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Abstract The splitting behavior and structural transfor-

mation process of K2Ti6O13 whiskers in various

hydrothermal solutions were investigated by the X-ray

diffraction technique, scanning electron microscopy,

transmission electron microscopy, and atomic force

microscopy. TiO2 (B) particle aggregates and rutile twin-

ned crystals were produced respectively in diluted and

concentrated HCl solutions via ‘‘dissolution-precipitation’’

mechanism, while no changes were observed in deionized

water. In contrary to the chemical inertia of K2Ti6O13

whiskers in KOH solution, trititanate nanowires were

synthesized by splitting the bulk K2Ti6O13 whiskers in

NaOH solution. The driving force for the formation of

nanowires originated from the intrinsic strain induced by

the phase transition from K2Ti6O13 with a tunnel structure

to layered trititanate.

Introduction

In recent years, due to the interesting size- and shape-

dependent properties, one-dimensional (1D) forms of

titanium oxides and alkaline metal titanates presented by

the chemical formula R2TinO2n + 1 (R = proton or alkaline

metal ion, n = 2–8) have attracted much attention for

possible applications such as catalysts [1, 2], gas sensors

[3], lithium-ion-battery materials [4–6], and reinforcing

agents [7]. One-dimensional titanates can be classified into

two categories according to their diameters: titanate

whisker (about 1 lm) and titanate nanostructures

(\100 nm) including nanowire and nanotube. Therein,

trititanate nanowires with large specific surface area have

currently found advanced applications as photocatalysts for

the decomposition of water [8] and 4-chlorophenol [9],

proton conductors [10], and ion-exchange materials [11].

So far, trititanate nanowires have been produced via

hydrothermal methods using TiO2 as reactant [12–15]. But

the exact formation mechanism is still a controversial topic

debated in contemporary literature. Wu et al. [16] proposed

that thick Na2Ti3O7 layers grew during alkaline treatment

and split further to form nanowires. Du et al. [17] sug-

gested on the basis of high-resolution transmission electron

microscopy (HRTEM) observations that the growth of

nanowire was initiated by the formation of crystalline

nuclei in TiO2 matrix, and this was the conclusion of

another study as well [18]. Mao et al.[19] assumed that

lamellar trititanate was formed on the solid-liquid inter-

face, followed by the rolling up of individual trititanate

sheet into nanowire. Other researchers argued that the

nanowires were derived from nanotubes after Ostwald

ripening [20–22].

The basic frameworks of trititanate are built up by three

octahedra sharing edges at one level (Fig. 1a). K2Ti6O13

with a tunnel structure consists of distorted Ti-O octahedra

that enclose the potassium ions (as shown in Fig. 1b). The

synthesis routes to K2Ti6O13 from layered titanates

involving trititanate by ion-exchange reactions or
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calcination methods have been widely studied by many

researchers [23–25]. The transition process is understand-

able and spontaneous due to the difference in the structural

stability between them. The strain-induced model was

adopted by Wang et al. to explain the formation mecha-

nism [26]. But the feasibility and necessary conditions for

the transition from more stable K2Ti6O13 to layered

trititanate have not been investigated yet.

In our previous paper, we found that K2Ti6O13 whisker

(Fig. 2a) is made of lamellas whose diameters are 20–

150 nm (Fig. 2b and c) [27]. Endo et al.[28] assumed that

there was amorphous K2O-rich melt in the gaps between

K2Ti6O13 lamellas, and K+ was slowly stripped from the

melt at room temperature [29]. It seems that titanate

nanowires can be easily produced by removing the K2O-

rich melt. This potential method may be simpler and more

convenient than those referred to above.

In this study, hydrothermal reactions of K2Ti6O13 whis-

kers were performed in various aqueous media including

acid, neutral, and alkaline solutions. The changes in mor-

phology and structure were studied. This study is favorable

for understanding the reversibility of the structural

transition between K2Ti6O13 and trititanate. We would like

to emphasize that the contribution of this article is not the

synthesis of nanowires, but rather the transformation

behaviors of K2Ti6O13 whiskers under hydrothermal con-

ditions. The transition mechanism will be discussed from

the points of view of thermodynamic calculations and

crystal-structure changes. Moreover, the microstructure of

K2Ti6O13 whisker was also studied in this work.

