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Thesis Title: Design strategies using transition metal-based oxides for 
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Registration Number: 176122028 

Thesis Supervisor:  Prof. Mohammad Qureshi 

Department:   Chemistry 
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India. 

Thesis Overview 

✓ Chapter 1: The current scenario of the on-going research and challenges related to the 

development of efficient, cost-effective, and stable electrocatalysts are been briefly 

illustrated in this chapter. This chapter also explains the different strategies and 

methodologies to be employed for the development of an efficient electrocatalyst for 

enhanced water splitting and dissociation performance. The chapter concludes with the 

objectives and motivation that led to the design and fabrication of several metal oxide-based 

catalysts for water electrolysis.  

✓ Chapter 2: This chapter illustrates the synthetic protocols of the electrocatalysts and the 

instrumentation techniques used for their characterizations. It also discusses the methods for 

fabrication of the working electrodes and bipolar membrane utilized for electrochemical 

applications and the performance parameters for determination of their catalytic activities.  

✓ Chapter 3: Doping and overlayer strategy: Strontium doped Lanthanum manganite 

overlayered with Cobalt Phosphate for oxygen evolution reaction 

(ACS Applied Energy Materials, 2020, 3, 1279) 

In this chapter, we have utilized the doping strategy to enhance the electrochemical 

performance by virtue of its increased bulk conductivity. LaMnO3, a 3D perovskite was chosen 

due to its high flexibility of elemental composition, tunable electronic/defect structure and high 

stability. Here, Sr2+ was doped into the La3+ (A-site) resulting in conversion of some Mn3+ to 

Mn4+ state which tends the Mn–O–Mn bond to ~180°, thereby enhancing the conductivity due 

to facile charge mobility within the bulk. La0.7Sr0.3MnO3 was found to be best performing 

electrocatalyst and in turn was further modified with an overlayer of cobalt phosphate (Co-Pi). 

The faster reaction kinetics of cobalt phosphate (Co2+↔ Co3+↔ Co4+) at the electrolyte 

interface led to ~4-fold enhanced turnover frequency of the composite due to the ~12-fold 
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reduced charge transfer resistance (Rct) value. The La0.7Sr0.3MnO3/Co-Pi also delivered lower 

overpotential of 220 mV with Tafel slope of 62 mV/decade. Further, the ~98% Faradaic Yield 

and 16 hours long-run stability proved the high efficiency of the composite electrocatalyst. 

 
Figure 2.1: (a) Schematic representation of the La0.7Sr0.3MnO3/Co-Pi composite electrode over 

FTO substrate undergoing the OER process, (b) Polarization curve depicting the over potential 

values, and (c) Nyquist-plots with the obtained Rct values   

✓ Chapter 4: Transcription strategy: Morphological transformation of Strontium doped 

lanthanum manganite for oxygen evolution reactions 

(Sustainable Energy Fuels, 2021, 5, 6392) 

In this chapter, we have utilized the morphological strategy to increase the electroactive 

sites and the bulk conductivity of 3D perovskites thereby enhancing their electrochemical 

performance.  

 
Figure 4.1: FESEM images of (a) general solid-state, (b-i) synthesized morphological LSMO, 

(j) Turnover frequencies of all LSMO, and (k) long-term stability test of general solid-state 

LSMO and wire-shaped LSMO with their corresponding LSV as inset 

La0.7Sr0.3MnO3 (LSMO) was found to be better electrocatalyst but its high temperature 

solid-state synthesis restricted tuning of desired morphology. The diffusion mediated solid-

state reaction process led to the idea of utilization of transcription methodology. Here one of 
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the precursors, MnOx, was tuned into desired morphology and latter utilized as template during 

solid-state reaction to transcript the pre-defined morphology onto LSMO. On application of 

this transcription methodology, a library of desired morphological LSMOs were synthesized 

with increased electroactive sites and charge conductivity than the general solid-state LSMO. 

The electrochemical performances showed that the 1D wire-shaped LSMO attained ~4-fold 

enhanced electrochemical active surface area and ~2-fold reduced charge transfer resistance 

than the general solid-state LSMO resulting in overpotential of 330 mV with Tafel slope of 76 

mV/decade. The high stability of the electrocatalyst was confirmed from its 24 hours 

continuous OER performance with ~98% average Faradaic yield while the high activity was 

confirmed from the ~4-fold enhanced turnover frequency. 

✓ Chapter 5: Morphology and overlayer strategy: Oxygen evolution reaction 

performance of di-manganese copper oxide coupled with nickel borate 

(Sustainable Energy Fuels, 2021, 5, 2517) 

In this chapter, we have synthesized a complex metal oxide, di-manganese copper oxide 

having high stability and electrochemical activity by virtue of its mixed valence states of Mn 

(III/IV) and Cu (II/I).  

 
Figure 5.1: (a) FESEM image of 2D flake-like structures of Mn2CuO4, (b) FETEM image of 

composite showing the Ni-Bi overlayer over Mn2CuO4 particle, (c) Polarization curve showing 

the overpotential values, (d) stability curves with turnover frequencies as inset, and (e) 

schematic representation of the multi-metal redox cycles undergoing the OER process 
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The 2D flake-like structures of as-synthesized Mn2CuO4 provides better exposed surface for 

the incoming electrolyte molecules to interact with the electroactive sites and the redox couple 

(Mn3+ + Cu2+ ↔ Mn4+ + Cu+) within the bulk stabilizes the molecule during the OER, thus 

providing the high electrochemical performance. The OER kinetics is further boosted by 

depositing nickel borate (Ni-Bi) over its surface via electrodeposition. The redox cycle of Ni 

atom (Ni2+ ↔ Ni3+) facilitates the charge transfer process at the electrolyte interface thereby 

accelerating the overall water oxidation process. The composite electrocatalyst, Mn2CuO4/Ni-

Bi, showed a lower overpotential of 230 mV at current density of 10 mA/cm2 with Tafel slope 

of 56 mV/decade. The Ni-Bi overlayer also increased the overall electrochemical active surface 

area with corresponding double-layer capacitance value of 55 mF/cm2 and reduced the charge 

transfer resistance at the electrolyte interface to 13.15 Ω. The self-redox property of Mn2CuO4 

provides the high stability as confirmed from 20 hours of continuous OER with average 

Faradaic yield of ~98%. The redox cycle Ni-Bi additionally resulted in ~8-fold enhanced 

turnover frequency of the composite electrocatalyst. 

✓ Chapter 6: Morphology, overlayer and hetero-junction strategy: Bifunctional 

Mn2O3/CuO-(VO)3(PO4)2.6H2O for electrochemical water splitting 

(ACS Applied Materials & Interfaces, 2022, 14, 52204) 

In this chapter, we have synthesized a n-p type heterojunction comprising Mn2O3 and CuO 

to fabricate a bi-functional electrocatalyst undergoing both HER and OER. Also, the difference 

in rate of diffusion coefficients of the respective metal ions (DMn > DCu) led to transformation 

of Mn2O3 solid spheres into hollow spherical structures of Mn2O3/CuO due to the ion-exchange 

Kirkendall effect. The hollow spheres led to the increase in number of electroactive sites owing 

to more exposed surface area, while the n-p heterojunction led to more charge separation and 

accumulation at the semiconductor interface thereby increasing the electrocatalytic activity of 

the semiconductor towards overall water splitting. The ~3-fold enhanced double-layer 

capacitance (Cdl) and ~2-fold reduced charge transfer resistance (Rct) for Mn2O3/CuO 

compared to bare Mn2O3 results in improved OER (η10 = 280 mV) and HER (η10 = 310 mV) 

performances. The bi-functional property of the semiconductor was further boosted by the 

addition of vanadyl phosphate (VOP), owing to its high charge transfer coefficient value (α), 

as overlayer over the Mn2O3/CuO particles. The composite, Mn2O3/CuO-VOP, resulted in 

much enhanced OER (η10 = 190 mV) and HER (η10 = 220 mV) performances with overall cell 

voltage of 1.64 V @ current density of 10 mA/cm2. The durability of the composite 

electrocatalyst was also examined with 36 hours of long-run stability test for both OER and 
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HER while its electrochemical activity towards water splitting was confirmed from the 

obtained average Faradaic yield of ~98%. 

 
Figure 6.1: FESEM images of (a) Mn2O3, (b) Mn2O3/CuO, (c) Mn2O3/CuO-VOP, and (d-f) 

their corresponding FETEM images showing the morphological transformation from solid 

sphere to hollow spherical structure and the overlying 2D sheets, respectively, turnover 

frequencies of the electrocatalysts for (g) OER and (h) HER, (i) overall water splitting depicting 

the cell voltage, (j) Current vs scan rate depicting the Cdl values, and (k) Nyquist plot @ OCP 

depicting the Rct values 

✓ Chapter 7: Membrane Strategy: Vanadium oxide nanosheets infused functionalized 

polysulphone bipolar membrane for water dissociation 

(Applied Materials & Interfaces, 2023, DOI: 10.1021/acsami.2c20090) 

In this chapter, we have utilized the water dissociation process occurring at the interfacial 

layer (IL) of a bipolar membrane (BPM) generating H+ and OH– ions which are then converted 

to H2 and O2 at cathode and anode, respectively. Polysulphone (PSp) polymer has been 

functionalized with anionic, –SO3
– (SPSp), and cationic, –R4N

+ (QPSp), groups to synthesize 

the cation exchange layer (CEL) and anion exchange layer (AEL). To boost the water 

dissociation at the IL region, 2D V2O5 nanosheets were synthesized owing to its high affinity 

towards water adsorption. The V2O5 nanosheet was blended with polyvinyl alcohol (PVA) and 

incorporated at the IL region between the SPSp and QPSp to fabricate the composite BPM 
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(BPM_VO-ns). The PVA provided the adhesion of the two IEL and V2O5 acted as the catalyst. 

The H-bond formation between the V2O5 and H2O weakened the H–OH bond thereby easy 

dissociation as supported by the lower water dissociation voltage (Vdiss) of 1.11 V and low 

pseudo-limiting current density (Ip-lim) of 0.98 mA/cm2 at 1 V. The reduced dissociation 

resistance (Rdiss) of 0.027 Ω.cm2 and transmembrane voltage (Vtrans) of 3.6 V @ current density 

of 100 mA/cm2 also supports the high activity of the composite BPM towards water 

dissociation process. 

