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Preface to ”Synthesis and Applications of

Nanomaterials for Photocatalysis and Electrocatalysis”

This book supplies fundamental aspects regarding the use of different nanostructures as 
heterogeneous catalysts for energy and environmental applications. In recent decades, the attention 
of both scientific and industrial communities has become increasingly focused on the implementation 
of groundbreaking nanomaterials in all fields of human activity, especially toward improving energy 
efficiency and fulfilling environmental demands. Energy and environment represent a perfect blend: 
energy-saving environmental remediations and promising energetic devices meeting environmental 
concerns represent potential future challenges that humankind will face. In this context, the fine 
control of the nanosized species is the real tool to overcome the current issues and to improve 
the final performances. Herein, from an energetic point of view, oxygen evolution and reduction 
reactions (OER and ORR) are key to deeply understanding the behaviour of water splitting devices 
and fuel cells as well as zinc/air batteries, respectively. Zinc tantalum oxynitride-based photoanodes 
and nitrogen-modified carbon doped with different metals will be presented and fully characterised. 
Concurrently, bismuth titanate nanosheets and noble metal core–shell nanoparticles can be adopted to 
enhance hydrogen evolution through photocatalytic water splitting, exploiting solar energy. Instead, 
for what concerns the environmental remediation, the use of pure (black, modified, and faceted 
TiO2, Ga2O3) and composite (graphene/titanate, Zn2–SnO4/BiOBr, g-C3N4/Nb2O5, MnO2/TiO2 
and CaIn2S4/ZnIn2S4) nanomaterials allow for air and water purification, especially under solar 
irradiation. Particularly, the complete photodegradation of noxious species (benzylic acid), organic 
dyes (rhodamine B, methylene blue and alizarin red), heavy metals (chromium), recalcitrant 
pharmaceutical active principles (cinnamic acid, ibuprofen and tetracycline), and VOCs (ethanol) will 
be thoroughly discussed. Finally, we would like to acknowledge all the authors who have contributed 
to this book with their scientific expertise, and we hope that the readers will find the arguments both 
useful and interesting.

Giuseppe Cappelletti, Claudia Letizia Bianchi

Special Issue Editors
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Abstract: Photoanodes fabricated by the electrophoretic deposition of a thermally prepared zinc
tantalum oxynitride (ZnTaO2N) catalyst onto indium tin oxide (ITO) substrates show photoactivation
for the oxygen evolution reaction (OER) in alkaline solutions. The photoactivity of the OER is further
boosted by the photodeposition of cobalt phosphate (CoPi) layers onto the surface of the ZnTaO2N
photoanodes. Structural, morphological, and photoelectrochemical (PEC) properties of the modified
ZnTaO2N photoanodes are studied using X-ray diffraction (XRD), scanning electron microscopy
(SEM), ultraviolet visible (UV−Vis) diffuse reflectance spectroscopy, and electrochemical techniques.
The presence of the CoPi layer significantly improved the PEC performance of water oxidation in
an alkaline sulphate solution. The photocurrent-voltage behavior of the CoPi-modified ZnTaO2N
anodes was improved, with the influence being more prominent at lower oxidation potentials.
A stable photocurrent density of about 2.3 mA·cm−2 at 1.23 V vs. RHE was attained upon visible light
illumination. Relative to the ZnTaO2N photoanodes, an almost three-fold photocurrent increase was
achieved at the CoPi/ZnTaO2N photoelectrode. Perovskite-based oxynitrides are modified using an
oxygen-evolution co-catalyst of CoPi, and provide a new dimension for enhancing the photoactivity
of oxygen evolution in solar-assisted water-splitting reactions.

Keywords: cobalt phosphate; tantalum oxynitride; water oxidation; photoelectrochemistry;
solid-state synthesis

1. Introduction

The development of active and proficient semiconductor photocatalysts for the direct conversion
of solar energy to chemical energy has gained attention in the desire to fulfil future energy and
fuel demand [1,2]. The use of solar photocatalytic water splitting to produce H2 and O2 over a
heterogeneous photocatalyst has been studied extensively for several years, and has been found to be
a favorable process for clean and renewable hydrogen generation. The heterogeneous photocatalytic
process function at a solar-energy conversion efficiency of 10% is theoretically able to generate hydrogen
at a rate of $1.63/kg H2 [3]. However, the development of a photocatalyst for the oxidation of water to
yield oxygen gas remains the main hurdle that needs to be overcome in order to establish a technology
that is based on water-splitting. The water oxidation reaction is the most difficult half reaction process
as it includes four-electron transfer to generate an oxygen molecule, O2; therefore there are significant
thermodynamic and kinetic limitations to this process [3]. Several polycrystalline photocatalyst
materials have been established for solar-assisted water splitting [1,4]; on the other hand, the materials

Nanomaterials 2018, 8, 48; doi:10.3390/nano8010048 www.mdpi.com/journal/nanomaterials1
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available for the fabrication of efficient photoelectrodes are still limited. The widely investigated
photocatalyst is the TiO2 photoelectrode, with a band gap (BG) of 3.0 eV; however, this large band is
not suitable for the absorption of visible light, and an external bias is generally required to achieve
surface redox reactions [5–8]. Therefore, for improved photoelectrodes, it is indispensable to narrow the
BG of the semiconductors used to expand light absorption into the visible region of the solar spectrum.

Significant attempts have been carried out to develop new types of oxide-based
semiconductors [9–12]. In particular, n-type semiconductor photoanodes, such as Fe2O3, WO3,
and BiVO4 [13–15], have been employed to accumulate the solar visible-light photons in stable and
proficient water-splitting reactions. However, Scaife reported that it is inherently harder to progress an
oxide-based photocatalyst that has an appropriately negative conduction band (CB) and a narrow BG
(i.e., <3 eV) for visible-light absorption due to their higher positive valence band (VB) (at ca. +3.0 V
vs. NHE) created by the O 2p orbital [16,17]. Other oxide-based photoelectrodes, such as La-doped
NaTaO3 [18] and Rh-doped SrTiO3 [19], show reasonable quantum efficiencies (QEs) in the presence of
UV light, and have been utilized as H2 evolution photocatalysts in visible-light irradiation.

Oxynitride-based photoanodes offer an alternative to oxide-based anodes for visible-light
absorption to produce H2 and O2 from water at a stoichiometric ratio [17,20–25]. In these materials,
atomic nitrogen is introduced into the oxygen sites, and it shifts the VB edge potentials to the
more negative region via the hybridization of N 2p and O 2p orbitals. Domen et al. demonstrated
TaON/co-catalyst-based photoanodes with an incident photon-to-electron conversion efficiency
(IPCE) of 76% at 400 nm for water oxidation at a minimal or no external applied bias [20–26].
Since then, oxynitrides, such as LaTiO2N [22], SrNbO2N [27,28], BaNbO2N [29], among other
materials, have been similarly developed as photoanodes [30–35]. Few of these have attained superior
IPCEs of the order of magnitude of several tens of percent with an externally applied bias that
is less than the thermodynamically mandatory oxidation potential (1.23 V) for water electrolysis.
Currently, significant research is underway to develop the smaller band-gap photoanodes with a
BG of <2 eV (equivalent to 600 nm in the visible absorption spectrum) to oxidize water with the
application of minimal bias [33]. Several such photoanodes have been developed, e.g., BaNbO2N [21],
CoOx/LaTiO2N [22], and BaZrO3/BaTaO2N [33], which have been found to utilize the absorption
of visible-light in addition to appropriate sacrificial reagents. SrNbO2N-based photoanodes
(BG < 2 eV), function as water-oxidation catalysts with the support of a co-catalyst in visible-light
illuminations [27,28,34]. However, the recombination of the photoexcited carriers and poor photon
absorption efficiencies are considered as major drawbacks with these systems, and these attributes need
to be improved for application in water-splitting reactions. The incorporation of oxygen-evolution
electro-catalysts (OECs) with a photon-absorbing substrate shows it to be a suitable plan to develop the
field of photocatalysis chemistry, thus increasing the overall solar conversion efficiency [35]. Recently,
the use of cobalt-based materials has also been promising for electrochemical applications [36–38].
To this end, the amorphous cobalt-phosphate (Co-Pi) appears to be a promising candidate as a
co-catalyst material that possesses the advantages of relatively high elemental earth abundances,
a self-healing feature, and functionality under benign conditions [39,40]. Recently, we reported the
PEC activity of ZrO2- and Fe2O3- modified BiVO4 and CoPi/La(Ta,Nb)O2N photoelectrodes for water
oxidation in alkaline media [32,41], which achieved up to a 5-fold enhancement in the water-oxidation
photocurrent at a lower oxidation potential. In contribution to this research, the present work conveys a
significance of engaging a cobalt-based electrocatalyst over tantalum oxynitrides via the electrophoretic
deposition route to fabricate the photoanodes. Among the various oxynitrides, ZnTaO2N belongs to
a LiNbO3-type structure, which crystallizes in a high temperature paraelectric phase (HTLN-type)
structure. ZnTaO2N is a perovskite-type oxynitride containing comparatively earth-abundant metals
and it offers a remarkable unique property compared to other available oxynitrides. Our aim in this
work is to activate the ZnTaO2N catalyst for the water oxidation process by incorporating the oxygen
evolution reaction co-catalysts. The loading of the CoPi OER co-catalyst could amplify the charge
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separation and collection of holes generated at the surface of the photoanodes, subsequently improving
photocatalytic performance.

Herein, we describe about the cocatalytic influence as well as the PEC performance of the Co-Pi
incorporated ZnTaO2N photoanodes. The PEC properties of the ZnTaO2N electrodes are enhanced
predominantly when modified with the Co-Pi catalyst, and its effect is greatest at a lower potential,
while the photocurrent is enriched by a factor of 2.5 times relative to that of a bare electrode.
The enhancement of the performance can be credited to an improvement in hole collection and
charge-separation efficiency at the surface of the oxynitride photoanodes. The present work also
demonstrates a viable way for an improvement in the energy-conversion efficiency by coupling OECs
with oxynitride photoanodes.

2. Results and Discussion

2.1. XRD and DRS Analysis

The ZnTaO2N catalyst was prepared using the conventional ammonolysis method, and for
comparison, TaON was prepared using a similar procedure. The as-synthesized ZnTaO2N powders
show an orange-yellow color, while the TaON powder had a yellow color. The electrophoretic
deposition (EPD) method was employed to prepare photoanodes of these materials. The average
thickness of the ZnTaO2N-deposited film on the indium tin oxide (ITO) substrate was measured
using a profilometer, and was about 2.5 μm. Figure 1 demonstrates the XRD patterns for the TaON,
ZnTaO2N, and CoPi/ZnTaO2N photoanodes that were fabricated by EPD followed by loading CoPi
using photodeposition methods on ITO substrates, and annealing in a nitrogen atmosphere at 450 ◦C.
The XRD pattern of as-synthesized ZnTaO2N reveals that all the major peaks can be assigned to a
perovskite-type phase that is structurally similar to that of ZnTaO2N [28]. The TaON XRD pattern
obtained was consistent with the formation of the baddeleyite (monoclinic ZrO2) structure. The XRD
pattern of TaON photoanodes (Figure 1a) can be well indexed with the phase of TaON (JCPDS #
70-1193). In ZnTaO2N films, a small level of peak broadening was observed, which implies a reduction
in particle size compared to the TaON photoanodes. The XRD pattern of the electrodeposited ZnTaO2N
photoanodes (Figure 1b) displays the mixed phase of ZnTa2O6 (JCPDS # 39-1484) and TaON.
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Figure 1. X-ray diffraction (XRD) patterns of (a) reference TaON; (b) ZnTaO2N and (c) CoPi/ZnTaO2N
photo-anodes prepared via electrophoretic and photodeposition.

The XRD patterns of the CoPi-loaded ZnTaO2N photoanodes show that the CoPi deposition
did not alter the crystalline phase of ZnTaO2N photoanodes, and no XRD peaks corresponding to

3



Nanomaterials 2018, 8, 48

metal impurities or simple metal oxides were observed. This may be credited to the good dispersion
of nanocrystalline CoPi particles over the ZnTaO2N. A small shift towards the lower 2θ values was
observed in the presence of CoPi-loaded photoanodes, compared with the parent photoanodes, and this
was due to a small difference in the sample height in the powder diffractometer. Figure 2 displays
diffuse reflectance spectroscopy (DRS) spectra for the various TaON-based photoanodes. All fabricated
TaON-based photoanodes have visible light, and the onset of light-absorption features of the band-gap
excitation of TaON, ZnTaO2N, and CoPi/ZnTaO2N was observed at 420, 447, and 452 nm, respectively.
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Figure 2. Ultraviolet visible (UV-Vis) reflectance spectra of perovskite-type tantalum oxynitride
modified photoanodes of (a) TaON; (b) ZnTaO2N and (c) CoPi/ZnTaO2N.

However, CoPi/ZnTaO2N photoanodes display dissimilar absorption spectra from that of
ZnTaO2N, and the absorption edge point is mainly lifted to the higher wavelengths compared with
TaON. The BG of the fabricated TaON-based photoanodes was estimated via Kublenka-Munk (K-M)
functions, and the data are presented in Table 1. The assessed optical band gaps decreased in the order
TaON > ZnTaO2N > CoPi/ZnTaO2N > LaTa0.3Nb0.7O2N > LaNbO2N (Table 1), which is consistent
with a similar effect for perovskite tantalum oxides [42].

Table 1. Structural properties and the band gap of various oxynitride based photoanodes.

Electrophoretic Deposited Oxynitrides on ITO Particle Size (nm) [a] Band Gap Eg (eV) [b]

TaON 29.5 2.95
ZnTaO2N 22.7 2.75

CoPi/ZnTaO2N 22.4 2.7, 2.47
LaTa0.3Nb0.7O2N [32] 18 1.84

LaNbO2N 40 1.65
[a] Obtained using Scherer equation; [b] Determined from the diffuse reflectance spectroscopy (DRS) analysis via
K-M function.

2.2. Morphological Characteristics of ZnTaO2N Photo-Anodes

Figure 3 displays SEM images of the surface morphology of the ZnTaO2N (Figure 3a,b) and
CoPi/ZnTaO2N (Figure 3c) photoanodes. These display irregular shapes for both ZnTaO2N and
CoPi/ZnTaO2N materials with the presence of some voids between the particles. The particle
sizes generally range from 30 to 200 nm. The ZnTaO2N particles had clearer crystal edges and
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faces, indicating a superior crystallinity of these anodes. This is likely to favor the process of
photohole generation, which can reach the active reaction sites at the boundary between the
electrode/electrolyte [30]. However, the presence of large quantities of grain boundaries and loose
inter-particle connections may lead to the incoherence of electron transport between the particles.
The SEM image in Figure 3c for ZnTaO2N covered with CoPi clearly reveals that the loaded CoPi layer
does not alter the morphology of ZnTaO2N particles. In order to prove the deposition of the CoPi layer
at the ZnTaO2N surface, we examined the structure using energy-dispersive X-Ray analysis (EDX),
and the results are shown in Figure 3d. The EDX characterization confirms the existence of Ta, Co,
and P elements in the photoanodes at 46.25, 1.23, and 0.58 wt %, respectively.

(a) (b)

(c) (d)

Figure 3. Scanning electron microscopy (SEM) images of (a) ZnTaO2N; (b) higher magnification
of ZnTaO2N; (c) CoPi/ZnTaO2N photo-anodes prepared via electrophoretic and photo-deposition
deposition onto ITO; (d) energy-dispersive X-Ray analysis (EDX) spectrum of CoPi/ZnTaO2N.

2.3. XPS Investigation of the CoPi/ZnTaO2N Photoanodes

Figure 4 shows the existence of Co, P, Zn, Ta, O, and N in the wide-scan X-ray photoelectron
spectroscopy (XPS) spectrum of CoPi/ZnTaO2N photo-anodes. The molar ratio of Co and P in
CoPi/ZnTaO2N was estimated to be 1:2.2. The major peaks of binding energies at 26.8 and 28.5 eV
related to the spin-orbit separation of the Ta 4f5/2 and Ta 4f7/2 ingredients, respectively (Figure 4b),
demonstrating the development of the Ta5+ [43]. The two dissimilar binding energies of the O element
can be allocated to the characteristics of the Ta-O bond (530.1 eV) and oxygen in carbonate species or
hydroxyl groups (531.8 eV) (Figure 4c) [44]. The major peaks for Ta 4P2/3 and N 1s in Figure 4d indicate
that the N 1s region centered at 396.4 eV is associated with the binding energy of about 403.5 eV for
Ta 4P2/3, further confirming the creation of various Ta-N bonds [44].
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Figure 4. X-ray photoelectron spectroscopy (XPS) analysis of the CoPi/ZnTaO2N microsphere: (a) wide
survey spectra scan for sample; narrow scan for (b) Ta element; (c) O element; (d) Ta and N element.

2.4. Photoelectrochemical (PEC) Properties of the ZnTaO2N Photoanodes

The PEC properties of ZnTaO2N photoanodes were examined by performing cyclic voltammetry
(CV) and chronoamperometric (CA) measurements in an H-shaped cell. Figure 5a shows the CV
measurements logged at 50 mV·s−1 in 1.0-M Na2SO4 for ZnTaO2N/ITO photoanodes under AM 1.5 G
simulated sunlight at various thicknesses of the film prepared by varying the EPD deposition time
duration. The results show that the current density of the photoanode changes dramatically as the
deposition time increases. As shown in Figure 5b, the maximum current density (measured at 2.0 V
vs. RHE) was observed around 0.5 ± 0.05 mg of loaded ZnTaO2N on ITO substrate (equivalent to
deposition for 4.0 min and a thickness of 2.0 μm), and at higher loading (>0.5 mg), the photoanode
current density significantly decreased. This can be clarified by the catalytic water oxidation reaction
at the CoPi/electrolyte interface, and when CoPi loading at higher loading (>0.5 mg), the photoholes
need to be transferred in amid numerous CoPi molecules and CoPi/electrolyte interface, which affects
the sluggish kinetics of the hole transfer, and subsequently, a smaller photocurrent is detected [32].
Moreover, as shown in Figure 5c (taken from Figure 5a), at a ZnTaO2N loading of around 0.5 ± 0.05 mg,
the onset potential of water oxidation markedly shifted to a less positive value, indicating a more
favorable process. To understand the effect of pH on the PEC behavior of the ZnTaO2N photoanode,
Figure 5d shows the linear sweep voltammetry (LSV) plot for ZnTaO2N photoanode at different pH in
1.0-M Na2SO4 solution. It is evidenced that the current density of water oxidation was significantly
enhanced at alkaline pH of 13, which is almost eight times superior than that at pH of 12. Additionally,
the onset potential of water oxidation was shifted 120 mV more cathodic compared with the value
obtained at pH of 12.
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Figure 5. (a) Cyclic voltammetry (CV) at 50 mV·s−1 in 1.0 M Na2SO4 at pH 13 for photocurrent
response for various amounts of ZnTaO2N loaded on ITO; (b) plot for photocurrent measured at 2.0 V
vs. RHE and amount of loaded ZnTaO2N deposited by electrophoretic deposition (EPD) onto ITO;
(c) CV in (a) zoomed in current less than 10 mA·cm−2; (d) Linear sweep voltammetry (LSV) recorded
at various pH of electrolyte solution in the presence of 1.0 M Na2SO4 solution.

To further improve the PEC behavior of the ZnTaO2N photocatalyst for water oxidation reaction,
the CoPi co-catalyst (OEC) was incorporated into the photoanodes using the photodeposition PD
method [32,45]. Initially, the amount of CoPi loaded onto the ZnTaO2N film was optimized by varying
the PD duration, followed by measurement of the photocurrent response using chronoamperometry
at 1.7 V vs. RHE in 1.0-M Na2SO4 solution. Figure 6a shows the current time transients with a
10 s light pulse (1.5 AM) for a ZnTaO2N anode before and after the photodeposition of CoPi for a
deposition time of 60 min. For clarity, the background current in the dark was subtracted for both
photoanodes. Once the light pulse was applied, the current of both photoanodes increased significantly
and the photocurrent density obtained at the ZnTaO2N anode was about 0.75 mA·cm−2, while the
CoPi/ZnTaO2N photoanode displayed a much superior photocurrent density of 2.9 mA·cm−2 under
the similar conditions. Clearly, the photocurrent obtained at CoPi/ZnTaO2N is more than three times
higher than in the case of the ZnTaO2N electrode, which indicates that the separation and collection
processes of the photogenerated electron/hole pairs are more efficient at CoPi/ZnTaO2N than at a
simple ZnTaO2N photoanode.
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Figure 6. (a) Chronoamperometry diagram at 1.7 V vs. RHE during pulsing of light for 10 s in
1.0-M Na2SO4 solution (pH 13) for (i) ZnTaO2N and (ii) CoPi/ZnTaO2N photoanode, photodeposition
time = 60 min; (b) plot for the photocurrent vs. deposition time of CoPi deposition on ZnTaO2N
photoanode; (c) LSV at 50 mV·s−1 in dark and under 1.5 AM light illumination for (i) CoPi/ITO in
light, (ii) ZnTaO2N in dark, (iii) ZnTaO2N in light, (iv) CoPi/ZnTaO2N in dark, and (v) CoPi/ZnTaO2N
in light; photo-anodes in 1.0-M Na2SO4 solution (pH 13) and (d) LSV spectra of ZnTaO2N-based
photoanodes in the presence of H2O2 (i) ZnTaO2N in dark, (ii) ZnTaO2N in light, (iii) CoPi/ZnTaO2N
in dark, and (iv) CoPi/ZnTaO2N in light.

Figure 6b shows the relationship between the CoPi PD time and the photocurrent obtained for
the CoPi/ZnTaO2N anode at 1.7 V vs. RHE. Clearly, using our present PD methodology, the optimum
period for CoPi photo-deposition on ZnTaO2N photo-anodes was found to be around 60 min.
The PEC characteristics were compared for both ZnTaO2N and CoPi/ZnTaO2N anodes to examine
the effect of the photodeposited CoPi co-catalyst on the photocurrent response of the ZnTaO2N
photoanode. Figure 6c shows the LSV at 50 mV·s−1 in the dark and under 1.5 AM light illumination
for CoPi/ZnTaO2N and ZnTaO2N photoanodes in 1.0-M Na2SO4 solution (pH 13). In comparison,
the LSV of the control anode made by the PD of the CoPi catalyst directly onto the ITO substrate is also
shown in Figure 6c (i). The LSV for the control anode of CoPi/ITO (i) shows a small level of the oxygen
evolution current under light illumination. The CoPi/ZnTaO2N photoanode clearly shows negative
potential shifts of about 120 mV in the onset potential of oxygen evolution, and an increase in the
photocurrent of more than 2.3 mA·cm−2 at 1.23 V vs. RHE relative to its parent ZnTaO2N photoanode.
For the CoPi/ZnTaO2N anode, the photocurrent was enhanced by a factor of three compared with
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the parent ZnTaO2N electrode. It is clear that the magnitude of the CoPi loading is influenced by
the photoanode morphology, time, and the employed deposition procedure. A larger amount of
CoPi deposited on ZnTaO2N (>60 min) results in the suppression of the photocurrent, as revealed
in Figure 6b. This phenomenon can be explained by considering that the water catalytic oxidation
reaction takes place at the CoPi/electrolyte interface. For a thick layer of CoPi, the photoholes have to
transfer through a thick CoPi layer to reach the interface between the CoPi/electrolyte; consequently,
the hole migration becomes very slow, and a decreased photocurrent is observed. On the contrary,
for a thinner CoPi layer, the cobalt ions link more directly to the ZnTaO2N surface, and rapidly acquire
the photoholes in the water oxidation reaction [46,47].

Hydrogen peroxide (H2O2) was introduced to the electrolyte (0.1 M) as an electron donor to
evaluate the maximum photocurrent that might be acquired while injecting a photoexcited holes
from the anode surface to the electrolyte solution was perfectly facilitated. It is believed that H2O2

captures the photoexcited holes efficiently without substantial recombination [27]. To observe these
behaviors on the prepared photoanodes, LSV plots of CoPi/ZnTaO2N were logged in the presence and
absence of H2O2 and the results are presented in Figure 6d. The LSV of ZnTaO2N and CoPi/ZnTaO2N
photoanodes indicate that the photocurrent at applied potential values of more negative than 1.7 V
vs. RHE was improved considerably in the presence of H2O2. This implies that the redox active Co
species may be quickly oxidized at a lower applied potential (<1.4 V vs. RHE), while water could
not. This results coincides with the results attained for CoPi/La(Ta,Nb)O2N photoelectrodes [32].
These PEC performances show that the CoPi/ZnTaO2N photoelectrodes, photocurrent at <1.4 V vs.
RHE was comparable, irrespective of the introduction of H2O2, signifying that the CoPi had improved
the surface redox reactions effectively.

2.5. Band Positions of the ZnTaO2N Photoanodes

As previously discussed, the band-edge position at the electrolyte and the carrier mobility in
the semiconductor photocatalyst are both significant factors for the characterization of the PEC
performance of the photoanodes. The Mott–Schottky (MS) method was performed and the Nyquist
plot was obtained to determine the characteristics of ZnTaO2N and CoPi/ZnTaO2N electrodes in 1-M
Na2SO4 (pH 13) at a frequency of 100 Hz. The valence-band and conduction-band potentials of TaON,
LaTaO2N, and ZnTaO2N were calculated using the Butler and Ginley method, and the values are
précised in Table S1.

The conduction-band edge (ECB) for ZnTaO2N was obtained at 0.32 V vs. SCE by employing the
method proposed by Butler and Ginley [48] using the optical BG from the K-M spectra. As presented in
Figure 7a, the intercept on the potential axis of the ZnTaO2N photoanode reveals a flat band potential
(EFB) at 0.14 V, while the intercept of the CoPi/ZnTaO2N photoanodes displays an EFB at 0.08 V vs. RHE
at pH = 13. It is clear that CoPi/ZnTaO2N photoanodes have less positive EFB values than the parent
photoanodes. The addition of the CoPi co-catalyst as a hole acceptor promotes the charge-separation
reaction, which leads to the enhancement of the photocurrent during the water oxidation reaction.
In addition, the CoPi co-catalyst can cause the oxygen evolution reaction to occur at lower oxidation
potential by altering the reaction pathway [39]. The CoPi layer on the photoanode has to be thin enough
to complement the fast transfer of the photogenerated hole from the ZnTaO2N photoanode to the
water oxidation reaction, which relieves the charge accumulation at the electrode/electrolyte interface.

Figure 7b shows Nyquist plots of the ZnTaO2N and CoPi/ZnTaO2N photo-anodes acquired in
the light and in the dark. The equivalent circuit is shown in the inset of Figure 7b and the fitting
results of the photoanodes are summarized in Table 2. The ZnTaO2N photo-anodes were perfect
fitted to a RC circuit model which grasps a resistor and a RC circuit. RC circuit can be allocated
to ZnTaO2N/electrolyte interface. For the CoPi/ZnTaO2N photo-anode, capacitances increased,
whereas the charge transfer resistances decreased, signifying that CoPi-loading sustained charge
separation at the bulk photo-anode and, as a consequence, enriched PEC water oxidation ability.
CoPi loading on photoanodes advances the PEC behaviour by endorsing the charge separation and
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water oxidation phenomenon on the ZnTaO2N photo-anodes surface which is very consistent with the
behavior of CoPi/LaTaNbO2N [32], CoPi/TiO2 [39] and CoPi/BiVO4 structures [47].

(a) (b)

Figure 7. (a) Mott–Schottky plots for ZnTaO2N and CoPi/ZnTaO2N photo-anodes; (b) Nyquist plot for
the photoanodes of (i) ZnTaO2N in dark, (ii) ZnTaO2N in light, (iii) CoPi/ZnTaO2N in dark, and (iv)
CoPi/ZnTaO2N in light; illumination conditions are 1.5 AM and in 1.0-M Na2SO4 at pH = 13.

Table 2. Nyquist plot of equivalent circuit-model parameters obtained from the electrochemical
impedance spectra of photoanodes.

Photoanode Rs/Ω Rct/Ω CPE1 (F)

ZnTaO2N Dark 22.17 33.55 6.763 × 10−5

Light 22.17 27.23 5.714 × 10−5

CoPi/ZnTaO2N
Dark 19.17 25.81 1.15 × 10−4

Light 19.17 22.46 2.303 × 10−5

2.6. Quantification of Dioxygen Evolution during Photoactivation

The irradiation of ZnTaO2N and CoPi/ZnTaO2N photoanodes with visible-light photons
eventually increases the evolution of dioxygen. Figure 8a shows the oxygen-evolution measurements
obtained at 1.7 V vs. RHE using an oxygen sensor oxysense system. The corresponding photocurrent
responses were obtained and the results are presented in Figure 8b. As anticipated, under similar
conditions, the CoPi/ZnTaO2N photoanodes and their parent photoanodes with visible-light photons
(λ > 420 nm) caused an increase in the dioxygen evolution. To obtain an estimate, the precise oxygen
concentration was logged before and after PEC reactions. Figure 8a confirms that by switching
on the photoelectrolysis, the concentration of oxygen starts to increase linearly with time, and no
substantial quantity of oxygen was observed before (<15 min) or after (>45 min) the photoelectrolysis
was turned off. The CoPi/ZnTaO2N photoanodes showed increased oxygen generation relative to
parent ZnTaO2N, which is demonstrated by its oxygen-evolution rate. The oxygen-evolution rate
is faster in the case of CoPi-coated ZnTaO2N compared with the parent photoanode (Figure 8a).
Conversely, it is evident that the incorporation of CoPi as a co-catalyst enhanced the photocurrent
response and stability under continued illumination, as shown in Figure 8b. The durability of the
CoPi/ZnTaO2N photoanodes was examined, and it displayed in Figure S1. The chronoamperometric
results indicate that the photoanode remains stable until 180 min, after which small changes are
observed. The stability of the CoPi/ZnTaO2N photoanodes under light irradiation was investigated
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by relating their absorption spectrum before and after visible light irradiation, signifying that the
photoanodes are stable under visible-light illumination (Figure S2). A more effective coupling
of photoholes to reaction sites of the water-oxidation reaction can be anticipated, as discussed
earlier, which validates the enhancement of oxygen-evolution performance as well as the stability of
CoPi-loaded ZnTaO2N photoelectrodes.

(a) (b)

Figure 8. (a) Oxygen evolution and (b) its corresponding chronoamperometric measurements in a
two-electrode setup in 1.0-M aqueous sulphate solution (pH = 13) during prolonged irradiation by
visible light (λ > 420 nm), (i) ITO blank, (ii) ZnTaO2N dark, (iii) CoPi/ZnTaO2N dark, (iv) ZnTaO2N
light, and (v) CoPi/ZnTaO2N light; the working electrode was biased at 1.7 V vs. RHE.

3. Experimental

3.1. Preparation of the ZnTaO2N Catalyst

The ZnTaO2N powder was fabricated via conventional solid-state reaction described in a previous
work [49]. In the synthesis described here, stoichiometric quantities of ZnCO3 and Ta2O5 (Aldrich,
99.9%, St. Louis, MO, USA) were well ground together in acetone in the presence of KCl (50% total
weight), which is used as a mineralizer. The resulting mixture was heated at 850 ◦C under an ammonia
flow (Air Products Electronic Grade, Riyadh, KSA) for 20 h at a flow rate of 7 dm3·h−1, and it was then
permitted to cool to normal temperature under ammonia atmosphere. The mineralizer was leached
from the products using excess de-ionized water, and the residual product was dried overnight at
80 ◦C. The TaON was prepared following similar procedure by heating pure Ta2O5 (Aldrich, 99.9%) at
850 ◦C under flowing ammonia for 18 h at a flow rate of 7 dm3·h−1.

3.2. Fabrication of the ZnTaO2N Photoanodes

ZnTaO2N film photoanodes were fabricated using the EPD process, as described in our previous
work [32]. For instance, the ZnTaO2N (15 mg) and 3-mg iodine (Alfa-Aesar, Karlsruhe, Germany)
powders were kept ultrasonically discrete in acetone (15 mL) to obtain a uniform suspension. The ITO
substrates (174 nm, 1.0 × 1.0 cm, Asahi glass Co., Ltd., Tokyo, Japan) were submerged and held
parallel at about 1.0 cm apart from each other in the solution. A +10 V bias was then applied
to the two electrodes for 2 min using a potentiostat (Bio-Logic SAS, VSP 0478, Seyssinet-Pariset,
France). This deposition process was repeated twice, and the electrode was then dried and annealed
at 450 ◦C under a flow of N2 gas at a rate of 500 mL/min for 1 h. This process resulted in the
development of a ZnTaO2N layer (in total about 0.5 mg) with a comparatively uniform thickness of
about 2 μm, as monitored using a surface profilometer. The cobalt phosphate (CoPi) co-catalyst layer
was deposited on ZnTaO2N photoanodes using the PD method, as described in the literature [32].
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CoPi/ZnTaO2N electrodes with various CoPi depositions were fabricated by altering the PD time
(indicated as CoPi/ZnTaO2N). Characterization and XRD measurements were carried out using a
MiniFlex 600 (Rigaku, CuKα, 40 kV, 15 mA, Tokyo, Japan). The photoanodes were further characterized
using an ultraviolet visible (UV-Vis) spectrophotometer (Shimadzu UV-2600, Tokyo, Japan) and EDAX
(JED-2200 series, Tokyo, Japan). Electrochemical impedance spectroscopy (EIS) analysis was performed
using a biologic (VSP-0478) potentiostat electrochemical workstation. A solar simulator (Asahi spectra,
MAX 303, Torrance, CA, USA) provided visible-light irradiation to the fabricated photoanodes.

3.3. Photoelectrochemical Characterization

The PEC properties of the ZnTaO2N and CoPi/ZnTaO2N photoanodes were obtained in H-shaped
two-compartment glass cells with a 2-cm diameter quartz window. The fabricated ZnTaO2N-based
photoanode film was taken as a working electrode (WE, 0.25 cm2), the saturated calomel electrode as a
reference electrode, and Pt foil was served as the counter electrode in the electrolyte solution containing
1-M Na2SO4, and the pH of the electrolyte solution was modified to 13 with the addition of KOH.
Photoelectrochemical oxygen evolution was monitored by an oxygen analyzer (Oxysense Inc., Dallas,
TX, USA, 300/5000 series). The compartment cell was sealed and argon gas was used for purging.
Prior to the experiment, the electrolyte solution was bubbled with argon for 1 h, and the atmosphere
above the electrolyte was maintained as argon throughout the measurements. Before starting the
electrolysis, the cell setup was purged for 20 min to attain the equilibrium.

4. Conclusions

A photocatalyst of ZnTaO2N was initially synthesized via conventional solid state reaction and
then photoanodes were fabricated by an electrophoretic deposition method into ITO. We studied
the co-catalytic effect of a photo-assisted water oxidation reaction by photodeposition of CoPi
oxygen electrocatalyst onto the ZnTaO2N photoanodes. An electrochemical investigation revealed
that the PEC performance of ZnTaO2N was significantly enhanced after CoPi deposition and a
2.3 mA·cm−2 photocurrent density was reached at 1.23 V vs. RHE in a sulfate medium. Additionally,
CoPi-loading assisted the PEC performance of ZnTaO2N film by reducing the charge recombination
process and stabilizing the photo-anode performance for the oxygen evolution reaction under visible
light illumination.

Supplementary Materials: The following are available online at www.mdpi.com/2079-4991/8/1/48/s1, Table S1:
Photophysical and structural properties of TaO2N based photoandodes, Figure S1: Chronoamperometric
measurements in two-electrode setup in 1 M aqueous sulfate solution (pH = 13), Figure S2: Absorption spectra of
CoPi/ZnTaO2N photoanodes before and after visible-light irradiation for 10 h.
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Abstract: Hydrogen titanate nanotube (HTT)/graphene nanocomposites are synthesized by
hydrothermal reduction of graphene oxide (GO) and simultaneous preparation of nanotubular
HTT via an alkaline hydrothermal process. By using this facile in-situ compositing strategy, HTT are
densely supported upon the surface of graphene sheets with close interface contacts. The as-prepared
HTT/graphene nanocomposites possess significantly enhanced visible light catalytic activity for the
partial oxidation of benzylic alcohols. The amount of graphene has significant influence on catalytic
activity and the optimal content of graphene is 1.0 wt %, giving a normalized rate constant k of
1.71 × 10−3 g/m2·h, which exceeds that of pure HTT and HTT/graphene-1.0% mixed by a factor
of 7.1 or 5.2. Other than the general role of graphene as a high-performance electron acceptor or
transporter, the observed enhancement in photocatalytic activity over HTT/graphene can be ascribed
to the improved interfacial charge migration from enhanced chemical bonding (Ti–C bonds) during
the in-situ compositing process. The formation of Ti–C bonds is confirmed by XPS analysis and the
resulting enhanced separation of photoinduced charge carriers is demonstrated by electrochemical
impedance spectra and transient photocurrent response.

Keywords: photocatalytic selective oxidation; Ti–C bonds; hydrogen titanate; benzylic alcohols;
interfacial charge transfer

1. Introduction

In the last several decades, the photocatalytic process in semiconductors has been attracting more
and more attention as an advanced green technology for contaminant purification, energy production,
and selective organic synthesis [1–3]. The effectiveness of photocatalysis is primarily dependent on
three aspects: optical absorption, charge separation, and catalytic reaction upon the surface of the
semiconductor catalyst. Further research shows only a small part of photoinduced charges can migrate
successfully to the surface of catalysts and initiate catalytic reactions. As a result, the efficient charge
transfer on the surface of a semiconductor photocatalyst is widely considered to be very critical, being
an elementary process related to photocatalytic application.

Among various photocatalysts, TiO2-derived nanosized materials appear to be a potential
candidate, owing largely to their excellent performance, long term stability, low toxicity, and cost [4,5].
In the field of photocatalysis, hydrogen titanate (HT), especially nanotubular HT has been principally
used to fabricate diverse TiO2 nanostructures, such as TiO2 nanotubes, nanowires, and nanofibers [6–8].
Their unique one-dimensional structural characteristics provide the preconditions necessary for
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suitable catalysts under ultraviolet or visible illumination [9,10]. For example, HT calcined at
300–500 ◦C, possessing TiO2(B) or anatase phase, exhibits higher catalytic performance for pollutant
degradation than P25-TiO2 [11,12]. However, the inherently rapid recombination of photogenerated
charge carriers within TiO2 or titanate remains problematic. Numerous strategies have been studied
to tailor the photocatalytic process and promote catalytic performance. Particularly, fabrication of
carbon-titanate heterojunction composites has been identified as one of the most feasible strategies to
enhance the separation of electron-hole pairs [13–15].

Owing to the great surface area of graphene and its excellent electronic transport properties,
many studies have been carried out on fabricating composite catalysts of graphene and semiconductor
particles in an attempt to promote photocatalytic activity [16,17]. Under light illumination, it is found
that photoinduced electrons migrate from photocatalysts to the surface of graphene and suppress
the recombination of electron-hole pairs, thereby enhancing the oxidative or reductive reactivity of
the photocatalytic process [18]. Further research demonstrated that the interfacial action between
the semiconductor and graphene can notably influence the interfacial electron migration, which is
thought to be a critical step of heterogeneous photocatalysis [19–22]. Zhang et al. have reported
the synthesis of graphene-Bi2WO6 composites with strong covalent bonding between graphene
and Bi2WO6 nanoparticles. The improved photocatalytic performance for H2 and O2 production
were ascribed to the efficient electron migration and separation of photoinduced charge carriers
through the chemically bonded interaction [20]. Xie et al. have recently reported the existence
of a chemically bonded interface, via the formation of C–Ti bonds, between graphene sheets and
TiO2 nanoparticles. This chemical bonding effect plays a pivotal role in the interfacial electron
migration, which makes TiO2/graphene composites possess an outstanding catalytic activity for
the photo-oxidation of formaldehyde, compared to a mechanically mixed sample [22].

The selective oxidation of alcohol to carbonyl compounds is a significant chemical conversion
process. Generally, the partial oxidations of alcohols are implemented with hazardous or toxic
stoichiometric oxidants under high temperature and pressure conditions [23]. Deteriorating
environmental problems caused by chemical production processes have compelled us to seek green
and economic alternative reaction systems. Recently, photocatalysis-based organic synthesis reactions
have attracted wide concerns because they can be carried out using green oxidants (such as molecular
oxygen) and solar energy under ambient temperature or pressure [3,24,25]. Several types of catalysts
have been studied to achieve photocatalytic conversion of alcohols to the corresponding carbonyl
compounds, including g-C3N4, HNb3O8 nanosheets, CdS, and TiO2-based composites [24,26–28].
What’s more, the selective oxidation of alcohols can be performed over TiO2 catalysts using visible
light, although the photocatalysts themselves and the reactants can only absorb UV light [26,27].
In our previous report, hydrogen titanate (HT) nanotubes exhibited much higher visible light
catalytic performance toward partial oxidation of benzylic alcohols, compared with HT nanosheets
and nanofibers [28]. The superior photo-activity of HT nanotubes is primarily ascribed to their
one-dimensional structural features, which include a high surface area, abundant unsaturated Ti
sites, and efficient charge migration. Developing composite photocatalysts of HT nanotubes and
graphene through an in-situ synthetic strategy can further improve catalytic performance for the
selective oxidation of alcohols.

However, previously reported research on photocatalytic selective synthesis principally focused
on reaction systems using TiO2 or TiO2 nanohybrids as photocatalysts [29–31]. The photocatalytic
studies on titanate/graphene nanocomposites have largely focused on removing organic pollutants
and splitting H2O for hydrogen production [32,33], whereas the selective chemical conversion using
titanate/graphene composite photocatalysts has been scarcely researched. Furthermore, studies on the
effects of chemical bonding on interfacial charge transfer and catalytic activity of titanate/graphene
nanocomposites for photocatalytic partial oxidation of alcohols are also lacking.

In this paper, HT nanotube (HTT)/graphene nanohybrids with numerous heterogeneous
interfaces are prepared via a facile hydrothermal method under basic conditions. Due to their
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one-dimensional structural characteristics, HT nanotubes can be uniformly coupled onto graphene
to form close interfacial contacts. The presence of chemical Ti–C bonds between nanotubular HT
and graphene are confirmed by XPS analysis. The HTT/graphene nanocomposites with chemically
bonded interfaces exhibit exceptional photocatalytic reactivity toward the partial oxidation of benzylic
alcohols under visible illumination. The influence of graphene content on the catalytic performance is
investigated and a possible mechanism based on the experimental results is also proposed.

2. Materials and Methods

2.1. Materials

Graphite was purchased from Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China).
KMnO4, H2SO4, H3PO4, H2O2 (30%), NaOH, P25 TiO2, and ethanol were obtained from Aladdin
Industrial Inc. (Shanghai, China). Benzyl alcohol and its derivatives were purchased from J&K
Scientific Ltd. (Beijing, China). 5,5-Dimethyl-1-pyrroline-N-oxide was obtained from TCI Development
Ltd. (Shanghai, China). All the other chemicals were of analytical reagent grade and used as received
without further purification. Deionized water was obtained using a Millipore Milli-Q system and used
throughout the experiments.

2.2. Synthesis of HTT/Graphene Nanohybrids

To improve the hydrophilic and oxidation degree of graphite, a modified method was used to
prepare graphite oxide [34]. In brief, a mixed solution of concentrated H2SO4/H3PO4 (volume ratio,
9:1) was added into a mixture of squama graphite and KMnO4 (weight ratio, 1:6). Then, the obtained
mixture was heated for 12 h at 323 K under magnetic stirring. After being cooled down to room
temperature, the mixture was poured into an icy solution of 30% H2O2. The solid was recycled by
filtration, washed by deionized water, and vacuum-dried at 298 K for 12 h. The obtained graphite
oxide (GO) was dispersed in water (0.5 mg/mL) and subjected to sonication for 60 min to form an
aqueous dispersion of exfoliated GO.

In a typical synthesis process for HTT/graphene nanohybrids, 1.3 g of P25 TiO2 was added
to 65 mL of concentrated NaOH solution (10.0 M) and was stirred for 30 min to form a uniform
suspension. Then, a specific amount of GO dispersion was added to the above-obtained suspension
under magnetic stirring. The weight ratios of GO to P25 TiO2 were 0, 0.2, 0.4, 1.0, 2.0, and 4.0%,
and the as-prepared samples are labeled as HTT/graphene-x%, where x refers to the mentioned weight
ratios. After further stirring for 90 min, the mixture was transferred into a 100 mL stainless steel
autoclave and heated at 160 ◦C for 12 h. The obtained precipitate was separated by centrifugation,
washed by deionized water, and re-dispersed for several cycles until a pH value of nearly 8 was
obtained. The precipitate was finally washed with absolute ethanol and dried at 90 ◦C for 10 h to
obtain HTT/graphene-x% nanocomposites.

For comparison, bare HTT and graphene samples were prepared using a similar process without
GO or P25 TiO2 and NaOH solution. About 10 mg of graphene was added into 50 mL of deionized
water and sonicated for 1 h. Then 1.0 g of as-made HTT was mixed into the graphene suspension
under magnetic stirring. After being stirred for 2 h, the homogeneous suspension was treated by
centrifugation. The precipitate was washed with deionized water and dried in a vacuum oven
at 90 ◦C for 10 h. The as-obtained product is denoted as HTT/graphene-1.0%-mixed. For the
preparation of the P25 TiO2/graphene-1.0% composite, 1.0 g of P25 TiO2 was added to 65 mL of
deionized water and stirred for 30 min. 10 mL of GO dispersion (1.0 mg/mL) was added into P25
TiO2 suspension under magnetic stirring. After further stirring for 90 min, the mixture was transferred
into a 100 mL Teflon-lined autoclave and heated at 160 ◦C for 12 h. The obtained precipitate was
washed with deionized water and dried at 90 ◦C overnight. The as-synthesized sample is named as
P25 TiO2/graphene-1.0%.
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2.3. Characterization

X-ray diffraction measurements were conducted using a D8 Advance diffractometer (Bruker)
with Cu Kα radiation (λ = 0.15418 nm). Raman spectra were recorded on a Labram HR 800 Raman
spectrometer (Horiba Jobin Yvon, Paris, France) using 532 nm excitation light at room temperature.
The morphological features of HTT/graphene nanohybrids were observed by a transmission electron
microscope (TEM, Tecnai G20, FEI, Hillsboro, WA, USA) operating at 200 kV. FTIR spectra were
acquired with a Nicolet 750 FTIR spectrometer in the range 400–4000 cm−1. X-ray photoelectron
spectra were recorded using a Thermo Scientific ECALAB 250xi system with a monochromated Al
Ka X-ray source. UV-visible diffuse reflectance spectra were collected on a UV-vis spectrophotometer
(UV-2550, Shimadzu, Kyoto, Japan) using BaSO4 as the reflectance standard. The specific surface area
of as-synthesized samples were measured by N2 adsorption-desorption with a Micrometrics ASAP
2020 apparatus.

Photoelectrochemical experiments were performed in a standard three-electrode system. Platinum
foil and Ag/AgCl were used as the counter and reference electrodes, respectively. The working
electrode was prepared by the following method: 40 mg of powder sample was dispersed in 0.2 mL of
polyethylene glycol solution and ultrasonicated for 45 min to obtain a uniform slurry. The resulting
slurry was then spread on a fluorine doped tin oxide (FTO) conducting glass and was dried at 90 ◦C
to get HTT/graphene/FTO electrodes. The photocurrent was recorded at a bias voltage of 0.6 V
on an electrochemical workstation (CHI-660C, Shanghai, China). The electrolyte was 0.1 M LiClO4

and nitrogen gas was continuously purged through the electrolyte solution. After being immersed
in a benzyl alcohol solution for 1.5 h, the working electrode was irradiated using a 300 W Xe lamp
with a 400 nm cut-off filter. Electrochemical impedance spectra (EIS) were measured using the
above-mentioned three-electrode cell at 0.0 V with 0.1M Na2SO4 aqueous solution. Electron spin
resonance (ESR) signals of the radicals trapped by DMPO were collected on a Bruker ER200-SRC
spectrometer at ambient temperature.

2.4. Photocatalytic Experiment of Alcohol Oxidation

The partial conversion of benzyl alcohol was performed in a 20 mL round-bottom quartz glass
flask. Benzyl alcohol (0.25 mmol) and the photocatalyst (50 mg) were dispersed into 5 mL of acetonitrile
and the obtained mixture was bubbled with O2 for 30 min. This suspension was stirred magnetically
for another 60 min to reach the adsorption-desorption equilibrium of the reactant alcohols and catalysts.
The mixture was then irradiated using a 300 W Xe lamp with 400 nm cut-off filter under ambient
temperature. At certain time intervals, a 0.5 mL mixture was withdrawn and filtered using a Millipore
filter (pore size 0.45 μm) to remove the catalyst particles. The concentration changes of reactants in the
remaining filtrate were quantitatively analyzed on a gas chromatograph (Agilent 7890) equipped with
a standard FID detector and a DM-5 amine capillary column. Oxidation products were identified by
comparing the retention times with the standards and further confirmed with GC-MS.

2.5. Radical Scavenging Experiments

In order to elucidate the photocatalytic mechanism, control experiments using different radical
scavengers (tert-butyl alcohol, triethanolamine, and benzoquinone as the scavenger for the hydroxyl,
photogenerated hole, and superoxide radicals, respectively) were performed via an analogous
process of benzyl alcohol photo-oxidation, except that the radical scavenger (0.2 mmol) was included.
The primary role of the active species were revealed by analyzing the changes of the benzyl alcohol
conversion yield.
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3. Results and Discussion

3.1. XRD, FTIR and Raman Spectra

Figure 1 shows the XRD patterns of as-synthesized samples including blank HTT and
nanocomposites of HTT/graphene with different contents of graphene. Broad diffraction peaks
are observed at 2θ = 10.7◦, 24.7◦, 29.0◦, and 48.5◦, which can be assigned to the characteristic crystalline
phase peaks of layered hydrogen titanate [13,35]. For the sample of pure GO (inset of Figure 1),
the diffraction peak at 2θ = 10.5◦ corresponds to the (002) reflection of stacked GO sheets. Additionally,
pure reduced GO obtained in the absence of HTT indicates a broad (002) graphene reflection at 26.5◦,
which clearly demonstrates the conversion of GO to graphene [36]. However, in comparison with
the XRD patterns of GO and graphene (inset of Figure 1), no diffraction peaks belonging to GO or
graphene are observed in the XRD spectra of HTT/graphene nanocomposites. It is hard to distinguish
the characteristic peak at 2θ = 10.5◦ of pure GO and the broad peak at 2θ = 10.7◦ assigned to (200)
crystallographic planes of hydrogen titanate. The absence of these peaks might also be due to the low
weight content and weak diffraction intensity of GO and graphene.

Figure 1. XRD patterns of hydrogen titanate nanotube (HTT)/graphene nanocomposites: (a) pure HTT,
(b) HTT/graphene-0.2%, (c) HTT/graphene-0.4%, (d) HTT/graphene-1.0%, (e) HTT/graphene-2.0%,
(f) HTT/graphene-4.0%. Inset: XRD patterns of pure GO and graphene.

The presence of graphene in the HTT/graphene nanocomposites could be confirmed using
FTIR spectra (Figure 2). Bare GO exhibits several characteristic peaks belonging to oxygen
functional groups, such as C=O stretching at 1723 cm−1, O–H deformation at 1389 cm−1, C–OH
stretching at 1220 cm−1, and C–O stretching at 1053 cm−1 [20,34]. Compared with that of bare GO,
the spectrum of HTT/graphene-1.0% shows a significant decline in intensity for peaks associated with
oxygen-containing groups (i.e., C=O, O–H, C–OH, and C–O), indicating that GO in the composites is
reduced. Additionally, the strong absorption band centered at 490 cm−1 can be assigned to the Ti–O–Ti
stretching vibration in the pure HTT sample. A slight blue shift can be observed in the FTIR spectrum
of HTT/graphene-1.0% (centered at 502 cm−1), suggesting an interfacial interaction between graphene
and HTT in the nanocomposites.

