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A B S T R A C T   

The construction of metal-organic frameworks (MOFs) with hierarchical pores is of great importance for the 
photocatalytic oxidation (PCO) of gaseous BTXS (benzene, toluene, xylenes and styrene) pollutants with large 
molecular size, but it is still challenging. Herein, by adjusting the ratio of anions (NO3

- and Cl-) in the metal 
precursors, hierarchically porous MIL-100(Fe) MOF/MOX homojunctions were obtained through a one-pot 
solvothermal method. The existence of both micro- and mesopores (2–10 nm) made the active sites more 
accessible to guest molecules. The formation of MOF/MOX homojunctions promoted the separation of electron- 
hole pairs. Additionally, the coordinatively unsaturated acidic Fe3-O sites facilitated the capture of BTXS mol
ecules and participated in the PCO process through the conversion between Fe(III) and Fe(II). The MIL-100(Fe) 
homojunctions showed improved performance towards the PCO of BTXS (over 80% for xylenes and styrene) 
compared with the crystalline or xerogel counterparts and exhibited great potential in the PCO of aromatic air 
pollutants.   

1. Introduction 

As more and more attention has been paid to the problem of air 
pollution, the removal of BTXS (the main component of VOCs) becomes 
very urgent [1–3]. The photocatalytic oxidation (PCO) is regarded as an 
effective way for the removal of BTXS due to its low cost and easy 
accessibility [4]. Metal-organic frameworks (MOFs) represent a series of 
crystalline porous material built from metal ions (or metal clusters) and 
organic ligands [5–7]. As a newly arising material with large specific 
surface area and tunable pore structure, MOFs have drawn widespread 
interests in gas storage/separation, molecular sensing, drug carriers and 
catalysis [7–11]. Among a variety of MOFs, Fe-MOFs including MIL-100 
(Fe), MIL-88B(Fe) et al. have shown great potential in the photocatalytic 
elimination of BTXS due to their suitable bandgap and high affinity to
wards aromatic species [12,13]. One important requirement of these 
applications is the fast and massively absorption of target molecules. 
However, though exhibiting high specific surface area, most MOFs re
ported today show micropores with an average diameter less than 2 nm, 

which are not favorable for the migration of guest molecules to the 
active sites [14,15]. Besides, some MOFs like MIL-100, MIL-101 et al., 
have cage-like pore structures [16], which may further limit the fully 
interaction of guest molecules with the catalysts and hinder the photo
catalytic reaction to a certain extent. Hence, pore structure regulation is 
the key to further improving the ability of MOFs in catalyzing gas-phase 
reaction. 

Direct synthesis and post treatment are the two methods commonly 
used in regulating the pore structure of MOFs [17]. In a direct synthesis 
process, researchers modify the pore size of MOFs by adjusting the 
species of organic ligands. However, the modification of ligands may 
significantly affect the stability and intrinsic properties of MOFs [18]. In 
a post treatment procedure, partially corrosion of MOFs is generally 
used to create new pores or cavities inside the MOFs nanoparticles. 
Although the intrinsic properties of the MOFs can be retained, the effect 
of this method is strongly restricted by the hydrophilicity, corrosion 
resistance of MOFs, and the post treatment parameters, which severely 
limits its application [19]. 
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The MOF Gel state (MOG) has attracted prominent attention 
recently. As reported in previous works, unlike crystalline MOFs, MOGs 
are composed of discrete crystalline nanoparticles combined by weak 
non-covalent Van der Waals interactions [20,21]. By removing the sol
vent from MOGs, the MOFs xerogels (noted as MOXs) can be obtained, 
which were proven to have both micro- and mesopores. Due to the ex
istence of these mesopores, MOXs expose more active sites and allow the 
free migration of large molecules, which make them promising material 
in practical application [22]. However, due to the incomplete growth of 
MOFs crystals, intrinsic deficiencies also come alone. The insufficient 
crystallization of MOXs not only results in a decrease in the amount of 
micropores and a smaller specific surface area compared with crystalline 
MOFs, but also leads to the fast recombination of photo-induced charge 
carriers. Besides, the reasonable design of pores inside the MOXs still 
remains a challenge. 

Based on the analysis above, we propose a homojunction material 
which can combine both the hierarchical pore-structure of MOXs and 
the high photocatalytic activity of crystalline MOFs. By adjusting the 
initial crystallization rate, MOF/MOX (metal-organic framework 
/metal-organic xerogel) homojunctions based MIL-100(Fe) with both 
hierarchical pores and improved PCO activity were synthesized. Iron 
nitrate nonahydrate (Fe(NO3)⋅9H2O) and Ferric chloride hexahydrate 
(FeCl3⋅6H2O) were selected to coordinate with trimesic acid (H3BTC, 
organic ligands) to construct the MIL-100(Fe) MOF/MOX homo
junctions. The MIL-100(Fe) xerogel was obtained with Fe(NO3)⋅9H2O 
alone as the Fe precursor and the crystalline MIL-100(Fe) synthesized 
with FeCl3⋅6H2O was also fabricated as the contrasts. The MIL-100(Fe) 
MOF/MOX homojunctions were found to be efficient in the PCO of 
BTXS with the removal efficiency of 83.1% for o-xylene, 23% for ben
zene, 41% for toluene, 82% for p-xylene, 79% for m-xylene and 83% for 
styrene. The reaction rate constant for o-xylene was up to 0.00267 min-1, 
which was 1.30 times and 1.73 times higher than of MOXA-1 and 
MOXA-5. 

