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ABSTRACT: When kinetic conditions dominate and dictate the growth in a
nanoparticle synthesis, properties of the synthesis environment can have considerable
effects on the properties of the products. Such effects were studied here, where the
solution environment was changed via the addition of KF to the hydrothermal
syntheses of KTa1−xNbxO3 and KTaO3. One result demonstrated the straightforward
cause-and-effect relationship between the solution and reaction kinetics: KF directly
increased the solution stability of the Ta species and therefore decreased its reaction
rate, resulting in a change in composition heterogeneity of Ta and Nb in the
KTa1−xNbxO3 particles. However, not all effects are so simple; changing the chemical
potential of the solution with KF can also promote the formation of particles with
anisotropic defect enhanced kinetic Wulff shapes instead of cuboidal shapes. The
increased F chemical potential in the solution enabled the formation of planar defects
in the bulk, which accelerated growth in-plane to form particles characterized by flat
rectangular flake geometries. Thermodynamic modeling with density functional theory
calculations confirmed that sufficient KF concentrations can drive the formation of a defect phase Kn+1TanO3nF.

■ INTRODUCTION
The thermodynamic Wulff construction, defined by the
minimization of surface energy of a crystal, establishes the
equilibrium shape of a nanoparticle;1 however, this is only valid
under equilibrium conditions where there is enough time and
energy for the diffusion processes to form the minimum energy
shape. In many nanoparticle syntheses, especially solution-
based methods, equilibrium conditions are uncommon and
except for diffusion-controlled cases, kinetic conditions
dominate instead. In the kinetic limit, the shape of the
nanoparticles, termed as the kinetic Wulff shape, is determined
by the growth rates of different facets rather than their surface
energies.2−8 Part of the difficulty in understanding and
predicting kinetic Wulff shapes is the complexity in how
many different factors can control different properties and rates
of growth, which is why it is prudent to identify key regions
and their relevant thermodynamic and kinetic properties. For
the solution-based hydrothermal syntheses that are the focus of
this work, these key regions are depicted schematically in
Figure 1 as region I, the aqueous solution; region II, the near
surface region where species are interacting with the particle
surface; region III, the particle surface where growth occurs;
and region IV, the bulk where defects such as stacking faults
and twin boundaries can enhance growth in particular
directions.9−14

The roles of several of these regions in the synthesis of
KTa1−xNbxO3 (x = 0−1) (KTN) materials have already been
analyzed through previous studies. For instance, it was
demonstrated in the hydrothermal synthesis of KTaO3
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Figure 1. Schematic of key regions for solution-based nanoparticle
growth. Region I is the solution, which includes all dissolved active
and inactive species. Region II encompasses the near surface region
where species in the solution interact with the growing surface, such
as via chemisorption. Region III contains the growing surface. Region
IV is the bulk, where bulk defects can form and affect growth.
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(KTO) that the relative kinetics of the step-flow growth
mechanisms in Region III were controlled by the changing
thermodynamic properties of Region I over the course of the
synthesis reaction.15 Regions I, II, and III may also all be
interlinked; when the growth of KTN nanoparticles with
different surface chemistries (Ta or Nb), which could be
controlled by their relative stabilities in region I, were
compared, it was shown that the chemisorption behavior in
region II could impact the growth morphology in region III.16

The relationships between regions I and IV and their effects
on KTN and KTO particles are the focus of this study.
Potassium fluoride was added to the aqueous hydrothermal
solution to affect the relative solution stabilities of the reagents
during reaction and to act as a driving force behind the
formation of bulk planar defects in the produced materials.
Changes in the relative solution stabilities of the reagents
directly affected their reaction rates, and therefore, the
composition of the products. Density functional theory and
thermodynamic calculations were also used to model the more
complex results caused by the increased solution chemical
potential from the addition and potential incorporation of KF.
These calculations confirmed that the experimental conditions
were sufficient for forming Ruddlesden−Popper-like planar
bulk defects in the particles. These defects promoted the
formation of a defect enhanced kinetic Wulff shape by breaking
the cubic symmetry of the perovskite structure and accelerating
growth along the directions of the defect, resulting in
anisotropic rectangular flakes.

