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A B S T R A C T   

This work demonstrates that the photoreduction of hexavalent chromium using iron-based metal organic 
framework was able to be enhanced through doping molybdenum disulfide. The 1.5 wt % molybdenum disulfide 
doped iron-based metal organic framework exhibited the best photocatalytic activity towards hexavalent chro-
mium reduction with an efficiency of 98.8% over 60 min, accompanied by remarkable repeatability and stability. 
The enhancement of photocatalytic efficiency could be achieved by (i) relieving the recombination process of 
photogenerated carriers in iron-based metal organic framework resulting from the formation of heterojunction, 
(ii) reducing photogenerated electrons transfer resistance from the interior to the surface of iron-based metal 
organic framework because of favorable electron transfer of molybdenum disulfide, and (iii) regulating the 
positive charge distribution on the surface of iron-based metal organic framework. Importantly, nanosecond 
time-resolved transient absorption spectroscopy further disclosed that the doping of molybdenum disulfide 
fundamentally improved the utilization of photogenerated electrons. This work evidences the important role of 
heterojunction from a microscopic perspective, which provides inspiration for the preparation of highly-efficient 
environmental functional photocatalysts based on iron-based metal organic frameworks.   

1. Introduction 

Heavy metal contamination has threatened the ecological environ-
ment security and even the human health with the rapid industrializa-
tion and urbanization process. Chromium, as a representative heavy 
metal element commonly utilized in industrial process such as electro-
plating, chemical industry and metallurgy manufacturing, has been 
detected at high levels in many natural water bodies due to the 
continuous spread of human footsteps. The main forms of chromium in 
nature are hexavalent chromium (Cr(VI)) and trivalent chromium (Cr 
(III)) according to the difference of environmental stability (de Bitten-
court et al., 2020). Cr(III) is almost innocuous and plays an important 

role in the metabolism of animals and plants at trace level (Borthakur 
et al., 2019), whereas Cr(VI) is a carcinogen, mutagen and teratogen. 
Therefore, reduction of aqueous Cr(VI) into Cr(III) has become a 
favorable strategy to effectively treat Cr(VI) contamination (Wang et al., 
2021). It is generally acknowledged that bioremediation, chemical 
treatment and photoreduction constitute the main pathways to achieve 
Cr(VI) reduction. Among these, photoreduction method has the advan-
tages of short time-consuming and less secondary pollution (Shi et al., 
2015; Du et al., 2019; Li et al., 2018) in contrast with sluggish biological 
reduction and high-cost chemical reduction. This process typically relies 
on the electron-hole pairs generated in the photocatalyst under light 
irradiation, the electrons which subsequently migrate to the 
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photocatalyst surface are capable of reducing Cr(VI) to Cr(III) in the 
solution (Shi et al., 2015). 

Metal organic framework (MOF), as an emerging multifunctional 
crystalline material with tunable porosity and surface area, has occupied 
research hotspots in the past few decades (Trickett et al., 2019). The 
versatility in the compositions of metal cluster and organic ligand allows 
rational design via a diverse class of methodologies to control their 
photocatalytic activity (Zhang and Park, 2019). Typically, iron-based 
MOFs (Fe-MOFs) have been widely studied to explore the feasibility of 
their application in Cr(VI) removal because of its 
environmental-friendly behavior and good stability in aqueous solution 
(Springthorpe et al., 2019; Shi et al., 2015; Zhao et al., 2017). For 
instance, Fe-MOFs comprising Fe3-μ3-oxo clusters were reported to be 
used as an efficient photocatalyst for Cr(VI) photoreduction driven by 
visible light (Laurier et al., 2013). Fe-MOF materials assembled by 
amino-functionalized ligands with iron salts was found to be capable of 
faster removing aqueous Cr(VI) under visible light illumination (Shi 
et al., 2015). Unfortunately, the intrinsic defects, such as poor carrier 
separation efficiency and low electron conductivity, limit the applica-
tion of Fe-MOFs in Cr(VI) photoreduction (Sheberla et al., 2017). 

Efforts are always being dedicated to enhancing the photoreduction 
efficiency of Cr(VI) using Fe-MOFs by introducing various semi-
conductors. Among them, construction of heterojunction by coupling 
metal oxides with Fe-MOFs to improve the photoreduction performance 
is a common strategy (Oladipo et al., 2018; Wang et al., 2020; Yuan 
et al., 2019). Nevertheless, the intrinsic wide band gap distribution of 
metal oxides usually makes them less sensitive to visible light and the 
slow electron conduction capacity also greatly restricts the utilization of 
photogenerated electrons. MoS2, as a flake-like two-dimensional mate-
rial, exhibits extended light absorption range and excellent electrical 
conductivity. Moreover, the well-defined proper band gap and 
band-edge potential of MoS2 made it more conductive to construct 
heterojunction with MOF photocatalysts for the enhancement of 
hydrogen evolution (Subudhi et al., 2020; Nguyen et al., 2018; Hao 
et al., 2017), while remains unexplored for Cr(VI) reduction. On the 
other hand, it should be noted that the dynamic behavior of photo-
generated carries is highly important in the photocatalysis for mecha-
nism clarifications (Pattengale et al., 2016), however has never been 
investigated during the photoreduction of Cr(VI), as the charge sepa-
ration dynamic process generally occurs on the nanosecond time scale. 

