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K-Ta mixed oxides photocatalysts have been prepared by impregnation followed by calcination. The influence of the reaction
temperature (450◦C–900◦C) on the phase formation, crystal morphology, and photocatalytic activity in hydrogen generation of
the produced materials was investigated. The detailed analysis has revealed that all products exhibit high crystallinity and irregular
structure. Moreover, two different crystal structures of potassium tantalates such as KTaO3 and K2Ta4O11 were obtained. It was also
found that the sample composed of KTaO3 and traces of unreacted Ta2O5 (annealed at 600◦C) exhibits the highest activity in the
reaction of photocatalytic hydrogen generation. The crystallographic phases, optical and vibronic properties were examined by X-
ray diffraction (XRD) and diffuse reflectance (DR) UV-vis and resonance Raman spectroscopic methods, respectively. Morphology
and chemical composition of the produced samples were studied using a high-resolution transmission electron microscope (HR-
TEM) and an energy dispersive X-ray spectrometer (EDX) as its mode.

1. Introduction

Photocatalytic water splitting into hydrogen and oxygen
has been extensively studied since 1971, when Honda and
Fujishima observed effect of water splitting using a TiO2

electrode. Now, over 130 materials are known as active
photocatalysts for water splitting [1, 2]. A large group of
photocatalysts tested in the reaction of hydrogen generation
are based on various tantalates. For example, Kato and Kudo
stated in 1998 that tantalates MTaO3 (M = Li, Na, K) with
a perovskite structure produced via solid-state reaction at
the temperature of 1420 K are effective photocatalysts for
water splitting under UV irradiation [3]. Since then, many
tantalates such as M2Ta2O6 (M = Na, K) [4], MTa2O6

(M = Ca, Sr, Ba) [5], Rb4Ta6O17 [6], M5Ta4O15 (M =
Sr, Ba) [7, 8], and K3Ta3B2O12 [9] have been found as
high active photocatalysts for hydrogen generation. The
high photocatalytic activity of tantalates was attributed to
the suitable conduction band level consisting of Ta5d and
the efficient carrier delocalization caused by the proper
distortion of TaO6 connections [1, 2, 10].

Among various potassium tantalates, metatantalate
KTaO3 with perovskite structure has focused research inter-
est due to its outstanding dielectric, photoconductive and
nonlinear performance at low temperature. Therefore it is
a great candidate for such applications as electric capaci-
tors, luminescence capacitor, fuel cells, microwave tunable
devices, and photocatalyst [11]. The activity of pristine and
doped KTaO3 in the reaction of photocatalytic decompo-
sition of water was studied [12]. Here, the authors stated
that NiO/KTaO3 doped with 8 mol% Zr4+ exhibited higher
activity in the photocatalytic decomposition of water than
that of well-known photocatalyst-Pt/TiO2. Ishihara et al.
[13] studied photocatalytic hydrogen evolution over K-Ta
mixed oxides with two different crystal structures, that is,
KTaO3 and K2Ta2O6. The authors indicated that K2Ta2O6

exhibited the higher activity in photolytic splitting of H2O
than that of KTaO3. They argued that higher formation rate
of H2 on K2Ta2O6 could be explained by the larger surface
area, smaller crystalline size, and different crystal structure.
Ikeda et al. [4] studied photocatalytic water splitting in
the presence of tantalate and niobate pyrochlores, Ca2M2O7
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(M = Nb, Ta) and A2Ta2O6 (A = Na, K). They stated
that NiO/K2Ta2O6 showed the highest photocatalytic activity
among all studied materials.

In this contribution, the procedure of (impregnation fol-
lowed by calcination) was applied to prepare K-Ta mixed
oxides photocatalysts. The influence of the calcination
temperature of the sample in the range of 450◦C–900◦C on
the phase formation, crystal morphology, and photocatalytic
activity in hydrogen generation will be presented.

2. Experimental

High-purity grade tantalum pentoxide (Ta2O5, purity
99.99%, Sigma-Aldrich) and potassium hydroxide (KOH,
purity 98%, Sigma-Aldrich) were used as precursors for the
preparation of K-Ta mixed oxides photocatalysts. Here, the
two-step synthesis (impregnation and calcination) was used.
The molar ratio of KOH : Ta2O5 was 2 : 1. In the preparation
procedure, the excess amount of potassium hydroxide (10%)
was added to compensate the volatilization. The excess of
KOH was washed out with water. In the first step Ta2O5 was
impregnated in an aqueous solution of KOH. Afterwards,
the as-obtained material was dried at temperature of 70◦C
for 24 h. Next, the dried material was divided into ten
equal batches which were calcinated in the temperature
range between 450◦C and 900◦C with the step of 50◦C.
The annealing time at required temperature was fixed to 11
hours. The annealed samples are labeled as K-T (T means the
temperature of calcination).

