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RESUMO

METODO EXPERIMENTAL/TEORICO PARA INTERPRETACAO DE
SEMICONDUTORES INORGANICOS. Sabe-se que a morfologia, a
dimensionalidade e a estrutura cristalina dos materiais desempenham papéis
importantes nas propriedades eletrénicas, Opticas, cataliticas, dentre outras.
Compreender o papel dessas superficies e encontrar a sua relagdo com sua fisica e
quimica sdo de extrema importancia. Os calculos tedricos das superficies fornecem
um conhecimento profundo sobre os tipos de defeitos superficiais, isto €, vacancias
de oxigénio e distorgdes locais, e como elas estao ligadas com as propriedades dos
semicondutores, tais como diminui¢cdo do valor do band gap, melhora da fotocatalise
dentre outras. Um dos objetivos deste projeto foi associar os resultados
experimentais e tedricos, a fim de proporcionar uma melhor compreensdo das
estruturas e propriedades eletrénicas de ambos nanocristais de tungstato de zinco
(ZnWOQ4) e dos cristais de tungstato de prata (a-AgoWO,4) como semicondutores
inorganicos representativos. Por meio dos calculos de primeiro principios, baseados
na construgdo de WuIff, foi possivel prever a morfologia desses materiais e, em
particular explicar como ocorre o processo fotocatalitico dos nanocristais de ZnWOQs,,
assim como o efeito da utilizagdo de surfactante na sintese e na atividade
fotocatalitica dos cristais de a-Ag2WO,.

Palavras-Chave: Semicondutor Inorganico. Sintese. Morfologia. DFT. Construgéo
de Wuff.
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ABSTRACT

EXPERIMENTAL/THEORETICAL METHOD FOR INTERPRETING INORGANIC
SEMICONDUCTORS. It is known that the morphology, dimensionality and crystalline
structure of materials play important roles in electronic, optical, catalytic properties,
among others. Understanding the role of these surfaces and find a relationship with
their physical and chemical are of extreme importance. The theoretical calculations of
the surfaces provide a deep knowledge about the kind of superficial defect, i.e.
oxygen vacancies and local distortions, and how they are linked with the
semiconductor properties, such as decrease of the band gap value, improve in the
photocatalysis among others. One of the objectives of this project was to associate
experimental and theoretical results in order to provide a better understanding of the
structural and electronic properties of both zinc tungstate (ZnWOQO,) nanocrystals and
silver tungstate (a-Ag2WOQO,) crystals, as representative inorganic semiconductors. By
means of the first-principle calculations, based on the Wulff construction, it was
possible to predict the morphology of these materials and, in particular, explaining
how the photocatalytic process of the ZnWO, nanocrystals occurs, as well as the
effect of the surfactant on the photocatalytic activity of the as-synthetized a-Ag>,WOs,.

Keywords: Inorganic Semiconductor. Synthesis. Morphology. DFT. Wulff

Construction.
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1 - INTRODUCTION

The word “material” includes the kinds of substances, pure or mixed,
that are used to construct a device with a desirable property.1'2 The importance of the
materials in human life is so significant that different periods of civilization have been
defined according to the material used at the moment, for example: the age of stone,
bronze, and iron." In this context, the society always aims to improve the properties
of the materials in order to develop new technological devices, generating
breakthroughs in all areas of the industry and technology.®> A good example of the
synergy between scientific discovery and technological development, according to
Cushing and co-authors,® is the electronics industry, where it has led to the
development of ever smaller electronic devices with higher capacities and processing
speeds.

A class of material that has great interest is the inorganic
semiconductors that are defined as inorganic solids capable of changing their
conductivity, passing from an insulator to a conductor. This increase in the electrical
conductivity is directly related to the presence of a forbidden region separating the
valence band (VB) and the conduction band (CB), called band gap region. As a
result, when some energy is supplied to the solid, electrons are excited from the VB
to the CB gaining some mobility in the system. The strong point of the inorganic
semiconductors is the fact that electrical conductivity can be altered by external and
internal stimuli,* which encourages many research groups to study these materials.>®

In the field of materials research it is very common find papers in which
the experimental and theoretical works are combined. These two lines of research,
when applied together, provoke a favorable synergism, being a powerful tool to study
and to explain the structural and electronic properties of the materials, responsible of
the subsequent technological applications. Therefore, there are two research fronts:
(1) the experimental line in which the aim is the development of new syntheses
methodology to find a material with desirable properties and (2) the theoretical line in
which the first-principles calculations complement experimental results, being a
fundamental guide to a rational design of innovative materials.

Figure 1 illustrates a schematic representation of the study of the
materials. Depending on the syntheses applied and the materials in question, the as-

synthetized materials can present size in the micro- or nano-scale, for example. From



the structural parameters obtained by the experimental results, it is possible to
construct the adequate theoretical model and by means of first-principles calculations
find the nature of the mechanism to explain the materials properties in order to apply
in certain applications.

FIGURE 1 — Schematic representation of the study of materials.

The control of crystal morphology is a complex and difficult process,
which depends both on the crystal internal structures process and external factors.
There are important factors involved in a synthesis process that affect the final
morphology of the end product, including the precursor, solvent, temperature, organic
and inorganic additives, reducing agent, ligand agent, capping agent, and so on.

It is known that the morphology, dimensionality and crystalline structure
of materials play important roles in electronic, optical, catalytic properties, among
others.?'® Understanding the role of theses surfaces and find a relationship with their
physical and chemical are of extreme importance. The crystal morphology is
composed of different exposed surfaces in which the metal clusters (the local
coordination of the metal), as the constituent building blocks of the materials, present
under-coordinated positions. From the surface energy calculations it is possible to
obtain the crystals shape applying the Wulff construction.'™'? This simple method
offers a methodology to determine the equilibrium crystal shape, i.e. the morphology.
By a proper adjustment of the ratio of the values for the surface energy of different
surfaces it was possible to find a given morphology and to construct a map of
available morphologies for different kinds of inorganic semiconductors.



The inorganic semiconductors investigated by an experimental and
theoretical approach in this thesis were the ZnWOQO, and the a-Ag2WOys. In the case of
ZnWO4 nanocrystals study, the principal aim it was to find the effect of the
temperature on their morphology, photoluminescence properties and photocatalytic
activity and to investigate the role of the each surface. In the a-Ag,WO, study, the
morphology was manipulated by a simple controlled-precipitation method with and
without the presence of the anionic surfactant sodium dodecyl sulfate along with the
synthesis method and an energy profile was built from the polyhedron energy
associating the surface energy and the Wulff construction.

The focus of this thesis was the achievement of an interdisciplinary
research, from fundamental to applications, in inorganic semiconductors with
different sizes. In some results were used the theoretical and experimental approach
to better discuss the materials properties and demonstrated how the methods and
techniques of the theoretical and computational chemistry can be used for an
understanding of physical and chemical properties of semiconductors for searching a

rational material design.



2 — PUBLISHED ARTICLES

The published articles that compose this doctoral thesis with the
associated experimental and theoretical approach are found at the following pages.
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method. Then, the samples were investigated by X-ray diffraction with Rietveld refinement analysis, field-
emission scanning electron microscopy, transmission electronic microscopy, micro-Raman and Fourier (100)-140°C
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First-principles theoretical calculations within the framework of density functional theory were employed
to provide information at the atorric level. The band structure diagram, density of states, Raman and
infrared spectra were calculated to understand the effect of structural order-disorder on the properties of
ZNWO,. The effects of the synthesis temperature on the above properties were rationalized. The band
structure revealed direct allowed transitions between the VB and CB and the experimental results in the
ultraviolet-visible region were consistent with the theoretical results. Moreover, the surface calculations
allowed the association of the surface energy stabilization with the temperature used in the synthesis of

Photocatalytic Activi

233>>
e Photocatalytic Activity

S
e
=
;

I
@
5}

2

Photocatalytic Activity

Received 30th October 2017, the ZnWO, nanocrystals. The photoluminescence properties of the ZnWO, nanocrystals prepared at 140,
Accepted 15th Decermber 2017 150, and 160 “C were attributed to oxygen vacancies in the [WOg] and [ZnOg| clusters, causing a red
DO 101039/c7cp07354b shift of the spectra. The ZnWO, nanocrystals obtained at 160 °C exhibited excellent photodegradation of

2233>>
Photocatalytic Activity

Rhodamine under ultraviolet light irradiation, which was found to be related to the surface energy and the (111)-150°C A
rsclifpecp types of clusters formed on the surface of the catalyst (011)-160°C



ZnW04

photocatalytic properties
P. F. S. Pereira,® A. F. Gouveia,? M. Assis,® R. C. de Oliveira,® I. M. Pinatti,> M. Penha,® R. F. Gongalves,’ L.

Gracia,® J. Andrés®” and E. Longo®

nanocrystals: Synthesis, morphology, and photoluminescence and

2CDMF, LIEC, Chemistry Department of the Federal University of Sdo Carlos (UFSCar), P.O. Box 676, 13565-905 Sao Carlos, SP, Brazil.
°Federal University of Sdo Paulo (UNIFESP), 09972-270 Diadema, SP, Brazil

°Department of Physical Chemistry, University of Valencia (UV), Burjassot 46100, Spain.

dDepartment of Analytical and Physical Chemistry, University Jaume | (UJl), Castell6 12071, Spain.

The present joint experimental and theoretical work provides in-depth understanding on the morphology, structural,
electronic, and optical properties of ZnWO, nanocrystals. Monoclinic ZnWO, nanocrystals were prepared at three different
temperatures (140, 150, and 160 °C) by a microwave hydrothermal method. Then, the samples were investigated by X-ray
diffraction with Rietveld refinement analysis, field-emission scanning electron microscopy, transmission electronic microscopy,
micro-Raman and Fourier transform infrared spectroscopy, ultraviolet-visible spectroscopy, and photoluminescence
measurements. First-principles theoretical calculations within the framework of the density functional theory were employed to
provide information at the atomic level. The band structure diagram, density of states, Raman and infrared spectra were
calculated to understand the effect of structural order—disorder on the properties of ZnWO,. The effects of the synthesis
temperature on the above properties were rationalized. The band structure revealed direct allowed transitions between the VB
and CB and the experimental results in the ultraviolet-visible were consistent with the theoretical results. Moreover, the surface
calculations allowed the association of the surface energy stabilization with the temperature used in the synthesis of the ZnWO,
nanocrystals. The photoluminescence properties of the ZnWQO, nanocrystals prepared at 140, 150, and 160 °C were attributed
to oxygen vacancies in the [WOg] and [ZnOg] clusters, causing a red shift of the spectra. The ZnWQO, nanocrystals obtained at
160 °C exhibited excellent photodegradation of Rhodamine under ultraviolet light irradiation, which was found to be related to
the surface energy and the types of clusters formed on the surface of the catalyst.

Introduction sites, short intraparticle diffusion distances, and
Water pollution by industrial effluents is a major  interesting surface chemistry; hence, they readily
source of concern for environmentalists worldwide.! adsorb dye molecules.*®*  Consequently, the

The agriculture and textile industries are among the  development of semiconductor nanostructures as

largest polluters of water globally. About 10000 tons of
synthetic dyes are produced per year.2 Inevitably,
losses exist during dye manufacturing and processing
operations, accounting for approximately 12% of the
dye production. The effluents from these operations
are usually highly colored, toxic, carcinogenic, or
mutagenic waste. The color of dyes makes the
effluents aesthetically unpleasant, and the dyes may
also undergo degradation to form byproducts that are
carcinogenic and toxic. Moreover, they also reduce the
photosynthetic activity of water streams and disturb the
aquatic equilibrium.e"4

Many of these chemicals released by different
industries cannot be removed by filtration or other
simple processes. Owing to the complexity of their
structure and their low biodegradability, the removal of
these dyes from water poses a challenging problem.s’7
The removal of such materials to safe levels through
green routes and within reasonable costs is a current
interest in pollutant
considerations have drawn attention towards the

management.s’13 All  these
need for nanomaterials for environmental
remediation owing to their ability to
photocatalytic oxidation (complete mineralization) of

crucial
induce

pollutants over their surface under UV/visible/solar light
irradiation.""® Nanomaterials are very promising
materials as they possess high surface area, sorption

photocatalysts for sunlight utilization is increasingly
becoming an important research topic owing to the
global shortage. energy
conversion through photocatalysis needs to maximize

current energy Solar

the utilization of visible light; dye-sensitized
semiconductors have been widely studied for this
purpose.z‘a”26

ZnWOQO, is characterized by its high light yield,
average refractive index, as well as X-ray absorption
coefficient and short decay time, and it is considered a
promising material for photocatalysts for organic
pollution degradation.”’29 In this context,
research efforts have been dedicated in the last few
years to the synthesis of ZnWO4 nanostructures as
promising visible light photocatalysts for organic
pollutant degradation due to their high photosensitivity,

excellent chemical stability,
28

vast

non-toxicity, several
and their potential
applications in optical fibers, scintillation materials,

unique characteristics,”’

luminescence devices, solid-state laser hosts, optical
and acoustic fibers, humidity and gas sensors,zs’ 30-37
electronic devices, anode materials for lithium-ion
batteries,*® stimulated Raman scattering (SRS),39 and
heavy material treatments through electro-assisted
photocatalytic systems.40

To date, a plethora of synthetic methods have

been used to obtain ZnWO,4 samples, such as solid-



state reactions, co-precipitation, mechanochemical, the

Czochralski technique, ultrasonic irradiation, self-
propagating combustion, sol-gel, hydrothermal
microwave-assisted methods,zs’ 3, 42-62

electrosynthesis,29 and solvothermal synthesis.38
However, comprehensive understanding of how
different synthetic methods can affect the morphology,
photoluminescence properties, as well as the
photocatalytic activity (PCA) of the final materials has
been rarely discussed in the literature. In this work,
ZnWOs nanocrystals synthesized by a
hydrothermal microwave-assisted method as a fast,
simple, and efficient method to prepare nanosized
inorganic materials.®*®° irradiation has
been widely applied for the rapid synthesis of inorganic
solids. Since this type of radiation affords internal
heating of the material, lower temperatures and shorter
times can be used compared to those applying
conventional heating.%’68 Microwave heating is an
inexpensive, facile, and relatively fast method for the
preparation of nanocrystalline samples with unique or
enhanced properties.

Inspired by the above considerations, in this paper
we report the synthesis of ZnWO4 nanocrystals via a
microwave hydrothermal (MH) method at three
different temperatures (140, 150, and 160 °C). Our
principal aim was to understand the fine effects of the
synthesis temperature on the morphology and
photoluminescence properties of the as-synthesized
ZnWO4 nanocrystals and to investigate the role of the
electronic structure on their photocatalytic activity.
Herein, we clarify these points by performing a detailed
theoretical and experimental study on the PCA of
ZnWO4 nanocrystals. The evaluation was carried out
by decomposing rhodamine B (RhB) under visible
irradiation.  The  synthesized materials were
characterized by X-ray diffraction (XRD) with Rietveld

were

Microwave

refinement, field-emission scanning electron
microscopy  (FE-SEM), transmission electronic
microscopy (TEM and HR-TEM), and micro-Raman
(MR) and Fourier transform infrared (FT-IR)

spectroscopy. Moreover, their optical properties were
investigated by ultraviolet-visible (UV-vis) spectroscopy
and photoluminescence (PL) measurements at room
temperature. First-principles theoretical calculations
within the framework of the density functional theory
(DFT) were employed to obtain information at the
atomic level. The band structure diagram, density of
states (DOS), and Raman and Infrared spectra were
calculated to understand the effects of structural order-
disorder on the properties of ZnWO,.

Experimental and Theoretical Methods
Synthesis of ZnWO, nanocrystals. The ZnWQO,
nanocrystals were prepared by the MH method at 140,
150 and 160 °C for 1 hour. The corresponding
procedure is described below: 2 x 10 mol of tungstate
(VI) sodium dihydradrate (Na;W0O4.2H20; 99.5% puirity,
Sigma-Aldrich) and 2 x 10° mol of zinc nitrate
(Zn(NO3)2;  99.9%  purity, Sigma-Aldrich)
dissolved separately in 50 mL of deionised water at
room temperature in beaker under magnetic stirring.
The solution with Zn?* and NO; was added to the
glass beaker of solution containing the W0z~ ions and
this solution remained at room temperature under
magnetic stirring for some minutes until complete
precipitation. Thus, a white suspension appeared and
100 mL of these solutions were inverted into a Teflon
without magnetic stirring. This
suspension was processed at 140, 150 and 160 °C for
1 hour. The resulting suspensions were washed
several times with deionized water to remove the

were

autoclave vessel

residual Na* ions. The crystalline ZnWO, nanocrystals
were collected and dried in an oven at 70 °C for some
hours. Previously, Tan and co-workers™® investigated
the formation of ZnWO4 phase by microwave-assisted
hydrothermal synthesis and only obtained the pure
phase at 220 °C for 1 h. In the present study, we also
obtain pure phase at lower temperatures.
Characterization. The ZnWOQO4 nanocrystals were
structurally characterized by XRD patterns using a
D/Max-2000PC diffractometer Rigaku (Japan) with Cu
Ka radiation (A = 1.5406 A) in the 28 range from 10° to
70° in the normal routine with a scanning velocity of
2°/min and from 10° to 110° with a scanning velocity of
1°/min in the Rietveld routine. MR spectroscopy was
conducted on a Horiba Jobin-Yvon (Japan)
spectromoter charge-coupled device detector and
argon-ion laser (Melles Griot, United States) operating
at 514.5 nm with maximum power of 200 mW. The
spectra were measured in the range 200-1000 cm™.
FT-IR spectroscopy was recorded in the range from
200 to 1000 cm’™ using KBr pellets as a reference in a
Bomem Michelson spectrophotometer in transmittance
mode (model MB102). The shapes and sizes of these
ZnWOs nanocrystals were observed with a field-
emission scanning electron microscope model FE-
SEM Inspect F50 (FEI Company, Hillsboro, OR)
operated at 5 kV. The TEM analysis was performed
using JEM 2100F TEM/STEM microscope operating at
200 KkV. The optical properties of the ZnWO4
nanocrystals were analyzed by UV-Vis and PL
spectroscopies. UV-vis spectra were taken using a
(Varian, USA) spectrophotometer (model Cary 5G) in a



diffuse-reflectance mode. PL measurements were
performed through a Monospec 27 monochromator
(Thermal Jarrel Ash) coupled to a R446 photomultiplier
(Hamamatsu Photonics, Japan). A krypton-ion laser
(Coherent Innova 90K; A = 350.7 nm) was used as the
excitation source; its maximum output power was
maintained at 500 mW. The laser beam was passed
through an optical chopper, and its maximum power on
the sample was maintained at 40 mW. PL
measurements were performed at room temperature.

Photocatalytic tests of ZnWO,. Photocatalytic
activities (PCA) of the prepared ZnWO4 nanocrystals
were evaluated by photocatalytic degradation of 100
mL of the Rhodamine B (RhB) in aqueous solution
under UV light. In a typical process, 50 mg ZnWOQO4
nanocrystals synthesized by MH method at 140, 150
and 160 °C for 1 hour were dispersed in 50 mL of the
RhB solution (1 x 10° mol). The above mixture was
transferred into a 100 mL Pyrex glass bottle and stirred
for 30 min to make the catalyst blend evenly in the
solution. The suspensions were irradiated by six lamps
(PHILIPS TL-D, 15 W). After the reaction, the mixture
was centrifuged at 13.000 rpm for 10 min to completely
remove the catalyst particles. The remaining solution
was analyzed with by UV-Vis absorption spectroscopy
on a V-660 spectrophotometer (JASCO). Variations in
the absorption band (maximum A = 554 nm) were
monitored.

Computational Method. Theoretical calculations
for ZnWO4 were performed using DFT as implemented
in the VASP program.eg’ " The Kohn-Sham equations
were solved using the functional proposed by Perdew,
Purke, and Ernzerhof (PBE),71 and the electron-ion
interaction was described using projector augmented
pseudopotentials.sg’ 2 The plane-wave
expansion was truncated at a cutoff energy of 460 eV,

wave

and the Brillouin zones were sampled through 6 x 6 x
1 Monkhorst-Pack special k-points grids that ensure
geometrical and energetic convergence for the ZnWOQO,4
structure. A vacuum spacing of 15 A was introduced in
the z-direction such that the surfaces did not interact
with each other. Each surface was modeled using
stoichiometric systems. The surface energy (Esut) was

defined as:

E —nE
E — slab bulk 1
surf 24 ( )

where Egap, is the total energy per repeating cell of the
slab, Epui is the total energy of the perfect crystal per
molecular unit, n is the number of molecular units of
the surface, and A is the surface area per repeating
cell of the 2 sides of the slab. The procedure to obtain
the complete set of morphologies, based on the Wulff

construction and the surface energy, has been
previously presented by Andrés et al.”®

The screened hybrid functional HSEO6 was used
in order to obtain the band structure diagram, the
density of states (DOS) as Raman/IR
vibrational modes using numerical second derivatives

of the total energies.

as well

Results and discussion

XRD analysis. The XRD technique allows
ascertaining the degree of structural order—disorder at
long-range distances or the periodicity of ZnWO,
nanocrystals. Fig. 1 (a—c) shows the influence of the
reaction temperature on ZnWO4 nanocrystals
synthesized at 140, 150, and 160 °C for 1 h via an MH
method. Fig. 1 (a—c) shows that the diffraction peaks
for all ZnWO4 nanocrystals can be successfully
indexed to the pure monoclinic sanmartinite phase74’ S
with a wolframite structure and a space group of
p2/c* 6 4T with ¢, symmetry®® 77
molecules per unit cell (Z = 2).

