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a b s t r a c t

CaCu3Ti4O12 (CCTO): x% W (x ¼ 0.00, 0.02, 0.05, 0.10, 2.50, and 5.00) powders were prepared via solid-
state reaction. The effect of W addition in the (micro)structure and optical properties was analyzed using
computing simulations and experimental techniques. The widespread application of perovskite-light-
emitting diodes (PeLEDs), photovoltaic devices, and photocatalysis is limited by the intrinsic instability
of the perovskite materials (e.g., metal halides), compromising operational efficiency, and pushing for the
development of novel perovskite materials. The Rietveld analysis and XPS results confirm the presence of
W5þ, Ti3þ, and Cuþ ions in all samples of the CaCu3Ti4O12: x% W system, leading to structural changes
that strongly influence the PL response of the material. Based on a correlation approach, a practical
model explaining the relationship between electronic defects and photoluminescent (PL) emissions in
the CCTO system is proposed. On samples x ¼ 0.00, 0.10, and 5.00, red PL emissions are due to the
presence of metal vacancies, and deep-level defects, while blue PL emissions on samples x ¼ 0.02, 0.05,
and 2.50 are associated with shallow defects. Thus, our research shows evidence that CaCu3Ti4O12

(CCTO): W ceramic systems may be promising to photonics applications.
© 2020 Elsevier B.V. All rights reserved.
1. Introduction

CaCu3Ti4O12 (CCTO) is a multifunctional ceramic system whose
applications range from microelectronics (i.e., memory-based de-
vices and capacitors) [1,2], non-ohmic devices [3,4], sensors [5e7]
to optoelectronics [8e12] and magnetism [13,14]. The multifunc-
tional properties associated with this class of materials arise from
an intrinsic ability of perovskite structures to tolerate slight de-
viations and ionic combinations [11]. The development of func-
tional materials is governed by a growing demand for the
miniaturization of electronic devices [13], which depends funda-
mentally on the dielectric permittivity and dielectric loss of mate-
rials [15]. Since Subramanian et al. [16] first reported the giant
dielectric constant (ε 104 - 105) of CaCu3Ti4O12 (CCTO) in 2000, it
stood out. Additionally, CCTO exhibits excellent physicochemical
oreno).
properties and thermal stability over a wide range of temperatures,
which derives from its perovskite structure with general formula
ABO3 [17,18]. CCTO presents a distorted perovskite structure with
stoichiometric formula (AA’)BO3. Inclined TiO6 octahedra originate
from the Jahn-Teller effect [4], which explains the square-planar
and dodecahedral coordination of the Cu2þ and Ca2þ ions, respec-
tively. Hence, a more compact crystal structure forms in compari-
son to other common perovskites with stoichiometric formula
ABO3 (e.g., CaTiO3, SrTiO3), in which the TieO bonds are tensed and
more susceptible to electric field effects.

Optoelectronic properties of CCTO can be tuned using several
specific strategies, such as transition metal [10,19e22] and/or rare
earth element [23,24] doping; ceramic composite processing
[18,25e27]; and alternative methods of synthesis (solid-state re-
action, sol-gel method, polymeric precursor, etc.) [14,15,19,28e30].
The use of different methods to synthesize CCTO can produce
particles of different shapes and sizes, which has a direct influence
on the Photoluminescent (PL) response. Additionally, PL is highly
dependent on the structural symmetry, tilting and/or rotating of
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the coordination polyhedra, which can influence the electronic
structure of the material (e.g., bandgap narrowing) as a conse-
quence of point defects (e.g., oxygen or metal vacancies) [31]. The
degree of charge transfer between [TiO6], [TiO5.V,

O], and [TiO5.V,,
O ]

and the latticemodifier complex clusters [CaO11 :V,
O] can be tailored

by the introduction of intermediary energy levels within the
bandgap region [32e35]. This relation was confirmed by Orrego
et al. [28] for Sr2þ-doped CCTO, in which the complex clusters
[TiO5.V,

O] and [TiO5.V,,
O ] were identified. The authors established a

correlation between the presence of defects and PL emissions: (1)
in the violet region, which is related to shallow defects; (2) in the
green region, associated with a decrease in the density of trapped
charges, and in particle size; and (3) a red-shift, evident with the
increase in Sr2þ content, was associated with deep-level defects in
the CCTO electronic structure. The structural defects induced in the
system led to the formation of intermediary levels between the
valence and conduction bands. The application of CCTO in optical
devices depends on PL emission characteristics, which include:
efficiency, wavelength range, and time decay, etc. However, the
mechanisms related to PL emission are yet to be fully understood.

The growingdemand for sustainable energy sources andenergy-
efficient devices has pushed the development of PeLEDs [36e38]
and photovoltaic devices [39,40] over the last few years. Further-
more, CCTO-based ceramics have proved to be an efficient alterna-
tive for photocatalysis, which offers the possibility to degradewater
pollutants into environmentally-benign chemicals at a low cost
using the energy of the sun [39,41e43]. Perovskite materials for
application in PeLEDs and photovoltaic devices (e.g., organic fluo-
rescent and phosphorescent molecules, metal halide perovskites,
etc.) stand out because of their high efficiency, low fabrication cost,
high purity, and widely tunable light emission, etc. The intrinsic
instability of perovskite materials, such as organic molecules and
metal halides, under thermal heating, light, and electric field poses
an intrinsic threat to the operational efficiency and, thus, requires
the development of novel perovskite materials [44e46]. Since the
first room-temperature PeLED, CH3NH3PbI3exClx,wasdevelopedby
Tan et al. [47] in 2014, much effort has been placed in optimizing
perovskites for light-emitting diode (LED) applications [36e38].
According to the literature,W6þ-doping in CCTO systems (CaCu3Ti4-
xWxO12) [48,49] leads to the formation of titanium and oxygen va-
cancies, which are formed within the bandgap region during the
thermal treatmentduetotheoxidizingnatureof tungsten,andcould
influence thedynamicsofPLemissionsasaresultof thesechanges in
the electronic structure of CCTO. After a careful literature review, no
reports were found regarding the effect of tungsten (W) on the PL
response of CCTO.

Therefore, in this paper, we focus on the study of CaCu3Ti4O12: x%
W(x¼0.00, 0.02, 0.05, 0.10, 2.50and5.00) ceramicpowderprepared,
addingW6þ ions to CCTO, via solid-state reaction in terms of (micro)
structure and optical properties. The structural defects responsible
for the optical response were evaluated, and structural simulations
based on atomistic modeling were performed to predict the kind of
defects induced in the structure considering the addition ofW in the
CCTO host lattice. This work provides theoretical-experimental evi-
dence to support the use of ceramics based on CCTO in optoelec-
tronics and shows that it is possible to produce PeLEDs with tunable
PL intensity and wavelength over the visible spectrum.
2. Experimental procedure

2.1. Synthesis

CaCu3Ti4O12: x%W (x¼ 0.00, 0.02, 0.05, 0.10, 2.50, 5.00) ceramic
powders were prepared via solid-state reaction using
stoichiometric proportions of CaCO3 (99.9%; Sigma-Aldrich), TiO2
(99.9%; Sigma-Aldrich), and CuO (99.9%; Sigma-Aldrich) as starting
reagents. TheW ions were added to the CCTO system in the form of
WO3 (99.9%; Sigma-Aldrich) powder. The reagents were mixed
thoroughly for 24 h in an isopropyl alcohol suspension using
yttrium-stabilized zirconia spheres as grinding medium. After
milling, the mixture was taken to a fume hood for 2 h and then
dried in an oven for 12 h at 100 �C, deagglomerated in an agate
mortar, and sift in a 200-mesh sieve in order to obtain a homoge-
neous powder. Subsequently, the samples were calcined at 900 �C
for 12 h under air atmosphere using a heating rate of 5 �C/min, as
determined by thermogravimetric analysis (TG-DTG) (Figs. S1eS2)
[50]. Finally, the samples were submitted to milling for 12 h for
eliminating neck-like junctions between particles formed during
calcining.

