Open Access Article. Published on 30 November 2023. Downloaded on 5/9/2026 4:27:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Dalton Trans., 2024, 53,
525

Received 12th October 2023,
Accepted 28th November 2023

DOI: 10.1039/d3dt03385f

Tracking of structural defects induced by
Eu-doping in p-Ag>MoO,: their influences on
electrical propertiest
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Miriam Susana Castro,® Celso Manuel Aldao,® Thais Marcial Luiz,® Francisco Moura,®
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In this study, several methods were employed to investigate the electrical characteristics of p-Ag,MoO,4
systems, both Eu-doped and undoped, synthesized using the microwave-assisted hydrothermal method.
The focus extended to understanding how synthesis time influences material defects, with doping fixed at
1%. A systematic shift in the silver vacancy (Vag) concentration was observed within the doped p-Ag,MoO,4
system. Specifically, this study demonstrated that the incorporation of Eu®* into polycrystalline
B-Ag>MoQ;, initially increases the Vag concentration. However, as the synthesis time progresses, the Vag
concentration decreases, resulting in alterations in the resulting electrical properties, arising from the intri-
cate interplay between the number of grain boundaries and carrier density. By combining information
obtained from photoluminescence, positron annihilation lifetime spectroscopy, and impedance spec-
troscopy, a comprehensive conduction mechanism was formulated, shedding light on both doped and

rsc.li/dalton undoped B-Ag,MoO, systems.

Introduction

Comprehending the intricate relationship between the struc-
ture, defect nature, and electrical transport properties is para-
mount in the design of multifunctional semiconductors.
Molybdates with the molecular formula X,Mo00O,, where X = Li,
Tl, and Ag, have garnered significant attention within the
scientific community due to their remarkable photocatalytic
properties,”* applications in scintillators,® sensors,*® optical
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fibers,” as well as their outstanding performance in diverse
applications such as antibacterial,® antifungal,” antiviral,"° tri-
bological,"* microwave dielectric,'> and supercapacitor elec-
trode'® applications. Furthermore, highly pure p-Ag,MoO, with
a spinel-type cubic structure has been synthesized for catalysis
applications due to its electronic properties."®

The use of Ag,Mo00O, has shown enhanced properties, which
are size and morphology-dependent when in nanoparticulate
form.® Particularly, the morphology of nanoparticles can be
finely controlled through advanced synthesis methods (e.g,
precipitation, sonochemical, conventional and microwave
hydrothermal, etc.).”**™*” The initial synthesis of f-Ag,Mo0O,
crystals, as reported by Wyckoff et al., employed a solid-state
reaction method, offering limited control over particle shape
and size.'® Subsequently, Teodoro et al investigated the
impact of highly energetic facets on the photoluminescent
(PL) response of B-Ag,MoO, nanocrystals with varying sizes
and shapes prepared using the microwave hydrothermal
method.' This is particularly relevant as semiconductor per-
formance is intricately linked to the quantity and nature of
defects, which can be influenced by the synthesis method.
Moreover, the doping of f-Ag,MoO, crystals has the potential
to enhance their properties.”*>*

One significant advantage of doping silver compounds lies
in the possibility of incorporating rare earth elements. Rare
earth metals (REs) exhibit unique optical properties, primarily
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attributed to 4f-4f or 5d-4f transitions stemming from their
electronic configurations.*® Eu®* ions, in particular, are known
for their distinct and well-defined emission bands®* arising
from their electronic configuration 4f,° where the outermost
electrons shield the inner ones.>*® Consequently, Eu-doping
has a profound effect on the PL properties of the host
matrix.>® Additionally, the incorporation of Eu®" can elevate
the concentration of oxygen vacancies (Vo).

The concentration of Vo (e.g., V§, Vi, Vi) and silver
vacancies (e.g., V;%g, Vag-o, etc.) plays a pivotal role in governing
the electronic behavior of transition metal oxide (TMO) semi-
conductors.”” These vacancies arise due to electron-hole
recombination within the bandgap region and deviations from
the perfect crystal lattice, leading to a reduction in the inter-
facial reaction energy barrier.*® Hence, understanding and
manipulating defects in semiconductors have emerged as
potent tools for fine-tuning their performance. In 2019,
Sudarshan et al. successfully synthesized pure and Dy** doped
B-Ag,MoO, using a co-precipitation method at room tempera-
ture.”® Their work demonstrated that Dy®" induces cation
vacancies and surface defects, as evidenced by positron
annihilation lifetime spectroscopy (PALS), confirming Dy**
stabilization at Ag" sites.

