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Abstract
MOFs have considerable adsorption capacity due to their huge specific surface area. They have the characteristics of 
photocatalysts for their organic ligands can absorb photons and produce electrons. In this paper, the photodegradation 
properties of  TiO2 composites loaded with UiO-66 were investigated for the first time for MO. A series of  TiO2@UiO-66 
composites with different contents of  TiO2 were prepared by a solvothermal method. The photocatalytic degradation 
of methyl orange (MO) was performed using a high-pressure mercury lamp as the UV light source. The effects of  TiO2 
loading, catalyst dosage, pH value, and MO concentration were investigated. The results showed that the degradation of 
MO by  TiO2@UiO-66 could reach 97.59% with the addition of only a small amount of  TiO2 (5 wt%).  TiO2@UiO-66 exhibited 
significantly enhanced photoelectron transfer capability and inhibited efficient electron–hole recombination compared 
to pure  TiO2 in MO degradation. The composite catalyst indicated good stability and reusability when they were recycled 
three times, and the photocatalytic reaction efficiencies were 92.54%, 88.76%, and 86.90%. The results provide a new 
option to design stable, high-efficiency MOF-based photocatalysts. 

Introduction

With the rapid development of industry, human activities have caused a lot of environmental pollution [1]. Among the 
environment wastewater, toxic organic pollutants have serious impacts on ecosystems and human health. Thus, many 
researchers have made great efforts to develop efficient treatment technologies to remove pollutants in water [2]. 
Conventional methods for the removal of organic pollutants include adsorption [3], precipitation [4], membrane sepa-
ration, and biological treatments [5]. Among various physical and chemical pollutant removal methods, photocatalytic 
degradation of organic pollutants has been proved to be a simple, cost-effective, and environmentally-friendly method 
[6, 7]. The photocatalysis is the redox reaction of the semiconductor material with the reactant under the irradiation of 
light. Researchers have found that a variety of semiconductor materials such as  TiO2,  Fe2O3,  WO3, CdS,  Bi2WO6, BiOCl, 
g-C3N4, and MOFs can be used for the degradation of organic pollutants, hydrogen production from water decomposi-
tion, organic synthesis, and heavy metal ion reduction [8–13].
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Metal–organic frameworks (MOFs) have attracted great interest from researchers all over the world due to their unique, 
outstanding properties, and potential applications [14, 15]. Among various MOFs, Zr-based MOFs (UiO-66) have gained 
crucial interest in photoinduced water treatment due to their construction of  Zr6O4(OH)4 clusters and organic linkers [14]. 
UiO-66 has high thermal stability, superior chemical resistance to a variety of solvents, excellent chemical stability under 
a variety of conditions, and excellent corrosion resistance to high external pressure. Theoretical studies show that when 
UiO-66 is exposed to light, the organic ligands are excited to generate electrons, and then the electrons are transferred 
to the metal centers through valence bonds, that is, the ligand–metal charge transfer occurs, which effectively increases 
the lifetime of photogenerated carriers [16–18]. UiO-66 can be directly used as a photocatalyst or subjected to various 
modifications. The common photocatalytic modifications of UiO-66 include the preparation of UiO-66 with defects, the 
preparation of functionalized UiO-66-NH2, the incorporation of other metal ions other than Zr, the modification of materi-
als with specific properties after synthesis, and the formation of composite materials after mixing with other substances. 
Among them, the last modification is often used because of its simply preparation method. The hybrid nanoparticles, 
such as magnetic nanoparticles, alumina, silica, graphene oxide (GO), carbon nanotubes (CNTs), polymers and amor-
phous carbon and other suitable materials has received much attention [14]. Combining UiO-66 nanoparticles with these 
nanoparticles can improve the physicochemical properties, external morphology, adsorption kinetics, and stability of 
MOF. This approach has two advantages applied in photocatalysis: (i) the combined coverage of the light absorption 
edge and visible region is expanded compared to UiO-66 or its amino-functionalized derivative (UiO-66-NH2), resulting 
in a narrower band gap of the photocatalyst; (ii) improved separation efficiency of photogenerated electron–hole pairs 
due to electron transfer between UiO-66 and semiconductor.

TiO2 photocatalysts have been widely concerned by researchers due to their low price, good chemical stability, and 
high photocatalytic efficiency [19–21]. However, their performance is hindered by poor adsorption properties and rapid 
recombination of photogenerated carriers. To alleviate these problems, many efforts have been made, such as mor-
phological design [22], elemental doping [23], and heterojunction engineering [24]. It is recognized that an effective 
combination of multiple strategies will maximize the efficiency of photocatalysts.

