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1 |  INTRODUCTION

ABO3 ferroelectric oxides are promising candidates for 
light-absorbing materials for applications in solar-energy 
conversion devices.1-5 Nevertheless, they present a wide 
intrinsic band gap (3–5 eV), absorbing light only in the UV 
region, resulting in a small efficiency.6 Then, it is imper-
ative to narrow their band gap for technological viability. 
Furthermore, in conventional solar cells, the p-n junctions 

create a built-in electric field that separates the photoelec-
trons and holes. In the case of ferroelectrics, the strategy 
is that the ferroelectric polarization induces an intrinsic 
built-in field, thus contributing to the photoinduced charge 
carrier's separation.7 Then, it is also desirable to maintain 
a ferroelectric polarization, while narrowing the band gap. 
In this context, it has been proposed that by a suitable band 
gap-engineering the intrinsic band gap of ferroelectric ox-
ides can be decreased, maintaining the polarization.6,8-10 
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Abstract
In this work, the influence of the sintering temperature on the physical properties 
of (Pb0.8La0.2)(Ti0.9Ni0.1)O3 (PLT-Ni) ceramics is reported. The experimental data 
revealed that the energy band gap of PLT-Ni ceramics could be tailored from approxi-
mately 2.7 to 2.0 eV by changing the sintering temperature from 1100°C to 1250°C. 
It is demonstrated that the simple substitution of Ti4+ by Ni2+ cations is effective to 
decrease the intrinsic band gap while increasing the tetragonality factor and the spon-
taneous polarization. However, the additional red-shift observed in the absorption 
edge of the PLT-Ni with increasing the sintering temperature was associated with 
a continuous increase in the oxygen vacancies (V2−

O
) amount. It is believed that the 

impact of the creation of these thermally induced V2−

O
 is manifold. The presence of 

V
2−

O
 and Ni2+ ions generate the Ni2+-V2−

O
 defect-pairs that promoted both a decrease 

in the intrinsic band gap and an additional increase of the tetragonality factor, con-
sequently, increasing the spontaneous polarization. The creation of Ni2+-V2−

O
 defects 

also changed the local symmetry of Ni2+ ions from octahedral to a square pyramid, 
thus lifting the degeneracy of the Ni2+ 3d orbitals. With the increase in the sinter-
ing temperature, lower-energy absorbing intraband states were also formed due to an 
excess of V2−

O
, being responsible for an add-on shoulder in the absorption edge, ex-

tending the light absorption curve to longer wavelengths and leading to an additional 
absorption in “all investigated” spectrum as well.
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Aliovalent transition-metal cations (Mn+) are thus intro-
duced into the B-site, being stabilized by the formation of 
oxygen vacancies (V2−

O
).

Among possible ferroelectric oxides that may be employed 
as visible light-absorbing materials, lead titanate (PbTiO3) is 
the prototype candidate.6,8 It presents a high tetragonality fac-
tor (c/a ≈ 1.063) and a sharp peak in dielectric permittivity 
at the Curie temperature.11 In PbTiO3, the highest occupied 
molecular orbital (HOMO) is localized around the O atom. 
Its 2p orbitals interact/overlap slightly with the 3d of Ti4+ 
and the 6s orbitals of Pb 6, while the lowest unoccupied mo-
lecular orbital (LUMO) lies around the Ti4+ and resembles 
3d states.

It was proposed that by substituting the B-site of PbTiO3 
with Ni2+, stabilized by an accompanying V

2−

O
, the intrin-

sic band gap may be lowered.6 Moreover, it was predicted 
that the introduction of Ni2+-V2−

O
 defect-pairs increases all 

cation displacements and, thus, increasing the spontaneous 
polarization.6 In comparison to undoped PbTiO3, the band 
gap narrowing is induced by the presence of Ni2+ in the elec-
tronic structure of both the HOMO and LUMO.6 The band 
gap tailoring in Pb(Ti,Ni)O3-δ was theoretically investigated 
introducing only Ni2+ ions substituting Ti4+ and creating the 
exact amount of V2−

O
 to form Ni2+-V2−

O
 defect-pairs to reach 

the electronic neutrality of the lattice.6,12 A discussion about 
the influence of V2−

O
 unbalance on the band gap of Pb(Ti,Ni)

O3-δ is still missing.
To promote a nominally charge-balancing in Pb(Ti,Ni)

