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In this work, an atomic-layer Fe,Os-modified two-dimensional (2D) porphyrinic metal-organic framework (MOF)
was prepared (2D MOF-Fe203), which exhibits unique interfacial electron-withdrawing effect via charge transfer
pathways from ZnyOg and C-O bonds to Fe-O bonds. Concretely, the atomic-layer FeoO3 is deposited on 2D
porphyrinic MOF (ZnTCPP) by atomic layer deposition technique to enhance the photocatalytic performance and
the subsequent bacteria-killing efficacy. After 20 min light irradiation, the photocatalytic antibacterial efficacy of

2D MOF-Fe,03 can reach up to 99.9%. The underlying mechanism of enhanced photocatalytic activity is that the
heterointerface between 2D MOF and Fe;O3 can facilitate the transfer of lots of photogenerated electrons from
2D MOF to FeyOs, where 2D MOF and FeyOj3 act as electronic donator and receptor, respectively. This work
provides an insight into developing highly effective photocatalysts by using electron-withdrawing modulator to
optimize charge transfer pathway.

1. Introduction

Photonic metal-organic frameworks (MOFs) possess the specific
crystalline porous structures by sequential coordination of metal ions/
clusters with organic linkers (including functional chromophores) [1,2].
The rational design by controllable and ordered arrangements of inor-
ganic and organic photonic units can not only maintain their intrinsic
optical properties of units, but also further improve their photonic
functionality by the synergistic effect among multiple units [3-5].
Notably, porphyrin-based MOFs are one of the most widely used pho-
tonic MOFs because porphyrinic compounds are considered to be the
most abundant and significant pigments in nature, and called as "pig-
ments of life" [6]. Recently, porphyrinic MOFs have various functional
applications, such as solar light-driven photocatalysts and biomedicines
(such as biosensor, bioimaging, and photodynamic or photothermal
therapy) [3,7]. Therefore, optimizing photonic functionality of

porphyrinic MOFs is very significant and promising.

Among various porphyrinic MOFs, 2D porphyrinic MOFs have many
excellent features, including relatively large surface area, abundant
catalytic active sites, outstanding light-harvesting network, and fast
energy migration [8-10]. Besides, their 2D nanostructures with atomi-
cally thin nanosheets are beneficial for modifiable chemical function-
ality and tunable electronic structure by loading other photonic
materials to achieve synergistic effect of photonic property [8,10,11].
However, the relatively rapid charge recombination rate in their
metal-linker bridging units restricts better photocatalytic performance
[7]. Notably, the key challenge of accurate selection and design of
synergistic photonic units lies in understanding the mechanism of
charge transfer of 2D photonic MOFs.

For charge transfer pathways in 2D photonic MOFs, ligand-to-metal
charge transfer (LMCT) and metal-to-ligand charge transfer (MLCT) are
the two most typical ways during transition from excited states to
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ground state [7,12,13]. In this electron donor-acceptor system, LMCT
(partial electron transfer from ligand-localized orbitals to
metal-localized orbitals) and MLCT (partial electron transfer from
metal-localized orbitals to ligand-localized orbitals) favor prolonged
lifetimes and low-recombination rates of photogenerated charges [13].
However, the limited efficiency of charge transfer and separation in 2D
photonic MOF restricts their photocatalytic performance [7,14,15].
Regulating charge transfer pathway by modulating electronic structures
is a promising prospect to optimize light-harvesting ability of
metal-linker bridging units in 2D MOFs [10]. Especially, developing 2D
photonic MOF-based heterointerfaces by surface engineering may offer
an efficient strategy to promote their efficiency of charge transfer.

Atomic layer deposition (ALD) serving as a powerful surface-
engineered technique is able to prepare various nanomaterials through
different precursors by alternating sequential deposition, including
metal oxides, metal nitrides, metal phosphates, metal sulfides, and so on
[16,17]. The thickness of ALD-grown nanofilm can be precisely
controlled at atomic level by modulating the number of reaction cycles.
Concretely, during gas-phase deposition process, self-limiting and
saturated surface reactions can achieve accurate atomic-layer thickness
control and excellent atomic-scale uniformity [16,17]. Therefore,
ALD-engineered 2D photonic MOFs are expected to construct efficient
and stable heterointerfaces at atomic layer level, thus improving their
interfacial charge transfer, photonic functionality, and photocatalytic
property. Notably, the atomically thin 2D metal oxides prepared by ALD
possess unique electronic and optical properties, where the most
representative candidates can serve as redox-active semiconducting
photocatalysts, including TiO,, FezOs, and ZnO [18,19]. Besides, they
possess the excellent ability of photocatalytic reactive oxygen species
(ROS) generation and are universally used in industrial products due to
effective, eco-friendly, and low-cost advantage [19,20].

Herein, for the first time, we mention the concept using interfacial
electron-withdrawing modulator of 2D photonic MOF at atomic layer
level for enhanced photocatalytic disinfection. Specifically, the
controllable ALD-grown metal oxides (TiO9, Fe;O3, and ZnO) on 2D
MOF were prepared to generate three kinds of 2D MOF-based nano-
composites. Guided by theoretical calculations and experimental results,
the optimal hybrid of 2D MOF and Fe;03 was selected for further study.
This atomic-layer Fe;Os-engineered 2D MOF significantly modulated
the electronic structures of 2D MOF, including band structure and
density of states. The interfacial charge transfer mechanism of 2D MOF-
Fe,03 revealed that the heterointerface would transfer lots of electrons
from 2D MOF to Fe;O3 under simulated solar light irradiation, where 2D
MOF and Fe;0j3 acted as electronic donator and receptor, respectively.
The effective charge transfer could extend the lifetime of photo-
generated charge and improve the photocatalytic performance, thus
promoting light-activated rapid disinfection (antibacterial efficacy >
99.9% at 20 min). In summary, this work provided an insight into
interfacial electron-withdrawing modulator of 2D photonic MOF by ALD
to optimize charge transfer pathway for promoting its photocatalytic
performance.

2. Experimental section
2.1. Chemicals

Zinc nitrate hexahydrate (Zn(NO3),.6 Hy0) was purchased from
Adamas. Tetrakis(4-carboxyphenyl)porphyrin (TCPP), pyrazine, N,N-
dimethylformamide (DMF), and ethanol were purchased from
Aladdin. Polyvinylpyrrolidone (PVP, average mol wt 40,000) was pur-
chased from Sigma-Aldrich.
2.2. Synthesis of 2D MOF

The 2D MOF nanosheets were synthesized using the modified
method based on the previously reported literature. First, Zn(NO3)2.6
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H,0 (18 mg, 0.06 mmol), pyrazine (3.2 mg, 0.04 mmol), PVP (80 mg),
and TCPP (16 mg, 0.02 mmol) were separately added in the mixed
solvent of DMF and ethanol (v/v, 3:1, 64 mL). After complete dissolution
under stirring, the four solutions were mixed together and poured into
Teflon-lined stainless steel autoclave. The autoclave was kept at 80 °C
for 24 h, and then cooled down naturally to room temperature. To
reduce the size of 2D MOF-Fe;03 nanosheets, the probe sonication was
used for 30 min at power density of 130 W. The resulting product were
washed with ethanol and centrifuged at 10,000 r.p.m. for 15 min five
times. The collected 2D MOF nanosheets were dried in 60 °C under
vacuum.

2.3. Preparation of 2D MOF-TiO, 2D MOF-Fe;03, and 2D MOF-ZnO

The in-situ deposition of TiOs, Fex03, and ZnO on 2D MOF nano-
sheets was achieved by atomic layer deposition (ALD, MNT-P-100-43,
Micro and Nanotech Co., LTD, Wuxi, China). Each cycle was accom-
plished by one alternate deposition of metal and oxygen precursors,
which consisted of three steps (pulse, purge, and wait) with high purity
No.

Atomic-layer TiO, deposition was performed by using tetrakis
(dimethylamino)titanium (TDMAT) as titanium precursor and H20 as
oxygen precursor, respectively. The temperature of titanium and oxygen
precursors was kept at 70 °C and 25 °C, respectively. During deposition,
the reaction temperature and base pressure was kept at 200 °C and 20
Pa, respectively. First, the pulse, purge, and wait time of titanium pre-
cursor was 0.15, 15, and 10 s, respectively. Then, the pulse, purge, and
wait time of oxygen precursor was 0.01, 20, and 10 s, respectively. The
reaction was repeated 20 cycles to obtain 2D MOF-TiO.

