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Raman spectra equipment with different wavelengths (532 and 785 nm) was used for investigation of derivatives
based on strontium zirconate. A number of reflexes independent of the laser wavelength are identified as the
structure related. Sr—O vibration observed at 93cm~! is previously discussed in detail in the literature and

it is generally accepted that it realizes at the smallest wave numbers. The presence of the 59 cm

~! structure

band is shown at first time. It is interpreted as manifestation of vibration of a heavy cation in the strontium
position (Lug;)—O. Reflexes that depend on the laser wavelength are considered as related to luminescence. It
was evidenced an oxygen vacancies self-manifestation by luminescence using the dependence of line intensity on
material composition. It was first time observed for materials with perovskite structure in this study.
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1. Introduction

Perovskite-structure oxides are actively studied since
1980s, when Ivahara et al. detected proton conductivity
in acceptor doped strontium cerates at the high tempe-
ratures (> 600°C) [1-4]. After that, the proton transfer
capability was also detected in other perovskite-structure
oxides and derivatives thereof [5-15]. The high-temperature
proton electrolytes are of interest due to high-efficient
electrochemical systems for generation of electrical energy,
hydrogen production, gas analysis, etc., to be created based
thereon [16-19]. High proton conductivity is typical for
perovskites based on barium and strontium cerates, but
they are subject to fast degradation due to formation of
hydroxides and carbonates when interacting with water
vapor and carbon dioxide in the atmosphere [6,8,20-22].
Besides, cerates have significant electron conductivity,
thereby resulting in reduced Faraday efficiency of the
electrochemical processes [23]. Unlike cerates, zirconates of
alkaline earth elements are characterized by hich chemical
stability as well as high ion transfer numbers [24-29], which
is necessary for application in the electrochemical systems;
but conductivity of zirconates is not high. In this regard,
the capabilities are still searched for improving ion conduc-
tivity of zirconates, including by acceptor doping, varying
cation stoichiometry, creating composites/nanocomposites,
ete. [7,8,24-27,29-35]. All these approaches are aimed at
changing a defect structure of the crystals, which defines the
ion conductivity. For deeper understanding the mechanisms
of ,tuning” the transport properties, it is highly important
to study a local structure of zirconates.
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There are not so many methods of short-range order
research, and some of them are not readily available [36].
The most common method for studying the local structure
is vibrational spectroscopy. FEarlier, based on analysis of
Raman scattering (RS) spectra of the series of the samples
SI‘XZI‘O3_5 and erZr0,95Y0,05O3_5 (X 20.94—1.00), we
have established that strontium deficiency promoted filling
the strontium position by dopant cations [37]. The cations
of yttrium, strontium and zirconium have similar weights,
thereby making it impossible to apply other methods,
for example, X-ray diffraction, for solving this task. The
presence of the defects Ys; (Ys; designates a substitution
defect — yttrium cation in the strontium position) is proved
by a broadened line 93 cm~!, which corresponds to the
Sr—O valence vibration. If our developed representations
are true, then introduction of a more bulky cation M
into strontium zirconate as a dopant will result not in
the broadened line corresponding to the Sr—O valence
vibration, bur rather to appearance of an additional band
due to the Mg, —O vibration.

Exemplified by oxides with a fluorite structure, the
studies [38-40] have shown that RS spectroscopy enabled
detecting luminescence of oxygen vacancies, which are
a principal intrinsic property of oxide solid electrolytes.
Such studies are not known for the perovskite-structure
materials, so the present study will be aimed thereat. The
studies were on the lutetium-doped strontium zirconate
samples SrZr;_xLuxO3_5 (x = 0.03—0.10) and the solid
solutions  SrxZrp.95Ybp.0sO3—s (X = 0.94—1.00), which
contain ytterbium, whose production and certification are
described earlier [33,35].
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2. Experimental part

The production and certification of the lutetium-doped
strontium zirconate samples SrZri_xLuyOs3_;s are detailed
in [35]. The powders SrZr;_xLuxOs_s (x =0.03, 0.05,
0.07, 0.10) (hereinafter referred to as Lu3—Lu10) have been
synthesized by a chemical solution method from precursors
SrCO;3;, ZrO(NOs), - HyO and LuyOs, which have purity
of 99.9%. The calculate amounts of the powders SrCOj3
and Lu,O3 were introduced into the aqueous solution of
zirconyl nitrate and slowly heated to obtain a transparent
solution. Then, a complexing agent — citric acid, was
introduced, so was glycine as fuel. The molar ratio of the
ions of the metals, glycine and citric acid was 2:2: 1. The
mixture was evaporated at the temperature of 90°C with
periodic stirring until self-ignition. The obtained powder
was being synthesized at 1300°C for 2h, then ground and
pressed in tablets at the pressure of 300 MPa and baked
at 1650°C for 5h. The samples have been investigated
by the methods of X-ray diffraction, electron microscopy
and energy-dispersive X-ray microanalysis to show that at
the lutetium content of 3 mol.% a single-phase sample with
the rhombic structure SrZrO; was obtained, while at the
higher dopant concentrations the impurity phase with the
high content of lutetium appeared.

