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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The Ar calcination could carbonize the 
organic ligands of MIL-101(Cr) and 
prevented the aggregation of CrOx 
clusters.

• The coordinative unsaturated Cr3+ was 
retained in Ar and transformed to Cr6+

during the treatment of 10 %O2/Ar.
• Surface OH and Cr6+ were important for 

the activation of chlorobenzene (CB) 
and the oxidation of the intermediates.

• The surface lattice oxygen could migrate 
and replenish the oxygen consumed 
around Cr6+ through the oxygen 
vacancies.

• MIL-101(Cr)-Ar-T showed T90 at 233 ◦C 
for the oxidation of CB and high stability 
with over 95 % selectivity to COx and 
HCl.
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A B S T R A C T

In this work, CrOx catalysts derived from MIL-101(Cr) were prepared for the oxidation of chlorobenzene (CB). 
The atmosphere of calcination had great effect on the physical and chemical properties of the catalysts. Only the 
atmosphere of Ar could carbonize and preserve the organic ligands in the structure, retaining the micropore 
structure and high surface area of MIL-101(Cr). Therefore, the aggregation of CrOx clusters was prevented, 
forming abundant coordinative unsaturated Cr3+ and oxygen vacancies. They would transform to abundant Cr6+

as the active sites in the treatment of 10 %O2/Ar, and acid sites composed with OH and surface adsorbed oxygen 
were formed around Cr6+, which played an important role on the adsorption/activation of CB and the oxidation 
of the intermediates. Through the oxygen vacancies, the surface lattice oxygen could migrate and replenish the 
oxygen consumed around Cr6+. Thus, MIL-101(Cr)-Ar-T, synthesized by MIL-101(Cr) stepwise calcined in Ar and 
treatment of 10 %O2/Ar, exhibited the highest catalytic activity for CB oxidation with the T90 at 233 ◦C, and the 
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selectivity to COx and HCl at 240 ◦C could reach 95.85 % and 97.61 %, respectively, with a high stable per
formance in the 5-day catalytic activity test.

1. Introduction

As a waste-to-energy power generation technology, incineration is an 
important way for municipal solid waste disposal [1]. Besides the 
emission of particulates, sulfur dioxide and nitrogen oxides, waste 
incineration also generates chlorinated volatile organic compound 
(Cl-VOCs), such as chlorobenzene (CB), chlorophenols, polychlorinated 
dibenzo-p-dioxins and furans (PCDD/Fs), which are widely concerned 
due to their high toxicity and chemical stability, as well as difficult to 
degrade [2–4]. Therefore, the removal of Cl-VOCs from incineration flue 
gas is of great importance to the environment.

Catalytic oxidation technology is considered as an effective method 
to remove Cl-VOCs [5–8]. Noble metals, such as Pt, Pd, Rh and Ru 
[9–11], and transition metal oxides like V2O5 [12,13], CrOx [14,15], 
CeO2 [16] and MnOx [17], are used as the active components of the 
catalysts. Although noble metals show high activity for Cl-VOCs 
removal, they are easy to be deactivated by the deposition of Cl spe
cies, and the high cost also limits the application. Therefore, low-cost 
transition metal oxide catalysts attract extensive attention. The abun
dant acid sites on the surface of CrOx can transform Cl ions to HCl or Cl2 
effectively, which reduce the deposition of Cl on the catalysts, leading to 
high stability [18]. Furthermore, Cr6+ species promote the oxidization 
of by-products and intermediates [19]. The advantages above make 
CrOx more attractive for Cl-VOCs removal. Due to the limitations of 
active oxygen and Cr6+ content, the conventional CrOx catalysts require 
a higher oxygen concentration (21 %O2) and reaction temperature 
above 300 ◦C to oxidize Cl-VOCs [14,20]. However, the oxygen con
centration of the flue gas from waste incineration is only about 10 % and 
the operating temperature is below 300 ◦C in the entire air pollution 
control devices [21]. Therefore, novel CrOx catalysts should be explored 
with high activity under low oxygen concentration and at 
low-temperature.

In recent years, metal oxides catalysts formed by the calcination of 
metal-organic frameworks (MOFs) performed high oxidation ability of 
VOCs at low temperature [22], with more oxygen vacancies on the 
catalyst surface [23], more acid sites exposure resulted by the rich 
porous structure and high specific surface area [24]. Among them, 
MIL-101(Cr) is a MOFs material with Cr as the inorganic metal site. 
Previous studies have shown that metal oxide catalysts derived from 
MIL-101(Cr) exhibit high catalytic oxidation activity for VOCs. Chen 
et al. [25] prepared CrOx catalyst by calcining MIL-101(Cr) in air, which 
exhibited more surface adsorbed oxygen than commercial Cr2O3, by the 
transformation of oxygen on oxygen vacancies, and showed T90 at 
310 ◦C when they were used for toluene oxidation. When the oxygen 
migration was further promoted, the T90 could be reduced to 268 ◦C 
[25]. Compared to toluene, the oxidation of Cl-VOCs is more compli
cated. It includes the break of C-Cl bond, the removal of Cl species, and 
the oxidation of intermediates, which could accomplish the completely 
oxidation and avoid the formation of chlorinated byproducts. Both 
surface acidity and redox ability are important for the deep oxidation of 
Cl-VOCs [26].

Some research has shown that the calcination atmospheres of MOFs 
influence the surface acidity, oxygen vacancy content and redox ability 
of their derived catalysts. For example, Qin et al. [27] prepared FeOx/C 
catalysts by calcining MIL-101(Fe) in a CO/N2 reducing atmosphere and 
found that CO promoted the exposure of the Fe3O4(111) of the catalyst, 
thereby increasing the surface adsorbed oxygen and surface acidity 
content. In addition, Zheng et al. [28] found that when Mn-BDC MOF 
catalysts was calcined in N2, the dispersion of MnOx could be improved, 
and the catalysts exhibited higher acetone oxidation activity due to 
more oxygen vacancies and higher redox ability compared to those 

calcined in air, with the T90 decreasing by 13 ◦C. However, the influ
ence of the calcination atmospheres on CrOx catalysts derived from 
MIL-101(Cr) is hardly reported, and the variation in different calcina
tion atmospheres and the effects on Cl-VOCs oxidation are also 
unknown.

Therefore, in this paper, MIL-101(Cr) was used as the precursor. 
After calcination in different atmospheres (Air, H2/Ar and Ar), the cat
alysts were further treated in 10 %O2/Ar at 300 ◦C, and then used for the 
catalytic oxidation of CB as a typical kind of Cl-VOCs. The influence of 
different calcination atmospheres on MIL-101(Cr) was characterized by 
X-ray diffractometer (XRD), Brunauer-Emmett-Teller (BET), Ultraviolet- 
visible spectrophotometer (UV–vis) and X-ray photoelectron spectrom
eter (XPS), combined the analysis by using online mass spectrometry 
(MS). The chemical properties and catalytic performance of the catalysts 
were characterized by Hydrogen temperature-programmed reduction 
(H2-TPR), Cycled hydrogen temperature-programmed reduction (Cycled 
H2-TPR), Oxygen temperature-programmed desorption (O2-TPD), 
Ammonia temperature-programmed desorption (NH3-TPD), and Chlo
robenzene temperature-programmed desorption (CB-TPD) experiments. 
Finally, the influence of different calcination atmospheres on the reac
tion mechanism was investigated by in situ diffuse reflectance infrared 
Fourier transform spectroscopy (in situ DRIFTs) and density functional 
theory (DFT) calculations.

2. Experimental

2.1. Chemicals and materials

Cr (NO3)3‧9H2O (AR, 99 %), terephthalic acid (HO2CC6H4CO2H, AR, 
99 %) were purchased from Shanghai Macklin Biochemical Technology 
Co., Ltd; HF (AR, ≥40 wt%), ammonium hydroxide (NH3‧H2O, AR, 
25–28 wt%) and ethanol (CH3CH2OH, AR, 95 %) were purchased from 
Shanghai Ling Feng Chemical Reagent Co., Ltd.

2.2. Catalyst preparation

MIL-101(Cr) was prepared using one-step hydrothermal method. The 
detailed process was provided in the Supporting Information.

0.5 g of MIL-101(Cr) was weighed and calcined at 500 ◦C for 4 h in 
Air, 10 %H2/Ar, and Ar atmospheres, respectively, denoted as MIL-101 
(Cr)-Air, MIL-101(Cr)-H2, MIL-101(Cr)-Ar. Before being used for CB 
oxidation, the catalysts above were treated at 300 ◦C in 10 %O2/Ar for 1 
h, forming MIL-101(Cr)-Air-T, MIL-101(Cr)-H2-T, MIL-101(Cr)-Ar-T, 
respectively.

