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Resumo 

 

EMPREGO DE AGENTE COMPLEXANTE E IRRADIAÇÕES POR FEIXE DE 

ELÉTRON E LASER FEMTOSEGUNDOS COMO ESTRATÉGIAS PARA 
ALTERAÇÕES DA PROPRIEDADE FOTOLUMINESCENTE DO α-Ag2WO4. A 
descoberta da fotoluminescência a temperatura ambiente impulsionou o 

desenvolvimento de diversos aparelhos óptico-eletrônicos, motivou a busca 
por novos materiais fotoluminescentes e estimulou a modelagem dessa 
propriedade, mediante uma série de alterações no meio sintético. Devido à sua 

intrínseca fotoluminescência, o alfa-tungstato de prata (α-Ag2WO4), tem sido 
extensivamente estudado com o intuito de melhorar e modificar o seu emprego 

em dispositivos eletrônicos. As alterações morfológicas, estruturais, e 
também, a formação de heteroestruturas entre semicondutores e 
nanopartículas metálicas, têm se mostrado eficientes no modelamento e 

melhoramento da fotoluminescência. Desta forma, este estudo tem como 
principal objetivo a formação de heterosestruturas constituídas por 

microcristais de α-Ag2WO4 e nanopartículas de Ag, modificação morfológica e 
estrutural do α-Ag2WO4. As nanopartículas de prata foram obtidas por 3 vias: 
1) método químico, no qual empregou-se o etilenodiamino que atuou como 

complexante, modelador da morfologia e redutor do cátion Ag+, 2) irradiação 
por feixe de elétrons e 3) irradiação por laser femtosegundos. Como resultados 
destacamos, o êxito na modelagem estrutural, morfológica e fotoluminescente, 

a partir das estratégias utilizadas. Foi elucidado o mecanismo de crescimento 
de partículas em meio contendo etilenodiamino e discutiu-se a influência da 

morfologia, do band gap superficial e da microestrutura sobre a 
fotoluminescência, frente à ação das irradiações empregadas. Ao utilizar 
etilenodiamino na síntese de α-Ag2WO4, observou-se uma relação direta entre 

concentração de etilenodiamino e quantidade de nanopartículas de prata 
superficiais. E como consequência da densidade eletrônica das superfícies que 
constituem cada morfologia e dos defeitos estruturais, observamos centros de 

emissão fotoluminescente diferentes ao empregar as estratégias selecionadas. 
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Abstract 

 

EMPLOYMENT OF COMPLEXING AGENT AND IRRADIATION BY ELECTRON 

BEAM AND FEMTOSECOND LASER AS STRATEGIES FOR CHANGING THE 

PHOTOLUMINESCENT PROPERTY OF α-Ag2WO4. The discovery of room 

temperature photoluminescence has driven the development of various 

optical-electronic devices, motivated the search for new photoluminescent 

materials, and stimulated the modeling of this property through series of 

changes in synthesis medium. Due to its intrinsic photoluminescence, alpha-

silver tungstate (α-Ag2WO4) has been extensively studied with the aim of 

improving and modifying its use in electronic devices. Morphological and 

structural modifications, as well as the formation of heterostructures between 

semiconductors and metallic nanoparticles have been shown to be efficient in 

photoluminescence modeling and enhancement. Thus, this study aimed at the 

formation of heterostructures composed of microcrystals of α-Ag2WO4 and Ag 

nanoparticles, and the morphological and structural modifications of α-

Ag2WO4. The silver nanoparticles were obtained by 3 methods: 1) chemical 

method, in which ethylenediamine was employed as a complexing agent, 

morphology controller and reducer of Ag+ cation, 2) electron beam irradiation 

and 3) femtosecond laser irradiation. As results the study highlights the 

successful structural, morphological and photoluminescence modeling based 

on the strategies used. The mechanism of particle growth in medium 

containing ethylenediamine was elucidated and the influence of morphology, 

surface band gap and microstructure on photoluminescence was discussed 

according to irradiations employed. Regarding ethylenediamine in the 

synthesis of α-Ag2WO4, a direct relationship between ethylenediamine 

concentration and amount of surface silver nanoparticles were observed. And 

as a consequence of the electronic density of the surfaces constituting each 

morphology and structural defects, different photoluminescent emission 

centers were observed for selected strategies. 
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_____________________________ 

Capítulo 1 

_____________________________ 
 

Introduction 

The development of photoluminescent materials with superior 

performance is very important due to their use in various devices such 

as TVs, computers, calculators, LED screens and diodes. 

Photoluminescence spectroscopy is a powerful tool used to observe 

separation of photoinduced charge carriers, recombination processes in 

nanometric semiconductors and order/disorder in the short (2-5 Å) and 

medium (5-20 Å) ranges, typical of cluster distortions, surface defects, 

distortions of oxygen bonds, oxygen vacancies, surface states (MOTTA 

et al., 2009), (TEIXEIRA et al., 2012). Structural order/disorder affects 

the electronic and optical properties of materials, resulting in interesting 

technological applications. It is known that the more disordered the 

structure of a material, the greater the intensity of its photoluminescent 

emission. (ORHAN et al., 2005) However, an optimum emission is 

obtained when there is both order and disorder in the compound, thus 

causing a charge gradient, which contributes to the trapping of electrons 

and holes in the crystalline lattice. Accordingly, the reconfiguration of 

the crystal structure enables modulation of the photoluminescent 

property of ceramic solids. For this purpose, the structure of a material 

can be modified by varying synthesis conditions, doping, among other 

factors (ROCHA et al., 2016). 

Photoluminescence occurs when a higher energy photon is 

absorbed with the emission of a lower energy photon. This phenomenon 

in materials is linked to structural and electronic properties, particle 

morphology and cluster organization. According to Blasse and 

Grabmaier, (BLASSE and GRABMAIER, 1994), a multilevel and 

multiphoton photoluminescence known as broadband, occurs when 
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relaxation after excitement follows several paths, involving additional 

energy states within the band gap of the material, resulting in several 

emission bands from different regions of the electromagnetic spectrum 

(ROCHA et al., 2016). 

The multilevel process is typical of disordered materials at short 

and medium ranges since disorder promotes the orbital overlap of 

elements that form the material. When orbitals overlap, they generate 

intermediate energy levels in the forbidden band and a charge gradient 

in the unit cell, which allow the trapping of electrons, and forbidden 

radiative decay through several routes (ROCHA et al., 2016), (MOURA 

et al. al., 2013).  It is a consensus that energy states farther from the 

valence or conduction bands produce lower energy emissions, and 

defects that cause this behavior are called deep defects. However, levels 

closer to the valence or conduction bands produce higher energy 

emissions, and this type of defect is called a shallow defect (SANTANA, 

de et al., 2014), (SOUZA et al., 2016). 

Silver tungstate (Ag2WO4) has three polymorphs that are 

synthesized by controlling synthesis temperature and pressure: α-

Ag2WO4, β-Ag2WO4 and γ-Ag2WO4 with orthorhombic, hexagonal and 

cubic structure, respectively (BASTOS et al., 2022).  α-Ag2WO4 is 

thermodynamically stable and has several applications highlighted as 

follows: bactericidal and antimicrobial agent, catalyst, sensor, 

photoluminescent material, electrocatalyst, photocatalyst and dye 

adsorbent (PINATTI et al., 2019), (ABREU et al., 2022), (ADIB et al., 

2021). The crystalline lattice of silver tungstate in the orthorhombic 

form presents distorted octahedral tungsten clusters [WO6] and silver 

clusters [AgOx] (x = 2, 4, 6 and 7): distorted deltahedral [AgO7], distorted 

octahedral [AgO6], distorted tetrahedral [AgO4] and angular [AgO2]. The 

heterogeneity of the crystal lattice and its associated anisotropy are 

responsible for the multifunctionality of α-Ag2WO4 (CAVALCANTE et al., 

2012). 

Several methods have been employed to prepare α-Ag2WO4, such 

as chemical precipitation, (SREEDEVI et al., 2015) conventional 

hydrothermal method, (YU et al., 2003) microwave-assisted 
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hydrothermal method, (SILVA, et al., 2016) simple ion exchange, (WANG 

et al., 2019) sonochemical method, (XAVIER et al., 2019) among others. 

In addition to the methodology employed, factors controlled in the 

synthesis methods such as: time, temperature and reaction pH, 

presence and concentration of organic ligands, source and 

concentration of lattice former and modifier, solvent, ionic strength, 

among others, directly affects the lattice structure, morphology, particle 

size, and other properties. Neto and collaborators synthesized α-Ag2WO4 

using chemical precipitation, polyvinylpyrrolidone as a surfactant and 

different reaction temperatures. They observed that higher 

temperatures resulted in elongated nanorods with a change in cross-

section from hexagonal to square, and the particles presented surface 

irregularities. They also found that photocatalytic activity against 

methylene blue dye improved, and attributed the performance to the 

change in morphology and increase in surface contact due to surface 

irregular. (ANDRADE NETO et al., 2019) 

On the surfaces, some clusters, which constitute the crystalline 

lattice, are sub-coordinated, that is, the expected number of oxygen 

atoms around the cation is reduced. Thus, considering that each surface 

can present a different number of broken bonds, then each surface can 

also present an electronic density different from the average value 

measured experimentally. (GOUVEIA et al., 2022), (LAIER et al., 2020) 

Therefore, a material whose surface (a higher proportion) has high 

electronic density, that is, a particle with a certain morphology, will 

present different performances for a desired application. Roca and 

colleagues synthesized α-Ag2WO4 using a microwave-assisted 

hydrothermal method which involved the variation of temperature and 

the use of sodium dodecyl sulfate as surfactant. They observed a 

variation in the exposed faces of the phase according to change in 

temperature and a dependence of photocatalytic activity on the 

predominantly exposed faces. This dependence was related to the 

presence of unsaturated Ag and W sites with affinity for H2O, O2 and 

OH* and O2H* radicals. Therefore, these photocatalytic activities are 

closely related to the organization of atoms on the surface of the 
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particles and the proportion of the active surface according to the 

morphology of the material. (ROCA et al., 2015) 

One of the strategies used to favor the growth of specific surfaces 

is the use of complexing agents, which are known to: a) bind to cationic 

ions, thus control nucleation, and consequently the size of the particles; 

(RIBEIRO et al., 2022) b) they preferentially bind to certain crystalline 

faces due to the affinity of functional groups to molecules present on 

that surface, thus influencing the morphology of particles (DING et al., 

2018) and c) in some cases, they reduce cationic ions, forming, for 

example, metallic nanoparticles (RAJESH et al., 2016). Ribeiro and 

collaborators synthesized α-Ag2WO4 with different morphologies and 

particle sizes via a sonochemical method with different complexing 

agents. These researchers also observed improved photocatalytic 

activity when employing citric acid in the reaction medium, due to 

particle size reduction. (RIBEIRO et al., 2022).  Wang and researchers 

used the mirror silver reaction and the complexant ethylenediamine to 

deposit and control silver nanoparticles on the surface of TiO2 

nanocrystals. The Ag-TiO2 system showed excellent catalytic activity for 

the reduction of p-nitrophenol. (WANG et al., 2017)  

In order to modify the properties of materials, several ligands have 

been used. Among them, one can cite: ethylenediamine (WANG et al., 

2017), citric acid (MAIA, ASSAF and ASSAF, 2012), 

ethylenediaminetetraacetic acid (MO et al., 2022), 

cetyltrimethylammonium bromide (LAI et al., 2014) and 

polyvinylpyrrolidone (SEO et al., 2019). 

Metallic nanoparticles combined with semiconductors result in 

materials with optimized properties due to synergistic effects, metal-

semiconductor coupling and interfacial structure. In addition, the 

physical-chemical properties of the individual components contribute to 

improved properties. (LV, DUAN and WANG, 2020) Metal-semiconductor 

systems can be applied in: catalysis, photocatalysis, electrocatalysis, 

solar cells and energy storage.  (LV, DUAN and WANG, 2020) The 

combination with noble metal particles adds several benefits as regards 

material properties such as: active sites, electronic traps and plasmonic 
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surface resonance. (LIAO, NEHL and HAFNER, 2006) Semiconductors 

containing silver nanoparticles have been extensively studied because 

they present multiple functionalities in areas such as bactericidal 

applications, bioimaging, sensing, photocatalysis, optics, etc. (LOU et 

al., 2017), (HUANG et al., 2017), (FENG et al., 2018) As mentioned in 

the previous paragraph, one of the possible alternatives for obtaining 

metallic nanoparticles are the use of complexing agents with a reducing 

effect. Other recurrent pathways are electron beam and femtosecond 

laser irradiation, which act by propelling internal atoms to the surface 

and subsequent production of  nanoparticles on the surface of the 

material, metal/semiconductor interface and internal metallic 

vacancies.(ASSIS et al., 2020), (ASSIS et al., 2018) Longo and colleagues 

synthesized α-Ag2WO4 by microwave-assisted hydrothermal method, 

using the surfactant polyvinylpyrrolidone, after which the as-

synthesized sample was subjected to electron irradiation. They 

observed: 1) the growth of silver on the surface of α-Ag2WO4, 2) 

structural and electronic disorder caused by the electron beam, and 3) 

improved antimicrobial activity. (LONGO et al., 2014) Using 

femtosecond laser as a source of irradiation, Assis and collaborators 

also grew Ag on the surface of α-Ag2WO4 crystals and observed an 

improvement in bactericidal activity. (ASSIS et al., 2018) 

Concerning the strategies that can be used to change the 

properties of materials, we highlight the microwave-assisted 

hydrothermal method, whose advantages are: thermal gradient 

elimination, direct, quick and selective heating of the reaction system, 

increased productivity and selectivity of the synthesis, resulting in 

particles with homogeneous morphologies and narrow size distribution 

(LIU et al., 2022), (SIVASUBRAMANIAN et al., 2022). The heating mode 

is a result of the direct interaction between the dipole moments of polar 

substances (solvent, precursors and ions) and alternating 

electromagnetic field of microwave irradiation that produces rotations 

and collisions of the substances contained in the reaction medium and 

ionic conduction. (CHEN et al., 2022), (SIVASUBRAMANIAN et al., 

2022), (KUMARI et al., 2022) It is important to note that only dipolar or 
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charge-carrying substances are capable of absorbing and converting  

microwave radiation into heat.(LIU et al., 2022), (BECERRA-PANIAGUA 

et al., 2022) Using the microwave hydrothermal method, L. O. Laier 

obtained α-Ag2WO4 microrods and observed that the time of exposure to 

microwave radiation modified the surface areas of the particles, 

generating density of broken bonds, which can function as an active site 

in catalyzed reactions.(LAIER et al., 2020) 

To reduce non-radiative transition and thus improve emissive 

transition, a low phonon energy is necessary. This characteristic is  

typical of tungstates, which are considered self-activated phosphors 

because of [WO6] clusters that efficiently transfer energy within the 

lattice through charge transfer from O to W.(THONGTEM, 

PHURUANGRAT and THONGTEM, 2008), (KAUR et al., 2020), 

(HUANGFU et al., 2022) The charge transfer transition in [WO6] clusters 

and intrinsic defects produce two bands in the photoluminescence 

spectra: one in the blue-violet and the other in the yellow-green regions, 

respectively. The higher energy emission of silver tungstates is 

associated with the electronic transitions that occur between the 

hybridized Ag 4d and O 2p orbitals, which form the valence band, and 

the delocalized s and p orbitals of the W 5d conduction band. Cavalcante 

and colleagues synthesized α-Ag2WO4 by three methods and observed 

an increase in photoluminescence intensity associated with higher 

structural disorder of the lattice. (CAVALCANTE et al., 2012) Through 

chemical precipitation, Sreedevi and collaborators obtained α-Ag2WO4 

and calcined the same for 3h, at 500, 550 and 600 oC. They found an 

increase in photoluminescent intensity with an increase in calcination 

temperature. This effect was also associated with an increase in 

structural defects. (SREEDEVI et al., 2015) 

In this context, the objective of this work was to investigate and 

relate the structural, morphological and optical properties of the Ag/α-

Ag2WO4 system, varying the method of obtaining silver nanoparticles. 

The highlights of the study were the synthesis of multidimensional 

particles using ethylenediamine as a complexing agent, the modulation 

of photoluminescent emission and the correlation shown between 
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photoluminescence and particle surface, corroborated by theoretical 

calculations. 
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ABSTRACT: In this study, we report the potential of ethylenediamine (En) in 

the modification of the morphological, structural, optical and catalytic 

properties of α-Ag2WO4 crystals decorated with Ag nanoparticles (Ag NPs). 

Experimental techniques were used to characterize the as-synthesized 

samples such as X-ray diffraction, Raman, electron microscopy, X-ray 

photoelectron spectroscopy, X-ray absorption spectroscopy, and 

photoluminescence spectroscopy. The results confirmed the efficiency of En 

in the decoration with the formation of Ag/α-Ag2WO4 crystals and also the 
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modification of α-Ag2WO4 morphology that indicated its influence on the 

crystal growth mechanism via self-assembly and Ostwald ripening. En affects 

the degree of order/disorder of the crystalline structures in long and short-

ranges. In addition, photoluminescence measurements revealed a blue shift 

of the optical emission caused by a reduction of oxygen vacancies and an 

increase in structural disorder due to the En concentration used in the 

synthesis processes. Regarding the photocatalysis experiments, the reduction 

in oxygen vacancies also caused a decrease in the photoactivity of α-Ag2WO4 

against the rhodamine B dye, thus confirming the relevance of oxygen 

vacancies for the development of α-Ag2WO4 photocatalysts. 

