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A B S T R A C T   

Though exhibiting excellent performance in the adsorption of organic gas pollutants, the application of MOFs is 
still limited in the photocatalytic oxidation (PCO) of volatile organic compounds (VOCs) due to the short lifetime 
of photogenerated electron-hole pairs. MIL-100(Fe)/α-Fe2O3 photocatalysts were fabricated through a facile one- 
step hydrothermal method by adjusting the coordination of Fe(III) ions for the PCO of typical VOCs. The large 
specific surface area (763 m2 g− 1), uniformly distributed active sites and suitable pore structure of the composites 
enable the effective adsorption of target o-xylene molecules. The MIL-100(Fe)/α-Fe2O3 hybrid presented a high 
o-xylene removal efficiency of 100% under 250 W xenon (Xe) lamp irradiation and 90% under visible light (λ ≥
420 nm), which is far beyond the performance of commercial TiO2 photocatalyst under the same conditions 
(23% under 250 W Xe lamp irradiation and 0% under visible light). The ESR results confirmed the formation of 
Z-scheme structure and revealed that the reversible conversion of Fe(III) and Fe(II) under light irradiation plays a 
key role in the oxidation of o-xylene and the effective generation of reactive radicals. The PCO mechanism of o- 
xylene was analyzed through in-situ DRIFTS. This work not only provides a means for the synthesis and opti
mization of high performance photocatalysts based on MOFs for air purification, but also shed light on the PCO 
mechanism of o-xylene by MOFs photocatalysts.   

1. Introduction 

Volatile organic compounds (VOCs) have caused adverse effects on 
the ecological environment and human health due to its toxicity and 
environmental persistence. Aromatics is the most important VOC group 
in several megacities, accounting for 20 ~ 50% of the measured VOC 
reactivity, which is mainly caused by vehicle emissions and industries 
[1,2]. Therefore, the elimination of aromatics, is of great significance to 
the purification of atmospheric environment. Photocatalytic oxidation 
(PCO) has been proven to be promising means in the mineralization of 
VOCs [3]. Since the work by Fujishima and Honda in 1972, TiO2-based 
photocatalysts have drawn tremendous attention in the PCO of VOCs 
due to their high stability, low cost and easy accessibility [4]. Efforts 
have been performed to optimize the activity of TiO2-based photo
catalysts for the rapid and complete mineralization of typical VOCs 
[5,6]. Despite all these efforts, TiO2-based photocatalysts still suffer 

from several drawbacks, such as the poor affinity to aromatic hydro
carbons, the fast recombination of electron-hole pairs, limited PCO ac
tivity under visible light and easily be deactivated [7]. These 
shortcomings severely limit the application of photocatalytic technology 
in the degradation of aromatic pollutants. The effective elimination of 
VOCs by photocatalyst oxidation calls for the development of alterna
tives with good capture ability for aromatic hydrocarbons and high PCO 
activity. 

Most metal–organic frameworks (MOFs) are semiconductor-like 
porous materials composed of metal-oxo clusters and organic coordi
nated ligands [8]. In addition to their tremendous specific surface areas 
(SSA) and spatially arranged active sites, which enable their application 
in the capture of gaseous molecules such as CO2, O3 and VOCs, MOFs 
also exhibit excellent ligand–metal charge transfer (LMCT) property as 
promising candidates for the PCO of organic pollutants [9–11]. In fact, 
some MOFs such as the ones based on Titanium [12], Zirconium [13] 
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and iron [14,15] have already been proven to be high-performance 
photocatalysts for the degradation of dyes and the splitting of water. 
Among various MOFs, ion-based MOFs such as MIL-100(Fe), MIL-101 
(Fe) and MIL-88(Fe) have drawn lots of interests not only because of 
their high abundance and low toxicity, but also for their suitable HOMO- 
LUMO gap of around 2 eV and LMCT property under visible light. The 
high specific surface area, suitable pore size, uniformly distributed Fe 
active sites and aromatic ligand structure are conducive to the rapid 
adsorption and decomposition of VOCs, especially aromatic hydrocar
bons. Li et al. [16] confirmed that Fe-MOFs could work as promising 
candidates for the PCO of toluene. However, the relatively lower HOMO 
state of Fe-MOFs (1.73 eV for MIL-100(Fe) and 0.98 eV for MIL-101(Fe)) 
was not sufficient for the generation of active •OH radicals through the 
oxidation of H2O (2.34 eV) [17–19]. As •OH radical is one of the main 
radicals required for the PCO of VOCs, the lack of •OH radical may 
severely limit the performance of Fe-MOFs as a photocatalyst. Secondly, 
Fe-MOFs suffers from the fast recombination of photon-induced elec
tron-hole pairs due to its small HOMO-LUMO gap, which impedes the 
fully utilization of the light energy. 

Building a two-step photoexcitation system (Z-scheme) has been 
proven to be a promising method for improving the utilization of pho
tons without sacrificing the high SSA and visible-light activity of MOFs. 
Herein, MIL-100(Fe)/α-Fe2O3 composites with an artificial Z-scheme 
structure were synthesized through a facile one-step hydrothermal 
method. A typical aromatic pollutant, o-xylene, was chosen as the target 
pollutant to evaluate the performance of the composites. The high SSA 
and π-π interaction between MIL-100(Fe) and o-xylene enabled the fast 
and effective capture of target molecules. The direct and close contact 
between the two components enabled the fast charge transfer at the 
interfaces and the effective separation of electron-hole pairs. Compared 
with pristine α-Fe2O3 or MIL-100(Fe), MIL-100(Fe)/α-Fe2O3 exhibit an 
improved performance in the PCO of o-xylene under the irradiation of 
both Xe lamp and visible light. Further mechanism study through ESR 
and in-situ DRIFTS analysis reveals that the outstanding performance of 
MIL-100(Fe)/α-Fe2O3 not only originates from the high SSA and uniform 
distribution of active sites, promoting the adsorption of o-xylene, but 
also benefits from the direct transfer of charge carriers between the 
active sites and o-xylene molecules, as well as the effective generation of 
both •O2

– and •OH radicals. The construction of in-situ Z-scheme struc
ture based on Fe-MOFs and results reported here would provide a new 
sight for the application of MOFs in the PCO of gaseous organic 
pollutants. 

