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A B S T R A C T   

Active site engineering is of significant importance for developing high activity metal-organic frameworks 
(MOFs) for catalytic applications. Herein, we develop a one-pot strategy to construct bimetal organic frameworks 
with Fe-Co dual sites for Fenton-like catalysis. Density functional theory (DFT) demonstrated that the introducing 
Co heteroatoms into MIL-101(Fe) (MIL represents Matérial Institute Lavoisier) was favorable for the formation of 
electron-deficient centers around benzene rings and electron-rich centers around Fe/Co. This synergistic effect 
could effectively decrease the energy barrier of H2O2 activation. Due to the facilitated charge transfer in the 
coordinated structures, MIL-101(Fe,Co) with engineered dual sites exhibited exceptionally high efficiency for the 
degradation of ciprofloxacin (CIP). The reaction rate of MIL-101(Fe,Co)/H2O2 system was 0.12 min− 1, which was 
nearly 7.5 times higher than that of pristine MIL-101(Fe). The reaction mechanism of heterogeneous Fenton-like 
catalysis was fundamentally investigated by series of in-situ techniques, such as DRIFTS and Raman. ⋅OH radicals 
generated by H2O2 activation endowed the inspiring ability of MIL-101(Fe,Co) for water decontamination. This 
work offers a facile principle of exploring MOFs-based Fenton-like catalysts with a wide working pH range for 
environmental applications.   

1. Introduction 

Metal-organic frameworks (MOFs), where are porous materials 
constructed by the coordination among metal ions/clusters and organic 
ligands (Liu et al., 2019; Yuan et al., 2017; Furukawa et al., 2013; Lee 
et al., 2009; Katsoulidis et al., 2019), have received tremendous scien-
tific attention because of their potential applications, such as gas 
adsorption/separation (Tian et al., 2018; Brandt et al., 2019), drug de-
livery (Simon-Yarza et al., 2018; Rojas et al., 2019), electronics (Wang 
et al., 2018; Wu et al., 2017), chemical sensing (Hao et al., 2018; Hao 
and Yan, 2017), etc. Specifically, the properties of inherent porosity, 
well-defined pore structure and large surface area make MOFs attractive 
catalysts for energy conversion and environmental remediation appli-
cations (Zhao et al., 2018; Tao et al., 2017). During the past years, novel 
MOFs-based nanostructures with various morphologies have been 

developed, several of which exhibited pronounced effects on water 
decontamination. For example, Fe-based MOFs have been recently 
explored as Fenton-like catalysts for the oxidation of recalcitrant organic 
contaminants (Cheng et al., 2018). The ⋅OH-involved Fenton-like re-
actions exhibit absolute advantage than the classical Fenton process, 
which suffers from the narrow working range of pH (Du et al., 2016; 
Clarizia et al., 2017), the mass generation of iron mud and the slow 
conversion of Fe(III)/Fe(II) redox pairs (Pignatello et al., 2006; Xing 
et al., 2018). Nevertheless, the practical application of MOFs-based 
catalysts in the Fenton-like process is largely inhibited by their moder-
ate activity. New material strategy is highly desirable for improving the 
catalytic activity of MOFs-based nanomaterials. 

With respect to catalytic reactions, the catalytic performance of 
catalysts is usually dependent with their electronic structures. In recent 
years, tremendous efforts are being pursued to modulate the active sites 

* Corresponding author. 
E-mail address: xqan@tsinghua.edu.cn (X. An).  

Contents lists available at ScienceDirect 

Journal of Hazardous Materials 

journal homepage: www.elsevier.com/locate/jhazmat 

https://doi.org/10.1016/j.jhazmat.2020.124692 
Received 8 July 2020; Received in revised form 5 November 2020; Accepted 24 November 2020   

mailto:xqan@tsinghua.edu.cn
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2020.124692
https://doi.org/10.1016/j.jhazmat.2020.124692
https://doi.org/10.1016/j.jhazmat.2020.124692
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2020.124692&domain=pdf


Journal of Hazardous Materials 406 (2021) 124692

2

of MOFs, such as doping (Wang et al., 2011; Li et al., 2016), surface 
modification (Dhakshinamoorthy et al., 2016; Yin et al., 2019), and 
defect engineering (Fan et al., 2017; Fang et al., 2015; Smolders et al., 
2019). The construction of bimetallic or multimetallic reaction centers 
has emerged as another effective way to improve the activity of MOFs. 
With tailorable charge distribution and increased active sites, this 
strategy has already met great success in the exploration of 
high-performance MOFs for energy conversion and chemical synthesis. 
For example, Zhang et al. reported that adding tungsten could effec-
tively alter the electronic structure of FeCo oxyhydroxides, resulting in 
the decreased driving voltages of oxygen-evolution reactions (OER) for 
water splitting cells (Zhang et al., 2016). Wen et al. demonstrated that 
the introduction of Bi nanoparticles into Sn nanosheets led to the shift of 
electron density from Sn to Bi, and facilitated the conversion of CO2 into 
formate (Wen et al., 2018). In comparison, active site engineering of 
MOFs-based Fenton-like catalysts by bimetal coordination is still an 
underexplored area. 