The coupling of  TiO2 and UiO-66 (or UiO-66-NH2) has gained attention in photocatalysis.  TiO2@UiO-66 was used for the 
degradation of rhodamine B (RhB) and methylene blue (MB) [25], dimethyl sulphide [26], catalytic reduction of  CO2 to 
 CH4 [27], and degradation of volatile organic compounds [21].  TiO2@UiO-66-NH2 was used in the degradation of toluene, 
ether [28], bisphenol A and the reduction of Cr(VI) [29]. Ternary catalyst containing  TiO2 and UiO-66 (or UiO-66-NH2), 
such as UiO-66-FP/HPW/TiO2 used in catalytic reduction of  CO2 to  CH4 [30], degradation of RhB studied by  TiO2/UiO-66/
GO [31], and ketoprofen by C-dots/TiO2 NS/UiO-66-NH2 [32].

The degradation of anionic organic dyes MO by pure UiO-66 has been studied [33–36], while the degradation of cati-
onic dyes, such as RhB, by UiO-66-NH2, has also been studied [31, 37]. Also there have been studies on the degradation 
of MO by α-Fe2O3, CdS,  In2S3 mixed with UiO-66 or UiO-66-NH2. In contrast, the degradation of MO by  TiO2 compound 
UiO-66 has not been studied, it is necessary to study  TiO2@UiO-66 as a catalyst to determine the effect of  TiO2 addition 
on the degradation of MO by UiO-66 for anionic organic dyes.

Here,  TiO2@UiO-66 was successfully prepared by a simple solvothermal method (Fig. 1). The photocatalytic activity of 
MO was evaluated by UV-light degradation.  TiO2@UiO-66 exhibits stronger photocatalytic activity than  TiO2 and UiO-66 
under UV light. In addition, the composite catalyst also showed good stability and reusability.

Fig. 1  Synthesis process of 
 TiO2@UiO-66
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Materials and methods

Chemicals

1,4-Benzenedicarboxylic acid (BDA)  (C8H6O4, 98%) was purchased from Macklin. Spin trap 5,5-dimethyl-1-pyroline 
N-oxide (DMPO, 99%) was obtained from Sigma. Zirconium chloride (IV)  (ZrCl4, 98%), acetic acid (HAc, 99%), titanium 
tetrachloride  (TiCl4, 99%), ethanol  (C2H5OH, 99.7%) and dimethylformamide (DMF, 99%) were obtained from Xilong 
Scientific Co., Ltd. Moreover, the chemicals used in the present study were analytical grade and utilized as received.

Synthesis of photocatalysts

Synthesis of  TiO2

TiO2 was synthesized according to the reported method with little modification [38]. Typically, 10 mL  TiCl4 was 
added to 25 mL of methanol slowly at 0 °C in an ice-water bath. Then the yellow solution was transferred to a 50 mL 
Teflon-lined autoclave at 90 °C for 24 h. After cooling down to room temperature, the white powder was washed with 
hexane/methanol (1:3, v/v) three times. The resulting power was re-suspended in hexanes and centrifuged twice. 
The obtained  TiO2 was dried at room temperature.

Synthesis of  TiO2@UiO‑66

Dissolving  ZrCl4 (160 mg) and BDA (114 mg) was in 26 mL DMF, then a certain quality of  TiO2 was added to the mix-
ture. The obtained mixture was sealed and placed in a preheated oven at 120 °C for 24 h. The product was isolated by 
centrifugation and rinsed with DMF and MeOH. Finally,  TiO2@UiO-66 was dried at 60 °C overnight.  TiO2@UiO-66(1), 
 TiO2@UiO-66(3),  TiO2@UiO-66(5), and  TiO2@UiO-66(7) mean that the load of  TiO2 is 1%, 3%, 5%, and 7%.