Herein, we chose an amino functionalized iron based MOF called 
NH2-MIL-88B–Fe (Fe-MOF) as the objective for further modification 
because of its good stability (Shi et al., 2015). Briefly, the MoS2 was 
uniformly distributed into the structure of the Fe-MOF to gain the hy-
brids (named as MF) by a simple modified organic thermal synthesis 
method. The ability of the MF to alleviate aqueous Cr(VI) contamination 
under visible light radiation was investigated systematically. In addi-
tion, the stability and repeatability of the MF were evaluated. Finally, 
the mechanisms behind the enhanced photoreduction performance of Cr 
(VI) was synthetically investigated. In particular, the real-time charge 
separation kinetics within the hybrids were tracked through the nano-
second time-resolved transient absorption spectroscopy (TA), which 
quantified the lifetime of photogenerated carriers and provided insights 
into the important role of the heterojunction from a microscopic 
perspective. 

2. Experimental 

2.1. Chemicals and agents 

All of reagents were purchased through commercial means, and used 
directly without further purification unless specifically mentioned. 
Molybdenum disulfide (MoS2), 2-aminoterephthalic acid (NH2-BDC), 
diphenylcarbazide, ferric chloride hexahydrate (FeCl3⋅6H2O), N,N- 
dimethylformamide (DMF), methanol (MeOH), ethanol (EtOH), 
acetone, sodium persulfate (Na2S2O8), potassium dichromate (K2Cr2O7), 

potassium hydroxide (KOH), sulfuric acid (H2SO4), Nafion® 117 
solution. 

2.2. Preparation of MF 

Fe-MOF was synthesized according to a modified one-step sol-
vothermal synthesis method (Li et al., 2018). Typically, FeCl3⋅6H2O (3 
mM, 0.8109 g) and NH2-BDC (3 mM, 0.5435 g) were dissolved in 67 mL 
of DMF solution. This mixture was transferred into the tank of the 
Teflon-lined autoclave and stirred rapidly for 30 min, followed by a 24 h 
reaction at 150 ◦C. Subsequently, the suspension was centrifuged at 
10000 rpm for 10 min to obtain a reddish brown product, which was 
washed three times with ethanol before dried in a 150 ◦C oven for 12 h. 

MF was prepared using the same preparation process as described 
above, except that DMF solution was replaced with different MoS2/DMF 
dispersion solution which was prepared by continuous ultrasonic 
treatment for 1 h. For a reference, composites with different mass ratios 
of MoS2 and Fe-MOFs were marked as MF-0.5 (0.5 %), MF-1.0 (1.0 %), 
MF-1.5 (1.5 %) and MF-2.0 (2.0 %), respectively. 

2.3. Characterizations 

Morphological information of photocatalysts before and after MoS2 
modification was investigated by scanning electron microscopy (SEM) 
with 1.00 kV operating voltage, 20000 to 200000 magnification, and 
3.3 mm working distance, and a field-emission transmission electron 
microscope (FETEM) with an acceleration voltage of 200 kV. The crys-
talline phase of the photocatalysts was performed on an X-ray diffrac-
tometer (XRD) with Cu Kα as radiation source (λ = 0.154056 nm) (Yuan 
et al., 2019). The functional groups information for materials was 
recorded using Fourier transform infrared spectroscopy (FTIR). The 
element composition of the samples was detected with an X-ray photo-
electron spectroscopy (XPS) using monochromatic Al Kα as radiation 
source. The optical property of the samples was measured using 
UV–visible–near-infrared spectrophotometer with BaSO4 as the internal 
reference. Luminescence properties of the composites were explored 
using a steady-state/transient fluorescence spectrometer at 250 nm 
excitation. A micromeritics instrument was used to measure the 
Brunauer-Emmett-Teller (BET) specific surface area (SSA) and pore 
volume distribution by nitrogen adsorption-desorption at 77 K. The 
surface charge distribution state of the samples was carried out on a 
Nanoparticle size and potential analyzer. 

All electrochemical characterizations were conducted in the same 
three-electrode system with FTO glass electrode modified with the 
photocatalysts, Pt wire and Ag/AgCl electrode, and 0.5 M Na2SO4 as the 
working electrode, counter electrode, reference electrode, and electro-
lyte solution, respectively. The detailed process of the preparation of the 
working electrode was presented in supporting information (SI). Elec-
trochemical impedance spectroscopy (EIS) characterization was pro-
ceeded on a Multichannel electrochemical workstation with a frequency 
range from 0.05 Hz to 200 kHz. The Mott-Schottky measurements were 
implemented on an electrochemical workstation with light shield. 
Transient photocurrent responses were conducted by an electrochemical 
workstation under intermittent visible light illumination. Electron spin 
resonance (ESR) signals for the photocatalysts were recorded on an 
electron paramagnetic resonance spectrometer under visible light radi-
ation at 298 K (Wang et al., 2011). 

