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RESUMO 
 

ANÁLISE TEÓRICA-EXPERIMENTAL DE SEMICONDUTORES 
A rápida modernização dos polos industriais e tecnológicos faz com que o 

desenvolvimento de novos materiais seja fundamental, sempre pesquisando maiores 

eficiências e menores custos. Por outro lado, a expressão “novos materiais” não está 

somente relacionada à uma nova classe ou composto obtidos pela primeira vez, mas 

também às modificações estruturais de materiais já conhecidos, incluindo o efeito do 

tamanho, forma e incorporações sinergéticas. Neste contexto, pesquisas usando 

modelos teórico-experimentais tendem a ser cada vez mais comuns devido à melhor 

correlação entre características do sistema e propriedades. Por tanto, interpretações 

mais claras e precisas podem auxiliar no planejamento e desenvolvimento de novos 

materiais. No presente trabalho, um conjunto de modelos teórico-experimentais foi 

construído a fim de explicar propriedades e fenômenos de semicondutores. Os 

semicondutores escolhidos foram: α-Ag2WO4, β-Ag2MoO4, Co3O4, α-Fe2O3 e In2O3. 

Técnicas de caracterização de Difração de Raios-X, refinamento Rietveld, 

espectroscopia Raman, microscopia de varredura e microscopia de transmissão 

foram vinculadas com cálculos mecânico-quânticos para um melhor entendimento 

dos resultados observados. Resultados teóricos de estrutura de bandas e densidade 

de orbitais corroboraram com os “band gaps” experimentais. Os dados mostraram a 

criação de novos estados na região proibida do “band gap” devido à criação de 

defeitos, por meio de dopagem ou mudanças estruturais. Os modelos finais foram 

utilizados para melhor explicar as modificações das propriedades fotoluminescentes. 

Cálculos mecânico-quânticos também foram utilizados para explicar o fenômeno de 

crescimento de prata em cristais de α-Ag2WO4 e β-Ag2MoO4 com a adição de 

elétrons. Neste modelo, a redução da prata resulta em seu afastamento dos 

“clusters” gerando o aparecimento de filamentos de prata metálica na superfície dos 

materiais. Por fim, foi criada uma nova abordagem sobre o mapeamento e previsão 

de morfologias de cristais, servindo como um referencial experimental para a 

comparação entre superfícies e propriedades finais. Os trabalhos presentes 

consistem em estudos interdiciplinares, do fundamento até a aplicação de diversos 

materiais, e mostram como a química quântica e outros meios teóricos podem ser 

usados para o etendimento de propriedades para o “design” de novos materiais. 
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ABSTRACT 
 

THEORETICAL AND EXPERIMENTAL ANALYSIS OF SEMICONDUCTORS 
The rapid modernization of industrial and technological poles spurs the development 

of new materials, always in search of efficiency and low costs, given that the 

expression "new materials" does not relate just to the new classes or compounds 

never seen before but also to the structural modifications in materials already 

studied. In this context, research using theoretical and experimental models tends 

Researches using combined theoretical and experimental methods tend to be more 

and more commonly due to the better correlation between system characteristics and 

properties. However, a better interpretation can assists in the planning and 

developing of new materials. In the present study, a set of theoretical and 

experimental models were built in order to explain the properties and phenomena of 

semiconductors. The chosen materials were the α-Ag2WO4, β-Ag2MoO4, Co3O4, α-

Fe2O3 and In2O3. Characterization techniques of X-Ray difraction, Rietveld 

refinament, Raman spectroscopy, scanning electron microscopy and transmission 

electron microscopy were related with quantum mechanical calculations to a better 

understanding of the observed results. Theoretical results of band structure and 

density of states are in agreement with the experimental band gaps.The data showed 

a creation of new eletronic states on the forbiden region on the band gap due to the 

criation of structural defects, by means of a impurity or structural changes. The final 

models were used to a better explanation of the photoluminescent properties 

modifications. Quantum mechanical calculations were also used to the explanation of 

a phenomenon caused by electron bombing, which was observed in Ag2WO4 and 

Ag2MoO4 crystals. In this model, the Ag reduction results in its removal of the clusters 

generating the Ag metallic filaments on the material surface. Finally, it was created a 

new approach about the mapping and prediction of crystals morphology that serves 

as an experimental reference to the comparison between surface and final 

properties.  The presented papers consist in an interdisciplinary research, from 

fundamental to applications and show how quantum chemical and other theoretical 

computational means can be used for an understanding of physical and chemical 

properties of materials for searching a rational materials design. 
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1 – INTRODUCTION 
 
 

The rapid modernization of industrial and technological poles spurs the 

development of new materials, always in search of efficiency and low costs, given 

that the expression "new materials" does not relate just to the new classes or 

compounds never seen before but also to the structural modifications, including size 

effect or synergetic incorporations in materials already studied. Ceramic materials are 

an important group that can be used as example. Ceramic is one of the most ancient 

industries on the planet but it has followed the footsteps of changing need.1 

In order to study new possibilities of materials applications, it considers 

that the morphology, dimensionality, and crystal structure all play important roles in 

the electronic, optical, magnetic, catalytic, chemical, and other physical properties.2, 3 

Due to the difficulty of measuring structures and processes, principally 

at the nanoscale, it is extremely valuable to combine experiments and computational 

modeling. This synergy between theory and experiment has been initiated already 

many years ago. For example, the reconstruction of Si surfaces was determined 

30 years ago with significant input from theory.4  

Both fields, theoretical and experimental, have their advantages and 

limitations. Even the experimental methods of characterization are more and more 

evolved and accurate, the explanation of the facts at atom scale is not so tangible 

yet. On the other hand, the richness of details of real systems over multiple length 

and time scales poses limitations on the capacity to simulate with atomics detail of a 

high level of accuracy. Therefore, part of the limitations is clearly excluded when the 

theory and experiment work together. 

A great diversity of tools has been created and improved to the 

calculation of chemistry structures in order to circumvent some limitations, as 

example the size. Large system simulations, as crystalline lattices, involve a high 

number of atoms and, consequently, an enormous number of electrons. For this, 

some programs include periodic models, making with that a created unit cell may be 

replicated to the infinite in the Cartesian directions to reproduce crystals of all types.5-

7 Such periodic models allowed a great progress in the prevision and explanation in 

the materials science field. 
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Researches using combined theoretical and experimental methods tend 

to be more and more commonly due to the better clarity of the interpretation and 

connections between the results. Focusing on the articles regarding to the presented 

study, a large variety of subjects can be better treated by these methods, e.g. the 

study of the electronic bands, redox reaction, structural stabilization, defects and 

surfaces. By means of these studies, optical properties, structural defects, influence 

of impurities, redox reactions, and morphology can be explained more effectively. 

The studied materials presented here were chosen due to their 

importance in level of user application or the need of new methods to the explanation 

of the properties and phenomena. It is the case of the Zinc sulfide (ZnS). The ZnS is 

an important II-IV semiconductor material with a wide band gap.8 It has a wide range 

of applications for flat-panel displays, optical sensors, IR windows, catalysts, lasers, 

etc.9-11 By doping the ZnS with different metal ions, it is possible to realize full-color 

luminescence in the UV–visible region.12 Thus, a number of publications concerning 

well-formed ZnS nanocrystals doped with various types of impurities have appeared in 

recent years.13-15 In addition, impurities can produce drastic changes in optical 

behaviors. These effects can be used as an important tool in lighting and display areas. 

Therefore, theoretical models can be very useful to explain how the impurities act on 

the electronic bands helping with the experimental planning for devices.   

Recently, silver molibdates and tungstates have been the focus of 

investigations by our group; we have synthesised this material using different 

methods (coprecipitation, sonochemistry and hydrothermal synthesis) and have 

studied their properties.16 In both materials, the formation of Ag filaments on crystal, 

via irradiation of electrons by an accelerated electron beam from an electron 

microscope under high vacuum, was observed, and the corresponding potential 

applications were investigated. The current investigation is motivated by our 

incomplete understanding of the underlying fundamental phenomena and 

mechanisms driving the nucleation and growth of Ag filaments. While the concept of 

crystal a wide range of material properties, in reality, disorder is ubiquitous and is 

capable of drastically influencing various properties.17 The creation of the theoretical 

and experimental model presented here is also to understand the basis of the early-

nucleation and -growth of Ag filaments after the irradiation process.  

The current combination of theory, simulation, and experiment is not 

only capable of developing new functional materials with predictable and desirable 
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properties, but also enables us to understand the nature of micro and nano-

structures with novel morphologies. 

Control of the morphology of micro and nanocrystals depends on 

factors such as the internal structure of the crystal and the external growth 

conditions. The surface facet energies can be modified by the use of different 

synthetic methods, reaction times, the nature of surfactants etc. In this sense, the 

rational design of nanomaterials is one of the holy grails of nanoscience and 

nanotechnology. The precise regulation and controlled synthesis of specific 

morphologies is crucial to enhance their performance in practical applications of 

micro and nanomaterials.18 

Among the articles presented here, it was introduced recent work, 

based on the joint use of experimental findings and first principle calculations, so as 

to give deeper knowledge on the electronic, structural and energetic properties 

controlling the morphology and the transformation mechanism of different metals 

oxides. 

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. 
Predicting the 3D morphologies of crystalline materials can be used to 

guide the analysis of field-emission scanning electron microscopy images of the 

materials, and could be a very useful tool to design the synthesis of new materials. 

However, there are many scientific and technological challenges to overcome; in 

particular, it is necessary to understand the relationship between properties and 

structure. 

The overriding goal of this joint project was to conduct interdisciplinary 

research, from fundamental to applications, in materials of different sizes. Some 

results using theoretical and experimental models are discussed in these papers and 

show how quantum chemical and other theoretical computational means can be used 

for an understanding of physical and chemical properties of materials for searching a 

rational materials design. 
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2 – PUBLISHED ARTICLES 
 

 

Published articles with the association of theory and experiments can 

be found at the following pages.  
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Abstract
This paper presents the correlation among electronic and
optical property effects induced by the addition of different
concentrations of europium (Eu3+) in zinc sulfide (ZnS) by
microwave-assisted solvothermal (MAS) method. A shift of
the photoluminescence (PL) emission was observed with the
increase of Eu3+. The periodic DFT calculations with the
B3LYP hybrid functional were performed using the CRYS
TAL computer code. The UV–vis spectra and theoretical
results indicate a decrease in behavior of the energy gap as a
function of dopant concentration. Therefore, new localized
states are generated in the forbidden band gap region, the
new states increase the probability of less energy transitions
which may be responsible for a red shift in the PL bands
spectrum.

Keywords B3LYP . DFT . Doping process . Eu .

Microwave . Photoluminescence . ZnS

Introduction

Luminescent materials such as rare earth doped powders have
attracted attention due to their possible photonic applications
[1–4]. Among several rare earths reported, trivalent europium
(Eu3+), which has been recognized as efficient luminophore, is
one of the most studied, mainly due to non-degenerated levels
involved in electronic transitions [5–8]. Emission spectra of
the Eu3+ ion show narrow sharp bands due to 4f-4f
intraconfiguration transitions protection by external 5s2 and
5p6 sub-shells [9]. For this reason, the Eu3+ ion is used as
luminescent probe because it is little affected by chemical
environment changes; this characteristic may be important to
improve the development of materials science.

Furthermore, the doping process in semiconductors pro-
duces changes in structural and electronic properties of mate-
rials, which is an efficient way to further enhance their prop-
erties and applications [10]. A suitable host must also possess
a large optical band gap as well as good solubility and stabil-
ity. In particular, zinc sulfide (ZnS) is suitable as a host matrix.
It is an important II-VI semiconductor material with a wide
band gap (about 3.72 eV for the cubic zinc blende phase, and
3.77 eV for the wurtzite phase in bulk materials at 300 K)
[11–13]. By doping with different metal ions (including tran-
sition metals and rare earths), it is possible to realize full-color
luminescence in the UV–visible region [14]. Thus, a number
of publications concerning well-formed ZnS nanocrystals
doped with various types of impurities have appeared in recent
years [15–18]. In addition, impurities can produce drastic
changes in optical behaviors. These effects can be used as an
important tools in lighting and display areas.

Eu3+ as a dopant in ZnS has been prepared by chemical
vapor deposition (1073 K and 10 min), solid-state reaction
(1573 K and 60 min), sol–gel, solvothermal (413 K and
300 min) and other synthetic methods [15–17, 19].
Therefore, it is important to develop new low cost and
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environmentally friendly processing material methods with
the possibility of the formation of materials at the micro and
nanoscale level with well-definedmorphologies. Recently, the
microwave-assisted solvothermal (MAS) method has
emerged as an alternative in field of powder preparation with
both expected and unexpected merits; e.g., kinetic enhance-
ment, low reaction temperature and time reduction as well as
the control of the overall particle size and aggregation process
[20, 21]. The ability to achieve a high temperature stable phase
at very low temperatures not only provides an economically
viable route for applications, but also opens a new way to
study the structural kinetics and chemistry of nanocrystals and
various functional materials [22–24]. Very recently, our group
conducted experimental studies of ZnS and CdS obtainedwith
MAH method and showed its ease and efficiency enabling a
range of studies that can be done. In the case of ZnS, it was
possible to obtain the organized phase in 413 K and 1 min
[23–26].

Changes induced by addition of different concentra-
tions of Eu3+ (1, 2 and 4 %) in the pure ZnS prepared by
the MAS method are reported. A systematic investigation
of the structural, electronic, and optical properties of
doped ZnS zinc-blend (cubic) structure as a function of
different concentrations of Eu3+. In order to explain
experimental outcomes, quantum mechanical results were
calculated based on the density functional theory (DFT)
at the B3LYP level. Changes caused in optical properties
illustrate the kinds of defects which are caused by euro-
pium addition.

Methods

Sample preparation

To obtain pure ZnS, anhydrous ZnCl2 (3.67 mmols) was
dissolved in 25 mL of ethylene glycol. Subsequently, 4.74
mmols of tetramethylammonium hydroxide (TMAH) in a
methanol solution was added (solution 1). Separately,
3.67 mmol of thiourea was dissolved in 25 mL of ethylene
glycol (solution 2). Under stirring, solution 2 was quickly
added into solution 1. The resulting solution was transferred
to a reactor coated with polytetrafluoroethylene (PTFE) and
placed into a domesticMicrowave-Solvothermal (MS) system
(2.45 GHz, maximum power of 800W). TheMAS processing
was performed at 413 K for 16 min. The resulting solution
was washed with deionized water and ethanol several times to
neutralize the solution pH (≈7) and the precipitates were
finally collected and dried at 343 K for 24 h.

Different concentrations of EuCl3 were dissolved in solu-
tion 1 according to the desired dopant concentration (1, 2 and
4 % nominal) to obtain the ZnS doped with Eu3+ (ZnS:Eu).

Characterization techniques

The obtained powders were characterized by X-ray diffraction
(XRD) (Rigaku DMax 2500PC using Cu Kα1 (λ=1.5406 Å)
and Cu Kα2 (λ=1. 54434 Å) radiation setup) and field emis-
sion scanning electron microscopy (FE-SEM) (Supra 35-VP,
Carl Zeiss, Germany). Ultraviolet–visible (UV–vis) spectros-
copy (Cary 5G equipment) provided optical reflectance spec-
tra of ZnS powders.

PL spectra were collected with a Thermal Jarrel-Ash
Monospec monochromator and a Hamamatsu R446
photomultiplier. The 350.7 nm exciting wavelength of a kryp-
ton ion laser (Coherent Innova) was used; the output of the
laser was maintained at 200 mW. All measurements were
taken at room temperature.

An inductively coupled plasma atomic emission spectrom-
eter (ICP-AES) simultaneous CCD–VISTA–MPX (Varian)
with a radial configuration was used for the chemical analysis
of ca. 0.0200 g samples. The dissolution procedure was con-
ducted using 10 mL of HCl (37 % purity) in closed vessels at
room temperature. Analytical blanks were prepared following
the same acid digestion procedure, and the final 100 mL
sample solutions were diluted with de-ionized water.

Model system and computational method

Several theoretical research works are based on DFT theory
for studies in materials science. Periodic DFT calculations
have demonstrated that they are able to reproduce with accu-
racy the electronic structure of solid state systems. In this
study, the periodic DFT calculations with the B3LYP hybrid
functional [27, 28] were performed using the CRYSTAL06
computer code [29], which has been successfully employed
for studies of electronic and structural properties of diverse
compounds [30–33]. CRYSTAL is an ab initio (Hartree-Fock
and DFT) LCAO program for the treatment of periodic sys-
tems. LCAO, in the present case, means that each crystalline
orbital is a linear combination of Bloch functions.

The level of accuracy of the calculation of Coulomb and
the exchange series is controlled by five parameters. The 8, 8,
8, 8, 14 parameters was chosen for the Coulomb overlap,
Coulomb penetration, exchange overlap, first exchange
pseudo-overlap, and second exchange pseudo overlap param-
eters, respectively. The integration in the reciprocal space was
performed by sampling the Brillouin zone with an 6x6x6
pack-Monkhorst.

