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a b s t r a c t

Visible light active Bismuth doped NaTaO3 powders were synthesized by the conventional

solid state route for different Bi concentrations (2.5%, 5.0%, and 7.5% by moles). The optical

properties of the doped samples were tuned by changing the molar ratio of Na and Ta in the

initial reactants. The doped samples prepared with Na/Ta ratio close to unity (1.01e1.03)

resulted in the highest band gap narrowing compared to the other synthesis conditions. It

was shown that the photocatalytic hydrogen evolution occurred from these samples under

the visible light irradiation (l > 390 nm) after loading of appropriate amount of platinum co-

catalyst. The other synthesis conditions (Na/Ta ¼ 1/1�x; x ¼ 0.025, 0.05, 0.075 and Ta/Na ¼ 1/

1�x; x ¼ 0.025, 0.05, 0.075; x is bismuth content) were not useful for the photocatalytic

hydrogen evolution. The structural characterization suggested that the samples prepared

with Na/Ta ratio close to unity, contain Bi ions located at both Na and Ta sites in the lattice.

TheMotteSchottky plots revealed that the flat bandpotential of the pristineNaTaO3 is highly

negative to the H2/H2O reduction potential (�1.19 eV vs. SCE, pH ¼ 7) and for all Bi doped

NaTaO3 samples, the flat band potential was sufficient for the hydrogen generation.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction the visible light photocatalytic activity. Doping in wide band
Solar hydrogen is considered as one of the most promising

and sustainable ways to generate clean energy [1e4]. In order

to commercialize the solar hydrogen production, 10e15%

energy conversion efficiency is desired from the photo-

catalytic material system, under the solar radiation [5,6].

However, suitable material systems which meet this target

efficiency under visible radiation are still lacking and efforts

are needed to explore the photophysical properties of novel

materials. In the past a few years, several materials systems

such as SrTiO3, NaTaO3, TiO2, ZnS etc. have been thoroughly

studied for the photocatalytic hydrogen production [6e10].

Various strategies have been adapted to achieve and enhance
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gap photocatalysts such as Fe or Cr-doped TiO2 [11], V-doped

TiO2 [12], preparing composites such as ZnOeCdS core shell

nanostructures [13], TiO2/CdS nano-composites [14], Pt/Cr2O3/

TiO2 [15], utilizing surface plasmonic effects as in Ag loaded

TiO2 [16e18] have been recently reported to gain the visible

light hydrogen evolution. Among these strategies, doping in

highly efficient wide band gap photocatalysts, is one of the

most successful approaches to develop new compounds. Of

the various photocatalysts studied, NaTaO3 has been identi-

fied as an excellent photocatalyst for the water splitting

reaction under UV radiation [19e22]. NaTaO3 has sufficiently

negative conduction band edge potential vs. H2/H2O reduction

level (as indicated by empirical calculations) and possesses
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delocalized nature of photoexcited electrons which are highly

beneficial for the photocatalytic hydrogen generation [20]. The

photocatalytic activity of NaTaO3 has been further enhanced

by doping of ions such as La, Sr, Ca, and Ba [23,24]. Particularly,

2% La doped NaTaO3 nanoparticles loadedwith (0.2 wt. %) NiO

have demonstrated superior photocatalytic behavior under

270 nm radiation [25]. In addition, La doped NaTaO3 system,

synthesized by sol-gel method has been further improved by

RuO2 loading to achieve stoichiometric water splitting reac-

tion [26]. However, NaTaO3 has a large band gap value

(w4.0 eV) and thus thematerial systems like La doped NaTaO3

are not useful in the solar spectrum. Nevertheless, due to its

unique set of properties and high activity under UV radiation,

NaTaO3 is considered as a good host material to modify the

electronic structure and to potentially achieve the visible light

photocatalysis. Recent studies have shown that doping of

elements like Bismuth [27,28], Nitrogen [29] and co-doping of

elements like LaeCo [30], LaeCr [31,32], and LaeIr [33] in

NaTaO3 is useful in inducing visible light absorption and

subsequent photocatalytic activities. The photocatalytic

hydrogen evolution by Bismuth doped NaTaO3 powders

prepared by hydrothermalmethod has been studied by Li et al

[27]. Further, small concentration of Bi doping in NaTaO3 and

its photocatalytic activity has been reported by Wang et al.