The experimental scheme of nanosecond time-resolved TA spec-
troscopy is described in detail in SI. 

2.4. Photocatalytic experiments 

Since the photocatalysts have a strong adsorption capacity for Cr(VI) 
in this process, which hardly reached the adsorption-desorption equi-
librium in the actual test, the adsorption and the photoreduction pro-
cesses were separately discussed according to the previous work (Fang 
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Fig. 1. (a) Process diagram for the preparation of 1.5 wt % molybdenum disulfide doped iron-based metal organic framework; (b), (c) scanning electron microscopy 
and (d) field-emission transmission electron microscope images of 1.5 wt % molybdenum disulfide doped iron-based metal organic framework; (e–k) energy 
dispersive spectrometer mapping and spectra, and (l) high resolution transmission electron microscopy images of 1.5 wt % molybdenum disulfide doped iron-based 
metal organic framework; (m) scanning electron microscopy and (n) transmission electron microscope of iron-based metal organic framework. 
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et al., 2019). 
All batches of photoreduction experiments were conducted under 

visible light radiation by a 300 W xenon lamp system with the 420 nm 
cutoff filter at room temperature. In detail, 40 mg of the photocatalysts 
were dispersed in 40 mL of 20 mg L− 1 Cr(VI) solution with the pH 
adjusted to 2.0 using 0.1 M H2SO4, and 1 mL methanol was added to the 
system as a sacrificial agent to provide electrons. After rapid stirring, the 
photoreduction experiments were initiated by illumination of above 
dispersion. Afterward, 2 mL of the suspension was collected for further 
centrifugation and filtration to gain the supernatant at a given time in-
terval. The concentration of Cr(VI) in the supernatant was determined 
by the 1,5-diphenylcarbazide colorimetric method (DPC) (Qiang et al., 
2020). The removal efficiency of Cr(VI) was expressed as C/C0 × 100%, 
where C0 and C represent initial Cr(VI) concentration and the Cr(VI) 
concentration at a certain time, respectively. The repeatability and 
stability of the photocatalysts were explored by repeated photoreduc-
tion experiments and XRD characterization of the materials after each 
reaction. 

In the adsorption experiments, the test conditions were kept identical 
with those of photoreduction experiments, except for the entire system 
was placed under dark conditions. 

3. Results and discussion 

3.1. Morphology and construction of the photocatalysts 

SEM and HRTEM images were recorded to provide detailed 
morphological information of prepared photocatalysts before and after 
MoS2 modification. Figs. S1a and S1b show that the pure MoS2 exhibited 
a micron-sized sheet with a uniform surface and thickness, keeping in 
line with the results of atomic force microscopy (AFM), where the MoS2 
was multi-layer flake with a 60 nm thickness of the single flake (Fig. S2a- 
c). Moreover, the Fe-MOF appears to be spindle-like with lengths 
ranging from 3.0 to 4.5 μm and widths ranging from 300 to 500 nm 
(Figs. 1m and n), which are consistent with previous reports (Wu et al., 
2016). Surprisingly, the introduction of MoS2 changed the shape of the 
composites from the original spindle to octahedron with a rough surface 
(Fig. 1b and c). It is speculated that these changes the attachment of 
MoS2 to the crystal surface of Fe-MOF prevented its further growth (Cai 
et al., 2016). In fact, the transition from micron to nanometer of Fe-MOF 
is beneficial to its full contact with visible light and exposure of more 
adsorption and reactive sites for contaminants. As expected, there was 
an obvious boundary (Fig. 1k) on the left with the lattice spacing of 0.27 
nm, which belongs to the (100) crystal plane of 2H phase MoS2 (Li et al., 
2014), and the right part was assigned to Fe-MOF. However, no apparent 
lattice stripes were observed for Fe-MOF since the construction of MOF 
materials was based on coordination, which was so fragile that it was 
difficult to retain complete lattice information under the bombardment 
of high energy electron beams (Liang et al., 2015). Furthermore, the 
HRTEM image also shows that the fragmented MoS2 nanosheets were 
uniformly dispersed in the structure of Fe-MOF with exposed (100) 
crystal planes (Fig. S1c), similar heterojunction boundaries are also 
observed in Fig. S1d. These findings suggest that the heterojunction is 
indeed formed at the phase interface between MoS2 and Fe-MOF. Be-
sides, the energy dispersive spectrometer (EDS) mapping (Fig. 1e–j) and 
spectra (Fig. 1k) also illustrate the coexistence of different elements, 
where all elements were uniformly distributed within the hybrid. 

