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Preface 

The thesis is majorly divided into eight chapters. 

 Chapter 1 introduces the major environmental concern, global warming, which needs 

to dwindle in near future. The main source of CO2 emission comes from fossil fuel combustion 

which can be sustainably substituted by green technology like fuel cells. The main fuels of fuel 

cell are oxygen at cathode and hydrogen, ethanol, methanol in anode. The cathodic reaction, 

oxygen reduction reaction has a very sluggish kinetics with a challenge for 4e- transfer process, 

whereas the best anodic fuel is H2 which needs to be obtained from a green source instead of 

grey sources like burning lignite and steam reforming of methane which release huge CO2. The 

only green source of H2 is from the electrolysis of water using renewable electricity from solar 

and wind power. Other anodic fuel, like ethanol is non-toxic with high-specific energy which 

can be oxidized with 12e- transfer and that gives a high-power density from the fuel cell 

operation. But the major challenge of ethanol oxidation is C-C bond breaking, 12e- transfer, 

CO-, and CHx poisoning on the catalyst surface, which make this process difficult to be 

commercialized. Green hydrogen generation from water electrolysis faces the major difficulty 

of increased potential for water splitting from poor activity for anodic reaction of oxygen 

evolution. In my thesis, I have worked on designing different materials which has shown high 

activity in these electrochemical processes. The best catalytic activity is based on Volcano plot 

for each reaction which is obtained from Sabatier principle, which suggests that an optimum 

energy of intermediate adsorption is required to get the best activity. For achieving best active 

electrocatalyst for all these four reactions oxygen reduction reaction (ORR), hydrogen 

evolution reaction (HER), oxygen evolution reaction (OER), and ethanol oxidation reaction 

(EOR), I have tuned variegated materials using various design strategies like intermetallic 

synthesis with proper active site selection, tuning neighbouring group and ensemble effect using 

doping, lower metal loading with enhanced uniform distribution using different support based 

systems and morphology controlled studies. I have also tuned synthetic conditions from high-

temperature long-duration solution phase synthesis to room temperature, ambient condition, 

and instantaneous synthesis via electrodeposition. Besides material design and catalytic 

applications, I have also dedicated my work for understanding the reactive sites, dynamics of 

the phase and mechanistic pathway via in-situ spectroscopic and analytical techniques for 
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understanding the reaction kinetics which can help in better enhancement in the field of 

electrocatalysis. 

 Chapter 2 demonstrates the well-known oxygen reduction reaction (ORR) and its 

limitation of slack kinetics of the cathodic half-cell reaction, Platinum, being the most active 

ORR catalyst, is still facing challenges due to its corrosive nature, and sluggish kinetics. Many 

novel approaches of substituting Pt have been reported, which suffer from stability issue even 

after mighty modifications. Designing an extremely stable, but unexplored ordered 

intermetallic structure, Pd2Ge, and tuning the electronic environment of the active sites, by site-

selective Pt-substitution, to crossover the hurdle of alkaline ORR is the main motive of this 

chapter. Platinum atoms substituting at specific Pd position leads to Pt0.2Pd1.8Ge demonstrated 

half-wave potential (E1/2) of 0.95 V vs RHE which outperforms state-of-the-art catalyst 20% 

Pt/C. The mass activity (MA) of Pt0.2Pd1.8Ge is 320 mA/mgPt, which is almost 3.2 times better 

than Pt/C. E1/2 and MA remained unaltered even after 50,000 accelerated degradation test 

(ADT) cycles which makes it a promising stable catalyst with its activity better than the state-

of-the-art Pt/C. The undesired 2e- transfer ORR forming hydrogen peroxide (H2O2) is 

diminished in Pt0.2Pd1.8Ge as visible from rotating-ring disk electrode (RRDE) experiment, 

spectroscopically visualized by in-situ Fourier transform infrared (FT-IR) spectroscopy and 

supported by computational studies. The effect of Pt substitution on Pd has been properly 

manifested by X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy 

(XPS). The swinging of oxidation state of atomic sites of Pt0.2Pd1.8Ge during reaction is probed 

by in-situ XAS which efficiently enhances 4e- transfer producing extremely low percentage of 

H2O2. 

 Chapter 3 discusses about atomic cobalt (Co) incorporation into the Pd2Ge 

intermetallic lattice facilitates operando generation of a thin layer of CoO over Co substituted 

Pd2Ge, with Co in the CoO surface layer functioning as single metal sites. Hence the catalyst 

has been titled Co1-CoO-Pd2Ge. High-resolution transmission electron microscopy (HR-TEM), 

X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) confirm the 

existence of CoO, with some of the Co bonded to Ge by substitution of Pd sites in the Pd2Ge 

lattice. The role of the CoO layer in OER has been verified by its selective removal using argon 

sputtering and conducting OER on the etched catalyst. In-situ X-ray absorption near edge 

structure (XANES) and extended X-ray absorption fine structure spectroscopy (EXAFS) 

demonstrate that CoO gets transformed to CoOOH (Co3+) in operando condition with faster 

charge transfer through Pd atoms in the core Pd2Ge lattice. In-situ Raman spectroscopy depicts 
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the emergence of a CoOOH phase on applying potential and that the phase is stable with 

increasing potential and time without getting converted to CoO2. Density functional theory 

(DFT) calculations indicate that the Pd2Ge lattice induces distortion in the CoO phase and 

generates unpaired spins in non-magnetic CoOOH system resulting in an increase in OER 

activity and durability. The existence of spin density even after electrocatalysis is verified from 

electron paramagnetic resonance spectroscopy (EPR). We have thus newly and successfully 

synthesized intermetallic supported CoO during synthesis and rigorously verified the role 

played by an intermetallic Pd2Ge core in enhancing charge transfer, generating spin-density, 

improving electrochemical durability, and imparting mechanical stability to a thin CoOOH 

overlayer. Differential electrochemical mass spectrometry (DEMS) has been explored to 

visualize the instantaneous generation of oxygen gas during the onset of the reaction. 

 Chapter 4 describes about synthetic conditions for solution phase nanoparticles 

synthesis via solvothermal and colloidal synthesis at high temperature and pressure, which is 

being replaced with electrodeposition at room temperature, within 5-10 minutes under ambient 

conditions. I electrodeposited transition metals Ni, Co, Cu and Fe, amongst which Co gave a 

highly symmetrical hexagonal flower-like morphology for the first time. The formation 

mechanism for these hexagonal flowers have been explored via different controlled 

experiments and this material was tested for electrochemical oxygen evolution reaction (OER) 

with a very low overpotential of only 170 mV for 100 mA/cm2. These Co-flowers were 

deposited on different substrates like Ni foil, Cu foil, Ni foam, stainless steel, and carbon paper 

which reveals the promising flexibility of these highly efficient Co nanoflowers to be 

commercialized due to being deposited on in-expensive versatile substrates which can be a low-

cost candidate of water oxidation reaction.  

  Chapter 5 describes about the solution of using lesser cobalt and attaining higher OER 

activity due to the toxicity and expensive property of Co is becoming a concern, and hence 

deceasing its loading and substitution with non-toxic element like Fe forming CoFe ordered 

intermetallic structure has been studied in this work. Multi-walled carbon nanotubes 

(MWCNTs) with N-doping have been used as a conducting support where Co and Fe is initially 

forming their nitrides CoN/FeN and finally forming ordered intermetallic CoFe via nitride 

formation. It has been explored without N-doped MWCNTs, CoFe is not being formed. 

Nanometric uniform distribution of CoFe intermetallic NPs displayed a very high OER activity. 

The activity is further increased with just 1% Pt loading on CoFe which generated 
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compressional strain on CoFe IM lattice which enhanced feasible conversion from Co/Fe to 

CoOOH/FeOOOH which is reflected in decreased overpotential for the reaction.  

 Chapter 6 discloses the discovery of novel materials for industrial standard hydrogen 

production which is the present need considering the global energy infrastructure. We introduce 

a novel electrocatalyst, Pt3Ge, engineered with a desired crystallographic facet (202) accelerates 

hydrogen production by water electrolysis and records industrially desired operational stability 

compared to the commercial catalyst platinum. Pt3Ge-(202) exhibits low overpotential of 21.7 

mV (24.6 mV for Pt/C) and 92 mV for 10 mA/cm2 and 200 mA/cm2 current density, 

respectively in 0.5M H2SO4. It also exhibits remarkable stability of 15,000 accelerated 

degradation tests cycles (5000 for Pt/C) and exceptional durability of 500 h (@10 mA/cm2) in 

acidic media. Pt3Ge-(202) also displayed low overpotential of 96 mV for 10 mA/cm2 current 

density in the alkaline medium, rationalizing its hydrogen production ability over a wide pH 

range required commercial operations. Long-term durability (>75 h in alkaline media) with the 

industrial level current density (>500 mA/cm2) has been demonstrated by utilizing the 

electrochemical flow reactor. The driving force behind this stupendous performance of Pt3Ge-

(202) has been envisaged by mapping the reaction mechanism, active sites and charge transfer 

kinetics via controlled electrochemical experiments, ex-situ X-ray photoelectron spectroscopy, 

in-situ infrared spectroscopy and in-situ X-ray absorption spectroscopy further corroborated by 

first principles calculations. 

Chapter 7 discusses one of the important criteria for an electrocatalyst is its economic 

viability. Volcano plot for HER suggests that Pt is the best catalyst with commercially used 

catalyst being 20% Pt on carbon support. This work has further reduced Pt loading to 10% with 

non-expensive support of CeO2. The speciality of CeO2 is its versatile morphology, switchable 

Ce(IV)-Ce(III) valency, and inexpensive. This work deals with designing cube and rod CeO2 

morphologies and incorporating Pt metal in-situ (during CeO2 formation) and ex-situ (after 

CeO2 formation) with different loading percentage which gave the best HER activity for in-situ 

incorporation of only 10% Pt in CeO2 cube morphology. This is observed that Pt incorporation 

with enhanced Pt-CeO2 is obtained for in-situ in cube and higher interface has provided higher 

HER. This can be correlated to the H-spillover mechanism during electrochemical HER from 

Pt to CeO2 which is highest for cube morphology 

 Chapter 8 talks about designing a multifunctional electrocatalyst which is of surging 

demand. This work deals with successful solution phase synthesis of an ordered compound of 

Pd and Ni, Pd3Ni, which is assumed to be difficult as almost no adjacent elements in a same 
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group form intermetallic compound. Pd3Ni is a highly efficient and electrochemically stable 

material for tetra-functional activity, as in, hydrogen evolution reaction (HER), oxygen 

evolution reaction (OER), oxygen reduction reaction (ORR), and ethanol oxidation reaction 

(EOR) which constitutes both fuel cell and water electrolyser. Extensive ex-situ and in-situ 

characterization has disclosed the robustness of this material and reaction mechanism in 

different. This material has shown promising activity in proton exchange membrane water 

electrolyser and high temperature fuel cell. Tuned surface of the intermetallic has enhanced C-

C cleavage in ethanol molecules allowing the sluggish 12e- transfer process and have shown 

very high stability of >80k cycles of alkaline HER. Role of pH and potential has been explored 

in retaining the ordered phase of the intermetallic. Tetra functionality and its extensive 

exploration under different reaction conditions have been done in this work.  
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1.1 Background 

The ultimate dream of the humankind in the current scenario is to use the terms ‘fuel’ 

and ‘combustion’ without having to encounter any carbon dioxide (CO2) or carbonaceous 

compounds. To date, the utilization of non-renewable energy resources (like coal, petroleum 

and natural gas) is exceeding the use of renewable ones like wind, water, biopower and solar. 

The enormous growth of population has led to extensive consumption of these fossil fuels1 and 

release of noxious CO2 gas that has caused global warming, hiking the temperature at an 

alarming rate. This notorious gas is increasing the global temperature affecting the quality of 

life significantly. Increased CO2 into the atmosphere leads to fwollowing consequences: 

a.   Melting of ice caps, glaciers increasing the sea water level.  

b.   Natural extremities like heavy rainfall, heatwaves, wildfire. 

c.   Damages of aqua-life and wildlife severely. 

d.  Increased animal and human death rate due to hike in temperature, increase in 

spreading diseases. 

The major environmental concern, global warming, needs to dwindle in near future. The 

main source of CO2 emission comes from fossil fuel combustion which can be sustainably 

substituted by green technology like fuel cells. The main fuels of fuel cell are oxygen at cathode 

and hydrogen, ethanol, methanol at anode. The cathodic reaction, oxygen reduction reaction has 

a very sluggish kinetics with a challenge for 4e- transfer process, whereas the green anodic fuel 

is H2 which needs to be obtained from a green source instead of grey sources like burning lignite 

and steam reforming of methane which release huge CO2. The only green source of H2 is from 

the electrolysis of water using renewable electricity from solar and wind power. Other anodic 

fuel, like ethanol is non-toxic with high-specific energy which can be oxidized with 12e- transfer 

and that gives a high-power density from the fuel cell operation. But the major challenge of 

ethanol oxidation is C-C bond breaking, 12e- transfer, and CO, and CHx poisoning on the 

catalyst surface, which make this process difficult to be commercialized.  

Green hydrogen generation from water electrolysis faces the major difficulty of 

increased potential for water splitting from poor activity for anodic reaction of oxygen evolution. 

This entire thesis includes works on designing different materials which has shown high activity 

in these electrochemical processes. The best catalytic activity is based on Volcano plot for each 

reaction which is obtained from Sabatier principle, which suggests that an optimum energy of 

intermediate adsorption is required to get the best activity. For achieving best active 
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electrocatalyst for all these four reactions of fuel cell and water spliting, oxygen reduction 

reaction (ORR), hydrogen evolution reaction (HER), oxygen evolution reaction (OER), and 

ethanol oxidation reaction (EOR), variegated materials are being synthesized using various 

design strategies like intermetallic synthesis with proper active site selection, tuning neighboring 

and ensemble effect using doping, lower metal loading with enhanced uniform distribution using 

different support based systems and morphology controlled studies. Tuning of synthetic 

conditions from high-temperature long-duration solution phase synthesis to room temperature, 

ambient condition, and instantaneous synthesis via electrodeposition have been also conducted. 

Besides material design and catalytic applications, this thesis is dedicated for decoding the 

reactive sites, dynamics of the phase and mechanistic pathway via in-situ spectroscopic and 

analytical techniques for understanding the reaction kinetics which can help in better 

enhancement in the field of electrocatalysis. 

 

Figure 1.1 The hydrogen spectrum which represents the sources of hydrogen of different color 

codes. 

1.2 Electrocatalytic energy conversion reactions 

1.2.1 Electrochemical hydrogen evolution reaction (HER) 

The mystery is that such a massive energy is pocketed inside a tiny molecule, H2! The 

world is in desperate need of huge amounts of energy to meet the surging demands of huge 

population and the massive share of this energy is generated with release of enormous amounts 
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of carbon dioxide. Hydrogen (H2) gas, in its molecular form, is the cleanest fuel known to date 

because its only combusted product is benevolent water.2 Hydrogen can be used as a fuel in 

Proton Exchange Membrane Fuel Cells (PEMFCs) for various routine applications,3 as a 

reductant in the utilization of greenhouse gas CO2,
4 as a raw material in the production of several 

chemicals using hydrogenation processes (e.g., ammonia synthesis,5 methanol production6), as 

a direct fuel (e.g., in rocket7),  in metallurgical industries,8 semiconductor manufacturing,9 

pharmaceuticals,8 and any other sectors having concerns related to energy and environment. The 

hydrogen spectrum (Figure 1.1) shows the origin of hydrogen of different color codes. H2 from 

steam reforming of methane and burning of coal is coded as grey and brown H2, respectively. 

Steam reforming of methane followed by capture of emitted CO2 and storage of solid carbon 

generates the blue and turqoise H2, respectively. Water splitting by nuclear energy and solar 

energy generates pink and yellow hydrogen, respectively. Environmentally most green process, 

water electrolysis using renewable electricity needs an exponential growth for the development 

of a powerful H2 generator. 

However, large-scale H2 production is majorly dependent on steam reforming of fossil 

fuels (about 96%),10 and the rest 4% by water electrolysis.11-17 The worldwide market demand 

of hydrogen is skyrocketing and due to immense research and technology developments all over 

the world the overall price of H2 production and setting fuel stations is also expected to decrease 

substantially in next 40-50 years. This is well represented in the Figure 1.2. 

Noble metals (platinum, palladium and ruthenium18), especially platinum, are highly 

electroactive for hydrogen generation via water splitting attributed to their favourable electronic 

structure and optimum energy for hydrogen adsorption and desorption processes.  

 

Figure 1.2. (a) Surging demand of H2 in next 50 years and (b) Corresponding decrease in overall 

price in upcoming 30-40 years. 
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But, extensive commercialization of water electrolysis process is not yet completely 

achieved owing to high cost of Pt. These comerciallization hurdles of water electrolysis process 

can be overcome either by reducing the cost of the catalyst or improving the performance or 

combining both. Even after a long scientific journey of synthesizing non-Pt based 

electrocatalysts, none of them could set foot in the performance region of Pt.  

There are five critical parameters that dictate HER activity of a catalyst: (1) onset 

potential, (2) current density, (3) Tafel slope, (4) stability in wide pH range and (5) industrial 

standard durability. However, discovering a material holding all these parameters together is a 

challenging task. There are several strategies used to develop materials, for example, combining 

Pt with 3d transition metals (TMs) or p block elements. This can alter the 5d electron occupancy 

of Pt and Pt-Pt interatomic distance, tuning d-band center and modifying the electronic 

structure.19 The electronic structure modification improves the charge transfer kinetics and 

intermediate stability on the surface thereby lowering the activation barrier of the reaction. 

Electrolysers are of two types, proton exchange membrane (PEM) water electrolyser and 

anion exchange membrane (AEM) water electrolyser. Designing electrocatalysts active in acidic 

and alkaline water is challenging hence the first step for HER is different for both cases. The 

reaction mechansim is given as below:  

Acidic medium:  

Volmer step:                 M + H+  +  e−  →  MH∗         

Tafel step:                  MH∗  +  MH∗  →  2M +  H2 

Heyrovsky step:        MH∗  +  H+  +  e−  →  M∗  +  H2  

 

Alkaline or neutral medium:  

Volmer step:               M +  H2O +  e−  →  MH∗   +  OH−            

Tafel step:                  MH∗  +  MH∗  →  2M +  H2 

Heyrovsky step:        MH∗  +  H2O +  e−  →  M ∗  + H2  +  OH−
 

 

Hence, two important parameters for a best HER catalyst is optimum hydrogen 

adsorption and H2O dissociation for both acid and alkali mediated HER.  

1.2.2 Electrochemical oxygen evolution reaction (OER) 

As discussed in the previous section, electrochemistry is the green path of generating 

hydrogen from water spliting via the water reduction process at the cathode.20, 21 The lesser 
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energy requirement for water splitting is ruled by the overall potential window of both the 

cathodic and anodic reactions.22 Even after achieving an efficient cathode material for hydrogen 

evolution reaction (HER), there may be increased cell potential for the water splitting due to 

high overpotential requirement for anodic porcess of oxygen evolution reaction (OER) as shown 

in Figure 1.3a.23 Keeping a highly HER active catalyst, if the OER catalyst is varied there is 

significant change in the overall energy consumption for water splitting. Hence, achieving an 

efficient OER catalyst is an integral part of green H2 economy. OER takes place more feasibly 

in alkaline media with abundance of OH- which is the reactive species. The OER mechanism in 

alkaline media is given as:  

M +  OH−  →  MOH + e−  

MOH +  OH−  → MO +  H2O+ e− 

2MO ∗ →  2M +  O2 

MO +  OH−  →  MOOH +  e− 

MOOH +  OH−  →  M +  O2  + H2O + 𝑒− 

The slower kinetics of OER is majorly due to the conversion of singlet state species OH- 

(or H2O) to triplet state O2 which necessitates a higher overpotential increasing the full cell 

potential of an electrolyser.24 Hence, an efficient OER active catalyst is also required to generate 

green hydrogen providing least electric potential.  

Expensive metal oxides like IrO2 or RuO2 are being considered the state-of-the-art OER 

catalysts and they lack the superior activity and high durability during the long runs of OER 

alkaline harsh conditions due to the dissolution of Ir or Ru in reaction conditions of high pH and 

high oxidation potential.25  

 

Figure 1.3. (a) Electrochemical linear sweep voltammogram (LSV) comparison of full water 

splitting by two different OER catalysts A and B using a same HER catalyst C. (b) Schematic 

representation of a proton exchange membrane fuel cell (PEMFC). 
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The difference between the adsorption energies of O* and OH*, GO* - GOH*, is the 

major descriptor for OER which decides whether the catalyst will provide faster OER kinetics. 

This energy difference is mainly governed by number of electrons in the d-orbital and electronic 

configuration (eg) of the transition metals in their oxides.26 Presence of a unpaired electron 

(metals with higher spin) can stabilize the O* radical and hence making GO* - GOH* more 

negative facilitating the overall OER kinetics. Designing an efficient material with high 

efficiency and durability is very necessary for making the green hydrogen generation process 

more economically viable.  

1.2.3 Electrochemical oxygen reduction reaction (ORR) 

Fuel cells, especially the proton exchange membrane fuel cells (PEMFCs) are the 

solution to drive automobiles without generating carbonaceous biproducts. Fuel cells have 

oxygen reduction (cathode) and hydrogen oxidation reaction (anode) (Figure 1.3b). The basic 

drawback of ORR is its sluggish kinetics which decreases the overall rate of fuel cell operations. 

The reaction mechanism of ORR in alkaline medium is:  

Step 1:      O2 + H2O + 2e- → HO2
- + OH-    Competitive reaction  

Step 2:      HO2
- + H2O + 2e- → 3OH-      

One of the challenges for ORR is high amount of hydrogen peroxide production. ORR 

mechanism proceeds via incomplete (2e-) transfer and complete (4e-) transfer forming H2O2 and 

H2O as the final products, respectively. Four electron transfer mechanism is the most desired 

one in fuel cell applications since that involves higher electron transfer and generating higher 

power. This reaction mechanism selectivity is dictated by the different ORR intermediate 

binding on the active sites of the catalyst.27, 28 If OOH* intermediate is strongly adsorbed, 

peroxide desorption is not allowed, and O-O bond is made weaker. Thus, O-O bond cleavage 

occurs leading to OH desorption and adsorbed O atom further gets protonated followed by 

further electron transfer. Whether the OH adsorbed intermediate will desorb or protonate to form 

water, or it gets strongly adsorbed on the surface, dictates the stability of the catalyst in long-

term reaction. Platinum is the most active and stable electrocatalyst for ORR till date, the only 

disadvantages being its high price, less abundance, and increased poisoning. Intermetallic 

compounds exhibit enhanced performance and stability. Blocking of the active sites by strongly 

adsorbed OH is very common in Pt and Pd sites which decreases their stability.29-31 By tuning 

the active sites electronically using other heteroatoms in coordination (ligand effect), the 

adsorption energy of OH* can be decreased, which in turn reduces the poisoning effect. 



Introduction                                                                                                                                         Chapter 1 

10 
 

Decreasing the poisoning effect increases the number of active sites exposed to the reactant 

species, hence the ORR and overall fuel cell activity persists for a longer period of time. 

1.2.4 Electrochemical ethanol oxidation reaction (EOR) 

As H2 is used as anodic fuel in proton exchange membrane fuel cell (PEMFC), small 

molecule alcohols are used as fuels in direct alcohol fuel cells (DAFCs). Amongst ethanol and 

methanol, ethanol is an environment-friendly fuel with a very high theoretical energy density of 

8030 Wh/Kg and hence can be used as a fuel for transportation and delivery purposes.32 EOR 

occurs via two mechanism, 4e- transfer incomplete oxidation producing CH3COOH (or 

CH3COO-) and 12e- transfer complete oxidation forming CO2 (or CO3
2-).33 More number 

electrons transferred will generate more power in DAFCs.33 Pd is considered as an EOR active 

state-of-the-art catalyst for generating acetic acid and carbon dioxide, whereas it is associated 

with notorious CO posioning which blocks its active sites.34, 35
 Attempts are highly required to 

achieve selectivity of products (majorly CO2 formation) and to get rid of the CO posioning 

effect.36 Efforts have been made to diminish active-site poisoning, product selectivity, and 

enhanced current density. 

1.3 Understanding reaction mechanism  

The above discussed four electrocatalytic processes have different reaction mechanisms 

with different reactants and intermediates formed. Figure 1.4a schematically shows the 

reactants, intermediates and products formed during EOR, OER, ORR, and HER. The effects of 

conditions like the types of electrocatalysts (composition, size, shape, oxidation state, and 

crystal structure), electrolytes (cation, anion, concentration), pH, temperature, pressure, and 

applied potential gets superimposed onto the thermodynamic and kinetic considerations. A good 

catalyst, in general, should entail on the one hand, optimal adsorption (reactants & 

intermediates) and desorption energies (products) for a preferred pathway, and on the other 

should provide catalytic sites transferring electrons that are close to sites providing protons. As 

per the Sabatier principle, for attaining faster reaction kinetics, the adsorption energies (Eads) for 

all intermediates must be optimum for easy adsorption of reactants and desorption of products. 

This is represented by a volcano plot of catalytic activity vs. Gibbs’ free energy of different 

intermediates in Figure 1.4b. 
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Figure 1.4. (a) Schematic representation of all electrochemical processes of EOR, OER, ORR, 

and HER. (b) Volcano plot of activity vs. Gibbs’ free energy.  

1.4 Catalyst design for water splitting and fuel cell reactions 

The central part of the electrocatalysis research is to design suitable, robust catalyst 

materials which would be able to convert different reactants to corresponding products for all 

reactions shown in Figure 1.4a at a minimum applied potential producing higher current in the 

process with faster electron transfer. Figure 1.5 summarizes some of the important 

classes/families, examples, and strategies of electrocatalyst designs explored in fuel cell and 

water splitting electrocatalysis. Catalysts design strategies for fuel cell and water splitting can 

be classified as few major types viz. modification of active metal site, and morphology, role of 

catalyst support material, single-atom catalyst, atom selective doping, tuning of ordering of 

catalyst, tuning of oxygen vacancies of different oxide materials, interfacial tuning of core-shell 

type materials, and ultimate motive is to achieve a catalyst with high efficiency and low cost for 

the better commercialization of the material in electrocatalysis.  

 

Figure 1.5. Overall schematic representation of catalyst design for electrochemical reactions of 

water splitting and fuel cell.  
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Although there are many catalyst design strategies for water splitting and fuel cell, all 

those strategies which have been extensively used in the working chapters of this thesis have 

been discussed below (Figure 1.5). 

1.4.1 Morphology-controlled synthesis of catalyst  

Catalysis is a surface phenomenon which indicates higher surface area of a catalyst will 

have higher catalytic activity. One of the interesting features of nanoparticles synthesis is that 

at the nanoscale and microscale the morphology of a material can be tuned and varied to 

ultimately give different unique shapes to the similar compound (Figure 1.5). The morphology 

of a nanoparticle is dictated by the type of crystal facets exposed during the growth of the 

particle. Shape engineering of the nanoparticle can be opted by careful synthesis, which would 

expose the preferred plane and give rise to proper shape and morphology.37, 38 The exposed 

crystallographic facet has a strong role in controlling the intermediate adsorption during the 

electrochemical reaction and determining the electrocatalytic performance.39 For example, it is 

expected that if (100) facets of a particular phase are majorly formed, the expected morphology 

will be a cube, whereas if (111) facets of the similar compound are majorly formed, the expected 

morphology is octahedra or sometimes sphere if (111) facets are also accompanied by (100) or 

(110) facets.40 When analyzed at the atomic level, different facets of a compound have different 

atomic arrangements, and catalysis will strongly depend on the atomic arrangements and 

indirectly it is related to the type of exposed facet and the overall morphology.  

Porosity of a catalyst helps in increasing the surface area and hence reactive 

intermediates are adsorbed more feasibly and that increases the rate of the reaction. 2D thin 

film-like morphologies provide high surface and extended exposure of active sites on both sides 

of the layers, and ion-intercalation inside the layers can enhance the overall electron transfer 

rate during the electrocatalysis.41 Whereas 3D spherical morphology has higher curvature and 

exposing huge surface area that again enhances the rate of the reaction.42 Sharp-edged 

nanoparticles exhibit higher surface area, and most-importantly they have higher charge density 

at the tip and sharp edges of the nanoparticles, due to which more facile charge transfer takes 

place at those regions, instead of the flat smooth surfaces where the charge is distributed over a 

wide area.43 In some morphologies like icosahedron, dodecahedron the high-index facets are 

obtained which have high-energy and dangling bonds due to coordinatively unsaturated atoms 

which lead to higher reactivity of the catalyst.44 This strategy has been used in chapters 4, 6, 

and 7. 
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1.4.2 Single-atom or atomically dispersed catalysts 

Single-atom catalysts (SACs) are commonly atomically dispersed transition metal atoms 

on 2D support and connected with a heteroatom (like N, C, P, O, or S).45 SACs refer to 

embedding atomic sites of the active metal on an organic or inorganic support using very less 

loading of the atoms which actively participate in the catalytic process. SACs provide the benefit 

of high catalytic efficiency which indicates using the active catalyst at ultra-low concentrations 

and utilizing the efficiency of each atom by making the atoms dispersed on the substrate without 

any clustering of the active metal.  

The electronic and geometric environments of single atoms can be finely tuned by 

modifying the type of substrates being used which can be highly crucial for achieving the 

Sabatier optimum for any kind of electrocatalytic process.46 The support must help to anchor 

the single atoms stably to prevent the change of dynamic state of weakly anchored single atoms 

which leads to clustering to form small nanoclusters of the metal, losing the property of the 

single atoms. The support material itself should be stable in the harsh reaction conditions of 

electrocatalysis.47  

The major benefit of single atom catalysis is implementable for HER and ORR since the 

major discrepancy for their commercialization is the expensive Pt/C catalyst which is the state-

of-the-art catalyst for both HER and ORR.48, 49 Efficient catalysts of single atomic Pt or other 

non-noble metals can promise an economically feasible future for green hydrogen and fuel cell 

research. This mode of material design has been utilized in chapter 3. 

1.4.3 Hybrid phase or hetero-phase catalysts 

Hybrid-phase or hetero-phase catalysts refer to the exposure of two different phases in a 

single compound. For example, a hetero phase of CoSx/FeSx exhibited very high OER activity 

when compared with pure CoSx or FeSx nanoparticles.50 Hetero phase intermetallic compounds 

of Ru2Ge3 and RuGe have exhibited very high current density in alkaline HER with enhanced 

charge transfer between the two phases at the interface which facilitated water dissociation for 

alkaline HER.51 Hetero-phases have an interface between them which enhances the charge 

transfer kinetics allowing the facile reaction. The synergistic property in a hybrid phase comes 

from the complementary property of each phase which enhances the property of the overall 

material. The number of active sites also increase when different phases are present together at 

the exposed surface. Different types of hetero phase or hybrid phase systems are discussed 

below. 
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1.4.3.1 Core-shell morphology  

The existence of two phases with an internal core and a surface shell like layer forms the 

core-shell morphology as a hybrid phase catalyst. There exists an interface between the core and 

the shell which leads to enhanced charge transfer at the interface. Whereas the core component 

cannot directly participate in the catalysis and shell is usually made with the active species for 

the catalysis. Hence, the core can constitute of a relatively less active species yet facilitating the 

electron transfer at the interface. The major benefit of this process is that for the best efficiency 

of active species with lesser loading, a very ultra-thin layer of the active species can be used 

with fully exposed for the catalytic process. Au@Pd bimetallic core-shell nanorods have shown 

that Au core has enhanced the efficiency of Pd shell more than bulk Pd, since there is expansion 

in Pd lattice due to lattice mismatch at the Pd-Au interface and such lattice expansion has 

enhanced -OH binding on Pd reducing the energy barrier of EOR rate determining step and 

reduce the Pd-poisoning by carbonaceous intermediates.52 Many reports have successfully 

observed that increased efficiency of Pt metal in PEMFCs due to (i) tuned electronic structure 

at the Pt shell, (ii) decreased Pt loading with non-Pt core and ultra-thin Pt layer, (iii) Pt shell is 

preventing the dissolution of the easily oxidizable core which has increased the stability and 

efficiency of the low-Pt loaded fuel cell catalysts.53 This strategy is exhibited in chapter 3.  

1.4.3.2 Oxygen vacancy tuned catalysts  

Oxides of metals which are capable of switchable oxidation states usually show the 

presence of O-vacancies in their lattice, majorly on the surface, for example, oxides of Ce, Ti, 

In, Zr, and many other spinels and perovskite based oxides.54-57 It has been observed that 

presence of O-vacancies on N doping in LaMnO3 has helped in enhancing OER and ORR due 

to tuned oxidation state on Mn-species than in pristine LaMnO3.
57 O-vacancies in CeO2 or TiO2  

can thermodynamically stabilize the O-bound adsorption of O2, CO, or CO2 which reduces the 

energy barrier of the reaction.58-60 This strategy is utilized in chapter 7. 

1.4.3.3 Support-based catalysts 

  Dynamic aggregation of nano-electrocatalysts can be avoided by using suitable support 

materials which have good conductivity and surface area for the electron transfer and diffusion 

of reactant, respectively. The physical and chemical property like porosity, toughness of support 

has also been  investigated towards water splitting and fuel cell applications, the synergic effect 

between support and active metal play a very important role in monitoring electrochemical 

performance. This strategy is used in chapters 3, 5 and 7. 
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1.4.4 Doping 

The introduction of a foreign element at the site of the host element changes the 

electronic structure and coordination environment of the host metal due to doping. Depending 

on the electronegativity, atomic size, the effect of doping can be tuned to get enhanced 

electrocatalytic activity. Doping can be metallic or non-metallic doping, which tunes the 

electronic structure of the host-lattice. Either the doped atom can participate in catalysis, or it 

can make the host-metal more efficient for the catalysis.61 Lattice charge distribution, vacancy 

concentrations, surface wettability (hydrophilicity), tuned adsorption of intermediates, 

modulated band-structure are attained via doping. This overall affects the catalytic property 

significantly.62 This concept is being explored in chapters 2, 3 and 7.  

1.4.5 Ordered and disordered catalysts 

The formation of an intermetallic compound (IMC) is a challenge as compared to a 

disordered alloy phase between two different elements.63 Sometimes, it takes many days for an 

IM to form, whereas in some cases, it never forms.64 The major disadvantages of disordered 

alloy compounds are the stability of the materials in harsh reaction conditions and non-

periodicity of the active sites in the lattice preventing further tuning of the catalyst for a desired 

reaction.65, 66 IMCs are thermodynamically more stable, and all elements are ordered 

periodically in almost all facets which assures the availability of catalytically active sites more 

than the randomly oriented alloys.67, 68 Due to enhanced stability of IMs, the surface 

vulnerability of IM is lesser than alloys.66 This can be enhanced by modifying the system by 

structurally ordering atoms, which in another way can be interpreted as tuning entropy of the 

system. The optimum tuning of structural order and entropy can induce the enhancement of 

catalytic activity towards a selected reaction.69 This concept is being used in chapters 2, 3, 5, 

6, and 8. 

1.5 Variegated synthesis procedures for nanoparticles 

Designing appropriate catalysts for water splitting and fuel cell is one of the most crucial 

parts of the entire process as it has an important role in controlling current density, and stability, 

and selectivity of the catalyst. All the above discussed catalyst tuning strategies are mainly 

dictated by the mode of synthesis being used for the nanoparticle formation. The nanoparticle 

synthesis formation varies from long-duration to very instantaneous synthesis, high-temperature 

to room-temperature conditions, from high-pressure to ambient pressure synthesis conditions 

along with the use of various other chemicals during the growth process of the nanoparticles. 

Here, in my thesis, I have tried to enhance the sustainability of the entire research by gradually 
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moving from high-temperature, high-pressure, chemical involved synthesis process to room-

temperature, ambient-pressure and very instantaneous synthesis process using simple and 

harmless chemicals. Following are the different synthesis processes which have been used for 

all the working chapters in this thesis.  

1.5.1 Solvothermal/hydrothermal synthesis 

It is one of the most used techniques for producing thin films, single crystals and 

nanocrystals. The technique involves growing of crystals from an aqueous (for hydrothermal) 

or a non-aqueous solvent (for solvothermal) along with stoichiometric ratios of the desired metal 

salts/ precursors by thermal treatment in an autoclave, where solvents can be brought to 

temperatures above their boiling points to behave as supercritical fluids. Using this technique, 

the properties, morphology, size, and structure of nanomaterials can be tailored easily by varying 

the different reaction parameters, such as reaction time, temperature, reaction medium, pressure, 

pH, and concentration of the reactants and filled volume of autoclave. The electrocatalysts like 

Pd2Ge intermetallic compound , Pt3Ge intermetallic compounds, CeO2 nanoparticles with 

different morphology, Pd3Ni intermetallic catalysts are synthesized for chapters 2, 3, 6, 7, and 

8 in this thesis. 

1.5.2 Colloidal synthesis 

This is a traditional chemical approach of heating organic solvents with stoichiometric 

ratios of salts/precursors at high temperature and ambient pressure to produce nanoparticles 

having a precise control over the specific morphology, shape and size of the nanoparticles. This 

synthesis involves the formation of a suspension of the reactant particles and continuous stirring 

of the solution. Inert atmosphere can be generated by creating vacuum and filling with N2 or Ar 

gas in the reaction setup. Synthesis of Co-Fe mixed nitrides embedded on carbon-based support 

has been done via this process in chapter 5 of this thesis.  

1.5.3 Annealing under H2 atmosphere 

Annealing refers to the post-synthesis treatment of the nanoparticles synthesized via 

colloidal or solvothermal synthesis under high temperature for a certain period (few hours) 

under H2 atmosphere (for reduction) or under N2 or Ar atmosphere (for preventing oxidation). 

Here, CoFe-mixed nitrides formed from colloidal synthesis have been post-treated via annealing 

under H2 gas presence at high temperature for few hours to successfully achieve CoFe 

intermetallic nanoparticles which are highly stable, in chapter 5 of this thesis.  
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1.5.4 Electrodeposition 

Electrodeposition refers to the deposition of metal nanoparticles on a conducting 

substrate from the electrolyte solution containing the metal ions. This deposition is due to the 

electric current (direct current, DC) which is applied to the substrate. This process has huge 

benefits of uniform coating, under very less time, at room temperature and ambient pressure and 

using safe chemicals. This strategy can give interesting versatile morphologies to the 

nanoparticles, and this has been used in chapter 4 of my thesis.  

1.6 Fundamental terms and Parameters to screen various electrocatalysts 

1.6.1 Onset potential 

It is defined as the least negative (for cathodic reaction) or positive potential (for anodic 

reaction) in which a reaction product or faradaic current is detected.  

1.6.2 Overpotential 

It is defined as the potential difference between the thermodynamically determined 

reduction/oxidation potential (Eeq) for a particular half-cell reaction and the experimentally 

observed potential (E) for the same redox event. It is related to cell’s voltage efficiency. The 

overpotential () of an electrode reaction is defined as: 

                                         𝜂 =  E − Eeq  (Eqn. 1.1)    

1.6.3 Tafel slope 

Under high anodic overpotential the Butler-Volmer equation reduces to 

j = j0e−αfη = j0e−αη/RT 

hence, ln j = ln j0 - αη/RT 

therefore, η = a + b log j  (Eqn. 1.2)                                                                           

 

Equation (1.2) is known as Tafel equation where a and b are constants, b is known as the 

Tafel slope given by: 

b = 
𝜕𝜂

𝜕 log 𝑗
 = 2.303 RT/ F   (Eqn. 1.3) 

A smaller Tafel slope indicates a larger increase in current with small change in 

overpotential, which is efficient for electrocatalytic activity. The smaller b means that less 

overpotential is needed to achieve the same increase in current density, indicating faster 

electron-transfer kinetics. An efficient electrocatalyst should have a high j0 and a small b. 
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1.6.4 Electrochemically active surface area (ECSA) 

It is defined as the active area of the electrode material that is accessible to the electrolyte 

for charge transfer. The ECSA will facilitate quantification of the reacting interface area and 

hence, provide more accurate performance comparison of catalysts. For Pt-based catalysts 

ECSA can be calculated from the charge associated with one monolayer of under-deposited 

hydrogen desorption in cyclic voltammetry (CV) while for other catalysts it is calculated by 

running CVs at high scan rate. 

1.6.5 Activity 

The activity of an electrocatalyst is defined as its ability to speed up the electrochemical 

reaction. According to Sabatier principle an optimal level of intermediate adsorption and 

desorption is needed to enhance the performance of the catalyst. Requirement of lesser potential 

(overpotential) to start a reaction or achieving 1 mA/cm2 indicates the higher activity of the 

catalyst. The usual practice comparing the electrocatalytic activity of catalysts are considered 

with respect to the potential required to attain 10 mA/cm2 current density for HER, OER, and 

EOR, which is known as 10 value. For ORR, the potential for attaining half of the diffusion 

limited current density, known as half-wave potential (E1/2) is considered.  

1.6.6 Stability 

The stability of a catalyst is one of the most pivotal factors, which defines the potential 

of a catalyst. Technical targets of the US Department of Energy (DoE) demand production of 

1500 kg/day of hydrogen from electrochemical water splitting device for over a period of 10 

years. Similarly, for the polymer electrolyte membrane fuel cells (PEMFCs) DOE have defined 

fuel cell stack durability of 30000 cycles as their technical target. Comparison of several 

techniques like cyclic voltammetry (CV), linear sweep voltammetry (LSV), electrochemical 

impedance spectroscopy (EIS), double-layer capacitance before and after the durability is 

utilized for long-term assessment of the catalyst.  

1.6.7  Selectivity 

Catalytic activity and selectivity of a material is dependent on the material’s property 

and on the applied potential for certain chemical reactions. For example, in ORR it appears 

predominantly that noble metal-based catalysts prefer the direct 4e- reduction of oxygen to water 

in comparison to the indirect 2e- reduction to peroxide. In the case of EOR catalyst, it is desired 

to achieve 12e- transfer oxidation of ethanol to CO2 formation with C-C bond cleavage. A 

potentially good electrocatalyst is one which has high selectivity towards one product over a 
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wide pH range. Another important parameter is to avoid catalyst poisoning via fine tuning of 

catalyst surface. 

1.7   Experimental and characterization tools for evaluating an electrocatalyst 

1.7.1   Cyclic voltammetry (CV) 

  CV is the most used electrochemical technique that measures the current developed in 

an electrochemical cell when voltage is applied under specific conditions. The characteristic 

electrochemical response of a catalyst is determined from the oxidation and reduction potentials 

that can be qualitatively obtained from CV. During the CV experiment the potential is linearly 

ramped and after attaining the final potential, the potential is reverted to the initial potential.  

1.7.2 Linear sweep voltammetry (LSV) 

Using this technique working electrode potential is scanned in a particular range at a 

constant scan rate with fixed directionality which is dependent on the reaction that is being 

performed. 

1.7.3 Chronoamperometry (CA) 

CA is another electrochemical technique that can help in determining the reaction 

kinetics and mechanism. At the beginning of the experiment the potential is maintained at a 

fixed potential (Ei) which is then stepped up to a new potential (E1) at t = 0 and the corresponding 

current response as a function of time is recorded.  

1.7.4 EIS spectroscopy (AC impedance) 

In this technique, the base potential is held constant at a constant potential. A sine 

waveform is superimposed onto the base potential, and its frequency is scanned from high to 

low with 12 components per decade. Current and potential are sampled and analyzed to obtain 

the real and imaginary parts of the impedance. During the experiment, you can switch between 

a Bode plot and a Nyquist plot by right-clicking. After the experiment, impedance data can be 

presented in various forms. 

1.7.5 Rotating disk electrode (RDE) 

A rotating disk electrode (RDE) and a rotating ring disk electrode (RRDE) are used to 

determine the intermediates formed during ORR. The ring current determines the amount of 

H2O2 formed while disc current determines the number of electrons transferred during ORR. 

During rotation H2O2 generated at the disc reaches the Pt ring where applied potential helps the 

formed H2O2 to oxidize back to O2. A potential of +1.2V is applied at the ring for driving the 

oxidation process under diffusion limitation to collect maximum amount of peroxide. In a RDE 



Introduction                                                                                                                                         Chapter 1 

20 
 

oxidation (positive bias) or reduction (negative bias) takes place due to the convection process 

when the molecule or ion diffuses to the electrode surface. Mass transport limitations are known 

to occur when a reaction is constrained by the rate of analyte diffusion to the electrode surface. 

In both RDE and RRDE the increase in rotation speed of the electrode enhances the mass 

transport.  

1.7.6 Powder X-ray diffraction (PXRD) 

The most used characterization technique for crystal structure determination is PXRD. 

This technique not only provides an insight to the crystal structure, but information related to 

crystallite size, residual strain and preferential orientation can also be obtained. The Miller 

planes are formed due to the periodic arrangement of atoms in a crystalline solid. Since in a 

crystal structure the interatomic and interplanar distance between atoms and layers are in the 

order of 0.1 nm X-rays have the characteristic wavelength of 0.01-10 nm and hence is 

appropriate to interact with the atoms in solid materials. Interference between X-rays diffracted 

by layers with different depths is an integral multiple of the X-ray wavelength (λ) the signal 

received by the detector is termed as constructive interference. However, non-integral multiple 

of wavelength λ results in destructive interference with no signal. This forms the basis of 

Bragg’s law which is defined as follows: 

                                  nλ = 2d sin θ       (Eqn. 1.4)                                                     

where, n is the integral multiple of wavelength, λ is the wavelength of incident radiation, 

d is the interplanar distance and θ is the angle of diffraction. With respect to the sample surface 

at specific θ a miller plane is diffracted in a crystal structure.  

1.7.7 X-ray photoelectron spectroscopy (XPS) and argon sputtering 

XPS is an analytical technique that uses X-ray under ultra-high vacuum to examine the 

presence of a particular element both qualitatively and quantitatively. Using photoelectric effect 

the binding energy (B. E.) of the electrons corresponding to a particular element in a sample can 

be evaluated. With the sample being exposed to X-rays that have a defined energy (hν) electrons 

are knocked out from the sample and their kinetic energy (Ekin). Hence, binding energy (B. E.) 

can be calculated as follows:                 

                                 B.E. = hν - Ekin – φ         (Eqn. 1.5)                                 

where, φ is the work function of the sample surface. Binding energy values can help in 

the qualitative determination of the elemental composition and chemical environment. 
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Ar+ sputtering was done for 10 secs each layer for an energy of 2 KeV and high-resolution 

spectra of Pd 3d, Ge 3d, and Co 2p were performed after each layer etching. 

1.7.8 X-ray absorption spectroscopy (XAS) 

In this technique high intensity X-rays typically generated by a synchrotron light source 

excites the core-level electrons (K, L or M shell) of a particular element from the ground state 

to an excited electronic state. This process of excitation leaves an empty core, which within a 

short span of 10-15 secs is filled by an electron from the higher energy shell. Fluorescence is 

known to occur when this electron returns to a lower energy state from the higher one. The 

energy released is equal to the energy difference between the two orbitals and hence, the 

absorption energy is specific for each element. The incident X-ray is partly absorbed by the 

sample while the remaining is transmitted by the sample and the probability of X-ray absorption 

is defined by the X-ray absorption coefficient. This absorption coefficient being element specific 

increases with binding energy of the core-level electrons and hence is directly proportional to 

the atomic number of the elements. In a XAS measurement incident X-ray beam passes through 

an ionization chamber which measures the initial intensity (I0). The fluorescence detector kept 

at angle of 45 from the sample detects the photoelectrons that are produced upon interaction of 

the incident radiation with the sample surface. The remaining radiation enters a second 

ionization chamber where the transmitted radiation (It) is measured. A reference foil is placed 

after the second ionization chamber and intensity of the transmitted X-rays through the reference 

material is determined in a third ionization chamber (Ir). The X-ray absorption coefficient can 

be determined based on measured intensity of incident and transmitted radiation. When the 

incident radiation has an energy equal to that of the energy required to excite a core-level 

electron a sharp increase of  is expected which is defined as the absorption edge in a typical 

XAS spectrum. This absorption edge is element specific.  

A typical XAS spectra comprises of two regions: X-ray near edge structure (XANES) 

and Extended X-ray absorption fine structure (EXAFS). XANES gives information about the 

oxidation state of the absorbing atoms. EXAFS gives important information about the local 

structure of the element i.e. bonding environment and coordination number. XANES region 

ranges from -50 to +100 eV of the absorption edge whereas EXAFS region begins after 50 eV 

from the absorption edge. A Fourier transform of the data expressed in k-space (momentum 

space) leads to expression of data in R-space where R is the radial distance of the neighboring 

atom from the absorbing atom.  
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1.7.9 Electron microscopy 

Scanning electronic microscopy (SEM) and transmission electron microscopy (TEM) 

play an inevitable role in the characterization of catalysts. EM uses electron beams generated 

from the cathode (a tungsten filament or lanthanum hexaboride). When the beams are focused 

on the sample, the primary beam interacts with the atoms of the material causing scattering with 

various emissions, including secondary electrons (SE), backscattered electrons (BSE), and 

characteristic X-rays.70 All these three radiations are usually significant for SEM analysis. These 

signals are associated with various types of information from microscopy. The volume of 

electron beams interacting with the material depends on the energy of the incident beam, the 

type of material, and the atomic number of the elements.71 The secondary electrons are very 

important in SEM while TEM uses the transmitted electrons. The number of secondary electrons 

emitted depends on other factors, like the acceleration and the characteristic voltage of the 

material (e.g., topography of the sample). These signals are responsible for information about 

the surface of the sample like morphology and topography. The basic distinction between SEM 

and TEM is closely related to the intensity of the beam and how it is controlled and optimized 

by optical electronic column. The inelastic scattered electrons, secondary electrons are excluded 

from analysis through the lens objective. In addition, the speed with which the electrons pass 

through the electron optic column in TEM is typically much larger compared to SEM. Here the 

SEM is employed to understand the morphology of solid materials and characterize them in 

nanoscale. SEM technique commonly offers the image on the nanometer (nm) to micrometer 

(μm) scale and were specially employed in non-crystalline catalysts to observe distribution and 

sizes of mesopores. Similarly, TEM is also employed to understand the active metal nanoparticle 

distribution over the mesoporous solids. For TEM, a grid laden with samples was prepared 

before measurements. A small amount of each powder sample was dispersed into 500 µL 

ethanol and sonicated for 30 minutes. 5 to 10 µL from the dispersion was dropped on a carbon- 

coated grid and dried at for 8 hours before imaging. TEM images and selected area electron 

diffraction (SAED) patterns were collected using a JEOL JEM-2010 TEM instrument. 

High-angle annular dark-field imaging Scanning Transmission electron microscopy 

(HAADF-STEM) images were taken using FEI/TITAN THEMIS 3391 (80–300) electron 

microscope. 

1.7.10 Inductively coupled plasma atomic emission spectroscopy (ICP-OES) 

ICP-OES was performed using a Perkin Elmer Optima 7000 DV instrument. The 

samples were digested in concentrated aqua regia, followed by dilution with distilled water. In 
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a typical experiment, 2 mg of the sample was dissolved in 1 ml aqua regia and left overnight (12 

hrs) for digestion. The digested sample was then diluted to 10 ml volume with deionized water. 

The solid particles were separated by thorough centrifugation before measurements. We have 

also performed the ICP-OES for the electrolyte after the running the electrochemical reactions 

to understand leaching of metals during reaction. 

