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In this work, a SiO,-TiO, coating, composed of different numbers of TiO, and SiO, layers, was fabricated by a spray-coating
technique. The films were deposited onto ignimbrite rock and divided into two groups according to the number of SiO, layers
applied, 10 and 15 layers of SiO, and 5 layers of TiO, for each group. The morphology and chemical composition of the
synthesized samples were characterized by field emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray
spectrometer (EDS), which reveal the successful SiO,-TiO, coating on ignimbrite. The photocatalytic activities of samples
obtained were evaluated toward the decomposition of 3 ppm of methyl orange (MO). Finally, NO, gas degradation was studied.

The obtained results evidenced that the SiO, and TiO, coating improved the photocatalytic activity of ignimbrite.

1. Introduction

In Peru, there are few studies on mitigating damage to rocks
belonging to architectural monuments. However, in the city
of Lima, Gallarday [1] studied the deterioration of various
churches in the historic center of the city and made a financ-
ing proposal for the preservation and restoration of the main
ornamental rocks. In Arequipa, the most important study
was carried out in 2006 [2] by the Ministry of the Environ-
ment, in which the main agents and mechanisms of alter-
ation of the rocks (ignimbrite) belonging to the historical
monuments of Arequipa were determined. Thanks to this
study, the concern for the improvement of the historic center
of Arequipa city began, seeking effective and simple solutions
or alternative that allows the protection, self-cleaning, and
preservation of the cultural heritage. In this aspect, the use
of nanomaterials begins to gain importance to achieve the

desired improvement. Zornosa-Indart et al. [3, 4] used
silica-based inorganic hybrid nanomaterials that improve
robustness, hydrophobicity, and resistance and consolidate
limestone rocks significantly, in order to achieve the conser-
vation of the cultural heritage. Additionally, the use of tita-
nium dioxide (TiO,) photocatalyst in the improvement of
the facades of historic buildings has been studied with good
results [5, 6] and in combination with cementitious and other
construction materials has shown a favorable synergetic
effect in the removal of air pollutants [7, 8]. Thus, the
researches continued and led to the implementation of a sys-
tem based on silica as a support material and TiO, nanopar-
ticles as a photocatalyst material [9-11]. Nevertheless, the use
of a silicon-titanium hybrid system in the degradation of
methyl orange (MO) dye and NO, gases on ignimbrite sur-
faces has not yet been reported. Therefore, the aim of this
work is to carry out a study on a TiO,-SiO, coating system,
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(a)
FIGURE 1: Photographs of (a) ignimbrite, (b) 10TEOS-5TiO,, and (c) 15TEOS-5TiO, samples.

composed of different numbers of layers of SiO, and TiO,
achieved with the spraying coating technique. These coatings
could protect the cultural heritage of the city of Arequipa,
Peru, from organic and air pollutants. Detailed morphologi-
cal characterization of samples was investigated by field
emission scanning electron microscopy (FE-SEM). Then,
methyl orange dye degradation measurements will be previ-
ously performed in order to determine the effectiveness of
the coating systems. Finally, we will evaluate the NO, gas
elimination capacity in a laboratory gas analyzer.

2. Experimental

2.1. Synthesis of the Sols. All reagents used in the experiments
were of analytical grade and used without any further purifi-
cation. The TiO, and SiO, sols were prepared, respectively,
according to Arconada [12] and Reyes et al. [13]. The TiO,
sol was obtained from the mixture of 49.5426 g of ethanol,
component used as solvent of the sol-gel process with
1.6140 g of acetic acid and 7.8758 g of titanium isopropoxide
(TTIP), where TTIP is the main component of titanium pre-
cursor. Then, 0.9676 g of water acidified with hydrochloric
acid (HCL, 0.1N), that acts as the catalyst for the solution,
was added dropwise, and the whole mixture was stirring for
1 hour until dissolved. Meanwhile, the preparation of the
silica sol (SiO,) was prepared from the precursor tetraethy-
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lorthosilicate (TEOS), dissolving 40.602222¢g of TEOS in
105.63776 g of ethanol. Then, 3.4384 g of water acidified with
0.1 N hydrochloric acid was added dropwise; the mixture was
stirring at 60°C in a cooling bath with glycerin at 11°C for a
period of 90 minutes. After that time, the temperature was
reduced to 40°C and 10.31536 g of acidified water was added
dropwise again. Finally, the solution was left under stirring
for a period of 60 minutes in the cooling bath.

2.2. Deposition of the Coatings. The coating of ignimbrite
employing TiO, and SiO, sols was carried out by a spray-
coating technique, using a set of airbrushes with fluid control
at a distance of 5c¢m from the ignimbrite. SiO, and TiO,
layers were obtained by calcination at 450°C for 30 minutes
and 60 minutes, respectively, at a heating rate of 10°C/min.
Two groups of samples were fabricated according to the
number of layers of TiO, and SiO, applied. The first group
of samples was fabricated with 10 layers of SiO, and 5 of
TiO, and labelled as 10TEOS-5TiO,, whereas the second
group was fabricated with 15 layers of SiO, and 5 of TiO,
and labelled as 15TEOS-5Ti0,.

2.3. Characterization of the Samples. The morphologies of
obtained samples were visualized by a field emission scan-
ning electron microscope (FESEM, Hitachi Regulus 8230)
equipped with an energy dispersive X-ray spectrometer
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FIGURE 2: FE-SEM images of 15TEOS-5TiO, samples at magnification of (a) 10 KX and (b) 80 KX. (c) EDS element mapping image.

(EDX). The photocatalytic activities of the fabricated nano-
structures were evaluated by the degradation of methyl
orange (MO) under UV light irradiation, using a light source
which simulates solar radiation (Newport 50-500 W). The
next step was NO, gas mitigation monitoring (NO+NO,)
performed with a chemiluminescence analyzer AC-32 M,
Environment S.A., following the guidelines of ISO 22197-1:
2007. The NO,, degradation efficiency was calculated using

[Nox} in _ [Nox}

%NO, =
[NO,]

out 100, (1)

in

where [NO, |, = is the initial NO, concentration (before turn-
ing on the UV source) and [NO,] , is the concentration at
the end of the illumination period.

The photocatalytic activity and NO, degradation of
10TEOS-5TiO, and 15TEOS-5TiO, samples fabricated by a
spray-coating technique were compared.

3. Results and Discussion

Figure 1 shows a photograph of ignimbrite, 10TEOS-5TiO,,
and 15TEOS-5TiO, samples. Figure 1(a) is clearly to see
the variety of porosity and minerals that conform the ignim-
brite, unlike in Figure 1(b) where a whitish color is visualized
covering the surface of the rock. In Figure 1(c), the intensity
of this color increases and we obtained better compaction of
the minerals present in the ignimbrite, an important require-
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FIGURE 3: Photodegradation curves of methyl orange with different
photocatalyst: 10TEOS-5TiO, (black line) and 15TEOS-5TiO,
(red line).

ment to be applied on rocks of historical monuments for
restoration [14].

The FE-SEM images obtained by field emission scanning
electron microscopy of 15TEOS-5TiO, samples fabricated by
spray coating at magnifications of 10 KX and 80 KX are show
in Figures 2(a) and 2(b), respectively. As shown in the figures,
TiO, layers formed by nanoparticles can been seen in the top
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of the ignimbrite. Moreover, the EDS element mapping
image in Figure 2(c) reveals the presence of titanium
(Ti, green), silicon (Si, red), and oxygen (O, blue) elements,
proving the coating of SiO, and TiO, layers on the surface
of the ignimbrite.