Additionally, CrOx was prepared by precipitation method for com
parison, denoted as CrOx-P-T. The detailed process was also provided in 
the Supporting Information.

2.3. Catalytic test

The oxidation of CB was carried out in a quartz glass tube with 10 
mm inner diameter. The reaction tube was filled with 75 mg of catalyst 
and 0.5 g of quartz sand (40–60 mesh). The total flow rate was 50 mL/ 
min, and the weight hourly space velocity (WHSV) was 40000 mL/(g⋅h). 
The reactant feed was consisted of 100 ppm CB, 30 ppm SO2 (when 
used), 10 %O2, balanced by N2. The composition of the tail gas was 
measured by an online gas chromatograph (GC 1690, JIEDAO, China) 
equipped with a flame ionization detector (FID). The CB conversion and 
COx selectivity were calculated using the following equations: 

B. Jiang et al.                                                                                                                                                                                                                                    Journal of Hazardous Materials 483 (2025) 136669 

2 



CB conversion (%) =
([CB]in − [CB]out)

[CB]in
× 100% (1) 

Selectivity to CO (%) =
[CO]out

6 × ([CB]in − [CB]out)
× 100% (2) 

Selectivity to CO2 (%) =
[CO2]out

6 × ([CB]in − [CB]out)
× 100% (3) 

Where in and out represented the inlet and outlet concentration of CB, 
CO and CO2, respectively.

The HCl and Cl2 selectivity were measured by ion chromatograph 
(Dionex ICS-900, Thermo Fisher, USA) and N, N-diethyl-p-phenyl
enediamine spectrophotometry (UV-2000, UNICO (Shanghai) Instru
ment Co., Ltd., China).). The detailed method was also provided in the 
Supporting Information.

2.4. Catalyst characterization

The crystalline structure of the catalysts (after calcination and after 
the treatment of 10 %O2/Ar) was studied by X-ray diffractometer (D8 
Advance, Bruker, Germany) with Cu Kα radiation (λ = 1.5418 Å). XRD 
patterns were collected at 40 kV and 40 mA, scanning 2θ range from 5◦

to 90◦ with a step size of 0.02◦.
The specific surface area, pore volume, and pore diameter of the 

catalysts (after calcination and after the treatment of 10 %O2/Ar) were 
determined by a physical adsorption analyzer (Micromeritics ASAP 
2020 PLUS HD88, Micromeritics, USA). The specific surface area was 
calculated by the Brunauer-Emmett-Teller (BET) method, and the pore 
diameter and pore volume were calculated by the Barrett-Joyner- 
Halenda (BJH) and Hovath-Kawazoe (H-K) methods, respectively.

UV–vis diffuse reflectance spectra were collected by a UV–vis spec
trophotometer (Hitachi U-3900, Hitachi, Japan) in absorbance mode 
with BaSO4 as a reference.

XPS analysis was conducted on an X-ray photoelectron spectrometer 

(Thermo Fisher Scientific ESCALAB 250Xi, Thermo Fisher Scientific, 
USA) to detect the surface chemical states and elemental composition of 
the catalysts (after calcination and after the treatment of 10 %O2/Ar) 
using Al Kα (hv = 1486.6 eV) as the excitation source. The binding 
energy of adsorbed organic contamination carbon, C 1 s = 284.8 eV, 
was used as a reference for calibration. Corrections were made for 
spectral line shifts caused by charging effects, and peak fitting was 
performed to obtain XPS spectra.

The products in tail gas during the calcination and treatment process 
of the catalysts were studied by a mass spectrometer (Tilon LC-D200M, 
Ametek, USA) with full scanning and online monitoring modes.

The thermal stability of the catalysts (after the treatment of 10 %O2/ 
Ar) was studied by Thermogravimetric Analysis (TGA) (Themys one, 
Setaram, France). The temperature increased from 20 ◦C to 300 ◦C at a 
rate of 10 ◦C/min and was kept at 300 ◦C for 4 h under 10 %O2/He.

H2-TPR: The catalysts (after calcination) were treated at 300 ◦C in 
10 %O2/Ar for 1 h, followed by switching to Ar for another 30 min. The 
temperature was then decreased to 50 ◦C in Ar atmosphere, followed by 
purging with 10 %H2/Ar for 30 min. Subsequently, the temperature was 
ramped up to 500 ◦C at a rate of 10 ◦C/min and hold for 30 min with a 
gas flow rate of 50 mL/min⋅H2O signal was measured online using a 
mass spectrometer (Tilon LC-D200M, Ametek, USA).

Cycled H2-TPR: The two kinds of cycled H2-TPR experimental pro
cess were shown in Scheme 1, the gas flow rate was 50 mL/min⋅H2O 
signal was measured online using a mass spectrometer (Tilon LC- 
D200M, Ametek, USA).

O2-TPD, NH3-TPD, CB-TPD: The catalysts (after calcination) were 
treated at 300 ◦C in 10 %O2/Ar for 1 h, then cooled to 50 ◦C in Ar at
mosphere, followed by adsorption of 10 %O2, 4 % NH3, 250 ppm CB for 
30 min, for O2-TPD, NH3-TPD and CB-TPD, respectively. Then the 
catalyst was purged with Ar until the baseline was stable. After that, the 
temperature ramped up at 10 ◦C/min to 800 ◦C for O2-TPD and NH3- 
TPD, and to 240 ◦C for CB-TPD, and hold for 30 min with a gas flow rate 
of 50 mL/min. O2, NH3, CB, HCl, Cl2, CO, and CO2 in the tail gas was 
measured online for by a mass spectrometer (Tilon LC-D200M, Ametek, 

Scheme 1. Cycled H2-TPR procedure.
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USA).
The Electron Paramagnetic Resonance (EPR) was carried out by a 

spectrometer (Bruker EMXplus, Bruker, Germany) operating at X-band 
frequency (v≈9.84 GHz), the signals of the catalysts (after the treatment 
of 10 %O2/Ar) were recorded at room temperature.

The process of CB catalytic oxidation on the catalyst surface was 
measured by an in situ diffuse reflectance infrared Fourier transform 
spectrometer equipped with an MCT-A detector (Nicolet iS50, Thermo 
Fisher Scientific, USA). The infrared high-temperature reaction cell 
(HVC-DRP-5, Harrick, USA) was equipped with two ZnSe windows and 
an observation window. Prior to testing, the catalysts (after calcination) 
were treated at 300 ◦C in 10 %O2/Ar at a flow rate of 50 mL/min for 1 h, 
then cooled to 240 ◦C, and background spectra were collected. Subse
quently, the reaction proceeded for 60 min in the presence of 400 ppm 
CB and 10 %O2 at a total flow rate of 50 mL/min, the spectra were 
recorded with 32 scans at 4 cm− 1 resolution.

3. Results and discussion

3.1. The effect of different calcination atmosphere on the catalysts

3.1.1. Crystalline properties
The crystalline structure of the catalysts after calcination and treat

ment of 10 %O2/Ar were characterized by XRD, as shown in Fig. 1(A) 
and (B). MIL-101(Cr) was reported with the structure of CrOx metal 
clusters linking with the organic ligands terephthalic acid [29]. After 
calcination in different atmospheres, XRD patterns of MIL-101(Cr)-Air 
and MIL-101(Cr)-H2 showed diffraction peaks at 2θ = 24.6, 33.6, 
36.2, 41.6, 50.3, 54.9, 63.5, and 65.2◦, corresponding to the (012), 
(104), (110), (113), (024), (116), (214), and (300) crystal planes of 
Cr2O3 (PDF#82–1484), indicating that CrOx clusters in MIL-101(Cr) had 
transformed to the crystalline Cr2O3 in the calcination atmospheres of 
Air and 10 %H2/Ar. The intensity of diffraction peaks of MIL-101(Cr)-H2 
was lower than MIL-101(Cr)-Air, showing lower crystallinity of Cr2O3 in 
MIL-101(Cr)-H2. The crystallite size was calculated by Scherrer 

equation, as shown in Fig. 1(C), with 15.3 and 17.5 nm for MIL-101 
(Cr)-H2 and MIL-101(Cr)-Air, respectively. Calcination atmosphere of 
10 %H2/Ar would reduce the Cr in MIL-101(Cr) by inducing the escape 
of oxygen atom [30], and effectively prevented the formation of crys
talline Cr2O3 phase and thus obtained a better dispersion of Cr species 
than the air-calcined catalyst [31]. XRD pattern of MIL-101(Cr)-Ar did 
not show any diffraction peaks of crystalline Cr2O3, only a broad peak 
was detected, indicating that Cr was well dispersed with low crystal
linity, might still in the form of CrOx clusters.

