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ABSTRACT

y-graphyne (y-G), as a new kind of 2D carbon allotrope that consists of sp- and sp>-hybrid carbon atoms, has
great potential in the development of highly efficient photocatalytic systems because of its unique properties. In
this study, novel photocatalysts AgsPO4@vy-G with excellent photocatalytic activity and photostability were
successfully synthesized by a facile preparation method. The density functional theory (DFT) calculation results
of Ag;P0O4@y-G composite, including the band charge density distributions, three-dimensional charge density
difference and planar average electrostatic potential, indicated the successful construction of electrons transfer
layer in AgzPO4@Y-G composite. The photogenerated electrons of AgzPO,4 can be rapidly transferred to the y-G
under the driving of built-in potential well, which leads to the high separation efficiency of photogenerated
carriers and greatly improves the photocatalytic performance of catalysts. The photocatalytic degradation rate of
norfloxacin (NFL), 2-Hydroxynaphthalene (2-HNP) and phenol over the binary composite catalyst could reach
100 % only after 8, 5 and 16 min of visible light irradiation respectively, and the apparent rate constants of
which were 15.3, 9.6 and 19.7 times higher than that of the pure Ag;PO, respectively. The analyses of LC-MS
and 3D EEMs showed that the 2-HNP and NFL mainly degraded into short-chain carboxylic acids. The results of
free radical quenching experiment and ESR characterization suggested that all kinds of active species worked in
the degradation process, while the photogenerated holes and superoxide radicals played a dominant role. The
novel addition of y-G and the construction of electrons transfer layer in photocatalysts provide a new strategy for
the design of efficient environmental remediation catalysts.

1. Introduction

especially, under visible light irradiation, it can achieve about 90 %
quantum efficiency in water oxidation and show excellent decomposi-

Facing the aggravating energy crisis and environment pollution, it is
necessary to find environment-friendly clean energy and develop effi-
cient treatment technology [1,2]. Semiconductor photocatalysis has
become increasingly promising technology, which can directly utilize
solar energy to degrade pollutants efficiently [3-5]. The core issue of
this technology is to explore and construct the new photocatalyst with
good stability and high photocatalytic efficiency [6-8]. Among nu-
merous photocatalysts, silver phosphate (AgsPO,4) has been proved to
be one of the most potential photocatalysts due to its high oxidative
ability, simple preparation process and low toxicity [9]. More

tion ability for organic pollutants [10]. However, it is also inevitably
flawed. The photocorrosion is relatively severe after illumination and it
tends to form large-sized crystals particles in the preparation process,
which greatly limits its wide application and catalytic performance
[11].

Many attempts have been made to overcome these shortcomings,
including the preparation of small-sized crystal particles [12,13], facet
engineering and shape control [10,14], and the construction of het-
erogeneous structures [11,15]. Assembling AgsPO, with other materials
to form composite photocatalysts exhibits the unique advantages of
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improving the optical absorption performance, effectively separating
and transferring charges, and enhancing the stability [16]. At present,
the main composite agents are metal [17], semiconductor [18],
polymer [19] and carbon materials [20]. Among them, the addition of
carbon materials has been proved to be a very effective method to
optimize the microstructure of AgsPO, and improve its photocatalytic
performance [9]. For example, Yang et al. used the graphene to fabri-
cate Ags;POy-graphene composite photocatalyst, which greatly im-
proved the photocatalytic performance and stability of AgsPO, [20].
The combination of carbon quantum dots and AgzPO,4 was also an ideal
strategy for the preparation of stable and efficient complex photo-
catalytic [21]. Our previous reports indicated that the coupling of
MWCNTs could not only enhance the catalytic activity of AgsPO,4, but
also control its crystal size [22,23]. The above successful cases fully
demonstrated that carbon material is a promising candidate to over-
come the defects of AgzPO, and improve its catalytic performance.

Graphynes is one kind of new carbon allotropes that feature layered
2D structure assembled by carbon atoms with sp- and sp>- hybridization
form [24,25]. The presence of acetylenic groups in graphynes generates
more excellent optical and electronic properties than those of conven-
tional carbon materials [26]. In the past few decades, many efforts
including theoretical predictions and practical experiments have been
carried out to explore this novel material. Until 2010, Li et al. synthe-
sized graphdiyne films on the surface of copper via a cross-coupling
reaction using hexaethynylbenzene for the first time [27]. Graphynes
can be classified as a-graphyne, (-graphyne, y-graphyne, 6,6,12-gra-
phyne, graphdiyne and so on. In the graphyne family, y-graphyne (y-G)
possesses the highest stability in theory, and there is an acetylenic
group between the two adjacent hexagons benzene rings [28]. More-
over, Puigdollers et al. reported that y-G has high-velocity carrier
transport capacity [29]. Therefore, the application of y-G in the field of
photocatalysis has also been developed. For instance, y-G was combined
with TiO, to fabricate the TiO»/y-G heterojunction structure, indicating
that the addition of y-G can simultaneously improve the absorption of
visible light and suppress the recombination of photoexcited electron-
hole pairs during the photocatalytic process [28]. Yang et al. also found
that compared with the pure TiO, and TiOy/graphene, the TiOy/gra-
phyne composite exhibited the most outstanding performance in the
charge separation and oxidation ability [30]. The above reports showed
that y-G is a good additive for photocatalytic system, which can effec-
tively inhibit the recombination of carriers and improve the photo-
catalytic activity.

