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ABSTRACT: Modern development of chemical manufacturing requires a substantial
reduction in energy consumption and catalyst cost. Sunlight-driven chemical
transformation by metal oxides holds great promise for this goal; however, it remains
a grand challenge to efficiently couple solar energy into many catalytic reactions. Here
we report that defect engineering on oxide catalyst can serve as a versatile approach to
bridge light harvesting with surface reactions by ensuring species chemisorption. The
chemisorption not only spatially enables the transfer of photoexcited electrons to
reaction species, but also alters the form of active species to lower the photon energy
requirement for reactions. In a proof of concept, oxygen molecules are activated into
superoxide radicals on defect-rich tungsten oxide through visible-near-infrared
illumination to trigger organic aerobic couplings of amines to corresponding imines.
The excellent efficiency and durability for such a highly important process in chemical
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transformation can otherwise be virtually impossible to attain by counterpart materials.

B INTRODUCTION

The global energy and resource crisis calls for the development
of chemical manufacturing toward minimal energy consump-
tion and catalyst cost. Sunlight-driven reactions, which may
replace the conventional thermal-based chemical process, hold
great promise to substantially reduce the energy consumption
in modern chemical industry.'™* In principle, sunlight can be
harvested by semiconductor materials or plasmonic noble metal
nanocrystals, which creates excitons or hot carriers to turn on
chemical reactions on the catalyst surface.”~” Among the light-
harvesting materials, oxide semiconductor represents a
promising candidate for reducing catalyst cost. Unfortunately,
despite their widespread application in photocatalytic water
splitting,® oxide materials have not played a versatile role in the
development of light-driven organic synthesis. A variety of
classic organic reactions, including but not limited to
epoxidation, hydrocarbon oxidation, alcohol oxidation, and
aerobic coupling, generally involve the activation of molecular
oxygen which typically takes place through the catalysis by
noble metals or with thermal energy.””""

To enable light-driven oxygen activation, the solar-to-
chemical energy conversion process on oxide catalysts, whose
efficiency relies on the energy coupling between photons,
excitons and dioxygen species, ”'* should be certainly better
harnessed. During the stepwise process, the solar harvesting
responsible for photon-exciton energy conversion can be
readily optimized by engineering band structures, such as
creation of defect states' ' '® and formation of heterojunc-
tions."” Rather, the challenge to energy coupling lies mainly in
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the step of energy transfer from excitons to dioxygen species.
Specifically the limitation for this key step originates from two
bottlenecks. First, molecular oxygen interacts with coordina-
tively saturated oxide surface mainly through physical
adsorption, so as to spatially defer the electron transfer from
oxide to oxygen species. Second, most oxide semiconductors
that can harvest the majority of solar light, visible and near-
infrared (NIR) photons, possess relatively low conduction band
edge, so the photoexcited electrons are often incapable of
producing highly active oxygen species.

Herein, we demonstrate that defect engineering for tungsten
oxide (WOj;), which ensures the chemisorption of molecular
oxygen to WOj; surface, can overcome the above bottlenecks.
The chemisorption spatially builds up a channel for the delivery
of photoexcited electrons to dioxygen species (O,), as well as
forms superoxide radicals in a chemisorbed state (O,*~) upon
receiving the electrons. With identical oxidative capability to
free superoxide radicals (O,°7), the O,*~ radicals can efficiently
react with the hole-charged substrate molecules located at the
neighbor sites. As such, this pathway no longer requires photon
energy to meet the thermodynamic requirement for free O,/
O,°” pair, and achieves to utilize the solar energy in visible-NIR
region toward O, activation, which can otherwise be virtually
impossible to attain by counterpart materials. Profiting from the
chemisorption and activation of molecular oxygen on surface
defects, the defect-rich WO; can serve as an eflicient
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Figure 1. Structure characterization for the defect-controlled WO, samples. (a) TEM, (b) STEM, and (c) atomic-resolution HAADF-STEM images
of defect-deficient WO, (D-WOj5) nanosheets. (d) TEM, (e) STEM, and (f) atomic-resolution HAADF-STEM images of defect-rich WO; (R-WO;)
nanosheets. The lattice disorder induced by defects is marked by blue arrows. (g) Fourier-transform W Lj-edge EXAFS spectra of the samples in
reference to commercial WO;. (h) Room-temperature ESR spectra. (i) Schematic illustrating the locations of oxygen vacancies in WO; lattice.

