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Abstract

Photoelectrochemical (PEC) water splitting is widely regarded as an effective process for
sustainable storage of solar energy as chemical energy in the form of H». For application in water
splitting, pristine and Sn doped (1%, 3% and 5%) hematite nanoparticles were prepared by
hydrothermal process. Structural change from nanorods to nanocorals is seen for the Sn doped
hematite products. The Sn 3d XPS peak analysis reveals that Sn has been doped into the hematite
lattice. Linear Sweep Voltammetry (LSV) and Electrochemical Impedance Spectroscopy (EIS)
analysis confirm that 1% Sn doped hematite has the highest photocurrent density (3 mA cm? at
1 V vs. Ag/AgCl) and least charge transfer resistance among the doped products. UV-VIS,
Photoluminescence and Mott-Schottky analyses further show that optimum optical and electrical
properties are observed for this level of Sn doping. To enhance the PEC performance and study
the effect of precursor concentration, NiFe layered double hydroxide (LDH) synthesized in-situ at
two different precursor concentrations (low and high) was coated on Sn-doped hematite. A high
photocurrent density ca. 2.9 mA cm™ at 1.8 V vs. reversible hydrogen electrode (RHE) and a 170
mV cathodic shift in onset potential was recorded for Sn-doped hematite coated with low precursor
concentration compared to pristine hematite (0.22 mA cm™ at 1.8 V vs. RHE). The enhanced PEC
activity can be attributed to the synergistic effect of Sn doping and NiFe-LDH co-catalyst on
hematite, which contributes to efficient separation of the photogenerated charge carriers and
reduces hole accumulation at the surface. However, for the high precursor concentration case, the
formation of a thick film of NiFe-LDH results in a comparatively lower current density
(0.85 mA cm™ at 1.8 V vs. RHE). The results obtained show that NiFe-LDH can be used as an
effective co-catalyst to significantly enhance the charge transport properties of tin-doped hematite.
Further, efficient management of the oxygen gas bubbles evolving at the photoanode surface is
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important for improving the overall performance of a PEC cell. It is desirable to reduce the bubble
residence time at or near the electrode surface for promoting an easy electrolyte access to the
photoanode surface, thereby enhancing the oxygen evolution reaction (OER) Kkinetics.
Computational fluid dynamics (CFD) simulation results and experimental investigation show an
enhanced bubble rise and improved PEC performance with the application of forced convection.
This can be attributed to the fact that a higher bubble rise with increased electrolyte inflow velocity
reduces the bubble residence time. Moreover, the CFD simulation study conducted shows a
reduced bubble adhesion for hydrophilic hematite nanorod arrays, compared to planar morphology
of photoanode due to capillary wicking. The developed model predicts that the detachment of the
continuous contact between the adhered bubble and nanorod surface results in a reduced blockage
of active sites at the bubble base, thereby enhancing the PEC performance. Experimental
investigation reveals a 4-fold increment in photocurrent density and reduction in charge transfer
resistance for hematite nanorod arrays, compared to planar morphology electrodes. To address the
potential drop problem associated with a scaled up (10 cm % 10 cm) photoanode substrate (FTO),
a silver mesh thin film was used. Two different patterned silver mesh configurations (square mesh
and fine square) were studied, and the simulation results predict an effective electrode area of

100% for oxygen evolution reaction for both the cases.
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JehTIRIe faggd e (W.fa3,) 9d faueH &1 U 4§ R SHoll & R HSRuT
& foTE RIS INH (H,) & U H IS Sl & U H U YT UfehdT & =9 H /TSIl
g1 o faHTS ® 3mde & forg, gReTse 3R Sn SITS (1%, 3% 3R 5%) BHCISC A-Ih Ul
DI 31RO AU UfhdT & AT ¥ RS IYHd WU I dOR fa1 T 47| Sn SIUS gHerRe
TGl & T RIS ¥ A IBRe B TaeTd URad <81 STl 81 Sn 3d XPS Al &
fIRQwor & yar Teran § fob sn @ RAfee dfew & S gl mar 81 iR Wiy dieed (Lsv)
3R SAFIS DT IHTSY W DI (EIS) fIzdvr 39 a1 &1 gf¥ o3d € fF 1% sn
SIts gHeTse H STdH USRI URT G (3 mA cm at 1 V vs. Ag/AeCl) 8 3R ST fbu
T IS} & oI HH I HH 316! SRIHR UfaR1Y 8 | UV-VIS, Photoluminescence 3R Mott-
Schottky faRISOT 3T T € fob 39 IaTg & fo spaay Sifdwd iR faggd o 3=

TR

Ufa3 & Y[ ! SgM 3R 3FIgd THTIAT & YHTT HT 3700 HR & folY, NiFe & o
SET- ST g (FH 3R 3=) R Sd ISR S (LDH) & Sn SITS gHTRE IR Aftd

foar Tl T I UBTY URT 99 ca. 2.9 mA cm? at 1.8 V vs. RHE 3R Tdh 170 mV

HUSH TCATd B YT DI &HAT B! T | GHEIE (0.22 mA em? at 1.8 V vs. RHE)
DI JA1 T HH 3FIgd THPIAT & 1Y AfUd Sn-S18 gHCIRE & [l oi 1T 7T AT | Jg1
g3 U.fa 3 Ifafafd ®1 §Herge WR sn ST 3R NiFe-LDH 8-30R® & Tghaleid THId