2. Experimental section 

2.1. Materials 

Commercially available chemicals were used without additional 
purification. 1,3,5-benzenetricarboxylic acid (H3BTC), Iron nitrate 
nonahydrate (Fe(NO3)3⋅9H2O) and ethanol were purchased from Sino
pharm Chemical Reagent Co., Ltd, and Shanghai Zhenxing chemical 
No.1 plant, respectively. Deionized water (18.2MΩ) was used during 
analysis. 

2.2. Sample preparation 

2.2.1. Preparation of the MIL-100(Fe)/α-Fe2O3 
The sample MIL-100(Fe)/α-Fe2O3 was synthesized by a modified 

hydrothermal method [20]. In a typical procedure, 6 mmol Fe 
(NO3)3⋅9H2O was dissolved into 60 mL deionized water and then 6 
mmol H3BTC was added to the above solution at the stirring speed of 
650 r/min for a certain time (15 and 30 min, respectively). The obtained 
orange solution was then transferred to a 100 mL Teflon-lined autoclave 
and kept at 150 ◦C for 12 h. After cooling down to room temperature, the 
product was collected by centrifugation and washed with deionized 
water and ethanol for three times. The solid powders of MIL-100(Fe)/ 

α-Fe2O3 were finally obtained after drying in a vacuum oven at 60 ◦C for 
16 h. The hybrids are termed hereafter MIL-100(Fe)/α-Fe2O3-15 and 30, 
where the numbers indicate the stir time (unit: min) in the previous step 
(Scheme S(1)). 

2.2.2. Preparation of the MIL-100(Fe) and α-Fe2O3 
MIL-100(Fe) was obtained by the above fabrication method of MIL- 

100(Fe)/α-Fe2O3 hybrid materials. Maintaining the same stirring speed, 
the Fe(III) and the organic ligand H3BTC in the solution were completely 
coordinated through extending the stirring time to an hour to obtain 
MIL-100(Fe) without α-Fe2O3. The synthesis method and steps of 
α-Fe2O3 were the same as the preparation of MIL-100(Fe)/α-Fe2O3 ma
terials, except that H3BTC was not added during the synthesis process. 

2.3. Characterization 

The X-ray diffraction (XRD) measurement of the samples was carried 
out on EMYPREAN diffractometer with monochromatized Cu Kα radi
ation (k = 1.5418 Å) over a 2theta degree of 5◦-80◦. The Fourier 
Transform Infrared spectroscopy (FTIR, Vertex 70, ThermoFisher Sci
entific) was carried out to research the structure information of the 
materials in the range of 4000–500 cm− 1. The Brunauer-Emmett-Teller 
(BET) surface area, nitrogen adsorption–desorption isotherm, and 
porosity distribution were studied through Micromeritics ASAP 3000 at 
77 K. The X-ray photoelectron spectroscopy (XPS) measurement was 
used to analyze the elemental valence state and the surface chemical 
environment by the ESCAlab250 (USA) instrument. The UV–vis ab
sorption spectra of the as-prepared samples were recorded through the 
UV–vis diffuse reflectance spectroscopy (DRS) (Cary 5000, USA) and 
barium sulfate was used as a standard of reflectance. Photoluminescence 
(PL) spectroscopy was conducted on an LS55 spectrometer of Perkin 
Elmer Instruments with the wavelength of 320 nm. Thermogravimetric 
analysis (TGA) was carried out on a thermo analyzer (STA449C, 
NETZSCH) with a heating rate of 10 ◦C/min from room temperature to 
700 ◦C under air. In situ Diffuse Reflection Infrared Fourier Transform 
spectroscopy (DRIFTS) was carried out on the Shimadzu IRTracer-100 
instrument, equipped with a mercury cadmium telluride (MCT) detec
tor cooled by liquid nitrogen to research the degradation pathway of o- 
xylene. The transient photocurrent test was achieved on photo
electrochemical workplace (CHI 650B, CH instruments Inc., Shanghai) 
with a three-electrodes-system and an electrolyte solution of NaCl (0.5 
mol/L). The Ag/AgCl and Pt foil served as the reference and counter 
electrodes, respectively. The samples were coated on FTO disks by spin 
coating to act as the work electrode. 

2.4. ESR test 

Electron spin resonance (ESR) signal of active radicals trapped by 
5,5-dimethyl-1-pyrroline N-oxide (DMPO) was recorded on a JES-FA200 
spectrometer. DMPO was purchased from DOJINDO Laboratories with 
purity higher than 99% as claimed by the producer. Samples for ESR 
measurements were prepared by mixing 4 mg sample with 5 mL liquid 
(deionized water for DMPO-•OH and ethanol for DMPO-•O2

– ultrasoni
cally dispersed for 5 min, respectively). 6 μL DMPO was added into 200 
μL of the mixed solution under a Xe lamp irradiation. 

