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Orthorhombic KNbO3 and NaNbO3 powders were hydrothermally synthesized in KOH
and NaOH solutions (6.7–15 M) at 150 and 200 °C. An intermediate hexaniobate
species formed first before eventually converting to the perovskite phase. For synthesis
in KOH solutions, the stability of the intermediate hexaniobate ion increased with
decreasing KOH concentrations and temperatures. This led to significant variations in
the induction periods and accounted for the large disparity in the mass of recovered
powder for different processing parameters. It is also believed that protons were
incorporated in the lattice of the as-synthesized KNbO3 powders as water molecules
and hydroxyl ions.

I. INTRODUCTION

KNbO3 is a promising material for electro-optic, non-
linear optical, and photorefractive applications such as
frequency doubling, wave guiding, and holographic stor-
age.1–3 In conventional, solid-state synthesis of KNbO3

using mixed powders, prolonged heating at a high tem-
perature (820 °C) is required.4 More recently, KNbO3

has been synthesized by the sol-gel method in which
alkoxide precursors are used to produce an amorphous
gel that is calcined at 600 °C to remove the organic
components of the gel and to yield crystalline KNbO3.5,6

An aqueous solution route has also been used to precipi-
tate amorphous KNbO3 powders at 25 °C, which is then
crystallized by heating to 600 °C.7 In contrast, crystalline
KNbO3 powders can be synthesized by the hydrothermal
method at temperatures below 200 °C.8,9

Unlike BaTiO3, the hydrothermal synthesis of KNbO3

powders has not been extensively investigated. Komar-
neni and co-workers8 reported that KNbO3 could be syn-
thesized at 194 °C by reacting Nb2O5 in a solution
containing 3 M OH− and 9 M K+ while Uchida et al.10

reported using 3 M KOH at 250 °C. Lu et al. obtained

orthorhombic KNbO3 (the stable form) by reacting
Nb2O5 with 8 M KOH at 200 °C and observed that the
crystal structure became cubic with increasing niobium
concentration in the solution.9 Both Komarneni et al.8

and Lu et al.9 noticed large variations in the amount of
powder recovered for different KOH concentrations. Lu
et al.9 qualitatively described the amount of recovered
powder with terms such as a large amount when using
8 M KOH, a small amount when using 6 M KOH, and no
precipitates when 4 M KOH was used. (The comparisons
were made for synthesis at 200 °C after 2 h with 0.1 M
of Nb2O5 powder.)

NaNbO3 is antiferroelectric at room temperature. This
lack of spontaneous polarization at room temperature ac-
counts for the comparatively lower interest in NaNbO3

than in KNbO3. NaNbO3 does, however, form a solid
solution with KNbO3 that is ferroelectric at room tem-
perature and has recently attracted attention as a prom-
ising component for nonvolatile memory devices,
actuators, and microsensors.11,12

Although NaNbO3 powders are also synthesized in
this study, the main focus is on hydrothermally synthe-
sized KNbO3. One issue addressed is the variation in the
amount of reaction products often recovered in the hy-
drothermal synthesis of KNbO3 powder, as mentioned
earlier. Another issue concerns the defect structure of the
as-synthesized KNbO3 powder and the role that protons
play in this structure.
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II. EXPERIMENTAL

NaNbO3 powders were synthesized by reacting 2 g

Nb2O5 powder with 30 ml aqueous solutions (resulting in

an Nb2O5 concentration of 0.25 M) of 8.4 M NaOH at

200 °C. KNbO3 powder syntheses were performed for

the following reaction conditions: 6.7 M KOH/0.15 M

Nb2O5/200 °C, 6.7 M KOH/0.25 M Nb2O5/150 °C, and

9 M KOH/0.38 M Nb2O5/200 °C. Alkaline solutions

were made from NaOH (99%, Merck, Darmstadt, Ger-

many) or KOH (86–89%, Merck) pellets (<0.5% carbon-

ates). KNbO3 powder was also synthesized at 150 °C in

15 M KOH precursor solutions containing 0.0015 M of

predissolved Nb2O5 powder. (Details on the preparation

of the precursor solution containing predissolved Nb2O5

will be given in Sec. III. B.)