 
Figure 7.1: Digital images of (a) SPSp, (b) QPSp, (c) PVA, (d) PVA_V2O5-ns, (e) FESEM 

image of composite BPM, EDS mapping showing the presence of (f) carbon, (g) oxygen, (h) 

sulphur, (i) nitrogen, (j) vanadium, (k) current-voltage curve showing the WD performance, 

and (l) schematic of the plausible mechanism undergoing in the IL region for enhanced water 

dissociation process 

✓ Chapter 8: Thesis overview and future perspectives 

The current chapter, in short, summarizes the conclusions and the overview of the present 

thesis. It also discusses the possible modifications that can be done in the near future towards 

the practicality of the electrochemical water splitting.  
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CHAPTER 1 

 

 

 

Introduction and Literature Survey 

This chapter comprises a comprehensive overview of electrochemical water splitting. Overall 

energy consumption and future energy demand contributed by present non-renewable energy 

sources apart from the need for renewable energy sources are discussed. A brief survey of 

current state-of-the-art scenario and challenges associated with the design and development 

of working electrode materials utilized for electrochemical water splitting are discussed. 

Several strategies used to enhance the surface reaction kinetics of metal oxide-based working 

electrodes are also discussed.  
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1.1. Renewable Energy Sources 

 The global energy crisis, and its associated environmental issues, has motivated 

scientists to search for renewable energy resources that can replace fossil fuels. The use of 

carbon-free renewable energy sources can significantly reduce the CO2 emissions and restore 

the ecological balance. The distribution of the different renewable energy sources is not 

geological unlike the conventional non-renewable energy sources.1 Among all the available 

sources, solar energy has the highest potential to meet all the energy demand as the Sun’s 

annual flow of energy to the Earth’s surface (1,73,000 TW) is thousand times than what is 

needed.2 But till date, no economically feasible technology has been developed to harness the 

incoming solar energy to meet all the energy demand.1 So, researchers have diverted to other 

alternatives which have zero carbon emission and are equally capable of producing energy in 

adequate amount.  

 Hydrogen gas (H2), due to its high calorific value of ~141.7 MJ/kg has proven to be the 

alternate source of energy with zero carbon emission.3 Till date most of the hydrogen gas is 

produced using the traditional methods like steam reforming of methane, coal gasification, etc., 

which equally contribute to the increase in the greenhouse gasses.4 The secondary methods of 

hydrogen production include photolysis, electrolysis, and/or thermolysis of water and through 

biomass.4,5 Among all, electrolysis is considered more effective due to its ability to produce 

hydrogen in large quantity, thereby has higher efficiency than other alternate routes. 

Electrochemical water splitting is thus considered as the boon of the modern era for requisite 

energy production. 

1.2. Electrochemical Water Splitting 

Electrochemical water splitting is a chemical process that converts water into hydrogen 

and oxygen with the help of electrical energy. It represents one of the most important reaction 

for hydrogen fuel production, as water is the most abundant hydrogen source on the Earth and 

the electricity required can be derived from the solar cells or any other green processes.6 In a 

traditional electrochemical cell, there occurs two electrodes, anode and cathode producing the 

oxygen and hydrogen, respectively, embedded inside two separate cambers supported by 

electrolyte solution to complete the circuit loop (Figure 1.1). The electrochemistry involved in 

water electrolysis is relatively simple. The following equation is the simplest description of the 

electrochemical splitting of water into H2 and O2 in neutral conditions.  

H2O → H2 + 
1

2
 O2 (G ~ 237.4 kJ/mol, 1.23 V vs NHE) 
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Figure 1.1. Schematic of an electrochemical cell. The water is reduced at the cathode to 

produce H2, and oxidized at the anode to produce O2 separating by a separator that allows 

electrolyte to pass through. 

The accompanying energy losses are minimized by performing the water electrolysis 

either in highly acidic conditions or in highly alkaline conditions.7,8 HER is highly efficient in 

acidic medium due to the availability of protons for immediate discharge and H2 production. 

However, in acidic conditions, the efficient catalyst with minimum overpotential are the 

oxides/alloys of either Ir or Ru, which are of much high cost. For these reasons, electrocatalytic 

water splitting has mainly involved catalysts based on precious and scarce metals, such as Pt 

for HER and Ir and Ru for OER.9,10 

Following are the proposed reactions that are to occur in acidic and alkaline electrolytes 

during electrochemical water splitting.11,12 

In acidic: 

2H2O (l) → 4H+ (aq.) + 4e- + O2 (g) (at anode) 

4e- + 4H+ (aq.) → 2H2 (g) (at cathode) 

In alkaline: 

4OH- (aq.) → 2H2O (l) + 4e- + 2O2 (g) (at anode) 

4e- + 4H2O (l) → 4OH- (aq.) + 2H2 (g) (at cathode) 
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The reaction pathway followed by the HER suggests that the electrolyte medium to be acidic 

for the generation of H2 by the electrocatalyst. The Tafel mechanism for HER is as follow 

(where S is the electro-active site), 

H+ (aq.) + S + e- → S–H (adsorption and discharge of proton) 

2S–H → H2 (g) + 2S (chemical desorption of H2) 

Unlike HER, the reaction pathway for OER is the electrochemical oxide path stated as bellow. 

In acidic: 

S + H2O → S–OH + H+ (aq.) + e- 

S–OH → S–O + H+ (aq.) + e- 

2S–O → 2S + O2 (g) 

  In alkaline: 

S + OH- (aq.) → S–OH + e- 

S–OH + OH- (aq.) → S–O + H2O + e- 

2S–O → 2S + O2 (g) 

 As mentioned, splitting of water is thermodynamically uphill process (G = +237.4 

kJ/mol = 1.23 V vs. NHE), thus an additional energy in the form of electricity is to be provided 

for the reaction to be spontaneous. In practical application, a potential much higher than 1.23 

V is needed to initiate the electrolysis process and to acquire enough hydrogen gas, thus a huge 

amount of electrical energy is utilized. The prime objective of electrochemical water splitting 

is to design and fabricate a material which can minimize the energy need to initiate the reaction 

and upsurge the hydrogen production. Different strategies have been developed and utilized to 

supress the shortcomings of different materials and enhance the overall electrochemical 

performances. 

1.3. Strategical Pathways to Enhance the Electrochemical Performances 

 The performance of an electrocatalyst towards water splitting depends on several 

parameters including both intrinsic and extrinsic properties of the material. Theoretically water 

splitting should commence at 1.23 V vs. RHE for oxygen production and 0 V vs. RHE for 

hydrogen production, but in practise the difference is much higher than 1.23 V. In general, 

water splitting occurs at the interface of solid catalyst, liquid electrolyte, and gaseous 

products.13 For example, for an OER process in alkaline electrolyte occurring at solid-liquid-

gas boundary region, the OH‒ ions from the electrolyte adsorbs onto active sites while the 
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electrons get transferred from current collector to catalytic sites. After a series of surface 

reactions, like the bond cleavage/formation, oxygen molecules are produced which then 

desorbs off the surface into electrolyte. Thus, electrochemical process involves three vital 

steps: mass transport, charge transfer, and surface reaction.13-15 An effective electrocatalyst 

therefore must have advanced active site concentration, intrinsic reactivity, charge transfer 

facility, mass transport capacity, and physical and chemical stability. In this regard several 

approaches have been recognized to encourage electrochemical performance, including 

morphological tuning, defect engineering, crystallography tailoring, construction of 

heterointerface, catalyst surface modification, and regulation of catalyst/electrolyte interface 

(Figure 1.2).13, 16-20 

 
Figure 1.2. Schematic illustration of several active approaches for high-performing HER/OER 

electrocatalysts  

 1.3.1. Catalyst Support 

 OER and HER involves multi-step electron transfer processes for the electrolysis of 

water molecules, thus the complete utilization of the charged species at the electrode surface is 

quite tough. Oxygen evolution catalysts (OEC) and/or hydrogen evolution catalysts (HEC) are 

known to facilitate the electrocatalytic reactions at the electrode surface by accommodating the 
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charged species and undergoing redox reactions.21-25 These catalysts when supported over the 

semiconductor catalyst, plays a crucial role by improving both the reliability and activity of 

electrochemical water-splitting. (i) HEC/OEC could lower the activation energy and/or 

overpotential for HER and OER on the surface of semiconductors, (ii) enhanced charge 

separation at the electrode/electrolyte interface, (iii) undergoes redox reactions thereby 

fastening the utilization of the charged species.26,27 The O2 and H2 evolution in an OEC/HEC 

modified catalyst is affected by many reasons, such as the loading amount, structure, and 

particle size. Too much loading of catalysts on the surface of the semiconductor leads to the 

overcrowding of the particles thereby obstructing the transfer of charged species to the water 

molecules.23-25 First-row transition metal hydroxides, phosphides, phosphates, borates, etc., are 

used as overlayers to overcome the sluggish reaction kinetics to accomplish a higher efficiency 

and decent reaction rates.28-33 Amid several metal-based OECs, cobalt and nickel have known 

to be effective water oxidation catalysts and can operate under neutral and alkaline conditions. 

For instance, the electrocatalytic function of the well-known catalyst, cobalt phosphate, is 

accompanied with oxidation from Co(II) to Co(III) and Co(IV), leading to the creation of high-

valence Co(IV)-O intermediates.34,35 Similarly, nickel borate, another effective catalyst, 

undergoes redox cycle between +2, +3 and +4, thereby facilitating the overall reaction 

kinetics.36-38 Thus, the mechanism of the overlayer catalysts lies in the redox capability of the 

constitute metal centre. The holes generated within the semiconductor are taken up by the 

overlayer catalyst where the metal centre gets oxidized. This oxidized species then interacts 

with water molecule at the electrolyte interface and easily releases the hole, oxidizing the water 

molecule and itself gets reduced to its native form to accept more generated holes from the 

semiconductor. 

1.3.2. Heterojunction Design 

 Heterogeneous catalysts are known for their advanced water splitting performance of 

which the heterojunction catalysts occupy a very significant position.39 In heterojunction 

catalysts, the active sites get modified due to the rearrangement of electrons on heterostructure 

interfaces, and the interaction of different active sites promotes the reaction kinetics, thus 

shows better water electrolysis activity than single component electrocatalysts.40,41 The merits 

of heterojunction are as follows. Primarily, the lattice strain in heterojunction interface exposes 

higher active sites. Secondly, diversity in morphological design providing the scope for the 

improvement of the specific surface area and catalytical active sites.42 Thirdly, the synergistic 
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effect promotes the efficiency in chemical reaction due to the charge transfer between the 

components in heterojunction catalysts.43,44  

 Non-noble metal heterojunction catalysts have gained more attention for electrolytic 

water performance due to their abundance and cost-effectiveness.39,45 Transition metals (Ti, 

Ni, Fe, Mo, Co, W, etc.) have unfilled d-orbital and/or unpaired electrons in d-orbitals, making 

it favourable to adsorption/desorption of reactive groups.46,47 The unfilled d-orbitals act as the 

Lewis acid sites making it reactive towards the incoming hydroxyl ions, while the unpaired 

electrons in d-orbitals act as Lewis base sites which are reactive towards the incoming 

protons.46-48 The specific cooperativity of the heterojunction leads to higher electrical/ionic 

conductivity, catalytical activity and stability compared to the corresponding single-component 

transition metal/oxide.48-50 For example, CoMo-hybrid precursor was obtained in one-pot 

solvothermal method using Co and Mo mixed precursor which upon further calcination 

resulted a hollow Co3O4/CoMoO4 heterojunction thereby adding contact area between the 

electrode and electrolyte (Figure 1.3b).49 Similarly, Zhu et al. synthesized Fe-V NPs covered 

with ultrathin NiO NSs on NF where the Fe and V ions gets substituted into NiO lattice, thereby 

producing more active ingredients getting exposed in electrochemical OER (Figure 1.3a).51  

 
Figure 1.3. Schematics of the formation of the heterojunction structures for efficient OER (Ref. 

