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ABSTRACT

The rising global energy demands and the depletion of fossil fuels, along with environmental
concerns, have thrust renewable energy sources into the spotlight. However, the intermittent
nature of these renewable energy sources presents a significant challenge to their effective
utilization. Electrochemical energy conversion and storage devices, such as water
electrolyzers, fuel cells, and metal-air batteries, have emerged as promising alternatives for
energy harvesting. Yet, they face a common hurdle: the lack of suitable bifunctional oxygen
electrodes with high activity and stability. The sluggish kinetics of the Oxygen Evolution
Reaction (OER) and Oxygen Reduction Reaction (ORR) lead to high overpotentials,
diminishing energy efficiency and stability of these devices. Moreover, the reliability on
precious metal-based electrocatalysts aggravates the cost and sustainability issues. This thesis
seeks to investigate non-precious metal-based materials, particularly Prussian Blue analogues
(PBA) or Metal Hexacyanoferrates (MHCFs), as bifunctional oxygen electrocatalysts. PBAS,
a class of coordination polymers, offer a cost-effective alternative for electrocatalysis due to
their structural versatility and suitable properties such as high surface area, abundant metal
sites, tuneable morphology, and ease of synthesis. Furthermore, understanding the structure-
activity relationships is vital for advanced electrocatalyst design using these PBA based
catalyst. Thus, this work focuses on developing highly active and stable PBA-based
bifunctional oxygen electrocatalysts by exploring potential strategies, including structural
modifications, doping, and hybridization with carbon supports. The thesis comprises eight

chapters, each outlined briefly below.

Chapter 1 provides a brief introduction to bifunctional oxygen electrocatalysis, its
mechanisms, and its significance in electrochemical energy conversion and storage devices. It
addresses the major challenges in catalyst design, performance, cost, and durability,
discussing the scope of Prussian Blue Analogues (PBAS) as bifunctional catalysts, along with
associated advantages, disadvantages, and opportunities. A detailed literature survey
highlights gaps in current research, exploring various strategies to enhance the performance
of MHCFs-based catalysts. The chapter concludes by outlining the scope and objectives of
the thesis focused on the development of MHCF-based electrocatalysts for bifunctional
OER/ORR.



Chapter 2 delves into the methodologies employed in this thesis, including nanomaterial
synthesis, physicochemical characterization, and electrochemical analysis. It elaborates on
the important techniques and parameters for evaluating bifunctional oxygen electrocatalysis
using PBAs as catalyst materials.

In Chapter 3, the strategy of introducing carbon support to address the challenges associated
with the low stability and conductivity of copper hexacyanoferrates (CuHCF) was introduced,
A novel approach was employed to create 1D/3D hybrid nano-heterostructures of 3D CuHCF
functionalized with multi-walled carbon nanotubes (f-MWCNTSs). The resulting
electrocatalyst (CUHCF/f-CNT) demonstrates a remarkable improvement in both OER and
ORR due to the synergistic effects of CUHCF and f-MWCNTSs. Specifically, the CuHCF
catalytic sites facilitate mass transport, while the f-MWCNTSs boost electron conduction and
enlarge the surface area. Additionally, the strong metal support interactions (SMSI) between
CuHCF and f-CNT enhances charge transfer at the electrochemical interface, elevating the
electro-positivity of Cu catalytic centers and defect sites for efficient adsorption of reaction
intermediates. Furthermore, the formation of a thin layer of Cu(OH). on the CuHCF surface
was identified as a key contributor to the enhanced electrocatalytic performance.

In Chapter 4, to further enhance the activity and address the limitations of the previous
study, we used a nanocomposite of cobalt-hexacyanoferrate onto a 3D network of
interconnected graphene oxide and functionalized carbon nanotubes support (referred to as
CoHCF/GO/f-CNT). The high OER activity of Co centres due to stability at high oxidising
potentials and the synergistic effect of high surface area of GO and high conductivity of f-
CNT helped in enhanced OER/ORR activity. Further, the SMSI induced electro-positivity of
the Co?" metal center, facilitated the surface reconstruction and formation of CoOOH film
under alkaline conditions, serving as an active site. It was observed that the CoOHCF primarily
contributes to OER through in-situ formation of CoOOH/FeOOH, while GO/f-CNT
maximizes active site density and electronic conductivity. For ORR. Efficient O? adsorption
and faster electron transfer resulting in excellent bi-functional activity with low overvoltage
(0.8 V) and high stability (100 hrs. for OER, 24 hrs. for ORR).

