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Abstract
A unique composite with a three dimensional (3D) sandwich network structure consisting of reduced
graphene oxide aerogel/titanium dioxide/molybdenum disul�de (abbreviated as RGO
aerogel/TiO2/MoS2) was developed for the removal of organic dyes from solution cooperatively by
adsorption and photocatalytic degradation mechanisms. The composite was successfully synthesized
by stepwise hierarchical assembly integration, including sol-gel and physical vapor deposition (PVD)
methods. The resulting multicomponent composite material featured a high speci�c surface area
(255.441 m2/g) absorption capacity manifested by the myriad negatively charged carboxylate function
groups on the surface of the composite. The composite material demonstrated ideal optical and
photocatalytic properties, including a large absorbance in the visible light region and a fast transfer of
photogenerated electron-hole pairs, resulting in a superb photodegradation performance. The RGO
aerogel/TiO2/MoS2 also exhibited a high cationic dyes removal e�ciency through the cooperative
adsorption and photocatalytic degradation mechanisms. Moreover, electron paramagnetic resonance
(EPR) analysis and reactive oxygen species scavenging experiments con�rmed that superoxide radicals
(O2

•−), holes (h+), and hydroxyl radicals (•OH) were involved in photocatalytic degradation of the organic
dyes.

Highlights
RGO aerogel/TiO2/MoS2 composite was synthesized via the sol-gel and PVD methods.

RGO aerogel/TiO2/MoS2 composite showed a unique 3D sandwich network structure.

Rich oxygen-containing functional group and large speci�c surface area were showed.

Synergy of adsorption and photocatalysis caused high removal e�ciency of dyes.

1. Introduction
The continuously increasing activities of various chemical industries have led to a considerable amount
of dye wastewater being produced from dyeing processes. Organic pollutants with complex structures
present in these wastewater streams are extremely di�cult to degrade. More importantly, they are highly
toxic and represent a serious threat to the life of aquatic organisms and people (Li et al. 2017; Zhang et
al. 2017). Therefore, researchers have begun to develop more effective methods to manage the
production of dye-containing wastewater (Cai et al. 2017). Adsorption technologies represent a widely
used method for treating wastewater because they enable high removal e�ciencies of environmental
pollutants, are economically produced, and do not require the use of secondary pollutants (Chen and Bai
2013; Martins et al. 2020; Yang et al. 2015). In addition, photocatalytic technology can degrade organic
waste into low-toxicity or non-toxic, low-molecular-weight organic compounds under irradiation and can
even decompose pollutants into carbon dioxide and water, which renders it a potentially environmentally
friendly method for treating sewage (Guo et al. 2014; Wang et al. 2016; Zhang et al. 2015).
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The combination of adsorption and photocatalytic technologies is promising because the cooperation
between these two processes can achieve a better removal e�ciency of organic dyes compared to their
individual processes (Dursun et al. 2020; El Mersly et al. 2021; Zhang et al. 2020). Strong interactions
between dye molecules and functional groups on the surface of a catalyst ensued from adsorption can
facilitate rapid and e�cient reactivity between dye molecules and short-lived reactive materials, such as
reactive oxygen species (ROS), produced on photocatalyst surface, resulting in photodegradation
(Martins et al. 2020). Upon photocatalytic degradation, the products are desorbed from the catalyst
surface, regenerating the adsorption sites to assist in further dye removal (Guo et al. 2014; Luo et al.
2019). Titanium dioxide (TiO2) has gained considerable interest as a photocatalytic material because of
it is biocompatible, non-toxic, and does not produce secondary environmental pollutants. However, TiO2

exhibits a high electron-hole pair recombination rate and a low solar energy utilization rate (Shi et al.
2017; Wang et al. 2014; Zhang et al. 2016).

To circumvent this, modi�ers can be added into the structure of a photocatalyst. Molybdenum disul�de
(MoS2) has demonstrated excellent promise as a modi�cation for photocatalysts (Li et al. 2018). In the
visible light range, the heterojunction formed between TiO2 and MoS2 can accelerate the separation of
photoexcited electrons and holes, prolonging the life of an electron (Hu et al. 2019; Liu et al. 2017; Wang
et al. 2018). The most widely used method for incorporating MoS2 into other materials is by hydrothermal
synthesis using various MoS2 precursors (Liu et al. 2017; Wang et al. 2018). However, these MoS2-
containing nanomaterials are prone to agglomeration on the carrier materials, which can break the
special structure of the carrier materials when combined by this method. The physical vapor deposition
(PVD) approach has the potential to immobilize MoS2 nanomaterials on surface of the carriers because
the material deposited by this method becomes uniformly distributed across the carrier surface, and the
carrier micropore structure has little in�uence on this process due to the use of gases as precursors (Feng
et al. 2015; Zhou et al. 2016).

Recently, three-dimensional (3D) carbon materials, such as aerogels, have been considered promising
adsorbents because they are non-toxic and have a large speci�c surface area (Xin et al. 2019; Yang et al.
2019). Reduced graphene oxide (RGO) aerogels contain numerous carboxylic acid functional groups
throughout its 3D network structure, which become negatively charged in aqueous solution, promoting
the absorption of cationic organic dyes by electrostatic and hydrogen bonding interactions. The RGO
aerogels also process larger speci�c surface areas with myriad active sites, which not only enables the
exposure of the catalyst to more dye molecules to facilitate their removal but also offers additional
attachment points for the photocatalyst. Moreover, the RGO aerogel can e�ciently absorb photons to
promote the photoexcitation of electrons (Li et al. 2016) and features multi-dimensional electron
migration paths that facilitate the migration of photoexcited electrons (Qiao et al. 2019).

