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In this work, the influence of the chlorine ions in the optical and structural properties of hafnium oxide
(HfO2) doped with europium (Eu3þ) and terbium (Tb3þ) are reported. The synthesis was conducted by
hydrothermal route at a temperature of 200 °C, with a reaction time of 80 min and a concentration of
3 mol% of both dopants, in relation to hafnium in solution. In order to study the influence of acidity on
the kinetics of reaction, the pH of the precursor solution was varied in the range of pH¼4 to pH¼12. X-
ray powder diffraction patterns showed that the materials crystallized better under alkaline conditions
with pH¼11, noting a better crystallinity in the material doped with Eu3þshowed a better crystallinity
that Tb3þ ions. The characteristic rhombohedral microstructure of HfO2 in the monoclinic phase was
observed in alkaline media. Photoluminescent spectra showed the characteristic peaks of the emissions
for both Eu an Tb dopants, where the intensity of the luminescent emission increases by decreasing the
concentration of chlorine ions. On the other hand, it was found that radiative life kinetics of the dopant is
related to the kinetics of crystallization, and therefore, to the acidity of the precursor solution.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

In the last decades, the development of the different technological
areas is closely related to the design and production of new materials.
Among these, the luminescent materials have aroused great interest,
due to the great breadth of potential applications, the most important
include the development of scintillators materials [1], lamps of high
efficiency lighting emitting white, as well as different types of lumi-
nescent flat screen [2], light emitting diodes (LEDs) [3], dosimetry
materials to the UV region [4], likewise in materials for imaging
diagnosis of high resolution [5] and molecular markers [6], among
others. One of the groups of materials which have attracted more
interest are those based on metal oxides, due to the physicochemical
properties that possess, as its wide band gap and low phononic fre-
quencies [7]. Among them, the hafnium oxide (HfO2) is an excellent
candidate for its optical properties such as a high index of refraction
and hardness, the tetragonal phase is comparable with diamond [8],
additionally a high density of about 10 g/cm3. The high density and
s).
atomic numbers of its components made of HfO2 an excellent candi-
date as scintillator material [1] even in the detection of X-rays and
gamma radiation [9]. Depending on the temperature of synthesis,
hafnium oxide presents several polymorphs. Thermodynamically, the
more stable phase at room conditions is the monoclinic (P21/C), while
the tetragonal (P42/nmc) and cubic (Fm3m) phases stabilize at tem-
peratures above 1700–2700 °C, respectively [10,11]. The wide band
gap of the HfO2 (�5.68 eV) and low phonon frequencies makes it
transparent in a extensive range of the electromagnetic spectrum,
from ultraviolet to mid-infrared and appropriate to be doped with
lanthanides ions (Ln3þ) [12,13]. One of the most important properties
of the compounds doped with Ln3þ ions is the narrow bands of
emission and absorption, due to the intraconfigurational transitions
4f-4f; resulting that the doped materials with Ln3þ ions possess a
high purity of color [4]. The Eu3þ is a trivalent ion that presents
emission bands centered in 580 nm, 592 nm, 612 nm, 656 nm and
701 nm, which correspond to the transitions 5D0-

7FJ. (J¼0–4), while
trivalent ion Tb3þ has emission bands centered in 489 nm, 543 nm,
584 nm and 622 nm, which corresponding to the transitions 5D4-

7FJ
(J¼3–6) [14].

There are various methods of synthesis for the production of
nanostructured metal oxides, which include chemical synthesis,
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sol–gel, co-precipitation, the solvothermal route, among others. The
hydrothermal route is an efficient and economic method allowing to
control the morphology, size and crystalline phase of particles by
adjusting parameters such as temperature, pressure, processing time,
concentration and acidity (pH) of the precursor solutions [15]. This last
parameter is of particular interest, because many reports indicate that
there is a close relationship between the acidity of the precursor
solution and kinetics of crystallinity of the HfO2 [10,16]. Given that,
different methodologies for the synthesis of luminescent materials
have been focused on the use of metal salts as precursors; the inclu-
sion of chlorine ions within the matrix is almost inevitable. The
modification of some optical properties, has been reported when the
chlorine ions are incorporated into the matrix, for example, the
emergence of new lines of emission [17], or the increase in the
intensity of emission luminescent [18,19]. However, the role played
within the luminescent emission has not been widely studied. This
work focuses on the effect of the acidity of precursor solutions and the
addition of chloride ions in the optical and structural properties of the
HfO2 doped with Tb3þ and Eu3þ ions.
2. Experimental procedure