In Chapter 5, we demonstrate a strategy to concurrently engineer the coordination sphere
vacancies and Lewis acid sites, via atomically dispersed Zn?* dopants in CoFe PBA that
makes Co™ more electropositive, to boost the bi-functional oxygen electrocatalysis on PBA
surfaces. The optimal Zn-doping (3 mole%) not only enhances oxygen evolution reaction

activity of CoFe PBAs to the comparable level of IrO2 catalyst, but also depicts an



impressive bi-functional oxygen activity with low reversible overvoltage of 0.84 V. This
work also demonstrated that an in-situ formation of Co®*" (CoOOH) and Fe3* (FeOOH)
during the OER plays a crucial role for the boosted activity in bifunctional oxygen

electrocatalysis.

In Chapter 6 we utilized the strategy of tuning the metal centres/d-band centres in PBA
based catalyst for enhanced OER/ORR activity. The d-band center has been used as a
promising descriptor to understand trends in electrocatalysis for PBAs. Herein, we present
our systematic study aimed at developing a mini-volcano plot demonstrating dependence of
bi-functional oxygen electrocatalytic activity of Prussian blue analogues (PBAS) on their d-
band center. Our results from ex-situ core level and valence band XPS, Raman, and FTIR
spectroscopy suggest that the tuning of d-band center via modulated N and C-coordinated
metal centers dictates their electrocatalytic OER and ORR activities. Among PBAs, the CoCo
PBA exhibits highest activity due to its optimal position of d-band center and abundant Co*"
active sites. Moreover, M-Co PBAs showcased superior performance than M-Fe PBAsS,

attributed to facile formation of surface-active sites, i.e., metal oxy(hydroxide).

Chapter 7 focuses on synthesizing CoFe PBA with two distinct precursor ratios (3:2 and
1:1), to tune the FeCN vacancy in PBAs to understand their impact on catalytic performance.
An investigation encompassing synthesis and anodic activation studies reveals intriguing
insights. The 3:2 precursor ratio exhibits enhanced activity facilitated by the presence of Co®*
and Vrecn than 1:1 CoHCF. Further, the 3:2 also shows facile surface reconstruction as
evident from the analysis post anodic activation. The increased defect sites elevate the
coordination number of Co and Fe, facilitating surface reconstruction in CoHCF (3:2) and
enhancing catalyst performance towards OER and ORR, while also suppressing Fe leaching
for improved OER activity. Operando Raman and ex-situ X-ray photoelectron spectroscopy
analyses further unveil the role of anodic potential in altering Co valence, thereby

strengthening the adsorption of oxygen-containing species and enhancing activity.

Finally in Chapter 8, the thesis work is summarised and concluded. It is concluded that the
various strategies utilized in the work directly influence the surface reconstruction in PBAs in
alkaline medium leading to different activities. Furthermore, the future scope of the thesis has

