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Abstract

Having insights into the existing trends in the worldwide energy scenario, both in terms of
demand and resources, is really thought-provoking. Currently, fossil fuels are satisfying ~ 85%
of the worldwide energy requirements. However, the depleting fossil fuels cannot keep up with
the ever-increasing energy demands in the coming years, and their impact on the environment
is harmful, to say the least. Therefore, we need to switch to sustainable energy sources. Nature
has blessed us with sunlight, surplus stock of energy. However, we need to be able to store it,
owing to its intermittent nature. Among the most promising and sustainable approaches is the
conversion of solar energy into hydrogen (Hz) via the photoelectrochemical (PEC) water
splitting process. The key component of PEC water splitting is photoelectrode, which should
be of low fabrication cost, built of material having appropriate band gap, suitable band edge
positions, high absorption coefficient & charge separation efficiency, and electrical
conductivity. In order to make the photoelectrode affordable, we have emphasized the usage of
transition metal-oxides. Water splitting is a redox reaction, and the oxidation half reaction
(OER) is the kinetically more demanding process. This thesis is devoted to facilitating this
process. Herein, we have explored three different photoanodes: Fe2O3, BiVO4, and BaSnOs.
This thesis's main emphasis is on engineering the band structure of these photoanodes to
stimulate the electrical properties & higher absorption in the visible region and, consequently,

enhance the PEC performance.

In the first part of Chapter 1, different energy sources and their scope and impact on
the environment are presented, which help us understand the need for hydrogen production and
opted route. In the second part, the basic principle of the PEC cell and the fundamentals of the
process are discussed. Moreover, an extensive literature survey covering the choice of

photoanodes, their physical & chemical properties, and their current status are presented. Also,



the challenges that need to be overcome to transform them into a robust photoanode are

highlighted.

In Chapter 2, we have presented the synthesis approaches used in the thesis, the
preparation of electrode & cell, various characterization techniques used to explore the
properties of semiconductor photoelectrode material, and the methodology to carry out the PEC

water splitting.

In Chapter 3, we have studied nickel incorporated hematite (NixFe2-xO3). To improve
the bulk properties of Fe2Os, Ni was incorporated, and we found some unexpected though
interesting optical absorption phenomena, explained by Burstein-Moss (B-M) effect. This study
shines light on the exploration of the electronic structure using the combination of B-M shift
determined from optical study and band edge positions determined from cyclic voltammogram,
further confirmed by the hard x-ray photoelectron spectroscopy (HAXPES). It has been
observed that the conduction band minimum shifts towards water reduction potential due to the
B-M effect. Ni incorporation results in the delocalization of charge carriers along with the
reduction of the bulk recombination of charge carriers. Overall, Ni incorporation is observed to
improve the photovoltage and the photocurrent density of hematite photoanodes. Despite this,
the photocurrent onset is at a much higher potential than the flat band potential. Therefore, we
aimed to improve the surface catalytic properties of Fe,Oz. The state-of-art employed for this

work (Chapter 4) was developing a Z-scheme heterojunction.

In Chapter 4, we have studied electrodeposited Cu.O/Fe>O3 heterojunction. Films were
deposited via the electrodeposition method as it consumes less energy and time. Cu.O/Fe203
heterojunction followed well known Z-scheme. As a result, the bulk and surface charge
separation efficiency was improved along with the catalytic efficiency. The heterojunction with

25 cycles of electrodeposited Cu20 layer shows the best PEC water splitting performance



compared to other heterojunction films indicating optimum tuning of cuprous oxide thickness.
Nevertheless, the obtained results are far away from the expected photocurrent density as per

the theoretical calculations.

In Chapter 5, we have contributed to the most successful photoanode in terms of
demonstrated efficiency, i.e., BiVOs, to take it one more step ahead. The PEC performance of
BiVO; is limited mainly due to its large band gap of ~2.4 eV. In order to extend the absorption
range, sulfur incorporated BiVOas (S-BiVOas) was synthesized. S-BiVO4 has shown a band gap
reduction of ~ 300 meV compared to pristine BiVVO4, which corresponds to a 30% increase in
the theoretical efficiency. However, the primary concern associated with S-BiVO; is its
instability in the electrolyte. We have successfully addressed this issue by the addition of

~20 nm NiOx protection layer.