Crystalline phase of the obtained hybrid material was analyzed by 
XRD. As displayed in Fig. 2a, the diffraction peaks of Fe-MOF can be well 
assigned to the (002), (101), (102), (103), (200), (202), (302) and (204) 
planes (Wang et al., 2011). The MF had the same diffraction peaks 
compared with pristine Fe-MOF, indicating that the retained Fe-MOF 
structure after MoS2 modification. Meanwhile, there are some new 
characteristic peaks (Fig. S3) with bragg angles at 15◦, 33◦ and 40◦

corresponding to the (002), (100) and (103) crystal planes of 2H–MoS2, 
respectively (Hu et al., 2010). Additionally, the reduction of the in-
tensity of partial diffraction peaks for the composites in comparison with 
pure Fe-MOF and MoS2, is stemmed from the mutual covering effect of 
some crystal surfaces between the two components (Zhang and Park, 
2019). 

The functional groups information for Fe-MOF and MF were studied 
by FTIR spectroscopy as depicted in Fig. 2b. The same vibration peaks in 
the photocatalysts before and after MoS2 modification signified no 
change in molecular structure of Fe-MOF with MoS2 modification. In 
detail, the peak appeared at 570 cm− 1 indicated the telescopic vibration 
of Fe–O bond in MOF, while the peaks appeared at 767 cm− 1 and 1255 
cm− 1 were assigned to the vibration peaks of C–H and C–N bonds on the 
benzene ring, respectively (Wu et al., 2016). Moreover, a pair of spikes 
peaks emerged at 1384 cm− 1 and 1572 cm− 1 corresponded to the tele-
scopic vibration of carboxyl groups, and the wide peaks observed at 
3378 cm− 1 and 3486 cm− 1 could be attributed to the asymmetric and 
symmetrical vibration of amino groups. 

The chemical states and elemental compositions of prepared photo-
catalysts were explored via XPS in Fig. 3a, where the survey scanning 
spectra of MF-1.5 clearly stated that Fe-MOF and MoS2 coexist in the 
composites. The Mo 3d orbital of MoS2 was deconvoluted into the 
following primary four peaks: peak of Mo4+ 3d3/2 (232.9 eV) (Peng 
et al., 2019); peak of Mo4+ 3d5/2 (229.8 and 229.4 eV) (Zhou et al., 

Fig. 2. (a) X-ray diffractometer patterns and (b) Fourier transform infrared 
spectroscopy spectra of iron-based metal organic framework and molybdenum 
disulfide doped iron-based metal organic framework. 
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2013); peak of Mo6+ species (232.5 eV) (Liu et al., 2016), of which the 
Mo6+ was the product of partially oxidized MoS2 (Lonkar et al., 2020). 
In addition, there was an apparent change of the Mo4+/Mo6+ peak area 
in the hybrid, which might be due to the electron transfer between Mo 
and Fe through the Mo–O–Fe bond (Xing et al., 2018). Besides, the 
high-resolution Fe 2p spectrum of Fe-MOF could be divided into three 
peaks located at 712.4, 718.0 and 725.9 eV (Fig. 3c), corresponding to 
iron(III) oxide (Shi et al., 2015). Meanwhile, as shown in Fig. 3d, the 
three peaks centered at 162.6, 163.1 and 163.8 eV in the S 2p spectrum 
of MoS2 may be ascribed to S2− 2p3/2, S2

2− species and S2− 2p1/2, 
respectively (Lonkar et al., 2020; Pan et al., 2018; Qiang et al., 2021). 
Apparently, there was an 0.4 eV deviation at high binding energy cor-
responding to the transition of S2− to S2

2− species and an 0.4 eV overall 
shift of Fe 2p peaks toward low binding energy after the MoS2 doping 
into Fe-MOF, indicating the electron transfer between Fe and S2− species 
caused by the formation of heterojunction in the hybrid (Fig. 3c and d). 
The above results clearly demonstrate the formation of heterojunction 
between Fe-MOF and MoS2 in the hybrid, in consistent with the HRTEM 
results (Wang et al., 2018). Taken together, the hybrids derived from 
Fe-MOF modified by MoS2 was successfully prepared. 

3.2. Optical property of the photocatalysts 

Optical properties of Fe-MOF and MF were examined by 
UV–visible–near-infrared spectrophotometer. As shown in Fig. 4a, Fe- 
MOF had best responses to visible light, which was in line with previ-
ous reports (Laurier et al., 2013). Unexpectedly, the response of all 
composites to visible light declined, which probably were attributed to 
the blocking of visible light adsorption caused by MoS2. Moreover, the 
band gap (Eg) of all photocatalysts was calculated according to Tauc plot 
method as follows (Balu et al., 2020; Li et al., 2020; Wang et al., 2019): 

(αhν)1/n
= A

(
hν − Eg

)
(1)  

where α, h, ν, and A represent the absorption index, Planck’s constant, 
frequency, and proportionality constant, respectively. The value of n 
was defined by the type of semiconductor bandgap and here 1/2 was 
taken since direct allowed transition (Wang et al., 2020). The final Eg 
value was determined by extrapolating the straight-line region of (αhν)2 

vs. hν plot to the horizontal axis (Challagulla et al., 2016; Wang et al., 
2016). As shown in Fig. 4b, the Eg values of Fe-MOF, MF-0.5, MF-1.0, 
MF-1.5 and MF-2.0 were calculated to be 2.48, 2.45, 2.41, 2.37 and 
2.42 eV, respectively, demonstrating that the introduction of MoS2 with 
an optimum dosage at 1.5 % was beneficial for enhancing the separation 
process of photogenerated carriers of Fe-MOF. 

