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In this article, single-crystalline tetrahedral AgsPO,4 microcrystals with exposed {111} facets was successfully
synthesized via a facile wet chemical method. The tetrahedral AgsPO,4 with exposed {111} facets showed
the highest photocatalytic activity in visible light irradiation among the {111}, {110} and {100} facets. By DFT
calculations, it is demonstrated that the surface energy of the {111} facets is higher than that of the {110}

and {100} facets. It was found that the largest band gap of the AgsPO,4 {111} surface is likely to suppress the
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recombination of electron—hole pairs by exploring the electronic structures of the different surfaces of

Ag3PO,4. Meanwhile, the dispersion between the valence bands and conduction bands of the {111}
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Introduction

The utilization of solar energy has been attracting more and
more attention, and the search for new photocatalysts for the
utilization of solar energy has been prevalent in the past
decades.”™ At present, many wide band gap semiconductors,
such as TiO,, have been demonstrated to be excellent photo-
catalysts in the fields of photodegradation and water split-
ting."*> However, due to their wide band gap, only ultraviolet
(UV) light, which is less than 4% of the solar spectrum, can be
used in the process of photocatalytic reactions. Therefore, the
development of visible light-responsive photocatalysts is
becoming more and more important. Besides extending the
light absorption to the visible light region by the doping of wide
band gap materials,">"* exploring new visible light-responsive
photocatalysts has aroused growing research interest recently.
Ag;PO,, with a band gap of 2.36 eV, is a newly developed pho-
tocatalyst, showing excellent high photocatalytic activity in the
degradation of organic dyes under visible light irradiation and
high photo-oxidative capability for O, evolution from
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surface is beneficial for the separation of photogenerated electrons and holes on the {111} surface,
which further improves the photocatalytic activity of the {111} surface.

From the viewpoint of photocatalysis, the photocatalytic
activity not only depend on the composition of the materials,
but also depends on the surface structure of the materials.>*® In
particular, recent studies have shown that crystalline photo-
catalysts, with higher energy crystal facets, usually exhibit better
activities, which has stimulated researchers to synthesize crys-
talline photocatalysts with higher energy crystal facets.>** For
example, numerous efforts have been paid to the synthesis of
anatase TiO, with high energy {001} facets, and it has been
demonstrated that the {001} facets exhibit excellent photo-
degeneration activity.***** For the new catalyst Ag;PO,, Ye's
group demonstrated that high energy {110} facets of Ag;PO,
exhibited much higher photocatalytic activity than low energy
{100} facets.* Therefore, improving the photocatalytic activity
by the control of surface structures is important and necessary.
In this article, we report a facile route for synthesizing single-
crystalline tetrahedral Ag;PO, microcrystals with {111} facets
exposed, which are of higher surface energy than those of the
{110} and {100} facets. Tetrahedral Ag;PO, with exposed {111}
facets showed extremely high visible light photocatalytic
activity. In addition, first-principle density functional theory
(DFT) calculations were carried out for a deep understanding of
the photocatalytic activities of the different crystal facets.

Experimental
Synthetic methods

Synthesis of Ag;PO, tetrahedra. 43 mg silver nitrate was
dissolved in 2 mL ethanol, and then the solution was slowly
dropped into 10 mL 0.1 M H3PO, ethanol solution (stirring with
a magnet at a rotation speed of 300 rpm). The process was
performed in a water bath kept at 60 °C. The obtained yellow
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precipitate was washed with ethanol several times and dried
under vacuum.

Synthesis of Ag;PO, rhombic dodecahedra (RD). Ag;PO,
rhombic dodecahedra and cubes were prepared by a method
similar to that reported by Ye et al.*® 100 mg silver acetate was
dissolved in 80 mL distilled water, then 0.15 M Na,HPO,
aqueous solution was dropped into the above solution. The
process was performed in a water bath kept at 60 °C. The
obtained yellow precipitate was washed with water several times
and dried under vacuum.

Synthesis of Ag;PO, cubes. 100 mg silver nitrate was dis-
solved in 10 mL distilled water. 0.1 M ammonia solution was
added to form a transparent solution, and the total volume of
the solution was brought to 80 mL by adding distilled water.
Then, 0.15 M Na,HPO, aqueous solution was dropped into the
above solution. The process was performed in a water bath kept
at 30 °C. The obtained yellow precipitate was washed with water
several times and dried under vacuum.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded using a
Panalytical X-pert diffractometer with copper Ko irradiation.
Scanning electron microscopy (SEM, Hitachi S-4800) was
employed to investigate the morphology of the as-prepared
samples. The TEM samples were prepared by depositing a drop
of the diluted suspension in distilled water on a copper grid
coated with a carbon film. Because the Ag;PO, particles can be
easily reduced to Ag particles in high-resolution transmission
electron microscopy (HRTEM, JEM 2100) with an high acceler-
ating voltage of 200 kV, the morphology and crystal structure
of the as-prepared products were observed by transmission
electron microscopy (TEM, JEM 1400) with an accelerating
voltage of 100 kV. UV-visible diffuse reflectance spectroscopy
(DRS) was carried out with a Varian Cary-5000 UV-vis-NIR
spectrophotometer. The Zeta potentials were detected on a
Malvern Nano-ZS.

