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ABSTRACT: The tailorable structure and electronic structure of
metal−organic frameworks (MOFs) greatly facilitate their
modulated light harvesting, redox power, and consequently
photocatalysis. Herein, a representative MOF, UiO-66, was
furnished by installing Fe3+ onto the Zr-oxo clusters, to give Fe-
UiO-66, which features extended visible light harvesting, based on
metal-to-cluster charge transfer (MCCT). The Fe-UiO-66 with
unique electronic structure and strong oxidizing power exhibits
visible light-driven water oxidation, which is impossible for pristine
UiO-66. More strikingly, under visible irradiation, the generated
holes over Fe-UiO-66 are able to exclusively convert H2O to
hydroxide radicals, initiating and driving the activation of stubborn C-H bond, such as toluene oxidation. The electrons reduce
O2 to O2

•‑ radicals that further promote the oxidation reaction. The related catalytic mechanism and the structure−activity
relationship have been investigated in detail. As far as we know, this is not only an unprecedented report on activating “inert”
MOFs for photocatalytic C-H activation but also the first work on extended light harvesting and enhanced photocatalysis for
MOFs by introducing an MCCT process.

■ INTRODUCTION

The combustion of hydrocarbon compounds, the major
constituent of fossil fuels, has been their main interest while
their potential as feedstock for valuable chemicals is largely
ignored. Selective oxidation of primary C-H bonds is of great
importance to upgrade the primary raw materials.1−5

Unfortunately, the activation of stubborn C-H bonds
(dissociation energy: 440 kJ·mol−1) usually requires harsh
conditions, for examples, high temperature and/or high O2
pressure to generate reactive oxygen species, or the presence of
additives with strong oxidation ability (such as hydrogen
peroxide, tert-butyl hydroperoxide, etc.).1−5 So far, it remains a
great challenge to drive the oxidation of hydrocarbons in the
absence of additives under mild conditions. To address this
issue, replacing traditional thermocatalysis with photocatalysis
might be an effective solution.
As a class of crystalline porous solids, metal−organic

frameworks (MOFs) featuring high surface area and tailored
pores/structures have captured widespread interest, for their
potential applications in diverse fields, such as gas storage/
separation, sensors, catalysis, etc.6−14 Particularly, the linkers in
MOFs are able to harvest solar light to generate charge-

separated states, which endows MOFs high potential toward
photocatalysis.15−20 MOF-based materials have been demon-
strated to be promising photocatalysts for CO2 reduction,
water splitting, organic transformations, and so on.15−29

However, to the best of our knowledge, photocatalytic
oxidation reactions breaking chemically inert bonds (such as
C-H bonds) over MOF catalysts under mild conditions
(ambient temperature, 1 bar O2, without additives) has
never been reported. To break through this bottleneck,
MOFs with wide spectral response and high oxidation
potential, particularly sufficient active sites and stable frame-
work structures are prerequisite.30−32 The metal-to-cluster or
metal-to-metal charge transfer (MCCT or MMCT) in
inorganic photocatalysts presents an effective strategy to
extend light absorbance and guarantee the active sites with
proper redox potentials for strong oxidative ability.33,34 While
this MCCT/MMCT process and related strategy would be
readily achieved in MOFs thanks to their highly amendable
structures, they have never yet been reported.
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In this work, we have rationally incorporated Fe3+ ions into a
representative MOF, UiO-66, by coordinatively binding to the
Zr-oxo clusters, resulting in Fe-doped UiO-66 (simply as Fe-
UiO-66). The Fe3+ introduction induces the MCCT process in
MOF, i.e., the charge-transfer from Fe3+ to Zr-oxo clusters,
which causes extended visible light response. The unique
transition of MCCT enables Fe-UiO-66 to catalyze the
oxidation of H2O to hydroxyl radicals (•OH), which possess
sufficient oxidizing power to activate C-H bonds (Figure 1). As

a result, by sharp contrast to the completely inert UiO-66, the
Fe-UiO-66 with strong oxidation ability exhibits excellent
activity and recyclability toward photocatalytic oxidation of
hydrocarbons, particularly toluene, with water under ambient
temperature, 1 bar O2, and visible light irradiation.