been discussed.
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JITaRofT RT3 & Ary-ary kg FaT T dadr AT 3R Siared ST i Fay oF 3181
Fot Al @ GREAT 7 @ e g1 grenifes, 3o Aol Fet Aidt i ot & g wHa
3UTEA LT Tpfcr 3eTeh FoATAT AT & foIT Teh Ageaqol Felel T Fc g1 e
TR ol FITAROT AR HSROT 3UHIT, S o STef Serrgtensor, $ueT 9o 3R arg-
A A, Foll Had & ToIT 3MemTstetes faehoul & &9 7 33 § | 6T 8, 3¢ Teh 317e aen
ohT HTHAT AT ISl 2 3T IATafer 3R [EUAT & A1 3UYeFd gfd-hrilcHen Jierdistt
goldrels T HAT| 3ot FalegereT Ruarre (OER) 3R 3fferdisier Reareret Ruar
(ORR) o & IMicTehl @ $oT ITIUIT T 3T &THCT, Foil G&TAT iR TERT e g ST B |
g8 3TeTdl, HAN UTT-3TRT fIeId 3RF R FARETAIAT T 3R FR7ar &
HCEl T TGTcl &1 TG AT JaItT AT UT-3TeTR HTATIT, T &7 F GiRIATS 5o
Tl (PBA) AT HAcd gaATadAmed (MHCF) & gfa-aralcAs  Jiadiord
SolFclhelate & FT H ST FT I8l & PBA HGT Uifal&AT &7 Teh T, 379eT
TIIATCHS g Kl wfcrer 3N 3o Aclg &1, TG AT & T TAell, T HBlellon
3R FRATOT H AT SI SUYFT U b HROT SAFEIh AT & ToTT Teh ST FeTeT
fheq YT FTar &1 39 37dTdl, 3o WIPBA 3MUTRA o0 &l 3TN e Joold
e 3R f3oTTge & T ATTAT-aTfaTafer Hatil sl FHSIT Hgca ol ¢ | 58 TR, T§
T EXTATcHS TeNeat, ST 3R releT THAA & AT TRIOT Aigd THITAT I0TAI AT
T G FwWE FAE A@ihg AR R Av-3nuid gfa-sricAs st
SolFgithelote [Ahfid e W Higd g M@ &7 3175 3reary §, Tad T gl &
Tfered faaror A g s g

AT 1 Sf3-TcA® rdictel SoFcrhelafdd, sHe a7 iR fegd tarfas el
TTAROT 3T HSROT 3YHOT H 3G Hgcd I i&cd IRTT YeleT Hidl &1 Tg 30
fEamse, edie, ererd 3 Tanfica & ya@ Ieifaat & Gafd #ar §, Fefd o,
oTeRdTel 3 TERT & HIY-HTY &fd-FATcAS 3cH & ®q H GRIAT Sof TaATellar (i)
o R I T Yl | Ueh faecd drfged Tdfeqor MHCF.-3memRd ScoRent o geelet &
wﬁ%ﬁvﬁ@mmﬁﬁﬁ@r@aw&yaéﬂm 3TTHUIT F HIAAT T ThTA
ST g1 31EATT FT FHAGS gid-scA® OER/ORR & folU TATTAITG-3memd
SolFghe foree & AT W higd MNRAT F gt 3R 3eget 1 Y@ifehd eh fhaT 1T
gl

I 2 39 NPT & AT FRYOTN IR JamTer sTear 8, foad aaiee RIel GeiyuT,
#Hifcreh T faieh wefor aulel 3R faegd Tamafas favevor enfae &) a8 3coRe ara
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& TG H PBA &1 301 e Gfd-HrATcHS ISl Selerclehe o [ I Hedlehel el
& ToIT Agcaqul dereiient 3 ATIEST W fAEAR & Sardr 2|

FEATT 3 A, HIR FFATAIAACH (CuHCF) &1 o & 3N Arelehar & ST
A T FATET et o ToIT hrelet T Y& et T IUTAT der 1 978 2, Sg-Erar
aTel SIelel SAlcgs & HIY SHdcHs 337 WYUAHITSE & 13133 BT AAeil-geegarel
STl & oI Tk AT gfSeahioT A1 39T foham 1T AT (-MWCNTs). aRoTHEETEY faegd
3 (CUHCF/f-CNT) HIqUueit® 31X Uh-UASsogHITACT & HgihaATcHs Tl &
HRUT 3NEHN 3R HNRIAR el F Sea@eid FUR gATar g1 a9y &7 &, CuHCF
3R Tl 93 YA TR IRagT Sl AT el id g, siafeh -MWCNT Sererele
ATeleT T F&TdT &l & 3R T &7 &l Jeld & | 39 JfaRed, CUHCF 3R f-CNT & &
AT 1] ALY 3T Fohar (SMSI) faege Taafeieh $eIha I T HAROT &l Tl
&, ufafshar Fearac & Fere raRiivor & forw A, g, 3R Fhal 3R 2l Trelt i faegd-
HPRIcHSAT DI F&IdT &1 9% 3Teldl, CUHCF Tdg 9X Cu(OH), Fr T Idell TRd &
TS+ 1 T 3R TeRlel H gef& o ToIT Teh YW TeTeleiehcll & &9 H TglaAT I
|