In order to elucidate the effects of coating with TiO,
and SiO, layers on the ignimbrite, the photocatalytic dye
degradation performances of the 10TEOS-5TiO, and
15TEOS-5TiO, were evaluated in aqueous solution of
methyl orange dye under UV-A irradiation. Figure 3(a) shows
the change in the methyl orange concentration in aqueous
solution in the presence of all samples. As shown, methyl
orange molecules were not completely decomposed during
150 min of photocatalytic reaction. However, it was noted that
15TEOS-5TiO, photocatalyst shows the highest photocata-
Iytic activity compared with 10TEOS-5TiO, photocatalyst.
The degradation efficiency of the 15TEOS-5Ti0O, photocata-
lyst shows a maximum degradation of ~55.73% at 150 min,
whereas the degradation efficiency of 10TEOS-5TiO, was
~20.91% at the same irradiation time. The enhancement of
photocatalytic efficiency must be attributed to the increase
in the number of SiO, layers, which achieve better support
for the coating of TiO, [15]. Thus, having more TiO, exposed
directly the photocatalytic efficiency which could be
improved, having a better performance in the degradation
of the methyl orange dye.

The chemiluminescence analysis for the variation of the
concentration of NO and NO, in parts per micromolar
is shown in Figure 4. An appropriate amount of the
SiO,-TiO,-coated ignimbrite was loaded into the reactor,
and then, the reactor was carefully sealed. Afterwards, the
NO containing nitrogen gas and the purified air were allowed
to flow into the reactor at flow rates of 3 L/min each, until
equilibrium NO, concentration in the inflow was achieved
(1000 ppb). The evaluation of photocatalytic activity was 1
hour at 10 W/m” with 35 minutes of saturation of the rock
in the dark. In the first 30 minutes in the dark, the peaks
observed in the graphs are the flow of gas entering the cham-

ber, so it has no influence on the measurements. After the
one hour of irradiation, the light source was turned off
and then the gas valves were closed. All experiments were
conducted at ambient temperature (25 + 3°C). The detailed
experimental procedure can be referred to published litera-
tures [7, 8] and the ISO 22197-1:2007 standard of air purifica-
tion performance of semiconductor photocatalytic materials
[7]. Figure 4(a) shows a slight increase in NO, production
for the 10TEOS-5TiO, substrate, which causes a greater
amount of NO, removal. In the case of the gaseous medium,
a better degradation result of 0.80 ymol was obtained, which
translates into 15.95%, whereas the obtained degradation
for 15TEOS-5TiO, substrate, shown in Figure 4(b), was
0.63 ymol, which is equivalent to 10.56%. According to the
reports [16, 17], the NO, gas degradation phenomena are
mainly due to the presence of TiO, in our samples.

It is important to know the mechanism of heterogeneous
photocatalytic degradation of NO, gases by TiO,. These pro-
cesses are summarized in the following reactions for the
10TEOS-5TiO, and 15TEOS-5TiO, samples as photocata-
lytic materials. When the nanostructure is irradiated from
the light source, the electrons (e”) in the valence band (VB)
are excited to the conduction band (CB) with generation
simultaneous of the same number of holes (h") in the VB
(Equation (2)).

TiO, - ez, + iy )

The reaction of the H* with the OH is dissociated from
the water to form the OH* [18-20] and the reaction with the
electrons with the O, to form a superoxide anion O*" [20, 21].

h{p + H,0,4, — OH" + H* 3)
3

— —%
0, +ecy — O,

Then, the reaction of O, with H* from water produces
HO; radicals; NO diffusion occurs on the surface of TiO,
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and forms NO,. Finally, NO, reacts with hydroxyl radicals
forming nitric acid:

0, + H — HO;
NO + HO; — NO, + OH* (4)
NO, + OH* — HNO,

4. Conclusions

In summary, SiO, and TiO, coatings on ignimbrite were
achieved by a spray-coating technique, varying the number
of SiO, layers in 10 and 15 layers, while the number of
TiO, layers remained constant at 5 layers. The photocatalytic
activities of the samples obtained were evaluated toward
the decomposition of methyl orange (MO) and NO, gas
degradation. The obtained results evidenced that the SiO,
improved the porosity of ignimbrite, whereas the TiO,
coating improved the photocatalytic activity. The enhance-
ment in the photocatalytic activity of the SiO,-TiO, hybrid
system is attributed to the high efficiency in both light utiliza-
tions, the higher transfer rate of photogenerated electrons
from SiO, to TiO, and repressed recombination of the
photoinduced hole-electron pairs of TiO,, which is closely
related to the chemical interaction between TiO, and SiO,.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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In the last decade, the urgent need to environmental protection has promoted the development of new materials with potential
applications to remediate air and polluted water. In this work, the effect of the TiO, thin layer over MoS, material in
photocatalytic activity is reported. We prepared different heterostructures, using a combination of electrospinning, solvothermal,
and spin-coating techniques. The properties of the samples were analyzed by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), atomic force microscopy (AFM), X-ray diffraction (XRD), nitrogen adsorption-desorption
isotherms, UV-Vis diffuse reflectance spectroscopy (UV-Vis-DRS), and X-ray photoelectron spectroscopy (XPS). The
adsorption and photocatalytic activity were evaluated by discoloration of rhodamine B solution. The TiO,-MoS,/TiO,
heterostructure presented three optical absorption edges at 1.3 eV, 2.28 eV, and 3.23 eV. The high adsorption capacity of MoS,
was eliminated with the addition of TiO, thin film. The samples show high photocatalytic activity in the visible-IR light spectrum.

1. Introduction because it is nontoxic and of relatively low cost [3, 4]. The

TiO, has three crystalline phases anatase, brookite, and

The growing need to protect the environment promotes the
research of heterogeneous photocatalysis as a “green” tech-
nique with great potential to remediate air and water pollu-
tion. The photocatalysis process, carried out in the presence
of a semiconductor, has the ability of removing organic pol-
lutants and heavy metals from wasted water and air, promot-
ing their mineralization into simpler compounds [1, 2].
Titanium dioxide (TiO,) is the most investigated semicon-
ductor as an oxidizer organic pollutant in water and air,