■ MATERIALS AND METHODS
Materials and Equipments. All chemicals were obtained from

commercial sources and were used without further purification
otherwise stated. Powder X-ray diffraction patterns were obtained on
a Japan Rigaku SmartLab rotating anode X-ray diffractometer
(Miniflex 600) equipped with graphite-monochromated Cu Kα
radiation (λ = 1.54178 Å). UV−vis absorption spectrum was recorded
on a Shimadzu UV-2700 spectrophotometer and a white standard of
BaSO4 was used as a reference. Gas sorption measurement was
conducted by using an automatic volumetric adsorption equipment
(Micrometritics ASAP 2020). The transmission electron microscopy
(TEM) images were acquired on a JEOL JEM-2100F field-emission
transmission electron microscope. The products were analyzed and
identified by gas chromatography (Shimadzu GC-2014). The
products were further determined by using the Agilent technologies
7890A GC and a mass spectrometer Agilent technologies 5975C as
detector. The contents of Fe and Zr in the nanocomposites were
quantified by an Optima 7300 DV inductively coupled plasma atomic
emission spectrometer (ICP-AES). Field-emission scanning electron
microscopy (FE-SEM) was carried out with a field S3 emission
scanning electron microanalyzer (Zeiss Supra 40 scanning electron
microscope at an acceleration voltage of 5 kV). The X-ray
photoelectron spectroscopy (XPS) measurements were performed
by using an ESCALAB 250 high performance electron spectrometer
using monochromatized Al Kα (hν = 1486.7 eV) as the excitation
source. The photoluminescence was performed by using Perkin-Elmer

LS-55 fluorescence spectrometer. Electron paramagnetic resonance
(EPR) spectra were recorded on JEOL JES-FA200 EPR spectrometer
under xenon lamp. 1H NMR and 13C NMR spectra were recorded on
a Bruker AC-400FT spectrometer (400 MHz).

The Fe K-edge X-ray absorption spectroscopy measurement was
conducted at room temperature in transmission mode at 20-BM
beamline in Advanced Photon Source at Argonne National
Laboratory. The samples were mixed with boron nitride and pressed
to make a pellet before the measurement. The energy calibration,
normalization and background removal, and fitting were analyzed
using software Athena and Artemis, respectively. The high-energy X-
ray diffraction measurement was conducted at the 11-ID-C beamline
at the Advanced Photon Source, Argonne National Laboratory with a
monochromatic X-ray beam with a size of 0.1 × 0.1 mm2 and an
energy of 105.74 keV (the corresponding wavelength was 0.11725 Å).
A PerkinElmer α-Si flat-panel large-area detector with quadratic pixel
size of 200 × 200 μm2 was to collect the two-dimensional (2-D)
diffraction patterns. The diffraction patterns were calibrated using
CeO2 and then divided into 36 sectors with 10° per sector, using a
Fit2D software. Based on the divided diffraction patterns, the
structure factor S(Q) was calculated, where Q is the magnitude of
scattering factor. The reduced PDF, G(r), was obtained by a Fourier
transformation:

∫π ρ ρ
π

= [ − ] = −G r r r Q S Q rQ Q( ) 4 ( )
2

( ( ) 1) sin( ) d
Q

0 0

max

(1)

where ρ(r) and ρ0 are the local and average atomic number density,
and r is the atomic distance. The correction, normalization,
calculation of S(Q), and transformation of S(Q) to G(r) were all
conducted using the software package of PDFgetX2.

Preparation of UiO-66. Generally, 20 mg of ZrCl4 and 14.25 mg
of H2BDC were dissolved in 10 mL of DMF containing 1.83 mL of
HOAc. The mixture was sealed into a 20 mL glass vial and allowed to
react at 120 °C for 24 h. The white product was collected by
centrifugation and washed with DMF and menthol. After washing, the
product was immersed in the methanol to exchange out the DMF,
followed by drying under vacuum at 60 °C overnight.

Preparation of Fe-UiO-66. Typically, 40 mg of as-synthesized
UiO-66 and 80 mg of FeCl3·6H2O were ultrasonically dispersed in 4
mL of MeCN. The mixture was transferred into a 7 mL microwave
vessel and sealed. The reaction was then rapidly heated to 85 °C by a
microwave reactor (CEM Discover SP) and held at this temperature
for 30 min with continuous stirring. After cooling to room
temperature, the solid was isolated by centrifugation and washed
with H2O and methanol to remove the excess Fe3+. The synthesized
Fe-UiO-66 was obtained by dried at 60 °C under vacuum.

Preparation of MIL-53. Generally, 225 mg of FeCl3·6H2O and
138 mg of H2BDC were dissolved in 16 mL of DMF containing 150
μL of H2O. The mixture was stirred at room temperature for 1 h, then
transferred and sealed into a 20 mL Teflon-line autoclave, and allowed
to react at 170 °C for 24 h. The product was collected by
centrifugation and washed with the DMF and menthol. After washing,
the product was immersed in the methanol to exchange out the DMF,
followed by drying under vacuum at 85 °C overnight.