In this paper, a RGO aerogel/TiO2/MoS2 composite photocatalyst featuring a 3D network sandwich
structure was prepared using sol-gel and PVD methods and evaluated for its removal e�ciency of
organic dyes from dye-containing solutions. A high removal e�ciency of the various cationic organic
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dyes tested herein was obtained through cooperative adsorption and photocatalytic degradation
mechanisms. These results indicated that the composite had broad application prospects in the
treatment of dye-containing wastewater.

2. Experimental

2.1 Materials and reagents
Molybdenum disul�de (MoS2) was obtained from the Fuchen Chemical Reagents Plant (Tianjin, China).
Tetrabutyl titanate was provided by Sanpu Chemical Co., Ltd. (Shanghai, China). Crystalline �ake graphite
was derived from Tengshengda Carbon Machinery Co., Ltd. (Qingdao, China). The organic dyes
Rhodamine B (RhB), crystal violet (CV), methylene blue (MB), Alizarin red (AR), xylenol orange (XO), and
methyl orange (MO) were obtained from Kermel Chemical Reagent Co., Ltd. (Tianjin, China) and were of
analytical grade. These materials were used as is without puri�cation or treatment. Deionized (DI) water
was used as the solvent for all solutions and experiments.

2.2 Preparation of the RGO aerogel/TiO2/MoS2 composite
The RGO aerogel/TiO2/MoS2 composite was synthesized via the sol-gel and physical vapor deposition
(PVD) methods. First, graphene oxide (GO) was prepared by Hummers’ method and treated by freeze-
drying. The resulting aerogel GO (0.4 g) was added to 20 mL of absolute ethanol, and the mixture was
ultrasonically exfoliated at room temperature for 2 hours. Then, 1.5 mL of tetrabutyl titanate was
dispersed into the mixture, and 3 mL of DI water was added. The precipitate was washed with DI water
and treated via freeze-drying to obtain the RGO aerogel/TiO2.

MoS2 (0.5 g) was added to a ceramic boat that was then wrapped with aluminum paper and tied with
several holes. The ceramic boat and 1.0 g of the RGO aerogel/TiO2 composite were placed in a reactor
and heated at 570℃ for 3 hours at a heating rate of 5℃/min, after which they were cooled to room
temperature and removed from the reactor to obtain the �nal RGO aerogel/TiO2/MoS2 composite
material. The RGO aerogel/TiO2 was prepared the same way but without adding MoS2.

2.3 Characterization methods
X-ray diffraction (XRD, Bruker D8 Advance X-ray diffractor, Karlsruhe, Germany) using Cu Kα radiation
was performed on the RGO aerogel/TiO2/MoS2 composite material to determine the crystal phase
structure. Raman spectroscopy (LabRAM HR Evolution) with an excitation of 532 nm was performed to
determine the phase composition of the composite material. A survey of the chemical bonds and
functional groups within the material was conducted by fourier transform infrared spectroscopy (FT-IR,
Nicolet iS50 FT-IR spectrometer). The morphology, size, and microstructural properties of the composite
were investigated by scanning electron microscopy (SEM, Verios 460) and transmission electron
microscopy (TEM, Tecnai G2 F20). X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi) with Al Kα
radiation (hv = 1486.6 eV) was performed to determine to the elemental composition of the composite
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material. To assess the incorporation of MoS2 into the material, the sample was characterized by energy-
dispersive X-ray spectroscopy (EDS), as shown in Fig. S1. Ultraviolet-visible diffuse re�ectance
spectroscopy (UV-Vis DRS, Shimadzu UV2600 UV-Vis spectrophotometer) was applied for studying the
light absorption properties of materials.. The recombination rate of the photogenerated electron-hole
pairs was determined using photoluminescence (GangDong F-320 �uorescence spectrophotometer). The
Brunauer-Emmett-Teller (BET) surface areas, pore volumes, and pore size distributions of the materials
were measured using an ASAP 2460 surface area and porosity analyzer (Micrometrics Instrument Corp.).
Electron paramagnetic resonance (EPR) spectroscopy was conducted by an EMXmicro-6/1/P/L EPR
spectrometer to identify the spin-trapped oxidative radical species. The spectrometer was equipped with a
xenon lamp and a UV-cutoff �lter (λ ≥ 400 nm). The center magnetic �eld was set to 3500 G, the power
was set to 6.35, and microwave frequency was 15 dB. The degradation intermediates of Rhodamine B
(RhB) were analyzed by gas chromatography-mass spectrometry (GC-MS, Agilent 7890A/5975C).

2.4 Photodegradation of the organic dye solutions
We designed in-house a photocatalytic reaction device, a photo of which is shown in Figure S6. Up to 10
sets of samples were able to be placed at equal distances around the device. The light source of the
device was set in the center of the device, the dye solution was placed in a quartz test tube, with the
distance between the light source and the dye solution being 6 cm. An air pump was used for gas stirring.
circulating air was used for cooling. Took samples while stirring, so that the ratio of solution to catalyst
remained unchanged, and the sample did not return to the main solution. A certain amount of the
photocatalyst was dispersed into an organic dye standard solution. Upon reaching adsorption-desorption
equilibrium between the dye and the photocatalyst, the suspensions were continuously stirred in the dark
for 30 min. After the suspension was centrifuged, it was measured by UV-vis spectroscopy (722G UV-vis
spectrophotometer, Shanghai Chuang Yi Science & Education Equipment Co., Ltd.) The mixed
suspensions were irradiated using a high-pressure sodium lamp (HPSL, 278 W/m2 intensity), in the
intervals of illumination 3 ml suspension every 30 min was withdrawn and centrifuged to remove the
photocatalyst particles for measurement. The removal e�ciencies of the organic dyes were obtained
using Eq. 1 below:

where C0 was the initial concentration, and Ct was the concentration at time t.