2.2. Characterization

2.2.1. (Micro)structural characterization
X-Ray Powder Diffraction (XRPD) was performed in a Bruker

(model D8 Advance Eco) diffractometer operating at 40 kV/25 mA
and using the copper Ka radiation (l z 1.5406 Å). The data were
collected in the range of 10 ¼ q � 100� with a step of 0.02�, a
collection time of 10 s/point, and a receiving slit of 0.6 mm. The
crystal structure of the powders was refined using the Rietveld
method [51] in the software Topas V.5 in its academic version [52].
The phases were quantified, and the statistical parameters associ-
ated with the crystalline structure (RBragg, Rwp, Rexp, and c2) esti-
mated. The RBragg is a mathematical function that depends on peak
intensity, and which is intrinsically related to the crystal structure
of a material. Thus, RBragg represents the fitting between the
experimental and calculated data; hence RBragg ¼ 1 means a perfect
fitting [53]. Among the Rietveld parameters, three stand out: (1)
Rwp measures the refinement convergence for the observed data;
(2) Rexp represents the expected value for Rwp; and (3) c2 expresses
the Rwp: Rexp ratio. The statistical parameters estimate the confi-
dence of the refinement, and the unit represents the ideal value. It
is important to keep in mind that the parameters Rwp, Rexp, and c2

provide an evaluation regarding the quality of refinement, taking
into consideration only the comparison of profiles. On the other
hand, RBragg enables the assessment of the structural model refined.

In order to determine the crystalline phases present on samples,
the experimental datawere fitted with standards patterns available
at the Inorganic Crystal Structure Database (ICSD). For all samples, a
Chebychev polynomial function of order 5 was used for the back-
ground to refine the structures. In order to determine lattice de-
viations with higher confidence, additional XRPD measurements
were carried out on a Debye-Scherrer geometry, with a Si (111)
monochromator (lz 1.034 Å) operating at 12 keV (100 mA) with a
step size of 3 � 10�4. The XRPD diffractograms were collected at
room temperature with rotation ( 300 rpm) using the MYTHEN
24 K system from Dectris® at the X-Ray Diffraction (XRD1) beam-
line from the Brazilian Synchrotron Light Laboratory (LNLS) [54,55].
The elemental composition of the sample was examined by X-ray
photoelectron spectroscopy (XPS) using the UNI-SPECS UHV sys-
tem. The X-ray tube with Al-Ka radiation (hn ¼ 1254.6 eV) was
used, and the Shirley method was applied to subtract the inelastic
noise associated with the high-resolution spectra obtained for C 1s,
O 1s, Ti 2p, Cu 2p, Ca 2p, W 4d. The spectra were deconvoluted
using the Voigtian function with a combination (70% Gaussian and
30% Lorentzian). The full width at half-maximum of the was
determined with a resolution of 0.1 eV. Raman spectroscopy was
carried out using a Renishaw (inVia Qontor) Raman scattering
microscope using an argon-ion laser with a wavelength of 532 nm.
For each sample, the average spectrum was obtained from three
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sequential scans with a spectral step of 1.13 cm�1 over the range of
150e1200 cm�1. For the analysis, the samples were deagglom-
erated in an agate mortar and placed over a glass substrate.

X-ray Absorption (XAS) data were collected around the Ti K-
edge (E0 z 4966 eV) at the X-ray Absorption and Fluorescence
Spectroscopy (XAFS1) line at LNLS. The experiment was performed
on transmission mode using thin membranes. Ti-foil standard was
used to calibrate the monochromator. TiO2 and Ti2O3 were used as
reference materials for the measurements [56]. Three sequential
scans were run for each sample in order to optimize the signal-to-
noise ratio. The experimental data were treated using the software
ATHENA [57].

A Field-emission-gun coupled scanning electron microscope
(FEG-SEM) on a Supra 35-VP (Carl Zeiss) was used to evaluate the
morphology of the particles. The particle size distribution was
determined using the software ImageJ [58,59].
2.2.2. Computational method
Atomistic simulation based on the Coulombic and the short-

range term of the Buckingham form (Eq. (1)) was used to perform
static simulations, based on the Born model, to investigate the
incorporation of W ions within the CCTO structure.

UBuckinham¼Aexp
��rij

r

�
� C
r6ij

(1)

where UBuckinhanm is the Buckingham interatomic potential, A rep-
resents the repulsion between two ions i and j separated by a dis-
tance r, which is related to the size and “hardness” of the ions, r is
the minimum energy distance, and C is the term included to model
the dispersion. The energy minimization procedure, which adjusts
ionic positions in order to obtain the lowest energy structure, was
adopted. The core-shell model is included to describe the ionic
polarizability effect, in which the anions are divided into a massive
core and a massless shell connected to a harmonic spring [60].
Defect calculations were performed using the Mott-Littleton
methods, in which the crystal lattice is partitioned into a region
in which relaxations close to the defect are treated explicitly, and
the remainder of the lattice is treated using quasi-continuum
methods [61]. For all calculations, the General Utility Lattice Pro-
gram (GULP) code was used [62].
2.2.3. Optical characterization
The Ultravioletevisible (UVevisible) spectra for all samples

were obtained using a Cary 50 Bio (Varian, USA) spectrophotometer
in the diffuse reflection mode. The optical bandgap energy (Egap)
also referred to as the fundamental absorption onset of the host
lattice was estimated for all samples using the Kubelka-Munk
equation (Eq. (2))

ahn¼C1
�
R∞

�
hn� Egap

�n� (2)

where a is the linear absorption coefficient, h Planck’s constant
(h ¼ 4.1357 � 10�15 eV s�1), n the frequency of the light, C1 is a
constant, R∞ is the reflectance when the sample is taken as infi-
nitely thick, and Egap corresponds to the gap energy of the material.
Additionally, the variable n can assume specific values depending
on the electronic transition (n ¼ ½, 3/2, 2 or 3 for direct allowed,
indirect forbidden, direct forbidden, and indirect forbidden,
respectively) [63,64].

The photoluminescent response was measured using an ISS
(model PC1) with a xenon lamp of 300Was the excitation source, a
step of 0.5 nm, and optical slits of 1 mm, equipped with R928
photomultiplier (Hamamatsu). The PL data were deconvoluted
based on a Gaussian function. The radiant efficiency (hr) of a
semiconductor describes the capacity of the material to convert
optical power (photons) into light output capability. Eq. (3) was
used to estimate the radiant efficiency for all samples.

hr ¼
E
A

(3)

where E corresponds to the area under the curve on the excitation
spectrum, and A is the area under the curve on the emission
spectrum for each of the samples [65]. Finally, the PL emission
spectra for each sample (x ¼ 0.00e5.00) was converted into a point
in the chromaticity diagram (CIE 1931) using the software GoCIE V2
[66]. The correlated color temperature (CCT) for each of the samples
was calculated according to Eq. (4) [67]:

CCT ¼ � 449n3 þ 3525n2 þ 6823:2nþ 5520:3 (4)

where n ¼ x�xe
y�ye

, xe ¼ 0:332 and ye ¼ 0:186, and x and y correspond

to the coordinates for each sample in the CIE diagram.