2. Experiments 

2.1. Materials 

Iron nitrate nonahydrate (Fe(NO3)⋅9H2O), Ferric chloride hexahy
drate (FeCl3⋅6H2O), N, N-dimethylformamide (DMF) and trimesic acid 
(H3BTC) were purchased from Shanghai adamas Reagent Co., Ltd. 
Anhydrous ethanol was produced from Sinopharm Chemical Reagent 
Co., Ltd. Deionized water for experiment was prepared by ultrapure 
water machine (Tondino Scientific (Shanghai) Co., Ltd). The organic 
solvents, including DMF and anhydrous ethanol, were not further pu
rified before being used in the experiment. 

2.2. The synthesis of the MIL-100(Fe) MOF/MOX homojunctions 

The MIL-100(Fe) MOF/MOX homojunctions were prepared by a 
classical coordination reaction between metal sources (Fe(NO3)3⋅9H2O 
and FeCl3⋅6H2O) and trimesic acid (H3BTC) through the solvothermal 
method. The amount of metal sources (Fe(NO3)3⋅9H2O: FeCl3⋅6H2O =

0.75:0.25, 0.5:0.5, 0.25:0.75) and organic ligands (H3BTC) was 
controlled at 1 mmol, respectively. After dissolving the metal sources 
and H3BTC in DMF solution under magnetic stirring, the solution was 
transferred to a 100 mL polytetrafluoroethylene liner. The liner was then 
placed in a stainless steel and aged at 150 oC for 16 h in the oven. The 
product was washed with DMF and ethanol in turn for three times, 
respectively. The DMF inside was then fully replaced with ethanol. The 
MIL-100(Fe) MOF/MOX homojunctions obtained after vacuum drying 
were donated as 0.75 NO3

--0.25 Cl--BTC (MOXA-2), 0.50 NO3
--0.50 Cl-- 

BTC (MOXA-3) and 0.25 NO3
--0.75 Cl--BTC (MOXA-4), respectively. The 

MIL-100(Fe) xerogel (noted as MOXA-1) and crystalline MIL-100(Fe) 
particles (noted as MOXA-5) were also prepared as the above prepara
tion method except that a single metal source was used (Fe(NO3)3⋅9H2O 

and FeCl3⋅6H2O corresponding to MOXA-1 and MOXA-5, respectively). 

2.3. Characterization 

Power X-ray diffraction (PXRD, Bruker D8 advanced diffractometer 
with Cu- Kα) was used to characterize the phase composition of the as- 
prepared samples over a 2 theta degree = 3–50◦ at scan rate of 2◦/min. 
The structure information of MOXA samples was recorded with Raman 
spectrum (DXR, ThermoFisher Scientific) and a Fourier Transform 
Infrared spectrometer (Vertex 70, ThermoFisher Scientific) in the range 
of 4000–400 cm-1. The specific surface area of the MOXA samples was 
researched by nitrogen adsorption-desorption test through BET Surface 
Area Analyzer (Quadrasorb SI). The X-ray photoelectron spectroscopy 
(XPS, ESCAlab250 in USA) was used to analyze the oxidation states of Fe 
in the MOXA samples and the chemical environment of surface. Field 
emission scanning electron (Magellan 400, USA) and transmission 
electron microscope (JEM-2100F, Japan) were used to study the 
morphology and microstructure of MOXA samples. The light adsorption 
behaviors of the different MOXA samples were investigated by UV-Vis 
diffuse reflectance spectra (DRS, Cary 5000 in USA). Photo
luminescence spectroscopy (LS55 spectromete, Perkin Elmer In
struments) was used to study the electronic structure information of the 
MOXA samples with the excitation wavelength at 320 nm. A photo
electrochemical workplace (chi650b, CH Instrument Company, 
Shanghai) equipped with a three-electrode system was used to charac
terize the transient photocurrent of the samples. The trapping of active 
radicals was carried on a electron spin resonance spectrometer (ESR, 
JES-FA200). The adsorption properties of the as-prepared samples for 
gaseous BTXS were studied by a VOCs-Temperature-programmed 
desorption (TPD) instrument (ChemiSorb PCA-1200, Bibuilder, China). 
The surface acidity of the MOXA samples was also measured by the TPD 
with NH3 as probe molecules. The concentrations of BTXS in the process 
of adsorption and photocatalytic degradation were measured by gas 
chromatography (GC-7920, Beijing China Education Au-light Co., Ltd., 
China) with a flame ionization detector (FID) detector, and the con
centration of CO2 was detected by GC-FID equipped with a nickel 
catalyst accessory for converting low-level CO2 to methane. The in
termediates of the photocatalytic degradation of BTXS were detected by 
in-situ Diffuse Reflection Infrared Fourier Transform spectroscopy 
(DRIFTS, Shimadzu IRTracer-100). 