Materials characterization

Powder X-ray diffraction (XRD) patterns were determined on a SmartLab (Ultima IV, Rigaku Corporation, Japan) with 
Cu-Ka radiation and a scan rate of 10°·min−1 between 5◦ and 80◦ . Thermogravimetric Analysis (TGA) data was obtained 
from 25 to 800 °C by a Linseis STA PT 1600 ((Linseis Messgeräte GmbH, Germany). The morphology of the photocata-
lysts was measured by transmission electron microscope (TEM, Tecnai F30) and scanning electron microscope (SEM, 
Apreo S). The Fourier-transform infrared (FT-IR) spectra of the photocatalysts was recorded using a NEXUS 670 in 
the wavelength range of 400–4000  cm−1. Specific surface area, pore size distribution and pore volume of all samples 
tested were determined using a Micromeritics ASAP2020 apparatus. And the surface area was calculated using the 
Brunauer–Emmett–Teller technique, whilst the pore size distribution was measured from the nitrogen isotherms using 
Barrett-Joyner-Halenda (BJH) method and the Horvath-Kawazoe method, respectively. The UV–Vis diffuse reflectance 
spectra of the samples were collected with a UV–Vis spectrometer (Lambda 950 + Refle, spectral range 250–800 nm). 
The photoluminescence spectra (PL) were surveyed on an FLS920 spectrophotometer. Electrochemical impedance 
testing using an electrochemical workstation (CHI 660E made by Chenhua, Shanghai, with Pt as counter electrode 
and Ag/AgCl electrode as reference electrode). The generated radicals under 250 W high-pressure mercury lamp 
illumination were measured with the electron spin resonance (ESR) spectrometer (Bruker A300-10/12).

Measurement of photocatalytic activities

100 mL MO solution (15 mg·L−1) was mixed with a certain amount of catalyst before UV irradiation, the suspension 
was stirred for 60 min in the dark to reach adsorption–desorption equilibrium. After that, the suspensions were irradi-
ated by UV light from a 250 W high-pressure mercury lamp. 2 mL of the suspension was sampled every 30 min. The 
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suspension was centrifuged to remove the solid catalyst, then define the degradation rate: X% = (1−  Ct/C0) × 100%, 
where  C0 was the initial concentration of solution and Ct was the solution concentration for each period.

Results and discussion

Characterization

SEM of the surface morphology of UiO-66 and  TiO2@UiO-66 is presented in Fig. 2A-F. It can be seen that the as-synthesized 
pristine UiO-66 exhibits a smooth, regular, and uniform octahedral appearance with a size of about 300 nm, the same as 
the shapes obtained by solvothermal reactions in other literature [39, 40]. Compared with UiO-66, the size and morphol-
ogy of  TiO2@UiO-66 composite did not change significantly. The difference is that uniformly distributed  TiO2 nanopar-
ticles are found on the surface of  TiO2@UiO-66. From the above observations, it can be inferred that adding  TiO2 to the 

Fig. 2  The morphological characteristics of  TiO2@UiO-66. A–C SEM images of UiO-66; B–F SEM images of  TiO2@UiO-66(5); (G-I) TEM images 
of  TiO2@UiO-66(5) and Elemental mapping images of O, Ti, Zr elements in  TiO2@UiO-66(5) in last line
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precursor solution of UiO-66 does not affect the growth of UiO-66. TEM images of  TiO2@UiO-66 are shown in Fig. 2G–I. It 
can be observed that  TiO2@UiO-66 composite has a regular octahedral shape, and its surface is evenly distributed with 
 TiO2 nanoparticles, which can effectively alleviate the agglomeration of  TiO2 during the reaction process and increase 
the point of the active site, and can promote the separation of carriers. According to the results of the Mapping maps, 
we can see that Ti, O, and Zr elements are uniformly distributed in  TiO2@UiO-66.

The XRD pattern of UiO-66 (Fig. 3A) is matched with that reported in the literature [41], demonstrating UiO-66 has been 
successfully synthesized. In the case of  TiO2 (Fig. 3A), the typical diffraction peak of anatase  TiO2 (JCPDS 21–1272) suggests 
that anatase  TiO2 was prepared. As for  TiO2@UiO-66(1),  TiO2@UiO-66(3),  TiO2@UiO-66(5), and  TiO2@UiO-66(7) compos-
ites, no obvious  TiO2 diffraction peaks were found in the XRD patterns, which should be attributed to the low amount 
of  TiO2 in  TiO2@UiO-66. Figure 3B are FT-IR spectra of  TiO2, UiO-66, and  TiO2@UiO-66 composites. The FT-IR spectrum of 
 TiO2 indicated that the broad peak located at 400–900  cm−1 corresponds to the Ti–O-Ti stretching vibration peak [42]. In 
the spectrum of UiO-66, the peaks at 1403 and 1564  cm−1 are assigned to the asymmetric and symmetric vibrations of 
C = O on BDA, respectively [43, 44]; the peak at 537  cm−1 is related to the Zr-(OC) asymmetric stretching vibration [45].

