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A B S T R A C T   

Series TiO2/MIL-125 core-shell composites were fabricated from MIL-125 via in-situ post-solvothermal method. 
The composites composed of TiO2 as shell and MIL-125 as core demonstrated some advantages like abundant 
linker defects, mesoporous structure and unsaturated titanium-oxo clusters, which enabled it to be a desired 
photocatalyst. The photocatalytic Cr(VI) reduction performances of as-prepared TiO2/MIL-125 composites with 
different treatment times were evaluated under Xe lamp irradiation. The results indicated that optimal marigold- 
flower-like MT-2 (TiO2/MIL-125 composite produced by treating MIL-125 for 2 h) exhibited superior photo
catalytic Cr(VI) reduction activity than those of pristine MIL-125 precursor, TiO2/MIL-125 composites produced 
by treating MIL-125 for 1 h, and the completely derived TiO2. The TiO2 nanosheet formed from the outer-to-inner 
loss of organic ligands in the MIL-125 precursor can boost the separation efficiency of photo-induced carriers. 
Within this work, the influence of operation factors including pH values, foreign ions and organic acids with 
small molecular weight on photocatalytic Cr(VI) reduction were explored. The apparent quantum efficiency of 
optimal MT-2 was calculated under different monochromatic light. As well, the possible mechanism of photo
catalytic Cr(VI) reduction over MT-2 was proposed and confirmed by electrochemical determination, active 
species trapping experiments and electron spin resonance analyses.   

1. Introduction 

Photocatalysis can utilize the endless, clean and safe energy of the 
sun to achieve sustainable, harmless and economically feasible tech
nology [1]. Researchers have been devoting to develop some efficient 
photocatalysts. Recently, metal organic frameworks (MOFs), con
structed from metal ions as templates coordinated by organic linkers, 
have received widespread attention as the alternative photocatalysts, 
due to their advantages of versatile structures, various functionalities, 
abundant active sites and large specific surface area [2,3]. As one of the 
classic MOFs photocatalyst, MIL-125 possesses the excellent properties 
such as high density of Ti sites, good encapsulation capability and high 
porosity [4,5]. However, the applications of MIL-125(Ti) are limited 
because of the low photocatalytic activity resulted from the wide band 
gap, the rapid electron-hole recombination and instability [6]. In order 
to improve the performances of MOFs, various strategies are proposed, 
including but not limited introducing extra components like metals 
and/or semiconductors as well as obtaining derivatives of MOF pre
cursors [7–10]. For example, Yuan and coworkers synthesized 

Ag/rGO/MIL-125(Ti) ternary heterojunction to achieve RhB photo
degradation under visible light [6]. Yuan and coworkers also fabricated 
In2S3@MIL-125(Ti) microparticle photocatalyst to eliminate tetracy
cline from wastewater [11]. Yang and coworkers constructed 
MIL-125/Ag/g-C3N4 for nitrobenzene reduction and alcohols oxidation 
upon the irradiation of visible light [12]. Wang and coworkers prepared 
disk-like N-TiO2 by calcining the matrix of MIL-125(Ti) and melamine to 
realize photocatalytic benzene degradation [13]. Zhang and coworkers 
fabricated TiO2/C derived from MIL-125(Ti) for photocatalytic tetra
cycline degradation [14]. 

Currently, employing MOFs as precursors to obtain the derivatives is 
considered to be one of the effective ways to obtain the active and 
effective photocatalysts [15], which could be attributed to the following 
reasons. Firstly, the specific topologies, morphologies and structures of 
MOFs can be maintained in their derivatives. Secondly, agglomeration 
of active sites and collapse of structure could be avoided. Therefore, 
MOF-derived materials can retain the advantages of their precursors 
including adjustable pore size, porosity and flexible designability [16, 
17]. It is worth noting that the utilization of post-solvothermal method 
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to prepare heterojunction for photocatalysis has achieved satisfactory 
results. Series composites like In2S3@NH2-MIL-68(In)@In2S3 sandwich 
homologous heterojunction as well as MIL-125-NH2@TiO2 core-shell 
particles have accomplished efficient photocatalytic CO2 reduction 
and H2 production [18,19]. At present, the fabrication of identical het
erojunctions derived from MOFs for water purification are tapping a 
new door. 

