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a b s t r a c t
In this work, 2D MgAl-layered double hydroxide (LDH) nanosheets were prepared by a one-step 
hydrothermal method with adding H2O2. The as-prepared products were characterized by X-ray 
diffraction, scanning electron microscopy, transmission electron microscopy, energy-dispersive 
X-ray spectroscopy, Fourier-transform infrared spectroscopy, X-ray photoelectron spectroscopy, 
UV-Vis diffuse reflectance spectroscopy, and N2 adsorption–desorption techniques. Particularly, 
with 30%wt H2O2, MA-4 exhibits the optimal optical properties along with the largest surface 
area of 63.21 m3/g among the fabricated samples. In addition, the photocatalytic activities of 
MgAl-LDH nanosheets were also tightly related to the concentration of H2O2 that 99.34% tetra-
cycline was degraded by 2D MgAl-LDH(MA-4) within 3 h. A possible photocatalytic mechanism 
was proposed based on the analysis of energy structure and the result of free radical scavenging 
experiments. Furthermore, the degradation efficiency of MA-4 still reached 85% in five succes-
sive cycles, which showed remarkable reusability and stability. In this study, the 2D MgAl-LDH 
nanosheets were expected as a promising catalyst for practical water purification and provide new 
ideas in the field of two-dimensional photocatalysis.
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1. Introduction

In recent years, antibiotics have been widely applied 
in medicine, aquaculture, and other fields to meet human 
needs and boost the industrialization process [1]. Whereas 
the unrestricted use of antibiotics makes the problem of 
water pollution more complicated and serious [2]. Due to 
the weakly natural degradation ability of antibiotics, com-
plete degradation without external action is time-consum-
ing [2,3]. Antibiotics can even enter drinking water through 
the water cycle, thereby endangering human health [2,3]. 
Therefore, an efficient method of antibiotic pollutant deg-
radation is in urgent need of further research. Nowadays, 
various technologies have been used to treat antibiotic 

wastewater, including membrane separation, adsorption, 
chlorination degradation, biological sludge, and photoca-
talysis [4–9]. Among them, photocatalysis is powered by 
clean and continuous solar energy, with high processing 
efficiency and recyclability, according to the concept of sus-
tainable development [9].

Layered double hydroxides (LDH), as a representa-
tive class of anionic layered materials, consist of positively 
charged brucite-like layers and anions that balance the 
charge between the layers. LDH can be expressed by the 
general formula [M2+

1–xM3+
x(OH)2]x+[An−

x/n]·mH2O, where 
M2+ and M3+ represent the divalent and trivalent cations in 
the brucite-like layers, respectively. Besides, An− is an inter-
layer anion, and the value of x is M3+/(M2+ + M3+) [10–13]. 
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There are some advantages of LDH, such as low cost and 
acid and alkali resistance. Therefore, it has been widely 
studied in the field of photocatalysis [14,15]. Li and Zeng 
[16] showed that with the addition of Ag, the loading of 
Ga2O3 on MgAl-LDH could improve the reduction ability 
of CO2. Besides, Zhao et al. [17] developed a simple method 
to prepare LDHs containing multiple cations as efficient 
and stable photocatalysts, while the sample obtained after 
calcination had the best CH4 production effect. However, 
the traditional LDH material has inevitable defects such 
as the wide band gap and the small specific surface area. 
In other words, the immutable layered structure limits 
itself, which renders the adsorption capacity poor, restrict-
ing its photocatalytic performance.

Compared with high dimensional materials, most 
two-dimensional materials have more active sites and higher 
adsorption capacity. Thus, 2D materials such as MXenes 
and nanocrystalline ZnO have attracted the attention of 
many scholars in recent years [18–21]. Fan et al. [18] found 
that 2D/2D ZnO/rGO, due to its porous structure and large 
surface area, had better photocatalytic effect. Yang et al. [19] 
discovered that since oxygen defect type and concentra-
tion differed from 3D ZnO, low dimensional ZnO, whose 
infrared absorption band divided and transformed, had a 
higher rate of photo-induced carrier delivery and signifi-
cant increase in the degradation efficiency of methyl orange. 
Chen et al. [20] summarized that Ti3C2 MXenes, a new type 
of 2D layered material, which could easily be transformed 
into thin 2D nano-piece material, was not only large in 
surface area, but also had Schottky junction inhibiting the 
composite of the photo-induced carrier. Iguchi et al. [21] 
reviewed that MXenes had also made significant progress in 
solar energy conversion, which was attributed to the abun-
dance of active sites. Literature search indicates that most 
current research aimed at improving the catalytic efficiency 
by loading material on LDH [16,17,22–24]. Although hydro-
talcite has been studied for decades, there were few docu-
ments involved in stripping layers of LDH.