The asymmetric stretching vibrations at 663 and 507  cm−1 are attributed to the µ3-O and µ3-OH stretching vibrations. 
Compared with pristine UiO-66,  TiO2@UiO-66 show a significant decrease in the relative intensity of the characteristic 
peaks of UiO-66 could be observed, which could be attributed to the strong interaction between  TiO2 and UiO-66 [21].

Figure 3C shows the TG analysis of UiO-66,  TiO2@UiO-66(5), and  TiO2. UiO-66 and  TiO2@UiO-66(5) show similar weight 
loss processes. The weight loss at 50–150 °C in the first stage is mainly due to the evaporation of water on the surface 
of the material. The weight loss in the second stage in the range of 200–400 °C is due to the evaporation of DMF in the 
pores of UiO-66. The weight loss in the third stage in the range of 450–600 °C is mainly due to the decomposition of BDA 
[28]. Therefore UiO-66 has high thermal stability, which is consistent with previous reports [40]. It should be noted that 
the thermal stability of the  TiO2@UiO-66 composite is higher than that of the pristine UiO-66. It is not difficult to see from 
the TG results that UiO-66,  TiO2@UiO-66, and  TiO2 exhibit relatively high thermal stability.

The elemental composition and chemical state of composite photocatalysts were explored using XPS. Figure 3D shows 
the full XPS spectra of UiO-66 and  TiO2@UiO-66, where the  TiO2@UiO-66 composite is mainly composed of C, Zr, O, and 
Ti elements. In UiO-66, the peaks with binding energies at 182.9 and 185.3 eV are Zr  3d5/2 and Zr  3d3/2, respectively [46, 
47], while the Zr 3d in  TiO2@UiO-66 is shifted to 182.7 and 185.0 eV, indicating that the introduction of  TiO2 affects the 
chemical environment of UiO-66 (Fig. 3E). Figure 3F shows the high-resolution spectrum of Ti 2p of  TiO2@UiO-66. The 
peaks at the binding energy of 458.49 and 464.14 eV are assigned to the Ti  2p3/2 and Ti  2p1/2 [48], which are similar to 

Fig. 3  The characterizations of  TiO2@UiO-66. A X-ray diffraction patterns of UiO-66,  TiO2 and  TiO2@UiO-66 composite materials; B FT-IR spec-
tra of UiO-66,  TiO2 and  TiO2@UiO-66 composite materials; C TG spectra of UiO-66,  TiO2 and  TiO2@UiO-66(5) composite materials; (D-F) The 
XPS spectra for  TiO2 and  TiO2@UiO-66(5) composite materials
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those of  TiO2. Ti  2p3/2 shifts to lower binding energy, which means that the successful combination of  TiO2 and UiO-66 
is favorable for electron transfer between UiO-66 and  TiO2.

The spectra of UV–visible light absorption (Fig. 4A) were obtained to be evaluated light-absorption ability. The UV 
light region absorption intensity of  TiO2@UiO-66(5) is much higher than other samples. This is expected to improve the 
photocatalytic performance of  TiO2@UiO-66 composite for MO degradation.

To determine the band energy diagram of the  TiO2@UiO-66 heterojunction, the valence band (VB) maximum and 
band gap energy (Eg) of pure  TiO2 and UiO-66 have been investigated. Figure 4B presents the plot between (αhν)2 and 
photon energy for band gap determination. According to the Kubelka-Munke equation, the Eg of these samples can be 
obtained [49].  TiO2, UiO-66 and  TiO2@UiO-66(5) have the Eg of 3.00, 3.41 and 2.90 eV, respectively. The lowering of the 
band gap is used to improve the macroscopical solar energy utilization of MOF-based photocatalysts. Thus, the decrease 
in Eg for the  TiO2@UiO-66(5) heterostructure could be advantageous for the enhanced photocatalytic performance by 
increasing light-harvesting efficiency, theoretically.