After the treatment of 10 %O2/Ar, the XRD pattern of MIL-101(Cr)- 
Air-T had little variation. It seemed that the Cr2O3 formed after calci
nation in the atmosphere of Air already had a stable crystalline struc
ture. The crystallinity of MIL-101(Cr)-H2-T increased slightly compared 
to MIL-101(Cr)-H2, and the crystallite size also increased slightly from 
15.3 nm to 15.8 nm. In contrast to the above two catalysts, there was a 
significant change on MIL-101(Cr)-Ar after the treatment of 10 %O2/Ar. 
MIL-101(Cr)-Ar-T showed diffraction peaks of crystalline Cr2O3 with a 
similar crystallite size with MIL-101(Cr)-Air-T, indicating that CrOx 
clusters were oxidized to form crystalline Cr2O3 in an oxidation atmo
sphere. Crystalline Cr2O3 was formed during the treatment of 10 %O2/ 
Ar only in MIL-101(Cr)-Ar-T, whereas the formation took place during 
the calcination in the other catalysts.

3.1.2. Physical structure
The variation of the specific surface area and pore structure of the 

catalysts after calcination and treatment of 10 %O2/Ar were analyzed by 
N2 adsorption-desorption, as shown in Fig. 1(D), (E) and Table 1. Fig. S1
showed that MIL-101(Cr) displayed the type I isotherm, and the 
micropore was with the diameter of 0.4–2 nm. The specific surface area 
and pore volume of MIL-101(Cr) were 2772.13 m2/g and 1.4 cm3/g, 
respectively. The isotherms of MIL-101(Cr)-Air and MIL-101(Cr)-H2 
became type III with obvious H3 hysteresis loops after calcination, 
implying the micropore were transformed into mesoporous [32,33], and 
the specific surface areas decreased to 59.11 m2/g and 136.32 m2/g, 
respectively. The physical structure of MIL-101(Cr) collapsed after the 

Fig. 1. XRD spectra of the catalysts after (A) calcination and (B) treatment of 10 %O2/Ar, crystallite size calculated by the Scherrer equation (C), pore diameter 
distribution of the catalysts after (D) calcination and (E) treatment of 10 %O2/Ar, UV–vis spectra of the catalysts after calcination and treatment of 10 %O2/Ar (F).
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calcination in the atmosphere of Air and 10 %H2/Ar, and it was more 
serious in Air. Different from the two catalysts above, MIL-101(Cr)-Ar 
still displayed the type I isotherm. Although there was also some 
collapse of the micropores, some micropores still retained with the same 
diameter (0.4–2 nm) as in MIL-101(Cr), indicating that the atmosphere 
of Ar was beneficial to retain the physical structure of MOF during the 
calcination process. The specific surface area of MIL-101(Cr)-Ar was 
223.07 m2/g, much higher than other two catalysts.

After treatment of 10 %O2/Ar, the specific surface areas of MIL-101 
(Cr)-Air-T and MIL-101(Cr)-H2-T remained almost unchanged, proving 
that these two catalysts had reached a relatively stable state during the 
calcination process. However, MIL-101(Cr)-Ar-T underwent a consid
erable structural change, and the specific surface area increased from 
223.07 m2/g to 357.61 m2/g. Meanwhile, the pore volume increased by 
1.5 times compared to MIL-101(Cr)-Ar, with a little increase of pore 
diameter from 2.44 to 2.48 nm. Part of micropores were with the 
diameter of 0.4–2 nm, indicating that part of the physical structure of 
MIL-101(Cr) was maintained after treatment of 10 %O2/Ar. The kinetic 
diameters of CB and oxygen were 0.619 nm and 0.346 nm, respectively, 
which were much smaller than the average pore diameter of MIL-101 
(Cr)-Ar-T. Therefore, the high specific surface area and micropore 
structure could promote the exposure of Cr species on the catalyst sur
face, enhancing their exposure to CB, and then promote the oxidation of 
CB [34–36].

3.1.3. UV–vis diffuse reflectance spectroscopy study
It was generally believed that the form of Cr was an important factor 

influencing the catalytic oxidation of VOCs [37,38]. The coordination 
environment of surface Cr in catalysts after calcination and treatment of 
10 %O2/Ar was analyzed by UV–vis diffuse reflectance spectra, as 
shown in Fig. 1(F). The peaks in the range of 200–400 nm were assigned 
to the Cr6+ resulted from the isolated chromium oxide with a tetrahedral 
symmetry [37,39]; the peaks at 460 nm and 600 nm were corresponded 
to the typical octahedral symmetry of Cr3+ species (such as crystalline 
Cr2O3) [37]. After calcined in different atmospheres, both MIL-101 
(Cr)-Air and MIL-101(Cr)-H2 showed the coexistence of Cr6+ and crys
talline Cr2O3 on the surface of the catalysts. After the treatment of 10 % 
O2/Ar, the peak of Cr3+ on MIL-101(Cr)-Air-T didn’t show significant 
change, with small increase in the relative peak intensity of Cr6+. Ac
cording to the literature, Cr6+ generated in an oxidative atmosphere was 
mainly derived from the transformation of coordinative unsaturated 
Cr3+ [39,40]. It implied that most of the Cr species had already form 
crystalline Cr2O3 during the calcination in the atmosphere of Air, and 
only a small part of Cr species existed in the form of coordinative un
saturated Cr3+. For MIL-101(Cr)-H2, the intensity of all the peaks due to 
crystalline Cr2O3 increased after the treatment of 10 %O2/Ar. It seemed 
that although crystalline Cr2O3 was formed during the calcination in 
H2/Ar, as shown in XRD results, some coordinative unsaturated Cr3+

species were still retained in the reduced atmosphere, producing more 
oxygen vacancies [30]. After the treatment of 10 %O2/Ar, these coor
dinative unsaturated Cr3+ was oxidized to Cr6+ species. The phenomena 

of MIL-101(Cr)-Ar were different with the two catalysts above, only a 
weak peak assigned to Cr6+ was observed after the calcination in Ar, and 
no peaks corresponded to crystalline Cr2O3 were found. It seemed that 
there was little stable crystalline Cr2O3 formed during the calcination, 
which was also proved in the XRD results. Therefore, most of the Cr 
might still exist in the form of CrOx clusters. After the treatment of 10 % 
O2/Ar, crystalline Cr2O3 were formed, especially Cr6+, proving the ex
istence of large amount of coordinative unsaturated Cr3+, which would 
transform to active Cr6+ [40].

3.1.4. XPS analysis
Further analysis of the surface elemental composition and elemental 

distribution of each catalyst after calcination and treatment of 10 %O2/ 
Ar was conducted by XPS. The results were shown in Fig. 2 and Table 2. 
The three peaks of C 1 s at 284.8, 286.3–286.4, and 288.4–288.6 eV 
were assigned to aromatic carbons C-C/C––C, C-O, and C––O, respec
tively [41,42]. Compared to Fig. 2(A), Fig. 2(D) showed a significant 
decrease in the peak corresponded to the aromatic carbons C-C/C––C on 
MIL-101(Cr)-H2-T and MIL-101(Cr)-Ar-T. This indicated that the 
organic ligands in the catalysts were not completely removed during the 
calcination in the atmosphere of H2/Ar and Ar, and more organic ligands 
were retained in MIL-101(Cr)-Ar.

