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1. Introduction

Silver tungstate (Ag,WO,) is an important multifunctional
material with orthorhombic structure that exhibits various physical
and chemical properties
photocatalysis,F9 ozone gas sensing,10 and antibacterial activity

Facet-dependent photocatalytic and antibacterial properties in a—
Ag,WO0, crystals: Combining experimental data and theoretical
insights

R.A. Roca’, J.C. Sczancoski®, I.C. Nogueira®, M.T. Fabbro™‘, H.C. Alves®, L. Gracia®, L.P.S. Santos®,
C.P. de Sousa®, J. Andrés®, G.E. Luz Jr.|, E. Longo®, L.S. Cavalcante™

This paper, we have combined the various experimental results and first-principles calculations with a new and interesting
discussion to explain the photocatalytic and antibacterial activities of a—Ag,WO, crystals, which were obtained using the
microwave-hydrothermal (MH) method with anionic surfactants. The advantages of the insights gained through the
present work are two-fold. First, the mechanism and origin of the photocatalytic and antibacterial activities can be
rationalized. Second, this facile and controllable synthetic method is expected to inspire the synthesis of complex metal
oxides with specific active facets, and these insights can contribute to the rational design of new materials for
multifunctional applications. The X-ray diffraction and Rietveld refinement analysis confirmed that all the crystals had
orthorhombic structure without deleterious phases. Ultraviolet—visible diffuse reflectance spectroscopy indicated the
presence of intermediary energy levels and a variation in the optical band gap values (3.09 — 3.14 eV) with the crystal
growth process. The geometry, electronic properties of the bulk, and surface energies of these crystals were evaluated
using first-principles quantum mechanical calculations based on density functional theory. The shape of the crystals was
experimentally and theoretically modeled based on Rietveld refinement data, emission scanning electron microscope
images, and Wulff construction. To obtain a wide variety of shapes, the morphologies of the crystals were gradually varied
by tuning the surface chemistry, i.e., the relative stability of the faceted crystals. The growth mechanisms of the different
a-Ag, WO, crystals and their facet-dependent photocatalytic and antibacterial performances were explored in detail. The
combination of experimental and theoretical data revealed that the presence of (110) and (011) planes with high surface
energies, together with the disappearance of the faces related to the (010)/(010) planes in the a-Ag, WO, crystals, are key
factors that can rationalize both the photocatalytic and antibacterial activities. The different activities may be attributed to
the different number of unsaturated superficial Ag and W atoms capable of forming the main active adsorption sites.
Finally, we discuss how knowledge of surface-specific properties can be utilized to design a number of crystal
morphologies that may offer improved performance in various applications.

against Gram-negative and Gram-positive bacterial strains such as
Escherichia coli, Bacillus subtilis, methicillin-resistant Staphylococcus
aureus (MRSA), or simply Staphylococcus aureus.*™* Moreover, this
material acts as a bifunctional catalyst in the chemical fixation of
carbon dioxide (CO,) to produce a—alkylidene cyclic carbonates, a—
alkylidene cyclic carbamates, and B—oxopropylcarbamates,13 a
single-component bifunctional catalyst for the carboxylation of
terminal alkynes with CO, in ambient conditions,™ exhibits
electrocatalytic activity for the reduction of p—nitrophenol, K,CrO,,
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organic/textile dyes or aromatic organic compounds, such as:
methyl blue,7 rhodamine B,H, methyl orange, phenol,lg’20 reactive
orange 86, and reactive brilliant red.”® Basically, photocatalysis is a
physical-chemical process based on the acceleration of a
photoreaction in the presence of a semiconductor catalyst.21 This
process has been explained as the reduction and oxidation of
chemical species in organic dyes by electron-hole pairs, which are
generated between the valence band (VB) and conduction band
(CB) of the catalyst, following the absorption of ultraviolet light or
sunlight.u‘22 Moreover, the a— or B—Ag,WO0, crystals have been
shown to be highly capable of killing both Gram-negative (E. coli),
Gram-positive (MRSA or S. aureus), or DH 5a bacteria on surfaces
and in solution.""*%%% Among these bacteria, E. coli are facultative
anaerobic bacteria, which are more likely to survive in acidic
environments, therefore, a continuous alkaline environment in a
glaze layer is more conducive to antibiosis.”® E. coli is one of the few
live microorganisms on Earth that are capable of producing all
components that are found in basic organic compounds.27 The
presence of E. coli in H,0 or food is indicative of contamination with
human or animal feces. Contamination is very common and easily
spread in H,0, which can contaminate food with which it comes in
contact, thereby promoting congenital transmission of E. coli
bacteria.”®™° Thus, several researchers around the world have
investigated different inorganic antibacterial agentssl_35 to combat
these microorganisms that spread easily, are difficult to control,
and exist in almost all parts of the planet and in many foods we eat.
Among the various inorganic materials, silver has been employed
most extensively since ancient times to fight infections and control
spoilage. The antibacterial and antiviral actions of silver, silver ions,
and silver compounds have been thoroughly investigated,as‘37 and,
in minute concentrations, silver is nontoxic to human cells.®® In
particular, among the well-known silver nanoparticles, compounds
based on silver molybdate have shown presented excellent
antibacterial properties.38
In general, photocatalytic and antibacterial reactions occur at the
interface, and photocatalysis requires the effective adsorption of
reactant molecules or ions onto the surface of Ag,WO, crystals. The
adsorption states of some specific molecules or ions are intrinsically
determined by the surface atomic structures of Ag,WO,. Therefore,
their performance is strongly associated with the electronic and
surface structure, as well as the morphology. Moreover, a
discussion of the discrepancies among surface atomic structures
with different facet depths is highly significant, because a better
understanding of the reason for facet-dependent photocatalytic
and antibacterial activities is necessary to prepare materials with
enhanced properties. First-principles theoretical calculations,
mainly within the framework of density functional theory (DFT),
have proved invaluable in providing guidance and an atomistic
understanding of Ag,WO, crystals.
Therefore, in this article, we clarify these issues by performing
a detailed theoretical and experimental study on the photocatalytic
(PC) and antibacterial (AB) activity of a—Ag,WO, crystals. Herein, we
present a microwave-hydrothermal (MH) method to synthesize
shape—controlled a—Ag,WO, crystals without the need for crystal
seeds, environmentally harmful chemicals, or severe reaction
conditions. Moreover, these microcrystals were characterized using
X—ray diffraction (XRD) and Rietveld refinement data, and their
optical band gaps were obtained by ultraviolet-visible (UV-vis)
diffuse reflectance spectroscopy measurements. Field emission
scanning electron microscope (FE-SEM) images were employed to
monitor the evolution of shape, average size, and growth process of
the crystals with increasing MH processing temperature. The PC

2 | Catalysis Science & Technology., 2015, 00, 1-3

activity for the degradation of rhodamine B after 120 min and
rhodamine 6G after 100 min under UV-light are discussed in detail.
To complement the experimental data, we carried out first —
principles calculations to build various crystals shapes that are
associated with the relative surface energy values for each face. We
combined first-principles calculations with an algorithm based on
Wulff construction to find suitable crystals with a specific shape.
Finally, the AB activity for the inactivation of E. coli bacteria was
explained. The insights gained through these calculations have two
advantages: they help rationalize the mechanism and origin of the
photocatalytic and antibacterial activities and can contribute to the
rational design of new materials for multifunctional applications.