photocatalyst for aerobic couplings of primary amines to
corresponding imines at room temperature. Moreover,
disruptively to the common sense, the defect-rich oxides
exhibit long-term durability in the O, activation and well
maintain the photocatalytic activity during the aerobic
couplings.

B EXPERIMENTAL SECTION

Synthesis of Defect-Controlled WO; Nanosheets. Defect-
controlled WO; nanosheets were synthesized by a two-step process.
Briefly, defective WO;-H,O nanosheets were first prepared as a
precursor through a mild hydrothermal method. Details are described
in the Supporting Information. Then the defect-rich WO; (R-WO;)
nanosheets were synthesized by calcining the WO;-H,O powder at
673 K with a heating rate of 2 K-min™" in N, atmosphere for 2 h. After
cooled to room temperature, the obtained dark-blue powder was
collected for further use and characterization. The defect-deficient
WO; (D-WO;) nanosheets were formed by following the same
calcination method except for the use of air atmosphere, which yielded
light-green powder. To control the concentrations of oxygen
vacancies, the R-WO; sample was recalcined at 623 K in the air for
0.5 or 1.5 h to partially oxidize the defects. The samples were named
R-WO;—0,, and R-WO;—0, 4, respectively.

Synchrotron-Radiation Characterization. Synchrotron radia-
tion photoemission spectroscopy (SRPES) and X-ray photoelectron
spectroscopy (XPS) experiments were performed at the Catalysis and
Surface Science Endstation in National Synchrotron Radiation
Laboratory (NSRL), Hefei. The valence-band spectra were measured
using synchrotron-radiation light as the excitation source with photon
energy of 40.00 eV and referenced to the Fermi level (Ez = 0)
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determined from Au. A sample bias of —10 V was applied in order to
observe the secondary electron cutoff. The work function (®) was
determined by the difference between the photon energy and the
width of whole valence-band spectra. XPS spectra were collected using
monochromatic Al Ka X-ray as the excitation source. W L;-edge
extended X-ray absorption fine structure (EXAFS) spectroscopy
measurements were performed at the beamline BL1I4W1 of Shanghai
Synchrotron Radiation Facility (SSRF). The electron beam energy of
the storage ring was 3.5 GeV with a maximum stored current of 300
mA. O K-edge near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy measurements were performed at the soft X-ray
beamline 4B7B in Beijing Synchrotron Radiation Facility (BSRF).
The electron beam energy of the storage ring was 2.2 GeV with a
maximum stored current of 250 mA. The O K-edge spectra were
collected in the total electron yield (TEY) mode.

Detection of Superoxide Radical Anion (0,°7). O,*” was
captured using S, S-dimethyl-1-pyrroline N-oxide (DMPO). In typical
measurements, S mg of sample was dispersed in 2.5 mL of methanol
which had been bubbled with oxygen for 30 min, and was vigorously
shaken for 10 s followed by the addition of 30 uL DMPO methanol
solution (0.2 M). The mixture was irradiated using a 300 W Xe lamp
for 30 s, and then was analyzed by ESR.

Catalytic Measurements for Aerobic Couplings of Amines.
The light-driven catalytic reactions were carried out in acetonitrile
(CH;CN) solution in O, atmosphere (1 atm) at room temperature.
Typically, 0.1 mmol of substrate and 20 mg of catalyst were dispersed
in 4 mL of CH;CN in a quartz tube, which was then saturated with
pure O, and sealed with a glass stopper. The suspension was vigorous
stirred, and irradiated by a 300 W Xe lamp (Solaredge 700, China)
with a 400 nm long-wave-pass cutoff filter (i.e, 4 > 400 nm) and a
homemade thermostatic control device at 298 K. The power density
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was measured to be 100 mW-cm™ The 700 nm-cutoff experiments
were performed under the same condition by switching the filters.
After the irradiation, WOj catalyst was removed by filtration, and the
resultant solution was analyzed by gas chromatography—mass
spectrometry (GC-MS, 7890A and 5975C, Agilent) using benzotri-
fluoride as the internal standard. The thermally driven reactions were
performed at certain temperatures by excluding the environmental
light with aluminum foil.

