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Synthesis of lithium ion conducting niobate was carried out
by a conventional solid-state reaction (SSR) and by precipi-
tation from solution (PS). X-ray powder diffraction was used
to determine both intermediate phases that are formed dur-
ing the preparation of these niobate from powder precursors
and to determine the structure of sintered ceramics. It is
shown that the PS technique leads to the formation of a per-
ovskite phase at a lower temperature relative to the tempera-
ture required for the SSR technique. The electrophysical
properties of the sintered ceramics were investigated by ac

impedance spectroscopy. It is shown that not only the resis-
tance but also the capacitance of the grain boundary are
strongly affected by the method of synthesis used. It was
found for the first time that the ceramic obtained from pow-
ders prepared by precipitation from solution can be used as
pH sensors with good sensitivity (48 mV/pH) in the pH range
from 4 to 10 and with a fast response time.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The great interest in complex oxides Layz Lis Va3 0,-
Nb,Og (Where V stands for vacancy) is due to a need for
new highly efficient lithium-conducting materials (mem-
branes, electrodes) for various electrochemical devices.
These materials have been synthesized for the first time in
our group as products of complete aliovalent substitution
of La** and Li*" for Pb*" in the PbNb,O, oxide with a
tetragonal tungsten bronze structure.l'-3! Later on, lithium-
containing niobates were synthesized as products of partial
aliovalent substitution of Li* ions for La*" in the defect
perovskite structure La,;VysNb,Og# ¢ The fact that
La,;; Liz Va3 2 NbyOg have promise in the development
of lithium-conducting materials is associated with the pecu-
liarities of the crystal lattice of the lanthanum metaniobate
La,;3V,43Nb,Og with a defect-perovskite structure. The
presence of a sufficient number of vacancies and channels
within the structure, through which lithium ions move, con-
tributes to fast ion transport in lithium-modified lantha-
num niobate.

It is well known that a change in the synthesis conditions
of materials affects greatly their electrophysical proper-
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ties.l”-81 Therefore, it was of interest to investigate the effect
of the synthesis method on the electrophysical properties of
these lithium-containing lanthanum niobates. We focused
our attention on two particular methods: the traditional so-
lid-state reaction (SSR) method, which is often used to pre-
pare oxide materials, and the precipitation from solution
(PS) method, which has been reported in the literature for
the synthesis of various lanthanum niobates.*'?! In con-
trast to the SSR method, the PS method aids the “molecu-
lar” homogenization of reagents at an early stage of the
precipitation and may lead to grains with particular micro-
structures and then particular electrophysical properties.
The aim of this paper is to present some information about
the chemical processes and about the microstructural pecu-
liarities and electrophysical properties, that is, ionic conduc-
tivity and pH sensor ability of La,; Lis, Vi3 2 NbyOg,
with 3x = 0.5, obtained by the PS method. We compared
these results with those previously obtained on this particu-
lar compound prepared by the SSR method.!

Results and Discussions
Synthesis

Synthesis of these niobates proceeds through the forma-
tion of many intermediate phases that have been identified
by analysis of the X-ray powder diffraction (XRD) patterns,
as shown in Table 1. The mixture of the original reagents in
the case of the SSR method consisted, after homogenizing
milling and drying, of monoclinic Li,CO;, hexagonal
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La(OH);, and monoclinic Nb,Os. The appearance of lan-
thanum hydroxide and lanthanum oxocarbonate instead of
the starting lanthanum oxide is associated with the reaction
of H,O and CO, with air. It is observed that the primary
phase that appears during synthesis of LLNbO by the SSR
method is the phase LiNbO; of rhombohedral system.
When the temperature is raised above 770 K, a second in-
termediate phase, LiNb;Og of monoclinic system, appears.
As the temperature increases, the LiNb;Og/LiNbO; ratio
decreases. The presence of the phase LiNbO; at 1320-
1420 K, which is absent in the temperature range 1170-
1220 K, indicates that a disproportionation reaction takes
place according to Equation (1).

