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The synthesis of metastable solid phases is a pivotal starting point for innovative materials research. Here,
we report the synthesis by means of a precipitation method of the metastable cubic y-Ag,WO, phase
under ambient conditions. Different experimental techniques such as X-ray diffraction (XRD) with
Rietveld refinement, field emission scanning electron microscopy (FE-SEM), micro-Raman/ultraviolet-
visible (UV-vis) diffuse reflectance, photoluminescence spectroscopies, and differential scanning
calorimetry (DSC) were employed. To complement the experimental data, the geometry, morphology,
vibrational and electronic structure of y-Ag, WO, were characterized and evaluated using first-principles
quantum mechanical calculations at the density functional theory (DFT) level. A theoretical model based
on the Wulff construction was introduced to explain the possible crystal morphologies of the faceted
crystals, which were obtained by tuning the surface chemistry of the crystals, and are related to their
relative stability. Both the experimental and theoretical data revealed the presence of (100), (110), and

(111) facets with low surface energies in the y-Ag,WO, crystals. When the surface energy value of the
Received 3rd October 2016 (111) . l d th . tal hologi f th _synthesized 0 imilar t
Accepted 8th November 2016 surface was lowered, the experimental morphologies of the as-synthesized samples were similar to

the theoretically obtained shapes. From the analysis of the experimental and calculated Raman spectra,

DOI: 10.1039/c6ra24692c PL emissions, and the density of states, we can assume that y-Ag,WO, is primarily formed by both
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1. Introduction

Polymorphism is the ability of a given material to exist in more
than one form, that is, to have different crystal structures and
properties, while maintaining the same chemical composition.
Polymorphism is a key property that enables researchers to
investigate different structures depending on external condi-
tions, such as temperature, pressure, type of field (electric,
magnetic, etc.), synthetic procedure, and mode and duration of
the material processing, i.e., the enhancement of a particular
phase modification, out of all possible polymorphic phases,
depends on the thermodynamic and kinetic factors. Research
on the synthesis of metastable material phases has been fueled
by studies where it has been found that these phases exhibit
unexplored physical and chemical properties that are distinct
from the properties of their thermodynamically stable coun-
terparts.’”> However, these studies have been incomplete due to
the propensity of the metastable phases to transform into more
stable phases. In addition, the challenge to develop facile
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distorted clusters: [WO4] tetrahedra and, distorted in a lesser extent, [AgOg] octahedra.

methods for the synthesis of metastable materials remains.*”
Thus, it would be highly desirable to investigate metastable
material phases in a manner similar to that adopted for the
thermodynamically stable ones, so as to put both on a compa-
rable footing.

Silver tungstate (Ag,WO,)-based materials
a particularly intensively researched family of inorganic
compounds because of their particular crystal and electronic
structures.®*** In response to their extensive range of innovative

constitute

properties and practical applications, a plethora of experi-
mental works have been published on the synthesis and prop-
erties of Ag,WO,-based materials,**® and on their applications
in photocatalysis,'”****** catalysis,'*** photoluminescence,*"***
sensors,” and as antibacterial agents.”"***® Ag,WO, exhibits
stunningly complex polymorphism,*” and its understanding has
evoked recent interest due to both fundamental scientific and
technological aspects. Apart from the orthorhombic and ther-
modynamically stable a-Ag,WO, phase, B- and y-phases have
also been identified with hexagonal and cubic structures,
respectively.”” In addition, it has been well established that
these B- and y-phases are metastable phases that can be
transformed into the o-phase when heated.

To date, different synthesis methods have been reported in
the literature to obtain Ag,WO, metastable phases.””* In
particular, B-Ag,WO, was successfully prepared by a precipitation

