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Formation of Nanoneedles and Nanoplatelets of KNb@Perovskite
during Templated Crystallization of the Precursor Gel

Irena Pribog,*t Darko Makoved, and Miha Drofenik*

Jozf Stefan Institute, Janra 39, SI-1000 Ljubljana, Stenia, and Faculty of Chemistry and Chemical
Engineering, Uniersity of Maribor, Smetan@ 17, SI-2000 Maribor, Skenia

Receied January 13, 2005. Rised Manuscript Receéd March 23, 2005

Highly anisotropic nanocrystallites in the form of nanoneedles and nanoplatelets of #ébga¥skite
were prepared by crystallization of the amorphous gel. The gel was prepared by the polymerizable-
complex method based on the Pechini-type reaction route. The nanoneedles were typically 50 nm thick
and approximately 1m long and had surfaces parallel to {i00 planes of the pseudocubic perovskite.
The formation of these pseudocubic KNpgerovskite crystallites of an unusual and highly anisotropic
shape was studied by electron microscopy in combination with X-ray diffractometry and thermal analyses.
A layer-structured compound,sKbsO,7, appeared as the first crystalline phase during the heating of the
amorphous precursor gel at temperatures around®@9@Vhen this compound reacts to form the cubic
perovskite at higher temperatures (around 3@0) its highly anisotropic, layered structure defines the
anisotropic shape of the product.

Introduction The synthesis of KNb@based material by solid-state
Tailoring the shape of a material on the nanometer scale"®action techniques is difficult due to the large differences
is one of the key problems in nanotechnology. Normally, " the propemes of the cations involved. However, various
the shape of crystalline particles depends on their internal Wet chemical methods have been reported for the preparation
structure. This means that materials with a cubic structure ©f KNPOs, ranging from hydrotherm@i® and glycothermal
will normally form isotropic particles, for example, cubes method$ to sol-gef®!*and the PC methot:** The PC
or octahedra. To modify the shape of particles with a cubic Method is based on the Pechini-type reaction rélsearting

structure, it is necessary to apply special methods. In this TOM @ precursor solution of the respective metitrate
work we studied the formation of highly anisotropic nano- complexes. The metakitrate complexes react with ethylene

crystallites in the form of nanoneedles and nanoplatelets of 91Yc0l in an esterification reaction, forming a homogeneous
pseudocubic KNb@during crystallization of the precursor ~ 9€l- KNDQ is obtained by crystallization of the precursor

gel obtained by a polymerized complex (PC) method. gel at temperatures around 600.
Potassium niobate (KNh{pbelongs to a technologically _
important group of perovskite materials. In the past few Experimental Procedures

years, KNbQ and its solid solutions have been widely Niobium(V) chloride (NbC4, Alfa 51108), potassium carbonate

studied because of their high-temperature ferroelectricity and (K2COs, Aldrich 20,961-9), citric acid (CA) (6D7Hg, Alfa 31185),

piezoelectricity and in particular because these materials doand ethylene glycol (EG) (O.Hs, Alfa 31332) were used to

not contain poisonous lead, which is still used in standard Synthesize the KNbeXKN) powders. A schematic of the experi-

high-performance piezoelectric materials (e.g., lead zirconium Mental procedure is illustrated in Figure 1.

titanate, PZT). Recently, there has been a report of high- _Or the preparation of the powders, CA (0.3 mol) and NbCl

' ) N . (0.01 mol) were dissolved in 100 mL and 50 mL of methanol

Ee!’formance Iggd-free_ plet)zoce(;amlisl\lzﬁed Onl (KiNati’\(ljbo (MeOH), respectively. With continuous stirring, the Np€blution
eing prepared! e_ram'c_s ase On ere also tes ? " was slowly added to the solution of CA;&O; (0.005 mol) powder

as lead-free materials with a positive temperature coefficient yas added and the solution was magnetically stired fotoobtain

of resistivity (PTCRY2 Furthermore, KNb®is one of the

most promising materials for nonlinear optical and elec- (5) Kormarneni, S.; Roy, R.; Li, Q. HVater. Res. Bull1992 27, 1393.

trooptical devices because of its large nonlinear susceptibility (6) Lu, C. H.; Lo, S. Y.; Lin, H. CMater. Lett. 1998 34, 172.
(7) Uchida, S.; Inoue, Y.; Fujishiro, Y.; Sato, J. Mater. Sci.1998 33,

and high photorefractive coefficiefit. 5125
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Figure 2. TGA/DTA curves of the PC precursor gel heated at a rate of
0.2°C/min in a flow of air (45 mL/min). Prior to the analysis, the precursor
gel was dried at 280C.