The synthesis of the HfO2 doped with Ln3þ ions (Tb3þ , Eu3þ), was
conducted by hydrothermal route [15,16]. An aqueous solution HfCl4
0.04 M (Alfa Aesar 99.9%) was elaborated using deionized water as a
solvent; aliquots of 10 ml were taken for each sample. Also prepared
solutions of XCl3 �6H2O (X¼Tb, Eu) to 0.008 Mwere elaborated; taken
aliquot of 3 ml, which were added to each sample in order to have a
3 mol% of the dopant regarding the hafnium concentration in solution.
Later 8 ml of deionized water were added to obtain a final volume of
20 ml. To adjust the acidity of the precursor solution in the interval of
pH¼4 to pH¼12, a 2 M solution of NaOHwas used, which was added
drop by drop [4,15]. From an acidity of pH¼5, was observed the for-
mation of a white precipitate; this suspension remained under con-
stant stirring for 15 min and was subsequently introduced in an
HfO2:Tb3+ pH9
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Fig. 1. X-ray diffraction patterns of (a) HfO2:Tb3þ; (b) HfO2:Eu
ultrasonic bath for 15 min. Immediately after was placed on a teflon
container, inside of stainless steel autoclave with capacity of 30 ml,
and subjected to hydrothermal treatment at temperature of 200 °C,
under autogenous pressure with a reaction time of 80 min. The
powder obtained was washed with deionized water and dried at room
temperature for 24 h [4]. The structural analysis was carried by X-ray
diffraction (XRD) using a diffractometer D8-Advance-Bruker, with a
wavelength of radiation of 1.5406 Å (Cu Kα), steps of 0.05° and 0.5 s
per step. The morphology of synthesized material was analyzed by
mean of a ZEISS SUPRA 55VP, field emission scanning electron
microscope (FESEM), using the secondary electrons detector. The
elements present in the samples were determined by energy dis-
persive spectroscopy (EDS) using a silicon–lithium X-ray detector
brand Oxford model Pentafet. Radiative mean lifetimes were obtained
by fluorescence microscopy using a tunable laser EKSPLA NT-342/2/
UVE with 27 mJ power as excitation source. Finally, the spectra of
emission Photoluminescence (PL), were obtained using a spectro-
fluorimeter Flouro Max-P Jobin Yvon Horiba, with a continuous
emission of 150W xenon lamp. All characterization experiments were
conducted at room temperature.
3. Results and analysis

Fig. 1 shows the X-ray diffraction patterns of (a) HfO2:Tb3þand
(b) HfO2:Eu3þ , as a function of the pH in the precursor solution. The
XRD analysis shows that in both cases an amorphous phase is
obtained, for alkalinity values less of pH¼10. However, for alkalinity
higher values, it is possible to observe that, in addition to the amor-
phous phase, appear the diffraction peaks of monoclinic phase of
hafnium oxide (PDF-34-0104). At values higher than pH¼11, both
materials exhibit diffraction peaks of the monoclinic phase, however,
the HfO2:Tb3þ presents diffraction peaks wider, indicating a lower
crystal size with respect to HfO2:Eu3þ . From the diffraction pattern of
HfO2:Tb3þ(Fig. 1a) was possible to estimate the size of crystals by
means of the Scherrer equation [20], obtaining an approximate value
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of 45 nm. From these results, it could be thought that a better crys-
tallinity is obtained when the HfO2 is doped with Eu3þ than the
obtained when is dopant with Tb3þ , for the same values of acidity.
This behavior could be attributed to the difference in the disturbance
of the lattice generated by both ions. Although Eu3þ ion (0.95 Å) is
larger than the Tb3þ ion (0.93 Å), the latter seems to have a minor
influence on the crystallization of the matrix. This could be due to fact
that the distance between europium and its neighbor oxygen (Eu–
OE2.23 Å) is more consistent with the average distance between
hafnium and its neighboring oxygen (Hf–OE2.15 Å), than which has
terbium (Tb–OE2.43 Å) [21–23] which, being greater, could generate
a greater distortion in the crystal lattice, inhibiting crystallinity.