Chapter 6 accounts for an emerging material in this field: highly stable BaSnOs
perovskite oxide. For the first time, we have developed a scalable spray pyrolysis synthesis
recipe for the deposition of BaSnOs thin film. Furthermore, we have successfully tuned the
band structure to shift the absorption in the visible region via H.S treatment. In depth study of

charge carrier dynamics and their impact on PEC activity is presented.

In Chapter 7, we have attempted to modify the properties of BaSnOs films by employing a
reduction strategy. BaSnOz films were reduced under the flow of H> gas, resulting in the band
gap shift to 1.5 eV. Furthermore, Ha-treated BaSnOs film demonstrates a photocurrent density
of 0.45 mA/cm?at 1.23 V vs. RHE, which is > 2 times higher than that for the H2S-treated
BaSnOs and represents a record for spray-deposited BaSnOz photoanodes. Moreover, the
photocurrent onset of Ho-treated BaSnOs film is found to be at ~0 V vs. RHE. BaSnO3 treatment

studies depict a perfect example of defect engineering.



Overall, this thesis is devoted to tune the metal-oxide semiconductors' properties using various
strategies to boost their PEC efficiency. Our findings show that ternary metal-oxide
semiconductors are more accommodating for defects/ dopants and, therefore, offer more

potential for improving the PEC performance.

Vi



Abstract (J&lT)
HT 3R e <1 b e H, fasyeardt Syl ufvesa H Hivier w9 | SidEld 811 ardd
¥ foeRIoI® g | g H, STTaTed SeH giHaT HR &t SHoll STaRge I3l & ~ 85% HRT TRT
HR QT BTelifop, Ted SHaTRH S, 31 aTel I8! § TR Se- arell $olt JF &1 gRT -Tel
B Fhd § 3R YR TR ITHT UHTT SH{IRIHBRSD & | AT, TH Rl Folf il 1
SUINT IR &Y SIRIHT ¢ | Upfa 3 86 G, Irott o1 sifaRad UeR veH fsan 31 gTaifs,
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B SUD! SRS UHid & HRU Y UG HRA B! MaIHdl gl Blegaae b Hiebd

(PEC) ST faUTSI UfehdT & A1eqd | TR ol 1 RIS (H,) H Ul e TS
3R fewTs; DI & J TH §1 PEC O fAUTSH &1 T W s HIelZadeis &, ol BH
AT AT BT BT 1R T, IUGad o8 RTd, Sugad o8 fhR ! fRufa, 3= s
oI 31R 3MTa=T GUYGHRU G&rdl 3R faggd araemdr are Irsh ¥ it g wnfgul 58
eI 91 & T g9 Wb AU YTd-3iaTgs & ITAIT R SR faar B 1 oidt faure we
VST ufaifshar g SR siferiieun st ufcifeban (OER) sl U & 31 | arett Ufshan
21 T8 MY Y&y 3T Ufehar ! GaUToie a9 & o wHftid 81 T8l 899 <fiF 31eT- 3@

N

PIeIIAISY &1 T9H fohdT §: Fe,0s, BiVO, 3R BasSnOs. 39 MY Y& BT BT SR 224 &7

¥ faggd Tl 3R I SENTUT D! UIAIRd B & T 37 BICITAIGY Bt §'8 Soi=aiT
IR g 3R uRumAE=T, i yeria & gea 3|

31T 1 % Ugd HIT B fafie Sl Wi 3R 3 qRR 3R TaiaR0T IR YHTd URd
forT U § T gH BISSIoH e 3R g gU AN &1 TRl & IHeH H Aeg &d
g1 g U, TS I & 79 Rigid iR ufshan & gor Rigidl &R == &1 TS 81 395
3{ATaT Bieed & fadmed, 3% Hifdw R IS o1 3R It adu Rufa &t
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e - Al Ue 0% Alfed A&l UK (a1 71 g1 SHPb 1Y, S5 U Holed
WieHS H Saa o forg oM gHIfadl & QR & &1 STa=gdhd §, 3 W Y 1T STa
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3 2 H, 89 XY UeY H Ugad ARVl PV, A SR Jd B R,
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faRIwa dep-ip! 3TR NS oTdt faHTS Bl QRT B B! UGl TRgd Bl g

e 3 H, BHA Ni Ffd 89elSe  (NiFerxOs) &1 g fhar gl
Fe,0; & 1% 0T & FUR HA & T, Ni &1 T fvar 1 o1 S8R g6 5%
ARG g i 3iifiPepd sawNyu gear fiell, ™Y s¥H-7319 (B-M)

