on the surface of Nb2O5 [8,28], and a small band can be observed
at 1531 cm−1 that is usually associated with impurities from the precursor salt of niobium. These
impurities in the precursor are considered to be beneficial in the literature, since they act as stabilizers
of the niobium oxide catalyst [29,30].

Figure 2. FTIR spectra of synthesized Nb2O5.

Niobium oxide has a complex crystal morphology, wherein at least 12 crystallographic structures
have been identified to date [31]. The X-ray diffraction pattern obtained from the synthesized Nb2O5

powder catalyst is shown in Figure 3a. It can be seen that the diffractogram presents reflections
2θ = 22.6◦, 28.5◦, 36.7◦, 46.3◦, 50.4◦, and 55.3◦, which correspond to the crystallographic planes of
miller index (001), (100), (101), (002), (110), and (102), respectively. These planes are characteristic
of the pseudohexagonal structure of niobium oxide [27,32], proving the obtention of a catalyst with
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a defined crystalline microstructure with a crystallite size of 2.2 nm estimated from the Scherrer
formula. The electronic spectroscopy of diffuse reflectance made it possible to determine the band-gap
energy required for the photo-promotion of one electron (see Figure 3b). The results indicated that
Nb2O5 presents a band gap of 3.1 eV, similar to the characteristic band gap of titanium dioxide
photocatalysts [9,33], and at the low end of the Nb2O5 bandgap values [34].

(a) (b)

Figure 3. (a) X-ray diffractogram of Nb2O5. (b) UV-vis DRS absorption spectra of synthesized Nb2O5.
The inset panel shows the Tauc plot for the band-gap energy determination of 3.13 eV.

The isotherm of nitrogen adsorption-desorption of Nb2O5 in Figure 4a presents a hysteresis loop
characteristic of type IV isotherms, which is typical of mesoporous materials. This is in agreement with
the characteristic morphologies observed by SEM in Figure 1. The specific surface area of 42.36 m2 g−1

was calculated from the BET method (SBET). Meanwhile, the BJH analysis (Figure 4b) revealed the
presence of uniformly sized mesopores with an average diameter (dp) of 10.1 nm and a mean pore
volume (Vp) equal to 0.102 cm3 g−1. These results are in agreement with those reported by Wang
et al. [32] for commercial niobium oxide calcined at a temperature of 500 ◦C (SBET = 49.9 m2 g−1,
Vp = 0.12 cm3 g−1 e dp = 9.6 nm), even when the niobium oxide precursor selected was different.

(a) (b)

Figure 4. (a) Nb2O5 photocatalyst nitrogen (�) adsorption–(�) desorption isotherms. (b) Pore size
distribution plot that depicts the characteristic response of mesoporous materials.

2.2. Photocatalytic Activity on Azo Dye Decolorization

The photocatalytic activity of the synthesized Nb2O5 was verified on the basis of the corresponding
decolorization of solutions containing 5 mg L−1 methyl orange (MO) as model azo dye (see Table 1).
MO is highly photostable, and is not degraded under direct sunlight irradiation, as depicted in
Figure 5 [12]. Meanwhile, ca. 6.0% decolorization after 100 min was observed when 1.0 g L−1 of
Nb2O5 catalyst suspended in solution was exposed to sunlight irradiation. Photocatalytic degradation
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can be assumed, since only a discrete 0.6% removal was observed under dark conditions due to
adsorption on the porous Nb2O5. The slight photocatalytic removal under solar irradiation could
be justified by the faster recombination Reaction (3), which diminishes the available oxidants (i.e.,
hvb
+ and �OH) [17,22]. The strategic use of selective ecb

− scavengers may synergistically enhance
the photocatalytic response by inhibiting the extent of Reaction (3) [16,26]. As shown in Figure 5, the
addition of H2O2 boosts the performance of Nb2O5, which attains complete decolorization after 40 min.
It is important to remark that the sole addition of H2O2 under dark conditions had no effect on dye
solution decolorization, because of the weak oxidative capacity of H2O2 (Eº(H2O2/H2O) = 1.76 V/SHE).
Nevertheless, decolorization was observed in the presence of H2O2 under direct solar irradiation due
to the photolytic decomposition of H2O2 according to Reaction (7). Please note that this reaction only
occurs under UVC irradiation, which is a component of the solar light in Northeast Brazil [24,35].

H2O2 + hν→ 2 �OH (7)

Table 1. Chemical structure and characteristics of Methyl Orange azo dye.

Property Characteristics

IUPAC name Sodium 4-{[4-(dimethylamino) phenyl] diazenyl} benzene-1-sulfonate
Common name Methyl Orange

CAS number 547-58-0
Color Index number 13,025

M/g mol−1 327.3
λmax/nm 464

pKa 3.45
Chemical formula C14H14N3SO3Na

Chemical structure

Figure 5. Evaluation of the photocatalytic degradation of 100 mL of 5 mg L−1 of MO at pH 5.0 with
(�, �) 1.0 g L−1 of Nb2O5, (�, �) 0.20 M H2O2, (	, �) Nb2O5 g L−1 with 0.20 M H2O2, (�, �, 	) in
dark conditions or (�, �, �) under sunlight irradiation. The photostability of the dye solution was also
tested (+).
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The synergetic effect observed between Nb2O5 and ecb
− scavenger H2O2 can be explained by the

enhanced generation of �OH from Reaction (2) due to the significant reduction of the recombination
rate of Reaction (3) [26,36]. This effect results in a consequent increase in the availability of reactive
oxygen species on the Nb2O5 photocatalyst surface, and then the increased oxidation capabilities of
the system degrading the azo dye molecule [17,23].

The synergetic effect of H2O2 evidences its role in Nb2O5 photocatalytic efficiency performance.
For this reason, the role of H2O2 concentration in solution was studied as a rate driving parameter for
decolorization. Figure 6 shows the percentage of color removal attained for increasing doses of H2O2

acting as ecb
− scavenger. Higher color removal percentages of 6.0%, 71.5% and 91.0% were observed

for increasing concentrations of H2O2 of 0 M, 0.10 M and 0.20 M, respectively. It should be noted
that further increase in H2O2 concentration resulted in a decrease in performance, achieving a lower
color removal of only 77.2% after 80 min of Nb2O5 photocatalytic treatment. This phenomenon can
be explained by the acceleration of concomitant waste reactions [17,37]. One of the main processes
that decreases performance is the oxidation of excess H2O2 by �OH following Reaction (8) [24,26].
This undesired side-reaction not only consumes �OH, which will subsequently not be able to oxidize
the target azo dye, but it also diminishes the available amount of H2O2. Moreover, the excessive
accumulation of radical species can promote their dimerization following Reactions (9) and (10) [12,38].
These undesired reactions do not contribute to the overall photocatalytic performance, and may slow
down the decolorization kinetics, as was observed experimentally (see Figure 6). Therefore, an optimal
dose of 0.2 M H2O2 was defined for the following experiments to ensure faster solution decolorization
and higher photocatalytic efficiency.

H2O2 +
�OH→ HO2

� + H2O (8)

HO2
� + �OH→ H2O + O2 (9)

2 �OH→ H2O2 (10)

Figure 6. Impact of the ecb
− scavenger dose on the solar photocatalytic decolorization of 100 mL of

5 mg L−1 of MO with 1.0 g L−1 of Nb2O5 at pH 5.0. Initial H2O2 concentration: (�) 0 M, (�) 0.10 M, (�)
0.20 M, and (�) 0.30 M.

2.3. Effect of pH on the Photocatalytic Decolorization of Azo Dye Methyl Orange

The pH of the treated solution is one of the variables with the greatest influence on the photocatalytic
degradation of pollutants, because it affects several physical-chemical properties of the catalysts that
enhance or reduce the degradation efficiency, including the catalyst surface charge and the organic
adsorptivity [17,23,39]. The point of zero charge (PZC) pHPZC = 4.86 of Nb2O5 was determined by
the pH drift method [24,40], as described in the methodology section. The pHPZC is an intrinsic
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characteristic of the catalyst that makes it possible to determine whether the surface of Nb2O5 is
negatively or positively charged as a function of the pH. If the working pH conditions are above of
the pHPZC of the Nb2O5, the catalyst surface is negatively charged. Conversely, the surface will be
positively charged when the pH is below the pHPZC.

Figure 7 shows the effect of the initial pH on the decolorization efficiency of MO using 1.0 g L−1

of Nb2O5 photocatalyst and 0.20 M of H2O2. It is important to note that in the range of pH under
consideration, the sulfonic group of azo dye MO is deprotonated, with the pollutant molecule being
negatively charged (see Table 1). However, at pH = 3.0, one of the molecule’s N is protonated, and
the global charge of the molecule will be neutral (pKa = 3.45). This consideration is an important
fact that could justify the lower decolorization achieved at alkaline pH. Above the pHPZC, the Nb2O5

surface is negatively charged, and the dye molecule will also be negatively charged, thus leading to
electrostatic charge repulsion, making the adsorption processes more difficult, along with the approach
of the molecule towards the photocatalyst surface. Thus, with increasing values of pH, the number
of negatively charged sites on the Nb2O5 also increases, further reducing the photodecolorization
process in the following sequence 7.0 > 9.0 > 11.0, with percentages of color removal of 39.3%, 16.0%
and 7.5%, respectively. In addition, it is well known that the rate of decomposition of unstable H2O2

increases with increasing pH in accordance with Equations (11) or (12) in strongly alkaline media [41].
This loss of H2O2 by chemical decomposition affects the overall photocatalytic performance. First, it
reduces the availability of ecb

- scavenger in solution. Second, it consequently reduces the generation of
�OH radicals. In contrast, at pH 3.0, the surface is positively charged. This stimulates the molecules’
approach to and absorption onto the surface through the negatively charged sulfonic group. Thus,
below pH 3.0, complete color removal can be achieved at lower treatment times of 10 min.

2 H2O2 → 2 H2O + O2 (11)

HO2
− → OH− + 1

2
O2 (12)

Figure 7. Influence of the initial pH on the percentage of color removal during solar photocatalytic
treatment of 100 mL of 5 mg L−1 of MO with 1.0 g L−1 of Nb2O5 0.2 M of H2O2 at pH: (�) 3.0, (�) 5.0,
(�) 7.0, (�) 9.0 and (�) 11.0.

The nearest working pH to pHPZC = 4.86 was 5.0. Under these conditions, the catalyst surface is
practically neutral and has no electro-attractive or electro-repulsive effects that affect the adsorption
processes. Thus, as observed in Figure 7, it presents faster decolorization kinetics than higher, more
alkaline pH, but slightly slower kinetics than those obtained for pH 3.0. The pH 5.0 was considered the
optimum condition, because it is the natural pH of MO solutions and the nearest to the circumneutral
pH of water effluents. This would decrease the potential environmental health and safety risks, as well
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as the costs to small/mid-sized industry, by minimizing the handling and storage of acids and bases.
Furthermore, this may have an impact on operational costs, since it would obviate acidification for the
treatment and neutralization steps prior to the release of treated effluent.

2.4. Evaluation of Optimal Dosage of Nb2O5 to Ensure Maximum Performance

Optimizing the dosage of catalysts is a critical engineering parameter when designing sustainable
reactors for solar photocatalytic applications at large scale [16,17]. The impact of Nb2O5 dose on
decolorization kinetics was evaluated within the range from 0.25 g L−1 up to 2.00 g L−1 by treating
solutions of 5 mg L−1 of MO azo dye at pH 5.0 in the presence of 0.20 M of H2O2. Figure 8 reports an
enhancement in the decolorization rate with increasing dosage of Nb2O5. These improved performances
can be explained due to the increasing number of active sites resulting from the higher total specific
surface of Nb2O5 available, thereby accelerating the photocatalytic generation of oxidants in solution
by Reactions (1) and (2). The effective reduction of photocatalytic efficiency at excessively high catalyst
dosages is commonly reported in the literature, and is attributed to the detrimental effects on light
transport in solution caused by: (i) the increase of the solution opacity, which diminishes the radiation
penetration and consequently the photogeneration of vacancies [9,40]; (ii) the aggregation of suspended
catalyst particles diminishing the specific area [27,36]; and (iii) light scattering effects that also reduce the
UV light penetration [22,42]. In addition, the surface available for adsorption processes is also increased,
favoring the mechanisms of organic degradation. However, in our experiments, no appreciable loss of
efficiency was observed, although the decolorization rate increase became lower from 1 g L-1, resulting
in a plateau. The kinetic analysis of MO color removal enabled the estimation of pseudo-first-order
rate constants of decolorization (kdec). These analyses showed excellent fits for a pseudo-first-order
reaction, assuming that the �OH radicals achieve a pseudo-constant concentration on the Nb2O5

surface. Increasing kdec of 3.18·10−4 s−1 (R2 = 0.996) with 0.25 g L−1 of Nb2O5, 6.12·10−4 s−1 (R2 = 0.997)
with 0.50 g L−1 of Nb2O5, 1.00·10−3 s−1 (R2 = 0.997) with 1.00 g L−1 of Nb2O5 and 1.07·10−3 s−1

(R2 = 0.998) with 0.25 g L−1 of Nb2O5 were observed. It is important to remark that the slight increase
in decolorization rate from 1.0 to 2.0 g L−1 is presumably related to the loss of photocatalytic efficiency
at excessively high catalyst dosages. Thus, a catalyst dosage of 1.0 g L−1 was identified as the optimal
condition, because it is the lowest dosage at which a faster decolorization rate can be achieved.

Figure 8. Influence of Nb2O5 photocatalyst dose on the photocatalytic performance. Dosing: (�) 0.25 g
L−1, (�) 0.5 g L−1, (�) 1.0 g L−1, and (�) 2.0 g L−1.

2.5. Effect of Initial Dye Concentration on Nb2O5 Performance

The initial dye concentration is a variable of interest that gives invaluable information about the
range of pollutant concentration that is efficiently treatable within a reasonable timeframe. For this
reason, MO solutions of 5, 10, 15 and 30 mg L−1 were treated under the optimum conditions of pH
5.0 with 0.20 M of H2O2 and 1.0 g L−1 of Nb2O5 photocatalyst. Figure 9 depicts the abatement of
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dye concentration as a function of photocatalytic treatment time for different initial concentrations of
MO. The estimation of kdec exhibits variation over an order of magnitude when increasing the dye
concentration. Decreasing kdec values from 1.07·10−3 s−1 (R2 = 0.998) for 5.0 mg L−1 of MO, 4.37·10 4 s−1

(R2 = 0.999) for 10.0 mg L−1 of MO, 2.17·10−4 s−1 (R2 = 0.996) for 15.0 mg L−1 of MO, down to 1.01·10−4

s−1 (R2 = 0.993) for 30.0 mg L−1 of MO were estimated as depicted in the inset panel of Figure 9.
The greater azo dye concentration implies a greater colorization of the water being treated, thus limiting
the light penetration into the solution and diminishing photocatalytic Reactions (1) and (2), which
generate oxidant species. Furthermore, the greater accumulation of organic intermediates susceptible
adsorption onto the Nb2O5 active sites could inhibit the photocatalytic generation of vacancies and
the production of other oxidants, decreasing the organic events and, consequently, the decolorization
rate [9,23,43]. Therefore, longer treatment times would be required to completely decolorize MO at
higher pollutant loads.

Figure 9. Methyl Orange azo dye abatement vs photoelectrocatalytic treatment time of 100 mL of
solution with 1.0 g L−1 of Nb2O5, 0.20 M of H2O2 at pH 5.0 and dye concentration of: (�) 5 mg L−1,
(�) 10 mg L−1, (�) 15 mg L−1 and (�) 30 mg L−1. The corresponding kinetic analysis assuming a
pseudo-first-order reaction for MO is given in the inset panel.

2.6. Evaluating Reutilization Capabilities of Nb2O5 Catalyst Aiming for Sustainable Implementation and
Comparison with Other Catalysts’ Performance

Sustainable processes must consider the continuous reutilization of photocatalytic materials within
catalytic converters [44]. Reutilization capabilities and stabilities of novel materials should be assessed
in order to demonstrate material stability. Therefore, Nb2O5 was submitted to continuous treatment
operation. Suspended Nb2O5 photocatalyst was recovered and tested over consecutive decolorization
cycles of MO solutions. As depicted in Figure 10, the niobium metal oxide semiconductor presented
excellent stability, and retained its catalytic properties over 10 cycles. Please note that consecutive
cycles demonstrated reproducible MO removal performance. It is important to remark that previous
reports in the literature reported higher stability of niobium oxides than for conventional TiO2 or ZnO
catalysts [9,27,28]. In this context, the results reported here support these previous studies, indicating
Nb2O5 as an emerging photocatalyst for environmental remediation. However, more studies related to
catalyst aging and fouling during continuous operation are required to ensure the lifetime of these
emerging catalysts.
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Figure 10. Percentage of color removal achieved after 40 min of solar photoelectrocatalytic treatment
of 5 mg L−1 of MO with 1.0 g L−1 of catalyst Nb2O5 in slurry at pH 5.0 with 0.20 M of H2O2 after
consecutive reuse of Nb2O5.

A quick comparison with other photocatalytic materials reported in the literature demonstrates
the promising performance of novel niobium oxide semiconductors for water treatment applications.
As summarized in Table 2, the results reported in this work are highly competitive, since Nb2O5 makes
it possible to reduce operational times by more than half when compared with doped TiO2 and other
complex mixed oxides.

Table 2. Comparative performance of visible photocatalytic decolorization of Methyl Orange azo dye
with different catalysts to attain over 95% color removal.

Photocatalysts [Methyl Orange]/mg L−1 Decolorization Time/Min References

Pd-doped TiO2 20 150 [45]
Cu-doped TiO2 10 140 [46]
Cu-doped ZnO 13 120 [47]

Ag/TiO2 20 120 [48]
Bi3TiNbO9 10 75 [49]

Nb2O5 10 65 This work

3. Materials and Methods

3.1. Chemicals

MO azo dye of 85.0% purity and the H2O2 of 33% (w/w) were supplied by Sigma-Aldrich.
The ammonium salt of the niobium oxalate complex (NH4[NbO(C2O4)2(H2O)]. 3H2O) of 99.0% purity
used in the photocatalyst synthesis was purchased from CBMM. The pH was adjusted prior to
experiments using H2SO4 or NaOH of analytical grade, supplied by Sigma-Aldrich. All solutions were
prepared with high-purity water obtained from a Millipore Milli-Q system with resistivity >18 MΩ cm
at 25 ◦C.

3.2. Synthesis of Microparticulated Nb2O5 Photocatalyst

The ammonium salt of the niobium oxalate complex was calcined using a temperature ramp of
10 ◦C min−1 to 500 ◦C, where it remained for 4 h under ambient atmosphere. Under these conditions,
the oxalate was completely incinerated, leading to the formation of amorphous Nb2O5 photocatalyst.

3.3. Solar Photocatalytic Experiences

The photochemical reactor used during photocatalytic experiments consisted of an undivided
open cell directly exposed to sunlight. The photocatalyst was suspended in the solution in slurry
and the tests were carried out under vigorous stirring with a magnetic bar at 700 rpm to ensure the
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homogeneous distribution of the catalyst in the bulk, while also favoring the transport of reactants
to/from the catalyst surface. The photochemical cell had a double jacket in which water was circulated to
maintain the solution temperature at 25 ◦C using a LAUDA A100 thermostat, avoiding the evaporation
of the treated solution by solar irradiation heating. Prior to the photocatalytic experiments, the solutions
were maintained at the defined pH, dye and catalyst concentration conditions for 30 min in the dark.

3.4. Apparatus and Analytical Procedures

Scanning electron microscopy (SEM) micrographies of the synthesized Nb2O5 photocatalyst
were obtained using a Hitachi TM-3000 system with a frequency of 50/60 Hz and a magnification
capacity of up to 3000x. The X-ray diffractogram (XRD) patterns were recorded on a Bruker D2 Phaser
diffractometer with Cu-Kα (λ = 1.54 Å) irradiation source using a Ni filter and a Lynxeye detector,
performing the analysis in the 2θ range from 2◦ to 70◦. The average crystallite sizes were estimated by
applying Scherrer’s Formula (13) to the identified crystal planes [50,51]:

τ = K λ/β cosθ (13)

where τ refers to the mean size of the ordered crystalline domains, K is the Scherrer constant, a
dimensionless shape factor that usually has values close to unity, λ is the X-ray wavelength, β is the
line width at half maximum in radians and θ is the Bragg angle in degrees.

Fourier transform infrared (FTIR) spectra were recorded from a Shimadzu-8400S FTIR spectrometer
in the medium IR region (4000–400 cm−1) after 30 scans with a resolution of 4 cm−1. The UV-vis diffuse
reflectance spectra between 200–600 nm, used to determine the band gap from solid samples on the
basis of Kubelka-Munk and Tauc plots [52], was obtained with a UV-vis spectrometer Cary 500 Scan
using the barium sulfate pattern as a reference material. The specific surface area was determined
on the basis of nitrogen adsorption-desorption isotherms registered on a Micrometrics ASAP 2020.
The Nb2O5 catalyst samples were previously degassed at 300 ◦C for 3 h and subsequently submitted to
a nitrogen atmosphere at 77 K. The nitrogen adsorption-desorption curve made it possible to determine
the specific surface by area using BET method in the region of low relative pressure (p/p0 = 0.1–1.0).
The Barret–Joyner–Halenda method (BJH) was used to determine the pore size distribution.

The pH of the treated solutions was adjusted using a pH-meter Tecnopon mPA-210. The percentage
of color removal for the solution during the photocatalytic treatment was estimated using Equation
(14) [12,53]:

%Color Removal = (A0 − At)/A0 × 100 (14)

where A0 is the initial absorbance and At the absorbance at the treatment time t. The absorbance was
determined at the maximum absorptivity of MO (λmax = 642 nm) using a UV-vis spectrophotometer
Analytikjena SPECORD 210 PLUS. The point of zero charge (PZC) of Nb2O5 was determined by the
pH drift method, as described by Hashemzadeh et al. [40]. Solutions of 50 mL of 0.01 M of NaCl where
adjusted to different pH between 1 and 11 by adding HCl or NaOH. After achieving the defined initial
pH, 0.05 g of Nb2O5 photocatalyst was added to the solution, which was maintained at 25 ◦C for
48 h under constant stirring at 700 rpm before measuring the solution pH to determine the pHfinal.
The pHPZC was determined from the intersection of the curve pHfinal vs. pHinitial with the straight line
pHfinal = pHinitial.

4. Conclusions

The potential application of Nb2O5 for photocatalytic decontamination and decolorization of
wastewater containing azo dyes was proved on basis of the efficient removal of a model pollutant: MO.
A novel Nb2O5 photocatalyst was successfully synthesized using a facile calcination method from a
natural precursor extracted as a natural resource in Brazil and characterized. The photocatalytic assays
demonstrated high removal efficiency of MO azo dye in the presence of H2O2, which was used as
an ecb

- scavenger, and oxidants, which acted as a photogeneration enhancer. The effects of different
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control parameters were analyzed and optimized to enable the faster decolorization under the mildest
conditions. Thereby, a concentration of Nb2O5 catalyst of 1.0 g L−1 in slurry was identified as the
optimal conditions for the complete removal of color at lower catalyst dosages. The tests carried out
also defined as optimal the mild conditions of pH 5.0 and 0.20 M of H2O2, with treatable concentrations
of MO ranging up to 15 mg L−1. It should be noted that the study was developed in order to find
potential applications for niobium materials, which represent a key material produced extensively
in Brazil. Our results prove the promising applicability of these innocuous and highly re-utilizable
photocatalysts in AOPs for wastewater treatment. It is worth mentioning that this technique is
emerging as suitable approach for depollution treatment of textile effluent in mid-sized industry in the
Northeast region of Brazil, which receives approximately 10 h/day of sunlight irradiation for more
than 350 days a year due to its proximity to the equatorial line.
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Abstract: In this work, a dealloying technique is proposed as a synthesis method to obtain highly
porous Nickel electrodes starting from Ni-Cu co-deposit: pulsed corrosion is applied adopting
different corrosion and relaxation times. Different morphologies, pore size distribution and residual
copper amount were obtained depending on the corrosion conditions. For the developed electrodes,
the surface roughness factor, Rf, was evaluated by electrochemical impedance spectroscopy (EIS).
The hydrogen evolution reaction (HER) on these electrodes was evaluated by means of steady-state
polarization curves, and the related parameters were derived by Tafel analysis. Finally, a thin layer
of NiO on the porous structures was obtained to exploit the semiconductor characteristic of the
oxide, so that an extra-photopotential was obtained by the simulated solar light action. Results
demonstrate greater apparent activity of the developed electrodes towards HER in comparison with
commercial smooth Ni electrode, which can be mainly attributed to the large Rf obtained with the
proposed technique.

Keywords: porous nickel; selective corrosion; hydrogen evolution reaction; photoelectrocatalysis

1. Introduction

The production of hydrogen by electrocatalytic or photoelectrocatalytic (PEC) water splitting
driven by renewable energy, and its subsequent use in a fuel cell, could represent a zero-emission
process in which the storage of H2 could mitigate the spatial and temporal discontinuities of renewable
energy resources [1,2]. However, due to the high overpotential losses involved in the gas evolution
reactions occurring at the electrodes, the electrolytic H2 production is still not competitive, at large
scale, with the traditional process of H2 production from fossil fuels [3]. In fact, noble metals
such as Pt, Ru, and Pd are ideal electrocatalysts for hydrogen evolution reaction (HER) in terms of
overpotential. Nevertheless, high cost and scarcity make them impractical choices, and the quest for
finding inexpensive electrocatalysts is indeed an active area of research [3].

Although many earth-abundant HER catalysts such as transition metal chalcogenides [4,5] or
carbides [6,7] have exhibited high activities in acid solutions approaching that of Pt, all of them cannot
operate satisfactorily in alkaline electrolytes [8]. Recently, nickel-based electrocatalysts, either as
monofunctional or bifunctional materials, were proposed as an economical and efficient replacement to
these expensive metal precursors, that exhibited very promising electrocatalytic activity and stability
toward oxygen and hydrogen evolution reactions [9–12].
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Due to its electronic properties, high conductivity, and thermal stability, Ni has been a very frequent
choice for designing electrocatalytic materials. Ni and its related oxides and hydroxides have also
been proposed as cathode materials which are effective for HER in non-acidic solutions [13]. Moreover,
the NiO p-type semiconductor has emerged as the most frequently used material in this field for its
low cost, good stability, and suitable band position alignment, for the transfer of photogenerated holes
to counter electrode, that is a key efficiency-determining step of PEC water splitting [14–16]. In order
to increase the catalytic activity of nickel based materials towards the HER, two basic approaches
could be adopted, namely the use of multicomponent catalysts and the increase of the real surface
area [17]. Ni-based alloys, together with other transition metals or rare earths, have been widely
studied and exhibited better catalytic capability than single Ni catalyst, due to synergistic effects of
the elements forming the alloy [18,19]. Among the Ni-based alloy electrodes studied, Ni–Cu alloy
has shown potential as cathode for alkaline HER due to the improved electrocatalytic activity [20,21],
high corrosion resistance [22] and good stability [23].

As already stated, the second way to increase the catalytic activity is the preparation of an electrode
with a high surface area, that represents a crucial point to which attention should be paid to achieve
high efficiency [24–26]. However, the synthesis of ordered nanoporous metals faces great challenges,
since metals at the nanoscale tend to present low surface area in order to minimize the surface
energy [27]. Moreover, the simple increase of the surface area does not always reflect an increase in the
electrochemically-active surface area, because the morphology and the dimension of pores may affect
the accessible surface area for the electrochemical reactions.

Nickel foam with a nanoporous structure can be obtained by several methods, such as
alkaline leaching of the aluminum from Ni-Al Raney nickel [28], chemical vapor deposition [29,30],
electrodeposition [31] and template synthesis [32,33]. However, these processes were found to be
imperfect due to limitations in controlling pore sizes and relative density which are important for
metallic foams [34].

Based on the above results, in this work, the electrochemical corrosion of Cu-Ni co-deposit was
selected for the fabrication of porous Ni-based electrodes, which combine both high surface area and
good intrinsic catalytic activity in the process of HER. The selective electrochemical corrosion of copper
from NixCu1−x alloy was demonstrated for the first time by Sun and co-workers; by taking advantage
from the formation of a passive nickel oxide film in sulfamate aqueous solutions, nanoporous nickel
was prepared through selective electrochemical dissolution of the more noble copper, rather than
the less noble Ni. The authors performed electrochemical etching under potentiostatic conditions;
depending on the composition of the deposited alloy, different morphologies and dimensions of the
pores were obtained [35].

Similarly, Chang and co-workers obtained nano-hollow tubes starting from Ni-Cu alloys prepared
by electrodeposition, which showed a columnar structure and contained separated Cu- and Ni- rich
multiple phases; the selective etching of the less reactive copper from the alloys was performed in
solutions containing H3BO3 0.5 M [36]. A dendritic Ni-Cu alloy foam with high surface area was
fabricated by electrodeposition during HER by Jeong and co-workers; then nanoporous dendritic Ni
foam was successfully prepared by selective electrochemical dealloying of copper from Ni-Cu alloy
using a sulfuric acid solution [37]. In order to control the morphological features of the porous structure,
the dealloying of a co-deposited Ni-Cu was performed under pulsed electric field. By tuning voltage
and duration of the bias applied, different final composition and degree of porosity were obtained [38].

To the best of our knowledge, few works have been devoted to the systematic study of the effects
of the corrosion conditions of copper on the morphology and dimensions of the pores of nickel, as well
as to the amount of residual copper. In this work, we studied the effect of the dealloying conditions,
with the application of a voltage waveform, on morphology, real area and composition of the resulting
samples. Starting from the same deposit containing 30% of copper and 70% of nickel, different values
of corrosion and relaxation times were adopted: two classes of samples were prepared with two values
of the ratio between the corrosion and relaxation times.
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Moreover, also the electrocatalytic performance of the developed electrodes for HER and for
photoelectrochemical tests were studied. To distinguish the effect of both surface roughness and
intrinsic activity of the material, the real active surface area of the catalysts, in terms of roughness
factor (Rf), was determined.

2. Results and Discussion

The electrodeposition of Ni-Cu was realized under potentiostatic conditions at E = −0.8 V for
130 minutes on niobium discs; linear sweep voltammetry was firstly performed in the electrodeposition
solution at 5 mV s−1, starting from open circuit potential (OCP) up to −0.8 V, to favor a slow deposition
of a thin film onto niobium surface.

Figure 1 displays the scanning electron microscopy (SEM) images and the Auger mappings of
the Ni-Cu deposit onto the niobium surface; as can be seen, a homogeneous distribution of both the
elements, with some copper agglomerations, characterized the surface. The chemical composition of
the film calculated by energy dispersive X-ray (EDX) analysis indicated an average molar fraction of
30% of copper and 70% of nickel.

 

a 

d c 

b 

Figure 1. SEM image (a) and Auger mappings (b) of Ni-Cu deposit onto niobium substrates: Cu in green
and Ni in red. The separated Auger mappings of Cu and Ni are reported in (c) and (d), respectively.

The SEM images of the samples obtained using different corrosion conditions (Figure 2), show the
presence of porous structures in each sample. Table 1 reports the conditions adopted for the corrosion of
each sample, denoted as Stcorr-trelax where tcorr and trelax are the corrosion and relaxation times used in the
pulsed corrosion steps, respectively. Table 1 also reports the ratio φ = tcorr/trelax together with the range of
pore diameters and molar fractions of Cu and Ni (oxygen was found as third element up to unit).

As can be seen from SEM images, different morphologic features can be recognized depending
on the experimental conditions; samples prepared with the highest φ as S1–5 (Figure 2a) and S0.1–0.5

(Figure 2b) were featured by a tubular structure, while the samples prepared using the lowest φ (S1–50

in Figure 2d, S0.1–5 in Figure 2e and S0.01–0.5 in Figure 2f) presented a cauliflower-like structure with
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multi-dimensional pores. Only the sample S0.01–0.05 (Figure 2c) is characterized by a poor pore density
with very small diameters.

Figure 2. SEM images of samples submitted to different conditions of anodic dissolution: (A) S1–5;
(B) S0.1–0.5; (C) S0.01–0.05; (D) S1–50; (E) S0.1–5; (F) S0.01–0.5. Insets report the magnifications of the SEM
images of the samples.
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Data in Table 1 and Figure 2, indicated a combined effect of tcorr and trelax on the pore size and
morphology of the resulting samples: in fact, trelax being the same, a decrease in tcorr leads to lower
pores diameter (See Figure 2 for sample S1–5 compared with S0.1–5, and S0.1–0.5 compared with S0.01–0.5)
and higher residual copper amount.

Table 1. Range of diameters d (nm) and molar fractions of Cu and Ni (XCu and XNi ) of
porous nickel electrodes prepared using different tcorr and trelax during the anodic pulsed voltage
dissolution experiments.

tcorr/s trelax/s φ d/nm XNi XCu

S1–5 1 5 0.2 200–350 0.90 0.064
S0.1–0.5 0.1 0.5 0.2 140–300 0.86 0.086

S0.01–0.05 0.01 0.05 0.2 50–150 0.76 0.195
S1–50 1 50 0.02 170–250 0.81 0.14
S0.1–5 0.1 5 0.02 170–250 0.89 0.083

S0.01–0.5 0.01 0.5 0.02 70–250 0.82 0.11

Conversely, an increase in trelax leads to a decrease of the pores size, tcorr being the same, as for
samples S1–5 and S1–50 (tcorr of 1 s), or for samples S0.1–0.5 and S0.1–5 (tcorr of 0.1 s) (See Figure 2).
Moreover, in the case of tcorr of 0.01 s, both samples present the highest copper residual amount.

As it was firstly proposed by Erlebacher et al. [39], these results can be explained considering that
the mechanism involved in the formation of porous structures, by dealloying of binary systems under
potentiostatic conditions, resulted from two concurrent processes occurring at the alloy/electrolyte
interface: the chemical dissolution of the most reactive metal atoms and the atom rearrangement of the
most inert atoms, which expose the underlying more reactive metal atoms to further dissolution.

Using pulsed potential, it is possible to influence the interplay between atoms rearrangement and
chemical dissolution [38]. Thus, the increase in the ratio φ favors the rearrangement of nickel with
respect the copper dissolution, which in turn leads to more dendritic samples with high content of
residual copper, as observed comparing samples S1–5 with S0.1–5 or S0.1–0.5 with S0.01–0.5. Moreover,
very short relaxation times, as in the case of sample S0.01–0.05, limit the nickel atoms rearrangement
thus hindering the exposure of underlying copper and its progressive dissolution: few and very small
pores with very high residual copper content was obtained under this condition.

To gain insight into the structural features of the deposited films, X-ray diffraction patterns were
acquired, as shown in Figure 3. The pattern of the initial deposit (Figure 3a) shows the occurrence of
sharp peaks due to the niobium substrate and additional broader reflections which can be ascribed to
the occurrence of nanocrystalline nickel and copper phases, based on comparison with reference PDF
cards (Figure 3c). After the electrochemical corrosion, changes in the X-ray pattern can be observed in
Figure 3b (sample S1–5): in particular, the relative intensity of the peaks due to Ni and Cu is decreased,
suggesting the occurrence of a lower contribution from nanocrystalline phases as compared to the
original film. Additional peaks are also observed which can be tentatively ascribed to a copper-rich
oxide (Cu4O3).