[34]. Although Li and co-workers [27] have shown that Bi

doped NaTaO3 solid solution is useful for photocatalytic

hydrogen generation, a complete understanding of Bi doped

NaTaO3 system is needed for further development. Oxides of

Bismuth have narrow band gaps on account of Bi 6s orbital

and earlier studies show that doping of Bi3þ in wide band gap

photocatalysts has produced visible light absorption [35e37].

Therefore, it is essential to study the effect of Bi3þ doping in

NaTaO3 on the photophysical properties and photocatalytic

hydrogen evolution. Further, NaTaO3 is an important photo-

catalyst and the measurement of flat band potentials (on SCE

scale) of pristine and Bi doped NaTaO3 is essential to

contribute to the further understanding of this phase. In our

earlierwork, we showed that the optical properties of Bi doped

NaTaO3 can be significantly changed by changing the

synthesis conditions [28]. Bismuth doped NaTaO3 system

shows significant absorption in the visible region and thus

holds a promise to develop visible light sensitive photo-

catalysts with high activity. In this study, we report the visible

light driven (l > 390 nm) photocatalytic hydrogen evolution

from Bismuth doped NaTaO3 powders up to 7.5% Bi doping. It

was found that the doping concentration, synthesis condi-

tions, and the amount of platinum co-catalyst loading signif-

icantly affect the photocatalytic properties. Further, the flat

band potential of the pristine and Bi doped powders was

estimated using MotteSchottky plots. It was shown that

doped NaTaO3 powders can be potentially useful photo-

catalysts under the visible radiation.
Table 1eThe ratios of initial reactants used to synthesize
Bi doped NaTaO3 samples.

Ta Na Bi

Series 1(S1) 1�x 1 x

Series 2(S2) 1 1�x x

Series 3(S3) 1 1.01e1.03 x
2. Experimental details

2.1. Synthesis of materials

Pristine and Bi doped NaTaO3 powders were prepared by the

conventional solid-state method. The starting materials,
Ta2O5 (Alfa Aesar 99%), Bi2O3 (Sigma Aldrich 99%) and Na2CO3

(Univar 99.8%) were mixed in an agate type mortar, pressed

into pellets and fired at 1173 K for 10 h using a platinum

crucible in a muffle furnace in ambient atmosphere. In all, Bi

dopedNaTaO3 powderswith increasing Bi content (2.5%, 5.0%,

7.5%, and 10%) were synthesized with three different molar

ratios of the starting materials. The molar ratios of Ta:Na:Bi

are summarized in Table 1. In short, Na rich, Na deficient, and

near stoichiometric conditions were maintained by adjusting

the amount of Na2CO3 and Ta2O5. The series of samples

synthesized under Na rich, Na deficient and near stoichio-

metric conditions are referred to as S1, S2, and S3, respec-

tively. The purpose of applying different Na/Ta ratio is to

adjust the optical properties of the final products through Bi

site occupancy [28]. However since Na2O evaporates more

easily during synthesis, a small amount of excessive Na2CO3

was added as compensation. For example in the S3 samples,

1e3% more Na was used in the starting regents to achieve

targeted equal occupancy of Bi in both Na and Ta sites. Plat-

inum nanoparticles were loaded on the surface of doped

NaTaO3 by chemical impregnation method. Appropriate

amount of catalyst powder and platinum precursor

(H2PtCl6$6H2O, SigmaeAldrich) were mixed in the agate type

mortar. The suspension was continuously stirred and heated

at 75 �C till it dried. The powder was further heated at 300 �C
for 1 h.

