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Abstract: The coexistence of pollutants presents a great challenge to the implementation of photocat-
alysts. In this work, a novel MIL-101(Fe)/TiO2 composite prepared by in situ growth of MIL-101(Fe)
on TiO2 was developed for the synergetic oxidation of MC-LR and Cr(VI) reduction. The heterojunc-
tion material shows elevated photocatalytic behavior under ultraviolet compared with the unary
pollutant system. Furthermore, quenching experiments and electron spin resonance confirm that
the enhanced photodegradation behavior is related to the synergistic effect between the photocat-
alytic reduction and oxidation process, in which MC-LR consumes the holes and Cr(VI) captures
electrons, followed by efficient charge separation through the conventional double-transfer mech-
anism between MIL-101(Fe) and TiO2. This investigation provides a deeper understanding of the
construction of MOFs/semiconductor heterojunctions for the pollutants removal in multi-component
contaminants system.
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1. Introduction

Heavy metal and organic pollutions pose a major threat to the environmental issues
and human health [1–3]. Among them, hexavalent chromium (Cr(VI)) and microcystin-LR
(MC-LR) are the most popular, mainly originating from industrial load and algal blooms
respectively [4–6]. They can simultaneously exist in eutrophic lakes [7,8]. For example,
heavy metal pollution exists in Taihu Lake, Jiangsu and Lake Dian, Yunnan China, where
cyanobacterial blooms occur frequently [9,10]. This makes their removal more challenging
due to the competition of coexisting substances. Therefore, it is urgent that develop a
promising method to remove them more efficiently be developed. In general, methods
for their removal include separation, adsorption, and photodegradation [11–13], in which
photocatalytic detoxification is commonly identified as a sustainable strategy.

To date, many efforts have been devoted to the treatment of Cr(VI) or MC-LR. For
example, MIL-53(Fe), MIL-125(Ti) and NH2-MIL-88B (Fe) exhibit high photocatalytic
efficiency in terms of Cr(VI) reduction [14–16]. Regarding to the removal of MC-LR, doping
of metal in TiO2, such as Bi-, N- or F-doping catalysts is popular and more efficient with a
removal efficiency of 75% within several hours, in which the photocatalytic activities are
significantly enhanced compared with those of undoped TiO2 [17,18]. Some researchers
have also studied the simultaneous reduction of Cr(VI) and the oxidation of other pollutants
using photocatalyst with any competitive reaction [19,20]; however, these photocatalysts
are far from expected levels primarily due to the low active sites and rapid combination of
electron−hole pairs [18,21,22]. Thus, it is desirable to assemble a photocatalyst to achieve
synergetic oxidation of MC-LR and reduction of Cr(VI) with the characteristic of high
active sites and a low combination of electron−hole pairs.
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Metal-organic frameworks (MOFs), especially Fe-based MOF with aromatic dicar-
boxylate ligands [23], have received considerable attention for environmental remediation
purposes owing to their unique large specific surface area, excellent chemical stability and
hierarchical porosity [24]. In addition, their molecular structure (e.g., organic linkers sepa-
rated by metal nodes) and the band between the highest occupied molecular orbital and the
lowest unoccupied molecular orbital (HOMO−LUMO) are beneficial to harvest light and
make it easily be photoexcited [25–29]. Therefore, the MOFs is very suitable for use as photo-
catalysts. Nevertheless, their photocatalytic performance is still limited because of their low
conductivity and narrow band [29]. Recently, it has been found that a rational complex of
MOFs with various semiconductor nanoparticles is able to not only optimize the generation
of active species but also boost catalytic performance. For instance, g-C3N4/MIL-101(Fe),
g-C3N4/PDI@NH2-MIL-53(Fe), TiO2/MIL-100(Fe) and Ag/AgCl/MIL-101(Fe) have been
designed and used as photocatalysts for the removal of Cr (VI) and organic pollutants,
such as bisphenol A, tetracycline and carbamazepine [30–33]. However, to the best of our
knowledge, there are still no reports on the synergetic removal of Cr (VI) and MC-LR.
This is probably because the MC-LR degradation, especially the destruction of the toxic
foundational groups of MC-LR, is usually involves hole oxidation [34].