Photoreactivity measurements

In all of the photocatalytic activity experiments, the samples
(10 mg) were made into an 80 mL aqueous solution (containing
1 umol dye) and stirred in the dark for 20 min. Then the
solution was irradiated with a 500 W Xenon lamp equipped
with an ultraviolet cutoff filter to provide visible light with A =
420 nm. The degradation of organic dyes was monitored by
UV-vis spectroscopy (UV-2550, Shimadzu). Before the spectros-
copy measurements, the photocatalysts were removed by
centrifugation.

Theoretical calculations

The electronic structure calculations were based on the density
functional theory (DFT)+U approach.’® The exchange-correla-
tion energy functional was represented by the local-density
approximation (LDA).* Projector-augmented wave pseudopo-
tentials were employed as implemented in the CASTEP code.*®
The valence configurations of the pseudopotentials are 4d'°5s"
for Ag, 2s*2p* for O and 3s”3p> for P. The energy cutoff for the
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plane wave basis set is 300 eV, and a Monkhorst-Pack k-mesh of
4 x 4 x 4 was used for a 16-atom unit cell of cubic Ag;PO,
(space group P43n). The obtained lattice constant from LDA+U
was a = 5.89 A. The relaxed unit cell was used to construct the
surface models. In the case of the (100) surface, a 32-atom slab
model was created by extending the 16-atom unit cell along the
z-direction by a factor of two. It was then expanded by 2 x 2 in
the xy plane to construct the 128-atom supercell. For the other
faces, the stoichiometric slab models were kept at a total of 128
atoms and the vacuum region had the same thickness (15 A) as
Ag;PO,. These surface structures were fully relaxed to a force
convergence of 0.05 eV A~!, where the second layer was fixed to
represent a bulk region. Based on the geometry relaxations, the
surface energy (y) was computed using the formula:*

_ Eaab — nEoui
24
where Eg,p, is the total energy of the slab, Epy is the total energy
of the bulk per unit cell, n is the number of bulk unit cells

contained in the slab, and A is the exposed area of one side of
the slab.

Results and discussion

Ag;PO, tetrahedrons with exposed {111} facets were synthesized by
a simple reaction between silver nitrate-ethanol solution and
H;PO,-ethanol solution at 60 °C. Fig. 1a shows the typical powder
X-ray diffraction (XRD) pattern of the product, which can be
indexed to the pure body-centered-cubic (bec) structure of Ag;PO,
with cell constants of @ = 6.013 A (JCPDS no. 06-0505). The scan-
ning electron microscopy (SEM) image shows that the products
consist of Ag;PO, tetrahedra with average sizes of 0.52 um
(Fig. S1t) in a high yield (Fig. 1b and S2). The TEM image
and corresponding SAED pattern (Fig. S31) of the tetrahedra
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Fig. 1 (a) XRD patterns of the tetrahedral AgsPO,4 sub-microcrystals. (b) SEM
images of the tetrahedral Ag3zPO,4 sub-microcrystals. (c) Ultraviolet-visible diffusive
reflectance spectra of the tetrahedral, rhombic dodecahedral and cubic Ag3PO,4
microcrystals. (d) Plot of (ahv)? vs. photon energy (hv) for the determination of the
direct optical band gap of the tetrahedral, rhombic dodecahedral and cubic
Ag3PO4 microcrystals.
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indicate that the as-prepared Ag;PO, particles are single crystalline
and the exposed surfaces of the tetrahedra are {111} facets. The UV-
vis diffuse reflectance spectra (Fig. 1c) reveal that the Ag;PO,
tetrahedral particles could absorb visible light with wavelengths
shorter than 516 nm. The direct optical band gap E, of the Ag;PO,
tetrahedra was determined to be 2.43 eV (Fig. 1d) from the equa-
tion listed below:*’

ahy = A(hy — Eg)”2

where « is the absorption coefficient and A is a constant. The
absorption coefficient « was calculated from k (extinction
coefficient) using o« = 4mk/A. For comparison, the rhombic
dodecahedral (RD) Ag;PO, microcrystals with exposed {110}
facets (Fig. S4at) and cubic Ag;PO, microcrystals exposed with
{100} facets (Fig. S4bt) were synthesized by a method similar to
that reported by Ye et al.,"* and the optical properties of RD and
cubic Ag;PO, were also investigated under visible light irradi-
ation. As shown in Fig. 1c and d, the RD and cubic Ag;PO,
microcrystals could absorb visible light with a wavelength
shorter than 520 nm, and the direct optical band gaps E, of the
RD and cubic Ag;PO, were both determined to be 2.42 eV.