In this work, using H2O2 as a stripping agent, 2D MgAl-
LDH series materials were prepared by a one-step hydro-
thermal method. The as-prepared samples were charac-
terized, whose photocatalytic properties were investigated 
by the degradation of tetracycline (TC) as a simulated anti-
biotic pollutant. In addition, the participation degree of the 
active group was determined by free radical capture exper-
iments, based on which possible mechanism of photoca-
talysis was discussed.

2. Experimental set-up

2.1. Materials

Mg(NO3)2·6H2O was obtained from Shandong West Asia 
Chemical Industry Co., Ltd., (China). Al(NO3)3·9H2O and tet-
racycline hydrochloride were both purchased from Shanghai 
Aladdin Biochemical Technology Co., Ltd., (China). Urea 
was provided by Tianjin Guangfu Science and Technology 
Development Co., Ltd., (China). 30% H2O2 was bought from 
Yantai Jianshuo Chemical Co., Ltd., (China). All the reagents 
were of analytical grade and used without any purification. 
The whole experiments were conducted with deionized 
water.

2.2. Preparation of 2D MgAl-LDH

Based on previous literature, MgAl-LDH was pre-
pared by hydrothermal method [25,26]. Firstly, 8 mmol 
Mg(NO3)2·6H2O, 4 mmol Al(NO3)3·9H2O, and 40 mmol urea 
were added into 80 mL of deionized water to make them 
fully dissolved. The prepared solution was transferred to a 
100 mL Tefon-lined autoclave and reacted in a 150°C ther-
mostatic oven for 12 h. Finally, the slurry was centrifuged 
several times and then put into a 60°C vacuum drying oven 
to dry overnight. After drying and grinding, the white 
solid is stored for later use and marked as MA-1.

Instead of deionized water, H2O2 solutions with mass 
fractions of 10%, 15%, and 30% were used as solvents, where 
Mg(NO3)2·6H2O, Al(NO3)3·9H2O and urea were added. 
The subsequent processing steps were the same as men-
tioned earlier, and these samples were respectively referred 
to as MA-2, MA-3, and MA-4.

2.3. Characterization of photocatalysts

The crystallinity and phase analysis of the four mate-
rials were measured by XRD (Bruker D8 Advance X-ray 
Diffraction, Switzerland, Cu-Kα radiation (1.5406 Å)). The 
X-ray photoelectron spectroscopy (XPS) measurement was 
performed by Thermo Scientific K-Alpha spectrometer (United 
States) with 1,486.6 eV Alkα radiation at 5.0 × 10−7 mbar, which 
was used to identify the elements present in the nanosheet 
and the types of chemical bonds. Valence band spectrum 
was used to analyze the energy at VB. The morphology and 
microstructure of the materials were analyzed by scanning 
electron microscopy (SEM; Tescan Mira3 LMU, accelera-
tion voltage of 10 kV) and transmission electron microscopy 
(TEM; TECBAL G2 20 S-TWIN, Czech Republic, maximum 
acceleration voltage of 200 kV). The Brunauer–Emmett–Teller 
specific surface area and pore size distribution of the product 
were estimated using an N2 adsorption–desorption analyzer 
(77.3 K, placed for 6 h, and pretreated at 150°C) at liquid nitro-
gen temperature (–196°C). UV-Vis DRS spectral detection used 
a spectrophotometer (Shimadzu 2401 Spectrophotometer, 
Japan) to detect the response region to the spectrum, which 
can be served to calculate the band gap width. The Fourier-
transform infrared spectroscopy (FT-IR) spectra of as-pre-
pared materials were tested on the Avatar 360 spectrometer 
of Nicolet Instruments Company in the United States 
with a detection range of 4,000–500 cm–1 to determine the 
group and vibration characteristics existing in the materials.