1.8 Electrochemical reactor for water splitting and fuel cell  

1.8.1 Three-electrode two-compartment setup: MicroFlow cell 

To achieve the industrial level current density, the HER experiments were carried out in 

a filter-press type Micro Flow Cell (Electrocell A/S), where a Ti sheet coated with Ir-MMO 

(iridium-mixed metal oxide) has been used as an Anode plate (Electrocell S/A). An anionic 

exchange membrane (Fumasep FAB-PK-130) was employed in the case of HER in 1M KOH 

medium to separate the cathode and anode compartment  

 

Figure 1.6. (a) Schematic illustration of flow-cell used in the electrochemical HER. (b) Optical 

photograph of the micro-flow cell used for performing full-cell water splitting activity in flow-

cell configuration. 
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The electrolyte was recirculated continuously into the cell (both in cathode and anode) 

by two separate peristaltic pumps (Ravel, RH-P100L-100). The catalyst material was coated on 

the Toray carbon paper electrode and evaluated the high current density experiment for long-

term HER process in the flow cell (Figures 1.6a, 1.6b). The reference electrode has been 

calibrated with respect to standard hydrogen electrode and its calibration potential has been 

calculated from the average potential with respect to zero current in the hydrogen 

reduction/oxidation region as mentioned. Saturated calomel electrode (SCE) has been used as 

reference electrode for electrochemical study in 0.5M H2SO4 and Mercury/Mercury Oxide 

(MMO) in 0.5 M KOH in one compartment cell. Ag/AgCl has been employed in case of 1 M 

KOH electrolyte in case flow cell configuration. 

1.8.2 Two-electrode full cell water electrolyser using fabricated MEA 

For fabricating the membrane electrode assembly (MEA), the proton conducting 

membrane was fabricated by using Nafion 212 membrane. The pre-treatment of the membrane 

was performed in 5% H2O2 solution at 80 for 45 minutes followed by 1M H2SO4 and DI water 

and at 80 °C. The pre-treated membrane was stored in DI water for further use while assembling 

the MEA. The electrode was prepared by brush coating of catalyst slurry on the top surface of a 

carbon gas diffusion layer (GDL) (carbon cloth). For the cathode, catalyst ink was applied onto 

the GDL. For the anode, Pt/C (40 wt.%) was used as the catalyst. The MEA was prepared by 

using the pre-treated Nafion membrane between the anode and cathode electrodes by 

maintaining an active area of 9 cm2. The assembly was hot pressed with a pressure of 1000 psi 

for 3 min at temperature of 140 °C.  

 

Figure 1.7: Schematic representation of the fixture of water electrolyser. And real image of the 

setup in the inset figure at right bottom. 
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The catalyst coated substrate (CCS) is then tested in proton exchange membrane water 

electrolyser (RSI-AEM-300, Research Supporters India Pvt. Ltd.) using DI water continuous 

flow only at the anodic chamber and no electrolyte flow was given in the hydrogen generation 

side (Figure 1.7). 

1.8.3 RDE setup 

All the electrochemical measurements for ORR were done in a 3-electrode set-up 

comprising of a rotating disk electrode (RDE) as the working electrode, graphite rod counter 

electrode, and mercury/mercuric oxide electrode (MMO) (for basic media). The catalyst ink was 

prepared and was drop casted on the commercial 3 mm RDE. Commercial Pt/C (20 wt.%, Sigma 

Aldrich) were used for comparison of activity since it is the state-of-the-art electrocatalyst. 

Polarization curves were the anodic sweep of the cyclic voltammograms (CVs) recorded for 

ORR at a scan rate of 5 mV s−1 at 25 °C in potential range of 0.4 V to 1.0 V vs. RHE rotating 

the RDE at 100, 225, 400, 625, 900, 1225, 1600, 2025, and 2500 rpm. Accelerated degradation 

tests of 50,000 cycles were conducted in the ORR potential range with scan rate of 50 mV/sec. 

The reference electrode MMO was calibrated with respect to the reversible hydrogen electrode 

(RHE), using Pt as working and counter electrodes in 0.1 M KOH solution.  

1.9 Spectroscopic and analytical techniques for in situ mechanistic studies 

1.9.1 In situ electrochemical attenuated total reflection Fourier transform infrared 

spectroscopy (ATR-FTIR).  

In situ electrochemical FT-IR spectroscopic studies were performed using a purged 

VERTEX FT-IR spectrometer equipped with the A530/P accessory and a mid-band MCT 

detector. A CaF2 hemispherical window was used with the working electrode placed 1 mm 

above the window for the FTIR study. The in situ experimental setups is depicted in Figure 1.8. 

The measurement parameters were 4 cm-1 resolution and 100 scans. This setup enabled the 

detection of ORR intermediate formation and change of adsorption of various intermediates on 

the electrode surface and within the thin-layer electrolyte. 

1.9.2 In situ x-ray absorption Spectroscopic studies 

In situ XAS study has been performed in PETRA-III beamline, DESY, Germany. Both 

potential and time dependent XAS study were carried out. The representation of the in situ XAS 

set-up with its real-time photograph have been depicted in Figure 1.9. The spectra have been 

detected in the fluorescence mode as seen in Figure 1.9. 
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Figure 1.8. Schematic for In-situ IR set up during ORR study performed in 0.1 M KOH. CE, 

WE, and RE are counter, working and reference electrodes. 

 

Figure 1.9. Photograph of different components of in situ XAS experiment in the CO2RR 

condition. 

1.9.3 In situ Raman spectroscopic studies 

In situ electrochemical Raman spectroscopic studies were performed using inVia Raman 

microscope using both 532 nm and 785 nm lasers with 50x magnification. Since better results 

were observed with 532 nm laser corresponding to electrochemically active site for OER, Ni/Co-

oxyhydroxides, we continued all our in-situ Raman experiments using this laser.  
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We have home-customized a cell where 2 ml 1M KOH was taken so that a thin film of 

electrolyte covers on the carbon paper having the catalyst coated on it. Pt coil and Ag/AgCl 

were used as counter and reference electrodes, respectively.  

 

Figure 1.10. (a) Schematic illustration of in-situ Raman spectroscopic study. (b) Photograph of 

the in-situ Raman spectroscopy set up. 

 

Figure 1.11. Photograph of the (a) DEMS Type-A cell (one compartment), (b) Pervaporation 

membrane (c-d) DEMS Type-B-cell (two compartments). 
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CA was conducted for 15-20 mins and Raman data was taken at 2 mins each with data 

acquisition time of 10 secs and using 0.1 % of the power of the laser. Background data was 

taken with the complete cell setup with electrolyte and without giving the electrode potential. 

Figure 1.10 shows the cell setup during in-situ Raman measurements.  

1.9.4 Differential electrochemical mass spectrometry (DEMS) 

This analytical technique combines electrochemical hall-cell setup with mass 

spectrometer and helps in the instantaneous detection of volatile or gaseous reactants, 

intermediates, or products. and used HIDEN Analytical HPR-40 DEMS system with Type A 

and Type B cells for electrochemical reactions. Figure 1.11a and b show the images of type A 

and type B cells, respectively. Type A cell is a single compartments cell whereas type B cell is 

more advanced. Two compartment cells with electrolyte flow in both chambers are controlled 

by a dual-syringe pump. Ag/AgCl and Pt wire are used as reference and counter electrodes, 

respectively. Quadrupole mass spectrometer from RGA series is used with mass range up to 200 

amu. Before starting eCO2RR, the pressure inside the mass spectrometer should be in 10-6 mbar 

range. Electrolyte solutions were taken in dual-syringe pump and continuously with 1 ml/min 

flow rate and CA was conducted at different potentials and mass spectrometry data have 

continuously been taken with QGA software and we obtained a plot of mass ion current for each 

constituent with respect to time. Different m/z values corresponding to different intermediate, 

or product species gave their individual mass ion currents at different times.  

1.10 Density functional theory (DFT) 

DFT has been used to calculate the formation energies, adsorption energy and strains 

generated in the system. The calculations have been performed on systems containing many 

atoms which required the optimization of the electronic/geometric structures prior to any 

property calculations. 

Electronic optimization: It is a single-point energy calculation in which atoms are kept in a 

fixed position and its corresponding energy at that configuration is obtained. 

Geometry optimization: This calculation facilitates perceiving the most stable configuration 

since the system goes through several configurations driven by minimum energy and 

investigating the most stable ground state configuration. 

Adsorption energy: The first step in any catalytic reaction involves the adsorption of reactant 

molecules on the catalyst surface. The binding energies for the systems under consideration can 

be obtained as follows: 

                                Eb = E(ads/slab) – E(slab) – E(ads)                                      Eqn.1.6 
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where, E(ads/slab) is the energy of the final optimized adsorption configuration on the slab, E(ads) 

is the energy of the adsorbed molecule and E(slab) is the energy of the catalyst surface.  

Descriptors: A descriptor can be defined as an experimentally determined or theoretically 

calculated catalytic property that can be directly correlated to the reaction thermodynamics or 

kinetics.  

d-band centre is one such descriptor commonly used in catalysis which predicts the 

chemical reactivity of a metal catalyst in terms of a d-band model. Interaction of the adsorbate 

molecule with the metal results in bonding and anti-bonding states. The valence state of the 

adsorbate couples with the metal s states, which then turns to the metal d-states for coupling. 

The adsorbate interaction with the metal d states separates the metal d-band into bonding and 

anti-bonding states. Electronic modulation of the catalyst surface will cause either an upward or 

downward shift of the d-band with respect to the Fermi level. Filled bonding states and unfilled 

anti-bonding states will strengthen adsorbate binding to the catalyst surface hence, metals with 

higher d-band centre relative to the Fermi level will have unfilled antibonding orbitals and have 

a higher tendency of adsorption in comparison to the metals with lower d-band centre.  

Adsorption free energy: Gibbs’s free energy can indicate the reaction pathways. For 

example, in HER, hydrogen binding energy (ΔGH*) is a pivotal factor in determining the activity 

and kinetics of an electrocatalyst. ΔGH*> 0 indicates weak hydrogen binding strength and hence, 

the activation of reactant/intermediate on the catalyst surface is difficult. Hydrogen binding 

strength is strong when ΔGH*<0 and may lead to poisoning since H2 desorption is not facile and 

the intermediates will be occupied at the active sites. A maximum value is achievable when 

ΔGH* = 0. Not only for HER adsorption energy like oxygen adsorption energy for OER and 

ORR, CO adsorption energy for eCO2RR can be used as an activity descriptor for 

electrocatalysts. Adsorption energy (ΔG) can be calculated as follows: 

𝛥G =  𝛥E +  𝛥ZPE − T𝛥S + 𝛥𝐺𝑈 + 𝛥𝐺(𝑝𝐻) + 𝛥𝐺𝑓𝑖𝑒𝑙𝑑                        Eqn.1.7 

where, 𝛥E is the ground-state energy, 𝛥ZPE is the zero point correction, 𝑇𝛥S is the entropy term, 

𝛥𝐺𝑈 is related to the electrode potential, 𝛥𝐺(𝑝𝐻) is related to the pH value of the electrolyte 

and 𝛥𝐺𝑓𝑖𝑒𝑙𝑑 is associated with the electrical double layer effect. 

Free-energy diagram: The adsorption free energy can only provide information 

regarding the thermodynamics of the reaction intermediates without considering the kinetics. 

Free-energy diagram can impart the extra reaction-rate limiting steps that cannot be considered 

in adsorption free energy calculations. It considers the kinetic barrier between each step in 

addition to the thermodynamics associated with the adsorption energy of each intermediate. 
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Since overall reaction rate is dependent on the kinetic barrier between two intermediates, 

combination of both thermodynamics and kinetics is essential in determining the activity of 

electrocatalyst. The foundation of the free-energy diagram lies in the adsorption energy (ΔG) 

calculation.  

Work function (φ) refers to the minimum work required to extract an electron from the 

Fermi level of a metal to the outside. The shift of Fermi level with respect to the equilibrium φ 

is dependent on the energy of the electrons in the Fermi level. Increase in φ of a metal can be 

related to higher exchange currents due to enhancement in activation of free energy. It has major 

implications in the electron and proton transfer rates. When the work function increases the 

adsorption energy becomes more endergonic.  

The above-mentioned experimental techniques have been employed in summarizing 

our work in Chapter 2-8. A combination of both experimental and theoretical techniques has 

been utilized in comprehending some of our works like Chapters 2, 3, 4, 6,  and 8. In this thesis 

we have tried to provide a perception of the structure-property relations combining both 

experimental and theoretical techniques.  

The overall goal of the work consists of the unification of the most important mechanistic 

understanding of the all the cathodic and anodic reactions of electrochemical water splitting and 

fuel cell, which includes hydrogen and oxygen evolution reactions, oxygen reduction and 

ethanol oxidation reactions. The mechanistic understanding is visualized from a perspective of 

catalyst engineering, identification of appropriate electrocatalytic conditions, and its effect on 

the reaction mechanism. We have tuned variegated materials using various design strategies like 

intermetallic synthesis with proper active site selection, tuning neighboring and ensemble effect 

using doping, lower metal loading with enhanced uniform distribution using different support-

based systems and morphology-controlled studies. We have also tuned synthetic conditions 

from high-temperature long-duration solution phase synthesis to room temperature, ambient 

condition, and instantaneous synthesis via electrodeposition. Besides material design and 

catalytic applications, this thesis is also dedicated for understanding the reactive sites, dynamics 

of the phase and mechanistic pathway via in-situ spectroscopic and analytical techniques for 

understanding the reaction kinetics which can help in better enhancement in the field of 

electrocatalysis. 
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Summary 

The well-known limitation of alkaline fuel cells is relying on slack kinetics of the cathodic half-

cell reaction, oxygen reduction reaction (ORR). Platinum, being the most active ORR catalyst, 

is still facing challenges due to its corrosive nature, and sluggish kinetics. Many novel 

approaches of substituting Pt have been reported, which suffer from stability issue even after 

mighty modifications. Designing an extremely stable, but unexplored ordered intermetallic 

structure, Pd2Ge, and tuning the electronic environment of the active sites, by site-selective Pt-

substitution, to crossover the hurdle of alkaline ORR is the main motive of this paper. Platinum 

atoms substituting at specific Pd position leads to Pt0.2Pd1.8Ge demonstrated half-wave potential 

(E1/2) of 0.95 V vs RHE which outperforms state-of-the-art catalyst 20% Pt/C. The mass activity 

(MA) of Pt0.2Pd1.8Ge is 320 mA/mgPt, which is almost 3.2 times better than Pt/C. E1/2 and MA 

remained unaltered even after 50,000 accelerated degradation test (ADT) cycles which makes 

it a promising stable catalyst with its activity better than the state-of-the-art Pt/C. The undesired 

2e- transfer ORR forming hydrogen peroxide (H2O2) is diminished in Pt0.2Pd1.8Ge as visible 

from rotating-ring disk electrode (RRDE) experiment, spectroscopically visualized by in-situ 

Fourier transform infrared (FT-IR) spectroscopy and supported by computational studies. The 

effect of Pt substitution on Pd has been properly manifested by X-ray absorption spectroscopy 

(XAS) and X-ray photoelectron spectroscopy (XPS). The swinging of oxidation state of atomic 

sites of Pt0.2Pd1.8Ge during reaction is probed by in-situ XAS which efficiently enhances 4e- 

transfer producing extremely low percentage of H2O2.  
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2.1 Introduction 

The demographic expansion has led to an enormous consumption of fossil fuels, and 

gushing in toxic gases like carbon dioxide, to the environment, causing global warming.1 Such 

a crisis has led to proliferating scientific research and success erupted in the form of fuel cells,2 

carbon dioxide reduction3 and metal air batteries4 for decreasing fossil fuel usage and eating 

up the greenhouse gas, and power storage, respectively. Oxygen reduction reaction (ORR) is 

the cathodic part for fuel cells and metal air batteries which is a slow process and research is 

being carried out to enhance ORR kinetics. For doing so, the mechanism of ORR needs to be 

deciphered which requires operando probing of ORR by different spectroscopic techniques. 

Despite being the most active ORR electrocatalyst, commercially available Pt/C and Pd/C 

catalysts are well-known for ORR catalysis but faces challenges of exorbitant price, less 

availability, and short-term stability due to OH poisoning.5 Recent advances are made in 

catalyst synthesis such as alloy formation,6-8 intermetallic synthesis,9 core@shell structures,10 

and shape and size control of nanoparticles,11 to enhance the stability up to long cycles in harsh 

fuel-cell conditions.7  

Combining d-block or p-block elements changes the d-electron occupancy of the noble 

metals, the metal-metal interatomic distance, leading to down- or up-shift of d-band center 

modifying the electronic structure, which improves the intermediate binding on active sites and 

changes the activation barrier of the reaction. The first step of ORR is O-O double bond 

cleavage which is having bond energy of 498 kJ/mol.12 The O-O bond cleavage is easier when 

the surface is having charge separation which polarizes the neutral O2 molecule.12, 13 Many 

attempts were employed to develop Pt- or Pd-based catalysts for ORR.14 Shape-controlled 

octahedral Pt-Ni alloy15 where annealing enhanced performance due to surface Pt enrichment, 

architecture control Pt-Ni nano-frames,16 strengthening vertex of PtCu nano frames by adding 

Co and forming ternary alloy PtCuCo with large stability,17 are notable morphology controlled 

highly active ORR catalysts with stability up to 10,000 ADT cycles. Interface engineering 

between noble metal on metal carbide, Pd/Mo2C has tuned electronic state to provide very high 

mass activity and onset potential, but ended by having a stability of 5,000 ADT cycles.18 

Ordered intermetallic PtFe has shown very high mass activity but with poor stability.19 Various 

MOF and COF-based systems are reported with active metal are atomically dispersed with good 

activity.20, 21 It is necessary to not only increase the activity of the catalyst, but also focusing on 

its stability in harsh alkaline conditions without hampering highly selective reaction 

mechanisms.  
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ORR mechanism proceeds via incomplete (2e-) transfer and complete (4e-) transfer 

forming H2O2 and H2O as the final products, respectively. Four electron transfer mechanism is 

the most desired one in fuel cell applications since that involves higher electron transfer and 

generating higher power. This reaction mechanism selectivity is dictated by the different ORR 

intermediate binding on the active sites of the catalyst.12, 22 If OOH* intermediate is strongly 

adsorbed, peroxide desorption is not allowed, and O-O bond is made weaker. Thus, O-O bond 

cleavage occurs leading to OH desorption and adsorbed O atom further gets protonated 

followed by further electron transfer. Whether the OH adsorbed intermediate will desorb or 

protonate to form water, or it gets strongly adsorbed on the surface, dictates the stability of the 

catalyst in long-term reaction. Blocking of the active sites by strongly adsorbed OH is very 

common in Pt and Pd sites which decreases their stability.23-25 By tuning the active sites 

electronically using other heteroatoms in coordination (ligand effect), the adsorption energy of 

OH* can be decreased, which in turn reduces the poisoning effect. However, the mechanistic 

insight of ORR pathway and the role of each metal sites are still not clear since exploration of 

reaction mechanism by operando techniques is still not extensively achieved. In this work, two 

operando spectroscopic techniques (in situ infra-red (IR) and in situ X-ray absorption 

spectroscopy (XAS)) explicitly demonstrate the mechanism, identify the active sites, and 

charge transfer of the reaction.  

It has been found previously that Ge modified the electronic structure and oxophilic 

nature of the intermetallic catalyst.26,27 It is reported that Ge is stable in alkaline conditions and 

under reduction potentials of ORR as well.28, 29 The intermetallic Pd2Ge has been studied for 

ORR with site selective substitution of only 10% of Pd atoms by Pt atoms which showed a  

dramatic improvement of half-wave potential to 0.95 V vs. RHE with negligible amount of  

hydrogen peroxide (1.4%) formation for a very high durability up to 50,000 cycles. We have 

conducted bulk, local and surface structural characterizations by powder X-ray diffraction 

(PXRD), x-ray absorption spectroscopy (XAS), and x-ray photoelectron spectroscopy (XPS) 

analyses, respectively. We have performed real-time monitoring by in-situ spectroscopic 

studies like operando FT-IR spectroscopy, in-situ X-ray absorption near edge structure 

(XANES) and X-ray absorption fine structure (XAFS) analysis. In-situ XAS and FTIR 

techniques have explored the reaction kinetics followed by ex-situ ORR characterizations such 

as post-electrochemical XPS and XRD are also performed to analyze the structural evolution 

under alkaline ORR conditions. The driving force for the exceptional ORR activity studied from 

various experiments are correlated with the theoretical calculations.   
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2.2 Experimental Details 

2.2.1 Chemicals and reagents 

Potassium tetrachloropalladate (K2PdCl4) and germanium tetrachloride (GeCl4) were 

purchased from Alfa-Aesar. Nafion binder (5 wt.%) were purchased from Sigma-Aldrich, and 

tri-ethylene glycol (TEG) were purchased from Merck. All the chemicals (more than 99% 

purity) were used as purchased without any further purification. Millipore water of conductivity 

18.2 MΩcm was used for the synthesis and all electrochemical studies. 

2.2.2 Synthesis of Pd2Ge, Pd1.8Ge and Pt0.2Pd1.8Ge 

In a typical solvothermal reaction, 0.2 mmol of potassium tetrachloropalladate 

(K2PdCl4), and 0.1 mmol of germanium(IV) chloride (GeCl4) for Pd2Ge, and 0.8 mL of 

superhydride solution (reducing agent) were mixed in 16 mL of TEG. Similarly, 0.18 mmol of 

K2PdCl4 with taken in second and third autoclaves, along with 0.02 mmol of K2PtCl4 as dopant 

in the third autoclave. In three autoclaves, solid crystalline K2PdCl4 salt (along with K2PtCl4 

salt in third autoclave) is first granulated in mortar pestle for good dissolution, and then 

dissolved in 16 ml TEG and magnetically stirred until dissolved completely. After complete 

dissolution, 11.4 mL of GeCl4 is added using a micropipette in all three autoclaves. The mixture 

is continuously stirred for 30 mins. After that, 0.8 mL superhydride solution (Li(C2H5)3BH) is 

added using a syringe and again stirred in an orbital shaker for 30-45 mins. The autoclaves 

were kept at 220 °C for 24 hours. The final product was washed and centrifuged several times 

with ethanol, and the obtained product was dried and used for further characterizations. 

2.3 Characterization 

2.3.1 Powder x-ray diffraction (PXRD) 

PXRD measurements were done at room temperature on a Rigaku Miniflex X-ray 

diffractometer with Cu-Kα X-ray source (λ = 1.5406 Å), equipped with a position sensitive 

detector in the angular range 20o ≤ 2θ ≤ 90o with the step size 0.02o and scan rate of 0.5 s/step 

calibrated against corundum standards. The experimental XRD patterns were compared to the 

patterns simulated from the data reported in the literature. 

2.3.2 Scanning electron microscopy (SEM) and energy dispersive spectrum (EDS) 

The SEM measurement was performed using Leica scanning electron microscopy 

equipped with an energy-dispersive X-ray spectroscopy (EDAX) instrument (Bruker 120 eV 

EDAX instrument). Data were acquired by using an accelerating voltage of 15 kV, and the 

typical time taken for data accumulation is 100 s. The elemental analyses were performed using 
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the P/B-ZAF standardless method (where P/B = peak to background model, Z = atomic no. 

correction factor, A = absorption correction factor, and F = fluorescence factor) for Cu, Ga at 

multiple areas on the sample coated Si wafer. 

2.3.3 Transmission electron microscope (TEM) 
Transmission electron microscope (TEM), high-resolution TEM (HRTEM) images and 

selected area electron diffraction (SAED) patterns were collected using TECNAI and JEOL 

200 kV TEMs. TEM samples for these measurements were prepared by sonicating the 

nanocrystalline powders in ethanol and dropping a small volume onto a carbon-coated copper 

grid. 

2.3.4 Inductively coupled plasma atomic emission spectroscopy (ICP-OES) 

ICP-OES was performed using a Perkin Elmer Optima 7000 DV instrument. The 

samples were digested in concentrated aqua regia, followed by dilution with distilled water. In 

a typical experiment, 2 mg of the sample was dissolved in 1 ml aqua regia and left overnight 

(12 hrs) for digestion. The digested sample was then diluted to 10 ml volume with deionized 

water. The solid particles were separated by thorough centrifugation before measurements. 

2.3.5 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out using Thermo K-alpha+ spectrometer using micro 

focused and monochromated Al Kα radiation with energy 1486.6 eV.  The pass energy for the 

spectral acquisition was kept at 50 eV for individual core-levels. The electron flood gun was 

utilized for providing charge compensation during data acquisition. Further, the individual 

core-level spectra were checked for charging using C1s at 284.6 eV as standard and corrected 

if needed. The peak fitting of the individual core-levels was done using CASA XPS software 

with a Shirley type background. 

2.3.6 X-ray absorption spectroscopy (XAS) 

X-ray absorption near-edge spectroscopy (XANES) and quick-Extended X-ray 

Absorption Fine Structure (quick-EXAFS) experiments at 300 K were performed at PETRA 

III, beamline P64, of DESY, Germany. Measurements of Pd-K and In-K at ambient pressure 

were performed in fluorescence as well as transmission mode using gas ionization chambers to 

monitor the incident and transmitted X-ray intensities. Monochromatic X-rays were obtained 

using a Si (111) double crystal monochromator, which was calibrated by defining the inflection 

point (first derivative maxima) of Cu foil as 8980.5 eV. The beam was focused by employing 

a Kirkpatrick-Baez (K-B) mirror optic. A rhodium-coated X-ray mirror was used to suppress 
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higher-order harmonics. A CCD detector was used to record the transmitted signals. Pellets for 

the ex-situ measurements were made by homogeneously mixing the sample with an inert 

cellulose matrix to obtain an X-ray absorption edge jump close to one. 

2.3.7 In situ XANES and EXAFS during electrochemistry 

In situ XAS was measured using home-made customized cell set up as shown in Figure 

2.1a under ORR conditions.  

2.3.8 In situ attenuated total reflection Fourier transformed infra-red (ATR-FTIR) 

spectroscopy 

In situ electrochemical FT-IR spectroscopic studies were performed using a purged 

VERTEX FT-IR spectrometer equipped with the A530/P accessory and a mid-band MCT 

detector. A CaF2 hemispherical window was used with the working electrode placed 1 mm 

above the window for the FTIR study. The in situ experimental setups is depicted in Figure 

2.1b. The measurement parameters were 4 cm-1 resolution and 100 scans. This setup enabled 

the detection of ORR intermediate formation and change of adsorption of various intermediates 

on the electrode surface and within the thin-layer electrolyte. 

2.3.9 Electrochemical oxygen reduction reaction (ORR) 

All the electrochemical measurements were done in a 3-electrode set-up comprising of 

a rotating disk electrode (RDE) as the working electrode, graphite rod counter electrode, and 

mercury/mercuric oxide electrode (MMO) (for basic media). 

 

Figure 2.1. (a) Schematic of in-situ XAS set up for ORR study performed in 0.1M KOH. (b) 

Schematic for In-situ IR set up during ORR study performed in 0.1M KOH. CE, WE, and RE 

are counter, working and reference electrodes. 
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The catalyst ink was prepared using 1.6 mg catalyst + 0.4 mg Vulcan in 450 ml of mixed 

solvent (IPA: water = 1:1) + 50 μL of 1 wt.% Nafion used as binder. 5 μL of the catalyst ink 

was drop casted on the commercial 3 mm RDE. Commercial Pt/C (20 wt.%, Sigma Aldrich) 

were used for comparison of activity since it is the state-of-the-art electrocatalyst. Polarization 

curves were the anodic sweep of the cyclic voltammograms (CVs) recorded for ORR at a scan 

rate of 5 mV s−1 at 25 °C in potential range of 0.4 V to 1.0 V vs. RHE rotating the RDE at 100, 

225, 400, 625, 900, 1225, 1600, 2025, and 2500 rpm. The electrolyte solution was deaerated 

by purging nitrogen gas into the solution at least for 30 min before each experiment and then 

N2 saturated CV was conducted, after which O2 is being purged for an hour to start taking CVs 

in ORR conditions. The polarization curves in N2 and O2 saturated solutions are taken in 1600 

rpm rotating speed of RDE. Accelerated degradation tests of 50,000 cycles were conducted in 

the potential range of 0.7 V to 1.0 V vs. RHE with scan rate of 50 mV/sec. The reference 

electrode MMO was calibrated with respect to the reversible hydrogen electrode (RHE), using 

Pt as working and counter electrodes in 0.1 M KOH solution. The value obtained is as follows: 

for 0.1M KOH alkaline medium, ERHE = EMMO + 0.911 V. 

2.3.10 Rotating ring disk electrode experiment (RRDE) 

Selectivity towards H2O was checked using rotating ring disk electrode (RRDE) where 

ring as platinum and disk as glassy carbon with 4 mm diameter and keeping all other 

experimental conditions similar, graphite rod as the counter electrode and Hg/HgO as the 

reference electrode. RDE was carried out from 0.2 to 1.0 V (vs. RHE) at a rotation rate ranging 

from 100 to 3600 rpm in O2 saturated 0.1 M KOH. In the RRDE experiment, the percentage of 

H2O2 produced (XH2O2) and the corresponding electron transfer numbers during ORR (n) can 

be determined from the following equations, respectively: 

H2O2 % = 200 × 
Ir/N

Id+Ir/N
            (Eqn. 2.1)                                              

2.3.11 Theoretical calculations 

DFT calculations were performed using PWSCF v.5.1 code embedded in Quantum 

Espresso suite for quantum simulation of materials30. The PWSCF calculations were performed 

using generalized gradient approximation (GGA) with PBE31 exchangecorrelation functional 

and ultrasoft pseudopotential. Kinetic energy (Ek) cut-off for the wavefunctions of 60.0 Ry 

was used to truncate the plane-wave basis. Furthermore, Gaussian smearing was used with a 

degauss value of 0.005 Ry. Systems were relaxed until  S4 the Hellmann−Feynman forces on 
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each atom are in the order of 10-2-10-3 eV/Å. The calculated Fermi energy (Ef) was set to zero 

for all the DOS plots. A vacuum of 14 Å was used to avoid any interaction among the slabs. 

The free energies were approximated using the computational hydrogen electrode (CHE) model 

proposed by Norskov et al.3 and the change in free energies (ΔG) was calculated as: 

ΔG = ΔE + ΔZPE - TΔS                        (Eqn. 2.2) 

Where ΔE is the DFT calculated change in reaction energy, ΔZPE is the zero-point 

energy change, and TΔS is the entropy change at 300 K. The ZPE correction and the vibrational 

entropy contribution are taken from ref. 3. 

2.4 Results & Discussion 

2.4.1 Structural insights and microscopic probing 

With the motive of obtaining Pt-like ORR activity with high stability, a less explored 

ordered intermetallic compound, Pd2Ge crystallizing in hexagonal structure (space group: 

P6̅2m) has been synthesized via solvothermal synthesis. Although there are several binary 

compounds of Pd (ordered,9 disordered32 and heterostructures18) reported for ORR, Pd2Ge 

ordered intermetallic has been investigated for ORR for the first time in this work. By varying 

the Pd precursor content, a Pd deficient system, Pd1.8Ge, and selective substitution by Pt atoms, 

as in Pt0.2Pd1.8Ge are synthesized. Figure 2.2 is the schematic showing the synthetic strategy 

for Pd deficient and Pt substituted Pd2Ge system. Figure 2.3a and 2.3b show the PXRD pattern 

comparison of different Pd2Ge systems with Pd deficiencies created, and different percentages 

of Pt substituted. To discard the concept of inherent Pd vacancy in Pd2Ge, we synthesized Pd2.2-

Ge to check if any shift in 2q is observed and there appears to be no difference in peak-positions 

in Pd2Ge and Pd2.2Ge. We also tested for Pt substitution both with and without creating Pd 

vacancies, as in Pt0.2Pd1.8Ge and Pt0.2Pd2Ge, respectively. No difference among them clarifies 

that Pt having higher reduction potential reduces faster than Pd and occupies Pd positions even 

though Pd is present in excess.  

 

Figure 2.2. Schematic for the synthetic strategy for Pt substituted Pd2Ge systems via deficiency 

formation at Pd sites. 
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The attempt to increase the Pt substitution resulted in the formation of a minor peak at 

2 = 40˚ corresponding to Pt nanoparticle formation. The PXRD pattern, as in Figure 2.3c,  

shows the right shift of major peak corresponding to (111) plane signifying lattice contraction 

due to Pd atom vacancies created in Pd1.8Ge and the left shift of the peak after Pt substitution 

signifies the lattice expansion due to larger Pt atoms substituting Pd atoms.33  

The crystallographic plane (111) is terminated by both Pt and Ge atoms, whereas (210) 

planes are terminated by mainly Ge atoms, with some Pt atoms which partially occupy the facet 

(210), as shown in Figure 2.3d. It is expected that if Pt atoms are substituting selectively the 

Pd atoms, not only the peak positions will change but peak intensity will also increase due to 

higher electron-dense Pt atoms. Such changes are not expected in the plane (210) which has 

only Ge atoms. This hypothesis gained success when relative peak intensity ratio (111):(210) 

was calculated for Pd2Ge, Pd1.8Ge, and Pt0.2Pd1.8Ge. In Figure 2.3e, it is observed that with Pd 

deficiency the (111):(210) ratio jumps down due to intensity loss of (111) facet, and just after 

substituting with Pt atoms, the ratio increased with a sharp rise.  

 

Figure 2.3. (a) Powder XRD pattern comparison of all Pd-Ge based catalysts. (b) PXRD 

zoomed part of first few major peaks. (c) PXRD patterns for synthesized Pd2Ge, Pd1.8Ge, and 

Pt0.2Pd1.8Ge compared with simulated pattern of Pd2Ge. (d) Crystallographic planes (111) and 

(210) drawn to show which elements are terminated. (e) Relative peak intensity ratio 

(111):(210) for Pd2Ge, Pd1.8Ge, and Pt0.2Pd1.8Ge. 
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This indicates that Pt is selectively occupying at the Pd sites and highly electron-rich Pt 

atoms increase the peak intensity due to the high atomic scattering factor of Pt. Pd2Ge displays 

a morphology of nano coral-like connected nanospheres of diameter 20nm as observed in 

scanning (SEM) and transmission electron microscopy (TEM) images in Figure 2.4a and 2.4b, 

respectively. From Figure 2.4b showing the high-resolution TEM (HR-TEM) image for the 

catalyst, it  is observed that in high-resolution atomic level, the most exposed facet is (111) and 

some places (110) are also present at d-spacing of 0.25 nm and 0.340 nm, respectively (figure 

2.4c). Figure 2.4d shows the elemental distribution by color-mapping of different constituent 

elements like Pd, Ge and Pt. It is seen that difference in brightness (intensity) of the spots is 

reflected due to presence of different atoms of different atomic number. Figure 2.5a attached 

is the intensity profile for the line drawn along the atoms. Figure 2.5b show the ordered 

arrangements of the atoms in the HRTEM image. The selected area electron diffraction (SAED) 

pattern of the catalyst shows the presence of major crystallographic planes like (111), (210), 

(300) and (211) of Pd2Ge (Figures 2.5c). It is noteworthy to mention that Pd and Ge are 

uniformly distributed on the surface as it is the main building block of the intermetallic catalyst 

(Pd2Ge) whereas the presence of substituent Pt is much less compared to others. 

 

Figure 2.4. (a) Nano coral-like morphologies of Pt0.2Pd1.8Ge seen in SEM image. Inset is 

zoomed SEM image. (b) HRTEM image of Pt0.2Pd1.8Ge, (c) zoomed image and FFT showing 

prominent facets exposure. (d) TEM EDX-mapping of Pt0.2Pd1.8Ge. (i) HRTEM image at 

atomic resolution. 
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The SEM morphological analysis and the EDX elemental mapping of the constituent 

elements of Pd2Ge, Pt0.2Pd1.8Ge have been depicted in Figures 2.6 and 2.7, respectively.  

2.4.2 Electrochemical Oxygen reduction (ORR)  

ORR activity was carried out in alkaline media (0.1M KOH) for Pd2Ge, the deficient 

(Pd1.8Ge) and Pt substituted (Pt0.2Pd1.8Ge) compounds and their performance was compared 

with the state-of-the-art catalyst, commercially available 20% Pt/C (Figure 2.8a). From the 

linear sweep voltammograms (LSVs), it is observed that after creating Pd deficiencies there is 

a drop in current density as well as in the onset and half-wave potentials indicating Pd sites 

determine the activity of the ORR process. Interestingly, after substituting some Pd sites by Pt, 

the overpotential decreases and half-wave potential increases to 0.946 V vs. RHE, though there 

is no change in current density as compared to pristine Pd2Ge catalyst. 

 

Figure 2.5. (a) Intensity profile along the line drawn across atomic sites in the HRTEM image. 

(b) Atomic positions designated in the atomic level resolution. (c) The selected area electron 

diffraction (SAED) pattern of the catalyst shows the presence of major crystallographic planes 

like (111), (210), (300) and (211) of Pd2Ge. 
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Figure 2.6. (a), (b), and (c) SEM images of Pd2Ge. (d) EDX-mapping showing elemental 

distribution of Pd and Ge.  

  
Figure 2.7. (a) SEM images of Pt0.2Pd1.8Ge. (b) EDX-mapping showing elemental distribution 

of Pd, Ge and Pt.  

This strongly supports that upon substitution there is a modification in the electronic 

structure of Pd sites (the active sites) which drives the ORR kinetics faster and more feasible 

which is reflected in the higher half-wave potential. Furthermore, the Pt substituted catalyst 

exhibits excellent stability of 50,000 ADT cycles (Figure 2.8b) with minimum degradation in 

the E1/2 value of about 5 mV only. The Tafel-slope for Pt0.2Pd1.8Ge is the lowest for both the 

onset potential region and half-wave potential region, which are 41.3 and 111.09 mV/dec, 

respectively (Figure 2.8c) than the other two catalysts. The lowest Tafel-slope value signifies 

faster charge transfer from active sites to intermediate species (O2 to form superoxide (O2
.) 

radical) with optimum adsorption and easy desorption of intermediates.34  
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Figure 2.8. (a) LSVs for Pd2Ge, Pd1.8Ge, and Pt0.2Pd1.8Ge, compared with 20% Pt/C, are 

conducted in 0.1M KOH in potential range 0.3 to 1.0 V vs. RHE. (b) LSVs for Pt0.2Pd1.8Ge 

before and after 50,000 ADT cycles. (c) Tafel plots drawn at the onset and half-wave potential 

range. (d) RRDE experiment LSVs with both ring and disk currents. (e) Quantification of 

hydrogen peroxide and number of electron transfers during ORR, derived from the ring current 

experiment. (f) Mass activity and half-wave potential comparison for the catalysts.  

The rotating ring disk electrode (RRDE) experiment for detection and quantification of 

hydrogen peroxide formation via 2e- transfer mechanism of ORR is conducted, and it is 
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observed that Pt0.2Pd1.8Ge shows the least ring current (see Figure 2.8d), with only 1.4% of 

H2O2 formation. The number of electron transfers calculated from RRDE experiment is 3.97 to 

4 in the entire potential range for Pt0.2Pd1.8Ge, as shown in Figure 2.8e (Equation 2.1). Figure 

2.8f shows the comparison of half-wave potential for all Pd-Ge-based catalysts and Pt/C where 

Pt0.2Pd1.8Ge has the lowest half-wave potential. Along with RRDE experiment, number of 

electron transfers is also determined from Koutecky-Levich equation (K-L plot in Figure 2.9). 

As shown in Figure 2.10a, the best catalyst as per K-L plot, with the highest selectivity of 4e- 

transfer is Pt0.2Pd1.8Ge. 

 

Figure 2.9. (a), (c), (e) LSVs of Pd2Ge, Pt0.2Pd1.8Ge and 20% Pt/C, respectively at 400, 625, 

900, 1225, 1600, 2025, 2500, 3025, and 3600 rpm rotation rates of disk electrode. (b), (d) and 

(f) Koutecky-Levich plots obtained from LSVs at different potentials in the diffusion limited 

regions during ORR performed in 0.1M KOH.    
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Figure 2.10. (a) Comparison of number of electrons (n) calculated for Pd2Ge, Pt0.2Pd1.8Ge and 

20% Pt/C from K-L plots. (b) Comparison of number of electrons (n) calculated for Pt0.2Pd1.8Ge 

from K-L plots and RRDE experiments during ORR performed in 0.1M KOH.    

The results obtained from RRDE, and K-L plots are almost similar as depicted in 

Figure 2.10b. The mass activity of the best Pd-Ge-based catalyst Pt0.2Pd1.8Ge is 322 mA mg-

1
Pt which is almost 3 times higher than commercial catalyst 20% Pt/C. Also, after 50,000 ADT 

cycles there is only 0.01% decrement in mass activity value (see Figure 2.8f). Figure 2.11 

shows methanol crossover experiment using 20% Pt/C and Pt0.2Pd1.8Ge exhibits how the 

designed catalyst Pt0.2Pd1.8Ge remains nonchalant even after injecting methanol, whereas 20% 

Pt/C shows a drastic degradation in activity. This stability in methanol crossover experiment 

indicates that Pt0.2Pd1.8Ge is a promising catalyst for direct methanol fuel cells (DMFCs).35 

2.4.3 Oxidation state and local structure by XAS  

The substitution of Pt at the Pd site can induce local structure distortion and charge 

polarization, which were mapped by both XANES and XAFS analyses. As seen in Figures 

2.12a and 2.12b, the Pd atom in Pd2Ge was found to be in slightly higher oxidation state, where 

the charge is balanced by Ge atoms which are in a slightly negative oxidation state. 

Interestingly, after substituting some Pd atoms by Pt atoms (Pt0.2Pd1.8Ge), the oxidation state 

of Pd atoms decreases than the pristine Pd2Ge, whereas shows that Pt is at higher oxidation 

state (Figure 2.12c). This signifies that charge (electron) transfer takes place from Pt atom to 

Pd atoms in Pt0.2Pd1.8Ge. Figure 2.12d shows the Fourier Transformed R-space data of Pd edge 

for the unsubstituted and Pt-substituted catalysts, where it is observed that there are two peaks 

around 2.45 and 2.8 Å corresponding to Pd-Ge and Pt-Pd/Pd-Pd bonds, respectively. Figures 

2.12e, and 2.12f show the wavelet transformed k-space data of Pd K-edge of Pt0.2Pd1.8Ge, and 

Pt L3-edge of Pt0.2Pd1.8Ge, respectively. 
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Figure 2.11. Methanol crossover experiment (a) CA compared with Pt/C and (b) LSV 

compared before and after methanol purging into O2 purged solution.    

 

Figure 2.12. XANES spectra for (a) Pd-K edge (b) Ge-K edge and (c) Pt-L3 edge for Pd2Ge 

and Pt0.2Pd1.8Ge compared with the corresponding metal foils. (d) Fourier Transformed R-

space data of Pd edge for Pd2Ge and Pt0.2Pd1.8Ge. Wavelet transformed k-space spectra for (e) 

Pd K-edge of Pt0.2Pd1.8Ge, and (f) Pt L3-edge of Pt0.2Pd1.8Ge. 
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Figure 2.13. Fitted R-space and q-space data for Pd K-edge of (a) Pt0.2Pd1.8Ge and of (b) 

Pd2Ge. 

These images give clear visualizations of the existence of Pd-Ge bonds in Pt0.2Pd1.8Ge 

and Pt-O bonds along with Pt-Pt and Pt-Pd/Ge bonds. The Pd-Ge and Pd-Pd bond distances are 

found to increase after the Pt-substitution which is due to lattice expansion (as seen in PXRD, 

in Figure 2.3c), and decrease in the oxidation state of Pd refers to an increase in its electron 

density, which may lead to electronic repulsions causing bond expansion. Table 2.1 gives the 

fitting parameters considering Pd as the central atom for both Pd2Ge and Pt0.2Pd1.8Ge. Figures 

2.13a and 2.13b show the fitted R-space and q-space data of Pd edge of Pt0.2Pd1.8Ge and Pd2Ge, 

respectively. 

Table 2.1. Ex-situ EXAFS fitting parameters of Pd edge of Pt0.2Pd1.8Ge  

Shell CN 2/(Å2) E0 (eV) R/Å 

Pd1-Ge2 3.5 0.005(8) 3.673 2.48(1) 

Pd1-Pt2 1.6 0.003(6) 3.673 2.83(7) 

Pd1-Pd2 3.2 0.003(9) 3.673 2.9 

Pd1-Pd1 1.5 0.009(4) 3.673 3.09(2) 

2.4.4 Surface oxidation state by XPS  

X-ray photoelectron spectroscopy provides the oxidation state and chemical 

composition of the surface exposed species which helps in analyzing the charge transfer due to 

hetero-atom substitution. In addition to the observation obtained from XANES, XPS also 

confirms that Pd is in a higher oxidation state in pristine Pd2Ge, but the oxidation state 

decreases after Pt substitution on Pd sites (see Figure 2.14a). Figures 2.14b, 2.14c and 2.14d 

show the fitted XPS plots for Pd 3d, Ge 3d, and Pt 4f edges, respectively of Pt0.2Pd1.8Ge. It 

validates the existence of Pd, Ge and Pt in metallic states at binding energy 335.46 eV, 28.92 

eV, and 71.49 eV with a slight presence of PdO, GeO and GeO2 and Pt oxides, respectively, 

on the surface due to surface oxidation.29  
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Figure 2.14. (a) Pd 3d XPS spectra comparison for all catalysts. XPS fitted spectra of (b) Pd 

3d, (c) Ge 3d, and (d) Pt 4f, of Pt0.2Pd1.8Ge.   

 

Figure 2.15. Fitted XPS spectra of Pd edges of (a) Pd2Ge and (b) Pd1.8Ge and Ge edges of (c) 

Pd2Ge and (d) Pd1.8Ge.    
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It can be concluded that after substitution Pt stays in a slightly higher oxidation state 

with a decrease in Pd oxidation state. This signifies that charge transfer from Pt to Pd takes 

place which backs up the observation obtained from XANES analysis. Figure 2.15 presents 

the fitted XPS spectra of Pd and Ge edges of Pd2Ge and Pd1.8Ge. Ge edge shows a highly broad 

and intense GeO2 peak (Figure 2.15d) in Pd1.8Ge which is because of more Ge being surface 

oxidized in Pd deficient system with the surface having more dangling uncoordinated bonds 

prone to get oxidized. Defected systems are prone to contain less coordinated highly active 

atomic species on the surface.  

2.4.5 Structural changes via operando XAS and post-ORR XPS  

Figure 2.1a shows the real image of the customized operando-XAS electrochemical 

cell set-up. Figure 2.16 (2.16a and 2.16b) shows that during ORR, the oxidation state of Pd in 

Pd2Ge changes slightly towards higher value and the increase in oxidation state is more 

prominent in case of Pd edge of Pt0.2Pd1.8Ge as visible in Figure 2.17a.  

 

Figure 2.16. (a) Potential dependent XANES spectra for Pd k-edge of Pd2Ge (b) zoomed in 

image of the absorption edge (c) Fourier transformed R-space data for Pd edge of Pd2Ge during 

ORR performed in 0.1M KOH. (d) Potential dependent XANES spectra for Ge k-edge of 

Pt0.2Pd1.8Ge.  
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Figure 2.16d shows the Ge K-edge XANES spectra at different potential during ORR. 

As a result of increased oxidation state on Pd, bonds for Pd-Pd/Pt and Pd-Ge are showing 

contraction (Figures 2.17b) and not much change for Pd2Ge (Figure 2.16c). Figure 2.17c 

shows Pt L3-edge XANES spectra where Pt undergoes an increase in electron density during 

ORR. Figure 2.17d shows that there is an interesting correlation of bond distances between 

the experimental real-time observation via EXAFS analysis and computationally optimized 

structure analysis.36 Figure 2.17e shows the data comparison of Pd 3d XPS for Pt0.2Pd1.8Ge 

before and after 50,000 ADT cycles of ORR. It is clearly observed that the binding energy of 

Pd 3d5/2 peak shifts from 334.9 to 335.4 eV which signifies that due to Pd being the active site, 

electrons are continuously channeled to molecular oxygen to form superoxide radical via Pd 

atoms. Due to continuous electron transfer, there develops a mild positive oxidation state of Pd 

atoms. At the same time, there is a broad hump around 337 eV (Figure 2.17e) indicating the 

presence of more PdO species after the ORR, which can be due to surface oxidation tendency 

being exposed to ORR reaction conditions. On the other hand, after ADT cycles, Pt 4f7/2 peak 

experiences a very meagre shift in lower binding energy value (see Figure 2.17f). The change 

in binding energy for Pd 3d and Pt 4f edges are much less that strongly confirms that catalyst 

degradation has not happened even after 50,000 ADT cycles as reflected in current density and 

half-wave potential in Figure 2.8b. As in Figure 2.8c, decreasing the Tafel slope value from 

pristine to the substituted one supports the fact that Pt substitution increases the electron density 

on Pd atom and makes the system strained which also modify the metal-metal bond distance 

of catalyst surface and active metal-O bond strength is also modified due to change in Pd 

coordination environment. This post-electrochemical surface analysis by XPS is strongly 

supported by in situ XAS study. Figure 2.18a shows the fitted EXAFS data acquired during 

ORR at different potentials. Table 2.2 gives the fitting parameters of the EXAFS data after 

different potentials, Figure 2.18b depicts the decrease in the Pd-Pd bond with increasing 

reduction potential. The decrease is more prominent during the kinetic region of ORR, whereas 

in the diffusion limited region, the change is not that sharp. Such a decrease in electron density 

over Pd atom signifies continue charge transfer from Pd atom to O2 molecule. Slight positive 

charge will facilitate adsorption of electron dense species like O2, H2O, OH which will increase 

the reaction kinetics. Accumulation of electron density on Pt atom during ORR also confirms 

that Pt is directly not the active site for ORR. Even though such modification in the oxidation 

state and bond distance are taking place, there is no change in the structure of Pd2Ge which is 

clearly visible from the post-electrochemical PXRD as in Figure 2.19.  
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Figure 2.17. (a) In situ XANES spectra for Pd K-edge of Pt0.2Pd1.8Ge during ORR in 0.1 M 

KOH. Inset shows zoomed image of absorption edge. (b) R-space data during ORR. (c) 

XANES spectra for Pt L3-edge of Pt0.2Pd1.8Ge during ORR. Inset shows zoomed image of 

absorption edge. (d) Comparison of metal-metal bond length obtained from EXAFS fitting and 

calculated from theoretically optimized structures. (e) XPS spectra of Pd 3d edge before and 

after of ORR. (f) XPS spectra of Pt 4f edge before and after ORR.  

2.4.6 Deciphering reaction kinetics from operando FT-IR spectroscopy and 

computational studies 

Despite the discovery of efficient catalysts for ORR, the main challenge remains the 

selectivity of reaction mechanism proceeding via 4e- transfer forming water. The formation of 
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water from molecular O2 depends on the feasibility of O-O bond cleavage which can be 

facilitated by strong adsorption on the active site and charge polarization13 on the catalyst 

surface that will easily polarize the electron cloud of the stable and neutral molecule. If the O-

O cleavage occurs less, the ORR proceeds via 2e- pathway forming hydrogen peroxide.37, 38 

The RRDE experiment (Figure 2.8d and 2.8e) produced too low ring current corresponding to 

H2O2 oxidation with only 1.4% of H2O2 formed, which triggered us to deliver mechanistic 

insights to bring into light the catalytic phenomena. We have performed operando FT-IR 

spectroscopy (Figure 2.1b) to recognize the stretching frequency corresponding to different 

intermediates formed during ORR.39, 40 Figure 2.20a shows that there is no prominent peak in 

IR region in absence of oxygen purging which clearly indicates that all the peaks have arisen 

from ORR reaction intermediates and products. Figure 2.20b shows the potential dependent 

in-situ IR spectra during ORR. Figure 2.21a expresses that there are peaks which corresponds 

to O-O stretching mode of adsorbed O2 molecule and O2
- adsorbed42 on catalyst surface around 

1429 and 1080 cm-1, and peak at 1270 cm-1 emerges slowly with increasing time indicating the 

bending mode vibrations of adsorbed OOH* on catalyst surface.43 Figures 2.21b and 2.21c 

show that with increasing time there is a shift observed in the peak position corresponding to 

O-O stretching mode of adsorbed O2 indicating that O-O bond strength is varying during ORR 

reaction. 