Experimental section

Our samples were prepared by hydrothermal methods.

K2Ti6O13 whiskers with an average diameter of 0.6 lm and

an average length of 25 lm (Fig. 2a) were prepared through

the ion-exchange reaction of layered potassium tetratitanate

(K2Ti4O9) and a subsequent calcination procedure [30] and

were used as the raw material. The whiskers (0.5 g) and

70 mL of solution were placed in a 100-mL Teflon-lined

autoclave that was statically heated in a furnace at a heating

rate of 5 �C min–1 to the specific temperature and kept at

the temperature for a certain time as shown in Table 1. The

Fig. 1 Crystal structure models

of (a) Trititanate and (b)

K2Ti6O13
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Fig. 2 SEM (a) and AFM

(200 · 200 nm2), (b) Images in

different magnification scale of

K2Ti6O13 whisker, (c) Cross-

sectional profile of K2Ti6O13

whisker in Fig. 2b
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chemicals were A.R. reagents purchased from Shanghai

Chemical Co. and used without further purification. The

deionized water (resistivity [15 MX cm) was used

throughout the experiments. The product was filtered and

washed at room temperature with water until pH reached

about 7 and then dried at 80 �C in air.

The products were characterized by X-ray diffraction

(Bruker D8). CuKa radiation with a nickel filter was used,

operating at 40 kV and 30 mA. The powder samples were

measured in the continuous scan mode at 5–60�/2h, with a

scanning rate of 0.02�/s. The peak positions and relative

intensities were characterized by comparison with Interna-

tional Centre for Diffraction Data (ICDD) standards. The

morphology and structure of the products were investigated

using a scanning electron microscope (SEM, FEI QUANTA-

200), a transmission electron microscope (TEM, JECS-

2100) and an atomic force microscope (AFM). The samples

used for TEM observation were prepared by dispersing some

powder in deionized water followed by mild ultrasonic

vibration for half an hour, then dripping a drop of the dis-

persion onto a copper grid coated with a layer of amorphous

carbon. The preparation method for the sample used for

AFM imaging was similar to that for TEM characterization,

while the sample was dispersed onto the cover glass. AFM

(Park Company, Thermomicroscopy Auto Probe Research)

was used in air at room temperature. A silicon nitride can-

tilever with a force constant of 0.26 N/m was used in contact

mode. The cantilever was 180-lm long, 25-lm wide and

0.10-lm thick with an attached tip whose apex radius was

less than 15 nm. The scan rate was 0.5–3 Hz.

Results and discussion

Hydrothermal reactions of K2Ti6O13 whiskers in acid

and neutral solutions

Although the reaction mechanism of K2Ti4O9 in acids is

well known [30–34], the transformation behaviors of

K2Ti6O13 in acid solutions were rarely investigated. If the

K2O melt exists in the gaps between K2Ti6O13 lamellas, the

transformation of K2Ti6O13 whiskers will be more facile in

acid solutions. Since Lee et al. [35] reported that titanium

was extracted from K2Ti6O13 at [H+] [ 0.05 M (pH = 1.3)

at ambient temperature, and the fibrous shape was not

destroyed in the process, several treatment conditions, i.e.,

the concentration of HCl solution, the treatment tempera-

ture and time, were attempted. XRD patterns of samples 1,

2, 3, and 4 are presented in Fig. 3. The composition and

fibrous shape of the whiskers were not changed after

holding the whiskers in pH = 2 HCl solution at 150 �C for

36 h (Figs. 3b and 4a). But the K2Ti6O13 whiskers began to

dissolve into solution and a few precipitated particles

attached on the outside of the whiskers. Like a chemical

catalyst, acid could accelerate the phase transition and

crystal growth. So the transformation process was dra-

matically accelerated by increasing the reaction

temperature or [H+]. The samples 2 and 3 were identified as

TiO2 (B) (Fig. 3c) and rutile (Fig. 3d), respectively. The

fibrous shape of sample 2 was destroyed more severely

when compared with that of sample 1 and the precipitated

particles agglomerated together (Fig. 4b). As seen in

Fig. 4c, the micro-size twinned rutile was formed from

K2Ti6O13 whiskers in concentrated HCl solution for the

first time. Meanwhile, the fibrous shape disappeared com-

pletely. The formation of twinned rutile titania in literature

was described only through the complicated hydrolysis/

thermolysis of TiCl4 microemulsion [36].

