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uble hydroxide-coupled layered
mesoporous titanium dioxide (Ni–Al LDH/LM-TiO2)
composites with integrated adsorption-
photocatalysis performance

Li-Yuan Zhang, *abc Yan-Lin Han,a Min Liuabc and Sheng-Lian Denga

Nickel aluminum layered double hydroxides (Ni–Al LDHs) and layered mesoporous titanium dioxide (LM-

TiO2) were prepared via a simple precipitation process and novel precipitation–peptization method,

respectively, and Ni–Al LDH-coupled LM-TiO2 (Ni–Al LDH/LM-TiO2) composites with dual adsorption

and photodegradation properties were obtained via the hydrothermal approach. The adsorption and

photocatalytic properties were investigated in detail with methyl orange as the target, and the coupling

mechanism was systematically studied. The sample with the best performance was recovered after

photocatalytic degradation, which was labeled as 11% Ni–Al LDH/LM TiO2(ST), and characterization and

stability studies were carried out. The results showed that Ni–Al LDHs showed good adsorption for

pollutants. Ni–Al LDH coupling enhanced the absorption of UV and visible light, and the transmission

and separation of photogenerated carriers were also significantly promoted, which was conducive to

improving the photocatalytic activity. After treatment in the dark for 30 min, the adsorption of methyl

orange by 11% Ni–Al LDHs/LM-TiO2 reached 55.18%. Under illumination for 30 min, the decolorization

rate of methyl orange solution reached 87.54%, and the composites also showed an excellent recycling

performance and stability.
1. Introduction

With the rapid development of science and technology, the
global economy has also rapidly developed. Furthermore, the
protection of the environment has attracted increasing atten-
tion. The concept of harmonious coexistence between human
beings and nature is popular in society, which has strengthened
the treatment of major pollution, such as water and air pollu-
tion. In the case of industrial wastewater, organic dye pollution
is the most serious due to the complex molecular structure,
stable properties, recalcitrance, and high toxicity of organic
dyes, and thus they pose a great threat to the water
environment.

For the treatment of industrial wastewater, the traditionally
used technologies are mainly chemical, physicochemical, and
biological methods, including electrocatalytic degradation,1–4

ultrasonic treatment,5,6 biological occulation,7,8 adsorption,9,10

and photocatalytic degradation.11–16 Photocatalytic degradation,
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namely, photocatalytic oxidation technology, which uses
sunlight and simulated natural light as light sources to act on
semiconductor catalysts to produce photogenerated electrons
and holes, and reacts with O2, H2O, and other active substances
to generate hydroxyl radicals, superoxide radicals, and other
active substances, and eventually decomposes pollutants into
harmless inorganic small molecules. The commonly used
photocatalysts are mainly semiconductor materials, including
TiO2,17–19 CdS,20 and ZnO.21

Photocatalytic oxidation technology has the advantages of
simple operation, signicant effect, non-toxicity, and no
secondary pollution. Presently, it has become an important
means to degrade organic compounds in wastewater, and the
most frequently used catalyst is TiO2. However, the band gap of
TiO2 is very wide, which means that only under ultraviolet light
illumination with a wavelength of less than 387 nm, the elec-
trons on the valence band can be excited to transition to the
conduction band, and then photogenerated electrons and holes
with high activity are produced. The holes capture electrons of
hydroxyl ions or water molecules on the material surface to
generate hydroxyl radicals with strong oxidation, and the elec-
trons adsorb oxygen molecules on the specimen surface to
produce active superoxide free radicals, cO2

−, which further
transform into free radicals, cHO2 and cOH. Subsequently, cOH
can degrade most organic pollutants into small inorganic
RSC Adv., 2023, 13, 16797–16814 | 16797
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molecules, CO2 and H2O. However, the sunlight utilization rate
of TiO2 is only 3–5%, and the generated electrons and holes
easily recombine, which decreases the photocatalytic perfor-
mance and limits the practical application of TiO2. To address
the shortcomings of photocatalysts in practical applications,
researchers mainly modify photocatalysts by expanding their
light absorption range and improving the separation efficiency
of photo-generated carriers. The common modication
methods include morphology or size regulation,22,23 metal and
non-metal ion doping,24–26 semiconductor recombination,27

precious metal deposition,28 etc.
LDHs are a new class of inorganic materials, also known as

ionic clay compounds,29–32 which have attracted extensive
attention due to their unique physicochemical properties. The
spatial structure of LDHs is similar to the octahedral structure
of Mg(OH)2, and its molecular formula is
[M2+

1−xM
3+

x(OH)2]
x+(An−)x/n$mH2O, where M2+ is a divalent

metal ion (such as Zn2+, Fe2+, Mg2+, and Ni2+); M3+ is a trivalent
metal ion (such as Al3+, Fe3+, Mn3+, and Cr3+), where the divalent
metal ion is the main body of the layer; X is the molar ratio of
M3+ and M2+ + M3+, which is generally between 0.2–0.33; and
An− is a neutral molecule or anion (H2O, CO2, etc.) that can exist
stably between the layers.33–35 The main laminates of LDHs are
connected by covalent bonds, and the main forces between the
main laminates and the interlayer objects are electrostatic
interaction, hydrogen bond, van der Waals force, etc. The
layered complex structure is formed between the subjects and
objects through orderly arrangement. Due to the unique struc-
ture, green environmental protection and other properties of
LDHs, they have attracted extensive attention.36–39 Their layered
structure is not only controllable and recoverable, but also
enables a good adsorption performance. However, their low
photocatalytic performance limits their application. As is
known, the photocatalytic efficiency of materials is mainly
determined by the photon absorption and utilization efficiency,
the photogenerated carrier separation efficiency and the surface
catalytic reaction efficiency, and thus improving the photo-
catalytic efficiency requires the synergy of these three aspects.
This also makes the coupling of LDHs and semiconductor
materials an effective method to elevate their photocatalytic
efficiency. Cai et al.40 combined the hydrothermal process and
anion exchange method to prepare Co–Al/CdS-LDHs by
embellishing bimetallic hydroxides with CdS nanoparticles,
which effectively adjusted the photocatalytic activity of Co–Al
LDHs under visible light. Wu et al.41 deposited ZnO nano-
particles on the surface of ZnMgAl–CO3-LDH microspheres via
the coprecipitation method to form a ZnO/ZnMgAl–CO3-LDH
heterojunction photocatalyst, which signicantly enhanced the
degradation of phenol under UV light, and pointed out that the
formation of the heterojunction helped to reduce the recom-
bination rate of excited electrons and holes and improved the
photocatalytic performance.

In addition, LDHs are also widely used in the eld of pho-
tocatalysis. Frogoso et al.42 doped blue light-emitting graphene
quantum dots (GQD) in NiTi-based bimetallic hydroxide
nanosheets (NiTi-LDH) through a simple impregnation
method, and GQD/NiTi-LDH showed excellent photo removal
16798 | RSC Adv., 2023, 13, 16797–16814
activity for NO and NO2. Zhao et al.43 prepared ZnAl-LDH, which
greatly improved the driving force and selectivity for photo-
catalytic CO2 reduction to CO. Simultaneously, ZnAl-LDH
reduced the charge transfer resistance and had a higher pho-
togenerated current density, achieving the reduction of CO2.