Nb2O5 has a large variety of polymorphs that are re-

ferred to as TT-, T-, B-, N-, P-, M-, and H-Nb2O5.13

Under ambient conditions, H-Nb2O5 is the only stable

form.14 The Nb2O5 powder supplied (99.99%, Aldrich,

Milwaukee, WI) was composed of two modifications; T-

and H-Nb2O5. Some batches consisted mainly of

T-Nb2O5,15 while other batches were a mixture of the T

and H forms. All syntheses, except for the 15 M KOH

condition, which used T-Nb2O5 powder, were performed

using the H+T Nb2O5 powder. The reactions were car-

ried out unstirred in a 45 ml Teflon-lined stainless steel

bomb (Parr Co., Moline, IL) for periods ranging from

30 min to 143 h. After reaction, the solutions were sepa-

rated from the powders, and the powders were centrifuge-

washed with deionized water and dried at 100 °C.

Raman spectroscopy (Magna IR 850 Series II, Nicolet,

Madison, WI) was used to examine an intermediate com-

plex that resulted from some experiments. To probe the

chemical environment of the Nb ions in the synthesis

environment, solution 93Nb nuclear magnetic resonance

(NMR) spectroscopy was performed on an AVANCE500

spectrometer (Bruker, Rheinstetten, Germany) at room

temperature (25 °C). The spectra were referenced to an

external 0.25 M solution of NbCl5 in CD3CN (Wilmad

Labglass, Buena, NJ).

The morphology of the resultant powders was exam-

ined by field emission scanning electron microscopy

(FE-SEM; 6300F, JEOL Ltd., Tokyo, Japan) and by

powder transmission electron microscopy (TEM; JEOL

2000FX, JEOL Ltd.). Compositional analysis was per-

formed by energy dispersive spectroscopy (EDS; Oxford

Instruments, Oxford, U.K.). Phase identification was car-

ried out by x-ray diffraction (XRD; Philips X’pert,

Philips, Mahwah, NJ).

The presence of water in the powders was determined

by Fourier-transform infrared (FTIR) spectroscopy

(Magna IR 850 Series II, Nicolet, Madison, WI). Pow-

ders were diluted to about 1 wt% with KBr and heated at

130 °C in a vacuum oven for at least 4 h to remove excess

surface water before analysis in dry nitrogen. Each spec-

trum collected (400–4000 cm−1) was the average of 64

measurements with a 4 cm−1 resolution. The presence of

protons in the KNbO3 powders synthesized in 6.7 M

KOH was confirmed by 1H magic-angle spinning nuclear

magnetic resonance (MAS NMR, 12 kHz spinning rate)

on a DSX 500 spectrometer (Bruker) at room tempera-

ture (25 °C) with an external tetramethylsilane reference.

The water content of the powders was quantified by ther-

mogravimetric analyses (TGA; TGA/sDTA 851e, Mett-

ler, Toledo, OH) coupled with mass spectrometry

(ThermoStar, Pfeiffer Vacuum, Nashua, NH). The TGA

was performed at a heating rate of 10 °C/min from 25 to

900 °C in a dry nitrogen atmosphere.

III. RESULTS

A. Synthesis of NaNbO3 and KNbO3 powders

XRD of NaNbO3 powders hydrothermally synthesized

at 200 °C in 8.4 M NaOH/0.25 M Nb2O5 (H+T form) in

this study indicated that an intermediate, sodium hex-

aniobate (Na8Nb6O19 � 13H2O),16 formed during the ini-

tial synthesis stages and then finally converted to the

orthorhombic perovskite structure of NaNbO3.17 In con-

trast, XRD of powders recovered from synthesis in KOH

solutions did not show the presence of a potassium

hexaniobate.