The photodegradation kinetics of the dyes were �tted with the Langmuir-Hinshelwood pseudo-�rst-order
kinetic equation (Eq. 2):

where C0 was the adsorption-desorption equilibrium concentration, Ct was the concentration at time t, and
kapp was the apparent constant (Guo et al. 2014)

3. Results And Discussion
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3.1 Characterization

3.1.1 Structures and morphological characterization
The XRD patterns of the RGO aerogel/TiO2/MoS2 composite included Bragg re�ections of anatase TiO2,
which corresponded to the JCPDF powder diffraction pattern 21-1272 (Guo et al. 2014; Wang et al. 2014).
The (002), (100), and (103) crystal planes presented in Fig. 1A matched well with the diffraction peak of
MoS2 (JCPDF 37-1492), con�rming the coexistence of MoS2 in the composite material. The XRD patterns
of the MoS2 (Fig. 1A) had lower diffraction peak intensities than TiO2, which was ascribed to the lower
proportion of MoS2 in the RGO aerogel/TiO2/MoS2 (Ye, Fei et al. 2017). Due to the lower intensity of the
RGO diffraction peak, no obvious diffraction peaks corresponding to the carbon materials in the RGO
aerogel/TiO2/MoS2 were observed (Qiao et al. 2019).

To further explore the physical properties of the RGO aerogel/TiO2/MoS2 material, Raman spectroscopy

was performed. The Raman spectrum in Fig. 1B showed several peaks at 141.95 cm− 1, 512.61 cm− 1, and
632.78 cm− 1 that were characteristic of the Eg(1), A1g, and Eg(2) modes of anatase TiO2. The characteristic

peaks observed at 378.32 cm− 1 and 410.31 cm− 1 corresponded to the E2g and A1g modes of MoS2. The

two peaks at 1344.39 cm− 1 (D band) and 1599 cm− 1 (G band) corroborated the existence of RGO in the
RGO aerogel/TiO2/MoS2 composite (Paul et al. 2018; Qiao et al. 2019). Moreover, because the RGO
aerogel featured a signi�cant amount of carboxylic acid functional groups in its structure, the resulting
composites prepared with the RGO aerogel (i.e. RGO aerogel/TiO2 and RGO aerogel/TiO2/MoS2)
displayed similar FT-IR spectral characteristics (Fig. 1C). In each of the three materials analyzed (RGO,
RGO/TiO2, and RGO/TiO2/MoS2) the corresponding FT-IR spectra featured absorption peaks

corresponding to the stretching vibrations of O-H at 3600–3200 cm− 1, C-H at 3057–2790 cm− 1, C-O at
1344–930 cm− 1, and C = O/C = C at 1750–1344 cm− 1. However, the RGO/TiO2 and RGO/TiO2/MoS2

materials both featured strong and weak, respectively, absorption bands at 769–410 cm− 1, which
correspond to the Ti-O-C/Ti-O-Ti stretching vibrations, which further corroborated the incorporation of
TiO2 into the material (Wang et al. 2013; Wang et al. 2017). However, these absorption bands were not
present in the FT-IR spectrum of the plain RGO aerogel.

Next, the morphologies and structures of both the RGO aerogel and the RGO aerogel/TiO2/MoS2

composite were investigated via SEM and TEM (Fig. 2).

The SEM image of the RGO aerogel indicated a 3D hierarchical network structure with an interlayer
distance equal to dozens of nanometers (Fig. 2A). Upon the incorporation of TiO2 and MoS2 into the RGO
aerogel, the interlayer distance of the RGO aerogel sheets in the RGO aerogel/TiO2/MoS2 increased
(Fig. 2B), which was conducive to the adsorption of more dye molecules. The thickness of the graphene
was approximately 30 nm, and the 3D network structure demonstrated clear pores that would effectively
enable the adsorption of the organic dyes. The TiO2 nanoparticles (NPs), which had sizes of
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approximately 20 nm, were uniformly layered on the graphene sheet, so that more active sites were
exposed, which was conducive to facilitating more e�cient photocatalysis compared to when fewer
active sites were exposed. In addition, the material was highly crystalline, which was consistent with the
XRD results.

During the preparation of TiO2 using the sol-gel method, the interactions between the TiO2 precursors and
the GO sheets were strong. However, the interactions between the individual GO sheets were weak,
resulting in an increased interlayer distance (Wang et al. 2013) The TiO2 NPs were uniformly coated on
the surface of the RGO aerogel sheets, which was consistent with the TEM image presented in Fig. 2C.
The MoS2 was barely observed in the SEM image, which might have been due to the low proportion of
MoS2 compared to the other components of the composite. Analysis of the composite by EDS indicated
that the material had a signi�cant amount of C, moderate amounts of Ti and O, and noticeably small
amounts of S and Mo, which further indicated that the TiO2 was uniformly coated on the RGO aerogel
surface and that the MoS2 layer was attached to the surface of the RGO aerogel/TiO2 composite.

