RESEARCH ARTICLE

'-) Check for updates

FUNCTIONAL

www.afm-journal.de

Interfacial Charge Transfer between Silver Phosphate and
W,Nj; Induced by Nitrogen Vacancies Enhances Removal

of f-Lactam Antibiotics

Yan Lin, Chunping Yang,* Qiuya Niu,* and Shenglian Luo*

Constructing heterojunctions has been demonstrated as an important
approach to improve the catalytic performance of photocatalysts, but how
to regulate the transfer and separation of photogenerated carriers at the
interface is still a great challenge. Herein, W,N;-NV, a two-dimensional
transition metal nitride containing nitrogen vacancies, is synthesized by a
molten salt-assisted atmosphere calcination method. A novel composite
photocatalyst Ag;PO,@W;N5-NV with good photocatalytic activity and
photostability is prepared for the first time and applied to the efficient
removal of f-lactam antibiotics. The composite catalyst shows much
superior photocatalytic degradation performance of penicillin and amoxi-
cillin, and the apparent rate constant of which is 77.7 and 42.9 times than
that of pure Ag;PO,, respectively. Experimental results and density func-
tional theory calculations confirm that the presence of nitrogen vacancies
can drive the formation of defects and dangling bonds on the W;N3-NV
surface, which make it easy to combine with Ag;PO, and form new
chemical bonds at the interface. The W—O chemical bonds formed at the
interface provide a fast transfer channel for the interfacial photogenerated
charge, resulting in the boosted carriers transfer and separation ability of
Ags;PO,@W;N;3-NV composite. This study provides a new strategy for the

1. Introduction

In recent decades, antibiotics have been
widely used as one of the most impor-
tant pharmaceuticals to inactivate or kill
pathogen in humans and livestock.M It
was reported that the annual use of anti-
biotics was nearly 1.62 million, 13, and
10 thousand tons in China, the USA,
and Europe, respectively.l’] Antibiotics
are inevitably released into the environ-
ment during their production and use,
for example through the pharmaceu-
tical industries, hospital effluents, and
the excretions from humans and live-
stock.**! The presence of antibiotics in
environment, particularly in wastewater
and drinking water, even at low concen-
trations, can lead to the emergence of
resistant bacteria problem threatening
human health.*=] The Slactam antibi-
otics are the most frequently used anti-
biotics, accounting for more than 50% of
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the total worldwide antibiotic consump-
tion.'¥ In addition, penicillin G (PNL)
and amoxicillin (AMX) are among the
most commonly used Slactam antibi-
otics, which are also the most vulner-
able to leakage into the environment.'l For example, Lu et al.
investigated 15 target antibiotics in the water of Jiaozhou Bay
in China, and the results indicated that the AMX contamina-
tion accounted for 44% of the total concentration of antibi-
otics, which was the highest proportion among the 14 detected
antibiotics.'? Given the potential risks posed by antibiotic
contamination, it is essential to explore advanced treatments
for the degradation or elimination of pharmaceuticals and
their metabolites.

Photocatalysis is considered as a green and efficient environ-
mental pollution treatment technology, which can decompose
pollutants only by using solar energy.’>®] The development
of photocatalysts with high photocatalytic performance and
stability is the key to this technology.'"] As a classical visible
light-responsive semiconductor photocatalyst, silver phosphate
(Ag3PO,) has attracted much attention due to its high photocat-
alytic oxidation ability.'*!8] However, the defects of poor photo-
stability and unsatisfactory electron-hole separation yield limit
the wide application of Ag;PO,. Therefore, various attempts
have been made to overcome the abovementioned drawbacks,
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such as morphology optimization,!” ion doping,?” facet engi-
neering,?!l and heterojunction construction.?223]

The construction of heterojunction to promote the generation
and migration of photogenerated carries has been proved to be
an effective modification method to improve the photocatalytic
performance of Ag;PO,. However, it remains challenges
in selecting appropriate additives and efficient interfacial
charge transfer. Recently, 2D materials have attracted much
attention because of their superior properties.* For example,
the 2D layered materials can provide more active reaction sites
and rich surface area for solar energy harvesting. In addition,
the atomic thickness can minimize the carrier’s migration dis-
tance from the interior to the surface, thus reducing carrier
recombination and improving catalytic performance. Moreover,
the large specific surface area makes it easy for 2D materials
to combine with other materials to construct multicomponent
composite catalysts.

Notably, 2D transition metal nitrides (TMNs) which com-
bine the advantages of 2D materials and metal nitrides, have
emerged as promising materials in the field of energy storage
and catalysis.?> For example, Jin et al. synthesized nitrogen-rich
2D TMN material, MosNg, which displayed outstanding activity
for the hydrogen evolution reaction.l®l Yu et al. also reported
that nitrogen-rich tungsten nitrides such as W,N; and W;N,
were decent candidates for catalytic reactions because the elec-
trical structure of W atoms can be tuned by nitrogen atoms.?’]
In view of the above successful cases and the excellent char-
acteristics of W;,N3, it should be feasible to utilize W,N; as an
additive to improve the photocatalytic performance of Ag;PO,.

Maximizing interfacial charge transfer is another important
bottleneck that needs to be solved. It was reported that vacan-
cies, as a typical atomic defects or imperfections, have been
demonstrated to effectively modulate the physicochemical, elec-
tronic, and catalytic properties of materials.?®! Chen et al. found
that the formation of Sn vacancies could promote the expo-
sure of active CoFe sites, modulated the conductivity, and thus
enhanced the performance of oxygen evolution reaction.?” Li
et al. reported that the co-existence of surface and bulk oxygen
vacancies in TiO, exhibited a synergistic effect to improve the
photoreduction efficiency of CO, to CH,.*! It was found that
nitrogen vacancies on W,N; can provide an electron-deficient
environment which not only facilitates nitrogen adsorption, but
also lowers the thermodynamic limiting potential of nitrogen
reduction reaction.’! The above reports demonstrated that the
introduction of nitrogen vacancies can regulate the electronic
structure of material and form new binding sites, which are
expected to open up channels at interface to further promote
electron transfer.