& HRUI I YHdT §, Ol BIeIoReS ITo dTgd & HI JYFHU H TRTGH <al § 3R g

TR hole accumulation P HH BT § | BTalih, I UG THRIAT HIHA & fATY, NiFe-LDH

D1 T At flhed & T34 o URUMRGTY oIS &Y I HH YhIRId YRT g (0.85
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mA cm? at 1.8 V vs. RHE) 81dT & | UTtd URUIMAY ¥ UdT IaidT & f NiFe-LDH & Sn-S1tg
gHCISE & TSl CIUIC U Pl g o ol Th THTAT T8-S0R® & =0 | AT fod
ST 9hdl g1 $9% Al U.fAR 9d & 99 UeRH ¥ YR & U ®IArs Idg W
fImRd 81 a1d Sfiqiior 1 gagd &1 HIA YeU a0 ¢ | BICITAIS a8 W UH

M FoaCIeSe Ugd & d¢lal g1 & ol Saidgle ¥dg WR AT I9d YN Jaqdl Harg
AT &) HH HIAT A3 8, s 3iferfior faswrg ufafesar (OER) R &) St off
T | HIECTAS o ! (CFD) R uiRomd SR JanTees oiid, SHfighd Jag- &
3M1de & 1Y HU: 941 §3 Al gl 3R ek U.fa3 yeef fewd €1 sg swawa &
foTT SR 38T S Aehdl & fob 9¢ §U geiaeIense UaTe 9l & | Toh Ied geigall G
QT A THg & HH B! 3, v w.fa X ufafesar & umT o9 & e Sadcis Tde
IR IAGLIATZE B MM Ugd DI A et 81 S STTal, BRI wicking B HRUT
BIRITAIS & qeid SBIRD! BT ol | gIeSIbicid gHeIRE AHIRIS WV & g T
BT JAGAT RIS AT §U HICAA ARl TIidh! RIYCIRIA SEa STATford foham T
T A Rid Aisd Td1d ¢ % Riue are gaga 3R RIS Idg & s MR 9ud &

gl b UNUIFGRTY gaga YR TR fthd T3l & Shrae &H gl offd! 5, fored U.fa R
U= A 3G gt 8| Ui Sffd § U Iad § o Saaeie & @R SIS ! &t o
A U1RI® URT 99 § 4 AT 3G 3R gAfee RIS WRIOMAT & fore aref g uferiy &
HH 31T B 1 THTS 317 (10 cm x 10 cm) ISUE (FTO) F TS faggd fava MRt goer &1
I PR & fo1T, Tep =il B Sireit arell del! fer 1 SUANT fobam 717 AT | & 31efT-

3T U aTet ReaR AR FIFRBTRIA (TR A 3R BT WhIAR) BT 37eqa fobar
T, 3R Rgae™ uikome §d1d 8 &1 GF1 aal & o siwfie fawr ufafesar & fom

100% % JHTHT SATCIS AAHA U & |

Vil
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Symbol

Choulk

CHL

Eored

€o

\]abs

JL

Nd

Nomenclature and list of abbreviations

Definition

Specific capacitance
Capacitance at bulk
Helmbholtz layer capacitance
Crystallite size

diameter

Band Gap

Standard reduction potential
Electronic charge

Electron

Interfacial chemical potential
Acceleration due to gravity
Hole

Current

Photocurrent density

Light absorption

Incident irradiance
Scherrer's constant
Botzmann Constant

Carrier density

Pressure
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Unit

Fem

nm
nm

eV

mA

mA cm™

mW cm”



Rpulk Bulk resistance Q

Rer Charge transfer resistance Q
Rs Series resistance Q
T Transmission -
T Temperature °C
t Film thickness nm
Vi Volume fraction of fluid -

Vs Flat band potential A%
z Number of electrons for releasing one molecule of gas -

a Optical absorption coefficient cm’!
Phki Full width half maximum of the main diffraction peaks radian
A Wavelength of Cu-Ka radiation nm

A Mixing energy density N

0 Bragg's angle degree
€ Strain in the sample -

v Frequency of photon Hz

€ Relative permittivity Fm’!
Epf Parameter controlling interface thickness m
€0 Vacuum permittivity F m?
n Faradaic efficiency -
Ninj Charge injection efficiency -

Nsep Charge separation efficiency -
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Abbreviation
AM
APCVD
CB
CFD
CPE
CO2
DI
EDX

EIS

FTO

H+

H>

H>O

HRTEM

Viscosity Ns m
Density kg m
Surface tension coefficient Nm'!

Phase field parameter -

Mobility tuning parameter m s kg!
Free energy Jm3
Mobility -
Description
Air mass

Atmospheric pressure chemical vapor deposition
Conduction band

Computational fluid dynamics

Constant Phase Element

Carbon Dioxide

Deionized

Energy-dispersive X-ray spectroscopy
Electrochemical Impedance Spectroscopy
Fluorine doped tin oxide

Hydrogen ion

Hydrogen

Water

High-resolution transmission electron microscope
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IPCE

LDA

LDH

LSV

MS

NHE

02

OER

PEC

PIV

PL

RF

RHE

SAED

SEM

TCF

uv

VB

XPS

XRD

Incident photon to current conversion efficiency
Laser doppler anemometry
Layered double hydroxide

Linear sweep voltammetry
Mott-Schottky

Normal hydrogen electrode
Oxygen

Oxygen evolution reaction
Photoelectrochemical

Particle image velocimetry
Photoluminescence

Radio Frequency

Reversible Hydrogen Electrode
Selected area (electron) diffraction
Scanning Electron Microscope
Transparent conductive film
Ultaviolet

Valence band

X-ray photoelectron spectroscopy

X-ray diffraction
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