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Quantification by NMR Method

The product(s) were quantified using NMR with potassium hydrogen phthalate (KHP) as the
internal standard. 450 uL of the reaction mixture was added to 130 pL deuterium oxide, and
20 uL. KHP used as the internal standard (final concentration of KHP = 1 mM in NMR tube,
total volume is 600 pl). The concentration of liquid products was calculated by using the

following formula: ny/ny = L/I, * Ny/N.

Here, n, represents the molar concentration of KHP, I, represents the integral area in 'H NMR
spectrum for KHP, N, is the number of nuclei of KHP, and 7, is calculated from the above
formula for the liquid product, /, for the integral area of the product formed, and N, is the

number of nuclei of product peak. For more details, please refer to our earlier work.!

A semi-quantitative look at the number of BiVO4-TiO, heterojunctions: (This section was
reprinted with permission from ref. 1)
As per TEM images and pore size distribution measured, mesopores of 2.3, 3, 4, and 5.7 nm

diameter are found, apart from micropores. To simplify the number of heterojunction
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calculations, the following valid assumptions are made. It is assumed that titania have only 2.5
and 4 nm diameter pores. 2.5 and 4 nm diameter pores are filled with BiVOy, in the weight ratio
of 1:4 (5 pg : 20 png), and how many mesopores can be filled with 25 ng of BiVO, in TiO,.
Apart from filling with the full BiVO, unit cells, part unit cells were also considered on the
periphery of BiVO, particle to make the fully packed pores, since crystalline solid should have
an extended lattice. In view of these assumptions, we suggest a generous error limit up to 20
% for the values given in this section.

Volume of one 4 nm sphere is calculated to be 33.51 nm?3. Experimental values for
monoclinic BiVO, are a=5.194 A, b=5.09 A, ¢c=11.697 A, and hence the volume is 0.3092
nm3.43 It is calculated that 4 nm mesopore accommodates 108 unit cells of BiVO,. One BiVO,
unit cell contains 4 molecules of BiVO,, and hence in 4 nm mesopore can accommodate 432
molecules of BiVO, Similarly, it is calculated for 2.5 nm pores too. 8.18 nm? volume of one
2.5 nm pore can accommodate 26.47 unit cells or 106 molecules of BiVO,.

1 mole (or 6.02x10%* molecules) of BiVO, =324 g

and hence, 432 molecules of BiVO4has 23.25x 1029 g weight in one 4 nm pore of BiVOy. It is
assumed that one TiO, mesopore with BiVO4 QD in it generates one type-II heterojunction;
however, it could be more, which is not considered for the present calculation. Further, BiVO4-

filled micropores of titania are also not considered for this calculation.

20x10°°¢ 1
P 86 x 10
Number of heterojunctions (by 4 nm) = 23.25 X 10
5x10°°
=88 x 10'?

Number of heterojunctions (by 2.5 nm) = 5.702 X 10°%

86 trillion of 4 nm diameter BiVO4 particles with a weight of 20 pg were accommodated in
titania pores, generating a minimum of 86 trillion heterojunctions; similarly, another 88 trillion
BiVO4 particles of 2.5 nm in diameter weighing 5 pg generate a minimum of 88 trillion
heterojunctions. Hence, a total of 174 trillion heterojunctions could be made possible in a 1
cm? device with 1 mg BVT photoanode material.

From the pore volume analysis of P25-TiO; it is known that the pore volume 0.18 ml/g and
this translates to 0.18 x 10-3 cm3/mg. By assuming 80 % (20 %) pores are spherical in shape
and 4 nm (2.5 nm) in diameter, each pore volume is estimated to be 33.51 nm? (8.18 nm?). A
simple back calculation reveals that 1 mg of TiO, is expected to have 5.4 x 10'5 mesopores of

4 and 2.5 nm diamter in 4:1 ratio occupies a volume of 0.18 x 103 cm? .