Tournoux et al. [37] and Feist and Davies [34] have

presented papers discussing the formation of TiO2 from

such layered titanates as K2Ti4O9 and Na2Ti3O7. A specific

Table 1 Solution compositions and reaction conditions

Sample Solutions Reaction

temperature (�C)

Time (h)

1 HCl (pH = 2) 150 36

2 HCl (pH = 2) 180 12

3 HCl (pH = 0) 150 12

4 Deionized water (pH = 7) 220 36

5 a10 mol/Kg NaOH 220 12

6 a10 mol/Kg KOH 220 12

Note: a: 10 mol/kg NaOH = 10 molof NaOH
1 kgof H2O

and 10 mol/Kg

KOH = 10 molof KOH
1 kgof H2O
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Fig. 3 XRD patterns of raw K2Ti6O13 whiskers (a), Sample 1 (b),

Sample 2 (c), Sample 3 (d), and Sample 4 (e). (•) K2Ti6O13, (�) TiO2

(B), (+) Rutile
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mechanism was suggested that the condensation of the

layers was followed by a nucleation and growth step to

yield TiO2, but it is not applicable to this study. The

transition process of K2Ti6O13 whiskers in acid solutions

can be interpreted by ‘‘dissolution-precipitation’’ model.

Two different structural units rearrangement mechanisms

based on the effect of the acid concentration were proposed

by Zhu et al. to explain the phase transition between

hydrogen titanate and titanium dioxides [38]. In this work,

the K2Ti6O13 crystallite was dissolved and shattered to

form detached [TiO6] units, followed by the different

reconstructions in diluted and concentrated acid solutions.

When the acidity is low, TiO2 (B) that is composed of

corrugated sheets of edge- and corner-sharing TiO6 octa-

hedra is formed and the crystallites of TiO2 easily

aggregate because of the large surface area. As the acidity

is high, TiO6 octahedra link by sharing an edge to form

chains, and then the corner-shared bonding among chains

leads to a 3D framework of rutile. The experiment was also

performed at 220 �C in deionized water (pH = 7) that was

approximate to the infinitely diluted HCl solution. As

expected, no changes in composition and morphology were

observed (Figs. 3e and 4d). If the K2O-rich phase exists, it

will be easily removed by neutralizing with HCl and then

the whiskers can facilely split into nanowires. The con-

clusions that titanate nanowires cannot be obtained by

splitting the K2Ti6O13 whiskers in neutral or acid solutions

and the K2O-rich phase is non-existent are deduced from

above experiments.

Hydrothermal reactions of K2Ti6O13 whiskers in NaOH

and KOH solutions

Although K+ has similar chemical character to Na+, it has

been noticed that K+ is not suitable to replace Na+ in the

alkaline reaction because of the irregular morphology of

the products [13]. In contemporary literature, trititanate

nanostructures were produced via hydrothermal reaction

only in NaOH solution [39–41]. To investigate the effect of

alkaline environment on the transition of K2Ti6O13, we

performed the reactions in NaOH and KOH solutions,

respectively.

Figure 5 shows the XRD patterns of samples 5 and 6. In

contrast, the two as-synthesized products had different

crystal structures. The peaks for sample 5 can be assigned

to trititanate (Fig. 5a) [42]. The average size of the product

calculated by Scherrer equation is around 20 nm. We

prefer to consider that Na2Ti3O7 was obtained before

washing [9, 15], while the sodium impurities could be

partially removed by treating with water to form a new

phase of titanate (NaxH2–xTi3O7) [11]. Further study indi-

cates that only water washing is required to prepare

H2Ti3O7 (NaxH2–xTi3O7, x = 0) that is derived from

Fig. 4 SEM images of samples

treated under different

conditions: (a) Sample 1

(Fig. 3b), (b) Sample 2

(Fig. 3c), (c) Sample 3

(Fig. 3d), and (d) Sample 4

(Fig. 3e)

158 J Mater Sci (2008) 43:155–163

123



K2Ti6O13 whiskers (Figures S1 and S2 in Supporting

Information), and it appears to be a significant improve-

ment over previous reported processes [11, 15, 43]. Only

peaks of K2Ti6O13 appear in the XRD spectrum of sample

6, indicating no phase transition that takes place in KOH

solution (Fig. 5b).