For KNbO3 powders synthesized in 6.7 M KOH/0.15 M

Nb2O5 (H+T form) at 200 °C, diffraction patterns for

several different reaction periods are presented in Fig. 1.

The results show that after 2 h, the diffraction peaks

belonging to T-Nb2O5 were no longer present. After 4 h,

the powder consisted mainly of KNbO3, with some

FIG. 1. (a) XRD pattern of Nb2O5 powder and of products obtained

from synthesis at 200 °C in 6.7 M KOH/0.15 M Nb2O5 solution, and

after (b) 2 h, (c) 3 h, (d) 4 h, and (e) 8 h.
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H-Nb2O5 still present; only the KNbO3 phase was pres-

ent at 8 h and beyond. Comparison of the XRD pattern of

the KNbO3 powder obtained after 16 h with information

in literature18 results revealed that the hydrothermally

synthesized powder had an orthorhombic structure, the

thermodynamically stable structure at room tempera-

ture.19 The K/Nb ratio was determined by EDS to be 0.96.

SEM [Fig. 2(a)] revealed that the KNbO3 powder pro-

duced after 16 h consisted of particles ranging from 100

to 500 nm in size. All particles were bound by flat faces

that appeared to be orthogonal to each other. Figure 2(b)

is a TEM micrograph of a particle with well-developed

facets; the corresponding selected area diffraction pattern

[Fig. 2(c)] shows that it is a single crystal. TEM obser-

vations further revealed that the facets were the {100}pc

planes (pc � pseudo-cubic),19 as has been observed for

bulk KNbO3 single crystals grown from the melt.20

As for KNbO3 powder synthesized at 150 °C in 15 M

KOH using 0.0015 M predissolved Nb2O5, XRD of par-

ticles produced after 16 h [Fig. 3(a)] suggested that the

KNbO3 powder had a metastable cubic structure, similar

to that reported for KNbO3 powders hydrothermally syn-

thesized at 200 °C in 8 M KOH after 2 h.9 However,

XRD scans at higher 2� values revealed that the (004)

peak was split [Fig. 3(b)] and that the powder was prob-

ably orthorhombic, similar to that observed for the

powder synthesized in 6.7 M KOH. The K/Nb ratio de-

termined by EDS was 0.94. Observations of the powders

synthesized after 8 and 16 h by SEM showed that the

particle shape was rather anisotropic with towerlike

structures growing from cube-shaped cores, as shown for

the 8 h particles in Fig. 4. Details relating to the towerlike

structures will be presented in a separate study on the

hydrothermal synthesis of epitaxial KNbO3 films.21

B. Hexaniobate ion

Figure 5 shows the change in the normalized mass of

KNbO3 and NaNbO3 powders with processing time for

several processing conditions. The normalized mass is

the mass of recovered powder normalized to the maxi-

mum yield of perovskite powder possible for the given

amount of Nb2O5 powder used. When NaOH was used,

the normalized mass was greater than one when

Na8Nb6O19 � 13H2O was present (<2 h), since its

molecular weight is greater than that of NaNbO3. For

the reaction in 6.7 M KOH/0.15M Nb2O5 at 200 °C, the

normalized mass decreased rapidly within the first 2 h of

the reaction and remained low before a sharp increase

FIG. 3. XRD of KNbO3 powder produced after 16 h at 150 °C from

15 M KOH/0.0015 M Nb2O5 solution for (a) 2� � 20° to 70° and

(b) 2� � 98° to 102°.

FIG. 2. KNbO3 powder produced after 16 h at 200 °C from 6.7 M KOH/0.15 M Nb2O5 solution: (a) SEM micrograph, (b) TEM micrograph of

a particle, and (c) selected area diffraction pattern of particle in (b) in [001] zone axis.
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between 6 and 8 h. This induction period was shorter for

powders synthesized at 9 M KOH/0.38 M Nb2O5/200 °C

but longer for powders synthesized at 6.7 M KOH/0.25 M

Nb2O5/150 °C.