However, to the best of our knowledge, no information was
reported about using 2D W,N; with nitrogen vacancies to pre-
pare Ag;PO,-based heterostructure photocatalysts and con-
struct electron transfer channels at interface. Therefore, in this
study, the 2D W,N; was synthesized using molten salt method
and the W,N; with nitrogen vacancies (W,N;-NV) was prepared
by annealing W,N; under H, atmosphere. The novel Ag;PO,@
W,N;3-NV composite was prepared for the first time, and applied
to the efficient removal of f-lactam antibiotics. The microstruc-
ture, properties, photocatalytic activity, stability, and charge
separation mechanisms of as-prepared catalysts were explored

Adv. Funct. Mater. 2022, 32, 2108814

2108814 (2 of 16)

and discussed in detail. The results indicated that the resultant
composite photocatalyst exhibited excellent photocatalytic
activity on the degradation of PNL and AMX, and the removal
rates could reach 100% within 8 and 1 min, respectively. The
highly efficient performance was ascribed to the introduction
of 2D W,N; and the formation of N vacancies in W,Nj;, which
can benefit the interfacial charge transfer and thus facilitate the
photocatalytic degradation performance. These findings open
up new possibilities for synthesizing heterogeneous photocata-
lysts with high photocatalytic performance through interface
engineering.

2. Results and Discussion

2.1. Characterization of Materials

The W,N3-NV nanosheets were prepared by molten salt-assisted
atmosphere calcination method. First, the 2D Na,W,0,; were
synthesized using molten salts method, which was reported
as a rapid mass production method.?” Then, the nitrogen-
rich W,N3 nanosheets were prepared by annealing Na,W,Oy3
under ammonia atmosphere. Finally, the W,N; with abundant
nitrogen vacancies (W,N3-NV) were produced by annealing 2D
W,Nj; nanosheets under hydrogen atmosphere. The scanning
electron microscope (SEM) images of W,N3-NV were shown
in Figure 1a,b; it could be clearly observed that the W,N3-NV
presented as a 2D nanosheets morphology. The transmission
electron microscope (TEM) images (Figure 1c) showed the 2D
morphology of W,N;-NV with an average size of 450 nm. More-
over, high-resolution TEM (HRTEM) and selected area electron
diffraction (SAED) were carried out to further investigate the ori-
entation and crystal quality of W,N3-NV. The interplanar spacing
of 0.25 nm was clearly observed, which corresponded to the (100)
facets of W,N3-NV (Figure 1d). The SAED pattern in Figure le
revealed the single-crystalline hexagonal structure of W,Njs-
NV. The atomic force microscopy measurement indicated that
the thickness of W,N;-NV nanosheet was about 0.82-0.85 nm
(Figure 1f,g and Figure S1, Supporting Information).

In order to explore the changes in the structure and properties
of the W,N; material after annealing in a hydrogen atmosphere,
the X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) were first carried out. The XRD patterns in Figure 2a indi-
cated that the W,N; and W,N3-NV possessed almost the same
peak positions, demonstrating the crystal structure of W,N,
remained unchanged during hydrogen annealing. The charac-
teristic peaks at 26 values of 36.3°, 371°, 46.2°, 64.8°, and 76.7°
could be attributed to the (100), (101), (105), (110), and (106) plane
of W,Nj3 respectively, which were in good agreement with the
standard pattern.3] Moreover, the XPS spectrum in Figure S2,
Supporting Information, indicated that the chemical composi-
tion of W,Nj3 did not change after annealing in hydrogen atmos-
phere, which was consistent with the results obtained by XRD.
The high-resolution W 4f XPS spectra is shown in Figure 2b
and Table S4, Supporting Information; the peaks at 35.29 and
33.12 eV, correspond to the W4fs, and W 4f;;, characteristic
peaks of W,Nj, respectively.”’] Interestingly, the W4f peaks in
W,N;-NV were negatively shifted by about 0.2 eV, implying that
the valence state of W decreased after H, annealing. Besides, the
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Figure 1. a,b) SEM images, c) TEM image, d) HRTEM image, e) SAED image, and f,g) AFM images of W,N;-NV.

N 1s spectrum in Figure 2c could be deconvoluted into two peaks
of 3977 and 399.5 eV, which corresponded to lattice nitrogen
and nitrogen vacancy, respectively. Obviously, the peak intensity
of nitrogen vacancy was significantly enhanced after annealing
in H,. In order to further explore the formation of nitrogen
vacancy after annealing under hydrogen atmosphere, the W,N;
and W,N3-NV were characterized by electron paramagnetic reso-
nance (EPR) technology, and the results are shown in Figure 2d.
The W,N;-NV respond with a characteristic nitrogen vacancy-
based EPR feature at g = 1.9994, the signal intensity of which
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was significantly higher than that of W,N;. The SEM-EDS test
of W,N3-NV and W,N; were further carried out to explore the
N vacancies, and the results are shown in Figure S5, Supporting
Information. The results indicated that the concentration of N
vacancies in W,N3; and W;N;-NV was about 3.33% and 770%
respectively (%: percentage of nitrogen atoms removed), which
agree well with previous report.?!

To investigate the local atomic arrangement and specific
bonding modes of W,N; and W,N;-NV, synchrotron radiation
X-ray absorption fine structure (XAFS) measurements at the
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Figure 2. a) XRD pattern, high resolution XPS spectrum of b) W 4f and c) N 1s, d) EPR spectra, ) W L;-edge extended XAFS oscillation function k*y(k),
and f) Fourier transform (FT) EXAFS spectra of as-prepared W,N3 and W,N3-NV.

W L;-edge were performed, and the normalized curves were
provided in Figure S3a, Supporting Information. As shown in
Figure 2e, the W Ls-edge oscillation curve of W,N;-NV demon-
strated a difference in the peak intensity compared to the W,N3,
which was attributed to the decreased W—N and W—W coor-
dination.””3¥ The corresponding Fourier transform extended
X-ray absorption fine structure (EXAFS) spectra were also
provided in Figure 2f. It could be observed that a main coor-
dination peak at 1.8 A was assigned to W—N bonding.?"l The
intensity of the characteristic peak for W,N;-NV decreased obvi-
ously compared to that of the W,Nj3, indicating the number
of W—N bonds was reduced and the presence of nitrogen
vacancies. The quantitative EXAFS analysis is presented in
Figure S3, Supporting Information, and the results are sum-
marized in Table S1, Supporting Information. It was found that
the coordination number of W—N decreased from 6.0 to 5.75
after hydrogen annealing, which further proved the formation
of nitrogen vacancies. In addition, the coordination number of
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W—W was also decreased and the disorder degrees increased
compared with the W,N3;, demonstrating partial dangling
bonds and distortion on their surface. The defects and dangling
bonds on the surface may make W,N;-NV easy to combine with
Ag;PO,, or rebond at the interface, providing channels and
media for charge transfer between interfaces.