Inspired by these results, we hypothesized the construction of MOF- 
based Fenton-like catalysts with bimetallic reaction centers, by linking 
benzene rings in terephthalic acid to the central (Fe/Co) ions via C‒O‒ 
Fe/Co bonds. DFT calculation indicated that the introduction of Co(II) 
into MIL-101(Fe) not only facilitated the charge transfer in the coordi-
nated system, but also provided additional active sites for the Fenton- 
like reactions. During the degradation of CIP, the π− π stacking be-
tween the benzene rings of MIL-101(Fe,Co) and the benzene rings of CIP 
led to the adsorption and the electron transfer from the latter to the 
former. Meanwhile, the electrons were transferred from the electron- 
deficient centers around the benzene rings to the electron-rich centers 
around the metal ions to form Co(II). The unique charge transfer over-
came the speed-limiting step of conventional Fenton reaction, therefore 
increased the CIP degradation efficiency by ~7.5 times. The radical- 
involved processes, pathways of Fenton-like reactions and mechanism 
of CIP degradation were fundamentally investigated by series of in-situ 
characterizations. 

2. Experimental section 

2.1. Synthesis of MIL-101(Fe) and MIL-101(Fe,Co) 

MIL-101(Fe) was synthesized through solvothermal process accord-
ing to a previously reported method with some modifications (Wang 
et al., 2014). In a typical procedure, 1.08 g FeCl3⋅6H2O and 0.66 g 1, 
4-benzenedicarboxylic acid (H2BDC) were dissolved into 80 mL of N, 
N-dimethylformamide (DMF) with rapid magnetic stirring for about 3 h. 
Then, the mixed solution was transferred into a 100-mL Teflon-lined 
autoclave and was maintained at 110 ◦C for 20 h. After cooling down 
to room temperature, the precipitates were washed by DMF and alcohol 
in sequence for three times, and subsequently collected by centrifuga-
tion. The final samples were obtained after drying in a vacuum oven at 
60 ◦C overnight and then stored in an air-tight container. For compari-
son, MOF(Co) was also synthesized by the above method, where 1.16 g 
Co(NO3)2⋅6H2O was used to replace 1.08 g FeCl3⋅6H2O. 

To synthesize MIL-101(Fe,Co), similar procedures as that of MIL-101 
(Fe) were used, except for the addition of Co(NO3)2⋅6H2O to the mixed 
solution of FeCl3 and H2BDC. MIL-101(Fe,Co) catalysts with various 
molar ratios of Co to Fe (RCo:Fe), i.e., 5%, 10%, 20%, and 40%, were 
synthesized respectively, and the obtained catalysts were named as x% 
MIL-101(Fe,Co) (x = 5, 10, 20, and 40) accordingly. The molar ratios of 
Co/Fe for different products are illustrated in Table S5, and 20%MIL- 
101(Fe,Co) was used most regularly and was briefly expressed as MIL- 
101(Fe,Co) unless otherwise noted. 

2.2. Characterization 

The crystal information of these catalysts was collected by using an 
X-ray diffractometer (XRD, PANalytical X’ Pert Pro MPD). The 

morphology was recorded by FE-SEM (JEOL, JSM-7001 F) and TEM 
(JEOL, JEM-2100 F). EDX elemental mapping of the samples was con-
ducted during TEM analysis. XPS was analyzed by using an XPS spec-
trometer (Thermo ESCALAB 250Xi) equipped with Al Kα radiation 
source (1486.6 eV, 150 W, 10 mA, 15 kV), and the obtained XPS spectra 
were calibrated according to the C 1 s at 284.6 eV. Nitrogen adsorption- 
desorption isotherms were recorded on a Micromeritics ASAP 2020 
analyzer at 77 K, and the relative pressure (P/P0) range was 1.0 ×
10− 8− 9.9 × 10− 1. FT-IR spectra of the solid samples were examined by a 
Thermo Nicolet 8700 spectrometer. The trapping-radical signals were 
collected on ESR spectrometer (Bruker ESP 300E). Lewis acid sites were 
investigated by in-situ diffuse reflection using Fourier transform spec-
troscopy (DRIFTS) technique using pyridine as probe. In-situ Raman 
spectra of as-prepared samples were collected on a confocal microscopic 
Raman spectrometer (Reinishaw inVia-Reflex, UK) with 40 mW 532 nm 
laser light irradiation. 

2.3. Catalytic activity test 

To evaluate the catalytic activities of the as-prepared samples in the 
Fenton reaction, Ciprofloxacin (CIP) was used as the model pollutant. 
Typically, 20 mg as-prepared catalyst samples were added to 100 mL of 
CIP solution at 20 mg⋅L-1, and the pH of the solution was adjusted to 5.0 
by adding 0.1 M HCl or 0.1 M NaOH solution. The mixture was 
magnetically stirred at 500 rpm in a water bath (T = 25 ± 1 ◦C) for 30 
min to achieve the adsorption-desorption equilibrium, and then 50 μL 
H2O2 was added for further reaction. At specific intervals, 2 mL liquid 
was withdrawn and then filtered. Excessive catalase (CAT) was rapidly 
added into the filtrate to terminate the Fenton-reaction and the samples 
were kept in the dark at 4 ◦C before analysis. 

