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Introduction

Nowadays, environmental pollution and energy
shortage have become the two major worldwide
problems. The solution to the problem of water pol-
lution under the premise of energy conservation has
attracted extensive attention [1, 2]. With the rapid
development of industry, especially in the develop-
ing countries, the annual production of organic dyes
has reached 7 x 10° tons, which is widely used in
paper making, leather processing, textile dyeing,
cosmetics, and pharmaceutical manufacturing
industries [2-6]. Organic dye has become one of the
important pollution sources for aquatic environment.
At present, the methods to solve the pollution prob-
lem of organic dyes include biodegradation, physics
and chemical adsorption, advanced oxidation, and
visible-light catalysis [6]. Visible-light catalysis not
only saves energy, but also degrades organic pollu-
tants, due to which, it has attracted more and more
attention [7].

As a new generation of metal-free semiconductor
material, graphitic carbon nitride (g-C3N4) has
received more and more attention in the field of
visible-light catalysis since its first use by Wang et al.
in 2009 [8, 9]. Compared with the traditional photo-
catalytic materials, g-C3Ny4 exhibits easy preparation,
wide range of precursors (melamine, dicyandiamide,
urea, and thiourea) with extensive preparation of
resources in the earth, appealing electronic band
structure, tunable band gaps of width (1.8-2.7 eV),
high physical and chemical stability, non-toxicity,
non-polluting, responsiveness to visible light (within
460-698 nm, it can utilize 1349% solar energy).
Graphitic carbon nitride is widely applied in the field
of catalysis (photocatalytic water cracking for
hydrogen production, photocatalytic reduction of
carbon dioxide for hydrocarbon fuel, photocatalytic
degradation of pollutants and disinfection of bacteria,
and reduction of heavy metals) [7, 10, 11]. It also has
some disadvantages, such as small specific surface
area, low light energy utilization, and serious elec-
tron-hole recombination [12]. In order to solve these
issues, researchers have developed various nanos-
tructures (such as nanosheets, nanoparticles, and
nanorods) [13-15], constructed heterogeneous junc-
tions with other semiconductor materials [16, 17], and
modified g-C3N, using metal nanoparticles or carbon
nanomaterials [18, 19]. Bai et al. prepared porous S-g-
C3N4/MoS,, which increased the specific surface area
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and enhanced the photocatalytic activity [20]. How-
ever, the nanometer photocatalytic powder limited
the light mass transfer and was difficult to be
reclaimed in its actual use.

As a new carbon material, three-dimensional (3D)
self-assembly of pure graphene sheet materials was
reported in 2010 [21]. It has attracted more and more
attention of researchers due to its characteristics of
large specific surface, low density, high elasticity, and
strong adsorption. Reduced graphene oxide aerogels
not only provide the attachment site for powder
photocatalytic materials, but also have good adsorp-
tion capacity [22-25]. In addition, good conductivity
can improve the electron transfer efficiency and can
effectively inhibit the electron-hole synthesis. Meng
et al. had successfully prepared reduced graphene
oxide aerogel electrode materials with larger surface
area using SiO, composite graphene oxide [26].
Compared to two-dimensional (2D) graphene, it is
easy to recycle and reuse [27]. In addition, three-di-
mensional (3D) reduced graphene oxide aerogel can
also regulate the shape, size, and density of aerogel
by controlling the concentration of graphene oxide
and the shape of the reactor [28]. Zhang et al. suc-
cessfully combined molybdenum disulfide (MoS,)
and aerogel to improve the transfer rate of electrons
and reuse [29]. Therefore, integrating the advantages
of photocatalysis and reduced graphene aerogel, the
combination of composite aerogel can not only
improve the catalytic efficiency of visible light, but
can also be recycled and reused, which makes it more
suitable for practical engineering applications.

