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Abstract

TiO2/LDHs composites were synthesized in different proportions using the co-precipitation method.
Their structural characteristics, morphological characteristics and spectral responses were
characterized by means of X-ray diffraction (XRD), raman spectra, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and UV-vis diffuse reflectance spectroscopy. The
photocatalytic performance of TiO2/LDHs were tested with the degradation of methylene blue. The
photocatalytic light source selected is simulated sunlight (300-watt xenon lamp). Experimental results
demonstrate that constructing a robust heterojunction through precise interface band alignment
significantly suppresses photogenerated electron-hole recombination. Controlled charge transfer
pathways at the interface further enhance photocatalytic degradation efficiency. Among the tested
catalysts, AT11 (Al:Ti=1:1, molar ratio ) exhibits the highest photocatalytic activity, degrading 98.2%
of methylene blue within 70 minutes under simulated solar irradiation. The degradation process
follows first-order kinetics and maintains stable performance over four reuse cycles. Radical trapping
experiments identify h* and -OH as the dominant active species responsible for dye degradation. This
TiO,/LDHs heterostructure significantly enhances the photocatalytic efficiency of TiO,, enabling
efficient solar energy utilization.

Keywords: photocatalysis; TiO2/LDHs; methylene blue; simulated solar irradiation

1. Introduction

Industrial advancement drives widespread use of synthetic dyes in textiles, food processing,
paper manufacturing, and pharmaceuticals. These compounds persist as major wastewater
pollutants due to molecular stability that resists standard treatments. Their polar groups enable water
solubility while chromophores impart color, collectively posing severe ecological threats to aquatic
systems through persistent contamination [1-4]. These dye-derived organic pollutants exhibit
carcinogenic, mutagenic, and toxic properties. Untreated, they jeopardize human health and
ecological integrity. Effective elimination of such compounds from wastewater is thus critical for
pollution control. Recent decades have seen advanced treatment technologies emerge, including
adsorption [5,6], biological degradation [7,8], electrocatalysis [9], and photocatalysis [10,11].
Heterogeneous photocatalysis has emerged as a leading strategy for wastewater remediation,
leveraging potent oxidation power to mineralize diverse contaminants without secondary pollution.
Its broad-spectrum efficacy against recalcitrant pollutants drives sustained research interest.

Conventional photocatalysts like TiO, demonstrate robust photocatalytic activity. Under light
excitation, they generate electron-hole pairs whose oxidation potential drives dye degradation,
specifically oxidizing adsorbed molecules on the catalyst surface [12-14]. However, TiO,'s practical
utility is constrained by inherent limitations. Its wide bandgap (e.g., 3.2 eV in anatase phase) confines
excitation to UV wavelengths, yielding negligible visible-light response and inefficient solar energy
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harvesting. Further, TiO, exhibits compromised photocatalytic efficiency due to synergistic
limitations: weak surface adsorption capacity and rapid recombination of photogenerated charge
carriers. These factors destabilize performance under operational conditions [15-18]. To enhance the
photocatalytic performance of TiO,, researchers employ three primary modification strategies:
elemental doping [19-21], co-catalyst loading [22,23], and heterojunction engineering [24]. Among
these approaches, constructing heterojunctions with semiconductors, particularly 2D layered
materials possessing tailored band alignments, which proves highly effective for enhancing TiO,
photocatalysis. This strategy promotes charge separation while suppressing carrier recombination
[25-27]. Layered double hydroxides (LDHs) are a class of two-dimensional lamellar crystalline
compounds classified as anionic clays. Their structure features hexagonal or octahedral crystalline
frameworks defining characteristic interlayer galleries [28]. The general chemical formula of layered
double hydroxides (LDHs) is given by [Max*M<*(OH)2]*(A™)xn'mH20, where M? represents
divalent cations (e.g., Ca?, Mg, Fe?", Co?, Mn?, Cu?, Zn?, Ni%, etc.), M% denotes trivalent cations
(e.g., Al*, Cr3, Fe3*, Mn?, Co*, etc.), A signifies interlayer anions (e.g., COs%, NOs, SO4%, CI, etc.),
and x represents the molar ratio of M* to M3 [29,30]. LDHs feature expansive layered frameworks
where bandgap engineering (2.0-3.4 eV) is achievable by varying M2/M?3 cations. This tunability
enables effective construction of TiO:2 based photocatalytic heterojunctions, enhancing visible-light
absorption while offering abundant surface active sites. LDHs shorten migration pathways for
photogenerated carriers, suppressing charge recombination. This collective effect markedly enhances
overall photocatalytic efficiency [31-34].

