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Hydrothermal Synthesis of Single Crystalline (K,Na)NbO3; Powders

Ce Sun,!?! Xianran Xing,*/*? Jun Chen,?! Jinxia Deng,/?! Lu Li,'*! Ranbo Yu,?!
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(K;_xNay)NbO;3 (x = 0.01, 0.24, 0.89, 0.91, 0.99) single crystal-
line powders with perovskite structure were synthesized by
a hydrothermal method with Nb,Os in a mixed solution of
KOH and NaOH at 220°C for 24 h. XRD investigations
showed that the structure of the synthesized (K;_,Na,)NbO3
ceramics changed from a KNbOj;-type orthorhombic phase
(space group Bmm?2) to a NaNbOj;-type monoclinic phase
(space group Pm) with the increase of Na content. The pres-
ent results confirmed that (K;_Na,)NbO;3; exhibited a mor-
photropic phase boundary (MPB) at around 50 %K separating
the orthorhombic phase and monoclinic phase. FE-SEM
images showed that the morphological structures of niobates

were cubes and nanofingers. The TEM image and the se-
lected area electron diffraction pattern of (Kg 1Nagg99)NbO3
showed the as-synthesized powder was single crystalline and
indexed to be monoclinic. The phase evolution of the prod-
ucts in the hydrothermal route revealed that the hydrother-
mal synthesis of (K;_yNa,)NbO3; underwent two steps, where
an intermediate product (Kg_gyNagy,)NbgO19:-n H,O was found
in the early stage and then pure (K;_,Na,)NbO3; was obtained
after another 30 min of hydrothermal treatment.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Alkaline niobates have captured considerable interest in
the scientific community because of their excellent ferro-
electric, piezoelectric, electromechanical, nonlinear optical,
electricoptic, and ionic conductivity properties.! ¢ The al-
kaline niobate-based perovskite compounds without toxic
elements show a high Curie temperature and low aniso-
tropy. Among them, (K, sNays)NbO; was considered a
good candidate for lead-free piezoelectric ceramics because
of its strong piezoelectricity and ferroelectricity.[>7-8
(K, Na,)NbOs; is a combination of ferroelectrics KNbO;
and antiferroelectrics NaNbOj;, and forms a morphotropic
phase boundary (MPB) at around 50%K separating two
orthorhombic phases!”?! or orthorhombic and tetragonal
phases with the composition modification of Li and Sb.[!*]
The piezoelectric properties of (K;_.Na,)NbOj single crys-
tals were first reported by Egerton et al.l”l and Cross.['!]
The hot pressed (Kj;Nays)NbO; ceramics have been re-
ported to possess high phase transition temperature (7, =
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420 °C), high remanent polarization (P, = 33 uC/cm?), large
piezoelectric longitudinal response (d33 = 160 pC/N), and
planar coupling coefficients (k, =~ 45%).[1213!

To date, several studies have been devoted to the
fabricating processes and properties of (K; Na,)NbOs.
(K Na,)NbO; powders are commonly synthesized by a
solid-state method. Saito et al.” reported that a high ds;
(about 416 pC/N) constant was obtained in the textured
(K;_+Na,)NbOs-based ceramics close to a morphotropic
phase boundary. Pithan et al.l'¥ and Zhang et al.l'l pre-
pared (K; ,Na,)NbO; by microemulsion mediated and
spark plasma sintering methods, respectively. Shiratori et
al.l'® synthesized the monoclinic (K, sNa, s)NbO5 by a mi-
croemulsion mediated route. The hydrothermal synthesis
method has been used to prepare perovskite-type NaNbOs,
KNbO;, KNb3Og, and K4NbgO,7; powders over the past
decade""'72%1 However, synthesis of the complex of
(K Na,)NbO; has not involved a hydrothermal route.