Tang et al. greatly improved the degradation effi-
ciency of dyes through composite preparation of
nanosheet g-C3N, using grapheme [30]. He et al. used
nanoscale g-C3N4, carbon quantum dots and gra-
phene aerogel ternary compound to degrade the dye
wastewater [28]. Compared with the traditional
g-C3Ny, mesoporous g-C3Ny4 has a porous structure,
and the folded plane structure makes the meso-
porous g-C3Ny have a larger specific surface area,
which is more conducive to the adsorption of pollu-
tants [9]. Compared with the nanosheet g-C5Ny, the
preparation of mesoporous g-CsNy is simpler and is
better suited to practical engineering applications
[31]. However, reports on the characteristics and
performance of hybrid aerogel of mesoporous g-C3N,
and rGOA are scarce in the literature. In this work,
3D mesoporous MCN/rGOA hybrid metal-free
adsorbent and visible-light catalyst was fabricated.
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The advantages of mesoporous g-CzN; and rGOA
with enhanced adsorption and photocatalytic activity
were explored. In order to detect the microstructure,
optical properties and macroscopic morphologies of
the samples were characterized using X-ray diffrac-
tion, X-ray photoelectron spectroscopy, Fourier-
transform infrared spectroscopy, N, adsorption-
desorption, diffuse reflectance UV-Vis diffuse
reflectance spectra, and photoluminescence emission
spectroscopy. Through the degradation of RhB, the
separation and transmission mechanism of electron—
holes was revealed.

Experimental
Materials

Potassium permanganate (KMnO,4), concentrated
sulfuric acid (H;SO4 98%), hydrogen peroxide
(HxO,, 30%), and hydrochloric acid (HCl, 37%) were
obtained from Sinopharm Chemical Reagent Co.,
Ltd., China. Flaky graphite powder was obtained
from Yu Kai graphite powder, China. Furthermore,
sodium bisulfite (NaHSO;) was purchased from
Tianjin Yongda Chemical Reagent Co., Ltd., China.
Melamine (C3zHgNg), ammonium oxalate (AO),
ascorbic acid (AA), and isopropyl alcohol (IPA) were
purchased from Aladdin Industrial Co., Ltd., China.
All the reagents used in the experiments were of
analytical grade and used without further purifica-
tion. Deionized water was wused in all the
experiments.

Preparation of mesoporous graphitic carbon
nitride (MCN)

Mesoporous graphitic carbon nitride (MCN) was
prepared using thermal condensation of melamine as
described in a previous work [9]. In a typical process,
melamine was first added to hot deionized water.
After cooling down, the appropriate amount of
hydrochloric acid (HCI, 37%) was slowly added to
the above melamine solution. Then, a magnetic stirrer
was used to stir the solution for 30 min. The mixture
was vacuum-dried under 80 °C to obtain melamine
hydrochloride. Then, melamine hydrochloride was
stored in a crucible with a cover and heated to 500 °C
in a muffle furnace for 2 h with the heating rate of
20 °C min ', followed by heating at the rate of 4 °C
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min~! to 520 °C for 2 h. After cooling and grinding,
yellowish mesoporous g-C;N,; was obtained.

Preparation of graphene oxide (GO)

Graphene oxide (GO) was prepared from flaky gra-
phite powder using a modified Hummers’ method
[32]. Firstly, 2 g of flaky graphite powder was oxi-
dized using 50 mL concentrated sulfuric acid (H,SO4,
98%) and stirred for 1 h in an ice bath, which kept
below 4 °C. Secondly, 6 g of KMnO, was slowly
added to the mixture with vigorous agitation for
30 min and the temperature was controlled so that it
did not to exceed 10 °C. Thirdly, the mixture was
heated to 35 °C for 1 h. Then, 90 mL of deionized
water was added to the mixture, heated to 98 °C, and
maintained at this temperature for 30 min. Finally,
100 mL of deionized water was added to form GO
mixture. In order to reduce the residual perman-
ganate and manganese dioxide, the solution was
treated with 20 mL H,O, (30%) and stirred for 0.5 h
until no obvious bubbles appeared. At last, the mix-
ture was washed using deionized water to a pH of
4-6.