In order to characterise the electrodes, electrochemical impedance spectroscopy (EIS)
measurements were performed in KOH 1 M solutions at open circuit potential (OCP). The related
Nyquist and Bode plots are reported in Figures 4 and 5: as can be seen, samples S1–5, S0.01–0.05 and
S1–50 are characterized by a wide flattened semicircle in the low frequency (LF) region of Nyquist plot,
and by one wave in the phase angle Bode plot. This behavior is like that of smooth electrodes covered
with flat pores, indicating that the surface behaves like a flat one, i.e. the pores are well accessible
at all the frequency values [40,41]. For the samples S0.1–0.5, S0.1–5 and S0.01–0.5 a small arc is visible at
high frequency (HF), followed by a second branch in the LF region of the Nyquist plot, as well as the
beginning of a second wave appears in the phase angle Bode plot, indicating a behavior typical of
porous and rough electrodes [42], which respond differently, depending on the frequency region.
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Figure 3. XRD pattern of the films as-deposited (a) and of the sample S1–5 after the corrosion (b) and
relevant PDF cards for reference structures.

Figure 4. Nyquist diagram (a), Bode phase (b) and Bode modulus (c) recorded in KOH 1 M at open
circuit potential. Inset: equivalent circuit used to model the EIS spectra.
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To model the experimental data, an electrochemical equivalent circuit, which involves two time
constants, was used (inset of Figure 4): the model is a slightly modified version of that originally
proposed by Armstrong and Henderson [43], in which the capacitances were replaced by the constant
phase elements (CPE) [44–46] which represent a deviation from the purely capacitive behaviour, related
to surface in-homogeneity, or to variations of properties in the direction that is normal to the electrode
surface. Such variability may be attributed, for example, to changes in the conductivity of oxide layers,
or to porosity and surface roughness [47].

Figure 5. Nyquist diagram (a), Bode phase (b) and Bode modulus (c) recorded in KOH 1 M at open
circuit potential.

The impedance ZCPE is described by the following equation:

ZCPE =
1

Q(jω)n (1)

where Q is a capacitance parameter and n is a parameter characterizing the rotation of the complex
plane impedance plot [47].

This two time constants model was widely used to describe the response of Ni-based porous
electrodes during HER; when the semicircle at HF is potential-independent, it can be related to the
electrode surface porosity response, while the potential-dependent LF semicircle can be related to the
charge transfer resistance process [44,48,49]. On the other hand, when both semicircles change with
overpotential, the LF time constant is associated to the hydrogen adsorption on the electrode surface,
while the HF time constant is related to the charge transfer resistance [48,50].

In the present work, the same electrical circuit was used to model the response of the porous
electrodes at OCP and the different time constants were correlated to the different pore size distribution.
Analogous approach was adopted with hierarchical structures by Abouelamaiem et al. [51]: the smaller
the pores, the higher the constant time values.

As can be seen from Figures 4 and 5, in the present case, the proposed model was able to interpret
the Nyquist and Bode plots of the selected samples. The fitting parameters are presented in Table 2,
along with the values of chi-squared (χ2), which were always in the order of 10−4.
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Table 2. Electrical circuital parameters obtained from the fit of EIS spectra at open circuit potential for
the synthesized samples, recorded in KOH 1 M.

Samples S1–5 S0.1–0.5 S0.01–0.05 S1–50 S0.1–5 S0.01–0.5

χ2 2.06 × 10−4 8.33 × 10−4 7.69 × 10−4 9.51 × 10−4 5.84 × 10−4 9.82 × 10−4

Rs/Ω cm2 3.16 3.16 3.44 3.70 3.28 3.38
Rct/Ω cm2 829 65.90 784.5 433.4 140.65 103.60

Q1/mS sn cm−2 0.52 3.18 0.242 0.76 1.99 3.24
n1 0.86 0.68 1.00 1.00 0.80 0.72

R2/Ω cm2 6.055 141.4 4.71 3.4 157.7 239.8
Q2/mS sn cm−2 1.60 16.66 1.17 2.08 6.82 12.14

n2 0.71 1.00 0.85 0.73 0.99 1.00
Cdl/μF cm−2 454 1522 242 760 1439 2118
C2/μF cm−2 250 16660 460 335 6821 12140

τ1 (s) 0.38 0.10 0.19 0.33 0.20 0.22
τ2 (s) 0.0015 2.36 0.0022 0.0011 1.08 2.91

Rf 22.7 76.1 12.1 38.0 71.9 105.9
Ar (cm2) 11 38 6 19 36 53

Table 2 reports also the values of capacitance (C) calculated as proposed by Brug et al. [52] for
non-Faradaic system:

Ci =
(QiRi)

1/ni

Ri
(2)

and the time constant (τ)
τi = CiRi (3)

Depending on the samples, different time constant values are calculated from the relevant circuital
parameters, that can give information on the processes occurring at the electrode surface.

So, for example, the values of τ1 between 0.10 and 0.38 s, are in the order of magnitude typically
related to the charge transfer between electrode/electrolyte interface. Time constants in the order of half
second were reported by Cardona et al [48,53], for porous Ni and Ni-Cu electrodes, and were attributed
to the charge transfer kinetics. On the other hand, as suggested by other references [46,50,53], the τ2

values 10-fold higher, calculated for samples S0.1–0.5, S0.1–5, S0.01–0.5, could be instead associated to the
diffusion inside the smaller, less accessible pores. Finally, a very fast charge transfer inside the bulk
material should be the reason of the very low values of τ2 (in the order of ms) calculated for samples
S1–5, S0.01–0.05, S1–50.

This different behavior can be explained considering the different morphology of the samples:
when a tubular structure with little variations of the pore diameter is obtained, as in the case of sample
S1–5, the response of the impedance is dominated by accessible surface inside the pores. Conversely,
when a multidimensional pores structure, such as a cauliflower-like surface is obtained (see for example
sample S0.01–0.5), the slow diffusive process in the smaller pores may become important, given that it is
revealed when low frequency region is explored.

The values of Cdl were used, in turn, to compare the real surface area of the samples accessible to
the electrolyte: the surface roughness factor Rf, was determined relating the Cdl of the samples with
that of a smooth Ni electrode equal to 20 μF/cm2 [46] an in turn, the values of real active surface area
(Ar) were calculated (see Table 2).

The results reported in Table 2 highlight that the group of samples prepared using a lower φ

presents higher values of Cdl and of roughness factor (Rf). Moreover, at the same φ values, an increase
in the porosity is recorded with the decrease of the corrosion and relaxation time. This is not verified
in the case of the sample S0.01–0.05, where very low pore density was obtained. Moreover, Rf values of 8
and 13 were obtained by EIS at commercial nickel plate and at Ni-Cu co-deposit, respectively.

In the last part of the work attention was paid on the evaluation of the catalytic activity of the
samples toward HER. As is well known, especially when heterogeneous reactions are involved, the
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achievement of high specific area is of a great concern. However, also the morphology, and then the
exploitability of the surface, may affect the material performances, particularly when the reactions
involve the production of gas, as in the case of HER. Moreover, a synergistic effect on the catalytic
activity was often attributed to the presence of copper, either in alloy, or co-deposited with nickel.

In order to study these effects, two samples were selected, which were characterized by different
roughness factor, morphology and residual copper content: in particular, S1–5 was selected among those
with φ = 0.2, and S0.01–0.5 among those with φ = 0.02 (see Table 1). Their electrocatalytic performance
and their photoactivity were investigated, and their behavior compared with those of commercial
nickel plate and Ni-Cu co-deposit.

Figure 6 reports the results of linear sweep polarization curves, performed in 1 M KOH solution:
the cathodic current densities are reported as a function of the overpotential (η) together with the
corresponding Tafel linearization, as inset.

Figure 6. Linear sweep voltammetries in 1 M KOH solution; inset: magnification of the linear Tafel
polarization curves.

If compared with commercial nickel plate, the samples S1–5 and S0.01–0.5 present higher catalytic
activity, the highest being obtained for sample S0.01–0.5. This enhancement in the catalytic activity can
be connected to the increased specific surface area. Moreover, the trend of the linear sweep polarization
of the Cu-Ni co-deposit indicates the positive effect of the presence of copper.

The kinetic parameters of the related processes were determined by considering both the geometric
and the real surface area of the electrodes. The polarization curves are represented by Tafel equation [54]:

η = a + b logj (4)

where η is the overpotential, b is the Tafel slope, j is the current density and a is the intercept of the
curve related to the exchange current density j0 through equation:

a =
2.3 RT
βnF

logj0 (5)
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where n represents the number of electrons exchanged, F is the Faraday constant, β is the symmetry
factor and R is the gas constant.

Values of exchange current density j0, and Tafel slope b, estimated from the linear polarization
curves using Equations (4) and (5), are listed in Table 3.

As can be observed, the values of Tafel slope (b) obtained for the synthesized samples range from
126 to 140 mV/dec, indicating that HER proceeds via the Volmer-Heyrosky mechanism [44,55]; similar
values were reported in the literature for porous Ni-based samples also in presence of copper [46,48].
Both samples S1–5 and S0.01–0.5 present exchange current density values considerably higher with
respect to the commercial nickel, indicating a considerable improvement of the apparent electrocatalytic
properties of the fabricated electrodes.

Table 3. Kinetic parameters for HER obtained from the polarization curves recorded in 1 M KOH.

Sample Rf b (mV/dec) j0 (mA/cm2) j0r (μA/cm2)

Ni 8 130 0.02 4.2
Cu-Ni co-deposit 13 124 0.13 12

S1–5 23 158 0.29 8.6
S0.01–0.5 106 138 0.35 4.6

The value measured for the Ni-Cu co-deposit is instead indicative of the effect of the presence of
copper in the deposit. Normalizing the exchange current densities for the active surface area of the
electrodes, the real exchange current density j0r was calculated.

The higher j0r value for the sample S1–5 with respect to that for S0.01–0.5, suggests that the inner
porous surface of this sample is not totally exploitable during HER, due to the gas bubbles shielding.
This behavior can be explained by considering the more open structure of sample S1–5 with respect to
S0.01–0.5, thus confirming the strong effect of the pores (size, shape and distribution) on the resulting
electrocatalytic performance. Comparing the j0r values for sample S1–5 with that of commercial nickel,
the effect of the composition of the sample can be observed: in fact, the enhancement in the performance
is not only related to the increased surface area, but also to the copper amount which affects the
overall electroactivity of the electrodes. This effect can be confirmed at Ni-Cu co-deposit, where the
enhancement of j0r, compared to a commercial nickel electrode, can be connected essentially to the
presence of a rough dual Ni-Cu system.

In order to investigate possible applications of the developed samples as photocathodes, they
were submitted to thermal annealing at 500 ◦C in order to allow the formation of NiO.

Figure 7 shows, as an example, the cathodic photocurrent response measured at sample S0.01–0.5:
as can be seen, under irradiation a remarkable increase in photocurrent is observed.

In order to compare the photocurrent of samples S1–5, S0.01–0.5 and commercial nickel, in Figure 8
the values of photocurrent are reported for three values of applied potential; as can be seen, applied
potential being the same, samples S1–5 and S0.01–0.5 present higher values of photocurrent with respect
to the commercial nickel. These values are comparable with those reported in the literature and
measured in similar conditions: for NiO photocathodes fabricated by alkaline etching, anodizing nickel
foil in an organic-based electrolyte, about 400 μA/cm2 was measured irradiating the samples with
300 W arc xenon lamp [15]. The values in the order of magnitude of the tens were indicated in a recent
review, where sensitized NiO photocathodes for water splitting cells were used: the authors state that
photocurrent values varied consistently with the specific surface area of the electrode, suggesting that
NiO electrodes made under different conditions should possess comparable photoelectrochemical
performance [56].
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Figure 7. LSV of sample S0.01–0.5 in 0.1 M KNO3. The potential was ramped (5 mV s−1) from the OCP
to −0.8 V. Data were recorded under dark and irradiation condition (AM0 filter).

Figure 8. Cathodic photocurrent density recorded in KNO3 0.1 M solution for different samples, at
different applied potential: −0.4 V (blue bars), −0.6 V (orange bars) and −0.8 V (grey bars).

If data at different applied potential are considered, a different behavior of S1–5 and S0.01–0.5

samples can be observed: as the cathodic potential is increased, while a regular increase in performance
is measured at sample S1–5, sample S0.01–0.5 shows lower value of photocurrent when the most cathodic
potentials is applied. This trend may be explained considering that at the highest cathodic potential,
gas can be generated which may limit the exploitability of the whole pore structure, especially when
small pores are involved in the structure, as at sample S0.01–0.5. Of note is that if the photocurrent
values are normalized by the real surface area (Ar) of the samples, the highest performance is measured
at sample S1–5, at all the potentials; moreover, at the highest cathodic potential, the performance of
S0.01–0.5 sample decreases, and it becomes even worst than the commercial Ni sample.
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3. Materials and Methods

Boric acid (H3BO3) and potassium hydroxide (KOH) were purchased from Sigma-Aldrich
(Sigma-Aldrich Chemie, GmbH, Schnelldorf; Germany). Sodium sulfate anhydrous (Na2SO4), nickel
sulfate hexahydrate (NiSO4*6H2O), copper sulfate pentahydrate (CuSO4*5H2O) and potassium
nitrate (KNO3) were supplied by Carlo Erba (Carlo Erba Reagents, Cornaredo, Milano, Italy).
All electrochemical experiments were performed at room temperature using an AUTOLAB
PGSTAT302N (Metrohm, Herisau, Switzerland) potentiostat/galvanostat equipped with a frequency
response analyzer controlled with the NOVA software. Two cylindrical hand-made three-electrode
cells realized by Teflon were used, in which the working electrode was at the bottom of the cell and the
electrical contact consisted of an aluminium disc. A platinized titanium grid, placed in front of the
anode at 1 cm distance, and a saturated calomel electrode (SCE) constituted the counter and reference
electrodes, respectively. The preparation of the Ni-Cu co-deposits was performed using niobium foils
(thickness 0.25 mm, 99.8%, Sigma-Aldrich Chemie, GmbH, Schnelldorf; Germany) as working electrode,
cut as discs. Prior to deposition, niobium was mechanically polished with diamond paste (sizes: 3,
1, 0.5 μm) and colloidal silica gel (particles size: 0.05 μm), then submitted to sonication in acetone
for 15 minutes and rinsed with distilled water. The cell used for the electrodeposition experiment
contained 40 ml of solution (inner diameter = 5 cm, height 4 cm); the exposed geometrical area was
13.5 cm2. The electrodeposition was performed using solution containing 0.5 M NiSO4, 0.005 M CuSO4

and 0.5 M H3BO4 (pH = 4); linear sweep voltammetry was firstly performed in the electrodeposition
solution at 5 mV s−1, starting from the OCP up to −0.8 V, after that a constant potential of −0.8 V for
a total time of 130 minutes was applied while the solution was stirred. The charge amount recorded
during the electrodeposition experiments was about 6 C/cm2. Considering unit faradaic yield and
average atomic weight of 60 g/mol, the amount of deposited metals was roughly estimated equal to
1.8 mg/cm2, by Faraday’s Law.

In order to study the effect of the selective corrosion, starting from the same co-deposit, after the
deposition the discs were cut in six slices and subjected to anodic dissolution under different corrosion
conditions. The cell used for corrosion experiment contained 10 ml of solution (inner diameter = 1.5 cm,
height 3 cm): the exposed geometrical area was 0.5 cm2.

The runs were performed in aqueous solution, containing 0.5 M H3BO4 and 0.5 M Na2SO4, under
stirring conditions, using pulsed voltage modulated between Vcorr (E = 0.5 V) and Vrelax (E = OCP) for
time durations of tcorr and trelax, respectively. Values of the ratio between tcorr and trelax (called φ in the
rest of the text) equal to 0.2 and 0.02 were adopted. A total time of 30 minutes were required (typically
the dissolution current drops to zero within this period). Prepared samples were denoted as Stcorr-trelax

where tcorr and trelax are the corrosion and relaxation times (in seconds), respectively. After oxidation,
the electrodes were rinsed in deionized water and dried in a nitrogen stream. The charges amount,
recorded during the corrosion test, ranged from 1.2 to 1.6 C/cm2. Also in this case, applying Faraday’s
Law, the amount of copper removed was evaluated from 0.4 to 0.55 mg/cm2.

A scanning electron microscope (SEM) equipped with EDX detector (Zeiss, Oberkochen, Germany)
was used to characterize the morphology and the chemical composition of the nanoporous nickel
electrodes. Auger electron Spectroscopy (AES) was also used to investigate the distribution of the
copper and nickel.

X-ray diffraction (XRD) patterns were recorded in the range of 20–80 (2θ) on a Panalytical Empyrean
diffractometer equipped with a Cu Kα radiation and an X’Celerator linear detector. XRD patterns were
collected at a grazing incidence of 2 on the films mounted on a flat sample stage. Data were processed
by Empyrean X’pert High Score software and phase identification was performed by comparison with
the Powder Diffraction Files (PDF-2 JCPDS International Centre for Diffraction Data, Swarthmore, PA,
USA) database.

Linear sweep voltammetry (LSV) were performed to study the behavior of the electrodes in
the potential range from E = OCP to E = −1.0 V in cathodic direction at a sweep rate of 5 mV/s.
The characterization of the electrode/electrolyte interface was also carried out through electrochemical
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impedance spectroscopy (EIS). The measurements were performed in a frequency range from 100 kHz
to 0.1 Hz with excitation amplitude of 10 mV. The impedance spectra were then fitted to an equivalent
electrical circuit by using the ZSimpWin 2.0 software (EChem software).

A subsequent annealing treatment was performed in order to convert Ni(OH)2 and NiOOH
groups in NiO, which is the semiconductive form of nickel. Thermal treatment was carried out in air
atmosphere for 30 min at 500 ◦C, after ramping 5 ◦C min−1.

Photoelectrochemical measurements were carried out in a hand-made photoelectrochemical cell
(PEC), equipped with a quartz window. The investigated samples were adopted as working electrodes
while a platinum wire constituted the counter electrode and a SCE the reference. 0.1 M KNO3 aqueous
solution was used as the supporting electrolyte. The PEC-cell was irradiated with a 300 W Xe lamp
(LOT-Quantum Design Europe) equipped with AM 0 optical filter. The incident power density of the
light was measured by LP 471 UVU or LP 471 PAR quantum radiometric probes: the recorded value
was 138–140 W/m2. Photocurrent density was calculated with respect the nominal surface area of the
samples as the difference between the current recorded under illumination and dark conditions.

4. Conclusions

In this work, a dealloying method was used to obtain porous nickel electrodes as possible
alternative cathodic materials in HER. A suitable combination of corrosion and relaxation times in the
pulsed potential steps made it possible to obtain different morphologies and pore size distributions.
Depending on the samples, roughness factors ranging from 22 and 106 were obtained, but the increased
surface area was not always exploitable. In fact, the Tafel analysis revealed that the exchange current
density calculated with respect to the real surface area, was higher in sample S1–5 rather than sample
S0.01–0.5, even if a higher surface area was measured at this last sample. The higher j0r value suggests
that the inner porous surface area of sample S0.01–0.5 is not totally exploitable during HER, due to gas
bubbles shielding. This behavior can be explained by considering the more open structure of sample
S1–5 with respect to S0.01–0.5, thus confirming the strong effect of the pores (size, shape and distribution)
on the resulting electrocatalytic performance. The presence of thin oxide layer of NiO, as well as of
residual copper were indicated as responsible for the photocatalytic activity of the samples. Once again,
the different pore size and distribution become crucial in determining the final performance of the
samples: thus, for example, at the highest cathodic potential gas can be generated which may limit the
exploitability of the whole pore structure, especially when small pores are involved in the structure, as
at sample S0.01–0.5.
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Abstract: Physicochemical properties of spinel ZnFe2O4 (ZFO) are known to be strongly affected
by the distribution of the cations within the oxygen lattice. In this work, the correlation between
the degree of inversion, the electronic transitions, the work function, and the photoelectrochemical
activity of ZFO was investigated. By room-temperature photoluminescence measurements, three
electronic transitions at approximately 625, 547, and 464 nm (1.98, 2.27, and 2.67 eV, respectively)
were observed for the samples with different cation distributions. The transitions at 625 and 547 nm
were assigned to near-band-edge electron-hole recombination processes involving O2- 2p and Fe3+ 3d
levels. The transition at 464 nm, which has a longer lifetime, was assigned to the relaxation of
the excited states produced after electron excitations from O2- 2p to Zn2+ 4s levels. Thus, under
illumination with wavelengths shorter than 464 nm, electron-hole pairs are produced in ZFO by
two apparently independent mechanisms. Furthermore, the charge carriers generated by the O2− 2p
to Zn2+ 4s electronic transition at 464 nm were found to have a higher incident photon-to-current
efficiency than the ones generated by the O2− 2p to Fe3+ 3d electronic transition. As the degree of
inversion of ZFO increases, the probability of a transition involving the Zn2+ 4s levels increases and
the probability of a transition involving the Fe3+ 3d levels decreases. This effect contributes to the
increase in the photoelectrochemical efficiency observed for the ZFO photoanodes having a larger
cation distribution.

Keywords: ZnFe2O4; degree of inversion; cation distribution; photoelectrochemical activity

1. Introduction

During the last few years, there has been increasing interest in the study of spinel ZnFe2O4

(ZFO) as a photoanode material for photoelectrochemical water oxidation [1–3]. As new scientific
investigations in this field are reported, differences concerning the photoelectrochemical activity of
ZFO photoanodes prepared by different routes have become evident [4–11]. It is well known that
ZFO exhibits a variable structure where the distribution of Zn2+ and Fe3+ cations between octahedral
and tetrahedral sites within the crystal lattice depends on the synthetic conditions [12–18]. Therefore,
the reason behind the broad variety of results found in the scientific literature for ZFO photoanodes
might be related to the cation distribution. The parameter used to quantify the cation distribution
is the degree of inversion, x, which is defined as T[Zn1−xFex]O[ZnxFe2−x]O4 with 0 ≤ x ≤ 1 (where
the superscripts T and O denote the tetrahedral and octahedral sites, respectively). When x = 0
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and x = 1, ZFO adopts the so-called normal (T[Zn]O[Fe2]O4) and inverse (T[Fe]O[ZnFe]O4) structure,
respectively. The degree of inversion of bulk ZFO can be controlled by the calcination of the samples at
temperatures higher than 737 K and subsequent quenching [12–15]. Thus, bulk ZFO samples with
x ranging from approximately 0.02 to 0.20 can be prepared. Pavese et al. [13] reported degrees of
inversion up to x ≈ 0.34 at 1600 K for bulk ZFO by in situ high-temperature neutron powder diffraction
measurements. Nevertheless, as shown by O’Neill [12], degrees of inversion higher than x ≈ 0.20
cannot be experimentally accessed for bulk ZFO samples prepared by means of a solid-state reaction
and subsequent quenching. Calcination temperatures higher than 1200 K are required to increase
the degree of inversion above this upper limit and, under these conditions, the rate of re-ordering
is too fast to quench the sample. For nanoparticulate ZFO, higher degrees of inversion are likely to
be obtained [16–18], and the synthesis of ZFO nanoparticles having an almost completely inverted
structure (x = 0.94) has been reported [19].

In a recent publication, Zhu et al. [8] reported that the cation distribution in partially reduced ZFO
anodes affected the performance of light-induced water oxidation. The authors showed that partially
reduced ZFO had a relatively poor crystallinity, but a high degree of inversion exhibited superior
photogenerated charge carrier transport when compared to ZFO with a high crystallinity but a low
degree of inversion. The research of Zhu et al. pioneered the investigation of the effect of the cation
distribution on the photoelectrochemical activity of ZFO. However, a study of the effect of the degree
of inversion on the photoelectrochemical activity of pristine ZFO samples exhibiting uniform particle
size, crystallinity, and crystallite size is, to the best of our knowledge, missing.

Recently, we reported the preparation of ZFO by a solid-state reaction and its further processing
into pellets with varying degrees of inversion [14,20]. The elemental analysis of the ZFO pellets revealed
a Fe to Zn ratio of 2:1 within the limit of the experimental error, as expected for ZFO [14]. The absence
of non-reacted α-Fe2O3 and ZnO as well as the absence of secondary iron oxide phases, were confirmed
by XRD and Raman spectroscopy [14]. Mössbauer spectroscopy confirmed the absence of Fe2+ and,
hence, of oxygen vacancies for all the ZFO pellets [14]. The crystallite size values deduced from the
Rietveld refinements and the particle size distribution obtained from the SEM confirmed that the
pellets exhibited similar crystallite and particle sizes independently of the degree of inversion [14,20].
Thus, the degree of inversion was found to be the only independent variable between the different ZFO
pellets. These characteristics made it possible to investigate the impact of the degree of inversion on
the photoelectrochemical activity of ZFO photoanodes unaffected by other variable parameters such as
impurities, the number of oxygen vacancies, the particle size, the crystallite size, and the crystallinity.

In the present work, the photoelectrochemical activity of photoanodes made of pristine ZFO with
degrees of inversion increasing from x ≈ 0.07 to x ≈ 0.20 is reported. Furthermore, the effect of the cation
distribution on electronic properties such as the Fermi level and the electronic structure was investigated
for the first time. The electronic structure was studied by means of time-averaged and transient
room-temperature photoluminescence spectroscopy. It is well known that the photoluminescence
spectrum of a material depends on its particle size, crystallinity, and the presence of point defects [21,22].
Therefore, the crystallinity and crystallite size homogeneity of the synthesized ZFO pellets is of utmost
importance in order to access meaningful information concerning the effect of the degree of inversion
on the photoluminescence properties. The nature of the observed transitions as well as their lifetime
and the impact of the degree of inversion are discussed.

2. Results

ZFO pellets with degrees of inversion of x ≈ 0.07 (ZFO_773), x ≈ 0.10 (ZFO_873), x ≈ 0.13
(ZFO_973), x ≈ 0.16 (ZFO_1073), and x ≈ 0.20 (ZFO_1173) were prepared by employing a spinel zinc
ferrite synthesized by a solid-state reaction as reported previously [14]. In order to access information
concerning the porosity of the ZFO pellets, N2 and Ar physisorption isotherms were measured. Total
pore volumes below 10 cm3 g−1 were obtained for all pellets. These values were at the lower limit of
quantification, suggesting that the samples did not exhibit a considerable porosity. This is an expected
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result for dense pellets pressed at high pressure. Other consequences of the low porosity were small
BET surface areas below 10 m2 g−1. The pellets exhibited values ranging from 3.0 to 9.9 m2 g−1 with an
average of 5.3 m2 g−1 and no systematic trend concerning the degree of inversion. Thus, independent
of the degree of inversion, negligible total pore volumes and sizes were obtained for the different
ZFO pellets.

The photoelectrochemical activity of the photoanodes was evaluated by measuring the
photocurrent for the methanol oxidation reaction. Figure 1a shows the current density – voltage
(j-V) curves measured under chopped solar simulated light for the ZFO photoanodes with increasing
degrees of inversion. The light was turned on and off at 20 s intervals. Onset photocurrents for the
methanol oxidation were observed at an anodic bias potential of around +0.9 V vs. RHE. At a bias
potential of +1.2 V vs. RHE, the dark currents were still negligible and the photocurrents were high
enough to allow a direct comparison between the different photoanodes. Figure 1b shows the chopped
light chronoamperometry measured at an applied bias of +1.2 V vs. RHE. It was observed that the
photocurrent for the methanol oxidation increased as the degree of inversion rose from x ≈ 0.07 to
x ≈ 0.20. The photoanodes with degrees of inversion of x ≈ 0.07, x ≈ 0.10, and x ≈ 0.13 showed current
densities below 0.05 μA cm−2. There was a significant increase in the current density from 0.05 to
0.24 μA cm−2 as the degree of inversion increased from x ≈ 0.13 to x ≈ 0.16. The current density further
increased up to 0.77 μA cm−2 as the degree of inversion increased from x ≈ 0.16 to x ≈ 0.20.

     
Figure 1. (a) Current density − voltage curves for the photoanodes made from ZFO pellets with
different degrees of inversion. The measurements were performed in a 50% v/v methanol aqueous
solution containing 0.1 mol L−1 KNO3 under chopped solar simulator irradiation (intensity output of
680 W m−2). The light was turned on and off at 20 s intervals. (b) Chopped light chronoamperometry
for the ZFO photoanodes measured with an externally applied bias of +1.2 V vs. RHE. x = 0.074
(ZFO_773); x = 0.104 (ZFO_873); x = 0.134 (ZFO_973); x = 0.159 (ZFO_1073); and x = 0.203 (ZFO_1173).

Figure 2 shows the result of an incident photon-to-current efficiency (IPCE) measurement
performed with the ZFO photoanode with a degree of inversion of x≈ 0.20 (ZFO_1173). This photoanode
showed the highest photocurrent density for the methanol oxidation (0.77 μA cm−2, Figure 1b).
Considering the optical properties of the ZFO_1173 pellet reported previously [14], the absorbed
photon-to-current efficiency (APCE) was calculated. It can be observed from Figure 2 that the APCE
and, therefore, the ratio between the number of photogenerated holes reacting with methanol and the
number of absorbed photons increased as the wavelength of the incident light became shorter. Thus,
the photoanode converts the incident light into an electrical current more efficiently as the energy of
the photons emitted by the excitation source increases.
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Figure 2. IPCE and APCE of the ZFO photoanode with x ≈ 0.20 measured under an externally applied
bias of +1.2 V vs. RHE in a 50% v/v methanol aqueous solution containing 0.1 mol L−1 KNO3. A
monochromator was used for fine-tuning the wavelengths of the analyzing light to a final resolution of
1 nm.

Figure 3 shows the work function measured by the Kelvin probe technique for the ZFO pellet
samples with different degrees of inversion. It was observed that the work function exhibited values
ranging from 5.28 to 5.47 eV. Considering the experimental uncertainty (±0.13 eV), no significant
changes in the Fermi level were observed as the degree of inversion of the ZFO pellets increased.

 
Figure 3. Work function of the ZFO pellet samples with degrees of inversion ranging from x ≈ 0.07 to
x ≈ 0.20. The values were measured using a scanning Kelvin probe system. Before the measurement,
the pellets were calcined at 673 K for 12 h to remove adsorbed water.

Time-averaged room-temperature photoluminescence measurements were carried out to
investigate the effect of the degree of inversion on the electronic structure of ZFO. It becomes
obvious from Figure 4 that all pellets exhibited three emission signals at approximately 464, 547, and
625 nm. The relative fluorescence quantum yield of the photoluminescence was determined by using
quinine hemisulfate as a standard. Fluorescence quantum yields of 0.05% for the ZFO pellets with
degrees of inversion of x ≈ 0.07, x ≈ 0.10, and x ≈ 0.13, 0.04% for the pellet with x ≈ 0.15, and 0.03% for
the pellets with x ≈ 0.20 were obtained.
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Figure 4. Time-averaged room-temperature photoluminescence of the ZFO pellets as a function of the
degree of inversion. An excitation wavelength of 355 nm with an emission slit width of 10 nm was
used for the measurement.

     

Figure 5. (a) Transient room-temperature photoluminescence spectra of the ZFO pellets as a function of
the degree of inversion. The third harmonic (355 nm) of a Brilliant Nd:YAG laser with a pulse duration
of 6 ns was used as the excitation source. The spectra were measured 28 ns after the excitation. x = 0.074
(ZFO_773); x = 0.104 (ZFO_873); x = 0.134 (ZFO_973); x = 0.159 (ZFO_1073); and x = 0.203 (ZFO_1173).
(b) Transient room-temperature photoluminescence spectra of the ZFO pellet with x = 0.074 (ZFO_773)
measured at different points in time after the 355 nm laser excitation.

Transient room-temperature photoluminescence measurements were conducted to study the
lifetime of the electronic transitions. Figure 5a shows the photoluminescence spectra of the ZFO
pellets with different degrees of inversion measured at 28 ns after the 355 nm laser excitation. Since
10 nm steps were used to record the transient signals, the spectral resolution was lower in comparison
to the time-averaged measurements. Thus, the emission observed at approximately 625 nm in
the time-averaged photoluminescence measurements (Figure 4) was not detected in the transient
measurements. However, the emissions centered at 547 and 464 nm were clearly observed. The emission
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centered at 464 nm showed a higher intensity than the emission centered at 547 nm. Figure 5b shows
the room-temperature photoluminescence spectra of the ZFO pellet with a degree of inversion of
x ≈ 0.07 (ZFO_773) measured at different times after the laser excitation. The emission signal centered
at 464 nm was weakly observed at 208 ns after the excitation, while the emission signal centered at
547 nm was no longer observed at 148 ns after the excitation.

3. Discussion

A series of ZFO photoanodes with different cation distributions between the tetrahedral and
octahedral sites of the oxygen lattice were investigated to study the impact of the degree of inversion
on the photoelectrochemical activity of ZFO. Due to the high-temperature calcination steps carried out
during the preparation of the samples, large crystallite sizes of approximately 300 nm were obtained [14].
Large crystallite sizes imply large diffusion lengths for the photogenerated charge carriers [23,24].
Consequently, the charge carrier recombination rate increases and the photoelectrochemical efficiency
of the material decreases [25]. Furthermore, low active surface areas are expected as the crystallite size
increases [23,24]. Therefore, the large crystallite size of the ZFO photoanodes were responsible for the
low photocurrent values obtained for the photoelectrochemical methanol oxidation (Figure 1). The large
thickness of the films (approximately 750 μm) also had a negative impact on the photoelectrochemical
activity for the same reasons above-mentioned. Higher photocurrent densities are reported in the
literature for ZFO photoelectrodes [4,6,26,27]. In fact, the current benchmark in the performance of a
partially reduced ZFO photoanode for solar water oxidation is 1.0 mA cm−2 at 1.23 V [8]. However,
the aim of this work was to understand the impact of the degree of inversion on both the electronic
properties and the photoelectrochemical activity of ZFO. The large particle size and thickness of the
prepared ZFO electrodes as well as the absence of oxygen vacancies were the main reasons behind
the observed low photocurrents. These drawbacks cannot be avoided when the synthesis of pristine
ZFO samples in which the degree of inversion is the only independent variable is intended. However,
although the measured photocurrents were below 1.0 μA cm−2, an impact of the degree of inversion
on the current density was clearly observed. It becomes obvious from Figure 1 that an increase of the
cation distribution results in an increase in the photoelectrochemical activity of ZFO. The electrical
conductivity of the pellets used in the present work was reported in a previous study [20]. An increase
in the conductivity from 9.28 × 10−9 to 1.82 × 10−5 S cm−1 was observed as the degree of inversion
increased from x ≈ 0.07 to x ≈ 0.20 [20]. Interestingly, a significant increase of two orders of magnitude
was observed in the conductivity by increasing the degree of inversion from x ≈ 0.13 to x ≈ 0.16.
This increase in the conductivity agreed with the large increase in the photocurrent from 0.05 to 0.24 μA
cm−2 that was observed for methanol oxidation as the degree of inversion increased from x ≈ 0.13 to
x ≈ 0.16 (Figure 1b). It becomes evident from the preceding discussion that the increase in the electrical
conductivity of the pellets with a higher degree of inversion is closely related to the improvement
of the photoelectrochemical activity. However, the interrelation between the photoelectrochemical
activity and the degree of inversion might also be related to other physicochemical properties of ZFO.
Therefore, the impact of the cation distribution on the work function and the electronic transitions of
ZFO was investigated.