It is known that the photocatalytic activity of materials not
only depends on the bulk structure, but also on the surface
structure, and different surfaces may exhibit different photo-
catalytic activity. From the XRD patterns of the three types of
Ag;PO, (Fig. 1c and S5%), we can not see any difference in
crystallinity. In addition, the direct optical band gaps (E) of the
three types of Ag;PO, are very similar, therefore we focus on the
surface effects of the three Ag;PO, photocatalysts. In order to
investigate the surface effects on the photocatalytic activity, the
photocatalytic performance of the tetrahedral, RD and cubic
Ag;PO, micro-crystallites under visible light irradiation was
studied. In the photocatalytic experiments, positively charged
methylene blue (MB) was used for the photodecomposition
experiments. As shown in Fig. 2a, tetrahedral Ag;PO, with
exposed {111} facets exhibited the highest photocatalytic
activity in the degradation of MB, while cubic Ag;PO, with
exposed {100} facets exhibited the lowest photocatalytic activity.
Due to the negatively charged surfaces of the three types of
Ag;PO, (Fig. S61), one may think that the good photocatalytic
activity was attributed to the adsorption between the samples
with negative charge and the MB with positive charge. There-
fore, negatively charged methyl orange (MO) and neutral
rhodamine B (RhB) were also used as probe molecules to
investigate the photocatalytic performance of the three types of
Ag;PO, under visible light irradiation. As shown in Fig. 2b and
¢, tetrahedral Ag;PO, with exposed {111} facets still showed the
highest photocatalytic activity in the degradation of MO and
RhB, while cubic Ag;PO, with exposed {100} facets exhibited
the lowest photocatalytic activity. Additionally, by analysing the
photodegeneration with a pseudo first-order reaction, the
absolute rate constant value of tetrahedral Ag;PO, is higher
than that of RD and cubic Ag;PO, in the degradation of MB, MO
and RhB (Fig. S771), which further indicates the highest photo-
catalytic activity of tetrahedral Ag;PO,. Meanwhile, in order to
avoid the effect of the adsorption abilities of the different crystal
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Fig. 2 Photocatalytic activity of the AgsPO,4 rhombic dodecahedra, cubes and
tetrahedra for (a) MB, (b) MO and (c) RhB degradation under visible light irradi-
ation (A = 420 nm).

facets, the adsorption curves of MB, MO and RhB over tetra-
hedra, rhombic dodecahedra and cubes under dark conditions
were also measured. It was found that the adsorption abilities of
the tetrahedra, rhombic dodecahedra and cubes towards MB,
MO and RhB are very weak (Fig. S8, S9 and S107). Therefore, the
highest photocatalytic activity of tetrahedral Ag;PO, with
exposed {111} facets is attributed to the degradation ability of
the catalysts, and the photocatalytic activities of the Ag;PO,
crystal surfaces were in the order of {111} > {110} > {100}.

It is known that the photodegradation of organic pollutants
is a surface oxidation process, which is driven by photo-
generated electron-hole pairs correlated with the surface
structure. Therefore, for the photocatalytic behaviour of semi-
conductors, the most crucial factor is the chemical adsorption
and reaction of target molecules occurring on the surface of
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semiconductors. To clarify the surface effect on the photo-
catalytic properties of the Ag;PO, photocatalysts, the surface
energies of the Ag;PO, {111}, {110} and {100} facets were
calculated by first-principle density functional theory (DFT).
The relaxed unit cells used to construct models of the Ag;PO,
(111), (110) and (100) surfaces are shown in Fig. 3. For each face,
the surface model is constructed on the basis of a slab model
including 128 atoms of Ag;PO, with a vacuum region of the
same thickness as Ag;PO,. The calculated results show that the
surface energy of the Ag;PO, (111) surface is estimated to be
1.65 ] m ™2, which is obviously higher than that of Ag;PO, (110)
(1.31 J m~?) and Ag;PO, (100) (1.10 J m™?). This result also
indicates that the {111} facets are more active than the {110} and
{100} facets, and provide higher photocatalytic activity for the
degradation of organic dyes in visible light irradiation, which
explains the photocatalytic results in Fig. 2.