As is known, the semiconductor NPs loaded into their pores with position control can
favor charges separation and regulate the generation of kind of reactive species [24,35,36].
In the present work, MIL-101(Fe)/TiO2 hybrids were constructed through rationally posi-
tion control assembly which can allow the excited electrons (e−) to transfer between TiO2
and the adjacent metal with an appropriate redox pair, facilitating the electron generation
for the Cr(VI) reduction and greatly inhibiting the charge recombination. Thus, more holes
can be remained in the ligand of the MOF for the destruction of MC-LR. The simultaneous
reduction of Cr(VI) and oxidation of MC-LR led to increased activity in both processes in
comparison to separate reactions. This enhanced mechanism was explored through an
energy diagram where the position of conduction and the valance bands for both MIL-
101(Fe) and TiO2 were determined and the preferential role of holes in the MIL-101(Fe)
matrix and photo generated e− in the TiO2 matrix were experimentally verified by radical
scavenger experiments, electron spin resonance (ESR) and electrochemical test, etc. This
work provides a new strategy employing a semiconductor/MOF material as a catalyst for
the synergetic removals of pollutants in hybrids system.

2. Results and Discussion
2.1. Characterization of Catalysts

Installation of TiO2 within the structure of MIL-101(Fe) followed a previous reported
methods [37] with minor modification. In detail, the precursor of MIL-101(Fe) was deco-
rated on TiO2 based on the conversion of Fe3+ to γ-FeOOH at a constant temperature of
95 ◦C [37]. Then, γ-FeOOH could be converted to MIL-101(Fe) in the presence of tereph-
thalic acid through a hydrothermal reaction. As a final result, MIL-101(Fe)/TiO2 was
obtained (showing a deep orange color like MIL-101(Fe)) (Figure 1a). Fourier transform
infrared (FTIR) spectra were further recordedto confirm the successful synthesis of MIL-
101(Fe)/TiO2. As shown in Figure 1b, no vibrational peak is foundfor the bare TiO2 from
1100 to 2000 cm−1 and the broad peak from 850 cm−1 to 530 cm−1 is typical for the bare
TiO2. While several characteristic peaks are found in MIL-101(Fe)/TiO2, such as 1706, 1583,
and 1383 cm−1, which are the typical peaks for MIL-101(Fe). Among them, the peak at
1706 cm−1 conforms to the C=O bond in carboxyl groups [38,39]. The vibration peak at
1383 and 1583 cm−1 are assigned to the symmetric and asymmetric vibrations of O−C=O
respectively, exhibiting blue shift (1583 cm−1) and are slightly weak compared with those
of MIL-101(Fe) [40]. These changes may attribute to that the introduction of TiO2 limiting
the formation of MIL-101(Fe). In addition, blow the 1200 cm−1, 744 and 545 cm−1 assigned
to C-H and Fe-O respectively [41], are diminished in the nanocomposites compared with
MIL-101(Fe). We speculate that a strong interaction between the TiO2 and MIL-101(Fe)
exists and an alteration of the organic moiety ligation to the metal cluster takes place [42].
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Figure 1. Different colors (a), and FTIR spectra (b) of MIL-101(Fe), TiO2, and MIL-101(Fe)/TiO2 samples.

Scanning electron microscopy (SEM) and the high-resolution transmission electron
microscopy (TEM) images were also used to study the formation of MIL-101(Fe)/TiO2. As
shown in Figure 2, MIL-101(Fe) is a regular polyhedron (Figure 2a). The surface of bare
TiO2 is smooth (Figure 2b); however, after stirring together with FeCl3•6H2O for 2 h at
95 ◦C, the surface of TiO2 becomes rough (Figure 2c,e) which is attributed to the formation
of FeOOH originating from the transformation of Fe3+ [43]. Notably, after a hydrothermal
reaction, the small FeOOH nanosticks are disappeared and were subsequently converted
into MIL-101(Fe) (Figure 2d,f). The final morphology features of the as-prepared MIL-
101(Fe)/TiO2 is completely different with those of MIL-101(Fe), and possessed a diameter
of ~25 nm agreeing with that of pristine P25. High resolution TEM further indicated that
core-shell nanoparticles of MIL-101(Fe)/TiO2 formed and the thickness of the outer MIL-
101(Fe) wasabout 3.3 nm (Figure 2g). Therefore, it can be concluded that the growth of MOF
(Fe) is not prevented in the presence of TiO2, and its morphology features change greatly.

