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For the first time, a series of sodium potassium niobate solid solutions with compositions around
the morphotropic phase boundary (MPB) are hydrothermally synthesized at 200 ◦C using a
simple KOH and NaOH mixture with Nb2O5 as a precursor powder. Rietveld refinement of X-ray
diffraction data indicated the presence of a second sodium niobate perovskite phase when the
concentration of NaOH (compared to the total hydroxyl ion concentration) is above 11.7%. The
presence of the second phase is attributed to the different solubilities of the intermediate
potassium and sodium hexaniobate species. It is also found that heat-treating the mixed-phase
powders for two hours at a temperature of 800 ◦C is effective in obtaining the desired single-phase
solid solution with compositions near the MPB, thereby opening the way to using hydrothermal
synthesis in simplifying the laborious solid-state process.

Introduction

Pb(Zr,Ti)O3 (PZT) based ceramics are high-performance piezo-
electric materials, extensively used in sensors, actuators and
other piezoelectric devices. Their properties are best near the
morphotropic phase boundary (MPB), a discontinuous change
in the crystal structure when the tetragonal unit cell changes to
a rhombohedral one as Zr increasingly substitutes the Ti.1,2 At
the MPB composition, lead makes up to 60% of the total PZT
weight,3 therefore posing a serious hazard to the human central
nervous system due to its ability to bind strongly to proteins.4

Since present processes require high-temperature steps in the
synthesis of PZT, lead poisoning can occur due to the ease of
PbO volatility.5 Currently, PZT is exempted from the Restriction
of the Use of Certain Hazardous Substances regulation6 (RoHS
– a law enacted in the European Union to limit the amount
of hazardous elements in a product) because a similarly high
performance material has not yet been demonstrated. Therefore,
the need to continue the search for a suitable replacement is
imperative.

(NaxK1-x)NbO3 (NKN), a sodium-substituted potassium nio-
bate, is a suitable candidate to replace PZT. This is because
like PZT, a morphotrophic phase boundary (MPB) exists when
the sodium replaces ~50% of the potassium sites,7,8 causing
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an abrupt change from an orthorhombic unit cell (Amm2, 2
formula units) to a monoclinic one (P1m1, 8 formula units).
In order to compare the lattice parameters across the phase
boundary, expressing the lattice parameters in terms of a
pseudocubic unit cell (1 formula unit) is useful and widely used
in the perovskite systems.9 These various unit cells are illustrated
in Fig. 1. At the MPB, a material is able to accommodate large
atomic displacements,10 which, depending on the symmetry, may
allow the polarization alignment that results in a very high
electromechanical coupling.11

Fig. 1 Schematic of crystal structure of perovksite NKN comparing the
monoclinic (P1m1, solid line, eight formula units per cell), orthorhombic
(Amm2, dotted line, two formula units per cell) and the pseudocubic unit
cell (Pm3̄m, dashed line, one formula unit per cell). The arrows indicate
octahedra tilting directions.

At the MPB composition, NKN has a very high dielectric
constant12 and good piezoelectric performance.13 The good
piezoelectric performance of NKN at the MPB composition is a
two-tiered effect: (1) the off-centered Nb atoms displacement
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during the cubic–tetragonal–orthorhombic phase transition
with decreasing temperature,14 and (2) the tilting of NbO6 oc-
tahedra when sodium atoms replace potassium atoms, resulting
in a structure shown in Fig. 1. The piezoelectric performance
is improved further by introducing elements like lithium and
antimony, resulting in an increased Curie temperature and
piezoelectric properties comparable to a soft (donor-doped)
PZT.15