Despite existing studies in the field of defects, shallow dis-
cussions have prevailed in this area of knowledge, highlighting
a clear need for in-depth exploration. In the present study,
B-Ag,Mo00, powders doped with Eu®" were synthesized using
the microwave-assisted hydrothermal method. The concen-
tration of Eu®*" was held constant (1%), while the synthesis
time was varied (4, 8, 16 minutes). All samples underwent
characterization through a combination of XRD, Rietveld
refinement, micro-Raman spectroscopy, diffuse reflectance
spectroscopy (DRS), field emission scanning electron
microscopy (FE-SEM), and photoluminescence (PL) emissions.
To elucidate the nature of defects, measurements were con-
ducted using PALS and impedance spectroscopy (IS). Finally, a
conduction mechanism was proposed based on the observed
behavior, taking into account the results of PL, PALS, and IS.

Results and discussion
Structural characterization

Fig. 1a shows the X-ray diffraction patterns for the as-prepared
B-Ag,MoO, samples. All samples exhibit narrow, well-defined
XRD peaks, indicating the synthesis of highly crystalline
material.®> All peaks for the crystalline structure were indexed
by the cubic p-Ag,Mo0O, phase (ICSD #238013) belonging to
the Fd3m space group. No secondary phase peaks were identi-
fied. The lattice and Rietveld parameters compiled in Fig. S1
and Table S1f demonstrate a coherent refinement, as evi-
denced by the Rietveld parameters (x°, Ryp, Rpragg)- In addition
to the Rietveld parameters, Table S2f summarizes the values
associated with atomic coordinates, occupancy factor and an-
isotropic thermal factor for all samples. It is worth mentioning
that the Rietveld method was carried out fixating the occu-
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Fig. 1 (a) XRD spectra of the samples and; (b) detailed analysis of the
(311) plane. (c) micro-Raman spectra of the samples and; (d) detailed
analysis of the Aj; Raman mode.

pancy factor parameters considering a 1% Eu-doping for all
samples. Additionally, Fig. 1b highlights a peak shift associ-
ated with the (311) crystallographic plane towards higher
Bragg angles (26), which may be attributed to the incorpor-
ation of Eu" ions at Ag" sites within the p-Ag,MoO, structure.
This incorporation leads to the formation of Eu®" clusters that
replace three Ag" clusters, resulting in lattice relaxation, polar-
ization of the structure, and the formation of oxygen vacancies
and silver vacancies (Vo/Vag). Depending on the synthesis time,
the crystalline structure acquires greater symmetry, resulting
in different electronic densities in the Vo/V,, and variations in
the influence of the Eu clusters on the semiconductor pro-
perties. The behavior of p-Ag,MoO, can be explained by
complex Vo that can exist in three different charge forms:
neutral (V), singly ionized (Vj), and double ionized (Vg).*°
This is corroborated by a slight increase in the unit cell
volume from ~806.7 A® (Pure) to 807.4 and 807.5 A® (4Eu and
8Eu, respectively), and 808.2 A3 (16Eu) as the synthesis time
increases. Using the Williamson-Hall method (Fig. S2t), micro-
strain values were calculated for the samples, revealing a
decrease in values when compared to the pure sample. This
indicates a decompression in the crystallites of the sample,
consistent with the results obtained from Rietveld refinement.

Fig. 1c shows the micro-Raman spectra collected at room
temperature for all samples. According to the group theory,
there are 16 vibrational groups possible for f-Ag,M00,: Ag; Eg;
3Tag; Tig; 4T1y; 2A54; 2Ey; and 2Ty, of which 6 (A;g + Eg + 3Ty,
+ Ty,) are Raman active, and mode T, is detectable in infrared
spectra. However, subscripts “g” and “u” indicate an inversion
center in the f-Ag,MoO, structure, leading to a total of five
Raman active modes. At ~95 cm™" mode T,, may be associated
with the mobility of O°  ions within the B-Ag,MoO,
structure.”*! Mode E,, detected at ~275 cm™" can be associ-
ated with vibrations of the [AgOg] octahedral.®*> The band at