Lle30g 4 LleO3 + szOs (1)

Table 1. Phase composition of the LaysLiysNb,Og powder pre-
pared by the SSR route and PS route as a function of firing tem-
perature, 7T (the firing time is 1 h). The different phases are given
in the order of their decreasing amount.

T [K] Phase composition
LLNbOSsR LLNbOPS
770 Nb,Os X-ray
La(OH); amorphous state
Li,CO;
L3202CO3
LiNbO;
870 Nb,Os5 La;NbO,
LiNbO;
LiNb;Og
L3202CO3
970 LiNb;Og x-phase
szo 5 LangO7
La(OH); LiNbO;
LiNbO; LiNb;Og
LaNbO4
1070 - x-phase
La3NbO7
LiNb;Og
LiNbO;
LaNbO4
Perovskite
1170 LiNb3Og x-phase
LaNbO4 Lle308
N sz 5 LaN bO4
La3NbO7
LiNbO;
Perovskite
1220 LiNbs;Og -
LaNbO,
Perovskite
1270 LiNb;Og Perovskite
Perovskite LiNbO;4
LaNbO, LaNbO,
Nb205
1320 Perovskite Perovskite
Lle30g LaNbO4
LaNbO, LiNbO;
LiNDbO;3 Nb,Os5
1420 Perovskite Perovskite
LiNDbO;
LiNb3;Og
LaNbO,
1470 Perovskite -
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It is obvious from the results of XRD analysis that the
formation of the perovskite phase LLNbOggr occurs at
1220 K. In the temperature range from 1220 to 1420 K, this
perovskite formation is accompanied by the consumption
of the phases LaNbO, and LiNDbsOg, indicating interaction
between them. The formation of a lithium-containing lan-
thanum niobate, as a single phase, has been established at
1470 K.

Table 1 shows that during the synthesis of LLNbO by
the PS method the crystallization of intermediate phases
takes place at 870 K. Below 870 K, the powder remains
amorphous and then the phase identification is not pos-
sible. The temperature at which the defect-perovskite phase
LLNbOpg appears is 1070 K, which is 150 K lower than in
the case of synthesis of LLNbOggr. The main difference in
the formation of LLNbOpg by precipitation from solution
compared to the solid-state reaction method lies in the for-
mation of a large number of intermediate phases when 7' <
1170 K. However, for 7> 1170 K, the process of formation
of the defect-perovskite phase is similar for both synthesis
methods (Table 1). The formation of these intermediate
phases may play an important role in the microstructure of
the prepared powders and therefore on the electrophysical
properties of the obtained ceramics.

Microstructural and Structural Peculiarities of LLNbOpg

Figure 1a—c show TEM micrographs of the powders pre-
pared by the PS route and fired at temperatures of 370,
870, 1070 K, respectively, for 1 h. After precipitation and
washing and drying at 370 K, the precipitate is formed of
very fine particles whose size does not exceed 5 nm (Fig-
ure la). At 870 K, the crystallization occurs and the inter-
mediate phases can be identified. At the same time grain
growth occurs. The powder is made of grains that are
around 60 nm in size (Figure 1b). At 1070 K, the perovskite
phase appears on the XRD pattern, and the reaction be-
tween the precursors has occurred. The average grain size
reaches 250 nm (Figure 1c). Figure 1d shows the evolution
of the size of the particles as a function of temperature.
The evolution of the size of the particles is linear in the
temperature range from 800 to 1380 K. At 1380 K, the
grain size reaches a value of 450 nm. However, at 1380 K
the powder is made not only of the defect-perovskite phase
Lag sLip sNb,Og but also of the intermediate phases that
did not yet react. To obtain a pure phase of Lags-
Liy sNb,Og the temperature must be raised up to 1420 K.
Figure 2a shows an SEM picture of the surface of a pellet
prepared from powder obtained through the PS synthesis
route and sintered at 1420 K for 2 h. An average grain size
of 2.5 um is observed. Therefore, the sintering process in-
creases considerably the grain size. For comparison, Fig-
ure 2b presents an SEM picture of a pellet obtained from
powder synthesized by the SSR method and sintered at
1470 K for 2 h (to obtain a pure perovskite phase according
to Table 1). The shape of the grains is different and the
latter pellet displays a higher grain size, around 5 pm.
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Figure 1. TEM micrographs of the LijsLaysNb,Og powder pre-
pared by the PS route [(LLNbO)ps] and fired at different tempera-
tures: (a) 370, (b) 870, (c) 1070 K for 1 h. (d) Particles average size
of the Liy sLag sNb,Og powder prepared by the PS route [(LLNbO)
ps] as a function of firing temperatures.

