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Introduction

Recent investigations into crystal facet engineering of semicon-
ductors have demonstrated that the photocatalytic activity not

only depends on the physical and chemical properties of cata-
lysts, but also is tightly correlated to the exposure of external

crystal surface, that is, the surface atomic arrangement and

construction, because many processes take place on the sur-
face.[1] This finding is intriguing in the sense that a certain par-

ticle structure might be the key for achieving a high photoca-
talytic activity. Therefore, the morphology, not only the size,

but also the shape, and the exposed facets, can be also impor-
tant and play an important role in photocatalytic efficiency.[2]

In this sense, the controllable synthesis of crystal facets of

a wide range of semiconductors, such as TiO2,[3] ZnO,[4] Fe2O3,[5]

WO3,[6] Ag3PO4,[7] PbMoO4,[8] and a-Ag2WO4,[9] is becoming an
active research field that offers a new opportunity to further
optimize the facet-dependent photocatalytic performance of

semiconductor-based photocatalysts.[10]

In particular, phosphates have attracted considerable atten-

tion from the scientific community owing to their wide range

of applications, especially as photocatalytic materials.[11]

Among these materials, silver phosphate (Ag3PO4) exhibits ex-

cellent optical properties owing to its electronic structure, rela-
tively low band gap energy, and range of different morpholo-

gies.[7b, 12] The design of Ag3PO4-based composite materials has

been proposed,[13] and the possible catalytic mechanism has
been analyzed.[12b] As a result, first-principles DFT calculations

have been commonly used to study the electronic properties
of pure and doped Ag3PO4.[12, 14] On the other hand, many stud-

ies have focused on the morphological control of Ag3PO4.[7a, 15]

A study by Bi et al. demonstrated that Ag3PO4 microcrystals
with exposed (110) facets exhibited higher photocatalytic activ-

ity than those with exposed (100) facets; this was attributed
primarily to a difference in surface energy.[7a] By using diverse
characterization methods and theoretical modeling, Martin
et al. synthesized tetrahedral Ag3PO4 crystals composed of

[111] terminated surfaces and they showed that the activity for
water photo-oxidation was nearly 12 times greater than that of

the [100] and [110] facets crystals.[7c] Dong et al. developed

a facile soft chemical method for the synthesis of Ag3PO4 crys-
tals with various morphologies (branch, tetrapod, nanorod, tri-

angular prism) and a relationship between morphology and
photocatalytic activity was found.[15e] Later, Yang et al. devel-

oped a facile and efficient synthesis of Ag3PO4 crystals with dif-
ferent shapes by tuning the molar ratio of poly(vinyl pyrroli-

done) to silver nitrate.[16] Wang et al. improved the visible-light

photocatalytic activity of Ag3PO4 through morphology control
by using a precipitation synthetic method,[15g] whereas Yan

et al. performed a morphology-controlled synthesis, by deposi-
tion–precipitation in the presence of ammonia, of Ag3PO4 mi-

crocubes with enhanced visible-light-driven photocatalytic ac-
tivity.[17] Recently, we published an experimental and theoreti-

The structural, morphological, and optical properties of Ag3PO4

microcrystals were systematically characterized by using a com-

bination of theoretical calculations and experimental tech-
niques. These microcrystals were synthesized by the micro-

wave-assisted hydrothermal (MAH) method. XRD, Rietveld re-
finements, and FTIR spectroscopy were employed to carry out

a structural analysis ; the morphologies of the microcrystals
were examined by FEG-SEM. First-principles computational

studies were used to calculate the geometries of bulk Ag3PO4

and its (010), (100), (001), (110), (101), (011), and (111) surfaces.