ey 4 7, fafafer a1 3R see 3R Ao sregga $r Dansit & g&6faa & & v,
§H TREW 53 ATHIT 3153 N HATcH Pl Aailcgs FHIT (CoHCF/GO/f-CNT
% T H TEfd) & 3D icdsh W PIETec-FATTIATATIC o AdAhulTole I 3TIIET fhaT|
3T HTFHIOT &TAAT R TERAT & HRUT HE heyl T 3T 3SR ITafarey 3R 3 &
3T Idg 819 & TgihdTcHs IHTT 3R THE-TITIEr I 3T ATelehdl o NSITR/NIRIR
TTATATEr T TGt H FHee I b 3T, SMS| ' Co?* T she; hl e l-HehRTcHehell
1 IR fara, el aRTEATAET # |ag & Af#or 3 CoOOH hed & faraTor &
i vereT T, S Teh Aishd Tl & &9 & 1 Il § | Ig @M I foh CoHCF HET &9
¥ CoOOH/FeOOH & F1-HIg aTaeT & ATETH ¥ OER # ANIGH &l &, STafeh GO/f-CNT
Tfhd ST Teled 3R Solereiioteh TeTehcll i T Il & | IR & AT FHerer
O,-37aNYOT 3R ST Selareiel EATRUT foieh TRUMHEIERYT & 3iaidiecs (0.8 V) 3R
3o TEUXAT & AIY 3cehC Gid-hrATcHe T gl & |

I 5 H, §H CoFe PBA # WA &9 & el Zn?* SN9C & AILIH § TH-aY &1
Rl 3N 3@ vifs argel I FHad T @ SN Fe I 0TI T&RId Hd &,
SiT PBA Td@l TR gfd-sriicaeh TaiIoTe] Seiaglehc (ol [ hl §61dT Gel & folt Co?* &l
318 solacifaifca §aTdar g1 8Seadd Zn-3Ifer (3 HAI%) o dhad CoFe PBAs &l
3iTereiToTet Taehre TicifshaT aTfafafer & Ir0; 3ceh & Jeleld Fo ofeh FGTel &, Sioeh 0.84
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V & &A gidadr HaXalecs & A2 T THIGRITEN &1d-allcHS Jiardiefel TTdare dr
Y gt €1 30 1 F I Y wefHa foram i 383 & g1t Co®*(CoOO0H) 3R Fe®*
(FeOOH) T 31-HI¢ 33+ &I3-hrilcHe 3ifardate] WW@?ﬁE@@%W%
fore sgeaqut siffenr fFemmar & |

AT 6 H A 9T §5 3NSIMRYINIRAR AT & fAw deie 3menfRa 3ere # arg
FHal/ET-d5 T T TIeT e T AN a1 39T | -85 &g &1 393 PBA & faw
e SCURUT o TSl &l FHSA o [T Teh MRATSTeTeh qUTAehcll o & H fohar a1 &
TET, §H YT 3133 chg I FIRIAT sof TeATe1aT (F1T) T gfa-shrdicHen 3ferdiiotet faegd
3T ITTATATEr hr AR T T et el arel Ueh [AT-SaTeAE $[@s ol faeh & e
% 3ECRT { AT AU IETTT GEId A ¢ | ToHd-HIg R TR AR dold o5
TFEHTTH, THT 3R THREBMEIHR TIFEIEHIA & gAR IROMHA Fd1d § [ Alggeles ot
3R Ar-wAfCad U1 el & ATCTA F S1-d5 g T T[T IoTeh! [degd I IR
3R JMIRIR arfafaferat s (AR it &1 CoCoPBA & 21-d5 dher 3R I AT A
Co>* afsha Tl FI 319 ssead ufa & FROT 3Taa#w afafaf™ geiia #xarg| sa+
37eTaT, M-Co PBAs & M-Fe PBAs & TJefell & dgc JekleT foha, fSiaehr S acg-afsha
TTSCT, Al iTFET & 3T ITSeT B 18T ST &