As mentioned in the previous section, no significant changes in the work function were observed
as the degree of inversion of the ZFO pellets increased. In a semiconductor, the work function
represents the minimum energy required to remove an electron from the Fermi level into the free
space [28]. The work function values obtained for the ZFO pellets corresponded, considering the IUPAC
recommended value of −4.44 V for the absolute electrode potential of the hydrogen electrode [29],
to Fermi levels around +0.94 V vs. SHE. Sun et al. [5] reported work function values ranging from
5.46 to 5.55 eV (+1.02 and +1.11 V vs. SHE) for mesoporous ZFO nanoparticles obtained via an
evaporation-induced self-assembly method and calcined at different temperatures. The results were in
good agreement with the values obtained in the present work. The work function of a semiconductor
strongly depends on its doping level [30]. As well as for many n-type metal oxide semiconductors [31],
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the mechanism for n-type doping of ZFO is the formation of oxygen vacancies [32], which results in the
reduction of Fe3+ to Fe2+ [33]. As no Fe2+ was detected by Mössbauer spectroscopy for the ZFO pellets
used in this work [14], a low donor density was expected. The high work function values obtained
and the large anodic potential necessary for the methanol photoelectrochemical oxidation were the
consequences of the low donor density. Furthermore, as similar work functions were observed for
the different pellets, it was concluded that their donor densities were in the same order of magnitude
and did not depend on the degree of inversion. For highly doped ZFO samples, work function values
between 4.23 and 4.97 eV (−0.21 and +0.53 V vs. SHE) have been reported in the literature [27,34–36].

The optical band gap and the nature of the optical transitions of the pellets used for the present
work were determined by measuring the diffuse reflectance and applying the derivation of absorption
spectrum fitting (DASF) method, as was shown in a previous report [14]. Independent of the degree
of inversion, the pellets exhibited an indirect band gap transition at approximately 614 nm (2.02 eV),
and a direct band gap transition at approximately 532 nm (2.33 eV) [14]. These values were in good
agreement with the 1.9 and 2.3 eV reported by Guijarro et al. [27] for the indirect and direct band
gap, respectively. From density functional theory calculations, Yao et al. [37] showed that the valence
band of ZFO consisted of O2− 2s, Zn2+ 3d, Fe3+ 3d, and O2− 2p states. However, the valence band edge
consisted of Fe3+ 3d and mainly O2− 2p states [37]. The conduction band edge consisted of O2− 2p and
mainly Fe3+ 3d states [37]. At higher energies, the contribution from the Zn2+ 4s states was observed
in the density of states. Lv et al. [38] claimed that the energy band structures of ZFO were defined
by considering the O2− 2p levels as the valence band edge and the Fe3+ 3d levels as the conduction
band edge. The emissions observed in Figure 4 at approximately 547 and 625 nm were in reasonable
agreement with the direct and indirect band gap transitions at 532 and 614 nm, respectively [14].
Thus, these bands were ascribed to near-band-edge emissions due to the electron relaxation from
Fe3+ 3d levels located in the conduction band edge to O2− 2p levels in the valence band edge [39,40].
The emission centered at 464 nm might be related to transitions involving the Zn2+ cations [41,42]. It is
well known for Fe-doped ZnO that the near-band-edge emission of ZnO centered at approximately
379 nm becomes red-shifted as the amount of Fe increases [42,43]. If the amount of Fe is high enough
and spinel ZFO is formed as a secondary phase, a new emission centered at 464 nm is observed [42].
Therefore, the transition observed at approximately 464 nm could be ascribed to the electron relaxation
from Zn2+ 4s levels within the conduction band to O2− 2p in the valence band edge. This assignment
agrees with the density of states presented by Yao et al. [37] Regardless of the nature of the electronic
transitions, it is important to stress that the conduction band of ZFO does not exhibit a continuous
density of empty electronic energetic states. Contradicting the semiconductor band theory [44], the
conduction band of photoexcited electrons were delocalized in confined densities of states involving
either Fe3+ 3d levels or Zn2+ 4s levels. Whether the photoexcited electron is delocalized in Fe3+ 3d
levels or Zn2+ 4s levels depends on the energy of the excitation source. A scheme of the electronic
excitation mechanism of ZFO is shown in Figure 6.
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Figure 6. Scheme of the electronic transitions observed for ZFO when photons with wavelengths
shorter than 464 nm (energy higher than 2.67 eV) are used for the excitation.

The influence of the O2− 2p to Fe3+ 3d (indirect and direct) and the O2− 2p to Zn2+ 4s electronic
transitions on the photoelectrochemical efficiency of ZFO was deduced from the APCE measurement.
According to Figure 2, when the ZFO photoanode is irradiated with light at wavelengths longer
than 600 nm, the APCE is approximately zero. Thus, the methanol oxidation efficiency of the charge
carriers generated via the indirect O2− 2p to Fe3+ 3d transition (625 nm) is negligible. As also reported
by Guijarro et al. [27], the indirect transition of ZFO does not effectively drive photoelectrochemical
processes. The APCE increases as wavelengths ranging from 475 to 600 nm are used for the excitation
of the photoanode. Under these irradiation conditions, the direct O2− 2p to Fe3+ 3d transition occurs
and the generated charge carriers can convert the incident light into an electrical current. Interestingly,
a significant increase in the APCE values can be observed when the photoanode is irradiated with light
at wavelengths shorter than 475 nm. This phenomenon could be attributed to two reasons. One is the
increase in the absorptivity of the material as is observed from the diffuse reflectance measurements of
the ZFO pellets reported elsewhere [14]. The second reason is the contribution of the charge carriers
generated by the electronic transition from O2− 2p to Zn2+ 4s levels (464 nm). The absorption coefficient
of ZFO has approximately the same magnitude for wavelengths ranging from 400 to 500 nm [45,46].
Hence, the significant increase in the APCE should be observed at wavelengths longer than 475 nm
if the larger light absorption of the material is responsible for this effect. Therefore, the increase in
the APCE values at wavelengths shorter than 475 nm must be mainly due to the contribution to the
methanol photooxidation of the charge carriers generated via the O2− 2p to Zn2+ 4s electronic transition
(464 nm).

The data presented in Figure 4 revealed that the degree of inversion affected the relative intensity
of the room-temperature photoluminescence bands of ZFO. As the cation disorder increased, the
intensity of the near-band-edge emission centered at 547 nm decreased, and the intensity of the emission
centered at 464 nm increased. These emission bands were the result of electron-hole recombination
processes and, thus, it is reasonable to assume that the observed increase or decrease in the emission
intensity is due to an increase or decrease, respectively, in the number of generated electron-hole
pairs. Therefore, as Zn2+ cations located in tetrahedral sites are interchanged by Fe3+ cations from
octahedral sites, the probability of the electronic transition at 464 nm (from O2− 2p to Zn2+ 4s levels)
increases and the probability of the near-band-edge electronic transitions (from O2− 2p to Fe3+ 3d
levels) decreases. From the time-averaged photoluminescence measurements, it was observed that
the intensity of the emission centered at 547 nm was higher than that of the emission centered at 464
nm (Figure 4). However, transient photoluminescence measurements showed a higher intensity for
the emission centered at 464 nm (Figure 5a). This can be explained by a faster decay of the emission
centered at 547 nm. In fact, the signal centered at 547 nm was no longer observed at 148 ns after the
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excitation while the signal centered at 464 nm (due to the relaxation of the O2− 2p to Zn2+ 4s electron
excitation) was observed even 208 ns after the excitation (Figure 5b).

As discussed above, the electron-hole pairs generated by the electronic transitions observed at
547 and 464 nm are involved in the photoelectrochemical process occurring at the ZFO electrodes. It
was shown that the transition centered at 464 nm had a higher efficiency for photoelectrochemical
methanol oxidation than the transition centered at 547 nm (Figure 2). However, the valence band
holes generated via both transitions had the same redox potential and, therefore, the same oxidizing
activity. The higher efficiency of the transition centered at 464 nm was due to the longer lifetime of the
generated charge carriers (Figure 5b). As the degree of inversion of the ZFO pellets increased, both, the
amount of O2− 2p to Zn2+ 4s electronic transitions and the photoelectrochemical activity increased.

4. Materials and Methods

Polycrystalline ZFO samples with degrees of inversion increasing from x ≈ 0.07 to x ≈ 0.20 were
synthesized by means of a solid-state reaction as reported previously [14]. Briefly, stoichiometric
amounts of ZnO (60 mmoles, Sigma Aldrich, Taufkirchen, Germany, ≥ 99.0%) and α-Fe2O3 (60 mmoles,
Sigma Aldrich, Taufkirchen, Germany, ≥99.0%) powders were ground in an agate mortar. The mixture
was calcined in air at 1073 K for 12 h, cooled down to room temperature, and ground once again.
Aliquots of 0.500 g were pressed into 13 mm diameter pellets applying a pressure of 55 MPa. The
pellets were calcined at 1273 K for 2 h, cooled down to 1073 K and kept at this temperature for 12 h, then
cooled down to 773 K and kept at this temperature for 50 h, and finally quenched in cold water. Some
of the pellets (referred as ZFO_773) were separated and the rest were divided into four sets of pellets.
These pellets were heated up with a rate of 300 K h−1 and calcined at 873, 973, 1073, and 1173 K for 25,
20, 12, and 10 h, respectively. As reported by O’Neill [12], these calcination times were sufficiently long
for the ZFO pellets to reach a steady-state value of the degree of inversion. After this period of time,
the calcined pellets were immediately quenched in cold water. These pellets are referred as ZFO_873,
ZFO_973, ZFO_1073, and ZFO_1173. The ZFO pellets were sanded with Al2O3 sandpaper (KK114F,
grit size P320, VSM Abrasives, Hannover, Germany) to a final thickness of 0.75 mm ± 0.02 mm.

Molecular nitrogen physisorption isotherms were measured at 77 K on a Quantachrome
Autosorb-3MP instrument and argon physisorption isotherms were measured at 87 K on a
Quantachrome Autosorb-1 instrument (3P Instruments GmbH & Co. KG, Odelzhausen, Germany).
The pellets were outgassed in vacuum at 423 K for 24 h prior to the sorption measurements. Surface
areas were estimated by applying the Brunauer–Emmett–Teller (BET) equation [47] and the total pore
volumes were estimated by the single-point method at p/p0 = 0.95.

Electrochemical and photoelectrochemical measurements were performed by employing a
ZENNIUM Electrochemical Workstation (Zahner Scientific Instruments, Kronach, Germany) equipped
with a three-electrode electrochemical cell with a Pt counter electrode and an Ag/AgCl/NaCl (3 mol kg−1)
reference electrode. ZFO working electrodes were prepared by attaching a copper wire with silver paint
(Ferro GmbH, Frankfurt am Main, Germany) and conductive epoxy (Chemtronics, Kennesaw, GA,
USA) to one face of the pellet sample. Photoelectrochemical measurements were performed in a 50%
v/v methanol aqueous solution containing 0.1 mol L−1 KNO3. A solar simulator (LOT-Quantum Design
GmbH, Darmstadt, Germany ) consisting of a 300 W xenon-arc lamp provided with an AM 1.5-global
filter was used as the irradiation source. An intensity output of 680 W m−2 at the position of the working
electrode was measured using a SpectraRad Xpress spectral irradiance meter (B&W Tek, Newark,
DE, USA). For the IPCE measurements, a TLS03 tunable light source (Zahner Scientific Instruments,
Kronach, Germany) consisting of an array of monochromatic LEDs with emission wavelengths ranging
from 400 to 650 nm was used. A monochromator was employed for fine tuning the wavelengths to a
final resolution of 1 nm.

A scheme of the set-up used for the transient photoluminescence spectroscopy is shown in
Figure 7. The third harmonic (355 nm) of a Brilliant Nd:YAG laser (Quantel, Lannion, France) with
a pulse duration of 6 ns was used as the excitation source. A laser intensity of 3.0 mJ per pulse was
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selected for the measurements. The intensity of the laser was measured using a Maestro laser power
meter (Gentec-EO, Québec, Canada). The angle of the laser beam path was adjusted by rotating a
Pellin-Broca prism beam steering module. The illumination area of the laser beam was approximately
0.5 cm2. The light emitted by the pellets after the laser excitation was collected by a Spectrosil lens
and directed toward the monochromator by a folding mirror. The monochromator was connected
with a PMT R928 photomultiplier detector (Hamamatsu Photonics, Hamamatsu, Japan). To avoid the
overloading of the photomultiplier, a 370 nm cut off filter was introduced in front of the monochromator
entrance. For the transient photoluminescence measurements, a constant voltage of 700 V was applied
to the photomultiplier.

Figure 7. Scheme of the diffuse reflectance setup used for the transient photoluminescence
measurements. The 355 nm laser excitation is shown in violet and the radiation emitted by the
ZFO pellet is represented in yellow.

Time-averaged photoluminescence measurements were performed in an F-7100 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan). A wavelength of 355 nm was selected as the excitation source
and the photoluminescence spectra were measured from 440 to 650 nm with a 240 nm min−1 scan rate.
Excitation and emission slit widths of 10 nm were used. The relative fluorescence quantum yield was
determined by employing a reported standard method [48–50]. Briefly, a 5 × 10−3 mol L−1 solution of
quinine hemisulfate monohydrate (C20H24N2O2·0.5H2SO4·H2O, Sigma Aldrich, Taufkirchen, Germany,
≥ 98.0%) in 1 N H2SO4, with an absolute quantum yield efficiency of 0.51 at 25 ◦C [48], was used to
determine the relative photoluminescence quantum yield of the ZFO pellets. For the time-averaged and
the transient photoluminescence measurements, suspensions of the ZFO pellets were prepared. ZFO
pellets were ground in an agate mortar and dispersed in deionized water by a one-hour ultrasound
treatment (340 W L−1). A concentration of 2.5 g L−1 was used for the measurements.

Work function measurements were performed with a scanning Kelvin probe system SKP5050 (KP
Technology, Wick, Scotland) versus a gold reference probe electrode (probe area of 2 mm2). The probe
oscillation frequency was 74 Hz, and the backing potential was 7000 mV. Work function values were
obtained by averaging 1000 data points for two different sites of each pellet. Prior to the measurements,
the pellets were heated at 673 K for 12 h to remove adsorbed water. The cation diffusion process in
ZFO is kinetically hindered at temperatures lower than 773 K [12]. Thus, the degree of inversion of the
pellets did not change during the heat treatment.

5. Conclusions

The effect of the degree of inversion on the photoelectrochemical activity of ZFO was investigated.
As the cation distribution changed from x ≈ 0.07 to x ≈ 0.20, the photoelectrochemical activity of ZFO
increased. In order to study the correlation between this phenomenon and the electronic properties
of the material, the work function as well as the time-averaged and transient photoluminescence
of the different ZFO samples were studied. No significant effect of the degree of inversion on the
Fermi level was observed. Regarding the photoluminescence results, the characteristic near-band-edge
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emissions (547 and 625 nm for the direct and indirect transition, respectively) due to the electron-hole
recombination involving Fe3+ 3d and O2− 2p levels were observed. Furthermore, an emission of energy
higher than the band gap was also detected. This emission was assigned to the relaxation of the excited
state produced after the electronic transition from O2− 2p to Zn2+ 4s levels (464 nm). Interestingly,
the lifetime of the latter emission was observed to be longer than the lifetime of the near-band-edge
emission. After excitation with photons with wavelengths shorter than 464 nm (blue and violet
region of the visible light spectrum), electron-hole pairs were produced in ZFO by two apparently
independent mechanisms (Figure 6). One pathway was the excitation of electrons from O2− 2p levels
at the valence band maximum to Fe3+ 3d levels at the conduction band minimum. The other was
the excitation of electrons from O2− 2p levels at the valence band maximum to Zn2+ 4s levels located
within the conduction band. The charge carriers generated by the latter mechanism showed a longer
lifetime and, consequently, a higher efficiency for the photoelectrochemical methanol oxidation. As the
degree of inversion of ZFO increased, the transition involving the Zn2+ 4s levels was favored, thus
contributing to the observed increase in the photoelectrochemical activity.
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Abstract: Serious water pollution and the exhausting of fossil resources have become worldwide
urgent issues yet to be solved. Solar energy driving photocatalysis processes based on semiconductor
catalysts is considered to be the most promising technique for the remediation of wastewater.
However, the relatively low photocatalytic efficiency remains a critical limitation for the practical
use of the photocatalysts. To solve this problem, numerous strategies have been developed for the
preparation of advanced photocatalysts. Particularly, incorporating a semiconductor with various
functional components from atoms to individual semiconductors or metals to form a composite
catalyst have become a facile approach for the design of high-efficiency catalysts. Herein, the recent
progress in the development of novel photocatalysts for wastewater treatment via various methods
in the sight of composite techniques are systematically discussed. Moreover, a brief summary of the
current challenges and an outlook for the development of composite photocatalysts in the area of
wastewater treatment are provided.

Keywords: Composite catalysts; photocatalysis; synergy effect; solar energy; wastewater remediation

1. Introduction

In the past several decades, with the booming of industry, the ever-increasing consumption of
natural resources, especially fresh water and fossil resources, have caused alarming damage to the
environment and seriously threaten the sustainability of human society [1–3]. As a worldwide concern,
freshwater pollution drives people to seek for an effective approach to repair the polluted water
environment. In general, the contaminants in water are mainly derived from the sewage effluent
of industries (e.g., textile industry, paper industry, the pharmaceutical industry, etc.), and domestic
contaminants (e.g., pharmaceuticals, pesticide, detergent, etc.) [4]. Until now, numerous contaminants
have been detected and are classified as inorganic ions, organic chemicals, and pathogens; most
of those contaminants are toxic to organisms [4–7]. Up to now, a variety of strategies including
chemical or physical coagulation [8], sedimentation [9], adsorption [10], membrane filtration [11],
and biological degradation method [12] have been invented to treat wastewater. However, due to the
complex compositions and different physico-chemical properties of the contaminants, there are still
several limitations of these traditional techniques, such as the low efficiency, high energy consumption,
and the risk of secondary pollution [13–15]. Consequently, a promoted technique with high efficiency,
low energy consumption, and being environmentally friendly is highly desired for the remediation
of wastewater.

Nowadays, the advanced oxidation processes (AOPs) have been extensively explored to remove
the non-biodegradable and highly stable compounds in water [16,17]. In fact, the AOPs are chemical
processes that can generate highly reactive hydroxyl radicals (·OH) in situ. The ·OH in water exhibits
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an extremely strong oxidizing property with a high oxidation potential of 2.80 V/SHE (·OH/H2O),
such that it can non-selectively oxidize the contaminants and finally convert them to CO2, H2O, or small
inorganic ions in a short time [17,18]. In most cases, the ·OH could be produced with the presence
of one or more primary oxidants, and/or energy sources or catalysts. Therefore, the typical AOPs
could be classified as Fenton reactions, the electrochemical advanced oxidation processes, and the
heterogeneous photocatalysis [17]. Compared with the traditional water remediation techniques,
the AOPs exhibit many advantages, which include: (1) the contaminants are directly destroyed or
reduced in the water body, rather than simply coagulated or filtrated from the water, thus the secondary
pollution could be avoided; (2) the AOPs are suitable for a wide range of contaminants including some
inorganics and pathogens because of their robust non-selectively oxidizability; and (3) no hazardous
byproducts will be generated due to the final reduction products of the AOPs being just CO2, H2O,
or small inorganic ions. With the abovementioned merits, the AOPs have attracted significant attention
from both scientific research and industrial processing [19].

Solar energy is a green, costless, and inexhaustible energy resource. Effective utilization of
solar energy is of vital importance for enhancing the sustainability of industry, reducing pollution,
and retarding global warming. Consequently, solar energy has been widely used in a range of
applications, such as solar heating, photovoltaics, solar thermal energy, solar architecture, artificial
photosynthesis, photocatalysis, etc. [20] Among which, photocatalysis is one of the most effective
strategies for the AOPs, which just rely on the light radiation on the photocatalysts to drive the
oxidization reaction at the ambient condition, and during the whole reaction process, no additional
energy is needed and no toxic byproduct will be generated; therefore, it is a green chemical
technique [21,22]. Actually, the core of photocatalytic AOPs are photocatalysts; semiconductors as the
most employed heterogeneous photocatalysis for the AOPs have attained considerable development
since Fujishima et al. [23] carried out the first photo-catalyzed AOP based on the titanium-oxide
(TiO2) in 1972. Up to now, a myriad of photocatalytic AOPs have been designed for water treatment
based on various semiconductors. In general, semiconductors are light-sensitive because of their
unique electronic structure with a filled valence band (VB) and an empty conduction band (CB) [18,21].
Figure 1 and Equations (1)–(6) demonstrate the basic reaction process of a semiconductor to generate the
photocatalytic radicals, which could be decomposed in the following steps: (i) photons with a certain
energy are absorbed by the semiconductor; (ii) the absorbed photons with energy greater than the band
gap energy (Eb) of semiconductors lead to the formation of electrons in the CB and corresponding holes
in the VB; and (iii) the generated electron–hole pairs will migrate to the surface of semiconductors for
redox reactions, and fast recombination in nanoseconds will happen at the same time (it should be
mentioned that this process is negative for the AOPs, which shall be suppressed [21,22]).

Figure 1. Schematic illustration of the photocatalytic reaction process of a semiconductor. Adapted with
permission from Reference [18]. Copyright (2012) Elsevier.
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Excitation: Photon (hv) + Semiconductor → e−CB + h+
VB (1)

Recombination: e− + h+ → energy (2)

Oxidation of H2O: H2O + h+
VB → •OH + H+ (3)

Reduction of adsorbed O2: O2 + e− → O2•− (4)

Reaction with H+: O2•− + H+ → •OOH (5)

Electrochemical reduction: •OOH + •OOH → H2O2 + O2 (6)

However, it remains a significant challenge to fabricate a high-efficiency visible light photocatalyst
solely based on an individual semiconductor photocatalyst. For example, the TiO2, as the most used
photocatalyst, possesses various advantages with excellent chemical stability, large surface area, non-toxicity,
and low cost [24]; however, its wide energy band gap (3.0–3.2 eV) means it can only be excited by the
UV light (λ < 400 nm), such that less than 5% of the irradiated solar energy can be effectively used [25].
Moreover, the fast recombination speed of electron–hole pairs seriously limits the further improvement of
its photocatalytic activity [18,22]. On the other hand, although the recently developed visible light response
semiconductors have a lower energy band gap (<3 eV), such as BiOX (X = I or Br) [26], they still suffer
from serious photo-corrosion problems in aqueous media via redox reactions and the fast recombination of
electron–hole pairs during the reaction process. Therefore, it is highly urgent to find an effect strategy to
further improve the performance of semiconductor photocatalysts.

From ancient times, people have recognized that the incorporation of two or more constituent
materials could obtain various composite materials with intriguing properties superior to the individual
components. Nowadays, a myriad of functional composite materials have been developed for different
applications [27,28]. Actually, the enhanced performance of a composite material is mainly attributed to
the synergistic effect of its individual constituent materials; meanwhile, this principle is also appropriate
to the design of semiconductor photocatalysts. Up to now, there have been numerous pioneering studies
reporting the design and fabrication of composite semiconductor photocatalysts via various methods,
such as doping heteroatoms or constructing heterojunctions via directly compositing with individual
semiconductors or carbonaceous nanomaterials, among others. Therefore, as shown in Scheme 1, in this
review, we aim to provide a systematic appraisal of the recent development in the design and fabrication
of various composite photocatalysts for the application of wastewater treatment. Meanwhile, some
representative photocatalysts with composite structures and morphologies from the atomic scale to
macroscopic scale are reviewed. Finally, the current developing status, challenges, and evolution trend of
the composite semiconductor photocatalysts for wastewater remediation are briefly proposed.

 

Scheme 1. The schematic illustration demonstrating the design and synthesis strategies for
composite photocatalysts.
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2. Principle of the Semiconductor Photocatalysts for Wastewater Remediation

As mentioned above, the trace contaminants (e.g., phenol, chlorophenol, oxalic acid) derived
from the dyeing industry, petrochemical industry, and the agricultural chemicals are quite difficult to
remove from the water due to the low concentration and complex compositions [4]. A photocatalytic
degradation method is considered as the most promising strategy to deal with this problem.
According to the previous studies [18,29,30], as shown in Figure 2, the basic mechanism of the
photocatalytic degradation process of a contaminant could be characterized as the following steps:
(i) the target contaminants transfer from the water body to the surface of the photocatalysts, in which
the migration rate of corresponding contaminants may be influenced by the morphology and surface
properties of the catalysts (e.g., surface area, porosity, and surface charges); (ii) the contaminants
are adsorbed on the surface of catalysts with photon excited reaction sites, therefore a high surface
area of the catalysts can provide more active sites for the reaction; (iii) the redox reactions of the
photon activated sites with the adsorbed contaminants and the degraded intermediates are produced,
which are finally degraded to CO2 and H2O; (iv) part of the generated intermediates and the resultant
mineralization products (CO2 and H2O) desorb from the surface of catalysts to expose the active sites
for the subsequent reactions; and (v) the desorbed intermediates transfer from the interface of catalysts
and water to the bulk liquid, and part of the intermediates will repeat the procedure i–v until they are
completely degraded to CO2 and H2O. Based on the abovementioned principles of the semiconductor
photocatalysts for water contaminants degradation, five main criteria for the design of an effective
photocatalyst could be proposed as follow: (1) a semiconductor with a lower Eg is preferred so that the
electron–hole pair could be excited easier; (2) the photon absorption capacity of the catalysts shall be
as high as possible to generate more electron–hole pairs; (3) the recombination process of electron–hole
pairs must be prevented as much as possible to enhance the quantum efficiency of the photo-generated
electron–hole pairs; (4) the surface area of the catalysts shall be large to provide more reaction sites;
and (5) the chemical and physical structures of photocatalysts must be stable and be beneficial for the
mass transfer in water. To meet the abovementioned requirements, a variety of strategies have been
developed for the design, some of the most-used strategies will be summarized in this review.

 

Figure 2. Schematic diagram demonstrating the removal of contaminants in water with the presence of
photocatalysts [18,29,30].
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3. Heteroatoms Doping

Recently, the strategy of introducing heteroatoms into the lattice of corresponding semiconductors
has been widely employed to regulate the band gap of the semiconductor photocatalysts so as to
improve their absorption capacity for visible lights, which takes up almost 45% in the solar light
spectrum [31]. In general, the most commonly used dopants in semiconductors (e.g., TiO2) could be
classified as the metal cations and the non-metallic elements [32,33].

3.1. Metal Cations Doping

The most-used metal cation dopants for semiconductors mainly involve transition metal ions, such
as Fe3+, Co3+, Mo5+, Ru3+, Ag+, Cu2+, Rb+, Cr3+, V4+, etc. [32,34–37]. In most cases, the redox energy
states of those employed metal cations lie within the band gap states of corresponding semiconductors
(e.g., TiO2); therefore, the introduction of those metal ions will result in an intraband state near
the CB or VB edge of a semiconductor. Consequently, the red shift in band gap absorption of a
metal-cation-doped semiconductor is mainly contributed by the charge migration between the d
electrons of the doped cations and the CB (or VB) of the corresponding semiconductors. In addition,
the doped metal cations could act as an electron–hole trap, regulating the charge carrier equilibrium
concentration [38–40]. Although some transition metal cations could provide new energy levels
as electron donors or acceptors, and virtually improved the visible light absorption capacity of
corresponding semiconductors, this approach is also known to suffer from many disadvantages,
such as bad thermal stability, significant increase in the carrier-recombination centers, and the high
cost for an expensive facility, which are critical limitations for the generalization of this strategy.

3.2. Non-Metallic Anions Doping

Alternatively, doping the semiconductors with appropriate non-metallic anions has been
proven to be a facile way to regulate the intrinsic electronic structure of semiconductors and could
construct various heteroatomic surface structures such that the resultant non-metallic-anion-doped
semiconductors exhibit improved photocatalytic performances under solar light irradiation [33,41].
In general, the chemical states and locations are key factors for the regulation of the electronic state of
the dopant and the corresponding heteroatomic surface structures of the composite semiconductor
catalysts. According to a previous study [18], three requirements needed to be satisfied for the doping
of a semiconductor: (i) the doping process should construct states in the band gap of corresponding
semiconductors with an enhanced visible light absorption capacity, (ii) the CB minimum including
the doped states should be equal to that of the semiconductor’s or higher than that of the H2/H2O
level such that the photoreduction can be conducted, and (iii) the states in the gap should sufficiently
overlap with the band states of semiconductors to ensure that the photoexcited carriers could migrate
to the surface of catalysts within their lifetime. Based on the abovementioned principles, various
elements, including C, N, F, P, and S, were employed to substitute for the O in TiO2 [42], and the results
showed that N was the most effective dopant for the improvement of visible-light photocatalysis of
TiO2 because the p states of N can narrow the band gap of N-doped TiO2 via mixing with the O 2p
states [43]. Moreover, owing to the comparable atomic size with oxygen, small ionization energy,
and high stability, the nitrogen has been one of the most promising elements for promoting the
photocatalysis performance of the semiconductors. In general, the doped N in the TiO2 could be
classified as the substitutional type and interstitial type (Figure 3), the substitutional type N-doped
TiO2 is attributed to the oxygen replacement, while the interstitial type is attributed to the additional
N element in the lattice of TiO2 [41]. Up to now, the N-doping of semiconductors can be realized via
several strategies, and the most-used techniques with certain industrial application prospects could be
mentioned as the magnetron sputtering, ion implantation, chemical vapor deposition, atomic layer
deposition, and sol-gel and combustion method, which will be discussed as follows.
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Figure 3. Schematic diagram demonstrating the N doping in the lattice of TiO2. Adapted with
permission from Reference [41]. Copyright (2011) Royal Society of Chemistry.

3.2.1. Magnetron Sputtering Method

The magnetron sputtering method is widely used for the preparation of various hybrid
semiconductors. For example, Kitano et al. [44] fabricated nitrogen-substituted TiO2 thin films by using
a radio frequency magnetron sputtering (RF-MS) method. The N2/Ar gas mixtures with different
concentration of N2 was used as the sputtering gas. They systematically investigated the influence of
nitrogen content on the properties of the obtained N-TiO2 thin films via regulating the concentration of
N2 in the sputtering gases. Meanwhile, they proved that the extent of substitution of oxygen positions
with N in the lattice of TiO2 as well as the surface morphologies of TiO2 could be controlled well.
As a result, the visible light absorption capacity of the obtained N-TiO2 was obviously enhanced with
bands up to 550 nm, and it was found that the band red shift extent was closely related to the content
of the substituted N element in the TiO2 lattice. Moreover, they found that the as-prepared N-TiO2

photocatalyst exhibited an optimized photocatalysis reactivity with the N content of 6%. This result
was because of the excessive substituted N, which causes the formation of undesirable Ti3+ species
and acts as the recombination centers to decrease the photocatalytic activity [44]. Apart from the TiO2,
some other N-doped semiconductors could also be prepared based on the RF-MS method. Recently,
Salah et al. [45] fabricated a series of N-doped ZnO nanoparticles films by employing the RF-MS
method. As shown in Figure 4, the obtained N-doped ZnO films exhibited an improved response to
the visible light, and possessed significantly enhanced degradation/mineralization performance for
2-chlorophenol (2-CP), 4-chlorophenol (4-CP), and 2,4-dichlorophenoxyaceticacid (2,4-D) solely under
the drive of natural sunlight.
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Figure 4. (a) The degradation and (b) mineralization of N-doped ZnO films for 2-CP, 4-CP, and 2,4-D.
(c) The stability of pristine ZnO and N-doped ZnO film. (d) The stability and reusability of an
N-doped ZnO film for the degradation of 2-CP. Adapted with permission from Reference [45].
Copyright (2016) Elsevier.

3.2.2. Ion Implantation Method

The ion implantation method as a typical materials engineering strategy that can effectively
regulate the physical, chemical, and electronic properties of semiconductors, and the operation process
does not involve any other elements except the selected element, which ensures the purity of the
dopant [46]. Moreover, owing to the controllable parameters of ion beam implantation, such as
ion element, ion energy, ion density, uniformity of ion beam, and the doping efficiency, ion beam
implantation is a powerful approach for the heteroatom doping of semiconductors. For example,
Tang et al. [47] fabricated an N-doped TiO2 layer with macrospores on a titanium substrate by using the
plasma-based ion implantation method. The fabrication process involves four steps: (i) a helium plasma
was employed to generate He bubbles in the substrate, (ii) an oxygen plasma treatment and a followed
annealing in air were used to obtain rutile and anatase phases of TiO2, (iii) an Ar ion sputtering method
was used to exposure the He bubbles on the surface; and (iv) the pre-treated samples were doped by
nitrogen though the nitrogen beam ion implantation method. Moreover, co-doping of two or more
non-metallic anions into a semiconductor photocatalyst (e.g., TiO2) could also be realized using the ion
implantation method. For example, Song et al. [48] prepared C/N-implanted single-crystalline rutile
TiO2 nanowire arrays by using carbon and nitrogen ions beam to treat the as-prepared TiO2 nanowire
arrays. After an annealing treatment, the obtained C/N-doped TiO2 nanowire arrays exhibited a
superior visible light response activity, which was attributed to the synergistic effect between the doped
C and N atoms. Their work proved that the co-doped C and N in the lattice of TiO2 not only greatly
improves the visible light absorption capability, but also enhances the separating and transferring
property of photo-generated electron–hole pairs (Figure 5).
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Figure 5. (a) UV–vis absorption spectra of TiO2 and various doped TiO2. (b) Linear sweep
voltammograms of C/N-TiO2 and TiO2. (c) Photo-response of TiO2 and the various doped TiO2

samples under visible light. (d) Incident photon-to-current conversion efficiency spectra of TiO2 and
various doped TiO2. Adapted with permission from Reference [48]. Copyright (2018) Wiley.

3.2.3. Chemical Vapor Deposition Method

Chemical vapor deposition (CVD) is a low-cost and scalable technique, which can directly
grow a solid-phase material from a gas phase containing specific precursors. The CVD method
has been widely used for the fabrication of semiconductors and the corresponding composite of
oxides, sulfides, nitrides, and other mixed anion materials [49]. For example, Lee et al. [50] prepared
TiO2 composite materials doped by C (TiOC) and N (TiON) with the titanium tetraisopropoxide
(TTIP), oxygen, and NH3 as the precursors via combing the CVD method with a fluidized bed.
The results demonstrated that the visible light photocatalysis performance of the composite TiO2

(e.g., TiON) was significantly improved compared to the commercial TiO2 catalyst (P25, Degussa).
Similarly, Kafizas et al. [51] employed a combinatorial atmospheric pressure chemical vapor deposition
(cAPCVD) method to prepare an anatase TiO2 film with a gradating N content. The obtained TiO2 film
exhibited a gradating substitutional (Ns) and interstitial (Ni) nitrogen concentration, and the transition
process from predominantly Ns-doped TiO2 to Ns/Ni mixtures, and finally to purely Ni-doped TiO2

was precisely characterized. In addition, the UV and visible light photocatalytic activities of the
obtained N-doped TiO2 were evaluated. As a result, this work demonstrated that Ni-doped anatase
TiO2 results in a better visible light photocatalytic activity than that of predominantly Ns-doping.
They proved that the different influences of substitutional and interstitial nitrogen doping on the
photocatalytic activity of TiO2 were due to that the greater stability of electron–holes in Ni-doped TiO2

compare with that of Ns-doped TiO2, while the propensity of the Ns-doped TiO2 for recombination is
greater. This result indicated that the doped structures is well-deigned to improve the photocatalytic
activity of a semiconductor. Additionally, the CVD could also be combined with other materials
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synthesis strategy; for example, as shown in Figure 6, Youssef et al. [52] prepared the N-doped
anatase films via a one-step low-frequency plasma enhanced chemical vapor deposition (PECVD)
process. Furthermore, they demonstrated that this method did not need the subsequential annealing
step or post-incorporation of the doping agent, and the as–prepared N-TiO2 film exhibited good
visible-light-induced photocatalytic performance.

  

Figure 6. Schematic view of the capacitively-coupled low frequency PECVD reactor. Adapted with
permission from Reference [52]. Copyright (2017) Elsevier.