rutile; the photocatalytic activity of anatase is always much
higher than rutile [5, 6]. The TiO, anatase has a large band
gap of 3.2 eV, therefore only absorbs ~3-5% of the solar spec-
trum; this limits its photocatalytic efficiency due to the low
electron mobility and high recombination rate of the photo-
generated electron-hole pairs [7]. To shift the absorption
edge to the visible region and improve the electron-hole sep-
aration, the TiO, has been modified with different species
such as metal and nonmetal ions, rare earth ions, metal
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sulfides, and metal oxides [8-14]. The molybdenum disulfide
(MoS,) is a 2D-layered material; in the bulk, the MoS, has a
band gap of 1.2 eV located on a near-infrared spectrum [15].
When the MoS, is exfoliated to give single- or few-layer
nanosheets, the optical absorption is blue-shifted with
respect to that of the bulk due to quantum confinement
effects [16, 17]. The MoS, has potential applications in super-
capacitors, photocatalytic processes as hydrogen production,
or removal of organic pollutants and heavy metals from
waste water [18-21]. To obtain the benefits of electronic
properties of MoS, exfoliated and expand the optical absorp-
tion edge of TiO, to a solar spectrum, the TiO,-MoS, hetero-
structures have been synthesized using nanobelts, hollow
spheres, and nanofibers using TiO, as template by the hydro-
thermal technique obtaining improvement in the photocata-
lytic activity and hydrogen production as compared with the
use of only TiO, or MoS, [16, 22, 23]. On the other hand, the
MoS, has a high adsorption capacity for organic molecules
presented in a dye solution [20]. The fast adsorption of mol-
ecules from colored solution on the MoS, surface happens in
the dark phase of adsorption-desorption between photocata-
lysist and dye solution, previous to light irradiation. How-
ever, the organic dye molecules are only adsorbed on the
surface of the MoS, and have not been degraded, because
the catalyst has not been activated yet and the electron-hole
pairs has not been generated to carry on the oxidation-
reduction reactions. The adsorption of the dyes on MoS,
could be eliminated if we deposited a layer on this material,
which has the characteristics of not adsorbing the dyes. If this
material also has the characteristics of being a good photoca-
talyst (as TiO,), it would have an important effect on photo-
degradation. Hocevar et al. reported the preparation of a thin
layer of TiO, using a Pechini sol-gel method [24]. In the pres-
ent work, we fabricated a TiO,-MoS,/TiO, film from MoS,
nanosheets deposited on TiO, nanofibers and covered with
a thin layer of TiO,. We studied the role that plays the thin
TiO, layer on adsorption and photocatalytic process on the
degradation of rhodamine B (RhB) solution under visible-
infrared light irradiation.

2. Materials and Methods

The used materials were as follows: PVP (polyvinylpyrroli-
done 1,300,000 wt.) from Alfa Aesar; anhydrous ethanol, tita-
nium (IV) isopropoxide 97%, glacial acetic acid, sodium
molybdate 98%, thiourea 99% and hydrochloric acid 37%,
citric acid 99.5%, and anhydrous ethylene glycol 99.8% from
Sigma- Aldrich; and bidistilled water from J.T. Baker.

2.1. Fabrication of TiO, Nanofibers. A 13% wt. solution of
PVP in anhydrous ethanol was prepared as polymeric solu-
tion. The TiO, precursor solution was prepared as follows:
1.546 ml of titanium (IV) isopropoxide, 1.905ml of acetic
acid, and 1.270 ml of anhydrous ethanol were mixed and stir-
red on a magnetic plate for 10 minutes. The TiO, precursor
solution was added dropwise into polymeric solution and left
to stir for 3 h at room temperature for a complete homogeni-
zation of the mixture. The TiO, polymeric solution was
transferred to 5ml syringe with a stained steel needle of
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0.7 mm inner diameter and injected from a syringe pump at
1 ml/h. The distance between needle tip and collector was
of 8cm, and 14 kV was applied to electrospun the polymeric
solution. The nanofibers obtained were annealed at 600°C
with a heating ramp of 10°C/min, for 5h under a nitrogen
atmosphere to eliminate the organic compounds and crystal-
lize the TiO,.

2.2. Synthesis of MoS, Nanosheets and TiO,-MoS,
Heterostructures. The MoS, nanosheets were synthetized by
a hydrothermal technique as follows: 9.43g of sodium
molybdate and 8.67 g of thiourea were dissolved into 30 ml
double distilled water to form a transparent solution and stir-
red vigorously for 10 min on a magnetic plate, then drops of a
12M of HCI solution were added until reaching a pH < 1.
The dark blue solution was transferred to a Teflon-lined
stainless steel autoclave and heated at 200°C for 24 h. The
black precipitate was washed several times with double
distilled water, dried at 100°C for 12h, and grounded until
a fine powder was obtained. To synthetize the TiO,-MoS,
heterostructures, 0.5g of annealed TiO, nanofibers previ-
ously synthetized was added into the MoS, precursor solu-
tion described above and sonicated for 30min following
the same process.

2.3. Fabrication of TiO,-MoS,/TiO, Films. The first step in
the preparation of the TiO,-MoS,/TiO, films was the synthe-
sis of a Pechini solution based on a titanium sol. The TiO,
Pechini solution was prepared from a titanium isopropoxi-
de/citric acid/ethylene glycol solution with a molar ratio of
1:4:16, respectively. The sol was prepared by mixing of eth-
ylene glycol and titanium isopropoxide into a volumetric
flask then heating to 85°C and stirring for 1h. Finally, citric
acid was added and the solution was stirred at this tempera-
ture until it turned clear. The second step was the preparation
of the mix of TiO,-MoS, powder and the TiO, sol as follows:
the TiO,-MoS, powder was dissolved into 2 ml of anhydrous
ethanol and sonicated for 2 h; then, an amount of TiO, sol
was added and sonicated for 3 hours; the alcohol in excess
was extracted. The molar ratio between the TiO,-MoS, pow-
der and the TiO, sol in the mix formulation was 1: 1. The mix
was deposited on a 2.5 cm x 2.5 cm glass substrate, using the
spin-coating technique at 1500rpm for 60s. Layers were
annealed at 450°C for one hour under argon flow. In order
to understand the role played by the TiO, layer in the adsorp-
tion and photocatalytic process, a Pechini solution without
the titanium precursor was prepared to deposit the MoS,
and TiO,-MoS, films without TiO, layer. For easy identifica-
tion, the samples were labeled as follows: MoS, without TiO,
layer (MF), TiO,-MoS, without TiO, layer (TMF), MoS,
with TiO, layer (MTF), and TiO,-MoS, with TiO, layer
(TMTE). Figure 1 shows a scheme of process followed to pre-
pare the heterostructures.

3. Characterization Techniques

The morphology of the heterostructure was studied by a Field
Emission-Scanning Electron Microscope (FE-SEM) from
(Zeiss, Auriga), operating at 1 kV using the in-lens detector.
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FIGURE 1: Scheme of process followed to prepare the heterostructures. 1: synthesis of TiO, nanofibers by electrospinning, 2: synthesis of TiO,-
MoS, by a hydrothermal technique, 3: TiO,-MoS, composite, 4: TiO,-MoS,+TiO, Pechini solution, 5: spin-coating deposition, 6: thermal

annealed, and 7: the TiO,-MoS,/TiO, heterostructure.

The topography of film was collected from a JSPM-2500
Scanning Probe Microscope of JEOL in tapping mode on
the surface of 1.5 x 1.5 4. A high resolution transmission
electron microscope (HR-TEM) was carried out with a trans-
mission electron microscope JEOL model JEM-ARM200F
operated at 200kV. The X-ray diffraction (XRD) patterns
were collected with an X-ray diffractometer using the CuKa
radiation (D8 ECO, Bruker). All samples were analyzed at
40KV and 40mA, in the range of 10 to 70° 2-theta degrees
with a step size of 0.05° and a step time of 1s. The diffuse
reflectance spectroscopy and the absorption spectra were col-
lected by an Ocean Optics spectrophotometer model
USB4000-XR1-ES coupled to UV/Vis/NIR light source
model DH-2000. The N, adsorption isotherms were carried
out with an ASAP 2050 Micrometrics; the samples were acti-
vated to 130°C for 6h; this condition was supplied from the
TGA thermogram. In order to understand the effect of the
TiO, layer over the MoS,, the TMTF sample, before and after
the degradation experiment, was characterized by means of
X-ray photoelectron spectroscopy (XPS) (model K alpha by
Thermo Scientific). The general survey as well as the high res-
olution spectra in the regions of the C 1s, O 1s, Ti 2p, S 2p,
and Mo 3d was obtained at the surface of the films. The bind-
ing energy of the C 1s line at 284.5 eV was taken as the refer-
ence peak to calibrate the obtained spectra.