We synthesized TiO:/LDHs composites with varied TiO: loading via MgAIl-LDHs layer
reconstruction. The materials' structure and morphology were characterized, while photocatalytic
activity was assessed through methylene blue degradation under simulated sunlight. Reaction
mechanisms were analyzed based on photocatalytic performance and radical trapping experiments.

2. Experimental
2.1. Synthesis of TiO2/LDHs
2.1.1. Preparation of TiO:z Sol

At room temperature, dissolve 4.4 mL butyl titanate in 26.4 mL anhydrous ethanol (Beaker A)
with stirring. Separately, prepare Beaker B containing 1.32 mL triple-distilled water, 17.6 mL
anhydrous ethanol, and 0.62 mL nitric acid. Using a peristaltic pump, add Solution B to Beaker A at
30 drops/min while vigorously stirring. After complete addition, continue stirring for 30 min to yield
a milky TiO, sol.

2.1.2. Synthesis of LDHs Precursors

Under ambient temperature conditions, 12.80 g of magnesium nitrate hexahydrate
(Mg(NOs)226H20) and 9.38 g of aluminum nitrate nonahydrate (Al(NOs)s -9H20 ) were weighed and
dissolved in an appropriate amount of triple-distilled water in a beaker. According to the molar ratios
of n(OH")/ [n(Mg?)+n(Al**)]=2.2 and n(COs%)/ [n(Mg?")+n(Al*)]=0.667, 6.75 g of sodium hydroxide
(NaOH) and 5.29 g of sodium carbonate (Na2COs) were weighed and dissolved in another beaker.
Both solutions were simultaneously added dropwise at a flow rate of 30 drops per minute into a
beaker containing triple-distilled water, maintaining the system pH between 8 and 9. Using a low-
temperature saturated co-precipitation method in a 60°C water bath, a hydrotalcite with a Mg:Al
molar ratio of 2:1 was synthesized. The reaction mixture was continuously stirred during the process
to obtain the desired LDHs precursor solution.

2.1.3. Synthesis of TiO2/LDHs Nanocomposites

The LDHs precursor dispersion was stirred for 20 min before dropwise infusion of the TiO2sol.
Continuous stirring (12 h) initiated crystallization, followed by a 6 h static aging stage. After
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centrifugation and washing to neutral pH, the precipitate was oven-dried at 80 °C. Subsequent
grinding and calcination (500 °C, 2 h, air) yielded TiO,/LDHs nanomaterial with AL:Ti = 1:1, labeled
AT11. Identical procedures produced Al:Ti variants: 1:2 (AT12), 1:3 (AT13), 2:1 (AT21), and 3:1 (AT31).

2.2. Characterization

The phase and structural composition of the materials were analyzed through X-ray diffraction
(XRD, D/MAX2500) and Raman spectroscopy (Horiba LabRAM HR Evolution). The microstructural
morphology of the samples was characterized using scanning electron microscopy (SEM, ZEISS
Sigma 360) and transmission electron microscopy (TEM, JEOL JEM-F200). The optical absorption
properties and bandgap structure of the materials were evaluated via ultraviolet-visible diffuse
reflectance spectroscopy (Shimadzu UV-3600i Plus).

