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Abstract

The conversion of small molecules like H,O, CO», N2, and NOx into essential
chemical species like Ha, O2, CH4, and NHs, respectively, is vital for numerous
chemical and industrial applications. These conversions generally involve
several processes, including redox reactions, catalytic mechanisms, and energy
input from heat (thermochemical), light (photochemical), or electricity
(electrochemical). Understanding and optimizing these conversions is important
for sustainable energy solutions and addressing environmental problems. Among
the various processes, photochemical and electrochemical processes are
attracting due to their energy-intensive nature. Moreover, the advancement of
electrocatalysts necessitates appropriate metal ions; if it functions as a redox
catalyst, it must attain an appropriate valence state in line with the Sabatier
principle. Furthermore, it should adsorb species with an intermediate strength—
neither too strong nor too weak—while also exhibiting conductivity and being
composed of earth-abundant materials, as earth-abundant elements. Further, the
earth-abundant elements, such as transition metals (e.g., Fe, Co, Ni, Mn, Cu,
etc.), have become a center point of research due to their availability, cost-
effectiveness, and environmentally friendly properties. However, challenges
such as low turnover number or frequency, insufficient activity, poor product
selectivity, and lack of stability highlight the need for the development of a
superior electrocatalyst. In a similar context, photocatalysts require a tunable
bandgap, photon absorption efficiency, and suitable charge transfer dynamics,
which encompass electron capture, migration, and the reduced recombination of
electron-hole pairs for superior photochemical reaction. Additionally, tunable
structural characteristics such as dimensions, aggregation, and -electronic
attributes—including defect states and band gaps—improve catalytic processes.
Furthermore, the distinct size effect observed in nanomaterials leads to increased
catalytic efficiency in catalysis. The confinement effect in catalysis modifies
essential properties of a system, such as its structure and electronic state, by

restricting a particular physical state, like a nano-state, thereby influencing the
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catalytic performance of the system. Due to poor conductivity, inherent tendency
towards coagulation of the bulk metal oxides and faster charge recombination
under photo irradiation conditions, they are less likely to behave as active
photo(electro)catalysts. In this context, the metal oxide nanoparticles (NPs) are
widely used in catalytic processes. However, the nanoparticles of >100 nm size
also have larger sizes, active sites get blocked during reaction due to aggregation,
a wide band gap, poor reactivity, and conductivity, poor charge transport, and
light absorption limit the catalytic activity. In this direction, quantum dots (QDs)
attract attention among researchers these days due to their distinctive physical
and optical properties. The preparation of metal oxide quantum dots (QDs)
requires suitable surfactants, capping agents, reducing agents, and hazardous
organic solvents, which limit the economic and environmental feasibility of the
process. Moreover, hydrophilic organic ligands with side chains used to stabilize
QDs can reduce the solubility of the QDs and make them unstable in aqueous
environments. Given that, my doctoral research work focuses on the design of
metal oxide quantum dots (QDs) stabilized by polyoxometalate (POMs) as a
protecting ligand. The POMs have oxo groups and are hydrophilic, so adsorption
of analyte and water is suitable in an aqueous phase. Moreover, in POM, the
metal ions are in the highest valence state. Consequently, they are more stable in
oxidative conditions and also show multi-electron redox properties, which make
them suitable stabilizing ligands to protect QDs with tunable electronic and

structural properties.

In my first doctoral work, we attempted to prepare different phases of FeO(OH)
under surfactant-free conditions and aimed to understand the behaviour of
different phases of FeO(OH) on the electrode surface towards catalysis, such as
water oxidation. In addition, among the different phases, polycrystalline
1—FeO(OH) exhibits a better activity compared to the other phases. Further, when
the y-FeO(OH) was stabilized by polyoxomolybdate ((NH4)s[M07024]) in the
quantum regime, it exhibits better activity compared to bare y-FeO(OH) due to
higher surface area and ionic surface fosters the formation of an ordered electrical