Preparation of UiO-66/MIL-53. Typically, 4.3 mg of MIL-53 and
34 mg of UiO-66 (Fe/UiO-66 = 3 wt%) were mixed and ground for 3
times in an agate mortar using a pestle and then thermally treated at
150 °C for 2 h at vacuum to produce the UiO-66/MIL-53
heterojunction composites.

Photocatalytic O2 Evolution by Water Oxidation. The
photocatalytic O2 evolution was performed in an online water
splitting system (Beijing Perfect Light Technology Co., Ltd.).
Typically, 20 mg of catalyst and 200 mg of AgNO3 were dispersed
in 30 mL of H2O. The mixture was transferred into the photoreactor
and pumped to extract the dissolved O2. The circulating water system
was used to keep a constant reaction temperature and avoid the
solvent evaporation. The reaction proceeded under a pressure of
∼−100 kPa in the presence of Xe lamp (LX-300F, Japan) with UV

Figure 1. Schematic illustration showing (a) the grafting FeOx onto
the Zr-oxo cluster by coordination interaction, affording Fe-UiO-66,
and (b) the conversion of H2O to •OH by visible-light-driven MCCT
process, which is accomplished by the holes on FeOx, upon electron
transfer from FeOx to Zr-oxo cluster, and the conversion of O2 to
O2

•− based on the accepted electrons on the Zr-oxo clusters. In
contrast, the LCCT (ligand-to-cluster charge transfer) process does
not occur under visible light irradiation.
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cutoff filter (λ > 400 nm). The generated O2 was quantified by GC
equipped with a TCD detector.
Photocatalytic Toluene Oxidation. In a typical experiment, 10

mg of catalyst was dispersed into a 1 mL of MeCN solution
containing 20 μL of H2O and 47.2 μmol of of substrate (5 μL for
toluene) and the mixture was transferred into a photoreactor and
irradiated by the Xe lamp (LX-300F, Japan) with the UV cutoff filter
(λ > 380 nm). The atmosphere was kept at 1 atm O2, controlled by a
O2 balloon. The products were analyzed by GC equipped with a FID
detector and determined by GC-MS.
For experiments with different toluene concentrations, several

certain amounts of toluene were added, while other parameters
remain the same, otherwise particularly stated. The rate and TOF
value were calculated based on the conversion of 2 h.
For experiments with different types of substrate, 47.2 μmol

different substrates were added, while other parameters remain the
same, otherwise particularly stated.
For control experiments, a certain amount of additives was added

into the mixture, or the reaction atmosphere was replaced, while other
parameters remain the same, otherwise particularly stated.
For hot filtration test, the reaction mixture was centrifuged to

remove the catalyst. The supernatant was continued to react as the
general procedure.
To verify whether the overoxidation of benzoic acid takes place,

toluene was replaced by the same molar amount of benzoic acid
(1,1,1,2-tetrachloroethan as internal standard), while fixing other
parameters. The amount of benzoic acid and products were analyzed
by GC equipped with a FID detector and determined by GC-MS, 1H
NMR, and 13C NMR spectra.
To examine whether the overoxidation of BDC ligand occurs, the

Fe-UiO-66 after catalysis and the fresh UiO-66 (as a control) were
dissolved into a NaOH/D2O mixture. The supernatant as analyzed by
13C NMR spectra.
For isotope tracing experiments, the reactant was replaced with

certain isotope labeled reagent, while other parameters remain the
same. Small doses of the sample are taken out to detect the progress
of the reaction, analyzed by GC-MS. The Mass spectra were collected
after the reaction proceeded for 1 h.
EPR Detection of MCCT Process. The EPR measurements were

carried out with 1.2 mg of Fe-UiO-66 in 0.2 mL of MeCN/H2O
(10:1) at 140 K under air atmosphere. The result shows that the high-
spin Fe3+ signal reduces upon light irradiation (500 W Xe lamp, λ =
380 nm). Considering the oxidization atmosphere, the formation of
Fe(II) can be ignored. It is believed that the formation of the high
valence Fe species, such as Fe(IV) at the oxidative end, would be the
reason for the decreased Fe3+ signal.
To better distinguish the EPR signal of the reduction end, the hole

scavenger MeOH was added. The EPR measurements were carried
out with 1.2 mg of Fe-UiO-66 in 0.2 mL of MeCN/MeOH/H2O
(5:5:1) at 140 K under N2 protection. As a result, the signal intensity
of oxygen centered active sites in Zr-oxo clusters was greatly enhanced
in N2 atmosphere under light irradiation (500 W Xe lamp, λ = 365
nm). Once air was in situ introduced, this signal was reduced
significantly, indicating the electron transfer from Fe to Zr-oxo and
then to O2 (from air). The control experiments, performed by
replacing Fe-UiO-66 with UiO-66 only, gave no difference before and
after illumination, further revealing the visible-light response from
MCCT in Fe-UiO-66.
EPR Detection of Reactive Oxygen Species. For detection of