2. Experimental and theoretical methodology

2.1. MH synthesis of a-Ag,WO, microcrystals

0—-Ag,W0, crystals were prepared by the MH method at
different temperatures (100, 120, 140, and 160°C) for 1 h with the
anionic surfactant sodium dodecyl sulfate (SDS, Cy,H,550,4Na; 99%,
Sigma-—Aldrich). The typical synthesis procedure for a-Ag,WO,
crystals synthesis procedure is described as follows: 1 x 102 mol
tungstate sodium dihydrate (Na,W0Q,.2H,0; 99.5%, Sigma-Aldrich)
and 2 x 10™ mol silver nitrate (AgNO3; 99.8%, Sigma-Aldrich) were
separately dissolved in 50 mL deionized water contained in plastic
tubes (Falcon) in which 1 g of SDS had previously been dissolved.
These suspensions were transferred into a Teflon vessel autoclave
without stirring, which was then sealed and placed in an adapted
domestic microwave system (NN-ST357WRPH Piccolo 22 L,
Panasonic) and processed at different temperatures for 1 h. The
temperature of the system was monitored using an in-vessel
temperature sensor (CNT-120, Incon Electronic Ltda, Sdo Carlos-SP,
Brazil). The MH reactions were carried out in 150 mL polyethylene
vessels. The a—Ag, WO, crystals were obtained as a light beige color,

finely powdered precipitate. The reaction between (2Ag" é:WOi')
ions results in the formation of crystalline o—Ag,WOQ, precipitates,
as shown in equations (1-3) below:

Nag WO, 2H;00 Nagyg) + WOZGq) + 2H0 i e (1)
2)

MH
Nafyg) + WOZGq) + 2Hy0 + 2Aghy) + 2N03(q) +2H,0 = Ag; W0,y + 2Nafyg) + 2N031q) + 2H,0...(3)

H,0 . _
2AgN03 ) = 2Ag{ag) F ZNO3(qg) o o s o e e e

The resulting suspensions were washed with deionized water
several times to remove any remaining Na* or S03~ ions and
organic compounds. Finally, the precipitate was collected and dried
with acetone at room temperature for 6 h.

2.2. Structural characterizations of a-Ag,WO, microcrystals

The a-Ag,WO0O, crystals were structurally characterized by XRD
using a D/Max-2500PC diffractometer (Rigaku, Japan) with Cu-Ka
radiation (A = 1.5406 A) in the 20 range from 5° to 75° with a
scanning velocity of 2 ¢/min in the normal routine and from 10° to
110° with a scanning velocity of 1°/min in the Rietveld routine. UV—
vis diffuse reflectance measurements were obtained using a Cary
5G spectrophotometer (Varian, USA) in diffuse reflection mode. The
shapes and sizes of the a—Ag,WO, microcrystals were observed
with a field-emission scanning electron microscope operated at 20
kV (Inspect F50, FEI Company, Hillsboro, USA) or at 10 kV (Supra 35-
VP, Carl Zeiss, Germany). The specific surface area was recorded
with an ASAP 2000 Phys/Chemisorption unit (Micromeritics, USA).
In addition, the Brunauer-Emmett and Teller (BET) method was
employed to estimate the specific surface area of the crystals.

This journal is © The Royal Society of Chemistry 20xx
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2.3. Photocatalytic activity measurements for a-Ag,WO0,
microcrystals

The PC properties of these crystals (as a catalyst) for the
degradation of [9-(2-carboxyphenyl)-6-diethylamino-3-
xanthenylidene]-diethylammonium chloride, which is known as
tetraethylated rhodamine or rhodamine B (RhB; 95%, Mallinckrodt),
and rhodamine 6G (Rh6G, C,gH;;,CIN,O3; 95%, Sigma-—Aldrich) in
aqueous solution were tested under UV-light. Crystals of the
catalyst (30 mg) were placed in 250 mL beakers, and 50 mL of an
RhB or Rh6G solution (1 x 10° mol/L, pH = 4) was added. The
suspensions were ultrasonicated for 5 min in an ultrasonic cleaner
(Model 1510, Branson) with a frequency of 42 kHz before
illumination, and then stored in the dark for 5 min to allow the
saturated absorption of RhB or R6G onto the catalyst. The beakers
were then placed in a photo-reactor at 20°C and illuminated by six
UV lamps (TUV Phillips, 15 W, and maximum intensity at 254 nm).
At ten-minute intervals, a 3 mL aliquot was removed and
centrifuged at 9000 rpm for 10 min to remove the crystals from the
suspension. Finally, variations in the absorption band maximum of
the supernatant solutions were monitored by UV—vis spectroscopy
using a double-beam spectrophotometer with a double
monochromator and a photomultiplier tube detector (JASCO V-660,
USA).

2.4. Antibacterial activity measurement for a-Ag,WO,
microcrystals

To determine the AB activity for the a—Ag,WO, microcrystals
against gram-negative bacterial colonies, E. coli was used in
saturated aqueous suspensions (1 mg/mL) of these crystals. The
culture media used in the biological tests were approximately 1 x
10® colony forming units (CFU) per milliliter (CFU/mL), which was
determined by comparing with a McFarland solution using a UV-vis
spectrophotometer at 325 nm. A series of decimal dilutions were
carried out and used bioassays of 24 h duration with an initial E. coli
bacteria population of around 1 x 10° CFU/mL (stirring 120 rpm,
incubation temperature 35°C). The experiments were performed in
screw cap test tubes containing the liquid culture medium; the
bacterial concentrations of the inoculums tested were 0.1-10
mg/mL for four types of the a—Ag, WO, microcrystals obtained by
the MH method at 100, 120, 140, and 160°C. Each tube had a final
volume of 10 mL. All analyses were performed in triplicate,
including the control group, which only contained the culture
medium, and the control where only anionic surfactants (SDS) were
added to show that the surfactant has no influence on the results of
the crystals. After this step, the surfactants were completely
removed from the crystals before the washing process and the
utilization in biological medium.

2.5. Theoretical procedure and computational method

First-principles total-energy calculations were carried out within
the periodic DFT framework using the VASP program.”f41 The Kohn-
Sham equations were solved using the generalized gradient
approximation (GGA) in the Perdew—Burke—Ernzerhof (PBE)
formulation for the electron exchange and correlation contribution
to the total energy.“’42 The conjugated gradient energy
minimization method was used to obtain relaxed systems by
requiring the forces experienced by each atom to be smaller than
0.01 eV/A. The electron—ion interaction was described by the
projector-augmented-wave pseudopotentials. The plane-wave

This journal is © The Royal Society of Chemistry 20xx

expansion was truncated at a cut-off energy of 460 eV and the
Brillouin zones were sampled through the Monkhorst-Pack special
k-points grid to ensure geometrical and energetic convergence for
the a—Ag,WO, crystals surfaces.”**

To confirm the convergence of the total energy with respect to
the slab thickness of the different surface models, the surface
energy (Ey,) for several low-index planes was calculated. Eg,; is
defined as the total energy per repeating cell of the slab minus the
total energy for the same number of atoms in the perfect crystal
and divided by the surface area per repeating cell for the two sides
of the slab, as shown in equation (4):

E. —nk
Eoury = w e ()

From the thermodynamic point of view, the equilibrium shape
of a crystal is determined by the free energies of various facets,
Esup, and can be calculated using a classic Wulff construction that
minimizes the total surface free energy at a fixed volume.*> The
Wulff theorem*® provides a simple relation between the E, of the
each (hkl) plane and its distance (d) in the normal direction from the
center of the crystallite.

Several insightful review papers have reported experimental
and theoretical calculations studies on the important aspects that
govern crystal shape modulation in semiconductors.”*° In this
context, our research group has developed a working methodology
to study the morphology of different metal oxides such as SnOz,51
PbMoO4,52 and CaWO4.53

3. Results and discussion

3.1. X-ray diffraction analysis

Fig. 1(a—d) shows the XRD patterns of the o-Ag,WO, crystals
synthesized by the MH method for 1 h with 1 g of SDS at different
temperatures: (a) 100, (b) 120, (c) 140, and (d) 160°C.

| ICSD-N°. 4165
o-Ag WO,

@31

(@) (12)

)
114)(721)

(240)

B

Normalized intensity (arb. units)

'l'l'l'k'AJT/L
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— T

40 45 50 55 60 65 70 75
)

5 10

Fig. 1: XRD patterns of a-Ag, WO, microcrystals synthesized by the MH
method at different temperatures: (a) 100, (b) 120, (c) 140, and (d) 160°C.
The vertical lines (|) indicate the respective positions and intensities found
in ICSD card N°. 4165 correspond to a-Ag; WO, phase.