(NaxK1-x)NbO3 is presently synthesized by conventional
solid-state processes from potassium and sodium carbonate
precursors at temperatures beyond 800 ◦C.13,16,17 The high
temperatures required during the solid-state process are prob-
lematic because potassium oxide starts to volatilize at 900 ◦C,18

leading to non-stoichiometry,19 lowered density20 and ultimately,
a degradation in the performance.21 The solid-state process
also requires over 80 h of laborious and high energy steps22

including pre-mixing, attrition ball milling, calcination, and
sintering. In particular, the milling steps unavoidably introduce
contaminants from the milling media that cannot be removed
later.23 In contrast to the solid-state process, hydrothermal
synthesis lowers the processing temperature from 800–1000 ◦C
to 200 ◦C, processing times from 80 to 24 h24 and removes the
need for grinding or milling since submicron and nanosized
particles can be obtained directly. In addition, epitaxial films
required for miniaturized sensors and actuators can also be
grown when a suitable substrate is introduced.25,26

While both pure KNbO3 (KN) and NaNbO3 (NN) pow-
ders have been successfully synthesized hydrothermally at low
temperatures,27–30 it appears that the formation of the NKN solid
solution via hydrothermal synthesis is not so straightforward.
In an earlier attempt to synthesize the NKN solid solution
hydrothermally, Sun and co-workers24 found that there was a
big jump in the sodium occupancy from 24% to 89%. The
abrupt increase in the sodium fraction prevented the formation
of an NKN solid solution with the desired composition near
the MPB – crucial for achieving its best properties. This report
shows that sodium can be incorporated gradually into the NKN
solid solution and demonstrates for the first time that NKN
solid solutions with compositions near the MPB are achievable,
clearly demonstrating the efficacy of the hydrothermal method
in simplifying the current solid-state process.

Experimental

Hydrothermal synthesis and characterisation

NKN powder was-synthesized by reacting 1 g of Nb2O5 (99.99%,
Aldrich, St. Louis, MO) in 25 ml aqueous mixtures of KOH
(>88%, J.T. Baker, Phillipsburg, NJ) and NaOH (>98%, GCE)
at 200 ◦C for 24 h in a PTFE-lined stainless steel autoclave (Parr
Co., Moline, IL). The raw Nb2O5 precursor was identified to be
a mixture of 91% H-Nb2O5

31 and 9% T-Nb2O5.32 In all cases,
the total [OH-] was fixed at 6 M because it was found to be the
optimum concentration for the reaction to complete in 24 h at
200 ◦C. The solid solution composition was varied by changing
the value of R from 0 to 20% where

After the reaction was completed, the resulting powder
and solution were centrifuged at 3500 rpm for 10 min. The
resulting supernatant was separated and tested for soluble
niobate species by gradually replacing the solvent with cold
ethanol (~-21 ◦C) or concentrated sodium hydroxide solution
(2 M). The solvent replacement forces intermediate phases
to precipitate due to lowered solubilities in these solvents.30,33

The remaining powder slurry was washed with deionized water
(Millipore, MA, resistivity >18.2 MX cm) at room temperature
4–5 times until the pH value was neutral as indicated by litmus
paper. The white powder slurry was then dried at 60 ◦C in air
for one day, weighed and stored in a dry box prior to further
analysis. To investigate the effects of post-growth annealing on
the as-synthesized powder’s phase stability, heat treatment was
carried out in a platinum-lined alumina crucible at 800 ◦C for
2 h with a ramp rate of 10 ◦C min-1.

Early stages of NKN phase formation were observed by
shortening reaction periods to three hours or less. Six samples
with selected R values of 10% and 13.3% were prepared to
represent the conditions with and without the second NN phase.
The powder slurry, recovered by centrifugation, was then dried
at 60 ◦C in air for one day, weighed and stored in a dry box prior
to further analysis.

Phase content was analyzed by a Philips Multi-purpose
Diffractometer with cobalt radiation at 40 kV and 40 mA,
0.01◦ step size, 30–150 s per step, and 2q range from 10–150◦.
Energy-dispersive X-ray spectroscopy (EDS) elemental analysis
was done using an OXFORD EDS system attached to a JEOL-
5600 thermionic emission scanning electron microscope (SEM)
on uncoated powder. Point analysis mode was chosen to stan-
dardize probe width, and live time was preset to 100 s to obtain
statistically meaningful data. Results were taken by averaging
ten randomly selected point readings. The powder morphology
was characterized using a JEOL-6700F field emission scanning
electron microscope (FESEM).