Synthesis of composite MCN and reduced
graphene oxide aerogels (rGOA)

A series of GO with different concentrations (1.5, 2.0,
2.5, 3.0, 35mg mL™') was optimized to prepare
rGOA for adsorbing RhB. Composite MCN/rGOA
hybrid was prepared using a previously reported
aerogel preparation method [33]. Firstly, a certain
mass of MCN was added to ultra-pure water and
treated using ultrasound for 140 min. Secondly, the
optimum GO concentration and 512 mg of NaHSO;
were added to MCN water solution. The solution was
sonicated for 20 min. Then, it was put into the drum
wind drying oven (DHG-9030A, China) and heated
for 2.5 h under 95 °C. Finally, the mixture was rinsed
using deionized water to remove impurities and
freeze-dried. Different mass proportions of MCN/
rGOA hybrids were prepared (MCN/GO = 6:9,
MCN/GO =59, MCN/GO = 4:9, MCN/GO = 3.9,
MCN/GO = 2:9). Scheme 1 illustrates the fabrication
scheme and the corresponding digital photograph of
the 3D mesoporous MCN/rGOA hybrids.
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Scheme 1 Preparation
scheme of MCN/rtGOA

hybrids.
g-C3N,
Géj;e;t
rGO sheet
Characterization

The samples were characterized using X-ray diffrac-
tion (XRD, Bruker D8-Advance, USA), transmission
electron microscope (TEM), and high-resolution
transmission electron microscopy (HRTEM, JEM-
2100F, Japan), scanning electronic microscopy (SEM,
JSM-7800F), X-ray photoelectron spectroscopy (XPS,
Thermo, Escalab 250xi, USA), Fourier-transform
infrared spectroscopy (FTIR, PerkinElmer Spectrum
GX), diffuse reflectance UV-Vis diffuse reflectance
spectra (DRS, Agilent, Cary 5000, USA), N, adsorp-
tion-desorption (Micrometrics ASAP2020, USA), and
photoluminescence (PL, F-4600 FL, Hitachi, Japan)
emission spectroscopy.

Adsorption and photocatalytic activity

The properties of samples were evaluated using
adsorption and degradation of RhB at room temper-
ature. The prepared samples and RhB solution
(20 mg L™, 100 mL) were added to a 250-mL glass
container to directly show the adsorption perfor-
mance of the sample under dark conditions. The
glass container was placed under a 300-W xenon
lamp, which filtered out the light below 420 nm to
show the adsorption and photodegradation capacity
of the sample. Then, 3 mL of the solution was taken
at the intervals of 20 min, and the solution concen-
tration was measured using an ultraviolet visible
spectrophotometer (Beijing Purkinje General Instru-
ment Co., Ltd., China) at 551 nm. The removal rate
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was assessed using C/Cy and the rate constant (k,
min ).

C
lnc—O =kt (1)
where C, solution initial concentration (20 mg L),
C solution concentration at the corresponding time,
mg L', and t degradation time, min.

The procedure for the visible-light -catalysis
experiments was same as the above process. After
each experiment, the composite aerogels were taken
out and desorbed in anhydrous ethanol for 1.5 h.
Then, the anhydrous ethanol was removed by soak-
ing in deionized water for 30 min. The samples were
freeze-dried for recycling. The above photocatalytic
experiment was recycled five times to test the sta-
bility of the sample.

Results and discussion

Morphology and structure of as-prepared
hybrid

The macroscopic morphology and mechanical prop-
erties of photocatalytic materials are shown in Fig. 1.
Figure 1a shows the shape and size of the composite
aerogels. The MCN/rGOA hybrid (3:9) was pressed
with a weight of 160 g. After removing the weight,
they restored to their original shape without any
damage. Therefore, the mechanical stability of the
reduced graphene oxide aerogel was very good, as
shown in Fig. 1b, c.
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Figure 1 a Digital image of the as-prepared MCN/rGOA hybrid (3:9), b, ¢ mechanical properties of the hybrid aerogels.

The SEM images of MCN, rGOA, MCN/rGOA
composites are shown in Fig. 2a—d. The MCN mor-
phology is shown in Fig. 2d, while the nanosheet
layer and porous structure can also be seen clearly.
rGOA can be observed from Fig. 2a, b, which shows
that its structure was composed of two-dimensional
(2D) flaky rGO that was self-assembled and stacked
at high temperature to form three-dimensional por-
ous structure. The 3D layered structure can improve
the transmission efficiency of electrons and effec-
tively inhibit the combination of electrons and holes,
thus improving the efficiency of visible-light cataly-
sis. In addition, rGO 2D sheet structure provided
attachment points for MCN, due to which, it can be
firmly attached. This can also be observed from the
SEM image of the composite aerogels shown in
Fig. 2c. There were scaly protrusions in the rGOA

Figure 2 FESEM images of
a, b rtGOA, ¢ MCN/rtGOA
hybrid (3:9), d MCN.
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layer, indicating that the 2D flaky MCN adheres to
rGOA.

