CHAPTER 4


4.2. MODIFICATIONS IN Na(1-x)LaxTaO(3+x):  INFLUENCE OF DOPING WITH NITROGEN AND IRON (Fe3+) ON PHOTO CATALYTIC REDUCTION OF CO2
4.2.1 Introduction 

CO2 emissions from the burning of fossil fuels pose serious environmental issues like green-house gas effect. Conversion of CO2 into fuels/ hydrocarbons by utilizing photo catalytic routes is an effective strategy that can provide solution to the two main issues, such as meeting energy demand and mitigating green house gas effect. Photo catalytic reduction of CO2 (PCRC) into fuels/hydrocarbons or artificial photosynthesis, using water as the reductant, is a complex, challenging and multi-step process with high application potential. The process involves two major steps, splitting of water to yield hydrogen and oxygen and reduction of CO2 to hydrocarbons. Several investigations focusing on a wide range of heterogeneous photo catalysts for the artificial photo synthesis have been reported [13-15, 49-51]. Fundamental aspects involved in the activation of carbon dioxide with water by photo catalytic route include: 

i) The design of bi-functional photo catalysts that include components active for both 
functionalities, namely, H2O splitting and CO2 reduction steps
ii) The photo catalyst should possess requisite electronic energy levels, specifically
· Valence band top energy level to be suitable for splitting of H2O,

· Conduction band bottom energy level to be more negative with respect to reduction potential of CO2
· Band gap energy which is appropriate for maximum absorption of light in the most abundant visible region
iii)  Ability to adsorb and activate CO2.

In addition, longer life time of the photo generated charge carriers, the shorter diffusion path length of excitons to the catalyst surface are the other desirable parameters that maximize the efficiency of the photo catalysts.
It has been recently reported that tantalum based perovskite materials show significant activities towards photo catalytic applications especially water splitting and CO2 reduction [18, 51-55]. The salient features of the tantalates, responsible for their photo catalytic activity are:

i)      the conduction band of a typical tantalate mainly consists of 5d orbitals whose energy level  is in more negative position compared to other transition metal oxides and mixed metal oxides and also more negative than redox potentials for the conversion of CO2 to products like CH3OH, CH4, C2H5OH 
ii)     tantalates, being ferroelectric materials, have internal dipoles that facilitate separation of electrons and holes and retard recombination rate, which results in longer life time  
iii)     the bond angle of Ta-O-Ta is close to 180º  and hence easy transport of photo electron hole pairs across the corner-shared octahedral framework is facilitated

iv)      alkali metal tantalates are active for  chemisorption of CO2.
Based on the above characteristics, we have chosen NaTaO3 as an active photo catalyst for PCRC. As shown in Figure 4.16, the conduction band bottom energy (CBM) level NaTaO3 is suitable for the subsequent reduction of CO2 after initial activation to form CO2-.. Even though NaTaO3 is highly efficient (quantum yield-56% with UV light) for water splitting, its application is limited with UV region due to its wide band gap which absorbs only <5% of solar energy (UV region). Several approaches to improve its visible light activity by doping with cations and anions have been explored via band gap engineering [53, 55-71]. Conduction band is mainly made up of Ta 5d orbitals (Fig.4.16). A downward shift in the conduction band can be achieved by doping metal ion with lower energy orbital (3d, 4d) at Ta site, and also co- doping with metal ion at Na site, which would help to maintain the cationic charge balance. Studies have demonstrated that the modification of NaTaO3 by doping with Bi [57, 58], Fe [59], Sr [60], Cu [61]. N [62-65] and co-doping with La-Cr [66, 67], La-Co [68], La-Fe [69], La-Ir [70], La-N [71] promote its photo catalytic activity in the visible region. Valence band maximum (VBM) of NaTaO3 is formed mainly by O 2p orbitals (Fig. 4.16), Upward shift of VBM can be achieved by doping higher energy anions [62-65].  Baochange Wang et al [72] have demonstrated the effect of doping with different anions like N, S, C, P and co-doping with N-N, C-S, P-P and N-P pairs on NaTaO3 on the basis of theoretical calculations. Their calculations show that N doped NaTaO3 shifts VBM towards more positive energy level as compared to pristine and other anion doped NaTaO3 and towards more positive level with respect to the reduction potential for O2 as well, to produce H2 and O2. In this context, the effect of doping and co doping of Na(1-x)LaxTaO(3-x) with Fe and N has been investigated to achieve reduction in the band gap energy so as to increase visible light absorption and increase in the efficiency of the photo catalyst by decreasing recombination rate of charge carriers. 
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Fig. 4.16 VBM and CBM energy levels of NaTaO3 with respect to the potential for reduction of   