Figure 4C reveals the photoluminescence spectrum of  TiO2, UiO-66, and  TiO2@UiO-66 samples under 300 nm excita-
tion wavelength. When compared with  TiO2, the PL intensity of  TiO2@UiO-66 declined. The lower recombination rate of 
photogenerated charge careers led to the reduction of PL intensity, suggesting that the  TiO2@UiO-66(5) exhibits a better 
property to the separation of electron–hole pair [50]. The separation and transport efficiency of photogenerated carriers 
are the decisive factors affecting the photocatalytic process. EIS patterns (Fig. 4D) show that the as-prepared materials 
are arranged in the following order: UiO-66 >  TiO2 >  TiO2@UiO-66(5), which means that the recombination of UiO-66 with 
 TiO2 nanoparticles will facilitate electron transfer [51].

The specific surface area and pore size distribution of UiO-66 and  TiO2@UiO-66 composites were determined by the 
 N2 adsorption method. Figure S1 show that the adsorption–desorption isotherms of both materials are type I isotherms, 
and the  TiO2@UiO-66 composite and UiO-66 are typical microporous materials. The calculated BET surface area and 
pore size of UiO-66 and  TiO2@UiO-66 are shown in Table S1. The BET surface areas of UiO-66 and  TiO2@UiO-66(5) are 
775.12  m2·g−1 and 685.94  m2·g−1, respectively, and the pore sizes are 2.45 nm and 1.98 nm, respectively. According to 
the results in Table S1, it can be concluded that when UiO-66 is compounded with  TiO2, the specific surface area, and 

Fig. 4  The optical charac-
terization of  TiO2@UiO-66. A 
UV–vis spectroscopy for the 
composite materials; B The 
converted Tauc plot of (αhν)2 
versus photo energy; C The 
PL spectra of the composite 
materials; D The EIS spectra of 
 TiO2, UiO-66 and  TiO2@UiO-
66(5) composite materials
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pore size decrease, indicating that the introduction of  TiO2 blocks part of the pores of UiO-66, but still has a large specific 
surface area.

Photocatalytic performance

Effects of  TiO2 loading

Figure 5A shows the effect of  TiO2 contents to MO degradation when the photocatalyst dosage is 0.2 g·L−1, the concentra-
tion of MO is 15 mg·L−1 and pH = 2.  TiO2@UiO-66 composites with different contents of  TiO2 were prepared with loadings 
of 1, 3, 5, and 7%, respectively. In Fig. 5A, the adsorption effect of  TiO2 on MO is very low in the dark reaction stage, while 
the adsorption ability of UiO-66 on MO is very strong. In the photocatalytic stage, the catalytic capacity of  TiO2 is much 
greater than UiO-66(according to the slope of the lines). The effect of adsorption and degradation efficiency of pure 
 TiO2 is 56.98% and UiO-66 is 61.58% within 150 min under UV light. In the absence of catalyst, less than 5% of MO was 
degradation after 150 min. From Fig. 5A, it is quite clear that the degradation efficiency of  TiO2@UiO-66(x) to MO can 
reach over 92%, much higher than pure UiO-66 and  TiO2. The addition of micro-TiO2 can greatly improve the degrada-
tion efficiency of MO. The sorption of the composites to MO is bigger than that of UiO-66 and  TiO2 in the dark reaction 
stage and the degradation efficiency of composites is higher than that of UiO-66 and  TiO2 in the photocatalytic stage. 
MO adsorbed on  TiO2@UiO-66(x) is easy to be degraded because of its close proximity.

The photocatalytic degradation of MO can be analyzed by a quasi-first-order reaction, and their fitting diagram is 
shown in Fig. 5B. Table S2 lists the kinetic rate of  TiO2@UiO-66 composite. It can be seen that the kinetic rate of  TiO2@UiO-
66(5) is the highest, which is 0.01438  min−1.  TiO2@UiO-66(5) with a loading of 5% was used in subsequent experiments.

Effects of pH

Figure 5C show the effect of pH on MO degradation when the photocatalyst dosage is 0.2 g·L−1 and the concentration of 
MO is 15 mg·L−1. It is clear that the  TiO2@UiO-66(5) composite exhibits excellent photocatalytic activity at pH = 2, with a 
degradation efficiency of 97.59%. After dark adsorption for 60 min, the adsorption capacities of the solution at pH range 
2–8 were 43.04, 47.78, 54.48, 37.76 and 37.63%, respectively. Zeta potential (Fig. S2) shows that the surface charge of 
the catalyst decreases with increasing pH in the pH range of 2–8, so that  TiO2@UiO-66(5) composites are more sensitive 