These crystals present sharp and well-defined
diffraction peaks, indicating a good degree of structural
order at long-range distances.®” *® The strong
diffraction peaks for the (111) plane observed in Fig. 1
(a—c) suggest that all the prepared ZnWO,4 samples
are highly crystalline.74 All diffraction peaks are
consistent with the Inorganic Crystal Structure
Database (ICSD) pattern No. 84540.2 As can be
observed from Fig. 1, the intensity of the diffraction
peaks increased with the increasing temperature, from
140 to 160 °C during the MH procedure. This behavior
confirms structural organization at long distances and
indicates the high crystallinity of the materials. In
addition, the diffraction peaks were slightly shifted to
higher 26 values with the increasing synthesis
temperature, consequently resulting in smaller
interplanar distances and causing a slight reduction of
the unit cell volume.

The average crystallite size was estimated by
Scherrer's equation using the full width at half
maximum (FWHM) of the most intense peak of the
(111) plane. As reported in the literature,” Scherrer's

equation (Equation (2)) is described as follows:
0.94

b= Bcos6 (2)
where D is the average crystallite size, A is the X-ray
wavelength (0.15406 nm), 6 is the Bragg angle, and B
is the FWHM.™ " As observed, the average crystallite
size for the ZnWQO4 samples increased slightly with the
increasing temperature, from 11.7 to 13.9 nm for the

ZnWO4 nanocrystals prepared by the MH method.

and two
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FIGURE 1 — XRD of the ZnWO, nanoparticles obtained by the MH
method at: (a) 140, (b) 150, and (c) 160 °C.

Rietveld refinement analysis. Fig. ESI-1
(Electronic Supplementary Information) shows the
Rietveld refinement plot for the ZnWO4 nanocrystals
prepared by the MH method at 140, 150, and 160 °C
for 1 h.

Structural analysis via Rietveld refinement®® was
employed to confirm the wolframite structure of the
ZnWO4 nanocrystals. Such a structural refinement was
performed using the general structure analysis (GSAS)
program.86 The calculated patterns were adjusted to fit
the observed patterns and thus provide the structural
parameters of the material and the diffraction profile.
As such, the experimental lattice parameters, unit cell
volume, and atomic positions of the ZnWO4
nanocrystals were calculated using the Rietveld
refinement method. The refined parameters were
discussed in a previous work.¥”

The analysis of Fig. ESI-1 (a—c) shows good
agreement between the observed XRD patterns and
the theoretical fit, indicating the successful application
of the Rietveld refinement method. Therefore, all the
structural refinement results obtained using this
method® were consistent with the ICSD N° 84540
pattern, confirming the presence of a single phase in
all the ZnWOs nanocrystals corresponding to a
wolframite structure with a symmetry space group P2/c
and two molecules per unit cell (Z = 2). These results
confirmed the effectiveness of our synthetic method.

The success of the Rietveld refinement method
was verified by the small differences (nearly zero) in
the intensity scale, as illustrated by the line Yobs - Ycalc-
The experimental and calculated data from the DFT
and Rietveld refinement methods are summarized in
Table 1, including the lattice parameters, cell volume,
and statistical parameters (Rgragg, X Ruwp, and Rp). The
statistical R-values presented in this table suggest that
the refinement results are reliable.

From the results reported in Table 1, it is possible
to verify slight variations in the lattice parameters and

cell volume values (all consistent with the ICSD card
N° 84540). These results indicate that the octahedral
[ZnOg] and [WOe] clusters (the building blocks of the
structure) are distorted, thus generating structural
defects in the ZnWO; lattice.

Table 2 shows the atomic coordinates for the Zn,
W, and O atoms obtained from the Rietveld
refinement. Upon analyzing these data, it is possible to
note a considerable variation in the atomic positions of
the oxygen atoms, as these atoms do not occupy fixed
positions in such a structure, while the Zn and W
cations practically maintain their positions fixed
throughout the structure. Fig. 2 illustrates the unit cell
of ZnWOQ, prepared by the MH method at 160 °C for 1
h with a P2/c space group and Cj, point-group
symmetry,ss’ and also the experimental and
calculated clusters present in the ZnWO,4 wolframite,
modeled using the Visualization for Electronic and
Structural Analysis (VESTA) program.90
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FIGURE 2 - (a) Unit cell of ZnWO,, and (b) bond distances of
theoretical calculations and experimental results for the [ZnOg] and
[WOg] clusters.

The structural parameters and atomic coordinates
obtained from the Rietveld refinement were employed
to model the unit cell of ZnWQO4, whose values are
listed in Tables 1 and 2.

Analysis of the results reported in Tables 1 and 2
confirmed that the ZnWO, lattice is composed of Zn
and W cations coordinated with six oxygen atoms
forming distorted [ZnOs] and [WOs] clusters (6 vertices
and faces, respectively, and 12 edges)
octahedral configuration. These results are consistent
with those reported in the literature.5 8 91 Therefore,
both crystals have clusters of the symmetry group O
with octahedral symmetry sites (C,). In the monoclinic
ZnWOy structure, there are distorted [ZnOs] and [WOg]
clusters with three pairs of different lengths for both
Zn-0 and W-0O bonds (see Fig. 2 (b)). There are two
types of O anions in the [WOg] clusters: four O1 and
two O2; while there are two positions for O1 and four
positions for O2 in the [ZnOg] clusters.”' %

in an



Micro-Raman spectroscopy analysis. Fig. 3
(a) displays the MR spectra of ZnWOq4
nanocrystals synthesized by the MH method at
140, 150, and 160 °C for 1 h. A comparison of the
experimental and calculated Raman vibrational
modes of ZnWO4 nanocrystals is presented in Fig.
3 (b), and their values are listed in Table ESI-1 in
comparison with relevant data from the literature.®*
95

As shown in Table ESI-1, both experimental and
theoretical results are in good agreement with the
results found in the literature. The slight variations in
the positions of the typical vibrational modes of our
samples relative to those reported in the literature can
be attributed to the different syntheses, crystal sizes,
distortions on the bonds and angles of the [O-Zn-—
OJ/[O-W-0] moieties at short-range distances, and/or
intermolecular forces between the [ZnOg]-[WOs]
clusters.®

10

The ZnWO4 nanocrystals present a wolframite
structure within the monoclinic space group P2/c® and
36 lattice modes in accordance with group theory
calculations; however, only 18 vibrational modes (8Ag
+ 10Bg) are Raman active.”” These vibrational modes
are classified in two types: internal and external
modes. The internal vibrational modes are assigned to
distorted octahedral [WOg] clusters, while the external
vibrational modes are associated with the distorted
octahedral [ZnOg] clusters in the lattice.®® %

The phonon frequencies of the internal vibration
modes associated with the W-O bonds of [WOg] are
higher than those of the external modes associated
with Zn—O bonds. This occurs because the internal
covalent bonding in the [WOs] octahedrons is stronger
than the external lattice binding in [ZnOe].gs’ 9
general, internal vibrations are expected to occur at
higher wavenumbers than external vibrations;99 this
behavior arises from the strong covalent nature of the
W-0 bonds.

In

TABLE 1 — Lattice parameters, unit cell volume and statistical parameters of quality obtained by Rietveld refinement for the ZnWO, nanoparticles

synthesized by MH method at 140, 150 and 160 °C for 1 hour.

Lattice Parameters

Cellvolume Reng X Rw R

ZnWo. aA) b (A) c (A) B A) o) () (%) (%)
140 °C 4.6883(7) 5.7600(8) 4.9732(6) 90.498 134.30(1) 1.25 1.79 6.69 5.05
150 °C 4.6868(1) 5.7545(7) 4.9568(3) 90.566 133.68(2) 1.11 1.50 5.61 4.14
160 °C 4.6861(2) 5.7500(5) 4.99495(6) 90.582 133.36(2) 1.30 1.49 563 4.12

Theo. 4.6823 5.8076 4.8214 89.979 131.108 - - - -

ICSD N° 84540 4.6926(3) 5.7212(9) 4.9280(5) - 132.3 - - - -

TABLE 2 — Atomic coordinates of the ZnWO, nanoparticles synthesized by MH method at 140, 150, and 160 °C for 1 hour.
ZnWO,
140 °C 150 °C 160 °C
Atoms
X y z X y z X y z

Zn 0.5000 0.6833 0.2500 0.5000 0.6833 0.2500 0.5000 0.6833 0.2500
w 0.0000 0.1823 0.2500 0.0000 0.1823 0.2500 0.0000 0.1823 0.2500
o1 0.2601 0.3540 0.3852 0.2582 0.3599 0.3940 0.2536 0.3650 0.3938
02 0.2224 0.8723 0.4207 0.2206 0.8782 0.4295 0.2160 0.8833 0.4293

Analysis of Fig. 3 (a) revealed the presence of 18
well-defined Raman active vibrational modes between
50 and 1000 cm™. Higher symmetric and anti-
symmetric stretching modes are associated with
internal vibrations inside the [WOs] clusters, showing
several peaks corresponding to Raman-active internal
Ay and Bg modes with their vibrations composed of six
internal modes (four Ag and two Bg).sg’ 9

The main mode (A) is associated to the intense
peak located at around 903.3 cm™ ascribed to the
symmetric stretching of («~O—W—0—), see inset in
Fig. 3 (a). The Raman By and Ag modes at 781.6 and
705.2 cm’™, respectively, are assigned to asymmetric
stretching of (-O—-W—0—), see inset in Fig. 3 (a).89’
% The Raman Ay and By modes at 672.9 (By), 543.8

(Ag), 513.0 (Bg), and 403.5 (Ag) cm™ are attributed to
stretching modes of the long W-O bonds. The Raman
modes of low intensity at around 120.1 (Aq), 145.7
(Bg), 161.5 (Bg), 188.5 (By), and 194.1 (Ag) are
assigned to the symmetric stretch of («O—Zn—0—)
bonds, while the modes at 309.9 (Bg), 269.9 (Ag), and
277.3 (Ag) are attributed to the vibrations of cationic
sublattices (see inset in Fig. 3 (a)).76’ 89, 99101
Therefore, all the vibration modes presented in Fig. 3
(a) are intense and well-defined, suggesting that the
ZnWO4 nanocrystals are structurally ordered in the
short range and correspond to a wolframite-type
monoclinic structure.

Table ESI-2 shows the FWHM, and the Raman

peak position and intensity for the ZnWO,



nanocrystals. The linewidth of the main mode (Aq) for
the intense peak located at around 903.3 cm” was
obtained by assuming a deconvolution of Lorentzian
curves. Table ESI-2 illustrates the temperature
dependence of the linewidth, showing narrow and
more intense peaks and a moderate wavenumber shift
is also observed with the increasing temperature. This
reveals a temperature dependence of the structural
order in the short range. These results corroborate the
XRD and Rietveld refinement data.
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FIGURE 3 - (A) Raman spectra of the ZnWO, nanocrystals obtained
by the MH method at (a) 140, (b) 150 and (c) 160 °C for 1 h. (B)
Comparative between the relative positions of theoretical and
experimental Raman-active modes of ZnWO, nanocrystals.

FT-IR spectroscopy analysis. Molybdate and
tungstate crystals with a wolframite-type monoclinic
structure exhibit 36 different vibrational modes
according to group theory calculations. Among these
vibrational modes, 18 modes (8A, and 10B,) are
expected to appear in the infrared spectra; however,
three modes (1A, and 2B,) correspond to acoustic
vibrations and thus, only 15 modes (7A, and 8B,) are
IR active.”® %

In this work, IR spectroscopy was used in
transmittance mode to characterize the structure in the
metal-oxygen bond region. The stretching absorption
bands (symmetric, asymmetric, and anti-symmetric)
associated with metal-oxygen bonds can be observed
between 200 and 1000 cm™.

Fig. 4 (A and B) shows the normalized FT-IR
spectra of the experimental and theoretical infrared
modes of the ZnWO4 nanocrystals prepared at 140,
150, and 160 °C, respectively. Fig. 4 (a) displays 10 IR
active vibrational modes. The By, mode at around 256
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cm” is attributed to the asymmetric stretching of bonds
in the [ZnOg]-[Zn0Os] clusters. The A, mode at 321 and
368 cm’ are assigned to the symmetric stretch
(O—Zn—0—2Zn—0) of distorted octahedral [ZnOg]—
[ZnOg] clusters, and the A, mode at around 428 cm™is
ascribed to the asymmetric stretch
(0—Zn—0—2Zn—0) of the distorted octahedral [ZnOs]
clusters.
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FIGURE 4 - (A) FT-IR spectra of the ZnWQO, nanocrystals obtained by

the MH method at (a) 140, (b) 150 and (c) 160 °C for 1 h. (B).

Comparative between the relative positions of theoretical and

experimental FT-IR modes of ZnWO, nanocrystals.

The By and A, modes at approximately 465 and
529 cm™ are associated with asymmetric stretching
(O—W—0O—W+0) of distorted octahedral [WOe]—
[WOs] clusters.

The broad absorption band at 600 cm”
corresponds to a B, mode attributed to asymmetrical
vibrations of the bridging oxygen atoms of the O-W-O
groups of distorted octahedral [WOQOs] clusters (see
inset in Fig. 4 (a)).

The absorption band at around 712 cm” s
assigned to the A, mode and the absorption bands at
around 822 and 878 cm™ are related to B, and A,
modes, respectively, which are assigned to the
symmetric stretching («~O<—W—0—) of distorted
octahedral [WOg] clusters.*® 47 76:89.100. 102 1o FTIR
results confirm the formation of ZnWO4 nanocrystals in
all the samples.m0

Fig. 4 (b) shows the theoretical and experimental
positions of the FT-IR active modes and their values
are listed in Table ESI-3, as well as values reported in
the literature.®> 1% Analysis of the results revealed
good agreement between the wavenumbers of the FT-



IR modes of the experimental and theoretical
calculations; however, the theoretical results illustrated
more By, and A, modes at 96, 134, 176, and 231 cm'1,
which were not experimentally detected due to the low
detection limit of the FT-IR spectrophotometer used. In
addition, Table ESI-3 shows that both experimental
and theoretical results are in good agreement with the
results found in the literature. The same conclusion
was reached for the FT-IR and Raman modes, in
which a small variation in the positions of FT-IR active
modes of ZnWO4 nanocrystals was observed. This
behavior is probably due to variations in the bonds
lengths and angles of the O-Zn-O, O-W-0, and Zn—

O-W moieties.®

FE-SEM, TEM, and HRTEM images and Wulff
construction analysis. The detailed morphology of
the materials was examined by FE-SEM, TEM, and
HR-TEM. As shown in Fig. 5, different morphologies
were obtained changing the synthesis
temperature.

Fig. 5 (a—c) shows the FE-SEM images, where
the presence of ZnWOQO,4 nanocrystals of agglomerated
nature can be discerned in all samples. However, it
was not possible to correctly define the shape and size
of the nanocrystals. Thus, the TEM technique was
used to better define the morphological characteristics
of the nanostructures and the surface morphology of
the ZnWO4 nanocrystals, as well as to confirm the
wolframite monoclinic structure.

Fig. 6 (a, e, i, and m) shows the TEM images of
the ZnWO,4 nanocrystals as function of the
temperature. An analysis of these images point out
that the temperature has a large effect on the
morphology and size of ZnWO4 nanocrystals. At 140
°C, the nanocrystals exhibit undefined morphology
(see Fig. 6 (a)). However, deformed polyhedrons were
observed when the temperature was increased to 150
°C, revealing the formation of nanorods of rectangular
form with different sizes (see Fig. 6 (e)). At 160 °C,
ZnWO4 nanocrystals were obtained as fully defined
polyhedral (e.g., nanorods), rectangular, and
hexagonal plates (see Fig. 6 (i), (m)).

The crystalline planes and morphologies are also
shown in Fig. 6 (b, c, f, g, j, k, n, and o). These images
confirm the high crystallinity of the materials and prove
that these nanocrystals have the monoclinic structure
of wolframite.

Growth is observed in the (100) direction for the
sample processed at 140 °C, in the (111) direction for
the sample prepared at 150 °C, and growth of the

upon
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sample synthesized at 160 °C occurs in the (011) and
(010) faces.

A

100nm

100nm 100nm

100nm 100nm

FIGURE 5 — FE-SEM images of ZnWO, nanocrystals, obtained by the
MH method at (A, B) 140, (C, D) 150 and (E, F) 160 °C for 1 h.

Therefore, it is possible to conclude that these
nanocrystals do not present a predominant growth
mechanism; however, the increase in the temperature
changes the growth process from the (100) and (111)
directions to the (010) and (011) ones. Both (010) and
(011) surfaces present lower Eg values than the (100)
and (111) surfaces, as demonstrated below by
theoretical calculations.

The size distributions are shown in Fig. ESI-2, and
analysis of the results indicates that the length and

thickness of the samples increase with the
temperature.
Table ESI-4 lists the corresponding surface

energy (Esur) values calculated using the DFT method
for the low-index facets of ZnWQ4. The stability order
of the surfaces is (010), 0.26 eV < (110), 0.54 eV <
(011), 0.58 eV < (001), 0.84 eV < (111), 1.283 eV <
(101), 1.43 eV < (100), 2.63 eV. The (010), (011),
(001), and (100) surfaces are ZnO-terminated, while
the (110), (111), and (101) surfaces are WO-
terminated. It is worth noting that there are different
types of [ZnO,] and [WO,] clusters at the top (first
layer) of theses surfaces in the presence of oxygen
vacancies, V§, and also in the second layer for the
(110), (011), (001), (111), and (101) surfaces. Fig. 7
depicts the surface representation of the ZnWOg4
structure used in the calculations.



B
< ‘
O 011

\ Esurf = 0.58

<

. 160°C

o~y 010
Esurf =0.26
R~ 160 °C

FIGURE 6 — TEM images of ZnWQ, nanocrystals obtained by the MH
method at 140 °C (A), 150 °C (E) and 160 °C (I, and M) for 1 h; HR-
TEM images of ZnWO, nanocrystals prepared at 140 °C (B, C), 150
°C (F, G) and 160 °C (J, K and N, O); Surface models involves in each
morphology of the ZnWO, nanocrystals, (D) (100) surface for 140 °C,
(H) (111) surface for 150 °C and (L, P) ((011), (010), respectively)
surfaces for 160 °C. Surface energy (Esux) in eV.

Based on the Egys values for all the facets and the
Wulff  construction implemented in the VESTA
program,90 it was possible to determine the crystal
shape of the ZnWOQO, nanocrystals in vacuum. The
present equilibrium morphology was derived from the
calculated Esu+ values under the assumption that the
crystal faces with the lowest surface energies control
the crystal morphology, as illustrated in Fig. 8.

The ideal morphology of ZnWOy is depicted in the
center of Fig. 8, where a map of the available
morphologies of ZnWO, is also presented. Different
crystal morphologies can be achieved by tuning the
surface energy values of some facets using the Wulff
73,105,106 Based on these results,
it is possible to modulate the morphology, which is

construction method.

dependent on the relative values of the surface energy
as the percentage of the area
73, 105, 106 . .

Thus, the material properties are
linked with the type of clusters in the surface.

as well in the

structure.

In the case of ZnWO4 nanocrystals, it is not
possible to associate the FE-SEM images to the Wulff
construction. However, we can associate the surface
energy stabilization with the temperature. At 140 °C,
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the only surface found is the interplanar distal 4.69 A,
corresponding to the (100) plane; at 150 °C, the
interplanar distance of 2.93 A corresponds to the (111)
plane; while, at 160 °C, the 5.72 and 3.73 A distances
correspond to the (010) (011) surfaces,
respectively. The surface energy decreases as follows:
ESY =263>E(1D =1.23>E0 Y =058 > ECYY =0.26,

surf surf surf surf

and

as shown in Fig. 8. Thus, the increasing temperature
enhances the growth path in the direction of surfaces
with lower energy values.

[2no, -2v;]

ZnO, -V, WO, -2V*
WO, -2V;1 [zn0,-2v7] (1200, -2V;] zn0s751 WO, 245}
\ 2ol |

/[wos Y

o O Watoms
O zn atoms
o o Oatoms

(111) (101) (100)

FIGURE 7 — Surface representation of the ZnWO;, structure.

UV-vis absorption spectroscopy analysis. The
optical band gap energy (Egsp) of the ZnWO4
nanocrystals was calculated by the Wood-Tauc'”
method and the Kubelka-Munk'® function. This
methodology is based on the transformation of diffuse
reflectance measurements to estimate the Egap values
with high accuracy within the
assumptions when modeled

limits of certain
in three dimensions.
Assuming that ZnWO, presents direct transitions
between the valence (VB) and conduction (CB)
bands,”* 8 199111 the Egap values for all the samples
were calculated using n = 1. " The Egap was
obtained by extrapolating the linear portion of the
(ahu)2 versus hu plots of the UV-vis curves, according
to [ahu = A(hu—Egap)"lz]m’ "3 equation, where a is the
absorption coefficient and hv is the photon energy.74’
89,112, 113

Fig. ESI-3 shows the UV-vis spectra for the
ZnWO4 nanocrystals obtained by the MH method at
140, 150, and 160 °C and the corresponding Egap
values are listed in Table 3.