UYd gRT WS 1 U8 g SifPed e ¥ FuiRd m-v R &
GO &1 SUTART PP FAG D WAl DI Wil TR THIR STaal g R ahid
diccaam ¥ Fuid ds PR @t G gar & S 8 au g8 TR
Blelsaae (HAXPES) WDl gRT Gf¥ &I &Il g1 I8 ¢& 1 § fb B-M
JUd & HRU HeRH §8 JAdH diees ! 3R Rve g oar g1 ni AT &
ORUTIRGEY 31O dEHI & a0 & AY-T1d A deH & Ui GauaeH
# ot ot 71 T AR, Ni FRHH 3 Bidalees ¢k gl ®ieHey &

N
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AT 4 H, TH TARISUINCS Cu,0/Fe,03 BeISaRM &I ferae far
gl el @1 sawceurE (Y & wegw ¥ 9w fear ™ ife s9d &w
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&1 Ufaffercd oxal g1 $9& SIAmEl, H, SUDIRA BaSnOs fIhe &t hicide YE3H at ~0
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Electronic structure of BiVO4 depicting its band edge positions with
respect to vacuum, based on the DFT calculations
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3.1

3.2

3.3
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Schematic representing the crystal structure (left) and electronic
structure (right) of barium stannate

Schematic representation of hydrothermally synthesized Fe,Os and
NixFe>-xO3 nanocomposites

Schematic representation of the electrochemical synthesis of Fe,Og,
Cu20, and Cu,O/Fe203 heterostructures.

Schematic representation of spray pyrolysis setup
Schematic representation of diffraction pattern in a crystal system
Schematic representation of Rayleigh and Raman scattering

Schematic representation of Teflon cell with three electrode
configuration

Schematic representation of potential variation with respect to time in
a linear sweep voltammogram.

Schematic representation of a characteristic linear sweep
voltammogram (LSV) curve.

Schematic representation of Randles circuit (a) and Nyquist plot (b).

Schematic representation of time-resolved microwave conductivity
(TRMC) signal

Schematic representation of time-resolved microwave conductivity
(TRMC) setup

Overlay of the XRD patterns for pure hematite and NixFe>«O3
nanocomposites at varying Ni-compositions

Raman spectra of pure hematite and NixFe>xO3 hanocomposites with
varying compositions depicting the presence of Ni-O stretching that
increases from 5 mol % to 15 mol% Ni samples and then decreases for
20 mol % Ni.

HAXPES survey scans recorded on pure hematite and NixFe2«O3
nanocomposites dendrite samples confirming that Ni and Fe are present
in +2, +3 oxidation states, respectively.

Normalized XANES spectra of pure hematite and NixFexOs3
nanocomposites along with standard samples (a) at Fe K-edge, (b) at
Ni K-edge. EXAFS spectrum of NixFe2.xO3 nanocomposites measured at
(c) Fe K-edge (d) Ni K-edge.

FESEM image of (a) Hem (b) NiH5 (c) NiH10 (d) NiH15 (e) NiH20,
showing the dendritic structures
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3.6

3.7

3.8

3.9

3.10

3.11

3.12

4.1

4.2

4.3

4.4

4.5

The first derivative of absorbance versus wavelength for hematite and
NixFe>xOs nanocomposites samples reveals that Ni incorporation
results in a blue shift.

(a) Overlay of cyclic voltammetry curves recorded on un-doped and
NixFe>xO3 nanocomposites dendrite nanostructures at 25 mV/s scan
rate (b) derivative plot of CVs.

Band edge positions, Ers and Er of an un-doped and NixFe2«xO3
nanocomposites determined by CV and low energy XPS analysis along
with the other parameters

Mott-Schottky plot (a) and electrochemical impedance spectra (b) of
un-doped and doped hematite dendrite nanostructures in 0.1 M KOH
under dark conditions.

LSV curves of pristine and Ni-HDNs in 0.1M KOH under dark and light
illumination conditions. The inset shows the comparative response of
HDN and NiH15 samples.

I-V profile for an electrode-electrolyte system for electron transfer from
the electrode to the electrolyte side containing two donor-acceptor
systems, one closely spaced on the energy axis (gray outlines) and the
other more widely spaced on the electron energy axis (black outlines).

Tafel plots for Fe2Os and NixFe>xOs nanocomposites under (a) dark
and (b) light illumination.

