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ABSTRACT: One of vital issues that inhibit photoactivity of metal—organic
frameworks is the poor electrical conductivity. In this work, one-dimensional

mixed-valence iron chains are used to improve this poor situation in MIL-53(Fe). Ve,
A series of mixed-valence MIL-53(Fe) photocatalysts were obtained through hy g
heating at different temperatures in vacuum. The effect of Fe'' coordinatively "™’ N,
unsaturated metal sites (CUS) and one-dimensional mixed-valence iron chains on | Ly

their photocatalytic property was discussed. The experimental results indicated that {rie & e ‘
mixed-valence MIL-53(Fe) with a reference Fe''/Fe'" ratio of 0.2725 displayed the " LM
best photocatalytic performance, which showed 96.28 and 95.01% removal -

efficiencies of RhB and TC-H in 100 min, respectively. Moreover, MIL-S3(Fe)

heated in vacuum displayed better catalytic activity than MIL-5S3(Fe) heated in air for RhB and TC-H degradation. Based on
the analysis of various characterizations, the reinforced catalytic activity can be attributed to the charge mobilities in mixed-
valence Fe''/Fe'" chains. It is worth mentioning that the method is also applicable to MIL-88(Fe) and MIL-101(Fe).
Additionally, mixed-valence MIL-53(Fe) can also perform the catalysis reaction in the nighttime by activating persulfate (PS) to
produce free radicals. Interestingly, it was found that the Fe'' CUS lost in activating PS can be supplemented by self-reduction of
photogenerated electrons during illumination in the daytime, so as to achieve a more stable cycle. This work demonstrated that
the photoactivity of MIL-53(Fe) can be improved by adjusting the ratio of Fe''/Fe' and the feasibility of using as an all-day-

active catalyst.

KEYWORDS: mixed-valence MIL-S3(Fe), photocatalytic degradation, persulfate, all-day-active, bifunctional catalyst

1. INTRODUCTION

As the society and economy develop at fast pace, water
environmental pollution has increasingly been a serious
problem in the world. It has already been a hot research
topic to explore related methods, which can efficiently remove
the pollutants from a water environment because of its
ecological and environmental importance.”” In recent years,
more and more attention has been paid to heterogeneous
photocatalysis because of the widely application in environ-
mental remediation.”” It is necessary to find a high-
performance, economical, and environmentally friendly photo-
catalyst to degrade pollutants. Metal—organic frameworks
(MOFs) are crystalline porous materials, which consist of
organic linkers and metal nodes.” Owing to the great surface
areas, well-ordered porous structures, flexible organic linkers or
metal nodes, and the visible light response, MOFs have
attracted considerable interests to be used as a photocatalyst.’
Many excellent materials of photocatalytic MOFs and their
derivatives have been reported. The methods mainly include
the following: altering metal centers or linkers’ compounded
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with metal nanoparticles” and other functional materials (such
as graphene,8 Mzxene,” and C3N4'°), forming heterojunctions
with other semiconductors,'’ and so on.

However, when dealing with pollutants as a photocatalyst
monomer, the biggest challenge is the inefficient charge
mobility of MOFs,'” which leads to a high recombination rate
of the photogenerated electrons and holes."” For increasing the
efficiency of charge mobility in MOFs, what is worth noting is
some of the MOFs have chains of the transition-metal atom
bridged by an organic element, which is similar to the one-
dimensional (1D) lines of inorganic semiconductors in the
crystal. Charge transfer may occur preferentially in these one-
dimensional wires in the crystal, which indicates a free
migration of charge along the long axis of the particle."*
Aubrey and co-workers made a particularly successful strategy
for three-dimensional Fe-based conductive MOFs, increasing
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the conductivity by 1000 times along a single crystallographic
axis."> In addition, a feasible strategy that engineered long-
range migration through installation of mixed-valence func-
tional sites to promote internal charge transfer was
proposed.'®” What is more, previous studies have found
that mixed-valence transition metal in photocatalysts would
lead to a desirable band structure,'® promote the transfer of
photogenerated charges,14 and increase the reactive sites,'” and
the introduction of mixed-valence transition metal for the
photocatalyst is a strategy to improve photocatalytic perform-
ance.