Keywords: Optical Properties, Photocatalytic Activity, Alpha-Ag2WO4, 

Tungstate, Silver, Ag, Microcrystals, Growth, Ions, Glasses 

 

2.1 - Introduction 

Material properties are determined based on various factors such as 

defects, particle size, morphology, crystal structure, and the combination of 

materials. Morphology is governed by surface anisotropic properties which, 

consequently, are controlled by growth and dissolution rates, wettability, 

surface energy, cohesion, adhesion, etc.1 Several chemical synthesis 

methodologies have been applied to obtain compounds that exhibit distinct 

crystal shapes due to the direct relationship between the morphology of the 

materials, the physicochemical properties, and their functional applications.2 

This occurs because the morphology is directly linked to short-, medium-, and 

long-range crystal lattice ordering caused by the presence of reactive surfaces 

and the contact area, directly influencing the material properties.3 Such 

factors are controlled by the synthesis methodology; therefore, it is of great 

importance to understand the factors that are linked to the manifestation of a 

specific property to develop a suitable synthesis methodology.  

In addition to their efforts to control morphology, many researchers have 

dedicated themselves to the development of multifunctional materials, 

through the suitable combination of their constituents. In particular, the 

combination of semiconductors with metallic nanoparticles, due to the 

catalytic and electronic characteristics that culminate in materials with 
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unique optical, magnetic, physicochemical, catalytic, and plasmonic 

properties. Silver-containing materials have been widely studied, due to their 

several applications, such as in antibacterial4,5 materials, bioimaging,6 

sensors,7 heterogeneous catalysis,8–10 and optics.11–13 As can be found in the 

work conducted by Barreca et al.,12 silica-supported silver nanoparticles were 

obtained by radio frequency (rf) sputtering from Ar plasma, under soft 

conditions. The authors observed modifications in the optical properties of the 

material, such as increased absorption in the visible region, due to surface-

plasmon resonance, widening of the band due to the increase in particle size 

and shape distribution, in addition to the red effect, caused by the particle 

coalescence. On another occasion, Barreca et al.13 used the same rf-sputtering 

method to prepare Ag–Au alloys supported on silica. They analyzed the control 

of the size, shape, structure, and dispersion of the particles and concluded 

that the control of reaction conditions and thermal treatment function makes 

it possible to fine-tune the optical properties. 

Our research group has studied the silver tungstate (α-Ag2WO4) 

compound synthesized by different methodologies.14,15 Significant interest in 

α-Ag2WO4 has recently developed because it presents interesting applications 

for sensors,16 light-emitting diodes (LEDs),17 degradation of organic 

contaminants,18 and inhibition/destruction of pathogenic microorganisms.19 

These applications depend on the method utilized to obtain the α-Ag2WO4 

compound. Different methodologies have been used to synthesize α-Ag2WO4, 

such as coprecipitation (CP),16 the conventional hydrothermal (CH) method,20 

the microemulsion method,11 and the microwave-assisted hydrothermal 

(MAH)21 method, among others. 

To get decorated semiconductors, Koyappayil et al. synthesized 

Ag@Ag2WO4 nanorods via the hydrothermal route, using 

cetyltrimethylammonium bromide (CTAB) in the reaction medium. They 

observed an excellent ability to detect hydrogen peroxide and glucose.7 

Meanwhile, Liu et al. obtained Ag2WO4 nanowires decorated with Ag NPs, but 

by the hydrothermal method followed by the chemical reduction process, 

verifying good semiconductor stability and improvement of the photoactivity 

in the visible region due to the high production of OH* radicals and the effects 

of plasmon resonance of the surface.22 Although these works present simple 
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methodologies for the preparation of Ag/Ag2WO4 crystals, few simple methods 

promote a suitable control of the morphological and structural properties of 

the semiconductor decorated with (or without) Ag NPs.  

Recently, the modifier En has gained attention due to its bidentate 

complexing properties, which include high polarity, high chelating power, 

alkalinity, and the ability to act as a reducing agent.23 In this study, we 

analyzed the synthesis of α-Ag2WO4 via the MAH method with two 

concentrations of the complexing agent, En, investigating its influence on 

short-, medium-, and long-range ordering, morphology, optical, and 

photocatalytic properties. 

Also, the formation of Ag NPs on the surface of α-Ag2WO4 was verified 

due to the use of En in the synthesis, without additional processes. This 

manuscript addresses a strategy for obtaining multidimensional and 

functionalized architectures with metallic nanoparticles and also provides an 

understanding of the factors that fine-tune the optical and photocatalytic 

properties of α-Ag2WO4. 

 

2.2 - Experimental section  

Preparation of Ag/α-Ag2WO4 crystals: In two separate beakers, a 

solution of 0.5 mmol of En (C2H8N2, 99.8%, Sigma-Aldrich) and 2 mmol of 

silver nitrate (AgNO3, 99.8%, Cennabras), dissolved in 10 mL of deionized 

water at room temperature, was prepared. Then, an AgNO3 solution was added 

to the En solution and was continuously stirred for 1 h, yielding a brown 

suspension, which, after 15min, turned black. Separately, 1 mmol of sodium 

tungstate (Na2WO4·2H2O, 99%, Stream Chemicals) was dissolved in 80 mL of 

deionized water, which was added to the mixture containing En and AgNO3, 

resulting in an instantly formed white precipitate. This solution was 

continuously stirred for 10 min. The same procedure was followed for the 

second sample using 1 mmol instead of 0.5 mmol of En. The suspension 

obtained was transferred to a Teflon vessel (100 mL) and then treated in an 

MAH reactor at 160 °C for 32 min. The resultant black powder was centrifuged 

3 times with acetone, 3 times with ethyl alcohol, 4 times with distilled water, 

and then dried at 60 °C for 12 h. The variations of the reaction conditions are 
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shown in Table 2.1. For the synthesis without En, the procedure was the 

same except AgNO3 was dissolved in 20 mL of deionized water, and the powder 

obtained exhibited a light pink color. The samples were named W for the 

sample without En and WE0.25 and WE0.5 for the En/Ag+ ratios of 0.25 and 

0.50, respectively. 

To investigate the growth and formation of the morphology, the WE0.25 

and WE0.5 syntheses were performed for the following time durations: 2, 4, 8, 

and 16 min. The 5 min time duration in WE0.5 was added because of a 

morphological change observed between 4 and 8 min. 

Table 2.1 Identification of α-Ag2WO4 samples and variation of reaction 
conditions. 

Samples no mmol  
WO4

2- 
no mmol 

Ag+ 
no mmol 

En* En*/Ag+ [En*] 
mmol/L 

W 1.0 2.0 0 0 0 

WE0.25 1.0 2.0 0.5 0.25 5.0 

WE0.5 1.0 2.0 1.0 0.50 10.0 

 

Photocatalytic measurements: The photocatalytic activity of the as-

synthesized samples was probed by quantifying the removal of rhodamine B 

(RhB; 95%, Mallinckrodt) dye in aqueous solution under UV irradiation. The 

samples (50 mg) were immersed in 50 mL of RhB solution (1 × 10−5 mol L−1). 

Before illumination, the suspensions were sonicated for 5 min in an ultrasonic 

bath (Branson, model 1510; frequency 42 kHz), then stored in the dark for 30 

min to allow for saturated adsorption of RhB onto the catalyst. The beaker 

was then placed in a photoreactor kept at 20 °C and illuminated by six UV 

lamps (TUV Phillips, 15 W, and maximum intensity of 254 nm). At 5 and 15 

min intervals, an aliquot of 0.5 mL was removed and then centrifuged at 10 

000 rpm for 2 min to remove the sample from the suspension. Finally, the 

removal of dye was monitored using a spectrometer (Jasco V-660) to measure, 

at 554 nm, the intensity of the RhB characteristic absorption peak. 

Computational methods: The polyhedron energy, Epoly, was calculated 

using eqn (1), and the energy profile, which allows the connection of the ideal 

morphology with the final experimental morphology, was constructed. 
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𝐸𝑝𝑜𝑙𝑦 =∑𝐶𝑖. 𝐸𝑠𝑢𝑟𝑓
(ℎ𝑘𝑙)

                 (1) 

where Ci is the percent contribution of the surface area to the total area 

of a polyhedron (𝐶𝑖 = 𝐴
(ℎ𝑘𝑙) 𝐴(𝑝𝑜𝑙𝑦)⁄ )and 𝐸𝑠𝑢𝑟𝑓

(ℎ𝑘𝑙)
 is the surface energy.24 

Characterization techniques: The X-ray powder diffraction technique 

(XRD) was employed to evaluate the crystalline structure in the long-range, 

the composition phase and the lattice parameters of the sample Ag/α-Ag2WO4, 

using a diffractometer (Shimadzu, model XRD 6000) with Cu-Kα radiation (λ 

= 1.5406 Å) in the 2θ range from 5° to 110° with a step of 0.02° and a scanning 

speed of 0.2° min−1. The Rietveld refinement method was employed to verify 

the bond angle, the quantitative analysis phase, and the lattice parameters.25 

Refinement calculations were performed using TOPAS Academic (v.5.4) 

software. The parameters refined were the scale factor, background 

(polynomial 6 terms), sample shift, crystal lattice, anisotropic peak 

broadening, preferential orientation, and isotropic thermal parameters. The 

background was corrected by the Chebyshev function with a polynomial of 10 

terms. The peak profile was modeled by Finger et al.,26 a function for the 

correction of peak asymmetry due to axial divergence. The anisotropic 

broadening of the sample was modeled using Stephens's model.27 The weight 

fraction Wα of the crystalline phases present in the heterostructure Ag/α-

Ag2WO4 is estimated using Hill and Howard's28 relationship: 

 

  𝑊𝛼 =
𝑆𝛼(𝑍𝑀𝑉)𝛼

∑ 𝑆𝑖(𝑍𝑀𝑉)𝛼
𝑛
𝑖−1

             (2) 

 

where n, S, Z, M and V are the number-phase in the sample, the scale 

factor, the number of formula units per unit cell, the mass of the formula unit 

and the unit-cell volume, respectively. Since all the phases are crystalline in 

the sample, α is the j value for a specific phase (Ag or Ag2WO4) among the total 

phase in the heterostructure.28 In other words, the amount phase is relative 

and not absolute; for this reason, the structural quality of the sample in 

refinement is fundamental. The structural quality and the performance of the 

calculation are guaranteed by Rwp, which is the percentagem difference of the 

calculated intensity observed point by point; Rexp, which is the best 



18 
 

statistically expected value for Rwp; Gof2 (goodness of fit), which represents the 

ratio between Rwp and Rexp; and RBragg, which indicates the quality of the 

refined structural model and also the good visual agrement between the 

adjustments made.25,29 The morphological properties were analyzed using field 

emission scanning electron microscopy, FE-SEM (Philips-FEIInspect F50) and 

transmission electron microscopy, TEM (FEI-Tecnai G2 F20 operating at 200 

kV). High-resolution transmission electron microscopy (HRTEM) 

measurements were performed to investigate the planes and assign them to 

the possible phases present in the as-synthesized samples. Raman spectra 

were collected using an Ar ion laser (Horiba Jobin-Yvon iHR550, λ = 514.5 nm, 

20 mW) as an excitation source, with a scanning range from 50 to 1100 cm−1. 

Room-temperature photoluminescence (PL) measurements were performed 

using a 355 nm laser (Cobol/Zouk) as an excitation source focused on a 200 

μm spot with a constant power of 5 mW. The luminescence signal was 

dispersed by a 19.3 cm spectrometer (Andor/Kymera) and detected by a Si 

charge-coupled device (Andor/Idus BU2). The electronic and local atomic 

structures around the tungsten atoms were probed using X-ray absorption 

nearedge structure (XANES). The W-L edge XANES spectra of the α-Ag2WO4 

samples were collected at the XAFS2 beamline at the Brazilian Synchrotron 

Light Laboratory (LNLS). The XANES spectra were collected at the W-L1 edge 

in a transmission mode at room temperature. The spectra were recorded using 

energy steps of 1.0 eV before and after the edge, and 0.7 and 0.9 eV near the 

edge-region for the L1 edge. For the XANES analysis, the background was 

removed from all the spectra, and normalized using as the unit of 

measurement the first extended X-ray absorption fine structure (EXAFS) 

oscillation, using MAX software.32 The X-ray photoelectron spectroscopy, XPS, 

measurements were made using a Scienta Omicron ESCA+ with a 

monochromatic X-ray source (Al Kα, hν = 1486.7 eV). Peak deconvolution was 

performed using a Voigt line shape with a Shirley nonlinear sigmoid-type 

baseline and all binding energies were calibrated with reference to the surface 

adventitious C 1s peak at 284.8 eV as an internal standard. 
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2.3 - Results and discussion  

 

Figure 2.1 shows the XRD patterns of the α-Ag2WO4 powder prepared 

by the MAH method. The orthorhombic structure was confirmed in all patterns 

associated with α-Ag2WO4 (space group Pn2n), according to Inorganic Crystal 

Structure Database (ICSD) card no. 4165.3,30,33 The WE0.25 and WE0.5 

samples also showed reflections at 38.20°, 44.40°, and 64.60°, which were 

indexed to crystallographic planes (111), (200), and (220), related to the cubic 

structure of metallic Ag (ICSD, card no. 64997).31,34 The lattice parameters of 

the samples estimated from the Rietveld refinement are presented in Table 

2.2. As can be seen, the results are similar to those reported in previous 

studies,30 and no significant variation between the samples was found. 

Furthermore, as a result of the use of En in the synthesis procedure, we 

observed the presence of two crystalline phases: α-Ag2WO4 and metallic Ag.  

The obtained cell volumes of the W, WE0.25, and WE0.5 samples were 

767.5, 772.0, and 771.1 Å3, respectively, which differ from each other and are 

smaller than that previously reported by Skarstad et al.,30 i.e., a cell volume 

of 775.56 Å3. The cell volume contraction is related to the synthesis method 

utilized. The CH method reported by Skarstad et al.30 is similar to the method 

employed here. However, compared to the MAH method, the CH method 

employs lower heating rates, which influences the speed of crystallization and 

nucleation. The MAH method uses a high-heating rate, which causes atomic 

Figure 2.2 XRD patterns of the α-Ag2WO4 samples synthesized by the MAH 

method. 
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stacking of the crystalline structure, promoting the formation of vacancies, 

which culminates in shrinkage of the complex unit cell. However, the samples 

that were obtained with En showed an expansion of the unit cell concerning 

the pristine sample caused by the complexing agent acting on the synthesis 

control, which also decreases the nucleation rate. In the WE0.25 and WE0.5 

samples, beyond the α-Ag2WO4 phase, a secondary phase related to metallic 

Ag (Ag0) was found. Its lattice parameters are similar to values reported in 

previous studies, i.e., a = 4.08 Å (ICSD card no. 64997).31,34 As shown in Table 

2.2, the quantitative phase analysis of the WE0.25 and WE0.5 samples 

presented approximately 19% and 31% of metallic Ag. As previously 

mentioned, the formation of metallic Ag is related to En. Additionally, the 

WE0.5 sample exhibited a significant increase in the Ag content compared to 

the WE0.25 sample, suggesting that the concentration of En also influences 

the amount of metallic Ag in the sample. 

 

Table 2.2 Lattice parameters and unit cell volume obtained by Rietveld 

refinement for the α-Ag2WO4 samples. 

                                   Samples 

 References W WE0.25 WE0.5 

  
  
  
  
 α

-A
g

2
W

O
4
 

LP (Å) 

a 10.89(2)30 10.8707(4) 10.876(2) 10.892(1) 

b 12.03(2)30 11.9931(5) 12.038(3) 12.018(2) 

c 5.92(2)30 5.8865(3) 5.902(1) 5.8909(9) 

V (Å3) 775.56(*)30 767.45(6) 772.0(3) 771.1(2) 

Content (%) 100 100 81(1) 69.3(9) 

  
  
  
  
 A

g
0
            

LP(Å)  a 4.07724(4)31 - 4.086(1) 4.0865(7) 

V (Å3) 67.78(*)31 - 68.26(7) 68.24(3) 

Content (%) 100 0 18.(1) 30.6(9) 

LP: Lattice Parameters. (*) Not indicated in the cif 

 

The unit cell illustrated in Scheme 2.1 represents the arrangement of 

[AgOy] (y = 2, 4, 6, and 7) and [WO6] constituent clusters of α-Ag2WO4. This 



21 
 

unit cell was constructed from the lattice parameters and atomic coordinates 

obtained by the Rietveld refinement utilizing the Visualization for Electronic 

and Structural Analysis (VESTA) software.35 The [AgOy] (y = 2, 4, 6, and 7) 

clusters have distorted angles and diferente coordination numbers, and the W 

clusters are coordinated by six oxygen atoms and also have distorted angles. 

