
Photocatalytic Hydrogen Peroxide Production by a Mixed Ligand-
Functionalized Uranyl−Organic Framework
Xuemin Wang, Jinlu Li, Xiaoyu Wei, Jianxin Song, Jian Xie,* Zhenyu Li, Mengnan Yuan, Lisha Jiang,
Yanlong Wang, Chao Liang,* and Wei Liu*

Cite This: ACS Omega 2024, 9, 33671−33678 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Hydrogen peroxide (H2O2) production driven by solar
energy has received enormous attention due to its high efficiency, low
cost, and environmental friendliness characteristics. Searching for new
photocatalytic materials for H2O2 production is one of the most
important targets. In this work, a new three-dimensional (3D)
uranyl−organic framework material was constructed with mixed
ligands via a solvothermal reaction and used for photocatalytic H2O2
production. The mixed ligand strategy not only benefits the
construction of a 3D uranyl−organic framework but also introduces strong photon absorption groups into the framework. The
thiophene and pyridine rings in the framework enhance photon absorption and carrier transfer. In addition, with the assistance of the
hydrogen abstraction reaction of uranyl centers, the H2O2 production rate reaches 345 μmol h−1 g−1. This study provides a new
blueprint for exploring the artificial photosynthesis of H2O2 through uranium-based metal−organic frameworks.

■ INTRODUCTION
H2O2 is an important chemical that is widely used in medical
disinfection, chemical industry, environmental remediation,
and other fields.1 The industrial production of H2O2 currently
depends on the anthraquinone process, which requires
abundant energy input and releases numerous wastes.2 Solar-
driven H2O2 production offers several distinct advantages over
the traditional anthraquinone method, such as high efficiency,
low cost, and less pollution.3 On the other hand, solar-driven
H2O2 production also could be used for organic pollutant
degradation.4 Generally, the photocatalytic generation of H2O2
involves O2 reduction reaction (O2RR) or H2O oxidation
reaction (WOR).5 However, the uphill thermodynamics of
WOR (1.76 V vs NHE) make it difficult to produce H2O2.

6

The O2RR process includes a two-step single-electron oxygen
reduction pathway and a one-step two-electron oxygen
reduction pathway. Both pathways are realized by the
proton-coupled electron transfer (PCET) process, in which
the protons mainly come from water or organic electron
donors (e.g., ethanol, methanol, and isopropanol).7 A variety
of materials such as graphitic carbon nitride (g-C3N4),

8 metal
oxides,9 metal chalcogenides,10 and more are introduced for
photocatalytic production of H2O2, which is based on this
mechanism. These materials are mostly limited by the low
photocatalytic efficiency induced by insufficient light absorp-
tion in the visible region. On the other hand, the active sites
are often embedded in these materials due to the limited
surface area. Framework materials such as c metal−organic
frameworks (MOFs) are promising platforms to overcome
these difficulties.11

MOFs with tunable crystal structures and components have
recently received wide investigation. The porous and ordered
structure of the MOFs dictates a well-dispersed active site,
thereby allowing for elevated photocatalytic efficiency.12 In
addition, by rationally incorporating suitable ligands or metal
nodes into the skeleton, the photocatalytic performance could
be significantly tuned.13 A general strategy is the introduction
of semiconducting organic ligands or redox active metal ions.14

Uranyl is a photoactive ion that produces strongly oxidative
excited species *[UO2

2+] when activated by ultraviolet−visible
(UV−vis) light.15 Crystalline MOF skeleton is recognized as
an ideal platform for stabilizing radicals due to its rigid
structure.16 Hence, the photoactivated uranyl ions may exhibit
longer-lived U(V) and radicals (*[UO2

2+]) than those in
homogeneous systems, which benefits the usage of uranyl ions
as robust photocatalysts.17 In addition, the large conjugate
structure greatly benefits photon absorption and charge
transfer, which may further improve the photocatalytic
performance.18 Uranyl−organic frameworks (UOFs) are a
class of unique framework materials that are composed of
uranyl ions and organic ligands.19 The uranyl ions are
immobilized and spatially separated of uranyl species due to
the structural properties of UOFs and avoid disproportionation
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and inactivation of the excited species.20 Hence, UOFs are
considered to be promising materials for photocatalytic H2O2
production.