The lamellar structure and interlayer anion exchangeability
of LDHs endow them with a strong adsorption performance,
especially for azo dyes and heavy metal ions in wastewater.
However, LDH materials have a low reuse rate aer adsorption,
cannot be adsorbed under the specic conditions, and are easily
affected by other substances. Thus, to improve the property of
LDHs, researchers have attempted to modify them in various
ways. Deng et al.44 prepared AM/SDS-LDH by inserting sodium
dodecyl sulfate between layers, and then graing acrylamide on
LDHs, and tested the adsorption of Congo red by the as-
prepared samples. The results showed that the adsorption
performance of LDHs aer modication was improved, which
is mainly due to the electrostatic interaction between the
anionic dyes and surface charges. Huang et al.45 synthesized
ower-like cobalt aluminum layered double hydroxide hollow
microspheres via a one-step solvothermal process. The hollow
microspheres possessed a large specic surface area and an
excellent adsorption performance. The limited space between
the LDH layers provided size selectivity for the adsorbate.

Herein, Ni–Al LDHs and LM-TiO2 were prepared via a simple
precipitation method and novel precipitation–peptization
approach, respectively, and Ni–Al LDHs/LM-TiO2 composites
with adsorption and photodegradation properties were
prepared via the hydrothermal process. Furthermore, the
modication mechanism was systematically studied, and the
adsorption and photocatalytic properties of the samples were
investigated.

2. Experimental
2.1 Preparation of LM-TiO2

LM/TiO2 was synthesized according to our previous work.46,47

Titanium sulfate (4.8 g) was added to 100 mL deionized water,
followed by stirring for 15 min to dissolve it to form a trans-
parent solution, and then ammonia was slowly added dropwise
to adjust the pH to 8–9 (about 3 s a drop) and a white precipitate
was obtained. Subsequently, it was aged for 1 h, and then
washed by centrifugation with deionized water to remove the
impurities. Subsequently, the white sediment was transferred to
a beaker, and the same amount of deionized water was added
and stirred for 15 min to enable even mixing. Next, 0.09 g
cetyltrimethylammonium bromide (CTAB) was added and stir-
red for 20 min. Next, hydrogen peroxide (30%, 8.4 mL) was
slowly added dropwise, followed by uninterrupted stirring at
25 °C for 1 h to obtain a transparent yellow sol. The above-
mentioned colloidal solution was aged for 12 h, dried at 80 °C
in an oven, and then the sample was ground and placed in
a crucible. Finally, it was calcined at 550 °C for 2 h in a muffle
furnace at a heating rate of 2 °C min−1, followed by cooling in
the furnace to get LM-TiO2. Employing the above-mentioned
method, simple TiO2 was obtained without the addition of
CTAB.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2 Preparation of LDHs

The preparation of LDHs was based on a previous work.48

Briey, 1.90 g NiCl2$6H2O and 0.96 g AlCl3$6H2O (Ni : Al = 1 : 2)
were added to 100 mL deionized water under stirring to obtain
a green and transparent solution. Then, buffer solution (NaOH
and Na2CO3 in molar ratio of 1 : 1) was slowly added to the
solution to adjust the pH to 9–10 and kept stirring for 1 h, fol-
lowed by aging at 65 °C for 12 h. Subsequently, the system was
cooled to room temperature, ltered, dried in an oven at 80 °C
and ground into a powder to obtain the product Ni–Al LDHs.
2.3 Synthesis of LDHs/LM-TiO2 composites

The powder LM-TiO2 and Ni–Al LDHs (Ni : Al= 1 : 2) prepared in
“2.1” and “2.2” were added to a 50 mL beaker in a certain
proportion, and 30 mL absolute ethanol was poured, followed
by agitating for 30 min. Subsequently, the system was treated in
an ultrasonic cleaner (120 W, 40 kHz) for 30 min, and then
continuously stirred for 1 h. Aer that, the dispersed system was
transferred to a reaction kettle at 120 °C for 6 h. Then, the solid
precipitation was dried at 80 °C to obtain Ni–Al LDHs/LM-TiO2

composites. A ow chart of the preparation is illustrated in
Fig. 1.
2.4 Adsorption performance

Briey, 20 mg of the synthesized samples was weighed and put
into a quartz tube, and methyl orange solution (30 mL,
20 mg L−1) was added with a pipette, and then put into a pho-
tocatalytic reaction instrument with continual stirring in the
dark. An appropriate amount of specimens was taken out at
regular intervals and centrifuged (4000 rpm) for 6 min, and the
absorbance of the supernatant was recorded with an ultraviolet
visible spectrophotometer at a wavelength of 465.2 nm, and
converted into the concentration C (mg L−1) through the stan-
dard curve between absorbance and concentration of solution
of methyl orange. The residual amount of methyl orange was
determined, and the equilibrium adsorption capacity Qe was
calculated according to formula (1) to reect the adsorption
performance of the sample.
Fig. 1 Flow chart for the preparation of Ni–Al LDHs/LM-TiO2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Qe ¼ ðC0 � CeÞV
m

(1)

where C0 is the initial level of methyl orange, mg L−1; Ce

represents the solution concentration at a certain time, mg L−1;
V shows the solution volume, L; and m is the adsorbent
mass, g.

The adsorption kinetics of LDHs/LM-TiO2 was studied using
the pseudo-rst-order kinetic eqn (2) and pseudo-second-order
kinetic eqn (3), and the related constants were also determined.

lgðqe � qtÞ ¼ lg qe � kad

2:303
t (2)

t

qt
¼ 1

kqe2
þ 1

qe
t (3)

where qe and qt represent the adsorption capacity of LDHs/LM-
TiO2 for methyl orange at adsorption equilibrium and adsorp-
tion time t, respectively, and kad and k give adsorption rate
constants of pseudo-rst-order and pseudo-second-order
kinetic equation, respectively.
2.5 Photocatalytic performance

0.02 g of the as-prepared solid sample was placed in a quartz tube,
and then methyl orange solution (30 mL, 20 mg L−1) was accu-
rately transferred to it using a pipette. The power of the metal
halide lamp was regulated to 330 W. The other steps were carried
out according to previous work.46 Finally, the mineralization
degree of methyl orange before and aer the photocatalytic
reaction was analyzed by measuring the change in total organic
carbon concentration in the degradation process. The minerali-
zation degree of methyl orange was calculated according to eqn
(4), where TOC0 is the mass concentration of total organic carbon
in the initialmethyl orange solution (mg L−1); and TOC30min is the
mass concentration of total organic carbon in methyl orange
solution (mg L−1) aer photocatalytic reaction for 30 min.