2.2. Characterization

The phase and crystal structure were studied by analysis of

X-ray diffraction patterns. (Bruker D8 Advance; Cu

Ka ¼ 1.54 Å). The XRD patterns were recorded within 2q range

of 20�e100� with the steps of 0.03� and time of 1 s per step. The

optical properties of the powders were studied by diffused

reflectance spectroscopy (DRS) using ultravioletevisible

absorption spectrometer (Shimadzu 2051 PC). The band gap

values of the samples were estimated by Kubelka-Munk

analysis, assuming direct band gaps. The morphology of the

samples was analyzed by scanning electron microscope (JOEL

6400F) and the quantitative chemical analysis was done by

EDS attachment using standard-less ZAF method. The flat

band potentials of the photocatalysts were estimated by

MotteSchottky plots (1/C2 vs. V). The electrochemical cell

contained the working electrode made up of photocatalyst

coated on FTO (surface, area ¼ 3.5 cm2), counter electrode

(platinum plate, area ¼ 1.5 cm2) and reference electrode

(saturated calomel electrode). The electrochemical measure-

mentswere carried out in dilute NaOH electrolyte of pH 10.5. A

small AC signal of 100 Hz was applied between the working

and counter electrodes and modulated DC bias was
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Fig. 1 e XRD patterns of (a) pristine NaTaO3 and 7.5% Bi

doped NaTaO3 in the series (b) S1, (c) S2, and (d) S3.
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systematically varied from þ0.2 to �1.2 V using Gamry 300G

potentiostat. To prepare the working electrode, 150 mg of

photocatalyst powder was suspended in 1 mL of ethanol and

the slurry so formedwas applied to FTO glass. The coated FTO

glass was subsequently dried at 80 �C for 2 h. The surface area

of the samples was estimated by BET technique. Adsorption

isotherms were recorded at �196 �C after 6 h of degassing,

using Micrometrics ASAP 2020 surface area analyzer.

2.3. Photocatalytic hydrogen evolution

The photocatalytic reaction was carried out in a closed-gas

circulation system with a reaction cell made up of Pyrex

glass and quartz window for vertical illumination. A 800 W

high pressure Xe lamp (Oriole Instruments, USA) was used as

a light source. A 390 nm cut off filter was employed to block

the deep UV light. The average intensity at the surface of the

solution was measured to be 150 mW/cm2. The IR component

in the radiation was removed by a filter containing circulating

water. The reaction temperaturewasmaintained at 25 �Cwith

the help of an external water circulation jacket. All the reac-

tions were carried out in argon gas atmosphere. In all tests,

50 mg of catalyst was suspended in 80 mL of deionized water

and 20mL of methanol by magnetic stirring. The reaction was

carried out for 12 h and the amount of hydrogen evolved was

analyzed at every 2 h by gas chromatograph (Shimadzu GC-

2014; Molecular sieve 5 A, TCD detector, Ar carrier gas). It

was confirmed that no hydrogen was evolved under dark

conditions with or without catalyst.
Fig. 2 e The variation in unit cell volumes of Bi doped

NaTaO3 powders in the series S1, S2, and S3.
3. Results and discussion

3.1. Crystal structure and microstructure

X-ray diffraction patterns of all the samples conformed to

space group No. 62 (Pbnm) [38]. The representative XRD

patterns of the pristine and 7.5% Bi doped samples in the

series S1, S2, and S3 are shown in Fig. 1aed. The samples in all

the series showed presence of a monophase up to 7.5% Bi

doping. A small amount of impurity phase of Bi2O3 was

detected for 10% Bi doping and thus the present study was

limited to a maximum of 7.5% Bi doping. Fig. 2 shows the

variation in the unit cell volumes of the samples in the series

S1, S2, and S3. All the doped samples showed increment in the

cell volumes along with Bi content and this increment was

consistentwith the ionic radii of Bi3þ (1.03 Å), Na1þ (1.01 Å) and

Ta5þ (0.64 Å) [39]. Impurity free XRD patterns and systematic

increments in the unit cell volumes (Bi3þ > Ta5þ), (Bi3þ >Na1þ)
indicated that Bi was accommodated in the lattice, for all the

doped samples. The expansion of the unit cell volume was

largest for the samples in the series S2, while it was the

minimum for the samples in the series S3. It is worth noting,

that the initial stoichiometry of these samples was different.

The samples in the series S1, were prepared under Na-rich

conditions (MNa ¼ MTa þ MBi), thus it is proposed that

majority of Bi ions occupy Ta site. This prediction was

consistent with the lack of Na2O or NaBiO2 impurities in the

XRD pattern. Similarly, the samples in the series S2 were

prepared under Na-deficient conditions (MNa þ MBi ¼ MTa),
and thus majority of Bi ions are expected to occupy Na site. In

this case, the impurities such as Ta2O5 and oxide complexes of

bismuth and tantalum were absent up to 7.5% doping. The

samples from the series S3 were prepared under mildly Na-

rich conditions. These conditions allowed Bi ions to occupy

both Na and Ta sites in the lattice. The site occupancy values

of Bi ion obtained from the Rietveld refinement results were

consistent with the predicted stoichiometry (See supporting

information). Thus it is proposed that Bi ions occupy different

sites in the lattice under different synthesis conditions.