The morphology of sample 5 was remarkably different

from that of the raw material, that is, nanowires with

diameters of 20–30 nm were observed (Fig. 6a and b), and

the size is consistent with the result of XRD. The trititanate

structure was also characterized by HRTEM (Fig. 6c). The

fringes parallel to the longitudinal direction of the wire axis

with a ca. 0.79 nm interplanar distance correspond to the

structural features of the interlayer spacing of d200, in

agreement with the result reported by Lan et al. [21] and

the value is slightly larger than that (0.782 nm) derived

from XRD reflections [42]. Another set of fringes toward

wire periphery with ca. 0.36 nm spacing is assigned to the

(110) plane of the trititanate crystal structure. The Fast

Fourier transformation (FFT) pattern of the single nanowire

indicates the layered structure of trititanate, a conclusion

which is consistent with previous report [5]. The difference

in morphology between sample 6 and the raw K2Ti6O13

whiskers could hardly been observed (Fig. 6d).

AFM is an invaluable technique for studying high-res-

olution 3D topographies of various nanowires. To our

knowledge, there were no studies on that of trititanate

nanowire in the literature. Figure 7a shows the AFM image

(0.5 lm · 0.5 lm Topography) of single trititanate nano-

wire surface. The diameter of this scanned nanowire is

around 50 nm, larger than the average diameter value.

Since 3D image in real space can be observed by AFM, the

plane index can be obtained directly by measuring the

angles between the planes. This method has been used to

study the sidewall angle artifact [44] and GaAs epilayer

growth [45]. The contour of the line is shown in Fig. 7b.

The angles resulted from the theory for (1–13) plane, (200)
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Fig. 5 XRD patterns of (a) Sample 5 and (b) Sample 6 (r)

trititanate, (•) K2Ti6O13

Fig. 6 SEM and TEM images

of sample 5 (a, b, and c) and

sample 6 (d). Inset: FFT pattern

of sample 5 (c)
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plane and (202) plane are 116� and 138�, respectively,

coinciding with the experimental data of 117� and 139�. So

the indexes of the three planes were determined. The (200)

plane observed by XRD and HRTEM is clearly shown

here, suggesting it is a main plane of trititanate. In previous

studies, the (202) plane was usually detected by electron

diffraction [20, 39] and the growth along [101] direction

was considered to result in the width of the nanostructures

[18]. The (110) plane that was not found here might be in

the cross section in Fig. 7b.

Thermodynamic feasibility of the structural transitions of

K2Ti6O13 in NaOH and KOH solutions

Equations for K2Ti6O13 reacting with NaOH and KOH

solutions are respectively expressed by Eqs. 1 and 2,

therein KOH(?H2O) is the KOH that is infinitely diluted

by abundant NaOH solution. Unlike Na2Ti3O7, K2Ti3O7 is

an unstable intermediate phase during the formation of

other potassium titanates [46, 47]. It is acknowledged that

K2Ti4O9 is the stable phase which can be formed from the

association reaction between K2Ti6O13 and K2O-rich melt

[48].

K2Ti6O13 þ 4NaOH�!2Na2Ti3O7 þ 2KOHð1H2OÞ

þ H2O ð1Þ

2K2Ti6O13 þ 2KOH�!3K2Ti4O9 þ H2O ð2Þ

In this study, the amplitude of the pressure change in

autoclave is around 1 MPa, hardly affecting the reactions.