The phase composition of the samples was characterized
by X-ray diffraction (XRD) analysis (X’Pert PRO Philips dif-
fractometer) using a CuKα radiation. The morphology and
chemical composition of the produced samples were exam-
ined using a high-resolution transmission electron micro-
scopy (HR-TEM-FEI Tecnai F30) and energy dispersive X-
ray spectrometer (EDX) as its mode. The resonance Raman
study was performed using Resonance Raman Renishaw
InVia Microscope with laser length 785 nm. The optical
properties of the catalysts were studied via diffuse reflectance
(DR) UV-vis technique using Jasco (Japan) spectropho-
tometer. Finally, the specific surface areas and the mean
pore diameters of catalysts were measured by nitrogen gas
adsorption method using Micrometrics ASAP 2010 device.

The photocatalytic hydrogen evolution reactions were
carried out in a closed system with inner-irradiation-type
reactor. The light source was a medium pressure mercury
lamp of 150 W. The light of wavelength ranging from 200 nm
to 600 nm with the maximum intensity of 366 nm was
emitted. The H2 evolution reactions were performed with
formic acid solution (0.1 mol/dm3) and constant amount of
K-T catalysts (0.2 g). Firstly, powder of the photocatalysts
was dispersed in 800 cm3 of aqueous solution of formic acid.
Afterwards, the suspension was mixed with a magnetic stirrer
for 1 hour in the presence of argon flow to remove oxygen.
Finally, the solution was irradiated for 2 hours without
argon purging. The evolved hydrogen was determined using
a gas chromatograph (Chrome 5) equipped with a thermal
conductivity detector (TCD).
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Figure 1: XRD patterns of Ta2O5 (a), K-450 (b), K-500 (c), K-550
(d), K-600 (e), K-650 (f), K-700 (g), K-750 (h), K-800 (i), K-850 (j),
K-900 (k) (�-KTaO3, �-K2Ta4O11).

3. Results and Discussion

The crystallographic composition of the K-T samples was
studied via XRD. Figure 1 shows the XRD patterns of
starting Ta2O5 (pattern a) and the materials produced after
calcination of Ta2O5 and potassium hydroxide in different
temperatures ((b) K-450, (c) K-500, (d) K-550, (e) K-
600, (f) K-650, (g) K-700, (h) K-750, (i) K-800, (j) K-
850, (k) K-900). XRD of the sample annealed at 450◦C
shows only the diffraction peaks of Ta2O5. It indicates that
these thermal conditions did not induce the formation of
potassium tantalates phases with potassium hydroxide as
K precursor. The increase of the calcination temperature
to 500◦C led to the appearance of the diffraction peaks
of potassium tantalate with a cubic perovskite structure
(KTaO3, JCPDS card no. 77–0918). However, this sample
(K-500) is a mixture of KTaO3 and tantalum pentoxide
(Ta2O5). The samples annealed at higher temperature up
to 650◦C reveal the presence of the same two phases, but
the relative intensity of the corresponding peaks is changed.
When thecalcination temperature increases to 700◦C (K-
700), the peaks corresponding to the additional phase
(K2Ta4O11 (JCPDS card no. 12-0092)) appeared and the K-
700 is a mixture of three phases such as KTaO3 (main phase),
K2Ta4O11, and Ta2O5. The samples prepared at 750◦C–900◦C
(K-750, K-800, K-850, K-900) contain only two different
forms of potassium tantalate: KTaO3 and K2Ta4O11. When
the calcination temperature increases from 700◦C to 900◦C,
the intensity of the peaks attributed to K2Ta4O11 increases.
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Therefore, it is assumed that formation of K2Ta4O11 is
due to the loss of potassium being evaporated during high-
temperature calcination.

The morphology and chemical composition of the sam-
ples were studied using HR-TEM and EDX as its mode.
The TEM images and EDX spectra of the pristine Ta2O5

and five representative samples K-500, K-600, K-700, K-800,
and K-900 are presented in Figure 2. All studied samples
exhibit high crystallinity. Moreover, irregular structures of
the produced samples have been observed. Here, K-500
(Figure 2(b)) is the mixture of two different phases. Probably
new phase (KTaO3) is embedded in Ta2O5. Moreover,
systematic microscopic analysis of the samples revealed that
the particles size increased upon the increase of the annealing
temperature. Additionally, EDX spectrum shows that the
copper (from the TEM grid), carbon (amorphous carbon
growing during TEM investigation), tantalum, and oxygen
are only elements present in Ta2O5. In the annealed samples
potassium is also detected, and its content increases along
with increase of the calcination temperature. This is in
agreement with XRD data of the samples.