Fig. 2a shows the high-resolution scanning micrograph of particles
of HfO2 doped with 3 mol% Tb3þ , synthesized a pH¼12 in the pre-
cursor solution. In the image, it is possible to observe small formations
like fibers and spherical shapes with a narrow size distribution. Their
rounded shores without well-defined edges, could indicate a low
degree of crystallinity of the material, which coincides with the
information obtained by X-ray diffraction. Similarly, were obtained
micrographs of FESEM of nanoparticles of HfO2 doped with 3 mol%
Eu3þ to a pH¼12 in the precursor solution (Fig. 2b). The image shows
Fig. 2. FESEM micrographs of (a) HfO2:Tb3þ and (b) HfO2: Eu3þ , synthesized to
pH¼12.
the formation of particles with a relatively wide distribution of sizes,
from �20 nm up to �110 nm with oval morphology, although it is
also possible to observe some particles with prismatic form typical of
monoclinic crystals [15]. The contrasting difference in morphology
among both samples, suggests that the kinetics of crystallization is
affected by the type of dopant, even though they are chemically
similar and the difference between their ionic radios it is just of
�0.02 Å.

Table 1 shows the results obtained by EDS, of elements present in
the samples of HfO2 doped with Tb3þ (left) and Eu3þ (right), syn-
thesized to different degrees of alkalinity in the precursor solution. In
both cases it can be seen that the values of oxygen (O), hafnium (Hf),
terbium (Tb) and europium (Eu) show little variation with respect to
acidity in the precursor solution; however, it is appreciated that stoi-
chiometry relation (O/Hf) is above expectations, could be due to the
presence of water molecules trapped in the material due to the high
pressure that is exposed during the hydrothermal process [4]. Also, in
both cases, the presence of chlorine ions (Cl) was observed, whose
concentration had a gradual reduction with increasing alkalinity of
solutions. It has been proposed that the incorporation of chlorine ions
can be performed by replacing the oxygen in the crystalline lattice
[18]. According to the EDS obtained values, seemingly the Tb3þ and
Eu3þ ions are not easily incorporated into the matrix when alkalinity
is below pH¼6.

Fig. 3 shows the PL emission spectra of HfO2:Tb3þ , at different
pH levels of the precursor solution, using λex¼256 nm as wave-
length of excitation. The spectra show the characteristic emission
lines of the Tb3þ transitions; there are four main peaks centered
489 nm, 543 nm, 584 nm and 622 nm that correspond to the
transitions 5D4-

7FJ (J¼6, 5, 4, 3) respectively, being 7F5 (543 nm)
transition of greater intensity and which gives the color green,
typical of the Tb3þ . An interesting behavior can be observed, since
the emission intensity increases of gradual and phased manner in
four blocks defined in function of the increase in alkalinity from
precursor solutions, (a, b), (c, d, e), (f, g), (h, i). This behavior could
be attributed to the fact that, in the hydrothermal condensation
process, the formation of hydroxides is the initial state of the
process and these are the precursors of the reaction products, i.e.,
of synthesized oxides. This condensation process is related to the
acidity of the solution, which determines the relationship between
the number of protons and the number of hydroxides; thereby, the
greater the amount of hydroxide in the reaction, the lower the
luminescence intensity of condensate, which could explain the
behavior observed in the luminescent emission curves. The inset
on this figure shows the PL excitation spectrum of the HfO2 doped
with Tb3þ , at pH¼12 in the precursor solution. The spectrum was
obtained using the main emission line centered on 543 nm. It is
possible to observe lines of absorption characteristics of trivalent
Table 1
Elements present in (a) HfO2:Tb3þand (b) HfO2:Eu3þ , as a function of precursor
solution alkalinity.

(a) (b)

Acidity Concentration (At%) Tb3þ Concentration (At%) Eu3þ

pH O Hf Tb Cl O Hf Eu Cl

4 74.3 21.28 0 4.42 70.16 24.03 0 5.81
5 73.85 21.25 0 4.90 71.47 24.1 0 4.43
6 76.07 20.65 0.55 2.73 71.96 24.74 0.26 3.04
7 75.09 22.34 0.39 2.18 74.19 23.02 0.51 2.28
8 76.12 21.23 0.49 2.16 74.8 24.28 0.92 0
9 77.44 21.49 0.64 0.43 75.45 23.73 0.82 0

10 77.59 21.33 0.83 0.25 79.64 19.86 0.50 0
11 78.01 21.63 0.36 0 71.22 27.99 0.79 0
12 77.13 23.27 0.63 0 72.23 26.85 0.92 0



Fig. 3. PL emission spectrum of HfO2:Tb3þ , at different solutions acidity, using an
excitation of λ¼256 nm. In the inset, the excitation spectrum of HfO2:Tb3þ at pH12,
using the emission line 7F5 (542 nm). (For interpretation of the references to color
in this figure, the reader is referred to the web version of this article.)