Moreover, to further study the relationship between the
Ag;PO, surface and the photocatalytic activity, it is important to
explore the electronic structures of the different surfaces of
Ag;PO,. Although the band gap from DFT calculations is usually
underestimated, they often provide important insight into the
physicochemical behavior of the materials investigated.** Scis-
sors of 2.0 eV were employed for the results analysis. Fig. 4
shows the energy-band structure of Ag;PO, calculated using
CASTEP. The band structure of bulk Ag;PO, is shown in Fig. 4a,
and the direct band gap of bulk Ag;PO, is 2.48 eV at the G point.
Unlike the band structure of bulk Ag;PO,, the band gaps of the
Ag;PO, {111}, {110} and {100} surfaces are 2.736 eV, 2.613 eV
and 2.032 eV, respectively. The highest band gap of the Ag;PO,
{111} surface is likely to suppress the recombination of elec-
tron-hole pairs, and thus accounts for the highest photooxi-
dative activity. Furthermore, it is important to note that the
bottoms of the conduction bands of the Ag;PO, {111}, {110} and

Fig. 3 (a) The crystal structure of AgsPOy; relaxed geometries for the (b) (111),
(c) (110) and (d) (100) surfaces of Ag3PO,4 based on a 128-atom slab model. The
vacuum region was set as the same thickness as AgzPO,.
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Fig. 4 Energy-band structures of AgsPOy: (a) bulk phase, and the (b) {111}, (c)
{110} and (d) {100} surfaces of Ag3PO,.

{100} surfaces are 2.735 €V, 2.610 eV and 1.920 eV, respectively.
Therefore, the photogenerated electrons on the Ag;PO, {111}
surface possess higher energy and activity than those on the
{110} and {100} surfaces.

To further elucidate the composition and the nature of the
electronic band structures, the total density of states (TDOS) of
Ag;PO, and the partial DOS (PDOS) for s, p and d orbitals are
calculated, as shown in Fig. 5. As reported previously, the bottoms
of the conduction bands are mainly composed of hybridized Ag
5s5p as well as a small quantity of P 3s orbitals, whereas the tops
of the valence bands are composed of hybridized Ag 4d and O 2p
orbitals.® However, by analysing the PDOS of the Ag;PO, {111},
{110} and {100} surfaces in detail, we find that the component of
the s orbitals emerges at an energy band at about —0.11 eV for the
{100} surface and —0.26 eV for the {110} surface. The s orbitals are
mainly contributed by Ag 5s orbitals and narrow the band gap of
the {110} and {100} surfaces. More specifically, compared with the
{110} surface, with the {100} surface, the s orbitals can easier pass
through the Fermi energy level, leading to the metal-like electronic
properties of Ag;PO, {100} surface, which results in the easier
recombination between the photogenerated electrons and holes.*®
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Fig.5 Total DOS and partial DOS of AgsPOg: (a) bulk phase, and the (b) {111}, (c)
{110} and (d) {100} surfaces of Ag3PO,.
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However, no similar s orbitals appear near the Fermi energy level
in the PDOS of the {111} surface. Hence, the dispersion between
the valence bands and conduction bands is beneficial for the
separation of photogenerated electrons and holes on the {111}
surface, which further improves the photocatalytic activity of the
{111} surface. The calculation results above further indicate that
the Ag;PO, {111} surface is the most active of the Ag;PO, {111},
{110} and {100} surfaces, and the Ag;PO, {100} surface is the least
active, which is also consistent with the results in Fig. 2.

In summary, single-crystalline tetrahedral Ag;PO, with
exposed {111} facets was synthesized by simply reacting silver
nitrate with H;PO,—ethanol solutions at 60 °C via a facile wet
chemical method. Among the {111}, {110} and {100} facets, the
tetrahedral Ag;PO, with exposed {111} facets showed the
highest photocatalytic activity in visible light irradiation.
Meanwhile, the results of the DFT calculations showed that
the surface energy of the {111} facets is higher than that of the
{110} and {100} facets. By exploring the electronic structures
of the different surfaces of Ag;PO,, the highest band gap for
the Ag;PO, {111} surface is likely to suppress the recombina-
tion of electron-hole pairs. Furthermore, the dispersion
between the valence bands and conduction bands of the {111}
surface is beneficial for the separation of photogenerated
electrons and holes on the {111} surface, which further
improves the photocatalytic activity of the {111} surface. The
study above provides us with a method of improving the
photocatalytic activity of materials, and motivates us to
develop other visible light-sensitive photocatalysts by surface
control.
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