Table 3 illustrates the experimental Egap values,
showing a slight decrease in the values with the
increasing temperature, showing a red shift of the
absorption band edge.”* " The relatively low Egap
value obtained for ZnWOy indicates a large number of



structural defects generating allowed states between
the VB and CB. The increase of the Egsp values is
linked to a reduction of the intermediary energy levels
between the VB and CB by reducing the number of
defects in local lattice distortions,89 since the optical
band gap energy is controlled by the degree of
structural order-disorder in the lattice.”

14

The study of the electronic levels in these
nanocrystals can be achieved by theoretical
calculations. The band structure of ZnWO,
presented in Fig. 9 (A), which shows a direct band gap
value of 3.85 eV located at the Y point of the Brillouin
zone. This value is consistent with the experimental

band gap value.
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FIGURE 8 — Map of morphologies of ZnWO, with (010), (110), (011), (001), (111), (101) and (100) surfaces. Surface energy is expressed in J m?.

TABLE 3 - Optical band gap energy (Egp) values to ZnWO,
nanoparticles obtained by MH method at 140, 150, and 160 °C for 1
hour.

ZnWo, Egap (€V)
140 °C 3.96
150 °C 3.97
160 °C 3.87

Generally, a reduction of Egap can be achieved by
temperature effects, by changing the synthetic method
(thin films or powders), by introducing impurities in the
lattice, by disordering the structure due to structural
defects in the medium range, by local bond distortions
8115 in the [WOg]-[WOs], [ZnOe]-[ZnOs], or [WOg]-
[ZnOg] clusters, by tuning the particle shape, size,
intrinsic surface states and interfaces, etc.*® Thus,
these factors can be directly associated with these
electronic properties.

Fig. 9 (B) shows the partial DOS projected on the
Zn, W, and O atoms and the total DOS projected over
all atoms in the ZnWOy structure.

The analysis of the total DOS shows that the VB
is predominantly composed of O atoms, while the
partial DOS reports that this band is mainly formed by
p-type orbitals (2px + 2py + 2p; and 3px + 3py + 3p;), of
which a small portion are bonding orbitals for both Zn
and W atoms. Most of these p-type orbitals are anti-

bonding orbitals and the electrons present in theses
anti-bonding orbitals result in polarization of both
[ZnOg] and [WOs] clusters. Also, a minor contribution
of 3d and 4d orbitals is observed from Zn and W
atoms, respectively. The CB is mainly formed by W
atoms with a minor contribution of O 2p atoms. The
partial DOS shows that the W orbitals are 4dy, + 4dy; +
4dxy and 4d,? + 4d yz, with higher contributions from
the latter. The orbitals in the CB are mainly bonding
orbitals, constituted by the hybridization of O 2p and W
4d orbitals.

This fact ensures that distortions in the [WOsg]
clusters generate intermediary levels in the forbidden
zone between the VB and CB, narrowing the band
gap. Distortions in the [ZnOe] clusters can also
contribute by creating intermediate levels, although at
a smaller scale.

Photoluminescence. PL is a physical process
involving the electronic structure of the sample at a
medium range, which can be used to determine the
defect density of ZnWQO4 samples.80 Fig. 10 shows the
PL spectra of the ZnWOQO4 nanocrystals prepared by the
MH method at 140, 150, and 160 °C under 350.7 nm
excitation.

Fig. 10 shows the PL emission from 350 to 800
nm for all the samples, where broad band profiles can



be observed, covering all the visible spectrum with a
maximum emission in the blue-green region at 515 nm.
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FIGURE 9 - (A) Band structure of ZnWO, model. (B) Density of states
projected in ZnWOQ, structure.

The profile of the emission band is typical of a
multiphonon process, where relaxation occurs by
several paths involving several energy states within the
band gap_116—118
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—— 150 °C (HM)
——160 °C (HM)
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350 400 450 500 550 600 650 700 750 800
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FIGURE 10 — Emission spectra of the ZnWO, nanocrystals obtained

by the MH method at 140, 150 and 160 °C for 1 h; excited at 350.7 nm
with a krypton ion laser.

41, 52, 74, 119, 120
the blue-

green emission of ZnWO;, is linked to the intrinsic

According to the literature,

emission of WOg~ complexes, where W08~ octahedra
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act as luminescence centers in the matrix and the
charge transfer occurs between the O 2p orbitals and
empty 4d W orbitals. On the other hand, the yellow-red
emission has been found to be extrinsic and may be a
121 Consequently, this is linked
to oxygen vacancies which are key in the formation of

defect-related emission.

luminescence centers.

Previously, some of us'®

have reported that the
PL properties are directly connected to the structural
order—disorder of the lattice, indicating that the
intensity increase of the PL emission requires some
simultaneous order—disorder in the system and that
totally disordered or highly crystalline structures afford
reduced PL emission.

Fig. 10 shows the temperature dependence of the
PL emission, in which an increase of the luminescence
intensity is observed for the samples prepared at 140
and 150 °C. For the sample synthesized at 160 °C, the
opposite behavior is observed, that is, a reduction of
the PL emission. These results are consistent with the
XRD data and the literature data.'"® However, the UV-
vis analysis and PL experimental measurements
indicate that significant changes in the band gap states
occur when the system becomes more ordered (see
Table 3 and Fig. 10).

The phenomenon of reduced Iuminescence
intensity can be attributed to an increase in the number
of superficial defects and non-radiative electron—hole
rates, consequently leading to the

appearance of intermediate levels between the VB and

recombination

CB.% Moreover, a variety of factors can influence the
intensity  and appearance  of
intermediate levels within the forbidden band, such as
particle size, synthesis method,
calcination temperature,52 and number of oxygen

luminescence
the morphology,

vacancies,122 among other.

After analyzing our experimental results, we
concluded that the PL emission behavior is directly
associated to structural defects (oxygen vacancies), as
confirmed by the XRD and MR analyses (see Fig. 1
and Table SI2, respectively). Thus, the oxygen
vacancies induce luminescence quenching, and this
fact is explained due to the increase in the
concentration of defects causing lattice distortions and
facilitating the expansion of the phonon spectrum,
thereby increasing the non-radiative recombination due
to electron—phonon interactions.'?* 1%

For better understanding of the PL properties and
temperature dependence in the ZnWOy lattice, the PL
spectrum peak were deconvoluted using the PickFit
program with the Voigt area function, as shown in Fig.

ESI-4.



Fig. ESI-4 (A) shows the deconvolution of the PL
spectra, which exhibit three curves in the blue
(maximum at A = 448 nm), green (maximum at A = 503
nm), and yellow-red regions (maximum at A = 574 nm),
thus covering the visible electromagnetic spectrum.
The features extracted from the deconvoluted curves
and from the area under the respective transition
curves are illustrated in Fig. ESI-4 (B), confirming that
the red component is the largest one.

To understand the PL emission,
remember what was discussed in Previous Section.
The structure of the ZnWOs nanocrystals became
more stable upon increasing the synthesis temperature
to 150 °C, affording wide-band PL emission. However,
when the ZnWO, structure reached the temperature
saturation (160 °C), a decline of the PL intensity was
observed (see Fig. 10) induced by the stabilization of
the (010) and (011) surfaces and, consequently,
favoring the emission in the yellow-red region.118 This
type of emission is related to oxygen vacancies located
in the [ZnO, - 2VZ] and [WOs - V3] clusters present in
the (010) and (011) surfaces, inducing a new energy
band gap region (higher wavelengths) at
energies. According to Longo et al.,'™®
vacancies inducing yellow and red emission are
caused by deep defects in the lattice.

In this way, the reduced PL intensity of the
ZnWO4 nanocrystals obtained at 160 °C is related to
the oxygen vacancies present on the top of the surface
of the structure and, consequently, the electronic levels
are localized in the forbidden band gap and the Egsp
value decreases (see Table 3). Moreover, the PL
behavior is related to the formation of oxygen
vacancies, as illustrated in the following Scheme 1.
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SCHEME 1 - Formation of oxygen vacancy from clusters interactions.

M = Zn and/or W atoms; V§ = neutral oxygen vacancy; V, = positive oxygen
vacancy.

Oxygen vacancies can appear in different charge
states in the disordered lattice, such as [WOs - V3] and
[ZnOs - V] or [WO, - 2V3] and [ZnO, - 2V3], where the
vacancies donate electrons and are neutral in relation
to the lattice (part (I) and (lll) in the Scheme 1).
[WOs - V3] and [ZnOs - V] are singly ionized states and
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donate/capture electrons, and [WOs-Vy ] and
[ZnO;5 - V'] are double-positively charged states in the
lattice and capture electrons (part (ll) in the Scheme
1). These oxygen vacancies induce the generation of
new energy states in the band gap attributed to the
[WOs] and [ZnOg] complex clusters.

Photocatalytic measurements. The promising
photocatalytic activity of ZnWO4 nanocrystals for the
degradation of RhB was recently reported.46' 123-126
Montine et al.'*’ compared the activity of tungstates of
divalent transition metals (M"WO4, M = Co", Ni", Cu",
Zn”) for the degradation of methylene blue (MB) and
methyl orange (MO).

It was observed that the ZnWO, photocatalytic
activity was highly superior to that of the other
investigated tungstates. The full d-orbitals hybridized
(d10 configuration) with the W 4d states present in
ZnWOQq affect the trapping of excitons, thus preventing
electron—hole recombination and strongly enhancing
the ability of this material to generate the radical
species involved in organic compound mineralization
processes.

The PCA of the ZnWO4 nanocrystals synthesized
at 140, 150, and 160 °C via the MH method was
evaluated for RhB degradation in aqueous solution
under UV irradiation. RhB absorbs light in the range of
200-600 nm, with a maximum at 554 nm. The
temporal evolution of the absorption spectrum of the
RhB aqueous solution in the presence of ZnWO4
nanocrystals synthesized at different temperatures is
shown in Fig. 11. It can be seen that the absorbance of
RhB decreased quickly under UV irradiation with the
irradiation time, and the absorption peak at 554 nm
completely disappeared after irradiation in the
presence of the ZnWO, catalysts (see Fig. 11 (A)).
This decay because the conjugated
chromophore of RhB (a xanthene ring) undergoes a
gradual de-ethylation process of the N,N-
diethylammonium functional groups, causing a
hypochromic displacement of the absoprtion.128

Fig. 11 (B) compares the changes in the relative
concentration of RhB with the irradiation time using the
ZnWO4 nanocrystals prepared at different
temperatures. No obvious degradation of pure RhB
was observed, indicating that the dye practically is
barely degraded by UV light. The degradation
efficiency of RhB increased with the increasing
synthesis temperature; the efficiency reached 100%
after 40 min of irradiation for the ZnWO4 nanocrystals
prepared at 160 °C. In contrast, the photocatalytic
activity of the samples obtained at 150 and 140 °C was
100% after 50 and 70 min of irradiation, respectively.

occurs



This indicates that the crystallinity of the ZnWO,4
nanocrystal semiconductors plays an important role in
the RhB photodegradation efficiency.

Generally, the dependence of the photocatalytic
reaction rate on the concentration of an organic dye is

well described by the Langmuir—Hinshelwood (L-H)
mode|_129, 130
dc kKC
U'="a = Trxc ©)

where r is the reaction rate (mg/L min), k is the specific
reaction rate constant (mg/L min), K is the adsorption
coefficient (L/mg), and C is the concentration of the
dye at time t (mg/L). When the initial dye concentration
is low (Co is small), the above equation can be
simplified to a pseudo-first-order equation:

IN(Co/C) = kKt = Kappt 4)

To understand the reaction kinetics of RhB
degradation in our experiments, plots of -In(Co/C)
versus irradiation time for the ZnWO. nanocrystals
synthesized at 140, 150, and 160 °C were constructed,
as shown in Fig. 11 (C). The rate constants obtained
from the regression lines are shown also in Fig. 11 (C).
A fairly good correlation to the pseudo-first-order
equation was observed, indicating that this reaction
follows pseudo-first-order kinetics. The ZnWO,4 sample
synthesized at 160 °C showed the highest k value,
corresponding to the best photocatalytic activity.
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FIGURE 11 - (A) UV-vis absorption spectra of the RhB aqueous
solution in the presence of ZnWO, nanocrystals, obtained by the MH
method at 140, 150 and 160 °C for 1 h and in the presence of pure
RhB. (B) Relative concentration of RhB dye (C/Cy) versus time (min) of
ZnWO, nanocrystals, prepared at different temperatures. (C) Reaction
kinetics of RhB degradation -In(Co/C) versus time (min) for the ZnWQO,
nanocrystals prepared at different temperatures.

As discussed in the PL, in the ZnWQ,4 there are
two differences of clusters into the structure [MO, -
xVE] and the [MOg] clusters (where M = Zn and/or W)

that formed the electron-hole pair, as shown in
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Scheme 1. In the photodegradation of RhB by ZnWOy,,
proposed the following photo-oxidation
mechanism, in which the [MO, - xV3] clusters (hole

it was

specie) located on the top of the surface of the
nanocrystals interact with the water forming the
hydroxyl radical (OH*) and proton (H’), reactive
species, while the [MOg],, clusters (electron species)
located inside the structure interact with O, generating
the superoxide (03). The H’ species are unstable, and
quickly interact with 0} forming the perhydroxyl
radicals (OoH). Next, RhB is degraded by OH  and
O2H’ radicals producing colorless compounds organic
(CCO), carbon dioxide (CO;), and water (H20), as
shown in Scheme 2.

How as proposed in the literature, the active
species are: holes, electrons, OH', OzH* and 0% and
their corresponding activities were investigated using
different types of active species scaveng¢.=,rs.131'134 Fig.
12 shows the percentage of degradation of RhB after
60 min of exposure to UV-vis radiation in function of
the scavengers action of reactive species.

ZnWO,

0, \
[MOg) ~™

0,' by
+ —» OH* 4
[MOy.xVo] H + RhB — CCO + CO,+ H,0

OH*
M =Zn/W L\H;O\/

SCHEME 2 - Proposed mechanism of photodegradation of RhB dye in
CCO, CO; and H,0, in the presence of ZnWQO, nanocrystals.

As shown in Fig. 12, when AgNO3 it was added to
the reaction mixture, that is an electron scavenger, the
degradation reached 100% after 20 min of irradiation.
By preventing the recombination using AgNOs, the
highly oxidizing VB holes are able to oxidize water,
making available a higher quantity of holes for this
oxidation.™®

When  the  hydroxyl scavenger
tetrabutylammonium (TBA) was added, the rate of
degradation of RhB was considerably reduced. This
suggests that OH" radicals participate in the
degradation of RhB along with other oxidative radical
species. Addition of the superoxide radical scavenger
benzoquinone (BQ) also decrease the degradation rate
of RhB. This shows that some 0} species are also
present in the equilibrium.136

When ammonium oxalate (AO), often used as a
holes capturer, was added to the reaction system, the
degradation process was inhibited once that the
ZnWO4 holes can not interact with the water to
generate the active species. Thus, it was concluded
that the presence of holes is a limited factor in the
photocatalytic activity as well in the degradation rate.

radical



According to the DOS analysis (see Fig. 9 (B)),
the differences in the hybridization of the W, Zn, and O
atoms and the different coordination numbers of the Zn
and W clusters can generate intermediary energy
levels (or “defects”) located between the VB and CB.
When these defects polarize the lattice, transitions
between the clusters can occur. Therefore, the UV light
is absorbed and polarization processes occur.

In an ideal structure, each atom is perfectly
located in a site; however, this does not happen in
nature. Thus, it is possible to find [MO,. - xV3] clusters
located on the top of the surface and [MOg]; located
inside the nanocrystals.

According to the proposed photocatalytic
mechanism, the defects play a crucial role in the
production of OH" and OzH* radicals, which are the
main active species for the degradation of RhB.

2o,
[ 20O, + AgNO,
I 20O, + AO

[ 20WO, + BQ
[ znwo, +

% of Degradation

FIGURE 12 - Percentage of degradation (%) of RhB dye under
exposure to UV-vis radiation, in the presence of ZnWO, nanocrystals
and different scavenger.

The sample prepared at 160 °C exhibited the best
photocatalytic activity, and thus we propose that the
formation of the active species OH', H", and 0, must
be associated to the type of surface stabilized in the
material. As shown previously, at 160 °C, (010) and
(011) surfaces were observed containing vacancies
associated with clusters of [ZnO, - 2VJ] and [ZnO, -
2V3] / [WOs - V3], respectively. As only the structure
obtained at 160 °C contains [ZnO, - 2V§] clusters in the
top of the surface, this type of clusters must be the
most efficient for the generation of active species for
RhB photodegradation, making it a superior catalyst
than the samples synthesized at lower temperatures.

Conclusions

In summary, ZnWO, nanocrystals were successfully
synthesized by an MH method and, for first time, the effect of
the temperature on the crystal structure, morphology, and
optical  properties investigated.  First-principles
calculations at the density functional theory level provided in-
depth understanding of the electronic and structural
properties of ZnWO,. The main conclusions can be
summarized as follows: i) The XRD patterns and Rietveld
refinement data showed that ZnWO, nanocrystals are
monophasic with a monoclinic structure of wolframite type. ii)
MR and FT-IR spectroscopies were employed to verify the
vibrational modes and the results confirmed that all vibrational
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modes are characteristic of a monoclinic structure. The
theoretical values of the Raman spectra are consistent with
previously reported experimental values. iii) The FE-SEM
images revealed that the synthesis temperature influences
the shape and size of the ZnWO, nanocrystals, showing
undefined morphology at 140 °C, while defined polyhedral
(e.g., nanorods), rectangular, and hexagonal plates were
observed in the sample prepared at 160 °C. iv) The Wulff
construction method was employed to obtained the
morphologies and their transformations. The surface energy
of each facet depended on the temperature; thus, less
energetic surfaces were stabilized with the increasing
temperature. v) The UV-vis spectra revealed direct transitions
between the VB and CB. The theoretical values of the UV-vis
spectra are in agreement with the experimental results. vi)
The PL behavior of the ZnWQO, samples is associated with
oxygen vacancies (V3), which cause a red shift related to an
increase of deep defects. vii) Finally, it was conclude that the
photocatalytic activity of the ZnWO4 nanoparticles are
controlled by the amount of holes in the structure and the
sample prepared at 160 °C exhibits the best photocatalytic
activity.

This experimental and theoretical work provides insight
into the fine effects of the synthesis temperature on the
morphology and photoluminescence properties of ZnWO,
nanocrystals, as well as the role of the electronic structure on
their photocatalytic activity.
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Morphology is a key property of materials. Owing to their precise structure and morphology, crystals and nanocrystals provide
excellent model systems for joint experimental and theoretical investigations into surface-related properties. Faceted polyhedral
crystals and nanocrystals expose well-defined crystallographic planes depending on the synthesis method, which allow for
thoughtful investigations into structure—reactivity relationships under practical conditions. This feature article introduces recent
work, based on the combined use of experimental findings and first-principles calculations, to provide deeper knowledge of the
electronic, structural, and energetic properties controlling the morphology and the transformation mechanisms of different
metals and metal oxides: Ag, anatase TiO,, BaZrO;, and a-Ag,WO,. According to the Wulff theorem, the equilibrium shapes of
these systems are obtained from the values of their respective surface energies. These investigations are useful to gain further
understanding of how to achieve morphological control of complex three-dimensional crystals by tuning the ratio of the surface
energy values of the different facets. This strategy allows the prediction of possible morphologies for a crystal and/or
nanocrystal by controlling the relative values of surface energies.

Introduction

The ability to prepare nano- and microstructures
with a well-defined morphology and excellent
monodispersity at the nano- and bulk scale is an
essential requirement for materials applications [1, 2].
It is generally accepted that the morphology,
dimensionality, and crystal structure of the materials all
play important roles in the electronic, optical, magnetic,
catalytic, chemical, and other physical properties [3, 4].
Crystal morphology is governed by anisotropic surface
properties, i.e., the presence of face-specific molecular
arrangements, and is a critical determinant of the
physical and chemical properties of crystalline
materials. These molecular arrangements stem from
the crystal structure and possess a symmetry that
allows a group of faces, known as a family, to share
identical arrangements. The anisotropic surface
properties control the surface energies, growth rates,
dissolution rates, wettability, cohesion, adhesion, etc.
Because of the presence of surface energy anisotropy,
unstable surfaces try to stabilize through the creation
of low-energy surfaces; this is commonly called
faceting [5]. The control of crystal morphology is a
complex and difficult process, which depends both on
the crystal internal structures and external growth
conditions such as the synthesis process, the solvents
used, and the process additives. In this context, Xue et
al have developed a chemical bonding theory of single
crystal growth [6, 7]. Very recently [8], these authors
have reported the morphology engineering of electrode
materials that can increase the performance of
electrochemical energy storage devices such as Cu,0-
and MnO;-based systems.

The relative growth rate of crystal faces, which
depends on environmental conditions, evokes

transformations in crystal morphology because of the
appearance and/or dis- appearance of faces. These
transformations are due to the geometric constraints
imposed by the crystal structure and are associated
with the relative surface energy values of each face.
The observed crystal shapes are often interpreted in
terms of Wulff construction [9, 10] offers a simple
method to determine the equilibrium crystal shape, and
different numerical implementations of this procedure
are available in the literature [11-13]. Such a
description is appropriate at the thermodynamic
equilibrium.