The coordination form of Cr affected the chemical state distribution 
of Cr on the surface of the catalysts [31]. The Cr 2p spectra could be 
deconvoluted into three peaks, with binding energies at 
575.3–575.9 eV, 576.4–576.9 eV, and 578.6–579.4 eV, assigning to the 
multisplit bands of Cr3+, Cr3+, and Cr6+ [14], respectively. It could be 
seen that Cr3+ was the main form of Cr on the surface of each catalyst, 
and the Cr6+ content was relatively low, both after calcination and 
treatment of 10 %O2/Ar. The proportion of Cr6+ on the surface of all 
catalysts were almost equal around 22 % after the calcination, and the 
treatment of 10 %O2/Ar caused a significant difference in Cr6+ pro
portion on each catalyst. Although the UV–vis spectra results showed an 
increase in the spectral response of Cr6+ on MIL-101(Cr)-Air-T after the 
treatment of 10 %O2/Ar, the Cr6+ proportion detected by XPS only 
increased by 1.13 % (from 23.32 % to 24.45 % in Table 2). It proved 
again the lack of coordinative unsaturated Cr3+ on MIL-101(Cr)-Air, 
revealing the formation of stable crystalline Cr2O3 during the calcina
tion in air. After the treatment of 10 %O2/Ar, the Cr6+ proportion on the 
surface of MIL-101(Cr)-H2-T increased 6.55 % (from 21.32 % to 
27.87 % in Table 2), and that of MIL-101(Cr)-Ar-T increased 8.56 % 
(from 22.46 % to 31.02 % in Table 2). It was obvious that the amount of 
coordinative unsaturated Cr3+ on MIL-101(Cr)-Ar was the highest 
among the three catalysts. Cr6+ was reported with strong oxidative 
properties and was more active than Cr2O3 [14,38]. With the highest 
Cr6+ content, MIL-101(Cr)-Ar-T would be more favorable for the cata
lytic oxidation of CB.

The XPS O 1 s could be deconvoluted into three peaks. The peaks at 
530.4, 531.9 and 533.8 eV were assigned to lattice oxygen (Olatt), sur
face adsorbed oxygen (Oads) and hydroxyl groups (OOH), respectively 
[43]. O2 was activated to form Oads and adsorbed on the oxygen va
cancies [30], so the ratio of Oads/Olatt, to some extent, could represent 
the content of oxygen vacancies[44]. The Oads/Olatt ratio on MIL-101 
(Cr)-Air was only 0.35, and it was 0.51 and 0.79 on MIL-101(Cr)-H2 
and MIL-101(Cr)-Ar, respectively. It seemed that the calcination in Air 
was not a good way to form oxygen vacancies. Part of the oxygen va
cancies was formed accompanied with the coordinative unsaturated 
Cr3+ [45], therefore, the most coordinative unsaturated Cr3+ was 
retained in MIL-101(Cr)-Ar, then in MIL-101(Cr)-H2. During the treat
ment of 10 %O2/Ar, the coordinative unsaturated Cr3+ was oxidized to 
Cr6+ by O2, resulting in the decrease of Oads/Olatt ratio. MIL-101 
(Cr)-Ar-T showed a considerable decrease, by 0.36, but still performed 
the highest ratio of Oads/Olatt among the three catalysts. The oxidation of 
the coordinative unsaturated Cr3+ to Cr6+ led to the filling of some 
oxygen vacancies to form surface Olatt species [46]. Due to the abundant 
coordinative unsaturated Cr3+ on MIL-101(Cr)-Ar, it activated the most 

Table 1 
The surface area, pore volume and pore diameter of different catalysts.

Catalysts BET (m2/ 
g)

Pore volume (cm3/ 
g)

Average pore diameter 
(nm)

MIL− 101(Cr) 2772.13 1.40 2.02
MIL− 101(Cr)-Air 59.11 0.26 17.36
MIL− 101(Cr)-H2 136.32 0.17 5.13
MIL− 101(Cr)-Ar 223.07 0.14 2.44
MIL− 101(Cr)- 
Air-T

55.72 0.19 13.74

MIL− 101(Cr)-H2- 
T

137.34 0.20 5.88

MIL− 101(Cr)-Ar- 
T

357.61 0.22 2.48
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O2 during the treatment of 10 %O2/Ar, thereby forming the highest 
amount of Cr6+. Besides, the content of OOH on MIL-101(Cr)-Ar-T was 
also the highest among the three catalysts, which was beneficial to the 
adsorption of CB [47].

3.1.5. Tail gas composition during the calcination and treatment process
To investigate the influence of the three calcination atmospheres on 

the catalysts, the tail gas composition during the calcination process was 
measured. As shown in Fig. S2, H2O, CO, and CO2 signals were observed 
in all three calcination atmospheres. Signals of C6H6 and C7H8 were 
additionally detected during the calcination in 10 %H2/Ar, and signal of 
C6H6 was detected in the atmosphere of Ar. It indicated that the organic 
ligands in MIL-101(Cr) might be removed through different ways during 
the calcination process in the three atmospheres. The real-time variation 
of the composition in the tail gas was also measured and shown in Fig. 3. 
In the calcination atmosphere of Air (Fig. 3(A)), a large amount of CO, 
CO2, and H2O were generated with the consumption of O2 in the tem
perature range of 240–350 ◦C. It revealed that the organic ligands were 
rapidly oxidized by O2. Combined with the BET and XRD results, it was 
known that the micro-structure of the catalyst collapsed with the rapid 
removal of the organic ligands, and the CrOx clusters were almost 
exposed and oxidized, forming stable crystalline Cr2O3. In the calcina
tion atmospheres of 10 %H2/Ar and Ar, the removal of organic ligands 

was much slower in the absence of O2. As shown in Fig. 3(B) and (C), 
although the desorption of physically adsorbed water and ligand water 
molecules also appeared before 200 ◦C [48], the amount of CO and CO2 
produced over 200 ◦C was much lower than that in the calcination at
mosphere of Air. Besides CO and CO2, C6H6 was detected. It indicated 
that without O2 in the calcination atmosphere, small part of the organic 
ligands could be oxidized by the O species on the catalyst to form CO and 
CO2, and the benzene ring would then directly escape from organic li
gands when the temperature went over 310 ◦C. The amount of the 
composition detected in the tail gas was much lower during the calci
nation in the atmosphere of 10 %H2/Ar and Ar than in Air. Therefore, 
most of the organic ligands were not removed during the calcination in 
these two atmospheres. The unremoved organic ligands were carbon
ized and retained, which resulted in the detection of aromatic carbons 
C-C/C––C peaks in the XPS C 1 s spectra. The amounts of CO, CO2, and 
C6H6 produced during the calcination process of MIL-101(Cr)-H2 were 
higher than MIL-101(Cr)-Ar (Table S1), and C7H8 signal appeared along 
with the considerable consumption of H2 in the temperature range of 
350 to 500 ◦C, indicating that H2 led to the hydrogenation of organic 
ligands, accelerating their removal. When the temperature reached 
500 ◦C, a new peak of H2O appeared with the consumption of a small 
amount of H2. XRD and UV–vis spectra results showed crystalline Cr2O3 
was formed in MIL-101(Cr)-H2. Therefore, with the hydrogenation and 
removal of organic ligands, CrOx clusters aggregated to form crystalline 
Cr2O3, the O in the crystals reacted with H2, generating H2O. It seemed 
that the organic ligands were removed in different ways in the three 
calcination atmospheres, and crystalline Cr2O3 was formed during the 
calcination in Air and H2/Ar, while Cr still existing in the form of CrOx 
clusters in Ar with more organic ligands retained.

The tail gas composition during the treatment of 10 %O2/Ar was also 
measured, as shown in Fig. 3(D)-(F) and Table S2. COx was not detected 
in the tail gas during the treatment of MIL-101(Cr)-Air, indicating that 
all the organic ligands had completely removed in calcination process in 
Air. MIL-101(Cr)-H2 and MIL-101(Cr)-Ar showed consumption of O2 
and generation of COx during the treatment process, and the amounts of 

Fig. 2. XPS spectra of the catalysts after calcination (A) C 1 s, (B) Cr 2p, (C) O 1 s, and after treatment of 10 %O2/Ar (D) C 1 s, (E) Cr 2p, (F) O 1 s.

Table 2 
XPS results of the catalysts.

