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Comparison of NaNbO; AND NaTaO; as the photocatalysts in the reaction

of hydrogen generation
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The photocatalytic production of hydrogen over several chemical compounds based on sodium niobates and
tantalates has been investigated. The photocatalysts have been prepared by an impregnation method of Nb,O,
and Ta, O, in the aqueous solution of sodium hydroxide and then the calcination at the temperature range
of 450 — 800°C. In this report, we present the study showing that of the catalysts explored, the highest
photocatalytic activity was shown in a sample obtained at the temperature of 450°C and containing NaTaO,

as a main phase.
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INTRODUCTION

Recently, many studies have been performed to develop
heterogeneous photocatalysis for water splitting into hy-
drogen and oxygen! - 3. However, the number of photo-
catalytic materials found is still limited and the active
materials being employed are mainly TiO, and titanates.
Moreover, the efficiency of photocatalytic hydrogen evo-
lution is relatively low and many photocatalysts will de-
activate after a long-term irradiation. Therefore, a devel-
opment of highly efficient photocatalysts becomes a hot
topic in the field of photocatalysis.

NaNbO; and NaTaO; are well-known perovskite oxides
(ABO;) which possess attractive physical properties such
as low density, high sound velocity and are useful for
ferroelectric and piezoelectric applications*. On the other
hand, both of those materials can be candidates as
photocatalysts for the reaction of photocatalytic hydrogen
generation. Traditionally, NaNbO; and NaTaO; have been
synthesized via solid state reaction of alkali metal carbon-
ates and Nb,O,/Ta,O; and the temperature of 800°C or
above, which sometimes leads to inhomogenity in compo-
sition and coarse particles. Additionally, the problem with
preparing alkaline niobates and tantalates is that high
temperatures of calcination can lead to the volatilization
of alkaline species, resulting in the formation of undesir-
able secondary phases*-5.

In the current study, the efficiency of NaNbO; and
NaTaO; used as catalysts in the photocatalytic hydrogen
generation will be presented. The photocatalytic reactions
were carried out in the presence of formic acid as an
electron donor.

EXPERIMENTAL

High purity grade niobium pentaoxide, tantalum
pentaoxide (Nb,Os, Ta,Os, purity 99.99%) and sodium
hydroxide (NaOH) supplied by Sigma-Aldrich were used
as precursors for the synthesis of sodium niobate and
tantalate (NaNbO,, NaTaOs;). In the first step of the pho-
tocatalyst preparation, Nb,O; or Ta,O; were impregnated
in the aqueous solution of sodium hydroxide. The molar
ratio of Na/Nb,O; and Na/Ta,O was 2:1. After impreg-
nation, the obtained materials were dried at the tempera-
ture of 110°C for 24 hours. The dried materials were

divided into seven equal parts and each of them was
calcinated with a certain temperature from the range of
between 450 — 800°C with the step of 50°C. The calcina-
tion step at the required temperature was fixed for 11
hours. During the catalysts preparation procedure some
amount of NaOH evaporated and in order to keep its
concentration at the constant level the additional portion
of NaOH solution was introduced into the sample. The
excess of the alkali in the samples was washed out with
distilled water. The photocatalysts prepared in the above-
mentioned way are labeled in the following manner: Na/
Nb,Os-T and Na/Ta,O;-T (T means the temperature of
calcination).

The crystalline structures of the catalysts were charac-
terized by X-ray diffraction (XRD) analysis (X'Pert PRO
Philips diffractometer) using CoK, radiation. The photo-
catalytic and optical properties of the prepared
photocatalysts were investigated by means of Diffuse
Reflectance Ultraviolet Visible (DR-UV-vis) technique
using a Jasco (Japan) spectrometer. The Planck equation
was used for the calculation of the value of the prepared
catalysts band gap®. The BET surface areas and mean pore
diameters of the catalysts were determined by the nitrogen
gas adsorption method using a Micrometrics ASAP 2010
device.

The activities of the obtained catalysts for the photo-
catalytic reactions of hydrogen generation were carried
out in a close system with an inner-irradiation-type reac-
tor. As a light source a medium pressure mercury lamp of
150 W was used. The photocatalyst powder was dispersed
in an aqueous organic donor solution (0.8 dm?). Formic
acid was used as a model organic donor. The suspension
was mixed with the magnetic stirrer for 1 hour, and during
that time argon was being bubbled through the reaction
mixture to remove the oxygen content. Later, the solution
was irradiated for two hours without argon purge. The
reaction was carried out at a room temperature. The
amount of evolved hydrogen was determined by using a
gas chromatograph (The Thermal Conductivity Detector
(TCD), Ar as a gas carrier).