Fig. 3aed show a comparison of the morphologies of the

pristine and 7.5% Bi doped samples in the series S1, S2, and S3.

The pristine NaTaO3 powders showed cuboid shaped particles

with a large particle size variation, ranging from 200 to 800 nm

(Fig. 3-a). The particles in the series S1 were smaller in size as

compared to that of the pristine NaTaO3, ranging from 100 to

400 nm. These particles showed cuboid shapes with sharp

edges (Fig. 3-b). On the other hand, the particles in the series

S2 showed clear agglomeration. These particles were no

longer cuboids but rather irregular in shape and larger in size

as compared to that of the pristine NaTaO3 (Fig. 3-c). The

particles in the series S3 showed sharp edges and facets with

reduced particles size as compared to that of the pristine

NaTaO3. Prominent rectangular shapes and sharp facets were
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Fig. 3 e Field emission scanning electron microscope images of (a) pristine NaTaO3 and 7.5% Bi doped NaTaO3 in the series

(b) S1, (c) S2, and (d) S3.
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seen in the SEM observation of the particles in the series S3

(Fig. 3-d). The irregular and agglomerated growth of the

samples in the series S2 indicated that the crystallinity of

these powders was reduced. This result was consistent with

the crystallite size values obtained from the XRD analysis (See

supporting information). In the preparation of NaTaO3,

excessive Na acts as a flux which promotes the grain growth,

therefore under Na-deficient conditions the reduced crystal-

linitywas observed [25]. Fig. 4 shows that bright field images of
Fig. 4 e Transmission electron microscope images of (a) 7.5% B

NaTaO3 particles in the series S3.
bare and Pt loaded surfaces of 7.5% Bi doped NaTaO3 (S3

series). The TEM images confirmed that uniform loading of

platinum nanoparticles occurred on the catalysts surface.

Although samples in S1, S2, and S3 series showed different

particle shapes and sizes, the surface area of the samples

estimated by B.E.T. method did not differ significantly. The

surface area values of the pristine and Bi doped NaTaO3

samples are listed in Table 2. It is noted that the surface area

values are in the range of 1e2 m2/g.
i doped NaTaO3 particles (b) 0.06% Pt loaded 7.5% Bi doped

http://dx.doi.org/10.1016/j.ijhydene.2011.12.056
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Table 2 e The surface area values of the pristine and Bi
doped NaTaO3 powders estimated by BET method.

Bi doping
concentraion/Surface area (m2/g)

S1 S2 S3

0.0 1.13 1.13 1.13

2.5 0.95 1.05 1.11

5.0 1.15 1.02 1.12

7.5 1.46 1.34 1.22

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 7 ( 2 0 1 2 ) 4 8 8 9e4 8 9 6 4893
3.2. Optical absorption spectra

The optical absorption spectra of the samples in the series

S1, S2, and S3 are shown in Fig. 5aec respectively. The band

gap value of the pristine NaTaO3 was found to be 4.01 eV. The

absorption spectra of all of the doped samples showed

extension towards longer wavelength along with the

increase in Bi content, indicating that change in the optical

absorption is caused by Bismuth doping. The band gap values

of the samples, estimated by KubelkaeMunk function are

presented in Table 3. It was observed that the abortion edge

of S1 samples (Fig. 5a) was shifted towards the visible

wavelengths. The band gap values were found to be in the
Fig. 5 e Diffused reflectance spectra of Bi doped NaTaO3 sample

bismuth content.
visible region, except for 2.5% Bi doping. The poor absorption

of 2.5% Bi doped sample may be attributed to low dopant

concentration. On the other hand, the samples in S2 series

did not show visible light absorption (l > 400 nm) (Fig. 5b).

