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Calculation of formation enthalpy: 

The method for the determination of the most probable reaction pathway is based on an 

evaluation of the convex hull in multi-dimensional phase space and subsequent minimization of 

the free energy of the multicomponent reactants, assuming a reversible chemical reaction. For any 

hypothetical chemistry, the multi-component reactants and their coefficients are generated using 

the grand canonical linear programming (GCLP) approach implemented within OQMD.1-2 The 

formation enthalpy and thermodynamic stability of a hypothetical double perovskite can be then 

evaluated from the DFT total energy of the double perovskite and the combined total energy of the 

reactants. For instance, Eq. S1 shows the reaction pathway for KBaTeBiO6, as evaluated by 

OQMD. The formation enthalpy of this compound (Hf (KBaTeBiO6)) is calculated using Eq. S2, 

where E(KBaTeBiO6) is the DFT total energy/f.u. of KBaTeBiO6, while E(K2TeO3), E(Bi2O3), 

E(KBiO3) and E(Ba3Te2O9) are DFT total energies/f.u. of the reactants obtained from OQMD. 

This methodology for calculating formation enthalpy using multi-component reactants is more 

accurate than using elemental energies as the reference point. However, it should be noted that the 

estimation of the optimal reactants in a reaction pathway is limited to the structures calculated 

within the OQMD database. 

1/3 K2TeO3 + 1/3 Bi2O3 + 1/3 KBiO3 + 1/3 Ba3Te2O9 → KBaTeBiO6 Eq. S1 

Hf (KBaTeBiO6) = E(KBaTeBiO6)  [E(K2TeO3)  E(Bi2O3)  E(KBiO3)   

E(Ba3Te2O9)]/3 

 Eq. S2 
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Octahedral tilts in double perovskites: 

 The perovskite framework can accommodate a variety of cations with different oxidation 

states and ionic radii for both type of cations for a fixed choice of anion at the X-site. This is 

achieved through cooperative tiltings of the BX6 octahedra.3 These tilts allow for the optimization 

of the coordination environment of the A-site cations, where the extent and type of tilting are 

dependent on the relative size of the cubo-octahedral cavities and the size of the A-site cation. The 

octahedral tilts and their effects on the space group symmetry have been studied extensively for 

the double perovskite structure.4-6 These results are summarized in Table S1. 

Table S1. List of space group symmetry and the corresponding octahedral tilt patterns for the 

A'A"B'B"O6 and A2B'B"O6 systems 

A'A"B'B"O6 A2B'B"O6 

index space group tilt system index space group  tilt system 

2   2   

4   12   

5   14   

11   15   

12   48   

13   86   

16   87   

49   128   

81   134   

85   148   

90   201   

111   225   

129      

 

 

1P a b c  
1P a b c  

12P a a c   2 /C m 0a b b 

2C 0a b c 
12 /P c a b b  

12 /P m 0a a c  2 /C c 0a b c 

2 /C m 0 0a b c Pnnn a b c  

2 /P c 0a b c 
24 /P n a a c  

222P a b c   4 /I m 0 0a a c

Pccm 0 0a b c 4 /P mnc 0 0a a c

4P a a c  
24 /P nnm 0a b b 

4 /P n 0 0a a c 3R a a a  

142 2P 0 0a a c 3Pn a a a  

42P m 0a a c  3Fm m 0 0 0a a a

4 /P nmm 0 0 0a a c
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Electronic structure of SrBaVBiO6: 

Most of the screened double perovskite oxides exhibit wide band gaps with flat electronic 

bands. As shown in Figure S1, SrBaVBiO6 exhibits flat electronic bands, with an indirect PBE 

band gap of 1.61 eV and scaled HSE+SOC (approximated as described in main text) band gap of 

2.18 eV. The electronic band characteristics are expected to be similar for PBE and HSE+SOC 

calculations. These flat bands are also observed for other compounds such as RbSrNbBiO6 and 

KSrMoBiO6, which have a transition metal cation at the B-site. The reason for the indirect band 

gap and flat bands in case of double perovskite oxides can be understood by analyzing the DOS 

plot (Figure S1). In SrBaVBiO6, the valence band is predominantly made up of O-2p, O-2s, V-3p 

with a small contribution from Bi-6p and V-3d states respectively. The contribution of the d-states 

at the valence band edge is responsible for the indirect nature of the band gap for SrBaVBiO6. This 

is similar to the effect of Ag-4d states in case of Cs2AgBiBr6 and Cs2AgBiCl6.7 The conduction 

band edge is predominantly made up of O-2p and V-3d. As compared to KBaTeBiO6 (Figure 3b), 

the contribution of the V-3d states contribute significantly more towards band edges than the Te-

4d states. This increased contribution of the V-3d states in SrBaVBiO6 leads to the flattening of 

the electronic bands at both the conduction and valence band edges. As a result , for most double 

perovskite oxides with transition metal cations at the B-site, the significantly high contribution of 

d states at the conduction band edge, renders the electronic transport non-ideal for photovoltaic 

action. From DOS analysis, we conclude that while designing novel perovskite photovoltaics 

transition metal cations are not ideal choices for the B-site cations. 
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Figure S1. Calculated band structure (left) and DOS (right) for the cubic SrBaVBiO6 calculated 

using PBE. 