The high-resolution TEM (HRTEM) image in Fig. 2D, which represents a zoomed-in picture of the red
square area in Fig. 2C, also veri�ed the presence of MoS2 based on the 2–4 layered MoS2 sheets
attached on the surface of TiO2. The lattice spacing of 0.62 nm corresponded to (002) crystal plane,
while the lattice spacing of the TiO2 crystal (0.35 nm), which was represented by the yellow square area,
corresponded to the (101) crystal plane (inset, Fig. 2D) (Li, Juan-Juan et al. 2018; Lin et al. 2019; Paul et
al. 2018; Quan, Quan et al. 2018; Wang et al. 2013; Wang et al. 2017; Ye, Fei et al. 2017). Moreover, the
interlayer distance of the RGO aerogel itself was 0.45–0.65 nm. The HRTEM in Fig. 2D also demonstrated
the presence of clear and cohesive interfaces between the different components in the material. The
results of these analyses, which determined the overall distribution of each material throughout the
sample, denoted the formation of a sandwich structure produced by the stepwise hierarchical assembly
integration method. The EDS elemental mapping results of the RGO aerogel/TiO2/MoS2 composite
con�rmed that the TiO2 was uniformly present on the surface of the RGO aerogel and that the MoS2 layer
was adsorbed onto the surface of the RGO aerogel/TiO2 material.

3.1.2 Microstructure via XPS
The peaks corresponding to C 1s, Ti, O, Mo, and S in the XPS survey spectrum (Fig. 3A) were consistent
with the elemental composition of the materials. The C 1s spectrum (Fig. 3B) displayed three main peaks
at 284.47 eV, 286.37 eV, and 288.77 eV, which corresponded to the C-C/C = C, C-O, and C = O groups,
respectively (Li, Juan-Juan et al. 2018; Quan, Quan et al. 2018). The O 1s spectrum shown in Fig. 3C
displayed three peaks at 533.41 eV, 532.57eV, and 530.69 eV, which were attributed to the C-O, Ti-O-C, and
Ti-O-Ti groups, respectively; the Ti-O-C bond resulted from the strong interactions between the TiO2 and
the RGO aerogel (Li, Juan-Juan et al. 2018; Wang et al. 2017). The Mo 3d and S 2p spectra in Fig. 3D and
E, respectively, featured peaks at 231.87 eV, 228.47 eV, 164.57 eV, and 163.37 eV, which corresponded to
Mo 3d3/2, Mo 3d5/2, S 2P1/2, and S 2P3/2, respectively, that were attributed to the Mo4+ and S2− species in
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MoS2, respectively (Quan, Quan et al. 2018). The Ti 2p spectrum presented in Fig. 3F featured two
characteristic peaks corresponding to the Ti 2p1/2 and Ti 2p3/2 spin-orbital splitting photoelectrons of the
TiO2 in the RGO aerogel/TiO2 and RGO aerogel/TiO2/MoS2 materials. The binding energy peaks at
458.48 eV and 464.16 eV represented the characteristic peaks of TiO2. Upon the incorporation of TiO2

into the GO structure following heat treatment, the respective peaks in the RGO aerogel/TiO2 material
shifted slightly to 459.05 eV and 464.8 eV, while these characteristic peaks in the RGO
aerogel/TiO2/MoS2 shifted even more to 459.55 eV and 465.2 eV. These shifts were attributed to the
formation of Ti-O-C bonds between the TiO2 NPs and the RGO aerogel.

3.1.3 UV-Vis DRS and PL analysis
The optical absorption properties of the RGO aerogel, RGO aerogel/TiO2, and RGO aerogel/TiO2/MoS2

materials were assessed by UV-Vis DRS. As shown in Fig. 4A (curve c), the pure RGO aerogel responded
to visible light, while pure TiO2 did not (Guo et al. 2014; Wang et al. 2018). The modi�cation of the RGO
aerogel with TiO2 manifested a red shift and a strong absorption increase in the visible light region.
However, the RGO aerogel/TiO2/MoS2 demonstrated the strongest visible light absorbance, as con�rmed
by the absorption spectra of the RGO aerogel/TiO2/MoS2 and RGO aerogel/TiO2 materials in Fig. 4A
(curves a and b, respectively). From these spectra, the band gap energy (Eg) values were obtained. The
band gap energies of the RGO aerogel, RGO aerogel/TiO2, and RGO aerogel/TiO2/MoS2 were 1.57 eV,
1.81 eV, and 1.76 eV, respectively. The enhancements in the visible light adsorption and the reduction in
the optical band gap of the RGO aerogel/TiO2 and RGO aerogel/TiO2/MoS2 materials compared to the
neat RGO aerogel were attributed to Ti-O-C bonds at the interface of the TiO2 and RGO aerogel (Wang et
al. 2013).

The photoluminescence (PL) spectra of the titanium dioxide (P25), RGO aerogel, RGO aerogel/TiO2, and
RGO aerogel/TiO2/MoS2 materials at an excitation wavelength of 397 nm are presented in Fig. 4B. Lower
PL intensities imply a lower recombination rate of the photogenerated electron-hole pairs compared to
higher PL intensities (Guo et al. 2014; Wang et al. 2017). The PL intensity of the RGO aerogel/TiO2 was
lower than that of P25, the RGO aerogel/TiO2/MoS2 composite had the lowest PL intensity, which
indicated the lowest recombination rate photogenerated electron-hole pairs compared to the other
materials measured.