Catalysts Cr (%) O (%) Oads/Olatt

Cr3+ Cr6+ OOH Oads Olatt

MIL− 101(Cr)-Air 76.68 23.32 0.46 26.03 73.51 0.35
MIL− 101(Cr)-H2 78.68 21.32 0.72 33.55 65.74 0.51
MIL− 101(Cr)-Ar 77.54 22.46 1.28 43.52 55.21 0.79
MIL− 101(Cr)-Air-T 75.55 24.45 0.50 24.26 75.24 0.32
MIL− 101(Cr)-H2-T 72.13 27.87 0.90 26.73 72.37 0.37
MIL− 101(Cr)-Ar-T 68.98 31.02 1.71 29.76 68.52 0.43
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CO and CO2 in the tail gas of MIL-101(Cr)-Ar were 2.76 and 6.76 times 
higher than that of MIL-101(Cr)-H2, respectively. It further demon
strated that more organic ligands were retained during the calcination in 
Ar than two other atmospheres. The unremoved organic ligands un
derwent carbonization, and worked as the carbon support to maintain 
the micro-structure and separate the CrOx clusters from aggregating, 
resulting in the large number of coordinative unsaturated Cr3+ and ox
ygen vacancies on MIL-101(Cr)-Ar. During the treatment of 10 %O2/Ar, 
the organic ligands were eventually removed through oxidation by O2, 
and the coordinative unsaturated Cr3+ and oxygen vacancies combined 
with O2 to form abundant Cr6+ and Oads on the surface of MIL-101(Cr)- 
Ar-T, which was beneficial to the oxidation of CB. After the treatment of 
10 %O2/Ar, the temperature was further increased to 500 ◦C and 
maintained for 1 h. It could be found that no additional CO and CO2 
were generated during this process, which proved that the carbonized 
ligands had been completely removed during the treatment process. 
Besides, TGA results (Fig. S3) showed that the catalysts after treatment 
of 10 %O2/Ar almost without mass loss at 300 ◦C, which further proved 
the removal of carbonization ligands and with good thermal stability.

3.2. Redox ability and oxygen mobility

The redox ability of the catalysts was investigated by H2-TPR, as 
shown in Fig. 4. All catalysts showed four reduction peaks. The peak at 
139 ◦C was assigned to the desorption of physically adsorbed water or 
the reduction of physical Oads. The peak around 294 ◦C was assigned to 
the reduction of surface Cr6+ to Cr3+ [49]. The peak at 387 ◦C was 
assigned to the reduction of highly dispersed Cr3+ [38,50]. The last 
reduction peak around 479 ◦C was assigned to the reduction of crys
talline Cr2O3 [38]. The H2 consumption amount of the catalysts were 
calculated and shown in Table 3. Although MIL-101(Cr)-H2-T and 
MIL-101(Cr)-Ar-T consumed similar amount of H2 during H2-TPR ex
periments, 2.20 and 2.21 times of MIL-101(Cr)-Air-T, respectively, there 
were great differences in the proportion of the reduction peaks. The Cr6+

reduction of MIL-101(Cr)-Ar-T accounted for 31.17 % of the total H2 
consumption, much higher than the 24.84 % of MIL-101(Cr)-H2-T, 
indicating a high proportion of Cr6+ in MIL-101(Cr)-Ar-T. Compared 

with the results of UV–vis spectra and XPS, the proportion of Cr6+

detected by H2-TPR increased greatly on MIL-101(Cr)-Ar-T and 
decreased on other two catalysts. It suggested that Cr6+ was not only 
enriched on the surface of MIL-101(Cr)-Ar-T, a large part of Cr existed in 
the form of Cr6+ in its bulk phase. Among the three catalysts, the 

Fig. 3. MS signals for different compositions in the tail gas during the calcination in different atmospheres (A) Air, (B) 10 %H2/Ar, (C) Ar, and the treatment of 10 % 
O2/Ar (D) MIL-101(Cr)-Air, (E) MIL-101(Cr)-H2, (F) MIL-101(Cr)-Ar.

Fig. 4. H2-TPR of the catalysts.

Table 3 
Calculation results of H2-TPR.

Catalysts Total reduction 
peak area (a.u.)

Cr6+

(%)
Dispersed 
Cr3+ (%)

Crystalline 
Cr2O3 (%)

MIL− 101 
(Cr)-Air-T

2.10E− 6 16.88 31.69 51.43

MIL− 101 
(Cr)-H2-T

4.62E− 6 24.84 35.98 39.18

MIL− 101 
(Cr)-Ar-T

4.65E− 6 31.17 36.14 32.69
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proportion of crystalline Cr2O3 in the H2 reduction was in the ordered as 
followed: MIL-101(Cr)-Ar-T < MIL-101(Cr)-H2-T < MIL-101(Cr)-Air-T. 
The role of crystalline Cr2O3 was relatively minor compared to Cr6+ in 
the oxidation of Cl-VOCs below 300 ◦C [38], so the oxidation of Cl-VOCs 
at low temperatures was more related to the redox ability of Cr6+. 
Obviously, the high content of Cr6+ on MIL-101(Cr)-Ar-T was more 
conducive to the low-temperature oxidation of CB.

The redox cycle between Cr6+ and Cr3+ in the reaction was very 
important for the oxidation of CB [14,51], and the Cycled H2-TPR 
experiment was carried out to investigate the redox behavior of Cr 
species. The H2-TPR results in Fig. 4 showed that the reduction peaks of 
Cr6+ and dispersed Cr3+ overlapped in a broad temperature range. To 
avoid the influence of dispersed Cr3+ on the reduction peak of Cr6+, the 
Cycled H2-TPR experiment was carried out up to 240 ◦C, and Cr6+ could 
be reduced without the reduction of dispersed Cr3+. Therefore, H2 
consumption was mainly from the reduction process of Cr6+. In Cycled 
H2-TPR-1 experiment, the catalysts were re-oxidized by O2 after 5 cycles 
of the reduction, and then reduced again, to investigate the regeneration 
of Cr6+ by gas phase O2. As shown in Fig. 5(A) and Table 4, the H2 
consumption of Cr6+ in all catalysts decreased a lot after the first cycle. 
After 5 cycles, the H2 consumption of Cr6+ reduction in MIL-101 
(Cr)-H2-T and MIL-101(Cr)-Ar-T was 34.11 % and 37.24 % of the first 
cycle, respectively. After 5 cycles of reduction, 10 %O2/Ar was intro
duced to the catalysts to regenerate Cr6+, and the reduction was carried 
out again. Each catalyst showed an apparent peak due to the reduction 
of Cr6+, indicating that part of the reduced Cr species could be 
re-oxidized to Cr6+ by O2. The H2 consumption of Cr6+ reduction after 
the regeneration was calculated and compared with that of the first 
reduction. It was found that MIL-101(Cr)-Ar-T could regenerate 97.66 % 
of Cr6+, and it was 91.55 % and 82.58 % for MIL-101(Cr)-H2-T and 
MIL-101(Cr)-Air-T, respectively. MIL-101(Cr)-Ar-T showed a higher 
ability for O utilization and regeneration of Cr6+.

It was reported that Olatt in the catalyst could migrate to the surface 
through oxygen vacancies to replenish the consumption of the oxygen 
around high-valence metal in the reaction [52], and Cycled H2-TPR-1 
experiment revealed the different H2 consumption ratio of the fifth cycle 
to the first cycle on each catalyst. Cycled-H2-TPR-2 experiment was 
carried out to investigate the migrations of the Olatt in each catalyst. 
After 3 cycles of reduction to 240 ◦C, the temperature was raised to 
500 ◦C in the fourth cycle, and the H2 consumption was compared with 
the results of H2-TPR experiment in Fig. 4, as shown in Fig. 5(B). The 
peak due to Cr6+ reduction showed an apparent decrease in all catalysts, 
indicating that most of Cr6+ had been reduced during the 3 cycles of 
reduction. It was worth noting that the reduction peaks assigned to 
highly dispersed Cr3+ and crystalline Cr2O3 also decreased in MIL-101 
(Cr)-H2-T and MIL-101(Cr)-Ar-T, while MIL-101(Cr)-Air-T showing little 

variation. Since highly dispersed Cr3+ and crystalline Cr2O3 could not be 
reduced at 240 ◦C, the decrease in the intensity of these two reduction 
peaks should be attributed to the migration of Olatt through oxygen 
vacancies during the 3 reduction cycles at 240 ◦C, which could replenish 
the oxygen consumed around Cr6+, and made Cr6+ maintain at the high 
valence. Among the three catalysts, MIL-101(Cr)-Ar-T showed the most 
considerable decrease in the reduction peak intensity of highly dispersed 
Cr3+ and crystalline Cr2O3, reduced by 20.83 % and 22.37 % respec
tively (Table 4), indicating that it was rich in oxygen vacancies, and 
more Olatt could migrate to replenish the oxygen around Cr6+, which 
resulted in the higher H2 consumption by Cr6+ in the fifth cycle in Cycled 
H2-TPR-1 experiment.