AT 7 39 YGUeT TR 3eieh T ol HASTS o ToIT PBAs # FeCN Rferd &l cge
Y o TIT &Y 3TeTIT-31eTeT 3RIGH 3eIUTe (3:2 3N 1:1) & AT CoFe PBA &1 €T iel
X higd &1 TLVUT 3R TAISH TFhI0T 3EIJAT T MRS et aTell Ueh I feeraey
FHAGTSE T GelTAT Il &1 3:2 Gadcit 3fegdTel 1:1 CoHCF &I Jefell & Co®* 3 VFeCN &
3T E@RT GIrA aIfafaf® & Jefdid #ar g1 S8 3el@r, 3:2 o 3a= ddg
IeAfeTTOT fe@elT & ST foh faReryor diee Tafss Afshaor & TIve &l §¢1 g5 &Iy &8¢ Co
3R Fe &I HH=aT HEIT 1 T¢I 8, COHCF (3:2) H Helg JoATIAT0T hT FITET TeTeT el
& 31 OER 31X ORR & 31X 379X Y&eTeT &l FgldT &, STaih sgd¥ OER aifafafer & farw
Fe oNfIer &1 8ff qarely 81 3RS T 3 TarH-He TaFH-Y Wicigelacle FTaaereehidr
T2 &Y SolH T Sgelel 7 TS &THT T AT T Yol AT & &, fTad JHTerelioter
gerd TSIl o 7erRiTSOT &l Ao FohdT STel § 3R arfafafer 3 serar sran g

37T 3 ITEATT 8 H, AT YT I T HaTT H GEI fohar a1am & 3R F&ATS foham aram B
% [y [Ferelr 37 § o6 S 7 39Ater i F1 arelt faffiest oot emd aregs
# NNT 7 TAG & YATTAIOT T A FHTTAT el ¢ o ad e arafafer g 81
3P 3@, MY Yag & AT F g W TAT f IS §l
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a) A plot of double layer charging current vs scan rate for the
compariosn of Cq values. b) ECSA normalized LSVs with
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The post ORR catalytic a) FTIR and b) Zn 2p XPS spectra.

The post-OER XPS deconvoluted spectra for a) Zn 2p, and b) O1s

XX

192

193

196

197

197

198

198
199

199

200

201

201

202
203

205

205

206

207

207

208
208



A3.20
A3.21

A3.22

A3.23
A3.24
A3.25
A3.26

A4l

A4.2

A4.3

Ad 4

A45
A4.6
A47

A4.8

A4.9

A4.10

A4.11

A4.12

for ZnCoHCF-3. The post-OER catalytic ¢) FTIR and d) its
zoomed portion from 970 to 830 cm™ after OER for ZnCoHCF-3.
The post OER EDX spectra of as prepared ZnCoHCF-3.
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and Zn doped CoHCF.
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The comparison of LSV polarisation curves for a) ORR and b)
OER for CoHCF, ZnHCF and ZnCoHCF-3 in 0.1 M KOH.
Zoomed portion of the PXRD pattern (a, b) and FTIR spectra (c,
d) for M-Fe PBAs and M-Co PBAs showing the trend according
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Zoomed Portion of the (a,b) Raman spectra, c) Fe 2p CL XPS
spectra for M-Fe PBAs, and d) Co 2p CL XPS spectra for M-Co
PBAs.
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The chronoamperogram for the activation of CoHCF (3:2) at 165
V vs RHE for 30 minutes.

The fitted CN stretching peak in the FTIR spectra of CoHCF (3:2),
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SEM and TEM images for CoHCF (1:1) and CoHCF (3:2).
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