A continuous decrease in the energy of the (100) surface led

to a good agreement between the experimental and theoreti-

cal morphologies. Optical properties were investigated by UV/
Vis spectroscopy and photoluminescence (PL) measurements,

which revealed a maximum PL emission at l= 444 nm. The
MAH-synthesized sample exhibited good activity for the pho-

tocatalytic degradation of methyl orange dye under visible irra-
diation. The photocatalytic activity and PL behavior were corre-

lated with the observed morphology.
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cal study on the structure, optical properties, and growth of
metallic silver nanostructures in Ag3PO4.[18]

Motivated by these studies,[7a, 15–17] herein, we present the re-
sults of a detailed theoretical and experimental study on the

photocatalytic activity of Ag3PO4 microcrystals for the degrada-
tion of methyl orange (MO) dye under visible irradiation, as

a clear-cut example of the rational design and structural engi-
neering of the Ag3PO4 photocatalyst. A microwave-assisted hy-
drothermal (MAH) method was used to synthesize well-defined

Ag3PO4 microcrystals without the need for crystal seeds, envi-
ronmentally harmful chemicals, or severe reaction conditions.
The sample was structurally characterized by means of X-ray
diffraction (XRD), Rietveld refinements, and Fourier transform

infrared (FT-IR) spectroscopy, whereas morphological aspects
were analyzed by field emission gun scanning electron micros-

copy (FEG-SEM) . In addition, computational studies were em-

ployed, and resulted in the prediction of different morpholo-

gies that were compatible with experimental results. From de-
tailed electronic structural analyses of the bulk material and its

(010), (100), (001), (110), (101), (011), and (111) surfaces together
with first-principles theoretical calculations, within the frame-

work of DFT, the origin of the photoluminescence (PL) emis-
sion and photocatalytic activity of Ag3PO4 microcrystals was

elucidated.

Results and Discussion

XRD analysis

Figure 1 shows the XRD pattern of the Ag3PO4 microcrystals.
The sample exhibits a cubic structure with space group P4̄3n.

All peaks were well defined, which indicated long-range struc-
tural order. Moreover, all diffraction peaks were consistent with

Inorganic Crystal Structure Database (ICSD) no. 14000.[19] Riet-
veld analysis was also in agreement with these results (Fig-

ure S1 and Tables S1–S3 in the Supporting Information).

The results from Rietveld refinement were used to model
the schematic representation of the cubic Ag3PO4 structure

and the coordination and geometry of each cluster (Figure 2)
by using the Diamond Crystal and Molecular Structure Visuali-

zation software. In this structure, the silver and phosphorus
atoms are each coordinated to four oxygen atoms to form tet-

rahedral [AgO4] and [PO4] clusters. Each oxygen atom has four

neighbors, three of which are silver atoms and one of which is
a phosphorus atom. The tetrahedral AgO4 units are highly dis-
torted within the lattice, mainly owing to the greater electro-
negativity of P relative to Ag;[12b] this results in two O¢Ag¢O

bond angles (Table S2 in the Supporting Information). These
results indicate the existence of structural defects, which can

arise from the structural arrangement, synthetic method, and

experimental conditions (such as high temperature, pH, and
microwave radiation).Figure 1. XRD pattern of the Ag3PO4 microcrystals.

Figure 2. Schematic representation of the Ag3PO4 cubic structure showing the [AgO4] and [PO4] clusters.
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FT-IR spectroscopic analysis

FT-IR spectroscopy was used to obtain more information about
the short-range structural order. Figure 3 shows the FTIR spec-

trum of Ag3PO4 microcrystals.

Nine FT-IR active modes are observed experimentally, which
is in good agreement with reports in the literature.[20] Accord-

ing to the literature,[20d] the bands at ñ= 3329 and 1664 cm¢1

are attributed to the O¢H stretching and H¢O¢H bending vi-

brations, respectively, of water molecules. The sharp band at

ñ= 2358 cm¢1 is assigned to water–phosphate hydrogen bon-
ding.[20c,e] The antisymmetric stretching mode of the PO4

3¢

group is found at ñ= 1402 cm¢1.[20e] The band at ñ= 994 cm¢1

is also attributed to the PO4
3¢ group.[20d, 21] The band at ñ =

1074 cm¢1 is due to asymmetric stretching vibrations of P¢O
bonds, whereas the asymmetric bending mode is found at ñ=