(b)

Figure 2. SEM micrographs of a sintered pellet of Lag sLip sNb,Og
prepared by the (a) PS route and fired at 1420 K for 2 h and by
the (b) SSR route and fired at 1470 K for 2 h.

Figure 3 shows fragments of diffractograms of sintered
LLNbOgsg and LLNbOps. The diffractograms show the
formation of single-phase products with a defect-perovskite
structure with the following lattice parameters: a =
3.9002 A, b = 3.9005 A, ¢ = 7.8521 A for the SSR sample;
a=3.9019 A, b=3.9290 A, ¢ = 7.9149 A for the PS sample.
It is obvious from the XRD data that the degree of ortho-
rhombic distortion of the perovskite lattice in the case of
the PS method is higher than in the case of the SSR
method. This is also indicated by the observed splitting of
the (100) and (110) reflection lines for LLNbOps. The pres-
ence of superstructure reflections (001, 101, 111), which
indicate La®* ordering in the defect-perovskite structure,>-]
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is typical of the diffractograms of both samples. Because of
the high temperature used during heat treatment, some Li
is lost, as shown by the effects of the synthesis methods on
the lithium nonstoichiometry of La,;; Liz Va3 2 NbyOg in
ref.l13] Chemical analysis reveals that an equivalent Li loss
of 26 mol-% occurs in Lag sLig sNb,Og (3x = 0.5) samples
prepared by either the SSR or PS method. Therefore, the
degree of orthorhombic distortion cannot be ascribed to
different lithium content.
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Figure 3. X-ray diffraction patterns of sintered LagsLiysNb,Og
samples prepared by the SSR route and fired at 1470 K for 2 h and
by the PS route and fired at 1420 K for 2 h.

Electrophysical Properties of Sintered Niobates

Figure 4a shows typical impedance diagrams (in the
Nyquist plane) of lithium-containing lanthanum niobates
obtained by the SSR and PS methods. These diagrams have
been recorded at 300 K. For ceramic obtained by the SSR
the diagram displays a classical shape exhibiting two semi-
circles and a pike at low frequency. Owing to the value of
the capacitances found through the fitting procedure, the
high frequency semicircle can be attributed to the motion
of the Li* ions inside the grains of the ceramic (C = 107! F)
and the second one, at lower frequency, can be attributed
to the motion of these ions in the grain boundary (C =
10 8 F). The great difference between these capacitances
leads to well-separated semicircles. The pike at low fre-
quency with a frequency around pF is attributed to the elec-
trode polarization. The shape of the diagram for the PS
sample is totally different exhibiting only one depressed
semicircle. This semicircle cannot be fitted with only one
relaxation, but instead two are necessary. Such a behavior
has already been observed in other oxides prepared by
chemistry in solution. This means that in such a case the
relaxation due to the ionic motion in the grains and the
relaxation due to the ionic motion in the grain boundary
have very close time constants. Indeed, fitting results clearly
show that the capacitances of bulk and grain boundary are
not so different one from the other (C = 107! to 107!1° F).
The decrease in the grain boundary capacitance is directly
linked to the preparation procedure.