Atomic-layer Fe;Os deposition was achieved by using iron tert-
butoxide (ITBO) as iron precursor and HyO as oxygen precursor,
respectively. The iron and oxygen precursors were maintained at 125 °C
and 25 °C, respectively. During deposition, the reaction temperature and
base pressure was kept at 180 °C and 20 Pa, respectively. First, the pulse,
purge, and wait time of input ITBO precursor were 0.01, 1, and O s,
respectively. Then, the pulse, purge, and wait time of output ITBO
precursor were 1, 20, and 10 s, respectively. Next, the pulse, purge, and
wait time of oxygen precursor was 0.02, 25, and 10 s, respectively. The
reaction was repeated 20 cycles to obtain 2D MOF-Fe;Os.

Atomic-layer ZnO deposition was achieved by using diethylzinc
(DEZ) as zinc precursor and H,O as oxygen precursor, respectively. Both
of the zinc and oxygen precursors were maintained at 25 °C. During
deposition, the reaction temperature and base pressure were kept at
160 °C and 20 Pa, respectively. First, the pulse, purge, and wait time of
zinc precursor were 0.02, 20, and 10 s, respectively. Then, the pulse,
purge, and wait time of oxygen precursor were 0.01, 25, and 10 s,
respectively. The reaction was repeated 20 cycles to obtain 2D MOF-
ZnO.

2.4. Morphological and componential characterization

The morphology and composition of 2D MOF, 2D MOF-TiO,, 2D
MOF-Fey03, and 2D MOF-ZnO were measured by high-resolution
transmission electron microscopy (HRTEM; JEM-2100 F) equipped
with energy dispersive X-ray spectroscopy (EDX). The X-ray diffraction
(XRD, DX-2700BH) was used to study the crystal structure of 2D MOF,
2D MOF-TiOy, 2D MOF-Fe;03, and 2D MOF-ZnO. The Raman spectra
were measured using a Raman microscope (LabRAM HR Evolution,
Horiba) equipped with a 325 nm laser. The Fourier transform infrared
spectrometer (FTIR, Themo Scientific) spectra were performed in the
wavenumber range of 4000-450 cm ™!, The hydrodynamic size and zeta
potential were detected by dynamic light scattering analysis (DLS,
ZetaPALS, Brookhaven). The cumulative amounts of released ions from
2D MOF-Fe203 (200 p.p.m.) at 37 °C were appropriately diluted and
detected by inductively coupled plasma atomic emission spectrometry
(ICP-AES, Optimal 8000, Perkin-Elmer). The complete degradation of
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2D MOF, 2D MOF-TiO,, 2D MOF-Fe;03, and 2D MOF-ZnO solutions
(200 p.p.m.) was achieved by adding concentrated nitric acid solution
(final mass fraction was 34%) and kept at 60 °C for 12 h.

The morphology and thickness of 2D MOF and 2D MOF-Fe;03 were
characterized by atomic force microscopy (AFM, Bruker, Dimension
icon). The X-ray photoelectron spectroscopy (XPS, Axis Supra, Kratos)
was used to detect elemental composition. The cross-sectional TEM
sample of 2D MOF-Fe;03 nanosheets was prepared using a focused ion
beam scanning electron microscope (FIB-SEM, Helios G4 PFIB). First,
the 2D MOF-Fe,03 nanosheets were placed on a silicon wafer. During
the FIB process, the protective layers of carbon and platinum were
deposited on the top of the 2D MOF-Fe;03 sample, and a cross-section
was cut at a 90-degree angle from the sample with a Xe ion beam. The
cross-section was polished to ~100 nm thickness with the ion beam.

2.5. Theoretical calculation

Density-functional-theory (DFT) calculations were conducted using
Cambridge Sequential Total Energy Package (CASTEP) code in Materials
Studio (MS) software. Concretely, the modeling and electron-ion inter-
action were accomplished in accordance with plane wave basis set, ul-
trasoft pseudopotential, and exchange correlation potential in the
generalized gradient approximation (GGA). The geometrical optimiza-
tion in the Brillouin zone was based on uniform G-centered k-points
meshes with 2r* 0.03 A~! resolution and Methfessel-Paxton electronic
smearing. Moreover, the total energy was minimized by adapting cell
parameters and atomic positions under the specific symmetry. All
atomic forces were converged within 1 meV A~! and total stress tensors
were reduced within 0.005 GPa using finite basis-set corrections. In the
electronic property calculations, one-electron valence states were
expanded according to plane waves with 500 eV cutoff energy, and the
corresponding parameters were modulated until sufficient convergence
(<1078 eV). Notably, the interfacial distances between 2D MOF and
metal oxides were determined by theoretical structural optimization in
DFT calculations and their interfacial interactions between 2D MOF and
metal oxides were van der Waals force.

2.6. Characterization of photocatalytic property

UV-vis spectrophotometer (UV-2700, Shimadzu) was employed to
record UV-Vis diffuse reflectance spectra, where the film samples of 2D
MOF and 2D MOF-Fe;O3 on glass were prepared and used under the
same condition. Photoluminescence (PL) spectrofluorometer and tran-
sient absorption (TA) spectroscopy were performed on a fluorescence
spectrometer (Fluorolog-3, Horiba Jobin Yvon) with an excitation
wavelength of 360 nm, where the solution samples (2D MOF, 2D MOF-
TiOy, 2D MOF-Fe,03, and 2D MOF-ZnO) at same concentration (200 p.p.
m.) were used. In photoelectrochemical (PEC) measurements, photo-
current response and electrochemical impedance spectroscopy (EIS)
were performed on an electrochemical workstation (CHI 660E) equip-
ped with Xenon lamp (PLS-SXE300, Beijing Perfectlight Technology Co.,
Ltd.) under simulated solar light irradiation at power density of 2 sun.
Specifically, in a quartz glass cell in 0.5 M NaySO4 aqueous solution, a
three-electrode system comprised a Pt counter electrode, an Ag/AgCl
reference electrode, and an experimental sample as working electrode.
The film samples (2D MOF, 2D MOF-TiO3, 2D MOF-Fe503, and 2D MOF-
Zn0) were prepared on ITO conductive glasses (1 cm x 1 cm) under the
same condition. Electron paramagnetic resonance (EPR, JES-FA200,
JEOL) technique was used to examine ROS under simulated solar light
irradiation at power density of 2 sun, where the spin-trap agents of
2,2,6,6-tetramethylpiperidine (TEMP, Aladdin) in water and 5,5-die-
mthyl-1-pyrroline N-oxide (DMPO, Sigma) in methanol were
employed to trap singlet oxygen (105) and superoxide anion (-03),
respectively. The solution samples (2D MOF, 2D MOF-TiO, 2D MOF-
Fe;03, and 2D MOF-ZnO) at same concentration (200 p.p.m.) were used.
The TiO5 (P25, Macklin) and BiOBr (from our previous work) [21] were
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chosen as photocatalytic comparison in EPR measurement.

For in-situ light-irradiated Kelvin probe force microscopy (KPFM,
Bruker, Dimension icon) measurement, 2D MOF-Fe;O3 nanosheets were
first placed on highly oriented pyrolytic graphite substrate to achieve
high conductivity. The images were acquired at scan size of 1 x 1 um?
and the tip lift height was 80 nm at tapping mode for potential mapping,
where in-situ light irradiation was performed by a Xenon lamp. Besides,
in-situ XPS (Thermo escalab 250Xi) was equipped with Xenon lamp to
evaluate the photocatalytic mechanism of 2D MOF and 2D MOF-Fe;03.

2.7. Invitro antibacterial experiments

Methicillin-resistant Staphylococcus aureus (MRSA, ATCC 43300) and
multidrug-resistant Escherichia coli (MDR E. coli, BNCC 186732) were
selected and grown in standard Luria-Bertani (LB) culture medium. The
antibacterial experiments were performed by spread plate method and
bacterial SEM observation.

For spread plate method, the bacterial suspensions (107 CFU mL™},
200 pL) in LB culture medium were treated with PBS (control), 2D MOF
(200 p.p.m.), and 2D MOF-Fe;03 (200 p.p.m.) in a 96-well plate under
Xenon lamp (PLS-SXE300, Beijing Perfectlight Technology Co., Ltd.)
irradiation at power density of 2 sun for 20 min. Then, the treated
bacterial suspensions were appropriately diluted and uniformly plated
on standard LB agar plates. Next, these prepared plates were incubated
at 37 °C for another 24 h to count the corresponding number of bacterial
colonies by colony-forming units (CFUs). The antibacterial efficiency
was calculated by the following Eq. (1), where C and E expressed the
number of bacterial colonies in the control group and the experimental
group (2D MOF or 2D MOF-Fe;03), respectively.