Mineralization degree = (1 − TOC30min/TOC0) × 100% (4)
2.6 Characterization

The morphology and structure were investigated by scanning
electron microscopy (SEM), X-ray diffraction (XRD), and surface
area analyzer (BET). The optical characteristics were character-
ized by ultraviolet-visible spectroscopy (UV-Vis-Abs), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), and uorescence spectroscopy. The photo-
current (i–t) and electrochemical impedance spectroscopy (EIS)
of the prepared samples were recorded on an electrochemical
workstation according to an previous work.49
3. Results and discussion
3.1 Morphology and structure

Fig. 2 presents the SEM images of TiO2, LM-TiO2, LDHs and
LDHs/LM-TiO2. It can be observed from Fig. 2a that the particle
RSC Adv., 2023, 13, 16797–16814 | 16799
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Fig. 2 SEM of simple TiO2, LM-TiO2, LDHs and LDHs/LM-TiO2 (a) simple TiO2, (b) LM-TiO2, (c) LDHs, and (d) LDHs/LM-TiO2, and (e) histogram of
the particle size distribution of LDHs/LM-TiO2.
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size of the simple TiO2 obtained by the precipitation–peptiza-
tion process is similar to that of LM-TiO2; however, the surface
of the pristine simple TiO2 is smoother. Some small particles
16800 | RSC Adv., 2023, 13, 16797–16814
accumulated to form a block solid with a smooth surface and
similar particle size. This was caused by the aggregation and
sedimentation of the colloidal particles during the sol aging
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of TiO2 with various coupling ratios and LDHs (a)
simple TiO2, (b) 0%, (c) 9%, (d) 11%, (e) 13%, (f) LDHs, and (g) 11% (ST).
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process. In contrast, LM-TiO2, as shown in Fig. 2b, showed
a special lamellar morphology, with large particles, most of
which were dispersed, and its surface is quite at. This illus-
trates that the introduction of CTAB changed themorphology of
TiO2, improved the specic surface area, provided active sites
for the photocatalytic reaction, and could adsorb more oxygen
molecules, which are conducive to the photoreaction. It can be
seen in Fig. 2c that Ni–Al LDHs synthesized by the precipitation
approach have a basic layered morphology of hydrotalcite
compounds. Overall, the particle size of LDHs is small and
dispersed, and the material surface is quite smooth; however,
their layered morphology is irregular. It also can be observed
that large particles were formed by the stacking of ne layered
particles. The equipment used to prepare bimetallic materials
via the precipitation process is simple and the reaction condi-
tions are mild; however, the products are easily affected by the
experimental parameters, such as the dropping rate of precip-
itant, aging time and temperature, which have a great impact on
themorphology of the products. Fig. 2d presents the SEM image
of LDHs/LM-TiO2, which basically presents a layered
morphology; however, there are no separated laminated parti-
cles, the particles are dispersed, and the shape is nearly the
same as that of LM-TiO2 and LDHs. However, the surface of
LDHs/LM-TiO2 is quite rough with some small particles
attached. This may be because, rstly, LDHs have a good
dispersion and can be uniformly coupled on the surface of TiO2

during the hydrothermal process. Secondly, the coupling of
LDHs and TiO2 inhibits the agglomeration of TiO2. Fig. 2e
shows the particle size distribution of LDHs/LM-TiO2, and it can
be seen that the average particle size of the sample is 2.43 mm.
The specic surface area of the layered particles is larger, which
can increase the active site of the material surface to absorb
more organic substances, thus facilitating the photocatalytic
reaction process. LDHs/LM-TiO2 has a smaller particle size
compared with simple TiO2, which is benecial for shortening
the time for the photo-generated electrons and holes to reach
the surface of the photocatalyst, accelerating the reaction with
substances adsorbed on the catalyst surface, and enhancing the
catalytic activity.

Fig. 3 presents the XRD patterns of various LDHs/LM-TiO2

and LDHs calcined at 550 °C. Based on anatase TiO2 (ICDD PDF
#21-1272), the diffraction angle at 2q = 25.3° is the character-
istic peak of the (101) lattice plane of anatase titanium dioxide
and no diffraction peak of rutile was detected, which indicates
that the titanium dioxide prepared at this temperature is
anatase. In addition, the diffraction peak position of each
diffraction angle in curve f is basically consistent with the
standard card (Ni–Al LDHs ICDD PDF#22-0452), indicating that
the crystal phase is nickel aluminum bimetallic hydroxides, and
it can also be analyzed that it has the characteristics of a layered
structure, because the peaks at 11.6° and 22.3° correspond to
(003) and (006), respectively. They are generated by the diffrac-
tion of the plane base, which can be found in the hexagonal
structure of R�3m rhombic symmetry.50 According to the curve of
simple titanium dioxide in Fig. 3a, the (101) characteristic peak
intensity at the 2q value of 25.3° is quite high with a small peak
width, demonstrating that the TiO2 prepared via the
© 2023 The Author(s). Published by the Royal Society of Chemistry
precipitation–peptization method has a good crystallinity.
Fig. 3b–e show the patterns of CTAB-modied titanium dioxide
with a loading of 0%, 9%, 11% and 13% LDHs, respectively. It
can be seen that CTAB-modied TiO2 does not have the
diffraction peak of CTAB, and the intensity of the characteristic
peak decreased and its width increased, illustrating that the
crystallinity decreased and the growth of titanium dioxide
grains was inhibited. This is because CTAB has a low melting
point, and the residues were at a quite low level aer calcination
at 550 °C. As a surfactant, CTAB has solubilization and other
functions, which weaken the crystallization degree of titanium
dioxide. Aer loading LDHs, the peak intensity of LM-TiO2

increased. However, with an increase in the LDH level, the
characteristic peak intensity of the specimen showed a weak-
ening trend, indicating that an appropriate amount of LDH-
coupled TiO2 promotes crystallization. LDHs have a special
layered morphology. Thus, the coupling of LDHs with titanium
dioxide results in a certain preferred orientation of the grains,
which is reected by the variation in the intensity of the char-
acteristic peak in the XRD spectrum. In addition, there is no
characteristic peak of LDHs in the curves of the LDH/LM-TiO2

composites with various ratios. This is because the loading
content of LDHs on the surface of TiO2 is less than the detection
limit of the XRD instrument. Besides, according to curve f, it
also can be observed that the crystallinity of LDHs synthesized
by the precipitation process is not sufficient, which also affects
the XRD detection.

As is known, the diffraction intensity and sharpness of the
peaks are not only affected by the sample crystallinity, but also
related to the grain size. According to the Scherrer formula (5),
the smaller the crystal grain, the greater the diffraction peak
width, which further indicates that the grain size of CTAB-
modied titanium dioxide is reduced, which is also consistent
with the SEM results. The grain size of titanium dioxide was
calculated using the Scherrer formula (5), and the results are
shown in Table 1.
RSC Adv., 2023, 13, 16797–16814 | 16801
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Table 1 Crystallite sizes of simple TiO2, LM-TiO2 and LDHs/LM-TiO2

Sample
Crystallite
size/nm

TiO2 22.30
LM-TiO2 9.96
9% LDHs/LM-TiO2 11.85
11% LDHs/LM-TiO2 11.38
13% LDHs/LM-TiO2 11.05
11% LDHs/LM-TiO2(ST) 11.54
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D = Kl/(b cos q) (nm) (5)

Obviously, the grain size of simple TiO2 is large; however, the
introduction of CTAB reduced the grain size, which improved
the specic surface area of the specimen and promoted the
photoreaction. Aer coupling with LDHs, the grain size and the
diffraction peak intensity both increased; however, with an
increasing content of LDHs, the grain size was almost main-
tained, which illustrates that the loading amount of LDHs does
not obviously affect the crystallinity and grain size of the
composites.
Fig. 4 Adsorption–desorption isotherms and pore size distribution of (a

16802 | RSC Adv., 2023, 13, 16797–16814
Fig. 4 shows the N2 adsorption–desorption isothermal curve
and pore size distribution of LM-TiO2, 11% LDHs/LM-TiO2 and
Ni–Al LDHs. It can be seen in Fig. 4a and b that the curves of
LM-TiO2 and 11% LDHs/LM-TiO2 are basically the same;
however, there is a convex hysteresis loop at the relative pres-
sure (p/p0) of 0.36 in the second half of the curve, which
conforms to type IV H2(b). This phenomenon is oen observed
in three-dimensional mesoporous materials, illustrating that
the product has a complicated pore structure, which includes
typical “ink bottle” pores and tubular pores with uneven pore
size, and the pore size distribution is quite wide. In addition,
the N2 adsorption desorption isotherm curve of Ni–Al LDHs also
shows a hysteresis loop, which is mainly related to the capillary
condensation of porous materials. This curve belonging to type
IV H2(a) has a steeper desorption branch because the pores are
blocked at the pore diameter or the hole volatilization effect
occurs.