545 cm¢1.[22] The band at ñ= 674 cm¢1 is assigned to the P¢O¢
P stretching vibration, and the band at ñ= 846 cm¢1 is due to
the symmetric vibration mode of the PO4

3¢ group.[23] These re-

sults suggest that the ammonia molecules from the synthetic
procedure are not adsorbed in the surface of the material be-

cause the FT-IR active modes of these molecules were not ob-
served.[24]

FEG-SEM analysis

Figure 4 shows FEG-SEM images of Ag3PO4, which illustrate
that the sample is composed of several microcrystals with

polydisperse sizes and shapes. Figure 4 a clearly indicates the
presence of five morphological types in the sample, as indicat-

ed by the colored dotted circles. The FEG-SEM images were

used to determine the morphological distribution by observing
200 microcrystals with good surface contours and defined

faces. The images in Figure 4 c–e reveal a high percentage of
the microcrystals, corresponding to 31.0, 33.5, and 26.0 %, re-

spectively. The microcrystals shown in Figure 4 b and f contain
low percentages of 6.5 and 3 %, respectively.

In the growth process of these microcrystals, the silver

diammine complex, [Ag(NH3)2]+ , was obtained by dropwise ad-
dition of ammonium hydroxide to a solution of AgNO3. Initially,

silver oxide, Ag2O, is precipitated from the solution of silver ni-
trate; however, this brown precipitate dissolves in excess am-
monium hydroxide to form [Ag(NH3)2]+ [Eq. (1)] . Subsequently,

hydrogen ions from the (NH4)2HPO4 precursor react with NH3

from the [Ag(NH3)2]+ complex, which releases Ag+ ions into

the solution.[7a, 25] The chemical reaction between these species
in solution results in the formation of Ag3PO4 [Eq. (2)] .

AgNO3 þ 2 NH3 ¡ H2O! ½AgðNH3Þ2¤NO3 þ 2 H2O ð1Þ

3 ½AgðNH3Þ2¤NO3 þ 6 ðNH4Þ2HPO4 ! Ag3PO4 # þ5 PO4
3¢

þ18 NH4
þ þ 3 NO3

¢ ð2Þ

Microwave irradiation used in the MAH process interacts

with the dipoles of a polar solvent and with charged particles
present in the mixture, which causes rapid heating by dipolar

polarization and ionic conduction.[26] The resulting high tem-

perature accelerates decomposition of the silver diammine
complex, and increases the rate of release of Ag+ ions. Micro-

wave irradiation also promotes an increase in the effective col-
lision rate between nanoparticles, which influences the crystal

growth process. As shown in the micrographs in Figure S2 in
the Supporting Information, there are some nanoparticles on

Figure 3. FT-IR spectrum of Ag3PO4 microcrystals.

Figure 4. a) Low-magnification FEG-SEM images of Ag3PO4 microcrystals; b)–
f) high-magnification SEM images of different morphologies found in the
sample.
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the surfaces of the Ag3PO4 microcrystals that do not diffuse
into the interior of the particles. These nanoparticles were

identified as Ag3PO4 primary particles. This observation indi-
cates that the microcrystals are formed by a self-assembly pro-

cess that involves these nanoparticles, and that further growth
by Ostwald ripening results in superstructures with different

shapes.[27] This process occurs because small particles are ener-
getically less favored than larger particles owing to their high
surface energy.

Theoretical procedures and computational methods

The cubic unit cell (P4̄3n) of Ag3PO4 contains two formula units
that occupy both silver and phosphorus atom tetrahedral sites.
The interactions between phosphorus and oxygen atoms is

mainly through covalent bonds, whereas the interactions be-
tween silver and oxygen atoms correspond to ionic bonds.[12c]

The optimized cell parameters are a = b = c = 6.024 æ, which is
in agreement with the experimental values of a = b = c =

6.00 æ.[12c] The P¢O, Ag¢O, and Ag¢Ag bond lengths are calcu-
lated to be 1.56, 2.37, and 3.01 æ, respectively ; the experimen-

tal values are 1.56, 2.36, and 3.01 æ, respectively.[12a]