Refinement strategies

XRD data analysis and compilation was carried out using
the Bruker R© TOPAS 3 platform running in the fundamental
parameters mode with known instrument parameters. Rietveld
structure refinements of the NKN phases were carefully done
based on the series of works by Ahtee and Hewat,34,35 by
assuming a rigid octahedral framework previously established by
Megaw.36 In accordance to the NKN phase diagram constructed
by Tennery and Hang,8 an orthorhombic Amm2 (No. 38, two
formula units per unit cell) space group was used until the
MPB was detected, after which the space group was replaced
by a monoclinic P1m1 (No. 6, 8 formula units per unit cell).
The refinable parameters were progressively released from the
most stable parameters (e.g., cell parameters) to the least stable
(e.g. occupancy). Once the refinement had converged, normally
within 3–4 refinement cycles, the cell parameter results from each
sample were tabulated.

Although the atomic displacements on crossing the MPB
result in a reduction in symmetry from orthorhombic to
monoclinic, a pseudocubic unit cell (see Fig. 1) can be used
for simplicity and convenience of comparing cell parameters
across the different phases, with only a slight deviation from the
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ideal (cubic) structure. The refinement results were therefore
converted to a pseudocubic unit cell to enable a one-to-
one comparison across the MPB. The refinement quality was
checked by comparing the refinement results with the EDS data.
A secondary check of Vegard’s law validity within one phase was
done by plotting the NKN refined cell volume against sodium
occupancy in the NKN phase (“x”) and comparing it to the
reference data.35,37

An unknown hexaniobate phase was observed to form before
the final perovskite phase. As it was believed to affect the
phase purity of the NKN phase, analyzing it became important.
The hexaniobate unit cell is made up two ‘super-octahedrons’;
each of these ‘super-octahedrons’ is made up of six edge-
sharing NbO6 octahedra27 and so are significantly larger than
the perovskite unit cells. Due to limited structural information,
an alternative refinement strategy using a combination of the
Pawley intensity fitting method38 and the LeBail intensity
extraction function combination39 (referred to as whole powder
pattern decomposition – WPPD – method40) was used to analyze
the unknown hexaniobate phases. A preliminary qualitative
analysis was done by manually matching the reflections of
the raw XRD data with thirteen variants of hexaniobate-
related compounds,27,30,33,41,42 and the closest was found to be
the sodium hexaniobate, Na7HNb6O19·14H2O.42 The initial unit
cell parameters and other information was then taken from
a Na-hexaniobate reference and refinement was run by only
releasing the cell parameter values. Since the WPPD method
does not determine the weight fraction of the different phases
present in the powders, a Rietveld structure refinement of the
powder was done by inserting the refined cell parameters of
the hexaniobate phase determined with the WPPD method
but using the atomic parameters of the sodium hexaniobate
(Na7HNb6O19·14H2O). Other reference data used in this study
were obtained from previous works on KNbO3,43 NaNbO3,44

NKN,35 Nb2O5
31,32 using the subscribed ICSD Database.45 The

actual and maximum niobium species yield of all samples
were compared to ensure all of the niobium species were
precipitated. Details of the refinement codes, steps and the

generated atomic positions are available in the supporting
materials section.

Results and discussion

The hydrothermal synthesis completes within 24 h, indicated
by the high (≥97 wt%) NKN powder yield and the negative
results from both the cold ethanol and the sodium hydroxide
tests. Phase identification by X-ray diffraction (Fig. 2, only
selected samples are shown for clarity) shows the samples are
made up entirely of perovskite phases and that the NKN
reflections are shifted towards higher 2q with increasing R values.
(Detailed results for all R values are tabulated in Table 1).
These movements are indicative of a lattice contraction and
that the smaller sodium atoms are successfully incorporated
inside the potassium niobate (KN) lattice. It is also observed
that for R values above 11.7%, a secondary phase identified as
NaNbO3 (NN) appears. Examinations of the phase-pure NKN
powders by SEM and TEM show that the powders were made

Fig. 2 X-ray diffraction of hydrothermally synthesized perovskite
powders at 200 ◦C and 24 h for R values of (a) 0%, (b) 11.7%, (c)
13.3%, (d) 15%, (e) 18.3%, and (f) 100% showing the presence of NKN
(crosses) and NN (filled squares).