C—-FE

Antibacterial efficiency(%) = * 100% 1)

For bacterial SEM observation, the process of antibacterial procedure
was consistent with that of spread plate method. After treatment, the
bacteria were fixed by 2.5% glutaraldehyde (Aladdin) solution for 2 h,
followed by washed with sterile PBS three times. Then, the bacteria were
sequentially dehydrated by ethanol (Aladdin) solutions with different
concentrations (30%, 50%, 70%, 90% and 100%, v/v) for 15 min each.
Next, the treated bacteria were air-dried overnight before SEM
observation.

2.8. Cutaneous MRSA wound infection model

All animal procedures and experiments of mice in this paper were
approved and performed by Animal Ethical and Welfare Committee of
the Institute of Radiation Medicine, Chinese Academy of Medical Sci-
ences. C57BL/6 male mice were randomly divided into two groups:
Control and 2D MOF-FeyOs3. First, the mice were anaesthetized by
intraperitoneal injection of ketamine (100 mgkg !) and xylazine
(10 mg kg™ 1). Next, the dorsal sides of each mouse were depilated and
disinfected in order to create two symmetrical round wounds with
approximately 6 mm in diameter using a biopsy punch. Then, MRSA
(10° CFUs) bacteria were injected into each wound to generate infected
wound model. After the treatment with PBS (Control) or 2D MOF-Fe;O3
(0.02 mg per wound), the wounds were exposed under Xenon lamp
(PLS-SXE300) irradiation at power density of 2 sun for 20 min. After-
wards, the treated wounds were covered with nonwoven fabrics and
fixed with surgical adhesive. To evaluate the therapeutic effect of 2D
MOF-Fe;03 for MRSA-infected wounds, the wound tissues were
collected and evaluated by the spread plate method on day 2. Addi-
tionally, the wounds were photographed and calculated on day 0, 2, 4, 8,
and 12.

2.9. Statistical analysis

The quantitative data in this work were represented in the form of
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mean values + standard deviations and analyzed by GraphPad Prism
software. P values of *P < 0.05, * *P < 0.01, * ** P < 0.001, and
* % % P < 0.0001 were considered statistically significant.

3. Results and discussion
3.1. Characterization of 2D MOF heterostructures

As shown in Scheme 1, three kinds of representative photocatalytic
metal oxides (TiOj, Fe;O3, and ZnO) were selected to modify 2D pho-
tonic MOF for engineering their interfacial electronic structures. Herein,
2D photonic MOF selected tetrakis(4-carboxyphenyl)porphyrin (TCPP)
as linkers and Zn?* as metal nodes. Theoretically, the self-limiting and
saturated surface reactions could realize uniform atomic-layer thickness
control during gas-phase deposition process of ALD system. Specifically,
the in-situ growth of atomic-layer metal oxides (TiO, FepOs, and ZnO)
on 2D MOF by ALD were accomplished by corresponding oxygen pre-
cursors (Hy0O) and metal precursors, including tetrakis(dimethylamino)
titanium (TDMAT), iron tert-butoxide (ITBO), and diethylzinc (DEZ).
The details of experimental procedures were described in Experimental
Section. The rational design of metal oxide-modified 2D MOF by ALD
system aimed at optimizing its electronic structures for boosting inter-
facial charge transfer pathways in photocatalysis.

The crystal structures (Fig. 1a) of 2D MOF, 2D MOF-TiO, 2D MOF-
Fe0Os3, and 2D MOF-ZnO from top view were modeled by density
functional theory (DFT) calculations. Notably, in the 2D MOF structure,
the two kinds of active sites (ZnNy site and Zn,Og site) were abundant,
which was central to its photocatalytic mechanism. As shown in Fig. S1,
the transmission electron microscopy (TEM) images and the corre-
sponding elemental mapping images exhibited nanosheet-like mor-
phologies and homogeneous elemental distribution of 2D MOF (Zn, C, N,
and O), 2D MOF-TiO5 (Zn, Ti C, N, and O), 2D MOF-Fe,O3 (Zn, Fe, C, N,
and 0), and 2D MOF-ZnO (Zn, C, N, and O), suggesting the uniform
loading of three kinds of metal oxides on 2D MOF.

Further, as shown in Fig. S2, the elemental contents (atomic percent)
of 2D MOF, 2D MOF-TiO,, 2D MOF-Fe;03, and 2D MOF-ZnO were
analyzed and calculated by X-ray photoelectron spectroscopy (XPS)
survey spectra (Fig. S2). The corresponding characteristic peaks in the
XPS survey spectra (Fig. S2) were labelled by gray backcolor.
Concretely, the 2D MOF consisted of four elements corresponding to C

ALD system for gas-phase deposition

In-situ growth of TiO, on 2D MOF
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1s (77.84%), N 1s (6.39%), O 1s (12.20%), and Zn 2p (3.57%).
Comparatively, 2D MOF-TiO3 (C 1 s 72.05%, N 1 5 7.38%, O 1 s 15.77%,
Zn 2p 3.08%, and Ti 2p 1.71%), 2D MOF-Fe,03 (C 1 s 74.96%, N 1 s
6.14%, O 1 s 14.34%, Zn 2p 2.94%, and Fe 2p 1.61%), and 2D MOF-ZnO
(C1574.89%,N 1 56.30%, 01 s13.79%, and Zn 2p 5.03%) had similar
C, N, and O elemental contents. Notably, the metal elements (Ti 2p
1.71% in 2D MOF-TiO,, Fe 2p 1.61% in 2D MOF-Fe;0O3, and Zn 2p
1.46% in 2D MOF-ZnO) indicated the similar contents of metal oxides by
ALD, which was beneficial for comparison each other. However, XPS
detection depth was limited by a few nanometers on sample surface. To
further explore the specific ratio of each component in 2D MOF-TiO9, 2D
MOF-Fe;03, and 2D MOF-ZnO, the crystal structures of 2D MOF, 2D
MOF-TiO», 2D MOF-Fe503, and 2D MOF-ZnO solution (200 p.p.m.) was
completely degraded into metal ions by concentrated nitric acid solu-
tion. As shown in Fig. S3, the Zn?* concentrations of 2D MOF, 2D MOF-
TiO2, 2D MOF-Fe,03, and 2D MOF-ZnO were 21.6 + 2.0, 18.3 + 1.3,
17.8 +£ 0.9, and 25.3 + 0.8 p.p.m., respectively. the concentrations of
Ti*" in 2D MOF-TiO, and Fe*" in 2D MOF-Fe,03 were 3.7 + 0.5 and 4.2

=+ 0.2 p.p.m., respectively. Therefore, the contents of metal oxides on 2D
MOF were not relatively high compared with the XPS results because the
number of reaction cycles of ALD-grown metal oxides on 2D MOF was
only 20 cycles.

In Fig. S4, the XRD patterns of 2D MOF, 2D MOF-TiOy, 2D MOF-
Fe;03, and 2D MOF-ZnO showed three typical peaks corresponding to
(110), (002), and (004) of the ZnTCPP tetragonal structure of the 2D
MOF [22]. Furthermore, the broad peak of (004) plane demonstrated
that the ZnTCPP MOF nanosheets with ultrathin crystal nature were
preferred in [001] orientation on the solid substrate. As shown in
Fig. S5, the Raman spectra of 2D MOF, 2D MOF-TiO,, 2D MOF-Fe;03,
and 2D MOF-ZnO included the characteristic peaks of the ZnTCPP MOF
in the range of 950 — 1700 cm ™! [9,23]. Specifically, the characteristic
modes at 918, 1030, 1099, 1208, 1263, 1380, 1474, 1534, 1577, and
1633 cm™! were ascribed to the porphyrin core in-plane mode and
phenyl ring in-plane mode of TCPP linkers in 2D MOF [9,23].