It can be observed from Scheme 2.2 that the O–Ag–O and O–W–O bond 

angles of the W and WE0.5 samples present greater deviations compared to 

the angles in the reference clusters,30,33 following the order WE0.25 < W < 

WE0.5. As can be seen, the addition of En caused structural organization up 

to the limit, causing more significant structural disorders than those observed 

for sample W. The increase in the En concentration then caused a local 

organization in the Ag–O and W–O bonds, and the distortion of these bonds in 

the WE0.25 and WE0.5 samples, respectively.  

These measurements were performed to verify the chemical composition 

and oxidation states of the constituent elements on the surface of the samples. 

Figure 2.2(a) displays the survey spectra, where it is possible to observe the 

presence of the elements Ag, W, and O in the samples. The presence of extra 

elements was not identified, suggesting that the syntheses employed were 

successful. Note that the presence of C is inherent to the equipment and was 

observed in all the samples.  

Scheme 2.1 Schematic representation of the crystalline unit cell of α-

Ag2WO4 (bulk)
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The high-resolution XPS spectra of the Ag 3d region of the W, WE0.25, 

and WE0.5 samples were assigned to the doublets, 3d3/2 and 3d5/2, due to the 

spin–orbit coupling, as shown in Figure 2.2(b). These peaks can be 

deconvolved into two peaks that correspond to metallic silver and ionic silver. 

However, as there is an overlap between deconvolved peaks, it is recommended 

to measure the Auger parameter, since it confirms the presence of different 

oxidation states.12 The Auger parameter was calculated by the sum of the 

binding energy of Ag 3d and the kinetic energy of Auger MNN (KE) (= BE 

(Ag3d5/2) + KE (Auger (M4N45N45)) (characteristic energy, eV)).36 By amplifying 

the survey in the Auger Ag M4N45N45 region, the graph shown in Figure 2.2(c) 

was obtained. The Auger parameter values obtained for W, WE0.25, and 

WE0.50 samples were 724.08, 724.46, and 724.83 eV. Since the Auger 

parameter for ionic silver is 724.0 eV and for metallic silver is 726.0 eV, such 

findings indicate the presence of a mixture of silver species exhibiting different 

oxidation states.37 It was again observed that the concentration of En in the 

Scheme 2.2 Schematic representation of the angular deviation of [AgOy] (y 

= 2, 4, 6 e 7) and [WO6] clusters.
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syntheses favored the formation of metallic Ag on the α-Ag2WO4 surface, 

because the increase in the proportion of the complexing agent modified the 

proportion of Ag species on the surface of the particles. 

 

 

Furthermore, the high-resolution XPS spectra in the O 1s region, shown 

in Figure 2.2(d), were deconvoluted into two peaks. The peak at approximately 

529.9 eV refers to lattice oxygen; the other peak at approximately 531.4 eV is 

characteristic of oxygen vacancies.38,39 It is noted that the sample WE0.5 

showed a considerable reduction in oxygen vacancies. This behavior can be 

linked to the increase in the percentage of metallic Ag found by the XRD 

refinement analyses. As illustrated in Figure 2.2(e), the high-resolution XPS 

spectra in the W4f region show two peaks at approximately 34.7 eV and 36.8 

eV, which are associated with W4f7/2 and W4f5/2, referring to the 6+ oxidation 

state of W.40,41 

This spectroscopy technique was used to obtain information of the 

local structure around the W atoms in the α-Ag2WO4 samples. Figure 2.3(a) 

shows the W LI-edge XANES spectra of α-Ag2WO4. Figure 2.3(b) displays the 

W LI-edge XANES spectra of the α-Ag2WO4 samples and the following 

Figure 2.2 XPS spectra for the α-Ag2WO4 samples. (a) survey spectra, b), 

Ag 3d, c) AgM4N45N45, d) O 1s and e) W 4f core level spectra. 
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references, WO2, m-WO3, and Na2WO4. From Figure 2.3(a) it can be observed 

that the spectra present similar characteristics (pre- and post-edge regions), 

indicating that the samples have a similar local structure. Moreover, the 

addition of En did not affect the environment around the W atoms. Since the 

local structures of the α-Ag2WO4 samples are similar, we compared only the 

spectrum of the WE0.5 sample with reference standards (WO2, m-WO3, and 

Na2WO4), as seen in Figure 2.3(b). From this figure, we observed a difference 

in the spectra, particularly in the pre-edge region, where P1 is located, which 

is known to be sensitive to the local symmetry of the absorber atoms.42,43 We 

verified that the WE0.5 spectrum is similar to the spectrum of the m-WO3 

reference, which means that these compounds have similar local symmetry. 

 

 

According to the literature, the physical origin of the P1 peak is an 

electronic transition from 2s(W) → 5d(W) + 2p(O).42,44 The transitions 

originating at the pre-edge peak are not allowed for regular octahedral 

symmetries (WO6), but are allowed for distorted octahedral structures 

(WO6).44,45 The spectrum of a compound exhibiting units with regular 

octahedral symmetry will not present a pre-peak, whereas units with distorted 

octahedral symmetry will have a small pre-edge peak, and units with 

tetrahedral symmetry will show an intense pre-peak in the XANES spectrum.45 

Figure 2.3(b) shows that the intensity of the P1 peak is higher for the 

Na2WO4 compound where W atoms exhibit regular tetrahedral coordination, 

Figure 2.3 a) W-L1 edge XANES spectra of the α-Ag2WO4 samples and b) 

XANES spectra of the WE0.5 and the reference samples (Na2WO4, m-WO3 

and WO2). 
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i.e., WO4 units. However, a shoulder can be observed for the m-WO3 reference 

and WE0.5 sample. Note that the pre-peak P1 is absent in compounds 

presenting regular WO6 units; however, distortions in the octahedral 

symmetry are indicated by a shoulder in the pre-edge region, as presented in 

Figure 2.3(b). Therefore, the XANES analyses revealed that the α-Ag2WO4 

samples are formed by distorted octahedral WO6 clusters. 

Structural order–disorder in a short-range can be analyzed by Raman 

spectroscopy. The micro-Raman spectra of the asobtained samples are 

presented in Figure 2.4. These spectra show the α-Ag2WO4 vibrational modes 

in the range of 50 to 1100 cm−1. The bands observed below 500 cm−1 are 

characteristic of the vibrational modes between silver clusters [AgOy] (y = 7, 6, 

4, and 2) and between Ag+ and WO4
2− ions in the Ag–O–W bond, known as 

external vibrational modes. Otherwise, the bands identified above 500 cm−1 

are associated with internal vibrational modes and are derived from tungsten 

clusters [WO6]. Thus, the most intense bands at 96 cm−1 and 871 cm−1 come 

from the symmetrical stretching of the [AgOy] and [WO6] clusters, 

respectively.46,47  

All the spectra presented in Figure 2.4 show the modes obtained by 

theoretical calculations with some position deviations, which, according to the 

literature, are caused by different factors such as synthesis conditions, 

distortions of O–Ag–O or O–W–O bonds, interaction between ions, and average 

crystallite size.21,48 The W and WE0.25 samples showed similar Raman 

spectra, indicating that the En concentration used to synthesize the WE0.25 

sample did not influence the ordering in a short-range of α-Ag2WO4. 
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In addition to the expected theoretical modes, the WE0.5 sample 

presents 2 weak bands centered at 828 and 949 cm−1, which are attributed to 

the WO4
2− unit due to the stretch and bend deformations.33,49 This finding 

suggests that the use of high En concentrations is able to display vibrational 

modes that do not appear generally due to low intensity, and it is possible to 

observe the mode widening at 828 cm−1, which indicates that the α-Ag2WO4 

structure was disrupted at short distances.33,49  

 

 

 Figure 2.5 shows the FE-SEM images of the as-synthesized α-Ag2WO4 

samples. It can be observed that the W sample exhibits a morphology similar 

Figure 2.4 Raman spectra of the α-Ag2WO4 samples synthesized via the 

MAH method. 

 

Figure 2.5 FE-SEM Micrograps of the α-Ag2WO4 microcrystals synthetized 

via the MAH method. The inset shows the FE-SEM images at low 

magnifications. a) W, b) WE0.25 and c) WE0.5 
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to microrods, Figure 2.5(a), which is the most stable morphology for this 

material synthesized in an aqueous medium, as previously reported.15 The 

microrods obtained for the W sample had an average length of 2.12 ± 0.13 μm 

and an average width of 0.26 ± 0.01 μm, as presented in Figure 2.6(a). 

 

 

In Figure 2.5(b), nanorods organized in hollow microflowers and 

decorated with nanoparticles (NPs) are observed for the WE0.25 sample. The 

hollow microflowers (WE0.25) have na average width of 0.63 ± 0.01 μm, 

consisting of nanorods and NPs with an average width and diameter of 33.8 ± 

0.6 nm and 13.8 ± 0.2 nm, respectively, as presented in Figure 2.6(b). The 

micrograph of the WE0.5 sample, Figure 2.5(c), shows microrods organized 

in solid microflower structures also decorated with NPs. The solid microflowers 

(WE0.5) have a diameter of 2.41 ± 0.03 μm and are composed of microrods 

with an average length of 0.88 ± 0.01 μm and an average width of 0.12 ± 0.01 

Figure 2.6 Distribution of the α-Ag2WO4 particle sizes: a) W, b) WE0.25 

and c) WE0.5. 
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μm, decorated with NPs with an average diameter of 25.0 ± 0.2 nm, as 

observed in Figure 2.6(c). Furthermore, it was verified that the concentration 

of En governs the achievement of nanorods or microrods, and hollow or solid 

microflowers.  

Figure 2.7 shows the HR-TEM image with the corresponding 

interplanar distances of the particles that decorated the WE0.25 sample, 

which is a composite of α-Ag2WO4 and Ag NPs, and presents a very stable 

behavior under the TEM electron beam. Crystal planes (411), (132), and (211) 

were identified, whose interplanar distances were 2.49 Å, 2.35 Å, and (3.83 Å 

and 3.75 Å), respectively (Figure 2.7(b–e)). These planes can be assigned to 

the α-Ag2WO4 orthorhombic structure (ICSD, card no. 4165).30,33 

 

 

In addition, the interplanar distances were measured to be 2.42 Å and 

2.47 Å (Figure 2.7(f and g)), and can be indexed to the (111) family of planes 

in metallic Ag with a cubic structure (ICSD card no. 64997).31,34 Therefore, it 

is possible to conclude that the NPs that decorate the WE0.25 and WE0.5 

samples are Ag metallic NPs. 

In the absence of En, the Ag+ and WO4
2− ions precipitate as α-Ag2WO4, 

leading to preferential surface growth (010) and microrod formation, as 

presented in Figure 2.5(a). A morphological change was observed by 

introducing En to the synthesis, due to the formation of the Ag(I)complex (see 

eqn (3) and (4)). To understand how the hierarchical formation of the 

Figure 2.7 HR-TEM image of the a) WE0.25 sample and magnified regions 

corresponding to α-Ag2WO4 (b–e) and to Ag NPs (f and g). 
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structures occurred, a time-dependent experiment was performed and the 

intermediate products were analyzed. The FE-SEM images of the 

intermediates from different reaction times are shown in Scheme 2.3. In the 

first 4 min of MAH synthesis of the WE0.25 sample, rod agglomerates were 

observed. After 8 min of MAH treatment, they self-organized into hierarchical 

solid microflowers and, after 16 min of MAH treatment, these structures 

evolved into hierarchical hollow structures (see Scheme 2.3(a)). For the 

synthesis of the WE0.5 sample, in the first 4 min of the reaction, polyhedron 

agglomerates are observed, which after 5 min solubilize, recrystallize, and 

selforganize into an unfinished solid. Then, after 16 min of MAH treatment, 

well-defined rods and hierarchical solid microflowers are observed, as shown 

in Scheme 2.3b. 

Ag(I) + complex    
𝐾𝑓
−1
→    Ag(I)complex                 (3) 

Ag(I)complex       
𝐾𝑓
−1
→    Ag(I) + complex             (4) 

                  Ag(I)complex       
𝐾𝑓
−1
→     Ag(0) + complex(I)         (5) 

When Kf = 5.01 x 107 and Kf-1 = 1.99 x 10-8 
 

An analogous process was discussed by Ding et al.50 in the synthesis of 

CeVO4 via the conventional hydrothermal route using L-aspartic acid (L-Asp) 

as a capping and complexing agent. These researchers concluded that the 

formation of hollow or solid beads of CeVO4 depends on the presence and 

amount of L-Asp used. From their observations, they suggested that the 

particles grow according to the Ostwald ripening mechanism and that the 

morphology is defined by the self-assembly process. According to Ding et al., 

L-Asp influenced the solubility of the particles present inside the newly formed 

CeVO4 spheres, which reprecipitated on the outer particles, forming larger 

particles and hollow microspheres, by the Ostwald ripening process. In 

addition, L-Asp can be selectively adsorbed to different surfaces, causing 

different growth rates, which results in cubic structures, and directs the 

organization of these cubes into spheres, a phenomenon known as self-

assembly. This mechanism can be extended to the case of α-Ag2WO4, Where 

the En acts as L-Asp, resulting in new morphologies through self-assembly 

and Ostwald ripening.  
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Scheme 2.3 illustrates the growth mechanism proposed for the WE0.25 

and WE0.5 samples. Based on the above discussion, the formation of the 

morphology for the WE0.25 sample was proposed to proceed by self-assembly 

followed by the Ostwald ripening process, as presented in Scheme 2.3(a). The 

model proposes that addition of En influences the solubility of the small and 

less crystallized particles present inside the newly formed microflower α-

Ag2WO4, which reprecipitated on the outer, larger and more crystallized 

particles, forming larger particles and hollow structures, in addition to guiding 

the organization of nanorods and forming the hollow microflower, as shown in 

Figure 2.5(b).51 However, as depicted in Scheme 2.3(b), by increasing the 

concentration of En in the reaction medium, a solid, not a hollow structure, 

was observed. It is suggested that, during the formation of the solid 

microflower, the redissolution of α-Ag2WO4 occurs from the smaller external 

Scheme 2.3 Schematic illustration of the proposed growth mechanism 

leading to the formation of α-Ag2WO4 sanples: a) WE0.25 and b) WE0.5. 
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particles, different from the sample WE0.25 in which redissolution occurs 

from the internal particles, as we observed in Scheme 2.3(b), in the image 

referring to the 5 min mark, where we see nanorods recrystallizing over the 

pre-existing microrods. In this way, we obtained particles with diameters and 

lengths greater than the rods that constitute the WE0.25 sample, as a result 

of the Ostwald ripening process. We also observed that the particles are 

recrystallized, organized, and oriented by En, as proposed by Ding et al.,50 by 

the self-assembly mechanism. Therefore, to obtain the WE0.5 sample, it was 

proposed that the Ostwald ripening and self-assembly mechanisms occur at 

the same time. 

Concomitant to the Ag+ ion complexation and particle growth orientation 

processes, En reduces Ag+ ions (eqn (5)) and consequently, decorates the 

nanorods and microrods of the WE0.25 and WE0.5 samples with Ag NPs, 

respectively. Wang et al. used En to obtain copper crystals exhibiting different 

morphologies. To attain this objective, they modified the conditions in the 

synthesis methodology, in which the reduction of the Cu2+ ions occurred due 

to the decrease in the bond distance between the Cu2+ ions and the N in the 

[Cu(En)2]2+ complex, which enabled the eléctron transfer from N to Cu2+.23 

The equilibrium form of a crystal is defined by the free energies of its 

faces. Thus, by the Wulff construction principle and the theoretical values of 

the surface energy Esurf,41 obtained in a fixed volume, it is possible to predict 

the diferente morphologies that a material can possess.1 Starting from an ideal 

morphology, and assuming that the crystal morphology is controlled by the 

lower-energy faces, which are the most stable, a map of the possible 

morphologies is obtained by adjusting the Esurf of the different faces. 

Subsequently, a comparison between theoretical and experimental 

morphologies, obtained using FE-SEM images, can be realized.48 

In the case of α-Ag2WO4, consistent with the Wulff construction 

principle and the surface energy previously reported,24 the experimental FE-

SEM images obtained in this work resemble their respective theoretically 

predicted morphologies, as shown in Scheme 2.4. Initially, the ideal 

morphology is a prism dominated by surfaces (010), (100), and (001). During 

the synthesis, morphology A (see the inset in Scheme 2.4) is obtained by 

increasing the Esurf of face (001) to 0.80 Jm−2. When the energies of faces (110) 
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and (011) are decreased to 0.20 and 0.68 Jm−2, respectively, morphology B 

(see inset in Scheme 2.4) is obtained. The C and D (Scheme 2.4) 

morphologies demonstrate the stabilization of face (011) by decreasing Esurf 

from 0.68 to 0.62 and 0.57 Jm−2, which corresponds to the WE0.5 sample. 

The images illustrate the evolution of the stabilization of faces (110) and (011) 

over the synthesis time from 0 to 32 min, resulting in the final morphology of 

the WE0.5 sample, which contains faces (110), (011), and (010). 