This journal is © The Royal Society of Chemistry 2017
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method using a surfactant-assisted route in the presence of
polymethacrylic acid (PMAA),*® acrylamide (AM)** or poly-
vinylpyrrolidone (PVP).>* The transformation from the meta-
stable B-phase to the thermodynamically stable a-phase was
inhibited by the surfactant. Without the addition of any surfac-
tants, other conditions (such as temperature and pH) can serve as
inhibitors to prevent this phase transformation. For example,
a metastable B-Ag,WO, phase, which coexisted with a weak
amount of a-phase, was obtained using a co-precipitation method
at pH 4;*" in addition, the synthesis of pure B-Ag,WO, at low
temperatures has also been reported.** Recently, our research
group reported the synthesis of B-Ag,WO, microcrystals by
simple* and drop-wise precipitation®* methods. Moreover, Gupta
et al. presented a new strategy for synthesizing hexagonal meta-
stable B-Ag,WO, at room temperature through the use of aliova-
lent Eu®* dopants (to induced the orthorhombic (a-Ag,WO,) to
hexagonal (B-Ag,WO,) phase transition) along with the co-
precipitation method.*® Less is known about the y-Ag,WO,
phase due to its scarcity and complex synthesis, and practically no
attempt has been reported regarding the formation of a pure,
metastable y-Ag,WO,.>”*>* Thus, the transfer of all the preceding
experiments to the corresponding cubic phase is most rewarding
with respect to elucidating the common properties and differences
between the o- and B-Ag,WO, modifications.

The simultaneous use of theoretical calculations alongside
experiments has been a significant aid for the interpretation and
assignment of complex spectra. This combination has previously
been applied to the investigation of complex materials such as B-
Ag,WO0,,* Ag,CrO,,” and Ag,V,0- (ref. 38) crystals. To the best of
our knowledge, combination of theoretical and experimental
studies on the structure of y-Ag,WO, crystals is inexistent. This
encouraged us to investigate the geometry, cluster coordination,
and electronic structure of y-Ag,WO, crystals.

Herein, for the first time, the facile synthesis and character-
ization of the metastable cubic y-Ag,WO, phase is reported.
Different experimental techniques such as X-ray diffraction
(XRD) with Rietveld refinement, field emission scanning electron
microscopy (FE-SEM), micro-Raman/ultraviolet-visible (UV-vis)
diffuse reflectance, photoluminescence (PL) spectroscopies, and
differential scanning calorimetry have been employed. In addi-
tion, the geometry, electronic structure, morphology, and optical
properties of the y-Ag,WO, phase were investigated with first-
principles quantum mechanical calculations at the density
functional theory (DFT) level, and the theoretical results were
compared with the experimental data. The calculations helped us
to interpret and understand the physical mechanisms that drive
the experimental results. The remainder of this paper is orga-
nized as follows: Section 2 describes the experimental procedure
and computational details; Section 3 contains the results and
discussion; and Section 4 provides a summary of this study and
the concluding remarks.

2. Experimental
2.1 Material synthesis

High-purity silver nitrate (AgNO3; 99.8% purity, Sigma-Aldrich)
and sodium tungstate (Na,WO,-2H,0; 99.0% purity, Sigma-
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Aldrich) were obtained from commercial sources and used as
received. The y-Ag,WO, phase was obtained by simultaneous
addition of 1.13 g (6.66 mmol) of AgNO; and 1.10 g (3.33 mmol)
of Na,WO,-2H,0 in 20 mL of deionized water. The reaction was
performed under low temperature conditions (0-5 °C) and
under continuous stirring. In order to have a better under-
standing of the process of formation of the y-Ag,WO, particles,
the reaction progress was checked in two moments: one portion
was extracted of the reaction after 10 min and then the
precipitate was collected; and the second portion was allowed to
react for another 10 min, for a total 20 min reaction time.
Subsequently, the two portions were washed several times with
acetone and dried at 50 °C.

2.2 Characterization

In order to determine the crystal phase, X-ray diffraction (XRD)
measurements were carried out using a D/max-2000/PC X-ray
powder diffractometer (Rigaku) with Cu Ka radiation at a scan-
ning speed of 2° min~'. The XRD accelerating voltage and
emission current were 40 kV and 30 mA, respectively. The
microstructure and surface characteristics were investigated
using an FE-SEM Inspect F50 (FEI Company, Hillsboro, OR)
apparatus operated at 10 kV. High-resolution Raman spectra
were recorded with a He-Ne laser at 632.81 nm (model CCD
DU420AOE325) operating at 25-1000 c¢m ', keeping its
maximum output power at 6 mW. The transformation of the
material during its heat treatment was studied by differential
scanning calorimetry (DSC) using an STA 409/429 Netzsch
instrument at a rate of 10 °C min~ ' from 25 to 700 °C. UV-vis
diffuse reflectance spectra measurements were carried out
using a Varian spectrophotometer (model Cary 5G) at the 100-
800 nm wavelength analysis range. Photoluminescence emis-
sion spectra were recorded on a Monospec 27 monochromator
(Thermal Jarrel Ash) coupled to an R446 (Hamamatsu
Photonics) photomultiplier, and a krypton-ion laser (Coherent
Innova 90K; A = 350 nm), over a wavelength range of 350-
850 nm.