In Fig. S6, the FTIR spectra demonstrated that the peak character-
istics of 2D MOF, 2D MOF-TiO3, 2D MOF-Fe;03, and 2D MOF-ZnO were
mainly ascribed to those of TCPP linkers in 2D MOF [9]. Specifically, the
peaks near 2950 cm™! were caused by C-H stretching vibrations in the
aromatic ring. The peaks around 1660 and 1600 cm ™! corresponded to
the C=0 and C—=C stretching vibrations in the aromatic ring,

Scheme 1. Schematic illustration of ALD sys-
tem for engineering 2D MOF heterojunction to
screen and optimize charge transfer pathway of
2D MOF. DFT theoretical calculations are used
to guide design of heterointerface. Different
metal precursors (TDMAT, ITBO, and DEZ) and
oxygen precursor (H;O0) are employed to de-
posit atomic-layer TiO,, Fe;03, and ZnO on 2D
MOF, respectively. Atomic color coding in
crystal structure: C-dark grey, N-cyan, O-red, H-
grayish, Zn-blue, Ti-green, and Fe-deep yellow.
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Fig. 1. Photocatalytic screening of 2D MOF heterostructures. a) Crystal structures of 2D MOF, 2D MOF-TiO,, 2D MOF-Fe,03, and 2D MOF-ZnO from top view. b)
Bader charge calculations of 2D MOF-TiO5, 2D MOF-Fe,03, and 2D MOF-ZnO models. ¢) EPR measurements of-O3 and 10,-0f 2D MOF, 2D MOF-TiO,, 2D MOF-Fe,0s,
and 2D MOF-ZnO, respectively. d) Scheme of electron spins and mutual transformation of ground triplet state (3}:; ) of 20,, superoxide radical (-03), and excited
singlet state (lAg) of 10,. e) Photocurrent response curves (in the absence and presence of solar light) of 2D MOF, 2D MOF-TiO,, 2D MOF-Fe,03, and 2D MOF-ZnO. f)
TA spectra of 2D MOF, 2D MOF-TiO,, 2D MOF-Fe,03, and 2D MOF-ZnO. g) Heatmap of screening and comparison of photocatalytic performances of 2D MOF
heterostructures (2D MOF-TiO,, 2D MOF-Fe,03, and 2D MOF-ZnO) relative to 2D MOF. h) DFT calculations of O, adsorption energy and Bader charge of adsorbed O,
on ZnNy sites in 2D MOF, 2D MOF-TiO,, 2D MOF-Fe,03, and 2D MOF-ZnO models, respectively. i) DFT calculations of O, adsorption energy and Bader charge of
adsorbed O, on Zn,0g sites in 2D MOF and 2D MOF-Fe,03 models, respectively. Atomic color coding in crystal structure: C-dark grey, N-cyan, O-red, H-grayish, Zn-
blue, Ti-green, and Fe-deep yellow.
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respectively. The peaks at 1400 and 1000 cm™! were ascribed to C—H
and C—O stretching vibrations, respectively. As shown in Fig. S7, the
hydrodynamic average sizes of 2D MOF-TiO5 (648.9 nm), 2D MOF--
Fey03(772.9 nm), and 2D MOF-ZnO (532.4 nm) were larger than that of
2D MOF (492.0 nm), which were measured by dynamic light scattering
(DLS). Additionally, the zeta potential measurements in Fig. S8 exhibi-
ted that 2D MOF (—20.7 + 1.0 mV), 2D MOF-TiO; (—20.7 &+ 0.3 mV),
2D MOF-Fe303 (—17.2 + 0.7 mV), and 2D MOF-ZnO (—18.6 + 0.8 mV)
were negatively charged.

The Bader charge calculations of 2D MOF-TiO5, 2D MOF-Fe;03, and
2D MOF-ZnO models were shown in Fig. 1b and Table S1-S5. The
electron transfer amount (0.274 electron charge from 2D MOF to Fe;03
in Table S4) in the 2D MOF-Fe,0O3 model was significantly more than
those (0.033 electron charge from 2D MOF to TiOy in Table S3; 0.087
electron charge from ZnO to 2D MOF in Table S5) in the 2D MOF-TiO4
and 2D MOF-ZnO models. Therefore, in these 2D MOF heterostrctures,
TiOy, Fey03, and ZnO had negligible interactional, electron-
withdrawing, and electron-donating ability, respectively. Overall,
these DFT theoretical calculations provided the guidance of the material
design of engineered 2D MOF heterointerfaces based on their interfacial
electronic interaction. The efficient interfacial electron transfer and
charge separation was beneficial for inhibiting the rapid recombination
of electron-hole pairs and improving the solar-light photocatalytic
activity.

3.2. Photocatalytic screening of 2D MOF heterostructures

The photocatalytic reactions to generate ROS were measured by
electron paramagnetic resonance (EPR). As shown in Fig. 1c, the relative
intensities of EPR characteristic peaks of superoxide radical (-O3) and
singlet oxygen (10,) reflected the relative ROS yields in 2D MOF, 2D
MOF-TiO3, 2D MOF-Fe;03, and 2D MOF-ZnO groups under the same
conditions (including sample concentration, light intensity, and light
time). Comparatively, the 2D MOF-Fe,O3 group had the highest ROS
(!0, and-03) yields under simulated solar light illumination, prelimi-
narily suggesting that the 2D MOF-Fe,03 had the optimal photocatalytic
activity. In Fig. S9, the photocatalytic performance for ROS (1O,
and-03) generation of 2D MOF-Fe;O3 were further compared with
typical semiconductors, including TiO» and BiOBr. Obviously, the 2D
MOF-Fe,03 exhibited the highest ROS (102 and-O3) yields under same
condition, suggesting that the 10, and-O3 quantum yields of 2D MOF-
FeyO3 were higher than TiO» and BiOBr. Therefore, 2D MOF-FeoO3 had
excellent photocatalytic ROS-generation capacity.

Besides, the electron spins and mutual transformation of ground
triplet state (32§ ) of 30, superoxide state of-O3, and excited singlet state
(1Ag) of 10, were schematically illustrated in Fig. 1d. Concretely, at the
highest occupied molecular orbital (HOMO), the electron spins of the
ground triplet state (BZg ) of 302 and the excited singlet state (1Ag) of 102
included two unpaired electrons on individual antibonding = orbitals (mx
* and 1y *) and paired electrons on an antibonding = orbital (my *),
respectively. Moreover,-O3 could be generated by the reduction of 30,
by filling an electron into « * orbital, whereas 'O could be formed by
the oxidation of-O3 by losing an electron in n * orbital. Overall, the
direct and indirect transformations from 305 to !0, could be achieved by
energy transfer and electron transfer, respectively. Correspondingly, the
direct photocatalytic conversion from ground %0, to reactive 10,
generally involved energy transfer from the excited state of photosen-
sitizers to ground 20, upon light irradiation. Besides, the electron
transfer pathways in photocatalytic reactions were conducive to the
formation of-O3 and 0.

As shown in Fig. le, the transient photocurrent response by PEC
measurement exhibited that the photocurrent signal densities with five
repeated on/off cycles in the presence/absence of xenon lamp irradia-
tion in descending order were 2D MOF-Fe;O3, 2D MOF-ZnO, 2D MOF-
TiO4, and 2D MOF. The results preliminarily verified the more efficient
charge transfer in the 2D MOF-Fe;03 heterointerface under simulated
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solar light irradiation. Besides, the transient photocurrent densities of
2D MOF-ZnO increased over time, which was ascribed to the relatively
poor stability of 2D MOF-ZnO. In Fig. 1 f, the transient absorption (TA)
spectra with 610 nm excitation indicated that the fluorescence lifetimes
of 2D MOF-Fe;03 (1.69 ns), 2D MOF-ZnO (1.77 ns), and 2D MOF-TiO4
(1.84 ns) were shorter than that of 2D MOF (1.95 ns). Notably, the
shorter fluorescence lifetimes of the ALD-modified 2D MOFs reflected
the higher charge separation efficiency. Especially, the shortest fluo-
rescence lifetime of 2D MOF-Fe,03 suggested that the trapping of pho-
togenerated carriers in specific sites of 2D MOF-Fe,03 resulted in fastest
fluorescence decay.

In Fig. 1 g, the quantitative evaluation of photocatalytic perfor-
mances of 2D MOF-TiO,, 2D MOF-Fe;03, and 2D MOF-ZnO was
comprehensively represented as heatmap when compared with 2D MOF.
Obviously, 2D MOF-Fe;03 exhibited the optimal photocatalytic perfor-
mances by comparison of ROS (-O3 and 102) yields, PEC measurements,
and TA measurements. The highest ROS yield of 2D MOF-Fe,03 heter-
ojunctions benefited from more photo-generated holes and electrons
through effective interfacial charge transfer. Theoretically, compared
with the wide bandgap (~3.2 eV) of TiO and ZnO, the appropriate
bandgap (~2.2 eV) of Fe;03 had more efficient visible-light-responsive
ability. To sum up, these experimental results collectively revealed that
2D MOF-Fey03 heterostructure was the most efficient solar light-
responsive photocatalyst. Moreover, the high ROS production of 2D
MOF-Fe;,03 was central to achieving the effective photocatalytic
disinfection.