The (100), (110), and (111) surfaces of Ag3PO4 are modeled
by means of an unreconstructed slab model by using a calcu-

lated equilibrium geometry and a (3 Õ 3 Õ 1) Monkhorst–Pack
special k-points grid. A vacuum spacer of 15 æ is introduced in

the z direction, so that the surfaces will not interact with each
other. After a convergence test of the system, slab models

(Figure 5) containing 6, 8, and 10 molecular units for the (100),
(110), and (111) surfaces, respectively, were considered with

areas of 36.29, 51.33, and 62.86 æ2. It is worth noting that the
(100) and (110) surfaces are oxygen- and silver-terminated,

whereas the (111) surface is oxygen- and phosphorus-terminat-
ed. It is probable that the silver-terminated (100) and (110) sur-

faces may be stabilized by interactions with ammonia mole-
cules during the crystal growth process. On the other hand,

the (111) surface may be destabilized, which results in Ag3PO4

microcrystals. In addition to the atomic configuration of the ex-
posed facets, the coordination environment has a great effect
on the reactivity and stabilization of the surfaces. In the (100)
surface, silver atoms are coordinated to four oxygen atoms,
with two pairs of equivalent distances at 2.092(2) and
1.925(2) æ. The (110) and (111) surfaces show that the silver

atoms to be surrounded by three oxygen atoms with distances

of 1.978, 2.123, and 2.895 æ and 2.077, 2.188, and 2.730 æ, re-
spectively. Surfaces with incompletely coordinated atoms usu-

ally have a higher reactivity in photocatalytic processes and di-
minish more rapidly during crystal growth than surfaces with

fully coordinated atoms.[7a, 8, 28]

Figure 6 presents the Wulff crystal representation of opti-

mized Ag3PO4 and the different morphologies that would be

obtained by assuming different surface energy ratios for sever-
al facets. Transformations between the different morphologies

are due to geometric constraints imposed by the crystal struc-
ture and are associated with the relative surface energy value

of each surface. This interpretation has the advantage that all

Figure 5. Crystallographic structure of the (100), (110), and (111) facets based on a slab model. The gray, purple, and red atoms represent silver, phosphorus,
and oxygen atoms, respectively.

ChemPlusChem 2016, 81, 202 – 212 www.chempluschem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim205

Full Papers

http://www.chempluschem.org


faces grow from the initial Ag3PO4 crystal (ideal) as a function
of the surface energy value.

Figure 7 illustrates the good agreement between experimen-
tal and theoretical morphologies when the surface energy of

the (100) orientation is decreased. As noted in previous analy-
ses, the predominant morphologies obtained experimentally

(Figure 4 c–e) display exposed (100) and (110) surfaces, which
support the hypothesis that these surfaces are stabilized by in-

Figure 6. Wulff crystal representation of Ag3PO4 microcrystals for the (010), (100), (001), (110), (101), (011), and (111) surfaces.

Figure 7. FEG-SEM images of Ag3PO4 microcrystals and their Wulff crystal representations.
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teractions with ammonia molecules. This observation suggests
that the Wulff shape of Ag3PO4 is closely related to the chemi-

cal environment.
DFT calculations can be used to better understand the

mechanism of the morphological transformation of micro- and
nanoparticles at the atomic level. It can also help in the choice

of experimental conditions (such as solvent and surfactants) to
promote selective interactions with given terminal groups to

obtain morphological control.