The properties of oxygen in the three catalysts were further investi
gated by O2-TPD, as shown in Fig. 6 and Table 5. The O2-TPD desorption 
peaks in the graph were mainly divided into three regions. Peaks below 
300 ◦C were assigned to the desorption of surface physically Oads (α) 
[53], and all three catalysts showed low amount of α-O. The peaks in the 
range of 300–600 ◦C were assigned to the desorption of chemical Oads 
and surface Olatt (β) [47]. Peaks above 600 ◦C were assigned to the 
desorption of bulk Olatt (γ) [47,54]. The β-O on the surface was 
considered as the active oxygen center, since it was more easily involved 
in reactions, thereby promoting the deep oxidation of CB [47]. MIL-101 
(Cr)-Air-T had the smallest amount of O2 desorption and a relatively low 
β-O content. Its main desorption peak was the bulk Olatt, accounting for 
62.18 % of the total O2 desorption, indicating that oxygen species on 
MIL-101(Cr)-Air-T mainly existed in the form of bulk Olatt, therefore, it 
showed low migration ability in Fig. 5(B). Compared to MIL-101 
(Cr)-Air-T, the O2 desorption content of the other two catalysts was 
much higher. Especially the β-O content on MIL-101(Cr)-Ar-T, it 
increased to 11.32 times of that on MIL-101(Cr)-Air-T, both Oads and 

Fig. 5. (A)The Cycled H2-TPR-1 of MIL-101(Cr)-Air-T (green), MIL-101(Cr)-H2-T (cyan) and MIL-101(Cr)-Ar-T (red), (B) The variation of 4th Cycled H2-TPR-2 (solid 
line) compared to normal H2-TPR (dashed line).

Table 4 
H2 Consumption of catalysts.

Catalysts Cycled H2-TPR-1 Cycled H2-TPR-2

Cr6+ recovery 
(%)a

Dispersed Cr3+

(%)b
Crystalline Cr2O3 

(%)c

MIL− 101(Cr)- 
Air-T

82.58 8.08 9.54

MIL− 101(Cr)-H2 

-T
91.55 13.77 15.47

MIL− 101(Cr)-Ar- 
T

97.66 20.83 22.37

a The results were calculated by Arecovery/A1
st 

cycle in Fig. 5(A).
b The results were calculated by the decreased ratio of dark cyan peak 

compared with the peak of light cyan in Fig. 5(B).
c The results were calculated by the decreased ratio of dark green peak 

compared with the peak of light green in Fig. 5(B).
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surface Olatt increased greatly. It was reported that most of the surface 
Oads was linked to the metal with high valence due to the presence of the 
oxygen vacancies [55]. Therefore, the high amount of Oads on MIL-101 
(Cr)-Ar-T (Table 5) was caused by the abundant Cr6+, as well as the 
oxygen migration through oxygen vacancies, as proved by in XPS and 
Cycled H2-TPR results. Furthermore, the proportion of bulk Olatt 
decreased when the catalysts were calcined in the atmosphere of H2/Ar 
and Ar, and the desorption temperature also shifted to lower tempera
ture. Different calcination atmosphere played important roles in the 
redox ability, more β-O as the active oxygen center and oxygen va
cancies were formed on MIL-101(Cr)-Ar-T, leading to its higher Cr6+

regeneration ability and oxygen migration ability. The content of oxy
gen vacancies was further characterized by EPR, as shown in Fig. S4, the 
catalysts exhibited different intensity of EPR signals at g = 2.003, which 
could be attributed to the existence of oxygen vacancies [53]. It could be 
found that MIL-101(Cr)-Ar-T exhibited the strongest EPR signal in
tensity, indicating that there were more oxygen vacancies on MIL-101 
(Cr)-Ar-T, which was consistent with the above results.

3.3. Surface acidity and activation of CB

In addition to the active oxygen, the surface acidity of the catalyst 
also affected the catalytic activity through the adsorption and oxidation 
of CB. NH3-TPD was conducted to analyze the surface acidity distribu
tion of the catalysts. As shown in Fig. 7 and Table S3, the desorption 
peaks of NH3-TPD could be divided into three regions. Region I 
(<200 ◦C) was assigned to the desorption of adsorbed ammonia on 
Brønsted acid sites. Region II (200–300 ◦C) was assigned to the 
desorption of adsorbed ammonia on mild Lewis acid sites. Region III 
(>300 ◦C) was assigned to the desorption of adsorbed ammonia on 
strong Lewis acid sites [56,57]. Brønsted acid sites were derived from 
hydroxyl groups on the catalyst surface [47], which were formed from 
the surface Oads and water, and would be promoted by the oxygen va
cancies [58]. In Fig. 7, the amount of Brønsted acid sites on MIL-101 

(Cr)-Ar-T was 8.75 and 5.46 times of that on MIL-101(Cr)-Air-T and 
MIL-101(Cr)-H2-T, respectively. It might be due to the high amount of 
oxygen vacancies and Oads on MIL-101(Cr)-Ar-T, as proved by XPS and 
O2-TPD results. Lewis acid sites were derived from Cr3+/Cr6+. Cr6+, as a 
highly electron-deficient strong Lewis acid site, had strong oxidative 
properties [14,59]. According to UV–vis spectra, XPS, and H2-TPR re
sults, MIL-101(Cr)-Ar had abundant coordinative unsaturated Cr3+ after 
the calcination in the atmosphere of Ar, and then formed a large amount 
of Cr6+ after the treatment of 10 %O2/Ar. Therefore, MIL-101(Cr)-Ar-T 
showed the highest content of strong Lewis acid sites, 7.96 and 4.58 
times than that of MIL-101(Cr)-Air-T and MIL-101(Cr)-H2-T, respec
tively. Brønsted acid sites were considered with important effect for 
adsorption/activation of CB and the desorption of inorganic Cl, and 
strong Lewis acid sites could promote the deep oxidation of in
termediates [47,60]. Therefore, the high acid content gave MIL-101 
(Cr)-Ar-T an advantage in the oxidation of CB.

The adsorption and activation of CB on the catalysts was studied by 
CB-TPD, and the results were shown in Fig. 8 and Table S4. All three 
catalysts showed CB desorption peaks in the range of 120–130 ◦C. 
Among them, the CB desorption peak on MIL-101(Cr)-Ar-T was the 
largest, with an area 31.59 and 5.81 times of that on MIL-101(Cr)-Air-T 
and MIL-101(Cr)-H2-T, respectively. To eliminate the influence of spe
cific surface area on the adsorption of CB, the CB desorption peaks were 
normalized through dividing them by the specific surface area of each 
catalyst, as shown in Fig. S5. After normalization, the order of the CB 
desorption peak intensity per unit specific surface area remained un
changed. The CB desorption per unit specific surface area on MIL-101 
(Cr)-Ar-T remained 4.92 and 2.23 times of that on MIL-101(Cr)-Air-T 
and MIL-101(Cr)-H2-T, respectively. This indicated that the adsorption 
of CB was not determined by the specific surface area of the catalysts. 
The relationship between the CB adsorption and the Brønsted acid sites 
was analyzed (Fig. S6), and it was found that they had good linear 
relationship on all three catalysts (R2 =0.9958), indicating that the 
adsorption of CB was mainly determined by the amount of Brønsted acid 
sites. Although O2 was in absence in the CB-TPD experiment, part of the 
CB was still oxidized and Cl species were desorbed during the desorption 
process of CB. Since Cl2 was mainly generated through the Deacon re
action at temperatures above 250 ◦C [61], only the HCl signal was 
observed in the spectrum during the desorption of CB below 240 ◦C. 
Although the signal value was low, it was still evident that the amount of 
HCl produced on MIL-101(Cr)-Ar-T was higher than the other two cat
alysts. This might be due to the most Brønsted acid sites on its surface, 
promoting the dechlorination of CB. Additionally, CO and CO2 signals 
were also observed during the desorption process of CB, indicating that 
some adsorbed CB was oxidized. With the highest amount of Cr6+, 
MIL-101(Cr)-Ar-T exhibited the most Lewis acid sites and Oads, there
fore, more CB was oxidized, and the COx produced was 3.05 and 1.09 

Fig. 6. O2-TPD of the catalysts.

Table 5 
Calculation results of O2-TPD.

Catalysts α 
(%)

β (%) γ (%) Total desorbed 
oxygen (a.u.)

Chemical 
Oads

Surface 
Olatt

MIL− 101 
(Cr)-Air-T

3.05 28.16 6.61 62.18 2.88E− 8

MIL− 101 
(Cr)-H2-T

0.3 37.81 42.85 19.03 1.01E− 7

MIL− 101 
(Cr)-Ar-T

1.99 44.39 37.17 16.44 1.39E− 7

Fig. 7. NH3-TPD of the catalysts.
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times of that on MIL-101(Cr)-Air-T and MIL-101(Cr)-H2-T, respectively.