Thus, this study chose MIL-53(Fe) as the objective
photocatalyst due to the three-dimensional porous MOFs
consists of infinite 1D linkage of —Fe—O—Fe—O—Fe—, which
linked by a bis-bidentate terephthalate (1,4-benzenedicarbox-
ylate) linker,"” which could serve as a highway of charge
translation.'* What is more, MIL-53(Fe) is a photocatalyst
with low cost and environmentally friendly and possess visible
light response.””*' The preparation methods of mixed-valence
MOFs have been widely reported, and the transition metal iron
can be reduced by heating in vacuum. It has been proved that
Fe"' coordinatively unsaturated metal sites (CUS) could be
created through heating under a vacuum or inert atmosphere
on MIL-100(Fe).”> Meanwhile, CUS created by the removal of
H,0 and other molecules (DMF or terephthalic acid) can act
as an active site to modify adsorption and catalytic proper-
ties.”> Moreover, several studies have demonstrated that
heating under vacuum can create Fe" CUS in MIL-53(Fe)
to accelerate the activation of persulfate (PS) to degrade
pollutants.”*** Considering another weakness of the photo-
catalyst that it becomes catalytically inactive when light
irradiation ceases,” it is a valuable strategy that mixed-valence
MIL-53(Fe) can be used as an all-day-active catalyst for
continuously cleansing water for environmental purification by
combination of photocatalysis and PS activation.”” Also, up to
the present, it is still lacking to study that mixed-valence MIL-
53(Fe) was used as an independent photocatalyst to degrade
contaminants and to research the effect of Fe'' CUS on the
photocatalytic properties of MIL-53(Fe).

This exploratory study is for the feasibility of using mixed-
valence MIL-53(Fe) as a photocatalyst and investigates the
role of 1D mixed-valence iron chains in MIL-53(Fe). The
catalytic properties of mixed-valence MIL-53(Fe) as both the
photocatalyst and PS activator were investigated. Experiments
have shown that mixed-valence MIL-53(Fe) could function in
visible light for the degradation of rhodamine B (RhB) and
tetracycline hydrochloride (TC-H) in water. The Fe'/Fe'
reference ratio of MIL-53(Fe) is controlled within a certain
range of 0—0.3983. The existence of mixed-valence Fe'/Fe™
iron chains improves its charge mobility capacity and reduces
the recombination of the electron and hole, which increasing
the photocatalytic activity of MIL-53(Fe). Meanwhile, it is
discovered that the performance of PS activation in the
catalysts could be successfully recovered after regeneration in
illumination. The results provide a simple and cheap way to
improve the performance of MOFs with transition-metal
cluster chains and would bring a new perspective into the
design and development of highly eflicient all-day-active
photocatalysts.

2. EXPERIMENTAL SECTION

2.1. Chemicals. FeCl;-6H,0, 1,4-benzenedicarboxylic acid (1,4-
BDC), N,N-dimethylformamide (DMF), rhodamine B (RhB),

tetracycline hydrochloride (TC-H), persulfate (PS, K,S,0g, 98.0%),
and ethanol (C,HsO, 99.7%) were all purchased from Sinopharm
Chemical Reagent Co., Ltd. The water used in this study for the
preparation of all solutions was prepared by the ULUPURE
purification system. All the chemical reagents were used directly
without further purification.

2.2. Synthesis of a Series of Mixed-Valence MIL-53(Fe)
Photocatalysts. MIL-53(Fe) was synthesized employing a solvo-
thermal method as previously reported,”® and a mixture of
terephthalic acid (H,BDC, S mmol) and ferric chloride hexahydrate
(FeCl;-6H,0, S mmol) dissolved in N,N’-dimethylformamide (DMF,
10 mL) was transferred to a Teflon-lined pressure vessel (S0 mL) and
stirred for 30 min. Then, the mixture was heated at 150 °C for 3 h.
Also, the suspension was filtered and washed with deionized water
and ethanol. Next, the collected material was suspended in water, then
stirred for 12 h to remove DMF from pores, and dried at 60 °C for 12
h to get MIL-53(Fe), named MIL-0. Finally, the powder was heated
in a vacuum oven at different temperatures (120, 170, and 220 °C)
for 12 h for the removal of H,O molecules and transformation of the
valence state of iron; the obtained materials were designated as MIL-
vacl120, MIL-vac170, and MIL-vac220. In addition, another MIL-0
was heated in air at 120 °C for 12 h, which was labeled as MIL-air120.
Also, MIL-88(Fe)*” and MIL-101(Fe)* were synthesized employing
a solvothermal method as previously reported.