3. Results and discussion

3.1. (Micro)structural characterization

Fig. 1(aef) shows the XRPD patterns treated using the Rietveld
method. Accordingly, the structural and Rietveld parameters ac-
quired for all samples (x ¼ 0.00e5.00) are shown in Table 1. For the
samples x ¼ 0.00 and x ¼ 0.02 all peaks were indexed by the CCTO
phase (ICSD #259849) with cubic perovskite-type structure and
space group Im-3 [4]. For samples x ¼ 0.05e5.00, ceramic com-
posites were formed. For sample x ¼ 0.05 the TiO2 phase, with
rutile structure (ICSD #33840, space group P42/mnm) was identi-
fied. In addition to the phases CCTO and TiO2, sample x ¼ 0.10
presented the following phases: CuO, with tenorite structure (ICSD
#69094, space group C12/c); and CaTiO3, with orthorhombic
perovskite structure (ICSD #74213, space group Pbnm). The for-
mation of these phases is associated with the incorporation of the
W ions at the Ti site, which is favored by their close ionic radii
(RW6þ ¼ 0.600 Å and RTi4þ ¼ 0.605 Å) [68]. However, the different
oxidation states of tungsten and titanium ions result in the disso-
ciation of the CCTO system in CTO, TiO2, and CuO. In the CTO phase,
it is necessary to consider that for a lowW: Ti substitution ratio, the
system charges will be compensated by the formation of defects.
On samples x ¼ 2.50 and 5.00, further addition of tungsten ions to
the CCTO system produces the CaWO4 phase with scheelite struc-
ture (ICSD #60549, space group I41/a) by a combination of the
excess Ca and W ions. Therefore, the solubility limit for the W ions
in the CCTO structure based on the Hume-Rothery rules [69] lies
between x ¼ 0.10 and x ¼ 2.50. Additionally, the excess Cu ions in
the system are incorporated into the Ca sites of the CaWO4 struc-
ture, originating the system Ca1-xCuxWO4. This hypothesis explains
the disappearance of the CuO phase in samples x ¼ 2.50 and 5.00
and is confirmed by the Rietveld results (Table 2). The Rietveld
parameters, 1.28 < c2 < 2.62 and 1.16 < Rbragg < 7.14, indicate high
reliability of the data obtained by means of the refinement opera-
tions [53]. The Rietveld refinement also indicates that the W ions
incorporated in the CCTO structure occupy the Ti sites, as shown in
Table 2.

Fig. 2 (a) depicts the XRPD patterns obtained using synchrotron
radiation (l z 1.034 Å). The narrow peaks in the diffractogram
reveal a material with high crystallinity. Corroborating the results
obtained using Rietveld refinement, samples x ¼ 0.00 and 0.02
revealed only the CCTO phase while ceramic composites with the
phases TiO2, CaTiO3, CuO, and CaWO4 were obtained in samples



Fig. 1. XRPD patterns of the system CaCu3Ti4O12: x% W for samples (a) x ¼ 0.00, (b) x ¼ 0.02, (c) x ¼ 0.05, (d) x ¼ 0.10, (e) x ¼ 2.50, and (f) x ¼ 5.00 fitted using the Rietveld
refinement method.

H. Moreno et al. / Journal of Alloys and Compounds 850 (2021) 1566524
x¼ 0.05e5.00. Fig. 2 (b) highlights a shift of the peak relative to the
crystallographic plane (220) towards smaller Bragg angles (2q). This
peak displacement is associated with strain in the main phase
(CCTO) and indicates the lattice expansion as a result of the
incorporation of W in the CCTO structure. The lattice distortion is
due to a sum of factors including the simultaneous presence ofW6þ

(RW6þ ¼ 0.600 Å) andW5þ (RW5þ ¼ 0.620 Å) ions in a ~45:55 ratio on
the surface, according to the XPS analysis, incorporated at the Ti
sites (RTi4þ ¼ 0.605 Å). Furthermore, the oxidative nature of tung-
sten induces the reduction of titanium and copper ions into Ti3þ

(RTi3þ ¼ 0.670 Å) and Cuþ (RCuþ ¼ 0.600 Å; RCu2þ ¼ 0.570 Å) ions in
the CCTO structure [49,70,71]. The geometric parameters (Table 1)
obtained from the Rietveld refinement confirm the lattice expan-
sion indicated in Fig. 2(a and b). In order to fully understand the
lattice distortion associated with ionic substitutions in CCTO, in this
case, the incorporation of W ions at the Ti sites, it is also necessary
to observe the correlation between unit cell volume and W occu-
pancy factor, shown in Table 2. Analogously, on Fig. 2 (c), for
samples x ¼ 2.50 and 5.00, it can be observed that the peak relative
to the plane (112) of the phase CaWO4 shifts towards higher 2q
values, which can be associated with contraction of the lattice due
to the incorporation of Cu ions (RCuþ ¼ 0.600 Å; RCu2þ ¼ 0.570 Å) at
the Ca sites (RCa2þ ¼ 1.000 Å) [68] in the system Ca1-xCuxWO4, as
indicated by the Rietveld analysis (Table 2).

Fig. 3(aed) shows the W 4d XPS spectra for all the studied
samples. TheW4d5/2 spectrawere adjusted using two components,
WO3 (W6þ) at ~249 eV and W2O3 (W5þ) at ~246.4 eV. The W5þ:
W6þ ratio remains approximately constant (~55:45) for all samples
(x ¼ 0.05e5.00). Fig. 3(eei) displays the Ti 2p XPS spectra for all
samples of the CaCu3Ti4O12: x% W system (x ¼ 0.00e5.00). Two
peaks were identified at ~465 eV and ~459 eV, each of which was
deconvoluted into two spin-orbit doublet Ti state peaks, indicating
the simultaneous existence of Ti3þ and Ti4þ, which are related to
titanium in the form of TiO2 and Ti2O3, respectively [72]. The fitting
parameters for the peak fitting of Ti 2p3/2 peak for all the samples
are shown in Table 3. The main peak at ~459 eV can be ascribed to



Table 1
Structural data and Rietveld parameters for all samples of the system CaCu3Ti4O12: x% W (x ¼ 0.00e5.00). \

Samples CaCu3Ti4O12 TiO2 CaTiO3 CuO CaWO4 Rietveld parameters

V (Å3) phase (%) RBragg V (Å3) phase (%) RBragg V (Å3) phase (%) RBragg V (Å3) phase (%) RBragg V (Å3) phase (%) RBragg Rexp Rwp Rp c2

x ¼ 0.00 404.0 100.0 1.16 e e e e e e e e e e e e 3.79 5.82 4.41 1.54
x ¼ 0.02 404.2 100.0 1.01 e e e e e e e e e e e e 3.66 6.07 4.59 1.66
x ¼ 0.05 403.95 97.2 1.13 63.83 2.8 3.59 e e e e e e e e e 3.82 5.71 4.33 1.49
x ¼ 0.10 404.2 92.3 1.02 62.47 2.1 1.25 223.5 2.2 1.12 81.66 3.4 0.658 e e e 3.70 6.00 4.47 1.62
x ¼ 2.50 405.1 98.4 3.79 e e e e e e e e e 314.1 1.6 0.92 4.62 5.86 4.60 1.27
x ¼ 5.00 405.2 96.5 4.707 e e e e e e e e e 314.1 3.5 1.60 4.33 5.96 4.74 1.24
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the Ti4þ ions, and the secondary peak fitted at ~457 eV in the Ti 2p3/
2 may be associated with the Ti3þ ions. It is possible to observe a
tendency towards the reduction of Ti4þ into Ti3þ ions with higher
tungsten content, which may be related to the oxidative nature of
W [49]. Additionally, for all samples, the Cu 2p XPS spectra (Fig. 3j-
n) shows an asymmetric peak corresponding to Cu 2p3/2 spin-orbit
doublets (~933 eV) and its satellite peak (~941 eV), which is
consistent with the presence of Cu2þ/Cuþ ions in the CuO lattice
[72e74]. The Cu 2 p3/2 peak was deconvoluted into two peaks
associated with Cu2þ species in the form of CuO (~934.7 eV) and
Cuþ species in the form of Cu2O (~932.5 eV) [74,75]. The addition of
W to CCTO caused an increase in the concentration of Cuþ ions, as
shown in Table 3. Hence, the Cu2þ/Cuþ ratio decreases significantly
with the addition of tungsten to CCTO. The full scan XPS profiles
obtained for all samples of the CaCu3Ti4O12: x% W (x ¼ 0.00e5.00)
system (Fig. S3) shows the various elements present as a function of
their binding energy. It is possible to observe the presence of O 1s
components at ~529 eV and ~530.8 eV related to OeCu/OeCa and
OeTi bonds (O2�), respectively, in the CCTO structure. The Ca 2p3/2
and Ca 2p1/2 (~348 eV) spin-orbit doublets are associated with Ca2þ