The CIP concentrations were determined using a high performance 
liquid chromatography (HPLC, Agilent 1260) equipped with a reversed 
phase column (Agilent ZORBAX SB-C18), and the detection wavelength 
was 277 nm. The mobile phase was 1‰ phosphoric acid and methanol at 
the volume ratio of 45 : 55, and the flow rate was 0.75 mL⋅min− 1. 
Leaching of Fe and Co was analyzed using an inductively coupled plasma 
optical emission spectrometer (ICP-OES, Agilent 710), and the total 
organic carbon (TOC) concentrations were detected using a TOC-VCPH 
analyzer (SHIMADZU, Japan). The details of characterization, inter-
mediate products analytical methods and DFT calculation methods were 
all presented in the Supporting Information. 

3. Results and discussion 

3.1. DFT calculations 

MIL-101(Fe), an octahedral coordination architecture composed by 
coordinating trivalent iron and terephthalic acid, was used as host ma-
terial for the construction of dual-site MOFs. The effect of Co substitu-
tion on the electronic structure of MIL-101(Fe) was firstly investigated 
by DFT calculations. For pristine MIL-101(Fe) (Fig. S1), two- 
dimensional valence electron density (VED) around benzene ring was 
lower than those around oxygen and iron atoms. It indicated that π 
electrons were inclined to transfer from the benzene rings to the tran-
sition metal centers via the C‒O‒Fe bonds. Due to the larger electro-
negativity of Co (1.88) than Fe (1.83), the introduction of Co atoms into 
MIL-101(Fe) decreased the VED around Fe from 4.56 e⋅Å-3 to 4.45 e⋅Å-3 

(Fig. S1 and Fig. 1). This facilitated the shift of electrons from Fe to Co 
centers through Fe‒O‒Co bonds, endowing the largest VED of 5.35 e⋅Å-3 

for Co atoms in MIL-101(Fe,Co) (Fig. 1). These calculations demon-
strated the changed charge distribution in bimetallic MIL-101(Fe,Co) 
caused by dual site engineering. Consequently, electron-deficient cen-
ters were formed around the benzene rings, whereas the electron-rich 
centers were located near to the atoms of Fe and Co. 

The contribution of dual active sites to the adsorption and activation 
of H2O2 on the surface of MOFs were thereafter studies. When exposed 
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Fig. 1. DFT calculations for structure of different views (a, b) and the corresponding two-dimensional valence electron density color-filled maps (c, d) of the 
bimetallic MIL-101(Fe,Co). Gray, white, red, green, magenta and blue circles denote C, H, O, Cl, Fe and Co atoms, respectively. 

Fig. 2. Calculated energy profiles for H2O2 dissociation on (a) MIL-101(Fe) and (b) MIL-101(Fe,Co) surfaces (H2O2 + e− → ⋅OH + OH− ); Schematic illustration of 
H2O2 dissociation processes over (c) MIL-101(Fe) and (d) MIL-101(Fe,Co) surfaces of top view. Gray, white, red, cyan, green, magenta and blue circles denote C, H, O, 
O of H2O2, Cl, Fe and Co atoms, respectively. 
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to H2O2, the calculated adsorption energy (Eads) over MIL-101(Fe) and 
MIL-101(Fe,Co) was determined to be − 1.05 eV and − 1.72 eV, respec-
tively. This indicates that these H2O2 molecules were prone to be 
adsorbed on the surface of MIL-101(Fe,Co) (Table S1). Subsequently, 
H2O2 may dissociate through two different pathways (Pathway I: H2O2 
+ e− → ⋅OH + OH− ; Pathway II: H2O2 − e− → ⋅OOH + H+). With regard 
to the second pathway, H2O2 dissociated into ⋅OOH on the surfaces of 
MOFs through the cleavage of H‒O bond (Fig. S2a and b). However, the 
corresponding activation energy barriers over MIL-101(Fe) (0.99 eV in 
Fig. S2c) and MIL-101(Fe,Co) (0.85 eV in Fig. S2d) were much higher 
than those of Pathway I. For the MIL-101(Fe), the energy barrier of 
Pathway I was only 0.55 eV (Fig. 2a). Specifically, H2O2 combined with 
Fe(III) via Fe‒O bonds (step 0 → step 1 in Fig. 2c), with the elongation of 
O‒O bond (lo-o) of adsorbed H2O2. As reaction proceeded, the lo-o was 
further lengthened from 2.26 Å to 2.50 Å (step 1 → step 2 in Fig. 2c). 
Then, the O‒O bond was broken to form two stable Fe‒O bonds (step 2 
→ step 3 in Fig. 2c). The introduction of cobalt into MIL-101(Fe) 
decreased the energy barrier of Pathway I to 0.40 eV (Fig. 2b). Due to 
the synergistic effect, as-generated ⋅OH bonded to the neighboring co-
balt atoms via Co‒O bond at the last step of H2O2 dissociation (Fig. 2d). 
These results of DFT calculations were consistent with the results of the 
4-coordination system (Figs. S3− S6). The thermodynamically favorable 
formation of ⋅OH in MIL-101(Fe,Co) demonstrated that dual site engi-
neering could provide an effective approach to improve the activity of 
MOF for Fenton-like catalysis. 