3.2.4. Atomic Layer Deposition

The atomic layer deposition (ALD) method is a recently developed and facile strategy for the
element doping of semiconductors. Actually, ALD is a gas-phase deposition process based on
alternate surface reactions of the substrates, and the ALD method possesses several advantages,
such as good reproducibility, considerable conformality, and excellent uniformity [53]. Consequently,
the ALD method is considered as a promising strategy for the preparation of doped and composite
photocatalysts [54]. For example, Pore et al. [55] prepared a series of N-TiO2 films via employing the
ALD processes. In this study, TiCl4 was used as the titanium precursor and there were two ALD cycles
during the fabrication process: (i) a thin layer of TiN was grown from the TiCl4 and NH3; and (ii) TiO2

was deposited on the surface of TiN layer from TiCl4 and H2O, meanwhile the as-prepared TiN layer
was part-oxidized to TiO2, thus resulting in the TiO2−xNx. Moreover, the nitrogen concentration of
the obtained TiO2−xNx could be well controlled via changing the ratio of TiN and TiO2 deposition
cycles. Similarly, Lee et al. [56] reported a facile and effective vapor-phase synthesis strategy to
prepare a conformal N-TiO2 thin film based on the ALD process. As shown in Figure 7, the fabrication
process of the corresponding N-TiO2 film involved four main steps: (i) pulse the TiCl4 vapor on the
surfaces of a substrate to produce a monolayer of chemisorbed TiClx species; (ii) remove the remaining
unreacted TiCl4 and corresponding HCl byproducts using nitrogen gas; (iii) NH4OH as the nitrogen
source was subsequently pulsed to generate a mixture of gaseous H2O and NH3, which react with the
as-prepared TiClx species to obtain the N-TiO2; and (iv) remove the unreacted precursors and HCl
byproducts again. This cycle could be repeated to achieve the N-TiO2 film with the desired thickness.
The as-prepared N-TiO2 exhibited significantly enhanced photocatalytic degradation performance for
organic pollutants solely driven by the solar irradiation.
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Figure 7. Schematic illustration demonstrating the synthesis process of the N-doped TiO2 conformal
film via the ALD method. Adapted with permission from Reference [56]. Copyright (2017) Wiley.

3.2.5. Sol-Gel and Combustion Method

Compared with the abovementioned synthesis approaches, the sol-gel and combustion method is
a facile and low-cost strategy for the preparation of various semiconductors and the corresponding
hybrid semiconductors. With the merits of simplicity and the possibility of controlling the synthesis
conditions, the sol-gel methods have been well developed and several extended sol-gel techniques have
been invented to fabricate new types of semiconductor photocatalysts. For example, Albrbar et al. [57]
reported the synthesis of a series of mesoporous anatase TiO2 powders doped by N, and S, as well
as the N,S co-doped anatase TiO2 powder using a non-hydrolytic sol-gel process. During the gel
synthesis process, titaniumtetrachloride and titaniumisopropoxide were used as the precursor of Ti,
dimethylsulfoxide (DMSO) was used as the precursor of S, and NH3 was used as the precursor of N.
For the preparation of S-doped TiO2, the obtained gel derived from the solvent of DMSO was calcined
in air, while N and S co-doped TiO2 was obtained when the gel was annealed in the atmosphere
of NH3. In addition, the pristine TiO2 and corresponding N-doped TiO2 was further obtained via
calcining the gel derived from the solvent of cyclohexane in air and NH3, respectively. In their
studies, the photocatalytic activities of the samples were evaluated via the degradation of dye C.I.
Reactive Orange16 in water under the irradiation of visible light. The obtained results showed that the
N-doped TiO2 exhibited better visible-light photocatalytic activity compared with the pristine TiO2

and S-doped TiO2. Similarly, the sol-gel method is also versatile enough to be combined with other
materials synthesis techniques. Most recently, Rajoriya et al. [58] successfully fabricated a samarium
(Sm) and nitrogen (N) co-doped TiO2 photocatalyst through an ultrasound-assisted sol-gel process
(Figure 8), where they found that after doping TiO2 with Sm and N, the photocatalytic degradation
performance of the TiO2 for 4-acetamidophenol was greatly improved owing to the significantly
improved separation efficiency of the photo-generated electron–hole pair.
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Figure 8. Schematic illustrating the ultrasound assisted sol-gel synthesis process of the Sm/N doped
TiO2. Adapted with permission from Reference [58]. Copyright (2019) Elsevier.

4. Heterojunctions Construction

Besides the abovementioned heteroatoms doping strategy, constructing heterojunctions in
photocatalysts is also considered as one of the most promising approaches for improving the
photocatalysis performance of semiconductors due to its feasibility and effectiveness for the spatial
separation of electron–hole pairs. More specifically, the heterojunction is defined as the formed interface
between two semiconductors with the unequal band structure, which can form band alignments [59,60].
In fact, there have been several types of heterojunction structures, which could be considered as the
conventional heterojunction structures, and the new generation of heterojunction structures.

4.1. Conventional Heterojunctions

In general, the conventional heterojunctions can be classified as three types depending on the
different band gaps of the composite semiconductors, which are type I with a straddling gap, type II
with a staggered gap, and type III with a broken gap (Figure 9) [59]. As for the type I heterojunction,
the VB and CB of semiconductor A are lower and higher than the corresponding VB and CB of
semiconductor B, respectively. As a result, the photo-generated electrons and holes transfer to the CB
and VB of semiconductor B, which is negative for the separation of electron–hole pairs. Moreover,
the redox reaction of the composite semiconductors with a type I heterojunction will conduct on the
surface of semiconductor B with a lower redox potential, therefore the redox ability of the whole
photocatalyst may be suppressed. Meanwhile, in the composite semiconductor system with type II
heterojunctions, the VB and CB of semiconductor A are higher than that of semiconductor B, thus the
photo-generated electrons will migrate from the CB of semiconductor A to that of semiconductor
B with a lower reduction potential, and the corresponding holes in the VB of semiconductor B will
migrate to semiconductor A with a lower oxidation potential, thus a spatial separation of electron–hole
pairs will be completed. However, the band gap of the two semiconductors will not overlap in the
type III heterojunctions, and as a result, there is no transmission or separation of electrons and holes
between semiconductor A and semiconductor B. Consequently, the type II heterojunction is the most
effective structure for improving the photocatalysis performance of semiconductors, and has received
a great deal of research attention.
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Figure 9. Schematic illustrating the photocatalysis mechanism of the three different types of
heterojunction photocatalysts: (a) type-I, (b) type-II, and (c) type-III. Adapted with permission from
Reference [59]. Copyright (2017) Wiley.

Up to now, several type-II heterojunction photocatalysts have been developed by creating
two different phases in the same semiconductor, or directly compositing different semiconductors
together [60,61]. For example, Yu et al. [62] once created the anatase-brookite dual-phase in a TiO2

photocatalyst to form a type-II heterojunction via hydrolyzing the titanium tetraisopropoxide in water
and an ethanol-H2O mixture solution. They found that the co-presence of brookite and anatase
phases in the TiO2 significantly enhanced the photocatalysis performance. After that, Uddin et al. [63]
successfully fabricated the mesoporous SnO2-ZnO heterojunction photocatalysts using a two-step
synthesis strategy. Furthermore, they had carefully examined the band alignment, the results showed
that the obtained SnO2-ZnO heterojunction photocatalyst possessed a type-II band alignment and
exhibited higher photocatalytic activity for the degradation of methyl blue in water than that of the
individual SnO2 and ZnO nanocatalysts (Figure 10). Apart from the inorganic semiconductors, organic
semiconductors could also be incorporated with the semiconductors to form the type-II heterojunction.
For example, Shirmardi et al. [64] used polyaniline (PANI) as the organic semiconductor combined with
ZnSe nanoparticles via a simple and cost-effective co-precipitation method in the ambient conditions.
The obtained ZnSe/PANI nanocomposites exhibited obvious enhancement in the photocatalytic
performance compared to that of the pristine ZnSe nanoparticles.
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Figure 10. (a) Nanostructures of SnO2−ZnO composite photocatalysts. (b) The corresponding
photocatalytic performances of SnO2–ZnO (red line with square dots), SnO2 (green line with
triangle dots), and ZnO (blue line with circle dots). Adapted with permission from Reference [63].
Copyright (2012) American Chemical Society.

4.2. New Generation of Heterojunctions

Although the conventional type-II heterojunctions are capable of spatially separating the
photo-generated electron–hole pairs, there remain several critical limitations, such as the relatively
weak redox ability due to the lower reduction and oxidation potentials, and the suppressed
migration of electrons and holes due to the electrostatic repulsion [59]. Recently, in order to
overcome the abovementioned limitations, a new generation of heterojunctions have been developed,
including the p-n heterojunctions, the surface heterojunctions, the Z-scheme heterojunctions, and the
semiconductor/carbon heterojunctions. Here we will give a brief introduction of each kind of these
newly developed heterojunctions.

4.2.1. p–n Heterojunctions

The p-n heterojunctions could be obtained by incorporating a p-type semiconductor with an
n-type semiconductor, and it has been proved that the formation of p-n heterojunctions are effective
for improving the photocatalytic performance of composite catalysts [65,66]. In general, before
the irradiation of light, there is an internal electric field in the region closed to the p-n interface
due to the electron–hole diffusion tendency of the composite semiconductors system with unequal
Fermi levels [59,67]. Alternatively, when the composite semiconductors are irradiated by a light,
and the energy state of the photon is beyond the band gaps of both p-type and n-type semiconductors,
electron–hole pairs will be generated in the corresponding semiconductors. However, due to the
presence of an internal electric field, the photo-generated electrons and holes will transfer to the CB of
the n-type semiconductor and the VB of p-type semiconductor, respectively. Furthermore, it has been
proved that this spatial separation of the photo-generated electron–hole pairs is much more efficient
compared with that of conventional type-II heterojunction because of the synergy of the internal electric
field and band alignment [59,68]. As a result, a variety of composite semiconductors with the p-n
heterojunctions have been created for the application of photocatalysis. For example, Wen et al. [69]
reported the fabrication of a BiOI/CeO2 p-n junction using a facile in situ chemical bath method.
The result demonstrated that the BiOI/CeO2 composite with a mole ratio of 1:1 exhibited a superior
photocatalytic performance for the decomposition of bisphenol A (BPA) and methylene orange under
visible light irradiation. Most recently, as shown in Figure 11, our group reported a facile method for the
preparation of SnS2/MoO3 hollow nanotubes based on the hydrothermal method [70]. The obtained
SnS2/MoO3 hollow nanotubes exhibit a typical p-n heterojunction structure, and a synergistic effect
between MoO3 and SnS2 was proven to yield an optimal hydrogen peroxide production performance.
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Figure 11. Schematic illustration of the SnS2/MoO3 hollow nanotubes and its photocatalysis
mechanism with a two-channel pathway. Adapted with permission from Reference [70].
Copyright (2018) Royal Society of Chemistry.

4.2.2. Surface Heterojunctions

As reported before, a surface heterojunction can be created between two crystal facets of a single
semiconductor [59,71]. For example, Yu et al. [72] proved that the formation of a heterojunction
between the (001) and (101) facets in TiO2 contribute significantly toward the enhancement of
photocatalytic activity. This method enables the construction of a heterojunction on the surface
of a single semiconductor, which is less costly because only one semiconductor is used. They also
demonstrate that there is an optimal ratio for the (001) and (101) facets in the anatase TiO2 for the
improvement of its photocatalysis performance. Subsequently, Gao et al. [73] found that the surface
heterojunction of TiO2 could be self-adjusted, and its photocatalytic activity could be significantly
improved via combining a proper surface heterojunction with the Schottky junction. Apart from
the TiO2, Bi-based semiconductors could also be employed for the design of photocatalysts with
surface heterojunctions. Most recently, as shown in Figure 12, Lu et al. [74] synthesized a tetragonal
BiOI photocatalyst by regulating the amount of water in the hydrolysis process at room temperature.
The as-prepared photocatalyst possessed a typical surface heterojunction structure between (001) facets
and (110) facets, and exhibited a promoted photocatalytic performance for the degradation of organic
contaminants in water under visible light.

214



Catalysts 2019, 9, 122

Figure 12. (a,b) Schematic illustrating the growth of TiO2 nanosheets at different conditions. (c) UV-vis
images of the related samples. (d) Photocatalytic degradation efficiency of different catalysts for methyl
orange. (e) Schematic demonstrating the migration of electrons and holes in the surface heterojunction.
Adapted with permission from Reference [74]. Copyright (2018) Elsevier.

4.2.3. Z-Scheme Heterojunctions

Z-scheme heterojunctions were constructed to overcome the limitation of the lower redox
potential of the heterojunction systems. [59,75] In general, the Z-scheme heterojunction is composed
of two different semiconductors and an electron acceptor/donor pair. During the photocatalysis
process, the photo-generated electrons/holes will transfer from the matrix semiconductor to the
coupled semiconductor through the electron acceptor/donor pair or an electron mediator. As a
result, the electrons/holes will accumulate on different semiconductors with higher redox potentiasl,
and an effective spatial separation of electron–hole pairs is also realized. Up to now, the Z-scheme
heterojunctions have been well developed, and various photocatalysts with well-designed Z-scheme
heterojunctions have been invented for the wastewater treatment. [75] For example, Wu et al. [76]
reported the fabrication of the Ag2CO3/Ag/AgNCO composite photocatalyst via a simple in situ ion
exchange method. The obtained composite photocatalyst possessed the Z-scheme heterojunction and
exhibited a highly efficient degradation ratio of rhodamine B and the reduction of Cr (VI) under the
driving of visible light. They proved that the significantly enhanced photocatalytic activity could be
attributed to the low resistance for the interfacial charge transfer and desirable absorption capability.
Recently, considering the relative high cost of the common used electron mediators (e.g., Pt, Ag,
and Au), a new generation of Z-heterojunctions without the electron mediators have been invented for
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wastewater treatment, which is named as the direct Z-scheme system [59]. For example, Lu et al. [77]
synthesized a CuInS2/Bi2WO6 composite catalyst with a direct Z-scheme heterojunction via the in
situ hydrothermal growth of Bi2WO6 on the surface of CuInS2 networks. The obtained composite
photocatalysts with an optimal Z-scheme exhibited a superior visible light degradation performance
of the tetracycline hydrochloride in water than that of the pristine CuInS2 and Bi2WO6. The improved
photocatalytic activity was attributed to the formed intimate interface contact, which ensured a good
interfacial charge transfer ability (Figure 13).

 

Figure 13. Schematic illustrating the interfacial electron transfer process and possible photocatalytic
mechanism of CuInS2/Bi2WO6 with the Z-scheme heterojunction. Adapted with permission from
Reference [77]. Copyright (2019) Elsevier.

4.2.4. Semiconductor/Carbon Heterojunctions

Carbonaceous nanomaterials have been widely employed for the design of novel photocatalysts
due to their advantages of high surface area, good conductivity, and chemical stability. In general,
the most commonly used carbonaceous materials for combining with semiconductors involves the
carbon dots (CDs), carbon nanotubes (CNTs), and graphene [78].

The CDs as typical nanocarbon materials have been widely used to enhance the photocatalytic
activity of semiconductors owing to their intriguing optical and electronic properties, low chemical
toxicity, adjustable photoluminescence, and the distinct quantum effect [79]. For example,
Long et al. [80] used carbon dots (CDs) to couple with the BiOI with highly exposed (001) facets
to form a composition of CDs/BiOI. Furthermore, the obtained CDs/BiOI composite exhibited a
greatly improved photocatalytic activity for the degradation of organic dyes in water. It has been
proved that the incorporated CDs in the semiconductor formed a CDs/BiOI heterojunction, which was
able to construct numerous electron surface trap sites and was beneficial for enhancing the visible
light absorption range as well as the charge separation. Recently, Zhao et al. [81] reported the
fabrication of carbon quantum dots (CQDs)/TiO2 nanotubes (TNTs) composite via an improved
hydrothermal method. The CQDs were incorporated on the surface of the TNTs, and played a vital
role in improving the visible light photocatalytic performance of the composite. As shown in Figure 14,
they demonstrated that there were three advantages for the formation of CQDs/TiO2: (i) the CQDs
could effectively trap the photo-generated electrons from TNTs and suppress the recombination of
electron-hole pairs, (ii) the up-conversion photoluminescence property of CQDs could further improve
the visible light utilization efficiency of CQDs/TNTs, and (iii) the hetero-structure formed between the
CQDs and the TNTs could prolong the life of the photogenerated electron and hole pairs.
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Figure 14. Schematic illustration indicating the photocatalysis mechanism of the CQDs/TNTs
photocatalyst. Adapted with permission from Reference [81]. Copyright (2018) Elsevier.

CNTs are typical nanocarbon materials with highly sp2-ordered structures, and thus exhibit
an excellent metallic conductivity, which could form a Schottky barrier junction between the CNT
and semiconductors; as reported before, the Schottky barrier junction could effectively increase the
recombination time of electron–hole pairs [78,82]. Moreover, CNTs could accept electrons in the composite
system with semiconductors due to its large electron-storage capacity, which is beneficial for retarding
or hindering the electron–hole recombination. As a result, a variety of semiconductor-CNT composite
photocatalysts have been developed. For example, Miribangul et al. [83] prepared a TiO2/CNT composite
via a simple hydrothermal method. The influence of the CNT concentration in the TiO2-CNT composites
on their photocatalytic activity was investigated and the 0.3 wt % CNT content in TiO2/CNT composite
could offer the highest photocatalytic degradation of Sudan (I) in UV–vis light. Apart from the TiO2,
some of the other semiconductors can also be employed to composite with CNT, such as the CNT/LaVO4

composite photocatalyst developed by Xu et al. [84]. As shown in Figure 15, with the presence of CNT,
the photocatalytic activity of a CNT/LaVO4 composite was greatly improved due to the synergistic effect
between CNT and LaVO4, therefore the corresponding photocatalytic degradation rate of CNT/LaVO4

composite for organic contaminant is 2 times that of pure LaVO4.

 

Figure 15. Schematic illustration indicating the reaction mechanism of the photocatalytic procedure of
CNT/LaVO4 composite catalyst. Adapted with permission from Reference [84]. Copyright (2019) Elsevier.
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Recently, graphene as a newly developed nanocarbon material has attracted numerous research
attention in the area of photocatalysts due to its extraordinary physical properties, including superior
charge transport ability, unique optical properties, high thermal conductivity, large specific surface area,
and good mechanical strength [78,85,86]. Up to now, a myriad of attempts has been carried out to couple
the graphene with various semiconductors to further improve their photocatalytic activity. According to
the previous reports, the first graphene composite semiconductor for photocatalysis was prepared
by Zhang and co-workers [87]. They fabricated a TiO2 (P25)-graphene composite with a chemically
bonding structure via a one-step hydrothermal reaction. As reported, there are three contributions of
the graphene for the photocatalytic activity: (i) enhancing the adsorption capacity of pollutants, (ii)
extending light absorption range, and (iii) improving charge transportation and separation efficiency.
As a result, the photodegradation of the obtained TiO2 (P25)-graphene composite for methylene blue was
significantly improved, and was superior to that of the bare P25 and the commonly reported P25-CNTs
composite. After that, numerous photocatalysts based on the composite graphene-semiconductors have
been invented for the treatment of wastewater. Most recently, in order to overcome the limitation of
the poor homogenous dispersion of graphene, as shown in Figure 16, Isari et al. [88] created a ternary
nanocomposite catalyst (Fe-doped TiO2/rGO) derived from Fe-doped TiO2 and reduced graphene oxide
via a simple sol-gel method. They proved that the band gap of Fe-TiO2/rGO could be significantly
decreased compared with that of the pristine TiO2, and the obtained Fe-doped TiO2/rGO exhibited an
effective decontamination performance for rhodamine B in water.

 

Figure 16. Schematic illustration demonstrating the photocatalytic mechanism of Fe-TiO2/rGO
catalyst for contaminant under solar irradiation. Adapted with permission from Reference [88].
Copyright (2018) Elsevier.

5. Morphology Regulation of the Composite Photocatalysts

Apart from the intrinsic characteristics of semiconductors, the corresponding catalysts with
different morphologies may result in different photocatalytic activities and different application
processes [89]. Recently, morphology modification of the photocatalysts have attracted more and
more attention owing to further improvements in their application performance, not only for the
photocatalytic performance but also for the application techniques. With this in mind, in this section
we will briefly summarize the recent achievements of the composite photocatalysts with different
morphologies of 0D, 1D, 2D, and 3D materials.
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5.1. Nanoparticles (0D)

Generally, the 0D materials are characterized as spherically shaped with nano-scaled dimensions.
Nanoparticles as a typical 0D material have been widely used in the area of photocatalysis with the
merits of large surface area, simple synthesis methods, and easy to be functionalized [90]. Up to now,
several synthesis approaches have been invented, among which the sol-gel method, hydrothermal
method, and solvothermal method could be the most-used techniques for the fabrication of 0D
composite photocatalysts.

5.1.1. Sol-Gel Method

The sol-gel process is a commonly used and effective strategy for the preparation of various
inorganic materials, especially for the metal oxides based on the corresponding precursors, and it
has several merits including being low cost, processed at low-temperature, and the fine control
of the product’s chemical composition. Therefore, the sol-gel process is one of the most-used
techniques for the preparation of composite semiconductor photocatalysts [58]. For example,
Vaiano et al. [91] immobilized the N-doped TiO2 nanoparticles (NPs) on glass spheres via the sol-gel
method. Through regulating the synthesis conditions, and employing the Triton X-100 as the surface
active agent, the obtained N-doped TiO2 NPs/glass spheres exhibited a good photocatalytic activity
for methylene blue and eriochrome black-T in water under UV and visible light irradiation. Moreover,
the composite catalyst was easy to be separated from the reaction mixture with a good durability.
Recently, Chen et al. [92] prepared a Ni-Cu-Zn ferrite@SiO2@TiO2 composite via a simple sol-gel
method. With the immobilization of Ag and magnetic ferrite, the composite photocatalysts exhibited
comparatively good photodegradation performance for the methylene blue under a visible light source
with lower power. Moreover, the composite catalysts can be easily separated using a magnet and can
be reused well without significant loss of photocatalytic activity (Figure 17).

 

Figure 17. (a) The cycling test of the catalytic performance. (b) Dye removal capacity by adsorption
and degradation for different cycles. (c) Digital photos demonstrating the recyclability by using an
external magnetic field. Adapted with permission from Reference [92]. Copyright (2017) Elsevier.

5.1.2. Hydrothermal Methods

The hydrothermal method is a wet-chemistry method for synthesizing single crystals. Through the
hydrothermal method, a great deal of crystalline phases that are not stable at the melting point
can be obtained [93]. As a result, numerous semiconductor nanoparticles with different surface
morphologies and compositions can also be prepared using the hydrothermal method. As a
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representative work, Wu et al. [94] fabricated the F-doped flower-like TiO2 nanoparticle on the
surface of Ti via a low-temperature hydrothermal process. They reported that the presence of
HF in water and the hydrothermal reaction time play an important role in the formation of the
F-doped flower-like TiO2 nanostructures. Through regulating the synthesis parameters, the obtained
F-doped TiO2 flower-like nanomaterials exhibited a superior photoelectrochemical activity for the
photodegradation of organic pollutants compared with P-25. They also demonstrated that the
improved photoelectrochemical activity of the F-doped TiO2 flower-like nanomaterials was mainly
due to the larger surface area and the enhanced visible light harvest capacity. Additionally, magnetic
composite photocatalysts can also be synthesized using the hydrothermal method, such as the
magnetic CoFe2O4/Ag/Ag3VO4 photocatalysts fabricated by Jing and co-workers [95]. During this
study, the as-prepared CoFe2O4 nanoparticles were dispersed in the solutions with AgNO3 and
Na3VO4, and the mixture suspensions were hydrothermally treated to prepare CoFe2O4/Ag/Ag3VO4

composites. Through controlling the weight ratios of CoFe2O4 in the composite system, the optimal
CoFe2O4/Ag/Ag3VO4 composite exhibited significantly improved photocatalytic activity toward
the degradation of various contaminants including methyl orange, tetracycline, and could even kill
Escherichia coli solely under the driving of visible light. Moreover, with the advantage of having a good
magnetic response property, the corresponding CoFe2O4/Ag/Ag3VO4 composite could be facilely
collected from the water by applying an extra magnetic field (Figure 18).

 

Figure 18. (a) Magnetic separation performance of the CoFe2O4/Ag/Ag3VO4 composite. (b) The absorption
spectra of methyl orange solutions over time in the presence of CoFe2O4/Ag/Ag3VO4 (under visible light
λ ≥ 440 nm) and the UV–vis absorption spectrum of CoFe2O4/Ag/Ag3VO4. (c) The evolution of the
absorption spectra of methyl orange solutions over time in the presence of CoFe2O4/Ag/Ag3VO4 (under
visible light λ≥ 550 nm). (d) Photocatalytic degradation of tetracycline with different samples under visible
light irradiation. Adapted with permission from Reference [95] Copyright (2016) Elsevier.

5.2. Nanofibers/Nanorods (1D)

Recently, nanofibrous photocatalysts have been intensively studied owing to their unique long aspect
ratio, large surface area, and being easily functionalized. Up to now, various strategies had been developed
to synthesize the 1D materials with different morphology like: wires, belts, rods, tubes, and rings [61,89,96],
among which, the hydrothermal method and electrospinning are the most-used techniques. Consequently,
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in this part, we present the development of composite semiconductors with nanofibrous morphology
derived from the electrospinning method and hydrothermal method for the treatment of wastewater.

5.2.1. Hydrothermal Method

As mentioned above, the hydrothermal method is capable of synthesizing various inorganics
with different morphologies, including the nanofibrous materials. For example, Yang et al. [97] once
reported the fabrication of a novel TiO2 nanofibers with a shell of anatase nanocrystals based on the
hydrothermal process. Actually, the whole fabrication process included three steps: First, the H2Ti3O7

nanofibers were obtained from the anatase TiO2 particles and NaOH solutions via hydrothermal
method. After that, the as-prepared H2Ti3O7 nanofibers were treated using a dilute acid solution
under certain hydrothermal condition to generate the anatase nanocrystal shell on the outside. Finally,
the H2Ti3O7 phase was converted to TiO2(B) phase after a heat treatment while the anatase nanocrystal
shell remained unchanged. Owing to the well-matched phase interfaces, which ensures the charge
transfer across the interfaces, the recombination of electron-hole pairs was effectively suppressed and
the corresponding photoactivity was significantly enhanced. Most importantly, they demonstrated
that these nanofibrous photocatalysts possess specific surface areas similar to the commercial P25
powder, and the fibril morphology endowed them with a good recyclability from water, which is
critically important in practical applications. Recently, our group also carried out a series of studies
on the synthesis of nanofibrous photocatalysts via employing the hydrothermal method such as the
bimetallic AuPd alloy nanoparticles deposited on MoO3 nanowires [98]. As shown in Figure 19, MoO3

nanowires were firstly prepared from Mo powder and H2O2 via the hydrothermal method. Then,
the as-prepared MoO3 nanowires were used as the substrates to synthesize the MoO3/Au-Pd bimetallic
alloy nanowires via a simple chemical reduction method. As expected, the MoO3/Au–Pd bimetallic
alloy nanowires exhibited a good photocatalytic degradation performance for trichloroethylene (TCE)
under the driving of visible light. Similarly, the composite nanowires could be easily separated from
the reaction slurry in a short time after the reaction.

 

Figure 19. Schematic illustrating the band structure of MoO3/Au-Pd composite photocatalyst and the
possible reaction mechanism. Adapted with permission from Reference [98]. Copyright (2018) Elsevier.

5.2.2. Electrospinning Method

Electrospinning is considered as a promising way to synthesize nanofibers with several advantages,
such as easy operation, low cost, and scalable [99–101]. In general, there are four major parts in an
electrospinning device: (i) an electrical power supplier, (ii) a metallic needle, (iii) syringes with the
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polymer solution, and (iv) a conductive collector. Meanwhile, several process parameters, such as the
polymer-based solution concentration, the viscosity of solution, the flow rate of the syringe driver, and the
electric field power, could also be well-regulated to manipulate the morphology of fibers. During the
electrospinning process, the solution is injected through a metallic needle via a syringe with a constant
pump speed. At the same time, a voltage is applied on the metallic needle; therefore, the solution
droplet will be charged, and then a Taylor cone will be generated when the electronic force is enough
to overcome the surface tension. Following this, a liquid jet is formed between the grounded collector
and the needle. The generated jets will be stretched by an electrostatic repulsion force until it reaches the
collector; meanwhile, the solvent will rapidly evaporate during this process. Finally, the jets are solidified
and the corresponding nanofibers are collected on the collector [100].

As for the applications of photocatalysis, high specific surface area is required to provide more
active sites for the redox reaction. More specifically, electrospun nanofibers as forefront fibrous
materials have attracted considerable research attention in the area of photocatalysis due to its several
advantages of large surface area, extremely high aspect ratio, and ease of functionalization [102,103].
For example, Zhang et al. [104] reported the fabrication of a flexible and hierarchical mesoporous TiO2

nanoparticle (TiO2 NP) modified TiO2 nanofiber composites via the combination of electrospinning and
in situ polymerization method. At first, flexible TiO2 nanofibers were prepared via the electrospinning
and the subsequently consuming process with the dopant of yttrium. After that, the as-prepared
TiO2 nanofibers were used as a template for the incorporation of TiO2 NPs by utilizing a bifunctional
benzoxazine as the carrier through a calcination process in the N2 atmosphere. The as-prepared
membranes exhibited remarkable photocatalytic activity towards organic dyes in water; moreover,
it could be reused well via simply rinsing with water, and without time-consuming separation
procedures owing to the long aspect ratio and good mechanical property of the composite nanofibers.
In recent years, our group has carried out several works on the design of electrospun nanofibrous
photocatalysts [105–109]. As a representative sample, a BiOCl0.3/BiOBr0.3/BiOI0.4/PAN composite
fibrous catalyst was fabricated via combining the electrospinning and sol-gel method [109]. As shown
in Figure 20, the obtained composite photocatalyst exhibited a typical fibril structure with a good
uniformity, and the corresponding field emission transmission electron microscope (FE-TEM) image
demonstrated a highly crystalline structure in the composite fibers with a clear lattice spacing relating to
the (112) plane of BiOCl, the (110) plane of BiOBr, and the (200) plane of BiOI; therefore, a heterojunction
structure was generated via a close contact of the composite semiconductors. After a visible-light driven
photocatalysis performance evaluation, it was found that the obtained BiOCl0.3/BiOBr0.3/BiOI0.4/PAN
fiber displayed the highest photocatalytic degradation performance of TCE. Moreover, it was concluded
that the improved visible-light driven photocatalytic activity is caused by the interfacial contact of a
heterojunction and the inhibition of the recombination rate of the electron–hole pairs.

 

Figure 20. SEM image of pristine PAN fibers (a) and BiOClx/BiOBry/BiOIz composite
fibers (b). (c) FE-TEM image of BiOClx/BiOBry/BiOIz fibers. (d) Lattice-resolved image for
BiOClx/BiOBry/BiOIz nanofibers. (e) Schematic indicating the photocatalytic degradation of TCE.
Adapted with permission from Reference [109]. Copyright (2016) Elsevier.

222



Catalysts 2019, 9, 122

5.3. Nanosheets (2D)

Semiconductor nanosheets are typical 2D nanomaterials and have attracted significant attention
in the research area of photocatalysis for their larger surface area and tunable structures. Up to
now, a great deal of semiconductor nanosheets have been synthesized via various strategies
for different applications. The hydrothermal process is one of the most used strategies for the
preparation of 2D semiconductor photocatalysts for the application of wastewater treatment [110].
Through the hydrothermal process, various nanosheets derived from a single semiconductor or
multi-semiconductors could be synthesized. For example, Chen et al. [111] prepared TiO2-based
nanosheets (TNS) via the alkaline hydrothermal treatment of commercial P25. They reported that
the as-prepared TNS exhibited much higher specific surface area and much stronger adsorption for
crystal violet molecules than the raw P25. Furthermore, the TNS could be effectively regenerated using
a H2O2-assisted photocatalysis process, showing great potential for dealing with the high-chroma
dye wastewater. Besides TiO2, various nanosheets derived from different semiconductors could also
be fabricated using a hydrothermal process, such as the WO3 nanosheet/K+Ca2Nb3O10

− ultrathin
nanosheet synthesized by Ma et al. [112] via a facile hydrothermal assembly of WO3 nanosheets and
ultrathin K+Ca2Nb3O10

− nanosheets. They demonstrated that the composite nanosheets possess
2D/2D heterojunctions and display remarkably enhanced photocatalytic activity compared to the
pristine WO3 and K+Ca2Nb3O10

− nanosheets, which were mainly caused by the strongly coupled
hetero-interfaces that provided more active sites for reactions and band structure. Additionally,
some other methods, such as the solvothermal or photo-reduction methods, could also be employed
for the preparation of composite nanosheets. For example, Wang et al. [113] fabricated the Bi12O15Cl6
nanosheets with a narrowed band gap via a simple and facile solvothermal method followed by
a simple thermal treatment. The obtained Bi12O15Cl6 nanosheets exhibited a good photocatalytic
degradation performance of bisphenol A solely under the driving of visible light, and the reaction
rate of the composite nanosheets was 13.6 and 8.7 times faster than those of BiOCl and TiO2

(P25), respectively. In addition, the as-prepared Bi12O15Cl6 nanosheets possessed good stability
and recyclability during the photocatalytic process. As shown in Figure 21, our group recently
developed a Pt/BiOI composite nanosheet via a photo-reduction method in ambient conditions [114],
where the as-prepared Pt/BiOI composites exhibited a flower-like structure and could effectively
photocatalytically degrade the rhodamine B and phenol under visible-light irradiation (λ > 420 nm),
where the degradation rate was superior to that of pure BiOI. Moreover, it was found that the content
of Pt in the composite plays a vital important role on the photoactivity, and it was found that the
optimal ratio of Pt to BiOI in the composite was 3%. It was concluded that the enhanced photocatalytic
activity of the Pt/BiOI composite was caused by the superior electron transfer ability with the presence
of an appropriate amount of Pt.
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Figure 21. (a,b) SEM images of the obtained Pt/BiOI composite nanosheets. (c,d) HR-SEM images of
BiOI nanosheets and Pt/BiOI composite nanosheets, respectively. (e–g) HR-TEM images of Pt/BiOI
composite nanosheets. (h) Element mappings of Pt, Bi, O, and I for the Pt/BiOI composite nanosheets.
Adapted with permission from Reference [114]. Copyright (2017) Elsevier.

5.4. Frameworks (3D)

In recent years, there have been a great number of works reporting a new generation of
composite photocatalysts with 3D frameworks [115]. Actually, the 3D photocatalysts with well-deigned
frameworks show great advantages such as a large specific surface area, high adsorptive capacity,
good structure stability, good mass transfer ability, and a large number of exposed active sites,
which make them promising candidates for the highly efficient photodegradation of contaminants in
water. In general, the 3D composite photocatalysts could be obtained via two approaches, which are to
directly construct a photocatalyst with 3D frameworks (type I), or compositing the photocatalysts with
a template with 3D frameworks (type II).

