 5.2. LAYERED PEROVSKITE TITANATES (SrTiO3,Sr3Ti2O 7  and Sr4Ti3 O10) AS CATALYSTS FOR PHOTO REDUCTION OF CO2
5.2.1 Introduction

In heterogeneous photo catalysis, ABO3 type perovskite family materials play significant role due to their chemical composition, crystal structure and band edge positions. Especially, perovskites with layered structure, like, ALa4Ti4O15 (A= Ca, Sr, Ba) with Ag as co-catalyst [11] exhibit better performance for PCRC, since the layered structure facilitates faster transport of charge carriers and the interlayer space could be used as oxidation/reduction reaction sites, leading to the separation of  charge carriers [12]. Application of layered perovskites as photo catalysts is well-known [38, 39]. Several layered perovskites have been reported as efficient photo catalysts for water splitting, such as, K2Nb6O17 [40], K2La2Ti3O10 [41], RbNdTa2O7 [42], RbLnTa2O7 [43], Sr2(Ta1−XNbX)2O7 [44], MCa2Ta3O10 [45], A5Nb4O15 (A = Sr and Ba) [46], HCa2Nb3O10, HSr2Nb3O10 & HLaNb2O7 [47], HCa2Nb3O10 [48] and MLa2Ti3O10 [49]. 
SrTiO3, with cubic perovskite structure, is one of the earliest catalysts [3] to be explored for PCRC. Layered perovskites like, Sr3Ti2O7 and  Sr4Ti3O10 are structurally closely related to SrTiO3 and are actually the intergrowth phases (known as  Ruddlesden Popper-RP phases) formed from SrTiO3 with a general formula SrO (SrTiO3)n with n=2 & 3. The structural models of the possible RP phases are given in Fig. 5.12. In Sr3Ti2O7 every two cubic perovskite (SrTiO3) layer is separated by a single SrO layer, while in Sr4Ti3O10, every three cubic SrTiO3 layer is separated by a single SrO layer and has a neutral interlayer with electron density [50]. Though all three titanates are active for photo catalytic splitting of water under UV radiation, both Sr3Ti2O7 and Sr4Ti3O10 are 5-6 times more active for hydrogen evolution under identical conditions (12), compared to SrTiO3, which shows the significant role played by layered structures. Beside, the conduction band energy level of Sr4Ti3O10, like that of Sr3Ti2O7, is suitable for PCRC, but has not been explored so far. It would be an interesting study and compare the characteristics and performance of the two layered strontium titanates, Sr3Ti2O7 and Sr4Ti3O10, along with that of a simple perovskite, SrTiO3, for PCRC. CBM energy levels of all three titanates are suitable for PCRC with water as shown in Fig. 5.13.  Since the three titanates are typical wide band semi-conductors, active only in UV region, they have to be modified, by co-doping with N,S & Fe2O3 in order to enable visible light absorption.
 Sr4Ti3O10 and SrTiO3 and their modified versions [N-S-Fe] have been synthesized by the same method adopted for Sr3Ti2O7 by varying stoichiometric amount of precursors. The prepared materials were characterized by various techniques to identify crystal structure and optical properties.
[image: image1.emf]
Fig. 5.13 VBM and CBM energy levels of Strontium titanate based photo catalysts with respect to the potential for reduction for CO2 and oxidation of water.
5.2.2 Results and Discussion

5.2.2.1 X-ray Diffraction pattern

X-ray diffraction patterns for SrTiO3 based materials are shown in Fig. 5.14 [A]. All the diffraction peaks correspond to SrTiO3 cubic crystal structure (JCPDS: 35-0734) with lattice constant a = 3.89 Ȧ. This is consistent with literature reports [51]. Fig. 5.14 [B] shows the diffraction patterns corresponding to Sr4Ti3O10, which is similar with previously reported pattern [50]. 
[image: image2.emf]
Fig. 5.14 XRD pattern for neat and modified strontium based catalysts [A] SrTiO3 [B] Sr4Ti3O10; (a) pristine (b) Fe-N,S modified photo catalysts.
As already observed in Chapter 5.1 for Sr3Ti2O7, the amounts of dopants added being small, no peaks corresponding to Fe2O3 could be observed for SrTiO3 and layered Sr4Ti3O10. Instead, a small shift in d-line, similar to that for Sr3Ti2O7 (Fig.5.3) could be observed in Fig. 5.15. The shift is due to the location of doped Fe3+ ions (ionic radius - 0.64 Ȧ) at Ti4+ ion (ionic radius- 0.61 Ȧ) sites as ionic radii values are closer. The crystallite size values calculated from Scherrer's formula are listed in Table 5.3.
[image: image3.emf]
Fig. 5.15. Shift in  XRD diffraction peak due to  substitution (a) SrTiO3, (b) SrTi(1-x-y) Fex Sy O(3-z)Nz, (c) Sr4Ti3O10, (d) Sr4Ti(3-x-y)FexSyO(10-z)Nz.
5.2.2.2 DRS UV-Visible Spectra