2.3. Photocatalytic Experiments

The photocatalytic degradation of the target pollutant was conducted using a 15 mg/L methylene
blue solution (150 mL) with a 300W xenon lamp as the light source and a catalyst concentration of 1
g/L. Prior to initiating the reaction, the mixture was stirred in the dark for 20 minutes to achieve
adsorption equilibrium between the catalyst and the methylene blue solution. Throughout the
photocatalytic experiment, magnetic stirring was maintained, and samples were collected every 10
minutes. After centrifugation, the supernatant was analyzed for absorbance. A spectrophotometer
was employed to measure the absorbance of methylene blue solutions at various concentrations at
665 nm, the maximum absorption wavelength of methylene blue. The absorbance-concentration
standard curve was plotted, and through linear fitting, the standard curve equation was obtained as
follows:

y = 0.0716x + 0.0542, R? = 0.9992 (1)

3. Results and Discussion

3.1. Material Characterization and Analysis
3.1.1. X-Ray Powder Diffraction

To determine the crystal structure and characteristics of the composite materials, XRD analysis
was conducted on TiOz, LDHs, and AT11, with the results presented in Figure 1. The pure TiO:
material exhibited diffraction peaks at 26 values of 25.30°, 37.79°, 48.04°, 53.88°, 55.07°, and 62.69°,
corresponding to the (101), (004), (200), (105), (211), and (204) crystal planes of anatase TiO2 (JCPDS:
71-1166), respectively [35]. LDHs showed prominent diffraction peaks at 20 values of 46.99° and
62.13°, which align with  the characteristic ~ peaks of the standard  card
Mgo.67Alo33(OH)2(COs)o.165(H20)048 (JCPDS: 89-5434), corresponding to the (018) and (113) crystal
planes of LDHs [35]. In the XRD pattern of the AT11 composite, the primary diffraction peaks
observed for TiO2 were associated with the (101) plane, while those for LDHs were linked to the (018)
and (113) planes. Additionally, two new diffraction peaks appeared in the AT11 composite at 20
values of 18.18° and 32.55°, consistent with the characteristic peaks of (MgTi)20s (JCPDS: 82-1125),
corresponding to its (200) and (203) crystal planes. This indicates that the AT11 composite not only
contains the TiO2 and LDHs phases but also forms a new crystalline phase structure.
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Figure 1. XRD patterns of TiOz, LDHs and AT11.

3.1.2. Morphological Analysis of TiO>/LDHs

The microstructure and morphology of the TiO2/LDHs composite were investigated using SEM
and TEM, as illustrated in Figure 2. Figures 2a and 2b reveal the layered structure of LDHs and the
lattice fringes of TiO2, with the average particle size of AT11 ranging between 20 and 30 nm. The
particle distribution is relatively uniform, although significant agglomeration is observed. Figure 2c
demonstrates that the composite exhibits an irregular polygonal structure, with TiO2 nanoparticles
dispersed within the LDHs lamellar structure [35]. This indicates that the layered architecture
provides abundant loading sites for TiO: particles [36]. Such structural modifications are
hypothesized to enhance the photocatalytic activity of the composite, a supposition subsequently
validated by the results of photocatalytic experiments.

1 pm EHT = 10.00 kV Signal A = InLens Aperture Size = 30.00 um
WO = 7.6 mm Mag = 10.00 KX Date: 4 Jul 2025

Figure 2. The microscopic morphology of the materials: (a) and (b) AT11(TEM); (c) AT11(SEM).

