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a b s t r a c t   

In this study, the α-Ag2WO4 samples were successfully synthesized combined two methods, co-precipita-
tion 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-principle 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 to cause expansion of the unit cell, form oxygen 
vacancies on the surface, change the angle and distance between OeAg and OeW 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 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Recently, alpha-silver tungstate (α-Ag2WO4). has attracted in-
creasing attention from scientists due to its several unique char-
acteristics. 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 micro-
wave-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, cul-
minating in the formation of more oxygen defects and more struc-
tural/electronic disorder effects in the structure of the material [16]. 
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The properties derived from the interaction between electro-
magnetic waves and the material have been studied for several 
decades. It is known that the characterization of structure or prop-
erty responses of the material to these stimuli from the surrounding 
environment plays a key role in the understanding and rationaliza-
tion of the structure-property relationship function in modern sci-
ence and engineering [17,18]. In a recent study conducted by our 
group, α-Ag2WO4 was obtained by the MAH method. It was observed 
that the photoluminescence of these samples migrated from red to 
blue, according to the morphology and structural disorder pre-
sented [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 per-
formed by Laier et al. (2020) [20] both experimental and computa-
tional 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 pro-

voked by the interaction between α-Ag2WO4 and electron beam and 
femtosecond laser irradiation, which were found to be able to pro-
mote 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], photo-
luminescence emissions, and consequently its physical, chemical, 
and/or biological applications [6,20,31,36,37]. Therefore, it is pos-
sible 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 para-
meters, structural stability, electronic structure, band gap, and 
photoluminescence properties, it is important to have a broad un-
derstanding 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 inter-
face, and structural order-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 in-
vestigated. 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 2 describes the experimental 
procedure (synthesis, characterization, and irradiation methods) and 
the theoretical method, whereas Section 3 shows the results and 
discussion on the structure, morphology, and optical properties of α- 
Ag2WO4. Finally, we present our main conclusions in Section 4. 

2. Experimental section 

2.1. Synthesis of α-Ag2WO4 crystals 

The α-Ag2WO4 samples were synthesized by the CP method, si-
milar to the description made by Foggi, et al. (2017) [40], being 
considered a volume of 30 mL of ethanol, then kept under con-
tinuous stirring for 10 min; the as-obtained sample was denoted as 
CP. The suspension followed by treatment in the MAH method 
(Fig. 1a,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 de-
noted as MAH-2, MAH-4, MAH-8, MAH-16, and MAH-32. 

2.2. 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) (Fig. 1c) and femtosecond laser irradiation (FI) (Fig. 1d). The EI 
process was conducted in a field emission scanning electron mi-
croscope (Supra 35-VP; Carl Zeiss – Germany), using an acceleration 
voltage of 30 kV for 2 min, the parameters were selected based on 
experiments reported in the references [24,28,30]. The samples ob-
tained through this process were denoted as EI-2, EI-4, EI-8, EI-16, 
and EI-32. Regarding the femtosecond laser irradiation, the proce-
dure 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 dia-
meter 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. 

Fig. 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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2.3. 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 Bril-
louin 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, 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 en-
ergy values and the density of states (DOS). Computational details 
for the calculations of the surface can be found in previous stu-
dies [48]. 

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

=D N A/ ,b b (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 re-
ference [21]. 

The polyhedron energy band gap energy value for the morphol-
ogies of α–Ag2WO4 was calculated as follows 

= ×E C Eap
polyhedron

i
i gap

surf

(2) 

where =C A A/i
surf polyedron is the ratio of the surface area (Asurf ) to the 

total surface area of the polyhedron A( polyedron) and Egap
surf is the energy 

value of the corresponding surface. 

3. Results and discussion 

3.1. Morphology 

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 Fig. S1 and Fig. 2. Through the CP method, only hexagonal 
rod-like morphologies were observed, with preferential growth on 
the y-axis in the (010) direction (Fig. S1). These characteristics were 
previously studied by our research group and are reported in re-
ference [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 per-
manent dipole of the neighboring clusters. This short-range inter-
action 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 between the rotation motions of per-
manent 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 ob-
served (Fig. S1). Table 1 presents the values of Esurf according to R. A. 
Roca and et al. [48], as well as the surface band gap energy (E )gap

surf and 
the percentage of contribution C(% )i 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 ob-
tained by destabilizing the Esuf of the (010), (110), and (100) surfaces 
from 0.20 to 1.44 Jm ,2 0.65–1.50 Jm 2 and 0.38–0.70 Jm 2, re-
spectively, as well as by stabilizing the (101) and (001) surfaces from 
0.68 to 0.23 Jm 2 and 0.53–0.22 Jm 2, respectively (see Fig. 3). 