For solutions obtained during the induction period for

synthesis in KOH, it was noticed that transparent and

colorless crystals precipitated out of the solution several

hours after the solution had cooled down to room tem-

perature. Raman spectroscopy of these crystals while

they were still in the parent solution indicated the pres-

ence of the hexaniobate ion, Nb6O8−
19 .22,23 The peak po-

sitions observed for crystals in 6.7 M KOH/0.15 M

Nb2O5 solutions are summarized in Table I.

For KNbO3 powders synthesized at 15 M KOH,

T-Nb2O5 was first completely dissolved in 4 M KOH by

heating at 200 °C for 16 h in the bomb. The resultant

clear solution was then added to a KOH solution through

a 0.20-�m syringe filter (Cole-Parmer, Vernon Hills, IL)

to give a final KOH concentration of 15 M. The use of

predissolved Nb2O5 precursor solutions was done to con-

firm if the perovskite phase could be formed from the

reaction of the hexaniobate species with KOH. The con-

centration 15 M is also of interest in the hydrothermal syn-

thesis of epitaxial KNbO3 films using predissolved Nb2O5,

details of which will be reported in a separate study.21

Attempts to make a 0.15 M Nb2O5 solution always led

to the precipitation of potassium hexaniobate particles, as

determined by Raman spectroscopy (the peak positions

are reported in Table I). To prepare clear 15 M KOH/

Nb2O5 precursor solutions, a Nb2O5 concentration of

0.0015 M was used. For such a solution, Raman spec-

troscopy revealed only peaks characteristic of the KOH

solution and none belonging to the hexaniobate ion, prob-

ably due to the greatly reduced concentration of Nb2O5.
93Nb NMR spectroscopy was therefore used to determine

the presence of the hexaniobate ion in the solution.

Figure 6(a) shows the spectrum for the reference so-

lution of NbCl5 in CD3CN. In addition to the NbCl5
peak, there was also a sharp peak at � � 54 due to

NbCl−6, which indicated that strictly anhydrous condi-

tions were not maintained in the production of the refer-

ence solution.24 As shown in Fig. 6(b), the spectrum for

the hexaniobate ion (as determined earlier by Raman

spectroscopy) in a 15 M KOH solution containing 0.15 M

Nb2O5 showed only one extremely broad resonance at

−280 ppm with W1/2 � 31 kHz. A single, similarly broad

resonance was also seen at −307 ppm for the 6.7 M

KOH/0.15 M Nb2O5/200 °C solution and at −297 ppm

for the 15 M KOH/0.0015 M Nb2O5 solution.

C. Proton incorporation

Figure 7 shows the room-temperature FTIR spectra of

KNbO3 powder synthesized at 150 °C from 15 M KOH/

0.0015 M Nb2O5 precursor solutions, hereafter referred

to as the 15 M powder. The broad band from 3000 to

3600 cm−1 is due to overlapping O–H stretching vibra-

tions of H2O and hydroxyl ions while the peak at 1600–
1650 cm−1 is due to the bending vibration of H2O.25 The

KNbO3 powder synthesized at 200 °C in 6.7 M KOH/

0.15 M Nb2O5 (hereafter referred to as the 6.7 M pow-

der) displayed a similar spectrum except for the absence

of the sharp peak at 3637 cm−1 in the 15 M spectra

attributed to the presence of free hydroxyls.26,27 As far as

the authors are aware, a free hydroxyl peak has never

been reported for hydrothermally synthesized perovskite

powders.

FIG. 4. SEM of KNbO3 powder produced after 16 h at 150 °C from

15 M KOH/0.0015 M Nb2O5 solution.

FIG. 5. Variation of normalized mass as a function of time for KNbO3

(open symbols) and NaNbO3 (closed symbols) powders.

TABLE I. Peak positions from Raman spectra of hexaniobate par-

ticles in KOH/0.15M Nb2O5 parent solutions.