Fig. 5  The photocatalytic performance of  TiO2@UiO-66. A Photocatalytic degradation of MO with the composite materials; B The fitting 
curve by a quasi-first-order reaction; C The effect of initial pH; D MO concentration; E Dosage of catalyst; F The UV–VIS absorption spectra of 
MO after photocatalytic degradation
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to the anionic dye MO at low pH. In addition,  H+ is easily adsorbed on the surface of  TiO2 at low pH, which makes the 
 TiO2 particles positively charged [52, 53]. The positively charged  TiO2 particles facilitate the transfer of photoinduced 
electrons, which react with adsorbed  O2 to generate ·O2

− (e- +  O2 → ·O2
−) [29]. The positively charged  TiO2 particles can 

also inhibit the recombination of electrons and holes, and generate more ·OH through the reaction of holes with water, 
thereby enhancing the photocatalytic efficiency [54, 55].

Effects of initial concentrations

Figure 5D shows the effects of MO concentration on degradation when the photocatalyst dosage is 0.2 g·L−1 and pH = 2. 
It can be seen that the degradation efficiency of MO depends on its initial concentration, and the photodegradation 
efficiency reaches to 79.40% when the dye concentration is 20 mg·L−1. The increase in the concentration of MO leads to 
an increase in the amount of dye adsorbed on the catalyst surface, which promotes the enhancement of the degradation 
efficiency and the amount of the total degradation amount.

Effects of photocatalyst dosage

Figure 5E shows the effect of photocatalyst dosage on MO degradation when the concentration of MO is 15 mg·L−1 and 
pH = 2. When the catalyst concentration was 0.2 g·L−1, it had the highest degradation efficiency. This can be thought 
that the increase in the number of photogenerated carriers and the total active surface area with the increase of catalyst 
dosage, thus the photocatalytic efficiency increases. When the catalyst is added too much, the turbidity of the suspen-
sion increases, and the penetration of light decreases, resulting in a decrease in the utilization rate of light. According 
to previous research reports, the photocatalytic degradation of other organic pollutants also showed a dependence on 
catalyst dosage [51, 56, 57].

Figure 5F shows the UV–Vis absorption spectra of MO after photocatalytic degradation at a catalyst concentration 
of 0.2 g·L−1, MO concentration at 15 mg·L−1, and pH = 2. The characteristic absorption peak intensity of MO at 504 nm 
decreased significantly when the illumination time increased to 150 min. The results showed that MO was effectively 
degraded and no other substances were formed.

The photocatalytic activity of  TiO2@UiO-66(5) for MO is compared with the reported  TiO2-based catalysts. The data in 
Table 1 show that the photocatalyst reported in this study is more effective for the photodegradation of MO compared 
to the catalysts already reported.

Cycling performance

To explore the recyclability of the material,  TiO2@UiO-66(5) composite was used repeatedly three times. Figure S3A shows 
that the degradation efficiency of  TiO2@UiO-66(5) composites to MO respectively were 92.54%, 88.76%, and 86.90% after 
three-cycle experiments. Obviously, the degradation efficiency did not decrease significantly with the increase of the 
number of cycles. Perhaps the pores of  TiO2@UiO-66(5) are blocked to some extent when the adsorption of MO in each 
photocatalytic process and affect the photocatalytic effect.  Figure S3B and S3C is the XRD pattern and SEM of  TiO2@UiO-
66(5) after three experiments. Before and after photocatalysis, the crystal structure and morphology of  TiO2@UiO-66(5) 
did not change significantly, indicating that the material has good stability and recyclability.

Water stability and structural stability

The water stability and structural stability of  TiO2@UiO-66 was evaluated by XRD after being exposed to liquid water for 
up to 15 days. Figure S4 shows that  TiO2@UiO-66(5) can preserve the crystal structure perfectly throughout the whole 
water stability experiment because its XRD patterns remain nearly unchanged for up to 15 days. Our measurements 
show that the compound shows remarkable water stability and structural stability.