Hexavalent chromium (Cr(VI)) has been one of the typical heavy 
metal pollutants in wastewater, especially in the polluted water dis
charged from electroplating, leather, metallurgy and so on [7]. Cr(VI) is 
mainly in the forms of HCrO4

- or CrO4
2-, which exhibited strong toxicity to 

aquatic organisms and human organs due to the water solubility and 
carcinogenicity [20]. Compared with high-toxic Cr(VI), trivalent chro
mium (Cr(III)) displays low toxicity, which could easily form Cr(OH)3 
precipitates under alkaline or neutral conditions. Photocatalytic Cr(VI) 
reduction into Cr(III) has been extensively studied and is considered to 
be one of the effective and low-cost methods [21,22]. 

Within this study, TiO2/MIL-125 composites were fabricated via the 
in-situ post-solvothermal treatment toward MIL-125 in the presence of 
thioacetamide (TAA), in which the marigold-flower-like TiO2/MIL-125 
core-shell composite (MT-2) exhibited superior photocatalytic Cr(VI) 
performances upon the 300 W Xe lamp with ultraviolet reflector. The 
marigold-flower-like MT-2 displayed good stability and reusability. 
Finally, the photocatalytic Cr(VI) reduction mechanism was proposed 
and verified. 

2. Experimental 

2.1. Materials and instruments 

The used materials, the instruments and the corresponding methods 
were listed in electronic Supplementary Information (ESI). 

2.2. Synthesis of MIL-125 

Disk-like MIL-125(Ti) was synthesized according to the previous 
method [23,24]. In detail, 2.2 g of 1,4-benzenedicarboxylic acid (BDC) 
was dissolved in 36 mL N,N-dimetylformanide (DMF) with the aid of 
ultrasonication. Then, 4.0 mL methanol and 2.4 mL tetrabutyl titanate 
are sequentially mixed with the above solution. The matrix was trans
ferred into Teflon-lined stainless-steel autoclave and heated at 150 ℃ for 
48 h. The obtained materials were washed twice by DMF and dried at 80 
℃ in a vacuum oven. 

2.3. Synthesis of TiO2/MIL-125 composites 

The TiO2/MIL-125 core-shell composites were fabricated by sol
vothermal method. In particular, 0.1 g of as-synthesized MIL-125(Ti) 
and 0.4 g of thioacetamide (TAA) were put into the ethanolic solution. 
The above solution was sealed in the Teflon-lined stainless-steel auto
clave and heated for 1 h, 2 h, 3 h, 6 h at 180 ℃ to acquire MT-1, MT-2, 
MT-3 and MT-6, respectively. The obtained products were washed three 
times by ethanol and dried in an oven at 60 ℃ (Scheme 1). 

2.4. Photocatalytic activity test 

Photocatalytic Cr(VI) reduction experiments were performed in a 
quartz reactor containing the suspension of 15.0 mg as-prepared pho
tocatalyst and 50.0 mL Cr(VI) aqueous solution. The pH values of the 
reaction system were regulated to 2.0–8.0 by adding H2SO4 or NaOH 
solutions. Firstly, the mixture was stirred to achieve the absorption- 
desorption equilibrium in dark. Then, the suspensions were irradiated 
under 300 W Xe lamp with ultraviolet reflector (Beijing Aulight Co. Ltd) 
(the light spectrum of the light is found in Fig. S1). The 1.5 mL aliquots 
were taken out and filtered by 0.22 µm PTFE membrane every 10.0 min 
to determine the residual Cr(VI) concentrations via diphenylcarbazide 
(DPC) method on AutoAnalyzer 3 Flow Injection Analyzer (Seal 
Analytical Co. Ltd). The continuous flow analysis method displays some 
advantages like low reagent consumption, high accuracy as well as high 
precision [25,26]. 

The apparent quantum efficiencies (AQE) were measured under 
different wavelengths of light provided by a 300 W Xe lamp with 
different light filters, which was obtained via calculating the amount of 
removed pollutant. The equation of AQE for photocatalytic Cr(VI) 
reduction and incident photons followed Eqs. (1) and (2), respectively 
[27,28]. 