 

Figure 2.18. (a) Fitted R-space data of Pd K-edge at different potentials. (b) Comparison of 

Pd-Pd bond length varying at different potentials.  
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Figure 2.19. (a) PXRD pattern of Pt0.2Pd1.8Ge before electrochemistry and after different ADT 

cycles. (b) Zoomed in PXRD pattern.  

Electron backdonation from Pd to O2 active site will weaken O-O bond as reflected in 

decreased wavenumber at 200 secs of the reaction. The weaker O-O bond will be the easier O-

O cleavage facilitating 4e- transfer mechanism for ORR. Optimum M-O bond is also observed 

as after some time fresh O2 molecule adsorbs on metal surface, and we observe same 

wavenumber after 250 secs. In addition to these ORR intermediates peak, there is H-O-H 

bending44 mode arising around 1580 cm-1 (Figure 2.21a) which gives a hint of water 

production during the reaction. Formation of water is strongly verified by the emergence of 

broad hump at 3000 cm-1 due to O-H stretching frequency (Figure 2.21d).44 The presence of 

heteroatom (Pt) in the coordination environment of Pd active sites induces the charge 

separation, which can facilitate the O-O cleavage. Partial density of states (PDOS) for Pd 3d 

orbitals has been calculated for Pd2Ge, Pd1.8Ge, and Pt0.2Pd1.8Ge systems. 



In-Situ Mechanistic Insights for Oxygen Reduction Reaction in Chemically Modulated  

Ordered Intermetallic Catalyst Promoting Complete Electron Transfer                            Chapter 2 

 

63 
 

Table 2.2. In-situ EXAFS fitting parameters of Pd edge of Pt0.2Pd1.8Ge before ORR and during 

CA at different potentials.  

Potential (vs. 

RHE) 

Path C.N. 


2

 
R (Å) E (eV) R-factor 

Before reaction Pd-Ge 1.99 0.00145 2.518 4.495±2.7 0.017 

Pd-Pt 2.95  

0.00145 

2.933 

Pd-Pd 3.05  

0.00145 

2.835 

@ 0.8 V Pd-Ge 1.84 0.00038 2.51 -

1.012±0.5 

0.016 

Pd-Pt 3.13 0.00038 2.92 

Pd-Pd 2.98 0.00038 2.832 

@ 0.6 V Pd-Ge 1.75 0.00044 2.506 -
0.985±0.5 

0.014 

Pd-Pt 2.88 0.00044 2.9167 

Pd-Pd 3.71 0.00044 2.8301 

@ 0.4 V Pd-Ge 1.95 0.00235 2.504 -
2.086±0.6 

0.021 

Pd-Pt 2.53 0.00235 2.914 
 

Pd-Pd 3.45 0.00235 2.828 

@ 0.2 V Pd-Ge 1.88 0.00104 2.507 -

3.269±0.7 

0.021 

Pd-Pt 2.83 0.00104 2.919 
 

Pd-Pd 3.16 0.00104 2.827 

@ 0.0 V Pd-Ge 1.88 0.00286 2.494 -0.213 0.02 

Pd-Pt 2.3 0.00286 2.891 
 

Pd-Pd 3.67 0.00286 2.826 

Comparing the total-DOS for 111 slabs of Pd2Ge, Pd1.8Ge, and Pt0.2Pd1.8Ge, it is 

observed that after substituting there is an overall increase in the electron density near the Fermi 

level (Figure 2.22). As seen in Figure 2.23a, the electron density of Pd 3d orbitals is closer to 

the Fermi level in Pt0.2Pd1.8Ge as compared to the pristine and deficient system, which results 

in strong interaction between catalyst active site (Pd atoms) and the adsorbate molecules.45 The 

electron accumulation on Pd sites will help in enhancing the ORR kinetics. Figure 2.23b shows 

the PDOS for Pd 3d for Pd2Ge and Pt0.2Pd1.8Ge with d-band centres. Table 2.3 shows the d-

band centres values. From the d-band centre values of Pd and Pt sites of Pt0.2Pd1.8Ge, it is 

observed that Pd is the active site since the d-band centre corresponding to Pd 3d orbitals is 

closer to Fermi level than Pt.  



Decoding Active Sites and Mechanistic Insights for Efficient Electrochemical Water Splitting and 

Fuel Cell using Transition Metal-based Catalysts 

  

64 
 

 

Figure 2.20. In situ FT-IR spectra during ORR in (a) presence and absence of O2 gas. (b) at 

different reduction potential.  

From d-band center calculation we could further confirm why Pt0.2Pd1.8Ge is the best 

catalyst and we could confirm that Pd is the active site and not Pt. The charge accumulation on 

the O atoms of differently adsorbed intermediate species on different sites has been quantified 

(Table 2.4) and we have succeeded in achieving the theoretical predictions satisfying the 

experimental observations. From the above table, it is observed that the negative charge 

accumulation on middle O atom in *OOH moiety is highest when it is adsorbed on Pd site of 

Pt0.2Pd1.8Ge which shows that this O atom will have the maximum tendency to get protonated 

and form water leaving behind O atom on the metal site. Simultaneously, the negative charge 

in O atom of *OH is also highest for Pd site of Pt0.2Pd1.8Ge which again confirms that adsorbed 

*OH will have highest tendency to abstract proton from water molecule and itself desorb from 

metal site as H2O. Thus, least OH-poisoning will be observed on Pd sites of Pt0.2Pd1.8Ge. 

Models of the slabs are given in Figure 2.24 and 2.25. Higher electron density on the catalyst 
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surface triggers reaction kinetics. Various structural models are simulated where different ORR 

intermediates are adsorbed on Pd, and Pt sites present on (111) facet of Pd2Ge and Pt0.2Pd1.8Ge. 

 

Figure 2.21. (a) In situ FT-IR spectra for Pt0.2Pd1.8Ge during ORR CA at 0.4 V vs. RHE in 

0.1M KOH. (b) Peaks around 1400 cm-1 are zoomed. (c) Comparison of peak maxima position 

shifting with time. (d) In situ IR spectra showing water formation during ORR. 
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Figure 2.22. Total DOS of unit cells of (a) Pd2Ge, (b) Pd1.8Ge, and (c) Pt0.2Pd1.8Ge. (d) Total 

DOS of three catalysts compared together.   

 

Figure 2.23. Projected density of states (PDOS) of (a) Pd 3d orbitals for Pd2Ge, Pd1.8Ge and 

Pt0.2Pd1.8Ge, and (b) of (111) slab of Pd2Ge and Pt0.2Pd1.8Ge and calculation of d-band center. 
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Table 2.3. d-band centers for Pd and Pt atoms in Pd2Ge and Pt0.2Pd1.8Ge.   

Sites d-band center (eV) 

Pd of Pd
2
Ge -2.42 

Pd of Pt
0.2

Pd
1.8

Ge -2.38 

Pt of Pt
0.2

Pd
1.8

Ge -2.73 

 

Table 2.4. Bader charge analysis of O atoms on different intermediate species adsorbed on Pd 

and Pt atoms in Pd2Ge and Pt0.2Pd1.8Ge.   

System -OOH -OOH -OH 

Pd
2
Ge -0.48 -0.61 -1.08 

Pt
0.2

Pd
1.8

Ge -0.48 -0.64 -1.48 

Pt
0.2

Pd
1.8

Ge -0.46 -0.59 -1.03 

 

 

Figure 2.24. OH* moiety before getting adsorbed on Pd sites of Pd2Ge (a), Pt0.2Pd1.8Ge (b), 

and on Pt sites of Pt0.2Pd1.8Ge (c). OH* moiety after getting adsorbed on Pd sites of Pd2Ge (d), 

Pt0.2Pd1.8Ge (e), and on Pt sites of Pt0.2Pd1.8Ge (f). 
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In Figure 2.25e it is seen that OH* is adsorbed in bridged mode on Pd site and Pd-O 

bond is longer than in Figure 2.25f, which is due to an increase in Pd-Pd bond distance after 

substitution.46 The energy for adsorption for ORR species like OH* and OOH* is calculated 

using the equation47, 48:  

Eads = Eslab+species - Eslab -Especies.                (2.3)                                              

After adsorbing the species OH* on Pd and Pt atoms for both the catalysts, the PDOS 

for O 2p orbitals is simulated, as in Figure 2.26a. The 2p orbital electrons are closer to the 

Fermi level for those OH* which are bound to Pd or Pt atoms of Pt0.2Pd1.8Ge than on pristine 

Pd2Ge. The more the 2p orbital electrons close to the Fermi level, the more the tendency for 

the electron cloud to attract a proton forming water13 and then desorb from the catalyst surface. 

Electron density on O atom of OH* species is higher in Pt substituted species that the pristine 

because of the decreased oxidation state of Pd in Pt0.2Pd1.8Ge for charge transfer from Pt to Pd 

atoms. The metal M-O (M= Pd, Pt) bond distance has increased after doping due to electron-

dense Pd atom and large-sized Pt atoms. Thus, it is indicated that weaker M-O bond helps to 

get rid of the OH species and protect the surface from OH-poisoning and give a highly stable 

catalyst.49, 50 Figure 2.26b shows the trend of decreasing OH* poisoning with increasing metal-

O bond distance of OH* species on the catalyst surface. 

 

Figure 2.25. OOH* moiety before getting adsorbed on Pd sites of Pd2Ge (a), Pt0.2Pd1.8Ge (b), 

and on Pt sites of Pt0.2Pd1.8Ge (c).  



In-Situ Mechanistic Insights for Oxygen Reduction Reaction in Chemically Modulated  

Ordered Intermetallic Catalyst Promoting Complete Electron Transfer                            Chapter 2 

 

69 
 

 

Figure 2.26. (a) PDOS of O 2p orbitals of OH* adsorbed on Pd and Pt sites of Pd2Ge and 

Pt0.2Pd1.8Ge. (b) Comparison of metal-O bond length of adsorbed OH* species on different 

sites with OH poisoning effect. (c) Free energy profile for ORR reaction mechanism for both 

Pd2Ge and Pt0.2Pd1.8Ge. 

The free energy profile for ORR on various active sites for the catalysts are calculated 

and plotted in Figure 2.26c. From the energy profile diagram, it is clearly observed that *OOH 
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adsorption is stronger on Pt and Pd sites of Pt0.2Pd1.8Ge and weaker on Pd sites of Pd2Ge. This 

shows why the OOH desorption as peroxide ion is least in case of the best catalyst Pt0.2Pd1.8Ge. 

At the same time, the stronger the *OOH adsorption, the more will be O-O cleavage and hence 

H2O formation tendency will be more.  

While the *OH adsorption is indicative of OH-poisoning of the active sites. From the 

energy profile, it is observed that *OH is most strongly adsorbed on Pt sites of Pt0.2Pd1.8Ge. 

This means OH-poisoning will be more on Pt sites than on Pd sites. Although *OH adsorption 

energy is least on Pd sites of Pt0.2Pd1.8Ge. Had Pt been the active sites, this strong *OH 

adsorption would have been reflected in poor ORR long term activity and stability. This shows 

that Pd atoms of Pt0.2Pd1.8Ge are the only active sites which not only decreases peroxide 

formation, but also diminishes OH-poisoning which indirectly is reflected in the extremely 

high stability of the catalyst Pt0.2Pd1.8Ge. It is seen that OH* is weakly adsorbed on Pd sites of 

Pt0.2Pd1.8Ge as compared to that on Pd2Ge, which means Pt0.2Pd1.8Ge catalyst is least poisoned. 

This strong binding of OOH* on active sites is also evident from peak in in-situ IR spectra in 

Figure 2.21a. The weaker binding of OOH* on surface sites is a bane for 4e- transfer ORR 

mechanism46 leading to the formation of majorly H2O. If OOH* is strongly bound, the tendency 

of peroxide anion release from catalyst surface will be less, and further 2e- transfer will take 

place on absorbed OOH species to give water, instead of hydrogen peroxide. Figure 2.27 

schematically shows the reaction mechanism of ORR following 4e- transfer generating H2O 

molecule.  

 

Figure 2.27. Schematic showing the ORR reaction mechanism obtained from in situ IR and 

computational studies. 
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Table 2.4 shows all recently reported Pd- or Pt- based electrocatalysts for ORR which 

expresses that our catalyst is having the least % of H2O2 produced and very high stability and 

excellent E1/2 values.  

Table 2.4. Comparison of ORR activity for Pd- and Pt- based electro-catalysts at different 

electrochemical conditions. 

Sr. 

No. 
Catalyst Medium 

Half-wave 

potential 

(E1/2,V) 

H2O2 % 

Stability 

(ADT 

cycles) 

References 

1. Pt0.2Pd1.8Ge 0.1 M KOH 0.946 1.4 50,000 This work 

2. AL-Pd/Mo2C 0.1 M KOH 0.935 <5 5000 
J. Am. Chem. Soc. 

2021, 143, 6933-6941 

3. A-CoPt-NC 0.1 M KOH 0.96 >12 8000 

J. Am. Chem. Soc. 

2018, 140, 10757-

10763 

4. Au/Cu40Pd60 0.1 M KOH 
−0.1 V 

vs Ag/AgCl 
NA - 

J. Am. Chem. Soc. 

2014, 136, 15026-

15033 

5. PdCu/C 1 M KOH 0.886 NA 20,000 
ChemElectroChem 

2018, 5, 2571-2576 

6. 

2H-

Pd71Cu22Pt7 

NPs 

0.1 M KOH 0.927 NA 10,000 

J. Am. Chem. Soc. 

2021, 143, 

17292−17299 

7. 
Pt1–

Fe/Fe2O3(012) 
0.1 M KOH 1.05 2.1 50,000 

Nat. Energy 2021, 6, 

614–623 

8. 
Co@Pd-

Pt/CNT 
0.1 M KOH 0.944 NA 3,10,000 

Nat. Commun. 2019, 

10, 440 

2.5 Conclusion 

The work has demonstrated the investigation of a less explored ordered intermetallic 

compound Pd2Ge and modified the lattice site occupations by creating Pd vacancies and 

substituting some Pd atoms with Pt atoms which ended up in modulating the chemical and 

electronic environment of the Pd active sites. Selective substitution of Pd atoms with Pt atoms 

induced charge polarization, which reflected in the extended and contracted bond distances and 

altered electronic structure. These are comprehensively characterized by PXRD, XAS, XPS 

and supported by the simulated Pd PDOS. Changes in catalyst structure and reaction kinetics 

are probed real-time by operando XAS and for the first time via in-situ FT-IR spectroscopy as 

well. It is observed that Pt substituted counterpart, Pt0.2Pd1.8Ge shows higher half-wave 

potential and lower Tafel slope value than pristine Pd2Ge which indicates faster charge transfer 

and highly active reaction sites. Interestingly, a very meagre amount of H2O2 (1.4%) is formed 
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for Pt0.2Pd1.8Ge which makes it a highly promising catalyst for ORR with excellent selectivity 

towards 4e-
 transfer. From adsorption energy calculation, it is observed that in Pt0.2Pd1.8Ge the 

weaker OH* and stronger OOH* adsorptions are responsible for no OH poisoning with 50,000 

ADT cycles stability and very less H2O2 formation.  
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Summary 

In this work, atomic cobalt (Co) incorporation into the Pd2Ge intermetallic lattice facilitates 

operando generation of a thin layer of CoO over Co substituted Pd2Ge, with Co in the CoO 

surface layer functioning as single metal sites. Hence the catalyst has been titled Co1-CoO-

Pd2Ge. High-resolution transmission electron microscopy (HR-TEM), X-ray photoelectron 

spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) confirm the existence of CoO, 

with some of the Co bonded to Ge by substitution of Pd sites in the Pd2Ge lattice. The role of 

the CoO layer in OER has been verified by its selective removal using argon sputtering and 

conducting OER on the etched catalyst. In-situ X-ray absorption near edge structure (XANES) 

and extended X-ray absorption fine structure spectroscopy (EXAFS) demonstrate that CoO gets 

transformed to CoOOH (Co3+) in operando condition with faster charge transfer through Pd 

atoms in the core Pd2Ge lattice. In-situ Raman spectroscopy depicts the emergence of a CoOOH 

phase on applying potential and that the phase is stable with increasing potential and time 

without getting converted to CoO2. Density functional theory (DFT) calculations indicate that 

the Pd2Ge lattice induces distortion in the CoO phase and generates unpaired spins in non-

magnetic CoOOH system resulting in an increase in OER activity and durability. The existence 

of spin density even after electrocatalysis is verified from electron paramagnetic resonance 

spectroscopy (EPR). We have thus successfully synthesized intermetallic supported CoO 

during synthesis and rigorously verified the role played by an intermetallic Pd2Ge core in 

enhancing charge transfer, generating spin-density, improving electrochemical durability, and 

imparting mechanical stability to a thin CoOOH overlayer. Differential electrochemical mass 

spectrometry (DEMS) has been explored to visualize the instantaneous generation of oxygen 

gas during the onset of the reaction. 
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3.1 Introduction 

Oxygen evolution reaction (OER)1  is the counter electrochemical reaction of water 

splitting via green means.1 Enhancing the rate of OER can fasten the HER kinetics in the green 

mode of hydrogen generation.2 The major challenge for OER is four electrons transfer process 

for oxidation of singlet state species OH- (or H2O) to triplet state O2 molecules which makes it 

sluggish requiring high overpotential.3, 4 Till date, best reported OER electrocatalysts are 

mainly noble metal-based oxides like RuO2 and IrO2 which are non-magnetic in nature and this 

magnetic property plays a crucial role in OER mechanism.5-7 The real motive of the 

electrochemists is to generate non-noble metal-based earth-abundant catalysts which will 

satisfy the general descriptors for OER performance. The difference between the adsorption 

energies of O* and OH*, GO* - GOH*, is the major descriptor for OER which decides whether 

the catalyst will provide faster OER kinetics. This energy difference is mainly governed by 

number of electrons in the d-orbital and electronic configuration (eg) of the transition metals in 

their oxides.8  

The first-transition metal oxides like Ni-, Co-, and Fe-based oxides are earth abundant, 

low-cost, and magnetic, which have shown promising OER activity.9, 10 There are doped RuO2 

based catalysts delivering enhanced OER activity and stability than pristine RuO2
11. very high  

Despite Co being an excellent member amongst TMs showing OER activity, the major concern 

is its stability.12, 13 To overcome this, various approaches include decreased loading of Co and 

generating OER-active catalysts. There are Co based polyoxometalates,14 mesoporous cobalt 

oxides,15 Co-based MOFs,16 and oxides like, like spinels, perovskites,17 and others like 

Co3O4,
7,18 ZnxCo3-xO4,

8 Mn-Co oxide,19 NiXCo3-XO4,
20 inverse spinel oxide LiCoVO4, single 

atom catalysts21 have shown excellent OER activity.16, 22, 23 Different experimental results have 

pointed out that the spin state of the active site affects the OER activity directly. The singlet 

reactant species OH- have all paired electrons, whereas triplet oxygen molecule has two 

electrons in two * orbitals with parallel alignment.3, 24, 25 This demands magnetically active 

sites with unpaired spin species on the catalyst surface which favors the spin alignment in the 

intermediate adsorbed species (like O*).3 To facilitate this process, presence of unpaired 

electrons in valence orbitals is absolute necessary.  

Co-based oxides are well-known catalysts with high activity due to the formation of 

CoOOH species providing higher current density at lower overpotentials. The Co3+ ion in 

oxides is mostly expected to be in the t2g
6 state (LS state), but a favourable crystal structure can 

generate unpaired electron with t2g
5 eg

1 state (HS state).26, 27 Different approaches have been 
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proposed to generate this HS state in d6 configuration, like, synthesizing extremely thin films 

of CoOOH gives rise to unpairing of electron as compared to bulk CoOOH,28 incorporation of 

single atoms in CoOOH surface,29 and doping heteroatom in ABO3 type perovskite oxides.30 

Besides, the major drawback of these oxides is their poor stability in harsh alkaline OER 

conditions due to which current density drops after some time. This is due to agglomeration 

and amorphization of these oxide species under OER conditions.31 Different approaches to 

retain catalytic activity for long durations such as doping with other transition metals, creating 

oxygen vacancies, and including a conductive support have been reported.5 Conductive 

supports like N-doped graphitic carbon have been reportedly used with Co-oxides like 

CoO/NGHSs provide high ECSA and electrical conductivity,32 Fe3O4/CoO CNTs has high 

durability and increased number of active sites,33 and so on. Constructing synergistic interfaces 

of cobalt oxides and highly active metals like Pt, Pd and Au/Ag can provide conductivity and 

stability due to enhanced charge transfer at longer periods of electrocatalysis.34, 35 There are 

reports where a dual-phase system of Co-oxides with active metals enhanced stability, like, 

Ag2O-Co3O4 framework obtained from Ag-Co bimetallic,36 Pd/CoOx for enhanced CO 

oxidation,37 MOF templated Pd/PdO-Co3O4,
38 N-doped C-nanofiber-Co/CoOx-Pd 

nanoparticles for enhanced HER and OER,39 and CoO/Pd(100) derived from Pd-Co bimetallic 

compound has provided high conductivity due to electron tunneling from the active metal to 

the Co-oxide species.40  Also, in CeOx/CoOx, the Ce atoms promote facile formation of CoOOH 

and optimizes binding energies of the OER intermediates.41 All these examples show how the 

bimetallic and monometallic supports themselves converted to their oxides and helped in 

facilitating OER kinetics. An intermetallic support is expected not to get easily converted to 

the oxides of the constituent elements due to highly stable and conductive structure. Keeping 

these observations in mind, we designed a catalyst with a stable intermetallic base surfaced 

with a very thin layer of Co-oxide. 

This work unveils the enhanced OER activity of an unexplored intermetallic Pd2Ge 

after the incorporation of Co atoms into the Pd sites, which resulted in the generation of ultra-

thin layer of CoO species over Co substituted Pd2Ge lattice. Previous reports show that Ge 

based systems exhibit high stability in alkaline medium.42 The compound Pd2Ge has never 

been tested for OER and only single report on HER for the reduction counterpart of water 

splitting.43 The major concern of OER catalysts is their mechanical and electronic stability and 

durability in harsh alkaline and oxidation environment. All the previous reports deal with either 

carbon-based or metallic supports. Extensive studies have been done on CoO anchored on 
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different metallic or metallic oxide or bimetallic supports. CoO has been studied on TiO2,
44 

Mn3O4,
45 Au metal,46 Ag metal,36 Cu2O@Cu interface,47 Pd-Co bimetallic system,40 Fe3O4,

33 

and so on. These approaches have succeeded in achieving facile charge transfer which has 

reduced overpotential and Tafel slope value, whereas the stability is still the concern. Our 

system is a stable intermetallic on which a CoO thin layer is secured. This is a promising 

strategy to provide enhanced electron tunneling and mechanical stability at the synergistic 

interface of CoO and Co incorporated Pd2Ge. It has been reported that noble metals (except Ir 

and Ru) are not showing good activity for OER which evidently indicates that the high activity 

and stability of Co1-CoO-Pd2Ge comes from the synergistic effect between Co doped Pd2Ge 

core and thin layer of CoO. Co1-CoO-Pd2Ge shows very low overpotential of 264 mV for 

current density of 10 mA/cm2, stability of 5000 cycles and durable up to 80 hours with Tafel 

slope value of 72 mV/dec, which are better than the state-of-the-art OER catalysts.5, 25 In-situ 

XANES show that CoO layer is the active species with electron transfer observed from Pd 

atoms in the core. Conversion of Co2+ to Co3+ (cobalt oxyhydroxide) has been mapped by in-

situ XANES and post-electrochemical XPS techniques. In-situ Raman spectroscopy visualized 

the generation of CoOOH phase on giving potential and found to be stable even upon increasing 

potential and time. The density functional theory (DFT) calculations exhibit that Pd2Ge phase 

imparts distortion in the CoO phase and generates unpaired electron density in non-magnetic 

CoOOH system which ultimately increases the OER activity and durability. Finally, 

differential electrochemical mass spectrometry (DEMS) has been explored to visualize the 

instantaneous generation of oxygen gas during the onset of the reaction.  

3.2 Experimental Details 

3.2.1 Chemicals and reagents 

Potassium tetrachloropalladate (K2PdCl4) and Nafion binder (5 wt.%) were purchased 

from Sigma-Aldrich, germanium tetrachloride (GeCl4) and cobalt(II) chloride hexahydrate 

(CoCl2.6H2O) were purchased from Alfa-Aesar, and tri-ethylene glycol (TEG) were purchased 

from Merck. All the chemicals (more than 99% purity) were used as purchased without any 

further purification. Millipore water of conductivity 18.2 MΩcm was used for the synthesis 

and all electrochemical studies.  

3.2.2 Synthesis of Pd2Ge and Co1-CoO-Pd2Ge 

In a typical solvothermal reaction, 0.2 mmol of potassium tetra chloroplatinate 

(K2PdCl4), 0.1 of germanium (IV) chloride (GeCl4) for Pd2Ge and 0.01 mmol of CoCl2.6H2O 

was added along with other Pd (0.19 mmol) and Ge (0.1 mmol) salts to synthesize Co1-CoO-
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Pd2Ge and 0.8 mL of superhydride solution (reducing agent) were mixed in 18 mL of TEG. In 

two autoclaves, solid K2PdCl4 and CoCl2.6H2O salts were dissolved in 18 ml TEG and 

magnetically stirred until dissolved completely. After complete dissolution, GeCl4 was added 

using a micropipette as 11.4 mL. The mixture is continuously stirred for 30 mins. After that, 

0.8 mL superhydride solution (Li(C2H5)3BH) was added using a syringe and again stirred in an 

orbital shaker for 30-45 mins. The autoclave was kept at 220 °C for 24 h. The final product 

was washed several times with ethanol, and the obtained product was dried and used for further 

characterization. 

3.3 Characterization 

3.3.1 Powder x-ray diffraction (PXRD) 

PXRD measurements were done at room temperature on a Rigaku Miniflex X-ray 

diffractometer with a Cu−Kα X-ray source (λ = 1.5406 Å), equipped with a position-sensitive 

detector in the angular range of 10° ≤ 2θ ≤ 90° with the step size 0.02° and a scan rate of 0.5 

s/step calibrated against corundum standards. The experimental XRD patterns were compared 

to the patterns simulated from the data reported in the literature. 

3.3.2 Scanning electron microscopy (SEM) and energy dispersive spectrum (EDS) 
The SEM measurement was performed using Leica scanning electron microscopy 

equipped with an energy-dispersive X-ray spectroscopy (EDAX) instrument (Bruker 120 eV 

EDAX instrument). Data were acquired by using an accelerating voltage of 15 kV, and the 

typical time taken for data accumulation is 100 s. The elemental analyses were performed using 

the P/B-ZAF standardless method (where P/B = peak to background model, Z = atomic no. 

correction factor, A = absorption correction factor, and F = fluorescence factor) for Cu, Ga at 

multiple areas on the sample coated Si wafer. 

3.3.3 Transmission electron microscopy (TEM) 

TEM and high-resolution TEM (HRTEM) images, selected area electron diffraction 

(SAED) patterns were collected using a JEOL 200 TEM instrument. Samples for these 

measurements were prepared by dropping a small volume of sonicated nanocrystalline powders 

in ethanol onto a carbon-coated copper grid. 

3.3.4 High-angle annular dark-field imaging scanning transmission electron 

microscopy (HAADF-STEM) 

HAADF-STEM images were taken using FEI/TITAN THEMIS 3391 (80–300) 

electron microscope. 
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3.3.5 Inductively coupled plasma atomic emission spectroscopy (ICP-OES) 

ICP-OES was performed using a Perkin Elmer Optima 7000 DV instrument. The 

samples were digested in concentrated aqua regia, followed by dilution with distilled water. In 

a typical experiment, 2 mg of the sample was dissolved in 1 ml aqua regia and left overnight 

(12 hrs) for digestion. The digested sample was then diluted to 10 ml volume with deionized 

water. The solid particles were separated by thorough centrifugation before measurements. We 

have also performed the ICP-OES for the electrolyte after the running the OER reaction. 

3.3.6 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out using Thermo K-alpha+ spectrometer using micro 

focused and monochromated Al Kα radiation with energy 1486.6 eV. The pass energy for 

spectral acquisition was kept at 50 eV for individual core-levels. The electron flood gun was 

utilized for providing charge compensation during data acquisition. Further, the individual 

core-level spectra were checked for charging using C1s at 284.6 eV as standard and corrected 

if needed. The peak fitting of the individual core-levels was done using XPSpeak 41 software 

with a Shirley type background. XPS spectra were measured to study the valence state, 

chemical composition, and electronic interactions.  Ar+ sputtering was done for 10 secs each 

layer for an energy pf 2 KeV and high-resolution spectra of Pd 3d, Ge 3d, and Co 2p were 

performed after each layer etching.  

3.3.7 X-ray absorption near edge spectroscopy (XANES) and extended x-ray 

absorption fine structure (EXAFS): 

XANES and EXAFS experiments at 300 K were performed at PETRA III, beamline 

P64, of DESY, Germany. Measurements of Pt-k edges at ambient pressure were performed in 

fluorescence as well as transmission mode using gas ionization chambers to monitor the 

incident and transmitted X-ray intensities. Monochromatic X-rays were obtained using a Si 

(111) double crystal monochromator. Pellets for the ex-situ measurements were made by 

homogeneously mixing the sample with an inert cellulose matrix to obtain an X-ray absorption 

edge jump close to one. Background subtraction, normalization, and alignment of the EXAFS 

data were performed by ATHENA software. Theoretical XAFS models were constructed and 

fitted to the experimental data in ARTEMIS. 

3.3.8 Electrochemical oxygen evolution Reaction (OER) 

All the electrochemical measurements were done in a 3-electrode set-up comprising of 

a glassy carbon as the working electrode (GCE), graphite rod counter electrode, and 

mercury/mercuric oxide electrode (MMO) (for basic media). The catalyst ink was prepared 
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using 1.6 mg catalyst + 0.4 mg Vulcan in 200 l of mixed solvent (IPA:H2O = 1:1) + 20 μL 

of 1 wt.% Nafion used as binder. Five μL of the catalyst ink was drop-casted on the commercial 

3 mm GCE. Commercial IrO2 (Sigma Aldrich) was used for comparison of activity with the 

reported electrocatalysts. Linear sweep voltammetry (LSV) was recorded for OER at a scan 

rate of 5 mV s−1 at 25 °C. Electrochemical impedance studies were performed in the frequency 

range from 10 mHz to 100 kHz at different applied DC potentials for different reactions 

depending on their onset potential values. The electrolyte solution was deaerated by purging 

N2 gas into the solution at least for 30 min before each experiment. All the reference electrodes 

were calibrated with respect to the reversible hydrogen electrode (RHE), using Pt as working 

and counter electrodes in the respective electrolytes. The values obtained are as follows: 

alkaline medium, ERHE = EMMO + 0.911 V. 

3.3.9 Rotating ring disk electrode experiment (RRDE) 

O2 formation via 4-electron transfer was checked using rotating ring disk electrode 

(RRDE) where ring as platinum and disk as glassy carbon with 4 mm diameter and keeping all 

other experimental conditions similar, graphite rod as the counter electrode and Hg/HgO as the 

reference electrode. A linear sweep potential was given to the disk electrode from 1.2V to 1.6 

V (vs. RHE) at a rotation rate of 1600 rpm in 0.5 M KOH. Ring potential was fixed at 1.5 V 

vs. RHE which allows the further oxidation of H2O2 oxidation to O2. In the RRDE experiment, 

the percentage of H2O2 produced (XH2O2) and the corresponding electron transfer numbers 

during ORR (n) can be determined from the following equations, respectively: 

             H2O2 % = 200 × 
Ir/N

Id+Ir/N
                                                                       (Equation 3.1) 

3.3.10 In-situ x-ray absorption spectroscopy (XAS) 

In-situ XAS was measured using home-made customized cell set up under OER 

conditions. Details of this setup are provided in our previous papers where in-situ XAS has 

been explored in ORR, HER, CO2RR and so on. 

3.3.11 Differential electrochemical mass spectrometry (DEMS) 

Hiden H-40 analytical is used for measuring mass spectra of instantly produced volatile 

components due to electrochemical reactions. Here we have performed oxygen evolution 

reaction and probed the instantaneous formation of oxygen gas. We have used Type-A cell 

which is a one-compartment cell with a glassy carbon rod where the catalyst in needed to be 

coated. Ag/AgCl electrode and Pt-wire have been used as reference and counter electrodes. We 

have used PTFE membrane as the pervaporation layer to allow the volatile products to pass 
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through the electrochemical cell to the mass chamber. We have used a dual-syringe pump to 

keep a continuous flow of electrolyte into the electrochemical cell. 

3.3.12 Computational details   

The electronic structure calculations were done using DFT implemented in Viana Ab-

initio Simulation Package (VASP). The exchange-correlation functional was approximated 

using Perdew-Becke Ernzerhof (PBE) in combination with plane-wave augmented 

pseudopotential. A kinetic energy cutoff of 450 eV is applied to truncate the plane-wave basis 

used to describe the Kohn-Sham orbitals, and a convergence threshold of 0.03 eV/Å is 

accounted for forces on the atoms for ionic minimization. The slab models of the 

heterostructures were generated using VASPKIT with less than 3% lattice mismatch. A (3 × 3 

× 1) and (2 × 3 × 1) Monkhorst-Pack k-points grid was used for the surface slab of 

CoOOH@Pd2Ge and CoO@Pd2Ge respectively. The slab model of CoO@Pd2Ge contains 

three layers of Pd2Ge and two layers of CoO with a vacuum thickness of 15 Å. The atoms in 

the bottom two layers were fixed at the bulk equilibrium and the remaining were allowed to 

relax. After relaxing the geometry, a tetrahedron occupation scheme with Blöchl corrections 

was used to calculate the electronic structure. 

3.4  Results & Discussion 

3.4.1 Phase analysis and microscopic visualization 

We have synthesized a Pd2Ge intermetallic compound which stabilizes in the hexagonal 

structure of space group P6̅2m (synthesis details are given in the SI and in our previous 

works).48-50 From literature surveyed for OER, no reports exist using this particular 

intermetallic compound as the OER electrocatalyst. In a previous report we explored the 

generation of Pd vacancies in Pd2Ge for the controlled substitution of Pt for electronic structure 

modulation that resulted in enhanced ORR performance.50 Utilizing that successful strategy, 

here we aimed at substituting Pd atoms with Co, and interestingly obtained a Co substituted 

Pd2Ge with a nano-coral morphology with a very thin layer of CoO well distributed at the 

surface. Figure 3.1a shows the PXRD pattern of Pd2Ge, Pd1.9Ge, and Co1-CoO-Pd2Ge, 

expressing that after Pd deficiency there is lattice contraction, whereas after Co incorporation 

there is again lattice expansion (left shift of peak as compared to pristine Pd2Ge). Figure 3.1b 

clearly shows the shift in PXRD peak corresponding to (111) facet of Pd2Ge. Figures 3.2a, b 

and 3.2c, d show the transmission electron microscopy (TEM) images of Pd2Ge and of Co1-

CoO-Pd2Ge, respectively. It is clearly observed that there is a thin layer surrounding the nano-

networks in Co1-CoO-Pd2Ge which is absent in the case of pristine Pd2Ge.50  
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Figure 3.1. (a) PXRD patterns of Pd2Ge, Pd2-xGe, and Co1-CoO-Pd2Ge. (b) Zoomed in peak 

corresponding to (111) facet of Pd2Ge showing the peak shif with creating Pd deficiency and 

Co incorporation. 

 

Figure 3.2. TEM images of (a,b) pristine Pd2Ge and (c,d) Co1-CoO-Pd2Ge.  
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Figure 3.3. (a) HR-TEM image of Co1-CoO-Pd2Ge and inset images show the zoomed-in 

images of surface and central fringes. (b) High-angle annular dark-field imaging scanning 

transmission electron microscopic (HAADF-STEM) image at very high resolution. Fast 

Fourier Transform (FFT) pattern of d-spacing corrensponding to (c) (111) facet of Co 

substituted Pd2Ge lattice. (d) (200) facet of CoO thin layer from Figure 3.3a. The red box 

indicate (111) facet of Pd2Ge and (200) facet of CoO.   

 
Figure 3.4. (a) HAADF-STEM color mapping and (b) SEM-EDX elemental mapping of Co1-

CoO-Pd2Ge. 

Figures 3.3a shows the prominent layer and HR-TEM image with clear fringes 

corresponding to (111) facet of Pd2Ge in the internal core and (200) facets of CoO in the layer 

and Figure 3.3b shows the HAADF-STEM image of Co1-CoO-Pd2Ge at the atomic resolution. 
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Figures 3.3c and 3.3d represents the Fast Fourier Transform (FFT) pattern of d-spacing 

corresponding to (a) (111) facet of Co substituted Pd2Ge lattice and (b) (200) facet of CoO thin 

layer. Elemental distribution of Co1-CoO-Pd2Ge has been shown via HAADF-STEM and 

SEM-EDX elemental mapping in Figure 3.4a and 3.4b, respectively. Figure 3.5 shows the 

schematic of formation of CoO layer on Co substituted Pd2Ge lattice during one step 

solvothermal synthesis. The schematic represents exactly what is being observed from SEM 

and TEM images. Table 3.1 shows the elemental composition of Co1-CoO-Pd2Ge after Argon 

sputtering. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) has been 

used to estimate the amount of Co substituted in Pd2Ge. Figure 3.6 and Table 3.2 show the 

calibration plots for Pd, Co, and Ge and the atomic % of each element. The overall existence 

of Co is found to be 5% only.  

 

Figure 3.5. Schematic of synthesis of Co1-CoO-Pd2Ge with CoO thin layer on the Co 

substituted Pd2Ge. 

Table 3.1. Atomic percentage of each element Co1-CoO-Pd2Ge by SEM/EDX analysis after 

Argon sputtering as shown in Figure S14.  

Elements Pd Ge Co O 

At. % 59.33 36.87 3.80 0.00 

 

Table 3.2. Atomic percentage of each element for Co1-CoO-Pd2Ge by ICP analysis.  

Elements Pd Ge Co 

At. % 61.3  33.5 5.2 
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Figure 3.6. ICP-OES callibration plots for (a) Pd, (b) Ge, and (c) Co for elemental 

quantification of Co1-CoO-Pd2Ge. 

3.4.2 Electrochemical oxygen evolution reduction (OER)  

The catalyst Co1-CoO-Pd2Ge has been tested for electrochemical OER. It is observed 

that with the progress of the reaction, the activity is seen to increase gradually, as shown in 

Figure 3.7a. To probe this enhancement, first two LSVs of Co1-CoO-Pd2Ge have been 

compared as shown in Figure 3.7b.  
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Figure 3.7. (a) Linear sweep voltammograms (LSVs) of OER for Co1-CoO-Pd2Ge in 0.5 M 

KOH medium. (b) LSVs of OER for CoxPd2-xGe with time. (c) LSVs for OER compared for 

Pd2Ge, Co1-CoO-Pd2Ge, and IrO2. (d) LSVs of OER for Co1-CoO-Pd2Ge before and after 5000 

ADT cycles.  

 

Figure 3.8. (a) Tafel slopes for Pd2Ge, Co1-CoO-Pd2Ge and IrO2. (e) Chronoamperometry 

(CA) for Co1-CoO-Pd2Ge during OER in 0.5 M KOH at 500 mA/cm2 current density. 

It is clearly observed that there is an oxidative hump at 1.29 V indicating the conversion 

of Co2+ to Co3+ which depicts the conversion of CoO to CoOOH.51 And there is no oxidative 

hump corresponding to Co4+ formation. Figure 3.7c shows the comparison in OER activity 

between Pd2Ge, Co1-CoO-Pd2Ge, and IrO2 in 0.5 M KOH medium. The activity of Co1-CoO-

Pd2Ge is much better than both IrO2 and pristine Pd2Ge where overpotential for 10 mA/cm2 is 

only 264 mV for Co1-CoO-Pd2Ge whereas it is 310 and 330 mV for Pd2Ge and IrO2, 

respectively.  
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Figure 3.9. (a) LSVs for the RRDE experiment showing the disk current corresponding to the 

OER and ring current corresponding to the conversion of H2O2 to O2. (b) Number of electron 

transfer and H2O2 % formation during the OER reaction. 

Even after 5000 ADT cycles, Co1-CoO-Pd2Ge shows increased OER activity 

manifesting the enhanced stability of the catalyst (Figure 3.7d). Figures 3.8a shows the 

decreased Tafel slope value of Co1-CoO-Pd2Ge as compared to pristine Pd2Ge and IrO2 

indicating faster kinetics of OER. Figures 3.8b shows the chronoamperometry plots of Co1-

CoO-Pd2Ge at current density 500 mA/cm2 for 36 hours with no degradation of current density. 

Such an incredible enhancement in stability and durability of Co1-CoO-Pd2Ge is a result of 

stable support (Pd2Ge) solving the major disadvantage of instability of most of the Co based 

oxides reported for OER.28, 47, 52 It has been observed that there is almost no current at the ring 

which means no formation of H2O2 due to partial water oxidation (Figure 3.9a). After the 

calculation, it is observed that 4 electron transfer process took place with almost 0.001-0.002% 

of H2O2 formation (Figure 3.9b). Table 3.3 lists the comparison of different catalysts with the 

state-of-the-art catalyst. To further illustrate the role of the thin CoO layer we have performed 

OER after removing the CoO layer at various intervals of Ar+ sputtering, followed by OER 

activity test (Figures 3.10).  

Table 3.3. Comparison of electrochemical OER activity of different catalysts with the state-

of-the-art catalysts:  

Sl. No. Catalyst Potential (10 mA/cm2) Stability 

1 Co1-CoO-Pd2Ge  1.494 V 80 h (5000 cycles) 

2 Pd2Ge 1.54 V < 10 hours 

3 CoOOH@Pd2-xGe 1.52 V < 3 hours 

4 IrO2 1.56 V 1000 cycles 

It has been observed that with increased levels of sputtering there is gradual decrease 

in activity (Figure 3.10a). The activity of fully sputtered catalyst is slightly higher than 
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compared to pristine Pd2Ge (Figure 3.10b) which can be attributed due to the presence of Co 

atoms in the Pd2Ge lattice which also contributes to the OER activity. Thus, it is 

electrochemically also verified that Co has not only formed CoO layer, but also incorporated 

into the Pd2Ge lattice.  

 

Figure 3.10. LSVs of OER (a) for Co1-CoO-Pd2Ge before and after partial and full Ar+ 

sputtering (b) the comparison between the samples Co1-CoO-Pd2Ge and pristine Pd2Ge after 

complete sputtering. (c) LSVs of OER for Co1-CoO-Pd2Ge after full Ar+ sputtering before and 

after 500 ADT cycles.  
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Figures 3.10c shows that upon removal of CoO layer, the stability and durability of the 

catalyst is degraded within short period of operation (after 500 ADT cycles). The removal of 

CoO layer has been verified by post-sputtering characterizations like XPS, SEM imaging, and 

SEM-EDS which will be discussed in the later section. 

3.4.3 Local coordination and oxidation state analysis of Co1-CoO-Pd2Ge 

The XANES spectra for Co-K edge as in Figure 3.11a shows that Co is in higher 

oxidation state which matches with Co-oxide species, CoO.17, 53 Whereas XANES spectra for 

Pd-K and Ge-K edges as in Figures 3.11b and 3.11c show that both Pd and Ge are in metallic 

state in Pd2Ge intermetallic compound with partial positive charge on Pd and partial negative 

charge accumulation on Ge atoms. It has been observed that with Co incorporation into Pd2Ge 

lattice, there is very less increase in oxidation state of Pd and Ge which is due to less amount 

of Co has been incorporated into the Pd2Ge lattice while remaining has settled on the surface 

as thin layer of CoO. From the Fourier transformed R-space EXAFS data shown in Figure 

3.11d, it is observed that Co-Co metallic bonds are absent in Co1-CoO-Pd2Ge which triggered 

the naming as Co1-CoO-Pd2Ge.  

Figures 3.11e and 3.11f show the wavelet transformed EXAFS data for Co foil and Co 

edge of Co1-CoO-Pd2Ge. It is seen that most intense peak corresponds to Co-O bonds at 1.54 

Å with a very less intense Co-Ge bonds at 2.17 Å. Figure 3.12a, b represent the EXAFS R-

space data for Pd and Ge-K edges of Co1-CoO-Pd2Ge. Figure 3.12a shows the presence of Pd-

Ge and Pd-Pd bonds from Pd K-edge XAS. Pd-Ge and Pd-Pd bonds are present in pristine 

Pd2Ge at 2.05 and 2.6 Å. Whereas Pd-Ge and Pd-Pd bonds are at 2.02 and 2.6 Å in Co1-CoO-

Pd2Ge. Figure 3.12b shows Ge-Ge and Ge-Pd bonds in Co1-CoO-Pd2Ge from Ge K-edge XAS 

data. Figure 3.12c, d show the fitted EXAFS data for Co K-edge of Co1-CoO-Pd2Ge, and it is 

observed that the data is well fitted considering Co-O and Co-Ge bonds (Figure 3.12c) and 

Table 3.4 shows the fitting parameters. This is confirming the existence of CoO with Co 

incorporated in Pd2Ge lattice which generates peak for Co-Ge bonds (Figure 3.12d). In 

summarizing all these findings, XAFS comprehensively confirms the formation of Co1-CoO-

Pd2Ge with Co predominantly existing as single-atoms in the thin CoO layer, while a small 

fraction of Co exists in the metallic state and substitutes Pd sites in Pd2Ge. 

3.4.4 Presence of oxide layer: argon sputtered XPS and SEM analysis 

Figures 3.13a and 3.13b show the fitted Pd 3d and Ge 3d XPS spectra of Co1-CoO-

Pd2Ge. It is seen that both Pd and Ge exists in elemental state with some trace amounts of PdO, 

GeO and GeO2 on the surface due to aerial oxidation. To verify the existence of Co metallic 
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state underneath the oxide layer, XPS measurement has been performed after Ar+ sputtering at 

different time duration. Co 2p XPS after Ar+ etching shows emergence of Co0 state from Co2+ 

state, as in Figure 3.13c, which keeps on increasing after each layer removal. 

 

Figure 3.11. (a) XANES spectra of Co K-edge for Co1-CoO-Pd2Ge. (b) XANES spectra of Pd 

K-edge for Pd2Ge, Co1-CoO-Pd2Ge and Pd foil. (c) XANES spectra of Ge K-edge for Pd2Ge, 

Co1-CoO-Pd2Ge and Ge foil. (d) Fourier transformed R-space data for Co K-edge for Co1-

CoO-Pd2Ge. Wavelet transformed EXAFS data of Co K-edge of (e) Co foil and (f) Co1-CoO-

Pd2Ge. 
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Figure 3.12. Fourier transform data for (a) Pd K-edge and (b) Ge K-edge of Co1-CoO-Pd2Ge. 

(c) Fitted R-space data for Co K-edge of Co1-CoO-Pd2Ge. (d) All the paths taken for fitting 

which are Co-O and two types of Co-Ge bonds. 

This confirms the removal of CoO layer and exposing elemental cobalt in Co 

incorporated Pd2Ge lattice.54  Figure 3.14 show the XPS spectra of Pd 3d and Ge 3d after 

different layers of etching. Figures 3.15a and 3.15b show the magnetization curve and EPR 

spectra of Co1-CoO-Pd2Ge, which depict the presence of unpaired electrons which is due to 

the presence of Co2+ centers on the surface and thus this unpaired electron will facilitate the 

stabilization of O* species on active sites. Presence of unpaired electrons also help in spin cross-

over from singlet to triplet species during OER and reducing the energy barrier for conversion 

of OH* to O* species.55 Additionally, SEM images and EDX mapping were done to visualize 

and quantify the morphology and atomic composition after sputtering. Figure 3.16 shows the 

SEM images of Co1-CoO-Pd2Ge after argon sputtering where the layer is no more visible as 

was observed in Figure 3.5 clearly confirms the presence of CoO at the surface of Co1-CoO-

Pd2Ge. Table 3.1 shows the elemental composition showing no O amount present which 

confirms the removal of O atom from the surface layer of the nanoparticles. This confirms 

further the absence of CoO on the surface after the sputtering. 
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Figure 3.13. (a) Pd 3d, (b) Ge 3d XPS spectra of Co1-CoO-Pd2Ge and (c) Co 2p XPS spectra 

of Co1-CoO-Pd2Ge during stepwise removal of CoO layer upon argon sputtering. 

 

Figure 3.14. (a) Pd 3d and (b) Ge 3d XPS spectra of Co1-CoO-Pd2Ge during stepwise removal 

of CoO layer upon argon sputtering. 
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Figure 3.15. (a) Isothermal magnetization curves (M-H curves) at 2 K for Pd2Ge and Co1-

CoO-Pd2Ge. (b) EPR spectra of Co1-CoO-Pd2Ge. 

Table 3.4. EXAFS fitting parameters.  

Path C.N. R (Å) 2(Å2) 

Co-O 4.89 2.13 0.009 

Co-Ge1 6.4 2.31 0.016 

Co-Ge2 1.6 2.51 0.003 

 

 

Figure 3.16. SEM images taken after Ar+ sputtering on Co1-CoO-Pd2Ge for 14 layers etching.  
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Figure 3.17. Schematic of XPS spectra for CoO controlled surface-etching by Ar+ sputtering 

and the trend in its OER activity after different levels of etching.  

Figure 3.17 shows a schematic where the XPS spectra of CoO surface on Pd2Ge lattice 

after different layers of Ar+ sputtering and the trend in the OER activity and its overpotential 

for 10 mA/cm2 current density are plotted with structural models of different etching level. 

3.4.5 Probing charge transfer during OER via operando methods 

An electrochemical cell is customized for operating real-time XAS during OER (Figure 

3.18a). Figure 3.18b shows the in-situ XANES spectra of Co K-edge of Co1-CoO-Pd2Ge, 

which depicts a sharp increase in the adsorption energy just at 1.5 V vs. RHE. This increment 

in energy is no more observed when potential is varied from 1.7 to 1.9 V. This is a clear 

indication that Co oxidation state changes (Co2+ to Co3+) occurring within 1.5 V vs. RHE. As 

observed from the Pd-K edge XANES (Figure 3.18c), the oxidation state of Pd is increasing 

with increasing oxidation potential since there is a shift of absorption edge towards higher 

photon energy.56, 57 R-space EXAFS data for Pd K-edge during OER shows that there is 

contraction in both lengths corresponding to both Pd-Pd and Pd-Ge bonds at 2 and 2.7 Å, 

respectively (Figure 3.18d).58-60 This bond contraction reflects the increase in oxidation state 

of Pd centers. This observation is further supported by post-OER XPS spectra for Co 2p 

orbitals. Figure 3.18e shows the prominent difference in XPS spectra before and after OER. 

Figure 3.18f shows the fitted XPS spectra where it is observed that Co2+ gets almost converted 

to Co3+ during OER. CoO is getting converted to CoOOH which ultimately drives the overall 

OER activity of the catalyst.  Further, operando XANES show that after some potential (till 

1.5 V vs. RHE) the XANES spectra is stabilized for both Co and Pd K-edges which indicate a 

stability achieved on the catalyst surface. 
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Figure 3.18. (a) Schematic of cell setup for in-situ XAS measurements. (b) Co K-, and (c) Pd 

K-edge XANES spectra for Co1-CoO-Pd2Ge during OER at different potentials. (d) Pd K-edge 

R-space data during OER at different potentials. (e) Co 2p XPS spectra before and after OER. 