From 5.4 x 1013 pores (5.4 quadrillion) of TiO,, only 0.174 x 10'3 pores (0.174 quadrillion) are
occupied by BiVO,QDs. This in turn indicates that 3.2 % of pores are occupied by BiVO4QDs
present in the pores of 1 mg of TiO,. Indeed, the present semi-quantitative calculation
underscores that there is plenty of scope to improve the activity of this catalyst by fine-tuning

the synthetic strategy further.
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Fig. S1: Nitrogen-adsorption-desorption isotherms, inset shows the pore size distribution of TiO, and
SEI-BVT.
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Fig. S2: (a) HAAD-STEM image of SEI-BVT photoanode. Elemental mapping of (b)
combination of all elements, Bi+V+Ti, (¢) Ti, (d) Bi, and (e) V in SEI-BVT. (Reprinted with
permission from Ref 1)
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Fig. S3: The films of commercial Titania-P25, BiVO, (bulk), and BiVO,-TiO, (SEI-BVT) on the quartz
substrate.
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Fig. S4: Core level XPS spectra of (a) Bi 4f, (b) V 2p, and (c) Ti 2p of SEI-BVT and 10 um TiO, thin film.
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Fig. S5: SEM image of bulk BVT film showing average particle size of 400 (+100) nm.
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Fig. S6: Visible probe spectra and the spectra transmitted through TiO, films of varying thickness on
quartz glass.
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Fig. S7: Normalised transient absorption kinetics at Ayope = 580 nm (top), 620 nm (middle), 720 nm
(bottom) when excited with Ay m, = 380 nm for 4 um (black), 6 um (green) and 10 um (blue) thick

films of TiO,.
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Fig. S8: Normalised short time transient kinetics of BiVO, coated on quartz substrate at several
wavelengths across the spectra
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Fig. S9: The transient absorption spectrum of BiVO, at various delay times pumped at 380 nm (left),
and 450 nm (right)
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Fig. S10: Effect of pump wavelengths on the transient kinetic traces at different wavelengths of
heterojunctions of varying thickness of BVT prepared with two SILAR cycles (2S in sample code). The
probe wavelengths are mentioned in the graphs. The first column is data for 4um thick samples, the
second column for 6 um, and the third column for 10 um thick samples. The missing wavelengths
correspond to the probe wavelengths that do not transmit through the samples.
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Fig. S11: Kinetic traces of 4um TiO2 and their kinetic fits. The residuals of respective fits are shown in
the right panel
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Fig. S12: Kinetic traces of 6um TiO2 and their kinetic fits. The residuals of respective fits are shown in
the right panel
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Fig. S13: Kinetic traces of 10um TiO2 and their kinetic fits. The residuals of respective fits are shown
in the right panel. To account for coherent artefact arising from the interaction of pump and probe a
100 fs component is fixed wherever necessary.
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Fig. S14: Kinetic traces of BiVO, films and their kinetic fits excited by 380 nm pump. The residuals of
respective fits are shown in the right panel
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Fig. S15: Kinetic traces of BiVO, films and their kinetic fits excited by 450 nm pump. The residuals of

respective fits are shown in the right panel
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Fig. S16: Kinetic traces of 4um SEI-BVT and their kinetic fits. The residuals of respective fits are shown
in the right panel
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Fig. S17: Kinetic traces of 6um SEI-BVT and their kinetic fits. The residuals of respective fits are shown

in the right panel
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Fig. S18: Kinetic traces of 10um SEI-BVT and their kinetic fits. The residuals of respective fits are shown
in the right panel

Tabel ST1: Results of photocatalytic CO, reduction reaction under direct sunlight in batch mode with
the SEI-BVT

CO, reduction rate for different products

Time/h (umol cm™2) CO; conversion
HCHO CH;0H
1 165 58 13.2
2 242 112 21.1
3 271 174 26.5
4 327 235 334
5 358 281 38




Tabel ST2: Kinetic fitting parameters at different representative probe wavelengths for TiO, of different
thickness. The samples are excited by 380 nm pump

Sample Wavelengt A, A, Aj 71 (pS) T, (ps) T 3(ns)
h (nm)