■ METHODS

All of the nanoparticle samples were grown using a
hydrothermal synthesis adapted from Goh et al.,17 where
0.0025 mol M2O5 (M = Ta and/or Nb), 25 mL 15 M KOH,
and different amounts of KF were added to a 125 mL Teflon-
lined autoclave, heated to 200 °C for 1−12 h. The molar ratio
KF/KOH was varied between 0.15 and 0.35. After cooling to
room temperature, the product was washed several times with
deionized water and dried overnight at 80 °C.
Powder X-ray diffraction (XRD) was used to characterize

the yielded phases of each synthesis. XRD was performed on a
Rigaku Ultima diffractometer and Smartlab 3 kW Gen2
operated at 40 kV and 44 mA. Electron microscopy was
performed on a Hitachi HD-2300 STEM and FEI Talos F200X
TEM/STEM operated at 200 kV. Argonne chromatic
aberration-corrected TEM (ACAT), an FEI Titan with a
CEOS Cc/Cs image corrector at Argonne National Laboratory,
was used to perform high-resolution transmission electron
microscopy (HRTEM). MacTempasX software package,18

which uses the multislice method19 and nonlinear imaging
theory,20 was used to simulate HRTEM images.
Density functional theory calculations were done using

WIEN2k, an augmented plane wave plus local orbital
code,21−23 with the PBEsol functional.24 The muffin tin radii
(RMT) were set to 2.26, 1.8, 1.72, 1.56, and 1.63 for K, Ta,
Nb, O, and F, respectively, and the RKmax was set to 7. A k-
point mesh of 7 × 7 × 7 and 9 × 9 × 9 were used for the
perovskite and KF structures, respectively. For the Rud-
dlesden−Popper defect structures, the k-point mesh was set to
8 × 8 × 8 (n = 1 and 2) and 7 × 7 × 1 (n = 3).

■ RESULTS
A series of KTN nanoparticles were synthesized with
increasing concentrations of KF to determine any critical
concentrations for kinetic changes in the synthesis. XRD
patterns acquired for each sample confirm the formation of the
perovskite phase (Figure 2a). The reaction kinetics were

related to the composition distribution of tantalum and
niobium in the particles, as shown in the secondary electron
(SE) images and corresponding energy dispersive X-ray
spectroscopy (EDS) maps in Figure 2b. The distributions of
niobium (yellow) and tantalum (blue) were not homogeneous
across the entire series, and the interior bulk composition
corresponded to the species with the higher reaction rate while
the exterior surface composition corresponded to the slower
reacting species. At low KF concentrations (KF/KOH < 0.25),
the particles had a tantalum-rich interior and a niobium-rich
surface. Higher concentrations of KF caused the composition
to invert; the bulk became niobium-rich and the surface
became tantalum-rich. This inversion confirms that the
reaction kinetics between KOH and the niobium and tantalum
oxides to forming the final KTN perovskite phase could indeed
be controlled by a critical concentration of KF.
Significant morphology changes corresponding to increasing

KF/KOH concentrations were also observed. The nano-
cuboids shown in Figure 2 were typical of particles grown at
lower KF/KOH concentrations, and their morphologies
matched the nucleation and growth via surface terraces
behavior studied previously.15,16 In contrast to the nano-
cuboids, anisotropically shaped particles also formed at higher
concentrations of KF (KF/KOH > 0.20). These particles were
flat rectangular flakes on the order of several hundred
nanometers wide and ∼100 nm thick (Figure 3), and EDS
maps of these particles shown in Figure S1 did not
demonstrate any significant composition segregation as the
cuboidal KTN particles did. While the formation of geometri-
cally anisotropic KTN particles would not be unusual for the