First-Principles Simulations. Spin-polarized density functional
theory (DFT) simulations were performed with the Vienna ab initio
simulation (VASP) package. Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional within a generalized gradient approx-
imation (GGA) and the projector augmented-wave (PAW) potential
were employed, and densities of states (DOS) were computed with
HSEO06 functional. The monoclinic structure of WO; with 8 W and 24
O atoms in a primary unit cell was built for lattice simulation. The
calculated lattice parameters are a = 7.49, b = 7.66, ¢ = 7.84 (A), and j
= 90.3°. Mono-oxygen defect was modeled by removing one oxygen
atom from a unit cell. There are two types of W—O bonds in the
lattice, and geometry optimization confirms our experimental finding
that the removal of oxygen from the longer W—O—W chain is the
most thermodynamically favorable. A system of 2 X 2 slab with four
layers was employed to model the WO, (010) surface, with oxygen
atom terminated. Three top layers were relaxed from the bulk
positions during the geometry optimizing. The periodic boundary
condition was set with a 18 A vacuum region above surface. Charge
distributions were analyzed with the Bader’s model. The differential
charge density were plotted with the isosurface value of 0.001 e/A3
while that for electronic wave function population is 0.007 e/A°.

B RESULTS AND DISCUSSION

Oxygen vacancies originating from defect engineering on oxide
surface can provide coordinatively unsaturated (CUS) sites for
molecular adsor;)tion, as commonly recognized in thermal-
based catalysis.'® In our proof-of-concept demonstration, we
employed WO; nanosheets as a model material to carry out the
defect engineering. The two-dimensional model supplies
abundant CUS sites for surface reactions, as well as offers
high precision for spectroscopic characterizations by reducing
the signals from bulk. The WO; nanosheets were synthesized
by calcining the defective WO;-H,O precursor. The WO;-H,0
precursor exhibits a sheet-like morphology and contains
numerous defects (Figure S1). Figure 1a—c shows the structure
of the sample obtained through a calcination on the WO;-H,O
precursor in the air, characterized by transmission electron
microscopy (TEM) and aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM). The WO, nanostructures well inherit the
sheet-like morphology from their WO;-H,O precursor (Figure
la and b). As presented in atomic-resolution HAADF-STEM
image (Figure 1c), the nanosheet shows continuous and
ordered lattice fringes with the lattice spacings of 3.8 and 3.6 A
and the crystal plane angle of 89.3°, which correspond to the
(002) and (200) planes, respectively, according to the lattice
parameters of monoclinic tungsten oxide (JCPDS No. 83-
0951). On account of the sheetlike morphology, it can be
deduced that the WO; nanosheets are mostly enclosed by
(010) faces. During the calcination, the oxygen in the air filled
into the defects so as to minimize the concentration of oxygen
vacancies. As a result, the defect-deficient WO; nanostructures
(namely, D-WO,) exhibit a relatively flat and smooth surface.
Moreover, the ordered lattice and smooth surface were still well
maintained even at the edge of the sample (Figure S2), further
demonstrating the deficiency of defects. By altering the
calcination atmosphere to nitrogen, due to the absence of
oxygen, the defects in the precursor were largely remained to
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produce defect-rich WO, nanostructures (namely, R-WO,). As
revealed by the images (Figure 1d and e), the R-WO; sample
contains numerous small pits. The creation of pits on surface
dramatically boosts surface area (Figure S3 and Table S1),
which would offer more CUS sites for catalytic reactions.
Concomitant with the pits, slight lattice disorder and
dislocation have been locally observed in the nanosheets
(Figures 1f and S2), highlighting the existence of numerous
defects. Despite their varied defects, both samples similarly
possess a monoclinic WO; phase (JCPDS No. 83-0951, Figure
S4) and inherit a sheetlike morphology from their precursor
(Figure SS).