Production and certification of the ytterbium-doped
strontium zirconate samples SrxZro 95Ybg 0sO3_5 (X = 0.94,
0.96, 0.98, 1.00) (hereinafter referred to as Sr94—Sr100)
are described in [33]. The precursors ZrO(NO3), - 2H,O0,
Yb(NOs3); - nH,0 and SrCO; were used for the synthesis
by the chemical solution method. First, individual solutions
were prepared: zirconyl nitrate in distilled water and
ytterbium nitrate hydrate in ethanol, then the solutions
were merged and the powder SrCO; in a calculated ratio
was added. Glycine and citric acid were introduced into
the obtained mixture (the ratio of the ions of the metals,
glycine and citric acid 2:2:1). The solution was held at
the temperature of 90°C with periodic stirring until self-
ignition. The obtained powder was annealed at 1200°C
for 2h, then ground, pressed in tables and baked at the
temperature of 1600°C for 1 h. The samples were certified
by the methods of X-ray diffraction, electron microscopy
and energy-dispersive X-ray microanalysis. As a result, it
has been established that the samples Sr96—Sr100 are of
a single phase and have the rhombic structure, while the
sample Sr94 exhibits the impurity phase based on zirconium
dioxide.

Purity of the reagents Luy,O3 and Yb(NO3)s; - nH,O was
monitored by the method of atom-emission spectrometry
with inductively coupled plasma by means of the instrument
Optima 4300 DV produced by PerkinElmer (USA). The
results are shown in Tables 1 and 2.

For the lutetium oxide, attention is paid to impurities
of gadolinium and ytterbium (Table 1). Although their
concentration is low, but since sensitivity of the optical
methods to radiation recording is high, below we can see
small-intensity ytterbium lines. The gadolinium cation has
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Table 1. Results of determination of the cation composition
of Lu,O3 by the method of atom-emission spectrometry with
inductively coupled plasma

Element wt%
1 Lu 83.17
2 Gd 0.053
3 Yb 0.0082
4 Si 0.043

Table 2. Results of determination of the cation composition of
Yb(NOs3)3 - nH,O by the method of atom-emission spectrometry
with inductively coupled plasma

Element wt%
1 Yb 87.88
2 Ca 0.022
3 Fe 0.003
4 Mn 0.0005
5 Ni 0.0011
6 Si 0.052
7 Zr 0.0045

no active line within an area of the studied conditions. For
the ytterbium oxide, the detected impurities are not optically
active in the conditions of this study.

The studies by Raman scattering method were performed
using two instruments:

— in green radiation (1 = 532nm) on the equipment
Renishaw U 1000 microscope-spectrometer; power of the
Nd:YAG laser was 50 mW;

— in red radiation (A = 785nm) on InVia Reflex with the
microscope Leica DM2700; power of the Renishaw diode
laser with an integrated plasma filter was 300 mW.

The signal accumulation time was from 10 to 30s, while
the number of scans was from 5 to 16.

3. Results

3.1. Yiterbium-doped strontium zirconate

In order to investigate by the RS spectroscopy, just
before the experiment, the ceramic sample was broken
apart and spectra of new cuts were recorded, since the
method is sensitive to the surface adsorbed impurities.
Theoretically, the spectrum of strontium zirconate having
a rhombic symmetry contains 24 RS-active modes, which
include 7 modes A,, 5 modes Bj,, 7 modes By, and
5 modes Bs,, are observed within the range of wave
numbers 94—777cm~! [41]. The results obtained on the
new cuts of the ceramic samples SrxZrp.95Ybg 0503_s using
the green laser (the wave length 532nm) are shown on
Figure 1. As can be seen, the area of the small wave
numbers (below 116—118 cm™1!) can not be recorded. This
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Figure 1. RS-spectra of SrxZro.95Ybo.05s03—s, Which are obtained using the green (532nm) laser.
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Figure 2. RS-spectrum of the sample Sr98, as obtained using the
red (785nm) laser. The vertical line of the inset marks the band
93cm~ L.

problem is solved by using the red (785nm) laser; the
obtained spectra are shown on Figure 2. The inset clearly
shows the line 93cm~!, which corresponds to the Sr—O

and Raman scattering using excitation sources of a various
wavelength. A position of the Raman scattering lines does
not depend on the source wavelength, whereas the position
of the photoluminescence lines changes depending on the
source quantum energy. The solution of a problem for
separating the lines, which correspond to Raman scattering
and photoluminescence, has been recently exemplified for
oxide materials with the fluorite structure [38-40).