3.2. Synthesis and characterizations of catalysts 

A series of proof-of-concept experiments were carried out to verify 
the theoretical conclusions. Firstly, MOFs-based catalysts with different 
RFe:Co were synthesized by a facile hydrothermal method. X-ray 
diffractometer (XRD) patterns of as-prepared samples were displayed in  
Fig. 3a. MIL-101(Fe) showed high crystallinity with five major 

diffraction peaks at 2θ values of 5.12◦, 5.83◦, 8.38◦, 8.99◦, and 16.39◦, 
which was in good accordance with previous studies (Wang et al., 2014; 
Hong et al., 2009). In comparison to MIL-101(Fe) rather than MOF(Co), 
a slightly changed framework topology was observed for MIL-101(Fe, 
Co) (Fig. S7a). The right-shift of diffraction peaks, together with the 
decreased peak intensity, well conformed the successful incorporation of 
Co atoms into the lattices of MIL-101(Fe). Rietveld refinement results 
(Fig. S8) further evidenced the slight variation of unit cell parameters in 
MOFs caused by heteroatom hybridization (Table S3). Scanning electron 
microscope (SEM) observation suggested that MIL-101(Fe) was 3-D 
octahedral architecture with the diameter ranged from 300 nm to 
1 µm (Fig. 3b). Based on a statistical calculation of more than 50 par-
ticles, the average diameter of MIL-101(Fe) and MIL-101(Fe,Co) was 
about 600 nm (Fig. S9). The incorporation of Co atoms exhibited 
ignorable effect on the shape and particle size of materials (Fig. 3c), and 
the surface of bimetallic MIL-101(Fe,Co) appeared rougher than 
MIL-101(Fe) (Fig. 3d). Energy dispersive X-ray (EDX) mapping images 
(Fig. 3e) proved the uniform distribution of Fe and Co elements in 
MIL-101(Fe,Co). In contrast, MOF(Co) displayed a completely different 
morphology, i.e., irregularly arranged quadrangular prism with the 
diameter ranged from 200 nm to 500 nm (Fig. S7b). 

In the Fourier transform infrared spectra (FTIR) (Fig. 3f), both MIL- 
101(Fe) and MIL-101(Fe,Co) showed characteristic peaks at 549, 750, 
1396, and 1545 cm-1. These peaks were ascribed to the Fe‒O bending 
vibration, C-H bending vibration of the benzene ring, O‒C˭O asym-
metric stretching vibration, and O‒C˭O symmetric stretching vibration 
of carboxyl groups, respectively (Gu et al., 2019). This confirmed and 
the successful coordination between dicarboxylate linkers and metal 
ions. For MIL-101(Fe,Co), a new peak corresponding to Co‒O bending 
vibration was observed at 620 cm-1, suggesting the formation of bimetal 
centers in MIL-101(Fe,Co) framework (inset of Fig. 3f) (Krickl and 
Wildner, 2009; Ashokkumar and Muthukumaran, 2014). As for the N2 
adsorption-desorption analysis, all samples displayed the typical type-I 

Fig. 3. SEM images of MIL-101(Fe) (a) and MIL-101(Fe,Co) (b); TEM image (c) and corresponding EDX mapping (d) of MIL-101(Fe,Co); XRD patterns (e) and FTIR 
spectra (f) of MIL-101(Fe) and MIL-101(Fe,Co). 
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isotherm with no hysteresis loop (Fig. S10a) (Lin et al., 2012). According 
to the pore size distribution analysis (Fig. S10b), both MIL-101(Fe) and 
MIL-101(Fe,Co) exhibited sharp peaks below 2 nm. For MIL-101(Fe,Co), 
the enhanced intensity of peak at 2.23 nm confirmed the formation of 
more mesoporous pores upon the introduction of cobalt. The SBET of 
MIL-101(Fe,Co) was determined to be 1206.75 m2⋅g− 1 (Table S4), 
which was much higher than that of MIL-101(Fe) (848.65 m2⋅g− 1). The 
introduction of Co atoms should be favorable for the exposure of active 
sites, thus potentially benefits the surface mass transfer of reaction 
species. 