AQE(Cr) =
3 × [number of reduced Cr(VI)]

number of incident photons
(1)  

Ni
p =

Ptλ
hc

(2)  

Scheme 1. Synthetic illustration for the preparation of TiO2/MIL-125 composites and photocatalytic Cr(VI) degradation process.  
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3. Results and discussion 

3.1. Material characterizations 

The powder X-ray diffraction (PXRD) patterns of the as-synthesized 
MIL-125 matched perfectly with both the simulated patterns from the 
single crystal data (CCDC 751157) and those reported in previous lit
eratures [29], indicating that the pure MIL-125 was obtained success
fully (Fig. S2). The MIL-125 was etched by TAA for 1 h, 2 h, 3 h and 6 h 
via solvothermal method to produce MT-1, MT-2, MT-3 and MT-6, 
respectively. The PXRD patterns of MT-1 and MT-2 revealed that the 
major characteristic peaks of MIL-125 at 6.8◦, 9.7◦, 11.7◦, 15.2◦ and 
16.8◦ could be obviously observed, demonstrating the presence of par
tial MIL-125. However, the disappearance of typical peaks of MIL-125 
after being treated for 3 h and 6 h implied that MIL-125 was 
completely destructed. It could be noticed from Fig. 1a that new peaks at 
25.7◦, 48.7◦ and 62.9 were observed in MT-2, which was assigned to the 
(101), (200) and (204) lattice planes of anatase TiO2 [30–32], indicating 
that the TiO2/MIL-125 composites were fabricated. With the increasing 
etching time, the pure anatase TiO2 was produced, and characteristic 
PXRD peaks of MT-3 and MT-6 matched well with JCPDS 
(PDF#01–070–6826). 

In the FTIR spectra of MIL-125 (Fig. 1b), the characteristic bands in 
the range of 400–800 cm− 1 were ascribed to Ti-O-Ti stretching vibra
tions. The bands at 1400 and 1657 cm− 1 could be attributed to the 
vibrational stretching frequencies of O− C− O attached to the dicarbox
ylate linker. It could be observed that the peak at 1013 cm− 1 corre
sponded to benzene rings vibrations [12,33]. However, in the FTIR 
spectra of the as-prepared composites, the typical peaks of MIL-125 
became weaker with the prolonged treatment time. It was worth 
noting that all the characteristic peaks of MIL-125 were completely 

disappeared in MT-6. The peak at 1630 cm− 1 in MT-6 spectra could be 
assigned to O-H bending band. Especially, the bands at 400–800 cm− 1, 
1031 cm− 1 and 1400 cm− 1 were remained in the spectra of MT-2, 
further confirming the partial presence of MIL-125 in MT-2. 

The successful fabrication of TiO2/MIL-125 was further confirmed by 
thermal gravity analysis (TGA), in which the weight loss can provide 
some information of guest molecules and organic ligands composition 
(Fig. 5a). For the MIL-125, two steps weight loss can be observed. The 
first weight loss appeared in the range of 50–250 ◦C, which was attrib
uted to the removal of guest molecules like H2O, methanol and DMF. 
The second weight loss occurred at ca. 400 ◦C due to the decomposition 
of BDC linkers [29], which was affirmed by the obviously exothermic 
peak in the differential scanning calorimetry (DSC) plot. In the pristine 
MIL-125, the calculated weight loss (%) of BDC linkers were 32%. While 
as to the derivatives, the content of organic linkers decreased with the 
increasing etching time, which resulted into the reduced weight loss 
(23% for MT-1, 9% for MT-2). It worth noting that the weight loss of 
MT-6 was negligible even when it was treated at 400 ◦C, confirming the 
complete loss of organic linker in MT-6. 

It has been reported that core-shell structure could be formed by 
post-solvothermal [19,34]. As depicted in Fig. 2a, the pristine MIL-125 
was smooth regular disc and the particle size ranged from 300 nm to 
2400 nm. SEM images (Fig. 2b and c) showed that MT-1 and MT-2 well 
maintained the shape of disc, while MT-3 and MT-6 demonstrated hol
low disc or unregular morphology and consisted of nanosheets (Fig. 2d 
and e). Especially, MT-2 presented the specific morphology of Inca 
marigold, in which the formed TiO2 is just like outer petals. The for
mation mechanism of Inca marigold-like TiO2/MIL-125 could be 
described as: the disc-like MIL-125 was internally and externally etched 
to achieve BDC linker loss in the process of solvothermal method, 
leading to the generation of core-shell structure [35,36]. 