This journal is © The Royal Society of Chemistry 2024
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around ~348 cm ™' is attributed to the T, mode, which in turn
is related to bending vibrations of O-Mo-O bonds in [M0O,]
clusters. The asymmetric stretching of these bonds is respon-
sible for the T,, mode, which is ascribed to the band located
at approximately ~750 ecm™*.%%* At ~670 cm ™, v; was assigned
to the anti-symmetric vibrational F,, mode of [MoO,] poly-
hedra. Finally, A;; mode can be detected at ~865 cm™?, corres-
ponding to the symmetric stretching of Mo-O bonds in the
[MoO,] tetrahedra.®** Analogously, the modes orbiting the A,
- v, (~820 em™") and v; (~895 cm™") can be ascribed to anti-
symmetric stretching in the [MoO,].*" Teodoro et al.'® reported
peak broadening and the presence of shoulder-like peaks
associated with the A;; mode in -Ag,MoO, synthesized by the
hydrothermal microwave method. The authors linked this be-
havior with inelastic scattering (i.e., bond length changes,
which vary the vibrational mode frequency).>*>** None of the
samples had a significant position shift of Raman bands.
However, Fig. 1d shows a slight increase in the intensity of
mode A, with Eu®" incorporation, which may be related to the
formation of V,, within the crystal structure.’”** Increasing
synthesis time leads to changes in the chemical environment
capable of promoting tetrahedral distortions, increasing sym-
metry and, consequently, increasing the structural order at a
short-range. In particular, the mode located at 865 cm™" which
corresponds to the stretching mode of the Mo-O bond in the
tetrahedral [MoO,] cluster, can be considered as a signature of
the structural change of the p-Ag,MoO, lattice provoked by the
increasing of the soaking time. From the Raman spectra we
can noted that the obtained powders are free of impurities
since no active modes are evident in the spectra. These results
are in agreement with XRD data. As Eu®" substitutes Ag", Vag
are formed and changes in the symmetry as well as in the
periodicity of atoms with different degrees of ordering at short
range distances. From the Raman measurements, we fitted the
peaks using the Lorentzian peak function, which gave us the
FWHM values seen in Table S3 and Fig. S3.1 A high degree of
disorder in the structure is observed as synthesis time raises.
Eu®" doping induces the formation of large cationic intergra-
nular vacancies leading to local polarization, and affecting the
distribution of the energy levels within the bandgap region.
Fig. 2a-d exhibits FE-SEM images of the as-prepared
B-Ag,MoO, samples. The pure sample displays an agglomerate

® (012)
® (001)

®(111)

1um

(001)

(111)

Fig. 2 FE-SEM images of the samples (a) Pure, (b) 4Eu, (c) 8Eu, and (d)
16Eu. (e) Wullf construction of the p-AgMoO,4 morphologies.
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of irregular particles with undefined geometry (1.75 + 0.39 um
X 4.29 + 0.96 pm). As Eu’" is incorporated at Ag* sites within
the p-Ag,MoO;, structure, the micrograph images reveal the for-
mation of well-defined cubic-shaped particles (4Eu, 0.98 =
0.63 um), which grow significantly with synthesis time (8Eu,
6.47 + 1.22 pm; 16Eu 6.82 = 0.87 pm). Small structures ran-
domly distributed on the surface of the particles, and whose
contribution increase with synthesis time, significantly
increase superficial roughness. From Wullf's construction
(Fig. 2e), one can observe the behavior of the morphology in
relation to the surface energies imposed on the system.
According to Foggi et al, the ideal p-Ag,MoO, system has
surface energies for the (001), (011), and (111) planes of 1.90,
1.28, and 3.46 ] m~2.® It is observed that the ideal morphology
is characterized by the complete exposure of the (011) surface
due to its lower energy. Therefore, different morphologies can
be achieved by stabilizing the (001) and (111) surfaces. By sta-
bilizing the surface energy of (111), an octahedral morphology
is gradually reached, while stabilizing the surface energy of
(001) leads to a gradual transition to a cubic morphology. This
reduction in energy needs to be at least 1.28 ] m~? for com-
plete exposure of the (001) surface. Consequently, it can be
seen that Eu®* plays a fundamental role as a dopant in stabiliz-
ing the (001) surface energy, allowing for its selective use in
the design of new materials. This surface is composed of
surface clusters [AgOs.Vp], making it more active for photo-
catalytic and antimicrobial applications. This result is aligned
with what was observed by Almeida et al.,’ where it is demon-
strated that an increase in the concentration of Eu*" in the
B-Ag,MoO, lattice results in the appearance of a small concen-
tration of cubes. The concentration of cubes can be enhanced
through the synthesis method, but previously works did not
show selectivity for cubes,'®?>?¢ with Eu®*" being the primary
morphology-directing agent.