In the MAH system, the monitoring of the experiment illustrated 
the time dependence in relation to the morphological evolution of 
α–Ag2WO4 (Fig. 2a-e). Morphologies composed of cube-like (high-
lighted 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) sur-
faces (Fig. 3). 

At 32 min of treatment with MAH, a process of redissolution and 
stabilization of the (101) surface occurred, with concomitant de-
stabilization of the (100) surface. This information allows us to un-
derstand 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 
unstable surfaces results in a new morphology [7,9]. Thus, at the 
highest synthesis time (32 min) the MAH-32 sample (Fig. 2e) pre-
sented no cubes – only rods behaving similarly to those obtained in 
the CP sample (Fig. S1). It is then believed that at a longer exposure 
time to microwave irradiation, the cube-like morphology is rear-
ranged to a rod-like morphology. 

It can be inferred that the microwave treatment directly inter-
feres with the crystal morphology by either totally or partially dis-
solving 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 (Fig. 3). The same behavior was observed in 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. 

Under electron beam irradiation, these morphologies change to a 
unique rod-like morphology (EI samples indicated by green color in  
Fig. 2f-j), whereas under femtosecond laser irradiation they change 
to the mixed rod- (violet color) and sphere-like morphologies 
(yellow color) (FI samples in Fig. 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 (Fig. 3), becoming less energetic, while 
that of the (100) surface jumps from 0.38 to 0.70 Jm ,2 thus be-
coming more energetic. Even when varying the synthesis times, all 
samples exhibit agglomerated nature with characteristics similar to 
those observed in the CP sample (Fig. S1). 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 in-
dication 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 
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Fig. 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) het-
erogeneous morphology of rods in violet color and spheres in yellow color after FI. (For interpretation of the references to colour in this figure, the reader is referred to the web 
version of this article.) 
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change, surface distortions, electrostatic charge, and local heating in 
the crystals. Depending on the voltage and the type of sample, the 
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 tem-
perature 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 (Fig. 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 (Fig. 4), both the spheres and the rods 
are composed of the same proportion of Ag, O, and W atoms, thus 

Table 1 
Calculated density broken bond (D nm, ),b

2 surface energy (E Jm, )surf
2 , surface band 

gap E eV( , )gap
surf , percentage of contribution of each surface in the total area C(% )i and 

polyhedron band gap energy for the morphologies of α–Ag2WO4.         

Morphology Surface Db Esurf C% i 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 

Fig. 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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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 WeO and AgeO atoms. Further, since the plasma itself 
can reach temperature and pressure values of up to 1000 K and 1012 

Pa, respectively [51], such extreme conditions can trigger the sin-
tering of the material that reminds in contact with the plasma. 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 sintering just experienced a melting process, re-
sulting 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 Fig. 2 suggests that in addition to the morpho-
logical changes already discussed, another relevant aspect is ob-
served: the presence of silver nanoparticles on the surface of 
samples as a result of electron beam and femtosecond laser irra-
diations. 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. 

3.2. Unit cell and lattice parameters 

The result of Rietveld refinement (Table S1) reveals that the lat-
tice parameters and bond angle of all samples correspond to an or-
thorhombic 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 ac-
cordance between the calculated data and the observed XRD pat-
terns. 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 

Fig. 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. 
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an expansion in the cell volume, consequently altering the lattice of 
the samples. 