double layer, thereby improving charge transport at the electrode-electrolyte
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interface. In the subsequent study, water-soluble polyoxometalate ([M07024]%)
stabilized oxygen vacancy-rich SnO> quantum dot nanoparticles are synthesized
for electrochemical nitrate reduction to NH3, which not only enhances the oxygen
vacancy of SnO> QD core and provides an ionic surface to prevent aggregation
but also enhance the activity due to a synergic effect between SnO> and
(NH4)sM07024. In the follow up work, [M07024] cluster anion is used to stabilize
a vacancy-rich CeO; quantum core (Mo7@Ce0O2), which demonstrates a tunable
band gap favors the absorption of visible light and enhancement of oxygen
vacancy which not only facilitates the charge transfer dynamics between the
CeO, QDs and [M070,4]% though S-scheme heterostructure, but also promotes
the photocatalytic nitrate reduction to ammonia due to spatially separate electron-
hole. Further, the quantum confinement enhances the surface area, facilitating the
catalytic activity. In the final chapter of my thesis, a polyoxometalate (POM)
stabilized ionic TiO> nanostructure ([POM]x@TiO;) is synthesized, where
sodium counter ions on the surface, which balance the charge of POMs, are
replaced with copper(Il) ions, resulting in Cux[POM]@TiO». The band alignment
indicates that the TiO> core has a photo-harvesting efficiency for the
photochemical COzR reaction. Further, the quasi-in-situ Raman investigation
provides support for the adsorption of COz on the Cux[POM]@Ti0O: surface via
{Cu-[CO2]} adduct, which is the crucial step for photochemical CO reduction.
Moreover, distinct components such as TiOz acting as a photosensitizer, POM
serving as a protective ligand for the TiO> nanocore, Cu"' functioning as a co-
catalyst, and simultaneously serving as the active site to promote the CO2R
reaction through the creation of a stable metal-CO» adduct are highlighted. The
thesis highlights the use of polyoxometalates (POMs) as stabilizers to stabilize
bulk metal oxide to metal oxide quantum dots (QDs), which not only resists the
aggregation, reduce the size with increase the active surface area which favors
the stability and charge transport during catalysts and influences electrochemical
process. It also enhances defect states, facilitates charge dynamics, and reduces
band gaps, which favors visible light absorption and enhances photocatalytic

application. Compared to bulk materials, the QD material stabilized by POM
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anions designed in this thesis work shows better electrochemical water oxidation,
nitrate reduction, and photochemical CO> reduction, and nitrate reduction to
ammonia. These types of materials are a unique class of complete inorganic
nanostructures which have never been studied in literature, and the detailed
mechanistic study presented in the thesis will help further to discover new energy
materials and their potential applications, such as photo(electro)chemical
biomass or organic conversion to value-added products and optoelectronics