The transmission electron microscope images of
rGOA, MCN/rGOA composite are shown in Fig. 3.
The porous structure of MCN can be seen in Fig. 3a,
and the flaky structure of rGO is shown in Fig. 3b. As
illustrated in Fig. 3c, MCN is distributed on the layer
of rGO without damaging the layered porous struc-
ture of rGOA. The 2D lamellar MCN was firmly
attached to the graphene sheet, indicating that MCN
and rGO can be well combined. In Fig. 3d, lattice
fringes of MCN prepared with melamine that was
treated with hydrochloric acid were not observed.
However, it is noticed that the stacking distance of
0.324 nm from the interlayer-stacking of the conju-
gated aromatic system corresponding to (002) plane
belongs to the lattice distance of MCN observed in
Fig. 3f. Tang et al. and Yan et al. reported that the
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Figure 3 TEM image of a MCN, b rGOA, ¢ MCN/rGOA hybrid (3:9), HRTEM images of d MCN, e rGOA, f MCN/rGOA hybrid (3:9).

stack spacing of 002 crystal plane of g-C;N, was
0.324 nm (for sulfonated g-C3N4 composite graphene
aerogel) and 0.337 nm (for Cu,O and g-C3N4 com-
posite aerogel) using HRTEM [30, 34]. In the HRTEM
of composite aerogels, it can be seen that its layered
porous structure is consistent with the rGOA
structure.

As shown in Fig. 4, the crystal structure charac-
teristics of MCN, rGOA and MCN/rGOA composite
were analyzed using X-ray diffraction (XRD). MCN
exhibited two obvious diffraction peaks at 13.1° and
27.2°, among which the weak diffraction peak corre-
sponded to MCN in the structure of (100) crystal
plane with the repeated in-plane cycle, whereas the
strong diffraction peak corresponded to conjugate
layers stacked (002) crystal plane diffraction peak
[34]. Besides, the existence of (100) crystal plane
indicated the plane connection rule of triazine unit in
g-C3Ny. Single-phase rGOA at 22.6° indicated a wide
diffraction peak, highlighting that the material is a
loose accumulation (002) crystal plane [35]. Stack
distance in MCN-conjugated aromatic system is
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Figure 4 XRD patterns of the prepared photocatalysts.

observed from the HRTEM (Fig. 3f). The diffraction
peak of MCN at 13.1° in MCN/rGOA hybrids dis-
appeared, indicating that the MCN crystal structure
in the process of composite has changed. It might be
that GO has a thermal coupling between the MCN
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layers and rGO nanosheets during the hydrothermal
reaction [28]. Furthermore, the diffraction peak at
27.2° shows that the composite is successfully
realized.

The molecular structure of the samples is analyzed
using Fourier-transform infrared (FTIR) spectra, as
shown in Fig. 5. An anti-symmetric characteristic
absorption peak of rGOA at 1120 cm ™' represents the
stretching vibration of C-O-C bond in rGOA [36],
and the stretching vibration peak of -OH at
3300-3500 cm ™' [37]. The anti-symmetric character-
istic absorption peak at 1200-1650 cm™' is the
stretching vibration of MCN’s typical heterocyclic
structure. The anti-symmetric characteristic peak of
the stretching vibration of g-C3;N4’s special triazine
structure appeared at 805 cm ™" [38], while N-H bond
and H,O stretching vibration appeared at
3000-3500 cm ™" [39]. Compared with the pure MCN
and rGOA, MCN/rGOA composites presented the
above characteristic peaks and showed obvious
changes in the abovementioned bands, indicating
that MCN has been successfully combined into rGOA
and formed a new bond with rGOA. In this way, it
could improve the electron transfer efficiency and the
photocatalytic efficiency of MCN.

In order to further analyze the components of
samples, XPS was used to characterize the elements
and structures of the samples. The results are shown
in Fig. 6. From the full spectrum of XPS, it can be seen
that rGOA contains only C and O elements, while in
the composite aerogel, there were N elements (be-
sides the original C and O elements of rGOA). In
order to further analyze the combined states of C, N,
and O, the three elements were subjected to peak

rGOA
——MCN/rGOA

!
805

Intensity (a.u.)