An overlay of X-ray diffraction patterns obtained for the
electrodeposited films. (*) showing peaks belonging to the Cu.O phase,
(#) belonging to a-Fe203, and (*) belonging to substrate FTO.

Absorption spectra of Cu2O/Fe.O3 heterojunction films obtained via
electrochemical deposition by varying deposition cycles from 5 to 100.

LSVs of Cu20/ Fe20Os films electrodeposited for varying cycles (a) for
the response under dark and (b) under continuous light illumination.
(c) The combined response (under dark and light illumination) for three
of the samples viz. 5, 10, and 25 cycles along with bare hematite films:
dotted line (under dark conditions) and solid line (on light illumination)
(d) Chopped photocurrent-time curve for the samples shown in (c).

The trend of change in current density versus the number of deposition
cycles of Cu20/ Fe203 under dark and light illumination conditions at
1.85V.

A schematic representation of the electronic band structure diagram of
Cu20 decorated Fe203 nano-heterostructures.
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4.6

4.7

5.1

5.2

5.3

5.4

5.5

5.6

5.7

(a) Electrochemical impedance spectra (EIS) and (b) Mott-Schottky
plotin 0.1 M KOH under the dark conditions of Fe2O3 and Fe203/Cu.0O
films.

Flat band potential, dark and light onset for OER for different samples
(H denotes Fe;03, H5 — Cu20/Fe20:@5, H10 - Cu20/Fe.0Oz@10, H25-
Cu20/Fe,0:3@25, H50- Cu20/Fe203@50, H100- Cu.O/Fe203@100)

(a) XRD pattern and (b) Raman spectra of S incorporated BiVO4 thin
films at different temperatures. (*) represents the phase segregation of
Bi>Sz (JCPDS Card No. 017-0320). The S incorporation was done
under 5% H»S/Ar flow for 20 min.

Band gap vs. temperature plot of BiVO4 films annealed in 5% H.S gas
environment (a) at different temperatures for 20 min derived from Tauc
plots, (b) direct band gap at 200 °C & 250 °C temperatures for different
time durations (20, 40 and 60 min) and (c) valence band spectra of
BiVOq4 film annealed in 5% H>S gas environment at 200 °C for one hour
measured by hard X-ray photoelectron spectroscopy (HAXPES).

Sulfur to vanadium atomic ratio in BiVO4 films as a result of H.S
treatment at various temperatures for 20 min obtained by X-ray
fluorescence  (XRF) spectroscopy and X-ray photoelectron
spectroscopy (XPS) measurement.

(@) S 2s, (b) O 1s + V 2p, (c) Bi 4f, core level X-ray photoelectron
spectra (XPS) of BiVOs and S-BiVOs films annealed at 250 °C
temperature for 20 min in 5% H>S gas atmosphere.

(a) Photoconductivity action spectra (PCAS) as a function of laser
excitation wavelength (b) normalized photoconductivity measured as a
function of time with a nanosecond pulsed laser of 420 nm wavelength
and intensity of ~4.0 x 10* for BiVO4 and S-BiVO4 film deposited on
the quartz substrate.

Photocurrent response (I-t) curve of (a) S-BiVO4 and (b) S-BiVO4/NiOx
films, derived from the chronoamperometric measurement of the films
carried outat 1.23 V vs. RHE in 0.1 M potassium phosphate buffer (KP;)
pH 7 with chopped AM 1.5 back illumination with 10 s intervals (see
Figure C.7, Appendix C).

(a) Chopped LSV Measurement of S-BiVO4and S-BiVO4/NiOy films and
(b) IPCE measurement of S-BiVO4/NiOx at 1.23 V. All the
measurements were recorded in 0.1 M potassium phosphate buffer
(KPj) pH 7 under AM 1.5 back illumination. The scan rate for the LSV
was 20 mV/s.
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6.1

6.2

6.3

6.4

6.5

6.6

7.1

7.2

7.3

X-ray diffractograms of spray-deposited BaSnO3 thin films on quartz
substrate at various deposition temperatures (from 300 °C to 500 °C).
All films were post-deposition annealed at 900° C for 4 hours.

(a) UV-Vis absorption spectra, (b) direct and (c) indirect band gap
Tauc analysis of BaSnOs deposited via PLD (blue), spray deposition
(black), and spray deposition followed by H>S treatment (red).

