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Abstract: Potassium hexatitanate (PHT) with chemical formula K2Ti6O13 has a tunnel structure
formed by TiO2 octahedra sharing edges or corners and with the potassium atoms located in the
tunnels. This material has attracted great interest in the areas of photocatalysis, reinforcement of
materials, biomaterials, etc. This work summarizes a large number of studies about methods to
prepare PHT since particle size can be modified from millimeter to nanometric scale according to the
applied method. Likewise, the synthesis method has influenced the material properties as band-gap
and the final mechanical performance of composites when the reinforcement is PHT. The knowing of
synthesis, properties and applications of PHT is worthwhile for the design of new materials and for
the development of new applications taking advantage of their inherent properties.

Keywords: potassium hexatitanate; photocatalyst; reinforcing agent; mechanical properties;
hydrogen production

1. Introduction

Alkaline metal titanates with tunnel structure attract great attention both experimental and
theoretical for model systems, for being fast ionic conductors, as well as for their high photocatalytic
activities. The family of alkaline titanates is represented by the general formula A2On TiO2 (3 ≤ n ≤ 8
and A = K, Na; Li). All of them have tunnel or laminar structure, with each layer consisting of zigzag
ribbons infinitely extended in “b” direction, in which the octahedra share the edges in a level, in linear
groups of three units, and are linked with each other by the corners [1], being “n” for the titanates with
layered structure and n/2 for the titanates with tunnel type. This type of structure is explained in detail
later, specifically for the potassium titanates family.

The reports on the synthesis of different types of potassium titanates began in the 1950s with
the work described in 1958 in the U.S. patents 2 833 620 and 2 841 470, by Gier et al. and Berry K.L.,
respectively. However, it was not until the 1980s that this kind of materials acquired greater importance
due to the properties they present, and deeper research began on different methodologies to produce
them and on their diverse applications, research that continues into the present. It should be mentioned
that the majority of the potassium titanates obtained initially were synthesized by flux method and
had a fiber-like morphology of millimetric and micrometric sizes [2–5].

The potassium titanates family comprises a series of compounds of general formula K2OnTiO2,
with n equal to 1, 2, 4, 6 or 8, commonly called potassium -titanate, -dititanate, -tetratitanate, -hexatitanate
and -octatitanate, respectively [2–4,6]. Moreover, the compounds KTiO2 (OH) [7,8], K3Ti8O17 [9] and
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K4Ti3O8 and KxTi8O16 [7,10–12] have also been reported but not extensively investigated. All of
them have been recognized as important functional materials for a wide range of applications,
due to their excellent chemical, thermal, optical, mechanical, catalytic, photocatalytic and frictional
properties [13–16]. These properties can be varied from one titanate to another with the change of
n [17]. The crystalline structure of titanates is formed by layers of TiO6 octahedra joined by edges
and/or corners, creating zigzag ribbons united by the corners, with K+ ions accommodated between
them delivering a 3D network, enclosing tunnels [1,2,11,12,18].

In the thermodynamic analysis of the K2CO3-TiO2 system (Figure 1) carried out using the software
HSC Chemistry 7.0 [19], considering 1 atm of pressure and temperatures from 25 to 1600 ◦C as
simulating conditions, consistent with the chemical reactions 1, 2, 3 and 4, the results showed a negative
Gibbs free energy (∆G) is necessary to the formation of different titanates. This analysis indicated
the conditions of theoretical chemical equilibrium to obtain potassium titanates. Thus, in the case
of K2Ti6O13 (PHT), it could be obtained from 1100 ◦C. However during the experimental stage, the
stoichiometric relationship in each system must be taken into account since according to Zaremba and
Witowska, Bao et al. and Yaxin et al. [13,20–22], there is a strong dependence between the initial TiO2

content and the final product, observed in the corresponding equilibrium phase diagram reported by
Bao et al. [20].

K2CO3 + TiO2 = K2TiO3 + CO2(g) (Reaction 1)

K2CO3 + 2TiO2 = K2Ti2O5 + CO2(g) (Reaction 2)

K2CO3 + 4TiO2 = K2Ti4O9 + CO2(g) (Reaction 3)

K2CO3 + 6TiO2 = K2Ti6O13 + CO2(g) (Reaction 4)
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2. Potassium Hexatitanate

PHT is a material that has generated a lot of interest because of its economic potential. It is a
fibrous material which has high mechanical strength, good thermal durability, chemical resistance,
dispersion ability and is cheaper and softer than other reinforcements such as silicon carbide (SiC),
so the composites reinforced with PHT can be easily machined with ordinary tools [23]. Besides, to
understand and improve the properties of materials containing PHT, it is important to know their
intrinsic physical properties; in this sense, the following sections resume the most relevant information
generated by several researchers.
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2.1. Structure

PHT crystallizes in the monoclinic system with space group C2/m; it has a tunnel-like structure
formed by titania octahedra enclosing the atoms of K [24,25]; K2Ti6O13 crystals include two variants
of the chemical formula (K2O.6TiO2 and K2Ti6O13) and a content of 42 atoms of which four are
potassium (K), 12 titanium (Ti) and 26 oxygen (O). Likewise, the growth axes were mainly along the
[010] direction [1,26].

The International Centre for Diffraction Data (ICDD) has reported two powder diffraction files
(PDF) for the PHT: 40-0403 and 74-0275, which are included in the Inorganic Crystal Structure Database
(ICSD); there is a slight variation in the network parameters. Table 1 presents the lattice parameters
for each file and those obtained by Manyu et al. calculated using the Cambridge Serial Total Energy
Package (CASTEP) [25].

Table 1. Lattice parameters for the PHT.

PDF
Parameters

a (Å) b (Å) c (Å) β (◦)

PDF 40-0403 15.593 3.796 9.108 99.78
PDF 74-0275 15.582 3.82 9.112 99.764

Calculated [25] 16.1529 3.7801 9.3388 101.1878

Inside crystalline structure of the PHT, the interactions between the Ti and O are stronger than
those between the K and O, while those between K and Ti almost do not exist, promoting TiO6 octahedra
formation, which are joined by the corners or edges forming zigzag ribbons. Each one is joined above
and below to similar groups constructing tunnels. The potassium ions in this material are enclosed or
trapped into the structure, so they are isolated from the environment. This arrangement makes the
material more resistant to chemical attack, compared with potassium di/tetra-titanate; meanwhile,
it prevents potassium ions’ escape or exchange by other cations (Figure 2). This type of structure
promotes whisker or fiber crystalline growth and provides the characteristics for different applications
such as reinforcement agents, thermal insulators, photocatalyst, etc. [13,27–31].
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Besides, it also has been reported that PHT prepared both hydrothermal and solid-state conditions
presents similar absorption bands observed in the FTIR, which are at 457 cm−1, 500 cm−1, 713 cm−1, and
760 cm−1; the frequency at 713 cm−1 corresponds to TiO6 group and that at 470 −510 cm−1 corresponds
to Ti–O [32].

2.2. Properties

In general, properties of materials depend on their microstructures and synthesis methods; in this
sense, PHT has morphology of fibers or whiskers, and it plays a key role in its varied applications [25].
Some of the most important physical properties of PHT are density, hardness, and melting point
according to applications that require better high thermal stability and resistance—for instance, as
reinforced composite materials of low density and high thermal as aluminum alloys. Instead, silicon
carbide is the commonly used material for its high mechanical strength and low thermal expansion
coefficient; however, it has elevated cost, making it unviable for many industrial applications. Therefore,
in terms of economic considerations, PHT is cheaper and softer than silicon carbide, so the resulting
composites are easily machined with ordinary tools. It is also important to mention that PHT whiskers
are very effective in improving the mechanical properties and thermal stability of thermoplastic
materials [23].

Today, ceramic fibers used for performed composites must have low density, high resistance and
stiffness; therefore, the strength and Young´s modulus of the fibers are features aimed for. In this
context, previous works showed that the resistance to the fracture measured in the ceramic materials is
substantially smaller than that predicted by the theory, based on experimental bonding forces between
atoms. This conclusion can be explained by the presence of small defects in the material, which act as
stress accumulator points. Nonetheless, the ceramic fibers exhibit competitive properties, and in the
cases of the composites worked at high temperatures, the fibers should have a high melting point [33].

When the bulk modulus of PHT is calculated, it showed high resistance to volume change due
to applied stress. Moreover, the cutting-effort modulus is a measurement of reversible deformation
in shear stress, while the larger is the shear modulus; therefore, the more pronounced directional
bonding is between atoms. Additionally, Young´s modulus provides a measure of the stiffness of a
solid, and the high calculated value (122.5 GPa) proves that it is a very rigid material [26]. Similarly,
the optical properties of the PHT for catalytic applications were investigated, e.g., in photocatalytic
degradation, photocatalytic water splitting, and steam reforming of methane for hydrogen production.
Researchers determined (theoretical and experimentally) the bandgap value of the PHT and the results
showed that this material is a wide-broad semiconductor, and it presents a bandgap similar to the
TiO2 [27,31,34–37].

Table 2 summarizes the physical and mechanical properties of PHT registered in literature, while
Table 3 shows several bandgap data where the values vary slightly according to the method of synthesis.

Table 2. K2Ti6O13 properties reported by several authors [21,38,39].

