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ABSTRACT

Catalysis plays a vital role in energy sector transformation, offering cost-effective and
environmentally sustainable alternatives. Heterogeneous catalysis has emerged as a preferred
system due to its high efficiency and reusability. Despite this, challenges such as product
selectivity and high metal content have prompted exploration into nanocatalysis and single
atom catalysis. In recent years, considerable efforts have been directed towards reducing
metal particles to atomic levels in heterogeneous catalysts, recognizing the significant impact
of metal size on reactivity and selectivity. These advanced systems, characterized by their high
surface area and structural stability, deliver efficient catalytic performance while minimizing
metal usage. Thus, selecting the appropriate support and metal center becomes crucial in
designing efficient catalyst systems. Therefore, the primary objective of this thesis is to
rationally design crystalline porous frameworks (MOFs and COFs) to stabilize nanoparticles,
nanoclusters, and SAC for heterogeneous catalysis, specifically for energy-related applications.
Through a combination of experimental and theoretical analyses, a comprehensive
understanding was achieved regarding the significance of stabilization and its influence on
catalytic activity enhancement. In chapter 2, we systematically designed an anthraquinone-
based COF to stabilize oxygen-vacant TiO..« NP (TiO,.@COF-Aq) for the electrocatalytic
nitrogen reduction reaction with the aim of overcoming the challenges associated with the
Haber-Bosch process. Through meticulous investigations, we confirmed the uniform
distribution of oxygen-vacant TiO,.« nanoparticles (average size ~7 nm) across the COF-Aq
support through a strong metal-support interaction. TiO,«@COF-Aq exhibited outstanding
ENRR performance, resulting in significantly higher ammonia yield and Faradaic efficiency
compared to conventional nitrogen reduction electrocatalysts. Addressing the inherent
functionality limitations of the parent MOF, in Chapter 3, we extensively explored the effects
of a PSM strategy involving a polydopamine layer on stabilizing ultrafine AgPd nanoalloys.
The application of a thin PDA layer onto the MOF (MIL-125-NH,) effectively stabilized
ultrasmall AgPd nanoalloys (size 2.2 + 0.3 nm). Synthesized catalyst exhibited exceptional
heterogeneous catalytic activity across multiple reactions, including FA dehydrogenation,
Suzuki-Miyaura coupling, aldehyde hydrogenation, and continuous nitrophenol reduction. In
Chapter 4, a ligand engineering strategy was employed to create a thiol-functionalized MOF
(Ni-MOF-SH) aimed at stabilizing ultrasmall Ru nanoclusters (Ru NC) to enhance the alkaline
oxygen evolution reaction. The homogeneous distribution of thiol functionalities enabled
uniform dispersion of ultrasmall Ru NCs (1.5 nm in size). With a Ru content of 3.58 wt%, the

resulting electrocatalyst (RuNC/Ni-MOF-SH) exhibited remarkable activity in alkaline oxygen



evolution reaction, requiring only 248 mV of overpotential to achieve a current density of 10
mA/cm?, along with excellent long-term stability. To further reduce the size of Ru NCs, we
synthesized three different [3-ketoenamine-linked COFs using linear aliphatic diamines as
linkers. Pore size control was achieved by varying the chain lengths of diamines (ethylene
diamine, diethylenetriamine, and triethylenetetramine). Among the COFs synthesized, TFG-
TETA was selected to stabilize Ru NCs due to the abundance of amine sites in
triethylenetetramine and the COF’s iminic sites. The size of the Ru NC over the TFG-TETA
support was found to be 1.25 nm. The integration of Ru NCs with the TFG-TETA support
demonstrated excellent performance in both alkaline oxygen evolution reaction and hydrogen
evolution reaction, requiring only 222 mV for OER and 71 mV for hydrogen evolution reaction
to reach a current density of 10 mA/cm? Moreover, RuNC/TFG-TETA exhibited remarkable
water-splitting efficiency when used as both the cathode and anode, requiring only 1.53 V to

achieve a current density of 10 mA/cm?2.