3.1. Photocatalysis Test. The photocatalytic test was per-
formed on discoloration of 80 ml of Rh B solution, with a
concentration of 5mg/l, placed into a 100 ml quartz reactor
with a water recirculation system. The irradiation source
was provided by a 100 W halogen lamp with a range of
350nm to 2500 nm (USHIO, USA). The power lamp was
modulated by a SORENSEN variable power supply, in order
to have wavelengths longer than 400nm. We found that
using a 11.5V and 7.6 A, the wavelengths were in the range
required in the experiment. The samples were vertically
placed around the reactor walls and radial irradiated with
87.4W for 6h. The residual concentration (C/Co) of Rh B
solution was monitored by the variation intensity of the
absorption band at 551 nm. Before to the photocatalyst
test, the photolysis reaction between the Rh B solution
and light source was carried out for 3h; after that, the
dye solution was stirred in the dark for one hour to reach
the adsorption-desorption equilibrium. The adsorption-
desorption test was performed in the same conditions of
the photocatalysis test but in the absence of light for 6h.

4. Results and Discussion

4.1. Morphological and Crystallinity Structure Analysis.
Figure 2(a) shows the SEM image of pure MoS,; as synthe-
tized, a sphere with a diameter around of 2-3 ym can be
observed, with the nanosheets growing perpendicularly to
the surface. The image of TiO,-MoS, heterostructures is
shown in Figure 2(b); it is observed that a few layers of
MoS, nanosheets have grown vertically around the TiO,
nanofibers surface; the diameter of TiO, nanofibers was
around 250 nm. The superficial TiO, grains of the nanofibers
form defects that interact with the metallic precursors. In a
way, nucleation centers were created that allow the growth
of MoS, exfoliated nanosheets on the surface of the TiO,
nanofibers [8]. Figure 2(c) shows the TMTF sample; in the
film, the TiO,-MoS, composite was covered with a thin layer
of TiO,; we can observe that film surface has some clusters
and cracks produced for the annealing. From the AFM image
of Figure 2(d), it is observed that the surface of TMTF is
formed for several clusters of material that cause a high
roughness. The horizontal and vertical profile graph inside
the AFM image confirms the wide height difference between
the cluster; also, some cluster separations between them due
to the cracks caused by annealing also observed in the SEM
image are observed.

Figure 3(a) shows the HRTEM image of the sample TMT;
TEM image reveals that the heterostructure was formed for
polycrystalline TiO, grains and MoS, monolayers stacked
to form nanosheets deposited onto the TiO, surface. From
the HAADF image, Figure 3(b), it is observed that the
MoS, nanosheets were small, their size was around 11nm
wide and 33.2nm for length, and the distance between
monolayers was around 0.69nm. The FFT (Fast Fourier
Transform) inside the HAADF images shows that crystals
in the inner of the nanofiber were TiO, rutile covered for
TiO, anatase crystals and the MoS, nanosheets formed for
around 11 monolayers according to the ICDS cards 202242,
165921, and 24000 for anatase, rutile, and MoS,-2H molyb-
denite, respectively.

The XRD patterns of the MTF and TMTF are shown in
Figure 3. The XRD pattern of the MTF (Figure 4(a)) exhibits
the characteristic diffraction peaks of molybdenite-2H, corre-
sponding to the planes (002), (101), (103), and (110)
matched with ICSD-24000. A low intensity TiO, diffraction
peak at 25.2° was detected; this could be related to the thin
layer that coverages the surface of MoS, on the film. The
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FIGURE 2: SEM images of the as-prepared (a) MoS,, (b) TiO,-MoS, heterostructure, and (c) low magnification of TMTF surface; (d) tapping
mode AFM image of TMTF, inside them horizontal and vertical profile graph of surface.

Mos, (103)
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Figure 3: HR-TEM image of (a) TiO,-MoS, heterostructure and (b) HAADF image for TiO,-MoS, heterostructure, inside FFT images for
MoS,, TiO, rutile, and anatase.

diffraction peak at 14.05° corresponds to the “C” axis of the =~ MoS, is composed of Mo atoms coordinated with S atoms
MoS,; the intensity of this peak is related to the amount of  to form the S-Mo-S laminated layer [22]. The XRD pattern
layers stacked in the structure of MoS,. A monolayer of  of the TMTF (Figure 4(b)) shows diffraction peaks assigned
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Ficure 4: XRD diffractograms of (a) MTF and (c) TMTF after
annealed to 450°C.

to TiO, or MoS,. The diffraction peaks of MoS, have the
same position as in the MTF. The diffraction peak at 14.05°
is less intense than in the MTF suggesting that the hetero-
structure is composed for a few monolayers of MoS, [25],
which are what give rise to the nanosheets according to
observations in Figure 2(a). Most of TiO, diffraction peaks
were matched to rutile phase corresponding to the planes
(110), (101), (111), (210), (211), (220), (310), and (301)
according to ICSD-165921. The presence of rutile is due to
the influence of gas used in the annealing of TiO, nanofibers
as observed in previous work [26]. Few weak anatase diffrac-
tion peaks were observed corresponding to the planes (101),
(200), and (204) according to the ICSD-202242. The anatase
reflection is from the TiO, thin layer that coverages the sur-
face of the heterostructure.

The nitrogen adsorption-desorption isotherms of the
TiO, nanofibers and TiO,-MoS, heterostructures, Figure 5,
were used to estimate the BET surface area. The TiO, nano-
fibers show a greater specific surface area (19.9 mZ/g) than
that of TiO,-MoS, heterostructure; when the MoS, nano-
sheets grew up on the TiO, nanofiber surface, the specific
surface area reduces to 7.87 m’/g because the pores in TiO,
nanofibers were occupied with MoS, nanosheets. Addition-
ally, both materials are mesoporous structure; this result is
consistent with that reported by Liu et al. [16].

4.2. Optical Properties. The band gap energy (E,) values of
TMTF were determined through diffuse reflectance spectros-
copy, plotting the [a(hv)h]? vs. photon energy (hv) axis and
extrapolating the linear portion of the absorption edge to
zero [27]. Figure 6 shows the Tauc plot for the TMTF is pos-
sible to note three optical adsorption edges at 1.3 eV, 2.28 eV,
and 3.23 eV. The first one (1.3 eV) is due to the presence of
MoS, bulk. The second one (2.25 eV) maybe related to quan-
tum confinement due to nanosheet exfoliation as observed in
the TEM image; Quinn et al. obtained MoS,-exfoliated
monolayers with a band gap of 1.97 eV [28]; it can also be
related to the formation of electronic traps between the het-
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FI1GURE 5: N, adsorption isotherms for TiO, nanofibers and TiO,-
MosS,,.

1.0

0.8

0.6

(ahv)? (eV?)