1200-1650

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’')

Figure 5 FTIR spectra of the prepared photocatalysts.
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fitting. As shown in Fig. 6b, rGOA exhibited charac-
teristic peaks at 2842 eV and 2854 eV in the
Cl1s spectrum, which correspond to the binding state
of C in the graphitic carbon (C-C) and C-O in rGOA,
respectively. Compared with the rGOA, the charac-
teristic peak at 288.0 eV in the composite aerogels
corresponds to the binding state of N-C =N bonds in
the sp® C in MCN. According to the Ols figure, both
the pure rtGOA and rGOA combined with MCN
showed two 530.9 eV characteristic peaks, which
correspond to C-O in rGOA, while the characteristic
peaks of H,O at 531.6 eV are due to the absorption of
water present in air [28]. In the N1 s Fig. 6c, there
were no N elements in tGOA. Two characteristic
peaks of 398.3 eV and 400.3 eV were found in the
composite aerogels, which correspond to C-N=C and
N—(C)3, respectively [40]. The existence of C-N=C
bond indicates that a new bond was formed between
MCN and rGOA, which enabled MCN to better
attach to rGOA, and improved the transmission
efficiency of photoelectrons and the efficiency of
catalysis.

In order to verify more structural properties
(specific surface area and pore size) of the material,
nitrogen adsorption—-desorption experiments were
carried out, as shown in Fig. 7. In nitrogen adsorp-
tion—desorption isothermal curves shown in Fig. 7a,
it can be seen that MCN, rGOA, and MCN/rGOA
hybrids had great hysteresis loop, which according to
the IUPAC belonged to type IV adsorption desorp-
tion isotherm, and is caused by the porous structure
existing in the sample. Therefore, the three samples
showed relatively poor nitrogen adsorption charac-
teristics at P/Py = 0.45-1.00, and the hysteretic cir-
culations indicated the existence of pores, thus
demonstrating the porosity of MCN. In Fig. 7b, it was
observed that the pore size of MCN was mainly
distributed at 2-50 nm, with a small number of
medium and large holes. The pore size of rGOA was
2-5 nm, while that of MCN/rGOA hybrid was
2-8 nm, indicating that the composite material
retained the original porous structure, which was
also confirmed by the pore size distribution. The
specific surface area and the pore volumes of the
samples are listed in Table 1. Compared with the
rGOA, the BJH observed average pore diameter in
the MCN/rGOA composite was improved.
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Figure 7 a N, adsorption—desorption isotherms for MCN, rGOA, MCN/rGOA hybrid (3:9), respectively, b BJH pore-size distributions
for MCN, rGOA, MCN/rGOA hybrid (3:9).

Optical properties of the hybrid

Macroscopic 3D porous framework might affect the
optical properties of composite aerogels. For this

reason,

the optical properties of UV-Vis DRS were

characterized and are shown in Fig. 8. It can be seen
that all the samples can absorb visible light. At
< 480 nm, pure MCN shows the intrinsic absorption
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Table 1 Information about

the framework of MCN, Sample Sker (m?* g7 ) V}? (em® g7") Dj (nm) Dy (nm) D (nm)
A, and MCN/fGOA
;G]?r - and MCNGO MCN 18.06 0.13 28.33 32.80 18.96
y {GOA 294.97 0.22 2.98 3.54 332
MCN/AGOA 149.37 0.18 484 5.83 489

#Sper BET surface area

pr Single point adsorption total pore volume

°D, Adsorption average pore width (4 V/A by BET)

4D, BJH adsorption average pore diameter (4 V/A)

°D, BJH desorption average pore diameter (4 V/A)

— MCN/rGOA
—1rGOA
—MCN
-~
=
S
2
‘B
=
L
=
2 63eV
4 5
Eg (eV)
" 1 " 1 " 1 " 1 " 1 "
200 300 400 500 600 700 800

Wavelength (nm)

Figure 8 Optical properties of MCN, rGOA, and MCN/rGOA
hybrid (3:9) determined using UV—Vis DRS.

of g-C3N4. At < 384 nm, the absorption of visible
light is stronger than that of rGOA and MCN com-
plexes, though the absorption intensity of visible light
between 384 and 800 nm is much weaker than that of
MCN on rGOA. The absorption of light in the whole
band of rGOA may be caused by repeated refraction
of light in the porous structure of rGOA [34, 41]. The
photonic absorption coefficient—photonic energy
curve was obtained using the DRS curve, and the
band gap value of MCN was found to be 2.63 eV
based upon the tangent method. The above analysis
showed that a stronger and wider range of light
absorption is very beneficial to the photocatalysis of
composite aerogels.