This study reports results from theoretical and
computational chemistry, in particular, the combination
of first- principles calculations with an algorithm based
on the Wulff construction, to find suitable
morphological structure candidates. This perspective
presents a comprehensive framework to rationalize
crystal morphology and morphology evolution in
crystalline materials, and summarizes our research
efforts, which target the determination of the
morphology in a set of materials ranging from metals to
both simple and complex metal oxides: Ag, anatase
TiO2, BaZrO3, and a-Ag>WO4. The following discussion
is divided into three sections. The first section focuses
on the state-of-the-art developments in this research
field. The theoretical procedure and computational
method are presented in section two. The third section
presents the results and a process of how to create a
mapping of all shape crystal possibilities to evaluate
the methods to simulate suitable morphological
candidates in order to obtain the
morphology of the as-synthesized

structural
experimental
samples.



State-of-the-art developments

For a crystalline material, different surfaces may
have different geometric and electronic structures, and
exhibit different physical and chemical properties.
Accordingly, their morphology is dependent on the
surface energies of the different exposed surfaces, and
one may expect to tune the properties of materials by
simply controlling the morphology of the crystalline
materials. At the nanoscale, the ability to control the
size and shape of nanocrystals (NCs) in order to tune
functional properties is an important goal. The precise
fabrication of NCs with specific shapes at the
nanoscale level is crucial for enhancing performance in
many applications [14-16]. The techniques for
nanomaterial synthesis are the pillars of nanoscience
and nanotechnology [17, 18]. Nano- material
syntheses can be fine-tuned to tailor the shape of the
nanomaterials, which enables the application of
nanomaterials in various fields, such as catalysis [19—
21] electronics [22], optics [23], and magnetism [24]
etc. Hence, developing a methodology for shape-
controlled NC growth is a major current research
direction.

It is well established that structural changes at
surfaces, including atomic relaxation and
reconstruction, are a manifestation of the driving force
to minimize the surface energy [25, 26]. Such shape
effects result inherently from the atomic arrangement
of different exposed crystal facets, and the growth
mode of an NC is determined by the ratio between the
growth rates of different facets [27]. Recent studies
have shown that the use of capping agents is a typical
and efficient strategy to control morphology and size.
The functional groups on these capping agents can
preferentially adsorb onto the crystal facet and
modulate the kinetics of crystal growth [28-30].
Maneuvering the surface energies and growth rates of
different facets determines the shape of a NC [19, 31].
Shape control of crystal growth has been reported for
various types of oxide materials by modulating the
reactive conditions in the liquid phase [32, 33]. In
particular, surface charges and polarization have been
discussed in previous reports on the synthesis of
nanomaterials with some novel morphologies [34, 35].
However, the synthesis of crystals with the desired
morphologies requires an understanding of the thermo-
dynamic and kinetic mechanisms of the formation of
NCs and a framework to guide the selection of
environmental conditions.
nanoscale,
nanoparticle (NP) morphology (surface structure) has
also been shown to induce superior catalytic reactivity

Even at the fine control over
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and selectivity [36, 37]. It is also possible to discover
new and potentially useful com- positions of matter on
the nanoscale, because mixtures of elements that are
thermodynamically unstable in the bulk may actually
become stable (or metastable) as a result of quantum
size-confinement effects [38, 39]. As Pauli said ‘God
made the bulk; surfaces were invented by the devil’.

Identifying the mechanism of the morphological
trans- formation of both nano- and micro-crystals is
crucial to gain better control of the growth of materials
because the surface structure can strongly affect the
crystal quality and properties. The conventional
understanding of the surface atomic structure of a
crystal is that facets with a higher percentage of under-
coordinated atoms are usually more reactive.
Modulation of morphology is a commonly employed
strategy to optimize the performance of various
crystalline catalysts from noble metals to
semiconductors [40—42]. The synthesis of highly active
facets has been considered as an important procedure
to significantly promote the catalytic activity of noble
metals, metal oxides, and semiconductors [43-46]. In
particular, the peculiar particle morphological
structures of metals and their oxides, such as cube,
flower-like, octahedron, and rod, have attracted wide
attention in the field of electro- chemical device
applications [47—-49]. The basis of this strategy is that
the surface atomic configuration and coordination
control the reactivity and can be finely tuned by
morphological control [50, 51]. The chemistry of
diverse energy facets and the differences in the
binding properties of the intermediates and/or products
with such facets are additional determining factors in
deciding the overall catalytic activity of the materials
under operating conditions. However, many questions
still remain because of the lack of conclusive evidence
about the mechanisms that govern crystal facet
modulation at the atomic level; as such, there is
considerable scope for research. In this strategy,
insights from theoretical calculations and experimental
evidence can be integrated with each other to develop
a simple model that can be used to better understand
crystal facet modulation mechanisms at the atomic
level.

First-principles investigations
recognized as effective for studying the morphology
and surface properties of a wide variety of crystals and
NCs [562-54]. Our group has developed a working
methodology, which has been applied to the study of
different morphologies in different metal oxides such
as SnO;z [55-57], PbMoO4 [58], and CaWO4 [59]. The
relative growth rates of crystal faces, which depend on

have been



environmental conditions, cause transformations in
crystal morphology because of the appearance and/or
disappearance of faces. These transformations are
due to the geometric constraints imposed by the
crystal structure and are associated with the relative
values of the surface energy of each face. In this
context, Roca et al published some results about our
to use the theoretical morphology
TiO2 a-Ag2WO4  [60, 61]
nanocrystals in order to explain the surface energy
changes observed in experimental conditions.

The main practical challenges of the present work
can be (i) prediction of
different morphologies possible for a crystalline
material, (ii) screening of relative values of surface
energies to obtain desired morphologies, and (iii)
target and control of crystal morphologies.

simple way

modulation in and

summarized as follows:

Theoretical procedures and computational

methods

The task of predicting the morphology of crystals
can be partially tackled if interest is limited to general
knowledge about trends regarding bulk and surface
energies (values and variations). The energetic
interplay between surface energy and morphology can
be identified. This section briefly presents the definition
of surface energy and the Wulff construction, which are
the most basic parameters and methods for predicting
the equilibrium morphology of a crystal.

From the thermodynamic point of view, the
equilibrium shape of a crystal is determined by the free
energies of various facets, and can be calculated by
the classic Wulff construction that minimizes the total
surface free energy at a fixed volume [9]. The Wulff
theorem provides a simple relationship between the
surface energy, Esuf, of the (hkl) plane and its
distance, rhkl, in the normal direction from the center of
the crystallite. Later, the thermodynamic stability of the
faceted and rounded shapes was revisited by Herring
[10]. In the case when the morphology of a NC is
known from microscopic observations, Esus can be
assessed iteratively by using the Wulff construction in
the inverse fashion until the resulting shape matches
the observed shape [11].

First-principles calculations were carried out using
the density functional theory and implemented in the
Vienna ab initio simulation package in order to find an
ideal structure in vacuum [62, 63]. The Kohn—-Sham
equations were solved by means of the Perdew—
Burke—Ernzerhof exchange-correlation functional [64]
and the electron—ion interaction was described by the
projector-augmented-wave pseudo potentials [62, 65].
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The plane-wave expansion was truncated at a cut-off
energy of 520eV, and the Brillouin zones were
sampled through the Monkhorst-Pack special k-points
grids. The calculations were done by considering slabs
with thickness of up to ~20 A. They are sufficient to
reproduce bulk-like proper- ties at the center of the
slabs, to obtain a careful description of the surfaces
and to reach convergence on the corresponding
energy surface values. A vacuum spacing of 15 A is
introduced in the z-direction so that the surfaces will
not interact with each other. The positions of all atoms
of the slab were allowed to relax, and the conjugated
gradient energy minimization method was used to
obtain relaxed systems, accomplished by requiring the
forces experienced by each atom to be smaller than

0.01 eV A_1. Egurf is defined as the total energy per
repeating cell of the slab (Eg|5p) minus the total energy
of the perfect crystal per molecular unit (Ep,k)

multiplied by the number of molecular units of the
surface (n), divided by the surface area per repeating
cell of the two sides of the slab, as following:

E _ Esiap = nEpunic
Surf 24

The total-energy calculations are strictly valid only
at zero temperature, and the entropic contribution can
be taken into account by adding the computed full
phonon density of states [66] or alternatively, in a
simplified treatment, by inclusion of the most relevant
vibration modes [67]. The crystal habits are principally
determined by relative energies of the exposed planes,
and entropy terms normally do not affect this ordering
[68]. The entropic and pV contributions to the free
energies change slightly throughout the condensed-
phase species and in this type of calculation the
entropic term is neglected [68—73]. Therefore, the
difference between the Gibbs free energies can be
approximated by the difference between the total
energies from first-principles calculations [74—76].

Crystallite shape of any kind of materials can, in
turn, be determined using the Wulff theorem and
construction [9, 77] taking into accounts the surface
energy values, implemented in the SOWOS program
[13]. In this paper, this methodology was used for the
morphology mapping of Ag, anatase TiO2, BaZrOs,
and a-AgaWO4 systems.

Several insightful review papers have reported
experimental and theoretical calculations on the
important aspects that govern crystal shape
modulation in semiconductor and metal NPs [78-80].
In addition to the thermodynamic driving forces,
kinetics important

also plays an role in the



determination of the morphology under real growth
conditions. In such a case, the approach developed by
Chernov can be applied to predict the steady-state
shapes of NCs [81], and different authors have
developed strategies to calculate the velocity of facet
growth [82, 83]. It was necessary, therefore, to develop
a novel strategy to construct polyhedral structures and
to especially address such structural issues.

Results and discussion

Ag. Noble metal NPs with defined structures and
novel compositions are of great interest because of
their potential applications in a broad range of
industrially important processes [14, 84, 85]. Over the
past decade, Ag NCs with a myriad of shapes (e.g.,
spheres, cubes, octahedrons, right bipyramids, bars,
plates, rods, and wires) have been synthesized using
various methods [86-88].

Recently, our research group reported the
unprecedented real-time in situ observation of the
growth process of silver metallic Ag filaments from an
unstable a-Ag>,WO, crystal matrix when the crystal was
subjected to electron irradiation from a transmission
electron microscope (TEM) [89]. This is a striking result
and the mechanism associated with the early events of
the nucleation process of Ag has been studied in detail
[90]. The crystal growth mechanism under electron
beam irradiation observed in our work is completely
free of additional agents, and the in situ TEM enables
the visualization of growth of Ag NPs with planar
resolution. However, an investigation of the reactions
and crystal growth mechanism under electron beam
irradiation can be very complicated and demands new
studies [91].

An expanded image of the region around the
electron driven Ag filament is illustrated in figure 1,
where it is possible to identify the morphology of the
Ag NC formed during the experiments. In addition, the
observed NCs tend to aggregate into clusters that
interact in close proximity, which implies the possible
existence of an attractive force among the NCs [92,
93].

FIGURE 1 — TEM image of Ag NC formed under electron beam
irradiation.
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Thermodynamic calculations predict that single
crystals of face-centered cubic materials such as Pt or
Ag will form truncated octahedral shapes, with the ratio
of their (111) [49], and (100) type surfaces predicted
through consideration of the ratio of their two
respective surface energies [94]. This ratio can be
significantly and controllably modified through the use
of surfactants, and it has been demonstrated to have a
substantial effect on catalytic selectivity [36]. Particle
morphology also dictates the nearest-neighbor
coordinations of the exposed surface atoms, broadly
affecting the catalytic activity [95].

The morphological characterization of Ag NPs has
shown strong correlations between properties such as
average particle size, shape, and dispersity with
observed and inherently tunable physiochemical
behavior [96, 97]. In this con- text, Barnard et al [98]
have presented detailed structure/ property maps,
showing that faceted near-spherical shapes and
spheres are the predominant morphologies in Ag NPs
colloidal samples at low and high temperatures. The
production of well-defined NPs with reproducible size
and shape distributions remains challenging [99],
although different studies report clarification of stability,
probability, and population in NP ensembles [100]. The
(100), (110), and (111) surfaces were modeled by
unreconstructed (truncated bulk) slab models by using
a calculated equilibrium geometry and using a
(6 x 6 x 1) Monkhorst-Pack special k-points grid to
ensure geometrical and energetic convergence for the
Ag structures considered. Slab models containing 15
Ag atoms placed in 3 five-atomic layers were selected,

with areas of 8.77 AZ, 12.4 A2, and 7.59 A2 for the
(100), (110), and (111) surfaces, respectively. Figure 2
depicts the slab representation for Ag.

FIGURE 2 — Surface models of (100), (110), and (111) for Ag.

An analysis of figure 3 shows that the calculated
energy surface values (center of figure 3) generate a
morphology very similar to that of synthesized Ag NCs,
generated by matching the corresponding TEM image
(see figure 1). When the difference in the stability of
the facets is reduced, more than one type of facet will
appear, and the resulting polyhedron should gradually
appear rounder, with truncated edges and corners.



When the ratio of the energy surface is varied by
increasing the value of the (111) surface more than
22% because of some perturbation, the resulting
morphology is a double truncated octahedron. The
same morphology is obtained by decreasing the value
of the (110) and (011) surfaces more than 24% with
respect to the computed initial value. On the other
hand, a truncated cube or a truncated octahedron can
be achieved when the value of the (100) and (001)
surfaces is decreased by around 42% or is increased
by around 20%, respectively. In addition, using the
different morphologies displayed in figure 3, we can
rationalize some experimental results reported very
recently by Wang et al [101] such as the formation of
Ag nanocubes and octahedra.

(001)
(100)
———(111)
(110)
(o11)

7\ N
-
= ]

P &

Lo
S s )
Op S . . % \ o)y
—_— o;/(:e&> \ ".: N /‘,ﬂe@.’g .‘ Eo 1.7
s | 057/ 1 N A 5] | EC 1.7
EL =11 NP Bl ¢ |
\ LN ) !
1 1 1
\ |
k ~ O !
\ N /
-~ @ N —
AN RNV
M NN
-/, <
E(0) 23 Et_18

FIGURE 3 - Crystallographic structure and map of morphologies of Ag
NC with (100), (001), (111), (110), and (011) crystal planes. Surface
energy is in joule per-square meter. Theoretical (experimental) [102]
lattice parameter, a = 4.188 A (4.086 A).

Anatase TiO2. The morphology as well as the
crystal-facet-controlled synthesis of titanium dioxide
(TiO2) has attracted interest because of its scientific
technological  applications, including in
photocatalysts and self-cleaning agents [103].

TiO2 is a common multifunctional material, which

and

has been used in a wide variety of applications in
many fields, such as in ceramics, cosmetics, medicine,
food, and catalysts [104]. For TiO,, three polymorphs
are stable at atmospheric  pressure: the
thermodynamically favored rutile phase that can be
grown in bulk, and the less common anatase and
brookite phases. The polymorphs have significantly
different chemical reactivities with anatase and
brookite typically being believed to be the most
reactive. Hence, many researchers have pursued
polymorph-specific syntheses of high-reactivity NCs
[105]. Anatase TiO2 was proven to be more active than
the other two main TiO; crystal polymorphs, i.e., rutile
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and brookite, especially when TiO; is employed as a
catalyst and photocatalyst [50, 106].

Under equilibrium conditions,
synthetic anatase TiO; single crystals mainly exist in
an octahedral bipyramidal morphology in which a
majority of the surface is normally enclosed by
energetically favorable (101) facets rather than the
more reactive (001) facets [107—-109]. Thus, it has long
been a great challenge to synthesize anatase TiO;
with a large fraction of exposed (001) facets. However,
recently, many studies have reported the synthesis of
high-energy anatase surfaces [42, 110, 111].

Despite intense investigations into the preparation
of specific facets, the inherent photoactivities of TiO2
facets are still ambiguous. The (001) facet was initially
expected to be the most active because of its high
surface energy [42, 112— 115], whereas later research
suggested that the clean (010) facet with 100% five-
coordinate Ti was more active in photo- oxidation and
photoreduction reactions [116]. In particular, Liu et al
reported that the photoreactivity of (010) facets of TiO>
is higher than that of the (101) facets, while the (001)
facets showed the photoreactivity [116].
However, more recent research has suggested that
different facets may play different roles in
photoreaction [117, 118].

Based on first-principles calculations, the Egut
values for (101), (001), (110), and (100) facets of
anatase TiO, were determined, using a (4 x4 x 1)
Monkhorst-Pack special k-points grid. Slab models
containing 12, 14, 24, and 16 molecular units with
areas of 14.5 A, 19.4 A, 35.9 A? and 25.4 A? for the
(001), (101), (100), and (110) surfaces, respectively. It
is worth noting that the (001) and (101) surfaces are O-
terminated, while the (100) and (110) surfaces are Ti
and O-terminated. Figure 4 depicts the slab
representation for anatase TiO,. Each surface has
been modeled using stoichiometric systems [119].
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FIGURE 4 - Surface models of (001), (101), (100), and (110) for
anatase TiO,. The red and gray atoms represent O and Ti atoms,
respectively.

The Esut values and the Wulff construction of the
ideal structure for anatase TiO; in vacuum are shown
in figure 5. It is possible to determine which structure
should be present in anatase TiO2 by calculating the
mathematical relationships with the Egy values if a few
facets are more stable than others. The Wulff



constructions of those structures are also shown in
figure 5.
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FIGURE 5 — Crystallographic structure and map of morphologies of
anatase TiO, with crystal planes (001), (101), (011), (100), (010), and
(110). Surface energy is in joule persquare meter. Theoretical
(experimental) [120] lattice parameters, a = 3.806 A (3.78 A), c = 9.722
A (9.51A).

Figure 5 can be used as a tool to verify the
relative value of Egs that is necessary to obtain a
particular morphology. Many research groups have
studied anatase TiO, with various shapes, such as
single particle, nanosheet, cube, film, and flowerlike
shapes [112-114].

Theoretical results reported by Barnard et al [121]
point out the effect of water on the morphology of
anatase and rutile TiO.. For anatase TiO,, the
presence of water resulted in a variation in the size of
the (001) facets. In another paper, Barnard and Curtiss
[107] show the influence of acidic and alkaline
conditions on the morphology of TiO2. The morphology
shows a high occurrence of (100)/(010) facets that
predominantly occur in hydrogen-poor and oxygenated
conditions. We obtained the surface energies of these
shape- decreasing (100)/(010) facets.

Some experimental results reported recently by
Pan et al show an elongated, truncated tetragonal
bipyramid anatase with highly exposed (010) facets
that was also synthesized by tuning the Ti/F ratio [116].
This morphology was obtained by decreasing the
(100)/(010) surface energy of the initial Wulff
construction on the map.

The cube shape is obtained by decreasing the
(001) and (100)/(010) surface energy and was
synthetized solvothermally by Zhao et al [111]. A
scanning electron microscopy (SEM) image of anatase
TiO2
hydrothermal method and its respective Wulff crystal is
shown in figure 6.

particle synthesized by microwave-assisted
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FIGURE 6. SEM image of cubic anatase TiO, particle and its Wulff
crystal representation. Surface energy is in joule per-square meter.

Even that the TiO; particles showed in figure 6
have the same surfaces of the cubic morphology, they
present a more elongated shape. This represents
lower values of (100)/ (010) in relation of (001) surface.
According to the Wulff theorem, the larger the
difference is, the higher is this elongation.

Decreasing the (101)/(011) and (001) surface
energy, we obtained the morphology synthesized by
Yang et al that shows a breakthrough in synthesizing a
truncated tetragonal bipyramid anatase TiO, by
fluorine capping, resulting in highly exposed (001)
facets [42].

The octahedral structure was obtained by Amano
et al using the hydrothermal reaction to synthetize a
morphology with (101) facet [122]. The morphology
with (001), (101), and (110) facets, as seen in the map,
was obtained by Liu et al, which was synthesized using
a modified hydrothermal technique in the presence of
hydrogen peroxide and hydro- fluoric acid solution
[123].

BaZrO;. Barium zirconate (BaZrOs3) is a cubic
perovskite at normal conditions, exhibiting a unique set
of properties such as a high melting point, a small
thermal expansion coefficient, small thermal
conductivity, and excellent thermal and chemical
stability [124]. These properties lead to the use of
BaZrOs in structural applications such as crucibles
[125], thermal barrier coatings [126], components in
wireless communication systems, the supersonic
aircraft industry, and field emission displays, and it is
also used as a green photocatalyst [127].

Esus Of a plane is highly sensitive to the surface
composition, impurities, and distortions/defects of a
crystal. When an atom or foreign species becomes
adsorbed on one surface or plane, it can
decrease/increase the surface energy of that plane
and may even stabilize/destabilize it with respect to
other planes. Because of this adsorption, anisotropy is
created in the surface energies, and this may be
responsible for a change in the overall shape of the
with the original

crystal surface energy plane



appearing/disappearing at the surface of the crystal.
Traditionally, KOH (as a mineralizer) has often been
to provide an OH  environment in the
hydrothermal  crystallization process of ABOs;
perovskite [128]. Morphology changes can also be
accomplished by adding impurities/dopants to the
system. The dopants act in a different way with respect
to the changes in the energy order of the facets,
according to the impurity species and their quantity
[129].