O3-δ, an alternative is to introduce into the A-site ions with 
valence higher than the Pb2+, such as La3+. By suitable La3+ 
co-doping, the formation of V

2−

O
 could be theoretically in-

hibited, allowing, in principle, the investigation of the direct 
contribution of the Ni2+ ions in the band gap narrowing. 
However, from the ceramic processing point of view, oxygen 
vacancies can be still formed, due to the need of high sinter-
ing temperatures under long dwell times13,14 and due to their 
relative low formation energy.15

In this context, it was shown that by introducing V2−

O
 into 

the crystal lattice of some metal oxides, the light absorption 
could be tuned from the UV to the visible range due to for-
mation of localized defect states below the conduction band 
edge.16-18 These defect states are responsible for an add-on 
shoulder in the absorption edge, extending the light absorp-
tion curve to longer wavelengths, which is often called Urbach 
tail.19 The energy associated with the width of this tail is the 
Urbach energy.20,21 In this case, there is no true narrowing 
of the intrinsic band gap, but instead only an introduction of 
energy levels within the forbidden band due to shallow- and/
or deep-level states. Thus, the Urbach energy due to these 
defect states results only in an “apparent” intrinsic band gap 
narrowing. The ideal case occurs when doping narrows the 
intrinsic band gap.22 Therefore, V2−

O
 is one of the most im-

portant defects for the optical absorption properties.23,24

In this work, it is reported that the influence of the sin-
tering temperature on the physical properties of nominally 
charge-compensated (Pb0.8La0.2)(Ti0.9Ni0.1)O3 ceramics. The 
initial idea is to investigate separately the contribution of Ni2+ 
on the band gap narrowing in the (Pb0.8La0.2)(Ti0.9Ni0.1)O3, 
avoiding, a priori, the formation of V2−

O
 by La3+co-doping. 

Nevertheless, the experimental data revealed that all inves-
tigated physical properties had been modified by changing 
the sintering temperature. The results are discussed in terms 
of the generation of unavoidable defects and/or changes in 
the crystal structure introduced during the sintering, proba-
bly, due to a gradual formation and or migration of oxygen 
vacancies in the O6 octahedron.

2 |  EXPERIMENTAL PROCEDURE

Nominally charge-balanced (Pb0.8La0.2)(Ti0.9Ni0.1)O3 
(PLT-Ni) ceramics were prepared by the conventional 
mixed-oxide process. La3+ ions were introduced into the  
A-site to avoid the formation of oxygen vacancies due to the 
Ni2+ doping.

PbO (litharge), TiO2 (anatase), La2O3, and NiO (from 
Sigma-Aldrich, >99.0% purity) were used as precursor ma-
terials. The precursor powders were mixed in a ball milling 
for 3.0 h by using ethanol and ZrO2 balls. The mixed pow-
ders were calcined at 800°C for 3.5 h. The calcined powders 
were isostatically pressed under 250 MPa in disk shapes. The 
pressed green bodies were sintered under different sintering 
temperatures for a dwell time of 2.0 h at a heating rate of 5°C/
min. All samples were sintered in an alumina closed crucible 
in a saturated PbO atmosphere. The sintered samples were 
polished to a thickness of ~1.0 mm. Scanning electron mi-
croscopy (SEM) (FEI Company, Inspect S50) was employed 
for microstructural evaluations. Gold electrodes were sput-
tered on the samples. The structures of the ceramic pellets 
were characterized at room temperature by X-ray diffraction 
(Ultima IV, Rigaku) using Cu-Kα radiation and by the Rietveld 
method. The bulk densities of the sintered samples were de-
termined by the geometrical method. X-ray Photoelectron 
Spectroscopy (XPS) measurements of the sintered pellets 
were carried out in Scienta Omicron ESCA+spectrometer 
with monochromatic X-ray source Al-Kα (1486.7 eV, with a 
power of 280 W and a constant pass energy mode of 50 eV). 
The XPS high-resolution peaks were deconvoluted using a 
Pseudo-Voigt function after subtracting a Shirley background 
using CASA XPS software. The binding energies were mea-
sured about the C 1s peak at 284.8 eV.