Raman spectroscopy is also widely employed to characterize the electronic structure of carbon
products. Two bands are observed in the 850–2000 cm−1 range for GO and HTT/graphene
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nanocomposites, as shown in Figure 3. They are the D band and G band of carbonaceous materials [36].
The former denotes a common characteristic of carbon sp3 defects, and the latter gives information
about the in-plane vibrations of sp2 bonded carbon [21,34]. The intensity ratio between D band and
G band (ID/IG) represents the relative concentration of defects in GO or graphene. Compared with
bare GO, the calculated ID/IG of the HTT/graphene composites are lower, demonstrating a lower
concentration of defects in graphene. The decreased ID/IG ratios in HTT/graphene nanohybrids imply
the employed hydrothermal process facilitates the formation of more graphene without reducing the
average size of sp2 domains. Furthermore, it is worth noting that a G band up-shift from 1588 to
1596 cm−1 is observed for HTT/graphene compared with GO and graphene, which gives evidence
for chemical bonding of carbon materials [37,38]. The results indicate significant interaction between
graphene and HTT, consistent with the results of the FTIR investigation.

Figure 2. FTIR spectra of samples (a) GO, (b) HTT/graphene-1.0%, and (c) pure HTT.

Figure 3. Raman spectra of (a) bare GO, (b) HTT/graphene-1.0%, and (c) HTT/graphene-4.0% composites.
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3.2. TEM and Brunauer–Emmett–Teller (BET) Surface Area Analyses

The morphologies of HTT/graphene composites can be observed by TEM, as shown in Figure 4.
Pure HTT exhibit a tubular framework structure, although, occasionally the aggregation of HTT
can be seen (Figure 4a). Upon introducing GO, HTT are anchored onto the graphene sheets after
hydrothermal treatment (Figure 4b). The surfaces of graphene sheets are covered by interconnected
networks of HT nanotubes. The introduced GO acts as a substrate of the tightly packed HTT. It is noted
from Figure 4b, that HTT occupy most of the available surface of graphene, leading to high loading
amounts of HTT in as-synthesized nanocomposites. Compared to HTT/graphene-1.0% obtained via
the in-situ synthesis strategy, the HTT/graphene-1.0%-mixed sample, prepared by the mechanically
mixing of HTT and graphene, exhibits an inhomogeneous distribution of HTT on graphene, as shown
in Figure 4c. These results demonstrate that the oxygen-containing functional groups of GO facilitate
the nucleation and growth of HTT upon the graphene surface. It is beneficial for HTT to anchor directly
on graphene sheets, consequently forming a uniform distribution and close interfacial contact between
HTT and graphene.

Figure 4. Typical TEM images of (a) pure HTT, (b) HTT/graphene-1.0%, and (c) HTT/graphene-1.0%-
mixed nanocomposites.

N2 adsorption-desorption experiments were used to investigate the textual properties of the
as-synthesized nanocomposites. The specific surface area, SBET was calculated according to the classical
Brunauer–Emmett–Teller (BET) theory and the corresponding data are summarized in Table 1. Table 1
indicates that all of the HTT/graphene composite samples possess larger SBET than bare HTT, which is
due to the huge surface area of graphene [20]. Additionally, the BET surface area of HTT/graphene
hybrids increases with an increasing amount of graphene, reconfirming the influence of graphene
in improving the total surface area of HTT/graphene samples. For instance, SBET increases from
228.9 to 248.0 m2·g−1 when the content of graphene increases from 0.2% to 4.0% for as-synthesized
HTT/graphene composites. There is no doubt that the enhanced SBET can provide more surface active
sites and facilitate the adsorption of the reactants, thus promoting heterogeneous catalytic reactions.

Table 1. Brunauer–Emmett–Teller (BET) surface area of as-prepared HTT/graphene composites and
SBET normalized rate constants k for the selective oxidation of benzyl alcohol.

Catalyst
BET Surface
Area/m2·g−1 Conv./%

Rate Constant
k/h−1

SBET Normalized
Rate Constants k

pure HTT 225.1 27.6 0.053 0.24 × 10−3

HTT/graphene-0.2% 228.9 57.1 0.141 0.61 × 10−3

HTT/graphene-0.4% 234.4 78.0 0.252 1.08 × 10−3
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Table 1. Cont.

Catalyst
BET Surface
Area/m2·g−1 Conv./%

Rate Constant
k/h−1

SBET Normalized
Rate Constants k

HTT/graphene-1.0% 240.5 91.8 0.411 1.71 × 10−3

HTT/graphene-2.0% 244.7 69.2 0.195 0.80 × 10−3

HTT/graphene-4.0% 248.0 43.8 0.097 0.39 × 10−3

HTT/graphene-1.0%-mixed 233.6 32.3 0.078 0.33 × 10−3

Reaction conditions: catalyst 50 mg, benzylic alcohol 0.25 mmol, acetonitrile 5 mL, reaction temperature 298 K,
visible light irradiation 6 h.

3.3. XPS Analysis

The interactions between HTT and graphene are further studied by XPS. The high-resolution
C 1s XPS spectrum of bare GO is shown in Figure 5a. Two characteristic peaks can be observed at
285.0 and 287.1 eV, which correspond to adventitious carbon or sp2-hybridized carbon of GO and the
oxygen-containing carbonaceous bands (C–OH) [20,39]. These oxygen-containing bands can provide
active anchoring sites for HTT growth. The C 1s spectrum of the HTT/graphene-1.0%-mixed sample
is deconvoluted into three peaks at binding energies of 284.6, 286.5, and 288.6 eV. The C 1s peaks
located at 284.6 and 286.5 eV can be assigned to C–O or C=O groups (Figure 5b). The relative weak
peak at 288.6 eV belongs to the O=C–O group. These results indicate that the –OH groups of HTT
are likely to interact with the surface –COOH groups of GO via forming O=C–O bonds. Additionally,
it can be seen the peak at 287.1 eV, belonging to the C–OH groups of GO, decreases significantly
or disappears in the C 1s XPS spectra of HTT/graphene composites. This further demonstrates the
successful reduction of GO to graphene through the hydrothermal process. The C 1s spectrum of
in-situ synthesized HTT/graphene-1.0% can be deconvoluted into four peaks (Figure 5c). Besides the
three peaks at 284.6, 286.5, and 288.6 eV— belonging to the C–C, C–O, and O=C–O groups—another
shoulder peak centered at 283.2 eV is observed, which is attributed to forming chemical bonds (Ti–C)
between carbon atoms and titanium atoms in the lattice of HTT. This is the first report on the formation
of Ti–C bonds in nanocomposites of hydrogen titanate and graphene. The intimate interfacial contacts
originated from the chemical bonding would benefit the migration of photogenerated charges and
thus improve the photocatalytic activity of HTT.

Forming Ti–C bonds is also investigated and identified by analyzing the Ti 2p XPS spectra
of the HTT/graphene nanocomposites. As depicted in Figure 6a, in the Ti 2p spectrum of
HTT/graphene-1.0%-mixed, two peaks are observed at binding energies of 464.4 and 458.7 eV. These
peaks can be attributable to the Ti 2p1/2 and Ti 2p3/2 spin-orbital splitting photoelectrons of Ti4+. Two
bands at binding energies of 463.3 and 457.7 eV usually correspond to Ti3+ [21,36]. In Figure 6b, besides
the above-mentioned four characteristic peaks belonging to Ti4+ and Ti3+ in HTT, two other weak
peaks located at 465.3 and 459.4 eV are found and are likely due to the forming of Ti–C bonds in the
HTT/graphene nanohybrids. This suggests that a chemical interaction between HTT and graphene is
present in as-synthesized HTT/graphene composites and absent in the mixed samples.
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Figure 5. C 1s XPS spectra of (a) bare GO, (b) HTT/graphene-1.0%-mixed, and (c) HTT/graphene-1.0%
chemically bonded nanocomposites.

Figure 6. Ti 2p XPS spectra of (a) HTT/graphene-1.0%-mixed and (b) HTT/graphene-1.0% chemically
bonded nanocomposites.

3.4. Enhanced Visible Light Catalytic Activities

To investigate the photocatalytic performance of HTT/graphene nanohybrids, the selective
oxidation of benzylic alcohols was chosen as a model reaction. No product of aldehyde was obtained
without visible radiation or the photocatalyst, indicating that the selective oxidation of benzyl alcohol
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is conducted through the photocatalytic reaction. Figure 7 shows a comparison of photocatalytic
oxidation activity of pure HTT, HTT/graphene-0.2%, HTT/graphene-0.4%, HTT/graphene-1.0%,
HTT/graphene-2.0%, HTT/graphene-4.0%, HTT/graphene-1.0%-mixed, and P25 TiO2/graphene
-1.0%. As depicted in Figure 7, without graphene, pure HTT shows moderate photocatalytic activity
and 27.6% of benzyl alcohol was converted into benzaldehyde after 6 h of visible light irradiation. Even
when the weight content of graphene is low (0~4.0 wt %), HTT/graphene nanohybrids synthesized
using the in-situ compositing approach exhibit remarkably enhanced photocatalytic activities, and
the prepared photocatalysts possess high selectivity (>95%) for the conversion of benzyl alcohol to
benzaldehyde. The photo-oxidation activity of HTT/graphene increases with graphene amount
from 0.2 to 1.0 wt %. The optimal conversion yield of benzyl alcohol, obtained in the sample
HTT/graphene-1.0%, is 91.8%, which exceeds by 3.3 times that of pure HTT. To our knowledge,
this is the first report demonstrating that hydrogen titanate/graphene composites serve as efficient
visible light catalysts toward the partial oxidation of benzylic alcohols. When the content of graphene
is above 1.0%, further increasing the graphene content results in a reduction of photo-activity. For
instance, the conversion yield of benzyl alcohol over HTT/graphene-4.0% has a sharp decline. This
may be due to the increased turbidity and light scattering of HTT/graphene-4.0%. Additionally, high
loading of graphene shields HTT from absorbing light irradiation, which leads to an obvious reduction
of illumination passing through the reaction suspension. The results are analogous to the previous
studies of TiO2/graphene nanohybrids for contaminant degradation and hydrogen production [19,20].

Figure 7. The selective oxidation of benzyl alcohol over HTT/graphene nanocomposites under visible
light irradiation: (a) pure HTT, (b) HTT/graphene-0.2%, (c) HTT/graphene-0.4%, (d) HTT/graphene-
1.0%, (e) HTT/graphene-2.0%, (f) HTT/graphene-4.0%, (g) P25 TiO2/graphene-1.0%, and (h)
HTT/graphene-1.0%-mixed. The blank column represents the experimental results in the absence of
visible irradiation or photocatalyst.

For comparison, the selective conversion of benzyl alcohol in P25 TiO2/graphene-1.0% and
HTT/graphene-1.0%-mixed have also been tested and analyzed under the same experimental
conditions. The sample of P25 TiO2/graphene-1.0% shows dramatically lower activity (37.0% of
alcohol is oxidized) than the HTT/graphene-1.0% composites, suggesting that more direct contact and
the resulting strong interactions between HTT and graphene sheets are critical for the enhancement
of photocatalytic activity because of improved electron/hole separation and migration. The physical
mixed sample (HTT/graphene-1.0%-mixed) shows a significantly lower conversion yield than that
of HTT/graphene-1.0% synthesized via a one-step hydrothermal process. This suggests that simple
mechanical-mixing with graphene has a small effect on improving the photocatalytic activity of HTT,
and is due to the absence of a chemical-bonding interface between HTT and graphene. This also
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indicates that the interaction state between HTT and graphene has crucial influence on photocatalytic
performance of HTT/graphene nanohybrids.

Additionally, the reaction kinetics of benzyl alcohol oxidation were investigated and the
corresponding results are shown in Figure 8. As the reaction time is prolonged, slight decreases
in the conversion yields of benzyl alcohol occur. Derived from the experimental data in Figure 8A,
the kinetics of benzyl alcohol oxidation are shown in Figure 8B. A linear correlation between ln(C0/Ct)
(C0 and Ct are the concentrations of benzyl alcohol at the initial time and at specific time intervals) and
the reaction time is displayed, indicating the oxidation is pseudo-first order. The pseudo-first-order
rate constant (k) of the HTT/graphene photocatalysts can be obtained from the slope. The rate constant
(k) of benzyl alcohol oxidation over the optimal photocatalyst, HTT/graphene-1.0%, is 0.411 h−1,
which is 5.3 and 6.4 times higher than those of the P25 TiO2/graphene-1.0% and HTT/graphene-1.0%
-mixed samples.

Figure 8. (A) Time involved photocatalytic conversion of benzyl alcohol over as-synthesized
HTT/graphene nanocomposites: (a) pure HTT, (b) HTT/graphene-0.2%, (c) HTT/graphene-0.4%, (d)
HTT/graphene-1.0%, (e) HTT/graphene-2.0%, (f) HTT/graphene -4.0%, (g) P25 TiO2/graphene-1.0%,
and (h) HTT/graphene-1.0%-mixed; (B) The corresponding first-order kinetics plots over
these photocatalysts.

To investigate the general applicability of HTT/graphene composites, the oxidation of various
benzylic alcohols over the optimal HTT/graphene-1.0% were examined and the corresponding
results are displayed in Table 2. It can be seen from Table 2 that the selective conversion of
various benzylic alcohol derivatives proceeds, and the desirable aldehyde products are obtained
in high selectivity (entries 1–5) under visible radiation. Additionally, it can be noted that the
electron-donating substituents (CH3– and CH3O–) facilitate the formation of aldehyde products;
for example, 97.6% of 4-methoxybenzyl alcohol can be converted in 4.5 h with 96% selectivity. Whereas,
the electron-withdrawing substituents (such as F– and Cl–) retard the conversion of alcohols. This
suggests that the existence of an electron-donating group at the p-position of benzyl alcohol benefits
the selective conversion over an HTT/graphene photocatalyst.

Table 2. Photocatalytic oxidation of various benzylic alcohols over HTT/graphene-1.0%.

Entry Substrate Product Time (h) Conv. (%) Sel. (%)

1 6 91.8 96

2 5 92.5 97
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Table 2. Cont.

Entry Substrate Product Time (h) Conv. (%) Sel. (%)

3 4.5 97.6 96

4 7 89.2 97

5 9 84.9 98

Reaction conditions: catalyst 50 mg, benzylic alcohol 0.25 mmol, acetonitrile 5 mL, reaction temperature 298 K,
visible light irradiation (λ > 400 nm).

3.5. Stability of Composite Photocatalysts

The stability or recyclability of catalysts is another important practical issue. In order to study
the stability and durability of HTT/graphene composites, cycle experiments are performed. After
the catalytic reactions, HTT/graphene-1.0% photocatalysts are separated and recovered by washing,
and are reused. As depicted in Figure 9, there is only a small loss of activity and no obvious change
of selectivity after five consecutive runs for partial photo-oxidation of benzyl alcohol. These results
indicate that HTT/graphene is an efficient and stable photocatalyst for selective conversion of benzyl
alcohol under the applied experimental conditions.

Figure 9. Recycled photoactivity test for five operational runs over the optimal HTT/graphene-1.0%,
on selective oxidation of benzyl alcohol.

3.6. Visible Light Absorption Generated by Benzyl Alcohol Surface Adsorption

Surface adsorption generally plays a critical role toward photocatalysis-driven selective oxidation
of alcohols. The surface adsorption of benzyl alcohol on HTT/graphene composites is first investigated
using FTIR spectra (Figure 10A). In comparison with free benzyl alcohol molecules, the characteristic
peaks assigned to C–O and O–H groups shift to lower wavenumbers (at 1036 and 1363 cm−1) after
being adsorbed over HTT/graphene-1.0%. On the other hand, the characteristic peaks belonging to
skeletal vibrations of the phenyl ring (at 1495 and 1451 cm−1) and the C–C stretching vibration (at
1207 cm−1) show no changes [26,28]. These results imply that benzyl alcohol is adsorbed on the surface
of HTT/graphene and the –CH2OH groups of the alcohol molecules interact with the unsaturated Ti
sites of HTT, forming alcoholate species –CH2–O(H)–Ti.
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Figure 10. (A) FTIR spectra of (a) HTT/graphene-1.0%, (b) benzyl alcohol adsorbed HTT/graphene-1.0%
and (c) free benzyl alcohol; (B) UV-vis DRS of pure HTT, benzyl alcohol adsorbed HTT,
HTT/graphene-1.0%, and benzyl alcohol adsorbed HTT/graphene-1.0%; (C) Plot of transformed
Kubelka–Munk function versus the energy of light (Inset: the corresponding UV-vis DRS).

The formation of surface complexes –CH2–O(H)–Ti can produce visible absorption, which
provides a prior condition for the selective conversion of benzylic alcohol to product aldehyde. This has
been previously shown in research on photocatalytic reactions over TiO2 or Nb2O5 [40,41]. Based on the
literature, surface-unsaturated metals (such as Ti or Nb) can serve as Lewis acid sites and the alcohol
molecules are adsorbed via Lewis acid-base interactions. The visible light absorption can be attributed
to the ligand-to-metal charge transfer (LMCT) of in-situ formed surface complexes. The visible light
absorption caused by the surface adsorption of benzyl alcohol over pure HTT and HTT/graphene-1.0%
is indicated in Figure 10B. As presented in Figure 10B, the pure HTT sample shows no visible light
response, whereas the benzyl alcohol adsorbed HTT exhibits obvious visible light absorption. This
absorption can be ascribed to the formation of surface complexes between adsorbed benzyl alcohol and
the unsaturated surface Ti atoms of HTT. It can be concluded from Figure 10B that the incorporation of
graphene results in continuous absorption bands in visible light range for HTT/graphene composites,
which is analogous to results on TiO2/graphene nanohybrids [42]. Although the HTT/graphene
nanocomposites extend the wide background absorption in visible light region, additional visible
light absorption can be observed for benzyl alcohol adsorbed composites. This demonstrates that the
introduction of graphene has no influence on the formation of surface complexes.

The band gap energy of the photocatalyst is an important factor affecting the catalytic
performance, especially for a visible light photocatalytic system. The band gap energies of pure
HTT, HTT/graphene-1.0%, and HTT/graphene-4.0% are estimated through a Tauc plot of the modified
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Kubelka–Munk function with linear extrapolations (Figure 10C). The calculated band gap energies
are 3.16, 3.09, 2.98 eV for pure HTT, HTT/graphene-1.0%, and HTT/graphene-4.0%, respectively.
The reduction in band gap energy can be ascribed to chemical bonding between HTT and the
graphene support. As shown in the inset of Figure 10C, a slight red-shift in the absorption edge of the
HTT/graphene composites is observed. For instance, the absorption edge of HTT/graphene-1.0% is
about 401 nm, which implies that HTT/graphene-1.0% can hardly absorb visible light. That is, the
red-shift originating from the chemical bonding between HTT and graphene is insufficient to bring
forth excellent catalytic activity for the selective oxidation of benzylic alcohols. Hence, the visible light
oxidation of benzylic alcohols over HTT/graphene nanocomposites is mainly driven by the formation
of surface complexes.

3.7. Improved Charge Transfer via the Chemically Bonded Interface between HTT and Graphene

To investigate visible light induced charge transfer during the photo-oxidation of benzylic
alcohols over HTT/graphene catalysts, the transient photocurrent responses were recorded over
working electrodes made of pure HTT, HTT/graphene-1.0%-mixed and in-situ compositing
HTT/graphene-1.0%. Figure 11A presents the I-t curves of the above-mentioned three working
electrodes in a benzyl alcohol containing electrolyte solution under visible light illumination.
The photocurrent is primarily determined by the charge transfer from the adsorbed benzyl alcohols
to the HTT conduction band and the subsequent graphene surface. The photocurrent density of the
HTT/graphene-1.0% electrode is enhanced ~4.6 times that of pure HTT, indicating the separation
efficiency of photoinduced charges can be improved by the interfacial electronic interactions between
HTT and graphene. Moreover, the photocurrent density of the in-situ composited HTT/graphene-1.0%
is enhanced ~2.3 times that of the mechanical-mixed hybrid (HTT/graphene-1.0%-mixed), which is
primarily ascribed to the chemical interactions between HTT and the graphene sheets. Additionally,
for the HTT/graphene-1.0% electrode, the photocurrent density in the presence of benzyl alcohol is
predominantly higher than that in its absence. This result implies the generation of anodic photocurrent
is closely related to the surface adsorption of benzyl alcohol upon the HTT/graphene-1.0% electrode.
The photocurrent experiments offer direct evidence for electron migration from the adsorbed benzyl
alcohol to the conduction band of HTT and subsequently to graphene surface under visible light.

Based on the experimental data in Figure 11A and Table 1, the photocurrent results are in
accordance with the SBET normalized rate constants of benzyl alcohol oxidation. This suggests
that visible light induced charge transfer plays a pivotal role in the photocatalytic conversion
of benzylic alcohol. For graphene-based photocatalytic systems, the enhanced charge separation
efficiency is dominated by the high spatial charge transportation properties of graphene [43,44].
The extent of interaction between graphene and semiconductor catalysts determines the electron
migration, further influencing the photocatalytic activity [19–22]. The formation of a chemically bonded
interface between catalyst nanoparticles and graphene can improve the photocatalytic performance of
semiconductor catalysts [19–22]. Based on the above characterization results (Figures 5, 6 and 11A) and
photocatalytic experimental data (Figure 8 and Table 1), an efficient interfacial charge transfer based
on a chemical-bonding effect is proposed to clarify the promoted catalytic activity of HTT/graphene
nanocomposites, especially compared to mechanically mixed samples. The improved charge separation
caused by the interaction extent between HTT and graphene sheets can be further investigated by EIS.

Figure 11B compares the EIS Nyquist curves of the in situ-synthesized and mechanically
mixed HTT/graphene composites under irradiation by a xenon lamp. Figure 11B shows only one
semicircle on the EIS plan, which suggests that charge migration is occurring, and the supposed
equivalent circuit is given in the inset of Figure 11B. The charge transfer resistances of the pure
HTT, HTT/graphene-1.0%-mixed, and HTT/graphene-1.0% samples are 4.9 × 105, 2.2 × 105, and
1.0 × 105 ohm, determined by fitting with the equivalent circuit. This demonstrates that the
introduction of graphene facilitates the charge transfer of HTT. Furthermore, the arc radius of
the EIS Nyquist curve for HTT/graphene-1.0% is smaller than that of both the physically mixed
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(HTT/graphene-1.0%-mixed) and pure HTT samples. Generally, the arc radius of an EIS spectrum
reflects the resistance of the interface layer at the surface of the electrodes [37,45]. The smaller
semicircle size represents more efficient separation of electrons/holes and more rapid interfacial charge
transfer [37,45]. These results clearly reveal that the chemical bonding of HTT and graphene can
efficiently promote the migration and separation of photogenerated charges, contributing to improve
the catalytic performance for selective oxidation of benzylic alcohols.

Figure 11. (A) Photocurrent curves of pure HTT, HTT/graphene-1.0%-mixed, and HTT/graphene-1.0%
electrodes under visible light irradiation; the violet curve represents the photocurrent response over
HTT/graphene-1.0% electrode without benzyl alcohol in the electrolyte solution. (B) Electrochemical
impedance spectra (EIS) Nyquist plots of the pure HTT, HTT/graphene-1.0%-mixed, and
HTT/graphene-1.0% samples under light irradiation with a Xe lamp. Inset: Electrical equivalent
circuit supposed for fitting of impedance spectra. RS, CPE, and Rct represent the electrolyte resistance,
space charge capacitance, and the charge transfer resistance, respectively.

3.8. Radical Trapping Experiments

The involved catalytic mechanism of alcohol photo-oxidation on HTT/graphene composites is
further studied. Control experiments on radical trapping were carried out and the obtained results
are illustrated in Figure 12A. When adding tert-butyl alcohol (TBA) to the reaction solution [46],
the conversion of benzyl alcohol is almost unchanged, indicating ·OH has little effect on the selective
conversion of benzyl alcohol. Removing O2 by sparging with N2 results in a low conversion of
benzyl alcohol (ca. 15%), indicating that O2 plays a critical role in photocatalytic oxidation of benzyl
alcohol. When triethanolamine (TEA, a scavenger of photohole h+) is put into the reaction system, the
oxidation of benzyl alcohol is remarkably inhibited, implying that partial oxidation of benzyl alcohol
is primarily driven by photo-holes. Additionally, the introduction of benzoquinone (BQ) results in an
obvious decrease in the conversion of benzyl alcohol, suggesting that O2

·– is also involved during the
photo-oxidation of benzyl alcohol. To confirm the formation of O2

·–, active radical species generated
over HTT/graphene-1.0% are detected by ESR using DMPO as the spin-trapping agent. As depicted
in Figure 12B, after irradiation of the HTT suspension for 5 min, the characteristic spectrum of the
adduct DMPO/·OOH formed between DMPO and superoxide radicals can be clearly observed. In the
presence of HTT/graphene-1.0%, the signal intensity of DMPO/·OOH increased. These results indicate
that superoxide radicals can be formed upon pure HTT or HTT/graphene under light illumination,
and that introduction of graphene significantly enhances the formation of O2

·–.
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Figure 12. (A) Control experiments of photocatalytic selective oxidation of benzyl alcohol in the
presence of various scavengers or in the absence of O2 over HTT/graphene-1.0% under visible light
irradiation for 6 h. (B) Electron spin resonance (ESR) spectra of O2

·– trapped by DMPO over pure
HTT and HTT/graphene-1.0% suspensions in methanol solution, blank represents both the sample
containing DMPO alone under light illumination and the sample containing DMPO and catalysts
in dark.

3.9. Mechanism of Improved Visible Light Catalytic Activity

According to these results, a possible mechanism for the improved visible light catalytic activity
over as-prepared HTT/graphene composites is proposed and depicted in Figure 13. Reactant benzylic
alcohol is first adsorbed on unsaturated Ti site of HTT and generates the surface complex. A visible
light induced LMCT process occurs, which produces an electron and a hole upon the in-situ formed
surface complex. The photogenerated electron transfers into the conduction band of neighbor HTT and
subsequently the surface of the graphene sheet via the in-situ formed Ti–C bonds, which can be trapped
by adsorbed O2 to produce a superoxide anion radical. Meanwhile, the adsorbed benzylic alcohol
transforms into an intermediate with a positive charge. Subsequently, the photogenerated hole drives
the α-deprotonation of the intermediate and gives rise to a neutral carbon radical. Then the reaction
between the substrate radical and superoxide species yields the product aldehyde. Compared to the
HTT/graphene-mixed samples, the in-situ composited HTT/graphene catalysts possess significantly
enhanced photocatalytic activity for the selective oxidation of benzylic alcohols under visible light
illumination, as indicated in Figure 8 and Table 1. It can be mainly ascribed to the chemical-bonding
effect and the resulting intimate interactions between HTT and graphene sheets, which facilitate
the interfacial electron transfer from adsorbed alcohols to HTT and finally to graphene. The close
interfacial contacts between graphene and HTT are not being able to form in the mechanical mixed
composites. In brief, the improved oxidation efficiency of as-synthesized HTT/graphene composites
is primarily ascribed to the interfacial charge transfer effect, which inhibits the recombination of
photoinduced electron-hole pairs and thus enhances the photoactivity of alcohol oxidation.
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Figure 13. Schematic illustrations for the efficient interfacial charge transfer effect over HTT/graphene
composites toward the selective oxidation of benzylic alcohols under visible light irradiation.

4. Conclusions

In summary, HTT/graphene nanohybrids with superior photocatalytic activity were fabricated
through a facile hydrothermal process. Nanotubular HTT are densely supported upon the surface of
graphene with close interfacial contacts. Introducing graphene can markedly improve the catalytic
performance for the selective conversion of benzylic alcohols under visible illumination and the
contents of graphene have significant effects on the catalytic activity of HTT. The optimal content
of graphene is 1.0 wt % and the corresponding normalized rate constant k of benzyl alcohol
oxidation is 1.71 × 10−3 g/m2·h, which exceeds that of pure HTT by more than seven times.
Further characterization results indicate that HTT are chemically bonded with graphene surfaces
via Ti–C bonds, which is supported by XPS analysis. More importantly, the chemical-bonded
nanocomposite exhibits a remarkable enhancement of photocatalytic activity, which is 5.2 times that of
a mechanical-mixed sample. Based on the results of transient photocurrent and EIS, this enhancement
can be ascribed to the interfacial charge transfer effect, which provides favorable spatial conditions
for electrons migration from in-situ generated surface complexes to neighboring HTT and finally
to graphene. This effect inhibits the recombination of electrons and holes, and thus yields superior
photocatalytic performance. Our study on the efficient interfacial charge transfer via a chemically
bonded interface provides new insights for guiding the design of novel photocatalytic reaction systems,
particularly for solar-light driven selective organic synthesis.
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Abstract: Black TiO2 has triggered worldwide research interest due to its excellent photocatalytic
properties. However, the understanding of its structure–property relationships and a more effective,
facile and versatile method to produce it remain great challenges. We have developed a facile
approach to synthesize black TiO2 nanoparticles with significantly improved light absorption in the
visible and infrared regions. The experimental results show that oxygen vacancies are the major
factors responsible for black coloration. More importantly, our black TiO2 nanoparticles have no
Ti3+ ions. These oxygen vacancies could introduce localized states in the bandgap and act as trap
centers, significantly decreasing the electron–hole recombination. The photocatalytic decomposition
of both rhodamine B and methylene blue demonstrated that, under ultraviolet light irradiation, better
photocatalytic performance is achieved with our black TiO2 nanoparticles than with commercial
TiO2 nanoparticles.

Keywords: photocatalysis; black TiO2; oxygen vacancies; photodegradation

1. Introduction

Since the pioneering work of Fujishima and Honda in 1972 [1], titanium dioxide (TiO2)
has attracted extensive interest as a widely used semiconductor photocatalyst in the fields of
hydrogen production, photocatalytic water-splitting [2], environmental protection technologies [3] and
photocatalytic reduction of carbon dioxide [4].Especially in the area of environmental protection, textile
dyes and other industrial dye stuffs constitute one of the largest group of organic compounds that
represent an increasing environmental danger. Therefore, improving the efficiency of photocatalysis is
a current research hotspot. Absorption of light to generate electron-hole pairs and effective charge
separation are of great significance for enhancing the efficiency of the photocatalytic reaction in TiO2

semiconductor materials. In general, the more light TiO2 can absorb, the more excited charges are
likely to be on its surface, improving its photocatalytic efficiency [5]. However, the large band gap
of anatase TiO2 (~3.2 eV) greatly limits its optical absorption in the UV region of the solar spectrum,
resulting in poor efficiency for solar-driven photocatalysis.

Therefore, great efforts have been devoted to modifying the band structure to enhance the
visible-light absorption, such as doping TiO2 with metal [6–9] or nonmetal [10,11] elements and
co-doping with metal and non-metal elements[12–14]. All these efforts have enhanced its visible light
absorption and photocatalytic activity. However, the results are not yet satisfactory.

Recently, a hydrogenated black TiO2 (B-TiO2) material was reported by Mao and co-workers,
having a narrow bandgap of ~1.5 eV with increased light harvesting efficiency in the visible and
infrared regions and enhanced photocatalytic activity [15]. Unsurprisingly, this discovery has triggered
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worldwide research interest in black TiO2 nanomaterials, which represent a major breakthrough
for TiO2 in photocatalysis. Since then, different methods for the synthesis of black TiO2 have
been developed, which have allowed the preparation of hydrogenated or reduced TiO2 of different
colors like yellow, blue, gray and black, by the use of different initial TiO2 materials and reaction
conditions [16–18]. Most of these approaches can be divided into two types: reduction from TiO2

and incomplete oxidation from low-valence-state Ti species. To reduce white TiO2 to black TiO2, Al,
Mg, Zn, H2, NaBH4, imidazole and ascorbic acid have been used as reducing agents [19,20]. For
example, Liu et al. reported black TiO2 nanotubes obtained by pressurized H2 reduction at high
temperature (500 ◦C, 20 bar, for 1 h), with a high photocatalytic hydrogen production rate [21]. Wang
et al. reported a mass-production approach to synthesize black TiO2 with a unique crystalline-core
amorphous-shell structure (TiO2@TiO2−x), by using aluminum instead of hydrogen as the reducing
agent [22]. Sinhamahapatra et al. developed a controlled magnesiothermic reduction to synthesize
reduced black TiO2 under a 5% H2/Ar atmosphere, with an optimum bandgap and band position,
oxygen vacancies, surface defects and charge recombination centers and showing significantly
improved optical absorption in the visible and infrared regions [23]. For the second approach, the Ti
sources TiH2, Ti, TiO, Ti2O3, TiCl3 and TiN have been incompletely oxidized to synthesize black or
hydrogenated TiO2 [18,24]. For example, Liu et al. synthesized rice-shaped Ti3+ self-doped TiO2−x

nanoparticles by mild hydrothermal treatment of TiH2 in a H2O2 aqueous solution; the particles
showed a strong absorption from the UV to the visible light regions and retained their light-blue color
upon storage under ambient atmosphere or water, for one month at 40 ◦C [25].Pei et al. prepared gray
TiO2−x with enhanced visible light photocatalytic activity by a facile hydrothermal treatment of TiO in
HCl solution [26].All these synthetic approaches resulted in changes in the TiO2 color and enhancement
of its light absorption. Surface lattice disorders, high-concentration of oxygen vacancies, Ti3+ ions,
Ti-OH groups and Ti-H bands have been found in some black TiO2 and explain their color change,
enhancement of light absorption and photocatalytic activity. These highly defective TiO2, referred to
as Ti3+ ions/oxygen-vacancy self-doping (TiO2−x) and H-doping (TiO2−xHx), always present black
color and possess strong visible light absorption. Some papers have also reported prepared black
TiO2 that have only oxygen vacancies but no Ti3+ ions. For example, Wang et al. suggested the
absence of Ti3+ in hydrogenated black TiO2 nanowires treated at 450 ◦C [27]. Dong et al. synthesized
defective black TiO2−x with a remarkable photocatalytic activity by a facile anodization technique
and indicated that there were oxygen vacancies present but no Ti3+ [28]. This may be attributed to
their lower preparation temperatures (≤450 ◦C). Furthermore, the defect structure of black TiO2 is
the major factor that determines its various properties, including color change, light absorption and
photocatalytic activity [29]. According to previous papers, black TiO2 with disordered shell/hydroxyl
groups can induce valence-band/conduction-band tails, that reduce their bandgap [15,30]. They can
also induce oxygen vacancies, Ti3+ ions and H-doping defects that reduce the bandgap and introduce
mid-gap/localized-donor states below the conduction band, in addition to an upshift of the Fermi
level [31,32],which renders color changes. For example, for Ti3+ self-doping black TiO2, the localized
excitation of the Ti3+ ions via 3d transitions from the gap state to the empty excited state, significantly
increases its light absorption and extends it to the visible region [22].

However, some questions still exist regarding black TiO2. For example, there is no consensus on
what are the most essential modifications and the most effective synthetic method for their preparation.
Some black TiO2 do not show the expected efficiency in visible light. Furthermore, their preparation
is cumbersome and costly. The oxygen vacancies and Ti3+ species created during their synthesis are
usually not stable enough because the TiO2 reduction occurs mainly on its surface. These factors
severely limit their wide applicability. Therefore, developing a simple and economic strategy to
synthesize a higher stability, higher performance black TiO2 photocatalyst is still a great challenge.

Inspired by the above-mentioned considerations, we have developed a facile technique
for synthesizing black TiO2 nanoparticles, for the first time by low-temperature annealing in a
vacuum-tube furnace. The obtained samples reveal very strong visible and infrared light absorption.
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The B-TiO2 nanoparticles have oxygen vacancies and no Ti3+ ions. We evaluated the effectiveness of the
as-prepared B-TiO2 nanoparticles and the feasibility of applying them to photocatalytic degradation
tests. Very promisingly, the resultant B-TiO2 nanoparticles showed superior photocatalytic activity, far
beyond that of commercial white TiO2 nanoparticles.

2. Experimental

2.1. Materials

Commercial catalyst white titanium dioxide nanoparticles (20–30 nm) and absolute ethanol were
purchased from Macklin Biochemical. All the chemicals used in this study were analytical grade and
were used as received. All the solutions were made using ultrapure Milli-Q (Millipore Corporation,
Burlington, MA, USA) water.

2.2. Synthesis of B-TiO2 Nanoparticles

In a simple synthetic procedure, commercially available (W-TiO2) nanoparticles were used as
precursors. W-TiO2 nanoparticles (0.5 g) and absolute ethanol (10 mL) were mixed in a 50 mL
quartz tube using a magnetic stirrer to form a milky-white suspension. The milky-white suspension
was stirred for 10 min. Then the suspension was poured into a sintering boat (length 6 cm, width
3 cm, height 1.5 cm) and transferred to a vacuum tube furnace (SK-G06163, Φ60/50 × 1000 mm).
The suspension was annealed at 400 ◦C for 3 h. The detailed annealing procedure is as follows:
The initial temperature is set to 50 ◦C and the temperature is raised at a rate of 5◦C/min until reaches
400 ◦C and the temperature is maintained at 400 ◦C for three hours. Then, the temperature is lowered
at a rate of 5 ◦C/min until reaches 50 ◦C. Finally, the sample was allowed to cool to room temperature
and a black mass of B-TiO2 nanoparticles was obtained.

2.3. Characterization

The X-ray diffraction patterns (XRD) of the samples were obtained at room temperature using
Cu Kα irradiation (λ = 1.5406 Å) operating at 36 kV tube voltage and 20 mA tube current. Data were
collected between 10◦ and 70◦ (2θ) with a 0.02◦ step size. Raman spectra were recorded on a UV laser
Raman spectrometer at λ = 785 nm. UV-vis diffuse reflectance (DRUV-vis) absorption spectra were
recorded on an UV-2700 Spectrophotometer in the range of 200–800 nm. X-ray photoelectron spectra
(XPS) were measured on an ESCALAB 250Xi using the reference of C1s (284.8 eV) with an excitation
source of 150 W Al Kα (hv = 1486.6 eV) X-rays. The electron paramagnetic resonance (EPR) spectra
were obtained using a JES-FA200 spectrometer (JEOL, Tokyo, Japan) at room temperature and an FEI
Tecnai G2 F20 (FEI, Hillsboro, OR, USA) model was used to determine the size and morphologies of
the nanoparticles. Sample specimens for the transmission electron microscopy (TEM) measurement
were prepared by briefly ultrasonicating the sample powders in ethanol, followed by placing a drop of
the suspension onto lacey support films that were dried before imaging. Fourier transformed infra-red
(FTIR, 80/80v Bruker TENSOR27, BRUKER OPTICS, Karlsruhe, Germany) was used to analyze the
functional groups in the catalyst from 500 to 4000 cm−1. Photoluminescence (PL) emission spectrum
was recorded on an FLS980 fluorescence spectrophotometer equipped with a 450 W xenon lamp as the
excitation source, at room temperature (excitation wavelength λex = 300 nm).

2.4. Photocatalytic Test

Rhodamine B (RhB) and methylene blue (MB) are organic dye with a bright red color and blue
color, respectively. They are widely applied as a test model pollutant in photocatalytic processes.
Therefore, the photocatalytic activity of the two prepared samples was evaluated by monitoring the
decomposition of (RhB)/(MB) in an aqueous solution under UV irradiation from a 500 W Hg lamp.
The lamp was positioned in a cylindrical Pyrex vessel and cooled by circulating water to control the
reaction temperature at about 27 ◦C. A quartz tube was used as the photo catalytic reactor. The sample
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of TiO2 (0.01 g) was mixed with an aqueous solution of RhB/MB (40 mL, 4 × 10–5 M). After stirring
for 30 min in the dark, to reach an adsorption equilibrium between the photocatalyst and the RhB/MB
solution, the mixture was exposed to UV light. Vigorous magnetic stirring was maintained in order to
keep the B-TiO2 and W-TiO2 nanoparticles suspended in the RhB/MB solution. The concentration of
aqueous RhB/ MB was determined with a UV-Vis spectrophotometer by measuring the peak intensity
at 553/668 nm, respectively. The percentage of degradation was recorded as C/C0, where C and C0

refer to the absorbance of the RhB/MB solution after a certain time interval (20 min) and the initial
absorbance, respectively.

The photocatalytic activity of B-TiO2 and W-TiO2 under visible light was also evaluated
by monitoring the decomposition of RhB/MB. The apparatus for studying the photocatalytic
decomposition of RhB/MB was identical under visible and ultraviolet light, except that an 800W
Xe lamp was used instead of a Hg lamp and ultraviolet cut off filter (>420 nm) was applied to cut off
the UV light. The amount of catalyst has also been increased to 0.02 g.

3. Results and Discussion

3.1. Characterization

The prepared B-TiO2 nanoparticles showed an outstanding stability. No color change was
observed for the B-TiO2 nanoparticles over one year after they were synthesized and stayed black
even when annealed at 200 ◦C in air for 3 days. Figure 1 shows the UV-visible absorption spectra of
the B-TiO2 and W-TiO2 nanoparticles. A large absorption peak is observed, for both, at wavelengths
shorter than 400 nm (~3.1 eV), which can be attributed to the intrinsic bandgap absorption of crystalline
anatase TiO2. Compared with pristine W-TiO2, the B-TiO2 extended the absorption from UV light
to the visible and infrared light regions. The extended absorption is consistent with the changes of
sample color from white to black (photograph shown in the inset of Figure 1). Furthermore, for the
B-TiO2 nanoparticles, a step appeared at approximately 740 nm (~1.67 eV). This step could be due to
oxygen vacancies with a trapped electron and it is discussed in detail in the EPR-analysis section.

Figure 1. UV-Vis absorption spectra of black B-TiO2 and W-TiO2 nanoparticles. The insert is a
photograph of B-TiO2 and W-TiO2 nanoparticles.

The crystalline structures of the B-TiO2 and W-TiO2 nanoparticles were determined by XRD
analysis. The powder XRD patterns of the two samples, shown in Figure 2a, exhibited characteristic
diffraction peaks matching the (101), (004), (200), (105) and (204) planes of anatase TiO2 (JCPDS Card
No. 21-1272). It could also be seen that there was almost no phase change in the B-TiO2 nanoparticles
and no other diffraction peaks could be observed after the low temperature annealing. However,
from the local enlargement of diffraction peaks (inset of Figure 2a), the diffraction peaks of the B-TiO2
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nanoparticles moved slightly to a higher angle. According to the Bragg equation (2dsinθ = λ, where d
is the crystal spacing, θ the diffraction angle and λ the X-ray wavelength), the shift of peaks towards
higher angles suggests that the lattice parameters decrease. This result can be explained in terms of the
oxygen vacancies produced by the annealing of the samples [33].

Figure 2. The XRD patterns of the as-prepared samples (a); TEM images of TiO2 nanoparticles before
(b) W-TiO2 and after (c) B-TiO2 low temperature annealing; HRTEM images of TiO2 nanoparticles
before (d) W-TiO2 and after (e) B-TiO2 low temperature annealing.
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The morphology and crystal structure of the B-TiO2 and W-TiO2 nanoparticles were examined
by high-resolution transmittance microscopy (HR-TEM) analysis, as shown in Figure 2b–e. The TEM
images showed similar particle sizes and morphologies for B-TiO2 (Figure 2b) and W-TiO2 (Figure 2c),
which proves that the low temperature annealing did not change its morphology. The lattice fringe
pattern with a spacing of ~0.35 nm, shown in the high resolution TEM (HRTEM) images (Figure 2d,e),
confirms the (101) plane of anatase TiO2 for the W-TiO2 and B-TiO2 nanoparticles (in agreement with
the XRD analysis). Both the W-TiO2 and B-TiO2 nanoparticles were highly crystallized, as seen from
the well resolved lattice features. However, other researchers have reported a disordered surface layer
surrounding the crystalline core in the hydrogenated/aluminum-reduced black TiO2 nanoparticles
obtained under high temperature (>450 ◦C) and high pressure (>5 bar) [22,34]. In contrast, the
B-TiO2 nanoparticles prepared in this work used low temperature (400 ◦C) and atmospheric pressure
conditions that did not lead to the specific core/shell structure consisting of a disordered surface layer
and a crystalline core. The specific surface areas using the Barrett-Emmett-Teller (BET) technique were
52.8 and 61.9 m2/g for the B-TiO2 and W-TiO2 nanoparticles, respectively. The similar BET specific
surface areas confirmed that the crystal size of the B-TiO2 nanoparticles did not increase with the low
temperature annealing, consistent with the above-discussed TEM results.

Raman spectroscopy is very sensitive to short-range distortions arising from microstructural
defects. The structural characteristics of the B-TiO2 nanoparticles were further examined by Raman
scattering, as shown in Figure 3. For the W-TiO2 nanoparticles, five characteristic Raman peaks at
143.6, 199.8, 397.2, 516.3 and 639.6 cm−1 were assigned as the Eg, Eg, B1g, A1g + B1g and Eg modes
of the anatase phase, respectively [35]. However, compared to the W-TiO2 nanoparticles, it is clear
that the frequency of the strongest Eg mode (at 143.6 cm−1) in the B-TiO2 nanoparticles, which results
from the external vibration of the Ti-O bonds, had a large blue shift to 152.5 cm−1, accompanied by
peak broadening. As reported in previous studies, ruling out grain size effects, the blue shift and
peak broadening of the anatase phase TiO2 can be ascribed to the oxygen stoichiometry [36]. Since
the B-TiO2 and W-TiO2 nanoparticles had similar particle sizes, the blue shift and broadening of
the strongest mode at 143.6 cm−1, can be attributed to a shortening of the correlation length due to
the presence of oxygen vacancies (nonstoichiometric). Thus, Raman spectroscopy unambiguously
supported the oxygen deficiency of the B-TiO2 nanoparticles.

Figure 3. Raman spectra of B-TiO2 nanoparticles and W-TiO2, inset is the magnification of Eg peak.

The existence of oxygen vacancies in the samples was also verified by electron paramagnetic
resonance (EPR) at room temperature. EPR is widely-used to examine unpaired spins. In Figure 4,
it is easily seen a strong EPR signal in the B-TiO2 nanoparticles at g = 2.003, which is characteristic of
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oxygen vacancies with a trapped electron in TiO2 and not of Ti3+ ions (g = 1.96–1.99) and consistent
with the reported oxygen-deficient TiO2−x [37,38]. Upon removal of an oxygen atom, one or two
electrons will be localized in an oxygen vacancy site (reaction 1) and form color centers. The color
centers associated with oxygen vacancies in TiO2 are the F, F+ and F++ centers (reactions 2–4) [39].
In our samples, one electron is localized in an oxygen vacancy state (F+-centers).

Figure 4. EPR spectra of B-TiO2 and W-TiO2 nanoparticles.

−O2−→ O + VO + 2e− (1)

VO + 2e−→ F (2)

VO + 1e−→ F+ (3)

VO + 0e−→ F++ (4)

Furthermore, Chen et al. have proved that electrons transit from the color center energy level to the
conduction band bottom. The calculated excited energy of the F+-center electron is 1.67 eV [40], which
is in reasonable agreement with the step value which appeared at approximately 740 nm (~1.67 eV) in
the UV-Vis absorption spectra (Figure 1). Thus, the absorption spectral features in the 1.67 eV region
(740 nm) are assigned to a transition from the ground state of the F+ center to its corresponding excited
F+* state. By contrast, the W-TiO2 nanoparticles did not contain any paramagnetic site, as a flat line
was observed for this sample. Thus, the strong EPR signal peak and also the blue shift of the Raman
peak, indicated that B-TiO2 nanoparticles had a high concentration of oxygen vacancies and that no
Ti3+ ions existed.

X-ray photo-electron spectroscopy (XPS) analysis was conducted to investigate the chemical states
of the Ti and O elements, to gain further insight into the oxygen vacancies in the B-TiO2 nanoparticles
and the valence band position on the sample surface. Figure 5a shows the Ti 2p XPS of the B-TiO2

and W-TiO2 nanoparticles. For the W-TiO2 nanoparticles, the Ti 2p3/2 and 2p1/2 XPS peaks were
centered at binding energies (BE) 458.6 and 464.36 eV and the calculated ΔBE value between Ti 2p1/2
and Ti 2p3/2 (ΔBE = BE(Ti 2p1/2) − BE(Ti 2p3/2)) was 5.76 eV. These features are typical for the
Ti4+-O bonds in TiO2 [18]. The Ti 2p3/2 and 2p1/2 XPS peaks of the B-TiO2 nanoparticles were located
at 459.25 and 465.0 eV, respectively, showing a BE positive shift of about 0.65 eV compared with the
peaks of the W-TiO2 nanoparticles. However, the ΔBE value between Ti 2p1/2 and Ti 2p3/2 was
5.75 eV, indicating a normal state of Ti4+ in the B-TiO2 nanoparticles. According to previous papers
on black TiO2, when the valence of Ti changes to Ti3+, additional peaks at lower binding energies can
be observed, or the peaks will show a negative shift in binding energy [41,42].Our results confirmed

43



Nanomaterials 2018, 8, 245

that the charge states of the Ti atoms at the surface of the B-TiO2 sample were Ti4+ and that no Ti3+

existed at the surface. Additionally, the same phenomenon appeared in the O 1s XPS spectra. Figure 5b
shows the high-resolution O 1s XPS spectra of the W-TiO2 nanoparticles: there are two peaks located at
about 529.88 and 531.66 eV, which were attributed to the Ti4+-O bond and to surface hydroxyl groups
(Ti-OH bonds), respectively. Compared with the W-TiO2 nanoparticles, the O 1s XPS peak of the
B-TiO2 nanoparticles (Figure 5c) located at ~530.54 eV, also showed a clear positive shift in binding
energy of about 0.66 eV, which is consistent with the Ti 2p. The extra peak existing in the O 1s spectra
of the B-TiO2 nanoparticles at higher BE (~532.91 eV) was ascribed to surface free −OH species [43].
Furthermore, the calculated value ΔBE = BE(O 1s) − BE(Ti 2p3/2) = 530.54 eV − 459.25 eV = 71.29 eV,
is close to that of anatase (71.4 eV) and quite different from that of the characteristic Ti3+-containing
oxides (72.9–73.1 eV) [44]. These features indicated that the valence state of Ti did not change in the
B-TiO2 nanoparticles. Reasonably, the clear positive shifts of binding energies of Ti 2p and O 1s were
ascribed to the strong interaction between Ti4+ and oxygen vacancies, revealing lattice distortions
on the B-TiO2 nanoparticles. It is possible that the oxygen vacancies, sustaining a positive charge,
rejected the Ti atoms toward the adjacent oxygen atoms in the crystal structure of B-TiO2, consequently
reducing the Ti-O bond length as well as increasing the BE of Ti 2p and O 1s [45,46]. Therefore, the
positive shift of the XPS peak is due to the shortening of the correlation length because of the presence
of oxygen vacancies. The valence-band maxima were estimated by a linear extrapolation of the peaks
to the baselines, which gave a band edge position of 2.7 eV below the Fermi energy for both the B-TiO2

and the W-TiO2 nanoparticles, as shown in Figure 5d. Thus, the oxygen vacancies had a negligible
effect on the valence-band position of the B-TiO2 nanoparticles surface.

Figure 5. Cont.
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Figure 5. (a) The Ti 2p XPS spectra for the as-prepared B-TiO2 and W-TiO2 nanoparticles; (b)The O 1s
XPS spectra for W-TiO2 nanoparticles and (c) the O 1s XPS spectra as-prepared B-TiO2 nanoparticles
along with the Gaussian fits; (d) Valence-band XPS spectra of B-TiO2 and W-TiO2 nanoparticles.