2.5. Adsorption and photocatalytic activity 

The adsorption and photocatalytic degradation activity towards o- 
xylene of the samples were tested in a flow phase reaction system at 
ambient temperature as reported previously shown in Scheme S(2) [21]. 
The reaction chamber with a volume of 120 mL (15 × 8 × 1 cm) was 
covered by a quartz glass plate. The 250 W xenon lamp was placed 30 cm 
above the sample as the light irradiation source. Firstly, the photo
catalyst (0.095 g) loaded on a glass slide (12 × 5 cm) was placed in the 
chamber, and then 50 ppm o-xylene flowed through the cuboid quartz 
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vessel at a flow rate of 10 mL/min. Meanwhile the air passed through the 
humidification tank at a flow rate of 10 mL/min and mixed with o- 
xylene flow in gas-mixed jar, and then entered into the cuboid quartz 
vessel. A blank experiment with no photocatalyst loading on the glass 
slide was also carried out to confirm the role of photocatalysts. The 
concentration of o-xylene is 25 ppm. It took approximately 220 min to 
reach an adsorption–desorption equilibrium in the dark. After the 
adsorption–desorption equilibrium was reached, the photocatalytic ac
tivity experiment was performed under the 250 W Xe lamp or visible 
light with a 420 nm filter. The concentration of o-xylene was measured 
by a gas chromatography (GC-7920, Beijing China Education Au-light 
Co., Ltd., China) with a flame ionization detector (FID) detector. The 
removal ratio (η) of o-xylene was calculated according to the following 
formula, where C0 and C were the initial and the real-time concentration 
of o-xylene, respectively. 

η= (1 − C/C0) × 100% 

3. Results and discussion 

3.1. Characterization of morphology, structure, composition and optical 
properties 

The composition and crystal structure of α-Fe2O3, MIL-100(Fe)/ 
α-Fe2O3-15, MIL-100(Fe)/α-Fe2O3-30 and MIL-100(Fe) were analyzed 
by XRD. As shown in Fig. 1(a), diffraction peaks of the as-prepared 
α-Fe2O3 sample were well matched with the standard card of α-Fe2O3 
(JCPDS No. 33–0664) [22]. The positions of all peaks of the MIL-100(Fe) 
sample were in good agreement with the XRD standard spectrum of MIL- 
100(Fe) obtained by Horcajada et al. through Rietveld refinement, 
confirming the successfully synthesis of MIL-100(Fe) [23,24]. The peak 

positions of the composites matched well with the diffraction pattern of 
MIL-100(Fe) in the range of 5 to 30◦ and the diffraction peaks at 33.1◦

and 35.6◦could be assigned to the (102) and (110) facets of α-Fe2O3, 
which indicated the formation of MIL-100(Fe)/α-Fe2O3 hybrids. The 
FTIR spectra of MIL-100(Fe)/α-Fe2O3-15 and MIL-100(Fe)/α-Fe2O3-30 
in Fig. 1(b) showed bands at 710, 760, and 1380–1630 cm− 1, which 
were consistent with those of MIL-100(Fe) reported in the previous 
research. The band at 570 cm− 1 of MIL-100(Fe)/α-Fe2O3-15 were 
attributed to the characteristic peak of α-Fe2O3 [25]. The characteristic 
peak of α-Fe2O3 in FTIR was not detected in the MIL-100(Fe)/α-Fe2O3- 
30 hybrid due to the relatively low content of α-Fe2O3. In general, the 
adsorption capacity of porous materials is related to their specific sur
face area and pore structure. Fig. 1(c), (d) and Fig. S(1) showed the N2 
adsorption–desorption isotherms and the pore size distribution of the as- 
prepared samples. The N2 adsorption–desorption isotherms of the 
samples were type-IV adsorption curves, except for α-Fe2O3, which 
exhibited a type-I adsorption curve. As shown in Table 1, the BET spe
cific surface areas of α-Fe2O3, MIL-100(Fe)/α-Fe2O3-15, MIL-100(Fe)/ 
α-Fe2O3-30 and MIL-100(Fe), were 23 m2 g− 1, 763 m2 g− 1, 1138 m2 g− 1 

and 1270 m2 g− 1, respectively. Though exhibiting smaller BET-SSA 

Fig. 1. Characterization of the as-prepared samples (a) XRD (b) FTIR spectra (c) BET (d) Pore size distributions from nitrogen adsorption isotherms.  

Table 1 
The BET specific surface area and average pore diameters of the as-prepared 
samples.  

Sample α-Fe2O3 MIL-100(Fe)/ 
α-Fe2O3-15 

MIL-100(Fe)/ 
α-Fe2O3-30 

MIL-100 
(Fe) 

SBET (m2 g− 1
) 23 763 1138 1270 

Average pore 
diameter (nm) 

19.35 4.09 3.39 2.76  
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compared with pristine MIL-100(Fe), the composites showed higher 
average pore diameters of 4.09 nm for MIL-100(Fe)/α-Fe2O3-15 and 
3.39 nm for MIL-100(Fe)/α-Fe2O3-30 than MIL-100(Fe). The relative 
larger pore size could facilitate the efficient mass transfer of o-xylene 
and provide more accessible active sites for the absorption and degra
dation of o-xylene (theoretical size = 0.306 nm). 

Thermogravimetric tests were carried out to analyze the composition 
of MIL-100(Fe)/α-Fe2O3 hybrids. As displayed in Fig. 2, three weight 

loss stages are observed over the TG curve of MIL-100(Fe) at tempera
ture ranging from room temperature to 700 ◦C. The first weight loss 
(~17.63%) below 190 ◦C was related to the desorption of guest H2O 
molecules inside the pores and the weight loss of 5.70 wt% in the range 
of 190 ~ 290 ◦C was attributed to the removal of coordinated H2O 
molecules [26,27]. Similarly, the TG curves of MIL-100(Fe)/α-Fe2O3 
composites also showed three weight losses. However, the first weight 
loss of MIL-100(Fe)/α-Fe2O3-15 (~21.30%) and MIL-100(Fe)/α-Fe2O3- 

Fig. 2. TG curves of α-Fe2O3, MIL-100(Fe)/α-Fe2O3-15, MIL-100(Fe)/α-Fe2O3-30 and MIL-100(Fe).  