Figure 2. (a) Powder XRD patterns of KTN particles synthesized
with KF/KOH = 0.15−0.35. All samples matched well to the
perovskite phases KTO (PDF 04-007-9567) and KNO (PDF 04-014-
0625). (b) SE images of nanocuboidal KTN particles synthesized with
KF/KOH = 0.15-0.30. Corresponding EDS maps show different
composition distributions of Nb (yellow) and Ta (blue) as KF/KOH
increased.
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material because KNO is polymorphic, KTO is an incipient
ferroelectric that remains at cubic to low temperatures.
Anisotropic rod-like KNO particles have been produced with
hydrothermal synthesis, commonly of the tetragonal and
orthorhombic KNO phases.25,26

As a cubic material, this result would be unexpected in KTO
and would imply a breaking of the cubic symmetry. To
investigate further, KTO was synthesized with two different
KF/KOH ratios (0.20 and 0.30) below and above the
concentrations where composition inversion in the KTN
samples occurred. Two different reaction times were used in
each case: a shortened time period (1 h) to capture the
nucleation morphology after an incubation period and a longer
time period to compare the particle morphologies after the
growth period. As shown in Figure 4, the morphologies of the

particles nucleated and grown under the two KF/KOH ratios
differed greatly. When KF/KOH = 0.20, the cuboidal
morphology persisted after nucleation (1 h) and growth (2
h) as expected. Conversely, when KF/KOH = 0.3, the particles
nucleated as irregular flakes (1 h) that subsequently grew into
large rectangular flakes (12 h). XRD patterns of the two
samples grown with KF/KOH = 0.30 are compared with a
standard KTO sample synthesized with no KF in Figure 4b.
They confirm that the cubic perovskite KTO phase (PDF 04-
007-9567) was formed in all cases. The broad amorphous peak
at 30° in the 1 h XRD pattern indicated that not all the
tantalum oxide was reacted, suggesting a slowed reaction rate.
Since the structure remains cubic, there had to be some

other explanation of the change in morphology. As mentioned

in the Introduction, bulk defects (Region IV) can lead to
enhanced growth in certain directions, i.e., defect-enhanced
kinetic Wulff shapes. To explore this further, the structure of
the KTO rectangular flakes were characterized with TEM to
identify defects that could cause this growth behavior. The
high contrast in the bright field (BF) image of a particle
oriented on the [113] zone in Figure 5a shows that the

particles were highly strained, which agrees with the fact that
these particles were not grown under thermodynamic
equilibrium conditions. The HRTEM image in Figure 5b
shows a particle oriented along the [001] zone. When imaged
along this zone, most of the contrast is localized around
defects, implying that the defects had planar geometries
oriented along the {001} planes of the material. One of the
defects, highlighted by a yellow rectangle, is enlarged in Figure
5c. This defect shows misalignment of the lattice planes and
contrast characteristic of a Ruddlesden−Popper-like shift
between perovskite layers. A multislice HRTEM image of a
defect Ruddlesden−Popper-like structure is inset into the
image in Figure 5c and enlarged in Figure 5d where the unit
cell is superimposed.
The Ruddlesden−Popper (RP) phase is a perovskite-type

structure with interwoven layers of perovskite-like slabs with
the general formula An+1BnX3n+1. Anion substitution for oxygen
with fluorine is common in oxides,27−29 and RP-like layer
defects have been observed in ABO3 perovskite oxides.

30−33 X-
ray photoelectron spectroscopy was used to confirm the
incorporation of F into the oxide. (Supporting Information)
DFT calculations were used in combination with experimental

Figure 3. SE images of KTN particles synthesized with KF/KOH = 0.25−0.35. Particles exhibit rectangular flake geometries ∼100 nm thick.

Figure 4. (a) SE images of KTO synthesized with different KF/KOH
ratios after different reaction times. When KF/KOH = 0.2 (left
column), particles were nucleated with cuboidal morphology (1 h)
and subsequently continued to grow into larger nanocuboids (2 h).
When KF/KOH = 0.3 (right column), particles nucleated with
irregular flake morphologies (1 h) and grew into large rectangular
flakes (12 h). (b) XRD patterns of KTO synthesized with KF/KOH =
0 for 4 h and KF/KOH = 0.30 for 1 and 12 h. All samples matched
the KTO perovskite phase (PDF 04-007-9567).