0.4

0.2 1

|
I
|
1
|
I
I
I
I

I

|
I
1

0.0

12 14 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
Energy (eV)

F1GURE 6: Tauc plot of TMTF sample.

erostructure junctions. The last one (3.23eV) corresponds
to the TiO, anatase layer that coverages the surface of film.

4.2.1. X-Ray Photoelectron Spectroscopy. In order to investi-
gate the formation and the stability of the external layer of
TiO,, the sample TMTF was characterized before and after
the degradation experiment. The chemical composition and
chemical state were identified with the help of XPS analysis;
the binding energy of the peaks were obtained from XPS
database of NIST [29]. The XPS spectra of the TMTF sample:
(a) survey, (b) Ti 2p, (c) S 2p, and (d) Mo 3d, are shown in
Figures 7(a)-7(d). From Figure 7(a), the elements S, Mo, C,
Ti, and O are observed in the XPS survey spectrum, which
confirms the formation of the superficial TiO, layer; the pres-
ence of Mo and S elements is related to the MoS, intermedi-
ate layer, and the thickness of the TiO, overlayer is less than
10 nm. In Figure 7(b), the high resolution spectra of Ti 2p is
presented; a doublet is observed with one peak related to Ti
2p5,, and the other to Ti 2p,,, with binding energies of
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F1GURE 7: XPS spectra of TMTF sample (a) general survey, (b) high resolution of Ti 2p, (c) high resolution of S 2p, and (d) high resolution Mo
3d. The label before and after means before and after photocatalytic experiment.

459.0eV and 464.7 eV, respectively. The binding energies
found are related to the Ti with the chemical environment
of TiO,. It can be observed that the peaks presented stability
after the degradation experiment, suggesting that our exter-
nal layer is stable. The high resolution spectra of the S 2p is
presented in Figure 7(c); the presence of a doublet related
to S 2p;,, and S 2p,,, at binding energies of 162.3eV and
163.6 €V, respectively, can be seen. After the photodegrada-
tion experiment, additional peak appears at a binding energy
of 169 eV (labeled in the figure with *); the presence of this
peak had been reported previously [30, 31] in TiO, doped
with S; this peak disappears after the sample was eroded with
argon ions. The presence of this peak could be related to the
fact that we deposited a thin layer of precursor solution of
TiO, over MoS,; then, a thermal annealing was applied at
the sample and a sulfur diffusion on TiO, was promoted.
Hence, the peak could be due to the binding of sulfur with
the adsorbed dye in the surface of the sample, and when we
eroded with argon ions, we eliminated the adsorbed dye

and the peak disappears. The high resolution spectrum of
Mo 3d (Figure 7(d)) can be separated into two doublets.
The first doublet at 229.6eV and 232.7 eV is related to Mo
3d,,, and Mo 3d,,, related to Mo** of the MoS, compound;
the second at 233.4eV and 236.5eV is related to Mo 3d;,,
and Mo 3d,,, related to Mo®* of the MoO, compound. Sim-
ilar results had been reported by Senthil et al. [32].

4.3. Photocatalytic Activity. The aim of this work is to evalu-
ate the effect of the TiO, thin layer over the MoS,; then, it has
been evaluated on the adsorption-desorption capacity and
their photocatalysis activity on the degradation of Rh B solu-
tion in the dark and Vis-IR light, respectively. Figure 8 shows
the variation of residual concentration (C/Co) with the time
of the Rh B solution in the dark in the presence of the films.
The films without a TiO, thin layer coating in the surface of
heterostructure, MF and TMF, show that the adsorption-
desorption equilibrium between the photocatalyst and the
dye solution is not reached after 6h. The constant
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FIGURE 8: Adsorption-desorption test between Rh B solution in
the presence of different photocatalyst. The test was carried out
in the dark.

discoloration in the dark of the dye solution is due to the
MoS, as 2D-layered nanomaterials that had excellent
anchoring surface for adsorbing dye molecules [33]. But the
Rh B molecules are being superficially adsorbed on MoS,,
and not necessarily degraded. After 6h of contact, about
50% of solution was discolored for both samples. Instead
with the films coating with a TiO, thin layer, MTF and
TMTF were placed in contact to dye solution in the dark;
the adsorption-desorption equilibrium was reached in the
first hour, and the concentration of Rhodamine B solution
remained constant after 6h. The obtained result indicates
that the TiO, thin layer coating the heterostructure decreases
drastically the adsorption capacity of MoS,. Now, the adsorp-
tion of organic molecules is carried out on the TiO, surface.

Figure 9 shows the photocatalysis degradation of Rh B
solution in the presence MTF and TMTF under Vis-IR light
irradiation. The variation of residual concentration (C/Co)
with the time is observed. The TMTF shows a better pho-
tocatalytic activity; it is related to the band gap energy; the
TMTF shows an absorption edge in the visible and near-
infrared; then, the catalyst is photoactive in a larger region
of the solar spectrum. Additionally, the high roughness of
TMTF as observed in AFM images provides more contact
surface to interact with the dye solution. After 6h of irra-
diation, the 90% of Rh B solution was degraded for the
TMTEF. Taking into account that the discoloration of Rh
B solution produced by the photolysis and adsorption
effect were made before the irradiation, all discoloration
of dye during the photocatalysis test is due to oxidation-
reduction reaction between photocatalyst and organic mol-
ecules from dye solution.

Liu et al. [7] determined the band alignment for the
TiO,/multilayer MoS, interfaces; they report the valence
band offset (VBO) and conduction band offset (CBO) of
TiO,/ML-MoS, interfaces were 2.28 eV and 0.28 eV, respec-
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FIGURE 9: Photocatalytic test between Rh B solution in the
presence of different photocatalyst. The test was carried out
under Vis-IR light.

tively. A possible process for photogeneration electron-hole
pairs and the transfers between TiO, and MoS, into the het-
erostructure is described below, a schematic illustration is
shown in Figure 10.

(1) The photons from the Vis-IR light are absorbed by
the MoS,, generating the electron-hole pairs

(2) When the energy of electrons in CBO is bigger than
0.28 between MoS, and TiO,, the electron in the con-
duction band (CB) of MoS, is transmitted to the CB
of the TiO,

(3) An electron from the CB of TiO, is displaced and
reacts with oxygen to produce superoxide anion
radicals

(4) Simultaneously, the electrons from the valence band
(VB) of TiO, absorb the energy needed to overcome
the VBO between TiO, and MoS, and compensate
the electronic vacancy in the VB of MoS,

(5) The hole generated in the VB of TiO, reacts with rho-
damine B and is degraded

A possible mechanism for RhB degradation by the TiO,-
MoS,/TiO, composites includes the possible steps listed
below. The enhanced photocatalytic performance of the
TiO,-MoS,/TiO, composites could result from the charge
transfer process between MoS, and TiO,. Under Vis-IR light
irradiation, electrons and hole pairs were produced on MoS,
of CB and VB, respectively (equation (1)). When the MoS,
electrons have an energy bigger than the CBO, the electron
in the conduction band (CB) of MoS, is transmitted to the
CB of the TiO, (equation (2)). The electrons on the conduc-
tion band of TiO, react with adsorbed O, on the surface of
the photocatalysts and produce superoxide radical (O,") to
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F1GURE 10: Schematic illustration of charge transfer of TiO,-MoS,/TiO, film in the visible-infrared light.

oxidize RhB (equation (3)). On the other hand, when the
electrons from the valence band (VB) of TiO, absorb the
energy needed to overcome the VBO between TiO, and
MoS, and compensate the electronic vacancy in the VB of
MoS, and generated a hole (h*) in the VB of TiO, (equation
(4)), the (h™) generated in the VB of TiO, reacts with the
rhodamine B producing an oxidized RhB* that in the
presence of O, dissolved in water is reduced to rhodamine
as intermediate (equations (5) and (6)); other (h") from
VB of TiO, dissociates the H,O in OH and H" (equation
(7)); simultaneously, the RhB reaction with the ‘O,- or
‘OH or H" generated from other reactions to finally pro-
duce carbon dioxide and water (equations (8) and (9)).