Through employing the commonly reported synthesis methods of various 3D frameworks, such as
the sol–gel process, in situ assembly, and template methods, various 3D photocatalysts with different
characteristics have be fabricated [116]. The sol-gel process is a well-developed strategy to synthesize
aerogels, and some of the produced aerogels, such as the SiO2 aerogels, have been commercialized [117].
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In general, there are two stages for the sol-gel process method: first, a precursor (e.g., metal alkoxide) is
subjected to the hydrolysis and condensation reactions to form a wet gel, during which time, numerous
networks are generated between the alkoxide groups; subsequently, the formed wet gels are sufficiently
dried to obtain aerogels. As a matter of course, a photocatalytic aerogel can be obtained using a
metal alkoxide precursor with an appropriate photocatalytic activity. For example, Dagan et al. [118]
prepared a series of highly porous TiO2 aerogels via the sol-gel method and they also proved that the
photocatalytic degradation performance of the TiO2 aerogels for organic contaminants is much better
than that of a commercial TiO2 (P25). Besides, various photoactive metal oxides, metal silylamide, or
their composite aerogels have been developed. However, due to the limitation of sol-gel processes,
some metal oxides or metal chalcogenides are not able to be synthesized into aerogels, and the obtained
aerogel photocatalysts usually suffer from low crystallinity. Therefore, a new generated strategy,
namely an assembly method, has been invented to construct aerogels based on various nanoscale units
with different morphologies and chemical properties. As reported before [116], there are three typical
steps for the assembly process: (i) fabrication of the building blocks, (ii) preparing the dispersion of
the building blocks with appropriated concentration, and (iii) solidified the suspension of building
blocks to form a 3D monolith. Based on this principle, Heiligtag et al. [119] developed a 3D framework
Au-TiO2 photocatalysts with a preformed TiO2 nanoparticles as the blocking units without using any
templates. Through modifying the surface of anatase TiO2 nanoparticles with trizma, the nanoparticles
undergo an oriented attachment process during gelation and finally result in well-bonded networks.
Moreover, based on the above-mentioned aerogel synthesis methods, various phototcatalytic aerogels
can also be prepared via employing the preformed aerogels as the templates, such as a C3N4 aerogel
that was fabricated by Kailasam and co-workers [120] via preparing a C3N4/SiO2 composite aerogel
based on the sol-gel method at first, and then remove the SiO2 via treating the composite in 4 M
NH4HF2 (Figure 22).

 
Figure 22. Schematic illustration indicating the synthesis process of porous carbon nitride and silica
aerogels based on the sol-gel method and the digital photos of corresponding aerogels. Adapted with
permission from Reference [120]. Copyright (2011) Royal Society of Chemistry.

As for the fabrication of type II 3D photocatalysts, an appropriate 3D porous substrate should be
prepared before loading the active substance on its frameworks. Considering the requirements for
high photoreactivity and good service performance, the aerogels/hydrogels derived from ceramics or
carbon are mostly preferred. For example, Li et al. [121] fabricated a ternary magnetic composite of
Fe3O4@TiO2/SiO2 aerogel via combining the sol-gel process and a hydrothermal treatment. During the
fabrication process, Fe3O4 microspheres were first synthesized via the hydrothermal method; after that,
Fe3O4@TiO2 core shell microspheres were fabricated via an in situ reaction method. The used SiO2

aerogel was derived from the industrial fly ash via a common sol-gel method. Finally, the as-prepared
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Fe3O4@TiO2 core shell microspheres and SiO2 aerogel were combined via the hydrothermal method.
According to their report, the obtained Fe3O4@TiO2/SiO2 aerogel exhibited an enhanced photocatalytic
activity for the degradation of rhodamine B dye under visible light irradiation, and the aerogel could
be facilely collected after the reaction due to its good magnetic separation performance. Interestingly,
as shown in Figure 23, Jiang et al. [122] recently developed a separation-free PANI/TiO2 3D hydrogel
for the continuous photocatalytic degradation of various contaminants in water. In their studies,
the PANI hydrogel with 3D frameworks was synthesized via the polymerization of aniline. During the
gelling process, the TiO2 nanoparticles (P25) were incapsulated in the hydrogels. As a result,
the obtained PANI/TiO2 composite hydrogel exhibited an intriguing capacity for removing organic
contaminants from water, which was mainly caused by the synergistic effect of adsorption enrichment
of hydrogel and the in situ photocatalytic degradation of TiO2. Moreover, the presented separation-free
characteristics in the obtained bulk materials indicate a good recyclability of the composite hydrogel.

 

Figure 23. Schematic illustration demonstrating the synthesis process of the 3D PANI/TiO2 composite
hydrogel. Adapted with permission from Reference [122]. Copyright (2015) Wiley.

6. Summary and Perspectives

In summary, in order to address the worldwide concerned issues of water pollutions, various
photocatalysis processes based on different photocatalysts have been developed; meanwhile, numerous
efforts have been made to further improve the photocatalytic activity of the catalysts based on the
semiconducors. In this review, the recent progress in the development of composite semiconductor
photocatalysts for wastewater treatment is presented, including the most-used strategies to narrow the
band gap of semiconductors, to retard the recombination of the photo-generated electron-hole pairs,
to enhance the visible light adsorption capacity, as well as to increase the reaction ratio between the
photocatalysts and contaminants. Moreover, the composite catalyts with different morphologies and
the corresponding photocatlytic performance were also summarized.

Although great development of the photocatalysis process has been obtained, there are still
several problems yet to be addressed to further improve the practical application performance of
the photocatalysis. Therefore, some plausible perspectives for the developing trend of composite
photocatalysts for the wasterwater treatment are proposed based on the presented studies: (i) the
existing synthesis methods are relative complex, high cost, and harmful to the environment to some
degree, thus a more facile, highly efficent, and green method is anticipated; (ii) the mechanism of
the composite semicondutor photocatalysts are still confusing and some of them are unpersuasive,
therefore much more effort is needed for the basic studies of the catalytic mechanisms; and (iii)
the practical use are limitted because the collection and reuse of the catalysts in water are still
inconvenient due to their small size and poor mechanical property, therefore novel photocatalysts with
easy collection property or new hybrid devices based on the composite of photocatalysts with selected

226



Catalysts 2019, 9, 122

substrates (e.g., polymers, metals) are proposed. Finally, we anticipate that this review can provide
some useful guidance for the design of next generation of photocatlysts for the wastewater remediation.
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Abstract: In this work, the electrolysis, photoelectrolysis and sonoelectrolysis with diamond
electrodes of amoxicillin (AMX) and ampicillin (AMP) solutions were studied in the context of
the search for technologies capable of removing antibiotics from liquid wastes. Single-irradiation
processes (sonolysis and photolysis) were also evaluated for comparison. Results showed that AMX
and AMP are completely degraded and mineralized by electrolysis in both chloride and sulfate
media, although the efficiency is higher in the presence of chloride. The effect of the current density
on mineralization efficiency is not relevant and this may be related to the role of mediated oxidation.
Irradiation by ultraviolet light or ultrasound (US) waves does not produce a synergistic effect on the
mineralization of AMX and AMP solutions. This indicates that the massive formation of radicals
during the combined processes can favor their recombination to form stable and less reactive species.

Keywords: Anodic oxidation; diamond electrodes; UV irradiation; ultrasounds; amoxicillin;
ampicillin

1. Introduction

The development of modern society is providing continuous improvements to quality of life,
increasing food production through the use of agrochemicals and improving health with the use
of biologically active substances for the control of diseases. These chemicals may pose some
environmental risks and as a result of this, they have recently been the focus of a good deal of research
globally [1,2]. Regarding medicines, antibiotics are worth highlighting because of their extensive
consumption and extremely high potential environmental risks [3–8], reflected by the occurrence
of super-bacteria, which are becoming a very serious health problem. Often, these chemicals are
not efficiently removed in conventional wastewater treatment facilities, and consequently they are
discharged into the environment where they are accumulated [9], altering the biological cycle of many
types of organisms.

The use of beta-lactam antibiotics, such as amoxicillin (AMX) and ampicillin (AMP), represented
an important contribution to medical science from the end of World War II. These medicines are still
widely used because of their high efficiency, low cost and few side effects in humans. While ampicillin
is more suitable for the treatment of respiratory tract infections, amoxicillin has several applications
in infections of the skin and soft tissues, odontogenic infection, lower respiratory tract infection or
urinary tract infection and otitis. Studies related to these molecules have developed because they
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have been detected in different sites. For example, monitoring performed at sewage treatment stations
located in different regions of Italy showed concentrations of amoxicillin in the final effluent in the
range of 1.8 ηg L−1 to 120 ηg L−1.

The removal of antibiotics from water is neither easy nor efficient with conventional technologies.
For this reason, many advanced oxidation processes (AOPs) have been suggested and proven over
the last years [10]. Among them, photochemical oxidation, ozonation, photolysis with H2O2 and
O3, photocatalysis, and Fenton processes are worthy of mention. The main characteristic of these
processes is the generation of very reactive and oxidizing radicals, such as hydroxyl radicals. Presently,
electrolysis is one of the most interesting AOPs, and has been shown to be a very capable technology
for the elimination of organic pollutants [11–16], including antibiotics. The efficiency of this technology
depends not only on the operating conditions of the system but also on the material used as an anode.
In the case of using conductive diamond electrodes, the massive generation of hydroxyl radicals is
reported. This is a very powerful oxidant (E0: 2.80 V vs SHE) that can not only react with organics
but also promotes the generation of other oxidants, such as peroxophosphates, peroxosulfates, ozone,
and hydrogen peroxide [17–19].

The electrolysis of antibiotics has been studied previously with successful results, which suggests
that electrolysis is a technology worth evaluating [20–27]. However, these molecules are very complex
and there is a need for further investigations in order to determine the conditions in which these
processes can be optimized. Electrolysis is very efficient when the concentration of organics is in the
range of 103–104 ppm, and the concentrations of antibiotics in urine are much lower; thus, improved
knowledge about the mechanisms and possible synergies with other technologies (such as photo-
or sono-processes) could help the development of future processes which are capable of solving the
problem efficiently [28–31].

In this context, the goal of the present study is to evaluate the applicability of electrochemical
oxidation with diamond anodes to remove waste consisting of mixtures of amoxicillin and ampicillin,
clarifying the effects of the current density and supporting electrolyte on the performance of the
process. In order to improve this performance, irradiation by UV light and ultrasounds during
electrolysis is also evaluated, with the final aim of explaining the way in which the process mediated
by electrogenerated oxidants affects amoxicillin/ampicillin oxidation. As seen in Table 1, the chemical
structure of both molecules is quite similar. Hence, initially it may be expected that both molecules
will be oxidized at similar rates and as a result of similar mechanisms. Similarities and differences
found are expected to clarify mechanisms.

Table 1. Chemical structure of amoxicillin and ampicillin.

Amoxicillin Ampicillin

2. Results and Discussion

Figure 1 shows the removal of antibiotics and total organic carbon (TOC), as a function of the
current charge passed during the electrolysis of amoxicillin (AMX) and ampicillin (AMP) solutions,
carried out in sulphate media at three current densities (15, 30 and 60 mA cm−2). As can be observed
in Figure 1a, both AMX and AMP are completely oxidized during the electrolyses, and their decay
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trends lie over almost the same curve. Thus, they disappeared completely after passing similar electric
charges. This similar trend can be explained in terms of their similar chemical structure. Regarding the
effect of current density, the electric charges required to attain a given percentage removal depends on
the following parameter: 8, 6, and 5.5. Ah dm−3 at 15, 30 and 60 mA cm−2, respectively. Moreover,
as it is known, the slope of this representation (d[concentration] / dQ) refers to the oxidation efficiency.
There is an evident improvement of the degradation when the current density increases from 15 to
30 mA cm−2. From 30 to 60 mA cm−2, this improvement is less evident and it is only observed during
the initial stages of the electrolysis. Thus, the higher the current density, the more efficient the partial
degradation of the raw material. It is important to bear in mind that the antibiotics were measured
by high performance liquid chromatography (HPLC), and any change in functional group causes
the transformation of the raw molecule into an intermediate; hence its disappearance in the HPLC
chromatogram. However, this trend observed in the raw antibiotic molecules is not reflected for TOC
removal (Figure 1b). In fact, the electric charge required to attain the complete mineralization of the
waste increases with current density: 12, 14, and 24 Ah dm−3 in the electrolyses carried out at 15,
30 and 60 mA cm−2, respectively. Taking into account the resultant cell voltage in each case (4.8, 5.7
and 6.8 V, respectively), these differences are even more relevant in terms of energy consumption.
Additionally, the electric current charges required for mineralization are higher than those passed to
attain the complete depletion of the initial compound. This observation confirms that the oxidation of
AMP and AMX occurs gradually and organic intermediates should be formed (see inset of Figure 1b).
Finally, these intermediates are further oxidized to carbon dioxide, being more efficiently degraded
at lower current densities, perhaps because of the major influence of the processes occurring in close
proximity to the anode surface under those conditions.

Figure 1. Oxidation trends of the antibiotics amoxicillin (AMX) (�, Δ, �) and ampicillin (AMP) (�,
�, �) (a) and of total organic carbon (TOC) (b) with the electric charge passed during the electrolysis
carried out in sulphate media (3 g L−1 of Na2SO4) at three current densities: 15 (black symbols), 30
(white symbols), and 60 (grey symbols) mA cm−2. Initial concentration was 100 mg L−1 of AMX and
100 mg L−1 of AMP.

At this point, it is important to take into consideration that in the electrolysis with conductive
diamond electrodes, both direct and mediated oxidation (thanks to oxidants electrogenerated in
the system) can contribute to the overall degradation process [32]. In the tests shown in Figure 1,
sulphate was used as a supporting electrolyte, and it is well known that electrolysis can lead to the
formation of peroxo-sulphates (Equation (1)) [17,33]. Additionally, this type of electrode also promotes
the production of free hydroxyl radicals (Equation (2)) that recombine among them or react with
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oxygen to form O3 (Equation (3)) and H2O2 (Equation (4)). These oxidants can also contribute to the
oxidation process.

2SO4
2− → S2O8

2− + 2 e− (1)

H2O → (•OH) + H+ + e− (2)

O2 + 2 (•OH) → O3 + H2O (3)

2 (•OH) → H2O2 (4)

The formation of these species is promoted at high current density [26,34,35], but it is not
always reflected by a more efficient degradation. In fact, in light of the results obtained in this
study, the transformation of AMP and AMX is favored at high current densities, but not their full
mineralization. This observation implies that although more oxidants are generated, the mineralization
of intermediates becomes less effective under these conditions. This can be explained by the low
reactivity of the intermediates with the oxidants, which made the direct oxidation mechanisms the
most important in their degradation. This may explain the typical behaviour of diffusion-controlled
systems, in which a mass transfer from the bulk to the electrode surface controls the rate of oxidation
processes in spite of the presence of large amounts of oxidants in the reaction system. Thus, if the
electrogenerated oxidants are not able to oxidize the reaction intermediates, the efficiency of the overall
process decreases.

To determine the kinetics of the mineralization process, in Figure 2 the TOC removals are plotted
on a semi-log scale. As can be observed, it is possible to distinguish two zones in which the slope of the
trend changes, regardless of the current density. In each zone, the data show linear trends, indicating
that electrolysis fits the kinetic of the pseudo-first order.

Figure 2. TOC removal in semi-log scale during electrolysis of AMX and AMP solutions carried out
in sulphate media (3 g L−1 of Na2SO4) at three current densities: 15 (�), 30 (�) and 60 (�) mA cm−2.
Initial concentration was 100 mg L−1 of AMX and 100 mg L−1 of AMP.

In the first zone, the kinetic is slower and the current density shows a higher influence (k1 =
0.0062, 0.0103 and 0.0115 min−1 at 15, 30 and 60 mA cm−2, respectively). In this zone, AMX and
AMP are the main organics present in the solution and, as shown in Figure 1, their attack is favored
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with the increase in electron current. These electrons are used to transform the initial pollutants to
intermediates by attacking functional groups or double bonds (partial oxidation). Thus, in terms of
mineralization, the electric charge supplied is not efficiently used because it is not used to form carbon
dioxide but only intermediates.

In the second zone, the mineralization rate increases and the electrons supplied seem to be
efficiently used. Before this, a transition region can be observed, in which the change of trends starts
to become evident. Here, around 80–90% of the antibiotics have been transformed and around 30%
of TOC has been mineralized; therefore, it may be assumed that small amounts of the raw pollutants
coexist with both aromatic and aliphatic intermediates. This behaviour has been observed in previous
works [32] and can be explained by the presence of short-chain carboxylic acids during the final stages
of the degradation process, whose oxidation may be favored by the cocktail of oxidants formed and
leads almost directly to carbon dioxide. Consequently, the slope increases significantly until 0.2197,
0.2084 and 0.2236 min−1. Additionally, it is observed that the kinetic constants are similar at the three
current densities, confirming the role of the mass transfer limitations, particularly in low-concentration
solutions (TOC concentrations below 25 mg L−1)

At this point, in the literature it has been reported that electrogenerated oxidants should be
activated to promote mediated oxidation efficiently [36–43]. It is well known that the photo-activation
of stable oxidants in the bulk can occur when the electrolytic system is irradiated with UV light.
Commonly, the radical oxidizing agents formed (Equations (5)–(7)) react faster than the corresponding
oxidant-anions, and this enhances the degradation process.

S2O8
2− + UV light →2 (SO4

−) (5)

H2O2 + UV light →2 OH (6)

H2O + O3 + UV light →2 OH + O2 (7)

In the search for better efficiencies, AMP and AMX solutions undergoing the electrochemical
process at 30 mA cm−2 were irradiated with 254 nm of UV light. Figure 3 shows the degradation
trends of AMX and AMP during the combined process of photoelectrolysis in sulphate media. For
comparison purposes, the role of the supporting electrolyte was also evaluated. It is well known that
hypochlorite can be formed during electrolysis with conductive diamond electrodes in chlorine media
(Equation (8)) and that, under UV light irradiation, hypochlorite is also decomposed into chlorine
radicals (Equation (9)). Therefore, attending to the main mediator formed in each case (sulphate
or chloride media), differences are expected. Additionally, to evaluate the existence of possible
synergisms in the combined process, the results are compared with those obtained in the single
processes of photolysis (without applying current) and electrolysis (without irradiating UV light).

Cl− + H2O→HClO + H+ + 2e− (8)

ClO− + UV light →Cl + O− (9)
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Figure 3. Degradation trends of AMX (triangles) and AMP (squares) during the electrolysis (Δ, �),
photolysis (�, �) and photoelectrolysis (�, �) tests in sulphate media (a) and chlorine (b). Initial
concentration: 100 mg L−1 of AMX and 100 mg L−1 of AMP. Electrolyte concentrations: 3 g L−1 of
Na2SO4 or 3.7 g L−1 of NaCl. Current density: 30 mA cm−2: UV light: 254 nm.

As can be observed, the partial oxidation of AMX and AMP depends on the technology used.
As expected [26,34,35], photolysis is not able to completely remove the antibiotics, and around 70%
of AMX and AMP remains unaltered in the solutions after 8 h of treatment. Moreover, in sulphate
media, the removal trends of both compounds are almost overlapping, but they differ significantly
in chlorine media, in which the degradation of AMP is slower. As the difference between both
antibiotic is just one hydroxyl group in the aromatic ring, it means that the oxidation obtained by
photolysis is focused on this group primarily and that mediators formed in chloride medium are
not as effective in the oxidation of other groups. On the contrary, less than 1 h of treatment is
required to attain the complete depletion of AMP and AMX in the electrolysis tests. In fact, the partial
oxidation of AMX and AMP is even faster in chlorine media, and after 0.25 h of electrolysis at 30 mA
cm−2, both antibiotics have completely disappeared from the reaction system. According to the
literature [26,34,35], in chlorine media, the rapid chlorination of aromatic compounds occurs by the
attack of electrogenerated Cl2/HClO/ClO-, although in many cases it is not accompanied by a rapid
TOC removal.

Another important observation is that, in both evaluated scenarios, the contribution of the
irradiation does not seem to be as relevant as expected: a slight improvement is observed in the first
stages of the process (see insets of Figure 3), but this changes when around 70% of the raw organic
has been transformed. It may be related to the competitive oxidation of reaction intermediates by
activated oxidants.

To evaluate the effect of the irradiation on the mineralization, Figure 4 shows TOC removal in a
semi-log scale of the electrolysis, photoelectrolysis and photolysis tests in both sulphate and chlorine
media. As can be seen, the slight depletion of AMP and AMX shown in Figure 3 during the photolysis
tests is not reflected by the TOC values, indicating that UV light irradiation at 254 nm is not able to
convert these organics directly to carbon dioxide, and only a soft transformation of the molecule occurs.
On the other hand, the effect of combining UV light irradiation with electrolysis does not seem to be
particularly remarkable as regards mineralization and the data of electrolysis and photoelectrolysis lie
over the same line, regardless of the supporting electrolyte used.
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Figure 4. TOC removal in semi-log scale during the electrolysis (white symbols), photoelectrolysis
(grey symbols) and photolysis (black symbols) of AMX and AMP solutions carried out in sulphate
media (a) and chlorine media (b). Initial concentrations were 100 mg L−1 of AMX and 100 mg L−1 of
AMP. Current density: 30 mA cm−2. UV light: 254 nm.

More remarkable differences are observed when the results obtained in sulphate and chlorine
media are compared, indicating that the oxidation pathways involved in each case should be different.
The electrolysis and photoelectrolysis in chlorine media show a very different profile, with three
clear regions of oxidation. Initially, a fast mineralization occurs, then the kinetic becomes slower,
and at the end of the treatment it increases abruptly. Initially, antibiotics are the majority of pollutants.
As was observed in Figure 3, they rapidly react with active chlorine species, leading to the formation
of chlorinated intermediates [44]. Additionally, the decrease of TOC concentration seems to indicate
that the depletion of any organic may occur—most likely, carboxylic or methyl groups present in the
antibiotic molecule and split up in the first stages. These short-chain organics can be further oxidized to
carbon dioxide, justifying the mineralization in this first zone. Additionally, the depletion of the initial
compound leads also to the appearance of a large amount of chlorinated aromatic intermediates [12],
whose reactivity differs from the initial AMX and AMP (chlorinated compounds generally show higher
stability to oxidation) and whose further oxidation can lead to both chlorinated and non-chlorinated
aliphatic intermediates, and not directly to carbon dioxide. This different reactivity can explain the
change observed in the kinetics in the second zone. After that, the rapid and efficient mineralization of
short-chain organics may explain the fast kinetic observed in the third zone.

The different profiles observed in sulphate and chlorine media can be related to the oxidants
formed in each case, and to the extent of the oxidation reaction from close proximity to the electrode
surface to the bulk. In both cases, ozone (Equation (3)) and hydrogen peroxide (Equation (4)) can
be formed. Thus, the differences may be related mainly to the different reactivity of persulfate
(Equation (1)) and hypochlorite (Equation (7)).

Following this, the effect of ultrasound (US) irradiation on electrolysis was evaluated. As is
known [45–49], US irradiation produces a cavitation phenomenon. This releases a large amount of
energy that promotes the generation of radicals [32] and the formation of activated oxidant species
(Equations (10–13)). Additionally, by coupling sonolysis and electrolysis, the transfer of pollutant from
the bulk to the closer to the electrode surface can also be favored.

H2O + US wave → H + OH (10)

S2O8
−2 + US wave → 2 (SO4

−) (11)

S2O8
−2 + OH → 2 HSO4

− + (SO4
−) +

1
2

O2 (12)

S2O8
−2 + H → HSO4

− + (SO4
−) (13)
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Figure 5 shows TOC removal in the semi-log scale of the combined process of sonoelectrolysis,
together with the results of the single processes of electrolysis and sonolysis. Two acoustic
frequencies were studied: 20 kHz (low-frequency ultrasound) and 10 MHz (high-frequency ultrasound).
As expected, sonolysis at both frequencies shows no mineralization. However, when it is coupled to
electrolysis, a slight improvement is observed during the first stages of the process, mainly in the case
of low-frequency US. Thus, the trend changes and kinetics of electrolysis are higher than those of the
combined processes. At low frequencies, ultrasound promotes the violent collapse of bubbles and,
consequently, a large amount of radicals is produced, favoring the activation of oxidants. This is not
observed at high frequencies [50], where the activation of persulfate is not promoted and an inhibition
of its oxidative power is observed.

Figure 5. TOC removal in the semi-log scale during the electrolysis (�), sonoelectrolysis at 20 kHz (�),
sonoelectrolysis at 10 MHz (Δ) and sonolysis at 20 kHz (�) sonolysis at 10 MHz (�) of AMX and AMP
solutions carried out in sulphate media (square symbols, 3 g L−1 of Na2SO4). Initial concentration:
100 mg L−1 of AMX and 100 mg L−1 of AMP. Current density: 30 mA cm−2.

In light of the obtained results, it can be said that although irradiation by UV light or US generates
SO4

- and Cl species, and also promotes the formation of OH, this is not reflected in an improvement
of the degradation process. Therefore, the small effect observed in this study may be indicative
of the existence of other non-irradiated activation processes. In this way, the interaction between
the oxidants (including ozone, hydrogen peroxide and oxidant formed from the oxidation of the
supporting electrolyte) that coexist in a region close to the electrode surface may be the main factor
responsible for the typically high efficiencies of conductive diamond electrolysis.

In order to clarify this point, Figure 6 compares the synergistic effect (estimated according to
Equation (14)) of the electro-irradiated treatment of AMX and AMP solutions and of other compounds
previously studied in the literature [32,51] under similar operation conditions.

SI =
kelectro−irradiated process

kelectrolysis + kirradiated process
(14)
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Figure 6. Synergistic/antagonistic effect of coupling irradiation techniques (UV light or ultrasound
(US)) to the electrolysis of different organics: a mixture of amoxicillin and ampicillin (AMX/AMP),
methylparaben (MeP), sulfomethoxazole (SMX), metroprolol (Met) and caffeine (Caf). Supporting
electrolyte: (�) sulphate and (�) chlorine.

As can be observed, the effect depends on the nature of the organic and supporting media.
As reported before, the irradiation of US and/or UV during the electrolysis process leads to an
excessive formation of radicals, which can recombine, forming less powerful and more stable oxidants,
or can decompose to oxygen (Equations (15–18)). This means that these reactions may compete with
organic oxidation and that active radicals are not available to oxidize organics. Thus, irradiation may
cause an antagonistic effect on the degradation process.

2 OH → H2O2 (15)

OH + (SO4
−) → HSO5

− (16)

HSO5
− → HSO4

− + 0.5 O2 (17)

HSO4
− + OH→ SO4

2− + H2O (18)

This negative effect is not observed in all cases and cannot be explained by attending to mass
transfer limitations; however, it may indicate the important role of chemical reactivity on the organic
molecules. Thus, the synergism or antagonism of coupling irradiation techniques to electrochemical
oxidation is difficult to predict at present. Nevertheless, these results shed light on the importance of the
cocktail of oxidants that coexist in close proximity to the electrode surface during conductive diamond
electrolysis, which may explain the typically high efficiencies of conductive diamond electrolysis.

3. Materials and Methods

3.1. Chemicals

All chemicals were of analytical grade and used as received. Anhydrous sodium sulphate and
sodium chloride were purchased from Fluka (Bucharest, Romania), and amoxicillin (90% purity),
ampicillin (96% purity) and acetonitrile (HPLCE grade) were purchased from Sigma-Aldrich (St.
Louis, MO, USA), and sulphuric acid and hydrochloric acid were purchased from Merck (Darmstadt,
Germany). Solutions were prepared using double deionized water (Millipore Milli-Q system,
Merck Millipore, Madrid, Spain).
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3.2. Electrochemical Cell

The electrolytic essays were carried out in a single-compartment electrochemical flow cell.
Synthetic wastewater contain the electrolyte (3 g L−1 of Na2SO4 or 3.7 g L−1 of NaCl) and antibiotics
(100 mg dm−3 of each). Details of the cell and of the auxiliary equipment can be found elsewhere [52].
Irradiated experiments were carried out using the same fluid-dynamic conditions as the electrolysis
setup. For irradiated-electrolysis tests, the UV lamp (Vilber Lourmat filtered lamp, VL-215.MC, with a
power of 4 W, Vilber, Marne, France) or the ultrasound (acoustic frequency: 20 kHz (UP200S, Hielscher
Ultrasonics GmbH, Hielscher, Berlin, Germany) and 10 MHz (EPOCH 650, Olympus, Barcelona, Spain)
were immersed in the reservoir tank.

3.3. Analysis Procedures

The concentration of antibiotics and the mineralization of the solutions were monitored by
liquid chromatography at 220 nm wavelength (HPLC, Agilent1260 series, Agilent, Madrid, Spain)
and total organic carbon (TOC, Multi N/C 3100 Analytik Jena analyser, Analytik Jena AG, Jena,
Germany) analysis, respectively. For the chromatographic analysis the column used was an Elipse
Plus 35 μm C18, a mixture of acetonitrile (A) and water with phosphoric acid (pH 2) was used
as a mobile phase, the volume injection was set to 20 μL, and the temperature was fixed at 35 ◦C.
Before analysis, all samples were filtered using 0.45 μm nylon filters. The concentration of inorganic
species was determined by titration or by ion chromatography (IC, Shimadzu LC-20A (Shimadzu,
Duisburg, Germany). The IC chromatograph was equipped with a ShodexIC I-524A column; mobile
phase, 2.5 mM phthalic acid at pH 4.0; flow rate, 1 × 10−3 dm3 min−1. Hypochlorite (HClO−)
was determined by titration with 0.001 mol L−1 As2O3 in 2.0 mol L−1 NaOH. Peroxosulfate was
quantified iodometrically

4. Conclusions

The following conclusions have been drawn:

• The conductive diamond electrolysis is able to attain the complete mineralization of amoxicillin
and ampicillin solutions. The removal efficiency depends on the current density and supporting
media, with the antibiotic degradation rate and mineralization favored in the presence of chloride.

• The mineralization rate of AMX and AMP solutions during electrolysis, photoelectrolysis and
sonoelectrolysis fits well to pseudo-first order kinetics, although two or three reaction zones are
distinguished in sulphate and chloride media, respectively. This may indicate the existence of
complex mechanisms in which indirect oxidation is very important.

• The effect of irradiating UV light and/or US waves during the electrolysis of AMX and AMP is
not very relevant. This may be explained in terms of the high contribution of mediated oxidation
in the single electrolysis process or of the massive formation of radicals during electro-irradiated
processes, which recombine to form stable oxidants.
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Abstract: In this work, hierarchical Au/TiO2 nanostructures were studied as possible photoanodes
for water splitting and bisphenol A (BPA) oxidation. TiO2 samples were synthetized by Pulsed Laser
Deposition (PLD), while Au nanoparticles (NPs) were differently dispersed (i.e., NPs at the bottom
or at the top of the TiO2, as well as integrated TiO2/Au-NPs assemblies). Voltammetric scans and
electrochemical impedance spectroscopy analysis were used to correlate the morphology of samples
with their electrochemical properties; the working mechanism was investigated in the dark and in
the presence of a light radiation, under neutral pH conditions towards the possible oxidation of both
bisphenol A (BPA) and water molecules. Different behavior of the samples was observed, which may
be attributed mainly to the distributions of Au NPs and to their dimension as well. In particular,
the presence of NPs at the bottom seems to be the crucial point for the working mechanism of the
structure, thanks to scattering effects that likely allow to better exploit the radiation.

Keywords: photoelectrocatalysis; TiO2 nanostructures; Au nanoparticles; water splitting; bisphenol
A oxidation

1. Introduction

This work focuses on two very important aspects in the field of photoelectrocatalysis: on one
side, the synthesis of efficient photocatalysts to be used in a wide range of wavelengths (e.g., also
under solar radiation), and on the other side the development of effective methods for the purification
of industrial and domestic wastewater, with particular attention to those substances dangerous to
human health that are not easily degradable by conventional methods. Among the others, bisphenol A
(2,2-bis(4-hydroxyphenyl) propane or BPA), which is composed of two phenol molecules bonded by a
methyl bridge and two methyl groups, deserves attention. This compound is used as an intermediate
(binding, plasticizing, and hardening) in plastics, paints/lacquers, binding materials, and filling
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materials, as well as an additive for flame-retardants, brake fluids, and thermal papers [1]. However,
the most important field of usage of this compound is represented by polycarbonates and epoxy resins,
that determined a huge increasing in the BPA demand, in the last few years: the global demand,
which was 5.0 million tons in 2010 and 8 million tons in 2016, is projected to reach 10.6 million tons
by 2022 [2]. As a result, BPA has been frequently detected in water and soil and its impact on both
environment and human health is a major point of concern [2–5]. Accordingly, the removal of BPA from
wastewater has become a priority for the scientific community and several methods for its degradation
have been proposed in the literature (e.g., biological [6,7], catalytic [8], photocatalytic [9–11], and
photolelectrocatalytic methods [12,13]), most of which reported high yields, up to 90–100%, at least in
terms of BPA removal. However, the high number of papers that are still present in the recent literature
indicate that the problem is far from resolved and a lot of interest still remains in finding effective and
competitive methods for BPA degradation [14–17].

Focusing on photoelectrocatalytic processes, the present work proposes the use of nanostructured
TiO2 electrodes integrated with Au nanoparticles (NPs), and it investigates their electrochemical
behavior during electrolysis both in KNO3 solution and in the presence of BPA.

For a long time, our research group investigated nanostructured TiO2 materials for
photoelectrocatalytic applications [18–21], mostly facing the well-known major problems of TiO2

which are the low quantum efficiency and the poor activation by visible light (i.e., solar light). More
recently, some of us proposed the use of Pulsed Laser Deposition (PLD) for the synthesis of plasmonic
Au NPs and their integration in hierarchical TiO2 nanostructures [22], which have been preliminarily
tested for the photodegradation of methyl orange under simulated natural sunlight [23]. Indeed, the
use of hierarchical 3D nanostructures, with high roughness, can promote light absorption due the
scattering effect over a large angular range. However, such an effect is not always exploitable, for
example in the case of thin-film cells where the surface roughness would exceed the film thickness,
and because the greater surface area increases minority carrier recombination in the surface and
junction regions. Particularly, in these cases, the use of metallic nanostructures that support surface
plasmons, could be effective [24]. For a given photoelectrode, various plasmonic mechanisms
may be exploited to boost its photoactivity depending on the size, morphology, and chemical
nature of the plasmonic unit [25]. For example, the mechanism of hot electron injection from the
plasmonic unit to the semiconductor conduction band may allow the use of visible light that is
not absorbed by a wide-bandgap semiconductor, as widely reported for the TiO2 photoelectrodes
combined with noble metals [26]. Among them, Au and Ag (i.e., alone or alloys), have been
mostly considered as possible additives to exploit the plasmonic effects, or to favor charge carrier
separation to inhibit recombination, directly contributing to the production of long-lived charges.
For instance, Naseri at al. [27] proposed TiO2 photoanodes decorated with Au–Ag alloy NPs for
photoelectrochemical water splitting applications. In particular, photocurrent measurements showed
a 30% increase in the presence of alloy NPs as well as a 50% reduction in charge transfer resistance
of the electrodes. Other studies reported the use of Au NPs specifically for the treatment of BPA
solutions [27–30], focusing on the photoactivity of Au/TiO2 films, on the plasmonic effect of Au, and
on the nature of the support. Very recently, Sreedhar et al. [31] investigated the photoelectrochemical
behavior of Au clusters functionalized TiO2 thin films to explore the role of Au clusters position on
charge carrier generation and incident visible light harvesting.

The results demonstrated the great importance of the structure engineering that represents a
key point to maximize the light capture and its concentration even in thin semiconductor layers, by
increasing the absorption. In fact, the literature, initially focused on solar cells applications, clearly
shows that the effect of the noble metal NPs insertion and the consequent operation mechanism of
the final structures strongly depend on the particle size and their dispersion within the structure. For
instance, the plasmon resonance energy transfer process and the production of hot electrons as well,
more likely occur on small particles, while a simple radiation scattering effect is expected on large
particles (>100 nm). Similarly, it was reported that for organic solar cells, the plasmonic effect of small
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metal NPs can be exploited if the NPs are placed at the interface between two phases where charges
separation takes place [32]. Instead, in the case of inorganic solar cells the scattering effect of NPs
located away from the p-n junction is exploited [33], even though plasmon effects are also reported in
similar cases [34].