In the process of photocatalytic reaction, the pho-
togenerated electron-hole pairs are one of the
important factors affecting the photocatalytic perfor-
mance. In order to further verify the efficiency of
photogenerated electron-hole separation,

@ Springer

fluorescence characteristics of the samples were
determined and are shown in Fig. 9. MCN has a
strong fluorescence emission peak at 470 nm, which
is the intrinsic fluorescence emission peak, derived
from MCN powder (namely the electron transition of
the valence band to the conduction band), and the
fluorescence generated by the composite of holes,
which is consistent with the results of DRS [12].
When rGOA and MCN were combined, the intensity
of the fluorescence emission peak was greatly
reduced and the fluorescence emission peak
appeared at 487 nm. The reduction of peak strength
and red shift indicate that the reduced graphene
oxide aerogel improved the transfer efficiency of
photogenerated electrons, thus effectively inhibiting
the combination of electrons and holes. It was
observed that PL peak red-shift through loaded
MCN, and the signal moved toward a longer wave-
length [42]. In short, it not only enhances the

—MCN
—rGOA
—— MCN/tGOA|

Intensity (a.u.)

350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 9 Optical properties of MCN, rGOA, and MCN/rGOA
hybrid (3:9) determined using PL.
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absorption range of light, but also inhibits the
recombination of light-induced vectors, which proves
that rGOA is a good photocatalytic carrier.

Visible-light-driven catalytic performance

Before synthesizing the composite aerogels, tGOA
with different concentrations of GO was prepared,
and the adsorption performance of RhB was opti-
mized, as shown in Fig. 10. Within 240 min,
3.0 mg mL~" of rGOA adsorption performance was
the best, which reached 89% adsorption. For different
concentrations of GO, aerogels density and aperture
were different. As the concentration increases, its
density gradually increases. When the concentration
was 3.0 mg mL ™!, the effect was the best. However,
when the concentration was higher than
3.0 mg mL™}, the pore size might be smaller, which
was not conducive to adsorption, and therefore, the
adsorption efficiency decreased.

In order to evaluate the performance of reduced
graphene oxide aerogel supported MCN photocata-
lyst in practical applications, the organic dye
wastewater, simulated using RhB, was adsorbed and
degraded through photocatalysis under visible light.
The blank test showed that the concentration of RhB
did not change significantly under dark or visible-
light irradiation. From Fig. 11a, it can be seen that,
under the dark conditions, pure MCN and composite
aerogels loaded with different masses of MCN had
different adsorption capacities. The best adsorption
capacity was observed for the MCN/rGOA hybrid
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Figure 10 Adsorption capacity of the as-prepared rGOA on RhB
aqueous solutions.
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(3:9), which reached 73.6% in 80 min, while the worst
adsorption was observed for MCN, which reached
the value of 9%. The poor adsorption performance of
MCN could be due to smaller surface area, which
offers fewer adsorption sites. The adsorption capacity
of rGOA is much higher than that of pure MCN due
to its unique three-dimensional porous frame struc-
ture and large specific surface area. In addition, the
selective adsorption of aromatic dyes was carried out
by electron coupling. The adsorption rate with the
loaded amount of 5:9 was 73.6%, while the adsorp-
tion rate of rGOA was 49%, indicating that the
addition of MCN changed the structural properties of
rGOA and was conducive to improving the adsorp-
tion capacity. Before the addition of g-C;N4 rGOA
has the lower density and floats on the surface of
water. The addition of MCN increases the density of
rGOA. The composite aerogel is suspended in liquid,
and more parts are impregnated in the solution than
that of rGOA, making the composite aerogel have a
better contact with RhB molecules in the solution.
Meanwhile, the addition of MCN also changes the
porous structure of rGOA, as shown in Fig. 7 and
Table 1. The pore size of composite aerogels becomes
larger, which is more conducive for RhB to enter the
macroscopic aerogels and adhere to the surface of
rGO sheets.