By analyzing the pore size distribution of the various
samples, it can be found in Fig. 4a that LM-TiO2 has a single
high and narrow peak, and the distribution is also uniform,
mostly in the range 2–16.56 nm, where the average pore size is
6.36 nm. In Fig. 4b, compared with LM-TiO2, the pore size
distribution of 11% LDHs/LM-TiO2 is similar; however, the
) LM-TiO2, (b) 11% LDHs/LM-TiO2 and (c) Ni–Al LDHs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 BET data of LM-TiO2, 11% LDHs/LM-TiO2 and Ni–Al LDHs

Sample
Specic surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Pore diameter
(nm)

LM-TiO2 76.65 0.13 5.34
11% LDHs/LM-TiO2 56.88 0.11 5.42
Ni–Al LDHs 130.42 0.16 3.77

Fig. 6 Photon energy relation diagram of various LDHs/LM-TiO2.
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number of mesopores is reduced. Additionally, according to the
pore size distribution diagram of Ni–Al LDHs in Fig. 4c, it can be
obtained that the LDH sample also forms a mesoporous struc-
ture, with an uniform pore size distribution of 1.8–16.57 nm,
and the maximum number of pores with an aperture of 6.47 nm
is observed. Overall, the pore size distribution of LM-TiO2 (a)
and Ni–Al LDHs (c) is very close, indicating that the pore size
distribution slightly changed aer coupling. The detailed
structure data of the samples is shown in Table 2. Ni–Al LDHs
have a large specic surface, which is attributed to its special
structure. The specic surface area and pore volume of the 11%
LDHs/LM-TiO2 composites decreased to a certain extent, which
is due to the fact that some pores were blocked during the
coupling of LM-TiO2 with LDHs, resulting in a reduction in
specic surface area.
3.2 Optical characteristics

Fig. 5 presents the UV-Vis absorption curves of the LDH/LM-
TiO2 samples with various coupling ratios. It can be observed
that the absorption intensity of the LDH/LM-TiO2 composites
increased in both the UV and visible regions. Also, with an
increase in the coupling ratio of LDHs, the absorption intensity
of LDHs/LM-TiO2 also increased correspondingly. The increase
in absorption intensity effectively improved the photocatalytic
ability of LDHs/LM-TiO2. The main reason for this is that the
light absorption ability is closely related to the photocatalytic
activity. Keeping the other conditions constant, the stronger the
ability of the photocatalyst to absorb light, the higher its pho-
tocatalytic activity. As shown in Fig. 5, the threshold wavelength
Fig. 5 UV-Vis-Abs of various LDHs/LM-TiO2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
of LM-TiO2 particles (lg) is 405.06 nm, and that of both the 9%
and 11% LDHs/LM-TiO2 particles is close to 408.94 nm. The
threshold wavelength of 13% LDHs/LM-TiO2 is approximately
411.58 nm. This illustrates that the absorption band edge of the
sample modied by LDHs has a certain redshi. Thus, the
wider absorption range of the modied LDHs/LM-TiO2 resulted
in improved photocatalytic activity. The relationship between
(ahv)1/2 and photon energy of various LDHs/LM-TiO2 specimens
was analyzed by the Tauc plot method, as shown in Fig. 6. The
results show that the band gap energy of LM-TiO2, 9%, 11% and
13% LDHs/LM-TiO2 is 2.94 eV, 2.90 eV, 2.90 eV and 2.85 eV,
respectively. Shao et al.51 reported that the band gap of Ni–Al
LDHs is about 2.09 eV. Generally, the band gap of anatase TiO2

is about 3.2 eV, illustrating that the band gap energy of anatase
TiO2 modied with CTAB is reduced. Aer its modication with
LDHs, the energy band gap of LDHs/LM-TiO2 particles
decreases with an increase in the content of LDHs. Thus, the
light absorption range becomes wider and the photocatalytic
property is promoted.

Aer coupling titanium dioxide with LDHs, the UV-Vis
absorption band edge was red shied, which is mainly due to
the fact that Ni–Al LDH specimens show strong absorption at
about 380 nm and 640 nm in the UV-Vis absorption spectrum.
Therefore, aer coupling LDHs with titanium dioxide, the
absorption intensity in the corresponding UV and visible
regions improved.50 Obviously, the absorption enhancement of
LDHs/LM-TiO2 in the ultraviolet region can be attributed to the
charge transfer from the O 2p to Ni 3d orbital, while the
increased absorption in the visible region is due to the feature
of Ni2+ in the octahedral conguration, resulting in the d–
d transition.52 Therefore, the increase in the absorption inten-
sity of the prepared composites in the UV visible region is
mainly due to the action of the small amount of LDHs, and
LDHs can provide more photogenerated carriers for photo-
catalytic reactions, resulting in an improvement in photo-
catalytic activity.
RSC Adv., 2023, 13, 16797–16814 | 16803
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Fig. 7 FT-IR spectra of the different materials (a) LM-TiO2, (b) 11%
LDHs/LM-TiO2, (c) 11% LDHs/LM-TiO2(ST), and (d) Ni–Al LDHs.
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Fig. 7 illustrates the Fourier transform infrared spectra (FT-
IR) of LM-TiO2, LDHs/LM-TiO2 and Ni–Al LDHs. In the
infrared spectrum of the Ni–Al LDHs composite, the wide
absorption band at about 3800–3400 cm−1 is due to the O–H
bond stretching vibration and hydroxyl group of the interlayer
water molecules,53 the characteristic peak at about 1635 cm−1 is
attributed to the peak generated by the water of crystallization
in the layered bimetallic, and the sharp strong peaks at about
1348 cm−1 and 844 cm−1 are caused by the asymmetric
stretching of interlayer anion CO3

2−.53 In the spectra of LM-TiO2

and LDHs/LM-TiO2, the wide absorption peaks at 3800–
3400 cm−1 are caused by the stretching of the hydroxyl group on
the surface of TiO2 or the O–H bond of the adsorbed water
molecules. However, the peak at about 3450 cm−1 is attributed
to the bending vibration of H2Omolecules. The strong and wide
absorption peak detected at approximately 500 cm−1 is attrib-
uted to titanium dioxide, and the shape of the two curves is
basically the same. The peak observed at about 2360 cm−1

corresponding to the stretching vibration of C–O. With the
coupling of LDHs, the peak intensity increased, which may be
caused by the increment in the content of CO3

2− in the inter-
layer of LDHs. There are many absorption peaks of LDHs in the
range of 800–500 cm−1 with high intensity, which may be
caused by the stretching vibration of the Ni–O and Al–O bonds
formed by metal ions and oxygen atoms or the bonding of metal
atom–oxygen atom–metal atoms (Ni–O–Al).54 Through the
superposition of LM-TiO2 and LDHs/LM-TiO2 infrared spectra,
it can be found that the absorption intensity of 11% LDHs/LM-
TiO2 is higher and wider than that of LM-TiO2 at a wavenumber
of less than 800 cm−1, indicating that the wave peak in this
band contains the absorption peak of Ni–O, Al–O or Ni–O–Al in
LDHs, and LDHs were well loaded on the surface of LM-TiO2.