3.1.3. Raman Spectroscopy

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The Raman spectrum of the AT11 composite material is illustrated in Figure 3. As depicted, the
absorption peak at 1065 cm™ is attributed to the characteristic stretching vibration of CO32~ within the
interlayer of LDHs [19]. The absorption peak at 846 cm™ corresponds to NOs-, which is a residue
from the decomposition of the precursor. The peak at 777 cm™ is assigned to the Ti-O-Ti vibration,
indicating the successful loading of TiO, on the surface of LDHs [37]. The peak at 655 cm™ reflects
the interfacial coupling vibration of Ti-O-M (M=Mg/Al), demonstrating the bonding interaction
within the heterostructure. In conjunction with the characteristic peaks at 18.18° and 32.55° observed
in the XRD characterization of AT11, this peak is identified as the interfacial bonding vibration of Ti-
O-Mg [38]. The peaks at 487cm™?, 428cm™?, and 385 cm™ represent the vs/vs vibrational characteristics
of the tetrahedral [MO,] groups, indicating the presence of a defect structure with coexisting
tetrahedral and octahedral configurations in the composite material. This structure, induced by anion
intercalation or synthesis conditions, can optimize the material's photocatalytic, adsorption, and ion
exchange properties [25,39]. The peak at 256 cm™ is attributed to the vibration of Ti-O-Al or Ti-O-Mg.
The peak at 161 cm™ is identified as the B,g vibrational mode of anatase TiO,, reflecting the symmetric
stretching vibration of the Ti-O bond in the TiO; crystal. Although the typical B.g peak of anatase TiO;
is located near 144 cm™, the shift to 161 cm™ may be due to specific microstructural features of the
sample, such as tensile stress introduced by heterointerfaces or surface defects. In summary, these
findings demonstrate that TiO; has been successfully loaded onto the surface of LDHs, forming a
heterostructure that enhances the material's photocatalytic, adsorption, and ion exchange properties.

M: Al, Mg
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1065 > 385
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Figure 3. The Raman spectroscopy spectrum of AT11.

3.1.4. UV-Vis Diffuse Reflectance Spectroscopy

To investigate the optical properties of composite materials, ultraviolet-visible diffuse
reflectance spectroscopy was performed on TiO: and AT11, with the results presented in Figure 4.
The data reveals that TiO2 exhibits a UV response exclusively, with an absorption edge at 400 nm. In
contrast, AT11 demonstrates an extended absorption edge reaching 500 nm. This indicates that the
composite formation between TiO: and LDHs establishes an efficient heterojunction structure
through interfacial band alignment. The LDHs layer consists of tunable metal elements, typically
possessing a conduction band position higher than that of TiO: and a valence band position
significantly lower than TiO:. This band arrangement forms a Type-II heterojunction at the interface,
facilitating the migration of photogenerated electrons from the LDHs conduction band to the TiO2
conduction band, while simultaneously transferring holes from the TiO: valence band to the LDHs
valence band. This process not only effectively suppresses carrier recombination but also extends the
photoresponse range of the composite material into the visible light region through the narrow
bandgap characteristics of LDHs [40].
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Figure 4. The UV-Vis Spectra of the materials: (a) TiOz; (b) AT11.

3.2. Photocatalytic Performance of Photocatalysts
3.2.1. Impact of Diverse Composite Materials on Photocatalytic Performance

This study investigated the photocatalytic degradation efficiency of TiO:/LDHs composite
materials (AT11, AT12, AT13, AT21, AT31) with varying content ratios under simulated sunlight,
using methylene blue as the target pollutant, as illustrated in Figure 5. The experimental procedure
involved a 20-minute dark reaction to achieve adsorption-desorption equilibrium of the catalyst prior
to photocatalytic testing. The results demonstrate that pure TiO: photocatalyst exhibits minimal
adsorption capacity for methylene blue, while the composite photocatalysts show progressively
enhanced adsorption with increasing LDHs content. However, the adsorption rate significantly
decelerates when the Al:Ti molar ratio exceeds 1:1. Photocatalytic reaction analysis reveals that all
TiO2/LDHs composites exhibit substantially higher photocatalytic activity compared to pure TiO:.
The photocatalytic degradation efficiency initially increases and subsequently decreases with rising
LDHs content, reaching optimal performance at an ALTi molar ratio of 1:1 (AT11), achieving a
remarkable 98.20% degradation rate of methylene blue within 70 minutes of reaction.
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Figure 5. Degradation effect of different photocatalytic materials on methylene blue.