Table 1 XRD data refinement results for all R values examined (estimated errors are shown in brackets)

Lattice parameters Sodium content (x)

R (%)
NN 2nd
phase (%) a b c

NKN pseudo-cubic
vol. (Å3)

Occupancy
refinement EDS From vol. NKN phasea

0.0 0 4.0263(1) 3.9891(2) 4.0376(2) 64.849 0 0 0 M
1.7 0 4.0227(1) 3.9838(2) 4.0359(2) 64.677 0.07(1) 0.026 0.058 M
3.3 0 4.0215(1) 3.9820(1) 4.0357(1) 64.626 0.10(1) 0.038 0.076 M
5.0 0 4.0215(1) 3.9774(2) 4.0353(2) 64.545 0.10(1) 0.077 0.103 M
6.7 0 4.0167(1) 3.9746(2) 4.0320(1) 64.358 0.16(1) 0.104 0.149 M
8.3 0 4.0177(1) 3.9753(2) 4.0320(2) 64.396 0.17(1) 0.124 0.153 M
10.0 0 4.0165(1) 3.9726(1) 4.0331(1) 64.352 0.23(1) 0.161 0.168 M
11.7 0 4.0132(1) 3.9729(2) 4.0283(2) 64.228 0.24(1) 0.214 0.210 M
13.3 18.7 4.0134(1) 3.9706(2) 4.0295(2) 64.211 0.25(1) b 0.216 M
14.2 47.4 4.0115(1) 3.9695(2) 4.0285(2) 64.149 0.28(1) b 0.237 M
15.0 52.3 4.0101(1) 3.9701(1) 4.0267(2) 64.112 0.30(1) b 0.250 M
15.8 70.6 4.0098(1) 3.9686(1) 4.0279(3) 64.056 b b 0.269 M
16.7 67.4 4.0036(2) 3.9702(3) 4.021(1) 63.89 b b 0.325 M
18.3 76.6 3.998(1) 3.961(1) 4.020(1) 63.636 b b 0.411 M
20 93.1 3.94(1) 3.94(1) 4.036(3) 62.873 b b 0.719 L

a Based on ref. 35. b Reliable data is unavailable due to the presence of the secondary NN phase.
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up of single-crystalline cube-shaped particles, as confirmed by
selected-area diffraction patterns of the particles. This is shown
in Fig. 3 for powders obtained for an R value of 10%.

Fig. 3 Cube like morphology of as-synthesized NKN powder with R
value of 10% as observed by (a) FESEM and (b) TEM (Inset: selected
area electron diffraction of the left crystal along the [01̄1] axis, indicating
an orthorhombic single-crystal phase).

Instead of analyzing the X-ray diffraction data using a peak
indexing and visualization method (e.g. TREOR),46,47 the Ri-
etveld structure refinement method48 is chosen for three reasons:
(1) The Rietveld structure refinement is able to quantitatively
analyze the X-ray diffraction data. The subtle movements
of the X-ray diffraction data can be converted to accurate
cell parameters, atomic positions, occupancies and thermal
parameters. (2) Possibilities for ambiguity due to the presence
of the second NN phase introduced by manual indexing are
significantly reduced. (3) Increases in cell volume due to proton
incorporation27 in the NKN lattice complicates manual tracking
of peak movements.

The Rietveld refinement is therefore applied to the entire
as-synthesized NKN X-ray diffraction data, taking suitable
structural information from the work by Ahtee and Hewat.35

A good fit is obtained within 3–4 refinement cycles as indicated
by the relatively small R-Bragg index value that ranges from 0.80
to 1.95. Fig. 4 is an example of such a refinement for a sample
with an R value of 15%.