To estimate the possibility of the chemical reactions, the

Gibbs energy changes in the reactions were calculated

under certain conditions to determine the reaction

direction. The Gibbs energy change with the change of

temperature is expressed by,

DGo
f ;T ¼ DHo

f ;298 � TDSo
f ;298 þ

Z T

298

DCPdT � T

Z T

298

DCP

T
dT

DSo
f ;298 ¼ ðDHo

f ;298 � DGo
f ;298Þ=298

where DGo
f ;T ; DHo

f ;T ; DSo
f ;T and DCP are the changes of the

Gibbs energy, enthalpy, entropy and heat capacity at tem-

perature T, respectively. In hydrothermal reactions, the

quantity of the solvent is much more abundant than solid

raw materials, so we consider that the thermodynamic data

of KOH(?H2O) are approximate to those of H2O. For

ordinary compounds of NaOH solution, KOH solution,

H2O, and Na2Ti3O7, the relations between thermodynamic

data and temperature can be obtained from handbooks [49,

50]. To obtain the thermodynamic properties of the com-

pounds whose thermodynamic data cannot be got from

literatures or handbooks, the model introduced by Bao

et al. is used [51]. The data for Na2Ti3O7 are compared to

proof the accuracy of the model. As seen in Table 2, the

estimating method can be applied to alkaline metal titan-

ates. If the Gibbs energy change at T is \0, the reaction

will proceed spontaneously. It can be found that neither of

the two reactions will take place at room temperature

because DGr,298 is positive. While DGr,493 of reaction (1) at

220 �C is \0, suggesting that reaction (1) is thermody-

namically favored. The analysis was proved by the

characterization results (Figs. 5a and 6a–c). We calculated

the changes in entropy and enthalpy to clarify the further

reasons for this reaction. The hydration of K+ ions diluted

into solution can gain the entropy, while both the dehy-

dration of double amount of Na+(H2O)n and the transition

from K2Ti6O13 with a stable tunnel structure to layered

Na2Ti3O7 promote the entropy loss. So the change in

entropy is negative (DSf,493 = –1.95 kJ mol–1 K–1). But

DHf,493 (–992.21 kJ mol–1), which results from the phase

transition, the dilution of extracted K+, the dehydration of

Na+(H2O)n, and the hydration of K+, is much less than T

DSf,493 (–961.35 kJ mol–1), showing that this reaction is
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dominated by the change in enthalpy rather than the change

in entropy. So DGr,493 is \0 for reaction (1) and the

transition process can proceed. The reaction (2) is ther-

modynamically disfavored at the same temperature due to

DGr,493 [ 0, consistent with the fact that the changes in the

composition and morphology of K2Ti6O13 whiskers could

not be observed by XRD and SEM. In addition, the energy

barrier for structural transformation from (Ti3O7)2–

frameworks in K2Ti6O13 to (Ti4O9)2– layers in K2Ti4O9 is

so high that the calcination process is usually needed [52].

The effect of different base on the structural and

morphological transformations of K2Ti6O13 whiskers

Although K2Ti6O13 bears high chemical stability in air,

the binding between adjacent (Ti3O7)2– frameworks is

weak. The weakest binding plane in K2Ti6O13 is (100)

[53]. The reaction temperature chosen in Ref. [26] was

lower than that in this work, indicating that the splitting

process of K2Ti6O13 needs more energy than the forma-

tion process. Besides KOH, other alkaline solutions such

as LiOH, Ba(OH)2 and Ca(OH)2 were used as hydro-

thermal solvents, but only particles were obtained.

Furthermore, when NaOH solution was replaced by NaCl

or KCl solution, no changes were observed. The alkali-

metal cations interaction with water may be the crucial

factor for the splitting process. The hydration number of

ions will reduce sharply in a concentrated solution when

compared with that in a diluted solution, which results in

needing lower energy for dehydration. In addition, the

dehydration energies for Na+(H2O)n are higher than those

for K+(H2O)n [54], which indicates that Na+ ions with

stronger solvating ability have more amount of OH–

around them than that around K+ ions. So the concen-

trated Na+ and OH– co-exist environment is essential for

the synthesis of the trititanate nanowires. The plausible

model for the transformation from K2Ti6O13 whiskers to

trititanate nanowires is proposed: In bulk NaOH solution,

the outside of K2Ti6O13 was taken up by Na+(H2O)n and

the bonded OH–. The two sides of (Ti3O7)2– on the top

surface were in different chemical environments, and the

different charge field between two sides induced the

surface tension that had a tendency to split along (100)