The Figures 3 and 4 show the spectra obtained using the
green and the red laser within the area of the high wave
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Figure 3. RS-spectra of SrxZrpo5Ybo0503_s within the area of
the wave numbers 1250—3250 cm ™", which are obtained using the
green (532nm) laser.
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Figure 4. RS-spectra of the sample Sr98 within the area of the
wave numbers 1250—3250 cm ™', which are obtained using the red
(785nm) laser.

numbers (1250—3250cm~!). The intense lines obtained
using the red laser were expected, since this area contains
the luminescence lines of the ytterbium cation [46-48). The
intensity of the line is extremely high, thereby necessitating
the use of a logarithmic scale. There are unexpected results
obtained using the green laser: the sample Sr98 exhibits
quite intense bands (Figure 3). Figure 5 shows the spectra of
this sample, which are obtained using the green and the red
laser. The lines observed in the different radiations do not
coincide and, therefore, are manifestation of luminescence.
For the sample Sr96 the intensity of these bands noticeably
decreases (Figure 3). For the samples Sr94 and Sr100, even
at the long signal accumulation time, the spectra exhibit
only two weak reflexes near 1465 and 2884 cm™! (they are
marked on Figure 3), which will be discussed by us below.

Photoluminescence due to anion vacancies is well known,
but predominantly for materials with the fluorite struc-
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ture [39,40,49-51]. As far as we know, for the oxides with
the perovskite structure, no luminescence of the oxygen
vacancies is reported. Figure 6 shows the photolumines-
cence spectrum of the composition Sr98, as calculate to
the wavelength, which is more accepted for optical studies.
For conversion between the spectral wavelength and the
wave numbers of the shift in the RS spectrum, the following
formula has been used:

Cc C
Av = — — —, 1
V=T (1)
where Av — the spectral shift expressed in the wave
number, A9 — the excitation wavelength, 4; — the

wavelength of the spectrum, ¢ — the speed of light.
Within the area of intrinsic luminescence of the ytterbium
cation, we have decomposed the observed spectra into the
set of Gaussian-shaped lines, using the previously described
procedure [38-40]. Figure 7 shows such decomposition for
a part of the spectrum of the sample Sr98 within the area of
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Figure 5. RS-spectra of the sample Sr98, which are obtained
in the red and green lasers within the area of the wave numbers
1250—3250cm ™.
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Figure 6. Photoluminescence of the sample Sr98. The vertical
lines show the excitation radiation wavelength.
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Figure 7. Decomposition of the spectra shot in the red (786 nm)
laser into a set of Gaussian-shaped lines for the samples: Sr98,
Sr100, Sr94. The upper part of the figure (Sr98) shows a difference
curve between the experimental and the fitting spectrum. The
shaded line corresponds to the luminescence band of the ytterbium
cation.

the wave numbers 1250—3250 cm~!. The upper part of the
figure shows a difference curve between the experimental
and the fitting spectrum. Figure 7 also shows similar results
for the samples Sr100 and Sr94. It can be seen that only

the line 2472 + 1 cm~! is invariant (highlighted in red), it
is a line of ytterbium luminescence. Usually, for ytterbium
luminescence a triplet is observed [39,40,46-48]. But, in this
case the ytterbium concentration is low, whereas intensity
of the satellite lines is below the basic line by an order,
so it is difficult to distinguish them against the background
of other effects. Thus, when irradiating by the red laser,
the ytterbium main line in a strontium zirconate matrix is
observed at 2472 4+ 1cm™!.

3.2. Lutetium-doped strontium zirconate

The Figures 8 and 9 show the RS spectra of the samples
SrZr;_xLuyOs_s, which are obtained using the green and
the red laser. The area of the wave numbers up to
1200 cm~!, which usually exhibit the Raman scattering
lines, the spectra are similar to the spectra of the samples
SrxZr0.95Ybg 0503_5, as shown on the figures 1 and 2. The
difference lies in the very high intensity of the lines within
the area 700—900 cm~! (they are highlighted by a dashed
frame on the figures 8 and 9) in comparison with the spectra
SryZrp.95sYbg 95035, and the spectra SryZrgo5Y0.0503—s,
as given in the study [37]. The figures 8 and 9 also
show the spectra for the area of the wave numbers
900—4999 cm™—!; they exhibit the bands that are commonly
related luminescence.