Fig. 4. PL emission spectrum of HfO2:Eu3þ , at different solutions acidity, using an
excitation of λ¼395 nm. In the inset, the excitation spectrum of HfO2:Eu3þ at pH12,
using the emission line 7F2 (612 nm).

Fig. 5. Relationship between the PL emission intensity and the concentration of
chloride ions in HfO2:Tb3þ , as a function of the alkalinity of the precursor solution.
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terbium above 280 nm, corresponding to the 5D2 and 5L10 levels
[14]. It can also be seen a broad band in the range between
�230 nm and �280 nm, centered on 256 nm, which is direc-
tly related to 4f–5d transitions of the optically active ions [24].
The comparison between the PL intensities emission of HfO2:
Tb3þusing the line 5L10 (379 nm) and the wavelength associated
with the 4f–5d transitions (256 nm), showed that the latter pre-
sents a better optical response, so this wave length was used to
carry out all the PL emission spectra of HfO2:Tb3þ . Fig. 4 shows the
PL emission spectra of HfO2:Eu3þ , synthesized at different acidity
levels of the precursor solution, using λex¼395 nm as excitation
wavelength. The emission spectra show emission lines character-
istic of the electronic transitions of Eu3þ ion, corresponding to the
transitions 5D0-

7FJ (J¼0, 1, 2, 3, 4), centered at 580 nm, 592 nm,
615 nm, 652 nm and 702 nm respectively, being the line corre-
sponding to transition 7F2 (615 nm) of greater intensity, which
gives the red color, characteristic of the emission in the Eu3þ . The
behavior in the 7F2 emission line indicates that the intensity
increases gradually until reaching a maximum around the pH¼10,
fromwhich, the emission decreases. This behavior might suggest a
change in the local symmetry around the ion, occupying these
positions of higher symmetry, which could result in a decrease of
the emission intensity.

The inset shows the corresponding excitation spectrum of HfO2:
Eu3þ , using a wavelength of 612 nm. Above the 300 nm appear the
absorption lines of trivalent europium 5DJ (J¼4, 3), and below this
value the band associated with the charge transfer transition between
the O2� and optically active ions [13,25,26]. Unlike the case where we
used the Tb3þ as dopant, in the case of the Eu3þ there is an important
difference between the intensities of these bands, being the absorp-
tion lines belonging to impurity, higher intensity, whose maximum
corresponds to the level 5D3 (395 nm); so this wavelength was used to
obtain all the emission spectra of the samples doped with Eu3þ . Fig. 5
shows the luminescent emission intensity and the percentage of
chlorine as a function of pH in the samples doped with Tb3þ , refer-
ence using the most intense transition (5D4-

7F5). This graph shows a
clearly dependency between the luminescence intensity and the
concentration of chlorine ions. It is possible to observe an increase in
emission as the concentration of chlorine ions decreases. On the other
hand, Fig. 6 shows the luminescent emission intensity and the per-
centage of chlorine containing as a function of pH in the samples
doped with Eu3þ , for the 5D0-

7F2 transition. Even though it is not as
clear as in the case of the Tb3þ , it can be seen a similar behavior, i.e.,
the intensity increases at smaller concentrations of chloride ions. From
our point of view, this behavior is related to the use of the sodium
hydroxide (NaOH) for adjust the pH of the precursor solution; since
the reaction of sodium hydroxide with salts of starting to give rise to
the formation of M OHð Þ7Z

N (M¼Hf, Tb, Eu) complexes, besides of
sodium chloride (NaCl). Thus the greater the aggregate amount of
NaOH solution, the lower the amount of chlorine in the sample, as can
be seen in Figs. 5 and 6; however this create a greater amount of
Hf OHð Þ7Z

N complexes, as discussed above, these complexes are the
precursors of oxide hafnium in the hydrothermal process, which could
lead to an increase in the kinetics of crystallization. Having a more
crystalline material allows a better distribution of the optically active
ions on thematerial through the crystalline lattice, resulting in a better
luminescent emission. It is worth noting that the intersection of curves
of luminescent intensity with the percentage of chlorine in Fig. 6,
takes place approximately at pH¼7, i.e. when the number of ions
hydronium (H3Oþ) is almost the same as the number of ions hydroxyl
(OH�) in the solution.