3.4. Catalyst activity

The catalytic activity of the three catalysts for CB oxidation was 
tested, with CrOx-P-T prepared by precipitation as a reference, as shown 
in Fig. 9. The CB conversion of all catalysts increased with the temper
ature (Fig. 9(A)). The catalytic activity of each catalyst was evaluated by 
the temperature required to achieve 90 % CB conversion (T90). The T90 
values for the four catalysts were 233 ◦C on MIL-101(Cr)-Ar-T, 253 ◦C 
on MIL-101(Cr)-H2-T, 273 ◦C on MIL-101(Cr)-Air-T, and 280 ◦C on 
CrOx-P-T. This indicated that the catalyst prepared from MIL-101(Cr) as 
precursor was more active for the oxidation of CB than that by tradi
tional method. More importantly, the different calcination atmospheres 
had further effect on the catalytic activity. The calcination atmosphere 
of Ar was obviously more favorable to obtain the high catalytic activity. 
The COx selectivity was shown in Fig. 9(B). All catalysts were able to 
achieve over 90 % COx selectivity in the high temperature range of 
260–300 ◦C. However, in the lower temperature range of 200–240 ◦C, 
only MIL-101(Cr)-Ar-T maintained COx selectivity over 90 %. On MIL- 
101(Cr)-Ar-T, more CB could be adsorbed and converted, and the in
termediates during the CB oxidation were easily to be further oxidized to 
COx at lower temperature.

Based on the differences in the CB oxidation at 240 ◦C, this tem
perature was selected to test the selectivity of Cl after the conversion of 
CB, the results were shown in Table S5. The MIL-101(Cr)-Ar-T exhibited 
the highest HCl selectivity of 97.61 %, and the rest Cl was converted to 
Cl2. The used catalysts were also detected by XPS, as shown in Fig. S7, 
Table S6 and Table S7. the atomic concentration of Cl was only 0.37 % 
on MIL-101(Cr)-Ar-T. With almost 100 % of Cl coming out to gas phase, 
little Cl would react with the metal on the surface of the catalysts.

The stability experiment of MIL-101(Cr)-Ar-T at 240 ◦C in Fig. 9(C) 
showed that it could maintain nearly 100 % CB conversion in 5-day 

oxidation reaction. Therefore, MIL-101(Cr)-Ar-T exhibited the highest 
catalytic activity for CB oxidation. Since there might be SO2 in the waste 
incineration flue gas, the experiment of resistance to sulfur poisoning 
was also carried out. Fig. 9(D) exhibited the variation of CB conversion 
and COx selectivity on MIL-101(Cr)-Ar-T after the addition of SO2. The 
conversion of CB was stable, and only the CO2 selectivity was reduced by 
about 8 %, indicating that MIL-101(Cr)-Ar-T with high resistance to 
sulfur poisoning. Table S8 showed the comparison of different MOF- 
derived catalysts and metal oxide catalysts reported in recent years 
with the MIL-101(Cr)-Ar-T in CB catalytic oxidation, from which it could 
be observed that MIL-101(Cr)-Ar-T has significant advantages on CB 
catalytic oxidation at low oxygen concentration and low temperature.

3.5. In situ DRIFTs measurements

In order to reveal the reaction pathway of CB oxidation on the sur
faces of different catalysts, in situ DRIFTs experiments were carried out 
to observe the variation of the intermediates during the oxidation of CB 
at 240 ◦C, as shown in Fig. 10(A)-(C). Similar vibrational peaks 
appeared around 1660, 1621, 1590, 1552, 1540, 1514, 1426, 1411, 
1375, 1356, 1311, and 1280 cm− 1, indicating that the intermediates 
formed on during the reaction were similar on the three catalysts. The 
assignments of the peaks were summarized in Table 6. According to the 
literature, the bond energy of the C-Cl bond was 339 kJ/mol, much 
lower than C-H bond at 414 kJ/mol, so the first step of the catalytic 
oxidation of CB was the breaking of the C-Cl bond [62]. The production 
after C-Cl bond breaking was related to Brønsted acid sites, and it would 
form phenol on the surface rich in Brønsted acid sites, while forming 
benzene on the surface lacked of Brønsted acid sites [61]. NH3-TPD re
sults showed that the amount of Brønsted acid sites on MIL-101(Cr)-Ar-T 
was much higher than that on other two catalysts. In Fig. 10, the in
tensity of peak at 1280 cm− 1 due to phenol was the highest on MIL-101 
(Cr)-Ar-T of the three catalysts, and MIL-101(Cr)-Air-T showed the 

Fig. 8. CB-TPD of the catalysts (A) MIL-101(Cr)-Air-T, (B) MIL-101(Cr)-H2-T, (C) MIL-101(Cr)-Ar-T.
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Fig. 9. The catalytic activity of the catalysts. (A) CB conversion, (B) COx selectivity, (C) the stability of MIL-101(Cr)-Ar-T at 240 ◦C, (D) the resistance to sulfur 
poisoning of MIL-101(Cr)-Ar-T at 240 ◦C (Reaction conditions: 100 ppm CB, 30 ppm SO2 when used, 10 %O2 and N2 balance; WHSV = 40000 mL/(g‧h); catalyst 
amount: 75 mg).

Fig. 10. In situ DRIFTs spectra of (A) MIL-101(Cr)-Air-T, (B) MIL-101(Cr)-H2-T, (C) MIL-101(Cr)-Ar-T in CB and 10 %O2 collected at 240 ◦C (balanced by Ar), and 
the evolution of surface (D) benzoquinone, (E) maleate, (F) acetate over different catalysts.
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strongest the peak around 1514 cm− 1 due to adsorbed benzene. The 
amount of phenol did not increase with time, since phenol was easily 
transformed into o-benzoquinone and p-benzoquinone due to the 
property that the oxygen-containing group was generally regarded as an 
electron donating group and an ortho-para position director [63,64]. 
Therefore, a vibration peak near 1623 cm− 1 assigned to o-benzenediol 
and C––O stretching vibration peaks around 1660–1646 cm− 1 due to 
benzoquinone species were observed. In addition, vibration peaks of the 
intermediates after ring-opening were also found, such as the peaks at 
1540–1536, 1416–1409, 1313–1310 cm− 1 assigned to the vibration of 
maleate, peaks at 1552–1547 cm− 1 assigned to the COO- asymmetric 
stretching vibration of acetate, peaks at 1430–1426 cm− 1 assigned to 
the COO- symmetric stretching vibration of acetate, peaks at 
1356–1354 cm− 1 assigned to the CH3 stretching vibration of acetate, 
and peaks at 1376–1373 cm− 1 assigned to the COO- stretching vibration 
of formate. They were all intermediates during the deep oxidation after 
ring-opening by the surface Oads on strong Lewis acid sites [47], 
resulting in maleate, and then further oxidized to acetate and formate, 
and eventually to CO, CO2 and H2O. It could be observed from Fig. 10
that the accumulation of various intermediates on the three catalysts 
was different, indicating that there were differences in the processes of 
CB oxidation. Therefore, the peak fitting was carried out for six peaks at 
1660, 1621, 1590, 1552, 1540 and 1514 cm− 1 (Fig. S10(A)-(C)), to 
investigate the variation of the main intermediates, such as benzoqui
none, maleate, and acetate, and then to reveal key steps for CB oxidation 
on different catalysts.