Deeper insight into the interactions between TiO2 and MIL-101(Fe) was investigated
using X-ray photoelectron spectroscopy (XPS) spectra (Figure 3). In Figure 3a, despite weak
the signal of Ti 2p in MIL-101(Fe)/TiO2, two common peaks at 464.8 eV and 459.1 eV are
still observed which show slight positive shift compared with that of bare TiO2 [44]. For
the O 1s spectra of MIL-101(Fe)/TiO2, a lattice O in TiO2 (O-Ti) still exists with a binding
energy of 530.1 eV (Figure 3b). Two splitting peaks at around 531.3 and 532.2 eV were also
obtained after deconvolution of O 1s spectrum of MIL-101(Fe)/TiO2 (Figure 3b), which
were assigned to the oxygen components of the terephthalate linkers and Fe-O bonds of
MIL-101(Fe), respectively [41]. The spectra of Fe 2p of TiO2/MIL-101(Fe) showed two main
peaks at 711.5 and 725.4 eV (Figure 3c), which are the characteristic of Fe 2p3/2 and Fe 2p1/2
in MIL-101 (Fe), respectively [30]. The peaks at 714.0 and 728.3 eV are assigned to Fe(III)
oxidation states in MIL-101(Fe) [45].Two satellite peaks at 719.0 and 731.9 eV were also
observed. The results indicate that the iron is principally Fe3+ in MIL-101(Fe)/TiO2 [46,47].
Moreover, all of the Fe 2p peaks from MIL-101(Fe)/TiO2 display negative shifts compared
with those in MIL-101(Fe) (Figure 3c), indicating an increase in electron density around
the Fe atoms. This result can be attributed to the interaction between two components
in MIL-101(Fe)/TiO2, where Fe can attract electron from Ti, and subsequently low and
increase the binding energy of Fe and Ti respectively. These discussions collectively indicate
that the strong interaction between MIL-101(Fe) and TiO2, which might facilitate the charge
transfer between the two components [48].
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Figure 3. (a) High-resolution of Ti 2p spectra of TiO2 and MIL-101(Fe)/TiO2; (b) High-resolution of O 1s of various
photocatalysts; (c) High-resolution of Fe 2p of MIL-101(Fe) and MIL-101(Fe)/TiO2.

UV−Vis spectra shows that the pristine P25 only absorbed UV light (<400 nm)
(Figure 4a). After the incorporation of MIL-101(Fe), the light absorption expands to the
visible light range, suggesting the improved light absorption of the MIL-101(Fe)/TiO2 com-
posites. Tauc-plots (Figure 4b) were deduced from the UV−Vis spectra to obtain the band
gaps. And the band gaps (Eg) of P25 and MIL-101(Fe) were 3.20 and 2.5 eV, respectively.
Notably, the band gap of the MIL-101(Fe)/TiO2 heterojunction is between that of the two
individual materials.
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2.2. Photocatalytic Synergetic Oxidation of MC-LR and Reduction of Cr(VI)

The photocatalytic performance of MIL-101(Fe)/TiO2 over Cr(VI) reduction was inves-
tigated systematically. Figure 5a shows that the removal curve of Cr(VI) using over various
catalysts under UV irradiation. The adsorption of Cr(VI) in the dark can be neglected using
different photocatalysts. Bare MIL-101(Fe) exhibited the lowest removal efficiency of Cr(VI)
(0.011 min−1). It was also obvious that the introduction of TiO2 into MOF(Fe) resulted in
higher Cr(VI) reduction rates (Figure 5b) which indicated that the photocatalytic behavior
of bare MIL-101(Fe) could be enhanced by coupling it with the semiconductor particle
P25 due to the high charge transfer via heterojunction. To investigate the influence of the
MOF (Fe) proportion on the photocatalytic degradation efficiencies of Cr(VI) and MC-LR,
three MIL-101(Fe)/TiO2 composites with low, medium and high content MIL-101(Fe) were
synthesized by regulating the amounts of Fe3+. Accordingly, we name the as-prepared
MIL-101(Fe)/TiO2 as L-, M- or H-MIL-101(Fe)/TiO2, respectively. Compared with the rate
constant of the bare TiO2 (0.129 min−1), L-MIL-101 (Fe)/TiO2 exhibits the highest removal
content and rate. The removal efficiency reaches to 100% within 20 min irradiation. Results
also showed that the removal efficiency of Cr(VI) was inversely proportional to MOF
(Fe) content in MIL-101(Fe)/TiO2. The corresponding rate constants were 0.306 min−1,
0.031 min−1 and 0.027 min−1 for L-, M-, and H-MIL-101(Fe)/TiO2, respectively (Figure 5b).
The reason for this might be attributed to the excess of MIL-101(Fe) within composites will
block TiO2, restricting the availability of light and the electron migration.