In order to further explore the process of energy transfer and charge
transfer, the corresponding theoretical calculations based on DFT were
performed. The configurations of before and after O, adsorption in
different models were shown in Fig. 1 h and the calculations of Oq
adsorption energy and Bader charge were based on the structure models
after Oy adsorption. The O adsorption energies (E,qs) of ZnNy sites in 2D
MOF-TiO5 (—2.329 eV), 2D MOF-Fe,05 (—2.155 €V), and 2D MOF-ZnO
(—1.628 eV) models were significantly lower than that in 2D MOF
(—0.272 eV) model, demonstrating that free O was more easily adsor-
bed on 2D MOF heterointerfaces. These spontaneous chemisorption
processes without energy barriers (adsorption energies were less than
zero) favored subsequent catalytic conversion. Similarly, in Fig. 1i, the
O, adsorption energy of ZnyOg sites in 2D MOF-Fe;O3 (—1.554 eV)
model was significantly lower than that in 2D MOF (—0.544 eV) model.
Moreover, in the 2D MOF-Fe;03 model, the corresponding Oy adsorp-
tion energy in ZnNy site was significantly lower than that in Zn,Og sites,
suggesting that ZnNy site was more key factor affecting catalytic per-
formance of 2D MOF-Fe;03. Notably, according to the DFT calculation,
the Zny0g sites in 2D MOF-TiO, and 2D MOF-ZnO models cannot adsorb
O, owing to their small space in ZnyOg sites in their heterointerfaces.
Among the three heterostructures, although the O, adsorption energy of
2D MOF-Fe;03 in ZnNy site was not the lowest, 2D MOF-Fe,;03 possessed
two catalytic active sites (ZnNy site and ZnyOg site). Therefore, 2D MOF-
Fey03 had the huge advantage in Oy adsorption (*O3) and corresponding
energy transfer.

Further, during the chemisorption of *Og, the Bader charge calcu-
lations demonstrated the significant electron transfer between adsorp-
tion sites and adsorbed *Os in different models due to the forming of Zn-
*O (adatom) bonding, Ti-*O (adatom) bonding, and Fe-*O (adatom)
bonding. Specifically, in the 2D MOF model, the electron transfer
amount in the ZnNy site (0.302 electron charge from the Zn atom to *O4
adatoms) was slightly less than that in the ZnyOg site (0.316 electron
charge from the Zn atom to *O, adatoms). Similarly, in the 2D MOF-
Fe;03 model, the net electron transfer amount of *O, adatoms (0.572
electron charge) in the ZnNy site (0.591 electron charge from the Zn
atom to *O, adatoms; 0.019 electron charge from *O, adatoms to the Fe
atom) was less than of that (0.603 electron charge) in the ZnyOg site
(0.513 electron charge from the Zn atom to *Oy adatoms; 0.090 electron
charge from the Fe atom to *O, adatoms). Obviously, in the ZnN4 and
Zny0g sites, the electron amounts of charge transfer from the Zn atom to
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*Qy adatoms were significantly more than those from the Fe atom to *O,
adatoms, suggesting that the active centers in 2D MOF were more
important than those in Fe;O3 in the 2D MOF-Fe,O3 model for ROS
generation, not only the interfacial electronic interaction. Besides, in the
2D MOF-TiO, model, the net electron transfer amount of *O, adatoms in

a Self-assembly

2D MOF

2D MOF-Fe,0,
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the ZnNy site (1.131 electron charge from the Zn atom to *O, adatoms;
0.376 electron charge from *Og adatoms to the Ti atom) was 0.755
electron charge. Similarly, in the 2D MOF-ZnO model, the net electron
transfer amount of *O, adatoms in the ZnNy site (0.394 electron charge
from the Zn atom in 2D MOF to *O3 adatoms; 0.159 electron charge from

Gas-phase deposition

Intensity (a.u.)

Intensity (a.u.)

402 400 398 535 530
Binding energy (eV) Binding energy (eV)

Fig. 2. Morphology and structure of 2D MOF-Fe;03. (a) Schematic illustration of 2D MOF-Fe O3 preparation. 2D MOF: (b) TEM image (scale bar = 200 nm), (c)
corresponding HRTEM image (scale bar = 5 nm), (d) crystal structure, and (e) AFM image (scale bar = 400 nm) and corresponding height profiles. 2D MOF-Fe,Os3: (f)
TEM image (scale bar = 200 nm), (g) corresponding HRTEM image (scale bar = 1 nm), (h) crystal structure, and (i) AFM image (scale bar = 400 nm) and corre-
sponding height profiles. (j) Cross-sectional TEM images (scale bars = 6 nm and 2 nm) of 2D MOF-Fe,03, corresponding EDX spectra (Zn and Fe), and crystal
structures. XPS spectra of (k) N 1 s and (1) O 1 s of 2D MOF and 2D MOF-Fe,03, respectively. Atomic color coding in crystal structure: C-dark grey, N-cyan, O-red, H-

grayish, Zn-blue, and Fe-deep yellow.
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the Zn atom in ZnO to *O, adatoms) was 0.553 electron charge. Overall,
the most charge transfer amounts between adsorption sites in the 2D
MOF-Fe;03 model and adsorbed *O; indicated the great advantage of
2D MOF-Fe;03 heterointerface owing to the existence of two active sites
(ZnNy site in Fig. 1 h and ZnyOg site in Fig. 1i).

The adsorption energy evolution and charge transfer pathway re-
flected the processes of energy transfer and charge transfer, respectively.
These atomistic-level mechanisms provided an insight into molecular
oxygen activation of photocatalytic activity. Namely, exogenous light-
activated 2D MOF and 2D MOF heterointerfaces could transfer their
excited-state energy and electron charge to adsorbed ground-state *Oq
for ROS ('O, and-03) generation. Especially, the effective interfacial
charge transfer and separation of photogenerated electron-hole pairs in
2D MOF-Fey03 highlighted its potential applications in solar light-
driven photocatalyst. Therefore, 2D MOF-Fe,O3 was selected for sub-
sequent study about interfacial electronic engineering of 2D photonic
MOF. The in-depth photocatalytic mechanism would be discussed
below.

3.3. Morphology and structure of 2D MOF-Fe303

As schematically illustrated in Fig. 2a, the 2D MOF-Fe,O3 nanosheets
were prepared by two steps. First, 2D MOF nanosheets were formed by
the self-assembly of TCPP and Zn?" by a solvothermal method. Then, the
ultrathin 2D MOF nanosheets were exfoliated by probe sonication.
Further, the atomic-layer Fe;O3-modified 2D MOF nanosheets by gas-
phase deposition were accurately achieved by self-limiting reaction of
ITBO and H»0 in ALD system. The 2D MOF nanosheets observed by TEM
(Fig. 2b) had uniform lamellar structure. The corresponding high-
resolution TEM (HRTEM) image (Fig. 2c) of 2D MOF displayed a lat-
tice fringe with interplanar distance of 1.20 nm, which could be in
accordance with the theoretical interplanar distance of 1.19 nm based
on the simulated crystallographic structure (Fig. 2d). Besides, as shown
in Fig. 2e, the AFM image and the corresponding height profiles of 2D
MOF demonstrated the average thickness of ~2.0 nm, which nearly
approached the two-layer thickness of MOF nanosheets [22]. The ob-
tained ultrathin structure with relatively high specific surface area was
conducive to exposing more catalytic active sites (ZnN4 and Zn,Os sites).

Comparatively, the 2D MOF-Fe;O3 nanosheets (TEM image in
Fig. 2f) showed visually thicker lamellar morphology. As mentioned
above, the element mappings of TEM image (Fig. S1) of the 2D MOF-
Fey03 nanosheet exhibited the homogeneous distribution of individual
elements of Zn, Fe, C, N, and O, suggesting the uniform loading of Fe;O3
on 2D MOF. The HRTEM image (Fig. 2g) of the 2D MOF-FeyO3
demonstrated an interplanar distance of 0.252 nm corresponding to
(110) lattice plane of hematite (a-FepOs3). The theoretical crystal struc-
ture (Fig. 2h) of 2D MOF-Fe;O3 also marked a lattice distance of
0.252 nm, which could be consistent with the experimental result. As
shown in Fig. 2i, the AFM image and the corresponding height profiles
exhibited that the average thickness of 2D MOF-Fe;O3 (~4.3 nm) was
~2.3 nm thicker than that of 2D MOF (~2.0 nm). To sum up, the atomic
layer deposition (ALD) of Fe;O3 could obtain uniform 2D MOF-FeyO3
heterostructure. In Fig. 2j, the cross-sectional TEM images of 2D MOF-
Fe;O3 also indicated a uniform thickness (~4.5 nm), where the thick-
nesses of 2D MOF and Fe;O3 were ~2 nm and ~2.5 nm, respectively.
The Zn and Fe signals detected by the corresponding EDX spectra
demonstrated the chemical composition of 2D MOF and Fe;O3 nano-
layers, respectively. Moreover, the corresponding crystal structure was
schematically illustrated. Additionally, the metal ion leaching curves of
2D MOF-Fe303 (200 p.p.m.) for long-term release (14 days) were shown
in Fig. S10. Over time, the cumulative Zn3* (1.92 £ 0.14 p.p.m.) and
Fe3* (0.33 &+ 0.02 p.p-m.) release within 14 days was stable and slow,
which were obviously lower than those of total degradation (Fig. S3).
The low degree of metal ion leaching demonstrated that 2D MOF-Fe,03
in water for 14 days had slight degradation and relative stability.