3.2. Application of dye removal

3.2.1 Effect of initial RhB concentration and pH on dye
removal
The removal e�ciency of the RGO aerogel/TiO2/MoS2 composite under HPSL irradiation was evaluated
based on the change in initial RhB concentration (CRhB), as shown in Fig. 5A. In a dark environment, as
the initial RhB concentration increased, the RhB removal e�ciency by the RGO aerogel/TiO2/MoS2
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composite decreased. When the initial RhB concentration increased, more dye molecules were adsorbed
onto the catalyst, but after the catalyst reached adsorption-desorption equilibrium, the concentration of
dye molecules in the solution no longer changed. As the initial dye concentration increased, more dye
molecules were excited by absorbed photons, which resulted in greater energy transfer during the
photocatalytic degradation process, and adsorption sites were created to help remove the dye (Luo et al.
2019; Zhang et al. 2019). However, the high concentration of dyes at the surface of the catalyst caused
the transfer of photons to the photocatalyst to be blocked by the absorption by the adsorbed dye
molecules, reducing the number of photons reaching the catalyst surface (Guo et al. 2014). The
corresponding photodegradation kinetics data of RhB at different concentrations were �tted to a pseudo-
�rst-order model (Fig. 5B). The apparent constants calculated from the model (Table 1) indicated that the
optimal rate constant (0.0169 min− 1) was achieved at an RhB concentration of 40 mg/L. At this
concentration, the optimal removal e�ciency of RhB was determined to be 95% after a duration of 150
min. This removal e�ciency was achieved by the combination of adsorption and photocatalytic
degradation.

The pH of the medium was also a factor to consider because it affected the adsorption capacity and
photocatalytic performance of the composite (Chen and Bai 2013; Yahia Cherif et al. 2014). The removal
of RhB from the corresponding RhB solutions at different pH’s was performed by the RGO
aerogel/TiO2/MoS2 composite (Fig. 5C). The adsorption capacity of the composite in the dark increased
between pH 1.0 and 7.0 but decreased when the pH exceeded 7.0. Therefore, the optimal adsorption
capacity was achieved at pH 7.0. The decreased removal e�ciency of the composite photocatalyst at
lower pH was attributed to the protonation of surface-active carboxylic acid groups, which prevented the
adsorption of RhB molecules at the adsorption sites. As the pH increased, the functional groups on the
catalyst surface became increasingly deprotonated, which enabled the binding of the cationic RhB
molecules via electrostatic interactions. However, when the pH exceeded 7.0, the reduction in the
adsorption capacity of the composite was due to the competition between the high concentration of
hydroxide ions in solution and the RhB molecules for absorption sites.

The photodegradation performance also demonstrated the same behavior as the adsorption capacity.
The strong adsorption of the dyes onto the composite surface due to increased localized dye
concentration enabled rapid and e�cient collisions between the dye molecules and the reactive species
(Guo et al. 2014; Luo et al. 2019). The corresponding photodegradation kinetics data of RhB at different
pH’s were also �tted to a pseudo-�rst-order model (Fig. 5D), and the calculated apparent rate constants
are shown in the Table 1. From the comprehensive kinetics data, the optimal removal e�ciency was
achieved at a pH of 7, with a corresponding removal e�ciency of 97 %.
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Table 1
Apparent rate constants (kapp) and regression coe�cients

(R2) of photodegradation at different initial RhB
concentrations (CRhB) and different pH’s.

CRhB

(mg/L)

kapp

(min− 1)

R2 pH kapp

(min− 1)

R2

20 0.0135 0.9998 1 0.0076 0.9874

40 0.0169 0.9997 3 0.0096 0.9740

60 0.0082 0.9876 7 0.0183 0.9985

80 0.0067 0.9879 9 0.0171 0.9985

100 0.0034 0.9994 11 0.0143 0.9901

3.2.2 Photocatalytic performance of the composite.
As shown in Fig. 6, the photocatalytic performance of RhB on the RGO aerogel, RGO aerogel/TiO2, and
RGO aerogel/TiO2/MoS2 materials under HPSL radiation was evaluated. The adsorption-desorption curve
of the composite material under dark adsorption in rhodamine B solution for 30 minutes is shown in
Figure S3.

Due to a band gap energy of 3.2eV, the TiO2 cannot absorb visible light (Shi et al. 2017). The pure RGO
aerogel also had a weak photocatalytic performance. Compared to single-component photocatalysts,
composite photocatalysts typically demonstrate higher photocatalytic performances. Therefore, the
combination of the two components can effectively improve their own shortcomings. The RGO
aerogel/TiO2 showed signi�cantly enhanced photocatalytic activity because the absorption of visible
light by the composite led to the production of more reactive species, which photosensitized more dyes
molecules (Mukthar and Yesodha 2016). When the MoS2 NPs were deposited onto the RGO aerogel/TiO2

via physical vapor deposition, the resulting RGO aerogel/TiO2/MoS2 composite showed considerably
higher photocatalytic performance because the MoS2 alone absorbed photons in the visible light region,
which produced excited species that generated additional electron-hole pairs for improving
photocatalysis. At the end of photocatalytic degradation of RhB (after 120 min), the reaction solution was
analyzed by GC-MS. The electron donor and acceptor groups (diethylanilines and carboxylic acid,
respectively) in RhB could be easily oxidized by free radicals generated during the photocatalytic process,
which resulted in the formation of some colorless organic intermediates that decomposed into smaller
organic oxidation products. Based on the GC-MS results in Table S1, it was indicated that the structure of
RhB had been degraded.