In addition, the  TiO2@UiO-66(5) after degradation of MO was characterized by SEM and EDS to further investigate its 
properties. SEM images (Fig. S5) showed that after degradation of MO,  TiO2@UiO-66(5) remained intact with its original 
morphology. The composite exhibits an octahedral shape with a large number of  TiO2 particles coated on the surface. 
Mapping and EDS (Fig. S5D and Fig. S6) observed that after degradation of MO, the characteristic element in MO, S, 
appeared on the surface of  TiO2@UiO-66(5). It indicates that MO indeed reacted on the surface of  TiO2@UiO-66(5) to 
complete the degradation.
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Mechanisms for MO photocatalytic degradation

From the VB-XPS spectra (Fig. 6A and B), the valence band (VB) values of  TiO2 and UiO-66 are 3.01 and 2.78 eV, respec-
tively. Energy band theory tells us that we can calculate the values of the conduction band (CB) of  TiO2 and UiO-66 
according to the formula CB = VB − Eg , which are 0.01 and − 0.63 eV, respectively. From this, the ΔEV and ΔEC offsets 
between UiO-66 and  TiO2 can be calculated to be 0.23 and 0.64 eV, respectively.

Both ΔEc and ΔEv are positive, so it comes out that  TiO2@UiO-66 is a type-II heterojunction. Since the light inten-
sity and the applied electric field strongly affect the properties of the type II heterojunction, it makes the type-II 
heterojunction exhibit unusual dynamics of the carriers compared to the type-I heterojunction, which can promote 
the efficient separation of the photogenerated charge carriers.

To explore the main active species in the degradation process, isopropanol (TBA), EDTA-2Na, and benzoquinone 
(BQ) at the same concentrations were used to quench OH radical, hole, and ·O2

− radical, respectively. In the presence 
of BQ, the effect of photocatalytic degradation of MO decreased significantly, indicating that ·O2

− plays a major role in 
photocatalytic processes (Fig. 6C). When TBA is added in the solution, the catalytic activity of  TiO2@UiO-66(5) is hardly 
different with that of without TBA. It can be considered that ·OH is not the main active species of MO degradation. 
The amount of ·O2

− decreases with the electrons decrease when the holes are consumed by EDTA-2Na. Therefore, the 
catalytic efficiency of MO degradation decreases. In summary,  TiO2@UiO-66 provides ·O2

− which reacts with organic 
matter to produce degradation products and water, while ·OH is only an auxiliary catalytic group.

To further confirm that there is radical generation in the photocatalytic system, we used ESR spectroscopic tech-
nology. As shown in Fig. 6D and E, the characteristic signal of DMPO-•OH and DMPO-•O2- was not observed under 
dark conditions. After 5 min of irradiation with a high-pressure mercury lamp, we observed the characteristic signals 
of DMPO-•OH and DMPO-•O2-. The results showed that •OH- and •O2- radicals were indeed generated in this photo-
catalytic system, which is consistent with the previous experimental results.

Table 1  Comparison of the 
performance of  TiO2-based 
materials for photocatalytic 
degradation of MO

Catalyst Catalyst 
amount (g/L)

MO (mg/L) Light source efficiency (%) Ref

TiO2 4.00 15 UV light 100.00 [12]
1.5wt.%Pt-TiO2/zeolite 3.00 20 UV light 86.20 [58]
CuP-TiO2 0.30 20 UV light 98.00 [59]
Ag/TiO2 1.00 16 UV light 98.90 [60]
T/M-3% 1.00 20 UV light 99.60 [61]
TiO2 NPs 1.25 15 UV light 85.90 [62]
ZnCl2/TiO2 = 0.2% 1.00 10 UV light 51.00 [63]
NiSO4/TiO2 = 0.2% 1.00 10 UV light 25.00 [64]
ZnO-TiO2/SO4

2− 0.80 20 UV light 90.34 [65]
TiO2/Al2O3 80.00 30 UV light 97.50 [66]
AT2-10 2.00 20 UV light 72.79 [67]
Ag/MoO3/TiO2 0.96 10 UV light 95.60 [68]
TiO2/CDs 1.00 20 UV light 98.00 [69]
TiO2-Mo (3 wt%) 10.00 5 UV light 97.80 [70]
TQDs/CC 2.00 10 UV light  ~ 100.00 [71]
TiO2 NPs 1.00 15 UV light 98.00 [72]
TiO2/Bentonite/ZnO 4.00 20 UV light 95.00 [73]
black  TiO2 1.00 10 UV light 82.17 [74]
Ag-TiO2 0.25 10 UV light 87.50 [75]
Bi2WO6/LM-TiO2 1.00 20 UV light 93.60 [13]
CFA/TiO2 1.00 20 UV light 98.00 [76]
TiO2/AC-400 0.80 4 UV light 80.00 [77]
TiO2@UiO-66(5) 0.20 15 UV light 97.59 This work
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Based on the above discussion, we propose a possible mechanism for  TiO2@UiO-66 photocatalytic degradation of 
MO(Fig. 6F). According to the photodegradation principle, the ground state electrons on the VB can excite the CB after 
absorbing photons, making CB carry free electrons and leaving holes on the VB. The oxidation reaction occurs when the 
VB potential of the photocatalyst is higher than the redox potential of the ·OH radical  (E0(H2O/·OH) = 2.7 V vs. NHE). The 
reduction reaction occurs when the CB potential of the photocatalyst is lower than the redox potential of the ·O2