To directly resolve oxygen vacancies, we employed a set of
advanced spectroscopic techniques to characterize the defect-
controlled nanosheets, using the commercial WO; with rare
defects (namely, C-WO;, Figure S6) as a reference.
Synchrotron radiation-based X-ray absorption fine structure
(XAFS) spectroscopy is a powerful element-specific tool to
examine local structure. Figure 1g shows the W Ls-edge
extended XAFS (EXAFS) spectra acquired through a Fourier-
transform from the raw data in Figure S7. Apparently R-WO;
displays the shifted peaks with lower intensities compared with
C-WO; and D-WO;, indicating their different local atomic
arrangements. To look into bonding situation, we extracted
W—0 bond lengths and W coordination numbers from EXAFS
curve fitting (Table 1). In the monoclinic WO; lattice, distorted

Table 1. Fitting Results of W L;-Edge EXAFS Data”

sample W—-Obond R (A) N o (1072 A%  AE, (eV)
R-WO;, W-0, 1.75 4.0 4.6 14
wW-0, 2.12 1.4 6.0 12.8
D-WO;, W-0, 1.75 4.2 4.5 2.5
wW-0, 2.11 1.8 5.7 10.9
C-WO;, W-0, 1.75 4.0 4.2 2.3
wW-0, 2.12 2.0 S.1 10.3

“The lengths of W—0O bonds and coordination numbers of W atoms
were extracted from EXAFS curve-fitting for R-WO;, D-WO;, and C-
WO, R, the length of W—0 bonds; N, the coordination number of W
atoms corresponding to the W—O bonds; ¢? the Debye—Waller
factor; AE,, the inner potential correction. Error bounds (accuracies)
are estimated as N, +5%; R, +1%; ¢%, +1%; AE,, +20%.

WOy octahedral units share their corners,'” so as to form two
different W—O bonds with lengths of 1.75 and 2.12 A. In
comparison with C-WO; and D-WO;, the R-WO; with
abundant oxygen vacancies possesses a reduced total
coordination number (ie, 5.4 versus 6.0). Specifically the
reduction of coordination number mainly occurs at the longer
W—0 bonds, identifying the locations of oxygen vacancies. The
absence of oxygen atoms at specific locations induces lattice
disorder and dislocation.'® In sharp contrast, the W atoms in D-
WO, are coordinatively saturated despite the slightly altered
proportion of two W—O bonds. The oxygen vacancies were
further resolved by electron spin resonance (ESR) spectroscopy
(Figure 1h), a tool for examining unpaired electrons in
materials. The R-WO; uniquely exhibits a symmetrical ESR
signal at g = 2.002, manifesting the electron trapping at oxygen
vacancies.”’ Although a large number of oxygen vacancies were
formed in R-WO;, the valence state of W atoms has not been
altered as indicated by X-ray photoelectron spectroscopy (XPS)
(Figure S8). Taken together, the local structural information on
R-WO; can be illustrated as Figure 1i.
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Figure 2. Oxygen activation and catalytic aerobic couplings by defective WO;. (a) High-resolution O 1s XPS spectra of R-WO; and D-WOs.
Simulated differential charge density for (b) the O, chemisorbed at a CUS W site of defective WO;, and (c) the O, adsorbed at the surface of perfect
WOj;. The purple and olive colors represent increase and decrease in electron density, respectively, revealed by first-principles calculations. (d) ESR
detection of superoxide radicals using a DMPO spin-trapping agent. The methanol solution of DMPO was preirradiated in the presence of R-WO;
or D-WO;. (e) Performance of various catalysts in aerobic coupling of benzylamine under irradiation of 1 > 400 nm with thermostatic control at 298
K, in comparison with that by thermal process in the dark. Reaction time: 2 h. (f) Kinetic rate plots for light-driven catalytic aerobic coupling of
benzylamine. (g) Hammett plots for light-driven catalytic aerobic couplings of substituted benzylamines using R-WOj as a catalyst. Reaction time: 1
h. (h) Conversion yield and selectivity for light-driven catalytic aerobic couplings of various benzylamine derivatives by R-WO;. 4-F, 4-Cl, 4-Br, 4-
CHj;, 4-OCHj, 2-OCHj, 3-CHj, and 2,4-2Cl depict the substituent groups on benzene rings. Irradiation source and reaction temperature for (f—h):