2.3 Computational details

Calculations on the periodic y-Ag,WO, structure were per-
formed with the CRYSTAL14 software package.*® For the
calculations, tungsten was described by a large-core ECP,
derived by Hay and Wadt, and modified by Cora et al.,*® while
the silver and oxygen centers were described using HAYWSC-
311d31G and O (6-31d1G) basis sets, respectively, which were
taken from the Crystal website.** The screened-Coulomb HSE06
(ref. 42 and 43) range-separated hybrid functional was used to
obtain accurate band gaps of the computed structures. The
diagonalization of the Fock matrix was performed at adequate k-
point grids in the reciprocal space. The thresholds controlling
the accuracy of the Coulomb and exchange integrals calcula-
tions were set to 10 ® and 10 '%, and the mixing percent of the
Fock/Kohn-Sham matrices was set to 40% (IPMIX keyword).*
The band structure and the density of states (DOS) projected on
the atoms and orbitals of bulk y-Ag,WO, were constructed
along the appropriate high-symmetry directions of the

RSC Adv., 2017, 7, 5610-5620 | 5611
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corresponding irreducible Brillouin zone. To confirm the
character of local minima on the potential energy of the
surfaces, vibrational frequency calculations were carried out to
ensure that only positive frequencies corresponded to minima
for the studied ordered and disordered structural models.

The disordered models were generated by creating Ag or W
atom dislocations from their initial coordinates in the ordered
and most stable structure. The following displacements were
explored: (i) 0.05 to 0.20 A in the z-coordinate of the Ag atomy; (ii)
0.05 to 0.20 A in the z-coordinate of the W atom; and (iii) 0.05 to
0.20 A in the z-coordinate of the Ag and W atoms. These
displacements were considered for 25% and 50% of all Ag or W
atoms.

Stoichiometric slabs for the (100), (110) and (111) surfaces of
the cubic y-Ag,WO, structure were modeled, and the surface
energy value, Eq,, which is defined as the energy per unit area
required to form the surface relative to the bulk, was calculated
as follows:

Eor = Egav ; :Ebulk (1)

where Eg,p, is the total energy of the 2D slab, nEp is the energy
of the corresponding amount of bulk Ag,WO, units, and A
represents the surface area, which is created on each side of the
2D slab and is repeated periodically. After the corresponding
thickness optimization process and convergence tests, slab
models consisting of four molecular units were obtained for the
(100) and (111) surfaces, while six molecular units were used for
the (110) surface. In addition, different slab terminations have
been taken into account in order to find the Eg, values.

The equilibrium shape of a crystal can be calculated using
the classic Wulff construction, which minimizes the total
surface free energy at a fixed volume, and provides a simple
relationship between the Eg,,¢ of the (hkl) plane and its distance
in the normal direction from the center of the crystallite. This
strategy can be used to correlate the theoretical and experi-
mental morphologies for o and B phases of Ag,WO, system.****

3. Results and discussion
3.1 XRD

The X-ray diffraction pattern of the Ag,WO, sample is shown in
Fig. 1. From the analysis of the peak positions and their relative
intensities, we confirmed that the as-synthetized samples, with
a lattice parameter of @ = 9.335 A, were consistent with the
standard powder diffraction pattern of y-Ag,WO, (JCPDS file
no. 861157). This lattice parameter value is in agreement with
those of other isomorphous spinel compounds such as Na,WO,
with a = 9.13 A,*> Ag,M00, with a = 9.26 A (ref. 46) and a = 9.25
A,¥ Na,MoO, with a = 9.108 A,*® and Ag,WO, with a = 9.35 A.*7
To confirm the y-Ag,WO, structure, the dj; and the respective
relative intensity for the associate peak were compared with
other reported data from similar structures as shown in Table
S1 of the (ESIf).