UV/Vis absorption spectroscopy

The band-gap energy (Egap) of Ag3PO4 microcrystals was ob-
tained by application of the Wood–Tauc[29] method and Kubel-

ka–Munk (K–M) function.[30] The transformation of the diffuse

reflectance measurements was obtained by using the K–M
equation [Eq. (3)]:

F R1ð Þ ¼ 1¢ R1ð Þ2
2R1

¼ K
S

ð3Þ

in which F(R1) is the K–M function, R1 is the diffuse reflectance
(R1= Rsample/RMgO ; MgO was adopted as the standard for the re-

flectance measurements), K is absorption coefficient, and S is
the scattering coefficient. The Wood–Tauc function [Eq. (4)]
was then employed:

/ hv ¼ C1 hv ¢ Egap

¨ ¦n ð4Þ

in which a is absorption coefficient, hn is the photon energy,
C1 is a proportionality constant, and n is a constant associated

with the type of electronic transition. According to reports

in the literature,[12b, 31] Ag3PO4 exhibits an indirect band gap,
with n = 2. It is possible to determine Egap by plotting

F R1ð Þhv
1=2

� �
versus hv (Figure 8 a). The Egap value of 2.2 eV is

in good agreement with results reported in the litera-
ture.[20e, g, 31a, 32] The calculated indirect band gap (M¢G) is
2.72 eV,[18] which is higher than the value reported in other
studies by using a similar methodology, that is, from 2.13[12d] to
2.36,[12b] 2.43,[12c] and 2.49 eV.[12e] The Brillouin zone with the
path used, as well as the band structure and DOS projected on
atoms, are presented in Figure 8 b. A general analysis of the
DOS shows that the upper part of the valence consists of non-
interacting Ag 4 d and O 2 p orbitals and a high contribution of
s orbitals is observed in the lower part of the conduction band
(CB) for all Ag atoms.[18] The band structure and DOS projected
on atoms of the (111), (110), and (100) surfaces are provided in
Figures S3, S4 and S5, respectively, in the Supporting Informa-
tion. Only the (111) surface presents a low band gap value of
0.20 eV (G¢G), whereas the other surfaces, (110) and (100),
have conducting behavior. The band gap is closely related to
the difference in energy level between the valence band (VB)
and CB, which can originate from structural distortions in the
material, as illustrated by Rietveld refinement analysis. Structur-
al distortions and Egap play an important role in the electronic

properties, such as photocatalytic activity and the PL of materi-
als.

Photoluminescence (PL)

Figure 9 shows the PL spectrum of Ag3PO4 obtained by using
laser excitation at l= 350 at room temperature. The PL spec-

trum contains a broad band with an emission maximum cen-
tered at l= 444 nm and another between l= 601 to 665 nm

(Figure 9), which suggest an emission mechanism operating by
a multilevel process that involves the participation of several

energy states within the band gap. Therefore, to better under-
stand the PL properties of Ag3PO4 microcrystals and the contri-

bution of each individual peak, we deconvoluted the PL spec-
trum by using the PickFit program with the Voigh area func-
tion. It was possible to identify the contribution of 6 emission

components located at l= 427 (violet), 457 (blue), 498 (green),
549 (green), 625 (orange), and 696 nm (red). Analysis of the de-

convolution results reveals a higher percentage of the violet
and blue area, which indicates a higher percentage of shallow

defects than deep defects in this sample.

There are some reports concerning the PL properties of
Ag3PO4 powders; however, the PL emission is not completely

understood.[20a, 25, 33] Botelho et al. attributed the PL properties
of Ag3PO4 to the [PO4] and [AgO4] clusters, with the blue emis-

sion arising from the [PO4] clusters and the red emission aris-
ing from the highly distorted tetrahedral [AgO4] clusters.[18] The

present sample exhibits a blueshift in PL emission relative to
that of the microparticles studied by Botelho et al. ,[18] who also

employed an excitation wavelength of l= 350 nm. This behav-

ior can be associated with modifications in the number of in-
termediate energy levels within the band gap caused by differ-

ent intrinsic (bulk/surface) and extrinsic defects (interface) con-
centrations in the material. These structural changes can be re-

lated to charge polarization between distorted clusters that
are able to populate excited electronic states. Thus, intrinsic

defects associated with structural organization and morpholo-

gy can be important factors in the corresponding PL profile.