[KOH] Wave number (cm−1)

6.7 M 866, 812, 740, 529, 453, 299, 224

15 M 885, 825, 741, 541, 500, 292, 259, 240, 223
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TGA of the 6.7 M and 15 M powders revealed total

weight losses of 0.98 and 1.13 wt%, respectively. Con-

current mass spectrometry indicated that these weight

losses were associated with the evolution of water. It was

also observed that 38% and 74% of these losses occurred

at temperatures lower than 350 °C for the 6.7 M and

15 M powders, respectively, as illustrated in Fig. 8 for

the 6.7 M powder. The TGA curve for the 15 M powder

had a similar profile.
1H MAS NMR was also carried out on the 6.7 M

powder. As shown in Fig. 9, there are two groups of

peaks. The group with the higher intensity was found to

be composed of two peaks at 4.95 and 4.44 ppm, shifts

that are probably more typical of internally incorporated

protons with OH− stretching frequencies around 3400

cm−1.28 The other group consisted of four peaks with

shifts ranging from 0.84 to 1.74 ppm; the peaks were

much sharper. These peaks were probably due to surface

H2O or surface hydroxyl groups. The integrated 1H MAS

NMR signal for the two peaks at 4.95 and 4.44 ppm is

91% of the total value for all the peaks, indicating

that 91% of the protons were internally incorporated.

Accordingly, this means that the weight loss due to in-

ternally incorporated protons for the 6.7 M powder is

0.89 wt%.

IV. DISCUSSION

A. Hexaniobate ion

The hexaniobate ion is composed of six edge-sharing

NbO6 octahedra, forming a super-octahedron, as shown

in Fig. 10(a). As confirmed by 17O NMR spectroscopy,29

FIG. 6. Room-temperature 93Nb solution NMR spectra of (a) 0.25 M

NbCl5 reference solution and (b) 15 M KOH/0.15M Nb2O5 precursor

solution.

FIG. 7. FTIR spectra of KNbO3 powder produced after 16 h at 150 °C

from 15 M KOH/0.0015 M Nb2O5 solution.

FIG. 8. TGA curve of KNbO3 powder produced after 16 h at 200 °C

from 6.7 M KOH/0.15 M Nb2O5 solution.
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this arrangement gives rise to three different types of

oxygen atoms; 6 terminal (Ot), 12 bridging (Ob), and

1 central (Oc). The unfavorable niobium–niobium elec-

trostatic repulsions resulting from this arrangement are

accommodated by distortion of the NbO6 octahedra

[Fig. 10(b)].30 It has been shown by Raman spectroscopy

that the structure of the hexaniobate unit in the crystalline

state is retained in aqueous solution.22 The strong in-

ward polarization of the exterior layer of oxygens (Ot)

hinders polymerization and is the reason why the appar-

ently highly charged complex can exist as discrete spe-

cies in solution.31 Protonation of the complex to form

HxNb6O19
8−x (x � 1 to 3) is generally observed only below

pH 14.32

The band positions in the Raman spectra of the hex-

aniobate ion have previously been assigned as follows:33

Nb–Ot stretching in the 800 to 900 cm−1 range,

edge-shared NbO6 octahedra stretching in the 800 to

400 cm−1 range, Nb–Oc stretching around 290 cm−1, and

Nb–Ob–Nb bending around 230 cm−1. Thus the differ-

ence in band positions of the hexaniobate ion in 6.7 M

and 15 M KOH (see Table I) indicates that the bond

lengths and angles are not the same. This agrees with
93Nb NMR observations that the resonance positions,

which are sensitive to the bonding environment of the

niobium ion, are also not the same.

It has been proposed, on the basis of ultraviolet

and Raman spectroscopy, that it is the tetrameric,

Nb4O12(OH)4
8−, and monomeric, NbO2(OH)4

3−, forms

that are present in highly concentrated (6–12 M) KOH

solutions instead of the hexamer.34,35 This is in contrast

to Griffith and Wickins, who observed only Raman

bands typical of the hexaniobate ion in a 12 M KOH

solution.36 The presence of the hexaniobate ion at high

KOH concentrations (6.7 and 15 M) was also observed in

this study, as confirmed by Raman spectroscopy. In ad-

dition, as detailed below, the absence of the monomer in

6.7 and 15 M KOH solutions at room temperature was

also confirmed by solution 93Nb NMR spectroscopy.