The theoretical calculations of y-Ag,WO, yielded a lattice
parameter of 9.3045 A, which is in agreement with the experi-
mental value obtained, and a simple fully cubic symmetry. The

5612 | RSC Adv., 2017, 7, 5610-5620

View Article Online

Paper
=
=
32l
-
]
8 ]
S
> N - ®
c g n o™
[0]
o
£
-
=
=

10 15 20 25 30 35 40 45 50 55 60 65 70
2 Theta (°)

Fig. 1 XRD pattern of y-Ag,WO, with its respective Miller index.

conventional cell for this spinel structure contains 8 formula
units where the W atoms occupy the tetrahedral 8a sites, the Ag
atoms reside at the octahedral 16d position, and the O atoms
stay at the 32e positions in the Fd3m space group, as depicted in
Fig. 2. As reported by our group for o- and B-phases, the [AgO,]
and [WO,] clusters are the common building blocks in the
polyhedral representation of each unit cell.>'>***> However,
difference between y and z subscripts are revealed for each
structure.

3.2 FE-SEM

Different magnification FE-SEM micrographs of samples with
synthesis times of 10 and 20 min are shown in Fig. 3, where the
morphological evolution of the y-Ag,WO, particles can be seen.
The images display a broad grain size distribution, at around 2~
4 yum, and nearly spherical shapes. For the reaction time of
10 min, some small nanocrystals with a cuboid structure are
visible on the large microcrystal surfaces that have not diffused
into the interior. The samples corresponding to 20 min reaction
time had the most microparticles with irregular or approxi-
mately spherical structures, although some faceted particles
can be observed. Furthermore, a decrease in the number of

distorted
octahedra
[Ag0s]

distorted
tetrahedra
[WO.]

Fig. 2 A polyhedral representation of the y-Ag,WO4 unit cell
Depicted are the local coordination of the Ag and W atoms corre-
sponding to the octahedral [AgOg] and tetrahedral [WO,] clusters,
respectively.

This journal is © The Royal Society of Chemistry 2017
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10 min

20 min

Fig. 3 FE-SEM micrographs at different magnifications for the different times of synthesis.

nanoparticles on the surface can be perceived. These nano- behavior suggests that an Ostwald-ripening mechanism takes
particles are observed to be rod-shaped. Although our group place, where, when the growth kinetics are fast, bigger crystals
had previously reported this rod-like morphology in the o- grow at the expense of smaller nanocrystals.

Ag,WO, phase,”*"* traces of this phase were not detected for To shed light on the morphology of the y-Ag,WO, phase,
the experimental techniques used in this work. For both reac- a theoretical analysis was performed. According to the theo-
tion times, the presence of nanoparticles on the surface of the retical calculations, the order of stability of the y-Ag,WO,
microparticles can be explained by the incomplete diffusion of surfaces is (110) < (100) < (111). Slab models with thickness of
these small particles into the larger y-Ag,WO, particles. This 9.1 A, 9.6 A and 9.3 A were constructed for the (100), (110) and

(100) (111)
exposed Ag 2.385A exposed Ag 2.406 A (2)
Coordination=3 2.521A(2) o 25224
Coordination=3

(110)

exposed Ag {2-276é o]
Coordination=3 2358

Fig. 4 Slab models constructed for (a) (100), (b) (110) and (c) (111) surfaces.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 5610-5620 | 5613
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(111) surfaces, respectively. These surfaces are depicted in clusters as in the bulk. Other non-symmetric slab models con-
Fig. 4, where the most exposed Ag atoms in all surfaces are structed for the (100), (110) and (111) surfaces are presented in
three-coordinated. The most exposed W atoms form [WO,] Fig. S1 of ESI,T which present lower stability.

(a) == (100) Ideal Surface Eg ¢ (J/m?)
= (110) (100) 1.23
= (111) (110) 117
(111) 196

1.1 1

(111)

Equri(110) =0.88 Equrr(110) =1.00 Equrr(100) =1.00 Equrr(100) =0.82

Equr(111) =1.30

3.1

Equ(111) =1.20

Equrf(111) =1.15

Q

4.1 Equrf(111) =1.00 4.2

Equr(110) = 0.80 £.r(111) 20.90

Eqrt(111) =0.72

(®)