2.3. Characterization. The crystal structures and chemical
composition characterization of as-prepared samples were determined
by X-ray diffraction (XRD, Rigaku SmartLab) at a scanning rate of S
min~" in a 260 range of 5—80° and X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific, England) in which the binding
energies of the MIL-53(Fe) samples were calibrated with respect to
the adventitious carbon (C 1s) as a reference line at 284.8 eV. The
field-emission scanning electron microscopy (FESEM, Hitachi, S-
4800) and transmittance electron microscopy (TEM, JEOL, JEM-
2100F) were used to observe the morphology. The UV—vis diffuse
reflectance spectra (DRS) were recorded by using a UV-—vis
spectrophotometer (Cary 300, Varian) with the background of
BaSO,. The photoluminescence (PL) spectra were collected on a
Hitachi F-7000 fluorescence spectrophotometer, and the excitation
wavelength is 350.0 nm with a scanning speed of 240 nm/min and
PMT voltage of 500 V.

2.4. Electrochemical Measurements. Electrochemical measure-
ments were measured in 0.5 M Na,SO, solution with a typical three-
electrode configuration with a 300 W Xe lamp that was used as the
light source. A saturated calomel electrolyte was used as a reference
electrode, and a Pt coil was used as a counter electrode. The working
electrode prepared by the as-prepared material thin film on fluorine-
doped tin oxide (FTO) used Nafion as the adhesive. Electrochemical
response was recorded with a CHI 660C electrochemical analyzer
(CHI Inc., USA).

2.5. Evaluation of Catalytic Activity. Photocatalytic ability of
mixed-valence MIL-53(Fe) was evaluated through the photo-
degradation experiment using RhB and TC-H under visible light
irradiation. Typically, 4 mg of as-prepared powder was added into the
reaction solution (25 mL, 20 mg/L RhB or TC-H). The suspension
was stirred for 30 min under a dark environment to reach an
adsorption—desorption equilibrium. After visible light illumination,
which generated by a 300 W Xe lamp with a cutoff filter of 420 nm, 1
mL of suspension was taken out at a given interval time and separated
through centrifugation (10000 rpm, S min).

All PS activation experiments were conducted in a constant room
temperature at 15 °C. Similarly, the suspension of S mg of MIL-
vac120 powder catalysts and 25 mL of RhB solution (20 mg/L) was
stirred for 30 min in a dark environment to reach an adsorption—
desorption equilibrium, and the degradation of RhB was initiated by
rapid adding PS (10 mM) to the reaction solution. At given time
intervals, 1 mL of suspension was taken out, and 1 mL of ethanol was
added to the mixture to quench free radicals; after that, it was
centrifuged at 10,000 rpm for 5 min. All the concentration of the
reactant remained in the supernatants or filtrate was analyzed by a
UV—vis spectrophotometer.
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3. RESULTS AND DISCUSSION

3.1. Structural Description. The porous MIL-53(Fe)
solid with a 1D pore channel system was constructed by a
terephthalate anion and iron ions.”’ The morphological
analysis of this mixed-valued MIL-53(Fe) was observed by
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). As seen from Figure la—g, the
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Figure 1. (a, b) TEM images of (a) MIL-0 and (b) MIL-vac120. (c—
g) SEM images of (c) MIL-0, (d) MIL-vac 120, (e) MIL-vac170, and
(f) MIL-vac220. (h) XRD patterns of mixed-valence MIL-53(Fe)
samples and the simulated patterns of MIL-53, MIL-53-1, and MIL-
53-2.

images show that the MIL-53(Fe) displayed a new cubic
dodecahedral structure with a rough surface with diameters of
5—15 um, which is similar to the MIL-53(Fe) synthesized in
Changsha, Hunan Province reported in other references.’
This is due to the different growing environment of MIL-53.
Also, these samples kept intact after vacuum heating at
different temperatures. This indicates that high temperature
would not affect the crystal morphology. Figure 1h shows the
X-ray diffraction (XRD) patterns of as-prepared samples
heating under different vacuum conditions. The pattern of
MIL-53(Fe) matched with the simulated MIL-53 created from
CIF in ref 33 in which the characteristic peaks were at 26 of

9.12°, 12.64°, 17.64°, 18.38°, 25.41°, and 27.27°; it was proved
that MIL-S3(Fe) was prepared successfully under these
conditions. In addition, there are some differences in the
XRD patterns of different catalysts. Therefore, two additional
simulated MIL-53(Fe) XRD patterns were added to Figure 1h
for comparison, one is MIL-53-1, which was bound to formic
acid molecules,** and the other is MIL-53-2, which adsorbed a
DMF molecule.” Tt can be inferred from these simulated
patterns that the additional peaks between 9.12° and 25.41°
were caused by the remaining DMF and its hydrolysis product
inside the pores of MIL-53(Fe). With the increase of
temperature, the impure peak obviously decreases or even
disappears, demonstrating that the removal of DMF at high
temperature. When the temperature rises, the intensities of the
characteristic peaks gradually decreased, which means that
heating in high temperature could destroy a partial crystal
structure of MIL-53(Fe). Also, the TGA analyses of MIL-
53(Fe) shown in the Supporting Information (Figure S1)
prove that MIL-53(Fe) was stable enough below 340 °C.