O2
•‑ radical, the EPR measurements were carried out with 3.0 mg of

Fe-UiO-66 in 0.5 mL of MeOH at 140 K under air atmosphere. The
DMPO was added as the radical trapping agent and MeOH was
employed as hole scavenger to reduce the interference from hydroxyl
radical.35 The Xe lamp equipped with single wavelength filter (500 W
Xe lamp, λ = 380 nm) was used as light source.
For detection of •OH radical, EPR measurements were carried out

with 1.2 mg of Fe-UiO-66 in 0.2 mL of MeCN/H2O/AgNO3 (4:4:1)
at 140 K under air atmosphere in the beginning. The DMPO was
added as the radical trapping agent and AgNO3 was employed as
electron scavenger to reduce the interference from O2

•‑. The Xe lamp

equipped with single wavelength filter (500 W Xe lamp, λ = 380 nm)
was used as light source. Since the generated •OH radical can
decompose the organic solvent, some interfering substances were
generated during the test, such as •DMPO-CH3. To get better signal
of DMPO-•OH,36 EPR measurements were also carried out with 1.2
mg of Fe-UiO-66 in 0.2 mL of H2O at 140 K under air atmosphere
(500 W Xe lamp, λ = 380 nm).

Photoelectrochemical Measurements. Photocurrent measure-
ments were performed on a CHI 760E electrochemical work station
(Chenhua Instrument, Shanghai, China) in a standard three-electrode
system with the photocatalyst-coated ITO as the working electrode,
Pt plate as the counter electrode, and an Ag/AgCl as a reference
electrode. A 300 W xenon lamp with cutoff filter (λ > 400 nm) was
used as light source. A 0.1 M Na2SO4 solution was used as electrolyte.
The catalyst (3 mg) was added into a mixed solution with 10 μL of 5
wt% Nafion and 2 mL of ethanol, and the working electrodes were
prepared by dropping the suspension (200 μL) onto the surface of a
ITO plate with an area of 4 cm2. The working electrodes were dried,
and the photoresponsive signals of the samples were measured under
chopped light at + 0.5 V.

Mott−Schottky plots and electrochemical impedance spectroscopy
(EIS) of UiO-66 or Fe-UiO-66 were measured on an electrochemical
workstation (Zahner Zennium) in a standard three-electrode system
with the photocatalyst-coated glassy carbon (Φ = 3 cm) as working
electrode, Pt plate as counter electrode, and Ag/AgCl as reference
electrode. A 0.1 M Na2SO4 solution after deoxidation was used as the
electrolyte. The catalyst (3 mg) was added into 10 μL of 5 wt%
Nafion and 2 mL of ethanol mixed solution, and the working
electrode was prepared by dropping the suspension (30 μL) onto the
surface of the glassy carbon electrode. Mott−Schottky plots were
taken at frequencies of 500, 1000, and 1500 Hz, respectively. EIS was
carried out with a bias of −1.5 V.

Detection of •OH by a Fluorescent Method. Small molecule
terephthalic acids react with •OH radicals to generate fluorescent
products, which can be used to detect the generation of •OH.37
Typically, 10 mg of catalyst and 10 mg of terephthalic acid were
dispersed in 10 mL of MeCN containing 1 mL of borax buffer (pH 9,
0.1 M). The mixture was transferred into a two-neck flask, with an O2
balloon to keep the system at 1 atm O2 atmosphere. The light source
was Xe lamp with the UV cutoff filter (λ > 380 nm). After reaction, 1
mL of the reaction mixture was extracted and diluted by 3 mL of H2O
every 30 min. The resulting fluorescence was detected by the Perkin-
Elmer LS-55 fluorescence spectrometer.

■ RESULTS AND DISCUSSION

The incorporation of Fe3+ into UiO-66 was accomplished by
microwave-assisted modification. The Fe loading of 2.97 wt%
was decided by ICP-AES, indicating that ∼1.2 Fe atoms
furnished onto per Zr6-oxo cluster. The high crystallinity of
UiO-66 is maintained after Fe3+ modification, as evidenced by
the powder X-ray diffraction (XRD) profile (Figure S1). The
introduction of Fe3+ does not disturb the original octahedral
morphology of UiO-66 and no extra particles can be observed
inside/outside Fe-UiO-66, as shown in scanning electron
microscope (SEM) and transmission electron microscope
(TEM) images (Figures 2a,b and S2). Nitrogen sorption
isotherms indicate the adsorption capacity of Fe-UiO-66 is
slightly lower than that of UiO-66, possibly due to the mass
occupation of additional Fe3+ ions (Figures 2c and S3).
The chemical environment of Fe-UiO-66 catalyst has been

