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ABSTRACT 

 

Potassium hexatitanate have been scarcely studied as a photocalalytic material for the 

hydrogen production from water splitting. The aim of the present study is to synthetized 

and characterized K2Ti6O13 fibers in order to evaluate their photocatalytic activity towards 

the efficient production of hydrogen. Materials were characterized by XRD, BET, UV–Vis 

and SEM. The viability of obtaining K2Ti6O13 via the flux method using boric acid subjected 

to different melting temperatures and cooling media (air or water) was carried out. The 

amount of used flux enabled the production of a liquid phase in which the TiO2 and K2O 

reacted to form K2Ti6O13 with various morphologies, according to results. The melting 

temperature did not significantly influence the microstructure presented by the materials. 

Fibers were produced with sizes varying from 12 to 35 μm in length and 260 – 530 nm in 

diameter as well as with a specific surface area of 4.1 m2/g and 2.3 m2/g for a heat 

treatment at 900 °C (C21) and 1000 °C (C22), respectively. Band gap energies of these 

titanates fell within the electromagnetic spectrum from 3.2 eV for both samples. Maximum 

hydrogen production was achieved by (C21) with 2,387 µmolH2/gcat, while the lowest 

production was observed for sample (C22) with 1,538 µmolH2/gcat at 8 hours of irradiation. 

From these results the crystals of potassium hexatitanate exhibited high photocatalytic 

activity for water splitting and they can be considered as potential photocatalysts for H2 

production. 
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 Hydrogen production through an environmentally clean process is regarded as a 

promising energy carrier to achieve a sustainable energy system. Specifically, 

photocatalytic water splitting using with UV-Vis irradiation has attracted significant interest 

because such a system is capable of hydrogen production without greenhouse emissions 

and the use of solar irradiation [1]. Many studies have been carried out to develop highly 

active photocatalysts, some of the advantages of the photocatalysis are: low processing 

costs, the evolution of hydrogen and oxygen during the water splitting reaction and 

suitable small reactor systems for domestic applications [2]. 

 Therefor the development of materials with appropriate band gap, crystallinity and 

morphological features allow the development of active photocatalysts and efficient 

processes for hydrogen production in the water splitting reaction. A method of synthesis 

which is widely used for semiconductor production for this purpose is the molten salts 

(Flux method). Agreements of synthesis condition and the kinds of molten salts used is 

posible to obtain nanometric particles or small fibers. 

 Some examples of photocatalysts used for water splitting or H2/O2 evolution from 

aqueous solution with a sacrificial reagent prepared by this route and theoretical research 

are: SrTiO3 treated with the KCl flux exhibited higher activity by 20 times than the non-flux-

treated [3], La2Ti2O7 showed H2 evolution from an aqueous methanol solution [4,5] PbTiO3 

nanospheres, flakes, hierarchical flowers and thin microbelts show excellent optical 

absorbance, fine band gap tuning and high surface area [6] CaZrTi2O7 powder with high 

crystallinity and 100–300 nm showed a broad photoluminescence band around 580 nm 

[7,8], K3Ta3Si2O13 and Ba3Ta6Si4O26 with one-dimensional and linear pillared structure [9], 

La-doped Ag1.4K0.6Ta4O11 makes use of Ag nanoparticles on the surface to enhance 

absorption in the visible region [10], RbLaNb2O7 prepared in platelet-shaped morphologies 

using a RbCl flux [11], strontium sodium tantalite (SNT) mesocrystals exhibit an 

outstanding photocatalytic performance due to their nanosteps, high porosity and preferred 

oriented direction [12] and graphitic carbon nitride (g-C3N4) showed the enhanced 

photocatalytic activity for water reduction and oxidation under visible light irradiation with 

wavelength > 420 nm [13]. 

 So far, there is little research about potassium titanates as photocatalyst, some have 

been synthesized to assess the reduction of carbón dioxide with mixture of Cu/ZnO under 

concentrated solar irradiation [14]. However, there is scarce research related to their 

photocatalytic activity towards the splitting of the water molecule [15]. Therefore, the 

objective of the present research is the synthesis by flux method, characterization and 

photocatalytic evaluation of potassium hexatitanate through the water splitting reaction 

towards the hydrogen production under the visible light irradiation. 