49 & 51) 

1.3.3. Defect Engineering 

 Defects in an electrocatalyst is an significant surface property, which affects the 

catalytic activity, thus altering the adsorption/desorption and charge distribution 

behaviours.20,52 Defects can be considered as inhomogeneous composition in a material 

including vacancies, dopants, etc.53 Metal ions doping (e.g., Fe, Sr, Cu, Mn, etc.) has been 

proven as an effective means for tailoring surface features.20,54,55 Heteroatom doping favours 

the electron transfer in the catalyst, regulates adsorption/desorption behaviour and creates 

enormous active sites thereby enhancing the electrocatalytic performance.56,57 For example, a 

recent work verified that the doping of Sr onto perovskite oxide led to oxygen over-

stoichiometry enhancing the electrical conductivity and electrochemical performance.58 

Similarly, doping of Sr divalent ions into the crystal lattice of 

(b)(a)
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Pr1−xSrxFeO3−δ perovskites increased the overall electrocatalytic activity due to the increased 

oxygen vacancy (δ) concentration, leading to enhanced availability of catalyst sites, and 

increased average oxidation state of Fe cations.59 Another example where Mn atom doped onto 

cobalt carbonate hydroxide led to dual effect of electronic and morphological modulation.60  

 
Figure 1.4. Schematic of the effect of Sr doping onto A-site of perovskite oxide (Ref. 60) 

1.3.4. Morphology Tuning 

 Surface morphology engineering is observed as an effective method to manipulate 

surface features where the electrocatalytic materials are developed with 1D, 2D and 3D 

nanostructures (Figure 1.5) to enhance the exposed active sites and improve the mass transfer 

processes.20,61,62 One-dimensional (1D) nanostructures enhances the electron transport by 

providing direct transfer pathway. The electrolyte can also infiltrate due to large specific 

surface area forming abundant accessible active sites, thereby enhancing the catalytic activity. 

Generally, the 1D nanostructures involve nanobelts, nanowires, nanofibers, nanorods, 

nanotubes, and so forth.63-66 Unlike 1D materials, two-dimensional (2D) nanostructured 

materials possess high theoretical specific surface area thus providing scope to modify surface 

properties. The lateral size and thickness of 2D nanostructures play a crucial role in the 

alteration of chemical, physical, and electronic properties. Most probable 2D structures are the 

nanoplates and nanosheets which additionally provides better contact between the electrolyte 

and electrode.67-69 

In case of three-dimensional (3D) nanostructures, significantly enhanced surface area 

and large active sites are attained for advanced electrochemical applications.70-72 3D 

nanostructures have the advantage of morphological versatility based on their synthesis 

methods and also have control of the facets-oriented crystallization.73-75  
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Figure 1.5. Schematics of (a) 1D, (b) 2D, (c) 3D morphological features, and the corresponding 

FESEM images (Ref. 66, 68 & 72) 

1.4. Bipolar Membrane for Water Dissociation Process 

 The splitting of water into hydrogen and oxygen is quite advanced but yet challenged 

for commercialization where hydrogen and oxygen gasses needs to be separately collected. For 

this, the cathode and the anode are separated out using an ion-exchange membrane (IEM) to 

avoid mixing of the evolved gasses.76,77 But the incorporation of IEM into the system adds to 

the solution resistance thereby restricting the efficiency of the electrocatalyst. In this regard 

bipolar membranes (BPM) have gained much attention due to its property of undergoing 

disproportionation reaction to dissociate H2O molecules into H+ and OH‒ ions which are then 

efficiently converted respectively into H2 and O2 at the cathode and anode surfaces.78-80  

 
Figure 1.6. Schematic representation for the dissociation of water into H+ and OH‒ ions at the 

junctions of a bipolar membrane under reverse bias 

 Known HER related systems are most active in acidic conditions while OER activity is 

reported to be high in alkaline conditions, thus BPMs provides the opportunity in which the 

anode and cathode electrocatalyst to work at different pH.81,82 Thus, the use of BPM in water 

electrolysis has shown promising results by (1) allowing operation of redox reactions 
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simultaneously under different pH conditions and (2) maintaining a pH gradient across the 

membrane, thereby reducing the total overpotential of the system. BPMs are generally 

polymeric membranes comprising of two layers, an anion-exchange layer (AEL) with positive 

charges, and a cation-exchange layer (CEL) with negative charges. The interface between AEL 

and CEL is denoted as the bipolar junction or “interfacial layer” (IL). At the IL, 

disproportionation reaction occurs where water is electro-dissociated into protons and hydroxyl 

ions without any gas formation (Figure 1.6). Upon application of current across a BPM, the 

ions in the bulk solution cannot sustain the ionic current through the membrane as either ions 

are unable to pass both the layers of a BPM. Hence, the generated H+ and OH‒ ions at the 

membrane interface carriers the ionic current.80 With respect to the electrodes, the alignment 

of BPM is critical to ensure the flux of H+ and OH‒ ions along the electric field, thus the CEL 

should be towards the cathode while the AEL towards anode (reverse bias condition). Thereby, 

the generated ions exit the membrane through respective layers (i.e., OH‒ through AEL, and 

H+ through CEL), producing a base and an acid on opposite sides and generating a pH gradient 

over the BPM.80,83  

1.4.1 Mechanism Involved in Water Dissociation 

A BPM is an analogy with p-n junction under reverse bias condition as in the later holes 

and electrons are pulled away from the p-n junction creating a depletion layer leading to current 

ceasing.84,85 The junction formed at the BPM interfacial layer (IL) contains a built-in potential 

due to the formation of depletion region when the BPMs are immersed into liquid 

electrolytes.80,82 The potential across the BPM depend on the pH difference across it and given 

by the Nernst equation as follows,  

∆VBPM =  2.3
RT

F
(pHAnolyte − pHCatholyte)  

Thus, under extreme pH difference (ΔpH = 14) across BPM, the membrane potential 

reaches to ~ 0.83 V, representing the minimum potential for the initiation of water dissociation 

reaction.80,86 Under reverse bias condition, a space charge region at the IL is generated resulting 

initially in high resistance (determined by a limiting current), thereby a region where current 

quickly increases with the voltage (Figure 1.7).87,88 The rapid increase in the current is due to 

the generation of H+ and OH‒ ions at the junction depending upon the electric field at the bipolar 

junction.80,89  
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Figure 1.7. Qualitative I–V curves comparison for (a) an ion-exchange membrane, (b) bipolar 

membrane, and (c) p-n junction diode (Ref. 80) 

The second Wien effect is one of the mechanisms of water dissociation describing the 

effect of strong electric fields on weak electrolytes.90,91 There is increase in the dissociation 

degree and ion mobility of electrolytes at high electric fields. On application of this 

phenomenon to BPMs, a sharply limited bipolar junction is formed with thin space charge 

region where water dissociation takes place. The second Wien effect presumes the applied 

electric field to be the only cause of dissociation of water however other effects may appear 

with strong electric fields.92 The protonation–deprotonation mechanism states the possibility 

of proton-transfer reactions between water and fixed charged groups of the involved water 

dissociation catalyst generating H+ and OH‒ ions.93,94 Unlike second Wien effect theory, the 

protonation-deprotonation mechanism considers the dissociation of water to be dependent on 

catalytic activity of the fixed groups supporting the larger water dissociation after incorporation 

of a catalyst at the bipolar junction.95-97  In case of a weak base (B), the protonation-

deprotonation reaction can be written as; 

B + H2O
k1
→ BH+ + OH−    

BH+ + H2O
k2
→ B + H3O+  

where BH+ is the catalytic centre (i.e., fixed charged groups of membrane), k1, k2 the forward 

rate constants. 

In case of weak acid (AH), the reactions at the bipolar junction can be written as; 

AH + H2O
k1
→ A− + H3O+    

A− + H2O
k2
→ AH + OH−  

where A‒ is the catalytic centre in the membrane. 
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The reactions can be summarized as; 

2H2O
k1
→ H3O+ + OH−  

 Strathmann et al. established a model by merging the protonation-deprotonation theory 

and second Wien effect.98 At low electric field, only salt ions are diffused through the BPM 

and with increasing electric field, the salt ion fluxing out the junction becomes larger than the 

flux into the junction resulting in depletions of ions. Thus, a limiting current is reached with 

increased resistance at the depleted junction, and to withstand the current dissociation of water 

takes place, generating H+ and OH– ions. A diffusive flux of water from the outer solution 

replaces the dissociated water in the junction. Overall, the protonation-deprotonation enhances 

the water dissociation while the electric field, as in the second Wien effect, accelerates the 

process. 