Despite the excellent properties of y-G, it is difficult to produce in
large scale through the cross-coupling reaction using hex-
aethynylbenzene due to its sophisticated preparation process and harsh
conditions. Thus, it is urgent to find a simpler synthetic method.
Mechanochemistry has been regarded as a driving force for cross-cou-
pling reaction. Li et al. synthesized some alkynyl carbon materials by
interfacial mechanochemical reactions [31]. Turberg et al. prepared the
1,4-diamino-2-butynes by mechanochemical method with calcium
carbide as acetylene source [32]. More specially, Cui et al. successfully
synthesized the y-G by cross-coupling reaction using calcium carbide
and 1,3,5-tribromobenzene via mechanochemistry [25,33]. Thus, it is
feasible to prepare y-G by this simple, rapid and reproducible chemical
synthesis method.

Based on the previous works, the y-G with high-speed carrier mo-
bility is considered as a promising photogenerated electrons transfer
layer to transfer the photogenerated electrons of AgsPO, rapidly to the
surface of catalyst, inhibit the photocorrosion and improve its photo-
catalytic activity. However, to the best of our knowledge, there is little
information about the novel Ag;PO,@Y-G composite photocatalyst with
superior photocatalytic performance and photostability. No previous
reports have appeared regarding the use of facile preparation method
that combined the mechanochemistry and electrostatically driven self-
assembly approach to fabricate the y-G-based photocatalyst. Moreover,
the reports and data proof on the construction of electrons transfer
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layer in AgzPOy4-based photocatalyst are not available. Herein, the
novel photocatalyst AgsPO,@y-G was synthesized for the first time by a
facile method. In addition, the photogenerated electrons transfer layer
in AgsPO4@y-G composite was constructed and proved firstly by the
DFT calculation. The photocatalytic performance of photocatalysts was
evaluated by degradation of norfloxacin (NFL), 2-Hydroxynaphthalene
(2-HNP) and phenol under visible light. The photodegradation products
and pathway of NFL and 2-HNP were investigated by the LC-MS and 3D
EEMs. The photodegradation mechanisms were studied by the free ra-
dical quenching experiment and ESR characterization. This study pro-
posed a new design strategy for improving the carrier separation effi-
ciency and developing AgsPO4-based photocatalyst.

2. Experimental section
2.1. Chemicals and materials

Norfloxacin (NFL) and 2-Hydroxynaphthalene (2-HNP) were pur-
chased from Sigma-Aldrich. Phenol, benzene, ethanol, glacial acetic
acid, triethylamine, silver nitrate (AgNOs3), disodium hydrogen phos-
phate dodecahydrate (Na,HPO412H,0), calcium carbide (CaC,) and
nitric acid (HNO3) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). All the reagents were of analytical grade,
and de-ionized water (18.25MQ.cm) was used in the whole experi-
ment.

2.2. Preparation of samples

2.2.1. Synthesis of y-graphyne
The preparation of y-graphyne was referred to a modified me-

chanochemical method [33,34]. Typically, 2mL of benzene, 10.0 g of
CaC,, 35mL of ethanol and 375 g of stainless steel balls with different
diameters (5, 8, 10, 12 and 15 mm) were mixed in a stainless steel pot
(250 mL). The pot was processed in planetary ball mill (TENCAN
QXQM-2, China) under vacuum condition. The precursor compounds
were ball-milled at 600 rpm for 8h, and then at 450 rpm for 8 h. To
avoid overheating, a cooling interval of 3 min was set after every 6 min
during the milling. After then, the obtained products were annealed in
N, flow at 260 °C for 3 h. The annealed powder was purified twice by
HNO;3; (0.1 mol/L) and glacial acetic acid (2mol/L) with ultrasonic
treatment for 1 h, respectively. Finally, the obtained samples collected
from the above dispersions were washed repeatedly with deionized
water to neutral and dry in vacuum (60 °C).

2.2.2. Synthesis AgsPO,4 of and AgsPO,@vy-graphyne (AgsPO4@v-G)

The synthetic method of pure Ag;PO, and Ag;PO,@y-G was re-
ferred to our previously reported methods [23]. Typically, the
AgsPO4@y-G was prepared by an electrostatically driven self-assembly
method. Firstly, 0.01g y-G were dispersed into deionized water
(400 mL), and sonicated for 1 h to get a y-G suspension. Secondly, y-G
suspension with different volumes was diluted to 100 mL, and AgNO3
solution dissolved by 1.074 g AgNO3 in 20 mL de-ionized water was
added to the above y-G aqueous suspension at a rate of 0.3 mL/min. The
mixture was stirred in dark for 12 h. Then, Na,HPO412H,0 solution
(20 mL, 3 mmol) was added to the mixture of AgNO3 and v-G at the rate
of 0.1 mL/min, and stirred for 6 h under dark conditions. Finally, the
precipitate was washed with deionized water and ethanol for several
times, and dried in vacuum (55°C). For comparison, the pure AgzPO,
was prepared under the same conditions as AgzPO,@y-G without y-G.