plane (Fig. 1b). Na+(H2O)n was dehydrated and Na+ ions,

which are smaller than K+, were intercalated into the

interlayers and the replacement process resulted in the

intrinsic strain. Then the layers shifted about 1/2 b along

the [010] direction and a small amount along the [001]

direction to form trititanate. The rod axis of K2Ti6O13 or

Na2Ti3O7 was along the [010] direction [26, 53], and the

lattice mismatch among the (100) type atomic planes of

K2Ti6O13 and Na2Ti3O7 was only 8.9% [26]. So this

might be an opposite transition process to that described

by Wang et al. [26]. Since the Na+ ions were weakly

bonded to the negatively charged Ti3O7 layers, the

Ti–O–Na+ bond was converted into Ti–O–H+ bond when

the sample was treated with water.

The material in nano-gaps between K2Ti6O13 lamellas is

the individual or aggregated thinner fibrous K2Ti6O13 in

lower position and cannot be detected by AFM tip

(Scheme 1a). The whisker was split due to the strain in the

cohesive sections when the tunnel structure was converted

into layered structure. First, the thinner whiskers in lower

position are more easily separated from the bulk and the

lamellas are also exfoliated at the same time (Fig. 8a,

Scheme 1b). Then, the increasing strain results in the fur-

ther split of lamellas to form nanowires (Fig. 8b,

Scheme 1c).

In KOH solution, the difference charge field, which is

caused by K+ in the lattice and K+(H2O)n with less

amount of OH- on the top surface, is too small to make

K2Ti6O13 split along (100) plane, so the reaction cannot

take place.

Table 2 Thermodynamic calculations for the reactions

Material DGo
f ;298 (kJ mol–1) DHo

f ;298 (kJ mol–1) Cp (J mol–1 K–1) DGr,298

(kJ mol–1)

DGr,493

(kJ mol–1)

Cited Calculated Cited Calculated a b c Eq. 1 Eq. 2 Eq. 1 Eq. 2

NaOH (10 mol/kg)a,b –379.74 –425.97 4650.99 –15.89 0.022 127.77 65.44 –30.78 190.03

KOH (10 mol/kg)a,b –378.86 –424.73 2918.87 –3.96 0.0085

H2O, KOH(?H2O)a,b –228.62 –241.83 28.83 0.014 –1.46 · 10–6

Na2Ti3O7
b,c –3277.43 –3150.60 –3479.96 –3481.46 198.92 0.12 –3.56 · 10–5

K2Ti6O13
d –5849.53 –6353.32 80.90 44.91 · 10–3 –21 · 105

K2Ti4O9
d –4054.24 –4479.98 80.47 21.60 · 10–3 –15 · 105

Notes: a: Ref. [49]; b: the coefficients for Cp was regressed by equation CP = a + bT + cT2; c: Ref. [50]; d: the coefficients for Cp was estimated

by Kubaschewski equation using CP = a + bT + cT–2
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Conclusion

The splitting behavior and structural transformation pro-

cess of K2Ti6O13 whiskers in various hydrothermal

solutions were studied. TiO2 (B) particle aggregates and

rutile twinned crystals were obtained respectively in dilu-

ted and concentrated HCl solutions via ‘‘dissolution-

precipitation’’ mechanism. In contrary to the chemical

inertia of K2Ti6O13 whiskers in deionized water and in

KOH solution, the layered trititanate was produced in

NaOH solution, accompanying the sequence of exfoliation

and split of K2Ti6O13 lamellas to form nanowires. It was

deduced that the concentrated Na+ and OH– co-exist

environment was essential for the synthesis of trititanate

nanowires. The significance of this work is: because of the

giant strain, it is difficult to synthesize the titanate nano-

wires from bulk whiskers and maintain the crystal structure

at the same time. We also demonstrated that there was no

K2O-rich melt but thin whiskers in gaps between K2Ti6O13

lamellas. This structural model of K2Ti6O13 whisker can

explain the experimental findings well.
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