There are two possible mechanisms for the formation of Fe'
CUS: the departure of anionic ligands and the reduction
caused by DMF. Previous study shown in Figure 2a found that
the mixed valence MIL-100(Fe) was synthesized by two-step
vacuum heating treatments™” in which the pure sample was
activated under vacuum at 150 °C first, and then it was
coupled with secondary vacuum between 150 and 250 °C over
12 h to get Fe'' CUS. The creation of Fe'' CUS was due to the
departure of anionic ligands (F~ and OH") according to Fe' +
X~ — Fe'' + [J ([ is the vacancy caused by the departure of
anionic ligands) rather than the direct reduction of Fe" CUS.
Vacuum heating is also used in the production of mixed-
valence MIL-53(Fe), and Fe'' CUS could also obtain in this
way.”* Mixed-valence MIL-53(Fe) prepared by a vacuum
heating method has been reported in some previous research
studies; however, the heating temperature of MIL-53(Fe) is
lower than that of MIL-100(Fe).

Furthermore, the crystal structure of MIL-53(Fe)-DMF can
be seen in Figure 2b, which can be considered as the structural
model of MIL-0. The axial oxygen atom of terephthalate was
linked by two iron octahedra, and there was a DMF molecule
linked with the oxygen atom of —Fe—O—Fe— chains. In
addition, Medina et al. previously discovered that the first
MOF type solid of MIL-53(Fe) has a regular charge order
Fe/Fe!' or Fe'0.5Fe™0.5(OH,F)(0,C—C4H,—CO,)-
0.SDMA,” and the existential form of Fe''/Fe in MIL-
53(Fe) is a chain of alternate Fe"" and Fe'" sites. It is cause by
formic acid and dimethylamine obtained by slow hydrolysis of
DMF solvent, and then dimethylamine cation (DMA+) was
produced according to eq 1.

HCOO(CH,), + H,0
— HCO,H + (CH,),NH
< HCO, +(CH,),NH,+ (1)

Considering about the gradually removal of DMF and water
during the heating process, Fe'' Fe',_ (OH)(0,C—CsH,—
CO,) can be got by heating in vacuum. The vacuum condition
would protect Fe'' from oxidation, and the reductibility of

DMF or HCO, also would result in the reduction of Fe'l.
Meanwhile, the transformation from Fe" to Fe™ was caused by
the departure of DMF in MIL-53(Fe) when heated in air.®
Thus, the pure MIL-53(Fe) can be acquired by heating at 120
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Figure 2. Material preparation process of two mechanisms for the formation of Fe CUS: (a) the departure of anionic ligands and (b) the

reduction caused by DMF.

°C in air. Samples were activated in vacuum with a
temperature below 220 °C for optimal integrity and efficiency
of mixed-valence MIL-53(Fe). The preliminary degradation
experiment shows that the photocatalytic performance of the
samples heated in vacuum performed better than that of the
samples heated in air. There is no doubt that the presence of
Fe'' CUS improves photocatalytic performance.

Primarily, Figure 3a shows all the XPS spectra of Fe(2p) of
the as-prepared samples. All the peaks of Fe 2p spectra shifted
to the direction of lower binding energy, which proved that
heating in a vacuum condition led to the reduction of Fe'" into
Fe'. Second, it was discovered from the XPS results that the
MIL-0 mainly contained C, Fe, and O elements and only trace
amounts of N, which means that DMF remained in the MIL-0
framework. The key role of the Fe'' sites was further supported
by the valence of Fe composition analysis of mixed-valence
MIL-53(Fe).

The XPS analysis method of iron here was borrowed from
the previous report.”® It is reported that, in the Fe(2p), the
characteristic peaks at binding energies (BE) of 711.2 and
725.0 eV with a satellite signal at 719.0 eV are belonging to
Fe'', as well as the peaks at BE of 709.9 and 723.4 eV with a
satellite signal at 715.5 eV are characteristic of Fe'’. Apart from
the predominant Fe'' and Fe' peaks, a higher BE energy
shoulder peak was also fitted around 713.4 eV, which may be
related to an interaction between Fe'' and Fe'™.*” The ratio of
the Fe'/Fe'™ XPS peak in Fe(2p;,) was used as a reference
instead of the accurate ratio of Fe'/Fe' in the study. The
result of XPS peak diffraction analysis is presented in Figure
3c—f. The evaluation of the surface Fe!'/Fe! ratios from the
XPS deconvolution indicated that the Fe'/Fe'! ratio on the
surface of the MIL-53(Fe) was generally increased. The
calculation results are illustrated in Table 1.