2.3. Computational methods

All calculations were performed using the MedeA-VASP package.
The calculation was based on the density functional theory (DFT) and
the GGA-PBE exchange-correlation functional for describing the inter-
actions. Van der Waals interactions were added by means of a forcefield
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(DFT + D3 approach of S. Grimme with zero-damping). Since no
magnetic moments were in the model, this was a non-magnetic calcu-
lation using mormal' precision and an increased planewave cutoff en-
ergy of 520.00 eV. The electronic iterations convergence was 1.0 > eV
using the normal (blocked Davidson) algorithm and real space projec-
tion operators. The requested k-spacing is 0.3 per Angstrom, which
leads to a 2 X 2 X1 mesh. This corresponds to actual k-spacings of
0.261 x 0.251 x 0.209 per Angstrom. The k-mesh was forced to be
centered on the gamma point, using Gaussian smearing with a width of
0.05eV. The GGA-PBE functional to describe the approximate ex-
change-correlation potential leads to a vast underestimation of the band
gap, which is due to the self-interaction error inherent to this func-
tional. Thus, the calculations of band structure were based on the hy-
brid functional HSE06 for describing the interactions, and non-local
exchange was evaluated using 'Fast' precision. The AgzPO,4 (100) sur-
face was chosen to model the AgzPO,, because it is the most stable one
among the low index surfaces [9,23]. In a supercell
(12.03 x 12.53 x 30 A%, a single y-G layer containing 48 carbon
atoms sits on the AgsPO,4 (100) surface slab containing 128 atoms with
the several bottom layers fixed at bulk position. The vacuum depth was
as large as 15 A for all of the models to avoid artificial interaction. The
models of different samples were presented in Fig. S1.

The section of characterization and photocatalytic experiments are
provided in the supporting information.

3. Results and discussion
3.1. Characterization of materials

The morphologies and microstructures of y-G were characterized by
SEM and HRTEM (Fig. 1). As shown in Fig. 1a, as-prepared y-G pre-
sented as the 2D multilayer thin flake structure with rough surface, and
there were a small amount of flaky structure that exhibited as curling
feature. The TEM image (Fig. 1b, c) also indicated clear overlapped
sheet morphology of the prepared sample, which further confirmed the
2D morphology of y-G. The selected area electron diffraction (SAED)
pattern indicated that the material with polycrystallinity (Fig. 1d). The
corresponding lattice distances were determined and calculated as
0.298, 0.223 and 0.153 nm, respectively. According to previous reports,
layered graphyne has various stacked crystalline structures, including
the AA, AB, and ABC stacking modes [35,36]. In addition, the corre-
sponding lattice distances of y-G with AA/AB stacking mode could be
calculated as 0.198, 0.224, 0.297 and 0.342 nm, respectively [29,33].
Thus, the lattice distances of as-prepared y-G coincided well with the
AA/AB stacking mode. Moreover, the lattice fringes spacing of 0.365
and 0.223 nm could be clearly seen in the image of HRTEM (Fig. 1e and
f). The lattice parameter of 0.365 nm was in good agreement with the
spacing between carbon layers [37]. The typical interplanar spacing of
0.223 nm observed in the Fig. 1f further indicated that as-prepared
sample was the y-G with AA/AB stacking mode. The corresponding fast
Fourier transform (FFT) pattern (inset image in Fig. 1f) indicated that
the y-G presented as a hexagonal pattern, which is the typical pattern of
hexagonal crystal system [35]. This was consistent with the crystal
structure of graphyne.

The atomic force microscopy (AFM) was performed to obtain more
information about the 2D morphology and layer structure of the pre-
pared y-G. The results were provided in Fig. 2A, it could be found that
the vy-G showed flake structure with a thickness about of 1.4-1.5nm,
indicating  as-prepared material was about four layers
(=0.365nm X 4). The bonding structure and chemical environment of
the element in y-G were investigated by XPS and Raman spectroscopy.
As shown in Fig. 2B, the high-resolution Cls XPS spectra were cor-
rected by Shirley background and fitted by Lorentzian and Gaussian
functions, which could be deconvoluted into four subpeaks. Peaks lo-
cated at 284.5, 285.2, 286.7 and 288.5 eV were attributed to the sp®
(C=0Q), sp (C=C), C—O0, and C = O respectively [36,38]. The presence
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of O signal was due to the absorption of air in y-G [37]. Interestingly, it
could be observed that the abundance ratio of the sp?/sp hybrid car-
bons was about 1.0, which was in good agreement with the chemical
composition of y-G [25]. Two kinds of hybrid carbons with excellent
symmetry area ratio indicated that as-prepared material possessed high
structural integrity [28,33]. The Raman spectrum of y-G was provided
in the Fig. 2C. The band at around 681 cm ™' could attribute to the
bending vibration of sp-hybridized carbon that originated from the
conjugated ethynyl links [34]. The characteristic peaks located at
1346 cm ™! and 1578 cm™ corresponded to the D bands and G bands,
which were attributed to the amorphous carbon and aromatic rings
carbon, respectively [39]. The peaks at 1942 and 2190 cm ™! were due
to the stretching vibration of alkynyl groups (—C=C-), which further
confirmed the presence of sp hybrid carbon [24]. The above char-
acterization results indicated that the y-G with high structural integrity
have been successfully prepared, and its chemical structure as shown in
Fig. 2D.

To acquire the morphology and microstructure information of
AgsPO,4 and Ags;PO,@v-G, as-prepared samples were firstly character-
ized by SEM and element mapping. As shown in Fig. 3a, pure AgsPO,4
crystal was an irregular spherical polyhedron with a diameter of about
10— 20 um, and some small particles were attached to it. Interestingly,
after coupling with the y-G, no large AgsPO, crystal particles could be
found in the Ag;PO,@vy-G composite, and the particle size of AgzPO,
ranged from 0.1 to 0.4um (Fig. 3b). Similar phenomena have been
reported in our previous studies, which were due to the electrostatically
driven assembly between the positively charged Ag* and the negatively
charged y-G [13,20,22]. Moreover, as presented in the SEM images of
AgsPO4@y-G composite (Fig. 3c—d), flake y-G were clearly seen and in
good contact with the AgzPO, particles. In order to further observe the
distribution of y-G in the composites, SEM-elemental mapping images
were provided in Fig. 3e-i, indicating that y-G were evenly distributed
in the Ag3PO,@y-G composite. To acquire more structural information,
the HRTEM image of different samples was recorded and presented in
Fig. 4. The overlapped structure of flake was y-G, and the AgszPO4
particles were coated by the sheet or attached to the sheet. The typical
lattice fringes distance of 0.224 nm belonged to the y-G could be clearly
observed in Fig. 4b and d. The interplanar spacing of 0.268 and
0.245 nm were also found in the HRTEM image of Fig. 4d and f, which
correspond to the (210) and (211) crystal planes of AgsPO,, respec-
tively (JCPDS No.06-0505). The above results indicated that the y-G
were successfully introduced into Ags;PO,@y-G composite, and the
good binding between Ags;PO, and y-G was built.