The SEM images of Ag;PO,@W,N;-NV are shown in
Figure 3a,b, in which the W,N;-NV nanosheets were in close
contact with the spherical Ag;PO,, and these spherical crys-
tals grew on the surface of 2D W,N;-NV. The SEM-EDS ele-
mental mapping images of Ag;PO,@W,N;-NV composites
were also performed and the results are shown in Figure 3c¢-h,
which indicated that as-prepared samples consisted of Ag, O,
P, W, and N elements. The uniform distribution of W and N
implied that W,N;-NV nanosheets were evenly distributed
in the Ag;PO,@W;,N;-NV composite. In addition, the TEM
image of Ag;PO,@W,N;-NV is shown in Figure 4a; it could be
clearly observed that W,N;-NV nanosheets was in good contact
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Figure 3. a,b) SEM images and c—h) SEM-EDS elemental mapping images of Ag;PO,@W;N;-NV composite.

with Ag;PO,. The TEM-EDS elemental mapping images of
Ag;PO,@W,N;-NV composites were also performed and the
results are shown in Figure 4d-i, which further demonstrated
the consist of Ag, O, P, W, and N elements in the composites
and the uniform distribution of elements. The HRTEM image
of composite catalyst is presented in Figure 4b; the interplanar
spacing of 0.25 nm which corresponded to the (100) facets of
W,N;3-NV could be clearly observed. Moreover, the SAED pat-
tern in Figure 4c demonstrated that W,N3-NV kept its single-
crystalline hexagonal structure in the composite catalyst, indi-
cating there was no structural transformation happening on
W,N3-NV after the deposition of Ag;PO,. The results of
Figures 3 and 4 both proved the successful synthesis of
Agi;PO,@W,N;-NV composites.

The XRD was used to characterize the prepared Ag;PO,
and Ag;PO,@W;,N;-NV, as shown in Figure 5a. For pure
Ag;PO,, the diffraction peaks coincided with the standard pat-
tern (JCPDS 06-0505). The peaks at 20.88°, 29.69°, 33.29°, and
52.69° could be attributed to the (110), (200), (210), and (222) of
Ag;PO,. Compared with the pure Ag;PO,, the diffraction peak
position of Ag;PO,@W,N;-NV has no difference, but the peak
intensity of different crystal faces has changed. The peak inten-
sity ratio of (110) to (100) for Ag;PO, was 0.767:1, while that of
Ag;PO,@W,N3-NV composite was 0.808:1. Besides, the peak
intensity ratio of (222) to (100) for Ag;PO, was 0.803:1, and that
of the composite catalyst was 1.345:1. According to previous
reports, different crystal faces have different surface energy,
which will directly affect the catalytic activity of the catalysts.>’!
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In order to further investigate the surface energies of Ag;PO,
{100}, {110}, and {111} planes, the density functional theory
(DFT) calculations were carried out. The different surfaces
slab models including 192 atoms were constructed as shown in
Figure 6, and the vacuum thickness was set as 20 A. The sur-
face energy (7)) was calculated using the follow formula:

— Eslab - NEbqu
2A 1)

where Eg,;, is the total energy of the slab and Ejy is the total
energy of the bulk per unit cell. N and A are the number of
bulk unit cells contained in the slab and the surface area of each
side of the slab.>>3¢ The calculation results were summarized
in Table 1; the surface energy of {111}, {110}, and {111} facets
were 0.522, 0.240, and 0.207 ] m™2, respectively, indicating that
the (111) facets possessed the largest surface energy. Moreover,
the surface energy of {111} facets was higher than that of {100}
facets. Because the crystal faces with higher surface energy
have high reactivity, the Ag;PO,@W,N3-NV composite with
more exposed high reactive facets should show higher photo-
catalytic performance and be conducive to the decomposition of
organic molecules.

The chemical compositions of Ag;PO, and Ag;PO,@W,N;-
NV composites were investigated by XPS. The pattern in
Figure 5b presented the high-resolution XPS spectrum of Ag
3d. For the composite catalysts, the binding energies at 374.21
and 368.21 eV belong to the Ag 3d;,, and Ag 3d;,, respectively.
Compared with the pure Ag;PO,, the Ag 3d;; and Ag 3ds,,

© 2021 Wiley-VCH GmbH
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Figure 4. a) TEM image, b) HRTEM image, c) SAED image, and d-i) TEM-EDS elemental mapping images of Ag;PO,@W,N3-NV composite.

of Ag;PO,@W,N3-NV composites were shifted to a positive
position. Similarly, the high-resolution XPS spectra of P 2p in
Figure 5c also indicated that the binding energy of P 2p moved
from 133.03 to 133.18 eV after Ag;PO, was combined with the
W;,N;3-NV. The O 1s spectrum of Ag;PO, could be deconvoluted
into two peaks with binding energies of 530.75 and 531.99 eV,
respectively. The peak at 530.75 eV was assigned to the lattice
oxygen species, and the peak located at 531.99 eV was attributed
to the chemisorbed oxygen species on surface.’”) Interestingly,
after coupling with W,N3-NV, the binding energy attributed to
the lattice oxygen shifted from 530.75 eV to a negative position
of 530.63 eV (Figure 5d). In addition, in the W 4f spectrum of
Ag;PO,@W,N3-NV composites, it could be clearly observed
that there was a strong peak that could be deconvoluted into a
double peak with binding energy of 36.74 and 38. 69 eV, corre-
sponding to the W 4f; , and W 4f5 , of W—0O (WO;), respectively.
Moreover, a signal belonging to W(VI)—O appeared, which
also could be deconvoluted into two peaks with binding ener-
gies of 38.51 and 40.41 eV, respectively. (Figure Se and Table S5,
Supporting Information).?¥ For pure W,N;-NV, the peak at
binding energy of 35.23 and 3768 eV was also assigned to the
WE*4f;, and W 4f5), of W—O, respectively, which was induced
by the ineluctable surface oxidation.’) Compared with pure
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W,N;3-NV, the peak intensity of W—N decreased obviously and
the signal of W—0O was significantly enhanced, which was due
to the formation of W—0O bonds between the W from W,N;-NV
and the O from Ag;PO, This result was consistent with the
analysis results from Figure 2. Nitrogen vacancy presence and
the reduction in the number of W—W bonds resulted in the
formation of W-hanging bonds on the W,N3-NV surface. As
shown in Figure 5f, the N 1s spectrum of Ag;PO,@W,N;-NV
appeared as a main peak with binding energy of 396.6 eV, which
was assigned to the dominated N species from W,N;-NV.[
Compared with the N1s spectrum of W,N;-NV, there was a
negative shift in composite catalyst, which implied that after
the combination of Ag;PO, and W,N;-NV, there were electrons
transferred from Ag;PO, to W,N3-NV. The analysis results of
XPS survey indicated that some new W—O bonds were formed
at the interface of Ag;PO, and W,N;-NV, and there were inten-
sive interaction and intense charge transfer.