(a) Ba 3d (b) Sn 3d (c) O 1s and (d) S 2p core level X-ray photoelectron
spectra (XPS) of PLD-deposited BaSnOg, spray-deposited BaSnOs and
spray-deposited H>S-BaSnOs films. The survey spectra are shown in
Figure D.8 (Appendix D).

Normalized photoconductivity obtained from time-resolved microwave
conductivity (TRMC) measurements as a function of time, shown in (a)
linear and (b) logarithmic scale, for PLD-deposited BaSnOs, spray-
deposited BaSnOs, and spray-deposited H,S-BaSnOs. The
measurements were recorded with a nanosecond pulse laser with a
wavelength of 300 nm and an intensity of 4.0 x 10%2 photons cm™. The
green dashed lines (“A” regions) and grey dashed lines (“B” regions)
in (b) show the exponential and power law decay fits, respectively.

Wavelength-dependent TRMC measurements: (a) photoconductivity
action spectra (PCAS) and (b) carrier lifetime (m0) as a function of
excitation wavelength of the TRMC laser for PLD-deposited BaSnOz as
well as spray-deposited BaSnOs H2S-BaSnOs films.

(@) Chopped linear sweep voltammetry (LSV) scans and (b) incident
photon-to-current conversion efficiency (IPCE) values at 1.23 V vs.
RHE for the PLD-deposited BaSnOg film as well as the spray-deposited
BaSnOs and H»S-BaSnOs films. All measurements were performed in
0.1 M potassium phosphate buffer (KP;) pH 7 with 0.5 M sodium sulfite
as hole scavenger under AM 1.5 back illumination. The scan rate for
the LSV is 20 mV/s.

X-ray diffractogram (XRD) of pristine BaSnO3 film and H treated
BaSnO:s films at various temperatures (350 °C to 500 °C) for 2 hours.
All the films were deposited on quartz and post-deposition annealed at
800 °C for 4 hours.

(a) UV-Vis absorption spectra of BaSnOs film and the films treated in a
hydrogen environment at 350 °C, 400 °C, and 500 °C. H; treated films
above 350 °C are showing metallic character, (b) direct and (c) indirect
band gap of BaSnOs film and H»-treated BaSnOs film at 350 °C derived
from Tauc analysis.

(a) Ba 3d, (b) Sn 3d, (c) O 1s, core level X-ray photoelectron spectra
(XPS) of BaSnO3 and H»-treated BaSnOs film deposited on FTO-coated
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7.4

7.5

7.6

Al

A2

A3
A4

A5

A.6

A7

A8

quartz substrate. H> gas treatment results in the reduction of BaSnO3
film.

Normalized photoconductivity as a function of time in (a) linear and (b)
log-log scale for BaSnOs and H»-treated BaSnOs films deposited on
quartz, obtained from time-resolved microwave conductivity (TRMC)
measurements. A nanosecond pulse laser with a wavelength of 300 nm
and intensity of ~4.0 x 10'? photons cm? was used for these
measurements. The green dashed lines (“A” regions) and black dashed
lines (“B” regions) in (b) show the exponential and power law decay
fits, respectively.

Wavelength-dependent TRMC measurements. (a) Photoconductivity
action spectra (PCAS) and (b) carrier lifetime (z0) as a function of
excitation wavelength of the TRMC laser for pristine BaSnOs and H»-
treated BaSnOs films.

(a) Chopped linear sweep voltammetry (LSV) scans and (b) incident
photon-to-current conversion efficiency (IPCE) values at 1.23 V vs.
RHE for the spray-deposited BaSnOs and H. treated BaSnOs films
plotted on a logarithmic scale. All measurements were performed in 0.1
M potassium phosphate buffer (KPi) pH 7 with 0.5 M sodium sulfite as
hole scavenger under AM 1.5 back illumination. The scan rate used for
LSV is 20 mV/s.

HAXPES core level spectra of pure hematite and NixFe2.xO3
nanocomposites for Fe, O, and Ni elements, respectively.

Fourier transformed EXAFS spectra of pure Hematite and NixFe2xOs
nanocomposites at (a) Fe K edge (b) Ni K edge, respectively. Scatter
points and solid lines represent the experimental spectra and
theoretical fit, respectively.

TEM image of (a) Hem (b) NiH5 (c) NiH10 (d) NiH15 (e) NiH20.

UV-Vis spectra of HDN and NixFe>.xO3 hanocomposites (a) Hem (b)
NiH5 (c) NiH10 (d) NiH15 (e) NiH20.