To estimate the band gap energy of the samples con-
taining new phases (KTaO3 and K2Ta4O11) the optical
analysis was conducted. The DR-UV/vis absorption spectra
of K-T powders are shown in Figure 3. As shown in Figure 3
the absorption edge of K-T samples is shifted toward
the longer wavelength with the increase of the calcination
temperature. It indicates that the red shift of the band gap
energy occurred. To determine the band gap energy of all
investigated samples, the Kubelka-Munk method based on
the DR-UV-vis spectra was employed. Greater details of the
band gap energy calculations have been provided elsewhere
[14]. The dependence of the calcination temperature on the
value of band gaps of K-T samples is presented in Figure 4.
The inset of Figure 4 illustrates the plot of (F(R)h)1/2 versus
photon energy (hv) for K-500. The calculated band gap
energies of K-500, K-550, K-600, K-650, K-700, K-750, K-800,
K-850, K-900 are 3.69 eV, 3.57 eV, 3.40 eV, 3.36 eV, 3.32 eV,
3.30 eV, 3.23 eV 3.2 eV, and 3.18 eV, respectively. This can be
also explained by the formation of new crystal phase.

Next, the samples were investigated by means of Raman
spectroscopy (Figure 5). Figure 5(a) shows that Raman of the
pristine Ta2O5 (a) and K-T (b–e) corresponds to Raman
response of the samples annealed between 500◦C and 650◦C.
Raman spectra of K-T catalysts calcinated in temperature
between 700◦C and 900◦C are presented in Figure 5(b). It
has been reported [15, 16] that low-frequency Raman bands
(100–450 cm−1) presented in Ta2O5 spectrum (Figure 5(a))
are assigned to O-Ta-O bending vibrations, whereas the
high frequency bands (450–900 cm−1) are characteristic for
the stretching modes of various Ta-O bands with different
bonding strengths. From Figures 5(a) and 5(b) it is clearly
seen that Raman spectra of K-T samples differ significantly in
respect to the pristine Ta2O5. According to the XRD analysis,
the K-500, K-550, K-600 and K-650 samples are composed
of the mixture of KTaO3 and unreacted Ta2O5. The clear
peaks characteristic of Ta2O5 (∼253 cm−1 and ∼711 cm−1)
can be observed for the samples produced in the temperature
ranges from 500◦C to 600◦C (K-500, K-550, and K-600).

Moreover, new broad peaks at about 126, 460, 834 cm−1 and
in the region of 190 cm−1–306 cm−1 and 500 cm−1–746 cm−1

are detected in the samples annealed in the tempeature
range from 500◦C to 600◦C. It proves new phase (KTaO3)
formation. For S-650 the new clear Raman bands at 126,
159, 214, 282, 460, 588, 750, and 828 cm−1 are observed. All
those peaks are characteristic of KTaO3 [17, 18]. Moreover,
for K-650 the Raman peaks at ∼253 cm−1 and ∼711 cm−1

assigned to Ta2O5 are not detected which means that
their concentration is beyond the detection limit of Raman
spectroscopy. Figure 5(b) indicates the presence of additional
Raman peaks in the samples obtained from 700◦C to 900◦C.
It indicates that the additional phase was formed. Therefore,
a clear agreement with XRD data is also demonstrated.

The phase composition, BET surface areas, and the mean
pore diameters of the studied samples are listed in Table 1.
According to the data of manufacture, Ta2O5 has a small BET
surface area of 1.34 m2/g and a mean pore diameter of about
10.08 nm. One could observe that all K-T catalysts exhibit
higher BET surface areas than that of Ta2O5. For example,
the BET surface area of K-500 is higher by the factor of five
in respect to the pristine Ta2O5. Moreover, in Table 1 it is
shown that BET surface area of the samples decreases with
the increase of the calcination temperature from 500◦C to
900◦C.