Optical characterization

The Wood-Tauc method and the Kubelka-Munk function
were employed to determine the optical band gap energy (Egap)
of the samples. This approach relies on converting diffuse
reflectance measurements to accurately estimate Eg,, values
within specified limits.>” All samples behaved as expected for
a B-Ag,M00, (Egp = 3.2-3.3 eV, Fig. S4t), which is consistent
with the Rietveld analysis that shows an almost constant unit
cell volume. The optical absorption in p-Ag,MoO, microcrys-
tals as a function of indirect electronic transitions (e.g., lowest
energy e~ in the conduction band hopping to distinct areas of
the valence band in the Brillouin zone), was previously study
in our group.

Fig. 3a shows the PL emission spectra recorded at room
temperature for all samples excited by a 355 nm. PL emissions
between 400-550 nm form a broad excitation band associated
with the p-Ag,MoO, matrix, which was referred to as 0> /Eu*"
charge transfer band (CTB) by Dorenbos.*® This band can be
considered as a combination of three charge transfer mecha-
nisms, which are: (1) relocation of electrons from 0°~ to Mo®*;
(2) transference of electrons between Eu’" 4f states to Mo®"

Dalton Trans., 2024, 53, 525-534 | 527
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Fig. 3 (a and b) Photoluminescence spectra for all samples of the
p-AgoMoO, system showing the influence of Eu®* and synthesis time, (c)
a practical model explaining the PL mechanism for both pure and Eu-
doped B-Ag,MoQO, and (d) the associated chromaticity diagram.

valence band; and (3) electronic transition between filled up
0~ 2p orbitals to vacant 4f Eu®" orbitals. A broad emission in
the blue region, between 390 and 550 nm (Anax & 450 nm), is
characteristic of the p-Ag,MoO, matrix (Fig. 3b). Almeida
et al.® reported this behavior as a result of changes in the
order of [Mo00O,] tetrahedra and [AgOe] octahedra, leading to
local polarization, and affecting the distribution of the energy
levels within the bandgap region. Thus, the PL emissions of
the matrix are significantly determined by Ag-O/Mo-O distor-
tions, due to their influence on the electronic properties of the
material.*®

The PL spectra (Fig. 3a) of the Eu-doped samples are signifi-
cantly different from that of pure sample, showing sharp
bands between 550 and 750 nm. These bands can be associ-
ated with inter configurational f-f electronic transitions (°Dj
— 7Fj) in the Eu®" ions occurring at 595 nm (°D, — ’Fy),
616 nm (°D, — 'F,), 655 nm (°Dy — 'F;), and 703 nm (°D, —
’F,).*° Some of these transitions are hypersensitive to the
crystal field and may be useful for understanding the host
lattice and local symmetry,**°
insensitive to a local symmetry, °D, — ’F, transitions corres-

while °D, — ’F, transitions are

pond to electronic dipole transitions, which provide rich infor-
mation on the local chemistry around Eu®*" ions®***"** As the
(°Do = ’F,) transition at 616 nm is more intense than (°D, —
’F;) transition at 595 nm we can infer that Eu®" ions are
located in a site without inversion of symmetry. In this way,
the relative area ratio of the °D, — “F, to °D, — ’F, transitions
provides information about the local distortions in the clusters
into which Eu®" cations have been incorporated within the
structure.*® The values obtained for the 4Eu, 8Eu, and 16Eu
samples were 3.66, 5.36, and 6.01, respectively. Consequently,
it is observed that increasing the synthesis time in the micro-
wave hydrothermal system leads to an increase in local distor-
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tions associated with the Eu®* clusters within the crystal
lattice. This outcome aligns with what has been observed thus
far, as an increase in short and long-range order occurs with
the synthesis time, resulting in greater distortions in the
neighborhood of the Eu** atoms due to a more organized
crystal lattice.