investigated by X-ray absorption spectroscopy (XAS) and pair
distribution function (PDF). In the Fe K-edge X-ray
absorption near-edge structure (XANES) spectra, the
absorption threshold is very close to Fe2O3, indicating the
existence of an oxidation state of +3 for Fe species (Figure 2d).
In the Fourier-transformed extended X-ray absorption fine
structure (FT-EXAFS) spectra, there is a dominant peak
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located at 1.47 Å, with an absence of Fe-Fe bond at 2.13 Å (Fe
foil) or 2.57 Å (Fe2O3; Figure S4). The first-shell coordination
environment around Fe centers can be ascribed to Fe-O/Cl
bonding, and fitting of FT-EXAFS gives the average
coordination number of 5 and bonding distance of 2.10 Å,
which accord with the proposed cluster structure (Figures 2e
and Table S1).9,38−40 To further identify the proposed
structure, atomic PDF analysis has been conducted and gives
bond lengths of 2.15 Å and 2.35 Å (Figure 2f),41,42 in line with
the Fe-O and Zr-O bonds, respectively. The peak at 2.78 Å can
be assigned to Fe···Zr bonds connected by oxygen bridge. The
chemical states of Fe and Zr in UiO-66 and Fe-UiO-66 were
further examined by using X-ray photoelectron spectroscopy
(XPS). Upon introducing Fe species into UiO-66, the Fe 2p3/2
binding energy of 711.4 eV verifies the Fe(III) state (Figure
S5), and the peak of Zr 3d5/2 shifts to higher binding energy
from 182.85 to 183.00 eV (Figure 3a). Given the stronger
electron withdrawing capability of Fe(III) than proton, this
shift is reasonable upon the formation of Zr(IV)-O-Fe(III) in
Fe-UiO-66. The above data together unambiguously demon-
strate that the introduced Fe3+ ions sit on the Zr-oxo cluster via
the Fe-O-Zr connection in Fe-UiO-66 (Figure 2e, inset).
The influence of Fe3+ introduction on the electronic

structure of UiO-66 has been examined. UV−vis absorption
spectra indicate that the intrinsic absorption edge of UiO-66
shows a red-shift upon Fe3+ modification, extending the light
absorption to visible region (Figures 3b and S6).33,34 The band
structure of the resulting Fe-UiO-66 was investigated to
evaluate its oxidizing power. Apparently, the Mott−Schottky

plots of UiO-66 and Fe-UiO-66 at various frequencies disclose
their typical n-type characteristics of semiconductor, owing to
the positive slope of the linear plots (Figure S7). The flat band
positions referring to the lowest unoccupied molecular orbital
(LUMO) in UiO-66 and Fe-UiO-66 are determined from the
intersection with value of −0.86 and −0.61 V vs Ag/AgCl (i.e.,
−0.66 and −0.41 V vs NHE).23 Based on the band gaps
estimated by Tauc plots (Figure S8), the overall energy
diagrams can be drawn. The introduction of Fe3+ lowers the
LUMO energy level and markedly lifts the HOMO energy
level of pristine UiO-66, according to the energy level diagrams
(Figure S7, insets). Theoretically, they both have the feasibility
for the water oxidation (E•OH/OH- = 1.89 V vs NHE; EO2/H2O =
1.23 V vs NHE).43

In situ electron paramagnetic resonance (EPR) results under
light irradiation unveiled the electron transfer mechanism. The
EPR peak at g = 4.10, which is ascribed to high-spin
Fe(III),44,45 shows evident decrease after light irradiation,
accompanying with the appearance of a new peak at g = 2.02
assignable to the reduction product of O2

•‑ adsorbed onto Zr-
oxo clusters (Figure 3c).46−48 As the experiment was
conducted in oxidative atmosphere (for example, O2), the
original Fe(III) is supposed to be oxidized to a higher
oxidation state, which does not give EPR signals, rather than
being reduced to a lower oxidation state. Upon the addition of
methanol as a hole sacrificial agent, the signal (g = 2.00) of
oxygen centered active sites in Zr-oxo clusters emerges upon
accepting electrons from Fe(III), can be evidently observed in
N2 atmosphere under light irradiation (Figure 3d), in sharp
contrast to no signal by UiO-66 (Figure S9), demonstrating
the electron acceptor behavior of Zr-oxo clusters in Fe-UiO-
66.17,46−48 Once air is introduced, this signal (g = 2.00) is
significantly reduced, suggesting the electron transfer from the
Zr-oxo cluster to O2 as the electron acceptor.46−48 Based on
the above in situ EPR results, electron transfer from Fe3+ to Zr-
oxo clusters, i.e., MCCT process, can be safely assumed.33,34