           CO2 and oxidation of water
4.2.2 Results And Discussion

4.2.2.1 X-Ray Diffraction Pattern
X- Ray Diffraction (XRD) studies were carried out to investigate the changes in the structure of NaTaO3 due to doping with different elements.  XRD patterns for the synthesized materials are shown in Figure 4.17. Peaks at 2Ɵ values of 22.9(020), 32.5(200), 40.1(022), 46.6(202), 52.4(301), 58.2(123) correspond to orthorhombic crystal structure (JCPDS Card No. 25-0863) of NaTaO3. There is no significant change in XRD patterns with mono and co-doped catalysts and no diffraction peaks related to La2O3, Fe2O3, Ta2O5 were found. This is possibly due to low concentration of dopant elements or at least a part of dopant element has been incorporated into the NaTaO3 lattice, with the ionic radii of the dopants,  ie, Fe3+ and La3+ being closer.  As reported in literature [18, 69, 73] substitution of A site cation Na+ (1.39Å) by La3+ (1.36Å in12 coordinated octahedral site) and B site cation Ta5+ (0.64 Å) by Fe3+ (0.65 Å in 6 fold coordinated site) in the ABO3 crystal lattice of NaTaO3 resulted in small shift in d-lines as shown in Fig. 4.18.
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Fig. 4.17 XRD pattern for neat and modified catalyst (a) NaTaO3 (b) Na(1-x)LaxTaO(3+x), 

             (c) N/ Na(1-x)LaxTaO(3+x), (d) Fe/ Na(1-x)LaxTaO(3+x), (e) Fe-N/ Na(1-x)LaxTaO(3+x).
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Fig. 4.18 XRD diffraction peak shift with the effect of substitution (a) Na(1-x)LaxTaO(3+x), (b) NaTaO3, (c) Fe/ Na(1-x)LaxTaO(3+x), (d) Fe-N/Na(1-x)LaxTaO(3+x). 
Crystallite sizes of the synthesized photo catalysts were calculated by the Scherrer’s formula.  As La-Fe co-doping maintains the cationic charge balance (Na+ + Ta5+ = La3+ + Fe3+) of the material [69], less crystal defects are expected, compared to mono doped NaTaO3. Calculated lattice parameters are shown in Table 4.3. Surface area of Na(1-x)LaxTaO(3+x) as measured by BET method was 2.9 m2/g and no significant changes in the texture were observed with the modified photo catalysts. 
4.2.2.2 DRS UV-Visible Spectra

UV-Visible DRS spectra of the pristine and modified NaTaO3 catalysts are shown in Fig. 4.19. The onset of absorption edge for the pristine NaTaO3 is at 310 nm, ie absorption only in the Ultra Violet region with a band gap of 4.0 eV [18]. It is apparent that the DR spectra for all the modified NaTaO3 catalysts showed red shift towards visible region. 
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Fig. 4.19 Diffuse reflectance spectra of neat and modified NaTaO3 catalysts

          (a) Na(1-x)LaxTaO(3+x), (b) NaTaO3, (c) Fe/Na(1-x) LaxTaO(3+x), (d) N/ Na(1-x)LaxTaO(3+x),

             (e) Fe-N/ Na(1-x)LaxTaO(3+x).