2.4. Photocatalytic test

With a mercury lamp of 500 W, the photocatalytic prop-
erties of the catalysts were tested by photodegradation of 
TC. In this work, each sample was dispersed into 15 ppm 
TC solution, ensuring a catalyst concentration of 0.5 g/L. 
The reaction system was exposed to light after being stirred 
at a constant speed in the dark for 20 min to establish an 
adsorption–desorption equilibrium. During the radiation 
period, 3.5 mL of suspension was collected every 20 min 
and then filtered. Based on the Beer–Lambert law, the con-
centration of TC is proportional to the absorbance. Thus, the 
absorbance of TC at 357 nm was finally measured by UV-Vis 
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spectrophotometer (UV-9600), investigating the change 
of concentration of TC at each sample point [9,18].

3. Result and discussion

3.1. Characterization of photocatalysts

3.1.1. X-ray diffraction

Fig. 1 shows the XRD patterns of four samples. In 
Fig. 1a the diffraction peaks at 2θ = 11.71°, 23.58°, 35.02°, 
35.60°, 39.67°, 47.10°, 60.94°, and 62.35° were observed, cor-
responding to the crystal faces of (003), (006), (012), (009), 
(015), (018), (110) and (113), respectively. These diffraction 
peaks with strong intensity and narrow width were con-
sistent with the typical characteristic peaks of LDHs, prov-
ing the well-layered stack and high crystallinity of MA-1 
[27,28]. Comparing the patterns of MA-1, MA-2, and MA-3 
(Fig. 1a–c), it could be found that the peak heights of (003), 
(006) and (012) decreased gradually with the increased addi-
tion of H2O2, suggesting the samples began to extend into a 
lamellar structure, and the thickness became thinner [28]. It 
is worth noting that the diffraction peak intensities of MA-4 
were the weakest among those of all samples. Furthermore, 
the peaks appeared earlier, indicating that MA-4 possesses 
thin thickness and large layer spacing. The diffraction peak 
corresponding to the crystal plane (110) represented arrang-
ing ions on the principal plane [27]. As shown in Fig. 1a–c, 
the height of the corresponding peak on the crystal plane 
of (110) increased, which was still much lower than the dif-
fraction peak on the (003) crystal plane. However, Fig. 1d 
exhibited that the peak height of (003) was comparable to 
(110), demonstrating the well-grown lamellar structure.

3.1.2. X-ray photoelectron spectroscopy

In order to determine the composition, valence electron 
form, and surface chemical bond of as-prepared MA-4, the 
sample was characterized by X-ray photoelectron spec-
troscopy. As the survey scan spectra, Fig. 2a shows that 
MA-4 contained C, O, Mg, and Al elements. The element 

peaks in Fig. 2 were all revised, where the lowest binding 
energy peak of C 1s was corrected to 284.80 eV. Fig. 2b dis-
plays the binding energies of C 1s at 284.80, 286.15, and 
288.82 eV, which are responsible for chemical bonds of 
C–C/C=C, C–O, and O–C=O, respectively [28]. In the O 1s 
XPS spectrum, two peaks at 532.07 and 530.32 eV could be 
observed after fitting, attributed to C=O and O–H chemi-
cal bonds [32]. The spectra in Fig. 2d and e are unimodal, 
with peaks at 73.96 and 1,304.05 eV, which were assigned 
to Al–O and Mg–O [28,29].

3.1.3. Scanning electron microscopy, transmission electron 
microscopy and energy-dispersive X-ray spectroscopy

As shown in Fig. 3a, under the SEM, MA-1 exhib-
ited obvious stackable layers with aggregation between 
sheets, which was an emblematic characteristic of hydro-
talcite [10,12,27,28]. By comparing Fig. 3b, d and f, it could 
be seen that the thickness of materials decreased with the 
increase of the amount of H2O2 added in the hydrothermal 
reaction. In particular, the thickness of MA-1 was about 
100 nm, MA-2 was 50 nm and MA-3 was slightly less than 
50 nm. However, due to the small thickness of MA-4, it was 
unclear to observe by SEM images but TEM.