Fig. 3c shows a practical model explaining the lumine-
scence mechanism in Eu’*-doped p-Ag,MoO, samples. A
source of light supplies energy and promotes electrons from O
2p levels in the valence band (VB), to the conduction band
(CB), made up of Mo 4d levels. Light emission occurs as the
excited electrons radiatively decay from the CB to the VB. The
incorporation of Eu®" ions within the p-Ag,MoO, generates an
alternate path to emissions, in which the excited electrons
decay from the CB to excited levels of the Eu*" cations located
within the bandgap region before reaching the VB. First, occu-
pied 4f states decay non-radiatively to Eu®" characteristic emis-
sion levels (°D,) and then radiatively to fundamental states
(’F;, j = 1, 2, 3, and 4) emitting on specific characteristic
lengths. Fig. 3d exhibits the PL-associated coordinates in the
chromaticity diagram (CIE-Commission internationale de eclai-
rage 1931)** using a 355 nm wavelength light as excitation
source. Our results indicate a significant red shift in PL emis-
sion at the chromaticity diagram as [MoO,]-[EuOg] energy
transfer becomes more efficient. Hence, the Eu-doped samples
are red phosphorus, and p-Ag,MoO, can be considered a good
host for red Eu®" emission sensing. One can observe that as
synthesis time increases, the correlated color temperature of
the Eu-doped samples increase (see Table S47), and its coordi-
nates become closer to the edge, indicating the emission con-
sists of purer red - lower contribution of other colors in the
gamut emission.>*® Also, p-Ag,Mo00, acts like a good matrix
for receptor of Eu®* cations due to the energy transfer from the
[MoO,] to the [EuOg] clusters. Based on these results we can
infer that europium is an excellent activator of the red emitting
phosphor due to its low 4f — 4f absorption efficiency in the
near ultraviolet region.

Impedance spectroscopy

In order to comprehend the effect of synthesis time in the
pure and Eu-doped -Ag,MoO, systems, the electrical response
as a function of frequency was studied. Nyquist plots (Z*) of
the p-Ag,MoO,, Fig. 4a is shown. Also, the electrical capaci-
tance (Cp,) and the electrical resistance (R;,) were determined at
two different temperatures (40 and 140 °C) to assess thermally
activated phenomena (Fig. 4b and c). The results show that the
semicircle radius decreases with temperature. This behavior
can be associated with higher mobility of the charge carriers
as the temperature rises. Generally, Nyquist plots are character-
ized by the presence of multiple semicircular arcs, which can
be attributed to specific contributions of the grains, grain
boundaries, as well as electrodes. The presence of these semi-
circles depends on the impedance values and frequency range.
For polycrystalline semiconductor pellets at 140 °C, the
observed semicircles can be ascribed to the grain boundaries
and electrodes, whereas at 40 °C, the involved resistances are

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Nyquist plots (Z*) obtained at 140 °C. The inset shows the Z*

plots at 40 °C. (b) C, and (c) R,, total electrical behavior as a function of
frequency (Hz) at 40 and 140 °C for all samples.

very high and, hence, only a part of a semicircle can be
observed, which could be associated with the grain bound-
aries. To fit the Nyquist plots, an equivalent circuit combining
ideal resistors, capacitors, and inductors is regularly used.
However, in many cases, ideal elements can only approximate
the experimental impedances in a limited frequency range.
When dealing with an activation energy distribution instead of
a single value, the Debye-like response is changed due to the
dispersion associated with defects within the semiconductor
and a better fitting to the experiments can be obtained by
incorporating a Constant Phase Element (CPE) as discussed
in.*> The used equivalent circuit is presented in Fig. S5.F

Fig. 4b and c exhibit total parallel equivalent capacitance
(Cp) and the total parallel resistance (R,) as a function of fre-
quency. These plots clearly show a decrease in resistance as
the temperature increases, indicating thermally activated con-
duction mechanism. Additionally, the capacitance increases
with temperature, which can be ascribed to the activation of
electronic traps as the temperature rises. The grain boundary
capacitance could be extracted from the results at a high
enough frequency. In the present case, values for the highest
frequency we can reach (~10° Hz) seem to be still decreasing
with frequency, and, especially, they are very small to have con-
fidence on the exact values that could be measured. On the
other hand, the observed capacitance for f = 100 Hz mainly
corresponds to the contribution of traps at the contacts. From
the observed semicircles in the Nyquist plots, we can deter-
mine the grain boundary resistance (Ryp,). On the Nyquist plots
obtained at 40 °C, Ry, values can be determined from the only
detected semicircle, whereas at 140 °C, Ry, values are those
associated with the high-frequency semicircle. These results
are displayed in Fig. 5a. At both 40 and 140 °C, the resistance
decreases with the incorporation of Eu** within the p-Ag,Mo00O,
structure up to 8 minutes holding time (8Eu). Then Ry