Fig. 5 brings a comparison among the geometries for optimized 
(opteα-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 opteα-AWO geometries 
and MAH-8 structures for the sample treated with MAH indicates 
variations in the AgeO distances and OeAgeO angles, mainly in the 
[AgO2] and [AgO4] clusters. In the [AgO2] cluster, AgeO increases 
from 2.246 to 2.461 Å, while OeAgeO decreases from 174.42 to 
145.05 º. In the case of the AgeO bond in [AgO4] clusters, an increase 
in two bond distances is observed. When the MAH-8 sample is ex-
posed to EI, both AgeO distance and OeAgeO angle in the [AgO2] 

cluster remain almost unchanged, going from 2.461 to 2.455 Å and 
from 145.05 to 147.42 º, respectively, whereas the AgeO distance in 
the [AgO4] clusters undergoes increases. On the other hand, when a 
femtosecond laser is applied, the AgeO distance in the [AgO2] 
cluster decreases from 2.461 to 2.193 Å, while the OeAgeO angle 
increases from 145.05 to 170.42 º. Regarding the [AgO4] clusters, it is 
possible to note a shortening average of the AgeO distance. With 
respect to the different types of [WO6] clusters, in all cases, the WeO 
bond distances of the irradiated samples undergo variations corre-
sponding to W1, in which an average lengthening is observed. 

A careful analysis of the AgeO and WeO bond distances for all 
samples were performed, and the observed values are listed in  
Table S2. 

From Fig. 5 and the values in Table S2, 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 

Fig. 5. The geometry of a) opt – α-Ag2WO4, b) CP, and c) irradiated (MAH-8, EI-8, and FI-8) structures.  
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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. 

Fig. 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. 
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 1 s 
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% 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 en-
vironment, which allows the exchange of charges and species. It is 
known that the greater exposure of a given crystalline surface in-
fluences the properties of materials [58]. An analysis of the theore-
tical 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. 

Fig. S2a 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, re-
spectively, 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. Fig. S2b displays the XPS spectra of the W 4 f for the 
MAH-8, EI-8, and FI-8 samples. The binding energy corresponds to 
the 4 f7/2 and 4 f5/2 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 environ-
ment around oxygen atoms due to the formation of metallic Ag and 
VO vacancies, consequently leading to distortions in the angle and 
bond distance of the Ag and W clusters (Table S2). 

3.3. Structural characterization 

Fig. S3 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 (6A1 g, 5A2 g, 5B1 g, and 5B2 g). 
As it can be observed in Figs. S3a-d, six Raman modes were detected 
for all samples (1A1 g, 1A2 g, 3B1 g, and 1B2 g); the remaining modes 
were not detectable experimentally because of their low intensities. 
External vibrational modes of interaction between silver and tung-
state 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+) binding [63], and another at 877 cm−1, assigned to the 
symmetrical stretching of the WeO bond in the octahedral [WO6] 
cluster [28]. 

The comparison between the relative experimental and theore-
tical positions of these vibrational modes is illustrated in Fig. S3e and 
summarized in Table S3, 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 struc-
ture 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. Fig. S4a 
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 Fig. S4a, it is possible to observe a pronounced 
peak (here denoted as P1) in the Na2WO4 spectrum, more specifi-
cally 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 tetra-
hedral 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 clus-
ters) 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 

Fig. 6. High-resolution XPS spectra of O 1 s for the MAH-8, EI-8, and FI-8 samples.  
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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 (Fig. S4b) it is 
evident the similarity with the XANES spectra (both in the pre- and 
post-edge regions). Such behavior reveals that the microwave-as-
sisted hydrothermal treatment, as well as the irradiation processes 
(EI and FI), resulted in samples constituted by distorted octahedral 
WO6 clusters. 

3.4. Density of states 

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 (Fig. S5) for the 
MAH, EI, and FI samples. The experimental results show that when 
the CP sample is submitted to MAH treatment for 2 min, 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 in-
creases. 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 (Fig. 7), where the valence band maximum 
(VBM) is set to zero. In terms of contributing states, the re-
presentation 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 or-
bitals. 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 (Fig. 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 O 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 
tungstate groups. These observations in the electronic properties 
of the different samples are associated with the structural dis-
order induced by the irradiation in the α–Ag2WO4 lattice, as seen 
in Fig. 5. 

Fig. 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, pre-
senting a broadband profile. The small changes in the profile of the 
PL spectrum between the same group are related to different de-
grees of order/disorder in the OeAg and OeW bond lengths. 
Therefore, by analyzing the PL spectra we can understand how the 
MAH treatment time, and electron beam and femtosecond laser ir-
radiations affect the emission spectrum of α–Ag2WO4. 