Kubelka-Munk plot of hematite and NixFe>.xO3 nanocomposites (a) for
direct transition (b) for indirect transition derived from DRS spectra

VBXPS Spectra of Pure hematite and NixFe>xO3 nanocomposites
samples.

Variation of (AEg)*? versus exponential of Fermi level (Er) in a linear
fashion suggests that the band gap widening after doping is due to the
Burstein-Moss effect.

The band bending potential for un-doped and Ni-doped HDN samples.
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B.1

B.2

B.3

B.4

B.5

C1

C.z2

C3

C4

(Left panel) CV polarization curves as recorded on potentiostat for
electrochemical deposition of hematite (left panel). The curves show
peaks both in cathodic and anodic waves suggesting a successful
reduction of iron on FTO with subsequent oxidation of deposited iron.
(Right panel) CV curves as observed on potential sweep applied to
deposit Cu20 layers on pre-deposited Fe203 layer electrochemically

Microscopic details, elemental identification (green = Fe2O3, red =
oxygen, blue = copper), and distribution of prepared films (a, al and
a2) a-Fe>O3 — a porous type of topology is displayed; (b, b1, and b2)
Cu20@25 - there are only visible spheres on the surface; (c, c1 and c2)
Cu0/Fe,03@5 — the appearance of small spheres occurs on much
porous underlying hematite layer; (d, d1 and d2) Cu.O/Fe.O:@10 —
spheres are gaining weight in appearance compared to Cu20/Fe20s@5
one; (e, el, and e2) Cu.O/Fe.O:@25 — as expected the copper
concentration is enhanced (f, f1 and f2) Cu2O/Fe20:@50 — further
enhancement in sphere size can be easily discerned; and (g, g1, and g2)
Cu20/Fe20:@100 — here we effortlessly can see distinct spheres of
copper oxide uniformly distributed all over the surface.

Tauc plots of (a) hematite and (b) cuprous oxide electrodeposited on
FTO glass substrates, (c) shows the absorption edge of the Cu20 layer
over the FTO glass substrate.

Chopped photocurrent - time curve of Cu20, Cu.0/Fe>Os@50, and
Cu20/Fe203@100 heterojunction films.

(a) Electrochemical impedance spectra (EIS) and (b) Mott-Schottky
plot in 0.1 M KOH under the dark conditions for Cu20,
Cu20/Fe20:@50, and Cu20/Fe203@100 films.

X-ray diffractogram (XRD) of BiVOs films treated at temperatures
above 250 °C for 20 min with varying concentrations of H.S. All the
films show the peak of the Bi.Ss phase (JCPDS No. 017-0320),
indicating that H>S treatment is highly sensitive to temperature
irrespective of the concentration of H»S.

(a) XRD pattern and (b) Raman spectra of the bismuth vanadate thin
films annealed under the continuous flow of 5 % H.S gas at a
temperature of 200 °C and 250 °C for different durations. Star symbols
(*) represent the phase segregation of bismuth sulfide.

UV-Vis absorption spectra of (a) BiVOs films treated at different
temperatures for 20 min and (b) BiVOa4 films treated at 200 °C & 250
°C for different time duration with 5% H>S gas.

(a) Direct band gap (b) Indirect band gap Tauc analysis of S-BiVOa
films treated at different temperatures for 20 min in 5% H.S
environment.
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C5

C.6

C.7

C.8

C.9

D.1

D.2

D.3

D.4

D.5

Chopped chronoamperometric measurement of S-BiVOg film recorded
at 1.23 V vs. RHE in 0.1 M potassium phosphate buffer (KPi) pH 7
electrolyte under AM 1.5 back illumination.

Photograph of S-BiVOs film before PEC (a), after PEC (b), and S-
BiVO4/NiOy film before PEC (c), after PEC (d). The red dashed circle
represents the area in which PEC measurement was carried out.

Chopped chronoamperometric measurement of S-BiVO4/NiOx film
recorded at 1.23 V vs. RHE in 0.1 M potassium phosphate buffer (KP;)
pH 7 electrolyte under AM 1.5 back illumination. In order to show the
activation of the film clearly, only 1h data is shown here.

Chopped chronoamperometric measurement of S-BiVO4/NiOyx film
recorded after activation at 1.23 V vs. RHE in 0.1 M potassium
phosphate buffer (KPi) pH 7 electrolyte under AM 1.5 back
illumination. A constant current density is obtained, entailing the
stabilization of S-BiVO4 film boosted with NiOx protection layer.