Figure 5. (a) BF image of the KTO particle on [113] zone axis.
Particle shows strain contrast arising from planar defects. (b)
HRTEM image and corresponding FFT of the KTO particle on
[001] zone axis with several defects. The defect outlined by the yellow
box is enlarged in (c), showing contrast matching a Ruddlesden−
Popper-like planar defect. A multislice HRTEM image simulation of
the defect structure is inset. (d) Image simulation with a
Ruddlesden−Popper-like unit cell (n = 2) superimposed. Yellow
atoms are F, green atoms are K, red atoms are O, and blue atoms are
Ta.
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thermodynamic terms to calculate the formation energy of an
RP-like Kn+1TanO3nF (n = 1−3) defect phase and assess its
feasibility under the experimental synthesis conditions. The
relaxed crystal structure of the lowest energy RP-like unit cell
for n = 1 is shown in Figure 6a with (KF:KO) RP-like rock salt
interwoven layers between perovskite slabs. The following
reaction equation was considered to compare the relative
energies of forming Kn+1TanO3nF versus the perovskite (KTO)

+ +Fn KTaO KF K Ta O Fn n n3 1 3 (1)

The total free energy change (ΔGtotal) was calculated as

μΔ = Δ − ΔG Gtotal reaction KF (2)

where ΔGreaction is normalized per mol F to compare the
relative formation energies for n = 1−3:

Δ =
+

Δ − Δ − Δ
+

G
n

G n G G
1

5 2
( )reaction K Ta O F KTaO KFn n n1 3 3

(3)

where ΔGKn + 1TanO3nF is the Gibbs free energy of the RP-like

defect material, ΔGKTaO3
is the Gibbs free energy of bulk

KTaO3, and ΔGKF is the Gibbs free energy of KF. ΔμKF is
defined as:

μ γΔ = RT m m2 ln( ( ))KF (4)

where R is the gas constant, T is the temperature, m is the
molality of KF in the aqueous solution, and γ(m) is the mean
ionic activity coefficient for KF, which varies with concen-
tration.34 Equation 3 was calculated with DFT, and eq 4 was
calculated using literature tables.35,36 Additional information
about these calculations is provided in the Supporting
Information. The total free energy change of the reaction is
plotted in Figure 6b at different KF/KOH molar ratios,
demonstrating that when KF/KOH > 0.10, Kn+1TanO3nF may
form. Enhanced growth due to these defects, such as the
examples drawn in Figure 6c, is thus the source of the
symmetry breaking.

■ DISCUSSION
In comparison to the change in shape at high concentrations of
KF due to defect-enhanced growth, the cause of the more
subtle changes at lower concentrations is more clearly isolated
to solution effects. To fully understand these, the differences
between tantalum and niobium chemistry must be also
understood. The difference in reaction rates between KOH

and the metal oxides, Nb2O5 and Ta2O5, to form KTN
perovskite nanoparticles were compared in a previous study. It
was shown that the composition gradient could be inverted
from having a tantalum-rich interior and a niobium-rich surface
to a niobium-rich interior and a tantalum-rich surface by pre-
dissolving niobium oxide in a basic KOH solution before
hydrothermal synthesis.16 However, the same niobium oxide
dissolution procedure could not be replicated with tantalum
oxide. The inverted Ta−Nb composition gradient effect was
mirrored here by the addition of high concentrations of KF
(Figure 2), which implied that the KF, or more specifically the
fluoride, similarly affected the dissolution of the oxides in
solution. The solubility of niobium oxides and insolubility of
tantalum oxides have been studied in the literature, commonly
using the Lindqvist ion (M6O19

8−) and its different types of
oxygen sites as models for explaining the metal oxide
dissolution behavior.37−41 Protonation is an important step
toward oxide dissolution, and the more basic bridging oxygen
site in Nb6O19