Herein, a new three-dimensional UOF YTU-W-2 has been
synthesized and used for photocatalytic H2O2 production. The
presence of thiophene and pyridine rings in the organic ligands
of compound YTU-W-2 significantly enhanced its light
absorption capability and photogenerated charge transfer
ability. The accumulation of surface charge enhances the
surface adsorption of molecular oxygen. In addition, the
hydrogen abstraction reaction of uranyl contributes to the
photocatalytic generation of H2O2 and thus leads to a marked
H2O2 production rate of 345 μmol h−1 g−1. This work
highlights a new H2O2 production strategy that employs UOF
material as a catalyst.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. All of the reagents and

solvents were procured from commercial suppliers and
employed without additional purification. Caution! Uranyl
nitrate hexahydrate UO2(NO3)2·6H2O used in this study
contains depleted uranium. Standard precautions for handling
radioactive and toxic substances should be followed. The
powder X-ray diffraction (PXRD) pattern within 2θ of 5−50°
on an X-ray diffractometer (7000X, Shimadzu, Japan) was
recorded using a Cu−Kα radiation. The purity of the sample
was determined by comparing the observed and simulated
(from single crystal data) powder XRD patterns. The
concentration of uranium leached from the catalyst during
photocatalysis was determined by inductively coupled plasma-
mass spectrometry (ICP-MS). Thermogravimetric analysis
(TGA) was performed on a thermogravimetric analyzer
(NETZSCH STA449 F5) with a temperature range of 25−
800 °C. The UV−vis absorbance property of the samples was
recorded on a UV−visible spectrophotometer (UV-2600,
Shimadzu, Japan). The photocatalyst was also studied (UV−
vis DRS) with a range of 200−800 nm. Photoluminescence
(PL) spectra were measured with a fluorescence spectropho-
tometer (FS5, Edinburgh). Under visible light (λ > 420 nm),
5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetra-
methylpiperidine (TEMP) were used as spin traps for
superoxide radical (·O2

−) and singlet oxygen (1O2) for
superoxide catalyst by electron spin resonance (ESR). X-ray
photoelectron spectra−valence band spectra (XPS-VB) were
recorded on an ESCA Laboratory 250-XI spectrometer with an
Al Ka (1486.6 eV) X-ray source and a charge-neutralizing
agent, and all binding energies were calibrated to the C1 peak
of 284.8 eV.

Synthesis. The ligand 2,5-thiophenedicarboxylic acid
(H2TDC, 0.055 g, 0.32 mmol), 4,4′-bipyridine (4,4-BPY,
0.070 g, 0.44 mmol), and UO2(NO3)2·6H2O (0.100 g, 0.20
mmol) mixed with 8 mL of deionized water were placed in a
25 mL autoclave, maintained for 4 days at 160 °C, and then
cooled to room temperature (25 °C) to produce yellow block
crystals. Single crystals were collected and washed several times
with deionized water and ethanol.

X-ray Crystallography Studies. Single-crystal X-ray
diffraction data collection was accomplished on a Bruker D8-
Quest diffractometer. The data collection was carried out using
the program APEX3 and processed using the SAINT routine in
APEX3. Crystallographic data of YTU-W-2 are summarized in
Tables S1−S3.