The element composition and chemical bonding state of the
LDH/LM-TiO2 surface were characterized by X-ray photoelec-
tron spectroscopy (XPS), and the results are presented in Fig. 8,
where Fig. 8a is the XPS full spectrum, while Fig. 8b–f are the
16804 | RSC Adv., 2023, 13, 16797–16814
element spectra of Ti, O, Ni, Al and C elements, respectively. The
charge correction was carried out based on the external pollu-
tion carbon (284.8 eV). Simultaneously, the curve of each
element was tted to determine its chemical state or change in
surface electronic structure. It can be obtained from Fig. 8a that
the main components in LM-TiO2 and LDHs/LM-TiO2 are Ti, O
and C, and C elements according to the XPS test. The C element
in LDHs/LM-TiO2 has a relatively high content, some of which
may be introduced during the sample test, and the other is due
to the fact that the interlayer anion of the LDH material is
CO3

2−, and the total amount of C element increased aer
coupling with LM-TiO2. Besides, some Ni and Al elements were
detected in LDHs/LM-TiO2. Fig. 8b shows the XPS spectrum of
the Ti element, where the binding energies of spin orbits Ti 2p3/
2 and Ti 2p1/2 in LDHs/LM-TiO2 are 458.44 eV and 464.13 eV,
respectively. The peak at 458.44 eV belongs to Ti3+ and that at
464.13 eV corresponds to Ti4+,55 in which Ti3+ is attributed to the
existence of oxygen vacancy in TiO2.56 Also, the binding energy
of Ti element is greater than that of the standard value,
demonstrating that Ti mainly existed in the form of Ti4+.55 In
comparison with LM-TiO2, the binding energies of the Ti 2p3/2
and Ti 2p1/2 spin orbits of the LDHs/LM-TiO2 composites
decreased by 0.45 eV and 0.46 eV, respectively. The change in
chemical shi indicates that the modication of LDHs greatly
changed the chemical environment around Ti4+, which may be
because some Ni atoms and Al atoms entered the LM-TiO2

lattice to form Ti–O–Ni bonds and Ti–O–Al bonds, resulting in
lattice distortion and an increase in the electron cloud density
of the Ti atom. Consequently, the peak of Ti element moved
towards the low energy direction aer coupling. This may also
be because the Ti element obtains electrons and performs
reduction, which shis the binding energy towards the low
eld, which is also consistent with the FTIR analysis. The XPS
spectrum of O element is shown in Fig. 8c. The binding energy
of LDHs/LM-TiO2 at the O 1s orbit is 0.44 eV lower than that of
LM-TiO2. Specically, aer coupling LDHs with titanium
dioxide, the electron cloud density around the O atom
increased, leading to a decrease in the binding energy of the Ti
atom. Aer tting, the peak of the hydroxyl oxygen (cOH)
appeared at about 530.79 eV,57 and the peak intensity of LDHs/
LM-TiO2 hydroxyl oxygen (cOH) is weaker than that of LM-TiO2,
which may be attributed to the loading of LDHs on the surface
of titanium dioxide during the coupling process. Therefore, the
peak intensity of the hydroxyl oxygen (cOH) on the sample
surface during the XPS test decreased. In addition, this may also
be caused by the combination of oxygen atoms with aluminum
and nickel atoms to form Al–O bond and Ni–O bond.

As observed in Fig. 8d, the peaks at the binding energies of
856.34 eV and 873.99 eV belong to the Ni 2p3/2 and Ni 2p1/2 spin
orbits, respectively, which are attributed to Ni–OH.58 Alterna-
tively, the peaks at 862.35 eV and 879.89 eV are the character-
istic peaks of Ni 2p3/2 and Ni 2p1/2, respectively, which proves
that the nickel in the sample existed in the form Ni3+, and the
peaks are caused by the charge transfer and multi-electron
transition in the atom.59,60 In addition, it can be observed that
the binding energy of Ni 2p in LDHs/LM-TiO2 increased
compared with that in Ni–Al LDHs because the binding energy
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XPS spectra of LM-TiO2, 11% LDHs/LM-TiO2, 11% LDHs/LM-TiO2(ST) and LDHs (a) survey, (b) Ti 2p peaks, (c) O 1s and O 2s peaks, (d) Ni 2p
peaks, (e) Al 2p peaks and (f) C 1s peaks.
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is relevant to the surface electron density. The electrons trans-
ferred from the surface of LDHs to TiO2, increasing the surface
electron density of titanium dioxide.32 As shown Fig. 8e, the
peak at 75.37 eV belongs to the characteristic peak of Al 2p,
indicating that aluminum exists in the form of Al3+.61 In the
peak tting diagram of C element in Fig. 8f, the peaks at about
284.8 eV, 286.21 eV and 288.78 eV are the peaks of extraneous C
1s caused in the test. However, according to the comparison of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the two curves, it was found that only the peak at 284.8 eV in the
LDHs/LM-TiO2 sample is much stronger than that in LM-TiO2,
which is due to the increase in the total amount of C element
and the intensity of the peak caused by the C source contained
in the LDH interlayer anion.

The XPS quantitative results show that the contents of Ti, O,
and C in LM-TiO2 are 28.14 at%, 62.21 at%, and 9.65 at%,
respectively. The contents of the constituent elements Ti, O, C,
RSC Adv., 2023, 13, 16797–16814 | 16805
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Fig. 10 Photocurrent curves of different materials (a) LM-TiO2, (b) 11%
LDHs/LM-TiO2, and (c) Ni–Al LDHs.
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Ni and Al in LDHs/LM-TiO2 are 26.09 at%, 54.79 at%, 15.4 at%,
0.95 at%, and 2.77 at%, respectively. It can be obtained that the
atomic ratio of O/Ti in LM-TiO2 and LDHs/LM-TiO2 is greater
than the stoichiometric ratio of the standard TiO2 (2 : 1). Due to
the modication by CTAB in LM-TiO2, the specic surface area
of the material increased, making it easier to adsorb water and
hydroxyl (cOH), which resulted in an increase in oxygen content
on thematerial surface. In addition, when LDHs were loaded on
the surface of titanium dioxide, the number of interlayer water
molecules or surface hydroxyl decreased (Al–OH and Ni–OH),
and the oxygen atoms entered the lattice and combined with Al
or Ni atoms to form Al–O and Ni–O bonds, which reduced the
oxygen content on the specimen surface. Therefore, the ratio of
O/Ti in the sample was greater than the standard value.