Based on the aforementioned results, the TiO2/LDHs composite material exhibits superior
adsorption capabilities, which enhance the direct contact efficiency between the target degradation
molecules, their photocatalytic oxidation intermediates, and the photogenerated holes on the
composite surface. This synergistic effect of adsorption and photocatalysis significantly improves the
overall photocatalytic efficiency. Furthermore, during the material compounding process, TiO: is
embedded into the LDHs layers and pores, ensuring its uniform dispersion on the LDHs carrier. This
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provides more active sites for photocatalytic reactions, reduces the agglomeration and shielding of
photocatalytic active particles, and enhances the overall photocatalytic reaction efficiency. When the
proportion of LDHs in the composite material is relatively low, TiO2 can be uniformly distributed on
the surface and interlayer of LDHs. However, with the continuous increase in LDHs content, the
excessive LDHs lead to a relative reduction in active sites on the surface of the composite material,
resulting in a decrease in its photocatalytic efficiency.

3.2.2. Kinetic Analysis of Photocatalytic Reactions

The photocatalytic degradation data were fitted using a pseudo-first-order kinetic model, with
the results presented in Table 1 and Figure 6. The fitting results indicate that the linear correlation
coefficients for all catalysts exceed 0.95, demonstrating that their photocatalytic degradation
processes conform to the pseudo-first-order reaction kinetic model. Among them, AT11 exhibits the
highest photocatalytic reaction rate constant of 0.0543 min, which is 7.5 times that of pure TiO,
thereby substantiating a significant enhancement in photocatalytic activity upon the combination of
TiO2 with LDHs.

Table 1. Kinetic Parameters of Photocatalytic Degradation of Methylene Blue.

Sample K/min R2
TiO2 0.007 2 0.968 7
AT13 0.009 1 0.976 6
AT12 0.0102 0.987 5
AT11 0.0543 0.980 5
AT21 0.016 8 0.965 4
AT31 0.0270 0.969 6
0.0+
I
.05 ’  S—
-1.0 ] ¢ < N < ¢ ¢
1.5+ ¢ S
80 -2<0-_ * TiO: * ’
i 1 A AT13 "
= -2.54 v AT12
+ AT11 *
-3.0 4 < AT21
1 > AT31 b
.3‘5 .
-4.0 ] *
-4.5 ] T T T r
0 20 40 60 80

Time/min
Figure 6. Pseudo-first-order kinetic fitting curve for photocatalytic degradation of methylene blue.

3.2.3. The Impact of Catalyst Concentration on Photocatalytic Performance

The experiment employed AT11 composite material as the catalyst, maintaining identical
reaction conditions and procedures as the aforementioned photocatalytic process. The photocatalytic
reaction was conducted for 70 minutes to investigate the impact of varying catalyst concentrations
on the degradation of methylene blue. The results are illustrated in Figure 7.
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Figure 7. The Impact of Catalyst Concentration on Methylene Blue Degradation.

As clearly illustrated in the figure, when the catalyst concentration is below 1 g/L, the
degradation rate of methylene blue exhibits an increasing trend with the elevation of catalyst
concentration. The augmentation of catalyst concentration facilitates the adsorption of more reactants
on the catalyst surface, thereby enhancing light absorption and improving the generation rate of
photogenerated holes, which consequently promotes the photocatalytic reaction. The maximum
degradation rate of methylene blue is achieved at a catalyst concentration of 1 g/L. However, when
the catalyst concentration exceeds 1 g/L, the degradation rate of methylene blue gradually decreases
with the increase of catalyst dosage. This phenomenon can be attributed to the shielding effect of
excessive catalyst on incident light, which adversely affects the transmittance of the reaction solution
and consequently reduces the generation rate of photogenerated holes. Therefore, under the
experimental conditions of this study, the optimal catalyst concentration is determined to be 1 g/L.

3.2.4. The Impact of Inorganic Anions on Photocatalytic Reactions

This study selected Cl;, NOs, SO4%, and COs?* as representative inorganic anions to investigate
their impact on the photocatalytic degradation of methylene blue. Using AT11 as the catalyst at a
concentration of 1g/L, the experiments were conducted with the addition of 5mmol/L NaCl, NaNOs,
Naz50s, and NaCOs respectively. The photocatalytic reactions were carried out for 70 minutes, and
the results are presented in Figure 8. As illustrated in Figure 8, Cl;, NOs, and SO+ exhibit minimal
impact on the degradation of methylene blue within the system, whereas COs?> demonstrates a
significant inhibitory effect on the photodegradation of methylene blue. This phenomenon can be
attributed to the weak acidity of COs%, which, upon hydrolysis in aqueous solution, readily combines
with hydrogen ions to form HCOs and OH-. Subsequently, HCOs reacts with active species such
as ‘OH generated during the photocatalytic process, resulting in the formation of carbonate
compounds. These compounds further cover the active sites, thereby reducing the catalytic activity.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Effect of Coexisting Anions on the Degradation of Methylene Blue by AT11.