In the present study, we synthesized single crystalline
powders of (K; Na,)NbOj by a hydrothermal method un-
der moderate conditions. The structural evolution during
the reaction between Nb,Os and concentrated aqueous
NaOH and KOH mixed solution was investigated. The
crystal structures of the obtained powders were identified
by XRD. The morphology of the samples was studied by
field-emission scanning electron microscopy (FE-SEM) and
TEM, and elemental analyses for Nb, K, and Na were con-
ducted by inductively coupled plasma (ICP) spectrometry.
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Results and Discussion

The influence of the processing parameters of K/Na mo-
lar ratio in the aqueous mixed solution on the formation of
(K;_Na,)NbO; is summarized in Table 1. The elemental
analysis for Na, K, and Nb was conducted by ICP spec-
trometry. Because the values of Na and Nb were more accu-
rate than that of K, the stoichiometries of all products were
calculated based on the measurements of Na and Nb.
KOH/NaOH plays the role of K*/Na™ source and the alka-
linity in the aqueous medium, which affects the nucleation
and crystallization of the products. The K/Na molar ratio
in the as-synthesized samples increased with the ratio in the
mixed solution. However, there was a big jump from KNN2
(Na/K = 24:76) to KNN3 (Na/K = 89:11). This might be
attributed to the larger ionic radii of K* compared to that
of Na™*, leading to a sharp rise of the reaction activity of
Na™ in the solution.

Table 1. K/Na/Nb ratio and the possible formula of the sodium-
potassium niobates.

Sample Concentration [mol/L] K/Na/Nb Formula

No. KOH NaOH ratiol®!

KNNI1 9.0 1.0 96.2:1.3:100 K 99Nag o NbO;
KNN2 8.0 2.0 76.9:24.4:100 K, 76Nag-4NbO;
KNN3 7.0 3.0 7.6:88.7:100 K, 1;NagggNbO;
KNN4 6.0 4.0 7.8:91.3:100 K 09Nag o NbO;
KNN3 5.0 5.0 3.5:99.4:100 K 0;Nagg9NbO;

[a] Measured by ICP.

The XRD patterns (Figure 1) showed that pure phase
(K;_Na,)NbO; powders were obtained in the 10 mol/L
KOH and NaOH solution. This indicated that well-crys-
tallized (K, Na,)NbO; powders were synthesized in the
concentrated alkaline solution under mild conditions.
(K0_99N30.01)Nb03 and (K0.76Na0_24)Nb03 were indexed in

orthorhombic symmetry (space group Bmm?2), but
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Figure 1. The XRD patterns of (K;_Na,)NbOj; prepared at 220 °C
for 24 h.
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(Ko.11Nag.89)NbO3, (Kg.09Nage)NbOs, and (Ko.01Nag g9)-
NbO; were indexed in monoclinic symmetry (space group
Pm), the lattice parameters are labeled in Table 2. The in-
creasing of Na content in (K,Na)NbO; resulted in the
phase transition from a KNbOs-type orthorhombic phase
to a NaNbOs-type monoclinic phase.?!! This further con-
firmed a morphotropic phase boundary at around 50%K
separating orthorhombic and monoclinic phases, but not
two orthorhombic phasest”-?! or orthorhombic and tetrago-
nal phases with composition modification of Li and Sb!']
as reported before.

Table 2. The crystal system and lattice parameters of the alkaline
niobates.

Sample Syngony Lattice paran&eters["‘] )

alA] b[A] c[A] N
Ko.0oNg.0NbO5 orthorhombic 3.976(9) 5.686(0) 5.698(0) —
Ko ,eNag ,;NbO; orthorhombic 3.970(6) 5.675(5) 5.687(1) -—
Ko.11NagsNbOs monoclinic  7.773(8) 7.838(2) 7.849(8) 89.901
Ko.0oNagoNbOs monoclinic  7.781(0) 7.825(6) 7.867(6) 89.624
Ko.01Nag 0oNbO5 monoclinic  7.7893) 7.819(9) 7.866(3) 89.717

[a] Lattice parameters were calculated by Powder X and TREOR
software.