Photocatalytic H2O2 Production. Ten milligrams of
photocatalyst, 5 mL of EtOH, and 45 mL of deionized water
were added to a double-layer beaker and fed into the
circulating cooling water to maintain the temperature of the
reaction solution at room temperature. The 300 W Xe lamp
(Beijing Perfect Light Co., Ltd., PLS-SXE 300+, λ > 420 nm)
was used as the visible light source. The distance between the
xenon lamp and the reaction solution was 15 cm, and the
corresponding light intensity measurement was 393 mW/cm2.
Before exposure to visible light, the uniform suspension was
stirred in the dark for 30 min to achieve adsorption−
desorption equilibrium. After irradiation, 3.5 mL of the
reaction solution was collected at 10 min intervals. Samples
were filtered through a 0.22 μm well filter to remove the
residual photocatalyst. Then, 3 mL of the filtrate was removed,
1 mL of potassium hydrogen phthalate (0.1 M) and 1 mL of
KI (0.4 M) were added to the above samples and evenly mixed
together. After 30 min, by UV−visible spectroscopy (UV-2600,
Shimadzu, Japan, λmax = 350 nm). Error bars are the standard
deviation of the mean of the H2O2 concentration based on
three parallel experiments. The corresponding H2O2 concen-
tration was determined using a standard curve. H2O2 reacts
with I− under acidic conditions to form I3− (H2O2+ 3I− + 2H+

→ I3− + 2H2O), with strong absorption at about 350 nm. The
total amount of H2O2 produced during the reaction can be
calculated. In the decomposition experiment of H2O2, the 10
mg catalyst was added to a 50 mL aqueous solution with a
certain concentration of H2O2 (C0 = 1 mM). The reaction was
stirred for 30 min at first, and then light (300W Xe lamp, λ >
420 nm) was added after sampling. Then 0.5 mL reaction
solution was taken out every 10 min and diluted 5 times with
deionized water. The concentration of H2O2 was determined
after filtration, and the test method was basically the same as
that in the preparation experiment.

Superoxide radical dismutase (SOD) was adopted to
investigate the transformation pathway of H2O2 production.
Ten milligrams of catalysts were added into 50 mL of
phosphate buffer (PBS, 10 mM, pH = 7.4) containing 3.5 wt %
glycerol and various contents of SOD. After 30 min of the dark
reaction, the oxygen-saturated reaction mixture was irradiated
with a 300 W Xe lamp (λ > 420 nm) for 2 min and then
sampled for H2O2 concentration analysis. Error bars are the
standard deviation of the mean of H2O2 concentrations based
on three parallel experiments. To study the effects of different
sacrificial agents on the activity of H2O2, disodium ethyl-
enediaminetetraacetate (EDTA-2Na, 1 mM), isopropanol
(IPA, 1% V/V), silver nitrate (AgNO3, 1 mM), and β-carotene
(0.1 mM) activities were added under the same conditions.

Calculation of the Apparent Quantum Yield (AQY).
The apparent quantum yield (AQY) was measured according
to the literature. The AQY measurement was illuminated by a
300 W Xe lamp, with bandpass filters at 365, 420, 450, and 500
nm. Light intensity is measured by an optical power meter.
The AQY is calculated as follows:

= [ ] ×

×

AQY (%)
Number of formed H O molecules 2

100

ISt
hc

2 2

(1)

where I = light power intensity (W cm−2); S = the irradiation
area (cm2); t = reaction time (s); λ = wavelength (m); h = 6.63
× 10−34 m2 kg s−1 (Planck’s constant); c = 3 × 108 m s−1

(speed of light).
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■ RESULTS AND DISCUSSION
Structure and General Characterization. Single-crystal

X-ray diffraction studies revealed that YTU-W-2 crystallizes in
the triclinic space group P21/c (Tables S1−S3). The central
uranium atom is sevenfold-coordinated showing a pentagonal
bipyramidal coordination geometry (Figure 1a), with U�O
bond lengths of 1.753 and 1.758 Å and an O�U�O bond
angle of 178.07°. The asymmetric unit consists of one
crystallographically independent uranyl ion, one 2,5-TDC,
and half of a 4,4-BPY ligand (Figure 1b). The equatorial
coordination sphere of the UO2