The ability of the samples’ adsorption and photo-
catalytic degradation for RhB was tested under the
condition of visible-light irradiation. As can be seen
from Fig. 11b, the degradation rate of MCN/rGOA
hybrid (3:9) for RhB was 95.2% within 80 min, while
that of pure MCN was 65.5%, which increased by
29.7%. According to the characterization of BET, the
larger specific surface area of MCN/rGOA composite
is better for the adsorption of organic dyes. The
unique porous structure is more advantageous for
harvesting the light, thus improving the photocat-
alytic efficiency. Meanwhile, due to its light weight,
the hybrid photocatalyst can remain suspended on
the surface of the target water medium and easily
absorb visible light. In addition, the reduced gra-
phene oxide aerogel loaded with MCN could pro-
duce more electron hole pairs, and the combination
of electron holes was reduced, which improved the
efficiency of visible-light catalysis. However, with the
increase of MCN'’s content, the degradation rate
became slow, and the removal of MCN/rGOA
hybrid (6:9) was found to be only around 59%. This
phenomenon may be due to the increase of MCN

@ Springer



8902

(@) 10

0.8

0.6

cre,

—a—MCNAGOA-6:9
04 - o MCNAGOA-5:9
4 MCNAGOA-4:9
—v—MCNAGOA-3:9
02 4 MCNAGOA-2:9
—<—MCN
+I.GOA 1 1 1 1

0 20 40 60 80
Absorption time (min)

© 00s [

N

/| Absorption and Irradiation
Absorption  [7]

0.01

NI
&0 =9 A &0 a0 (o o>
\(00 ¥ \(C’O?‘ \‘C’ob \‘C’ob \(c’ob * ©
N
G o

J Mater Sci (2019) 54:8892-8906

(b) 10},

0.8

0.6

/e,

| —#—MCN/1GOA-6:9
—o—MCN/rGOA-5:9
—4&—MCN/rGOA-4:9
—v—MCN/rGOA-3:9
021 & MCNAGOA-2:9
—<4—MCN

rGOA

0.4

1 1 i 1

0 20 40 60 80

Irradiation time (min)

(d) 10

Ist cycle | 2nd cycle| 3rd cycle) 4th cycle - Sth cycle

0.8

0.6

crc,

0.4

0 40 80 40 80 40 80 40 80 40 80

[rradiation time (min)

Figure 11 RhB removal performance of MCN, rGOA, and MCN/rGOA hybrids a Adsorption, b adsorption and visible-light-driven
photocatalytic degradation, ¢ adsorption and photocatalytic degradation kinetic constants, d stability of the MCN/rGOA hybrids.

content, due to which the density of the composite
aerogels becomes larger, resulting in the reduction of
utilization of light. In addition, the increase in MCN
changed the porous structure of the composite aero-
gels, thus reducing the adsorption contact area as
well as the visible-light contact. The degradation rate
of organic dyes can also be controlled by controlling
the loading capacity of MCN.

The rate constants of the samples are shown in
Fig. 11c. It could be seen that the rate constant of
MCN loaded by reduced graphene oxide aerogel was
significantly higher than that of pure MCN. The rate
constants of MCN/rGOA hybrid (3:9) and MCN
were 0.03781 min~! and 0.0123 min~}, respectively,
indicating that the rate constant of composite aerogel
was 3.07 times higher than that of MCN. This sug-
gests that the resulting composite was better suited to
removing RhB. At the same time, the k of adsorption—
photodegradation is greater than the adsorption

@ Springer

amount of the investigated materials, which proved
that the generated materials had obvious visible-
light-driven photocatalytic activity for the degrada-
tion of RhB in wastewater.

Moreover, the photocatalytic stability is another
important factor to be considered for photocatalysts.
Therefore, the stability test was carried out on the
MCN/rGOA hybrid (3:9). The experimental results of
the sample are shown in Fig. 11d. The removal effi-
ciency of RhB was still around 89% after recycling for
five times, indicating that the sample had good
stability.