(f) Fitted XPS spectra for Co 2p before and after OER.   

Post-electrochemical SEM and TEM images are taken for Co1-CoO-Pd2Ge to confirm 

the phase transformation, which is accounted for charge transfer. Figure 3.19 shows the SEM 

images after OER where the CoO is converted to CoOOH oxide which is intact after the 

electrocatalysis. Figure 3.20 shows the TEM and HRTEM images after OER strongly confirms 

the existence of CoOOH after OER which was not present before reaction. 
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Figure 3.19. SEM images of Co1-CoO-Pd2Ge after electrochemical oxygen evolution reaction 

(a-d) at different scale bars and different locations. 

 
Figure 3.20. TEM images of Co1-CoO-Pd2Ge after electrochemical oxygen evolution reaction. 

These images show that the nanoparticles are surrounded by a thin layer of CoOOH which is 

verified by d-spacing.  

All these in situ and post-electrochemical characterizations jointly supports that further 

oxidation of Co from (III) to (IV) oxidation state has not taken place which is also reflected 
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from the LSV shown in Figure 3.7b. Although Co is highly prone to get oxidized to Co(III) 

and Co(IV) under OER oxidations, sometimes this Co(IV) species hinders OER kinetics.38 

Pd2Ge lattice is acting as a support to control the higher oxidation of Co species of the CoO 

surface layer. 

3.4.6 Visualizing structural evolution and stabilization: Potential-dependent Raman 

spectroscopy and theoretical calculations 

Figure 3.21a shows the schematic of lab-customized cell setup for in-situ Raman 

spectroscopy during OER for catalyst Co1-CoO-Pd2Ge. Figures 3.21b and 3.21c show the 

potential- and time-dependent Raman spectra for Co1-CoO-Pd2Ge.  

 

Figure 3.21. (a) Schematic of electrochemical cell setup for in-situ Raman spectroscopy 

measurements. (b) Potential-dependent and (c) time dependent in-situ Raman spectroscopy for 

Co1-CoO-Pd2Ge. 
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It is observed that Raman peak corresponding to Eg mode of CoOOH phase after giving 

potential which is stable even in higher potential.29, 52 Thus, operando Raman spectroscopy 

firmly confirms the observation of CoOOH formation during reaction kinetics which supports 

the post-electrochemical XPS and HRTEM analysis (Figures 3.18e, 3.18f). No peak 

corresponding to CoO2 is observed even at higher potential in  Raman spectroscopy. After 

theoretical optimization of pure CoO, pure CoOOH, CoO@Pd2Ge and CoOOH@Pd2Ge, it has 

been observed that the fcc structure of CoO gets deformed and distorted on being supported on 

hexagonal Pd2Ge lattice (Figures 3.22a and 3.22b). This distortion led to non-uniform bond 

distance of Co-O as compared to pure CoO where all the Co-O bonds are uniform (Figures 

3.22b(i) and 3.22b(ii)). The optimized structure showed a significant change in Co-O bond 

length due to the lattice strain which is from 2.12 to 1.77 Å when supported on Pd2Ge lattice, 

but the overall structure remained intact.  

 

Figure 3.22. (a) Simulated structural models of CoO on Pd2Ge before and after structure 

optimization from top view and side view. (b) it represents (i) zoomed portion of Co atoms 

surrounded by neighboring O atoms in bulk CoO and (ii) In CoO on Pd2Ge heterostructure, 

and (iii) Spin density on CoOOH supported on Pd2Ge lattice. 
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The decrease of Co-O bond lengths of CoO supported on Pd2Ge can be attributed to the 

increased oxidation state on Co centers due to being incorporated on Pd2Ge. Figure 3.23 also 

shows that after incorporation of CoO on Pd2Ge, there is an accumulation of electronic charge 

near the interface of CoO and Pd2Ge with slight deficient electronic density in CoO lattice and 

bulk Pd2Ge. This observation from theoretical studies have been completely supported by 

experimental Pd 3d XPS spectra of Co1-CoO-Pd2Ge before and after different layers of etching 

by Ar+ sputtering. Figure 3.23 shows schematically that before etching Pd was in lower 

oxidized state which indicates the interface between CoO and Pd2Ge. Whereas, while digging 

the Pd2Ge surface more, higher oxidized state of Pd is being exposed which again is supporting 

the theoretical observation of lower electron density in the internal layers of Pd2Ge. Such an 

electron transfer from bulk layers to interfacial layers is the reflection of electron transfer from 

the Co atoms of the surface CoO to the surface of Pd2Ge species, which creates a surface charge 

accumulation.  

  In Figure 3.22b(i) and 3.22b(ii), it is shown how Pd2Ge lattice created a more 

oxidized state of cobalt in CoO than pure CoO with contracted Co-O bond length. This strongly 

supports electron transfer from Co atoms to surface Pd/Ge atoms enriched the surface with 

higher electron density. Dissipation of electron on CoO will further enhance adsorption of OH- 

species and conversion of Co2+ to Co3+ will be facilitated. Such a bond distortion will lead to 

loss of Co 3d orbital degeneracy which will modify the density of states of Co 3d orbitals.30, 61 

Figure 3.24a shows the significant change in DOS for Co 3d orbitals for pure CoO and CoO 

on Pd2Ge lattice. The electronic states near the fermi level is highly increased when CoO is 

layered on Pd2Ge lattice which enhances the charge transfer kinetics during the OER reaction, 

as compared to pure CoO.62 It has been reported that with inducing distortion in octahedral 

geometry of transition metals in their oxides, there is loss of degeneracy in electronic states 

creating more number of energy levels which is evident in DOS.30, 63  

  In this work, the distortion is induced by a highly stable and exclusive intermetallic 

lattice, Pd2Ge. The d6 configuration of Co3+ in CoOOH is expected to be in low spin state where 

all the electrons are paired and CoOOH is non-magnetic. But Pd2Ge induces electronic lifting 

to eg level and gave rise to unpaired spin density in CoOOH which ultimately facilitated the 

rate determining step of OER kinetics. This firmly confirms the contribution of Pd2Ge 

incorporated CoO drives higher activity, lower overpotential and higher stability than pure 

oxides.36, 45 
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Figure 3.23. Schematic showing charge density distribution for Co1-CoO-Pd2Ge and Pd 3d 

XPS spectra after different different layers etching by Ar+ sputtering.  

Figure 3.24b shows the EPR spectra of Co1-CoO-Pd2Ge catalyst before and after OER. 

It is observed that even after conversion of Co from (II) to (III) oxidation state, there is 

existence of unpaired electrons. Despite being EPR inactive, CoOOH still showed unpaired 

electron density which is due to presence of of unpaired electrons which strongly supports 

distortion induced d-orbital splitting which led to less pairing of electrons.64   Figure 3.24c 

depicts the electronic states for Co 3d orbitals closer to Fermi level for CoOOH in 

heterostructure than in bulk CoOOH. Figure 3.22b(iii) shows that non-magnetic CoOOH 

attains a magnetic nature with some unpaired electron density in it after being incorporated on 

Pd2Ge lattice. Unpaired spin will enhance the OER mechanism due to the unpaired electron 

participating in stabilization of O* species which is one of the important OER descriptors.  

 

Figure 3.24. (a) DOS of 3d orbitals for pure CoO and CoO-Pd2Ge heterostructure. (b) EPR 

spectra of Co1-CoO-Pd2Ge before and after electrochemical OER. (c) DOS for Co 3d orbitals 

for pure CoOOH and CoOOH@Pd2Ge means CoOOH on Pd2Ge stabilized heterostructurally. 

EF  shows the Fermi level.  
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Thus, Pd2Ge lattice is not only enhancing the stability of the CoO layer and in-situ 

formed CoOOH by providing a stable metallic support, also it is triggering the reaction kinetics 

by fast transforming CoO to CoOOH and gifting CoOOH with unpaired spin density which 

will fasten the O* stabilization on active sites. These characterization studies demonstrated how 

the role of Pd2Ge increased the OER efficiency of CoO thin layer and not the direct role of 

Pd2Ge support in participating in OER. 

3.4.7 Spectrometric analysis of oxygen generation triggered by oxidation potential – A 

DEMS study 

A visual correlation of oxygen generation with input potential is made using the 

analytical tool of differential electrochemical mass spectrometry (DEMS). Figures 3.25 

shows the real image of the DEMS setup and its electrochemical cell components. The 

schematic for the DEMS cell setup is given in Figure 3.26a. The pervaporation membrane in 

Figure 3.25d helps is diffusion and passage of the volatile components from the 

electrochemical cell to the mass chamber. Figure 3.26b shows the mass spectra of m/z value 

of 16 and 32 for O2 gas and the LSV during which the mass spectra is recorded. It is very 

clear that the oxygen generation started when the potential reached the onset value. When the 

mass spectra for oxygen is compared for blank glassy carbon electrode and catalyst Co1-CoO-

Pd2Ge, it is prominent that no oxygen formed when blank electrode has been used (Figure 

3.26c). 

 
Figure 3.25. The full DEMS instrument with the elecrochemical cell (a,b). (c)The 

electrochemical cell setup with three electrode setup. (d) The position where the formed 

volatile products enter the ionization chamber of the mass spectrometer. 
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Figure 3.26. (g) Schematic of differential electrochemical mass spectrometer (DEMS) setup. 

(h) DEMS data with the LSV for catalyst Co1-CoO-Pd2Ge. (i) DEMS data during OER for 

Co1-CoO-Pd2Ge and blank glassy carbon electrode.    

 

Figure 3.27. Schematic showing how the stability of OER activity of Co-oxides is increasing 

from different metallic, bimetallic, metal oxide supports and having an intermetallic base 

provides the best conductive and stable support. 

3.5  Conclusion 

This work introduces a rational design of an active and stable catalyst for efficient 

production of oxygen. This work introduces the design of an intermetallic compound as a 

support to stabilize OER catalyst (CoO), which structurally induce the distortion which favored 

chemical transformation to an active species, CoOOH, during the operando condition. The 

presence of the thin layer of CoO comprehensively mapped by XPS, XAS, SEM, and TEM. 

Selective removal of CoO layers upon argon sputtering firmly confirmed the significant role 

of this oxide in OER activity. In-situ XAS has been done to observe the charge transfer kinetics 

during the reaction which shows that Pd atoms from the support are enhancing the charge 
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transfer kinetics of electrons from OH- to the catalyst surface. This Pd atoms also stabilizes the 

Co3+ species (CoOOH) which is one of the crucial discrepancies of alkaline media OER 

conditions. Post-electrochemical SEM and TEM very clearly show the presence of CoOOH 

after OER. In-situ Raman spectroscopic studies show the prominent existence of CoOOH phase 

upon giving potential. DFT calculations further demonstrates that Pd2Ge lattice distorts CoO 

lattice with charge transfer from CoO to the interface which modulates the DOS of Co 3d 

orbitals enhancing the OER activity. The OER performance of Co1-CoO-Pd2Ge has been 

compared with all the support-based CoO systems reported in the literature (Table 3.5 and 

Figure 3.27). 

Table 3.5. List of support-based Co-oxides for alkaline OER activity. 

Sl.no. Catalysts Electrolyte 10 

potential  

Durability References 

1.  Co1-CoO-

Pd2Ge 

0.5 M KOH 264 mV 80 hours This work 

2. Fe3O4/CoO 

CNTs 

1 M KOH 270 mV 45 hours ACS Sustainable 

Chem. Eng. 2020, 8, 

3336−3346 

3. CoO/hi-

Mn3O4 

1 M KOH 378 mV 2 hours Angew. Chem. Int. Ed. 

2017, 56, 8539–8543 

4. Co8Ag 

oxide 

1 M KOH 344 mV 10 hours Angew. Chem. Int. Ed. 

2020, 59, 16544–

16552 

5. Pd@PdO-

Co3O4 

1 M KOH 310 mV 14 hours Adv. Energy Mater. 

2018, 8, 1702734 

6.  Pd–CoO 1 M KOH 274 mV 12 hours Sci Rep, 2020, 10, 

14469. 

7.  CoOx/Au 0.1 M KOH 351 mV 18 hours J. Am. Chem. Soc. 

2011, 133, 5587–

5593. 

8.  Cu2O/Cu@

CoO 

1 M KOH 330 mV 12 hours Inorg. Chem. Front., 

2019, 6, 1660–1666. 

9.  CuOx@Co

O NRs/CF 

1 M KOH 254 mV 24 hours ChemCatChem., 2020, 

12, 1639. 

10. CoO@Cu2S 1 M KOH 277 mV 1000 ADT 

cycles 

Appl. Sur. Sci., 2021, 

555, 149441. 

Table 3.6 and 3.7 compare all the pure Co-oxide based materials reported with Co1-

CoO-Pd2Ge and their TOFs are also compared. The design of Co1-CoO-Pd2Ge outperforms all 

of them with best activity and high stability. Post-electrochemical EPR measurements and DFT 
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also show how unpaired spin character is instilled in non-magnetic CoOOH lattice which 

further increases the OER activity and outperforms the activity and stability compared to all 

the support-based CoO systems reported in the literature. Finally, DEMS measurements during 

the reaction show the formation of oxygen starts only when the potential reaches the onset 

value (Figure 3.28). This design strategy can attract the researchers to develop efficient 

materials for many catalytic applications, especially water splitting, fuel cell, electrochemical 

CO2 reduction and N2 reduction.  

Table 3.6. List of different types of Co-oxides for alkaline OER activity. 

Sl. 

no. 

Catalyst Potential (at 

10mA/cm2) 

Durability Journal 

1. Co1-CoO-

Pd2Ge 

1.494 V 

(0.5M KOH) 

(264 mV) 

36 h 

(500 mA/cm2) 

 50 h, 80 h  

(100 & 10 

mA/cm2) 

This work 

2. Li2Co2O4 1.58 V  

(1M KOH) 

100 h (10 

mA/cm2) 

Nature Communications 

https://doi.org/10.1038/s414

67-020-15925-2 

3. CoOx-4h 1.536 V  

(306 mV) 

3 hours  

(5 mA/cm2) 

Nano Energy,  2018, 43 

110–116 

4. Co3–xO4 1.498 V  

(1M KOH) 

3 hours 

(10mA/cm2) 

ACS Catal. 2018, 8, 

3803−3811 

5. Co(OH)2 1.52 V 

 (290 mV) 

24 hours 

(10  mA/cm2) 

Appl. Sur. Sci., 2018, 427, 

253–259 

6. Co3O4/CoO 1.53 V  

(300 mV) 

11 hours 

(10  mA/cm2) 

Small, 2019, 15, 1904903 

7. Co3O4-CoO(40) 1.568 V  

(338 mV) 

12 h  

(10  mA/cm2) 

Eur. J. Inorg.Chem., 

2022,e202200065(1 of 10) 

8. electrodeposited 

CoOx 

1.593 V  

(363 mV) 

25 h  

(at 2V) 

https://doi.org/10.1007/s116

96-023-02837-w 

9. SC CoO NRs 1.56 V  

(330 mV) 

- Nat Commun, 2016, 7, 

12876  

10. α-Co(OH)2–Cl 1.55 V  

(320 mV) 

16 h  

(10  mA/cm2) 

J. Mater. Chem. A, 2016, 4, 

9578-9584 

 

https://doi.org/10.1007/s11696-023-02837-w
https://doi.org/10.1007/s11696-023-02837-w
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Table 3.7. List of different types of Co-oxides for alkaline OER activity with their TOF values.  

Catalyst Overpotential TOF (s-1) Reference 

Co1-CoO-Pd2Ge 351 mV 2.22 This work 

P1-CoO NSs 300 mV 0.0024 
https://doi.org/10.1016/j.jallcom.2021.

161704 

CoOx/Au 351 mV 1.8 J.Am.Chem.Soc. 2011, 133,5587–5593 

CoO-300 

(Co3–xO4) 
350 mV 0.39 ACS Catal. 2018, 8, 3803−3811 

CoOx-4h 350 mV 0.012 Nano Energy, 2018, 43 110–116 

α-Co(OH)2–Cl 320 mV 0.0121 J. Mater. Chem. A, 2016, 4, 9578-9584 

CoOx+Fe3+ 350 mV 1.6 ACS Catal., 2018, 8, 807−814 

CoOOH 350 mV 0.007 
J. Am. Chem. Soc., 2015, 137, 10, 

3638–3648 

Fe1Co1-ONP 350 mV 0.022 Adv.Mater., 2017, 29, 1606793 

Co@nCNFs 550 mV 0.14 NanoscaleAdv., 2019,1,1224–1231 

 

 

Figure 3.28. Schematic showing how different techniques have illustrated the material design 

has successfully provided a high OER activity and its reaction mechanism.  
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Summary 

Synthesis of highly symmetrical hexagonal flower-like morphology is very challenging 

since controlling at the nanoscale is very difficult. This work reports the first ever highly 

symmetrical and uniform hexagonal cobalt flowers in just few minutes under room 

temperature and ambient pressure. Besides Co, other similar transition metals Cu, Ni, and 

Fe has not given any flower-like morphology. Co flowers have successfully grown on Toray 

carbon, Ni and Cu metal foils, stainless-steel foils and Ni foam which exhibits the potential 

for economically viable material. Uniformly hexagonal morphology has been provided by 

boric acid which is explicitly analyzed in this work. Wulff construction models have shown 

how the selective formation of (101) facet of hexagonal Co has majorly given the flower-

like morphology. Moreover, these flowers exhibited very stable industrial level current 

density for oxygen evolution reaction with only 260 mV overpotential for attaining 100 

mA/cm2 current density. Spectroscopic techniques like Raman, X-ray photoelectron and X-

ray absorption spectroscopy and density functional theory (DFT) have helped to understand 

the formation mechanism of these flowers.  
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4.1 Introduction 

Mimicking the nature’s beauty in science is the most intriguing outcome of research. 

From understanding the mystery behind such uniform hexagonal honeycomb cells built by the 

special physical motions of bees,1 to understanding the hexagonal 2D growth of snowflakes, 

nature has always been a huge content of immense research.2 The six-fold symmetry of the 

growth of hexagonal snowflakes is highly dependent on the atmospheric pressure and 

temperature and  humidity, which signifies the crystallization of water molecules in a fixed 

pattern is highly dependent on atmospheric components.3, 4 Even the same water molecules can 

arrange in three-fold symmetry instead of having six-fold hexagonal molecular symmetry of 

ice crystal and this trigonal geometry formation is explained to be dependent on temperature 

and water-vapor supersaturation.5 

Like slow crystallization of water molecules to form ice-crystals, metals can crystallize 

following a specific growth mechanism depending on its chemical and physical environments. 

Metals can reduce from their ionic form and gradually form a small seed which finally grows 

along a direction to form metal nanoparticles of a specific morphology. This type of synthesis 

involves use of surface directing agent and usually happens at higher temperatures or at higher 

pressure and takes few hours to grow up to nanometric dimension.6-8 To get metal clustering 

in a few minutes, at room temperature, under ambient pressure, and with less chemicals, 

electrodeposition is a feasible strategy. Metal salts are taken in the aqueous electrolyte and 

reductive potentials are given to the cathode for metal ion to metal reduction and deposition on 

the cathode substrate.9 Electrochemical deposition is a very instantaneous process, imparting a 

uniform deposition of metal. Just like the snowflake crystallization, metal electrodeposition 

follows the shape according to the electrolyte components and coordination environment of the 

metal ions in the bulk electrolyte and near the electrode-electrolyte interface. 

First-row transition metals like Fe, Co, Ni, Cu have relatively closer standard reduction 

potential values which makes their electrodeposition more feasible and simultaneous under 

similar potential conditions. This work explores electrodeposition of these metals under similar 

reaction conditions. Interestingly, only Co metal exhibited highly uniform six-fold hexagonal 

flower like morphology which is first ever reported in this work. Previously, researchers have 

already achieved hexagonal Co phase but with sheet-like morphology using solvothermal 

process which takes few hours and high temperature around 160 ºC and 700 ºC and for 5 and 

3 hours, respectively.10 Other attempts to synthesize hexagonal phase of cobalt using strong 

reducing agents at high-temperature synthesis have not generated any flower-like 



Decoding Active Sites and Mechanistic Insights for Efficient Electrochemical Water Splitting 

and Fuel Cell using Transition Metal-based Catalysts 

  

123 
 

morphology.11, 12 This has succeeded to achieve unique flower-like morphology using a simple 

molecule, H3BO3 which is non-toxic and inexpensive. To understand the flower formation 

mechanism, various control experiments have been performed to deconvolute the exact 

parameters which dictate the growth mechanism. Finally, these instantly flowers have been 

tested for electrochemical oxygen evolution reaction (OER) and industrial level catalytic 

activity has been achieved. As mentioned in the introduction of this thesis, OER is the 

bottleneck reaction for green hydrogen generation which needs to be facilitated using efficient 

electrocatalysts. Faster and safer synthesis, nature-like flower morphology, and high OER 

activity has enriched this work. 

4.2   Experimental Details 

4.2.1  Chemicals and reagents 

Cobalt (II) sulphate heptahydrate (CoSO4.7H2O), nickel (II) sulphate heptahydrate 

(NiSO4.7H2O), iron (II) sulphate heptahydrate (FeSO4.7H2O), copper (II) sulphate 

heptahydrate (CuSO4.7H2O), and sodium sulphate (Na2SO4) and boric acid (H3BO3) (from 

SDFCL). All the chemicals (more than 99% purity) were used as purchased without any further 

purification. Millipore water of conductivity 18.2 MΩcm was used for the synthesis and all 

electrochemical studies. 

4.2.2  Synthesis of electrodeposited catalysts 

The substrate is first dipped in diluted HCl for proper cleaning and activation and then 

rinsed with DI water. The substrates used here are Toray carbon paper, Ni foil, Cu foil, Ni 

foam, and stainless-steel foil. Electrolyte solution for electrodeposition consists of  1M Na2SO4, 

0.1 M metal sulphate salts, 0.5 M H3BO3 dissolved in DI water. Pt wire/graphite carbon rod is 

used as counter electrode, Ag/AgCl electrode has been used for reference electrode and 1*1 

cm2 surface area bearing activated substrates are connected to an electrode holder and all three 

electrodes are dipped in the electrolyte solution prepared. The first chronoamperometry (CA) 

has been run at -1.1 V vs. Ag/AgCl for 300 seconds and then a second CA is run at -1.2 V vs. 

Ag/AgCl for 270 seconds. After the electrodeposition, the substrates are washed with running 

DI water and are being used for characterization and electrocatalysis.  

4.3      Characterization 

4.3.1  Powder x-ray diffraction (PXRD) 

PXRD measurements were done at room temperature on a Rigaku Miniflex X-ray 

diffractometer with a Cu−Kα X-ray source (λ = 1.5406 Å), equipped with a position-sensitive 
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detector in the angular range of 10° ≤ 2θ ≤ 90° with the step size 0.02° and a scan rate of 0.5 

s/step calibrated against corundum standards. The experimental XRD patterns were compared 

to the patterns simulated from the data reported in the literature. 

4.3.2  Transmission electron microscope (TEM) 
TEM images and selected area electron diffraction patterns were collected using a JEOL 

JEM-2010 TEM instrument. The samples for these measurements were prepared by sonicating 

the nanocrystalline powders in ethanol and drop-casting a small volume onto a carbon-coated 

copper grid. 

4.3.3  Scanning electron microscopy (SEM) and energy dispersive spectrum (EDS) 

The SEM measurement was performed using Leica scanning electron microscopy 

equipped with an energy-dispersive X-ray spectroscopy (EDAX) instrument (Bruker 120 eV 

EDAX instrument). Data were acquired by using an accelerating voltage of 15 kV, and the 

typical time taken for data accumulation is 100 s. The elemental analyses were performed using 

the P/B-ZAF standardless method (where P/B = peak to background model, Z = atomic no. 

correction factor, A = absorption correction factor, and F = fluorescence factor) for Cu, Ga at 

multiple areas on the sample coated Si wafer. 

4.3.4  X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out using Thermo K-alpha+ spectrometer using micro 

focused and monochromated Al Kα radiation with energy 1486.6 eV.  The pass energy for the 

spectral acquisition was kept at 50 eV for individual core-levels. The electron flood gun was 

utilized for providing charge compensation during data acquisition. Further, the individual 

core-level spectra were checked for charging using C1s at 284.6 eV as standard and corrected 

if needed. The peak fitting of the individual core-levels was done using CASA XPS software 

with a Shirley type background. 

4.3.5  X-ray absorption spectroscopy 

X-ray absorption near-edge spectroscopy (XANES) and quick-Extended X-ray 

Absorption Fine Structure (quick-EXAFS) experiments at 300 K were performed at PETRA 

III, beamline P64, of DESY, Germany. Measurements of Cu-K and Pd-K at ambient pressure 

were performed in fluorescence as well as transmission mode using gas ionization chambers to 

monitor the incident and transmitted X-ray intensities. Monochromatic X-rays were obtained 

using a Si (111) double crystal monochromator, which was calibrated by defining the inflection 

point (first derivative maxima) of Cu foil as 8980.5 eV. The beam was focused by employing 
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a Kirkpatrick-Baez (K-B) mirror optic. A rhodium-coated X-ray mirror was used to suppress 

higher-order harmonics. A CCD detector was used to record the transmitted signals. Pellets for 

the ex-situ measurements were made by homogeneously mixing the sample with an inert 

cellulose matrix to obtain an X-ray absorption edge jump close to one. 

4.3.6  Electrochemical oxygen evolution reaction (OER) 

All the electrochemical measurements were done in a 3-electrode set-up comprising of 

the electrodeposited catalyst as working electrode, graphite rod counter electrode, and 

mercury/mercuric oxide electrode (MMO) (for basic media). Commercial IrO2/C (Sigma 

Aldrich) was used for comparison of activity with the reported electrocatalysts. Linear sweep 

voltammetry (LSV) was recorded for OER at a scan rate of 5 mV s−1 at 25 °C. Electrochemical 

impedance studies were performed in the frequency range from 10 mHz to 100 kHz at different 

applied DC potentials for different reactions depending on their onset potential values. The 

electrolyte solution was deaerated by purging N2 gas into the solution at least for 30 min before 

each experiment. All the reference electrodes were calibrated with respect to the reversible 

hydrogen electrode (RHE), using Pt as working and counter electrodes in the respective 

electrolytes.  

4.4   Results & Discussion 

4.4.1  Structural insights and microscopic probing 

Four important transition metals, Fe, Co, Ni, and Cu have been electrochemically 

synthesized (Figure 4.1a). Same electrochemical conditions are used for all the metals since 

the standard reduction potential values are similar for all these metals. As shown in Figure 

4.1b, 4.1c, two potentials are chosen from the first linear sweep voltammogram, and two 

consecutive chronoamperometry (CA) are run at -1.1 V vs. Ag/AgCl for 270 secs and -1.2 V 

vs. Ag/AgCl for 300 secs. The sample codes for different metal deposition are given in Table 

4.1. The PXRD pattern shows that Ni and Fe have purely crystallized in FCC lattice (space 

group: Fm𝟑̅m), (Figure 4.2a, 4.2b) and Cu has crystallized in FCC lattice with some trace 

amounts of Cu2O (Figure 4.2c). On the other hand, Co is the only metal which has crystallized 

in the hexagonal lattice (P63/mmc) as shown in Figure 4.2d. Figure 4.3a, 4.3b-d show 

schematic and SEM images of the spherical, fern-like, non-uniform spherical floral 

morphologies are obtained for Ni, Cu and Fe metals. The most interesting and uniform 

hexagonal flower-like morphology has been achieved for only Co metal. Due to the intriguing 

morphology, this work majorly focuses on Co and unravels the mechanism behind the 

hexagonal morphology of the Co metal.  
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Figure 4.1. (a) Schematic representation of electrodeposition of divalent metal ions on 

electrode substrate with negative electrode potential. (b) LSV for understanding metal 

deposition potential, (c) CA at two different potentials consecutively, i.e. CA1 at -1.1 V and 

CA2 at -1.2 V vs. Ag/AgCl.  

 

Table 4.1. List of sample codes for different metal-electrodeposition process with H3BO3 being 

0.5M and Na2SO4 being 1M for all.  

Sample code Metal salt (0.1 M) 

Co-ED CoSO4.7H2O 

Cu-ED CuSO4.7H2O 

Ni-ED NiSO4.7H2O 

Fe-ED FeSO4.7H2O 

 

 
Figure 4.2. PXRD pattern of  (a) Ni and (b) Fe, (c) Cu, and (d) Co electrodeposited on Toray 

carbon substrate.  
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Figure 4.3. (a) Pictorial representation of different transition metal after their deposition. 

Scanning electron microscopy (SEM) images of (b) Ni, (c) Cu, (d) Fe, (e) Co. 

 

Table 4.2. List of sample codes for different potential during electrodeposition with H3BO3 

being 0.5M and Na2SO4 being 1M and metal sulphates being 0.1M for all. 

CA=chronoamperometry. 

Potentials 
CA1  -1.1 V vs. 

Ag/AgCl 

CA2 -1.2 V vs. 

Ag/AgCl 
CA1+CA2 

Sample Code Co-ED1 Co-ED2 Co-ED 

 

Separate analysis has been done after the CA of each potential and hence the 

electrodeposited Co only after first CA1, only after CA2, and after CA1 followed by CA2 are 

being studied with codes being, Co-ED1, Co-ED2, and Co-ED (Table 4.2).  

 

Figure 4.3. SEM images of Co ED with Co2+ of (a) 0.05 M, (b) 0.1 M, (c) 0.2 M. 

 



Electrochemically Sculpted Symmetrical Flowers Generating Oxygen                         Chapter 4 

                                                                                                                                               

128 
 

During the electrodeposition process, sodium sulphate has been used in 1 M 

concentration which acts as a supporting electrolyte for providing conductivity,13 and H3BO3 

has been used to create a buffer to avoid sudden increase in pH due to extensive hydrogen 

evolution reaction (HER) at such high negative electrode potential.14 CoSO4.7H2O being the 

precursor to supply metallic Co for building the hexagonal flower, the concentration of Co2+ 

has been varied to understand the build-up process of the perfect flower morphology. Table 

4.3 enlists different concentrations used and Figures 4.3a, 4.3b, and 4.3c visualize the 

morphology through SEM images. It is clearly observed that a hexagonal protruding 3D 

framework has been generated with 0.05 M Co2+ (Co-ED-0.05Co) with porous structure which 

is filled Co2+ when the concentration is increased to 0.1 M looks like a complete flower with 

all the edges and crests between two petals being very sharp and prominent (Figures 4.3b and 

4.4). 

 
 

Figure 4.4. SEM images of Co-ED with 0.5 M BA, 0.1 M Co2+ solution.  
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Figure 4.5. Schematic representation of Co electrodeposition at different Co2+ concentrations. 

With further increment of Co2+ 0.2 M (Co-ED-0.2Co), there is further deposition of Co-

atoms to the crests and makes the edges blunt with over-deposition of Co, although the overall 

hexagonal framework is retained. This mechanism on tuned Co2+ deposition has been shown 

schematically in Figure 4.5. Based on the perfection in morphology, Co-ED with 0.1 M Co2+ 

has been used to carry out experiments for understanding its formation mechanism. 

4.4.2.   Understanding the role of boric acid 

To observe the effects of H3BO3, electrodeposition of Co has been carried out at 

different concentrations of H3BO3 (Table 4.4). Without boric acid (BA), there is no trance of 

flower formation (Figure 4.6), and elemental mapping shows that Co-ED-0B has prominent 

presence of O and Co on the deposited materials which indicates formation of Co-hydroxide 

or oxide on the substrate  (Figure 4.6). With 0.25 M BA, some small florets have started to 

form (Figure 4.7) and with 0.5 M BA there is clear formation of hexagonal prominent flowers 

with well-separated six-tips (Figure 4.4). 

Table 4.3. List of sample codes for different concentrations of CoSO4.7H2O with Na2SO4 being 

1M and H3BO3 being 0.5 M for all and after both CA1+CA2.  

Sample code CoSO4.7H2O 

Co-ED-0.05Co 0.05 M 

Co-ED 0.1 M 

Co-ED-0.2Co 0.2 M 

Table 4.4. List of sample codes for different concentrations of H3BO3 with Na2SO4 being 1M 

and metal sulphates being 0.1M for all and after both CA1+CA2.  

Sample code H3BO3 

Co-ED-0B 0 

Co-ED-0.06B 0.06 M 

Co-ED-0.125B 0.125 M 

Co-ED-0.25B 0.25 M 

Co-ED 0.5 M 

Co-ED-1B 1 M 

Co-ED-2B 2 M 
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Figure 4.6. SEM image and SEM-EDX mapping of Co-ED-0B where no BA is taken during 

the electrodeposition and mainly Co(OH)2 species have formed. 

 
Figure 4.7. SEM images of Co-ED-0.25B where 0.25 M BA is being used for Co metal 

electrodeposition. 

 

Figure 4.8. SEM images of Co-ED-1B where 1 M BA is being used for Co metal 

electrodeposition. 

When further increased to 1 M BA, there are still uniformly distributed hexagonal Co 

flowers but with significant decrease in the size of the flowers (Figure 4.8), and when BA is 

taken in 2 M concentration, although the hexagonal morphology remained intact, but there is 

deposition of amorphous materials on the flowers and the sharpness of the flower petals 

decreased (Figure 4.9a). The trend of flower size with respect to H3BO3 has been shown in 

Figure 4.9b, which indicates most prominent flowers are achieved when 0.5 M BA is used.  
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Figure 4.9. (a) SEM images of Co-ED-2B where 2 M BA is being used for Co metal 

electrodeposition. (b) Flower size distribution plot with respect to concentration of BA. 

4.4.3.   Analysis of chemical state of electrodeposited Co 

To understand the surface chemical properties of the electrodeposited Co at different 

BA concentrations, position specific Raman spectroscopy has been conducted. Figure 4.10a 

represents the Raman spectra of two positions (Position 1 and Position 2) marked on two 

locations (viewed in optical microscopy image of Raman instrument) for Co-ED (with 0.5 M 

BA with highest prominence in morphology) where no peak is observed which means the entire 

surface is fully metallic with no surface oxide or hydroxide. Figure 4.10b schematically 

explains why higher BA concentration (1M BA) gives smaller flowers than 0.5 M BA. Higher 

boric acid contents will release more protons from dissociation of H2O molecules following 

the equation: B(OH)3 + H2O  B(OH)4
- + H+.15 

 

Figure 4.10. (a) Raman spectra of Co-ED with 0.5 M BA and position 1 and 2 indicates the 

two microscopic images with pointed mark. (b) Schematic representation of flower size 

decrement due to increased BA concentration. 
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These protons will get reduced to molecular hydrogen near the electrode surface due to 

the negative electrode potential.16 The negative electrode potential performs two actions: Co 

electro-reduction from solution Co2+ to metallic Co on substrate, and hydrogen evolution 

reaction, 2H+ + 2e-  H2.
17 More of hydrogen evolution will increase the accumulation of 

bubble formation near the electrode surface which will impart mechanical barrier for Co-

flowers to grow big due to interruption in growth by bubbles of gaseous H2. To understand the 

loss of perfect morphology when 2M BA has been used, surface chemical analysis via position 

specific Raman spectroscopy is performed. Figure 4.11 indicates that the silvery white shining 

regions in position 1 and 3 show no Raman peak which clearly indicate metallic Co, and the 

black region in the position 2 indicates the substrate Toray carbon paper, and the other chunk-

like off-white-colored regions in position 4 and position 5 has peaks in Raman spectra 

corresponding to Co-oxides and hydroxide species.18 Furthermore, surface analysis technique, 

XPS, has been used for understanding the chemical state of Co in its deposition with 0.5 M 

boric acid (Co-ED) and in its absence (Co-ED-0B). Co 2p XPS, Figure 4.12a and Figure 4.12b 

represent the presence of metallic Co (Co 2p3/2 at around 778 eV) in case of Co-ED and Co2+ 

(Co 2p3/2 at around 780.1 eV) for Co-ED-0B, which means boric acid’s absence has generated 

only hydroxide or oxide and no metallic Co. Figure 4.13a and 4.13b represents the Co K-edge 

XANES and R-space data for Co electrodeposition in absence of BA and in presence of 

different concentrations of BA. From the white-line intensity it is observed that Co deposited 

in absence of BA has the highest peak intensity and its R-space data shows the presence of Co-

O bond significantly, while all other electrodeposited Co has majorly Co-Co bonds and their 

XANES spectra show resemblance to the metallic Co foil. Hence, BA is necessary to deposit 

metallic Co.  

 

Figure 4.11. Position specific Raman spectra at each position marked in the microscopic 

figures attached adjacent to the Raman spectra. 
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Figure 4.12. (a) X-ray photoelectron spectroscopy (XPS) of Co 2p orbital for electrodeposited 

Co with 0.5 M BA and with no BA. (b) Co 2p XPS of Co-ED-0B. 

 

Figure 4.13. (a) X-ray absorption near edge spectra (XANES) of Co K-edge for Co 

electrodeposition without BA and different concentrations of BA (Co-ED, Co-ED-0.125B, Co-

ED-0.25B, and Co-ED-0B) and Co metal foil. (b) Fourier transformed R-space data for Co-

ED, Co-ED-0.125B, Co-ED-2B, and Co-ED-0B) and Co metal foil. 

Figure 4.11 indicates that when a higher content of BA is used there is formation of 

metal hydroxide which is due to fact that with increased BA concentration, there will be more 

H2O dissociation and proton reduction and hence huge OH- generation and accumulation near 

the electrode surface will rapidly increase the local pH of the electrode surface. It is important 

to note that boric acid acts as a buffer, it is more of a Lewis acid (abstract OH-) from water, 

than an Arrhenius acid and boric acid generates an increased pH when used in its larger 

concentration. Thus, there is a huge pH gradient generated between the local and bulk 

environments. This enhanced pH near electrode surface immediately helps forming Co(OH)2 

or other oxides before it gets reduced to metallic Co and deposit on the substrate. Figure 4.14 

schematically represents this observation at the electrode-electrolyte interfacial chemistry with 

and without boric acid during electrodeposition.  
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Figure 4.14. Scheme for representing the formation of Co-oxide and hydroxide when 2 M BA 

is used. 

4.4.4    Complexing property of boric acid 

With all the observations observed till now it can be concluded that boric acid is integral 

for the flower formation (Figure 4.6) and that too with Co2+ ions only and not the other 

transition metal ions (Figures 4.3a-e). Till today, the role of boric acid in electrodeposition has 

been explained only for its being a potential buffer.19 Interestingly, even with utilizing the 

buffer property of boric acid, no report has been observed with the generation of such highly 

symmetrical and uniformly distributed hexagonal flowers before.20-22 This triggered the further 

control experiments to understand the exact role of boric acid in the electrolyte solution. To 

under the role of acidity of boric acid, other acids are being used instead of BA, which are 

enlisted in Table 4.5.  As observed from the SEM images in Figure 4.15a, 4.15b, 4.15c, and 

4.15d, the hexagonal flower-like morphology is not obtained with CH3COOH, H2SO4, ascorbic 

acid, and H3PO4, where boric acid is absent. There is no Co-deposition at all when nitric acid 

is being used instead of BA. This means that acidity of boric acid does not play any role in 

dictating the Co morphology. 

Table 4.5. List of sample codes for different morphology-directing agents. Concentration of  

CoSO4.7H2O being 0.1 M with Na2SO4 being 1M for all and after both CA1+CA2.  

Sample code Complexing agents 

Co-ED Boric acid 

Co-ED-SA Sulfuric acid 

Co-ED-NA Nitric acid 

Co-ED-PA Phosphoric acid 

Co-ED-AA Acetic acid 

Co-ED-AscA Ascorbic acid 

Co-ED-EDTA Ethylenediamminetetracetate ions (EDTA) 
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Furthermore, the complexing property of boric acid is being inexplicitly analyzed. From 

the molecular structure of acetic acid, sulfuric acid, and phosphoric acids, it can be said that 

complexation of Co2+ by these acid anions will be weak and caging of Co2+ ions by these anions 

are not possible (Figures 4.16a, 4.16b, 4.16c). Some chelation can be feasible by di-

deprotonated form of ascorbic acid (Figure 4.16d), but that is not a stable complexation, due 

to which random morphology of Co deposition is observed.  

 

Figure 4.15. SEM image of electrodeposited Co when  acids like (a)  CH3COOH, (b) H2SO4, 

(c) C6H8O6 (ascorbic acid), (d) H3PO4 are being used instead of boric acid, H3BO3. 

 
Figure 4.16. Molecular structure of (a) CH3COOH, (b) H2SO4, (c) H3PO4, (d) C6H8O6. 
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Figure 4.17. SEM image of electrodeposited Co (a) when both boric acid and ascorbic acid are 

taken. Molecular structure of (b) mono-borate  and (c) di-borate ester of boric acid and ascorbic 

acid. 

Interestingly when both boric acid and ascorbic acid are taken together in the 

electrolyte, then also the hexagonal morphology is not observed even though boric acid is still 

present (Figure 4.17a). It is well reported that there is formation of mono-borate and di-borate 

ester when ascorbic acid and boric acids are mixed in aqueous solutions (Figure 4.17b and 

4.17c). This gives a firm indication that Co2+ ions are complexed with boric acid which is 

absent when ascorbic acid is present in the solution and boric acid molecules are not free due 

to esterification with ascorbic acid.23  

It is well known that boric acid exists as different polymeric structure based on its 

tendency to bond with hydroxyl ions extracted from water dissociation.20 Hence, it is obvious 

that different polymeric structure will have different trends of complexation with Co2+ and 

different stabilization energies for adsorption on metallic Co crystal facets. To delve deep into 

understanding the role of different polymeric structures of boric acid in giving a specific 

morphology to the deposited Co metal, surface energies have been calculated for three major 

facets of Co, (100), (002), and (101) with different polymeric structures of boric acid adsorbed 

on them. Based on these surface stabilization energies, Wulff constructed structures have been 

derived. Figures 4.18a, 4.18b, 4.18c, and 4.18d show the Wulff construction models when the 

respective polymeric conformation of boric acid is absorbed on the three facets of Co metal. It 

is found that only with the polymeric form [B3O3(OH)5]
-2

  there is large occupancy of facet 

(101) giving the Wulff model a protruded sharp appearance which indicates that with increased 

content of facet (101) Co will have a sharp hexagonal morphology, otherwise Co will deposit 

as hexagonal plate-like structure. Hexagonal flake-like or plate-like morphologies are very 

common, but achieving a 3D hexagonal pointed flower-like morphology is being observed for 

the first time in this work. Further support to this observation is obtained when there is no Co 

metal electrodeposition at all on the substrate when ethylenediaminetetraacetate (EDTA) ions 

instead of boric acid in the reaction medium. 



Decoding Active Sites and Mechanistic Insights for Efficient Electrochemical Water Splitting 

and Fuel Cell using Transition Metal-based Catalysts 

  

137 
 

 
Figure 4.18. Wulff constructed structure of hexagonal Co metal when the different polymeric 

structure of boric acids is being considered while adsorbing on (002), (100) and (101) facets of 

metallic cobalt (a) B(OH)3, (b) B3O3(OH)3, (c) [B3O3(OH)4]
-1, and (d) [B3O3(OH)5]

-2. 

 

This is due to the extremely stable complex formation of Co2+ ions with EDTA in 

aqueous solutions which makes no Co2+ ions available for deposition.24 Hence, from the control 

experiments of ascorbic acid and EDTA, it is evident that a complexing property of boric acid 

is highly significant in giving that highly symmetrical 6-fold morphology. As mentioned 

earlier, Figure 4.2d shows the PXRD pattern for Co ED using first CA (Co-ED1) and using 

both CA1 followed by CA2 (Co-ED). This observation indicates that presence of (101) facet 

is observed only after the second CA, i.e., -1.1 V followed by -1.2 V vs. Ag/AgCl. Figure 

4.19a, b shows that just after CA1 at -1.1 V vs. Ag/AgCl, no flower like morphology is 

observed. Figure 4.19c, d shows that with only CA2 at -1.2 V vs. Ag/AgCl, flower morphology 

is not observed. However, both the consecutive CAs are needed to give the prominent shape of 

the hexagonal flower morphology. This experimental observation provides direct support to 

the theoretical prediction from the Wulff construction model when [B3O3(OH)5]
-2

 polymeric 

form of boric acid is being considered for being present in the electrolyte solution. Moreover, 

[B3O3(OH)5]
-2

   is a divalent polymeric form, and it can easily cage a divalent cationic species 

Co2+ which will not be stabilized by monovalent anion [B3O3(OH)4]
-1

  or neutral B3O3(OH)3 

species.  
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Figure 4.19. (a-b) SEM images of Co-ED1 when Co electrodeposition is done only at the first 

CA at -1.1 V vs. Ag/AgCl. (c-d) SEM images of Co-ED2 when Co electrodeposition is done 

only at the second CA at -1.2 V vs. Ag/AgCl. 

4.4.5.   Electrochemical OER activity 

Finally, to realize the catalytic potential of these instantly deposited Co flowers, 

electrochemical OER is conducted using these electrodeposited substrates as working 

electrodes in 1 M KOH electrolyte. The importance of flower formation is observed when OER 

activity for Co-ED is more than Co-ED1, this means both the chronoamperometry (-1.1 V vs. 

Ag/AgCl followed by -1.2 V vs. Ag/AgCl) is essential rather than only just one potential 

(Figure 4.20a).  

 

Figure 4.20. (a) Linear sweep voltammogram (LSVs) for oxygen evolution reaction (OER) for 

both Co-ED1 and Co-ED. (b) LSVs for OER for all electrodeposited Co using 0 M, 0.06 M, 

0.125 M, 0.25 M, 0.5 M, 1 M BA and compared with blank toray carbon paper. 
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OER activity has been checked for all the Co electrodeposition using different amounts 

of boric acid (Figure 4.20b). It has been observed that highest OER activity with respect to 

current density and overpotential has been observed for Co-ED-1B. There is a gradual 

increment in activity with increasing the H3BO3 concentration (during electrodeposition) from 

no BA to 1 M BA via 0.06 M, 0.125 M, 0.25 M and 0.5 M BA. The increase in activity from 0 

M to 0.5 M BA can be directly related to the increase in the size of the flowers, i.e., the more 

the content Co metal atoms the more will be the OER activity. But the increase in activity from 

0.5 M BA to 1 M BA can be related to the size of the flowers. It is well known that smaller 

flowers will have more surface area which indicates more exposed active sites which has 

provided more OER activity for smaller flowers in Co-ED-1B than larger ones Co-ED (Figure 

4.21a). Achieving industrial level current density, the Co metals are being now deposited on 

less-expensive conducting supports like Ni foam, Ni foil, Cu foil, and stainless-steel foil (Table 

4.6) to enhance the economic viability of these flowers in electrocatalysis. From the SEM 

images, it is clearly observed that hexagonal uniformly distributed Co-flowers are observed on 

all these substrates (Figures 4.21b).  

Table 4.6. List of sample codes for different substrates with concentration of  CoSO4.7H2O 

being 0.1 M with Na2SO4 being 1M for all and boric acid being 0.5 M and after both CA1+CA2.  

Sample code Subtrates 

Co-ED Toray carbon paper 

Co-ED-NF Ni foil 

Co-ED-CF Cu foil 

Co-ED-NFm Ni foam 

Co-ED-SS Stainless-steel 

 

Figure 4.21. (a) SEM images of electrodeposited Co using 0.5 M (above) and 1 M BA (below). 

(b) SEM images of electrodeposited Co on Ni foil, Cu foil, stainless-steel foil, and Ni foam. 
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From the theoretical calculations, it is observed that the overall energy barrier for the 

(101) is lesser than (002) (Figure 4.22a-c) due to which the flower morphology after both CA1 

and CA2 is giving better activity than only after CA1 (Figure 4.20a). As a future extension, 

electrodeposition has been done for Co, controlling other important parameters. Magnetic 

stirring or mechanical force has been provided during the electrodeposition process and it is 

seen that hexagonal flowers are not properly formed although metal deposition has taken place 

(Figure 4.23). This confirms that mechanical force can disrupt the growth process which 

ultimately affects the morphology.  

 

Figure 4.22. Free energy profile diagram for OER reaction on (a) (101) facet, (b) (100) and (c) 

(002) facets of hexagonal cobalt phase at 0 V, 1.23 V, and 2.09 V potential. 
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Figure 4.23. SEM images of Co-ED on Toray carbon substrate in presence of magnetic stirring 

during the electrodeposition.  

4.4.6.   Electrodeposition of bi-metallic systems 

After this monometallic deposition, it is thought of using two metals together during 

deposition and understand how one of the metals affect the deposition of Co flowers. When 

Ni2+ ions are mixed with Co2+ ions during electrodeposition keeping all other parameters, it is 

observed that hexagonal flowers of Co are formed with some minor changes in the sharpness 

of the edges of the flowers, keeping the framework of Co morphology intact (Figure 4.24). 

The SEM-EDX mapping shows that Ni metal has been deposited in those regions where Co 

metal is also deposited (Figure 4.25). Whereas, when Cu2+ ions are taken along with Co2+, 

interestingly the flower morphology is no more observed rather small cubes of Cu metal 

deposition has been found on electrodeposited Co metal (Figure 4.26). If no Cu2+ ions are 

taken, Co deposits as hexagonal flowers, while Cu alone deposits as fern-like branched particle, 

but both morphologies get affected when both type of ions are taken together.  

4.5  Conclusion 

This work reports for the first time a highly symmetrical, uniformly distributed six-fold 

symmetry cobalt metal flowers. Tuned morphologies are usually obtained by using 

morphology-directing chemicals during solvothermal or colloidal syntheses. 

 

Figure 4.24. SEM images of CoNi-ED where Co2+ and Ni2+ ions are present during the 

electrodeposition. 
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Figure 4.25. SEM-EDX mapping of CoNi-ED. 

 

Figure 4.26. SEM images of CoCu-ED where Co2+ and Cu2+ ions are present during the 

electrodeposition. 

Table 4.7 lists out all the hexagonal Co metal nanoparticles synthesized at harsh 

synthetic conditions, but they are not having any flower like morphology. Electrodeposition is 

an instantaneous process of nanoparticles synthesis using aqueous electrolyte with non-toxic 

ingredients. This work unfurls the unexplored role of boric acid during metal electrodeposition 

process. No other acids or chelating agents have given this hexagonal morphology and with 

only Co metal ions. Theoretical calculations generated Wulff models for different polymeric 

structures of boric acid on Co crystal facets have supported that a specific facet (101) of Co 

have enhanced the build-up of the flower morphology. Hexagonal room temperature stable 

phase of Co makes it different from the other metals Ni, Cu, or Fe which exist in cubic phase 

in room temperature. In presence of metal ions, Co hexagonal flower formation is disrupted 

which depicts that the formation an uninterrupted hexagonal cage like structure of boric acid-

Co2+ ions is necessary to get the perfect six-fold symmetry of flowers. This protocol is 

successful in achieving the similar uniform morphology even after deposition on other non-

expensive substrates increasing the economic viability of this strategy. Furthermore, industrial 

level OER activity is also achieved using these Co flowers. Instant formation, non-toxic and 
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non-expensive synthesis conditions, uniform deposition on various easily available and 

inexpensive substrates, and industrial level OER activity, have exhibited a promising strategy 

of designing efficient electrode materials for future.  

Table 4.7. List of the publications related to this present invention of Co hcp nanoparticles 

synthesis via other methods which are energy-intensive and involves lots of chemicals and, 

they do not generate any specific morphology for the system. 

 

Sl. 