To gain further insights on the chemical changes produced in the B-TiO2 nanoparticles, Fourier
transform infrared (FTIR) spectroscopic measurements were performed, as shown in Figure 6a. Both
the B-TiO2 and W-TiO2 nanoparticles showed similar absorption features from 500 cm−1 to 4000 cm−1.
Characteristic features of the spectrum are the presence of a band at ~710 cm−1, due to the symmetric
stretching vibrations of the Ti-O-Ti bonds of TiO2 and of a peak at about ~3418 cm−1, attributed to
the stretching vibration mode of hydroxyls and adsorbed water [47]. Compared with the W-TiO2

nanoparticles, the infrared absorption of the B-TiO2 nanoparticles decreased greatly at ~710 cm−1.
This change can be attributed to the presence of a high concentration of oxygen vacancies in the B-TiO2

nanoparticles [48].
The photoluminescence (PL) spectra of the B-TiO2 and W-TiO2 nanoparticles were assessed

to investigate the behavior of the electron-hole recombination, which are very important for the
photocatalytic activity. Their emission spectra, in the wavelength range of 320–560 nm with excitation
at 300 nm, are shown in Figure 6b and were very similar. The main emission peaks of the W-TiO2

nanoparticles appeared at 395 nm (3.1 eV), 436 nm (2.8 eV), 451 nm (2.75 eV) and 459 nm (2.7 eV),
respectively. The first one is attributed to the bandgap transition, corresponding to the bandgap energy
of anatase. The peaks at 451 nm and 459 nm were attributed to band-edge free excitons [47]. The PL
peak intensities of the B-TiO2 nanoparticles showed a significant decrease compared with those of
the W-TiO2 nanoparticles. Furthermore, the main emission peak at 395 nm (3.1 eV), could not be
observed, which indicated that the recombination rate of photo-generated electrons and holes had
been considerably inhibited in the B-TiO2 nanoparticles [49]. Given the fact that oxygen vacancies
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usually serve as electron traps, the weaker intensity of emission and disappearance of the emission
peak at 395 nm should be due to the increased oxygen vacancies. All the results indicated that the
B-TiO2 nanoparticles had a relative low recombination rate of electrons and holes. Normally, the low
recombination rate of electrons and holes favors high photocatalytic activity.

Figure 6. (a) FT-IR spectra of B-TiO2 and W-TiO2 nanoparticles; (b) Photoluminescence spectra of
B-TiO2 and W-TiO2 nanoparticles.

3.2. Photocatalytic Activity

The photocatalytic activities of the as-prepared samples were evaluated by monitoring the
decomposition of RhB in an aqueous solution under UV light irradiation. Commercial W-TiO2

nanoparticles were used as the reference photocatalyst. Before the irradiation of these samples, an
adsorption experiment was performed in the dark in order to ensure the adsorption equilibrium of
RhB and MB on the catalyst surface. As shown in Figure 7a, the B-TiO2 nanoparticles distinctly showed
much better photocatalytic activity than the W-TiO2 nanoparticles. After 20 min of UV-light irradiation,
the B-TiO2 nanoparticles could decompose about 50% of the RhB dye, while the value for the W-TiO2

nanoparticles was very low (~10%). When the irradiation time was prolonged to 60 min, the RhB dye
was almost completely decomposed (96.2%) by the B-TiO2 nanoparticles but the W-TiO2 nanoparticles
only decomposed about 40%. The Figure 7a also shows that the photocatalytic decomposition of RhB,
for the two samples, followed a pseudo-first-order reaction [50]; the pseudo-first-order kinetics of the
decompositions are illustrated in Figure 7b. The B-TiO2 nanoparticles showed a first-order rate constant
of kapp = 0.036 min−1, 4.5 times greater than that of the W-TiO2 nanoparticles (kapp = 0.008 min−1),
under UV light irradiation.
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Figure 7. Cont.
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Figure 7. Comparison of photodecomposition of RhB (a) and MB (c) with different photocatalysts under
UV light. −ln(C/C0) of the RhB (b) and MB (d) concentration as a function of UV light irradiation time.
Photodecomposition of RhB (e) and MB (f) with different photocatalysts under visible light.

The UV-light photocatalytic activity of the B-TiO2 nanoparticles was further evaluated by
measuring the photo-catalytic-degradation efficiency of the MB dye in aqueous solution. As shown in
Figure 7c, under UV-light irradiation, in the short period of 20 min, the B-TiO2 nanoparticles could
decomposed about 40% of the original organic MB dye. After 60 min irradiation, the MB dye had
been almost completely decomposed (95.2%) by the B-TiO2 nanoparticles. In contrast, the W-TiO2

nanoparticles photocatalyst were able to decompose only about 70% of the original MB after 60 min
irradiation. Figure 7d shows that the first-order rate constants of the B-TiO2 and W-TiO2 nanoparticles
were 0.036 min−1 and 0.02 min−1, respectively. The as-prepared B-TiO2 nanoparticles had about
1.8 times better MB-decomposing photocatalytic activity than the W-TiO2 nanoparticles, under the
same conditions.

The photocatalytic activity of the B-TiO2 sample was also investigated under visible light
(λ > 420 nm) illumination, as shown in Figure 7e,f. Figure 7e shows the photodecomposition of
RhB by B-TiO2 and W-TiO2 samples. Under visible light illumination, the RhB solutions containing the
B-TiO2 undergo significant decomposition and became nearly transparent within 150 min. In contrast,
W-TiO2 exhibits limited activity on photodecomposition of RhB solution. We also evaluated the
decomposition of MB dye solution as a model reaction under visible-light irradiation, shown in
Figure 7f. The photocatalytic efficiency of B-TiO2 under these conditions is 34%, which is higher than
that of W-TiO2 (88%) after an irradiation time of 250 min. Thus, the B-TiO2 samples clearly exhibit
improved photocatalytic activity.
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3.3. Mechanism

In this work, the B-TiO2 nanoparticles greatly extended their absorption range from the UV-
to visible- to infrared-light regions and their photocatalytic activity was greatly improved. All the
characterization results proved that this B-TiO2 behavior is attributable to its high concentration of
oxygen vacancies. The oxygen vacancies have been demonstrated to be electron donors in TiO2 [51]
and have been considered to contribute to the enhanced donor density in B-TiO2 nanoparticles [27].
The electrons located on the oxygen vacancy states have a direct effect on the electronic structure
of TiO2 by forming a donor level below the conduction band. The oxygen vacancies introduced
localized states at 0.75–1.18 eV below the TiO2 conduction band minimum [46]. Consequently, the
visible and near infrared-light absorptions are associated with transitions from the B-TiO2 valence
band to the oxygen vacancy levels or from the oxygen vacancies to the TiO2 conduction band or with
transitions from the ground state of the F+ center to its corresponding excited state F+*. In order to
further understand our B-TiO2 nanoparticles, the energy band diagram of the B-TiO2 nanoparticles is
schematized in Figure 8. The valence band maximum (VBM) and conduction band minimum (CBM)
of TiO2 are derived mainly from the O 2p orbitals and the Ti 3d orbitals, respectively. According to the
UV-vis absorbance spectra, the bandgap of both the B-TiO2 and the W-TiO2 nanoparticles was 3.1 eV.
Furthermore, the increased oxygen vacancies can improve charge transport in TiO2 and shift its Fermi
level toward the conduction band, facilitating the charge separation at the semiconductor/electrolyte
interface [52,53]. The PL results also indicated that, in our experiments, the B-TiO2 nanoparticles had a
low recombination rate of electrons and holes. A low recombination rate leads to a large increase in
photocatalytic activity.

Figure 8. The band energy diagram of B-TiO2 and W-TiO2 nanoparticles.

4. Conclusions

The present work deals with the development of a facile method for the preparation of a highly
active black TiO2 photocatalyst. The black TiO2 was prepared via low temperature annealing of
commercial W-TiO2 catalyst nanoparticles. The prepared B-TiO2 nanoparticles showed remarkable
photocatalytic activity for the degradation of the RhB and MB dyes. An appropriate amount of oxygen
vacancies was introduced into the B-TiO2 nanoparticles and Ti3+ ions were not found. The oxygen
vacancies are responsible for the increased visible-and infrared-light absorption as they can introduce
localized states into the bandgap. At the same time, the oxygen vacancies act as traps for reducing
the recombination of electrons and holes and significantly improve the e–h separation efficiency, thus
greatly enhancing the photocatalytic activity.
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Abstract: Bi4Ti3O12−x nanosheet photocatalysts with abundant oxygen vacancies are fabricated by a
facile solid-state chemical reduction method for the first time. This method is simple in operation,
has short reaction time, and can be conducted at mild temperatures (300~400 ◦C). The electron
paramagnetic resonance, thermogravimetric analysis, X-ray photoelectron spectrometer, and positron
annihilation lifetime spectra results indicate that oxygen vacancies are produced in Bi4Ti3O12−x, and
they can be adjusted by tuning the reduction reaction conditions. Control experiments show that the
reduction time and temperature have great influences on the photocatalytic activities of Bi4Ti3O12−x.
The optimal Bi4Ti3O12−x is the sample undergoing the reduction treatment at 350 ◦C for 60 min and
it affords a hydrogen evolution rate of 129 μmol·g−1·h−1 under visible-light irradiation, which is
about 3.4 times that of the pristine Bi4Ti3O12. The Bi4Ti3O12−x photocatalysts have good reusability
and storage stability and can be used to decompose formaldehyde and formic acid for hydrogen
production. The surface oxygen vacancies states result in the broadening of the valence band and the
narrowing of the band gap. Such energy level structure variation helps promote the separation of
photo-generated electron-hole pairs thus leading to enhancement in the visible-light photocatalytic
hydrogen evolution. Meanwhile, the narrowing of the band gap leads to a broader visible light
absorption of Bi4Ti3O12−x.

Keywords: Bi4Ti3O12 nanosheets; photocatalytic hydrogen evolution; solid-state chemical reduction;
oxygen vacancy

1. Introduction

The development of green energy has become one of the most prominent research fields. Among
many energy sources, hydrogen gas has been considered one of the prime candidates for solving the
emerging worldwide energy crisis, owing to the fact that it does not produce pollution and it has
high energy density [1,2]. In recent years, hydrogen generation through photocatalytic water splitting
utilizing solar energy has become an extremely active research area [2]. An ideal photocatalyst should
be stable, non-toxic, easily available from nature, able to function under visible light, and highly
efficient in separating photo-generated electron-hole pairs. So far, various types of photocatalysts, such
as TiO2 [3], ZnO [4], and CdS [5], have been developed. However, none of the photocatalysts can meet
all the above requirements simultaneously and most of them suffer from a narrow photo response
wavelength range because of large band gaps, which lead to very low utilization efficiency of solar
energy. Therefore, the exploration of novel, efficient visible-light photocatalysts for splitting water to
produce H2 is of utmost importance [6,7].
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Bismuth titanate (Bi4Ti3O12) is well-known as a ferroelectric agent that has a special Aurivillius
architecture with unique, electro-optic-converting performance. The Aurivillius phases of Bi4Ti3O12

have structures that are intergrown layers of [Bi2O2]2+ alternating with perovskite-like [Bi2Ti3O10]2−

blocks [8–10]. The advantage of such a layered structure is its ability to efficiently assist in
diffusion and separation of the electron-hole pairs generated by light irradiation. Such separation
increases the lifetime of the associated charge carriers, thus improving the quantum efficiency of
photo-degradation [8,9,11]. Moreover, the hybridized 6s2 of Bi3+ and O2p generate a new valence
band, which reduces the band gap of Bi4Ti3O12 [8,9]. Since the photocatalytic activity of Bi4Ti3O12 for
water splitting was reported by Kudo et al., its photocatalytic properties have been receiving immense
attention [12]. Various types of Bi4Ti3O12 photocatalysts, such as nanofibers [8,11], particles [12,13],
platelets [14], and films [15] have been developed for processes involving alternative energy
development or destruction of different pollutants. However, these Bi4Ti3O12 nanomaterials are not
very efficient as visible-light photocatalysts because of the high recombination rate of photo-induced
electron-hole pairs [16–18]. A widely adopted methodology to overcome this recombination problem
is to couple Bi4Ti3O12 with semiconductors having narrower band gaps, such as Bi2MoO6 [11],
BiOI [16], Bi2Ti2O7 [17], BiOCl [18], Ag3PO4 [19], and g-C3N4 [20]. However, the synthesis of
composite compounds generally requires sophisticated synthesis techniques. Additionally, such
synthesis increases the possibilities of introducing thermodynamic and structural instability due to the
additionally introduced layer. Lastly, electrons would go through a multi-step transport process in
such layered structures, which may diminish the efficient charge separation. Thus, catalysts comprised
of single-phase metal oxides are highly desirable because they can provide both reliable stability and
efficient electron-hole separation [21]. It is therefore very important to explore facile and economic
techniques to prepare a single-phase Bi4Ti3O12 photocatalyst with increased absorbance of visible light
and a low carrier recombination rate.

It has been found recently that the oxygen vacancy defects in TiO2 [22,23], ZnO [24,25], and
Fe2O3 [26] are able to enhance photocatalytic performance. In particular, surface oxygen vacancies can
first capture photo-generated electrons and then promote the reaction between these electrons with
the adsorbed species, thus effectively preventing the recombination of photo-generated electron-hole
pairs and improving the photocatalytic performance [22–26]. Bulk oxygen vacancies, on the contrary,
are recombination centers of photo-generated electron-hole pairs and will reduce the photocatalytic
performance [25]. The surface and bulk oxygen vacancies play different roles in the photocatalytic
reaction. However, the effect of oxygen vacancies on the photocatalytic activity of Bi4Ti3O12 has not
been thoroughly explored. Therefore, the development of cost-effective synthesis procedures for
the production of Bi4Ti3O12−x with oxygen vacancies and the in-depth understanding of its catalytic
behavior are of profound importance in order to realize fully the great potential of Bi4Ti3O12−x in
water splitting for H2 production.

We recently reported a sol-gel hydrothermal technique to prepare highly crystalline Bi4Ti3O12

nanosheets with enhanced catalytic activity towards the photodegradation of Rhodamine B, especially
when comparing with the calcined sample [9]. In the present work, to improve the photocatalytic
activity even further, a Bi4Ti3O12 nanosheet photocatalyst with oxygen vacancies (Bi4Ti3O12−x) was
fabricated for the first time by the solid-state chemical reduction method using NaBH4 and Bi4Ti3O12

nanosheets. The reported methods on oxygen vacancy creation include heating the sample under an
oxygen-deficient atmosphere (e.g., vacuum) or reducing conditions (e.g., H2) [25,26], chemical vapor
deposition, high-energy particle (laser, electron, or Ar+) bombardment [27], combustion method [23],
high pressure [28], high temperature aluminum vapor reduction [29], etc. For practical application,
these strategies have a number of limitations, such as multiple steps, harsh synthesis conditions (high
temperature (>500 ◦C) or high-pressure hydrogen (20 bar)), or expensive facilities. Compared with
the above traditional methods, the solid-state chemical reduction method has many advantages, such
as simple operation, moderate reaction temperature (350 ◦C), short reaction time (less than 80 min),
simple equipment, etc. Using this method, several Bi4Ti3O12−x samples with different reduction
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degrees and, as a consequence, with different colors (several shades of blue, as well as black) have
been synthesized. The effects of reduction time and temperature on the visible-light photocatalytic
properties of the as-prepared Bi4Ti3O12−x nanosheets have been investigated systematically. The
electron paramagnetic resonance (EPR), thermogravimetric analysis (TGA), and positron annihilation
lifetime spectra (PALS) indicate that oxygen vacancies are produced on Bi4Ti3O12 nanosheets during the
reduction process. It has been found that the aggregation of oxygen vacancies raises the valence band
maximum (VBM), thus decreasing the band gap and extending the photo response wavelength range.
Moreover, the energy level variation induced by oxygen vacancy can facilitate the separation efficiency
of the photo-generated electron-hole pairs, which contributes significantly to the improvement of
the photocatalytic performance of Bi4Ti3O12−x. In this paper, we also propose a mechanism for the
decrease of the band gap of Bi4Ti3O12−x and its photocatalytic activity improvement.

2. Experimental Section

2.1. Synthesis of the Bi4Ti3O12−x Nanosheet Photocatalyst

Bi4Ti3O12 nanosheets were synthesized using a sol-gel hydrothermal technique reported in our
previous work (see Supplementary Materials) [9]. Bi4Ti3O12−x catalysts were prepared as follows:
4 g of the as-prepared Bi4Ti3O12 nanosheets and 1 g NaBH4 were ground together for 45 min. Then,
the mixture was put into a quartz tube placed in a tubular furnace; the temperature of the furnace
was controlled by a heating device. The mixture was calcined at 350 ◦C for 20~100 min or 300~400 ◦C
for 60 min under a nitrogen atmosphere with a ramping up rate of 10 ◦C/min. After the completion
of this solid-state chemical reduction process, the powders were allowed to cool down to ambient
temperature. Then, the final product was filtered, rinsed with deionized water and ethanol, and then
dried at 80 ◦C. The samples were marked as Bi4Ti3O12−x (T, t), where T is the temperature and t is the
time of the solid-state chemical reduction procedure.

2.2. Characterization

The crystalline structures of the samples were examined by an X-ray diffractometer (XRD,
D/Max-3C, Rigaku Co., Tokyo, Japan) using Cu Kα radiation (λ = 1.5418 Å). The chemical states
and composition were examined using an X-ray photoelectron spectrometer (XPS, Axis uhru DCD,
Manchester, UK) with a monochromatic Mg Kα X-ray source. The morphology was characterized
using a scanning electron microscopy (SEM, LEO 1530 VP, Zeiss, Oberkochen, Germany) with 20 kV
of accelerating voltage, and the composition was examined using energy dispersive spectroscopy
(EDS, Zeiss, Oberkochen, Germany) attached to the SEM. Transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy (HRTEM) were performed using JEOL-2011
instrument (JEOL, Tokyo, Japan). UV-Vis spectrophotometer (lambda 35, Perkin-Elmer, Shelton, WA,
USA) was used to analyze the samples’ diffuse reflection spectra with BaSO4 as a reference. TGAs
over a temperature range of 25–800 ◦C were conducted during progressive heating (10 ◦C/min) in an
air atmosphere by a thermogravimetric analyzer (SDTA 851e, Mettler Toledo, Zurich, Switzerland).
The EPR analysis was performed on an Endor spectrometer JEOL ES-ED3X (JEOL, Tokyo, Japan).
The specific surface areas of the powders were determined using the Brunauer-Emmett-Teller (BET)
method after cooling down the samples with liquid nitrogen. PALS were obtained by ORTEC-583
fast-slow coincident system.

Photocurrent and electrochemical impedance spectroscopy (EIS) measurements were conducted at
frequencies between 1 × 10−5 and 100 kHz by a CHI 660 electrochemical instrument (CH Instruments,
CH Instruments, Austin, TX, USA) in 0.5 M Na2SO4 electrolyte solution. A three-electrode cell system
was implemented with ITO (Indium tin oxide)/Bi4Ti3O12 (or Bi4Ti3O12−x) as the working electrode,
Pt wire as the counter electrode, and standard calomel electrode (SCE) as the reference. The true
potentials were calculated in reference to the results from the SCE. The visible light source was a
300 W Xe lamp with a 400 nm cut-off filter. The photocatalyst photoelectric responses “on and off”
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were determined at 0.0 V. Moreover, the ITO/Bi4Ti3O12 (or Bi4Ti3O12−x) electrodes were produced
using the following recipe: First, Bi4Ti3O12 (or Bi4Ti3O12−x) samples (5 mg) were mixed with ethyl
alcohol (0.15 mL) and 5% Nafion DE 520 solution (0.35 mL). This solution was then homogenized
under ultrasound agitation for 20 min. Uniform film electrodes were prepared by casting 0.1 mL of the
Bi4Ti3O12 (or Bi4Ti3O12−x) slurry onto pre-cleaned ITO glass (<7 ohm/square). The ITO/Bi4Ti3O12

(or Bi4Ti3O12−x) electrodes were finalized by sintering at 100 ◦C for 2 h.

2.3. Photocatalytic Activity

Photocatalytic hydrogen evolution experiments were proceeded in a methanol-water mixture
and performed in the outer quartz ampules attached to the airtight gas circulation system. In order
to promote the dispersion of Bi4Ti3O12 or Bi4Ti3O12−x in the methanol-water mixture, the optimal
dispersing process was obtained through orthogonal tests. The Bi4Ti3O12 or Bi4Ti3O12−x (0.25 g) was
dispersed by ultrasound agitation (15 min) in the mixture of deionized water (DI water, 200 mL) and
methanol (20 mL), followed by constant stirring for 30 min. To eliminate dissolved oxygen, the solution
was purged with argon for 30 min. This step is necessary to minimize the recombination reaction
between H2 and O2 during the water splitting reaction. It also improves the purity of the hydrogen
and reduces explosion risks.

Upon finishing the preparation steps, the reactor was irradiated by a 300 W Xe lamp for 4 h.
A cut-off filter for visible-light irradiation was used to obtain wavelengths above 400 nm. The total
amount of hydrogen evolved was measured by a gas chromatographer GC-3240/TCD (Perfect Light,
Beijing, China), which used Ar carrier gas and was directly connected to a gas-circulation line. The
suspensions of the photocatalyst were magnetically stirred continuously during the photocatalytic
hydrogen evolution. An average of five measurements was adopted to determine the yield. To study
the reusability and repeatability, the same Bi4Ti3O12−x photocatalyst was used three times, and the
amount of hydrogen evolved was recorded. After each measurement, the catalyst was centrifugated,
filtrated, washed by DI water, and dried at 100 ◦C for 3 h for the next measurement. To check the
dependency of H2 production on the additives, the same experiments were also performed with
formaldehyde and formic acid instead of methanol.

3. Results and Discussion

3.1. Morphology, Structure, and UV-Vis Spectra of Bi4Ti3O12 and Bi4Ti3O12−x

The morphology and particle size distribution of a pristine Bi4Ti3O12 were scrutinized using SEM.
As shown in Figure 1a, the Bi4Ti3O12 sample consists mostly of regular rectangular nanosheets with a
narrow distribution of rim size and thin thickness. The average rim size of the rectangular nanosheets
are about 100 and 150 nm, respectively, and thickness is about 20 nm. As shown in Figure 1b, only
three elements of Bi, Ti, and O are observed with the EDS measurement. The ratio of the Bi, Ti, and
O elements is 20.98:15.75:63.27, further demonstrating that the pure Bi4Ti3O12 was hydrothermally
synthesized successfully at 160 ◦C.

When the mixture of Bi4Ti3O12 nanosheets and NaBH4 were heated at 350 ◦C for 20~100 min and
300~400 ◦C for 60 min under nitrogen, NaBH4 decomposed and produced active hydrogen. It has
been reported that the reduction ability of this active hydrogen is greater than that of H2 and other
reducing agents at these temperature [23,30,31]. Hydrogen is a strong reducing agent capable of
reacting fast and generating oxygen vacancies in Bi4Ti3O12 at relatively low temperatures, as well as
maintaining the original shape of the Bi4Ti3O12 nanosheets at the same time. As shown in Figure 2a,
the color of the Bi4Ti3O12−x samples is changed clearly after the solid-state chemical reduction. When
the mixture of Bi4Ti3O12 nanosheets and NaBH4 were heated at 350 ◦C, it could be seen that with
the increased duration of the reaction, the colors of Bi4Ti3O12−x changed from white-yellow to light
blue, then to dark blue. Moreover, the colors of Bi4Ti3O12−x also became darker with the increase in
temperature. When the reaction temperature rises to 400 ◦C, black Bi4Ti3O12−x can be synthesized
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in 60 min, suggesting that the solid-state chemical reduction process modifies the surface features
of the Bi4Ti3O12 nanosheets. According to previous reports [32,33], it is highly possible that the
color change could be caused by the formation of oxygen vacancies occurring during the reduction.
The different colors of the Bi4Ti3O12−x samples indicate that various reduction degrees of Bi4Ti3O12−x
can be obtained by adjusting the reaction time or temperature, which is helpful to understand the
formation mechanism of reductive Bi4Ti3O12. Moreover, the XPS results show no residue of B and Na
in Bi4Ti3O12−x (see Figure S1 in Supplementary Materials), which means that the coproducts from
NaBH4 during the solid-state chemical reduction method can be cleaned easily by washing with water
and ethanol.

Figure 1. (a) SEM image; (b) energy dispersive spectroscopy (EDS) pattern of the pristine Bi4Ti3O12

powders synthesized using a sol-gel hydrothermal technique at 160 ◦C for 16 h.

Figure 2. (a) photographs of pristine Bi4Ti3O12 and various colored Bi4Ti3O12−x; (b) UV-Vis
absorption spectrum of the pristine Bi4Ti3O12 and various Bi4Ti3O12−x; (c) plot of the transformed
Kubelka-Munk function (F(R∞)) versus the photon energy (hv) for various Bi4Ti3O12−x and the pristine
Bi4Ti3O12 nanosheets.

To understand the effect of the solid-state chemical reduction treatment on the optical absorption
property of the photocatalyst, the UV-Vis diffuse reflectance spectra of various Bi4Ti3O12−x and the
pristine Bi4Ti3O12 nanosheets were examined, as shown in Figure 2b. It can be seen that the pristine
Bi4Ti3O12 shows a typical spectrum with an absorption edge at about 420 nm. Compared with the
pristine Bi4Ti3O12 sample, the absorption edge of Bi4Ti3O12−x exhibits a clear red shift to higher
wavelengths. In addition, the absorbance intensity of Bi4Ti3O12−x in the range of 400–800 nm increases
with both reduction time and temperature, which agrees with the color variation in the samples.
The red shift of the absorption edge and the enhanced absorbance intensity of Bi4Ti3O12−x are probably
because of the different surface conditions of different samples. Surface defects, such as oxygen
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vacancies, generally affect the atomic structure of a photocatalyst and its surface states, which play a
very important role in the overall photocatalytic activity [33,34].

The band gap can be calculated using the UV-Vis data from the following equation [8]:

αhv = A(hv − Eg)n/2 (1)

where α is an absorption coefficient, h is Planck’s constant, v is light frequency, Eg is a band gap value,
and A is a constant. The absorption behavior of Bi4Ti3O12 demonstrates indirect transition between
bands; therefore, the value of n equal to 4 is used [8,35]. The value of the band gap is estimated
by extrapolating the linear part of the (αhv)1/2 versus (hv) plot at α = 0. Normally, the collected
UV-Vis diffuse reflectance spectra can be converted into Kubelka-Munk function F(R∞) based on the
relationship shown in Equations (2) and (3) [36]:

Abs = −log R∞ (2)

F(R∞) = (1 − R∞)2/2R∞ = α (3)

where Abs is absorbance, and R∞ is reflectance. Therefore, Equation (1) can also be written as follows:

[F(R∞) hν] = A(hv − Eg)n/2 (4)

In addition, hv = hc/λ ≈ 1241/λ (eV). Figure 2c shows the plot of the transformed Kubelka-Munk
function versus the photon energy for various Bi4Ti3O12−x and the pristine Bi4Ti3O12 nanosheets.
The energy of the band gap values is obtained by extrapolating the linear part of [F(R∞)hν]1/2 versus
hv plot at F(R∞) = 0. The band gap of the pristine Bi4Ti3O12 and various Bi4Ti3O12−x samples are
shown in Table 1. It is clear that the Bi4Ti3O12−x samples show a decreased band gap value when
compared with the pristine Bi4Ti3O12. Furthermore, it is also clear that the band gap of Bi4Ti3O12−x
decreases as reaction time and temperature increase.

Table 1. Band gaps of the pristine Bi4Ti3O12 and various Bi4Ti3O12−x samples.

Samples Band Gap (eV)

Bi4Ti3O12 2.91
Bi4Ti3O12−x (350 ◦C, 20 min) 2.83
Bi4Ti3O12−x (350 ◦C, 40 min) 2.74
Bi4Ti3O12−x (350 ◦C, 60 min) 2.63
Bi4Ti3O12−x (350 ◦C, 80 min) 2.57
Bi4Ti3O12−x (350 ◦C, 100 min) 2.48
Bi4Ti3O12−x (300 ◦C, 60 min) 2.77
Bi4Ti3O12−x (400 ◦C, 60 min) 2.39

XRD analyses were performed to characterize the changes of the crystalline structures of the
Bi4Ti3O12−x samples. Figure 3 shows a comparison of XRD patterns of the pristine Bi4Ti3O12 and
various Bi4Ti3O12−x samples after they were treated at 350 ◦C for 20~100 min and at 400 ◦C for 60 min.
No impurities can be seen for the Bi4Ti3O12−x samples, indicating that the reduction process has no
effect on the crystal structure. The diffraction peaks suggest that Bi4Ti3O12−x samples have a high
degree of crystalline similarity to Bi4Ti3O12. However, new peaks appear in the XRD patterns of the
samples treated for a longer reaction time (350 ◦C for 120 min) or at a higher temperature (400 ◦C for
80 min) (Figure S2). We could not match these new peaks to any known powder diffraction file (PDF);
thus, it is possible that new phases have been formed.
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Figure 3. X-ray diffraction patterns of (a) the pristine Bi4Ti3O12; (b) Bi4Ti3O12−x (350 ◦C, 20 min);
(c) Bi4Ti3O12−x (350 ◦C, 40 min); (d) Bi4Ti3O12−x (350 ◦C, 60 min); (e) Bi4Ti3O12−x (350 ◦C, 80 min);
(f) Bi4Ti3O12−x (350 ◦C, 100 min); and (g) Bi4Ti3O12−x (400 ◦C, 60 min).

3.2. Photocatalytic Performance and Stability

Photocatalytic conversion of H2O into H2 using Bi4Ti3O12 or Bi4Ti3O12−x in a methanol-water
medium was performed in a quartz cell. Methanol was used to trap holes. Figure 4a,b show the
photocatalytic activity of the pristine Bi4Ti3O12 and Bi4Ti3O12−x after chemical reduction treatment
at 350 ◦C for various times and at various temperatures for 60 min for water splitting into H2

under visible-light irradiation. It is clear that both the reduction time and temperature have
significant influences on the photocatalysis ability of Bi4Ti3O12−x. The pristine Bi4Ti3O12 photocatalyst
displays the H2 evolution rate of around 38 μmol·g−1·h−1. After the solid-state chemical reduction
treatment, the Bi4Ti3O12−x samples all show enhanced photocatalytic activity of the hydrogen evolution.
Figure 4a,b show that the photocatalytic activity of Bi4Ti3O12−x improves with both reduction time
and temperature increase, until a maximum activity is achieved at 350 ◦C for 60 min. The H2 evolution
rate over Bi4Ti3O12−x (350 ◦C, 60 min) reaches 129 μmol·g−1·h−1, which is 3.4 times that of the pristine
Bi4Ti3O12. This value is also higher than those reported previously (as presented in Table 2). Further
increases in the reaction time or temperature results in a reduced hydrogen evolution rate, even though
the rates are still higher than when using a pristine Bi4Ti3O12 nanosheet photocatalyst.

Table 2. Comparison of H2 evolution rate of Bi4Ti3O12−x (350 ◦C, 60 min) and other Bi4Ti3O12

photocatalysts recently reported.

Sample Light Source
Reactant
Solution

H2 Evolution
Rate/μmol·g−1·h−1 Reference

Bi4Ti3O12−x
(350 ◦C, 60 min)

300 W Xe Lamp
(λ > 400 nm)

200 mL water +
20 mL methanol 129 This work

Bi4Ti3O12
350 W high pressure Xe

lamp (λ > 400 nm)
400 mL water +
20 mL methanol 36 [37]

Bi4Ti2.6Cr0.4O12
350 W high pressure Xe

lamp (λ > 400 nm)
400 mL water +
20 mL methanol 58.1 [37]

Bi4Ti3O12
300 W Xe Lamp

(λ > 400 nm)
400 mL water +
20 mL methanol 42 [38]

Bi4Ti2.6Cr0.4O12
300 W Xe Lamp

(λ > 400 nm)
400 mL water +
20 mL methanol 98 [38]

Bi4Ti2.6Cr0.4O12
300 W Xe Lamp

(λ > 420 nm)
400 mL water +
30 mL methanol 117 [39]
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Figure 4. The hydrogen evolution rate over the pristine Bi4Ti3O12 and the Bi4Ti3O12−x after chemical
reduction treated (a) at 350 ◦C for various times; (b) at various temperature for 60 min under visible-light
irradiation (λ > 400 nm); (c) recycling measure of hydrogen evolution with Bi4Ti3O12−x (350 ◦C, 60 min)
under visible-light irradiation (λ > 400 nm); (d) visible-light photocatalytic hydrogen evolution by fresh
Bi4Ti3O12−x (350 ◦C, 60 min) and Bi4Ti3O12−x (350 ◦C, 60 min) after four months of storage, compared
with the pristine Bi4Ti3O12.

To study the reusability and stability of the photocatalyst, cycling experiments using the optimal
Bi4Ti3O12−x (350 ◦C, 60 min) under constant visible-light irradiation were performed. The results
obtained from three consecutive experiments are shown in Figure 4c. The first run shows that around
517 μmol·g−1 of the total hydrogen evolved after 4 h when Bi4Ti3O12−x (350 ◦C, 60 min) is used.
The second run of the experiment shows a 1.2% decrease in the hydrogen evolution rate comparing
to the first run. The hydrogen evolution rate remains almost the same during the third run. The H2

evolution rates for the Bi4Ti3O12−x (350 ◦C, 60 min) photocatalyst remain stable over the three times
of cycling testing, confirming good operational stability even after introducing oxygen vacancies
into the Bi4Ti3O12 structure. Furthermore, in order to study the long-term stability of Bi4Ti3O12−x,
the photocatalytic H2 production ability of fresh Bi4Ti3O12−x (350 ◦C, 60 min) and Bi4Ti3O12−x (350 ◦C,
60 min) after four months of storage were also examined. As shown in Figure 4d, the visible-light
photocatalytic activity of the sample stored for four months is only slightly reduced compared with
the fresh one, and it is still much higher than that of the pristine Bi4Ti3O12. The results indicate
that Bi4Ti3O12−x has good reusability and storage stability. In addition, to measure the apparent
quantum efficiency (AQE), the same photocatalytic hydrogen evolution experiment was performed
under 420 nm monochromatic lights irradiation, which were obtained by using band-pass filters for
1 h. The AQE was then calculated by the following Equation (5) [40]:

AQE =
Ne

Np
× 100% =

2MNAhc
SPtλ

× 100% (5)
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where Ne is the amount of reaction electrons, Np is the amount of incident photons, NA is the Avogadro
constant, M is the amount of H2 molecules, h is the Planck constant, c is the speed of light, S is
irradiation area, P is the average intensity of the irradiation, t is the irradiation time, and λ is the
wavelength of the monochromatic light. For the AQE at 420 nm, the average intensity of the irradiation
P was determined to be 40 mW/cm2, and the irradiation area S was 37.5 cm2. The calculated AQE
for Bi4Ti3O12−x (350 ◦C, 60 min) is 1.37% under irradiation at 420 nm, which is the highest among all
the samples.

In the present work, methanol acts as a sacrificial agent, which is consumed during the formation
of H2. The photocatalytic mechanisms of methanol-assisted hydrogen evolution are as follows:
the electron-hole pairs are produced when a Bi4Ti3O12 or Bi4Ti3O12−x photocatalyst is irradiated
with visible light (Equation (6)). The photo-generated carriers either recombine in the bulk or
participate in the oxidation-reduction process on the surface of the photocatalyst. In a methanol-water
mixture system, methanol can capture photo-generated holes and experience hole oxidation to form
formaldehyde (Equation (7)), which reduces the recombination of the electron-hole pairs. Meanwhile,
two protons are released during methanol oxidation, which react with the generated electrons to
produce H2 gas (Equation (8)). When accumulated to a certain degree, formaldehyde is further
oxidized into formic acid and releases hydrogen gas (Equations (9) and (10)). The formic acid eventually
dissociates into CO2 and two protons (Equation (11)); then, the protons react with the photo-generated
electrons and produce hydrogen gas (Equation (12)). Equation (13) can be used to represent the
overall reaction. The aforementioned photocatalytic hydrogen evolution reactions are summarized
below [41,42]:

Bi4Ti3O12
hv→ h+ + e− (6)

CH3OH + 2h+ → HCHO + 2[H]+ (7)

2[H]+ + 2e− → H2(g) (8)

HCHO + 2h+ + H2O → HCOOH + 2[H]+ (9)

2[H]+ + 2e− → H2(g) (10)

HCOOH + 2h+ → CO2(g) + 2[H]+ (11)

2[H]+ + 2e− → H2(g) (12)

Overall:
CH3OH + H2O

hv,Bi4Ti3O12−−−−−−−→ CO2(g) + 3H2(g) (13)

In addition, photocatalytic conversion of H2O into H2 using the pristine Bi4Ti3O12 and the optimal
Bi4Ti3O12−x (350 ◦C, 60 min) in pure water were also performed in a quartz cell. The results show
that when no methanol is used as a sacrificial reagent, Bi4Ti3O12−x (350 ◦C, 60 min) shows a very low
photocatalytic H2 evolution rate of 18 μmol·g−1·h−1 under visible-light irradiation, and the pristine
Bi4Ti3O12 exhibits no H2 evolution at all. In a pure water system, water can capture photo-generated
holes produced from Bi4Ti3O12 (Equation (6)) and experience hole oxidation to form oxygen gas
(Equation (14)). Meanwhile, two protons can be released during water oxidation, which react with
the photo-generated electrons to generate hydrogen gas (Equation (15)). Equation (16) can be used to
represent the overall reaction:

H2O + 2h+ → 1
2

O2+2[H]+ (14)

2[H]+ + 2e− → H2(g) (15)

H2O
hv,Bi4Ti3O12−−−−−−−→ 1

2
O2(g) + H2(g) (16)

However, to trigger this reaction, the energy of the absorbed photon must be at least 1.23 eV,
which is much higher than the decomposition energy for methanol (0.7 eV, Equation (13)) [43]. It has
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been demonstrated that without the addition of a sacrificial agent, the water acts as an inefficient
electron acceptor and donor [42–44]. As a result, the oxygen radicals and protons tend to recombine to
form water, leading to limited hydrogen gas production [44].

The effect of the concentration of the Bi4Ti3O12−x (350 ◦C, 60 min) photocatalyst on H2 production
was investigated. Photocatalytic hydrogen evolution experiments were proceeded in a methanol
(20 mL)-water (200 mL) mixture. The concentration of the photocatalyst ranged from 0.455 g/L to
1.591 g/L. As shown in Figure 5a, the H2 evolution rate increases with the increase of the concentration
until a maximum rate is achieved with 1.136 g/L Bi4Ti3O12−x (350 ◦C, 60 min). Further increase of
the concentration results in a reduced hydrogen evolution rate. This reduction may be caused by
the unsuited light scattering effect or the light shadowing due to the high turbidity of the solution
that reduces the penetration depth of the visible light [45]. These effects reduce the effective incident
light, thus significantly reducing the number of photo-induced electron-hole pairs necessary for the
maintenance of the reaction. Therefore, the concentration of 1.136 g/L catalyst (i.e., 0.25 g Bi4Ti3O12−x
(350 ◦C, 60 min)) is found to be the optimal concentration for H2 generation in the present work.

In addition, the influence of additives, such as formaldehyde and formic acid, on H2 production
was further investigated. These two kinds of additives are considered mainly because they are
byproducts/intermediates of methanol conversion (see Equations (7) and (9)) and also considered
to be industrial wastes or model pollutants [46]. A mixture of water-formaldehyde (200/20, v/v) or
water-formic acid (200/20, v/v) was used in the experiment. Figure 5b shows how different aqueous
mixtures (with water-formaldehyde, water-formic acid, and water-methanol) affect visible-light
photocatalytic H2 production (λ > 400 nm) when 0.25 g of the Bi4Ti3O12−x (350 ◦C, 60 min) photocatalyst
is used. It can be seen that the H2 evolution rate for formic acid reaches 218 μmol·g−1·h−1, which is
much higher than that for methanol and formaldehyde. It is assumed that this phenomenon is due to
the low dissociation energy (−95.8 kJ·mol−1) of formic acid that is much smaller than that of methanol
(64.1 kJ·mol−1) and formaldehyde (47.8 kJ·mol−1) [42,47]. Therefore, the –COOH group of formic
acid can dissociate spontaneously [42], which results in a large hydrogen evolution rate. The results
show that the Bi4Ti3O12−x photocatalyst can be used to decompose a variety of pollutants (such as
formaldehyde and formic acid) for hydrogen production, and it also suggests a significant way to
produce hydrogen by using formic acid as an additive.

Figure 5. (a) Effect of the concentration of the photocatalyst on hydrogen production over the
Bi4Ti3O12−x (350 ◦C, 60 min) nanosheets under visible-light irradiation (λ > 400 nm); and (b) Effect of
various wastes as additives on hydrogen production over the Bi4Ti3O12−x (350 ◦C, 60 min) nanosheets
under visible-light irradiation (λ > 400 nm).

3.3. Surface Oxygen Vacancy Formation

As discussed above, it is highly probable that the color change of Bi4Ti3O12−x (Figure 2a) could
be caused by the formation of oxygen vacancies occurring during the chemical reduction process.
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To study the presence of oxygen vacancies, room temperature EPR was performed on the pristine
Bi4Ti3O12 nanosheets and various Bi4Ti3O12−x samples. It is known that EPR is a highly sensitive and
immediate way to characterize oxygen defects [48,49]. As shown in Figure 6a,b, the intensity of the
EPR signal at g factor = 2.001 for Bi4Ti3O12−x are all higher than for the pristine Bi4Ti3O12 nanosheets.
Typically, a peak at 2.001~2.004 is attributed to natural surface oxygen vacancies as reported in the
literature [50,51]. We attribute the enhancement of the EPR signal for Bi4Ti3O12−x at g = 2.001 to the
electron-trapped center located around the site of the oxygen vacancies [52]. In addition, it can be
seen from Figure 6a,b that the signal intensity at g ~ 2.001 increases with the reduction time and
temperature, demonstrating that the number of oxygen vacancies in Bi4Ti3O12−x increases with the
reduction reaction time and temperature.

Figure 6. (a) electron paramagnetic resonance (EPR) spectra of pristine Bi4Ti3O12 and Bi4Ti3O12−x

after chemical reduction treatment (a) at 350 ◦C for different times; (b) at different temperatures for
60 min; and (c) thermogravimetric analysis (TGA) curves of the pristine Bi4Ti3O12, Bi4Ti3O12−x (350 ◦C,
40 min), and Bi4Ti3O12−x (350 ◦C, 60 min).

The existence of oxygen vacancies was also proven by TGA testing in the air atmosphere.
As shown in Figure 6c, the mass of the pristine Bi4Ti3O12 decreases as the temperature increases because
of the desorption of hydroxyl groups physically adsorbed on the surface [53]. When the temperature
is above 510 ◦C, the mass of the pristine Bi4Ti3O12 remains constant. While, as for Bi4Ti3O12−x (350 ◦C,
60 min), one can notice that when the temperature is below 405 ◦C, the variation trend of the TGA
curve is the same as that of the pristine Bi4Ti3O12. However, when the temperature exceeds 405 ◦C,
there is a clear difference between the mass loss of the pristine Bi4Ti3O12 and Bi4Ti3O12−x (350 ◦C,
60 min). A slight increase in the mass of Bi4Ti3O12−x (350 ◦C, 60 min) is observed, which is finished
at 800 ◦C. The same phenomenon was also observed by Li et al. [54] and Yang et al. [55]. It was
previously reported by Li et al. that an obvious mass difference between black TiO2−x and white
TiO2 existed during TGA testing. A mass gain for black TiO2−x was assigned to the oxidation of
oxygen vacancies on the surface [54]. Yang et al. also reported an obvious difference in weight loss
between TiO2-SO (TiO2 with surface oxygen vacancies) and conventional TiO2 when the temperature
exceeded 440 ◦C during TGA testing [55]. It was deduced that when the TiO2-SO sample was heated
in air, its surface oxygen vacancies can be compensated by the external oxygen, resulting in the mass
increase for TiO2-SO. Therefore, it is postulated that the slight increase in the mass of Bi4Ti3O12−x
(350 ◦C, 60 min) can be explained by the formation of oxygen vacancies on the surface of Bi4Ti3O12−x
(350 ◦C, 60 min) in the present work. When Bi4Ti3O12−x (350 ◦C, 60 min) with oxygen vacancies is
heated in air, its unsaturated surface will be compensated by the external oxygen, leading to a mass
increase. In addition, as shown in Figure 6c, the variation trend of the TGA curve of Bi4Ti3O12−x
(350 ◦C, 40 min) is the same as that of Bi4Ti3O12−x (350 ◦C, 60 min). However, the mass increase of the
former is smaller than that of the latter, which may be due to the smaller number of surface oxygen
vacancies of Bi4Ti3O12−x (350 ◦C, 40 min).
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XPS can provide useful information on the chemical states of elements and surface defects [56].
Figure 7 shows the high-resolution Bi 4f and O1s spectra of the pristine Bi4Ti3O12 and the optimal
Bi4Ti3O12−x (350 ◦C, 60 min). As shown in Figure 7a, the Bi 4f spectrum of the pristine Bi4Ti3O12

sample exhibits two main peaks at 159.9 eV (Bi 4f7/2) and 165.3 eV (Bi 4f5/2) ascribed to Bi3+, which
are in accordance with the reported values of Bi2O3 powders [57,58]. Figure 7b reveals the fitted O1s
spectra, where the peaks correspond to the lattice oxygen (OL, 530.1 eV) and chemisorbed oxygen
species (OC, 532.4 eV) on the pristine Bi4Ti3O12 sample, respectively. The oxygen vacancies (OV) peak,
which should appear at 531.5 eV is not observed in this spectrum, further revealing the stoichiometric
properties of the pristine Bi4Ti3O12 sample [59,60]. Figure 7c,d show the high-resolution XPS spectra
of the Bi 4f and O1s core levels for the optimal Bi4Ti3O12−x (350 ◦C, 60 min). The Bi 4f spectrum
shows two main peaks centered at 158.8 and 164.3 eV, which are identified as the Bi 4f7/2 and Bi 4f5/2,
respectively. However, 4f7/2 and 4f5/2 peaks of the metallic Bi are located at 156.8 and 162.2 eV [57].
The chemical shift of the Bi 4f doublet relative to the metallic Bi is about 2.1 eV, which is smaller than
the reported value of 3.1 eV between Bi2O3 and the metallic Bi [61]. This result indicates that the
valence state of bismuth in the optimal Bi4Ti3O12−x (350 ◦C, 60 min) should be (+3 − x) owing to an
increased concentration of oxygen defects in the vicinity of Bi ions, which are probably in the Bi2O2

layer [61]. The XPS spectrum of O1s of the optimal Bi4Ti3O12−x (350 ◦C, 60 min) is shown in Figure 7d.
The O1s XPS spectrum is broad and unsymmetrical, indicating more than one chemical state for oxygen
in the optimal Bi4Ti3O12−x (350 ◦C, 60 min) sample. Gaussian divided features at 530.1 eV, 531.5 eV,
and 532.4 eV are credited to the lattice oxygen, oxygen vacancies, and surface chemisorbed oxygen,
respectively [59,60]. The OV peak appearing at 531.5 eV indicates that oxygen vacancies are generated
in the optimal Bi4Ti3O12−x (350 ◦C, 60 min) during the solid-state chemical reduction process.

Figure 7. High-resolution X-ray photoelectron spectrometer (XPS) spectra: (a) Bi 4f and (b) O1s of the
pristine Bi4Ti3O12; (c) Bi 4f and (d) O1s of Bi4Ti3O12−x (350 ◦C, 60 min).

In addition, the change in morphology of the pristine Bi4Ti3O12 and Bi4Ti3O12−x were also
scrutinized to prove the formation of oxygen vacancies. Figure 8a,c show representative TEM images
of both the pristine Bi4Ti3O12 and the optimal Bi4Ti3O12−x (350 ◦C, 60 min) photocatalyst, respectively.
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It is seen that both samples consist of rectangular nanosheets with sides around ~100 and ~150 nm.
The particle size of Bi4Ti3O12−x (350 ◦C, 60 min) has not changed after the solid-state chemical reduction
process. HRTEM micrographs offer a more complete view of the microstructures of the samples.
As shown in Figure 8b, the pristine Bi4Ti3O12 nanocrystals display a highly crystalline composition,
as well as perfect lattice structures throughout the entire particles. The measured spacings are equal
to 0.271 nm and to 0.273 nm, which are in agreement with the (020) and (200) planes of Bi4Ti3O12,
respectively [62]. However, after the solid-state reduction reaction process at 350 ◦C for 60 min, a
disordered layer is observed on the surface of the Bi4Ti3O12−x (350 ◦C, 60 min) nanosheet (Figure 8d).
Compared with the pristine Bi4Ti3O12 nanocrystals, the lattice features shown in the HRTEM image of
Bi4Ti3O12−x (350 ◦C, 60 min) became highly blurred. The surface structure of the Bi4Ti3O12−x (350 ◦C,
60 min) nanosheet is imperfect, which may have been damaged by the reduction reaction induced
oxygen vacancies [33]. In summary, the EPR, XPS, TGA, and TEM results confirm the existence of
oxygen vacancies on the Bi4Ti3O12−x nanosheets, which can be attributed to the reduction of the active
hydrogen produced by the decomposition of NaBH4.

Figure 8. Transmission electron microscopy (TEM) images of (a) the pristine Bi4Ti3O12 and (c) Bi4Ti3O12−x

(350 ◦C, 60 min); HRTEM images of (b) the pristine Bi4Ti3O12 and (d) Bi4Ti3O12−x (350 ◦C, 60 min).

The concentration and species of the oxygen vacancies in the Bi4Ti3O12−x nanosheets were studied
using the positron annihilation life technique [55,63–66]. Lifetime components (τ1, τ2, and τ3), as well
as corresponding intensities (I1, I2, and I3) for the pristine Bi4Ti3O12 and the Bi4Ti3O12−x samples
are shown in Table 3. The longest component (τ3) is typically ascribed to the annihilation of the
orthopositronium atom in the material voids [63], and the shortest one (τ1) is typically due to the
annihilation of the positron in the small defects in the bulk, such as the bulk oxygen vacancies [55,64].
Another component (τ2) arises from positrons trapped by larger-sized defects on the surface of the
materials, such as surface oxygen vacancies [55,65]. The relative intensity (I1/I2) reflects the ratio of the
corresponding defects [55,63] and in the present work, reflects the relative concentration ratio of bulk
and surface oxygen vacancies [55]. As shown in Table 3, when the Bi4Ti3O12−x samples were exposed
to solid-state chemical reduction treatment at 350 ◦C, the I1/I2 ratio decreased with the increasing
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chemical reduction reaction time and reached a minimum at 60 min. With further increases in the
reaction time and reaction temperature, the I1/I2 ratio increased instead. The results of the positron
annihilation analysis indicate that the concentrations and types of oxygen vacancies can be controlled
by adjusting the chemical reaction time and temperature. This means that due to the presence of
active hydrogen produced from the decomposition of NaBH4, Bi4Ti3O12−x nanosheets with different
reduction degrees can be obtained by tuning the reduction reaction conditions.

Table 3. Positron lifetime and relative intensities of the pristine Bi4Ti3O12 and various
Bi4Ti3O12−x samples.

Sample τ1 (ps) τ2 (ps) τ3 (ns) I1 (%) I2 (%) I3 (%) I1/I2

Bi4Ti3O12 193 376 2.33 50.24 47.78 1.98 1.05
Bi4Ti3O12−x (350 ◦C, 20 min) 196 387 2.47 46.26 51.97 1.77 0.89
Bi4Ti3O12−x (350 ◦C, 40 min) 199 389 2.49 38.72 59.64 1.64 0.65
Bi4Ti3O12−x (350 ◦C, 60 min) 205 393 2.77 23.87 74.24 1.89 0.32
Bi4Ti3O12−x (350 ◦C, 80 min) 209 396 2.92 36.48 61.57 1.95 0.59
Bi4Ti3O12−x (350 ◦C, 100 min) 214 402 3.05 41.73 56.42 1.85 0.74
Bi4Ti3O12−x (400 ◦C, 60 min) 216 405 3.11 44.86 53.33 1.81 0.84

3.4. Mechanism of Enhanced Photocatalytic Activity of Bi4Ti3O12−x

The photocatalyst’s BET specific surface area was measured to examine a correlation between
the surface area and the photocatalytic activity. This is because the large surface areas could
influence the number of available active sites [67] and affect the interfacial charge transfer quantum
efficiency [68]. As outlined in Table 4, the BET specific surface areas for the Bi4Ti3O12−x samples are
almost indistinguishable from the pristine Bi4Ti3O12. In addition, as described earlier, the crystal phase
structures are not changed (Figure 3). These results strongly suggest that it is not the surface area or
structural features that lead to the large divergence in photocatalysis ability. Therefore, this implies
that the photocatalytic kinetics of the Bi4Ti3O12−x samples are mainly enhanced by other factors.

Table 4. Brunauer-Emmett-Teller (BET) specific surface areas of the pristine Bi4Ti3O12 and various
Bi4Ti3O12−x samples.