Figure 4b presents the value of the total (or effective)
conductivity (bulk + grain boundary) of the samples ob-
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Figure 4. (a) Normalized impedance spectra, recorded at 300 K, of
lithium-containing lanthanum niobates prepared by the SSR and
by the PS routes. The normalizing factor is the pellet geometric
factor. The numbers refer to the frequency power. (b) Arrhenius
plots of the total Li-ion conductivity of sintered pellets of Lag s-
LigsNb,O¢ prepared by the SSR and by the PS route.

tained by these two synthesis methods as a function of in-
verse of temperature. The effective conductivity, at 300 K, is
found to be 3.3X 107> and 1.9 X 107> Scm™! for the sample
obtained by the SSR and PS routes, respectively. The de-
crease in the total conductivity of the sample obtained by
precipitation from solution is related to an increase in the
contribution of the resistance of the grain boundaries.['¥]
It is known that the effective resistivity of solid electrolyte
increases with decreasing particle size; therefore, we can at-
tribute the small decrease in effective conductivity to the
method of synthesis. As shown in Figure 2a, precipitation
from solution leads to a finer-grain microstructure. It is
worth noting that not only the resistance but also the ca-
pacitance of the grain boundary are strongly affected by the
method of synthesis used.

The ceramic obtained by the PS method was tested as an
ion-selective electrode for pH detection. For this purpose, a
highly dense ceramic is necessary. Therefore, the ceramic
was sintered at 1420 K for 2 h to improve its compactness
(this temperature and time were determined after dilatome-
try experiments). Figure 5a shows the response of the niob-
ate ceramic as a pH sensor. A linear response is obtained
in the pH range from 4 to 10 with a sensitivity of 48 mV/
pH unit at 25 °C. As shown in Figure 5b, the response of
the sensor to pH variations is fast: only some seconds. The
long-term stability of the electromotive force (EMF) re-
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mains to be checked. This sub-Nernstian response has been
already found with the lithium-containing lanthanum tita-
nates and can be explained by the site-binding model.['”]
This model involves the presence on the oxide surface of
basic OH groups that are able to react with protons in solu-
tion to charge the oxide surface and to create a potential
difference across the ceramic/solution interface. A slightly
higher sensibility is found for niobate compared to lithium-
containing lanthanum titanates (i.e., 42 mV/pH unit).['®!7]
This difference remains to be explained but it is certainly
due to the activity of the basic OH groups. These results
show that this niobate is a good candidate for a pH sensor,
and it is worth noting that most pH sensor applications
(80%) involve the pH range from 4 to 10.
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Figure 5. (a) Response of the sintered niobate ceramic as a function
of pH. (b) Response of the sintered niobate ceramic as a function
of time.

Conclusions

Peculiarities of the structure of lithium-containing lan-
thanum niobates with defect-perovskite structure by using
different synthesis methods have been studied. In the case
of the solid-state reaction method, the sequence of reactions
during the formation of lithium-containing lanthanum
niobate has been determined. It was found that the forma-
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tion of lithium-containing lanthanum niobate proceeds by
the formation of the intermediate phases LaNbO,, LiNbOs3,
and LiNb;Oyg for Lag sLip sNb,Og.

The use of the precipitation from solution method leads
to a decrease of 150 K in the temperature of defect-perovsk-
ite phase formation and to the formation of finer-grain mi-
crostructure in comparison to the solid-state reaction
method.

Studies on the electrical properties show that when the
synthesis method is used to prepare the niobate powders,
the electrical grain boundary resistance and capacitance of
the sintered pellets is mostly influenced. This leads to a
slight decrease in the effective conductivity of the ceramic
relative to that obtained for the sample prepared by precipi-
tation from solution. The sintered ceramic obtained from
powders prepared by the PS method is highly dense and
can be used as a pH sensor with good sensitivity in the pH
range from 4 to 10 and with a fast response time. This result
offers a new application for these niobate ceramics.