A > 400 nm and 298 K.

The W atoms with low coordination numbers would provide
CUS sites for oxygen species chemisorption. To resolve the
chemisorption, we employed XPS to characterize the oxygen
atoms involved in R-WO; and D-WO; (Figure 2a). The peak at
529.8 eV for both samples is attributed to the lattice oxygen
ubiquitously in oxide semiconductors. Notably, an additional
broad peak at 531.7 eV, arising from the oxygen species
chemisorbed at oxygen vacancies, appears in the spectrum of R-
WO;. This also suggests that the oxygen vacancies are stabilized
by the adsorbed oxygen species, a typical feature for the defect-
rich oxides.”’ To gain insights into the species-catalyst
interaction, we examined the adsorption of O, to WO; surface
along with differential charge density using the density function
theory.”” Figure 2b illustrates that the O, is chemisorbed at the
oxygen vacancy of defective WO; by taking an end-on
configuration. The chemisorption is accompanied by a slight
electron transfer from WO; CUS site to O, species. In
comparison, a perfect WO; surface can hardly supply a site for
the chemisorption of O, so as to defer their electronic coupling
(Figure 2c). It is thus anticipated that the strong coupling
between defective WO; and O,, characterized by their electron
transfer, would serve as a bridge to enable energy transfer from
excitons to O, species once WO; is photoexcited.
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Intuitively, the O, molecules accepting an additional electron
can be activated into O,°7; in our light-driven system, the
provided electron is anticipated to originate from semi-
conductor photoexcitation. To trace the O, evolution, we
employed 5,5-dimethyl-1-pyrroline N-oxide (DMPO)), a typical
spin-trapping agent for O,°”, to examine the WO; samples in
methanol.”® In the dark, no O," was produced by WO,
catalysts regardless of their oxygen vacancy concentrations
(Figure S9). As we preirradiated the mixed solution of DMPO
and WO;, however, the ESR signals from O,°~ captured by the
DMPO, a nearly 1:1:1:1 quartet pattern, were observed (Figure
2d). Moreover, the signal intensities reveal that the R-WO,
with oxygen vacancies can significantly better activate O, into
0,°" species through electron transfer. This suggests that the
chemisorption indeed can facilitate the energy transfer from
excitons to O, species at the CUS sites of WO,.

Based on the efficient exciton-O, energy transfer, the
production of O, species provides a generic platform for
O,-participating catalytic reactions. As a demonstration, we
employed aerobic organic couplings of amines to correspond-
ing imines, the key components in various chemical
manufacturing processes, as model reactions, in which
interaction of C—H bonds with active oxygen species plays a
critical role.”*”” In the assessment, benzylamine was used as a
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model substrate to react with O,°” species along the following

pathway.”**
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The reactions were proceeded in acetonitrile using O, as an
oxidant under irradiation of 1 > 400 nm at 100 mW-cm™>,
maintained at 298 K with thermostatic control. The yielded
products were further analyzed by gas chromatography—mass
spectrometry (GC-MS). To systematically correlate catalytic
performance with oxygen vacancies, we prepared two additional
reference samples, R-WO;—0y, and R-WO;—0,, (Figure
$10), by recalcining R-WO; at 623 K in the air to gradually
diminish oxygen vacancies. Figure 2e shows the light-driven
catalytic performance in reactions by benchmarking R-WO;
against a set of samples, with oxygen vacancy concentrations in
order of R-WO; > R-WO;—0 5, > RWO;—-0, 5, > D-WO; =
C-WO,;. It turned out that the conversion rates of benzylamine
to N-benzylbenzaldimine had a strong correlation with the
vacancy concentrations.