The ZnS zinc-blend (cubic) structure has just one lattice
parameter “a” with two atoms per unit cell; with atomic
positions: (0,0,0) and (0.25,0.25,0.25) for Zn and S atoms,
respectively.

The atomic centers are described by the entire electron
basis set 86-411d31G [34] for Zn and 86-311G* for S [35]
atoms. For europium atoms, it is convenient to avoid core

2375, Page 2 of 9 J Mol Model (2014) 20:2375

7



electrons, and adopt the well-assessed effective core
pseudopotential (ECP) techniques [36, 37]. The large-core
ECP basis, ECP52MWB [38, 39] (http://www.theochem.uni-
stuttgart.de/pseudopotentials) has been chosen to represent the
Eu3+ in this work. To the best of our knowledge this basis set
is the only pseudopotential available and there is no all-
electron basis set available to be used in the CRYSTAL
program.

A full optimization procedure was carried out to
determine the zinc blend equilibrium geometry. The
optimized and experimental values (given in parentheses)
are a=5.516 (5.40) Å40.

From this optimized lattice parameter, two 2x2x2 supercell
periodic models were used to study the pure and doped ZnS.
This supercell contains 32 ZnS units, totaling 64 atoms. The
first represents the pure ZnS (p-ZnS) and the second one
represents the doped ZnS (d-ZnS) where one Eu atom replaces
one Zn atom, resulting in 3.125 % Eu. These models can be
useful to represent different behavior and properties in the
material.

Figure 1 illustrates a schematic representation for pure ZnS
supercell. A new optimization procedure of d-ZnS supercell

was made to determine the equilibrium geometry. For these
simulations we recommend the use of a symmetric supercell
(2x2x2). The new calculated cell parameter is a=5.576 Å,
very close to the previous results presented here. The compu-
tational cost is dependent on the sueprcell size, large models
can be prohibitive.

The band structures were calculated for 100 K points along
the appropriate high-symmetry paths of the adequate Brillouin
zone. Diagrams of the density of state (DOS) were obtained
for analysis of the corresponding electronic structure.

Results and discussion

Figure 2 illustrates XRD patterns of the samples with three
different concentrations of Eu3+ in the microwave synthesis
which were used to analyze the long-range order. The diffrac-
tion peaks indicate a cubic structure which is in agreement
with the JCPDS card: 67–790 [40]. Differences observed
between the samples indicate structural changes. With the
increase of Eu3+, diffraction peaks became broader and less
defined which is probably due to ineffective ordering of the
lattice. Results of all samples indicate just ZnS diffraction
peaks.

Another important aspect concerning the diffraction peaks
exposed in Fig. 2 is the significant broadening of the most
intense reflections in the XRD patterns which shows the

Fig. 1 Pure ZnS 2x2x2 supercell

Fig. 2 XRD patterns of ZnS powders with a) 0, b) 1, c) 2, and d) 4 % of
Eu3+ processed in a MAS system at 413 K for 16 min

Table 1 Average of crystallite sizes and ICP-AES results of the ZnS pure
and with different Eu3+ concentrations

Samples Crystallite sizes (nm) ICP-AES

Expected Result

Pure ZnS 3.36 0 % 0 %

ZnS:Eu 1 % 3.01 1 % 1.2 %

ZnS:Eu 2 % 3.00 2 % 2.1 %

ZnS:Eu 4 % 2.94 4 % 2.8 %

J Mol Model (2014) 20:2375 Page 3 of 9, 2375
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extent europium is incorporated into the ZnS structure and
suggests a decrease in the crystallite size of the material
obtained by the MAS method. The average crystallite size of
all samples was estimated using the Debye-Scherer method
[41]. The equation below encompasses the spherical shape
and reduced size of the sample.

Average crystallite size of material t = kλ/β cos θ (01)
where, k is a constant; λ is the wavelength of the x-rays in

nm; β is the full width half maximum (FWHM) of the major
peak in radians as calculated from XRD peaks data and θ is
the diffraction angle.

Estimated size values using the main peak are depicted in
Table 1. With the addition of europium, there is an initial
decrease in the size, but little variation occurs with the increase
of dopant concentration.

To evaluate the dopant arrangement as a substitution ion (or
even as a superficial element) a chemical analysis is funda-
mental. Table 1 shows the expected values of Eu3+ calculated
according to the amount of precursors added and the results of
the ICP-AES technique.

These ICP-AES results indicate that pure ZnS, ZnS:Eu 1 %
and ZnS:Eu 2 % are in agreement with the expected

Fig. 3 FE-SEM images of a)
pure ZnS and b) ZnS:Eu 4 %

Fig. 4 UV–vis spectra of ZnS powders with a) 0 %, b) 1 %, c) 2 %, and
d) 4 % of Eu3+

Fig. 5 PL spectrum of ZnS powders at room temperature (λexcitation=
350.7 nm); a) pure ZnS, b) ZnS:Eu 1 %, c) ZnS:Eu 2 %, and d) ZnS:Eu
4 %

2375, Page 4 of 9 J Mol Model (2014) 20:2375
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percentage of doping; however, the Zns:Eu 4% result shows a
considerable difference which indicates that Eu3+ maxi-
mum percentage was achieved in the lattice by this
method. The percentage of Eu in relation to Zn is
slightly lower than expected mainly due to the ZnS
synthesis yield.

Figure 3 shows a FE-SEM image for pure and ZnS:Eu 4 %
after 16 min in the microwave. In both cases, the particles are
agglomerated, spherical, and of varying sizes. These condi-
tions were not sufficient to avoid the agglomeration and
possible particle coalescence. No major differences were ob-
served between the samples.

Gap energy values can be obtained by the Wood and Tauc
method [42] using UV–vis spectroscopy (see Fig. 4).

The UV–vis spectra indicate a decrease in behavior of the
energy gap as a function of dopant concentration (3.72 eV to
3.55 eV). Clusters formed by the europium replacement,
EuS4, create a different local charge density when compared
with ZnS4 clusters. Furthermore, the different dopant charge
can provide the formation regarding vacancies or interstitial

defects (due to the different charge density of Eu3+ ion) in the
ZnS host lattice. These defects introduce a symmetry break-
down and, as a consequence, an introduction of a new energy
level in the forbidden region. Several research works show the
variation of the semiconductor band gap caused by structure
change [43–46].

Figure 5 shows the PL emission spectra of pure and doped
ZnS powders recorded at room temperature with excitation at
350.7 nm. The emission spectra show a broad band centered at
∼484 nm which may be attributed to ZnS matrix, and the
profile of emission band is typical of a multi-phonon and
multilevel; i.e., a system in which relaxation occurs by several
paths involving the participation of numerous states within the
band gap of the semiconductor.

The PL emission spectra of doped ZnS powders show that
the maximum emission bands are centered at 498, 510, and
534 nm, for 1%, 2%, and 4% Eu3+, respectively. Therefore, a
red shift emission was observed with the increase of europium
concentration. The emission spectra show the characteristic
narrow band assigned to 5D0-

7F2 transitions in Eu
3+ at 612 nm

Fig. 6 Deconvoluted PL bands of three curves centered at 463.62 nm, 530.58, nm and 598.98 nm and their contributions

Fig. 7 Band structures of a) p-ZnS and b) d-ZnS models

J Mol Model (2014) 20:2375 Page 5 of 9, 2375
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in all doped samples. This suggests the incorporation of Eu3+

ion in the ZnS nanoparticles did not change its radiative
relaxation processes. The red shift effect denotes a strong
influence of the europium orange lines emission associated
to the allowed transitions originated from electronic
reconfiguration.

To obtain a better understanding about the PL modifica-
tions in relation to the structural defects caused by the dopant,
PL emission spectra were analyzed using decomposition
PeakFit. The contribution of each deconvoluted curve and
its variations are depicted in Fig. 6. Upon deconvolution, three
pseudo-voids were chosen to describe the emissions; i.e.,

463.62 nm (blue), 530.58 nm (yellow), and 598.98 nm
(orange) labeled as a, b, and c, respectively.

Pure ZnS has a greater contribution from the blue region;
however, with the addition of europium and its increase, the
contributions from the blue region decrease while the contri-
bution from the orange region increases. The europium, be-
sides its well defined bands, has modified the wide band of the
matrix in the region between the orange and the red emissions,
which indicates deep defects as a consequence of a different
charge density in the lattice due to the Eu addition.

To gain a better understanding of differences caused by the
introduction of europium in PL results and the variations

Fig. 8 DOS of a) p-ZnS and b)
d-ZnS models

2375, Page 6 of 9 J Mol Model (2014) 20:2375
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observed in the atomic orbitals, theoretical models of pure ZnS
(p-ZnS) and doped ZnS (d-ZnS) were made. The doped
models are not an exact replication of all modifications caused
by the dopant in the lattice. The symmetry was maintained in
both instances and the system d-ZnS has 3.125% of europium.

Simulation results of band structure (Fig. 7) indicate a
direct band gap at the Г point in both models. The band gap
values of p-ZnS and d-ZnS were 3.66 eVand 3.56 eV, respec-
tively. Although there are limitations in simulating the exper-
imental system, the theoretical and experimental results show
the same behavior, i.e., the band gap decreases from pure to
doped system.

Figure 8 shows the density of states (DOS) of p-ZnS and d-
ZnS models

The DOS is very useful to verify different transition levels
locations and band compositions. Comparing the total DOS
(see Fig. 8a and b), the addition of 3.125 % of Eu3+ in the
lattice generated a considerable modification of the profile.

An analysis of the projected DOS in both cases (p-ZnS and
d-ZnS) for Zn atoms, indicates that the valence band (VB)
consists mainly of 3d (3dx-y, 3dx-z, 3dy-z, 3dx

2
-y
2, and 3dz

2)
levels with a minor contribution of 3p (3px, 3py, and 3pz). The
ionic characteristic of the ZnS causes the oxidation state of Zn
to remain near to 2+. The conduction band (CB) of the Zn
(greatest contribution of the CB of the total DOS) comes
mainly from the “s” orbitals. The DOS of the S atoms show
that VB is composed mainly from 3px, 3py, and 3pz orbitals
while the CB is derived mainly from “d” levels. Quantum-
mechanical calculations for d-ZnS indicate that localized
states generated in the band gap reduce the gap energies.
These findings corroborate with the experimental evidence
of the incorporation of Eu3+ in the lattice. The characteristic
energy structure of the nanoparticles can explain why the
energy transfer from nanosized ZnS host to Eu3+ ions is so
efficient. This mixing transforms the forbidden transitions of

Eu3+ ions to allowed transitions, which results in broadening
of the transition peaks of Eu3+ activators in ZnS nanoparticles.
Another benefit of the mixing is an enhanced energy transfer
rate to the d-f electronic levels of Eu3+.

A correlation can be made between the involved orbitais
and PL results. According to the wide band model [47, 48]
there are three necessary steps: excitation, recombination, and
emission. The first step consists basically of the absorption of
energy, corresponding mainly to the transition from “S 3p”
orbitals states at the valence up to “Zn 4s” orbitals states inside
the forbidden band gap. After excitation, there are recombi-
nation processes that occur among the excited states closer to
the CB. Finally, there is emission due to the return of the
electron to the ground state.

To verify the polarization created by the introduction of
dopant in the system, Fig. 9 shows a charge density map of a
sulfur layer near to the position where the europium was
added:

As a reminder, the computational model considers the pure
system as a perfect crystal, with no defects. According to the
simulation, all Zn atoms have the same charge and all S atoms
have the opposite charge, and thus there is no polarization. For
this reason the sulfur layer (see Fig. 8a) has the same pattern.
However, the equality of the charge is modified when europi-
um is present in the structure. The introduction of the impurity
in the lattice changes the charges of Zn and S atoms as an
approximation for the europium atom. Figure 8b shows that
there is a visual modification in the sulfur layer in the europi-
um region only; i.e., this impurity generates a polarization in
the lattice which is responsible for modifications in the DOS.
This structure generates greater local imbalanced charges and
the formation of static electrons and holes in the lattice.
Noticeably, the polarizations around this new cluster coordi-
nation change the structural configurations around europium
atoms.

Fig. 9 Electron density maps of a) p-ZnS and b) d-ZnS models

J Mol Model (2014) 20:2375 Page 7 of 9, 2375
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New localized states generated by the addition of Eu3+ in
the forbidden band gap region increase the probability of
fewer energy transitions which causes a red shift in the PL
bands.

Conclusions

In summary, the MAH method has shown itself very efficient
and facile to the synthesis of ZnS and ZnS:Eu. Structural
analyses were conducted through XRD and FE-SEM. To
complement experimental results, a quantum-chemical
modeling was made based on the DFT and periodic supercell
models in order to evaluate the symmetry of the system. The
chemical analysis (ICP-AES) indicated a Eu3+ saturation in
percentages up to 2.8 %.

In this work, experimental results showed that the addition
of Eu3+ in the cubic ZnS lattice causes disorder in the structure
and the modification of the optical properties.

To complement the studies of the change modifications by
the dopant, theoretical studies showed the addition of Eu3+ in
Zn position causes a symmetry breaking and a local polariza-
tion in the structure. The difference of the simulated band gap
between pure and doped models showed a great similarity
with experimental results. Besides that, by means of DOS it
was possible to verify the modification of the profile of the
electronic levels.

Therefore the red shift in the PL profile according to the
dopant amount can be attributed to new intermediate levels in
the band gap region, which are generated by structure defects
as distortions or vacancies as was confirmed by first-
principles calculations.

Acknowledgments The authors appreciate the support of the Brazilian
research financing institutions: CAPES, FAPESP (2012/14468-1,
2012/22823-6 2012/07967-1, 2013/07296-2, 2013/19289-0), and CNPq
(573636/2008-7).

References

1. Zhang C, Lin J (2012) Defect-related luminescent materials: synthe-
sis, emission properties and applications. Chem Soc Rev 41:7938–
7961

2. Liu Y, Tu D, Zhu H, Li R, Luo W, Chen X (2010) A Strategy to
achieve efficient dual-mode luminescence of Eu3+ in lanthanides
doped multifunctional NaGdF4 nanocrystals. Adv Mater 22:3266–
3271

3. Blasse G, Grabmaier BC (1994) Luminescence mater. Springer,
Berlin

4. Reisfeld RJ, Christian KJ (1977) Lasers and excited states of rare
earths. Ber Bunsen Phys Chemie 82:844–844

5. Zhang K, Yu Y, Sun S (2012) Influence of Eu doping on the
microstructure and photoluminescence of CdS nanocrystals. Appl
Surf Sci 258:7658–7663

6. Sadhu S, Chowdhury PS, Patra A (2007) Understanding the role of
particle size on photophysical properties of CdS:Eu3+ nanocrystals. J
Lumin 126:387–392

7. Wen X, Li M, Wang Y, Zhang J, Fu L, Hao R, Ma Y, Ai X (2008)
Colloidal nanoparticles of a europium complex with enhanced lumi-
nescent properties. Langmuir 24:6932–6936

8. Silva D, Abreu A, Davolos MR, Rosaly M (2011) Determination of
the local site occupancy of Eu3+ ions in ZnAl2O4 nanocrystalline
powders. Opt Mater 33:1226–1233

9. Ekambaram S (2005) Effect of host-structure on the charge of euro-
pium ion. J Alloy Compd 390:L1–L3

10. Sapra S, Prakash A, Ghangrekar A, Periasamy N, Sarma DD (2005)
Emission properties of manganese-doped ZnS nanocrystals. J Phys
Chem B 109:1663–1668

11. Biswas S, Kar S (2008) Fabrication of ZnS nanoparticles and nano-
rods with cubic and hexagonal crystal structures: a simple
solvothermal approach. Nanotechnology 19

12. Tran TK, Park W, Tong W, Kyi MM, Wagner BK, Summers CJ
(1997) Photoluminescence properties of ZnS epilayers. J Appl Phys
81:2803–2809

13. Ong HC, Chang RPH (2001) Optical constants of wurtzite ZnS thin
films determined by spectroscopic ellipsometry. App Phys Lett 79:
3612–3614

14. PengWQ, Qu SC, Cong GW, Wang ZG (2005) Concentration effect
ofMn2+ on the photoluminescence of ZnS :Mn nanocrystals. J Cryst
Growth 279:454–460

15. Lee SY, Shin YH, Kim Y, Kim S, Ju S (2011) Thermal quenching
behavior of emission bands in Eu-doped ZnS nanowires. J
Luminescence 131:1336–1339

16. Wang L, Xu X, Yuan X (2010) Preparation and photoluminescent
properties of doped nanoparticles of ZnS by solid-state reaction. J
Luminescence 130:137–140

17. Ashwini K, Pandurangappa C, Nagabhushana BM (2012) Synthesis
and optical properties of undoped and Eu-doped ZnS nanoparticles.
Phys Scripta 85:065706

18. Amaranatha Reddy D, Murali G, Poornaprakash B, Vijayalakshmi
RP, Reddy BK (2012) Effect of annea ling temperature on optical and
magnetic properties of Cr doped ZnS nanoparticles. Solid State
Commun 152:596–602