 

 

A pathway connecting the ideal morphology with pathways displaying 

excellent agreement with the experimental morphologies was calculated and 

is depicted in Scheme 2.5. The polyhedron energy (Epoly) calculated from eqn 

(1) for the selected morphology of α-Ag2WO4 is summarized in Table 2.3. The 

energy profile was calculated by decreasing and/or increasing the Esurf values 

of a given surface of the polyhedron. An analysis of the energy profile shows a 

four step process in which the first step is achieved by increasing the Esurf of 

face (001) and favors the appearance of face (101), obtaining the intermediate 

A shape. A subsequent decrease in the Esurf value for (110) and (011), which 

Scheme 2.4 Crystallographic structure and morphologies of the WE0.5 

sample, with crystal planes (101), (100), (001), (110), (010), and (011). 

Surface energy is in 𝐽𝑚−2. Experimental FE-SEM images of the WE0.5 

samples obtained at different times of the MAH method are included for 

comparison. 
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induces the formation of the B shape, predominantly exposes the (010) and 

(110) surface planes as well as the (011) surface plane. Finally, the decrease 

in Esurf for (011) leads to the end C and D shapes (Scheme 2.5).  

 

Table 2.3 Surface energy values (Esurf, Jm−2), the contribution of the surface 

area by the total area (Ci, %), and the polyhedron energy (Epoly, Jm−2) of each 

intermediate morphology to obtain the WE0.5 sample (α-Ag2WO4) 

Esurf (Ci,%) 

Surface 
 

α-Ag2WO4 (Ideal) A B C D 

(010) 0.20(52.5) 0.20(56.0) 0.20(21.0) 0.20(20.3) 0.20(19.4) 

(100) 0.38(27.6) 0.38(25.0) 0.38(0.00) 0.38(0.00) 0.38(0.00) 

(001) 0.53(19.9) 0.80(0.00) 0.80(0.00) 0.80(0.00) 0.80(0.00) 

(110) 0.65(0.00) 0.65(0.00) 0.20(64.5) 0.20(65.7) 0.20(64.3) 

(101) 0.68(0.00) 0.68(19.0) 0.68(6.49) 0.68(0.15) 0.68(0.00) 

(011) 0.83(0.00) 0.83(0.00) 0.68(8.00) 0.62(13.8) 0.57(16.3) 

Epolyhedron 0.31 0.34 0.27 0.26 0.26 

 

It is important to note that both theoretical morphologies labelled C and 

D herein correspond to a minimum in the reaction coordinate diagram 

depicted in Scheme 2.5, indicating that the reaction path is 

thermodynamically favorable. This procedure can be considered an effective 

tool to investigate the morphology transformation and crystal growth 

mechanisms from a thermodynamic and kinetic point of view.24 
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These measurements were performed in order to investigate the 

influence of structural ordering and defects on the electronic energy level 

behavior. Figure 2.8 shows the PL spectra of samples W, WE0.25, and WE0.5 

at room temperature. The PL emission spectra of Ag2WO4 are generally 

deconvolved into two components, positioned in the blue and green-light 

regions.15 The PL spectra of the W and WE0.25 samples present a broadband 

profile in the visible spectral region with maximum emissions at 472 nm and 

462 nm, respectively. The WE0.5 sample shows emission in the visible region 

between 400 nm and 650 nm with a maximum emission at 449 nm. The 

observed blue effect suggests that En causes distortions in the [WO6] clusters, 

as already discussed in Scheme 2.2, so the greater blue shift in the WE0.5 

sample may be associated with the use of a higher concentration of the 

complexant.21 These broadband profiles suggest that the emission involves 

electronic transitions from additional energy states within the band gap, also 

known as multiphononic and multilevel processes, whose origins are due to 

the distortions and defects of the [AgOy] (y = 2, 4, 6, and 7) and [WO6] clusters.3 

These distortions and defects generate a high density of intermediate energy 

states between valence and conduction bands with a slight energy variation 

from each other. The excited electrons transit through these energy levels for 

relaxation of the electron momentum through several pathways, thus emitting 

phonons to the lattice for later emission of photons in a wide energy range. 

Scheme 2.5 Schematic representation of the energy profile to obtain the 

WE0.5 morphology. The intermediate morphologies are indicated as A - D, 

obtained by variations the Esurf. values. 



35 
 

The PL spectra of the W and WE0.25 samples (Figure 2.8(a–b)) were 

deconvoluted using three Gaussian functions at emission peaks centered at 

448 nm (2.76 eV), 514 nm (2.41 eV), and 644 nm (1.93 eV). The spectrum of 

the WE0.5 sample (Figure 2.8(c)) was deconvoluted with four emission peaks 

centered at 425 nm (2.92 eV), 449 nm (2.76 eV), 475 nm (2.61 eV), and 534 

nm (2.32 eV). The pie charts (see insets in Figure 2.8(a–c)) show the 

contribution percentage of each spectral region color. Emissions in the blue 

and green regions are due to the presence of distorted clusters, which produce 

more energetic emissions, 3.26–2.19 eV. Emissions in the red region are due 

to silver output and oxygen vacancies in the [AgOy] and [WO6] clusters, which 

in turn produce less energetic emissions, 2.19–1.59 eV.21 Emissions in higher 

energetic regions are caused by structural defects in the crystalline lattice or 

shallow defects, because they give rise to energy levels close to the valence 

band (VB) and conduction band (CB). Emissions on the low energy side are 

known as deep defects, because they cause energy levels closer to the center 

of the band gap.52 
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It was observed that the higher concentration of En complexing agent 

added to the synthesis results in a larger amount of structural defects being 

introduced. As can be seen in the pie charts included in Figure 2.8(a–c), the 

contribution of the oxygen vacancy defects goes from 55% to 39% to 0% for 

samples W, WE0.25, and WE0.5, respectively, whereas structural defects 

present in the material increased from 45% to 61% to 100% for W, WE0.25, 

and WE0.5 samples, respectively. These results corroborate the results of XPS, 

through which there is a decrease in oxygen vacancies in the sense of 

increasing the concentration of En employed. A possible explanation for the 

increase in structural defects is the reduction reaction of the Ag+ ion caused 

by En. It was observed that the En complexing agent favoured the formation 

of metallic Ag, and may have contributed to the increase in the distortions of 

the lattice forming distorted [WO6] clusters of the WE0.5 sample, resulting in 

more disorder in the medium range. Therefore, the PL spectra confirm the 

Figure 2.8. Deconvolution of PL spectra. (Insets) The percentage of the color 

area corresponds to the emission peak of microcrystals a) W, b) WE0.25, c) 

WE0.5 and d) the CIE chromaticity diagram of α-Ag2WO4 samples. 
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oxygen vacancy disorders and structural defects for samples W and WE0.25, 

and structural defects for the WE0.5 sample due to the higher concentration 

of En. 

The global PL emission of the samples is presented in the Diagram of 

the Commission International de L'Eclairage (CIE), chromaticity included, as 

shown in Figure 2.8(d). The W sample presents emissions in the purplish 

pink color region with chromaticity coordinates x = 0.40 and y = 0.32, 

according to the literature.52 The samples obtained with the En complexing 

agent showed a remarkable displacement in the emission color. For example: 

the WE0.25 sample with chromaticity coordinates x = 0.37 and y = 0.32 

presents na emission near the white region, with approximately 40% 

structural defects and 60% vacancy defects. The WE0.5 sample, which 

presented a 100% structural defect contribution, showed chromaticity 

coordinates at x = 0.25 and y = 0.23, with an emission in the blue region. 

Thus, the concentration of En significantly modified the overall PL emission of 

the samples. The NPs that were deposited on the surface constitute plasmon 

NPs. These surface plasmons involve electron motion in the metal, which 

allows light to be concentrated in nanometer-scale volumes or hot spots. This 

physics effect can lead to enhanced light–matter interactions at the PL. 

Knowing that ethylenediamine disorganizes tungstate clusters, it is possible 

to model the synthesis methodology to obtain other tungstates that emit in 

specific regions, such as, for example, white, controlling the disorder of the 

forming clusters, the network modifiers and the emission intensity, with the 

purpose of using these materials in LEDs. 

The photocatalytic activity of the as-obtained samples was also 

analyzed, noting that the WE0.25 and WE0.5 samples showed low potential 

for photodegradation compared to sample W, as presented in Figure 2.9(a 

and b). This behavior can be caused by two effects: 1) excess metallic Ag on 

the surface, and 2) reduction of oxygen vacancies in the material structure. 

The amount of Ag metallic particles on the surface of α-Ag2WO4 followed 

the inverse order of photocatalytic activity W < WE0.25 < WE0.5. These results 

corroborate the investigation reported by Liu et al.22 who synthesized Ag/α-

Ag2WO4 utilizing the CH method, followed by the chemical reduction process. 

These researchers observed that the samples which presented excess Ag 
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metallic particles on the surface exhibited low photoactivity compared to the 

samples with a suitable amount of silver. The authors linked this phenomenon 

with the fact that the excess silver covers the surface available for the 

photochemical reaction and hinders the transfer of electrons to the outside, 

reducing the photocatalytic activity. 

It is interesting to note that, although the samples obtained by Liu et al. 

are decorated with silver, their proportion is not detected by XRD. The samples 

obtained by this work, on the other hand, present two well-defined phases of 

α-Ag2WO4 and metallic Ag identified by XRD. Therefore, the proportion, as 

already estimated in the refinement calculations, is much higher than that 

obtained by Liu et al. As already mentioned, the excess of superficial silver 

hindered the performance of the samples. 

In our work, the density of oxygen vacancies followed the direct order of 

the photocatalytic activity WE0.5 < WE0.25 < W. Different literature reports 

describe the photochemical reaction mechanism presented in this work, as 

shown in eqn (6)–(10).24,53 In this mechanism, the radical cluster [AOz]˙ 

interacts with water, producing, among other things, the hydroxyl radical, 

OH*, which is extremely oxidizing (eqn (8)). Meanwhile, electrons [AOz]′ react 

with O2 producing O′
2 which, when interacting with the H˙ species, produces 

the peroxide radical HO*
2 (see eqn (7) and (9)). As previously discussed, the PL 

graphs in Figure 2.8 showed that the complexing agent hindered the 

participation of oxygen vacancies in electronic transitions; therefore, the 

production of hydroxyl radicals is reduced in the WE0.25 sample and virtually 

eliminated in the WE0.5 sample. However, the reaction of electrons with O2 

Figure 2.9 a) Photocatalytic activities of samples in degradation of RhB under 

ultra-violet light irradiation, and b) corresponding plot of −ln(C/C0) versus time. 
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still occurs, leading to the minor photocatalytic activity of the material, and 

the low effectiveness due to metallic Ag, which prevents the transfer of 

electrons to the outside, making them unavailable for the photocatalytic 

reaction. 

 

[𝐴𝑂𝑧]
𝑥 + [𝐴𝑂𝑧−1𝑉0]

𝑥 → [𝐴𝑂𝑧]
′ + [𝐴𝑂𝑧]

•     (6) 

                                                              [𝐴𝑂𝑧]
′ + 𝑂2 → [𝐴𝑂𝑧]

𝑥 + 𝑂2
′                            (7)                 

[𝐴𝑂𝑧]
• + 𝐻2𝑂 → [𝐴𝑂𝑧]

𝑥 + 𝑂𝐻∗ +𝐻•          (8) 

 𝑂2
′ + 𝐻• → 𝐻𝑂2

∗                                                  (9) 

  𝐻𝑂2
∗ + 𝑂𝐻∗ + 𝑂𝐶 → 𝐶𝑂2 + 𝐻2𝑂 + 𝐶𝑂𝐶    (10) 

 

When A = W, z = 6 or A = Ag, z = 2, 4, 6 or 7 

OC = organic compounds and COC = colorless organic compounds.  

It is also possible to adjust the proportion of ethylenediamine used in 

the synthesis, to obtain Ag/Ag2WO4 with better photocatalytic performance. 

 

2.4 - Conclusions  

In conclusion, Ag/α-Ag2WO4 was successfully obtained via the MAH 

method. For the first time, the ethylenediamine (En) complexing agent was 

used to control the morphological characteristics, structural order/disorder, 

optical properties, and photocatalytic performance of α-Ag2WO4 crystals. En 

also reduced Ag+ in the synthesis process proposed in this work, playing a 

fundamental role in the decoration of Ag NPs. Also observed was a favorable 

emission near the white light (WE0.25) and blue light (WE0.5) regions. The 

photocatalytic tests confirmed that the excess surface metallic silver and the 

removal of oxygen vacancies were essential for a good photocatalytic 

performance of α-Ag2WO4. Our investigation showed that En can modulate the 

structural, morphological, and optical properties of α-Ag2WO4, and also 

decorate it with Ag NPs. This semiconductor framework represents a 

promising alternative to metals, as its plasmon frequency can be controlled in 

the crystal formation step by blocking certain positions of the primary 

clusters. Therefore, it represents a type of tunable, high-quality material for 

plasmonic applications. Finally, the growth mechanism of the particles, which 

results in interesting multidimensional structures, together with the 

decoration of Ag NPs, indicates the possibility of obtaining structures with 
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modeled optical and photocatalytic properties, by controlling the 

concentration of the complexing agent. 
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ABSTRACT. In this study, the α-Ag2WO4 samples were successfully 

synthesized combined two methods, co-precipitation and microwave-assisted 

hydrothermal. Later, two different irradiation processes: electron beam and 

femtosecond laser are applied. Unit cell changes were shown by X-ray 

measurements and Rietveld analysis and compared with the results obtained 

for first-principles calculations. The formation of oxygen vacancies on the 

surface of the particles after the irradiation process was revealed by XPS 

measurements. Electron beam and femtosecond laser irradiations were found 
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to cause expansion of the unit cell, form oxygen vacancies on the surface, 

change the angle and distance between O‒Ag and O‒W bonds, and modify the 

particle morphology to rod-, cube- and sphere-like. The XANES measurements 

confirm that the local order of the W atoms is maintained along the different 

irradiation processes. Based on the theoretical analysis of surfaces 

investigation and Wulff construction, the contribution of (010) and (101) 

surfaces at the emission centers in 550 and 733 nm associated with the PL 

spectrum of α‒Ag2WO4, was established. 

KEYWORDS: α‒Ag2WO4; electron beam irradiation; femtosecond laser 

irradiation; photoluminescence; morphology; surface band gap. 

 

3.1 - Introduction 

Recently, alpha-silver tungstate (α‒Ag2WO4) has attracted increasing 

attention from scientists due to its several unique characteristics. Among 

them, we can cite its nontoxicity [1–3], photoluminescence properties [4,5], 

and photocatalytic applications [1–6]. These properties can be improved 

according to the obtained morphologies by different synthesis methodologies, 

such as simple co-precipitation [6–8], conventional hydrothermal [9,10], or 

microwave-assisted hydrothermal (MAH) method [11]. 

When it comes to time-saving synthesis, the MAH method is 

considerably more advantageous than other methodologies [12–15] since the 

use of microwave irradiation triggers different processes between the forming 

clusters and the electromagnetic waves, culminating in the formation of more 

oxygen defects and more structural/electronic disorder effects in the structure 

of the material [16]. 

The properties derived from the interaction between electromagnetic 

waves and the material have been studied for several decades. It is known that 

the characterization of structure or property responses of the material to these 

stimuli from the surrounding environment plays a key role in the 

understanding and rationalization of the structure-property relationship 

function in modern science and engineering [17,18]. In a recent study 

conducted by our group, α‒Ag2WO4 was obtained by the MAH method. It was 
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observed that the photoluminescence of these samples migrated from red to 

blue, according to the morphology and structural disorder presented [19]. 

It is also known that factors such as temperature, time of synthesis, and 

presence of surfactants among others can alter the lattice structural 

properties of α‒Ag2WO4 as well [6,20,21]. Regarding the influence of time of 

exposure to MAH, in a recent study performed by Laier et al. (2020) [20] both 

experimental and computational results revealed that at certain times of 

operation of the MAH system it was possible to obtain samples with the 

highest active surface composition since they showed a higher density of 

broken bonds and greater surface energy. The irradiation of electron beam 

and femtosecond laser on the α‒Ag2WO4 structure has attracted attention 

[10,11,22–32], where the main focus is to elucidate the mechanism of growth 

of Ag nanoparticles on the surface α‒Ag2WO4 and the effects on the 

photoluminescence emissions [22, 32-35]. 

In this work, we have tried to understand the phenomena provoked by 

the interaction between α‒Ag2WO4 and electron beam and femtosecond laser 

irradiation, which were found to be able to promote changes in the lattice 

parameters, structure, and morphology of the crystal. All of these changes 

alter the material properties, for example, its electronic and magnetic 

properties, [22,34,35], photoluminescence emissions, and consequently its 

physical, chemical, and/or biological applications [6,20,31,36,37]. Therefore, 

it is possible to adjust the morphology, lattice, and electronic structures of α‒

Ag2WO4 materials resulting from these modifications [19,38]. 