Fig. 9 illustrates the uorescence spectra, in which the
linearity of the two curves is virtually identical. The maximum
uorescence emission wavelength of the two materials is
418.23 nm, and the uorescence intensity of 11% LDH-
modied LM-TiO2 was weakened in the measured wavelength
range. As is known from theory, the recombination of electrons
and holes produces photoluminescence; however, it is also
related to uorescence luminescence. In the uorescence
spectra, the uorescence intensity of the maximum absorption
peak of 11% LDHs/LM-TiO2 is lower than that of LM-TiO2,
which indicates that the photogenerated electrons and holes are
not easy to recombine, and the number of photons produced is
reduced. Thus, the recombination rate of photogenerated
electrons and holes decreased, and the life of electrons and
holes was prolonged, which is conducive to the generation of
a large number of strong oxidizing groups, thus promoting the
photocatalytic reaction.

3.3 Photocurrent and impedance performance analysis

The transfer of photoproduced electrons and holes at the
interface of materials is an important factor affecting the pho-
tocatalytic activity. Fig. 10 and 11 show the photocurrent (i–t)
Fig. 9 Fluorescence spectra of different LDHs/LM-TiO2 (a) 0% and (b)
11%.

16806 | RSC Adv., 2023, 13, 16797–16814
and electrochemical impedance spectra (EIS) of the as-prepared
LM-TiO2, 11% LDHs/LM-TiO2 and Ni–Al LDHs measured by an
electrochemical workstation. It can be observed from Fig. 10
that the transient photocurrent intensity of LM-TiO2 and LDHs
is quite low, which indicates the low separation rate of photo-
generated electrons and holes of the two materials. Addition-
ally, the photocurrent of the 11% LDHs/LM-TiO2 composites is
strong, about 0.65 mA cm−2, which is 8 times that of LM-TiO2

(0.08 mA cm−2). This is because the electron coupling between
LDHs and titanium dioxide reduces the recombination rate of
photogenerated electrons and holes, improves their separation
efficiency, and effectively enhances the transmission and
separation of photogenerated carriers between them.

Fig. 11 shows the electrochemical impedance spectra of the
different samples, which can be used to explore the difficulty of
charge transfer on the surface of materials. Generally, the
Fig. 11 Electrochemical impedance spectroscopy of various materials
(a) LM-TiO2, (b) 11% LDHs/LM-TiO2, and (c) Ni–Al LDHs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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semicircle of the Nyquist plot from the impedance spectrum is
regarded as the charge transfer resistance of the electrode
material, and its radius is related to the charge transfer effi-
ciency between the electrode and the electrolyte. The smaller
the semicircle diameter, the smaller the obstacles encountered
by charge transfer at the interface, and the higher the transfer
efficiency, which is conducive to the improvement of catalytic
activity. It can be observed in Fig. 11 that the radius of LM-TiO2

is larger than that of LDHs; however, the arc radius of the 11%
LDHs/LM-TiO2 composite material is smaller than that of LM-
TiO2. This indicates that the modied LDHs/LM-TiO2 has
a smaller impedance and better conductivity compared to LM-
TiO2, illustrating an increase in the mobility and separation rate
of the photo-generated electron hole pairs. Based on the above-
mentioned results, it can be concluded that LDHs and titanium
dioxide were successfully coupled, and the construction of 11%
LDHs/LM-TiO2 composites is conducive to the transfer and
separation of photogenerated carriers, which is consistent with
the PL uorescence test and following photocatalysis evaluation
results.

3.4 Adsorption and photocatalytic performance

In the adsorption performance investigation, 20 mg L−1 methyl
orange solution was used as the adsorbed solution by the
different LDHs/LM-TiO2 samples, and the adsorption was per-
formed at room temperature (25 °C) with a solid to liquid ratio
of 20 mg/30 mL. The suspension was put in the photocatalysis
reactor in the dark, and an ultraviolet spectrophotometer was
used to determine the absorbance of the solution at regular
intervals. Fig. 12 shows the adsorption rate of methyl orange
solution (20 mg L−1) by the different LDHs/LM-TiO2 specimens.
As is known, in the photocatalytic process, titanium dioxide has
no obvious adsorption effect on methyl orange. It can be seen
from Fig. 12 that the three LDHs/LM-TiO2 composites all show
a certain adsorption for methyl orange solution. The adsorption
rates of 9% and 13% LDHs/LM-TiO2 for methyl orange were
38.65% and 36.83%, respectively. However, that of 11% LDHs/
Fig. 12 Adsorption rates of methyl orange on the different LDHs/LM-
TiO2 samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
LM-TiO2 reached as high as 57.98%, which is mainly caused by
the adsorption of the LDH materials loaded on the surface of
TiO2. In addition, the adsorption rate of methyl orange by
LDHs/LM-TiO2 was quite fast within 10 min, and with a further
extension of the reaction time, the adsorption speed of methyl
orange by LDHs/LM-TiO2 gradually decreased, and the adsorp-
tion equilibrium was basically reached in 30–40 min.

The adsorption isotherms of the 11% LDHs/LM-TiO2

samples were studied. Firstly, methyl orange solution with
different concentrations was prepared, and the adsorption tests
were carried out with a solid–liquid ratio of 20 mg: 30 mL for
30 min. Subsequently, the solution was taken out and centri-
fuged, and the absorbance of the supernatant was measured
using a UV-vis spectrophotometer, according to which the
content of residual methyl orange in the solution aer
adsorption was determined from the standard curve. The
adsorption capacity of LDHs/LM-TiO2 in the different solutions
was calculated using formula (1), and the adsorption isotherms
of methyl orange on the 11% LDHs/LM-TiO2 samples were tted
by the Langmuir (6) and Freundlich (7) adsorption isotherm
equations.

Ce

Qe

¼ 1

Qm

Ce þ 1

KLQm

(6)

lg Qe ¼ 1

n
lg Ce þ lg KF (7)

where Ce represents the concentration of methyl orange in
solution aer adsorption equilibrium (mg L−1), Qe is the
adsorption capacity at adsorption equilibrium (mg g−1), Qm is
the theoretical maximum adsorption capacity (mg g−1), KL

represents the Langmuir experimental constant, and n and KF

are the Freundlich experimental constants. The tting results
are illustrated in Fig. 13, and the calculated data are presented
in Table 3.

It can be seen from the linear relationship in Fig. 13 and
Table 3 that the adsorption of methyl orange by LDHs/LM-TiO2

is better described by the Freundlich adsorption isotherm
equation compared with the Langmuir isotherm adsorption
model, and the linear correlation coefficient reaches 0.9807.
The adsorption of methyl orange on the modied LDHs/LM-
TiO2 is bilayer adsorption. As is known, the Freundlich
adsorption isotherm model assumes that the adsorption
process exists on a heterogeneous surface and is used to
describe the reversible adsorption, not only monolayer
adsorption.62

To understand the reaction process and mechanism, the
adsorption kinetics of LDHs/LM-TiO2 was studied using the
pseudo-rst-order (2) and pseudo-second-order (3) adsorption
kinetic equations, and the adsorption rate constants were also
determined. The tting results are presented in Fig. 14, and the
calculated data are listed in Tables 4 and 5. It can be observed
from Fig. 14, Tables 4 and 5 that the mean value of the linear
correlation coefficient R2 obtained by tting the different LDHs/
LM-TiO2 samples with the pseudo-rst-order and pseudo-
second-order kinetic equations is 0.9514 and 0.9986, respec-
tively, illustrating that the adsorption of methyl orange by
RSC Adv., 2023, 13, 16797–16814 | 16807
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Fig. 13 Langmuir (a) and Freundlich (b) isotherms.