Rather than evaluating individual unit cell parameters, an
assessment of the unit cell volume is more sensitive and
appropriate in detecting the structural changes caused by an
atomic substitution.49 Therefore, the cell volume together with

Fig. 4 Rietveld refinement of the X-ray diffraction profile of mixed
NKN and NN powders precipitated at 200 ◦C showing experimental
data (points), calculated (solid line), and the difference curve (bottom
curve). Small vertical tick marks show reflection positions allowed by
symmetry for each phase: NN (top) and NKN (bottom).

sodium occupancy as determined from cell volume, sodium
occupancy as determined from diffracted intensities of the
various cell reflections (occupancy refinement) and sodium
occupancy according to EDS elemental analysis (only of single-
phase samples) are plotted together in Fig. 5a. A gradual
contraction of the NKN cell volume (left axis) followed by a
corresponding increase of the sodium occupancy (right axis),
x, in the NKN phase is observed from 0.03–0.3. Around an

Fig. 5 (a) Plot of NKN cell volume (filled squares) against R and NKN
sodium occupancy (x) obtained from occupancy refinement (triangles),
EDS (open circles) and cell volume (stars) against R. (b) Plot of cell
volume against sodium content of the as-synthesized single-phase NKN
powder (open squares) and the reference data (inverted triangles).37

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 680–687 | 683
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Table 2 NKN cell volume, sodium occupancy and phase composition after 2 h at 800 ◦C

NKN cell volume
(pseudo-cubic, Å3) x

NN 2nd phase (refined
wt%)

R (%) Initial After HT Initial (from vol.) After HT (from vol.) After HT (EDS) Initial After HT

11.67 64.27 64.19 0.196 0.199 0.22 0 0
13.33 64.21 63.71 0.217 0.365 0.37 22.0(3) 0
13.75 64.19 63.45 0.222 0.491 0.45 26.7(2) 0
14.17 64.15 63.09 0.237 0.495 a 47.5(1) 10.2(1)
15.00 64.11 62.78 0.251 0.626 a 52.3(1) 12.7(1)
16.67 62.03 61.19 0.268 0.844 a 77.1(4) 26.3(1)

a Reliable data unavailable due to the presence of the secondary NN phase.

R value of 13.3%, the precipitated powder is no longer single-
phase NKN but is a mixture of NKN and NN; with the sodium
occupancy in the NKN phase still increasing. EDS analysis
of the single-phase region agrees well with sodium occupancy
values obtained from Rietveld refinement.

For NKN, the morphotropic phase boundary between the
orthorhombic ‘M’ phase and the monoclinic ‘L’ phase occurs
around an R value of 18.3% when a change in the rate of cell
volume decrease (change in gradient in Fig. 5a) is detected.
Unfortunately, the corresponding change in the rate of increase
of sodium occupancy as determined from the occupancy refine-
ment cannot be observed around the MPB because from an
R value of 15.8%, around 70 wt% of the precipitated powder
consists of sodium niobate. This makes it difficult to determine
the sodium fraction in the minority NKN portion from the
occupancy refinement since the diffracted intensities of the
minor phase are overshadowed by the majority NN phase.

Alternatively, sodium occupancy can be determined from the
cell volume, but only after it is determined that cell volumes vary
with sodium occupancy according to Vegard’s law. This is done
by plotting the as-synthesized NKN cell volumes against the x
values determined from the occupancy refinement, together with
the reference data taken from Ahtee and Hewat.37 As shown in
Fig. 5b, two things are noticed. First, it is confirmed that the vari-
ation of cell volume with sodium occupancy for the NKN solid
solution obeys Vegard’s law.50 Second, it is noticed that the cell
volumes of the as-synthesized NKN powders are consistently
~0.1 Å3 larger than the reference data. This lattice expansion
has been observed previously for hydrothermally synthesized
perovskite powders and is due to proton (hydroxyl ion and/or
water) incorporation in the lattice.51,52 It is important that this
lattice expansion be taken into account during extraction of
the sodium fraction from the respective cell volumes, since the
lattice expansion would make it seem that lattice contraction
on replacement of potassium with sodium is less. The sodium
occupancy values extracted from the cell volumes is represented
in Fig. 5a by filled star symbols and agree well with EDS and
occupancy refinement values. More importantly, the change in
the rate of increase in sodium occupancy also occurs in the
region indicated earlier by cell volume data to be the MPB. In
addition, it shows that NKN can by hydrothermally synthesized
with compositions around the MPB.