It should be noted that alterations in the lattice structure of the crystal 

may directly contribute to the variation in the number of vacancies. Once there 

is a critical correlation among lattice parameters, structural stability, 

electronic structure, band gap, and photoluminescence properties, it is 

important to have a broad understanding at the atomic level of its bulk and 

surface. 

In summary, this article came to increase knowledge about this 

structure and bring newness through the approach of explaining 

photoluminesce (PL), showing the surface that contributes to the property. It 

is well known that PL emission is the concentration of different defects: 

intrinsic (bulk and surface), extrinsic under interface, and structural order-
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disorder [32,39]. However, the surface contribution is still little known for the 

α‒Ag2WO4 structure. For this purpose, we synthesized α‒Ag2WO4 using the co-

precipitation (CP) method, followed by the MAH method as a function of the 

synthesis time (2, 4, 8, 16, and 32 min) and electron beam and femtosecond 

laser irradiations. The crystals were characterized by different structural 

techniques, and their optical and PL properties were investigated. Theoretical 

calculations at the density functional theory (DFT) level were performed to 

obtain atomic information of the electronic structure of the material after 

irradiation. In addition, to understand the relationship between PL emissions 

of the α‒Ag2WO4 exposed surfaces, the corresponding band gap was analyzed. 

The paper is organized as follows: section 3.2 describes the experimental 

procedure (synthesis, characterization, and irradiation methods) and the 

theoretical method, whereas section 3.3 shows the results and discussion on 

the structure, morphology, and optical properties of α‒Ag2WO4. Finally, we 

present our main conclusions in section 3.4. 

 

3.2 - Experimental Section 

Synthesis of α-Ag2WO4 crystals: The α‒Ag2WO4 samples were 

synthesized by the CP method, similar to the description made by Foggi, et al. 

(2017) [40], being considered a volume of 30 mL of ethanol, then kept under 

continuous stirring for 10 min; the as-obtained sample was denoted as CP. 

The suspension followed by treatment in the MAH method (Figure 3.1 a,b) 

under the previous studies by [4,5,20,41], considering the treatment times of 

2, 4, 8, 16, and 32 min. These samples were denoted as MAH-2, MAH-4, MAH-

8, MAH-16, and MAH-32. 

Irradiated samples (EI and FI): To obtain the irradiated samples, the set 

of MAH samples were submitted to two different irradiations: electron beam 

irradiation (EI) (Figure 3.1 c) and femtosecond laser irradiation (FI) (Figure 

3.1 d). The EI process was conducted in a field emission scanning electron 

microscope (Supra 35-VP; Carl Zeiss – Germany), using an acceleration 

voltage of 30 kV for 2 minutes, the parameters were selected based on 

experiments reported in the references [24,28,30]. The samples obtained 

through this process were denoted as EI-2, EI-4, EI-8, EI-16, and EI-32. 
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Regarding the femtosecond laser irradiation, the procedure is according to 

Protocol I reported in reference [29], using a titanium/sapphire laser 

(Femtopower Compact Pro, Femto Lasers) with pulses of 30 fs of full width at 

half maximum, the wavelength of 800 nm, the repetition rate of 1 kHz and 

fluence of 60 J/cm2 in diameter of the order of 20 µm. The obtained samples 

were denoted as FI-2, FI-4, FI-8, FI-16, and FI-32. Experimental 

characterizations of the samples are in Supplementary Information. 

 

Model Systems and Theoretical Methods: Density functional theory 

(DFT) calculations were performed with the CRYSTAL17 program [42]. The 

B3LYP hybrid functional [43] was used for described the electron-electron 

interactions combined with the effective core pseudopotentials (ECP) derived 

by Apra [44] and Corà [45] which have been chosen for described silver and 

tungsten, respectively, while the oxygen was described with the 8-411d11G 

basis set [46]. From the experimental results of Rietveld refinements of the CP 

sample, we derived a theoretical reference model (opt – α-Ag2WO4) by full 

optimization of the structural parameters of α–Ag2WO4. The accuracy in the 

evaluation of the Coulomb and exchange was controlled by a set of tolerances 

with values of 10-8, 10-8, 10-8, 10-8, and 10-16. A total mesh of 125 k-points was 

employed to sample uniformly the irreducible part of the Brillouin zone. The 

vibrational modes at the Γ point were calculated by using the numerical 

second derivates of the total energy. On the other hand, for the set of MAH, 

Figure 3.1 Scheme with steps of a) Synthesis by CP method, b) Treatment 

by MAH method, c) Electron beam irradiation, and d) Femtosecond laser 

irradiation; to obtain α-Ag2WO4 samples. 
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EI, and FI samples, only the atomic positions were allowed to relax. The 

relaxed structures were used for the electronic structure calculations. 

Visualization of the unit cells was performed using the VESTA program [47]. 

The electronic structure of the (010), (100), (001), (011), (101), and (110) 

surfaces of α-Ag2WO4 were discussed from band gap energy values and the 

density of states (DOS). Details computational for the calculations of the 

surface can be found in previous studies [48]. 

The density broken bonds in the surfaces α-Ag2WO4 were calculated as 

                           𝐷𝑏 = 𝑁𝑏/𝐴,                                                                  Eq. 1 

where 𝑁𝑏 is the number of broken bonds and A is the surface area. The 

number of broken bonds for each surface was taken from reference [21]. 

The polyhedron energy band gap energy value for the morphologies of 

α–Ag2WO4 was calculated as follows 

𝐸𝑎𝑝
𝑝𝑜𝑙𝑦ℎ𝑒𝑑𝑟𝑜𝑛

= ∑ 𝐶𝑖 × 𝐸𝑔𝑎𝑝
𝑠𝑢𝑟𝑓

𝑖                                                Eq. 2 

where 𝐶𝑖 = 𝐴
𝑠𝑢𝑟𝑓/𝐴𝑝𝑜𝑙𝑦𝑒𝑑𝑟𝑜𝑛 is the ratio of the surface area (𝐴𝑠𝑢𝑟𝑓) to the 

total surface area of the polyhedron (𝐴𝑝𝑜𝑙𝑦𝑒𝑑𝑟𝑜𝑛) and 𝐸𝑔𝑎𝑝
𝑠𝑢𝑟𝑓

 is the energy value 

of the corresponding surface.  

 

3.3 - Results and Discussion 

α–Ag2WO4 samples obtained by the CP method using 70% of water and 

30% of ethanol, followed by treatment with MAH and exposure to EI and FI 

irradiations, were investigated by FE-SEM, as shown in Figure B.1 and Figure 

3.2. Through the CP method, only hexagonal rod-like morphologies were 

observed, with preferential growth on the y-axis in the (010) direction (Figure 

B1). These characteristics were previously studied by our research group and 

are reported in reference [48]. In this method, the clusters of silver and 

tungsten ions solvated with water and ethanol interact randomly in a 

polarization process of complex clusters, depending on the moment of the 

permanent dipole of the neighboring clusters. This short-range interaction 

induces the first links between the crystal symmetry and its order/disorder. 

Then, to increase the symmetry and order of the crystal, there is a correlation  
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Figure 3.2 FE-SEM images of α-Ag2WO4 particles of MAH, EI, and FI. (a-e) 

heterogeneous morphology obtained after treatment with MAH at different 

treatment times (2, 4, 8, 16, and 32 min) with the cubes highlighted in 

orange color and the rods-like in blue color; (f-j) rods-like with homogeneous 

morphology after EI indicated by green color; (k-o) heterogeneous 

morphology of rods in violet color and spheres in yellow color after FI. 
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between the rotation motions of permanent moments in the different complex 

clusters of silver and tungstate to form the different surfaces. 

Theoretical calculations reported in the literature show that the 

morphological shapes of α–Ag2WO4 are formed by the combination of the (010), 

(100), (001), (110), (101), and (011) surfaces [21,48]. Although the theoretical 

results establish an ideal parallelepiped-like morphology for α–Ag2WO4, 

characterized by the presence of (010), (100), and (001) surfaces with 

predominant contributions of the (010) and (100) surfaces and a minor 

proportion of the (001) surface, experimentally a hexagonal rod-like 

morphology was observed (Figure B.1). Table 3.1 presents the values of 𝐸𝑠𝑢𝑟𝑓 

according to R. A. Roca and et al. [48], as well as the surface band gap energy 

(𝐸𝑔𝑎𝑝
𝑠𝑢𝑟𝑓

) and the percentage of contribution (%𝐶𝑖) for each morphology of α–

Ag2WO4. 

The experimental rod-like morphology of α–Ag2WO4 for the CP sample 

composed of the (010), (100), and (101) surfaces were obtained by destabilizing 

the 𝐸𝑠𝑢𝑓 of the (010), (110), and (100) surfaces from 0.20 to 1.44 𝐽𝑚−2,  0.65 to 

1.50 𝐽𝑚−2 and 0.38 to 0.70 𝐽𝑚−2, respectively, as well as by stabilizing the (101) 

and (001) surfaces from 0.68 to 0.23 𝐽𝑚−2 and 0.53 to 0.22 𝐽𝑚−2, respectively 

(see Figure 3.3). 

In the MAH system, the monitoring of the experiment illustrated the 

time dependence in relation to the morphological evolution of α–Ag2WO4 

(Figures 3.2a-e). Morphologies composed of cube-like (highlighted in orange) 

and rod-like (indicated in blue) were observed in the samples treated with MAH 

at 2, 4, 8, and 16 min. Theoretically, the cube-like morphology composed of 

the (010), (100), and (001) surfaces can be obtained by stabilizing the (100) 

and (001) surfaces (Figure 3.3). 

At 32 min of treatment with MAH, a process of redissolution and 

stabilization of the (101) surface occurred, with concomitant destabilization of 

the (100) surface. This information allows us to understand how the time 

variation of the MAH treatment in an alcoholic environment influences particle 

growth. The microwave radiation induces a structural disorder through the 

modification of the bond distance, consequently altering the internal rotation 

barrier and vibration of molecules. In turn, the stabilization of previously 
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unstable surfaces results in a new morphology [7,9]. Thus, at the highest 

synthesis time (32 min) the MAH-32 sample (Figure 3.2e) presented no cubes 

– only rods behaving similarly to those obtained in the CP sample (Figure B1). 

It is then believed that at a longer exposure time to microwave irradiation, the 

cube-like morphology is rearranged to a rod-like morphology. 

 

It can be inferred that the microwave treatment directly interferes with 

the crystal morphology by either totally or partially dissolving the rod-liked 

crystals or altering the internal rotation movements between the clusters. 

Thus, in the MAH method, the cube-like morphology is formed by the less 

energetic surfaces, i.e., (100) and (001), with a decrease in disorder and an 

increase in symmetry (Figure 3.3). The same behavior was observed in 

Figure 3.3. Wulff construction for α–Ag2WO4. For comparison, experimental 

FE-SEM images are shown. 𝐸𝑠𝑢𝑟𝑓 values are given in 𝐽𝑚−2. 
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reference [28], in which the MAH method is employed to synthesize α-Ag2WO4 

and different morphologies were obtained: hexagonal rod-like elongated, 

cubic-like, and triangular-like shapes. 

Table 3.1 Calculated density broken bond (𝑛𝑚−2),  surface energy (𝐸𝑠𝑢𝑟𝑓 , 𝐽𝑚
−2), 

surface band gap (𝐸𝑔𝑎𝑝
𝑠𝑢𝑟𝑓

, 𝑒𝑉), percentage of contribution of each surface in the 

total area (% 𝐶𝑖) and polyhedron band gap energy for the morphologies of α–

Ag2WO4. 

Morphology Surface 𝐷𝐵 𝐸𝑠𝑢𝑟𝑓 % 𝐶𝑖 𝐸𝑔𝑎𝑝
𝑠𝑢𝑟𝑓

 𝐸𝑔𝑎𝑝
𝑝𝑜𝑙𝑦ℎ𝑒𝑑𝑟𝑜𝑛

 

Ideal 

α – Ag2WO4 

(010) 4.68 0.20 52.5 1.39 

0.99 (100) 5.83 0.38 27.6 0.48 

(001) 6.04 0.53 19.8 0.65 

Rod-like 

α – Ag2WO4 

(010) -- 1.44 7.3 1.39 

1.10 (001) -- 0.22 13.2 0.65 

(101) 8.75 0.23 79.4 1.15 

Cube-like 

α – Ag2WO4 

(010) -- 0.20 42.9 1.39 

0.92 (100) -- 0.30 28.6 0.48 

(001) -- 0.30 28.6 0.65 

 

Under electron beam irradiation, these morphologies change to a unique 

rod-like morphology (EI samples indicated by green color in Figures 3.2f-j), 

whereas under femtosecond laser irradiation they change to the mixed rod- 

(violet color) and sphere-like morphologies (yellow color) (FI samples in 

Figures 3.2k-o). The n-type semiconductor, α–Ag2WO4, when irradiated with 

electrons, grows on its surface metallic silver nanowires [10,11,30], thus 

forming silver vacancies inside the particle and causing a variation in the 

surface energies of the crystalline structure. Therefore, the value of the (101) 

surface drops from 0.68 to 0.23 𝐽𝑚−2 (Figure 3.3), becoming less energetic, 

while that of the (100) surface jumps from 0.38 to 0.70 𝐽𝑚−2, thus becoming 

more energetic. Even when varying the synthesis times, all samples exhibit 
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agglomerated nature with characteristics similar to those observed in the CP 

sample (Figure B1). In this micrograph, it can also be observed that the 

hexagonal rod-like morphology is better defined, with few imperfections. This 

fact can be considered an indication of the effect of electron beam irradiation 

on the morphology of α–Ag2WO4. 

Under EI, the energy of the electron beam is transferred to the sample, 

causing different phenomena, such as atomic position change, surface 

distortions, electrostatic charge, and local heating in the crystals. Depending 

on the voltage and the type of sample electron beam will penetrate a few 

micrometers or nanometers deep into the sample. In our case, the voltage is 

30 kV, whose penetration is in the order of nanometers, causing surface 

defects and atomic mobility that culminate in the formation of Ag 

nanoparticles on the surface of α-Ag2WO4 [11,49]. On the other hand, when a 

FI is applied, photons are absorbed by the sample to provoke excitation in the 

crystal system. To return to the ground state, the system segregates electrons, 

atoms, and ions from its structure, forming a plasma plume ablation, which 

is highly energetic. This plume interacts with the irradiated region, promoting 

energy exchanges, increasing temperature and pressure, accelerating the 

speed of movement of the species, and ejecting particles. After this highly 

energetic ablation process, the surface cools very quickly, which modifies the 

surface structure of the material [35,50]. 

Regarding the morphology obtained by the FI technique (Figures 3.2k-

o), it is possible to observe in α–Ag2WO4 spherical particles with well-defined 

edges and irregular extensions, in addition to elongated and slightly curved 

rods. According to the elementary mapping performed on the FI-8 sample 

(Figure 3.4), both the spheres and the rods are composed of the same 

proportion of Ag, O, and W atoms, thus confirming the change in particle 

morphology composed of the same α–Ag2WO4 polymorph. 

The application of the FI technique leads to the formation of a spherical 

morphology of α–Ag2WO4 powders due to when the femtosecond laser beam 

interacts with the α-Ag2WO4, a nonlinear and multiphoton ionization process 

occurs, which results in the formation of a plasma plume above the irradiated 

zone [31,51]. The highly energetic ablation process provokes the breaking of 

the bonds between the W‒O and Ag‒O atoms. Further, since the plasma itself 
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can reach temperature and pressure values of up to 1000 K and 1012 Pa, 

respectively [51], such extreme conditions can trigger the sintering of the 

material that reminds in contact with the plasma. 

 

Figure 3.4 a) EDS elemental mapping of the FI-8 sample of Si Kα, O Kα, W 

Lα, and Ag Lα. b) FI-8 sample analyzed by EDS, highlighting the rod- and 

sphere-like morphologies. c) Rod-like region 1 and d) Sphere-like region 2. 

 

Since the plasma plume, which reaches values up to 1000 K, has a lifetime in 

the region of the ns [52], the plasma can transfer heat to the material 

surrounding the irradiation zone. Thus, the material that did not undergo 
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sintering just experienced a melting process, resulting in the curvature of its 

edges. This effect is considered to favor the coalescence of the previously 

observed rods and cubes, giving rise to the morphology of the spheres. 

The analysis in Figure 3.2 suggests that in addition to the 

morphological changes already discussed, another relevant aspect is 

observed: the presence of silver nanoparticles on the surface of samples as a 

result of electron beam and femtosecond laser irradiations. This phenomenon 

has already been well discussed by our group [10,11,24,31,38–40]. These 

changes in sample morphologies allow us to understand how the surface 

structure can affect and modify the PL property of a semiconductor. 

The result of Rietveld refinement (Table B.1) reveals that the lattice 

parameters and bond angle of all samples correspond to an orthorhombic 

structure and Pn2n spatial group, which is in agreement with the 

crystallographic information file in ICSD 4165 card [53]. Moreover, the RBragg 

and chi2 fitting parameters evidence the accordance between the calculated 

data and the observed XRD patterns. The Rietveld refinement data show the 

effect of irradiation on the parameters of the unit cell, which were found to 

change. In general, when all MAH samples are irradiated by EI and FI, there 

is an expansion in the cell volume, consequently altering the lattice of the 

samples. 