The radiative lifetimes of both dopants, Tb3þand Eu3þ were
determined using the main emission of each ion. In the case of ter-
bium, the analysis was conducted from 5D4 to 7F5 transition centered
in 543 nm, using an excitation wavelength of λex¼489 nm. Fig. 7
shows the decay curves to Tb3þ , the curves were fitted with an



Fig. 6. Relationship between the PL emission intensity and the concentration of
chlorine ions in HfO2:Eu3þ , as a function of the alkalinity of the precursor solution.

Fig. 7. Emission decay curves of the Tb3þ ion. Inset shows the radiative lifetime
time from 5D4 to 7F5 transition, as a function of the alkalinity of the precursor
solution.

Fig. 8. Emission decay curves of the Eu3þ ion. Inset shows the radiative lifetime time
from 5D0 to 7F2 transition, as a function of the alkalinity of the precursor solution.
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exponential decay function (Eq. (1)).

I tð Þ ¼ Ae� t=τ ð1Þ
where I(t) is the intensity, A is a constant, t is the time and τ is the
radiative lifetime. The behavior of τ as a function of pH is seen in the
inset. The highest values are in �1.07 ms for the sample synthesized
to pH¼12 and �1.1 ms for the sample synthesized to pH¼4. The
lowest radiative life was 0.87 ms, obtained at neutral pH. The highest
values for τ is found high levels of acidity and alkalinity, which sug-
gests that this behavior could be related to the kinetics of the reaction,
due that is obtained a less crystallinity of HfO2 at neutral pH [16],
being able to modify the symmetry around the ion and therefore the
radiative lifetime.

The radiative lifetime time for the europium ion was deter-
mined from 5D0 to 7F2 transition centered on 614 nm, using an
excitation wavelength of 532 nm. Fig. 8 shows the kinetics of the
decay curves observed from the hafnium oxide doped with euro-
pium. These curves show a slightly deviations from an exponential
tendency which suggests the existence of mechanisms of multi-
polar interaction. Here we use the adjustment proposed by Ino-
kuti–Hirayama (Eq. (2)) [27], which takes into account the nature
of the transition.

I tð Þ ¼ I 0ð Þe � t=τð Þ� Q t=τð Þ3=S
� �� �

ð2Þ

where I is the spectral intensity, Q involves the acceptor–donator
concentration as well as the probability of energy transfer in addition
theΓ function, while S factor involves the nature of the transition, and
can take values of 6 (dipole–dipole), 8 (dipole–quadrupole), 10
(quadrupole–quadrupole) [28]; the best fitting was obtained with the
factor S¼6. Inset shows the behavior of τ as a function of pH, being
observed a shortest decay time at neutral pH environment besides of
an increase in τ when alkaline values increases. The lifetime time of
this ion takes values of �350 μs at pH¼8 and a near maximum of
�490 μs to pH¼12, i.e. three orders of magnitude lower than those
obtained for the Tb3þ ion. The behavior of the maxima and minima in
the radiative lifetime of the Eu3þ is similar to that found for the Tb3þ ,
and also indicates a possible dependence of this with the local sym-
metry and the kinetics of the reaction of the HfO2.
4. Conclusions

The analysis of data obtained, suggest the existence of a close
relationship between the acidity of the precursor solution and the
structural and luminescent properties of the HfO2:Ln3þ . By increasing
the alkalinity in the precursor solution, is notorious an increase in the
kinetics of the reaction, thus promoting a better crystallinity; however,
this increase is not the same for both ions, the X-ray diffraction pat-
terns and SEM micrographs show that the material doped with Eu3þ

ions presents greater reaction kinetics, resulting in larger and more
defined crystals. Equally clearly, the correlation between the intensity
of luminescent emission with the concentration of chlorine ions,
which in turn is closely related to the pH of the precursor solution,
being the Tb3þ ion the most affected by the inhibitory effect of
chloride ions, as far as we know, this is one of the few works that
attempt to clarify this behavior. On the other hand, although the decay
kinetics behavior is similar for both ions, only europium presents a
multipolar interaction.
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