3.2. Photocatalytic Reactivity. Theoretically, the pres-
ence of Fe"! CUS in the 1D iron chain will promote the transfer
rate of the photogenerated charge and improve the efliciency
of photodegradation.'® The photoreactivity of the mixed-
valence MIL-53(Fe) was evaluated by the degradation
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Figure 3. XPS spectra of mixed-valence MIL-53(Fe): (a) Fe 2p, (b)
survey of MIL-0, and (c—f) Fe 2p of (c) MIL-air120, (d) MIL-0, (e)
MIL-vac120, and (f) MIL-vac220.

experiment of cationic dyes (RhB) and the antibiotic
contaminant (TC-H) under visible light. Before illumination,
the adsorption experiment toward RhB or TC-H was
conducted in the dark, and the result is shown in Figure 4.
Mixed-valence MIL-53(Fe) showed the absorption efficiency
of RhB reached about 50% within 30 min. The good
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Table 1. Reference Ratio of Fe''/Fe' in Mixed-Valence
MIL-53(Fe)

MIL-0
0.1536

MIL-vacl20 MIL-vac220 MIL-air120
0.2725 0.3983 0

material designation

ratio of Fel'/Fel' XPS
peak in Fe(2p;,,)

adsorption effect is due to its abundant carboxyl ligands, which
attract these organic pollutants with cationic groups to close
the catalytic site.”® The photodegradation curves of RhB
solution over the mixed-valence MIL-53(Fe) are shown in
Figure 4a,b. Previous experiments have found that the
concentration of RhB did not fluctuate significantly, which
indicated that RhB was relatively stable without photocatalysts
under visible light irradiation. As shown in Figure 4a, after 120
min illumination, the RhB removal efficiency in MIL-0, MIL-
vac120, MIL-vac170, and MIL-vac220 reached 92.78, 96.28,
95.18, and 93.73%, respectively. With the MIL obtained at
different temperatures, the effect of photodegradation
gradually changes. The best photocatalytic effect can be
obtained under MIL-vac120. This implies that when the
reference ratio of Fell/Fe is 0.2725, the catalytic effect can be
effectively improved. However, at the same time, DMF and
CUS active sites induced by heating and dehydration were still
present in the catalyst, which still affected photocatalytic
efficiency. To eliminate the influence of DMF and CUS active
sites, another sample was heated in air at the same
temperature, and then their photoreactivity performance was
compared. The result is shown in Figure 4b. Compared with
samples heated in air, the RhB removal rate reached 84.83% in
MIL-air120. To quantify the photocatalytic activity and further
understand the photocatalytic kinetics for mixed-valence MIL-
53(Fe), the apparent rate constant (k) of pollutant degradation
was calculated with the pseudo-first-order approximation
equation: In(C,/C) = kt in which C is the residual
concentration of the pollutants at time ¢ and C, is the initial
concentration of the RhB or TC-H solution. The calculated
results are plotted in Figure 4d,e. Therefore, the apparent rate
constants of the MIL-0, MIL-vac120, MIL-air120, MIL-vac170,
and MIL-vac220 are calculated to be 0.01948, 0.02993,

0.01833, 0.02509, and 0.02184 min~}, respectively. The
photodegradation curves toward RhB of MIL-air120 are
lower than those of the samples heated in vacuum, which
indicated that the presence of Fe' can improve the effect of
catalyst without the influence of DMF and CUS active sites.

To avoid the interference of the photocatalyst sensitized by
the dye (RhB), the photocatalytic properties of the mixed-
valence MIL-53(Fe) for tetracycline hydrochloride (TC-H)
photodegradation were supplemented in visible light irradi-
ation. The photolysis experiments of tetracycline hydro-
chloride (TC-H) proved that TC-H is very stable, which its
photolysis in visible light is ignorable. Only after the addition
of the photocatalyst, the concentration of TC-H in aqueous
solution gradually decreased. The TC-H removal rate reached
95.01 and 71.66% in MIL-vac120 and MIL-air120, respectively
(Figure 4c). Similarly, the MIL-vac120 displayed the best
photocatalytic effect compared to MIL-air120, implying that
the improved charge separation efficiency further enhances
photocatalytic activity. In addition, the apparent reaction rate
constants (k) of MIL-vac120 and MIL-air120 were about
0.02242 and 0.00917 min~', respectively (Figure 4f).
Particularly, the kinetic constant of MIL-vac120 was about
2.4S times higher than that of MIL-air120.