Figure 3.5 brings a comparison among the geometries for optimized 

(opt‒α-AWO), neutral (CP), and irradiated structures (MAH-8, EI-8, and FI-8). 

From this figure, it is possible to observe variations of the relative positions of 

the Ag, O, and W atoms on several different constituents [WO6]/[AgOy] clusters 

(y = 7, 6, 4, and 2) of α–Ag2WO4. Since the [AgO2] and [AgO4] clusters are found 

in the shell of the unit cell, changes are expected as a result of the strong 

interaction caused by irradiation, leading to nucleation and formation of 

metallic Ag [24,25]. Thus, the comparison between the opt‒α-AWO geometries 

and MAH-8 structures for the sample treated with MAH indicates variations 

in the Ag‒O distances and O‒Ag‒O angles, mainly in the [AgO2] and [AgO4] 

clusters. In the [AgO2] cluster, Ag‒O increases from 2.246 to 2.461 Å, while 

O‒Ag‒O decreases from 174.42 to 145.05º. In the case of the Ag‒O bond in 

[AgO4] clusters, an increase in two bond distances is observed. When the MAH-

8 sample is exposed to EI, both Ag‒O distance and O‒Ag‒O angle in the [AgO2] 



56 
 

cluster remain almost unchanged, going from 2.461 to 2.455 Å and from 

145.05 to 147.42º, respectively, whereas the Ag‒O distance in the [AgO4] 

clusters undergoes increases. On the other hand, when a femtosecond laser 

is applied, the Ag‒O distance in the [AgO2] cluster decreases from 2.461 to 

2.193 Å, while the O‒Ag‒O angle increases from 145.05 to 170.42º. Regarding 

the [AgO4] clusters, it is possible to note a shortening average of the Ag‒O 

distance. With respect to the different types of [WO6] clusters, in all cases, the 

W‒O bond distances of the irradiated samples undergo variations 

corresponding to W1, in which an average lengthening is observed. 

A careful analysis of the Ag‒O and W‒O bond distances for all samples 

were performed, and the observed values are listed in Table B.2. From Figure 

3.5 and the values in Table B.2, we can infer that the MAH treatment induces 

a larger structural organization in the α–Ag2WO4, which is evidenced through 

the average lengthening of the Ag–O and W–O bonds in the [WO6]/[AgOy] 

clusters (y = 7, 6, 4, and 2). Considering the EI, it can be noted that the 

irradiation with electrons leads to structural changes in the [AgO4] and [W1O6] 

clusters. On the other hand, FI induces an average shortening of Ag–O and an 

average lengthening of W1–O bond distances in the clusters of α–Ag2WO4 when 

compared with both MAH samples and the optimized system. These results 

explain the constant changes in the crystal lattice and the size reduction of 

[AgOy] clusters proposed by our group [22], which may also be induced by rod-

to-sphere morphology changes in the irradiated samples. 

To investigate the effect of irradiation on the particle surface, XPS 

measurements were conducted. Such analyses were performed in the samples 

that had their morphology and the PL property changed, that is, MAH-8, EI-

8, and FI-8. 

Figure 3.6 shows the high-resolution spectra of O 1s, which were fitted 

with three components. The strong peak around 530.03 eV, 529.83 eV, and 

530.07 eV for the MAH-8, EI-8, and FI-8 samples, respectively, are attributed 

to the O atom in the α-Ag2WO4 lattice. 
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Figure 3.5. The geometry of a) opt – α-Ag2WO4, b) CP, and c) irradiated (MAH-

8, EI-8, and FI-8) structures. 

 

The peak at 531.43 eV, 531.54 eV, and 531.92 eV, respectively, are 

assigned to oxygen defects in the lattice, such as oxygen vacancies (VO) [54]. 

Lastly, the peak in the high binding energy, i.e., above 533 eV, is related to 

adsorbed oxygen on the surface [54,55]. Changes in the profile of the high-

resolution spectrum of O 1s indicate a high percentage of adsorbed oxygen on 

the surface of the EI-8 and FI-8 samples in comparison with MAH-8. 

Additionally, there is a decrease in the area percentage of the lattice oxygen to 

69.97% for MAH-8, 48.00% for EI-8, and 37.66% for FI-8, as well as an 

increase in the area percentage ascribed to defect oxygen to 20.98%, 27.88% 
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and 38.10% for the MAH, EI and FI samples, respectively. This indicates a 

possible formation of oxygen vacancies in the EI and FI samples. The 

vacancies formed are a charge compensation due to destabilization of the (010) 

surface along the transformation of morphology from cubes-like into rods-like. 

Furthermore, surfaces can be stabilized by reducing surface charge 

density via different mechanisms: creating surface states, redistributing 

charge between atoms, removing atoms, adding charged impurities to the 

surface, or creating faces [56,57]. In the process of electron beam and 

femtosecond laser irradiations, we observed the destabilization of the surface 

(010), by the conversion of cubic particles into rods, which was compensated 

by the removal of surface oxygen atoms and by chemoadsorption of species 

(O- and O2-) on the surface, according to the XPS results. 

The increment in oxygen vacancies and impurities, via FI, may be 

related to the fact that the experiment is carried out in an environment, which 

allows the exchange of charges and species. It is known that the greater 

exposure of a given crystalline surface influences the properties of materials 

[58]. An analysis of the theoretical results renders that the (010) surface 

presents the highest value of surface energy in the rod morphology. 

Extrapolating this data to the literature [58], we suppose that to compensate 

for the energetic instability, superficial oxygen vacancies were created. 

Figure B.2a shows that the Ag 3d spectra were better fitted using one 

component. The high-intensity peaks located at approximately 368 eV and 

374 eV are related to the 3d5/2 and 3d3/2 orbitals, respectively, with Ag+ binding 

energy. No significant changes were observed among the spectra of the 

samples. 

The XPS technique also provided information on the chemical 

environment of the W element, which is considered to be the lattice-forming 

atom. Figure B.2b displays the XPS spectra of the W 4f for the MAH-8, EI-8, 

and FI-8 samples. The binding energy corresponds to the 4f7/2 and 4f5/2 

orbitals of W6+ in the α–Ag2WO4 lattice [4,59,60]. The XPS spectra reveal a 

similar profile in all samples, with no changes in the oxidation state or 

chemical environment of the structural W atom, nor even for the EI and FI 

samples. Therefore, it can be concluded that the irradiation process changes 

the environment around oxygen atoms due to the formation of metallic Ag and 
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VO vacancies, consequently leading to distortions in the angle and bond 

distance of the Ag and W clusters (Table B.2). 

 

 

Figure 3.6. High-resolution XPS spectra of O 1s for the MAH-8, EI-8, and FI-

8 samples. 

 

Figure B.3 displays the Raman spectra in the range of 60-960 cm-1 at 

room temperature. According to Turkovič et al. (1977) [61], there are 21 known 

Raman modes for α-Ag2WO4 (6A1g, 5A2g, 5B1g, and 5B2g). As it can be observed 

in Figures B.3a-d, six Raman modes were detected for all samples (1A1g, 1A2g, 

3B1g, and 1B2g); the remaining modes were not detectable experimentally 

because of their low intensities. External vibrational modes of interaction 

between silver and tungstate ion and [AgOy] (y = 7, 6, 4, 2) clusters can be 

identified between 100 and 500 cm-1, whereas internal vibrational modes 

assigned to the vibrations in the [WO6] clusters can be detected between 500 

and 1000 cm-1 [28,37,62]. It is possible to observe in both materials two 

intense bands: one at 102 cm-1, attributed to the stretching of T’(Ag+/W6+) 
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binding [63], and another at 877 cm-1, assigned to the symmetrical stretching 

of the W‒O bond in the octahedral [WO6] cluster [28]. 

The comparison between the relative experimental and theoretical 

positions of these vibrational modes is illustrated in Figure B.3e and 

summarized in Table B.3, confirming the good agreement between the 

experimental and theoretical modes. 

Following the Raman discussion on the short-range structural disorder, 

XANES allowed us to visualize a local disorder, which in our case was around 

the tungsten atom. In the past decade, our research group has employed the 

XANES technique to study the local structure of various semiconducting metal 

oxides, such as tungstates, titanates, and vanadates among others [19,64–

68]. 

Herein, we performed XANES measurements to investigate the effect of 

irradiation on the local structure around W atoms. Figure B.4a displays the 

W-L1 XANES spectra of the as-prepared CP sample and some standards used 

as reference samples (Na2WO4, WO2, and monoclinic WO3). In Figure B.4a, it 

is possible to observe a pronounced peak (here denoted as P1) in the Na2WO4 

spectrum, more specifically in the pre-edge region, as well as a shoulder in the 

m-WO3 standard and the CP sample spectra. The physical origin of such 

electronic transition (peak P1) is described elsewhere [19,69,70]. 

It is well established that an intense pre-peak in the W-L1 edge XANES 

spectrum has been found in materials constituted by tetrahedral units (WO4), 

such as the Na2WO4 compound [5,70]. The electronic transition responsible 

for P1 pre-peak is forbidden in the materials that exhibit regular [WO6] units. 

However, compounds presenting non-regular octahedral symmetry (distorted 

WO6 clusters) have been found to present a less intense pre-peak similar to 

that in the WO3 spectrum [69,70]. From the analysis of the spectrum of the 

CP sample, it is possible to observe its similarity with the WO3 standard 

spectrum. It is then plausible to affirm the presence of distorted [WO6] clusters 

in the as-prepared CP sample. Furthermore, by comparing the spectra of the 

α–Ag2WO4 samples (Figure B.4b) it is evident the similarity with the XANES 

spectra (both in the pre- and post-edge regions). Such behavior reveals that 

the microwave-assisted hydrothermal treatment, as well as the irradiation 



61 
 

processes (EI and FI), resulted in samples constituted by distorted octahedral 

WO6 clusters. 

The experimental optical band gap was estimated using the Wood-Tauc 

relation [71,72] and the Kubelka-Munk equation [72,73], evidencing a slight 

variation from 3.09 to 3.32 eV (Figure B.5) for the MAH, EI, and FI samples. 

The experimental results show that when the CP sample is submitted to MAH 

treatment for 2 minutes, the band gap value decreases from 3.13 eV to 3.08 

eV. In contrast, for the MAH-4, MAH-8, MAH-16, and MAH-32 samples, the 

band gap increases. Later, when these samples are under EI, is observed that 

except for the EI-2 sample, the band gap decrease in all cases. For the FI-2 

and FI-4 samples present an increase in the band gap, while for the FI-8, FI-

16, and FI-32 samples, an opposite effect can be sensed. Structural order-

disorder effects induced by the radiation as well as the morphology, time 

process, and shape powder can explain the band gap decrease/increase of α-

Ag2WO4. 

The electronic structure of α-Ag2WO4 was analyzed from the partial 

density of states (PDOS) of the 4d, 5d, and 2p orbitals of Ag, W, and O atoms, 

respectively (Figure 3.7), where the valence band maximum (VBM) is set to 

zero. In terms of contributing states, the representation is similar for all 

samples, according to the composition of the valence band (VB) and 

conduction band (CB) of the different samples. As already known, for α–

Ag2WO4 the VB is formed by the hybridization of 4dxy and O 2pz orbitals, 

whereas the bottom of the CB is mainly composed of W 5d orbitals, more 

specifically 5dz
2 orbitals. However, differences in topology occur among the 

PDOS of neutral and irradiated samples. In the PDOS of the neutral sample, 

there is discontinuation in the VB, leading to two distinct Ag 4d blocks. Such 

characteristic is maintained in the EI-8 sample, while in the PDOS of the MAH-

8 and FI-8 samples the double-peak structure disappears. 

In the MAH-8 and FI-8 samples (Figure 3.7c), localized states of the O 

2px, 2py, and 2pz and Ag 4dxy orbitals are evidenced in the Fermi region, as 

well as localized 5dx
2

-y
2 and 5dz

2 orbitals forming the bottom of the CB in these 

samples. The localized density of 2p and W 5d states situated at the Fermi 

level and the bottom of the CB, respectively, favors the electronic transfer from 

the O 2p to W 5d states, which are necessary for the excitation process of the 
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tungstate groups. These observations in the electronic properties of the 

different samples are associated with the structural disorder induced by the 

irradiation in the α–Ag2WO4 lattice, as seen in Figure 3.5. 

 

Figure 3.7. Partial density of states projected on the 4d, 5d, and 2p orbitals 

of Ag, W, and O atoms, respectively, for a) opt–α-Ag2WO4, b) CP, and c) 

irradiated (MAH-8, EI-8, and FI-8) samples. 

 

a)

b)

c)
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Figure 3.8 shows the PL spectra of α–Ag2WO4 samples measured at 

room temperature and excited at 355 nm. The PL spectra encompass the 

whole visible region and part of the near-infrared region, presenting a 

broadband profile. The small changes in the profile of the PL spectrum 

between the same group are related to different degrees of order/disorder in 

the O‒Ag and O‒W bond lengths. Therefore, by analyzing the PL spectra we 

can understand how the MAH treatment time, and electron beam and 

femtosecond laser irradiations affect the emission spectrum of α–Ag2WO4. 

 

 

Figure 3.8. PL spectra of the samples obtained by a) the CP method, treated 

with MAH, and irradiated by b) EI and c) FI. 

 

The CP and EI samples with rod-like morphology (Figure B2 and Figure 

3.2f-j) have two maximum emission centers: around the green (550 nm) and 

the red (733 nm) regions (Figure 3.8a,b). The FI sample with rod- and sphere-

like morphologies presented the same emission centers (Figure 3.2k-o and 

Figure 3.8c). When the sample is submitted to MAH at synthesis times 

between 2 and 16 min, two types of morphologies are observed (rod- and cube-

like, Figures 3.2a-d), and the maximum emission center around 550 nm is 
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favored (Figure 3.8a). However, the sample treated with MAH at a prolonged 

synthesis time of 32 min, in addition to only hexagonal rod-like particle 

morphology, presents two maximum emission centers similar to those of the 

CP sample. 

It is well known that the PL property of α–Ag2WO4 is strongly correlated 

by photogenerated electron-hole pair processes and in terms of the electronic 

transition between the VB (2p levels of oxygen atoms and 4d level of silver 

atoms) and the CB (5d levels of tungsten atoms) as well as the contribution of 

intermediate levels between the VB and CB [22,32,33,66,74]. 

The blue band is attributed to the radiative transition from the O2p 

states to the W5d states while the green band is due to the electronic transition 

from the Ag+‒VO defects level to the VB [62]. Blue/Green emission was also 

related to distorted [WO6] octahedral, while red emission to the [AgOy] (y = 2, 

4, 6, and 7) clusters that form complex vacancies, inducing more disorder and 

deeper defects in the forbidden band gap [32,38,75].  

Furthermore, the [AgOy] (y = 2, 4, 6, and 7) and [WO6] clusters in pairs 

have extrinsic defects, which are linked to order-disorder effects in the 

electronic structure, surface, and interfaces, which create additional energy 

states above the VB and below the CB, which decrease the band gap [32,66]. 

However, a specific assignment of surface and the clusters that are present on 

each surface that contributes to PL emission has not been observed. Here, we 

can observe the influence of particle morphology and surface band gap since 

the distortions in the lattice favor different distributions of electronic state in 

the surface (Figure 3.9). 

To analyze the difference between the emission spectrum and the 

contribution of each surface (Figure 3.9), a comparison among the MAH-8, 

EI-8, and FI-8 samples with the cube-, rod- and sphere-like morphologies, 

respectively, is presented in Figure 3.10. Since each of the surfaces of α–

Ag2WO4 presents a different band gap energy (𝐸𝑔𝑎𝑝
𝑠𝑢𝑟𝑓

) value, it is expected that 

each surface has a specific contribution in the PL property. This can be 

justified by the fact that each surface is quite different in terms of the 

coordination number of atoms, the distance between adjacent atoms, and 

available electron density [22,30]. 
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The theoretical 𝐸𝑔𝑎𝑝 values of surfaces and the rod- and cube-like 

morphologies of α–Ag2WO4 are listed in Table 3.1. According to the results, all 

surfaces studied show 𝐸𝑔𝑎𝑝
𝑠𝑢𝑟𝑓

 values reduced in comparison to the 𝐸𝑔𝑎𝑝 value of 

the bulk. 

 

Figure 3.9. The total density of states for the (010), (100), (001), (011), (101), 

and (110) surfaces of α-Ag2WO4. 

 

The density of defects on the surface can justify the existence of 

intermediary states in the band region of the bulk, which come from the 

number of Ag−O and W−O bonds that are broken when a slab surface is 

created. To quantify the defects on the surface, the density of broken bonds 

was calculated as 𝐷𝑏 = 𝑁𝑏/𝐴, where 𝑁𝑏 is the number of broken bonds and A 

is the surface area. The results corroborate that those surfaces with higher 𝐷𝑏 

values present the lowest band gap (Table 3.1) and consequently, 

intermediary states (Figure 3.9). 