Diffuse reflectance spectroscopy investigation was 
performed at room temperature by using a UV-VIS spec-
trophotometer (Shimadzu 2600) equipped with an integrat-
ing sphere. Dielectric characterizations were made using 
an HP 4194A in the heating of 2°C/min. Ferroelectric 
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hysteresis loops were measured at room temperature using 
a Sawyer Tower circuit with a 10  Hz sinusoidal wave. 
Thermal expansion measurements of the sintered pellets 
were performed using a NETZSCH 402 dilatometer. The 
measurements were done at the heating of 5°C/min in the 
atmosphere.

3 |  RESULTS AND DISCUSSION

Figure 1A shows the XRD patterns of the PLT-Ni ceramics 
sintered at different temperatures. Pure perovskite phases are 
seen in all sintered ceramics under investigation and there 
is no trace of any secondary phases indicating that the Ni 
amount has been successively dissolved into the PLT lattice. 
Moreover, all the observed peaks are indexed in tetragonal 
crystals systems which matched with standard ICSD60188 
of perovskite PbTiO3 ceramics.25 To investigate the effect 
of sintering temperature on the crystal structure of PLT-Ni 
ceramics, a fine XRD pattern of PLT-Ni sintered samples in 
the 2θ range of 44–47° are exhibited in Figure 1B. The XRD 
patterns in Figure 1A,B confirms that the PLT-Ni ceramics 
sintered at different temperatures show typically tetragonal 
crystal symmetry which can be proven by the splitting peaks 
of (002)/(200) and the presence of single (110) peak. Also, 
it is observed that the intensity of the (002) and (200) peaks 
tend to increase with increasing in sintering temperature. 
This fact suggests a rise in tetragonality factor (c/a) with in-
creasing sintering temperature.

Figure 1B shows the sintering temperature dependence of 
the geometric density of the ceramic bodies. It is seen that the 
bulk density increases with increasing the sintering tempera-
ture from 1100 up to 1250°C. For samples sintered at 1262°C 
(not shown here) secondary phase was detected and at higher 
temperatures, the samples melt. Some authors have modeled 
and experimentally found that grain-boundary diffusion and 
interface reaction are the dominating mechanisms involved 
in the densification process of PZT ceramics.26 Since the 
coarsening phenomenon was not observed in our samples 
(see discussions below), it is believed that such mechanisms 
were responsible for the densification process in the PLT-Ni 
system.

From the XRD data, analyzed through the Rietveld 
method, Figure 1B reveals that the tetragonality factor (c/a 
ratio) increases by increasing the sintering temperature. The 
maximum value reached for c/a was ≈1.0123, which is simi-
lar to that found for (Pb0.8La0.2)TiO3 ceramics.27,28 To further 
prove the crystal structure and lattice parameters estimation 
and analysis with sintering temperatures of PLT-Ni, XRD 
Rietveld refinements supported by Fullprof software are pre-
sented in Supporting Information (Figure S4).

The insets in Figure 1B show the pictures of the as-sin-
tered ceramic bodies as a function of the respective sintering 

temperature. The pictures reveal that the color of the sam-
ples changes from yellow-green, greenish pale color, green 
to finally become dark-green at higher temperatures. These 
pictures qualitatively reveal a remarkable influence of the 
sintering temperature on the optical proprieties. Changes 

F I G U R E  1  (A) XRD patterns of the (Pb0.8La0.2)(Ti0.9Ni0.1)
O3 ceramics sintered at different temperatures, and the right 
graph is the enlargement of the (002) and (200) peaks splitting. 
(B) Sintering temperature dependence of both the density and the 
c/a ratio of the ceramic bodies. Insets in B shows pictures of the 
as-sintered ceramic bodies, taken at room temperature, for the 
respective sintering temperatures [Color figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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in the optical properties, as observed here (color of the 
samples), have only been noticed by increasing the doping 
amount in the parent [KNbO3]1-x[BaNi1/2Nb1/2O3-δ]x ferro-
electric compositions.1,2

Figure S1a,b show the SEM images of the surface of the 
samples densified at 1100°C and 1250°C respectively. Both 
samples present a homogeneous microstructure. The sample 
sintered at low temperature (Figure S1a) reveals a smaller 
average grain size (~0.8 µm) than that densified at 1250°C 
(~2 µm).