Property Value

Density 3.2–3.3 g/cm3

Melting point 1370 ◦C
Softening point 1200 ◦C
Mohs hardness 4

pH of water slurry 7–8
Thermal expansion coefficient 6.8 × 10−6 K−1

Specific heat 920 J/kgK
Tensile strength 7 Gpa
Tensile modulus 280 Gpa
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Table 3. Potassium hexatitanate (PHT) band gap reported by several authors.

Synthesis Method Band-Gap (eV) Reference

Hydrothermal synthesis 3.45 Du G.H. et al. [40]
Hydrothermal synthesis 3.3 Meng X. et al. [41]

Solid-state reaction 3.52 Yoshida H. et al. [34]
Solid-state reaction 3.06 Siddiqui M.A. et al. [42]

Flux growth 3.3 Ponce-Peña P. et al. [31]
Sol-gel synthesis 3.48 Siddiqui M.A. et al. [42]

Low-temperature synthesis 3.47 Li J. et al. [43]
Sonochemical method 3.42 Sehati S. and Entezari M.H. [44]

Otherwise, thermal stability is a relevant intrinsic feature, described as the material ability
to withstand transformation and/or decomposition, occasioned by prolonged exposure to high
temperature. This property is determined due to the intrinsic crystalline structure and influenced by
the heating conditions as a heating atmosphere and the temperature [45].

In relation with the stability, it is well known that ceramic materials are formed by combinations
of metallic and non-metallic elements and are highly resistant to corrosion in diverse media; and its
stability can be chemical (related to the dissolution of material or corrosion) or structural or dimensional
(measured as the capacity to withstand loads at a given temperature) [46]. As an example, it is reported
that PHT has high thermal stability, which decreases slightly at around 1200 ◦C; its calculated enthalpy
of formation (−6035 kJ/mol) and cohesive energy (−137.4502 eV/f.u.) reveal high structural stability [25].

2.3. Methods of Synthesis

There are several methods that have been developed to synthesize PHT; the more known and
used are calcination (and calcination with slow cooling), hydrothermal reaction, flux growth (or flux
evaporation), ionic exchange and sol-gel synthesis [13,30], although this material also has been produced
by other methods such as microwave-assisted, molten salts and self-propagating high-temperature
synthesis [14,17,47,48]. Some of the most common methodologies are described below.

2.3.1. Calcination (Solid-State Reaction)

The procedure that implies the direct heating of solids is also known as a reaction in solid-state,
ceramic or calcination method. This is the simplest and the most common method to prepare solids; it
involves heating together two or more non-volatile solids, and generating a product from their reaction.
This method is widely used in the industry as well as in the laboratory and can be used to synthesize a
broad range of materials [49].

The synthesis of PHT has been reported by calcination method and calcination with slow cooling.
As an example, Li et al. used a homogeneous mixture of KF and TiO2 (anatase or amorphous gel) with
a reason in weight of 2:1, which was treated thermally at 720 ◦C for 4 h. Subsequently, this mixture
was washed with distilled water three times to produce an intermediate product; then, it was heated in
boiling water for 5 h, and then, dried and re-heated at 800 ◦C for 1 h, obtaining K2Ti6O13 whiskers [27].

Likewise, Bao N. et al. reported the synthesis of PHT from a mixture of K2CO3 (reactive grade)
with TiO2·H2O (previously obtained by hydrolysis of titanil sulfate in boiling water with vigorous
agitation), using a molar ratio TiO2/K2O of 3.0. Initially, the mixture is dried in a vacuum stove at 90 ◦C
for 10 h, after time, the mixture is calcinated at 1080 ◦C for 0.25 h to produce the K2Ti6O13 [50].

It has been also reported the application of a method of calcination with slow cooling, which
involves a milling with ethanol of K2CO3 and TiO2 with a molar ratio K2O/TiO2 of 1:3 for 24 h and
subsequently passing to a process of drying the sample obtained. Thereafter, the mixture is heated in
platinum crucible at 1150 ◦C for 6 h; the cooling of the sample is gradually carried out to a temperature
of 950 ◦C at a rate of 16 ◦C/h and then tempered in water. Finally, the sample is treated in boiling water
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for 4 h and later reheated at 1000 ◦C for 1 h, resulting in clean PHT fibers with a length that exceeds
100 µm [51].

Recently, Li M. et al. have reported the facile synthesis of PHT at temperatures below 800 ◦C.
K2CO3, TiO2 and carbon black were mixed by ballmilling with ethanol for 3 h and then dried in at
80 ◦C for 10 h. The powders were mixed with 3 wt % polyvinyl alcohol and then pressed to obtain
disks with 20 mm in diameter and 10 mm in thickness. Posteriorly, samples were calcined from 500 to
1100 ◦C for 3 h. With this methodology, a mixture of PHT and TiO2 (anatase phase) well crystallized
micrometric whiskers were obtained from 800 ◦C [52].

It can be said that despite its extensive use, calcination method has some disadvantages: high
temperature is required in the synthesis, the reactions are usually slow; the reactants should be finely
grounded to achieve a homogeneous mixture and the products are often not homogeneous both in
composition and particle size, which generally is micrometric.

2.3.2. Hydrothermal Reaction

The hydrothermal method consists of heating reagents in a closed container (autoclave) with water.
Between the components of autoclave, there is a thick stainless steel plate that resists high pressures and
has all the respective safety valves. This container might be coated with non-reactive materials, such as
noble metals, quartz or Teflon. When the autoclave is heated, the pressure increases, but the water
inside remains liquid above its normal boiling point (100 ◦C), which is known as “superheated water”.
For that reason, the hydrothermal conditions are defined as the pressure overhead the atmospheric
and the temperature over the boiling point but not superior to other methods of synthesis [49].

Several authors reported the synthesis of PHT by the hydrothermal reaction, using different
starting reagents and synthesis conditions. Thus, Meng et al. report experiments with the use of 2 g
TiO2 powder dissolved in 50 mL of aqueous solution of KOH 15 M, stirred during 20 min and then
introduced in steel autoclave with Teflon coating, using a temperature of 180 ◦C for 4 days. The final
product is then filtered and washed with deionized water [41]. Moreover, Song et al. use a similar
methodology to the one described above. Varying only the starting material, they used titanium
tetrachloride and the time of permanence in the autoclave was 2 days [53]. In the same way, Masaki et
al. used Ti powder and varied the temperature conditions from 150 to 350 ◦C and gave a permanence
time in the autoclave of 2 h [7].

Likewise, Zaremba et al. reported the synthesis of PHT from a mixture of potassium hydroxide
and titanium tetraisopropoxide as raw materials with a molar ratio of 1:2; both reagents were agitated
for 30 min (an hour before), previous to heating in an autoclave, using a nickel tube. In this research,
varied temperatures (350–450 ◦C) and time (2.5–25 h) were worked, and subsequently, the product was
allowed to cool slowly in the autoclave followed by a filtrate, a wash with distilled water and ethanol;
finally, it was dried at 50 ◦C for 24 h. The fibers obtained are stable, long, thin and with large surface
area [13].

Moreover, Hakuta et al. [30], described the synthesis of nanowires of PHT by this route. In the
approach, two starting solutions were prepared by dissolving titanium hydroxide and potassium
hydroxide within distilled water, with a titanium ion concentration set to 0.02 M. Both solutions, were
fed separately by a high-pressure pump, and then, they were mixed at the mixing tee and finally fed to
the reactor; the next step consisted of adding preheated water, an elevated temperature reaction from
300 to 420 ◦C and setting the pressure to 30 MPa. The powder was dried in an oven at 60 ◦C for 24 h,
with crystalline particles with 10 nm in width and length ranging from 500 to 1000 nm.

In the hydrothermal method, particle morphology and size of the whiskers were able to be
controlled with the modified experimental conditions during the process; however, it was demonstrated
that leaching by water converts layered titanates into amorphous structures [54,55].
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2.3.3. Flux Growth

In this type of synthesis, crystallization takes place from a solution, either by cooling a hot
saturated solution or when evaporation occurs. Many crystalline substances have been grown from a
saturated solution in a solvent. Several techniques can be used to induce crystallization, and these
include flux growth and evaporation of fluxes by heating. For solids such as oxides, which are very
insoluble in water, it may be possible to dissolve them in borate, fluoride or even molten metal; in
this case, solvents are known as fluxes because they reduce the melting temperature of the solute.
The molten is cooled slowly until the crystals are formed, and then the flux is emptied or dissolved
separately. This method has been successfully used for the synthesis of crystalline silicates, quartz,
alumina, titanates among many others [49]. In this sense, several fluxes have been used to obtain
PHT: for the systems of a single component PbO, K2MoO4, Bi2O3 and B2O3 is used; and for the
systems of 2 or more components K2CO3-K4P2O7, K2CO3-V2O3 PbO-K2P2O7, Li2O-K2MoO4, KCl-KF,
K2MoO4-MoO3, Na2O-K2O-B2O3 are commonly used [2–4,27,30,56]. Both morphology and particle
size cannot be controlled.

Crystalline substances have been grown from a saturated solution in a solvent. The crystallization
process takes place either by cooling a hot saturated solution or when evaporation occurs; additional
techniques include flux growth and evaporation of fluxes by heating. For solids such as oxides, which
are very insoluble in water, it is possible to dissolve them in borate, fluoride or even molten metal. In
the last case, they are known as fluxes because they reduce the fusion temperature of solute. The molten
is cooled slowly until the crystals are formed, and then, the flux is emptied or dissolved separately.