As stated earlier, in pristine NaTaO3, VBM is mainly composed of O 2p orbitals, while CBM is mainly composed of Ta 5d orbitals. In the case of N doped NaTaO3, N 2p orbital energy level is higher than that of O 2p (VBM) orbital energy level and hence, the doped N 2p orbitals are situated at the top of the VBM of NaTaO3 as impurity state [62-65]. The observed narrow band gap with N doped photo catalyst (Fig. 4.19d, Table 4.3) can be ascribed due to the electron transition from impurity states (O 2p + N 2p) to the bottom of the CB of NaTaO3 [63, 71, 72]. A steep increase of the absorption at λ>390 nm with Fe doped catalyst, is ascribed to the electron excitation of 3d e- of Fe3+ to CBM of NaTaO3 sample [59, 69] and the prominent peak at 590 nm was also observed with Fe doped NaTaO3. Similar absorption peak in Fe doped NaTaO3 was observed in the earlier reports [59, 69], which could be due to d-d transition 2T2g → 2A2g, 2T1g of Fe3+ or charge transfer transition between iron ions (Fe3+ + Fe3+ → Fe4+ + Fe2+) [74, 75].

Table 4.3 Crystallite size and band gap energy data for neat and modified NaTaO3 catalysts
	Photocatalyst
	Lattice Parameter (Å)
	Cry. Size
	Band Gap

	
	(a) 
	(b)
	(c)
	(nm)
	(eV)

	NaTaO3
	5.489
	7.681
	5.497
	48.1
	3.9

	Na(1-x)LaxTaO(3+x) 
	5.506
	7.780
	5.505
	47.2
	4.1

	N/Na(1-x)LaxTaO(3+x) 
	5.498
	7.768
	5.487
	49.4
	3.7

	Fe/Na(1-x)LaxTaO(3+x) 
	5.498
	7.751
	5.491
	45.5
	3.4

	Fe-N/Na(1-x)LaxTaO(3+x) 
	5.498
	7.774
	5.479
	45.2
	3.3


4.2.2.3 Electron Microscopy Analysis
Morphology and elemental composition of the synthesized catalysts has been established by SEM and EDXA studies. Fig. 4.20 and Fig. 4.21 shows SEM images for the neat NaTaO3 and Fe-N modified La doped NaTaO3 catalysts. SEM image clearly reveals that cubic morphology is retained with modified photo catalyst.

[image: image8.emf]
Fig. 4.20 SEM image and EDXA spectrum for NaTaO3 photocatalyst.
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Fig. 4.21 SEM image and EDXA spectrum for Fe-N/Na(1-x)LaxTaO(3+x) photo catalyst
TEM (Fig. 4.22a & b) further confirms the cubic architecture of the Na(1-x)LaxTaO(3+x) and Fe-N/Na(1-x)LaxTaO(3+x) respectively. SAED (Fig. 4.22c) shows the highly crystalline nature of NaTaO3 nano cubes, and d-value of 0.389 nm measured from HRTEM (Fig. 4.22d) corresponds to (002) planes of orthorhombic phase of NaTaO3. The presence of added dopants can be confirmed by EDXA measurements. Fig. 4.20 and Fig. 4.21 show EDXA spectra for neat and Fe-N modified NaTaO3 catalysts. Presence of dopants such as Fe, N, La implies that all the added elements were effectively incorporated into the tantalate matrix during hydrothermal reaction. STEM-EDS elemental mapping of Na(Kα), Ta(Lα), La(Lα), Fe(Kα), O(Kα) and N(Kα) shown in Fig. 4.23 for the Fe-N/Na(1-x)LaxTaO(3+x) photo catalyst,  further confirms the uniform distribution of  dopants elements in the tantalate matrix.
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Fig. 4.22 Transmission Electron Microscopic images for (a) Na(1-x)LaxTaO(3+x)  
          (b)  Fe-N/Na(1-x)LaxTaO(3+x)  (c) SAED for Fe-N/Na(1-x)LaxTaO(3+x)  (d) HRTEM for  