Samples BET Specific Surface Area (m2/g)

Bi4Ti3O12 6.45
Bi4Ti3O12−x (350 ◦C, 20 min) 6.39
Bi4Ti3O12−x (350 ◦C, 40 min) 6.35
Bi4Ti3O12−x (350 ◦C, 60 min) 6.32
Bi4Ti3O12−x (350 ◦C, 80 min) 6.46
Bi4Ti3O12−x (350 ◦C, 100 min) 6.48
Bi4Ti3O12−x (300 ◦C, 60 min) 6.38
Bi4Ti3O12−x (400 ◦C, 60 min) 6.51

As is well-known, generation and disassociation of photo-generated electron-hole pairs are crucial
for a semiconductor photocatalyst. The efficiency of this disassociation is central to the enhancement
of photocatalytic activity. EIS was used to fully probe this efficiency. Figure 9a shows the EIS of the
pristine Bi4Ti3O12 and various Bi4Ti3O12−x electrodes. Each sample diagram contains a semi-circular
section, reflecting the process of the charge transfer, as well as a linear section with a 45◦ slope
corresponding to the diffusion-controlled step [69]. The value for the electron-transfer resistance (Rct)
is obtained by calculating the diameter of the semi-circle, and this acts as a proxy for the system’s
charge transfer effectiveness. In other words, a smaller Rct value means a higher charge transfer
efficiency of the system [70]. The order in the Rct value is the pristine Bi4Ti3O12 > Bi4Ti3O12−x (350 ◦C,
40 min) > Bi4Ti3O12−x (350 ◦C, 80 min) > Bi4Ti3O12−x (350 ◦C, 60 min), coinciding with the increased
activity order of the photocatalysts. The Rct of the Bi4Ti3O12−x (350 ◦C, 60 min) electrode is the smallest
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among all the catalysts. Therefore, the photo-generated electron-hole pairs are most easily separated
and transferred to the surface in the Bi4Ti3O12−x (350 ◦C, 60 min) sample, thus leading to the highest
photocatalytic activity of all the catalysts. The photocurrent analysis was also conducted to confirm the
hindering efficiency of Bi4Ti3O12−x during the recombination of electron-hole pairs. Figure 9b details
the photocurrent responses of the pristine Bi4Ti3O12, Bi4Ti3O12−x (350 ◦C, 40 min), Bi4Ti3O12−x (350 ◦C,
60 min), and Bi4Ti3O12−x (350 ◦C, 80 min) after their deposition on ITO electrodes under visible light.
The results show that the responses are prompt, uniform, and reproducible with the light irradiation
switched on and off. Under visible light, the photocurrent density of the Bi4Ti3O12−x (350 ◦C, 60 min)
electrode is the highest among the samples. The enhanced photocurrent indicates the amplification
of the photo-induced carrier transport rate, as well as the dwindling photo-generated electron-hole
pair recombination rate [71]. The results of the photocurrent investigation are in agreement with the
changes in catalytic activity for the pristine Bi4Ti3O12−x and Bi4Ti3O12−x (Figure 4). Therefore, we
believe that the improved charge separation and transportation are the major reasons for the enhanced
photocatalytic activity of Bi4Ti3O12−x.

Figure 9. (a) The electrochemical impedance spectroscopy (EIS) Nyquist plots of the pristine Bi4Ti3O12

and various Bi4Ti3O12−x samples after the buildup on the ITO electrodes with visible-light (λ > 400 nm)
irradiation; (b) Photocurrents of the pristine Bi4Ti3O12 and various Bi4Ti3O12−x samples after the
buildup on the ITO electrodes under visible-light irradiation (λ > 400 nm); (c) valence band XPS spectra
of the pristine Bi4Ti3O12 and Bi4Ti3O12−x (350 ◦C, 60 min); (d) the probable band energy diagram of
the pristine Bi4Ti3O12 and Bi4Ti3O12−x (350 ◦C, 60 min).

The position of the valence band (VB) on top of the pristine Bi4Ti3O12 and Bi4Ti3O12−x (350 ◦C,
60 min) was determined by VB XPS spectra (see Figure 9c). The top of the valence band (EVB) of
the pristine Bi4Ti3O12 and Bi4Ti3O12−x (350 ◦C, 60 min) vs. the normal hydrogen electrode (NHE)
are estimated to be 1.76 and 1.49 eV, respectively. Moreover, the band gaps of the pristine Bi4Ti3O12

and Bi4Ti3O12−x (350 ◦C, 60 min) are 2.91 and 2.63 eV, respectively (Table 1). Therefore, using the
formula ECB = EVB − Eg [16], the bottom of conduction band (ECB) is −1.15 and −1.14 eV for the
pristine Bi4Ti3O12 and Bi4Ti3O12−x (350 ◦C, 60 min), respectively. According to the values of EVB
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and ECB, a suggested band energy diagram is illustrated in Figure 9d. It can be observed that the
conduction band energy of Bi4Ti3O12−x (350 ◦C, 60 min) is almost the same as that of the pristine
Bi4Ti3O12. However, compared to the pristine Bi4Ti3O12, the VBM of Bi4Ti3O12−x (350 ◦C, 60 min) rises
considerably, leading to a narrowing band gap of Bi4Ti3O12−x (350 ◦C, 60 min). We attribute this rise
in band gap to the formation of new energy states near the VB top because of the presence of oxygen
vacancy in the Bi4Ti3O12−x (350 ◦C, 60 min) sample [72].

Based on the discussion above, the reasons for the better photocatalytic activity of the Bi4Ti3O12−x
nanosheets could be explained from the point of view of surface defects. The surface oxygen vacancies
are located on the top of the VBM or below the conduction band minimum (CBM) [24,48,49,72] and
are considered as shallow defects. Zhu et al. discovered that the surface oxygen defect states were
formed on the top of the VBM for ZnO and BiPO4 [48,49]. Huang et al. demonstrated that a high
number of oxygen vacancies created an impurity energy level near the valence band and caused a
decrease in the band gap [24]. Zhao et al. reported that under poor oxygen conditions, the oxygen
vacancy states at the top of the valence band decreased the band gap of LiTi2(PO4)3 significantly [73].
The rise of the VBM and the reduction of the band of anatase TiO2 have been observed by scanning
tunneling microscopy [74]. In the present work, the EPR, TGA, and TEM confirm that oxygen vacancies
are formed in Bi4Ti3O12−x after the chemical reduction treatment. Figure 10 shows the schematic
diagram of the charge separation and photocatalytic reaction for the Bi4Ti3O12−x photocatalyst under
visible-light irradiation. Many shallow surface oxygen vacancy states should be above the valence
band and partially overlap with the valence band of Bi4Ti3O12−x, which can cause rise of the VBM to
VBM´. Hence, the VBM of Bi4Ti3O12−x (350 ◦C, 60 min) is higher than that of the pristine Bi4Ti3O12,
which is proven by the valence band XPS spectra (Figure 9c). Correspondingly, the rise of the VBM can
further expand the valence band, which can increase the transport rate of photo-generated carriers,
resulting in the improved separation efficiency of the photo-generated electron-hole pairs and leading
to an obvious improvement of the photocatalytic activities of Bi4Ti3O12−x. In addition, due to the VBM’
rise, the band gap of Bi4Ti3O12−x narrows, thus expanding the photoresponse range of Bi4Ti3O12−x
(from under 420 nm for the pristine Bi4Ti3O12 to above 460 nm for Bi4Ti3O12−x (350 ◦C, 60 min)).

Figure 10. Schematic diagram illustrating the mechanism of the charge separation and photocatalytic
reaction for the Bi4Ti3O12−x photocatalyst under visible-light irradiation. VB: valence band; CBM:
conduction band minimum; and VBM: valence band maximum.

Furthermore, as shown in Figure 4, both the reduction time and temperature have significant
influence on the photocatalysis ability of the Bi4Ti3O12−x photocatalysts. As discussed above,
the positron annihilation analysis (Table 3) indicated that Bi4Ti3O12−x nanosheets with different
concentrations and types of oxygen vacancies can be obtained by tuning the conditions of the solid-state
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chemical reduction process. The relative intensity (I1/I2) reflects the relative concentration ratios of
bulk and surface oxygen vacancies [55]. When Bi4Ti3O12−x is exposed to chemical reduction treatment
at a low temperature or for a short time, the I1/I2 ratio continues to decrease with the increasing
reaction time and temperature (Table 3), thus increasing the number of surface oxygen vacancies. These
surface oxygen vacancies are located above the VB and even partially overlap with it. At the same time,
the photocatalytic activity improves gradually with the duration of the treatment and temperature,
until a maximum is achieved at 350 ◦C for 60 min. With additional increases in temperature, as well as
prolonged (or longer) reaction time, the I1/I2 ratio increases instead (Table 3), which means that the
bulk oxygen vacancies continue to increase in Bi4Ti3O12−x. The bulk oxygen vacancies’ defect levels
form easily in the forbidden band and provide a position for the recombination of the electron-hole
pairs, thus reducing the photocatalytic activity [63]. Therefore, the best activity of the Bi4Ti3O12−x
photocatalyst can be achieved when the minimum bulk oxygen vacancies exist simultaneously with
large numbers of surface oxygen vacancies. Thus, not only the number but also the types of oxygen
vacancies induced with varying chemical reduction temperature and duration are essential for a
catalyst with high photoactivity.

4. Conclusions

In summary, a facile, economic solid-state chemical reduction method has been proposed to
fabricate the Bi4Ti3O12−x photocatalyst with abundant oxygen vacancies. The concentration and types
of oxygen vacancies could be adjusted by changing the reduction reaction time and temperature. The
Bi4Ti3O12−x catalyst showed significantly improved photoactivity during visible-light driven hydrogen
evolution from water compared to the pristine Bi4Ti3O12. The hydrogen production rate reaches up to
129 μmol·g−1·h−1 under visible-light irradiation for the optimal Bi4Ti3O12−x photocatalyst (reduction
treated at 350 ◦C for 60 min), which is about 3.4 times that of the pristine Bi4Ti3O12. It is proposed that
energy levels corresponding to the surface oxygen vacancies should be above and partially overlap
with the Bi4Ti3O12−x valence band. This can raise the top of the valence band maximum. The improved
photoactivity of the photocatalyst is the result of the enhanced separation ability of photo-generated
electron-hole pairs that originates from the valence band expansion by the surface oxygen vacancy
states. The extended photoresponse is due to the decrease in the band gap caused by the rise of the top
of the valence band maximum.
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Abstract: Porous hollow Ga2O3 nanoparticles were successfully synthesized by a hydrolysis method
followed by calcination. The prepared samples were characterized by field emission scanning
electron microscope, transmission electron microscope, thermogravimetry and differential scanning
calorimetry, UV-vis diffuse reflectance spectra and Raman spectrum. The porous structure of Ga2O3

nanoparticles can enhance the light harvesting efficiency, and provide lots of channels for the diffusion
of Cr(VI) and Cr(III). Photocatalytic reduction of Cr(VI), with different initial pH and degradation of
several organic substrates by porous hollow Ga2O3 nanoparticles in single system and binary system,
were investigated in detail. The reduction rate of Cr(VI) in the binary pollutant system is markedly
faster than that in the single Cr(VI) system, because Cr(VI) mainly acts as photogenerated electron
acceptor. In addition, the type and concentration of organic substrates have an important role in the
photocatalytic reduction of Cr(VI).

Keywords: Ga2O3; porous; Cr(VI); organic pollutants

1. Introduction

Heavy metal ions from wastewater have become the primary threat to the human environment
with the development of industrial civilization [1–4]. Hexavalent chromium (Cr(VI)) is a typical heavy
metal contaminant with high solubility and toxicity, which originates from various industrial processes
such as electroplating, leather tanning, and paint manufacture [5]. A common method of treating
Cr(VI) in wastewater is to convert it into low toxic Cr(III), which can be precipitated as Cr(OH)3 in
neutral or alkaline solutions, and removed as a solid waste [6]. Recently, photocatalytic reduction of
Cr(VI) to Cr(III) has been recognized as an efficient and economical form of technology [7–11]. Briefly,
photocatalytic reduction of Cr(VI) is based on the photogenerated electrons in the conduction band
of semiconductor when it is irradiated by UV/visible light having energy greater than the band gap
energy of the semiconductor. In addition, organic and inorganic pollutants usually co-exist in industrial
wastewater and natural aqueous environment, and no doubt the presence of organic pollutants in
wastewater will greatly increase the difficulty of photocatalytic reduction of Cr(VI) [12–14].

During the photocatalytic process, the photocatalyst is the key factor, and it is necessary to design
and fabricate efficient and stable photocatalysts. Ga2O3 is one of most popular photocatalysts used
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in the photocatalytic degradation of organic pollutants and reduction of CO2 [15–18], owing to its
high activity and environmental friendliness. Its activity can be further enhanced through a proper
synthetic strategy to obtain nanostructured materials, as the morphology, size and pore structure of
materials can significantly influence their properties and applications [19–21]. As one promising field
of research, porous hollow nanostructures have been investigated for a long time. Compared with
bulk materials, porous hollow materials have higher porosity, larger specific surface areas, and lots of
active chemical sites, which could enhance light harvesting efficiency and provide lots of channels for
the diffusion of pollutants, while also improving photocatalytic activity efficiently [22–24].

In this study, porous hollow Ga2O3 nanoparticles were prepared via a hydrolysis method followed
by calcination. The effect of parameters including pH and concentration of metronidazole on the
reduction rate of Cr(VI) by the porous hollow Ga2O3 nanoparticles was also studied. Meanwhile,
the photocatalytic reduction of Cr(VI) was also systematically investigated in the absence and presence
of organic substrates. To the best of our knowledge, this is the first report on the simultaneous treatment
of organics and Cr(VI) using porous hollow Ga2O3.

2. Materials and Methods

2.1. Materials

Ga2O3 (99.999%), NaCO3 (AR, 99.8%), and NaOH (AR, 96%) were purchased from Shanghai
Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China) and HCl (AR, 36–38%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) Deionized water was used throughout
the experiments.

2.2. Synthesis of Porous Hollow Ga2O3 Nanoparticles

Porous hollow Ga2O3 nanoparticles were synthesized via a thermal transformation of GaOOH
precursor based on our previous study [25]. The NaGaO2 powders were prepared by heating a
stoichiometric mixture of Na2CO3 and Ga2O3 at 850 ◦C for 12 h. The GaOOH precursor was prepared
by a hydrolysis reaction of NaGaO2 colloidal solution. The NaGaO2 powders (1.0 g) was dispersed in
deionized water (100 mL) to obtain a colloidal solution with ultrasonic oscillations. Then, 5 mol/L
HCl solution was added to the NaGaO2 colloidal solution with magnetic stirring; the final pH value
was kept at 9.0. The obtained white suspension was treated thermally at 80 ◦C for 12 h. The obtained
GaOOH precursor was separated by centrifugation and dried at 70 ◦C for 10 h. The Ga2O3 was
prepared by calcining GaOOH precursor with a programmed temperature (400 ◦C, 5 h and 700 ◦C,
1.5 h, 1 ◦C/min).

2.3. Characterization

The Raman spectrum was recorded using a Raman spectrometer (RM2000) (Renishaw,
Gloucestershire, UK). Field emission scanning electron microscope (FESEM) images were obtained
using a MERLIN scanning microscope at an accelerating voltage of 10 kV (ZEISS, Oberkochen, German).
Scanning transmission electron microscopy (STEM), transmission electron microscope (TEM) and
high-resolution transmission electron microscopy (HRTEM) images were obtained using a JEOL-2010
transmission electron microscope (JEOL Ltd., Kyoto, Japan) at an accelerating voltage of 200 kV. TEM is
equipped with an energy-dispersive X-ray spectroscopy (EDS) analysis system. The quantitation
method for Ga and O elements is Cliff Lorimer thin ratio section. Thermogravimetry and differential
scanning calorimetry (TG-DSC) analysis was performed on a STA 6000 (Perkin Elmer, Waltham, MA,
USA) instrument at a heating rate of 10 ◦C/min. UV-vis diffuse reflectance spectra (UV-vis DRS) were
obtained by a UV-2600 UV-vis spectrophotometer (Shimadzu Corporation, Kyoto, Japan).
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2.4. Photocatalytic Experiments

Photoreduction of Cr(VI) (K2Cr2O7) and photocatalytic degradation of rhodamine B (RhB), acid
red 1 (AR1), methyl orange (MO) and metronidazole (MNZ) as well as their binary mixtures, were
adopted to evaluate the photocatalytic activity of the as-synthesized Ga2O3 sample. The concentration
of Cr(VI) and organics is the same in single and binary pollutants (Table 1). Typically, 20 mg of the
Ga2O3 sample was added into a 50 mL Cr(VI) aqueous solution. The initial pH of the Cr(VI) solution
was adjusted to 2–9 by adding HCl or NaOH. Prior to irradiation, the suspensions were magnetically
stirred for 30 min to establish the adsorption-desorption equilibrium. The irradiation was performed
with a 30 W UV light lamp (λ = 253.7 nm). At a given time interval, about 3 mL suspension was
taken for further analysis after centrifugation. The concentration of organic pollutants, including RhB,
AR1, MO and MNZ, were analyzed by UV-vis spectroscopy at 554, 505, 464 and 320 nm, respectively.
Meanwhile, the concentration of Cr(VI) was analyzed by a 1,5-diphenylcarbazide spectrophotometric
method with a spectrophotometer at 540 nm (GB 7466-87, Standards of China). The characteristic
absorbance peaks of organic pollutants (rhodamine B, acid red 1, methyl orange, metronidazole) are
different; their absorbances are different when the concentrations are same. In order to quickly measure
the absorbance of organic pollutants by UV-vis spectroscopy, we created the proper concentrations.

Table 1. The concentration of Cr(VI) and organics in single and binary pollutant system.

Name Single Pollutant System, mg/L
Binary Pollutant System, mg/L

RhB + Cr(VI) AR1 + Cr(VI) MO + Cr(VI) MNZ + Cr(VI)

Cr(VI) 2.5 2.5 2.5 2.5 2.5
RhB 5 5 × × ×
AR1 20 × 20 × ×
MO 10 × × 10 ×

MNZ 20 × × × 20

3. Results and Discussion

3.1. Composition and Morphology

Previous X-ray diffraction (XRD) results show that the phase composition of the GaOOH precursor
and its calcined product are α-GaOOH (JCPDS No. 06-0180) and β-Ga2O3 (JCPDS No. 41-1103),
respectively [25]. The average crystallite size of β-Ga2O3 sample is about 27.3 nm by the Scherrer
equation. [26] The composition of Ga2O3 samples was further investigated by Raman spectra, owing
to the greater sensitivity of Raman spectroscopy to the outer region of the solid samples than XRD [27].
The Raman spectra of Ga2O3 samples from the GaOOH precursor—calcined at 600 ◦C and 700 ◦C—are
shown in Figure 1. The characteristic Raman bands of α-Ga2O3 and β-Ga2O3 are shown in Figure 1a,b,
respectively; this is consistent with the reported results [28,29]. This result indicates that the α-Ga2O3

gradually transforms into β-Ga2O3 with the increase of calcination temperature; pure phase β-Ga2O3

is finally obtained at 700 ◦C.
The composition of porous hollow Ga2O3 nanoparticles was also analyzed by EDS elemental

mapping images and EDS spectrum. As shown in Figure 2, it is clearly seen that Ga2O3 nanoparticles
possess a porous structure, and that Ga and O elements are distributed homogenously in the Ga2O3

sample and their atomic ratio was close to 2:3, which further indicates that the synthesized sample is
pure Ga2O3.
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Figure 1. Raman spectra of Ga2O3 from the GaOOH precursor calcined at (a) 600 ◦C and (b) 700 ◦C.

 
Figure 2. (a) Scanning transmission electron microscopy (STEM) image, (b,c) energy-dispersive X-ray
spectroscopy (EDS) elemental mapping images and (d) EDS spectrum of Ga2O3.

The morphology and microstructure of GaOOH precursor and its calcined product Ga2O3 were
investigated by TEM and SEM. As shown in Figure 3a,b, the GaOOH precursor presents monodisperse
nanoplate-like structure. Compared with GaOOH (Figure 3a,b), Ga2O3 nanoparticles (Figure 3c)
present porous hollow structures. Moreover, the clearly resolved lattice fringes with d spacing of
0.23 nm (distance between two arrow heads in Figure 3d) correspond to the (311) lattice planes of
monoclinic β-Ga2O3, which is in good agreement with the XRD result. Figure 4 also shows that
the Ga2O3 nanoparticles possess hollow structures [25]. The porous hollow structure of Ga2O3

nanoparticles is mainly ascribed to the thermal dehydration of the GaOOH precursor. These porous
structure can enhance the light harvesting efficiency and provide lots of channels for the diffusion of
Cr(VI) and Cr(III), resulting in the improvement of photocatalytic efficiency [30]. The size distribution
of Ga2O3 in Figure 5 was evaluated from the SEM image (Figure 4) by measuring the diamenter of
about 100 nanoparticles. It is clearly seen that the size of most Ga2O3 nanoparticles is 160–230 nm.
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Figure 3. Transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images of (a,b) GaOOH and (c,d) Ga2O3.

 

Figure 4. Scanning electron microscope (SEM) image of Ga2O3 nanoparticles.

 

Figure 5. The size distribution of Ga2O3 nanoparticles.
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3.2. Hermogravimetry and Differential Scanning Calorimetry TG-DSC Analysis

To understand the thermal conversion of the GaOOH precursor to Ga2O3, a TG-DSC measurement
was performed. The TG-DSC measurement, performed from 40 to 900 ◦C for the GaOOH precursor,
is shown in Figure 6. The major exothermic peak at about 394 ◦C was probably caused by the phase
transformation of the sample from GaOOH to Ga2O3, as evidenced by a weight loss of 12% in the
range of 40–400 ◦C in TG curve. A weight loss of 3% in the range of 400–600 ◦C, which is demarcated
by weak endothermic peak in DSC curve, indicates the conversion of α-Ga2O3 to β-Ga2O3 above
600 ◦C [31]. The result is consistent with the Raman band of the GaOOH precursor calcined at 600 ◦C
(Figure 1). The XRD, Raman spectra, and TG-DSC results indicate that the pure phase β-Ga2O3 can be
obtained at 700 ◦C, and that α-Ga2O3 gradually transforms into β-Ga2O3 in the temperature range of
600–700 ◦C.

 

Figure 6. Hermogravimetry and Differential Scanning Calorimetry TG-DSC curve of the
GaOOH precursor.

3.3. Photocatalytic Experiments

3.3.1. Photocatalytic Reduction of Cr(VI)

The pH of the solution is one of the most important parameters affecting the photocatalytic
reduction of Cr(VI) on photocatalysts. The temporal concentration variation of Cr(VI) reduction by the
porous hollow Ga2O3 nanoparticles at a pH range from 2.0 to 9.0 is shown in Figure 7. Obviously, the
reduction of Cr(VI) is increased rapidly by decreasing the pH when the initial pH is in the range of
3–9. In general, the predominant form of Cr(VI) is Cr2O7

2− at a pH range of 2–6, while the major form
was CrO4

2− at pH > 7 [32,33]. The photocatalytic reduction of Cr(VI) to Cr(III) consumes H+ in an
acidic solution (Equation (1)), and produces OH− in an alkaline solution (Equation (2)). At a low pH,
the Ga2O3 nanoparticles are highly protonated and have a strong affinity toward the anion Cr2O7

2−,
and thus enhance the photocatalytic reduction of Cr(VI). However, the photocatalytic reduction of
Cr(VI) is decreased when the initial pH is kept at 2–2.5, which may be attributed the dissolution
of Ga2O3 nanoparticles. At a higher pH, the surface charge of the Ga2O3 nanoparticles will be less
positively charged, or even negatively charged, which tends to electrostatically repel the anionic
Cr(VI), and adsorb the cationic Cr(III) [34,35]. The electrostatical repulsion makes it more difficult for
the anionic Cr(VI) to obtain the photogenerated electrons. Meanwhile, Cr(OH)3 precipitate will be
formed at pH > 6, and occupies the active sites of Ga2O3 nanoparticles, leading to the decrease in the

80



Nanomaterials 2018, 8, 263

photocatalytic reduction of Cr(VI). Therefore, it is concluded that the photocatalytic reduction of Cr(VI)
to Cr(III) is highly efficient at a suitable acidic condition, and is restrained at an alkaline condition.

Cr2O2−
7 + 14H+ + 6e− → 2Cr3+ + 7H2O (1)

CrO4
2− + 4H2O + 3e− → Cr(OH)3 + 5OH− (2)

3.3.2. Photocatalytic Degradation of Organic Pollutants

Besides the photocatalytic reduction of Cr(VI), typical organic pollutants such as RhB, AR1, MO
and MNZ were also used to evaluate the photocatalytic activity of porous hollow Ga2O3 nanoparticles.
As shown in Figure 8, these four pollutants can be effectively degraded by the Ga2O3 nanoparticles
in 60 min when they are in the single pollutant system (Table 1). The results indicate that the porous
hollow Ga2O3 is a promising photocatalyst in water treatment.

 
Figure 7. Photocatalytic reduction of Cr(VI) by Ga2O3 at different initial pH.

 

Figure 8. Photocatalytic degradation of single pollutant by Ga2O3.
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3.3.3. Simultaneous Treatment of Cr(VI) and Organic Pollutants

Cr(VI) is often discharged together with hazardous organics from industrial wastewater. To further
study the photocatalytic activity of porous hollow Ga2O3 nanoparticles, several binary pollutants were
simulated using organics as the additional substrates. As shown in Figure 9, the reduction rate of
Cr(VI) in the binary pollutants is markedly faster than that of the single Cr(VI). Cr(VI) mainly acts
as photogenerated electron acceptor. However, the degradation rate of the organic pollutants in the
binary pollutant system is lower than that of the corresponding single pollutant system. Based on our
previous study, the photogenerated electrons play an important role in the degradation of organic
pollutants by Ga2O3. The photogenerated electrons in the conduction band of Ga2O3 are assumed
by Cr(VI), reducing the degradation rate of organic pollutants. The photocatalytic stability of the
prepared Ga2O3 for the treatment of pollutants has been investigated by the recycling experiments.
However, the photocatalytic reduction rate of Cr(VI) is 67% after two cycling runs. In order to activate
the recycled Ga2O3 photocatalyst, an ultrasound treatment is used; a photocatalytic reduction rate of
Cr(VI) is able to maintain 81%, under the same conditions. However, the photocatalytic reduction rate
of Cr(VI) is only 44%, even after four cycling runs with the ultrasound treatment. The photocatalytic
degradation rate of organic pollutants (RhB, AR1, MO, MNZ) is stable, even after five cycling runs.

Ⅵ

Figure 9. Photocatalytic treatment of single and binary pollutant system by Ga2O3.

3.3.4. Effect of Substrate Concentration on Photocatalytic Reduction of Cr(VI)

To further assess the effect of organic pollutants as substrates on the photocatalytic reduction
of Cr(VI), several different concentrations of MNZ in the Cr(VI)/MNZ binary pollutants were
investigated. As shown in Figure 10, only 57% of Cr(VI) is photocatalytically reduced in the
absence of MNZ after 60 min, and the reduction of Cr(VI) is increased striking when MNZ is added
into the system. By increasing the concentration of MNZ to 10 mg/L, 94% of Cr(VI) is reduced.
The reason may be that the presence of MNZ can consume the photogenerated holes in photocatalyst,
and more photogenerated electrons are captured by Cr(VI), improving the photocatalytic reduction
of Cr(VI). The reduction rate of Cr(VI) is not markedly changed when the concentration of MNZ is
further increased.
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Figure 10. Photocatalytic treatment of Cr(VI) and MNZ in single and binary pollutant system.

4. Conclusions

In summary, porous hollow Ga2O3 nanoparticles were successfully synthesized by a hydrolysis
method followed by calcination. It was demonstrated that the Ga2O3 photocatalyst is effective for the
treatment of Cr(VI) and organic pollutants—as well as a mixture of them. The photocatalytic removal
rate of Cr(VI) is highest when the initial pH of Cr(VI) is 3.0. The presence of organic pollutants in the
reaction system improves the photocatalytic reduction of Cr(VI) by acting as a holes scavenger, leading
to better charge carrier separation. The results broaden the range of approaches for the treatment of
practical wastewater.
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Abstract: Rutile TiO2 with highly active facets has attracted much attention owing to its enhanced activity
during the photocatalytic degradation of pollutants such as pharmaceuticals in wastewater. However,
it is difficult to obtain by controlling the synthetic conditions. This paper reports a simple hydrothermal
synthesis of rutile TiO2 nanorods with highly exposed {110} facets. The obtained rutile was characterized
by X-ray diffraction (XRD), scanning electron microscopy (SEM), high-resolution transmission electron
microscopy (HR-TEM), and Raman spectroscopy. The main contribution to the photocatalytic
activity comes from rutile nanorods with highly dominant active {110} facets, which were studied
in the photodegradation of reactive cinnamic acid and more recalcitrant ibuprofen. The contribution of
active species was also investigated. The present work further confirmed the hydrothermal synthesis
route for controlling the preparation of highly crystalline and active rutile nanocrystals.

Keywords: rutile; active facets; pharmaceutical; degradation; mineralization; active species

1. Introduction

Heterogeneous photocatalysis on semiconductor photocatalysts has attracted considerable interest
due to its applicability in the treatment of hazardous organic pollutants [1–5]. Among the ultraviolet
light driven photocatalysts, TiO2 has received much attention. The use of a TiO2 photocatalyst and
a wide band gap (~3.2 eV) [6] offers several advantages including its low cost, chemical stability,
high oxidizing ability, safety, and reusability [7–9]. TiO2 occurs in three main phases: anatase,
brookite, and rutile, with anatase being the most commonly used in photocatalytic applications [10–14].
Recently, some photocatalytic studies on rutile TiO2 have been published. Kalaivani’s group reported
the enhanced photocatalytic decolourization efficiency of methylene blue over the bio-nanocomposite
inulin-TiO2 rutile under ultraviolet (UV) irradiation [15]. In this case, the inulin-TiO2 rutile was
obtained by embedding rutile nanoparticles into a novel biopolymer-inulin. The approach allowed
the diminishing of the agglomeration of rutile nanoparticles, providing a larger surface area, thus
improving the activity of rutile. In another report, Nair’s group found that the high photocatalytic
activity of three-dimensional rutile micro-flowers in the decolourization of Rhodamine B under UV
light was due to the large surface area contributed by the highly dense spiky nanostructures [16].
In terms of enhanced activity, rutile nanocrystals with exposed active facets are relatively unknown
due to its difficulty in synthesis. Therefore, acquiring a large percentage of active facets by controlling
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the synthetic conditions is highly desirable. According to the nature of rutile rods, the crystal growth
is indeed a result of the competitive growth of {111} facets and {110} facets [17,18]. The reported rutile
with exposed {111} facets that had both the advantages of large specific surface area and exposed high
active facets were active in the decolourization of methylene blue under UV irradiation [19]. In our
work, the large-sized rutile nanocrystals with highly exposed {110} facets were successfully prepared
by hydrothermal synthesis and exhibited an enhanced activity in the photodegradation of reactive
cinnamic acid (CA) and recalcitrant pharmaceutical ibuprofen (IBP). The photocatalytic performances
were investigated under low power solarium lamps, high organic loading, and a small amount
of the photocatalyst. Such testing conditions have been rarely reported in wastewater treatment.
In addition, trapping experiments were carried out to analyze the contribution of active species to
the photodegradation of organic compounds.

2. Materials and Methods

2.1. Materials

All chemicals were of analytical grade and used without further purification: titanium (IV)
i-propoxide (TTIP, Merck, Kenilworth, NJ, USA, 98%), hydrochloric acid (HCl, Chemsolute, Th.
Geyer, Berlin, Germany, 35–38%), cinnamic acid (C9H8O2, Reachim, Moscow, Russia, 99%), ibuprofen
sodium salt (C13H17O2Na, Sigma-Aldrich, St. Louis, MA, USA, 98%), ethylenediaminetetraacetic acid
(C10H16N2O8, Sigma-Aldrich, 99%), i-propanol (C3H8O, Sigma-Aldrich, >99%), tert-butanol (C4H10O,
Sigma-Aldrich, 99%), benzoquinone (C6H4O2, Sigma-Aldrich, ≥98%), and titania P25 (TiO2, Evonik,
Essen, Germany, 99.5%).

2.2. Synthesis of TiO2 Rutile

The rutile was prepared based on a previously reported procedure in [20] with improved synthesis
parameters. The procedure consisted of two main steps:

(i) Sol-gel synthesis of an amorphous titania precursor: 20 mL of titanium (IV) i-propoxide was dissolved
in 105 mL of i-propanol. The solution was kept at 0 ◦C under vigorous stirring. To this colorless
solution, a stock solution containing 105 mL of i-propanol and 1 mL of distilled water prepared
at room temperature (RT) was slowly dropped over a period of 5 h. The suspension gradually
changed into a white/milky color. This was further stirred at RT for 24 h. Once the reaction
was completed, the white product was removed from the suspension by centrifugation and
the obtained clear colorless solution was again diluted with 1000 mL of distilled water and further
stirred at RT for 24 h. The obtained white amorphous titania was separated by centrifugation
and washed with distilled water and ethanol, then dried under vacuum at 60 ◦C. The final white
powder was used as the precursor for the hydrothermal treatment step.

(ii) Hydrothermal treatment of amorphous titania precursor: 1.0 g of amorphous titania was placed
into a 120 mL Teflon cup and then an appropriate amount of concentrated aqueous 4.0 M
hydrochloric acid was added and stirred at RT for 30 min. Next, the Teflon cup was transferred
into a stainless steel-lined autoclave, which was placed into an oven and heated at 200 ◦C for 7 h.
Thereafter, the autoclave was allowed to cool down to RT. The precipitate was decanted from
the reaction mixture, washed thoroughly with distilled water and ethanol, and finally dried at
60 ◦C overnight in an oven. The final product was ground in a porcelain mortar with a pistil to
obtain fine powders.

2.3. Characterization

The morphology and microscopic structure of the samples were characterized by scanning electron
microscopy (SEM) (FE-SEM S-4800, Hitachi, Tokyo, Japan) operating at 5 kV, and transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HR-TEM) (JEM 2100, JEOL,
Tokyo, Japan) operating at 200 kV.
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The crystal structures and phases of the samples were measured using an X-ray diffractometer
(STADI-P, STOE, Darmstadt, Germany) with monochromatic Cu Kα radiation (λ = 1.5406 Å). Raman
spectra were recorded using a LabRAM HR 800 Raman microscope system (Horiba Jobin YVON,
Kyoto, Japan) equipped with a high stability BX40 microscope (Focus 1 μm). A blue laser (473 nm,
20 mW air-cooled solid-state laser) was used as an excitation source.

Brunauer-Emmett-Teller (BET) surface areas (SBET) were determined using the adsorption data in
the relative pressure (p/p0) range of 0.05–0.35. The measurements were performed at 77 K on a Thermo
Sorptomatic 1990 nitrogen adsorption apparatus (Thermo Fisher Scientific, Waltham, MA, USA).

The weight loss of the samples was evaluated from the thermogravimetric curve analyzed on
a TGA Labsys 1600 DSC instrument (Setaram, Caluire, France) under argon gas at a heating rate of
10 K/min where 0.1 cm3 alumina (Al2O3) crucibles were used.

2.4. Photocatalysis

The photocatalytic performance of the rutile samples was evaluated in the photocatalytic
degradation reactions of CA and IBP under ultraviolet-visible (UV-Vis) irradiation using
batch-conditions. In each experiment, a glass beaker containing 10 mg of the photocatalyst and
250 mL of an aqueous 10 ppm organic solution was used. The reaction mixture was magnetically
stirred in the dark at RT for 30 min to reach the adsorption-desorption equilibrium. Four UV-Vis
solarium lamps with a total power of 60 W were used as the light source. These lamps simulate
the UV part of sunlight (by light energy distribution and intensity) and emit a continuous spectrum
range of about 370–400 nm. The distance between the applied lamps and the surface of the pollutant
solution was 15 cm. Parallel tests were performed by placing four batches into a closed aluminum
box. Four magnetic stirrers were arranged below. After certain time intervals (0 min, 15 min, 30 min,
1 h, 2 h, 3 h, 4 h, and 5 h), 5 mL aliquots were taken from the reaction mixture, and 5 mL aliquots
were taken from the reaction mixture with a syringe and separated from the catalyst by a 0.45 μm
polytetrafluoroethylene (PTFE) syringe filter. The abatement of IBP and CA was determined by
the change in the absorbance at 221 and 273 nm, respectively, as follows [21]:

abatement (%) = (A0 − At)/A0 × 100, (1)

where A0 and At are the initial absorbance and the absorbance after various time intervals of UV-Vis
irradiation (t), respectively. All data were measured at RT using a Lambda 19 UV/Vis spectrometer
(Perkin Elmer, Waltham, MA, USA).

The trapping experiments using different scavengers (1.46 mg of ethylenediaminetetraacetic acid
(EDTA) as scavenger for holes, 0.1 mL of tert-butanol (t-BuOH) as scavenger for hydroxyl radicals, and
2.7 mg of benzoquinone (BQ) as scavenger for superoxide anion radicals) were performed in a similar
manner to the above photocatalytic degradation reaction of IBP and CA except that the mentioned
scavengers were added to the reaction.

3. Results

3.1. Characterization

A combined study of the XRD pattern and Raman scattering spectrum was performed to confirm
the formation of the pure rutile phase. The XRD pattern (Figure 1a) revealed that the obtained
hydrothermal product was present in the rutile form with a high intense diffraction peak at 27.4◦ (2θ)
corresponding to the {110} facets and others with high intensities located at 36.1◦, 41.2◦, and 54.3◦

representing the {101}, {111}, and {211} facets, respectively [16,19]. The results were consistent with
the theoretical diffraction pattern from the JCPDS database (No. 96-900-7532). The average crystallite
size DXRD of the rutile was calculated using the Scherrer equation from the width of the most intense
rutile reflection (2θ = 27.4◦) [22] and determined to be about 90 nm. Representative Raman spectrum
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(Figure 1b) showed that three bands appeared at 234, 447, and 608 cm−1, which are characteristic of
the TiO2 rutile phase [23,24].

Figure 1. (a) XRD pattern; (b) Raman spectrum; and (c) SEM image of the as-synthesized rutile
nanorods. The inset of (c) is the corresponding high-resolution SEM image; (d) Low resolution
TEM image of rutile with exposed {110} facets. Inset: HR-TEM image taken from the body of
the rutile nanorods.

The SEM image of the rutile nanocrystals is shown in Figure 1c. Under the present hydrothermal
treatment conditions, nearly uniformed rutile nanorods were formed with the size of about 50–100 nm
in width and about 300–500 nm in length. Each nanorod consisted of four lateral smooth facets and
two pyramidal ends (inset of Figure 1c), which were confirmed by the TEM image shown in Figure 1d.
The inset of Figure 1d revealed that the main exposed facets of the obtained rutile were {110} facets
corresponding to a spacing value of 3.24 Å.

Based on the weight loss and BET surface [25], the densities of the adsorbed water (physisorbed
water) and surface hydroxyl groups (chemisorbed OH groups) were calculated in the temperature
range of RT–250 ◦C and 250–700 ◦C, respectively [26]. The amount of adsorbed water was estimated
as follows: (weight loss × Avogadro’s number)/(molecular mass of water × SBET), while surface
hydroxyl groups were calculated as follows: (weight loss × Avogadro’s number)/(molecular mass
of OH group × SBET). The rutile was covered with about twice the amount of OH groups than with
anatase and titania P25 (Table 1). This property correlated with the surface hydroxylation, which might
explain the difference in the photocatalytic performances between rutile and anatase [27].

Table 1. Densities of the adsorbed water and surface hydroxyl groups calculated based on the weight
loss and SBET for anatase, rutile, and titania P25.

Sample
Weight Loss (%)

SBET
1) (m2/g)

Density of Adsorbed
Water (Molecules/nm2)

Density of Surface OH
Groups (Molecules/nm2)

RT–250 ◦C 250–700 ◦C

Rutile 1.01 0.67 12 28 25
Titania P25 2.65 0.79 46 19 8
Anatase 2) 4.86 3.03 132 12 10

1),2) published in Ref. [26].
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3.2. Photocatalysis

Photocatalyic Activity

The photocatalytic performance of rutile was investigated in the degradation of CA.
For comparison, an identical assay was conducted using a commercial TiO2 (P25, Evonik, Essen,
Germany). Figure 2a shows the CA abatement curves determined by the change in the CA
absorbance. The CA adsorption on the surfaces of the rutile and P25 was similar (about 1.7%).
Through a comparison of the specific surface area of rutile (12 m2/g) and TiO2 P25 (46 m2/g)
determined by the BET method using the relative pressure range of 0.05–0.35 in the present nitrogen
adsorption-desorption measurement (Table 1), the loading of CA molecules on the rutile surface was
higher than that on the P25 surface. Obviously, the quite large planar facets of the rutile crystals
allow for the alignment of an increased amount of CA molecules adsorbed on its surface. Such high
loadings can be realized with aligned adsorbed molecule multilayers (Langmuir Blodgett-type) [28].
Therefore, the photocatalytic degradation of CA over low surface area rutile is not limited by mass
transfer or adsorption.

After the first hour of exposure to UV irradiation, the rutile had slightly higher photocatalytic
activity than the P25 (about 91% and 84% of CA was degraded with rutile and P25, respectively).
Based on the Langmuir-Hinshelwood first-order kinetic model, the apparent first-order rate constant
was derived from the slope of the linear transform ln(C/C0) = f (t), where C0 is the initial concentration
of CA and Ct is the concentration of CA at various irradiation times (0 min, 5 min, 15 min, 30 min,
and 60 min). Rutile exhibited a fast reaction rate of 0.04214, which was higher than that of the P25
(i.e., 0.03027) as seen in the insert of Figure 2a. A similar high CA abatement (98–99%) was achieved
at the end of the reaction (duration 5 h) showing the unexpectedly high photocatalytic activity of
the as-synthesized rutile even with its large crystal size and low surface area. It should be noted that
the TiO2 P25 photocatalyst, being a mixture of anatase (80%) and rutile (20%), consisted of spherical
aggregated nanoparticles with a diameter of about 25 nm (Figure 2b). In a reported comparison with
spherical anatase TiO2 nanoparticles prepared by a similar hydrothermal procedure [26], rutile was
more active for the CA photodegradation. Anatase had a much smaller particle size (10 nm) and
higher BET surface area (132 m2/g). These findings showed that the shape, particle size, and surface
area were not limiting factors when explaining the high activity of rutile in the CA photodegradation.

Figure 2. (a) Photocatalytic abatement of cinnamic acid (CA) in the photocatalytic performances of
TiO2 P25 and rutile, inset: corresponding plots for linear fitting followed by the apparent first-order
reaction model. Reaction conditions: RT, 10 ppm CA, 250 mL reaction solution, 10 mg catalyst loading;
(b) SEM image of TiO2 P25; (c) Langmuir-Blodgett assembly of CA molecules on the planar crystal
rutile facets.

To further understand the photocatalytic behavior of rutile, the degradation of IBP, known
as a recalcitrant compound [29], was studied. Figure 3 shows the abatement and mineralization
curves determined by the change in the absorbance of CA, IBP, and in the total organic carbon (TOC)
removal, respectively. Under UV irradiation, the CA and IBP molecules were degraded immediately,
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especially with cinnamic acid (Figure 3a). In the photodegradation of IBP, the aromatic ring opening
occurred gradually with irradiation time. After 5 h, about 80% of IBP and 98% of CA were degraded.
The obtained abatement showed that rutile exhibited different photocatalytic activities depending
on the reactivity or recalcitrance of the organic compounds. Namely, the reactive olefinic (–C=C–)
double bond presented in the side chain of the CA molecules was immediately attacked at the onset
of photocatalytic reaction [30]. As a result, the CA was nearly completely degraded after 5 h of
reaction, while the abatement of IBP might take a longer time. This behavior was more pronounced in
the mineralization. Figure 3b shows the markedly lower degree of mineralization when compared
to the rapid degradation rate. This might be due to the formation of reaction intermediates and/or
by-products such as hydroxylation products, ring-opened products, etc. About 98% (UV) and 69%
(TOC) were achieved in the CA degradation after 5 h of the photocatalytic reaction, whereas about
80% (UV) and 28% (TOC) were obtained in the IBP degradation. These results indicated that rutile
behaves according to the chemical reactivity of the organic compounds. In this work, the recalcitrance
of the studied organic compounds increased as follows: CA < IBP.

Figure 3. (a) Abatement and (b) mineralization of (CA) cinnamic acid and (IBP) ibuprofen in
the photocatalytic performance of rutile. Reaction conditions: RT, 10 ppm pollutant, 250 mL reaction
solution, 10 mg rutile loading.

The difference in the activity of rutile for the photodegradation of CA and IBP can be clarified
in terms of the contribution of active species which are considered as practically involved in
the photocatalytic reactions but have not been reported so far [31–34]. The role of active species
was investigated by the impact of adding different scavengers (t-BuOH for •OH scavenger, EDTA for
holes scavenger, and BQ for O•−

2 scavenger) on the photodegradation of IBP over rutile.
Figure 4a shows that the addition of t-BuOH remarkably reduced the photocatalytic IBP abatement

from the original 80% to 30%, indicating the strong contribution of •OH radicals in the treatment with
rutile. In contrast, the addition of a holes (h+) scavenger had an unexpectedly increase in the abatement
of IBP, e.g., from 30% (without addition of EDTA) to 50% (addition of EDTA) after 2 h of reaction.
This means that these holes were not directly involved in the oxidation of IBP and can migrate to
the rutile surface and react with surface OH groups and/or water molecules surrounding the rutile
particles that ultimately lead to the formation of •OH radicals [5,34,35]. The increase in the abatement
of IBP after the addition of holes also implied that EDTA injected more electrons into the valence band
of rutile, thereby improving charge carrier separation by the excitation of electrons to the conduction
band, thus causing an enhancement in the formation of O•−

2 radical anions via the reduction of
molecular oxygen by electrons. As a result, the photodegradation of IBP was completely inhibited
after the addition of the O•−

2 scavenger.
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In contrast with the photocatalytic performance of rutile, the holes contributed remarkably to
the cleavage of the aromatic ring for the photodegradation of IBP treated with anatase, especially at
the initial stage of reaction (Figure 4b). Obviously, the impact of •OH radicals was minor. These results
indicated that the lower activity of rutile when compared to anatase in the experiment without
the addition of scavengers was due to the absence of oxidative holes. Interestingly, the O•−

2 anions had
a strong impact during the course of treatment with both photocatalysts (rutile and anatase).

Figure 4. Impact of different scavengers on the photocatalytic abatement of IBP over (a) rutile and
(b) anatase. Reaction conditions: RT, 10 ppm IBP, 250 mL aqueous reaction solution, 10 mg catalyst
loading. No scavenger: (black square). Scavengers: (red circle) EDTA, (blue triangle) t-BuOH, and
(orange star) BQ.

By means of the scavenger experiments, we found that the holes were not directly involved in
the photodegradation of IBP over rutile, but that they produced a relatively high number of •OH
radicals that acted as “door openers” via the oxidation of surface OH groups which were calculated
and shown in Table 1. Murai et al. also suggested that holes were trapped at the titania surface in
the adsorbed OH groups yielding the reactive •OH radicals [36]. These findings explained the lower
activity of rutile for the photodegradation of recalcitrant ibuprofen when compared to that of reactive
cinnamic acid. Cinnamic acid does not require strong active species like holes but reacts with •OH
radicals to attack its olefinic double bond, therefore yielding a higher photodegradation efficiency.

In terms of the contribution of the active facets, the difference in the activity of rutile was further
studied. Three different rutile samples were used for this purpose including R1 (directly synthesized
by the hydrothermal method), R2 (separated from the brookite/rutile mixture by peptization with
water), and R3 (obtained by the short-time grinding of R1). The morphology, crystal structures, and
phases of the rutile samples are shown in Figure 5. Their XRD patterns indicated that the pure rutile
phase was formed and well crystallized. Using the SEM data, the order of particle size was as follows:
R1 > R2 > R3.

Figure 6 shows the photocatalytic abatement of IBP over different rutile samples. The difference in
the activity between these samples was clearly observed. Only about 20% of IBP over R3 was degraded
after 5 h under UV irradiation, while a 2–4 times higher IBP abatement was achieved with R2 (55%)
and R1 (80%), respectively. A decrease in the photocatalytic activity followed in the order: R1 > R2 >
R3, which was not dependent on the order of particle size: R1 > R2 > R3. The largest rutile nanorods
(R1) with the highest activity indicated the minor role of particle size. The photocatalytic activity of
rutile nanorods was clearly independent of particle size for the photodegradation of cinnamic acid
(Table 2). In general, the particle size reduction accompanied by an increase in the specific surface
area led to an enhancement in the activity of the photocatalysts [35,37].
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Figure 5. (Top) XRD and (bottom) SEM images of different rutile samples. R1, R2, and R3 represent
the rutile synthesized by the hydrothermal method, rutile separated from the brookite/rutile mixture
by peptization with water, and the rutile obtained by short-time grinding of R1, respectively.

Figure 6. Photocatalytic abatement of IBP over different rutile samples (R1, R2, and R3 represent
the rutile synthesized by the hydrothermal method, rutile separated from the brookite/rutile mixture
by peptization with water, and the rutile obtained by the short-time grinding of R1, respectively).
Reaction conditions: RT, 10 ppm IBP, 250 mL aqueous reaction solution, 10 mg rutile loading.

Table 2. Photocatalytic abatement of CA (%) over different rutile samples.

a Rutile synthesized by the hydrothermal method. b Rutile separated from the brookite/rutile mixture by peptization
with water. c Rutile obtained by the short-time grinding of R1.

Usually, rutile TiO2 crystals show a rod morphology with the competitive growth of {111} facets
and {110} facets [38]. It has also been established that the {110} facets include some point defect types,
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typically bridging oxygen vacancies, which are strongly related to the surface reactivity. Additionally,
these facets have a tendency to trap holes and electrons, which greatly yields the improvement in
the separation efficiency of electron-hole pairs, and thus the improvement in activity [39–43]. In our
case, we found that the rutile TiO2 rods with exposed crystal facets that have been predominantly
ascribed to the {110} side and {111} edge (sample R1) and {011} edge (sample R2) (Figure 7) had
much higher photocatalytic activity than those with a mixture of exposed facets (sample R3 exposing
{011}, {020}, and {011} facets). Samples R1 and R2 were both hydrothermal products under different
conditions given as 200 ◦C, HCl 4 M and 175 ◦C, HCl 3 M, respectively. Under a similar synthesis
procedure, these rutile samples were both formed in the rod-shaped nanocrystals with the main active
facets of {110}. In contrast, the grinding of R1 may have destroyed or decreased the number of this facet
leading to its absence in the R3 sample, which was less active than samples R1 and R2. This finding
confirmed the important role of the {110} facets to explain the high photocatalytic activity of the rutile
nanorods for the photodegradation of recalcitrant ibuprofen even with a large particle size and low
surface area.

Figure 7. HR-TEM of different rutile samples (R1, R2, and R3 represent the rutile synthesized by
the hydrothermal method, rutile separated from the brookite/rutile mixture by peptization with water,
and the rutile obtained by the short-time grinding of R1, respectively). Inset: corresponding FFT patterns.

4. Conclusions

In conclusion, highly crystalline rutile TiO2 nanorods were obtained by hydrothermal synthesis
at 200 ◦C using hydrochloric acid as an acidic agent. Rutile had an unexpectedly high photocatalytic
activity in the photodegradation of reactive cinnamic acid even with a large crystal size and low specific
surface area. The activity of rutile was correlated to the dominant {110} facets in the photodegradation
of recalcitrant ibuprofen. Larger proportion of surface exposed {110} active facets has been formed,
therefore, higher photocatalytic activity has been achieved. Rutile behaves according to the chemical
reactivity of the organic compounds. The lack of oxidative holes caused a lower IBP aromatic ring
opening efficiency, whereas the less strong •OH radicals preferentially formed and easily attacked
the cinnamic acid molecules.
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Abstract: In this study, a novel Zn2SnO4/BiOBr hybrid photocatalyst was prepared via a mild
hydrothermal synthesis combined with a chemical deposition method. The morphological structure,
chemical composition, crystal structure, and optical properties were comprehensively characterized
by a series of measurement techniques. Morphological observation showed that fine Zn2SnO4

nanoparticles were anchored on the nanoplate surface of a flower-like BiOBr 3D hierarchical structure.
The experimental results of UV-vis diffuse reflection spectroscopy revealed that the visible-light
absorptive capacity of the Zn2SnO4/BiOBr hybrid photocatalyst was promoted, as compared to
that of pure Zn2SnO4. Evidenced by electro-negativity theoretical calculation, Zn2SnO4 and BiOBr
possessed matched band edges for accelerating photogenerated charge separation at the interface.
The Zn2SnO4/BiOBr hybrid photocatalyst exhibited enhanced photocatalytic performance in the
degradation of Rhodamine B (RhB) under visible light irradiation. According to the band energy
structure and the experimental results, the enhanced photocatalytic performance was ascribed
to the improved visible-light absorptive capacity and the contact interface between Zn2SnO4

nanoparticles and BiOBr nanoplates, being able to favor the prompt charge migration and suppress
the recombination of photogenerated carriers in the hybrid system.