3.2.5. Free Radical Trapping Experiment

The primary active species in photocatalytic oxidation reactions include photogenerated holes
(h*), hydroxyl radicals (-OH), and superoxide radicals (-O%). To investigate the photocatalytic
oxidation mechanism of methylene blue by TiO2/LDHs composite materials, sodium bicarbonate [41]
(NaHCOs, h*scavenger), isopropanol [42] (IPA, -OH scavenger), and p-benzoquinone [43] (BQ, -O*
scavenger) were introduced into the reaction system, respectively. Photocatalytic experiments were
conducted under identical reaction conditions using AT11 as the catalyst, and the results are
presented in Figure 9. As illustrated in Figure 9, the degradation efficiency of AT11 towards
methylene blue decreased to 54.52%, 68.10%, and 87.63% upon the addition of NaHCOs, IPA, and BQ,
respectively. This indicates that all three reactive species play significant roles in the photocatalytic
degradation of methylene blue. Specifically, h* and -OH are identified as the primary reactive species
responsible for the degradation, while -O% exhibits a limited influence on the photocatalytic reaction

pI'OCESS.
1.0
0.8+
g
g
9 0.6+
o
3
R
5 g £ g g
3 3 3 8 °
g
&
0 0.2
00 1 1 1 1
No additions NaHCO, IPA BQ

Figure 9. Free Radical Trapping Experiment.

3.2.6. Evaluation of Photocatalytic Stability in Composite Materials

The reusability of photocatalytic materials constitutes a critical factor in assessing the stability of
catalyst performance. This study conducted four consecutive cycling experiments on ATI11 to
evaluate its photocatalytic degradation efficiency of methylene blue, with the results illustrated in
Figure 10. The data demonstrate that after four cycles of reuse, the degradation efficiency of AT11 for
methylene blue decreased from 98.20% to 78.93%, indicating relatively favorable stability of the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202508.0262.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 August 2025 d0i:10.20944/preprints202508.0262.v1

10 of 13

catalyst. The observed decline in activity may be attributed to two primary factors: minor sample loss
during the recovery and washing processes, and the partial coverage of catalyst surface pores by
reactants and products during the reaction, leading to the deactivation of active sites and subsequent
reduction in degradation efficiency.

1.0

0.8
0.6
0.4
0.0-
1 2 3 4

Cycle number

Degradation efficiency/%

o
%]
1

Figure 10. Recycling of AT11 composites.

4. Conclusions

TiO2/LDHs composite materials with varying Al/Ti molar ratios were synthesized via the co-
precipitation method. The formation of an efficient heterojunction structure through interfacial band
alignment effectively suppressed carrier recombination and extended the photoresponse range of the
composite materials into the visible light spectrum. The AT11 composite demonstrated optimal
performance, achieving a 98.20% degradation rate of methylene blue (15 mg/L) under simulated
sunlight irradiation for 70 minutes. The photocatalytic reaction followed first-order kinetics with a
rate constant of 0.0543 min'. After four consecutive cycles, the AT11 composite maintained a
methylene blue degradation efficiency of 78.93%, exhibiting excellent stability.

The composite of TiO2 with LDHs demonstrates superior photocatalytic performance due to the
synergistic effects of different catalyst components and modifications in the band structure. LDHs
significantly enhance the adsorption capacity of the composite while mitigating the agglomeration of
TiO», thereby providing more effective active sites for the reaction and substantially improving the
efficiency of photocatalytic degradation. Radical trapping experiments reveal that the primary active
species responsible for the photocatalytic degradation of methylene blue by TiO2/LDHs are h* and
-‘OH.
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