The X-ray diffraction (XRD) pattern (Fig. 5a) clearly indicated that
all of the diffraction peaks of the Ag;PO,4 and Ag;PO,@vy-G composite
could be readily indexed to the body-centered cubic structure of
AgsPO,4 (JCPDS No. 06-0505). No characteristic diffraction peaks for y-
G were observed in the pattern because of the fairly low amount and the
relatively low diffraction intensity of y-G [20]. The positions of dif-
fraction peaks for Ag;PO, in different samples were almost the same.
However, it was worth noting that obvious changes in the intensity
ratios for various peaks were observed. More specifically, in the case of
AgsPO,4@y-G, the intensity ratio of 1.21 for the (222) and (110) dif-
fractions was remarkably higher than the intensity ratio (0.847) of
AgsPOy, confirming that the content of {111} crystalline planes in the
composite was obviously higher than that in AgsPO,4. According to
previous report, the surface energy of AgsPO,4 {111} facet (1.65J/m 2
was much higher than that of {110} (0.78 J/m?) [10]. The photo-
catalyst with higher surface energy facets will show better photo-
catalytic activity [9,10]. Therefore, the introduction of y-G was bene-
ficial to the optimization of AgsPO, crystal facets exposure and the
improvement of catalytic activity of AgsPO,.

XPS analyses were performed to investigate the elemental chemical
state and the interaction between AgzPO,4 and y-G. It could be found
that the y-G was composed of carbon, and the signals of C, Ag, P and O
were all detected in the XPS spectra of AgsPO,@vy-G composites (Fig.
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0.223 nm

0.153 nm

Fig. 1. SEM (a), TEM (b,c), SAED (d) and HRTEM images analysis (e—f) of y-G.
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Fig. 2. AFM image analysis (A), high resolution C 1s XPS spectrum (B), Raman spectrum of y-G (C) and chemical structural formula of the y-G (D).
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Fig. 3. SEM images of large-sized Ag3;PO4 (a), AgsPO,@y-G (b-d) and elemental mapping images of AgsPO,4@y-G composite (e—j).

$2). Fig. 5b displayed the Ag 3d spectrum. For pure AgzPOy, the Ag 3ds,
> and 3ds,, peaks were located at binding energy of 367.7 and 373.7 eV
respectively, which indicated the existence of Ag™ in the AgsPO,. The
typical peak of P 2p at 133.0 eV could be clearly seen in Fig. 5¢, which
was in agreement with the phosphorus in PO,3~. The O 1s spectrum
was divided into two different peaks located at 530.5 eV and 531.9 eV,
respectively (Fig. 5d). They were attributed to the lattice oxygen and
surface oxygen of AgsPO,, respectively [40]. Interestingly, after cou-
pling with the y-G, the characteristic peaks of Ag, P and O elements in
AgsPO,4@y-G composite all moved to the positive position, indicating
there was a strong interfacial interaction between them. In addition, the
binding energy is related to the electron density on catalyst surface, so

the XPS results suggested that there may be electron transfer between
the interfaces of AgzPO,4 and y-G [41].

UV-vis diffuse reflectance spectrum (DRS) was measured to evaluate
the optical properties of as-prepared samples, and the results were
presented in Fig. 6a. The spectra of Ags;PO, indicated that it absorbed
light with wavelengths less than 530 nm, corresponding to the band gap
energy of 2.35eV. Band gap energy was calculated by the Kubelka-
Munke equation, and the detailed information was provided in sup-
porting information (Fig. S3). Obviously, after coupling with y-G, there
was a distinct enhancement of light absorbance in the wavelength range
of 300800 nm, which was conducive to utilizing visible light more
efficiently and improving the photocatalytic performance of catalysts.
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0.224 nm
v-G

)\( 0.245 nm

Ag;PO, (211)

Fig. 4. HRTEM images analysis of Ag;PO4@y-G.
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Fig. 7. (a) Photoluminescence (PL) spectra, (b) TRPL decay spectra, (c) photocurrent response density and (d) EIS Nyquist plots of as-prepared samples.

Moreover, the Mott-Schottky (MS) plot was measured to estimate
the flat band potential (Egg). The MS plot of AgsPO,4 has a positive
slope, indicating its n-type semiconductor nature (Fig. 6b). It could
found that the applied potential (E) of AgsPO,4 was 0.43V vs. SCE, so
the Epg was calculated as 0.40 V, which are equal to 0.64 V vs. NHE.
Since the conduction band potential (Ecp) is generally considered to be
0.2V lower than Egp, the Ecg of AgsPO,4 could be calculated as 0.44V
vs. NHE [22]. The Eg of AgsPO,4 was 2.35eV, so its valence band po-
tential (Eyg) was determined as 2.79 V vs. NHE, which indicated the
AgsPO, possess highly positive VB position and strong oxidation ability.
Compared with pure AgszPO,, the flat-band potential of AgsPO,@y-G
composite has a slight negative shift (0.06 V), implying there was an
electronic interaction between Ag;PO, and y-G [19]. In order to re-
check the VB position, the XPS valence band spectra were also per-
formed and the results as shown in Fig. 6c-d. The VB potential of
AgsPO,4 was estimated to be 2.78 eV, which was in good agreement
with the above calculation value. Similarly, a slight negative shift in the
VB potential of AgsPO,@vy-G was also found in the XPS-VB spectra
(Fig. 6d).