Keywords: nanocomposites; Zn2SnO4/BiOBr; visible light; photocatalytic performance

1. Introduction

Nowadays, photocatalysis is considered to be an effective and sustainable approach for resolving
the disturbing issue of the energy crisis and environmental pollution. Owing to the high electrical
conductivity and electron mobility [1–4], Zn2SnO4 (ZTO) has been confirmed the diversity in the
photodegradation of organic contaminants [5–10], the evolution of hydrogen from ethanol solution [11],
and the reduction of CO2 to CH4 [12]. For instance, Lou et al. demonstrated the photodegradation of
three water-soluble organic dyes, using ZTO nanocrystals as photocatalyst under UV irradiation [5].
Moreover, the photodegradation of rhodamine B (RhB) [6], methyl blue [7,8], methyl orange [9], and
direct black 38 azo-dye [10] was successfully achieved over ZTO nanostructured photocatalysts under
UV irradiation. Besides these examples, as reported in the previous literature [11], the photocatalytic
H2 production from methanol solution was successfully accomplished using a ZTO nanostructured
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material as a photocatalyst under UV irradiation. Despite of the merits mentioned above, ZTO has
a wide bandgap (~3.6 eV), leading to the fact that it can only absorb a small portion of the total
irradiated natural sunlight. Thus, most of the above mentioned studies on ZTO nanostructured
material addressed the enhancement of photocatalytic activity under UV light illumination, owing to
its wide band gap. That is to say, the spectral response of bare ZTO nanostructured photocatalysts
is still limited to UV region, and the utilization efficiency of solar energy is not desirable for the low
portion of UV light in the total solar energy. From another point of view, like other single-component
photocatalysts, ZTO also suffers from the fast recombination rate of the photo-generated charge carriers,
which is considered to be another critical cause for hindering bare ZTO photocatalysts from acquiring
excellent photoactivity. Based on the aforementioned research background, it is particularly essential
to design a simple and efficient strategy for achieving visible-light-active ZTO based photocatalysts
with high photocatalytic efficiency.

Coupling semiconductor photocatalysts with matched band energy levels has been proven
to be an effective strategy for facilitating efficient photogenerated charge separation [12–22].
Owing to its desirable band gap (2.7 eV) and peculiar layered structure constituted by interlacing
[Bi2O2] slabs with double bromine slabs, BiOBr is emerging as a relatively efficient and stable
visible-light-activated photocatalyst. As a sensitizer, BiOBr can extend the visible light response range
of wide band gap semiconductors, and separate the photogenerated carriers efficiently. Until now,
a series of coupled photocatalysts containing BiOBr, such as, ZnO/BiOBr [18], Ni2FeO4/BiOBr [19],
BiPO4/BiOBr [20], TiO2/BiOBr [21], ZnWO4/BiOBr [22] have been reported to show improved
photocatalytic performance for degrading organic pollutants. According to previous reports, BiOBr
has matched the energy levels of the valence band (VB) and conduction band (CB) with those of
ZTO, which provides a theoretical basis for the migration of photoinduced charge carriers in the
photocatalytic process. Considering the above mentioned characteristics, ZTO/BiOBr hybrid structures
are anticipated to possess high photocatalytic efficiency and photostability compared with pure ZTO.
To the best of our knowledge, the preparation and investigation on ZTO/BiOBr hybrid structure has
not been reported.

Herein, we developed a facile approach to fabricate ZTO/BiOBr nanocomposites via a hydrothermal
synthesis followed by in situ chemical deposition method. According to the determined experimental
procedure, a series of ZTO/BiOBr hybrid nanocomposites was obtained by loading different amounts of
BiOBr nanoplates. Compared with pure ZTO, the resulting ZTO/BiOBr nanocomposites exhibited wider
visible light response range and higher photocatalytic performance toward the degradation of RhB
solution. The proposed mechanism of the enhanced photocatalytic performance was discussed based
on the experimental results and energy band structure analysis.

2. Results and Discussion

The morphology and microstructure of pure ZTO, pure BiOBr, and 1ZTO/1BiOBr samples were
investigated by SEM and TEM images. As displayed in Figure 1a, pure ZTO consisted of abundant
fine nanoparticles with sizes ranging from 25–40 nm. From Figure 1b, it is clearly observed that
pure BiOBr exhibited flower-like 3D hierarchical structure assembled by substantive nanoplates with
thicknesses of 5–8 nm. As for the 1ZTO/1BiOBr sample (Figure 1c), it can be distinctly observed
that fine ZTO nanoparticles stacked onto the nanoplate surface of flower-like BiOBr 3D hierarchical
structure. Comparatively, the morphology of BiOBr was substantially modified after the introduction
of ZTO nanoparticles; the size of nanoplates decreased also. Notably, the linked and intercrossed
nanoplates endowed the 1ZTO/1BiOBr sample with an exceptive structure, which resulted in the
formation of nano- and macro-pores. The existence of pores and the interface between ZTO and BiOBr
are favorable for visible light harvesting and the transfer of photoinduced electron-hole pairs.
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Figure 1. FESEM images of (a) pure ZTO; (b) pure BiOBr; and (c) 1ZTO/1BiOBr.

Figure 2a presents a typical TEM image of the 1ZTO/1BiOBr sample, having 3D flower-like
hierarchical structure with ZTO nanoparticles growing on the surface of BiOBr nanoplate. Clear and
ordered lattice fringes with an interplanar distance of 0.35 nm are indexed to be (101) planes of BiOBr
from Figure 2b, indicating high crystallinity. Another lattice fringe with d value of 0.26 nm belongs
to (311) plane of ZTO. The above microstructural observation demonstrated that BiOBr nanoplates
accreted onto the surface of ZTO nanoparticles, and the intimate contact at the heterojunction, was
accomplished along the interface of ZTO nanoparticles and BiOBr nanoplates. Figure 2c shows the
typical high angle annular dark field (HAADF)-scanning transmission electron microscope (STEM)
image of the 1ZTO/1BiOBr sample. The result of elemental analysis validated the existence of Zn, Sn,
O, Bi and Br, revealing a uniform distribution of the above elements throughout the hybrid system as
well. Additionally, according to the Brunauer-Emmett-Teller (BET) method, the specific surface area
of the ZTO and 1ZTO/1BiOBr samples can be estimated to be 69.5 m2/g and 46.4 m2/g respectively,
indicating that the BET surface area of the 1ZTO/1BiOBr sample exhibits a slight decrease compared
with that of pure ZTO photocatalyst.

  

Figure 2. Cont.
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Figure 2. (a) TEM image and (b) HRTEM image of 1ZTO/1BiOBr; and (c) the corresponding EDS
mapping of Zn, Sn, O, Bi and Br elements.

Figure 3 presents the XRD patterns of ZTO, BiOBr and ZTO/BiOBr nanocomposites with different
mass ratios. All the characteristic diffraction peaks of bare ZTO can be identified to the cubic Zn2SnO4

(JCPDS 74-2184). Four intense diffraction peaks at 2θ angles of 17.6◦, 28.9◦, 34.1◦, 41.4◦ and 60.1◦ are in
high accordance with (111), (220), (311), (400) and (440) planes of ZTO, respectively. For bare BiOBr
sample, six characteristic diffraction peaks correspond respectively to the planes of (001), (011), (012),
(110), (020) and (212), which agree well with the standard card of the tetragonal phase of BiOBr (JCPDS
09-0393). Two sets of diffraction peaks resulting from ZTO and BiOBr are observable in the ZTO/BiOBr
spectra, indicating the coexistence of both ZTO and BiOBr phases in the nanocomposites. Moreover, the
intensities of BiOBr tend to be greater with the decrease of ZTO. The grain size of the BiOBr and ZTO
crystallites was calculated by means of the Debye-scherrer formula from the broadening of the (101)
and (311) XRD reflections at 2θ of 25.304◦ and 34.319◦ respectively, after Kα2 correction. Full width
at half-maximum (FWHM) values was obtained using the Highscore software program as 0.56◦ and
0.199◦. The calculated particle sizes for the BiOBr and Zn2SnO4 crystallites are 14.4 nm and 41.3 nm
respectively. The XRD result revealed that the obtained samples are of high crystallinty, agreeing well
with that of TEM and HRTEM analysis. Additionally, no other diffraction peaks from other impurities
are found in the ZTO/BiOBr nanocomposites, suggesting that the as-prepared samples are rather pure.

Figure 3. XRD patterns of ZTO, BiOBr, and ZTO/BiOBr nanocomposites.

Figure 4a shows the XPS survey spectrum of the 1ZTO/1BiOBr sample. From Figure 4a, we can
observe that the as-obtained 1ZTO/1BiOBr sample is composed of Sn, Zn, O, Bi and Br. High resolution
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XPS spectra of Zn 2p, Sn 3d, Bi 4f, Br 3d and O 1s are presented in Figure 4b–f. From Figure 4b, two
typical peaks located at 1020.5 and 1043.4 eV for bare ZTO sample correspond to Zn 2p3/2 and Zn
2p1/2 respectively. When BiOBr nanoflakes were introduced into the composite system to form the
heterojunction, the Zn 2p1/2 and Zn 2p3/2 peaks shifted slightly toward higher binding energies by ca.
0.2 eV. Double peaks located at 485.9 and 494.3 eV for bare ZTO sample (Figure 4c) are respectively
attributed to Sn 3d5/2 and Sn 3d3/2. Similarly, the Sn 3d5/2 and Sn 3d3/2 peaks of the 1ZTO/1BiOBr
sample exhibited an obvious shift toward high binding energies by ca. 0.5 eV in comparison with those
of bare ZTO. From Figure 4d, we can find that the peak position of O 1s spectra for the 1ZTO/1BiOBr
sample is different from the counterparts of bare ZTO and BiOBr, which is probably due to the presence
of hybrid bonds of Bi-O, Zn-O and Sn-O in the nanocomposites. In terms of Bi 4f (158.9 eV for Bi 4f7/2
and 164.3 eV for Bi 4f5/2) and Br 3d (68.1 eV for Br 3d5/2 and 68.8 eV for Br 3d3/2) for the 1ZTO/1BiOBr
sample (Figure 4e,f), the binding energies are a bit lower than the corresponding counterparts for
pure ZTO and BiOBr. The phenomenon of the as-mentioned binding energy shift is most likely a
result of the strong interaction between ZTO NPs and BiOBr nanoplates. From a theoretical point of
view, the reinforcement of binding energies implies a weakened electron screening effect caused by
decreased electron concentration, whereas the increase in electron concentration results in a decrease
of binding energies, owing to the improved electron screening effect [23–26]. Based on the above
demonstration, we think that the higher and lower shifts are respectively attributed to the decreased
electron concentration of ZTO NPs and increased electron concentration of BiOBr nanoplates, due to
the strong interaction between the ZTO NPs and BiOBr nanoplates, assisted by the interfacial charge
carrier migration.

Figure 4. XPS spectra of pure ZTO, BiOBr, and 1ZTO/1BiOBr; (a) Survey spectrum; (b) Zn 2p; (c) Sn 3d;
(d) O 1s; (e) Bi 4f; (f) Br 3d.
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In order to characterize the optical absorption properties, the obtained diffuse reflection spectra
(DRS) are presented in Figure 5. The absorption edge was approximately located at the wavelength
of 350 nm for pure ZTO photocatalyst, as displayed in Figure 5a. In addition, a steep slope was
found for the absorption curve of pure ZTO, indicating the feature of strong UV light absorption
capacity. Comparably, BiOBr exhibited visible light absorption with wavelengths of below 450 nm.
After hybridization of ZTO nanoparticles with BiOBr nanoplates, an evident redshift was seen from the
absorption edge of ZTO/BiOBr nanocomposites, as compared with pure ZTO, suggesting that BiOBr
has the functionality of a visible light sensitizer. Therefore, we can infer that more photon efficiency
will be acquired in a ZTO/BiOBr system, resulting in the generation of more photoinduced carriers
for enhancing photocatalytic performance. Moreover, ZTO/BiOBr hybrid nanocomposites possessed
enhanced UV light absorption, indicating the result of an absorbance superposition of the ZTO and
BiOBr components.

 

Figure 5. (a) UV-vis absorbance spectra of pure ZTO, BiOBr, and ZTO/BiOBr nanocomposites; (b) the
derived plot of (αhν)2 versus hν from the absorption spectrum for pure ZTO; (c) the derived plot of
(αhν)1/2 versus hν from the absorption spectrum for pure BiOBr.

The band gap energy can be determined according to the empirical equation, as follows:
(αhν)2/n = A(hν − Eg) [27]. In the empirical equation, α, hν, Eg and A correspond to the absorption
coefficient, photon energy, band-gap energy, and a constant. The n values are equal to 1 for ZTO
(direct semiconductor) and 4 for BiOBr (indirect semiconductor), respectively, owing to their intrinsic
characteristic of electronic transition. After calculation, the Eg values of pure ZTO and BiOBr were
respectively estimated to be 3.58 eV and 2.79 eV from the corresponding plots of hν against (αhν)2

and hν against (αhν)1/2 (Figure 5b,c). Moreover, the band edge positions of ZTO and BiOBr can be
determined through the empirical formulas [28] as follows:

ECB = X − Ee − 0.5Eg

EVB = ECB + Eg
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ECB and EVB respectively represent the conduction band (CB) and valence band potential.
X belongs to the electronegativity of ZTO and BiOBr, whose values are 7.0 and 6.18 eV respectively.
Eg and Ee refer to the band gap energy and energy of free electrons on the hydrogen scale (~4.5 eV)
respectively. After calculation, the ECB values of ZTO and BiOBr were determined to be 0.71 and
0.28 eV, while the EVB values of ZTO and BiOBr were respectively determined to be 4.3 and 3.07 eV.

Figure 6a shows the plots of absorbance with respect to irradiation time in the presence of
pure ZTO. A stepwise decrease was found from the intensity of the absorption band at 554 nm,
indicating that RhB solution was gradually photodegraded over ZTO photocatalyst. Additionally,
a slight hypsochromic shift deviating from characteristic absorption band of RhB was also found,
with prolonged illumination time during the photodegradation process, agreeing well with previous
report [29]. Figure 6b displays the photodegradation activities of RhB over different photocatalysts.
As seen in Figure 6b, pure ZTO and BiOBr exhibited low photocatalyitic performance, with only
about 60% and 69% of the RhB photodegradation rate after 70 min of visible light illumination.
After hybridizing ZTO with BiOBr, the photocatalytic performance of ZTO/BiOBr nanocomposites
was obviously improved, as compared with that of single component photocatalyst. Specifically,
the photodegradation rate of RhB continuously increased with an increase in BiOBr component, until
the mass ratio of BiOBr reached up to 50%. The photodegradation rate of RhB over ZTO/BiOBr
nanocomposites decreased steeply, relative to the maximum value (~96%), when the mass ratio of
BiOBr exceeded the critical value of 50%. This phenomenon may be attributed to the cooperative roles
between ZTO nanoparticles and BiOBr nanoplates exerting a remarkable influence on the charge carrier
migration between two semiconductors. At a low mass ratio of BiOBr, the effect of the charge separation
was not notable because of an insufficiency of BiOBr. Nevertheless, the introduction of an excessive
amount of BiOBr affected the intimate contact between BiOBr nanoplates and ZTO nanoparticles, and
the efficient charge carrier separation was hindered correspondingly when increasing BiOBr mass ratio
beyond the optimum value (50%). Thus, an appropriate mass ratio of BiOBr is pivotal to modulate the
photodegradation behavior of ZTO/BiOBr nanocomposites.

Figure 6. (a) Time dependent absorption spectra of RhB aqueous solution over pure ZTO;
(b) the photodegradation performance of RhB solution over photocatalysts of pure ZTO, BiOBr,
and ZTO/BiOBr nanocomposites; (c) the plots of −ln(C/C0) versus irradiation time for RhB
degradation over pure ZTO, BiOBr, and ZTO/BiOBr nanocomposites; (d) cycling performance of
the photodegradation of RhB solution over 1ZTO/1BiOBr.
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Considering that the photolysis of RhB process approximately obeys a pseudo-first-order kinetic
equation of −ln(C/C0) = kt, in which C and C0 refer to the RhB concentration at time t (min) and
t = 0; k (min−1) represents the apparent reaction rate constant, the plots of −ln(C/C0) with respect
to irradiation time are depicted in Figure 6c. The k value for RhB photodegradation over different
photocatalysts followed the order of 1:1 > 2:1 > 1:2 > 4:1 > BiOBr > ZTO. Particularly, the ZTO/BiOBr
nanocomposites with mass ratio of 1:1 possess the highest k value (0.037 min−1), which is almost
2.7 and 2.1 times greater than that of pure ZTO and BiOBr respectively. The above result was
consistent with the conclusions drawn from photocatalytic degradation plots. Taking consideration
into practical applications, the stability of the 1ZTO/1BiOBr photocatalyst was investigated by
cyclic photodegradation experiments under identical conditions. From Figure 6d, we can observe
that there was no evident deterioration in the photcatalytic performance after five cycle runs.
The photodegradation rate even exceeded 93% after five cycles, suggesting that the 1ZTO/1BiOBr
photocatalyst takes on adequate stability and long life for degrading pollutants.

To definitively determine the role of the main active species, such as •OH, •O2
−, and h+, in

RhB photodegradation process, different scavengers of EDTA disodium (Na2-EDTA 4 mmol L−1),
tert-butyl-alcohol (t-BuOH 4 mmol L−1), and benzoquinone (BQ 4 mmol L−1) were employed as
quenchers to capture h+, •OH, and •O2

−, respectively. Figure 7 displays the effect of various
quenchers on the photodegradation of RhB after 70 min of visible light irradiation over a 1ZTO/1BiOBr
photocatalyst. Only a bit loss of photodegradation rate was found for the 1ZTO/1BiOBr photocatalyst
after the introduction of BQ or Na2-EDTA, whereas the introduction of t-BuOH gave rise to a significant
decrease of the photodegradation rate, demonstrating that •OH acted as the main oxidative species,
and dominated the photodegradation of RhB over the ZTO/BiOBr nanocomposites under visible
light irradiation.

Figure 7. Effect of various scavengers on the visible light photocatalytic performance of 1ZTO/1BiOBr
toward the degradation of RhB.

As previous studies have documented [30,31], photoluminescence (PL) spectra of semiconductor
photocatalysts are intimately related to the migration, transfer, and the recombination rate of
photo-induced eCB

−-hVB
+ pairs. Theoretically, the PL emission originates from the recombination

of charge carriers, and the intensity of PL emission peaks is approximately proportional to the
recombination amount of the excited eCB

−-hVB
+ pairs. In other words, lower intensity of the PL

emission peak means that the higher the separation efficiency of photo-induced eCB
−-hVB

+ pairs is
available; accordingly, high photodegradation performance will be achieved. Based on the above, PL
spectra of the fabricated photocatalysts were measured, and the results are presented in Figure 8a.
The strong emission peak located about 370 nm corresponds to the band-band PL phenomenon of the
photo-induced charge carriers for ZTO. Two weak emission peaks located at about 420 nm and 480 nm
could be attributed to either to oxygen vacancies or to other kinds of defects, e.g., tin vacancies and O2

interstitials [32,33]. Among these photocatalysts, pure ZTO showed the strongest PL emission intensity,
suggesting a high charge carrier recombination rate. As for ZTO/BiOBr nanocomposites, the PL
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emission peak intensity decreased continuously, indicating that the recombination of photo-generated
charge carriers was effectively restricted due to the efficient charge injection between the two
components. The 1ZTO/1BiOBr photocatalyst showed the weakest recombination PL intensity
compared to other photocatalysts, revealing the smallest recombination rate of photo-induced
eCB

−-hVB
+ pairs in the hybrid system. The increased separation efficiency would provide more

opportunities for photogenerated carriers to form active radicals involved into the photodegradation
of RhB. The transient photocurrent test was also performed to examine the separation and transfer
of photo-excited holes-electrons pairs over different photocatalysts. As displayed in Figure 8b, the
photocurrents followed the order of 1ZTO/1BiOBr > BiOBr > ZTO, suggesting that 1ZTO/1BiOBr
photocatalyst has a more efficient separation and migration efficiency of the photoexcited carriers.
Accordingly, the result of the photocurrent is in good agreement with that of PL spectra.

Figure 8. (a) PL spectra of pure ZTO, BiOBr, and ZTO/BiOBr nanocomposites; (b) Photocurrents of
pure ZTO, BiOBr, and 1ZTO/1BiOBr electrodes under visible light irradiation (λ > 420 nm).

As demonstrated above, the 1ZTO/1BiOBr photocatalyst showed the greatest separation efficiency
and highest photocatalytic performance. In order to disclose the enhancement of the photocatalytic
performance of ZTO/BiOBr nanocomposites, a possible photocatalytic mechanism is proposed and
illustrated in Figure 9. Under visible light illumination, BiOBr can be easily excited to produce
electron-hole pairs, owing to its appropriate band gap. For ZTO, a small portion of electrons
located at the VB position of a shallow energy level is able to transfer to the CB portion, due to
the existence of defects, subsequently, generated electron-hole pairs are also achieved on the surface
of ZTO. On the basis of the calculation result, the two components of ZTO (n-type) and BiOBr
(p-type) have well-matched energy band structures. After contact, p-n junctions are formed along
the interface of the two components. The arrangement of VB and CB energy band levels induced
by the potentials’ difference leads to the formation of an inner electric field with the direction from
n-type ZTO to p-type BiOBr, promoting different Femi levels to reach an equilibrium between the
two components. As depicted in Figure 9, the CB position of BiOBr is more negative than that of
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ZTO, so the photogenerated electrons in the CB of BiOBr are capable of transferring to the CB of ZTO,
based on the charge separation way. Simultaneously, the VB position of ZTO is more positive than
that of BiOBr; thus, some available holes migrate from the surface of VB of ZTO to that of VB of BiOBr.
Based on the above analysis, photogenerated electron-hole pairs are effectively separated by assisting
the functionality of the inner electric field. Furthermore, the VB potential of of BiOBr (3.07 eV vs. NHE)
is more positive than that of OH−/•OH (1.99 eV) [34,35]; thus, more photogenerated holes can react
with OH− to form •OH, affecting the oxidation reaction of the RhB molecules. This result is highly
consistent with the conclusion of the trapping experiment, i.e., that OH played a dominant role in the
oxidation reaction process.

Figure 9. Schematic illustration of the energy band structures (a) for separate phases and (b) after the
formation of p-n heterojunction of ZTO and BiOBr.

3. Experimental Section

3.1. Materials

All chemicals, including tin (IV) chloride penthydrate (SnCl4·5H2O), zinc acetate dehydrate
(Zn(CH3COO)2·2H2O), sodium hydroxide (NaOH), bismuth nitrate pentahydrate (Bi(NO3)3·5H2O),
potassium bromide (BiOBr), and rhodamine B (RhB) were purchased from Sinopharm Chemical
Reagent CO., Ltd., Shanghai, China, and used as received.

3.2. Synthesis Zn2SnO4 Nanoparticles (ZTO NPs)

ZTO NPs were prepared via a simple hydrothermal synthesis route; the detailed procedure was
already described in our previous studies [8]. Briefly, after the hydrothermal treatment, a white
precipitate was collected, centrifuged and washed repeatedly with deioned water and ethanol
respectively, followed by drying at 60 ◦C for 12 h.

3.3. Synthesis ZTO/BiOBr Nanocomposites

Typically, ZTO/BiOBr nanocomposites were synthesized via a facile in situ precipitation method.
2 mmol of KBr was dissolved into 60 mL deionized water under vigorous stirring and formed
a transparent solution; then a certain amount of ZTO NPs was completely dispersed into solution
containing KBr under vigorous magnetic stirring, followed by ultrasonic treatment for 30 min.
After that, 2 mmol Bi(NO3)3·5H2O dissolved into 40 mL ethylene glycol was added dropwise into
the previous suspension under constant stirring. Subsequently, the mixture was continuously stirred
for another 3 h at 40 ◦C to make the precipitation reaction complete. After centrifuging and washing
with deioned water and ethanol repeatedly, the resulting product was dried at 60 ◦C in an oven
overnight. By varying amount of ZTO NPs, a series of ZTO/BiOBr nanocomposites with mass ratios
of 4:1, 2:1, and 1:1, 1:2 (denoted as 4ZTO/1BiOBr, 2ZTO/1BiOBr, 1ZTO/1BiOBr and1ZTO/2BiOBr)
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was obtained via the similar synthetic process. For comparison, bare BiOBr was also prepared by the
similar procedure described above without the addition of ZTO NPs.

3.4. Characterization

Morphological observation and microstructural analysis was taken on a JEM 2100F transmission
electron microscope (JEOL Ltd., Tokyo, Japan) and a Hitachi S-4800 field emission scanning electron
microscope (Hitachi, Tokyo, Japan). The crystalline structure identification was accomplished on a
D8 Advance X-ray diffractometer (Bruker, Billerica, MA, USA) with a Cu Kα source (λ = 0.15406 nm).
The XRD measurement was performed at 40 kV and 40 mA in the range of 10◦–80◦. The surface
composition was analyzed by X-ray photoelectron spectroscopy (XPS) spectra on an ESCALAB 250Xi
spectrometer (Thermo Fisher Scientific, NewYork, NY, USA) with a monochromatic Al-Kα radiation
source. UV-vis diffuse reflectance spectra and room temperature photoluminescence (PL) spectra were
recorded on a TU 1901 UV-vis spectrophotometer (Puxi, Beijing, China) with BaSO4 as reference and
a LS55 fluorescence spectrophotometer (PE, Waltham, MA, USA) with an excitation wavelength of
310 nm, respectively. The Brunauer-Emmett-Teller (BET) specific surface area of the as-prepared pure
ZTO and 1ZTO/BiOBr samples was measured on a Quantachrome NOVA 2000e sorption analyzer.

3.5. Photocatalytic Experiments

The process of the photodegradation test was demonstrated in our previous studies [16,29,36,37].
In short, two daylight lamps (60 W, λ ≥ 420 nm) were designated as the visible light source
for triggering the photodegration reaction of RhB. In a typical run, a thin layer of film (100 mg
photocatalyst) was dispersed into 40 mL RhB aqueous solution (1.0 × 10−5 M). After a certain
interval of visible light illumination, the reacted solution treated by centrifuging was analyzed by
using an UV-vis spectrophotometer at its characteristic absorbance wavelength of 554 nm. The C/C0

ratios of the RhB concentrations were employed to evaluate the degradation efficiency, in which C
represented the concentration at a certain irradiation time, while C0 was the initial concentration after
adsorption-desorption equilibrium.

3.6. Photocatalytic Measurements

Transient photocurrents of the prepared photocatalysts were performed on an electrochemical
workstation (CHI660E, Chenhua Instruments Co., Shanghai, China) using a standard three electrode
system with a Pt wire as the counter electrode, a saturated Ag/AgCl electrode as the reference electrode,
and the as-prepared photocatalysts as the working electrode, respectively. The detailed procedure of
the measurement was reported in our previous study [38].

4. Conclusions

In summary, ZTO/BiOBr hybrid nanocomposites have been successfully constructed via a
facile approach. The introduction of BiOBr resulted in the establishment of the contact interface
of Zn2SnO4/BiOBr heterojunctions that endowed the photocatalyst with an improved light harvesting
capacity, high efficiency of photogenerated charge separation, as well as stronger oxidation
ability. Zn2SnO4/BiOBr hybrid photocatalysts displayed enhanced photocatalytic performance and
excellent anti-photocorrosion toward the photodegradation of RhB under visible light illumination.
This study will open up a new way of constructing novel hybrid photocatalysts with efficient
visible-light phtocatalytic activity for use in the fields of environmental remediation and hydrogen
energy production.
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Abstract: A series of composites consisting of g-C3N4 sheet and mesoporous Nb2O5 (mNb2O5)
microsphere were fabricated by in situ hydrolysis deposition of NbCl5 onto g-C3N4 sheet followed
by solvothermal treatment. The samples were characterized using powder X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR), transmission electron microscopy (TEM),
N2 adsorption-desorption, X-ray photoelectron spectroscopy (XPS), UV-vis diffuse reflectance
spectroscopy (DRS) and photoluminescence spectroscopy (PL). The photocatalytic activity of the
composites was studied by degradation of rhodamine B (RhB) and tetracycline hydrochloride
(TC-HCl) in aqueous solution under visible light irradiation (λ > 420 nm). Compared with g-C3N4

and mNb2O5, g-C3N4-mNb2O5 composites have higher photocatalytic activity due to synergistic
effect between g-C3N4 and mNb2O5. Among these composites, 4% g-C3N4-mNb2O5 has the highest
efficiency and good recyclability for degradation of both RhB and TC-HCl.

Keywords: photocatalytic degradation; g-C3N4; mesoporous Nb2O5; organic pollutant

1. Introduction

Organic dyes and antibiotics are two types of important products which are widely used in
textile and pharmaceutical industries, respectively. The direct discharge of these chemical compounds
along with sewage to environment would be seriously harmful to ecosystem and human health.
It is, therefore, desirable to explore efficient ways to remove them from water [1–3]. In the past
decades, the methods of biological treatment, physical adsorption and chemical transformation have
been employed in removal of the organic pollutants [1,4–7]. Among them, much attention has been
focused on photocatalytic degradation of organic pollutants over semiconductors such as TiO2 [7,8],
WO3 [9], ZnO [10], MoS2 [11], etc. due to their ability to oxidize organics through a redox process
with low cost. Nevertheless, the majority of the above semiconductors still suffer from some problems
such as limited absorption of visible light, difficult recycling of the catalyst, rapid recombination of
photogenerated electrons, holes pairs, etc. n-Type transition metal oxide Nb2O5 attracts much interest
in photocatalytic reactions due to its high chemical stability, water tolerance, and nontoxicity, although
the light absorption of Nb2O5 with a wide band gap of ~3.4 eV limits its application only in the UV
region [12–14]. Therefore, many efforts have been made to improve the absorption ability of Nb2O5 in
the visible region, such as combination with other semiconductor material [15], ion doping [16] and
deposition of noble metal [17].

Recently, graphitic carbon nitride (g-C3N4) has been widely used in photocatalytic reactions such
as degradation of pollutants, hydrogen generation and selective oxidation of alcohols under visible light
due to its excellent chemical/thermal stability, small band gap of 2.7 eV and low cost [18–20]. However,
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pure g-C3N4 shows low photocatalytic efficiency owing to fast recombination of photogenerated
electrons and holes and small specific surface area [21,22]. It was reported that the composites
of g-C3N4 and other semiconductors, such as TiO2 [23–25], WO3 [26], MoS2 [27], and ZnO [28],
could produce a certain number of heterojunction sites which is beneficial to promote electron-hole
separation and restrain the recombination efficiently. In addition, some efforts have been paid to
the Nb2O5/g-C3N4 composite which exhibits photocatalytic activity in degradation of tetracycline
hydrochloride (TC-HCl) [29], methylene blue (MB) and rhodamine B (RhB) under UV and visible
light [30], and production of H2 under visible light [31]. However, it is still a challenge to prepare
novel Nb2O5/g-C3N4 composites with strong interaction and high dispersion between mesoporous
Nb2O5 microsphere and g-C3N4 layer which could be used as efficient photocatalysts.

Herein, a series of g-C3N4-mNb2O5 composites, prepared by in situ hydrolysis deposition of
NbCl5 onto g-C3N4 sheet followed by solvothermal treatment, have been used as photocatalysts
in degradation of RhB and TC-HCl and characterized in details. The results indicate that 4%
g-C3N4-mNb2O5 exhibits low photoluminescence (PL) intensity and narrow band gap which account
for its high catalytic activity.

2. Materials and Methods

2.1. Materials

Niobium chloride (NbCl5) was purchased from Strem Chemicals, Inc (Newburyport, MA, USA).
Melamine (99%), absolute ethanol (analytical grade) and tetracycline hydrochloride (TC-HCl, 96%)
were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Rhodamine
B (RhB) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Pluronic 123
(PEG-PPG-PEG, P123) was purchased from Sigma-Aldrich, Co. (ST. Louis, MO, USA). All the reagents
were used without further purification.

2.2. Preparation

The bulk g-C3N4 was prepared by heating 2.50 g of melamine in an alumina crucible with a cover
in air at 550 ◦C with ramp rate of 2 ◦C/min and maintained at 550 ◦C for 4 h [32]. After being cooled
down to room temperature, the obtained product was ground into powder.

The g-C3N4-mNb2O5 composites were prepared through in situ hydrolysis of NbCl5 onto g-C3N4

and then solvothermal treatment. Typically, 0.99 g of P123 was added into 20 g of absolute ethanol
with vigorous stirring until complete dissolution of P123. Bulk g-C3N4 powder was dispersed into
absolute ethanol and the suspension was sonicated for 1 h. Then, 1.49 g of NbCl5 was added into
a pear-shaped flask under N2 atmosphere in a glovebox. The solution of P123 and the suspension
of g-C3N4 were added and the mixture was stirred for 30 min. After that, 0.50 mL of distilled water
was pumped into the flask with a rate of 0.0167 mL/min under stirring. After stirring for another
30 min, the mixture was transferred into a 40 mL Teflon-lined stainless steel autoclave and heated
at 180 ◦C for 24 h. After being cooled down to room temperature, the precipitate was obtained by
filtration and washing by ethanol for four times. The solid was dried at 30 ◦C overnight in a drying
oven under vacuum and then transferred to a tube furnace to be calcined at 400 ◦C for 3 h with a rate
of 2 ◦C/min. The g-C3N4-mNb2O5 composites prepared with the g-C3N4 weight ratios of 1%, 4%,
10%, 20% and 50% were denoted as 1% g-C3N4-mNb2O5, 4% g-C3N4-mNb2O5, 10% g-C3N4-mNb2O5,
20% g-C3N4-mNb2O5, 50% g-C3N4-mNb2O5, respectively. The pure mNb2O5 was prepared by the
same procedure without adding g-C3N4. In addition, the corresponding mechanic mixture of g-C3N4

and mNb2O5 with the same weight ratio of 4% g-C3N4-mNb2O5 was prepared by simple grinding
and was denoted as 4% g-C3N4/mNb2O5.
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2.3. Characterization

Powder X-ray diffraction (XRD) patterns were carried out on a Bruker D8 Advance diffractometer
(Karlsruhe, Germany) with Cu Kα radiation (λ = 0.15418 nm) operated at 40 kV and 40 mA in
the 2θ range of 5–70◦. The Fourier transform infrared (FT-IR) spectra were recorded on a Thermo
Fisher Nicolet iS10 instrument (Waltham, MA, USA) with KBr pellet from 4000 to 400 cm−1. X-ray
photoelectron spectroscopy (XPS) was measured by a Perkin Elmer PHI 5000C spectroscope (Waltham,
MA, USA). The spectra were recorded with Mg Kα line as the excitation source (hν = 1253.6 eV) at
14 kV and 20 mA. UV-vis diffuse reflectance spectroscopy (DRS) was performed on a Perkin Elmer
Lambda 650 spectrophotometer (Waltham, MA, USA) using BaSO4 as reference. The transmission
electron microscopic (TEM) images were obtained using a FEI Tecnai G2 F20 S-Twin field emission
transmission electron microscope (Hillsboro, Oregon, USA) with an accelerating voltage of 200 kV
and a JEOL JEM-2011 transmission electron microscope with an accelerating voltage of 200 kV.
The samples were prepared by dropping the ethanol suspension of samples onto the copper grid.
The N2 adsorption-desorption measurements were carried out at 77.3 K on a Micromeritics Tristar II
3020 analytical system. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET)
method. Pore size distributions were obtained from analysis of the desorption branch of the isotherms
using the Barrett-Joyner-Halenda (BJH) model. Photoluminescence (PL) spectra were obtained on
an Edinburgh Instruments FLS-980 spectrometer (Edinburgh, UK) with the excitation wavelength of
300 nm.

2.4. Photocatalytic Experiments

The photocatalytic activity of the as-prepared catalysts was performed by photocatalytic
degradation of 15 mg/L RhB aqueous solution and 40 mg/L TC-HCl aqueous solution under visible
light. The photocatalytic degradation tests were carried out in an instrument (CEL-HXF300, Beijing
China Education Au-light Co., Ltd., Beijing, China) with a cylindrical glass reactor and a condensate
water circulation equipment (Figure S1). The visible light was provided by a Xe lamp (14 V, 15 A) with
a 420 nm cut-off filter (Figure S2). In a typical photocatalytic degradation of RhB or TC-HCl experiment,
30 mg of catalyst was added into 70 mL of RhB aqueous solution or 100 mL of TC-HCl aqueous solution.
The suspension was firstly stirred in dark at room temperature to reach adsorption/desorption
equilibrium. Then, the reaction was irradiated under visible light (λ > 420 nm) and the solution was
vigorously stirred with air bubbling. During the process, 3 mL of suspension was taken at intervals of
20 min (for RhB) or intervals of 5 min (for TC-HCl). All suspensions were centrifuged to remove the
catalyst and the concentration of the RhB and TC-HCl were analyzed by UV-vis spectrophotometer
with the scanning ranges of 300–700 nm for RhB and 200–600 nm for TC-HCl. To be reused for next
reaction cycle, the separated catalyst by centrifugation was washed by water and ethanol three times
and then dried at 30 ◦C in a drying oven under vacuum.

3. Results and Discussion

3.1. Characterization of the Catalysts

3.1.1. XRD

XRD was employed to analyze mNb2O5, g-C3N4 and g-C3N4-mNb2O5 composites with different
contents of g-C3N4 and the results are shown in Figure 1. For mNb2O5, the broad diffraction peak
around 23.7◦ corresponds to partial crystallized Nb2O5 (JCPDS number: 19-0862), which results from
the relatively low calcination temperature of 400 ◦C. The main diffractions of g-C3N4 are at 12.8◦ and
27.1◦, which are assigned to (100) plane due to in-plane tris-s-triazine frameworks and (002) plane
due to interlayer stacking of aromatic systems, respectively. The latter reflects interlayer stacking
of aromatic systems and the calculated interlayer distance is 0.338 nm [33–35]. In the composites,

115



Nanomaterials 2018, 8, 427

the diffractions of mNb2O5 are retained and the characteristic (002) diffraction of g-C3N4 is observed
when the content of g-C3N4 increases to 20% and 50%.

 

Figure 1. XRD patterns for mNb2O5, g-C3N4 and g-C3N4-mNb2O5 composites with different contents
of g-C3N4.

3.1.2. FT-IR

Figure 2 shows the FT-IR spectra of mNb2O5, g-C3N4 and g-C3N4-mNb2O5 composites. For the
mNb2O5 sample, a broad band around 3382 cm−1 is attributed to vibration of O-H of the water
molecules adsorbed on the sample [27,30]. The broad band at 615 cm−1 is ascribed to Nb–O–Nb
angular vibration [36]. As for g-C3N4, the broad band ranging from 3000 to 3500 cm−1 is due to the
stretching vibration of N–H groups in g-C3N4 and O–H of adsorbed water [25]. Other characteristic
bands arisen from the typical stretching modes of C=N and C–N in heterocycles of g-C3N4 are at 1237,
1317, 1405, 1461, 1574 and 1640 cm−1. Additionally, the band at 803 cm−1 of g-C3N4 is assigned to the
breathing mode of the triazine units [33,34]. For g-C3N4-mNb2O5 composites, all the characteristic
bands of mNb2O5 and g-C3N4 exist except 1% g-C3N4-mNb2O5 due to small amount of g-C3N4, which
confirm the existence of two components in the composites. With the increasing of g-C3N4, the band at
3382 cm−1 of mNb2O5 slightly shifts to smaller wavenumber for g-C3N4-mNb2O5 composites, which
reveals the vibration of N-H. Moreover, the band of g-C3N4 at 1237 cm−1 slightly shifts to 1244 cm−1

for all g-C3N4-mNb2O5 composites except 1% g-C3N4-mNb2O5 (Figure 2b), revealing the interaction
between g-C3N4 and mNb2O5.

 
(a) (b) 

Figure 2. (a) FT-IR spectra of mNb2O5, g-C3N4 and g-C3N4-mNb2O5 composites with different contents
of g-C3N4. (a, mNb2O5; b, 1% g-C3N4-mNb2O5; c, 4% g-C3N4-mNb2O5; d, 10% g-C3N4-mNb2O5;
e, 20% g-C3N4-mNb2O5; f, 50% g-C3N4-mNb2O5; g, g-C3N4); and (b) enlarged FT-IR spectra
corresponding to rectangle region from (a).
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3.1.3. TEM

The prepared samples were investigated by field emission transmission electron microscope.
Figure 3 shows the TEM images of g-C3N4, mNb2O5 and 4% g-C3N4-mNb2O5. The mNb2O5 sample
is mesoporous materials with pore size of 3–5 nm and its lattice fringe spacing is 0.395 nm (Figure 3a).
Figure 3b shows that g-C3N4 is veil-like with lamellar structure. In Figure 3c, we could measure
that the interlayer distance g-C3N4 is 0.339 nm, which is in accordance with XRD result. For the 4%
g-C3N4-mNb2O5 sample, it can be observed that mNb2O5 microspheres are deposited on the surface
of g-C3N4 sheet in Figure 3d,e. Moreover, the corresponding EDS of Figure 3e indicates that the sample
consists of C, N, O and Nb elements (Figure 3f). The relevant element contents are shown in Table S1.

 

Figure 3. TEM images of: (a) mNb2O5; (b,c) g-C3N4; and (d,e) 4% g-C3N4-mNb2O5; (f) EDS analysis
of 4% g-C3N4-mNb2O5 corresponding to (e).

3.1.4. N2 Adsorption-Desorption

Figure 4 shows the nitrogen adsorption-desorption isotherms of g-C3N4, mNb2O5, 1%
g-C3N4-mNb2O5, 4% g-C3N4-mNb2O5, 10% g-C3N4-mNb2O5 and 50% g-C3N4-mNb2O5. The isotherm
of g-C3N4 belongs to the type IV isotherm with the H4 type hysteresis loop. All isotherms of mNb2O5,
1% g-C3N4-mNb2O5, 4% g-C3N4-mNb2O5, 10% g-C3N4-mNb2O5 and 50% g-C3N4-mNb2O5 are
ascribed to the type V isotherm with the H3 type hysteresis loop, indicating the existence of mesoporous
structure. The BET specific surface areas of g-C3N4 and mNb2O5 are 11.2 and 138 m2/g, respectively.
The surface area of the composites follows the sequence: 4% g-C3N4-mNb2O5 (190 m2/g) > 10%
g-C3N4-mNb2O5 (182 m2/g) > 1% g-C3N4-mNb2O5 (152 m2/g) > 50% g-C3N4-mNb2O5 (136 m2/g).
Among them, 4% g-C3N4-mNb2O5 exhibits the largest surface area, which is 1.4 times larger than that
of mNb2O5 and 17 times larger than that of g-C3N4. It may originate from that, after ultrasonication
of g-C3N4, the interlayer distance of g-C3N4 increases and the addition of g-C3N4 leads to partial
disaggregation of mNb2O5 [37,38]. When the content of g-C3N4 is 50%, high content of g-C3N4 in the
composites results in g-C3N4 stacking together, thus 50% g-C3N4-mNb2O5 sample shows almost the
same specific surface as mNb2O5.
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Figure 4. Nitrogen adsorption–desorption isotherms of g-C3N4, mNb2O5, 1% g-C3N4-mNb2O5, 4%
g-C3N4-mNb2O5, 10% g-C3N4-mNb2O5 and 50% g-C3N4-mNb2O5.

3.1.5. UV-vis DRS

UV-vis diffuse reflectance spectroscopy (DRS) was performed to estimate the band gap of the
catalysts, which is important to determine if the catalysts can be excited in the visible-light region [39].
Figure 5a shows the UV-vis diffuse reflectance spectra of mNb2O5, g-C3N4 and g-C3N4-mNb2O5

composites with different content of g-C3N4. Due to the high band energy value of mNb2O5 (3.34 eV),
mNb2O5 only absorbs ultraviolet light with its fundamental absorption edge near 371 nm. However,
g-C3N4 possesses a broad peak in the visible region with an absorption edge at ca. 458 nm. For
g-C3N4-mNb2O5 composites, the absorption edge exhibits an obvious red shift relative to pristine
mNb2O5, indicating the composites could absorb more visible light than mNb2O5. The band gap
energy (Eg) of the samples was determined by UV-vis DRS with the Tauc model according to the
following equation:

αhυ = A(hυ − Eg)n/2 (1)

where α, h, υ and A corresponds to absorption coefficient, Planck constant, light frequency and
a constant, respectively, and the constant n depends on whether the transition is direct (n = 1) or
indirect (n = 4) [40]. For both g-C3N4 and mNb2O5, the values of n are 1 [41,42]. Thus, the band gap
values of 1% g-C3N4-mNb2O5, 4% g-C3N4-mNb2O5, 10% g-C3N4-mNb2O5, 20% g-C3N4-mNb2O5

and 50% g-C3N4-mNb2O5 are estimated as 3.34, 3.10, 3.19, 3.15 and 2.88 eV, respectively (Figure 5b).
The narrowed band gaps of 4% g-C3N4-mNb2O5, 10% g-C3N4-mNb2O5 and 20% g-C3N4-mNb2O5

results from the formation of heterostructure between g-C3N4 and mNb2O5 [29]. It implies that
4% g-C3N4-mNb2O5 can harvest more visible light, which is beneficial to improve the visible-light
photocatalytic activity of catalysts. Interestingly, the band gap of 50% g-C3N4-mNb2O5 is lower than
that of other composites, due to high content of g-C3N4 in 50% g-C3N4-mNb2O5.
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(a) (b) 

Figure 5. (a) UV-vis diffuse reflectance spectra; and (b) plots of the (αhυ)2 vs. (hυ) of mNb2O5, g-C3N4,
and g-C3N4-mNb2O5 composites with different content of g-C3N4.

3.1.6. XPS

XPS was used to characterize the surface chemical composition and elemental valence states of
the samples. As shown in Figure 6a, C and N elements are detected from g-C3N4 and Nb and O
elements are detected from mNb2O5. As for the spectrum of 4% g-C3N4-mNb2O5, a very weak N 1s
peak is ascribed to small content of g-C3N4. Figure 6b presents the high resolution XPS spectra of Nb
3d for 4% g-C3N4-mNb2O5 and mNb2O5. For mNb2O5, the signals of Nb 3d5/2 and 3d3/2 locate at
207.0 and 209.6 eV, respectively, whereas the signals of Nb 3d5/2 and 3d3/2 shift slightly (ΔBE ~0.4 eV)
to a higher binding energy for 4% g-C3N4-mNb2O5. The upshift may be attributed to band bending.

  
(a) (b) 

Figure 6. (a) XPS survey spectra of g-C3N4, mNb2O5 and 4% g-C3N4-mNb2O5; and (b) Nb 3d spectra
for mNb2O5 and 4% g-C3N4-mNb2O5.

3.1.7. PL Spectroscopy

To test the generation and recombination efficiency of photogenerated electrons and holes in
semiconductors, PL spectroscopy is often conducted. The PL spectra of mNb2O5, 4% g-C3N4-mNb2O5,
10% g-C3N4-mNb2O5, 20% g-C3N4-mNb2O5, 50% g-C3N4-mNb2O5 and g-C3N4 with an excitation
wavelength of 300 nm are shown in Figure 7. It can be observed that mNb2O5 has a strong
emission peak at 474 nm and g-C3N4 has a strong emission peak at 472 nm. Compared to mNb2O5,
the PL emission intensity of g-C3N4-mNb2O5 samples is significantly reduced, suggesting that the
g-C3N4-mNb2O5 composite has a lower recombination rate of photogenerated electrons and holes
than mNb2O5. Among the composites, the 4% g-C3N4-mNb2O5 sample shows the lowest emission
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intensity at the similar emission peak position which means the lowest recombination efficiency of
photogenerated electrons and holes [27,43,44]. Combined with the UV-vis DRS analysis result that
4% g-C3N4-mNb2O5 has the lowest band gap, 4% g-C3N4-mNb2O5 demonstrates best potential in
photocatalytic degradation reactions among the catalysts studied in this work.

 

Figure 7. PL spectra of mNb2O5, 4% g-C3N4-mNb2O5, 10% g-C3N4-mNb2O5, 20% g-C3N4-mNb2O5,
50% g-C3N4-mNb2O5 and g-C3N4.

3.2. Visible-Light Photocatalytic Performance and Stability of the Catalysts

The photocatalytic test of mNb2O5, g-C3N4 and g-C3N4-mNb2O5 composites with different
content of g-C3N4 in degradation of RhB and TC-HCl were carried out under visible light irradiation
(λ > 420 nm).

3.2.1. Photodegradation of RhB under Visible Light Irradiation

The photocatalytic degradation results are shown in Figure 8a. The standard curve of the
absorbance intensity (A) vs. concentration (C) of RhB solution is shown in Figure S4a. The RhB
suspension was firstly stirred in dark for 2 h at room temperature to reach adsorption/desorption
equilibrium (Figure S3a) [45,46]. No evident decrease of RhB concentration is observed in the absence
of catalyst. Therefore, the direct photolysis of RhB could be ignored. Pure mNb2O5 and g-C3N4 show
low photocatalytic activities with only about 27.3% and 25.4% of RhB being degraded after 180 min
of irradiation, respectively. The g-C3N4-mNb2O5 composites show higher degradation efficiency
than mNb2O5 and g-C3N4. For the catalysts containing different content of g-C3N4, the sample 4%
g-C3N4-mNb2O5 exhibits the highest degradation efficiency for RhB (97.5%) within 180 min, which is
3.6 and 3.9 times higher than that of mNb2O5 and g-C3N4, respectively. Furthermore, the corresponding
mechanic mixture 4% g-C3N4/mNb2O5 shows 51% of degradation efficiency for RhB, which is much
smaller than that of 4% g-C3N4-mNb2O5 composite. Therefore, the high degradation efficiency of
4% g-C3N4-mNb2O5 is ascribed to the formation of heterostructure between g-C3N4 and mNb2O5, as
found in the UV-vis DRS and PL studies.
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Figure 8. (a) Photolysis of RhB and photocatalytic activity over as-prepared photocatalysts for RhB;
and (b) recyclability for the photodegradation of RhB in the presence of 4% g-C3N4-mNb2O5 under
visible light irradiation.

In addition to photocatalytic efficiency, stability and recyclability of the catalysts are also important
for application of the catalysts. The 4% g-C3N4-mNb2O5 sample for photodegradation of RhB
was further tested for five cycles. As shown in Figure 8b, after five cycles, the high efficiency
for photocatalytic degradation of RhB by 4% g-C3N4-mNb2O5 is maintained, demonstrating good
reusability and stability of 4% g-C3N4-mNb2O5.