Fig. 1. (a) PXRD patterns (note: PDF#97–004–4882: PDF standard card of anatase TiO2); (b) FT-IR spectra, and (c) XPS spectra of MIL-125and MT-x; (d) the Ti 2p 
spectra in MIL-125 and MT-2. 
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From the observation of TEM images as illustrated in Fig. 3a and b, 
MT-1 displayed potential core-shell structure with thin shell. The TEM 
images of MT-2 demonstrated the obvious core-shell structure con
structing from the formed TiO2 as shell and the pristine MIL-125 as core, 
which were similar with MIL-125-NH2@TiO2 particles reported previ
ously [19]. When the reaction time prolonged to 3 h, the morphology of 
the obtained products was hollow structure with the trend of becoming 
minor particles. As to MT-6, it was found that the structure was 
collapsed into TiO2 sheets. To further prove that the outer shell of MT-2 

was fabricated by TiO2 derived from MIL-125, the HRTEM was applied 
to determine the lattice structure (Fig. 4b), in which the calculated 
lattice spacing was 0.352 nm and 0.353 nm, corresponding to (101) 
lattice plane of anatase TiO2 [37,38]. As well, the selected area electron 
diffractograms (SAED) pattern of outer TiO2 shell of MT-2 was shown in 
Fig. 4c. The diffraction rings of 0.352 nm and 0.190 nm could be 
attributed to (101) and (200) lattice plane of anatase TiO2 [27,39], 
which was consistent with the PXRD and HRTEM results. 

To investigate the internal structure of TiO2/MIL-125, the XPS 

Fig. 2. SEM images of MIL-125 (a), MT-1 (b), MT-2 and Inca marigold (inset) (c), MT-3 (d) and MT-6 (e).  

Fig. 3. TEM images of MIL-125 (a), MT-1 (b), MT-2 (c and d), MT-3 (e) and MT-6 (f).  

Y.-X. Li et al.                                                                                                                                                                                                                                    
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determination was conducted. The XPS survey spectra suggested that 
MIL-125 and the derivatives both exhibited O 1s, Ti 2p and C 1s peaks 
(Fig. 1c). However, the peak intensity of C 1s weakened while the peak 
intensities of O 1s and Ti 2p became stronger with elongated treatment 
time. In Ti 2p spectrum (Fig. 1d), two peaks with binding energy at 
458.7 eV and 464.3 eV in MIL-125 corresponded to Ti 2p3/2 and Ti 2p1/2 
respectively, confirming the presence of Ti4+ in the titanium-oxo cluster. 
It worth noting that the peaks with binding energy at 458.7 eV and 
464.3 eV of MIL-125 shifted to lower binding energy positions at 
458.5 eV and 464.2 eV in MT-2, revealing the generation of Ti3+ and 
linker defects in MIL-125/TiO2 [34,40]. In O 1s XPS spectrum (Fig. S3), 
the characteristic peaks of MIL-125 at 529.6 eV and 531.4 eV could be 
attributed to lattice oxygen of titanium-oxo cluster and C-O in organic 
BDC linkers [41,42]. The binding energy of O 1s in MT-2 is higher than 
that of MIL-125, implying the electron transfer between Ti-O cluster. 

The UV–vis DRS spectra exhibited the light adsorption properties of 
MIL-125 and the derivatives. As shown in Fig. 5b, the band gap (Eg) of 
pristine MIL-125 was estimated to be 3.66 eV. It was interesting to 
observe that the band gap decreased to 3.40 eV, 3.40 eV, 3.34 eV and 
3.20 eV respectively for MT-1, MT-2, MT-3 and MT-6, indicating that the 
obtained composites could be excited by UV light with longer 
wavelength. 

3.2. Photocatalytic Cr(VI) reduction activity 

Since the TiO2 shell composed of ultra-thin nanosheets could make 
the unsaturated titanium-oxo clusters highly exposed, further improving 
the light absorption performance as well as conductivity of 

photocatalyst, the MT-2 might possess superior performances [19]. In 
this study, the Cr(VI) as the form of Cr2O7