ﬁ uoj8aJ yoau

Fig.5 (a) Theoretical morphology map for y-Ag,WOy, crystals (the surface energy units are given in J m~2) and (b) experimental FE-SEM images
of faceted y-Ag,WO, microcrystals. The computationally simulated crystal shapes are included for comparison purposes.
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From the Wulff construction, it is derived that the surfaces with
the lowest surface energies control the crystal morphology.* The
ideal morphology of y-Ag,WO, is a cube dominated by the surface
(100). However, it is possible to modify this ideal morphology by
tuning the surface energies of the different facets using the Wulff
construction.”*" An analysis of the theoretical results showed that
when the relative stability of the facets changes (increases or
decreases), more than one type of facet will appear in the resulting
morphology. We followed a model recently developed by our
research group,*** based on the Wulff construction, which can be
used to explicitly predict the evolution of morphologies in
different environments. The map of the crystal morphologies is
displayed in Fig. 5a. The analysis of the theoretical results indi-
cates that the most stable surface is the (110) followed by the (100),
which form the ideal morphology (shown in the upper part of
Fig. 5a). When the relative stability of the (110) and (100) facets
decreased, more than one type of facet appeared in the resulting
morphology. A rhombic dodecahedron (picture 1.1 of Fig. 5a) was
obtained from the ideal morphology passing through picture 1, as
the surface energy of the (110) facet decreased to 0.88 ] m ™ %; while
a cube was produced when the surface energy of the (100) facet
decreased to 0.82 ] m ™2 (see morphology 2.1). When the surface
energy of the (111) facet decreased to 1.30 ] m ™2, morphology 3
was obtained, and a subsequent decrease in the surface energy
value for the (111) facet rendered the 3.1, 3.2 and 3.3 morphologies
(see Fig. 5a). Finally, an octahedron was achieved when the surface
energy of the (111) facet decreased to 0.72 J m~? (morphology 4).
The experimental FE-SEM image displayed in Fig. 5b was the best
well-faceted sighting to use for comparison. A good agreement
between the experimental and theoretical morphologies was ob-
tained when the surface energy values of the (111) facet was 1.20 or
1.15 ] m > These surface energy values generated 3.1 or 3.2
morphologies, respectively. In the neck region: the particle diver-
ted from the suggested theoretical morphology due to the neck
formed with other particles. Thus, variations in the ratio between
surface energy values affect the related morphologies, and can be
used to obtain correlations with the experimental results. We have
reported well-faceted rod-like elongated particles as typical
morphology for o- and B-Ag,WO, microcrystals. For these two
polymorphs, a narrow range of values, between 0.2-1.4 ] m~ > and
0.08-1.16 ] m™ 2, for a-** and B-,*® respectively, were calculated for
the surface energy values. In comparison, the present work
displays: (i) bigger values, 1.17-1.96 ] m™%; and (ii) not-faceted
shape for y-Ag,WO,. A possible relationship between value and
range of surface energy with the metastability is under review for
future works.

3.3 Differential scanning calorimetry

The y-Ag,WO, thermograms are shown in Fig. 6. The DSC curve
clearly shows three processes. At lower temperatures, the
exothermic peak at 184 °C is linked to the y-o phase transition.
Two endothermic peaks at higher temperatures can be
observed, abroad peak at 500 °C and a sharp peak at 603 °C,
which can be associated to the probable decomposition of the
Ag,WO, and a melting process, respectively. Only the last
process is reversible.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 DSC curves of y-Ag,WOy,.

3.4 Raman spectra

Raman spectroscopy is one of the most suitable methods for
investigating and characterizing the structure and symmetry of
solids, particularly the degree of short-range structural order,
and it also provides the degree of structural order-disorder in
bonds between atoms in the materials.” Fig. 7a shows the

(a) 1050
658 912
10000
w2 530 00
7500
]
. 750
&
> 5000 400 500 600 700
:‘ﬁ
E 283 768 880
£ 2500 853 \
745 k
0 T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900
Wavelength (cm‘1)
(b) Ordered tetrahedral clusters
B, (686.8cm™) B, (689.4cm™) A, (692.9cm?) A, (899.9cm?)
Disordered tetrahedral clusters
B, (589.5cm™) A, (651.1cm?) B, (779.2cm™) A, (936.8cm™)
Fig.7 (a) The micro-Raman spectra of y-Ag,WOy,, the inset shows the

wavelength range at a lower intensity band. (b) Theoretical stretching
modes in the 580-940 cm™! range related to the structural rear-
rangement provoked by the displacement of 50% of the W atoms.