3.2.3 Performance of the aerogel composites
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The removal e�ciency of RhB from solution by the RGO aerogel/TiO2/MoS2 composite was compared to
the corresponding performance of the RGO non-aerogel/TiO2/MoS2 (Fig. 7A). The RGO
aerogel/TiO2/MoS2 demonstrated a stronger adsorption capacity and higher photocatalytic degradation
e�ciency than the RGO non-aerogel-based composite. This was attributed to the uniformly distributed
TiO2 NPs throughout the surface of the RGO aerogel sheets in the RGO aerogel/TiO2/MoS2 composite
(Fig. 7B and D, inset), which manifested larger interlayer pores and a higher speci�c surface area
compared to the non-aerogel samples, as observed in the SEM images (Fig. 7B and D). The N2

adsorption-desorption isotherms (Fig. 7C) of the aerogel and non-aerogel composites, both of which
exhibited a type IV isotherm and hysteresis loops similar to the H3 type, further con�rmed that the
interlayer pores were formed in the stacked sheet-like materials (Li et al. 2013; Lin et al. 2019). The
number of pores in the RGO aerogel/TiO2/MoS2 was signi�cantly higher than in the RGO non-
aerogel/TiO2/MoS2 composite, and the pore diameters were larger in the RGO aerogel-based composite
compared to the non-aerogel-based composite (inset, Fig. 7C). The large number of mesopores and
macropores facilitated the transfer of photons to the internal surface of the catalyst, thereby improving
its photoelectric performance. In addition, the BET surface area of the aerogel-based composite was
nearly 4.5 times larger than the non-aerogel composite (Table 2). A high speci�c surface area entails
more surface active sites, which improves the carrier mobility rate, adsorption capacity, and
photocatalytic performance of the photocatalyst (Li et al. 2013). In addition, a strong adsorption capacity
causes more dye molecules to be concentrated at the catalyst surface, thereby increasing the probability
of collisions between the dye molecules and reactive species at the surface active sites of the
photocatalyst under visible light. Based on these considerations and the removal performances
measured, the RGO aerogel/TiO2/MoS2 demonstrated a superior removal performance .

Table 2
BET special surface area, pore volume, and average pore size of the two multi-component composites
Samples BET special surface area

(m2/g)
Pore volume
(cm3/g)

Average pore size
(nm)

RGO aerogel/TiO2/MoS2 255.441 1.19565 11.694

RGO non-
aerogel/TiO2/MoS2

56.953 0.18806 12.465

3.2.4 Removal application of different organic dyes
The removal performance of additional cationic dyes (e.g., Rhodamine B (RhB), crystal violet (CV), and
methylene blue (MB)) and anionic dyes (e.g., Alizarin red (AR), xylenol orange (XO), and methyl orange
(MO)) by the RGO aerogel/TiO2/MoS2 composite was studied (Fig. 8). The removal e�ciencies of MB, CV,
and RhB by the RGO aerogel/TiO2/MoS2 composite were all around 97 %, which were attributed to the
presence of negatively charged carboxylate groups on the surface of the RGO aerogel (Fig. 1C). In
aqueous solution, the carboxylic acids ionized to generate a large number of negatively charged
carboxylates, which enhanced the electrostatic interactions between the catalyst and the cationic dyes
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and repelled the anionic dyes. The high removal e�ciencies were also facilitated by hydrogen bonding
interactions formed between the functional groups of the catalyst and the dyes, which increased the
adsorption capacity of the dyes onto the catalyst. Moreover, under strong adsorption, more dye molecules
was attached to the surface of the catalyst, making fast and e�cient contact between dye molecules and
short-lived reactive species generated on the photocatalyst surface(Luo et al. 2019).

In addition, the degradation experiment of the RGO aerogel/TiO2/MoS2 composite material in simulated
real dye wastewater (Fig. S2), the degradation of anion dye MO under acidic conditions (Fig. S4) and the
degradation experiment of the antibiotic tetracycline hydrochloride by the RGO aerogel/TiO2/MoS2

composite material (Fig. S5) were also added. The results show that the composite has good degradation
performance in simulating the real dye wastewater environment, under acidic conditions, the composite
material has a good adsorption effect on the anion dye MO, but the photocatalytic effect is not obvious,
and the composite material also has a certain degradation effect on tetracycline hydrochloride.

The corresponding photodegradation kinetics were fairly consistent with a pseudo-�rst-order reaction
(Fig. 8B), and the apparent rate constants calculated for MR, XO, MO, MB, CV, and RhB are shown in
Table 3. The apparent rate constants for the photodegradation of the cationic dyes were signi�cantly
higher than those of the anionic dyes. The various noncovalent interactions between the cationic dyes
and the negatively charged carboxyl groups in the composite can improve the speci�c surface area,
dispersion, and stability of the material, as well as increase the layer spacing. These features provided the
RGO aerogel/TiO2/MoS2 composite with an excellent adsorption capacity for cationic organic dyes, and
made the dye molecules on the surface of the catalyst concentration, in order to realize the dye removal.
These results indicated that the RGO aerogel/TiO2/MoS2 composite was very effective for the removal of
cationic organic dyes from solution.