2.4. Characterization of the adsorption and photocatalysis performance 
of the MOXA samples 

A gas reaction device for flow phase was used to investigate the 
adsorption and photocatalysis activity of the MOXA samples to BTXS at 
ambient temperature as shown in Scheme S1. This device contained the 
gas mixing system, the photocatalytic reaction chamber and the detec
tion system. In the gas mixing system, the compressed air generated by a 
nitrogen-hydrogen-air integrated generator passed through a humidifier 
and brought water into the reaction chamber to adjust the environ
mental humidity. The relative humidity (RH) was controlled at 60% to 
simulate the atmospheric environment by adjusting the flow rate of air 
and the amount of water in the humidify tank. The flow rates of air and 
BTXS were both set at 10 sccm by gas flowmeters. Before flowing into 
the reaction chamber, the compressed air and standard BTXS gas were 
mixed in the gas mixing tank and the concentration of o-xylene mole
cules was set at 25 ppm. A glass slide (12 × 5 cm) coated with the MOXA 
photocatalyst (0.05 g) was placed in the photocatalytic reaction cham
ber (15 × 8 × 1 cm) after drying at 60 oC for 1 h and a 250 W Xenon 
lamp as the light irradiation source was suspended 30 cm above the 
photocatalytic reaction chamber. A GC was used to monitor the real- 
time concentration of BTXS during the adsorption and photocatalysis 
processes. The saturated adsorption capacity (A, μmol/g) of BTXS was 
calculated by the following expression: 
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A =

c0 × ρ0 × ρ1 ×

{(∫ t

0
υ × cdt

)

blank
−

(∫ t

0
υ × cdt

)

sample

}

M × m

(1)  

where c0 (ppm) and c were the initial concentration of BTXS and the 
real-time concentration of BTXS recorded at regular intervals, respec
tively. ρ0 (g/cm3) and ρ1 represented air density and relative vapor 
density of gaseous o-xylene at room temperature. t (min) was time point 
of data recording and υ (mL/min) was the current velocity of the mixed 
gas. M (g/mol) and m (g) were molar mass and mass of BTXS, respec
tively. The removal ratio (η) of BTXS was enumerated according to Eq. 
(2). 

η = (1 − C/C0) ∗ 100% (2)  

3. Results & Discussion 

3.1. Composition and hierarchically porous characteristics of the MIL- 
100(Fe) MOF/MOX homojunctions 

The X-ray diffraction (XRD) patterns of the MOXA samples were 
displayed in Fig. 1a, which agreed well with the simulated XRD pattern 
of single crystalline MIL-100(Fe) [23,24], demonstrating that the MOXA 
samples have similar crystalline structure as the bulk MIL-100(Fe). The 
peak at 2θ = 3–5◦ gradually shifted to small angles with the amount of 
NO3

- increased, indicating an increase in the lattice spacing. In order to 
further understanding the structure of the MIL-100(Fe) MOF/MOX 
homojunctions and the coordination of metal centers, the element 
composition and chemical state of the MOXA was subsequentially car
ried out by XPS (Fig. S1). The deconvolution of the Fe 2p spectra for 
MOXA-1, MOXA-2 and MOXA-5 were shown in Fig. 1b. Only the peak 

for Fe(III) (711.8 eV) was found in MOXA-5, which was in consistence 
with the XPS spectra of crystalline MIL-100(Fe) reported previously [25, 
26]. Interestingly, peaks assigned to Fe(II) (710.3 eV) and Fe(III) 
(711.8 eV) were both observed in MOXA-1 and MOXA-2, revealing the 
existance of unsaturated coordinated Fe sites in these samples. Similar 
results were obtained in the FTIR analysis (Fig. S2). Compared with the 
band at 621 cm-1, which was assigned to the Fe3-O groups of MOXA-5 
(Fig. 1c), an obvious peak shift from 621 cm-1 to 615 cm-1 was 
observed in MOXA-2 and MOXA-1, further confirming the existence of 
Fe(II) [27,28]. Raman spectroscopy was employed to probe the differ
ence between the samples in the molecular structure level (Fig. 1d). 
Peaks were observed at 805, 1225 cm-1 (deformation vibration of C-H in 
benzene ring), 1537 cm-1 (asymmetric stretching vibrations of C-O2), 
1465 cm-1 (symmetric vibrations of C–O2) and 1605 cm-1 (stretching 
vibrations of C––C) in MOXA-5, in accordance with Raman spectra of 
crystalline MIL-100 (Fe) reported previously [29,30]. However, the 
peak at 1225 cm-1 shifted to 1201 cm-1 and two strong peaks at 
1132 cm-1 (in-plane blending of C-H) and 1507 cm-1 (stretching vibra
tions of C––C of benzene ring) appeared in MOXA-1 [31], which indi
cated that differences existed in the MIL-100(Fe) xerogel and crystalline 
particles caused by different anions in molecular structure level, 
resulting in the divergence in optical absorbance [32]. 