Proposed photocatalytic mechanisms

Through photocatalytic degradation of RhB, it was
found that the composite aerogels had a good ability
to remove organic dyes in water. In order to further
understand its degradation mechanism, a free radical
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capture experiment was conducted. Isopropanol,
ammonium oxalate, and ascorbic acid were used to
capture -OH, h™, and -O,”, respectively. As illus-
trated in Fig. 12, the scavenger effect during the
degradations of RhB was observed. It was also
observed that, compared with the controlled experi-
ment, all the scavengers were inhibited. The RhB
degradation was significantly inhibited in a solution
containing ammonium oxalate, followed by a weak
inhibition in the solution containing isopropyl alco-
hol and ascorbic acid. The experiment of free radical
capture shows that h* is the main active substance.
The effect decreased after adding isopropanol, pos-

—— No scavengers
—o—QH

C/Cq

Irradiatiom time (min)

Figure 12 Effect of scavengers on RhB’s degradation for MCN/
rGOA hybrid (3:9) under visible-light irradiation.
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sibly due to the reason that isopropanol inhibited the
adsorption capacity of aerogel on RhB.

It is well known that the energy band structure of
photocatalytic materials was directly related to the
separation efficiency of electron-hole pairs. Accord-
ing to empirical correlation (Egs. (2), (3)), the edge
potential between the conduction band and valence
band of photocatalytic semiconductor materials can
be deduced:

EVB =X — Ee + OSEg (2)
Ecg = Evg — E, (3)

where Eyp valence band-edge potentials, eV, Ecp
conduction band-edge potentials, eV, Eg the band gap
energy of semiconductor, eV, E. the energy of free
electrons, which is about 4.5 eV on the hydrogen
scale, eV, and y the Mulliken electronegativity of a
semiconductor oxide, where ¥z .cang = 4.72 eV.

According to the calculations, the Eyg and Ecp edge
potentials of MCN are 154eV and — 1.09 eV,
whereas Eyg = 1.54 eV, due to which it becomes
difficult to oxidize OH™' to -OH (Eon_,-on-
=+ 1.99 eV, Eypo,.04 = 240 eV). When irradiated
by visible light, MCN produced more electrons,
which were immediately transferred onto tGOA. Due
to this reason, more holes were left on the valence
band and were consumed to oxidize the dye. Fur-
thermore, Ecg = — 1.09 eV can reduce O, to -O,~
(Eoz/00 = — 0.33 V). On the basis of the above
results, a tentative mechanism for the enhanced
photocatalytic performance of MCN/rGOA hybrids
was proposed, which is illustrated in Scheme 2.

RhB
% Degradation
- *\(\ . products
YWY RhB =¥ RhB
) Degradation
Degradation products products
0, H,0 0," ‘OH
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MCN + rGOA + v =e™ +h" (4)
Oy +e = 02_ (5)
H,0/0, = -OH (6)

Therefore, the composite aerogels showed good
removal effect for RhB, which is attributed to two
aspects. On the one hand, the larger specific surface
area of reduced graphene oxide aerogel provided
more active sites for dye adsorption, and the aromatic
dyes were selected through electron coupling. The
unique porous structure was more favorable for
transferring the light in the carrier, due to which the
photocatalytic activity was improved more effec-
tively in the photocatalytic process. On the other
hand, the combination of MCN and rGO enabled the
rapid transfer of electrons on the carrier and
improved the separation of electron-hole pairs, due
to which the photocatalytic capacity was enhanced.

Conclusions

In this work, the composite hydrogels were prepared
by one-step reduction self-assembly method. The
macroporous aerogels were obtained by freeze-dry-
ing. Various characterization methods showed that
MCN and rGO were well combined. Compared with
the conventional MCN in the visible-light catalytic
experiment, MCN/rGOA hybrid (3:9) not only
showed good photocatalytic effect in removing RhB,
but also possessed excellent adsorption capacity.
After five cycles of experiments, the removal effect
could still reach about 89%, due to which MCN/
rGOA hybrid (3:9) showed good stability. The rGO
sheet quickly transferred the photoelectrons, leaving
lots of holes to oxidize the pollutant, thus suggesting
that the high specific surface area and good conduc-
tivity of rGOA make it a good carrier for photocat-
alytic materials. Therefore, the composite aerogels
loaded with MCN are good materials in the field of
organic dye degradation catalyzed by visible light.
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