3.2.2. Photodegradation of TC-HCl under Visible Light Irradiation

The photocatalytic degradation of TC-HCl results are shown in Figure 9a. The standard curve
of the absorbance intensity (A) vs. concentration (C) of TC-HCl solution can be seen in Figure
S4b. The TC-HCl suspension was firstly stirred in dark for 1 h at room temperature to reach
adsorption/desorption equilibrium (Figure S3b) [45,46]. No evident decrease of TC-HCl concentration
is observed in the absence of catalyst. The pure mNb2O5 and g-C3N4 show low photocatalytic
efficiency in degradation of TC-HCl with about 49.7% and 5.3% after 60 min of irradiation, respectively.
The degradation efficiency of g-C3N4-mNb2O5 composites within 60 min could be listed as the
following order: 4% g-C3N4-mNb2O5 > 10% g-C3N4-mNb2O5 ≈ 20% g-C3N4-mNb2O5 > 50%
g-C3N4-mNb2O5 > 1% g-C3N4-mNb2O5. All g-C3N4-mNb2O5 composites display higher degradation
efficiency than that of mNb2O5 and g-C3N4. For comparison, the corresponding mechanic mixture 4%
g-C3N4/mNb2O5 shows its degradation efficiency of 52%. Overall, 4% g-C3N4-mNb2O5 is the optimal
catalyst, for which the degradation efficiency of TC-HCl in 60 min is 75.7%. After 30-min experimental
run, for 4% g-C3N4-mNb2O5, 10% g-C3N4-mNb2O5 and 20% g-C3N4-mNb2O5, degradation reaction
of TC-HCl solution has approached the endpoint. Further degradation is hard to proceed so that the
degradation rate is slow and the change of absorbance change is not evident. An appropriate content
of g-C3N4 leads to this composite with large surface area, narrow band gap and low PL intensity,
which favors the titled photocatalytic reactions [41,44,47].
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Figure 9. (a) Photolysis of TC-HCl and photocatalytic activity over as-prepared photocatalysts
for TC-HCl; and (b) recyclability for the photodegradation of TC-HCl in the presence of 4%
g-C3N4-mNb2O5 under visible light irradiation.

The stability and recyclability of 4% g-C3N4-mNb2O5 catalysts for photocatalytic degradation of
TC-HCl were also tested for five cycles. As shown in Figure 9b, after five cycles, photodegradation
efficiency of 4% g-C3N4-mNb2O5 for TC-HCl is almost unchanged. Thus, 4% g-C3N4-mNb2O5 sample
could maintain good stability and it is able to be reused in the photodegradation reaction of TC-HCl as
well as in photodegradation reaction of RhB.

In other words, in two photocatalytic reactions of RhB solution and TC-HCl solution under
visible-light irradiation, g-C3N4-mNb2O5 composites showed enhanced photocatalytic activity than
mNb2O5. The 4% g-C3N4-mNb2O5 sample shows the highest photocatalytic activity. The other
photocatalytic performance of Nb2O5/g-C3N4 composites were also tested by Ribeiro et al., Shi et al.,
and Li et al. [29–31]. Compared to the reported work, our work focus on the stability of catalysts, which
is greatly distinct. The strategy based on the in situ hydrolysis can efficiently avoid the aggregation of
Nb2O5, thus further facilitating the full exertion of catalyst activity. Besides, the interlayer of g-C3N4

sheets can be enlarged by the existence of Nb2O5, increasing the surface area of catalyst. The stability
of our catalyst is superior to many reported literatures when evaluated in the photocatalytic of
RhB and TC-HCl, which can be attributed to highly uniformity and tightly anchoring of Nb2O5 on
g-C3N4 sheets.

4. Conclusions

In summary, we have prepared a series of g-C3N4-mNb2O5 composites by in situ NbCl5
hydrolysis, deposition and solvothermal treatment. It is found that the g-C3N4-mNb2O5 composites
exhibit lower PL intensity than pure mNb2O5 and g-C3N4 and narrower band gap than pure mNb2O5,
leading to a significant enhancement of photocatalytic activity with excellent stability and recyclability
for degradation of RhB and TC-HCl. Among the composites, 4% g-C3N4-mNb2O5 sample shows
the highest photocatalytic activity under visible-light irradiation (λ > 420 nm), which is ascribed to
the strong interaction between g-C3N4 and Nb2O5, its smallest band gap and lowest PL intensity.
Based on the above characterization and photocatalytic results, the excellent photocatalytic activity of
4% g-C3N4-mNb2O5 can be attributed to combined effects between g-C3N4 and mNb2O5 as follows:
(1) the induction of g-C3N4 into mNb2O5 leads to extension the absorption into visible light region; (2)
the recombination of photogenerated electrons and holes is inhibited to some extent; (3) its highest
surface area among all composites leads to more active sites; and (4) interaction exists between
mNb2O5 and g-C3N4, as observed in XPS and FT-IR. These also account for the remarkable stability
and recyclability of the catalyst 4% g-C3N4-mNb2O5 in the degradation reaction.
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Highlights:

1. g-C3N4-mNb2O5 composites were obtained by in situ hydrolysis deposition and
solvothermal treatment.

2. Under the visible light irradiation, 4% g-C3N4-mNb2O5 exhibited the highest photocatalytic
activities to degrade rhodamine B (97.5% degradation within 180 min) and tetracycline
hydrochloride (75.7% degradation within 60 min) solution with excellent stability
and recyclability.

3. The g-C3N4-mNb2O5 composites showed narrower band gap, lower PL intensity and larger
surface area than pure mNb2O5 and g-C3N4, leading to a significant enhancement of their
photocatalytic activity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/6/427/s1,
Figure S1: A schematic diagram of photocatalytic equipment, Figure S2: Emission spectrum of Xe lamp with
420 nm filter, Figure S3: Influence of adsorption process on: (a) RhB solution (15 mg/L, 70 mL); and (b) TC-HCl
solution (40 mg/L, 100 mL) containing 30 mg 4% g-C3N4-mNb2O5 powder under dark, Figure S4: Absorption
changes of: (a) RhB solution (15 mg/L, 70 mL); and (b) TC-HCl solution (40 mg/L, 100 mL) containing 30 mg 4%
g-C3N4-mNb2O5 powder under visible light irradiation, Figure S5: Standard curves of absorbance intensity vs.
concentration of: (a) RhB solution; and (b) TC-HCl solution, Table S1: The elements content of 4% g-C3N4-mNb2O5
by EDS analysis.
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Abstract: A series of novel and efficient heterostructured composites CaIn2S4/ZnIn2S4 have
been synthesized using a facile hydrothermal method. XRD patterns indicate the as-prepared
catalysts are two-phase composites of cubic phase CaIn2S4 and hexagonal phase ZnIn2S4. FESEM
(field emission scanning electron microscope) images display that the synthesized composites are
composed of flower-like microspheres with wide diameter distribution. UV–Vis diffuse reflectance
spectra (DRS) show that the optical absorption edges of the CaIn2S4/ZnIn2S4 composites shift
toward longer wavelengths with the increase of the CaIn2S4 component. The photocatalytic
activities of the as-synthesized composites are investigated by using the aqueous-phase Cr(VI)
reduction under simulated sunlight irradiation. This is the first report on the application of
the CaIn2S4/ZnIn2S4 composites as stable and efficient photocatalysts for the Cr(VI) reduction.
The fabricated CaIn2S4/ZnIn2S4 composites possess higher photocatalytic performance in comparison
with pristine CaIn2S4 or ZnIn2S4. The CaIn2S4/ZnIn2S4 composite with a CaIn2S4 molar content
of 30% exhibits the optimum photocatalytic activity. The primary reason for the significantly
enhanced photoreduction activity is proved to be the substantially improved separation efficiency of
photogenerated electrons/holes caused by forming the CaIn2S4/ZnIn2S4 heterostructured composites.
The efficient charge separation can be evidenced by steady-state photoluminescence spectra (PLs)
and transient photocurrent response. Based on the charge transfer between CaIn2S4 and ZnIn2S4, an
enhancement mechanism of photocatalytic activity and stability for the Cr(VI) reduction is proposed.

Keywords: CaIn2S4/ZnIn2S4 composites; Cr(VI); photocatalysis; simulated sunlight; hydrothermal
method

1. Introduction

Semiconductor-based photocatalytic technology has exhibited great potential in green controlling
of environmental contaminants and converting CO2 to valuable chemicals [1–6]. However, the most
studied photocatalysts (such as TiO2, ZnO, and ZnS) are active only under ultraviolet light irradiation.
In view of the practical applications, visible light active photocatalysts with narrow bandgaps are
greatly desirable. A great deal of research and efforts have been devoted to fabricating and synthesizing
visible-light-driven catalysts, [7–10]. For instance, visible-light photocatalysts based on metal sulfide,
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including the doped or functionalized ZnS [7,8], CdIn2S4 [9], ZnIn2S4 [10,11], CdIn2S4/ZnIn2S4 [12],
and Cu2ZnSnS4 [13] have received broad attention in recent decades.

Among these metal sulfides, ZnIn2S4, as a ternary chalcogenide semiconductor possessing
a narrow bandgap (2.34–2.48 eV), has aroused great interest in the field of visible-light-driven
contaminants’ degradation and hydrogen production by water splitting [10,11]. Although the studies
have revealed that ZnIn2S4 has strong visible-light absorption, the catalytic activity of pristine
ZnIn2S4 is lower than expected due to fast recombination of photogenerated charge carriers. Many
efforts have been made to solve these drawbacks, including morphologies control, metal doping,
and heterostructured composites construction [14–17]. The fabrication of heterojunction catalysts by
coupling two kinds of semiconductor particles with a suitable energy band structure is identified as a
valid method to promote photocatalytic activity because of the resulting effective separation of the
photoinduced charge [18,19]. To improve the photocatalytic activity of pure ZnIn2S4, the heterojunction
photocatalysts have been reported by hybridization with TiO2, CdS, and C3N4 [20–22].

On the other hand, the metal sulfide semiconductors with narrow bandgaps generally undergo
photocorrosion induced by the oxidative process of photogenerated holes, which result in poor
photostability or deactivation during long-term recycling use under sunlight irradiation. For instance,
CdS particles possess excellent catalytic activity, acceptable stability, and photocorrosion resistance
under visible-light illumination, whereas the catalyst becomes unstable when exposed to sunlight
irradiation [23]. As a visible-light photocatalyst, ZnIn2S4 also suffers from the critical drawback of
high photocorrosion under sunlight illumination [24]. Very recently, Zhao et al. have synthesized
chemically cross-linked ZnIn2S4/RGO heterostructured catalysts and investigated the sunlight-driven
photocatalytic performance of 4-nitrophenol degradation. The experimental results demonstrate the
as-fabricated ZnIn2S4/RGO possessed not only the enhanced visible-light catalytic performance but
also prominently improved sunlight stability [24]. Therefore, to practically utilize sunlight-driven
photocatalytic technology to control contaminants, the employed catalysts must be not only
visible-light active but also stable when subjected to sunlight illumination.

CaIn2S4 is also an attractive ternary chalcogenide with a narrow bandgap (~1.9 eV) and
meanwhile, is the cheapest alkaline earth metal-based semiconductor, which can serve as a potential
visible-light catalyst. However, only a few of the investigations on the construction and synthesis
of CaIn2S4-based composite photocatalysts have been reported to date [25–27]. Similar to other
narrow-bandgap catalysts, the photocatalytic degradation efficiency of CaIn2S4 alone is very limited
owing to the poor separation efficiency of photogenerated electrons and holes. By constructing the
composite catalysts, such as CaIn2S4-RGO, CaIn2S4/g-C3N4, and CaIn2S4/TiO2, the photocatalytic
activity of CaIn2S4 has been significantly improved. For instance, direct Z-scheme CaIn2S4/TiO2

catalysts with different CaIn2S4 weight percentages were prepared, and the photocatalytic performance
of these composite catalysts was investigated by the degradation of isoniazid and metronidazole in the
pharmaceutical wastewater. The improved catalytic performance can be ascribed to the significantly
suppressed recombination of photoinduced charge carriers based on the Z-scheme charge transfer over
CaIn2S4/TiO2 catalysts. The aforementioned CaIn2S4-based composites show higher photocatalytic
performance than the pure CaIn2S4 or TiO2; nevertheless, the preparation processes are relatively
complicated, and these composites cannot be obtained through one-step synthesis. Further research
on the synthesis of the CaIn2S4-based composite photocatalysts by one-step hydrothermal methods is
highly necessary to improve the photocatalytic activity of CaIn2S4.

Hexavalent Cr(VI) ions have been listed as one of the priority pollutants by the United
States Environmental Protection Agency (US EPA) [28], due to the high toxicity, mutagenicity,
and teratogenicity to the aquatic environment and human beings. The elimination of Cr(VI)
ions have received increasing attention in the field of wastewater purification. The traditional
techniques for removing Cr(VI) ions generally include precipitation, adsorption, ion-exchange,
electro-coagulation [29], membrane separation, and photocatalytic reduction [30,31]. Considering solar
energy conversion, photocatalytic reduction is postulated to be an efficient and green technology for
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the elimination of Cr(VI) ions from contaminated water. The highly toxic Cr(VI) can be photoreduced
to less harmful Cr(III) by means of a certain photocatalyst and reaction system.

In this study, flower-like CaIn2S4/ZnIn2S4 heterojunction composites are successfully synthesized
by using a one-step hydrothermal method, and the photocatalytic performance of the Cr(VI) reduction
is investigated under simulated sunlight illumination. To our knowledge, this is the first report
about the CaIn2S4/ZnIn2S4 heterojunction composites for the photocatalytic reduction of Cr(VI).
The heterojunction composites exhibit much higher reduction efficiency of Cr(VI) than the pure
CaIn2S4 or ZnIn2S4. Meanwhile, the CaIn2S4/ZnIn2S4 composites present excellent solar stability,
and the photocorrosion of ZnIn2S4 is dramatically inhibited by constructing the CaIn2S4/ZnIn2S4

composites. The detailed mechanism of enhanced photocatalytic performance for the Cr(VI) reduction
over the CaIn2S4/ZnIn2S4 composites is also proposed.

2. Materials and Methods

2.1. Materials

All the chemicals were of analytical grade and used as received without further purification.
Calcium nitrate (Ca(NO3)2), zinc sulfate (ZnSO4), indium chloride (InCl3), thioacetamide (TAA),
potassium dichromate, sulfuric acid (H2SO4), and ammonium oxalate were obtained from Aladdin
Industrial Inc. (Shanghai, China). Diphenylcarbazide (DPC) was purchased from J & K Scientific Ltd.
(Beijing, China). Double distilled water was used throughout this study.

2.2. Synthesis of Composite Photocatalysts

The CaIn2S4/ZnIn2S4 composite photocatalysts were prepared by hydrothermal route. Taking
20% CaIn2S4/ZnIn2S4 as an example, in a typical synthesis process, 0.2 mmol Ca(NO3)3·4H2O and
0.8 mmol ZnSO4·7H2O were added into 40 mL of distilled water, followed by vigorous stirring for
30 min to form a clear solution. After that, 2 mmol InCl3·4H2O and 8 mmol TAA were put into the
above-obtained mixed solution and stirred for additional 60 min at room temperature. The reaction
mixture was then transferred into a Teflon-lined steel autoclave (Zhengxin Instrument, Yancheng,
China), which was heated at 180 ◦C for 12 h. Finally, the obtained yellow solid was collected by
filtration, washed with distilled water several times, and dried at 60 ◦C for 8 h. On that basis,
different CaIn2S4/ZnIn2S4 composites with CaIn2S4 molar ratios of 5%, 10%, 20%, 30%, and 50%
were synthesized and denoted as 5% CaIn2S4/ZnIn2S4, 10% CaIn2S4/ZnIn2S4, 20% CaIn2S4/ZnIn2S4,
30% CaIn2S4/ZnIn2S4, and 50% CaIn2S4/ZnIn2S4, respectively.

For comparison, the pure ZnIn2S4 was prepared by using a similar process without
Ca(NO3)3. 1.0 mmol ZnSO4·7H2O was put into 40 mL of distilled water and stirred for 30 min.
Then, 2 mmol InCl3·4H2O and 8 mmol TAA were added to the above-obtained solution and stirred
for another 60 min. This mixture was subsequently transferred into a Teflon-lined steel autoclave and
heated at 180 ◦C for 12 h. The precipitate was finally washed with deionized water and dried at 60 ◦C
for 8 h to obtain pure ZnIn2S4. For the preparation of the pure CaIn2S4, 1.0 mmol Ca(NO3)3·4H2O was
added into 40 mL of distilled water and stirred for 30 min. After that, 2 mmol InCl3·4H2O and 8 mmol
TAA were put into the above solution and then stirred for another 60 min. The obtained mixture was
transferred into a Teflon-lined steel autoclave and heated at 180 ◦C for 12 h. The orange precipitate
was finally washed with deionized water and dried at 60 ◦C for 8 h to obtain pure CaIn2S4.

2.3. Material Characterization

The crystal structures of the as-prepared composites were investigated by using an
X-ray diffractometer (XRD, Bruker D8 Advance, Karlsruhe, Germany), with Cu Kα radiation
(λ = 0.15405 nm). The morphologies of the synthesized samples were observed by a field emission
scanning electron microscope (FEI, Quanta250, Hillsboro, OR, USA). The X-ray photoelectron
spectroscopy (XPS) experiment was carried out by using a Thermo Scientific ESCALAB 250xi
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system (Waltham, MA, USA), equipped with an Al anode. The BET (Brunauer-Emmett-Teller)
surface areas of the composite samples were determined on a surface area analyzer (Autosorb-IQ,
Quantachrome, Boynton Beach, FL, USA). UV–visible diffuse reflectance spectra (DRS) were collected
on a Shimadzu UV-2550 spectrometer (Kyoto, Japan) using BaSO4 as the reflectance standard.
Photoluminescence spectra (PLs) were measured by using an Edinburgh FLS 980 fluorescence
spectrometer (Livingston, UK), with a 330 nm excitation wavelength. The transient photocurrent
measurement was performed on a CHI electrochemical workstation (CHI 760D, Shanghai, China) in
the standard three-electrode system. Ag/AgCl electrode and a platinum wire were employed as the
reference electrode and the counter electrode, respectively. The working electrodes were prepared
according to our previous report [32]. The photocurrent was measured in the electrolyte of a 0.5 mol/L
Na2SO4 aqueous solution (pH ~6.8) at a bias of +0.5 V. The light source was the same as that used in
the photocatalytic experiments.

2.4. Photocatalytic Reduction of Cr(VI)

For the photocatalytic reduction of Cr(VI) under simulated sunlight irradiation, a 300 W xenon
lamp (PLS-SXE 300, Perfect Light Co. Ltd., Beijing, China) was used as the light source. The incident
light intensity was 75 mW/cm2. In the typical photocatalytic test, 50 mg of photocatalyst was
suspended in 50 mL of 20 mg/L Cr(VI) aqueous solution. After adding 5 mg of ammonium oxalate
(a scavenger for photo-hole), the suspension was magnetically stirred in the dark for 30 min to establish
an adsorption–desorption equilibrium. As the photocatalytic reduction proceeded, 3 mL of the reaction
solution was taken out at a given time interval and centrifuged to remove the catalyst particles.
The concentrations of Cr(VI) were determined colorimetrically at 540 nm using the diphenylcarbazide
(DPC) method on a Shimadzu UV-160A UV–Vis spectrophotometer [33]. In addition, the total Cr ions
concentrations were measured by an inductively coupled plasma-optical emission spectrophotometer
(Agilent 725 ICP-OES, Palo Alto, CA, USA).

The apparent quantum efficiency (AQE) of Cr(VI) the photocatalytic reduction was measured
under the same photocatalytic reaction conditions, except by using a 420 nm bandpass filter.
The apparent quantum efficiencies were calculated according to the following equation:

AQE(%) =
Number of reacted electrons
Number of incident photons

× 100 =
3 × number of reduced Cr(VI)

Number of incident photons
× 100

Number of incident photons = I×A×t
E(λ=420 nm)

E(λ = 420 nm) = h×c
λ

where I, A, t, c, λ, and h are light intensity, light exposure area, irradiation time, light velocity, light
wavelength, and Planck constant, respectively.

To evaluate the catalytic stability of the CaIn2S4/ZnIn2S4 composites, the photocatalysts—after
the first run for the Cr(VI) reduction—were separated by centrifugation from the suspension and
washed with 1 M nitrite acid solution and deionized water. After being dried at 60 ◦C, the recovered
photocatalysts were reused for the next run of the photocatalytic Cr(VI) reductions under the same
experimental conditions.

3. Results and Discussion

3.1. XRD Analysis and BET Surface Area

The phase composition and crystalline properties of the CaIn2S4/ZnIn2S4 composite samples
were analyzed by XRD. Figure 1 displays the XRD patterns of the pure ZnIn2S4, CaIn2S4,
and CaIn2S4/ZnIn2S4 composites. As indicated in Figure 1, the diffraction peaks of the pure ZnIn2S4

at 2θ = 21.1◦, 27.6◦, 30.3◦, 47.4◦, 52.0◦, and 55.6◦ corresponded to (006), (102), (104), (110), (116),
and (200) crystal planes of hexagonal phase ZnIn2S4 (JCPDS NO. 65-2023), respectively [24]. No other
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diffraction peaks were detected in the XRD pattern of ZnIn2S4, indicating that the obtained ZnIn2S4

is highly pure. With the addition of Ca(NO3)3 in the preparation process, new diffraction peaks
appeared in the XRD patterns, which belonged to the characteristic peaks of the cubic phase CaIn2S4

(JCPDS No. 16-0341) [25–27]. It can be also observed from Figure 1 that the intensity of the diffraction
peaks belonging to the cubic CaIn2S4 phase increased gradually by increasing the mole proportion of
CaIn2S4, which indicated the existence of both CaIn2S4 and ZnIn2S4 in the as-synthesized composites.
In addition, the diffraction peaks corresponding to binary sulfides, oxides, and other new compounds
were not observed, indicating that CaIn2S4 and ZnIn2S4 maintained the pure phase and no impurities
were formed in the obtained CaIn2S4/ZnIn2S4 composites.

Figure 1. XRD patterns of pure ZnIn2S4, CaIn2S4, and CaIn2S4/ZnIn2S4 composites: (a) pure
ZnIn2S4, (b) 5% CaIn2S4/ZnIn2S4, (c) 10% CaIn2S4/ZnIn2S4, (d) 20% CaIn2S4/ZnIn2S4, (e) 30%
CaIn2S4/ZnIn2S4, (f) 50% CaIn2S4/ZnIn2S4, and (g) pure CaIn2S4.

The BET surface area of the pure ZnIn2S4, CaIn2S4, and CaIn2S4/ZnIn2S4 composites was
measured, and the results are summarized in Table 1. As can be noted from Table 1, the specific
surface area of the CaIn2S4/ZnIn2S4 composites decreased slightly with the continuous increment
of CaIn2S4 component. The actual molar ratios of Ca–Zn in the CaIn2S4/ZnIn2S4 composites were
determined by inductively coupled plasma elemental analysis, as presented in Table 1. It can be
observed from Table 1 that the experimentally measured molar ratios of Ca–Zn in the synthesized
composites were close to those of the added proportions in the preparation process.

Table 1. BET (Brunauer-Emmett-Teller) specific surface area, molar ratios of Ca–Zn in the
synthesized CaIn2S4/ZnIn2S4 and apparent quantum efficiency (AQE) of the Cr(VI) reduction over
these composites.

Samples SBET (m2/g) Molar Ratios of Ca:Zn (%) AQE (%)

pure ZnIn2S4 59.2 0 3.7
5% CaIn2S4/ZnIn2S4 56.3 5.05 4.1
10% CaIn2S4/ZnIn2S4 54.7 9.67 4.5
20% CaIn2S4/ZnIn2S4 53.4 18.30 5.2
30% CaIn2S4/ZnIn2S4 52.1 26.52 6.6
50% CaIn2S4/ZnIn2S4 50.5 43.29 5.5

pure CaIn2S4 46.0 – 2.3

3.2. SEM and Elemental Mapping Analysis

The SEM images of the as-synthesized pure ZnIn2S4, CaIn2S4, and CaIn2S4/ZnIn2S4 composites
are indicated in Figure 2. As can be observed from Figure 2, the pure ZnIn2S4 was composed of
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hierarchical microspheres with a wide distribution of diameter, which was consistent with the previous
reports [17,24]. Introducing the Ca component had almost no influence on the morphologies of the
CaIn2S4/ZnIn2S4 composites, which also exhibited flower-like microspheres constructed by numerous
nanosheets in the form of random self-assembly. As a consequence, the porous structures with
wide pore-size distribution could be expected. This would benefit the photocatalytic reaction by
increasing the specific surface area. Moreover, the formation of the CaIn2S4/ZnIn2S4 heterojunction
was evidenced by the elemental mapping of the as-synthesized composites (Figure 3). Maps of Zn–K,
Ca–K, In–L, and S–K display the same shape and location, indicating the coexistence of ZnIn2S4 and
CaIn2S4 components in the obtained composites. This provided solid evidence for the formation of
CaIn2S4/ZnIn2S4 heterostructured composites.

  

  

Figure 2. FE-SEM (field emission scanning electron microscope) images of (a) pure ZnIn2S4, (b) 10%
CaIn2S4/ZnIn2S4, (c) 30% CaIn2S4/ZnIn2S4, and (d) pure CaIn2S4.
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Figure 3. The EDS (Energy Dispersive Spectroscopy) elemental mapping images of the 30%
CaIn2S4/ZnIn2S4 sample: (a) SEM image, (b) Zn-K, (c) Ca-K, (d) In-L, and (e) S-K, respectively.

3.3. XPS Analysis and Optical Properties

To determine the elemental composition and the corresponding chemical states of the synthesized
composites, the XPS spectra of the 30% CaIn2S4/ZnIn2S4 sample are indicated in Figure 4. As can be
seen from Figure 4a, the survey spectrum indicated the presence of Zn, Ca, In, and S elements in the
30% CaIn2S4/ZnIn2S4 sample. The high-resolution XPS spectrum for Zn is presented in Figure 4b.
Two characteristic XPS signals were observed at binding energies of 1022.4 and 1045.3 eV, which were
ascribed to Zn2+ 2p1/2 and Zn2+ 2p3/2, respectively [33,34]. The high-resolution XPS spectrum of In
3d is displayed in Figure 4c. The characteristic peaks centered at 444.7 and 452.3 eV can be attributed
to the In 3d3/2 and In 3d5/2 signals of In3+ species, respectively [27,34]. In Figure 4d, the two peaks
at the binding energies of 351.1 and 347.6 eV corresponded to the 2p3/2 and 2p1/2 levels of Ca2+.
Figure 4e shows an XPS signal centered at 162.5 eV, which can be assigned to the 2p1/2 level of S2− in
the as-prepared CaIn2S4/ZnIn2S4 composites [34]. These results further indicate that CaIn2S4/ZnIn2S4

composites can be successfully synthesized through a one-step hydrothermal reaction process.

 

Figure 4. Cont.
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Figure 4. Typical XPS survey spectrum of 30% CaIn2S4/ZnIn2S4 (a), high-resolution XPS spectra of Zn
2p (b), In 3d (c), Ca 2p (d), and S 2p (e), respectively.

The optical absorption properties of the as-obtained CaIn2S4/ZnIn2S4 composites were analyzed
by UV–Vis DRS, and the results are depicted in Figure 5a. The absorption edges of the pure ZnIn2S4

and CaIn2S4 samples were at around 537 nm and 638 nm, respectively. As can be also noted from
Figure 5a, the absorption edges of the CaIn2S4/ZnIn2S4 samples were gradually red-shifted from 537
to 570 nm as the molar percentage of the CaIn2S4 component increased to 50%. The photoresponse of
the CaIn2S4/ZnIn2S4 composites in visible-light region was significantly improved by comparison
with that of the pure ZnIn2S4. Moreover, the UV–Vis DRS shown in Figure 5a were all very steep,
demonstrating the visible-light absorption was ascribed to the intrinsic band transition instead of
the transition from impurity levels [35]. Based on the optical absorption theory of the bandgap
semiconductor, the bandgap energy of the pure CaIn2S4 and ZnIn2S4 can be calculated by the
Equation (1) [36] as follows:

αhv = A (hv − Eg)n/2 (1)

where α, v, Eg, and A represent the absorption coefficient, light frequency, bandgap energy, and a
constant, respectively. The value of n depends on the type of optical transition of a semiconductor
(n = 1 for the direct transition and n = 4 for the indirect transition). According to the previous
literature [27,37], ZnIn2S4 and CaIn2S4 are direct-transition semiconductors, and thus, the bandgap
energies of CaIn2S4 and ZnIn2S4 can be estimated from the plots of (αhv)2 versus light energy (hv).
As illustrated in Figure 5b, the estimated bandgaps were 2.03 and 2.43 eV for the pure CaIn2S4 and
ZnIn2S4, respectively, which matched well with the literature values [15,27]. For the composite catalysts,
the photocatalytic performance was primarily determined by the valence band (VB) and conduction
band (CB) energy levels of the constituent semiconductors. Based on the following equations, the VB
and CB positions of the pristine ZnIn2S4 and CaIn2S4 can be obtained:

EVB = χ − Ee + 0.5 Eg (2)

ECB = EVB − Eg (3)

where EVB and ECB are the potential of the VB and CB edge, Eg is the bandgap energy, χ is the geometric
mean of the absolute electronegativity of the constituent atoms in the semiconductor, and Ee is the
energy of free electrons on the hydrogen scale with a value of 4.5 eV. The χ values of ZnIn2S4 and
CaIn2S4 were 4.86 and 4.39 eV, respectively. Based on the above empirical equations, the EVB values of
ZnIn2S4 and CaIn2S4 were estimated to be +1.58 and +0.91 eV. The corresponding ECB values were
also calculated to be −0.85 and −1.12 eV, respectively.
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Figure 5. (a) UV–Vis DRS of the pure ZnIn2S4, CaIn2S4, and CaIn2S4/ZnIn2S4 composites, (b) Plots of
(αhv)2 vs. light energy (hv) of the pure ZnIn2S4 and CaIn2S4.

3.4. Photocatalytic Activity

The photocatalytic performances of the ZnIn2S4, CaIn2S4, and CaIn2S4/ZnIn2S4 composites were
investigated by the aqueous-phase Cr(VI) reduction under simulated sunlight irradiation (Figure 6A).
Cr(VI) cannot be reduced in the absence of light illumination or photocatalysts. The pure ZnIn2S4

displayed a relatively higher photocatalytic activity of the Cr(VI) reduction than the CaIn2S4 sample.
About 42% of Cr(VI) was reduced over the pure CaIn2S4, while ZnIn2S4 can reduce 63% of Cr(VI) after
irradiation of 30 min. All the CaIn2S4/ZnIn2S4 composites exhibited higher photocatalytic efficiency
than the pristine CaIn2S4 and ZnIn2S4, indicating that the combination of CaIn2S4 and ZnIn2S4 can
improve the photocatalytic reduction performance of these composites.

Figure 6. Cont.
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Figure 6. (A) Photocatalytic reduction of Cr(VI) as a function of irradiation time over different
catalysts: (a) no catalyst, (b) pure CaIn2S4, (c) pure ZnIn2S4, (d) 5% CaIn2S4/ZnIn2S4, (e) 10%
CaIn2S4/ZnIn2S4, (f) 20% CaIn2S4/ZnIn2S4, (g) 30% CaIn2S4/ZnIn2S4, (h) 50% CaIn2S4/ZnIn2S4,
and (i) mechanically mixed 30%CaIn2S4 + 70%ZnIn2S4; (B) time-dependent absorption spectral pattern
of diphenylcarbazide (DPC)-Cr(VI) complex solutions after the reduction over 30% CaIn2S4/ZnIn2S4

(pH = 6); (C) photocatalytic reduction of Cr(VI) under different pH values over 30% CaIn2S4/ZnIn2S4;
(D) the controlled experiment for photocatalytic reduction of Cr(VI) over the 30% CaIn2S4/ZnIn2S4

composites with the addition of K2S2O8 (0.1 mmol) as a scavenger for photoinduced electrons.

For the synthesized CaIn2S4/ZnIn2S4 composite catalysts, the photocatalytic were closely
associated with the contents of the CaIn2S4 component. As can be noted from Figure 6A,
the photocatalytic activities of the CaIn2S4/ZnIn2S4 composite catalysts increased with the increment
of component CaIn2S4. The 30% CaIn2S4/ZnIn2S4 composite photocatalyst exhibited the highest
activity for the Cr(VI) reduction, whereas the greater increase in the amount of CaIn2S4 resulted in a
decrease in the Cr(VI) reduction rates. It can be ascribed to the low photocatalytic activity of the pure
CaIn2S4 because of the slow separation of the photogenerated charge carriers. Moreover, the apparent
quantum efficiencies (AQE) of the Cr(VI) photocatalytic reduction over the synthesized composites
were also calculated, and the corresponding results are summarized in Table 1. As indicated in Table 1,
the AQE of the 30% CaIn2S4/ZnIn2S4 nanocomposite catalyst reached 6.6%, which presented higher
than that of the pure ZnIn2S4 (3.7%) or pure CaIn2S4 (2.3%). In addition, the AQE for the Cr(VI)
reduction increased gradually with the increase of the CaIn2S4 constituent when the addition ratio of
the CaIn2S4 precursor was no more than 30%. However, further increasing the molar ratio of CaIn2S4

led to a decrease in the AQE. This suggests that the heterostructured composites containing a suitable
amount of CaIn2S4 and ZnIn2S4 contributed to improving optimally the photoactivity for the Cr(VI)
reduction. Therefore, the optimal 30% CaIn2S4/ZnIn2S4 has been chosen as a representative catalyst
for the following studies.
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To further clarify the influence of the heterostructure on the photocatalytic performance of
the Cr(VI) reduction, the 30% CaIn2S4/ZnIn2S4 sample was compared to its mechanical mixing
counterpart sample 30% CaIn2S4 + 70% ZnIn2S4. The photocatalytic activity of the Cr(VI) reduction
over the physical mixture was much lower than that of the 30% CaIn2S4/ZnIn2S4 composite obtained
via the one-step hydrothermal method. This result shows that the heterojunction formed between the
CaIn2S4 and ZnIn2S4 contributed to improving photocatalytic efficiency of the Cr(VI) reduction.

When using the optimal 30% CaIn2S4/ZnIn2S4 as a photocatalyst, the change in the temporal
absorption spectra of the DPC-Cr(VI) complex solution is illustrated in Figure 6B. The absorption
peak at 540 nm belonging to the DPC-Cr(VI) complex decreased rapidly with the increase of light
irradiation time, and it almost vanished after light illumination for 30 min. To gain more insight into the
photocatalytic process, the total Cr ions concentrations over the 30% CaIn2S4/ZnIn2S4 photocatalyst
after the treated samples were measured by ICP emission spectrometer (Figure S1, Supplementary
Materials). As indicated in Figure S1, the initial concentration of Cr(VI) is 19.6 ppm. The measured total
Cr ions concentration after 30 min light irradiation were found to be 19.1 ppm. This result demonstrates
that almost no Cr(0) was produced in the present photocatalytic system. That is to say, Cr(VI) was
primarily reduced to Cr(III) by the photogenerated electrons of the CaIn2S4/ZnIn2S4 composites.

In addition, the photocatalytic experiments for the Cr(VI) reduction under different pH conditions
with 30% CaIn2S4/ZnIn2S4 were also carried out, and the corresponding results are presented in
Figure 6C. In a photocatalytic system, the reduction efficiency of the aqueous Cr(VI) was greatly
influenced by the pH value according to the previous reports [30]. Cr(VI) existed in two forms in
alkaline and acid medium, respectively. CrO4

2− is predominant in the alkaline medium, whereas
Cr2O7

2− plays a major role in the acid medium. The chemical redox reaction can be outlined as follows:

CrO4
2− + 4H2O + 3e− → Cr(OH)3↓ + 5OH− (alkaline) (4)

14H+ + Cr2O7
2− + 6e− → 2Cr3+ + 7H2O (acid) (5)

As depicted in Figure 6C, the reduction rate of Cr(VI) increased with the decrease of the pH
value. About 38.7%, 58.8%, 80.6%, and 89.0% of Cr(VI) are reduced at pH 10, 8, 6, and 4 in the
first 15 min, respectively. This could be due to the fact that the Cr(OH)3 precipitate produced in
the alkaline medium covers the activity sites of the photocatalysts [38]. The results demonstrate the
acidic condition was more beneficial to the photocatalytic reduction of Cr(VI) over the synthesized
CaIn2S4/ZnIn2S4 composites.

Additionally, the controlled experiment by adding K2S2O8 (the trapping agent of photo-generated
electrons, 0.1 mmol) [39] into the photocatalytic system of the Cr(VI) reduction was performed, and the
corresponding result is depicted in Figure 6D. It can be seen clearly that the Cr(VI) reduction over the
optimal photocatalyst 30% CaIn2S4/ZnIn2S4 hardly occurs in the presence of K2S2O8, which indicates
that the reduction of Cr(VI) is conducted by photogenerated electrons under simulated sunlight
irradiation. These results also indicate that a suitable amount of CaIn2S4 can effectively improve the
photocatalytic performance of ZnIn2S4 toward the Cr(VI) reduction.

3.5. Catalytic Stability

The stability of a given photocatalyst was also an important factor in the practical application [40].
Furthermore, narrow bandgap semiconductors are generally more unstable when exposed to the
sunlight illumination [24]. To study the effect of the CaIn2S4/ZnIn2S4 heterostructure on the catalytic
stability, the cycle experiments of the Cr(VI) reduction were carried out and compared by using
ZnIn2S4 and 30% CaIn2S4/ZnIn2S4 as photocatalysts under simulated sunlight irradiation (Figure 7).
The results indicate that for the pristine ZnIn2S4, the reduction efficiency of Cr(VI) decreased about
20.9% after five repeated uses, demonstrating that ZnIn2S4 was unstable to some extent under
simulated sunlight illumination. In comparison, a relatively low decrease in the reduction efficiency
of Cr(VI) over 30% CaIn2S4/ZnIn2S4 was observed, and only a ca. 2.6% decrease of the reduction
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efficiency is obtained after reusing five cycles. This suggests that the sunlight stability of ZnIn2S4 can
be improved through forming the heterojunction composites with CaIn2S4. Additionally, the XPS
analysis of the used 30% CaIn2S4/ZnIn2S4 catalyst was also performed, and the obtained results are
displayed in Figure S2 of the Supplementary Materials. As can be found from Figure S2, the surface
element composition and the chemical state of the 30% CaIn2S4/ZnIn2S4 sample before and after the
photocatalytic reaction show no obvious difference. The results confirm the superior stability of the
CaIn2S4/ZnIn2S4 composite photocatalysts under simulated sunlight, which is more promising for the
practical photocatalytic applications in environmental restoration.

Figure 7. Photocatalytic stability tests of ZnIn2S4 and 30% CaIn2S4/ZnIn2S4 toward the
Cr(VI) reduction.

3.6. Enhancement Mechanism of Photocatalytic Activity and Stability

On the basis of the above discussion and results, it is obvious that coupling a suitable
amount of CaIn2S4 can dramatically improve the photocatalytic performance for the Cr(VI)
reduction, including the reduction efficiency and cycling stability of the CaIn2S4/ZnIn2S4 composites.
The remarkably enhanced photocatalytic activity of the CaIn2S4/ZnIn2S4 samples, compared with
the pure CaIn2S4 and ZnIn2S4, can be ascribed to the effective separation of the photogenerated
electron/hole pairs due to the forming of flower-like heterostructures between ZnIn2S4 and CaIn2S4.
Generally, the photoluminescence spectrum (PLs) is considered as a vital technology to study the
migration and fate of photoinduced charge carriers [39,41]. Higher intensities of PL signals usually
represent higher recombination rates of photogenerated charge carriers, thus resulting in a lower
photocatalytic performance. The comparison of the PL spectrum for the pristine ZnIn2S4 and
30% CaIn2S4/ZnIn2S4 with an excitation wavelength of 330 nm is presented in Figure 8. The pristine
ZnIn2S4 showed emissions at 520, 571, and 656 nm. The strong emission peak centered at 520 nm for
the pristine ZnIn2S4 was attributed to the intrinsic luminescence of ZnIn2S4. The relatively weak PL
peaks at 571, and 656 nm can be ascribed to the surface state emissions, which were mainly caused
by the surface defects in the ZnIn2S4 structure. In comparison with the pristine ZnIn2S4, there was
no new emission signal in the PL spectrum of 30% CaIn2S4/ZnIn2S4, but the intensities of the PL
peaks decreased obviously. The results imply that the photogenerated electrons and holes can transfer
effectively between CaIn2S4 and ZnIn2S4, thus suppressing the recombination of charge carriers.
This can be a primary reason for the CaIn2S4/ZnIn2S4 composites possessing excellent photocatalytic
reduction performance under simulated sunlight irradiation.
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Figure 8. Room temperature photoluminescence spectra (PLs) of the pure ZnIn2S4 and 30%
CaIn2S4/ZnIn2S4 under the excitation wavelength of 330 nm.

Most of the heterostructured nanocomposites follow the bidirectional charge transfer
mechanism [42,43]. For instance, Kumar and his colleagues have reported on the photoinduced
electrons enriched on the conduction band of Ag3PO4 and holes on the valence band of g-C3N4, which
was conducted through a bidirectional charge transfer process between Ag3PO4 and g-C3N4 [42].
As for the as-prepared CaIn2S4/ZnIn2S4 composites, the aforementioned bidirectional charge transfer
was also the primary charge migration process. Based on the bandgap energies of CaIn2S4 and
ZnIn2S4 estimated from Figure 5 and Equations (2) and (3), the energy band structure diagram of
CaIn2S4 and ZnIn2S4 can be schematically illustrated, as shown in Figure 9. Under light illumination,
the components of CaIn2S4 and ZnIn2S4 were simultaneously excited, generating photoinduced
electron/hole pairs. Due to the more negative conduction-band edge of CaIn2S4 (−1.12 eV) than that of
ZnIn2S4 (−0.85 eV), the photogenerated electrons prefer to transfer from the CB of CaIn2S4 to ZnIn2S4,
whereas the photogenerated holes on the more positive VB of ZnIn2S4 (+1.58 eV) would migrate to
that of CaIn2S4 (+0.91 eV). This bidirectional charge transfer process results in efficient separation of
photogenerated electron/hole pairs in the synthesized CaIn2S4/ZnIn2S4 composites.

Figure 9. Schematic diagram of the transfer and separation of photogenerated charges in the
CaIn2S4/ZnIn2S4 composites under simulated sunlight irradiation.

To further investigate the important function of heterostructures in enhancing the separation of
charge carriers, the transient photocurrent responses were measured over working electrodes made of
the pure CaIn2S4, ZnIn2S4, and 30% CaIn2S4/ZnIn2S4 composite. As depicted in Figure 10, the fast
and steady photocurrent response can be detected for each light-on and light-off cycle over the pure
CaIn2S4, ZnIn2S4, and 30% CaIn2S4/ZnIn2S4 composite. The pristine CaIn2S4 exhibited a very low
photocurrent density, whereas the pure ZnIn2S4 showed a relatively higher photocurrent than that of
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CaIn2S4 under simulated sunlight irradiation. This could be due to the fact that CaIn2S4 possesses a
narrower bandgap than ZnIn2S4, which is unfavorable for the effective separation of photoinduced
electron/hole pairs. This would result in the short survival time of photogenerated electrons and
weak photocurrent density. However, the composite sample of 30% CaIn2S4/ZnIn2S4 exhibits a
dramatically enhanced photocurrent density compared with that of the pure ZnIn2S4 and CaIn2S4,
which further substantiates the efficient separation of the photoinduced electron/hole pairs in the
obtained CaIn2S4/ZnIn2S4 composites.

Figure 10. Photocurrent spectra of the as-synthesized pure CaIn2S4, ZnIn2S4, and 30%
CaIn2S4/ZnIn2S4 samples under simulated sunlight irradiation with 20 s light on/off cycles.

Based on the above experimental results and the charge transfer process depicted in Figure 9,
a possible enhancement mechanism of photocatalytic activity and stability for the Cr(VI) reduction
can be proposed. Under simulated sunlight irradiation, the components of CaIn2S4 and ZnIn2S4 are
excited to produce photoinduced holes and electrons. Owing to the relatively high recombination rate
of photogenerated electron/hole pairs, the pristine CaIn2S4 and ZnIn2S4 exhibited low photocatalytic
performance. Due to the well-matched energy band structures and the intimate interfacial contact
between CaIn2S4 and ZnIn2S4 in the as-synthesized composites, the photoinduced electrons located on
the CB of CaIn2S4 can easily migrate to that of ZnIn2S4, and on the contrary, the photoinduced holes
on the VB of ZnIn2S4 spontaneously transfer to that of CaIn2S4 (Figure 9). These photoelectrons
(e−) accumulated on the CB of ZnIn2S4 possess a strong reduction ability (−0.85 eV vs. NHE
(normal hydrogen electrode)), which can reduce toxic Cr(VI) to Cr(III) (ECr(VI)/Cr(III) = +0.55 eV
vs. NHE) [44,45]. The photoholes located on the VB of CaIn2S4 react with the sacrificial reagents
immediately. The heterostructured composites formed between CaIn2S4 and ZnIn2S4 effectively
prevent the recombination of photogenerated electrons and holes, and thus, the photocatalytic activities
of the Cr(VI) reduction are enhanced greatly. Meanwhile, the effective transfer of photogenerated
holes from the VB of ZnIn2S4 to that of CaIn2S4 is beneficial for preventing the oxidation of S2− by
holes, which significantly improves the photostability of ZnIn2S4 in the composite catalysts.

4. Conclusions

In short, the CaIn2S4/ZnIn2S4 composite photocatalysts were successfully prepared through a
one-step hydrothermal process. XRD patterns show that the as-synthesized flower-like composites
consist of hexagonal phase ZnIn2S4 and cubic phase CaIn2S4. Compared with the pristine ZnIn2S4,
the heterostructured composites CaIn2S4/ZnIn2S4 show significantly improved photocatalytic activity
and stability for the Cr(VI) reduction under simulated sunlight illumination. The molar content
of CaIn2S4 has a great influence on the photocatalytic activity of the CaIn2S4/ZnIn2S4 composites,
and 30% CaIn2S4/ZnIn2S4 exhibits the optimal photocatalytic performance for the Cr(VI) reduction.
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A possible mechanism of the photogenerated charge transfer was proposed to illustrate the superior
photocatalytic performance and photostability of the CaIn2S4/ZnIn2S4 composite catalysts. This study
is of great importance in the design and synthesis of heterostructured sulfide composites with excellent
photocatalytic performance and consistent stability toward the elimination of toxic metal ions in water.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/7/472/s1,
Figure S1: Concentrations of Cr(VI) and total Cr ions in the photocatalytic reaction solution over 30%
CaIn2S4/ZnIn2S4 catalyst under simulated sunlight irradiation., Figure S2: XPS survey spectra (a), high-resolution
XPS spectra of Zn 2p (b), In 3d (c), Ca 2p (d), and S 2p (e) of 30% CaIn2S4/ZnIn2S4 composite sample before and
after the photocatalytic reaction, respectively.
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Abstract: Titania is a promising material for numerous photocatalytic reactions such as water splitting
and the degradation of organic compounds (e.g., methanol, phenol). Its catalytic performance can be
significantly increased by the addition of co-catalysts. In this study, Au and Au/Ag nanoparticles were
deposited onto mesoporous titania thin films using photo-deposition (Au) and magnetron-sputtering
(Au and Au/Ag). All samples underwent comprehensive structural characterization by grazing
incidence X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). Nanoparticle distributions and nanoparticle size distributions were correlated
to the deposition methods. Light absorption measurements showed features related to diffuse
scattering, the band gap of titania and the local surface plasmon resonance of the noble metal
nanoparticles. Further, the photocatalytic activities were measured using methanol as a hole scavenger.
All nanoparticle-decorated thin films showed significant performance increases in hydrogen evolution
under UV illumination compared to pure titania, with an evolution rate of up to 372 μL H2 h−1 cm−2

representing a promising approximately 12-fold increase compared to pure titania.

Keywords: noble metal nanoparticles; core-shell structures; photodeposition; magnetron
sputtering; photocatalysis; hydrogen production; localized surface plasmon resonance; structure-
property relationships

1. Introduction

For decades, mankind has relied heavily on unsustainable energy sources such as coal, oil, gas or
nuclear power [1–3]. In recent years, concerns over climate change, environmental pollution, resource
depletion, and safety issues have led to global efforts towards the development of sustainable and clean
energy sources [1–5], with some of the most promising approaches making use of the almost unlimited
energy of the sun [2,6–12]. One of these approaches is photocatalytic water splitting, where solar
energy is used to photogenerate charge carriers in a semiconductor. The excited electrons then reduce
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protons, producing “green” hydrogen, which can be stored, transported, and finally converted back to
energy using fuel cells. This approach therefore opens a promising route towards a carbon-neutral
energy landscape.

Titania in the rutile phase was the first material found to have conduction and valence band
positions suitable for photocatalytic water splitting [13–15]. It also has several other desirable properties
such as high corrosion-resistance, abundance, low price, and non-toxicity [16]. Therefore, titania,
both in the rutile and in the low-temperature anatase modification, is still one of the most studied
materials for water splitting and other photocatalytic applications like the degradation of organic
compounds [5,15,17–19]. Its biggest drawback is the comparatively large band gaps of 3.2 eV for
anatase and of 3.0 eV for rutile, corresponding to absorption edges at wavelengths of 386 and 416 nm,
respectively [13,16,17,20]. Accordingly, significant light absorption and photogeneration of charge
carriers can only occur within or near the UV region, which accounts for merely 5% of the total energy
of the solar spectrum [21,22]. This limits the theoretical maximum efficiency to 1.3% for anatase and
2.2% for rutile [17]. As the performance strongly depends on the band gap, it can be enhanced by
either introducing additional electronic states into the band gap via doping and/or by depositing
a second light-absorbing material that absorbs within the visible region and acts as a photosensitizer
for titania [21,23,24]. Popular photosensitizers, that are also used in solar cells, are (metal) organic
dyes [25–30]. They are, however, often unstable under UV radiation and in the chemical environment
present during water splitting [25].

More suitable for this application are nanoparticles based on noble metals such as Au, Ag or Cu.
In these metals, light can induce a localized collective electron oscillation, a so-called “plasmon”,
near the nanoparticle surface [22,23,31,32]. The energy of this surface plasmon strongly depends
on the size, shape and dielectric constant of the nanoparticle as well as of the surrounding
medium [22,23,32,33]. By optimizing these parameters, the wavelength of the localized surface
plasmon resonance (LSPR) can be shifted to the desired range, allowing for visible or even near-infrared
light absorption [22,23,32–35]. These plasmon-induced electrons can transfer to an electron-acceptor
such as titania [24], increasing visible light-induced charge separation and enhancing the efficiency of
photoreactions. If the LSPR frequency is at or near the semiconductor band gap, the electromagnetic
field stemming from the plasmon excitation can lead to charge carrier formation in the supporting
semiconductor [36–38]. Under these conditions, the large scattering cross section of the plasmon
oscillation in noble metal nanoparticles enhances the optical pathway of the incident photons leading
to increased light absorption [39]. In addition to their function as photosensitizer, noble metal
nanoparticles can enhance the performance of the semiconductor as co-catalysts by providing
chemically active sites with low activation barriers [40], prolonging charge carrier lifetime [40], and
serve as a reservoir for electrons generated in the titania by UV light [24,41–43].

Several studies on photosensitizing titania using noble metal nanoparticles were carried out on
suspended powders [40,42,44–48]. In contrast, we deposited Au-based nanoparticles onto anatase
thin films. Compared to powdered samples, immobilizing the catalyst allows for precise control
over morphology, light absorption and catalytic behavior, and therefore for high reproducibility
of the measured photocatalytic performance [49,50]. The samples are also easier to handle, and
agglomeration of particles is not an issue. The performance typically depends greatly on the
morphology of the sample, and studying the correlation of synthesis conditions, morphology and
properties is of paramount importance. In this study, two different methods were used to deposit
metallic nanoparticles. First, gold nanoparticles were prepared by in situ photodeposition, which is
a widely established approach that works well at the laboratory scale [51]. Second, both gold and
silver/gold nanoparticles, which often show significantly increased catalytic activity compared to the
respective monometallic nanoparticles [52,53], were deposited by a radio frequency (RF) magnetron
sputtering process followed by an annealing step [54,55]. In comparison to photodeposition, physical
deposition processes such as this one can often be scaled up to an industrial scale. Care was taken that
the noble-metal loading of the two Au-TiO2 samples was comparable. The crystal structures of all
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phases were confirmed via grazing incidence X-ray diffraction, and the morphologies of the samples
were analyzed using scanning and transmission electron microscopy. As expected, both synthesis
methods resulted in considerably different particle distributions, particle size distributions and defect
structures. We further measured the UV-vis spectra and the photocatalytic evolution of hydrogen
from water using the sacrificial electron donor methanol. Methanol was chosen as past studies had
shown it to be an excellent hole scavenger, allowing us to neglect surface kinetics in the discussion and
simplifying the complex behavior of this system [56–58]. All results were correlated to each other, and
we hope that our combined findings contribute to an in-depth understanding of the interplay between
synthesis, structure, and properties.