Thus, for example, in the synthesis of PHT long fibers using Li2O-K2MoO4 as flux, the raw
materials K2CO3, Li2CO3, K2MoO4 and TiO2 reagent grade were used. Flux and raw materials
were mixed and melted into a platinum crucible at 1200 ◦C for 4 h and then rapidly cooled at room
temperature. Finally, the products were washed in hot water and dried at 110 ◦C for 1 day [3]. Likewise,
Choy and Han [29] reported the synthesis using the same flux but different conditions— they used a
flux to raw material mole ratio of 7:3. After calcination at 1150 ◦C for 4 h, it was slowly cooled down to
900 ◦C, posteriorly quenched in air and finally washed with hot distilled water and dried at 110 ◦C.
The PHT fibers obtained had a cylindrical shape with very clean and smooth surface and uniform
particle size of 1.5 mm length and 2–3 µm diameter.

Moreover, recently Ponce-Peña et al. reported the use of boric acid (H3BO3) as a flux to obtain PHT
fibers. The methodology employed in this research consisted in preparing a mixture of (molar %) TiO2

(60), K2O (30) and B2O3 (10), which was melted at 1250 ◦C for 1 h and poured into water afterwards.
The obtained material is dried, grounded in agate mortar (mesh-80, 180 µm), washed in hot water
(95 ◦C) to remove the remaining flux and dried. Finally, the product is thermally treated between 900
and 1000 ◦C for 2 h. Figure 3 shows the PHT micrometric fibers obtained from this method [31].
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Thus, for example, in the synthesis of PHT long fibers using Li2O-K2MoO4 as flux, the raw 
materials K2CO3, Li2CO3, K2MoO4 and TiO2 reagent grade were used. Flux and raw materials were 
mixed and melted into a platinum crucible at 1200 °C for 4 h and then rapidly cooled at room 
temperature. Finally, the products were washed in hot water and dried at 110 °C for 1 day [3]. 
Likewise, Choy and Han [29] reported the synthesis using the same flux but different 
conditions— they used a flux to raw material mole ratio of 7:3. After calcination at 1150 °C for 4 
h, it was slowly cooled down to 900 °C, posteriorly quenched in air and finally washed with hot 
distilled water and dried at 110 °C. The PHT fibers obtained had a cylindrical shape with very 
clean and smooth surface and uniform particle size of 1.5 mm length and 2–3 µm diameter. 

Moreover, recently Ponce-Peña et al. reported the use of boric acid (H3BO3) as a flux to obtain 
PHT fibers. The methodology employed in this research consisted in preparing a mixture of 
(molar %) TiO2 (60), K2O (30) and B2O3 (10), which was melted at 1250 °C for 1 h and poured into 
water afterwards. The obtained material is dried, grounded in agate mortar (mesh-80, 180 μm), 
washed in hot water (95°C) to remove the remaining flux and dried. Finally, the product is 
thermally treated between 900 and 1000 °C for 2 h. Figure 3 shows the PHT micrometric fibers 
obtained from this method [31]. 

 
Figure 3. PHT fibers obtained by flux growth method.
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2.3.4. Ionic Exchange

The ion exchange process is a reversible exchange of ions between solid and liquid phases [57].
PHT may be produced by the ion exchange method, which was demonstrated by Um et al. [16,58].
The synthesis process is described as follows. First, KHTi4O9 is produced by exchange, half of the
K ions in K2Ti4O9 with H+ ions using 0.005M HCl solution; second, KHTi4O9 is thermally treated at
250–500 ◦C for 3 h, resulting in K2Ti8O17 formation; third, K2Ti8O17 is given heat treatment above
600 ◦C to produce a mixture of K2Ti6O13 and TiO2.

Liu et al. also reported the synthesis of PHT fibers using potassium titanate (K4Ti3O8) as a starting
material. K4Ti3O8 was produced by the treatment of TiO2 with 80 wt % concentrated KOH solution
at 220 ◦C for 2 h, under normal pressure. Later, 0.25 g of K4Ti3O8 is shaken with 0.025 dm3 (25 cm3)
solutions (containing an appropriate amount of 0.1 mol/L HCl), for 3 days at 25 ◦C, to obtain a solid
(hydrolysis intermediate), which was filtered, washed and dried at room temperature in a desiccator.
Finally, with thermal treatment at 610 ◦C for 2 h, the hydrolysis intermediates were transformed into
well-crystallized PHT fibers [59].

2.3.5. Sol-Gel Method

Among the techniques above-mentioned, the sol-gel route offers some specific advantages, e.g.,
from the use of chemically homogeneous precursor is possible to ensure atomic-level mixing of reagents;
moreover, lower processing temperatures and shorter synthesis times are possible; furthermore, this
method should enable greater control over particle morphology and size [60].

In this way, sol-gel method has been applied to obtain PHT. For example, Jung and Shul [28]
reported obtaining this material using the following methodology: Initially, the precursor of potassium,
water and catalyst were dissolved in 0.5 mL EtOH; next, the precursor of Titanium dissolved in
EtOH remnants was added to the first solution to ensure a homogeneous solution; after, the reaction
proceeded by hydrolysis. Subsequently, the solution was aged at room temperature from one to seven
days to ensure the freezing of the structure. Then, the sample was dried and calcined to 700 ◦C to
produce the potassium hexatitanate with a surface area between 30 and 40 m2/g.

Moreover, Qian et al. prepared PHT nanofilms following the next steps: First, potassium acetate
is dissolved in acetic acid (solution 1); second, a stoichiometric molar quantity of Ti(n-OC4H9)4 is
mixed with acetylacetone (solution 2); third, solution 1 was dropped into solution 2, with continuous
stirring during 2 h. The final solution is heated at 70 ◦C to form a gel, which is grounded and calcined
at different temperatures for 2 h [61].

As above-mentioned, this method permits the control of particle size from micro to nanometric.
On this subject, Kang et al. [62] reported the synthesis of PHT nanorods, using a reactive mixture of
CH3OK (95%) and Ti(OC2H5)4 (technical grade) in 20 mL of C2H5OH, with a molar ratio of 1:1 to 1:2.8
(C2H5OH to Ti(OC2H5)4). To control the competitive reactions hydrolysis and condensation in the
medium, distilled water and HCl (35%) were used, and the pH remained in 7. The mixture was stirred
at 40 ◦C for 2 h to produce the Sol, which aged during 100 h at room temperature. Posteriorly, the
sol was dried for 48 h at 100 ◦C to obtain a Xerogel. Finally, it is calcined at temperatures from 800 to
1050 ◦C for 3 h. The K2Ti6O13 nanorods collected have a diameter roughly below 60 nm.

2.3.6. Comparison of Synthesis Methodologies

The above described synthesis methodologies have advantages and disadvantages.
For comparison, some of these characteristics are presented in Table 4.
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Table 4. Advantages and disadvantages of the most common synthesis methods for PHT obtaining.

Synthesis Method Advantages Disadvantages

Calcination Facile and economic synthesis.
Suitable for large-scale production.

Require high temperatures.
Reagents finely grounded.

Difficult particle size control.

Hydrothermal reaction

Low temperature synthesis.
Easy morphology and size
(micro/nanometric) particle

control.
Product with high purity

Long synthesis time.
PHT structure can be amorphized

by supercritical water.
Is not suitable for mass

production.

Flux growth
Can be use a great variety of fluxes.

Size (micrometric) and
morphology can be controlled.

Fluxes can corrode the crucibles.
Many stages are required.

Ionic exchange

Low temperature synthesis.
Easy morphology and size
(micro/nanometric) particle

control.

Many stages are required.
Long synthesis time.

Is not suitable for mass
production.

Sol-gel

Low temperature synthesis.
Size (micrometric) and

morphology can be controlled.
Product with high purity.

Expensive starting materials
Many stages are required.

2.4. Applications

Principal applications of PHT fibers are a function of their properties, mainly physical, mechanical,
friction and optical; this material has been used as reinforcing agent (in polymers, ceramics and metals)
and photocatalyst (to produce hydrogen and decomposition of organic contaminants). In this area, it is
well known that most fiber-reinforced compounds achieve better resistance to fatigue, better stiffness
and better strength-weight ratio by incorporating tough, rigid but fragile fibers in a softer, more
ductile matrix. The microstructure of fiber reinforced composite materials is made up of the fiber, the
matrix and an interface. In the interface the physical, mechanical and chemical properties differ from
those of the original fiber and the matrix; some features occurring in this region are variable crosslink
density and molecular weight, trans-crystallinity, impurities, sizing, voids, fiber surface chemistry, fiber
topography and morphology. The interface forms the fiber/matrix bonding, so the matrix transfers
the force to the fibers, which support most of the applied force. Compound strength can be high at
room and elevated temperatures [63,64]. Fiber reinforced composites can be classified into four groups
according to their matrices: metal matrix composites (MMCs), ceramic matrix composites (CMCs),
carbon/carbon composites (C/C) and polymer matrix composites (PMCs) or polymeric composites [63].
In this sense, is interesting to mention that PHT fibers have been used to reinforcing polymers, ceramics
and metal alloys to obtain composites, which have a wide application (in automotive, money paper,
refractories, etc.) because of their price, which is lower than other reinforcing agents such as silicon
carbide, silicon nitride, aluminum borate, among others [23,65–67].