RSC Adv., 2017, 7, 5610-5620 | 5615
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Raman spectra of y-Ag,WO, crystals, where 10 active modes are
observed. An analysis of the results rendered the presence of an
intense absorption band at 912 cm ™', which did not appear in
the other Ag,WO, phases, as well as active modes at around 880
and 853 cm™'. These bands, as well as others with lower
intensities at 658 and 530 cm ™!, can be assigned to the W-O
stretching bonds, and are usually present in any tungstate
sample. Torsional motions of the [WO,] clusters appeared at
361 and 342 cm ™.

In order to better understand the structural arrangement
and vibrational behavior of the y-Ag,WO, crystals, computa-
tional calculations were carried out. The theoretical active
Raman modes (Table S2 of the ESIT) can be organized into two
groups. For the ordered structure, the first group goes to 380
em™ ' and is composed of the internal vibrations of the
symmetric and asymmetric bending of the tetrahedral [WO,]
clusters. In the second group, at higher frequencies, there are
only two modes, which correspond to the asymmetric and
symmetric stretching of the [WO,] clusters at ~672 cm ™" and
~905 cm ™, respectively.

Another interesting aspect observed in the Raman spectra is
the significant increase of the bandwidth modes, which
suggests that some disorder was present due to the weakening
of some interatomic interactions. Disorder is used here in its
most general sense, namely, any perturbations that disrupt the
ideal or ordered crystal. At the time, the emphasis was on the
description of the disordered crystal and these disorders were
considered to be perturbations. The experimentally observed
absorption peaks in the 750-850 cm ™' range, depending on the
structural distortion related to a displacement of Ag or W
atoms, can be assigned to modes obtained by theoretical
calculations. This kind of behavior was also associated with
a tighter arrangement of ions in the unit cell. Therefore, it is
important to mention that y-Ag,WO, is formed by two groups of
distorted polyhedral (octahedral [AgO¢] and tetrahedral
[WO,] clusters). Hence, we assume that tungstate groups are

A1 B2 B1 B2 A1 B1 B1 A1 A1 A1l
1000 1 1 1 1 1 1 1 1 1 1

900 - ® Theoretical Modes 8 8

O Experimental Modes o
800
700 + Py

600 - °

500

Raman Shift (cm™)

400

300

Wt——F——F T T T T T T T T
A1 B2 B1 B2 A1 B1 B1 A1l A1 A1

Active Raman Modes

Fig. 8 Comparison between the relative positions of the theoretical
and experimental Raman-active modes.
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partially disordered, giving rise to the large bandwidth increase
observed.

From all displacements explored, we have considered those
that agree well with the experimental results, such as the
displacement of 50% of the 0.10 A W atoms in the z-coordinate,
as listed in Table S2.1 The displacement of 50% of the W atoms
generated the higher mode at 936.8 cm ™' corresponding to the
symmetric stretching of only the distorted clusters (half of the
[WO,] clusters), while the mode at 899.9 cm ™" refers to the
symmetric stretching of the ordered clusters. As previously
mentioned, the modes that appeared at 779.2 cm %, 651.1 cm ™"
and 589.5 cm ™' are related to the asymmetric stretching of the
distorted [WO,] clusters, while the modes in the range 686-693
cm™ " are associated to the asymmetric stretching of the ordered
clusters. Stretching modes in the range 580-940 cm™' are
depicted in Fig. 7b. It is worth noting that the stretching motion
of the [WO,] clusters is not affected by the displacement of any
percentage of Ag atoms, and therefore it is not appropriate to
explain the observed experimental modes in the 750-850 cm ™"
range. The relative positions of the theoretical and experimental
Raman-active modes are displayed in Fig. 8, where it can be
observed that there is good agreement between the experi-
mental and calculated. However, the calculated frequencies are
slightly overestimated (except for both bending of disordered
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structure, A; mode, and stretching of both ordered, F,, mode,
and disordered structures, By, B, and A; modes) compared to
experimental data. Hence, we assume that: (i) tungstate groups
are partially disordered, giving rise to the large bandwidth
increase in the Raman spectra, and (ii) these disordered tung-
state groups are present in larger quantities than the disordered
silver groups.