Fig. 5.16 shows the DRS UV-Visible spectra for SrTiO3 and layered Sr4Ti3O10 along with their Fe-N-S modified catalysts. It is seen that both titanates display their intrinsic absorption peak near around 395 nm, and on modification with Fe-N-,S, the catalysts extend their absorption towards visible region. The calculated band gap values are listed in Table 5.3. The observed band gap energy values are in line with literature reports [50, 51]. Generally, the band gap energy of the layered perovskite materials are affected by certain factors, like, M-O-M bond angle, thickness of perovskite layer, electronegativity and ionic radii of elements in octahedral and 12 co-ordinate sites [46]. It is also reported that, Ruddlesden Popper phase compounds have similar band gap energy provided the M-O bond distance and bond angles are similar [39]. In the present case, measured band gap values are similar. This can be ascribed to the fact that the for the three titanates, CBM is mainly composed of Ti 3d and VBM mainly constitute of O 2p, and they differ structurally in terms of number of inter layers of SrTiO3 and SrO.  However, the contribution of interlayer cations/anions to the band gap being negligible similar band gap energy values, typical of SrTiO3 unit is observed [45].  In all the three Fe-N-S modified titanates, Fe doping creates impurity level below the conduction band, whereas anions (N,S) creates impurity level above the valence band,  resulting  in narrowing the of the band gap as shown in Table 5.3. However, the band gap narrowing is more (3.14 to 2.40 eV) compared to the narrowing in the other two.
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Fig. 5.16 DRS UV-Visible spectra for neat and modified strontium based catalysts [A] SrTiO3 [B] Sr4Ti3O10; (a) pristine (b) Fe-N,S modified photo catalysts.
5.2.2.3 Surface Area Analysis

Synthesized pristine SrTiO3 and Sr4Ti3O10 have moderate BET surface area of 12 and 15 m2/g respectively, and  no significant changes are observed on  modification with  Fe-N-S dopants.
Table 5.3 Crystalline size and band gap energy data for neat and modified Strontium titanate based photo catalysts
	Photo Catalyst 
	Crystallite size (nm) 
	Band gap 
(eV) 

	SrTiO3 
	28.9 
	3.13 

	SrTi(1-x-y)FexSyO(3-z)Nz 
	33 
	2.75 

	Sr3Ti2O7 
	46 
	3.14 

	Sr3Ti(2-x-y)FexSyO(7-z)Nz 
	21.9 
	2.4 

	Sr4Ti3O10 
	52.7 
	3.12 

	Sr4Ti(3-x-y)FexSyO(10-z)Nz 
	46.7 
	2.71 


5.2.2.4 Scanning Electron Microscopic Analysis

Scanning electron micrographs for neat and modified SrTiO3 and Sr4Ti3O10 photo catalysts indicate plate like morphology (Fig.5.17). However, changes in crystallite sizes are observed, which is supported by X-ray line broadening analysis of doped materials (Table 5.3).
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Fig.5.17 SEM images of strontium titanate based photocatalysts (a) SrTiO3, (b) SrTi(1-x-y)FexSyO(3-z)Nz, (c) Sr4Ti3O10, (d) Sr4Ti(3-x-y)FexSyO(10-z)Nz.
5.2.2.5 EDXA Spectra

As described in the previous section, the presence of doped elements in the layered titanates has been confirmed by the EDXA spectra, which display characteristic X-ray lines due to Fe, N and S in addition to Sr, Ti and O lines, as shown in Fig. 5.18. Thus the presence of dopants in titania matrix is confirmed.
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Fig. 5.18 EDXA Spectra for strontium titanate based photocatalysts (a) SrTiO3, (b) SrTi(1-x-y)FexSyO(3-z)Nz, (c) Sr4Ti3O10, (d) Sr4Ti(3-x-y)FexSyO(10-z)Nz.
5.2.2.6 X-ray photoelectron Spectra