Fig. 3. The SEM images of (a) α-Fe2O3, (b) MIL-100(Fe)/α-Fe2O3-15 and (c) MIL-100(Fe); The TEM images of (d) α-Fe2O3, (e, g) MIL-100(Fe)/α-Fe2O3-15 and (f) of 
MIL-100(Fe); (h) The HRTEM image of MIL-100 (Fe)/α-Fe2O3-15. 
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30 (~25.53%) at 190 ◦C was higher than that of MIL-100(Fe), while the 
second weight loss of MIL-100(Fe)/α-Fe2O3-15 (~2.59%) and MIL-100 
(Fe)/α-Fe2O3-30 (~2.54%) at 290 ◦C was lower compared with MIL-100 
(Fe). As the temperature further increases to 540 and 485 ◦C, dramatic 

weight losses of 51.92, 41.66 and 42.31% were observed for MIL-100 
(Fe), MIL-100(Fe)/α-Fe2O3-15 and MIL-100(Fe)/α-Fe2O3-30, respec
tively. The weight loss is related to the combustion of the BTC3- and the 
collapse of the MIL-100(Fe) skeleton, leaving Fe2O3 as the residual [27]. 

Fig. 4. (a) Diffuse reflectance spectroscopy, (b) The converted Tauc plot of (αhν)2 versus photon energy (hν), The estimated XPS valence band spectra of (c) α-Fe2O3 
and (d) MIL-100 (Fe), (e) Photoluminescence spectra and (f) Photocurrent response of α-Fe2O3, MIL-100(Fe)/α-Fe2O3-15, MIL-100(Fe)/α-Fe2O3-30 and MIL-100(Fe). 
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The pattern of weight loss over MIL-100(Fe)/α-Fe2O3 hybrids were 
comparable to that of the MIL-100(Fe) sample, revealing both of them 
are thermally stable below 290 ◦C. The mass content of α-Fe2O3 in the 
final samples were determined to be 12.9 wt% for MIL-100(Fe)/α-Fe2O3- 
15 and 6.5 wt% for MIL-100(Fe)/α-Fe2O3-30. These results confirmed 
the successful control over the composition of MIL-100(Fe)/α-Fe2O3 
hybrids through the one-step hydrothermal process. 

Fig. 3 gives the micro-morphology of the samples. Ellipsoidal parti
cles of α-Fe2O3 (Fig. 3(a)) and small hexagonal MIL-100(Fe) nano
particles (Fig. 3(c)) are obtained through our hydrothermal method, 
quite similar with the ones reported previously [10]. Unlike the ellip
soidal nanoparticles with diameters around 50 nm observed in α-Fe2O3 
(Fig. 3(a) and (d)), the α-Fe2O3 nanoparticles in MIL-100(Fe)/α-Fe2O3- 
15 (Fig. 3(e), (g) and Fig. S(2)) are much smaller with a lateral dimen
sion of about 5 nm (Fig. 3(h)). Benefiting from the in-situ hydrothermal 
process, these α-Fe2O3 particles are highly dispersed and closely contact 
with the MIL-100 (Fe) matrix. 

Based on the results above, the synthesis mechanism of MIL-100(Fe)/ 
α-Fe2O3 is proposed. When adding Fe(NO3)3⋅9H2O into deionized (DI) 
water at ambient temperature, the hydrolysis of Fe(III) happened and 
resulted in a yellow-colored solution due to the formation of monomeric 
octahedral [Fe(OH)n(H2O)6-n](3-n)+. The further condensation of [Fe 
(OH)n(H2O)6-n](3-n) + led to the formation of trinuclear clusters with a 
triangular arrangement of Fe(III) atoms bridged by μ3-O2– ions. With the 
elongation of the stirring time, BTC3- ions were gradually released from 
H3BTC. The exchange between O2– and carboxylic groups from free 
BTC3- ions resulted in the formation of super-tetrahedra [Fe3(μ3-O)(OH) 
(C6H4(CO2)3)2(H2O)2] trimers, which is the primary building unit of 
MIL-100(Fe) [28]. Due to the slow dissolution and protonation rate of 
H3BTC in water, the degree of the replacement increases with the stir
ring time. When the stirring time reached one hour, the [Fe(OH)n(H2O)6- 

n](3-n)+ trimers were completely turned into[Fe3(μ3-O)(OH) 
(C6H4(CO2)3)2(H2O)2] trimers. The subsequent hydrothermal process 
can make these primary building units (PBUs) self-assemble into crys
tallized MIL-100(Fe) particles. However, when the mixing times is not 
sufficient for the complete conversion from [Fe(OH)n(H2O)6-n](3-n)+

trimers to [Fe3(μ3-O)(OH)(C6H4(CO2)3)2(H2O)2] trimers, these trimers 
may turn into Fe(OH)3 during the hydrothermal process and finally 
resulted in the formation of Fe2O3 nanoparticles. Therefore, the α-Fe2O3 
content in the MIL-100(Fe)/α-Fe2O3 hybrids could be well tuned by 
controlling the coordination of Fe(III) through adjusting the stirring 
time. On one hand, these Fe2O3 nanoparticles would work as nucleation 
centers for the deposition and growth of MIL-100(Fe) particles and led to 
the MIL-100(Fe)/α-Fe2O3 composites with α-Fe2O3 particles embedded 

in the MIL-100(Fe) matrix. On the other hand, the lower concentration 
of [Fe(OH)n(H2O)6-n](3-n)+ in the solution and the reduced pH value of 
the solution due to the protonation of H3BTC influence the growth of 
α-Fe2O3 and caused the formation of relatively small nanoparticles. 
Besides, the self-assemble of PBUs also limited the growth of α-Fe2O3 
nanoparticles. 