Calculations for BaZrOs bulk and surfaces were
performed using Monkhorst-Pack special k-points grids
(3x3x1) to ensure geometrical and energetic
convergence for the BaZrOs structures considered in
this work. The (001), (011), and (111) facets are
modeled using stoichiometric systems. Slab models
containing 6, 8, and 9 molecular units for (001), (011),
and (111) surfaces, respectively, were considered, with
areas of 18.1 Az, 25.5 A%, and 31.3 A?, respectively. It
is worth noting that the stoichiometric (001), (011), and
(111) surfaces are BaO and ZrO; terminated, O, and
BaZrO-terminated, and BaOs; and Zr-terminated,
respectively, as illustrated in figure 7.

used

(111)

FIGURE 7 — Surface models of (001), (011), and (111) surfaces for
BaZrO;. The Ba, Zr, and O atoms are shown in yellow, blue, and red,
respectively.

Figure 8 presents the Wulff's crystal of the
obtained BaZrOs results. Figure 8 also shows all the
possible morphologies that can be obtained by varying
the ratio between the Eg,s taking into account the
(001), (011), and (111) surfaces.

The variation in surface energy using the Wulff
construction can be used as a powerful tool to evaluate
the morphology of particles because of the difficulty in
simulating all the details in a reaction system that
interacts with the surface. A SEM image of a BaZrOs;
particle synthesized by microwave-assisted
hydrothermal method and its respective Wulff crystal is
shown in figure 9.

Based on this result, it is possible to determine the
relative energy values of each surface in order to
obtain the experimental results. Besides the deca-
octahedral morphology, Nakashime et al [131] reported
cubic particles of BaZrO3 synthesized by a composite-

hydroxide-mediated approach at low temperature.
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Moreira et al [132] also showed a coexistence of cubic
and deca-octahedral BaZrO3 particles obtained by the
microwave assisted hydrothermal
cases of cubic particles are in agreement with the ideal
state (see figure 8).

method. These
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FIGURE 8 — Crystallographic structure and map of morphologies of
BazrO; with (001), (011), and (111) crystal planes. Surface energy is
in joule per.square meter. Theoretical (experimental) [130] lattice
parameter, a = 4.251 A (4.18 A).
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FIGURE 9 — SEM image of deca-octahedral BaZrO; crystals and its
Waulff crystal representation. Surface energy is in joule per-square
meter.

a-AgoWO4.  Transition metal tungstates are
important inorganic materials that are studied and
applied widely in many fields [133]. Among these,
AgoWO4 has attracted considerable attention because
of their potential applications in fields as ionic con-
ductivity [134], photocatalysis [135], sensors [136],
microbial agents [137], photoluminescence properties
[137, 138].

AgoWOs has three different crystallographic
forms, a-, B-, and y-Ag2WO4, among which a-AgaWO4
is the thermodynamically stable phase that has been
investigated [138]. To date, various methods of
synthesis such as controlled precipitation [139],
hydrothermal [140], and microwave- assisted method
[89] have been reported in literature to obtain different
Ag2WO4 nanostructures.

The (100), (010), (001), (110), (101), and (011)

surfaces of a-AgoWOs were modeled by



unreconstructed slab models using a calculated
equilibrium geometry and (3x3x1)
Monkhorst-Pack special k-points grid. Slab models
containing 8, 8, 16, 10, 9, and 16 molecular units for
(100), (010), (001), (110), (101), and (011) surfaces,
respectively, were considered, with areas of 68.6 AZ,
64.1 A%, 132.5 A% 93.9 A% 149.2 A% and 147.2 A,
respectively. It is worth noting that the (010), (100),
(101), and (011) surfaces are O and Ag-terminated,
while the (001) and (110) surfaces are O, W, and Ag-
terminated. The slab representations are shown in
figure 10.

using a

(101)

(011)

FIGURE 10 — Surface models of (010), (100), (001), (110), (101), and
(011) for a-Ag,WO,. The Ag, W, and O atoms appear in grey, blue,
and red, respectively.

Figure 11 presents the Wulff's crystal of the
optimized a-AgoWO,4 and the different morphologies
that would be obtained assuming different surface
energy ratios. An analysis of figure 11 shows that the
calculated energy surface values (ideal) generate a
prism shape. The ratio of the energy surface has been
varied by increasing the value of the more stable
surfaces (left in figure 11) and by decreasing the value
of the less stable surfaces (right in figure 11).

= (010)
= (100)
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— (110) >
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FIGURE 11 — Crystallographic structure and map of morphologies of
a-Ag,WO, with crystal planes (010), (100), (001), (110), (101), and
(011). Surface energy is in joule persquare meter. Theoretical
(experimental) [138] lattice parameters, a = 11.126 A (10.87 A), b =
11.907 A (12.01 A), c = 5.761 A (5.89 A).
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A SEM image of a-AgoWO;4 particle synthesized
by microwave-assisted hydrothermal method and its
respective Wulff crystal is shown in figure 12. Besides
this image, experimental results reported recently by
Roca et al [60] show the same hexagonal rod-like
shape under certain condition. Assuming the ideal
structure as a starting-point, this morphology can be
theoretically obtained increasing (101) and (100)

surface energy to 0.5 Jim? and 0.7 J/m?, respectively.

s (010)
mmmmm (100)
(001)

(010)
E o

=0.20
0.70
(001) 0 53
Eg“’) 0.65
=0.50
=0.83

E{mu)

101,
EGY

(011)
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FIGURE 12 — SEM image of a-Ag,WO, crystals and its Wulff crystal
representation. Surface energy is in joule per-square meter.

In summary, the mechanism of the morphology
transformation of a-Ago,WO4 crystals controlled by
surface chemistry has been investigated
experimentally and theoretically. The selection of
surfaces to investigate was limited to low-index
surfaces and surfaces with experimental observations

were preferred.

Conclusions

The surface is a key component of a solid-state
material, as many physical and chemical processes
take place on surfaces. A series of materials that
includes metal (Ag), simple (anatase TiO;), and
complex (BaZrOs; and a-Ag>,WO4) metal oxides with
polyhedral morphologies such as
cuboctahedral, and truncated

fascinating
octahedral,
structures were obtained. A controlled structural
transformation between polyhedra is an essential goal
of crystal engineering strategies. This framework is
envisaged to provide guidelines for the synthesis of
crystals of desired morphologies. The
conclusions can be summarized as follows: (i) We
successfully demonstrate the morphological
modulation of three-dimensional NCs. (ii) Based on the
reverse Wulff theorem, we demonstrated that the
transformations among different
morphologies were easily controlled by the relative
values of surface energies. (iii) By a proper adjustment
of the ratio of the values for the surface energy of

cubic

main

structural



different facets, we are capable of finding a given
morphology. This strategy will contribute to a better
understanding of the morphological
characteristics in nano- and micro-crystals. (iv) In the
case of Ag and BaZrOs3, it was applied a combination
of experimental data, obtained from images taken by
high- resolution TEM and SEM, respectively, and the
calculated surface energies for the three-dimensional
Wulff construction. (v) This research will lay the
foundations of not only unequivocal shape
determination, but also an in-depth understanding of
the observed features during the synthesis at the
atomic level to help facilitate further breakthroughs in
the control of crystal morphology.

Results presented here are an illustration of how
first-principles calculations are capable of rationalizing
the mechanisms stabilizing the morphology of micro-
and nano-particles at the atomic level. Using the
present method, a 3D platform for the morphology
modulation of materials with a complete array of
accessible morphologies is obtained. We believe that
our work has both predictive and explanatory
capabilities, and it can be of help in the refinement of
both research and technological developments to gain
further understanding of how to achieve morphological
control of complex three-dimensional crystals from
metals to metal oxides.

control of
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In this communication, a systematic study of the surface structure, including energy management during

morphological transformations of tetragonal phase of LaVOy, has been carried out. For this study, we combined

experimental findings and first-principles calculations to develop a Wulff construction model. Our findings can help

further understand the synthetic control of crystal shape via tuning of surface chemistry.

Introduction

The phrase “structure dictates function” is an
established dictum from the field of biology that is now
recognized in materials science [1]. In particular, the
interplay between the surface and
morphology of materials and nanomaterials plays a
key role in improving the materials’ properties and
performance, especially for applications in chemistry
and chemical engineering fields [2]. There is
considerable interest in the effects of the shapes and
facets of crystalline materials; it is well known that the
atomic configuration of the exposed crystal plane plays
an important role in these materials’ performance. This
is due mainly to the arrangement of the surface atoms
and the number of dangling bonds on different crystal
planes [3-5].

Anisotropy is a basic property of single crystals,
which show different physical and chemical properties
on various facets in directions. Usually, these
properties can be correlated with the surface energy
associated with each facet and can be finely tuned by
tailoring the facets to have a specific surface atomic
arrangement and coordination, i.e. by tailoring the
fraction of surface atoms with unsaturated coordination

structure

shells and the number of under- coordinated surface
atoms. Measuring the geometries and energies of
these surface facets is extremely challenging [6].
Surface energy considerations are crucial in
understanding and predicting the morphologies of
noble metal nanocrystals. Surface energy is defined as
the excess free energy per unit area for a particular
crystallographic face. It largely determines the faceting
and crystal growth observed with particles at both the
nanoscale and mesoscale. Therefore, optimizing the
surface-driven attributes of these materials requires a
detailed understanding of the structure and chemical
composition of their surfaces. With this understanding,
one can tailor the surface atomic structure and control
which facets of a given material
Consequently, substantial effort has been devoted to

are exposed.

understanding and predicting the structure and stability
of complex materials, utilizing state-of-the-art
experimental techniques and advanced theoretical
approaches [7,8].

Using experimentation to identify the atomistic
details involved in a typical crystal growth process is
not easy. Computational
functional theory (DFT) are real alternatives that can

simulations via density

provide fresh insight at the atomic scale and thereby
specify the important individual atomistic processes
taking place during crystal growth. These processes
control the final morphology, surface structure, and
stability of the end-product materials [9-29]. In
addition, there are good
methods for surface chemistry [30] and the modeling of
nanoparticles [31].

By means of experimental and
calculation methods, Li et al. [24] investigated the
mechanisms of morphology of tetragonal lanthanum

reviews on theoretical

theoretical

orthovanadate (f-LaVO4) nanocrystals controlled by
surface chemistry. Some f-LaVO4 nanocrystals with
different morphologies
hydrothermal method by tuning the pH of the growth
The perform first-
calculations to examine the relaxed surface structures

were prepared via the

solution. authors principles
and to calculate the surface energies and surface
tensions of all surfaces under different passivated
conditions. Their results showed that the aspect ratio
and the exposed facets of the nanocrystals changed

as the acidity of the surface conditions changed. This

was in good agreement with their experimental
findings.

In this communication, we describe the
development of a model based on the Wulff

construction [32], which can be used to explicitly
predict the evolution of morphologies in different
environments, as recently developed by our research
group [28,29,33]. This model includes a detailed
configurational analysis of the different facets and
allows us to explain and rationalize the experimental



results of Li et al. [24]. By carrying out atomistic
simulations elucidating the diverse atomic-scale
structures of a set of low-index surfaces (110), (100),
(111), (001) and (101) of t-LaVOs, we show that it is
possible to achieve the same final results without doing
many quantum calculations with high computational
demand. A correlation was found between the broken
bonding density (Dp) and the surface energy. The
relaxed structures and surface energies were used to
obtain a complete array of accessible morphologies.
This method provides an approach with both predictive
and explanatory capabilities. The calculated diagrams
relate the crystal growth conditions with the observed
morphologies attempt to rationalize the
morphologies obtained under different experimental
conditions.

in an

Theoretical Method and Computational

Procedure

Calculations related to t-LaVO4 were performed
using DFT and implemented in the Vienna ab initio
simulation package (VASP) in order to find an ideal
[34,35]. The Kohn-Sham
equations were solved by means of the Perdew—
Burke—Ernzerhof (PBE) exchange-correlation
functional [36] and the electron-ion interaction was
described by the projector- augmented-wave method
[34,37]. The plane-wave expansion was truncated at a
cut-off energy of 520 eV. For bulk and surfaces cal-
culations, a (4 x 4 x 4) and (4 x 4 x 1) Monkhorst-Pack
special k- points grid was used, respectively. The
positions of all atoms, both in the bulk and on the
surfaces, were allowed to relax. The conjugated
gradient energy minimization method was used to
obtain relaxed systems; this was accomplished by
requiring the forces experienced by each atom to be
smaller than 0.01 eV A™". Surface calculations were
done by considering slabs with thicknesses of up to
~20 A. This was done to obtain careful descriptions of
the surfaces and to reach convergence on the
corresponding energy surface values.
spacing of 15 A was introduced in the z-direction so
that the surfaces would not interact with each other.
Surface models containing 6, 4, 4, 6 and 9 molecular
units for the (001), (101), (110), (100) and (111)
surfaces, respectively, were used in the calculations.
These represent all low index surfaces and were
modeled using stoichiometric systems. It is worth
noting that the (110), and (100) surfaces are Op-
terminated, and the (111) surface is O-terminated,
while (001) is LaV and Og-terminated, and the (101)

structure in  vacuum

A vacuum
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surface is La-terminated. Fig. 1 depicts the surface
representation of the t-LaVO4 used in the calculations.

O-terminated

0,-terminated

0,-terminated

LaV-terminated

\ \
IS o od 1]
&
-3 ¢
&
& O -0~ O -0

0,-terminated (001)

¥

FIGURE 1 — Surface models of (110), (100), (111), (001) and (101) for
t-LaVO,. The green, blue and red represent La, V and O atoms,
respectively.

The conventional approach to the quantitative
study of surface morphological properties is based on
the classical work of Georg Wulff in the beginning of
the 20th century [32]. The Wulff construction has been
successfully used in materials science to obtain the
shapes of materials, including nanomaterials [38—40].
The surface energy (Esur) is defined as the total energy
per repeating cell of the slab (Esas) minus the total
energy of the perfect crystal per molecular unit (Epui)
multiplied by the number of molecular units of the
surface (n), divided by the surface area per repeating
cell of the two sides of the slab, as follows:

E _ Esiap = nEpunic
Surf 24

The broken bonding density (Dy) index proposed
by Gao et al. [41] was used. By means of Dy values it
is possible to verify the surface stability and analyze
the number of broken bonds per area of the surface. In
the Dy, equation, Ny is the number of broken bonds per
unit cell area on a particular surface and A is the
surface area of the unit cell.

Nb

D, =—2
bTa

Results and Discussion

Table 1 lists the values of the surface energies as
well as the broken bonding density (Dy) of the faces
used in the Wulff construction. According to the DFT

calculations, the order of stability of the surfaces is
(100)>(110)>(101)>(111)>(001).



TABLE 1 — Values of Eg,;, number of broken bonds, area, and broken
bonding density (D,) calculated for t-LaVO,.

= Broken Area 4
Surface m"f’) ets (s el )
(100) 0.39 8 0.50 16.0
(110) 0.59 8 0.35 22.9
(101) 0.76 12 0.38 316
(111) 1.04 28 0.91 30.8
(001) 2.87 20 0.57 35.1

The D, method has shown certain value due to its
simplicity and accuracy in basic systems [29,41].
These results can be directly related to the order and
disorder of surface stability; higher Dy, values represent
the presence of a larger quantity of defects on the
surface (broken bonds), indicating an unstable surface.
For t-LaVOq4, the Dy results indicate the following order
(100)>(110) >(111)>(101)>(001).
results are the inverse of those found for the (101) and
(111) surfaces energy. This can be attributed to the
complexity of this structure which involves different
kinds of bonds with different energies and this method
just take into account the number of broken bonds,
independent of the type. In this way, a higher number
of broken bonds increase the quantitative accuracy of
the method in this structure.

Therefore, these

I (001)
—(101)

p
Fi
H N
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9 H B
3=y
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(110)

(100)

—(111)
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Nevertheless, the method showed a fast way to
start the surfaces studies.

It is known that morphologies can undergo
changes because of differences in the environments in
which they are synthesized. These differences may
include the presence of surfactants and impurities, and
differences in solvents, temperature, and synthetic
routes. From the Egur the Wulff
construction, it is possible to obtain the morphologies
of t-LaVOy in vacuum.

values and

By assuming the ideal morphology in vacuum as a
starting point (see the center of Fig. 2), it was possible
to create all of the morphological routing changes
caused by surface energy variation that take into
account the (110), (100), (111), (001) and (101)
surfaces. This simple strategy is based on the
modulation of the relationship between the surface
stabilities of the different faces and the areas of those
parts which are exposed in the final shape. The map of
available morphologies of t-LaVOy is displayed in Fig.
2. Fine-tuning of the desired morphologies can be
achieved by con- trolling the values of the Egf of the
different surfaces. This can be a powerful tool to
evaluate the morphologies of materials because of the
difficulty in simulating all the details in a reaction
system that interacts with each surface [28,29,33].

o
&N
& —
S
& ‘ —_

ED - 0.15
EC) - 0.85 | e -0.68
E®V - 0.15
E‘ Y -0.26
E1 0,30 EUO) . 0.26

E’ - 0.50

FIGURE 2 -

Fig. 3 depicts a group of morphologies obtained
by decreasing the surface energy in small amounts of
the (001), (111), (110), (101) and (100).

As was mentioned earlier, the effect of solution

Ideal morphology (in the center) and map of a few morphologies of t-LaVO,. Surface energy is in Jm?.

acidity on the morphology of as-synthetized t-LaVOg4
nanocrystals was reported by Li et al. [24]. In their
study, the authors prepared nanocrystals using a

hydrothermal method in conditions of several different



levels of acidity: most-acidic, highly-acidic, moderately
acidic and weakly acidic. To compare the resulting
morphologies, they simulated these conditions using a
2 x 1 supercell for all surface passivation. Li et al. [24]
demonstrated that the (001) surface is the most
affected by the pH shift; its Esus decreased as the
fraction of hydrogen in the adsorbates decreased,
while the Egus of the (100) and (101) surfaces first
increased and then decreased. The difference of the
values for the surface energies of (100), (101) and
(001) calculated and those obtained by Li et al. [24]
may be due to the different functional used in the
calculation. Nevertheless the order of stability is the
same.

However, here we show that it is possible to
achieve the same final results, with the exception of
the advantage to predict, with- out doing many
quantum calculations with high computational demand
(such as supercell and adsorption of atoms or
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molecules). Starting with the ideal morphology we
decreased the (001) surface energy, as shown in Fig.
3a, and found it possible to observe not only
morphologies similar to those synthetized by Li el at.
[24], but also more possibilities. To adjust the
elongation of the particle, it is necessary to change the
(1 0 1) energy surface, which is respon- sible for this
part of the structure. When the (101) surface energy
decreases, the exposed area of the surface increases
and the rela- tive area of (100) decreases causing the
structure to become com- pressed, or less elongated
(see Fig. 3d). Therefore, the morphologies of t-LaVOa4
are controlled by (001), (101) and (100) surface
energies.

Material mapping can be used as a guide for
experimental researchers in order to evaluate where
synthetic modifications interact in a more pronounced
way. Some published papers regarding t-LaVO4 report
various experimental morphologies [42-46].

Ideal

,,,,,,,,,
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FIGURE 3 — Morphologies of t-LaVO, when the values of E,s decrease for (a) the (001) surface; (b) the (111) surface; (c) the (110) surface; (d)

the (101) surface and (e) the (100) surface. Surface energy is in Jm?.

In these papers, it is possible to find similarities
between particles of the same phase when compared

to the morphology map. For an accurate comparison, it
is necessary to perform a more systematic study of the



morphology. This is because the size of the particles
makes precise determinations regarding the exposed
planes difficult from an experimental perspective. It is
worth noting that the simulation does not take into
account the formation of particles via any secondary
process such as aggregation and coalescence of
primarily particles.