MosS, + hV(ViHR) — MoS,(e7)

+MoS, (h")
MoS,(e") + TiO, — MoS, + TiO,(e") (2)
TiO,(e”) + O, — O, +TiO, (3)
2TiO, +hv(ypo) + MoS, (h") — MoS, + TiO, (h") (4)
TiO, (h") + RhB — RhB" '+TiO, (5)
RhB*'+0, — Rhodamine (6)
H,0 + TiO, (h") — OH +H" + TiO, (7)
RhB + O, ~/"OH — Products (8)

RhB + H* — CO, + H,0

+ other products

5. Conclusions

The thin layer of TiO, that coverages the MoS, and TiO,-
MosS, to form the heterostructure film practically eliminate
the strong adsorption capabilities of the MoS, in the dark.
The heterostructures show excellent photocatalytic activities
under visible to infrared light illumination. The photocataly-
sis activity was superior to MoS,/TiO, film. The heterostruc-

tures might have promising applications in polluted water
treatment and facile recovery to reuse.
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Exploring a novel and efficient photocatalyst is the key research goal to relieve energy and environmental issues. Herein, Z-scheme
heterojunction composites were successfully fabricated by loading g-C,N, nanosheets (CN) on the surface of Mg, ,Ti, 4O
nanoflakes (MT) through a simple sol-gel method followed by the calcination method. The crystalline phase, morphologies,
specific surface area, and optical and electrochemical performance of the samples were characterized by X-ray diffraction
(XRD), field emission scanning electron microscopy (FE-SEM), energy-disperse X-ray spectroscopy (EDS), Brunauer-Emmett-
Teller (BET), diffuse reflectance spectroscopy (DRS), and electrochemical measurements. Considering the suitable band
structures of the components, the photocatalytic performance was evaluated by photocatalytic H,O splitting and photocatalytic
inactivation of Escherichia coli (E. coli). Among the samples, MT/CN-10 (the molar percentage of melamine to as-obtained Mg-
Ti gel was 10%) shows superior photocatalytic performance, which the average H, production rate was 3.57 and 7.24 times
higher than those of MT and CN alone. Additionally, the efficiency of inactivating Escherichia coli (E. coli) over MT/CN-10 was
1.95 and 2.06 times higher as compared to pure MT and CN, respectively. The enhancement of the photocatalytic performance
was attributed to the advantages of the extremely negative conduction band (CB) of CN and the extremely positive valence band
(VB) of MT, the enhanced light absorption, and more efficient photogenerated charge carrier separation.

1. Introduction

During the past decade, there is an increasing interest in
addressing the problem related to the growing concentration
of energy shortage and other related damaging environmen-
tal pollutions due to the combustion of the fossil fuels [1-3].
Under the circumstances, developing advanced technologies
is very urgent, which are able to reduce the use of fossil fuels
and exploit the renewable and environmentally friendly
energy sources [4-6]. Photocatalytic technology is a promis-
ing approach towards solving the above problems, which can
transform H,O into H, and relieve the environmental pollu-
tion under solar light irradiation. Thus, considerable research
efforts have been made to develop efficient photocatalysts for
the usage of photocatalytic hydrogen production and disin-

fection due to the technology advantage of convenient and
environmentally friendly operation process and no harmful
disinfection by-products, such as metal oxide and sulfide, as
well as metal chloride semiconductors [7-11]. Lately, perov-
skite as a semiconductor photocatalyst for water splitting has
become a research hotspot. Compared with the most studied
metal oxides and sulfides, the perovskite shows a more suit-
able conduction band position and higher stability, as well
as abundant light absorption. Magnesium titanate, as a mem-
ber of the perovskite family, has been reported to be an effi-
cient photocatalyst of water splitting to product hydrogen
and the degradation of pollutants. However, pure perovskite
has two major drawbacks, namely, low surface area and high
recombination rate of photogenerated electron hole pairs
[12-15]. Therefore, to enhance the photocatalytic efficiency,
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the strategy of designing effective artificial photosynthetic
systems by mimicking the Z-scheme mechanism in the
chloroplast has been developed. Graphitic carbon nitride
(g-C;N,), as a metal-free polymeric semiconductor with a
narrow bandgap of about 2.7eV, has been widely studied
among various semiconductors in view of its low cost, non-
toxicity, good thermal and chemical stability, and higher
reduction potential position [16-22]. However, the poor
separation efficiency of photogenerated charge carriers
and insufficient light absorption of bulk g-C,N, directly syn-
thesized by the thermal polycondensation method would
lead to inferior performance and limitation of application
[23-28]. Given that of these shortcomings, constructing the
Z-scheme heterostructure by recombining g-C,N, with
perovskite has been regarded as an ideal solution to expand
the specific surface area and restrain the recombination of
photogenerated charges.

Herein, we have successfully synthesized the Z-scheme
heterojunction photocatalyst consisting of Mg, ,Ti, 4O
nanosheets (MT) and g-C;N, nanosheets (CN) by the
sol-gel method and calcination method. The photocatalytic
performance was evaluated by photocatalytic water splitting
and disinfection under simulated sunlight irradiations. Com-
pared with pure Mg, ,Ti, ;O and g-C;N,, the Z-scheme het-
erojunction photocatalyst exhibited excellent photocatalytic
activity by taking the advantages of the more negative con-
duction band (CB) of CN, the more positive valence band
(VB) of MT, the enhanced light absorption, and more effi-
cient photogenerated charge carrier separation.

2. Experimental Section

2.1. The Preparation of Photocatalyst. All chemicals used in
this work were analytical grade without any further purifica-
tion. The heterojunction composite composed of g-C;N, and
Mg, ,Ti; O; was obtained by the sol-gel method and
ionothermal method. In a typical sol-gel preparation proce-
dure, 0.03 mol of acetic acid was poured into 0.16 mol abso-
lute ethanol to form a transparent solution, and then
0.01 mol of Ti(OC,H,), was dropped into the above solution
with constantly stirring to form transparent solution. After
that, 0.0l mol of Mg(NO,),-6H,O was slowly added into
the above solution to generate homogeneous yellow sol.
Finally, the above yellow sol was dried in air to obtain Mg-
Ti gel. Additionally, in the process of ionothermal calcina-
tion method, a certain amount of melamine was mixed with
the as-obtained Mg-Ti gel at molar ration of 5%, 10%, and
20%, respectively. Then, the above mixture (1.0 g) was mixed
with KCI (2.75g) and LiCl (2.25g). After being mixed
evenly, the resultant mixture was transferred into a corun-
dum crucible and calcined at 550°C for 2h with a heating
rate of 5°C/min in a muffle furnace. The resultant product
was washed with boiling distilled water and then followed
by drying at 60°C overnight in a vacuum oven. By way of
comparison, pure g-C,N, and Mg, ,Ti; ;O- were also pre-
pared using the similar procedure. The synthetic samples
were labeled as CN, MT, MT/CN-5, MT/CN-10, and
MT/CN-20, respectively.
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F1GUrE 1: XRD patterns of pure CN, MT, and MT/CN-10 Z-scheme
heterojunction photocatalyst.