2+ cation contains a nitrogen
atom from bipyridine and four oxygen atoms from one
bidentate carboxylate group and two bridging carboxylate
groups, respectively. The U−O bond lengths are in the range
of 2.29−2.45 Å, and the U−N bond length is 2.584 Å. The
length of the U−O bond in monodentate coordination is
slightly shorter than that in bidentate coordination. This is the
combined result of factors such as the coordination environ-
ment of the metal ion, the strength of the coordination bond,
and the conformation of the ligand. Each of the TDC ligands
connects three uranyl building blocks [(UO2)O4N] by a
bidentate and two bridging coordination modes (Figure 1c).
Each of the BPY ligands connects two uranyl ions by two
nitrogen atoms, and the pyridine ring has a dihedral angle of
33.07° to the equatorial plane of the uranyl ion (Figures 1c and
S1a). The equatorial coordination plane of the two uranyl ions
bridged by the same TDC molecule is not in one plane but in
parallel (Figure 1d). The equatorial plane of the bridged and
chelated uranyl ions has a dihedral angle of 43.05° (Figure
S1b). The organic linker connects the uranyl building blocks
[(UO2)O4N] of both coordination modes and extends
indefinitely in the direction of the plane angle. All building
blocks are arranged in a 3D network structure (Figure S1c).

Stability Test. The stability of the catalyst is an important
factor for practical applications. We conducted recycling
experiments, and after four cycles of operation, the photo-
catalytic H2O2 production slightly decreased but remained
above 85% of the initial H2O2 yield (Figure S2). The reduced
H2O2 yield may be related to partial crystal structure damage
to the material. In order to verify this speculation, we
monitored the catalyst dissolution during photocatalysis by

ICP-MS. The results showed that a small amount of uranium
of YTU-W-2 leached out during the reaction process, which
may have been induced by the structural degradation of the
material (Figure S3). However, most of the material in the
system maintains integrity. In order to confirm the structural
integrity of YTU-W-2 after use, powder X-ray diffraction
(PXRD) tests were conducted. The PXRD spectra of the spent
catalyst showed no significant changes compared to the fresh
catalyst, indicating that the structure of the catalyst remains
intact even after prolonged or consecutive four-cycle
operations (Figure S4). PXRD data showed that even after
soaking the catalyst in water solutions with pH values ranging
from 2 to 12 for 24 h, the structure of the catalyst maintained
its original crystallinity, indicating excellent hydrolytic stability
and acid−base stability (Figure S5). The thermogravimetric
analysis (TGA) curve of the material is shown in Figure S6, the
collapse of the framework of the photocatalyst started at 435
°C which was due to the degradation of the ligands. The
compound exhibits a weight reduction of approximately 32%
in the temperature range of 435−476 °C, which signifies the
commendable thermal stability of the photocatalyst. In order
to understand the effect of the surface properties of catalysts on
the catalytic activity, we conducted contact angle tests to
examine the hydrophilic−hydrophobic properties of YTU-W-
2. The results confirmed that YTU-W-2 is hydrophilic (Figure
S7). It is well established that hydrophilic catalyst surfaces can
adsorb substances such as alcohol, thus greatly facilitating
photocatalytic reactions. Furthermore, the hydrophilic surface
of the catalyst allows for uniform dispersion of the catalyst in
the catalytic system, thereby increasing the rate and selectivity
of the reaction. Additionally, the hydrophilic surface affects the
contact between the catalyst and reactants, which promotes the
diffusion of the reactants and contributes to the rapid
formation of intermediate products from the reactants.

The photonic absorbance characteristics of the photo-
catalyst, ligands, and uranyl nitrate were studied by using
UV−vis DRS (Figure S8). The absorption edge of the organic
ligands is below 400 nm, while the photocatalyst exhibits a
noticeable redshift and broadening of the visible light
absorption edge compared to the ligands, expanding its visible
light response range.21 While compared with uranyl nitrate, the

Figure 1. Crystal structure of YTU-W-2, hydrogen atoms are omitted for clarity. (a) Asymmetric unit of UO2(BPY)0.5TDC. (b) Coordination
environment of U1. (c) Coordination environment of [(UO2)O4N] and ligands. (d) Rhombic channels viewed along the c axis. Atom colors: U =
light purple, O = pink, S = yellow, N = blue, C = gray. (e) Steady-state photoluminescence spectra of photocatalyst and constituents under 365 nm
excitation.
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photocatalyst also showed an enhanced visible light absorption
intensity over the entire wavelength range. Consequently,
YTU-W-2 demonstrates superior efficiency in harnessing
visible light.