          Fe-N/Na(1-x)LaxTaO(3+x).  
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Fig. 4.23 EDS elemental mapping for Fe-N/Na(1-x)LaxTaO(3+x) photo catalyst
4.2.2.4 X-ray Photoelectron Spectra

XPS measurements were carried out to analyse chemical composition and to identify chemical states of the dopant elements present in the synthesized photo catalysts. Typical XPS survey spectra for the synthesized photo catalysts are shown in Fig. 4.24.  Binding energy values for the  main XPS peaks for possible elements present in the synthesized materials are tabulated in Table 4.4a,  and surface chemical composition of the possible elements in Table 4.4b. 
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Fig. 4.24 XPS survey spectra of synthesized NaTaO3 photo catalysts

       (a) NaTaO3 (b) Na(1-x)LaxTaO(3+x),  (c) N/ Na(1-x)LaxTaO(3+x), (d) Fe/ Na(1-x)LaxTaO(3+x), 

         (e) Fe-N/ Na(1-x)LaxTaO(3+x).

High resolution spectra of Na 1s, Ta 4d and O 1s present in the neat and modified photo catalysts are shown in Fig. 4.25. Main peaks for Na 1s (1071 eV), Ta 4d (229.6 eV) and O 1s (529.5 eV) were observed in pristine NaTaO3 and similar peaks with small shift in binding energy (BE) were observed for the modified catalysts. The shifts in BE can be ascribed to the slight distortion of the NaTaO3 lattice brought out by added dopant elements. Two types of O 1s peak are observed in all the neat and modified catalysts. The peak centered at 529 eV corresponds to lattice oxygen of Ta-O-Ta in octahedral TaO6 crystal lattice and the other small area peak centered at 531 eV can be ascribed to surface hydroxyl group or adsorbed oxygen.
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Fig. 4.25 High resolution XP spectra of Na 1s, Ta 4d and O 1s for neat and modified catalyst 
          (a)  NaTaO3 (b) Na(1-x)LaxTaO(3+x),  (c) N/ Na(1-x)LaxTaO(3+x), (d) Fe/ Na(1-x)LaxTaO(3+x),

             (e) Fe-N/ Na(1-x)LaxTaO(3+x), (f) 0.5 wt% MgO/ Fe-N/ Na(1-x)LaxTaO(3+x).

Table 4.4a Binding energy data for  main XPS peaks for neat and modified NaTaO3 catalysts
	Photo catalysts
	Binding Energy (eV)

	
	Na 1s
	Ta 4d
	Ta 4f
	O 1s
	La 3d
	Fe 2p
	N 1s

	NaTaO3
	1071.60


	229.60
	25.48
	529.65

530.68
	-
	-
	-

	Na(1-x)LaxTaO(3+x)
	1071.13


	229.56
	25.43


	529.42

530.63
	834.52


	-
	-

	N/ Na(1-x)LaxTaO(3+x)
	1071.12
	229.42
	24.89
	529.65
	834.33
	-
	399.2

	Fe/ Na(1-x)LaxTaO(3+x)
	1070.87
	229.47
	25.10
	529.0
	834.63
	711.95
	-

	Fe-N/Na(1-x)LaxTaO(3+x)
	1070.82
	229.70
	25.30
	529.55
	834.42
	711.12
	399.8


Fig. 4.26A shows high resolution XP spectra for La 4d, wherein the peak centered at 834.6 eV corresponds to La3+ ion, indicating that dopant is incorporated into the tantalate lattice, since   ionic radii of La3+ (1.36Å) and Na+ (1.39Å) ions being closer [71, 73, 76]. High resolution XP spectra for Fe 2p shown in Fig. 4.27B, displays a peak centered at 711.9 eV due to the dopant Fe present as Fe3+ ion. Presence of Ta5+ ions around Fe3+ ions in the lattice results in a shift in the BE   to 711.9 eV, compared to 710.7 eV observed for Fe3+ in precursor Fe2O3 [77]. The shift in BE is due to the interaction between Fe3+ and Ta5+ ions in crystal lattice, which clearly shows that  some of the doped Fe3+ ions have been incorporated into TaO6 crystal lattice. Since ionic radii of Ta5+ and Fe3+ ions are closer, Fe3+ ions occupy Ta5+ ion sites in the lattice.
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Fig. 4.26 High resolution XP spectra of La 3d [A], Ta 4f [B] for neat and modified catalyst
           (a) 0.5 wt% MgO/Fe-N/ Na(1-x)LaxTaO(3+x), (b) Fe-N/ Na(1-x)LaxTaO(3+x), 

