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Abstract

Energy harvesting from solar energy, using semiconducting materials, has attracted significant
attention to surpass the growing demands for renewable energy production. The production of
hydrogen (H:) using solar energy is a viable approach to harness solar energy and tackle
environmental issues that are raised due to the use of fossil fuels. Photoelectrochemical
(PEC) water splitting has gained significant attention for generation of H> using solar energy
and water. Recently, 2D materials have emerged as potential materials in energy storage and
conversion applications due to their unique optoelectronic properties, large surface areas, and
good charge mobilities. The present thesis focuses on designing photoanodes using different
2D semiconducting materials and strategies for developing efficient photoelectrodes to achieve

high-performance PEC water splitting.

In this work, the visible light active 2D tin sulfide (SnS;) has been synthesized using the
hydrothermal method to study its potential in PEC water splitting application. Various
characterization techniques are employed to analyze the morphological, structural, and optical
properties of SnS>. The material exhibits suitable band positions that straddle the redox
potentials of water, making it appropriate choice for PEC water splitting. However, the high
recombination rate of photogenerated charge carriers limits its overall performance in this
application. In order to enhance the PEC performance of SnS» photoanode, various strategies
such as the formation of nanocomposites with conducting material, the formation of

heterojunctions, and the doping of transition metals, are used.

The coupling of SnS> with carbon nanotubes (CNT) has been prepared with the help of an in-
situ hydrothermal method, and its performance in PEC water splitting has been investigated.
SnS» is coupled with 5, 10, and 20 wt. % of CNT to determine the optimal composition for

enhanced PEC performance. The electron-accepting behavior of CNT is beneficial for the



SnS,/CNT photoanode to improve PEC water splitting performance. The highest photocurrent
density is achieved for 10 wt. % of CNT in SnS,, ~0.6 mA/cm?, at 1.0 V with respect to
Ag/AgCl which is ~3 times enhanced than pure SnS» photoanode. The enhancement in PEC
performance is because of CNT providing the interfacial path for electron transport and

reducing recombination rate of charge carriers.

Although the SnS2/CNT nanocomposite shows some improvement, the enhancement in PEC
performance is limited. To achieve further enhancement, a type-II heterojunction is formed
between SnS; and g-C3N4. Visible light-active SnS»/g-C3N4 type-II heterojunction is
synthesized with 10, 20, and 30 weight % of g-C3N4 using the chemisorption method. The
SnS»/g-C3Ns-20, a type-II heterojunction, which includes 20 wt. % of g-C3N4 with SnS», shows
the maximum photocurrent density of ~1.0 mA/cm?, which is ~5 times higher compared of
pure SnS>.This observed enhancement is because of type-II heterojunction formation and self-
induced internal electric field, which help to transfer charge carriers easily and effectively

reducing the recombination rate.

Further, to tune the electrical and optical properties of SnS», the effect of Ni doping in SnS> is
investigated. Ni-doping into SnS; improves the electrical conductivity and enhances optical
absorption of the resultant photoanode. The Ni-doped SnS» photoanodes containing 3, 6, and
10 wt. % of Ni are synthesized using the hydrothermal technique. The 6 wt. % of Ni doping
into SnS> (6-NSS) shows the highest photocurrent density of 2.5 mA/cm?, which is ~8 times
higher compared to bare SnS. Ni doping in SnS> offers the maximum number of active sites
for PEC water splitting reactions. The presence of defects acts as trapping sites for charge
carriers, thereby reducing the recombination rate of charge carriers and hence enhancing PEC

performance.
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Finally, the combined effect of Ni doping and formation of type-II heterojunction on the PEC
performance of SnS; is investigated. Next, a heterojunction is formed between Ni-doped SnS»
and g-C3Nsusing the chemisorption method, and its performance is compared with bare SnS..
The Ni-SnS2/g-C3N4 photoanode shows a photocurrent density of ~3.5 mA/cm? at 1.0 V with
respect to the Ag/AgCl reference electrode, which is ~11.6 times higher than that of SnS,. The
enhanced PEC performance of Ni-doped SnS; is attributed to the broadening of its absorption
spectrum, which facilitates the generation of more photogenerated charge carriers participating
in redox reactions of water. Further, the enhanced PEC performance in Ni-SnS,/g-C3N4
photoanode is also due to formation of a type-II heterojunction between Ni-SnS; and g-CsNg,

which increases transfer and separation efficiency of photogenerated charge carriers.
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AR

IR it T ol wiftad (Energy harvesting) & forg NHEICY (semiconducting) gardf &
JUTRT Fg il TAHRUNT ol BT AT &1 IR HRA 8 SIS & b d d T8 | AR

Sl DI Tl T BRGSO (Hz) BT IdTG U TGRS deIdl &, o TR St Bl
ST BT ST Hebell & SR SHATRA S o ST A ool TIaRUT FHETST T FHIUM
foaT ST TodT 8| BIeZaagib G d (PEC) SId faHTSH, IR SHoll 3R ofd &I Tgridl I
BT SIoM JdTe & forg Ueh guTd! fafdl & U # U1 31 g1 gt H, fg-fawia (2p) yardf =
3T Sfgedla SgcaciiFe o, 5 gl &, 3R 3 dToi TRl & BRU Hoif