XPS measurements were carried out to analyse chemical composition and to identify chemical states of the dopant elements present in neat and modified SrTiO3 and Sr4Ti3O10 catalysts. XP spectra for pristine perovskites display lines due to  Sr 3d at 133 eV, Ti 2p at 458 eV and O 1s at 529.5 eV. High resolution XPS spectra for Fe 2p, N 1s and S 2p are shown in Fig. 5.19. Modified perovskites display XPS lines due to Fe 2p at 709.1 eV, N 1s at 399.8 eV and S 2p at 168.9 eV, in addition to the lines due to pristine phases, indicating the incorporation of dopant elements in the perovskites structure. The observed results are similar to those obtained for double layered perovskite, Sr3Ti2O7 Figs.5.8 & 5.9.  The results indicate
 that doped Fe as Fe3+ is substituted in Ti4+ site [19,20], doped S is present as cationic S6+   substituting for Ti4+ [19, 20], and doped N is present as substitutional (O-Ti-N) as well as interstitial (Ti-N-O) type of nitrogen [21-26].

[image: image7.emf]
Fig. 5.19 High resolution spectra of N 1s [A], S 2p [B] and Fe 2p [C] for modified strontium titanate based photo catalysts; (a) SrTiO3, (b) Sr4Ti3O10.
5.2.2.7 Photoluminescence Spectra

Intensity of the photoluminescence spectra indicates the recombination rate of excited charge carriers. Photoluminescence spectra for both SrTiO3 and Sr4Ti3O10 in neat and modified versions are shown in Fig. 5.20. The recombination rate of photo generated charge carriers has been reduced significantly on modification with Fe-N-S. In this aspect all the three titanates on modification retard recombination (Figs.5.7 & 5.20).
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Fig. 5.20 DRS UV-Visible spectra for neat and modified strontium based catalysts [A] SrTiO3 [B] Sr4Ti3O10; (b) pristine (a) Fe-N,S modified photo catalysts.
5.2.3 Photo catalytic reduction of carbon dioxide with water

Pristine and modified titanates were evaluated for the application of CO2 photo reduction with water. All the reactions were carried out under the same experimental conditions adopted for double layered perovskite (Sr3Ti2O7). The major product obtained from the perovskite materials are methanol, ethanol and also trace quantities of other hydrocarbons like methane, ethylene and propylene as listed in Table 5.4. All the catalysts show activity up to 20 hrs. Based on the initial rate of formation of products, apparent quantum yield has been calculated and tabulated in Table 5.4.
Table 5.4 Product distribution and quantum yield data for neat and modified Strontium titanate based photo catalysts
	Photo catalysts 
	Products obtained from CO2 reduction (μmol g-1 h-1)
	
	          AQY

	
	CH4
	C2H4
	C2H6
	CH3OH
	C2H4O
	C2H5OH
	C3H6O
	C3H6
	H2
	
	x10-3(%)

	SrTiO3 
	0.02
	-
	0.03
	9.10
	0.01
	5.10
	0.01
	-
	0.2
	2.18

	SrTi(1-x-y)FexSyO(3-z)Nz 
	0.02
	-
	0.00
	27.3
	0.05
	6.60
	0.30
	-
	0.8
	4.54

	Sr3Ti2O7 
	0.16
	0.08
	0.03
	19.9
	1.50
	1.90
	-
	0.04
	1.7
	3.17

	Sr3Ti(2-x-y)FexSyO(7-z)Nz
	0.13
	1.10
	0.30
	60.1
	3.99
	9.90
	3.50
	0.04
	0.7
	10.7

	Sr4Ti3O10
	0.04
	0.31
	0.00
	11.1
	0.02
	9.10
	0.05
	1.20
	2.2
	3.33
	

	Sr4Ti(3-x-y)FexSyO(10-z)Nz
	0.01
	0.01
	0.04
	24.9
	0.23
	8.85
	0.10
	-
	1.8
	4.82
	


It is clearly seen that, layered perovskites material exhibit reasonable activity for  hydrocarbon production, which varies with time. The observed results are consistent with the idea that CBM edge potentials is more negative compared to CO2 reduction products as shown in Fig. 5.13. Compared to cubic ABO3 perovskite, SrTiO3, perovskites with layered structure, such as Sr3Ti2O7 and Sr4Ti3O10, give better photo catalytic activity, implying that interlayer space is acting as photoactive centre in addition to crystalline surface [45]. Besides, SrO-terminated surface shows natural basicity owning to the accumulation of excess negative charge from the layer structure perovskites [38]. Basic surface is beneficial for CO2 adsorption due to its acidic nature. This results in an increase in the availability of CO2 molecules in layered perovskites compared to neat SrTiO3, which explains the enhanced photo catalytic activity displayed by the two layerd perovskites (Table 5.4). 