KNbO,

Figure 1. Flow diagram for preparing KNb$by the PC method.

a clear, colorless solution of metatitrate complexes. This solution,
containing NB* and K* cations, was mixed with 0.04 mol of EG.
The mixture was then slowly heated to 130 for 1 h, first to
evaporate the methanol and subsequently to promote esterification
between the CA and the EG. During condensation of the solution,
white precipitates were formed, but the solid substance was

()
dissolved when the temperature reached L30After esterification, W

a clear, slightly yellow polymeric gel appeared. This gel remained

clear after cooling to room temperature. Drying the resin in a WO A
vacuum at 180C for 2 h resulted in a dark yellow, solid precursor. @ — T

Later, the precursors were calcinated at temperatures from 460 10 20 30 40 50 60
to 900 °C in a flow of air. The thermal decomposition and 261[°]

crystallization of the precursor were investigated by thermogravim- Figure 3. XRD patterns of PC precursor gel heated to (a) 460, (b) 510
etry and differential thermal analysis (TGA-DTA, Netzsch, STA (c) 560, and (d) 900C at a heating rate of 0.2C/min. Peaks marked O
409) in a flow of air (45 mL/min) at a heating rate of G.@/min, correspond to the structure of)KbsOy7, whereas peaks marked P match
X-ray powder diffraction (model D4 Endeavor, Bruker AXS), and with the KNbQ; perovskite structure.

field-emission electron-source scanning electron microscopy, FES-

EM (SUPRA 35 VP, Carl Zeiss). For TEM investigations the 510, 560, and 900C, with the same heating rate of G2/
calcined powders were deposited on a copper-grid-supportedmin that was used for the TG/DT analysis. The X-ray

transparent carbon foil. The samples were examined by a field- . .
emission electron-source scanning-transmission electron microscoped'ffracuon pattern of the powder that was slowly heated to

(STEM; JEOL 2010 F), operated at 200 kV. The microscope is 460°C (Figure 3a) indicates no crystalline structure can be
equipped with an energy-dispersive microanalysis system (EDS; detected. The XRD spectrum of the powder that was slowly

LINK ISIS EDS 300). heated to 510°C (Figure 3b) shows the presence of
reflections that could be ascribed to the crystalline phase K
Results and Discussion NbsO17 [KAN6 orthorhombic;a = 0.7830 nm,b = 3.321

i ) ) nm, ¢ = 0.6460 nm; space group P®(33)].1°> Thus, the
F|gure 2 ShO.WS the TGA/DTA,CUNGS obtained during slow third, small peak in the DTA/TGA curves around 493 is
heating (heating rate 0.2C/min) of the precursor gel o hronably related to the crystallization of K4NG. The
obtained by the PC_ method. Prior to the analysis, the XRD pattern of the sample slowly heated to S&@shows,
precursor gel was dried at 28@. The DTA curve Shows  qigeq the peaks of the KAN6 phase, strong peaks corre-

four partially overlapping exothermic events at temperatures sponding to the KNb@perovskite [KN orthorhombica =
around 285, 380, 490, and 53Q. From the TGA curve We 43971 nmb = 0.5697 nm.c = 0.5723 nm: space group

can see that the four exothermic events are associated wit mn2(38)]16 With a further increase in temperature or a

weight losses of 48.9%, 33.3%, 5.3%, and 4.5%, respectively.Ionger time at a temperature abov&40°C, the amount of
The first and second peaks in the DTA curve, both associatedK4N6 phase decreased while the amc;unt of KN phase

with a large yve|ght IO_SS’ can be related to the burnout ,Of increased. After calcination at 90C (Figure 3d), only the
organic species contained in the precursor gel. To determine compound was present. The cell parameters of the
the nature of the third and fourth exothermic events, we used '

X'ray_ diffraction (XRD) analysis (Figure 3). For this (15) Gasperin, M.; Le Bihan, M. TJ. Solid State Chen1.982 43, 346.
experiment, KNb@powder precursors were heated to 460, (16) Shuvaeva, V. A.; Antipin, M. YKristallograffiya 1995 40, 511.
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Figure 4. SEM images of the KN particles prepared by calcination of the PC precursor gel 4&€540 1 h: (a) typical agglomerate of KN nanoneedles
with KN nanoplatelets at the top; (b) high-magnification image, showing the branching of the nanoneedles.

orthorhombic KN were determined to lae= 0.5696 nmp

= 0.5709 nm, anat = 0.3983 nm, which is close to those
reported for that compourid The XRD analysis proved that
the fourth peak in the DTA curve at around 54Dis related

to the crystallization of KN. Above 56%C, no further weight
loss or thermal effects could be detected by TGA/DTA up
to 800°C.