In order to investigate the interfacial charge transfer and re-
combination rates for photocatalysts, the PL spectra of different samples
was firstly performed. As shown in Fig. 7a, pure AgzPO, displayed the
higher PL intensity. In contrast, AgzPO,@y-G composite possessed
much lower PL signal. In general, lower PL signals suggest the higher
separation efficiency of photogenerated electron-hole pairs [42]. This
result indicated that the recombination rate of photogenerated elec-
trons and holes pairs was efficiently inhibited through the combination
of AgszPO4 and vy-G. In addition, time resolved photoluminescence
(TRPL) decay spectra were also employed to study the charge carrier
lifetime of the samples [43]. The curves can be fitted well based on a
biexponential decay function (Fig. 7b). The detailed calculation in-
formation was provided in supporting information, and the fitting
parameters were summarized in Table S1. The short radiative lifetime
(1) of AgsPO4 was 2.79 ns. After coupling with y-G, the t; was de-
creased to 2.66 ns. The long radiative lifetime (t») of the charge carriers
was 24.48 ns for AgzPO4 and 11.82ns for Ag;PO,@Y-G, respectively.
The results indicated that the lifetime of Ag3PO,@vy-G was much shorter

than that of AgsPO,, implying that an additional nonradiative decay
channel was opened through the electron transfer from AgsPO, to y-G
and effectively suppressed the recombination of photogenerated car-
riers [44-46]. Moreover, photocurrent response density was also per-
formed to detect the photoresponses of pure AgsPO, and AgsPO,@y-G
composite. As presented in Fig. 7c, the photocurrent intensity of the
working electrode changes rapidly with the light on and off. The pho-
tocurrent densities of AgsPO,4@y-G were much higher than those of
pure AgsPO,, indicating the separation efficiency of photogenerated
carriers was obviously enhanced after the introduction of y-G. Elec-
trochemical impedance spectra (EIS) were also measured to further
validate the enhanced charge separation efficiency. Because the smaller
semicircle in the Nyquist plots indicated higher charge carrier transfer
efficiency [47], more effective separation of carriers in the Ag;PO,@-
G composite also could be found in the Fig. 7d. These results demon-
strated that the introduction of y-G can remarkably improve the pho-
togenerated carrier separation efficiency of AgzPO,.

3.2. Photocatalytic degradation of organic pollutants

Norfloxacin (NFL) is an effective antibiotic widely used in clinical
treatment. However, its environmental residues can lead to antibiotic
resistance of aquatic bacteria and potential hazards to human safety
and health [48,49]. 2-Hydroxynaphthalene (2-HNP) is an important
organic raw material and dye intermediate, which is widely used in
industrial production and often appears in industrial wastewater.
Phenol also is an important chemical compound with a large number of
applications and its production is estimated to reach 6 million tons per
year in China [50]. Therefore, the NFL, 2-HNP and phenol were se-
lected as typical pollutants and as the representatives of antibiotics,
polycyclic compounds and phenolic pollutants for degradation experi-
ments.

In order to ensure the adsorption desorption equilibrium, the dark
adsorption reaction was carried out before the light irradiation. As
shown in Fig. 8a, the pure AgsPO, showed unsatisfactory photocatalytic
activity, and only 32 % of phenol was degraded after 20 min of illu-
mination. Compared to the Ag;PO,, all binary AgsPO,@v-G composites
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Fig. 8. Photodegradation curves of phenol (a), 2-HNP (b) and NFL (c) in the presence of as-prepared samples; Reaction kinetic curves (d,e,f) of as-prepared samples

corresponding to the photodegradation curves (a,b,c), respectively.

exhibited much higher photocatalytic activity. Especially, AgsPO,@5
mLy-G catalyst achieved the highest degradation efficiency, where 100
% of phenol was removed after 16 min irradiation. To give a deep in-
sight of the photocatalytic degradation process, the experimental re-
sults were simulated by pseudo-first-order kinetic model. As shown in
Fig. 8d, the apparent rate constant for phenol degradation with AgzPO,
and AgsP0O,@5 mLy-G were 0.021 and 0.415 min ~ ! respectively, which
increased by 19.7 times after coupling with y-G. Furthermore, the
photocatalytic activity of as-prepared photocatalysts was also evaluated
by the degradation of 2-HNP. As shown in Fig. 8b, the AgsPO,@5 mLy-
G composite still exhibited the highest photocatalytic activity, which
could remove 100 % of 2-HNP within 5 min. The apparent rate constant
of AgsPO,@5 mLy-G composite (1.072min"') was about 9.6 times

10

higher than that of pure AgsPO, (0.111 min~ ") (Fig. 8e). Not surpris-
ingly, the binary photocatalysts still exhibited excellent catalytic ac-
tivity for the degradation of NFL (Fig. 8c). The rate constant for the NFL
degradation was greatest for AgsPO,@5 mLy-G (0.798 min '), which
was about 15.3 times than that of pure AgzPO4 (0.052 min™ 1) (Fig. 8f).
Moreover, the HPLC chromatogram of phenol, 2-HNP and NFL de-
gradation over AgzPO4@5 mLy-G composite were provided in Fig. S4.
The retention time of phenol, 2-HNP and NFL were 4.47, 3.64 and
3.96 min, respectively. It could be clearly seen that the intensity of
characteristic peak decreased with the prolongation of illumination
time, and finally disappeared completely. The above results fully de-
monstrated that the addition of y-G could significantly improve the
catalytic performance of AgzPO,4, which was mainly results from that -
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G could serve as the photogenerated electrons transfer layer to rapidly
transfer photogenerated electrons away from photogenerated holes.
Efficient separation of photogenerated carriers produced more free ra-
dicals and photogenerated holes with the ability to oxidize and degrade
pollutants molecules.