The activity of photocatalytic H2O2 production is closely
related to the charge carrier density associated with effective
photocatalytic performance.22 Upon photon absorption, the
excited photocatalyst will relax to the ground state through PL
or transition to a nonemissive state through charge trapping,
where some of the trapped charges will participate in the
intended surface chemical reaction steps.23 Therefore, steady-
state PL spectroscopy can be used to analyze the behavior of
the captured charge carriers. As shown in Figure 1e, the five
peaks of uranyl nitrate are located at 486, 508, 532, 559, and
587 nm, respectively (Ex = 365 nm), while the emission peaks
of the catalyst are identical to the emission peaks of uranium
nitrate, indicating the luminescence comes from the uranyl
center. The PL intensity of uranium nitrate is significantly
higher than that of the YTU-W-2, indicating that a large mass
of captured charges tends to transition to a nonemissive state
in YTU-W-2. This is evidence of the effective suppression of
charge carrier recombination.

As shown in Figure S9a, the corresponding transient
photocurrent (PC) spectra of the photocatalyst were measured
with several 15 s visible light on/off cycles. The results show
that the photocurrent density of the catalyst increases rapidly
with the opening of the illumination and then remains stable,
indicating that the prepared catalyst is very sensitive to visible
light. In the electrochemical impedance spectrum (EIS), the
photocatalyst showed a smaller diameter compared with the
dark conditions (Figure S9b). The smaller circular radius
demonstrates a lower resistance or higher electrical con-
ductivity, indicating that efficient charge carrier separation can
be achieved in the catalyst. By performing a basic material-
phase characterization of YTU-W-2, we speculate that it has

potential as a photocatalyst, which has been verified by
following experiments.

Photocatalytic Property. The photocatalytic activities of
as-synthesized UOFs were investigated by photocatalytic H2O2
production under visible light irradiation. As shown in Figure
S10a, the I3− characteristic peak density increased with the
irradiation time, indicating the enhancement of the H2O2
content. According to the H2O2 standard curve (Figure
S10b), the calculated H2O2 production efficiency is 345
μmol h−1 g−1. The H2O2 degradation experiments show a slow
decomposition of H2O2 over the catalyst. After continuous
irradiation with visible light for 50 min, the H2O2
concentration was maintained above 95% of the initial
concentration (Figure 2a). The light steady-state concentration
of H2O2 is determined by the rate constant of the competition
between formations (Kf) and decomposition (Kd). Fitting by
the following equation:

=C C K tln( / )t 0 d (2)

where Ct and C0 represent the time concentration of irradiation
time t and zero, respectively, and Kd is the degradation rate
constant H2O2. The overall yield can be suppressed by the
following equation:

[ ] = K
K

K tH O (1 exp( )2 2
f

d
d

(3)

The dynamics are obtained by assuming zero order for Kf
and first order for Kd (Figure 2b).

To analyze the formation mechanism of H2O2, we evaluated
the contribution of each pathway in the reaction system. SOD
can efficiently accelerate the ·O2

− dismutation reaction toward
H2O2 production in both biological and photocatalytic
reaction systems. To assess the contribution of superoxide
involvement in the pathway to the entire total production of

Figure 2. Solar energy-driven H2O2 production performance. (a) Under chamber greenhouse pressure, the photocatalytic production of H2O2 and
the photocatalytic decomposition of 1 mM H2O2 were simulated in a 10 mg photoreaction system. (b) Fitting curves of assuming zero-order
kinetic equations for photocatalytic H2O2 production and quasi-first-order kinetic equations for H2O2 decomposition on photocatalysts. (c)
Contribution of the SOD probe reaction to H2O2 production. (d) ESR signals of the reaction solution were measured in the dark and under visible
light irradiation using DMPO and TEMP as spin-trapping agents. (e) Photoactivity of the catalyst in the water−ethanol (9:1) system in the
presence of different scavengers. (f) Apparent quantum yield produced by H2O2 as a function of wavelength (blue bar) and the UV−visible diffuse
reflection spectrum of the catalyst (black curve).
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H2O2, we added SOD to the photocatalytic reaction system.24