3.3. Adsorption and photocatalytic evaluation 

The photoreduction experiments of Cr(VI) were performed with MF, 
Fe-MOF and MoS2 under visible light irradiation. Interestingly, since 
both Fe-MOF and MF were found to possess good adsorption capacity for 
aqueous Cr(VI) during experiments, the adsorption-desorption equilib-
rium could not be reached before the illumination was given (Fig. S4). In 
general, MF showed a better performance with an adsorption capacity of 
98.9 % within 4 h of reaction than Fe-MOF (about 5 h). The results of 
BET excluded the assumption that the enhancement of adsorption ability 
originates from the increase of the specific surface area (SSA), because 
the SSA of MF sharply reduced after modification by MoS2 (Table S1). 
Considering the presence of Cr(VI) in the form of dichromate (Cr2O7

2− ) 
in water, it is believed that the amount of adsorption is determined by 
the amount of positive charge on the surface of the composite (Fang 
et al., 2019). Zeta potential results (Fig. S5) revealed that MoS2 modi-
fication could tailor charge distribution on the surface of composites, 
increasing the abundance of positive charges on the surface and the 
capacity for Cr(VI) adsorption. 

As depicted in Fig. 5a, while only 52 % of Cr(VI) was reduced in Fe- 
MOF systems under visible-light illumination over 60 min, the 

Fig. 3. X-ray photoelectron spectroscopy of as 
prepared samples: (a) survey spectrum of 1.5 wt % 
molybdenum disulfide doped iron-based metal 
organic framework; (b) Mo 3d of molybdenum di-
sulfide and 1.5 wt % molybdenum disulfide doped 
iron-based metal organic framework; (c) Fe 2p of 
iron-based metal organic framework and 1.5 wt % 
molybdenum disulfide doped iron-based metal 
organic framework; (d) S 2p of molybdenum disul-
fide and 1.5 wt % molybdenum disulfide doped 
iron-based metal organic framework.   
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photoreduction efficiency for Cr(VI) substantially improved to 99 % 
after the modification of MoS2. The optimal doping dosage of MoS2 for 
Cr(VI) photoreduction was observed to be 1.5 %, together with a kinetic 
rate constant of 0.0553 min− 1 being 4 times that of the pure Fe-MOF 
(0.0143 min− 1) and 7 times that of MoS2 (0.0080 min− 1) (Fig. 5b). 
The decrease of the photocatalytic ability of MF-2.0 might be caused by 
reduced visible light absorption when excessive MoS2 was introduced. 
Subsequently, the photocatalysts after a 60-min reaction were collected 
for further XPS characterization to investigate the oxidation state of Cr 
species on photocatalysts surface. As shown in Fig. 5c, the two peaks 
located at 587.2 and 577.4 eV corresponding to Cr(III) but no charac-
teristic peaks of Cr(VI) proved the complete photoreduction of adsorbed 
Cr(VI) (Zhao et al., 2017). That is, the introduction of MoS2 significantly 
improved the photocatalytic performance of Fe-MOF. Notably, the Cr 
(VI) photoreduction rates of various catalysts are listed in Table 1 to 
make a comparison between the hybrid material in our work and those 
reported. Evidently, 1.5 wt % MoS2 doped Fe-MOF had the highest 
photoreduction rate compared with all reported MOF-based photo-
catalysts, which took less time to achieve 100 % Cr(VI) photoreduction 
efficiency than most of MOF-based photocatalysts except for 
NH2-MIL-88(Fe) and TiO2@NH2-MIL-88B(Fe), indicating that the 

capability of hybrid photocatalyst in the study may need an improve-
ment especially for the treatment of low concentration Cr(VI). In 
particular, precisely because the limitation of intrinsic defects, the 
iron-based MOF modified by metal oxides had dependence on ultravi-
olet light after the successful construction of heterojunction. By com-
parison, our study demonstrates that the iron-based MOF modified with 
MoS2 not only improved charge separation efficiency by virtue of the 
formed heterojunction (Fig. 6a and b), but also regulated the positive 
charge distribution on the surface of iron-based MOF (Fig. S5) and 
weakened charge transfer resistance (Fig. S7). Moreover, the dynamic 
behavior of photogenerated carriers was unclear for Cr(VI) reduction in 
those previous reports, while for the first time was explored through the 
nanosecond time-resolved TA spectroscopy in our study, as will be dis-
cussed later. Additionally, a comparable photoreduction rate was ob-
tained when compared with traditional inorganic semiconductor 
photocatalysts, as listed in Table 1. On the other hand, the results of 
conditional experiments also showed that the photoreduction efficiency 
of Cr(VI) was positively correlated with the concentration of photo-
catalysts (Fig. 5d). 