Conclusions

The study of a material’'s morphological changes based
on theoretical calculation can be used to gain a better
understanding of the control of its growth and to provide a
more reasonable explanation about its mechanisms of
transformation. In this communication, tetragonal phase
LaVO, is investigated by performing theoretical calculations
on the mechanism of the morphology transformation. The
present strategy provides a perspective for further studying
the surface structure and other physical and chemical related
applications. The calculated morphology maps must be used
as guide for experimentalists to analyze and discuss the
results that they obtain by means of Field Emission Gun-
Scanning  Electron  Microscopy (FEG-SEM) and/or
Transmission Electron Microscopy (TEM). This methodology
clearly show the exposed faces and are capable of explaining
the formation of complex morphologies, such as pipes, and
hollow spheres. We used this guide with experimental
morphologies of different binary oxides such as: Co3;0., a-
Fe,03, and In,03, as well as metals and metal oxides such as:
Ag, anatase TiO,, BaZrO; and a-Ag,WO,, and BaWO;,.
However, one must recognize that the results presented here
are for ideal systems in vacuum. There are important factors
involved in a synthesis process that affect the final shape of
the end product, including the precursor, solvent, reducing
agent, ligand agent, and capping agent. In addition, the
presence of defects and impurities may change growth paths
and energetics. Both factors can change the morphology of
the final product. Further calculations which include these
effects will help to improve our understanding of the atomic
nature of the observed growth modes and put our
understanding of the final morphology on a firmer footing.
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ABSTRACT: In the present work, the morphology (hexagonal
rod-like vs cuboid-like) of an a@-Ag,WO, solid-state material is
manipulated by a simple controlled-precipitation method, with
and without the presence of the anionic surfactant sodium
dodecyl sulfate (SDS), respectively, over short reaction times.
Characterization techniques, such as X-ray diffraction analysis,
Rietveld refinement analysis, Fourier-transform (FT) infrared
spectroscopy, FT Raman spectroscopy, UV—vis spectroscopy,
transmission electron microscopy (TEM), high-resolution TEM,
selected area electron diffraction, energy-dispersive X-ray spec-
troscopy, field emission-scanning electron microscopy (FE-SEM),
and photoluminescence emission, are employed to disclose the structural and electronic properties of the a-Ag,WO, material.
First-principles calculations were performed to (i) obtain the relative stability of the six low-index surfaces of a-Ag,WO,; (ii)
rationalize the arystal morphologies observed in FE-SEM images (using the Wulff construction); and (iii) determine the energy
profiles associated with the transformation process between both morphologies induced by the presence of SDS. Finally, we
demonstrate a relationship between morphology and photocatalytic activity, evaluated by photodegradation of Rhodamine B dye
under UV light, based on the different numbers of unsaturated superficial Ag and W cations (local coordination, ie., clusters) of
each surface.
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In the present work, the morphology (hexagonal rod-like vs cuboid-like) of an a-Ag,WO, solid-state material is manipulated by a
simple controlled-precipitation method, with and without the presence of the anionic surfactant sodium dodecyl sulfate (SDS),
respectively, over short reaction times. Characterization techniques, such as X-ray diffraction analysis, Rietveld refinement
analysis, Fourier-transform (FT) infrared spectroscopy, FT Raman spectroscopy, UV-vis spectroscopy, transmission electron
microscopy (TEM), high-resolution TEM, selected area electron diffraction, energy-dispersive X-ray spectroscopy, field
emission-scanning electron microscopy (FE-SEM), and photoluminescence emission, are employed to disclose the structural
and electronic properties of the a-Ag,WO, material. First-principles calculations were performed to (i) obtain the relative stability
of the six low-index surfaces a-Ag,WOQy; (ii) rationalize the crystal morphologies observed in FE-SEM images (using the Wulff
construction); and (iii) determine the energy profiles associated with the transformation process between both morphologies
induced by the presence of SDS. Finally, we demonstrate a relationship between morphology and photocatalytic activity,
evaluated by photodegradation of Rhodamine B dye under UV light, based on the different numbers of unsaturated superficial
Ag and W cations (local coordination, i.e., clusters) of each surface.

This work aims to be a tribute to the Prof. Otilia M6 and Manuel Yaiiéz, in recognition of their excellent careers both personal and professional in
the field of theoretical and computational chemistry.

Introduction

Organic chemicals are still largely employed by
the textile industries and play a critical role in the
pollution of river water, causing chemical and biological
changes in aquatic systems, which can kill animals and
pIants.1 This problem makes the improvement and
elucidation of processes like the gas sensing2
capabilities and photocatalytic degradation of these
dyes a priority.3 AgoWO, appears to be a good
alternative to the extensively researched materials
currently used as photocatalysts (e.g. TiO2, ZnO5,
Wan) and should thus be further studied and
understood. Recent research reported the photo-
catalytic activity of a-’ and B-2 Ag2WO, under UV light.°
Orthorhombic a-A92W04,1° which also presents good
and gas-sensing13
properties, offers new opportunities to further optimize
the facet- dependent photocatalytic performance of
The structure of a-AgoWO4 was
resolved by our research group.14 It is composed of
octahedral [WOe] and [AgO,] clusters (n = 7,
deltahedral [AgO7]; n = 6, octahedral [AgOe); n = 4,
tetrahedral [AgO4] and n = 2, angular [AgO3]), as
depicted in Figure 1. Because of the particular
orthorhombic geometry, and electronic
distortions and the corresponding variations in Ag-O
and W-O bond lengths and O-W-0O and O-Ag-O
bond angles may be sensed."” The properties of this
change according to the
crystallographic phase, size, and morphology, and

Iuminescent,11 antimicrobial,12

semiconductors.

structural

semiconductor

these variables are all dependent on the synthesis

procedure. Each surface of a crystal can possess a
particular surface energy, atomic distribution, local
coordination (clusters) of exposed metals, vacancies,
etc. These results tend to confirm the hypothesis that
the properties observed for this material result from a
compromise between the presence of local defects
(short-range disorder) and crystal lattice ordering
(long-range order). Therefore, finding a synthesis
method to control these characteristics is crucial to
determine the properties and subsequent technological
applications of this material.
(B) P - 3
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FIGURE 1 — (A) The crystal structure of orthorhombic a-Ag,WO, with

the space group Pn2n and (B) the different clusters of Ag and W
atoms that compose the structure.
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a-Ag,WO0,

a-AgoWO4 materials, at nano- and microscale,
can be obtained by traditional synthesis methods,16 or,
more recently, by conventional hydrothermal (CH)17

and microwave hydrothermal (MH)18 methods.
However, there are limitations related to these
methods, such as the difficulties of large-scale

reproduction, the necessity of specific equipment, the
small quantities of product obtained, and safety
concerns. Therefore, achieving precise control over the



synthesis, morphology, and properties of a-AgaWO4
has become a hot research subject. In this context,
controlled-precipitation (CP)19 is a simple and facile
method that is widely employed in the production of a-
AgoWO4, which has good bactericide properties and
photo- catalytic activity. By varying some synthetic
parameters of the CP method, such as temperature,
stirring time, solvents, or use of capping agents,20 one
can obtain significant changes in the morphology and
size of the final samples and, consequently, in some
highly surface-dependent properties like photocatalytic
activity.7

The properties of nanoscale materials and the
changes in these properties along with size or shape is
a hot research field.?' Unraveling the relationship
between the atomic structure and the functional
properties can be a crucial step, especially in complex
materials, where short-range interactions, rather than
the average structure, can define the actual properties
and behavior of the material. One of the main factors
determining functionality is the crystal morphology,
because the number of active sites is clearly surface-
dependent. The variation of reaction conditions can
produce different morphologies and, consequently,
modify their properties dramatically. However, the
control of a crystal morphology is a complex process
depending on factors. Surfactants are
particularly important due to their influence on the
(nano) particle structure and other physical and
chemical properties, having the remarkable ability to
control crystal growth and direct it in a morphology-
and size-controlled manner.? Achieving a detailed
understanding of mechanisms by which surfactants
can control the morphology of as-synthesized material
is of paramount importance, given the effects on the
photocatalytic activity of the material.

In this study, we seek to fulfill a threefold
objective. The first is to report the novel formation of a-
AgoWO4 by a simple CP method, with short reaction
time, with and without the presence of an anionic
surfactant (sodium dodecy! sulfate, SDS), to evaluate
the influence of this surfactant on crystal formation and
the resultant structure and morphology. Second, the
photocatalytic degradation of Rhodamine B (RhB) will
be investigated as a function of the obtained
morphology. The third aim is to determine the
relationship between morphology and photocatalytic
activity.

This paper is organized as follows: Section 2
presents the  experimental procedures  and
computational methods; Section 3 contains the results
and discussion; and, finally, Section 4 provides a

several
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summary of conclusions.

Methods

Synthesis. The a-Ag2WO, crystals were prepared
by a simple CP method at 90 °C in the presence of the
anionic SDS (C12H25S04Na; 90% purity, Synth) as
follows: 1 x 10~ mol of dihydrate sodium tungstate
(Na2WO0O4:2H20; 99% purity, Sigma-Aldrich;) and 2 x
10 mol of silver nitrate (AgNO3; 98.80% puirity,
Cennabras) were dissolved separately in 50 mL of
deionized water each. SDS (1 g) was added to the
sodium tungstate solution, and the solutions were
heated under continuous stirring. After the two
solutions reached 90 °C, the silver nitrate solution was
poured into the sodium tungstate solution and allowed
to stir for 5 min. The precipitate was then decanted and
washed several times with distilled water. Washing of
the precipitate was necessary to eliminate the Na’,
NO%", or SO4% ions and residual organic compounds.
Finally, the precipitate was dried with acetone at room
temperature and collected after an overnight period.
The reaction was also performed under the same
conditions but without the presence of SDS. The
precipitates obtained from the reaction without and
with SDS are light beige and light brown, respectively.

Characterization. The a-Ag,WO, crystals were
structurally characterized by X-ray diffraction (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_1, in
the normal routine, and from 10° to 110° with a
scanning velocity of 1°/min in the Rietveld routine. The
shapes and sizes of the products obtained were
observed with a field-emission scanning electron
microscope (FE-SEM), operated at 5-10 kV (Supra
35-VP, Carl Zeiss, Germany). Transmission electron
microscopy (TEM) analysis was performed to verify
additional morphology details inside a Jeol JEM 2100F
with a field emission gun (FEG) operating at 200 kV.
Some crystallographic aspects of the samples were
also verified with selected area electron diffraction
(SAED) analysis and high-resolution transmission
electron microscopy (HR- TEM) in the same
equipment. Additionally, energy dispersive X-ray
spectroscopy (EDS) was also employed to obtain a
local elementary composition with EDAX equipment.
To verify the complete elimination of the surfactant,
thermogravimetric analysis (TGA) was performed with
a NETZSCH TG 209 F1 instrument, within the
temperature range from 22 to 900 °C, and with a rate
of 10k/min, under an atmosphere of synthetic air.
Fourier-transform infrared (FT-IR) spectroscopy was



performed in a Bomem-Michelson spectrophotometer
in transmittance mode (model MB102), in the range
from 250 to 1000 cm_1, using KBr pellets as a
reference. Raman spectra were recorded using the
iHR550 spectrometer Horiba Jobin- Yvon coupled to a
CCD detector and an argon-ion laser (Melles Griot)
operating at 514.5 nm with a maximum power of 200
mW and a fiber microscope. UV-Vis diffuse
reflectance measurements were obtained using a
Varian Cary spectrometer model 5G on the diffuse
reflectance mode, with a wavelength range from 200 to
800 nm, and a scan speed of 600 nm min".
Photoluminescence (PL) measurements were obtained
at room temperature with a monochromator (Thermal
Jarrel-Ash Monospect-27) linked to a photomultiplier
model R446 (Hamatsu Photonics) and a double
monochromator (Jobin- Yvon-U1000) directly linked to
a system of photon counting. A Krypton laser
(Coherent Innova 90k) with a wavelength of 350 nm
was used as the excitation source, with a maximum
exit power rate of 500 mW. After the passage of the
laser beam through the optical chopper, the power was
reduced and maintained at 40 mW on the samples. In
addition, the surface areas of the samples were
obtained by physiosorption of N, at 77 K in a
Micromeritics equipment (ASAP 2420). Before the
analysis the samples were heated to 120 °C for 10 h
under vacuum to eliminate water and physically
adsorbed. The surface area was calculated with the
Brunauer-Emmet-Teller (BET) equation23.
Photocatalysis assays. To perform the
photocatalysis experiments, 50 mL of RhB (95%,
Mallinckrodt) solution (1 x 10~ mol L™") with a pH of
4.0 was mixed with 50 mg of a-Ag,WO4.The mixture,
consisting of the dye and photocatalyst, was irradiated
in a dark box using six UV lamps (Phillips TL-D, 15 W).
Before UV illumination, the
sonicated for 10 min in an ultrasonic bath (42 kHz,
model 1510) to allow saturated absorption of RhB onto
the catalyst. Subsequently, the dispersion containing
the catalyst and the dye was transferred to a vessel
inside the photoreactor, with the temperature
maintained at 20 °C via a thermostatic bath and
vigorous stirring. At 0, 5, 10, 20, 30, 50, 70, 90, and
120 min, a 2 mL aliquot of the suspension was
removed from the photocatalytic system and placed in
a plastic tube, which was centrifuged at 13 000 rpm for
10 min to separate the solid catalyst from the liquid
phase. Finally, the kinetics of the dye
photodegradation process were monitored in a
commercial cuvette via UV-vis spectroscopy (JASCO
V-660) at 554 nm. This procedure was subsequently

suspensions were
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performed for each synthesized a-Ag,WO4 sample.
Computational Details. From the calculated
surface energy (Eg,f) values for the six low-index

crystals facets reported by Andre$ et al.,*itis possible
to determine the equilibrium shape and ideal
morphology, by using the Wulff construction.
Furthermore, by changing the relative surface energy
values of each facet, we found a map of available
morphologies for a-AgoWOQOy, as well as the pathways

linking the ideal and given morphologies, including
both hexagonal rod-like and cuboid-like
morphologies.24
This methodology provides a simple relationship
between Eg,+ and the distance of the planes and has
been used in materials science to predict experimental
crystal shapes.25
In this study, we go further by calculating the
energy profiles of the paths connecting different
morphologies from the values of the polyhedron
energy (Epolyhedron) by a function of the form
Epotyhedron = i CiXEsiurf O]
where C; is the percentage contribution of the surface
area to the total surface area of the polyhedron,
C; = Al/Apoiyhedron “and EL - is the surface energy of
the corresponding surface. The energy profiles were
calculated by decreasing and/or increasing the Egsurt
values of a given surface of the polyhedron.

Results and discussion

X-ray diffraction analysis. Figure 2 shows the
XRD patterns of the synthesized a-Ag,WO, crystals.
According to the Inorganic Crystal Structure Database,
ICSD card 34-61, these crystals have an orthorhombic
structure, without any deleterious phases, with the
space group Pn2n and point group symmetry (Csz).26
Therefore, the samples synthesized by the CP method
with and without anionic surfactant SDS present a pure
a-phase structure. Both crystals have sharp and well-
defined diffraction peaks, which indicate a good degree
of long-range structural order in the lattice, and they
are all in good agreement with the respective
databases. There are also no significant variations in
peak intensity or position between both samples.

Rietveld refinement analysis. The structural
refinement using the Rietveld method®’ was performed
using GSAS program, version 1. The refinement plots
for the a-AgoWO, crystals synthesized by the CP
method at 90 °C without and with the presence of
SDS, respectively, were depicted in Figure 3A,B. The
Rietveld refinement confirms the orthorhombic
structure, with only a small variation between the



values obtained in the refinement and the literature.™
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FIGURE 2 — Normalized XRD patterns of the a-Ag,WO, crystals
synthesized by the CP method at 90 °C without (black line color) and

with (red line color) the presence of anionic surfactant SDS.
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The structural results (a, b, ¢ cell parameters and
volume) with the statistical reliability parameters (Rwp
and GOF) are shown in Table 1. The statistical
reliability of the parameters indicates a high agreement
between the calculated and observed X-ray patterns
for both samples.
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FIGURE 3 - Rietveld refinement plots of a-Ag,WO, crystals
synthesized by the CP method at 90 °C without (A) and with (B) the
presence of anionic surfactant SDS.

Morphological analysis. FE-SEM analysis is a
very powerful tool to provide morphological
information, such as the arrangement of atoms in the

4 ¢
P9 Tt

FIGURE 4 — FE-SEM images of a-Ag,WO, obtained by the CP method:

The FE-SEM image (Figure 4D) also shows two
crystals, one possessing a cubic shape, a-Ag2WO,-C,
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structure and the degree of structural and electronic
order/disorder.

TABLE 1 - Rietveld refinement results for a-Ag,WO, crystals
synthesized by the CP method at 90 °C without (A) and with (B) the
presence of anionic surfactant SDS.

Sample a(A) b (A) c (A) Volume Rup(%) GOF
A 10.897 12.033 5.904 773.430 9.8 1.91

B 10.851 12.036 5.889 769.636 7.4 1.64
Ref" 10.878 12.009 5.895 770.09 12.3 1.88

Figure 4 shows the FE-SEM images of the
experimentally obtained products. Figure 4A is an
image of a-Ag,WO, crystals obtained from the short
period stirring synthesis without surfactant under 90
°C. The observed morphology is hexagonal rod-like, in
accordance with previous studies found in Iiterature,7
and is depicted in Figure 4B. The hexagonal rod-like a-
AgoWO4 crystals usually have a length of nearly 2 pm.
In this case, probably due to the short time of stirring (5
min), the crystals are smaller (see Figure 5).

Figure 4C displays the morphology of the product
obtained when the anionic surfactant SDS is included
in the CP method, maintaining the other conditions
constant. It is possible to observe several cuboid-like
crystals, depicted in Figure 4D. Although there are
some reports in the literature of rectangular nanorod
crystals of AgaWO,4 combined with hexagonal rods,?®
this is the first report in which the predominance of
cuboid-like morphology is observed. The samples
synthesized without and with anionic surfactant SDS
are designated, according to their morphology, as a-
AgoWO4-R (a-Ag2WO4 hexagonal rod-like crystals) and
a-AgoWO4s-C  (a-AgoWOs  cuboid-like  crystals),
respectively.

i

(A) and (B) a-Ag,WO,-R crystals, and (C) and (D) a-Ag,WO,-C crystals.

and the other being exactly twice the length of the first
one. An analysis of the histogram in Figure 5 renders a



length distribution ranging from 100 to 300 nm, in the
case of the cuboid crystals, with an average of nearly
200 nm. These results seem to indicate that the basic
cubic blocks link to each other by coalescence in such
a way that the theoretical cubes become elongated
cuboid-like particles.
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FIGURE 5 — Average height and width distribution of a-Ag,WO,-R
crystals (A) and (B) and a-Ag,WOQ,-C crystals (C) and (D).

As studied before by our work group,15’29 the
irradiation of a-AgoWO4 by an electron beam
generates the formation of metallic Ag nanoparticles
on their surface.®* Figure 6A,B displays the TEM
images of the a-Ag,WO4-R and a-Ag,WO4-C samples,
respectively. Figure 6C,D displays the SAED analysis
by HR-TEM. The patterns are diffuse halo rings typical
from amorphous materials. The presence of these
diffuse rings indicates the changes in interatomic
spacing induced by the deformation process.29 The
formation of Ag nanoparticles at some regions on the
surface a-AgaWO4 are confirmed by HR- TEM analysis
as it is shown in Figure 6E,G, as the interplanar
distances between (111) planes, 2.35 A, of the Ag
cubic structure, according to ICSD No. 064706. The
local elementary analysis EDS shown in Figure 6F,H
also confirms the presence of metallic Ag, Cu, and C
shown in the elementary analysis EDS.

FT-IR and FT-Raman spectroscopies. Analysis
of the FT-IR and FT-Raman data provides information
about the local coordination of Ag and W cations that
form the crystalline structure. Figure 7A presents the
FT-IR spectra for both materials. The intense bands
localized at 829 and 860 cm™' for both samples are
due to the asymmetric vibrations of the O-W-0 moiety
in [WOg] distorted clusters. The bands identified at 320
and 294 cm™' are related to the symmetric vibrations
and torsional motions in [WOQOe] distorted clusters.
Present data are in good agreement with previous
results reported in the literature.®'
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FIGURE 6 — TEM images for (A) a-Ag;WO4-R and (B) a-Ag,WO,-C
samples. SAED analysis for (C) a-Ag,WO,-R and (D) a-Ag,WO,-C
samples. HR-TEM images: (E) a-Ag,WO,-R and (G) a-Ag,WO,-C.
EDS local elementary analysis: (F) a-Ag,WO,-R and (H) a-Ag,WO,-C.
The inset in (E) and (G) present the calculated interplanar distance
corresponding to cubic Ag metal at the a-Ag,WO,-R, and a-Ag,WO,-C
samples, respectively.

Figure 7B presents the Raman scattering spectra
and the vibrational modes in the range of 50-1200
cm™' at room temperature. Although there are 21
known vibrational modes for a-Ag.WO4 (6A1g, 5Azg,
5B14, and 5Bzg)32 it is possible to detect 12 of them for
both samples. According to Turkovic et al.,32 there are
two active Ay external modes within the region of
smaller wavenumbers, at 44 and 60 cm'1, that are due
to the translational movements of Ag cations in a rigid
molecular unit. In our spectra, it is possible to observe,
This
peak is identical in intensity and definition for both
samples. The active modes between 500 to 100 cm™
are related to external vibrational modes of [AgOn] (n =
7, 6, 4, 2).28 Although this region presents lower-
intensity bands, it seems to indicate some slight
differences between the spectra. There is an intense
band at 878 cm_1, attributed to the symmetric
stretching of the W-O bond in [WOg] octahedral

for both materials, an intense band at ~58 em™

clusters. The active modes, between 500 and 1000
cm™’, can be assigned to the vibrations in [WOsg]
clusters. This result confirms that the Raman spectra
are the result of the presence of short-range order at
the [AgOn] clusters within the crystal lattice.

UV-Vis Optical Spectroscopy Analysis. The
optical band-gap energy (Egap) values for both a-
AgoWOs samples were determined by UV-Vis
spectroscopy. With the utilization of the Wood and
Tauc method® we could estimate the energy gaps of
the materials. The spectra obtained were converted to
the Kubelka-Munk function, by the method proposed
by Kubelka and Munk-Aussig®, which is a reliable
method to estimate Eg,, values with good accuracy
within the limits of assumptions in three dimensions.
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FIGURE 7 — (A): FT-IR spectra of a-Ag,WO, microcrystals prepared by the CP method at 90 °C without (black line color) and with (red line color)
the presence of SDS. The vertical dashed lines indicate the position of the IR peaks and IR-active modes. (B): Raman spectroscopy of a-Ag, WO,
microcrystals prepared by the CP method at 90 °C without (black line color) and with (red line color) the presence of SDS. The vertical dashed

lines indicate the position of the Raman peaks and active modes.