On the other hand, when it comes to talking about friction materials, it is known that chrysotile
asbestos fibers have been conventionally used for brake devices. However, these materials have low
thermal stability and their coefficient of friction rapidly decreases at relatively low temperatures to
undergo fading, while the friction material markedly wears away at high temperatures, in addition
to being a cancerous and toxic agent, and asbestos has been gradually substituted by non-asbestos
inorganic fiber [68–70]. In this context, PHT fibers showed low pulmonary toxicity in studies carried
out in rats using a single 2-mg dose per rat [71]; the above-mentioned makes this material promissory
for engineering applications. The next subsections describe several uses of the PHT reported so far.

2.4.1. PHT as Reinforcing Agent

The principal use of PHT fibers/whiskers is in the field of reinforcing polymers, there are several
works that describe the properties and uses of these composites. However, it is important to consider
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for short fiber polymer composites two significant aspects which have great influence on the properties
of composites: The aspect ratio of reinforcement material and the interfacial adhesion between the
polymer matrices and reinforcements [72]. In addition to the above, it is important to mention that
PHT fibers often exhibits easy aggregation and poor dispersion in polymer matrix; moreover, the
large surface energy difference between hydrophilic PHT and hydrophobic polymer could be the
principal cause of the poor interfacial interaction, which leads to the decrease of the composite’s
performance [73,74]. For the above-mentioned reasons, it is necessary to use surface-treated fibers with
a coupling agent, in order to improve both the homogenous distribution and the adhesion to the matrix.
Examples of employed coupling agents are silanes such as vinylsilane, aminosilane, epoxysilane,
methacryloxysilane and mercaptoxysilane and titanates such as isopropyltriisostearoyl titanate and
di(dioctylpyrophosphate)- ethylene titanate, tetrabutyl orthotitanate, etc. [38,68]. Table 5 summarizes
the main findings carried out by several researchers on the synthesis of polymeric composites reinforced
with PHT fibers/whiskers, although, its use also has been reported to reinforce keratin, paper currency
and scrap tire [70,75–77].

PHT also has been used to reinforce alloys, principally light aluminum and magnesium alloys [65];
in this area, several research works can be cited in which PHT fibers/whiskers have increased
mechanical and wear resistance and diminished the coefficient of friction and thermal expansion of the
composites [23,66,67,78–80]. Likewise, PHT fibers/whiskers are effective for the prevention of fading
because of their high heat resistance. Mohs’ hardness of about 4 is therefore less likely to abrade the
adjoining materials and is useful, for example, for preventing abnormal actuation of brakes since it has
less hygroscopicity, and is not reactive with water [68]. However, as mentioned above, the properties
of the interface in composites depend on the interface bonding between the fiber and matrix; a slight
reaction may enhance the interface keying and the strength of composites, but a severe reaction could
destroy the structural integrity and the reinforcing effect of the reinforcements, resulting in a reduction
of the strength of the composite [70]. Thus for example, the PHT whiskers are destroyed by their
reaction with aluminum and diffusion of the K element into aluminum, with loss of the reinforcing
function; but fortunately, the modifications of the surface reinforcements can improve the interface
between the reinforcement and matrix [78]. Generally, reinforcement surface treatment consist in
recovering it with Al2O3 by sol-gel process, using a isopropoxide as the precursor which is hydrolyzed
in water and alcohol to produce a clear “sol”, and then, the whiskers are dipped into the sol for several
minutes and finally pyrolyzed to obtain the oxide coating; with this, the fiber/whisker wettability is
improved [78,80,81]. Generally, a volume fraction of the PHT fibers used is between 5% and 40%. For
a smaller amount, their effectiveness in reinforcing the matrix alloy is very small, and if it is more than
40%, lesser improvement is achieved in strength as the volume fraction of the PHT fibers increases. In
addition, an increasing use of the potassium hexatitanate fibers results in a higher cost of composite
materials [65]. Most of these obtained composites are destined for the automotive industry for use in
parts, such as all types of internal combustion engines as pistons, cylinder blocks and heads.

On the other hand, in the case of ceramics reinforcement, there are a few works which describe
several composites with PHT fibers/whiskers. Generally, these composites are obtained by in situ
growing of potassium hexatitanate using potassium polytitanates as starting material. Thus, for
example, composites have been reported in the systems of alumosilicate-potassium polytitanate,
potassium titanate-metalurgical slag, potassium polytitanate-glass SiO2-B2O3-R2O-Al2O3, which could
be used as high strength ceramics in applications related to structural, refractory, frictional and heavy
metal adsorption materials [82–85]. Likewise, recently, hydroxyapatite (HA) based composites are
attracting considerable interest for use as engineering components such as bearings and mechanical
seals since, compared with metals, HA-based composites show a lower density and substantially great
corrosion and heat resistance [86].
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Table 5. Principal polymer-K2Ti6O13 composites and their characteristics.

Polymeric Matrix K2Ti6O13 Content
(wt.%)

Others Reinforcing Agents
Used

Used Coupling
Agent Properties Composite

Application
Processing

Method Reference

PP 10 Ramier Fiber Silane

Tensile strength (30 Mpa).
Bending Strength (63.5 Mpa). Compressive

strength (51.5 Mpa).
Impact strength (8.6 KJ/m)

Automotive and
aircraft Extrude molded Long C.-G. [87]

PP 5–35 Tetrabutyl
orthotitanate

15% K2Ti6O13 composite
Tensile strength (32.42 Mpa).
Young´s module (2.833 Gpa).

Longitudinal impact strength (32 J/m).
Transverse impact strength (30.8 J/m)

Load bearing
applications

Twin-screw
extruded follow by
injection molded

Tjong S.C. [88]

PA-6 5–35 - Tetrabutyl
orthotitanate

25% K2Ti6O13 composite
Tensile strength (69 Mpa).

Young´s module (2.65 Gpa).
Longitudinal impact strength (59.5 J/m).

Transverse impact strength (45 J/m)

Automobile parts Injection molded Tjong S.C. [89]

PA-6 5–15 - Propyltrimethoxy-silane

15% K2Ti6O13 composite
Tensile strength (86.03 Mpa).
Tensile Modulus (31.96 Gpa).
Impact strength (7.97 ln-lbs)

- In situ
polymerization Yuchun et al. [90]

ER 0–7.5 Glass fibers -

7.5% K2Ti6O13 composite
Density (1.69 g/cm3).

Rockwell M Hardness (99).
Tensile strength (247 Mpa).
Flexural strength (274 Gpa).
Impact strength (1.86 J/mm)

FC range (0.430-0.451)
Specific wear rate (1X10-5 mm3/Nm

- Vacuum molded Sudheer et al. [91]

PR 10–15
Barite

(BaSO4)GraphiteAlumino-
silicate fibersAramid fibers

-

15% K2Ti6O13
Density 2.02

Tensile strength (9.4 Mpa).
Flexural strength (44.71 Mpa)
Impact strength (0.2 KJ/m2)

Elongation (1.31%)

Braking
applications

Mixing follow by
compression

molding
Kumar et al. [92]

PEEK 10–30 - -
30% K2Ti6O13 compounded rheometer

composite
Tensile strength (125 Mpa).

Chemical,
mechanical,
aeronautic,

electronic and
nuclear industries

Twin-screw
extruder or Torque

rheometer
Zhuang et al [72]

PEEK 15 Carbon fibers -

15% K2Ti6O13 composites
Water absorption (0.71%),

FC (0.01)
Wear rate (9.2 × 10−9 mm3/Nm, at 15Mpa)

Chemical,
mechanical,
aeronautic,

electronic and
nuclear industries

Injection molded Xie et al. [93]
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Table 5. Cont.

Polymeric Matrix K2Ti6O13 Content
(wt.%)

Others Reinforcing Agents
Used

Used Coupling
Agent Properties Composite

Application
Processing

Method Reference

PTFE 0–40 - Aminosilane

20% K2Ti6O13 composites
FC (0.127)

Wear rate (8.38 × 10−10 cm3/Nm)
at 100N and 1.4 m/s)

Heat of fusion (44.487 J/g)

Bearing and
sealing materials

Compression
molding Feng et al. [94,95]

PTFE/PEEK 0–30 - n-octodecyl-triclorosilane

10% K2Ti6O13 composites
FC (0.125)

Wear rate (3.37 × 10−5 m3/Nm)
at 100N and 1.4 m/s

Tensile strength (82.8 Mpa),
Flexural strength (113.1 Mpa),
Impact strength (15.9 KJ/m2)

Chemical,
mechanical,
aeronautic,

electronic and
nuclear industries

High temperature
compression

moulding

Huaiyuan et al.
[74]

PC 5–25 -

Methyl-trimethoxy
silane or

Tetrabutyl
orthotitanate

10% K2Ti6O13 composites
Tensile strength (40Mpa)

Engineering
thermoplastic

single-screw
extruded follow by
injection moulded

Jiang and Tjong
[67]

PP/LCP 0–35 - Tetrabutyl
orthotitanate

35% K2Ti6O13 composites
Tensile strength (45 Mpa)
Young´s module (6 Gpa),

Longitudinal impact strength (4.2 KJ/m2),
Transverse impact strength (2.7 KJ/m2)

-
Extruded follow

by injection
moulded

Tjong and Meng
[38]

PP/PA-6 0–40 (phr)

γ-methacryloxy-
propyltrimethoxy

silane and
γ-aminopropyl-
triethoxy silane

20 phr K2Ti6O13 composites
εr (3.43)

Tan δ (5.7 × 10−3)
Tensile strength (75 Mpa)

Impact strength (4.4 KJ/m2)

High performance
insulating

materials for
electric

applications

Torque rheometer Yu et al. [96]

Polypropilene, PP; poly ether ether ketone, PEEK; polytetrafluoroethylene, PTFE; polycarbonate, PC; liquid crystalline polymer, LCP; polyamide, PA; epoxy resin, ER; phenolic resin, PR;
friction coefficient, FC; parts per hundred part of resin, phr.