2- was selected as model 
pollutant to assess the photocatalytic reduction performances of 
MIL-125 and the obtained derivatives. As shown in Fig. 6a, the photo
catalytic Cr(VI) reduction activities over MIL-125 and the derivatives 
under the Xe lamp irradiation were tested. After reaching the equilib
rium of adsorption and desorption, it was found that neither MIL-125 
nor the derivatives exhibited significant Cr(VI) adsorption perfor
mances. All the derivatives (MT-1, MT-2, MT-3 and MT-6) displayed 
better photocatalytic Cr(VI) reduction efficiencies than the pristine 
MIL-125. Especially, the optimal MT-2 with Inca marigold-flower-like 
TiO2/MIL-125 Core− Shell structure depicted superior photocatalytic 
Cr(VI) cleanup performance with 100.0% removal efficiency with 
60 min to others derivatives like MT-3 (98.8% within 60 min), MT-6 
(90.0% within 60 min) and MT-1 (64.5% within 60 min). The 
apparent reaction rate constants (k) calculated by the pseudo-first order 
model (ln[C/C0] = -kt) followed the order of MT-2 > MT-3 > MT-6 >
MT-1 > MIL-125 (Fig. 6b), displaying noticeable saddle-shaped curve 
with MT-2′s value at the top. Some cases of photocatalytic Cr(VI) 
reduction activities over some counterpart photocatalysts were selected 
to make objective comparison (Table 1) to evaluate the position of the 
optimal MT-2. From Table 1, it can be found the optimal MT-2 
demonstrated best Cr(VI) cleanup performance among all the 
MIL-125-based photocatalysts. 

The apparent quantum efficiencies (AQEs) of MT-2 toward Cr(VI) 
reduction at different wavelengths were calculated (Fig. 6c), which 
could be one of the criteria to evaluated photocatalytic performances 
[47]. The AQEs over MT-2 were 0.580% at 315 nm, 0.280% at 365 nm, 

Fig. 4. TEM (a), HRTEM (b) and SAED (c) of TiO2 shell in MT-2.  

Fig. 5. TGA curves (a), UV–vis DRS and Eg plot (inset) of different photocatalysts (b).  
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0.130% at 380 nm, 0.010% at 420 nm and 0.005% at 520 nm, respec
tively. It was worth noting that AQE values perfectly conformed to the 
trend of MT-2′s UV–vis absorption spectrum, demonstrating the process 
of Cr(VI) reduction resulted from photocatalysis [48]. 

The BET specific surface area and N2 adsorption-desorption isotherm 
results were shown in Table. S1 and Fig. S4. It can be observed that the 
pristine MIL-125 exhibited largest surface area and the increasing 
treating time could lead to decreasing surface areas from 514.00 m2 g− 1 

to 262.78 m2 g− 1. Specifically, the specific surface area of MIL-125/TiO2 
composite was 345.66 m2 g− 1, which corresponded to ligand loss in the 
process of solvothermal method and conversion from microporous 
structure to mesoporous structure. Previous literatures have reported 
that larger surface area might facilitate photocatalytic activities by 
exposing more active sites [49,50]. However, the mesoporous structure 
could facilitate the access of contaminants and appropriate treatment 
toward MOF precursor might improve the conductivity and charge 

separation properties of the photocatalysts, so that the enhanced pho
tocatalytic performances were accomplished. 

Considering Inca marigold-flower-like MT-2 displayed highest pho
tocatalytic Cr(VI) reduction efficiency, it was selected to conduct some 
subsequent experiments including the effects of pH values and co- 
existing ions. It has been found that pH exerted a significant influence 
on photocatalytic Cr(VI) reduction, in which the lower pH values were 
deemed to favor Cr(VI) reduction [51,52]. Generally, Cr(VI) existed in 
the form of Cr2O7

2- or HCrO4
− under acidic condition, while the domi

nated species was CrO4
2− in an alkaline environment [53,54]. The cor

responding photocatalytic Cr(VI) reduction reaction over MT-2 can be 
proposed to follow Eqs. (3) and (4) in the presence of abundant H+, 
which was conductive to the conversion of Cr(VI) to Cr(III) [55,56]. As 
shown in Fig. 6d, the photocatalytic Cr(VI) reduction efficiency of MT-2 
reached 100.0% within 60 min at pH = 2.0, which was superior to the 
efficiencies at pH being 4.0, 6.0 and 8.0. It worth noting that 

Fig. 6. Photocatalytic Cr(VI) reduction (a) and comparison of rate constant k (b) over MIL-125 and MT-x. AQE results of Cr(VI) reduction under different mono
chromatic light corresponding to the absorption spectrum (c). Influence of pH values on photocatalytic Cr(VI) reduction (d). Conditions: 15.0 mg (300 mg L− 1) of 
MT-2, Cr(VI) = 5.0 mg L− 1, 50 mL, pH = 2.0. 

Table 1 
Comparison of photocatalytic Cr(VI) removal activities of various MIL-125-based photocatalysts.  