Table 3 Isothermal adsorption models and parameters of LDHs/LM-
TiO2 for methyl orange

Langmuir Freundlich

Qm (mg g−1) KL (L mg−1) R2 n KF (L g−1) R2

__ __ __ 1.047 2.045 0.9807
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LDHs/LM-TiO2 is more suitably described by the second-order
kinetic equation.

The adsorption rate constant and equilibrium adsorption
capacity of LDHs/LM-TiO2 with different coupled ratios were
calculated according to the pseudo-second-order kinetic equa-
tion. For 11% LDHs/LM-TiO2, the adsorption rate constant (k)
and the equilibrium adsorption capacity (qe) are 0.0143 g
Fig. 14 Pseudo-first-order (a–c) and pseudo-second-order (d–f) kinetic

16808 | RSC Adv., 2023, 13, 16797–16814
mg−1 min−1 and 18.94 mg g−1, respectively. In addition, the
adsorption rate constant and the equilibrium adsorption
capacity of 9% LDHs/LM-TiO2 are 0.0055 g mg−1 min−1 and
14.79 mg g−1, and that of 13% LDHs/LM-TiO2 are 0.0142 g
mg−1 min−1 and 12.40 mg g−1, respectively. The adsorption rate
constant is positively correlated with the adsorption rate, which
means that the adsorption rate and adsorption capacity of 11%
LDHs/LM-TiO2 for methyl orange are greater than the other two.
The adsorption process conforms to the pseudo second-order
kinetic model, and the way is mainly chemical adsorption.

Fig. 15 shows the photocatalytic performance of the LDH/
LM-TiO2 samples with various coupling ratios. Firstly, the
samples were treated under the same dark conditions for
30 min, and then the absorbance of the supernatant was tested
aer centrifugation, as shown in Table 6. It can be observed that
the absorbance of the titanium dioxide group did not change
models of various LDHs/LM-TiO2 samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Pseudo-first-order kinetic parameters of methyl orange adsorption by different LDHs/LM-TiO2 samples

LDHs/LM-TiO2 r (mg L−1) qe (mg g−1)

Pseudo-rst-order

kad (min) qe (mg g−1) R2

9% 20.44 11.82 0.084 12.75 0.9576
11% 17.72 0.086 12.31 0.9409
13% 11.26 0.074 8.57 0.9557

Table 5 Pseudo-second-order kinetic parameters of methyl orange adsorption by different LDHs/LM-TiO2

LDHs/LM-TiO2 r (mg L−1) qe (mg g−1)

Pseudo-second-order

k (g mg−1 min−1) qe (mg g−1) R2

9% 20.44 11.82 0.0055 14.79 0.9977
11% 17.72 0.0143 18.94 0.9996
13% 11.26 0.0142 12.40 0.9984

Fig. 15 Decolorization rates of methyl orange by simple TiO2 and
LDHs/LM-TiO2 with various coupled ratios (a) blank group, (b) TiO2, (c)
0%, (d) 9%, (e) 11%, and (f) 13%.
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signicantly; however, that of the LDHs/LM-TiO2 group
changed obviously, showing a good adsorption performance.
Adsorption equilibrium was basically reached aer treatment in
the dark for 30 min, and thus the photodegradation process
could be carried out continuously. Under the same illumina-
tion, the decolorization rate of methyl orange by the different
LDHs/LM-TiO2 followed the order 11% > 13% > 9% > LM-TiO2 >
TiO2 > blank. The absorbance of methyl orange solution in the
blank group was basically maintained, indicating that only the
Table 6 Adsorption of methyl orange by simple TiO2 and LDHs/LM-TiO

Sample Blank group TiO2

Absorbance aer 30 min in dark 1.440 1.44

© 2023 The Author(s). Published by the Royal Society of Chemistry
photocatalysts had a photocatalytic degradation effect on
methyl orange solution. Maintaining the other conditions, the
photocatalytic performance of LM-TiO2 was better than that of
simple TiO2 when illuminated for 25 min due to the formation
of a layered mesoporous structure via the induction of CTAB in
the former. Thus, the specic surface area and the number of
reactive sites increased, which are helpful for the degradation
performance of the photocatalyst.

Aer treatment in the dark, the adsorption rate of LDHs/LM-
TiO2 for methyl orange reached about 50%, showing a good
adsorption performance. As is known, the degradation of the
dye by the photocatalyst is mainly due to the oxidation of
hydroxyl radicals and superoxide radicals generated on its
surface and the adsorption of methyl orange dye on the pho-
tocatalyst surface helps to improve the photocatalytic reaction
rate, elevating the photocatalytic performance. Under the same
adsorption and illumination, the decolorization rate of LM-TiO2

was 54.72% aer 30 min illumination, while that of 11% LDHs/
LM-TiO2 was up to 87.54%, and the decolorization rates of 9%
and 13% LDHs/LM-TiO2 were 75.64% and 82.56%, respectively.
Thus, it can be concluded that the modication of titanium
dioxide with an appropriate amount of LDHs signicantly
improved the photocatalytic degradation efficiency. With an
increase in the loading of LDHs, they agglomerated and
reduced the number of active sites for the photocatalytic reac-
tion, thus reducing the number of photogenerated electrons
and holes and the generated hydroxyl radical (cOH), which is
not benecial to the photocatalytic reaction.

Images of the methyl orange solution before and aer
degradation are presented in Fig. 16. The mineralization degree
2 with various coupling ratios

0% 9% 11% 13%

8 1.380 0.876 0.797 0.798

RSC Adv., 2023, 13, 16797–16814 | 16809

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02160b


Fig. 16 Image of methyl orange solution (20 mg L−1) before (a) and
after (b) degradation.

Table 7 Mineralization degree of methyl orange solution before and
after photocatalytic degradation

Sample
TOC (mg
L−1)

Mineralization
degree (%)

Initial solution 12.25 —
Degradation by 11% LDHs/LM-TiO2 10.29 16.00

Fig. 17 Dynamic curves of degradation of methyl orange by simple
TiO2 and LDHs/LM-TiO2 with various coupling ratios.
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of methyl orange solution aer photocatalytic degradation by
11% LDHs/LM-TiO2 was determined by testing the change in
mass concentration of total organic carbon during the degra-
dation process. According to Table 7, it can be seen that the
mineralization degree of methyl orange was 16.0% aer pho-
tocatalytic degradation. However, according to the change in
absorbance, the degradation rate was 87.54%, as illustrated in
Fig. 15. The main reason for the signicant difference between
the two test results is that when 11% LDHs/LM-TiO2 degraded
methyl orange solution, most of the chromogenic groups of
methyl orange were destroyed and methyl orange changed into
colorless substances. This stage involves multiple reaction
processes, and only some of the methyl orange eventually
degraded into CO2.63

In this work, LDHs were coupled with LM-TiO2 to prepare
adsorption-photocatalysis integrated LDHs/LM-TiO2 compos-
ites, which displayed good adsorption and photocatalytic
properties. The main reasons for this are as follows: (1)
compared with simple TiO2, LDHs/LM-TiO2 has a particular
layered mesoporous structure, which increases the specic
surface area, and more active sites for the photoreaction are
provided on the material surface, which are helpful for the
photocatalytic reaction. (2) LDHs have a good adsorption, but
weak photocatalytic ability. Aer coupling with the semi-
conductor photocatalyst TiO2, the product possessed dual
properties of adsorption and photocatalysis. Thus, it can
quickly adsorb dyes, such as methyl orange, on its surface,
increase the contact area, and effectively elevate the degradation
of pollutants under irradiation. (3) Based on simple titanium
dioxide, the threshold wavelength of the absorption spectrum
16810 | RSC Adv., 2023, 13, 16797–16814
of LDHs/LM-TiO2 is red shied, and the absorption intensity in
the ultraviolet and visible regions is obviously increased, which
widens the light response range and effectively improves the
photocatalytic activity. (4). According to the uorescence anal-
ysis, it can be observed that the uorescence intensity of LDHs/
LM-TiO2 is lower than that of LM-TiO2 to a certain extent,
indicating that modication with LDHs reduces the recombi-
nation rate of electrons and holes generated by titanium
dioxide, thus affecting the photocatalytic reaction. In summary,
the LDH-coupled layered mesoporous TiO2 composites improve
the photocatalytic activity and also show a good adsorption
performance.