19. Planelles-Arago J, Julian-Lopez B, Cordoncillo E, Escribano
P, Pelle F, Viana B, Sanchez C (2008) Lanthanide doped ZnS
quantum dots dispersed in silica glasses: an easy one pot sol–
gel synthesis for obtaining novel photonic materials. J Mater
Chem 18:5193–5199

20. Thostenson ET, Chou TW (1999) Microwave processing: fundamen-
tals and applications. Compos Part A Appl S 30:1055–1071

21. Komarneni S, Roy R, Li QH (1992) Microwave-hydrothermal syn-
thesis of ceramic powders. Mater Res Bull 27:1393–1405

22. Cavalcante LS, Longo VM, Sczancoski JC, Almeida MAP, Batista
AA, Varela JA, Orlandi MO, Longo E, Li MS (2012) Electronic
structure, growth mechanism and photoluminescence of CaWO4

crystals. Cryst Eng Comm 14:853–868
23. Raubach CW, de Santana YVB, Ferrer MM, Longo VM, Varela JA,

Avansi W Jr, Buzolin PGC, Sambrano JR, Longo E (2012) Strutural
and optical approach of CdS@ZnS core–shell system. Chem Phys
Lett 536:96–99

24. de Santana YVB, Raubach CW, Ferrer MM, La Porta F, Sambrano
JR, Longo VM, Leite ER, Longo E (2011) Experimental and theo-
retical studies on the enhanced photoluminescence activity of zinc
sulfide with a capping agent. J Appl Phys 110:123507–123507

25. Ferrer MM, de Santana YVB, Raubach CW, Sambrano JR, Longo E
(2013) Experimental and theoretical studies of photoluminescence in
ZnS obtained by microwave-assisted solvothermal method. Curr
Phys Chem 3:413–418

26. La Porta FA, Ferrer MM, de Santana YVB, Raubach CW, Longo
VM, Sambrano JR, Longo E, Andrés J, Li MS, Varela JA (2013)

2375, Page 8 of 9 J Mol Model (2014) 20:2375

13



Synthesis of wurtzite ZnS nanoparticles using the microwave assisted
solvothermal method. J Alloy Compd 556:153–159

27. Becke AD (1993) Density-functional thermochemistry.3. the role of
exact exchange. J Chem Phys 98:5648–5652

28. Lee C, Yang W, Parr RG (1988) Development of the colle-salvetti
correlation-energy formula into a functional of the electron density.
Phys Rev B 37:785–789

29. Dovesi RS, Saunders VR, Roetti C, Orlando R, Zicovich-Wilson
CM, Pascale F, Civalleri B, Doll K, Harrison NM, Bush IJ, D’Arco
P, Llunell M (2009) Crystal09 user’s manual. University of Torino,
Torino

30. Marana NL, Longo VM, Longo E, Martins JBL, Sambrano JR
(2008) Electronic and structural properties of the (10(1)over-bar0)
and (11(2)over-bar0) ZnO surfaces. J Phys Chem A 112:8958–8963

31. Moreira ML, Buzolin PGC, Longo VM, Nicoleti NH, Sambrano JR,
Li MS, Varela JA, longo e joint experimental and theoretical analysis
of order disorder effects in cubic BaZrO(3) assembled nanoparticles
under decaoctahedral shape. J. Phys. Chem. A 115:4482–4490

32. Sambrano JR, Longo VM, Longo E, Taft CA (2007) Electronic and
structural properties of the (001) SrZrO3 surface. J Mol Struct
(THEOCHEM) 813:49–56

33. Sambrano JR, Nóbrega GF, Taft CA, Andrés J, Beltrán A (2005) A
theoretical analysis of the TiO2/Sn doped (1 1 0) surface properties.
Surf Sci 580:71–79

34. Jaffe JE, Hess AC (1993) Hartree-fock study of phase changes in
ZnO at high pressure. Phys Rev B 48:7903–7909

35. Lichanot A, Aprà E, Dovesi R (1993) Quantum Mechnical Hartree-
Fock Study of the Elastic Properties of Li2S and Na2S. Phys Status
Solidi B 177:157–163

36. Hay PJ, Wadt WR (1985) Ab initio effective core potentials for
molecular calculations potentials for the transition metal atoms Sc
to Hg. J Chem Phys 82:270–283

37. Durand P, Barthelat JC (1975) A theoretical method to determine
atomic pseudopotentials for electronic structure calculations of mol-
ecules and solids. Theoret Chim Acta 38:283–302

38. Eick HA, Baenziger NC, Eyring L (1956) The preparation, crystal
structure and some properties of SmN, EuN and YbN1. J Am Chem
Soc 78:5987–5989

39. Eick HA, Baenziger NC, Eyring L (1956) Lower oxides of samarium
and europium. the preparation and crystal structure of SmO0.4–0.6,
SmO and EuO1. J Am Chem Soc 78:5147–5149

40. Yeh CY, Lu ZW, Froyen S, Zunger A (1992) Zinc-blende-wurtzite
polytypism in semiconductors. Phys Rev B 46:10086–10097

41. Klug HP, Alexander LA (1962) X-ray diffraction procedures. Wiley,
New York

42. Wood DL, Tauc J (1972) Weak absorption tails in amorphous semi-
conductors, Phys. Rev. B 5:3144-&

43. Cavalcante LS, Sczancoski JC, Li MS, Longo E, Varela JA (2012) β-
ZnMoO4 microcrystals synthesized by the surfactant-assisted hydro-
thermal method: growth process and photoluminescence properties.
Coll Surf A: Phys Eng Asp 396:346–351

44. Cavalcante LS, Almeida MAP, Avansi W, Tranquilin RL, Longo E,
Batista NC, Mastelaro VR, Li MS (2012) Cluster coordination and
photoluminescence properties of α-Ag2WO4 microcrystals. Inorg
Chem 51:10675–10687

45. Moreira ML, LongoVM, AvansiW, Ferrer MM, Andrés J,Mastelaro
VR, Varela JA, Longo E (2012) Quantum mechanics insight into the
microwave nucleation of SrTiO3 nanospheres. J Phys Chem C 116:
24792–24808

46. Willardson RK, Goering HL (1962) Compound semiconductors.
Reinhold, New York

47. Longo VM, Cavalcante LS, de Figueiredo AT, Santos LPS, Longo E,
Varela JA, Sambrano JR, Paskocimas CA, DeVicente FS, Hernandes
AC (2007) Highly intense violet-blue light emission at room temper-
ature in structurally disordered SrZrO(3) powders. Appl Phys Lett 90

48. MoreiraML, Paris EC, do Nascimento GS, LongoVM, Sambrano JR,
Mastelaro VR, Bernardi MIB, Andres J, Varela JA, Longo E (2009)
Structural and optical properties of CaTiO(3) perovskite-based mate-
rials obtained by microwave-assisted hydrothermal synthesis: an ex-
perimental and theoretical insight. Acta Mater 57:5174–5185

J Mol Model (2014) 20:2375 Page 9 of 9, 2375

14



  
   

 

2.2 – Structural and electronic analysis of the atomic scale 
nucleation of Ag on α-Ag2WO4 induced by electron irradiation 

15



Structural and electronic analysis of the
atomic scale nucleation of Ag on
a-Ag2WO4 induced by electron
irradiation
Juan Andrés1, Lourdes Gracia1,2, Patricio Gonzalez-Navarrete1,2, Valeria M. Longo3, Waldir Avansi, Jr.4,

Diogo P. Volanti5, Mateus M. Ferrer4, Pablo S. Lemos4, Felipe A. La Porta2, Antonio C. Hernandes3

& Elson Longo2

1Departament de Quı́mica Fı́sica i Analı́tica, UJI2Universitat Jaume I, Av. de Vicent Sos Baynat, s/n, Castelló de la Plana 12071,
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In this work, we utilise a combination of theory, computation and experiments to understand the early
events related to the nucleation of Ag filaments on a-Ag2WO4 crystals, which is driven by an accelerated
electron beam from an electron microscope under high vacuum. The growth process and the chemical
composition and elemental distribution in these filaments were analysed in depth at the nanoscale level
using TEM, HAADF, EDS and XPS; the structural and electronic aspects were systematically studied in
using first-principles electronic structure theory within QTAIM framework. The Ag nucleation and
formation on a-Ag2WO4 is a result of the order/disorder effects generated in the crystal by the
electron-beam irradiation. Both experimental and theoretical results show that this behavior is associated
with structural and electronic changes of the [AgO2] and [AgO4] clusters and, to a minor extent, to the
[WO6] cluster; these clusters collectively represent the constituent building blocks of a-Ag2WO4.

T
ungstates of transition metals are ternary oxide semiconductors that contain a combination of covalent,
ionic and metallic bonding. They have attracted considerable attention due to their unique symmetry-
dependent and spontaneous polarization properties, which are technologically important in numerous

applications, such as ferroelasticity, ionic conductivity and photoluminescence1–4. They show, in the range of a
few nanometers, a surprising tendency to evolve into ordered structures of highly sophisticated architectures.
Understanding the structural and electronic properties of the materials in these systems is critical to determining
their physical/chemical properties and performance.

Ag2WO4 is a member of the tungstate family that crystallizes in an orthorhombic structure (a-Ag2WO4) with a
space group of Pn2n. a-Ag2WO4 has been the focus of investigations by our group; we have synthesised this
material using different methods (coprecipitation, sonochemistry and hydrothermal synthesis) and have studied
its photoluminescence (PL) properties5. More recently, the formation of Ag filaments on a-Ag2WO4 crystal, via
irradiation of electrons by an accelerated electron beam from an electron microscope under high vacuum, was
reported6, and the corresponding potential applications7 were investigated. Our current investigation is motivated
by our incomplete understanding of the underlying fundamental phenomena and mechanisms driving the
nucleation and growth of Ag filaments.

While the concept of a crystalline solid as a perfect, periodic structure is at the core of our understanding of a
wide range of material properties, in reality, disorder is ubiquitous and is capable of drastically influencing various
properties8. a-Ag2WO4 is expected to exhibit interesting forms of structural and electronic disorder that play a
central role in driving function. a-Ag2WO4 represents a class of inorganic compounds that exhibit unmatched
structural versatility and unique intrinsic properties due to the fundamental characteristics of the interactions
between its octahedral WO6 and [AgOx] (x 5 2, 4, 6, and 7) clusters, which are its basic building blocks. These
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clusters are excellent candidates to study to explore the nature of the
chemical bond and the influence of the so-called finite-size effects on
the physical and electronic structures of such compounds.

Our emphasis is on highlighting how the structural and electronic
disorder lead to interesting and unusual physical/chemical prop-
erties in this long-established class of materials. First, because this
structure exhibits different types of coordination [AgOx] and because
its synergistic coordination mode facilitates the formation of several
types of clusters with low and high coordination numbers, the nature
of the [WO6] and [AgOx] clusters and the interactions between them
are inherently predisposed to the formation of flexible materials with
open structures. Second, the O-Ag-O and O-W-O bonds in the
clusters, which have a weak interaction between the basic units,
may also be chemically modified using electron irradiation, as will
be shown. Consequently, the stability of the lattice is dependent on
the local bonding, and the enthalpic difference between the crystal-
line and amorphous forms may be very small because the local bond-
ing arrangements are similar in both. This behavior is well
established in the study of conventional glass-forming materials,
and the network topology and connectivity play a critical role in
stabilizing disordered states5. Thus, not only might these systems
be somewhat predisposed to disorder, but this disorder might readily
be tuned by exploiting the versatile structural chemistry of this broad
family.

The goal of this work is to understand the basis of the early-nuc-
leation and -growth of Ag filaments after the irradiation process. To
investigate the in situ growth of Ag filaments in the a-AgWO4 crys-
tal, information on the structural and electronic evolution, as defined
by the changes in the electron density, was obtained by density func-
tional theory (DFT) calculations using the quantum theory of atoms
in molecules (QTAIM). Experimental techniques such as transmis-
sion electron microscopy (TEM) with a high-angle annular dark field
(HAADF), energy-dispersive X-ray spectroscopy (EDS), and X-ray
photoelectron spectroscopy (XPS) were also employed. The results
provide a valuable probe into the relationship between atomic-scale
structural and electronic perturbations and their macroscopic
consequences.

We focus primarily on the structural and electronic properties to
answer three central questions: (i) What happens with the excess
electron density, simulating the electron beam of TEM, as it
approaches the surface and bulk of a–Ag2WO4? (ii) How are the
electrons distributed in this material, and how does this distribution
relate to the structural and electronic evolution? (iii) Can QTAIM
properties provide insight into the strength of the bonds after elec-
tron irradiation of a–Ag2WO4? We studied the geometric and elec-
tronic structure of a-Ag2WO4 and derived a mechanism for the early
events in the formation and growth of Ag filaments in the scenario of
electron irradiation of [AgOx] (x 5 2, 4, 6, and 7) and [WO6] clusters,
which are the constituent polyhedra of a-Ag2WO4. We shall discuss
how the analysis, provided by both the experimental and theoretical
results, of the physical and electronic structure of a-Ag2WO4 allows
us to explain the Ag-nucleation process. The discussion will address
the details of image acquisition and analysis and will provide a guide
to interpret the experimental results. All technical details are pro-
vided in the Supplementary Information (SI).

Results
A graphical representation of a-Ag2WO4 using polyhedra is pre-
sented in Fig. S1 (SI) to show [WO6] and [AgOx] (x 5 2, 4, 6 and
7) as the building blocks of this material. The crystallographic struc-
tural characteristics of the as-prepared products investigated by XRD
analysis are also presented in the Supplementary Information (Fig.
S2). All of the diffraction peaks of the samples reflect an orthorhom-
bic structure without any deleterious phases and with a space group
of Pn2n and a point-group symmetry of C2v

9,10; these results are in
agreement with the standard values listed in the Inorganic Crystal

Structure Database (ICSD) no. 416510 and with those reported in the
literature5,11. Optimised lattice parameters and atomic positions are
listed in Table S1 (SI).

The first step is the growth of metallic Ag on the a-Ag2WO4

crystal; this part of the process is accompanied by in situ TEM. A
detailed characterisation of the chemical reactions and physical
interactions involving nanomaterials requires simultaneous mea-
surement of atomic structure and chemical composition at the
nanoscale level. However, the ability to observe the formation and
growth of a crystal in real time is reshaping our understanding of
these molecular processes, revealing subtleties previously hidden in
ensemble averages. In situ TEM is an elegant method for uncovering
the dynamic processes in the growth of nanocrystals12. These recent
technological advancements in conjunction with high-resolution
imaging provide a new opportunity to view nanoscale processes
and nanocrystal growth by aggregation and coalescence has been
directly observed in real time by in situ TEM studies12–21. The injec-
tion of electrons can also be used to modify the properties of different
materials16,22–25; for example, the localised electron probes used in
TEM can be used to foster electron-induced processes on a nano-
metre or subnanometre scale26–32.

TEM provides a foundation for such atomic resolution studies and
is an appropriate tool for monitoring nanoparticle growth in real
time12,18,33–36. This in situ imaging allows the study of materials pro-
cesses and biological, multistage reactions12,14,37–40. However, the
studies to date have typically been performed on samples in solution,
and the environment around nanoparticles is known to change their
physical and chemical properties. The formation and growth condi-
tions of nanoparticles in solution differ markedly from those of
nanoparticles in a high-vacuum environment because the surface
of nanoparticles adapts to its environment. This difference has
been demonstrated using in situ spectroscopy and microscopy
techniques12,39,41–53.

In a recent study6, we observed the growth of Ag on the a-Ag2WO4

structure. In the early steps of the process, the structure ofa-Ag2WO4

was clean and smooth (Fig. 1a); a broader view of the same sample is
shown in Fig. 1b. With a longer exposure (on the order of a fraction of
a second) of electron irradiation, the nucleation process of several Ag
nanoparticles occurred throughout the bulk structure (Fig. 1c). A
greater density of Ag was observed at the end of the matrix structure,
which resulted in the nucleation and growth of a thicker filament
(Fig. 1d) that grew further, as shown in Figs. 1e and 1f.

A detailed EDS analysis was performed to elucidate the composi-
tion of the nanostructures. Fig. 2a presents a HAADF image of a
single nanostructure on which elemental EDS analysis was per-
formed. This structure contains nanofilaments whose growth was
stimulated by the electron-beam irradiation on the a-Ag2WO4 sur-
face6. The EDS analyses performed on regions 1 to 4 confirmed that
the filaments were mainly composed of Ag (Fig. 2b). However, in the
nanostructure, mainly Ag, W, and O and mainly W and O were
clearly identified in regions 3 and 4, respectively. A small amount
of Cu atoms was also observed, which is related to the grid.

XPS measurements were performed on the irradiated and non-
irradiated a-Ag2WO4 materials to compare the purity of the surface
and the degree of oxidation, to gain insight into the shape evolution,
and to unravel the formation mechanism of the samples. The wide-
range spectrum is shown in Fig. 3. The results show the presence of a
large amount of carbon, and the peaks of Ag, W, and O are clearly
visible, indicating that the samples were highly pure. The core-level
binding energies (BEs) of O 1 s, Ag 3 d, and W 4f, which have been
corrected for the surface charging effect, were determined from the
respective XPS spectra and are presented in Table S2 (SI). These
results are consistent with the BE values reported in the literature54,55.