Materials 2019, 12, 4132 13 of 18

2.4.2. PHT as Photocatalyst

Since photocatalytic solar energy conversion to hydrogen is an environmentally benign technology,
the development of efficient photocatalysts has been extensively studied all over the world [36]. In this
sense, the application of the PHT as a catalyst is principally focused on the production of hydrogen
from water or methanol splitting and degradation of organic compounds. Thus, for example, Yoshida
et al. [34] studied the photocatalytic activity of PHT (obtained by flux growth) in the reaction for water
splitting or H2/O2 evolution from aqueous solution; the samples prepared with PHT and rhodium as
co-catalyst showed photocatalytic activity achieving to generate up to 0.12 µmol/min of H2. Likewise,
Escobedo Bretado et al. evaluated the photocatalytic activity of PHT fibers (obtained by flux growth),
and the results showed that the maximum amount of hydrogen achieved was 2387 µmol of H2/gcat in
8 h of irradiation with UV light [37]. Yahya et al. too reported a H2 evolution rate from H2O of up
to 47 µmol/h in samples prepared with the loaded ruthenium oxide on PHT [97]. Likewise, Hakuta
et al. [31] report the use of PHT nanowires (prepared by hydrothermal method) with large surface
area (up to 219.8 m2/g) and high photocatalytic activity, in the reaction of photolysis of methane; the
amount of hydrogen generated by the use of this material was approximately 0.2 µmol in a reaction
time of 8 hours. Moreover, Guan et al. [98] have reported the photoreduction of CO2 with water into
methanol under concentrated sunlight using a Pt-loaded PHT photocatalyst or a composite catalyst in
which the Pt-PHT photocatalyst was combined with a CO2 hydrogenation catalyst of Cu/ZnO. On the
other hand, PHT also has been used for degradation of a methylene blue (MB). According with Takaya
S. et al. [26], the results showed that PHT with nano-needle crystals had high photocatalytic activity
and the degradation of MB solution by photocatalytic activity of PHT at 20 h, was about three times
higher than those of TiO2 thin films.

2.4.3. Other Applications

Recently, titanates have been introduced to use as biomaterials. There are a few studies in which
in vitro bioactivity was investigated. It has been reported that potassium titanates are biocompatible,
and potassium titanate nanorod arrays can induce the formation of apatite after 4 days in SBF
(simulated body fluid) solution. The bioactive PHT whiskers have good biocompatibility and are
potential candidates as reinforcing agents to improve the mechanical properties of calcium phosphate
ceramics or cements, in order to apply them in load conditions [99–102]. Another application was
established by Gonzáles-Lozano et al. [103]. These authors reported the obtention of a glass-ceramic
with PHT, which can be promissory as solid lubricant; the data on friction behavior were obtained
using a rheometer with a cylindrical cavity in which the material was deposited. Results showed that
this glass ceramic had a friction force 0.18 ± 0.06 N, under a normal load of 20 N at room temperature
(23 ◦C), which was lower than that achieved by the reference glassy solid lubricant.

3. Conclusions

This review covers much and interesting information about the structure, synthesis, properties
and applications of the PHT. The structure and properties of the PHT makes it a multifunctional
material that can be applied mainly in the reinforcing of metals, polymers and ceramics. However, in
recent years, many researchers have focused on the use of the PHT as Photocatalyst in the reactions for
the production of hydrogen from water and methane, in the degradation of organic contaminants (e.g.,
orange G, methylene blue and amoxicillin) and in the photoreduction of CO2; for these applications a
small particle size is required. In this sense, nanoparticles obtained by hydrothermal or sol-gel synthesis
could be used. Other promising but less investigated applications are in the field of biomaterials,
adsorbents for heavy metals and solid lubricants. It is expected that much of the information concerning
PHT is spread with this research and is useful for the design of new materials, (e.g., the doping of PHT
for the enhancement of photocatalytic, ion exchanging and biocompatibility properties), as well as in
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the development of new applications in various fields of science, taking advantage of their inherent
properties and great potential of this material.

Author Contributions: M.A.G.-L. wrote on the crystalline structure and compiled, edited and revised the complete
document. P.P.-P. wrote the synthesis methods section. M.P. wrote the applications section and A.R.-P. wrote the
properties sections.

Funding: The APC was funded by Mexican Programs PFCE 2019 and PRODEP 2019.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, C.-Y.; Zhang, Q.; Zhang, H.; Zhen, L.; Tang, J.; Qin, L.-C. Synthesis and Characterization of
Single-Crystalline Alkali Titanate Nanowires. J. Am. Chem. Soc. 2005, 127, 11584–11585. [CrossRef]

2. Kajiwara, M. The formation of potassium titanate fibre with flux methods. J. Mater. Sci. 1987, 22, 1223–1227.
[CrossRef]

3. Yokoyama, M.; Ota, T.; Yamai, I. Preparation of potassium hexatitanate long fibre by the flux evaporation
method. J. Mater. Sci. 1989, 24, 3787–3790. [CrossRef]

4. Kajiwara, M. The synthesis of potassium titanate fibre by flux evaporation methods. J. Mater. Sci. 1988, 23,
3600–3602. [CrossRef]

5. Berry, K.L.; Aftandilian, V.D.; Gilbert, W.W.; Meibohm, E.P.H. Potassium tetra- and hexatitanates. J. Lnorg.
Nucl. Chem. 1960, 14, 231–239. [CrossRef]

6. Marchand, R.; Brohan, L.; Tournoux, M. TiO2 (B) a new form of titanium dioxide and the potassium
octatitanate K2Ti8O17. Mat. Res. Bull. 1980, 15, 1129–1133. [CrossRef]

7. Massaki, N.; Uchida, S.; Yamane, H.; Sato, T. Hydrothermal synthesis of potassium titanates in Ti-KOH-H2O
system. J. Mater. Sci. 2000, 35, 3307–3311. [CrossRef]

8. Sikuvhihulu, L.C.; Coville, N.J.; Ntho, T.; Scurrell, M.S. Potassium Titanate: An Alternative Support for Gold
Catalyzed Carbon Monoxide Oxidation? Catal. Lett. 2008, 123, 193–197. [CrossRef]

9. Watts, J.A. K3Ti8O17 a New Alkali Titanate Bronze. J. Solid State Chem. 1970, 1, 319–325. [CrossRef]
10. Liu, Y.; Qi, T.; Zhang, Y. A novel way to synthesize potassium titanates. Mater. Lett. 2006, 60, 203–205.

[CrossRef]
11. Cheng, P.S.; Lin, Y.H.; Hsieh, Y.T.; Yang, C.F. Effects of different synthesizing processes on the dielectric and

piezoelectric properties of 0.65(K0.5Bi0.5TiO3)-0.35BaTiO3 ceramics. Ceram. Int. 2014, 40, 629–635. [CrossRef]
12. Watanabe, M.; Komatsu, Y.; Sasaki, T.; Fujiki, Y. New oxidation process of potassium titanium dioxide bronze

with the hollandite structure. J. Solid State Chem. 1991, 92, 80–87. [CrossRef]
13. Zaremba, T.; Witkowska, D. Methods of Manufacturing of Potassium Titanate fibers and whiskers. A Review.

Mater. Sci. -Pol. 2010, 28, 25–40.
14. Zaremba, T. Molten Salt Synthesis of potassium hexatitanate. Mater. Sci. Pol. 2012, 30, 180–188.
15. Liu, C.; He, M.; Lu, X.; Zhang, Q.; Xu, Z. Reaction and crystallization mechanism of potassium dititanate

fibers synthesized by low-temperature calcination. Cryst. Growth Des. 2005, 5, 1399–1404. [CrossRef]
16. Myeong-Heon, U. Thermal treatment of titanates derivatives synthesized by ion-exchange reaction.

J. Am. Ceram. Soc. 2001, 84, 1181–1183. [CrossRef]
17. Zhang, J.; Wang, Y.; Yang, J.; Chen, J.; Zhang, Z. Microwave-assisted synthesis of potassium titanate nanowires.