The extended light absorption in visible region in Fe-UiO-66
might be attributed to the MCCT process (Figure 3b). Further

Figure 2. (a) SEM and (b) TEM images of Fe-UiO-66. (c) N2
sorption isotherms (solid: adsorption curve; open: desorption curve)
of UiO-66 and Fe-UiO-66 at 77 K. (d) Fe K-edge XANES of Fe-UiO-
66, Fe foil, and Fe2O3. (e) FT-EXAFS and its fitting curve (inset:
proposed structure of Fe-modified Zr-oxo cluster) of Fe-UiO-66. (f)
Atomic PDF analysis for Fe-UiO-66.

Figure 3. (a) Zr 3d XPS and (b) UV−vis spectra of UiO-66 and Fe-
UiO-66. EPR spectra of Fe-UiO-66 for the detection of (c) Fe state
change before and after illumination in air, and (d) electron transfer
before and after illumination in N2.
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photocurrent response under visible light and electrochemical
impedance spectroscopy (EIS) tests also indicate much
enhanced charge separation efficiency of Fe-UiO-66, in
reference to UiO-66 (Figure S10). It should be stated that,
the introduced second metal (Fe) to M-oxo clusters herein
serves more likely as electron donors and oxidation sites, rather
than electron mediators to improve charge separation,49,50

under illumination.
The tailored electronic structure by Fe introduction, as

indicated above, gives rise to significant influence on the
resultant photocatalytic activity. In photocatalytic water
splitting system over Fe-UiO-66, in the presence of AgNO3
as an electronic sacrificial agent, the O2 is vividly produced
along with time and the activity reaches 246 μmol·g−1·h−1

under visible light irradiation (λ > 400 nm). By sharp contrast,
UiO-66 shows negligible activity under the same conditions
(Figure S11).
Given the lower value-added nature of O2 than its

intermediate hydroxyl radicals, it would be more valuable to
oxidize water to hydroxyl radicals, which might drive strong
oxidation reactions of organics, for example, selective oxidation
of hydrocarbons. Toluene oxidation was chosen as a
representative and carried out at ambient temperature, 1 atm
O2 atmosphere under visible light (Table 1). To our delight,
the reaction gives 70.1% toluene conversion in the first 2 h and
finally 96.9% conversion with nearly complete selectivity to
benzoic acid at 3.5 h over Fe-UiO-66 (entry 1 and Figure S12).
Hot filtration experiment demonstrates that the oxidation
catalysis occurs heterogeneously (Figure S13). Though

benzoic acid is able to undergo mineralization with •OH
radicals, the mineralization is negligible or very slow in our
catalytic system (Figure S14).
The stability of the catalyst has been examined by multiple

characterizations. The framework’s stability was confirmed by
powder XRD and 13C NMR (Figure S15), of which the ligand
(BDC) does not undergo hydroxylation by •OH. The SEM
and TEM images prove that morphology of Fe-UiO-66 is
retained and no apparent heterogeneous particle appears
within the MOF particle, indicating the absence of iron
agglomeration (Figure S2). The ICP-AES results indicate a
very few iron leaching (0.03 wt% of catalyst), which may be the
detachment of iron from the Zr6 cluster. Moreover, the
reusability of Fe-UiO-66 can be well maintained in at least five
consecutive runs (Figures S16).
The reaction scaling up and substrate extension have been

investigated to broaden the reaction applicability. Along with
increased substrate concentration, enhanced activity can be
achieved (Figure S17), exhibiting a record-high activity toward
the photocatalytic selective toluene oxidation (Table S2). By
optimizing the reaction conditions, the selectivity (100%)
toward benzaldehyde can be obtained with a 12.6% conversion
in a scaling up catalytic reaction (Figure S18). Moreover, such
oxidation of C-H bonds over Fe-UiO-66 can be extended to
diverse substrates, such as the substituted toluenes (Table S3)
and alkylbenzenes (Figure S19, Table S4) as well as benzyl
alcohol (Figure S20).
To examine the prerequisites of toluene oxidation by Fe-

UiO-66, diverse control experiments have been conducted. As
the oxygen content in reaction atmosphere decreases, the
catalytic activity decreases significantly (entries 2, 3), high-
lighting the crucial role of O2. The replacement of light source
with heating at 60 °C does not give any conversion (entry 4),
suggesting the photodriven catalytic process. The removal of
water, being assumed as one of the reactants, from the reaction
system leads to the significantly reduced activity (entry 5). To
rule out the possible formation of Fe2O3 or MIL-53 during the
synthesis, all UiO-66, Fe2O3, their physical mixtures, MIL-53
and UiO-66/MIL-53 heterojunction are examined, failing to
give any observable activity (entry 6−10, Figure S21).
Therefore, all oxygen gas, light irradiation, water, and MCCT
process are indispensable toward this catalytic oxidation
conversion.
Quenching experiments have been performed to recognize

the reactive oxygen species contributing to the catalysis. The
NH2-UiO-66, a classical catalyst capable of producing
O2