The results show that the crystallization of the KN occurs
in two stages. In the first stage the K4NG6 crystallizes from
an amorphous precursor and subsequently reacts to form KN
in the second stage. Because the composition of K4NG is
potassium-deficient with respect to the composition of KN,
the presence of a potassium-rich phase is expected in the
sample heated to 5TC. However, no such phase was visible
on the X-ray diffraction pattern (Figure 3b), most probably rigyre 5. TEM image of highly anisotropic KNbgparticles prepared by
because it is not present as a separate crystalline phase. calcination of the PC precursor gel at 520 for 1 h.

Figure 4 shows SEM images of the particles prepared by
the calcination of the PC precursor gel at 54D for 1 h. nanoneedle is fully crystalline, with surfaces parallel to the
The sample consisted of agglomerates of nanoneedlegerovskite’s{100 planes. Also, the extensive surfaces of
(nanowires), approximately 10m long, usually extending  the nanoplatelets were found to be parallel with the perovs-
between wide platelets. It is evident from the XRD analysis kite’s {100 planes.
of the sample that those nanoparticles are formed from KN.  The nanoplatelets were approximately 50 nm thick (mea-
The overall shape of the agglomerates was platelike; thesesured from SEM images) and up to several tens of microme-
plates had thicknesses of about 2 and lengths in the  ters wide. Also, the extensive surfaces of the nanoplatelets
range of a few hundred micrometers. An agglomerate is were found to be parallel to the perovskit¢’500} planes.
shown in Figure 4a; the nanoneedles are clearly visible, with The platelets frequently branched into a number of nanorods,
the platelets to the top of the agglomerate. Figure 4b is aas shown in Figure 7.
high-magnification image, showing the parallel nanoneedles At the crystallization temperature KNkChas a cubic
below the platelet surface and evidence for needle branchingstructure. An isotropic cubic structure normally leads to the
as the needles extend toward the upper platelet surface. formation of isotropic crystallites, mostly cubic or octahedral.

Figure 5 shows a TEM image of the nanoneedles and The formation of anisotropic crystallites in the form of
nanoplatelets from the same sample as shown in Figure 4nanoneedles and nanoplatelets of cubic material is very
(prepared by calcination of the precursor gel at 3@0for unusual. In our study we followed the hypothesis that the
1 h). Electron diffraction patterns taken from both the formation of anisotropic perovskite crystallites during the
nanoneedles and the nanoplatelets matched with the perovsheating of the PC precursor gel is related to the fact that the
kite KN structure. Figure 6 shows a high-resolution electron crystallization of perovskite does not occur directly from the
microscopic (HREM) image and a corresponding electron amorphous precursor but through an intermediate crystalline
diffraction pattern of the nanoneedle, oriented along 1iG€] phase. This intermediate phase influences the shape of the
direction of the perovskite’s pseudocubic structure. The perovskite crystallites. By use of XRD analyses, K4AN6 was
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Figure 6. HREM image and corresponding electron diffraction pattern

(inset) of the KNbQ nanoneedle. The sample was prepared by calcination

of the PC precursor gel at 54C for 1 h.

Figure 7. TEM image and corresponding electron diffraction pattern (inset)
of a branched nanoplatelet of the KNpferovskite in the sample prepared
by calcination of the PC precursor gel at 540 for 1 h.

detected as the first crystalline phase to form during heating
of the amorphous precursor.

TEM analysis of the sample prepared by the calcination
of the precursor gel fol h at 460°C showed that the
majority of the sample consists of large (few micrometers)
amorphous particles with no particular shape, and embedde
in the amorphous matrix there were a few regions of poorly

crystalline material. The crystalline areas had the shape of
elongated platelets, and their structure was very sensitive to

the electron beam.