RESULTS AND DISCUSSION

Fig. 1A and B show the XRD patterns of the catalysts
produced after calcination of niobium or tantalum
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pentaoxides with sodium hydroxide at different tempera-
ture ranges from 450°C to 800°C as well as patterns of the
pristine Nb,Os (Fig. 1A) and Ta,Os (Fig. 1B). From Fig.
1A and 1B it is clearly seen that NaNbO; and NaTaO,
phases started to appear at the temperature of 450°C (Na/
Nb,05-450 and Na/Ta,05-450). Additionally, it can be
stated that in the case of both those samples the diffrac-
tion peaks of Nb;Oy and Ta,Os can also be simultane-
ously detected. Additionally, it can be noticed that when
the temperature of calcination increases from 500 to 800°C
the intensity of diffraction peaks becomes stronger and
NaNbO; and NaTaO; are the main phase of Na/Nb,O;-
T and Na/Ta,Os-T catalysts, respectively.

A.. [ ] M- NaNbO,

u [ |
Mwsoo
__JL_..JL_JL“»MM..._M75O

;;._Jl don NP 700
gl A A n 650
g_,.J pm) AN NoeA 600
'% .....k e\ Ao A A 4550
- e A 500
450
»«—M«MMMMN@OS

JAL.:LUJ.L 800
) Iy

_g J 750
E. M ~ M N A 700
g.._,..k A A A A N A 650
5| N U S 600
£ ....-JA\:.M».J\CM_.A._.J\.__J\___._.55O

~ ANt 500

st 450

———-JlJWVJ LSSV | NSRS Y'V PVS VI Ta 0,
20 30 40 50 60 70 80
[26]

Figure 1. A comparison of X-ray diffraction patterns of the
pristine Nb,Os (A.) and Ta,O; (B.) and produced
Na/Nb,O0,-T (A.) and Na/Ta,0,-T (B.)
photocatalysts at different temperatures of calci-
nation

The band gap energy (EG) of the pristine Nb,O; and
Ta,O, obtained from the optical absorption edge are about
3.07 eV and 3.93 eV, respectively. In the case of Na/
Nb,Os-T catalysts when the temperature of calcination
increases from 450°C to 600°C, band gap energies widely
increase from 3.12 eV (Na/Nb,0,-450) to 3.45 eV (Na/
Nb,O,-600). Further increase of the calcination tempera-
ture (650 — 800°C) did not cause the change of EG of the

produced materials. Band gap energies of Na/Nb,Os-650,
Na/Nb,05-700, Na/Nb,0s-750 and Na/Nb,0s-800 are
about 3.45 eV. In the case of Na/Ta,Os-T photocatalysts,
EG did not change with the increase of the calcination
temperature. For all Na/Ta,Os-T materials calculated band
gap energies equaled about 4.1 eV. Additionally, one can
notice that calculated band gap energies of Na/Nb,Os-T
and Na/Ta,O,-T samples are identical to those described
in the literature. The band gap energies of NaNbO; and
NaTaO, obtained from the optical absorption edge range
from 3.08 to 3.5 eV and 3.9 to 4.1 eV, respectively® 12,
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Figure 2. Band gap energies of Na/Nb,Os-T and
Na/Ta,Os-T photocatalysts

Other characteristic parameters such as BET surface
area and a mean pore diameter of the produced
photocatalysts (Na/Nb,Os-T and Na/Ta,Os-T) have also
been measured. According to the manufacture's data,
Nb,O; and Ta,O; have a small specific surface area of
0.76 m?/g and 1.34 m?%/g and a mean pore diameter of 5.25
nm and 10.08 nm, respectively. The comparison of BET
surface areas and mean pore diameters of the produced
photocatalysts is presented in Fig. 3. We observed that the
modification of Nb,O; and Ta,O5 with NaOH caused the
increase of BET surface areas. For example, BET surface
area of Na/Nb,0,-450 and Na/Ta,05-450 are about 4.5
and 8 times higher than those of the pristine Nb,O; and
Ta,0,, respectively. Moreover, from Fig. 4 it is clearly
seen that those both parameters decrease with the increase
of calcination temperature from 450 to 800°C.

The photocatalytic activities of the obtained materials
(Na/Nb,Os-T and Na/Ta,Os-T) have been studied in the
reaction of hydrogen generation. The experiments were
conducted in the presence of formic acid as a model
organic donor. The concentration of HCOOH (0.1 M)
and the weight of the catalyst (0.2g) were kept the same
for all reactions. The comparison of hydrogen evolution
over the studied photocatalysts is presented in Fig. 4.
From the obtained results it is clearly seen that for both
Na/Nb,Os-T and Na/Ta,OT photocatalysts the amount
of released hydrogen decreases when the calcination tem-
perature increases from 450 to 800°C. For example, the
amount of released hydrogen decreases from 80 umol/h to
41 pwmol/h in the case of Na/Nb,Os-T catalysts and from
108 umol/h to 43 umol/h for Na/Ta,Os-T materials.
Additionally, it can be state that among all studied
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Figure 3. BET surface areas (A.) and mean pore diameters
(B.) of Na/Nb,Os-T and Na/Ta,OsT photocatalysts

photocatalysts the highest photocatalytic activity was ob-
served for the Na/Ta,05-450. It indicated that the catalyst
with the highest surface area (11.63 m?/g, Na/Ta,05-450)
exhibited the highest photocatalytic activity.
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Figure 4. The photocatalytic hydrogen evolution over Na/