The optical properties of as-prepared samples were studied
by UV-vis absorption spectroscopy, and the results are shown
in Figure 7a. It could be found that the pure Ag;PO, has an
absorption edge at about 550 nm, corresponding to a band gap
at 2.33 eV (Figure S6, Supporting Information). After coupling
with W,N;-NV, the composite catalysts showed an obviously

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[
() 210 AEPO (b) Ag3d , Ag3d,, Ag3d,,
3 4
211 - N\ 37421eV 368.21 eV
200 aQ = Ag PO
110 3080 & 21 34 !
A A l I\ (\llJ A AOO A ~
~ =
=3 <
S ——AgPO@WNNV | T | Ag PO @W. N .-NV
2z l 1777 ——shiftf!
2 A Il l lJ A N | 5 ! |
5 2 374.62eV 368.60 eV
JCPDS: 06-0505 (Ag,PO,)
] | P I
1 N 1 N 1 N 1 N 1 N 1 N 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 380 378 376 374 372 370 368 366 364 362
2 Theta (degree) Binding energy (eV)
(c)P2P 133.03eV! (d) —O Is spectrum 53075 oV
| —— Fitted spectrum
531.99 eV
! Ag,PO )
Ag.PO, ! &
I ~
5 ! g
< - ; < — shift
; e v ; I s
g 133.18 Vg Shift 2 | AgPO@WNNV_shit 530.63 eV
=] [} g
2| AgPO,@WN-NV | £ 532.10€V |
Nl
1 1 1 1 1 1 1 1 1 1 1 1 1 L
142 140 138 136 134 132 130 128 126 536 534 532 530 528
Binding energy (eV) Binding energy (eV)
© W-N ()N 1s 397.7 eV
R | owNaw
3 2
< E e -
2 z shift
2 2| Ag,PO,@W,N,-NV —— 396.6cV
5 5 3 ;
£ |warsi2 36.74 eV £
40.4<‘eV W-N
'l ' L 1 1 1 il il 1

40 38 36 34
Binding energy (eV)

42 32

30 408 406 404 402 400 398 396 394 39

Binding energy (eV)

Figure 5. a) XRD pattern of as-prepared samples and high resolution XPS spectrum of b) Ag 3d, c) P 2p, d) O 1s, e) W 4f, and f) N Ts.

enhanced absorption in the whole wavelength range, which was
conducive to the improvement of photocatalytic activity. The
energy band position was determined by the Mott—Schottky
plots and XPS valence band spectra. The Mott—Schottky plot
was used to characterize the flat band potential, and the values
were determined using the Mott—Schottky equation:

E—Eﬂ,—g)
e

= @
sc  eggN

where C is the capacitance of the space charge region, &, &,
and N are the dielectric constant of semiconductor, the per-
mittivity of free space, and the donor density, respectively.[*#2
Where E, Ep, K, T, and e are the applied potential, flat band
potential, Boltzmann’s constant, temperature, and electronic
charge, respectively. The value of KT/e is calculated as 0.0257,
and the applied potential (E) is determined as 0.42 V (Figure 7b).
The flat band potential (Eg,) thus could be calculated as 0.39 V
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versus the saturated calomel electrode, which was equivalent to
0.63 V versus the normal hydrogen electrode. Because the con-
duction band potential (Ecg) of n-type semiconductors is about
0.2 V lower than the Eg, the value of Ec was 0.43 V versus
NHE. The band gap of Ag3PO, is 2.33 eV, so its valence band
potential (Eyg) was calculated as 2.76 V versus NHE. More-
over, the XPS valence band spectra were carried out to further
verify the energy band potential, and the results are depicted in
Figure S6b,c, Supporting Information. It could be found that
the Eyp of Ag;PO4 was 2.78 eV, which was in good agreement
with the results of Mott—Schottky plots. The highly positive VB
position of Ag;PO, exhibited its strong oxidation ability, which
was in favor of efficient photocatalytic performance. Interest-
ingly, the flat band potential obtained from Mott-Schottky plots
and the valence band potential obtained by XPS-VB spectra both
indicated there was a slight negative shift in energy band after
the Ag;PO, combined with W;N;-NV, which also implied that
there was a strong interaction between Ag;PO, and W,N3-NV.

© 2021 Wiley-VCH GmbH
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Figure 6. Optimized geometry structures of a,d) Ag;PO,4(100), b,e) Ag;PO,(111), and c,f) AgsPO,(110); (a—c: top view; d—f: side view).

In order to investigate the separation efficiency of photo-
generated carriers, the photoluminescence technique was first
employed to investigate the recombination of photogenerated
electron-hole pairs.3] As shown in Figure 7c, the photolumi-
nescence intensity for Ag;PO,@W,N;-NV was decreased obvi-
ously in comparison to that of pure Ag;PO,, demonstrating
that the charge separation efficiency was improved significantly
after coupling with Ag;PO, and W,N;-NV. The time resolution
photoluminescence (TRPL) spectrum was also obtained to
evaluate the charge separation dynamics processes of as-pre-
pared samples (Figure 7d). The decay curves were fitted with
exponentials to obtain the decay time, and the detailed calcu-
lation process and data were provided in Supporting Infor-
mation and Table S2, Supporting Information. The results
showed that Ag;PO, have two lifetimes of 1.32 and 6.71 ns. The
short decay time component (7;) is considered to be caused by
the quasi-free excitons,* and the long lifetime component (1)
is due to the local exciton recombination caused by the detrap-
ping of carriers.* After combining with W,N;-NV, the 7; and
7, were decreased to 1.19 and 5.48 ns, respectively. The average
charge carrier lifetime of Ag;PO, and Ag;PO,@W,N3-NV was
thus calculated as 3.23 and 2.63 ns respectively, indicating a
shorter lifetime was obtained after introduction of W,N;-NV.
The results may be attributed to an additional nonradiative