ions in the form of CaO.
Table 2
Unit cell volume and occupancy factor of the ionsWand Ti in the B site (0.250. 0.250.
0.250) in the CCTO structure; and unit cell volume and occupancy factor of the ions
Cu and Ca in the A site (0.000. 0.250. 0.625) in the CaWO4 structure for all samples of
the system CaCu3Ti4O12: x% W (x ¼ 0.00e5.00).

Samples CaCu3Ti4O12 CaWO4

V (Å3) Occ. W (%) Occ. Ti (%) V (Å3) Occ. Cu (%) Occ. Ca (%)

x ¼ 0.00 404.0 0.00 100.00 e e e

x ¼ 0.02 404.2 2.88 97.12 e e e

x ¼ 0.05 404.0 1.88 98.00 e e e

x ¼ 0.10 404.2 3.33 97.88 e e e

x ¼ 2.50 405.1 1.75 98.25 314.1 40.06 59.94
x ¼ 5.00 405.2 1.92 98.15 314.1 25.45 74.55

Fig. 2. (a) XRPD patterns of the system CaCu3Ti4O12: x% W measured using synchrotron rad
(b) (220) in the CCTO and (c) (112) in the CaWO4 structures, respectively.
Fig. 4 (a) shows the Raman spectra collected at room tempera-
ture for all samples of the system CaCu3Ti4O12: x% W. According to
the group theory, there are 23 vibrational groups possible for CCTO:
2 Ag; 2 Au; 2 Eg; 2 Eu; 4 Fg; and 11 Fu, of which eight (2 Ag þ 2 Eg þ 4
Fg) are Raman active [76e78]. In all samples, the vibrational modes
P1, P3, P4, P6, and P7 associated with the [TiO6] cluster in the CCTO
structure, were identified at 286 (Fg(1)), 401 (Fg(2)), 445 (Ag(1)),
509 (Fg(2)), and 572 (Ag(2)) cm�1, respectively [76]. The mode P7 is
associated with the asymmetric movement of coplanar oxygen ions
around the centralized Ti4þ ions in the TiO6 octahedra [77]. Modes
P4 (445 cm�1), P6 (506 cm�1), and P8 (612 cm�1) are generated by
the interaction between the octahedra joined by the vertex
(folding, twisting, etc.). The modes P2, P5, P9eP11 are associated
with the [WO4] cluster present in the Ca1-xCuxWO4 structure
[79e82]. Higher tungsten content in the CCTO structure leads to an
increase in the intensity of the mode associated with mode P5 and
the reduction in the intensity of mode P8, which indicates the2
formation of oxygen vacancies associated with the TiO6 cluster
[77,83]. On samples x ¼ 2.50e5.00, with higher W content, the
vibrational mode P10 at 838 cm�1 (Bg(5)) is associated with the
antisymmetric stretching of OeW e O bonds [79e82]. Sample
x ¼ 5.00 reveals the vibrational modes P2 (333 cm�1), P9
(778 cm�1), and P11 (909 cm�1). Mode P2 is related to the sym-
metries Ag(2) þ Bg(3) combined, which can be assigned to the
symmetric bending of the [WO4] tetrahedra. An increase in the
intensity of the peak related to mode P2 indicates disorder in the
system. Additionally, the mode P11 related to the symmetry Ag(3)
can be associated with the symmetric stretching of WeO bonds
[79e82]. Fig. 4 (b) shows that increasing tungsten content it is
possible to observe a shift towards higher wavenumbers on modes
P6 and P7, which is associated with lattice deformation. These re-
sults are consistent with the Rietveld analysis and confirm the
expansion of the unit cell as a result of the incorporation of W ions
at the Ti sites, which is evidenced by the occupancy factor results
(Table 2) [84]. Analogously, mode P10 shifts towards lower
iation for all samples (x ¼ 0.00e5.00). The insets show an expanded view of the planes



Fig. 3. (aed) W 4d, (eei) Ti 2p and (jen) Cu 2p XPS peak fitting for the CaCu3Ti4O12: x% W (x ¼ 0.00e5.00) system.
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Table 3
XPS fitting parameters for the system CaCu3Ti4O12: x% W (x ¼ 0.00e5.00).

Samples Peak centers (eV) Peak centers (eV) Ti4þ: Ti3þ ratio (%)

P1 Ti 2p3/2 (Ti4þ) P2 Ti 2p3/2 (Ti3þ) P1 Ti 2p1/2 (Ti4þ) P2 Ti 2p1/2 (Ti3þ)

Ti 2p x ¼ 0.00 459.3 457.5 465.0 462.9 68.7: 31.3
x ¼ 0.02 e e e e e

x ¼ 0.05 459.9 457.6 465.5 463.1 63.7: 36.2
x ¼ 0.10 459.5 457.4 465.2 463.0 61.8: 38.2
x ¼ 2.50 459.5 457.4 465.1 462.9 57.9: 42.1
x ¼ 5.00 459.4 457.1 465.0 462.7 63.8: 36.2

P1 Cu 2p3/2 (Cu2þ) P2 Cu 2p3/2 (Cuþ) P1 Satellite (Cu2þ) P2 Satellite (Cuþ) Cu2þ: Cuþ ratio (%)
Cu 2p3/2 x ¼ 0.00 934.0 932.0 942.8 940.0 57.1: 42.9

x ¼ 0.02 e e e e e

x ¼ 0.05 934.9 932.5 941.8 944.2 51.1: 48.9
x ¼ 0.10 934.6 932.4 941.6 944.1 51.4: 48.6
x ¼ 2.50 934.8 932.6 941.0 943.0 39.5: 60.5
x ¼ 5.00 934.6 932.6 941.4 943.9 48.2: 51.8

P1 W 4d5/2 (W6þ) P2 W 4d5/2 (W5þ) W6þ: W5þ ratio (%)
W4d5/2 x ¼ 0.00 e e e e e

x ¼ 0.02 e e e e e

x ¼ 0.05 249.3 246.8 e e 44.8: 55.2
x ¼ 0.10 248.8 246.3 e e 45.3: 54.7
x ¼ 2.50 248.9 246.5 e e 42.8: 57.2
x ¼ 5.00 248.9 246.4 e e 48.48: 51.2

Fig. 4. (a) Raman spectra of the system CaCu3Ti4O12: x% W obtained at room temperature for all samples (x ¼ 0.00e5.00). The insets indicate (b) CCTO and (c) CaWO4 lattice
deformation with the increase in tungsten content.
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wavenumbers (Fig. 4c), indicating that the incorporation of Cu ions
at the Ca sites in the CaWO4 structure leads to lattice contraction,
which corroborates the Rietveld analysis (Table 2 and Fig. 2b). At
612 cm�1, the weakmode P8 associated with TiO2 [83] corroborates
the Rietveld refinement results, indicating low TiO2 content in the
composites. Table 4 summarizes each of the vibrational modes
used, which characterize the structure of CaCu3Ti4O12: x% W
systems.