Fig. 3g demonstrates successful large-scale stripped LDH 
nanosheets. Nevertheless, some ultrathin nanosheets were 
irregular shapes, even in the form of agglomerations. It is 
thought to be caused by the addition of 30% H2O2, result-
ing in excessive oxygen generation during the preparation 
of MA-4. With the high pressure in the reactor, a portion of 
detached ultrathin nanosheets was compacted [27]. Fig. 3h 
illustrates the thickness of MA-4 after enhancing magnifica-
tion, which stated its thickness was smaller than MA-3. The 
width of the shaded part was about 10–30 nm. Fig. 3i dis-
plays the polycrystalline diffraction pattern of MA-4. Digital 
Micrograph software was used to measure the diameter 
of the diffraction rings, where 78 length units were 1 nm–1. 
Searching standard PDF and XRD results for comparison, 
it revealed that positions of diffraction peaks would appear 
earlier, thus d (nm–1) in standard value would change. The 
final values were in good agreement with corresponding 
values of (003), (006), and (110) crystal plane diffraction 
peaks, which was considered that the above crystal plane 
structures existed in MA-4 [30]. The energy-dispersive X-ray 
spectroscopy (EDS) results of MA-4 are shown in Fig. 3j, 
proving the existence of Mg, Al, O, and C elements, which 
was consistent with the result of the XPS full spectrum anal-
ysis. According to the proportions in Fig. 3j, the mass ratio 
and element ratio of O were the highest, while those of C 
were the lowest. Thus, it can be speculated that the num-
ber of CO3

2– filled between layers of LDH decreased, which 
supported the success of the preparation of 2D MgAl-LDH  
nanosheets.

3.1.4. Brunauer–Emmett–Teller

The structural parameters of fabricated samples were 
determined by N2 adsorption–desorption experiments. 
Fig. 4 demonstrates N2 adsorption–desorption isotherms 
and Barrett–Joyner–Halenda (BJH) pore size distributions of 
prepared samples. By comparing four isotherms in Fig. 4a, 

 
Fig. 1. X-ray diffraction patterns: (a) MA-1, (b) MA-2, (c) MA-3, 
and (d) MA-4.
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it was found that MA-4 had the highest adsorption capac-
ity, while MA-1 was the lowest. All the curves were deter-
mined as typical IV isotherms with H3 type hysteretic loops, 
indicating that these catalysts had mesoporous structures 
[10,12,31]. These results were further proved by the BJH 
pore size distribution curves in Fig. 4b. All aperture sizes are 
distributed between 0 and 40 nm.

The specific surface area, pore volume, and average pore 
diameter of samples are listed in Table 1. Based on the data, 
with the increase of H2O2 addition, the specific surface area 

and the pore volume enlarged. The specific surface area 
of MA-4 was more than three times that of MA-1. These 
results further confirmed the success of stripping, while 
2D LDH has a higher area per unit mass than 3D structure. 
Meanwhile, a higher specific surface area would provide 
more active sites, which was conducive to photocatalytic 
reactions. Compared with MA-1, the average pore diameter 
of other samples with H2O2 was slightly increased. It was 
speculated the O2 produced by the addition of H2O2 made  
pores larger.

  

  

 

 

Fig. 2. MA-4 X-ray photoelectron spectra: (a) full spectrum, (b) C 1s spectrum, (c) O 1s spectrum, (d) Al 2p spectrum, and (e) Mg 1s 
spectrum.
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Fig. 3. (a) Positive SEM image of MA-1, (b) SEM profile of MA-1, (c) positive SEM image of MA-2, (d) SEM profile of MA-2, 
(e) positive SEM image of MA-3, (f) SEM profile of MA-3, (g) positive TEM image of MA-4, (h) TEM profile of MA-4, (i) MA-4 poly-
crystal diffraction pattern, and (j) MA-4 EDS spectrum.
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3.1.5. UV-Vis DRS

The UV-Vis diffuse reflectance spectra of prepared cat-
alysts are exhibited in Fig. 5a. It was obvious that the light 
absorbance of these samples was mainly in the ultraviolet 
region (200–380 nm). Among all the samples, MA-4 not only 
had the widest light response area but also had the stron-
gest light absorption capacity, especially in the vicinity of a 
wavelength of 300 nm. The reason was that MA-4 had the 
largest specific surface area and had more active sites on 
the surface, which was beneficial to the utilization of light. 
The original data was processed according to the formula 
(Ahν) = α(hν – Eg)γ. A and α are the absorption coefficient 
and the tailing parameter. hν represents the photon energy. 
The constant γ is determined by the type of photoelectron 
transition in the semiconductor. In this work, the value of γ 
is 2 because the MgAl-LDH is an indirect transition semicon-
ductor material. Thus, the bandgap widths of as-prepared 
samples could be obtained by Fig. 5b–e [10,32]. By the linear 
extrapolation at curve mutation, it was found that the band-
gap of MA-1, MA-2, MA-3, and MA-4 was 4.20, 4.18, 4.15, 
and 3.90 eV, respectively. As a result, as the LDH became 
thinner, the bandgap gradually decreased and the material 
was easier to be excited by photons.