− radical 
 (E0(O2/·O2

−) = -0.28 V vs. NHE) [78]. Holes on the VB are strong oxidants and electrons on CB are strong reducing agents. The 
holes react with  H2O to produce chemically active free radical groups (·OH) (Eq. 1), the combination of electrons on the CB 
and  O2 also produces chemically active free radical groups (·O2

−) (Eq. 2). ·OH and·O2
− radicals degrade with organic contami-

nants (Eqs. 3, 4). Under illumination, UiO-66 and  TiO2 in  TiO2@UiO-66 composites can be excited by ultraviolet light, generat-
ing electrons and holes on CB and VB, respectively. Both potentials of UiO-66 and  TiO2 are higher than  H2O/·OH (2.7 eV vs. 
NHE), so some of the h + generates ·OH on the material surface combining with  H2O. Meanwhile, the CB potential of UiO-66 
is lower than  O2/·O2

− (-0.3 eV vs. NHE), so the e- on UiO-66 is easily trapped by oxygen generating ·O2
− (Fig. 6F) [79]. Due to 

the tight combination of UiO-66 and  TiO2, the electrons on the CB of  TiO2 are transferred to the CB of UiO-66. The quantity 
of ·O2

− produced by the composite catalyst is larger than that of the single catalyst.
Based on the obtained results, the enhanced photoactivity of the composite is mainly attributed to a decrease in Eg and 

an improved electron–hole separation.

(1)H
2
O + h+

vb
→ ∙OH + H+#

(2)O
2
+ e−

cb
→ ∙O−

2
#

(3)Dye + ∙OH → H
2
O + dyeintermediates#

(4)Dye + ∙O−
2
→ H

2
O + dyeintermediates#

Fig. 6  Mechanistic study on the photocatalytic degradation of  TiO2@UiO-66(5). VB-XPS spectra of A  TiO2 and B UiO-66; C Effects of Differ-
ent radical scavengers on photocatalytic efficiency; D DMPO-•OH spin-trapping ESR spectra of aqueous  TiO2@UiO-66(5) dispersion (6 mg/
mL) under 250W high-pressure mercury lamp irradiation; E DMPO-•O2

− spin-trapping ESR spectra of  TiO2@UiO-66(5) dispersed in metha-
nol (6 mg/mL) under 250 W high-pressure mercury lamp irradiation; F The proposed electron–hole transfer mechanism at the  TiO2@UiO-66 
interface
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Conclusions

The photocatalytic degradation of MO by  TiO2 loaded with UiO-66 was investigated for the first time. The composite 
MOFs catalyst,  TiO2@UiO-66 was prepared by adding micro-TiO2 by solvothermal method, and their photocatalytic 
performance was explored with MO as the target pollutant. In the study of influencing conditions, the effects of  TiO2 
loading, solution pH, catalyst dosage, and initial solution concentration on the photocatalytic degradation were 
investigated. The photocatalytic activity of the  TiO2@UiO-66 composite was higher than that of  TiO2 and UiO-66, and 
its degradation rate of MO could reach 97.59%. After three cycles, the degradation rate of MO still reaches 86.90%, 
showing excellent photocatalytic activity and good cycling performance. Its excellent photocatalytic performance 
can be attributed to two aspects: (1) The huge specific surface area of UiO-66 can significantly improve the adsorp-
tion effect of  TiO2. (2) The close contact interface between  TiO2 and UiO-66 can effectively separate and transfer 
photogenerated carriers. The free radical trapping experiments show that ·O2

− is the active species that play a major 
role in the degradation. Moreover,  TiO2@UiO-66 still has an intact structure after being immersed in aqueous solution 
for 15 days, and it has excellent water stability. The results demonstrated that  TiO2@UiO-66 is a kind of catalyst with 
simple preparation, stable structure and good catalytic performance for the purification of environmental organic 
contaminants.
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