Fig. 2 gives the SEM images of the MOXA samples and the EDS of 
MOXA-2. MOXA-1 showed a typical morphology of MIL-100(Fe) xerogel 
with a flat surface and small pores, while nanoparticles with an average 
diameter of 25 nm were observed in MOXA-5. By gradually replacing 
NO3

- with Cl-, a network structure with small nanoparticles dispersing 
on three dimensional skeletons (Fig. 2c, d, e, f, g, and h) were obtained in 
the MOXA-2, MOXA-3, and MOXA-4. A close connect was formed 
between MIL-100(Fe) xerogel and newly formed crystalline MIL-100(Fe) 
particles, indicating the formation of MIL-100(Fe) MOF/MOX 

Fig. 1. (a) XRD patterns of MOXA-1, MOXA-2, MOXA-3, MOXA-4, MOXA-5 and stimulated MIL-100(Fe) (b) The deconvolution of XPS spectrum of Fe 2p in MOXA-1, 
MOXA-2 and MOXA-5 (c) FTIR spectrum of MOXA-1, MOXA-2 and MOXA-5 (d) Raman spectrum of MOXA-1, MOXA-2, MOXA-3, MOXA-4 and MOXA-5. 
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Fig. 2. SEM images of (a) and (b) for MOXA-1, (c) and (d) for MOXA-2, (e) and (f) for MOXA-3, (g) and (h) for MOXA-4, (i) and (j) for MOXA-5, (k–o) energy 
dispersive X-ray spectroscopy (EDX) mappings of C, O and Fe elements of MOXA-2. 

L. Chen et al.                                                                                                                                                                                                                                    



Applied Catalysis B: Environmental 303 (2022) 120885

5

homojunctions. A large amount of channels was observed inside the 
network, and the channel structure became more and more obvious with 
the increase of heterogeneity (Fig. 2 and Fig. S3). The element mapping 
results demonstrated that Fe, C and O were uniformly distributed in 
MOXA-2 (Fig. 2k–o) and the content of each element was shown in 
Fig. S4 and Table S1. 

In the purpose of further understanding the micro-structure of the 
MIL-100(Fe) MOF/MOX homojunctions, BET analysis was used to 
research the N2 isotherms and the pore size distribution of the samples 
(Fig. 3 and Table S2). All the MOXA samples showed type I adsorption 
curves with a sharp rise in the low P/P0 region, indicating the existance 
of abundant micropores (Fig. 3a) [22,33]. Unlike the circumstance of 
MOXA-5, which gave a type II curve in the high P/P0 region, type IV 
curves characterized by the H2-type hysteresis loops were observed in 
the MOXA 1–4 samples, which represented the existence of meso-/
macropores [14]. Similar result was obtained in the pore size distribu
tion of the samples (Fig. 3b). MOXA-5 presented the highest 
concentration of micropores with diameters smaller than 2 nm, while 
pores larger than 3 nm were detected in MOXA-1 and MIL-100(Fe) 
MOF/MOX homojunctions (MOXA-2, MOXA-3 and MOXA-4). Interest
ingly, the concentration of both micro- and mesopores were higher in 
the composites compared with MOXA-1. The crytalline MOFs particles 
in the composites could not only ensure the generation of more micro
pores, but also turn the microstructure of MOXA 1–4 into a network with 
larger pores ranging from 6.7, 8.8, 9.7, to 10.2 nm, which enabled the 
formation of hirechical pores. In addition to the hirechical pores, the 
MIL-100(Fe) MOF/MOX homojunctions also showed high specific sur
face areas comparable to MOXA-5, which was conducive to both the 
adsorption and diffusion of gas-phase macromolecular pollutants. 

3.2. The synthesis mechanism of the MIL-100(Fe) MOF/MOX 
homojunctions 

Based on the above discussion, the formation mechanism of the MIL- 

100(Fe) MOF/MOX homojunctions was proposed, which involved 
multiple stages (Scheme 1). Interestingly, unlike the yellow color of the 
solution of FeCl3⋅6H2O, a red solution was obtained by dissolving Fe 
(NO3)3⋅9H2O into DMF, indicating the dissociation of Fe(NO3)3 and the 
coordination of Fe(III) with DMF (Fig. S5) [34]. After the addition of 
H3BTC, the color of the solution gradually turned into red-brown, which 
might be caused by the slowly deprotonation of H3BTC and the 
replacement of DMF by BTC3-. Unlike the circumstance of Fe 
(NO3)3⋅9H2O, almost no color change was observed when using 
FeCl3⋅6H2O as the Fe precursor, which could be related to the slow or 
even no dissociation of FeCl3 in DMF. When starting the solvothermal 
reaction, the Fe-complex formed during the initial stage started to grow 
into small MOF nuclei and an explosive nucleation happened, which 
consumed most of the Fe precursors and impeded the following growth 
of the nuclei into nanoparticles. As the viscosity of the reaction system 
increased, these nuclei would assemble through Van Der Waals inter
action to form a MOFs gel instead of precipitations (Fig. S6). The 
removing of DMF solvent through centrifugation finally turned the gel 
into MIL-100(Fe) xerogel. On the contrary, the slow dissociation of FeCl3 
enabled a limited nucleation process and the nuclei would slowly grow 
into crystalline MOFs nanoparticles. In the case where Fe(NO3)3⋅9H2O 
and FeCl3⋅9H2O were applied, both of the above processes occurred. Fe 
(III) in Fe(NO3)3⋅9H2O would coordinate with BTC3- until it was 
completely consumed during the initial stage of the synthesis and then 
form nuclei during the solvothermal reaction. Fe(III) in FeCl3⋅6H2O was 
then attracted by the carboxyl groups of unsaturated coordinated BTC3- 