So far, the hydrothermally synthesized NKN powders with
compositions near the MPB (x = 0.50) are mixed with the NN
phase. It is found that a short heat treatment at 800 ◦C for

two hours is sufficient in converting the mixed-phase powders
into single-phase NKN powders, as detailed in Table 2. Two
important observations after the heat treatment are: (1) The
NKN cell volume contracts significantly (>0.5 Å3), accompa-
nied by large increases (>50%) in sodium occupancy, x, in the
(NaxK1-x)NbO3 powder. (2) The amount of secondary NN phase
content is reduced after the heat treatment and for some R
values, single-phase powders NKN powders are obtained. Most
notably, a single-phase NKN powder with sodium occupancy,
x = 0.49 near the MPB is obtained i.e. (Na0.49K0.51)NbO3. These
findings indicate that an atomic exchange process between the
potassium and sodium atoms is occurring – similar to what
happens in the calcination step in the solid-state processing,
except without significant weight loss (<0.5 wt%) because there
are no carbonate precursors involved.

For the formation of NKN powders, most calcination pro-
cesses usually require six or more hours in the temperature
range 880–1000 ◦C in order to transform the mixed carbonate
precursors into the desired perovskite solid solution.13,16,17 The
short conversion time in this study is attributed to two factors.
Firstly, the two mentioned phases of NN and NKN are evenly
distributed and in close proximity with each other, having been
precipitated in the same solution. Secondly, the as-synthesized
powder is already in the perovskite phase prior to heat treatment.
Therefore, the total energy requirement will be lower because
pure NKN phase can be formed by atomic exchange, requiring
no precursor breakdown, carbonate removal or formation of a
new crystal structure.

Intermediate hexaniobate phase

The appearance of a second sodium niobate (NN) phase
during hydrothermal synthesis of NKN places some limits on
the applicability of the hydrothermal method (e.g. a polymer
nanocomposite cannot be made with NKN powders with
compositions near the MPB). To understand the reason for the
formation of the second phase, the early stages of NKN synthesis
were studied by shortening the reaction period to three hours or
less. Syntheses were chosen using R values of 10% and 13.3% as
these represent the conditions that yield the pure NKN powder
and mixed NKN and NN powders respectively.

As shown in Fig. 6, X-ray diffraction reveals that after 1 h,
the precipitated powder consists of the starting Nb2O5 and a
hexaniobate phase (only the diffractogram for the 10% sample
is shown, as it is similar to the 13.3% sample). At 2 h, the

684 | Green Chem., 2010, 12, 680–687 This journal is © The Royal Society of Chemistry 2010
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Fig. 6 X-ray diffraction spectra of powders after synthesis for (a) 1 h,
(b) 2 h, and (c) 3 h for the 10% sample showing transformation of Nb2O5

(crosses) to NKN (filled squares) and the presence of an intermediate
hexaniobate phase (arrows).

same two phases are still present but for the R value of 13.3%,
the NN phase is also present in the powder. Finally at 3 h,
only the perovskite phases are present i.e. NKN for the 10%
sample and NKN and NN for the 13.3% sample. A manual
search-and-match identified the hexaniobate phase as sodium
hexaniobate, Na7HNb6O19·14H2O.42 It has been observed in the
hydrothermal synthesis of KN that an intermediate hexaniobate
phase can precipitate when the solution was left for long
periods of time27,53 or mixed with cold ethanol30 before the
formation of the perovskite phase occurred. In the case of NN,
the precipitation of intermediate phase occurs more readily33

and therefore different types of intermediate phases have been
studied and reported.29,30,54