The e)aperiments of two Fe-based MOFs, MIL-88>° and
MIL-101,” have been supplemented to research a general rule
in mixed-valence FeMOFs, and X-ray diffraction matched well
with the corresponding simulated MIL MOFs (Figure S2,
Supporting Information). It was found that these kinds of
MOFs with iron metal nodes and terephthalate ligands do have
universality, which the samples heated at 120 °C in vacuum
showed better efficiency of photodegradation than those
heated in air as shown in Figure 5. In MIL-88(Fe), The TC-
H removal rate reached 64.48 and 55.84% in MIL-88-vac and
MIL-88-air after 75 min, respectively (Figure Sa). In addition,
the apparent reaction rate constants (k) of MIL-88-vac and
MIL-88-air were about 0.01024 and 0.0069 min~", respectively
(Figure Sc). Particularly, the kinetic constant of MIL-88vac
was about 1.48 times higher than that of MIL-88-air. Similarly,
the MIL-101vac displayed the best photocatalytic effect
compared to the MIL-101-air, which showed that the TC-H
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Figure 4. (3, b) Photodegradation of RhB with mixed-valence MIL-53(Fe) in visible light irradiation. (c) Photodegradation of TC-H with mixed-
valence MIL-53(Fe) in visible light irradiation. (d—f) The corresponding photodegradation kinetics of RhB and TC-H with mixed-valence MIL-
53(Fe) in visible light irradiation.
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Figure S. (a, b) Photodegradation of TC-H with mixed-valence MIL-
88 and MIL-101 in visible light irradiation. (c, d) The corresponding
photodegradation kinetics of TC-H with mixed-valence MIL-88 and
MIL-101 in visible light irradiation.

removal rates of MIL-101-vac and MIL-101-air reached 77.92
and 66.72% after 100 min, respectively (Figure Sb). Also, the
apparent reaction rate constants (k) were about 0.01526 and
0.01033 min~" in MIL-101-vac and MIL-101-air, respectively
(Figure Sd). It implies that the improved charge separation
efficiency of iron clusters also enhances photocatalytic activity,
similarly.

3.3. Mechanism of Degradation. According to the above
experimental results, it can be concluded that the change of the
photocatalytic activity of mixed-valence MIL-53(Fe) was in
accordance with some regularity in the relative content ratio of
Fe'/Fe. To understand the regulated changes of photo-
excited mixed-valence MIL-53(Fe) photocatalysts, the optical
properties of as-prepared samples were investigated by UV—vis
diffuse reflectance spectroscopy (DRS). The UV—vis absorp-
tion spectra is shown in Figure 6a, which indicated the effect of
Fe'" on light absorption. As can be seen from the figure, all
MIL-53(Fe) samples exhibited excellent absorption in a region
of 200—600 nm, which were keeping with the ligand-to-metal
charge transfer (LMCT) and n—x and 7—7 transitions within
the ligand,""** and the curve shows gradually redshift by
altering the Fe'l/Fe!! ratio. As shown in the inset in Figure S3,
the band gap (E,) of mixed-valence MIL-53(Fe) was evaluated
from a plot of the Kubelka—Munk method from which the E.'s
of MIL-0, MIL-vac120, MIL-vac170, and MIL-vac220 were
calculated to be 2.76, 2.70, 2.64, and 2.58 eV, respectively. To
further understand the source of light harvesting ability, the
band structures of as-prepared samples were examined by the
Mott—Schottky measurement, which is a tool to determine the
flat band potential (Eg,). As depicted in Figure S4, the flat band
potential of mixed-valence MIL-53(Fe) was measured by
extrapolation of the Mott—Schottky plot in 0.1 M Na,SO,
solution at 1500 kHz. It was estimated as approximately —0.47,
—0.43, —0.36, and — 0.30 V versus SCE at pH 7,
corresponding to —0.23, —0.19, —0.12, and —0.06 V versus
the normal hydrogen electrode (NHE). In addition, the
positive linear slope of 1/C* versus the potential curve
indicates that MIL-53(Fe) is an n-type semiconductor. The
conduction band potential (E,) is usually approximate to the
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Figure 6. (a) UV—vis absorption spectra; (b) PL spectra (excitation
wavelength: 350 nm); (c) EIS Nyquist plots (0.5 M Na,SO, solution
under dark condition) of mixed-valence MIL-53(Fe); (d) photo-
degradation of RhB over mixed-valence MIL-53(Fe) in the presence
of trapping systems.