In the sample prepared by the calcination of the amorphous

precursor gel fo 1 h at 510 °C, individual platelike

crystallites of KAN6 and some highly anisotropic perovskite
nanocrystallites were observed. However, the majority of the
material consisted of the poorly crystalline, elongated plate-

Pribo&¢ et al.

like particles. Electron diffraction patterns of those particles
were identical to the electron diffraction patterns of the first,
poorly crystalline phase observed in the sample calcined at
460 °C. Figure 8 shows a bright field (BF) image of such
an elongated platelike particle (Figure 8a) and the corre-
sponding electron diffraction pattern (Figure 8b). The contrast
of the BF image of the particle is uneven, with alternating
dark and bright areas. An EDS analysis of the particle
showed that it contained K and Nb at a ratio of approximately
4:6. The corresponding electron diffraction pattern (Figure
8b) is characterized by a middle row of relatively sharp
reflections perpendicular to the elongation of the particle,
whereas the rows of reflections parallel to the middle row
are diffuse and streaked. When the platelet was tilted in the
TEM, the basic features of the electron diffraction pattern
remained almost unchanged.

The electron diffraction pattern of the elongated platelet
particles could be indexed on the basis of a layered structure
of K4NG.

The structure of K4N6 (Figure 9) could be represented as
a stacking of (-NbBO,7) sheets composed of corner-sharing
and edge-sharing (Nk{poctahedrd® The orthorhombic unit
cell of KANG consists of four (-N§D;7) sheets stacked along
the b direction of the cell. Each sheet consists of a layer of
(NbGs) octahedra sharing corners along the [100] direction
and alternately sharing corners and edges along the [001]
direction. On the top and bottom of this layer, the rest of
the (NbQ) octahedra are bonded. The potassium atoms are
situated at the top and bottom of the sheet. The chemical
bonds inside the sheet are much stronger than between the
sheets. Each individual sheet has a different atomic density
at its top compared to its bottom, giving it inherent
mechanical strain. It was shown by Saupe €éf #hat when
the K4NG6 crystal is exfoliated into individual sheets, they
spontaneously curl into tubules.

The diffraction pattern (Figure 8b) typical for the poorly
crystalline elongated platelets, which appeared as the first
crystalline phase during the heating of the amorphous
precursor, could be explained by curling of thgNtzO17
sheets. The electron diffraction pattern is basically a super-
imposition of the two diffraction patterns of the;MbsO17
structure along the [010] direction, which are rotated away
from each other (marked in Figure 8b), and of the row of
(040) reflections. The periodicity of the (040) reflections is
related to the individual (-Ni®D;17) sheet. Such a pattern
would be typical for nanotubes formed by curling of thg K
NbsO;7 sheets around the [101] direction (marked in Figure
9b). However, the shape of the platelet particles (Figure 8a)
does not agree with the assumption that they are nanotubes.

dt could be concluded that the platelets are composed of the

strongly curled KNbsO;7 sheets, which at least locally form
tubules or scrolls. Usually, individual reflections coming from
other KyNbgO17 zone axes, for example [101], are also pres-
ent in the complex diffraction pattern of the platelet particle.
HREM imaging of those particles of curled;KbsO;7
sheets was very difficult due to their high sensitivity to the

(17) Saupe, G. B.; Waraksa, C. C.; Kim, H.-N.; Han, Y. J.; Kaschak,
D. M.; Skinner, D. M.; Mallouk, T. E.Chem. Matter.200Q 12,
1556.
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Figure 8. (a) BF image and (b) corresponding electron diffraction pattern of the poorly crystalline, elongated platelike particle. The sample was prepared
by calcination of the PC precursor gel at 5%0 for 1 h.
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Figure 9. Schematic representation of the structure gNEs;O17 along (a) the [001] direction and (b) the [010] direction.

electron beam. Even a brief irradiation of the particles caused After a longer irradiation the ifNbsO,7 transformed into the
their partial amorphization, and sometimes, with intensive new structure. Figure 10c shows the corresponding diffraction
irradiation, the particles of curled [KIbsO17 sheets trans-  pattern, which matches with a pseudocubic perovskite
formed into a new structure. Figure 10 shows the sequencestructure along the [010] direction. Th200 reflections of

of the electron diffraction patterns taken during irradiation the original orthorhombic KNbsO,7 structure (marked O in

of the platelike particle with the electron beam. Before the Figure 10a,b) coincide with th€10G reflections of the
irradiation, the electron diffraction pattern of the particle perovskite (P) structure.