High-resolution C 1 s, O 1 s, Ag 3 d, and W 4f XPS spectra of the
as-synthesised and irradiated samples are included for comparison
purposes (see Figs. S3 (a–d) (SI) and Table S3 (SI)). An analysis of the
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XPS results shows a strong effect on both the Ag and W atoms. The
irradiated sample has a larger amount of W(V), which indicates
greater disorder of the structure, in accordance with previous
HRTEM results. The Ag 3d5/2 peak is identified at 368.10 and
367.80 eV in the spectra of the as-synthesised and irradiated sam-
ples, respectively, which suggests the presence of metallic Ag56,57. To
confirm the presence of metallic Ag from the XPS data, the asym-
metric peaks observed in the Ag 3d5/2 core-level region and the Auger
M4N45N45 peaks of a-Ag2WO4 and of irradiated a-Ag2WO4 were
analysed (see Fig. S4 (SI)).

Our findings confirm the presence of metallic Ag, and the corres-
ponding results agree with the results reported in the Handbook of
Monochromatic XPS Spectra58. a The XPS spectra are also very sim-
ilar to the spectrum of Ag M4N45N45 of a-Ag2WO4 published by Ho
et al55. These results represent a valuable contribution to the XPS
analysis of the in situ atomic-scale nucleation of Ag filaments on a-
Ag2WO4.

Because the formation of metallic Ag after the electron irradiation
of a-Ag2WO4 is a quantum phenomenon, we performed quantum
mechanical calculations to understand the structural and electronic
modifications of a-Ag2WO4 that were observed experimentally. In
the calculations, electrons were introduced one by one up to ten in
the orthorhombic unit cell of a-Ag2WO4, and a redistribution of
these extra electrons takes place by means of a simultaneously

Figure 1 | TEM images of the formation of Ag filaments from the a-
Ag2WO4 bulk. (a) and (b) TEM images obtained at different
magnifications indicate a smooth and clear surface. (c)–(f) Thick Ag
filaments grow at the edge of the sample, whereas other Ag nanoparticles
are absorbed by the matrix. (Scale bar 5 500 nm in a, 200 nm in b and,
100 nm in (c–f).

Figure 2 | (a) HAADF image of an isolated nanostructure. (b) EDS
performed in different regions, which are illustrated in Fig. 2a.
(Scale bar 5 50 nm in a).

Figure 3 | XPS survey spectrum of the irradiated in (a), and non-
irradiated a-Ag2WO4 material in (b).
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geometry optimization on both the lattice parameters and the atomic
positions. The change of lattice constants (a, b, and c) as a function of
the number of added electrons are presented in Fig. S5 (SI). In Fig. 4a,
the values of the bond distances of Ag-O and W-O in [AgO2],
[AgO4], and [WO6] clusters are shown as a function of electrons
added. An analysis and a comparison of the geometries for a neutral
(N 5 0) and charged (N 5 10) structures show a pronounced
increase in the corresponding Ag-O distances with the addition of
electrons. In the [AgO2] cluster, the Ag-O distance increases from
2.15 to 2.75 Å (in blue). In the [AgO4] cluster, two different distances
are observed: one pair (in red) exhibits behaviour similar to that of
the bonds in the [AgO2] cluster and has an O-Ag-O angle of approxi-
mately 170u; the other pair (in garnet) has an O-Ag-O angle of
approximately 108u and a longer Ag-O distance, which indicates that
the atoms detach as the electrons are added. In fact, when N 5 10, the
first pair of O atoms forms an O-Ag-O angle of approximately 178u,
whereas the angle of the second pair is reduced to approximately 90u,
as shown in Fig. 4b. In the two types of [WO6] clusters, we find that
the W-O distances corresponding to the W2 and W3 atoms remain
almost unaltered, whereas the distance of the W-O bond correspond-
ing to W1 decreases smoothly with the addition of electrons. These
results show that during electron irradiation, electronic and struc-
tural disorder was introduced into the materiaļ thus illustrating the
fundamental role of cluster concepts in the formation and growth of
Ag filaments.

QTAIM, which was developed by Bader and collaborators59–61,
allows the analysis of the experimental and theoretical electron den-
sity distributions, r(r), in a molecule or solid as well as the study of
the properties of r(r); these analyses reveal the bonding interactions
in a molecular or crystal system and the nature of these interactions.
The electronic charge of each atom is evaluated using Bader charge
analysis within the QTAIM framework, which is a way of dividing
molecules or solids into atoms on the basis of electronic charge
density. Finding zero flux surfaces between two atoms allows the
charge of each atom to be calculated. In Fig. 5, the charge density
of the Ag and W centres of the [AgO2], [AgO4], and [WO6] clusters is
depicted as a function of the number of electrons added. Atomic
charges were calculated using integrations of the charge density

within the atomic basins, V, and subtracting the nuclear charge, Z,
of the corresponding atom.

q Vð Þ~ZV{N Vð Þ with N Vð Þ~
ð

V
r Vð Þdr ð1Þ

The average bond distances of Ag-Ag as a function of the number of
electrons added are presented in Fig. 5a, and electron density con-
tours on the (100) plane for the neutral (N 5 0) structure and
charged (N 5 10) structures are depicted in Fig. 5b. Isodensity lines
less than 0.02 a.u. are coloured white to highlight the differences
between them. An analysis of the results presented in Fig. 5b reveals
that the electron density distribution is enhanced between Ag4 and
Ag5 at the same time that the Ag4–Ag5 contact distance is shortened
when the number of added electrons is increased from N 5 0 to N 5
10. In addition, there is an electronic charge density enlargement in
the vicinity of Ag6 atoms on going from N 5 0 to N 5 10.

An analysis of the results presented in Fig. 5c reveals that the Ag6
atoms of the [AgO2] clusters are the atoms most prone to reduction.
At N 5 7, the Ag6 atoms are practically reduced, whereas the Ag4/
Ag5 centres require at least 10 electrons to reach the same state. This
behaviour implies the existence of two different paths to obtaining
metallic Ag, which are associated with the [AgO2] and [AgO4] clus-
ters. In the case of W atoms that form [WO6] clusters, W1 atoms
behave differently than W2 and W3 atoms, and a minor decrease in
electron density relative to that of Ag centres is observed (a decrease
of 0.2 units at N 5 10). Therefore, the extra electron density added to
the material is transferred from one cluster to another through the
lattice network, and the Ag-formation process involves both adjacent
[AgO2] and [AgO4] clusters and, to a minor extent, [WO6] clusters.
During electron irradiation, electronic and structural disorder is
introduced into the material, indicating the fundamental role that
cluster concepts play in the formation and growth of Ag filaments.

The results of the calculations of the Laplacian, =2rbcp, and the
charge density, rbcp, at the (3,21) bond critical points (BCP) in Ag-O
bonds in the [AgO2] and [AgO4] clusters are shown in Table 1. The
effect of adding electrons to the material produces striking differ-
ences in the values of the Laplacian and the charge density at the
(3,21) BCP. Notably, the Laplacian and charge density values of the

Figure 4 | (a) Values of Ag-O and W-O bond distances in the [AgO2], [AgO4], and [WO6] clusters as a function of the number of electrons added.
(b) Geometry of neutral (N 5 0) and charged (N 5 10) structures.
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Ag-O bonds decrease considerably as electrons are added, which
indicates that these bonds become weaker in favour of the formation
of metallic Ag from both the [AgO2] and [AgO4] clusters.

Finally, we have calculated the total and projected density of states
(DOS) on atoms and orbitals in order to complement the Bader
charge analysis. For neutral Ag2WO4 (N 5 0), there is essentially
no visible difference in orbital character between PBE and PBE 1 U,
however up to U 5 6, the band gap values are maintained nearly
constant to 2.0 eV which conveys the most satisfactory picture for
both the occupied and unoccupied states. The DOS plots depicted in
Fig. S6 (SI) are focused on the upper part of the valence band (VB)
and the lower part of the conduction band (CB) for different Ag
atoms as the number of electrons is added, for N 5 0, 2, 4 and 8.
For the DOS evaluation, from a total of 16 Ag atoms in the unit cell,
three different types of Ag atoms have been classified according to
previous results of the electron density distribution: ‘‘Ag1/2/3’’ (10
atoms), ‘‘Ag4/5’’ (4 atoms) and ‘‘Ag6’’ (2 atoms). An analysis of the
plots shows a 50% of reduction of the band gap energy for N 5 2, with
a high contribution of s orbitals in the lower part of CB from Ag4/5
and Ag6. When the number of electrons is increased to 3 and up to 8
the system becomes a conductor. For N 5 4 and N 5 8 the DOS
images have been also depicted in Fig. S6, highlighting the same
contribution around 0.0 eV for N 5 4 and in the energy range
21.5–1.0 eV for N 5 8. It is worth noting that the Fermi level is

placed at energy of 0 eV. Therefore, a shift of the s band (and the d
band as a minor contribution) of Ag4/5 and Ag6 atoms is possibly
induced by the interaction of the sample with the electron beam, and

Figure 5 | (a) Average Ag-Ag distances as a function of the number of electrons added. (b) Electron density contours on the (100) plane for a neutral
(N 5 0) structure and a charged (N 5 10) structure. Isodensity lines less than 0.02 a.u. are coloured white. (c) Charge density of the Ag and W
centres in [AgO2], [AgO4], and [WO6] clusters as a function of the number of electrons added. q(V) represents the number of valence electrons minus the
calculated charge density. (d) Structure of metallic Ag.

Table 1 | Laplacian and charge density at the (3,21) BCPs in Ag-O

bonds for [AgO2] and [AgO4] clusters as a function of the number

of electrons added, N

BCP [AgO2] BCP [AgO4]

Ag-O Ag-O1 Ag-O2

N rbcp =2rbcp rbcp =2rbcp rbcp =2rbcp

0 0.49 6.80 0.26 3.29 0.42 4.91
1 0.42 4.56 0.23 2.93 0.39 4.35
2 0.34 3.88 0.21 2.67 0.35 3.86
3 0.26 3.10 0.20 2.56 0.28 3.10
4 0.20 2.26 0.19 2.35 0.22 2.56
5 0.17 1.84 0.16 1.96 0.19 2.17
6 0.17 1.76 0.15 1.83 0.19 2.08
7 0.16 1.71 0.13 1.65 0.19 2.12
8 0.14 1.55 0.12 1.39 0.17 1.80
9 0.14 1.47 0.10 1.23 0.17 1.76
10 0.13 1.40 0.10 1.14 0.16 1.51
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predicted by XPS analysis. Consequently, a structural rearrangement
is caused related to the shortening of the distance Ag4–Ag5 and the
Ag-Ag metallic bond formation when the number of added electrons
is increased in accordance with the dynamics results measured in situ
using TEM.

Discussion
Understanding the in situ atomic-scale nucleation induced by the
electron irradiation of Ag filaments on a-Ag2WO4 can be achieved
through a combination of experimental and theoretical analyses. We
used experimental techniques (TEM, EDS, and XPS) and first-prin-
ciple calculations based on the QTAIM framework to study the geo-
metric and electronic structure of a-Ag2WO4. We then derived a
mechanism on the basis of the electron irradiation of [AgOx] (x 5
2, 4, 6, and 7) and [WO6] clusters, which are the constituent poly-
hedra of a-Ag2WO4. The mechanism is relevant to the nucleation
and growth of Ag filaments that occurs when a-Ag2WO4 is irradiated
using an accelerated electron beam from an electron microscope
under high vacuum. Our model allows us to better understand the
atomic events in this process, and we are currently pursuing this
relevant area of investigation. The results of the present work provide
an atomic-scale picture of the formation of metallic Ag as well as an
initial glimpse into how [WO6] and [AgOx] clusters behave in this
material when it is irradiated with electrons from an external source.
The strategy reported here for retrospective mapping of the growth
of metallic Ag has the potential to yield valuable insights into the
mechanistic aspects of the clusters, particularly when the experi-
mental results are considered in conjunction with first-principles
calculations.

Our main conclusions are as follows: During the electron irra-
diation process, electronic and structural disorder is introduced into
the materiaļ showing the fundamental role of clusters in the nuc-
leation and growth of Ag filaments. Extra electrons added to the
material are transferred from one cluster to another through the
lattice network, and Ag formation occurs via the reduction of both
[AgO2] and [AgO4] clusters that are adjacent and, to a lesser extent,
through the reduction of the [WO6] cluster. These findings provide a
valuable probe into the relationship between atomic-scale structural
and electronic perturbations and their macroscopic consequences.
The broader significance of this work lies in the direct and visually
impressive demonstration of the conversion of electron irradiation
into structural and electronic order/disorder effects to cause the
formation of Ag on a-Ag2WO4. Therefore, the Ag nucleation
mechanisms observed here can provide deep insight into the physical
and electronic structure of other silver-metal-oxide-based materials
under electron irradiation conditions. The present work leads to a
unified understanding of the complex behaviour of these materials
and opens a new direction for the rational design of materials with
exciting properties.

Methods
Experimental details. The a-Ag2WO4 samples were synthesised at 90uC in 1 min by
the injection of precursor ions into hot aqueous solutions according to the method
reported in our previous work6. TEM analysis was performed on a CM200-Philips
and JEOL JEM 2100F TEM/STEM microscope operated at 200 kV. Specimens for
TEM images were obtained by drying droplets of as-prepared samples from an
acetone dispersion that had been sonicated for 10 min and deposited on 300-mesh Cu
grids. The chemical analyses of the samples were performed by EDS using a Thermo-
Noran EDS attached to the JEM 2100F and equipped with a Si detector.

XPS spectra were collected using a commercial spectrometer (UNI-SPECS-UHV).
To analyse the near-surface composition and the chemical environment in the a-
Ag2WO4 nanocrystals, the measurements were performed in a small area of each
sample using the Mg Ka line (hn 5 1253.6 eV); the analyser pass energy was set to
10 eV. In particular, the inelastic background of the C 1 s, O 1 s, W 4f, and Ag 3 d
electron core-level spectra and the Auger Ag MNN peak were subtracted using
Shirley’s method62; the BEs were corrected using the hydrocarbon component of
adventitious carbon fixed at 285.0 eV.

The X-ray diffraction measurements were performed on a D/Max-2500PC dif-
fractometer (Rigaku, Japan) using Cu Ka radiation (l 5 1.5406 Å) in the 2h range

from 10u to 70u in the normal routine with a scanning velocity of 2u/min and a step of
0.02u.

Calculation details. First-principles total-energy calculations were performed within
the periodic DFT framework using the VASP program63,64. The Kohn-Sham
equations were solved by means of the Perdew, Burke, and Ernzerhof exchange-
correlation functional64, and the electron-ion interaction was described by the
projector-augmented-wave pseudopotentials65,66. Because of the well-known
limitations of standard DFT in describing the electronic structure of ‘‘strongly-
correlated’’ compounds, a correction to the PBE wavefunctions was made (PBE 1 U)
by including a repulsive on-site Coulomb interaction, U, according to the formula of
Dudarev et al67. PBE 1 U scheme contains the same PBE approximate correlation, but
takes into account orbital dependence (applied to the d states of silver) of the
Coulomb and exchange interactions. The value of the Hubbard parameter was tested,
and a value of U 5 6 eV for the Ag element was used. The plane-wave expansion was
truncated at a cut-off energy of 400 eV, and the Brillouin zones were sampled through
Monkhorst-Pack special k-points grids (6 3 6 3 6) that ensure geometrical and
energetic convergence for the Ag2WO4 structures considered in this work. The
keyword NELECT was used to increase the number of electrons in the bulk structure,
and all the crystal structures were optimised simultaneously on both the volume of the
unit-cell and the atomic positions. Further information, as well as details of the ab
initio quantum chemical calculations, is given in the Supplementary Information.
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ABSTRACT: A combined experimental and theoretical study
was conducted on the structure and electronic properties of α-
Ag2WO4 to clarify the nucleation and growth processes of Ag
filaments on α-Ag2WO4 crystals induced by electron beam
irradiation under electron microscopy. X-ray diffraction with
Rietveld analysis, micro-Raman and Fourier-transform infrared
spectroscopy were used to analyze the structural order/
disorder of α-Ag2WO4 crystals. These complementary
techniques indicated that the microwave-assisted hydrothermal
method employed in the synthesis of α-Ag2WO4 crystals leads
to the freezing of distorted [WO6] and [AgOy] (y = 2, 4, 6 and
7) clusters as the constituent polyhedra of α-Ag2WO4. On the
basis of the theoretical and experimental results, we provide a complete assignment of the structure of α-Ag2WO4 and describe
the relationship among the disorder, nucleation growth, rate of Ag formation, and photoluminescence behavior before and after
the irradiation of the accelerated electron beam. Density functional theory (DFT) studies indicated significant changes in the
order−disorder of the initial α-Ag2WO4electronic structure, with a decrease in the band gap value from 3.55 to 2.72 eV. The first
stages of the electron irradiation on α-Ag2WO4 crystal were investigated by DFT calculations, and we have derived a mechanism
to describe the formation and growth of Ag filaments during the electronic excitation of the [AgO2] cluster.