3.1.6. Fourier-transform infrared spectroscopy

The FT-IR spectra of four as-prepared samples are shown 
in Fig. 6. The spectrum of each sample showed a strong peak 
with a center at 3,415.18 cm–1, which was responsible for the 
tensile vibration of both hydroxyl and hydroxide between 

layers of hydrotalcite [27,33]. Among all the catalysts, this 
peak of MA-4 was significantly the broadest. Meanwhile, 
the sharp peak of MA-4 at 1,058.21 cm–1 also belonged to the 
hydroxyl translational vibration [31]. The bending vibra-
tion peak of water was reflected at 1,586.56 cm–1, while the 
intensity adsorption peak at 1,352.98 cm–1 corresponded 
to the typical vibration mode of ν3 of CO3

2– [28]. The CO3
2– 

absorption peak of MA-4 was wider, whose height was 
slightly decreased, indicating that CO3

2– content in MA-4 was 
slightly reduced. The strong bands at 769.40 and 550.33 cm–1 
were attributed to M–O stretching and M–OH vibration, 
respectively [33].

3.1.7. Electrochemical impedance spectroscopy

As depicted in Fig. 7a, compared with pristine MgAl-
LDH, MA-4 had the maximum photocurrent density, show-
ing that the MA-4 could effectively strengthen the transfer 
of photo-generated carriers. In addition, to further realize 
the characteristics of charge transfer, the electrochemical 
impedance spectroscopy (EIS) technique was employed. 
A smaller arc radius means a higher charge carrier transfer 
efficiency. As displayed in Fig. 7b, the arc radius of MA-4 
was the smallest, implying the fastest charge transfer and 
better separation ability of e− and h+.

3.2. Photocatalytic activities of catalysts

3.2.1. Photocatalytic performances for the degradation of TC

In this work, with 15 ppm TC as simulated antibiotic 
wastewater, photocatalytic properties of four as-prepared 
samples under light irradiation were explored. After stir-
ring in the dark for 20 min, the equilibrium of adsorption 
and desorption was established to eliminate the influence 
of adsorption.

In Fig. 8 the function C/C0 was the degradation effi-
ciency of catalysts, where Ct and C0 stood for the concen-
tration at any moment (min) and initial value, respectively 
[11,17]. After 20 min of dark and 140 min of light, the deg-
radation rate of MA-4 reached 99.34%, showing excellent 
photocatalytic properties of 2D MgAl-LDH. Under the same 

  
Fig. 4. (a) N2 adsorption isotherms for MA-1, MA-2, MA-3 and MA-4 and (b) aperture distribution curves.

Table 1
Physical properties of materials

Photocatalyst Surface area 
(m3/g)

Pore volume 
(cc/g)

Average pore 
diameter (nm)

MA-1 17.91 0.03794 8.472
MA-2 19.04 0.05516 11.59
MA-3 54.33 0.14080 10.37
MA-4 63.21 0.18420 11.66
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conditions, the degradation rates of MA-1, MA-2, and MA-3 
were 75.77%, 82.91%, and 88.84%, respectively, which were 
all weaker than MA-4. As Table 2 shows, in comparison 
with other related materials reported in the literature, MA-4 
showed superior degradation properties.

Due to the experimental data and the low TC concentra-
tion being matched to the Langmuir–Hinshelwood model, 
the quasi-first-order kinetics model was used to analyze 
the degradation process to further evaluate the catalytic 
activities of those photocatalysts [10,42,43].

ln
C
C

kt
t

0�

�
��

�

�
�� �  (1)

where k and t were the pseudo-first-order rated constant 
(min−1) and time (min). Fig. 8b and c exhibited the kinetics 
of photocatalytic reaction and apparent reaction constants. 
After fitting, it was found that the catalytic degradation of 
TC by MA series materials basically followed the pseudo- 
first-order kinetic law with great R2 values. When the 

  

  

 

 