The decomposition of MC-LR by various photocatalysts was also tested. As shown
in Figure 5c, 100% of MC-LR can be removed within 30 min by all catalysts, and the
degradation efficiency of MC-LR over L-, and M-MIL-101(Fe)/TiO2 was close to that of
P25. Previous study showed that MC-LR can be directly oxidized by holes [34]. Therefore,
it is proposed that the removal of Cr(VI) can be promoted with the co-existence of MC-LR
attributing a synergy of oxidation and reduction processes. Accordingly, the photocatalytic
effect of L-MIL-101(Fe)/TiO2 was conducted in the mixture system with an the initial
concentration of 2 ppm Cr(VI) and a series of concentrations (0.3, 0.6 and 1.5 ppm) of MC-
LR. As shown in Figure 5d, in the case of the sole Cr(VI) system, the constant rate of Cr(VI)
is 0.33 min−1. While, with the addition of MC-LR, the removal rate of Cr(VI) is enhanced,
with the constant rates of 0.79, 0.78 and 0.53 min−1 in the hybrid system of Cr(VI)/MC-LR
of 2/0.3, 2/0.6, 2/1.5, respectively. This might be attributed to the simultaneous occurrence
of oxidation and reduction reaction [20,31]. In the mixture of the two targeted pollutants,
MC-LR might consume holes reducing the hole-electron pairs recombination and Cr(VI) is
reduced by electron. However, the presence of Cr(VI) slightly facilitates the degradation
of MC-LR. The single constant rate of MC-LR was 0.05 min−1, however, 0.06 min−1 was
observed with the coexistence of Cr(VI). This might attributed to the fact that hole is not the
only reactive species to degrade MC-LR, and quenching experiments and ESR technology
were further studied to prove our speculation.
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The usability of L-MIL-101(Fe)/TiO2 was also tested. Figure 6 shows that MC-LR
removal efficiency reached 95% within 20 min in the three consecutive cycles. In addition,
the removal efficiency of Cr(VI) was still higher than 95% within 30 min after three times
use. The above results shows that the as prepared composite is an efficient photocatalyst for
synergetic Cr(VI) and MC-LR removal in aqueous solution. MIL-101(Fe)/TiO2 exhibited
superiority compared to the partial catalysts in Table S5.
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Figure 6. The usability of L-MIL-101(Fe)/TiO2 within three recycles. Black dot and purple.dot
represent the dynamic of Cr(VI) reduction and MC-LR degradation respectively. [Cr(VI)]0 = 2 ppm,
[MC-LR]0 = 1.5 ppm, Catalysts dose = 0.05 g/L.
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2.3. Possible Synergetic Mechanisms of Photocatalysis

Usually, the catalytic activity of MOF/TiO2 is mainly related to the production of free
radicals, such as superoxide radical (•O2

−), hydroxyl radical (•OH) and singlet oxygen
(1O2) etc [22,49]. In order to further understand the formation of the free radicals of the
materials during UV irradiation, the photocatalytic performance of MIL-101 (Fe)/TiO2
on MC-LR degradation was also evaluated through quenching experiments. Potassium
iodide(KI), superoxide dismutase(SOD), iso-propylalcohol(IPA) and histidine(His) were
added to the system as the scavenger of holes (h+), •O2

−, •OH and 1O2, respectively.
As displayed in Figure 7a, with the addition of IPA, there is less suppression of MC-LR
degradation, which indicates that •OH is not the predominant free radical. However,
the addition of KI, His and SOD markedly reduce MC-LR removal by 100%, 71.1% and
56.8%, respectively, indicating that h+, 1O2 and •O2

− were involved and h+ dominates the
degradation of MC-LR.
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Figure 7. (a) Removal efficiency of MC-LR in the presence of different scavengers by L-MIL-
101(Fe)/TiO2; (b–e) ESR spectrum of the reaction system obtained by various probes (CPH, BMPO,
DMPO and TEMPO for h+, •O2

−, •OH, and 1O2 respectively) under UV irradiation; (f) FFA decay
with irradiation time over MIL-101(Fe)/TiO2.