1. INTRODUCTION
Nanoparticle growth mechanisms have received much attention
in recent years; controlling the size and morphologies of
nanostructures is important for technological application. In
this context, in situ electron microscopy constitutes an elegant
technique that uncovers dynamic processes in the growth of
nanocrystals. Recent technological advancements, in conjunc-
tion with high-resolution imaging, provide a new opportunity
to view nanoscale processes. These advancements have been
made possible as a result of the expansion and diffusion of
transmission electron microscopy (TEM) heating holders for in
situ electron microscopy.1−5 Several studies have reported using
the TEM heating holder to monitor the crystal growth of
different nanomaterials, such as bismuth,6 germanium,7

indium−arsenide,8 and vanadium oxide,9 and in situ liquid

TEM has been employed to understand the growth process of
copper and lead sulfide nanostructures.10−12 The greatest
impact of this new method of investigating the stages of crystal
growth is the possibility to observe the step-by-step evolution
of the crystal at the nanoscale.13,14

The preparation and characterization of noble metal
nanoparticles is an interdisciplinary subject and has attracted
much attention due to the fundamental and applied scientific
value of nanometer-sized metals.15−20 Among these metals, Ag
nanoparticles possess unique properties with a wide range of
applications, from surface-enhanced Raman spectroscopy21,22
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to their use as an antibacterial agent.23−29 Over the past decade,
Ag nanocrystals of myriad shapes have been synthesized using
various methods.18,30−36 In this context, an emerging trend in
nanotechnology is the creation of new nanomaterials and the
exploration of their novel physical and chemical proper-
ties.37−39 Often, newly identified nanomaterials bring to light
previously undiscovered phenomena. One example, which
changed the direction of noble metal research, is the first real-
time, in situ nucleation and growth of Ag filaments on α-
Ag2WO4 crystals, driven by an accelerated electron beam from
an electronic microscope under high vacuum.40

In the present paper, a combined experimental and
theoretical study was conducted on the structural arrangement
that leads to the interesting growth process of Ag filaments on
the α-Ag2WO4 crystal surface induced by field-emission
scanning electron microscopy (FESEM) and complementary
transmission electron microscopy (TEM) with selected-area
diffraction (SAD) characterization; the photoluminescence
(PL) enhancement of the Ag filaments was also investigated.
X-ray diffraction (XRD) with Rietveld refinement, micro-
Raman (MR) spectroscopy and Fourier transform infrared
spectroscopy (FTIR) were used to analyze the structural order
and disorder conditions of the α-Ag2WO4 structure prior to the
Ag growth. The shape evolution and growth process of the α-
Ag2WO4 crystals synthesized using a microwave-assisted
hydrothermal (MAH) method at different temperatures was
analyzed. The first stages of the Ag formation on α-Ag2WO4
crystal provoked by electron irradiation were simulated by first-
principles calculations based on density functional theory
(DFT). The order−disorder structural conditions of the growth
evolution and photoluminescence (PL) enhancement were
inferred based on the theoretical results.

2. EXPERIMENTAL SECTION
2.1. Synthesis of α-Ag2WO4. The typical α-Ag2WO4 crystal

synthesis procedure was followed: 1 × 10−3 mol sodium tungstate
dihydrate (Na2WO4·2H2O, 99.5% purity, Sigma-Aldrich) and 2 × 10−3

mol silver nitrate (AgNO3, 99.8% purity, Sigma-Aldrich) were
separately dissolved in test tubes containing 50 mL deionized water.
Before the addition of the salts, 0.5 g sodium dodecyl sulfate (SDS)
(C12H25SO4Na, 99% purity, Sigma-Aldrich) was dissolved in both of
the tubes. The 100-mL combined suspension was transferred into a
fluorinated ethylene propylene (PTFE) autoclave without stirring. The
autoclave was then sealed and placed in a microwave-aided device for
hydrothermal synthesis.41 α-Ag2WO4 samples were prepared at
different temperatures (100, 120, 140, and 160 °C) for 1 h. The α-
Ag2WO4 crystals were obtained as light beige, fine powder. The
precipitates were collected and washed several times with acetone and
dried at room temperature for 6 h.
2.2. Characterizations. The samples were characterized by XRD

using a D/Max-2500PC diffractometer (Rigaku, Japan) with Cu Kα
radiation (λ = 1.5406 Å) in the 2θ 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, both with a step
of 0.02°. MR measurements were recorded using a LabRAM HR 800
mm model (Horiba, Jobin-Yvon, France). High-resolution Raman
spectra were recorded with a He−Ne laser at 632.81 nm (model CCD
DU420AOE325) operating at 25−1000 cm−1 and keeping its
maximum output power at 6 mW. A 50-μm lens was used to prevent
sample overheating. FTIR spectra were recorded from 250 to 1000
cm−1 using KBr pellets and a Bomem-Michelson spectrophotometer in
transmittance mode (model MB-102). UV−vis spectra were recorded
using a Varian spectrophotometer (model Cary 5G) in diffuse
reflectance mode. The shapes and sizes of the α-Ag2WO4 microcrystals
were observed with a field-emission scanning electron microscope
(model Inspect F50, FEI Company, Hillsboro, OR) operating at 10

kV. TEM analyses were performed with a CM200-Philips microscope
operating at 200 kV. The structural characterization of the samples was
estimated using SAD. Specimens for TEM images were obtained by
drying droplets of as-prepared samples from an acetone dispersion that
had been sonicated for 10 min and deposited on 300-mesh Cu grids.
PL measurements were performed with a Monospec 27 mono-
chromator (Thermal Jarrel Ash) coupled to an R446 photomultiplier
(Hamamatsu Photonics, Japan). A krypton-ion laser (Coherent Innova
90K; λ = 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.

2.3. Theoretical Calculation. Calculations for α-Ag2WO4 crystal
were performed with a CRYSTAL09 program package.42,43 Tungsten
was described by a large-core ECP, derived by Hay and Wadt, and
modified by Cora et al.44 Silver and oxygen centers were described
using HAYWSC-311d31G and O (6-31d1G) basis sets, respectively,
which were taken from the Crystal Web site.45 Becke’s three-parameter
hybrid nonlocal exchange functional,46 was used in combination with a
Lee−Yang−Parr gradient-corrected correlation functional (B3LYP).47

The diagonalization of the Fock matrix was performed at adequate k-
points grids in the reciprocal space. The thresholds controlling the
accuracy of the calculation of the Coulomb and exchange integrals
were set to 10−8 (ITOL1 to ITOL4) and 10−14 (ITOL5), and the
percent of Fock/Kohn−Sham matrices mixing was set to 40 (IPMIX =
40).42 The band structure and the density of states (DOS) projected
on atoms and orbitals of bulk α-Ag2WO4 were constructed along the
appropriate high-symmetry directions of the corresponding irreducible
Brillouin zone. To take into account the negative charged system, we
inserted two additional electrons in the Ag atom of the [AgO2]
clusters, and in order to simulate properly this electron excess an all-
electron basis set (9766-3114d1G),45 was used to describe this Ag
center.

3. RESULTS AND DISCUSSION
The XRD patterns (Figure 1) indicate that all prepared α-
Ag2WO4 crystals have an orthorhombic structure without any
deleterious phases and belong to the space group Pn2n, with a
C2v
10 symmetry.48 These crystals have sharp and well-defined

Figure 1. XRD patterns of α-Ag2WO4 microcrystals prepared at (a)
100, (b) 120, (c) 140, and (d) 160 °C for 1 h by the MAH method.
The vertical lines indicate the position and relative intensity of the data
from ICSD No. 4165 for the α-Ag2WO4 phase.
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diffraction peaks, which indicate a structural order and
crystallinity at long-range. However, it is difficult to confirm
the existence of Ag nanoparticles in these crystals based on
XRD measurements.49 Moreover, all diffraction peaks are in
close agreement with the inorganic crystal structure database
(ICSD) (No. 416525) and the literature.50 The Rietveld
analysis also corroborates these results (Figures S1 andS2 and
Tables S1−S5, Supporting Information).
The MR spectra of the α-Ag2WO4 crystals synthesized using

the MAH method, and the relative positions of the theoretical

and experimental Raman-active modes are depicted in Figure 2,
including labels for the A1g, A2g, B1g, and B2g modes. The active
Raman modes can exhibit a variable intensity because the
rotation of the x-, y- and z-axes of the α-Ag2WO4 crystals occurs
at different scattering of the tensors and components.51 As can
be observed in Figure 2a−d, the MR spectra revealed the
presence of 17 Raman-active vibrational modes. Four additional
Raman modes (two B1g, one A2g and one B2g) were not
detectable experimentally because of their low intensities.
Raman spectroscopy can be employed as a probe to investigate

Figure 2. Micro-Raman spectra of α-Ag2WO4 prepared at different temperatures (100, 120, 140, and 160 °C) for 1 h by the MAH method, and by
the coprecipitation method heat treated at 500 °C for 1 h (a) from 25 to 100 cm−1, (b) from 100 to 425 cm−1, (c) from 425 to 750 cm−1, and (d)
from 750 to 1,000 cm−1. The vertical lines indicate the relative positions of the Raman-active modes. (e, f) Comparison of the theoretical and
experimental Raman-active modes from 25 to 550 cm−1 and from 500 to 900 cm−1, respectively.
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the degree of structural order−disorder at short-range in the
materials.52,53 Therefore, 17 well-defined Raman-active vibra-
tional modes can be observed for typical α-Ag2WO4 crystals,
indicating a high degree of short-range structural order in the
lattice. However, this behavior was not observed in the α-
Ag2WO4 crystals synthesized by the MAH method, particularly
in the sample treated at 100 °C. It is notable that the MR
spectra of the synthesized crystals exhibited broad vibrational
modes, indicating structural disorder at short-range. In addition,
the disorder increased with the temperature treatment. This
characteristic can be related to the very rapid kinetics of the
MAH synthetic conditions. The MR spectrum of the sample
treated at 100 °C did not present well-defined Raman peaks
due to major short-range structural disorder.
Another interesting and important feature is the more

pronounced structural local order presented by the lattice in the
form of [WO6] clusters (see Figure 2d), as opposed to the
lattice modifier assigned to [AgOy] (y = 7, 6, 4 and 2) clusters
(Figure 2a−c). Specifically, the α-Ag2WO4 crystals prepared by
the MAH method presented more well-defined Raman-active
vibrational modes related to the symmetric stretching of (←
O←W→O→) bonds of the octahedral [WO6] clusters than for
the external vibrational modes of the distorted [AgOy] (y = 7, 6,
4 and 2) clusters. The theoretical Raman-active modes were
calculated through the atomic positions and lattice parameters
for the optimized α-Ag2WO4 crystals and are illustrated in
Figure 2e and f and presented in Table S6. There is good
agreement among the Raman-active modes of the α-Ag2WO4
crystals obtained in our samples, the first-principles calculation
and the previously reported results from Turkovic et al.51 The
two B1g, one A2g and one B2g modes that were not
experimentally observed (Figure 2e,f) were predicted by the
first-principles calculation, suggesting that their intensity may
be too low in the Raman spectrum. The slight variations in the
positions of the typical vibrational modes of our sample when
compared with those reported in the literature can be attributed
to the preparation method, average crystal size, distortions of
the (O−Ag−O)/(O−W−O) bonds at short-range and/or
intermolecular forces between the [AgOy]−[WO6]−[AgOy]
clusters at intermediate range. Moreover, our theoretical
calculations do not consider the nonharmonic contribution to
the crystal-lattice vibration phonons.
Figure 3 shows the FTIR spectra for the α-Ag2WO4 samples

and the specific theoretical/experimental infrared modes.
Figure 3a indicates that four active IR vibrational modes are
possible. According to the literature,54 the IR spectrum
provides information on the degree of structural order−
disorder in the metal−oxygen bonds. Figure 3a−d reveals two
intense absorption bands at 830 and 862 cm−1 for all of the α-
Ag2WO4 microcrystals. These modes are ascribed to the
asymmetric stretching vibrations of the (←O←W←O←)/(→
O→W→O→) bonds within the distorted octahedral [WO6]
clusters (see the inset in Figure 3). The active IR vibrational
internal mode at 320 cm−1 is related to the symmetric bending
vibrations within the distorted [WO6] clusters,

55 and the active
IR vibrational external mode at 296 cm−1 is assigned to the
torsional motion of the distorted octahedral [WO6] clusters.

56

Peak positions refer to the IR-active vibrational modes, which
are shown in Table S7 and are compared with other methods as
reported in the literature.55,57 Figure 3b shows the close
agreement between the experimental IR-active modes and the
theoretically calculated modes, indicated by the ★ symbol. In
terms of spectral positions, small deviations in the IR-active

modes of the α-Ag2WO4 crystals can be attributed to different
degrees of interaction and modification of the O−Ag−O and
O−W−O bond lengths and/or angles within the [AgOy] and
[WO6] clusters. The optical band gap energy (Egap) of the α-
Ag2WO4 crystals was experimentally investigated using the
method proposed by Kubelka and Munk.58 This methodology
is based on the transformation of diffuse reflectance measure-
ments to estimate Egap values with high accuracy within the
limits of assumptions when modeled in three dimensions.59

According to Tang et al.60 and Kim et al.,61 silver tungstate
crystals exhibit an optical absorption spectrum governed by the
direct electronic transitions between the valence and
conduction bands; this behavior is supported by the theoretical
calculations. In this electronic process, after the electronic
excitation, the electrons located in the maximum-energy states
in the valence band fall back to the minimum-energy states in
the conduction band under the same point in the Brillouin
zone.
Figure 4a reveals that the band structures for the optimized

bulk α-Ag2WO4 crystal are characterized by well-defined direct
electronic transitions, which is typical of crystalline semi-
conductor materials. Fundamentally, the top of the VB and the
bottom of the CB are in the same Γ to Γ point in the Brillouin
zone. The value of the theoretically calculated band gap, 3.55

Figure 3. (a) FTIR spectra of α-Ag2WO4 prepared at different
temperatures (100, 120, 140, and 160 °C) for 1 h by the MAH
method. The vertical lines indicate the relative positions of the
infrared-active modes. (b) Comparison between the theoretical and
experimental infrared-active modes from 250 to 900 cm−1.
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eV, was slightly higher than the experimental value of ∼3.2 eV,
estimated by UV−vis spectroscopy, for all samples synthesized
by the MAH method. This overestimation of the predicted
band gap can be due to the fact that it is calculated from the
difference between the bottom of the conduction band (CB)
and the top of the valence band (VB) within the Kohn−Sham
formalism. However, it must be considered that the theoretical
calculations estimate the optimized structure with a minimum
energy, and the experimental structure derived from the MAH
treatment conserves freezing distortions at short and
intermediate range, which are not the most stable structures.
Moreover, the band structure of this complicated network
arrangement of [WO6] and [AgOy] clusters is basically
determined by the W 5d orbitals in the conduction band
(CB) and a valence band (VB) derived mostly from hybridized
O 2p and Ag 4d orbitals. This reduction in the experimentally
optical band gap value is most likely linked to distortions of the
[WO6]/[AgOy] that are favorable to the formation of
intermediate energy levels (photogenerated electron−hole
pairs) between the VB and CB.
To simulate the electron absorption process based on the α-