Catalyst/dosage (mg L− 1) Pollutants/mg L− 1 Irradiation pH Efficiency (%) k (min− 1) Ref 

MIL-125-NH2/1000 Cr(VI)/15 300 W Xe lamp  6 45.0% 120 min – [43] 
Pt/MIL-125-NH2/1000 Cr(VI)/15 300 W Xe lamp  6 75.0% 120 min – [43] 
CuS/MIL-125(Ti)/500 Cr(VI)/48 300 W Xe lamp (420 nm filter)  6 53.0% 70 min – [44] 
MoS2/MIL-125(Ti)/500 Cr(VI)/48 300 W Xe lamp (420 nm filter)  6 33.% 70 min 0.0060 [44] 
CdS/MIL-125(Ti)/500 Cr(VI)/48 300 W Xe lamp (420 nm filter)  6 35.0% 70 min 0.0058 [44] 
Ag2S/MIL-125(Ti)/500 Cr(VI)/48 300 W Xe lamp (420 nm filter)  6 23.0% 70 min 0.0035 [44] 
Bi2S3@NH2-MIL-125(Ti)/100 Cr(VI)/10 300 W Xe lamp  7 77.0% 120 min 0.01134 [45] 
Ag/Ag3PO4/MIL-125-NH2/250 Cr(VI)/10 Visible light  2 100.0% 70 min 0.0621 [24] 
MIL-125-derived TiO2@C/300 Cr(VI)/5 –  3 61.8% 90 min – [46] 
Marigold-flower-like MT-2/300 Cr(VI)/5 300 W Xe lamp  2 100.0% 60 min 0.1059 This work  

Y.-X. Li et al.                                                                                                                                                                                                                                    
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photocatalytic efficiency at pH = 8.0 decreased dramatically, which 
could be attributed to the mask of active sites by formed Cr(OH)3 pre
cipitates (Eq. (5)) [23,57].  

14H+ + Cr2O7
2- + 6e- → 2Cr3+ + 7H2O                                             (3)  

2H2O + 2h+ → H2O2 + 2H+ (4)  

CrO4
2− + 4H2O + 3e− → Cr(OH)3(s)+ 5OH− (5) 

Previous studies reported that electron-hole pairs could be produced 
over the photocatalysts under the light irradiation. As well, photo
catalytic Cr(VI) reduction performances would be enhanced after 
capturing photo-induced holes, because the recombination of electron- 
hole pairs can be suppressed [58–60]. Organic acids often exist in 
aquatic environments, which are considered as to be satisfying reducing 
agent. It has been reported that organic acids could act as hole scaven
gers [61] as well as reducing agent in photocatalysis [62]. In order to 
explore better conditions for photocatalytic activities, series organic 
matters including tartaric acid, citric acid and oxalic acid were selected 
to investigate their effects on Cr(VI) reduction, due to their difference in 
the number of α-hydroxyl carboxylate functional groups. As demon
strated in Fig. 7a and b, both the Cr(VI) reduction efficiencies and 
apparent rate constants (k) showed that the photocatalytic performances 
were obviously improved by adding tartaric acid (two α-hydroxyl 
groups), followed by citric acid (one α-hydroxyl group) and oxalic acid 
(no α-hydroxyl groups), which were consistent with the previous liter
atures [63,64]. 

Besides, the presence of foreign ions especially inorganic anions also 
exerted significant influence on photocatalytic activities [65,66]. 
Therefore, the effects of various anions like PO4

3-, Cl-, HCO3
- , NO3

- and 
SO4

2- on Cr(VI) reduction were studied. As illustrated in Fig. 7c and d, all 
inorganic anions exhibited detrimental effects on the Cr(VI) reduction, 

in which the k values followed the order of no anions (0.1059 min− 1) >
NO3

- (0.0274 min− 1) > HCO3
- (0.0271 min− 1) > Cl- (0.0234 min− 1) >

SO4
2- (0.0188 min− 1) > PO4

3- (0.0094 min− 1). It was observed that both 
PO4

3- and SO4
2- displayed significant inhibition toward photocatalytic Cr 

(VI) reduction, and the corresponding efficiencies were decreased to 
74.6% and 90.0%, respectively. It could be ascribed to the competitive 
adsorption between these anions, which made it difficult to capture Cr 
(VI) ions and resulted in the remarkable decrease of photocatalytic ef
ficiency. In addition, the rate constant k for NO3

- was higher than Cl-, 
which was attributed to conversion of NO3

- to NO2-, resulting in the 
positive effect on the photocatalytic reduction of Cr(VI) (Eqs. (6) and 
(7)) [67].  