Corresponding scanning electron microscopy of the 10%
sample showed that powder morphologies varied in line with
changes previously revealed by XRD. As shown in Fig. 7b and
c, from 1 to 2 h, Nb2O5 powder particles give way to large
dodecahedra-shaped hexaniobate particles. Finally, as indicated
by XRD, the familiar cube-shaped particles of the perovskite
phase are attained at 3 h (Fig. 7d). It is not surprising to
find large hexaniobate particles being replaced by sub-micron
perovskite particles since a dissolution–reprecipitation process
is required to form the perovskite phase. This is because the
intermediate hexaniobate is composed largely of edge-sharing
NbO6 octahedra27 (the lack of corner-sharing NbO6 octahedra

Fig. 7 Electron micrographs of (a) Nb2O5 precursor powder and
powders obtained after (b) 1 h, (c) 2 h and (d) 3 h of synthesis for
samples with R = 10%.

in the intermediate phase was also shown with the absence of
light absorption near 300 nm, as described by Zhu et al.54) while
the perovskite phase is composed of a 3D network of corner-
sharing NbO6 octahedra.

The Whole Powder Pattern Decomposition (WPPD) refine-
ment method is then applied to the X-ray diffraction data
to get the unit cell information. The space-group and unit
cell information of the Na7HNb6O19·14H2O obtained from the
manual search and match method is taken as a starting point
to represent the intermediate hexaniobate phase in the WPPD
refinement. Other known phases such as NKN and Nb2O5

are also inserted in the refinement to calculate their weight
percentage in the powder. The WPPD refinements that are run
using only one type of hexaniobate phase quickly converged
with R-Bragg values below one, an indication of a very good fit.
Any attempts to include more than one phase of hexaniobate
in one powder diffraction data leads to convergence failure or
hkl phase redundancy. This is a strong indication that there is
only one hexaniobate phase in each sample. The results of phase
composition information and cell volume data obtained from
the WPPD method are tabulated in Table 3.

It is noticed that the cell volumes of the hexaniobate
phases for both the 10 and 13.3% samples (~1560 Å3

and ~1565 Å3 respectively) fall inbetween known cell vol-
umes of sodium (1556.60 Å3)42 and potassium hexaniobate

Table 3 WPPD refinement data of 10% and 13.3% samples

R = 10.00% R = 13.33%

Phase composition (wt%) Phase composition (wt%)

Time (h)
Hexa cell
volume (Å3)

Na from
EDS (%) Hexa Nb2O5 NN NKN

Hexa cell
volume (Å3)

Na from
EDS (%) Hexa Nb2O5 NN NKN

1 1563.29(4) 0.321 45(1) 55(1) 0 0 1566.7(1) 0.455 93.0(2) 4.6(2) 0 2.5(1)
2 1559.72(4) 0.344 90.6(2) 9.4(2) 0 0 1566.4(1) NA 79.7(4) 1.96(18) 15.4(3) 3.0(1)
3 NA NA 0 0 0 100 NA NA 0 0 13.3(1) 86.7(1)
24 NA NA 0 0 0 100 NA NA 0 0 18.7(2) 81.3(2)

The sum may not add up to 100% due to rounding.
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(1583.75 Å3).55 This indicates that the intermediate hexanio-
bate phase formed was not Na7HNb6O19·14H2O but a mixed
hexaniobate, (NayK(8-y)Nb6O19·nH2O). Energy-dispersive X-ray
spectroscopy (EDS) carried out on samples without signifi-
cant amounts of NN and/or NKN indicated that the 13.3%
hexaniobate had 46% sodium while the 10% hexaniobate had
34%. It is believed that the mixed hexaniobate from the
13.3% sample had a larger cell volume than the 10% sample
because of greater proton incorporation in the lattice, whether
in the form of hydroxyl groups or water molecules. Lattice
expansion due to proton incorporation was previously observed
for hydrothermally synthesized group I:V perovskite powders by
Goh and co-workers.25,52