Photocatalysis

Figure 10 a shows the evolution of the photocatalytic activity
of Ag3PO4 microcrystals towards a solution of MO by using UV/

Vis spectroscopy to monitor the decrease in absorption of the
dye. MO dye has an absorption maximum centered at l=

464 nm. Figure 10 a shows a decrease in the absorbance of the

solution of MO, which indicates that a high percentage of the
dye has been discolored after 60 min of visible irradiation. Fig-

ure 10 b illustrates the discoloration curves (Cn/C0) of a solution
of MO. The photolysis of the dye, without catalyst, produces

a low degree of degradation. However, the Ag3PO4 microcrys-

tals show good photocatalytic performance, leading to 92 %
discoloration of the MO dye after 60 min of irradiation, which

is in agreement with results reported in the literature.[34] These
results confirm that degradation is primarily due to the activity

of Ag3PO4 microcrystals. Figure 10 c shows that the rate con-
stant (KMO = 3.1564 Õ 10¢4 min¢1) obtained without catalyst is
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very small ; the rate constants (KAg3PO4¢MO = 0.0440 min¢1) of
Ag3PO4 microcrystals for the degradation of MO are also illus-

trated.
The presence of metallic Ag (ICSD no. 64706) was detected

in the Ag3PO4 sample after the photocatalytic process, as illus-

trated by XRD analysis (Figure S6 in the Supporting Informa-
tion). Moreover, the color of the sample changed from yellow

(see the inset of Figure S6 in the Supporting Information) to
gray. This phenomenon is attributed to reduction induced by

photogenerated electrons during photocatalysis, whereby

Ag3PO4 is partially decomposed to form Ag0 and PO4
3¢, as pre-

viously described.[18, 20d, 35] As shown in Figure 1, it was not pos-

sible to demonstrate the existence of any metallic silver before
visible illumination.

As reported in the literature,[36] the controlled appearance of
metallic Ag on the surface of Ag3PO4 has led to the emergence

of new physical chemical properties for this material. Our re-
search group has been able to induce the nucleation and

growth of metallic silver on the surface of some silver-contain-

ing oxides and Ag3PO4 by exposure to an electron beam.[37] Ac-
cording to Botelho et al. ,[18] the incorporation of electrons in

the structure of Ag3PO4 leads to structural modifications and
the appearance of surface defects on the [AgO4] clusters. This

phenomenon was not observed herein when Ag3PO4 micro-
crystals were exposed for some minutes to an electron beam,

which indicates a greater structural stability of these microcrys-

tals in relation to the microparticles studied by Botelho et al.[18]

The difference in behavior is thought to be due to a difference

in morphology.
The formation of metallic Ag on the Ag3PO4 sample during

photocatalysis generates Ag vacancies, which behave as de-
fects on the surface of Ag3PO4, as well as distortions of the

Figure 8. a) UV/Vis spectrum of Ag3PO4 microcrystals. b) Band structure and the density of states (DOS) projected on atoms of bulk Ag3PO4.
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[PO4] and [AgO4] clusters. Defects can act as active sites for the

degradation of dyes.[38] The photocatalytic performance of

a material is related not only to its structure, band gap energy,
and recombination rate of photogenerated electron–hole (e’–
hC) pairs, but also to its morphology. Exposed facets with high
surface energy usually contribute more to the photocatalytic

activity of a material because of their high reactivity.[7a, 39] As
observed in Figure 4, the Ag3PO4 sample is a combination of

five morphologies, three of which are present in large quanti-

ties and may contribute more to photocatalytic activity. There-
fore, different facets play different roles in photocatalysis.

A complex clusters model based on Krçger–Vink[40] notation
was employed to further explain the photocatalytic properties

of Ag3PO4 microcrystals, and a possible photocatalytic mecha-
nism for the degradation of MO dye was proposed.[8, 38, 41] In
this model, intrinsic (bulk/surface) defects in the lattice of the

material facilitate polarization of the lattice and lead to elec-
tronic transitions between ordered and disordered clusters.
Therefore, the e’–hC pairs are present even before excitation.
Visible irradiation enhances the formation of e’–hC pairs, lead-

ing to electron transfer within the band gap (Figure 8). The
[AgO4]Cd and [AgO4]’o clusters generated on the surface are

able to react with H2O and O2 molecules by means of adsorp-

tion until the dye becomes discolored. In addition, HC species
interact with the superoxide radical anion (O2’), resulting in the

formation of the perhydroxyl radical (HO2C). The subscripts d
and o refer to disordered and ordered clusters, respectively.