Using the ESR spin-trap technique with various probes [50–52], reactive species
involved with the photocatalytic degradation were further confirmed in MIL-101 (Fe)/TiO2
catalyst suspensions. As shown in Figure 7b,c, both the h+ and •O2

− signals were discerned
using a probe of 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine (CPH) and 5-tert-
butoxycar-bonyl 5-methyl-1-pyrroline N-oxide (BMPO) respectively, and their intensities
increase obviously after 2 min of irradiation. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO)
was used as an •OH probe was using to verify the direct generation of •OH [50]. The
signal strength of •OH was relatively weak even after 30 min irradiation (Figure 7d).
2,2,6,6-tetramethylpiperidine (TEMP) as a probe of 1O2, has a characteristic peak signal of
1:1:1 [53]. However, there was no TEMP-1O2 signal (Figure 7e), which may be attributed to
the small amounts 1O2. Furfuryl alcohol (FFA) is also a specific probe for 1O2 [54]. Thus, the
degradation of 0.2 mM FFA was also carried out to confirm the existence of 1O2. Figure 7f
shows that the content of FFA decreases diagonally within 60 min, with 16% left at the end,
suggesting that the reaction of 1O2 with FFA occurred. As a final result, h+, •O2

− and 1O2
were the main involved reactive species in the MIL-101 (Fe)/TiO2 suspensions, which is
consistent with the MC-LR degradation quenching experiments.

Regarding to the reduction of Cr(VI), as we know, the photogenerated e− is the main
species. Herein, a solid proof is supplied that the photocurrent is observed over the MIL-
101(Fe)/TiO2 photocatalysts under UV irradiation (Figure 8a). The current density of
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MIL-101(Fe)/TiO2 is higher than that of bare MIL-101(Fe). That is why MIL-101(Fe)/TiO2
is more effective in Cr(VI) reduction than that of MIL-101(Fe). To further clarify the intrinsic
electronic properties of MIL-101(Fe)/TiO2 to favor the reduction of Cr(VI), Mott−Schottky
(M–S) measurements were conducted to estimate the flat band potentials (Vfb) of the
prepared material. Based on the theory of M–S, the space charge capacitances (C) at the
interface of semiconductor/electrolyte can be used to determine Vfb position. In the typical
Mott–Schottky plots, 1/C2 and Ag/AgCl potential are Y-axis and X-axis, respectively and
the flat band potential is the intersects of the tangent and the X axis. As shown in Figure 8b,
the band gaps of MIL-101(Fe) is confirmed as 2.5 eV based on the Kubelka−Munk functions
(Figure 4b). According to the M–S plots, the flat-band potential (Vfb) of MIL-101(Fe) is
−0.70 V vs. Ag/AgCl at pH 6.8. MIL-101(Fe) is considered as an n-type semiconductor due
to the positive slope of M–S plots [55]. It is well known that the conduction band (CB) of
n-type semiconductor is very close to its Vfb [56]. Therefore, the redox potential of CB (ECB)
of MIL-101(Fe) is deduced with the value of −0.50 V vs. NHE. The valence band (EVB) is
the difference between Eg and ECB. Thus, the EVB value of MIL-101(Fe) is 2.0 V vs. NHE. It
has been reported that the CB and VB of TiO2 are -0.4 and 2.8 V vs. NHE respectively [1].
The energy position of the CB edge of the MIL-101(Fe) is negative compared to that of TiO2.
Therefore, in the MIL-101(Fe)/TiO2 photocatalyst, the photogenerated e− will be migrated
on the CB of TiO2, and the photogenerated holes are injected into the VB of MIL-101 (Fe),
resulting in the effective separation of photogenerated electron-hole pairs (Figure 8a).
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As is demonstrated in the above discussion aabove, the flow pathway of photogener-
ated e− and the ROS generation mechanism can be clearly verified in MIL-101(Fe)/TiO2.
The schematic mechanism of simultaneous Cr(VI) reduction and MC-LR oxidation are
shown in Figure 9, the more negative CB edge potential (−0.40 V vs. NHE) compared with
that of O2/•O2