This journal is © The Royal Society of Chemistry 2024
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These values were determined from the only detected semicircle at
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with the high-frequency semicircle, and (b) shows the capacitance (c)
estimated at 100 Hz (grain boundary capacitance (Cgy)). At both 40 and
140 °C the grain boundary capacitance values are associated at low fre-
quency semicircle of Fig. 4a.

increases for the sample 16Eu. Fig. 5b shows the capacitance
(C) estimated at 100 Hz. Analogously to the Ry, C increases in
the Eu-doped samples, reaching a maximum for sample 8Eu,
for sample 16Eu the Cg, values decrease. This result is consist-
ent and can be ascribed to conductance through tunneling.
Likewise, an increase in the value of C may be related to the
narrowing of the depletion layer. The changing trend in Ry,
and C found when the synthesis time changes from 8 to
16 minutes indicates a lowering density of V,, associated. It is
worth noting that a defect density increase would be compet-
ing with structural changes during the synthesis. Indeed,
larger grains would imply a lower number of interfaces and,
hence, lower resistance and larger capacitance. However, struc-
tural changes cannot explain the larger value of Ry, and the
lower values of C for sample 16Eu. This would indicate a lower
acceptor density (V,,) since we are dealing with a p-type semi-
conductor, as explained by Lacerda et al.*® Then, in order to
corroborate previous interpretations, in the following section
an analysis of PALS is presented.

PALS measurements

PALS is a powerful, non-destructive, sensitive, and versatile
technique for investigating the nanostructure of crystalline
materials. In particular, PALS has been demonstrated to be a
powerful tool for studying the defect structure, including the
type and concentration of defects present at the nanoscale in
metals and semiconductors.””*® In general, from a PALS
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spectra decomposition, several lifetime components can be
obtained; each of them is characterized by a lifetime value and
an associated intensity. In a crystalline system, the presence of
distinct lifetime components can be related to positron trap-
ping and annihilation into different types of vacancy-like
defects, such as vacancies, dislocations, or grain boundaries.
On the other hand, in the absence of defects, the obtained
positron lifetime is called bulk lifetime (7). This lifetime is
characteristic of the material and can be used as a reference
for identifying the presence of defects. In the present work, all
the measured PALS spectra could be satisfactorily fitted by
considering three lifetime components. The longest com-
ponent, which has lifetimes ranging from 1.5 ns to 2 ns, is
usually attributed to positron annihilation at the air-sample
interface and, therefore, does not contain any physical infor-
mation from the sample. Furthermore, given that the intensity
associated with this component is very low (<1%), it will not
be considered from now on.

Under this scenario, the relevant physical information
regarding the changes occurring in the defect structure (nature
and concentration of defects) due to doping of B-Ag,WO,
sample with Eu®" and varying the synthesis time can be found
in the first and second lifetime components. Positron lifetime
and intensity parameters obtained from the PALS spectra
decomposition for the different measured samples are pre-
sented in Fig. 6 As can be seen, for the pure sample, the first
lifetime component is characterized by a lifetime of ~183 ps

350 1

\\
\\
\\

——————————————————————— —<a—\/
1, Pure Ag
1, Eu-doped
1, Pure

1, Eu-doped

2201

200+

Positron Lifetime ( ps)