Mater. Lett. 2006, 60, 3015–3017. [CrossRef]
18. Inoue, Y.; Kubokawa, T.; Sato, K. Photocatalytic activity of alkali-metal titanates combined with Ru in the

decomposition of water. J. Phys. Chem. 1991, 95, 4059–4063. [CrossRef]
19. Roine HSC Chemistry®, Version 7.0. Chemical Reaction and Equilibrium Software with Extensive Thermochemical

Database; Outotec: Pori, Finland, 2010.
20. Bao, N.; Lu, X.; Ji, X.; Feng, X.; Xie, J. Thermodynamic modeling and experimental verification for oin-exchange

synthesis of K2O.6TiO2 and TiO2 fibers from K2O.4TiO2. Fluid Phase Equilibr. 2002, 193, 229–243. [CrossRef]
21. Bao, N.; Feng, X.; Lu, X.; Yang, Z. Study on the formation and growth of potassium titanate whiskers. J. Mater.

Sci. 2002, 37, 3035–3043. [CrossRef]

http://dx.doi.org/10.1021/ja0519841
http://dx.doi.org/10.1007/BF01233112
http://dx.doi.org/10.1007/BF02385771
http://dx.doi.org/10.1007/BF00540501
http://dx.doi.org/10.1016/0022-1902(60)80263-1
http://dx.doi.org/10.1016/0025-5408(80)90076-8
http://dx.doi.org/10.1023/A:1004835724752
http://dx.doi.org/10.1007/s10562-008-9439-z
http://dx.doi.org/10.1016/0022-4596(70)90111-8
http://dx.doi.org/10.1016/j.matlet.2005.08.017
http://dx.doi.org/10.1016/j.ceramint.2013.06.046
http://dx.doi.org/10.1016/0022-4596(91)90244-C
http://dx.doi.org/10.1021/cg049602a
http://dx.doi.org/10.1111/j.1151-2916.2001.tb00812.x
http://dx.doi.org/10.1016/j.matlet.2006.02.036
http://dx.doi.org/10.1021/j100163a032
http://dx.doi.org/10.1016/S0378-3812(01)00733-6
http://dx.doi.org/10.1023/A:1016085417990


Materials 2019, 12, 4132 15 of 18

22. Yaxin, Z.; Chang, L.; Ming, H.; Zhuhong, Y.; Xin, F.; Xiaohua, L. Preparation and Characterization of Alkaline
Resistant Porous Ceramics from Potassium Titanate Whiskers. Chin. J. Chem. Eng. 2007, 15, 742–747.
[CrossRef]

23. Wu, S.Q.; Wei, Z.S.; Tjong, S.C. The mechanical and thermal expansion behavior or an Al-Si alloy composite
reinforced with potassium titanate whisker. Compos. Sci. Technol. 2000, 60, 2873–2880. [CrossRef]

24. Cid-Dresdner, H.; Buerger, M.J. The crystal structure of potassium hexatitanate K2Ti6013. Z. Fiir Krist. 1962,
117, 411–430. [CrossRef]

25. Manyu, H.; Yimin, L.; Chunguang, L.; Xi, L. Structural, electronic and elastic properties of potassium
hexatitanato crystal from first-principles calculations. Phys. B 2012, 407, 2811–2815. [CrossRef]

26. Takaya, S.; Lu, Y.; Guan, S.; Miyazawa, K.; Yoshida, H.; Asanuma, H. Fabrication of the photocatalyst thin
films of nano-structured potassium titanate by molten salt treatment and its photocatalytic activity. Surf.
Coat. Technol. 2015, 275, 260–263. [CrossRef]

27. Li, G.L.; Wang, G.H.; Hong, J.M. Synthesis and characterization of K2Ti6O13 whiskers with diameter on
nanometer scale. J. Mater. Sci. Lett. 1999, 18, 1865–1867. [CrossRef]

28. Jung, K.T.; Shul, Y.G. Synthesis of High Surface Area Potassium Hexatitanate Powders by Sol-Gel Method.
J. Sol.-Gel Sci. Technol. 1996, 6, 227–233. [CrossRef]

29. Choy, J.; Han, Y. A combinative flux evaporation-slow cooling route to potassium titanate fibers. Mater. Lett.
1998, 34, 111–118. [CrossRef]

30. Hakuta, Y.; Hayashi, H.; Arai, K. Hydrothermal synthesis of photocatalyst potassium hexatitanate nanowires
under supercritical conditions. J. Mater. Sci. 2004, 39, 4977–4980. [CrossRef]

31. Ponce-Peña, P.; González-Lozano, M.A.; Escobedo-Bretado, M.A.; De Lira-Gómez, P.; García-Sánchez, E.;
Rivera, E.; Alexandrova, L. Synthesis and characterization of potassium hexatitanate using boric acid as the
flux. Ceram. Int. 2015, 41, 10051–10056. [CrossRef]

32. Yahya, R.; Hassan, A.; Aiyub, Z. Structural studies of potassium hexatitanates prepared under hydrothermal
and solid state conditions. Mater. Sci. Forum 2006, 517, 222–226. [CrossRef]

33. Callister, W.D. Introducción a la Ciencia e Ingeniería de los Materiales; Reverté: Barcelona, España, 1995;
ISBN 9788429172539.

34. Yoshida, H.; Takeuchi, M.; Sato, M.; Zhang, L.; Teshima, T.; Chaskar, M.G. Potassium hexatitanate
photocatalysts prepared by a flux method for water splitting. Catal. Today 2014, 232, 158–164. [CrossRef]

35. Sayama, K.; Arakawa, H. Effect of Na2CO3 addition on photocatalytic decomposition of liquid water over
various semiconductor catalysts. J. Photochem. Photobiol. A 1994, 77, 243–247. [CrossRef]

36. Shimura, K.; Kawai, H.; Yoshida, T.; Yoshida, H. Simultaneously photodeposited rhodium metal and oxide
nanoparticles promoting photocatalytic hydrogen production. Chem. Commun. 2011, 47, 8958–8960.

37. Escobedo Bretado, M.A.; González Lozano, M.A.; Collins Martínez, V.; López Ortiz, A.; Meléndez
Zaragoza, M.; Lara, R.H.; Moreno Medina, C.U. Synthesis, characterization and photocatalytic evaluation of
potassium hexatitanate (K2Ti6O13) fibers. Int. J. Hydrogen Energy 2019. [CrossRef]

38. Tjong, S.C.; Meng, Y.Z. Microstructural and mechanical characteristics of compatibilized polypropylene
hybrid composites containing potassium titanate whisker and liquid crystalline copolyester. Polymer 1999,
40, 7275–7283. [CrossRef]

39. Wypych, G. Handbook of Fillers, 4th ed.; ChemTec Publishing: Toronto, ON, Canada, 2016; ISBN 9781895198911.
40. Du, G.H.; Chen, Q.; Han, P.D.; Yu, Y.; Peng, L.-M. Potassium titanates nanowires. Structure, growth and

optical properties. Phys. Rev. B 2003, 67, 035323. [CrossRef]
41. Meng, X.; Wang, D.; Liu, J.; Lin, B.; Fu, Z. Effects of titania different phases on the microstructure and

properties of K2Ti6O13 nanowires. Solid State Commun. 2006, 137, 146–149. [CrossRef]
42. Siddiqui, M.A.; Chandela, V.S.; Azam, A. Comparative study of potassium hexatitanate (K2Ti6O13) whiskers

prepared by sol–gel and solid state reaction routes. Appl. Surf. Sci. 2012, 258, 7354–7358. [CrossRef]
43. Li, J.; Zhang, Y.C.; Zhang, M. Low temperature preparation and optical properties of K2Ti6O13. Mater. Lett.

2012, 79, 136–138. [CrossRef]
44. Sehati, S.; Entezari, M.H. Ultrasound facilitates the synthesis of potassium hexatitanate, and co-intercalation

with PbS–CdS nanoparticles. Ultrason. Sonochem. 2016, 32, 348–356. [CrossRef]
45. Li, F.; Tian-Ran, W.; Kang, F.; Jing-Feng, L. Thermal stability and oxidation resistance of BiCuSeO based

thermoelectric ceramics. J. Alloys Compd. 2014, 614, 394–400. [CrossRef]

http://dx.doi.org/10.1016/S1004-9541(07)60156-6
http://dx.doi.org/10.1016/S0266-3538(00)00160-3
http://dx.doi.org/10.1524/zkri.1962.117.5-6.411
http://dx.doi.org/10.1016/j.physb.2012.04.033
http://dx.doi.org/10.1016/j.surfcoat.2015.05.009
http://dx.doi.org/10.1023/A:1006619910915
http://dx.doi.org/10.1007/BF00402693
http://dx.doi.org/10.1016/S0167-577X(97)00157-2
http://dx.doi.org/10.1023/B:JMSC.0000035349.99273.c7
http://dx.doi.org/10.1016/j.ceramint.2015.04.093
http://dx.doi.org/10.4028/www.scientific.net/MSF.517.222
http://dx.doi.org/10.1016/j.cattod.2013.10.046
http://dx.doi.org/10.1016/1010-6030(94)80049-9
http://dx.doi.org/10.1016/j.ijhydene.2018.06.085
http://dx.doi.org/10.1016/S0032-3861(99)00090-7
http://dx.doi.org/10.1103/PhysRevB.67.035323
http://dx.doi.org/10.1016/j.ssc.2005.11.004
http://dx.doi.org/10.1016/j.apsusc.2012.04.018
http://dx.doi.org/10.1016/j.matlet.2012.04.003
http://dx.doi.org/10.1016/j.ultsonch.2016.04.003
http://dx.doi.org/10.1016/j.jallcom.2014.06.117


Materials 2019, 12, 4132 16 of 18

46. Tang, Y.; Wang, J.; Li, X.; Li, W.; Wang, H.; Wang, X. Thermal stability of polymer derived SiBNC ceramics.
Ceram. Int. 2009, 35, 2871–2876. [CrossRef]

47. Dai, C.; Wang, Y.; Gu, Y. Preparation of potassium hexatitanate whiskers by KCl molten salt method. Naihuo
Cailiao/Refract. 2013, 47, 24–27.