Generally, the repeatability and stability of the photocatalysts also 
play important roles in their practical application. Specifically, the MF- 
1.5 was successively collected after each reaction followed by cleaning 
and drying operations for further repeated photoreduction of Cr(VI). 
The SEM results showed that the morphology of MF-1.5 did not change 
significantly after the first (Figs. S6c and S6d) and fourth cycle experi-
ments (Figs. S6e and S6f) compared to the fresh one (Figs. S6a and S6b). 
Moreover, the stability of MF-1.5 crystal structure after the first and 
fourth cycle experiments were explored by XRD (Fig. 5f). Compared to 
the fresh one, the diffraction peak intensity of MF-1.5 did not change 
obviously after the first cycle experiment, and only slightly decrease of 
the diffraction peak intensities was found after the fourth cycle, which 
state the hybrids keep excellent tolerance under acidic reaction condi-
tions (Shi et al., 2015; Sun et al., 2014). Besides, the photoreduction 
efficiency of Cr(VI) was only reduced by 7% after four cycles as depicted 
in Fig. 5e, indicating MF-1.5 has the practical application potential with 
a good stability. 

3.4. Possible mechanisms of MF boosting Cr(VI) photoreduction 

The contribution of heterojunction and improved electrical con-
ductivity were expected to afford encouraging performance of MF in Cr 
(VI) photoreduction according to the original intention of materials 
design. EIS results (Fig. S7a) confirm the obvious reduction of the charge 
transfer resistance (Rct) of Fe-MOF after the introduction of 1.5 % MoS2, 
which exhibited the smaller Rct about 743 Ω based on the circuit fitting 
result (inset in Fig. S7a). It is speculated that uniform interpenetration of 
MoS2 within Fe-MOF led to the formation of some electronic channels 
(Radisavljevic et al., 2011), which should be responsible for enhanced 
charge transfer. Correspondingly, as shown in Fig. S7b, the charge 
transfer resistance values of the photocatalysts followed the order: MoS2 
< 1.5 % < 2.0 % < 1.0 % < 0.5 % < Fe-MOF, agreeing well with the 
order of Cr(VI) reduction efficiency. 

The characterization results of HRTEM (Fig. 1f and S1) provided a 
direct evidence of the formation of heterostructures at the interface 
between MoS2 and Fe-MOF. The separation and recombination effi-
ciency of photogenerated carriers within MF has been carefully studied 
in order to further consolidate our hypothesis. In general, the recom-
bination efficiency of photocarriers is greatly suppressed due to the 
formation of heterostructures (Li et al., 2019; Xiang et al., 2012). 
Accordingly, the variations of the photogenerated carrier recombination 
efficiency of the MF were characterized through the photoluminescence 
(PL) spectrum. In general, the increase of PL intensity indicate the 
recombination aggravation (Ma et al., 2019; Shoueir et al., 2019). As 
displayed in Fig. 6a, almost no significant fluorescence peak was 
observed for MF-1.5 compared to MoS2 and Fe-MOF, proving that the 
doping of MoS2 was favorable for repressing photogenerated 

Fig. 4. (a) UV–vis diffuse reflection spectra of molybdenum disulfide, iron- 
based metal organic framework and molybdenum disulfide doped iron-based 
metal organic framework; and (b) plot of the (αhv)2 versus hv for iron-based 
metal organic framework and molybdenum disulfide doped iron-based metal 
organic framework. 
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electron-hole recombination. Subsequently, the influence of MoS2 
modification for photogenerated electron-hole separation was further 
investigated using transient photocurrent response curve, where the 
separation efficiency of photogenerated carriers was determined by the 
magnitude of the photogenerated current (Feng et al., 2020). As 

indicated in Fig. 6b, the photocurrent intensity of photocatalysts obeyed 
the order of MF-1.5﹥Fe-MOF﹥MoS2, which revealed that MoS2 doping 
clearly boosted the separation efficiency of photogenerated carriers. The 
gradual decrease of photocurrent may be due to the fact that the elec-
trode surface is not completely stable during the test. 

Fig. 5. (a) Photocatalytic reduction of Cr(VI) ex-
periments and (b) first-order kinetic fitting over 
molybdenum disulfide, iron-based metal organic 
framework and molybdenum disulfide doped iron- 
based metal organic framework; (c) Cr 2p spec-
trum of 1.5 wt % molybdenum disulfide doped iron- 
based metal organic framework after reaction; (d) 
Effect of 1.5 wt % molybdenum disulfide doped 
iron-based metal organic framework concentration 
on the photoreduction of Cr(VI); (e) Repeatability 
test and (f) stability characterization of 1.5 wt % 
molybdenum disulfide doped iron-based metal 
organic framework.   

Table 1 
Comparison of photoreduction of Cr(VI) with various photocatalysts.  