However, a small extension towards longer wavelengths was

observed and the estimated band gap values were in the UV

region. The samples in S3 showed intense visible light

absorption extending up to 550 nm (Fig. 5c). The lowest band

gap value of 2.64 eV was obtained for 7.5% Bi doping in this

series. Similar to the S1 series, 2.5% Bi doped sample in S3

series showed poor absorption in the visible region. The band

gap values of the samples in S3 series were significantly

lower than that of the S1 and S2 samples. Further, it was seen

that the band gap value reduced with increased content of Bi

doping. The above results indicate that extent of the band

gap narrowing is dependent on the Bismuth content in the

lattice as well as initial stoichiometry of the starting mate-

rials (Na/Ta ratio). The chemical analysis (EDS and XPS)

confirmed that the Bi3þ ions were present in all the samples

irrespective of the synthesis conditions (See supporting

information). Therefore, it was clear that the optical prop-

erties were function of the site occupancies of Bi ions at A

and B site in the lattice.
s in the series (a) S1, (b) S2, and (c) S3; x is the fractional

http://dx.doi.org/10.1016/j.ijhydene.2011.12.056
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Table 3 e The band gap values of Bi doped NaTaO3

samples obtained by KubelkaeMunk analysis.

Series/Bi content (%) S1(eV) S2(eV) S3(eV)

0 4.01 4.01 4.01

2.5 3.65 3.75 3.85

5.0 3.05 3.65 2.77

7.5 2.95 3.65 2.64 VB

CB

4.01 eV 3.86 eV
3.14 eV

2.51 eV

a b c d

Fig. 7 e The band gap narrowing mechanism of (a) pure

and (b) NaTa1LxBixO3, (c) Na1LxBixTaO3 and (d) Na1Lx

BixTa1LxBixO3 (x [ 0.0625).
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3.3. Band diagrams

Fig. 6 shows the MotteSchottky plots of the pristine and Bi

doped NaTaO3 powders at pH¼ 10.5. The linear part of 1/C2 vs.

V curve was extrapolated to estimate the flat band potential of

the photocatalyst. The flat band potential of the pristine

NaTaO3 was found to be �1.19 eV vs. SCE at pH ¼ 7. The flat

band potential of this phase is predicted to be�1.07 eV vs. NHE

(at pH ¼ 0; �1.23 eV vs. SCE at pH ¼ 7) by using the empirical

relation proposed by Scaife [40]. The present result shows that

the empirically calculated value agrees reasonably well with

the one by experimental measurement. These results confirm

that the CB potential of NaTaO3 is highly negative to H2/H2O

reduction level, which is one of the reasons of its high pho-

tocatalytic activity. The flat band potential of Bi doped NaTaO3

in the series S1 and S3 was found to be 0.25 eV and 0.08 eV

more positive to that of the pristine NaTaO3. On the other

hand, the flat band potential of the sample in the series S2

shifted tomore negative values by 0.15 eV. The present results

show that all the doped samples have enough potential to

evolve hydrogen. It is further noted that occupancy of the Bi

ions at Ta site lowered the CB potential by a small amount as

seen from S1 and S3 samples. In our earlier work, we showed

that Bi substitution at different lattice sites in NaTaO3 resulted

in the appearance of mid-gap states in the band gap [28]. The

substitution of Bi at Ta site created extra states in the band gap

below the CB while substituting Bi at Na site did not change

the band gap significantly. On the other hand, when Bi was

substituted at both Na and Ta sites, the energy states

appeared in between the band gap. DFT calculations showed
Fig. 6 e MotteSchottky plots of the pristine NaTaO3 and

7.5% Bi doped NaTaO3 powders in the series S1, S2, and S3

recorded at 100 Hz, at pH [ 10.5 (vs SCE electrode). The flat

band potential of NaTaO3 [ L1.40 eV; S1 [ L1.15;

S2 [ L1.55 eV; S3 [ L1.32 eV vs. SCE at pH [ 10.5.
that the band gap values of Bi doped NaTaO3 system decrease

in by 0.15 eV for Bi at Na site, 1.5 eV for Bi at both Na and site,

0.87 eV for Bi at Ta site. Upon substitution of Bi at Ta site, the

effective CB potential shifted to more positive values (Fig. 7).

On the contrary, substitution of Bi at Na site left the CB

potential unchanged and the effective VB is shifted towards

negative potentials. Interestingly, for the substitution of Bi at

both Na and Ta sites, Bi 6s induced filled energy states

appeared in between the band gap and thus the effective VB

potential shifted towards lower energy values. The measured

flat band potentials show a similar trend as indicated by the

DOS analysis; however discrepancy exists between the two

sets of the data.