Chopped LSV Measurement of S-BiVO4/NiOx films recorded before
(LSV1) and after 10 h stability measurement. The measurements were
recorded in 0.1 M potassium phosphate buffer (KP;) pH 7 under AM 1.5
back illumination. The scan rate for the LSV was 20 mV/s.

X-ray diffractogram of spray-deposited BaSnOs thin film on quartz
substrate at 400° C using Sn (1V) acetate and Ba (1) acetate precursor.
The film was post deposition annealed at 900°C for 4 hours. Star
symbols (*) indicate peaks for cubic phase BaSnOz (JCPDS no. 04-015-
0523), and diamond symbols ( #) indicate those for SnO2 (JCPDS no.
041-1445). The use of Sn (IV) acetate precursor results in forming a
more prominent SnO> phase.

X-ray diffractogram of spray-deposited BaSnOz thin film on quartz
substrate at 400° C using Sn (I1) acetate precursor. Star symbols (*)
indicate peaks for cubic phase BaSnOz (JCPDS no. 04-015-0523), and
diamond symbols (¢) indicate those for SnO, (JCPDS no. 041-1445).
It is clear from here that the non-annealed film prepared by the spray
pyrolysis technique is also crystalline.

Photographs of (a) PLD BaSnOs film, (b) spray BaSnOs film deposited
without PEG addition in the precursor solution, (c) spray BaSnOs film
with PEG addition and further H»S treated at (d) 300° C, (e) 400° C
and (f) 500° C, respectively.

X-ray diffractogram of PLD BaSnOs film, post-deposition annealed at
900 °C for 4 hours. Reference peaks for cubic perovskite BaSnOs phase
(JCPDS no. 04-015-0523) are provided, and star symbols (*) indicate
peaks for SnO2 impurities.

X-ray diffractograms of spray-deposited BaSnOs films, which are H»S-
treated at different temperatures. A complete phase transition is
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D.6

D.7

D.8

D.9

D.10

D.11

observed after H>S annealing at 500°C from the cubic perovskite
BaSnOs.xSx structure to the monoclinic BasSn,S7 structure.

SEM micrographs of (a, b) spray-deposited BaSnOs film, (c, d) spray-
deposited H.S- BaSnOgz, and (e, f) PLD-deposited BaSnOs films on
FTO-coated quartz substrates. The images were recorded with an
acceleration voltage of 5 kV.

Energy-dispersive X-ray spectroscopy (EDS) analysis of PLD BaSnOsg,
spray-deposited BaSnOz and H>S-BaSnOz films. Elemental maps of (b)
spray-deposited BaSnOsz and (c,d) spray-deposited HoS-treated BaSnO3
films (top-view and cross-section).

XPS survey spectra of PLD BaSnOs, spray-deposited BaSnOs, and H2S-
BaSnOs films on FTO—coated quartz substrate.

Photoluminescence spectra of spray deposited BaSnOs and HaS-
BaSnOs recorded with excitation energy of 532 nm.

Normalized photoconductivity versus photon flux at a wavelength of
420 nm (a) Spray BaSnOs (b) Spray BaSnOz (H2S-treated).

Mott-Schottky analysis of the PLD BaSnOs, spray-deposited BaSnOz,
and H.S-treated BaSnO3 photoanodes at 1kHz.
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GLOSSARY OF SYMBOLS AND ABBREVIATIONS

PEC
HER
OER
VBM
CBM
STH
DFT
LSV
CcVv
EIS
MS
TRMC
PCAS
IPCE
DOS
Fe203
BiVO,
BaSnOs
HDN
h

min

eV
°C

mmol

mL

Ar

H.S
PLD

Photoelectrochemical water splitting
Hydrogen evolution reaction
Oxygen evolution reaction

Valence band maxima

Conduction band minima
Solar-to-hydrogen efficiency
Density functional theory

Linear sweep voltammetry

Cyclic Voltammetry

Electron impedance spectra
Mott-Schottky

Time-resolved microwave conductivity

Photoconductivity action spectroscopy

Incident photon-to-current conversion efficiency

density of state
Hematite
Bismuth vanadate
Barium stannate
Hematite dendrite nanostructures
Hour

Minute

Second

Electron volt
degree centigrade
molar

millimole

band gap
milliliter
wavelength

argon

Hydrogen sulfide

pulse laser deposition
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