Photocatalysts Reaction conditions (photocatalyst dosage, pH, initial Cr(VI) concentration, 
light source) 

Photoreduction 
efficiency 

Photoreduction 
rate 

Reference 

UiO-66-NH2(Zr/Hf) 0.16 mg L− 1, 2.0, 5 mg L− 1, Visible 120 min, 100 % 2.5 mg L− 1 h− 1 Du et al. (2019) 
NNU-36/15 0.375 mg L− 1, 2.17, 8 mg L− 1, Visible 60 min, 95 % 7.6 mg L− 1 h− 1 Zhao et al. (2017) 
MIL-53(Fe)/SnS 1 mg L− 1, 2.0, 20 mg L− 1, Sunlight 60 min, 70 % 3.5 mg L− 1 h− 1 Xia et al. (2018) 
WO3/MIL-53(Fe) 2.0 mg L− 1, 2.5, 10 mg L− 1, Sunlight 450 min, 80 % 0.8 mg L− 1 h− 1 Oladipo et al., 

2018 
WO3@MIL-100(Fe) 0.25 mg L− 1, 2.0, 5 mg L− 1, Visible 120 min, 100 % 2.5 mg L− 1 h− 1 Wang et al. (2020) 
NH2-MIL-88B (Fe) 0.5 mg L− 1, 2.0, 8 mg L− 1, Visible 45 min, 100 % 10.7 mg L− 1 h− 1 Shi et al. (2015) 
TiO2@NH2-MIL-88B(Fe) 0.5 mg L− 1, 4.0, 20 mg L− 1, Sunlight 40 min, 100 % 15 mg L− 1 h− 1 Yuan et al. (2019) 
1.5 wt % MoS2 doped MOF 1.0 mg L− 1, 2.0, 20 mg L− 1, Visible 65 min, 100 % 19.8 mg L− 1 h− 1 This work 
Bi12GeO20/g-C3N4 3 mg L− 1, 2.5, 10 mg L− 1, Visible 180 min, 100 % 3.3 mg L− 1 h− 1 Wan et al. (2017) 
Bi2MoO6/ZnO 2 mg L− 1, 2.0, 50 mg L− 1, Visible 150 min, 100 % 20.0 mg L− 1 h− 1 Zhang et al. 

(2019) 
Carbon dots-TiO2 

nanosheets 
1 mg L− 1, 2.0, 10 mg L− 1, Sunlight 120 min, 99 % 5.0 mg L− 1 h− 1 Li et al., 2018  
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Particularly, considering the nature of photocatalytic processes, that 
is, the charge separation steps take place in nanosecond scale, nano-
second time-resolved TA spectroscopy were used to explore the real- 
time charge separation dynamics (Grigioni et al., 2018) in the mate-
rials before and after the formation of interfacial heterojunction. As 
shown in Fig. 6c, the photocatalysts were excited to Sn state by 
two-photon excitation of 532 nm laser, which is evidenced by the sim-
ilarity between the steady-state fluorescence emission spectra under 
280 nm (Fig. 6a) and the transient fluorescence emission spectra under 
532 nm (Fig. S8). After excited to Sn state for MF-1.5, Sm state with 
lower energy levels and better stability were formed through internal 
conversion (IC) (Wei et al., 2017) induced by heterojunction compare to 
the fast luminous process inside Fe-MOF. Moreover, the lifetime of Sn 
and Sm state could be characterized by investigating the TA kinetic 
process. As kinetic profiles detected within the range of 350–500 nm 
show no discernible difference, a typical set of data at 450 nm was 
selected to represent the kinetic processes of photocatalysts (Fig. 6d). 
Compared with the lifetime of Sn state about 21.68 ns in Fe-MOF, the 
lifetime of Sm state notably increased to 44.63 ns in MF-1.5, which is 
conducive to the occurrence of subsequent reduction process of Cr(VI). 
As a results, the doping of MoS2 fundamentally improved the utilization 
of photogenerated electrons. 

On the other hand, the removal rate of Cr(VI) decreased by 74.3 % 
following the addition of photogenerated electrons scavenger (Na2S2O8) 
into the system (Fig. 6e), highly suggesting the important role of pho-
togenerated electrons in Cr(VI) removal. In addition, the ESR results in 
the Fig. 6f demonstrated that MF-1.5 exhibited a significant signal peak 
with a g value of 2.0004 belong to the characteristic peak of the electron 
in the visible light radiation (Shi et al., 2015), where Fe-MOF did not 
show any typical ESR signal in the same case. Besides, the Mott-Schottky 
measurement illustrated the band structure and intrinsic electronic 
properties of MoS2, Fe-MOF and MF-1.5 from a thermodynamic point of 
view. As depicted in Fig. 7a, the positive slope of linear fitting indicated 
that MF-1.5 was a n-type semiconductor (Yuan et al., 2019). As a 
consequence, the flat band potential (EFB) of MF-1.5 was determined to 
be − 0.17 eV (pH = 6.8) vs. Ag/AgCl electrode using the extrapolation to 
1/C2 = 0. It was also equal to 0.43 eV vs. NHE (pH = 6.8) according to 
eq. (2) (Sun et al., 2019; Wang et al., 2019). 