FE-SEM images of (Kg99Nag0;)NbO; prepared by the
hydrothermal treatment (220 °C, 24 h) are shown in Fig-
ure 2. Large-scale and well-crystallized (K 99Nag o;)NbO3
cubes in microns were obtained (Figure 2, a), and a few
nanofingers were also observed (Figure 2, b), which was
confirmed by the previous work.[>?l The aspect ratios (ap-
proximately length-to-width ratio) of the nanofingers are as
high as 10 and their average width is about 60-75 nm.

The TEM images and the selected area electron diffrac-
tion (SAED) patterns of (Kg 01 Nag99)NbO; are displayed
in Figure 3. The TEM image (see Figure 3, a) showed a
club-shaped morphology for the (K y;Nag99)NbO;3 single
crystal. The SAED pattern (see Figure 3, b) revealed that
(Ko.01Nag 99)NbO3 was single crystalline and was indexed
as monoclinic in structure, which was consistent with the
present XRD investigation.

The phase evolution of (K 76Nag»4)NbO3; (KNN2) via
a hydrothermal synthesizing processing route was studied
by XRD (see Figure 4). A series of XRD patterns of KNN2
were obtained at 220 °C and labeled KNN2-n, where n de-
noted the hydrothermal treatment time (in min). The raw
material of Nb,O5 was mostly a-Nb,Os with a few -Nb,Os5
as shown in Figure 4 (a). During the first 60 min Nb,Os
gradually reacted with the alkaline solution, and a new
phase emerged as shown in Figure 4 (b,c). The XRD peaks
of the new phase were isolated as K4;NayNbO;4:9 H,O.!
However, the molar concentrations of K* and Na*t were
not equal in the final product KNN2 (see ICP result in
Table 1), which suggested that the new phase would be
(Kg_gNag )NbsO19:nH,O but not KyNayNbsO9°9 H,O.
The dominant phases in KNN2-90 were (Kjg g.Nag,)-
NbO9'nH>0 and (K;_.Na,)NbO; with minor Nb,Os as
shown in Figure 4 (d). After 120 min only one phase of
KNN2 was observed (see Figure 4, ¢). This implied that the
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Figure 2. FE-SEM images of (Kgg9Nag;)NbO;3 synthesized at
220 °C for 24 h: (a) cubes, (b) nanofingers.

(a)

Figure 3. TEM images (a) and selected area electron diffraction (b)
of the (K¢ o;Nago9)NbO;3 sample.
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intermediate phase (Kg g Nag,)NbgO;9'nH>O further re-
acted with Nb,Os to form KNN2 powders. The KNN2-
150 sample was a well-crystallized phase of KNN?2 (see part
f in Figure 4). The same phase evolution was also observed
for (Kg.g9Nage1)NbO3; (KNN4) as shown in Figure 5, the
intermediate product (Kg g, Nag,)NbsO ;9 H,O was found
in the early stage and then pure (Kq g9Nag¢;)NbO;3 was ob-
tained after further hydrothermal treatment (see parts d.,e
in Figure 5).
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Figure 4. The XRD patterns of (Kg76Nag-4)NbO; (KNN2) sam-
ples after various reaction periods (which were indicated in the fig-
ure) at 220 °C.
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Figure 5. The XRD patterns of (Kgg9Nago;)NbO3; (KNN4) sam-
ples after various reaction periods (which were indicated in the fig-
ure) at 220 °C.

Hence, it was concluded that the formation of
(K;_Na,)NbO; occurred in two steps. The first step was
that Nb,Os reacted with MOH (M = Na, K) to form
(Kg_g:Nag,)NbsOo-nH>O [Equation (1)].

Eur. J. Inorg. Chem. 2007, 18841888
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(e} KNN2-150

(f) KNN2-1440

Figure 6. The morphological evolution of the (K 76Nag.4)NbO3; (KNN2) samples during the reaction course by FE-SEM images: (a)
KNN2-30, (b) KNN2-60, (c) KNN2-90, (d) KNN2-720, (e) KNN2-750, (f) KNN2-1440.