The large quadrupolar moment of the Nb nucleus often

results in broad NMR resonances.37 In addition, the

number and arrangement of Nb nuclei with respect

to each other has been observed to affect the line

width W1/2 of 93Nb NMR resonances. For example,

[(C4H9)4N]3NbW5O19, which has a super-octahedron

composed of five WO6 and one NbO6 octahedra all shar-

ing edges, has a W1/2 of 900 Hz. When condensation

occurs to form [(C4H9)4N]4(NbW5O18)2O by corner

sharing of the NbO6 octahedra via its terminal oxygen,

W1/2 increases to 6000 Hz.38 A W1/2 of 21,000 Hz has

been observed for [Nb(�-OEt)(ONp)4]2 in which two

NbO6 octahedra share edges.24 In general, these obser-

vations indicate that isolated, monomeric Nb units lead to

sharp peaks, whereas broad peaks result from units con-

taining several Nb atoms in close proximity. The absence

of a sharp resonance in the 93Nb NMR spectra for the 6.7

and 15 M KOH solutions in this study indicates that a

monomeric species was not present.

It is proposed that the synthesis of KNbO3 powders

involves the following reactions:

Dissolution: 3Nb2O5 + 8OH−
→ Nb6O8−

19 + 4H2O (1)

Monomer generation:

Nb6O8−
19 + 34OH−

→ 6NbO7−
6 + 17H2O (2)

Integration:

6NbO7−
6 + 6K+ + 3H2O → 6KNbO3 + 36OH− (3)

Overall: Nb2O5 + 2KOH → 2KNbO3 + H2O (4)

Reaction (2) is essential since the perovskite structure is

composed of corner-sharing NbO6 octahedra whereas the

hexaniobate ion (Nb6O8−
19) is composed of edge sharing

octahedra. As the monomer was not detected in solution

by 93Nb NMR spectroscopy, this suggests that Reac-

tion (2) took place at the surface of a growing crystal

instead of in the bulk solution.

According to Reaction (2), the stability of the hexanio-

bate ion in KOH solutions decreases with increasing

KOH concentrations. This is experimentally supported

by the observation that the induction period is shorter for

higher KOH concentrations (9 M KOH curve in Fig. 5) in

this study, and also by the observation of Lu and Lo39

FIG. 9. 1H NMR spectra for KNbO3 powder produce after 16 h at

200 °C from 6.7 M KOH/0.15 M Nb2O5 solution.

FIG. 10. Structure of hexaniobate ion, Nb6O8−
19: (a) edge sharing NbO6

octahedra model and (b) bond length model (after Ref. 30).
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that the mass of KNbO3 powder recovered after heating

a starting solution of KOH and predissolved niobium

species at 200 °C increases with increasing KOH con-

centration for the same processing time.39 As such, the

breakup of the hexaniobate ion according to Reaction (2)

is possibly the rate-determining step of the overall reac-

tion. The variation in induction periods also explains the

different amounts of recovered powder observed by Kor-

maneni et al.8 and Lu et al.9 for syntheses in varying

KOH concentrations.

B. Proton incorporation and removal

Protons may be present in the perovskite lattice either

in the form of hydroxyl ions or as H2O molecules. The

presence of hydroxyl ions in the lattice (residing on sites

normally occupied by oxygen atoms) is presumably

charge compensated by the presence of cation vacancies,

which may lead to A/B cation ratios below one. This type

of nonstoichiometry has been observed for hydrother-

mally synthesized BaTiO3 and KTaO3 powders and also

for the KNbO3 powders in this study.40–42 As for H2O

molecules, it was proposed in an earlier work that

H2O molecules reside on vacant potassium sites, based

primarily on the similarity in size of K and H2O.42

The chemical formula of the as-synthesized potassium

niobate hydrate may be written as KxNbyO3−z(OH)z ·
nH2O, where x + 5y + z � 6 for charge neutrality. The

dehydration reaction that occurs upon heating can, in

turn, be written in terms of the overall change in stoichi-

ometry, as shown in Reaction (5):