To further confirm the existence of interfacial interaction between
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2D MOF and Fe,0s, the XPS elemental spectra (Fig. 2k, 1, and Fig. S11)
of the 2D MOF and 2D MOF-Fe;03 nanosheets were systematically
compared. In Fig. S11a, the C 1 s signals of 2D MOF and 2D MOF-Fe;03
were calibrated to 284.8 eV and divided into C=C (284.8 eV), C—C/C-H
(286.2 eV), C—N/C-O (288.2 eV), and C=N/C=0 (290.7 eV for 2D
MOF and 290.5 eV for 2D MOF-Fe;03) [24]. In Fig. 2k, the N 1 s peak of
2D MOF was ascribed to three subpeaks corresponding to C=N
(398.3 eV), C-N (400.0 eV), and pyrrolic N (400.5 eV) groups [24,25].
Comparatively, the three subpeaks of C=N (398.4 eV), C-N (400.2 eV),
and pyrrolic N (400.8 eV) groups of 2D MOF-Fe,O3 shifted to higher
binding energy. Besides, the O 1 s regions (Fig. 21) comprised C=0
(531.5eV for 2D MOF and 531.7 eV for 2D MOF-Fe;O3) and C-O
(532.5eV for 2D MOF and 532.3eV for 2D MOF-Fe;O3) groups.
Simultaneously, the O 1 s region of the 2D MOF-Fe,O3 contained Fe-O
(529.9 eV) group [24,26]. Obviously, the peaks of C=0 and C-O
groups of 2D MOF-Fe,O3 had higher and lower binding energy than
those of 2D MOF, respectively. Notably, the peak shift of five groups
confirmed that 2D MOF-Fe;O3 heterointerface had certain interfacial
interaction. Besides, the Zn 2p peaks of 2D MOF and 2D MOF-Fe;03
were shown in Fig. S11b. The Fe 2p peak (Fig. S11c) of 2D MOF-Fe,03
was assigned to Fe 2p3,5 (711.1 and 724.0 eV), Fe 2p;,2 (714.8 and
727.4 eV), and satellite (717.6 eV), which was in good agreement with
that of hematite (a-FeyO3) in previous literature [27]. Additonally,
ALD-grown wurtzite ZnO structure had been confirmed in our previous
work [28]. ALD-grown rutile TiO, structure was studied in previous
literature [29]. The crystal structure of the 2D MOF-Fe,O3 heterointer-
face was illustrated in Fig. S11d.

3.4. Photocatalytic mechanism

As depicted in Fig. 3a, the UV-Vis diffuse reflectance spectra indi-
cated that the absorbance characteristics of 2D MOF and 2D MOF-Fe;O3
included a strong Soret band (marked by light blue backcolor,
350-400 nm) and three Q bands (marked by pink backcolor,
400-660 nm) in UV-Vis range (250-850 nm). This optical feature was
ascribed to the photophysical properties of porphyrinic structure from
MOF linkers (TCPP) [30]. Notably, 2D MOF-Fe;O3 had the higher
absorbance than 2D MOF and the corresponding four absorbance peaks
of 2D MOF-Fe;03 had an obvious redshift (the details were shown in
Fig. §12) compared with 2D MOF. The high and red-shift absorbance of
2D MOF-Fe;03 demonstrated that the interaction between 2D MOF and
FepO3 was beneficial for improving the optical behavior of 2D MOF.
Besides, the band structures of 2D MOF and 2D MOF-Fe,O3 were
important to understanding the mechanism of photocatalysis. In Fig. 3b,
according to the calculation based on Kubelka-Munk function versus
bandgap energy, 2D MOF had a bandgap of 1.84 eV [31].

In Fig. 3c, the photoluminescence (PL) spectra of 2D MOF and 2D
MOF-Fe,03 exhibited similar curve shapes with two obvious peaks
corresponding to ~620 and ~660 nm. The PL signal intensity of 2D
MOF-Fe;03 was weaker than that of 2D MOF and the peak position near
620 nm had a redshift of ~8 nm. The strong PL intensity of 2D MOF
demonstrated a relatively rapid charge recombination rate, while the
weaker PL intensity of 2D MOF-Fe;03 revealed an effective reduction of
recombination of photo-generated electron-hole pairs. Namely, the 2D
MOF-Fey03 heterojunction could efficiently separate photo-excited
electron-hole pairs into 2D MOF and Fe»03 across the heterointerface,
causing prolonged charge carrier lifetime and enhanced photocatalytic
activity. Additionally, the redshifted peak of 2D MOF-Fe,Os illustrated a
hybridization of electronic states between 2D MOF and Fe;O3 [32].

As shown in Fig. 3d, the electrochemical impedance spectroscopy
(EIS) measurements in the presence and absence of simulated solar light
irradiation revealed that the smaller semicircle arc of 2D MOF-Fe;03
represented the lower internal resistance and faster interfacial electron
transfer than that of 2D MOF. Consequently, the PEC studies (Figs. le
and 3d) concluded that 2D MOF-Fe;O3 improves the mobility of the
photo-induced charges between 2D MOF and FeyOs, preventing
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Fig. 3. Photocatalytic mechanism. (a) UV-Vis diffuse reflectance spectra of 2D MOF and 2D MOF-Fe,0s, (b) Plots of (ahv)'/2 versus photon energy (hv) of 2D MOF,
and (c) PL spectra of 2D MOF and 2D MOF-Fe,03. (d) EIS curves of 2D MOF and 2D MOF-Fe,O3 in the absence and presence of solar light. (e) DFT theoretical
calculations of band structure and corresponding DOS of 2D MOF. (f) DFT calculations of 2D MOF-Fe,03 model of total DOS and project DOS of 2D MOF and Fe;O3.
(g) 3D charge density difference plot of 2D MOF-Fe,03 heterointerface from front view and top view, respectively. Fermi level is defined as zero. Atomic color coding
in crystal structure: C-dark grey, N-cyan, O-red, H-grayish, Zn-blue, and Fe-deep yellow. Charge distribution of cyan and yellow regions corresponding to charge
density depletion and accumulation, respectively. (h) KPFM image and (i) corresponding surface potential distribution of 2D MOF-Fe,O3 in dark. (j) KPFM image and
(k) corresponding surface potential distribution of 2D MOF-Fe,O3 upon solar light illumination. (1) Corresponding AFM topography image of 2D MOF-Fe,O3 (scale
bars = 200 nm for all images). (m) Surface potential and height profiles locating at same position corresponding to Line 1-3 (Region marked by yellow backcolor
represented 2D MOF-Fe,0j3 surface). (n) Surface photovoltage profile by subtracting the surface potentials under dark and light irradiation conditions. (0) Schematic
illustration of photogenerated electron-hole separation and distribution on 2D MOF-Fe,O3 surface.

photogenerated electron-hole pair recombination under solar light
irradiation.

As shown in Fig. 3e, the band structure and density of states (DOS) of
2D MOF were calculated according to DFT, where the highest occupied
orbital was set as a reference (0 eV) and chosen as the Fermi energy
level. Obviously, the band structure of the 2D MOF indicated that the 2D
MOF possessed a typical characteristic of semiconductor with an
appropriate bandgap (1.957 eV). For the DOS curves of 2D MOF
(Fig. 3e), the area near highest occupied molecular orbital (HOMO)
predominantly consisted of C 2p and N 2p states. Meanwhile, the area

near lowest unoccupied molecular orbital (LUMO) mainly comprised C
2p and N 2p states, hybridized with some Zn 3d state. The curves in
Fig. 3e were enlarged in Fig. S13a to clearly show the curves of different
elements. In Fig. S13b, the band structure of Fe;O3 also exhibited a
typical semiconductor with a bandgap of 1.824 eV. The corresponding
valence band maximum (VBM) and conduction band minimum (CBM)
were located at the G point and K point in the Brillouin zone, respec-
tively. Moreover, the region near VBM of Fe;O3 mainly consisted of O 2p
states including hybridization with few Fe 3d states, whereas the zone
near CBM was occupied by Fe 3d states slightly hybridized with O 2p
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states.