Fig. 5 (a) shows the XANES spectra measured at the Ti K-edge for
the ceramic powders of the CaCu3Ti4O12: x%W system. The inset in
Fig. 5 (a) shows the occurrence of pre-edge structures (A, B, and C),
which reveal important information on the local symmetry of the
octahedrally coordinated titanium ions. Vendrinskii et al. [85]
associated low-intensity pre-edge peaks with centrosymmetric
crystals. In the CCTO structure, the pre-edge structures indicate the
octahedral coordination of the Ti ions within the crystal structure
(TiO6), corroborating the Raman and XRPD results [70,86]. The
structures observed in the pre-edge region are the result of two
main effects: (1) quadrupole transition between states 1s (occu-
pied) and 3d (unoccupied) titanium; (2) dipolar transition relo-
cated between states 1s (occupied) and 3d (unoccupied) of
titanium atoms in neighboring sites. It is essential to consider that



Table 4
Raman modes of the system CaCu3Ti4O12: x% W.

CaCu3Ti4O12 Mode Motion description Observed wave number (cm�1)
Fg(1) TiO6 rotation 286
Fg(2) TiO6 rotation 401
Ag(1) TiO6 rotation 445
Ag(2) TiO6 rotation 509
Eg(2) TiO6 rotation 509
Fg(3) OeTi e O antisymmetric stretching 572

CaWO4 Ag(2) þ Bg(3) WO4
2� bending 333

778
Bg(5) OeW e O antisymmetric stretching 838
Ag(3) WeO symmetric stretching 909

TiO2 Ag(1) OeTi e O stretching 612
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these electronic transitions, generally forbidden for transition
metals, become possible due to the overlapping p states of oxygen
ions that coordinate titanium ions with unoccupied d states [87].
These pre-peaks are generated when 1s state electrons are excited
between the t2g and eg bands of the octahedral field. Peak A (
4968 eV) originates from the combination of the excitonic mech-
anism from the potential 1s and quadrupole transitions 1s / 3d
(absorption by the octahedral t2g band). These forbidden transitions
indicate an electronic arrangement characterized by the hybridi-
zation between titanium d states the p states of the surrounding
oxygen ions [66,70]. Peak B ( 4971 eV) is indicative of both dipolar
transitions to p states associated with quadrupole 1s / 3d transi-
tions (absorption by the octahedral eg band). Peak C ( 4974 eV)
originates mainly from dipolar excitations between the electrons of
Ti 1s layers and the t2g states and, for example, from adjacent TiO6

octahedrons [87e89].
The structure of CaCu3Ti4O12: x% W provides an ideal coordi-

nation geometry for the Jahn-Teller active Cu2þ ion [4,70]. Com-
bined with the oxidative properties of tungsten, one would expect
copper and titanium ions to change their oxidation states
(Cu2þ/Cuþ and Ti4þ/Ti3þ, respectively) with increasing tungsten
content [70], as confirmed using the XPS analysis. Additionally, the
intensity of peak B remains constant on all samples, independently
of tungsten content, indicating that the addition of the W ion does
not affect the centrosymmetric character of the TiO6 octahedra
even with partial substitution of W ions at Ti sites. The area under
the B peaks can be attributed to the concentration of TiO5 clusters
(TiO6 octahedra bound by vertices and edges), which can be asso-
ciated with the octahedral distortion, and are critical to PL emission
[86e89]. Fig. 5 (b) exhibits the first oscillations immediately after
the edge region ( 4985e5010 eV) for all samples (x ¼ 0.00e5.00).
When dealing with disordered materials, two effects must be
considered: (1) variation in edge position (E0) due to the difference
in the vicinity of the absorbing ions; and (2) Debye-Waller effect. In
our case, the broadening of the Extended X-ray absorption fine
structure (EXAFS) oscillations is combined with a significant
magnitude reduction indicates the loss of periodicity in the
medium-range structure with increasing tungsten content.

Fig. 5 (c) shows the k3-weighted EXAFS function c(k) vs. k plot
for all samples of the ceramic powders of the system CaCu3Ti4O12: x
% W. The magnitude of the Fourier transforms (FT) of c(k) in R-
space obtained from k3-weighted c(k) is presented in Fig. 5 (d). In
order to determine the distance between different ions in the
structure, one can use the FT of the EXAFS function considering
distinct scattering contributions. Based on a single scattering
model, the first peak in the FT spectra is associated with the scat-
tering of photoelectrons by near neighbors present in the first shell.
In this case, the TieO bond distance was found to be 1.50 Å (first
shell), which is related to oxygen atoms arranged octahedrally
around the Ti ions. The second shell peak was associated to Ca/Cu
neighbors (TieCa/Cu bond distance 2.72 Å), and the third ones to Ti
neighbors (TieTi bond distance 4.74 Å). It is possible to observe
that the TieO distance slightly increases with the increase in W
content. This result can be associated with the incorporation of
tungsten ions (RW6þ ¼ 0.600 Å and RW5þ ¼ 0.620 Å) at the titanium
sites (RTi4þ ¼ 0.605 Å) and to the reduction of titanium
(RTi3þ ¼ 0.670 Å; RTi4þ ¼ 0.605 Å) and copper ions (RCuþ ¼ 0.600 Å;
RCu2þ ¼ 0.570 Å), in agreement with the Raman, Rietveld refinement
and XPS results, which indicate the lattice expansion with the
addition of W ions, corroborating both the Rietveld analysis and
XANES measurements. Furthermore, lattice deformation may also
associated with the increase in the local charge/electronegativity
(EN) caused by the partial substitution of Ti3þ/Ti4þ ions (EN ¼ 1.73)
by W5þ/W6þ ions (EN ¼ 2.17) [90]. Thus, the initial hypothesis that
tungsten ions added are partially incorporated into titanium sites is
supported by both EXAFS and Rietveld refinement. The higher in-
tensity of the second TieTi shell ( 5.66 Å) evidences the higher
mean coordination number of Ti at the second cationic coordina-
tion shell. Table 5 presents the best fitting results of EXAFS spectra
for all samples (x ¼ 0.00e5.00) performed based on the structural
parameters obtained from the ICSD #259849.

Fig. 6(aef) depicts FEG-SEM micrographs with the particle size
distribution (insets) of the ceramic system CaCu3Ti4O12: x% W
(x ¼ 0.00e5.00). All samples revealed a mono-dispersed distribu-
tion of submicrometric particles. Initially, for low tungsten content
samples (x ¼ 0.00e0.10), spherical-like particles are observed with
some degree of agglomeration as a result of energy minimization.
Further incorporation of W ions (x¼ 2.50e5.00) reveals a tendency
of the particles to grow as faceted particles due to changing surface
energies, as the local chemistry is changed. Such effect is also
observed on CCTO powders synthesized by the molten salt method
in the presence of alkaline-metal ions (Liþ, Naþ, Kþ), due to high
mobility and strong electrostatic interaction between the ions with
the surface. Highly oriented face crystals originate from low energy
surfaces, which leads to slow crystal growth [41,91].
3.2. Computational methods

Aspects related to the occupancy of the added W ions, Ti/Cu
reduction, and the formation of charge-compensating defects have
a direct impact on the optical properties of CCTO based ceramics.
Thus, the most energetically favorable occupancy schemes were
elucidated, and the values were estimated quantitatively by our
calculations.