3.4. Photocatalytic hydrogen evolution

Bi doped NaTaO3 samples did not show significant hydrogen

evolution without loading of platinum co-catalyst under the

visible light irradiation. Fig. 8 shows the effect of varying

amount of platinum loading on the photocatalytic hydrogen

evolution from 7.5% Bi doped sample in the S3 series. This

series was selected to optimize the platinum loading as it

showed the maximum visible light absorption. The hydrogen

yield was the maximum for 0.06% loading of platinum. It was

observed that for the same amount of platinum loading, the

samples in the series S1 and S2 did not show hydrogen
Fig. 8 e The effect of Platinum loading on the photocatalytic

hydrogen evolution from 7.5% Bi doped NaTaO3 samples in

the series S3 (20 mL CH3OH, 80 mL D.I. water; l > 390 nm).

http://dx.doi.org/10.1016/j.ijhydene.2011.12.056
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Fig. 9 e The photocatalytic hydrogen evolution from 0.06%

Pt loaded samples in the series S3 with increasing Bi

content (20 mL CH3OH, 80 mL D.I. water; l > 390 nm).
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evolution. The samples in the series S3 showed increasing

rates of hydrogen evolution along with Bi content (Fig. 9).

However, 2.5% Bi doping showed no measureable H2

evolution. Thus maximum rate of hydrogen evolution

(0.86 mmol h�1 g�1) was obtained for 7.5% Bi doped sample in

the series S3 (near stoichiometric conditions). Although the

present yield of hydrogen is still low as compared to the other

reports, these results shed light on Bi3þ doping in NaTaO3

system and its photocatalytic activities. In contrast to the re-

ported work on Bi5þ doping [27], this work explains the

hydrogen evolution characteristics of Bi doped NaTaO3

compounds with Bi doping at different sites. Although all the

samples showed enough CB overpotential, their optical

properties and crystal structures differed significantly. The

samples in the series S3 showed intense visible light absorp-

tion and thus the estimated band gap values were lower than

those of the samples in S1 and S2 series. It was proposed that

the S3 samples contained Bi ions at both Na and Ta sites in the

lattice in approximately equal proportion. The occupancy of Bi

ions at both Na and Ta sites helps maintain the ionic charge

balance and thus minimize the native defects produced. On

the other hand, the occupancy of Bi ions at Ta site would

result in the generation of oxygen vacancy related defects

while the occupancy of Bi ions at Na site would result in the

cation vacancy related defects. These defects may act as

electron-hole recombination centers and reduce the photo-

catalytic activity. Therefore the electronic structure and the

crystal structure of samples in the series S3 were favorable for

the photocatalytic hydrogen evolution.
4. Conclusions

The present work investigates photophysical properties and

photocatalytic hydrogen generation of Bi doped NaTaO3

powders up to 7.5% Bi doping. The main conclusions of the

study are summarized as follows.

� By employing the appropriate synthesis conditions (Na/Ta

ratio close to unity), the band gap values of Bi doped NaTaO3

powders can be narrowed to as low as 2.64 eV for 7.5% Bi
doping. However, low molar concentrations (w2.5%) of Bi

are not useful to induce the visible light absorption. It was

found that the synthesis condition (starting Na/Ta ratio)

affects the band gap narrowing and the point defects in the

doped photocatalysts, resulting in the differences in the

hydrogen yield.

� The CB potential of the pristine NaTaO3 is highly negative to

H2/H2O reduction level (�1.19 eV vs. SCE at pH ¼ 7) and Bi

doped NaTaO3 powders show variations in the flat band

potential according to the doping site. In general, both

doped and undoped samples have sufficient overpotential

for hydrogen generation. However the visible light activity

depends on the Bi site occupancy.

� With the optimum loading of platinum nanoparticles,

photocatalytic hydrogen evolution (0.86 mmol h�1 g�1)

occurs from 7.5% Bi doped NaTaO3. Bi doped NaTaO3

powders have demonstrated attractive photophysical

properties providing a foundation for a further devel-

opment of visible light active photocatalysts for hydrogen

generation.
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