− (−0.33 V vs. NHE) is provided by TiO2 over MIL-101(Fe)/TiO2, in which
is enriched in photogenerated e− under UV irradiation. Accordingly, the adsorbed O2 by
MIL-101(Fe)/TiO2 can be converted to •O2

− by photogenerated e−, therefore •O2
− plays

important role in MC-LR degradation in a single MC-LR system (Figure 7a). In addition,
it is also thermodynamically feasible that the bulk of aggregated e− (−0.4 V vs. NHE)
can facilitate Cr(VI) (+0.51 V vs. NHE) reduction in the mixture system. However, h+

(2.0 V vs. NHE) can barely oxidize H2O to generation •OH in the VB of MIL-101(Fe) over
MIL-101(Fe)/TiO2, which is consistent with the weak ESR weak signal generation and its
minor role of •OH in degrading MC-LR. Therefore, the photogenerated holes are enhanced
and play the main roles in the synergetic oxidation of MC-LR. Additionally, due to the
structure of metal-organic chromophore linkers as a catalytic center in MIL101(Fe) [45], the
generation of 1O2 might originated from the photosensitization of MIL101(Fe)/TiO2 under
UV irradiation [57], and is also involved the synergetic degradation reaction.
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3. Materials, Experiment and Analysis Methods
3.1. Materials

Ferric chloride hexahydrate (FeCl3·6H2O), potassium dichromate (K2Cr2O7) and
sodium hydroxide (NaOH) were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Beijing, China). N, N-dimethylformamide (DMF) was purchased from Aladdin Co.
(Shanghai, China). Terephthalic acid (BDC), TEMP and TiO2 nanoparticles (Aeroxide
P25) were purchased from Sigma-Aldrich (St. Louis, MO, USA). BMPO and DMPO was
purchased from DOJINDO Molecular Technologies, Inc. (Kumamoto, Japan). Microcystin-
LR (MC-LR) was of high-performance liquid chromatography grade with purity ≥95%
(Algal Science Inc., Taiwan, China). CPH was purchased from Enzo Biochem (New York,
NY, USA) All reagents were of analytical grade.

3.2. Catalyst Preparation

The synthesis method of MIL-101(Fe) was as follows. 206 mg BDC and 675 mg
FeCl3•6H2O were suspended in 15 mL DMF. The mixture was poured into a 100 mL
high-pressure autoclave and sealed to be heated at 110 ◦C for 24 h, followed by cooling
to room temperature naturally to obtaining orange crystals. The as-prepared sample was
further purified using hot DMF and ethanol for several days. Finally, MIL-101(Fe) was
centrifuged and collected, and then dried using an oven.

MIL-101(Fe)/TiO2 heterojunction was prepared using the following method. Exactly,
0.025 g commercial P25 was dispersed in 100 mL deionized water and ultrasonicated for
30 min, followed by the addition of FeCl3·6H2O and stirring for 2 min. The mixture was
then transferred to a hot plate and stirred for 2 h at 95 ◦C. Then, the reaction kettle was
cooled to room temperature and the residual Fe3+ was washed several times with deionized
water and discarded, leaving the γ-FeOOH/TiO2 [37].Finally, 0.2 g BDC was added to γ-
FeOOH/TiO2 and dissolved in DMF (15 mL). The resulting solution was finally transferred
to a Teflon autoclave, and sealed to be heated at 110 ◦C for 24 h. The as-synthesized MIL-
101(Fe)/TiO2 was centrifuged and purified with DMF and acetone for several days. Then,
the sample was dried in an oven at 70 ◦C for 10 h. The mass ratio of TiO2 and MIL-101(Fe)
was controlled by the amounts of Fe3+. Finally, the as-prepared catalysts were named as
L-MIL-101(Fe)/TiO2, M-MIL-101(Fe)/TiO2 and H-MIL-101(Fe)/TiO2 with the mass ratio
of FeCl3·6H2O: TiO2 of 1:9.3, 1:1.9, and 1:0.9 respectively.