As we have noted above, it is possible to separate the
bands caused by luminescence and Raman scattering by
using the sources of a different wavelength. Figure 10
shows decomposition of the spectra of the sample Lu3,
which are obtained using the green and the red laser,
within the area of the small wave numbers. The black
color highlights the bands, which do not depend on the
wavelength of the excitation source. Among them, there
is a band 93cm™! that corresponds to the Sr—O valence
vibration, and the band 59cm~!, which could not be
recorded by us for the ytterbium-doped sample due to the
green laser’s problems (Figure 1). It follows from analysis of
the spectra of the samples SrZrg 97Lug ¢9303_s that the band
59cm™! corresponds to Raman scattering, since its position
is the same while varying the wavelength of the excitation
radiation. We believe that this is Lug,—O valence vibration
(Lug, designates the lutetium cation in the strontium cation
position), which is shifted to the area of the smaller wave
numbers in comparison with the Sr—O vibration due to a
much bigger mass of lutetium (the lutetium atom mass is
174.97 Da). The bands, which are highlighted by the red and
the green color on Figure 10, are either shifted or disappear
when the radiation source is replaced; therefore, they are
caused by photoluminescence.

Figure 11 shows the wave numbers of the Raman
scattering lines SrZr;_yLuyxOs_s5 depending on the lutetium
concentration. The data for the undoped SrZrOs; and
interpretation of the vibrational modes have been taken from
the study [37]. The shaded characters show lines, which
are observed both for the undoped and the doped samples.
Some of them quickly disappear when doping, for example,
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Figure 8. RS-spectra of the samples SrZr;_yxLuxOs_s, which are obtained using the green (532 nm) laser.
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Bi, at 775cm~! and B3 at 134.5c¢cm™!. Another part
of the lines appears with introduction of a dopant, for
example, the mode Ag at 59cm~! that corresponds to
the LuSr—O valence vibration; these lines are shown by

unshaded characters. The lines I’ and 2’ within the area
~ 800cm~! appear only for the doped material, but, we
believe, they are similar to the lines 7 (B3, 708 cm™!) and 2
(Byg 750cm™!) for the undoped material, which will be
discussed by us later.

Figure 12 shows decomposition of the spectra of the
sample Lu5, which are obtained using the red and the
green laser, within the area of the big wave numbers. The
band 1525cm~! (it is highlighted in black) corresponds
to Raman scattering, since it does not depend on the
wavelength of the excitation radiation. In accordance with
the simulation representations [41], no first-order reflex can
be observed within this area of the wave numbers. The
similar vibrational mode 1488cm~! is observed for the
composition Lu3, but it lacks for the compositions with Lu7
and Lul0. Existence of the Raman scattering high-order
bands has been previously reported for a material based on
zirconium dioxide [39] and diamonds [52]. Presently, there
is no common representation about reasons of appearance
thereof. But, apparently, the high-order bands appearance
reflects peculiarities of covalence bonding between the
cations inside the material. The two weak reflexes of
the spectra of the ytterbium-doped strontium zirconate,
1465 and 2884 cm™~!, shown on Figure 3, probably, also
correspond to the Raman scattering high-order lines; one
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of them (1465cm~!) is near the band observed for
the lutetium-doped strontium zirconate (1488—1525cm™1).
But in case of ytterbium we failed to definitely highlight the
stokes lines.

Figure 12 shows the low-intensity band (it is shaded in
red and marked with an arrow). These bands are clearly
observed in the logarithmic coordinates, too (see Figure 9).
Their frequencies correspond to ytterbium luminescence.
The additional studies of the chemical compositions of the
initial reagents (Table 1) have shown presence of small
quantities of the ytterbium cations in the lutetium reagent.
Due to the small concentration of the ytterbium impurity,
we observe only the most intense one of the triplet lines.
Its satellites usually have intensity of at least one order
below [39,40,46].