As a consequence, the importance of a careful design of the catalyst is evident, which however
cannot allow to neglect the analysis of the working mechanism of the structure. In this context, the
aim of this work is to investigate the performance of TiO2 samples with a hierarchical nanostructure,
where Au NPs were differently dispersed (i.e., NPs at the bottom or at the top of the TiO2, as well as
integrated TiO2/Au-NPs assemblies).

The activity of the samples was analyzed by means of photoelectrolysis experiments carried out
under neutral pH conditions both towards the possible oxidation of BPA and water molecules. In
fact, even if water splitting can not to be particularly favored under such pH conditions, it can be
competitive or concomitant with the BPA oxidation.

2. Results

2.1. Structural, Optical, and Electrochemiecal Properties

Table 1 lists all the investigated samples and their description (i.e., the different distribution of
Au NPs).

Table 1. Description and schematic representation of the investigated structures. All samples have a
nominal surface of 1 cm × 1 cm and the thickness of the TiO2 layer was 1000 nm.

Sample Description Au% Vol.

TiO2 TiO2 film on Ti substrate (Reference) 0

TiO2/Au Au nanoparticles (NPs) at the bottom of the TiO2 film 1

Au/TiO2 Au NPs on the top of the TiO2 film 1.5

Au/TiO2/Au Au NPs both at the bottom and on top of the TiO2 film 2.5

TiO2–Au Au-integrated TiO2 films ~3.3

Figure 1 shows the morphology of the TiO2 sample, used as reference (without Au), as well as of
the Au loaded samples. All TiO2 films feature a nanoscale porosity and a hierarchical organization of
the nanostructures in ‘nanotrees’ (Figure 1a), which is beneficial for light scattering, electron transport
and to obtain large specific surface area values. This kind of structure and the relative properties have
been widely discussed in previous works [23,35,36].
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Figure 1. SEM images of (a) reference TiO2 film (cross section); (b) TiO2/Au film (cross section); (c)
TiO2–Au film (cross section); (d) the Au/TiO2 film (top surface; in the inset the film cross section close
to the surface shows the penetration of Au NPs).

In detail, the TiO2/Au sample is characterized by Au NPs at the bottom of the film (Figure 1b)
with an average size of 112 ± 44 nm, meant to act as scattering centers in order to induce light
diffusion/trapping in the TiO2 layer [25]. The Au/TiO2 sample is characterized by NPs deposited
on the top surface of the TiO2 layer, meant to implement plasmonic effects; their average size is
4 ± 1 nm, however nanoparticles as large as ~10 nm are present (Figure 1d) [25]. Moreover, the
scanning electron microscopy (SEM) image shows that the Au NPs penetrate in the film for a depth of
~200 nm. The Au/TiO2/Au sample combines the features of the previous two films. The TiO2–Au
film is characterized by a nanoscale structure, which is decorated throughout the thickness by Au NPs
with an average size of 3 ± 1.5 nm, even though particles as large as 15 nm are present (Figure 1c), as
reported in [23]. The amount of Au in the investigated samples is listed in Table 1.

The Au-integrated TiO2 films are characterized by a strong capability of light scattering, as
measured by the haze factor defined in the Experimental section (ratio between diffuse and total
transmitted radiation). Table 2 reports the average haze factor for the investigated samples in the
visible (wavelength 400–800 nm) and in the near infrared (NIR) region (800–2000 nm). It is clear that
the large Au NPs at the bottom of the film (sample TiO2/Au) act as scattering centers and, while the
Au/TiO2 sample is not characterized by increased light diffusion, the combination of the two Au
NP layers has a synergetic effect (sample Au/TiO2/Au with the highest haze). Small NPs on top or
distributed inside the film are instead characterized by a plasmonic absorption feature centered at
about 650–700 nm for the TiO2–Au sample (as reported in [23]), which is also characterized by a large
absorption in the whole visible-near infrared (vis-NIR) range (transmittance <40% in the visible range
and <60% in the NIR); Au NPs at the bottom of the film (~100 nm size) are, instead, characterized by
plasmonic absorption centered at about 700–800 nm [22].
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Table 2. Haze factor % of the samples in two wavelengths.

Sample
Haze Factor (%)

400–800 nm Range
Haze Factor (%)

800–2000 nm Range

Au/TiO2/Au 80 32

TiO2/Au 58 22

TiO2 23 Negligible (< 10%)

Au/TiO2 16 Negligible (< 10%)

TiO2–Au 11 Negligible (< 10%)

Synthesized samples are submitted to electrochemical characterization in order to investigate
their behavior in dark and irradiated conditions. Table 3 reports the values of open circuit voltage
(OCV), which give an indication on the equilibrium at the electrode/electrolyte interface. The values
measured in the dark at the different samples in neutral and basic solutions are reported. All the values
of potential in the text are referred to saturated calomel electrode (SCE).

Table 3. Open circuit voltage (OCV) values measured at different samples, under different pH. The
values of OCV at pH 13, calculated by E = E0 − 2.3 RT/F pH, supposing a Nernstian behavior of the
surface, are also reported as a comparison.

Sample
OCV

KNO3

V/vs SCE

OCV
pH 13

V/vs SCE

OCV pH 13
Nernstian
V/vs SCE

TiO2 −0.14 −0.42 −0.49

TiO2/Au 0.033 −0.11 −0.32

Au/TiO2 −0.115 −0.26 −0.47

Au/TiO2/Au 0.022 −0.12 −0.33

TiO2–Au −0.001 −0.13 −0.35

If the behavior of the reference sample (TiO2) is considered, a value of −0.14V is measured as OCV
in neutral pH, which becomes −0.42 V in basic solution, with a variation very close to the theoretical
one, valuable by a linear Nernstian behavior of the surface (last column in Table 3), as it is expected for
oxide electrodes [37].

As it can be observed, OCV measured at neutral pH is higher than that expected for TiO2: lower
values, in the range from −0.5 up to −0.85 V, are generally reported as flat band (FB) potential, for
TiO2 bulk, at this pH [38]. Actually, the form of the electrode material (i.e., thin film, single crystal,
polycrystalline), its morphology and phase distribution (anatase/rutile) or possible doping are also
decisive factors as far as the OCV or FB is concerned.

Regarding the effect of the metal (M), data shown in Table 3 indicate that the presence of Au in
the samples, determines a shift of OCV to more positive values, as might be expected, due to the noble
character of Au. However, a direct correlation between M loading and OCV is not observed, the extent
of the shift being also dependent on the distribution of the NPs in the structure. In fact, the maximum
shift (173 mV) is measured for the less M loaded sample (i.e., TiO2/Au sample) while, rather than
at the highest M loaded sample (i.e., TiO2–Au sample), the minimum shift (25 mV) is measured at
Au/TiO2 sample.

Variation of OCV is also measured (see Figure 2) when samples were submitted to light irradiation,
and in the presence of hole scavengers in the electrolyte solution (BPA 50 ppm, in the specific).
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Figure 2. OCV of different samples, under dark (OCVD: stars) and irradiated (OCVL: circles) conditions,
in supporting electrolyte (blue lines) or in the presence of 50 ppm BPA (red lines).

The n-type semiconductor (SC) behavior is here highlighted: the light determines a shift of the
OCV to more negative values. However, as pointed out above, along with the metal loading in the
sample, also the NPs distribution and the accessibility of both solution and light, inside the structure,
must be considered. To this aim, the open-circuit photopotential (OCP) may give a better indication
on the photo-activity of the sample: OCP represents the band-bending change from dark to light
irradiation, resulting from photoexcited carriers in n-type SC, flattening the band bending in the
depletion region [39]. The final OCP value also depends on the redox couple which is present in
the solution. In Figure 3, the trend of OCP measured in supporting electrolyte is compared to that
in two different concentrations of BPA: for all the samples, it is a matter of oxidative OCP, whose
absolute values are reported. If the effect of the M is concerned, samples Au/TiO2/Au and TiO2/Au
show a slight increase in OCP in KNO3, if compared with that measured at TiO2 sample, which could
be in apparent contrast with the relevant values of the OCV. To note, as a consequence of the more
positive OCV values measured for the Au/TiO2/Au and TiO2/Au samples, a lower efficiency could
be expected in terms of OCP, as it is generally obtained in single-crystal systems. However, when the
deposited metal film is in the form of small islands or in nanoparticulate form, an enhancement in the
photopotential is possible [40,41].
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Figure 3. OCP values measured in supporting electrolyte and in two different BPA concentrations at
the different samples.

This trend is not observed for the TiO2–Au and Au /TiO2 samples, where the M loading makes
OCP lower than in TiO2 sample. At the same time, a not straightforward effect is played by the BPA
concentration: on one hand, except for sample TiO2–Au (OCP = 0.23 V), when 50 ppm BPA are present
in the solution the OCP is about 0.3 V, regardless of the M load; on the other hand, lower OCP values
are measured at the highest concentration, except for the Au/TiO2/Au sample.

Table 4 resumes the values of the photocurrent density measured at constant applied potential of
0.5 V, in KNO3 and in different concentrated BPA solutions, while Figure 4 illustrates the trend of the
photocurrents as a function of the different overpotential, evaluated as difference between the applied
potential and the OCVL of the sample.

Table 4. Photocurrent density (μA/cm2) measured at constant applied potential of 0.5 V vs SCE, in
supporting electrolyte and in differently concentrated BPA solutions for the different samples.

0.1 M KNO3 25 ppm BPA 50 ppm BPA 100 ppm BPA

TiO2 18 36 50 36

TiO2/Au 32 40 55 36

Au/TiO2 25 34 27 39

Au/TiO2/Au 48 44 58 52

TiO2–Au 1.4 1.9 3 1.9
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Figure 4. Trend of photocurrent densities as a function of the overpotential with respect to OCVL,
measured in (a) supporting electrolyte and in (b) 50 ppm BPA solution.

Depending on the samples, data appear to be comparable, or even better than those reported in
the literature, for analogous electrode materials. As an example, value of photocurrent of 8 μA was
measured in K2SO4 solution at Au–TiO2/ITO [30], while 6 and 30 μA were measured at TiO2/Ti and
Au–TiO2/Ti electrodes, respectively, in [29]. More recent work, on nanoroad TiO2 modified arrays,
reports photocurrent of 3.5 μA/cm2 in Na2SO4 in the presence of 100 μmol/L BPA [42]. Of note those
values were obtained under ultraviolet (UV) irradiation, at which the performance of TiO2 is expected
to be higher than in our irradiation conditions.

In the present case, data indicate a complex effect of NPs inside the structure: except for the
TiO2–Au sample, which demonstrated a clearly lower performance than the reference sample, in
KNO3 the positive effect of Au NPs can be assessed in the whole investigated potential range: sample
Au/TiO2/Au appears the most performing in catalyzing the water splitting process. A positive effect
of NPs is also measured in the presence of BPA 50 ppm for the Au/TiO2/Au and TiO2/Au samples:
overpotential being the same, the photocurrents measured on these samples are higher than those
measured for the TiO2 sample. However, in this case, also the performance of Au/TiO2 is lower than
that of the TiO2 sample. One of the main reasons for the lowest performances of sample TiO2–Au
may be the very high load of M, which reduces the porosity and, in turn, the surface area of the
sample. Regarding the performance of the Au/TiO2 sample, SEM analyses, repeated at the end of
these experiments, demonstrated a low stability of the sample. Actually, a certain extent of corrosion
was detected for all the samples, but for sample Au/TiO2, the residual Au content, measured at the
end of the experimental campaign, was under the detection limits of the instrument: the low stability
of this sample did not allow to perform all the experiments on it.
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Among the other possible effects, a conductivity enhancement is expected due to SC/M coupling:
the presence of metal NPs should enhance the charge transfer in the structure. The extent of
such increase may be deduced by Electrochemical Impedance Spectroscopy (EIS) measurements.
Figure 5 shows the Nyquist diagrams obtained by experiments in dark conditions, under −0.5 V of
applied potential. This potential was selected in such a way that the space charge of all the n-type
semiconductor (SC) samples was in the accumulation regime, so that the majority charge carriers,
electrons in the conduction band, could be involved in the charge transfer.

Figure 5. Nyquist plots obtained at V = −0.5 V vs SCE, in supporting electrolyte, at different samples.
Inset: trend of Rct evaluated by fitting the EIS data with a Randle circuit.

As it can be observed, all the semicircles in Figure 5 tend to be closed on the x-axis: all samples
show a good reactivity at this potential, and all the curves related to samples with Au NPs, are under
that related to sample TiO2, indicating that Au catalyzes the charge transfer process to the solution.
The interpretation of these curves with a simple Randle (Rs(C-Rct)) equivalent circuit, allowed the
evaluation of the charge transfer resistance (Rct) for the different samples. The inset in Figure 5 shows
that the decrease in Rct is about exponential with the Au load in the samples.

These data are in a nice agreement with the trend of the cyclic voltammetries (CV) recorded in
the dark (Figure 6). In the range of negative potential, similar trends are obtained for the different
samples, with a first peak (P1) around −0.7 ± −0.8 V, which should correspond to the Ti(IV) → Ti(III)
transformation [43], followed by the increase in the negative current due to the H2 evolution.
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Figure 6. Cyclic Voltammetries (CV) in supporting electrolyte in dark conditions; the typical peaks of
Ti(III)/T(IV) (P1), and of Au redox behavior (P3 and P4) are evidenced in the inset, as well as the wave
related to O2 reduction (P2).

The highest values of current peak P1 are obtained in TiO2–Au and Au/TiO2/Au samples: these
are the most M loaded and the most conductive samples. On samples Au/TiO2 and TiO2/Au, which
have a lower M loading, the height of P1 is about half.

In the range of positive potentials, Au/TiO2/Au is the most active sample for O2 evolution;
the corresponding “wave” related to the O2 reduction (P2 in the Figure 6) appears around −0.4 V.
This wave is also visible at TiO2/Au sample, but in minor extent, because the O2 evolution at this
sample is of minor extent too. The inset of Figure 6 highlights the redox behavior of Au that is well
evident at samples Au/TiO2/Au and TiO2/Au: in particular, at these samples the reduction peak of
Au at about 0.2 V is coupled with the corresponding oxidation wave (P4), that is observed in the range
0.6 to 1 V, always just before the increase in current, due to O2 evolution. This redox behavior could
result quite different from that generally observed for polycrystalline Au, where two oxidative peaks
may be detected. However, as reported in the literature, the voltammetric profiles of the supported
nanoparticles differ from those associated with the Au polycrystalline electrode, as the nanoparticles
exhibit a single, broad oxidation wave, shifted to more positive potentials, with respect to the two
peaks present in the voltammetry of the polycrystalline electrode [44].

However, the redox behavior of Au NPs was not evident in all the samples: for Au–TiO2 and
TiO2/Au, in which there were no NPs on the bottom, the main effect of NPs was only evidenced in the
increased conductivity of the sample (higher P1), while there was no evidence of P3 and P4. Analogous
results were obtained by other authors in the literature [31], who found that the voltammetric behavior
was very different when Au NPs were deposited under or up the TiO2 layer: only in the former case
CV reported evident peaks related to Au redox reactions, both in the dark and under radiation. This
was attributed to the fact that Au clusters grown under the TiO2 exhibited superior charge carrier
generation, separation and transportation than that of TiO2/Au under visible light.
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2.2. Behavior of the Irradiated Samples

Among the several factors determining the photoactivity of a SC material, the concentration
of defects plays a crucial role. In the case of reduced TiO2 materials, oxygen vacancies (VO) and
Ti3+ sites have been intentionally introduced to obtain a higher photocatalytic/photoelectrochemical
activity [45]. Nevertheless, such defects may also act as recombination centers for the photoexcited
electron–hole pairs. Thus, to investigate the recombination process in a particular SC structure, the
kinetics of the photocurrent decay may be analyzed when, after stabilization in dark conditions, the
sample is submitted to irradiation. In such conditions, after an initial spike, in absence of applied
potential the current tends to a stationary state: the process follows a first-order kinetics if the decay
is only due to a surface recombination [46]. A typical example of the trend in time of the current
measured at our samples, as effect of the related photopotential is shown in the inset of Figure 7.

Figure 7. Example of the kinetics of the photocurrent, at TiO2–Au sample, when the light is sudden
switched on and off.

Two different current transients are observed. The first one, when the light is switched
on, describes the initial increase in photocurrent, caused by a separation of the photogenerated
electron–hole pairs at the semiconductor/electrolyte interface, followed by an exponential decrease
with time. Then, when the light is switched off, a cathodic spike is observed due to the recombination of
the conduction band electrons with the holes trapped at the surface [47]. The process can be described
by a first order kinetics in the surface concentration of electrons as:

D = exp (−t/τ) (1)

where τ represents the transient time constant, and D takes account of the photocurrent relaxation,
defined as:

D = (I(t) − If)/(Ii − If) (2)

I(t) is the current at a time t, Ii is the current at t = 0, and If the stationary current.
Equation (1) can be used to describe both the anodic or the cathodic transients.
In Figure 7 the kinetics of photocurrent relaxation, related to the different samples are compared.
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As it can be observed, plots of ln D vs. time did not always show a linear behavior, indicating
that the decay mechanism can be complex. However, in the present case, just to make a qualitative
comparison between the different samples, τ was always taken where ln D = −1. The calculated values
are resumed in Table 5. The obtained values, of the order of seconds, cannot be representative of
charge recombination phenomena only. Actually, these characteristic times are probably affected by
electrical transport and electrolyte diffusion phenomena, considering that the porosity of the system,
the distribution of defectivities, as well as possible diffusive effects in the pores, may complicate the
current decay process.

Table 5. τ values for the different samples evaluated at lnD = −1.

TiO2 TiO2/Au Au/TiO2/Au TiO2–Au Au/TiO2

τ (s) 0.97 4.88 3.17 0.97 10.5

However, although the exact indication on the charge recombination time is not derivable from τ,
its value can be used to compare the different decay trends: the presence of Au NPs makes the rate
of photocurrent decay slower, provided that M loading does not exceed a certain limit. At sample
TiO2–Au the decay is the same as in the original sample, and most of the NPs are probably becoming
recombination centres. In this context, the best performance is obtained for the sample Au/TiO2, but,
as already mentioned, this sample demonstrated to be highly unstable.

The effect of light on the CV trends is shown in Figure 8, first with regard to TiO2 sample.

Figure 8. Effect of the irradiation on CV in supporting electrolyte performed at TiO2 sample.

Attention is focused to the anodic potential range, because, as we expected due to the n-type
character of the SC, in this range the effect of the irradiation is more evident.

In Figure 9, the trend of TiO2 sample is compared with those of the other samples, irradiation
conditions being the same.
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Figure 9. Comparison between CV in supporting electrolyte at different irradiated samples.

Of note is the effect of the irradiation on the O2 evolution reaction, which is favored for the
TiO2/Au sample and, overall, for the Au/TiO2/Au sample: for this reason, on this last sample, the
corresponding reduction wave P2 is more evident.

2.3. Effect of the Organic Compound on the CV

Specific CV runs performed on the different samples in solutions containing different
concentration of BPA, did not show a clear indication of the voltammetric peaks related to the direct
oxidation of the organic molecule, at the electrode surface. Nevertheless, the photocurrents recorded
in the presence of the organic were higher than those measured in the supporting electrolyte, under
almost all the investigated potentials. This may be an indication that oxidation of BPA may occur
by means of OH radicals originated from H2O, by the action of the photogenerated holes. The BPA
molecule, acting as OH scavenger, accelerates the separation process of the charges, this in turn gives
the increase in the photocurrent.

However, even in the absence of a direct reaction at the electrode surface, the effects of BPA are
visible in the CV: the presence of BPA seems to interfere on the redox behavior of the M. For this kind
of analysis, we investigated the Au/TiO2/Au and TiO2/Au samples, where the redox behavior of the
M was more evident: also, they were the most performing systems in terms of photocurrent.

Figure 10a compares the CV obtained in solution with two concentrations of BPA, while Figure 10b
compares the trend of CV for the differently M loaded samples in solution with the same concentration
of BPA.
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Figure 10. Comparison between the CV obtained at TiO2/Au sample: (a) in solution with two
concentrations of BPA and (b) at samples differently M loaded, in solution with the same concentration
of BPA (50 ppm).

The increase in the BPA concentration has two main effects: on one hand, a decrease in the current
of the redox peaks (P3 and P4) it is observed, on the other hand, the peaks are more distant one from
another, in terms of potential, this indicating a worst and more irreversible charge transfer process
with the substrate.

This behavior may indicate that during the CV, in absence of the organic, the photogenerated
charges can be available to activate the redox process of the NPs, under the imposed potentials.
In particular, during the oxidative scan, the holes may: (i) generate OH radicals from water, or (ii)
oxidise Au NPs. In the presence of the organic, BPA molecules act as OH radical scavengers, thus
accelerating the path (i) and subtracting holes to the redox process of Au, which is less evident in
the CV.

2.4. Analysis of the Working Mechanism of the Structures

From the results presented up to now, it is clear that the behavior of the investigated structures
is rather complex: addition of Au NPs interferes not only with the charge transfer to and from the
electrolyte, but also with the equilibrium and non-equilibrium interface energetics.
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In order to better understand the working mechanism of the electrodes, it can be useful to recall
some of the fundamental concepts on SC, how they behave under illumination, and, finally, how they
interact with the electrolyte and the solutes in it contained.

From the structural point of view, we are dealing with coupling of SC and M. In the presence
of bulk materials, the SC/M interface is expected to behave according to the well-developed theory
of SC/metal Schottky contacts [48]. In the specific case, by considering the electronic affinity of TiO2

equal to 4,5 eV, and a work function (WF) for Au equal to about 5.3 eV [49], coupling of the two
materials should lead to a Schottky barrier of 0.8 eV. However, when we deal with nanostructures, the
position of the energetic levels may be different: depending on the conditions, and in particular on the
morphology of the coupled phases, different values can be calculated for both the Fermi level of the
SC, and the WF of the M, which may be affected also by the excess of charge on the NPs [49].

In our specific case, information on the location of the conduction band-edge (CB) can be derived
from CV measurements, and, as suggested by the literature [50], we considered the potential of the
peak as representative of the energetic level of the CB edge. Thus, a value of 4.4 eV has been calculated
from the value of −0.78 V, at which the main peak of TiO2 appears in the CV of TiO2 sample.

Regarding the WF of M, we may consider that the OCV values of the samples with Au, were
more positive than that of the reference TiO2 sample (see Figure 2): this may be an indication that
the WF of the M was greater than the Fermi level of the SC. When the two materials are contacted, a
spontaneous charge transfer occurred from TiO2 to Au, up to equilibrium leading to the formation
of the Schottky barrier. Thus, the presence of Au can be seen as a reservoir of electrons, which are
displaced from the CB of the SC: the Fermi level of the SC is lowered, and its potential made more
positive by the presence of metal NPs.

When the effect of the irradiation is considered, we cannot neglect that M is present as NPs.
In the specific case, optical analyses indicated that for the different samples, depending on the NP
dimensions, and on the deep penetration of the Au deposition, plasmonic or scattering effects are
originated. In fact, as pointed out in the Introduction, the presence of NPs, more or less distributed in
the bulk of the SC or at the interfaces, may strongly enhance the effectiveness of light absorption.

Finally, also the potential of the donor/acceptor redox couples present in the solution must be
considered: the Fermi level of the electrons in the CB should remain higher than the energetic level of
the acceptor, otherwise it cannot receive electrons at the cathode. At the same time, the level of the holes
(h+) in the VB of the SC should remain lower than that of the donor to which h+ will be transferred.

Accordingly, the scheme shown in Figure 11 illustrates the possible working mechanisms of
the examined structures, when irradiated with the whole solar simulated light. Depending on the
wavelength of the incident light, different effects could be achieved. The final mechanism should be
a combination of the response of the TiO2 nanostructure, which is sensitive only to a fraction of the
wavelengths (UV), and of the Au NP effects (both plasmonic and in terms of charge separation).

Under the fraction of UV radiation, effective on TiO2:

e− are excited in CB and, assisted by the applied potential, they may:

(1) go to the cathode (and react with dissolved O2, or with H2O to give H2)
(2) recombine with h+

holes that do not recombine are displaced on the surface and they may:

(3) react with the electrolyte (oxidising it)
(4) be transferred to the M (depending on the WF)

holes arriving at the M may:

(5) be transferred to the electrolyte (in this case, not compatible with the redox level)
(6) oxidise the M (corrosion).
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Figure 11. Schematic representation of the energetic levels involved in the charge activation and
transfer processes.

The main phenomena related to the illumination of the M nanoparticle can be summarized as:

(i) scattering effects, able to redistribute radiation in the whole film thickness thus favoring light
interaction with the photoanode (this effect is dominated by NPs of great dimensions, not
indicated in the scheme),

(ii) resonant absorption by the localized surface plasmon resonance of the NP (centered in the visible
light (VIS) range) with subsequent generation of hot electrons which may:

(7) be injected into the CB of the SC (then paths 1, 2)
(8) decay and thermalize through electron–electron and electron–phonon scattering.

3. Materials and Methods

The investigated TiO2 thin films were deposited by Pulsed Laser Deposition (PLD) starting from a
99.9% pure TiO2 target ablated with Nd:YAG ns laser (Continuum) pulses (λ = 532 nm, pulse duration
5–7 ns, 10 Hz repetition rate, fluence on the target about 3.5 J/cm2) in a background O2 atmosphere
(P= 8 Pa) and with a fixed target-to-substrate distance of 50 mm, at room temperature. The deposition
time was adjusted to obtain a nominal thickness for all the films of about 1000 nm. Thermal annealing
in air at 500 ◦C (4 ◦C/min heating ramp, dwell time 2 h) was employed to induce crystallization to the
anatase phase. Crystallinity was verified by Raman spectroscopy (not shown).

Different distribution of Au NPs was achieved, depending on the samples (see Table 1).
The TiO2/Au sample (i.e., the configuration substrate/Au NPs/TiO2 film) was obtained depositing a
TiO2 film with the above described PLD procedure on a substrate covered with Au NPs obtained by
Au thermal evaporation. An Edwards E306 thermal evaporator (Edwards) was employed to deposit
a 10 nm Au film, followed by thermal de-wetting (air annealing at 500 ◦C with 4 ◦C/min ramp, 2 h
dwell) to induce NP growth. The Au/TiO2 sample (i.e., the configuration substrate/TiO2 film/Au
NPs) was obtained depositing a TiO2 film by PLD (details above), followed by deposition of Au NPs
by PLD, ablating an Au target in 1000 Pa Ar with a laser fluence of 2 J/cm2 [22]. The Au/TiO2/Au
sample was obtained by combining the Au/TiO2 and the TiO2/Au synthesis procedures. The TiO2–Au
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sample, in which Au NPs are embedded in the nanoporous TiO2 film, was deposited by PLD ablating
a composite Au–TiO2 target with same ablation parameters as for the pure TiO2 film, followed by
annealing in air at 500 ◦C (4 ◦C/min ramp, 2 h dwell) to induce TiO2 crystallization and Au NPs
formation, as described in detail in [23].

All samples characterized by electrochemical techniques were deposited on Ti plate substrates,
while selected samples for SEM and optical measurements were deposited on Si (100) and soda lime
glass substrates, respectively.

Optical transmittance spectra were evaluated with a UV-vis-NIR PerkinElmer Lambda 1050
spectrophotometer (PerkinElmer, Waltham, Massachusetts, USA) with a 150 mm diameter integrating
sphere in the range 250–2000 nm, illuminating the sample from the glass substrate side and normalizing
the spectra with respect to glass transmittance. The haze was obtained as the ratio between the diffuse
and the total (i.e., diffuse + direct) transmittance intensity.

SEM images of the synthesized samples were acquired using a field emission scanning electron
microscope (FEG-SEM, Zeiss Supra 40, Carl Zeiss Microscopy GmbH, Jena, Germany); measurements
were also performed, at the end of the experimental campaign, to check the stability of the samples.

Photo-electrochemical characterization of all the samples was performed in an undivided
three-electrode cell; the synthesized materials were used as working electrodes, while platinum
constituted the counter electrode and SCE was used as reference. The electrodes were connected to
a potentiostat-galvanostat (Metrohm Autolab 302N, Metrohm, Herisau, Switzerland), controlled by
NOVA software.

The photo-activity of the samples was tested under a light flux provided by a 300W Xe lamp (Lot
Oriel, Darmstadt, Germay) equipped with an AM 1.5G filter.

Aqueous solution 0.1 M KNO3 was used as supporting electrolyte; depending on the experiments,
a fixed amount of BPA (25, 50, or 100 ppm) was added to the electrolyte.

For all the cases, the photocurrent was calculated by subtracting the stable value measured
in the dark from that obtained under irradiation. Open circuit voltage (OCV) was also monitored,
always after 5 minutes of rest, to allow the sample reaching the equilibrium in the solution under
the dark (OCVD) or irradiation (OCVL) condition imposed. Open Circuit Photopotential (OCP) was
also evaluated as the difference between OCVL–OCVD in supporting electrolyte or in the presence
of organic.

Chronoamperometric tests were performed at different overpotential from the OCP of each
sample in both KNO3 and different concentrated BPA solutions.

Cyclic voltammograms (CV) were recorded in the potential window between −1.1 V and 1.8 V, at
100 mV/s.

Electrochemical impedance spectroscopy (EIS) were performed in the dark, at negative potential,
to investigate on the ability of the samples to possible charge transfer process. The investigated
frequency range was from 105 Hz to 10−1 Hz.

4. Conclusions

Au NPs do not seem to work directly, but we can assess that their presence enhance the ability
of the sample to transfer charge with the solvent, and they slow down the decay process of the
photocurrent, at least up to a certain load.

If the behavior of the samples is considered in detail, the most performing samples, in both the
supporting electrolyte and in the presence of BPA, were the Au/TiO2/Au and TiO2/Au samples. On
these samples the redox behavior of the M is well evident in the CV, recombination seems slowed
down, the current decay is 3–5 times slower than that at the reference sample. On both samples, NPs
of great dimensions are present at the bottom under the TiO2 layer, directly contacting the Ti support.
The presence of these NPs at the bottom seems to be the crucial point for the working mechanism of
the structure. Thanks to the scattering effects, it is actually possible on these samples to better exploit
the radiation, and thus the active sites of the TiO2 layer.
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Measurements for the Au/TiO2 and Au/TiO2/Au samples can be useful to interpret the role
of the top surface layer of NPs. Considering the smaller dimensions of these NPs, they should be
responsible both for possible plasmonic effects and for electron–hole separation, thus leading to
reduced recombination. Due to plasmonic effects, localized energetic fields could generate e-/h+

couples: however, the low stability evidenced for the Au/TiO2 sample indicates that holes cannot be
transferred neither to the electrolyte, nor to the SC, so that they remain in the NPs and oxidize them.
However, corrosion seems to be correlated not only to plasmonic effects, but also to the distribution
of the NPs. Of note is that the most important corrosion effects are measured, rather than for the
TiO2–Au system, where the plasmonic effects were the most relevant, for the Au/TiO2/Au and
Au/TiO2 samples, where an upper Au NPs layer is at direct contact with the electrolyte. Maybe the
NPs in TiO2–Au are somehow protected, as they are embedded in the structure. Other works in the
literature on similar SC/M coupling, suggested that a protecting layer could be realized in order to
avoid corrosion [51].

Finally, the scarce performance of the TiO2–Au sample could be attributed mainly to a decreased
surface area available for the charge transfer with the electrolyte (see [23]). The large content of Au
NPs did not result in enhancement of the global performance of the structure. The photocurrent is
lower, because the area is lowered. The low value of τ, and the rapid current decay, could indicate that
most of the NPs are behaving as recombination centers for the photogenerated charges.
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Abstract: Mixtures and composites of Ag/Ag2O and TiO2 (P25) with varying mass ratios of Ag/Ag2O
were prepared, employing two methods. Mechanical mixtures (TM) were obtained by the sonication
of a suspension containing TiO2 and Ag/Ag2O. Composites (TC) were prepared by a precipitation
method employing TiO2 and AgNO3. Powder X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) confirmed the presence of Ag(0) and Ag2O. The activity of the materials was
determined employing methylene blue (MB) as the probe compound. Bleaching of MB was observed
in the presence of all materials. The bleaching rate was found to increase with increasing amounts
of TiO2 under UV/vis light. In contrast, the MB bleaching rate decreased with increasing TiO2

content upon visible light illumination. XRD and XPS data indicate that Ag2O acts as an electron
acceptor in the light-induced reaction of MB and is transformed by reduction of Ag+, yielding Ag(0).
As a second light-induced reaction, the evolution of molecular hydrogen from aqueous methanol
was investigated. Significant H2 evolution rates were only determined in the presence of materials
containing more than 50 mass% of TiO2. The experimental results suggest that Ag/Ag2O is not stable
under the experimental conditions. Therefore, to address Ag/Ag2O as a (photo)catalytically active
material does not seem appropriate.

Keywords: photocatalysis; silver(II) oxide; titanium dioxide; mechanical mixture; in situ deposition;
hydrogen evolution

1. Introduction

Environmental problems related to water and air contamination, due to increasing world
population and the resulting tremendous growth of industry and fuel combustion, have become
a major concern of advanced science. In order to deal with this important problem, photocatalytic
processes with employment of semiconductors are the most conventional approaches for water and air
purification, along with alternative energy storage (e.g., H2) [1–4].

To date, different semiconductor nanoparticles such as TiO2, ZnO, Fe2O3, niobates, tantalates,
and metal sulfides, and their underlying working mechanisms, have been investigated with the aim
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of increasing their photocatalytic activity. It is well known that, besides the ability to decontaminate
polluted air and water, a photocatalyst should meet certain requirements such as cost efficiency, stability,
non-toxicity, and broad range response towards incident light. TiO2 is reported as the most durable
photocatalyst, responding to all the above-mentioned requirements apart from broad range response
to incident solar light due to its wide bandgap energy, (3.2 eV for anatase, 3.0 eV for rutile) which
accounts for no more than 5% of the entire solar spectrum [1]. This lack of photocatalytic activity under
visible light illumination allows the use of TiO2 as a UV blocker in sunscreens [5]. The tremendous
interest in modification of titanium dioxide with different metals and oxides, to enable absorption of
lower energy states and increase stability, has been rising over the last 20 years. Nonetheless, the range
of visible-light photocatalysts is still restricted. Thus, it is essential to discover new and efficient
photocatalytic materials that are sensitive to visible light.

Ag2O nanoparticles have been broadly utilized in various manufacturing areas as stabilizers,
cleaning agents, electrode supplies, dyes, antioxidants, and catalysts for alkane activation and
olefin [6,7]. Several papers have been published reporting the photocatalytic activity of Ag2O,
Ag/Ag2O, Ag2O/semiconductors, and Ag/Ag2O/semiconductor composites, and some reviews
are available [8–33]. Ag2O is reported to be a visible light active photocatalyst. However, due to its
photosensitive and labile properties under incident light illumination, Ag2O is infrequently employed
alone as a main photocatalyst rather than as a co-catalyst [8].

Wang et al. investigated the photocatalytic performance of Ag2O on the photocatalytic
decolorization of methyl orange, rhodamine B, and phenol solution under fluorescent light irradiation,
and concluded that the stability and high photocatalytic activity of Ag2O is maintained by the partial
formation of metallic Ag on its surface during the photodecomposition of organic compounds [9].
Jiang et al. also reported the decomposition of methyl orange under visible light, ultraviolet light,
near-infrared (NIR) light, and sunlight irradiation, using silver oxide nanoparticle aggregation.
The superb photo-oxidation performance of Ag2O is kept almost constant after repeated exposure
to light due to its narrow band gap, high surface area, and numerous crystal boundaries supplied
by Ag2O quantum dots [13]. Several authors have claimed that an Ag/Ag2O structure exhibits
‘self-stability’ [9,10] during a photocatalytic run, due to rapid electron transfer from the excited Ag2O
to Ag(0) [12,20].