through electrostatic interaction and reacted with them to facilitate the 
growth of part of the formed MOFs nuclei into crystalline nanoparticles. 
With the self-assembly process of small crystals into MIL-100(Fe) gel, the 
crystalline nanoparticles were embedded in the gel. After removing the 
solvent from the gel, the MIL-100(Fe) MOF/MOX homojunctions with a 
3-D network structure dispersed by with small nanoparticles was ob
tained. As illustrated by Figs. S6 and S7, the MIL-100(Fe) gel gradually 
transferred into precipitations as the proportion of FeCl3⋅9H2O 

Fig. 3. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of MOXA-1, MOXA-2, MOXA-3, MOXA-4 and MOXA-5.  
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increased, which further confirmed our proposal. This result confirmed 
for the first time that the dissociation rate of metal ions could be 
controlled by adjusting the anion species, so as to control the structure 
and morphology of MOFs. 

3.3. Adsorption performance and mechanism of the photocatalysts 
towards BTXS 

In order to verify the potential of the as-prepared MIL-100(Fe) MOF/ 
MOX homojunctions in the PCO of BTXS pollutants, o-xylene was chosen 
as the target pollutant and the PCO reactions were carried out in a re
action system as shown by Scheme S1. The adsorption of target mole
cules by the catalyst is the prerequisite for high-efficiency 
photocatalysis. Therefore, an adsorption-desorption equilibrium was 
firstly achieved before starting the light irradiation to study the 
adsorption capacity of MOXA samples towards o-xylene. As shown by  
Fig. 4a, compared with the blank chamber, the concentration of o-xylene 
was much lower when the catalysts were applied, proving the effective 
adsorption of o-xylene molecules. All of the as-prepared samples showed 
substantial adsorption capacity towards gaseous o-xylene (as calculated 
by Eq. (1)) (Fig. 4b) [12,35]. Interestingly, although MOXA-5 showed 
the largest specific surface area, its adsorption capacity for o-xylene 
molecules was not the highest, which might be attributed that the 
micropore structure and small pore size of MOXA-5 hindered the 
diffusion of o-xylene molecules in the channels of the photocatalyst. 
Benefiting from the exposure of more active sites and the smooth 
diffusion of o-xylene molecules inside the mesoporous pores, MOXA-2 

achieved a high absorption capacity to o-xylene (18.1 μmol/g) com
parable to the MOXA-3 (17.8 μmol/g), MOXA-4 (19.6 μmol/g) and 
MOXA-5 (18.5 μmol/g). In addition, the adsorption behavior of gaseous 
o-xylene on the MOXA samples were further studied by 
Temperature-Programmed Desorption (TPD). Two peaks centered at 
around 105 oC and 223 oC were observed for MOXA-5 (Fig. 4c). As re
ported by Zhang et al., [36] the first peak could be assigned to the weak 
adsorption by the micropores, while the peak at 223 oC was attributed to 
both the adsorption by Fe3-O with acidity and the π-π interaction be
tween guest o-xylene molecules and the ligand of MOXA-5. The intensity 
of the peak at 105 oC decreased significantly in MOXA-2 and MOXA-1, 
which was in accordance with relative smaller concentration of micro
pores inside these samples. The temperature of the desorption peak of 
MOXA-2 (232 oC) was higher than that of MOXA-1 (222 oC) and 
MOXA-5 (223 oC), implying a stronger binding force between o-xylene 
molecules and MOXA-2 [37]. In order to further clarify the roles of Fe3-O 
acidic sites and π-π interaction in the adsorption of o-xylene, the surface 
acidity of the catalysts was explored by NH3-TPD (Fig. 4d) [38]. The 
peak areas for MOXA-1, MOXA-2 and MOXA-5 were calculated as 270.0, 
261.4 and 235.6, respectively, meaning that the content of acidic sites in 
MOXA-2 was higher than in MOXA-5, but slightly lower than in 
MOXA-1. Interestingly, the amount of o-xylene absorbed by both 
MOXA-5 and MOXA-2 was larger than by MOXA-1. Therefore, the π-π 
interaction might take up a larger proportion in the adsorption of 
o-xylene by MOXA-5, while the adsorption of o-xylene by Fe3-O acidic 
sites plays a more important part in the MOXA-1. The difference might 
originate from the pore structure of these samples. As reported by 

Scheme 1. Schematic diagram of the MIL-100(Fe) MOF/MOX homojunctions formation mechanism.  
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Khajavi et al., [39] during the adsorption of BTXS by MOFs, the guest 
molecules would preferentially fill up the micropores and forming π-π 
interaction with the ligand. Compared with MOXA-5, the incomplete 
crystallization of MOX resulted in a decrease in the amount of micro
pores in MOXA-1 and MOXA-2. However, the coordinatively unsatu
rated Fe sites in these two samples provided abundant open sites for the 
adsorption of o-xylene. Benefiting from the hierarchical pores and 
abundant acidic sites, the MIL-100(Fe) MOF/MOX homojunctions 
showed great potential in the photocatalytic removal of BTXS pollutants. 