Table 3
Apparent rate constants (kapp) and

regression coe�cients (R2) of
photodegradation of the six cationic and

anionic organic dyes tested.
Organic dye kapp (min− 1) R2

AR 0.0014 0.9998

XO 0.0017 0.9973

MO 0.0007 0.9981

MB 0.0167 0.9999

CV 0.0099 0.9945

RhB 0.0169 0.9997

3.2.5 Reusability of the RGO aerogel/TiO2/MoS2 composite
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The photocatalytic degradation performance of RhB by the composite catalyst for under HPSL irradiation
was repeatedly tested to evaluate the reusability of the photocatalyst. The reusability tests were
performed �ve times under the same conditions. After each test, the catalyst was �ltered and washed
three times with ethanol and three times with deionized water. The catalyst was dried in a vacuum oven
at 80°C for 12 hours until the next round of tests. The RGO aerogel/TiO2/MoS2 was subjected to �ve
separate cycles of the photocatalytic experiments under HPSL radiation (Fig. 9). After the �ve cycles were
completed, the degradation e�ciency of RhB by the photocatalyst decreased from 95–80%. The
photodegradation e�ciency of the composite catalyst under HPSL radiation decreased because, after
each test, the number of active sites on the surface of the catalyst that were responsible for capturing
photons decreased, which decreased the ability of the photocatalyst to degrade the organic dyes.

3.2.6 Elucidation of the mechanism of removal of cationic
dyes by the composite
During photodegradation, the short-lived reactive species, which included superoxide radicals (O2

•−), holes

(h+), and hydroxyl radicals (•OH), generated at the surface active sites of the photocatalyst reacted with
the dye molecules to degrade them. EPR was performed to detect the O2

•− and •OH species using 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as a scavenger. In this EPR assessment, water was introduced for
•OH detection, while dimethyl sulfoxide (DMSO) was introduced for O2

•− detection. No EPR signals were
observed in the dark; however, under visible light irradiation, four characteristic signals corresponding to
the •OH-DMPO adducts were observed in the EPR spectra (Fig. 10A (a)), while six characteristic signals
corresponding to the O2

•−-DMPO adducts were observed in the EPR spectra (Fig. 10A (b)) (Wang et al.

2014; Zhang, Junlong et al. 2017). The EPR signal of O2
•− was much stronger than the EPR signal of •OH

under irradiation by visible light for 10 min. Due to the valence band (VB) energies of MoS2 (~ 1.39 eV vs.
normal hydrogen electrode (NHE)) (Mukthar and Yesodha 2016) and the RGO aerogel (~ 1.20 eV vs. NHE)
(Fig. 9B), neither of the two species could directly oxidize the water or hydroxide ions (OH−) to •OH (~ 1.99
eV for OH−/•OH and 2.33 eV for H2O/•OH) (Li et al. 2016; Xia et al. 2019; Zhang, Junlong et al. 2017).

Therefore, the observed •OH was generated from the O2
•− or holes produced in the VB of TiO2 by the

photochemical reaction.

To further con�rm the contribution of the reactive species to photodegradation, the photocatalytic
degradation of RhB using different scavengers was performed by the RGO aerogel/TiO2/MoS2 composite
under HPSL irradiation (Fig. 10C). Benzoquinone (BQ) was found to inhibit the photocatalytic
degradation e�ciency of RhB by the RGO aerogel/TiO2/MoS2 composite when it was added to scavenge

the O2
•− in the solution, which indicated that O2

•− was the essential active species in these photocatalytic
degradation reactions. When triethanolamine (TEA) and tert-butyl alcohol (TBA) were added to scavenge
the h+ and •OH, respectively, the photocatalytic degradation e�ciency of RhB by the RGO
aerogel/TiO2/MoS2 composite was slightly lower than without any scavenger present, meaning h+ had a
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slight in�uence on the photocatalytic performance, and low amounts of •OH were produced (Li et al.
2017; Zhang et al. 2016). These consequences were consistent with the EPR analysis.

Considering the 3D sandwich network structure of the RGO aerogel/TiO2/MoS2 composite (Fig. 11A), as
well as the above results and analyses, a potential adsorption mechanism was proposed (Fig. 11B). The
3D sandwich network composite had a large speci�c surface area (Table 2) and a signi�cant number of
negatively charged carboxylate groups on the surface of the RGO aerogel (Seen in IR, XPS), which
enabled the formation of the electrostatic and hydrogen bonding interactions between the composite and
the cationic dyes. These interactions provided the composite photocatalyst with a superior absorption
capacity for cationic organic dyes (Fig. 8), causing the dye molecules to be removed from solution and
concentrated on the surface of the catalyst (Fig. 11B). According to the above results, a potential
mechanism for the electron-hole migration was developed (Fig. 11C).

The MoS2 (Li et al. 2018; Mukthar and Yesodha 2016; Wang et al. 2016), RGO (Li et al. 2016), RGO
aerogel/TiO2 containing Ti-O-C bonds (Geng et al. 2013; Wang et al. 2017), and RhB (Mukthar and
Yesodha 2016) all absorbed visible light, and the excited electrons generated from photon absorption
were transferred from the excited RhB (RhB*) species to the conduction band (CB) of TiO2, MoS2, and the
RGO semiconductor; from the CB of MoS2 to the CB of TiO2 and the RGO semiconductor/conductor; and
from the CB of the RGO semiconductor to its conductor. The transferred electrons were trapped on the
surface of the catalyst by oxygen, producing O2

•−. The reactive oxygen species O2
•−, as well as •OH

generated from the O2
•−, reacted with RhB causing it to degrade. Meanwhile, the corresponding generated

holes reacted with RhB to produce organic decomposition intermediates, while the RGO/TiO2 material

reacted with H2O to generate •OH, which reacted with the RhB decomposition products to further degrade
them. Additionally, the holes within the VBs of the RGO, MoS2, and TiO2 were transferred, which increased
the separation of electron-hole pairs.