YSRUT 3R TR WA H SUR UGS GETE §1 adq= Y & § fafis 2D

efaTas Ul BT IUTNT P WIS fSHET - 3R I g&idl a1 PEC oid
faUTSH & o gUTa=ITe WieRdais fAwmiid B3 @1 UM W e dHivd o m
gl

U DA T GRIAM YHT Wihd 2D T YehISS (SnS,) ! B SIUHd At gRT WAl
foram T § 1fer $¥%b PEC O fAHTSH SIISRNT &1 JuTaHTsf HT Sieqa fam o 9 |
SnS: B WeATHS, NS 3R TSR 1o &1 fazawor fafid quiHras ae-ia! &t
T ¥ fhan T 8 | 7 verd UY Sugad o € UISlRH! & UG Rid &l § Sl ofd & Yaia

JUTEIST & SIEU §, R g8 PEC 9@ faueH & e Iuygad a1 1 gTetifop,
ICISI-d dTSf aTgh! & 3o TAYGSH &} & HRUI SUH! Hd TR Siid gl 81 39
TR B S8R §H &g B UM SHUATS TS oY o FaTad Uerdi & Iy Ao

(nanocomposite) ST, BERISIaRIA T fFHTUT, TUT TehHUT LT3 T ST AT
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SnS, DI BT IS (CNT) & W1 Z9-Hig g2 ruHd fafd gRT SieT T 3R 39 PEC
ST fAUTS Ue i T 31eae faedT 71 SnS, 1 5, 10 3R 20 HR UfARIG CNT & 1Y ST
1 i S¥aH T YTRT &1 S ¥ | CNT B1 FaaeH-WIhRA B &HdT SnSo/CNT
BICITAIS & foIT ArySRT A1ferd gichl &, foR™l PEC USRI & guUR BIdT 81 10 wt. % CNT
& 1Y SnS, H ATHIT 0.6 mA/cm? B SHTYHTH IcIh = T-dT U Bial & (Ag/AgC! TaH
SAGCIS & AMUE 1.0 V W), ST Y& SnS, B T & THIHT 3 AT 31 ¢ | I8 R 39
HRU § fb CNT SadeHl & URag & T 32X UGH PRl © IR 1ol algdl &
TS &R B HH HT 8

BT SnS,/CNT RTINS $3 GUR ST &, TR PEC UaRH | gfg Hiffd g1 omy
§¢d 8T, SnS; 3R g-CsNs & S T CIZU-11 FeRISiaRM SR 3R Y 9gaR afkumd urd

fPT U § | SUHH UBT TfhT SnS,/g-CsNa CTSU-I1 BERISaRI T 10, 20 3R 30 wt. % g-
g g

CaNs & 7Y HIHTTR fafd gRT Y=g foram Tam1 3785 I SnSa/g-CaNa -20 (20 wt. % g-

CsNa) TE 3fF ~1.0 mA/cm?2 B ThICTd = I-IdT ol 8, STl o J[G SnS, B! JaT | TRTHIT
5 T 34fY% g1 T8 g TZU-11 geioiaRM & AT 3R g URa siidlke faggd & &
HRU 8, S TTS! A8 Bl WIMIIRT B H JeTadT Hdl § 3R GG & Bl JHdh

U Y HH HIAT 2

2P ARG, SnS, B faggd iR Ui Uil B oga F31 8d ITH Hed (Ni) ST
&1 guTa Hft sreqg forar TaT| Ni ST sns, @ fagyd aTadwar SiR UHTRT SRy &
A1 81 Ni-SUS SnS; WICITAIGH B 3, 6 3R 10 wt. % ST TR & Y gRSIYHA
I GRT dOR o T 3785 F 6 wt. % Ni ST (6-NSS) TTaT BIETAIS U 2.5

mA/cm? BT BIIdh-e BT <dl 8, SNt o Y SnS, Bt gaT H TIH 8 T 31 g1 Ni
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ST & RO AfhT geq B! T el 8, R 5d favrer sififsransit & forg sifere
gfaforar &= fedr 81 91 g1, I aIY TTo! I8! & ¢t Uged & &9 H &1 HRd §,
o grfator ox B ot o § ofR vei H gfg S B

3fdd:, Ni SIftT 3R eU-11 FeRISiaRM AT & Wgad UHTT &1 PEC USRH TR 3
fpar 1| 39F AW Ni-SIUS SnS; 3R g-CsNs & 1T BeRISiaRM ST 74T 3R 39P
UG & g U& SnS; ¥ B TS| Ni-SnSo/g-CaNs BICEAIS 1.0 V (Ag/AgCl Ta

ZATCIS) TR TIHT 3.5 mA/cm? B BIcIdHC IdT &al §, SNt f Sns, Bt gaT H T
11.6 T[T 3ATYH €1 39 U= A 3G &7 99 Ni ST gRT THTRT @<y WaeH & fadR
DI a1 7, R 31 Wi a1s] a8 309 8ld & 3R Y8iaq fifsrarsii § Hr o

21 TY Y, Ni-SnS; 3R g-CsN4 & 1 TT3U-11 ReRISiaRI &1 fAT0T ITS! argeh! o IR0

3R GYTHU] P! Gerdl b JgIdl 7, FoTIY PEC TR 3R 98k gidl |
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