The performance was further quantified with the kinetic rate
plots (Figure 2f), which regarded the aerobic coupling (Figure
S11) as a pseudo-first order reaction.”® Indeed, the reaction
kinetics can be boosted by increasing the number of oxygen
vacancies, manifesting their role as active sites. Remarkably, the
calculated kinetic rate constant for R-WOj; reached 0.211 h™,
about 6 times higher than that of D-WO; (Table S2).
Proceeded up to 2 h (Figure 2e), the reaction by R-WO,
reached a conversion yield of 38%, well exceeding that by the

thermal process in the dark (e.g,, 11% at 333 K). This suggests
that the photoinduced electrons and holes may have altered the
reaction pathway deviated from the thermal process. Never-
theless, the reaction efficiency still relies on the presence of
oxygen vacancies in the thermally driven catalytic process
(Table S3), demonstrating that surface vacancies provide
indispensable active sites for the reactions.

Although we have well recognized the importance of catalyst
oxygen vacancies to oxygen chemisorption and aerobic
coupling, the relevance of the two processes still has to be
proven. Table S4 shows that the O, concentrations hold the
key to the efficiency of aerobic coupling. According to eq 3, the
activated O,°” species should in turn react with benzylamine to
produce an intermediate H,0,.”*** Such a H,0, intermediate
has been detected in our reaction system by a well-established
N,N-diethyl-p-phenylenediamine (DPD)/horseradish peroxi-
dase (POD) method (Figure S12). This further indicates that
our reaction system has indeed followed the evolution process
in eq 3. Looking into this reaction process, however, we have to
point out that both O, activation and C—H bond cleavage
should be accomplished to complete the reactions. To identify
the rate-limiting step, we examined the a-C—H bond activation
in benzylamine by graphing the Hammett plot with para-
substituted benzylamines.”” It turned out that the log(k/k;;)
value was largely maintained as the Brown—Okamoto constants
(") of side groups (MeO, Me, H, F, Cl, and Br) were altered
(Figure 2g). This proves that the reaction does not undergo the
process intermediated by carbocationic species so that the a-
C—H bond cleavage is no longer the rate-limiting step in our
light-driven catalytic process. As a result, such O, formation,
achieved through our engineering on catalyst surface vacancy,
can provide a generic approach to the aerobic couplings of
various benzylamine derivatives with high selectivity (Figure
2h).

Upon gathering the above information, we can conclude that
the O, activation is the key step to the entire reaction process.
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Figure 3. Defect-dependent electronic structure and photoexcited behavior. (a) Optical band gaps determined by UV—vis-IR diffuse reflectance
spectra (Figure S13). (b) Secondary electron cutoff (E ) of the SRPES spectra. (c) Valence-band spectra measured by SRPES. (d) Schematics
illustrating the electronic band structures. The reduction level for free O, radicals is marked by the red dash line. (e) Performance of R-WO; and
D-WO; in catalytic aerobic coupling of benzylamine under various light irradiation at 298 K. Reaction time: 2 h. (f) Simulated differential charge
density for the O, chemisorbed at a CUS W site of defective WO; upon charging an electron to the WO;. Purple and olive colors represent increase