The XRD patterns in Fig. 1 indicate that all the a-Ag, WO, crystals
have an orthorhombic structure without any deleterious phases
and with the space group (Pn2n) and point-group symmetry ((,’213 2
These crystals have sharp and well-defined diffraction peaks, which

Catalysis Science & Technology., 2015, 00, 1-3 | 3
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indicate a good degree of structural order and crystallinity over a
long range in the lattice. However, it is difficult to verify the
existence of Ag nanoparticles in the lattice of these crystals from
the XRD measurements.> Moreover, all diffraction peaks are in
good agreement with the respective Inorganic Crystal Structure
Database (ICSD) N°. 4165 and the literature.>**®

3.2. Rietveld refinement analysis

The Rietveld method is based on the construction of diffraction
patterns calculated according to the structural model.”” The
calculated patterns are adjusted to fit the observed patterns and
thus provide the structural parameters of the material and the
diffraction profile. In this work, the Rietveld method was applied to
adjust the atomic positions, lattice parameters, and unit cell
volume. The Rietveld refinement was performed using the general
structure analysis (GSAS) program.58 In these analyses, the refined
parameters were the scale factor, background, shift lattice
constants, profile half-width parameters (u, v, w), isotropic thermal
parameters, lattice parameters, strain anisotropy factor,
preferential orientation, factor occupancy, and atomic functional
positions. The background was corrected using a Chebyschev
polynomial of the first kind. The peak profile function was modeled
using a convolution of the Thompson—Cox—Hastings pseudo-Voigt
(pV-TCH) function®® with the asymmetry function described by
Finger et al.,®® which accounts for the asymmetry due to axial
divergence. To account for the anisotropy in the half width of the
reflections, the model by Stephens61 was used.

Figs. 2(a—d) show the Rietveld refinement plots for the a-Ag,WO,
crystals synthesized by the MH method for 1 h with 1g of SDS at
different temperatures: (a) 100, (b) 120, (c) 140, and (d) 160°C.
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Fig. 2: Rietveld refinement plots of a-Ag;WO, microcrystals synthesized by
the MH method at different temperatures: (a) 100, (b) 120, (c) 140, and (d)
160°C.

All the structural refinement results obtained using the Rietveld
method”’ were quite consistent with ICSD N°. 4165 reported by the
Skarstad and Geller.>* However, the lower angle region where the
most intense peaks are located revealed a major difference. An
increase in the differences in this region can be related to
characteristics of the pattern with narrow peaks and high
intensities. According to the Iiterature,18 Ag,WO, crystals can
exhibit polymorphisms because this oxide has three structure types
depending of the pH range (acid or alkaline): a-orthorhombic with
the space group (Pn2n), B-hexagonal with the space group (P65/m),
and y-cubic with the space group (Fd3m). In this study, all the
crystals were prepared at a pH of 6. Therefore, the structural
refinement method was performed to confirm the orthorhombic
structure for o-Ag,WO, crystals. The quality of the structural
refinement is generally checked using R-values (Ry,, Rgragq Rp, )(2,
and S); these values are easy to determine and are consistent with
an orthorhombic structure. However, in general, experimentally
observed XRD patterns and theoretically calculated data display
small differences near zero on the intensity scale, as illustrated by
the line Yops — Ycaie. More details regarding the Rietveld refinement
are displayed in Tables 1(a—d).

Table 1: Rietveld refinement results for a-Ag,WO, crystals obtained at
different temperature: (a) 100°C, (b) 120°C, (c) 140°C and (d) 160°C for 1 h
with 1 g of SDS by the MH method.

© Atom Wyckoff  Site X y z
w1 4c 1 0.25409 0 0.52544
W2 2b .2 0 0.84751 0.5
w3 2b .2 0 0.138 0.5
Agl 4c 1 0.751 0.1711 0.9879
Ag2 4c 1 0.2348 0.8176 0.0091

This journal is © The Royal Society of Chemistry 20xx
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Agb

0]
(0]
0]
0]
(0]
(0]
(0]
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1
2
3
4
5
6
7
8

2a
2a
2a
2b
4c
4c
4c
4c
4c
4c
4c
4c

PR RRRPREPERGLNN

Catalysis Science & Technology

0 0.9872

0 0.65315

0 0.3147

0 0.5093
0.36737 0.6120
0.3678 0.3780

0.4195 0.73502
0.4248 0.263
0.16252 0.494
0.4134 0.496
0.189 0.612
0.1927 0.3791

0

0

0

0.5
0.1956
0.1888
0.814

0.7913
0.2821
0.8456
0.8561
0.8984

06 4c 1 0.4136 0.496 0.8468
o7 4c 1 0.1891 0.612 0.8564
08 4c 1 0.1931 0.3883 0.899

a=10.891(3) A, b=12.011(2) A, c =5.890(4) A; V= 770.56(7) A% 2=2
Rup = 7.8%; Raragy = 3.64%; R, = 5.71%; x’=2.71 and S = 1.64

a=10.875(1) A, b=12.017(6) A, c=5.898(4) A; V= 770.88(1)A% 2 =2
Rup = 8.25%; Rgragg = 3.62%; R, = 6.56%;)(2= 2.77 and S=1.66

'(ES Atom

Wyckoff Site X y z
w1 4c 1 0.2541 0 0.5253
W2 2b .2 0 0.84746 0.5
W3 2b .2 0 0.138 0.5
Agl 4c 1 0.7511 0.1711 0.9878
Ag2 4c 1 0.235 0.8176 0.0095
Ag3 2a .2 0 0.9874 0
Agd 2a .2 0 0.6532 0
Ag5 2a .2 0 0.3147 0
Agb 2b .2 0 0.5093 0.5
01 4c 1 0.3671 0.612 0.1951
02 4c 1 0.3672 0.3781 0.1886
03 4c 1 0.4203 0.7351 0.8148
04 4c 1 0.4243 0.263 0.7921
05 4c 1 0.1631 0.494 0.2806
06 4c 1 0.4127 0.496 0.8455
o7 4c 1 0.1888 0.612 0.8571
08 4c 1 0.193 0.3792 0.8973

a=10.873(8) A, b=12.010(5) A, c = 5.8939(5) A; V= 769.75(5) A%, 2= 2
Rup = 7.8%; Reragg = 3.64%; R, = 5.71%; x’= 2.71 and S = 1.64

' Atom  Wyckoff Site X y z
w1 4c 1 0.2554 0 0.5251
w2 2b .2 0 0.8472 0.5
W3 2b .2 0 0.1392 0.5
Agl 4c 1 0.7514 0.1706 0.9867
Ag2 4c 1 0.2354 0.8167 0.0095
Ag3 2a 2 0 0.9884 0
Agd 2a .2 0 0.6564 0
Ag5 2a .2 0 0.3149 0
Agb 2b 2 0 0.5101 0.5
o1 4c 1 0.3655 0.6141 0.1987
02 4c 1 0.3741 0.3772 0.1945
03 4c 1 0.4252 0.7386 0.7892
04 4c 1 0.3982 0.2843 0.8012
05 4c 1 0.1705 0.4879 0.2915
06 4c 1 0.4125 0.4894 0.8672
o7 4c 1 0.1978 0.6215 0.8791
08 4c 1 0.1987 0.3881 0.8788

a=10.884(1) A, b =12.014(8) A, c = 5.8953(5) A; V=770.93(1) A% z=2
Rup = 8.99%; Rerage = 3.03%; R, = 7.14%; x’=3.46 and S = 1.86