In order to explore the degradation process of pollutants, the reac-
tion solution was determined by the 3D EEMs and LC-MS. The 2-HNP
solution collected after adsorption reaction and at different irradiation
time was detected by the 3D EEMs (Fig. 9A). As presented in Fig. 9a,
three peaks of fluorescence signals located at 205/350 nm, 270/350 nm
and 325/350 nm (Ex/Em) could be observed clearly, which were the
typical signal peak of polycyclic aromatic hydrocarbons [51,52]. After
30 min of adsorption, the intensity of fluorescence signals almost did
not decreased. However, the intensity of characteristic signal decreased
significantly after 1 min of illumination, and there was no fluorescence
signal could be detected after 5min of irradiation. Interestingly, there
were two new characteristic peaks (225/350nm and 225/410 nm)
appeared in the process of photocatalytic degradation, indicating the
formation of degradation intermediates (Fig. 9c—f). Similarly, the re-
action solution of NFL was also detected by 3D EEMs (Fig. 9 B). As
shown in Fig. 9g, two peaks (at Ex/Em = 260/425nm and 280/
435 nm) could be found in the spectrum of NFL solution collected after
30 min adsorption in darkness. Surprisingly, after exposure to the
visible light for 1 min, the intensity of the fluorescent signal did not
weaken but increased, presenting as a strong signal peak (265/430 nm).
During the illumination of 3 — 8 min, the fluorescence signals gradually
decreased with the reaction time (Fig. 9h-k). In particular, after 8 min
of irradiation, the characteristic peaks disappeared and two new signal
peaks appeared (275/375 nm and 275/415 nm) (Fig. 9k), indicating the
degradation products were changed continuously with the extension of
irradiation time. Finally, after 12 min of illumination, the signal peak
was located at 275/375 nm (Fig. 91), which may be the characteristic
signal peak of small molecule acids [53-55].

In order to further explore the specific intermediates and degrada-
tion pathways, the LC-MS was performed. The MS spectra of NFL in-
termediates at different reaction time were provided in Fig. S5, the
typical peak located at m/z 320 was identified as NFL molecule (Fig.
S5a). The piperazinyl ring with high charge density was more suscep-
tible to being attacked by the radicals and produced the intermediate
with the m/z of 350 (Fig. S5b), which was coincided with the previous
reported [56]. After the ring-opening and oxidation reactions on the
piperazinyl ring, the intermediates (m/z = 322, 294, 279 and 261)
were generated subsequently (Fig. S5d). The products with m/z of 279
and 261 continued to lose CO, resulting in the intermediate molecules
with m/z of 251 and 233, respectively (Fig. S5e). Finally, these inter-
mediates could be further oxidized by the active species into short-
chain carboxylic acids (m/z = 229, 145 and 118) (Fig. S5h, i). Besides,
another degradation pathway was also proposed, in which the fluorine
connected to the quinolone ring was firstly substituted with a —OH
group [57,58]. Accordingly, the products with protonated forms at m/z
318 generated (Fig. S5c), and followed with lose of —COOH, ring-
opening, lose of —CO and C,HsN, which corresponded to the inter-
mediate product with m/z of 274, 276, 248 and 205, respectively (Fig.
S5f, g). Finally, these intermediates were further degraded into short-
chain carboxylic acids (m/z = 160, 118 and 99). Based on the above
analysis results, the schematic diagram of degradation pathway for NFL
was summarized in Fig. 10a.

The degradation intermediates of 2-HNP was also determined by the
LC-(-ESI) MS, and the MS spectra were presented in Fig. S6. The obvious
mass signal (m/z = 143) corresponding to 2-HNP could be clearly ob-
served (Fig. S6a). Since the hydroxyl groups in 2-HNP will activate the
ortho-and para-hydrogen atoms on the benzene ring, these two reaction
sites are vulnerable to attack and oxidation. The intermediate products
with m/z 159, 195 and 173 were then generated (Fig. S6b—d). After the
ring-opening and oxidation reaction, the products of m/z 165, 177 and
143 appeared subsequently. Then, the intermediates with m/z of 165
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further fragmented to the product with an m/z value of 121 by losing
—COOH. Finally, the partial elimination reactions and further oxidation
reaction occurred on the above intermediates, resulting in the forma-
tion of short-chain carboxylic acids (m/z = 115, 101 and 73). The
possible degradation pathway was shown in Fig. 10b.