              (c) Fe/ Na(1-x)LaxTaO(3+x), (d) N/Na(1-x)LaxTaO(3+x), (e) Na(1-x)LaxTaO(3+x), (f)  NaTaO3.

Table 4.4b Elemental composition from XPS data for modified NaTaO3 based photo catalysts

	Photo catalysts
	Composition at%

	
	Na
	Ta
	O
	La
	Fe
	N

	NaTaO3
	6.79
	21.76
	71.44
	-
	-
	-

	Na(1-x)LaxTaO(3+x)
	6.65
	20.40
	71.70
	1.290
	-
	-

	N/ Na(1-x)LaxTaO(3+x)
	6.51
	19.02
	71.22
	1.059
	-
	3.209

	Fe/ Na(1-x)LaxTaO(3+x)
	6.74
	19.50
	71.60
	0.861
	-
	-

	Fe-N/ Na(1-x)LaxTaO(3+x)
	6.34
	19.49
	71.28
	0.825
	0.407
	1.658
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Fig. 4.27 High resolution XPS spectra of N 1s [A] and Fe 2p [B] for neat and modified catalyst
          (a) 0.5 wt% MgO/Fe-N/ Na(1-x)LaxTaO(3+x), (b) Fe-N/ Na(1-x)LaxTaO(3+x), 

             (c) N/ Na(1-x)LaxTaO(3+x), (d) Fe/Na(1-x)LaxTaO(3+x).

Fig. 4.27A shows N 1s spectra for N doped NaTaO3 samples shows two new peaks, one centered at 399 eV corresponding to substitutional N ie Ta-N bond and another peak centered at 400 eV, corresponding to interstitial nitrogen (Ta-O-N) or adsorption of nitride on the N modified photo catalyst surface. The above results are consistent with the earlier literature reports [63-65, 78, 79]. The observed N 1s spectra implies that some of the oxygen sites are substituted by doped nitrogen atoms and some of the nitrogen is present in the interstitial position in the crystal lattice of NaTaO3. As reported by Zhao et al., synergetic effect of La-N co doping also promotes the incorporation of nitrogen into the lattice [71]. 
High resolution XP spectra for Ta 4f are shown in Fig. 4.26B. The peaks centered at 25.5 and 27.5 eV correspond to Ta 4f7/2 and Ta 4f5/2 respectively. It is seen from the Fig. 4.26B that Ta 4f5/2 peak is shifted to lower binding energy side when the NaTaO3 was doped with nitrogen, as reported by Michikazu Hara et al [79]. This can be ascribed that formation of Ta-N bond with N doped NaTaO3 photo catalyst. Ta-O bond is less covalent than Ta-N bond. Hence dopant nitrogen increases electron cloud around Ta [63, 80], consequently lowering BE.  Binding energy shift on lower side of Ta 4f peaks further confirms the incorporation of doped nitrogen into oxygen sites of NaTaO3 lattice.
4.2.2.5 Photoluminescence Spectra

Photoluminescence spectra for the neat and modified catalysts (Fig. 4.28) give additional features of the doped catalysts. An emission peak, centred at 469 nm is observed for the neat and modified NaTaO3, demonstrating that doping of the  photo catalyst does not result in any new PL spectral line, but the intensity of the line is reduced. 
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Fig. 4.28 Photo luminescence spectra for neat and modified NaTaO3 catalysts

          (a) NaTaO3, (b) Na(1-x)LaxTaO(3+x), c) N/ Na(1-x)LaxTaO(3+x), (d) Fe/ Na(1-x)LaxTaO(3+x), 

             (e) Fe-N/ Na(1-x)LaxTaO(3+x).