Fig. 5. (a) UV-Vis spectra of MA-1, MA-2, MA-3 and MA-4, (b) forbidden bandwidth of MA-1, (c) forbidden bandwidth of MA-2, 
(d) forbidden bandwidth of MA-3, and (e) forbidden bandwidth of MA-4.
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illumination time reached 120 min, about 99% of TC was 
removed by MA-4. Subsequent data points of low concentra-
tion were omitted to eliminate their impact on the fitting curve. 
Among the four photocatalysts, the apparent reaction rate of 
MA-4 was the highest at 0.04429 min–1, which was 4.31 times 
that of MA-1 (0.01027 min–1). As Fig. 8c shows, the order of 
k values of four samples was MA-4 > MA-3 > MA-2 > MA-1. 
The reason for this result was that with the addition of H2O2 
increasing, the 3D MgAl-LDH tended to be two-dimen-
sional. The specific surface area of the catalyst is increased. 
Therefore, a large number of active sites are fully exposed, and 
the distance of the photocarrier migration from the interior 
of the material to the surface is shortened [36,37]. Thus, the 
photocatalytic activity was enhanced.

3.2.2. Photocatalytic stability of catalysts

As a significant property of the catalyst, the stability 
was investigated by a cycle test. Therefore, MA-4, with the 
optimal photocatalytic performance, was selected to carry 
out the cycle performance experiments. The photocata-
lytic stability of MA-4 was studied by degrading 15 ppm 

TC solution repeatedly. During the process of each run, the 
catalyst concentration was ensured to be 0.5 g/L. After the 
last round of photodegradation, the catalyst was filtered 
and fully dried before being put into the next [11].

As shown in Fig. 9, both the adsorption and photocata-
lytic capacity of MA-4 decreased after five cycles. The final 
degradation rates were 98.98%, 98.00%, 95.41%, 89.83%, and 
86.93% in five experiments, respectively. The result indi-
cated that in the process of multiple cycle experiments, the 
photo-corrosion phenomenon of a small amount of MA-4 
appeared, resulting in a downward trend of degradation 
ability after runs. Despite the decrease in performance, the 
degradation efficiency in the fifth cycle was still 87.82% of 
the first. Therefore, MA-4 had excellent catalytic capacity 
and stability, which would have a good application prospect.

3.2.3. Radical scavenging

After being stimulated by photons, the photogenerated 
carriers would react with water molecules and oxygen in the 
catalytic system to produce active groups [10,12]. Hydroxyl 
radicals (•OH), superoxide radicals (•O2

–) and photogene-
rated holes (h+) were all highly active, which would oxi-
dize or reduce the substrates in photocatalytic reactions. 
In order to determine their importance, three experimental 
groups were parallel while a blank control group was set 
up. Three experimental groups were added with the same 
concentration of trapping agents which could inhibit dif-
ferent active groups. In detail, isopropanol (IPA), ethylene-
diamine tetraacetic acid (EDTA), and benzoquinone (BQ) 
were responsible for hydroxyl radicals (·OH), photogene-
rated holes (h+) and superoxide radicals (•O2

–) in the photo-
catalytic process [11,46]. The degradation efficiencies were 
investigated under the same conditions as the previous 
performance test. As shown in Fig. 10, the degradation rate 
of MA-4 decreased to different degrees after the addition 
of three different capture agents. It was verified that three 
aforesaid active groups contributed to the photocatalytic 
reaction. In these three scavenging experiments, the addition 
of EDTA had the greatest effect on the catalytic efficiency of 
MA-4, whose final degradation efficiency was 19.43%, indi-
cating that h+ played a key role in the photodegradation 

 

Fig. 6. FT-IR spectra: (a) MA-1, (b) MA-2, (c) MA-3, and (d) MA-4.

 
Fig. 7. (a) Photocurrent response densities and (b) EIS plots.
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reaction. In addition, BQ had a strong inhibition effect on the 
system. MA-4 only degraded 58.81% of TC in the solution, 
demonstrating that •O2

– was an important radical involved 
in the reaction. In comparison, the photocatalytic activity of 
MA-4 decreased slightly with the addition of IPA (90.24%), 
confirming that •OH had a little effect on the photocatalytic 

process. As a result, h+ played a decisive role in the pho-
tocatalytic degradation of TC by MA-4, while the active 
groups •O2

– and •OH also had a certain influence on the  
photoreaction.