 

Chemical bonding analysis for KBaTeBiO6: 

As shown in Figure S2, we find that the valence band edge is predominantly composed of 

(Bi-6s)−(O-2p) antibonding interactions while the conduction band edge is composed of (Bi-

6p)−(O-2s), (Te-5s)−(O-2p) and (Te-5s)−(O-2s) antibonding interactions. The contribution of O-

2p states is significantly lower in COHP plot than in the DOS plot near the valence band edge, 

which is due to a large amount of non-bonding O-2p states. The chemical bonding analysis was 

performed using plane wave based crystal orbital Hamilton population (COHP) analysis.8-11 
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Figure S2. Crystal orbital Hamilton population (COHP) bonding analysis of KBaTeBiO 6 for (a) 

Bi-O and (b) Te-O bonds. Positive values indicate bonding character while negative values 

indicate antibonding character. 

 

Calculated absorption spectra for KBaTeBiO6: 

The absorption spectra of KBaTeBiO6, calculated using HSE06+SOC, is provided in 

Figure S3. It can be clearly seen that there is a small absorption onset around the indirect band gap 

followed by a large photon absorption onset that occurs at a larger value than the indirect band gap 

and is almost equal to the direct band gap value. The presence of an indirect band gap implies the 

use of a thicker layer of absorber material for large photoconversion efficiency. We also show the 

calculated absorption spectrum of Cs2AgBiBr6 in Figure S3 for comparison, which shows similar 

characteristics to that of KBaTeBiO6. The comparison of the absorption spectra of KBaTeBiO6 

and Cs2AgBiBr6 further illustrates the expected similarity in the photovoltaic performance of both 
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materials. For calculating the absorption spectra, the total number of bands was tripled with respect 

to the DFT default to accommodate sufficient empty conduction bands. 

 

Figure S3. Comparison of the absorption spectra of cubic Cs2AgBiBr6 and KBaTeBiO6 calculated 

using HSE06 functional with spin-orbit coupling effects (SOC). 

 

Thermogravimetric analysis: 

Thermogravimetric analysis (Figure S4) on the mixed precursor powder shows the mass 

change in the temperature range of 200 – 650 °C, consisting of initial slow mass loss (below 400 

°C) and rapid mass loss (above 400 °C). The weight loss below 200 °C is generally caused by the 

desorption of physically and/or chemically adsorbed water in the sample, while the loss at higher 

temperatures results from the decomposition of barium, potassium, bismuth nitrates, telluric acid 

(thermal decomposition temperature in the range of 400-650 °C).12-13 Therefore, based on the TGA 
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profile, we choose the two temperatures, 500 °C and 600 °C, to transform the mixed precursors to 

the perovskite with desired stoichiometry.  

 

Figure S4. TGA profile of the dried precursor. 
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Stability of as-synthesized KBaTeBiO6 powder:  

 

Figure S5. Overlaid XRD patterns of freshly prepared (black) KBaTeBiO6 and after storing under 

ambient conditions for 380 days (red). 

 

STEM-EDS analysis: 

Table S2. Composition analysis for various EDS datasets for the KBaTeBiO6 system. 

S. K atomic % Ba atomic % Te atomic % Bi atomic % 

1 10.91 35.44 28.00 25.65 

2 12.57 33.32 26.71 27.40 

3 11.45 30.75 24.44 33.36 

4 11.55 30.28 25.29 32.88 

5 10.76 37.90 26.70 24.64 

6 10.83 30.79 26.09 32.29 

Average 11.35 ± 0.69 33.08 ± 3.08 26.2 ± 1.24 29.37 ± 3.92 
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Figure S6. (a) HAADF image and elemental EDS maps of representative KBaTeBiO 6 particles. 

(b) Integrated raw spectra of the region shown in (a), showing background windows (grey) for 

each peak. (c) The deconvoluted integrated spectrum obtained after removing the background 

spectrum (as shown in (b)). This dataset corresponds to S. No. 2 in Table S2. 
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STEM-EELS analysis: 

 

Figure S7. (a) Atomic resolution HAADF image showing the (001) projection of KBaTeBiO 6 

lattice. (b) Intensity profile of HAADF image shown in (a). (c) HAADF image with labeled atomic 

columns according to the intensity profile shown in (b). 

 

Figure S7a shows an atomic resolution HAADF (same as the HAADF image shown in 

Figure 4b (bottom)) image showing the (001) projection of the KBaTeBiO 6 perovskite structure. 