1.4.2. Components of Bipolar Membrane 

 The key components of BPMs are the basis medium, functional groups, and a 

supporting matrix. The basis medium is generally a polymer matrix which provides the 

mechanical strength and carries the polyelectrolyte groups.80 Aromatic monomer in basis 

matrix acts as a potential functionalization site for BPM performance and quality control.99 

Supporting matrix adds to the mechanical strength of a membrane. 

a) Cation-Exchange Layer (CEL):  

Cation-exchange layer generally contains anionic groups like sulphonic acid, 

phosphonic acid, or carboxyl groups. Some examples of crosslinked polymers with 

sulfonic acid groups are polyvinyl chloride, polysulphone, poly ether ketone, modified 

chitosan, etc.100,101 Sulphonation can be done using sulphur trioxide, chlorosulphonic 

acid, oleum, sulfuric acid, or their mixtures.102  

b) Anion-Exchange Layer (AEL): 

Anion-exchange materials generally are positively charged with quaternary ammonium 

groups on polymer matrix. Other anionic groups include tertiary and secondary amines, 

and different di-amines.80,103,104 Although various types of AELs have been prepared 

but yet the chemical stability in harsh alkaline conditions has remained an issue to date. 

c) Water Dissociation Catalyst (EDC) 

The protonation-deprotonation mechanism proposes that the dissociation of water in 

electrochemical systems which is influenced by ionic groups of ion-exchange 

membranes.98 The dissociation constant (Ka) of the fixed groups determines  the electric 

TH-2984_176122028



Chapter 1  Introduction 
 

12 
 

potential difference of the BPMs with different ionic groups.105 In this regard, weak 

ionic groups like phosphonic, phenolic, or carboxylic acid groups in CEL, and 

imidazole groups, primary to tertiary amino groups, or tertiary ammonium groups in 

AEL are recognized for their catalytic activity.106 Additional catalysts (both inorganic 

and organic) are introduced into the bipolar junction to further accelerate the water 

dissociation reaction.107-109 In case of organic catalysts, polymers and dendrimers 

occupy the largest share.109-111 In case of inorganic catalysts oxides/hydroxides 

complexes and other compounds of metals are mostly used.112-114 The catalytic activity 

for water dissociation reaction of ionic groups has been expanded with transition metal 

oxides/hydroxides.80,115 Metal–organic frameworks (MOFs) are another class of 

compounds consisting of both organic ligands linked with inorganic metal ion centres 

thus having dual benefit towards the protonation-deprotonation reaction.116-117  

1.4.3. Membrane Structure 

 Bipolar membranes are categorised into homogeneous and heterogeneous membranes 

of which homogeneous BPM layers are more preferable because of their evenly distribution of 

ionic groups. The BPM structure (i.e., the IL between the AEL and CEL) mainly depends on 

the method of membrane fabrication (Figure 1.8). A homogeneous BPM has a characteristic 

smooth interface.80 Mechanically processing the interface forms a corrugated interface to 

enhance the adhesion of monopolar layers thus enhancing the overall water dissociation 

rate.118,119 Heterogeneous interfaces are mainly obtained by hot pressing, where both anion- 

and cation-exchanger are present at the bipolar junction.120,121 Heterogenous interface can also 

be obtained by electrospinning method.122 

 
Figure 1.8. Schematic representation of the possible structures of the bipolar junction: (a) 

smooth, (b) corrugated, (c1–c3) heterogeneous (Ref. 80) 

1.5. Motivation and Objectives of The Present Work  

 The electrolysis of water generating hydrogen and oxygen has been into research since 

long time but yet challenged for commercialization due to overall low efficiency. The cost and 
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stability are the prime factors along with high catalytic performance to be an effective 

electrocatalyst. In this regard, 3d transition metal oxides are the best candidates owing to its 

high stability, multi-valent states, ease of synthesis, tunable morphology, environmentally safe 

and economically abundant. Till date, several metal oxides based electrocatalysts have been 

reported for generation of oxygen and hydrogen but yet challenge remains to breach the 

thermodynamic barrier more efficiently thereby making the overall efficiency to unity. This 

led to search for better suited electrocatalytic material to enhance the overall water splitting 

efficiency. Thus, the prime objectives of the present thesis work are as follows: 

(1) Selection of transition metal-based oxides for their high stability and bulk conductivity 

to be used as electrocatalytic material 

(2) Doping foreign elements into the lattice of semiconductor to increase the bulk 

conductivity and electroactivity 

(3) Incorporation of electroactive materials with the semiconductors to enhance the 

reaction kinetics at the electrolyte interface 

(4) Introduction of desired morphological features to the metal oxides to increase the 

overall surface area and electroactive sites 

(5) Design of combinational metal oxides to add up their abilities and suppress their 

individual shortcomings  

(6) Construction of heterojunction semiconductor to ease the charge accumulation and 

separation boosting the overall electrocatalytic performance 

(7) Design and fabrication of electrodes to demonstrate the practicality of the synthesized 

electrocatalysts 

(8) Strategize the synthesis of conducting membrane in between the cathodic and anodic 

chambers to boost the overall water splitting performance of the system 
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Experimental Section 

This chapter illustrates the synthetic protocols employed for various electrocatalyts and their 

supports. Also, the step-by-step fabrication procedure for the working electrode has been 

described here. Lastly, various instrumentation techniques utilized for the characterization of 

the synthesized catalysts and the performance parameters of electrochemical performances are 

discussed in detail.  
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2.1. Introduction  

This chapter describes the synthetic procedures of different electrocatalysts and techniques 

for the fabrication of working electrodes for electrochemical water-splitting. It also describes basic 

instrumental techniques which were used in the characterization of the synthesized materials. The 

chemicals and materials which were used during the synthesis and fabrication of the working 

electrode are also listed in the current chapter. The performance parameters which were used to 

define the performance of the electrocatalysts are also explained in detail. 

2.2. Reagents and Chemicals Used 

All the chemicals purchased are used without any further purifications, else mentioned. 

Lanthanum oxide, strontium carbonate, copper acetate, ruthenium dioxide, manganese 

nitrate, potassium permanganate, manganese chloride, manganese (IV) oxide, manganese 

sulphate, manganese sulphate, alginic acid, ammonium fluoride, xanthan gum, polyvinyl 

alcohol, ammonium carbonate, manganese acetate, urea, fluorine-doped tin oxide (FTO) coated 

glass substrate, polysulphone, vanadium pentoxide, tin (IV) chloride, trimethylchlorosilane, 

paraformaldehyde, molecular sieves (4Å), are bought from Sigma-Aldrich. 

Cobalt nitrate hexahydrate, potassium phosphate dibasic, ethylene glycol, nickel nitrate 

hexahydrate, boric acid, potassium hydroxide, hydrochloric acid, hydrogen peroxide, 

phosphoric acid, chloroform, potassium chromate, are bought from Merck. Dimethyl 

sulfoxide, dimethyl formamide, dimethyl acetamide, chlorosulphonic acid, are bought from 

FINAR. Sodium hydroxide, terpineol, ethyl cellulose, are bought from Himedia. Ethanol is 

bought from TMEDA. And for all the synthesis Milli-Q water (18.2 MΩ cm-2) is used. 

2.3. Characterization of the As-Synthesized Materials and Electrochemical 

Devices 

 Various analytical techniques were used to characterize the synthesized materials and 

fabricated electrochemical devices. Instrumental tools used in the present studies are listed 

below: 

1) Powder X-ray diffraction (PXRD) analysis were done to determine, the crystalline 

structure and phase purity of all the materials using Rigaku Smartlab using Cu Kα (λ = 

1.54 Å) as the source with 9kW power.  
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2) Micro-Raman spectroscopy analysis was done to determine different modes of 

vibration present in the sample, using a laser micro-Raman system (Horiba Jobin Vyon, 

LabRam HR) with 488 nm and 514 nm laser excitation  

3) Perkin Elmer (Spectrum-II) instrument with KBr pellet was used to perform Fourier 

transformed infrared spectroscopic (FT-IR) studies.  

4) Field emission scanning electron microscopic (FESEM) analysis was done to determine 

the surface morphology of as-synthesized materials using Zeiss (Gemini) and Zeiss 

(Sigma) instruments, operating at the voltages of 3 kV−10 kV.  

5) Elemental mapping, morphology, d-spacing value, and selected area electron 

diffraction (SAED) patterns of the samples were determined through, Field emission 

transmission electron microscopy (FETEM) using JEOL (JEM-2100F) instrument with 

an operating voltage of 200 kV.  

6) To determine the valance state, elemental composition, and change in the electronic 

environment around the elements, X-ray photoelectron spectroscopy (XPS) analysis 

were carried out using ESCALAB Xi+ (Made: Thermo Fisher Scientific Pvt. Ltd., UK) 

photoelectron spectrometer with a monochromatized Al-Kα (hν = 1486.6 eV) source 

and Thermo Scientific (NEXA surface analysis with micro-focused, 72 W, 12 kV) with 

Al-Kα (hν = 1486.6 eV) as X-ray source. C 1s spectrum (284.77 eV), as reference was 

used to compensate for the surface charging effect. XPSPEAK 4.1 software was used 

to fit and deconvolute the data. 

7) The incorporation of the functional groups onto the material backbone was confirmed 

using nuclear magnetic resonance (NMR) spectroscopy recorded in 500MHz NMR 

spectrometer. 

8) The contact angles were obtained to determine the surface condition of the synthesized 

materials. Kruss Drop Shape Analyser-DSA-25 instrument was used to measure the 

advancing and receding contact angles using deionized water droplet at four different 

locations for each sample. 

9) Mechanical properties were analysed for the polymeric material (2 cm × 1 cm × 1 cm) 

that are synthesized using universal testing machine (Instron 5944, Norwood, MA, 

U.S.A.). 

10) CHI1120B electrochemical workstation was used to record electrochemical analysis 

like linear sweep voltammetry (LSV), cyclic voltammetry (CV) and 

chronoamperometry. 
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11) Electrochemical work station from CH instruments model CHI760D, Inc., Austin, TX 

were used to perform electrochemical impedance spectroscopic (EIS) analyses of the 

devices. 

12) Gamry Instrument model Interface1010 E was used to record all the electrochemical 

measurements including LSV, CV, chronoamperometry, electrochemical impedance 

spectroscopy (EIS), Mott-Schottky (MS), current-voltage curve (CVC), and 

chronopotentiometry plots. 

13)  The gas evolved (to calculate Faradaic yield) was measured by gas chromatography 

(GC) (Model-7820A, Agilent Technologies). 

2.4. Steps Involved for the Fabrication of Working Electrode 

 The working electrodes were fabricated using the conventional Doctor-blade method 

(Figure 2.1) over conducting substrate by taking the as-synthesized powder materials 

(chapters 3-6). In chapter 7, the working electrodes used were platinum mesh. The steps 

involved for the fabrication of catalyst compound over conducting substrate are given below: 

1) At first, the as-synthesized powder sample was weighed and ultra-sonicated in ethanol 

for 30 mins to break the particle agglomeration. Then, a homogenous paste was made 

using terpineol and ethyl cellulose in a mortar pestle. 

2) For the casting of the paste, conductive glass substrate, i.e., FTO was utilized. The FTO 

substrate was cut into 2.5 cm x 1 cm dimensions, washed properly using soap solution, 

Milli-Q water, acetone and isopropanol, and then ozonized for 15mins. Active area of 

the electrode was fixed by masking with scotch tape. 

3) A thin film of the as-prepared homogenous paste was casted over the masked FTO 

substrate using Doctor-blade technique and dried in oven at 100 °C for 1hour. After 

removing the scotch tape, the metal oxide films were calcined at 500 °C in a muffle 

furnace to remove the organic impurities. 