Visible light active nanocomposites of Ag/Ag2O/TiO2 have been synthesized using different
methods, such as a microwave-assisted method [28], a low-temperature hydrothermal method [32],
a one-step solution reduction process in the presence of potassium borohydride [22], a simple
pH-mediated precipitation [23], and a sol-gel method [27]. Moreover, Su et al. developed a novel
multilayer photocatalytic membrane, consisting of an Ag2O/TiO2 layer stacked on a chitosan sub-layer
immobilized onto a polypropylene [31]. Light-induced hydrogen production via photoreforming
of aqueous glycerol has been scrutinized, employing Ag2O/TiO2 catalysts prepared by a sol-gel
method with varying content of Ag2O (0.72–6.75 wt %) [30]. Hao et al. have reported that TiO2/Ag2O
nanowire arrays forming a p-n heterojunction are applicable for enhanced photo-electrochemical water
splitting [33]. Hu et al. reported the photocatalytic degradation of tetracycline under UV, visible, NIR,
and simulated solar light irradiation with the Z-scheme between visible/NIR light activated Ag2O and
UV light activated TiO2, using reduced graphene oxide as the electron mediator. They also investigated
the stability of Ag2O, Ag2O/TiO2, and Ag2O/TiO2 in combination with reduced graphene oxide as an
electron mediator. A large amount of Ag(0) was formed into Ag2O and Ag2O/TiO2 after four cycles of
tetracycline photodegradation under UV, visible, and NIR illumination [23]. Ren et al. also observed
the light-induced reduction of Ag2O during dye degradation in Ag2O/TiO2 suspensions. The authors
suggested that the formation of Ag(0) contributed to the high stability of their photocatalyst [29].
The stabilization of Ag2O/TiO2 photocatalysts by Ag(0) formed at an initial stage of an experimental
run has already been proposed earlier [11]. The photocatalytic stability of Ag-bridged Ag2O nanowire
networks/TiO2 nanotubes, which were fabricated by a simple electrochemical method, revealed
only an insignificant loss in performance, with respect to photocatalytic degradation of the dye acid
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orange 7, under simulated solar light [15]. On the other hand, Kaur et al. reported a decrease of
the degradation efficiency from 81% to 54%, after the third experimental run employing AgO2/TiO2

as the photocatalyst and the drug levofloxacin as the probe compound [24]. Very recently, Mandari
et al. synthesized plasmonic Ag2O/TiO2 photocatalysts, which could absorb visible light by the
resonant oscillation of the conduction band electrons under visible light illumination. With this method,
they were able to improve the efficiency of TiO2 as a photocatalyst for hydrogen production by H2O
splitting under natural solar light. The authors observed the formation of Ag(0) by light-induced
reduction of Ag2O [26]. Light-induced reduction of Ag(I) to Ag(0) has also been reported for an
Ag(0)/Ag(I) co-doped TiO2 photocatalyst [34].

The preceding discussion of published experimental results provoked doubt on the stability
of Ag2O-containing photocatalysts under UV/vis illumination. Therefore, visible light harvesting
Ag/Ag2O ⁄⁄ TiO2 photocatalysts for water treatment and photocatalytic hydrogen generation were
synthesized. To the best of our knowledge, physical Ag/Ag2O ⁄⁄ TiO2 mixtures synthesized by the
sonication of a suspension containing TiO2 (P25) and a self-prepared Ag/Ag2O were investigated
for the first time. Ag/Ag2O ⁄⁄ TiO2 composites, prepared in situ by a simple precipitation method
employing TiO2 and AgNO3, were also prepared, in order to evaluate the effect of the synthesis method
on the photocatalytic activity. Additionally, the effect of the mass ratio of Ag/Ag2O was studied.
The as-prepared mixtures and composites showed improved visible light activity for methylene blue
(MB) bleaching, compared to blank TiO2, and high photocatalytic H2 production from a methanol-water
mixture under artificial solar light illumination.

2. Results

2.1. Characterization of the Prepared Materials

The powder X-ray diffraction (XRD) patterns of Ag/Ag2O, physical mixtures of Ag/Ag2O ⁄⁄ TiO2

with increasing amounts of TiO2 (20 mass% (TM 41), 50% (TM 11), and 80% (TM 14)), and in situ
prepared Ag/Ag2O ⁄⁄ TiO2 composites (20 mass% TiO2 (TC 41), 50% (TC 11), and 80% (TC 14)) are
shown in Figure 1. The XRD peaks for Ag/Ag2O at 26.7◦, 32.8◦, 38.1◦, 54.9◦, 65.4◦, and 68.8◦ perfectly
correlate to the (110), (111), (200), (220), (311), and (222) crystal planes of cubic Ag2O (JCPDS 41–1104).
The three peaks at 44.3◦, 64.7◦, and 77.5◦ are indexed to the (200), (200), and (311) crystal planes of
cubic Ag(0), respectively (JCPDS 04-0783) [35,36].

The TiO2 containing mixtures (TM) and composites (TC) exhibit diffraction peaks at 25◦, 38◦,
48◦, 54◦, 55◦, 63◦, 69◦, 71◦, 75◦, and 83◦, which are attributed to the tetragonal phase of anatase TiO2,
whereas one peak at 27.8◦ corresponds to the tetragonal phase of rutile TiO2. Figure 1a presents the
patterns of the TM mixtures, where two phases of titania were present. The two strongest peaks of
Ag2O become more prominent, with the Ag2O mass ratio increasing from TM 14 to TM 41. The small
diffraction peaks situated at 44.4◦, 64.2◦, and 77.5◦ are indexed to the (200), (200), and (311) plane
of metallic Ag(0) (JCPDS 04-0783) [20]. The strongest peak of Ag(111) might likely be masked by
the TiO2 peak at 2θ = 38◦. The diffraction peaks in the TM mixture patterns correspond to the cubic
structure of Ag2O and the cubic structure of Ag [35,36]. Figure 1b illustrates the XRD patterns of the
TC composites. As the figure shows, no significant difference between the two preparations methods
was observed, except that in TiO2-rich composites TC 11 and TC 14 no Ag2O diffraction peaks were
observed, suggesting a complete reduction of Ag2O to metallic silver Ag(0) during the preparation of
these composites. The XRD pattern of TiO2 is presented for comparison. The diffractogram clearly
indicates the presence of two TiO2 phases with predominance of the anatase phase (JCPDS 21–1272).
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(a) (b) 

Figure 1. X-ray diffraction (XRD) patterns of (a) TiO2 containing mixtures (TM), and (b) TiO2 containing
composites (TC). The diffractograms of Ag/Ag2O and TiO2 are included in both figures.

In order to investigate the oxidation states of the silver species present on the materials, X-ray
photoelectron spectroscopy (XPS) was performed. The results of the XPS analysis for all samples are
shown in Figure S3. The deconvolution of the high-resolution spectra for Ag 3d reveals that silver
was present in more than one oxidation state in all samples. The binding energies of Ag 3d at 367.5
and 373.5 eV are assigned to the Ag 3d5/2 and Ag 3d3/2 photoelectrons respectively, indicating the
presence of silver in the +1 oxidation state. The other two peaks of Ag 3d5/2 and Ag 3d3/2, at 368.3
and 374.3 eV respectively, confirm the existence of silver in the Ag(0) state. These binding energies are
in good agreement with the values reported for Ag(I) in Ag2O and Ag(0) [16,37,38]. The peaks for O
1s, located in the ranges of 528.9–530.1 eV and 530.5–531.2 eV, are ascribed to O2− in Ag2O and TiO2

respectively (Figure S3). From the Ti 2p core-level spectrum, two peaks at about 464.3 and 458.7 eV can
be assigned to the Ti 2p1/2 and Ti 2p3/2 spin–orbital components respectively, which correspond to the
characteristic peaks of Ti4+.

The SEM images of blank TiO2, Ag/Ag2O, TM mixtures, and TC composites are presented in
Figure 2. Ag/Ag2O showed well-defined particles with particle sizes ranging from 100 nm to 500 nm
(Figure 2a). The small particles that contrast as white spots correspond to the metallic silver Ag(0)
distributed on the surface of silver oxide, which is in agreement with the XRD results. The EDX reveals
that the sample contained Ag and O without any other impurities (Figure S1).

Figure 2b–d shows SEM images of the physical mixtures of Ag/Ag2O with TiO2. It becomes
obvious from these images that Ag/Ag2O changed its shape during preparation of the mixtures by
sonification of aqueous suspensions of the oxides. The increasing loading of the Ag2O platelets with
TiO2 is also clearly recognizable in these figures. In the Ag/Ag2O ⁄⁄ TiO2 mixture with the highest
mass fraction of TiO2 (TM 14), the appearance was apparently determined by the titanium dioxide
distributed over the underlying surface of the Ag2O platelets (Figure 2d). This was also reflected in
the specific surface area (SSA) of the materials. The TiO2 (P25) used in this work is known to have an
average diameter and specific surface area of 21 nm and about 50 m2 g−1, respectively [39]. The specific
surface area of the Ag/Ag2O synthesized in this work was determined to be 2.7 m2 g−1. As expected,
the specific surface area of the Ag/Ag2O ⁄⁄ TiO2 mixtures was found to increase with increasing TiO2

content (Table 1), resulting in a SSA of 38.5 m2 g−1 for TM 14.
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

 
(g) (h) 

Figure 2. SEM pictures of (a) Ag/Ag2O, (b) TM 41, (c) TM 11, (d) TM 14, (e) TiO2 (P25), (f) TC 41, (g)
TC 11, and (h) TC 14.
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SEM images of the TC composites are presented in Figure 2f–h. The image of the TiO2-poor
composite TC 41 clearly shows the large Ag/Ag2O particles covered with TiO2 (Figure 2f). The specific
surface area of this composite was determined to be 8.4 m2 g−1, thus being equal within the limits of the
experimental error to the surface area of the corresponding physical mixture TC 41 (SSA = 9.7 m2 g−1).
The images of the composites richer in TiO2 (TC 11 and TC 14) seemed to be dominated by aggregates
or agglomerates of small TiO2 particles.

The optical properties of TiO2 and the as-prepared Ag-containing mixtures and composites were
investigated by UV/vis diffuse reflectance spectroscopy (Figure 3). Ag/Ag2O, as well as the TM, and
TC materials, had a dark brown to black color. They displayed strong absorption over the whole UV
and visible range (200 nm–800 nm). TiO2 showed only the absorption band below 405 nm, which
matches the band gap energy of 3.06 eV calculated from the formula λ = 1239.8/Ebg due to the charge
transfer from O (valence band) to Ti (conduction band).

 
(a) 

 
(b) 

Figure 3. UV/vis diffuse reflectance spectra of (a) TiO2, Ag/Ag2O, TM mixtures, and (b)
TC composites.

Ag/Ag2O exhibited a band gap energy < 1.5 eV, which is in agreement with the reported value of
1.3 ± 0.3 eV [40]. The scattering of the reported values might be due to different particle diameters,
as shown for TiO2 [41]. Electrochemical measurements in suspensions yielded flat band potentials
of −0.4 V and +0.3 V vs. NHE for TiO2 and Ag2O, respectively. The value measured here for the flat
band potential of Ag2O is also in reasonably good agreement with published values [42,43].

2.2. Photocatalytic Performance of the Materials

The photocatalytic activity of all materials described above was investigated, employing
methylene blue (MB) as the probe compound. The materials in aqueous suspensions were excited
by the full output of a xenon lamp (UV/vis illumination), and by Xe light after passing a UV cut-off
filter (≥410 nm, vis illumination). Figure 4 illustrates the bleaching of an aqueous solution of MB
and the MB-containing suspensions. Photolysis of MB (initiated by the direct excitation of the probe
compound) was observed under both UV/vis and visible light illumination. The bleaching of MB was
significantly accelerated by the presence of Ag/Ag2O. Under UV/vis illumination, Ag/Ag2O was
found to be nearly as active as TiO2 (P25), which is well known to be a very efficient photocatalyst
suitable to degrade MB [44] (Figure 4a). In the presence of Ag/Ag2O, MB was bleached very rapidly
even when exposed to visible light. As expected, TiO2, having a bandgap energy of 3.1 eV, was found
to be inactive under vis illumination (Figure 4c).

In the presence of mixtures of Ag/Ag2O with TiO2, MB was bleached under UV/vis illumination
only in the presence of the TiO2-rich TM 14, with a significantly increased rate compared to the rate of
MB photolysis. In suspensions containing TM 41 and TM 11, the rate of bleaching was almost the same
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as the rate of photolysis (Figure 4a). Exposure to visible light in the presence of the Ag/Ag2O-rich TM
41 resulted in bleaching of MB with a slightly increased rate. In contrast, the TiO2-rich mixtures TM 11
and TM 14 were virtually inactive under this illumination condition (Figure 4c).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Bleaching of MB in the presence of Ag/Ag2O, TiO2, the TM mixtures and the TC composites
under UV/vis (a,b) and under vis light only (c,d).

In the presence of the composites TC, MB was bleached with significantly faster reaction rates
than the rate of photolysis when exposed to UV/vis and visible light. The rates were, however, lower
than the rate of bleaching in the presence of the bare TiO2 (Figure 4b,d). Interestingly, while increasing
the amount of TiO2 in the TC composites, the visible light activity of the materials seemed to decrease,
thus confirming the essential influence of Ag/Ag2O on MB bleaching under illumination with
wavelengths ≥ 410 nm.

As a second test reaction for the activity of the materials, the UV/vis light-induced evolution of
molecular hydrogen by reforming of aqueous methanol was used. Figure 5 shows the amount of H2

vs. illumination time in the presence of TiO2, Ag/Ag2O, and the prepared mixtures and composites.
No H2 evolution was observed in the presence of Ag/Ag2O and the Ag/Ag2O-rich TM 41. In the
presence of all other materials, the evolution of H2 was detected. However, large amounts of H2 were
only evolved with the materials TM 14 (104 μmol/6 h) and TC 11 (174 μmol/6 h).

275



Catalysts 2018, 8, 647

 
(a) 

 
(b) 

Figure 5. The amount of H2 evolved from aqueous methanol under UV/vis illumination of Ag/Ag2O,
TiO2, (a) TM mixtures and (b) TC composites vs. illumination time.

Many authors have reported that the kinetic behavior of photocatalytic reactions can be described
by a Langmuir–Hinshelwood rate law, with the two limiting cases of zero-order and first-order
kinetics [45,46]. To calculate the initial rates r0 of the bleaching of methylene blue, first-order kinetics
have been assumed (r0 = kC0). To determine the rate constant k, the data given in Figure 4 have
therefore been fitted with C = C0 exp(−kt). The initial rates are given in Table 1.

Table 1. Brunauer-Emmet-Teller (BET) surface area, initial rates of methylene blue (MB) bleaching and
H2 generation in the presence of Ag/Ag2O, TiO2, the TM mixtures and the TC composites.

Sample
Preparation

Method
Composition

SSA

m2 g−1

r0 (MB)
UV/vis

mg L−1 min−1

r0 (MB)
vis

mg L−1 min−1

r (H2)
UV/vis

μmol h−1

Photolysis - - - 0.08 0.05 -
Ag/Ag2O in situ Ag/Ag2O 2.7 2.64 1.17 -

TM 41 mechanical mixture Ag/Ag2O ⁄⁄ TiO2 (20% TiO2) 9.7 0.12 0.17 -
TM 11 mechanical mixture Ag/Ag2O ⁄⁄ TiO2 (50% TiO2) 22.6 0.09 0.03 9
TM 14 mechanical mixture Ag/Ag2O ⁄⁄ TiO2 (80% TiO2) 38.5 0.55 0.03 17
TiO2 - TiO2 50 3.08 0.03 5
TC 41 in situ Ag/Ag2O ⁄⁄ TiO2 (20% TiO2) 8.4 0.81 0.61 3
TC 11 in situ Ag/Ag2O ⁄⁄ TiO2 (50% TiO2) 20.1 2.03 0.27 28
TC 14 in situ Ag/Ag2O ⁄⁄ TiO2 (80% TiO2) 22.1 1.00 0.05 8

3. Discussion

3.1. The Photocatalytic Activity of Ag/Ag2O

It is well known that methylene blue is photocatalytically oxidized in the presence of TiO2

under illumination with photons having an energy equal to or larger than the bandgap energy of the
semiconductor. The photocatalytic degradation of methylene blue in the presence of molecular oxygen
is reported to follow Equation (1) [44].

C16H18N3SCl + 25.5O2
TiO2+ hν ≥ 3.2 eV−−−−−−−−−−−→ HCl + H2SO4 + 3HNO3 + 16CO2 + 6H2O (1)

The energetic positions of the valence and conduction bands of TiO2 and Ag2O, and the reduction
potentials of some species (possibly) present in the surrounding electrolyte are shown in Figure 6.
As becomes obvious from this Figure, the conduction band electrons generated by UV illumination of
TiO2 are able to reduce O2 adsorbed at the semiconductor surface. From a thermodynamic point of
view, valence band holes at the TiO2 surface have an energy suitable to oxidize H2O/OH−, yielding
OH radicals. These OH radicals are generally assumed to be the oxidizing species in photocatalytic
MB degradation.
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Figure 6. The electrochemical potentials (vs. NHE) of the valence and conduction bands of TiO2 and
Ag2O, and the reduction potentials of some species (possibly) present in the surrounding electrolyte.
MB, MB•−, MB•+, MBT, and MBS denote the MB ground state, the semi-reduced MB, the oxidized MB,
the excited triplet state, and the excited singlet state of MB, respectively. The one electron reduction
potentials have been calculated with data given in References [44,47,48].

With the assumption that the flat band potential of Ag2O, which has been determined to be + 0.3 V
vs. NHE at pH 7, was equal to the conduction band edge of this semiconductor, and a bandgap energy
Eg = 1.5 eV, the valence band position was calculated to be +2.0 V vs. NHE. Xu and Schoonen reported
a value of +0.2 V vs. NHE for the energy of the Ag2O conduction band [49]. As becomes obvious
from Figure 6, excited Ag2O was neither able to reduce O2 nor to oxidize H2O/OH−. Consequently,
the mechanism of MB bleaching observed in the presence of Ag/Ag2O (Figure 4 and Table 1) was
different from the MB degradation mechanism in the presence of TiO2. A possible explanation for the
decolorization of MB in the presence of Ag/Ag2O is that MB is excited by light of suitable wavelength
(Equation (2), MB* = MBS and or MBT), which is subsequently followed by electron injection into the
conduction band of Ag2O (Equation (3)).

MB hυ→ MB∗ (2)

MB ∗ + Ag2O → MB+• + Ag2O
{

e−
}

(3)

As an alternative to these reactions, the direct oxidation of MB by valence band holes according to

Ag2O → Ag2O
{

h+ + e−
}

(4)

Ag2O
{

h+ + e−
}

+ MB → Ag2O
{

e−
}

+ MB+• (5)

has to be considered. Both mechanisms require an electron transfer between Ag2O and MB. Despite
the low surface area available for this reaction, the electron transfer between the solid and the probe
compound appears to be very efficient.

It is well known that Ag2O is sensitive to light and decomposes under illumination. However,
it has been suggested that Ag(0) being present in Ag/Ag2O acts as an electron sink and accepts
the conduction band electron of Ag2O, thus inhibiting the reduction of Ag+ and stabilizing the
Ag2O [9,10,12,20]. However, the possibility cannot be excluded that Ag+ is reduced during the
processes given in the Equations (2)−(5), yielding Ag(0), since no other suitable electron acceptor is
available. Regardless of whether the electrons reduce Ag+ or become stored in Ag(0), Ag/Ag2O is not
acting as a photocatalyst, because the material changes irreversibly during the reaction.
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The potential of the Ag2O conduction band electron is more positive than the reduction potential
of the H+/H2 couple (Figure 6). Consequently, light-induced proton reduction yielding H2 is
thermodynamically impossible in suspensions containing only Ag/Ag2O. This is in accordance with
the experimental results reported in Section 2.2.

3.2. The Photocatalytic Activity of Physical Ag/Ag2O ⁄⁄ TiO2 Mixtures

3.2.1. Bleaching of Methylene Blue

When irradiated with light at wavelengths ≥ 410 nm, methylene blue was found to be bleached
in the presence of Ag/Ag2O, and mixtures of this material with TiO2. The rate of MB bleaching
decreased with increasing amounts of TiO2. Of course, TiO2 itself was found to be photocatalytically
inactive, since it was not excited under this illumination condition (Figure 4c and Table 1). The electron
transfer reaction resulting in the observed bleaching of the MB solution occurred at the surface of
the Ag2O, as discussed in Section 3.1. According to the SEM images (Figure 2a–d), the surface of
the Ag2O was increasingly covered by TiO2 as the content of this oxide in the mixture increased.
The interfacial electron transfer was inhibited by this TiO2 layer (Figure 7). The reaction rates suggest
that this inhibition increased with increasing amounts of TiO2 on the Ag/Ag2O surface. Consequently,
the TiO2-rich mixtures TM 11 and TM 14 exhibited rates of bleaching almost the same as the rate
of photolysis in homogeneous solution (Table 1). Interfacial electron transfer from excited MB to
TiO2 (which is thermodynamically possible; cf. Figure 6) obviously did not contribute significantly,
since no MB bleaching was observed under visible light illumination of suspensions containing only
this photocatalyst.

Figure 7. Possible mechanism of MB bleaching by Ag2O and Ag2O-containing mixtures and composites
under visible light illumination.

The situation was different when the TM mixtures were illuminated with UV/vis light. The rate
of MB bleaching in the presence of the Ag/Ag2O ⁄⁄ TiO2 mixtures was found to increase with increasing
TiO2 content. However, the rates were always lower than the rates determined for suspensions
containing only Ag/Ag2O or bare TiO2 (Figure 4a and Table 1). These rates cannot be explained solely
by the optical properties of the suspensions. Of course, as the Ag/Ag2O content increases, more UV
photons are absorbed by Ag2O. They are thus no longer available for the excitation of the TiO2 that
results in decreasing amounts of charge carriers in the TiO2 and, consequently, decreasing rates of MB
degradation. However, the MB bleaching rate calculated for the TiO2-rich TM 14 mixture suggests that
not all photogenerated charge carriers were used in the desired MB bleaching reaction, but some were
lost by reactions between excited TiO2 and Ag/Ag2O, resulting in the reduction of Ag+.

XRD measurements revealed the reduction of Ag+ during the light-induced bleaching of MB
under UV/vis illumination. The ratios of the peak intensities corresponding to Ag2O and TiO2 of
the mixture TM 41 and the composite TC 41 were significantly lower after two experimental runs
than before illumination (Figure 8). On the other hand, the ratios of the peak intensities attributed
to metallic Ag and TiO2 obviously increased. In the case of the Ag/Ag2O ⁄⁄ TiO2 mixture TM 11,
apart from the TiO2 peaks, the only visible XRD peaks could be assigned to AgCl and Ag(0) after
illumination of a suspension containing MB (Figure S2). The new peaks in the diffractogram, which
are indexed to AgCl, were possibly formed by a reaction between Ag+ and Cl− known to be present
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at the surface of TiO2 P25 [39]. This reaction certainly explains the decrease of the Ag2O peaks in
the diffractogram. However, this explanation does not exclude that Ag2O is also transformed by a
light-induced reduction reaction, yielding Ag(0).

(a) (b) 

Figure 8. XRD patterns of (a) TM 41 and (b) TC 41 after two cycles of MB bleaching employing
UV/vis light.

The conclusion from the XRD data, that Ag(I) was reduced yielding Ag(0) during the light-induced
bleaching of MB in the presence of the mixture TM 41, is supported by the results of the analysis
of XPS data taken before and after two experimental runs (Figure 9a,b and Figure S3). It becomes
obvious from Figure 9a that the Ag 3d5/2 and Ag 3d3/2 peaks of Ag2O in the mixture TM 41 decreased
in intensity and broadened, while the Ag(0) 3d5/2 and Ag(0) 3d3/2 peaks increased in intensity after
two photocatalytic reactions. Furthermore, the deconvolution of the O 1s peaks denotes that the peak
corresponding to the Ag-O bond had a lower intensity compared to the same peak observed before
the reaction, indicating significant changes occurred during the light-induced MB bleaching reaction
(Figure 9b). These changes were mainly due to the light-induced reduction of Ag+ yielding Ag(0).
Again, the condition of stability of a catalyst was not satisfied.

 
(a) 

 
(b) 

Figure 9. Cont.
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(c) 

 
(d) 

Figure 9. High-resolution XPS spectra of the Ag 3d and O 1s signals of TM 41 (a,b) and TC 41 (c,d)
before and after two experimental runs.

3.2.2. Light-Induced Hydrogen Evolution

From a thermodynamic point of view, excited TiO2 is able to transfer a conduction band electron
to a proton present at the photocatalyst surface (Figure 6). This electron transfer is, however, known
to be a kinetically inhibited process. Therefore, it is necessary to deposit an electrocatalyst at the
TiO2 surface, which accelerates the interfacial electron transfer. Ag(0) is known to be a suitable,
though relatively inactive, electrocatalyst [50,51]. In this work as well, pure TiO2 showed only a
very low photocatalytic activity with regard to H2 evolution from aqueous methanol. When using
the TM materials, a significant increase in the amount of H2 evolved (consequently corresponding
with an increase in the reaction rate) during six hours of illumination of the mixture was observed
with increasing TiO2 content (Figure 5a and Table 1). On the one hand, this can be explained by the
fact that a significant portion of the UV photons was absorbed by Ag2O being inactive under this
illumination condition, and thus was not available for the desired H2 evolution reaction. However,
this portion decreased with increasing TiO2 amount of the mixture. On the other hand, some of the
TiO2 conduction band electrons were transferred to the Ag2O, where they were consumed to reduce
Ag+ to Ag(0). These electrons were therefore also not available for the desired reaction. Obviously,
these undesired electron losses are lower the higher the mass fraction of TiO2 in the physical mixture,
resulting in increasing H2 evolution rates with increasing mass fraction of TiO2.

3.3. The Photocatalytic Activity of Ag/Ag2O ⁄⁄ TiO2 Composites

3.3.1. Bleaching of Methylene Blue

When irradiated with light at wavelengths ≥ 410 nm, methylene blue was found to be bleached
in the presence of the three TC composites (Figure 4d and Table 1). All TC composites exhibited a
higher activity than the corresponding TM mixtures. As in the case of the TM materials, the rate
of MB bleaching decreased with increasing amounts of TiO2. The increased reaction rates for MB
bleaching in the presence of Ag2O containing solids, compared to the rate of photolysis under visible
light illumination, were explained in Section 3.2.1 with an interfacial electron transfer from (excited)
MB to Ag2O (cf. Figure 7). However, the experimental result is surprising when it is considered
that the surfaces of the composites were smaller than the surfaces of the corresponding TM mixtures.
A possible explanation may be due to the preparation method. For the TC materials, the Ag/Ag2O
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was prepared in a TiO2 suspension. Therefore, the Ag/Ag2O was attached on the surface of the TiO2

particles. In contrast, in the TM mixtures large Ag/Ag2O particles were covered by TiO2, hindering
the electron transfer from excited MB to the Ag2O, as discussed in Section 3.2.2.

The rate of MB bleaching in the presence of TC composite was significantly higher under UV/vis
than under visible light illumination. As observed for the TM materials, the bleaching rates were
lower in suspensions containing the composites than in suspensions containing only Ag/Ag2O or
TiO2 (Figure 4b and Table 1).

XRD and XPS data indicate that Ag(I) was reduced, yielding Ag(0), during the light-induced
bleaching reaction of MB in the presence of the composite TC 41. A stabilization of Ag2O by metallic
silver, as claimed by several authors [9–12,20,29], was not observed. No XRD peaks that can be
attributed Ag2O, were observed after two experimental runs of the composite. However, the ratios of
the peak intensities due to metallic Ag and TiO2 obviously increased (Figure 8b). No Ag 3d5/2 and Ag
3d3/2 peaks, which can be attributed to Ag(I), were present either in the deconvoluted XPS spectra
obtained after two experimental runs (Figure 9c and Figure S3). The XPS peak, which was attributed
to the presence of Ag-O, also disappeared during the light-induced reaction (Figure 9d and Figure S3).

These observations support the statement made above that Ag/Ag2O cannot be called a
photocatalyst. The XRD pattern shown in Figure 8b as well as the XPS data presented in the Figure 9c,d
clearly evince that the Ag:Ag2O ratio changed during the light-induced bleaching of MB. Thus, the
condition for a catalyst to exit a chemical reaction unchanged is not satisfied.

3.3.2. Light-Induced Hydrogen Evolution

The three TC composites were found to be able to promote light-induced H2 evolution
from aqueous methanol. The calculated reaction rates were significantly larger than those of the
corresponding TM mixtures. The highest H2 evolution rate was observed in the presence of TC 11
(Figure 5b and Table 1), which was also characterized by a high MB bleaching rate under UV/vis
illumination. A possible mechanistic explanation for the high activity of the TC 11 composite is based
on the assumption of synergistic effects, due to the presence of both Ag(0) and Ag2O at the TiO2 surface
(Figure 10). TiO2 is excited by UV photons. The photogenerated conduction band electrons migrated
to the Ag(0) attached to the TiO2 surface. In a subsequent step, interfacial electron transfer from Ag(0)
to protons present in the surrounding electrolyte occurred, thus yielding molecular hydrogen. The
valence band hole inside the TiO2 particle was filled by an electron from an attached Ag2O particle.
Methanol was oxidized by this hole in the valence band of the Ag2O. According to this mechanism,
Ag(0) acts as an electron sink, thus decreasing the electron-hole recombination, and as electrocatalyst
for the hydrogen evolution reaction, while Ag2O is an electrocatalyst for the oxidation reaction of
methanol yielding methanal. The supposition made here, that the methanol oxidation occurs at the
Ag2O surface via electron transfer to the valence band of the excited TiO2, has already been proclaimed
earlier [16,19,23,26]. It should be emphasized again that the energy of an electron in the conduction
band of the Ag2O employed in this study is insufficient to reduce a proton (Figure 6). Consequently,
excitation of TiO2 is a prerequisite for photocatalytic reforming of methanol. TiO2 is known to be
a relatively inactive material for the photocatalytic reduction of protons. High evolution rates of
molecular hydrogen are observed only in the presence of a co-catalyst. Ag2O was found here to
be an unsuitable co-catalyst for the hydrogen evolution reaction, since electron transfer from the
excited TiO2 can only occur into the conduction band of this material. The photocatalytic activities
of the composites and mixtures discussed here are thus determined to a considerable extent by the
competition between interfacial electron transfer to protons in the surrounding electrolyte, and to
silver ions in Ag2O. The mechanism of the photocatalytic hydrogen evolution by reforming of organic
compounds in the presence of the mixtures and composites employed in this study does not contradict
the mechanism discussed for Ag/Ag2O ⁄⁄ TiO2 samples, which contain Ag2O with a significantly more
negative conduction band energy than TiO2 [17,24,26,33].
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Figure 10. Mechanism of hydrogen evolution from aqueous methanol under UV/vis illumination.

Changes in the respective mass fractions of TiO2, Ag, and Ag2O at constant total mass of the solid
in suspension may have several impacts on the rate of hydrogen evolution. Increasing mass fractions
of UV absorbing and scattering Ag and Ag2O reduces the number of photons to be absorbed by the
TiO2, thus reducing the H2 evolution rate. A reduction of the mass fraction of metallic Ag may possibly
slow down the interfacial electron transfer to the proton, while a reduction of the mass fraction of
Ag2O might negatively affect the oxidation reaction. It should also be noted that Ag2O can act as a sink
for a TiO2 conduction band electron (cf. Figure 6). These partially opposing effects may be responsible
for the observed differences in the H2 evolution rates in the presence of the various TC composites
(and TM mixtures).

4. Experimental Section

4.1. Materials

Titania P25 (TiO2) with a mixture of anatase (80%) and rutile (20%) crystal phase, and a specific
surface area of 50.1 m2 g−1, was kindly provided by Evonik, Essen, Germany. Silver nitrate (99%, Sigma
Aldrich Chemie GmbH, München, Germany), sodium hydroxide pellets (99%, Carl Roth, Karlsruhe,
Germany), methanol (99.9%, Carl Roth), and methylene blue (Sigma Aldrich) were used without
further purification. Deionized water with a resistivity of 18.2 MΩ·cm was obtained from a Sartorius
Arium 611 device (Sartorius Göttingen, Germany) and used for the preparation of all aqueous solutions
and suspensions.

4.2. Synthetic Methods

4.2.1. Preparation of Ag/Ag2O

An amount of AgNO3 was dissolved in 50 mL of distilled water. The obtained solution was
stirred for 30 min. Subsequently, 50 mL NaOH (0.2 M) was added dropwise. The resulting suspension
was stirred for another 30 min to promote hydrolysis, and centrifuged, washed with distilled water
three times, and dried at 70 ◦C for 24 h.

4.2.2. Preparation of TM Mixtures

The samples were obtained by mixing the self-prepared Ag2O with TiO2 at mass ratios of 4:1
(20 mass% TiO2), 1:1 (50 mass% TiO2), and 1:4 (20 mass% TiO2) with water. The suspensions were
sonicated for 1.5 h and dried at 70 ◦C for 24 h. The Ag/Ag2O ⁄⁄ TiO2 with 20%, 50%, and 80% of TiO2

were nominated as TM 41, TM 11, and TM 14, respectively. For purpose of comparison, a TiO2 sample
was prepared by the same procedure without the addition of Ag/Ag2O.

4.2.3. Preparation of TC Composites

The TC composites were prepared by a published precipitation method [25,29]. A measured
amount of TiO2 was suspended in 50 mL of distilled water, and the calculated amount of AgNO3
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corresponding to the desired mass ratio of Ag2O was added to the solution. The obtained suspension
was stirred for 30 min. A volume of 50 mL 0.2 M NaOH was added dropwise. The resulting suspension
was stirred for another 30 min to promote hydrolysis and centrifuged, washed with distilled water
three times and dried at 70 ◦C for 24 h. The Ag/Ag2O ⁄⁄ TiO2 with 20 mass%, 50 mass%, and 80 mass%
of TiO2 were denoted as TC 41, TC 11, and TC 14, respectively.