The CP and EI samples with rod-like morphology (Fig. S2 and  
Fig. 2f-j) have two maximum emission centers: around the green 
(550 nm) and the red (733 nm) regions (Fig. 8a,b). The FI sample 
with rod- and sphere-like morphologies presented the same 
emission centers (Fig. 2k-o and Fig. 8c). When the sample is sub-
mitted to MAH at synthesis times between 2 and 16 min, two types 

of morphologies are observed (rod- and cube-like, Fig. 2a-d), and 
the maximum emission center around 550 nm is favored (Fig. 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+eVO 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 ef-
fects 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 con-
tributes 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 (Fig. 9). 

To analyze the difference between the emission spectrum and 
the contribution of each surface (Fig. 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 Fig. 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 den-
sity [22,30]. 

The theoretical Egap values of surfaces and the rod- and cube-like 
morphologies of α–Ag2WO4 are listed in Table 1. According to the 
results, all surfaces studied show Egap

surf values reduced in comparison 
to the Egap value of the bulk. 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 , 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 1) and consequently, intermediary 
states (Fig. 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) surfaces are also exposed in 
this morphology in a lower proportion (7.3% and 13.2%, respectively). 
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 
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Fig. 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. 
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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. 

Fig. 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 

Fig. 8. PL spectra of the samples obtained by a) the CP method, treated with MAH, and irradiated by b) EI and c) FI.  

Fig. 9. The total density of states for the (010), (100), (001), (011), (101), and (110) surfaces of α-Ag2WO4.  
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and 733 nm – regions. In the case of the MAH-8 sample, it is com-
posed of both cube- and rod-like morphologies and although the PL 
spectrum also present two 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 
(Fig. 10b), in addition, is present in both morphologies, see Table 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 pre-
sence of localized states in the forbidden band gap due to (010) 
surface, see Fig. 9 and Fig. 10b, which favored the probability of the 
transition in this surface. 

As has been established in the (101) surface are present distorted 
WO[ ]d6 cluster, and the under-coordinated AgO V[ ·2 ]O

x
5 , AgO V[ ·3 ]O

x
4 , and 

WO V[ · ]O
x

5 clusters. The complete distorted WO[ ]d6 clusters are con-
sidered as a source of electrons due to while the under coordinated 
AgO V[ ·2 ]O

x
5 , AgO V[ ·3 ]O

x
4 clusters, and WO V[ · ]O

x
5 clusters supporting 

charge positive are considered a source of the hole [76,77]. 
In the case of the (010) surface complete distorted WO[ ]d6 and 

AgO[ ]d4 clusters present in the surface are a source of electrons while 
under-coordinated AgO V[ ·2 ]O

x
5 clusters are a source of holes. Thus, 

the transfer electron-hole occur from complete distorted clusters to 
under-coordinated AgO V[ ·2 ]O

x
5 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 1 and Fig. 10b. 

The (001) surface has a percentage of total area contribution in both 
morphologies of 28.6% and 13.2%, respectively. The (001) surface has 
WO V[ · ]O

x
5 , AgO V[ ·2 ]O

x
5 , AgO V[ ·3 ]O

x
4 , and AgO V[ ·2 ]O

x
4 clusters [21]. The 

cube-like morphology also has a stable (100) surface, which has the 
lowest Egap

surf (0.48 eV), Fig. 10b. The (100) surface has WO V[ ·2 ]O
x

4 , and 
two AgO V[ ·2 ]O

x
5 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 ex-
pressed 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 (Fig. S6), and the 
detailed information is shown in Table S4. 

The MAH group revealed variation in their color from orange to 
red (Fig. S6a) 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 (Fig. S6b). Among the samples 
submitted to femtosecond laser irradiation, the FI-32 was found to 
be the most resistant to the laser action, remaining practically un-
changed when compared to the MAH-32 (Fig. S6c and Table S4). 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 femtosecond irradiation, which is 
possibly related to its more stable rod-like morphology. 

4. Conclusion 

In summary, in this work, we discussed the influence of mor-
phology, surface band gap, and microstructure on the PL property of 
α–Ag2WO4 samples obtained by the CP method, followed by treat-
ment with MAH at different synthesis times and two different ir-
radiation processes: electron beam and femtosecond laser. The 
experimental and theoretical study clarifies the important relation-
ship 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 OeAg and OeW bonds, and modify the particle 
morphology to rod-, cube- and sphere-like. The theoretical calcula-
tions showed how changes in the microstructure, morphology, and 

Fig. 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. 
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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 ma-
terials. 
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