As depicted in Fig. 3f, the total DOS of 2D MOF-Fe,03 and the cor-
responding projected DOS of 2D MOF and Fe;O3 demonstrated their
electronic coupling and orbital contributions in heterostructure.
Concretely, the zones near HOMO and LUMO of 2D MOF-Fe;0s3 heter-
ostructure primarily originated from 2D MOF and Fe;0s3, respectively.

Frontview @)

Top view
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Notably, the electronic DOS of 2D MOF-Fe;O3 provided detailed
component contributions to energy levels to predict the locality and
direction of electron transfer.

As shown in Fig. 3g, the 3D charge density difference plot based on
the optimized structure of 2D MOF-Fe;O3 was calculated to investigate
the charge distribution along the heterointerface. Obviously, a large
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Fig. 4. Photogenerated charge transfer pathway. DFT calculations of HOMO orbital isosurface and LUMO orbital isosurface of (a) 2D MOF and (b) 2D MOF-Fe;03
from front view and top view, respectively. (c) Schematic diagram of ISI-XPS device for analyzing 2D MOF-Fe,03 heterointerface under solar light, and schematic
illustration of shielding effect of outer electrons and Coulomb effect of nucleus to affect binding energy of inner electrons. ISI-XPS spectra of (d) O 1 s and (e) Zn 2p of
2D MOF before and after illumination, respectively. (f) Charge transfer pathway of 2D MOF. ISI-XPS spectra of (g) O 1 s, (h) Zn 2p, and (i) Fe 2p of 2D MOF-Fe,03
before and after illumination, respectively. (j) Charge transfer pathway of 2D MOF-Fe,O3. Atomic color coding in crystal structure: C-dark grey, N-cyan, O-red, H-

grayi.

sh, Zn-blue, and Fe-deep yellow.
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amount of differential charges accumulated in the interfacial region of
2D MOF-Fe;03. Moreover, the interfacial charges had coupling in-
teractions between 2D MOF and Fe;0j3 in the ground electronic state,
which was beneficial for charge migration along the heterointerface.
Consequently, this 2D MOF-Fe;O3 heterostructure might favor the
charge transfer pathway of the photogenerated electrons and inhibit the
recombination rate of electron-hole pairs.

To further probe the spatial location of the photogenerated electrons
and holes on 2D MOF-Fe,03 surface, the in-situ light-irradiated KPFM
was performed. As shown in Fig. 3h-k, the KPFM images and the cor-
responding surface potential distributions of 2D MOF-Fe,03 had spatial
variation in dark and upon solar light illumination, suggesting the
spatial photogenerated charge transfer and separation at nanometer
scale. The corresponding AFM topography image (Fig. 3 1) of 2D MOF-
FeoO3 and its height profile (Fig. 3 m, Line 3) indicated ~4.5nm
thickness, which were well consistent with the above result (Fig. 2i).
Concretely, the KPFM images (Fig. 3 h and 3j) visually demonstrated
that the surface potential of 2D MOF-Fe;O3 decreased after light irra-
diation. Besides, the corresponding average surface potential under light
irradiation (Figs. 3k, 46.19 mV) was 8.65 mV lower than that in dark
(Figs. 3i, 54.84 mV). The solar light-induced surface potential decrease
was attributed to the accumulation of photogenerated electrons on 2D
MOF-Fey03 surface. Moreover, the corresponding cross-line profiles
(Fig. 3 m) locating at same position also exhibited that the surface po-
tential under light irradiation (Line 2) was significantly lower than that
under dark (Line 1). Notably, the region of potential change mainly
focused on the 2D MOF-Fe,03 surface (marked by yellow backcolor in
Fig. 3m and n). Correspondingly, the surface photovoltage profile
(Fig. 3 n) reflected spatial photogenerated charge distribution by sub-
tracting the surface potential under dark from the surface potential
under solar light irradiation. Obviously, the 2D MOF-Fe;O3 surface
photovoltage was less than zero and the minimum value was less than
— 200 mV, further confirming the photoelectron accumulation on 2D
MOF-Fe,03 surface. As schematically illustrated in Fig. 30, the spatial
charge distribution on 2D MOF-Fe;03 surface demonstrated the photo-
generated electron-hole separation into FeyO3 and 2D MOF,
respectively.

3.5. Photogenerated charge transfer pathway

To further explore the photogenerated charge transfer and separa-
tion process, the HOMO orbital isosurface and LUMO orbital isosurface
of 2D MOF and 2D MOF-Fe;0O3 were systematically calculated. In
Fig. 4a, from front and top view, the charge distributions of HOMO and
LUMO of 2D MOF mainly focused on the region of porphyrinic ring.
Compared with that of HOMO of 2D MOF, the distribution of charge
density of LUMO was more uniform, suggesting certain charge transfer
among C, N, O, and Zn elements under solar light illumination. In
contrast, in Fig. 4b, the charge distributions of HOMO and LUMO of 2D
MOF-Fe;03 mostly concentrated on 2D MOF and Fe;Os, respectively.
Therefore, the transfer direction of photoexcited electrons was from 2D
MOF side to FeyO3 side across the heterointerface. Namely, the photo-
excited electron-hole pairs would be well separated at different sides
along the heterointerface, which efficiently prolonged the lifetime of
photogenerated charges.

Experimentally, in-situ synchronous illumination X-ray photoelec-
tron spectroscopy (ISI-XPS) was employed to comprehensively investi-
gate the details of photogenerated charge migration in 2D MOF and 2D
MOF-Fe303. The working mechanism of ISI-XPS device was schemati-
cally illustrated in Fig. 4c. Concretely, X-ray and simulated solar light
(imported by Xenon lamp) were simultaneously employed to irradiate
2D MOF and 2D MOF-Fey0s. The corresponding binding energies of
photoelectrons were detected to analyze electronic structures and
valence states under excited state. Notably, the shift of binding energy
was manipulated by the change of outer electron density because the
binding energy of atomic inner electrons was determined by Coulomb
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effect of atomic nucleus and shielding effect of outer electrons. Namely,
when Coulomb effect of atomic nucleus was constant, the increase of
outer electron density would enhance its shielding effect, leading to the
decrease of binding energy. Conversely, the decrease of outer electron
density would weaken its shielding effect, causing the increase of
binding energy.

As shown in Fig. 4d, the two characteristic peaks (C-O and C=0) of O
1 s of 2D MOF shifted to higher binding energy after light irradiation,
indicating that the outer electron density of O atoms decreased under
light illumination. Similarly, the higher binding energy of C 1 s (C=N/
C=O0 and C-N/C-0O) and N 1 s (Pyrrolic N and C-N) of 2D MOF (Fig. S14)
also suggested the decreased photoelectron densities of C and N atoms.
In contrast, the lower binding energy of Zn 2p of 2D MOF (Fig. 4e)
implied that the photogenerated electrons were transferred from C, N,
and O atoms to Zn atoms. As schematically illustrated in Fig. 4 f, the
possible photogenerated charge transfer pathways of 2D MOF were
marked by cyan arrows, focusing on LMCT process. Specifically, in
porphyrinic rings in 2D MOF, the photoelectrons locating in C=N bond
and pyrrolic N sites were moved to Zn atoms in ZnNy sites. In metal
clusters in 2D MOF, the photoelectrons locating in C-O and C=0 bonds
were transferred to Zn atoms in Zn,Og sites. Therefore, the abundant
photoelectrons in active sites (ZnN4 and ZnyOg sites) were beneficial for
0O, activation.

In Fig. 4 g, the O 1 s peaks corresponding to C-O and Fe-O bonds in
2D MOF-Fe;03 shifted to higher and lower positions, respectively. Be-
sides, the binding energies of Zn 2p (Fig. 4 h) and Fe 2p (Fig. 4i) moved
to higher and lower positions, respectively. Meanwhile, the shifted
binding energy of C 1 s (C=N/C—O0 and C-N/C-0O) and N 1 s (Pyrrolic N
and C-N) of 2D MOF-Fe;03 (Fig. S15) also indicated the changed
photoelectron densities of C and N atoms. The possible photogenerated
charge transfer pathways of 2D MOF-FeyO3 (Fig. 4j, cyan arrows)
centered on the heterointerface between 2D MOF and Fe;O3. Namely,
once 2D MOF-Fey03 was irradiated by simulated solar light, the pho-
togenerated electrons would migrate from 2D MOF to Fe;O3 across the
heterointerface, including the pathways from Zn;Og and C-O bonds to
Fe-O bonds. Hence, these photogenerated charge transfer pathways
detected by ISI-XPS were in good agreement with the theoretical results
(Fig. 4a and b) and light-irradiated KPFM (Fig. 3h-o).