180 4= = mmmm e -V,

------------------------ ~—bulk

5 8 10 12 14 16

Synthesis Time ( min)
Fig. 6 Evolution of the PALS parameters as a function of the synthesis
time for the pure and doped p-Ag,MoO, samples: (a) 7, and 7, para-
meters. The dotted lines indicate the theoretical positron lifetimes cal-
culated for the perfect p-Ag,MoO, structure and containing various
defect states, and (b) the intensity associated with z,.
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and an associated intensity of ~57% while the second lifetime
component has a larger lifetime of ~350 ps with an intensity
of ~43%. The addition of Eu®" causes a rise in both positron
lifetimes; 7; value increases up to ~201 ps and 7z, up to
~375 ps. Moreover, the intensity I, dropped at approximately
40%. The increase in the synthesis time provokes a systematic
drop in 7; values, ranging from ~201 ps for the 4Eu sample up
to ~186 ps for the 16Eu sample. The same behavior can be
observed in 7, values, which vary between ~375 ps and
~350 ps for the 4Eu and 16Eu samples, respectively. Regarding
the associate intensity to this component, I, values increase
with the synthesis time, from ~40% to ~46% for the 4Eu and
16Eu samples, respectively.

As usual in the literature when studying PALS using nano-
structured powder-based systems, the second temporal com-
ponent is attributed to the trapping and subsequent annihil-
ation of positrons in extended volume defects, typically clus-
ters of vacancies (V) present on the surface of the nanograins
or in the intergranular spaces, ie., intergranular defects.
Conversely, the shorter lifetime component is usually assigned
to the trapping and subsequent annihilation of positrons in
smaller defects, typically monovacancies located within the
nanograins, known as intragranular defects.**”* In complex
systems, to analyze and interpret the information obtained
from PALS is often challenging. One of these challenges is to
obtain a reference sample representing a perfect crystal with a
low enough defect concentration. PALS is an inherently com-
parative technique that relies on appropriate reference
samples of the material under study. Additionally, these oxides
can have coexisting vacancies of different types. In such cases,
performing first-principles calculations of positron states is
extremely useful for interpreting the measured lifetimes.>%>%33
In the present work, we have used the simplest calculation
scheme to calculate the theoretical positron lifetimes for the
bulk and different vacancy states that could be present in the
pure B-Ag,WO, structure. The details of the calculation pro-
cedure are reported by Espinosa et al.>> To model the pure
B-Ag,WO, lattice, we have used a supercell containing 448
atoms (2 x 2 x 2 replication of the cell used for the Rietveld
refinement). In such a structure, a Vo was created by removing
an O atom; a molybdenum vacancy (Vi) by removing a Mo
atom and a V. by removing an Ag atom, all of them located in
the center of the supercell. For the different positron states,
the theoretical positron lifetime (z) and the positron binding
energy (E,) were calculated, and the obtained results are
reported in Table 1. The parameter E}, is defined as the differ-

Table 1 Theoretical positron lifetimes and positron binding energies
for the p-Ag>,MoO, structure and various defects states

Positron state 7 (ps) Ey, (eV)
Bulk 163.9 —

Vo 167.0 -0.10
Vao 180.1 +0.32
Vag 223.1 +0.48

This journal is © The Royal Society of Chemistry 2024
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ence between the ground energy of the delocalized positron
and the energy of the positron trapped in the considered
defect.®® A positive E,, value indicates that the considered
defect acts as an effective positron trap.

Experimental
Synthesis

The samples were synthesized using the hydrothermal micro-
wave method. Initially, Na,Mo00O,-2H,0 (1.0 mmol, Sigma-
Aldrich-99.5%) and AgNO; (2.0 mmol, Sigma-Aldrich-99.99%)
were separately dissolved in 50 mL of deionized water. Both
solutions were heated to 80 °C and stirred magnetically for
15 minutes. Upon mixing the resulting solutions, a solid beige
precipitate (B-Ag,MoO,) promptly formed. To produce Eu-
doped p-Ag,Mo00O, powders, 0.01 mmol of Eu(NO3);, obtained
from Eu,O; (Sigma-Aldrich, 99.99%) dissolved in HNOj;
(LabSynth, 37.0%) with heating, was introduced into the
AgNO; solution. The system was transferred to a Teflon
reactor, sealed, and placed in the microwave hydrothermal
system (2.45 GHz, maximum power of 800 W) for different
times (4, 8, and 16 minutes) at 160 °C. The samples were
denoted as Pure, 4Eu (4 min), 8Eu (8 min), and 16Eu (16 min).