 

2. Materials and Methods 
 
2.1 Synthesis 
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 In this work, two samples of K2Ti6O13 were obtained by the method described by Ponce 

et al., [16]. Mixtures of raw materials (purity > 99%), TiO2 (Sigma-Aldrich), K2CO3 

(Fermont) and H3BO3 (Fermont) with composition (mol %) 30K2O-60TiO2-10B2O3 were 

molten in a platinum crucible in an electrical furnace (Lindberg Blue BF51433). The 

furnace program included heating up to 400°C (to decompose boric acid and avoid losses 

due to volatilization[17]), which was maintained for 1 hour, followed by heating up to 

1250°C and maintaining the temperature for another hour. Each of the melts was poured 

into water, after cooling, the samples were dried at 80°C in a stove (Lab-line 3475) for 

three hours and then powdered into an agate mortar (-80 mesh, 180 m). The remnant 

flux was dissolved in hot water (95°C) using a ratio of powder: water of 1:20 under 

magnetic stirring at a rate of 150 rpm for two hours, the solutions were filtered and the 

powders were dried at 70°C for two hours, after powders were thermally treated to growth 

fibers at 900 (C21) and 1000 °C (C22) for 2 h, using a heating rate of 10 °C/min.  

 

2.2 Characterization of materials 

 

 Powdered samples were analyzed by X-ray diffraction (XRD, Rigaku MiniFlex) using 

Cu-K radiation, measurements were performed in a 2θ interval from 5 to 80 ° and using a 

step size of 0.011 °/sec; likewise, they were attached to a metallic cylinder and coated with 

graphite and then characterized by scanning electron microscopy (SEM, Philips 

XL30ESEM) equipped with an X-ray micro-analyzer for energy dispersive spectroscopy 

(EDS, EDAX Pegasus). Specific surface area (BET, Brunauer–Emmett–Teller) was 

calculated from the amount of N2 adsorption at 77 K, in a Quantachrome Instrument. For 

the measurement of the band gap energy a UV–vis Perkin Elmer (Lambda-10) 

spectrophotometer equipped with an integration sphere for the diffuse reflectance studies 

was used. 

 

2.3 Photocatalityc evaluation 

 

 Photocatalytic evaluation of the synthesized samples towards the hydrogen production 

by water splitting was performed using a 250 W mercurial lamp and 0.2 g of each 

tungstate sample suspended in 200 mL of DI water and 4mL of methanol in the reactor 

system as sacrificial agent (2% vol). The suspension was placed inside a quartz 

photoreactor with a length and diameter of 19 and 5 cm, respectively, then it was 

hermetically sealed and placed 7 cm away from the 250 W mercury lamp. The 

photoreactor was kept under constant stirring and irradiated for 8 h [18]. The reaction was 

monitored by gas chromatography (GC) using a Perkin Elmer Clarus 500 GC. 

 In order to monitor the photocatalytic reaction, gas samples were taken at regular time 

intervals using a gas syringe through a septum located at the upper section of the 

photoreactor, where a small gas headspace was located. A sample under darkness was 
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taken at the initial concentration and then the sampling took place every hour up to a total 

of 8 h of continuous irradiation. 

 

3. Results and Discussion 
 
3.1 X-ray diffraction 

  

X-ray diffraction patterns for synthetized samples are shown in Figure 1. Accordingly, it 

was found the single formation of crystalline K2Ti6O13 phase based on heat treatment at 

900 °C (C21) and 1000 °C (C22), as indicated by ICSD Card pattern no. 74-0275. 

Additionally, samples were analyzed by Scherrer’ procedure to investigate about size of 

crystals (Table 1). Size of crystals is scarcely bigger for samples after heating treatment at 

1000 °C, regarding to samples heated at 900 °C, thus indicating the influence of heating 

process during crystals aggregation and size. A range from 38 to 52 nm was identified for 

C22 crystal samples, which is similar to that reported in elsewhere [15]. 