TiO, (4um) 480 -1 - - 49+0.3 - -
540 -038 038 024 24=+1.1 125+ 67 1+0.2
550 -0.19 042 026 25+04 163.6+12.7 1.8+0.2
580 - 0.64 0.36 - 170+ 120 1.7£0.2
600 - 0.33 0.08 - 115.6+3.7 1.4£0.07
620 - 0.65 0.35 - 116.85+3.3 1.4+0.07
650 - 0.68 0.32 - 92.7£2.4 1.2+0.05
720 0.67 0.33 - 82.6+2.8 0.9+0.05

TiO, (6um) 540 -0.37 035 0.28 3.7£1.9 150 £ 59 22+1.2
550 -0.51 028 0.21 1.3+0.1 138 £ 12 1.7+£0.2
580 -0.19 049 032 20+04 123+ 12 1.5£0.2
600 -045 036 0.19 1.0+0.1 119+11 1.5+0.2
620 - 0.67 0.33 - 118.8+5 1.5+0.1
650 - 0.66 0.34 - 93+2.3 1.2+04
720 - 0.31 0.07 - 88.1+2.7 1.2+04

TiO; (10um) 540 -046 0.10 044 47+1.6 200 + 250 1.6£0.9
550 -0.38 0.18 0.44 50+£1.9 200 £ 250 20+1.1
580 -0.10  0.16  0.77 50+£22 200 £ 190 2.0+£0.8
600 -0.16 0.10 0.77 5.0+£2.1 200+ 110 2.0+£0.8
650 -0.18 0.14 0.68 5.0£2.3 200 £ 96 2.0+£0.8
700 -0.11  0.50 0.39 5.0£3.0 200 £ 73 1.6+0.5
720 -0.10 0.37 0.53 5.0+£3.9 200 + 74 2.0+0.8

Tabel ST3: Kinetic fitting parameters at different representative probe wavelengths for BiVO, films

Sample A nm A A, Az T, PpS T, PpSs T3NS
BiVO, 460 -0.35 -0.12 -0.53 1.1+0.8 133+108
Apump = 380 480 -0.64 0.13 0.23 3.5+0.6 200+£150
nm) 500 -0.52  0.10 0.38 40+0.6 200+£150  Long-lived
540 -0.44  0.06 0.50 50+£1.2 249+0.0
550 -0.55  0.06 0.39 50+1.0 200+200
580 -042 0.03 0.55 51+1.7 200+200
600 -0.58  0.07 0.35 50+£1.2 200+200
620 -0.41 0.04 0.55 5.1+2.1 200+200
650 -0.52 0.14 0.34 6.0+1.8 200+200
720 -0.23  0.21 0.66 6.0+54 200+200
BiVO, 540 -0.63 - -0.37 3.242.8 -
Apump =450 550 -0.76 - -0.24 40+24 - Long-lived
nm) 580 -0.77 - -0.23 40+2.0 -
600 -0.89 - -0.11 47+19 -
620 -0.81 - -0.19 74+35 -
650 -0.83 - -0.17 84+14 -

720 1 ; : 644 ]




Tabel ST4: Kinetic fitting parameters at different representative probe wavelengths for
SEI-BVT of different thickness. The samples are excited by 380 nm pump

Sample A Aq A, Az Ay 71 (ps) T, (ps) T 3(ns) T 4(nS)
nm

SEI- 540 0.61 0.15 0.06 0.18 1+04 35+£17 1.7+0.1

BVT 550 057 0.15 0.06 0.22 1+0.3 43+19 1.8+£0.2

(4um) 580 0.64 0.15 0.04 0.17 1+0.3 3610 1.8+0.9
600 0.56 0.19 0.07 0.18 1.2+0.1 30£6 1.6+04 Long-
620 0.56 0.19 0.06 0.19 1.1+£02 32+6 15+05 lived
650 0.60 0.21  0.06 0.13 1.1+0.1 31£5 1.5+£0.3
720 0.57 024 0.07 0.12 1.2+0.1 33+£4 1.5+03