To further minimize the noble metal atom concentration and maximize the electrocatalytic
water splitting activity, single atoms of active metal sites was stabilized over the MOF and
COF and how the supports affect the electrocatalytic catalysis was studied in chapter 6. In
chapter 6a examines MOFs' role in stabilizing single-atom Ru through controlled pyrolysis
process in presence of semicarbazide as N-dopant. The resulting Ru-N, configuration
electrocatalyst (Ru,/Ni-NPGC) displayed exceptional performance, needing only ~195 mV (for
10 mA/cm?) and exhibiting a lower Tafel slope of ~52 mV/dec in alkaline conditions. Ru,/Ni-
NPGC also exhibits superior oxygen evolution reaction activity across various pH levels and
maintains a long-term electrocatalytic activity. To prepare a metal-free support with abundant
metal complexation sites, a hydrazone-linked imine-based COF was synthesized to stabilize
single-atom Ru in chapter 6b. With ~1.9 wt% Ru loading, Ru,/CDGC showed impressive
oxygen evolution reaction activity, needing only 173 and 21 mV for 10 and 50 mA/cm?,
surpassing commercial RuO,. Moreover, Ru,/CDGC exhibits superior oxygen evolution
reaction performance across all pH levels and maintains structural integrity during prolonged
oxygen evolution reaction activities. The thesis concludes by analyzing the structural stability
after long-term catalytic activity, paving the way for designing the next generation functional
crystalline porous framework supports to stabilize catalysts for various energy-related

catalytic applications.