4) Now, these electrocatalyst coated working electrodes were further modified by 

depositing other active catalysts via electrodeposition method (chapter 3,5) or drop-

casting method (chapter 6) to fabricate the composite working electrode and then were 

subjected to measure their electrochemical performances. 
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Figure 2.1: Schematic representation showing the fabrication procedure of the synthesized 

catalyst over the FTO substrate using Doctor-blade method 

2.5. Electrochemical Measurements 

Electrochemical measurements of the fabricated electrode were carried out utilizing 

electrochemical analysers (model-CHI1120B) (chapters 3, 4 & 5) and (model-Interface 

1100E) (chapters 6) in a three-electrode system, using aqueous 1M NaOH as electrolyte (pH 

= 12.6) in a polypropylene electrochemical cell. The synthesized catalysts were fabricated on 

conducting substrate and used as the working electrode (chapters 3-6). For the reference 

electrode Ag/AgCl (saturated KCl) (chapters 3 & 5) and Hg/HgO (chapters 4 & 6) were used, 

while for counter electrode Pt wire (chapters 3 & 5) and graphite rod (chapters 4 & 6) were 

used. Prior to the electrochemical measurements, the electrolyte solution was purged using N2 

gas to remove any dissolved oxygen. Figure 2.2 shows a schematic representation showing the 

experimental setup for electrochemical water-splitting. 

  
Figure 2.2: Schematic representation showing the experimental setup for electrochemical 

water-splitting where voltage is applied through potentiostat 

All the applied potentials were converted to reversible hydrogen electrode (RHE) using 

the equation 2.1 for measurements done by Ag/AgCl reference electrode and equation 2.2 for 

measurements done by Hg/HgO reference electrode, 

ERHE =  EAg/AgCl + 0.059pH +  EAg/AgCl
0     . . . (2.1) 
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Where, ERHE is the RHE potential, EAg/AgCl
0  = 0.1976 V at 25 °C, EAg/AgCl is the 

potential measured against the Ag/AgCl (saturated KCl) reference electrode, and pH is the pH 

of the electrolyte used.1 

ERHE =  EHg/HgO + 0.059pH +  EHg/HgO
0     . . . (2.2) 

Where, ERHE is the RHE potential, EHg/HgO
0  = 0.098 V at 25 °C, EHg/HgO is the potential 

measured against the Hg/HgO (saturated KCl) reference electrode, and pH is the pH of the 

electrolyte used.2 

 Linear sweep voltammetry of the catalysts was carried out in the range of 1.0 V to 1.8 

V vs. RHE (chapter 3) and 1.0 V to 2.0 V vs. RHE at a scan rate of 10 mV/s (chapter 5), 1.3 

V vs. 2.0 V vs. RHE at a scan rate of 5 mV/s (chapter 4), and 1.0 V to 2.0 V vs. RHE at a scan 

rate of 5 mV/s (chapter 6). To estimate the electrochemical active surface area (ECSA), 

double-layer capacitance (Cdl) was evaluated by measuring the cyclic voltammograms (CV) in 

the non-Faradaic region in the range of 0.30 V to 1.50 V vs. RHE (chapter 3), 0.65 V to 0.85 

V vs. RHE (chapter 5), 0.90V to 1.10 V vs. RHE (chapter 4), and 0.70V to 0.90 V vs. RHE 

(chapter 6) at scan rates of 2-10 mV/s. The EIS measurements to obtain the Nyquist plots were 

performed in the frequency range of 0.1 Hz to 105 Hz at a fixed potential of 1.6 V vs. RHE 

(chapters 3, 4 & 5), 1.5 V & -0.3 V vs. RHE and open-circuit potential (OCP) (chapter 6).  

Mott-Schottky plots of the working electrodes were recorded at a fixed frequency of 1 kHz 

scanned from 0.3 - 1.0 V vs. RHE and -0.5 to 1.5 V vs. RHE (chapter 6).  

The water dissociation capacity of the bipolar membrane was evaluated using 

galvanostatic mode (Chapter 7). The electrochemical measurements were performed in a 4-

probe H-cell (as shown in Figure 2.3) with an active area of 1 cm2 utilizing the Gamry Interface 

1010E. Platinum mesh was used as the electrodes (cathode and anode), calomel electrodes 

(Hg/HgCl2) as the reference electrode. The calomel electrodes were inserted in the Haber-

Luggin capillaries for better detection of the developed potential between the membranes. The 

two chambers were separated by the fabricated BPM (1 cm x 1 cm) and 1M NaCl was used as 

the electrolyte solution in both anodic and cathodic chambers. Potentiodynamic analysis was 

performed to measure the voltage drop across the BPM with the increase in the applied current, 

while the chronopotentiometry was performed at the limiting current for BPM.  
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Figure 2.3: Schematic representation of the setup used during the electrochemical 

measurements 

2.6. Electrochemical Performance Parameters 

The effectiveness of a fabricated electrochemical devices was determined using the 

parameters as discussed in detail below: 

2.6.1. Overpotential (η) at a defined current density 

 Overpotential of any electrochemical process can be defined as the additional potential 

required to sustainably drive an electrochemical reaction from its reversible potential. The 

reversible potentials for HER and OER are 0 and 1.23 V vs. standard hydrogen electrode 

(SHE), respectively. Hence, the equations 

ηOER = ERHE ‒ 1.23 V, and       . . . (2.3) 

ηHER = ERHE ‒ 0 V        . . . (2.4) 

was used for OER and HER, respectively, to calculate their overpotentials at a desired current 

density.3,4 

The current density of 10 mA/cm2 is accepted as the benchmark for evaluating the 

overpotential values (using equations 2.3 & 2.4) so as to compare and characterize various 

electrocatalytic materials for both HER and OER in all electrolytic medium.3 

2.6.2. Tafel slope 

Tafel analysis is one of the primary studies in the evaluation of activity of an 

electrocatalyst for water electrolysis. Tafel analysis of OER and HER processes is performed 

to gain information on the inherent kinetics of the electrocatalyst under study. The relationship 
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between current and overpotential at an electrical interface is given by the well-known Butler–

Volmer equation, as follows; 3,5 

  I = I0 [exp (αA η F / RT x η) ‒ exp (‒αC η F / RT x η)]   . . . (2.5) 

In the above equation, I is the current, I0 is the exchange current (current at equilibrium 

potential), αA and αC are the charge transfer coefficients for the anodic and cathodic reactions, 

respectively, n is the number of electrons transferred, F is the Faraday constant (96,485 C/mol), 

R is the ideal gas constant, T is the absolute temperature in K and η is the overpotential. In 

equilibrium conditions, the contributions of both the anodic and cathodic terms are equal where 

the observed current I is equal to I0. Additionally, the high overpotential approximation of the 

above Butler–Volmer equation lead to the Tafel equations of the cathodic and anodic 

polarizations, respectively, as given below,3,4 

   ln I = ln I0 + (‒αC η F / RT) η      . . . (2.6) 

   ln I = ln I0 + (αA η F / RT) η      . . . (2.7) 

The equations 2.6 & 2.7 have the form of y = b + mx and gave a linear line when log I was 

plotted vs. η, which is the well-known ‘Tafel plot’. The slope of the linear line was given as 

follows for the cathodic and anodic polarizations, respectively,3-5 

Slope (d log j/d η) for cathodic reaction = (2.303RT / ‒αC η F)  . . . (2.8) 

Slope (d log j/d η) for anodic reaction = (2.303RT / αA η F)  . . . (2.9) 

The Tafel slope was usually used to semi-quantitatively predict how much faster the 

reaction occurs on an electrocatalytic interface. The equations 2.8 & 2.9 provided a clear view 

that the slope of the Tafel plot is inversely related to the charge transfer coefficient (α), which 

meant that the lower the Tafel slope, the faster the charge transfer across the electrocatalytic 

interface. In the electrocatalysis of water splitting, this was used as a fundamental activity 

parameter to relate the activities of various electrocatalysts, provided that the given 

experimental conditions are the same.  

2.6.3. Electrochemically active surface area (ECSA) 

 ECSA is used to predict the activity trends when a set of similar catalytic materials is 

studied and to determine the reasons behind the differences in the activities of similar catalysts 

in the same study.6 ECSA was calculated from the measurement of double-layer capacitance 
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(Cdl) value for the respective catalysts using cyclic voltammetry (CV) technique. ECSA is 

proportional to the Cdl value as follows,4,6 

    ECSA = Cdl / CS      . . . (2.10) 

where, CS is the specific capacitance of the material and Cdl value is obtained from the CV plots 

at non-Faradaic region. The value is equal to the half of the slope value obtained from the plot 

of the difference in current density between the anodic and cathodic sweeps (Janodic – Jcathodic) 

at a particular potential as a function of the scan rate. 

2.6.4. Turnover frequency (TOF) 

 The TOF provided information on the kinetics of HER and/or OER for the catalytic 

material. Hence, it was used in addition to Tafel analysis to obtain more insight into the kinetics 

of the gas evolution reaction with the given catalyst. As both HER and OER follow pseudo 

first order kinetics, their TOFs was given per unit time (s-1). The equation 2.11 was used to 

calculate the TOF of electrochemical reaction (chapter 3).3,6 

TOF =
J × A

n × F × NS
    . . . (2.11) 

where J, A, n, F and NS are, respectively, current density at a certain overpotential (A/cm2), 

surface area of the working electrode (cm2), number of electrons transferred to evolve a 

molecule of product (for H2, it is 2 and for O2, it is 4), Faraday constant (96458 C/mol), and 

concentration of active sites in the catalysts (mol/cm2). NS for oxygen evolution reaction (OER) 

was determined by CV measurements at different scan rates in the voltage range where redox 

reaction occurs. The peak current was plotted against scan rate where the slope had the linear 

relationship,3,6 

𝑆𝑙𝑜𝑝𝑒 = 𝑛2𝐹2𝐴𝑁S/4𝑅𝑇     . . . (2.12) 

in which n, R, and T are, respectively, the number of electrons transferred, ideal gas constant 

and absolute temperature. 

 Turnover frequency value of an electrocatalyst was also calculated using the equation 

2.13 (chapters 4, 5 & 6);7,8 

TOF =
J × A

n × m ×F 
      . . . (2.13) 

where J is the current density at a given potential, A is the surface area of the electrode (1 cm2 

for the working electrode), n is the number of electrons transferred in the OER (n = 4) and/or 
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HER (n = 2), m is the number of moles of all metal ions available for the OER and/or HER, 

and F is Faraday’s constant (96485 C mol−1).  

2.6.5. Faradaic efficiency (FE) 

 The faradaic efficiency reflected the selectivity of the catalyst under study for a 

particular electrochemical reaction. This provided information on how efficiently a catalytic 

system utilized the supplied electrical energy selectively for the desired electrochemical 

reaction. Selectivity is one of the three most desired criteria for an electrocatalyst; along with 

activity and stability, it forms the essential quality trio of an electrocatalyst.3,6 Faradaic yield is 

the ratio of amount of experimentally evolved gasses (H2 and O2) to the theoretically calculated 

gasses (H2 and O2) as explained in the equation 2.14,9 

Faradaic Yield =
Amount of experimentaly evolved gasses 

Amount of theoretically calculated gasses
  . . . (2.14) 

The theoretical calculation for the amount of gas evolved was done by using equation 2.15,9 

Amount of gasses evolved =
J × t 

n ×F
      . . . (2.15) 

Where J is current density in mA/cm2, t is time in sec), n is no. of moles charge required to 

produced one mole of gas (n = 2 for H2 and n = 4 for O2), and F is the Faraday constant 96485 

C/mol. The amount of gasses (experimental) that evolved during the water-splitting process 

was measured through an online gas chromatograph (GC). 