3.4. The adsorption and utilization of incident light of the photocatalysts 

In addition to the adsorption of BTXS, the ability of the photo
catalysts in utilizating incident light and generating oxidative radicals 
are also decisive factors in determining their photocatalytic perfor
mance. A red-shift was observed in the light-absorption curve of MOXA- 
1 compared with the other samples (Fig. 5a) in accordance with Raman 
spectrum. By combining the converted Tauc plots versus photon energy 
(hν) according to the UV-Vis diffuse reflectance spectra and the HOMO 

Fig. 4. (a) Adsorption curves of flowing gaseous o-xylene molecules for different samples in dark condition, (b) The saturated adsorption capacity of 50 mg as- 
prepared materials for gaseous o-xylene (25 ppm), Temperature-programmed desorption (TPD) (c) for gaseous o-xylene and (d) for gaseous NH3 of MOXA-1, 
MOXA-2 and MOXA-5. 

Fig. 5. (a) Diffuse reflectance spectroscopy (b) Photoluminescence spectroscopy and (c) Photocurrent response of MOXA-1, MOXA-2, MOXA-3, MOXA-4, and 
MOXA-5. 
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(highest occupied molecular orbital) energy level based on XPS analysis 
(Fig. S8), MOXA-1 was calculated to have a HOMO energy level slightly 
more positive than MOXA-5 and a more positive LUMO (lowest unoc
cupied molecular orbital) energy level than MOXA-5. As a consequence, 
a built-in electric field [40] formed at the interface between the two 
phases when constructing the MIL-100(Fe) MOF/MOX homojunctions 
(MOXA-2, MOXA-3 and MOXA-4). The formation of homojunctions 
could be further confirmed by the PL results given by Fig. 5b. Compared 
with crystallined MIL-100(Fe) (MOXA-5) and MIL-100(Fe) xerogel 
(MOXA-1), much weaker PL intensities were observed in the MIL-100 
(Fe) MOF/MOX homojunctions. As PL intensity represents the 
re-combination rate of electron-hole pairs generated under light irradi
ation, the reduced PL intensities confirmed that the electron-hole 
recombination was effectively suppressed in the homojunctions. 
Similar trend were obtained in the photocurrent tests, with MOXA-2 
showing the highest photocurrent intensity (Fig. 5c). Based on the re
sults above, the generation and migration of charge carriers in the 
homojunctions could be proposed. Electrons generated in the crystalline 
MIL-100(Fe) particles could spontaneously diffuse to the skeleton 
formed by MIL-100(Fe) xerogel while the holes would migrate reversely, 
resulting in an electron-depletion layer at the side of particles and an 
electron accumulation layer at the side of xerogel. As the Fermi energies 
tended to be consistent at the interface region, the Fermi level of 
MOXA-1 turned upward while the Fermi level of MOXA-5 moved 
downward (Scheme 2). The band bending at the interface resulted in the 
recombination of electrons in the LUMO of MOXA-1 and holes in the 
HOMO of MOXA-5 under the Coulombic attraction [41,42], leaving the 
photogenerated electrons and the holes conserved in the LUMO of 
MOXA-5 in the HOMO of MOXA-1, which then participated in the 
photocatalytic degradation of BTXS. 

3.5. Photocatalytic performance of the photocatalysts to BTXS 

After reaching the adsorption-desorption equilibrium in dark, a 
250 W Xenon light was employed as the light source to test the perfor
mance of the MOXA samples in the photocatalytic degradation of o- 
xylene. The photocatalytic removal efficiency of o-xylene by the as- 
prepared MOXA samples calculated by Eq. (2) was displayed in  
Fig. 6a. Thanks to the exposure of abundant Fe3-O active sites, the 
removal efficiency of o-xylene by MOXA-1 (69.7%) was slightly higher 
than that of MOXA-5 (63.4%). However, the removal efficiency of 
MOXA-1 gradually decreased and tended to lose its photocatalytic ac
tivity in 60 min, while MOXA-5 maintained its original photocatalytic 