2.2. Characterizations. The X-ray diffraction (XRD) patterns
were recorded on a Bruker D8 Advance instrument with
Cu-Kar as the radiation source. The morphologies of the
as-obtained samples were characterized by a JSM-7500
field emission scanning electron microscope (FE-SEM).
The specific surface area and pore structure were analyzed
by N, adsorption-desorption isotherms using a Micromeri-
tics ASAP 2020 Apparatus (Micromeritics Instruments,
USA). The optical performance of samples was characterized
by a UV-visible spectrophotometer (UV-2600, Shimadzu,
Japan). Room temperature photoluminescence (PL) emis-
sion spectra of the samples were collected on a Hitachi
F-700 fluorescence spectrophotometer at an excitation wave-
length of 325 nm. Electrochemical measurements were carried
out on an electrochemical workstation (CHI66E, China) with
a standard three-electrode cell, where Na,SO, solution as the
electrolyte, Pt foil acted as the counter electrode, and
Ag/AgCl (saturated KCl) as the reference electrode.

2.3. Evaluation of Photocatalytic Hydrogen Evolution. The
photocatalytic hydrogen evolution was evaluated on a
Labsolar-6A system (Pefect Light Company, Beijing China),
where a 300 W Xenon arc lamp was used as simulated sun-
light source. In the process of photocatalytic water splitting,
circulating cooling water system is used to guarantee that
the temperature of reaction system be kept at 25+ 1°C.
Firstly, 50mg of the as-prepared photocatalyst was dis-
persed in 80 ml of triethanolamine (TEOA) aqueous solution
(10vol%). Then, a certain amount of H,PtCl; aqueous solu-
tion was dripped into the system to load 1.0wt% Pt onto
the surface of the photocatalyst by a photochemical reduc-
tion deposition method. After illumination for 1h under
magnetic stir, 0.4 ml of the produced gas was automatically
withdrawn and injected into the gas chromatograph (GC-
2014C, Shimazu, Japan) to determine the concentration of
the produced H, gas.

2.4. Photocatalytic Disinfection Experiment. The photocata-
Iytic performance of the obtained samples was evaluated by
the inactivation of Escherichia coli (E. coli). Firstly, in order
to obtain the inoculum, the bacteria was incubated in 100 ml
Luria-Bertani (LB) nutrient solution and shaken at 37°C
for 12h, and then centrifuged to remove the metabolites.
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FIGURE 2: (a) FE-SEM images of pure MT. (b) MT/CN heterojunction. (c) SEM-EDS element mapping analysis of the MT/CN heterojunction.

Subsequently, the bacterial cell pellet was washed twice with
sterilized saline (0.9% NaCl) solution and then resuspended
in the sterilized saline solution. The obtained bacteria cell
density was about 5 x 107 colony forming units per milliliter
(CFU/ml). Finally, the photocatalytic disinfection experi-
ment was carried out. Namely, 30ml of E. coli suspension
was mixed with 20 mg photocatalyst powder and stirred at
500 rpm for 5min in the dark. A 300 W Xenon lamp with

an AML.5 filter was employed as the simulated sunlight
source to irradiate the E. coli cells. At regular intervals, ali-
quots were taken from the suspension buffer and 0.1 ml of
the suspension (undiluted, three replicates) was spread onto
LB agar plates, and then incubated at 37°C for 18 h to form
viable colony units. All inactivation experiments were per-
formed in triplicate, and all glassware was heated at 120°C
for 20 min in an autoclave to ensure the sterility.
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FIGURE 3: (a) UV-Vis absorption spectra and (b) the bandgap evaluation from the (ahv) [2] photon energy plots for CN, MT/CN-10, and MT

samples.

3. Results and Discussion

The XRD patterns of the synthesized CN, MT, and MT/CN-
10 composite are shown in Figure 1. It can be observed that
the two typical diffraction peaks of CN appeared at 27.5°
and 13.1° are classified to (002) and (100) diffraction planes,
which are assigned to the interlayer stacking of aromatic
segments and in-plane structural packing motif of tri-s-
triazine units [29-31]. The pure MT exhibits five stronger
diffraction peaks at 20 of 25.5°, 32.1°, 39.6°, 45.4°, and
48.2°, corresponding to the (110), (023), (113), (043), and
(200) facets, respectively [12]. After the introduction of CN
into the MT, the heterojunction sample reveals characteristic
diffraction peaks for both CN and MT without any position
shifts, indicating the coexistence of these two components
in the heterojunctions.

The field emission scanning electron microscope (FE-
SEM) measurement was carried out to characterize the
morphologies and structures of MT and MT/CN samples.
As shown in Figure 2(a), the pristine MT displays the aggre-
gated structure consisting of several two-dimensional (2D)
sheets with a thickness of 10-20nm. By contrast, the
image of MT/CN composite shows that many CN nano-
particles grow on the surface of the 2D MT nanosheets
(Figure 2(b)). The microstructure of the MT/CN composite
was further explored by SEM-EDS elemental mapping mea-
sure. The elemental mapping images reveal C, N, Ti, and O,
and Mg elements are well-distributed in the composite
(Figure 2(c)). Those abovementioned results further proved
that the MT/CN heterojunction was successfully synthesized.

The optical absorption properties of the obtained sam-
ples were investigated by UV-vis diffuse reflectance measure-
ment. As shown in Figure 3(a), steep adsorption band edge of
pure MT is observed in the ultraviolet region, whereas an
obvious adsorption edge which can be assigned to the intrin-
sic bandgap absorption of pure CN is approximately located
at 450nm. Remarkably, the adsorption band edge of the
MT/CN-10 heterojunction photocatalyst exhibits a red shift
in comparison to that of pristine CN and MT, implying that
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FiGUurg 4: The N, adsorption-desorption isotherms and pore size
distributions (inset of the figure).

TasBLE 1: Physicochemical properties of MT, CN, and MT/CN-10
composite.

Sample S;E? ) Cumulative vgluflrle I.Xverage pore
(m~g™) of pores (cm” g™') diameter (nm)

MT 34.7 0.21 24.1

CN 12.1 0.10 344

MT/CN-10 20.9 0.15 31.5

the enhanced light absorption ability would be highly condu-
cive to boost the photocatalytic performance. Moreover, the
optical bandgap energy can be calculated by the following
equation [32, 33]:

(xhv=A(hv—Eg)”/2, (1)
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where A, a, hv, and E, represent a constant, the absorption
coefficient, the photon energy, and the optical bandgap,
respectively. In this equation, # is determined by the transi-
tion type. The bandgap energies of the MT and CN are deter-
mined from a plot of (ahv) [2] versus hv (n=1 for direct
transition). Thus, the bandgaps of MT and CN are estimated
to 3.45eV and 2.71 eV, respectively (Figure 3(b)).