48. Li, D.; Hagos, K.; Huang, L.; Lu, X.; Liu, C.; Quian, H. Self-propagating high-temperature synthesis of
potassium hexatitanate whiskers. Ceram. Int. 2017, 43, 15505–15509. [CrossRef]

49. Smart, L.E.; Moore, E.A. Solid State Chemistry an Introduction, 4th ed.; CRC Press: Boca Raton, FL, USA, 2012;
ISBN 9781439847909.

50. Bao, N.; Feng, Z.; Shen, L.; Lu, X. Calcination syntheses of a series of potassium titanatos and their
morphologic evolution. Cryst. Growth Des. 2002, 2, 437–442. [CrossRef]

51. Lee, J.-K.; Lee, K.-H.; Kim, H. Microstructural evolution of potassium titanate whiskers during the synthesis
by the calcination and slow-cooling method. J. Mater. Sci. 1996, 31, 5493–5498. [CrossRef]

52. Li, M.; Liu, H.; Wang, Z.; Wei, N.; Wang, X.; Ma, Y.; Yan, W. Facile synthesis of potassium hexatitanate
whiskers by calcination at low temperature. J. Aust. Ceram. Soc. 2019. [CrossRef]

53. Song, H.; Jiang, H.; Liu, T.; Liu, X.; Meng, G. Preparation and photocatalytic activity of alkali titanate nano
materials A2TinO2n+1 (A = Li, Na and K). Mater. Res. Bull. 2007, 42, 334–344. [CrossRef]

54. Endo, T.; Nagayama, H.; Sato, T.; Shimada, M. Crystallization of potassium titanate from the amorphous
phase. J. Mater. Sci. 1988, 23, 694–698. [CrossRef]

55. Janes, R.; Knghtly, L.J. Crystallization and phase evolution of potassium titanates from alkoxide derived
precipitates. J. Mater. Sci. 2004, 39, 2589–2592. [CrossRef]

56. Yokohama, M.; Ota, T.; Yamai, I. Preparation of potassium hexatitanate long fibres by the flux evaporation
method using Na20-K20-B203 flux. J. Mater. Sci. Lett. 1994, 13, 369–370. [CrossRef]

57. Levchuk, I.; Rueda Márquez, J.J.; Sillanpää, M. Removal of natural organic matter (NOM) from water by ion
exchange – A review. Chemosphere 2017. [CrossRef]

58. Lee, C.-T.; Um, M.-H.; Kumazawa, H. Synthesis of titanate derivatives using ion-exchange reaction.
J. Am. Ceram. Soc. 2000, 83, 1098–1102. [CrossRef]

59. Liu, Y.; Qi, T.; Zhang, Y. Synthesis of hexatitanate and titanium dioxide fibers by ion-exchange approach.
Mater. Res. Bull. 2007, 42, 40–45. [CrossRef]

60. Danks, A.E.; Hallb, S.R.; Schnepp, Z. The evolution of ‘sol–gel’ chemistry as a technique for materials
synthesis. Mater. Horiz. 2016, 3, 91–113. [CrossRef]

61. Qian, Q.H.; Zhou, X.F.; Hu, Y.Y.; Liu, C.; Feng, X.; Lu, X.H. Preparation of smooth potassium hexatitanate
nanofilms by sol-gel method. J. Matter. Sci. 2007, 42, 8222–8229. [CrossRef]

62. Kang, S.-O.; Jang, H.-S.; Kim, Y.-I.; Kim, K.-B.; Jung, M.-J. Study on the growth of potassium titanate
nanostructures prepared by sol-gel–calcination process. Mater. Lett. 2007, 61, 473–477. [CrossRef]

63. Seçkin, E.; Kingsley, H. Fiber reinforced composites. Fiber Technol. Fiber-Reinf. Compos. 2017, 51–79.
[CrossRef]

64. Askeland, D.R. Ciencia e Ingeniería de los Materiales, 3rd ed.; International Thomson Editores: Mexico City,
Mexico, 1998; ISBN 968-7529-36-9.

65. Harada, H.; Inoue, Y.; Sadanaga, E. Potassium Hexatitanate Fibers for Use as Reinforcement. U.S. Patent
5,407,754, 18 April 1995.

66. Ding, D.Y.; Wang, J.N. Interfacial reactions in K2Ti6O13(w)/Al2O3/Al composite. Mater. Sci. Tech. 2001, 17,
833–836. [CrossRef]

67. Jiang, W.; Tjong, S.C. Thermal stability of polycarbonate composites reinforced with potassium titanate
whiskers: Effect of coupling agent addition. Polym. Degrad. Stab. 1999, 66, 241–246. [CrossRef]

68. Kobayashi, I. Composite Fibers of Potassium Hexatitanate and Titanium Dioxide. European Patent 0684215A1,
24 May 1994.

69. Shim, J.-P.; Lee, H.-K.; Park, S.-G.; Lee, J.-S. The synthesis of potassium hexatitanate and manufacturing
alkaline fuel cell matrix. Synth. Met. 1995, 71, 2261–2262. [CrossRef]

70. Kyungho, C.; Youngkeun, H. Friction and wear properties of scrap tire/potassium hexatitanate whisker
composites. J. Ind. Eng. Chem. 2013, 19, 1234–1240. [CrossRef]

71. Yamamoto, M.; Oyabu, T.; Morimoto, Y.; Ogami, A.; Kadoya, C.; Nishi, K.I.; Todoroki, M.; Myojo, T.; Tanaka, I.
Biopersistence of potassium hexatitanate in inhalation and intratracheal instillation studies. Inhal. Toxicol.
2011, 23, 196–204. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ceramint.2009.03.043
http://dx.doi.org/10.1016/j.ceramint.2017.08.099
http://dx.doi.org/10.1021/cg025541+
http://dx.doi.org/10.1007/BF01159322
http://dx.doi.org/10.1007/s41779-019-00409-4
http://dx.doi.org/10.1016/j.materresbull.2006.05.025
http://dx.doi.org/10.1007/BF01174707
http://dx.doi.org/10.1023/B:JMSC.0000020035.67862.65
http://dx.doi.org/10.1007/BF00420801
http://dx.doi.org/10.1016/j.chemosphere.2017.10.101
http://dx.doi.org/10.1111/j.1151-2916.2000.tb01337.x
http://dx.doi.org/10.1016/j.materresbull.2006.05.013
http://dx.doi.org/10.1039/C5MH00260E
http://dx.doi.org/10.1007/s10853-007-1695-6
http://dx.doi.org/10.1016/j.matlet.2006.04.091
http://dx.doi.org/10.1016/B978-0-08-101871-2.00003-5
http://dx.doi.org/10.1179/026708301101510609
http://dx.doi.org/10.1016/S0141-3910(99)00072-5
http://dx.doi.org/10.1016/0379-6779(94)03250-A
http://dx.doi.org/10.1016/j.jiec.2012.12.023
http://dx.doi.org/10.3109/08958378.2011.558935
http://www.ncbi.nlm.nih.gov/pubmed/21417592


Materials 2019, 12, 4132 17 of 18

72. Zhuang, G.S.; Sui, G.X.; Meng, H.; Sun, Z.S.; Yang, R. Mechanical properties of potassium titanate whiskers
reinforced poly(ether ether ketone) composites using different compounding processes. Compos. Sci. Technol.
2007, 67, 1172–1181. [CrossRef]

73. Yun, S.; Song, Q.Q.; Zhao, D.M.; Qian, G.M.; Li, X.N.; Li, W. Study on the inorganic–organic surface
modification of potassium titanate whisker. Appl. Surf. Sci. 2012, 258, 4444–4448. [CrossRef]

74. Huaiyuan, W.; Yanji, Z.; Xin, F.; Xiaohua, L. The effect of self-assembly modified potassium titanate whiskers
on the friction and wear behaviors of PEEK composites. Wear 2010, 269, 139–144. [CrossRef]

75. Liu, Y.; Yin, R.; Yu, W. Preparation and characterization of keratin-K2Ti6O13 whisker composite film.
Afr. J. Biotechnol. 2010, 9, 2884–2890. [CrossRef]

76. Hareyama, Y.; Ogawa, H. Printing Sheets. U.S. Patent 6,713,164, 30 March 2004.
77. Hareyama, Y.; Ogawa, H. Papel de Impresion. Spain Patent 2,224,281, 27 August 1997.
78. Wang, Y.-Q.; Zhou, B.-L. Behaviour of coatings on reinforcements in some metal matrix composites. Compos.