EFB (vs. NHE) = EFB (pH = 0, vs. Ag/AgCl) + EAgCl + 0.059*pH (2)  

where the value of EAgCl is 0.197 eV and the pH value of the system is ca. 
6.8 (Liu et al., 2020). Usually, there is an approximate process that the 
conduction band potential (ECB) of n-type semiconductors is generally 

Fig. 6. (a) Photoluminescence spectra and (b) 
transient photocurrent response curve for molyb-
denum disulfide, iron-based metal organic frame-
work and 1.5 wt % molybdenum disulfide doped 
iron-based metal organic framework; (c) The charge 
separation schematic diagram of 1.5 wt % molyb-
denum disulfide doped iron-based metal organic 
framework, and (d) the nanosecond transient ab-
sorption kinetics at 450 nm of the photocatalysts for 
excitation under 532 nm laser. (e) Photoelectrons 
trapping experiment of 1.5 wt % molybdenum di-
sulfide doped iron-based metal organic framework; 
(f) Electron spin resonance spectra of iron-based 
metal organic framework and 1.5 wt % molybde-
num disulfide doped iron-based metal organic 
framework under the radiation of visible light.   
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lower than that of EFB about 0.3 eV (Xu et al., 2015), so the ECB of MF-1.5 
is located at 0.13 eV, which is more negative than the Cr6+/Cr3+ couple 
potential (1.33 V vs. NHE) (Saha et al., 2011), suggesting that the 
photoelectrons on the conduction band of MF-1.5 had sufficient reduc-
tion ability to realize Cr(VI) to Cr(III) in thermodynamics. Similarly, the 
ECB and valence bands (EVB) of Fe-MOF (Fig. 7b) and MoS2 (Fig. 7c and 
d) are at 0.21, 2.69 eV vs. NHE, and − 0.23, 1.28 eV vs. NHE, respec-
tively. Although the electrons on the conduction bands of MoS2 and 
Fe-MOF also have the ability to reduce Cr(VI), the excited photo-
generated electrons will quickly recombine due to the lack of hetero-
junction, thus showing the limited photoreduction ability of Cr(VI) in 
the actual process. 

In conclusion, the whole process of electron transfer is shown in the 
following mechanism diagram (Fig. 8). Under visible light excitation, 
the electrons excited to the MoS2 conduction band will quickly migrate 

to the Fe-MOF conduction band under the effect of the IC caused by the 
heterojunction, and then be utilized by the Cr(VI) adsorbed on its sur-
face. Meanwhile, the holes trapped in the Fe-MOF valence band will also 
move to the MoS2 valence band to complete the continuous supply of 
electrons depending on sacrificial methanol. Overall, the pathway of Cr 
(VI) photoreduction by MF-1.5 under visible light radiation was pro-
posed as follows: 

MF − 1.5 + hν → h+ + e− (3)  

Cr2O2−
7 + 6e− + 14H+ → 2Cr3+ + 7H2O (4)  

CH3OH + h+ → H2O + CO2 (5)  

4. Conclusions 

The unique photocatalyst was successfully obtained through the 
introduction of molybdenum disulfide in the process of iron-based metal 
organic framework synthesis in this paper. The regulation of the positive 
charge on the iron-based metal organic framework surface by molyb-
denum disulfide realizes the rapid adsorption of hexavalent chromium, 
which provides a premise for the further efficient photoreduction pro-
cess. Deeply, the introduction of molybdenum disulfide greatly facili-
tated the separation efficiency of photoproduced carriers and extended 
the life of photoproduced electrons owing to the effect of heterogeneous 
junction formed between the interface of molybdenum disulfide and 
iron-based metal organic framework. Moreover, rapid migration of 
photoproduced electrons within the composite materials was also real-
ized with the help of the excellent electron conduction capability of 
molybdenum disulfide. These superior performances comprehensively 
resulted in excellent capacity toward hexavalent chromium reduction of 
molybdenum disulfide doped iron-based metal organic framework 
under visible light radiation. Finally, the photogenerated electrons have 
been confirmed as the most important active species by free radical 

Fig. 7. (a), (b) and (c) typical Mott-Schottky plots of 1.5 wt % molybdenum disulfide doped iron-based metal organic framework, iron-based metal organic 
framework and molybdenum disulfide; (d) plot of the (αhv)2 versus hv for molybdenum disulfide. 

Fig. 8. Proposed mechanism of hexavalent chromium photoreduction by mo-
lybdenum disulfide doped iron-based metal organic framework under visible 
light radiation. The red, gray and white spheres represent oxygen, carbon and 
hydrogen atoms, respectively. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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trapping experiments in the whole photoreduction process. Overall, this 
work affords a deep insight into role of the heterojunction from a 
microscopic perspective, which provides inspiration for the preparation 
of highly-efficient environmental functional photocatalysts based on 
iron-based metal organic frameworks. 
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