2.6.6. Electrochemical impedance spectroscopy (EIS) analysis 

 Electrochemical impedance spectroscopy (EIS) is an important technique for 

understanding the kinetics of charge transfer at the semiconductor-electrolyte interface. It is an 

alternating current (AC) technique, where resistive and capacitive responses between 

semiconductor interfaces are distinguished based on the frequency dependence.10 EIS 

experiments are composed of applying a small‐amplitude sinusoidal signal to the electrodes at 

a certain fixed bias and measuring the response of the system to the perturbation. During the 

experiment, current density of the electrode is recorded while applying an alternating current 

signal with different frequencies (usually 0.1 Hz to 106 Hz) to the system.11 By EIS 

characterization, Nyquist plot (real vs. imaginary impedance) can be obtained. Theoretically, a 

typical Nyquist plot can be divided into two parts: high-frequency (low impedance) and low-

frequency (high impedance) region, as shown in Figure 2.4 (a). In high frequency region, the 

electrochemical process is controlled by rate of charge transfer and the curve exhibits the shape 
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of a semicircle which hints at the existence of an interface. The characteristic semicircle arc 

arises from the parallel combination of a resistor and capacitor. In the low-frequency region, 

the process is determined by rate of mass transfer.5 The shape of the curves could be affected 

by the intrinsic or electrochemical properties of electrodes, electrolytes, and the conditions of 

the experiments. Figure 2.4 (b) shows an equivalent circuit model, where frequency responses 

were fitted to determine parameters of the Nyquist plot. The parallel combination of charge 

transfer resistance (Rct) and interfacial capacitance (Cint) describes the flow of Faradaic and 

non-Faradaic current through the interface, respectively. These two elements are represented 

in parallel to reflect the fact that total current is the sum of Faradaic and non-Faradaic pathways. 

The Rs term is included in series to account for any and all resistances associated with solution 

resistance, wires, clips, or other contacts. The simple Randles circuit can be extended to include 

multiple parallel R||C circuits in series to account for multiple observed semicircle arcs.10  

 
Figure 2.4: (a) A typical Nyquist plot, taken from (Ref. 10), and (b) equivalent circuit used to 

interpret the EIS data 

2.6.7. Mott-Schottky analysis 

 Mott−Schottky (M-S) analysis was done to estimate key operational parameters of 

semiconductor electrodes, namely the flat-band potential (EF), and the type of semiconductor 

(n-type or p-type).12 The flat band potential is the potential at which the electric potential drop 

between the electrode surface and the bulk is zero. It establishes the position of the 

semiconductor energy bands with respect to the redox potentials of the electroactive species in 

the electrolyte. To obtain the value of EF by M–S measurements, a potentiostat with a three-

electrode system, similar to that used for current measurements, was used. Then, the M–S 

equation was used to obtain the value of EF after obtaining the M–S plots. The flat band (EF) 

potentials of the electrodes can be evaluated from the following equation 2.16:13 

1

C2 =
2

A2NDeεε0 [E − EFB −
kT

e
]    . . . (2.16) 

Rs
Rbulk Rct

CintCbulk

(a) (b)
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Where, C is the capacitance of the semiconductor, A is the surface area of the photoelectrode, 

ND is the charge carrier density of semiconductor, e is the fundamental charge constant, ɛ0 is 

the permittivity of the vacuum, ɛ is the relative permittivity of the semiconductor, E is the 

applied potential, k is the Boltzmann constant, and T is the temperature. Through the sign of 

M–S plot slope (1
C2⁄  vs.  E), conductivity type in a semiconductor can be determined, positive 

for n-type and negative for p-type, as shown in Figure 2.5.  

 
Figure 2.5: Typical Mott-Schottky plot for semiconductor photoanode, showing the nature of 

conductivity, (a) positive (n-type), (b) negative (p-type). Taken from (Ref. 13).  

2.7. Fabrication steps for bipolar membrane  

 Bipolar membranes (BPL) can be fabricated using several methods but among all layer-

by-layer (LBL) lamination technique was adopted (Chapter 7).14,15 In this case single layered 

membranes are casted using the casting knife individually. The water dissociation catalyst 

(WDC) is deposited at the interfacial layer (IL) between the ion-exchange layers (IEL). The 

steps involved are mentioned below as shown in Figure 2.6. 

1) Initially, the anion exchange membrane (AEM) has been laminated over a clean glass 

slide using casting method. The synthesized polymer (cationic) was dissolved in DMSO 

at certain temperature and then allowed to cool to room temperature. 

2) Then the gel was casted over glass slide and laminated using casting-knife and was kept 

in vacuum oven at 40 °C overnight. After complete drying, the membrane was peeled 

off by dipping the glass slide in water. 

3)  Similarly, the cation exchange membrane (CEM) was laminated over glass slide and 

peeled off. 

4) The water dissociation catalyst (WDC) was prepared by blending the synthesized 

catalyst with a hydrophilic polymer to form strong adhesion between the two layers in 

a BPM. 

(a) (b)

n-type p-type
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5) The cation exchange layer (CEL) was placed over glass slide and above it the dispersed 

WDC was drop-casted and evenly spread using casting knife. Then the anion exchange 

layer (AEL) was placed over it and pressed using another glass slide.  

6) Finally, the fabricated CEL/WDC/AEL was allowed to dry in open air. After drying, 

the bipolar membrane (BPM) was utilized for the water dissociation process.  

 
Figure 2.6: Schematic representation showing the LBL lamination method for the preparation 

of bipolar membrane with a WD catalyst at IL between the CEL and AEL  

2.8. Water Dissociation Performance Parameters 

 Various methods can be used to study the process of water dissociation and ion transfer 

in membranes. Many of them were initially developed and applied to electrode systems. The 

essential methods are explained below. 

2.8.1. Current-Voltage characteristics  

 The electrochemical property of BPMs is generally studied using voltammetry.15-18 The 

current-voltage curve (CVC) is most convenient to determine the potential difference across 

the entire membrane system without dividing it into components. For the water dissociation to 

occur at the interfacial layer, the BPM is used under reverse bias condition. 

The current-voltage curve in the reverse bias mode can be divided into four sections 

(Figure 2.7a),15,19 where each section is characterized by specific parameters. The first region 

of the current-voltage curve gives the ohmic resistance of the membrane system (ROhm). The 

second region gives the value of first limiting current (Ilim1) characterizing the current density 

carried by co-ions, i.e., higher the membrane permselectivity, the lower is Ilim1. The slope of 

the third section characterizes the water dissociation resistance (Rdiss) i.e., the BPM’s ability to 

intensify water dissociation.15,20 Thus, smaller the Rdiss value, higher is the catalytic activity 
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towards water dissociation reaction. The fourth region is the second limiting current region 

(Ilim2) where the water diffusion limit occurs as the water transport towards the BPM interface 

is not enough to replenish the water dissociated thereby drying out the IL region. 

 
Figure 2.7: (a) Schematic current-voltage curve of a BPM in a salt solution, and (b) Current-

voltage characteristic of asymmetric bipolar membranes (ABPM) 1) in a 0.01 M NaCl solution, 

2) in a 0.01 M NaOH | ABPM | 0.01 M HCl system, and 3) CVC of an ABPM with a water 

dissociation catalyst measured in the same acid-alkali system. (Ref. 15) 

The CVC characteristics of a BPM differ in shape when measured in a neutral salt 

solution and in an acid-alkali system (i.e., with an acidic solution on the CEL side, and alkali 

solution on the AEL side of the BPM) (Figure 2.7b). The CVC of a bipolar membrane in the 

acid-alkali system shows significant deviation of the potential from zero at small polarizing 

current (Figure 2.7b, curves 2, 3).15,21 This is due to the emerging Donnan potential at the 

bipolar junction which is about 0.83 V. The closer this potential to the equilibrium, the higher 

the catalytic activity, and vice versa. 

2.8.2. Chronopotentiometry 

 Chronopotentiometry of membrane systems provides information on the dynamic 

characteristics of ion transport and chemical reactions in the bulk of an ion-exchange 

membrane (IEM) and adjacent solution layers.15,22,23 In chronopotentiometry the potential drop 

across the membrane system is recorded as a function of time, with application of constant 

current density. At an overlimiting current density, the potential drop sharply increases upon 

reaching the transition time, τ. The BPM resistance drastically increases due to the depletion 

of co-ions which leads to increasing voltage, and the rate of water dissociation becomes rather 

high. Further growth of the potential drop with time is due to an increase in the electric field at 

(a) (b)
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the bipolar junction, which intensifies the water dissociation rate. When this rate becomes 

sufficient to supply the required current density, the system reaches a stationary state. 
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CHAPTER 3 

 

 

Doping and overlayer strategy: Strontium doped 

Lanthanum manganite overlayered with Cobalt Phosphate 

for oxygen evolution reaction  

This chapter focusses on the effect of elemental doping and overlayer deposition on the 

performance of oxygen evolution reaction (OER). Here, lanthanum manganite (LMO) has been 

synthesized via solid-state method with different strontium doping. The optimized strontium 

doped lanthanum manganite (LSMO) was further modified by depositing cobalt phosphate, an 

electroactive material, over the surface and utilized for the oxygen evolution reaction (OER).  
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3.1. Introduction  

In the electrolysis of water process, OER is energetically more challenging due to its 

4 e- and 4 H+ charge-transfer process, as compared to HER, which is a 2 e- and 2 H+ charge-

transfer process.1,2 In this regard, transition metals (like Mn, Co, Fe or Ni) with variable 

oxidation states, which can facilitate electron movement and tunable lattice structures by 

virtue of dopants create suitable electronic structures that are effective components to design 