4. Discussion

4.1. Oxygen vacancies as the luminescence
source

The results of Figure 3 show substantial change
of the spectra of the samples SryZrposYbggsO3—s
(x =0.94—1.00) with relatively small variation of the
strontium content. Since the wave numbers of the lines
of Figure 3 depend on the wavelength of the excitation
radiation, then these lines can be considered to be man-
ifestation of luminescence. The most probable centers of
luminescence are oxygen vacancies. We have previously
studied influence of nonstoichiometry of strontium on the
transport properties of the zirconates SrxZrg 95Ybg 0503_s
(x =0.94—1.00) [33,34]. Substitution of zirconium with
ytterbium in strontium zirconate results in formation of
acceptor defects Yby,, whose charge is compensated by
the oxygen vacancies; it is a known method of acceptor

doping, which is used to increase ion conductivity of
the oxides. It has been established that ion conductivity
of the samples with slight deficiency of strontium (Sr98)
increased in comparison with the stoichiometric sample, but
further reduction of the strontium content resulted in the
reduced conductivity. It was assumed that this conductivity
behavior was caused by the fact that with slight deficiency of
strontium in the structure of perovskite SryZrg 95Ybg.0sO3—s
the charge of the strontium vacancies was compensated by
formation of additional oxygen vacancies, thereby ensuring
the increased ion conductivity; but increase in the strontium
deficiency stimulates filling of its positions with ytterbium
cations, which in this case are a donor impurity, and
in order to retain electrical neutrality the concentration
of the oxygen vacancies decreased. The mechanism of
formation of the defects in SryZrg.95Ybg ¢503_s is detailed
in [34]. Thus, the maximum number of the oxygen vacancies
is achieved for the composition Sr98. There is similar
variation of intensity of the luminescence lines of the
samples SrxZrg 95Ybg.0s03_s (Figure 3), thereby enabling
considering the oxygen vacancies as the luminescence
centers.

The results of Figure 4 can be interpreted as man-
ifestation of photoluminescence of the oxygen vacan-
cies. There are two wide bands observed: within the
area 1200—1700cm~!, which corresponds to the wave-
lengths 880—900nm (Figure 6), and within the area
1900—3200 cm ™!, which corresponds to the wavelengths
960—990 nm for the maximum position (Figure 6). The
same frequency area exhibits a line of intrinsic luminescence
of the ytterbium cation (2472 4 lcm™! at the excitation
radiation wavelength 785nm), but, as shown on the
figures 7 and 8, it is not the only one.

4.2. Comparison of the properties of strontium
zirconates, which are doped with ytterbium
and lutetium

Comparison of the spectra SrZr;_yluxO3;_s and
SryZr9.905Ybg 95035 within the area of the big wave num-
bers (the figures 4 and 9) shows the presence of the same
bands. Only in case of ytterbium doping intensity of the
lines within the area 960—990 nm (which corresponds to
1900—3200 cm™~! on the figures 4 and 9) is much higher
than intensity of the lines within the area 880—900nm
(which corresponds to 1200—1700 cm~! on the figures 4
and 12), and it is vice versa in case of lutetium doping
(Figure 9).

Another obvious difference of the zirconates doped
with ytterbium and lutetium is significant difference of
intensity of the bands within the area 650—900cm™!
(Figure 1,2,9,11); the said area is highlighted by red
frames. Substantial redistribution of intensity of the Raman
scattering lines reflects variation of the local structure.
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5. Conclusion

Using the samples of the solid solutions based on stron-
tium zirconate (whose production and certification have
been previously detailed), their optical characteristics have
been studied using the Raman spectrometers with lasers of
the different wavelength (532 and 785nm). Comparison
of the results obtained using the various sources enables
separating the lines, which reflects the structure from the
lines corresponding to luminescence.

In the studied materials, luminescence is caused by
associates of the defects based on the oxygen vacancies,
which is well illustrated by Figure 3 showing appearance
of the reflexes when the oxygen vacancies appear. The
wavelengths of these bands are about 585 and 620nm
(Figure 6). In addition to these lines detected using the
green laser, all the studies samples exhibit the bands at
the wavelengths 885nm and the wide band or the set of
the bands at 980 nm detected using the red laser. The
intensity ration of these bands is different for the lutetium-
doped material and the materials doped with ytterbium and
yttrium.

There are identified structural reflexes as non depending
on the wavelength of the excitation laser. In general,
the obtained results well agree with those previously
obtained for yttrium-doped strontium zirconate and with
other literature data (Figure 11). It was the first time to
show presence of the band 59 cm™!, which is interpreted
as manifestation of vibration of the heavy cation in the
strontium position (Lug,)—O. The Sr—O vibration observed
at 93 cm™! previously detailed in the literature is commonly
believed to be realized at the smallest wave numbers.
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