First, static simulations were performed to verify in which site
the tungsten ions were incorporated into the CaCu3Ti4O12 struc-
ture. Fig. 7 shows the solution energy for each possible defect re-
action considered, which was calculated following the procedure
reported in previous works [92e95]. All defect reactions, written
according to the Kr€oger-Vink notation, are shown in Table 6. The



Fig. 5. XAS measurements for the system CaCu3Ti4O12: x% W6þ performed at room temperature. (a) shows the XANES spectra. The insets highlight the pre-edge peaks. (b) XANES
spectra (the inset highlights the first oscillation after the absorption edge), (c) Ti K e edge EXAFS function, c (k) k3-weighted in k-space, and (d) Fourier transforms of c (k) in R-
space (the change in intensity of the first shell (TieO) peaks is highlighted in the inset).

Table 5
EXAFS fitting parameters for all samples of the system CaCu3Ti4O12: x% W (x ¼ 0.00e5.00).

Samples R-factor Nind/k-range Nvar/R-range c2/cv
2 Path CN R (A) s2 (Å2) DE (eV)

x ¼ 0.00 0.023 31.11/2.0e11.0 20/1e6.5 1200.39/107.99 Ti � O 6 1.48 ± 0.02 0.005 ± 0.001 4.43 ± 1.21
Ti � Ca 2 2.81 ± 0.08 0.002 ± 0.007 4.43 ± 1.21
Ti � Cu 6 2.71 ± 0.01 0.011 ± 0.007 4.43 ± 1.21
Ti � Ti 6 3.29 ± 0.07 0.003 ± 0.004 4.43 ± 1.21

x ¼ 0.02 0.025 31.11/2.0e11.0 20/1e6.5 1268.11/114.09 Ti � O 6 1.48 ± 0.02 0.006 ± 0.001 4.03 ± 1.27
Ti � Ca 2 2.80 ± 0.07 0.0003 ± 0.004 4.03 ± 1.27
Ti � Cu 6 2.72 ± 0.003 0.014 ± 0.009 4.03 ± 1.27
Ti � Ti 6 3.30 ± 0.08 0.003 ± 0.004 4.03 ± 1.27

x ¼ 0.05 0.023 31.11/2.0e11.0 20/1e6.5 745.60/67.08 Ti � O 6 1.48 ± 0.02 0.006 ± 0.001 3.81 ± 1.22
Ti � Ca 2 2.80 ± 0.08 0.0004 ± 0.003 3.81 ± 1.22
Ti � Cu 6 2.71 ± 0.01 0.014 ± 0.009 3.81 ± 1.22
Ti � Ti 6 3.30 ± 0.09 0.003 ± 0.004 3.81 ± 1.22

x ¼ 0.10 0.021 31.11/2.0e11.0 20/1e6.5 1348.67/121.34 Ti � O 6 1.48 ± 0.02 0.006 ± 0.001 3.99 ± 1.17
Ti � Ca 2 2.79 ± 0.08 0.0004 ± 0.003 3.99 ± 1.17
Ti � Cu 6 2.73 ± 0.01 0.015 ± 0.009 3.99 ± 1.17
Ti � Ti 6 3.29 ± 0.09 0.004 ± 0.004 3.99 ± 1.17

x ¼ 2.50 0.042 25.21/2.5e9.8 14/1e6.5 732.00/65.33 Ti � O 6 1.46 ± 0.04 0.001 ± 0.001 4.55 ± 1.92
Ti � Ca 2 2.81 ± 0.13 0.001 ± 0.003 4.55 ± 1.92
Ti � Cu 6 2.70 ± 0.03 0.010 ± 0.008 4.55 ± 1.92
Ti � Ti 6 3.31 ± 0.09 0.016 ± 0.007 4.55 ± 1.92

x ¼ 5.00 0.15 26.25/2.0e9.6 14/1e6.5 3085.87/251.95 Ti � O 6 1.49 ± 0.01 0.010 ± 0.010 4.74 ± 2.94
Ti � Ca 2 2.93 ± 0.20 0.001 ± 0.003 4.74 ± 2.94
Ti � Cu 6 2.68 ± 0.04 0.007 ± 0.002 4.74 ± 2.94
Ti � Ti 6 3.31 ± 0.09 0.017 ± 0.008 4.74 ± 2.94
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preferred mechanism can be inferred by comparing the corre-
sponding solution energies, defined as the sum of each basic defect
formation energy (vacancies and interstitials) normalized by the
numbers of defects. The solution energy for the incorporation of W
ions into Ca and Cu is much higher than the solution energy for
incorporation at Ti sites. Thus, according to our calculations, W ions
are most likely to be incorporated into the CCTO structure in Ti sites
generating Ca vacancies (charge compensator# 13, Table 6). Addi-
tionally, it should be noted that the solution energy for W substi-
tution at the Ti site compensated by Cu vacancies (reaction 14,
Table 6), and by Cu antisite (charge compensator# 16, Table 6) are
close to the solution energy for charge compensator# 13. This small
difference implies a chance of both defects occurring as charge
compensation for this incorporation.

Based on the XRPD results, and the simulations, the evolution of
the structure in the ceramic system CaCu3Ti4O12: x% W can be
thought of as in terms of Kr€oger-Vink reactions (Eq. (5)e7):

WO3 þCaCa þ TiTi/W��
Ti þ V’’

Ca þ CaOþ TiO2 (5)

WO3 þCuCu þ TiTi/W��
Ti þ V’’

Cu þ CuOþ TiO2 (6)



Fig. 6. FEG-SEM micrographs and particle size distribution of the system CaCu3Ti4O12: x% W for samples (a) x ¼ 0.00, (b) x ¼ 0.02, (c) x ¼ 0.05, (d) x ¼ 0.10, (e) x ¼ 2.50, and (f)
x ¼ 5.00.). The insets show the particle size distribution for each of the samples.
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WO3 þCuOþ 2TiTi/W��
Ti þ Cu’’

Ti þ 2TiO2 (7)

where the formation of the CTO phase on samples x ¼ 0.05e0.10
results from a reduction on the Cu: Ca ratio in the CCTO structure
[96,97]. Likewise, on samples x ¼ 2.50e5.00, the formation of cal-
cium tungstate (CaWO4) indicates that the tungsten ions exceeded
the solubility limit in the CCTO structure. The XRD results also show
the presence of the phase CuO in samples x ¼ 0.05e0.10, which
suggests that the incorporation of tungsten ions be compensated by
copper and calcium vacancies (V ’’

Cu and V ’’
Ca ), as shown in Eqs. (5)

and (6), corroborating the simulations.

3.3. Optical characterization

Fig. 8(aef) presents the ultravioletevisible (UVeVis) spectra
collected at room temperature in diffuse reflectance mode for the
ceramic powders of the system CaCu3Ti4O12: x% W. The Kubelka-
Munk mathematical model (Eq. (2)) was applied to obtain the
(ahn)2 vs. E curves. All samples behaved as expected for a CaCu3-
Ti4O12 system with perovskite cubic structure (2.21 < Egap < 2.29),
which is consistent with the high percentage of CCTO phase iden-
tified by means of the Rietveld analysis [28]. The optical bandgap
results indicate an electronic structure inwhich the upper region of
the valence band (VB) and the lower region of the conduction band
(CB) are composed of O(2p)e Cu(3d) and O(2p)e Ti(3d) hybridized
states, respectively [27,88]. Furthermore, the optical bandgap en-
ergy of samples x ¼ 0.02 and x ¼ 0.05 increase in comparison with
sample x ¼ 0.00, indicating a more insulating system, which is
associated with higherW content. However, the incorporation ofW
ions at the Ti sites leads to charge recombination and the formation
of metal vacancies and, thus, to a decrease in the optical bandgap
energy on sample x ¼ 0.10. With Ca1-xCuxWO4 formation, the
number of negative charges available decreases, improving the
insulating character as noted for samples x ¼ 2.50 and x ¼ 5.00, in
accordance with the structural and theoretical analysis previously
presented.