and decrease in electron density, respectively.
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In this sense, the high catalytic efficiency should mainly rely
on the energy transfer from excitons inside WOj catalysts to O,
species on surface. To depict the energy transfer process, we
characterized the energy band structures of WO; nanosheets.
As indicated by UV—vis—NIR diffuse reflectance spectra
(Figure S13), creating oxygen vacancies not only extended
light absorption toward longer wavelengths, but it also enabled
remarkable NIR light harvesting. Based on the Tauc plot
(Figure 3a), the band gaps of WO; nanostructures were
narrowed from 2.61 to 2.09 eV, typically caused by defect
engineering; the details for determining band gaps are included
in the Supporting Information.”**” The energy band structures
were further resolved by synchrotron radiation photoemission
spectroscopy (SRPES, Figure 3b and c).”” It is shown that the
energy band structures of WO are effectively tailored by defect
engineering. As demonstrated in Figure 3b, the work functions
(@) of R-WO; and D-WO;, which are determined by the
Fermi level (Eg), can be calculated to be 4.73 and 5.00 eV,
respectively. Moreover, the valence band spectra show that the
valence band maxima (VBMs) of R-WO; and D-WO; are 1.98
and 2.17 eV below the Fermi level (Ep), respectively (Figure
3c). Therefore, the D-WO, and R-WOj; nanosheets turned out
to have VBMs at 7.17 and 6.71 eV vs vacuum level, respectively.
Base on the obtained band gaps and VBMs, the electronic band
structures vs normal hydrogen electrode (NHE) can be
determined as illustrated in Figure 3d.

To correlate the band structures with defects, we also
performed first-principles simulations by creating an oxygen
vacancy in WO, lattice (see simulation models in Figure S14).
The computed partial densities of states (PDOS) diagrams
(Figure S15) reveal that the conduction and valence band edges
are primarily contributed by W 5d and O 2p orbitals,
respectively. The unsaturated W atoms donate electrons to
the O atoms around the oxygen vacancy,”' elevating the
potential of O 2p orbitals. This change in O 2p moves up
valence band maximum (VBM) to narrow the band gap.
Furthermore, the PDOS diagrams identify the emergence of
defect states below conduction band minimum (CBM). The
newly formed states would act as intermediate energy levels for
lower-energy photoexcitation, enabling NIR light harvesting
(>700 nm, Figure S13). The tunable light absorption in the
NIR region significantly alters the sample color from light green
to dark blue (Figure S16).

Interestingly, we notice that NIR light illumination (1 > 700
nm) makes a remarkable contribution to the entire light-driven
catalytic performance by R-WOj;, whereas D-WO; exhibits
nearly no activity (Figure 3e). Given the large exclusion of heat
effect by thermostatic control, the NIR activity by R-WO;
should be mainly ascribed to the carrier-participating reactions.
This gives an exciting finding as the O,*~ production should be
thermodynamically disfavored in our case; both the CBM and
defect states are positioned below the reduction level for free
0,° radicals (O, + e~ = 0,°7, E° = —0.33 V vs NHE)**
(Figure 3d). Then it is natural to ask how O, is efficiently
activated at the CUS sites of WO; surface given this situation.
As conduction and valence bands are contributed by different
orbitals (Figure S17), the photogenerated electrons and holes
would be mainly distributed at the CUS W atoms and the O
atoms bonded to the neighbored W atoms, respectively. Our
first-principles simulations (Figure 3f) reveal that the O,
chemisorbed to a CUS W site switches to a side-on mode
upon charging the WO; with an electron (which reflects the
photoexcited state of WO;). Consequently, the charged
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defective WO; supplies 0.72 electrons to the chemisorbed
O,. Meanwhile, the O—O bond length is stretched from 1.22 to
1.47 A, promoting the production of O,"". As the formation of
free O,°” radicals is thermodynamically disfavored, it is
assumed that the activated O, species is in a chemisorbed
state at the surface vacancy (namely, O,*). As such, the
electrons can be effectively transferred from WOj; catalysts to
O, species, forming the O,*". It is believed that such efficient
electron transfer is enabled by the strong electronic coupling
between O, species and CUS W atom. O K-edge near-edge X-
ray absorption fine structure (NEXAFS) spectroscopy (Figure
S18) has indicated the enhanced W—O bond covalency in
defective WO;, which may promote the coupling between W
atoms and adsorbates through chemisorption, benefiting the
electron transfer for the formation of Q,*~.>***

Another important finding is that our catalyst is free from the
common concern that surface defects typically show low
durability in catalytic reactions. Impressively, R-WO; nano-
sheets exhibited high performance stability in 6 catalytic cycles
up to 48 h (Figure 4a), and well maintained their oxygen

a
100 . 100
S 1IN N NN N N s
Lol AN AN A N A feo &
N N N A o
i
[l >
2 B BN
2ol N N N N\ o3
TN N AN A AN N2
) N AN N N N A 3
S20{N AN 7\ AN N N|o»
N AN AN N AN N
?\\)(\ ?\\)(\rL ?\\)(\'b ?\\)(\ ?\\)06 ?\\)(\6

$od \5@?