No. 
Medium 

Reaction 

conditions 
Morphology References 

1. 

cobalt (II) chloride 

sodium   
borohydride 

tetraglyme 

oleylamine 

N2-H2 atmosphere 
(200-270 ºC) 

440 ºC 

 

https://doi.org/10.1016/j.

jmmm.2015.07.051 

2. 

Triphenylphosphine 
sodium-

borohydride 

ClCo(PPh3)3 

oleylamine 

190 °C 

1 hour 

Inert atmosphere 

 

Nanoscale, 2016, 8, 
18640-18645 

3. 

Co(NO3)2·6H2O 

H2O 
H2+CO mixtures 

pH at 12 

80 °C 

110 °C 
Overnight 

450 °C for 4 hours 

 

Chem. Mater. 2009, 21, 

23, 5637–5643 

4. 

cobalt (II) acetate 
tetrahydrate 

diphenyl ether 

Oleic acid 

260 °C for 10 min 

260 °C (Ar) for 
15 min 

 

10.1080/17458080.2011

.563323 

5. 

Co(η3-C8H13)(η4-

C8H12) 

polyvinylpyrrolidon

e 
 

3 bar H2 

0 ºC, 20 ºC, 60 ºC 

 

J. Phys. Chem. 1996, 

100, 35, 14571–14574 

6. 

CoSO4.7H2O 

Na2SO4 

H3BO3 

Room temp. 

Ambient 

pressure 

-1.1V and -1.2V 

vs. Ag/AgCl for 

270 and 300 secs 

 

This Work 
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Summary 

Green hydrogen generation is the promising solution for global warming. One of the major 

challenges of green hydrogen generation via electrochemical water splitting is the sluggish 

counter oxidation reaction which is generation of oxygen from water oxidation at the anode 

during water splitting. This work explores the ordered phase formation between Co and Fe via 

nitride formation mechanism. It is interesting to note that presence of Co can make Fe easily 

reduce to metallic Fe and diffuse to form ordered intermetallic (IM) CoFe cubic lattice. 

Anchoring effect of N on carbon nanotube support has helped in embedding smaller 

nanoparticles of CoFe IM preventing the agglomeration due to sintering at high temperature 

synthesis. Further, ultra-low Pt incorporation has been done on CoFe leading to compressional 

to tensile strain which has significantly tuned the OER activity. The synergistic effects of Co 

and Fe in enhancing the electrochemical oxygen evolution reaction (OER) and addition of ultra-

low concentrations of Pt metal has significantly enhanced the OER activity of CoFe. The lowest 

overpotential of only 190 mV is obtained for current density of 10 mA/cm2 for only 1% Pt 

incorporation into CoFe lattice. The materials have been extensively characterized using 

techniques like powder X-ray diffraction, X-ray photoelectron spectroscopy, X-ray absorption 

spectroscopy, and microscopic techniques for understanding the chemical state of each element 

and how are the active sites playing role during OER. 
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5.1   Introduction 

Electrochemistry is playing the green role of generating hydrogen from water spliting 

via the water reduction process at the cathode.1, 2 The lesser energy requirement for water 

splitting is ruled by the overall potential window of both the cathodic and anodic reactions.3 

Even after achieving an efficient cathode material for hydrogen evolution reaction (HER), there 

may be increased cell potential for the water splitting due to high overpotential requirement for 

anodic porcess of oxygen evolution reaction (OER).4 The slower kinetics of OER is majorly 

due to the conversion of singlet state species OH- (or H2O) to triplet state O2 which necessitates 

a higher overpotential increasing the full cell potential of an electrolyser.5 Hence, an efficient 

OER active catalyst is also required to generate green hydrogen providing least electric 

potential. Expensive metal oxides like IrO2 or RuO2 are being considered the state-of-the-art 

OER catalysts and they lack the superior activity and high durability during the long runs of 

OER alkaline harsh conditions due to the dissolution of Ir or Ru in reaction conditions of high 

pH and high oxidation potential.6  

Many other first-row transition metal oxides, hydroxides of Fe, Ni, and Co are being 

extensively used for lab-scale testing of OER.7, 8 Although pure Ni, Co or Fe oxide/hydroxides 

are not highly OER active, a mixture of these metal oxide/hydroxides have exhibited better 

activity due to a synergistic effect between the two elements.9, 10 For Co, Ni, and Fe, the active 

species of OER is metal oxyhydroxide (CoOOH/NiOOH/FeOOH) which is in-situ formed 

during the OER reaction around potential of 1.2-1.35 V vs. RHE under reaction conditions. Fe 

leads to charge transfer effects to activate CoOOH or NiOOH more for OER and stabilizes the 

oxidation state of Co or Ni. The spin state of the active species is playing a huge role in 

stabilizing O* radical in the step before O*-O* coupling or *OOH formation.10 In MOOH, M3+ 

tends to stay in octahedral geometry with t2g and eg levels filled as per the high-spin or low-

spin state. It is observed that Co3+ ions in the intermediate spin state (IS) with electronic 

configuration t2g
5eg

1 which has the perfect eg configuration for best OER performance.11 It has 

been observed that with doping of Fe in CoOOH, there is more chance of Co3+ to stay in IS 

which increases the OER activity.11 Even though high activity layer-double hydroxide (LDH) 

has been achieved but they are yet to be commercialized due to poor conductivity and stability 

in long run.12 One of the important criteria of an efficient electrocatalyst is its retaining 

conductivity which defines its stability and long durability under real-life reaction conditions. 

Oxides and hydroxides tend to have decreased conductivity under higher oxidation 

potential in -OH medium.12 Whereas a metallic system is highly conducting, and an 
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intermetallic compound (IMC) is expected to provide the highest stability due to its intrinsic 

ordered arrangement of atoms. In this work, we have successfully achieved cubic lattice of 

CoFe ordered IMC via a unique pathway of metal nitride (CoN-FeN) formation anchored on 

N doped multi-walled carbon nanotubes (N-MWCNTs). Multi-walled carbon nanotubes can 

provide higher surface area due to presence of multiple walls. The inner walls of MWCNT 

provide very high electronic conductivity and facilitating the oxidation process. The MWCNTs 

have an inter-layer distance of 0.36 nm and N atoms can easily intercalate in between the layers 

and hence will lead to enhancement of conductivity in N doped MWCNTs (N-MWCNTs).13 

N-doping has led to formation of Co and Fe nitrides (CoN/FeN) which finally forms CoFe IM 

upon further reduction at higher temperatures. The major disadvantage of high temperature 

reduction is the sintering of nanoparticles which leads to formation of larger nanoparticles and 

reduced surface area of the catalysts.14 N-doping not only increased the conductivity of the 

support, it also helped in embedding the CoFe nanoparticles retaining the smaller size of the 

nanoparticles. N doping also enhanced the formation of CoFe intermetallic via the metal-nitride 

formation pathway. Interestingly, further incorporation of Pt metal in ultra-low concentrations 

has enhanced the OER activity of N-MWCNTs supported CoFe. The enhancement in activity 

and the determination of active sites have been studied via different characterization 

techniques. There is a volcano trend of OER activity achieved with only 1% of Pt loading and 

its activity decreased when concentrations of Pt is being increased. Pt metal is not well-known 

for OER activity due to its inactive poor-conducting Pt-oxide formation during OER anodic 

scan.15 The interesting observation of enhanced OER activity up on lower loading of Pt is due 

to strain effect imposed by lesser Pt content on CoFe lattice which itself gets converted to 

metal-oxyhydroxides faster than the pristine CoFe driven by strain-relaxation.  

5.2 Experimental Details 

5.2.1 Chemicals and reagents 

The following chemicals were used: Urea (SDFCL), multi-walled carbon nanotubes 

(MWCNTs, Sigma Aldrich), Cobalt(II) acetylacetonate (Co(acac)2, Sigma Aldrich), Iron(III) 

acetylacetonate (Fe(acac)3, Merck), potassium tetra-chloroplatinate(II) (K2PtCl4, Alfa Aesar), 

tri-ethylene glycol (TEG, Merck), superhydride solution (Sigma Aldrich). All the chemicals 

used were commercially available certified reagents and used without further purifications 

unless mentioned. 
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5.2.2  Synthesis of Co-Fe-based catalysts 

Urea and MWCNTs are mixed in de-ionized water and sonicated for 2 hours and then 

stirred under heating at 80 °C for 6 hours and then the suspension is washed with ethanol and 

then dried. In the next step, 15 mg of the collected N-doped MWCNTs powder is taken in 15 

ml of TEG in a two-necked round bottom flask and stirred till uniform suspension and then 0.1 

mmol of Fe(acac)3 and 0.1 mmol of Co(acac)2 (and K2PtCl4 in case of Pt incorporated samples) 

are added to the solution. Then, the mixture is connected to the Schlenk line and N2 gas is used 

for making the reaction setup inert. Then 1 ml of superhydride solution is injected to the 

solution under 60 °C and then the temperature is raised to 200 °C and kept for 2 hours. Then 

the reaction mixture is cooled down, washed with ethanol, and dried. This samples are named 

as the pre-annealed samples. This powder is annealed under H2 atmosphere at 600 °C for 4 

hours and the collected powder catalysts are named as post-annealed samples. 

5.3      Characterization 

5.3.1  Powder x-ray diffraction (PXRD) 

PXRD measurements were done at room temperature on a Rigaku Miniflex X-ray 

diffractometer with a Cu−Kα X-ray source (λ = 1.5406 Å), equipped with a position-sensitive 

detector in the angular range of 10° ≤ 2θ ≤ 90° with the step size 0.02° and a scan rate of 0.5 

s/step calibrated against corundum standards. The experimental XRD patterns were compared 

to the patterns simulated from the data reported in the literature. 

5.3.2  Transmission electron microscope (TEM) 
TEM images and selected area electron diffraction patterns were collected using a JEOL 

JEM-2010 TEM instrument. The samples for these measurements were prepared by sonicating 

the nanocrystalline powders in ethanol and drop-casting a small volume onto a carbon-coated 

copper grid. 

5.3.3  Scanning electron microscopy (SEM) and energy dispersive spectrum (EDS) 

The SEM measurement was performed using Leica scanning electron microscopy 

equipped with an energy-dispersive X-ray spectroscopy (EDAX) instrument (Bruker 120 eV 

EDAX instrument). Data were acquired by using an accelerating voltage of 15 kV, and the 

typical time taken for data accumulation is 100 s. The elemental analyses were performed using 

the P/B-ZAF standardless method (where P/B = peak to background model, Z = atomic no. 

correction factor, A = absorption correction factor, and F = fluorescence factor) for Cu, Ga at 

multiple areas on the sample coated Si wafer. 
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5.3.4  X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out using Thermo K-alpha+ spectrometer using micro 

focused and monochromated Al Kα radiation with energy 1486.6 eV.  The pass energy for the 

spectral acquisition was kept at 50 eV for individual core-levels. The electron flood gun was 

utilized for providing charge compensation during data acquisition. Further, the individual 

core-level spectra were checked for charging using C1s at 284.6 eV as standard and corrected 

if needed. The peak fitting of the individual core-levels was done using CASA XPS software 

with a Shirley type background. 

5.3.5  X-ray absorption spectroscopy 

X-ray absorption near-edge spectroscopy (XANES) and quick-Extended X-ray 

Absorption Fine Structure (quick-EXAFS) experiments at 300 K were performed at PETRA 

III, beamline P64, of DESY, Germany. Measurements of Cu-K and Pd-K at ambient pressure 

were performed in fluorescence as well as transmission mode using gas ionization chambers to 

monitor the incident and transmitted X-ray intensities. Monochromatic X-rays were obtained 

using a Si (111) double crystal monochromator, which was calibrated by defining the inflection 

point (first derivative maxima) of Cu foil as 8980.5 eV. The beam was focused by employing 

a Kirkpatrick-Baez (K-B) mirror optic. A rhodium-coated X-ray mirror was used to suppress 

higher-order harmonics. A CCD detector was used to record the transmitted signals. Pellets for 

the ex-situ measurements were made by homogeneously mixing the sample with an inert 

cellulose matrix to obtain an X-ray absorption edge jump close to one. 

5.3.6  Electrochemical oxygen evolution reaction (OER) 

All the electrochemical measurements were done in a 3-electrode set-up comprising of 

a glassy carbon as the working electrode (GCE), graphite rod counter electrode, and 

mercury/mercuric oxide electrode (MMO) (for basic media). The catalyst ink was prepared 

using 1.6 mg catalyst + 0.4 mg Vulcan in 200 l of mixed solvent (IPA:H2O = 1:1) + 20 μL of 

1 wt.% Nafion used as binder. Five μL of the catalyst ink was drop casted on the commercial 

3 mm glassy carbon electrode. Commercial Pt/C (20 wt%, Sigma Aldrich) was used for 

comparison of activity with the reported electrocatalysts. Linear sweep voltammetry (LSV) 

was recorded for OER at a scan rate of 5 mV s−1 at 25 °C. Electrochemical impedance studies 

were performed in the frequency range from 10 mHz to 100 kHz at different applied DC 

potentials for different reactions depending on their onset potential values. The electrolyte 

solution was deaerated by purging N2 gas into the solution at least for 30 min before each 

experiment. All the reference electrodes were calibrated with respect to the reversible hydrogen 
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electrode (RHE), using Pt as working and counter electrodes in the respective electrolytes. The 

values obtained are as follows: alkaline medium, ERHE = EMMO + 0.9 V. 

5.4   Results & Discussion 

5.4.1  Structural insights and microscopic probing 

The synthesis procedure is provided in Figure 5.1 schematic. It has been observed that 

after colloidal treatment of Co and Fe salts in N doped multi-walled carbon nanotubes 

(MWCNTs), there is formation of metal nitrides CoN and FeN and after annealing the nitrides 

are totally converted to CoFe intermetallic of space group Pm𝟑̅m, which is evident from the 

PXRD pattern in Figures 5.2a and 5.2b. To understand which element Co or Fe initiates the 

nucleation, control syntheses are being done following the similar procedure (Figure 5.1) with 

considering Co or Fe precursors individually. It has been observed that after the annealing 

treatment under H2 atmosphere, Co is getting converted to metallic cobalt (Figure 5.2c) 

whereas Fe is not getting reduced and stays as Fe3O4 even under high-temperature and reducing 

environment (Figure 5.2d). This indicates that when Fe is not accompanied by other metal Co, 

it is not having the tendency to get reduced at all and due to its higher oxidation tendency, it 

forms stable oxides at high temperature. Interestingly, in presence of Co, there is full 

conversion of Fe to metallic form inside the cubic lattice of CoFe intermetallic. This hints that 

Co can be the nucleating atom which itself gets reduced and allows the diffusion of Fe atoms 

and form the lattice of intermetallic compound. SEM, TEM, and HRTEM images in Figures 

5.3a and 5.3b (inset figure) show the random distribution of nanoparticles which shows fringes 

corresponding to (111) facet of CoN or FeN or may be both.  

 
Figure 5.1. Schematic representation of synthesis procedure. 
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SEM, TEM, and HRTEM images in Figures 5.3c and 5.3d (inset figure) show the 

uniformly distributed nanoparticles on the MWCNTs which show fringes corresponding to 

(110) facet of CoFe IM. The proper distribution of nanometric CoFe IM particles without any 

agglomeration even in higher temperature is majorly due to the anchoring effect of the N atoms 

in the MWCNTs. If no N doping is done and using pure MWCNTs, there is no formation of 

CoFe IM is observed. This signifies that metal nitride formation is facilitating the CoFe 

formation. If no anchoring effect is there, there will be sintering at higher temperatures during 

the annealing process, due to which, N-atom anchoring has helped to hold the CoFe 

nanoparticles in embedded on MWCNTs (Figures 5.3c and 5.3d) and no two particles are 

agglomerated with each other. Figures 5.4a, 5.4b and 5.4c, 5.4d show the embedded 

nanoparticles of Co metal and Fe oxide after annealing. Figure 5.5 schematically represents the 

formation mechanism of CoFe intermetallic which via CoN/FeN formation on N doped 

MWCNTs.  

 

Figure 5.2. (a) Powder x-ray diffraction (PXRD) pattern of MWCNTs, Pre-CoFe-N-

MWCNTs, and Post-CoFe-N-MWCNTs compared with simulated patterns of CoN, FeN, and 

CoFe intermetallic compound. (b) PXRD pattern of Pre-CoFe-N-MWCNTs compared with 

simulated patterns of CoN and FeN. PXRD patterns of (b) Pre-Co-N-MWCNTs, and (c) Pre-

Fe-N-MWCNTs compared with metallic Co and Fe-oxide phases, respectively. 
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Figure 5.3. Scanning electron microscopic (SEM) image of (a) Pre-CoFe-N-MWCNTs, and 

(c) Post-CoFe-N-MWCNTs, Transmission electron microscopic (TEM) and High-resolution 

TEM (HRTEM) images of (b) Pre-CoFe-N-MWCNTs, and (d) Post-CoFe-N-MWCNTs. 

 

Figure 5.4. SEM images of (a), (b) Post-Co-N-MWCNTs and (c), (d) Post-Fe-N-MWCNTs. 
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Figure 5.5. Schematic representation of CoFe intermetallic formation. 

5.4.2  Oxidation state and local structure analysis 

The observation from PXRD characterization is further supported by local-structure 

and oxidation state analysis technique, X-ray absorption spectroscopy (XAS). A sharp 

difference is observed in the oxidation state of Co and Fe when they are individually used 

during the synthesis (Figures 5.6a and 5.6b). After the annealing step, the XANES spectra 

show that Co reaches its metallic state matching with the foil, whereas Fe stays in highly 

oxidized state even after the annealing process. Fourier transformed R-space data also indicates 

the presence of Co-Co metallic bond in case of Post-Co-N-MWCNTs, where there is similar 

Fe-O bonds being present even after annealing process (Figures 5.6c and 5.6d). Intriguing 

observation is found when both Co and Fe are used together during the synthesis, both Co and 

Fe get converted to metallic form as CoFe IM after the annealing in H2 atmosphere (Figures 

5.7a and 5.7b). From the R-space data of Co and Fe K-edge, it is very clear that before the 

annealing process, there is prominent formation of metal nitrides with strong peak around 1.5 

Å for both Co and Fe which correspond to Co-N/Fe-N bonds (Figures 5.7c and 5.7d). Whereas 

just after the annealing, both Fe and Co get converted to metallic form with presence of only 

metal-metal bond. This similar observation is pictorially represented via wavelet transformed 

Co K-edge R-space data (Figures 5.8a and 5.8b). This spectroscopic technique gives an 

interpretation of the local structure of an element in a compound which ultimately supports the 

bulk structure analysis achieved from PXRD. The feasible oxidation tendency of Fe due to its 

more oxidation potential has been reflected here when pure Fe is taken, whereas the reduction 

potential and nucleating property of Fe is totally modulated in presence of Co ions in its 

neighboring environment. There is a tuning of reduction potential of Fe3+/Fe0 couple due to the 

presence of Co2+ ions in the vicinity. Furthermore, Pt is added to the similar synthesis mixture 

(Figure 5.1) as Pt2+ ions (from K2PtCl4) along with Co2+ and Fe3+ ions in different loading 

percentages, here used are 1%, 5% and 10%, respectively. 
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Figure 5.6. (a) Co K-edge X-ray absorption near edge spectra (XANES) of Pre-Co-N-

MWCNTs and Post-Co-N-MWCNTs and compared with Co foil. (b) Fe K-edge X-ray 

absorption near edge spectra (XANES) of Pre-Fe-N-MWCNTs and Post-Fe-N-MWCNTs and 

compared with Fe foil. (c) Co K-edge Fourier transformed R-space data of Pre-Co-N-

MWCNTs and Post-Co-N-MWCNTs and compared with Co foil. (d) Fourier transformed R-

space data of Fe K-edge of Pre-Fe-N-MWCNTs and Post-Fe-N-MWCNTs and standards Fe2O3 

and Fe foil. 

From Figures 5.9a and 5.9b, it is observed that post-annealing treatment there is no 

peak for Pt in case of 1% loading (1-Pt-Post-CoFe), whereas with 5% loading there is very 

small emergence of peak of Pt and that peak is highly prominent in case of 10% Pt loaded in 

CoFe (10-Pt-Post-CoFe). When observed carefully, it is seen that the peaks corresponding to 

CoFe intermetallic shows a right shift when 1% Pt loading is done, then gradually shows a left 

shift from 5% to 10% Pt loading. This indicates there is initial lattice contraction and then with 

larger content of Pt, there is lattice expansion.16 Interestingly, it is observed that Pt peak is 

shifted to the right for the 5% and 10% loaded CoFe samples, that clearly indicates that an alloy 

has formed between Pt and Co or Fe. Hence, in case of 5-Pt-Post-CoFe and 10-Pt-Post-CoFe, 

there is presence of two phases CoFe IM and Pt-Fe/Co alloy and there must be an interface 

between the two phases. 
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Figure 5.7. (a) Co K-edge X-ray absorption near edge spectra (XANES) of Pre-CoFe-N-

MWCNTs and Post-CoFe-N-MWCNTs and compared with Co foil. (b) Fe K-edge X-ray 

absorption near edge spectra (XANES) of Pre-CoFe-N-MWCNTs and Post-CoFe-N-

MWCNTs and compared with Co foil. (c) Co K-edge Fourier transformed R-space data of Pre-

CoFe-N-MWCNTs and Post-CoFe-N-MWCNTs and compared with Co foil. (d) Fe K-edge 

Fourier transformed R-space data of Pre-CoFe-N-MWCNTs and Post-CoFe-N-MWCNTs and 

compared with Fe foil. 

It is expected that the lattice constant for CoFe is smaller than Pt-based alloy due to 

which the CoFe lattice will undergo tensile strain to expand itself to match with the lattice 

constant of Pt-alloy phase, and due to that left-shift of PXRD peak is observed.17 Whereas in 

case of 1-Pt-Post-CoFe, there is slight right shift of CoFe peak indicating pressure inserted by 

Pt atoms embedded on CoFe lattice since Pt is larger atom and when it tries to form a bond it 

will push the CoFe lattice inserting compressive strain to the system. Before annealing under 

reduction atmosphere, Pt is also in higher oxidation state like Co and Fe atoms as observed 

from XPS, and Pt attains metallic state upon H2-atmosphere reduction (Figure 5.9c) and similar 

thing is observed when 5% Pt is incorporated (Figure 5.9d). Figures 5.10a and 5.10b and 

5.10c show the Fe K-edge and Co K-edge R-space data of pre- and post-annealing different 

percentage of Pt loading in CoFe supported on N-doped MWCNTs.  
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Figure 5.8. Co K-edge wavelet transformed data of (a) Pre-CoFe-N-MWCNTs and (b) Pre-

CoFe-N-MWCNTs. 

 

Figure 5.9. (a) and (b) PXRD pattern of 1-Pt-Post-CoFe, 5-Pt-Post-CoFe, and 10-Pt-Post-CoFe 

compared with simulated pattern of CoFe intermetallic and Pt metal. (c) Pt 4f XPS spectra of 

1-Pt-Pre-CoFe and 1-Pt-Post-CoFe. (d) Pt 4f XPS spectra of 5-Pt-Pre-CoFe and 5-Pt-Post-

CoFe. 
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Figure 5.10. (a) Fe K-edge R-space data of all the Pt incorporated pre and post annealing 

catalysts. (b, c)  Co K-edge R-space data of all the Pt incorporated pre and post annealing 

catalysts. 

It is clearly observed that before annealing Co and Fe stays in higher oxidation state 

and after annealing, both Co and Fe are observed in their metallic state, indicating successful 

formation of CoFe IM after reductive treatment. Figures 5.11a and 5.11b show the XANES 

spectra of Fe K-edge and Co K-edge for the post-annealed samples of 1%, 5%, and 10% Pt 

incorporated samples. It is seen that both Co and Fe stays at relatively higher partial oxidation 

state with higher white-line intensity in case 1% and 5% Pt loaded samples. This gives an 

indication that electron transfer takes place from Co and Fe to Pt atoms when Pt is loaded in 

1% and 5% and when 10% Pt loading is done, the electron transfer is not prominent from Co 

or Fe to Pt atoms. This is possible when prominent bond formation of Pt with Co ad Fe has 

taken place. Due to more electronegativity of Pt, it pulls the electrons from Co and Fe when it 

is bonded to them. From Pt L3-edge XANES (Figure 5.12a), it is observed that Pt shows higher 

white-line (WL) intensity in case of the pre-annealed samples with lower WL intensities in 

case of post-annealed samples. When R-space data for Pt L3-edge is observed for pre-annealed 

samples (Figure 5.12b), it is seen that majorly Pt-O/C/N bonds are observed and there are no 

peaks for Pt-Pt or Pt-Co/Fe bonds. Whereas for the post-annealed samples (Figure 5.13a), it is 

seen that clearly one peak for each has been observed at 1.9 and 2.2 Å for 1% and 5% and 10% 

Pt loaded samples.  
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Figure 5.11. XANES spectra of (a) Co K-edge of Co foil, 1-Pt-Post-CoFe, 5-Pt-Post-CoFe, 

and 10-Pt-Post-CoFe, (b) Fe K-edge of Fe foil, 1-Pt-Post-CoFe, 5-Pt-Post-CoFe, and 10-Pt-

Post-CoFe. 

This can signify that when very low loading of Pt is taken (1%), there is formation of 

Pt-Fe/Co bonds on the surface of CoFe IM and no Pt nanocluster have formed (observed from 

bulk technique PXRD and local structure analyzing technique XAS). But when larger content 

of Pt is taken then Pt nanoclusters have formed with presence of Pt-Pt and Pt-Fe/Co bonds due 

to formation of Pt alloy. This is imposing strain into the lattice of CoFe lattice, which is causing 

the PXRD peak shift, since there is no option of Pt substitution into the CoFe lattice due to 

huge difference in size of the Co and Fe with Pt atom. This is schematically demonstrated in 

Figure 5.13b.  

 

Figure 5.12. (a) XANES spectra of Pt L3-edge of 1-Pt-Pre-CoFe, 5-Pt-Pre-CoFe, and 10-Pt-

Pre-CoFe, 1-Pt-Post-CoFe, 5-Pt-Post-CoFe, and 10-Pt-Post-CoFe, and Pt foil. (b) R-space data 

of Pt  L3-edge of 1-Pt-Pre-CoFe, 5-Pt-Pre-CoFe, and 10-Pt-Pre-CoFe.  
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Figure 5.13. (a) R-space data of Pt  L3-edge of 1-Pt-Post-CoFe, 5-Pt-Post-CoFe, and 10-Pt-

Post-CoFe. (b) Schematic representation of Pt incorporation on CoFe IM lattice. 

5.4.3  Electrochemical OER activity  

These catalysts are tested for OER in alkaline media. Figure 5.14a shows the LSVs of 

OER activity in 1 M KOH electrolyte with a scan rate of 5 mV/sec for all the catalysts, Post-

CoFe-N-MWCNTs, 1-Pt-Post-CoFe, 5-Pt-Post-CoFe, and 10 -Pt-Post-CoFe. It is observed that 

the overpotential requirement for attaining current density of 10 mA/cm2 is following the trend: 

1-Pt-Post-CoFe > 5-Pt-Post-CoFe > Post-CoFe-N-MWCNTs > 10-Pt-Post-CoFe (Figure 

5.14b). The major active sites for CoFe catalyst are the formation of CoOOH/FeOOH during 

the OER anodic sweep. The faster kinetics of OER indicates the faster formation of metal 

oxyhydroxide (CoOOH/FeOOH). From the PXRD pattern and bond length it has been 

observed that CoFe lattice has experienced lattice contraction in 1-Pt-Post-CoFe where only 

1% of Pt is incorporated.  

 

Figure 5.14. (a) Linear sweep voltammograms (LSVs) of OER for 1-Pt-Post-CoFe, 5-Pt-Post-

CoFe, and 10 -Pt-Post-CoFe, and Post-CoFe-N-MWCNTs. (b) Comparison of OER 

overpotential for 1-Pt-Post-CoFe, 5-Pt-Post-CoFe, and 10 -Pt-Post-CoFe, and Post-CoFe-N-

MWCNTs. 
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Figure 5.15. Schematic representation of plausible OER mechanism of Pt incorporated CoFe 

IM catalyst. 

The compressional strain experienced by CoFe lattice will trigger formation of 

CoOOH/FeOOH faster to release the strain. On the other hand, when the amount of Pt is 

increased further to 10%, the OER activity drastically decreased which is due to coverage of 

CoFe lattice with Pt-metal or Pt-based alloys and Pt gets inactive under OER potential in 

alkaline media.15 Hence, a tuned presence of Pt has enhanced the activity of CoFe IM catalyst. 

Figure 5.15 has schematically represented the overall phenomenon and explains why 1-Pt-

Post-CoFe has given the best activity. Also, it has been observed in Figures 5.11a and 5.11b, 

when 1 and 5% of Pt is incorporated into the CoFe system, the partial oxidation state of both 

Co and Fe are highest and again their oxidation state decreases when 10% Pt is loaded. This 

increased electron deficiency indicates electron transfer from Co/Fe to Pt atoms and higher 

oxidation state on Co and Fe will help the easier conversion of metallic Co and Fe to Co3+ and 

Fe3+ in CoOOH and FeOOH. A combined effect of synergy is achieved from strain effect and 

electron transfer phenomena which gives enhanced OER activity in presence of just 1% of Pt.  

5.5  Conclusion 

This work demonstrates the formation of stable CoFe IMC via unique nitride formation 

pathway. A two-step synthesis has been performed to first get the metal nitrides and then treat 

under reducing atmosphere at high temperatures for attaining the ordered cubic phase of CoFe. 

N doped MWCNTs have been used as a conducting support as well as which leads to the 

formation of CoN or FeN and further when annealed, the CoFe IM nanoparticles are embedded 

in the MWCNTs without getting agglomerated. Annealing at high temperatures usually lead to 

sintering of nanoparticles which form larger nanoparticles with lesser surface area. N-
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anchoring effect have strongly embedded the CoFe nanoparticles which has prevented the 

sintering and hence smaller nanoparticles with larger electrochemical surface area is achieved. 

With no N-doping or without using MWCNTs, there is no formation metal nitride and hence 

no CoFe IM formation is achieved. It is interesting to note that without the presence of Co, Fe 

stays in oxide form whereas in presence of Co, Fe3+ ions get reduced to atomic Fe and diffuses 

with Co atoms to form ordered CoFe IM. Co plays a supporting role in modulating the 

reduction potential of Fe3+/Fe0 redox couple. This observation is confirmed by powerful 

characterization techniques like PXRD, TEM, SEM, and XAS. To further enhance the synergy 

of the material, Pt metal has been incorporated into the similar synthesis process in different 

loading percentages. It has been observed that when Pt is used in ultra-low 1%, the highest 

OER activity is achieved with only 190 mV overpotential to achieve 10 mA/cm2
 current 

density. From PXRD and EXAFS data analysis, it is confirmed that at 1% of Pt loading, there 

is no nanocluster of Pt and no Pt-Pt bonds are present. From R-space data analysis it is seen 

some Pt-Fe/Pt-Co bonds have been formed which increases when loading of Pt is increased. 

The Pt-M bond distance is increased which means some contribution from Pt-Pt bond is also 

there along with Pt-Fe/Co bonds. And PXRD confirms the formation of Pt-Fe/Pt-Co alloy 

along with CoFe intermetallic formation. Thus, when loading of Pt is increased there is hetero-

phase formation between CoFe IM and Pt-M (M=Co or Fe) alloy. Due to the reduced surface 

area of CoFe IM the OER activity is seen to decrease upon increased Pt loading. Whereas 

increase in activity from pristine CoFe to 1% Pt CoFe is majorly due to the synergistic effect 

of Pt atoms on CoFe lattice, that is the compressional strain imposed on the CoFe lattice will 

help is faster conversion of Co an Fe to CoOOH/FeOOH.  
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Summary 

The discovery of novel materials for industrial standard hydrogen production is the present need 

considering the global energy infrastructure. We introduce a novel electrocatalyst, Pt3Ge, 

engineered with a desired crystallographic facet (202) accelerates hydrogen production by 

water electrolysis and records industrially desired operational stability compared to the 

commercial catalyst platinum. Pt3Ge-(202) exhibits low overpotential of 21.7 mV (24.6 mV for 

Pt/C) and 92 mV for 10 mA/cm2 and 200 mA/cm2 current density, respectively in 0.5M H2SO4. 

It also exhibits remarkable stability of 15,000 accelerated degradation tests cycles (5000 for 

Pt/C) and exceptional durability of 500 h (@10 mA/cm2) in acidic media. Pt3Ge-(202) also 

displayed low overpotential of 96 mV for 10 mA/cm2 current density in the alkaline medium, 

rationalizing its hydrogen production ability over a wide pH range required commercial 

operations. Long-term durability (>75 h in alkaline media) with the industrial level current 

density (>500 mA/cm2) has been demonstrated by utilizing the electrochemical flow reactor. 

The driving force behind this stupendous performance of Pt3Ge-(202) has been envisaged by 

mapping the reaction mechanism, active sites and charge transfer kinetics via controlled 

electrochemical experiments, ex-situ X-ray photoelectron spectroscopy, in-situ infrared 

spectroscopy and in-situ X-ray absorption spectroscopy further corroborated by first principles 

calculations.  
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6.1 Introduction 

The ultimate dream of the human kind in the current scenario is to use the terms ‘fuel’ 

and ‘combustion’ without having to encounter any carbon dioxide (CO2) or carbonaceous 

compounds. To date, the utilization of non-renewable energy resources (like coal, petroleum 

and natural gas) is exceeding the use of renewable ones like wind, water, biopower and solar. 

The enormous growth of population has led to extensive consumption of these fossil fuels1 and 

release of noxious CO2 gas that has caused global warming, hiking the temperature at an 

alarming rate. Hydrogen (H2) gas, in its molecular form, is the cleanest fuel known to date 

because its only combusted product is benevolent water.2 Hydrogen can be used as a fuel in 

Proton Exchange Membrane Fuel Cells (PEMFCs) for various routine applications,3 as a 

reductant in the utilization of greenhouse gas CO2,
4 as a raw material in the production of 

several chemicals using hydrogenation processes (e.g., ammonia synthesis,5 methanol 

production6), as a direct fuel (e.g., in rocket7),  in metallurgical industries,8 semiconductor 

manufacturing,9 pharmaceuticals,8 and any other sectors having concerns related to energy and 

environment. However, large-scale H2 production is majorly dependent on steam reforming of 

fossil fuels (about 96%),10 and the rest 4% by water electrolysis.[11-17 Environmentally benign 

process, water electrolysis needs an exponential growth for the development of a powerful H2 

generator. Noble metals (platinum, palladium and ruthenium18), especially platinum, are 

highly electroactive for hydrogen generation via water splitting attributed to their favourable 

electronic structure and optimum energy for hydrogen adsorption and desorption processes. 

But, extensive commercialization of water electrolysis process is not yet completely achieved 

owing to high cost of Pt. These comerciallization hurdles of water electrolysis process can be 

overcome either by reducing the cost of the catalyst or improving the perfromance or 

combining both. Even after a long scientific journey of synthesizing non-Pt based 

electrocatalysts, none of them could set foot in the performance region of Pt.  

Extensive research activities are being carried out to maximize the catalytic activity of 

Pt along with decreased mass loading.19 The hydrogen evolution reaction (HER) activity of Pt 

can be tuned by alloying with other transition elements,20-22 formation of heterostructures,23-25 

core-shell design,25-27 substituting with carbides28, 29 or nitrides or phosphides30 and even 

generation of single-atom catalysts.16, 31-34 Despite showing promising catalytic performance, 

these materials were found to be incapable of fulfilling one or the other parameters required 

for commercial operation. There are five critical parameters (hereafter coined as Fabulous Five 

(Fab-Five)) that dictate HER activity of a catalyst: (1) onset potential, (2) current density, (3) 
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Tafel slope, (4) stability in wide pH range and (5) industrial standard durability. However, 

discovering a material holding all these parameters together is a challenging task. There are 

several strategies used to develop materials, for example, combining Pt with 3d transition 

metals (TMs) or p block elements. This can alter the 5d electron occupancy of Pt and Pt-Pt 

interatomic distance, tuning d-band center and modifying the electronic structure.35 The 

electronic structure modification improves the charge transfer kinetics and intermediate 

stability on the surface thereby lowering the activation barrier of the reaction.  

Although several approaches have been explored,36-40 there still lacks clarity in which 

atomic level modifications alter the electronic structure enhancing the HER activity close to 

the theoretical value. One such concept is to tune the arrangement of atoms within the crystal 

lattice, which can be achieved by the synthesis of ordered intermetallic compounds. 

Nevertheless, the situation can be even more complicated as the atomic packing at different 

crystallographic planes may alter the HER activity. It is worth mentioning that tuning a specific 

surface for catalysis at the atomic level is extremely difficult. There are a few handpicked 

numbers of works which proposed this concept by different synthetic strategies.41-43 In this 

work we have introduced a novel concept, where we selectively tuned a surface favourable for 

HER activity close to the theoretical target.  To achieve enhancement in Fab-Five parameters 

exceeding that of the state-of-the-art commercial Pt, we have selected an unexplored 

intermetallic compound Pt3Ge (tetragonal system and space group: I4/mcm) (Figure 6.1a). 

Selective exposure of facets is typically done by the use of capping agents, whereas our work 

eliminates surfactants from the synthesis completely classifying it as a green approach. Our 

work highlights the in-situ formation of a secondary phase which facilitates the exposure of an 

HER active facet. To the best of our knowledge, this new catalyst is the first HER 

electrocatalyst which surpasses all Fab-Five parameters mentioned earlier. Using several 

controlled experiments including synthesis, electrochemical studies, spectroscopic 

measurements, operando FT-IR, XAS and DFT calculations, the driving force behind the 

stupendous performance of this unique material is being established. The industrial level 

current density ((>500 mA/cm2) has been achieved by the meticulous optimization of the flow 

reactor and long-term durability (>75 h) of HER has been obtained even in the sluggish alkaline 

media (1M KOH) for practical utilization.  
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6.2 Experimental Details 

6.2.1 Chemicals and reagents 

Potassium tetrachloroplatinate (K2PtCl4) and nafion binder (5 wt.%) were purchased 

from Sigma-Aldrich, germanium tetrachloride (GeCl4) was purchased from Alfa-Aesar, and 

tri-ethylene glycol (TEG) were purchased from Merck. All the chemicals (more than 99% 

purity) were used as purchased without any further purification. Millipore water of conductivity 

18.2 MΩcm was used for the synthesis and all electrochemical studies. 

6.2.2 Synthesis of Pt3Ge-(110) and Pt3Ge-(202)  

In a typical solvothermal reaction, 0.3 mmol of K2PtCl4, 0.1, and 0.3 mmol of GeCl4 

for Pt3Ge-(110) and Pt3Ge-(202), and 0.8 mL of superhydride solution (reducing agent) 

(Li(C2H5)3BH) were mixed in 18 mL of TEG. In two autoclaves, solid K2PtCl4 salt is dissolved 

in 18ml TEG and magnetically stirred until dissolved completely. After complete dissolution, 

GeCl4 is added using a micropipette as 11.4 L and 34.2 L for Pt3Ge-(110) and Pt3Ge-(202), 

respectively. The mixture is continuously stirred for 30 mins. After that, 0.8 mL Li(C2H5)3BH 

is added using a syringe and again stirred in an orbital shaker for 30-45 mins. The autoclave 

was kept at 220 °C for 36 h. The final product was washed several times with ethanol, and the 

obtained product was dried and used for further characterization. 

6.3 Characterization 

6.3.1 Powder x-ray diffraction (PXRD) 

PXRD measurements were done at room temperature on a Rigaku Miniflex X-ray 

diffractometer with Cu-Kα X-ray source (λ = 1.5406 Å), equipped with a position sensitive 

detector in the angular range 20o ≤ 2θ ≤ 80o with the step size 0.02o and scan rate of 0.5 s/step 

calibrated against corundum standards. The experimental XRD patterns were compared to the 

patterns simulated from the data reported in the literature. 

6.3.2 Transmission electron microscope (TEM) 
TEM images and selected area electron diffraction patterns were collected using a JEOL 

JEM-2010 TEM instrument and color mapping was done in TECHNAI. The samples for these 

measurements were prepared by sonicating the nanocrystalline powders in ethanol and drop-

casting a small volume onto a carbon-coated copper grid. 

6.3.3 Inductively coupled plasma atomic emission spectroscopy (ICP-OES) 

ICP-OES was performed using a Perkin Elmer Optima 7000 DV instrument. The 

samples were digested in concentrated aqua regia, followed by dilution with distilled water. In 
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a typical experiment, 2 mg of the sample was dissolved in 1 ml aqua regia and left overnight 

(12 hrs) for digestion. The digested sample was then diluted to 10 ml volume with deionized 

water. The solid particles were separated by thorough centrifugation before measurements. 

6.3.4 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out using Thermo K-alpha+ spectrometer using micro 

focused and monochromated Al Kα radiation with energy 1486.6 eV.  The pass energy for the 

spectral acquisition was kept at 50 eV for individual core-levels. The electron flood gun was 

utilized for providing charge compensation during data acquisition. Further, the individual 

core-level spectra were checked for charging using C1s at 284.6 eV as standard and corrected 

if needed. The peak fitting of the individual core-levels was done using CASA XPS software 

with a Shirley type background. 

6.3.5 High-angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) 

Aberration corrected FEI Titan G2 60−300 kV microscope has been used to investigate 

the nature of the catalyst. High-Angle Annular Dark Field Scanning Transmission Electron 

Microscopy (HAADF STEM) imaging has been performed at an accelerating voltage of 300 

kV with a probe convergence angle of 24.5 mrad using 70 μm aperture. 

6.3.6 Scanning electron microscopy (SEM) and energy dispersive spectrum (EDAX) 

The FESEM measurement was performed using Leica scanning electron microscopy 

equipped with an energy-dispersive X-ray spectroscopy (EDX) instrument (Bruker 120 eV 

EDAX instrument). Data were acquired by using an accelerating voltage of 15 kV, and the 

typical time taken for data accumulation is 100 s. The elemental analyses were performed using 

the P/B-ZAF standardless method (where P/B = peak to background model, Z = atomic no. 

correction factor, A = absorption correction factor, and F = fluorescence factor) for Cu, Ga at 

multiple areas on the sample coated Si wafer. 

6.3.7 X-ray absorption spectroscopy (XAS) 

X-ray absorption near-edge spectroscopy (XANES) and quick-Extended X-ray 

Absorption Fine Structure (quick-EXAFS) experiments at 300 K were performed at PETRA 

III, beamline P64, of DESY, Germany. Measurements of Cu-K and Pd-K at ambient pressure 

were performed in fluorescence as well as transmission mode using gas ionization chambers to 

monitor the incident and transmitted X-ray intensities. Monochromatic X-rays were obtained 

using a Si (111) double crystal monochromator, which was calibrated by defining the inflection 

point (first derivative maxima) of Cu foil as 8980.5 eV. The beam was focused by employing 



Morphology Tuned Pt3Ge Accelerates Water Dissociation to Industrial Standard  

Hydrogen Production over a wide pH Range                                                                      Chapter 6 

 

174 
 

a Kirkpatrick-Baez (K-B) mirror optic. A rhodium-coated X-ray mirror was used to suppress 

higher-order harmonics. A CCD detector was used to record the transmitted signals. Pellets for 

the ex-situ measurements were made by homogeneously mixing the sample with an inert 

cellulose matrix to obtain an X-ray absorption edge jump close to one. 

6.3.8 Electrochemical hydrogen evolution reaction (HER) 

All the electrochemical measurements were done in a 3-electrode set-up comprising of 

a glassy carbon as the working electrode (GCE), graphite rod counter electrode, saturated 

calomel electrode (SCE) (for acidic media) and mercury/mercuric oxide electrode (MMO) (for 

basic media). The catalyst ink was prepared using 1.6 mg catalyst + 0.4 mg Vulcan in 200 l 

of mixed solvent (IPA: water = 1:1) + 20 μL of 1 wt.% Nafion used as binder. 10 μL of the 

catalyst ink was drop casted on the commercial 3 mm glassy carbon electrode. Commercial 

Pt/C (20 wt%, Sigma Aldrich) were used for comparison of activity with the reported 

electrocatalysts. Linear sweep voltammetry (LSV) was recorded for HER at a scan rate of 5 

mV s−1 at 25 °C. Electrochemical impedance studies were performed in the frequency range 

from 10 mHz to 100 kHz at different applied DC potentials for different reactions depending 

on their onset potential values. The electrolyte solution was deaerated by purging nitrogen gas 

into the solution at least for 30 min before each experiment. All the reference electrodes were 

calibrated with respect to the reversible hydrogen electrode (RHE), using Pt as working and 

counter electrodes in the respective electrolytes. The values obtained are as follows: acidic 

medium, ERHE = ESCE + 0.265 V; alkaline medium, ERHE = EMMO + 0.881 V. 

To achieve the industrial level current density, the HER experiments were carried out 

in a filter-press type Micro Flow Cell (Electrocell A/S), where a Ti sheet coated with Ir-MMO 

(iridium-mixed metal oxide) has been used as an Anode plate (Electrocell S/A). An anionic 

exchange membrane (Fumasep FAB-PK-130) was employed in the case of HER in 1M KOH 

medium to separate the cathode and anode compartment. The electrolyte was recirculated 

continuously into the cell (both in cathode and anode) by two separate peristaltic pumps (Ravel, 

RH-P100L-100). The catalyst material was coated on the Toray carbon paper electrode and 

evaluated the high current density experiment for long-term HER process in the flow cell.  

The reference electrode has been calibrated with respect to standard hydrogen electrode 

and its calibration potential has been calculated from the average potential with respect to zero 

current in the hydrogen reduction/oxidation region as mentioned. Saturated calomel electrode 

(SCE) has been used as reference electrode for electrochemical study in 0.5M H2SO4 and 
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Mercury/Mercury Oxide (MMO) in 0.5 M KOH in one compartment cell. Ag/AgCl has been 

employed in case of 1 M KOH electrolyte in case flow cell configuration. 

6.3.9 In-situ electrochemical attenuated total reflection Fourier transform infrared 

spectroscopy (ATR-FTIR).  

In-situ electrochemical FT-IR spectroscopic studies were performed using a purged 

VERTEX FT-IR spectrometer equipped with the A530/P accessory and a mid-band MCT 

detector. A silicon hemispherical window (F530-8) was used with the working electrode placed 

1 mm above the window as the single reflection attenuated total reflection (ATR) accessory for 

the FTIR study. The in situ experimental set-up is depicted in Figure 2.1b (Chapter 2) The 

measurement parameters were 4 cm-1 resolution and 100 scans. This setup enabled the 

detection of Pt-H and Ge-H bond formation on the electrode surface, as well as within the thin-

layer electrolyte. The spectra were analyzed by the OPUS software and the absorption spectra 

have been directly plotted at various potential and time. 

6.3.10 In-situ x-ray absorption spectroscopy  

In-situ XAS was measured using home-made customized cell set up as shown in Figure 

2.1a (Chapter 2) under HER conditions.  

6.3.11 Methodology of computational study 

The DFT calculations are carried out using Vienna ab-initio Simulation Package 

(VASP) in conjunction with projector augmented plane wave (PAW) method. The exchange-

correlation energy has been treated using the Perdew-Burke-Ernzerhof (PBE) type generalized 

gradient approximation (GGA). An energy cut-off of 450 eV has been used for the plane wave 

basis set for the electronic wave functions. Full ionic relaxations have been performed until the 

forces on the ions become smaller than 0.01 eV/Å. Energy convergence criterion for electronic 

converge has been set to 10-3 eV. For (110) plane the Brillouin zone sampling has been done 

using 5 × 5 × 1 Monkhrost-Pack k-mesh, whereas for the (202) plane a k-mesh of size 3 ×

5 × 1 has been used depending on the size of the lattice. van der Waals interactions have been 

included via the pairwise semi-empirical interaction (DFT-D3) as proposed by Grimme. A 

vacuum of more than ~15 Å has been incorporated in the slab to avoid the spurious interaction 

between the images.  

6.4 Results & Discussion 

Noble metal-based compounds having T3X (T = Noble Metal; X = transition metal/p-

block elements) composition have been known for superior electrochemical performance.44, 45  
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Figure 6.1. Crystal structure of (a) Pt3Ge and (b) (110) and (202) facets of Pt3Ge. (c) PXRD 

of Pt3Ge-(110) and Pt3Ge-(202), and (d) Rietveld refinement of Pt3Ge-(202). (e) The 

coordination environment of Pt and Ge in Pt3Ge and Pt3Ge2. (f) Schematic of the synthesis 

illustrating tuned formation of Pt3Ge-(110) and Pt3Ge-(202). 

Partial replacement of Pt atoms by Ge is a highly cost-effective endeavour since the 

price of Ge is much lesser than that of Pt. Germanium is reported for its tendency to form 

hydrides46 in acidic media and promote HER when incorporated with other active noble metals 

like ruthenium47 and palladium.48  

Due to the stable formation of GeH49 and GeH2,
50 there is an expected enhancement of 

reaction kinetics of HER towards making it Volmer-Tafel mechanism resembling Pt. Non-

similar adjacent atoms can lead to stronger heteroatomic interactions facilitating rapid charge 

transfer and optimal Metal-H bond strengths.51 To substantiate this, we have simulated (110) 

and (202) crystallographic planes of Pt3Ge using DFT caculations. The selection of these planes 

has been done based on the fact that (110) has only Pt atoms (equivalent to Pt metal) and (202) 

has an ordered arrangement of Pt and Ge atoms (Figure 6.1b). The preliminary calculations 

including the formation energy, density of states (DOS) and free energy of H* adsorption 

provided a hint of (202) being the active surface for HER.52 We have generated different 

crystallographic planes in Pt3Ge selectively using different synthetic conditions (see detailed 

synthetic strategies, Figure 6.1c, 6.1d and Table 6.1).   
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Table 6.1. Structural parameters extracted through Rietveld refinement of the Powder XRD of 

Pt3Ge-(110) and Pt3Ge-(202) samples. 

Catalyst Phase a (Å) b (Å) c (Å) 2 Wt. Fraction (%) 

Pt3Ge-(110) Pt3Ge 5.5141 5.5141 7.8927 3.33 100.00 

Pt3Ge-(202) Pt3Ge2 12.227 7.509 6.829 2.43 21.25 

Pt3Ge 5.4780 5.4780 7.9164 78.75 

Figure 6.1e shows the cuboctahedron and bicapped-pentagon co-ordination 

environment of Ge in tetragonal Pt3Ge and orthorhombic Pt3Ge2 phases, respectively. Ge is 

relatively less coordinated in Pt3Ge2 phase than in Pt3Ge phase. Thus, it can be interpreted that 

Pt3Ge is more stable phase compared to Pt3Ge2. The facet-selective synthetic strategy for the 

crystal growth of Pt3Ge with (202) (named as Pt3Ge-(202)) and (110) (Pt3Ge-(110)) phases is 

schematically  shown in Figure 6.1f. As mentioned in the synthesis details, lesser Pt precursor 

input resulted in the formation of more active facet (202) of Pt3Ge as the exposed plane.  