conduction band of n-type semiconductors (Ey, ~ Eg, —0.1
V).* As a result, the E_, of the mixed-valence MIL-53(Fe) is
approximately —0.33, —0.29, —0.22, and —0.16 V versus NHE.
According to the experience formula, the valence band
potential (E,;,) can be calculated from a formula of E, = E,
+ Eg,. Correspondingly, the calculation results of valence band
potential (E,;) are 2.43, 2.41, 2.42, and 2.42 V. The results are
also shown in Figure 7. Meanwhile, the color of catalysts

276ev  2.70ev  2.64ev  2.58ev
MIL-0 MIL-vac120 MIL-vacl170 MIL-vac220

|

2.41

Figure 7. Band gap structure of mixed-valence MIL-53(Fe).

gradually deepened from pale yellow to dark yellow (Figure SS,
Supporting Information); the change of the band structure and
color correlated with the ratio of Fe'/Fe''!, which was ascribed
to Fe?*—Fe®" intervalence charge transfer in iron oxoclusters.”*

Afterward, the charge transfer process was studied by PL
spectroscopy and EIS. As shown in Figure 6b,c, with increasing
temperature, the intension of PL emissions and EIS Nyquist
plots showed a regular trend. The intension of PL emissions
gradually decreased and then began to increase, and the
minimum fluorescence radiation intensity appears on MIL-
vac120. Similarly, compared with other samples, the arc radius
of EIS Nyquist plots of MIL-vac120 is the smallest, and it is
proved that MIL-vac120 has the minimum impedance on a
macrolevel, which demonstrated a more effective separation of
carriers. Above all, Fe! CUS does facilitate the charge
translation within MIL-53(Fe).

To have a clear understanding of the degradation process, it
is significant to define active oxidant species participated in the
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degradation process, such as superoxide radicals (‘O,”), h*,
and hydroxyl radicals (OH); these are generally considered as
the main active oxidant, which may degrade organics.”®
Therefore, in the photocatalytic degradation process, the
study chose RhB as target organics to estimate the role of these
active substances in the presence of corresponding scavengers.
Benzoquinone (BQ), isopropanol (IPA), and ethylene diamine
tetraacetic acid disodium salt (EDTA) were employed as
scavenging agents to eliminate ‘O,”, ‘OH, and h', respec-
tively.” Figure 6d shows the photodegradation curve of RhB
in the presence of different scavenging agents. As shown in the
figure, the addition of EDTA largely inhibited the photo-
degradation reaction, and the presence of IPA also showed a
partial inhibition effect, while the addition of BQ had no effect
in the first hour of the photodegradation of RhB, but it
becomes an inhibitory effect at last. Detailed data of
quantitative analysis are as follows that the RhB removal
efficiency decreased 15.76, 37.56, and 99.94% with addition of
BQ, IPA and EDTA, respectively. The addition of EDTA and
TBA can induce an obvious decrease in photocatalytic activity
of MIL-vac120, while the BQ has a promoting effect on the
initial photodegradation of RhB, but it becomes an inhibitory
effect at last. This means that photogenerated electrons in the
CB of MIL-vac120 (—0.29 V vs NHE at pH = 7) can reduce
O, into ‘O, (-0.28 V vs NHE, pH = 7),*¢ and partial
photogenerated holes in the VB of MIL-vacl120 (+2.41 V vs
NHE at pH = 7) can oxidize H,O into ‘OH (+2.27 V vs NHE,
pH = 7).*° It proves that light-induced holes are the main
radicals in the photodegradation of organic compounds, and
the 'OH and 'O, have been at least partly responsible for RhB
photodegradation. In the initial photodegradation of RhB,
photogenerated electrons are consumed with BQ, and the hole
oxidation process is promoted.

3.4. Stability Test and All-Day Activity. The stability of
MOFs is always a dilemma before putting into practical
applications,”” so it is important to investigate the stability of
mixed-valence MIL-53 under visible light. Our study also
evaluated the stability of MIL-vac120 through testing the RhB
degradation repeatedly for five times. The degradation curve is
shown in Figure S6. In five cycles, the effect of MIL-vac120
became weak gradually, the RhB removal rate after 120 min
ranged from 99.45 to 69.48%, and this is because of the iron
node of MIL-vac120 that was oxidized into Fe™™
by photogenerated holes under long light irradiation. It is also
shown by the XPS spectrum (Figure 8a) that the Fe" peak (Fe
2p3/2) decreased significantly after the photodegradation
reaction. The problem of photocorrosion can be solved by

or iron oxide
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Figure 8. XPS spectra (Fe 2p) of (a) MIL-vac120 and used MIL-
vac120 and (b) the changes of iron valences in MIL-vac120 during
the reaction of activating PS.