SEI- 540 053 0.26 0.07 0.14 1.2+1 33+£31  1.2+1.1
BVT 550 056 024 0.05 0.15 1.2+1 47+25 19+1.2  Long-
(bum) 580 0.48 0.28 0.08 0.16 12+0.6 2713 12+0.6 lived
600 050 023 0.09 0.18 15+£06 42+20 1+£0.5
620 0.70 0.14 0.05 0.11 1.3+£03 33+11 12+04
650 0.63 0.17 0.06 0.14 2+04 5017 1.8+0.9
720  0.68 0.14 0.07 0.11 2+04 30* 1.0£0.3

SEI- 540 0.63 0.23 0.05 0.09 15+0.6 52+32 2+2
BVT 550 0.69 0.21 0.04 0.06 14+04 50.0+27 2+2
(10um) 580 0.66 0.23 0.11 0.09 09+02 30+11 15+09 Long-
600 0.59 030 0.08 0.03 13+£02 305+6 1.8=+0.5 lived
620 056 027 0.11 006 1705 30+10 1.5+£0.7
650 055 0.28 0.11 0.08 3£0.6 47+16 1.8+1
720 054 0.28 0.14 004 15+£04 30+10 14+0.7

The lifetimes measured are tabulated in Tables ST4 and ST5. It is evident that the kinetic traces are
overlapping and are not affected by the thickness of the sample. The SILAR procedure results in
uniformly distributed heterostructures. The charge migration dynamics in TiO, are well established.
Present measurements show that the charge migration process is significantly slowed in SEI-BVT.
Moreover, these experiments with different excitation wavelengths indicate that the same long-
lived state is formed irrespective of how the carriers are generated in SEI-BVT. If the carriers were
exclusively surface carriers, such wavelength independence would not exist. Thus, it is concluded
that the carriers are located throughout the sample and not limited to surface states alone.



Tabel STS: Kinetic fitting parameters at different representative probe wavelengths
for SEI-BVT of different thickness. The samples are excited by 450 nm pump

Sample A A4 A, A; Ay 71 (pS) T, (ps) T 3(ns) T 4(ns)
(nm)
SEI- 540 - 044 0.28 0.28 - 36+ 19 1.5+1.5
BVT 550 - 026 042 041 - 30+ 15 05+0.3
(4um) 580 035 031 0.1 0.24 1+£0.8 30+ 11 05+0.4
600 0.37 027 0.19 0.17 1£0.5 29+ 8 0.5+0.2 Long-
620 038 0.29 0.17 0.16 1+£04 27+7 06+0.2 lived
650 0.60 0.10 0.19 0.11 1+£0.7 31+15 05+0.3
720 046 028 0.13 0.13 15+£0.3 26+ 5 0.6+0.1
SEI- 540 0.37 0.18 0.14 0.31 1.5+1.5 50+ 50 0.6+0.6
BVT 550 033 022 0.13 032 26=+3.2 46 + 46 05+0.5
(6um) 580 0.23 0.21 0.25 0.31 08=+1 50 £ 80 0.8+0.9 Long-
600 039 028 0.09 024 12=+0.7 31+12 05+04 lived
620 0.35 028 0.15 0.22 1.3£0.6 26+9 05+0.2
650 041 0.28 0.13 0.18 1.9+0.5 31+6 0.8+0.2
720 048 027 0.12 0.13 1.6+0.3 28+ 6 0.8+0.3
SEI- 540 0.71 0.06 0.13 0.10 05=+1.2 27 +27 0.5+0.7
BVT 550 0.61 021 0.07 0.11 1.6+2.7 50£100 04=+0.7
(10um) 580 0.30 0.31 0.37 0.02 1.2+4 20+ 30 0.5+0.3
600 0.33 0.35 0.17 0.15 1.3+£1.7 45 + 30 0.8+0.7 Long-
620 0.33 038 0.21 0.08 2.7+4 50 +44 0.8+0.7 lived
650 0.33 036 0.15 0.16 3+£2.6 50+ 34 0.8+0.6
720 031 036 0.17 0.16 3+£29 50 £ 30 0.8+0.5
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