activity. Compared with the typical MIL-100(Fe) xerogel (MOXA-1) and 
crytalline MIL-100(Fe) (MOXA-5), the MIL-100(Fe) MOF/MOX homo
junctions (MOXA-2, MOXA-3 and MOXA-4) showed both improved 
photocatalytic removal efficiency (83.1%, 80.6% and 79.4%) and high 
stability in 150 min, and this was higher than that of commercial TiO2 
for o-xylene (13%) under the same test conditions (Fig. S9). Based on the 
above results, kinetics of photocatalytic degradation depended on time 
was evaluated by the pesudo-first-order kinetic model (Eq. (S1)) [37, 
43]. The k (apparent first-order reaction rate constant, min-1) values 
were calculated as 0.00205 min-1, 0.00267 min-1, 0.00234 min-1, 
0.00219 min-1, and 0.00154 min-1 for MOXA-1, MOXA-2 MOXA-3 
MOXA-4, and MOXA-5, respectively (Fig. 6b). MOXA-2 exhibited the 
highest reaction rate, which was 1.30 times and 1.73 times than that of 
MOXA-1 and MOXA-5, respectively. The possible reasons for the 
excellent performance of the MIL-100(Fe) MOF/MOX homojunctions 
were summarized as follows: (1) The large specific surface area and 
hierarchical pores of the MIL-100(Fe) MOF/MOX homojunctions 
reduced the diffusion resistance of gaseous o-xylene and enabled the 
effective contact between o-xylene molecules and the active sites for 
PCO reactions. (2) The formation of homojunction between MIL-100(Fe) 
xerogel and crystals promoted the spatial separation of charge carriers 
and therefore accelerated the generation of active radicals for the 
oxidation of o-xylene. Cyclic experiments were carried out to study the 
stability and durability of the MOXA-2 in the PCO elimination of 
o-xylene (Fig. S10a). After 4 cycles, the photocatalytic degradation ef
ficiency of MOXA-2 remained at 82% and no obvious change was 
observed in the intrinsic structure of the photocatalyst (Fig. S10b). Two 
new peaks assigned to the vibration of C-OH (1195 cm-1) of phenol and 
the vibration of C––C (2024 cm-1) appeared in the FTIR spectra of 
MOXA-2 after the cyclic reactions, which might be attributed to the 
absorbed intermediates generated during the PCO of o-xylene [44,45]. 

To prove the universal applicability MIL-100(Fe) MOF/MOX homo
junctions in the photocatalytic removal of BTXS, the performance of 
MOXA-2 in the PCO of benzene, toluene, p-xylene, m-xylene and styrene 
was detected and the corresponding efficiencies were calculated as 23%, 
41%, 82%, 79% and 83%, respectively (Fig. S11 a, b, e, d, and e). The 
high stability and universality made the as-prepared MIL-100(Fe) MOF/ 
MOX homojunctions promising photocatalysts for the in-door air 
purification. 

Scheme 2. The mechanism of photocatalytic degradation of BTXS on the MIL-100(Fe) MOF/MOX homojunctions.  
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3.6. The mechanism of photocatalytic degradation of BTXS on the MIL- 
100(Fe) MOF/MOX homojunctions 

In order to further explore the degradation mechanism of BTXS, the 
variation in the concentration of Fe(III) in MOXA-2 and the generation 
of oxidative radicals were analyzed by a electron spin resonance spec
trometer (ESR). As shown in Fig. 7a, the concentration of Fe(III) firstly 
decreased during the absorption of o-xylene and then increased after 
starting the light illumination, which indicated that Fe(III) was 
consumed in the process of adsorption and then supplemented under 
light illumination [46,47]. Due to the relatively lower energy of holes, 
the oxidation of H2O into ⋅OH radicals did not happen in all the samples 
and only ⋅O2

- were detected (Fig. 7b and Fig. S12). In accordance with 
the PL and photocurrent results, MOXA-2 gave the highest amount of 
⋅O2

- radicals, much higher compared with the MOXA-5. Interestingly, 
though exhibiting higher PL intensity and lower photocurrent intensity, 
the amount of ⋅O2

- radicals generated by MOXA-1 was similar to 
MOXA-2. As reported by Bloch et al., [48] the high density of Fe3-O 
acidic sites detected in MOXA-1 promoted the adsorption and activation 
of O2, which might be the main reason for the generation of large 
amount of ⋅O2

- radicals in MOXA-1. In addition, a significant increase in 
the absorption capacity of MOXA-2 for o-xylene increased from 18.1 
μmol/g to 74.1 μmol/g and the removal efficiency of MOXA-2 for 
o-xylene decreased from 83.1% to 51.6% when the RH reduced from 

60% to 45%. (Fig. S13). Hence, although no hydroxyl radical was not 
observed in the ESR results (Fig. S12), water molecules might interact 
with Fe3-O clusters to form catalytic active sites similar to Fe3-O(OH) to 
degrade o-xylene into CO2 and H2O [49]. 

The in-situ DRIFTS was also applied to monitor the intermediates on 
the MOXA-2 to investigate the mechanism of photocatalytic degradation 
of BTXS. The reaction was performed in a mixture of o-xylene and air 
whose flow rates were controlled at 10 sccm, in accordance with the 
experimental conditions for obtaining kinetic data. The background of 
MOXA-2 in in-situ DRIFTS was deducted before the adsorption and 
degradation of o-xylene began. As shown in Fig. 8, the bands at 
1450–1650 cm-1 (the skeleton vibration of C––C in benzene ring), 2335, 
2368 cm-1 (antisymmetric stretching vibration of C––O in CO2), 
3605 cm-1 (the stretching vibration of O-H), and 3740 cm-1 (free water) 
were observed during the process of dark adsorption, indicating that o- 
xylene, CO2 and H2O molecules were adsorbed on the surface of MOXA- 
2 [50]. After the adsorption equilibrium was reached, the data of pho
tocatalytic degradation towards o-xylene was subsequently recorded by 
the in-situ DRIFTS with the Xenon light on. The peaks at 1100 cm-1 and 
1222, 1745 cm-1 appeared, corresponding to the vibration of C-OH in 
aliphatic alcohols and the vibration of C––O in aromatic aldehyde, 
respectively, which were mainly due to the oxidation of o-xylene by ⋅O2