2NO3
- + hv → 2NO2

- + O2                                                                (6)  

3NO2
- + 2HCrO4

- + 8H+ → 3NO3
- + 2Cr3+ + 5H2O                             (7) 

Since MT-2 exhibited considerable photocatalytic performances in 
the presence of inorganic ions and organic matters, it might display high 
efficiencies in real water samples. In order to further explore the prac
tical applicability of MT-2, the Cr(VI) solutions simulated from real tap 
water and lake water (the concentrations of the common cations and 
anions in the real water samples can be found in Table S2) were treated 
with photocatalytic process. As shown in Fig. 8a, the photocatalytic Cr 
(VI) reduction efficiencies over MT-2 achieved 74.0% and 91.6% within 
60 min, which was lower than the Cr(VI) solution simulated from 
deionized water. Also, the constant rate constant k also declined from 
0.1059 min− 1 to 0.0346 min− 1 in lake water and 0.0243 min− 1 in tap 
water, respectively, which could be attributed to the influence of foreign 
inorganic ions [68]. It worth noting that photocatalytic efficiency in lake 
water was more superior than that in tap water, due to the existence of 
organic matters that could facilitate charge carriers separation [69]. 

Fig. 7. Effect of different hole scavengers on Cr(VI) reduction efficiencies (a) and the corresponding rate constants (k) (b). Effect of inorganic anions toward Cr(VI) 
reduction efficiencies (c) and the corresponding rate constants (k) (d). 
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3.3. Reusability and stability of MT-2 

The reusability and stability of photocatalysts were essential prop
erties for practical application. In this study, the long-term recyclability 
of MT-2 in photocatalytic Cr(VI) reduction was investigated. As depicted 
in Fig. 8a, the photocatalytic efficiencies still reach 100.0% after five 
cycles in the presence of tartaric acid as hole scavengers as well as 
photochemical reducing agent. Moreover, it could be observed from the 
PXRD patterns (Fig. 8d) and FTIR spectra (Fig. S7) of MT-2 before and 
after photocatalysis that both the chemical constitution and crystalline 
structure of MT-2 maintained well. Furthermore, the SEM and TEM 
images (Fig. S8) showed that the morphology experienced no noticeable 
changes, indicating that the MIL-125 core could be well protected by the 
external TiO2 shell in the Inca marigold-flower-like MT-2. 

3.4. Photocatalytic Cr(VI) reduction mechanism 

Generally, the arc radius in Nyquist impedance plots represented 
charge transfer resistance (Rct). It was reported that arcs with smaller 
radius possessed lower charge transfer resistance [70]. As shown in  
Fig. 9a, the arc radius followed the order of MT-2 < MT-1 < MT-3 <
MT-6 < MIL-125, which corresponded well to the photocatalytic Cr(VI) 
reduction performances over the above-stated catalysts. It was implied 
that the MT-2, i.e. Inca marigold-flower-like TiO2/MIL-125 composite 
presented most effective separation of photo-induced electron-hole 
pairs. 

The determination of active species is important to explore the 
photocatalytic mechanism. Series active species capture agents 
including K2S2O8, isopropyl alcohol (IPA) and EDTA-2Na were intro
duced to quench e-, ⋅OH and h+ [71–74]. As depicted in Fig. 9b, pho
tocatalytic efficiencies decreased to 75.0% within 80 min when K2S2O8 

was added. It has been reported that ⋅O2
- was beneficial to Cr(VI) 

reduction [75]. Therefore, the Cr(VI) reduction experiment was con
ducted in the N2 gas ambient to remove the dissolved oxygen (DO). The 
results showed that the rate of photocatalytic Cr(VI) reduction declined 
from 0.0511 min− 1 to 0.0269 min− 1 within 30 min, indicating that ⋅O2

- 

might participate in the photocatalytic reaction. In the presence of IPA, 
the corresponding Cr(VI) reduction efficiency decreased by 8.7%, which 
could be explained by Eqs. (8), (10) and (11). Furthermore, the effi
ciency and rate of Cr(VI) reduction was enhanced after adding 
EDTA-2Na, which could quench h+ to suppress the recombination of 
charge carriers.  