Characterizations

Phase analysis was performed using XRD on a D/Max-2500PC
diffractometer. Data were collected using Cu-Ka radiation (4 =
1.5406 A) over the 10° < 26 < 110° range at the rate of 1°
min~". The crystal structure of the as-prepared pellets was eval-
uated using the Rietveld method® on Topas V5, in its aca-
demic version.”> For all samples, a Chebychev polynomial
function of order 5 was considered as the background and con-
sidering and setting fixed occupancy factor values for Ag"
(0.99) and Eu®* (0.01) ions, taking into consideration a 1% Eu-
doping. Quantitative phase analysis and the statistical para-
meters (Rpragg, Rwp, and 1*) were estimated. Raman spec-
troscopy was carried out on an iHR550 spectrometer with a
charge-coupled device detector and an Argon-ion laser operat-
ing at 633 nm and a power of 200 mW. The morphology of the
as-prepared p-Ag,MoO, powders was assessed using an
FE-SEM Supra 35-VP microscope operating at 5 kV. The optical
properties were investigated by absorption spectroscopy in the
UV-Vis range, using a Varian model 5G spectrometer pro-
grammed in diffuse reflectance mode. To estimate the band-
gap energy, the UV-Vis data were converted into Tauc plots via
the Kubelka-Munk function, considering indirect type allowed
transitions for the samples (n = 2). The y-axis corresponds to
the transformed Kubelka-Munk function ([F(R.)hv]1/2) and
the x-axis to the photon energy. The band-gap energy corres-
ponds to the interception point between the extrapolation of
the linear fit of the curves and the x-axis. For room tempera-
ture PL measurements, a Kimmon He-Cd laser emitting at
355 nm with a maximum power of 40 mW was utilized as the
excitation source.

This journal is © The Royal Society of Chemistry 2024
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Impedance spectroscopy

The impedance spectroscopy technique provides fundamental
characteristics of semiconductors like conductivity (o) as a
function of time, temperature, applied voltage bias, and fre-
quency (w).”® Previous to this electrical evaluation, the as-pre-
pared powders were cold pressed into pellets (diameter/width)
at 1 atm and thermally treated at 70 °C for 5 min. Finally,
silver electrodes were painted on both plain faces. Impedance
measurements were carried out with an HP 4284A LRC meter.
The measurement frequency range was from 100 Hz to 1 MHz.
The impedance data have been measured in the temperature
range between 40 to 140 °C with an increasing rate of ~1 °C
min~'. For our studies, we focus on 40 and 140 °C measure-
ments. To ensure that the system was in a steady state prior to
the data acquisition, the temperature was kept constant at a
predetermined value until it did not vary with time. For each
temperature, a sequential number of measurements were per-
formed, and the capacitances and electrical resistances were
estimated by fitting the data to an equivalent circuit using a
homemade program. The relative error for all measurements
was lower than 3%.

PALS measurements

PALS spectra were obtained using a Positron Lifetime
Picosecond Timing System (ORTEC) with a time resolution of
230 ps in a collinear geometry. As a positron source, 10 pCi
sealed source of *?NaCl deposited onto two thin Kapton foils
(7.5 pm thick) sandwiched between two identical samples was
used. The spectra were acquired at room temperature, and typi-
cally 1.5-2 x 10° counts per spectrum were collected. The
reported lifetime values for each sample are the average of at
least 10 measurements under the same experimental con-
ditions, with the error bars corresponding to the statistical
error of the average value. After subtracting the background
and source contribution, the positron lifetime spectra were
analyzed using the LT10°” code.

Conclusions

In this work, Eu-doped and undoped B-Ag,MoO, crystals were
successfully synthesized using the co-precipitation method,
and the effect of the synthesis time on the crystal structure,
morphology, and nature of defects was investigated. The main
conclusions of the present work can be summarized as
follows: (i) doped and undoped p-Ag,MoO, present Va, with
Schottky potential barriers at grain boundaries, corresponding
to a p-type semiconductor; (ii) In Eu®" doped samples, the
excited electrons decay from the CB to the 4f states of Eu®*
ions incorporated within the p-Ag,Mo0,. (iii) The Eu®* incor-
poration into polycrystalline p-Ag,MoO, initially increases the
Vg concentration; however, as the synthesis time rises, the
defect structure density V,, decreases, (iv) The resulting electri-
cal properties are a consequence of the competing effects
between the number of grain boundaries and the carriefs
density (Vag observed with PALS). Overall, the obtained results
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allow to understand the existing relation between structural
defects and functional properties of polycrystalline f-Ag,WO,
by Eu** doping and employing different synthesis times.
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