decay channel opened through the electron transfer between
Ag;PO, and W,N3-NV, which efficiently facilitated the sepa-
ration of photogenerated electrons and holes.**#l Moreover,
the photocurrent-time response was measured to reflect the
photogenerated carrier transportation (Figure 7e). It could be
clearly observed that the photocurrent density of Ag;PO,@
W,N3-NV was much higher than that of pure Ag;PO,, which
also demonstrated that the photogenerated electrons and
holes pairs could be effectively separated after the formation
of heterojunction. Electrochemical impedance spectroscopy
(EIS) was conducted to further study the photogenerated car-
rier transfer rate of as-prepared samples. The EIS Nyquist plot
consists of one dominant semicircle, and the radius of which
is related to the charge-transfer resistance at the interface of
sample and electrolyte. The smaller radius arc represents the
sample with lower charge-transfer resistance.*®! As shown in
Figure 7f, the EIS Nyquist curve radius of Ag;PO,@W,N3-NV
composite was much smaller than that of Ag;PO,, indicating
that the charge separation and transport could be accelerated
by the introduction of W;N;-NV. All the above results demon-
strated that the addition of W,N;-NV can significantly enhance
the efficiency of photogenerated carrier transport and separa-
tion, which would greatly promote the photocatalytic activity of
the catalysts.

Table 1. Supercell parameters and DFT calculation results of different Ag;PO, surfaces.

Ag;PO, surfaces Supercell parameters Eqiab [€V] Epyik [€V] Surface energy [| m™]
alAl b[A] Gama []

(100) 12.02872 12.02872 90 —999.694537 —41.809788 0.207

(1) 17.01118 17.01118 120 —997.303845 0.522

(170) 12.02872 17.01m8 90 —987.090243 0.240
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Figure 7. a) UV-vis absorption spectra, b) Mott—Schottky plots, c) PL spectra, d) TRPL decay spectra, €) photocurrent response density, and f) EIS

Nyquist plots of as-prepared samples.

2.2. Photodegradation Performance and Photostability
of Catalysts

In order to evaluate the photocatalytic activity of as-prepared
samples, the experiments in dark and under visible irradia-
tion (A1 > 420 nm) were performed. As shown in Figure 8a, the
adsorption performance of W,N;-NV is very poor, only about
1.0% of AMX was removed. The concentration of AMX also did
not further decrease after visible light irradiation, indicating
that the pure W,N;-NV did not have photocatalytic activity.
The photocatalytic activity of pure Ag;PO, was also unsatis-
factory. Only 42.5% of AMX was removed after 300 s of illu-
mination, which was due to the high recombination rate of
photogenerated carriers and its photocorrosion. Obviously, with
the introduction of W,N;-NV, all the composite photocatalysts
significantly improved its degraded ability for AMX. Especially
for Ag;PO,@5 mL W,N;-NV, the degradation rate of AMX
reached 94.3% after 40 s of illumination, and reached 100%

Adv. Funct. Mater. 2022, 32, 2108814 2108814

after 1 min. The kinetics of the photodegradation of AMX by dif-
ferent samples were fitted with the pseudo-first order reaction
model (-In (C/Cy) = kt), where k is the apparent rate constant.
As shown in Figure S7a, Supporting Information, it can be seen
that the apparent rate constant of Ag;PO,@5 mL W,N3-NV
was 0.073 s7!, which was 42.9 times higher than that of pure
Ag;PO, (0.0017 s7!). Moreover, the photocatalytic reaction of
Penicillin G (PNL) with different photocatalysts was also carried
out, and the results were provided in Figure 8b and Figure S7b,
Supporting Information. Similar results can also be observed,
and there was only 12.4% PNL removed after 16 min of irradia-
tion with presence of Ag;PO,, while the degradation efficiency
of PNL by Ag;PO,@5 mL W,N3-NV can reach 100% within
8 min of illumination. The apparent rate constant of PNL on
the Ag;PO,@5mL W,N;-NV composite was 0.7 min~}, which
was 777 times than that of the pure Ag;PO, (0.009 min~). The
above results indicated that the photocatalytic performance
of Ag;PO, was significantly improved after combining with

(9 of 16) © 2021 Wiley-VCH GmbH
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Figure 8. Photocatalytic degradation curves of a,c) AMX and b,d) PNL in the presence of as-prepared samples. e) Photocatalytic degradation curves
of AMX over Ag;PO,@W;,N;-NV composite with different active species scavengers. ESR spectra of f) DMPO--O,™ and g) DMPO--OH under both the
dark and visible light irradiation (1 >420 nm) condition. h) Cycling test for the photocatalytic degradation of AMX in the presence of different samples.

W,N3-NV, which was due to the good charge transfer between
the interfaces and the efficient photogenerated carrier separa-

tion of composite catalysts.

To investigate the effect of nitrogen vacancies on the photo-
catalytic activity of composite photocatalysts, the optimal
composite catalyst Ag;PO,@5 mL W,;N;-NV was selected as
the comparison, thus the Ag;PO,@5 mL W,N; composite
was also prepared using W,N3 without annealing in hydrogen
atmosphere. According to the analysis results of Figure 2, it

Adv. Funct. Mater. 2022, 32, 2108814

can be seen that W,N;3 contained almost no nitrogen vacan-
cies. The photocatalytic degradation experiment of AMX and
PNL by Ag;PO,@5 mL W,N; was carried out, and the results
as presented in Figure 8c,d. It could be observed that the
photocatalytic activity of Ag;PO,@5mL W,N; composite was
lower than that of Ag;PO,@5 mL W,N3-NV, and the obtained
degradation data were fitted well with the pseudo-first order
reaction model. The apparent rate constant of AMX and PNL
degradation by Ag;PO,@5 mL W,N;-NV was 0.073 s7! and
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0.700 min~! respectively, which was 2.35 and 2.03 times that of
Ag;PO,@5 mL W,Nj; (0.031 st and 0.231 min™!), respectively.
The results demonstrated that the introduction of nitrogen
vacancies on W,Nj could further improve the photocatalytic
performance of binary composite catalysts, which may result
from there being more dangling bonds formed on the surface
of W,N;-NV. The appearance of nitrogen vacancy promoted
the formation of new chemical bonds and charge transfer at
the interface between Ag;PO, and W,N3-NV, which can signifi-
cantly facilitate the separation of photogenerated carriers.