The electronic structure of site-engineered MOFs was further studied 
by X-ray photoelectron spectroscopy (XPS), electron spin resonance 
(ESR), cyclic voltammetry (CV) and UV–visible diffuse reflectance 
spectrum (UV-Vis DRS) measurements. Compared to pristine MIL-101 
(Fe), a left shift of valence band (VB) edge toward to the vacuum level 
was observed in the VB XPS spectrum of MIL-101(Fe,Co) (Fig. S11). It 
indicated that introducing Co(II) could alter the electronic structure of 
MOFs (Fig. S12a) (Xue et al., 2019). The formation of bimetallic struc-
ture was confirmed by the Fe 2p and Co 2p peaks in the survey XPS 
spectrum. Based on the high-resolution Co 2p spectrum, the peaks at 
binding energies of 784.3 and 796.4 eV could be attributed to Co 2p3/2 
and Co 2p1/2 of Co(II), respectively (Fig. S12b). The two satellite peaks, 
locating at 789.9 and 802.8 eV, were the fingerprints of Co(II) species 
(Zhao et al., 2018). In the high-resolution Fe 2p spectrum of MIL-101 
(Fe), the two typical peaks centered at binding energies of 712.4 and 
726.2 eV corresponded to Fe 2p3/2 and Fe 2p1/2, respectively. After 
Gaussian curve fitting, the fitted peaks at 712.3, 714.7, and 726.2 eV 
were attributed to Fe(III), and the satellite peaks located at 719.3 and 
730.7 eV were the fingerprints of Fe(III) (Fig. 4a). The chemical valence 

of Fe in MIL-101(Fe) was inferred to be +III, and this agreed with what 
have been reported before (Tang and Wang, 2018). Due to the decreased 
electron density of Fe centers, the Fe 2p peaks of MIL-101(Fe,Co) shifted 
to the higher binding energies (Zhao et al., 2018). Similar peak shift was 
observed for the C 1 s and O 1 s peaks, indicating the electron density 
transfer from non-metallic sections to metal centers caused by the 
introduction of divalent cobalt (Fig. S13) (Dahéron et al., 2008). Based 
on the ESR measurements, the peak centered at g = 2.002 was attributed 
to the coordination of Fe(III) with benzene rings (Zheng et al., 2019). 
The charge transfer from benzene rings to cobalt atoms led to the 
left-shift of ESR peak and the weakened signal intensity (Fig. 4b). These 
results validated the polarization distribution of electrons on the catalyst 
surface caused by cobalt doping, forming the electron deficient-center 
and electron-rich center (Lyu et al., 2020). In addition, compared with 
MIL-101(Fe), the smaller size of the CV rings indicated that the intro-
duction of cobalt made the electron transfer rate of MIL-101(Fe,Co) 
faster, in agreement with the smaller band gap value (Eg) in UV-Vis 
DRS spectra (Fig. 4c and Fig. S14). The negative shift of oxidation 
peak further evidenced the transfer of interface electrons to Co(II) 
through Fe‒O‒Co bonds (Yu et al., 2018). The electrochemical imped-
ance spectrum (EIS) analysis proved that the interfacial electron transfer 
was significantly improved by the introduction of dual-reaction centers 
in MIL-101(Fe,Co) (Fig. 4d). 

3.3. Fenton-like catalytic properties 

Ciprofloxacin (CIP), one of the most common fluoroquinolone anti-
biotics, was chosen as the model pollutant to evaluate the Fenton-like 
activity of site-engineered MOFs, due to its non-biodegradability and 

Fig. 4. High-resolution Fe 2p XPS spectra (a), ESR spectra (b), CV curves (c), and Nyquist plots (d) of MIL-101(Fe) and MIL-101(Fe,Co).  
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widespread occurrence in water environment (Li and Hu, 2018). As 
displayed in Fig. 5a, blank MIL-101(Fe), MOF(Co), and MIL-101(Fe,Co) 
exhibited poor activity for degrading CIP pollutants. After the addition 
of H2O2, the enhanced removal of CIP over MIL-101(Fe), MOF(Co), and 
MIL-101(Fe,Co) well suggested their intrinsic abilities for Fenton-like 
oxidation. Furthermore, the CIP removal ratio of MIL-101(Fe,Co) 
(97.8%) was higher than that of the sum of MIL-101(Fe) (55.2%) and 
MOF(Co) (14.3%), which proved that there was an notable synergistic 
effect between Fe and Co sites in MIL-101(Fe,Co). According to the 
fitting curves (Fig. 5b), the degradation of CIP followed a two-stage 
pseudo-first-order kinetics (Text S1). The fast degradation in the first 
2.5 min was ascribed to the relative excess of H2O2 in the solution. 
Meanwhile, the complicated interactions between active sites and 
absorbed intermediates would cause the decrease of reaction kinetics. 
Therefore, kinetic rate constant (k) of the second reaction stage was used 
to evaluate the overall degradation reaction. On the basis of kinetics 
fitting (Fig. 5b), kinetic rate of MIL-101(Fe,Co)/H2O2 system was 
0.12 min− 1. This value was 7.5 times higher than that of MIL-101 
(Fe)/H2O2 system (0.016 min-1), and even much higher than those re-
ported in recent reports (Table S5 and Fig. 5c) (Wang et al., 2018; 
Hassani et al., 2018; Luo et al., 2019; Ma et al., 2015; Mao et al., 2019; Li 
et al., 2019; Diao et al., 2017; Ding et al., 2019; Wang et al., 2019; 
Kumar et al., 2017; Zhang et al., 2019; Sayed et al., 2017). The major 
reason for the remarkably promoted kinetics should be the synergistic 
effect between Fe and Co sites, rather than the slightly increased BET 
surface area of MIL-101(Fe,Co). The introduction of cobalt into MIL-101 
(Fe) optimized the electronic structure, which effectively decreased the 

energy barrier of H2O2 activation and achieved the efficient generation 
of ⋅OH radicals. 