In order to validate the powder XRD analysis on the anisotropic crystal growth, 

transmission electron microscopic (TEM) images have been taken on different samples. As 

seen in Figure 6.2a, Pt3Ge formed nanospheres (Figures 6.2a(i) and 6.2a(iii)) with an 

approximate particle size of 2.5 nm and 3.3 nm for Pt3Ge-(202) and Pt3Ge-(110), respectively 

(Figure 6.2b and 6.2c). High-resolution TEM (HR-TEM) image of Pt3Ge-(110) nanoparticles 

shows the most exposed facet being (110) plane with d-spacing around 0.39 nm (Figure 

6.2a(ii)). Whereas, HRTEM of the sample with higher Ge (Figure 6.2a(iv)) shows the 

existence of Pt3Ge phase exposing (202) plane with d-spacing of 0.23 nm for Pt3Ge. Figure 

6.3a shows the HAADF-STEM images of Pt3Ge-(110) nanoparticles. Figure 6.3b and 6.3c 

show the HAADF-STEM images of Pt3Ge-(202) with both exposed facets of (202) facets of 

Pt3Ge and (322) factes of Pt3Ge2. Figure 6.3d and 6.3e show wide region HRTEM images of 

Pt3Ge-(202) and Pt3Ge-(110). These figures show that facets (110) and (202) are exclusively 

exposed in cases of Pt3Ge-110 and Pt3Ge-202, respectively. The presence of the orthorhombic 

Pt3Ge2 phase disrupts the crystal growth along the (110) direction and triggers the selective 

formation of the facet (202) of Pt3Ge, which is in excellent agreement with the HRTEM 

analysis. In this design, Pt3Ge2 phase can be termed as the ‘sacrifical phase’, which is later self-

destroyed during the electrochemical HER process. Scanning electron microscopy (SEM) 

(Figure 6.4a, 6.4b, and 6.4c) depicts the morphology and point energy-dispersive X-ray 

spectra (EDX) (Table 6.2) confirm the expected elemental composition and distribution, which 

is in agreement with the Rietveld refinement (Table 6.1). 
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Figure 6.2. (a) Transmission Electron Microscopic (TEM) images of (i) Pt3Ge-(110) and (iii) 

Pt3Ge-(202) nanoparticles. Scale bar is 5 nm for i and iii. High-Resolution TEM (HR-TEM) 

images of (ii) Pt3Ge-(110) and (iv) Pt3Ge-(202) nanoparticles. FFT images shown as inset 

figures in (ii) and (iv). Histogram showing particle size distribution from TEM image of (a) 

Pt3Ge-(110) catalyst being 3.3 nm. (b) Pt3Ge-(202) catalyst being 2.5 nm. 

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) further 

confirms the bulk elemental composition (Table 6.3 and Figure 6.4d and 6.4e).   
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Figure 6.3. (a) HAADF-STEM image for Pt3Ge-(110). (b-c) HAADF-STEM images of Pt3Ge-

(202). HR-TEM images for (a) Pt3Ge-(110) and (b) Pt3Ge-(202). 

Table 6.2. SEM-EDS Atomic percentages of Pt3Ge-(110) and Pt3Ge-(202) before 

electrochemical test and after performing HER stability test. 

 

Table 6.3. Elemental composition quantified from ICP-OES measurements.  

Catalyst 
Atomic percentage (%) 

Pt Ge 

Pt3Ge-(110) 73 27 

Pt3Ge-(202) 58.3 41.7 

Catalyst Pt at % Ge at % 

Pt3Ge-(110) 76.22 23.78 

Pt3Ge-(202) 66.36 33.64 
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Figure 6.4. SEM images of (a) Pt3Ge-(202) and (b) Pt and (c) Ge color mapping for showing 

elemental distribution. ICP-OES calibration plots for elements (d) Pt and (e) Ge. 

6.4.1 Hydrogen production 

In order to validate our proposed concept, we have performed HER in both acidic and 

alkaline media (wide pH range).53 Figure 6.5a shows the linear sweep voltammograms (LSVs) 

of Pt3Ge-(110) and Pt3Ge-(202) in acidic condition (0.5M H2SO4) compared with commercial 

20% Pt/C. The overpotential corresponding to 10 mA/cm2 (h10) current density is 34 mV, 21.7 

mV and 24.6 mV, respectively, for Pt3Ge-(110), Pt3Ge-(202) and Pt/C (Table 6.4). LSV data 

for Pt3Ge-(202) and 20% Pt/C taken using rotating disk electrode (RDE) shows current density 

up to 2000 mA/cm2 at -0.6V vs. RHE (Figure 6.5b) with a remarkably low overpotential of 92 

mV and 102 mV for 200 mA/cm2 current density (inset in Figure 6.5b) for Pt3Ge-(202) and 

20% Pt/C, respectively.  

Table 6.4. Comparison of electrochermical HER performance of Pt3Ge-(110) and Pt3Ge-(202) 

with state-of-the-art catalyst 20% Pt/C. 

Catalyst Onset (mV vs RHE) Tafel Cdl 

η10 η20 (mV/dec) mF/cm2 

Pt3Ge-(110) 33.6 58.6 31.29 2.299 

Pt3Ge-(202) 21.7 30.7 30.25 16.74 

20% Pt/C 24.6 32.9 31.1 12.53 
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Figure 6.5. (a) Comparison of HER polarization curve (LSVs) of Pt3Ge-(110), Pt3Ge-(202) 

and 20% Pt/C, (ir-corrected) (b) LSVs of Pt3Ge-(202) and 20% Pt/C using rotating disk 

electrode (RDE) at 2000 rpm in 0.5 M H2SO4, (ir-corrected) (c) Tafel slopes of Pt3Ge-(110), 

Pt3Ge-(202) and 20% Pt/C, (d) LSVs of Pt3Ge-(202) before and after 15,000 ADT cycles, 

respectively, in 0.5 M H2SO4, (e) Chronoamperometric (CA) study for Pt3Ge-(202) for 500 h 

at 10 mA/cm2 current density in 0.5 M H2SO4 

The Tafel slope observed is similar for all the catalysts (Figure 6.5c) suggesting 

Volmer-Tafel mechanistic pathway of HER54, 55 with faster reaction kinetics in the case of 

Pt3Ge-(202). Pt3Ge- (202) shows no degradation even after 15000 ADT cycles (Figure 6.5d), 

whereas Pt3Ge-(110) degraded by 9 mV after similar duration (Figure 6.6a). In contrary, the 

activity of 20% Pt/C degraded within 5000 ADT cycles (Figure 6.6b). Additionally, Pt3Ge-

(202) also exhibited a remarkable durability of 500 h chronoamperometry (CA) at 10 mA/cm2 

(Figure 6.5e), which is one of the highest reported durability for any material having the onset 
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potential and overpotential better than Pt/C, till date.40 Impedance studies were done for both 

the catalysts and compared with 20% Pt/C (Figure 6.6c).  

 

Figure 6.6. (a) Comparison of LSV polarization curve of Pt3Ge-(110) catalyst for before and 

after different number of ADT cycle in 0.5M H2SO4 for HER. (b) LSVs before and after 5000 

ADT cycles for 20% Pt/C. (c) Nyquist plots of Pt3Ge-(202) and Pt3Ge-(110) compared with 

20% Pt/C. Z’ and Z” are real and imaginary parts of impedance with units of Ω cm2. (d) 

Comparison of HER polarization curve (Linear sweep voltammograms) of Pt3Ge-(110), Pt3Ge-

(202), and 20% Pt/C in 0.5 M KOH electrolyte. (e) Tafel slopes of Pt3Ge-(110) and Pt3Ge-

(202). (f) LSVs of Pt3Ge-(110) before and after 5000 ADT cycles, respectively. HER study 

was performed in 0.5M KOH under a scan rate of 5 mV/s using MMO as the reference and 

graphitic rod as the counter electrode. 
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Figure 6.7. (a) (d) HER in 1 M PBS as neutral medium. (e) Stability test of 5000 ADT cycles 

for Pt3Ge-(202) in neutral medium. 

The charge transfer resistance for Pt3Ge-(202) is 10 Ω which means faster charge 

transfer to the active sites where reactants are adsorbed. To evaluate the commercial viability 

of the catalysts in multiple operational conditions,56-60 the activity has been checked in the 

alkaline media (0.5M KOH) as well (Figure 6.6d). Obtained Tafel slope value of 51.86 

mV/dec is even smaller than that of 20% Pt/C (Figure 6.6e). Pt3Ge-(202) catalyst achieves 10 

mA/cm2 current density at only 96 mV which is on par with the state-of-the-art catalyst 20% 

Pt/C and significant stability up to 5000 cycles with no degradation in 10 value (Figure 6.6f). 

This signifies faster HER kinetics compared to Pt/C even in alkaline condition, which is also 

portrayed in the LSV where Pt3Ge-(202) has lower overpotential compared to 20% Pt/C at the 

entire current density region. Figure 6.7a and 6.7b show the activity of the catalysts in neutral 

medium (1M PBS as neutral medium) and the stability of the catalyst upto 5000 ADT cycles 

was achieved. The catalyst Pt3Ge-(202) exhibited 10 mA/cm2 at overpotential of 60 mV which 

is lesser than 20% Pt/C. Thus, the catalyst proves to be an efficient HER electrocatalyst in wide 

pH range.61 To achieve industrial level current density, micro flow cell setup was optimized 

and alkaline HER in 1 M KOH medium was conducted. The schematic of the flow cell setup 

during HER is shown in Figures 6.8a and 6.8b. Interestingly, the catalyst Pt3Ge-(202) shows 

very high durability for 75 h when done at 500 mA/cm2 current density (Figure 6.8c).  

Cyclic voltammograms in the non-Faradaic region (0.25V to 0.85V vs. RHE) during 

the activation process of both catalysts are presented in Figures 6.9a and 6.9b, where a notable 

difference in Ge leaching during the oxidation sweep is observed. This can be correlated to the 

difference in the exposed crystallographic planes as ordered arrangement of Pt and Ge atoms 

are present exclusively on (202) facet of Pt3Ge-(202) (Figure 6.1b).  
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Figure 6.8. (a) Schematic of flow cell set-up for doing HER in 1 M KOH solution (b) Image 

of the flow-cell setup. (c) CA study for Pt3Ge-(202) for 75 h at 500 mA/cm2 current density in 

1 M KOH medium. 

Moreover, as shown in Figure 6.1e, Ge is coordinated by 12 Pt atoms in Pt3Ge and 

surrounded by 7 Pt atoms in Pt3Ge2. Due to it being less coordinated by Pt, Ge in Pt3Ge2 is 

more prone to get leached. 
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Figure 6.9. (a) Activation CVs of Pt3Ge-(110) after each cycle. (b) Activation CVs of Pt3Ge-

(202) after each cycle. (c) Comparison of current density corresponding to Ge leaching for both 

catalysts during activation CVs as in fig (a) and (b) for Pt3Ge-(202) and Pt3Ge-(110). (d) 

Current density comparison for different activation CVs before and after ADT cycles in HER 

potential range of Pt3Ge-(202). (e) Activation CVs (2nd CV taken) of Pt3Ge-(202) before and 

after different ADT cycles. (f) Activation CVs of Pt3Ge-(202) before and after different 

changing solution containing leached Ge after activation cycles. 

These two factors drive the selective dissolution of Ge from the Pt3Ge2 phase which 

leads to the operando disruption of Pt3Ge2, leading to the formation of pure Pt3Ge phase. 
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With increasing cycles, the peak intensity of CV curve corresponding to Ge oxidation 

decreases (Figures 6.9a and 6.9b), indicating majority of the Ge atoms at the surface are 

leached in the first few cycles. The absence of any Ge oxidation peak at the 20th cycle confirms 

no further dissolution of Ge. As seen in Figure 6.9c (derived from Figures 6.9a and 6.9b), Ge 

leaching process is predominant in the case of Pt3Ge-(202) with a substantial drop of current 

density from 9 to 1 mA/cm2, which is negligible in the case of Pt3Ge-(110). However, after a 

prolonged period of HER CVs, leached Ge re-deposit on the surface during the reduction 

process. This leaching and re-depositing processes continue and finally stop completely after 

15,000 cycles of ADT confirming absence of any oxidizable Ge present at the surface (Figure 

6.9d and 6.9e). This signifies that surface reconstruction takes place during the HER conditions 

for first few cycles. This surface stabilizes the HER kinetics which is reflected in 500 h stability 

during CA. The dissoluted Ge in the electrolyte was verified by ICP-OES (Figure 6.4d and 

6.4e). There might arise confusion whether the oxidation peak corresponding to Ge cation 

formation or GeO/GeO2 formation on the surface of the catalyst. To verify this, an 

electrochemical control experiment was conducted where just after 20 activation CVs in the 

non-Faradaic region, the electrolyte was taken out and fresh electrolyte was added. In the fresh 

electrolyte, a few LSVs were run in the reduction potential range. Then, again some activation 

CVs were run, where the oxidation peak was no more observed. This confirms that it the 

dissolution of Ge as Ge cations into the electrolyte, some of which were getting re-deposited 

on cathode under reduction potential of HER. Figure 6.9f illustrates this observation. Figure 

6.10 shows the ECSA normalized LSV of 20% Pt/C and Pt3Ge-(202) catalysts which shows 

Pt3Ge-(202) is better with respect to specific activity. 

 

Figure 6.10. (a) Cdl plots for Pt3Ge-(202) and 20% Pt/C. (b) LSV normalized by double layer 

capacitance value (ECSA). 
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Figure 6.11. (a) Post-HER Pt 4f XPS spectra of Pt3Ge-(202). (b) Post-HER PXRD pattern 

comparison for Pt3Ge-(202). 

Post-HER X-ray photoelectron spectroscopy (XPS) provides a downshift of binding 

energy of Pt 4f edge (Figure 6.11a), which indicates that notable charge transfer from Ge to 

Pt takes place leading to Ge leaching and faster electron transfer from Pt to H+. Further 

verification of conversion of dual-phase compound to single phase Pt3Ge has been done by 

post-HER PXRD (Figure 6.11b). The control studies have been performed where the XRD 

data was taken on the catalyst which were exposed to a) oxidation potential for 100 activation 

CVs, b) 24 h CA without any activation (no oxidation potential experienced), and c) 500 h CA 

with activation. All these three conditions steer the catalyst to reach a similar fate, which is 

nothing but a total collapse of the ‘sacrificial phase’ Pt3Ge2 and the operando generation of 

Pt3Ge single phase with (202) exposed facet. Germanium leaching was observed even in the 

absence of oxidation potential which confirms the inherent charge transfer from Ge to Pt during 

HER. 

6.4.2 Driving forces for accelerated HER 

6.4.2.1 Charge transfer 

As mentioned in the previous section, the selective dissolution of Ge and accelerated 

hydrogen production have been originated through the charge transfer from Ge to Pt. To map 

it in depth, X-ray absorption (XAS) (Figures 6.12a, 6.12c, 6.13 and Table 6.5) and XPS 

(Figure 6.12b, 6.12d) techniques have been employed. Pt LIII edge X-ray absorption Near 

Edge spectra (XANES) represented in Figure 6.12a provide the oxidation state of Pt in the 

order of Pt foil < Pt3Ge-(202) < Pt3Ge-(110). This trend is well corroborated in the Pt 4f edge 

XPS spectra (Figure 6.12b). Pt3Ge-(202) XPS fitted spectra shows Pt has slightly high binding 

energy due to Pt-Ge charge separation and a slight amount of PtO present as surface oxide 

(Figure S18b).62 Lower oxidation state of Pt in Pt3Ge-(202) depicts that the charge transfer 
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(electron transfer)63 from Ge to Pt is significant in the case of Pt3Ge-(202) (Figure 6.12b). The 

electron transfer from Ge to Pt is playing a crucial role in enhancing the HER kinetics because 

the electron-donation to H+ by Pt sites is significantly more than elemental Pt. The R-space 

data shows Pt-Pt and Pt-Ge bond lengths at relevant positions with no Pt-oxides present in the 

bulk. 

 

Figure 6.12. (a) The normalized Pt LIII edge XANES spectra of Pt3Ge-(110), Pt3Ge-(202) and 

Pt foil. The insets show the zoomed-in images of the white line intensity and absorption edge. 

(b) XPS of Pt 4f edge for Pt3Ge-(202) and Pt3Ge-(110). (a) The normalized Pt K-edge XANES 

spectra of Pt3Ge-(110), Pt3Ge-(202) and Pt foil. The insets show the zoomed-in images of the 

white line intensity and absorption edge. (b) Fitted plots of Pt 4f XPS data of both catalysts. 

Table 6.5. EXAFS fitting parameters obtained from R-space data fitting for Pt k-edge for 

Pt3Ge-(110) and Pt3Ge-(202). 

Catalyst Path CN E0 ΔR Reff R 

Pt3Ge-(110) Ge.1 0.75 5.468 0.0302 2.4639 2.4941 

Pt1.1 5.75 5.468 -0.0674 2.8258 2.7583 

Pt3Ge-(202) Ge.1 1.5 5.355 0.0514 2.4639 2.5153 

Pt1.1 5.025 5.355 -0.0566 2.8258 2.7691 
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Figure 6.13. Fourier-Transformed R-space and k-space fitted data of Pt3Ge-(110) (in a and c) 

and Pt3Ge-(202) (in b and d) catalysts. 

The peak corresponding to Pt-Pt bond length is slightly shifted to a smaller distance 

than Pt foil indicating bond contraction, which is due to the observed higher oxidation state of 

Pt in Pt3Ge than elemental Pt.64 Pt-Pt and Pt-Ge bond distances in Pt3Ge(202) are slightly 

larger than that in Pt3Ge-(110) attributed to the less oxidation state of Pt in Pt3Ge-(202) than 

Pt3Ge-(110) (Table 6.5). 

 

Figure 6.14. XPS fitting for Ge 3d orbitals of Pt3Ge-(202) before and after HER. 
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As obtained from XAFS, the coordination number of Ge around Pt is more in Pt3Ge-

(202) compared to Pt3Ge-(110) which is justified from the fact that (202) facet contains both 

Pt and Ge atoms and facet (110) has only Pt atoms (Figure 6.1b and Table 6.5). Figure 6.14 

shows the Ge 3d XPS spectra before and after HER which shows that Ge sites are undergoing 

oxidation during HER. This again confirms the charge transfer from Ge to Pt during HER 

(Figure 6.11a shows about Pt 4f XPS). 

6.4.2.2 Electronic structure tuning 

To further elucidate the detailed mechanism of one facet yielding better catalytic 

activity compared to other we have theoretically predicted the HER activity using first 

principles density functional (DFT) calculation. Figure 6.15 depicts the optimized slab models 

of Pt3Ge with exposed (110) and (202) surfaces along with adsorbed hydrogen used throughout 

the calculation. The (110) plane consists of four Pt3Ge units with 12 Pt and 4 Ge atoms while 

202 contains 18 Pt and 6 Ge atoms. Both the planes have mixed termination with Pt and Ge 

atoms residing at the surface. To check the thermodynamic stability of both the planes we have 

determined their formation energy (Ef) as per the following equation: 

Ef =E(Pt3Ge) - mμPt - nμGe, 

where E(Pt3Ge) is the DFT calculated ground state energy of the corresponding plane 

and μPt and μGe denote the respective chemical potentials of Pt and Ge atoms and m, n are the 

numbers of the corresponding atoms present in the slab model. For calculating the chemical 

potentials of Pt and Ge their naturally occurring bulk states are taken as the reference states. 

The calculated values show, the (202) plane is thermodynamically more stable compared to 

(110) which in turn supports that stability of the experimentally synthesized Pt3Ge catalyst with 

stable exposed (202) facet. To have a profound understanding of the electronic properties of 

the two facets, we have calculated their partial density of states (PDOS) along the projections 

on Pt and Ge sites. In order to explore the thermodynamic stability of (202) facet with some 

Ge atoms removed, we have considered one of the most important cases of vacancy induced 

defect in the Pt3Ge surface along (202) direction, while removing the terminating Ge atom from 

the surface along (202)  direction. After obtaining the minimum energy configuration with the 

lowest energy, we have determined the corresponding formation energy for the Ge vacancy 

induced defect in (202) facet of Pt3Ge as 2.91 eV. 
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Figure 6.15. The minimum energy configurations of H atom adsorbed on top of Pt and Ge 

sites in (110) and (202) terminated Pt3Ge catalyst. 

Table 6.6 shows that the formation energy for (202) facet is negative value for the 

pristine phase where no Ge deficiency was created. This confirms that the Ge vacancy at the 

surface will lead to instability in the Pt3Ge along its growth in (202) direction as compared to 

the pristine counterpart (without Ge deficiency) and therefore, we can theoretically support the 

fact that by increasing Ge content (Pt:Ge ration from 3:1 to 1:1) we get a stabilized (202) facet 

which is having a positive formation energy value when Ge vacancies are present in (202) 

facet. This confirms and establishes the formation mechanism of selective (202) facet 

formation during synthesis when more Ge were taken.65 As we can observe from Figure 6.16a 

and b, electronic property of both the facets is mainly governed by Pt. A careful observation 

(as in Figure 6.16c) reveals that near the Fermi region the states are higher in case of (202) 

plane compared to (110). 

Table 6.6. Formation energy (Ef), Hydrogen adsorption energy and free energy values on 

different crystallographic plane of Pt3Ge catalyst. 

Plane Ef (eV) Adsorption site 𝑬𝒂𝒅𝒔
𝑯  (eV) ∆𝑮𝑯 

110 -4.5 Pt -0.51 -0.27 

202 -7.67 
Ge 0.53 0.77 

Pt -0.45 -0.21 
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Figure 6.16. Total and partial density of states (a) for (110) and (b) (202) -terminated Pt3Ge 

surface. (c) PDOS for Pt3Ge-(202) and Pt3Ge-(110). (d) Energy profile diagram for H* 

adsorption on various sites of (110) and (202) facets of Pt3Ge. 

 

Figure 6.17. In-situ ATR FTIR for (b) Pt3Ge-(110) and (b) Pt3Ge-(202) during CA for 30 mins 

at -0.3 V vs. RHE 0.5M H2SO4. (f) Different binding modes of hydrogen on Pt and Ge and 

their respective stretching frequencies. 

This indicates the probability of having a greater number of electrons in the former case 

which showed better HER performance. To conduct detailed analysis of facet-selective HER 

activity, free energy of H* adsorption on different sites of (110) and (202) facets were 

calculated (Figure 6.16d and Table 6.6) illustrating H* adsorption on Pt of (110) and (202) 
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are exothermic with DGH* values of -0.27 and -0.21 eV, respectively. More optimum binding 

is expected on Pt atoms of (202) facet due to GH* close to 0 which leads to easy desorption 

of H2 from the surface.66 A GH* value of 0.77 eV for Ge site on (202) facet facilitates easy 

breaking of Ge-H bond leading to faster kinetics. 

6.4.2.3 Mechanistic pathway 

The enhanced performance of Pt3Ge-(202) compared to the commercial Pt/C can be 

explained if the mechanism of the HER can be mapped in operando condition. In-situ 

Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

measurements (Figure 2.1b, Chapter 2) have been performed to probe Ge-H bonding67 along 

with highly probable Pt-H bonding (Figure 6.17a and 6.17b).68, 69 It is already reported in the 

literature that Pt-H68, 69 and Ge-H49, 67 bonds show a stretching frequency at 2030-2150 cm-1 

and 1960 cm-1, respectively (Figure 6.17c). Pt3Ge-(110) shows a prominent peak at 2030 cm-

1 corresponding to Pt-H bond stretching vibration. Whereas, Pt3Ge-(202) shows prominent 

peaks at 1960 cm-1 and 2151 cm-1 corresponding to stretching vibrations of Ge-H and Pt-H 

bonds, respectively. Notably, peaks at 1960 cm-1 were totally absent in case of Pt3Ge-(110) 

(Figure 6.17a) indicating that Ge atoms are not exposed in Pt3Ge-(110), which is in perfect 

agreement with the crystal structure of Pt3Ge (Figure 6.1b). This exposure of Ge in Pt3Ge-

(202) is the driving force for the accelerated hydrogen production as it contributes to H-

adsorption along with Pt.  

6.4.2.4 Probing catalyst structure during reaction 

Figure 2.1a (in Chapter 2) shows the cell set-up for in-situ XAS measurements. It is 

clearly observed from in-situ XANES spectra of Pt LIII edge that oxidation state of Pt is 

decreasing with increasing time during HER (Figure 6.18a). R-space data for Pt LIII edge 

shows an interesting trend of increment of Pt-Pt bond distance and decrease of P-Ge bond 

distance (Figure 6.18b). Whereas the oxidation state for Ge edge is increasing with time during 

CA at a reducing potential (Figure 6.18c). We can infer the charge transfer from Ge to Pt from 

the XANES spectra. From close observation of the inset images of XANES spectra for both 

edges, it is found that the change in oxidation state is very prominent in first few minutes, and 

the change stopped after some time (after approx. 12 mins for Pt and 18 mins for Ge), which 

indicates that the structural modifications occur at the first instant of HER, then the structural 

reconstruction ceases and Ge leaching also stops after attaining a stable structure. R-space data 

for Pt LIII edge (Figure 6.18b) supports that Pt-Ge bond contraction occurs due to increase 

oxidation state of Ge and Ge leaching can also shorten the bond length. The operando XAS 
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study finally confirms all other observations from electrochemical control experiments (Ge 

leaching, increasing activity after some time of CA), ICP-OES measurements showing no Pt 

leaching but only Ge leaching which stops after some time.70  

 

Figure 6.18. (a) Pt LIII-edge XANES spectra during operando HER conditions. (b) Fourier 

transformed R-space data for Pt edge during HER. (c) Ge K-edge XANES spectra measured 

during HER. 
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It is understood why the current density of our catalyst during a CA (both acidic and 

alkaline media) shows an enhancement of current density just after some time of CA. The 

schematic of the HER mechanism derived from the in-situ ATR FTIR studies is shown in 

Figure 6.19. Figure 6.20 shows how the catalyst retains its well dispersed spherical 

morphology, its size and also the exposed facet (202). 

 

Figure 6.19. Schematic for reaction mechanism derived from in-situ IR and in-situ XAS. 

 

Figure 6.20. Post-activation TEM and HR-TEM images of Pt3Ge-(202). Fig. f shows the d-

spacing corresponding to the exposed lines indicate exposed (202) facet of Pt3Ge. Inset shows 

the FFT pattern. 
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Figure 6.21. (a-b) Post-activation HR-TEM images of Pt3Ge-(202). Hydrogen production was 

quantified during CA being run for 6000 secs. (c) Yield after every instant. (c) Production rate 

at every seconds. 

 This strongly suggests that the catalyst structure does not change after extensive HER 

and thus is highly stable. Figure 6.21a,b shows the wide region HRTEM image indexing after 

HER, showing that after HER Pt3Ge2 phase completely destroyed and leaving behind only 

(202) facets of Pt3Ge. Hydrogen quantitfication performed using inverse burette method 

confirms the efficient production of hydrogen by Pt3Ge-(202) (Figure 6.21c,d).  

6.5 Conclusion 

In conclusion, a new hydrogen production catalyst, Pt3Ge-(202), has been discovered 

using a novel synthetic approach. To the best of our knowledge, this is the first ever material 

holding all Fabulous Five properties ((1) Onset potential, (2) current density, (3) Tafel slope 

value, (4) stability in wide pH range and (5) industrial standard durability better than the state-

of-the-art commercial Pt/C for the industrial standard production of hydrogen (Figure 6.22a). 

The synthetically tuned Pt3Ge-(202) surpasses the onset potential of Pt and excellent stability 

having much lower onset potential and faster kinetics compared to all other Pt-based catalysts 

reported in the literature (Figure 6.22b, Table 6.7). Finally, the industrial production of 

hydrogen has been demonstrating using a flow cell in alkaline media, which demonstrated that 

the catalyst Pt3Ge-(202) shows long term durability for 75 h when done at 500 mA/cm2 current 

density. A comparison provided in Table 6.8 clearly confirm that the combination of all the 

Fab-Five parameters is indeed impossible in a single material and our catalyst stands out as the 
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near-ideal material for industrial production of hydrogen. The mechanism and charge transfer 

kinetics of HER on Pt3Ge-(202) is clearly manifested by in-situ IR and XAS measurements 

and theoretical calculations. 

Table 6.7. Comparison of the electrocatalytic HER performence of Pt3Ge-(202) (reported here) 

under acidic medium with some efficient precious-metal based HER catalysts that have been 

recently reported in the same medium. 

Catalysts Electrolyte 
η10 

(mV) 

Tafel 

(mV/dec) 
Stability Ref 

Pt3Ge-(202) 0.5 M H2SO4 21.7 30.25 
>15000, 

500h 
This work 

IM-Pt2Si-MS 0.5 M H2SO4  30.5  81 

Pt3Ge 0.5 M H2SO4 53 37  71 

Pt/NPC 0.5 M H2SO4 27 28  72 

Mo2C@C@Pt 
1.0 M phosphate 

buffer 
25 33  73 

PteTiN NAs 0.5 M H2SO4 39.7 38.6  74 

Pt/GNs 0.5 M H2SO4 25 33 3000 75 

Pt/LSG 0.5 M H2SO4 131 72  82 

Pt-SnS2 0.5 M H2SO4 117 69 2000 83 

PtO 

PdONPs@Ti3C2Tx 
0.5 M H2SO4 26.5 39 1000 76 

Pt@DNA 0.5 M H2SO4 26 30  77 

Pt NCs 0.5 M H2SO4 42 101  78 

Pt1@Fe-N-C 0.5 M H2SO4 60 42  84 

Pd/Cu-Pt 0.5 M H2SO4 22.8 25  79 

Pt1O2C1 0.5 M H2SO4 38 36  80 

Mo2TiC2Tx-PtSA 0.5 M H2SO4 30 30  28 

Pt SASs/AG 0.5 M H2SO4 12 29.33 2000 85 

HCS-N-Pt 0.5 M H2SO4 15 22 3000 86 

PtCu/CB 0.5 M H2SO4 10 29.72 1000 87 

K2PtCl4@NC-M 0.5 M H2SO4 11 21 40 h 34 

[Ru(SA)+Ru(NP)@R

uNx@GN]/GN 
0.1 M HClO4 31 28 

10,000 

cycles 
33 

Pt–GT-1 0.5 M H2SO4 18 24 
10000 

cycles 
16 
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Figure 6.22. (a) The comparison of Fab-five parameters of Pt3Ge-(202) with commercial 20% 

Pt/C. (b) Comparison (overpotential values at curent density of 10 mA/cm2) of HER 

performance in acidic media of different Pt-based cataysts reported in literature with that of 

Pt3Ge-(202) 28, 31, 71-80. 

Table 6.8. Comparison of the electrocatalytic HER performence of Pt3Ge-(202) (reported here) 

under acidic medium with some efficient HER catalysts that have been recently reported in the 

same medium having excellent activity w.r.t some of the criteria among Fab-Five.  

Sl. 

No. 
Catalyst 

Overpotential 

(For mA/cm2) 

Current 

density 

Tafel 

slope 

(mV/dec) 

Stability 

(ADT 

cycles) 

durability Ref. 

1. Pt-GT-1 18.4 mV(10)  24 10,000  16 

2. 2H Nb1.35S2 100 mV (onset) 
1 A/cm2 

(0.37 V) 
40 10,000  11 

3. Pt1/OLC 38 mV (10)  36 6,000 100 h 80 

4. MoS2/Mo2C  
1 A/cm2 

(0.227 V) 
53 10,000 24 h 88 

5. 
MoS2/Ni3S2 

NW-NF 
 

1 A/cm2 

(0.2 V) 
58.9 2000 12 h 89 

6. 
NC/Ni3Mo3N/

NF 
44.6 mV (10) 

1.5 A/cm2 

(0.95 V) 
41.5  50 h 90 

7. 
Mo2TiC2Tx–

PtSA 
30 mV (10) 

200 

mA/cm2 

(0.104 V) 

30 10,000 100 h 28 
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Summary 

Electrochemical hydrogen generation is considered as the green hydrogen generation which 

imparts the potential promise of combating the global warming. One of the important criteria 

for an electrocatalyst is its economic viability. Volcano plot for hydrogen evolution reaction 

(HER) suggests that Pt is the best catalyst with commercially used catalyst being 20% Pt on 

carbon support. This work has further reduced Pt loading to 10% with non-expensive support 

of CeO2. The specialty of CeO2 is its versatile morphology, switchable Ce(IV)-Ce(III) valency, 

and inexpensive nature. Both cube and rod morphologies of CeO2 have been explored and Pt 

metal is incorporated in-situ (during CeO2 formation) and ex-situ (after CeO2 formation) with 

different loading percentage amongst which the best HER activity is achieved for in-situ 

incorporation of only 10% Pt in CeO2 cube morphology. Raman spectroscopy, X-ray 

photoelectron spectroscopy, X-ray absorption spectroscopy have detected the presence of Ovac 

and Ce3+ in all the catalysts. In-situ incorporation of Pt in CeO2-cube has shown maximum 

interfacial charge transfer between Pt and CeO2. Interestingly, presence of Pt in reaction 

medium has modified the perfect cube-like structure and this Pt-tuned modification has 

generated a highly active interface which led to higher HER activity than 20% Pt/C. On the 

other hand, different facets of CeO2 tune different facets of Pt, generating the highest HER 

activity. This role of support can be correlated to the H-spillover mechanism during 

electrochemical HER from Pt to CeO2 which is highest for cube morphology. 
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7.1 Introduction 

To combat increased global warming in near future, the key technology is the use of 

green fuel, hydrogen, in fuel cells.1 Green mode of hydrogen generation is achieved by 

electrochemical splitting of water using renewable electricity, which needs to gradually replace 

the industrial mode of grey hydrogen generation via steam reforming of methane which gushes 

out huge amounts of CO2 into the atmosphere. As per Sabatier principle, the most optimized 

H-adsorption is achieved on Pt which is the state-of-the-art catalyst being commercially used 

for industrial level water splitting.2 The large-scale water electrolysis for hydrogen generation 

is economically challenging due to expensive nature and scarcity of Pt metal since a high metal 

loading is necessary for getting efficient activity.3, 4  

Instead on using the active metal alone, dispersing the HER active metal on a non-

expensive is always desired.5, 6 The role of support includes uniform dispersion of active metal 

increasing the efficient active surface area, synergistic effect of the metal and support, 

interfacial chemistry enhancing the efficiency of the metal, and the participation of the support 

actively in increasing the activity of the overall catalyst.7, 8 Mostly commonly used oxides for 

metal supported catalysts which have been reported are CoOx, TiO2, Cu-oxides, NiO and so 

on.9 One of the very interesting lanthanum-based oxide, CeO2, is being explored in various 

catalysis for its properties like switchable valency, versatile morphology formation, labile 

lattice oxygen with tunable oxygen-vacancy, and of course, less expensive in nature.10 

Although CeO2 is not electrically conducting, its different morphology has different band-gap 

and other metal incorporation can tune the electronic property of CeO2. Most of the metal 

incorporated CeO2 requires reduction conditions, either using H2 gas during annealing or using 

hydride based reducing agents to get transition metals in their metallic form. Otherwise, the 

metals stay as metal oxide-CeO2 heterostructure or metal doped CeO2. 

Electrochemical hydrogen evolution reaction (HER) is highly facile on Pt. Noble metal 

supported on CeO2 has been explored as catalysts due to the strong metal support interaction 

(SMSI) effect.11 To achieve increased HER activity with decreased loading of metal, using an 

active, non-toxic, and non-expensive support is of high significance.12 CeO2 is important 

candidate for catalysis due to its unique properties like versatile morphology formation, 

switchable valency of Ce4+ and Ce3+ and feasible formation of vacancies (Ovac).
13 In this work 

we have tuned the synthesis of Pt incorporated CeO2 nano cubes and rods without using any 

reductant and Pt exists in metallic state with an interface of Pt-O-Ce that enhances the metal 

attachment to the CeO2 nanoparticles.  
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7.2 Experimental Details 

7.2.1 Chemicals and reagents 

Potassium tetrachloroplatinate (K2PtCl4) was purchased from Alfa-Aesar, superhydride 

solution (Li(C2H5)3BH), and nafion binder (5 wt.%) were purchased from Sigma-Aldrich, and 

sodium hydroxide (NaOH), cerium(III) nitrate hexahydrate (Ce(NO3)3.6H2O, 99.999% trace 

metals basis), were purchased from Qualigens and Spectrochem, respectively, and tri-ethylene 

glycol (TEG) was purchased from Merck. All the chemicals (more than 99% purity) were used 

as purchased without any further purification. Millipore water of conductivity 18.2 MΩcm was 

used for the synthesis and all electrochemical studies. 

7.2.2 Synthesis of CeO2 cubes (CeO2-C) and CeO2 rods (CeO2-R) 

In a typical solvothermal reaction, a mixture of Ce(NO3)3.6H2O and NaOH and DI 

water are stirred for 30 minutes and heated at 100 ºC for 24 hours in an autoclave. Then, the 

reaction mixture is centrifuged and washed with ethanol and then dried. This dried powder is 

further calcined at 400 °C for 4 hours. This is the synthesis of CeO2 nanorods. 

The similar procedure is used where the first solvothermal treatment is done at 180 ºC 

for synthesizing the CeO2 nano-cubes. The remaining process is the same as the synthesis of 

CeO2 nanorods.  

7.2.3 Synthesis of Pt incorporated CeO2 nano-rods (CeO2-R) and nano-cubes (CeO2-C) 

in the in-situ and ex-situ procedures 

For the in-situ incorporation of Pt the similar synthesis of CeO2 nano-rods and nano-

cubes is followed where along with the Ce(NO3)3.6H2O and NaOH and DI water, Pt precursor 

salt K2PtCl4 is also added, and then followed the similar process of ceria cube and rod synthesis 

as discussed in section 7.2.2.  

For the ex-situ incorporation of Pt loading, at first the CeO2-R and CeO2-C are 

synthesized as per the details in section 7.7.2, and then second step of Pt incorporation is done. 

10 mg CeO2-R powder is taken in an autoclave and made a uniform suspension in 16 mL of 

ethanol and then K2PtCl4 is added and stirred for dissolution and then equivalent amount of 

superhydride solution is injected with proper care. Then the solution is stirred for 30 minutes 

and then put inside the oven for 18 hours under 180 °C. The similar process is used for Pt 

incorporation using already synthesized CeO2-C powder already synthesized.  

Here, 3%, 5%, and 10% weight percentage loading of Pt is used for both ex-situ and in-

situ mode of incorporation. The overall synthesis scheme is provided in Figure 7.1.  
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7.3 Characterization 

7.3.1 Powder x-ray diffraction (PXRD) 

PXRD measurements were done at room temperature on a Rigaku Miniflex X-ray 

diffractometer with Cu-Kα X-ray source (λ = 1.5406 Å), equipped with a position sensitive 

detector in the angular range 20o ≤ 2θ ≤ 80o with the step size 0.02o and scan rate of 0.5 s/step 

calibrated against corundum standards. The experimental XRD patterns were compared to the 

patterns simulated from the data reported in the literature. 

7.3.2 Transmission electron microscope (TEM) 
TEM images and selected area electron diffraction patterns were collected using a JEOL 

JEM-2010 TEM instrument and color mapping was done in TECHNAI. The samples for these 

measurements were prepared by sonicating the nanocrystalline powders in ethanol and drop-

casting a small volume onto a carbon-coated copper grid. 

7.3.3 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out using Thermo K-alpha+ spectrometer using micro 

focused and monochromated Al Kα radiation with energy 1486.6 eV.  The pass energy for the 

spectral acquisition was kept at 50 eV for individual core-levels. The electron flood gun was 

utilized for providing charge compensation during data acquisition. Further, the individual 

core-level spectra were checked for charging using C1s at 284.6 eV as standard and corrected 

if needed. The peak fitting of the individual core-levels was done using CASA XPS software 

with a Shirley type background. 

7.3.4 Scanning electron microscopy (SEM) and energy dispersive spectrum (EDAX) 

The FESEM measurement was performed using Leica scanning electron microscopy 

equipped with an energy-dispersive X-ray spectroscopy (EDX) instrument (Bruker 120 eV 

EDAX instrument). Data were acquired by using an accelerating voltage of 15 kV, and the 

typical time taken for data accumulation is 100 s. The elemental analyses were performed using 

the P/B-ZAF standardless method (where P/B = peak to background model, Z = atomic no. 

correction factor, A = absorption correction factor, and F = fluorescence factor) for Cu, Ga at 

multiple areas on the sample coated Si wafer. 

7.3.5 X-ray absorption spectroscopy (XAS) 

X-ray absorption near-edge spectroscopy (XANES) and quick-Extended X-ray 

Absorption Fine Structure (quick-EXAFS) experiments at 300 K were performed at PETRA 

III, beamline P64, of DESY, Germany. Measurements of Cu-K and Pd-K at ambient pressure 
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were performed in fluorescence as well as transmission mode using gas ionization chambers to 

monitor the incident and transmitted X-ray intensities. Monochromatic X-rays were obtained 

using a Si (111) double crystal monochromator, which was calibrated by defining the inflection 

point (first derivative maxima) of Cu foil as 8980.5 eV. The beam was focused by employing 

a Kirkpatrick-Baez (K-B) mirror optic. A rhodium-coated X-ray mirror was used to suppress 

higher-order harmonics. A CCD detector was used to record the transmitted signals. Pellets for 

the ex-situ measurements were made by homogeneously mixing the sample with an inert 

cellulose matrix to obtain an X-ray absorption edge jump close to one. 

7.3.6 Electrochemical hydrogen evolution reaction (HER) 

All the electrochemical measurements were done in a 3-electrode set-up comprising of 

a glassy carbon as the working electrode (GCE), graphite rod counter electrode, saturated 

calomel electrode (SCE) (for acidic media). The catalyst ink was prepared using 1.6 mg catalyst 

+ 0.4 mg Vulcan in 200 l of mixed solvent (IPA: water = 1:1) + 20 μL of 1 wt.% Nafion used 

as binder. 10 μL of the catalyst ink was drop casted on the commercial 3 mm glassy carbon 

electrode. Commercial Pt/C (20 wt%, Sigma Aldrich) were used for comparison of activity 

with the reported electrocatalysts. Linear sweep voltammetry (LSV) was recorded for HER at 

a scan rate of 5 mV s−1 at 25 °C. The electrolyte solution was deaerated by purging nitrogen 

gas into the solution at least for 30 min before each experiment. All the reference electrodes 

were calibrated with respect to the reversible hydrogen electrode (RHE), using Pt as working 

and counter electrodes in the respective electrolytes. The values obtained are as follows: acidic 

medium, ERHE = ESCE + 0.2591 V. 

7.4 Results & Discussion 

The materials have been synthesized using solvothermal process followed by 

calcination. Two modes of Pt incorporation into CeO2 have been done: in-situ and ex-situ 

processes which is pictorially demonstrated in Figure 7.1. Here, three different weight 

percentages of Pt loading have been done on CeO2 (3%, 5%, and 10%) via both in-situ and ex-

situ modes. The in-situ process deals with addition of Pt ions during the formation of CeO2 

nanoparticles (NPs) and whereas, the ex-situ process indicates the formation of CeO2 NPs and 

then addition of Pt ions in presence of a reducing agent. Here, CeO2 nanoparticles have been 

synthesized tuning their rod-like and cube-like morphologies, to check the role of morphology 

in HER and to understand the role of Pt ions during the formation of these morphologies. 

Different loading percentage of Pt has been used and the naming of the compounds are being 

given as: 3%, 5%, and 10% loadings for in-situ and ex-situ incorporation for rods are 3p-in-
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situ-CeO2-R, 5p-in-situ-CeO2-R, 10p-in-situ-CeO2-R, 3p-ex-situ-CeO2-R, 5p-ex-situ-CeO2-R, 

10p-ex-situ-CeO2-R, respectively. The 3%, 5%, and 10% loadings for in-situ and ex-situ 

incorporation for cubes are 3p-in-situ-CeO2-C, 5p-in-situ-CeO2-C, 10p-in-situ-CeO2-C, 3p-ex-

situ-CeO2-C, 5p-ex-situ-CeO2-C, 10p-ex-situ-CeO2-C, respectively.  Both CeO2 and Pt 

crystallize in face-centered cubic lattice (Space group: Fm𝟑̅m). Figure 7.2 shows the PXRD 

pattern of CeO2-C and CeO2-R compared with the simulated pattern of cubic CeO2 lattice. 

From the FWHM, it is observed that overall size of the rods is much smaller than the cube 

since the growth is majorly in one direction for the rods. Figures 7.3 and 7.4 signify that with 

3%, 5%, and 10% of Pt incorporation into CeO2 rods during its formation via in-situ and ex-

situ processes, there is emergence of Pt peaks and intensity of the peaks increase with 

increasing loading percentage. 

 

Figure 7.1. Schematic representation of the synthetic processes: In-situ and Ex-situ processes 

of Pt incorporation in CeO2 support. 

 

Figure 7.2. PXRD pattern of ceria rods (CeO2-R) and ceria cubes (CeO2-C).  
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Figure 7.3. PXRD pattern of ceria rods (CeO2-R) with Pt incorporation of different loading 

percentage without reducing agent via in-situ method (3p-in-situ-CeO2-R, 5p-in-situ-CeO2-R, 

10p-in-situ-CeO2-R). 

 

Figure 7.4. PXRD pattern of ceria rods (CeO2-R) with Pt incorporation of different loading 

percentage without reducing agent via ex-situ method (3p-ex-situ-CeO2-R, 5p-ex-situ-CeO2-R, 

10p-ex-situ-CeO2-R, 15p-ex-situ-CeO2-R). 

But there is no significant change in the peak maxima and FWHM for both Pt and CeO2 

with incorporation of Pt during the synthesis of CeO2. This gives an indication that addition of 

Pt during CeO2 rod formation imposes less impact and separate phases of Pt and CeO2 nanorods 

form individually. Figure 7.5 shows the PXRD pattern for 3%, 5%, 10%, and 15% Pt 

incorporation in CeO2 cubes in the ex-situ process which shows emergence of Pt peaks with 

increased loading and not much peak maxima shift observed for both Pt and CeO2 lattice. 

Whereas, when Pt is incorporated in CeO2 cubes during in-situ process, there is a gradual right 

shift of the CeO2 peaks till 5% Pt loading followed by further left shift from 10%-15% of Pt 

loading (Figures 7.6a, 7.6b, 7.6c). This indicates that there is lattice contraction upon addition 

of Pt up to 5% and after that lattice starts to relax itself and hence the left shift in 2 value is 

observed.14 This indicates that at lesser Pt loading there is formation of Pt-oxide with 

substitution of Ce4+ with Pt2+ which is of smaller radius than Ce4+ and that leads to lattice 

contraction.15 But with larger Pt concentration, due to easier reducibility of Pt, it forms Pt 

nanoclusters instead to inserting into the lattice of CeO2, hence very prominent Pt peaks are 

observed with not much shift in PXRD peak of CeO2.  
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Figure 7.5. PXRD pattern of ceria cubes (CeO2-C) with Pt incorporation of different loading 

percentage without reducing agent via ex-situ method (3p-ex-situ-CeO2-C, 5p-ex-situ-CeO2-C, 

10p-ex-situ-CeO2-C, 15p-ex-situ-CeO2-C).  

From the relative peak intensity ratio for peaks corresponding to (311) and (200) planes, 

it is observed that the ratio drastically increases upon Pt loading under in-situ conditions 

whereas there is no monotonic trend in the ratio with no significant change when Pt is loaded 

in ex-situ process (Figure 7.6d).  

 
Figure 7.6. (a) Powder X-ray diffraction (PXRD) pattern of CeO2-C and 3%, 5%, 10%, 15% 

loaded Pt under in-situ process,(b,c) zoomed-in PXRD pattern for analyzing the CeO2 peaks. 

(d) relative peak intensity ratio of facets (311):(200) for CeO2 under in-situ and ex-situ Pt 

incorporation for the cube morphology (CeO2-C). 
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This observation gives the first indication that there is significant change in the facet 

exposure and morphology of CeO2 nano-cubes when Pt guest ions are added during its 

formation which will be further verified by microscopic studies. SEM and TEM images 

(Figures 7.7 and 7.8) show the uniform distribution of nanorods of ceria and the majorly 

exposed facets are (111) of CeO2. It has been observed from TEM images and particle size 

distribution in Figure 7.9 that increment of Pt loading during the in-situ formation of CeO2 

nanorods (CeO2-R) has monotonically decreased the overall length of the nanorods, with 88 

nm to 73.9 nm to 21.6 nm of length of rods from 3% to 5% to 10% loading of Pt during the 

formation of CeO2. This signifies that the formation of CeO2 rods along one of the directions 

is hindered when more Pt2+ ions are present in the solution, even though phase formation is not 

interrupted, but growth along the length is prohibited. Whereas, when Pt incorporation is done 

ex-situ in the second step on the already formed CeO2-nanorods, there are no change in the rods 

but there is presence of 2.5-3.5 nanometric sizes of Pt nanoparticles with 3% and 10% Pt 

loading in two-step process (Figure 7.10). Figure 7.11 show the uniformly distributed CeO2 

nano-cubes (CeO2-C) have only (100) facets exposed. When Pt is incorporated ex-situ on the 

already formed CeO2 NCs (CeO2-C), Pt NPs get embedded on the ceria cubes (facets (200)) 

with smaller size 2.87 nm for 3p-ex-situ-CeO2-C and 4.15 nm for 10p-ex-situ-CeO2-C (Figures 

7.12 and 7.13).  

 

Figure 7.7. SEM images of ceria rods (CeO2-R) at different resolution. 

 

Figure 7.8. (a) and (b) TEM images and (c) HRTEM images of ceria rods (CeO2-R) at different 

resolution with exposed (111) facets majorly. 
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Figure 7.9. (a), (b) TEM images and (c) histogram for particle size distribution of 3% Pt 

incorporation in CeO2 rods via in-situ process (3p-in-situ-CeO2-R). TEM images of (d), (e) and 

(f) histogram for particle size distribution of 5% Pt incorporation in CeO2 rods via in-situ 

process (5p-in-situ-CeO2-R). TEM images of (g), (h) and (i) histogram for particle size 

distribution of 10% Pt incorporation in CeO2 rods via in-situ process (10p-in-situ-CeO2-R). 

Interestingly, when Pt incorporation is done under in-situ conditions during the cube’s 

formation, there is distortion in the cube morphology (Figures 7.14 and 7.15) and presence of 

Pt nanoparticles is observed in between two CeO2 distorted cubes. In the HRTEM image, it is 

observed that instead of (200) facets, (111) facets of CeO2 have been found on in-situ Pt loading 

(Figure 7.15). This microscopic visualization of distorted ceria NCs supports the observation 

from PXRD (Figures 7.6a and 7.6d) that peak-intensity ratio of (311):(200) increases 

drastically with in-situ loading of Pt. With the understanding of CeO2-C morphology under the 

effect of in-situ and ex-situ Pt incorporation from TEM images, HRTEM images have shown 

that Pt has been  embedded on CeO2-C with (111) facets exclusively on (200) facets of CeO2 

under the ex-situ process and Pt exposes its (200) and (220) facets when it is enclosed between 

two distorted CeO2 NCs under the in-situ process (Figures 7.16a and 7.16b). This is because 
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under the influence of Pt ions during ceria NC formation, CeO2 exposes its (111) and other of 

its high-index facets and those facets stabilize (200) and (220) facets of Pt NPs, under the in-

situ mode. Hence, it can be concluded that ex-situ Pt incorporation is not making any changes 

in either rod or cube morphology of ceria since it is already designed in the first step (Figure 

7.1). But there is reduction is rod length and distortion of cube morphology under the in-situ 

Pt incorporation. Thus, while rod formation Pt2+ ions hinder the growth after certain length, 

although there is no intrinsic change in the crystal structure, but there is difference in facet 

growth observed in case of cubes. 

It can be concluded that (200) facets of CeO2 are not being permitted to grow under the 

influence of Pt2+ ions which promote the growth of (111) and other high-index facets. Figures 

7.17a, 7.17b, 7.17c, and 7.17d show the schematic representation of Pt and CeO2 after in-situ 

and ex-situ incorporation of Pt to CeO2 rods and cubes, respectively. Figures 7.17e and 7.17f 

show the front view of (200) and (111) facets of CeO2. It is observed that in facet (200), O 

atoms are bonded to two Ce atoms in bridged mode, whereas in (111) each O atom is bonded 

to three Ce atoms. Hence, when Pt is incorporated during CeO2 cube formation, the tendency 

to form two bonds with Ce and one bond with Pt can generally give rise to formation of (111) 

facets instead of (200). 