PL spectra mainly result from the recombination of charge carriers and its intensity is directly proportional to the probability of the recombination of charge carriers. When the pristine catalyst was doped with N, the intensity of the PL spectral line is reduced to some extent. It can be seen that, there is a sharp reduction in the intensity of the PL spectral line, when the pristine catalyst is doped with Fe and co doped with Fe-N. Decrease in the intensity of the PL line implies that dopant (Fe or N) or co-dopants (Fe-N) could inhibit the probability of the charge carriers recombination, leading to an increase the life time of the charge carriers.

4.2.3 Photo catalytic reduction of arbon dioxide:

All the experiments were carried out up to 20 hrs. Trends in the formation of major products, methanol and ethanol, with respect to time of irradiation up to 20 hrs, are given in Fig. 4.29. Besides hydrogen and oxygen, methane, ethylene and ethane were formed in very small quantities (~0.1-10 micromoles/g) and hence not considered in the plots. CO and formic acid were detected at trace levels and hence could not be quantified. As shown in Fig. 4.7, large amounts of methanol is formed when the aqueous alkaline solution is saturated with carbon dioxide compared to very small quantities formed after saturation with nitrogen, indicating that the observed methanol/products were obtained from CO2 photo reduction, not from surface carbon impurities on the catalyst.  
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Fig. 4.29 Trends in photo catalytic activity for CO2 reduction with alkaline medium - Time

          On stream plots - (a) NaTaO3, (b) Fe-N/Na(1-x)LaxTaO(3+x).
Rates of formation of products are high during initial 8-10 hrs, beyond which the product formation tends to slow down. Based on the initial rates (µ mol g-1 h-1) for the formation of different products, and the number of photo electrons involved in each case, apparent quantum yields (AQY) for all the photo catalysts have been calculated and presented in Table 4.5. 

It is observed from Table 4.5 that lanthanum and Fe-N incorporated in La doped NaTaO3 significantly influence the overall quantum yield as well as selectivity to various products.  Doping of lanthanum, nitrogen or iron separately to NaTaO3 results in marginal increase in quantum yield. In case of co-doping ie Fe-N doped photo catalyst, quantum yield increased by three times with respect to neat NaTaO3. Fe-N modified NaTaO3 photo catalyst displays maximum increase in activity and relatively higher selectivity towards alcohols. Comparison of different hydrocarbon formation after 20 hrs of irradiation with various synthesized photo catalysts are shown in Fig. 4.30.  Doping with N and Fe separately does promote CO2 photo reduction but are not as effective as Fe-N co doped photo catalyst.
Table 4.5 Products distribution and quantum yield data for neat and modified NaTaO3 catalysts
.
	
Photo catalysts 
	Products obtained from CO2 reduction (μmol g-1 h-1)
	
	AQY (%)

	
	CH4 
	C2H4
	C2H6 
	CH3OH 
	C2H4O 
	C2H5OH 
	C3H6
	H2 
	x10-3 

	NaTaO3
	0.01
	-
	0.01
	20.6
	0.6
	2.5
	-
	0.13
	2.99

	Na(1-x)LaxTaO(3+x) 
	0.02
	-
	0.00
	16.2
	4.01
	6.4
	0.05
	0.02
	4.04 

	N/Na(1-x)LaxTaO(3+x) 
	0.07 
	0.06 
	0.03 
	44.4 
	1.7 
	10.4 
	0.04 
	0.41
	7.67 

	Fe/Na(1-x)LaxTaO(3+x) 
	0.03 
	0.04 
	0.02 
	49.1 
	0.7 
	10.5 
	0.03 
	0.15 
	7.98 

	Fe-N/Na(1-x)LaxTaO(3+x) 
	0.03 
	0.05 
	0.03 
	62.2 
	0.05 
	8.5 
	0.02
	0.04 
	8.89 