In addition, the rst-order reaction kinetics was studied, and
the kinetic curve of photodegradation of methyl orange solution
by the different materials was plotted and tted, as shown in
Fig. 17. As illustrated, each kinetic curve shows a good linear
relationship between ln C0/Ct∼ t, and the reaction rate constant
was calculated according to the formula ln Ct/C0 = kt. The
results demonstrated that the maximum reaction rate constant
k was 0.046 min−1 (11% LDHs/LM-TiO2) and the minimum
constant k was 0.013 min−1 (TiO2). The photocatalytic degra-
dation of methyl orange by TiO2 and 11% LDHs/LM-TiO2 fol-
lowed the Langmuir Hinshelwood rst-order kinetic model, and
the photocatalytic activity of LDH-coupled TiO2 was signi-
cantly enhanced.
3.5 Cycling and stability of photodegradation

The stability of photocatalysts is quite important in practical
applications. Thus, the photocatalytic degradation of methyl
orange by the 11% LDH/LM-TiO2 composite was studied, and
the stability and recyclability of the catalyst were investigated.
As shown in Fig. 18, 11% LDHs/LM-TiO2 showed only slight
deactivation aer the degradation of methyl orange for three
consecutive cycles, and its photocatalytic performance was still
quite good. In three cycle tests, the photodegradation of methyl
orange by 11% LDHs/LM-TiO2 was 97.50%, 92.49% and 85.05%,
respectively. Additionally, aer dark treatment, the concentra-
tion of methyl orange changed obviously. For the rst adsorp-
tion, the adsorption rate reached 66.56%, which was reduced to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Degradation of methyl orange by 11% LDHs/LM-TiO2 for 3
consecutive cycles.

Fig. 19 Diagram illustrating the mechanism of the LDH/LM-TiO2

photocatalytic reaction.
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21.35% in the third cycle. Thus, the adsorption property was
signicantly reduced. The principal reasons for this are as
follows: (1) the methyl orange dye adsorbed in LDHs was not
degraded completely during photodegradation, occupying
some adsorption sites. (2) During the washing process, methyl
orange adhered to the catalyst surface was not completely
removed. (3) The adsorption by the sample was mainly attrib-
uted to LDHs, and with an increase in the number of experi-
mental repetitions, the content of LDHs loaded on the surface
of TiO2 was reduced due to washing, resulting in a reduction in
its adsorption performance. However, overall, LDHs/LM-TiO2

still maintained a good photocatalytic performance, indicating
that the LDHs/LM-TiO2 composites have a good recycling
performance and stability.

To demonstrate the stability of the catalyst, 11% LDHs/LM-
TiO2 was recovered aer photocatalytic degradation and char-
acterized by XRD, FT-IR, and XPS. By comparing curve g in the
XRD patterns, curve c in the FTIR spectra, and XPS data of 11%
LDHs/LM-TiO2 (ST) with the data before the photocatalytic
reaction, it can be seen that the various data for the sample aer
the reaction are basically consistent with that before the reac-
tion, indicating that 11% LDHs/LM-TiO2 has good stability.
3.6 Photocatalytic degradation mechanism

Fig. 19 shows a simple diagram of the adsorption and photo-
catalysis mechanism of the LDHs/LM-TiO2 composites.
According to the UV visible analysis in Section 3.3, the band gap
width of LDHs/LM-TiO2 is approximately 2.90 eV, while that of
Ni–Al LDHs is 2.09 eV. The valence band and conduction band
position of Ni–Al LDHs are higher than that of titanium dioxide.
LDHs and titanium dioxide form a Z-type heterojunction, as
shown in Fig. 19. Under irradiation, the photogenerated elec-
trons (e−) in the valence band of LDHs transition into the
conduction band, and an equal number of holes (h+) are
generated in the original valence band. Then, the photo-
generated electrons of LDHs transfer from the conduction band
with a high Fermi level to the conduction band with a low Fermi
© 2023 The Author(s). Published by the Royal Society of Chemistry
level (TiO2) under the action of a potential difference. Simul-
taneously, the holes produced in the valence band of TiO2 with
a low Fermi level move to the valence band of LDHs with a high
Fermi level. Besides, some researchers believe that electrons in
the TiO2 conduction band are directly recombined with the
holes in the valence band of LDHs. Briey, the formation of this
Z-type heterojunction mainly enhances the photocatalytic
activity by strengthening the separation of photogenerated
electrons and holes, thus inhibiting their recombination.

The photocatalytic degradation mechanism of LDHs/LM-
TiO2 on dyes is mainly that LDHs/LM-TiO2 absorbs greater
photon energy than the bandgap energy, and the electrons in
the valence band are excited to transition to the conduction
band, while creating holes in the valence band. The electrons
and holes generated during this process migrate to the surface
of LDHs/LM-TiO2 under the action of an electric eld and
diffusion. The holes oxidize H2O and HO− adsorbed on the
surface of the material into hydroxyl radicals (HOc) with strong
oxidizing activity. Simultaneously, the photogenerated elec-
trons undergo a reduction reaction with the oxygen molecules
adsorbed on the material surface to generate superoxide radi-
cals (cO2

−), which further react with H+ to produce H2O2.
Finally, the strong oxidizing free radicals such as HOc and cO2

−

can specically mineralize the organic dye molecules adsorbed
on the surface of LDHs/LM-TiO2 without breaking the special
structure of LDHs/LM-TiO2.
4. Conclusion

Ni–Al LDHs were prepared using nickel chloride and aluminum
chloride as raw materials via a simple precipitation process and
coupled with LM-TiO2 synthesized by a novel precipitation–
peptization approach to obtain Ni–Al LDH/LM-TiO2 composites
via the hydrothermal process. The as-prepared composites
possessed a large specic surface area and showed a good
adsorption and photocatalytic performance for methyl orange.
RSC Adv., 2023, 13, 16797–16814 | 16811
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Aer coupling with Ni–Al LDHs, the light absorption intensity
of TiO2 was signicantly enhanced, and the UV-Vis absorption
band edge showed a certain degree of red shi, inhibiting the
recombination of photogenerated electrons and holes, and thus
an excellent adsorption and photocatalytic performance was
observed. This novel adsorption-photocatalysis-integrated Ni–
Al LDH/LM-TiO2 composite provides a reference for the treat-
ment of organic pollutants in sewage.
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