Nb,Os-T and Na/Ta,Os-T photocatalysts using for-

mic acid solution (HCOOH concentration — 0.1M,
amount of catalysts — 0.2 g)

CONCLUSIONS

In summary, sodium niobate and tantalate (NaNbO,
and NaTaO,) were synthesized by the impregnation of
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Nb,0O,/Ta,0;5 in the aqueous solution of sodium hydrox-
ide and then calcination at the temperature range of 450
— 800°C. The photocatalytic activities of the produced
photocatalysts were examined in the reaction of photo-
catalytic hydrogen generation.

To conclude, among all studied catalysts (niobates and
tantalates), the highest photocatalytic activity was observed
for the samples named Na/Ta,05-450. The value of 108
wmol H2/h was detected.

Acknowledgments

This work was sponsored by Polish State Committee for
Scientific Research Grant N523 025 32/0983 (B.Z.)

LITERATURE CITED

1. Ni, M., Leung, M.K.H., Leung, D.Y.C. & Sumathy, K.
(2007). A review and recent developments in photocatalytic
water-splitting using TiO, for hydrogen production. Ren. Sust.
Energy Rev. 11, 401 - 425. DOI:10.1016/j.rser.2005.01.009.

2. Zheng, X.-J., Wei, L.-E,, Zhang, Z.-H., Jiang, Q.-J., Wei,
Y.-J., Xie, B. & Wei, M.-B. (2009). Research on photocatalytic
H, production from acetic acid solution by Pt/TiO,
nanoparticles under UV irradiation. Int. J. Hydrogen Energy.
34, 9033 — 9041. DOI:10.1016/j.ijjhydene.2009.09.019.

3. Jeong, H., Kim, T, Kim, D. & Kim K. (2006). Hydrogen
production by the photocatalytic overall water splitting on
NiO/Sr;Ti,O,: Effect of preparation method. Int. J. Hydrogen
Energy. 31, 1142 — 1146. DOI:10.1016/j.ijjhydene.2005.10.005.

4. Shanker, V,, Samal, S.L., Pradhan, G.K., Narayana, Ch.
& Ganguli, A.K. (2009). Nanocrystalline NaNbO, and NaTaOs;:
Rietveld studies, Raman spectroscopy and dielectric proper-
ties. Solid State Sci. 11, 562 - 569. DOI: 10.1016/
j-solidstatesciences.2008.08.001.

5. Kato, H., Asakura, K. & Kudo, A. (2003). Highly Effi-
cient Water Splitting into H, and O, over Lanthanum-Doped
NaTaO; Photocatalysts with High Crystallinity and Surface
Nanostructure. J. Am. Chem. Soc. 125, 3082 — 3089.

6. Zielinska, B. & Morawski, A.W. (2005) TiO2 photocatalysts
promoted by alkali metals. Appl. Catal, B: 55, 221 — 226.
DOI:10.1016/j.apcatb.2004.08.015.

7. Liu, J.W,, Chen, G., Li, ZH. & Ahang, Z.G. (2007).
Hydrothermal synthesis and photocatalytic properties of
ATaO; and ANbO; (A=Na and K). Int. J. Hydrogen Energy. 32,
2269 - 2272. DOI:10.1016/.ijhydene.2006.10.005.

8. Hsiao, Y.-J., Chang, Y.-H., Chang, Y.-S. Fang, T.-H.,
Chai, Y.-L., Chen, G.-J. & Huang, T-H. (2007). Growth and
characterization of NaNbO, synthesized using reaction-
sintering method. Mater. Sci. Eng. 136, 129 — 133. DOI:10.1016/
j-mseb.2006.09.013.

9. Zhu, H., Zheng, Z., Gao, X., Huang, Y., Yan, Z., Zou,
J., Yin, H., Zou, Q., Kable, S. H., Zhao, J., Xi, Y., Martens,
W. & Frost R. L. (2006). Structural Evolution in a Hydrother-
mal Reaction between Nb,O; and NaOH Solution: From
Nb,O; Grains to Microporous Na,Nb,0.2/3H,0 Fibers and
NaNbO; Cubes. J. Am. Chem. Soc. 128, 2373 — 2384.

10. Porob, D.G. & Maggard, P.A. (2006). Flux syntheses of
La-doped NaTaO, and its photocatalytic activity. J. Solid State
Chem. 179, 1727 — 1732. DOI:10.1016/j.jssc.2006.03.008.

11. Kato, H. & Kudo, A. (1998). New tantalate
photocatalysts for water decomposition into H, and O,. Chem.
Phys. Lett. 295, 487 — 492.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL (Ustawienia Adobe Distillera dla Acrobata 7)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