To achieve more insight into the synergistic effect, the catalytic 
performance of MIL-101(Fe,Co) with different ratios of Co to Fe (RCo:Fe) 
was investigated (Fig. 5d and Table S6). With elevated RCo:Fe from 5% to 
20%, the kinetic constants of CIP degradation increased from 0.047 to 
0.12 min− 1. No further improvement of CIP degradation was achieved 
for RCo:Fe of 40%. Based on Fig. S15, this should be attributed to the 
leaching of cobalt from catalysts with high RCo:Fe. The effect of reaction 
parameters, including initial pH, H2O2 doses, catalyst doses and tem-
perature, on the catalytic performance of MIL-101(Fe,Co) were further 
investigated. As shown in Fig. S16, bimetallic MIL-101(Fe,Co) exhibited 
high catalytic activity in the pH range of 5–7, indicating the superiority 
of bimetallic MIL-101(Fe,Co) over traditional Fenton-like catalysts. Due 
to the higher redox potential of ⋅OH radicals, the highest k value of 
0.12 min− 1 was achieved at pH of 5. The dissociation constants of CIP in 
water were 5.8 and 8.2 (Li et al., 2020) And the point of zero charge 
(pHPZC) of MIL-101(Fe,Co) was 7.2 (Fig. S17). Under different pH 
values, the major forms of CIP were determined to be cation (CIP+) (pH 
< 5.8), zwitter-ion (CIP±) (5.8 < pH < 8.2), and anion (CIP− ) (pH >
8.2). For pH < pHPZC, the surface of the catalyst was protonized and 
positively charged, while pH > pHPZC resulted in the deprotonized and 
negatively charged surface. The low CIP removal efficiency under high 
pH conditions should be ascribed to (i) the decreased redox potential of 
⋅OH radicals with rising pH; (ii) the spontaneous decomposition of H2O2 
(Tang and Wang, 2019); (iii) the electrostatic repulsion between the 
negatively charged MIL-101(Fe,Co) and the anionic form of CIP. As 

Fig. 5. CIP degradation curves under various reaction conditions (a) and the corresponding kinetic curves (b); (c) Comparison of reaction rate constant (k) with 
previously reported catalysts; (d) The effect of Co content on the Fenton-like activity of MIL-101(Fe,Co) for CIP degradation. Reaction conditions: 20 mg⋅L− 1 of CIP, 
pH = 5, catalyst dose of 0.2 g⋅L− 1, and H2O2 dose of 5 mM. 
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shown in Fig. S18, the removal ratio of CIP showed a positive correlation 
with the dose of MIL-101(Fe,Co) in the range of 0.1–0.8 g⋅L− 1. The 
overdose of H2O2 showed inhibitive effects on the CIP degradation, and 
the optimal dose in the MIL-101(Fe,Co)/H2O2 system was determined to 
be 5 mM. 

3.4. Stability of MIL-101(Fe,Co) 

Another important point that must be considered for practical 
application is the catalyst stability. As can be seen from Fig. S19a, only a 
slight decrease of catalytic activity was observed for MIL-101(Fe,Co) 
after 5 reaction cycles. According to the SEM and XRD characteriza-
tions of recycled MIL-101(Fe,Co), the ignorable change in the 
morphology and phase structure validated the good stability of site- 
engineered catalysts (Figs. S19b and c). The concentrations of leached 
Fe and Co in the reaction solution were determined to be 1.01 mg⋅L− 1 

and 0.23 mg⋅L− 1, respectively. These values were much lower than the 
wastewater discharging standard in China, i.e., 2 mg⋅L− 1 for Fe (GB 
13456–2012) and 1 mg⋅L− 1 for Co (GB 25467–2010) (Fig. S19d). 
Toxicity assessment further evidenced the significantly reduced toxicity 
of reaction solution (Fig. S20) (Wen et al., 2011). Overall, these results 
demonstrated the priority and great potential of MIL-101(Fe,Co) for the 
disintoxication of contaminated water. 