Ag2WO4 structure, theoretical calculations were performed
while taking into account the incorporation of two electrons in
the structure. An analysis of the α-Ag2WO4 structure shows that
the [AgO2] cluster presents the largest value of positive
Mülliken charge for the Ag moiety, with only two adjacent
oxygen anions. Therefore, this cluster was the most appropriate
candidate to receive the external electron beam irradiation; in a

sense, we inserted two additional electrons in the Ag atom of
the [AgO2] cluster as a starting point and atomic positions were
optimized. The resulting geometry is presented in Table S5b.
Figure 4b depicts the band structure for optimized neutral bulk
α-Ag2WO4 crystal charged with two electrons on the [AgO2]
clusters. An analysis of the band structure and the DOS (Figure
S3a) for the charged system points out that intermediate levels
are formed in the vicinity of the CB, which are composed of 5s
orbitals of [AgO2]. Therefore, new energy levels are created in
the forbidden region of the band gap, leading to a disordered
structure (Figure S3b). The Fermi level is now located at
approximately 3.0 eV, considering the VB maximum at the
zero-energy level, and the presence of these electron traps
reduces the band gap energy to 2.72 eV, becoming indirect
from the U point to the Γ point (Figure 4b, Figure S3).
Figure 5 shows the DOS projected on the 4d, 5d, and 2p

orbitals of Ag, W and O atoms, respectively, for neutral α-
Ag2WO4. The DOS structure of this complex network
arrangement can be analyzed in terms of orbitals contribution
of the atoms that form [WO6] and [AgOy] (y = 7, 6, 4 and 2)
polyhedra. Figure 5a and b show that the projected DOS on the
orbitals of the Ag1 and Ag2 atoms, coordinated by seven
oxygens ([AgO7]), are basically derived from the 4dxz orbital of
the valence band. The same relationship occurs with the Ag3
atom, coordinated by six oxygens ([AgO6]), as depicted in
Figure 5c. When the coordination changes to four ([AgO4]), as
in the Ag4 and Ag5 atoms, the major contribution is derived
from the 4dxz and 4dz2 orbitals (see Figure 5d,e). Finally, in the
bicoordinated Ag6 atom ([AgO2]) the VB is mostly composed
by 4dxz orbital (see Figure 5f). The projected DOS on the W
atom is basically determined by the 5d orbitals in the
conduction band (CB) with more important role of 5dz2
orbitals (Figure 5g). The valence band (VB) is primarily
derived from hybridized O 2p (Figure 5h) and Ag 4d orbitals.
A study of the growth of Ag on the α-Ag2WO4 surface as a

function of exposure time to a scanning electron microscope
under an accelerating voltage of 10 kV was carried out. The
onset of Ag nanoparticle nuclei on the surface of the α-Ag2WO4
crystals was observed by the FESEM images (Figure 6) as soon
as the samples began to be analyzed. This behavior was
observed for all the samples synthesized at different temper-
atures, namely, 100, 120, 140, and 160 °C (Figure 6, parts a, c, e
and g, respectively). After 5 min of irradiation, the growth of
the initial particles of Ag and the onset of new nuclei growth
were observed in all the samples (100, 120, 140, and 160 °C)
(Figure 6, parts b, d, f, and h, respectively). It is important to
emphasize that the sample prepared at 160 °C (Figure 6h) has
a higher number of Ag nuclei as well as a higher absorption of
existing particles. This behavior was also demonstrated in our
previous work.40 In this way, the most organized sample (160
°C) favors the nucleation of metallic Ag nanorods. However,
the growth process occurs preferentially in samples where the
nucleation is smaller. Table S9 (of the Supporting Information)
presents the calculated values of the surface energy for (001),
(100), (010), (011), (101) and (110) facets of α-Ag2WO4. The
surface (100) is the most stable facet, with the higher
percentage of the relaxing process. If charged α-Ag2WO4
structure is focused on the plane (100) compared to the
equilibrium geometry, it can be see an approaching of Ag4 and
Ag5 centers (from 4.0 to3.26 Å) when the system is charged in
the vicinity of Ag6 atoms. In addition, Ag6−O distance
increases from 2.34 to2.54 Å showing that this situation favors
an accumulation of Ag atoms along the most stable (100)

Figure 4. Band structures for optimized bulk α-Ag2WO4 crystal (a) in
the neutral state and (b) charged with two electrons on the [AgO2]
clusters.
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surface. Therefore, the ab initio calculations indicate that the
absorption of electrons leads to the disordered structure that
facilitates Ag nucleation. It is possible that a more ordered
structure has a more homogeneous surface and thus facilitates a
more homogeneous nucleation; a more detailed study of this
system is necessary to test this possibility. The TEM images of
all samples and the structural electron diffraction (SAD) details
of the growth process of Ag on the α-Ag2WO4 crystals are
shown in Figures S4 and S5 and Table S8 in the Supporting
Information.

Figure 7 shows the PL spectra recorded at room temperature
for the α-Ag2WO4 samples, excited by a 350.7 nm line of a
krypton ion laser, before and after irradiation by an accelerated
electron beam. The PL spectral profiles show typical behavior
for multiphonon or multilevel processes, i.e., a solid system
where relaxation occurs by several pathways, which involve the
participation of numerous energy states within the band gap.62

It is generally assumed that the blue-green emission of
tungstate is due to the charge-transfer transitions within the
[WO4]

2‑ complex in ordered systems,63−67 or complex cluster
vacancies in the former,68−70 and/or modified lattice.70 It is

Figure 5. DOS projected on the 4d, 5d, and 2p orbitals of (a−f) Ag, (g) W, and (h) O atoms, respectively.
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well-known that the physical and chemical properties of
materials are strongly correlated with structural factors,
primarily the structural order−disorder in the lattice. The
materials can be described in terms of the packing of the
constituent clusters, which can be considered as the structural
motifs. A specific feature of tungstates with a scheelite structure
is the existence of [WO6] and [AgOy] clusters in a crystal
lattice.71 This orthorhombic structure can also be understood in
terms of a network of [WO6] clusters, linked by strong bonds
[...W−O−W...] between the neighboring clusters, whose
internal vibration spectra provide information on the structure
and order−disorder effects in the crystal lattices.72,73 Breaking

the symmetry of these clusters through distortions, breathings
and tilts creates a large number of different structures with
different material properties; this phenomenon can be related
to local (short), intermediate and long-range structural order−
disorder. Therefore, for α-Ag2WO4, the material properties can
be primarily associated with the constituent clusters, and the
disparity or mismatch of both clusters can induce structural
order−disorder effects, which significantly influence the
luminescence properties of the tungstates.74−76

Disorder in materials can be manifested in many ways;
examples include vibrational, spin and orientation disorder
(referenced to a periodic lattice) and topological disorder.
Topological disorder is the type of disorder associated with
glassy and amorphous solid structures in which the structure
cannot be defined in terms of a periodic lattice. PL is a powerful
probe of certain aspects of short-range (2−5 Å) and medium-
range order (5−20 Å), such as clusters where the degree of
local order is such that structurally inequivalent sites can be
distinguished due to their different types of electronic
transitions which are linked to a specific structural arrange-
ment.62

In Figure 7a, the maximum blue PL emission peak is
centered at 449 nm for all the samples; however, another
diffuse emission in the red region peaking from 621 to 640 nm
was also observed. The nucleation−dissolution−recrystalliza-
tion mechanism favored by the MAH process can be seen as an
order−disorder−order process of nature and gives rise to a
nonclassical crystallization process.77 Using density functional
calculations, Ghazi et al.78 noted that growth is an order−
disorder−order pattern of cyclic nature. Between two ordered
clusters, growth proceeds via disordered clusters, and global
order emerges suddenly with the addition of only one or two
atoms. In this sense, the different intensities in the emission
profiles can be attributed to slight differences in the defect
densities linked to the distorted clusters and complex vacancies
generated by the MAH heat treatment. The first emission peak
can be related to distorted [WO6] octahedra that are, in the
case of our samples, more ordered, in accordance with the MR
and IR spectral data and previous reports.63−67 The emission in
the red spectrum region is most likely linked to the [AgOy]
clusters that form complex vacancies, inducing more disorder
and deeper defects in the forbidden band gap. However, other
factors may also be involved, such as the degree of aggregation
and the orientation between particles, the variations in the
particle size distribution, the morphology of the particles and
surface defects. All these factors have an influence on the
intensity of the PL emission.
The PL profile of irradiated α-Ag2WO4 depicted in Figure 7b

is quite different from the nonirradiated PL profile (Figure 7a).
No blue shift is observed in the emission maximum, indicating
that the [WO6] clusters are unchanged by the irradiation
(Figure 7c,f). However, the profile of the PL emission in the
red region of the spectra is changed. As discussed above, these
changes can be attributed to the [AgOy] clusters becoming
more disordered by the Ag metallic growth on the surface. This
process generates complex vacancies of VAg′ and VO

z (where VO
z

= VO
x , VO

• , VO
••), but it is clear that the [WO6] surface clusters

should also be slightly disordered as a result of Ag migration
and Ag nanorod formation. As predicted by first-principles
calculations, in the disordered structure the electronic levels are
significantly affected by the inclusion of electrons, as it is
observed in the band gap structure, favoring the red emission.
The samples prepared at 100 (Figure 7c), 120 (Figure 7d), and

Figure 6. Initial FESEM images of the α-Ag2WO4 samples obtained by
the MAH method at (a) 100, (c) 120, (e) 140 and (g) 160 °C. After 5
min, microscopy analyses of the same samples were recorded: (b) 100,
(d) 120, (f) 140, and (h) 160 °C. (Scale bar = 400 nm in parts a−f and
200 nm in parts g and h.)
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140 °C (Figure 7e) show intermediate PL intensities. The
maximum enhancement in PL emission after irradiation was
observed in the sample heat-treated at 160 °C (Figure 7f). This
sample presents the highest degree of structural order prior to
irradiation, as discussed in the MR and FTIR analysis, and the
highest nucleation rate after irradiation, as observed by FESEM
(Figure 6h). The more abundant and homogeneous nucleation
favored by the more ordered structure results in more VAg′ and
VO
z complex vacancies and a larger effect on the PL

enhancement.

4. CONCLUSIONS
In this study, α-Ag2WO4 particles were successfully synthesized
by an MAH method; XRD patterns and Rietveld analysis
confirmed the orthorhombic structure obtained. The physical/
chemical properties and the corresponding performance of the
α-Ag2WO4 crystals are closely related to the crystal structure,
and in the present case, the local electric fields or polarized
fields in the distorted metal−oxygen polyhedra, namely [WO6]

and [AgOy] (y = 7, 6, 4, and 2). MR and FTIR spectroscopy
indicate that the MAH method employed in the synthesis of α-
Ag2WO4 crystals leads to the freezing of distorted [WO6] and
[AgOy] clusters. An external electron beam irradiation induces
the formation and crystal growth of Ag filaments on the α-
Ag2WO4 crystal and a PL enhancement. This finding is
reshaping our understanding of these molecular processes,
revealing previously hidden subtleties. A theoretical inves-
tigation using density functional theory (DFT) was carried out
to understand the introduction of electrons into the α-Ag2WO4
lattice. The results indicate that the electron-induced growth
process of Ag on α-Ag2WO4 crystal is closely connected with
the structural and electronic properties of the [AgO2] cluster;
this process results in a drastic increase of the structural and
electronic disorder, as evidenced by the decrease in the band
gap from 3.55 to 2.72 eV. Finally, no blue shift of the emission
maximum was observed, indicating that the [WO6] clusters
were unchanged by the irradiation; however, changes were
observed in the red region of the PL profile. These changes

Figure 7. PL spectra recorded at room temperature of the α-Ag2WO4 crystals obtained by the MAH method at 100, 120, 140, and 160 °C, excited by
a 350.7 nm line of a krypton ion laser (a) before and (b) after irradiation by an accelerated electron beam. For better visualization, we show the
spectrum of each individual sample: (c) 100, (d) 120, (e) 140, and (f) 160 °C irradiated (red) and nonirradiated (blue).
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were attributed to unstable [AgOy] clusters that became
disordered by the growth of metallic Ag on the surface, leading
to complex vacancies. First-principles calculations predicted
that this process would lead to a disordered structure with deep
defects inserted in the band gap, favoring the red emission. The
results of this research provide fundamental insight into the PL
properties of α-Ag2WO4 crystals, the electron-induced synthesis
of Ag/α-Ag2WO4 and its relationship with the morphology by
controlling surface/bulk defects. We believe that this process
may also be applicable for controlling other properties such as
microbial activity and photodegradation.

■ ASSOCIATED CONTENT
*S Supporting Information
Figures and tables of Rietveld refinement analyses of the α-
Ag2WO4 crystal, DFT analysis. and TEM analysis with the
corresponding SAD characterization. This material is available
free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: (D.P.V.) volanti@ibilce.unesp.br.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is financially supported by the National Council for
Scientific and Technological Development (CNPq), Saõ Paulo
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 A combined experimental and theoretical study is presented to understand the 
novel observed nucleation and early evolution of Ag fi laments on β-Ag 2 MoO 4  
crystals, driven by an accelerated electron beam from an electronic micro-
scope under high vacuum. The growth process, chemical composition, 
and the element distribution in these fi laments are analyzed in depth at the 
nanoscale level using fi eld-emission scanning electron microscopy (FE-SEM) 
and transmission electron microscopy (TEM) with energy-dispersive spectros-
copy (EDS) characterization. To complement experimental results, chemical 
stability, structural and electronic aspects have been studied systematically 
using fi rst-principles electronic structure theory within a quantum theory of 
atoms in molecules (QTAIM) framework. The Ag nucleation and formation 
on β-Ag 2 MoO 4  are a result of structural and electronic changes of the AgO 4  
tetrahedral cluster as a constituent building block of β-Ag 2 MoO 4 , consistent 
with Ag metallic formation. The formation of Ag fi lament transforms 
the β-Ag 2 MoO 4  semiconductor from  n-  to  p- type concomitant with the 
appearance of Ag defects. 

  1.     Introduction 

 Metal tungstates and molybdates form a family of multicom-
ponent metal oxide compounds, and many studies have been 
made regarding their interesting structures, intriguing physical 
and chemical properties, as well as a wide range of applica-
tions in photoluminescence, optical fi bers, scintillator materials, 
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photochromism, humidity sensors, multi-
ferroic materials, and catalysts. [ 1–19 ]  

 One member of the molybdate family, 
silver molybdate (Ag 2 MoO 4 ) has been a 
target of intense investigation for its chem-
ical stability at elevated temperatures and 
subsequent high-temperature lubricating 
properties [ 20 ]  as well as its potential appli-
cations in electrochemical devices and 
gas-sensing, [ 20–24 ]  and in surface-enhanced 
Raman scattering techniques. [ 23,25 ]  Sev-
eral studies have been made to obtain 
Ag 2 MoO 4  - based materials as fl ower-like, [ 26 ]  
nanoparticles [ 21 ]  and wire-like nanostruc-
tures. [ 22 ]  Low-dimensional Ag 2 MoO 4  
nanostructures have been obtained by 
Nagaraju et al. [ 27 ]  who reported the syn-
thesis of nanorods/nanowires/multipods 
and the photoluminescence of microrods; 
while Feng et al. [ 28 ]  have been synthe-
sized as ultra long orthorhombic silver 
trimolybdate nanowires. Qian et al. [ 29 ]  

have reported the microwave-assisted hydrothermal synthesis 
of cube-like Ag Ag 2 MoO 4  with visible-light photocatalytic 
activity. Bao et al. [ 30 ]  reported on a room-temperature synthesis 
of Ag nanoparticles decorated with silver molybdate nanowires 
using a solution-based chemical reaction method. Fodjo et al. [ 25 ]  
have published a facile hydrothermal technique to synthesize 
Ag 2 MoO 4  at relatively low temperatures (80 and 20 °C). Tang 
et al. [ 31 ]  have obtained Ag 2 Mo 2 O 7 /chitin composite gel-mem-
branes, which were fabricated incorporating Ag 2 Mo 2 O 7  in the 
regenerated chitin gel-membranes via a green pathway. Cheng 
et al. [ 22 ]  studied photoswitches of 1D Ag 2 MO 4  (M = Cr, Mo, and 
W) and noticed the formation of silver nanoparticles at the sur-
face of Ag 2 MoO 4  under electron beam irradiation, as already 
previously reported during transmission electron microscopy 
(TEM) observation of other silver nanowires. [ 32 ]  

 The ability of chemists and physicists to interact with atoms, 
molecules, and solids at the quantum level, and the spatial 
scales of atoms and chemical bonds and on temporal scales of 
electron and nuclear motion has gained increasing sophistica-
tion through the development of precise photon and electron 
probes. In particular, electron probes have precise spatial reso-
lution, which has enabled imaging of single atoms and atomic 
lattice contrast on surfaces and in solids. Scanning electron 
microscopy (SEM), scanning transmission electron microscopy 
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(STEM), and TEM are well-recognized techniques that provide 
unique capabilities for in situ imaging and control of nanoscale 
phenomena. [ 33–37 ]  

 In recent years, papers on monitoring local structural and 
electronic changes generated by the electron beam within TEM 
have been started to appear, and TEM is a very powerful tool 
for the observation, fabrication, and manipulation of nanostruc-
tures with the advantages of precise nanoscale control, [ 38,39 ]  in 
which high- energy electrons transmit through the specimen 
and provide useful electronic structure information of the 
samples based on a variety of electron–solid interactions. [ 40 ]  
Applying this technique, novel phenomena have been discov-
ered in the process of TEM observation, such as nanoscale 
phase/shape transformation, [ 41 ]  inorganic nanostructure modi-
fi cation, [ 42 ]  colloid nanocrystal growth and self assembly, [ 36,43–47 ]  
lithium encapsulation and release in LiCl nanoshells and nano-
tubes, [ 48 ]  nanostructure fabrication, [ 49 ]  coalescence, [ 50 ]  nanoscale 
crystallization, and some growth processes, which occur only in 
the beam’s presence. [ 36,44,46,47,51,52 ]  Different studies have quan-
tifi ed the role of the electron beam in affecting the chemical 
reactions being characterized. [ 44,52 ]  

 In particular, electron beam irradiation allows the prepara-
tion of noble and transition metal nanoparticles. [ 43,53 ]  Pattabi 
et al. [ 54 ]  have synthesized silver nanoparticles with enhanced 
antibacterial activity by using electron beam irradiation. During 
imaging, the electron beam interacts with the sample causing 
a novel phenomenon that occurs only in the beam’s presence. 
In particular, an accurate understanding of the interactions 
between the electron beam and the material is essential to 
account for, suppress, and exploit the beam effects. First-prin-
ciple calculations are essential in supporting the experimental 
observation to provide a deeper understanding of atomic and 
electronic structure that is already being exploited to explain 
their innovative properties and allow effi cient exploration of 
new materials. In this context, very recently, the formation of 
Ag fi laments on α-Ag 2 WO 4  induced by electron irradiation [ 55 ]  
and their bactericidal [ 56 ]  and photoluminescent applications, [ 57 ]  
as well their application as an effi cient ozone sensor, have been 
reported. [ 58 ]  