“ Atom Wyckoff Site X y z
w1 4c 1 0.254 0 0.5254
W2 2b 2 0 0.8475 0.5
w3 2b 2 0 0.138 0.5
Agl 4c 1 0.751 0.1711 0.9878
Ag2 4c 1 0.235 0.8177 0.0093
Ag3 2a 2 0 0.9873 0
Agd 2a .2 0 0.6532 0
Ag5 2a .2 0 0.3148 0
Agb 2b 2 0 0.5092 0.5
01 4c 1 0.3678 0.612 0.1945
02 4c 1 0.3684 0.3781 0.1875
03 4c 1 0.4196 0.735 0.8152
04 4c 1 0.4251 0.2631 0.7924
05 4c 1 0.1624 0.4941 0.2813

This journal is © The Royal Society of Chemistry 20xx

In these tables, the statistical parameters (R, Rsragg: Rps )(2, and
S) show small deviations, which indicate the good quality of the
structural refinement and numerical results. The structural
refinement data confirmed that all the a-Ag,WO, crystals were
crystallized in an orthorhombic structure with the space group
(Pn2n), point-group symmetry (C10) and two molecular formula
units per unit cell (Z = 2).54 However, some variations in the atomic
positions of the silver, tungsten, and oxygen atoms were observed
because the atom do not occupy fixed positions in this specific type
of structure. These results indicate major variations in the position
of oxygen atoms owing to significant lattice distortions, as shown by
XRD. Therefore, we believe these major variations in the atomic
positions of the oxygen atoms can lead to the formation of different
types of distortions in the Ag—O or W—0O bonds leading to various
coordination clusters, such as [AgO,] (y = 7, 6, 4, and 2) and [WOq]
clusters over the long range in this specific type of crystalline lattice.

3.3. Unit cell representation and the symmetry, geometry, and
coordination of the clusters in a-Ag,WO, crystals

Fig. 3 shows a schematic representation of (a) orthorhombic a-
Ag,WO, unit cells and (b) the symmetry, geometry, and
coordination of each cluster modeled from the Rietveld refinement

data.
(hd
IWO,| clusters
£ % -

(«

W,

oA ——o nzular [A20;] clus
(b)

Fig. 3: (a) Schematic representation of the orthorhombic unit cells

corresponding to a-Ag,WO, crystals and (b) Coordination polyhedra and

symmetry for all the clusters.

The unit cell shown in Fig. 3(a) was modeled through the
visualization system for electronic and structural analysis (VESTA)
program (version 3.2.1 for Windows)ez‘63 using the lattice
parameters and atomic positions obtained from the Rietveld
refinement data presented in the Tables 1a—d. Moreover, Fig. 3(a)
shows that the O-Ag-0 and O-W-0 bonds are projected out of the
unit cell. In these unit cells, all the W (W1, W2, and W3) atoms are
coordinated to only six O atoms, thus forming distorted octahedral
[WOg] clusters in the lattice with the symmetry group (O,) (Fig.
3(b)). The differences in the O-W-0 bond lengths and angles can
lead to different degrees of distortion or intrinsic order-disorder in
this type of the lattice. In addition, the Ag atoms in these unit cells
can exhibit four types of cluster coordination. The Agl and Ag2
atoms are coordinated to seven O atoms, forming distorted
deltahedral [AgO;] clusters, which are irregular pentagonal
dipyramid polyhedra with the symmetry group (Ds;) (Fig. 3(b)). The
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Ag3 atoms are bonded to six O atoms, which form distorted
octahedral [AgOg] clusters with the symmetry group (O}) (Fig. 3(b)).
The Ag4 and Ag5 atoms are coordinated to four O atoms, forming
distorted tetrahedral [AgO,] clusters with the symmetry group (Ty).
Moreover, we observed that the Ag4 atoms form distorted
tetrahedral [AgO,] clusters more often than the Ag5 atoms (Fig.
3(b)), whereas the Ag6 atoms bond to two O atoms to form angular
[Ag0O,] clusters with the symmetry group (C,,) and an O-Ag-0 bond
angle of 170.5°.

3.4. Unit cell representation and the symmetry, geometry, and
coordination of the clusters in a-Ag,WO, crystals

The optical band gap energy (Ey,,) was calculated using the
method proposed by Kubelka and Munk.®* This methodology is
based on the transformation of diffuse reflectance measurements
to estimate E,q, values with good accuracy within the limits of the
assumptions when modeled in three dimensions.” Particularly, it is
useful in limited cases with an infinitely thick sample layer. The
Kubelka—Munk equation (5) for any wavelength is described as:
(1-R,)*> k

F(Re) =5 e e

.(5)
where F(R..) is the Kubelka—Munk function or absolute reflectance
of the sample. In our case, magnesium oxide (MgO) was the
standard sample used in reflectance measurements. R.. =
Rsample/Rmgo, Where R.. is the reflectance when the sample is
infinitely thick, k is the molar absorption coefficient, and s is the
scattering coefficient. In a parabolic band structure, the optical
band gap and absorption coefficient of semiconductor oxides® can
be calculated using the following equation (6):

2 Y (AR e LR ()

where a is the linear absorption coefficient of the material, hv is the
photon energy, C; is a proportionality constant, and n is a constant
associated with the type of electronic transitions (n = 0.5, 2, 1.5,
and 3 for direct allowed, indirect allowed, direct forbidden, and
indirect forbidden transitions, respectively). According to Tang et
al®” and Kim et a/.ss, silver tungstate crystals exhibit an optical
absorption spectrum governed by direct electronic transitions
between the VB and CB. Moreover, our theoretical calculations
obtained for the bulk a-Ag,WO, crystals with orthorhombic
structure in the neutral state indicated a direct optical band gap. In
this electronic process, after the electronic absorption process, the
electrons located in the maximum-energy states in the VB return to
the minimum-energy states in the CB at the same point in the
Brillouin zone.*® Based on this information, the Egsp values of our a-
Ag,WO0O, crystals were calculated using n = 0.5 in equation (6).
Finally, using the remission function described in equation (5) with
the term k = 2a and G, as a proportionality constant, we obtain the
modified Kubelka—Munk equation, as indicated in equation (7):

[F(Ran)hV]? = Co(AY = Egap) o v e o e o e e (7)

By finding the F(R..) value from equation (7) and plotting
[F(R,Q)hvjz against hv, the Eg,, value of the a-Ag,WQ, crystals was
determined.

Figs. 4(a—d) show the UV-vis diffuse reflectance spectra for the
a-Ag, WO, crystals synthesized by the MH method for 1 h with 1 g of
SDS at different temperatures: (a) 100, (b) 120, (c) 140, and (d)
160°C.
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Fig. 4: UV-vis spectra of a-Ag,WO, microcrystals synthesized by the MH
method at different temperatures: (a) 100, (b) 120, (c) 140, and (d) 160°C.
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As observed in Figs. 4(a—d), the Eg,, values increase with the
increasing MH processing temperature. In principle, we believe that
this behavior is related to a decrease of the intermediary energy
levels between the VB and CB because the exponential optical
absorption edge and the optical band gap energy are controlled by
the degree of structural order—disorder in the lattice.”® On the
other hand, a decrease in the Eg,, values can be attributed to the
existence of medium-range structural defects, local bond
distortions, intrinsic surface states, and interfaces, which yield
localized electronic levels within the forbidden band gap.m’71 For a
simplified description, we attributed these differences in the Eg,,
values mainly to distortions of the [AgO,] (y = 7, 6, 4, and 2) and
[WOg] clusters over the short- and medium-range based on our
theoretical calculations for the a-Ag, WO, crystals.4

3.5. FE-SEM image analyses

The FEG-SEM images in Figs. 5(a,c,e,g) show the morphologies
and microstructures of the a-Ag,WO, crystals synthesized by the
MH method for 1 h with 1 g of SDS at different temperatures: (a)
100, (b) 120, (c) 140, and (d) 160°C. Figs. 5(b,d,f,h) display single a-
Ag,WO, crystals modeled computationally based on our Rietveld
refinement data and observations from the FE-SEM images.

i,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5: FE-SEM images and crystal shape simulated computationally of a-
Ag,WO, microcrystals synthesized by the MH method at different
temperatures: (a,b) 100, (c) 120, (e,f) 140, and (g,h) 160°C, respectively.