In order to explore the active species that played a major role
in the photocatalytic reaction of Ag;PO,@W,N;-NV composite,
quenchers of different active species were added to the reaction
system.*>30 EDTA-2Na, benzoquinone, AgNO;, and isopro-
panol (IPA) were used as quenchers for photogenerated holes
(h*), superoxide radicals (-O;"), photogenerated electrons, and
hydroxyl radicals (-OH), respectively. The photocatalytic degra-
dation curves with different quencher presence were shown in
Figure 8e. It can be clearly observed that the composite catalyst
was almost inactivated in the presence of EDTA-2Na, indicating
that photogenerated holes play an important role in the photo-
catalytic degradation process. In addition, after adding benzoqui-
none, the removal rate of AMX was only 177% after irradiation
for 5 min, implying that superoxide radical was another
important active species. With the addition of AgNO; and IPA,
the photocatalytic activity of Ag;PO,@W,N;-NV composite was
also reduced, but the effect was much less than that of EDTA-
2Na and benzoquinone. Therefore, the results showed that all
the above species contributed to the photocatalytic degradation
reaction, while the dominant roles were photogenerated holes
and superoxide radicals. To further verify the ability of the
composite photocatalyst to produce free radicals, ESR spectra
were measured, and the results were shown in Figure 8f,g. It
was found that the signal peaks of -OH and - O, could not be
detected in the reaction system under dark condition. After vis-
ible light irradiation, high-intensity characteristic peak signals
appeared, and the intensity increased with the extension of the
illumination time. Due to the positive valence band position of
Ag;PO,, the photogenerated holes it generated can directly oxi-
dize pollutant molecules, or react with H,0 and OH™ to generate
-OH. In addition, the photogenerated electrons readily reacted
with oxygen adsorbed on the catalyst surface to form -O,".
The produced photogenerated holes, -OH and -O,” can all
attack the pollutant molecules, and achieve the purpose of
degrading and removing pollutants.

The stability of photocatalysts is another important index to
evaluate the performance of catalysts, so the recycling degrada-
tion experiment of as-prepared Ag;PO, and Ag;PO,@W,N;-NV
has been carried out. In brief, the used photocatalysts were col-
lected after filtration, washing, and drying, and then applied to
another round of AMX degradation experiment under the iden-
tical conditions. As shown in Figure 8h, after the composite
catalyst was recycled for five times, the removal rate of AMX
can still reach 100% within 5 min. However, the removal effi-
ciency of AMX by the pure Ag;PO, was decreased from 42.5%
to 11.9%, and the reduction rate reached 72%. Such poor sta-
bility was due to the serious photocorrosion of pure Ag;PO,;
its photogenerated electrons easily reacted with the lattice
silver to form Ag’, thus destroying the crystal structure and
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inhibiting the photocatalytic activity. However, after combining
with W,N3-NV, not only the photocatalytic activity was signifi-
cantly improved, but also the stability of the composite cata-
lyst was greatly improved. Moreover, the used photocatalysts
were characterized by XRD, and the results were provided in
Figure S8, Supporting Information. It could be clearly observed
that a strong peak at 38.12° appeared in the spectra of used
pure Ag;PO,, which belongs to Ag (111), indicating that the lat-
tice silver in pure Ag;PO, was indeed reduced to metallic silver
by the photogenerated electrons. However, only one weak peak
was found in the spectrum of the used Ag;PO,@W,N;-NV
composite catalyst, demonstrating that the composite photocat-
alyst has good stability and antiphotocorrosion ability. This can
be attributed to the abundant electron transfer between Ag;PO,
and W;,N;-NV, resulting in the formation of interfacial charge
polarization, and then the built-in electric field was constructed,
which promoted the efficient separation of photogenerated
carriers.

2.3. Electron Transfer Mechanisms Analysis Using Density
Functional Theory Calculations

The above results indicated that the introduction of W,N;-NV
can effectively promote the photocatalytic activity and stability
of the Ag;PO, catalyst, and the XPS results showed that there
was a strong interface interaction and electron transfer between
Ag;PO, and W,N;-NV. Therefore, in order to further explore
the electron transfer mechanism, DFT calculations were car-
ried out and the optimized configurations were presented in
Figure S9, Supporting Information. First, the work function
of W,N3-NV and Ag;PO, was calculated, and the results are
shown in Figure 9a,b. The work function defined as the poten-
tial difference between vacuum and Fermi level, is described in
Equation (3):

O=FE, —E; (3)

where ® is the work function, E,,. is the electrostatic potential
in a vacuum region, and Fy is the Fermi energy.”! According
to the calculated results, it could be found that the work func-
tions of W,N3-NV and Ag;PO,(100) were 6.894 and 4.344 eV,
respectively, indicating that Ag;P0O4(100) has higher Fermi level
(Figure 10a). When they form a close contact, in order to bal-
ance the Fermi energy in the whole composite, the electrons
of Ag;PO, will be transferred to W,N3-NV. When the Fermi
energy is equal to Epy, the energy band near the surface of
Ag;PO, will form a potential barrier to prevent the transfer of
electrons from W,;N;-NV to Ag;PO, (Figure 10b). When the
composite catalyst was exposed to visible light, the Fermi level
of Ag;PO, increased to Ep; to form a quasi-static equilibrium
with the energy input and electron transition (Figure 10c). In
order to keep the unity of the Fermi level in the whole com-
posite catalysts, a net electron transfer from the CB of Ag;PO,
to the W,N3-NV will continuously occur, which could effectively
promote the separation of photogenerated electrons and holes.
Moreover, the planar averaged self-consistent electrostatic
potential for Ag;PO,(100)@W,N3-NV composite as a function
of position in the z-direction was calculated and the results as

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

v

<>

Average potential (V)
&

(b) Ag,PO, (100)

10+
-15
20
25 L n n 2 "
5 10 15 20 25
Distance (Angstroem)
C U A PO A '
o 5F vacmm ), b ¥ i
C | 1 i
E or : '
¥ : :
8 s B
], ! A
& -10f : 7
|
g ' : i
t 1
T : cal
|
| ST N A
[1] 5 10 15 20 25 30 35
Distance (Angstroem)

Figure 9. The planar averaged electrostatic potential and work function analysis of a) W,N3-NV, b) Ag;PO,, and c) Ag;PO,@W,N3-NV composite.

shown in Figure 9c. It could be observed that after geometry
optimizations, the atoms in the top two layers of Ag;PO,4(100)
were rearranged. The O atom of Ag;P0O,(100) directly below the
defect of N atom in W,N;-NV moved up obviously, and a new
chemical bond was formed between W and O. The chemical
bond formed could provide a new channel for electron transfer
between interfaces. As depicted in Figure 9c, although the
atoms in the upper layer of Ag;PO,(100) moved, the overall
periodic lattice potential in the Ag;P0O,(100) lattice could also
be clearly observed. Remarkably, a huge potential well appeared
at the interfaces of Ag;P0,(100) and W,N;-NV, which could sig-
nificantly promote the electrons transfer between interfaces.