agreed with its structure being composed of curlgiigO,7 The transformation of the orthorhombigibsO,; material
sheets (Figure 10a). The diffraction pattern in Figure 10b into a pseudocubic perovskite, observed during the irradiation
was taken after a brief irradiation with the intensive electron of the material in TEM, strongly supports the idea that the
beam. The majority of the reflections characteristic of curled perovskite KNbQis obtained by crystallization through the
K4NbsO17 sheets almost completely disappeared, while the layer-structured KNbsO;7 phase.

diffuse reflections corresponding to one of the original [010]  The first, poorly crystalline, elongated, platelike particles
zone patterns of the #lbsO;7 structure remained bright composed of curled MbsO;7 sheets were already observed
(marked in Figure 10a,b). Due to the irradiation with the after the amorphous precursor was heated.fb at 460°C.
electron beam, which caused heating of the particle, the The DT/TG analyses combined with the XRD showed the
originally curled KiNbsO;7 sheets obviously locally uncurled  crystallization of KNbsO;7 occurring at around 49CC, when
and straightened parallel to the specimen’s carbon supportthe precursor was continuously heated at a rate ofG/2
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Figure 10. Sequence of electron diffraction patterns taken during irradiation of a particle composed of strongly ailite@ilK sheets with the electron
beam: (a) before irradiation, (b) after a short irradiation, and (c) after a longer intensive irradiation.

min. During the crystallization of the perovskite, the-K  anisotropic particles of the KNhg&based material could be
NbsO,7 sheets served as templates. Compared to the KNbO technologically important, for example, in the processing of
perovskite, the KNbsO,7 has a composition deficient in terms  lead-free piezoelectric ceramics. It is known that piezoelectric
of K,0. Thus, for the chemical reaction of KNb@rmation, ceramics with a textured microstructure have superior
potassium needs to diffuse inside theNKsO,; template. properties to ceramics with randomly oriented grdins.
Due to its layered structure, with weak bonds between the However, the texturing of the grains of basically cubic
K4NbsO,7 sheets, the diffusion of potassium into the template material, such as perovskites, is difficult. It cannot be
should be fast. It is known that JKbsO;; has a strong achieved by “classical” methods, for example, by hot
tendency to form intercalaté®The anisotropic structure of  pressingt® However, textured ceramics can be prepared by
the KyNbsO17 template influences the shape of the finally orientation of the anisotropic particles of KNhQynthesized
formed perovskite. Each individual,KbsO;7 sheet of the  with templated crystallization. Tape casting has been suc-
K4NbsO17 structure is anisotropic: the stacking of (NYO  cessfully used for the texturing of anisotropic graihs.
octahedra is different in the [100] direction than in the [001] Alternatively, textured KNb@based ceramics can be pre-
direction. The sheet consists of a central layer of (j)pO pared by using lNbsO,7 as a template for reactive-templated
octahedra, with shear corners in the [100] direction and grain growth (RTGG). RTGG is based on the orientation of
alternating edges and corners in the [001] direction (Figure the template particles with a highly anisotropic shape (e.g.,
9). The corner-shearing (NgDoctahedra are also an inherent  K4NbsO;7) in a mixture of other components {8Os) needed
structural feature of the perovskite structure. On the basisfor the final product (KNb@). After the reaction, the grains
of the transformation from KNbsO;7 to perovskite observed  of product adopt the orientation of the templ&te*
during irradiation with the electron beam in the TEM, it could )
be concluded that those corner-sharing octahedra extending Conclusions
in the [100] direction of the KNbsO,7 (Figure 9) also remain Nanoneedles and nanoplatelets of KNv@re synthesized
in the finally formed perovskite; they form the backbone of by the polymerized complex (PC) method. The unusual,
the structure of the formed perovskite. The majority of the highly anisotropic shape of the nanocrystallites with a
perovskite particles templated by thaNbsO,; sheets had  pseudocubic perovskite structure was found to be a result
the shape of nanoneedles; however, some of the particlef the templated crystallization. During calcination of the
also had the shape of thin platelets (Figure 4). The facets ofamorphous gel, a ®bsO;7 compound crystallizes first.
those anisotropic perovskite particles were parallel to the Subsequently, this compound reacts to form KNlp@rovs-
{100 planes of the pseudocubic structure. kite in a chemical reaction in which the highly anisotropic,
Seno and Taf? studied the structural transformation from layered structure of the #lbsO,7 defines the shape of the
a layered-perovskite BIizO:, template to a regular perovs-  cubic KNbG; crystallites.
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