 The crystal structure Ag 2 MoO 4  obtained by Wyckoff [ 59 ]  can 
be found in two forms: α-Ag 2 MoO 4  has a tetragonal structure 
while β-Ag 2 MoO 4  is cubic with a spinel structure. [ 59–61 ]  The 
α-phase irreversibly transforms to the most stable β-phase 
upon heating above ambient temperature. Arora et al. [ 60 ]  have 
studied the behavior of the cubic spinel phase of Ag 2 MoO 4  at 
high pressure as characterized by X-ray diffraction and Raman 
spectroscopy, and, in this context, our group has studied the 
effect of pressure on β-Ag 2 MoO 4  [ 62 ]  as a continuation of pre-
vious articles on the MgAl 2 O 4  normal spinel and Zn 2 SnO 4  
inverse spinel structures. [ 63,64 ]  Very recently, we have investi-
gated a correlation between theoretical calculations and experi-
mental data to explain the electronic structure and optical prop-
erties of β-Ag 2 MoO 4  microcrystals. [ 65 ]  

 A novelty associated to the observed nucleation and early 
evolution of Ag fi laments on β-Ag 2 MoO 4  crystals is shown, 
driven by an accelerated electron beam from an electronic 
microscope under high vacuum. Here, we report on a com-
prehensive and combined experimental and theoretical work 
to understand the observed nucleation and early evolution of 

Ag fi laments on β-Ag 2 MoO 4  crystals. We have studied the geo-
metric and electronic structure of β-Ag 2 MoO 4 , and have derived 
a mechanism sequence using electron irradiation as relevant 
to early events for the formation and growth of Ag fi laments 
from AgO 6  and MoO 4  clusters, as constituent polyhedra of 
β-Ag 2 MoO 4 . Quantum theory of atoms in molecules (QTAIM) 
developed by Bader and co-workers [ 66–68 ]  allows the analysis of 
the experimental or theoretical electron density distribution, 
 ρ ( r ), in a solid, and the study of properties of  ρ ( r ) to reveal the 
bonding interactions in the crystal system, and the nature of 
these interactions. The electronic charge of each atom is evalu-
ated using the Bader charge analysis within the QTAIM frame-
work, which is a way of dividing molecules or solids into atoms 
based on electronic charge density. These computations envis-
aged in this study are thought to answer the questions: What 
happens with the electron excess as it approaches the surface 
and bulk of β-Ag 2 MoO 4 ? How are the electrons distributed in 
this material and how can it is related with the structural and 
electronic evolution? How does the strength of the Ag O and 
Mo O bonds change after electron irradiation β-Ag 2 MoO 4 ? 
We shall discuss how the analysis, provided from both experi-
mental and theoretical results, of the structural and electronic 
structure of β-Ag 2 MoO 4  allows us to explain the Ag nucleation 
process. The discussion will address the details of image acqui-
sition and analysis and will provide a guide to interpret experi-
mental results.  

  2.     Results and Discussion 

  Figure    1   shows the X-ray diffraction (XRD) patterns of 
β-Ag 2 MoO 4,  which were prepared using the microwave-assisted 
hydrothermal method. All of the diffraction peaks of samples 
can be indexed as cubic structure without any deleterious 
phases, and with a space group of ( Fd 3  m ) and point-group 
symmetry (O 7  h ) and are in agreement with the standard values 
of Inorganic Crystal Structure Data (ICSD) base no. 28891. [ 61 ]   
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 Figure 1.    XRD of a β-Ag 2 MoO 4  sample.
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  Figure    2   shows the Raman spectrum of the as-prepared 
β-Ag 2 MoO 4  between 100 and 1000 cm −1 . It is possible to verify 
the presence of four Raman active modes, which indicates the 
structural order at short range. The active Raman mode ( E  g ) 
located at 279 cm −1  corresponds to the external structure vibra-
tions, which correspond to octahedral [AgO 6 ] clusters, while 
Raman mode (F 2g ) found at 354 cm −1  is related to the torsional 
vibration of the [O Mo O] bonds present in the tetrahedral 
[MoO 4 ] clusters. Finally, the active Raman mode (A 1g ) found at 
873 cm −1  corresponds to the symmetric stretching vibration of 
the [←O←Mo→O→] bonds clusters present in the tetrahedral 
[MoO 4 ] clusters. [ 23,65 ]   

  Figure    3   shows a time-resolved series of FE-SEM images 
obtained under high vacuum (1 × 10 −5  Pa) during the growth 
of Ag fi laments stimulated by the electron beam on the 
β-Ag 2 MoO 4  surface. Figure  3  a shows an FE-SEM image of 

the crystals that were acquired after a rapid approach and 
focus adjustment (time zero). At this point, the image reveals 
a small amount of Ag on the surface. Figure  3 b shows that after 
2 min of exposure to a 30 kV electron beam, the particle shows 
some regions with Ag on the surface. It is interesting to note 
that the modifi cations, even small, occur after a few seconds 
of exposure. After 6 min of exposure, Figure  3  d, the metallic 
Ag seems to reach a limit point of growth. Further informa-
tion, a short video (Video S1, Supporting Information) of the Ag 
growth is in the Supporting Information.  

  Figure    4   illustrates the TEM images with energy-dispersive 
spectroscopy (EDS) characterization. Results of the composi-
tion are shown in  Table    1  . Therefore, the end of the region that 
emerged due to the electron exposure (point 1) confi rmed the 
composition of 100% of Ag in relation of Mo. Furthermore, it 
is possible to see the crystallographic planes revealing the Ag 

crystallinity. The region near the interface and 
inside the particles, points 2 and 3, consisted 
of about 64% of Mo to 36% of Ag. These 
results reinforce the fact that the Ag atoms 
come from the interior deep regions of the 
particles. This behavior provokes the presence 
of Ag defects inside β-Ag 2 MoO 4  material and 
this semiconductor changes from  n  to  p  type. 

    Figure    5  a shows the conventional cubic 
unit cell containing 8 formula units. Mo ions 
(gray atoms) occupy tetrahedral 8a sites while 
Ag ions (blue atoms) reside at the octahedral 
16d position. Oxygen atoms (red atoms) stay 
at 32e positions. Arora et al. [ 60 ]  performed 
powder XRD measurements at ambient pres-
sure obtaining a single-phase material with a 
lattice parameter of 9.313 Å. Our calculations 
at ambient pressure yield a lattice parameter 
of 9.427 Å, which is only 1.2% greater than 
the experimental value. [ 62 ]  The primitive unit 
cell is depicted in Figure  5  b), with only 2 for-
mula units.  

Part. Part. Syst. Charact. 2015, 32, 646–651

 Figure 2.    Raman spectrum of β-Ag 2 MoO 4. 

 Figure 3.    Time-resolved FE-SEM images of β-Ag 2 MoO 4. 

 Figure 4.    TEM image of β-Ag 2 MoO 4. 
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 In sense to understand the quantum phenomenon observed 
experimentally of electron absorption, we introduced electrons, 
separately, up to 10 in the cluster constituent of the cubic unit cell 
of β-Ag 2 MoO 4 . The values for the distances Ag O and Mo O 
as a function of the number of electrons, N, are shown in 
 Figure    6  . In the case of Ag O distances, there is a pronounced 
increase with the addition of electrons.  

 An analysis of the results presented in  Figure    7   shows that 
the Ag atoms of the [AgO 6 ] clusters are the more prone to be 
reduced. At  N  = 4, practically all Ag atoms are reduced whereas, 
there is a minor decrease of the electron density is sensed for 
Mo atoms (that form [MoO 4 ] clusters) (a decrease of 0.2 units at 
 N  = 4). Therefore, the electron excess imposed in the material 
is transferred from one cluster to another through the lattice 
network and the Ag formation process involves [AgO 6 ] adjacent 
clusters, and to a minor extent the [MoO 4 ] clusters.  

  2.1.     Bond Critical Points Densities and Its Laplacian 

 The calculations of the charge density,  ρ  bcp , at the (3,–1) bond 
critical points (BCP) as well as its Laplacian, ∇ 2 ρ bcp , in Ag
O bonds for [AgO 6 ] units are presented in  Table    2  . The effect 
of adding electrons to the material produces striking differ-
ences in the values of the Laplacian and charge density at the 
(3,–1) BCP. Thus, it is worth noting that the Ag O bonds con-
siderably reduce their Laplacian and charge density values as 
the number of electrons is added indicating that these bonds 
become less strong in favor of the formation of metallic Ag.    

  3.     Conclusion 

 The dynamics and the state properties of excess electrons, pro-
vided by an electron beam of TEM, have attracted widespread 
interest due to the fundamental importance of this process in 

physics, chemistry, and biology. The electron beam irradiation 
in TEM provokes the synthesis of nanomaterials and inves-
tigating their morphology, structure, and chemical transfor-
mation, which is of importance for the development of novel 
nanostructures, especially for those that cannot be obtained 
using conventional chemical and physical methods. 

 Electron–material interactions offer an alternative approach 
to control the electronic structure and thus the chemical and 
physical properties, and the corresponding activities. In par-
ticular, the addition of electrons generated large change in the 
charge density resulting in bond modifi cations. As a conse-
quence, a wide range of different chemistries can be initiated 
by electron–material interactions. 

 We report the in situ growth of Ag on β-Ag 2 MoO 4,  never 
observed before, by electron beam irradiation, and this work 
provides a fundamental perspective on the chemistry initiated 
by electrons on β-Ag 2 MoO 4  via a nonclassical mechanism. 
This insight is relevant to apparently unrelated topics such as 
surface functionalization or electron beam-induced deposi-
tion processes. Moreover, mutual awareness of the common 
concepts of these different fi elds will also help to solidify the 
broader understanding of electron-initiated process because 
each fi eld, and others, can provide examples that reveal princi-
ples of common interest. Electron-initiated chemistry therefore 
remains an active and dynamic research area and many more 

interesting discoveries and applications can 
be expected. 

 The present study communicates intimate 
details on the internal processes and these 
fi ndings raise fundamental questions about 
the physical nature of this phenomenon 
itself. The results derived from the present 
study are based on the information provided 
by the joint analysis of experimental and 
theoretical work to provide a deeper insight 
and understanding of increasingly complex 
functional materials, and can be considered 
as a clear example of a complex modeling 
paradigm as was introduced by Billinge and 
Levin. [ 69 ]   
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  Table 1.    Ag and Mo relationship shown by EDS.  

Points Ag [%] Mo [%]

 1 100 0

 2 61 38

 3 64 36

 Figure 5.    Spinel structure of β-Ag 2 MoO 4 ; a) conventional cell and b) primitive cell.

 Figure 6.    Ag O and Mo O distances as a function of the number of 
electrons added, N.
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  4.     Experimental Section 
  Synthesis of β-Ag 2 MoO 4  : β-Ag 2 MoO 4  microcrystals were prepared 

at room temperatures without the use of any surfactant by a simple 
precipitation method. The typical β-Ag 2 MoO 4  crystals synthesis 
procedure is described as follows: 1 × 10 −3  moles of molybdate sodium 
dihydrate (Na 2 MoO 4 .2H 2 O; 99.5% purity; Sigma–Aldrich) and 2 × 10 −3  
moles of silver nitrate (AgNO 3 ; 99.8% purity; Sigma–Aldrich) were each 
separately dissolved in 50 mL of deionized water. The silver solution 
was dripped into the molybdate solution under stirring. The resulting 
suspensions were washed with deionized water several times to remove 
remaining ions and dried at 60 °C for 12 h. 

  Experimental Characterizations of β-Ag 2 MoO 4  : The β-Ag 2 MoO 4  crystals 
were structurally characterized by XRD patterns using a diffractometer 
model LabX XRD-6000 (Shimadzu, Japan) with Cu–Kα radiation ( λ  = 
1.5406 Å) in the 2 θ  range from 20° to 80° in the normal routine with a 
scanning velocity of 1 ° min −1 . Micro-Raman measurements were recorded 
using the (Horiba; Jobin-Yvon, France) model LabRAM HR 800 mm. 

 The shapes, sizes, visualization of Ag fi laments, and element 
distribution of the β-Ag 2 MoO 4  microcrystals were observed with a fi eld-
emission scanning electron microscope (FEG-SEM) model Supra 35-VP, 
Carl Zeiss, Germany operated at 20 kV, and TEM operating at 200 KV, 
and energy-dispersive spectroscopy (EDS); model Tecnai G2TF20, FEI. 

  Theoretical Calculations : First-principle total-energy calculations 
were carried out within the periodic density-functional-theory (DFT) 
framework using the VASP program. [ 70,71 ]  The Kohn–Sham equations 
have been solved by means of the Perdew, Burke, and Ernzerhof 
exchange-correlation functional, [ 70 ]  and the electron–ion interaction 
as described by the projector-augmented-wave pseudopotentials. [ 72,73 ]  

Due to the well-known limitations of standard DFT in describing the 
electronic structure of “strongly-correlated” compounds, a correction 
to the PBE wavefunctions is adopted (PBE+U) with the inclusion of 
a repulsive on-site Coulomb interaction U following the method of 
Dudarev et al. [ 74 ]  Eventually the value of the Hubbard parameter was 
tested and a value of  U  = 6 eV was used. The plane-wave expansion 
was truncated at a cut-off energy of 400 eV and the Brillouin zones have 
been sampled through Monkhorst-Pack special  k -points grids that as 
sure geometrical and energetic convergence for the Ag 2 MoO 4  structures 
considered in this study. The keyword NELECT has been used in order to 
increase the number of electrons in the bulk structure, and all the crystal 
structures are optimized simultaneously on both the volume of the unit 
cell and the atomic positions. The relationship between charge density 
topology and elements of molecular structure and bonding was noted 
by Bader. [ 66,75 ]  This relationship, Bader’s QTAIM, [ 66–68 ]  is now a well-
recognized tool used to analyze electron density, to describe interatomic 
interactions, and to rationalize chemical bonding. The different 
strong and weak interactions between two atoms can be determined 
unequivocally from QTAIM calculations. According to the standard 
QTAIM framework, concepts such as (3,–1) BCPs, their respective bond 
paths (BPs), and  L ( r ) = −∇ 2  ρ ( r ) maps can be analyzed to reveal the 
nature of these interactions. A BCP serves as the origin of gradient lines 
of the electron density that defi ne the interatomic surface or zero-fl ux 
surface (a surface that unambiguously defi nes the boundary between 
the two atoms and identifi es the atomic basin), i.e., the electron density 
“belonging” to a specifi c atom.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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Abstract
Essentially, the exposed crystal planes of a given material, which primarily 
determine their morphology, tremendously affect its behavior. First principle 
calculations, based on the Wulff construction model and broken bonding 
density index, have been performed to calculate the equilibrium and their 
transformations for different metal oxides: Co3O4, α-Fe2O3, and In2O3. 
Present results point out that starting by surface thermodynamics is a 
helpful approach to predict and assess the morphology transformations of 
these materials. These complete set of morphologies may serve as a guide 
for researchers, when analyzing the images from electron microscopies, to 
gain further understanding of how to control crystal shape synthetically by 
tuning the surface chemistry and by controlling the relative values of surface 
energies.

Keywords: morphology, Wulff construction, surface energy, Co3O4, α-Fe2O3, 
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1. Introduction

A few years ago, McIlroy et al [1] stated: ‘Currently, there is a large divide between surface 
scientists and most catalysis researchers (who make and test new materials), caused by the 
inability of existing experimental and theoretical techniques to deal with the real-world nano-
morphologies. Closing this divide would allow the entire surface science community to be 
much more effective.’ In recent years, there has been such speed and development in this area 
that this is no longer a valid assessment. The current combination of theory, simulation, and 
experiment is not only capable of developing new functional materials with predictable and 
desirable properties, but also enables us to understand the nature of micro and nano-structures 
with novel morphologies.

Control of the morphology of micro and nanocrystals depends on factors such as the 
internal structure of the crystal and the external growth conditions. The surface facet ener-
gies can be modified by the use of different synthetic methods, reaction times, the nature of 
surfactants etc. In this sense, the rational design of nanomaterials is one of the holy grails of 
nanoscience and nanotechnology. The precise regulation and controlled synthesis of specific 
morphologies is crucial to enhance their performance in practical applications of micro and 
nanomaterials [2].

Predicting the 3D morphologies of crystalline materials can be used to guide the analy-
sis of field-emission scanning electron microscopy images of the materials, and could be a 
very useful tool to design the synthesis of new materials. However, there are many scientific 
and technological challenges to overcome; in particular, we must understand the relationship 
between properties and structure.