3.5 PL spectra

PL emission spectra are dependent on the electronic structure of
the material at hand, and they are a powerful probe for structural
short and medium range order-disorder effects, such as clusters
in the lattice. In Fig. 9, a prominent PL emission band is clearly
seen with a maximum emission at 449 nm. This emission peak in
the blue region is typically related to distorted [WOg] octahedral
in the o- and B-Ag,WO, crystals.”'>*>*> However, in our samples,
it can be related to distorted [WO,] tetrahedral. For the a-Ag,WO,
phase, another diffused emission in the red region, from 620 to
640 nm, can be attributed to the [AgO)] clusters.””® In our
samples, any red peak obtained was an indication that the [AgOs]
clusters were less prone to be distorted. This result is in agree-
ment with the Raman spectroscopy results.

3.6 UV spectra

The determination of the optical band gap was obtained by
combining Tauc's equation® with the method proposed by
Kubelka and Munk-Aussig,” which is based on the trans-
formation of diffuse-reflectance measurements, see ESIL.T Tauc's
equation is the following,

ahv = A(hv — Eg,p)" (2)

where Eq,, is the optical energy gap, « is the optical absorption
coefficient, Av is the photon energy, A is a constant, and n is

This journal is © The Royal Society of Chemistry 2017

a constant associated with different kinds of electronic transi-
tions (n = 0.5 for a direct allowed and n = 2 for an indirect
allowed). The band gap energy was estimated from the modified
Kubelka-Munk equation, see ESL{ Fig. 10 shows the UV-visible
diffuse reflectance spectra for y-Ag,WO,. According to litera-
ture, the optical absorption spectrum in the silver tungstate
family exhibits direct electronic transitions between the valence
and conduction bands;****¢ therefore, in this work a n = 0.5
value was used in eqn (2). The band gap energy, estimated from
the intercept of the tangent to the plot, was 3.21 eV.

For the theoretical band gap, we report an indirect band gap
value of 4.37 eV from I' to W (see Fig. 11), which serves as a guide
to understand band gap trends, but does not directly corre-
spond to the physically measured quantity. The difference
between the experimental and theoretical band gap values can
be associated to the short and medium-range distortions on the
[AgOe] and [WO,] clusters. An analysis of the DOS projected on
the atoms renders that the conduction band (CB) is mainly
attributed to W atoms, while the valence band (VB) is mainly
formed by O and Ag atoms. An analysis of the DOS projected on
the orbitals shows that the top of the VB is formed by the
hybridization of Ag 4d and O 2p orbitals, while the bottom of
the CB is mainly formed by the hybridization of W 5d and O 2p
orbitals.

The value of this difference, 1.16 eV, is bigger than the
difference between experimental and theoretical values re-
ported by our group for a- and B-, ~0.40 and 0.40 eV, respec-
tively.'>*>*> This agree with the suggestion that y-Ag,WO, is the
polymorph more susceptible to be disordered.

4. Conclusions

The behavior of metastable phases is of substantial scientific
and technological interest. The polymorphism of Ag,WO, is
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a puzzling and important problem. In this work, metastable -
Ag,WO, crystals were prepared by the precipitation method,
and an in-depth physicochemical characterization of these
structures was successfully performed. The theoretical models
and results, along with our experimental data, allowed us to
analyze the structural, morphological, vibrational, and optical
properties of the y-Ag,WO, phase.

Ordered and disordered models to describe the crystal
structure are considered. Disordered [WO,] tetrahedral
clusters were key to reproduce the linewidth of the bands
appearing in the Raman spectra, while a prominent PL
emission band with maximum emission in the blue region
was related to these distorted [WO,] tetrahedra. In addition,
it was found that y-Ag,WO, has an indirect band gap, and the
calculated positions of the valence and conduction bands
showed the presence of [WO,] tetrahedral and [AgO¢] octa-
hedral clusters. These distortions can facilitate the separa-
tion and migration of electron and hole pairs, they can
improve the photocatalytic performance of y-Ag,WO,, and
they could be the source of the metastable character of this
phase. The experimental morphologies of the as-synthesized
samples are similar to the theoretically obtained shapes
when the surface energy values for the (111) surface was
decreased.

Finally, we point out how the combination of experimental
techniques with theory is the first step to better understand
the chemistry of the less-common vy-Ag,WO, polymorph.
Therefore, this study illustrates the potential of this joint
strategy, which helps to open a promising path toward
fundamental information regarding the geometry, cluster
coordination, and electronic structure of y-Ag,WO, crystals.
The availability of a facile method to prepare y-Ag,WO, is
expected to catalyze further empirical studies on the elusive
and little-studied y-phase because of its varied potential
applications.
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