 

 

Fig. 1. XRD of the synthesized titanate. 
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Table 1 shows results concerning to surface area determined for synthetized samples. A 

surface area for C21 sample was 4.1 m2/g, while 2.3 m2/g was identified for C22 samples, 

which was associated to growth of K2Ti6O13 phase. According to literature, a surface area 

of 1.08 m2/g. [14] and 1.2 -2.9 [15] has been reported, which is in the same order of 

magnitude that results reported in Table 1. This finding is highlighted considering necessity 

of hydrogen production efficiency by water splitting process [2]. 

 

Table 1. Crystal size, surface area, band gap energy and hydrogen production. 

 

Sample Crystallites 

size (nm) 

Surface 

area (m2/g) 

Band Gap 

Energy (eV)  

H2 Production 

µmols (H2/gcat ) 

C21 45.8 4.1 3.28 2,387 

C22 46.5 2.3 3.23 1,538 

 

 

3.3 UV – Vis spectra 

 

  Figure 2  shows the tungstate diffuse reflectance spectra (UV–Vis) of K2Ti6O13 

samples; results were converted to Kubelka – Munk units [18] through to the following 

expression: 

 

F(R) = (1–R)2/2R          (1) 

 

 where R is diffuse reflectance and F(R) is the Kubelka – Munk function. 

 In order to determine the direct band gap energy of the samples, a lineal region from 

the inflection point of the diffuse reflectance spectrum is considered, which represents the 

absorption energy above the border. Extrapolating the lineal slope up to the interception of 

the photonic energy axis (X axis), this point provides the band gap value of the material. 

The calculated values are presented en Table 1. 
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Fig. 2. UV–Vis spectra of the synthesized titanate. 

 

 Most of band gap energies found for these materials are somewhat bigger than the 
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3.4 Scanning electron microscopy 

 

 Scanning electron microscopy provided important information related to samples 

morphology as well as the fiber size and elemental composition present in the samples. 
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defined synthetized fibers are observed (30 µm long, 261-341 thick), while a similar 

morphology is observed for synthetized samples after 1000 °C treatment involving 12 µm 

long and 360-530 nm thick parameters (Figure 4). These findings suggest a longitudinal 

growth decrement, as well as thick increment for >900 °C treated samples. In addition, not 

any porosity is observed for C21 and C22 samples. Furthermore, the EDS analysis 

resulted in the expected molar ratios of the crystalline phase for each sample, thus 

verifying the obtained XRD results. 

 

Fig. 3. SEM images of the C21 sample. 

 

 

Fig. 4. SEM images of the C22 sample. 
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3.5 Photocatalytic evaluation 

 Photocatalytic analyses for C21 and C22 samples were carried in order to determine 

hydrogen evolution during 8 h of splitting water molecule reaction and results are shown in 

Table 1. Highest hydrogen production was determined for C21 sample (2,387 µmoles 

H2/gcat) while minor rendering was identified for C22 sample (1,538 µmoles H2/gcat). 

These finding were mainly associated to surface area, shape and size and agglomeration 

properties for synthetized K2Ti6O13 phases. 

 

4. Conclusion 
 
 Potasium titanates fibers were successfully synthetized using an effective synthesis 

method, followed by calcination at 900 and 1000 °C. The photocatalytic activity of K2Ti6O13 

was investigated. Of the two samples prepared in the present study, C21 sample exhibited 

the best performance for the photocatalyst with the highest H2 production under visible 

light spectrum according to experimental results. The synthesis method allowed to obtain 

the desired crystalline phase. According to the photocatalytic evaluation towards the water 

splitting of the water molecule, it can be concluded that K2Ti6O13 is a promising and 

innovative photocatalytic material that needs to be further studied, especially on the proper 

surfaces on the fine crystals would provide the independent reaction field for either 

reductive or oxidative reaction to minimice the reverse reaction to create a more active and 

efficient photocatalyst toward the H2 production. 
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