•‑,46−48 has no activity under visible light irradiation
(entry 11), indicating that the generated O2

•‑ cannot initiate
the reaction. The H2O2 addition gives a low conversion of
20.3%, implying that the high activity of this reaction does not
caused by Fenton reaction of H2O2 (entry 12). The
introduction of 2-methylfuran as a 1O2 quencher almost does
not affect the activity, illustrating that 1O2 is not responsible for
the activity (entry 13). The addition of electron scavenger
results in significantly increased conversion (entry 14),
implying that the formation of key intermediates is driven by
hole oxidation. This assumption has been further confirmed by
introducing the sacrificial electron donor trimethylamine
(TEA), which completely prevents the reaction (entry 15).
As a further demonstration, the addition of •OH radical
capturing agent TEMPO almost completely quenches the
activity (entry 16), suggesting that the hydroxyl radical

Table 1. Toluene Oxidation under Different Conditionsa

entry catalyst atm. t/h c.b sel.b(A/B/C)

1 Fe-UiO-66 O2 2 70.1 6.4/19.3/74.3
3.5 96.9 0/3.1/96.7

2 Fe-UiO-66 Air 2 24.6 3.8/25.0/71.2
3 Fe-UiO-66 N2 2 8.9 25.0/75.0/0

4 17.8 10.8/78.6/11.2
4c Fe-UiO-66 O2 2 0
5d Fe-UiO-66 O2 2 2.2 0/100/0
6 UiO-66 O2 2 0
7 Fe2O3 O2 2 0
8e UiO-66 + Fe2O3 O2 2 0
9 MIL-53 O2 2 0
10e UiO-66/MIL-53 O2 2 0
11 NH2-UiO-66 O2 2 0
12f Fe-UiO-66 O2 2 20.3 0/79.1/20.8
13g Fe-UiO-66 O2 2 67.8 7.8/31.7/70.5
14h Fe-UiO-66 O2 2 100 0/78.0/22.0
15i Fe-UiO-66 O2 2 0
16j Fe-UiO-66 O2 2 0.3 0/35.3/64.7

aReaction conditions: 5 μL toluene, 1 mL MeCN, 10 mg catalyst, 20
μL H2O, 300 W Xe Lamp with a UV cut (λ > 380 nm), 1 atm O2.
bDetermined by GC/GC-MS. cAt 60 °C, without light. dWithout
introducing water. eThe Fe content is fixed to the same. fReplacing 20
μL of H2O with 4.7 μL of 30% H2O2.

gAdditive: 20 mM 2-
methylfuran as 1O2 quencher.

hAdditive: 20 mM (NH4)2Ce(NO3)6 as
sacrificial electron donor. iAdditive: 20 mM TEA as hole sacrificial
agent. jAdditive: 100 mM TEMPO as •OH capturing agent.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b09954
J. Am. Chem. Soc. 2019, 141, 19110−19117

19114

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09954/suppl_file/ja9b09954_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b09954


generated by the hole oxidation should be the key
intermediate.
We have further proved the reactive oxygen species by EPR

experiments. To avoid the interference by •OH radicals, O2
•‑

was examined in the MeOH solvent instead of pure H2O. The
generation of O2

•‑ can be detected in air, where the broadening
of the EPR signal peak is due to the MeOH solvent (Figure
S22).35,37 Moreover, the generation of •OH radicals has also
been evidenced by the in situ EPR tests in different solvents
(Figure S23). The above results imply that O2 molecules
accept photogenerated electrons to produce O2

•‑ radicals and
the holes oxidize water to generate •OH radicals under the
photocatalytic conditions (Figure 4). To verify whether the

origin of •OH radicals is from water oxidation or/and the
decomposition of H2O2 that is possibly produced via the O2
reduction, terephthalic acid (TPA) is used as an indicator to
evaluate the formation rate of •OH by means of fluorescence
method.37,51 Regardless of the N2 or O2 atmosphere, the
formation rate of •OH radicals shows almost no difference
(Figure S24), suggesting that the generation of •OH is mainly
originated from water oxidation by the holes.51