KxNbyO3−z(OH)z � n H2O →

KxNbyO3−z/2 + (z/2 + n)H2O . (5)

This dehydration involves both the loss of molecular wa-

ter and water present in the form of hydroxyl ions, the

latter occurring according to43,44

2(OH�

o) ↔ Vo
�� + Oo + H2O . (6)

The presence of both water and hydroxyl ions in the

perovskite lattice, at least for the 6.7 M powder, is sup-

ported by NMR observations of two different types of

internally incorporated protons (see Fig. 9). The combi-

nation of the charge neutrality condition (x + 5y + z � 6),

weight loss of internally incorporated protons (z/2 + n),

K/Nb cation ratio (x � 0.96y), and requirement that there

be just sufficient potassium vacancies to accommodate

all water molecules (n � 1 − x) leads to a chemical

formula of K0.95Nb0.99O2.92(OH)0.08 · 0.05H2O for the

6.7 M powder.

For the KNbO3 powders studied here, 74% and 38% of

the weight loss for the 15 and 6.7 M powders, re-

spectively, occurs below 350 °C. In contrast, the onset

of dehydration for barium zirconate, a protonic conductor

deliberately doped to produce oxygen vacancies, is

reported to take place at temperatures between 350 and

550 °C.45 The dehydration of KNbO3 powders at such

low temperatures occurs despite the fact that the perov-

skite structure is a close-packed structure with all oxygen

sites in the hydrated perovskite filled with oxygen or

hydroxyl ions and all potassium sites filled with potas-

sium ions or water molecules. That is, there is no path for

the diffusion of water molecules out of the structure.

To account for the rapid loss of water at low tempera-

tures, it was proposed in our earlier work that the water

molecules and hydroxyl ions [via Reaction (6)] at the

surface are lost first.42 This creates vacant sites (potas-

sium and oxygen vacancies) for the subsequent diffusion

of water molecules from beneath the surface. This proc-

ess of vacancy creation proceeds inwards, analogous to a

drying front, as water molecules diffuse to the surface.

Note that because the water molecule is a neutral species

with a Coulombic radius of 1.37 Å,46 it could diffuse to

the surface by hopping through either the vacant potas-

sium sites (radius, r � 1.60 Å)47 or the vacant oxygen

sites (r � 1.42 Å).47

V. CONCLUSIONS

Orthorhombic NaNbO3 powders were hydrothermally

synthesized at 200 °C from 8.4 M NaOH solutions and

0.25 M Nb2O5 powder. For orthorhombic KNbO3

powders, the reaction was between Nb2O5 (0.0015–
0.38 M) and KOH solutions of varying concentrations

(6.7–15 M) at 150 and 200 °C. It was observed that an

intermediate hexaniobate species formed first before

eventually converting to the perovskite phase. For the

KOH concentrations studied, most of the Nb2O5 precur-

sor powder dissolved to form a hexaniobate ion, Nb6

O8−
19. The stability of the hexaniobate ion in solution was

greater for lower KOH concentration and lower tempera-

ture. In other words, the induction period relating to the

conversion of the hexaniobate ion to perovskite powder

varied with different KOH concentrations for a given

temperature. This explains why other studies on hydro-

thermally synthesized KNbO3 observed large disparities

in the mass of recovered powder for syntheses with vary-

ing KOH concentrations. As for the defect structure of

the as-synthesized KNbO3 powder, it was believed that

protons were incorporated in the lattice in the form of

water molecules and hydroxyl ions, leading to a chemical

formula of K0.95Nb0.99O2.92(OH)0.08 · 0.05H2O for the

powder synthesized at 200 °C in 6.7 M KOH.
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