During the removal of the dyes from solution by the RGO aerogel/TiO2/MoS2 composite, the adsorption
of the dye molecules onto the surface of catalyst facilitated reactions between in fast and e�cient
contact between the reactive species in solution and the dye molecules, which promoted the degradation
of the dyes. Therefore, the combination of adsorption and photocatalytic degradation of RhB and the
other cationic organic dyes promoted the e�cient removal of the dyes from solution and the subsequent
regeneration of the adsorption sites to enable the continuous absorption of dyes onto these regenerated
sites. This allowed the RGO aerogel/TiO2/MoS2 composite to boast excellent removal and
photodegradation performances.

Conclusion
RGO aerogel/TiO2/MoS2 has been prepared using the sol-gel and PVD methods. SEM and TEM results
indicate that a unique 3D sandwich network structure has formed by a stepwise hierarchical assembly
integration method. BET results show that RGO aerogel/TiO2/MoS2 composites show high photocatalytic
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performance because of its high speci�c surface area and high adsorption capacity for cationic dyes.
Under the combined effect of adsorption and photocatalysis, RGO aerogel/TiO2/MoS2 composite exhibits
excellent removal performance for high-concentration dye wastewater under visible light irradiation, and
the removal rate reaches up to 95% after 2.5 h. This composite material may be regarded as one of the
ideal photocatalysts for the treatment of high-concentration dye wastewater.
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Figures

Figure 1

(A) XRD patterns; (B) Raman spectrum of the RGO aerogel/TiO2/MoS2; and (C) FT-IR spectra of the RGO
aerogel/TiO2/MoS2, RGO aerogel/TiO2, and RGO aerogel.
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Figure 2

SEM image of (A) RGO aerogel and (B) RGO aerogel/TiO2/MoS2. TEM image of RGO
aerogel/TiO2/MoS2: (C) TEM image, (D) HRTEM image. (E) EDS elemental mapping results from the
RGO aerogel/TiO2/MoS2 showing C, O, Ti, S, and Mo, respectively.
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Figure 3

XPS spectra of the RGO aerogel/TiO2/MoS2: (A) survey, (B) C 1s, (C) O 1s, (D) Mo 3d, and (E) S 2p; (F) Ti
2p spectra of the TiO2, RGO aerogel/TiO2, and RGO aerogel/TiO2/MoS2.

Figure 4

UV-Vis DRS (A) and PL (B) spectra of the RGO aerogel, RGO aerogel/TiO2, and RGO aerogel/TiO2/MoS2
materials. (A) RGO aerogel/TiO2/MoS2, (b) RGO aerogel/TiO2, and (c) RGO aerogel (inset: the plots of
the Kubelka-Munk function of the spectra) (B) PL spectra: P25, RGO aerogel, RGO aerogel/TiO2, and RGO
aerogel/TiO2/MoS2.
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Figure 5

(A) Removal performance of RhB onto the RGO aerogel/TiO2/MoS2 composite at different RhB
concentrations; (B) photodegradation kinetics of RhB on the RGO aerogel/TiO2/MoS2 composite at
different RhB concentrations (0.01 g catalyst was used in this experiment at pH 7.0); (C) Removal
performance of RhB by the RGO aerogel/TiO2/MoS2 composite at different pH’s; and (D) the
corresponding photodegradation kinetics (80 mL of 40 mg·L–1 RhB and 0.01g catalyst were used in this
experiment).
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Figure 6

Photocatalytic performance of RhB on the different catalysts under HPSL irradiation. (80 mL of 40 mg·L–
1 RhB and 0.01g catalyst at pH 7.0 were used in this experiment. The blank was RhB without added
catalyst)



Page 25/27

Figure 7

(A) Removal performance of RhB by the RGO non-aerogel/TiO2/MoS2 and RGO aerogel/TiO2/MoS2
composites (80 mL of 40 mg L–1 RhB and 0.01g catalyst were used in this experiment at pH 7.0); (B)
SEM image of the RGO non-aerogel/TiO2/MoS2 composite; (C) N2 adsorption-desorption isotherms of
the RGO non-aerogel/TiO2/MoS2 and RGO aerogel/TiO2/MoS2 composites (inset: pore size distribution
curves of the two composites); and (D) SEM image of the RGO aerogel/TiO2/MoS2 composite.
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Figure 8

(A) The removal performance of the different organic dyes from solution onto the RGO
aerogel/TiO2/MoS2, composite, and (B) the corresponding photodegradation kinetics for all dyes.
Conditions: 80 mL of 40 mg·L–1 dye solutions and 0.01g catalyst at pH 7.0.

Figure 9

Photocatalytic degradation curves of RhB by the RGO aerogel/TiO2/MoS2 photocatalyst (80 mL of 40
mg·L–1 RhB and 0.01g catalyst were used in this experiment at pH 7.0)
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Figure 10

(A) EPR spectra of the RGO aerogel/TiO2/MoS2 composite in a water dispersion (a) and DMSO
dispersion (b) under visible light irradiation for 10 min. (B) XPS valence-band spectra of the RGO aerogel.
(C) The effect of BQ, TEA, and TBA on the photodegradation performance of RhB by the RGO
aerogel/TiO2/MoS2 composite (80 mL of 40 mg·L–1 RhB and 0.01g catalyst were used in this
experiment at pH 7.0)

Figure 11

(A) The sandwich structure model of the composite, (B) a proposed mechanism for the adsorption
process, and (C) a proposed mechanism for electron-hole migration in the RGO aerogel/TiO2/MoS2.
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