OER electrocatalysts.3,4 IrO2 and RuO2, considered as the benchmark OER catalysts in 

aqueous acidic conditions are the most effective and efficiently overcomes the kinetic barrier 

with low overpotential, but the scarceness and high cost of Ir and Ru lead to the exploration 

of alternate catalysts with comparable efficiency for the commercial purposes.3,5 Recently, 

three dimensional (3D) perovskite oxides, with a general formula of ABO3, where A is a rare-

earth or alkali metal and B is a transition metal, are being investigated owing to its intrinsic 

properties such as low bandgap, low exciton binding energy, and high efficiency.5,6 High 

flexibility of the elemental composition and rich electronic/defect structure of the 3D 

perovskites results in their usage as OER electrocatalysts with the intrinsic activity.7,8 In Mn 

based perovskites, the oxidation state of Mn at the B-site can be tuned by substituting a larger 

cation at the A-site. For example, substituting Sr2+ for La3+ at the A-site results in an increase 

in the catalytic activity as it converts a proportion of the Mn3+ to Mn4+ in the B-site.9,10 The 

advantage of doping a bivalent ion (Sr2+) into trivalent ion (La3+) in LaMnO3 is the 

introduction of holes into the system, due to the well-known double exchange phenomenon,11 

which helps in oxidizing water by facilitating the conduction pathway via 2p orbital of 

oxygen species (O2p) to the surface reaction site.12  

To improve the OER by virtue of charge separation, the surface of electrocatalysts are 

modified with other active catalysts.13-15 On comparing with various metal oxides, hydroxides 

and cobalt-based catalysts; cobalt phosphate (Co-Pi) is widely investigated as earth-abundant, 

low-cost and multipurpose material.16,17 Being itself an OER electrocatalyst, Co-Pi emerges 

as a hot candidate to couple as a modifier18,19 due to its exceptional redox ability resulting in 

Co2+ to Co3+/ Co4+ species forming high valent Co4+–O intermediate.20,21 

Although the use of Sr doped LaMnO3 in colossal magnetoresistance material (CMR) 

and oxygen reduction reaction (ORR) is known, it has been sparsely investigated for OER. In 

this work, A-site doped LaMnO3 with Sr2+ is proposed as an electrocatalyst for excellent 

electrocatalytic OER, owing to improved bulk conductivity and interfacial charge transport 

kinetics due to formation of Mn3+/Mn4+ redox pair. Subsequently, for further enhancing the 
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electrocatalytic activity, Co-Pi is electrodeposited over the La1-xSrxMnO3 surface. An 

overpotential of 220 mV @10 mA/cm2 current density is attained for the modified system 

with a Tafel slope of 62 mV/decade. Additionally, the electrocatalyst showed durability of 16 

hours with fourfold enhancement in the turnover frequency and a Faradaic yield of ~98%. 

Co-Pi being an electrocatalyst facilitates the surface reaction of OER by accepting the holes 

generated in the La0.7Sr0.3MnO3 and transferring to the electrolyte interface with the 

continuous shuttling of the oxidation state of the Co3+/Co4+ ion. The importance of this works 

lies in the fact that with the appropriate combination of stable metal oxide such as 

La0.7Sr0.3MnO3 and cobalt phosphate enhances the surface kinetics of the overall system. This 

paves the path as a model system for the design and fabrication of a noble metal-free 

electrocatalyst with high OER activity at lower overpotential and can be useful for the 

development of several other perovskite based-electrocatalysts. 

3.2. Experimental Section 

3.2.1. Synthesis of strontium doped lanthanum manganites (La1-xSrxMnO3, 0 ≤ X ≤ 0.4) 

 To synthesize the doped lanthanum manganites, conventional solid-state route method 

was performed.12 Stoichiometric amounts of lanthanum, strontium and manganese precursors 

were weighed and grinded well in a mortar-pestle. The doping of strontium in lanthanum 

manganite were of the order 0%, 10%, 20%, 30% and 40% of the lanthanum stoichiometry. 

The well grinded precursors were calcined at 1050 °C for 24hrs to obtain black coloured solid 

powder. 

3.2.2. Deposition of Co-Pi layer over La1-xSrxMnO3 

Cobalt phosphate (Co-Pi) layer was electrodeposited using a three-electrode system.22 

The fabricated La1-xSrxMnO3 electrode (Section 2.4 of Chapter 2) was used as the working 

electrode with Ag/AgCl and platinum as reference and counter electrode, respectively. The 

potential was fixed at 1.1V vs. Ag/AgCl. The electrolyte used was prepared using 15mM 

cobalt nitrate in 0.1M potassium phosphate dibasic solution. After the deposition the 

electrode was washed with DI water and dried in oven at 60 °C. A bare cobalt phosphate 

working electrode was also prepared using similar technique. 

3.3. Results and Discussions 

3.3.1. Phase and Structural Analysis 

The different synthesized lanthanum manganites were examined using X-ray 

diffraction (XRD) technique to study the phase purity. The obtained XRD peaks for all the 
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materials (Figure 3.3.1a) are indexable to that of the orthorhombic phase of lanthanum 

manganite (ICSD no. 00-065-0076). As can be seen from the Figure 3.3.1b, with the increase 

in the doping percentage of strontium into lanthanum manganite, the peak at ~32° (2) is 

shifted towards higher angle. The shift in the peak position is due to the difference in the 

ionic radii of Sr2+ (132pm) and La3+ (117.2pm) leading to internal chemical pressure in the 

lattice causing the distortion.9 Figure 3.3.1c shows the XRD pattern of the fabricated 

La0.7Sr0.3MnO3 and La0.7Sr0.3MnO3/Co-Pi electrode over the FTO substrate and the peaks well 

matched with the orthorhombic phase of the lanthanum manganite. The peaks for the Co-Pi 

overlayer are not assignable due to its amorphous nature. The schematic representation of the 

electrocatalytic system is shown in Figure 3.3.1d. The La0.7Sr0.3MnO3 is fabricated by 

doctor-blade method over FTO and the Co-Pi is electrodeposited for the controlled systematic 

overgrowth onto the La0.7Sr0.3MnO3. 

 
Figure 3.3.1. (a) p-XRD plots of the bare lanthanum manganite along with the different 

amount of strontium doped lanthanum manganites, (b) enlarged peak position at around 32° 

(2) showing the shift towards higher angle with increasing strontium concentration, (c) XRD 

analysis of the La0.7Sr0.3MnO3 and La0.7Sr0.3MnO3/Co-Pi fabricated over the FTO substrate, 

and (d) Schematic representation of the electrocatalytic OER by La0.7Sr0.3MnO3/Co-Pi 
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3.3.2. Morphological Analysis 

The morphological study was made using the field emission scanning electron 

microscopy (FESEM) technique. As can be seen from the FESEM images (Figure 3.3.2a, b) 

of both La0.7Sr0.3MnO3 and La0.7Sr0.3MnO3/Co-Pi, there is no morphological changes after the 

deposition of Co-Pi over the perovskite material. The presence of Co-Pi is not visible over the 

La0.7Sr0.3MnO3 particles due to its very minimum deposition on the surface.  

 
Figure 3.3.2. Morphological features of the fabricated electrocatalyst over FTO, (a) 

La0.7Sr0.3MnO3 and (b) La0.7Sr0.3MnO3/Co-Pi, (c) FETEM image of La0.7Sr0.3MnO3/Co-Pi, (d) 

enlarged image of the same showing the layer of Co-Pi over the La0.7Sr0.3MnO3, STEM-EDX 

elemental mapping of La0.7Sr0.3MnO3/Co-Pi showing the uniform distribution of (e) 

Lanthanum, (f) Strontium, (g) Manganese, (h) Oxygen, (i) Cobalt, and (j) Phosphorous 

To confirm the presence of the cobalt phosphate overlayer, field emission 

transmission electron microscopy (FETEM) analysis was performed, as shown in Figure 

d = 0.274 nm (200) 
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3.3.2c, d. A uniform layer over the La0.7Sr0.3MnO3 particle (Figure 3.3.2c) confirms the 

presence of the deposited amorphous Co-Pi of about 5-10 nm thickness (Figure 3.3.2d). The 

high-resolution transmission electron microscopy (HRTEM) image of La0.7Sr0.3MnO3 

(Figure 3.3.2c inset) confirms the phase purity of the La0.7Sr0.3MnO3 with d-spacing of 

~0.274 nm corresponding to the (200) crystal plane. The scanning transmission electron 

microscopy energy-dispersive X-ray spectroscopy (STEM-EDX) elemental mapping of 

modified La0.7Sr0.3MnO3, as shown in Figure 3.3.2e-j confirms the presence of all the 

elements. The presence of cobalt and phosphorous homogenously over the particle validates 

the uniform deposition of Co-Pi over La0.7Sr0.3MnO3. 

3.3.3. Electronic State Analysis 

To investigate the electronic structure and the chemical state of the constituent 

elements X-ray photoelectron spectroscopy (XPS) analysis was performed. The XPS spectra 

of La 3d (Figure 3.3.3a) has been de-convoluted into 3d5/2 and 3d3/2. The peaks for 

La0.7Sr0.3MnO3 at 834.3 eV and 838.1 eV are due to La3+ and satellite, respectively.23 The 

shift in the peak for La0.7Sr0.3MnO3/Co-Pi indicates interaction between La0.7Sr0.3MnO3 and 

Co-Pi. In Figure 3.3.3b the XPS spectra for Sr 3d has been de-convoluted into respective 

3d5/2 and 3d3/2. The peaks at 132.6 eV and 133.8 eV for La0.7Sr0.3MnO3 are assigned to Sr2+ in 

the bulk and surface of the material, respectively.23 Figure 3.3.3c shows the Mn 2p core-level 

spectra which is de-convoluted for 2p3/2 and 2p1/2 levels. The Mn 2p3/2 peak of La0.7Sr0.3MnO3 

featuring at 641.2 eV and 644.1 eV can be attributed to Mn3+ and Mn4+, respectively. The 

peak at 642.5 eV is due to the Manganese in different coordination environments. The peak 

position at 645.9 eV is due to the satellite peak.23 The shift in the peak positions for that of 

La0.7Sr0.3MnO3/Co-Pi is due to the interaction of La0.7Sr0.3MnO3 with the Co-Pi. Figure 

3.3.3d shows the O1s core-level spectra. The peaks at 529.4 eV and 531.3 eV of 

La0.7Sr0.3MnO3 are due to lattice oxygen O2− associated with Mn and the surface oxygen 

species associated hydroxyl ions, respectively. The peak at 533.1 eV is due to the O, which is 

weakly bound to surface.23 The additional fitted peak at 529.2 eV for La0.7Sr0.3MnO3/Co-Pi is 

assigned to lattice Oxygen species, while the other peak at 530.2 eV corresponds to the lattice 

Oxygen corresponding to Co-Pi.24 The Figure 3.3.3e, f corresponds to the Co 2p and P 2p 

core-level spectra, which are de-convoluted for 2p3/2 and 2p1/2 contributions. The 

characteristic peaks for Co 2p3/2 and Co 2p1/2 at around 780.4 eV and 796.1 eV, while the 

peaks at 785.0 eV and 803.0 eV corresponding to the satellite peaks.24,25 The binding energy 
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of P 2p3/2 and 2p1/2 are at 132.3 eV and 133.8 eV, which is characteristic of P in the 

phosphate group, confirming that P exists in the form of PO4
3−.24,25 

 
Figure 3.3.3. XPS spectra of (a) the La 3d core-level (b) the Sr 3d core-level, (c) the Mn 2p 

core-level, and (d) the O 1s core-level of La0.7Sr0.3MnO3 and La0.7Sr0.3MnO3/Co-Pi, and (e) 

the Co 2p core-level and (f) the P 2p core-level of La0.7Sr0.3MnO3/Co-Pi 

3.3.4. Electrochemical Analyses 

 To investigate the OER activity of the synthesized electrocatalyst, linear sweep 

voltammetry (LSV) was performed in alkaline solution (1 M NaOH) in a standard three-

electrode configuration (Figure 3.3.4). The potential was swept between 0.1V and 1.0 V vs. 