Since the intensity at every point in a HAADF image is approximately proportional to the squared 

atomic number (~Z2) of the atomic column,14 each atomic column can thus be labeled. Figure S7b 

shows the histogram plot of intensities collected from the image in Figure S7a. The histogram plot 

clearly shows two types of profiles, where the lower intensity profile (green) corresponds to the 

atomic columns with lower Z (A-site: K/Ba) while the higher intensity profile (blue) corresponds 

to the atomic column with higher Z (B-site Te/Bi). Figure S8c shows the HAADF image with 

labeled atomic columns according to the intensity profiles in Figure S8b. The labeled HAADF 

image clearly shows the (001) projection of the perovskite phase where all the B-site cations have 

four in-plane A-site nearest neighbors. 
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To discern the chemical composition of the KBaTeBiO6 powder, we have further 

performed EELS analysis. Figure S8 shows the HAADF image of the sample with the highlighted 

region (white box) showing the area chosen for EELS data acquisition. We have performed 

principal component analysis (PCA), to remove random noise, such that each data set is described 

predominantly by the EELS edges of the respective elements.15-16 A Scree plot showing the 

contribution of each component towards variance is shown in Figure S8b. We have selected the 

first five principal components (n=5) for subsequent elemental maps. We observe absorption 

onsets for K L, Ba M and O K edges at 296 eV (294 eV), 770 eV (781 eV) and 525 eV (532 eV) 

respectively, where values in the parenthesis correspond to the ionization edges for the pure 

elements. While Te M edge shows a delayed absorption onset at 580 eV (572 eV). The chemical 

shifts induced in the EELS edges of each element with respect to its pure elemental state is caused 

by changes in the chemical bonding environment as a result of the formation of KBaTeBiO 6. We 

couldn’t simultaneously acquire a high-quality Bi core-loss edge, as it appears at a significantly 

higher energy of 2580 eV, which is beyond the number of channels of the spectrometer. We have 

fitted a power law background model prior to every EELS edge and subsequently integrated each 

edge to generate chemical maps for each element as shown in Figure S8c, confirming the presence 

of these elements. Figure S8d shows the extracted EELS signal for each element from the region 

highlighted (white box) in their respective chemical maps. 
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Figure S8. (a) HAADF image showing the area chosen (white box) for EELS data acquisition. (b) 

PCA Scree plot showing the principal components (n<=5) and random noise components (n>=6). 

(c) Integrated K-L, Ba-M, Te-M and O-K edge maps generated after PCA. (d) Extracted EELS 

signal from the area highlighted in (c) (white boxes). Scale bars in (a,c) correspond to 5 nm. 
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Effect of cation non-stoichiometry on electronic structure:  

 

Figure S9. Calculated DOS at PBE level of (a) stoichiometric double perovskite composition of 

KBaTeBiO6 and (b) non-stoichiometric composition of K0.625Ba1.375Te0.875Bi1.125O6. 
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Device architecture and performance: 

 

Figure S10. (a) Schematic illustrating the architecture of the regenerative host-scaffold 

photoelectrochemical (PEC) solar cell fabricated in this work. (b) Image of one of the fabricated 

cells. 

 

Table S3. Photovoltaic parameters of devices fabricated without and with binder in the 

KBaTeBiO6 solution.  

Without binder 

Cell number Jsc (mA/cm2) Voc (V) FF Efficiency (%) 

1 0.08 0.568 0.54 0.048 

2 0.09 0.545 0.58 0.057 

3 0.08 0.353 0.42 0.025 

4 0.04 0.67 0.53 0.028 

5 0.04 0.68 0.56 0.031 

With binder 

1 0.066 0.29 0.405 0.016 

2 0.06 0.32 0.401 0.015 

3 0.01 0.34 0.305 0.002 

4 0.013 0.17 0.26 0.001 

5 0.072 0.314 0.38 0.017 

6 0.09 0.3 0.31 0.017 
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Perovskite oxide-based photovoltaic devices: 

A summary of performance of oxide-based ferroelectric photovoltaics is provided in Table S3. 

The open circuit voltage (VOC) for our KBaTeBiO6 nanoparticle-based PEC solar cells without 

binder is comparable to that reported for many other oxide thin films-based cells. The short circuit 

current density (JSC), however, is lower for our PEC solar cell than for the reported oxide-based 

devices. The current density and efficiency of our PEC solar cells can further be improved by 

optimizing the material composition and microstructure, and the electrode layers in the cell.  

Table S4. Summary of photovoltaic performance of oxide-based devices from literature.  

# Compound Efficiency 

(%) 

VOC (V) JSC 

(mA/cm2) 

Reference 

1. FTO/TiO2/KBaTeBiO6/iodide-

triiodide/Pt 

0.057 0.545 0.09 This work 

2. Bi2FeCrO6 8.1 0.84 20.6 17 

3. Pb(Zr,Ti)O3 0.57 0.6 4.8 Cao, et al. 18 

4. (Pb0.97La0.03)(Zr0.52Ti0.48)O3 0.28 0.7 0.0008 Qin, et al. 19 

5. Pr-doped BiFeO3 0.5 0.21 - Gopal Khan, et al. 

20 

6. BiFeO3/Nb-SrTiO3 0.03 0.15 6 Qu, et al. 21 
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