In order to further explore the charge transfer and separa-
tion at the Ag;PO,@W,N3-NV composite, the charge density
difference of composite heterostructure was calculated, and the
results are depicted in Figure 11a,b. The charge density differ-
ence was calculated by Equation (4):

Ap =p [AgsP0O4(100)@ W5N3-NV ]|~ P [AgsPO4(100)] P(W,N;-NV) (4)
where p[Ag;PO,@W,N;-NV], p[Ag;PO,(100)], and p(W,N;-NV)
are the charge densities of the composite, Ag3PO,(100) surface,
and W,N;-NV in the same configuration, respectively.?>>2 As
shown in Figure 1la, the yellow region represented charge
depletion, and the green region indicated charge accumula-
tion. It could be clearly observed that the charge redistribution
mainly occurred at the Ag;PO,@W,N;-NV composite interface
region, the charge depletion was mainly in the upper region of
Ag;P0,(100), and charge accumulation was mainly in the lower
area of W,N;-NV. In addition, the planar-averaged charge den-
sity difference along the z-direction was also calculated to reveal
the change of charge density, and the results are illustrated in
Figure 11b. Positive and negative values represent the accumu-
lation and consumption of charge, respectively. Therefore, the
change at interfaces indicated that the electrons transferred

= -

(a) (b)
CB CB
E

F EF I—
Ag3PO4 W2N3"NV
Before contact

Become Composite

Under irradiation

Figure 10. Schematic illustration for the band energetics of Ag;PO, and W,N3-NV system: a) before contact, b) become Ag;PO,@W,N3-NV composite

but in the dark, and c) composite catalysts under irradiation.
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35

Figure 11. a) 3D charge density difference (0.001 e bohr=3) for the Ag;PO,@W,N3-NV composite (green and yellow areas indicate charge accumula-
tion and depletion, respectively). b) Planar-averaged electron density difference Ap(z) for the composite. The energy band charge density distributions
(0.0003 e bohr=3) of c) the highest occupied energy band (HOEB) and d) the lowest unoccupied energy band (LUEB). the green and yellow colors
represent the charge density distribution with and without electron occupation.

from the Ag;P0O4(100) side to the W,N;-NV side across the
interface and the chemical bonds, which was good in agree-
ment with the results from the analysis of work functions.

In order to quantify the change of charge density, the Bader
charge analysis was also utilized to study the change of charge
densities in the Ag;PO,@W,N;-NV composite heterostructure,
and the results are summarized in Table S3, Supporting Infor-
mation. The results indicated that there was about 2.45 electron
transfer from the Ag;PO, layer to the W,N3-NV layer. In addi-
tion, the Ag;PO,@W,N; composite heterostructure without
N vacancy was constructed, and the same calculation was car-
ried out. The results showed that there was only 2.01 electron
transfer at the interface between the Ag;PO, and W,Nj3, indi-
cating that the appearance of N vacancy can significantly pro-
mote the electron transfer at the interface. This was mainly due
to the formation of N vacancy, which led to the appearance of
W-hanging bond on the surface of W,N3-NV. The hanging bond
tends to form chemical bond with the O atom of Ag;PO, at the
interface, thus forming a new electron transfer channel to pro-
mote electron migration.

To investigate the migration direction of photogenerated
electrons, the band decomposed charge densities of highest
occupied energy band (HOEB) and lowest unoccupied energy
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band for the Ag;PO,@W,N;3-NV heterostructure are calculated
and shown in Figure 11c,d. It could be clearly observed that the
HOEB of the composite heterostructure was occupied by the
electron orbitals of Ag;PO,, whereas the HOEB was occupied by
the electron orbitals of W,N3-NV. Therefore, after the composite
photocatalyst was exposed to the visible light, the electrons
on Ag;PO, undergo a transition and migrate to W,N;-NV,
which was in agreement with the analysis results from
Figures 9 and 10. Meanwhile, the photogenerated holes remain
in the valence band of Ag;PO,, which can directly attack and
oxidize organic pollutants.

2.4. Photocatalytic Degradation Mechanism of Photocatalysts

Based on the analysis of the above experimental and calculated
results, a reasonable photocatalytic mechanism promoting deg-
radation of MBlactam antibiotics by Ag;PO,@W,N3;-NV com-
posite was proposed, as shown in the Figure 12. Under the
visible light irradiation, the Ag;PO, can be easily excited to pro-
duce photogenerated electrons (e7) and holes (h*). Because of
the formation of heterogeneous structure and good interface
contact between Ag;PO, and W,N;-NV, especially due to the
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Figure 12. Schematic illustration of photocatalytic degradation mechanism for AgsPO,@W,N;-NV composite under visible light irradiation.

presence of N vacancies, the defects and W-hanging bonds were
formed on the surface of W,N3-NV catalyst, resulting in the for-
mation of new chemical bonds at the interface. The new chem-
ical bonds can be used as a good electron transfer channel,
making it easy to transfer electrons between interfaces. More-
over, the built-in electric potential well at the interface of com-
posite made the W,N3-NV act as an electron sink, which steers
the unidirectional electron flow to be trapped by the W,N;-NV,
thus significantly promoting the separation of photogenerated
carries.

Therefore, the photogenerated electrons produced by Ag;PO,
tend to migrate to the W,N3-NV, and reacted with the O,
adsorbed on the surface of the catalysts to generate superoxide
radicals (-O,7). The antibiotic molecules would be attacked
by -O,”, which would be gradually broken down into small
molecules and eventually mineralized into water and carbon
dioxide. Meanwhile, due to the positive valence band position
of Ag;PO,, the photogenerated holes left on the valence band
have strong oxidation ability, and they can also directly oxi-
dize pollutant molecules. In addition, it can react with H,O to
produce hydroxyl radicals (-OH), which also have the ability
to attack and decompose pollutants. Finally, due to the high
photocatalytic activity of the composite catalysts and the for-
mation of active species, the antibiotic molecules were rapidly
decomposed.