study.
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IR

H,0, CO,, Ny 3R NO, S BIC SMU[3ff BT HHT: Ha, Oz, CHy 3R NH; SR
TGS I TSI B TR, s I 3R 3 v
& Ty HEw@yUl 8 | 37 S UIGRUN § 3TH dR IR S Ufsbart wnfter grd1 €, i
JSTa Ufafehan, SAR® o7 SR HT (YHIDBHDH ), UBT (BICIhiHm),
1 faolell (Gaaeiatind) ¥ Soll 39YC IMA § | §7 TR0 B THSHA
3R BT IR BT W SHoif UM SR TieRuig FHwrsi &
TSI 1 & fu Aeayet 31 faftw ufkamst & ¥, wiasiied @R
SO IBIADHA UfhaA SO Holl-TTe UHfd & HRU BN HR Gl &
T AT, TATCIB IR DI I P [T UGS YT I DT ATl
gid o; Ufe U8 YT IARD & T | B Hdl g, dl 39 JafeR Rigid &
ITET U IUYd JaiN AT U -t ANfeU | TP S(Tdl, 3 HeHadf
I aTelt Uonfad Bl Sra=ifid &A1 T1feT - 7 o 9gd Aolad 3R 7 &) 9gd
HHGIR - Said araamdl 1 TelRid @dl g iR Tdfl-UeR ddl & 0 J geg-
TR Ut ¥ &1 gIdT ¢ | $9 S1aTdT, it IR UgR {1 § UTE o a7l dd,
O THHTT U (S, Fe, Co, Ni, Mn, Cu, 3fS), 30T IUSII, ANTd-
THTGRIEAT 3R TafaRUl & 3% U & HRUT MY BT $H% fog &+ ML & |
gIclifp, HH cHsNaR §&AT a1 g, i Ty, WRE Idig
TIATHGA R FRRAT FF HHt oRft FAfIAl Th J8dR FaaeidbeoRe &
3P BT IR AT BT IR BT 8 | T4 IRE P TH H, BICIPIoRe Dl
TP ST SSIY, I AR Gl iR IuYad dTol TR STa-Ha
DI AMMAIHAT Bt 7, OoRTH d8R WieihHed Ufafshal & il saag-
PR, HISUTE 3R AR Sils & HH TAHIIeH M 8Id 81 39
SfAREd, SRad TS fIRA S S, THHER0T 3R SAde e
farRramy - ford qI SraTd SiR ' 719 XM € - SRS Ufsransii & gur
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BT ¢ 1 3P Sl AHHCRId § & O a1l fARIE SR & Jya 4
Heforde § SAR® &fdl H i 8! ¢ | Hefaria § Uiy JuTd T Jomel!
& 3MTIRGSH TN B GNFAT HaT &, oY [ D! AT 3R a1
fRUfA, T fa=Iv 1ifae s, o o A=1-Rufd &1 ufcelRia &, foe™
TOTTE o SGR® TR IR SRR USdT g | TR draravdl, Ui UTg ATRIZE &
SHTg Bt Sfaffed Ut SR wier faferor @t fRufadt & dga et & 3t
qTRIgIoH & BRI, § Ak Biel (3adel) SRS & U H HGER HA Pt
HH GHTET I g | 39 Y H, U1q TRIES A1l (T BT A9 &4
T IAR® Ufsharaft & IudNT faban ST g1 §Tefifoh, >100 TIUH SHR &
1B BT SMHR H TST BT B, THABRUT B HRUT UcifshdT & GRM Hishd
1S 3faeE 81 I §, U fawga 88 iy, e ufaferareiieran ofik arerar,
TR TTo! TRAE 3R TP AN SERS TAfafd i Hiferd o g | 39
f=m & wicH Sy (QDs) 39 a1 s fafkiy aiifas ok siffpwa ol &
BRI YDA & S & BT B 81 Ul MRZS Hicq Sy
(QDs) ®! dOR & fo Iugad Thace, HIUT Tole, Nyl wole iR
FARAP HIE-d ieded &I MaRgdHdl gl |, Sif Ufshar & e iR
UOTaR UMY caggTddT & HifHd Bd &1 STP 3Meal, QDs I FRR B & g
ST fhU OIF a1t IS8 o aId gIRSIhicd HIa-d foilg QDs Bt
YAl B! HH B Tohd g R I= STei1g aTdravul § SRR S qHhd 7 |
g @A U, I Sideie WY B Th WD foile & &9 &
GiciisiieIHT e (POMs) §RT FRR fbT 1T 1q 3RIgS HicH SIcH (QDs)
& fEomE R Had 81 PoMs T 3iTeRT THE Bid § 3R A RSB 81 g,
ST ST TRUT H TATATg e 3R U &1 TRaAT SUgad Bidl § | 39 S1ard,
POM H, YT 3 ITdH dag @R H gd g1 Adioiad, 3 Sfiiisfed
fRuferdl & arfier fRR 81 § 3R Ig-3oael Yeia o i fowmd 8, it 32
AT S e 3R IRATHD TUN & TTY QDs B &l HRA & o Iugad
e forfis §91d 5|
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R Ugd Siaede o1 H, g0 Tthace-gad uRfRufadt & Feo(on) & faftm
TN D AR HA BT YA fbaT 3R Iaaes qdg W FeO(OH) & fafira
TRUN & IR D! JHIH PT AT a1, WY fb o STRfip 07| 39 3T,
fafir= =R &, Uleiifohicclig y—FeO(OH) 3{=1 TRUN &1 a1 § dgeR Tfafafd
UelRid Hdr g1 IUP 3T, S y-FeO(OH) &I HicH T H