In order to survey the elemental composition and binding position of 
MIL-100(Fe)/α-Fe2O3 hybrids, X-ray photoelectron spectroscopy (XPS) 
measurement was employed to research the sample of MIL-100(Fe)/ 
α-Fe2O3-15. As shown by the survey spectrum in Fig. S3(a), the C, Fe and 
O elements were confirmed in the MIL-100 (Fe)/α-Fe2O3-15 hybrid. The 
Fe 2p spectrum was divided into two clearly defined peaks of Fe 2p3/2 
and Fe 2p1/2 (Fig. S3(b)) at the binding energies of 711.6 and 725.4 eV, 
which was ascribed to the Fe(III) in MIL-100(Fe)/α-Fe2O3-15 [29]. The C 
1s spectrum showed three characteristic peaks in Fig. S3(c), related to 
C–C of the benzene ring (285.0 eV), C-O (286.5 eV) and C =O (289.0 eV) 
of carboxylic functional group. The high resolution of O 1s spectra were 
separated into three distinct peaks at binding energies of 530.3, 531.9 
and 533.4 eV in Fig. S3(d), which were associated with oxygen element 
in the Fe-O, C-O and C = O of BTC3- ligands, respectively. 

The photo-response range is one of the important factors affecting 
the performance of photocatalysts [30]. The optical property of the 
samples was studied by UV–vis diffuse reflectance spectroscopy (DRS) as 
shown in Fig. 4(a). MIL-100(Fe) presented strong UV absorption with a 
main peak at 300 nm, which should be ascribed to the absorption 
resulted from ligand-to-metal charge transfer (LMCT) of O(II) to Fe(III) 
[31]. Moreover, the bands at the range of 300–600 nm could be origi
nated from the spin-allowed d-d transition ([6A1g =>4A1g +

4Eg (G)]) of 
Fe(III) in MOFs [32]. When introducing ultrafine α-Fe2O3 nanoparticles 
through in-situ growth, the absorption bands of MIL-100(Fe) gradually 
red shifted and covered both the ultraviolet and visible light regions. The 
converted Tauc plots versus photon energy (hν) were presented in Fig. 4 
(b). The bandgap values of MIL-100(Fe) and α-Fe2O3 were calculated as 
2.12 eV and 2.08 eV, respectively. X-ray photoelectron spectroscopy was 
employed to analyze the valence band structure of α-Fe2O3 and MIL-100 
(Fe) [19]. As shown in Fig. 4(c) and 4(d) the valence band values of 
α-Fe2O3 and MIL-100(Fe) were 2.42 and 1.74 eV, respectively. Accord
ing to the empirical formula (ECB = EVB - Eg, where ECB is the conduction 
band (CB) energy, Eg is the band gap and EVB is the valence band (VB) 
energy), the ECB of α-Fe2O3 and MIL-100(Fe) were calculated as 0.34 and 
− 0.38 eV, respectively. Photoluminescence spectra of the samples are 
compared to analyze the separation of charge carriers. The emission 
intensity for MIL-100(Fe)/α-Fe2O3-15 and MIL-100(Fe)/α-Fe2O3-30 was 
much lower (Fig. 4(e)) compared with MIL-100(Fe), indicating a much 

Fig. 5. (a) Adsorption curves of flowing gaseous o-xylene molecules for different samples in dark condition (b) The saturated adsorption of 0.095 g as-prepared 
materials for gaseous o-xylene (25 ppm). 
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lower recombination efficiency of photogenerated electron–hole pairs in 
the MIL-100(Fe)/α-Fe2O3 hybrids. The formation of heterojunction be
tween MIL-100(Fe) and α-Fe2O3 in the composites enabled the space 
separation of photon-generated electron-hole pair, which would benefit 
the generation of active radicals and the PCO of pollutants. The photo
current curves for α-Fe2O3, MIL-100(Fe), MIL-100(Fe)/α-Fe2O3-15 and 
MIL-100(Fe)/α-Fe2O3-30 were displayed in Fig. 4(f). The photocurrent 
of all samples displayed repeatable signals in the case of light on–off 
switch, indicating the semiconductor characteristics of α-Fe2O3 and MIL- 
100(Fe). It could be observed that the MIL-100(Fe)/α-Fe2O3-15 sample 
shows stronger photocurrent response than MIL-100(Fe)/α-Fe2O3-30. 
The photocurrent intensity of the composites is higher with respect to 
pure α-Fe2O3 and MIL-100 (Fe) under xenon light, which can be asso
ciated with more efficient separation of photoexcited electron-hole pairs 
and much faster interfacial charge transfer of the composites. 

3.2. Adsorption capacity of catalysts to gaseous o-xylene 

The effective capture of small organic molecules is a significant 
prerequisite for photocatalytic degradation of gaseous pollutants. Fig. 5 
(a) gives the adsorption of gaseous o-xylene on the as-prepared mate
rials. Compared with the blank chamber, the concentration of o-xylene 
decreased when the samples were applied during the whole adsorption 
period due to the adsorption of o-xylene on these photocatalysts. 