2. Materials and Methods

Titania films were deposited onto fluorine-doped tin oxide substrates (fluorine doped tin oxide
(FTO), TCO 22-7, Solaronix, 25 × 25 mm, Aubonne, Switzerland) by a direct current (DC) reactive
magnetron sputtering process previously described by Kruth et al. [54]. The cylindrical Ti target
(Ti-133, Bekaert Advanced Coatings NV, Deinze, Belgium, 135 mm diameter, 58.5 mm length) was
sputter-cleaned in an Ar atmosphere at 8 kW for 5 min. After stabilizing the process conditions in
an O2/N2/Ar atmosphere (6 standard cm3/min (sccm) O2, 3 sccm N2, and 60 sccm Ar) at 3 Pa for
8 min, TiO2 was plasma-deposited at a magnetron power of about 5.3 kW and a magnetron voltage
of 450 V. To transform the resulting amorphous TiO2 into anatase, the samples were annealed for 1 h
at 400 ◦C with a heating rate of 10 ◦C/min in an oxygen atmosphere at a flow rate of 0.05 standard
L/min (slm).

Au and Au/Ag core-shell nanoparticles were deposited onto the titania films described above
using a RF-magnetron sputtering process previously published by Peglow et al. [55]. Au and Ag
sputtering targets (both of 3 mm thickness, two inch diameter and purity of 99.999%, MaTeck, Juelich,
Germany, were placed at respective distances of 9.5 and 5.5 cm from the substrate. Small sputtering
rates were achieved by shielding the magnetic field with a 1 mm thick iron disk (99.95%, MaTeck)
placed between the magnetron and the two targets. The deposition was performed at a magnetron
power of 50 W at a working pressure of 5 Pa in an argon atmosphere (15 sccm gas flow). After each
deposition, the samples were annealed by placing them in a quartz tube that was inserted into a tube
furnace (Zirox GmbH, Greifswald, Germany, kept at 400 ◦C by a thermal controller (Eurotherm 2416,
Limburg an der Lahn, Germany) for 30 min. The O2 atmosphere (0.05 slm) was regulated using a gas
flow controller (MKS Instruments Multi Gas Controller 647B, Andover, MA, USA). Au nanoparticles
were synthesized by depositing gold over a period of 300 s, resulting in a nominal layer thickness of
(6.6 ± 0.7) nm. Deposition was followed by an annealing step, a second, 300 s long deposition step and
a final annealing step leading to an estimated total layer thickness of (13.2 ± 1.5) nm. To obtain Au/Ag
core-shell nanoparticles, Au-deposition for 188 s resulted in a nominal layer thickness of (4.1 ± 0.5)
nm and was followed by Ag-deposition over 36 s, resulting in a nominal layer thickness of (2.5 ± 0.1)
nm, and one final annealing step.

A second series of Au nanoparticles was prepared by in situ photodeposition onto titania films
following a synthesis procedure described by Gärtner et al. [40]. The temperature of a double-walled
reaction vessel was adjusted to 25 ◦C by a thermostat. The titania film (25 × 25 mm) was inserted into
the reactor with a glass holder. Subsequently, the gold precursor (NaAuCl4·2 H2O, 3.1 mg) was added.
The whole system was evacuated and flushed with argon to remove any other gases. Then, 40 mL
freshly distilled water and 40 mL methanol were added under argon counter flow, resulting in a final
concentration of the gold precursor of about 0.1 mmol/L. The photodeposition was initiated with
a Hg-lamp (7.2 W output, Lumatec Superlite 400, Deisenhofen, Germany) equipped with a 320–500 nm
filter [40]. A swift color change from light yellow to dark red occurred, with the formed hydrogen
escaping by a bubbler. The reaction was stopped after 3 h and the sample was washed with deionized
water and ethanol prior to drying in air.
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Phase identity and average crystallite sizes were determined by grazing incidence X-ray
diffractometry (GIXRD). Diffractograms were obtained using a Bruker D8 Advance (Billerica, MA, USA)
with a Cu-Kα source. The measurement was carried out in a 2θ-range of 20◦–80◦at an incident angle
of 0.5◦, with a step width of 0.02◦ and a measurement time of 5 s per step. Crystallite sizes were
calculated from the (200) reflection of Au as well as the (200) and (101) reflections of anatase using
a combination of the Stokes–Wilson and the Variance model and fitting the correlated integral widths
by a Pearson VII function [59].

Scanning electron microscopy (SEM) was performed on a JEOL JSM 7500F (Tokyo, Japan) with
a field emission gun, a semi-in-lens conical objective lens, and a secondary electron in-lens detector.
At an acceleration voltage of 15 keV, a resolution of 1.0 nm was achieved.

A comprehensive structural analysis was carried out using a FEI Titan 80-300 transmission electron
microscope (TEM, Hillosboro, OR, USA). Bright-field (BF) and high-resolution TEM (HRTEM) images
were recorded on a Gatan UltraScan 1000 CCD (Pleasanton, CA, USA), scanning TEM (STEM) images
with a Fischione Model 3000 high angle annular dark-field (HAADF) detector (Export, PA, USA) and
energy-dispersive X-ray (EDX) spectra with an EDAX detector (Mahwah, NJ, USA). Samples were
prepared by either scratching material of the substrate and depositing it onto a TEM grid with a holey
carbon film or by preparing a cross-section according to a procedure adapted from Strecker et al.
so that the sample was prepared at room temperature [60].

The optical properties of the different samples were investigated using a PerkinElmer Lambda
UV-vis 850 spectrophotometer with a L6020322 150 mm integrating sphere and a Spectralon Reflectance
Standard (>99% R, USRS-99-020, PerkinElmer Inc., Waltham, MA, USA). The UV-vis spectra were
recorded by measuring the diffuse transmission at wavelengths from 250 nm to 850 nm. Calculation of
the absorbance A was carried out under the assumption that no reflection occurs at the sample using
Equation (1) [54,61],

A = −log10(IT/I0), (1)

where A is the absorbance in arbitrary units, IT is the measured transmission intensity in percent and
I0 is the incident light intensity, which equals 100%.

Photocatalytic hydrogen evolution experiments were performed under argon atmosphere and the
strict exclusion of oxygen using freshly distilled and degassed solvents. The sample was introduced
into a double-walled, thermostatically-controlled reaction vessel by a glass holder and aligned in
parallel to the planar optical window. This setup allowed for a reproducible experimental arrangement
and a direct illumination of the sample without blocking by the cooling water. Furthermore, a complete
irradiation of the 25 × 25 mm thin film layer was ensured. Subsequently, the photoreactor was
connected to an automatic gas burette and repeatedly evacuated and filled with argon in order to
exclude any oxygen. Then, the solvent mixture (80 mL), composed of water and methanol in a ratio of
1/1 (v/v), was added, fully covering the layer. The temperature of the whole system was maintained
at 25 ◦C by a thermostat. After stirring for at least 10 min at 300 rounds per minute to reach thermal
equilibrium, the reaction was started by switching on a Hg-lamp (Lumatec Superlite 400, Deisenhofen,
Germany) equipped with either a 320–500 nm or a 400–700 nm filter. In both cases, the light intensity
was set to 7.2 W. The amount of evolved gases was continuously monitored by the automatic gas
burette, while the gas composition was analyzed by gas chromatography. A more detailed description
of the experimental setup can be found in the literature [40].

3. Results and Discussion

3.1. Structural and Morphological Characterization

GIXR diffractograms (Figure 1a) indicate the phase identities of all samples [62–64]. Annealing
of the titania films led to crystallization of the material in the anatase modification, with an average
crystallite size of approximately 25 nm. This is in agreement with earlier results [27,54]. Monometallic
Au and bimetallic Au/Ag nanoparticles crystallize in the face-centered cubic Fm-3m symmetry
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(space group 225), with the lattice parameters of Ag and Au being too similar to differentiate between
the two phases. The (200) peaks of Au and Au/Ag did not show any overlap with those of other
phases and were used for further analysis (Figure 1b). The intensities of the (200) peaks of Au
in photodeposited and plasma-deposited Au-TiO2 are similar, indicating similar metal loading.
In contrast, a weaker peak is observed for plasma-deposited Au/Ag-TiO2, explicable by the lower
metal loading. Calculated average crystallite sizes of all three samples were comparable at around
6–7 nm, with no drop for the bimetallic sample with significantly lower metal loading. It should,
however, be considered that crystallite size calculations from XRD are limited to average values for
crystalline domains and only assume the presence of ideal, spherical crystallites.

 

Figure 1. (a) Grazing incidence X-ray (GIXR) diffractograms of the three noble metal-decorated samples
and (b) close-up of the Au/Ag (200) peaks. The intensities of the curves in (a) were shifted vertically
by constant factors, as they would overlap otherwise.

In Figure 2, electron microscopy images of the three samples are shown. Top-view images were
acquired by scanning electron microscope (SEM) (Figure 2a–c), cross-sections by HAADF-STEM
(high angle annular dark-field cross-section scanning transmission electron microscopy) (Figure 2d–f).

 

Figure 2. Top-view SEM (scanning electron microscopy) and cross-section scanning transmission
electron microscopy (STEM) images of photodeposited Au-TiO2 (a,d), plasma-deposited Au-TiO2 (b,e)
and plasma-deposited Au/Ag-TiO2 films (c,f).

The titania layer is polycrystalline, approximately 300 nm thick and composed of individual
pillars, each of them grown on top of a FTO pyramid. This microstructure is typical for ZI thin
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film growth [65,66]. The fibrous titania pillars are in the anatase modification, with 3–5 nm wide
pores elongated in the direction perpendicular to the TiO2/FTO interface. The porosity of the titania
was quantified from HAADF-STEM images. The signal intensity I in such images scales with the
mean atomic number Z raised by an exponent y (Equation (2)) [67]. As the FTO and the underlying
SiO2 substrate are compact layers, y can be calculated. This calculation, as well as those following,
were done using several hundred acquisition points for each material and working with average
values. The mean atomic number of the titania layer is given by:

ITitania

IFTO
=

(
ZTitania

ZFTO

)y
→ ZTitania= ZFTO· y

√
ITitania

IFTO
, (2)

The porosity is then equal to the ratio of the mean atomic numbers of the measured, porous and
the theoretical, compact layer and was determined as ~10%, indicating low porosity.

The photodeposited Au nanoparticles are found both on top of the columns and incorporated into
pores of the TiO2 layer. The latter indicates that some of the pores are open at the surface and can be
filled with the gold precursor solution during the photodeposition process. In contrast, RF-sputtered
Au and Au/Ag nanoparticles are found on top of the titania layer which is typical for such sputter
deposition processes. The particles located in the cavities are significantly smaller than the grains
formed on top of the columns (Figure 2). Compared to plasma-deposited Au-TiO2, approximately half
of the nominal layer thickness was deposited during the synthesis of plasma-deposited Au/Ag-TiO2

(Figure 2b,c). This reduction leads to a sparser distribution of nanoparticles of roughly the same size.
The half-as-high loading was also confirmed by EDX measurements (Table 1). The noble metal content
could be determined by calculating the mass of the TiO2 layer from the thickness and the density
and comparing it with the ratio of noble metals to Ti. In contrast to Au/Ag-TiO2, the Au-loading in
photodeposited Au-TiO2 and plasma-deposited Au-TiO2 is very similar.

Table 1. Noble metal content of the three samples.

Sample Au-Content (μg/cm2) Ag-Content (μg/cm2)

photodeposited Au 17.5 ± 3.7 -
plasma-deposited Au 19.6 ± 6.5 -

plasma-deposited Au/Ag 7.8 ± 3.4 1.4 ± 0.8

In Figure 3, the size distributions of all three samples are shown. As already mentioned,
photodeposited Au nanoparticles grew both inside and on top of the titania layer, which is reflected by
the two different log-normal size distributions used to describe the experimentally determined size
distribution. Photodeposited Au nanoparticles inside the titania layer, which account for 66% of all Au
nanoparticles, have a different size distribution than those found on top of the titania layer (Figure 3a).
However, a log-normal distribution, which has previously been applied to the size distributions of Au
nanoparticles synthesized by several, solution-based synthesis procedures, could be used to describe
both [68]. The size distribution of Au nanoparticles inside the titania is shifted towards smaller
diameters, indicating that the growth is slowed down or stopped within the pores of the TiO2 layer.

To interpret the size distributions of plasma-deposited particles (Figure 3b,c), two underlying
processes, deposition and annealing, have to be considered. Previous studies have shown that
sputter deposition produces thin films, which dewet during annealing [55,69,70]. Some of these
isolated particles then grow via a coarsening mechanism. This coarsening step is expected to
depend strongly on a low surface roughness to prevent particle pinning and facilitate particle
diffusion. We used these assumptions to split each size distribution in two by considering large
nanoparticles on top of smooth TiO2 surfaces as resulting from a coarsening mechanism. With this
assumption, the non-coarsened particles, which account for 86% in plasma-deposited Au-TiO2 and
83% in plasma-deposited Au/Ag-TiO2, can be fit very well to a log-normal distribution. Attempts to
model the other particle fraction with a size distribution failed due to their relative scarcity. Compared
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to pure plasma-deposited Au nanoparticles, the maximum of the log-normal distribution of the smaller,
non-coarsened Au/Ag nanoparticles is shifted from 4 to 10 nm (Figure 3b,c). In spite of the reduced
nominal layer thickness, the increase in size indicates that the initial deposition of Au directs their size,
and not the subsequent Ag deposition or the annealing step. This hints at the observed shift resulting
from Ag being added to a pre-existing Au nanostructure. Of course, this argument only applies to
non-coarsened, small nanoparticles.

 

Figure 3. Size distributions of the noble metal nanoparticles in (a) photodeposited Au-TiO2,
(b) plasma-deposited Au-TiO2 and (c) plasma-deposited Ag/Au-TiO2. All size distributions were split
into two sub-distributions each. As explained in the main text, “large particles” refers to particles we
believe have coarsened, “small particles” to those that have not. Please note that the frequency values
only apply to the size distribution of the whole sample, but not to the sub-distributions.

The nanoparticles can possess several different defect structures (Figure 4). The photodeposited
Au nanoparticles can be inside and outside of the titania layer, with each fraction having its own
predominant defect structure. Photodeposited nanoparticles on top of the titania are predominantly
five-fold twinned (Figure 4a), with few occurrences of other defect structures such as grain boundaries.
Such a twinning is energetically favorable for small nanoparticles and therefore very common [71–75].
In contrast, all particles observed within the titania layer were monocrystalline (Figure 4b). However,
a definite correlation of nanoparticle size and defect structure could not be concluded. The existence of
defects not inherent to the metal or of an oxide surface layer large enough to form a defined crystal
structure could be excluded from HRTEM images.

For the plasma-deposited nanoparticles, single-crystallinity, five-fold twinning, stacking faults,
and grain boundaries were observed (Figure 4d,e). As with photodeposited nanoparticles, we could
not conclude a correlation of size and defect structure, with the exception of grain boundaries,
which were very common in big nanoparticles. We tentatively ascribe these to the coarsening process.
These particles also often have little protrusions that fill nooks in the titania substrate. Once again,
other defects can be excluded from HRTEM images.

Bimetallic Au/Ag nanoparticles could potentially be alloyed or form core-shell nanoparticles [76,77].
The melting temperatures of Ag and Au decreases with the nanoparticle size, but are always high
compared to the highest temperature reached during synthesis (400 ◦C) [78–80]. Alloying therefore seems
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unlikely. In accordance, EDX maps confirmed the formation of a uniform, 2–3 nm thick Ag shell around
the Au core. As both metals crystallize in the face-centered cubic structure and their lattice parameters
differ by only 0.2%, we observe defect-free continuation of the crystal structure of Au by Ag without
any phase boundary (Figure 5c) [81]. Previous studies have shown inhomogeneous deposition of gold
and silver, and the core-shell nanoparticles presumably result from nanoparticle attachment during the
annealing treatment [82,83]. Interestingly, former experiments by one of the co-authors, in which the
Ag/Au deposition order was reversed, also yielded Au/Ag-core-shell nanoparticles [55]. The deposition
order can therefore not be the decisive factor when determining which metal becomes the core and
which the shell. Unfortunately, growth mechanism studies so far mostly focus on wet-chemical synthesis
methods and do not apply to our synthesis method [82,83]. Looking at the thermodynamics of the two
possible core-shell configurations, four different energies contribute to the total energy: those of bulk Au
and bulk Ag, the interface energy of the interface between Ag and Au, and the surface energy of the shell
material. Assuming the amount of bulk material is the same in both possible configuration, the volumes
and therefore the enthalpies associated with the interface and the two bulk phases are identical for both
and only the contribution of the surface changes when exchanging core and shell material. As the surface
energy of Au is approximately 40% higher than that of Ag, the total enthalpy is reduced by forming
a silver instead of a gold shell. We assume this to be the dominant driving force for the preferred creation
of Au/Ag core-shell nanoparticles over Ag/Au core-shell nanoparticles [84].

 

Figure 4. Representative images of different defect structures of the noble metal nanoparticles.
In (a) and (b) high-resolution TEM (HRTEM) images of the photodeposited Au nanoparticles are
shown: (a) is a five-fold twinned particle on top of the titania and (b) defect-free nanoparticles inside
the titania. (c–e) show plasma-deposited nanoparticles: (c) is representative for small, defect free
nanoparticles, (d) of those with stacking faults and (e) of those with grain boundaries.

 

Figure 5. (a) BF (Bright-field) images of a representative Au/Ag nanoparticle; (b) energy dispersive
X-ray (EDX) map of the same particle, showing an accumulation of Ag at the surface; (c) HRTEM image
of the nanoparticle surface.
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3.2. Optical Properties

Figure 6 shows the absorbance spectra of the Au, Au/Ag and pure TiO2 samples calculated from
diffuse transmission measurements using Equation (1). The strong absorbance at wavelengths shorter
than approximately 400 nm corresponds to the anatase band gap of 3.2 eV [13,16,17,20]. Throughout
the measurement range, the absorbance of the samples never reach an intensity of zero, which is
attributed to Rayleigh scattering at crystalline domains as well as pores of the TiO2 layer, with the
noble metal nanoparticles acting as additional scattering sites [85–88]. Consequently, the intensities of
this background absorption can be correlated to nanoparticle loading and distribution of the different
samples. Nanoparticle-decoration leads to stronger absorbance than pure TiO2, with photodeposited
Au-TiO2 reaching the highest background absorbance, followed by plasma deposited Au-TiO2 and
then plasma-deposited Au/Ag-TiO2. The total noble metal mass in Au/Ag-TiO2 is roughly half that of
both Au-TiO2 samples (Table 1), and it consequently absorbs less than those two. The high absorbance
of photodeposited Au-TiO2 could be attributed to the dense coverage of the titania surface (Figure 2a)
and the additional presence of nanoparticles embedded in TiO2 pores (Figure 2d).

Both plasma- and photodeposited Au-TiO2 have additional absorption bands at 550–800 nm
and 480–580 nm, respectively, caused by the excitation of localized surface plasmon resonances
(LSPR). The positions and shapes of these bands are determined by the particle shape [89], the contact
area with the titania [90], the size [91], and the size distribution [92]. An overlap of these factors
hinders the interpretation of polydispersed particle ensembles. The center of the absorption
band of photodeposited Au-TiO2 matches the LSPR frequency of 520 nm previously described for
isolated spherical gold nanoparticles [93,94]. TEM images confirm the existence of such particles
(Figure 4a), however, many irregularly shaped nanoparticles with diameters more than 100 nm are
found in top view SEM micrographs (Figure 2a). The intense band of plasma-deposited Au-TiO2,
however, is red-shifted. This could be explained by the non-spherical shape of the large Au
nanoparticles [39,94–96], plasmon-coupling [22,94,95,97,98], and/or a large contact area with the
TiO2 [97] as suggested by SEM and TEM micrographs (Figures 2 and 4). Although embedded
nanoparticles were not found in plasma-deposited samples, the particles adapt to the titania surface
(Figures 4 and 5). The band broadening could result from large nanoparticle size and/or shape
distributions. No distinct bands were observed for plasma-deposited Au/Ag-TiO2, even though
two would be expected: one stemming from the outer shell surface, and one from the Au/Ag
interface [99–101]. A possible explanation is the significantly lower metal loading than the two
Au-TiO2 samples, which should lead to weaker plasmon bands. Furthermore, the peak related to the
outer silver shell (which would be expected at around 400 nm) could overlap with the absorbance
band of the TiO2 substrate [99].

 

Figure 6. UV-vis spectra showing the absorbance of all samples.
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3.3. Catalytic Properties

The photocatalytic performance of the different layers to reduce protons to molecular hydrogen
was studied under visible light illumination (400–700 nm) and under UV-vis illumination (320–500 nm)
with methanol as a hole scavenger (Figure 7, Table 2).

All hydrogen evolution curves (Figure 7) show a strong initial increase during the first minutes,
followed by a smaller, but constant hydrogen evolution rate. The steep rise at the beginning of each
measurement is caused by an increase in pressure in the automatic gas burette due to heating of the
photoreactor upon irradiation with UV-vis light. Within an hour, thermal equilibrium is reached by
external cooling with a thermostat (25 ◦C). Therefore, the later, constant region is more representative
of the catalytic activity and the first hour of each measurement was disregarded when discussing the
curves (Figure 7) or determining the hydrogen evolution rates presented in Table 2. No further loss in
activity could be observed for up to 18 h, indicating stable operation.

Under visible light illumination, the hydrogen evolution rate was zero and no hydrogen was
measured apart from the initial rise (Figure 7). In this regime, light is absorbed in the noble
metal nanoparticles via surface plasmon resonance, and then electrons are injected into TiO2 [42,44].
Given this mechanism and the UV-vis spectra (Figure 6), which show only weak bands attributed to
plasmon formation, the weak hydrogen evolution can be explained.

Under UV illumination, only TiO2 absorbs light and the noble metal nanoparticles act as
co-catalysts (Figure 6) [40–42,44,45] by providing chemically active sites with low activation
barriers [40], prolonging charge carrier lifetime [40], and by serving as an electron reservoir [24,41–43].
Previous photocatalytic experiments under similar conditions revealed a drastic increase in H2

evolution upon deposition of noble metal nanoparticles [40–42,44,45]. This is confirmed in our
experiments, with all samples having a significantly increased hydrogen evolution rate compared to
pure TiO2.

 

Figure 7. Hydrogen evolution of all samples from a methanol/water mixture. Conditions:
80 mL MeOH/H2O (1/1, v/v), Lumatec Hg-light source equipped with a 320–500 nm filter,
7.2 W output, 25 ◦C. In addition, the H2 evolution of plasma-deposited Au-TiO2, acquired using
a 400–700 nm filter, is plotted exemplarily (dark grey). Measurements of all samples under the same
visible light illumination yielded perfectly overlapping curves and we therefore chose to present only
the measurement of the sample with the strongest localized surface plasmon resonances (LSPR) band.

Table 2. Comparison of the produced amount of hydrogen and the respective photocatalytic activities
normalized to the evolution of hydrogen per area and time.

Sample Total H2 Volume (mL) H2 evolution Rate a (μL h−1 cm−2) H2 evolution Rate b (μmol h−1 cm−2)

pure TiO2 5.0 31 1.3
photodeposited Au-TiO2 44.1 372 15.2

plasma-deposited Au-TiO2 20.0 152 6.2
plasma-deposited Ag/Au-TiO2 28.2 217 8.9

a calculated as an average over 17 h, starting after the first hour. b calculated by applying the van der Waals equation
at 25 ◦C, which yields a molar volume of 24.48 μL/μmol.
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As mentioned above, all samples onto which noble metal nanoparticles were deposited
outperform pure TiO2. The largest hydrogen evolution rate of 372 μL h−1 cm−2 was measured
for photodeposited Au-TiO2, representing a 12-fold increase. This was followed by plasma-deposited
Au/Ag-TiO2 (217 μL h−1 cm−2, 7-fold) and plasma-deposited Au-TiO2 (152 μL h−1 cm−2, 5-fold).

To interpret this order, we first consider the influence of the hole scavenger methanol.
Two reactions compete at the surface of the noble metal nanoparticle co-catalysts: the transfer of
holes to the electrolyte and the recombination with photogenerated electrons. Adding hole scavengers
leads to the transfer reaction being favored over recombination, and the latter is suppressed. Methanol
is a very efficient hole scavenger, near-perfect transfer can be assumed [56–58], and the kinetics of
surface reactions can be neglected. In contrast, light absorption plays an important role and the order
in which the samples perform is indeed closely correlated to the amount of light being absorbed in the
UV-region. Only plasma-deposited Au/Ag-TiO2 is more efficient than expected from light absorption
measurements. We attribute this behavior to a reduction of bulk recombination caused by the electric
field gradient at the Au/Ag interface, which is known to positively affect the efficiencies of catalytic
reactions [52,53].

4. Conclusions

Au nanoparticles were deposited onto a mesoporous anatase thin film using two different
deposition methods, photo- and plasma-deposition. The second method was further used to prepare
bimetallic Au/Ag nanoparticles. Both methods resulted in different particle distributions and particle
size distributions. Photodeposited nanoparticles both infiltrated the titania itself and were deposited
on top of it, with the latter group of particles being larger on average. In contrast, plasma-deposited
nanoparticles were found only at the surface of the titania.

These differences in the morphology could then be correlated to several materials properties.
Strong light absorption up to about 400 nm is due to the band gap of titania. Above 400 nm, Rayleigh
scattering at crystalline domain boundaries and pores within the TiO2 layer, as well as at noble metal
nanoparticles, leads to a strong background. Both samples with pure Au nanoparticles further show
peaks attributed to LSPR.

The light absorption properties, in turn, strongly influence the photocatalytic performance
of the hydrogen evolution reaction from a methanol/water solution under UV illumination.
In this wavelength range, Au only acts as a co-catalyst and the performance of all samples
but one, plasma-deposited Au/Ag-TiO2, was correlated to the light absorption efficiency.
The higher-than-expected performance of plasma-deposited Au/Ag-TiO2 can be explained by
an electric field gradient at the Au/Ag interface, concluding a comprehensive correlation of structure
and properties. Consequently, this study shows that a systematic investigation of the interplay
of synthesis method, structure and catalytic activity plays an important role in furthering our
understanding of such complex systems. We believe that similar studies, along with those on different
hole scavenger, surface reaction kinetics, thermal stability etc., will eventually lead to commercial
applications and thereby contribute to a sustainable energy mix.
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Abstract: The effect of surface modification using ascorbic acid as a surface modifier of nano-TiO2

heterogeneous photocatalyst was studied. The preparation of supported photocatalyst was made by a
specific paste containing ascorbic acid modified TiO2 nanoparticles used to cover Polypropylene as a
support material. The obtained heterogeneous photocatalyst was thoroughly characterized (scanning
electron microscope (SEM), RAMAN, X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), photoluminescence (PL), and Diffuse Reflectance Spectra (DRS) and successfully applied in the
visible light photodegradation of Alizarin Red S in water solutions. In particular, this new supported
TiO2 photocatalyst showed a change in the adsorption mechanism of dye with respect to that of only
TiO2 due to the surface properties. In addition, an improvement of photocatalytic performances in
the visible light photodegration was obtained, showing a strict correlation between efficiency and
energy band gap values, evidencing the favorable surface modification of TiO2 nanoparticles.

Keywords: heterogeneous photocatalysis; TiO2; ascorbic acid; surface modification; band gap energy;
Alizarin Red S

1. Introduction

In recent years, progress in industrialized society has caused serious environmental problems due,
for example, to the discharge of a wide variety of environmental contaminants from residential,
commercial, and industrial sources [1]. Azo-dyes and contaminants released from the textile
industry are mostly non-biodegradable pollutants, toxic, and also resistant to degradation using the
traditional treatment methods. For these reasons they represent an important source of environmental
contamination. Color removal from wastewater is an important issue because only small amounts
of dyes present high effects both on the color and water quality. Consequently, it is necessary to
find an effective method of wastewater treatment to remove dye pollutants and their colors from
textile effluents [2]. Nowadays, a greater challenge in the environmental field relies on the treatment
of contaminants and advanced oxidation processes (AOPs) have been considered as alternatives to
traditional water treatment technologies [1,3]. Among several AOPs, TiO2 based photocatalysis has
received huge attention as one of the most viable environmental clean-up technologies [1]; TiO2

has been considered as among the most promising materials due to its high chemical stability,
low cost, chemical inertness, commercial availability, and outstanding photocatalytic activity [4–7].
TiO2 has been extensively used in many industrially relevant processes ranging from environmental
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applications to clean energy, from paints to cosmetics and medicine [7]. The semiconductor materials
find application in medicine as a photosensitizer for photodynamic and photothermal therapy of
cancer, as well as for drug delivery [7–9]. In particular, TiO2 photocatalysis is used to destroy
hazardous compounds in water or air [2,10] through a process that require low energy, operates
at ambient conditions and is able to mineralize organic pollutants using only atmospheric oxygen
as the additional chemical species [11]. Unlike the bulk counterpart, nanosized TiO2 demonstrated
improved performance, thanks to its high surface-to-volume ratio that greatly increases the density of
active surface sites available for adsorption and catalysis. In addition, the size-dependent band gap
of nanosized semiconductors allows to adjust the redox potentials of photogenerated electron–hole
pairs to selectively control the photochemical reactions. Therefore, the reduced dimensions of the
nanocatalyst allow the photo-generated charges to reach the catalyst surface, thus reducing the
probability of undesired bulk recombination [4,12,13]. As a drawback, large bandgap semiconductors
like TiO2 (3.2 eV for Anatase) respond only to UV light, thus resulting in low efficiency for the
visible spectrum. The band gap excitation of semiconductor causes charge separation followed by the
scavenging of electrons and holes by surface adsorbed species [14]. Visible-light-driven photocatalytic
processes can thus be realized by doping TiO2 with non-metal [15–18], noble metal [19–21] or reduced
and defect TiO2 engineering [22] etc., which represent different methods widely employed to narrow
the wide band gap of TiO2. By controlling the surface treatment and medium conditions, it is possible
to fine-tune photocatalytic properties of TiO2 to desired applications [14]. It is also well-known that,
due to large curvature, TiO2 particles with sizes smaller than 20 nm have under-coordinated surface
structure with square pyramidal geometry instead of an octahedral one [7,23]. Therefore, Ti atoms
surface are very reactive, leading to the formation of charge transfer (CT) complexes with a red
absorption shift, due to their binding with electron-donating ligands. The visible light activation of
TiO2 has been observed upon the surface modification of colloidal TiO2 with L (+)-Ascorbic Acid
(AA) [2,24,25]. AA, known as Vitamin C, is an important natural compound in the biology and
chemistry fields, and particular interest is tuned towards its complex with metals. Complexes of AA
with titanium (IV) should be relative strong and not prone to the metal catalyzed ligand oxidation that
renders many metal ascorbate complexes so reactive [26]. The surface modifiers tend to enhance the
surface coverage of the pollutant molecules on TiO2, inhibit the recombination process by separating
the charge pairs, and extend the wavelength response [24]. It was found that compounds such as AA
modify the surface of particles through the formation of π-π donor-acceptor complexes [2,24,27,28].

Our previous studies regarded the preparation of Polypropylene (PP) coated with only TiO2, TiO2

in combination with graphene and with gold nanoparticles and their application in the visible light
photodegradation of Alizarin Red S (1,2-dihydroxy-9,10-anthraquinonesulfonic acid sodium salt or
ARS) obtaining highly efficient dye degradation with an easy separation of the photocatalyst from the
solution [29–32]. ARS is a widely used synthetic water soluble dye considered a refractory pollutant
because of the difficulty in removing it through general treatments [29–32].

In this study, we want to continue our efforts regarding the extension of TiO2 light absorption
into the visible range. For this purpose, AA modified TiO2 NPs supported on PP were prepared
and investigated for the first time as visible light photocatalysts in water. We focused on three main
points: first in the establishing a procedure for the preparation of specific new paste of AA modified
TiO2 nanoparticles (NPs), second, to use this to obtain supported photocatalyst of defined qualities
and third, to demonstrate the increasing photocatalytic ability in the degradation of ARS as target
pollutants under visible light irradiation. This new photocatalyst showed a change in the adsorption
mechanism with respect to that of pure TiO2 NPs and an improvement of the photocatalytic efficiency.
The main advantages of the present approach were the easy preparation of the photocatalyst together
with the use of the green compound AA. A comprehensive and in-depth characterization of the
obtained photocatalyst permitted us to understand the reasons and types of surface modifications and
the correlation between all the results.
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2. Materials and Methods

2.1. Photocatalyst Preparation

Different types of new modified TiO2 pastes, named [AA-TiO2]A were prepared by the addition
of 6 g of Titanium (IV) dioxide Anatase nano-powdered (<25 nm), into 10 mL of distilled water
containing different amounts of AA from 0.5 to 3.4 wt %, acetyl acetone 10% v/v and few drops
of Triton X-100 with continuous grinding for 3 min. All the used chemicals were Sigma Aldrich
products (Sigma Aldrich, St. Louis, MO, USA). Five different heterogeneous photocatalysts, named
[PP@AA-TiO2]A, and containing different amount wt % of AA were prepared through the dip-coating
technique on 20 cm2 surface of Polypropylene (PP) strips (3 M 2500 material). After the preparation,
the photocatalyst was thermally dried in the oven at 110 ◦C.

2.2. Photocatalyst Characterization

A morphological study on the modified [AA-TiO2]A and pure [TiO2]A photocatalyst was made
using Field Emission Scanning Electron Microscopy (FE-SEM, Sigma Family, Zeiss, Oberkochen,
Germany) operated at 5–7 KV. All samples have been carefully prepared by removing the TiO2 paste
from the plastic support material without a change of its properties. Then the obtained powder
was deposited on aluminum stabs using self-adhesive carbon conductive tabs. The samples were
sputtered with chromium (5 nm) by Quorum QT150 (Quorum, Laughton, UK) to prevent charging
during the analysis. To study the structural variations of two compounds, pure [TiO2]A and modified
[AA-TiO2]A were removed from the PP support and characterized by using the X-ray diffraction (XRD)
technique. A customized horizontal Debye-Scherrer diffractometer was used for XRD measurements;
this instrument is equipped with an INEL CPS 180 (INEL, Artenay, France) curved position sensitive
detector in order to reduce drastically the acquisition time for each pattern. In order to optimize
the efficiency this detector is filled with a Kr/CO2 gas mixture while, the absence of moving parts
eliminates the need for mechanical scanning devices such as complex scanning goniometers used in
conventional XRD instruments. A Mo K-alpha (lambda = 0.7093 Å) X-ray source is used generated
by a Philips sealed X-ray tube and monochromatized through a graphite crystal along the 002 plane.
The samples were positioned on the beam into glass capillaries (diameter 100 microns).

X-ray photoelectron spectroscopy (XPS) analysis has been obtained by means of an
unmonochromatized X-ray source (Al Kα) and CLAM IV hemispherical spectrometer (VG Scientific
Ltd., East Grinstead, UK) a constant passing energy (50 eV) for an overall lower than 1 eV half width at
half-maximum (HWHM). The Raman analysis was performed using a micro-Raman spectrometer iHR320
(Horiba, Kyoto, Japan) in which the photocatalysts were excited with a green laser emitting at λ = 532 nm,
at room temperature and the objective outlet was 100×. The photoluminescence (PL) measurements were
achieved using a Perkin Elmer LS 45 luminescence spectrometer (Perkin Elmer, Waltham, MA, USA)
equipped with a pulsed Xe flash lamp and, in particular, the PL spectra were collected at room temperature
using an excitation wavelength of 290 nm in the range from 300–900 nm. The Diffuse Reflectance Spectra
(DRS) were collected using an UV-Vis Spectrometer Lambda35 (Perkin Elmer, Waltham, MA, USA) with
an integration sphere (P/N C6951014) in a range of wavelength from 200–1100 nm.

2.3. Adsorption and Photodegradation Processes

The adsorption isotherms of [PP@AA-TiO2]A in the ARS adsorption under dark condition were
analyzed by using four different concentration of ARS from 2.92 × 10−5 to 7.30 × 10−5 mol L−1.

The photocatalytic performance of [PP@AA-TiO2]A photocatalyst was evaluated in the
degradation of ARS 5.843 × 10−5 mol L−1 by using nine equal strips of [PP@AA-TiO2]A inserted
in a typical thermostated photoreactor system [29] connected with Cary 8454 Diode Array System
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) with a continuous flux quartz cuvette
(178.710-QS, light path 10 mm, Hellma Analytics, Müllheim, Germany) allowing a real-time analysis;
the photoreactor was irradiated with visible light by using a tubular lamp (100 W, 1800 Lumen,
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LYVIA, (Arteleta International S.p.A., Milano, Italy); the spectral features are reported in Figure S1.
All the spectrophotometric data were collected monitoring the decrease of ARS absorbance at fixed
wavelength of 424 nm. The adsorption kinetics was evaluated in the same way under dark conditions.

3. Results and Discussion

3.1. Morphological and Structure Characterization

The overall procedure of the photocatalyst is schematically presented in Figure 1 where the
addition of AA in the TiO2 pastes preparation, give the formation of yellow-brown color paste of
[AA-TiO2]A at pH equal to 5 with an increase color intensity as a function of AA amount wt %.

 

Figure 1. Schematic representation of the operative steps for the preparation of the new modified
heterogeneous [PP@AA-TiO2]A photocatalyst and photograph of [PP@AA-TiO2]A prepared with two
different AA amount wt %.

SEM analysis was performed on the photocatalyst removed from the PP support; Figure 2 shows
the SEM micrographs of pure [TiO2]A and modified [AA-TiO2]A samples at the same magnification
revealing that the presence of AA as a surface modifier changes the morphological aspect of
[AA-TiO2]A photocatalyst.

Figure 2. Scanning electron microscope (SEM) micrographs of (a) pure [TiO2]A; (b) modified
[AA-TiO2]A containing 2.5 wt % of AA.

In particular, the images reveal that the particle sizes change as a consequence of the addition of
AA to TiO2 from around 55 nm for the pure [TiO2]A photocatalyst (Figure 2a) to around 80 nm for the
modified [AA-TiO2]A (Figure 2b).
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To investigate the effect of AA as a surface modifier, the structural features of pure [TiO2]A were
characterized by XRD measurements and compared to that of [AA-TiO2]A samples. Figure 3a showed
the diffraction patterns of pure [TiO2]A (black circle) and the modified [AA-TiO2]A samples containing
2.5 wt % of AA (blue circle), the unit cell refinement (red and green lines), and the theoretical pattern
of TiO2-anatase (orange line). From the analysis of these spectra, it is clearly visible that both samples
exhibited a series of well-defined diffraction peaks attributable to the Anatase TiO2 crystal structure
and no extra peaks have been observed in the XRD patterns. The values for the structural parameters
of the cells obtained by the data refinement are shown in the Table 1. We found a close agreement
between TiO2 [33] and [TiO2]A values, while there is evidence of a parameter cell expansion of the
[AA-TiO2]A especially along the c-axis: this effect is clearly visible in Figure 3b where the data, in
the range of 20–23 deg, show the shift of the 004 reflection directly connected with the vertical axis.
It is known that the pH has an important role on the change of average crystallite size and the results
obtained at about five pH derive from an increase of the average crystallite size as a consequence of
the tensile strain [33]. The obtained results may be attributed to the lattice expansion with consequent
incorporation of AA inside the crystalline lattice of the semiconductor material.

 

Figure 3. X-ray diffraction (XRD) patterns of (a) [TiO2]A and [AA-TiO2]A containing 2.5 wt % of AA;
(b) Magnification of the 004 peak in the range in the range 20.5–23.0 deg.

Table 1. Parameter cell values for TiO2 [33], [TiO2]A and [AA-TiO2]A.

Sample a (Å) c (Å)

TiO2 [33] 3.785 9.514
[TiO2]A 3.787 9.526

[AA-TiO2]A 3.808 9.565

The high resolution XPS spectra shown in Figure 4 for commercial Anatase, pure [TiO2]A paste
and modified [AA-TiO2]A samples were realized in order to analyze the surface modification due to
the presence of AA through the formation of the bidentate binuclear binding-bridging of AA-TiO2.
All the obtained spectra were calibrated to the C 1s electron peak at 284.6 eV. Figure 4a,b show the
peaks deconvolution of XPS spectra for Ti 2p and O 1s respectively. In Figure 4a (top), for commercial
Anatase, two binding energy peaks at 458 and 463.5 eV are observed and are assigned to the Ti4+ 2p3/2
and 2p1/2 core levels, respectively [34–37]. Figure 4a (in the middle) for the pure [TiO2]A heterogeneous
photocatalyst shows additional strong peaks at 456.2 and 461.6 eV that are attributed to the Ti3+ 2p3/2
and 2p1/2 respectively formed on the TiO2 surface [38]. These peaks derived from a change of the TiO2

surface because of the paste preparation, in which the presence of water and acetylacetone obtain a
partial complexation of monomeric Ti precursor [39] and the concomitant presence of Ti–OH. Figure 4a
(bottom) shows strong binding energy peaks at 458.4 and 464 eV that are ascribed to the 2p3/2 and 2p1/2
core levels of Ti4+ and assigned to the chemical interaction between TiO2 and AA molecules [34–37].
The O 1s spectrum of commercial Anatase showed in Figure 4b (top) present two binding energy peaks
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at 528.6 and 532.1 eV that are attributed to Ti–O bond of lattice oxygen of TiO2 and non-lattice oxygen
respectively as the Ti–OH terminal groups [40,41]. The pure [TiO2]A sample is shown in Figure 4 (b, in
the middle) in which two binding energy peaks at 531.2 and 533.6 eV are visible due to the presence
of the OH group with oxygen at the bridging oxygen site (Ti-OHb) [42] and to the physiosorbed H2O
which is present as a consequence of the influence of water molecules on the sample surface due to
the paste preparation [41,42]. Figure 4b (bottom) for the modified [AA-TiO2]A sample shows strong
binding energy peaks at 529.8 and 532.4 eV that are assigned to the Ti–O surface bulk oxide lattice of
TiO2 and OH as a terminal group with oxygen attached to the five-coordinated Ti4+ with an O–Ti4+

covalent bond [42] or C–OH due to the interaction of TiO2 with the AA [43]. It is known that almost 40%
of the TiO2 surface consist of Ti atoms with incomplete coordination [24] that are four-fold coordinated
to oxygen with two unfilled orbitals; consequently, they can accept two lone pair from electron donors
to complete the octahedral coordination. The most possible conformation that leads to chelate ring
structure that also offers higher stability derived by AA binding as a bidentate ligand through the
two ene-diolate oxygen atoms with the function of the electron donor [27]. The five member AA ring
structure is favorable for the Ti surface atoms, showing little distortion of bond angles and distances,
while no evidence shows the involvement of glycolic side chain in the complex formation [27].

 
(a) Ti 2p                            (b) O 1s 

Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of commercial Anatase (top), pure [TiO2]A (in
the middle) and modified [AA-TiO2]A (bottom) containing 2.5 wt % of AA for (a) Ti 2p and (b) for O 1s.

Raman spectra collected at room temperature did not show significant change with respect to
the same in the absence of AA (Figure S2), the Raman active modes typical of TiO2 anatase remain
unchanged, only a broadened band at 2800 cm−1 is detected that can be attributed to the fluorescence
of AA. These results are in accordance also with the same sample modified by AuNPs, evidencing that
AA not influences the crystallinity, crystallite size, and defects of TiO2 [32].
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PL spectra (Figure 5) for pure [TiO2]A and modified [AA-TiO2]A sample with AA amount of
2.5 wt %, were also achieved in order to monitor the electron-hole pair recombination in response to
the photon irradiation occurring on TiO2 surface mediated by the presence of AA as a surface modifier.

The PL spectra shows the peaks attributed to TiO2 [32], which decrease in intensity in the case
of modified [AA-TiO2]A, indicated that the recombination process has been suppressed, resulting in
higher photocatalytic activity. A de-convoluted PL emission spectra of both samples were reported in
Figure S3a,b respectively.

 

 

 

 

 

 

 

Figure 5. Photoluminescence (PL) spectra of [TiO2]A (black line) and [AA-TiO2]A with AA amount of
2.5 wt % (red line) excited at 290 nm in the wavelength range of 300–900 nm.

3.2. Optical Characterization

Figure 6a shows the UV-Vis spectral change due to different AA amounts wt % of [PP@AA-TiO2]A

photocatalysts, demonstrating an increase in the absorption in the range of 370–570 nm. The appearance
of a yellow-brown color on the modified [AA-TiO2]A paste can be explained as a result of an intense
ligand to metal charge transfer (LMCT) transition [27]; this is also clearly evidenced in the DRS spectra
reported in Figure 6b that shows the change of optical properties of modified [PP@AA-TiO2]A as a
function of the AA amount.
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Figure 6. (a) UV-Vis Light Diffuse Reflectance spectra (DRS); (b) DRS spectra; (c) Eg values, calculated with
Kubelka–Munk method of [PP@AA-TiO2]A photocatalysts containing different AA from 0 to 3.4 wt %.

The DRS spectrum of pure [PP@TiO2]A presents a sharp adsorption edge around 390 nm attributed
to the electron’s excitation from the VB to CB (band gap 3.2 for Anatase [27] while AA does not absorb
any light above 300 nm [27]). Generally, activated samples show a shift of absorption peak in the
visible part of spectrum and, in particular, contain an extended absorption edge above 400 nm and
a broad absorption peak between 550 and 900 nm [44]. The formation of a TiIV-AA surface complex
results from a change of the absorption threshold [27] of the modified [PP@AA-TiO2]A photocatalyst
that shifted towards the visible part of the spectrum. In fact, in this case, the modified sample presents
a long tail extending up to ca. 600 nm as a consequence of the charge transfer complex formation
between TiIV atoms. AA introduces electronic states that are spread across the band gap, resulting in a
diffused absorption spectrum [24]. These results confirm the formation of the AA-TiO2 charge-transfer
complex into TiO2 paste that could narrow the energy band gap (Eg) of the modified [PP@AA-TiO2]A

photocatalyst. Eg values of pure and modified samples were calculated by applying the Kubelka-Munk
method [32] by the linear fit of the curves of Figure 6c, where F represents the Kubelka-Munk function,
obtaining the respective values (Table 2) by the intercept in the x-axis.

The results of Table 2 clearly show that the surface modification with AA positively influences the
Eg, improving the photocatalytic activity. In fact, the Eg value is around 3.15 eV for [PP@TiO2]A [32],
while the minimum Eg value of 2.87 eV is obtained for [PP@AA-TiO2]A in the presence of AA 2.5 wt %.

Table 2. Eg , kads and kphoto values for [PP@AA-TiO2]A containing different AA wt %.

AA wt % Eg 102 kads (min−1) 102 kphoto (min−1)

0 3.15 3.75 1.99
0.5 3.05 3.55 3.50
1 3.01 3.47 3.72

1.5 2.92 3.46 4.04
2.5 2.87 3.18 4.15
3.4 2.94 3.09 3.85

3.3. Equilibrium and Kinetic Studies of ARS Adsorption

In order to study the presence of surface modifiers and how they influence ARS adsorption
on [PP@AA-TiO2]A photocatalyst, the adsorption data has been analyzed by the application of the
adsorption isotherm models of Freundlich and Langmuir [29]. While ARS adsorption on [PP@TiO2]A

photocatalyst occurred according to the Freundlich isotherm model [29], instead the results obtained
with [PP@AA-TiO2]A (Figure 7) showed that the dye adsorption fitted well the Langmuir isotherm
model Ce/Qe = 1/KL + aLCe/KL, where Ce is the ARS solution concentration (mol L−1), Qe is the
adsorbed ARS amount at equilibrium (mol L−1). The results showed Langmuir constants KL and
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aL of 8.16 and 1.24 × 105, respectively, a theoretical saturation capacity of the TiO2 surface Q0 of
6.56 × 10−5 indicating therefore a change in the adsorption mechanism due to the presence of AA.
[PP@AA-TiO2]A permitted therefore the adsorption of AA molecules in monolayer mode and with the
same adsorption energy.

Figure 7. Langmuir isotherm graph for ARS adsorption on [PP@AA-TiO2]A.

3.4. Visible Light Photoactivity of [PP@AA-TiO2]A

ARS adsorption under dark condition and photodegradation under visible light were monitored
by the decrease of the ARS absorption spectra at 424 nm in acidic conditions.

As reported in Figure 8a, the adsorption of ARS on the modified [PP@AA-TiO2]A photocatalyst
follows a pseudo first order kinetic in which the adsorption kinetic constant kads is expressed by the
equation ln[(qe − qt)]/qe = kadst, where qt and qe are the amount of adsorbed dye at time t and its
equilibrium concentration, respectively [29–32].

In addition, in the presence of [PP@AA-TiO2]A the photodegradation rate becomes proportional
to the ARS concentration during time, in accordance with zero order kinetic, [ARS]t = −kphotot [45],
where kphoto is the photodegradation kinetic constant, while [ARS]t is ARS concentration at time
t. In particular, in this case, the simultaneous presence of two components as AA and ARS onto
TiO2, influenced the kinetic order of the photodegradation process with respect to that of first-order
kinetics with only TiO2, probably due to AA distribution on the TiO2 surface. Table 2 reports the
results obtained for kads and kphoto values relative to the process of ARS 5.84 × 10−5 mol L−1 on
[PP@AA-TiO2]A prepared with different AA wt %, while in Figure 8 shows the linear graphs about the
kinetics of adsorption (Figure 8a) and photodegradation (Figure 8b).

According to Table 2, as shown in Figure 8c, a correlation among the kads and the AA amount
used for the preparation of the modified photocatalyst is observed demonstrating that by increasing
the concentration of AA in the TiO2 paste, a decrease of the kads was found. In addition, an increase
of the concentration of AA, corresponds to a decrease of Eg and an increase of kphoto until the sample
with AA concentration of 2.5 wt % after which both show a reverse trend (Figure 8d).
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(a)                                         (b) 

 (c)                                         (d) 

Figure 8. (a) Pseudo first order adsorption kinetic; (b) zero order photodegradation kinetic by using
[PP@AA-TiO2]A containing 2.5 wt %; (c) correlation between kads and AA wt %; (d) correlations
between the kphoto and Eg vs. AA wt %.

In Figure 9 is reported the ARS photodegradation time for different [PP@AA-TiO2]A, [PP@-TiO2]A

photocatalysts, and without photocatalyst under visible light, these results show the positive effects of
the presence of AA; in particular the best condition is obtained with AA 2.5 wt %.

Figure 9. ARS photodegradation versus time for [PP@-TiO2]A, different [PP@AA-TiO2]A photocatalysts
and without photocatalyst under visible light.
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The mechanism of the photocatalytic process under visible light of the modified [PP@AA-TiO2]A

photocatalyst can be resumed as reported in Figure 10. When [PP@AA-TiO2]A is irradiated by visible
light, an electron transfer from the AA to CB semiconductor occurred and superoxide molecular ions
are formed by the presence of molecular oxygen. Then, the formed radicals drive the photocatalytic
degradation of ARS adsorbed on a modified photocatalyst [46].

Figure 10. Mechanism of photocatalytic process by using [PP@AA-TiO2]A for the degradation of
ARS solution.

4. Conclusions

A [PP@AA-TiO2]A yellow-brown photocatalyst with high visible-light photocatalytic activity in
the ARS dye degradation was successfully and for the first time realized by cover PP material with a
specific TiO2 paste modified with AA.

The new modified photocatalyst has been widely characterized by using SEM, XRD, XPS, PL and
Raman techniques. SEM images reveal that the particle sizes changed as a consequence of the addition
of AA to TiO2, XRD measurements demonstrate a lattice expansion with consequent incorporation
of AA inside the crystalline lattice of TiO2 material, while XPS measurements showed a superficial
change of Ti oxidation state that change from Ti(III) to Ti(IV).

In addition, due to the interaction of AA with TiO2, a lower PL emission intensity has been
obtained, demonstrating a lower charge recombination that enhances the photo-produced electron
transition to AA with an improved electron-hole separation.