3.3. Photostability and recyclability

In order to evaluate the photostability of obtained photocatalysts,
the cycling experiments of as-prepared AgsPO, and Ags;PO4@v-G
samples were carried out. Briefly, the used photocatalysts were col-
lected after filtration, washing, drying and then applied to another
round of phenol degradation under the same conditions. As shown in
Fig. 11a, the photocatalytic activity of AgsPO, significantly declined
after five cycles, and the removal rate of phenol decreased about 53.3
%. This was results from the photocorrosion of Ag;PO, that reduction of
Ag*' into metallic Ag after exposure to irradiation. However, the
AgsPO4@y-G sample still remained excellent photocatalytic perfor-
mance after five cycles. It was worth mentioning that the removal rate
of phenol could still reach 100 % after three cycles, and the degradation
efficiency of 95.5 % and 90 % was also achieved after the fourth and
fifth cycles, respectively. The above results indicated that the coupling
of y-G could significantly improve the photocatalytic activity and
photostabilty of AgsPO4. The y-G could serve as the photogenerated
electrons transfer layer to rapidly transfer photogenerated electrons to
the catalyst surface, thus markedly inhibiting the reduction of AgzPO4
into Ag® by photogenerated electrons and enhancing the photo-
generated carrier separation efficiency.
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The XRD pattern of recycled AgsPO, and Ag;PO,@y-G were also
measured to investigate its photostability, and the results were pro-
vided in Fig. 11b. In order to readily compare the peak strength of
different samples, the XRD data were normalized. It could be clearly
observed that the characteristic diffraction peaks ascribed to the Ag
appeared in the XRD pattern of used AgsPO,, and the peaks located at
38.12° and 44.28° correspond to the (111) and (200) plane of metallic
Ag, respectively. The crystallization damage of Ag;PO, and the massive
accumulation of metallic Ag on the catalyst surface would decrease the
photoactivity and light absorption efficiency of AgszPO,. In contrast,
there was just a weak diffraction peak at 38.12° could be found on the
XRD pattern of the AgsPO,@y-G composite, indicating that only a small
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amount of Ag generated during the photodegradation process. Because
the formation of charge transmission-bridge and the Schottky barriers
at the metal-semiconductor interface, the presence of minor amount of
Ag could accelerate the charge transfer rate and promote the separation
of electron-hole pairs, which also contribute to the high catalytic ac-
tivity of AgsPO,@vy-G composite [17].

3.4. Possible photocatalytic mechanism of AgsPO,@y-G

3.4.1. Active species in photocatalytic reaction

In order to reveal the enhanced photocatalytic activity of AgsPO4@
v-G composites and elucidate the intrinsic mechanism of organic pol-
lutant degradation, the role of main active species were investigated.
Different radical quenchers were added to the reaction system for ra-
dical trapping experiments [59,60]. The benzoquinone (BQ), ethyle-
nediamine tetra acetic acid disodium salt (EDTA-2Na), isopropanol
(IPA) and AgNO; were used as scavengers for superoxide radical,
photogenerated holes, hydroxyl radicals and photogenerated electrons,
respectively [61,62]. As shown in Fig. 12a, the phenol decomposition
process was significantly inhibited with EDTA-2Na, indicating that the
photogenerated holes played an important role in the photocatalytic
reaction. Similarly, the addition of BQ also exhibited an extremely
negative effect, suggesting that 'O, radicals were another dominant
active species during the reaction process. Relatively obvious decrease
of photocatalytic activity could be found in the presence of AgNOs,
implying that the photogenerated electrons also worked in the photo-
degradation process. Compared with the other three scavengers, the
photocatalytic activity of AgsPO4@y-G was the least reduced after the
addition of IPA. It could deduce that holes, "O,”, photogenerated
electrons and "OH all worked in the photodegradation process, while
0, and holes primarily contributed to the photocatalytic performace
enhancement. The results were good in agreement with the fact that the
AgsPO, possess highly positive valence band position, in which most
organic pollutants can be directly oxidized by the photogenerated
holes. The ESR spin-trap with DMPO technique was performed to
confirm the reactive oxygen species generated in the photocatalytic
process of AgsPO,@y-G composite, and the results were provided in
Fig. 12b. The typical signals ascribed to the DMPO-'O,” and
DMPO-"0OH could be clearly observed after exposure to the visible light
irradiation, while no signal could be found in the darkness under
identical conditions, which indicated that the ‘O~ and "OH produced
successfully during the photocatalytic process. Moreover, the intensity
of characteristic peaks increased apparently with the visible light irra-
diation time prolonging, suggesting the -'O,~ and "OH could be pro-
duced continuously in the Ag;PO,4@y-G reaction system. The presence
of a large number of radicals was contributed to the excellent photo-
catalytic performance of AgsPO,@y-G. The results of ESR were con-
sistent with that of radical trapping experiments.

3.4.2. DFT calculations and charge transfer mechanism analysis

In order to further explore the photogenerated charge migration
mechanism, the DFT calculations were thus performed. Firstly, the band
structure of bulk AgsPO, was calculated based on the density functional
theory and the GGA-PBE exchange-correlation functional for describing
the interactions, the results were provided in Fig. 13a. It could be found
that the direct band gap was 0.24 eV in G point and the indirect band
gap between M and G was 0.19 eV, which obviously underestimated the
band gap of AgsPO,. Therefore, hybrid-DFT based on the hybrid func-
tional HSEO6 for describing the interactions was applied to calculate
the band structure of bulk Ag;PO4. As shown in Fig. 13b, the direct
band gap was 2.06 eV in G point and the indirect band gap between M
and G wasl.90 eV, the computation precision was increased greatly.
Considering the experimental results, the hybrid DFT method is more
suitable for the calculation of the electronic and band structures of
AgsP0Oy,. Thus, the band structures of AgzPO,@v-G were calculated by
the hybrid-DFT method, and the obtained results were used to calculate
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the band charge density. As shown in Fig. 13c, the highest occupied
energy band (HOEB) was distributed on the Ag;PO,4, which was mainly
consisted by the O 2p orbital and Ag 4d orbital. However, for the lowest
unoccupied energy band (LUEB), it was composed of the C 2p orbital in
y-G (Fig. 13d). Obviously, when the Ags;PO,@y-G composite catalysts
were exposed to the visible light, the electrons on HOEB could be ex-
cited to the LUEB, that is, the electrons on AgzPO,4 could be transferred
rapidly to the y-G. As a result, the photogenerated electrons and holes
of AgsPO, were separated rapidly, leading to the great enhancement of
carrier separation efficiency and significant improvement of photo-
catalytic performance. The excitation of electrons leaves photo-
generated holes on HOEB, which can directly oxidize and decompose
the pollutants.