According to Fig. 5(a), at a constant volume flow rate, the α-Fe2O3, MIL- 
100(Fe)/α-Fe2O3-15, MIL-100(Fe)/α-Fe2O3-30 and MIL-100(Fe) took 
nearly equal time to reach the adsorption equilibrium. The saturated 
absorbance of o-xylene gas (Vadsorption) was calculated by the following 
equation reported in previous literature [21,33], 

Vadsorption =

(∫ t

0
v × ctdt

)

blank
−

(∫ t

0
v × ctdt

)

sample

= v

{(∫ t

0
ctdt

)

blank
−

(∫ t

0
ctdt

)

sample

}

υ and ct stand for the flow rate of the mixed gas and the real-time 
concentration of o-xylene in the sealed cuboid glass vessel, respec
tively. The closed region between the curve and baseline C/C0 = 1 
represents the amount of o-xylene adsorbed on the surface of photo
catalysts. MIL-100(Fe), MIL-100(Fe)/α-Fe2O3-15 and MIL-100(Fe)/ 
α-Fe2O3-30 all displayed considerable adsorption capacity in Fig. 5(b) 
attributed to their high specific surface area and the π-π strong inter
action between the organic linker BTC3- and o-xylene molecules [34]. 
Interestingly, the amount of o-xylene absorbed slightly increased with 
the α-Fe2O3 content, which was contrary to the change in the BET SSA of 
the samples. The phenomenon was mainly due to the increase in the 
pore size enabled the smoother migration of o-xylene molecules in the 
channels of MOFs and the exposure of more Lewis acidic active sites for 

Fig. 6. Photocatalytic degradation efficiency of the as-prepared samples (a) under 250 W Xe lamp and (b) 250 W Xe lamp with filter, λ ≥ 420 nm (c) Durability of 
MIL-100(Fe)/α-Fe2O3-15 for 4 repeated cycles of the integrated process under 250 W Xe lamp (d) XRD pattern and (e) FTIR spectra of the MIL-100(Fe)/α-Fe2O3-15 
sample before and after 4 cycling tests under 250 W Xe lamp. 
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the capture of o-xylene molecules. 

3.3. Photocatalytic activity of catalysts to gaseous o-xylene 

The photocatalytic activity was evaluated by comparing the removal 
ratio of gaseous o-xylene (Fig. 6(a) and 6(b)) under two light sources. 
Interestingly, the amount of o-xylene showed an increase when α-Fe2O3 
and TiO2 (Fig. S4) were light irradiated. The phenomenon was attrib
uted to the thermal-induced desorption of o-xylene molecules adsorbed 
on the photocatalyst and the wall of the reaction chamber under light 
irradiation, which could not be degraded by the catalyst in time. Similar 
phenomenon was observed in the blank experiment where no catalyst 
was applied (Fig. S5). MIL-100(Fe) exhibited an activity toward o-xylene 
removal with efficiency up to 80% and 75% under 250 W Xe lamp light 
irradiation and visible light, respectively. The o-xylene removal effi
ciency further increased to 100% and remained stable for 300 min under 
Xenon light when applying MIL-100(Fe)/α-Fe2O3-15 as the photo
catalyst, which was in accordance with its high specific surface area, 
lower PL intensity and high photo-currency. Besides, the MIL-100(Fe)/ 
α-Fe2O3-15 also exhibited promising photocatalytic activity under 
visible light with an o-xylene removal ratio of 90%, which was much 
higher compared to traditional photocatalysts (Table 2 and Fig. S(4)). 
The MIL-100(Fe)/α-Fe2O3-30 hybrid displayed a slightly lower activity 
towards the PCO of o-xylene, but still comparable to MIL-100(Fe), which 

Table 2 
Comparison of photocatalytic activity of degradation of different catalysis in gas 
phase o-xylene (with concentration of 25 ppm) phase in the same test 
equipment.  

Catalysts Light Source Catalyst 
dosage 

Degradation 
Efficiency of o- 

xylene 

Ref. 

Xe 
lamp 

Visible 
light (λ >
420 nm) 

MIL-100(Fe)/ 
α-Fe2O3-15 

250 
W  

95 mg 100% This 
Work 

MIL-100(Fe)/ 
α-Fe2O3-15  

250 W 95 mg 90% This 
Work 

Er-doped TiO2 400 
W  

100 mg 80% [6] 

rGO-TiO2 200 
W  

100 mg 55% [33] 

Fe2O3/TiO2 260 
W  

100 mg 91% [35] 

phosphoric acid 
modified TiO2 

300 
W  

100 mg 91% [36] 

Tm-doped TiO2 400 
W  

100 mg 93% [37] 

carbon quantum 
dots (CQDs) 

modified TiO2 

400 
W  

100 mg 87% [7]  

Fig. 7. (a) DMPO spin-trapping ESR spectra for the •OH of α-Fe2O3, MIL-100(Fe), and MIL-100(Fe)/α-Fe2O3-15 (in aqueous for DMPO− •OH) (b) DMPO spin- 
trapping ESR spectra for the •O2

− of α-Fe2O3, MIL-100(Fe), and MIL-100(Fe)/α-Fe2O3-15 (in ethanol for DMPO− •O2
− ) (c) DMPO spin-trapping ESR spectra of 

α-Fe2O3, MIL-100 (Fe), and MIL-100(Fe)/α-Fe2O3-15 hybrid without light irradiation. 
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was probably due to the lower α-Fe2O3 content (6.5 wt%). We further 
verified the durability of MIL-100(Fe)/α-Fe2O3-15 by repeating the in
tegrated adsorption and degradation steps (Fig. 6(c)). The photocatalyst 
remained stable after 4 cycles under 250 W Xe lamp light irradiation 
with removal efficiency as high as 96%. No obvious change was 
observed in the XRD and FTIR spectra of MIL-100(Fe)/α-Fe2O3-15 
before and after the cyclic tests (Fig. 6(d) and 6(e)), indicating its sta
bility as an appliable photocatalyst. 