Regarding the 𝐸𝑔𝑎𝑝
𝑝𝑜𝑙𝑦ℎ𝑒𝑑𝑟𝑜𝑛

 for each experimental morphology, the results 

reveal that in passing from ideal to the experimental rod-like morphology, the 

𝐸𝑔𝑎𝑝
𝑝𝑜𝑙𝑦ℎ𝑒𝑑𝑟𝑜𝑛

 value increase from 0.99 eV to 1.10 eV due to the appearance of the 

(101) surface which comes to dominate the Wulff construction (79.4 %) for the 

rod-like morphology and has a band gap of 1.15 eV. The (010) and (001) 
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surfaces are also exposed in this morphology in a lower proportion (7.3 % and 

13.2%, respectively). 

 

 

Figure 3.10 (a) PL spectra and maximum emission centers of the CP, MAH-8, 

EI-8, and FI-8 samples. (b) Comparative diagram of the band gap value of the 

optimized structure (3.42 eV) and band gap values for (100), (010), (001), and 

(101) surfaces. 

 

In the case of the passing from ideal to the experimental cube-like 

morphology, the 𝐸𝑔𝑎𝑝
𝑝𝑜𝑙𝑦ℎ𝑒𝑑𝑟𝑜𝑛

 decrease from 0.99 eV to 0.92 eV at the time that 

(001) and (100) surfaces that have the lower band gap values 0.65 eV and 0.48 

eV, respectively, increase their contribution (28.6 % each one) to the cube-like 

morphology that exposed the (010) surface (42.9 %) which have band gap (1.39 

eV). It is worth nothing that theoretical values of band gap energy are not the 

same that those obtained experimentally because the experimental techniques 

used for such measurements considering the effect bulk/surface of the 

material and in the calculations have been considered only the exposed 

surface structures at the morphology. 

Figure 3.10a shows that both CP and EI-8 samples are composed only 

of rod-like morphologies. The PL spectrum for the CP and EI-8 samples 

showed two maximum emission centers – around 550 nm and 733 nm – 

regions. In the case of the MAH-8 sample, it is composed of both cube- and 

rod-like morphologies and although the PL spectrum also present two 
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emission centers, is observed that the maximum emission center around 550 

nm is favored while the emission center is 733 nm present intensity lower. 

Finally, the sample irradiated by femtosecond laser (FI-8) with rod- and 

sphere-like morphologies presented an equilibrium in the maximum emission 

centers with a slight shift to the red region. Based on these results, we can 

conclude that (010) and (101) surfaces contribute to the emission centers at 

550 nm and 733 nm, respectively. 

As previously mentioned, (010) surface has the highest band gap, 

therefore it tends to contribute to the highest energies emission (Figure 

3.10b), in addition, is present in both morphologies, see Table 3.1, and is the 

aim component of the cube-like morphology, thus, the presence of both cube- 

and rod-like morphologies in the sample contributed to the emission to 550 

nm. In contrast, (101) surface is the main component of the rod-like 

morphology, and therefore the sample only with rod shows a defined emission 

at 733 nm. The highest intensity of emission in 550 nm is associated with the 

presence of localized states in the forbidden band gap due to (010) surface, 

see Figure 3.9 and Figure 3.10b, which favored the probability of the 

transition in this surface. 

As has been established in the (101) surface are present distorted [𝑊𝑂6]𝑑 

cluster, and the under-coordinated [𝐴𝑔𝑂5 ∙ 2𝑉𝑂
𝑥], [𝐴𝑔𝑂4 ∙ 3𝑉𝑂

𝑥], and [𝑊𝑂5 ∙ 𝑉𝑂
𝑥] 

clusters. The complete distorted [𝑊𝑂6]𝑑 clusters are considered as a source of 

electrons due to while the under coordinated [𝐴𝑔𝑂5 ∙ 2𝑉𝑂
𝑥], [𝐴𝑔𝑂4 ∙ 3𝑉𝑂

𝑥] clusters, 

and [𝑊𝑂5 ∙ 𝑉𝑂
𝑥] clusters supporting charge positive are considered a source of 

the hole [76,77]. 

In the case of the (010) surface complete distorted [𝑊𝑂6]𝑑 and [𝐴𝑔𝑂4]𝑑 

clusters present in the surface are a source of electrons while under-

coordinated [𝐴𝑔𝑂5 ∙ 2𝑉𝑂
𝑥] clusters are a source of holes. Thus, the transfer 

electron-hole occur from complete distorted clusters to under-coordinated 

[𝐴𝑔𝑂5 ∙ 2𝑉𝑂
𝑥] clusters, the above also explain the contribution of the (010) 

surface to the PL property [21]. 

Moreover, the cube- and rod-like morphologies have a stable (001) 

surface, which has the 𝐸𝑔𝑎𝑝
𝑠𝑢𝑟𝑓

 (0.65 eV), see Table 3.1 and Figure 3.10b. The 

(001) surface has a percentage of total area contribution in both morphologies 
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of 28.6% and 13.2%, respectively. The (001) surface has [𝑊𝑂5 ∙ 𝑉𝑂
𝑥], 

[𝐴𝑔𝑂5 ∙ 2𝑉𝑂
𝑥], [𝐴𝑔𝑂4 ∙ 3𝑉𝑂

𝑥], and [𝐴𝑔𝑂4 ∙ 2𝑉𝑂
𝑥] clusters [21]. The cube-like 

morphology also has a stable (100) surface, which has the lowest 𝐸𝑔𝑎𝑝
𝑠𝑢𝑟𝑓

 (0.48 

eV), Figure 3.10b. The (100) surface has [𝑊𝑂4 ∙ 2𝑉𝑂
𝑥], and two [𝐴𝑔𝑂5 ∙ 2𝑉𝑂

𝑥] 

clusters [21]. 

In general, the samples with cube-like morphologies showed a 

maximum center emission in the green region, while those with particles with 

only rod-like morphology showed two maximum emission centers (in the green 

and red regions). Differently, the sphere-like morphology presented an 

equilibrium in the emission centers. The PL behavior demonstrates the 

influence of many factors, such as the orientation between particles, the 

variations in the particles size distribution, the morphology of the particles, 

and surface defects [32]. 

The XYZ color space created by the International Commission on 

Illumination (abbreviated as CIE) serves as a standard reference to represent 

the color emitted by the materials, and this color is expressed by a resulting 

chromaticity symbolized by the coordinates (x, y) [62]. The chromaticity 

coordinates x and y under excitation of 355 nm were obtained in the CIE XYZ 

color space (Figure B.6), and the detailed information is shown in Table B.4. 

The MAH group revealed variation in their color from orange to red 

(Figure B.6a) due to the synthesis time, which disorganized the [AgOy] 

clusters. The CIE diagram of the EI and FI groups also showed a color variation 

from orange to red (Figure B.6b). Among the samples submitted to 

femtosecond laser irradiation, the FI-32 was found to be the most resistant to 

the laser action, remaining practically unchanged when compared to the 

MAH-32 (Figure B.6c and Table B.4). The other samples migrated from 

orange to red, following what was observed for samples irradiated by electrons. 

Therefore, the PL measurements demonstrated that microwave, electron 

beam, and femtosecond laser irradiations altered the electronic density of the 

bulk and surface since the behavior of the samples changed after irradiation. 

However, the sample obtained at the longest synthesis time did not show 

variation in the density of VAg and VO vacancies when subjected to electron or 
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femtosecond irradiation, which is possibly related to its more stable rod-like 

morphology. 

 

3.4 - Conclusions 

In summary, in this work, we discussed the influence of morphology, 

surface band gap, and microstructure on the PL property of α–Ag2WO4 

samples obtained by the CP method, followed by treatment with MAH at 

different synthesis times and two different irradiation processes: electron 

beam and femtosecond laser. The experimental and theoretical study clarifies 

the important relationship between the DOS of different surfaces and the PL 

property. It was observed that the use of different ways of treating the samples 

successfully changed the surface characteristics, microstructure, and 

electronic density of the α–Ag2WO4 materials. Electron beam and femtosecond 

laser irradiations were found to cause expansion of the unit cell, form oxygen 

vacancies on the surface, change the angle and distance between O‒Ag and 

O‒W bonds, and modify the particle morphology to rod-, cube- and sphere-

like. The theoretical calculations showed how changes in the microstructure, 

morphology, and surface band gap values can alter the distribution of electron 

density, and consequently the emission centers. Cube-like morphology shows 

a high contribution of the (010) surface, while rod-like morphologies showed 

the contribution of (010) surface and (101) surface. Moreover, the sample 

submitted to a longer synthesis time of 32 min in the microwave system 

presented the most stable rod-like morphology and high resistance to the 

disorder of the network-modifying [AgOy] clusters. Therefore, the more ordered 

the network-forming [WO6] clusters, the more difficult it will be to introduce 

defects. For this reason, no significant changes were observed in the PL 

property. These results enrich the literature regarding the effect of different 

techniques associated with microstructure, morphology, and band gap 

energies on the PL properties of semiconductor materials. 
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________________________________ 

Capítulo 4 

________________________________ 

Conclusions 

 

The use of ethylenediamine complexing agent and irradiation 

(electron beam and femtosecond laser) were effective in altering the 

photoluminescent property of α-Ag2WO4. This change is closely related to the 

formation of silver nanoparticles on the surface of α-Ag2WO4, which caused: 

structural disorders, morphological variation (cubes, rods, spheres, 

multidimensional structures) and alteration in oxygen vacancies (increase or 

decrease). Through these works, it was possible to elucidate the mechanism 

of particle growth. Two processes occur when employing En: Ostwald ripening 

(particle growth) and self-assembly (particle organization). Depending on En 

concentration, there is formation of α-Ag2WO4 nanorods or microrods, 

organized in hollow or solid microflowers. En acts as a complexing agent and 

thus controls nucleation rate, guides growth and acts as a reducing agent of 

silver ion. Theoretical calculations show that the surface band gap values alter 

the distribution of electronic density and thus, the emission centers. While the 

use of En shifted the emission center from red to blue due to structural 

disorder, irradiation altered the contribution of the surfaces and thus, there 

is a relationship between the surfaces and emission centers. 
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________________________________ 

Apêndice A 

________________________________ 

Supplementary Information for "Multi-Dimensional Architecture of Ag/α-

Ag2WO4 Crystals: Insights into Microstructural, Morphology, and 
Photoluminescent Properties" 

 

SUPPORTING INFORMATION 

A.1 - Characterizations 

 

Figure A.1 shows the results by the Rietveld method and Table A.1 

corroborates the statistical parameters that guarantee the quality of the 

refinement (GOF, RBragg, Rexp, Rwp), which have few deviations, suggesting that 

the refinement of the structure and the numerical results are reliable. 
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Figure A.2 Rietveld refinement plot of α-Ag2WO4 samples prepared by the 

MAH method: a) W, b) WE0.25 and c) WE0.5. 
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Table A.1 Statistical parameters obtained by Rietveld refinement of the Ag/α-

Ag2WO4 samples. 

  α-Ag2WO4 Ag0 

Samples  GOF RBRAGG REXP RWP RBRAGG 

W  2.13 2.22 3.44 7.34 * 

WE0.25  1.66 2.18 4.83 7.99 1.29 

WE0.5  1.81 3.05 4.86 8.80 1.10 

 

 

Deviations at the binding angle of the O-Ag-O and O-W-O can be 

confirmed in Tables A.2 and A.3.  

Table A.2 Bond angles of [AgOy] (Card ICSD n0. 4165)1, 2, 3. 

 Ref W WE0.25 WE0.5 
|Ref-

W| 

|Ref-

WE0.25| 

|Ref-

WE0.5| 

O6Ag3O6 174.6 174.6 174.6 174.6 0.02 0.01 0.01 

O6Ag3O2 67.6 67.8 67.7 67.9 0.20 0.09 0.26 

O6Ag3O2 115.2 115.1 115.2 115.0 0.12 0.01 0.18 

O6Ag3O1 66.1 66.3 66.1 66.3 0.16 0.04 0.21 

O6Ag3O1 110.7 110.6 110.7 110.5 0.12 0.02 0.18 

O1Ag3O2 62.4 62.4 62.5 62.5 0.06 0.17 0.10 

O2Ag3O2 121.4 121.3 121.2 121.3 0.06 0.17 0.11 

O1Ag3O1 113.9 113.9 113.7 113.8 0.05 0.16 0.09 

        

O4Ag4O7 94.7 94.6 94.7 94.6 0.13 0.01 0.16 

O4Ag4O4 110.7 110.6 110.5 110.5 0.13 0.22 0.19 

O4Ag4O7 99.5 99.6 99.5 99.6 0.10 0.03 0.15 

O7Ag4O7 154.9 155.0 154.9 155.0 0.07 0.02 0.06 
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O3Ag5O8 89.9 89.8 89.9 89.8 0.12 0.02 0.15 

O3Ag5O8 106.4 106.6 106.5 106.6 0.13 0.07 0.18 

O3Ag5O3 130.1 130.0 129.9 130.0 0.09 0.16 0.14 

O8Ag5O8 141.0 141.1 140.9 141.1 0.08 0.06 0.07 

        

O5Ag6O5 170.4 170.4 170.4 170.4 0.04 0.01 0.03 

        

O1Ag1O2 139.0 139.0 139.0 139.0 0.04 0.00 0.04 

O1Ag1O3 104.4 104.2 104.3 104.1 0.23 0.06 0.29 

O1Ag1O4 97.3 97.5 97.4 97.6 0.22 0.11 0.28 

O1Ag1O5 63.8 64.0 63.8 64.0 0.15 0.03 0.18 

O1Ag1O7 141.0 141.0 140.9 140.9 0.04 0.08 0.07 

O1Ag1O8 87.7 87.8 87.9 87.8 0.08 0.15 0.10 

        

O1Ag2O2 140.6 140.6 140.6 140.6 0. 13 0.02 0.02 

O1Ag2O3 57.9 57.8 57.9 57.8 0.07 0.02 0.11 

O1Ag2O4 83.0 83.1 82.9 83.1 0.08 0.07 0.10 

O1Ag2O5 127.1 127.1 127.2 127.0 0.05 0.12 0.06 

O1Ag2O7 57.7 57.6 57.5 57.6 0.08 0.20 0.12 

O1Ag2O8 76.3 76.4 76.4 76.4 0.05 0.13 0.09 

 

 

 

 

 

 



83 
 

Table A.3 Bond angles of [WO6] (Card ICSD n0. 4165)1, 2, 3.  

 Ref 
 

W WE0.25 WE0.5 
|Ref-

W| 

|Ref-

WE0.25| 

|Ref-

WE0.5| 

O8W1O7 106.2  106.2 106.3 106.3 0.01 0.10 0.04 

O8W1O5 99.3  99.1 99.2 99.1 0.18 0.12 0.23 

O8W1O2 80.1  80.1 79.9 80.1 0.03 0.18 0.07 

O8W1O6 93.1  93.3 93.2 93.3 0.13 0.03 0.16 

O8W1O1 159.3  159.3 159.4 159.3 0.02 0.01 0.02 

O7W1O5 109.2  109.1 109.17 109.0 0.14 0.06 0.19 

O5W1O2 84.8  85.0 84.9 85.0 0.15 0.03 0.19 

O2W1O6 71.4  71.2 71.4 71.2 0.19 0.06 0.23 

O6W1O7 92.2  92.3 92.3 92.4 0.12 0.02 0.16 

O1W1O7 90.2  90.1 90.0 90.07 0.04 0.18 0.09 

O1W1O5 86.8  87.0 86.9 87.0 0.16 0.05 0.21 

O1W1O2 80.8  80.8 81.0 80.8 0.02 0.15 0.01 

O1W1O6 73.2  73.1 73.2 73.0 0.15 0.00 0.19 

         

O6W2O4 158.8  158.8 158.8 158.8 0.02 0.01 0.02 

O6W2O4 89.1  89.1 89.2 89.2 0.06 0.18 0.10 

O6W2O2 76.0  75.8 75.9 75.8 0.14 0.06 0.18 

O6W2O6 72.2  72.2 72.0 72.1 0.04 0.18 0.07 

O6W2O2 85.6  85.7 85.5 85.7 0.12 0.02 0.15 

O2W2O4 99.9  99.7 99.8 99.6 0.17 0.013 0.22 

O4W2O2 93.0  93.2 93.1 93.3 0.18 0.08 0.24 

O4W2O4 111.0  110.9 110.8 110.8 0.08 0.19 0.13 

         

O3W3O6 166.1  166.1 166.1 166.2 0.01 0.00 0.01 

O3W3O1 96.2  96.4 96.1 96.4 0.14 0.17 0.20 
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O3W3O3 100.7  100.6 100.4 100.5 0.08 0.21 0.13 

O3W3O1 96.1  95.9 96.3 96.0 0.22 0.13 0.27 

O3W3O6 92.6  92.6 92.7 92.6 0.04 0.18 0.09 

O6W3O1 86.7  86.8 86.7 86.8 0.06 0.08 0.10 

O1W3O6 78.0  77.9 78.0 77.8 0.16 0.08 0.21 

O6W3O6 74.7  74.6 74.5 74.6 0.11 0.25 0.14 

 

All vibrational modes (Raman) of the samples and reference are shown 

in Table A.4. 