The planar average electrostatic potential of AgsPO, (100) and
AgsPO4@y-G in the z-direction was presented in Fig. 13e—f. The peri-
odic lattice electrostatic potential could be clearly observed in the
AgsPO,4 (100) (Fig. 13e). However, after the coupling with the y-G,
there was a significant decrease of potential near the y-G sheet, in-
dicating that a potential well was formed at the interfaces (Fig. 13f).
The appearance of such a large built-in potential well could effectively
hinder the recombination of photogenerated electron-hole pairs in the
AgsPO,4@y-G composite [63]. Combined with the results of band charge
density analysis, it could be concluded that the photogenerated elec-
trons of AgzPO,4 could be pumped to the y-G sheets under the driving of
the built-in potential in the composites [64].

The above results implied a large number of charge transferred
between the different constituents after the coupling of y-G, and it could
be visualized by the three-dimensional charge density difference [65].
The charge density difference was calculated from the following
equation:

Ap=p Ag;PO,(100) @yG-p Ag;P0O,(100)-p (yG) @

Where pAgs;P04(100)@v-G, pAgsP0,4(100) and p (y-G) are the charge
density of the composite catalysts, AgsPO,4(100) surface and y-G in the
same configuration, respectively. As shown in Fig. 13g, the charge re-
distribution mainly occurred at the AgzP04(100)@v-G interface, and
there was almost no charge transfer far away from the interface.
Moreover, it could be clearly observed that there was a strong charge
accumulation above the Ag atoms. While the regions of charge deple-
tion appeared on the lower side of the y-G which facing the interface
and the upper side of Ag atoms in the top layer. Similar phenomena also
have been reported, indicating the strong interaction between the in-
terfaces of AgszPO, and y-G [64]. The above calculation results in-
dicated that y-G can be served as an effective transfer layer of photo-
generated electrons due to the intense interface interaction and the
large built-in potential in the composite.

On the basis of the above experimental data and calculation ana-
lysis, a reasonable photocatalytic mechanism of Ag;PO,@y-G compo-
site was proposed, as presented in Fig. 14. According to the above re-
sults, the conduction band potential (Ecg) and valence band potential
(Eyp) of AgsPO4 were calculated as 0.44 and 2.79 eV, respectively.
When exposed to the visible light, the electrons at the valence band
(VB) of AgzPO, are easily excited to the conduction band (CB), and then
the holes are formed in VB. The y-G with high-velocity carrier transport
capacity could serve as an effective transfer layer of photogenerated
electrons. It rapidly transported electrons to the surface of the photo-
catalyst, and then reacted with water and oxygen to generate ‘OH and
-'0,", which can oxidize organic pollutants. Moreover, the rapid mi-
gration of electrons on y-G can efficiently keep electrons away from the
photogenerated holes, thus significantly promoting the separation of
photogenerated carriers and improving the photocatalytic performance
of catalysts. Meanwhile, the photogenerated holes on the VB of AgzPO4
possess strong oxidation capability because of its highly positive va-
lence band position, which can directly attack, oxidize and decompose
pollutants. The enhanced photocatalytic activity and anti-photocorro-
sion performance of AgzPO4@vy-G can be attributed to the following
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interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article).
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several reasons. Firstly, high electrical conductivity of y-G facilitates it
being an effective acceptor of the photogenerated electrons and pro-
motes the transfer of electrons. Secondly, the sufficient interfacial
contact and intense strong interaction are beneficial to carrier migra-
tion. Thirdly, the introduction of y-G promotes the formation of a strong
built-in electric field in the catalyst system, which makes the electron
flow trapped by the electron transfer layer.

4. Conclusions

In summary, the novel AgzPO4@v-G composite photocatalysts were
prepared by a facile preparation method combined the mechan-
ochemistry and electrostatically driven self-assembly approach for the
first time. The DFT calculation results of Ag;PO,@vy-G composite,

5 15

] -5 =10
Averga patential (eV)

including the band charge density distributions, planar average elec-
trostatic potential and three-dimensional charge density difference,
indicated that the successful construction of electrons transfer layer in
composite catalyst. The introduction of y-G as electrons transfer layer
led to the excellent photocatalytic activities and photostability of
AgsPO,@y-G composite photocatalysts. The removal efficiency of
phenol, 2-HNP and NFL reached 100 %, only 16, 5 and 8 min were
needed, respectively. The results of LC—MS and 3D EEMs showed that
the 2-HNP and NFL mainly degraded into short-chain carboxylic acids.
The results of free radical quenching experiment and ESR character-
ization suggested that all kinds of active species worked in the de-
gradation process, while the photogenerated holes and superoxide ra-
dicals played a dominant role. In this study, an effective photocatalytic
material was prepared for environmental remediation. The construction
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pollutant

Fig. 14. Schematic illustration of photocatalytic mechanism for AgsPO,@y-G composite under visible light irradiation.

of electrons transfer layer with y-G may provide a new strategy in the
design of new catalyst with high efficient photocatalytic performance.
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