3. Conclusions

In this study, the W,N3-NV was successfully synthesized by
annealing 2D W,N; nanosheets under hydrogen atmosphere.
As-prepared novel composite photocatalysts Ag;PO,@W,N;-
NV exhibited excellent photocatalytic removal performance for
[Blactam antibiotics. After 8 and 1 min of visible light irradia-
tion, the degradation efficiency of PNL and AMX reached 100%,
and the reaction rate increased to 777 and 42.9 times, respec-
tively. The results of radical trapping experiments and ESR
spectra indicated that the active species which play a dominant
role in the catalytic degradation process were photogenerated
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holes and superoxide radicals. The results of DFT calcula-
tions, including the work function, Bader charge analysis, 3D
charge difference density, and planar averaged self-consistent
electrostatic potential, showed that there was a large amount
of charge transfer between the interface of Ag;PO, and W,Nj3-
NV. The presence of nitrogen vacancies leads to the formation
of new chemical bonds at the interface of composite catalysts,
which can be used as a channel for rapid charge transfer. The
existence of a huge built-in potential well and the difference of
Fermi energy levels let W,N3-NV be used as an electron trap
to rapidly migrate the photogenerated electrons produced by
Ag;PO, to the catalyst surface, so as to significantly promote
the efficient separation of carriers and the improvement of cata-
lytic activity. This study developed a novel highly efficient het-
erojunction photocatalyst that can effectively remove flactam
antibiotics, and provided a new strategy for interface engi-
neering design of heterojunction catalyst.

4. Experimental Section

Chemicals:  Sodium nitrate  (NaNO;), ammonium tungstate
((NHg)1oW1,04 - xH,0), silver nitrate (AgNOs), ethanol (CH;CH,0OH),
disodium hydrogen phosphate dodecahydrate (Na,HPO,-12H,0) were
obtained from Sinopharm Chemical Reagent Co. Ltd., China, and used
without further purification. AMX and Penicillin G (PNL) were purchased
from Sigma-Aldrich and used directly.

Synthesis of Na,W,0,3 Nanosheets: The Na,W,O;; nanosheets were
prepared by a modified molten-salt method.B" In a typical process,
8.0 g of NaNO; was added to the crucible and then put into a preheated
muffle furnace (350 °C) for 30 min. Next, 0.2 g (NH4);qW1,04 - xH,0
was added into the above NaNOj; that had turned to a molten state,
and reacted for 60 s. Then, the products were removed from the muffle
furnace and naturally cooled to room temperature. Finally, the obtained
powder was washed with deionized water for several times to remove
extra NaNOjs, and then freeze-dried to obtain Na,W,O;3 nanosheets.

Synthesis of W,N;: The W,N; was prepared according to the follow
reaction.

750°C
Na,W, 05 +NH; — W,N; +Na,WO, +H,0 (5)

First, 0.1 g of Na,W,Oy; was added into a quartz boat and transferred
to the tube furnace, which was calcined at 750 °C for 5 h under 5% NH;/Ar
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atmosphere (heating rate: 5 °C min™'). After cooling down to room
temperature naturally, the mixture was washed with deionized water
and sonication for 10 min to remove the Na,WO,, and the W,N; was
collected by centrifugation and freeze-dried for 2 days.

Synthesis of W,Nj3 with Nitrogen Vacancies: The W,N3-NV was
prepared by annealing W,N3; under H, atmosphere. In detail, the above
W,N3 was annealed in 5% H,/Ar flow at 500 °C for 3 h with a heating
rate of 3 °C min~". After cooling down to room temperature naturally, the
W;N3-NV was prepared successfully.

Synthesis AgsPO, and AgsPO,@W,N3-NV: The synthetic method of
pure Ag;PO, and Ag;PO,@W;N;-NV was referred from the authors’
previously reported method.’3 First, 0.1 g of as-prepared W,N;-NV
was added into 200 mL deionized water, and ultrasonically dispersed
for 1 h to obtain a W,;N;-NV suspension. Afterward, 5 mL of W,;N3-NV
suspension was diluted to 30 mL with deionized water, and the AgNO;
aqueous solution (20 mL, 9 mmol) was added to the above 30 mL of
W,N3-NV aqueous suspension and then stirred violently in dark for
12 h. Then, the Na,HPO,-12H,0 aqueous solution (20 mL, 3 mmol) was
added to the above mixture at a rate of 0.1 mL min~". After maintaining
stirring for 6 h in dark condition, the AgsPO,@5 mL W,;N3-NV was
collected by centrifugation, washed by deionized water, and finally dried
overnight in vacuum (60 °C). The Ag;PO,@W,N3-NV composites with
different content of W,N; were prepared by changing the volumes
of W,N3-NV suspension, and the pure Ag;PO, was prepared without
adding of W,N3-NV.

Computational Details and Methods: All DFT calculations were
performed using MedeA-VASP. The calculations were based on DFT and
the exchange-correlation potential was described with the GGA-PBE.
The Ag3PO,(100), Ag;PO,(110), and AgsPO, (111) surface models were
constructed is shown in Figure 5, which all contain 192 atoms. The
electronic iterations convergence was 1.00 x 10~ eV using the normal
(blocked Davidson) algorithm and real space projection operators.
A default planewave cutoff energy of 400.000 eV was used. Since the
AgzPO, (100) was the most stable one among the low index surfaces,l
a supercell of Ag;PO4(100) @W;,N;-NV was constructed, which included
the AgsPO, (100) surface slab and W,;N;-NV slab. A vacuum layer
with a thickness of 20 A was set to avoid artificial interaction in the
supercell (30.27 x 5.83 x 39.10 A%). Van der Waals interactions were
added by means of a forcefield (DFT+D3 approach of S. Grimme with
zero-damping).>%¢1 The requested k-spacing was 0.5 per Angstrom,
which corresponded to actual k-spacings of 0.208 x 0.359 x 0.161
per Angstrom. The k-mesh was forced to be centered on the gamma
point. The models of different structures were provided in Figure S9,
Supporting Information.

The sections of characterization and photocatalytic experiments are
available in the Supporting Information.
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