3.4. The mechanism of PCO of o-xylene 

In the purpose of understanding the excellent PCO performance of 
MIL-100(Fe)/α-Fe2O3 composites, ESR spin-trapping was deployed to 
detect the generation of transient free radicals [18]. Fig. 7(a) gives the 
signal of DMPO-•OH with four peaks whose intensities of standard ratios 

were 1:2:2:1 and Fig. 7(b) shows the six characteristic peaks of DMPO- 
•O2

– with identical intensity. Both signals of •OH and •O2 were detected 
for MIL-100(Fe)/α-Fe2O3-15 while α-Fe2O3 only gave signals for •OH 
radicals and pure MIL-100(Fe) only gave signals for •O2

– radicals. The 
intensity ESR-signals for both •OH and •O2

– radicals generated by MIL- 
100(Fe)/α-Fe2O3-15 were comparable with pure α-Fe2O3 and MIL-100 
(Fe). In contrast, no signal was detected under dark for any of the 
samples (Fig. 7(c)). These results of radical spin-trapping indicated a Z- 
scheme structure was formed in the MIL-100(Fe)/α-Fe2O3-15 hybrid 
instead of a p–n heterojunction. In the case of p–n heterojunctions, the 
photoexcited electrons in the CB of MIL-100(Fe) would incline to 
transfer to the CB of α-Fe2O3, and the holes in the VB of α-Fe2O3 would 
be transferred to the VB of MIL-100(Fe). In view of the fact that the EVB 
(1.74 eV) of MIL-100(Fe) was lower than the standard potential energy 
for the generation of •OH (2.34 V) through the oxidation of H2O (H2O +

Scheme 1. Direct Z-scheme mechanism in MIL-100(Fe)/α-Fe2O3 hybrid.  

Fig. 8. (a) ESR spectra of MIL-100(Fe)/α-Fe2O3-15 after adsorption of o-xylene in the dark and upon irradiation (b) DMPO spin-trapping ESR spectra for the •O2
– 

radical in the presence of MIL-100(Fe)/α-Fe2O3-15 after adsorption of o-xylene under irradiation. 
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h+
VB → •OH + H+) and the energy of electrons in the CB (ECB = 0.34 eV) 

of α-Fe2O3 was not sufficient for the reduction of O2 to •O2
– (O2 + e− → 

•O2
–, − 0.33 V), almost no •OH nor •O2

– could be generated. Therefore, 
the Z-type charge transfer mechanism was applied to illustrate the 
excellent performance of MIL-100(Fe)/α-Fe2O3-15. 

The band alignment between α-Fe2O3 and MIL-100(Fe) lead to the 
formation of the Z-scheme structure, which was supposed to play a key 
role in enhancing the photocatalytic activity of MIL-100(Fe)/α-Fe2O3-15 
toward o-xylene removal. As shown by Scheme 1, both α-Fe2O3 and MIL- 
100(Fe) can be excited by light to generate holes and electrons. The 
electrons generated at the conduction band of α-Fe2O3 directly moved 
through the tight interface between α-Fe2O3 and MIL-100(Fe) and 
recombined with holes at the valence band of MIL-100(Fe). Electrons 
generated at the conduction band of MIL-100(Fe) can efficiently migrate 
to the surface and participate in •O2

– generation, while holes generated 
in the VB of α-Fe2O3 can be maximally utilized in H2O oxidation to 
generate •OH. Such a Z-type channel for electron transfer significantly 
extended the lifetime of active electrons and holes with strong reduction 
and oxidizing capability and promoted the generation of reactive •O2

– 

and •OH radicals, which were essential for the improved photocatalytic 
degradation of o-xylene performance. 

Interestingly, though capable of generating •OH radicals, almost no 
o-xylene removal was observed for Fe2O3. This phenomenon could be 
attributed to the reason. This mismatch between ESR test and photo
catalytic performance of α-Fe2O3 shows that the ESR results obtained in 
the liquid phase may not reflect the actual situation under gas phase 
conditions. The accurate characterization of reactive radicals in the gas 
phase would be important for the future work in the photocatalytic 
degradation of gaseous pollutants. 

The change of Fe(III) ions during the photocatalytic reaction was 
analyzed through ESR tests to further understand the reaction mecha
nism [38,39]. As shown in Fig. 8(a), the ESR signal corresponding to Fe 
(III) in the MIL-100(Fe)/α-Fe2O3-15 sample firstly decreased during the 
adsorption of o-xylene and then increased after turning on the Xe light, 
implying a depletion of Fe(III) during the adsorption period and then a 
supplement of Fe(III) ions under light irradiation. In the meantime, •O2

– 

radicals were detected in the ESR spectra of MIL-100(Fe)/α-Fe2O3-15 
obtained in liquid o-xylene under light irradiation conditions (Fig. 8(b)), 
indicating the oxidation by oxygen might be the key reason for the in
crease of Fe(III). 