Benzylamine

# 5
13“'5@

enzaldehyde

eO oW
Defect-rich WO3 nanosheet

Figure 4. Catalytic durability and working mechanism for defect-rich
WO;. (a) Cyclic test for R-WO, in catalytic aerobic coupling of
benzylamine under irradiation of 4 > 400 nm at 298 K. Reaction time
for each run: 8 h. (b) Schematic illustrating the entire light-driven
catalytic reaction process.

vacancies during the reactions (Figure S19). To decode the
mechanism responsible for excellent durability, we examined
the other half reaction of aerobic coupling—activation of
benzylamine by the photoexcited holes. As indicated by
theoretical simulations (Figure S20), benzylamine molecules
are adsorbed to the surface O atoms in neighbor to the defect;
0.76 holes will be transferred to the adsorbed benzylamine
molecule when defective WOj; is charged with a hole. The
differential charge density further reveals that the C—H and N—
H bonds are enriched with the transferred holes so as to
activate the benzylamine by following the pathway in eq 3. The
reaction of O,*  at a CUS W site with the activated
benzylamine nearby recovers the oxygen vacancy on catalyst
surface, thereby enabling catalyst recyclability.
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Upon elucidating the reaction process, we conclude the
mechanistic pathway as illustrated in Figure 4b. The oxygen
vacancies provide synergistic surface sites for accumulating the
photogenerated electrons and activating the chemisorbed O,,
coupling the harvested solar energy into O, species. This holds
the key to the overall aerobic coupling reaction. In the
meantime, the photoexcited holes are distributed at the
neighbored O atoms for benzylamine activation. The photo-
generated electrons and holes are thereby well separated at
different adsorption sites, overcoming the bottleneck in most
light-driven catalytic organic reaction systems. The spatial
locations of O,*” and benzylamine allow them to react to
complete the entire process. In the mechanism, the electrons
should be localized at the CUS W atoms for O, activation. This
feature can be simply verified by delocalizing the electrons from
CUS W sites using a Schottky junction. We photodeposited Au
nanoparticles on R-WO; nanosheets to establish the Schottky
junction while maintaining surface defects (Figure S21). Such a
junction can efficiently trap the photoinduced electrons on
Au’® Aligning well with our mechanism, the reduction of
electron density at W sites substantially lowers -catalytic
efficiency indeed.

Bl CONCLUSION

In conclusion, we have created the defects on WO; nanosheets,
which provide numerous coordinatively unsaturated sites on
surface for oxygen activation. The oxygen chemisorption
enhanced at defect sites, which delivers charge carriers to the
chemisorbed species, holds the key to the energy coupling of
excitons with oxygen species. It enables the formation of
superoxide radicals in a chemisorbed state (O,*~), which can in
turn react with the amines adsorbed at the neighbor sites. As a
result, the approach has efficiently coupled broadband sunlight
into aerobic coupling of amines to corresponding imines, and
enhanced the kinetic rate 6 times compared with defect-
deficient WOj;. Furthermore, this photocatalyst can well
tolerate the alteration of amine substrates and exhibit excellent
stability in cyclic tests. This work thus clearly demonstrates that
oxide defect engineering can serve as a versatile approach to
refine catalysts, in efforts to develop solar-based chemical
manufacturing at low material cost and energy consumption.
The concept demonstrated here highlights the importance of
chemisorption to utilization of excitons in solar-driven chemical
transformation, and calls for future efforts on tailoring catalyst
structures at atomic precision.
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