gicllaifemAdss e (NH4)6[Mo7024]) gRT RR favam man, i I8 3= 9dg
&7 3R SMF® Tdg F BRI 1 y-FeO(OH) HI @l § dgR Tfafafer
TeRfd & 8, S T sgafyd faggd <iest IRd & T8 &I d¢ral <l g,
R SIS SaaIaEe Sexthy R d1S ¢iaule & uR il 31 a1 &
3T 1, ofd § gaRiid dicisiieiifede ([Mos024]%) fRR sifeRfter Rfdd-
TG SnO, HicH Jic A-IHUN BT NH3 T Faaeibied Algec HHl & [og
TR fobaT STaT 8, S 1 69d Sn0, QD HR Ft 3o Rfad &1 sgrar g
3R THHAHRU Bl Ah & T T S g USH HRl §, Sfed SnO,
3R (NHa)M070,4 & S Ueh T haTaTds UHTd & HIRUI i &F +ff srgrar
g1 3Iad! B H, [Mo7024] TR ST BT SUIANT Rfad-TH& CeO, HicH
DR (Mor@Ce0,) B FRR 3 & foIe foran 9T 8, S U &ed 9 Y &l
U Rid Hal g S €2 UBTR P TNV 3R 3iferiior Rfdd &) sgH & forw
3IHT g S 7 HAA CeO, QDs HR [Mo7024]% & S TTo! TRAHR ST
®I S-TPIH GERRCIR & HTeHH § YAUSHS ST 6, e RIS ©0
3T ZAIC-BE P HRUN ST A Wicihefdfed Agec HHI & it Sgrar
adT 8 | 3P 3faTal, HicH IRRY Tdg &F P! TeTdl &, R IR nfafafd
& gRusHs T A 3 A MR ¥ osifow s #, e
grciefiqierde (PoM) fRR MR Tio, FREHR ([POM@TiO,) BI
=AY o TR §, T8l e R AISTH B 3T, St POMs & 1A
! I HA §, B BIAR (1) 3§ gfoiiid fear S g, forads
URUMRGEY Cuy[POM]@TIO, ST 8| §8 TR 31 vl & b Tio, FR
T WIAIBHDHT CO.R TfAfHaT & U WIS geraT 81 39 3fam,
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3143791 I 9 {Cu-[CO,)-} TSHR & HIEH ¥ Cu,[POM]@TiO; Hag
TR CO, & ARG & forg IH UeH el 7, Sl BleldbHebd CO, HH! & fag
Hedqul HeH g | 3P Sl Tio, oY fafTy U ol BIeRIRIeZoR & ©4
" B FXA §, POM Sl TiO, "HIBR & [0 RETHS forle & &9 § Sl
AT €, Cull Sl Y8-3BRP & ¥4 U B T 8, 3R 1Y g1 T R o1g-
CO, 3ifiiferar & fAmfur & A1eam ¥ co,R ufaferar &1 sgrar a4 & fow afepa
TTse & U H BRI HRdl g, TR UBTRI ST 747 & | NG Fcb Aed SHiass
DI Hed TREE HicH Sicy (QDs) T FRR #31 & folt WadssR & ©a §
gret{TaRIAereed (POMs) & SUTINT TR YhTRT STa! g, S -1 had ThATHRUl
BT UfRIY BT ], Sicd Tfchd Tag &F &) ¢ & 1Y HTHR bl HH Hdl
& Sl SBR® & SR fRRAT 3R 1o URae &1 U&itR 7 3R e ihd
Tfoha &Y TUIfad R 1 I8 ar fRufadt &1 of sgran 7, 3t SrRfiey &Y
T ST ], 3R 98 71U &I 0 Il 7, S €2 YHTRT a0 &6 TR §
3R WICIdbe e AN & SeIdl § | Seb MR &I ga-T |, 39 ARy
& § f$9gT feu MU poM 3MEHT gRT RR &t T8 QD It S8R
SARIBHDT oI JHRIBU, A5eC HH! 3R BICIHHBA CO, HH 3R
ST B Ar3ee Bt fGET 81 39 UHR S AEiEl gul sibrafd Al
RIS & Ua Sifgaa a1l &, e afec & w2t sreage =18t fpar g,
3R R & v favqga gifie sremem 72 Sorl IR iR 3% FuTfad
ST, S fh wiel (3ade)) IS SEHN a1 Jegditid Idral 3R
HTPISAAC R ST H 3 FHTAT ST &1 Gisl H= H Hag S|
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modes of [CO2] and [COs]* binding with the copper ion present on the surface.

Figure 6.5. KH'CO; and D>O labelling study. (a) Raman spectra were recorded
under quasi-in-situ conditions during the photochemical CO; reduction with
Cux[POM]@TiO: in (black curve) a >CO, saturated KH!2COj solution and (blue
curve) a 2CO; saturated KH'3COs solution. (b-d) Selected region of the Raman
spectra highlighting the red shift due to the use of >CO»-saturated KH'3CO:s. (e)
Raman spectra recorded under quasi-in-situ conditions during the photochemical
reaction done in (black curve) H,O and (red curve) D>O, keeping identical
CONAILIONS. vttt ettt ettt sttt ettt e bt et e seee bt entesaeenaeentesanens 185
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