The superscript C indicates the hole (hC) in the cluster and ’ indi-
cates an electron (e’) in the cluster. Although it is possible that

the photogenerated [PO4]Cd and [PO4]’o clusters participate in

the mechanism of photocatalysis, they are not effective in the
photocatalytic process. As shown in Figure 9, the red PL emis-

sion of the [AgO4] clusters is of lower intensity than that of the
blue PL emission associated with the [PO4] clusters. A lower PL

intensity usually indicates a decrease in the recombination
process,[20a, 34b] which favors the photocatalytic activity of the

Ag3PO4 microcrystals. Adsorption on the crystal surfaces also

plays an important role in the photocatalytic process, as previ-
ously observed. The microcrystals obtained are oxygen- and

silver-terminated, which confirms the participation of the
[AgO4] clusters in photocatalysis (Figures 5–7).

Figure 9. PL spectrum of Ag3PO4 microcrystals.

Figure 10. a) Absorption spectrum of a solution of MO after visible-light irra-
diation for different times in the presence of Ag3PO4 microcrystals. b) Discol-
oration curves and c) first-order kinetic plots for the discoloration of a solu-
tion of MO with and without Ag3PO4 microcrystals under visible irradiation.
SD = standard deviation.
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Conclusion

Ag3PO4 microcrystals were obtained by the MAH method by
using the silver diammine complex as the Ag+ ion source.

Sharp diffraction peaks and a well-defined FT-IR spectrum indi-
cated that the material was structurally ordered at long and

short ranges, respectively. The Rietveld refinement results con-
firmed that the material had a body-centered cubic structure
with space group P4̄3n and consisted of highly distorted tetra-

hedral [AgO4] and tetrahedral [PO4] clusters. FEG-SEM images
revealed that the sample exhibited a combination of five mor-
phologies, three of which were presents in large quantities. Ex-
perimental data and first-principles calculations were used to

demonstrate that the morphological transformations of the
Ag3PO4 forms were controlled by the relative surface energies

of each surface type. The microcrystals obtained were silver-

terminated, which suggested that these facets were stabilized
by interactions with ammonia molecules. The maximum PL

emission was observed in the blue region of the visible spec-
trum, which indicated a high contribution from [PO4] clusters.

On the other hand, the photocatalytic process was attributed
primarily to [AgO4] clusters and different surface energy values.

Experimental Section

Synthesis

Ag3PO4 microcrystals were prepared at 140 8C for 64 min by the
MAH method by using [Ag(NH3)2]+ as the Ag+ ion source. Initially,
AgNO3 (0.5148 g; 99.8 %, Vetec) and (NH4)2HPO4 (0.1339 g; 98.6 %,
J. T. Baker) were dissolved in deionized water (75 and 25 mL, re-
spectively). NH4OH (30 %, Synth) was added dropwise to the solu-
tion of AgNO3 until a transparent solution formed. Both solutions
were mixed and transferred to a Teflon autoclave, which was
sealed and placed inside an modified domestic microwave
system.[42] The precipitation reaction occurred in the Teflon auto-
clave, and the pressure stabilized at 3 atm. After processing, the re-
sulting suspension was washed with deionized water and centri-
fuged several times to remove byproducts. Finally, the yellow pre-
cipitate was dried in an oven at 60 8C for several hours.