The FEG-SEM images were of fundamental importance to
understanding the evolution of the growth process and changes in
the surfaces of the crystals with the variation in the MH processing
temperature. In Fig. 5(a), a large quantity of a-Ag, WO, crystals with
8-faces are observed, which were grown by MH at 100 oC for 1 h.
These crystals have an agglomerate nature and hexagonal rod-like
shape elongated in the y-axis along the [010] direction. Some Ag
nanoparticles were grown on the surface of the a-Ag,WO, crystals
owing to the accelerated electron beam from the electronic
microscope under high vacuum, which is a phenomenon has
already been elucidated and thoroughly discussed in our previous
papers.zf5 The inset in Fig. 5(a) clearly shows an individual a-
Ag,WO, crystal, which is uniform and dense. Moreover, the points
highlighted in different colors on different crystal faces are related
to the respective crystallographic planes. Fig. 5(b) illustrates this
single o-Ag,WO, crystal with the crystallographic planes
(001), (001), (101), (101), (101), (101), (010), and (010) for the
8-faces, which were modeled computationally using the crystal
morphology editor/viewer (KrystalShaper) program (version 1.3.0
for Windows)72 using the lattice parameters and atomic positions
obtained from the Rietveld refinement data presented in the Tables
1(a—d) (for more details, see the supporting information (Fig.
S1(a,b))). In Fig. 5(c) and the dotted black squares in the inset of Fig.
5(c), we note the appearance of a-Ag,WO, crystal with 12-faces
owing to the increase of the MH processing temperature, and
highlight two of the new faces in violet. In addition, we verified a
decrease in the average height and a slight increase in the average
width distribution of the a-Ag,WO, crystals, which can result from
the reduction of the average area of the (010) and (010) planes
owing to the appearance of four new faces related to the (011),
(011), (011), and (011) planes. Fig. 5(d) illustrates this single a-
Ag,WO, crystal with 12-faces, and more details of different
perspectives can be found in the supporting information (Fig.
S1(c,d)). As observed in Fig. 5(e) and the inset of Fig. 5(e), a slight
decrease in the average height and an increase in the average width
distribution of the o-Ag,WO, crystals were promoted by the
increased MH processing temperature. This behavior can be related
to slight change at a lattice parameter, which promoted an increase
in the width of the a-Ag, WO, crystals on the x-axis along the [100]
direction and consequently decreased the area of the (010) and
(010) faces. This single a-Ag,WO, crystal with 12-faces was
modeled, as showed in Fig. 5(f), and more details of different
perspectives can be found in the supporting information (Fig.
S1(e,f)). Fig. 5(g) shows that some of the a-Ag, WO, crystals with 12-
faces grew further with the increase of the MH processing
temperature. These new a-Ag,WO, crystals are composed of 14-
faces, where the four new faces of the lozenge-shaped crystal are
ascribed to the (110), (110), (110), and (110) crystallographic
planes, and are shown in dotted black squares in the insets of Fig.
5(g) and Fig. 5(h). We propose that the emergence of these four
new faces in the a-Ag,WO, crystals promoted the disappearance of
the two faces related to the (010) and (010) planes to maintain the
thermal and structural-equilibrium of the orthorhombic lattice
owing to the changes in the lattice parameters (Tables 1a—d).

3.6. Growth mechanism, computational modeling, and surface
energy analyses

Catalysis Science & Technology., 2015, 00, 1-3 | 7
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Figs. 6(a—c) show the single ao-Ag,WO, crystals modeled
computationally using the Rietveld refinement data and FE-SEM
images. A Wulff construction was used to model optimized a-
Ag, WO, crystals with different shapes assuming different surface
energy ratios obtained from the optimized surface energies (J/mz)
of the different crystallographic planes.

Crystal growth experimental for -Ag,WO modeled from

Rietveld refinement data and FE-SEM images
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Fig. 6: (a) Crystal shape simulated computationally for a-Ag,WO,

microcrystals synthesized by the MH method at different temperatures, (b)
Crystal shape theoretical for a-Ag; WO, microcrystals using BPE level, and (c)
Correlation between surface energy and temperature of MH processing.
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Initially, before the growth and formation of large single a-
Ag,WO0, crystals with 8-faces, initial nanocrystals related to the
clusters arise, which correspond to the smallest of nuclei and are,
directly related to the orthorhombic unit cell. This ideal a-Ag,WO,
crystal, if chemically prepared and controlled in the reaction
medium, would have a size of approximately 1.2 nm in Tables 1(a—
d). However, is very difficult to control the crystal growth process
(solids immersed in liquid) or the formation of crystals precipitated
from solution.” Therefore, the formation of crystals with different
shapes and sizes depends on the average concentration of the
solution (unsaturated, saturated, or supersaturated).74 In general,
nanocrystals can be formed from unsaturated solutions in colloidal
systems. Clusters are formed in a solution that is saturated at
equilibrium.7?”74 The nucleation process occurs when crystals
precipitate in a saturated solution, and the formation and
accumulation of stable nuclei’”” occur when super-saturation is
sufficiently high to overcome the nucleation energy barrier. In
supersaturated solutions, crystal precipitates are already formed at
the completion of the nucleation. In our system, the crystals
continued to grow, and Fig. 6(a) shows the single a-Ag, WO, crystals
with 8-faces, 12-faces, or 14-faces obtained using MH processing at
different temperatures for 1 h using 1 g of SDS. However, before
the formation of these crystals, stoichiometric amounts of Ag" ions
were added to an aqueous solution of SDS. Anionic surfactants can
facilitate the formation the micelles in H,O when the critical micelle
concentration is reached. This stage promotes interaction of the Ag"
ions with the interior of the negative micelles through electrostatic
attraction to the negative polar headgroups (R—0-S03) present in
SDS as an anionic surfactant the hydrophobic-short chain (apolar)
connected to a negative ionic group (head — polar)75‘76. These
negative heads have more ability to bond with the Ag" ions, than
with the W02~ ions which are solvated by surrounding H,0
molecules’”". However, the carbon-short chain do not is strong
sufficient to avoid the strong Coulombic electrostatic attraction
between the 2Ag* and 1WO03~ ions with those of during the MH
processing, which results in the formation of the first a-Ag,WO,
precipitates or nucleation seeds. In sequence, these suspensions
were transferred to a Teflon autoclave, which was placed inside a
domestic MH system. This apparatus was developed by several
modifications of a microwave oven.””®® In this system, the high
microwave frequency interacts with the permanent dipoles of the
liquid phase (H,0), initiating rapid heating via molecular rotation.
Likewise, the permanent or induced dipoles in the dispersed phase
promote rapid heating of the crystals.gl’82 The microwave radiation
also promotes an increase in the effective collision rate between
the particles in suspension, contributing to the crystal attachment
and growth processes.83 The adsorption of H,0 and SDS on the a-
Ag,WO0, crystal surfaces favors aggregation and diffusion of the
nanocrystals, leading to the fast growth of microcrystals, which
adhere through van der Waals forces.® The evolution of the growth
process to form the different a-Ag, WO, crystals with 8, 12, and 14-
faces is shown in Fig. 6(a). Moreover, in this work, we proposed that
our a-Ag,WO0O, crystals with 8-faces growth preferentially in the
[010] direction along the y-axis. Finally, by heating the aqueous
medium, the microwave radiation is able to promote crystal growth
with new faces at high energy surfaces. This mechanism is probably
one of the key factors responsible for the appearance of the four
new 4-faces ((110), (110), (110), and (110)) in the lozenge-shaped
a-Ag,WO0, crystals, leading to preferential growth in the [100]
direction along the x-axis. Fig. 6(b) illustrates the crystal growth
using the WAulff construction to optimize a-Ag,WO, and some
shapes of a-Ag,WO, crystals obtained assuming different surface

This journal is © The Royal Society of Chemistry 20xx
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energy ratios. Moreover, we have calculated the surface energy
required for an ideal crystal to generate a prism shape. The ratio of
the surface energy and optical band gap varied, with an increased

ARTICLE

Figs. 7(i,j), and the rate constants (k) obtained for degradation of

the RhB and Rh6G aqueous dye solutions are illustrated in Figs.