(8—8x) KOH + 8x NaOH + 3 Nb,Os + (n—4)H,0 =
(K 3:Nag,)NbO,onH,O (1)

The second step was that (Kg_g.Nag,)NbsO¢nH,O re-
acted with Nb,Os [Equation (2)].

(Kg,ngagx)Nbéolg'n H20 + Nb205 =8 (K],XNaA\»)NbO:; + nHZO
(@)

The morphological evolution of (K 76Nag.4)NbO3 was
investigated by FE-SEM (see Figure 6). The reactants ne-
arly kept the morphology of Nb,Os in the first 30 min as
shown in Figure 6 (a). But Nb,Os gradually fluxed and re-
acted with the alkaline solution as shown in Figure 6 (b,c).
After 120 min a small-scale cubic phase was formed. The
KNN2-/50 sample was very pure potassium sodium niob-
ate with a club-shaped morphology as shown in Figure 6
(e). The FE-SEM image and XRD pattern of KNN2-7440
(KNN2 in Table 1) were similar to KNN2-750, and the
XRD and ICP investigations demonstrated that it was
(Kp.76Nag »4)NbO;3 crystal powder.

Conclusions

(K;_Na,)NbO; (x = 0.01, 0.24, 0.89, 0.91, 0.99) single
crystalline powders with perovskite structure were synthe-
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sized by a hydrothermal method with Nb,Os in a mixed
solution of KOH and NaOH at 220 °C for 24 h. The as-
synthesized (K;_,Na,)NbO; powders showed that with the
increase of Na content the crystal structure changed from
a KNbO;-type orthorhombic phase (space group Bmim?2)
to a NaNbOs-type monoclinic phase (space group Pm). It
further confirmed that (K, ,Na,NbO; exhibited a mor-
photropic phase boundary at around 50%K separating the
orthorhombic and monoclinic phases. The morphological
structures of the niobates were cubes and nanofingers. The
SAED pattern showed that (K¢ Nago9)NbO3; was single
crystalline and indexed as monoclinic in structure, which
was consistent with the XRD investigation. We concluded
that the hydrothermal synthesis of (K; Na,)NbO; under-
went two steps, and had an intermediate phase as
(Kg g Nag,)NbsO9-nH,O. The first step was that Nb,Os
reacted with MOH (M = Na, K) to form (Kg g.Nag,)-
NbgO,9onH>O. The second step was where (Kg g.Nag,)-
NbgO9'nH,O reacted with Nb,Os, and finally formed
(K;_Na,)NbOj single crystal powders.

Experimental Section
Synthetic Procedures: KOH, NaOH, and Nb,Os (all are analytic

reagent grade) were used in the synthesis. In a typical synthesis
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process, Nb,Os (0.5 g) was added to a mixed solution of NaOH
and KOH (30 mL), and stirred for half an hour. Then the white
slurry was introduced into a Teflon-lined stainless steel autoclave
and heated in a furnace at 220 °C for 24 h. After gradually cooling
down to room temperature, the precipitates were filtered and
washed with distilled water and ethanol, then dried at 80 °C.

Measurements: The morphologies of the samples were studied by
field-emission scanning electron microscopy (FE-SEM, LEO1530)
and transmission electron microscopy (TEM, JEM-100CXII). Ele-
mental analysis for Nb, K, and Na was conducted by inductively
coupled plasma (ICP, INC Profile) spectrometry.

X-ray Structure: The crystal structures of the obtained powders
were identified by powder X-ray diffractometry, performed with a
M21XVHF22 diffractometer (Japan) at room temperature. Cu-K,,
radiation (4 = 1.5418 A) and a fixed power source (40 kV and
200 mA) were used. The samples were scanned at a rate of 8°/min
over a range of 10-90°. The major diffraction peaks of the samples
were indexed by Powder X and TREOR software.
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