Table A.4 Peak locations relative to the α-Ag2WO4 micro-Raman spectroscopy 

analysis.  

  W WE0.25 WE0.5 Ref 

A1g       44 

A1g       60 

B1g 104 104 104 92 

A2g    116 

A2g       182 

A1g   206   208 

B1g       248 

A2g 308 308 308 306 

B2g 331 331 331 336 

A2g 380 380 380 366 

B2g       488 

B2g 500 500   510 

B2g     546 

A1g 575 575   590 

B1g       629 

B1g 660 660 660 667 
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B1g     723 730 

B2g 731 731 731 754 

A1g 770 771  778 

A2g    800 

WO4
2-

(ν3) 
  828 832* 

A1g 877 877 877 884 

 WO4
2-

(ν1) 
    949  922* 

                                      References*2, 4, *5 

 

The literature shows that for different synthetic routes, without using 

surfactants or complexing agents, the α-Ag2WO4 shows a preferential 

formation of the eight-faceted hexagonal base rod-like morphology, which is 

composed by the (101), (010), and (001) surfaces, which are similar to those 

obtained by Cavalcante et al.6 by the SC, CP, and CH methods, with only small 

modifications in the rod lengths. Figure A.2 presents the TEM images of the 

particles obtained by the MAH method. Figure A.2 (a-b) show the microrods 

of the W sample. It can be observed that this sample displays (Figure  A.2 (a)) 

only some NPs on this surface, especially at the rods; however, this amount 

increases with the electron beam, as shown in Figure A.2 (b). Although it is 

possible to have some NPs before the exposure to the electron microscope, 

they are mainly caused by the being exposed to the high-energy electron beam, 

as shown in Figure. A.2 (b). A few seconds after the beam in the TEM, it is 

possible to observe several filaments of metallic Ag, as reported by Longo et 

al.7–12. In Figure A.2 (c-d), which refers to the WE0.25 sample, note the hollow 

structures consisting of nanorods and NPs. In this case, the NPs were already 

formed before the TEM analysis and they changed minimally with the increase 

in electron beam exposure time, as can be observed from the pictures in 

Figure A.2 (c-d). Finally, note the flower-like structures consisting of 

microrods and NPs in the WE0.5 sample shown in Figure A.2 (e-f). This 

sample was very unstable under the electron beam irradiation and the NPs on 
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the surface started to grow, forming filaments by sintering and making the 

visualization of the planes of the NPs in the high-resolution TEM analysis 

difficult because the particles are constantly growing, as shown in Figure A.3 

(a-b). The differences of growth, shape, and stability are due to the 

morphologic aspects, as the NPs growth is a surface dependent property, as 

shown by Macedo et al.13, comparing the differences of preferential Ag growth 

on two morphologies of α-Ag2WO4.  
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Figure A.2 TEM images of samples exposed to a 200 kV electron beam. a, b) 

W; c, d) WE0.25 and e, f) WE0.5.  
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Figure A.3 Low-resolution TEM analysis of the WE0.5 sample of the α-Ag2WO4 

and Ag NPs at a) at time zero and b) 10 seconds later. 
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________________________________ 

Apêndice B 

________________________________ 

 

Supplementary Information for “α-Ag2WO4 under microwave, electron 

beam and femtosecond laser irradiation: Unveiling the relationship 

between morphology and photoluminescence emissions” 

SUPPORT INFORMATION 

 

B.1 - Characterizations 

The samples obtained in this study were characterized by X-ray 

diffraction (XRD) using a Rigaku (DMax 2500PC, Japan) diffractometer 

operating with Cu-Kα radiation in 2θ range of 10° to 70° with a scanning speed 

of 2°/min. Surface properties were investigated using X-ray photoelectron 

spectroscopy (XPS), performed in a Scienta Omicron ESCA spectrometer, 

Germany, with monochromatic Al Kα (1486.7 eV). The calibration was made 

by C 1s peak at 284.8 eV. Morphological characteristics were investigated 

using a field emission scanning electron microscope (FE-SEM, Carl Zeiss, 

Supra 35) operated at an accelerating voltage of 10 kV in different 

magnifications. The energy-dispersive X-ray spectroscopy (EDS) mapping was 

made in a Philip XL-30 FEG. Room temperature Raman spectroscopy was 

carried out using an iHR550 spectrometer Horiba Jobin Yvon coupled to a 

Silicon Charged Coupled Device (CCD) detector and an argon-ion laser (Melles 

Griot) operating at 514.5 nm with a maximum power of 200 mW and a fiber-

based microscope. The electronic and local atomic structures around the W 

atoms were probed using X-ray absorption near-edge structure (XANES) 

spectroscopy. The W-L1 edge XANES spectra of the samples were collected at 
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the XAFS2 beamline at the Brazilian Synchrotron Light Laboratory (LNLS, 

project XAFS2-20180338). Room-temperature XANES measurements were 

performed at the W-L1 edge in a transmission mode. The spectra were 

recorded using energy steps of 1.0 eV before and after the edge, and 0.7 and 

0.9 eV near the edge-region for the L1 edge. For the spectra analysis, their 

background was removed, and then normalized using as the unit of 

measurement the first EXAFS oscillation, using MAX software [1]. Ultraviolet-

visible (UV-Vis) diffuse reflectance measurements were obtained using a Cary 

5G spectrophotometer (Varian, USA) in diffuse reflection mode. Room 

temperature photoluminescence measurements were performed using a laser 

(Cobol/Zouk, λexc = 355 nm) focused on a 200 μm spot with a constant power 

of 5 mW. The signal was dispersed by a 19.3 cm spectrometer (Andor Kymera) 

and detected by a Silicon CCD (Andor/Idus BU2). 

 

 

Figure B.1 Micrograph of the CP sample obtained by the CP method. 
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Table B.1 Rietveld refinement and unit cell parameters of CP, MAH, EI, and FI samples.[a] 

 

[a]Bond angle: α = ꞵ = γ = 90°

Sample a b c 

Cell 

Volume 

(Å3) 

WRp Rp χ2 RBragg 

Theo.  11.127 12.335 5.825  - - - - 

CP 10.87645 12.0247 5.90091 771.758 0.0648 0.0509 3.723 0.0351 

MAH-2 10.87257 12.00221 5.89195 768.8692 0.0647 0.0497 4.054 0.0394 

EI-2 10.88660 12.01960 5.90150 772.2265 0.0867 0.0657 5.101 0.0568 

FI-2 10.91010 12.05520 5.91090 777.4219 0.1708 0.1292 3.351 0.0908 

MAH-4 10.87492 12.01987 5.89764 770.9108 0.0695 0.0538 4.562 0.0716 

EI-4 10.89800 12.04050 5.90826 775.2663 0.0774 0.0601 4.254 0.0558 

FI-4 10.9028 12.0594 5.90927 776.96(4) 0.0756 0.0572 3.604 0.0776 

MAH-8 10.90134 12.03280 5.90697 774.8387 0.0667 0.0507 4.306 0.0352 

EI-8 10.88685 12.01740 5.89973 771.8713 0.0710 0.0554 3.614 0.0595 

FI-8 10.90090 12.05140 5.90610 775.8909 0.1549 0.1181 2.331 0.0798 

MAH-

16 

10.89358 12.03580 5.90384 774.0699 0.0703 0.0536 4.600 0.0885 

EI-16 10.89190 12.04020 5.90568 774.4748 0.0758 0.0577 4.191 0.0487 

FI-16 10.90277 12.05749 5.90632 776.4451 0.1068 0.0790 1.172 0.0469 

MAH-

32 

10.88152 12.01763 5.89648 771.0832 0.0624 0.0488 3.669 0.0334 

EI-32 10.88728 12.01700 5.89847 771.7113 0.0690 0.0536 2.974 0.0483 

FI-32 10.89470 12.02850 5.90384 773.6799 0.0850 0.0603 4.569 0.0573 
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Table B.2 Ag‒O bond distances (Ǻ) on the [Ag(6)O2], [Ag(4)O4], [Ag(5)O4], [Ag(3)O6], and [WO6] clusters. 

    

clusters                                                                                                                                                          
    

           

Sample 
Ag(6)‒O5 Ag(4)‒O4 Ag(4)‒O7 Ag(5)‒O3 Ag(5)‒O8 Ag3‒O1 (Å) Ag3‒O2 (Å) Ag3‒O6 (Å) 

Theo. 2.246 2.37099 2.28258 2.24620 2.43018 2.591 2.562 2.369 

CP 2.42362(6) 2.51999(6) 2.30985(6) 2.05456(6) 2.37393(6) 2.67697(6) 2.63517(6) 2.33158(7) 

MAH-2 2.25348(5) 2.35126(5) 2.32244(5) 2.21888(5) 2.35318(5) 2.79386(5) 2.27682(5) 2.69480(6) 

MAH-4 2.39369(6) 2.71156(8) 2.41226(6) 2.12652(6) 2.41000(4) 2.57570(6) 2.55227(6) 2.21854(8) 

MAH-8 2.46072(6) 2.20530(6) 2.38917(6) 2.16288(6) 2.32707(6) 2.72896(6) 2.68863(6) 2.24560(8) 

MAH-16 2.31630(5) 2.35991 (6) 2.42840 (6) 2.26050 (6) 2.29353 (6) 2.76323(6) 2.58850(5) 2.32075(7) 

MAH-32 2.44961(5) 2.46151(5)  2.30851(5) 2.02165(5) 2.42783(5)  2.79317(5) 2.71520(5) 2.13253(6) 

EI-2 2.46352(9) 2.30395(9) 2.02459(7) 2.03804(11) 2.46184(8) 2.82310(10) 2.55588(9) 1.98049(12) 

EI-4 2.40978(7) 2.25895(6) 2.46737(7) 2.16120(6) 2.4300(4) 2.61504(6) 2.72054(7)  2.14849(7) 

EI-8 2.35477(6) 2.40811(7) 2.36146(6) 2.17338(7) 2.52000(4) 2.66023(6) 2.58945(7) 2.23051(8) 

EI-16 2.45300(7) 2.42852(7) 2.36875(7) 2.19875(7) 2.49336(8) 2.62250(7) 2.59046(7) 2.13645(8) 

EI-32 2.35692(6) 2.44561(6) 2.45169(6) 2.02504(6) 2.64255(7) 2.61564(6) 2.54272(6) 2.12661(7) 

FI-2 2.19496(15) 2.32461(18) 2.28294(16) 2.27447(19) 2.31994(17) 2.75457(18) 2.68478(18) 2.25800(3) 

FI-4 2.335320(8) 2.28801(7) 2.31552(8) 2.28292(8) 2.59000(5) 2.70659(8) 2.15731(9) 2.14849(7) 

FI-8 2.19314(15) 2.25926(17) 2.30891(16) 2.27281(19) 2.31813(16) 2.30649(15) 2.68290(17) 2.25620(3) 

FI-16 2.02330(4) 2.45390(4)  2.28409(5) 2.47480(4) 2.62000(3) 2.72419(4) 2.56782(4) 2.25565(4) 

FI-32 2.29948(9) 2.32809(8) 2.44771(11) 2.01564(8) 2.04842(11) 2.34053(8)  3.05384(10) 2.14566(8) 
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Continue Table B.2 

clusters 

   

                     

Sample 
W(1)-O1 W(1)-O2 W(1)-O5 W(1)-O6 W(1)-O7 W(1)-O8 W(2)-O2 W(2)-O4 W(2)-O6 W(3)-O1 W(3)-O3 W(3)-O6 

Theo. 2.36406 2.39245 1.81587 1.85924 1.74179 1.75718 1.82762 1.73116 2.48354 1.83101 1.72897 2.48183 

CP 2.09802 2.19519 1.50896 1.96307 1.78124 1.51399 1.91595 2.11817 2.26934 2.11953 2.16383 2.22446 

MAH-2 2.05096 2.15015 1.70176 2.02610 1.73201 1.64160 1.86212 1.84543 2.26448 1.94063 1.73559 2.21318 

MAH-4 2.11081 2.13035 1.55178 2.09399 1.78496 1.54000 1.90514 1.69334 2.10774 2.03312 1.88165 2.45340 

MAH-8 2.13497 2.12643 1.69755 2.09523 1.72788 1.71036 1.91153 2.03947 2.11638 1.9474 1.77308 2.34427 

MAH-16 2.06017 2.21008 1.63965 2.01367 1.85729 1.62373 1.87317 1.80283 2.30229 1.89563 1.78020 2.13493 

MAH-32 2.00494 2.12873 1.48436 2.12113 1.83161 1.47047 1.92580 1.89108 2.32800 2.27104 2.08919 2.03696 

EI-2 2.02738 2.12531 1.56107 2.39683 1.94639 1.39331 2.09455 2.19019 2.00307 1.92899 1.94425 2.47096 

EI-4 1.98643 2.30368 1.59188 2.22095 1.55305 1.48000 1.78297 2.10554 1.98608 2.06241 1.90916 2.53861 

EI-8 2.06081 2.17865 1.70711 2.16012 1.70294 1.36000 1.92969 1.88135 1.99394 2.06795 2.00201 2.50158 

EI-16 1.94795 2.17889 1.58493 2.22452 1.69246 1.37887 2.05084 2.01477 2.53411 2.05084 2.01477 2.53411 

EI-32 2.24526 2.25016 1.60881 2.08612 1.75700 1.16008 2.00148 1.89080 2.37704 2.34433 2.36640 2.36640 

FI-2 2.11978 2.24576 1.67013 2.21794 1.77731 1.79350 1.83638 1.86233 2.12171 1.87103 1.82870 2.15142 

FI-4 1.92644 2.28464 1.65286 2.30127 1.73927 1.26000 1.85055 2.10749 1.93333 2.35681 2.37732 2.70872 

FI-8 2.20699 2.27892 1.66767 2.22918 1.74418 1.81379 1.85431 1.79292 2.21319 2.00548 1.82757 2.15034 

FI-16 2.48224 2.10377 1.86476 2.14890 1.76701 1.43000 1.98462 1.71478 2.19115 1.47433 1.45374 2.13416 

FI-32 1.98961 2.17564 1.61779 2.13117 1.59589 2.56135 1.96443 1.69652 2.30027 2.42951 2.72549 2.21612 
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Figure B.2 High-resolution XPS spectra of a) Ag 3d and b) W 4f of the α-
Ag2WO4 samples obtained by the MAH method in the synthesis time of 8 min 

(MAH-8), and treated by electron irradiated (EI-8) and femtosecond laser 

irradiated (FI-8). 

40 39 38 37 36 35 34 33 32

  

 

W 4f
7/2

34.63 eV

W 4f
5/2

36.72 eV

EI-8

 

W 4f
7/2

34.84 eV

W 4f
5/2

36.93 eV

MAH-8

  

 

In
te

n
si

ty
 (

a.
 u

.)

FI-8
W 4f

5/2

36.87 eV

W 4f
7/2

34.77 eV

Binding Energy (eV)

a) b)



96 
 

 
 

 

Figure B.3 Raman spectra of the α-Ag2WO4 samples obtained by a) CP method 

and treated by b) MAH method and irradiated by c) EI and d) FI. e) Comparison 

the theoretical and experimental Raman mode. 
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Table B.3 Theoretical and Experimental Raman modes ( in cm−1) of α-Ag2WO4, 

compared to the literature. 

Mode 

This work Literature 

CP MAH EI FI Theoretical Turkovič, A., 
et al 

B1g 91 102 102 102 99.7 92 

A2g 305 316 316 316 313 306 

B1g 648 659 659 659 669 667 

B1g 718 729 729 729 712 730 

B2g 757 768 768 768 781 754 

A1g 865 877 877 876 885 884 
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Figure B.4 XANES spectra W L1-edge of the samples a) CP, MAH, EI, FI, and 

b) MAH-2 sample and patterns (Na2WO4, WO2, and m-WO3). 

 

 

12060 12080 12100 12120 12140 12160 12180 12200 12220

W-L1 edge

N
o
rm

a
liz

e
d
 A

b
s
o
rp

ti
o
n
 (

a
.u

.)

Energy (eV)

 Na2WO4 (Std)

 WO2 (Std)

 m-WO3 (Std)

 a-Ag2WO4 (sample CP)

P1

(a)

12060 12080 12100 12120 12140 12160 12180 12200 12220

CP

MAH-2
MAH-32

EI-2

EI-32

FI-2

N
o
rm

a
liz

e
d
 A

b
s
o
rp

ti
o
n
 (

a
.u

.)

Energy (eV)

W-L1 edge

FI-32

a-Ag2WO4 nanostructures(b)



99 
 

 
 

 

Figure B.5 UV–vis diffused reflectance spectroscopy of the α-Ag2WO4 

samples obtained by a) CP sample and treated by b) MAH method and 

irradiated by c) EI, and d) FI.  
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Figure B.6 CIE chromaticity diagram at the sample obtained by a) CP method 

and treated by MAH method at the times: 2, 4, 8, 16, and 32 min, and 

irradiated by b) EI, and c) FI. 

 

Table B.4 CIE chromaticity coordinates x and y for the CP, MAH, EI, and FI 

samples. 
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MAH-4 0.47 0.36 
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MAH-32 0.52 0.35 
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