7(1,k).
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3.7. Photocatalytic activity of a-Ag,WO, microcrystals for the
degradation of RhB and Rh6G dyes

Figs. 7(a—h) show the PC degradation of RhB and Rh6G dyes by
a-Ag, WO, microcrystals monitored by the temporal changes in the
UV-vis absorbance spectra of the aqueous dye solutions. The insets
show digital photos of the Rh6G aqueous dye solutions after
different exposure times to UV-light in the presence of the catalyst.
The degradation rates (C,/Gy) of the RhB and Rh6G aqueous dyes
solutions with different catalysts and without catalyst are shown in

This journal is © The Royal Society of Chemistry 20xx

Exposure time (min) under UV-light Exposure time (nun)Tnm l}(e'-ngm
Fig. 7: From (a) to (h) Evolution of UV-vis absorption spectra after 120 min
100 min of illumination for the photodegradation of RhB and Rh6G dyes by
the a-Ag, WO, microcrystals. Inset shows digital photos of photodegradation
for the Rh6G after different illumination times with the UV-lamps, (i) and (j)
Kinetic of weight-based photocatalytic degradation of RhB and Rh6G dye by
the catalysts and (k) and (I) first-order kinetic without and with catalysts.

Fig. 7(a) indicates a significant reduction of around 80% at the
maximum of the absorption spectra of the RhB aqueous solutions
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during the photodegradation process when any of the a-Ag,WO,
microcrystals prepared by the MH method were used as the
catalyst. Before irradiation, the RhB dye, which is an N,N,N',N'"-
tetraethylated rhodamine molecule, has one band with a maximum
absorption centered at 554 nm. The photodecoloration of the RhB
dye occurs because of an oxidative attack by an active oxygen
species on a N-ethyl group.86 We did not notice any shift of the
maximum absorption of RhB dye to other wavelength positions of
its major absorption band, which moved toward the N,N,N'-tri-
ethylated rhodamine (A, = 539 nm), N,N'-di-ethylated rhodamine
(Amax = 522 nm), N-ethylated rhodamine (Anh.x = 510 nm), and
rhodamine (A;.x = 498 nm) species.87 We assumed that a high
percentage of RhB was destroyed or photodegraded after 120 min
under UV-light (see Figs. 7(b—d)). Moreover, we verified that our a-
Ag, WO, microcrystal catalyst obtained at 160°C was the most
efficient for the degradation of RhB under UV-light owing to the
presence of the high energy surface (E,; = 1.40 J/mz) of the (110)
plane. These new results and important observations have not been
previously reported in the literature on pure a-Ag,WO, crystals as
catalysts for the photodegradation of organic dyes.7_9’19’20

We also tested our a-Ag,WO, microcrystals for the
degradation of Rh6G. The Rh6G dye has one absorption band with a
maximum centered at 526 nm. The results obtained indicated that
the degradation of Rh6G as a function of UV-irradiation time with
our crystals is more efficient than that of RhB (Fig. 7(b—d) and
inset). We believe that this behavior is due to the better capability
of the a-Ag, WO, crystals to act as active sites for the Rh6G dyes.
According to the Iiterature,sg_90 the main factor responsible for the
high efficiency photocatalysis with catalyst crystals is a low
recombination rate between photogenerated electrons and holes

on the crystal surface. Therefore, the holes (h .) generated by the
distorted octahedral [WOg4]j, deltahedral [AgO,]3, octahedral
[AgO¢]%, tetrahedral [Ag0,]%, and angular [AgO,]} clusters affect
the rate of recombination of the electron—hole pair.

Figs. 7(i,j) show that the RhB and Rh6G dyes were completely
degraded after 120 and 100 min under UV-light, respectively. The
photocatalytic degradation of Rh6G and RhB dyes by our a-Ag,WO,
crystals catalysts will be explained using the results obtained from
the kinetic weight-based (C,/C;). A photocatalytic test was
conducted to show the efficiency differences of our a-Ag,WO,
crystals with 8-, 12-, and 14-faces. To quantitatively understand the
reaction kinetics for the degradation of the RhB and R6G dyes by
the catalyst crystals, as illustrated in Figs. 7(i,j), we applied the
pseudo-first order model expressed in equation (8) to obtain the
rate constants (k).gl’92

Cp

where G, is the initial concentration (0 min) of the aqueous dye
solution and C, is the concentration of the aqueous dye solution at
different times (min; n = 10, 20, 30...) of UV-light irradiation, t is the
time, and k is the pseudo-first order rate constant. This equation is
generally used for a photocatalytic degradation process if the initial
concentration of pollutant is low (1 x 10° moI/L).92 According to
equation (8), a plot of [-In(C,/C,)] as a function of t gives a straight
line with slope k. All the results shown in Figs. 7(k,l) are absolute
and were not normalized for the specific surface area (Sggr) of each
crystal.93 From Figs. 7(k,l), the rate constants in the absence of a
catalyst are very small (Kwitnout cataryst = 1.42 x 10° min™ for RhB and
2.39 x 107 min? for R6G), which indicates that there is no
significant degradation of the RhB and R6G dyes after 120 and 100
min, respectively. Moreover, the rate constants for the degradation

®)

10 | Catalysis Science & Technology., 2015, 00, 1-3

of RhB (kjzopc.an = 1.35 x 107 min™, kpagean = 2.05 x 107 min™,
Kagcan = 2:33 x 107 min™, and kyepcan = 3.37 x 107 min™) and
R6G (Kiorc.an = 1.84 x 107 min™, Kagc.am = 2.37 x 107 min™, ko
1y = 2.73 x 10° min™, and kyegcan = 3.91 x 102 min™) with the a-
Ag, WO, microcrystals are shown in these figures. Good correlation
coefficients (R 2 0.96) and standard deviations (SD < 0.003) were
obtained for all the results, which showed high degradation rates
and a short half-life of up to 50 min. The standard of the kinetic
constant normalized values for oa-Ag,WO, microcrystals are
presented in Table 3.

Table 3: Absolute kinetic constants (k{ }), normalized kinetic constants (k[
]) and specific area surface (Sger) for the different catalyst a-Ag, WO, crystals.

Samples kf } Seer k]
(min™) (m’/g)  (min"/m’g")

wc-RhB 1.43x10° - Z

wc-Rh6G 2.4x10° - -
a-Ag.WO,-100°C-1n-RRB. 1.36x10%  4.05 3.36x10°
a-Ag.WO,-120°C-1h-RhB 2.06x102  3.12 6.6x10°
a-Ag.WO,-140°C-1n-RRB 2.33x10%  2.76 8.45x10°
a-Ag,WO,-160°C-1n-RhB 3.37x10%  1.98 1.71x10>
a-Ag,WO0,-100°C-1n-Rh6G ~ 1.85x102  4.05 457x10°
a-Ag,WO0,-120°C-1n-Rh6G ~ 2.38x102  3.12 7.62x10°
a-Ag,WO0,-140°C-1n-RR6G ~ 2.74x102  2.76 9.92x10°
a-Ag,WO,-160°C-1n-Rh6G  3.92x102  1.98 1.98x10°

wc-RhB and wc-R6G = dyes without catalyst, a-Ag,WO, microcrystals
obtained at different used as catalyst to degradation of RhB and Rh6G
dyes; { } = absolute and [ ] normalized by Sgr.