Figure S2 shows the ferroelectric hysteresis loops for the 
samples sintered at 1100°C and 1250°C. The sample densi-
fied at 1250°C presents squarer hysteresis shape with higher 
polarization values than that sintered at 1100°C. This higher 
polarization is in agreement with the data from Figure 1B 
since higher c/a ratio results in higher polarization.29 The 
inset in Figure S2 highlights that the hysteresis for the sam-
ples sintered at 1100°C reveals a rounded-shape curve, typi-
cal of conductivity due to incomplete densification.30

Figure 2A,B depict the temperature and frequency depen-
dence of the dielectric permittivity of the PLT-Ni ceramics 
sintered at 1100°C and 1250°C, respectively. The sample 
sintered at higher temperatures presents higher values for 
ε′ and sharper peaks (around 150°C) on the dielectric curve 
than those observed for the sample sintered at 1100°C. These 
temperatures agree with those reported for the ferroelec-
tric-paraelectric phase transition for “pure” PLT20.27,28 The 
long-range ferroelectric order reflects in the sharp tempera-
ture dependence of the dielectric curve, while in relaxor-like 
ferroelectric the shorter-range order reflects in a broad di-
electric curve. Comparing these results with Figure 1B, it is 
noticed that higher is the c/a ratio, sharper are the dielectric 
peaks and more displacive is the ferroelectric-paraelectric 
(FE-PE) phase transition.

The results of thermal strain and thermal strain rate 
measurements for the PLT-Ni ceramics are shown in Figure 
3A,B, respectively. In Figure 3A, it is noticed that the sam-
ple sintered at the lowest temperature (1100°C) does not re-
veal a well-defined and abrupt/sharp minimum in the strain 
curve in the temperature region where the dielectric per-
mittivity presents a peak. Indeed, the strain curve presents 
a broad maximum, a typical shape found for diffuse phase 
transition in relaxor-like ferroelectrics.31,32 However, by 
increasing the sintering temperature, a more abrupt mini-
mum in the strain curves is noticed. For the sample sintered 
at 1250°C a clear minimum in the strain curve is seen at 
around 160°C (Figure 3B), characteristic of a more displa-
cive FE-PE phase-transition. Thus, in essence, the results 
in Figure 3 reveal that the nature of the ferroelectric phase 
transition for the PLT-Ni ceramics changes by increasing 
the sintering temperature. It is worth noting that sharper 
the dielectric peak curve (Figure 2), sharper is the thermal 
expansion rate curves (Figure 3).

Figure 4 shows the spectral dependence of the absorbance 
of the PLT-Ni ceramics. For the sake of comparison, the 
absorbance data for PbTiO3 is also shown. The absorbance 
spectrum for the sample sintered at 1100°C presents a rela-
tively sharp optical absorption edge around 550 nm. But by 
increasing the sintering temperature from 1100°C to 1250°C 
distinct behavior in the absorption spectra are gradually seen. 
First, intrinsic band gap energy presents an apparent redshift. 
Second, additional intra-band absorbing states, at lower ener-
gies, are created. These intra-band states would be responsi-
ble for the absorption increase in “all investigated” spectrum. 
Moreover, the absorption spectrum for the sample sintered at 
1250°C exhibits a more remarkable add-on shoulder around 
475 nm and a broader and diffused tail, which makes it im-
possible to determine precisely the band edge.33 Although 
subtle, such add-on shoulder can be also noticed in the ab-
sorption curve of the sample sintered at 1225°C.

F I G U R E  2  Temperature and frequency dependence of the real 
component of the dielectric permittivity of (Pb0.8La0.2)(Ti0.9Ni0.1)O3 
ceramics sintered at (A) 1100°C, and (B) 1250°C [Color figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Figure 5A–C show (A) the Tauc plot, (B) the Urbach plot 
and (C) the band gap energy for the direct transition (Eg) 
and the Urbach energy (Eu) for the sintered pellets. Figure 
5C shows that Eg decreases from 2.67 eV to 1.99 eV, while 
Eu increases with increasing the sintering temperature. The 

increase in the Urbach energy is attributed to an increase 
in the concentration of oxygen vacancies, with energies at 
the boundaries of the energy gap, resulting in an apparent 

F I G U R E  3  Thermal-strain measurements for the (Pb0.8La0.2)
(Ti0.9Ni0.1)O3 ceramics sintered at different temperatures. (A) 
thermal strain; (B) thermal strain rate [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  4  Spectral dependence of absorbance of the (Pb0.8La0.2)
(Ti0.9Ni0.1)O3 ceramics sintered at different temperatures. The 
absorbance spectrum for the pristine PbTiO3 is also shown [Color 
figure can be viewed at wileyonlinelibrary.com]

F I G U R E  5  (A) Tauc plot, (B) Urbach plot and (C) the band gap 
energy for direct transition (Eg) and the Urbach energy (Eu) for the 
sintered pellets [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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band gap decreasing.20,21 The Eu energy for the sample sin-
tered at 1250°C (Figure 5B) resulted in a meaningless value 
(3.98 eV) and, thus, it was not inserted in Figure 5C.