Experimental Section

The extra-pure oxides La,O3; and Nb,Os and the extra-pure car-
bonate Li,CO; were used as original reagents in the synthesis of
Lays (Liz, Vys 2.NbOg (3x = 0.5) by the SSR method (named
LLNDbOgsg). To remove moisture and adsorbed gases, La,Os,
Nb,0Os, and Li,CO; were previously heated for 4 h at 1120, 1020,
and 570 K, respectively. Owing to the hygroscopic nature of the
starting materials, they were weighed immediately after heating and
cooling. The mixture was homogenized by milling with a vibrating
mill in acetone for 5 h. The predried (370 K) batch was subjected
to isothermal heat treatment for 1 h in a temperature range from
770 to 1470 K.

To synthesize Las; Liz, Va3 2 NbyOg (3x = 0.5) by the PS method
(named LLNbOpg), alcoholic solutions of extra-pure La(NO;)s3
and NbCls and aqueous solutions of extra-pure LIOH and NH,OH
were used as original reagents. The NH,OH solution was added to
a mixture of La(NOj3); and NbCls solutions, taken in a stoichio-
metric ratio, to pH 9. The obtained precipitate was washed with a
2-propanol/distilled water mixture until free of mother solution. A
calculated amount of aqueous LiOH solution was then added to
the precipitate whilst stirring and allowed to evaporate at 370 K.
The dried powder was subjected to isothermal treatment for 1 h in
the temperature range from 770 to 1420 K.

Powders of Lay; (Liz, Vi 2. NbyOg (3x = 0.5) obtained from either
the SSR or PS routes were pressed into disks under a pressure of
0.5 MPa and fired at 1320 and 1270 K, respectively (firing time
2 h). The obtained pellets were sintered at 1470 (2 h) and 1420 K
(2 h), respectively. The density of the sintered samples ranges from
95 to 98% depending on the sintering temperature.

The phases were identified by X-ray powder diffraction (XRD) re-
corded at room temperature with a DRON-4-07 diffractometer
(Cu-K,, radiation; 40 kV, 18 mA). Data for sintered samples were
collected in the 20 range from 10 to 150° in a step mode with the
step A260 = 0.02° and an exposure time of 10 s for each point. SiO,
(20 standard) and NIST SRM1976-Al1,0; (certified intensity stan-
dard) were used as external standards.['®! The crystal parameters
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were refined by using Rietveld full-profile analysis. The microstruc-
tural studies of the samples were carried out by using JEM 100 CX
and LCXA Syperprobe 7333 electron microscopes.

The electrophysical properties of the ceramic samples were investi-
gated by complex impedance spectroscopy in the frequency range
from 1 to 5 MHz by using a 1260 Frequency Response Analyzer
and a 1296 Dielectric Interface from Solartron. The measurements
were performed in the temperature range from 300 to 600 K under
dry N, in a two-probe cell (DataLine). It was checked that the
electrochemical system remains linear up to 1 V; therefore, the ap-
plied ac voltage chosen was 400 mV (r.m.s). Sputtered Pt was used
as ion-blocking electrodes.

Sintered and dense ceramics were tested as ion-selective electrodes
for pH detection. An Ag/AgCl electrode in contact with a saturated
KClI solution, buffered at pH = 7, was used as an internal reference.
The external reference was a Red/Rod™ Radiometer electrode.
Therefore, the electrochemical cell can be described by the follow-
ing sequence:

Ag/AgCl/saturated KCl (aq.) pH = 7/ceramic/solution under test/
Red/Rod™

The solutions under test were commercial buffered solutions from
Radiometer and Carlo Erba. Data were recorded with a Tacussel
millivoltmeter (Minisis 8000) and an Agilent 34970A acquisition
unit.
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