To determine the photocatalytic activity of the synthe-
sized K-T catalysts, the hydrogen evolution was investigated.
The photocatalytic activity of the samples was studied
only for the samples containing potassium tantalates as
a main phase: K-600, K-650, K-700, K-750, K-800, K-
850, and K-900.The results of hydrogen generation are
shown in Figure 6. The kinetics of hydrogen generation in
the presence of formic acid during the first 2 hours of
UV irradiation can be described by zero order kinetics.
The dependence of the calcination temperature on the H2

evolution rate is shown in Figure 7. Here, one can notice
that the photocatalytic activity of the produced catalysts
is strongly influenced by the annealing temperature. The
amount of the released hydrogen decreases when the cal-
cination temperature was between 600◦C (2.56 μmol/min)
and 900◦C (1.09 μmol/min). Additionally, the clear decrease
of H2 evolution (from 2.39 μmol/min to 1.37 μmol/min)
was observed for the catalysts calcinated at the temperature
above 700◦C (see Figure 7). Based on XRD analysis it was
shown that these catalysts (K-750, K-800, K-850, K-900)
are composed of two tantalate phases such as KTaO3 and
K2Ta4O11. It is interesting that decrease of hydrogen gener-
ation was obtained when the samples contained K2Ta4O11 as
a second tantalate phase. It seems that K2Ta4O11 limits the
effect of H2 evolution. It is known that the photocatalytic
activity of the catalysts is dominated by several parameters
for example, the crystal structures, crystalline size, phase
composition, electronic structures, and surface area. For
example, the smaller crystallites are more active due to larger
surface area [12]. Moreover, the larger crystallites are not
desired for the photocatalysts, because the diffusion length
of the excited electron and hole to the active sites becomes
longer, and probability of hole and electron recombination
increases [13]. The crystallinity of the catalysts is also an
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Figure 2: Continued.
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Figure 2: TEM images and EDX spectra of samples: (a) K-500, (b) K-600, (c) K-700, (d) K-800, and (e) K-900.
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Figure 5: (a) Raman spectra of samples: (a) Ta2O5, (b) K-500, (c) K-550, (d) K-600 and (e) K-650. (b) Raman spectra of samples: (a) K-700,
(b) K-750, (c) K-800, (c) K-850 and (e) K-900.
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Figure 6: Photocatalytic H2 evolution over K-T catalysts (HCOOH
concentration −0.1 mol/dm3, amount of catalyst −0.2 g).

important parameter. This strongly affects the migration of
photoexcited carriers. The higher the crystallinity, the fewer
the number of defects is observed (recombination centers
between photoexcited electrons and holes). It can result in an
increase of the photocatalytic activity [19]. Here, the decrease
of the released H2 with decreasing surface area (see Table 1)
and increasing particle size (see Figure 2) is observed. It was
also found that the sample obtained at 600◦C (K-600) and
composed of two crystal phase, such as KTaO3 and traces of
unreacted Ta2O5, exhibits the highest photocatalytic activity
for H2 generation. This can be explained by the highest
surface area (∼5 m2/g) and the optimal phase composition
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Figure 7: The dependence of the calcination temperature on the
amount of evolved hydrogen (HCOOH concentration −0.1 mol/
dm3, amount of catalyst −0.2 g).

of this sample. Both factors seem to be crucial in the yield of
the studied photocatalytic process.

4. Conclusion

In summary, potassium tantalate photocatalysts were syn-
thesized by impregnation followed by calcination and then
used for H2 production from formic acid solution via
photocatalytic process. The following conclusions are pro-
vided: (i) all produced catalysts exhibit high crystallinity
and irregular structure, (ii) two different crystal structures
of potassium tantalates, that is, KTaO3 and K2Ta4O11 were,
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Table 1: Properties of unreacted Ta2O5 and K-T samples.

Sample
Phase composition of

synthesized sample
BET surface
area (m2/g)

Mean pore
diameter

(nm)

Ta2O5 Ta2O5 1.34 10.08

K-500 Ta2O5/KTaO3 7.13 5.37

K-550 Ta2O5/KTaO3 6.46 6.12

K-600 Ta2O5/KTaO3 4.99 7.67

K-650 Ta2O5/KTaO3 3.82 8.88

K-700 Ta2O5/KTaO3/K2Ta4O11 3.50 8.66

K-750 KTaO3/K2Ta4O11 3.13 8.48

K-800 KTaO3/K2Ta4O11 2.95 9.32

K-850 KTaO3/K2Ta4O11 2.66 9.56

K-900 KTaO3/K2Ta4O11 2.31 9.76

obtained, (iii) the surface area of investigated samples de-
creased when the calcination temperature increased, (iiii)
the sample exhibiting the highest activity in photocatalytic
hydrogen generation in the presence of formic acid is
composed of KTaO3, and traces of unreacted Ta2O5 (K-600).
K-600 exhibit the highest surface area (∼5 m2/g) among all
investigated samples.
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