According to Kim et al®® and Tang et al.®, AgoWO4
crystals exhibit an optical absorption spectrum
governed by direct electronic transitions between the
valence band (VB) and conduction band (CB). Based
on this information, the Egap values of our a-Ag2WO4
crystals were calculated using n = 0.5.
UV-vis spectroscopy provides
information in terms of the structure of electronic bands

structural

and the level of organization at both short- and
medium-range. A characteristic behavior of UV-Vis
absorbance curves is the formation of an exponential
decay within the regions of lesser energies known as
Urbach Tail.® This decay is associated with the
presence of an intermediate-energy band gap. The
gradient of the linear extrapolation on this “tail”
correlates with the amount of disorder in the material:
the less steep the linear extrapolation on this “tail”, the
more disordered is the material. Because AgoWOy is
composed of several different clusters ([WOs], [AgO7],
[AgOse], [AgO4], [AgO2]), with weak interactions
between the O-W and O-Ag bonds, the relative
positions of the atoms (W, O, Ag) can vary. These
variations can affect both bond lengths and angles,
which causes a redistribution of the electronic density
and the energy band structure, thus changing the band
gap value. Reported experimental values are in the
range of 3.09 eV and 3.23 eV, depending on the
synthesis method employed. We obtained a Egsp value
of 3.20 eV for the a-Ag2WO4-R and 3.13 eV for the a-
AgoWO4-C (Figure 8). Both values fall within the range
of values previously reported. Although the differences
in value might be small, it could be related to the
individual band gaps of each surface given that the
Egap of bulk and surface
contributions.

is the result
Moreover, one might consider the
influence of some possible defects, such as structural

value

distortions, associated with changes in bond lengths

and angles, atomic dislocation, local coordination
changes, oxygen vacancies, etc.”’

The presence of such defects is very dependent
on the synthesis parameters, such as solvent, time,
temperature, pressure, surfactants or contaminants.
From an electronic point of view, these defects
generate intermediate energy states in the forbidden
region between the VB and CB, while an increase of
the Egap values can be attributed to a reduction in the
number of defects and, subsequently, in the number of

electronic levels within the forbidden band gap.
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FIGURE 8 — UV-vis spectra of a-Ag;WO4-R (black line color) and a-
Ag,WO,-C (red line color).

Photoluminescence emissions. PL is an optical
property that conveys information about the electronic
states and about the level of structural organization in
the intermediate range. PL emissions are dependent
on the synthesis conditions, and on the presence of
impurities, distortions and deformations of the clusters,
etc.®” For this reason, PL measurements can be used
as a complementary tool to X-Ray diffraction, FT-
Raman, and UV-Vis spectroscopy to obtain information
about the level of order-disorder and defect density of
the material. It can also help to explain the appearance
of intermediate states between the VB and CB.



a-AgoWO4 has PL emission at room temperature
with a broadband character.®® This is typical of
materials where the relaxation step occurs in several
paths, with the participation of several energy states
within the band gap, according to the broadband
model. This broadband is generally composed of blue
and green light components, which indicates a high
level of mainly shallow defects. This emission is
attributed to intrinsic transitions of the [WO4]2' clusters,
as well as charge transfer processes between distorted
[WOs] to undistorted [WOg] clusters,* which generates
shallow defects adjacent to the bands.

Figure 9 presents the PL spectra at room
temperature. Both samples show PL emissions from
380 to 800 nm. We can observe that the PL behavior
of a-Ag2WO4-R presents a broadband with maximum
emission at 452 nm, corresponding to the blue region
of the electromagnetic spectrum. Though the a-
AgoWO4-C also presents emission in the blue region
(456 nm), this band is much less intense, and the
curve is much more shifted into the whole spectrum,
with emission in the red region (640 nm) with almost
the same intensity of the blue emission peak. This
behavior can be associated with the decreasing
number of distorted [WOg] clusters and increasing
presence of distorted [AgO,] (n = 7,6, 4 and 2)
clusters, that can be attributed to oxygen vacancies,
which induce more disorder to the material and more
deep defects in the forbidden region.
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FIGURE 9 — PL spectra of a-Ag,WO4-R (black line color) and a-
Ag,WO,-C (red line color).

Morphology control. Surface energy does not
only dictate the surface structure and stability, but is
also a fingerprint to measure the catalytic activity and
selectivity, as well as to follow the degradation process
and the crystallization pathway. The surface energy
value provides insight into the resistance of a given
material to sintering, ripening, and
processes. Surface energy is not a constant material

in dissolution

property and may depend on the environment that
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surrounds the surface, such as the adsorption of a
reactant, surfactant or any species present in the
solution, which can promote the stability of a particular
surface, structure, or facet. Therefore, the control of
the crystal morphology is a complex process
depending on several factors related to crystal internal
structures and external agents. Hence, the synthesis
process can have a strong influence on the final
product. In our study, when the anionic surfactant SDS
is included in the synthesis of a-Ag2WO,, the result
indicates that SDS works as a morphology-controlling
agent.

It is well established that, during crystal growth,
the shape evolution is controlled by the surface energy
of each face. Under equilibrium conditions, faces with
high surface energies tend to grow rapidly so that they
usually disappear in order to minimize the total surface
In a given environment, driven by the
experimental conditions, the surface energies of
different surfaces can be effectively decreased by the
selective adsorption of appropriate inorganic or organic
agents.41

Bakshi®? the adsorption of a
surfactant in aqueous media takes place through
bilayer formation. The polar heads of surfactant
molecules adhere to the charged nanoparticle
surfaces, exposing the organic surfactant tails to the
bulk solution, where they are insoluble. A second
surfactant layer adsorbs to the first one, making a
bilayer. This kind of adsorption is usually selective to a
specific crystal plane, which leads to an ordered shape
Hydrophobicity is a very important
characteristic in surfactant action and has a strong
correlation with the final morphology. The cubic shape
is usually generated in the presence of a highly
hydrophobic medium.

In this way, the surface plays an important role in
the material growth process and it is fundamental to
study the atomic arrangement on each surface. Table
2 presents the surface energy values for each
surface.?* By employing the Wulff construction we can
obtain the ideal morphology of a-AgoWQ4, as well as
the experimentally observed hexagonal rod-like, a-
AgoWO4-R (see Figure 4B), and the cuboid-like a-
AgoWO4-C (see Figure 4D) morphologies. The Esuf
values show the following stability order: (010) < (100)
<(001) < (110) < (101) < (011).

Figure 10 displays the six low-index surfaces of a-
AgoWO4. At the top of each surface, there are different
kinds of under-coordinated Ag and/or W cations with
respect to the bulk. These local coordinations,
associated to incomplete [AgO,] and [WOes] clusters,

energy.*

showed that

evolution.



allows us to find the number of broken Ag-O and W-O
bonds. Then, the Kroger-Vink notation*?> can be
employed to assign the number and type of oxygen
vacancies, [V§].

(010) surface »
o

(001) surface
i

FIGURE 10 — Under-coordinated Ag and W clusters at the (010),
(001), (100), (101), (110) and (011) surfaces of the a-Ag,WO,.
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An analysis of the results presented in Table 2
and Figure 10, indicates that the most stable surface,
(010), presents only one type of under-coordinated
cluster [AgO, - 3V)] at the Ag1 cation. In the (100)
surfaces, Ag1 and Ag2 cations appear under-
coordinated with [Ag0s - 2V{] clusters and [WO, - 2V{]
clusters are observed for the W1 cation. In the (001)
surface shows the [AgOs-2V7], [AgO,-3Vi] and
[Ag0, - 2V]] clusters associated to the Ag1 and Ag2,
and Ag3 cations, respectively, while there are
[WOs - V] clusters at the W1 cation. In the case of the
(110) surface, [Ag0, - 3V§] clusters for Ag1 and Ag2
cations, [Ag0, - 2V{] clusters for the Ag5 cation, and
[WO, - 2V§] clusters for the W1 cation are found. The
(101) surface is formed by [Ag0, - 3VJ] and [AgOs -
2V§] clusters of Ag1 and Ag2 cations, respectively,
and [WOs - V] clusters for W1 and W2 cations. At the
most unstable surface (011), there are five different
kinds of clusters: [Ag0, - 3V§] clusters for Ag1 cations,
[Ag0, - 3V]] and [AgO0; - 4V§] clusters for Ag2 cations,
[Ag0, - 2V]] clusters for Ag3 cations and [WO, - 2V{]
clusters for W3 cations.

TABLE 2 — Surface Energy Values (Equr, €V), Contribution of the Surface Area by the Total Area (C;, %) and the Polyhedron Energy (Epoiyhedron, €V)

for Each Morphology of a-Ag,WO,.

Surface Esurf (Cl)
a-Ag,WO,-Ideal a-Ag,WO,-R a-Ag,WO,-C

(010) 0.20 (52.5) 0.80 (14.4) 0.20 (33.3)
(100) 0.38 (27.6) 0.70 (0.00) 0.20 (33.3)
(001) 0.53 (19.9) 0.20 (35.6) 0.20 (33.3)
(110) 0.65 (0.00) 1.10 (0.00) 1.10 (0.00)
(101) 0.68 (0.00) 0.32 (50.0) 0.68 (0.00)
(011) 0.83 (0.00) 0.83 (0.000) 0.83 (0.00)

Epolyhedron 0.31 0.35 0.20

TABLE 2 — (cont.) Surface Energy Values (Esu, €V), Contribution of the Surface Area by the Total Area (C;,

(Epolyhedron, €V) for Each Morphology of a-Ag,WO,.

%) and the Polyhedron Energy

Surface Eeun (C1)
A B C D E F G

(010) 020(457) 020 (444) 020(403) 050(186) 080 (144) 020(396) 020 (42.1)
(100) 038(15.0) 070(0.00) 070(0.00) 0.70(0.00)  0.70(0.00) 0.38(20.8)  0.20 (42.1)
(001) 053(0.00) 053(0.00) 020(24.8) 020(354) 020(35.6) 0.20(39.6) 0.53 (15.8)
(110) 065(0.00) 065(0.00) 065(0.00) 0.65(6.50) 1.10(0.00) 0.65(0.00) 0.65 (0.00)
(101) 032(39.3) 032(556) 032(349) 032(395) 0.32(50.0) 0.68(0.00) 0.68 (0.00)
(011) 0.83(0.00) 0.83(0.00) 083(0.00) 0.83(0.00) 0.83(0.00) 0.83(0.00) 0.83 (0.00)

Eqoiyhedron 0.27 0.27 0.24 0.33 0.35 0.24 0.25

Therefore, we can confirm that there is a relationship
between the presence of a large amount of under-
coordinated clusters at the surface and the surface
energy values.*®

A detailed analysis comparing the two different
surfaces in the a-AgoWO4-R and a-AgoWO4-C
morphologies, namely the (101) and (100) exposed
facets (see Figure 10), indicates that both surfaces
have Ag1 and Ag2 cations at the top of each surface,

but the (101) surface presents more under-coordinated
[WOs] clusters near the top of the surface with respect
to the (100) surface.

The starting point predicting
morphology type is to establish the relative stabilities of

natural for
all surfaces, where the lowest surface energy will be
thermodynamically preferred. While it is
established that the kinetics required to reach different
morphologies from a specific precursor state can often

well-



be manipulated by the presence of a surfactant to
result in the synthesis of another morphology, the
relative stability of kinetically-accessible morphologies
then falls within a fairly narrow range of energies. The
relative stabilities of each morphology can be directly
modified if they are grown in the presence of a
surfactant. The surface energies of the different facets
can be modified by interaction with the surfactant,
which causes reordering in their relative stabilities.

Wulff's crystal representation of the optimized a-
AgoWOy; is depicted in the central part of Figure 9, and
the different morphologies, hexagonal rod-like a-
AgoWO4-R and cuboid-like a-AgoWO4-C,
obtained by assuming different values for the surface
energies of the different facets. This interpretation has
the advantage that all faces grow from the initial a-
AgoWOy crystal (a-Ag2WOs-Ideal), depending on their
surface energy value.

From the calculated values of polyhedron
energies reported in Table 2, we can obtain the energy
profile that links the ideal morphology to the
experimentally observed hexagonal rod-like, a-
AgoWO4-R (see a Reaction Path (A) on Figure 11),
and cuboid-like a-Ag,WO4-C (see Reaction Path (B)
on Figure 11) morphologies. Figure 11 illustrates the
good agreement between the experimental and
theoretical morphologies. The principal idea of this
representation is that the a-Ag>WO4-R and a-AgaWO4-
C, associated to stable morphologies, can be
energetically related to the ideal morphology along two
alternative pathways via intermediates A-G.

The pathway depicted in Figure 11A involves five
steps: the first one is achieved by decreasing the value
of Esut of the (101) surface with appearance of the A
morphology, followed by two stages related to an
increase and decrease in the values of Esus for the
(100) and the (001) surfaces, with formation of the B
and C morphologies, respectively. The C morphology
resembles the experimental a-AgoWO4-R (see Figure
4A); however, it is not elongated, as seen in Figure 4B.
From C and by increasing the values of Egys for the
(010) surface, an intermediate D morphology is
reached and by increasing the value of Egus for the
(010) surface, the E morphology is obtained,
corresponding to a maximum value of Epolyhedron.
Finally, by increasing the value of Egys for the (110)
surface, the a-Ag2WO4-R morphology is achieved (see
Figure 4B). Along this pathway, there is an energy
barrier in the fourth step.

The pathway depicted in Figure 11B corresponds
to the process linking the a-AgaWO4-C morphology
and the ideal morphology. This path

can be

involves a
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decreasing in Egus values for the (100) and (001)
surfaces and is a barrier-less process, via E and F
morphologies. This is the energetically favorable path
and allows us to explain the effect of the anionic
surfactant SDS in the synthesis process. As observed
in the FE-SEM images in Figure 4C and 4D, the
Ag2WO4-C morphology can be cubic and elongated-
cubic. In this way, the four morphologies (ideal from
theoretical calculations, F, G and Ag,;WOs-C
morphologies from Figure 11B) in the
pathway can be associated with the crystal obtained by
the CP method at 90 °C with anionic surfactant SDS
since that Ag,WO4-C morphology is formed by the
combination of (010), (100) and (001) surfaces.

The order of stability of a-Ag2WO4 morphologies
is a-AgoWO4-C < a-AgoWOy ideal < a-AgoWO4-R, as
shown in Figure 11. The presence of the anionic
surfactant SDS in the synthesis of the a-AgaWO4
crystal the formation of a-AgoWO4-R,
resulting in the disappearance of (101) surface and the
appearance of the (100) surface to render the a-
AgoWO4-C  morphology. Analysis of Figure 11B
indicates that the anionic surfactant SDS interacts with
and stabilizes the (100) and (001) surfaces, mainly on
the Ag cations of the under-coordinated clusters. SDS
also prevents increase of Egys of the (010) surface to
form the elongated hexagonal rod-like morphology, a-
A92WO4-R.

SDS has proven to be an appropriate
morphology-directing agent in the CP synthesis of a-
AgoWO4. This is primarily related to the surface
adsorption of the anionic part of the surfactant on the
different crystal surfaces, thus controlling their overall
morphology. This kind of adsorption is usually selective
to a specific crystal plane, because the active centers
of the surface are mainly associated to under-
coordinated Ag cations, i.e. [AgO,] clusters, and
consequently, such adsorption leads to an ordered
morphology evolution.

Photocatalytic degradation. The
analysis of both synthesized samples of a-AgaWO4
shows that the main difference between the samples is
related to surface effects. There are no significant
differences in the results of XRD, FT-IR and FT-
Raman spectroscopy between both morphologies. PL
analysis, however, showed significant differences in
the types of defects. These experimental results,
combined with the theoretical simulation of the
surfaces and clusters, indicates that the behavior
observed in photocatalytic reactions, is due,
exclusively, to morphological aspects, and a particular

involved

prevents

structural



crystal plane enhances both the reduction/oxidation
sites and the photocatalysis process.44

Generally, the photocatalytic process involves the
following three steps: i) the absorption of photons with
energy larger than the band gap of the photocatalyst;
ii) the generation, separation, migration or
recombination of photogenerated electron-hole pairs
and iii) the redox reactions on the photocatalyst
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surface. The degradation process of RhB is based on
an oxidative attack by active oxygen species on an N-
ethyl group. The loss of an ethyl group (N,N,N’-tri-
ethylated) at RhB has Amax = 539 nm, the loss of two
ethyl groups, that results in N,N’- di-ethylated
Rhodamine has a Amax = 522 nm, the N’-ethylated
Rhodamine (Amax = 510 nm), and the de-ethylated form
present a Amax = 498 nm.*
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FIGURE 11 — Schematic representation of the energy profile to obtain the (A) a-Ag,WO,-R and (B) a-Ag,WO,-C morphologies. The intermediate
morphologies are indicated as A, B, C, D, E, F and G, obtained by decreasing/increasing the E,, values involved in the process. Experimental FE-
SEM images of a-Ag;WO,-R and a-Ag,WO,-C morphologies of the studied samples are included for comparison.

We monitored the degradation process by
analyzing the maximum absorption bands of the RhB
spectra as a function of time for both a-AgoaWO4-R and
a-AgoWO4-C samples. The photocatalytic activities of
the a-AgoWO4-R and a-Ag,WO4-C samples are given
in Figures 12A and 12B, respectively. The degradation
of RhB UV radiation without photocatalyst or in the
dark in the presence of photocatalyst is carried out in
order to understand the influence of the light or
photocatalyst. The photocatalytic degradation of RhB
follows pseudo first-order kinetics, exhibiting a linear
relationship between log(Co/Ct) and the reaction time.
Analysis of Figure 12A indicates that a significant
reduction (almost 80%) at the absorption maximum of
the RhB solution after 120 min of reaction in the
presence of a-AgoWOs-R as catalyst. This result
correlates well with the results found in the literature
for the same catalyst and conditions.” However, the
control experiment showed that without a photocatalyst
and with a-AgaWO4-C, RhB hardly decomposed during
photolysis over a period of 120 min. Analysis of
Figures 12A and 12B indicates that RhB exhibits one
band with maximum absorption at 554 nm. In addition,
Figure 12A also illustrates a significant decrease in the
height of the absorption maximum of RhB during the
photodegradation process, while Figure 12B shows
that after 120 min, a small percentage of the dye was
degraded (only 37%). This value is quite close to that
of the photolysis reaction in the absence of a catalyst.

Figures 12C and 12D display the linear plots of
the standard kinetic data curves obtained for the RhB
photodegradation process. The discoloration reaction
follows first-order kinetics and can be described by the
relationship d[C]/dt = k[C], where [C] is the RhB
concentration, and k
photodegradation rate constant and activity. By plotting
log(C/Cp) as a function of time through linear
regression, where Cy is the initial concentration of RhB
and C is the concentration at time, t, we obtained the
constant, k (min_1), for the photocatalysis under UV-Vis
irradiation of each sample, from the gradients of the
simulated straight lines. The corresponding values of k
for both Ag2WO4-R and Ag;WO,-C are 4.3 x 10°° min™
and 1.8 x 10° min'1, respectively, while the
corresponding value without a catalyst is 2.1 x 10
min”. These results point out that only the a-AgaWO4-
R is working as a catalyst, whereas the cuboid-like
morphology of a-AgoWO4 negatively affects the
photocatalytic activity of a-Ag>WO4. For comparison
purposes, the value reported for commercial TiO2
anatase (Aldrich, 99.7%), under similar experimental
conditions is k = 2.48 (min'1); this is a widely applied
standard for several authors.*'

indicates the overall

Several factors can influence reaction rate,
namely the structural defects ascribed to ordered-
disordered clusters, crystallographic  preferred
orientation, intermediate electronic levels, high surface

energy, roughness, high active surface area, facets,
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and so on.”" The presence of residual
surfactant can also contribute to a lower photocatalytic
efficiency, acting as hole scavengers.48 However, we
ensured the complete removal of surfactant, as verified
by TGA (Supporting Information, Sl). According to BET

data, a-Ago,WO, possess a surface area of 3.72 m2/g
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for the a-AgoWO4-R, and only 1.22 m2/g for the o-

AgoWO4-C. The larger surface area for the a-Ag,WO,-
R in relation to a-Ag2WO4-C is in agreement with the
superior performance as photocatalyst of a-Ag2WO4-R
with respect to a-AgaWO4-C.
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Each surface defect can act as an adsorption site
for oxygen and water. The disordered [WOs] and
[AgOn] clusters are located in intermediate levels near
the valence bond (VB), so they interact with H,O and
O2 molecules from the solution, by adsorption, during
the photo-oxidation process. In this manner, the
ordered [WOe] and [AgO.] clusters that are located
below the CB can react with the O, molecules,
adsorbed on the disordered clusters, by electron
transference.

In the presence of air or oxygen, irradiated
semiconductors can  destroy many  organic
contaminants. The activation of Ag,WO4 by light (hv)
which are powerful
oxidizing and reducing agents, respectively.

In the degradation of organic compounds (such as
RhB), the hydroxyl radical, OH*, which comes from the
oxidation of adsorbed water, is the primary oxidant;
and

produces electron-hole pairs,

the presence of oxygen can prevent the
recombination of hole-electron pairs.