Compared to pristine perovskite photo catalysts such as SrTiO3, Sr3Ti2O7 and Sr4Ti3O10 their respective Fe-N,S modified perovskites shows significant increase in activity as shown in Fig. 5.21 and Table 5.4. As described Chapter 5.1, Fe-N-S tri-doping increases the life time of charge carriers (PL spectra, Fig. 5.20) and enhanced absorption in  visible region as (DR spectra, Fig. 5.16). 
Furthermore, in a perfect cubic perovskite the negative charge centre and positive charge centre are in the same site forming highly symmetric structure and the crystal is non-polarized. Whereas, the introduction of dopant elements induces asymmetrical/distorted structure, which results in intra-crystal polarization in a perfect cubic crystal. The newly generated polarization within crystal is beneficial for photo catalytic reactions which facilitates the separation of photo excited electrons and holes [38] and may be helpful in the activation of CO2.
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Fig. 5. 21 Comparison of photocatalytic activity for neat and modified catalysts after 20 hrs of irradiation: (a) SrTiO3, (b) SrTi(1-x-y)FexSyO(3-z)Nz, (c) Sr3Ti2O7, (d) Sr3Ti(2-x-y)FexSyO(7-z)Nz, (e) Sr4Ti3O10, (f) Sr4Ti(3-x-y)FexSyO(10-z)Nz.
In the case of Fe-N-S modified layered perovskites, double layered perovskite (Sr3Ti2O7) shows higher activity compared to triple layered perovskite (Sr4Ti3O10). Even though both layered structures absorb visible light, the activity varies tremendously, implying matching band gap with visible region is not the only the criteria for the efficiency of a photo catalyst. Modifications for improving visible light absorption might, in some cases, lower the CBM level, which is may, to some extent, adversely affect PCRC activity [38]. CBM edge potential vs the CO2 reduction potential for a semiconductor is one of the important parameters which affects the overall efficiency for PCRC process. In the present case, CBM of double layered perovskite Sr3Ti2O7 (-1.319 V vs NHE at pH 7) is more negative compared to triple layered perovskite Sr4Ti3O10 (-1.285 V vs NHE at pH 7). Higher the negative potential, higher will be the reducing capacity. Consequently, the probability of CO2 reduction with double layered Sr3Ti2O7 is higher when compared to triple layered Sr4Ti3O10 and this has been observed experimentally (Fig. 5.21 and Table. 5.4).
When the n value increases to 3, 4 and so on, the intergrowth of Ruddlesden-Popper phases are more frequent than n=2 (Sr3Ti2O7). Such a frequent occurrence of stacking faults with increasing n values leads to a disordered layered stacking sequence [52]. In order to evaluate the difference between two layered and three layered perovskite structure, Machida et al. [42, 43, 45] attempted computational study on those type of perovskite materials. Their study reveals that the oxidation capability of VB hole in layer structure depends on the number of perovskite layers and in three layered perovskites, terminal oxygen site facing the interlayer space contribute largely to the top of the VBM [45]. This is due to the fact that when the n value increases, there is a corresponding increase in the variety of oxygen (bridging and terminal) and titanium environments, which is not occur in two layer perovskite materials. Hence three layered perovskites make a strong contribution to VBM which is favorable for water splitting. Besides, the degree of hydration is high in the interlayer galleries with increasing n value [47]. These characteristics indicate that Sr4Ti3O10, Sr4Ti3O10 is highly favorable for water splitting due to its specific characteristics, where as in Sr3Ti2O7 photo catalyst is more suitable for simultaneous reduction of CO2 and H2O oxidation due to its more negative conduction band edge and favorable perovskite layer gallery. Thus Sr3Ti2O7 stands out as the most active phase amongst the three perovskites, SrTiO3, Sr3Ti2O7 and Sr4Ti3O10. 
5.2.4 Conclusions

Among the three layered perovskites materials SrTiO3, Sr3Ti2O7, Sr4Ti3O10 and its Fe-N,S modified photo catalysts, Fe-N,S modified Sr3Ti2O7 photo catalysts shows significant photo catalytic activity forPCRC. Conduction band edge plays significant role in photo catalytic activity since among the three perovskites, Sr3Ti2O7 has more negative potential. Doping induces dipole moment along the perovskite layers which retards the recombination rate of charge carriers and also modified material absorbs in visible region. Appropriate interlayer spacing with double layered perovskite, prolonged the life time of charge carriers and absorption in visible region are the important factors responsible for increase in photo catalytic activity of Fe-N,S modified Sr3Ti2O7 for this crucial application.