The experimentally calculated Eg values, by using [PP@AA-TiO2]A photocatalysts, decreased
with the increase of surface modifier concentration according to the increase of performances. The best
Eg value of 2.87 eV obtained with 2.5 wt % of AA corresponds to a kphoto of 0.0415. The obtained results
have demonstrated that this new photocatalyst has proved to be 2.08 times more effective of only TiO2

prepared in absence of AA.
In addition, a change in the adsorption mechanism with respect to that of pure [PP@TiO2]A has

been observed, while kinetic studies on the photocatalytic performance of [PP@AA-TiO2]A in the
visible light photodegradation of ARS showed an improvement of the photocatalytic efficiency that is
strictly correlated with Eg values.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/8/599/s1,
Figure S1: Raman spectra of [PP@TiO2]A and [PP@AA-TiO2]A containing 2.5 wt % of AA. Figure S2. Raman
spectra of [PP@TiO2]A and [PP@AA-TiO2]A containing 2.5 wt % of AA. Figure S3. Gaussian fitted PL spectra of
[TiO2]A (a) and [AA-TiO2]A (b), dotted line: fitting of deconvolution study.
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Abstract: This work highlights the importance of the hydrophilicity of a catalyst’s active sites on
an oxygen reduction reaction (ORR) through an electrochemical and physico-chemical study on
catalysts based on nitrogen-modified carbon doped with different metals (Fe, Cu, and a mixture
of them). BET, X-ray Powder Diffraction (XRPD), micro-Raman, X-ray Photoelectron Spectroscopy
(XPS), Scanning Electron Microscopy (SEM), Scanning Transmission Electron Microscopy (STEM),
and hydrophilicity measurements were performed. All synthesized catalysts are characterized not
only by a porous structure, with the porosity distribution centered in the mesoporosity range,
but also by the presence of carbon nanostructures. In iron-doped materials, these nanostructures are
bamboo-like structures typical of nitrogen carbon nanotubes, which are better organized, in a larger
amount, and longer than those in the copper-doped material. Electrochemical ORR results highlight
that the presence of iron and nitrogen carbon nanotubes is beneficial to the electroactivity of these
materials, but also that the hydrophilicity of the active site is an important parameter affecting
electrocatalytic properties. The most active material contains a mixture of Fe and Cu.

Keywords: oxygen reduction reaction; Pt-free catalysts; CNT N-doped carbons; active site hydrophilicity

1. Introduction

An oxygen reduction reaction (ORR) is a fundamental step in many electrochemical applications,
e.g., fuel cells and zinc/air batteries. Being kinetically hindered, an ORR requires efficient catalysts
typically based on Platinum Group Metals [1–3]. These materials, though very efficient, present
some drawbacks, such as costs, availability, and technological problems. Finding cheaper substitutes
with similar or better electrocatalytic properties and stability is a challenge for the scientific
community [4–17]. Effective candidates are based on metal–nitrogen–carbon catalysts, in which
the metal is usually iron or cobalt [4–11]. Many studies have been devoted to highlighting the complex
nature and chemical environment of catalytic sites [12,13,18]. Principal results show that several
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types of active sites are present on the catalyst surface [14], and that iron coordination complexes
with nitrogen promote ORRs to water [15]. Moreover, all these active centers are embedded in
graphene planes [19]. Recently, by using N-doped carbon catalysts with supported and not embedded
metal centers with different natures, specific surface areas, types, and amounts of surface nitrogen,
it has been proposed that the hydrophilicity of the catalyst support has an important role on ORR
activity [20]. In fact, a high hydrophilicity allows for a high dispersion of metal-containing active
sites and a better accessibility of oxygen to catalytic centers [20]. However, a recent work has shown
that, for nanoporous nitrogen-doped carbons, the adsorption of water molecules depends on the local
density of nitrogen atoms rather than their nature [21]. Therefore, the simultaneous use of different
hydrophilic supports, nitrogen amounts, and specific surface areas [20] could lead to cumulative
effects, masking the importance of hydrophilicity either of the supporting carbon, as stated in [20],
or of the active centers.

The aim of this work is to demonstrate the importance of the hydrophilicity of the active sites for
ORRs. For this purpose, an electrochemical and physico-chemical study was carried out on catalysts
based on nitrogen-modified carbon doped with different metals (Fe, Cu, and a mixture of them),
having a comparable specific surface area and amount of nitrogen to avoid hiding cumulative effects.

The studied catalysts were synthesized by thermal decomposition of a mixture of a sugar,
guanidine acetate, metal salts, and silica as templating agent. In the following, catalysts containing Fe,
Cu, and Fe–Cu will be respectively labelled S_GA_Fe, S_GA_Cu, and S_GA_FeCu, whereas S_GA will
indicate a metal-free (reference) sample.

2. Materials and Methods

2.1. Catalyst Preparation

All chemicals/solvents were purchased from Sigma Aldrich (Milano, Italy) and used as received
without further purification. Gelling sugar (Südzucher AG, Mannheim, Germany) was purchased in
a market (sucrose:pectin = 98%:2%, from NMR). A Pt-based commercial catalyst (EC20, 20% Pt/carbon)
was tested and used as a reference material.

In the synthesis, gelling sugar (3 g), guanidine acetate (2 g), and metal (Me) acetate (1 wt.%
total metal ion calculated on the total mass of sugar and guanidine acetate, Me = Fe, Cu,
or a Fe:Cu = 0.5 wt.%:0.5 wt.% mixture) were added to silica powder (4.3 g) and mixed. This mixture
underwent a first heating step (T = 600 ◦C, 1 h, N2 flow rate = 100 cm3 min−1) followed by lixiviation
in boiling NaOH (3 mol dm−3) to remove silica. After washing, the carbon was dried (T = 110 ◦C, 24 h,
N2) and, finally, pyrolysed (T = 900 ◦C, 3 h, N2 flow rate = 100 cm3 min−1) to activate catalytic sites.

2.2. Physical Characterizations

Specific surface area and porosity distribution were obtained from N2 adsorption/desorption
isotherms at 77 K using a Micromeritics Tristar II 3020 (Micromeritics, Milano, Italy) apparatus
and the instrumental software (Version 1.03) and applying Brunauer–Emmett–Teller (BET) and
Barrett–Joyner–Halenda analyses, respectively. Prior to measuring, sample powders were heat-treated
(T = 150 ◦C, 4 h, N2) to remove adsorbed foreign species.

Micro-Raman spectra were recorded in air at room temperature using a NTEGRA-Spectra
SPM spectrometer (NT-MDT, Moscow, Russia) (350 mm monochromator, MS3504i, ANDOR Idus
CCD cooled at T = −60 ◦C). Raman scattering was excited by a thermo-cooled solid-state laser
(λ = 532 nm; 2.33 eV). The scattered light from the sample was collected using a 100x (0.75 Numerical
Aperture) Mitutoyo objective. Spectra acquired from different random positions on each specimen
were averaged to have a reliable picture of the sample bulk. The average spectra were analyzed by
using a commercially available software package [22] to assess the graphitization degree of samples.

X-ray Photoelectron Spectroscopy (XPS) analyses were run on a PHI 5000 Versa Probe II Scanning
XPS Microprobe spectrometer (ULVAC-PHI Inc., Kanagawa, Japan). Measurements were done with
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a monochromatic Al Kα source (X-ray spot 100 μm) at a power of 24.8 W. Wide scans and detailed
spectra were acquired in Fixed Analyzer Transmission (FAT) mode with a pass energy of 117.40 eV and
29.35 eV, respectively. An electron gun was used for charge compensation (1.0 V 20.0 μA). Data processing
was performed by using the MultiPak software v. 9.5.0.8 (ULVAC-PHI Inc., Kanagawa, Japan).

X-ray Powder Diffraction (XRPD) patterns were collected at room temperature at the ID22
beamline of the ESRF with a wavelength λ = 0.399946(4) Å up to 2θ = 40◦ and a ~0.5 h/pattern
counting time. Data recorded continuously have been then merged using different step sizes spanning
from Δ2θ = 0.005◦ to 0.050◦ to highlight different features in the patterns. Patterns merged with the
former step size were analyzed via the Rietveld method using the General Structure Analysis System
(GSAS) suite of the program [23].

Scanning Electron Microscopy (SEM) observations were carried out using a Leo 1430 SEM
(Zeiss, Oberkochen, Germany).

Scanning Transmission Electron Microscopy (STEM) measurements were performed by using
a Zeiss Supra 40 Field Emission Scanning Electron Microscope (FE-SEM) (Zeiss, Oberkochen, Germany)
working in high vacuum conditions and equipped with the GEMINI column.

Wettability features of carbons were evaluated by a Krüss Easy Drop instrument (Krüss, Hamburg,
Germany) using a water drop (V = 7 μL) gently placed on the surface of the samples compacted as a flat
layer. By taking into account the complexity of the system and the relationship between the wetting
properties and the physico-chemical features of the materials (the size of particles, the roughness of
the samples, and their intrinsic surface free energy and packing degree) only the time necessary to
achieve complete spreading was measured [20].

Electrochemical characterization was performed in 0.1 mol dm−3 KOH by the Thin Film Rotating
Disk Electrode method using Cyclic Voltammetry (CV) as in [16]. ORR onset potential was evaluated
at j = 1 mA cm−2 and the number of exchanged electrons was determined as described in Ref. [16].

The stability of materials was evaluated by comparing CV curves at 1600 rpm in O2 at the
beginning and at the end of electrochemical measurements (results not reported). In all cases,
the stability was good.

3. Results and Discussion

Figure 1 shows experimental BET adsorption isotherms. All the samples exhibit a type IV
isotherm with a H3-type hysteresis loop [24] characteristic of mesoporous materials and attributable to
a non-fixed aggregation of plate-like particles giving rise to slit-shaped pores [25].

Figure 1. Adsorption and desorption nitrogen isotherms for (A) S_GA; (B) S_GA_Cu; (C) S_GA_Fe;
and (D) S_GA_FeCu.
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The specific surface area (Table 1) of samples is between ~520 and 600 m2 g−1 without important
differences among metal-doped samples (~560–600 m2 g−1, with a difference of 7%). A high
mesoporosity (~55%), centered between 2 and 5 nm, characterizes all these materials (Table 1 and
Figure S1). ORRs benefit from this pore range, since it favors the diffusion of reactants/products
to/from active centers [26–28].

Table 1. Specific Surface Area (SSA) and Pore Area Distribution.

Sample Name SSA/m2 g−1 Pores% d < 2 nm Pores% 2 < d < 5 nm Pores% 5 < d < 20 nm Pores% d > 20 nm

S_GA 523 7.2 53.7 34.5 4.6
S_GA_Cu 556 3.9 56.3 35.6 4.2
S_GA_Fe 598 5.7 56.9 33.2 4.2

S_GA_FeCu 602 5.0 54.7 35.7 4.6

d = Pore diameter.

The influence of a metal precursor on the crystalline arrangement of the carbon phase in the
catalysts was investigated by means of micro-Raman spectroscopy. Regardless of the presence and
type of the metal, these materials exhibit the Raman profile peculiar to highly disordered graphitic
carbons (Figure 2). Two very intense bands peaking at ~1360 cm−1 and ~1590 cm−1 dominate the lower
frequency region (<2000 cm−1) of the spectra. The band peaking at ~1360 cm−1 (D-band) is associated
with the in-plane breathing mode of the C hexagonal rings [29]; the band peaking at ~1590 cm−1

(G-band) originates from the stretching of C=C pairs [29]. Moreover, a weaker and broader featureless
second-order structure, typical of highly disordered carbon nanostructures, is detected at ~2700 cm−1.

Since the D-band is generated by finite size effects and by lattice defects breaking the translational
symmetry of graphitic layers [29], while the G-band is the fingerprint of the graphitic crystalline
arrangement, the G/D integrated intensity ratio (IG/ID) is commonly regarded as a graphitization
index [30] (the higher its value, the higher the graphitization degree of the sample).

Figure 2. Micro-Raman spectra of the investigated catalysts (the average size of the graphitic crystallites
(LC), estimated from the G/D intensity ratio [31] is reported). Inset: comparison of the D- and G-band
regions of the spectra.
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No evident difference is observed in the lower frequency region of the spectra (inset of
Figure 2) [22,29,30], but a slight D-band shrinking in the spectrum of S_GA_FeCu was observed.
This hints at a little influence of both the presence and type of the metal on the crystalline arrangement
of the carbon phase. The results of spectra decomposition, reported in detail in the Supplementary
Material (Figure S2, Table S1), show that the highest graphitization degree (i.e., the greatest IG/ID
value, 0.55 against 0.43–0.44) pertains to S_GA_FeCu. In this sample, the D-band is narrower than in
the other metal-containing catalysts (183 against 211−215 cm−1) and the average size of the graphitic
crystallites, estimated from the relationship proposed by Cançado et al. [31] for nanographites, is larger
(10.4 against 8.3 nm).

The results of XRPD analysis (Figure 3) fully agree with this picture. Despite the presence of
different metals, all samples show broad signals at ~6.5, 11.1◦, 13.3◦, and 19.3◦ related to disordered
graphitic carbon [16]. To highlight these peaks, in this figure patterns with a Δ2θ = 0.050◦ step size are
shown with the corresponding Miller (hkl) indexes (Figure 3A). These signals are the only ones present
in S_GA and S_GA_Fe patterns; conversely, in the other samples, Bragg peaks prove the presence of
crystalline metal phases with a crystallite size of the order of ~400 nm. Rietveld refinements reveal
that both S_GA_Cu and S_GA_FeCu patterns (Figure 3B,C) are suitably fitted by using one single ccp
structure (space group Fm–3m) with sharp peaks and a carbon graphitic one (space group P63mc)
where only a few broad peaks are apparent. In this case, a Δ2θ = 0.005◦ step size was adopted due to
the sharpness of peaks of the metal phase.

The refined parameters are reported in Table S2. The lattice constants of the Fm–3m phase are
3.61711(1) and 3.61774(1) Å for S_GA_Cu and S_GA_FeCu, respectively. Though the difference is very
small, the high resolution of the ID22 instrument makes it significant. Such a small expansion observed
in S_GA_FeCu is consistent with a Cu-rich Cu1-xFex solid solution [32] as observed for xCu ∼= 0.03 at
a T = 900 ◦C calcination temperature [33]. Biphasic Rietveld refinements show that the weight fraction
of the metal phase is 2.6% and 1.6% in S_GA_Cu and S_GA_FeCu samples, respectively. We must
warn the reader that, due to the noise in the broad peaks of the graphitic carbon peaks and to some
arbitrariness in background subtraction, this phase analysis has to be considered as semi-quantitative.
However, it points to an almost iron-free crystalline phase in the S_GA_FeCu sample. As in the case of
S_GA_Fe one, most of the iron does not form extended crystalline phases.

Figures S3–S6 and Figure 4A,B report XPS results. The concentration of metal species on the
surface ranges between 0.2 and 0.4%. Nitrogen and oxygen species are detected in all the samples
(Figure S3, Table 2), but their concentration depends neither on the presence nor on the nature of
the metal (Table 2), though, according to data in the literature, it would be expected to vary with the
specific metal used in the synthesis [34]. This singular behavior, combined with the picture emerging
from the micro-Raman and XRPD analyses, evidences the peculiarity of the present materials with
respect to those generally described in the literature.

Table 2. Samples’ Surface Atomic Composition *.

Sample Name %C %N %O %Fe %Cu

S_GA 88.6 ± 0.7 8.3 ± 0.5 3.1 ± 0.6 - -
S_GA_Cu 88.0 ± 0.5 6.9 ± 0.9 4.7 ± 1.3 - 0.4 ± 0.2
S_GA_Fe 88.6 ± 0.5 7.1 ± 0.5 4.0 ± 0.5 0.3 ± 0.2 -

S_GA_FeCu 89.4 ± 1.2 7.1 ± 0.5 3.0 ± 1.0 0.3 ± 0.2 0.2 ± 0.2

* The values are averaged out of three replicates. Error is expressed as the larger value between the error associated
with a single quantification (0.2% for Cu and Fe, 0.5% for other elements) and one standard deviation.
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Figure 3. (A) XRPD patterns merged using a Δ2θ = 0.050◦ step size highlighting the graphitic
contribution. Numbers in brackets are the Miller indexes of the hexagonal graphite phase. A star
highlights a broad bump due to the kapton capillary. Rietveld refinements for samples (B) S_GA_Cu
and (C) S_GA_FeCu. Observed (crosses) and calculated (continuous line) profiles and residuals (bottom).

Figure 4. Cont.
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Figure 4. High-resolution photoelectron spectra of the Cu2p3/2 core level of: (A) S_GA_FeCu;
(B) S_GA_Cu.

The analysis of the high resolution photoelectron spectra of the N1s core level (Figure S4 and
Table 3) evidences different types of nitrogen species on the surface of carbon [19,35]. Pyridinic,
pyrrolic, and NxMe nitrogen are the most important for ORR electroactivity [19]. Considering standard
deviation, no appreciable differences among metal-doped samples are observed.

In Figure S5, high resolution spectra of the C1s core level for all synthesized samples are reported.
It can be observed that in the range of the explored binding energies, all the spectra are overlapped.
Therefore, the total amount of carbon-oxygen functionalities (CxOy) on the carbon surface, considered
as a measure of defects or edge sites in the graphene-like network [19], and the sp2/sp3 ratio related to
the graphitization degree [36], are the same for all materials. These data further confirm the results
reported above.

The high resolution photoelectron spectrum of the Cu2p3/2 core level in S_GA_FeCu (Figure 4A)
can be fitted to a single peak attributable to Cu(0), while in S_GA_Cu, in addition to shake-up satellite
peaks, two contributions assignable to Cu(0) and Cu(II) are found (Figure 4B) [37]. The absence of
Cu(II) in S_GA_FeCu could be due to a Cu(II) surface concentration lower than the detection limit.
On the other hand, the standard potentials of the redox couples Cu2+/Cu and Fe2+/Fe (E◦Cu2+/
Cu = +0.34 V/SHE and E◦Fe2+/Fe = −0.44 V/SHE), suggest that the presence of iron during the
synthesis lowers the stability of Cu(II) species.

The low signal-to-noise ratio of the Fe2p high resolution regions (Figure S6) might make unreliable
the results of the curve-fitting procedure. Nevertheless, the main peak is centered at the same binding
energy (B.E. = ~710 eV) in the two samples.

Table 3. Relative Peak Areas (RPA%) of N1s peaks *.

Peak
Number

Binding
Energies/eV

Functional Group S_GA S_GA_Cu S_GA_Fe S_GA_FeCu

(1) 398.3–398.5 Pyridinic N 25 ± 1 26 ± 2 29 ± 1 27 ± 2
(2) 399.2–399.6 Nx-Me or amine 13 ± 4 16 ± 4 13 ± 1 14 ± 1
(3) 400.9–401.0 Pyrrolic N 37 ± 2 35 ± 2 36 ± 1 31 ± 4
(4) 402.0–403.0 Quaternary N 12 ± 3 10 ± 2 10 ± 1 11 ± 3
(5) 403.3–403.6 Graphitic N 6 ± 1 5 ± 1 5 ± 1 7 ± 1
(6) 404.8–405.1 Shake-up π-π * 3 ± 2 4 ± 2 5 ± 1 6 ± 1
(7) 406.8–406.9 Shake-up π-π * 4 ± 1 4 ± 1 2 ± 1 4 ± 1

* The error is expressed as the larger value between the error associated with a single curve-fitting procedure
(1%, at worst) and one standard deviation averaged out of three replicates.
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Figure 5A–G report SEM images of the samples. In accordance with the porosity distribution
results, all carbons are characterized by a porous structure (Figure 5A,B,D,F) due to the use of a hard
templating agent lixiviated at the end of the synthetic process [38]. Interestingly, with respect to
the other synthetic path [39], filamentous nanotubes are also evidenced in metal-doped samples
(Figure 5C,E,G). In iron-doped carbons, these nanostructures are in a larger amount, are more
well-organized, and longer than in S_GA_Cu. The high catalytic activity of iron to form ordered
carbon nanostructures [40] might account for this behavior.

The results of STEM analysis shown in Figure 6A–D corroborate the picture emerging from
the SEM observations and reveal that the filaments present in the sample S_GA_Fe are featured
by a bamboo-like structure peculiar to N-doped carbon nanotubes (N-CNTs). A few nanoparticles
(~20–30 nm in diameter) are entrapped within the nanotubes. Since XRPD does not evidence any
Bragg peaks related to iron metal phases (Figure 3B,C), if crystalline, their concentration should be
below the detection limit of our synchrotron radiation diffraction measurements.

Figure 5. SEM images: (A) S_GA; (B,C): S_GA_Cu; (D,E): S_GA_Fe; (F,G): S_GA_FeCu.
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Figure 6. STEM images of S_GA_Fe. (A) Overview; (B–D) Details of (A).

Polarization curves in 0.1 mol dm−3 KOH are reported in Figure 7 and elaborated data are
displayed in Table 4. A polarization curve for a commercial catalyst based on Pt (EC20, 20% Pt) and
relative data are also shown for comparison.

Figure 7. Oxygen reduction reaction (ORR) polarization curves recorded in oxygen-saturated
0.1 M KOH, v = 5 mV s−1, ω = 1600 rpm, T = 25 ◦C.

Table 4. ORR Onset Eonset (at j = 1 mA cm−2), Half Wave Potentials E1/2, and Exchanged Electrons
Number ne−.

Sample Name
Eonset versus SHE/V

at j = 1 mA cm−2 E1/2 versus SHE/V n e−

S_GA 0.044 0.033 2.72 ± 0.01
S_GA_Cu 0.082 0.068 3.82 ± 0.03
S_GA_Fe 0.117 0.066 3.98 ± 0.03

S_GA_FeCu 0.145 0.099 3.48 ± 0.02
Pt EC20 0.135 0.088 4.0 ± 0.1
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Except for S_GA_Cu, all the samples show a well-defined limiting current. The best electrocatalytic
performance pertains to S_GA_FeCu, with the most anodic onset potential (0.145 V versus SHE) and
the highest E1/2 (0.099 V versus SHE), also considering the Pt-based catalyst (0.135 V versus SHE
and 0.088 V versus SHE, respectively). S_GA_Fe and S_GA_Cu are more cathodic (0.117 V and
0.082 V versus SHE, respectively) The exchanged electron number is about 3.5–4.0 for all metal-doped
materials. S_GA, with the lowest onset potential (0.044 V versus SHE) and an exchanged electron
number of ~2.7 (suggesting a predominant formation of peroxides) is the worst catalyst. Similar results
on iron-doped samples have been obtained in a previous work by Liang et al. [41] on Fe–N-decorated
hybrids of CNTs grown on hierarchically porous carbon. However, their proposed synthetic path is
more complicated and time-consuming than the one used here. As a general behavior, iron-doped
carbons (S_GA_Fe and S_GA_FeCu) exhibit better electrocatalytic properties with respect to S_GA_Cu.
This could be justified by the presence both of iron species [15] and of a large amount of N-CNTs
characterized by a high electrocatalytic activity towards ORRs [42–46]. This peculiarity of N-CNTs
derives from the presence of substitutional nitrogen in their graphene planes, which, disturbing their
uniform π-cloud [47] and increasing the localized density of states at the Fermi level [48], imparts
a n-type dopant activity. As a consequence, their specific electronic properties improve and their
electrocatalytic activity increases [42–49]. However, the presence of both iron and N-CNTs cannot
account by itself for the improved electrocatalytic activity of S_GA_FeCu with respect to S_GA_Fe.

As reported in [20], the surface hydrophilicity of active carbons plays an important role in their
electroactivity toward ORRs. Therefore, the hydrophilicity of the present samples was measured in
order to assess its influence on their performance. Since the contact angle measurements on rough
materials are very critical [50], following [20], the time necessary to spread completely a water drop
onto the sample surface was used to quantify the hydrophilicity (the shorter this time, the more
hydrophilic the material). Hydrophilicity was found to increase in the order S_GA < S_GA_Fe <
S_GA_Cu < S_GA_FeCu (Table 5).

Table 5. Time Necessary to Spread a Water Drop on a Surface.

Sample Name Time/s

S_GA 7.9
S_GA_Fe 5.8
S_GA_Cu 4.7

S_GA_FeCu 4.0

Since Fe(0) is more hydrophilic than Cu(0) [49] and N-CNTs favorably interact with hydrophilic
molecules [51], the experimental hydrophilicity scale (Table 5) suggests that the presence of a metal
phase (as Cu(0)) is more influential on hydrophilicity than the presence of N-CNTs. Moreover, since all
the metal-doped samples exhibit similar amounts of surface oxygen and nitrogen, forming typical
hydrophilic groups on the surface, the hydrophilicity of the active site, rather than the entire surface,
should be responsible for the different hydrophilicities of carbons.

Coming back to the different electrocatalytic activity of S_GA_Fe and S_GA_FeCu carbons, our
physico-chemical characterization shows that they have very similar structure and properties but there
is a larger hydrophilicity in the S_GA_FeCu sample, which is probably related to the presence of Cu(0)
phase. Thus, we propose that the improved performance of S_GA_FeCu has to be attributed to the
different hydrophilicity of its active centers. Actually, an increase of the interactions between water
and active centers could favor interactions with molecular oxygen and thus, its adsorption and, finally,
its reduction. Although the influence of the active center’s hydrophilicity on ORR activity of Pt-free
materials should be deeply investigated, the results here presented pave the way to the comprehension
of their properties.
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4. Conclusions

In this work, catalysts based on nitrogen-modified carbons doped with different metals (Fe, Cu,
and a mixture of them) were synthesized and characterized by BET, synchrotron radiation XRPD,
micro-Raman, XPS, SEM, STEM, and hydrophilicity measurements. The N-modified carbon phases
are characterized by porous structures and by the presence of N-CNTs. In the Fe-doped samples
(S_GA_Fe and S_GA_FeCu), N-CNTs are more well-organized, in a larger amount, and longer than in
the copper-doped ones. In Cu-doped (S_GA_Cu and S_GA_FeCu) samples, copper is present in the
crystalline (ccp) phase.

In spite of the different nature of the metal-doping agent, catalysts exhibit few differences in
terms of surface area, functional surface groups, and graphitization degree of the carbon phase.
Electrocatalytic activity toward ORRs increases in the order S_GA_Cu < S_GA_Fe < S_GA_FeCu.
The presence of a larger amount of N-CNTs can account for the better performance of iron-doped
catalysts with respect to S_GA_Cu. Instead, also the hydrophilicity of the active sites, which decreases
in the order S_GA_FeCu > S_GA_Cu > S_GA_Fe, must be considered in order to explain the higher
electrocatalytic activity of S_GA_FeCu with respect to S_GA_Fe.

The presence of iron, N-CNTs, and an improved hydrophilicity synergically boost the
electrocatalytic properties of ORR catalysts.

The preliminary results here presented highlight the influence of the hydrophilicity of active sites
on ORRs and pave the way to the comprehension of the electrocatalytic properties of Pt-free materials.
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Figure S1: Porosity Distribution. Figure S2: Results of Raman spectra decomposition. Figure S3: XPS survey of
S_GA_FeCu. Figure S4: XPS N1s region of S_GA_FeCu. Figure S5: Superimposition of XPS C1s spectra. Figure S6:
XPS Fe2p spectra of S_GA_FeCu and S_GA_Fe. Table S1: Parameters inferred from Raman spectra fitting. Table S2:
Lattice parameters, weight fraction (WF), average displacement parameters (Umean), and fit residuals for the
refinements performed on crystalline phases.
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Abstract: TiO2-based photocatalysis under visible light is an attractive way to abate air pollutants.
Moreover, developing photocatalytic materials on a large-scale requires safe and low-cost precursors.
Both high-performance TiO2 nanopowders and visible-light active noble metals do not match
these requirements. Here, we report the design of novel Mn-decorated micrometric TiO2 particles.
Pigmentary TiO2 replaced unsafe nano-TiO2 and firmly supported MnOx particles. Mn replaced noble
metals such as Au or Ag, opening the way for the development of lower cost catalysts. Varying Mn
loading or pH during the impregnation affected the final activity, thus giving important information
to optimize the synthesis. Photocatalytic activity screening occurred on the gas-phase degradation of
ethanol as a reference molecule, both under ultraviolet (UV) (6 h) and Light Emitting Diode (LED)
(24 h) irradiation. Mn-doped TiO2 reached a maximum ethanol degradation of 35% under visible
light after 24 h for the sample containing 20% of Mn. Also, we found that an acidic pH increased both
ethanol degradation and mineralization to CO2, while an alkaline pH drastically slowed down the
reaction. A strict correlation between photocatalytic results and physico-chemical characterizations
of the synthesized powders were drawn.

Keywords: micrometric TiO2; Mn decoration; visible light photocatalysis; impregnation pH; surface
hydroxyl groups

1. Introduction

Environmental photocatalysis based on TiO2 and its applications for pollution abatement relies on
some key aspects: (i) The availability of inexpensive and stable TiO2 [1]; (ii) the photoelectric effect,
for which photocatalysis depends upon the energy of the incident photons, but not on their intensity (thus,
even a small amount of photons of the required energy induces photocatalysis) [2]; (iii) the effectiveness of
photocatalysis in abating pollution as it accumulates, as opposed to treating large volumes [3,4].

In 2001, Wolkoff and Nielsen [5] estimated indoor concentrations for twelve Volatile Organic
Compounds (VOCs). Concentrations of organics such as benzene, ethylbenzene, and o-xylene were
less than 5 μg m−3; toluene and xylene isomers, instead, exceeded 5 μg m−3, with concentrations
greater than 15 μg m−3 in most cases. Recently, Höllbacher et al. [6] studied indoor air quality
considering specific human activities, and they monitored VOCs, particulate matter (PM), carbonyl
compounds and CO2. The highest VOC concentration recorded was around 3500 μg m−3; they detected
a maximum formaldehyde concentration of 76 μg m−3, and the PM concentration was 378 μg m−3.
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The concentration level of many pollutants changes the incidence of diseases among people who spend
time inside buildings [7].

The conventional air-purification systems are usually provided with filters. However, in such filters,
pollutants can be accumulated. Moreover, treatment of old filters could cause the risk of secondary
pollution. Although TiO2 is excellent to photocatalytically cleave organic compounds, photocatalysis
appears as hardly applicable indoors, because visible light is not sufficient to activate TiO2. Indeed, anatase
TiO2 absorbs ultraviolet light with wavelengths shorter than 380 nm [8]. Considering the sunlight,
the Ultraviolet (UV) content barely covers 5% of the total irradiation spectrum, whereas the ultraviolet light
in indoor illumination is significantly smaller because the fluorescent lamps mainly emit visible light [9].
Moreover, considering the growing concerns about energy consumption utilization, Light Emitting Diode
lamps (LEDs) are increasingly replacing all other kinds of classical lighting system. LED emits in the range
of 400–700 nm wavelengths only, without any UV component (IUPAC Gold Book, Light-emitting diode,
LED). The number of papers regarding the modification of TiO2 to improve its photocatalytic properties is
countless. Noble metal nanoparticles are actually the only promising way for the enhancement of TiO2

properties in the visible spectrum. For example, Pan and Xu [10] deposited noble-metal nanoparticles
(Ag, Pt, and Pd) on a TiO2 surface. The resulting M-TiO2 (M = Ag, Pt, and Pd) nanocomposites
were visible-light active for the selective oxidation of benzyl alcohol. Elahifard et al. [11] synthesized
Ag/AgBr/TiO2 covered apatite and proved their high photocatalytic activity as anti-bactericidal under
visible light. Also, Au/TiO2 catalysts degraded formaldehyde under visible light in a single pass continuous
flow reactor, with conversions above 80% [12].

However, the high cost of metals such as Au, Ag, and Pt, limits the large-scale production of
photoactive TiO2-based building materials for pollution abatement in indoor environments. The use
of some transition metal oxides could increase the photocatalytic activity. Among them, manganese
oxides (MnOx) recently emerged as quite active in the degradation of organic (VOCs) or inorganic
(NOx) pollutants, as reported in the recent literature [13]. Since MnO2 is rich in non-stoichiometric
oxygen vacancies, it could be exploited to increase the carrier density and electrical conductivity of
semiconductors [14–16]. Mn can form different oxides, such as Mn3O4, Mn2O3, and MnO2 that show
different behavior in relation to the catalytic reaction in which they are involved [17–19].

Papers report several synthetic procedures to obtain Mn-TiO2 nanoparticles from Ti-based
precursors [20–22]. Binas et al. [20] reported a sol–gel method for the synthesis of Mn-doped
TiO2 photocatalysts with a grain size ranging between 20 and 30 nm, active for degradation of
Methylene Blue under visible light. Xue et al. [21] synthesized mesoporous structured MnO2/TiO2

by a modified sol–gel method, showing excellent adsorption properties over the entire visible light
range. Another recent paper reported the sol-gel synthesis of 20 wt.% Mn/TiO2 nanocomposites at
different pH. The nanocomposite synthesized at pH = 7, which was smaller in crystal size and had a
larger pore volume, was the most active in methylene blue degradation. This study showed that pH
influenced the amount of dopants on TiO2, the amount of OH functional groups on its surfaces, crystal
sizes, and pore volume [22].

On the basis of this preliminary research and with the aim of replacing nanopowders with
safer micro-TiO2, here we report for the first time Mn-decorated samples by impregnation of micro-
pigmentary TiO2 particles at different pH. We studied the photocatalytic activity both under UV and
LED irradiation, selecting ethanol as a model VOC molecule. All the powders were finely characterized
and a strict correlation between their physicochemical properties and photoactivity was drawn.

2. Materials and Methods

All chemicals were of reagent grade purity and were used without further purification; doubly
distilled water passed through a Milli-Q apparatus that was used to prepare solutions and suspensions.
Manganese (II) nitrate tetrahydrate (Mn(NO3)2·4H2O, 99%, Sigma-Aldrich, Sigma-Aldrich SRL, Milan,
Italy) was the salt precursor; the impregnation procedure required acetone (CH3COCH3) (≥99.9%,
Sigma-Aldrich, Sigma-Aldrich SRL, Milan, Italy), potassium hydroxide (KOH), and hydrochloric acid
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(HCl) (reagent grade, 37%, Sigma-Aldrich, Sigma-Aldrich SRL, Milan, Italy) to set the acidic or alkaline
pH. Micrometric TiO2 (by Kronos, identified with the acronym 1077) consists of 100% anatase spherical
primary particles of 130 nm, with a surface area of 11 m2 g−1, as reported by Bianchi et al. [23].

2.1. Synthesis of Mn-Impregnated Titania Samples

The Mn-modified samples were obtained through an impregnation method: (i) A fixed amount
(1 g) of 1077 was suspended in an aqueous solution (to cover completely the 1077 powder layer at the
bottom of the glass flask) with a few drops of acetone in order to increase the wettability of the titania
particles; (ii) then, a Mn(NO3)2·4H2O solution was added with a different Mn weight amount (in the
range 5–30%). The natural pH of the initial suspension was 4. The dried Mn-doped TiO2 particles were
obtained by means of a Rotavapor for 26 h (at 40 ◦C for 24 h and 80 ◦C for the final 2 h), followed by a
thermal treatment in an oven at 100 ◦C overnight. Every sample was calcined at 400 ◦C for 2 h in air.

Further, fixing the Mn amount to 20%, the pH of the suspension changed from the spontaneous
value (around pH 4) to both acidic (pH 3) and alkaline (pH 9, 12) by addition of HCl and KOH,
respectively. The solvent evaporation procedure and the heating treatment were the same as previously
reported [24].

The samples were labeled as to Mnx1077_y, where x is the Mn weight percentage and y is the
pH value.

2.2. Physico-Chemical Characterizations

X-ray powder diffraction (XRPD) (Malvern Panalytical Srl, Milan, Italy) analysis was performed on
a Philips PW 3710 Bragg–Brentano goniometer equipped with a scintillation counter and 1◦ divergence
slit, 0.2 mm receiving slit, and 0.04◦ soller slit systems. We employed graphite-monochromated Cu
Kα radiation (Cu Kα1 λ = 1.54056 Å, Kα2 λ = 1.54433 Å) at 40 kV × 40 mA nominal X-rays power.
Diffraction patterns were collected between 20◦ and 80◦ with a step size of 0.1◦.

A JEOL 3010-UHR Instrument (acceleration potential 300 kV, LaB6 filament) (JEOL Ltd., Milan,
Italy) was utilized to acquire the High Resolution-Transmission Electron Microscopy (HR-TEM) images to
evaluate the morphology of all the adopted catalysts.

The BET surface area (SBET) (Beckan Coulter, Indianapolis, IN, USA) was determined from
nitrogen adsorption–desorption isotherms at 77 K, by using Coulter SA 3100 apparatus.

Diffuse Reflectance spectra (DRS) (Shimadzu Europe, Duisburg, Germany) of the nanopowders
were measured on a UV–Vis spectrophotometer Shimadzu UV-2600 equipped with an integrating
sphere; BaSO4 was used as a “total white” reference.

X-ray Photoelectron Spectroscopy (XPS) (Thermo Scientific, Massachusetts, USA) analysis was
carried out by means of an M-probe apparatus (Surface Science Instrument), using a monochromatic
Al Kα radiation source (1486.6 eV). The XPS binding energy scale was charge corrected using the
standard calibration, fixing the C-1s peak at 284.6 eV.

2.3. Photocatalytic Tests

Ethanol (CH3CH2OH) was selected to evaluate the photocatalytic properties of the Mn-modified
TiO2 samples in the gaseous phase. The starting pollutant concentration was 400 ppm.
The photodegradation reaction was performed in a four openings PIREX glass reactor of 5 L. A gas
chromatograph (Agilent 3000 A Micro-GC, Santa Clara, CA, USA), directly connected to the reactor,
monitored the internal concentration of the organic molecule, as well as of any by-products and CO2,
as reported in our previous work [24]. Two different irradiation sources, a UV lamp (HG 500 Jelosil
SRL, 315–400 nm and irradiation intensity of 30 W m−2, Milan, Italy) and an LED one (MW Mean
Well, 400–700 nm, 350 mA, 16.8 W and irradiation intensity of 15,000 lx, to simulate the visible light,
Taiwan, China) were used. According to the adopted source, photocatalytic tests lasted 6 h and 24 h,
respectively. A hygrometer was placed inside the reactor to continuously monitor the relative humidity
(RH around 40% for the whole reaction).
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All the Mn-TiO2 powders, suspended in 2-propanol, were deposited on a 100 cm2 glass slab to
obtain a homogeneous thin film. The covered glass support was placed at the bottom of the reactor.
A cleaning procedure through the exploitation of an inert gas was performed to remove CO2 traces.
The desired amount of the organic pollutant was introduced through a microliter syringe.

Dark tests together with photolysis experiments (both under UV and visible light) were carried
out to evaluate the molecules adsorption and their direct degradation, respectively. For both the
irradiation sources, ethanol adsorption and photolysis were always negligible (<2%).

3. Results and Discussion

3.1. Ethanol Photodegradation Under UV and LED Sources

Firstly, Mnx1077_4 (X refers to the Mn%, while number 4 refers to pH, with x in the range 5–30%)
powders were tested on the photodegradation of gaseous ethanol molecules both under UV and visible
light. Star Mnx1077_4 ting from the ultraviolet-assisted experiments, as already stated in our previous
work [23], the abatement of the pollutant and its complete conversion to CO Mnx1077_42 within
Mnx1077_4n 6 h, see Table 1, were reached by bare TiO2 (1077), notwithstanding the micrometric
distribution of primary particles and aggregates (see Section 3.2). On the contrary, by impregnating the
pristine TiO2 with Mn, the photocatalytic performance drastically decreased, upon increasing dopant
loading, see Table 1, 2nd and 3rd columns. As reported in the literature, the OH species distributed
onto the TiO2 surface mostly affect the photocatalytic activity [22,25]. Thus, the partial covering of
the active sites, which can be activated by UV light, is much more adverse compared to the increment
given by Mn in terms of electron capture.

Table 1. Gaseous ethanol photodegradation and mineralization degrees by both pure and Mn-doped
1077 samples, under ultraviolet (UV) (after 6 h) and Light Emitting Diode (LED) (after 24 h)
irradiation sources.

Sample
UV (After 6 h) LED (After 24 h)

% Degradation % Mineralization % Degradation % Mineralization

1077 100 100 <2 <2
Mn51077_4 51 14 6 <2
Mn101077_4 50 13 12 <2
Mn201077_4 39 8 35 7
Mn301077_4 10 <2 10 <2

Further, the aim of the present work was the exploitation of the prepared photocatalysts under
LED light. As expected, pure 1077 sample showed a scarce amount of activity under visible light
(negligible ethanol molecules degradation and mineralization after prolonged irradiation; Table 1,
4th and 5th columns). Instead, by either comparing both the disappearance and mineralization of
Mn-doped TiO2 or considering the different Mn loadings, Mn201077_4 powder exhibited the best
photocatalytic performance (Table 1, 4th and 5th columns). Moreover, EtOH degradation was lower for
Mn loadings higher than 20% (Table 1, Mn301077_4 sample). Again, as widely reported, the decoration
of the TiO2 surface by Mn-based nanoparticles (NPs) increased the visible light absorption but partially
covered the active surface sites [22]. Indeed, Mn NPs and active sites have a synergistic effect on the
final photocatalytic activity. Thus, when both contributions are balanced, the maximum efficiency is
achieved, as reported in the recent literature [26]. Metal and metal oxides species can positively act on
the photoactivity of TiO2, as demonstrated in the case of Cu by Chiang and Doong [27], because they
are able to capture more photons from visible light, leading to the formation of more electron-hole
couples, as we also showed in our previous work [26]. Therefore, in a similar way, Mn and MnO2

species deposited on the micrometric anatase particles could act as electron traps [28], limiting the
e−/h+ recombination. Moreover, whatever species modifies the bare TiO2 support strongly affects the
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material properties, especially in relation to its amount. Indeed, the dopant content in each TiO2-matrix
sample is related to the efficiency of the electron-hole recombination process, as well as to the formation
of the hydroxyl radicals under an irradiation source [29].

The photocatalytic oxidation pathway was demonstrated to be a two-step process, where
acetaldehyde is the main intermediate molecule, and CO2 and H2O the final products [30–32]:

CH3CH2OH → CH3CHO → 2CO2

Figure 1 corroborates the previous mechanism showing how the progressive UV-assisted
photodegradation of ethanol (in the case of Mn201077_4, as a representative sample) led to the formation
of an acetaldehyde by-product and then to the complete conversion to CO2. Instead, by means of LED
irradiation a drastic decrease of the starting molecule degradation occurred accompanied by a slow
acetaldehyde production and partial mineralization, see Table 1, 5th column.

Figure 1. Ethanol disappearance and acetaldehyde formation in the case of Mn201077_4 under both
UV and LED sources.

The second part of the research work was devoted to evaluating the role of the impregnation
pH on the photocatalytic activity. Based on the promising results obtained with manganese-doped
powders under LED light, the 20% Mn loading (Mn201077_y series) was selected. A different pH
impregnation environment seemed to influence the final ethanol photodegradation, see Figure 2.

Particularly, an acidic pH (samples Mn201077_3 and Mn201077_4) led to an increase of both EtOH
disappearance and the degree of mineralization (up to 35% and 10%, respectively for Mn201077_3;
Figure 2 and Table 1 in inset). On the contrary, moving towards alkaline values, the overall
photocatalytic performances seemed to be drastically inhibited (down to 7% and <3% for disappearance
and mineralization by Mn201077_12, respectively). To explain this phenomenon, we believe that the
adsorption of ethanol molecules is mostly dependent on the concentration of hydroxyls groups on
the surface of the catalyst. Thus, in order to evaluate the role played by either Mn amount or the pH
of impregnation on the structural, morphological, and optical properties, several physicochemical
analyses were performed.
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Figure 2. Ethanol degradation percentages after 24 h of Light Emitting Diode(LED) photocatalysis,
by different pH Mn-impregnated TiO2 samples. Table in inset: Relative mineralization degrees.

3.2. Mn-TiO2 Physico-Chemical Properties

As a key parameter to explain the photoactivity of a catalyst, especially in the visible region, band
gap evaluation by diffuse reflectance spectra (DRS) analysis was performed and is shown in Figure 3.

Figure 3. Diffuse reflectance spectra of impregnated TiO2 powders with different Mn-dopant concentrations.

As expected, considering the ethanol degradation results under LED light, an increasing amount
of manganese led to a decrease of the band gap values, see Table 2, 2nd column and Figure 3.
This reduction should improve the photocatalytic performance of doped TiO2 particles. On the contrary,
varying pH did not seem to influence the optical properties, as shown in Table 2. Hence, the sole
DRS measurements were not enough to explain the photocatalytic performances under LED light by
varying either the Mn content or the impregnation pH, see Figure 2.
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Table 2. Band gap values (by diffuse reflectance spectra (DRS)), specific surface area values (SBET) and
manganese-to-titanium (Mn/Ti) atomic ratios (by EDS and XPS) for all the adopted samples.

Sample Band Gap (eV) SBET (m2 g−1)
Mn/Ti

EDX XPS

1077 3.28 10 – –
Mn51077_4 3.05 15 0.04 0.06
Mn101077_4 2.96 14 0.09 0.12
Mn201077_4 2.91 16 0.18 0.22
Mn301077_4 2.83 11 0.30 0.37
Mn201077_3 3.19 10 0.18 0.21
Mn201077_9 3.08 9 0.06 0.29
Mn201077_12 2.94 7 0.05 0.50

From a structural point of view, X-ray diffraction patterns, shown in Figure 4, revealed that the
Mn content did not affect the TiO2 phase composition. Indeed, all patterns show the peak at around
25◦ ascribable to the anatase phase (ICDD Anatase file No. 21-1272). Interestingly, for Mn amounts
higher than 10%, peaks at 2θ around 43◦ and 56◦ appeared, as shown in Figure 4, which could be
assigned to pyrolusite MnO2 species. Instead, pH did not significantly induce structural modifications.

42 43 44
54 56 58

Figure 4. X-ray diffraction lines of Mnx1077_4 samples (* = MnO2 pyrolusite polymorph).

Then, HR-TEM analyses were performed to evaluate the morphological features of the
photocatalysts, see Figure 5. All samples showed the peculiar characteristics of the bare TiO2 material,
which is made up of ordered particles with large average size, namely in the micrometric range
(50–100 nm or more in diameter) and smoothed roundish contours: The (101) family of anatase
crystal planes (0.352 nm; ICDD anatase file No. 21-1272) [33,34] was observed, see the electron
diffraction pattern reported in Figure 5b, which is relevant for all the ordered TiO2 microcrystals
present in Figure 5. The TiO2 morphology remains apparently unmodified for Mn amounts below 10%,
see Figure 5a, even though in some regions extra morphological features start to appear, as indicated
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by the arrows. For higher concentrations (Mn201077_4, Figure 5b), the lattice fringes relative to the
(101) family of crystal planes belonging to the pyrolusite MnO2 polymorph (0.240 nm; ICDD 24-0735)
could be observed (as also confirmed by the electron diffraction pattern reported on the left-hand
side of the image), thus corroborating the previous XRPD results. Hence, we could hypothesize
that a small presence of this secondary oxide may enhance the photodegradation performances,
as previously discussed.

Figure 5. Transmission Electron Microscopy (TEM) images of (a) Mn101077_4; (b) Mn201077_4; and
(c) Mn201077_12.

Moreover, in acidic experimental conditions (Mn201077_4 as a representative sample in Figure 5b),
TiO2 particles did not exhibit any morphological changes, whereas the Mn species were very evident
as small envelopes of thin, closely packed particles (average dimensions 3–6 nm) with clear fringe
patterns of pyrolusite MnO2. In addition, with alkaline impregnation pH, see Figure 5c, a second
family plane (111) of manganese dioxide polymorph was also observable.

Furthermore, BET analyses showed relatively low values of surface area for all the adopted
samples, confirming the micrometric texture of the aggregates; a slight increase was appreciable for
Mn-impregnated TiO2 (from 10 to 16 m2 g−1; Table 2, 3rd column). However, at alkaline pH, this
parameter decreased down to 7 m2 g−1 for the Mn201077_12 sample, see Table 2. These results could
be explained by taking into account the actual Mn content obtained by both EDS and XPS analyses,
see Table 2, 4th column. The bulk amount of manganese species was consistent with the one expected
from the synthetic procedure for all the Mn concentrations. Regarding the impregnated samples at
different pH, the interactions between the TiO2 micrometric particles and the adopted Mn(NO2)3 salt
precursor were deeply influenced by the pH value. Indeed, the final Mn bulk amount is similar to the
starting concentration at an acidic pH, while it decreases at alkaline pH values, see Table 2, 4th column.

On the contrary, the surface Mn/Ti ratios were always higher than those obtained by the EDS
analyses in accordance with the experimental method (impregnation) to decorate the micrometric titania
powders. Then, notwithstanding the low amount of Mn at alkaline pH, all the guest metal was segregated
to the surface forming a dense coverage of MnO2 nanopowders. According to Li et al. [35], when
manganese content increases, it becomes the recombination center for electron–hole pairs decreasing the
separation efficiency of photo-generated charges, therefore invariably reducing/preventing the formation
of hydroxyl radicals.

Hence, to corroborate the previous data and for a complete comprehension of the photocatalytic
results, high-resolution O 1s spectra, shown in Figure 6, were fitted using four or five Gaussian/Lorentzian
functions superimposed to a Shirley background. On the basis of the recent literature, the peaks could be
assigned to; (i) oxygen bound to the metal ions (Ti [36,37] or Mn [38]) in the lattice (peak I at 528.5 eV); (ii) a
high binding energy component (HBEC) developed with the increasing loss of oxygen or creation of oxygen
vacancies (peak II at 530.0 eV) [39,40]; (iii) a low binding energy component (LBEC) due to adsorption of
OH− on the surface (peak III at 531.1 eV) [37,39]; and (iv) water adsorption (peaks IV and V at binding
energy (B.E.) higher than 532.0 eV) [37,41]. It is worth noting that the sequence of the ratios between the
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oxygen of surface OH groups (peak III, pink area), and the sum of the previous one and the oxygen of
the chemisorbed water molecules (peak IV and V, violet areas) at increasing pH was fully in accordance
with the photocatalytic activities (Mn201077_9 < Mn201077_12 < Mn201077_3 < Mn201077_4, see Figure 2).
Hydroxyl groups on the surface of a photocatalyst play an important role in the photocatalytic reaction
since they can capture the photo-induced holes from the surface of the material, inhibiting electron–hole
recombination as well as forming hydroxyl radicals with high oxidation potentials [42,43]. Thus, at alkaline
pH, the high surface Mn loading and the paucity of OH groups inhibit the photocatalytic activity.

 

Figure 6. XPS high-resolution spectra of oxygen (O1s) relative to (a) Mn201077_3; (b) Mn201077_4;
(c) Mn201077_9; and (d) Mn201077_12. Inset: Atomic ratio between the oxygen of surface OH groups
(OOH, pink area), and the sum of the previous one and the oxygen of the chemisorbed water molecules
(OW, violet areas).

4. Conclusions

Mn species activates anatase micro-TiO2 for the visible light photodegradation of organic
pollutants. Particularly, the final photocatalytic performance strongly depends on the Mn amount.
Indeed, we surveyed Mn loadings between 5% and 30% under both UV and LED irradiation.
Nevertheless, bare 1077 powder was the best performing photocatalyst, and the increasing Mn content
led to a drastic decrease of the ethanol photoremoval under UV light. Mn201077_4 showed the highest
EtOH degradation under visible wavelengths. In fact, the presence of Mn species provoked a reduction
of the band gap value, thus leading to higher efficiency under LED light.

A further phase of the present work was the investigation of the impregnation pH on the final
photocatalysts performance. Only a fixed concentration of Mn (i.e., 20%) at an acidic pH (3 and 4)
resulted in more active samples, whereas alkaline pH (up to 12) reduced the photocatalytic performance.
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Indeed, we believe that the powders prepared at a higher pH of impregnation are less active because of the
segregation of a high amount of Mn species and concomitantly a low amount of surface hydroxyl groups.

The novel results reported herein are a step forward in the photodegradation of the indoor gaseous
pollutants by a micrometric Mn-decorated TiO2 catalyst under visible light. Moreover, the positive
effect obtained at an acidic pH could be further investigated, to assess whether lower values improve
the final catalytic performance.
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