Apart from the absorption edge, the spectral curves of 
the PLT-Ni present also some interesting features. In Figure 
5A,B, it seems three peaks slightly dependent on the tem-
perature that is located at around 1.75, 1.52 and 1.11  eV. 
As discussed in previous work,34 and assuming a priori that 
such approach is valid for the PLT-Ni system, under strong 
enough perturbation, the degeneracies of the 3T
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tions. For the PLT-Ni, the unit cell distortion (c/a) is always 
higher than 1 and it increases with increasing the sintering 
temperature. Since the local symmetry can allow the Ni d-d  
transitions in the host lattice, it could be inferred that the 
transitions describe above could be associated with the inher-
ent lower symmetry on the PLT-Ni ceramics. Moreover, the 
gradual elongation of the octahedral cage (c/a ratio) would 
contribute to additional changes in the crystal field and, 
being responsible for the slight changes observed in the po-
sition of the peaks.

The results in Figures 1B, 4 and 5 show that is possible 
to tailor the optical absorption edge of (Pb0.8La0.2)(Ti0.9Ni0.1)
O3 ceramics by controlling the sintering temperature, still 
maintaining a macroscopic ferroelectric polarization. Similar 
behavior was also reported, but for a sample with a cubic 
structure on average.34

When compared to PbTiO3, the data from the absor-
bance curves of (Pb0.8La0.2)(Ti0.9Ni0.1)O3 revealed that, inde-
pendently of the sintering temperature, the substitution of Ti4+ 
by Ni2+ decreased the band gap, as theoretically predicted 
for Pb(Ti,Ni)O3-δ

6,8 and observed in some works.1,2,35-37  
Although our composition is nominally charged neutral, our 
data show that the replacement of Ti4+ by Ni2+ is the main 
contribution to narrow the band gap, in comparison to the 
parent PbTiO3.

From here, it prospects the possible mechanisms involved 
in the gradual changes of the absorption curve of (Pb0.8La0.2)
(Ti0.9Ni0.1)O3 activated by the sintering. It is stressed that 
the starting stoichiometry is the same for all nominally 
charge-balanced sintered pellets. However, it is necessary to 
take into account the introduction of unavoidable defects and/
or defects rearrangement into the lattice during the sintering 
to interpret these results.

As mentioned earlier, the introduction of oxygen vacan-
cies into the lattice may contribute to introduce sub-band 

defect states, which increase the absorption strength for 
lower energy radiation. These sub-band defect states lead to 
an apparent band gap narrowing, reflected in the appearance 
of an add-on shoulder on the edge of the absorption curve. 
Apparent intrinsic band gap narrowing exclusively due to 
the formation of V

2−

O
 in LiNbO3 was already reported.38 

To describe the changes in the optical properties of PLT-Ni 
samples; it is considered in this work that by increasing the 
sintering temperature the relative amount of V2−

O
 is increased 

due to oxygen volatilization and its ordering or redistribution 
in the lattice may also occur.15

To investigate the presence and evolution of V2−

O
 and the 

role of the other ions in the PLT-Ni, their surface electronic 
structures were investigated by XPS. Figure 6A,B show the 
Ni 2p and O 1 s XPS high-resolution spectra for the PLT-Ni 
samples sintered at 1100°C and 1250°C respectively. The 
XPS spectra of the Ti 2p, La 3d, Pb 4f are shown in Figure 
S3a,b. The XPS spectrum of the Pb, Ti, La, and Ni elements 
are quite similar for both samples, whereas the spectrum of O 
1s is significantly different.