To gain insight into the relationship between the active
species and the catalytic procedure, systematic isotope tracing
experiments have been conducted.52−55 The control experi-
ments with d8-toluene give kinetic isotope effect (KIE, kH/kD)
value of 2.1, which suggests that the C-H bond cleavage in
toluene is involved in the catalytic procedure (Figures S25 and
S26). In the isotope experiment of H2

18O, it can be found that
the reaction is significantly inhibited with k16O/k18O of 2.3,
which means the primary kinetic isotope effect (PKIE) and O-
H cleavage is involved in the rate-determining step (Figure
S27).52,53 The 63.7% 16O in benzaldehyde products replaced
by 18O support the participation of •OH radicals (Figure 5a),
which are from H2

18O as demonstrated above. A small
percentage of 18O are involved in both hydroxyl and carbonyl
groups of benzoic acid product (Figure 5b), supporting that
•OH radicals participate in the final oxidation process.
Compared with benzaldehyde, the proportion of 18O decreases
(from 63.7% to 34.0%) in final benzoic acid products (Figure
5b), indicating the O2 participation in benzaldehyde oxidation
to benzoic acid.54 In the isotope experiment of 18O2, the rather
low KIE value (k16O/k18O) of 1.3 means O2 makes less
influence than H2O (Figure S28). The 18O proportion in
resultant benzoic acid (51.4%) is much higher than that in
benzaldehyde (11.4%), implying the O2 participates more than
H2O in the benzaldehyde oxidation (Figure S29). In the
subsequent kinetic experiments of D2O, the KIE value (kH/kD)
of 3.1 further indicates that water oxidation (O-H cleavage)
forming •OH radicals is the rate-determining step during the
toluene oxidation (Figure S30), in agreement with the above

H2
18O isotope experiment. The appearance of deuterium in

benzyl alcohol demonstrates that •OH is also involved in the
formation of alcohol products (Figure S31).
Based on the above experimental results, we reach the

reaction mechanism of toluene oxidation over Fe-UiO-66.56,57

When Fe-UiO-66 is photoexcited under visible light
irradiation, electrons from Fe3+ migrate along the oxygen
bridge to Zr-oxo cluster, forming the charge separation state
(Figure 4). Photogenerated electrons can reduce O2 to O2

•‑

radicals and the corresponding holes oxidize H2O to •OH
radicals, both of which are active species in the toluene
oxidation (Figure 5c). The •OH radicals are believed to play
the decisive role to initiate the reaction and first make toluene
dehydrogenate to form benzyl radicals,57 which is different
from the direct C-H activation by hole.5 The O2

•‑ alone is not
able to initiate the catalytic reaction, as evidenced by the
inactive NH2-UiO-66 (entry 11). Benzyl radicals accept •OH
to produce benzyl alcohol and subsequent benzaldehyde. In
addition, benzyl radicals can be also oxidized by O2

•‑, with the
help of protons, followed by dehydration to give benzalde-
hyde.57 With •OH or/and O2

•‑ radicals, the benzaldehyde can
be further oxidized to benzoic acid in the end. Evidenced by
the control experiments of benzyl alcohol and benzaldehyde
oxidations (Figure S20), the whole reaction is believed to be a
relay mechanism, which can help to control the product
distribution.

■ CONCLUSIONS
In summary, we have facilely furnished Zr-oxo cluster with
Fe3+ in UiO-66 to give Fe-UiO-66 by a microwave-assisted
approach. The fine structure involving Fe-O-Zr connection has
been jointly demonstrated by XAS and PDF results. The Fe3+

introduction gives rise to metal-to-cluster charge transfer
(MCCT) that extends light absorbance of pristine UiO-66 to
visible region. Accordingly, under visible light irradiation, the
electrons migrate from Fe3+ to Zr-oxo clusters to form the
charge separated state and thus enable redox reactions.

Figure 4. Proposed the photocatalytic generation of O2
•‑ and •OH

radicals over Fe-UiO-66 based on the MCCT process.

Figure 5. Mass spectra of the obtained (a) benzaldehyde and (b)
benzoic acid in the isotope tracing experiments of H2

18O. The blue
lines were mass spectra of the corresponding standards. The
proportions of the isotope labeled products are marked in the figure,
calculated by the intensity of fragment peaks. (c) Proposed catalytic
mechanism of toluene oxidation over Fe-UiO-66.
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Photogenerated holes oxidize water to •OH radicals, the latter
of which are able to initiate and drive the harsh C-H oxidation
reactions, such as toluene oxidation. The electrons reduce O2
to O2

•‑ radicals that further promote this oxidation process. To
the best of our knowledge, this is the first report on extending
light harvesting and boosting photocatalysis simultaneously for
MOFs via an MCCT process. The photoinduced MCCT
process developed herein would open an avenue to visible light
photocatalysis using MOFs toward diverse reactions.
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