The Absorbance vs. wavelength curve for the ceramic powders
of the system CaCu3Ti4O12: x% W is shown in Fig. 8 (g). All samples
exhibit two absorption bands with different intensity, which is
typical for the CCTO phase with a perovskite cubic structure with
space group Im-3. In the low energy side of the spectrum, the lower
intensity band is associated with Cu D-state transitions. It is worth
noting that in samples x ¼ 2.50 and 5.00, the tail linking the two
absorption bands are slightly shifted in comparison to the other
samples. This result indicates the presence of deep-level defect
states within the bandgap region of the material. Additionally, the
presence of two absorption bands in the absorbance spectra of



Fig. 7. Solution energies for the incorporation of W ions at Ca, Cu, Ti, and interstitial sites in the structure of CCTO.

Table 6
Kr€oger-Vink reactions considered for the incorporation of W ions in the CaCu3Ti4O12 structure on the theoretical simulations.

Site Charge compensation Reaction Solution Energy (eV)

Ca 1. Ca vacancy WO3 þ 3CaCa/W����
Ca þ 2V ’’

Ca þ 3CaO 5.21

2. Cu vacancy WO3 þ CaCa þ 2CuCu/W����
Ca þ 2V ’’

Cu þ CaOþ 2CuO 5.59

3. Ti vacancy WO3 þ TiTi þ CaCa/W����
Ca þ V ’’’’

Ti þ TiO2 þ CaO 9.75

4. O interstitial WO3 þ CaCa/W����
Ca þ 2O’’

i þ CaO 9.01

5. Antisite Ca’’Ti 2WO3 þ 2CaOþ 2CaCa/2W����
Ca þ 4Ca’’Ti þ 4TiO2 8.18

6. Antisite Cu’’Ti 2WO3 þ 4CuOþ 2CaCa þ 4TiTi/2W����
Ca þ 4Cu’’Ti þ 2CaOþ 4TiO2 5.77

Cu 7. Ca vacancy WO3 þ 2CaCa þ CuCu/W����
Cu þ 2V ’’

Ca þ 2CaOþ CuO 3.73

8. Cu vacancy WO3 þ 3CuCu/W����
Cu þ 2V ’’

Cu þ 3CuO 4.11

9. Ti vacancy WO3 þ TiTi þ CuCu/W����
Cu þ V ’’’’

Ti þ TiO2 þ CuO 7.53

10. O interstitial WO3 þ CuCu/W����
Cu þ 2O’’

i þ CuO 7.53

11. Antisite Ca’’Ti 2WO3 þ 4CaOþ 2CuCu þ 4TiTi/2W����
Cu þ 4Ca’’Ti þ 2CuOþ 4TiO2 5.34

12. Antisite Cu’’Ti 2WO3 þ 2CuOþ 2CuCu/2W����
Cu þ 4Cu’’Ti þ 4TiO2 4.29

Ti 13. Ca vacancy WO3 þ CaCa þ TiTi/W��
Ti þ V ’’

Ca þ CaOþ TiO2 1.68

14. Cu vacancy WO3 þ CuCu þ TiTi/W��
Ti þ V ’’

Cu þ CuOþ TiO2 1.97

15. Ti vacancy 2WO3 þ 3TiTi/2W��
Ti þ V ’’’’

Ti þ 3TiO2 3.53

16. O interstitial WO3 þ TiTi/W��
Ti þ O’’

i þ TiO2 4.53

17. Antisite Ca’’Ti WO3 þ CaOþ 2TiTi/W��
Ti þ Ca’’Ti þ 2TiO2 2.89

18. Antisite Cu’’Ti WO3 þ CuOþ 2TiTi/W��
Ti þ Cu’’Ti þ 2TiO2 2.10

W������
i 19. Ca vacancy WO3 þ 3CaCa/W������

i þ 3V ’’
Ca þ 3CaO 7.07

20. Cu vacancy WO3 þ 3CuCu/W������
i þ 3V ’’

Cu þ 3CuO 7.50

21. Ti vacancy 2WO3 þ 3TiTi/2W������
i þ 3V ’’’’

Ti þ 3TiO2 13.63

22. O interstitial WO3/W������
i þ 3O’’

i
11.34

23. Antisite Ca’’Ti WO3 þ 3CaO/W������
i þ 3Ca’’Ti þ 3TiO2 8.88

24. Antisite Cu’’Ti WO3 þ 3CuO/W������
i þ 3Cu’’Ti þ 3TiO2 7.70
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CCTO, both in the visible-light region, corroborates the occurrence
of cationic species in distinct sites within the highly distorted
perovskite structure of CCTO, which is in accordance with the XRD,
Raman, and XAS results.

Fig. 9(aef) shows the deconvolution PL spectra for all samples of
the system CaCu3Ti4O12: x%W (x¼ 0.00e5.00) excited by a 250 nm
wavelength light. Sample x¼ 0.00 revealed an orange-red emission
( 577 nme622 nm), which is associated with deep-level defects,
such as electrons (e’) and holes (h�) induced by the excitation
source in the optical bandgap region. With the incorporation of W
ions at the Ti sites, the PL emissions of samples x ¼ 0.02e2.50
shifted towards a violet-blue-green ( 455 nme492 nm), which is



Fig. 8. UVevis spectra and of the system CaCu3Ti4O12: x% W obtained at room temperature for samples (a) x ¼ 0.00, (b) x ¼ 0.02, (c) x ¼ 0.05, (d) x ¼ 0.10, (e) x ¼ 2.50, and (f)
x ¼ 5.00. The inset (g) shows the absorbance spectra of the system CaCu3Ti4O12: x% W obtained at room temperature for all samples (x ¼ 0.00e5.00).
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due to the formation of shallow defects, near the valence (VB) and/
or conduction (CB) bands [98,99]. Additionally, green luminescence
( 492 nme577 nm), is associated with self-trapped/recombination
of charges, and also to particle size. The increase in green emission
for samples x ¼ 0.02, 0.05, and 2.50 in comparison to sample
x ¼ 0.00 is a result of charge recombination processes occurring
between opposite charge defects in the bandgap region due to
electrostatic imbalances. The orange-red emissions can be associ-
ated with the deep-level defects located in the optical bandgap
region, and the emission can be associated with the radiative
recombination of a photogenerated hole with an electron occu-
pying the V�

O [34,100,101]. Based on these results, the origin of the
PL response in the ceramic powders of the system CaCu3Ti4O12: x%
W can be described in terms of the charge transfer between com-
plex clusters (½TiO5V�

O�; ½WO5V�
O�; ½CaO11V�

O�, and ½CuO11V�
O�), and

TiO6, CaO12, and CuO12, which are affected by structural distortions
and point defects (e.g., oxygen and metal vacancies). Additionally,
the PL response in samples with x¼ 2.50 and 5.00 is affected by the
presence of CaWO4, which has a bandgap comparable to that of
CCTO, leading to a highly efficient intrinsic luminescence.

Thus, the visible light is capable of inducing electron-hole po-
larons as a result of the charge transfer between adjacent ions (Eq.
(8)).

Cu2þ þ Ti4þ þ hn/Cu3þ þ Ti3þ þ e’ þ h� þ O� (8)

where hn represents the absorbed energy (hn � Egap), e’ the elec-
trons, and h�the holes.