3.5. Possible catalytic mechanism 

The mechanism of Fenton-like catalysts for H2O2 activation and CIP 
degradation was investigated by a series of in-situ measurements. The 
synergistic impact of dual site engineering on the surface acidity of 

bimetallic MOFs was firstly studied. Fig. 6a displayed the in-situ DRIFTS 
of MIL-101(Fe) and MIL-101(Fe,Co) for pyridine adsorption. Both 
samples exhibited three peaks positioned at 1070, 1040, and 1015 cm− 1, 
which were attributed to the ν18, ν12, and ν1 modes of pyridine coordi-
nated to Lewis acid sites, respectively (Yu et al., 2019). MIL-101(Fe,Co) 
exhibited much stronger signal intensity than pristine MIL-101(Fe), 
indicating the facilitated formation of Lewis acid sites by Co(II) 
doping. Note that H2O2 was a Lewis base, the enhanced adsorption of 
H2O2 onto these Co/Fe dual sites should contribute to the activation of 
H2O2 for CIP oxidation (Gao et al., 2017). In situ Raman spectra further 
validated this synergistic effect (Fig. 6b). Metal sites can combine with 
H2O2 to form short lifetime complexes and form a Raman absorption 
peak near 877 cm− 1. For MIL-101(Fe,Co) suspensions, a new peak at 
877 cm− 1 emerged after the addition of H2O2, which was attributed to 
the O‒O stretching of peroxo complexes (Lyu et al., 2016). This indi-
cated the effective activation of H2O2 molecules over the bimetal sites of 
MIL-101(Fe,Co). With the decomposition of H2O2, the intensity of the 
peak would decrease with the reaction time. The peak at 865 cm− 1 was 
assigned to the C‒C bond of aromatic rings (Gao et al., 2017). With the 
increasing of reaction time, the ratio I877/I865 gradually decreased from 
0.25 to 0.16. It indicated that H2O2 molecules drew electrons from the 
metal center (electron-rich center) of MIL-101(Fe,Co) and cleaved into 
⋅OH. 

The interactions between activated H2O2 and CIP molecules was 
investigated by attenuated total reflection FTIR (ATR-FTIR) analysis. In 
Fig. 6c, the characteristic quinolone and piperazinyl peaks of CIP were 
observed at 1674 and 2849 cm− 1 (Jia et al., 2020; Dong et al., 2016). 
The peaks at 1030, 1285 and 1423 cm− 1 were ascribed to the C‒F, O‒H 
of ‒COOH and C‒H of aromatic rings in CIP, respectively (Aytac et al., 

Fig. 6. (a) In-situ DRIFT spectra of MIL-101(Fe) and MIL-101(Fe,Co) using pyridine as probe; (b) Real-time Raman spectra of MIL-101(Fe,Co) aqueous dispersion in 
the presence of H2O2; (c) ATR-FTIR spectra of MIL-101(Fe,Co) during Fenton-like reactions; (d) Partial enlargement of picture (c). 

H. Liang et al.                                                                                                                                                                                                                                   



Journal of Hazardous Materials 406 (2021) 124692

8

2019; Yan et al., 2013). With the increase of reaction time, the ignorable 
shift of v(OH) peak demonstrated that CIP would not firstly complex with 
metal sites through the dehydrogenation of OH (Lyu et al., 2018). In 
contrast, red-shifts of 5 and 8 cm− 1 were observed for the quinolone in 
CIP and C‒H (aromatic rings) in MIL-101(Fe,Co), respectively (Fig. 6d). 
This suggested the charge transfer from CIP to MIL-101(Fe,Co) through 
π− π stacking. Meanwhile, electrons originated from the benzene rings of 
MIL-101(Fe,Co) transferred to metal atoms, facilitating the formation of 
dual reaction centers. As a result, CIP molecules were gradually 
degraded around the electron-deficient center of MIL-101(Fe,Co), i.e. 
the dual-site-enhanced Fenton-like catalysis. Offline XPS analysis was 
conducted to verify the electron cycling in MIL-101(Fe,Co). Based on the 
Fe 2p and Co 2p spectra of recycled samples, Fenton-like catalytic re-
action resulted in the fast transformation of partial Fe(III) and Co(II) into 
Fe(II) and Co(III). After one hour’s reaction, the proportion of Fe(II) and 
Co(III) stabilized on 5% and 6%, respectively (Fig. S21). It indicated that 
H2O2 could continuously extract electrons from the electron-rich centers 
of MIL-101(Fe,Co) to generate ⋅OH. 

To achieve a fundamental understanding of this mechanism, the 
contribution of reactive species for Fenton-like catalysis was evaluated. 
When tert-butanol (TBA, 50 mM) was used as the scavenger for ⋅OH, the 
degradation of CIP was remarkably inhibited from 97.8% to 22.2% 
(Fig. 7a). Thus, ⋅OH radicals should be the dominant radical for Fenton- 
like oxidation. Radical trapping experiments were thereafter conducted 
by the 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) trapped ESR tech-
nique. In Fig. 7b, four weak peaks with intensity ratios of 1: 2: 2: 1 were 
observed for MIL-101(Fe,Co) suspension, which corresponded to the 
characteristic signal of DMPO-⋅OH. The ⋅OH-involved oxidation of CIP 

quenched the signal of DMPO-⋅OH. Benefited from the electron transfer 
across the C‒O‒Fe/Co and Fe‒O‒Co bonds in MIL-101(Fe,Co), the 
addition of H2O2 into MIL-101(Fe,Co) suspension significantly enhanced 
the formation of ⋅OH. The intensity of DMPO-⋅OH was 5.2 times higher 
than that without H2O2 addition. Interestingly, in the presence of CIP, 
signal of DMPO-⋅OH in the MIL-101(Fe,Co)/H2O2 system was even 
slightly higher than that without CIP (Fig. 7b). According to the previous 
reports (Zhuang et al., 2019), the facilitated production of ⋅OH might be 
ascribed to the enhanced electron transfer between MIL-101(Fe,Co) and 
CIP with π− π stacked benzene rings. Compared to MIL-101(Fe), MIL-101 
(Fe,Co) exhibited much stronger signal intensity (Fig. 7c), suggesting the 
significant contribution of active site engineering to the generation of 
⋅OH radicals for Fenton-like reactions. 