O2 + e- →⋅O2
-                                                                                 (8)  

⋅O2
- + Cr(VI) → Cr(V)                                                                     (9)  

2⋅O2 + 2H+ → H2O2+ O2                                                              (10)  

H2O2 + Cr(III) +H+ → Cr(VI) + H2O + OH                                    (11) 

In addition, Mott-Schottky measurements were carried out to 
determine the position of the conduction band (CB) and charge transfer. 
As shown in Fig. 9c and d, it can be observed that slope of C2 value versus 
potential was positive, indicating MIL-125 precursor and MT-6 (TiO2 
derivative) were both n-type semiconductors. The calculated CB of MIL- 
125 precursor and MT-6 (TiO2 derivative) were ca. − 1.50 eV and 
− 0.50 eV versus the Ag/AgCl electrode at pH = 7.0, corresponding to 
the reported literature [76,77]. Therefore, the obtained valence bands 
(VB) of MIL-125 and MT-6 were 2.10 eV and 2.88 eV vs. NHE according 
to Eq. (12) [78].  

ECB = EVB - Eg                                                                             (12) 

Based on the above results, the possible type-II heterojunction 

Fig. 8. The Cr(VI) photoreduction efficiencies (a) and rate constants k (b) in simulated wastewater prepared by different water. The cyclic experiments of photo
catalytic Cr(VI) reaction by adding tartaric acid as hole scavenger (c). The PXRD patterns of MT-2 before and after Cr(VI) reduction experiments (d). 
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mechanism of photocatalytic Cr(VI) reduction over MT-2 was specu
lated. Previous reports demonstrated that the metal ions or clusters and 
organic linkers in MOFs can absorb light and then achieve ligand-to- 
metal charge transfer (LMCT) or metal-to-ligand charge transfer 
(MLCT) due to their semiconducting properties [79]. As shown in  
Fig. 10, both MIL-125 precursor and MT-6 (TiO2 products) could be 
excited to produce electrons and holes under the light irradiation. The 
photo-induced electrons on the LUMO of pristine MIL-125 could be 
transferred to the CB of TiO2 due to the potential difference, which 
inhibited the recombination of photo-induced electron-hole pairs. Spe
cifically, unsaturated Ti-O cluster in MT-2 would also contribute to 
charge transfer from MIL-125 core to TiO2 shell. It can be observed that 
the potential of O2/⋅O2

- (− 0.33 eV vs. NHE) was positive than that of 

TiO2 [75,80]. Furthermore, the ESR measurement also shown that the 
DMPO-⋅O2

− signals of MT-2 were observed for 5 min and 10 min, while 
no signals were detected in dark (Fig. S9), confirming ⋅O2

- could be 
produced. 

To further verified the speculation, photo-deposition of Pt nano
particles was carried out to ascertain the charge transfer route [81]. It 
was believed that electrons could be accepted by H2PtCl6 to form Pt0 

nanoparticles, which would be deposited around the electron-rich sites 
[82]. As shown in Fig. 11, spherical nanoparticles were observed around 
the external shell of MT-2 (TiO2/MIL-125) after photo-deposition. EDS 
element content analysis demonstrated that the spherical particles were 
composed of Pt. The lattice fringes of 0.227 nm corresponded to the 
(111) plane of Pt0 nanoparticle [83]. The photo-deposition experiment 
could provide a solid evidence to confirm the II-scheme mechanism. 

4. Conclusions 

In summary, we adopted a facile post-solvothermal method to pre
pare novel marigold-flower-like TiO2/MIL-125 with MIL-125 as a pre
cursor, which displayed better photocatalytic Cr(VI) performances 
compared to its precursor, the derived TiO2 and even other hetero
structures constructed by MIL-125. The AQE values demonstrated the 
photocatalytic process. Additionally, different influence factors on 
photocatalytic activities including pH values, foreign ions and organic 
acid were investigated. The positions of CB and LUMO were measured 
by Mott-Schottky curve. Combined with photo-deposition experiment, 
II-scheme mechanism for photoreduction of Cr(VI) was speculated. The 
cycle experiments demonstrated that MT-2 possessed good reusability 
and stability. This work confirms the emerging approach for fabricating 
photocatalysts derived from MOFs and opens up a new pathway for 
water remediation. 

Fig. 9. The Electrochemical impedance spectra over MIL-125 and MT-x (a). Effect of different scavengers on Cr(VI) reduction (b). Mott-Schottky curves of MIL-125 
(c) and MT-6 (anatase TiO2) (d) at different frequencies. 

Fig. 10. Illustration of plausible mechanism of photocatalysis reduction of 
Cr(VI). 
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