Fig. 10 shows the PL radiant efficiency (RE) as a function of
tungsten content for all samples of the system CaCu3Ti4O12: x% W
(x ¼ 0.00e5.00). For samples x ¼ 0.02, 0.05, 0.10, and 5.00, the
results show an increase in the radiant efficiency to approximately
20% with the addition of W ions to the CCTO structure when
compared to sample x ¼ 0.00 (hr 10.9%), possibly related to the
electrochromic nature of tungsten, and the formation of interme-
diary level defects within the optical bandgap region of CCTO as a
result of the incorporation of W ions at the Ti sites. On sample
x ¼ 2.50, the RE value increases significantly (hr 55.2%) when
compared to sample x ¼ 0.00 (hr 10.9%), which can be associated
with the efficient recombination between opposite charge defects,
namely metal vacancies (V ’’

Ca, V
’’
Cu) and holes (h�) as well as to

electron-hole recombination [102].
3.4. General discussion

Based on both the theoretical simulations and experimental
data (structural and optical measurements), we proposed a prac-
tical model to explain how the PL emissions of the system CaCu3-
Ti4O12: x% W are influenced by the presence of shallow and/or
deep-level defects in the electronic structure. Fig. 11 illustrates the
mechanism responsible for generating the specific PL emission for
each of the samples (x ¼ 0.00e5.00) and the associated coordinate
in the chromaticity diagram (CIE e Commission internationale de
l’eclairage 1931) using a 250 nm wavelength light as the excitation
source. The CIE chromaticity diagram evidenced two groups of
samples: x ¼ 0.00, 0.10, and 5.00 emit on the red; while samples
x ¼ 0.02, 0.05, and 2.50 are blue-emitters, which is associated with
the combination of different types of defects in the bandgap region



Fig. 9. Deconvolution of the PL spectrum of the system CaCu3Ti4O12: x% W6þ obtained at room temperature for samples (a) x ¼ 0.00, (b) x ¼ 0.02, (c) x ¼ 0.05, (d) x ¼ 0.10, (e)
x ¼ 2.50, and (f) x ¼ 5.00.

Fig. 10. Radiant efficiency vs. W content for all samples of the system CaCu3Ti4O12: W
(x ¼ 0.00e5.00).
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of the system CaCu3Ti4O12: x% W. Furthermore, one can observe
that the coordinates of the samples (A, B, C, D, E, and F) in the CIE
diagram are relatively distant from the edges, which indicates the
contribution of different color centers in the emission range.
Therefore, the proposed model was based on the formation of
different types of defects (e’, h�V ’’

Ca, and V ’’
Cu) induced within the

bandgap region by both the addition of W ions and the excitation
light source. Shallow (spheres) and deep-level (stars) defects pro-
duce different PL emissions. The charge recombination between
opposite charge defects also contributes to the emissions and must
be taken into account. Furthermore, the theoretical simulations
revealed the presence of oxygen andmetal vacancies (V ’’

Ca/ V
’’
Cu), and
local symmetry disruptionwith increasing tungsten content, which
was confirmed by the experimental (Raman and XAS data) results.
The formation of oxygen vacancies is enhanced by the addition of
tungsten ions in the CCTO system, which induces reduction of
copper and titanium ions (Cu2þ/Cuþ and Ti4þ/Ti3þ, respec-
tively), as confirmed by the XPS results. The chromaticity diagram
also provides information on the correlated color temperature
(CCT) of materials. The CCT, measured in Kelvin, is useful for char-
acterizing the white light emitted. Our results show that samples
with x ¼ 0.00, 0.10, and 5.00 emit in the “ultra-warm”white region
(2246 K, 2543 K, and 2342 K, respectively), which is characteristic
of an incandescent light bulb emission. On the other hand, samples
with x ¼ 0.02, 0.05, and 2.50 emit in the “cool white” region
(7687 K, 6150 K, and 7672 K, respectively) characteristic of daylight,
or an RGB monitor reference white point [103,104].

The PL results show the occurrence of emissions associated with
the direct transition from of electrons from the valence to the
conduction band (VB-CB). Additionally, when excited by light of
specific wavelength (e.g., 250 nm), the result is the formation of
defect levels (e’ and h�) in the bandgap of CCTO. On sample
x ¼ 0.00, the red emission can be justified by the formation of a
higher concentration of deep defects in comparison to shallow
defects. The addition ofW ions to the CCTO structure on all samples
x¼ 0.02e0.05 leads to the formation of shallow defects near the VB
and/or the CB, which is related to the blue emissions [105]. On
samples x ¼ 0.02e0.05, the green emissions are associated with
charge recombination of opposite charge defects, such as electron-
hole recombination. Furthermore, the presence of TiO2 on sample
x ¼ 0.05 with intrinsic green PL emission contributes to producing
different tones of blue PL emissions on samples x ¼ 0.02 and 0.05.
On sample x ¼ 0.10, the red PL emissions are associated with the
formation of metal vacancies (V ’’

Ca and V ’’
Cu), generating deep-level

defects in the bandgap region. This sort of defect, often referred
to as traps, are known to increase the electron-hole recombination
[106,107], producing some extent of green emission, which can also
be associated with TiO2 intrinsic PL emissions. The CaTiO3 phase on



Fig. 11. Proposed models for the electronic structure and PL emission mechanism for the system CaCu3Ti4O12: x% W (x ¼ 0.00e5.00), and the associated chromaticity diagram (CIE
1931).
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sample x ¼ 0.10 also contributes to the red-orange PL emission due
to its intrinsic characteristics [108]. It is important to note that the
CaWO4 phase has an intrinsic PL emission on the blue region and
shows a stronger contribution to sample x ¼ 2.50 in comparison to
sample x ¼ 5.00 [109]. On sample x ¼ 2.50, defect levels formed by
the metal vacancies tend to recombine with holes and, thus, in-
crease the blue-green emission. On sample x ¼ 5.00, on the other
hand, the red PL emission is favored due to the higher concentra-
tion of deep level defects in the bandgap region. This result cor-
roborates both the theoretical computing simulations and the
experimental data (XRPD, Raman, XAS), which show that W ions
are incorporated at the Ti sites, generating metal vacancies as
charge compensators. Thus, it was possible to modulate the
wavelength and intensity of PL emissions of CaCu3Ti4O12 by
inducing defects in the structure with the addition of W ions.
4. Conclusions

Ceramic powders of the system CaCu3Ti4O12: x % W were pre-
pared via nontoxic, low-cost, and simple solid-state reaction. The
experimental data confirmed that the W ions added to the CCTO
structure are incorporated at the Ti sites, leading to lattice expan-
sion, which was consistent with the theoretical computing simu-
lations. The XPS results confirm the presence of W5þ, Ti3þ, and Cuþ

ions in all samples of the CaCu3Ti4O12: x% W system, leading to
structural changes that strongly influence the PL response of the
material. The incorporation of tungsten ions stimulate local disor-
der within the structure by inducing point defects (V ’’

Ca, V
’’
Cu, and

V�
O). Furthermore, the addition of W ions to the system contributed

to the generated shallow and deep level defects to the electronic
structure of CCTO, producing slight changes in the bandgap energy
(Egap). The increase in blue emission is associated with the incor-
poration of W ions, which form shallow defects. Blue PL emissions
on samples x ¼ 0.02 and 0.05 were associated mainly with the
occurrence of electron-hole recombinations. On sample 2.50, the
blue emission was related to recombination between metal va-
cancies (V ’’

Ca and V ’’
Cu) and holes. On the other hand, on samples

x ¼ 0.10, and 5.00, red PL emissions were associated with the
presence of V ’’

Ca and V ’’
Cu generating deep-level defects. Thus, our

research shows evidence that CaCu3Ti4O12 (CCTO): W ceramic
systems may be promising to photonics applications.
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