Part. A 1996, 27, 1139–1145. [CrossRef]
79. Suganuma, K.; Fujita, T.; Suzuki, N.; Niihara, K. Aluminium composites reinforced with a new aluminium

borate whisker. J. Mater. Sci. Lett. 1990, 9, 633–635. [CrossRef]
80. Kobayashi, I.; Aramaki, Y. Composite Fibers of Potassium Hexatitanate and Titanium Dioxide. U.S. Patent

5,383,963, 24 January 1995.
81. Asano, K.; Yoneda, H.; Agari, Y.; Matsumuro, M.; Higashi, K. Thermal and Mechanical Properties of

Aluminum Alloy Composite Reinforced with Potassium Hexatitanate Short Fiber. Mater. Trans. 2015, 56,
160–166. [CrossRef]

82. Sanchez-Valdes, E.; Gorokhovsii, A.V.; Scherbakova, N.N.; Rodríguez-Galicia, J.L. Formation of composite
structure in alumosilicate systems with the introduction of potassium titanates. Glass Ceram. 2010, 67,
169–172. [CrossRef]

83. Gorokhovsky, A.V.; Escalante-Garcia, J.I.; Sanchez-Valdes, E.; Burmistrov, I.N.; Kuznetsov, D.V. Synthesis
and characterization of high-strength ceramic composites in the system of potassium titanate-metallurgical
slag. Ceram. Int. 2015, 41, 13294–13303. [CrossRef]

84. Aguilar-González, M.A.; Gorokhovsky, A.; Aguilar-Elguezabal, A.; Escalante-Garcia, J.I. Síntesis y
caracterización de adsorbentes cerámicos basados en polititanatos de potasio y vidrio SiO2-B2O3-R2O-Al2O3.
Bol. Soc. Esp. Ceram. V. 2008, 4, 29–34. [CrossRef]

85. Aguilar-González, M.A.; Gorokhovsky, A.; Aguilar-Elguezabal, A. Removal of lead and nickel from aqueous
solutions by SiO2 doped potassium titanate. Mater. Sci. Eng. B 2010, 174, 105–113. [CrossRef]

86. Lu, Z.; Liu, Y.; Liu, B.; Liu, M. Friction and wear behavior of hydroxyapatite based composite ceramics
reinforced with fibers. Mater. Des. 2012, 39, 444–449. [CrossRef]

87. Long, C.G.; He, L.-P.; Zhong, Z.-H.; Chen, S.G. Studies on the polypropylene composites reinforced by ramier
fiber and K2Ti6O13 Whiskers. Res. Lett. Mater. Sci. 2007, 1–4. [CrossRef]

88. Tjong, S.C.; Meng, Y.Z. Morphology and performance of potassium titanate whisker-reinforced polypropylene
composites. J. Appl. Polym. Sci. 1998, 70, 431–439. [CrossRef]

89. Tjong, S.C.; Meng, Y.Z. Performance of potassium titanate whisker reinforced polyamide-6 composites.
Polymer 1998, 39, 5461–5466. [CrossRef]

90. Yuchun, O.; Feng, Y.; Jin, C. Interfacial interaction and mechanical properties of Nylon 6-Potassium titanate
composites prepared by in-situ polymerization. J. Appl. Polym. Sci. 1998, 2317–2322. [CrossRef]

91. Sudheer, M.; Vishwanathan, K.H.; Raju, K.; Thirumaleshwara, B. Effect of potassium titanate whiskers on
the performance of vacuum molded glass/epoxy composites. J. Reinf. Plast. Comp. 2013, 32, 1177–1187.
[CrossRef]

92. Kumar, M.; Satapathy, B.K.; Patnaik, A.; Kolluri, D.K.; Tomar, B.S. Evaluation of Fade-Recovery Performance
of Hybrid Friction Composites Based on Ternary Combination of Ceramic-Fibers, Ceramic-Whiskers, and
Aramid-Fibers. J. Appl. Polym. Sci. 2012, 124, 3650–3661. [CrossRef]

93. Xie, G.Y.; Sui, G.X.; Yang, R. Effects of Potassium titanate whiskers and carbón fibers on the wear behavior of
polyetheretherketone conmposite under water lubricated condition. Compos. Sci. Technol. 2011, 71, 828–835.
[CrossRef]

94. Feng, X.; Diao, X.; Shi, Y.; Wang, H.; Sun, S.; Lu, X. A study on the friction and wear behavior of
polytetrafluoroethylene filled with potassium titanate whiskers. Wear 2006, 261, 1208–1212. [CrossRef]

http://dx.doi.org/10.1016/j.compscitech.2006.05.011
http://dx.doi.org/10.1016/j.apsusc.2012.01.003
http://dx.doi.org/10.1016/j.wear.2010.03.018
http://dx.doi.org/10.5897/AJB2010.000-3117
http://dx.doi.org/10.1016/1359-835X(96)00072-3
http://dx.doi.org/10.1007/BF00721787
http://dx.doi.org/10.2320/matertrans.M2014284
http://dx.doi.org/10.1007/s10717-010-9254-z
http://dx.doi.org/10.1016/j.ceramint.2015.07.112
http://dx.doi.org/10.3989/cyv.2008.v47.i1.209
http://dx.doi.org/10.1016/j.mseb.2010.03.057
http://dx.doi.org/10.1016/j.matdes.2012.03.013
http://dx.doi.org/10.1155/2007/87072
http://dx.doi.org/10.1002/(SICI)1097-4628(19981017)70:3&lt;431::AID-APP2&gt;3.0.CO;2-O
http://dx.doi.org/10.1016/S0032-3861(97)10294-4
http://dx.doi.org/10.1002/(SICI)1097-4628(19970620)64:12&lt;2317::AID-APP7&gt;3.0.CO;2-O
http://dx.doi.org/10.1177/0731684413485827
http://dx.doi.org/10.1002/app.35550
http://dx.doi.org/10.1016/j.compscitech.2011.01.019
http://dx.doi.org/10.1016/j.wear.2006.03.005


Materials 2019, 12, 4132 18 of 18

95. Feng, X.; Wang, H.; Shi, Y.; Chen, D.; Lu, X. The effects of size and content of potassium titanate whiskers on
the properties of PTW/PTFE composites. Mater. Sci. Engin. A 2007, 448, 253–258. [CrossRef]

96. Yu, D.; Wu, J.; Zhou, L.; Xie, D.; Wu, S. The dielectric and mechanical properties of a
potassium-titanate-whisker-reinforced PP/PA blend. Compos. Sci. Technol. 2000, 60, 499–508. [CrossRef]

97. Yahya, R.B.; Hayashi, H.; Nagase, T.; Ebina, T.; Onodera, Y.; Saitoh, N. Hydrothermal synthesis of potassium
hexatitanates under subcritical and supercritical water conditions and its application in photocatalysis. Chem.
Mater. 2001, 13, 842–847. [CrossRef]

98. Guan, G.; Kida, T.; Harada, T.; Isayama, M.; Yoshida, A. Photoreduction of carbon dioxide with water over
K2Ti6O13 photocatalyst combined with Cu/ZnO catalyst under concentrated sunlight. Appl. Catal. A: Gen.
2003, 249, 11–18. [CrossRef]

99. Liu, Y.; Tsuru, K.; Hayakawa, S.; Osaka, A. Potassium titanate nanorods array grown on titanium substrates
and their in vitro bioactivity. J. Ceram. Soc. Jpn. 2004, 112, 634–640. [CrossRef]

100. Li, Y.; Lin, Q.; Chen, J.; Lan, X.; Lu, C.; Li, D.; Xu, Z. In Vitro Bioactivity of Potassium Titanate Whiskers.
Adv. Mater. Res. 2008, 47–50, 1351–1354. [CrossRef]

101. Wang, X.; Liu, S.J.; Qi, Y.M.; Zhao, L.C.; Cui, C.X. Behavior of potassium titanate whisker in simulated body
fluid. Mater. Lett. 2014, 135, 139–142. [CrossRef]

102. Villalpando-Reyna, A.; Cortés-Hernádez, D.A.; Gorokhovsky, A.; Almanza-Robles, J.M.; Escobedo-Bocardo, J.C.
In vitro bioactivity assessment and mechanical properties of novel calcium titanate/borosilicate glass
composites. Ceram. Int. 2011, 37, 1625–1629. [CrossRef]

103. Gonzáles-Lozano, M.A.; Gorokhovsky, A.; Escalante-García, J.I. Vitrification and crystallization in the system
of K2O–B2O3–TiO2. J. Non-Cryst. Solids 2009, 355, 114–119. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.msea.2006.10.021
http://dx.doi.org/10.1016/S0266-3538(99)00149-9
http://dx.doi.org/10.1021/cm000561p
http://dx.doi.org/10.1016/S0926-860X(03)00205-9
http://dx.doi.org/10.2109/jcersj.112.634
http://dx.doi.org/10.4028/www.scientific.net/AMR.47-50.1351
http://dx.doi.org/10.1016/j.matlet.2014.07.145
http://dx.doi.org/10.1016/j.ceramint.2011.01.034
http://dx.doi.org/10.1016/j.jnoncrysol.2008.10.003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Potassium Hexatitanate 
	Structure 
	Properties 
	Methods of Synthesis 
	Calcination (Solid-State Reaction) 
	Hydrothermal Reaction 
	Flux Growth 
	Ionic Exchange 
	Sol-Gel Method 
	Comparison of Synthesis Methodologies 

	Applications 
	PHT as Reinforcing Agent 
	PHT as Photocatalyst 
	Other Applications 


	Conclusions 
	References