The yield of H2O2 was significantly accelerated with an
increasing SOD concentration. The probe reaction showed
that ·O2

− involving the pathway contributes to the production
of H2O2 (Figure 2c). Its presence was also further verified by
the ESR spectrum. As shown in the ESR spectrum (Figure 2d),
no ESR signal of DMPO-·O2

− was detected with the addition
of the catalyst under dark conditions, while strong ESR signals
of DMPO-·O2

− were detected when YTU-W-2 were tested
after 10 min of visible-light irradiation. These results indicate
that ·O2

− is the critical intermediate of H2O2 production for
YTU-W-2. In general, H2O2 production occurs through two
routes: a one-step two-electron transfer pathway and a two-
step single-electron transfer path with a ·O2

− as an
intermediate.11a Thus, it can be seen that the ·O2

− involved
transfer pathway contributes more to photocatalytic H2O2
production in the prepared YTU-W-2 system.

+ · =EO e O ( 0. 33 V vs. NHE)2 2 (4)

· + + =+ EO 2H e H O ( 1. 44 V vs. NHE)2 2 2 (5)

To investigate the reaction mechanism, a series of control
experiments was performed (Figure S11). The experimental
results show that the photocatalyst does not produce H2O2
well with only water or ethanol in the solvent and that oxygen
is also a necessary condition for the reaction. As shown in
Figure S11, when N2 is introduced into the system, the
dissolved oxygen in the water is driven out and the yield of
H2O2 is reduced. When the solvent is only water, the yield of
H2O2 is significantly reduced due to the absence of a hydrogen
source in the system to provide protons and the high potential
of water oxidation. When there is no water in the solution but
only ethanol, H2O2 cannot be produced because the oxygen
content of anhydrous ethanol is almost zero but oxygen is
essential in the photocatalytic H2O2 production process.25

Furthermore, the active species were verified by introducing
different scavengers, i.e., EDTA-2Na (scavenger for h+),
AgNO3 (scavenger for e−), isopropanol (IPA, scavenger for ·
OH), and β-carotene (scavenger for 1O2) (Figure 2e). AgNO3
strongly suppressed H2O2 production, suggesting that photo-
generated electrons are mainly responsible for H2O2
production. The yield of H2O2 hardly changed much in the

presence of IPA, indicating that ·OH contributes little to H2O2
generation. The yield of H2O2 increased slightly in the
presence of EDTA-2Na, indicating that h+ has few effects on
H2O2 production. The generation of H2O2 remained largely
unaffected upon the addition of β-carotene, as evidenced by
consistent production rates. However, ESR spectroscopy,
conducted after 10 min of illumination, revealed the presence
of 1O2 (Figure 2d). Such results prove that although 1O2 and ·
O2

− are both reactive oxygen species produced in the reaction,
1O2 is hardly involved in the process of H2O2 generation, while
·O2

−, as the main reactive oxygen species, plays an important
role in the reaction pathway together with photogenerated
electrons and holes. Based on these control experiments, it can
be concluded that the catalyst follows the indirect 2 e− ORR
mechanism to produce H2O2 by photocatalysis through the O2
intermediate. Besides, it has been reported that there are two
mechanisms for uranyl photocatalytic oxidation: hydrogen
abstraction and electron transfer. Due to the uranyl ion having
unique visible light absorption and catalytic activity, uranyl-
containing complexes have the potential to photo-oxidize
many organic compounds through the hydrogen capture
mechanism under visible light irradiation. We speculate that
the hydrogen abstraction mechanism should have a part of the
contribution during the photocatalytic H2O2 generation. The
possible mechanisms are as follows: after [UO2

2+] is excited by
visible light to become *[UO2

2+] species, a hydrion is extracted
from the organic substrate to become *[UO(OH)2+], and
*[UO(OH)2+] absorbed one O2 molecule. Then, one HO2

· is
removed to change back to [UO2

2+] and two HO2
· generate

H2O2 and O2 (Figure S12).26 However, this theory still needs
to be further researched and verified.