On the basis of these results, the catalytic mechanisms of bimetal 
MIL-101(Fe,Co) for CIP degradation were illustrated in Fig. 7d. Firstly, 
MIL-101(Fe,Co) provided high surface area and porous channels for the 
fast transfer and diffusion of pollutants in the frameworks. CIP mole-
cules were effectively adsorbed onto the active sites via the π− π inter-
action between the benzene rings of CIP and MIL-101(Fe,Co). These 
adsorbed molecules could act as electron donors and donate electrons to 
the electron-deficient centers of MIL-101(Fe,Co), resulting in the self- 
oxidative degradation of CIP pollutants. Secondly, electrons tended to 
transfer from the electron-deficient centers of MIL-101(Fe,Co) to the 
electron-rich centers (Fe and Co centers) through the C‒O‒Fe/Co bonds. 
Upon H2O2 addition, Fe/Co bimetals as Lewis acid sites contributed to 
the adsorption of H2O2 (as Lewis base) onto the active surface (Eqs. 1 
and 2). Electron transfer from the electron-rich centers to H2O2 could 
effectively activate H2O2 and generate abundant ⋅OH radicals (Eqs. (3)– 

Fig. 7. (a) The effect of TBA scavenger on the CIP degradation over MIL-101(Fe,Co); (b) Spin-trapping ESR spectra of DMPO-⋅OH in MIL-101(Fe,Co) aqueous solution 
with/without H2O2 and CIP. (c) Signal of DMPO-⋅OH in the MIL-101(Fe) and MIL-101(Fe,Co) Fenton-like systems; (d) Illustration of the enhanced removal of CIP by 
Fenton-like degradation over MIL-101(Fe,Co) with dual sites. Reaction conditions: 20 mg⋅L− 1 of CIP, pH = 5, catalyst dose of 0.2 g⋅L− 1, H2O2 dose of 5 mM, TBA dose 
of 50 mM. 

H. Liang et al.                                                                                                                                                                                                                                   



Journal of Hazardous Materials 406 (2021) 124692

9

(9)). High performance liquid chromatography-tandem mass spec-
trometry (HPLC-MS/MS) analysis finally revealed the efficient oxidation 
of CIP by these highly active radicals, through a pathway of Fig. S24 
(Figs. S22 and S23; Table S7). Thus, synergistic effect between dual sites 
on bimetal MOFs ensured the superior activity of MIL-101(Fe,Co) for 
Fenton-like oxidation. 

≡ Fe(III) +H2O2 → ≡ Fe(III) − H2O2 (1)  

≡ Co(II) +H2O2 → ≡ Co(II) − H2O2 (2)  

≡ Fe(III) − H2O2 → ≡ Fe(II)+HO2⋅+H+ (3)  

≡ Fe(III) +HO2⋅ → ≡ Fe(II)+O2 +H+ (4)  

≡ Co(II) − H2O2→ ≡ Co(III) + ⋅OH+OH− (5)  

≡ Fe(II) +H2O2 → ≡ Fe(III)+ ⋅OH+OH− (6)  

≡ Fe(III)+ e− → ≡ Fe(II) (7)  

≡ Co(III)+ e− → ≡ Co(II) (8)  

⋅OH+CIP → degradation products (9)  

4. Conclusion 

In summary, we have developed a facile strategy to construct highly 
efficient MOF-based Fenton-like catalysts by dual site engineering. The 
contribution of Fe/Co dual sites to the formation of electron-rich centers 
around Fe/Co and electron-deficient centers around the benzene rings in 
MIL-101(Fe,Co) was fundamentally investigated by theoretical calcu-
lations and experimental characterizations. The electron transfer from 
the electron-deficient centers to the metal sites via C‒O‒Fe/Co and Fe‒ 
O‒Co bonds facilitated the formation of active centers for H2O2 acti-
vation. This synergistic effect resulted in the 7.5-fold enhanced Fenton- 
like activity of MIL-101(Fe,Co) for CIP oxidation. The Lewis acid prop-
erty of Fe/Co dual sites contributed to the electron cycling in MIL-101 
(Fe,Co) for ⋅OH generation. The work not only provides new insights 
into the site engineering of MOFs for versatile applications, but also 
offers an efficient and stable bimetallic Fenton-like catalysts for waste-
water treatment. 
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