Since the dopant Fe 3d orbital energy level is smaller than Ta 5d orbital, it will create new energy level below the conduction band resulting in downward shift of CB [59] as shown in Fig. 4.31. As evident from the XRD and XPS data, Fe3+ ion occupies Ta5+ site in the lattice.  Dopant  Fe3+ ion possesses the ability to trap and de-trap the charge carriers,  ie, Fe3+ ion can  easily trap photo generated electrons from the CB of NaTaO3, since dopant energy level for electron trapping ie Fe3+/Fe2+ (0.77 V vs NHE) is below the CBM of NaTaO3 (-1.06 V vs NHE). Also, Fe3+ can easily trap photo generated holes from VB NaTaO3 since dopant energy level for hole trapping ie Fe4+/Fe3+ (2.2 V vs NHE) is above the VB of  NaTaO3 (2.94 V vs NHE). The above characteristic nature of Fe3+ would help to enhance the charge carrier life time, as is evident from fluorescence spectra (Fig. 4.28) [81, 82].
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Fig. 4.30 Comparison of photocatalytic activity for neat and modified catalysts after 20hrs of     

                irradiation: (a) NaTaO3 (b) Na(1-x)LaxTaO(3+x),  (c) N/ Na(1-x)LaxTaO(3+x), 

                     (d) Fe/ Na(1-x)LaxTaO(3+x),  (e) Fe-N/ Na(1-x)LaxTaO(3+x). 

C1 – C1 carbon product, C2 – C2 carbon product, TC- Total Carbon product.

De-trapping of exciton (charge carriers) is also important factor as far as photo catalysis concerned, because trapped excitons has to reach surface adsorbed species to get converted into useful products. According to crystal field theory, Fe3+ is most stable form of Fe because of its d5 electronic configuration. Hence, as mentioned above Fe4+ and Fe2+ ions can have the tendency to release their trapped charges to surface adsorbed species to become most stable Fe3+ [81, 74]. As observed from XPS data, doped La as La3+ can easily diffuse into perovskite lattice and cationic charge was maintained by Fe3+ doping at Ta5+ site and La3+ at Na+ site [Na+ + Ta5+ → La3+ + Fe3+], which will reduce defect sites [69]. Synergetic effect of La-N co-doping also reduces the point defects [71], and these defect sites could serve as a charge recombination centre. Thus, increase in photo catalytic activity with Fe-N modified Na(1-x)LaxTaO(3+x) can be ascribed due to increase in absorption towards visible region as well as increase in life time of charge carriers. The changes in the electronic energy levels taking place when doping with N & Fe separately and co-doping with Fe-N are depicted in Fig.4.31 below. The changes are in line with the experimental values for band gap measured by DRS.
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Fig. 4.31 VBM & CBM energy levels of Na(1-x)LaxTaO(3+x)  and its Fe-N modified catalysts vis- 

                a- vis potential for reduction of CO2 and oxidation of water.
4.2.4 CONCLUSIONS
Neat and modified NaTaO3 photo catalysts have been synthesized by simple one step hydrothermal method. The effect of doping/co-doping on the photo physical properties of the catalysts has been investigated by applying various experimental techniques. XRD & XPS results reveal that La3+ occupies Na+ ion sites, Fe3+ ions Ta5+ ions site and N the O2- sites, possibly as N3-  in the tantalate matrix. Incorporation of the dopants in the tantalate matrix has been established by SEM-EDXA and STEM-EDS elemental mapping, and surface composition analysis by XPS. Synergistic effects of La, Fe & N co-doping in tantalate matrix results in the narrowing of the band gap due to the creation of additional energy levels within the band gap. Band gap narrowing promotes visible light absorption. Presence of dopants in the lattice ensures electro-neutrality. Efficient charge trapping and de-trapping by Fe3+ and Fe4+ ions reduces the probability of charge carrier recombination. Synergetic effect due to co-doping with La, Fe and N and conduction band edge energy levels suitable for CO2 reduction with water help to improve the photo catalytic properties of co- doped NaTaO3. 