 

Figure 7.10. (a) TEM and (b) HRTEM images, and (c) histogram for particle size distribution 

of 3% Pt incorporated ceria rods ex-situ (3p-ex-situ-CeO2-R) and (d) and (e) TEM images and 

(f) particle size distribution of 10% Pt incorporated ceria rods ex-situ (10p-ex-situ-CeO2-R).  
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Figure 7.11. (a) TEM images and (b), (c), (d) HRTEM images of ceria cubes (CeO2-C) at 

different resolution with exposed (200) facets majorly.  

 

Figure 7.12. (a), (b) TEM images and (c) histogram for particle size distribution of 3% Pt 

incorporation in CeO2 cubes via ex-situ process (3p-ex-situ-CeO2-C). Major facets exposed are 

(100) of CeO2 and (111) facets of Pt.  

Thus, surface Pt-O bonds are expected to occur and hence the interface of CeO2-Pt is 

having (111) facets instead of (200) facets when Pt2+ ions are added during the in-situ formation 

of CeO2 (schematically shown in Figure 7.17g).   
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In Raman spectroscopy there is a peak at around 457 cm-1 corresponding to F2g 

vibrational mode of CeO2.
16 In addition to that, there is increase in intensity of the peak at 559.9 

cm-1 in case of Pt incorporation in CeO2 cubes under in-situ conditions which indicates an 

increase in oxygen vacancies Ovac (Figure 7.18a), whereas there is not much Ovac formation in 

case of ex-situ process for cube (Figure 7.18b). The similar trend in Ovac increment is also 

observed when Pt is incorporated in-situ in CeO2-rods (Figure 7.18c). But a huge increase in 

Ovac was observed when Pt is incorporated in ceria rods under ex-situ conditions with a huge 

increase in the peak intensity at around 560 cm-1 (Figure 7.18d). It is visible from the Raman 

spectra, that the amount of Ovac of any concentration (here 10%) follows the trend of 10p-ex-

situ-CeO2-C < 10p-in-situ-CeO2-C = 10p-in-situ-CeO2-R << 10p-ex-situ-CeO2-R. This 

observation is supported by XPS spectra where Ce3+ peak area is seen to be more in in-situ Pt 

incorporated in ceria nano-cubes than the ex-situ incorporated ones (Figure 7.19a).  

 

Figure 7.13. (a), (b) TEM images and (c) histogram for particle size distribution of 10% Pt 

incorporation in CeO2 cubes via ex-situ process (10p-ex-situ-CeO2-C). Major facets exposed 

are (100) of CeO2 and (111) facets of Pt.  
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Similarly, ex-situ incorporated Pt on ceria nano-rods shows more Ce3+ than in-situ 

incorporated ones (Figure 7.19b) which support the higher amount of Ovac in ex-situ Pt 

incorporated ceria nano-rods. The trend of content of Ce3+ follows the order: 10p-ex-situ-CeO2-

C < 10p-in-situ-CeO2-C = 10p-in-situ-CeO2-R << 10p-ex-situ-CeO2-R which is same as the 

amount of Ovac as observed from Raman spectroscopy. The content of Ovac was finally 

confirmed by EXAFS fitting of the Ce L3 edge Fourier transformed R-space data. Table 7.1 

lists the EXAFS fitting paraments after considering the Ce-O single scattering path from the 

first coordination sphere. It is observed that Ce-O coordination number decreases with in-situ 

Pt incorporation in CeO2-C and ex-situ Pt incorporation in CeO2-R which further supports the 

XPS and Raman observation.  

 

Figure 7.14. (a) TEM images and (b), (c), (d) HRTEM images of 3% Pt incorporated in ceria 

cubes via in-situ process (3p-in-situ-CeO2-C) at different resolution with exposed (200) and 

(220) facets of Pt.  
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Figure 7.15. (a), (b) TEM images and (c), (d) HRTEM images of 10% Pt incorporated in ceria 

cubes via in-situ process (10p-in-situ-CeO2-C) at different resolution with exposed (200) and 

(220) facets of Pt and (111) facets of CeO2.  

 

Figure 7.16. HRTEM images of (a) 10p-ex-situ-CeO2-C and (b) 10p-in-situ-CeO2-C. 
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Figure 7.17. Schematic of CeO2 rods (a) during In-situ Pt addition, (b) during ex-situ Pt 

addition. Schematic of CeO2 cubes (a) during In-situ Pt addition, (b) during ex-situ Pt addition. 

Crystallographic representations of (e) (200) facets and (f) (111) facets of Ceria. (g) Schematic 

representation of influence of Pt2+ during in-situ formation of CeO2 cubes and distortion of 

(200) and formation of (111) facets triggered by Pt atoms.  

 

Table 7.1. EXAFS fitting parameters of Ce-O shell for pristine CeO2 cube and rod with Pt 

loading under in-situ and ex-situ conditions of synthesis. 

Sample Shell CN R (Å) 2 E0 

CeO2-C Ce-O 5.701 2.34164 0.00752 15.048 

3p-in-situ-CeO2-C Ce-O 5.025 2.30953 0.00479 6.372 

10p-in-situ-CeO2-C Ce-O 4.6634 2.31981 0.00617 7.168 
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3p-ex-situ-CeO2-C Ce-O 4.92 2.32930 0.00378 6.831 

5p-in-situ-CeO2-C Ce-O 4.74578 2.33189 0.00582 7.271 

CeO2-R Ce-O 4.570 2.33283 0.00737 14.674 

10p-in-situ-CeO2-R Ce-O 4.2020 2.32491 0.00526 7.856 

10p-ex-situ-CeO2-R Ce-O 2.8898 2.29218 0.0069 3.963 

 

Figure 7.18. (a) Raman spectra of CeO2-C and different loading of Pt under in-situ conditions 

in CeO2-C. Raman spectra of (b) 3% and 10% Pt incorporation in CeO2-C via ex-situ process 

and Raman spectra of CeO2-R and 3%, 5%, 10%, and 15% Pt incorporation in CeO2-R via (c) 

in-situ process and (d) ex-situ process. 

Figure 7.20a and 7.20b show the fitted EXAFS data for Ce L3-edge for in-situ and ex-

situ incorporated Pt in CeO2-C and CeO2-R, respectively. From X-ray absorption near edge 

spectra (XANES), it is observed that Ce3+ is present in significant amount for the ex-situ 

incorporated Pt on CeO2, as compared to in-situ incorporated ones.17, 18  
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Figure 7.19. Fitted Ce 3d XPS spectra of 10% Pt loading under ex-situ and in-situ processes 

in (b) CeO2-C and (c) CeO2-R. 

Figure 7.21 shows that with increased loading percentage of Pt up to 10% increases the 

peak for Ce3+ via ex-situ synthesis, and Figure 7.22 shows that there is not much change in the 

XAS data in the in-situ incorporation of Pt in CeO2-R. XAS data is thus supporting the 

observation achieved from Raman spectroscopy and XPS characterizations. From the inset in 

Figure 7.23a, peak corresponding to Ce3+ is more in 3p-ex-situ-CeO2-R than both CeO2-R and 

3p-ex-situ-CeO2-R. Figure 7.23b shows the conclusive schematic of qualitative content of Ovac 

and Ce3+ in all the Pt loaded rods and cubes as characterized by various spectroscopic 

techniques like XPS, Raman spectroscopy, and XAS.  Analyzing the oxidation state of Ce from 

Ce L3-edge XAS, Ce 3d XPS and Raman spectra, Pt L3-edge XAS and Pt 4f XPS have been 

performed to understand the fate of Pt under in-situ and ex-situ addition to both the CeO2 rod 

and cube morphologies. 

 
Figure 7.20. (a) Fitted EXAFS spectra for ex-situ and in-situ Pt loaded CeO2-C. (b) Fitted 

EXAFS of CeO2-R, 10p-in-situ-CeO2-R, and 10p-ex-situ-CeO2-R. 
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Figure 7.21. (a) XANES of CeO2-R, 3p-ex-situ-CeO2-R, 5p-ex-situ-CeO2-R, 10p-ex-situ-

CeO2-R, and 15p-ex-situ-CeO2-R (b) zoomed in white-line intensity region and (c) absorption 

edge of XANES spectra. (d) Fourier transformed R-space data of CeO2-R, 3p-ex-situ-CeO2-R, 

5p-ex-situ-CeO2-R, 10p-ex-situ-CeO2-R, and 15p-ex-situ-CeO2-R.  
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From Pt 4f XPS spectra (Figure 7.24a) for 10p-in-situ-CeO2-R and 10p-in-situ-CeO2-

C, it is found that surface Pt-oxides are much more in case of 10p-in-situ-CeO2-R, whereas a 

higher binding energy value of metallic Pt 71.51 eV for 10p-in-situ-CeO2-C is observed when 

metallic Pt is at 71.11 eV for 10p-in-situ-CeO2-R.  

 

Figure 7.22. (a) XANES of CeO2-R, 3p-in-situ-CeO2-R, 10p-in-situ-CeO2-R, and 15p-in-situ-

CeO2-R (b) zoomed in white-line intensity region and (c) absorption edge of XANES spectra. 

(d) Fourier transformed R-space data of CeO2-R, 3p-in-situ-CeO2-R, 10p-in-situ-CeO2-R, and 

15p-in-situ-CeO2-R. 
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Figure 7.23. (a) XANES spectra for 3% ex-situ and in-situ Pt loaded CeO2-R. (b) Schematic 

representation of Ovac and Ce3+ detection via XAS, XPS, and Raman spectroscopy. 

This can be correlated with the TEM images where Figure 7.9 does not show much Pt 

nearby the CeO2 rods, whereas in Figure 7.16b, the Pt NPs are trapped in between two CeO2 

distorted nano-cubes.  

Hence, Pt has formed random clusters of isolated metallic Pt NPs and traces of surface 

oxides for 10p-in-situ-CeO2-R, whereas there is proper interface formation between Pt clusters 

and CeO2-C which leads to some interfacial Pt-O bond formation and charge transfer from Pt 

due to which higher binding energy is achieved for 10p-in-situ-CeO2-C. Similar observation is 

obtained from Pt L3-edge XANES spectra which exhibits that the white-line is observed at 

higher energy for 10p-in-situ-CeO2-C than for 10p-in-situ-CeO2-R (Figure 7.24b). Figure 

7.25a shows the R-space data for 10% Pt loading on cube and rod using both in-situ and ex-

situ process of synthesis. This indicates that mild presence of Pt-O is present in cubes for both 
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in-situ and ex-situ synthesis, whereas for ex-situ synthesis of Pt loading in rod is not present at 

all.  Figure 7.25b shows the binding energy of Pt metallic state is relatively higher for 10p-in-

situ-CeO2-C than 10p-ex-situ-CeO2-C which means electron transfer from Pt is more for 10p-

in-situ-CeO2-C. 

This can be directly correlated to Figures 7.16a and 7.16b which show that more Pt-

CeO2 interface is present in case of 10p-in-situ-CeO2-C than 10p-ex-situ-CeO2-C. Moreover, 

for 10p-in-situ-CeO2-C, (111) facets of CeO2 and for 10p-ex-situ-CeO2-C, (200) facets of CeO2 

are exposed.  

 

Figure 7.24. (a) Pt 4f XPS spectra of 10p-in-situ-CeO2-C and 10p-in-situ-CeO2-R. (b) Pt L3-

edge XANES spectra of 10p-in-situ-CeO2-C, 10p-ex-situ-CeO2-C, 10p-in-situ-CeO2-R, 10p-

ex-situ-CeO2-R. 

 
Figure 7.25. (a) R-space data for 10p-in-situ-CeO2-R, 10p-ex-situ-CeO2-R, 10p-in-situ-CeO2-

C, 10p-ex-situ-CeO2-C, and Pt foil. (b) (c) Pt 4f XPS spectra of 10p-in-situ-CeO2-C and 10p-

ex-situ-CeO2-C. 
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Different facets of CeO2 will have different Ce-O dangling bonds making Pt-O 

formation easier for (111) than the (200) facets, which makes Pt metal more electron deficient 

in 10p-in-situ-CeO2-C than 10p-ex-situ-CeO2-C.  

Figures 7.26a and 7.26b also indicates the similar observation that Pt-O bonds are 

present both in ex-situ and in-situ Pt loading in ceria cubes which means Pt-CeO2 is formed in 

both the cases with more charge transfer from Pt in case of the in-situ samples which can be 

directly related to the increased Pt-CeO2 interface and different facets of CeO2 exposed for in-

situ and ex-situ cases. It has been schematically represented that with 3% Pt loading via in-situ 

mode cube morphology, there is Pt substitution at Ce positions (as obtained from PXRD, 

Figure 7.6b) and further increased loading, there are prominent formation Pt nanoclusters.  

 

Figure 7.26. (a) Fourier transformed R-space data for 3p-in-situ-CeO2-C, 10p-in-situ-CeO2-C, 

3p-ex-situ-CeO2-C, 10p-ex-situ-CeO2-C. (b) R-space data for 3p-in-situ-CeO2-C, 10p-in-situ-

CeO2-C, 3p-ex-situ-CeO2-C, 10p-ex-situ-CeO2-C, and Pt foil. 
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It also shows with ex-situ mode of Pt loading there is no substitution of Pt at Ce 

positions and only Pt nanocluster formation is observed. It needs to be observed that there will 

be generation of Ovac to retain the electroneutrality when 2+ charged Pt is substituting 4+ 

charged Ce ions. Figure 7.27 shows schematically the incorporation of Pt into the CeO2 lattice 

during in-situ incorporation in cube morphology. When only 3% of Pt is loaded, there is 

presence of smaller Pt nanoclusters and along with that some Pt substitution in the CeO2 cube 

lattice also which is reflected in a very small Pt PXRD peak and prominent shift in the CeO2 

PXRD peak. Whereas on ex-situ incorporation of Pt, there is only formation of Pt NPs on CeO2 

and there is no Pt2+ substituting Ce4+ in the CeO2 lattice. Wavelet transformed Figures 7.28a, 

7.28b, and 7.28c show clearly the presence of weak Pt-O bonds in both 10p-ex-situ-CeO2-C 

and 10p-in-situ-CeO2-C which is totally absent in case of Pt foil. 

Electrochemical HER is being conducted using 0.5 M H2SO4 for the 10% Pt loaded 

catalysts on both cubes and rods using in-situ and ex-situ process of synthesis. Figure 7.29a 

and b show the CV for 10p-ex-situ-CeO2-C and 10p-in-situ-CeO2-C at the region of H-

adsorption and desorption. Figure 7.29c shows the plot of peak maxima position (for H-

desorption peak) vs. scan rate. It is observed that a very low slope of 2.3 x 10-6
 is observed for  

10p-in-situ-CeO2-C. The lower the value of the slope, the higher the feasibility of H-spillover 

mechanism. Figure 7.30a displays the linear sweep voltammetry plots for all 10p-ex-situ-

CeO2-C, 10p-in-situ-CeO2-C, 10p-ex-situ-CeO2-R, 10p-in-situ-CeO2-R, and state-of-the-art 

catalyst 20% Pt/C. The potential requirement for achieving 10 mA/cm2 follows the trend of 

10p-in-situ-CeO2-R (41.99 mV) > 20% Pt/C (30.55 mV) > 10p-ex-situ-CeO2-R = 10p-ex-situ-

CeO2-C > 10p-in-situ-CeO2-C. The HER activity trend has a direct relationship with the 

existence of Pt NPs along with CeO2. As already observed from all PXRD patterns (Figures 

7.6a, 7.3, 7.4, and 7.5), Pt NPs are present in all the cases of in-situ and ex-situ for both cube 

and rod morphologies of ceria. If the content of Pt is the major descriptor, then all the catalysts 

should be showing similar activity. 
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Figure 7.27. Schematic representation of Pt-Ceria interface in in-situ and ex-situ Pt 

incorporated CeO2 cubes. 

 Interesting observations from TEM images indicate that Pt NPs are not near the CeO2 

rods under in-situ conditions, non-uniformity of the catalyst is being observed (Figure 7.9). 

This is the reason behind the lowest activity of 10p-in-situ-CeO2-R and high amounts of surface 

Pt-oxides which will decrease the activity. For ex-situ Pt addition in rods, both the presence of 

Pt NPs and CeO2 rods are observed but non-uniform interfacial interaction between the two are 

observed (Figure 7.10). Some of the Pt NPs are on the rods and some are outside the rods, 

hence the activity is not completely from interfacial dynamics. Whereas, for the cube 

morphology, Pt NPs are always embedded on the CeO2-cubes only (Figures 7.12, 7.13, 7.14 

and 7.15).  

 
Figure 7.28. Wavelet transform of (f) 10p-ex-situ-CeO2-C, (g) 10p-in-situ-CeO2-C, and (h) Pt 

foil. 
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Figure 7.29. CV for H-UPD for both (a) ex-situ, (b) in-situ Pt incorporated catalysts, (c) Peak 

maxima vs. scan rate plot.  

From Figures 7.16a and 7.16b, it is interestingly observed that Pt is having more 

interface with CeO2 cubes in in-situ based Pt loaded synthesis. Moreover, CeO2 has exposed 

(200) facets for 10p-ex-situ-CeO2-C and (111) facets for 10p-in-situ-CeO2-C. On the other 

hand, Pt NPs have stabilized (111) facet on (200) facets of CeO2 and (200) and (220) facets on 

(111) facets of CeO2 with distorted cubelike structure. Raman spectroscopy, EXAFS fitting of 

Ce-O shell and XPS have confirmed that 10p-in-situ-CeO2-C has moderate Ovac and Ce3+ 

content.  

Overall, the enhanced HER activity of 10p-in-situ-CeO2-C compared to its ex-situ 

analogue, 10p-ex-situ-CeO2-C can be explained from the interfacial interaction of Pt and CeO2, 

and the role of different facets of Pt, and finally the role of Ovac and Ce3+ in spilling over H-

atoms from Pt surface to CeO2 surface for enhanced HER stability and kinetics. 
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Figure 7.30. (a, b) Linear sweep voltammograms for 10% Pt loaded catalysts during HER in 

0.5 M H2SO4 using the scan rate of 5 mV/sec. (c) Schematic representation of plausible reaction 

mechanism. 

It has been previously reported that acid mediated HER activity on different facets of 

Pt follows the trend of (111) << (100) < (110).19, 20 This partially answers why distorted cubes 

(under in-situ conditions of Pt loading) is exhibiting the best activity as the (110) and (100) 

facets of Pt are getting more exposed when it is trapped between two distorted ceria cubes. 

Moreover, the stabilization of H atoms on CeO2 facets is highly essential for a successful H-

spillover to take place from the adsorbed H atoms on Pt clusters.21, 22 More H adsorption will 

happen on either on labile O2- ions or available Ce3+ ions on CeO2 surface. The versatile 

switchability of Ce4+/Ce3+ makes electron transfer from Ce3+ to H atoms to activate the H-atom. 

Hence, with a feasible H-atom spillover, the overall kinetics and availability of Pt active sites 

will increase, and the HER activity will also increase. The schematic in Figure 7.30c shows 

the H-spillover mechanism with Pt cluster embedded on CeO2 facet. 
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Figure 31a and b shows the in-situ Raman spectra for 10p-in-situ-CeO2-C during HER. 

The intensity ratio of F2g/Ovac is calculated for the spectra on increasing time at -0.7 V vs. 

Ag/AgCl. It is observed that on increasing time, there is an increase in Ovac and again with 

further increase in time, there is a decrease in O-vacancies. The observation  is schematically 

represented in the figure 31c. 

 

Figure 31. In-situ Raman data during HER: (a) The Raman spectra with time-dependent study, 

(b) Relative intensity of F2g and Ovac with time, (c) Reaction mechanism schematic.  

7.5 Conclusion 

This work reports enhanced electrochemical HER activity with only 10% Pt loading on 

a non-expensive CeO2 support. This catalyst has achieved better activity than the state-of-the-

art catalyst 20% Pt/C. To understand the CeO2 formation, Pt loading has been done in both in-

situ and ex-situ modes to CeO2 rods and cubes. The catalyst with 10% Pt loading in in-situ 

mode to the cube morphology gave the best HER activity. It has been confirmed that presence 

of Pt as guest ions, have tuned the CeO2 facets different, and the presence of different CeO2 

facets have tuned different facets of Pt metal. It has been clearly observed that (200) facet of 

CeO2 have exposed (111) facet of Pt, and (111) facet of CeO2 have stabilized (200) and (220) 

facets of Pt. This interesting synergistic effect has given the best activity for (200) and (220) 
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facet of Pt when exposed on (111) facets of CeO2. It has been clearly confirmed that a tuned 

content of Ce3+ and Ovac will be essential for achieving the best HER activity. H-spillover 

mechanism has been proposed for this of support induced enhancement in HER activity of Pt 

metallic nanoparticles.  
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Summary 

Master of all trades! Designing a multifunctional electrocatalyst is of surging demand. This 

work deals with successful solution phase synthesis of an ordered compound of Pd and Ni, 

Pd3Ni, which is assumed to be difficult as almost no adjacent elements in a same group form 

intermetallic compound. Pd3Ni is a highly efficient and electrochemically stable material for 

tetra-functional activity, as in, hydrogen evolution reaction (HER), oxygen evolution reaction 

(OER), oxygen reduction reaction (ORR), and ethanol oxidation reaction (EOR) which 

constitutes both fuel cell and water electrolyser. Extensive ex-situ and in-situ characterization 

has disclosed the robustness of this material and reaction mechanism in different reactions. This 

material has shown promising activity in proton exchange membrane water electrolyser and 

high temperature fuel cell. Tuned surface of the intermetallic has enhanced C-C cleavage in 

ethanol molecules allowing the sluggish 12e- transfer process and has shown very high stability 

of >80k cycles of alkaline HER. Role of pH and potential has been explored in retaining the 

ordered phase of the intermetallic. Tetra functionality and its extensive exploration under 

different reaction conditions have been exhaustively done in this work. 
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8.1 Introduction 

The formation of an intermetallic compound (IMC) is a challenge as compared to a 

disordered alloy phase between two different elements.1 Sometimes, it takes many days for an 

IM to form, whereas in some cases, it never forms.2 From the phase diagram of palladium and 

nickel, it is prominent that stable IM phase does not form between Pd and Ni.3 The Pd-Ni 

system is considered to have a combination of solid solutions with no superlattice reflections 

formed in the Pd-Ni lattice.2, 4 Meanwhile, Pd-Ni based alloy compounds are very often used 

as electrocatalysts in different applications.5-7 The major disadvantages of disordered alloy 

compounds are the stability of the materials in harsh reaction conditions and non-periodicity 

of the active sites in the lattice preventing further tuning of the catalyst for a desired reaction.8, 

9 IMCs are thermodynamically more stable, and all elements are ordered periodically in almost 

all facets which assures the availability of catalytically active sites more than the randomly 

oriented alloys.10, 11 Due to enhanced stability of IMs, the surface vulnerability of IM is lesser 

than alloys.9 This can be enhanced by modifying the system by structurally ordering atoms, 

which in another way can be interpreted as tuning entropy of the system. The optimum tuning 

of structural order and entropy can induce the enhancement of catalytic activity towards a 

selected reaction.12 Only a few catalysts are reported for mono- or bi- or tri-functional activities 

in electrochemistry.13-18 There is an increased demand of achieving a highly stable multi-

functional catalyst which will enhance the economic viability of the material. Any 

electrochemical reaction has its own criteria for facilitating the rate determining step as per the 

volcano plot analysis.19 Fuel cell and water splitting requires oxygen reduction (ORR) and 

hydrogen evolution (HER) reactions in the cathodic and oxygen evolution (OER) and small 

organic molecules (like ethanol oxidation (EOR)) in the anodic counterparts, respectively.20-23 

H2, as a green fuel, is of very high demand but the bottleneck for facile hydrogen 

generation is the anodic reaction, oxygen evolution reaction (OER).22 Whereas this 

electrochemically generated hydrogen is further used as fuel in fuel cell for proton exchange 

membrane fuel cells (PEMFCs) and ethanol is utilized as fuel in direct alcohol fuel cells 

(DAFCs). All these electrochemical reactions have their individual bottlenecks, and each 

reaction are defined by specific chemical descriptors which are found in different types of 

catalyst materials. Those challenges for each reaction are discussed and how our material is 

efficiently exhibiting multiple activities are being lucidly discussed in this entire work. The 

major challenge for OER is four electrons transfer process for oxidation of singlet state species 

OH- (or H2O) to triplet state O2 molecules which makes it sluggish requiring high overpotential. 
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Simultaneously, alkaline HER is also sluggish due to the water dissociation process involved 

in alkali mediated HER. The major concern for ORR is 4e- transfer to O2 for forming H2O 

molecules and not H2O2 molecules. Higher electron transfer will lead to generation of high-

power density during fuel cell operation.24 

Ethanol is an environment-friendly fuel with a very high theoretical energy density of 

8030 Wh/Kg and hence can be used as a fuel for transportation and delivery purposes.25 EOR 

occurs via two mechanism, 4e- transfer incomplete oxidation producing CH3COOH (or 

CH3COO-) and 12e- transfer complete oxidation forming CO2 (or CO3
2-).26 More number 

electrons transferred will generate more power in DAFCs.26 Pd is considered as an EOR active 

state-of-the-art catalyst for generating acetic acid and carbon dioxide, whereas it is associated 

with notorious CO posioning which blocks its active sites.19, 23 Attempts are highly required to 

achieve selectivity of products (majorly CO2 formation) and to get rid of the CO posioning 

effect.27 Efforts have been made to diminish active-site poisoning, product selectivity, and 

enhanced current density. Reports, such as, strain-generation by core-shell morphology,27 

interface engineering,26 P-doping,25 transition metal doped intermetallic and alloys,7 are there 

for attaining the best EOR activity. Our work circles around how entropy tuned orderedness 

and disorderedness of two metals changes the activity, stability, and selectivity of active sites 

towards EOR. The generation of a single catalyst overcoming all these hurdles will be highly 

promising for commercialization during this environmental crisis. 

It is calculated that the Gibb’s free energy for Pd-Ni alloy formation is lower than that 

of intermetallic.4, 28 In bottom-up approach of nanoparticles synthesis, appearance of 

superlattice diffraction depends on how the diffusion of the second metal takes place along the 

specific direction. In solution phase synthesis, different chemicals are used which act as purely 

solvent, reducing agent and sometimes, morphology directing agent. Oleyl amine has been 

used for several decades in nanoparticles synthesis and widely known to generate nanoparticles 

of variegated sizes and shapes.29 One of the exclusive roles of oleyl amine has been extensively 

studied in this work, which is responsible for the formation of Pd3Ni, the first ever Pd-Ni based 

IMC. Other parameters like temperature and time duration have been tuned to observe the 

gradual generation of Pd3Ni IM, which is a metastable phase and can be trapped only in certain 

synthetic conditions. 

This work shows the highly tuned synthetic procedure for generation of novel IMC 

Pd3Ni having Au3Co cubic lattice. Pd3Ni-IM and its disordered structure, named as Pd3Ni-Al 

are synthesized via very simple one pot solvothermal technique. It is observed that Pd3Ni-IM 
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phase is a metastable phase which is attained at a particular temperature, time duration, and 

specific amount of oleyl amine during the reaction. Extensive structural analysis is carried out 

by different characterization techniques like PXRD, TEM, SEM, XAS, XPS, and differential 

scanning calorimetry (DSC) measurements. Then, the materials were tested for alkali mediated 

oxygen evolution reaction (OER), ethanol oxidation reaction (EOR), hydrogen evolution 

reaction (HER), and oxygen reduction reaction (ORR). Pd3Ni-IM shows tetrafunctional 

activity, which is exhibiting lower overpotential (220 mV for 10mA/cm2 for OER) for all 

reactions with highly enhanced stability (almost 80,000 cycling HER, >20,000 cycling OER 

activity, 10,000 cycles for ORR) and faster kinetics (12e- transfer process for EOR) than the 

disordered structure, Pd3Ni-Al. Pd3Ni-IM catalyst is also tested full cell water splitting at 

industrial conditions of high temperature and in a proton exchange membrane water 

electrolyser. Enhancement in activity of Pd3Ni-IM is observed for HER, OER, ORR and EOR 

which are well explained explicitly in this work. Operando studies are performed to understand 

the real-time evolution of active sites during reaction conditions. Post-electrochemical XPS 

and XRD are also being measured and analyzed to map the fate of the catalysts after reaction. 

It has been interestingly analyzed that the pH and potential range during different reactions 

play a significant role in the phase transition of the ordered catalyst to partially disordered 

structure with increased entropy of the system. Besides designing this novel IMC, this work 

performs rigorous electrochemical studies, control experiments, and achieved high activity for 

four electrochemical reactions in water splitting and fuel cell. This work extensively establishes 

how a metastable IM is fully stabilized at a specific time, temperature, and optimized chemical 

interaction with oleyl amine. This phase is exhibiting enhanced activity and stability at all 

conditions. This mystery is well demonstrated explicitly in this work by extensive experimental 

and theoretical procedures. Potential and pH dominated phase transition has been well 

demonstrated in this work. 

8.2 Experimental Details 

8.2.1 Chemicals and reagents 

Palladium acetylacetonate (Pd(acac)2), nickel acetylacetonate (Ni(acac)2), 

cetyltrimethylammonium ammonium bromide (CTAB), oleyl amine (OAm) and octadecyl 

amine were purchased from Sigma Aldrich. Tetraethylene glycol (TEG) was purchased from 

Alfa Aesar. The precursors were used without any further purification. 
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8.2.2 Synthesis of Pd3Ni-IM and Pd3Ni-Al 

In a typical solvothermal reaction, 0.3 mmol of palladium acetylacetonate (Pd(acac)2), 

0.1 mmol of nickel acetylacetonate (Ni(acac)2), 75 mg of cetyltrimethylammonium ammonium 

bromide (CTAB), and 10 mL of oleyl amine were mixed in 15 mL teflon autoclave and stirred 

for 30 mins. The autoclave was kept at 220 °C and 240 °C for 24 h for synthesizing Pd3Ni-IM 

and Pd3Ni-Al, respectively. The final product was washed several times with 1:1 mixture of 

hexane and ethanol, and the obtained product was dried and used for further characterization. 

All the parameters like temperature, time duration, and volume of oleyl amine are varied 

extensively to study the formation mechanism of the IMC.  

8.3 Characterization 

8.3.1 Powder x-ray diffraction (PXRD) 

PXRD measurements were done at room temperature on a Rigaku Miniflex X-ray 

diffractometer with a Cu−Kα X-ray source (λ = 1.5406 Å), equipped with a position-sensitive 

detector in the angular range of 10° ≤ 2θ ≤ 90° with the step size 0.02° and a scan rate of 0.5 

s/step calibrated against corundum standards. The experimental XRD patterns were compared 

to the patterns simulated from the data reported in the literature. 

8.3.2 Scanning electron microscopy (SEM) and energy dispersive spectrum (EDS) 
The SEM measurement was performed using Leica scanning electron microscopy 

equipped with an energy-dispersive X-ray spectroscopy (EDAX) instrument (Bruker 120 eV 

EDAX instrument). Data were acquired by using an accelerating voltage of 15 kV, and the 

typical time taken for data accumulation is 100 s. The elemental analyses were performed using 

the P/B-ZAF standardless method (where P/B = peak to background model, Z = atomic no. 

correction factor, A = absorption correction factor, and F = fluorescence factor) for Cu, Ga at 

multiple areas on the sample coated Si wafer. 

8.3.3   Transmission electron microscopy (TEM) 

TEM and high-resolution TEM (HRTEM) images, selected area electron diffraction 

(SAED) patterns were collected using a JEOL 200 TEM instrument. Samples for these 

measurements were prepared by dropping a small volume of sonicated nanocrystalline powders 

in ethanol onto a carbon-coated copper grid. 

8.3.4  Inductively coupled plasma atomic emission spectroscopy (ICP-OES) 

ICP-OES was performed using a Perkin Elmer Optima 7000 DV instrument. The 

samples were digested in concentrated aqua regia, followed by dilution with distilled water. In 
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a typical experiment, 2 mg of the sample was dissolved in 1 ml aqua regia and left overnight 

(12 hrs) for digestion. The digested sample was then diluted to 10 ml volume with deionized 

water. The solid particles were separated by thorough centrifugation before measurements. We 

have also performed the ICP-OES for the electrolyte after running the OER reaction. 

8.3.5    X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out using Thermo K-alpha+ spectrometer using micro 

focused and monochromated Al Kα radiation with energy 1486.6 eV. The pass energy for 

spectral acquisition was kept at 50 eV for individual core-levels. The electron flood gun was 

utilized for providing charge compensation during data acquisition. Further, the individual 

core-level spectra were checked for charging using C1s at 284.6 eV as standard and corrected 

if needed. The peak fitting of the individual core-levels was done using XPSpeak 41 software 

with a Shirley type background. XPS spectra were measured to study the valence state, 

chemical composition, and electronic interactions. Ar+ sputtering was done for 10 secs each 

layer for an energy pf 2 KeV and high-resolution spectra of Pd 3d, Ge 3d, and Co 2p were 

performed after each layer etching.  

8.3.6  X-ray absorption near edge spectroscopy (XANES) and extended x-ray 

absorption fine structure (EXAFS): 

XANES and EXAFS experiments at 300 K were performed at PETRA III, beamline 

P64, of DESY, Germany. Measurements of Pt-k edges at ambient pressure were performed in 

fluorescence as well as transmission mode using gas ionization chambers to monitor the 

incident and transmitted X-ray intensities. Monochromatic X-rays were obtained using a Si 

(111) double crystal monochromator. Pellets for the ex-situ measurements were made by 

homogeneously mixing the sample with an inert cellulose matrix to obtain an X-ray absorption 

edge jump close to one. Background subtraction, normalization, and alignment of the EXAFS 

data were performed by ATHENA software. Theoretical XAFS models were constructed and 

fitted to the experimental data in ARTEMIS. 

8.3.7 Differential scanning calorimetry (DSC) 

All DSC measurements were done using DSC 3 from Mettler Toledo. The temperature 

range was used from 423.15 K to 823.15 K and nitrogen gas was used. The temperature was 

increased at a rate of 0.5K/min to 40K/min.  

8.3.8 Electrochemical oxygen evolution Reaction (OER) 

All the electrochemical measurements were done in a 3-electrode set-up comprising of 

a glassy carbon as the working electrode (GCE), graphite rod counter electrode, and 
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mercury/mercuric oxide electrode (MMO) (for basic media). The catalyst ink was prepared 

using 1.6 mg catalyst + 0.4 mg Vulcan in 200 l of mixed solvent (IPA:H2O = 1:1) + 20 μL of 

1 wt.% Nafion used as binder. Five μL of the catalyst ink was drop-casted on the commercial 

3 mm GCE. Commercial IrO2 (Sigma Aldrich) was used for comparison of activity with the 

reported electrocatalysts. Linear sweep voltammetry (LSV) was recorded for OER at a scan 

rate of 5 mV s−1 at 25 °C. Electrochemical impedance studies were performed in the frequency 

range from 10 mHz to 100 kHz at different applied DC potentials for different reactions 

depending on their onset potential values. The electrolyte solution was deaerated by purging 

N2 gas into the solution at least for 30 min before each experiment. All the reference electrodes 

were calibrated with respect to the reversible hydrogen electrode (RHE), using Pt as working 

and counter electrodes in the respective electrolytes.  

8.3.9    Electrochemical oxygen reduction reaction (ORR) 

Electrode preparation is done in the same way as OER for ORR, EOR, and HER. 

Commercial Pt/C (20 wt.%, Sigma Aldrich) were used for comparison of activity since it is the 

state-of-the-art electrocatalyst. Polarization curves were the anodic sweep of the cyclic 

voltammograms (CVs) recorded for ORR at a scan rate of 5 mV s−1 at 25 °C in potential range 

of 0.4 V to 1.0 V vs. RHE rotating the RDE at 100, 225, 400, 625, 900, 1225, 1600, 2025, and 

2500 rpm. The electrolyte solution was deaerated by purging nitrogen gas into the solution at 

least for 30 min before each experiment and then N2 saturated CV was conducted, after which 

O2 is being purged for an hour to start taking CVs in ORR conditions. The polarization curves 

in N2 and O2 saturated solutions are taken in 1600 rpm rotating speed of RDE. Accelerated 

degradation tests of 50,000 cycles were conducted in the potential range of 0.7 V to 1.0 V vs. 

RHE with scan rate of 50 mV/sec. Electrochemical impedance studies were performed in the 

frequency range from 10 mHz to 100 kHz at different applied DC potentials for different 

reactions depending on their onset potential values.  

8.3.10  Electrochemical hydrogen evolution reaction (HER) 

Commercial Pt/C (20 wt%, Sigma Aldrich) were used for comparison of activity with 

the reported electrocatalysts. Linear sweep voltammetry (LSV) was recorded for HER at a scan 

rate of 5 mV s−1 at 25 °C. Electrochemical impedance studies were performed in the frequency 

range from 10 mHz to 100 kHz at different applied DC potentials for different reactions 

depending on their onset potential values. The electrolyte solution was deaerated by purging 

nitrogen gas into the solution at least for 30 min before each experiment. All the reference 
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electrodes were calibrated with respect to the reversible hydrogen electrode (RHE), using Pt as 

working and counter electrodes in the respective electrolytes.  

8.3.11  Electrochemical ethanol oxidation reaction (EOR) 

Cyclic voltammetry (CV) was recorded for EOR at a scan rate of 5 mV s−1 at 25 °C. 

Electrochemical impedance studies were performed in the frequency range from 10 mHz to 

100 kHz at different applied DC potentials for different reactions depending on their onset 

potential values. The electrolyte solution was deaerated by purging nitrogen gas into the 

solution at least for 30 min before each experiment.  

8.3.12 Membrane electrode assembly (MEA) fabrication 

Catalyst ink is drop-casted on carbon cloth (CeTech W1S1009, Fuelcellstore) and 

treated Nafion membrane is sandwiched between catalyst coated carbon substrates and hot-

pressed using the hydraulic pressing unit (Boolani Engineering Corporation) at 130 ºC for 5 

minutes.  

8.3.13 Proton exchange membrane water electrolyser 

The catalyst coated substrate (CCS) is then tested in proton exchange membrane water 

electrolyser (RSI-AEM-300, Research Supporters India Pvt. Ltd.) using DI water continuous 

flow only at the anodic chamber and no electrolyte flow was given in the hydrogen generation 

side.  

8.3.14  In-situ x-ray absorption spectroscopy (XAS) 

In-situ XAS was measured using home-made customized cell set up as shown in Figure 

8.1a under OER conditions. All the experimental details are found in our previous papers.21, 22, 

30 

8.3.15  In-situ electrochemical Fourier transform infrared spectroscopy (FT-IR) 

In-situ electrochemical FT-IR spectroscopic studies were performed using a purged 

VERTEX FT-IR spectrometer equipped with the A530/P accessory and a mid-band MCT 

detector. A CaF2 hemispherical window (F530-8) was used with the working electrode placed 

1 mm above the window as the single reflection attenuated total reflection (ATR) accessory for 

the FTIR study. The in situ experimental set-up is depicted in Figure 8.1b. The measurement 

parameters were 4 cm-1 resolution and 100 scans. This setup enabled the detection of acetate 

ions, ethanol consumption, and carbonate ions with carbon dioxide peaks during EOR.  
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8.3.16  In-situ Raman spectroscopy 

In situ electrochemical Raman spectroscopic studies were performed using inVia 

Raman microscope using 532 nm laser with 50x magnification. We have home-customized a 

cell where 2 ml solution of N2-purged 0.5M KOH was taken so that a thin film of electrolyte 

covers on the substrate having the catalyst coated on it. Pt coil and Ag/AgCl were used as 

counter and reference electrodes, respectively. CA was conducted for 15-20 mins and Raman 

data was taken at 2 mins each with data acquisition time of 10 secs and using 0.1 % of the 

power of the laser. Background data was taken with the complete cell setup with electrolyte 

and without giving the electrode potential.  

8.3.17  Differential electrochemical mass spectrometry (DEMS) 

Hiden HPR-40 was used for measuring the instantaneous products formed during the 

ethanol oxidation reaction for both the catalysts, Pd3Ni-IM and Pd3Ni-Al. Type cell-A was 

used where catalyst ink was coated on the glassy carbon electrode. 0.1 M ethanol in 0.1 M 

KOH was used as the electrolyte which was flowed through the cell by help of a dual-syringe 

pump. Cyclic voltammetry (CV) was run during which N2, CO2, CH3COOH, CH3CHO were 

measured with respect to time. The data has been plotted as mbar of the product w.r.t. time. 

For HER and OER, same process is being used where electrolyte used in 0.5 M KOH solution.  

8.3.18  Computational studies 

All the calculations were done within the Density Functional Theory framework 

implemented in VASP.31, 32 Plane-wave augmented pseudopotential33 was used in conjugation 

with Perdew-Becke Ernzerhof (PBE)34 approximated exchange and correlation functional. The 

kinetic energy cut-off for Kohn-Sham orbitals and energy convergence criteria of the electronic 

self-consistency is chosen as 500 eV and 10−8 eV, respectively. The Monkhorst-Pack35 mesh 

k-points of (6 × 6 × 6) were used for cell structure optimization containing 32 atoms. The 

disordered structure of Pd0.75Ni0.25 was generated using the special quasi-random structure 

(SQS) method implemented in the widely used Alloy Theoretic Automated Toolkit (ATAT) 

package.36, 37 The SQS-generated structure with 32 atoms was used as the computational model 

for the disordered Pd0.75Ni0.25 to compare its phase stability w.r.t ordered Pd3Ni at different 

temperatures. The calculations were performed using the methodology described in the 

previous report.38 Density Functional Perturbation Theory (DFPT) method implemented in 

VASP was used to calculate the force constants of supercell consisting of 32 atoms, and the 

phonon frequencies from the force constants were computed using PHONOPY.39 Energy 

convergence criteria of (10−8 eV) with 6 × 6 × 6 gamma cantered k-points mesh were used for 
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computing the force constants. The stability of the considered structures was confirmed by 

phonon band structures with no imaginary modes in the modeled structures. The 

thermodynamic properties for Gibbs Free energy calculation were then extracted for phonon 

eigenvector using PHONOPY. The Free energy change was calculated as: ΔG = ΔH – T (ΔSconf 

+ ΔSvib), where ΔH is the enthalpy difference, T is the absolute temperature, ΔSconf, and ΔSvib 

are the difference of configurational and vibrational entropy between ordered and disordered 

systems. ΔSconf = kbΣ xi ln xi, where kb and xi are Boltzmann’s constant and the mole fraction 

of a particular element in an alloy. The adsorption energy (Eads) was calculated as: Eads = 

E(surf+adsor) – (E(surf) + E(adsor)) where E(surf+adsor), E(surf) and E(adsor) are the DFT calculated energy 

of the surface with the adsorbate, isolated surface, and adsorbate.  

8.4 Results & Discussion 

8.4.1 Phase confirmation and growth mechanism 

The difficulty in synthesizing the IM phase of Pd3Ni compound is battled with varying 

different reaction parameters which are time duration, temperature, and concentration of oleyl 

amine used (Figure 81a, 81b and 81c, d). Figure 8.2a show the supercell of Pd3Ni structure 

(prototype: Au3Co) with outlined unit cell. The unit cell shows that Ni and Pd atoms occupy 

the corners and the face centers, respectively. Figure 8.1b shows with increasing oleyl amine 

from 10ml to 12ml, the superlattice diffraction peaks at 2θ values 22.07 º and 31.31º. for the 

intermetallic start to appear. Whereas with further increase in OAm amount, there is decrease 

in peak intensity of (110) w.r.t that of (100) plane.  

The periodic arrangements of the planes (110) and (100) are added in Figure 8.2b and 

in Figure 8.2c. It shows that a greater number of Ni atoms are occupying in (100) plane than 

Pd atoms. The relative peak intensity ratios of (100) and (110) are extracted from the PXRD 

pattern (Figure 8.1b) and plotted with respect to amount of OAm in Figure 8.2d. To 

understand the growth of the atomically ordered Pd3Ni, we computed the thermodynamics 

stability of both alloy (disordered) and intermetallic (ordered) systems. As already discussed, 

formation of IM is an enthalpy-driven process. The difference in alloy and IM formation energy 

(Figure 8.3a, Tables 8.1-8.4) suggests that even at low temperatures, alloy formation is more 

favourable than IM. From the DFT electronic energy calculation with zero-point energy 

correction, alloy formation is stabilized by 3.78 meV/atom.  
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Figure 8.1. PXRD patterns for (a) temperature-controlled, (b) amount of oleyl amine 

controlled, (c) time-controlled synthesis of Pd3Ni IM phase. The phase purity was proposed 

after comparing the simulated patterns of probable structures like Pd and Ni elements. (d) 

Zoomed in pXRD pattern for Pd3Ni synthesis with time dependent study. 

 

Table 8.1. Formation energy of Pd3Ni-IM and Pd3Ni-Al. 

System Bulk (eV) Formation energy (eV)/atom 

Pd
3
Ni-IM  -168.154    -5.255 

Pd
3
Ni-Al -168.307     -5.259 

 

Table 8.2.  Energy of stabilization for Ni atom on surface or bulk of both Pd3Ni-IM and Pd3Ni-

Al.  

Element   Surface Bulk 

Ni -347.237  -347.486  
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Figure 8.2. (a) The supercell (2*2*4) of Pd3Ni-IM structure with the unit cell represented as 

dashed lines. (b) Crystallographic planes (110) and (100) of Pd3Ni-IM. (c) Super cell of Pd3Ni 

intermetallic with (110) and (100) planes drawn. (100) is cyan coloured plane having more Ni 

atoms and less Pd atoms, and (110) is pink coloured plane having equal number of Pd and Ni 

atoms. Hence, occupancy of Pd atoms is more in (110) planes.  (d) Relative peak intensity ratio 

of (100) and (110) with increase in OAm amount. 

 

Figure 8.3. (a) The difference in alloy and IM formation energy of Pd3NI. COHP curve 

showing the bonding and antibonding character for Pd-Pd bond and Pd-Ni in (b) Pd3Ni-Al and 

(c) Pd3Ni-IM systems. 

 



Decoding Active Sites and Mechanistic Insights for Efficient Electrochemical Water Splitting 

and Fuel Cell using Transition Metal-based Catalysts 
 

257 

 

Table 8.3.  Energy of Pd-N and Ni-N bonds after OAm on Pd and Ni atoms in Pd3Ni-IM and 

Pd3Ni-Al surface.  

Pd
3
Ni   Bonding E

(ads)
(eV) 

Alloy Ni-N -1.43 

Pd-N -1.18 

Intermetallic Ni-N -1.52 

Pd-N -1.23 

 

Table 8.4. Energy of Pd3Ni-IM and Pd3Ni-Al surface before and after adsorption of OAm.  

Phase Before OAm 

adsorption 

After OAm 

adsorption 

Pd3Ni-Al -353.407 eV -865.246 eV 

Pd3Ni-IM -352.167 eV -865.836 eV 

This can be explained from the Crystal Orbital Hamilton Population (COHP) curve 

(Figure 8.3b, c) showing that the antibonding character for Pd-Pd bond is a bit higher than in 

the ordered system. The presence of Ni-Ni bond, which has the highest bond energy among all 

possible bond pairs, also stabilizes the disordered system. Since we obtained enhancement in 

IM phase formation with addition of OAm, we performed theoretical calculations for 

understanding the energetics of OAm addition on surfaces. Firstly, we calculated the adsorption 

energy of the amine at the surface (111) of the ordered and disordered systems (Figure 8.4a 

and 8.4b, c). It was found that the binding of the amine (-NH2) group of OAm with the Ni site 

was better than Pd. And Ni sites on the surface of ordered system showed better adsorption 

with -NH2 group than the Ni on the surface of the disordered system. 

 

Figure 8.4. (a) The bonding and antibonding character in the N-Pd and N-Ni bonds shown in 

the COHP curve. Theoretical models of OAm bound on surface atoms of Pd3Ni-IM and Pd3Ni-

Al at (b) low and (c) high surface coverages. 
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Figure 8.5. PDOS plot for Pd and Ni orbitals of (a) Pd3Ni-IM and (b) Pd3Ni-Al. (c) Schematic 

representing the formation mechanism of Pd3Ni-IM using OAm. 

Understandably, the d-band center of Ni is near to Fermi level than Pd in both cases 

(Figure 8.5a, b). So, the antibonding character in the N-Pd bond (N from Oleyl amine) is 

higher than N-Ni shown in the COHP curve (Figure 8.4a). Figure 8.5c schematically presents 

the formation mechanism of Pd3Ni-IM phase with higher content of OAm used. Figure 8.6a 

combines the phase formation at different temperatures and time durations from the PXRD 

patterns in Figures 8.1a and 8.1c. The optimized parameters for IM formation are 16 ml OAm 

at 220 °C and for 24 hours. PXRD patterns in Figure 8.6b shows the formation of alloy (Pd3Ni-

Al) and intermetallic (Pd3Ni-IM) crystallizing in the Au0.75Co0.25 (SG: Fm3̅m) and Au3Co (SG: 

Pm3̅m) types, respectively.40 Figure 8.6c shows the SEM images of both phases showing 

nanoparticles formation and Figures 8.7(i), 8.7(ii) and 8.7(iii) show the TEM and SEM images 

and elemental mapping of Pd3Ni-IM and Pd3Ni-Al, respectively. Both the catalysts exhibit 

interconnected and aggregated nanoparticles with particle size within 25-30 nm (alloy) and 10 

nm (IM). The HRTEM images and SAED pattern show the exposed (111) facets of Pd3Ni-IM 

and Pd-alloy. 
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Figure 8.6. (a) Correlation of Pd3Ni-IM formation from alloy phase by tuning temperature and 

time duration. (b) Powder X-ray diffraction (PXRD) pattern of Pd3Ni-alloy and Pd3Ni-IM with 

simulated patterns of elemental Pd and Au3Co intermetallic. (c) SEM images of Pd3Ni-Al (i) 

and (ii) and Pd3Ni-IM (iii) and (iv). 

 

Figure 8.7. (i) Transmission electron microscopic (TEM) and high-resolution TEM (HR-TEM) 

images of Pd3Ni-Al catalyst. (j.ii) TEM and HR-TEM images of Pd3Ni-IM. (j.iii) SEM colour 

mapping of Pd3Ni-IM, j(iiia) and j(iiib) are showing the Pd and Ni elemental distributions.  
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8.4.2    Electrochemical results  

The catalysts Pd3Ni-IM and Pd3Ni-Al are studied extensively for exploring their 

electrochemical activities and durability for all kinds of energy conversion reactions of fuel 

cell and water splitting. It is interestingly observed that Pd3Ni-IM is showing enhancement in 

its activity for OER, ORR, HER, and EOR with cycling whereas, the alloy counterpart is seen 

to become less active with more cycling and time (Figure 8.8-8.11). Linear sweep 

voltammograms (LSVs) for OER for Pd3Ni-IM and Pd3Ni-Al are compared in Figure 8.8a 

before and after different cycles and compared with the state-of-the-art catalyst IrO2. Initially, 

the activity of both catalysts is almost similar whereas with increased cycling there is a 

crossover of activity, and both the catalysts show better OER activity than IrO2. In this figure, 

the peak corresponding to oxidation of Ni is more intense for Pd3Ni-IM than Pd3Ni-Al, which 

indicates that more Ni sites (in metallic state) are exposed on the Pd3Ni-IM surface which is 

getting oxidized at a higher rate than the alloy. Figure 8.8b show the comparison for OER 

activities of Pd3Ni-IM and Pd3Ni-Al with state-of-the-art catalyst IrO2. Figure 8.8c shows the 

Tafel slopes for Pd3Ni-Al, Pd3Ni-IM, and IrO2 and Figure 8.8d shows the Tafel slope values 

for Pd3Ni-Al and Pd3Ni-IM after 3500 ADT cycles. It is observed that the Tafel slope value for 

Pd3Ni-IM decreases substantially (from 85.3 mV/dec to 70.1 mV/dec) after cycling which 

indicates that the OER kinetics is getting facilitated on surface reconstruction during the OER 

conditions which is discussed in later sections.  