forming heterojunction with other functional materials to
donate the extra holes."*"’

In photocatalytic applications, another vital issue is that the
photocatalyst may become catalytically inactive when light
irradiation ceases, which means light illumination is the
requisite of the photocatalyst to perform redox reactions.*
In the dark, charge carrier generation within MIL-vac120 is
suspended. However, MIL-53(Fe) has been confirmed to have
properties of activated peroxides such as PS*” and H,0,”" due
to the existence of Fe'' and Fe'. The ability to maintain the
catalytic activity in a dark environment has thus been the
ultimate goal for photocatalysts.”> Thus, mixed-valence MIL-
53(Fe) can couple photocatalysis and the persulfate catalyst to
keep degradation efficiency in day and night. Mixed-valence
MIL-53(Fe) has a good efficiency to activate PS, and the
presence of Fe'' CUS greatly enhances the catalytic activity of
MIL-53(Fe).>* The dissolved iron and the loss of Fel' CUSs
were unavoidable in a long heterogeneous Fenton process,
observably, as shown in Figure 9c. After five cycles, the
degradation of RhB decreased from 99.48 to 31.75% (each
cycle is 12 h, which simulated the whole night). In the article
reported by Tang and Wang, Fe'' CUS can be reactivated to
reduce partial catalytic activities under vacuum conditions,>
but recycling of powder catalysts is difficult to achieve in the
large-scale water. MIL-53(Fe), however, is a photocatalyst,
which can generate electrons by illumination to reduce Fe™
into Fe''. As shown in Figure 9a,b, the weakened effect can be
relieved through giving 30 min of illumination before each
cycle reacted with PS. The degradation rate of the RhB could
be maintained at a relative stable level of 45.7% after five
cycles, as shown in Figure 9b. As shown in Figure 8b, the
revivification of Fe' CUS from illumination can also be
confirmed by the XPS spectra of the sample before and after
the reaction. It can be clearly observed from Figure 8b that the
Fe"" peak disappears basically after activation of PS, while the
Fe" peak reappears partly after illumination, which means that
most Fe' was reduced to Fe'. This proves that illumination in
daylight can be useful to MIL-vac120 to maintain catalytic
activity. The experimental result provided proof that MIL-
vac120 has the potential of all-day-active catalytic degradation
in environment purification.

4. CONCLUSIONS

To sum up, it is the first time to discover that MIL-53(Fe) can
improve its photocatalytic performance by changing the ratio
of Fe''/Fe'. The XPS showed that the increased ratio of Fe
could indeed be obtained by vacuum heating in different
temperatures. The increase of the ratio in the light absorption
of MIL-53(Fe) was improved to a visible light region, and the
band gap gradually decreases from 2.76 to 2.58 eV. However,
with the result showed in XRD and PL, the gradually
decreasing crystal peak and the increasing fluorescence indicate
that the structure of 1D iron chains in MIL-53(Fe) will be
broken by high temperature because of the disappearance of
the ligand in iron oxide octahedron. Thus, the degradation rate
of MIL-vac220 is lower than the others. The best effective
photocatalyst in this experiment is MIL-vac120 with about
RhB and TC-H degradation rates of 96.28 and 95.01% at 100
min, respectively; its reference ratio of Fe'l/Fel! is 0.2725
prepared by heating at 120 °C in a vacuum condition and also
presents minimal fluorescence and minimal electrochemical
impedance, which were due to the addition of Fe' that can
translate a photogenerated charge through an exchanging
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Figure 9. (a) Simulation all-day experimental flow chart. (b) Degradation of RhB used as the PS activator after illumination. (c) Degradation of

RhB used as the PS activator without illumination.

valence state in 1D iron chains. Besides, as Fe-based MOFs,
MIL-53(Fe) can effectively active PS into ‘SO,”. Thus, MIL-
53(Fe) can be used as an uninterrupted catalyst to degrade
pollutants on dark nights or cloudy days. Fe CUS is also an
active site that rapidly activates PS to degrade pollutants in the
time of one night under low PS concentration. During a light—
dark cycle, the Fe" CUS expended at night would be
replenished by absorbing light to reduce itself. We believe
that mixed-valence MIL-53(Fe) would perform great potential
in all-day photocatalytic wastewater treatment.
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