The results obtained after the normalization of the kinetic
parameters (Kgpbsoutey aNd  Kjnormaiizeqy) Of catalyst crystals for PC
degradation of RhB and R6G aqueous dye solution and Sg; are
presented in Table 3 which shows that (kjormaiizeq) Values are
smaller than (kgpsowtey) Values; i.e., each catalyst crystal has a
specific surface area (Sge7).” Therefore, it is necessary to normalize
the Kiapsowtey Values obtained. These (Kjpormaizeqy) Values were
obtained by dividing the (kjpsoute) by the specific area surface (Sger)
of each catalyst are presented in Table 3. After normalization, the
rate constants of the catalyst crystals obey the following ascending
order: Kjqag2wos-r66-160°c-1h] > Kja-ag2wos-rhs-160°c-1h] > Kpwe-he61 > Kiwe-rhs)-
After comparing several relationships between k(kirnse)/Kirna))
values of catalyst a-Ag,WO, crystals obtained at 160°C, we
observed that the normalized kjes; is approximately 2.2 times
higher than the normalized kizsg). Moreover, kjyagowos-shé6-160°c-10] 1S
approximately 16.4 times higher than the normalized kj,..gnss; and
Kio-ag2woa-rh-160°c-1n) 1S approximately 23.7 times higher than the
normalized Kpc.ghs;-

3.8. A possible photocatalytic mechanism for the degradation of
RhB and Rh6G dyes by a-Ag,WO, microcrystals

Figs. 8(a—e) illustrate a schematic representation of the main
stages involved in the photocatalytic mechanism by which a-

This journal is © The Royal Society of Chemistry 20xx
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Ag, WO, crystals with an optical band gap (intermediary electronic
levels/surface energy) generate oxidizing radicals for the
degradation of RhB and Rh6G dyes in aqueous solution under UV-
light.

(¢)

Each defect on the crystal

(a)

" = Electrons /7

Surfaces  Eouy O/}

00— 020

©001) —> 053

0.

AgO. - . radicals =
:a:o }" 0w —> 0= (0,1 / -
H )
(Ag0,); | “o—>om s on Eap= 3. 14¢V
[Ag0,]; % =g Improved
cduciiy > Photocatalytic
activity by high
(d) a-Ag,WO E,,,(111)and (110)
-Ag WO,
(e)
=00+ + CCO
co, ¥V
' H0

Fig. 8: Proposal of photocatalytic reaction mechanism for the degradation of
the RhB and Rh6G dyes solution by the catalysts a-Ag,WO, microcrystals (a)
distortions/defects in the electronic structure promoting the formation of
intermediate energy levels within the Eg, and (" = electrons) are electronic
transference between clusters in VB and CB. (b) Reducing clusters in VB
concede electrons to CB and Oxidizing clusters received electrons from CB
and transference to O, and H,O adsorbed in a-Ag, WO, microcrystals by
reducing clusters to degradation the RhB/Rh6G dyes, (c) Defects on the
crystal surface exhibit a particular surface energy, which acts as catalytic
active site, (d) RhB*/Rh6G* dyes are susceptible to attack of highly oxidizing
species and (e) After several cycles of photooxidation occurs the
degradation of RhB*/Rh6G* dyes by the formed oxidant radicals.

In our photocatalytic test, the initial stage is extremely
important for the optimization of this process with heterogeneous
photocatalysis, which is a very efficient technique for the
degradation of organic pollutants, such as RhB and Rh6G dyes. In
this process, it is necessary to have an optimal dispersion of crystals
and dyes in the system before irradiation. We assume that this step
is of fundamental importance for the reproducibility of these results
and that the system reaches adsorption—desorption equilibrium. In
the second stage, this well dispersed system was stirred for 5 min
inside a dark box followed by collection of the first 3 mL aliquot.
Then, six UV-lights were triggered to start the photocatalysis.

In our model, the ideal catalyst crystal should have some
specific features and the most important events occur before
excitation, i.e., before irradiation with UV-light (A = 254 nm or hv =
4.88 eV) as shown in Fig. 8(a). As noted in previous analyses, our a-
Ag,WO, crystals obtained by the MH method have (order—disorder)
structural defects ascribed to different types of distorted clusters
(WOgly, [AgO7ly, [AgOely [AgO4ly, and [AgO,ls) and ordered
clusters ([WOgl,, [Ag05]o, [Ag0s]., [Ag04],, and [Ag0,],). In addition,
we have observed that other characteristics are also very important
for improving PC activity in different semiconductor crystals, such
as crystallographic preferred orientation, intermediary electronic
levels, high surface energy, roughness, defects, high active surface
area, facets and adsorption—desorption ee|uiIibrium.Zl’Zz’%98
According to the Iiterature,99 the main factor responsible for the
high efficiency photocatalysis of the catalyst crystals is the low
recombination rate between photogenerated electrons (‘) and
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holes (®) on the semiconductor surface. Our o-Ag,WO,
semiconductor catalyst already has the ability to generate the
('¢>e) pairs. This characteristic is due to intrinsic defects in the
lattice of semiconductors materials with intermediary levels
between the VB and CB, as shown in Fig. 8(a). Therefore, the
presence of a-Ag,WO, crystals with different intermediary
electronic levels and consequently optical band gaps from Eg,, =
3.09 to 3.14 eV is due to specific structural defects, as well as
different surface energies. These superficial/structural defects,
which are caused by distorted [WOg]4/[AgO,l4 (y = 7, 6, 4, and 2)
clusters, can polarize the lattice and lead to possible electronic
transitions between disordered/distorted [WO4]3/[Ag0,]5 and
ordered [WO,]5/[Ag0,]5 clusters. When UV-light is absorbed by
the a-Ag,WO, crystals, the following processes can occur, as
expressed in equations (9-12) below:

0= Aga WO, gefects) = [WOgJE = [WOEJG v vov vve et e (9)
o= Agr WO, (detects) = [A0, 15 —[AO, I v vvv s vie v v i v e (10)
hv=4.88 eV . , .
5 [WO,JX — [WOG% = [WO], = [WOG wee e ere oo (11)
hv=4.88 eV , .
— [Ag0, ]5 — [Ag0, ]7 — [AgO0,], - [AgOy]g «v v vev ... (12)
wherey=7,6,4,and 2.
As shown in Fig. 8(a,b), we propose that the

disordered/distorted [WO¢]g and [Ag0,]3 clusters are located in
intermediate levels near the VB, whereas the ordered [WOg¢];, and
[AgOylo clusters are located in intermediate levels below the CB.
This process leads to the formation of (‘¢>e) pairs within the
crystal band gap and also on the semiconductor surface. Thus, each
specific defect on the semiconductor surface acts as a catalytic
active site owing to different energy values on the surfaces, as
shown in Fig. 8(c). During the photooxidation processes, the
reducing [WO¢]g and [Ag0, ] clusters near the VB and located on
the crystal surface can interact with H,0 and O, molecules present
in the solution by means of adsorption (ads) processes as shown in
Fig. 8(b) and equations (13—18):

[WOg], — [WOg]§ + H,0 — [WO4], — [WOg]4 - HzO0ads) +e--- (13)

[WOGJ) — [WO]§ - HyOaasy = [WOG]s — [WOG] . OHyggy + H o ee.. (14)
[WOGT) — [WOJ} ... OH{ygg = [WOGJy — [WOG]E + OH" o (15)
[Ag0, ], — [Ag0, |3 + H,0 — [AgO, ], — [Ag0, 15 - HyO(agg) v v+ - (16)

[Ag0y]; — [Ag0, ]G - H20(aas) = [AgOy]6 — [AOy ]G .. OHaagy + H* ... (17)
[AgOy]5 — [AgOy]§ - OHGaas) — [Ag0y]6 — [AgO, ]G + OH"... (18)

wherey=7,6,4, and 2.