Water photooxidation: 2H,0 + 4h" — O, + H’ (2)

Proton and radical generation: H,O+ h" — H" + OH* (3)

As observed for the a-AgoWO,4 semiconductor
there are different [MO, - xV5] clusters, located on the
top of the surface and there are also [M0Og];, polarized
clusters located in the structure, where M = Ag and/or
W. These clusters, in turn, can interact with H,O and
O2 molecules, respectively, to generate OH*, H™ and
0,. The H’ species are unstable, and quickly interact

with the superoxide radical anion (05) forming the
perhydroxyl radical (O2H*). This is followed by the
degradation of RhB by OH* and O,H* radicals, in a
cyclic process, which ends with formation of the
colorless organic compounds (COC), carbon dioxide
(CO») and water (H20).*

05 + H' — O.H* 4)

RhB + O,H* + OH* — COC + CO; + H,O (5)

For the generation of all the reactive oxygen
species, strong adsorption of oxygen molecule, Oo,
with concomitant electron transfer process from the
oxygen vacancies” is necessary. In our case, both
distorted [WOe] and [AgOs] clusters possess different
electron density and oxygen vacancies with the
capability of produce electron-hole pairs. However,
thanks to the different nature of the Ag—-O and W-O
bonds within these clusters, the lability and the stability
of these vacancies change according to the Ag/W
under-coordinated clusters. The predominant presence
of the surface (101) is responsible for the hexagonal
rod-like morphology, a-Ag,WO4-R, in which present
under-coordinated Ag and W cations to be active for
the RhB photocatalytic degradation.

Although the hexagonal rod-like morphology, a-
AgoWO4-R, imparts a photocatalytic effect, its activity
is much lower than other common catalysts, like TiO>.
synthesized other more
energetic facets of a-Ag,WOs4 by means of the

Roca and co-workers®

microwave-assisted hydrothermal method, which is a



very efficient method, but with several limitations
mentioned previously. We show here that the simple
use of a surfactant in a short time reaction can
efficiently promote changes in morphology that directly
influence the final properties of a-Ag,WO,.

Conclusions

Good crystal facet engineering
synthesis of semiconductor
functional applications. To develop functional materials, it is
important to control their morphology and structure. The
fundamental issue is a lack of in-depth knowledge about
nanoparticle formation and crystallization mechanisms and
about their surface chemistry. It is important to point out that
the chemical environment strongly influences the growth and
morphology of the crystals. Altering
parameters, for instance by including surfactants, may result
in modification of the surface energies of crystal faces and,
consequently, the crystals obtained can present different
morphologies.

The main conclusions of the present study can be
summarized as follows: i) We have experimentally obtained
the cuboid-like morphology of a-Ag,WOQO,-C using a simple
controlled-precipitation method with the anionic surfactant
SDS dissolved in a sodium tungstate solution. ii) Although the
Waulff construction, obtained by first-principles calculations,
renders that the ideal morphology of a-Ag,WO;, is the cube,
this morphology is not spontaneously reached by the simple
combination of those precursors in the aqueous medium. iii)
a-Ag,WO,4-C morphology is composed of the (001), (010) and
(100) surfaces, and the adsorption of the SDS anionic head
on the (100) facet provokes the stabilization of the (100)
surface and prevents the growth process along the (101)
surface. iv) By calculating the energy profiles connecting
these morphologies, a deeper insight, at atomic level, on the
role of SDS surfactant is achieved, and hence, SDS has been
successfully used as a morphology-controlling agent for the
synthesis of a-Ag,WO,-C. v) The calculated energy profile,
based on the Wulff construction, points out that the anionic
surfactant SDS interacts with and stabilizes the (100) and
(001) surfaces, mainly on the Ag cations of the under-
coordinated clusters. Additionally, the SDS prevents the
increase of Eg of the (010) surface to form the elongated
hexagonal rod-like morphology, a-Ag.WO,-R. vi) Analysis of
the type and number of under-coordinated clusters of each
surface suggests that on the (100) surface are mainly under-
coordinated [AgO/] clusters, with a little contribution of under-
coordinated [WOQg] clusters, while the (101) surface is mainly
formed by under-coordinated [WOg] clusters, with a minor
contribution of under-coordinated [AgO;] clusters. vii)
Correlation between the exposed surfaces and photocatalytic
activity was revealed, and an explanation of this behavior,
arising from different morphologies and structural data, was
provided. viii) Theoretical calculations confirm the rationality
of the experimental scheme and elucidate the underlying
reason for the photodegradation process of Rhodamine B.

is crucial for the

successful materials  with

environmental

52

These results highlight the importance of considering the
chemical environment and the adsorption of surfactant along
with the synthetic route when determining the stability and
activity of a catalyst with a defined morphology. Our model
also reveals some details about the mechanism involved and
gives some important information about how to improve
photocatalytic activity by designing the morphology of the
patterned surface or improving the synthesis conditions or
restructuring/shape control techniques.

Rather than individual numbers, the most important
outcomes of these simulations are the general, chemical
trends they have revealed. There, and here, predictive
atomistic simulations are likely to play an increasingly
important role. The rationally-controlled chemical synthesis of
well-defined morphologies may open up a valuable synthetic
route, and, in terms of future perspectives, this morphology
control strategy can be extended to explore other Ag based
materials, where shape is the most important characteristic
for application.

Acknowledgments

The authors acknowledge the financial support from
Fundacdo de Amparo a Pesquisa do Estado de Sao Paulo
(FAPESP 2012/14004-5, 2013/07296-2, 2017/07240-8 and
2013/26671-9), Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq 439234/2016-6,
150205/2017-1 and 166281/2017-4), Generalitat Valenciana
(Prometeoll/2014/022, Prometeo/2016/079, ACOMP/2014/
270, ACOMP/2015/1202), Ministerio de Economia y
Competitividad, (project CTQ2015-65207-P), and Programa
de Cooperacion Cientifica con Iberoamerica (Brasil) of
Ministerio de Educacion (PHBP14- 00020). We also thank
Prof. Dr. Maximo S. Li, from IFSC-USP, USP, Séao Carlos,
SP, Brazil for his help with photoluminescence
measurements, Prof. Dr. Ernesto Antonio Urquieta Gonzales,
from Chemistry Engineering Department (DEQ) — UFSCar,
Séo Carlos, SP, Brazil for the BET analysis.

References

1.Kant, R. Textile Dyeing Industry an Environmental Hazard. Nat. Sci.
2012, 04, 22-26.

2. Mai, L.; Xu, L.; Gao, Q.; Han, C.; Hu, B.; Pi, Y. Single Beta-AgVO,
Nanowire H,S Sensor. Nano Lett. 2010, 710, 2604-2608.

3. Xu, Z.; kibria, Md. Z.; AlOtaibi, B.; Duschesne, P. N.; Besteiro, L. V_;
Gao, Y.; Zhang, Q.; Mi, Z.; Zhang, P.; Govorov, A. O. et al. Towards
Enhancing Photocatalytic Hydrogen Generation: Which Is More
Important, Alloy Synergistic Effect or Plasmonic Effect? Appl. Catal. B:
Environ. 2018, 221, 77-85.

4. Teh, C. M.; Mohamed, A. R. Roles of Titanium Dioxide and lon-
Doped Titanium Dioxide on Photocatalytic Degradation of Organic
Pollutants (Phenolic Compounds and Dyes) in Aqueous Solutions: A
Review. J. Alloys Compd. 2011, 509, 1648-1660.

5. Panthi, G.; Park, M.; Kim, H.-Y.; Lee, S.-Y.; Park, S.-J. Electrospun
ZnO Hybrid Nanofibers for Photodegradation of Wastewater
Containing Organic Dyes: A Review. J. Ind. Eng. Chem. 2015, 21, 26-
35.

6. Kumar, S. G.; Rao, K. S. R. K. Comparison of Modification
Strategies Towards Enhanced Charge Carrier Separation and
Photocatalytic Degradation Activity of Metal Oxide Semiconductors
(TiO2 , WOz and ZnO). Appl. Surf. Sci.2017, 391, 124-148.

7. Roca, R. A.; Sczancoski, J. C.; Nogueira, I. C.; Fabbro, M. T.; Alves,
H. C.; Gracia, L.; Santos, L. P. S.; de Sousa, C. P.; Andrés, J.; Luz, G.
E.; Longo, E.; et al. Facet-Dependent Photocatalytic and Antibacterial



Properties of a-Ag,WO, Crystals: Combining Experimental Data and
Theoretical Insights. Catal. Sci. Technol. 2015, 5, 4091-4107.

8. Wang, X.; Fu, C.; Wang, P.; Yu, H.; Yu, J. Hierarchically Porous
Metastable Beta-Ag,WO, Hollow Nanospheres: Controlled Synthesis
and High Photocatalytic Activity. Nanotechnol. 2013, 24, 165602(8pp).
9. Chen, H.; Xu, Y. Photoactivity and Stability of Ag,WO, for Organic
Degradation in Aqueous Suspensions. Appl. Surf. Sci. 2014, 319, 319-
323.

10. van den Berg, A. J.; Juffermans, C. A. H. The Polimorphism of
Silver Tungstate. J. Appl. Crist. 1982, 15, 114-116.

11. De Santana, Y. V. B.; Gomes, J. E. C.; Matos, L.; Cruvinel, G. H.;
Perrin, A.; Perrin, C.; Andrés, J.; Varela, J. A.; Longo, E. Silver
Molybdate and Silver Tungstate Nanocomposites with Enhanced
Photoluminescence. Nanomater. Nanotechnol. 2014, 4, 22(10pp).

12. Dutta, D. P.; Singh, A,; Ballal, A.; Tyagi, A. K. High Adsorption
Capacity for Cationic Dye Removal and Antibacterial Properties of
Sonochemically Synthesized Ag,WO4Nanorods. Eur. J. Inorg. Chem.
2014, 2014, 5724-5732.

13. da Silva, L. F.; Catto, A. C.; Avansi, W.; Cavalcante, L. S,;
Mastelaro, V. R.; Andrés, J.; Aguir, K.; Longo, E. Acetone Gas Sensor
Based on a-Ag, WO, Nanorods Obtained Via a Microwave-Assisted
Hydrothermal Route. J. Alloys Compd. 2016, 683, 186-190.

14. Cavalcante, L. S.; Almeida, M. A. P.; Avansi, W.; Tranquilin, R. L,;
Longo, E.; Batista, N. C.; Mastelaro, V. R, Li, M. S. Cluster
Coordination and Photoluminescence Properties of a-Ag,WO,
Microcrystals. Inorg. Chem. 2012, 51, 10675-10687.

15. Andrés, J.; Gracia, L.; Gonzalez-Navarrete, P.; Longo, V. M,
Avansi, W., Jr.; Volanti, D. P.; Ferrer, M. M.; Lemos, P. S.; La Porta, F.
A.; Hernandes, A. C.; et al. Structural and Electronic Analysis of the
Atomic Scale Nucleation of Ag on Alpha-Ag,WO, Induced by Electron
Irradiation. Sci.Rep. 2014, 4, 5391(7pp).

16. Derby, J. J.; Atherton, L. J.; Gresho, P. M. An Integrated Process
Model for the Growth of Oxide Crystals by the Czochralski Method. J.
Cryst. Grown 1989, 97, 792-826.

17. Cui, X.; Yu, S. H.; Li, L.; Biao, L.; Li, H.; Mo, M.; Liu, X. M.
Selective Synthesis and Characterization of Single-Crystal Silver
Molybdate/Tungstate Nanowires by a Hydrothermal Process.
Chem.2004, 10 (1), 218-223.

18. Nguyen, N. T.; Nguyen, B. H.; Ba, D. T.; Pham, D. G.; Van Khai,
T.; Nguyen, L. T.; Tran, L. D. Microwave-Assisted Synthesis of Silver
Nanoparticles Using Chitosan: A Novel Approach. Mater. Manuf.
Processes 2014, 29 (4), 418-421.

19. George, T.; Joseph, S.; Mathew, S. Synthesis and
Characterization of Nanophased Silver Tungstate. Pramana 2005, 65
(5), 793-799.

20. Niu, Z.; Li, Y. Removal and Utilization of Capping Agents in
Nanocatalysis. Chem. Mater. 2014, 26, 72-83.

21. Deshmukh, R.; Niederberger, M. Mechanistic Aspects in the
Formation, Growth and Surface Functionalization of Metal Oxide
Nanoparticles in Organic Solvents. Chem. 2017, 23, 8542-8570.

22. Bakshi, M. S. How Surfactants Control Crystal Growth of
Nanomaterials. Crystal Growth & Des. 2016, 16, 1104-1133.

23. Brunauer, S. E., P. H.; Teller, E. Adsorption of Gases in
Multimolecuar Layers. J. Am. Chem. Soc.1938, 60, 309-319.

24. Andrés, J.; Gracia, L.; Gouveia, A. F.; Ferrer, M. M.; Longo, E.
Effects of Surface Stability on the Morphological Transformation of
Metals and Metal Oxides as Investigated by First-Principles
Calculations. Nanotechnol. 2015, 26, 405703(11pp).

25. Ferrer, M. M.; Gouveia, A. F.; Gracia, L.; Longo, E.; Andrés, J. A
3D Platform for the Morphology Modulation of Materials: First
Principles Calculations on the Thermodynamic Stability and Surface
Structure of Metal Oxides: Co0304,a-Fe;03, and In,O;. Model.Simul.
Mater. Sci. Eng.2016, 24, 025007(10pp).

26.Skarstad, P. M.; Geller, S., (W4016)8’ Polyion in the high
temperature modification of silver tungstate. Mater. Res. Bull. 1975, 10
, 791-799.

27.Rietveld, H. M. A Profile Refinement Method for Nuclear and
Magnetic Structures . J. Apply. Cryst. 1969, 2, 65-71.

28. Longo, V. M., de Foggi, C. C.; Ferrer, M. M.; Gouveia, A. F;
Andrés, R. S.; Avansi, W.; Vergani, C.; E.; Machado, A. L.; Andrés, J.;
Cavalcante, L. S.;et al. Potentiated Electron Transference in Alpha-
Ag,WO, Microcrystals with Ag Nanofilaments as Microbial Agent. J.
Phys. Chem. A 2014, 118, 5769-78.

29. Longo, E.; Cavalcante, L. S.; Volanti, D. P.; Gouveia, A. F.; Longo,
V. M.; Varela, J. A.; Orlandi, M. O.; Andres, J. Direct in Situ

53

Observation of the Electron-Driven Synthesis of Ag Filaments on
Alpha-Ag,WO, Crystals. Sci. Rep. 2013, 3, 1676.

30. Longo, E.; Avansi, W., Jr.; Bettini, J.; Andres, J.; Gracia, L. In Situ
Transmission Electron Microscopy Observation of Ag Nanocrystal
Evolution by Surfactant Free Electron-Driven Synthesis. Sci. Rep.
2016, 6, 21498.

31. Clark, G. M.; Doyle, W. P. Infra-Red Spectra of Anhydrous
Molybdates and Tungstates. Spectrochim. Acta 1966, 22, 1441-1447.
32. Turkovic, A.; Fox, D. L.; Scott, J. F.; Geller, S.; Ruse, G. F. High
Temperature Raman Spectroscopy of Silver Tetratungstate, AgsWsO1s.
Mater. Res. Bull. 1977, 12, 189-195.

33. Wood, D. L.; Tauc, J. Weak Absorption Tails in Amorphous
Semiconductors. Phys. Rev. B 1972, 5, 3144-3151.

34. Kubelka, P.; Munk, F. Ein Beitrag zur Optik der Farbanstriche. Z.
Techn. Phys. 1931, 12, 593-601.

35. Kim, D. W.; Cho, |.-S; Lee, S.; Bae, S.-T.; Shin, S. S.; Han, G. S ;
Jung, H. S.; Hong, K. S. Photophysical and Photocatalytic Properties
of AgzM,0; (M=Mo, W). J. Am. Ceram. Soc. 2010, 93, 3867-3872.

36. Tang, J.; Ye, J., Correlation of Crystal Structures and Electronic
Structures and Photocatalytic Properties of the W-Containing Oxides.
J.Mater. Chem. 2005, 15, 4246.

37. Sczancoski, J. C.; Cavalcante, L. S.; Joya, M. R.; Varela, J. A;;
Pizani, P. S.; Longo, E., StMOO, Powders Processed in Microwave-
Hydrothermal: Synthesis, Characterization and Optical Properties.
Chem. Eng. J. 2008, 140, 632-637.

38. Lin, Z; Li, J.; Zheng, Z.; Yan, J.; Liu, P.; Wang, C.; Yang, G. W.
Electronic Reconstruction of Ag,WO, Nanorods for the Visible-Light
Photocataysis. ACS Nano 2015, 9, 7256-7265.

39. Longo, E.; Volanti, D. P.; Longo, V. M.; Gracia, L.; Nogueira, I. C.;
Almeida, M. A. P.; Pinheiro, A. N.; Ferrer, M. M.; Cavalcante, L. S.;
Andrés, J. Toward an Understanding of the Growth of Ag Filaments on
a-Ag,WO, and Their Photoluminescent Properties: A Combined
Experimental and Theoretical Study. J. Phys. Chem. C 2014, 118,
1229-1239.

40.Martin, D. J.; Liu, G.; Moniz, S. J.; Bi, Y.; Beale, A. M.; Ye, J.; Tang,
J. Efficient Visible Driven Photocatalyst, Silver Phosphate:
Performance, Understanding and Perspective. Chem. Soc. Rev. 2015,
44, 7808-28.

41.Huang, K.; Yuan, L.; Feng, S. Crystal Facet Tailoring Arts in
Perovskite Oxides. Inorg. Chem. Front. 2015, 2, 965-981.

42 Kroger, F. A,; Vink, H. J. Relations Between the Concentrations of
Imperfections in Crystalline Solids 1956, 3, 307-435.

43. Liu, G;; Yu, J. C; Lu, G. Q.; Cheng, H. M. Crystal Facet
Engineering of Semiconductor Photocatalysts: Motivations, Advances
and Unique Properties. Chem. Commun. 2011, 47, 6763-83.

44. Huang, M.; Weng, S.; Wang, B.; Hu, J.; Fu, X,; Liu, P. Various
Facet Tunable ZnO Crystals by a Scalable Solvothermal Synthesis
and Their Facet-Dependent Photocatalytic Activities. J. Phys. Chem. C
2014, 118, 25434-25440.

45. Wu, T. L., G.; Zhao, J. Photoassisted Degradation of Dye
Pollutants. V. Self-Photosensitized Oxidative Transformation of
Rhodamine B Under Visible Light Irradiation in Aqueous TiO,
Dispersions. J. Phys. Chem. B 1998, 102, 5845-5851.

46. Akpan, U. G.; Hameed, B. H. Parameters Affecting the
Photocatalytic Degradation of Dyes Using TiO,-based Photocatalysts:
A Review. J. Hazard. Mater. 2009, 170, 520-529.

47. Cavalcante, L. S.; Sczancoski, J. C.; Batista, N. C.; Longo, E.;
Varela, J. A.; Orlandi, M. O. Growth Mechanism and Photocatalytic
Properties of SrWO, Microcrystals Synthesized by Injection of lons into
a Hot Aqueous Solution. Adv. Powder Technol. 2013, 24, 344-353.

48. Horvath, O.; Bodnar, E.; Hegyi, J. Photoassisted Oxidative
Degradation of Surfactants and Simultaneous Reduction of Metals in
Titanium Dioxide Dispersions. Colloid. Surf. A: Phys. Eng. Asp. 2005,
265, 135-140.

49. Bomio, M. R. D.; Tranquilin, R. L.; Motta, F. V.; Paskocimas, C. A,;
Nascimento, R. M.; Gracia, L.; Andres, J.; Longo, E. Toward
Understanding the Photocatalytic Activity of PbMoO, Powders with
Predominant (111), (100), (011), and (110) Facets. A Combined
Experimental and Theoretical Study. J. Phys. Chem. C 2013, 117,
21382-21395.

50. Plantard, G.; Janin, T.; Goetz, V.; Brosillon, S. Solar Photocatalysis
Treatment of Phytosanitary Refuses: Efficiency of Industrial
Photocatalysts. Appl. Catal. B: Environ. 2012, 115-116, 38-44.



54

3 — CONCLUSIONS

Crystal facet engineering is crucial for the successful synthesis of
inorganic semiconductors with functional applications. For the development of
functional materials, it is important to control their morphology and structure and the
main goal it understands the surface chemistry, once many physical and chemical
processes take places on surfaces. The morphology is a key property of materials.

In summary, in the present doctoral thesis a set of published articles in
which the results are reached by a joint use of experimental and theoretical works.
The main conclusions can be summarized as follows: (i) the first paper, we provide
an in-depth understanding of the morphology and structural, electronic, and optical
properties of ZnWO, nanocrystals. The results showed that the photodegradation of
Rhodamine B under ultraviolet light irradiation was associated with the surface
energy and the types of clusters formed on the surface of the catalyst. (ii) The
second paper illustrated how the first-principles calculations are capable of
rationalizing the mechanisms capable to stabilize a given morphology of the as-
synthetized micro- and nanoparticles. This strategy allows the prediction of possible
morphologies of several inorganic semiconductors by controlling the relative values
of surfaces energies. (iii) The third paper demonstrated a correlation between the
surface energy and the broken bonding density and the detailed configurational
analysis of the different facets allowed to explain and rationalize the experimental
results found in the literature. (iv) In the last paper, through the experimental and
theoretical approach it was demonstrated a relationship between morphology and
photocatalytic activity based on the different numbers of unsaturated superficial silver
and tungsten atoms (local coordination, i.e. clusters) of each surface for a-Ag2WOy4,

crystals.
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