 

 

Fig. 8. (a) Photocatalytic degradation rate of TC over blank control group and MA series materials (25 mg catalysts, 15 ppm TC, 
500 W mercury lamp), (b) the pseudo-first-order degradation kinetics for TC with different photocatalysts, used to estimate 
Langmuir–Hinshelwood coefficients, and (c) the rate constant k of TC with different photocatalysts.

 
Fig. 9. Recycling photodegradation of TC with MA-4.

Table 2
Comparison of photocatalytic degradation performance of tet-
racycline by catalyst photocatalysts reported in the literature 
with MA-4

Catalyst Reaction 
time (min)

Degradation 
efficiency (%)

References

BiVO4/Ag/Cu2O 60 72.63 [34]
RGO-Cu2O/Fe2O3 180 50.8 [35]
Cu2O/ZIF-8 120 84.1 [36]
Cu2O/ZnTi-LDH 120 71.6 [37]
BiOI/BiOBr 90 90 [38]
CuInS2/g-C3N4 120 52.16 [39]
Bi2WO6/polyimide 120 65.1 [40]
Sludge-TiO2 120 76.3 [41]
MA-4 180 99.34 This work
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3.2.4. Photocatalytic mechanism of MgAl-LDH

In order to determine the energy band structure, the 
valence band (VB) of the photocatalyst could be obtained by 
an XPS valence-band spectrum. As Fig. 11 shows, the VB of 
MA-4 was obtained as 2.60 eV by linear extrapolation [47].

In addition, the conduction band (CB) potential of 
MA-4 could be determined by Eq. (2) [48–51].

E E EgCB VB� �  (2)

where ECB and EVB represented the potentials of conduction 
band and valence band. Eg was the bandgap width. Based on 
the results of UV-Vis DRS (Fig. 5), the Eg value of 2D MgAl-
LDH nanosheets was 3.90 eV. Thus, the CB of MA-4 could 
be calculated as –1.30 eV. According to the values of CB and 
VB, the possible mechanism of MA-4 photodegradation 
of TC could be proposed.

Based on the results of the radical scavenging test, h+, 
•OH, and •O2

− had strong activity during the photodegrada-
tion process, particularly h+ and •O2

−. Photogenerated carriers 
were produced on the surface of MA-4 under light irradi-
ation. Since the CB edge of the 2D MgAl-LDH (–1.30 eV) 
was more negative than E0 (O2/•O2

–) (–0.33 eV vs. NHE), 
O2 could be reduced to •O2

– by the photoelectrons on the 
material. Meanwhile, H2O could be oxidized to •OH on the 
LDH because the VB edge (2.60 eV) was more positive than 
E0 (H2O/•OH) (2.40 eV vs. NHE) [44–46,52,53]. In this way, 
as shown in Fig. 12, the band structure of the catalyst itself 
could support this redox process. Then, TC interacted with 
active radicals to form harmless molecules. Furthermore, the 
photodegradation process could be described by Eqs. (3)–(8).

Photocatalyst hv e hCB VB� � �� �  (3)

e O OCB
� � �� �2 2  (4)

h H O OH HVB
� � �� � �2  (5)

h TC Degradation productsVB
� � �  (6)

� � � �O TC Degradation products2  (7)

� � �OH TC Degradation products  (8)

4. Conclusion

In summary, 2D MgAl-LDH nanosheets were successfully 
prepared via a simple hydrothermal method. Based on var-
ious characterization analyses, MA-4 prepared by 30% H2O2 
as a stripping agent was an ultrathin nanosheet with an ideal 
sheet structure, large specific surface area, strong adsorption 
performance, narrow bandwidth, and wide spectral response 
region. In addition, the large specific surface area resulted 
in more active sites. Thus, 2D MgAl-LDH had the optimal 
photodegradation efficiency (99.34%) among all the samples. 
Furthermore, its degradation activity still remained higher 
than 85% after five cycles. Meanwhile, through the analysis 
of active radicals and the band structure of the photocatalyst, 

 
Fig. 11. Valence band spectrum of MA-4.

 Fig. 10. Degradation efficiency of MA-4 with different capture 
agents (15 ppm TC, 25 mg MA-4, 500 W mercury lamp).

Fig. 12. Photocatalytic reaction mechanism of 2D MgAl-LDH 
for the degradation of TC.
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the proposed mechanism could provide useful information 
for different application fields. This work not only sug-
gests that 2D MgAl-LDH is a photocatalyst with practical 
application prospects but also provides new ideas for the 
preparation and application of two-dimensional materials.
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