L3108

Fafefad ST 819 & aRade # Agcaqur HfAHT AT g, S et gy 3R
RO &7 & A3 fdehed e HXar g1 3HTel ITa gafal AR I JAegar
& HRUT faYH IRUT Teh GHAIGT YUTlell & &9 #H 33 g1 38% dIdg[g, 3c91G
TIATCHSAT IR 3TT UT FHIAT ST AT o Aefihe[affa 3R Tohel oATI
hefard T 7 3=avor & AR fhar &1 erer & ant &, wfafrareiear 3R a=rcasar
W YT & PR & HecdqUl qmﬁmaﬁgv,%w%ﬁﬁng%awﬁ
T WA FA dh A el H G & Fh v7r@ v 37w §1 39 3= Jag
& 3R ATHeTcHAS EURAT T fAAWar arell I ool yonfordr org & 3uer &
HH I U FUS 3RH T Tald HA &1 58 TR, HAST 3Rk Joferdy
I f3oTssl et # 3T ALY 3R I She T TIA Hecdqul &1 el g1 ST,
su Nfaw &1 wrafAs g Y &0 @ Fol-wafdd el & fav faww
3T & T A=, AAsilerereed, 3R TadT & R el & fov &8 frecey
fgqel & (MOF and COF) & d&&ed ¥ ¥ f3mgs & g1 yrafde 3R
e Aol & Hatele & ATETH &, RS0 & Hgcd 3R 30 afafafer
Jefd W 38F YHE & I H Ueh AU A gIfAe A TS| JEA™T 2 7 |, g7
SolFCIhelollceh sT8elolel heldl UTdfhal & T fFTseT-RFd TiO,« NP (TiO.-
«@COF-Aq) I TR & & ToIlT uafeyd ¥9 ¥ Th TYTeaall-3meid COF
fSSTseT foham §, ToraehT 3eeRT SHA S[ST Gailicrdl 9T hiq ITell &1 ge-aer Tishar.
rEaYHgde Sd & AEIH 8, A Ueh Holqd UT-GHYT ST o ALIH 4
COF-Aq AT H AHaFEITA-RFT TiO, A0l (ATT PR ~ 7 TATH) & TATA
faeRor &1 gfSe &I TiO,.@COF-Aq @ 3chsec ENRR Yedie wefRia fonar, foras
IRUMHAETET GRURE ENRR SeIrelheiofe i Jdofell H Sl 3t 3mfaar sue
3R RIfEF g1l ed g1 A UANUG F Idffed wrdemAdr et
HSIRT I GO, HET 3 H, §AA Ieghige TN AdAITeid HI R e |
ICSIATATSS W ¥ s Uee-THdfee FRitreT 0 & Jemal & dds &9 4
Il AT TANTG (MIL-125-NH,) W T Tcfell ST IR T Ig9deT Feiray
ST T 3eCIEAlT TolUIEl aAlvelld (3R 2.2 + 0.3 TAUH) FI R aar &l
HLATNT 3R o1 Sy FfAfehaI3l #H IATYROT faud 3R Afafafr gefeia &,
S wiffAs TS SEEgomer, golhl- AT JIA, Tesgiss gIsgleiaieniol
IR TR Aschara HaT enf@a &1 3T 4 #, v foeis seifaaRer wEhfa
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FI YT Pleh Toh [ANA-PaAdBe8 MOF (Ni-MOF-SH) ST 3rar 21, fo T
3eeRT &I 3iferdee faerd 9fafshar (OER) T dglel & folv 3fegieAld Ru
AlFIEey (Ru NC) FI f&R T a1l A3 SRcASRaR & JAwT AaRor o
3egFATT RuNCs (3R #H 1.5 nm) & FHATT thelrd &I G877 fohar| 3.58 wt% &hr
Ru I#T & AT, IRUMHT Selagiheroe (RuNC/Ni-MOF-SH) & & OER &
3ed@AT AAA yeia $I, ITHH 10 mA/cm?2 & IIHATT Helcd Ued el &
frT dhaer 248 mV AR $Hr 3aegehrar oY, 614 & Iehse Jreverfae fFurar
1 RuNCs & 3R Al IR HH Fa & (o7, §Fa ol & ®9 H W@ tferthies
SIATS HI 3TART I dled ITAIT-3eTdT P-RIeITATHSA-Tolds COFs I TN
fhar| saAE (Tl SATSH, SEUAeTeIaAsa 3R BuideldcarAsd) @I
Gl TdIS & Teeehy & 3MhR A0 yree feohar aram| HeAf¥d COFs &, TFG-
TETA I ST & 31 Arsel 3R COF & sfafas arser & ggear
% ROUT RuNCs H R & & [T g1 =1 a1l TFG-TETA 8%\ W Ru NC
®T AR 1.25 nm 9T 3T TFG-TETA FAIST & TATT Ru NCs & THEOT o
&I OER 31 HER AT # 3chse Yadied &1 yedie fahar, fS@# 10 mA/cm? &
JIHAT Tolcd doh qé’uﬁ & T OER & foT &haer 222 mV 3R HER & foT 71
mV &7 3aeThar Y| sT& 37eal, RuNC/TFG-TETA & $2i5 3R w8 et & &9
A 3TET FT I W Sod@adlT Fd-[aHTSIT c&Tar & 9T fomar, f3as 10
mA/cm? &1 TAHT Heled WIS %1 & oI shael 1.53 Val 3aegehar Al Seapse
1] IRATY] Higal H 3R HF7 e 3R gedernefaics Sof aHe afafafer i
IR dH e & AT, afshd urqg |rsel & Ushel AT ® MOF 3R COF W
R fohar s o7 3R AT FA Solaciheldiced dhefadrd Hl gHIfad #d §,
ST EITT AT 6 H THAT IAT AT| I 6aH N-3UC & FT H JH A5
$r sufeafa # AT aRIfafad gfhar & ATedd § Tha-9RAT] Ru HF {8R=2R
el H MOF &I ${fRe T S &1 18 &1 aRomA Ru-N4 faama seerdiancfaee
(Rut/Ni-NPGC) & 3HTIROT Ul Ueid foham, i shael ~195 mV (10 mA/cm?
& forw) &1 3maegsdr & 3R e Bufadt # ~52 mV/dec &7 fager She gallel
Tefd fRaml Ruy/Ni-NPGC faffiead pH TRi & §gaX OER 1fafafer & wefdia sar
€ T AT # U] Hepolel TUCl & AU Ueh UIJ-HoFd FAVT R e & g,
LI 6 H Thol-TAY] Ru bl R HA & AT v gggreila-foas gamge-
3T COF &l Axeii™d fohar I/ r a7l ~1.9 wt% Ru oifS3T & &Y, Ruy/CDGC o
gaTraRmelr OER 1fafafer ff@rs, 10 31k 50 mA/cm? & faT Faer 173 3iR 211 mV
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$r TaeTgehar &Y, S arfoifcde RuO, & 3ET el 9T 38 37eldal, Ru1/CDGC
FHT pH TR IR 98} OER Y& Y&TTd idT § 3R o FAT doh OER aifafaferat
& aRIT TEATCHS WAl S0 @dr &l N{F &« 3af Hr 300w afafaf
% d1¢ TXTcHS RUXAT & fa2eIvuT &teh FHATCT gidl g, S [affied Far-aafad
39 AR & AT 3T F TR a6 & [T 3nerel ©dr & SicHs
e ot o & FAST it fSse el &1 AT TREd &l &l
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