The adsorption of CB was the first step of CB oxidation, therefore, the 
peak intensity of the aromatic ring C––C bond at 1590 cm− 1 was selected 
as a reference point for assessing the conversion and/or accumulation of 
other intermediates during the oxidation process. The variation of in
termediates with time was shown in Fig. 10(D)-(F). Fig. 10(D) showed 
the variation of benzoquinone. The amount of benzoquinone on MIL- 
101(Cr)-Air-T was relatively stable, showing an extremely slow in
crease from 0 to 60 min. Benzoquinone was mostly derived from the 
oxidation of phenol [1]. However, phenol was difficult to be formed on 
MIL-101(Cr)-Air-T due to the lack of Brønsted acid sites, resulting in a 
relatively low content of benzoquinone. The stable content of benzo
quinone indicated that it could not be oxidized rapidly, even with low 
content. Therefore, the oxidation ability of MIL-101(Cr)-Air-T was weak. 
On the surface of MIL-101(Cr)-H2-T and MIL-101(Cr)-Ar-T, the content 
of benzoquinone increased from 0 to 40 min and then gradually 
decreased in the following 20 min. It indicated that CB could be con
verted to phenol through the abundant Brønsted acid sites on the two 
catalysts, especially on MIL-101(Cr)-Ar-T, and then further oxidized to 
benzoquinone. Benzoquinone would not accumulate on the two cata
lysts during the reaction. After 40 min, the large number of Oads linked 

to Cr6+ on the surface of MIL-101(Cr)-Ar-T accelerated the oxidation of 
benzoquinone, resulting in a higher rate of decrease in benzoquinone 
compared to MIL-101(Cr)-H2-T. Fig. 10(E) and (F) showed the variation 
of maleate and acetate after the ring-opening of benzoquinone. It was 
reported that maleate was an important intermediates in the reaction 
process and could stably exist on the catalyst surface [72]. The maleate 
content on MIL-101(Cr)-Air-T was the lowest at 2 min, and then 
increased rapidly, exceeding that on MIL-101(Cr)-H2-T and MIL-101 
(Cr)-Ar-T within just 10 min. Due to the limited content of benzoqui
none, the increase of maleate content on MIL-101(Cr)-Air-T should not 
be resulted by its large production, and acetate, as the subsequent 
oxidation product of maleate, remained at a low level throughout the 
reaction process. This indicated that the oxidation of maleate was 
inhibited due to the limited oxidation ability of MIL-101(Cr)-Air-T, 
leading to the rapid accumulation of maleate on the surface. The con
tent of maleate on MIL-101(Cr)-Ar-T was at a low level during the re
action process. However, the content of acetate on MIL-101(Cr)-Ar-T 
increased rapidly within the first 40 min and then became stable, much 
higher than other two catalysts. The low content of maleate was caused 
by the rapid oxidation to acetate, so it could not accumulate on the 
surface of MIL-101(Cr)-Ar-T. In summary, during the oxidation of CB on 
MIL-101(Cr)-Ar-T, the large number of Brønsted acid sites promoted the 
conversion of CB to phenol, which was rapidly oxidized by the high 
amount of Oads on the strong Lewis acid sites, forming maleate, acetate, 
finally producing COx and H2O. Therefore, it showed the highest CB 
conversion and COx selectivity at low temperature.

3.6. DFT calculations

It has been proved by in situ DRIFTs that when CB was converted to 
benzoquinone species, they were much easier to be oxidized on MIL-101 
(Cr)-Ar-T, which was rich in oxygen vacancy and with active migration 
of lattice oxygen. Besides the oxidation from benzoquinone, the process 
of the CB adsorption and conversion was also investigated by DFT cal
culations, as shown in Fig. 11. MIL-101(Cr)-Air-T and MIL-101(Cr)-Ar-T 
was set as two models. Both the presence and amount of oxygen va
cancies could influence the length of Cr-O bond. In MIL-101(Cr)-Air-T, 
the length of Cr-O bond near the oxygen vacancies was 1.976 Å, and 
that away from the oxygen vacancies was only 1.935 Å. As for MIL-101 
(Cr)-Ar-T, the length of Cr-O bond became 2.124 Å and 2.028 Å, 
respectively. The high amount of Cr6+ near the oxygen vacancies would 
elongate the Cr-O bond through Jahn-Teller effect, resulting in more 
active lattice oxygen participating in the reaction [73]. During the 
adsorption of CB, the adsorption energies of CB on MIL-101(Cr)-Air-T 
and MIL-101(Cr)-Ar-T surfaces were − 0.86 eV and − 3.91 eV, respec
tively, indicating that MIL-101(Cr)-Ar-T could adsorb CB easily. After 
the adsorption, the length of C-Cl bond in MIL-101(Cr)-Ar-T was longer, 
with 1.814 Å, promoting the dissociation of C-Cl. Meanwhile, the Cr-O 
bond near and away from oxygen vacancies was further elongate to 
2.139 Å and 2.093 Å, which further oxidized the reaction intermediates, 
and then resulting in the quick transformation of benzoquinone, maleate 
and acetate in Fig. 10.

The variation in different calcination atmospheres, and its role on the 
activity of the catalysts was revealed by the experiments and shown in 
Fig. 12. In the calcination atmosphere of Air or 10 % H2/Ar, the organic 
ligands in MIL-101(Cr) were completely or mostly removed, and the 
CrOx metal clusters aggregated and were oxidized to form stable crys
talline Cr2O3. In contrast, large amounts of organic ligands were 
carbonized and retained in the atmosphere of Ar. It made the catalyst 
remain part of the micropore structure and high specific surface area, 
thus promoting the dispersion and exposure of Cr. Therefore, the CrOx 
clusters were preserved by the separation of carbonized ligands, and 
there were abundant coordinative unsaturated Cr3+ and oxygen va
cancies on the surface of after calcination. During the treatment of 10 % 
O2/Ar, coordinative unsaturated Cr3+ species was oxidized to Cr6+ with 
the transformation of the CrOx clusters to crystalline Cr2O3. With the 

Table 6 
Observed DRIFT vibration frequencies (cm− 1) of intermediate species in CB 
oxidation.

Wavenumber (cm− 1) Assignment Ref.

1646 − 1660 benzoquinone (C––O stretching 
vibration)

[65]

~ 1623 o-benzenediol [66]
1590 aromatic ring (C––C stretching 

vibration)
[67, 
68]

1552, 1547 acetate (COO- asymmetric stretching 
vibration)

[68]

1540 − 1536, 1416 − 1409, 
1313 − 1310

maleate [68, 
69]

1514, 1510 adsorbed benzene [61, 
70]

1430 − 1426 acetate (COO- symmetric stretching 
vibration)

[69]

1356 − 1354 acetate (CH3 stretching vibration) [1]
1376 − 1373 formate (COO- stretching vibration) [71]
1280 phenol (C-O stretching vibration) [68]
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effect of oxygen vacancies, large amounts of OH and Oads on Cr6+ were 
produced, forming abundant Brønsted acid sites and strong Lewis acid 
sites, respectively. Therefore, the adsorption and activation of CB was 
promoted by OH, leading to the formation of phenol and production of 
HCl. During the further oxidation of intermediates, the Oads on Cr6+ as 
strong Lewis acid sites enhanced the cleavage of C-C bonds, and the 

consumption of Oads could be rapidly replenished by the migration of 
surface Olatt. With the effects above, CB could be converted and the 
intermediates could be deeply oxidized to COx at lower temperature.

Fig. 11. Calculated lattice structures of (A) MIL-101(Cr)-Air-T and (B) MIL-101(Cr)-Ar-T; surface models of CB adsorption on (C) MIL-101(Cr)-Air-T and (D) MIL-101 
(Cr)-Ar-T.

Fig. 12. The variation of MIL-101(Cr) in different calcination atmospheres and the pathway of CB oxidation.
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4. Conclusion

This study investigated the influence of different calcination atmo
spheres (Air, 10 %H2/Ar, Ar) on the physicochemical properties of MIL- 
101(Cr) catalysts, and the performance for the oxidation of CB. Among 
three calcination atmospheres, only Ar atmosphere achieved the step
wise removal of organic ligands. During the calcination, part of organic 
ligands was were carbonized and remained. The carbonized organic li
gands prevented the aggregation of CrOx clusters, maintaining the 
physical structure, as well as large amounts of coordinative unsaturated 
Cr3+ and oxygen vacancies. This led to the high content of OH from 
Brønsted acid sites, which enhanced the adsorption/activation of CB, 
and abundant Oads on Cr6+ as the strong Lewis acid sites that further 
oxidized the intermediates. The migration of surface Olatt could 
replenish the Oads consumed around Cr6+ during the reaction. This 
resulted in 100 % CB conversion at 240 ◦C, and the selectivity of 97.6 % 
and 95 % to HCl and COx selectivity, respectively.

Environmental Implication

Chlorobenzene, as one of the typical precursors of polychlorinated 
biphenyls and furans, has enormous damage to health of human and 
eco-environment. Therefore, chlorobenzene is widely known as a toxic 
“hazardous material”, which would give rise to atmospheric ozone, 
photochemical smog, cancerization and distortion of organism. We used 
MIL-101(Cr)-derived CrOx catalyst to efficiently degrade chlorobenzene 
at a lower temperature of 240 ◦C, and minimized the production of 
chlorinated organic byproducts with the selectivity of HCl as high as 
almost 97 %. This work is of great significance for developing cheap and 
novel catalysts in chlorobenzene degradation while suppressing the 
secondary pollution of environment.
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