3.3. Characterization

The as-synthesis catalysts were characterized via XRD (Bruker D8 Advance, Karlsruhe,
Germany) with Cu Kα radiation (λ = 1.54178 Å). Morphology analysis of catalysts was ob-
tained by SEM (Hitachi SU-8020, Hitachi, Japan) and the high-resolution TEM (JEOL-2100F,
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Tokyo, Japan). Surface chemical states was analyzed by XPS (ESCALAB 250Xi, Thermo Sci-
entific, Waltham, MA, USA). FTIR spectra was investigated using a spectrometer (Nicolet
iN10MX, Thermo Scientific, Waltham, MA, USA). UV−vis absorption was characterized
with a UV 3600 (Shimadzu, Kyoto, Japan). ESR measurement were performed on a Bruker
EMX spectrometer (Bruker, Karlsruhe, Germany).

3.4. Electrochemical Measurements

The photocurrent measurements were carried out on a Shanghai Chenhua CHI-660b
electrochemical system. The working electrode were prepared on ITO glass plates. A
volume of 300 µL 20 mg/L photocatalysts were mixed with 100 µL Nafion. Then the
working electrode was prepared by dropping the mixture solution, followed by natural
drying. Three-electrode method was used in all electrochemical tests with Pt plate as the
counter electrode, and Ag/AgCl as the reference electrode (in 0.1 M Na2C2O4). The light
source was similar to that of photocatalytic degradation experiments.

Further, to assess the flat band potentials of the prepared material, Mott-Schottky
(M-S) measurements were performed on a Shanghai Chenhua CHI-660E electrochemical
system. The M–S measurements were undertaken at frequencies of 500, 1000, and 1500 Hz,
respectively. The electrolyte was 0.1 M Na2SO4 (pH = 6.8).

3.5. Photocatalytic Reaction

MC-LR and Cr(VI) were chosen as the model pollutants to test the photocatalytic
properties of the as-prepared materials. Experiments of Cr(VI) reduction and MC-LR oxi-
dation degradation were carried out in 100 mL quartz beaker separately. Reaction systems
contained 50 mL 0.05 g/L catalysts, Cr(VI) and MC-LR were added to the above solution
with the initial concentration of 2 ppm and 1.5 ppm, respectively. The resulting solution
underwent 30 min of stirring in the dark to reach adsorption equilibrium. Then ultraviolet
irradiation started using a 500 W Xenon lamp with a 200–400 nm filter (25 mW/cm2),
and 10 cm interval away from the reaction cell. 1 mL solution was sampled at a certain
interval time and filtered with 0.45 µm filter for further analysis. The synergetic oxidation
of MC-LR and reduction of Cr(VI) in aqueous media was also conducted under the same
condition mentioned above.

3.6. Chemical Analysis

MC-LR concentration was determined using a Aligent 1260 high performance liquid
chromatography (Algal Science Inc, Taiwan) equipped with a UV detector and a ZORBAX
Eclipse Plus C18 column (150 mm × 4.6 mm × 5 µm). The detection wavelength was
238 nm. The Cr (VI) concentration was detected using a typically colorimetric method at
540 nm, as proposed by previous study [32].

4. Conclusions

In summary, a MIL-101(Fe)/TiO2 composite was constructed by in situ growth of
MIL-101(Fe) on TiO2. It can be used to achieve the synergetic photoreduction of Cr(VI)
and photooxidation of MC-LR. During the synergistic photocatalytic degradation process,
Cr(VI) reduction activity is enhanced compared with that of the bare TiO2 and MIL-101(Fe),
while the MC-LR oxidation rate was also slightly enhanced. Here, MC-LR acts as “hole
scavengers” to improve the separation of photo-induced charge carriers. Moreover, the
electrochemical investigation also demonstrates that the introduction of TiO2 to MIL-
101(Fe) can accept photoexcited electrons and effectively avoid the recombination of charge
carriers. We anticipate that this assembly strategy will provide new insight into a broad
range of catalytic applications, particularly to those that need the simultaneously treatment
of mixed contaminants simultaneously.
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