Figure 8.8e and the inset figure portray that with ADT cycling, the OER activity of 

Pd3Ni-IM is enhanced accompanied by a left shift of peak maxima for the NiOOH generation 

peak with industrial level current density.41 This signifies that the potential requirement for this 

oxidation is decreasing and becoming more facile with cycling.42 Pd3Ni-IM shows a very low 

overpotential for 10 mA/cm2 of 260 mV for OER which interestingly reduces to 220 mV when 

ADT cycling is further done. Figure 8.8f relates the overpotential for 10 mA/cm2 current 

density and NiOOH formation with increasing ADT cycling. Both follow the same trend 

signifying that the catalyst is getting better with cycling due to OER-feasible surface 

reconstruction. Figure 8.9 shows the chronoamperometry study of Pd3Ni-IM for 45 hours at 

30 mA/cm2 current density which exhibit its high durability at harsh conditions. Gradually we 

explored further the other hand of water splitting reaction, the hydrogen generation activity test 

for these two catalysts. The HER activity of Pd3Ni-IM, Pd3Ni, and 20% Pt/C was tested in 1M 

KOH after 6000 cycles (Figure 8.10a). 
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Figure 8.8. (a) Linear Sweep Voltammograms (LSVs) of mediated OER of Pd3Ni-Al and 

Pd3Ni-IM before and after ADT cycles and IrO2 in 1M KOH solution. (a) LSV comparison for 

OER activities of Pd3Ni-IM and Pd3Ni-Al with state-of-the-art catalyst IrO2. (b) Tafel plots for 

Pd3Ni-Al, Pd3Ni-IM, and IrO2. (c) Tafel plots for Pd3Ni-Al and Pd3Ni-IM after 3500 ADT 

cycles. (e) LSVs of Pd3Ni-IM before and after ADT cycles and inset shows the zoomed in 

portion of the LSV near the region of oxidation of Ni. (f) Comparison of overpotential and peak 

position for Ni oxidation hump after different ADT cycles. 
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Figure 8.9. Chronoamperometry of Pd3Ni-IM during OER. Chronoamperometry is performed 

at a constant potential of for 30 mA/cm2 and a stable current is achieved for more than 40 hours. 

 

 

Figure 8.10. (a) LSVs of 1M KOH solution mediated HER of Pd3Ni-Al, Pd3Ni-IM, and 20% 

Pt/C after 6000 ADT cycles. (b) LSVs of HER activity in 1M KOH for Pd3Ni-Al catalyst after 

different cycles of ADT. (c) LSVs of 1M KOH mediated HER of Pd3Ni-IM before and after 

ADT cycles and inset shows the zoomed in portion of the LSV near the onset of reaction. 

 

The HER activity for Pd3Ni-Al initially increased and then stabilized after 6000 ADT 

cycles, as shown in Figures 8.10b. Whereas that of Pd3Ni-IM catalyst keeps on increasing up 

to 80,000 ADT cycles with industrial level current density, as shown in Figure 8.10c (along 

with the inset figure).22 

We embarked on testing the novel material for fuel cell activity, as well. Figures 8.11a 

and 8.11b show the LSVs for the ORR activity for Pd3Ni-IM and ORR activity comparison for 

both Pd3Ni-Al and Pd3Ni-IM, their activity after ADT cycles and 20% Pt/C,21 respectively. 

Figure 8.11c shows the ORR activity of Pd3Ni-Al after different cycles of ADT. It is observed 

how E1/2 (half-wave potential) of Pd3Ni-IM keeps on increasing and for Pd3Ni-Al and 20% 

Pt/C, the activity keeps of decreasing with cycling. It is seen that with 10,000 ADT cycling, 

both E1/2 value and diffusion limited current density increased for Pd3Ni-IM catalyst which 

means that both the number of active sites and their inherent efficiency enhanced during 

cycling. 
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Figure 8.11. (a) LSVs of 0.1M KOH mediated ORR of Pd3Ni-IM, (b) LSVs of ORR of Pd3Ni-

IM, Pd3Ni-Al before and after ADT cycles and compared with 20% Pt/C.(c) Comparison of 

ORR activity of Pd3Ni-Al catalysts in 0.1M KOH at a rotation speed of 1600 rpm after different 

cycles of ADT.  (d) Cyclic voltammograms of EOR for the catalysts Pd3Ni-IM and Pd3Ni-Al 

and 20% Pd/C before and after different number of cycles in 1M KOH+1M ethanol. (e) 

Comparison of EOR CVs of Pd3Ni-IM and Pd3Ni-Al with 1M ethanol in 1M KOH solution. If 

and Ib are the maximum current density for the forward and backward sweep of the cyclic 

voltammogram during EOR. (f) CV comparison of Pd3Ni-IM and Pd3Ni-Al before and after 

different cycles and their corresponding change in If/Ib ratio.   

Whereas for the alloy counterpart, Pd3Ni-Al there is decrease in both the values which 

again signify that there is surface passivation which decreases the number of active sites 

because of Pd exposure (due to OH poisoning) and loss of conductivity due to the presence of 
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surface Ni-hydroxides (Will be discussed in detail in the subsequent section). Further we 

checked for the oxidation counterpart of ORR in DAFCs, that is, ethanol oxidation reaction 

(EOR). Figure 8.11d shows the EOR activity of both intermetallic and alloy catalysts showing 

the enhancement of forward current density for IMC and activity of 20% Pd/C is significantly 

decreasing with cycling. The ratio of If/Ib (If = forward current density, Ib = backward current 

density) for both alloy and IM are shown in Figure 8.11e, 8.11f. It is also observed that the 

ratio of forward to backward current density is improved for the Pd3Ni-IM which means that 

the catalyst poisoning effect by CO or CHx is decreased after cycling of catalyst and thus a 

reformed surface structure is generated which is enhancing the activity.43, 44 This is further 

explored in in-situ FTIR and DEMS studies in the later part of this paper. Figure 8.12 is a 

central schematic representing the efficiency of the tetra-functional material, Pd3Ni-IM. Figure 

8.13a shows the schematic of the full cell water splitting in one-compartment cell with 6M 

KOH as the electrolyte and temperature dependent water splitting was performed.Figure 8.13b 

show that Pd3Ni-IM catalyst when used as both cathode and anode shows better water splitting 

activity at room temperature than when 20% Pt/C and IrO2 are used as cathode and anode, 

respectively. Figure 8.13c shows the LSVs of Pd3Ni-IM as cathode and anode for water 

splitting at different industrial temperature conditions. The inset figure clearly shows that the 

activity of the catalyst in full water splitting enhances with increasing the temperature to 85 ºC. 

We also performed proton exchange membrane (PEM) based water electrolysis using a 

membrane electrode assembly (MEA) as shown schematically in Figure 8.14a and its inset 

shows the original image. Figure 8.14b and 8.14c show the LSVs and zoomed in LSVs of the 

water electrolysis of Pd3Ni-IM catalyst as cathode and anode in a PEM and AEM electrolyser 

and it is observed that activity of the catalyst is increasing and then stabilizing after some time 

achieving an industrial level current density when testing is done a high surface area of 9 cm2. 

 

Figure 8.12. Overall schematic of tetra-functionality of Pd3Ni-IM catalyst. 
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Figure 8.13. (a) Schematic of the one compartment full cell water splitting setup when 

temperature is varied from room temperature to 85 ºC using 6M KOH solution as the 

electrolyte. (b) LSVs of full cell water splitting in one compartment cell using Pd3Ni-IM as 

cathode and anode in one experiment, and standard catalysts, Pt/C and IrO2 as cathode and 

anode materials. (c) LSVs for full cell water electrolysis in one compartment cell under 

different operational temperatures using Pd3Ni-IM as both cathode and anode using 6M KOH 

as the electrolyte. 

 

Figure 8.14. (a) Schematic of the full cell stack of the water electrolyser, inset figure is the real 

image of the electrolyser stack. (b) LSVs of Pd3Ni-IM catalyst in the electrolyser system where 

same catalyst is used for both cathode and anode using DI water as the electrolyte. (c) LSVs of 

Pd3Ni-IM catalyst in the electrolyser system where same catalyst is used for both cathode and 

anode using 1 M KOH as the electrolyte.  
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8.4.3    Structural insights and oxidation state analysis 

To delve deep into the structure of this novel ordered phase of Pd3Ni-IM, ex-situ 

characterizations of XAS and XPS are done. From the XANES spectra as in Figure 8.15a, it 

is observed that Pd is in metallic state in both alloy and intermetallic counterparts of Pd3Ni. Pd 

is in even lesser oxidation state in Pd3Ni-IM that Pd foil and the sequence of oxidation state of 

Pd follows the order: Pd3Ni-IM < Pd foil < Pd3Ni-Al.21, 45 Whereas the oxidation state of Ni in 

both intermetallic and alloy forms is higher than the Ni foil (Figure 8.15b).46, 47 The sequence 

of oxidation state of Ni follows: Ni foil < Pd3Ni-Al < Pd3Ni-IM. Charge transfer takes place 

from Ni to Pd atoms, and this charge transfer is more prominent in Pd3Ni-IM where Pd is in 

lowest, and Ni is in highest oxidation state. This observation is also supported from the surface 

analysis technique, XPS, where Pd is in lower binding energy in Pd3Ni-IM (335.58 eV) than 

in Pd3Ni-Al (335.6 eV), as shown in Figures 8.15c and 8.15d. From Ni 2p XPS spectra (Figure 

8.15e and 8.15f), it is seen that Pd3Ni-Al is surfaced with high content of Ni2+ species which is 

much less in case of Pd3Ni-IM. Since already mentioned that OAm has a strong binding with 

the Ni atoms on the surface of Pd3Ni-IM as compared to Pd3Ni-Al, free Ni atoms on alloy 

surface are expected to be oxidized fast as compared to the OAm covered Ni sites in IM. For 

Pd3Ni-IM, the ordered nature keeps mostly metallic Ni exposed on the surface. Moreover, as 

observed theoretically, less anchoring of OAm N atoms with Ni atoms on alloy surface which 

makes the Ni atoms more prone to oxidation. On the other hand, N-anchored Ni atoms on IM 

surface are protected from oxidation.48  

To further check the orderliness of the Pd3Ni structure, DSC experiments were 

conducted for both Pd3Ni-Al and Pd3Ni-IM. From Figure 8.16a it is observed that heat flow 

peak is observed for Pd3Ni-IM at higher temperature than the alloy counterpart. This indicates 

that Pd3Ni-IM requires more temperature for its phase change than Pd3Ni-Al.  Figure 8.16b 

shows that Cp value for Pd3Ni-Al is more than that of Pd3Ni-IM which means the entropy or 

disorderliness associated with the alloy is much more than that of the IM.49, 50 Figure 8.16c is 

the schematic which gives an overview of the direct dependence of entropy and surface Ni 

oxide where alloy has higher entropy and higher amount of surface oxides than IM. Internal 

orderliness will dictate the surface bond saturation and will end up in having less tendency to 

oxidize51. Thus, it is expected that this structural orderliness will rule the overall catalytic 

activity since catalysts is a surface and sub-surface phenomenon and it is well explained via in-

situ techniques in the following sections.52 
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Figure 8.15.  (a) X-ray absorption near edge spectra (XANES) of Pd K-edge in Pd3Ni-Al, Pd 

foil, and Pd3Ni-IM. (b) XANES of Ni K-edge of Pd3Ni-Al, Pd foil, and Pd3Ni-IM (c) Pd 3d 

XPS spectrum of Pd3Ni-Al. (d) Pd 3d XPS spectrum of Pd3Ni-IM. (e) Ni 2p XPS spectrum of 

Pd3Ni-Al. (f) Ni 2p XPS spectrum of Pd3Ni-IM. 

8.4.4    Operando analysis of active species generation 

To understand the active sites and their transformation during reaction conditions, we 

have performed operando and post-electrochemical spectroscopic characterizations for 

different electrochemical reactions.21, 22, 30, 53 Post-OER Ni 2p XPS spectra are fitted (Figure 

8.17), where it is prominent that Ni2+ exists along with formed NiOOH for Pd3Ni-Al catalyst 

which was already having Ni(OH)2 before catalysis (Figure 8.15e).  
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Figure 8.16. (a) Differential scanning calorimetry (DSC) data of heat flow vs. temperature for 

Pd3Ni-Al and Pd3Ni-IM. (b) DSC data of Cp vs. temperature for Pd3Ni-Al and Pd3Ni-IM (c) 

Comparison of temperature for phase change, entropy, and surf-oxide for Pd3Ni-Al and Pd3Ni-

IM. 

 

Figure 8.17. Comparison of Ni 2p XPS spectra of Pd3Ni-Al and Pd3Ni-IM after alkali mediated 

OER. 

Whereas there is no Ni(OH)2 on Pd3Ni-IM catalyst and the surface is purely NiOOH. 

As already observed in Figure 8.8e, Pd3Ni-IM is exhibiting more intense NiOOH formation 

peak even after ADT cycles. Due to poor electrical conductivity of Ni(OH)2, the activity of 

Pd3Ni-Al is seen to decrease with time.54 Post-OER XPS shows that Ni(OH)2 is present for 

Pd3Ni-Al catalyst which was already present before catalysis. This indicates that after catalysis 

some of the Ni(OH)2 got converted into NiOOH and some remained as hydroxide. Ni(OH)2 is 

known for poor conductivity which indirectly diminishes the activity of the material over time 

and cycling. The intercalation of -OH inside the layered Ni(OH)2 finally converts it to NiOOH. 

Due to poor electrical conductivity of Ni(OH)2, full transformation to NiOOH does not occur. 

On the other hand, in the Pd3Ni-IM catalyst, surface is not passivated by Ni(OH)2 and pure 

metallic Ni is exposed on the surface which under oxidation potential gets leached and that 

leaching is confirmed from the decrease in the coordination number of Ni from the fitting of 

Pd K-edge EXAFS data. This leached Ni are in higher oxidation state which forms NiOOH on 

the surface. Simultaneously, Ni leaching will lead to more OH percolation inside the sub-
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surface level which will enhance the NiOOH formation without compromising with the 

conductivity because of the metallic IM support. Ni3+ indicates NiOOH species, which is highly 

active for OER, which is why, Pd3Ni-IM is showing very facile OER kinetics and stable high 

current density up to 20,000 ADT cycles. 

To gain further time-resolved information during the reaction, in-situ XAS has been 

done with home-customized cell setup which is shown as schematic in Figure 8.1a. Operando 

XANES spectra of Ni k-edge shows that with increasing oxidation potential there is increment 

in the oxidation state of Ni with right shift of absorption edge (Figure 8.18a). Operando R-

space data also show that with increasing potential there is initial increase in bond length and 

then again decreased. This initial increase and then decreasing trend is well visible in Figure 

8.18b. crease in Ni-Pd bond lengths can be ascribed to the leaching of Ni atoms from the sub-

surface layers.55 

 

Figure 8.18. (a) Potential-dependent XANES spectra of Ni K-edge for Pd3Ni-IM during OER 

in 0.5M KOH. Inset shows the zoomed-in absorption edge. (b) Potential-dependent R-space 

data of Ni K-edge for Pd3Ni-IM during OER in 0.5M KOH. (c) Fitted EXAFS data for Pd k-

edge at different potential dependent study during OER. 

 
Table 8.5. EXAFS fitting parameters for Pd k-edge during in-situ OER studies.  

Potential Path CN R E 

Before Pd-Ni 2.77 2.275 3.900 

Pd-Pd 4.29 2.531 3.900 

1.5V Pd-Ni 2.6 2.267 6.000 

Pd-Pd 4.1 2.505 6.000 

1.7V Pd-Ni 2.1 2.270 4.476 

Pd-Pd 4.1 2.525 4.476 

1.9V Pd-Ni 1.9 2.278 6.396 

Pd-Pd 4.45 2.539 6.396 
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Whereas the Ni-Ni bond distance is decreasing monotonically due to increasing 

oxidation state of Ni. To understand if there is any Ni leaching, EXAFS data for Pd k-edge 

during potential dependent study is fitted (fitted plot is in Figure 8.18c and parameters are in 

Table 8.5). There is consistent decrease in CN of Ni while sweeping potential from lower to 

higher oxidation value (CN before reaction is 2.77 and at 1.9V CN is 1.9). To realize the surface 

chemistry of the catalyst, time- and potential-dependent Raman spectra has been conducted 

with home customized cell setup which represents that with increasing time (Figure 8.19a) 

and increasing potential (Figure 8.19b), the peak intensity corresponding to Eg mode of 

NiOOH and O-O stretching of active oxygen species are increasing. 

The spectra have Eg mode of NiOOH at around 490 cm-1 and the peaks around 900 and 

1100 cm-1 corresponding to the O-O stretching mode of free O2 molecule which further 

confirms oxygen evolution under that potential with increasing time.56-59 Figure 8.19c 

correlates the decreasing CN and increasing Raman intensity of Eg mode of NiOOH with 

increasing potential.  

 

Figure 8.19. (a) In-situ time-dependent Raman spectra for Pd3Ni-IM during OER in 0.5 M 

KOH. (b) Potential dependent Raman spectra of Pd3Ni-IM catalyst during OER activity.  (c) 

Correlation of coordination number of Pd with surrounding Ni atoms and peak intensity of Eg 

mode of NiOOH in Raman spectra at different potentials. 

 
Figure 8.20. Schematic representing how Ni leaches out at oxidation potential from the bulk 

and forms NiOOH at the surface. 
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Such a correlation is being represented schematically in Figure 8.20.60 Due to surface 

reconstruction with Ni removed from subsurface layers during OER, the intercalation of OH - 

species inside the sub-surface layers will be more feasible and exhibit faster reaction kinetics. 

Figure 8.21a, b and 8.21c show the Pd 3d fitted XPS spectra of Pd3Ni-Al and Pd3Ni-IM after 

alkali mediated OER. Figures 8.22a and 8.22b show the Ni 2p XPS spectra of Pd3Ni-IM and 

Pd3Ni-Al before and after alkaline HER, respectively. Negatively charged OH- and dipolar 

water molecules get easily attracted to the oxide rich Pd3Ni-Al surface. Water dissociation is 

the first step for alkaline HER which leads to breaking of O-H bonds of water and thus more 

OH is generated and adsorbed on the surface which further increases the amount of Ni-

hydroxide on alloy surface. On the other hand, some Ni-hydroxides are formed on surface of 

Pd3Ni-IM after some time. But there is significant presence of metallic Ni on the surface which 

establishes that Pd3Ni-IM has not lost its metallic conducting property and hence keep on 

activating the surface for HER even till 80,000 ADT cycles. Ni(OH)2 has poor conductivity 

due to which it passivates the alloy surface further and the activity degrades after 6000 ADT 

cycles.  

It has been observed that after reaction, the surface metallic Ni has decreased 

substantially in case of Pd3Ni-Al whereas it has retained the metallic Ni in Pd3Ni-IM even after 

reaction. Existence of metallic Ni on the surface with Ni-hydroxide enhances the HER activity 

more by facilitated water dissociation step in alkaline HER.14 Figure 8.23a, 8.23b and 8.23c 

show the Pd 3d fitted XPS spectra of Pd3Ni-Al and Pd3Ni-IM after alkali mediated HER. It is 

observed from Figures 8.10 that initially the HER activity of Pd3Ni-Al is better than Pd3Ni-

IM, which can be attributed to the fact that the reactant molecules H2O are more attracted to 

Pd3Ni-Al because of substantial amounts of Ni2+ available (Figure 8.15e).61, 62 Whereas with 

time the activity of Pd3Ni-IM overcomes that the of Pd3Ni-Al. 

 

Figure 8.21. Pd 3d fitted XPS spectra after alkaline mediated OER for (a) Pd3Ni-Al and (b) 

Pd3Ni-IM. (c) Comparison of Pd 3d fitted XPS spectra after alkali mediated OER for Pd3Ni-

Al and Pd3Ni-IM. 
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Figure 8.22. Post electrochemical Ni 2p XPS spectra of (a) Pd3Ni-IM and (b) Pd3Ni-Al after 

OER. 

 

Figure 8.23. Pd 3d fitted XPS spectra after alkali mediated HER for (a) Pd3Ni-Al and (b) 

Pd3Ni-IM. (c) Comparison of Pd 3d fitted XPS spectra after alkaline mediated HER for Pd3Ni-

Al and Pd3Ni-IM. 

Figures 8.10 shows how the current density saturated after 6000 ADT cycles for Pd3Ni-

Al and the current kept on increasing up to 80,000 ADT cycles for Pd3Ni-IM. The optimized 

surface of Ni2+ (Ni-hydroxide) with Ni0 and Pd0 metallic states are required to achieve the best 

alkaline HER activity. 

8.4.5    Operando analysis of reaction mechanism and phase transformation 

It is observed that Pd-Ni based ordered and disordered phases which have different 

distribution of Ni atoms in the Pd-coordination significantly affects the product selectivity and 

activity in longer cycling of EOR. In-situ FTIR study has been done to understand the EOR 

mechanism using optimized cell setup (Figure 8.1b). Figure 8.24a shows the potential 

dependent in-situ FTIR study for Pd3Ni-IM during EOR. Two peaks at 1434 cm-1 and 1531 

cm-1 corresponding to symmetric and asymmteric stretching bands of O-C-O of CH3COO- 

ions.27 There is a peak at 1385 cm-1
 which corresponds to the absorption peak for CO3

2- ions 

which signifies formation of CO2 (in alkaline media) accompanied by small peak at 2352 cm-1 

for CO2. There is a negative peak at 1076 cm-1 corresponding to the C-O stretching vibration 

of ethanol which denotes the consumption of ethanol during the EOR.27 Figure 8.24b and 8.24c 

show the zoomed spectra and 3D representation depicting how with increasing time there is 
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increment in relative peak intensity of carbonate as comapared to acetate ions. This observation 

is correlated with EOR activity data where it has been observed that with increasing the time 

there is improvement in If/Ib ratio (Figure 8.11d). 

The increased relative peak intensity of carbonate ion which is concluding the 

enhancement in EOR selectivity in 12e- transfer process with time on Pd3Ni-IM ordered phase. 

The oxophilic property of Ni has led to enhanced OH adsorption and hence faster oxidation 

and lesser poisoning.63 Easy desorption of acetic acid for Pd3Ni-Al (disordered phase) is 

observed at both high and low oxidation potentials. Figure 8.25a shows time dependent IR 

spectra for EOR on Pd3Ni-Al disordered phase which shows only symmetric and asymmetric 

stretching bands for acetic acid denoting only 4e- transfer process. Figure 8.25b shows the 3D 

representation of the in-situ IR data of Pd3Ni-IM catalyst during EOR showing the emergence 

broad hump of O-H sretching peak indicating the formation of water. Figure 8.26 is the 

schematic representation of EOR on the novel ordered and disordered phases of Pd-Ni based 

compounds. 

 

Figure 8.24. (a) Potential dependent FTIR spectra of Pd3Ni-IM catalyst during EOR. (b) 

Zoomed in and (c) 3D representation of time dependent FTIR spectra of Pd3Ni-IM catalyst 

during EOR. 
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Figure 8.25. (a) (d) Zoomed in representation of time dependent FTIR spectra of Pd3Ni-Al 

catalyst during EOR. (b) 3D representation of time-dependent in-situ IR spectra of Pd3Ni-IM 

during EOR. The emergence of broad hump around 3000 cm-1 indicates formation of water (O-

H stretching frequencies). 

 

 

Figure 8.26. Schematic displaying the reaction mechanism on IM catalyst during EOR. 

Whereas for Pd3Ni-IM ordered phase with exposed metallic Ni and Pd atoms stabilizes 

acetate ions which undergo C-C cleavage and 12e- transfer complete oxidation of ethanol 

forming carbonate ion and carbon dioxide. Charge polarization at two different atoms (Pd and 

Ni) help in facile C-C splitting which is absent in alloy phase where no regular arrangement of 

Pd and Ni are present. Proper *OH adsorption is highly required to oxidise the poisoning CHx 

and CO species due to which there is improvement observed in If/Ib ratio with further cycling 

for Pd3Ni-IM catalyst. Systems with two metals impose bifunctional and electronic effect in 

enhancing the activity and reducing the catalyst poisoning effect. In ordered phase, the regular 

arrangement of Pd and Ni atoms have further enhanced the C-C cleavage with periodic charge 

polarization on the surface of the catalyst. On the other hand, in disordered phase only acetic 

acid has been observed with no CO2 formation. The disordered phase is producing majorly 

acetate ions and no carbonate ions (in alkaline mediated EOR) whereas the ordered phase is 
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producing both acetate and carbonate and the selectivity towards carbonate is gradually 

overtaking acetate with increasing time. This observation is further verified by performing 

mass spectrometric analysis of instantaneous formation of products by differential 

electrochemical mass spectrometry (DEMS). The schematic of the DEMS setup (type cell A) 

is shown in Figure 8.27a. Figures 8.27b and 8.27c clearly show that there is formation of CO2 

along with CH3CHO and CH3COOH in case of Pd3Ni-IM and there is no CO2 formation in 

case of Pd3Ni-Al catalyst. This also confirms that 12 electron transfer takes place for Pd3Ni-

IM with C-C bond cleavage whereas only 4 electron trasnfer takes place for Pd3Ni-Al. Figure 

8.27d shows the emergence of H2 and O2 during HER and OER of Pd3Ni-IM catalyst.  

Figure 8.28a and 8.28b, c shows the PXRD pattern of Pd3Ni-IM after performing 

electrochemical reactions at different pH and different reaction potential range. It is observed 

that Pd3Ni-IM phase remains intact in all reduction potentials for HER and OER. 

 

Figure 8.27. (a) Schematic of DEMS cell setup. DEMS spectra of different product evolution 

with respect to time for (b) Pd3Ni-IM and (c) Pd3Ni-Al during EOR and (d) Pd3Ni-IM during 

HER and OER.  



Unravelling Growth Mechanism of Local Entropy Tailored Intermetallic Pd3Ni  

Exhibiting Tetrafunctional Activity in Electrolyser and Fuel Cell                                   Chapter 8 

276 

 

 

Figure 8.28. (a) Post-HER, OER, ORR, EOR PXRD pattern of Pd3Ni-IM catalyst.(b, c) 

Zoomed-in PXRD pattern of Pd3Ni-IM after different electrochemical reactions. (a) from 2θ 

value of 44º to 48º (peaks corresponding to (111) and (200) planes). (b) from 2θ value of 64º 

to 70º (peaks corresponding to (220) plane). Only under the electrochemical conditions of 

oxygen evolution reaction (higher oxidation potential and higher pH), there is a phase transition 

partially from IM to alloy of Pd3Ni-IM catalyst. 

Even for EOR at potential below 1.2 V vs. RHE, the ordered Pd3Ni-IM phase remains 

intact. Interestingly, during OER, when a higher potential used above 1.2 V vs. RHE, the phase 

starts transforming to disordered alloy phase.64 Conversion to disordered phase indicates 

increase in entropy and reach a state which will be entropy driven phase. There exists a mixture 

of both ordered and disordered phase in Pd3Ni-IM after OER at higher oxidation potential in 1 

M KOH. Figure 8.29 schematically represents how the pH and reaction potential affect the 

structural orderliness of the Pd3Ni-IM internal structure. Recollecting the observation from in-

situ XAS as in Figure 8.18c and Table 8.5 where the Ni is getting leached and surface 

restructured as NiOOH, it can be correlated that Ni leached from surface and sub-surface layers 

which gave a partial disordered structure with increase in entropy near the surface layers. The 

schematic in Figure 8.20 can be firmly related to this phenomenon. 

 

Figure 8.29. Schematic of Potential-dependent and pH dependent phase transformation of 

Pd3Ni-IM. 
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Figure 30. (a) Models of Pd3Ni-IM and Pd3Ni-IM with H2O and *H + *OH adsorbed. (b) Free 

energy profile of water dissociation on intermetallic and alloy.  

 

Figure 8.31. Schematic showing reported Pd-Ni based disordered alloy compounds, A3B based 

IM compounds and Pd-based IM compounds compared with Pd3Ni IMC which showcases 

tetra-functional activity. 

We modelled Pd3Ni intermetallic and alloy and performed calculations of energetics 

for water dissociation on each of them. The structural models below show the water molecule 

adsorbed on IM and alloy and dissociated H and OH on Pd and Ni sites of IM and alloy. From 

the structural models after relaxation, it is observed that after water dissociation, the OH and 

H are on the Ni atom or in-between Ni and Pd atoms for the intermetallic. Whereas, OH and H 

are only on Pd atoms in case of alloy. This very clearly states that the presence of ordered 
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structure of Ni and Pd stabilizes OH and H more and water dissociation becomes more feasible 

on intermetallic than on alloy. Ordered structure in IM will regular patterns of Pd-Ni-Pd-Ni 

bonds and the amount of Pd-Ni interface will be more in IM than in alloy which has major Pd 

atoms with random arrangements of Ni in it. 

8.5 Conclusion 

 This work showcases the generation of a novel intermetallic compound of Pd and Ni, 

Pd3Ni. To the best of our knowledge, this is the first ordered IM formed with Pd and Ni. 

Scientific community often finds difficult to stabilize the ordered compounds with two metals 

in the same group positioned nearby. The ordered compound is compared with a synthesized 

disordered compound Pd3Ni-Al of the similar stoichiometry. Extensive characterizations show 

that charge transfer from Ni atoms to Pd atoms takes place, which is more prominent in the 

case of Pd3Ni-IM compared to Pd3Ni-Al. Orderliness and entropy of the ordered and disordered 

compounds have been estimated from DSC experiments. High temperature required for phase 

transformation of Pd3Ni-IM and high specific heat, Cp value for Pd3Ni-Al show that Pd3Ni-IM 

is more ordered, and the entropy of Pd3Ni-Al is higher. The surface chemistry and overall 

conductivity of the intermediate state of the catalyst made the highly ordered structure of 

Pd3Ni-IM highly active and selective in HER, OER, ORR, and EOR. Interestingly, the 

electrochemical activity for Pd3Ni-IM seem to increase with time and outperforms the activity 

of Pd3Ni-Al. To understand the active site generation and reaction kinetics for all reactions of 

fuel cell and water splitting, in-situ XAS, Raman, in-situ FTIR, and post-electrochemical XPS 

and XRD are being performed. It is observed from XPS that after alkali-mediated HER and 

OER, there is a presence of significant amounts of metallic Ni on the surface along with the 

oxides and oxyhydroxides, for the Pd3Ni-IM system. This metallic Ni helps in high 

conductivity and maintains a long-term stability for both HER and OER. Formation of stable 

NiOOH has been verified from in-situ Raman spectra. Post-electrochemical PXRD pattern 

finally shows that only KOH mediated OER at potential above 1.2 v vs. RHE triggers the phase 

transition from ordered to disordered Pd3Ni lattice. In-situ FTIR during EOR shows IM phase 

performs 12e- transfer process forming CO2 whereas alloy forms majorly 4e- oxidized product, 

acetic acid. Thus, this work showcases the growth mechanism of first ever reported Pd3Ni 

intermetallic and how the structure can be tuned to control the structural stability and catalytical 

performance in a most demanded fuel cell and water splitting reactions. Table 8.6 shows all 

the reported Pd-Ni based alloy disordered compounds. Table 8.7 shows all the reported 

multifunctional electrocatalysts where it is seen very few works report tetra-functionality, and 
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Table 8.8 lists all the recent works on intermetallic electrocatalysts, and finally Table 8.9 

shows the comparison of activity of Pd3Ni-IM with all the state-of-the-art catalysts in each 

electrochemical test. Figure 8.31 shows the overall comparison of this novel material with all 

other Pd-Ni based alloys, A3B based IMCs, and Pd-M based intermetallic and how this novel 

Pd3Ni-IM has been developed for the first time as a tetra-functional electrocatalyst. Ultimately, 

this catalyst was tested in full cell PEM water electrolyser and high-temperature industrial 

relevant conditioned AEM electrolysis of water. 

Table 8.6. List of A3B and Pd-Ni based disordered and ordered compounds and their 

electrochemical functionality.  

Sr.no. Catalysts IM or Alloy Functionality References 

1.  Pd3Ni-IM IM Tetra-functionality 

ORR (10,000 cycles) 

OER (20,000 cycles) 

EOR (750 cycles) 

HER (80,000 cycles) 

This work 

2. Disordered Pd3Ni, 

Pd4Ni, Pd6Ni, and 

Pd8Ni icosahedra  

Alloy ORR (10,000 ADT 

cycles) 

Sci. Adv. 2018, 4, 

eaap8817. 

3.  rGO supported 

Pt3Mn  

IM ORR 

Pt3Mn (5000 cycles) 

Angew. Chem. 

Int. Ed. 2020, 59, 

7857 – 7863 

 

4.  Pt3Fe, Pt3Co, Pt3Zn  ORR  

Fuel cell studies 10-30k 

AST cycles 

Science, 2021, 

374, 459–464  

 

5. Pd3Fe IM Li-Air battery J. Am. Chem. Soc. 

2015, 137, 

7278−7281 

6. Pd0.90Ni0.10 NWs Alloy ORR (5000 ADT cycles) ACS Catal. 2014, 

4, 2544−2555. 

7. Pd86Ni14/C, 

Pd59Ni41/C, 

Alloy EOR (1000 secs) ACS Appl. Mater. 

Interfaces 2012, 

4, 4208−4214. 

8. Pt3Co@ML-

Pt(NPC10) 

IM ORR (1,00,000 cycles) Adv. Mater., 

2023, 2301310 

9. Pd4−xNix/C (x = 

1−3) 

Alloy ORR (7200 secs) 

FAOR (7200 secs) 

ACS Appl. Energy 

Mater. 2020, 3, 

9285−9295. 
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10.  PdNi-ECs/GS2 Alloy HER (24 hours 

durability) 

Energy Fuels 

2022, 36, 

5910−5919.  

11.  NiPd@NF  Alloy OER (24 hours) J. of Environ. 

Chem. Eng. 2022, 

10, 107959 

12. Pt3Sn IM ORR (10,000 cycles) J. Am. Chem. Soc. 

2020, 142, 6, 

3231–3239 

13.  PdNi3, Pd3Ni, PdNi Alloy ORR  Electrochem. 

Commun. 2022, 

11, 1162–1165 

14. Pd83Ni17HNS Alloy EOR Angew.Chem.Int.

Ed.2015,54,13101

–13105 

15. Pt25Cu75, Pt50Cu50, 

Pt75Cu25 

Alloy ORR Nature Chem. 

2010, 2, 454–460  

16. Pt3M (M=Ni, Co, 

Fe, Ti, V) 

Alloy ORR Nature Mater. 

2007, 6, 241–247  

 

Table 8.7. List of all recently reported multifunctional electrocatalysts with their activity 

parameters.  

Sl. 

No. 

Catalyst Functionality 

(F) 

F1 F2 F3 F4 Ref.  

1. Pd3Ni-IM Tetrafunctional OER (10 = 

0.22 V) 

Alkaline 

HER (100 

= 0.31 V) 

ORR 

(E1/2 =  

0.86 V 
vs. 

RHE) 

EOR (If/Ib 

ratio is 

0.91) 

This work 

2. NiFe LDH 

single bond 

CNT-

Co3O4/NC 

Tetrafunctional OER(onset 

pot. 1.38 V 

vs. RHE) 

Alkaline 

HER (10 

= 0.3 V) 

ORR 

(onset 

pot. 

0.84 V 

vs. 

RHE) 

eCO2RR 

(-0.5 

mA/cm2 

at -0.48 V 

vs. RHE) 

J. Taiwan 

Inst. Chem. 

Eng. 2022, 

136, 

104397 

3.  Co-Ni alloy Tetrafunctional OER (10 = 

0.25 V) 

Alkaline 

HER (10 

= 0.049 

V) 

ORR 

(E1/2 =  

0.86 V 

vs. 

RHE) 

eCO2RR 

(-47 

mA/cm2 

at -1 V vs. 

RHE) 

ACS Appl. 

Mater. 

Interfaces,  

2020, 12, 

23017-

23027 

4. NiCu 

Bimetallic 
Trifunctional OER (10 = 

0.4 V) 

Acidic 

HER (10 

= 0.184 

V) 

ORR 

(E1/2 =  

0.80 V 

vs. 

RHE) 

    - J. Am. 

Chem. Soc. 

2020, 142, 

14688-

14701 



Decoding Active Sites and Mechanistic Insights for Efficient Electrochemical Water Splitting 

and Fuel Cell using Transition Metal-based Catalysts 
 

281 

 

5. Fe–Co–Ni 

MOF 

Trifunctional OER (10 = 

0.254 V) 

Alkaline 

HER (10 

= 0.116 

V) 

ORR 

(E1/2 =  

0.73 V 

vs. 

RHE) 

    - J. Am. 

Chem. Soc. 

2022, 144, 

3411-3428 

6. Co2P/CoNPC Trifunctional OER (10 = 

0.326 V) 

Alkaline 

HER (10 

= 0.130 

V) 

ORR 

(E1/2 =  
0.843 V 

vs. 

RHE) 

   - Adv. 

Mater., 
2020, 32, 

2003649 

7. NCN-1000-5 Trifunctional OER (10 = 

0.32 V) 

Acidic 

HER (10 

= 0.09 V) 

ORR 

(E1/2 =  

0.82 V 

vs. 

RHE) 

   - Energy 

Environ. 

Sci., 2019, 

12, 322-333 

Table 8.8. List of all latest intermetallic compounds in water splitting and fuel cell.  

Sl. No. Catalyst Activity   Reference 

1. Pd3Ni-IM OER (10 = 0.22 V) 

Alkaline HER (100 

= 0.31 V) 

ORR (E1/2 = 0.86 V 

vs. RHE) 

EOR (If/Ib ratio is 

0.91) 

Tetrafunctional This work 

1. PtIrFeCoCu HEI ORR (E1/2 = 0.894 

V) 

Monofunctional J. Am. Chem. Soc. 

2023, 145, 20, 

11140–11150 

2. Au-O-PdZn/C ORR (E1/2 ̴ 0.92 V) Monofunctional ACS Nano 2019, 13, 

5, 5968–5974 

3. Mo6Co7 HER in 1M KOH 

(10 = 0.417 V) 

OER in 1M KOH  

(10 = 0.427 V) 

Bifunctional Chem. Mater. 2024, 

36, 5, 2566–2576 

4. L10-Cr-PtFe/C ORR (E1/2 = 0.952 

V) 

Monofunctional J. Am. Chem. Soc. 

2024, 146, 3, 2033–

2042 

5. Pd31Bi12 ORR (E1/2 = 0.93 

V) 

Monofunctional J. Am. Chem. Soc. 
2019, 141, 6, 2342–

2347 

6. PdCu-B2 Acidic HER (10 = 

0.019 V) 

 

Monofunctional ACS Energy Lett. 

2020, 5, 12, 3672–

3680 

7. Pd3Pb UPINs/C ORR (E1/2 = 0.908 

V) 

Monofunctional Angew. Chem. Int. 

Ed. 2021, 60, 10942 

8. meso-i-Ga1Pt1 ORR (E1/2 ̴ 0.9 V) Monofunctional Angew. Chem. Int. 

Ed. 2023, 62, 

e202304420 
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Table 8.9. List of all state-of-the-art catalysts with Pd3Ni-IM.  

 OER 

IrO2 

HER (alkaline) 

20% Pt/C 

ORR 

20% Pt/C 

EOR 

20% Pd/C 

Standard 10 = 0.38 V 100 = 0.41 V E1/2 = 0.82 V vs. RHE 

after 10000 cycles 

If/Ib ratio is 0.61 

after 200 cycles 

Pd3Ni 10 = 0.22 V 100 = 0.31 V E1/2 = 0.86 V vs. RHE 

after 10000 cycles 

If/Ib ratio is 0.91 

after 750 cycles 
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SUMMARY & FUTURE OUTLOOK 

The inspiration of this thesis is to develop cost-effective, stable, and scalable transition 

metal-based electrocatalysts for the sustainable solution  of fossil fuel usage, fuel cell 

technology with green hydrogen generation. This strategy can be expanded in the broader field 

of the electrochemistry community to design sustainable catalyst materials for other 

electrochemical processes as well. A plethora of catalysts were synthesized by various synthesis 

techniques like high-temperature annealing, hydrogen engineering, solvothermal synthesis, 

colloidal synthesis, multi-step chemical reduction process, etc. In this work, different solid-

state catalyst materials like monometallic, bimetallic, alloy, intermetallic, metal-oxide surface, 

support based, and morphology tuned catalysts have been properly synthesized. This thesis has 

also shown tuned synthetic conditions from high-temperature long-duration solution phase 

synthesis to room temperature, ambient condition, and instantaneous synthesis via 

electrodeposition. Besides material design and catalytic applications, this thesis is also 

dedicated in understanding the reactive sites, dynamics of the phase and mechanistic pathway 

via in-situ spectroscopic and analytical techniques like ATR-FTIR, Raman, XAS, and DEMS, 

for understanding the reaction kinetics which can help in better enhancement in the field of 

electrocatalysis. With the help of all these studies, we have not only obtained the idea about the 

real-time electronic and structural evolution of the catalyst, but we could also be able to identify 

underlying structure-property relationships which can help to design more efficient catalysts in 

the future. 

The thesis is divided into eight chapters, with Chapter 1 discussing the global 

environmental issues associated with CO2 emissions and its probable solutions to overcome 

these issues. The main source of CO2 emission comes from fossil fuel combustion which can 

be sustainably substituted by green technology like fuel cells. The cathodic reaction, oxygen 

reduction  reaction has a very sluggish kinetics with a challenge for 4e- transfer process. 

Chapters 2 mainly focuses on the discovery of novel nanomaterials as the efficient 

electrocatalysts for the facile conversion of oxygen gas to water via 4e- reduction process which 

is the cathodic reaction of a fuel cell. The overall ORR activity is higher than state-of-the-art 

catalysts 20% Pt/C and undesired 2e- transfer ORR forming hydrogen peroxide (H2O2) is 

diminished in Pt0.2Pd1.8Ge as visible from rotating-ring disk electrode (RRDE) experiment, 

spectroscopically visualized by in-situ Fourier transform infrared (FT-IR) spectroscopy and 

supported by computational studies. The effect of Pt substitution on Pd has been properly 

manifested by X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy 
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(XPS). The swinging of oxidation state of atomic sites of Pt0.2Pd1.8Ge during reaction is probed 

by in-situ XAS which efficiently enhances 4e- transfer producing extremely low percentage of 

H2O2. The anodic counterpart of fuel cell deals with green fuel hydrogen oxidation. The gas H2 

is majorly obtained from steam reforming of methane which is not sustainable process and 

releases CO2 into the atmosphere. Hence, electrochemical water splitting forms the green 

hydrogen. The major drawback of facile water electrolysis is sluggish anodic reaction of water 

splitting, that is, oxygen evolution reaction (OER). Chapters 3-5 discloses efficient OER 

catalysts with high activity and durability. As chapter 1 deals with Pt substituted Pd2Ge 

intermetallic compound, chapter 3 continues with Co substituted Pd2Ge which forms a ultra-

thin layer of CoO on Co substituted Pd2Ge lattice providing highly efficient OER activity, 

which is much better than pristine CoO. With the help of powder XRD, XAFS, XPS, and Raman 

spectroscopic technique, it has been concluded that the core lattice of Pd2Ge imparts lattice 

strain and increases the spin density of the surface CoO which ends up in giving industrial level 

OER activity and stability at a very high current density. The role of the CoO layer in OER has 

been verified by its selective removal using argon sputtering and conducting OER on the etched 

catalyst. In-situ X-ray absorption near edge structure (XANES) and extended X-ray absorption 

fine structure spectroscopy (EXAFS) demonstrate that CoO gets transformed to CoOOH (Co3+) 

in operando condition with faster charge transfer through Pd atoms in the core Pd2Ge lattice. 

In-situ Raman spectroscopy depicts the emergence of a CoOOH phase on applying potential 

and that the phase is stable with increasing potential and time without getting converted to 

CoO2. Density functional theory (DFT) calculations indicate that the Pd2Ge lattice induces 

distortion in the CoO phase and generates unpaired spins in non-magnetic CoOOH system 

resulting in an increase in OER activity and durability. Differential electrochemical mass 

spectrometry (DEMS) has been explored to visualize the instantaneous generation of oxygen 

gas during the onset of the reaction. 

In the fourth chapter, the harsh synthetic conditions for solution phase nanoparticles 

synthesis via solvothermal and colloidal synthesis is being replaced with electrodeposition at 

room temperature, within 5-10 minutes under ambient conditions. I electrodeposited transition 

metals Ni, Co, Cu and Fe, amongst which Co gave a highly symmetrical hexagonal flower-like 

morphology for the first time. The formation mechanism for these hexagonal flowers have been 

explored via different controlled experiments and this material was tested for electrochemical 

oxygen evolution reaction (OER) with a very low overpotential of only 170 mV for 100 

mA/cm2. These Co-flowers were deposited on different substrates like Ni foil, Cu foil, Ni foam, 



Decoding Active Sites and Mechanistic Insights for Efficient Electrochemical Water Splitting 

and Fuel Cell using Transition Metal-based Catalysts 

 

290 
 

stainless steel, and carbon paper which reveals the promising flexibility of these highly efficient 

Co nanoflowers to be commercialized due to being deposited on in-expensive versatile 

substrates.  

The toxicity and expensive property of Co is becoming a concern, and hence deceasing 

its loading and substitution with non-toxic element like Fe forming CoFe ordered intermetallic 

structure has been studied in the fifth chapter of the thesis. Multi-walled carbon nanotubes 

(MWCNTs) with N-doping have been used as a conducting support where Co and Fe is initially 

forming their nitrides CoN/FeN and finally forming ordered intermetallic CoFe via nitride 

formation. It has been explored without N-doped MWCNTs, CoFe is not being formed. 

Nanometric uniform distribution of CoFe intermetallic NPs displayed a very high OER activity. 

The activity is further increased with just 1% Pt loading on CoFe which generated 

compressional strain on CoFe IM lattice which enhanced feasible conversion from Co/Fe to 

CoOOH/FeOOOH which is reflected in decreased overpotential for the reaction.  

After discussing some efficient OER catalysts, chapter 6 and 7 discloses some highly 

efficient hydrogen generation (HER) catalysts. The discovery of novel materials for industrial 

standard hydrogen production is the present need considering the global energy infrastructure. 

In chapter 6, we introduce a novel electrocatalyst, Pt3Ge, engineered with a desired 

crystallographic facet (202) accelerates hydrogen production by water electrolysis and records 

industrially desired operational stability compared to the commercial catalyst platinum. Pt3Ge-

(202) exhibits low overpotential of 21.7 mV (24.6 mV for Pt/C) and 92 mV for 10 mA/cm2 and 

200 mA/cm2 current density, respectively in 0.5M H2SO4. It also exhibits remarkable stability 

of 15,000 accelerated degradation tests cycles (5000 for Pt/C) and exceptional durability of 500 

h (@10 mA/cm2) in acidic media. Pt3Ge-(202) also displayed low overpotential of 96 mV for 

10 mA/cm2 current density in the alkaline medium, rationalizing its hydrogen production ability 

over a wide pH range required commercial operations. Long-term durability (>75 h in alkaline 

media) with the industrial level current density (>500 mA/cm2) has been demonstrated by 

utilizing the electrochemical flow reactor. The driving force behind this stupendous 

performance of Pt3Ge-(202) has been envisaged by mapping the reaction mechanism, active 

sites and charge transfer kinetics via controlled electrochemical experiments, ex-situ X-ray 

photoelectron spectroscopy, in-situ infrared spectroscopy and in-situ X-ray absorption 

spectroscopy further corroborated by first principles calculations. 

One of the important criteria for an electrocatalyst is its economic viability. Volcano plot 

for HER suggests that Pt is the best catalyst with commercially used catalyst being 20% Pt on 



                                                                                                      Summary and Future Outlook 
 

 
 

 

291 
 

carbon support. Keeping this in mind, chapter 7 has further reduced Pt loading to 10% with 

non-expensive support of CeO2. The speciality of CeO2 is its versatile morphology, switchable 

Ce (IV)-Ce (III) valency, and inexpensive. I have designed cube and rod CeO2 morphologies 

and have incorporated Pt metal in-situ (during CeO2 formation) and ex-situ (after CeO2 

formation) with different loading percentage which gave the best HER activity for in-situ 

incorporation of only 10% Pt in CeO2 cube morphology. This is observed that Pt incorporation 

with enhanced Pt-CeO2 is obtained for in-situ in cube and higher interface has provided higher 

HER. This can be correlated to the H-spillover mechanism during electrochemical HER from 

Pt to CeO2 which is highest for cube morphology.  

 Finally, chapter 8 discloses the Master of all trades! Designing a multifunctional 

electrocatalyst is of surging demand. This work deals with successful solution phase synthesis 

of an ordered compound of Pd and Ni, Pd3Ni, which is assumed to be difficult as almost no 

adjacent elements in a same group form intermetallic compound. Pd3Ni is a highly efficient and 

electrochemically stable material for tetra-functional activity, as in, hydrogen evolution reaction 

(HER), oxygen evolution reaction (OER), oxygen reduction reaction (ORR), and ethanol 

oxidation reaction (EOR) which constitutes both fuel cell and water electrolyser. Extensive ex-

situ and in-situ characterization has disclosed the robustness of this material and reaction 

mechanism in different. This material has shown promising activity in proton exchange 

membrane water electrolyser and high temperature fuel cell. The tuned surface of the 

intermetallic has enhanced C-C cleavage in ethanol molecules allowing the sluggish 12e- 

transfer process and have shown very high stability of >80k cycles of alkaline HER. Role of 

pH and potential has been explored in retaining the ordered phase of the intermetallic. Tetra 

functionality and its extensive exploration under different reaction conditions have been 

exhaustively done in this work. 

In conclusion, this thesis has succeeded in the development of a variety of transition 

metal-based electrocatalysts, which are highly efficient electrocatalysts for water splitting and 

fuel cell. Throughout the thesis, a plethora of fundamental concepts of tuning the catalytic 

property has been used, like controlling metal-surface oxide, alloying, structural ordering, the 

role of a single atomic site, the effect of exposed facet, etc. The progress of electrochemical 

research on water splitting and fuel cell is strongly dependent on the design of efficient catalysts 

to achieve higher activity, stability, and selectivity towards the desired product. In view of this, 

the content of this thesis can be used as a handbook for those who are working in this area. Not 

only the design of the catalyst, the systematic developments of different types of reactors and 

scaling-up technologies. The standardization and optimization of the various component 
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involved in the in-situ studies like ATR-FTIR, Raman, XAFS, and DEMS could be beneficial 

for understanding the real-time picture of the reaction mechanism and the active sites involved 

in electrochemical HER, OER, ORR, and EOR. Overall, the strategies used in this thesis may 

be explored for developing highly active and stable sustainable catalysts for the commercial 

green H2 generation and integration of hydrogen generation with fuel cell technology which 

can really find a solution to the global issues related to energy and environment. The overall 

work in this thesis is schematically represented in the figure below, Figure 9. 

 

Figure 9. Schematic illustration describing the contents of the thesis. 
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