4.3. Characterization of the Materials

The crystalline structure of the catalysts was measured by powder X-ray diffraction XRD (D8
Advance system, Bruker, Billerica, MA, USA), using a Cu Kα radiation source with a wavelength of
λ = 0.154178 Å over a 2θ range from 20◦ to 100◦, with a 0.011◦ step width. The morphology of the
prepared materials was determined using a scanning electron microscope (SEM), employing a JEOL
JSM-6700F field emission instrument (Tokyo, Japan) with a resolution of 100 nm and 1 μm using an
EDXS detector. Measurements of X-ray photoelectron spectra were carried out using a Leybold Heraeus
(Cologne, Germany) with X-ray source, Mg & Al anode, nonmonochromatic, hemispherical analyzer,
100 mm radius. Data analysis was performed using XPSPEAK 4.1 software (Hong Kong, China).
The energy of the C1s-line was set to 284.8 eV and used as reference for the data correction. Diffuse
reflectance UV–Vis spectroscopy was employed using a spectrophotometer (Varian Spectrophotometer
Cary-100 Bio, Agilent technologies, Santa Clara, CA, USA) at room temperature. Barium sulfate was
used as a standard for 100% reflection. The specific surface area (SSA) of the samples was calculated
by N2 adsorption–desorption measurements, employing the Brunauer-Emmet-Teller (BET) method
using a FlowSorb II 2300 apparatus from Micromeritics Instrument Company (Corp., Norcross, GA,
USA). Prior to these measurements, the samples were evacuated at 180 ◦C for 1 h. Measurements of
photocurrents and flat band potentials were performed with an electrochemical analyzer using three
electrodes employing an Iviumstat potentiostat (Ivium Technologies bv, Eindhoven, The Netherlands).
Films of the samples were used as the working electrode, after being coated on cleaned fluorine doped
tin oxide (FTO) coated glass using the doctor blade method and calcinated at 400 ◦C for 2 h. These
working electrodes were prepared by grinding 100 mg of the photocatalysts and 50 mg polyethylene
glycol with one drop of Triton, followed by addition of 200 μL of deionized water and a sufficient
amount of ethanol. An Ag/AgCl electrode (3 M NaCl, +209 mV vs. NHE) and a platinum coil were
used as the reference electrode and the counter electrode, respectively. Potassium nitrate aqueous
solution (0.1 M) was used as the electrolyte. The impedance spectra were recorded in the range
between the chosen potential from −1 V to +1 V at frequencies of 10, 100, and 1000 Hz with 20 mV
amplitude vs. Ag/AgCl. The capacitance was plotted against V, and the flat band was calculated from
the intercept of the plot. (i.e., a plot of C−2 vs. V, where C was the capacitance and V was the potential
across the space charge layer).

4.4. Photocatalytic Measurements

4.4.1. Methylene Blue Degradation

The apparatus used for carrying out of the photocatalytic degradation reactions consisted of a
double jacket cylindrical reactor with a 230 mL volume, which circulated with cold water to maintain
the ambient reaction. A volume of 200 mL of aqueous solution of methylene blue (MB, 10 mg L−1) and
200 mg of photocatalysts were used for each reaction experiment. A 300 W Xenon arc lamp (Müller
Electronik-Optik, Moosinning, Germany) was used both as the UV/vis light source and as the vis light
source by placing a UV cut-off filter (≥410 nm) in the light path. The lamp was started 30 min before
the degradation experiments to ensure maximum emission. Aliquots (1.5 mL) of the suspensions were
collected at given time intervals (0, 2, 4, 6, 8, 10, 15, and 30 min), centrifuged to remove the solid,
and analyzed immediately with the UV–Vis spectrophotometer.
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4.4.2. Photocatalytic Hydrogen Formation

The photocatalytic H2 generation experiments were conducted in quartz vials (capacity of
10 mL) under illumination with a 1000 W Xenon lamp (Hönle UV Technology, Gräfelfing, Germany;
Sol 1200 solar). An amount of 6 mg of the photocatalyst was suspended in 6 mL aqueous methanol
(10 vol% methanol). The suspension was purged with argon for 20 min to remove the air, and the
quartz vial was sealed with a specially made rubber septum degassed for sampling. The amount
of H2 gas evolved during the photocatalytic reaction was quantified every two hours using a gas
chromatograph (Shimadzu GC-8A, Shimadzu Deutschland GmbH, Duisburg, Germany) equipped
with thermal conductivity detector (TCD) and 60/80 molecular sieve 5 Å column.

5. Conclusions

Ag/Ag2O was found to enhance the rate of light-induced bleaching of aqueous methylene blue
under both UV/vis and vis illumination, in comparison to the bleaching in homogeneous solution.
Even in suspensions containing mixtures and composites of Ag/Ag2O with TiO2 (P25), with varying
mass ratios of Ag/Ag2O (20%, 50%, and 80%), the reaction rate was slightly increased under these
illumination conditions. However, the bleaching rate of methylene blue was lower in the presence of the
composites and mixtures than the rate measured for bare Ag/Ag2O. It is therefore suggested that the
bleaching of methylene blue is initiated by an interfacial electron transfer from the excited organic probe
compound to Ag2O. TiO2 layers covering the Ag2O seem to inhibit this electron transfer. Since Ag2O
can transfer an electron neither to dissolved molecular oxygen nor to a proton for thermodynamic
reasons, it is assumed that Ag+ is reduced to Ag(0) in the processes investigated here. Results of
XRD and XPS measurements support this assumption, and indicate that Ag/Ag2O is not stable
under the experimental conditions employed in this study. A stabilization of Ag2O by metallic silver,
as occasionally claimed, was not observed. Therefore, to address Ag/Ag2O as a (photo)catalytically
active material does not seem appropriate.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/12/647/s1,
Figure S1. EDX diagrams of all prepared photocatalysts. Figure S2. XRD patterns of TM 11 photocatalyst after one
cycle of MB bleaching employing UV/vis light. Figure S3. XPS spectra of Ag 3d, O 1s and Ti 2p in the Ag/Ag2O,
TM and TC materials. Figure S4. Emission spectrum of the used Xenon lamp. Figure S5. UV/vis spectra of
aqueous methylene blue solutions obtained during illumination with visible light in the presence of Ag/Ag2O.
Figure S6. Calibration curve for H2 experiment.
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Abstract: Floating photocatalytic devices are highly sought-after as they represent good candidates
for practical application in pollutant remediation of large water basins. Here, we present a multilayer
floating device for the photocatalytic remediation of contaminants present in water as well as of
volatile species close to the water surface. The device was prepared on a novel tailored ter-polymer
substrate based on methylmethacrylate, α-methylstyrene and perfluoroctyl methacrylate. The ad
hoc synthesized support presents optimal characteristics in terms of buoyancy, transparency, gas
permeability, mechanical, UV and thermal stability. The adhesion of the TiO2 top layer was favoured
by the adopted casting procedure, followed by a corona pre-treatment and by the deposition of an
intermediate SiO2 layer, the latter aimed also at protecting the polymer support from photocatalytic
oxidation. The device was characterized by contact angle measurement, UV-vis transmittance and
scanning electron microscopy. The final device was tested for the photocatalytic degradation of
an emerging water pollutant as well as of vapors of a model volatile organic compound. Relevant
activity was observed also under simulated solar irradiation and the device showed good stability and
recyclability, prospecting its use for the photocatalytic degradation of pollutants in large water basins.

Keywords: composite; polymethylmethacrylate; photocatalytic oxidation; titanium dioxide; tetracycline;
ethanol

1. Introduction

Polymer/TiO2 micro and nano-composites have raised a great deal of interest in recent years due
to their broad range of applications, including the enhancement of thermal, dielectric and mechanical
properties of polymers [1–4], water purification [5,6], biomaterials [7] and anti-bacterial surfaces [8],
energy conversion and storage such as in solar and fuel cells, lithium batteries and electrochemical
capacitors [9–12].

In the field of surface water and wastewater treatment by photocatalytic oxidation [13,14],
TiO2/polymer composites benefit from the high durability, light-weight, controlled surface properties
and ease-of-processing of the polymeric component [15]. One major challenge in this field is the
development of photoactive and durable floating devices for the remediation of large, polluted
areas, such as water basins [16]. With respect to powder photocatalysts, floating systems enable an
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easy retrieval of the photocatalyst as well as a more efficient light usage, since light, especially UV,
attenuates rapidly in water (less than 1% of the UV light or ca. 20% of visible light irradiated on the
water surface reaches a depth of 0.5 m [17]. The use of inorganic coatings and polymer substrates
aims at filling this gap by combining the unique photocatalytic properties deriving from TiO2 and the
excellent polymer processability for an easy scalable technology. Key to the success of such composite
devices is the engineering of the fabrication materials and of the device design. Tu et al. described
the development of a ternary system made of polypropylene, TiO2 and activated carbon for the
adsorption and degradation of phenol [18]. Sponge-like polyurethane composite foams were adopted
by Ni et al. for surface water remediation [19]. Han et al. coated commercial polypropylene with
different TiO2 layers for the degradation of methyl orange [20]. However, an unresolved issue for
nano/microcomposites is represented by their poor photochemical, thermal and mechanical stability.
As a matter of fact, the mechanical stability of composite devices is limited by the inherent low
compatibility between the polymer and the oxide layers [21]. Moreover, the device stability under
prolonged irradiation depends on the photostability of the polymer component as well as on the
possible occurrence of polymer degradation due to the TiO2 photocatalytic activity [22]. Overall, a
relatively fast loss of photocatalytic performance is often reported [8,18].

In order to increase the mechanical and photochemical stability of the composite, the properties
of the device are to be carefully tailored. In particular, the wetting properties of the polymer surface
have to be modified to promote the adhesion of the oxide film by increasing the polymer surface
hydrophilicity [23]. However, the bottom side of the floating device should present good hydrophobic
properties in order to display stable buoyancy. In this respect, the addition of fluorinated chains to
enhance hydrophobicity can reduce the photostability of the polymer. The tailoring of the wetting
features of the polymer is thus a critical issue for the creation of stable polymer/oxide composites.

Most of the literature uses commercial polymers as substrates for the oxide deposition due to their
flexibility, availability and lower cost [21]. However, the poor thermal stability of common commercial
polymers (e.g., polyesters and polyacrylates) severely restricts the range of available stabilization
treatments that can be used to improve the oxide layer adhesion. The UV resistance and mechanical
properties are also critical issues when commercial polymers like polypropylene and polyesters are
employed. Moreover, a good transparency in the UV-vis range and high oxygen permeability are
also required for the application in open water basins, limiting the applicability of polyurethanes and
polyacrylonitriles, respectively.

To solve these issues, in the present work a novel tailored ter-polymer based on
methylmethacrylate (MMA), α-methylstyrene and perfluoroctyl methacrylate (POMA) co-monomers
was synthesized to be adopted as substrate for the photoactive layer, to achieve good buoyancy,
transparency and high mechanical, UV and thermal stability. The TiO2 layer adhesion was ensured
via a surface pre-treatment of the polymer aimed at enhancing its hydrophilicity as well as via
addition of an intermediate SiO2 layer, which also protects the polymer from the TiO2 generated
radicals. The device showed good stability under prolonged irradiation in working conditions. The
photocatalytic performance was tested towards the degradation of volatile organic compounds (VOCs)
in the gas phase and of an emerging pollutant in water, showing good recyclability.

2. Results and Discussion

2.1. Synthesis and Characterization of MMA_α-Methylstyrene_POMA ter-Polymer

Poly(methyl methacrylate) is the lightweight and shatter-resistant alternative to glass par
excellence due to its optimal transparency. It is widely used for outdoor applications thanks to
its UV resistance and excellent mechanical properties. However, this polymer suffers from a relatively
low thermal stability (glass transition temperature, Tg, 105.0 ◦C) that makes it unsuitable for the
present application.
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In this work, a new type of methacrylic ter-polymer was prepared via free radical polymerization
among MMA, α-methylstyrene and POMA, according to the reaction scheme represented in Figure 1.
The 1H NMR spectra of the synthesized fluorinated comonomer and of the ter-polymer are reported
in Figures S1 and S2, respectively. The addition of α-methylstyrene in a molar ratio of 20% with
respect to MMA significantly enhanced the thermal properties of the material, leading to a Tg of
123.9 ◦C (Table 1, 2nd column) and furthermore, the corresponding polymer foils are characterized by
mechanical properties (Table 1, 7th–9th column) comparable with industrial films of polyacrylates [24]
and excellent oxygen permeability (oxygen transmission rate, OTR: 314 cm3 m−2 d−1) [25] with high
homogeneity of the film casted (Figure S3).

Figure 1. Synthetic route for MMA_α-methylstyrene_POMA ter-polymer.

Table 1. Main physicochemical (glass transition temperature, Tg; number average molecular weight,
Mn; molecular weight distribution, D; water contact angles, wCA) and mechanical properties (elastic
Young’s tensile modulus, tensile strength, elongation at break) of the MMA_α-methylstyrene_POMA
ter-polymer before and after the UV stability test.

Tg (◦C) Mn(Da) D
wCA

Air-Side (◦)
wCA

Mould-Side (◦)

Elastic
Modulus

(GPa)

Tensile
Strength

(Mpa)

Elongation
at Break

(%)

before UV test 123.9 28100 2.1 67 ± 2 114 ± 3 3.1 70 2.3
after UV test 124.0 28000 2.1 66 ± 3 116 ± 2 2.9 68 1.9

The wetting features of the polymer films were tailored by the addition of a new fluorinated
methacrylic monomer, POMA, which was synthesized via esterification reaction between methacryloyl
chloride and 1H,1H,2H,2H-Perfluoro-1-octanol. The fluorinated monomer, together with the adopted
solvent casting deposition technique, allowed us to achieve different wetting features on the two
sides of the polymer film. As described in previous works for other polymers [26,27], during the
drying process the apolar fluorinated chains of the polymer tend to reorganize orienting towards the
hydrophobic mould surface due to the higher affinity with polytetrafluoroethylene (PTFE) with respect
to the solvent. This gives rise to a polymer film characterized by a hydrophobic side (PTFE-side),
and a hydrophilic one (air-side), as appreciable from water contact angle measurements (Table 1, 5th
and 6th columns). Surface free energy could not be reliably determined by methods based on contact
angle measurements [28] as the polymer was dissolved by some of the most commonly employed
solvents used for this purpose (e.g., CH2I2).

The POMA content was selected in order to impart the desired hydrophobic properties while
preserving the UV stability of the polymer, as determined by stability tests upon prolonged UV
irradiation (100 h). FT-IR spectra collected at the air and the PTFE sides of the polymer film before
and after UV exposure (Figure S4) show the same features: Peaks in the ~ 3100–2800 cm−1 range,
which can be attributed to stretching modes of C–H aliphatic bonds [29], the stretching of carbonyl
ester groups (C=O) between ~ 1750 cm−1 and ~ 1600 cm−1 [29], and the characteristic absorption
band for the symmetric stretching vibration of C–O conjugated to carbonyl ester groups, which appear
between ~ 1350 cm−1 and ~ 1100 cm−1 [29]. The shape of these peaks does not change upon the UV
exposure test, testifying the preservation of the polymeric bonds in correspondence of the aliphatic
and carbonyl groups [30,31]. The presence of –CH3 groups in alpha position to carbonyl groups,
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which are deriving from the methacrylic co-monomers, inhibits the photo-chemical degradation of the
polymer [32]. Moreover, the main physicochemical properties of the polymer do not change upon UV
irradiation (Table 1), also in terms of wetting features of the two film sides. Thus, upon UV irradiation
the ter-polymer maintains not only its overall structure but also the organization of the fluorinated
chains, responsible for the wetting properties of the polymer foils. In their turn, the thermal and
mechanical properties remained totally unchanged upon UV stability tests (Table 1).

2.2. Device Preparation and Characterization

Figure 2 shows top SEM images of the different components of the photocatalytic device, i.e., of
the device layers in each stage of its assembly. The relative water contact angles are also reported in
inset. The air side and the mould side of the as-deposited polymeric foil present notable differences
both in terms of wetting and morphological features (Figure 2a,b). While the air side (Figure 2a)
appears highly homogeneous and smooth, the mould side (Figure 2b) is characterized by micrometric
roughness due to Teflon mould adopted for the deposition. The two sides of the as-deposited polymer
foil show different wettability thanks to the orientation of the fluorinated chains of POMA towards the
Teflon mould side. The corona treatment increases the hydrophilicity of the polymer surface (reaching
a value of 44 ± 1◦ right after the treatment) surface and imparts a morphological change in the polymer
foils (Figure 2c). Micrometric cavities can be detected, in agreement with the literature [33], which are
excavated by the energy particles bombardment. These micro pits concur to improve the adhesion of
the inorganic layers due to a larger potential bond area [33]. The silica layer spray-deposited onto the
polymer surface is crack-free and homogeneously covers the whole foil surface (Figure 2d) and further
increases the hydrophilicity of the surface (32 ± 6◦). Upon deposition of the TiO2 layer, the presence of
titania particles leads to an appreciable surface roughness (Figure 2e) and to a slight increase of the
water contact angle (63 ± 2◦) for the unirradiated sample. Even after prolonged irradiation in water,
the morphology of the film remains comparable with the one of a pristine sample (Figure 2f).

Cross-sectional SEM images of the bare polymer foil and of the final composite device are reported
in Figure 3. Figure 3a shows that the polymer foil has a porous morphology, induced by the choice of
the casting solvent, which is at the basis of the lightness of the foil and enhances its floating capabilities.
The thickness of the foil was measured to be ca. 200 μm. Figure 3b shows instead the thickness and
the morphology of the inorganic layers (SiO2 and TiO2) deposited onto the polymer substrate in the
complete device. A micrometric silica layer with a very compact morphology favors the protection
the organic substrate from the photocatalytically produced radical species. The top titania layer is
instead much thinner, in agreement with previous reports [34]; moreover, the active TiO2 layer displays
a rough and porous morphology, as also shown by the top view micrographs, which can be beneficial
for the photocatalytic application by enhancing the actual surface area extension and by increasing
photon absorption [35].
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Figure 2. SEM images of the air side (a) and the mould side (b) of the polymer foil, of the air side after
corona treatment (c), of the silica layer (d) and of the final device before (e) and after (f) prolonged
irradiation under working conditions, together with the relative water contact angles (in insets).

Figure 3. Cross-sectional SEM images of the deposited polymeric foil (a) and of the final device (b).

XRD patterns of the complete device collected on a Philips PW 3710 Bragg-Brentano goniometer
proved unsuccessful in determining the structural composition of the TiO2 top layer, due to the
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limited thickness of the film. However, the phase composition of the top layer can be inferred from its
synthetic procedure: The addition of Hombikat UV 100 ensures the presence of crystalline anatase
particles (see Section 3.2.4). Besides the crystalline commercial particles, the TiO2 film is expected to
show limited crystallinity due to the lack of high temperature post-treatments needed to promote the
formation of crystalline anatase [34].

The transmittance spectra of the device before and after the deposition of the TiO2 layer are
reported in Figure 4a together with the spectrum of the bare polymer, for the sake of comparison.
The bare polymer foil presents high transparency in the whole visible range (constant transmittance of
ca. 80% between 400 and 800 nm). This is a highly desirable feature for application in natural settings
as water basins. In the UV region, the transmittance shows a good degree of transparency, presenting
a transmittance >60% up to 285 nm, enabling an efficient use of sunlight by the TiO2 layer in the full
device even when the device is capsized. The deposition of the silica layer leads to a further slight
enhancement of transmittance in the visible range, owing to the antireflective properties of the silica
film [36], while in the UV region a minor decrease of transmittance is observed, due to the characteristic
light absorption of SiO2, remaining however >55% up to 285 nm. The complete photocatalytic device
still presents a good transparency (transmittance ca. 70%) in the whole visible region, as also revealed
by the photograph reported in Figure 4b. In the UV region, the characteristic absorption of TiO2

is appreciable, due to the top titania layer. It should be noted that up to 340 nm the device shows
substantial transparency (transmittance > 50%), which guarantees the photoactivation of the titania
layer also with back illumination. The device can thus be used for both the degradation of water
pollutants and gaseous organic compounds present in the atmosphere. In fact, as appreciable from
Figure 4c,d, the device revealed high floating capabilities, which remained stable in time, owing to the
lightness of the polymer, together with the enhanced hydrophobicity of the bottom side provided by
the use of the fluorinated comonomer.

Figure 4. UV-vis transmittance spectra (a) and photographs proving the transparency (b) and the
buoyancy of the composite device on both the mould (c) and air sides (d); a flag was attached on top of
the air side of the transparent device to make it more easily detectable.

2.3. Photocatalytic Activity

The photocatalytic activity of the device was firstly tested in the gas phase degradation of VOCs.
In this respect, ethanol was selected as model molecule on the grounds of a previous work [37].
The present device proved to be effective in the degradation of ethanol vapor, achieving complete
disappearance of the target molecule after 4 h of irradiation (Figure S5) despite the high pollutant
concentration (200 ppm) and the low irradiated TiO2 amount (ca. 9 mg). Moreover, the main
intermediate (acetaldehyde) was almost entirely removed after 6 h, leading to CO2 and water as final
products (Figure S5). Photolysis tests performed in the same conditions but without the device, showed
an ethanol disappearance rate of 1.2 × 10−3 min−1 and no appreciable formation of intermediates/CO2.
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The present result is thus comparable with previous reports of ethanol gas phase degradation
using a similar amount of P25 free powder [38]. However, with respect to previous reports showing
substantial deactivation just upon three recycle tests [38], in the present case the device maintained
its photocatalytic activity after three consecutive photocatalytic runs (Figure 5a), as appreciable
from the pollutant pseudo-first order disappearance rates. In all cases, the mineralization (complete
oxidation to CO2) was larger than 75%, proving the stability and the reusability of the prepared
photocatalytic device.

The photocatalytic activity of the device was also evaluated towards the degradation of
tetracycline. Tetracyclines are the best-selling antibiotics [39] and have been classified as emerging
pollutants [40,41]. Due to their large usage in both humans and animals, tetracyclines are among the
most frequently detected micropollutants both in wastewaters [42] and in large water basins as the
lakes of Northern Italy [43], leading to increased levels of tetracycline-resistant bacteria [44]. Under
simulated solar light with back irradiation, the floating device achieved a tetracycline degradation
of 50% after 14 h of irradiation, without any decrease of the performance during the reaction time
(Figure 5b), suggesting the possibility to completely degrade the target molecule by prolonging the
irradiation. A pseudo-first order kinetics of 4.7 ± 0.1 h−1 was observed (Figure 5b). Tests performed in
the same conditions in the absence of the device showed a photolysis rate of 1.3 ± 0.1 h−1, in agreement
with previous reports [45].

Only few studies reported the photocatalytic degradation of pollutants by floating devices
under solar light [21]. Although comparisons are difficult to draw due to the different experimental
conditions, the presently reported floating device shows promising performance with respect to
previous reports as several literature studies obtain similar degradation rates using much larger TiO2

actual contents [20,46,47].
The stability of the device after prolonged UV irradiation in working conditions is also testified

by cross-sectional SEM images (Figure S6). The rough morphology of the top TiO2 layer is well
appreciable as well as the compact silica layer. It should be noted that the overall thickness of the oxide
layer can vary due to the adopted deposition procedure (spray coating).

Figure 5. Photocatalytic tests results: (a) ethanol disappearance under UV irradiation and the relative
rate constant in the recycle tests; (b) Determination of the rate constant of tetracycline disappearance
in simulated solar photocatalytic tests: logarithmic conversion plot as a function of irradiation time
(R2 = 0.995).

3. Materials and Methods

3.1. Materials

Methyl methacrylate (MMA, 99%), methacryloyl chloride (97%),
1H,1H,2H,2H-Perfluoro-1-octanol (97%), α,α’-Azoisobutyronitrile (AIBN, 99%), triethyl amine
(TEA, ≥99.9%), sodium bicarbonate (NaHCO3, ≥99.7%), sodium sulfate (Na2SO4, ≥99.99%),
cyclohexane (99.5% anhydrous), methanol (99.8% anhydrous), α-methylstyrene (≥99% anhydrous),
distilled water Chromasolv® (≥99.9%), methylene chloride (CH2Cl2, ≥99.8% anhydrous), hydrochloric
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acid (HCl, 37%), tetrahydrofuran (THF, ≥99.8% anhydrous) and chloroform-d (CDCl3, 99.96 atom
% D) were acquired from Sigma-Aldrich (St. Louis, MI, USA)and used without further purification.
Doubly distilled water passed through a Milli-Q apparatus (Sigma-Aldrich, St. Louis, MI, USA) was
adopted to prepare solutions and suspensions.

3.2. Preparation Procedures

3.2.1. Synthesis of POMA

The reaction was carried out under inert atmosphere using a 100 mL three-neck round bottom
flask equipped with a nitrogen inlet adapter, an internal thermometer adapter, an overhead magnetic
stirrer and a reflux condenser. Firstly, 20 mL of methylene chloride, methacryloyl chloride (2.8 g) and
1H,1H,2H,2H-Perfluoro-1-octanol (9.8 g) were mixed. Then, 2.9 g of TEA was added to neutralize HCl
formed during the esterification reaction. The solution was carefully cooled down to 0 ◦C and then
stirred for 16 h. Afterwards, it was gradually brought back to room temperature. The solution was
washed several times with an aqueous solution of HCl at 5% w/w and then with NaHCO3 5% w/w to
remove traces of TEA and HCl, respectively. Water traces were removed with Na2SO4 and the salt was
removed via filtration. The resulting solution was dried under vacuum (ca. 4 mbar) at 40 ◦C for 1 h
(96% yield). The structure of POMA was confirmed via 1H NMR spectroscopy (Figure S1).

3.2.2. Synthesis of MMA_α-Methylstyrene_POMA Ter-Polymer

The reaction was performed under inert atmosphere in a 100 mL two-necked round bottom flask
equipped with a nitrogen inlet adapter, a reflux condenser and an overhead magnetic stirrer. 40 mL of
cyclohexane was mixed with MMA (14.6 g) and α-methylstyrene (4.3 g) POMA (0.8 g) and AIBN (0.3 g),
used as free radical initiator. The resulting molar ratios were 8:2 MMA: α-methylstyrene, 1% mol·mol−1

POMA: (MMA and α-methylstyrene), and 1% mol·mol−1 AIBN: (MMA, α-methylstyrene and POMA).
The solution heated in an oil bath at 70 ◦C for 24 h, then gradually cooled down to room temperature.
A white solid was precipitated by addition of a large excess of methanol. After recovering the solid by
filtration, the polymer was washed with methanol for several days under stirring to remove unreacted
methacrylic monomers. After washing, the polymer was dried in a vacuum oven (ca. 4 mbar) at 40 ◦C
for 48 h. The structure of the product was confirmed via 1H NMR spectroscopy (Figure S2).

3.2.3. Silica and Titania Sol Preparation

The silica sol was prepared by a modification of the procedure reported by Soliveri et al. [34].
Firstly, 10 g of tetraethyl orthosilicate (TEOS, Sigma-Aldrich, St. Louis, MI, USA) was added to
a solution of 4.5 g of 0.1 M HCl and 25 g of ethanol. The mixture was stirred at room temperature for
120 min and then refluxed at 60 ◦C for 60 min. After cooling down, a solution prepared by dissolving
2 g of Lutensol ON 70 (BASF, Ludwigshafen, Germany) in 25 g of ethanol (>99.8%, Sigma-Aldrich)
was added to the reaction mixture and stirred for 1 h. A stable, transparent sol was obtained.

For the preparation of the titania sol [48], 28.4 g of titanium isopropoxide (97%, Sigma-Aldrich)
was dissolved in 79 g of ethanol and 0.9 mL of HCl 37% was added while stirring. Then, a solution of
0.47 g of Lutensol ON 70 in 79 g of ethanol was added. The resulting stable and transparent sol was
stirred at 1 h at room temperature.

3.2.4. Device Preparation

Polymer films were prepared via solution casting: 1.8 g of polymer was dissolved in 10 mL of
CH2Cl2 and the resulting solution was cast onto a PTFE mould (7 cm in diameter). The films were
dried overnight at 25 ◦C and atmospheric pressure. The air side of the polymer film was corona treated
(Aslan Machinery, Germantown, MD, USA; voltage: 0.43 kW; exposition time: 5 min) in order to
promote the adhesion of the oxide layers. Then, the SiO2 layer was deposited by spray coating the silica
sol (nozzle diameter: 0.5 mm, target-nozzle distance ca. 30 cm; spraying time ca. 1 s, 3 layers). After
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drying at room temperature, the TiO2 layer was deposited by spray coating a suspension of Hombikat
UV100 (Sachtleben Chemie GmbH, Duisburg, Germany) (pure anatase, average crystallite size 10 nm,
specific surface area ca. 350 m2 g−1) in the prepared titania sol (2 mg of Hombikat UV100 + 1 mL of
ethanol + 0.3 mL titania sol), in the same conditions adopted for the silica layer. The prepared device
was immediately dried in oven at 90 ◦C for 20 h. A further treatment was performed by immersing
the device in water for 10 min at 70 ◦C and finally in 10−4 M HNO3 for 20 min at 70 ◦C, according to
a previously reported procedure [23]. Finally, the device was dried in an oven and irradiated for 3 h
under UV light.

3.3. Characterization Methods

Nuclear magnetic resonance spectroscopy (NMR). 1H NMR spectra were collected at 25 ◦C with
a Bruker 400 MHz spectrometer (Bruker, Billerica, MA, USA). The samples for the analyses were
prepared dissolving 10–15 mg of POMA/ter-polymer in 1 mL of CDCl3.

Size Exclusion Chromatography (SEC). The polymer molecular weight before and after accelerated
ageing was investigated by SEC using a Waters 1515 Isocratic HPLC pump (Waters, Milford, MA, USA)
and a four Phenomenex Phenogel (5 × 10−3 Å–5 × 10−4 Å–5 × 10−5 Å–5 × 500 Å) column set with
a RI detector (Waters 2487, Milford, MA, USA) using a flow rate of 1 mL/min and 40 μL as injection
volume. Samples were prepared dissolving 40 mg of polymer in 1 mL of anhydrous THF; before
the analysis, the solution was filtered with 0.45 μm filters. Molecular weight data were expressed in
polystyrene (PS) equivalents. The calibration was built using monodispersed PS standards having the
following nominal peak molecular weight (Mp) and molecular weight distribution (D): Mp = 1,600,000
Da (D ≤ 1.13), Mp = 1,150,000 Da (D ≤ 1.09), Mp = 900,000 Da (D ≤ 1.06), Mp = 400,000 Da (D ≤ 1.06),
Mp = 200,000 Da (D ≤ 1.05), Mp =90,000 Da (D ≤ 1.04), Mp = 50,400 Da (D = 1.03), Mp = 30,000 Da
(D = 1.06), Mp = 17,800 Da (D = 1.03), Mp = 9730 Da (D = 1.03), Mp = 5460 Da (D = 1.03), Mp = 2032
Da (D = 1.06), Mp = 1241 Da (D = 1.07), Mp = 906 Da (D = 1.12), Mp = 478 Da (D = 1.22); Ethyl benzene
(molecular weight = 106 g/mol). For all analyses, 1,2-dichlorobenzene was used as internal reference.
The molecular weights of the samples obtained after the UV exposure test were also determined.

Differential Scanning Calorimetry (DSC). The polymer glass transition temperature (Tg) was
measured by DSC analyses on a Mettler Toledo DSC1 (Zurich, Switzerland), using a 10 ◦C/min heating
rate and under nitrogen atmosphere. Before measurement, samples were heated at 90 ◦C to eliminate
residual internal stresses from the synthesis.

Fourier Transform Infrared Spectroscopy (FT-IR). FT-IR spectra were collected on a Spectrum 100
spectrophotometer (Perkin Elmer, Waltham, MA, USA) working in attenuated total reflection (ATR)
mode. A single-bounce diamond crystal was used with an incidence angle of 45◦.

Water Contact Angle (WCA) analyses. Water contact angle measurements were carried out using
a Krüss EasyDrop (Krüss, Hamburg, Germany), on at least ten independent measurements using 5 μL
water droplets.

UV-vis spectroscopy. UV-vis transmittance spectra were acquired in the 250–800 nm range by
using a Shimadzu UV2600 spectrophotometer (Tokyo, Japan).

Scanning electron microscopy (SEM). Top and cross-sectional SEM images were collected
on a Zeiss LEO-1430 (Oberkochern, Germany). Samples were sputter coated with Au
before measurements.

Mechanical properties. The polymer sample preparation and the determination of their elastic
modulus, tensile strength and elongation at break were performed in agreement with the ISO 527-1/2
standard method using a Kistler 9273 dynamometer (Winterthur, Switzerland).

Permeability test. The permeability test was conducted in oxygen atmosphere, at 23 ◦C and with
a relative humidity of 40%, in accordance to the ASTM D3985 standard test method for oxygen gas
transmission rate through plastic films and sheeting using a colorimetric sensor.

UV stability test. An accelerated aging test was conducted according to the UNI10925:2001
standard method to evaluate the stability under UV radiation of the prepared polymer foils. The test
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was conducted for 100 h (T = 25 ◦C and p = 1 atm), with a Jelosil HG500 lamp (Milan, Italy; 45 mW cm−2

in the 280–400 nm range).

3.4. Photocatalytic Activity

The photocatalytic activity of the device was tested under both UV (Jelosil HG500, effective power
density: 17 mW cm−2 in the 280–400 nm) and simulated solar irradiation (UltraVitalux lamp, Osram,
Munich, Germany, effective power density: 4.5 mW cm−2 in the 280–400 nm range and 14 mW cm−2

in the 400–800 nm range).
Tests were carried out both in the gas phase and in water. The gas phase degradation of

ethanol was carried out using a previously reported setup [37]. An active surface area of 38 cm2

and an initial pollutant concentration of 198 ppm were employed; a gas chromatographic system
was adopted for monitoring the pollutant disappearance, and the formation of acetaldehyde (main
reaction intermediate) and CO2 (complete degradation product). Three consecutive photocatalytic
tests were performed in the same conditions to test the stability and the reusability of the device.
The degradation of a tetracycline hydrochloride (TC) in water was conducted in an open reactor,
with a total active surface of 60 cm2 and an initial pollutant concentration of 12 ppm (V = 300 mL).
The reaction was carried out at spontaneous pH and oxygen saturation was maintained via air bubbling.
Before irradiation, the device was kept in the dark for 30 min in order to achieve adsorption-desorption
equilibrium. The molecule disappearance was monitored by UV-vis spectrophotometry, by recording
the intensity of the characteristic absorption peak of tetracycline at 357 nm, in agreement with previous
literature reports [41,49,50].

4. Conclusions

In this work, we presented a floating photocatalytic device based on TiO2 photocatalyst
immobilized over an ad hoc synthesized ter-polymer. The developed methylmethacrylate,
α-methylstyrene and perfluoroctyl methacrylate ter-polymer is characterized by a highly porous
morphology and inherent hydrophobicity, which enable a stable buoyancy. Furthermore, the support,
displaying the characteristic optical transparency and oxygen permeability of PMMA, was engineered
to possess enhanced thermal stability, mechanical resistance and photostability, in order to promote
the device durability. The compatibility of the inorganic top coating was enhanced by a series of
strategies: (1) an ad hoc polymer casting method leading to reorganization of the hydrophobic chains
and dual wetting features of the opposite film sides; (2) the corona treatment of the polymer surface
aimed at increasing hydrophilicity and creating surface pitting to bolster adhesion of the inorganic
coating; (3) the deposition of an intermediate SiO2 layer, which improves the adhesion of the TiO2

top layer and protects the polymer support from the radical species generated by photocatalytic
oxidation. The adopted TiO2 layer contains commercial nanoparticles with high photocatalytic activity
bound together by a titania sol promoting adhesion. The final device showed promising results in
photocatalytic degradation tests of both water and gas phase pollutants, also in recycle tests. Tests
were carried out under both UV and simulated solar irradiation, with either front or back irradiation,
confirming the ability of the device to work also when capsized. Future work will further optimize the
TiO2 amount to boost the photocatalytic activity of the device by both increasing the nanoparticles
content in the top layer and using fibers and sponge architectures as an alternative to polymer films.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/11/
568/s1, Figure S1. 1H NMR spectrum of POMA monomer, Figure Figure S2. 1H NMR spectrum of
MMA_ α-methylstyrene_POMA polymer, Figure S3. O2 transfer with respect to time of the synthesized
MMA_α-methylstyrene_POMA, Figure S4. FT-IR spectra of MMA_α-methylstyrene_POMA collected before and
after the UV stability test at the air (i) and PTFE (ii) side, Figure S5. Ethanol disappearance and acetaldehyde and
CO2 formation during the photocatalytic test under UV irradiation, Figure S6. Cross-sectional SEM images after
UV irradiation for over 15 hours in working conditions.
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