Concerning the Ti 2p XPS spectrum, the first component, 
around 458  eV, is attributed to the Ti 2p3/2 peak, whereas 
the second one around 463  eV is ascribed to the Ti 2p1/2 
peak. The energy positions of both peaks coincide well with 
previous reports on different ferroelectric perovskites com-
pounds.39,40 The difference between Ti 2p3/2 and Ti 2p1/2 
spin-orbit splitting, which is around 5.5 eV, corresponds to 
Ti4+ oxidation state. As shown in Figure S3a,b, the Pb 4f 
XPS spectrum exhibits two components at approximately 
137.9 and 142.8 eV, which are related to the Pb 4f7/2 and Pb 
4f5/2 respectively. These peak positions correspond to Pb2+ 
presents in the material lattice.40 It is seen in Figure S3a,b 
that the binding energies of La 3d5/2 are between 834.2 and 
837.9 eV, confirming the existence of only La3+ ions.41 The 
energy difference between these peaks is about 4 eV, also in 
good agreement with the literature.

The XPS La 3d3/2 spectrum overlaps with the Ni 2p XPS 
spectrum, making it difficult to quantitatively analyze the 
nickel XPS spectrum. However, qualitatively, the nickel spec-
trum for both samples are very similar, which would indicate 
that there is no change in the oxidation state of nickel caused 
by the differences in the sintering conditions. The La 3d3/2 
and Ni 2p XPS spectra of both samples were deconvoluted in 
seven peaks corresponding to an overlapping of the La 3d3/2 
and Ni 2p3/2 and Ni 2p1/2 levels.

As discussed before, the O 1s spectra of PLT-Ni sam-
ples are quite different for the samples sintered at 1100°C 
and 1250°C. The O 1s XPS spectra for both samples 
were deconvoluted in three peaks ranging from 529.0 
to 532.2  eV. According to the literature,42,43 the peak O 
1s peak between 529.0 and 530.0 eV corresponds to the 
oxygen belonging to the sample network, while the O 1s 
peak located at approximately 531.0  eV was attributed 
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to oxygen vacancies. Therefore, the first peak located 
around 529.0 eV can be attributed to lattice oxygen in the 
PLT-Ni samples. According to XPS analysis, the amount 
of this oxygen specie is 52.8% for the sample sintered 
at 1100°C and 42.0% for the sample sintered at 1250°C, 
meaning that the lattice oxygen concentration decreased 
as the sintering temperature increased. The second peak 
situated around 530.8 eV is attributed to the existence of 
oxygen vacancies. In this case, our results show the pres-
ence of 31.0% and 42.0% of this specie for the 1100°C 
and 1250°C samples, respectively, indicating that the 
number of oxygen vacancies increased as the sintering 
temperature increased. The third peak, located around 
532.2 eV, has been attributed to adsorbed oxygen, which 
amount was determined as equal to 16.2% and 19.3% for 
the 1100°C and 1250°C samples. In summary, the XPS 
results show a decrease in the amount of lattice oxygen 
(an increase of V2−

O
), in the samples as the sintering tem-

perature increases.
The component of the lower binding energy (O1) is at-

tributed to O2− ions in the PLT structure and the component 
of higher binding energy (O2) are attributed to O2− in ox-
ygen-deficient regions in the PLT matrix. Moreover, this 
component (O2) is thought to be associated with the oxy-
gen vacancy concentrations (VO), ie the variation in the O2/
O1 ratio is related to changes in VO concentrating.44 In our 
study, the O2/O1 ratio was found to be around 0.6 and 1.0 
for the samples sintered at 1100°C and 1250°C respectively. 
The XPS result indicates that the concentration of oxygen va-
cancy increases with increase the sintering temperature and 
that reflects in the color change of the sintered pellets and the 

band gap decreasing with increases the absorption intensity 
in the visible region. Therefore, as inferred earlier, oxygen 
vacancies are the unavoidable defects introduced into the lat-
tice during the sintering.