The photocatalytic degradation process of o-xylene was also inves
tigated by monitoring the adsorbed species on MIL-100(Fe)/α-Fe2O3-15 
hybrid with in-situ DRIFTS. The reaction was carried out in a mixed flow 
of o-xylene and air at room temperature. The infrared background peak 
of the MIL-100(Fe)/α-Fe2O3-15 hybrid was subtracted before the reac
tion proceeding. Fig. 9 showed the DRIFTS spectra of adsorbed species 
on the catalysts during adsorption–desorption and photocatalytic 

degradation process. Generally, the bands at 3072 cm− 1, 1450–1600 
cm− 1, 720–750 cm− 1 could be assigned to the stretching vibration (ν=C- 

H), the skeleton vibration (νC=C) and ortho-substitution of benzene ring 
[40,41]. Phenol (1103–1216 cm− 1) [41–43], free hydroxyl (3664 cm− 1) 
and carbon dioxide (2340–2360 cm− 1) [40,44] were detected during the 
adsorption process without light irradiation (Fig. 9). As the adsorption 
proceeded, increased accumulation of these intermediates was 
observed, which indicated that the o-xylene oxidation can take place at 
ambient temperature without light irradiation [45]. After the adsorption 
equilibrium was reached, DRIFT spectra of the photocatalytic decom
position of o-xylene on MIL-100(Fe)/α-Fe2O3-15 was collected under 
Xenon light irradiation. As shown in Fig. 9, the peak at 750 cm− 1 (ortho- 
substitution) gradually disappeared, implying that the methyl substitu
ent of o-xylene was oxidized. The hydroxyl radicals generated under the 
irradiation of Xenon light attacked the side chain methyl group of o- 
xylene, resulting in the disappearance of the peak at 750 cm− 1, and the 
increase in the peak intensity of phenol (1103–1216 cm− 1) and benz
aldehyde (1680 cm− 1) [46,47]. The peaks for esters (1750 cm− 1) 
[40,48] increased due to the rapid dehydration of organic carboxylic 
acid and alcohol or phenol groups on the Lewis acid sites. It was worth 
noting that the intensity of the characteristic peaks, including free water 
(3580 cm− 1) and carbon dioxide (2340–2360 cm− 1) gradually 
increased, implying that o-xylene were rapidly oxidized into CO2 and 
water, which were then adsorbed on the surface of MIL-100(Fe)/ 
α-Fe2O3-15. The variety of relative humidity in the reaction chamber in 
the process of photocatalytic degradation of o-xylene and the CO2 con
centration detected after the process of photocatalytic degradation of o- 
xylene were shown in Fig. S6(a) and (b), respectively. These results 
combined with in-situ DRIFTS analysis indicated that o-xylene molecules 
were finally mineralized into CO2 and H2O. 

On the basis of the above results, we proposed the mechanism shown 
by Scheme 1 for the photocatalytic degradation of o-xylene on MIL-100 
(Fe)/α-Fe2O3-15. Firstly, o-xylene was absorbed by MIL-100(Fe)/ 
α-Fe2O3-15 under dark condition. The reduction of Fe(III) in the Fe-O 
clusters would happen due to the charge transfer between Fe(III) and 
absorbed o-xylene molecules and resulted in the depletion of Fe(III) and 
the formation of Fe(II) [49]. The irradiation of light is important for the 
activation of O2 and the oxidation of Fe(II) to Fe(III), which was faster 
compared with the reduction of Fe(III) by absorbed species [50]. This 
reaction led to the increase in the ESR intensity for Fe(III) and the 
generation of •O2

– radicals, which would then participate in the oxida
tion of o-xylene. However, the ESR intensity for Fe(III) after the light 
irradiation was still lower compared with original sample, which may be 
due to the excitation and transfer of electrons from linkers to Fe3- μ 3-oxo 
clusters [51]. Besides, the irradiation of light would also cause the 
excitation of both MIL-100(Fe) and α-Fe2O3 in the MIL-100(Fe)/α-Fe2O3 
hybrid. The photon-induces electrons and holes would transfer between 

Fig. 9. DRIFT spectra of absorption and degradation process for gaseous o-xylene over the MIL-100(Fe)/α-Fe2O3-15.  
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the two components following the Z-scheme channels and react with 
absorbed water and oxygen to generate •O2

– and •OH radicals. Absorbed 
o-xylene molecules would then be oxidized to CO2 and water by these 
radicals. 

4. Conclusion 

In summary, Z-scheme MIL-100(Fe)/α-Fe2O3 hybrid photocatalysts 
was synthesized through a facile one-step hydrothermal method for the 
PCO of gas o-xylene. Among the samples, the MIL-100(Fe)/α-Fe2O3-15 
exhibits excellent photocatalytic activity toward o-xylene removal, with 
a degradation efficiency of 100% and 90% under the irradiation of 250 
W Xenon light and visible light (λ ≥ 420 nm). The enhanced perfor
mance of o-xylene removal in MIL-100(Fe)/α-Fe2O3-15 was attributed to 
the high SSA, suitable pore structure and tight connection between 
α-Fe2O3 and MIL-100(Fe) formed during the hydrothermal process, 
which enabled the formation of Z-scheme heterojunction structure. The 
interface between α-Fe2O3 and MIL-100(Fe) enables the fast electron 
transfer from the conduction band of α-Fe2O3 to the valence band of 
MIL-100 (Fe), leaving holes in the valence band to oxidize adsorbed H2O 
to generate highly active •OH radicals and electrons in the conductive 
band of MOF for the generation of active •O2

– species. The electron-hole 
recombination in both α-Fe2O3 and MIL-100(Fe) are suppressed, which 
further benefit the generation of active radicals. In addition, the 
reversible conversion between Fe(III) and Fe(II) under light irradiation 
was confirmed to be essential for the PCO of o-xylene. This study pro
vides a novel Z-scheme MIL-100(Fe)/α-Fe2O3 composite photocatalyst 
for the effective decomposition of o-xylene. We believed that this paper 
would shed light on the design and application of MOFs-based photo
catalysts in the PCO of gaseous organic pollutants. 
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[12] S. Remiro-Buenamañana, M. Cabrero-Antonino, M. Martínez-Guanter, M. Álvaro, 
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