In the CB the oxidizing [WOs], and [Ag0, ], clusters located on
the semiconductor surface are able to react with the Ojqq
molecules by means of electron transference. However, before this
process, the H® species (equations (14) and (17)) are able to interact
with the superoxide radical anion (0'2) forming the perhydroxyl
radical (O,H") as shown in Fig. 8(b) and equations (19-22):

[WO], — [WO3 + 0, = [WOGE = [WOG]{ . 0. . (19)
[WOG]Z — [WOG] ... 05 + H* o [WOG]Z — [WOG]5 + O,H" ... ... 20)
[AgO, ], — [Ag0, 13 + 0, - [Ag0, 1§ — [AgO, 5 ... 05 .. .. (21)

[AZ0,]% — [Ag0, ]y - Oy + H* = [Ag0,]% — [AgO,]3 + O H" ... (22)
Moreover, the RhB and Rh6G dyes are also excited by UV-light, as
shown in Fig. 8(d) and equations (23,24):

h

S RKB = RBB v s e e e e e (23)
h

S RN6G = RR6G" v e e e e e e e (24)

These cycles occur continuously while the system is exposed to
UV-light. Finally, after several cycles (120 and 100 min) of
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photooxidation, the degradation of RhB™ and Rh6G’ by OH* and
0,H" radicals occurs, as shown in Figs. 8(d,e) and indicated by
equations (25,26):

hv OH*+0,H*
S RhB* ——— CCO + €Oy +Hz0 oo e e e e e e (25)
hv OH*+0,H*
S Rh6G* ———CCO + €O, +H,0 ... e e e s e (26)

where, CCO = colorless compounds organic.94

Based on this photocatalytic mechanism, we assume that the
defects on the crystal surface and the electronic structure of the
distorted/disordered [WO¢]y and [AgO,]g clusters and ordered
[WOgl, and [AgO,], clusters play an important role in the
production of OH* and O,H" radicals, which are the most oxidizing
species in this these chemical reactions for the degradation of the
organic RhB and Rh6G dyes in aqueous solution.

3.9. Evaluation of antibacterial activity analyses

Fig. 9 shows the inactivation of E. coli at different
concentrations of the a—Ag, WO, catalyst crystals.
[ Control and (SDS surfactant)
[—J100°C [J120°C [J140°Cc [CJ160°C
13 4 Escherichia coli 025 5L 13
12- 020, w 12
ll ] x go]‘ UISE'— ll
] Sos =
o4 [~ . & Lo
1 = g [
59 ~H k9
£ 8- 005 1 ws L8 S
= f nﬂ“ il 3
= 7 = F7 0
U E 35 40 45 'T]
- 64 | Concentration of a-Ag, WO, (mg/mL) -6 g
S I B
54 5=
4 -4
34 -3
24 -2
1 -1
0 T T T T T T T T —+0
0 1 2 3|

Concentration of a-Ag WO, (mg/mL)

Fig. 9: Rate of inactivation for E. coli bacteria as a function of different
concentrations of a—Ag, WO, catalyst crystals.

The progressive antibacterial effects of our a—Ag,WO, catalyst
crystals for the inhibition of 1.5 x 10® CFU/mL E. coli as function of
concentration (mg/L) is illustrated in Fig. 9. An analysis of the
results indicates that at all concentrations the a—Ag, WO, crystals
obtained at 100°C have a higher efficiency of inactivation of E. coli
bacteria. As previously shown in the FE-SEM images and simulated
single crystals (Figs. 5 (a,b)), these crystals do not have
(011), (011), (011), (011), (110), (110), (110), and (110) faces.
Therefore, based on our experimental observations and theoretical
calculations, we propose that the a—Ag, WO, crystals with exposed
(010) and (010) faces and low surface energy (Eq = 0.20 J/mz) are
more efficient for the inactivation of E. coli bacteria than the other
crystals, as shown in Figs. 6(c) and Fig. 9. An explanation of this
inactivation or destruction of E. coli bacteria, is related to the
presence of specific defects on the crystal surface and
uncoordinated [AgO,_]q (y =7, 6,4, and 2 —z = 3, 2 and 1) clusters
(see supporting information (Fig. S2(a—d))), which also produce OH*
and O, H" radicals under visible light, although in low concentration,
in aqueous solution.'® These oxidizing radicals and crystal surfaces
can interact with the main components of the bacterial cell,
including the peptidoglycan cell wall, plasma membrane,

12 | Catalysis Science & Technology., 2015, 00, 1-3

cytoplasmic DNA, and bacterial proteins,mlﬁ104 and can also induce

the collapse of bacterial membranes.'® Therefore, these results are
similar to those reported recently in the Iiterature,me’107 and are
explained by equations (19-22). Finally, we proposed that the
plausible mechanism of a-Ag,WO, microcrystals to inactivation of E.
coli bacteria involves the direct interaction between specific (010)
and (010) surfaces and cell surfaces, which affects the permeability
of membranes where the low surface energy enter and induce
oxidative stress in bacterial cells, subsequently resulting in the
inhibition of cell growth and eventually in cell death.

4. Conclusions

In summary, the face-dependent photocatalytic and
antibacterial properties of a-Ag,WO, microcrystals were
studied in detail by combining experimental techniques and
first—principles calculations. Using this combined method, we
clarified the important issues and established a theoretical
base. Herein, we have systematically investigated, for first
time, both the surface atomic and electronic structure of a-
Ag,WO, crystals with various exposed faces, which were
prepared by the MH method using an anionic surfactant. The
XRD patterns and Rietveld refinement data indicated that
these crystals are monophasic with an orthorhombic structure.
The structural refinement data were employed to model
[AgO,] (y = 7, 6, 4, and 2) and [WOg] clusters. The UV-vis
diffuse reflectance spectra indicated that the various a-
Ag,WO, microcrystals obtained using the MH method have
different Eg,, values, which suggests the presence of
intermediate electronic levels between the VB and CB. The
shape and growth processes of these crystals can be modified
using the anionic surfactant SDS and temperature. The
predominant exposed facets varied from (010) and (010) to
(110) and (011), and facet-dependent photocatalytic activity
for the degradation of RhB and Rh6G dyes indicated that the
performance was dependent on the exposed crystal facets in
the order (110) > (011) > (010) > (010), which may be
attributed to the different number of unsaturated superficial
Ag and W sites capable of forming the main active adsorption
sites for H,0, O,, OH*, and O,H* radicals. The biological tests
showed that the a-Ag,WO, crystals with predominant (010)
and (010) surfaces with low suface energy had superior
antibacterial activity for the inactivation of E. coli bacteria.
These observations have broad implications for the growth
mechanisms of a wide range of materials synthesized using
different surfactants. The main message of this work is that
different facets of o-Ag,WO0, crystals exhibit markedly
different chemical and physical properties and that knowledge
of their electronic properties allows for knowledge-led design
of crystal morphologies to improve performance in various
applications. By using this innovative and novel procedure, the
presented model accurately describes the experimental results
quantitatively and the atomic modeling explains these
activities on the basis of the facets of the a—Ag,WO, crystals.
We have demonstrated a new approach to understand the
role of the a—Ag,WO, crystal surfaces, which also has great
potential for addressing many fundamental issues in related
materials. These insights can contribute to the rational design
of new materials for multifunctional applications. Similar
approaches to those described here could be employed to
optimize the morphology of materials for a wide range of
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applications in  solid-state lighting, solar cells, and
photocatalysis. Finally, we conclude this manuscript quoting
the observation that, “New tools lead to new science"wg,
which is perhaps nowhere more evident than in the present
work. Following Dirac’s statementlog, “It therefore becomes
desirable that approximate practical methods of applying
quantum mechanics should be developed, which can lead to
an explanation of the main features of complex atomic
systems without too much computation”. The present
research can be considered a working example of the so-called
“complex modeling paradigm”, introduced by Billinge and
Levin'®®% “We suggest that successful solutions to these
nanostructure problems will involve interactions among
researchers from materials science, physics, chemistry,
computer science, and applied mathematics, working within a
“complex modeling” paradigm that combines theory and
experiment in a self-consistent computational framework”.
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