Following theoretical works,6,8,12 the defect-pairs 
Ni2+-O and Ni2+-V2−

O
 would be responsible for new HOMO 

and LUMO states and, thus by a true intrinsic band gap 
narrowing up to the saturation of the formation of Ni2+-V2−

O
 

defect-pairs. Nevertheless, it is believed that the excess of 
V

2−

O
, formed at higher sintering temperatures (1225°C and 

1250°C), would be responsible for the creation of sub-band 
defect states and, consequently, an absorption increases 
in “all investigated” spectrum with increasing the sinter-
ing temperature. In more detail, by doping with Ni2+ the 
intrinsic bang gap is truly narrowed due to the more co-
valent nature of the Ni2+-O bonding. The removal of oxy-
gen ions from the O6 octahedral cage during the sintering 
reduces the coordination number of the Ni2+ ions to five, 
also changing the bonding geometry from octahedral to a 
square pyramidal. In comparison with O6 octahedral cage, 
such change lifts the degeneracy of the Ni2+ 3dz

2 and 3dx
2

–

y
2 orbitals. The 3dx

2
–y

2 and 3dz
2 rise toward the top of va-

lence band thus, also contributing to the intrinsic band gap 
narrowing.35,45

More importantly, by continuously increasing the sin-
tering temperature, after the saturation of the formation 
of the Ni2+-V2−

O
 defect-pairs (that means one V2−

O
 for each 

Ni2+ ion), the additional amount of V2−

O
 introduces energy 

levels within the forbidden band (sub-band states), thus 
increasing the absorption at lowers energies. This absorp-
tion is reflected in the appearance of add-on shoulders in 

F I G U R E  6  X-ray Photoelectron 
Spectroscopy spectra of (Pb0.8La0.2)
(Ti0.9Ni0.1)O3 ceramics sintered at (A) 
1100°C, and (B) 1250°C [Color figure can 
be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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the edge of the absorption curve for the samples sintered 
mainly at 1225°C and 1250°C.

In summary, it is believed that the changes in the 
optical absorption curve of the (Pb0.8La0.2)(Ti0.9Ni0.1)
O3 ceramics results from the intrinsic band gap nar-
rowing, related to both Ni2+-O and Ni2+-V2−

O
 bonding 

defects that are the dominant defects for the samples 
sintered at lower temperatures. For the samples sin-
tered at higher temperatures, besides the intrinsic 
bag gap narrowing, sub-band states are also intro-
duced due to the formation of additional and unavoid-
able V

2−

O
. Adopting a schematic picture used by Liu 

and Wu,46 Figure 7A,B are tentative schemes for the 
modification of the band structures of PLT-Ni. Figure 
7A depicts a schematic band structure and the optical 
absorption curve of the parent PbTiO3; in Figure 7B 
it is illustrated the red-shift of the absorption curve 
due to a true band gap narrowing due to the Ni2+-V2−

O
 

defect-pairs and; finally, Figure 7C represents the ab-
sorption curve with an add-on shoulder due to the ex-
cess of V2−

O
, thus extending the light absorption curve 

to longer wavelengths.
Besides the optical properties, the focus of this work, it is 

also highlighted that the sintering temperature modified the 
character of the ferroelectric phase transition from diffuse to 
a sharper one, as observed in the dielectric and the thermal 
expansion measurements (Figures 3 and 4). We believe that 
these results also support our hypothesis about the formation 
of the extra amount of V2−

O
 due to the sintering and the estab-

lishment of a spontaneous polarization below the phase tran-
sition temperature. Indeed, density functional theory predicts 
that V2−

O
 associated with Ni2+ gives rise to significant dis-

tortions of the remaining O cage.6 This increases all cation 
displacements, leading to a higher polarization compared to 

the parent host, as verified in Figures 1B and 2. The increase 
in the c/a ratio may be associated with a more covalent bond 
of the Ni2+-O and Ni2+-V2−

O
 defects, compared to the Ti-O 

bonds, increasing the displacive nature of the ferroelectric 
phase transition.

4 |  CONCLUSION

In this work, it was shown that the bang gap energy of 
(Pb0.8La0.2)(Ti0.9Ni0.1)O3 ceramics can be tailored by the 
sintering temperature. The band gap was reduced from ap-
proximately 2.67 to 1.99  eV by increasing the sintering 
temperature from 1100°C to 1250°C. It was inferred that 
the formation of V2−

O
 and their ordering in the lattice dur-

ing the sintering can explain such changes in the optical 
properties. By assuming this hypothesis, the optical prop-
erties, related to the band gap narrowing, can be associated 
with optical transitions due to the lift of the degeneracy of 
the Ni2+ 3dz

2 and 3dx
2

–y
2 orbitals, and to a change of the 

O6 octahedral cage, from octahedral to a square pyramid. 
Additional unavoidable V

2−

O
, formed during the sintering 

process, were responsible for additional lower-energy ab-
sorbing states.
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