To sum up, the porphyrinic linkers (TCPP) and metal clusters (ZnNy4
and Zny0g nodes) in 2D MOF acted as light harvesters and active cata-
lytic centers, respectively. The mechanism of the photocatalytic process
of 2D MOF was that the photogenerated electrons rapidly transferred
from TCPP orbitals to ZnN4 and Zn,Og orbitals, improving the charge
separation. In electron donor-acceptor system of 2D MOF structure, this
ligand-to-metal charge transfer (LMCT) process involved partial electron
transfer from ligand-localized orbitals (large n-conjugation system of
TCPP) to metal-localized orbitals (ZnN4 and ZnyOg nodes) during the
transition from excited states to the ground state upon light irradiation.

For each individual component, abundant photogenerated electrons
of 2D MOF would be manly transported among C 2p, N 2p, and Zn 3d
states under solar light irradiation, while plentiful photogenerated
electrons of Fe;O3 will be mostly moved from O 2p to Fe 3d. Compar-
atively, the 2D MOF-Fe,03 heterointerface served as an available elec-
tron transfer pathway. Namely, under solar light irradiation, 2D MOF-
Fe;O3 heterointerface would transfer lots of electrons from 2D MOF to
Fe;03, where 2D MOF and Fe;O3 acted as electronic donator and re-
ceptor, respectively. The effective charge transfer could extend the
lifetime of photogenerated electron, thus promoting the photocatalytic
performance.

3.6. Photocatalytic disinfection performance

As shown in Fig. 5a, the antibacterial mechanism of photocatalytic
disinfection was schematically illustrated. Specifically, the 2D MOF-
Feo03 heterostructure generated lots of ROS (0, and-03) under simu-
lated solar light, achieving rapid photocatalytic antibacterial action
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against drug-resistance bacteria, including MRSA and MDR E. coli. As
shown in Fig. S16, the photocatalytic disinfection performance of 2D
MOF-Fe;03 (200 p.p.m.) at different photon fluxes was investigated for
20 min. Obviously, the corresponding antibacterial rates (89.75
=+ 1.74%, 99.06 + 0.44%, and 99.9968 + 0.0007%) against MDR E. coli
increased with increasing light power densities (0.5, 1, and 2 sun). As
shown in Fig. S17, the photocatalytic disinfection performance of 2D
MOF-Fe;03 (200 p.p.m.) at different liquid depth (1, 3, and 5 cm) was
measured for 20 min. Obviously, the corresponding antibacterial rates
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Fig. 5. Photocatalytic disinfection perfor-
mance. (a) Schematic illustration of 2D MOF-
FeoO3 for photocatalytic antibacterial action.
(b) Viabilities of MRSA treated with 2D MOF
and 2D MOF-Fe,03 under solar light irradiation
for 20 min, respectively. (c) SEM images of
MRSA treated with 2D MOF-Fe,O3 under solar
light irradiation for 20 min (scale bars =
500 nm). (d) Viabilities of MDR E. coli treated
with 2D MOF and 2D MOF-Fe,O3 under solar
light irradiation for 20 min, respectively. (e)
SEM images of MDR E. coli treated with 2D
MOF-Fe,03 under solar light irradiation for
20 min (scale bars = 500 nm). Red arrows in
SEM images mark obvious damage and defor-
mation of bacteria. (f) Photographs of MRSA-
infected wounds on days 2 (Yellow arrows
mark serious suppuration on wound, scale bars
= 5mm) and corresponding quantitative
assessment of MRSA counts in wounds by
spread plate method. (g) Representative pho-
tographs of wound healing process over time
and corresponding quantitative analysis of
wounds (scale bars = 5 mm). Individual data
points (n = 3 biologically independent samples)
and error bars indicate means + standard de-
viations. Statistical differences were analyzed
by one-way ANOVA and post hoc Tukey’s test
or a two-tailed Student’s t-test (* P < 0.05,
** P < 0.01, *** P < 0.001, **** P < 0.0001).

(99.26 + 0.27%, 99.97 + 0.02%, and 99.9969 + 0.0011%) against
MDR E. coli decreased with increasing liquid depths (1, 3, and 5 cm)
under solar light irradiation (2 sun). Therefore, the optimized power
density (2 sun) and liquid depth (1 cm) were selected in the following

study.

In Fig. 5b, the antibacterial rate of 2D MOF-FeyO3 (99.9315
+ 0.0448%) was higher than that of 2D MOF (74.3349 + 7.7913%)
against MRSA under simulated solar light for 20 min. The corresponding
scanning electron microscope (SEM) images (Fig. 5¢) exhibited that the
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MRSA bacteria with broken membranes in the 2D MOF-Fe;O3 group
became corrugated (marked by red arrows) when compared with that of
the control group. Similarly, the 2D MOF-Fe;O3 group (99.9969
+ 0.0022%) had a higher antimicrobial efficiency than the 2D MOF
group (89.0562 + 2.2782%) against MDR E. coli in Fig. 5d. The corre-
sponding morphology of MDR E. coli bacteria in the control group pre-
sented a rod-like shape with intact membranes, whereas the MDR E. coli
bacteria in the 2D MOF-Fe,03 group displayed a serious deformation
(marked by red arrows in Fig. 5e). In summary, the 2D MOF-Fe;03
heterojunction demonstrated a broad-spectrum antibacterial activity
under simulated solar light because the rapid ROS generation could
effectively destroy the bacterial membranes of different kinds of
bacteria.

Further, the cutaneous MRSA wound infection model was used to
evaluate the in vivo therapeutic efficacy of 2D MOF-Fe;0O3. At 2 days
post infection, the infected wound in the control group demonstrated
severe suppuration (marked by yellow arrow in Fig. 5 f) due to heavy
MRSA burdens in the wounds. In contrast, the infected wound in 2D
MOF-Fe,03 group by photocatalytic disinfection treatment indicated no
obvious inflammatory response and complete escharosis. Moreover, the
2D MOF-FeyO3 group exhibited excellent bacterial killing efficiency
against MRSA on day 2 (99.9995 + 0.0003%) in vivo (Fig. 5 f), which
was well consistent with the antibacterial results in vitro (Fig. 5b).

As shown in Fig. 5 g, compared with the control group, the 2D MOF-
Fey03 group displayed accelerated wound closure over time. Therefore,
the negligible levels of MRSA counts and the smaller wound sizes in the
2D MOF-Fe;03 group fully demonstrated efficacious bacterial eradica-
tion and accelerated wound healing. In summary, the excellent perfor-
mance of photocatalytic disinfection of 2D MOF-Fe2Os highlighted great
potential in water disinfection and wound disinfection. Notably, the
summary and comparison of 2D MOF-based photocatalytic materials in
recent literatures with our works were listed in Table S6 [10,33-36]. 2D
MOF-based nanocomposites had great potential in photocatalytic field
and the corresponding photocatalytic mechanisms included photo-
generated electron transfer and active sites. Comparatively, the
ALD-grown Fe;O3 on 2D MOF in this work had unique processing
method (ALD) and photocatalytic mechanism (electron-withdrawing
effect). Therefore, this multifunctional platform preliminarily exhibited
a certain potential in photocatalytic applications.

4. Conclusion

In this work, atomic layer deposition (ALD)-grown metal oxides
(TiO2, Fe20s3, and ZnO) on 2D MOF (ZnTCPP) engineered its interfacial
electronic structure to improve charge transfer and enhance photo-
catalysis. After screening by theoretical calculations and experimental
results, the 2D MOF-Fe,03 exhibited the highest ROS yield under solar
light irradiation due to relatively lower absorption energy and more
charge transfer amount of adsorbed *O,. Moreover, the 2D MOF-Fe,03
heterostructure significantly regulated the band structure and density of
states of 2D MOF. The interfacial charge transfer mechanism of 2D MOF-
FeO3 demonstrated that the heterointerface transferred lots of photo-
electrons from 2D MOF to FeoO3 under solar light irradiation, where 2D
MOF and Fe;03 acted as electronic donator and receptor, respectively.
The optimized charge transfer pathway can prolong the lifetime of
photogenerated charges, thus promoting the photocatalytic disinfection
performance (antibacterial efficacy > 99.9% at 20 min) against MRSA
and MDR E. coli. To sum up, this platform provided an insight into
interfacial electron-withdrawing modulator of 2D photonic MOFs to
optimize charge transfer pathway for improving their catalytic property.
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