The adsorption-desorption curves and pore volume dis-
tribution curves of MT, CN, and MT/CN-10 composite are
shown in Figure 4. And the corresponding calculated results
of BET surface area are also listed in Table 1. Obviously, all
samples exhibit the type IV isotherms with type H3 hysteresis
loops [34, 35], which are characteristics of slit-like pores

formed by the stacking of nanosheets. However, after com-
bining CN with the MT, the specific surface area and pore
volume of MT/CN composite distinctly decreased as com-
pared to that of pure MT, which might attributed to the fact
that the small CN nanosheets filled or blocked large numbers
of micropores of MT.

The photocatalytic performance of the obtain catalysts was
evaluated by photocatalytic hydrogen production under simu-
lated solar light irradiation. Figure 5(a) depicts the photocata-
lytic H, evolution rate of various photocatalysts. The results
showed that the H, evolution rate firstly increased and then
decreased with the increasing loading amount of CN. The
MT/CN-10 in particular outperforms (3128.3 ymol/h/g)
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FIGUR 7: (a) Steady-state photoluminescence spectrum (PL) of samples (excitation wavelength of 325nm). (b) Nyquist plots of
electrochemical impedance spectra (EIS) for samples. (c) Transient photocurrent-time profiles for samples.

among all the photocatalysts, which was about 3.57 and 7.24
times higher than that of pure MT and CN, respectively. The
stability and reusability of the photocatalyst is of great signif-
icance to its practical application. Figure 5(b) demonstrates
no significant decrease in the photocatalytic H, production
amount of MT/CN-10 after four repetitive cycles, indicating
that MT/CN-10 possesses high photocatalytic stability and
recyclability. Moreover, in order to assess the enhanced pho-
tocatalytic efficiency of MT/CN composites, the inactivation
efficiencies of the E. coli over the as-prepared samples were
also investigated in Figure 6. Compare the photocatalytic dis-
infection efliciencies of different samples under simulated
solar light irradiation at room temperature and ambient pres-
sure as well as the blank one with photocatalyst (MT/CN-10
sample alone) but under dark condition. In parallel, the inac-
tivation efficiency of the E. coli without adding any photoca-
talysts was also evaluated. As it can be found in Figure 5(a),
the inactivation of the bacteria barely happens in the absence
of photocatalyst, and no disinfection efficiency of the E. coli
was observed when the photocatalyst (MT/CN-10) is used
without light irradiation. In addition, the MT/CN composites
exhibit higher inactivation efficiencies than that of pure MT
and CN by the simulated solar light illumination. Particu-
larly, almost 100.0% of E. coli can be killed by MT/CN-10
over 100 min of simulated solar light exposure (Figures 6(b)
and 6(c)), while the inactivation efficiencies only reach to
51.2% and 48.5% for pure MT and CN after 100 min, respec-

tively. These results demonstrate that the photocatalytic E.
coli inactivation activity can be significantly improved by
constructing the heterojunction about CN and MT.

To reveal the significant effect of CN on the photocata-
lytic activity of MT, the photoluminescence (PL), photocur-
rent responses, and electrochemical impedance spectrum
(EIS) analysis were conducted to explore the charge carrier
transfer efficiencies of pure MT, CN, and MT/CN-10 com-
posite. Figure 7(a) shows that the PL intensity of MT/CN-
10 is the weakest than that of pure MT and CN, and the
CN displays the strongest PL intensity, indicating that the
recombination of photogenerated charge carriers is effec-
tively inhibited after loading CN on the surface of MT.
Furthermore, the enhanced transport of charge carriers can
be further evidenced by the lower electric resistance and
higher photocurrent response. As shown in Figure 7(b), the
MT/CN-10 composite exhibits the smallest hemicycle radius.
And the MT/CN-10 hybrid can afford a much enhanced cur-
rent density than that of the bare MT and CN (Figure 7(c)).
These above results further corroborate that the heterojunc-
tion between MT and CN can enhance the separation and
transfer efficiency of charge carriers, which is beneficial for
improving the photocatalytic disinfection performance.

The electronic spin resonance (ESR) measurement was
carried out to detect the active radicals [36, 37]. As displayed
in Figure 8(a), the DMPO--OH signal can be observed for
pure MT and MT/CN-10, while no DMPO--OH signal is
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FIGURE 8: The DMPO spin-trapping ESR spectrum for (a) DMPO--OH and (b) DMPO--O,” under simulated solar light irradiation.

found for pure CN; this is due to the weak oxidation potential
of CN. The strongest DMPO--OH signal for MT/CN-10 sug-
gests that the photogenerated holes still stay in the valence
band (VB). At the same time, the DMPO--O," signals can
be also observed for pure CN and MT/CN-10, but weak
DMPO--O," signal appears in the MT (Figure 8(b)). The
results indicate that the photogenerated electrons and holes
stay in the conduction band (CB) of CN and the valence band
(VB) of MT, respectively. The conventional type II hetero-
junction mechanism is hard to explain the EPR results. Con-
trarily, the Z-scheme heterojunction mechanism is more
reasonable to explain the enhancement of the photocatalytic
H, production and disinfection performance.

According to the atom’s Mulliken electronegativity defi-
nition formula (Equations (2) and (3)) [38, 39],

Eyp =X - E +0.5E,,

(2)

Ecp =Eyp - Eg’ 3)
where E, 5 is the valence band potential, E.p is the conduc-
tion band potential, E, is the semiconductor bandgap energy,

E, is the electron free energy (in general 4.5eV), and X is the
geometrical mean of the absolute electronegativity of each
atom in the semiconductor. Thus, the Eyp and E.; of MT
are 3.11V and —0.34V, whereas the Eyy and E-; of CN are
1.59V and —1.12V, respectively. To the end, the mechanism
of the enhanced disinfection performance for the MT/CN
heterojunction composites under simulated solar light irradi-
ation is shown in Figure 9. Under simulated solar light irradi-
ation, the excited electrons transfer from the CB of CN to the
CB of MT, and the excited holes transfer from the VB of MT
to the VB of CN. Thus, an internal electric field is produced at
the interface between CN and MT. Simultaneously, band
edge of CN bends upward due to the loss of electrons, but
band edge of MT bends downward due to the accumulation
of electrons. Under the influence of the internal electric field,
the electrons on the CB of MT transfer to the VB of CN and
recombine with the holes on the VB of CN. Therefore, more
electron hole pairs can be efficiently separated, and more
electrons and active radicals are obtained to enhance the
photocatalytic H, production and disinfection, respectively.
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FIGURE 9: A possible photocatalytic mechanism for H, production
based on MT/CN heterostructure.

4. Conclusions

In this work, we successfully synthesized a Z-scheme 2D/2D
MT/CN heterostructured photocatalyst by a simple sol-gel
method followed by calcination method to grow CN nano-
sheets on the surface of MT nanoflakes. And the MT/CN-
10 exhibited much more excellent photocatalytic H, pro-
duction performance and disinfection efficiency than that
of pure MT and CN. The establishment of heterojunction
between MT and CN can lead a superior interfacial charge
transfer under simulated solar light irradiation so as to gener-
ate more electrons and active radicals for H, production and
bacteria inactivation, respectively. In addition, the efficient
harvesting of light and the large specific surface area of 2D
MT/CN nanosheets are of great importance of the enhance-
ment of the photocatalytic efficiency. These results could
provide a new view for the design of heterojunction photoca-
talysts for applications in solar-to-chemical energy conver-
sion and environmental remediation.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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