Structural, optical, and morphological characterization

Ag3PO4 microcrystals were characterized by XRD by using CuKa ra-
diation (Rigaku diffractometer, Model D/Max-2500PC) in the 2q

range of 10 to 758 at a scan speed of 28min¢1 and from 10 to 1108
with at a scan speed of 18min¢1 in the Rietveld routine, both with
a step of 0.028. FTIR spectra were obtained from ñ= 500 to
4000 cm¢1 as CsI pellets by using a Bomem–Michelson spectropho-
tometer (model MB-102) in transmittance mode. UV/Vis absorption
spectra were recorded in the diffuse reflection mode with a Varian
(model Cary 5G) spectrometer. Morphologies were analyzed by
FEG-SEM on an FEI instrument (Model Inspect F50) operating at
10 kV. PL spectra were measured with a Monospec 27 monochro-
mator (Thermal, Jarrel Ash) coupled to an R446 photomultiplier
(Hamamatsu Photonics). A krypton ion laser (Coherent Innova,
200 K; l= 350 nm) was used as an excitation source. The incident
laser beam power on the sample was maintained at 15 mW. PL
measurements were performed at room temperature.

Photocatalysis

The photocatalytic activity of Ag3PO4 microcrystals was tested for
the degradation of MO in aqueous solutions under visible radia-
tion. In one beaker, Ag3PO4 (50 mg) was dispersed in a solution of
MO (50 mL; 1 Õ 10¢5 mol L¢1) with an ultrasound bath (Branson,
model 1510; frequency of 42 kHz) for 15 min. This solution was
maintained under stirring in the dark for 30 min to permit the ad-
sorption–desorption equilibrium of the dye on the catalysts and
the first aliquot collected was called time 0. Subsequently, these
solutions were illuminated by 6 lamps (PHILIPS TL-D, 15 W) in
a photocatalytic system maintained at 20 8C in a thermostatic bath
with vigorous stirring. Aliquots were removed at certain time inter-
vals (0, 1, 3, 5, 7, 10, 15, 20, 30, 40, 50, and 60 min) and centrifuged
to obtain the liquid phase only. Variations in the absorption band
maximum at l= 464 nm (MO) were monitored by UV/Vis absorp-
tion spectroscopy of the solution on a V-660 spectrophotometer
(JASCO).

Theoretical procedures and computational methods

First-principles total-energy calculations were performed within the
periodic DFT framework by using the VASP program.[43] The Kohn–
Sham equations were solved by using the generalized gradient ap-
proximation in the Perdew–Burke–Ernzerhof (PBE) formulation for
electron exchange and correlation contributions to the total
energy.[44] The conjugated gradient energy minimization method
was used to generate the relaxed systems. Atoms were considered
to be fully relaxed when the Hellmann–Feynman forces converged
to less than 0.005 eV æ¢1 per atom. The screened hybrid functional
proposed by Heyd, Scuseria, and Ernzerhof (HSE)[45, 46] was used for
the electronic analysis, in which a percentage of exact nonlocal
Fock exchange was added to the PBE functional (30 %), with
a screening of 0.11 bohr¢1 applied to partition the Coulomb poten-
tial into long- and short-range terms, as reported in some recent
papers.[12d, 18]

The electron–ion interaction was described by projector-augment-
ed-wave pseudopotentials.[47] The plane-wave expansion was trun-
cated at a cutoff energy of 460 eV, and the Brillouin zones were
sampled through Monkhorst–Pack special k-point grids to assure
geometric and energetic convergence of the Ag3PO4 structures. Vi-
brational frequency calculations were performed at the G point
with the harmonic approximation, and the dynamic matrix was
computed by numerical evaluation of the first derivative of the an-
alytical atomic gradients.

To confirm the convergence of the total energy with respect to the
slab thickness of different surface models, the Esurf values for sever-
al low-index planes were calculated. Esurf is defined as the total
energy per repeating cell of the slab (Eslab) minus the total energy
of the perfect crystal per molecular unit (Ebulk) multiplied by the
number of molecular units of the surface (n) divided by the surface
area per repeating cell of the two sides of the slab [Eq. (5)]:

Esurf ¼
Eslab ¢ nEbulk

2A
ð5Þ

The equilibrium shape of a crystal can be calculated by the classic
Wulff construction, which minimizes the total surface free energy
at a fixed volume and provides a simple relationship between the
surface energy, Esurf, of the hkl plane and its distance rhkl in the
normal direction from the center of the crystallite.
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