- 

radicals [51–53]. The peak at 2050 cm-1 (the vibration of cumulative 
C––C) was detected, attributing to the opening of benzene ring in 

Fig. 6. (a) The photocatalytic removal efficiency of gaseous o-xylene under a 250 W Xenon irradiation and (b) corresponding pesudo-first-order kinetic model for as- 
prepared MOXA samples. 

Fig. 7. (a) The Fe(III) signals of ESR spectra of MOXA-2 reaching adsorption equilibrium in the dark and after light irradiation (b) DMPO spin-trapping ESR spectra 
for the ⋅O2

- of as-prepared samples in ethanol. 
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o-xylene. The peaks at 2950, 3055 cm-1 (the vibration of C-H of methyl 
in toluene) were also observed, indicating the formation of toluene 
owing to that the photogenerated holes attack the methyl in o-xylene 
[54,55]. Interesting, almost no peaks for free water (3740 cm-1) was 
observed after starting the light illumination, while the peak for νO-H 
(3605 cm-1) became dominant, indicating that water mainly existed in 
the form of Fe3-O(OH) with the excitation of light. It was worth noticing 
that the peak of CO2 increased obviously, confirming that o-xylene 
molecules were oxidized into CO2, which could then absorb on the 
surface of MOXA-2. The change of RH in the reaction chamber and the 
concentration of CO2 in the process of photocatalytic degradation to 
o-xylene were displayed in Fig. S14a and b. These above results proved 
that o-xylene molecules were ultimately converted into water and CO2. 

Based on the above analysis, the photocatalytic degradation mech
anism of BTXS by MOXA-2 was proposed and displayed in Scheme 2. The 
capture of BTXS molecules would happen due to the adsorption by mi
cropores, the π-π interaction between BTXS molecules and the ligands 
and the adsorption by Fe3-O clusters. As a strong acidic center, Fe(III) in 
Fe3-O clusters would get an electron from the adsorbed molecules, 
which resulted in the consumption of Fe(III) observed in the ESR results. 
After starting the light irradiation, both components (MIL-100(Fe) 
xerogel and crystalline MIL-100(Fe) particles) in MOXA-2 could be 
excited. Electrons were excited into the Fe3-O clusters through the LCCT 
(ligand-to-cluster charge transfer) mechanism while the holes stayed in 
the ligands. As a result of band bending at the interface between crys
tallined MIL-100(Fe) particles and MIL-100(Fe) xerogel, the electrons 
from the LUMO of MIL-100(Fe) xerogel and the holes from the HOMO of 
crystallined MIL-100(Fe) particles combined at the interface region, 
while the electrons in the LUMO of crystallined MIL-100(Fe) particles 

and the holes in the HOMO of MIL-100(Fe) xerogel skeleton could be 
retained. The free electrons would react with O2 to produce strong 
oxidizing ⋅O2

- radicals for the mineralization of BTXS molecules and lead 
to the oxidization of Fe(II) to Fe(III). 

4. Conclusion 

The MIL-100 (Fe) MOF/MOX homojunctions with tunable hierar
chical pores and homojunction were successful prepared by a one-pot 
solvothermal method. The tunable hierarchical pores were achieved 
by adjusting the anions species to control the dissociation rate of metal 
ions. The MIL-100(Fe) MOF/MOX homojunctions showed high photo
catalytic activity towards the degradation of o-xylene and other BTXS 
(benzene, toluene, p-xylene, m-xylene and styrene). On one hand, 
benefiting from the hierarchical pores, the diffusion resistance of 
gaseous BTXS in the pores was reduced, which enabled the effective 
contact between BTXS molecules and the active sites for PCO reactions. 
On the other hand, the homojunction between MIL-100(Fe) xerogel and 
crystalline MIL-100(Fe) particles improved the separation of photo
generated carriers and therefore promote the generation of highly 
oxidative ⋅O2

- radicals. Besides, the conversion between Fe(III) and Fe 
(II) occurred during the adsorption and photocatalytic degradation of 
BTXS also benefited the separation of electrons and holes and further 
improved the photocatalytic reaction activities. The successful prepa
ration of the MIL-100(Fe) MOF/MOX homojunctions provides a new 
strategy for regulating the formation MOFs with hierarchical pores, and 
will be an advance in photocatalytic removal of gaseous pollutants. 

Fig. 8. (a) and (b) The in-situ DRIFTS of adsorption and photocatalytic degradation of o-xylene by MOXA-2, (c) and (d) the enlarged in-situ DRIFTS of adsorption of o- 
xylene by MOXA-2. 
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