Since various physical and chemical processes occur at surfaces, an understanding of 
the surface structure and the factors that affect surfaces is important. The shape of crystals 
grown under or near equilibrium conditions is governed mainly by surface energies, form-
ing simple shapes with well-defined facets that can achieve minimum surface energy [3]. 
One method of predicting the morphology of a crystal is to calculate the energies of the 
different surfaces and these value can be associated to the fraction of surface atoms with 
unsaturated coordination shells, i.e. the number of under-coordinated surface atoms. The 
predominant surface will be the most stable surface; but measuring the geometries and 
energies of the surface facets is extremely challenging. In this context, surface energies are 
not readily acquired by experiment, and computer modeling and simulation are necessary 
to obtain these energies, being a powerful tool to explore the morphological mechanism at 
the atomistic/molecular level.

Theory and simulation in this research area should be further strengthened, which 
focuses on understanding the morphology, can guide the efficient synthesis of outstanding 
materials. First principles investigations are well established in the study of the morphol-
ogy and surface properties of materials, from simple to complex metal oxides [4–27]. There 
are several insightful reviews that report experimental results and theoretical calculations 
on the most important aspects that govern crystal shape modulation in semiconductors and 
in metal nanoparticles [12, 28–31]. Theoretical works, in which surface modification by 
explicit or implicit solvation/hydration/redox effect are taken into account, can be consid-
ered the current state-of-the-art on theoretical methods and computing procedures. In this 
context, good illustrations have been published, as showed in these recent works: (1) the 
stabilization effect of surface impurities on the structure of ultrasmall ZrO2 nanoparticles 
[32], (2) on the basis of theoretical predictions, Yang et al have synthesized uniform anatase 
TiO2 single crystals with a high percentage of reactive facets [33], (3) theoretical investiga-
tions into the structure and surface thermodynamics of the (1 0 0) facet of Co3O4 at various 
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redox conditions [34] as well as the morphological control of Co3O4 to enhace the oxida-
tion of CO at low tempertaure [35], and (4) the mechanism of morphology transformation 
of tetragonal phase LaVO4 nanocrystals controlled by surface chemistry: experimental and 
theoretical insights, in which equilibrium geometries, surface energies, and surface tensions 
are calculated for selected low-index surfaces of tetragonal LaVO4 under the different sur-
face passivated conditions [24].

Recently, we have determined the morphologies of several metal oxides such as SnO2, 
PbMoO4, and CaWO4 using ab initio quantum mechanical calculations [15–20]. First prin-
ciples calculations were also used to study the the effects of surface stability on the  
morphological transformation of different metals and metal oxides (Ag, anatase TiO2, BaZrO3, 
and α-Ag2WO4) [36]. Morphological 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, and we have analyzed theoretical morphology modu-
lation for α-Ag2WO4 [37], Ag3PO4 [38] and Ag2MoO4 [39] materials in order to explain 
the surface energy changes observed in experimental conditions, and how the knowledge of 
surface-specific properties can be utilized to design a number of crystal morphologies that 
may offer improved performance in various applications. It is important to remark that along 
our calculations specific solvent and/or surfactants interactions or hydration/redox effects on 
each face are not considered.

The main objective of this work is to show how the values of surface energies, obtained 
from first principle calculations in vacuo, can be used to obtain possible morphologies under 
thermodynamic equilibrium conditions for three metal oxides: Co3O4, α-Fe2O3, and In2O3 as 
well as to better understand the mechanism of morphological transformation at atomic level. 
The results of calculations have been compared with the experimental data. It is important to 
note the following aspects: (i) we have used the values of surface energy from literature, and 
we are confident that the proposed set of morphologies is not dependent on the calculation 
level; (ii) the values of surface energies are obtained in vacuo; (iii) from these values we are 
capable to predict the available morphologies for a crystalline material; (iv) by screening of 
the relative values of surface energies, a desired morphology can be obtained; (v) an analysis 
of how the idealized in vacuo surface results can be related to the in situ behavior, and this 
strategy allow us to find the target and control of crystal morphologies, as well as to rationalize 
the different channels starting from the ideal morphology.

The whole paper is arranged as follows: (2) a description of theoretical method and com-
putational procedure, (3) the application of the method and the presentation of results, and (4) 
our main conclusions and perspectives close this letter.

2. Theoretical method and computational procedure

From the thermodynamic point of view, the free energy of the crystal facets (Esurf) determines 
the equilibrium shape by a classic Wulff construction, which minimizes the total surface free 
energy at a fixed volume [40]. The Wulff theorem provides a simple relationship between the 
Esurf of the (h k l) plane and the distance, rhkl, in the normal direction from the center of the 
crystallite. In addition, we have calculated the broken bonding density (Db) index proposed by 
Gao et al [41] Db, the number of bonds broken per area on creation of a new surface calculated 
from equation (1), where Nb is the number of broken bonds per unit cell area on a particular 
surface and A is the area of the surface unit cell.

=D N A/b b (1)
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3. Results and discussion

3.1. Co3O4

Co3O4 is a multifunctional material that has many applications and has received much theoret-
ical and practical investigation [14, 42–45]. Co3O4 has a face centered cubic spinel structure, 
crystallizing in space group Fd-3m, and has two formula units (Z  =  2) in the unit cell. Zasada 
et al [14] obtained the surface energies for the low index faces (1 0 0), (1 1 0), and (1 1 1) using 
calculations on a Co3O4 slab and compared the Wulff construction for this simulated material 
with the experimental morphology of a Co3O4 nanocrystal. Su et al [46] synthesized single 
crystalline Co3O4 nanocrystals with different exposed crystal planes and wide range of mor-
phologies such as cubic, pseudo octahedral, nanosheets, and nanoplatelets, and so on. These 
authors found a correlation between the reducing charge  −  discharge overpotential with crys-
tal planes of Co3O4 and established an order of catalytic activity: (1 1 1)  >  (1 1 0)  >  (1 1 2)  >  
(1 0 0), and very recently, Liu et al [47] have confirmed the facet-dependent electrocatalytic 
performance of Co3O4 for rechargeable Li  −  O2 battery.

The Wulff construction for Co3O4 structure has been obtained from the work of Su et al 
[46]. Table 1 lists the values of the surface energies obtained by Su et al [46] as well as the 
broken bonding density (Db) of the faces used in the Wulff construction. The Db values can be 
directly related to the order of surface stability because higher values represent the presence 
of a larger quantity of defects on the surface (broken bonds). For the Co3O4 simulated system, 
table 1 reveals that the order of stability of the faces is (1 0 0)  >  (1 1 0)  >  (1 1 2)  >  (1 1 1).

The complete set of morphologies for Co3O4 structure has been depiected in figure  1,  
in which the transformations can be obtained by changing the ratio bettwen the values of Esurf 
for each surface. Transformations between the different morphologies are due to the geometric 
constraints imposed by the crystal structure and are associated with the relative surface energy 
value of each surface. This interpretation has the advantage that all faces grow from the initial 
Co3O4 crystal (ideal) as function of their surface energy value. It is important to note that these 
images will serve as a guide to better interpret the morphological changes according to the 
synthetic method used, and so on. In addition, the different degrees of saturation at the surface, 
and consequently the different Db values, in the simulated system play an important role in the 
predicted morphology of the crystal and these differences must be considered when compar-
ing experimental and theoretical results. In a real system, the surfaces can adsorb species pre-
sent during synthesis, and these adsorbed species will affect the surface energy and, thus, the 
final morphology, as shown in figure 1. Therefore, several research groups have been reported 
the synthesis of different morphologies of the Co3O4 indicated on figure 1, such as cubic (a) 
[46–49], octahedron (b) [47], and pseudo octahedron (c) [46], in which it is necessary to differ 
one of the (1 1 0)-surface group ( ( )E *surf

1 1 0  can be ( )Esurf
1 1 0  or ( )Esurf

0 1 1  or ( )Esurf
1 0 1 ).

Table 1. Values of Esurf, number of broken bonds, area, and broken bonding density 
(Db) calculated for Co3O4.

Co3O4

Surface Esurf (J m−2) Broken bonds Area (nm2) Db (nm−2)

(1 0 0) 0.92 12 0.3258 36.83
(1 1 0) 1.31 20 0.4607 43.41
(1 1 1) 2.31 15 0.2821 53.17
(1 1 2) 1.46 36 0.7980 45.11
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3.2. α-Fe2O3

Iron nanomaterials are used in catalysts and electrodes, as medical imaging contrast agents, 
adsorbents, and magnetic recording devices. The morphology of individual particles is one of 
the determining factors in their performance, stability, and in the safety of both engineered 
nanoparticles as well as natural samples. For example, pseudocube-shaped hematite nanopar-
ticles have a significantly larger permanent magnetization and coercivity than rice-shaped 
particles [50].

Hematite (α-Fe2O3) also has unique optical and electronic properties and is among the 
most important materials discussed in literature regarding energy-conversion processes  
[51–55]. Thus, there is considerable scientific and technological interest in the morphology of 
iron oxides, as it is demonstrated in various studies, reporting different morphologies synthe-
sized via a template-free hydrothermal route [56], under the influence of −H PO2 4 ions [57], pre-
pared by forced hydrolysis of ferric chloride [58], synthesized via an octadecylamine-assisted 
[59] and via atriphenyl-phosphine-assisted [60] hydrothermal method and with an oriented 
attachment mechanism controlled by different solvents [61]. Recently, a relationship between 
surface structure of hematite (0 0 1) and the macroscopic charging (zetapotential measure-
ments in electrolyte solutions as a function of pH) has been reported [62], and the shape 
of Fe3O4 ferroferric oxide nanoparticles synthesized by a coprecipitation method as well as 
their electrochemical performances has been investigated [63]. Much effort is being directed 
towards the controlled synthesis of functional nanomaterials in which the shape and size can 
be engineered.
α-Fe2O3 crystallizes in the trigonal space group R-3c, and is isostructural with corundum, 

Al2O3. It is one of the most thermodynamically stable and abundant phases among all of the 
iron oxides and oxyhydroxides. Each rhombohedral unit cell contains four Fe atoms, dis-
tributed over two cation layers. The spins of the Fe atoms in the layers perpendicular to the 
[0 0 0 1] axis are aligned. The spin of the alternating layers is antiparallel, which leads to an 
antiferromagnetic material.

Guo et al [64] performed surface energy calculations for α-Fe2O3. The authors stud-
ied the most important surfaces of hematite: (0 0 1)-Fe, (0 1 2), (1 0 0) and (1 1 0), of which 

Figure 1. Crystallographic structure and morphologies of Co3O4 with crystal planes 
(1 0 0), (1 1 0), (1 1 1) and (1 1 2). Surface energy is in joule per⋅square meter.
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(0 0 1) was the most extensively studied. The reported surface energies for these slabs and the 
morphologies generated by Wulff construction are shown in the center of figure 2. Central  
morphologies of figure 2 seem to be in agreement with scanning electron microscopy images 
of α-Fe2O3 particles formed in 5 mol% octadecylamine (ODA) for 48 h reported by Liu et al 
[59]. However, they reported a tetrakaidecahedral morphology increasing ODA to 12 mol% 
and enhancing the appearance of (1 1 2), (0 0 1) and (−1 1 2) facets over the other. The influ-
ence in morphology of temperature as well as a mixture EtOH/H2O has been investigated [56] 
obtaining rhombohedra more or less truncated and cubic morphologies, which fit with some 
morphologies depicted in figure 2 involving different ratios of (0 1 2) and (1 0 0) surfaces.

Table 2 shows that the value for Db index decreases in the order: (0 0 1)/Fe  >  (1 0 0)  >  (1 0 1)   
>  (0 0 1)/O  >  (0 1 2)  >  (1 1 0), while the surface energy decreases in this order: (1 0 0)  >   
(1 0 1)  >  (1 1 0)  >  (0 0 1)/Fe  >  (0 1 2)  >  (0 0 1)/O. Because H atoms were added to the (0 0 1)-O 
surface there is a large difference in the order of the (0 0 1)-O surface energy compared to 
the Db representation. For this reason, the (0 0 1)-O surface energy was not used in the Wulff 
construction to generate the hematite morphology shown in figure 2. From the analysis of 
the (0 0 1)-O surface, it is clear that H atoms stabilized the under-coordinated O atoms on the 
surface, and this decreased both the surface energy and the density of broken bonds. In this 
system, the Db values are not consistent with the simulated surface energy order. This can be 
related to the theoretical methodology used by Guo et al [64] to study the surface energy. That 
is, the surface model contained surface vacancies that are not fully explained.

3.3. In2O3

Indium oxide (In2O3) is an n-type highly degenerate wide band gap material that has many 
applications. Indium oxide is used in flat panel displays, photoelectric devices, windshield 
defrosting layers, heat-reflecting mirrors, high-transparency layers and gas sensor devices 

Figure 2. Crystallographic structure and morphologies of α-Fe2O3 with crystal planes 
(0 0 1), (0 1 2), (1 0 0), (1 0 1) and (1 1 0). Surface energy is in joule per⋅square meter.
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[65]. The body-centered cubic polymorph of In2O3 crystallizes in the space group Ia-3 with 
eight formula units (Z  =  8) in the unit cell.

Walsh and Catlow [66] performed surface energy calculations for In2O3. We have used their 
surface values to generate the Wulff construction and the morphologies of In2O3. Figure 3 
shows the energies, morphologies and the comparison with experimental results for In2O3 in 
our laboratory [67].

According to table 3, the order of stability using the Db method is (1 1 1)  <  (1 1 0)  <  (1 0 0), 
the same as the theoretical surface energies. Thus, In2O3 surfaces with higher energies possess 
the highest amount of unsaturation on the surface.

4. Conclusions

It is mandatory to control the morphology of a micro/nanocrystal for for many scientific and 
technological applications. In this work, we used first principle calculations, based on the 
Wulff construction model and broken bonding density index, to investigate the effect of surface 
chemistry on the mechanism of morphology transformation of metal oxides: Co3O4, α-Fe2O3, 

Table 2. Values of Esurf, number of broken bonds, area, and broken bonding density 
(Db) calculated for α-Fe2O3.

α-Fe2O3

Surface Esurf (J m−2) Broken bonds Area (nm2) Db (nm−2)

(0 0 1)-Fe 1.145 12 0.2196 54.65
(0 1 2) 1.056 8 0.2733 29.27
(1 0 0) 1.369 28 0.6923 40.44
(1 0 1) 1.306 12 0.2421 49.57
(1 1 0) 1.230 8 0.3997 20.01
(0 0 1)-O 0.782 9 0.2196 40.99

Figure 3. Crystallographic structure and morphologies of In2O3 with crystal planes 
(1 0 0), (1 1 0) and (1 1 1). Surface energy is in joule per⋅square meter.
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and In2O3. Using a methodology recently developed by our research group, a detailed con-
figurational analysis of the different faces was performed. A correlation between the broken 
bonding density (Db) and the surface energies was found. The relaxed structures and surface 
energies were used to obtain a complete array of accessible morphologies. Manipulating the 
values of surface energy for each face plays a significant role, and it is exemplified in the 
aforementioned materials.

This method provides an approach with both predictive and explanatory capabilities and 
the results presented here are an illustration of how first principle calculations can rationalize 
the mechanisms stabilizing the morphology of micro- and nano-particles at the atomic level. 
The calculated diagrams relate the crystal growth conditions with the observed morphologies 
in an attempt to rationalize the morphologies obtained under different conditions. The mor-
phological transformation of Co3O4, α-Fe2O3, and In2O3 materials revealed by this model was 
consistent with the Wulff construction.

Our results point out that starting by surface thermodynamics is a helpful approach to 
predict and assess the morphology transformation of materials and they are very useful in 
interpreting changes in crystal morphology. By this way, this method allow to understand how 
tuning the surface can control the shape of micro and nanocrystals synthetically. We expect 
that our work is beneficial to get a profound understanding of how to achieve shape-controlled 
materials synthesis than the normal trial and error synthetic procedure.
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3 – CONCLUSIONS 
 

 

In summary, a set of published articles was presented reporting intimate 

details of the internal process of distinct behavior, and these findings brings new 

fundamental questions that open space for new researches.  

The results derived from the present studies are based on the 

information obtained by the joint analysis of experimental and theoretical works 

to provide a deeper insight and understanding of complex functional materials.  

It is possible to find several utilities for the use of quantum 

mechanics calculations about applications and design of materials. Among the 

results presented here, the photoluminescence emission of ZnS was modified 

with the substitution of small amount of Zn for Eu atoms (see pag. 5). Theoretical 

results provided support for the explanation of this fact and showed details about 

the behavior of the bonds and electronic bands. 

Other example about the importance of the theoretical 

implementations in experimental systems was the new method about how to 

evaluate the morphology and the necessary configurations for its changes (see 

pag. 42). It is an important tool due to the relation of the properties and the 

surfaces of a crystal. 

Besides the design of new materials, the theoretical tools were used 

also to the explanation of a new phenomenon caused by electron bombing, which 

was observed in Ag2WO4 and Ag2MoO4 crystals. The results showed that the Ag 

reduction caused the distancing of certain metallic Ag of other clusters and therefore, 

filaments of metallic Ag were observed during the electronic microscopy (see pag. 

15, 23 and 35). 

These methods provide an approach with both predictive and 

explanatory capabilities and the results presented here are an illustration of how first 

principle calculations and the experimental system interact perfectly. We expect that 

our works are beneficial to get a profound understanding of how to achieve desired 

materials synthesis than the normal trial and error synthetic procedure. 
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