8− increases its proton affinity, while the more
basic oxygen site in Ta6O19

8− is terminal oxygen, which is a less
stable protonation site.38

Substitution of oxygen atoms with fluorine can change these
properties. A study of tantalum fluoride complexes showed that
most of these complexes are composed of bridging oxygens
and terminal fluorine atoms.42 Because the terminal oxygen
sites were determinative in the solubility of tantalum oxide, if
the terminal oxygen is substituted with fluorine, which has a
higher proton affinity than oxygen, then the stability of the
protonation site can increase. Increased protonation stability
increases the solubility of the oxide and thereby increases the
stability of that dissolved species in solution. A more stable
species in solution is less energetically favored to react, which
can explain the observations in the KTN particles synthesized
with KF. Increasing concentrations of F ions in solution
increased the stability of the tantalum species in solution,
which decreased its reactivity, and therefore, the reaction rate.
At high enough concentrations, this reaction rate was slowed
enough to result in a composition inversion because the rate of
the reaction of the niobium species was higher.
The composition changes in the KTN particles were caused

by KF catalyzed changes to reaction kinetics, and similarly, the
appearance of rectangular flake-shaped KTN and KTO
particles can be explained by growth kinetic changes driven
by the chemical potential of KF in solution. DFT and
thermodynamic calculations demonstrated that when KF/

Figure 6. (a) RP-like Kn+1TanO3nF (n = 1) unit cell used for DFT calculations. Yellow atoms are F, green atoms are K, red atoms are O, and blue
octahedra are Ta. (b) ΔGtotal(n = 1−3) normalized per mol F calculated for different KF/KOH. When normalized, ΔGtotal(n = 1−3) all fall on the
same line where the free energy is negative when KF/KOH > 0.10. (c) Schematics of accelerated growth directions in the presence of planar defects
(yellow).
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KOH > 0.10, an RP-like oxide structurally similar to a planar
defect could be formed through the incorporation of fluorine
into the particles. If a planar defect forms in a crystal, it can
kinetically enhance the growth of a particle adjacent to the
defect. The driving force of formation is increased by higher
KF concentrations, and experimentally, the rectangular flakes
were produced when KF/KOH > 0.20. Kinetically enhanced
growth at twins and stacking faults have been characterized in
the literature in many nanoparticles, which in some cases has
resulted in a variety of flat plate-like particles in many
materials.7,9−14 Growth is enhanced at those sites because of
more favorable local coordination of atoms along the plane of
the planar defects.
The TEM images in Figure 5 showed the structural

characteristics of the planar defects. In general, the RP-like
defects formed aligned to the {001} faces of the particles and
accelerated growth along the plane of the defect. This
directional kinetic enhancement resulted in the rectangular
flakes imaged in Figures 3−5. In addition, the varying defect
sizes and contrasts shown in the TEM images indicated that
the defects were relatively nonuniform and often not simple
single plane defects. Variations in the excess fluorine
incorporated in the material can affect the size and structure
of the defects. For example, the defect highlighted and
simulated in Figure 5c structurally matched an RP-like defect
with n = 2, but the formation of the RP-like Kn+1TanO3nF oxide
defect with n = 1 or 3 (even n > 3) is also equally, energetically
likely based upon the formation energies shown in Figure 6. It
is also important to note that in addition to the rectangular
flakes, KTO and KTN nanocuboids were also grown in all
samples even in solutions with high KF/KOH. The variation in
kinetic Wulff shapes suggested that these hydrothermal
syntheses had mixed growth control between different kinetic
conditions, and that continuing variations in ΔμKF as the
reaction progressed contributed to the variety of particle
shapes and nonuniform defects formed.

■ CONCLUSIONS

In modeling nanoparticle synthesis, it is critical to understand
the role of different experimental conditions on the kinetics of
reactions and growth to understand and accurately predict
outcomes. KF played several roles in the synthesis and growth
of KTN and KTO particles. In the solution (Region I), fluoride
ions increased the solution stability of Ta species and
decreased its rate of reaction to forming the perovskite.
Because Ta reacted slower than the Nb species, this resulted in
a composition gradient inversion in KTN nanoparticles
produced when KF/KOH > 0.20. As demonstrated exper-
imentally and modeled thermodynamically, KF was also
incorporated into the particles as RP-like planar defects
(Region IV). These planar defects accelerated anisotropic
growth and resulted in the growth of defect enhanced kinetic
Wulff shaped particles characterized by their large, flat
rectangular flake geometries.
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