Turning our attention back to Table 3, it is observed that only
after the first hour, the phase compositions of the 2 samples are
significantly different. For the 13.3% sample, less than 5 wt% of
the Nb2O5 precursor is still present compared to >50 wt% for the
10% sample. This indicates that the Nb2O5 precursor is dissolved
at a much faster rate for the 13.3% sample, much faster than
what had been reported previously using only KOH solution
with similar concentration.56 Consequently, the intermediate
hexaniobate ions for the 13.3% sample are formed more rapidly
than for the 10% sample and the system is quickly pushed to
supersaturation; evident in the very high amount of hexaniobate
powder that precipitated for the 13.3% sample (>90 wt%). In
order to relieve the supersaturation, the more stable perovskite
phases are formed. In the case of the 10% sample, only the NKN
perovskite phase is formed. In the case of the 13.3% sample, both
NN and NKN phases formed and it is believed that precipitation
of the NN phase helps to relieve the supersaturation of the
system faster. Also, it is NN and not KN that forms as the
second phase as NN is reported to form faster than KN.27

The large amount of the hexaniobate ions precipitated in
concentrated KOH solution (an R value of 13.3% contains
>5M KOH) at 200 ◦C however, was not expected, because the
hexaniobates are known to be soluble in these conditions.27,56

On the other hand, sodium hexaniobate is much less soluble.27,33

Although sodium and potassium have the same ionic charge,
sodium is slightly more electronegative and has a smaller ionic
radius than potassium. This means a sodium-bonded atom
pair will be shorter (i.e. stronger) and less polar compared to
a potassium-bonded atom pair. As a result, a lot of sodium
salts, including sodium hexaniobate,33 are less soluble than the
potassium salt. Therefore, it can be said that although sodium
ions increase the solubility of the precursor Nb2O5 powder (note
that the total OH concentration is the same for all samples), they
decrease the solubility of the hexaniobate ion. More detailed
understanding of how sodium affects the solubilities of these
species appears to be the key to synthesizing single-phase NKN
powders spanning the MPB.

Conclusions

In this study, sodium potassium niobate (NKN) solid solutions
have been hydrothermally synthesized at 200 ◦C using simple
KOH and NaOH mixtures with Nb2O5 precursor powders.
Single-phase as-synthesized NKN powders with compositions
up to (Na0.24K0.76)NbO3 were attained. When the concentration
of NaOH compared to the total hydroxyl ion concentration, the

R value, was above 11.7%, a second sodium niobate (NN) phase
always formed along with the NKN phase. It was observed that
sodium was gradually incorporated into the NKN phase with
increasing R values, and a morphotropic phase boundary (MPB)
between the orthorhombic–monoclinic NKN phases was found
around an R value of 18%. Early stages of NKN formation
revealed the presence of an intermediate mixed hexaniobate. It
was observed that increasing R values were accompanied by the
formation of a second NN phase as dissolution of the precursor
Nb2O5 was speeded up, generating much greater supersaturation
that was relieved by the formation of the NN phase.

It was also found that a short two hour heat treatment
at 800 ◦C was effective in transforming the hydrothermally
synthesized powders to a series of pure NKN powders with
compositions up to (Na0.49K0.51)NbO3 – practically at the
MPB. The short conversion time was attributed to intimate
powder distribution and the fact that the hydrothermally
synthesized powders were already in the perovskite phase. These
findings suggest that hydrothermal synthesis can be applied as
a step for making reactive precursors for use in a conventional
solid-state process, simplifying the process flow and conserving
the energy requirement. The improvements are achieved by
removing the need to use hygroscopic carbonate precursors,
and laborious and energy-intensive steps; such as attrition ball
mixing, calcination and subsequent milling that are required
to achieve desired composition prior to the final sintering
step.
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