For AQY measurement, monochromatic light was provided
using bandpass filters (365, 420, 450, and 500 nm). The
corresponding light intensities of the monochromatic light are
listed in Table S4. Figure 2f shows the corresponding AQY of
the catalyst under various monochromatic lights. The AQY
values at 500, 450, 420, and 365 nm are 0.012, 0.029, 0.073,
and 0.161%, respectively. As the wavelength increases, the
AQY values decrease, which aligns well with the absorption
spectra of the photocatalyst. The fact that the action spectrum
of H2O2 production is closely correlated to the optical

Figure 3. Mechanism of the reduction of O2 to H2O2 catalyzed by YTU-W-2 under visible light irradiation.
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absorption spectrum supports the photocatalytic mechanism
based on ORR.

The valence band (VB) position was studied by valence
band X-ray photoelectron spectroscopy (VB-XPS). The
valence band maximum (VBM) of the photocatalyst is 2.62
eV (Figure S13a).27 The position of VB (EVB) can be
estimated to be 2.06 eV versus the normal hydrogen electrode
(vs NHE) at pH = 7 by the equation:

= +E VBM 4. 44VB (6)

where Φ is the electron work function of the analyzer (3.88
eV). The corresponding band gap (Eg) calculated in the Tauc
diagram is 2.52 eV (Figure S13b), and the conduction band
(CB) level of the semiconductor photocatalyst is critical for the
photocatalytic activity and the photocatalytic pathway. The
ECB potential (vs NHE) is calculated as −0.46 eV with the
formula:

=E E ECB VB g (7)

which has sufficient reduction capacity to produce H2O2
because of the more negative potentials than that of O2/·O2

−

(−0.33 VNHE).
From the above analysis, the possible mechanism of catalyst

photocatalytic production H2O2 is revealed as follows (Figure
3): when the catalytic system is exposed to visible light, both
uranyl ions and ligands in the MOF can absorb the energy of
photons and then they can be stimulated after achieving energy
and transited to high energy zone, orbital mixing between
them, and energy transfer. By facilitating the transition of
electrons from the highest occupied molecular orbital
(HOMO) (2p bonding orbitals of oxygen and the 2p bonding
orbitals of nitrogen) to the lowest unoccupied molecular
orbital (LUMO) (empty uranium 5f orbitals), this charge
transfer of the ligand to metal (LMCT) produces an excited
*[UO2

2+] species.28 The energy of CB/VB is equivalent to the
electrochemical energy potentials of LUMO/HOMO.29 The
ethanol molecule in the solvent acts as a proton donor,
extracted by the excited state species from an electron that
occupies HOMO, and ethanol is oxidized and produces
aldehydes and protons, thus providing continuous light-
induced electrons for the O2RR process. The excited electrons
remain in LUMO and interact with the O2 molecules in the
solution adsorbed by the catalyst, producing a highly active ·
O2

−, which is further reduced by the electrons and reacts with
the protons in the solution to form H2O2 molecules.

■ CONCLUSIONS
In summary, a 3D uranyl−organic framework was prepared
through a solvent-thermal method using a mixed ligand
strategy and utilized for the photocatalytic production of
H2O2 under visible light. The framework exhibited excellent
hydrolytic stability and thermal stability. The organic linkers in
the framework possessed outstanding photon absorption and
charge carrier transfer abilities, enhancing the interaction with
oxygen molecules. Under visible light excitation, H2O2 was
mainly produced through ligand-to-metal charge transfer
photocatalysis via a two-step single-electron transfer pathway.
In addition, the hydrogen abstraction effect of the uranyl
partially contributes to the photocatalytic production of H2O2,
thus leading to an elevated H2O2 production rate reaching 345
μmol h−1 g−1. This work provides promising strategies for
developing metal−organic framework materials for various
photocatalytic reactions with a combined catalytic mechanism.
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