Ag/AgCl (saturated KCl) reference electrode, converted to RHE (Equation 2.1) and the 

overpotential was calculated at 10 mA/cm2 current density for the electrocatalysts. To choose 

for the optimized doped lanthanum manganite for OER, all the materials were subjected to 

electrochemical analysis. It can be seen from the plot (Figure 3.3.4a) the overpotential for 

La0.7Sr0.3MnO3 is lowest among all other lanthanum manganites, which is due to the 

formation of optimum holes within the lattice upon conversion of Mn ions from +3 to +4 state 

due to the Sr2+ doping. Additionally, the 30 at% doping of Sr2+ into La3+ results in the facile 

transport of the charge carriers owing to the formation of optimum Mn3+‒O2p‒Mn4+ bong 

angle of ~180°. The optimum deposition of Co-Pi over the oxide material was evaluated by 

changing the deposition time keeping all other parameters constant. It was observed that the 

overpotential value @10mA/cm2 decreases upto 10mins deposition time and again increases 

with more time (Figure 3.3.4b). The observed trend is due to the different concentration of 

Co ions deposited over the perovskite surface. The Co ions are responsible for the extraction 
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of the charge carriers from the perovskite surface and transferring the same to the electrolyte 

interface. Low concentration of Co ions reduces the effective extraction of the charge 

carriers, thus upon increasing the deposition time the concentration of the Co ions increases, 

enhancing the efficiency. With increase in Cobalt concentration with the excessive deposition 

of the Co-Pi onto the perovskite surface causes over-crowding of the Co ions and thus the 

Co3+/Co4+ (Co2+ on accepting the holes) instead of reaching to the electrolyte surface collides 

with other Co2+ ions thereby releasing the holes and getting reduced to +2 state. Thus, we 

observe a decrease in the efficiency of the catalyst for higher deposition time. 

 
Figure 3.3.4. (a) Linear sweep voltammetry in 1M NaOH electrolyte solution of LaMnO3, 

La0.9Sr0.1MnO3, La0.8Sr0.2MnO3, La0.7Sr0.3MnO3, La0.6Sr0.4MnO3, (b) different deposition time 

of Co-Pi over La0.7Sr0.3MnO3, (c) Linear sweep voltammetry of the FTO (black), Co-Pi 

(magenta), RuO2 (green), La0.7Sr0.3MnO3 (blue) and La0.7Sr0.3MnO3/Co-Pi (red) in 1 M 

NaOH electrolyte solution with inset showing the overpotential of the RuO2 and 

La0.7Sr0.3MnO3/Co-Pi at a current density of 100 mA/cm2, and (d) the corresponding Tafel 

plots along with inset comparing the Tafel slopes of the catalysts 

From Figure 3.3.4c an exceptional ~195% enhancement in the performance is 

observed for the modified La0.7Sr0.3MnO3 electrode with Co-Pi overlayer resulting in an 

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

0

10

20

30

40

50

60

430 mV

35
0 

m
V

185 mV 2
2
0
 m

V

C
u

rr
e
n

t 
D

e
n

s
it

y
 (

m
A

/c
m

2
)

Potential (V vs RHE)
-1.2 -0.8 -0.4 0.0 0.4 0.8

0

100

200

300

400

500

600

700

O
v
e
rp

o
te

n
ti

a
l 
(m

V
)

log j (mA/cm
2
)

151 mV/dec

103 mV/dec

73 mV/dec

74 mV/dec

62 mV/dec

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

0

20

40

60

80

100

120

5
4
0
 m

V

4
6
0
 m

V

1.2 1.3 1.4 1.5 1.6 1.7 1.8

0

5

10

15

20

25

C
u

rr
e
n

t 
D

e
n

s
it

y
 (

m
A

/c
m

2
)

Potential (V vs RHE)

  LaMnO
3

  La
0.9

Sr
0.1

MnO
3

  La
0.8

Sr
0.2

MnO
3

  La
0.7

Sr
0.3

MnO
3

  La
0.6

Sr
0.4

MnO
3

1.2 1.3 1.4 1.5 1.6 1.7

0

10

20

30

40

50

C
u

rr
e
n

t 
D

e
n

s
it

y
 (

m
A

/c
m

2
)

Potential (V vs RHE)

  2.5 mins

  5 mins

  7.5 mins

  10 mins

  12.5 mins

(a) (b)

(c) (d)

TH-2984_176122028



Chapter 3  Doping & Overlayer Strategy for OER 
 

Part of this chapter has been published in ACS Appl. Energy Mater. 2020, 3, 1279  44 

 

improved overpotential from 430 mV to 220 mV, which is comparable to the commercial 

RuO2 (185 mV), measured under conditions identical to our measurements. It is interesting to 

note that observed overpotential at a current density of 100 mA/cm2 (Figure 3.3.4c inset) for 

La0.7Sr0.3MnO3/Co-Pi (460 mV) shows a better electrocatalytic property than the commercial 

RuO2 (540 mV) under identical alkaline conditions. The improved overpotential for the 

modified electrocatalyst is attributed to the Co-Pi overlayer. It enhances the surface oxidation 

kinetics by accepting the charge carriers generated in the perovskite material.  

 OER kinetics of the electrocatalysts were evaluated by the Tafel slope (Figure 

3.3.4d). The reduction of the Tafel slope for the modified La0.7Sr0.3MnO3/Co-Pi signifies the 

favorable kinetics at smaller overpotential. The Tafel slope of 62 mV/decade for 

La0.7Sr0.3MnO3/Co-Pi depicts faster OER kinetics as compared to that of La0.7Sr0.3MnO3 (103 

mV/decade), Co-Pi (73 mV/decade) and commercial RuO2 (74 mV/decade) at 1 M NaOH 

(aqueous). The observation of improved Tafel slope for the faster charge transfer across the 

electrocatalytic interfaces for the La0.7Sr0.3MnO3/Co-Pi is well supported by the LSV plots. 

3.3.5. Electrochemical Active Surface Area (ECSA) and Electrochemical Impedance 

Spectroscopy (EIS) Analyses 

 To further understand the number of active sites of the OER catalyst, ECSA analysis 

is carried out and can be evaluated from the electrochemical double-layer capacitance (Cdl) 

model.28 The Cdl was calculated from the slope of the capacitive current vs scan rate obtained 

from the cyclic voltammograms (CV) of respective catalysts. Figure 3.3.5a, b shows the CV 

of the La0.7Sr0.3MnO3 and La0.7Sr0.3MnO3/Co-Pi recorded in the potential range of -0.6 to 

0.6V vs. Ag/AgCl at different scan rates (10 to 100 mV/s). From the plots it is observed that 

the activity of the La0.7Sr0.3MnO3 has increased upon deposition of Co-Pi over the surface. 

Also, with the increase in the scan rate the oxidation and reduction peaks in the non-Faradaic 

region shifts towards higher potential which infers that the electroactive species is confined to 

the electrode surface. From Figure 3.3.5c it is observed that the Cdl obtained for 

La0.7Sr0.3MnO3/Co-Pi (85.22 mF/cm2) is ~9.5 times higher than that for La0.7Sr0.3MnO3 

(8.915 mF/cm2). The higher ECSA attributes to the larger active sites for the modified 

catalyst which is beneficial for the better adsorption of water molecules and intimate contact 

with the electrolyte, resulting in an enhanced OER activity.  
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Figure 3.3.5. Cyclic voltammograms (CVs) of (a) La0.7Sr0.3MnO3 and (b) La0.7Sr0.3MnO3/Co-

Pi, measured at different scan rates from 10 to 100 mV/s, (c) Plots of current density (at 

0.86V vs RHE) vs. scan rates, and (d) Nyquist plots with inset showing the corresponding 

circuit at different interfaces.  

 Along with the surface activity, charge transfer kinetics within the bulk also plays a 

vital role in the betterment of OER activity. To evaluate the charge transfer kinetics, EIS was 

performed for both the bare perovskite and the modified catalyst. As can be seen from Figure 

3.3.5d, the diameter in the mid-frequency region of the Nyquist plot for La0.7Sr0.3MnO3/Co-Pi 

is much smaller than that for the La0.7Sr0.3MnO3, which confirms the improved kinetics of the 

modified system. The charge transfer resistance (Rct) for La0.7Sr0.3MnO3/Co-Pi is 12.4 Ω 

while that for La0.7Sr0.3MnO3 is 154.2 Ω. Additionally, the overall bulk capacitance (Cbulk) of 

the system was also evaluated using EIS measurements and found to be 5.5 μF/cm2 for 

La0.7Sr0.3MnO3/Co-Pi and 94.1 μF/cm2 for the La0.7Sr0.3MnO3. The 17-fold reduction of Cbulk 

of the La0.7Sr0.3MnO3 upon the Co- Pi deposition implies the efficient extraction of the 

carriers from the La0.7Sr0.3MnO3 by the Co-Pi molecules. Thus, the Co2+ ions over the 

La0.7Sr0.3MnO3 surface accept holes from the perovskite material and transfer them to the 

electrolyte interface more rapidly, thus enhancing the electrocatalytic performance. 
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3.3.6. Electrochemical Efficiency Analyses 

 To check the efficiency of the modified electrocatalyst, turnover frequency (TOF) was 

calculated as explained in the supporting information. Upon calculation, it was found that the 

modified catalyst, La0.7Sr0.3MnO3/Co-Pi, has a TOF of 3.17 s-1 and that for bare perovskite 

material, La0.7Sr0.3MnO3, is 0.86 s-1 (Figure 3.3.6a). The four-folds enhancement in the TOF 

value for the modified catalyst infers that the number of cycles of catalytic activity at the 

surface per unit time has tremendously increased upon deposition of the Co-Pi overlay owing 

to its faster reaction kinetics as supported by the ECSA and EIS results. 

In addition to the TOF, the Faradaic yield was also evaluated using the online gas 

chromatography technique (Figure 3.3.6b). From the figure, it can be seen that the amount of 

gas evolved for H2 and O2 is in the ratio of 2:1, which is in good accord with the theoretical 

prediction. The average Faradaic yield of the gas evolved (O2 and H2) was found to be ~98% 

on comparing the experimental and the theoretical yields, as explained in the supporting 

information. The high Faradaic yield infers that the charge carriers generated in the 

electrocatalyst are utilized in the oxidation of H2O molecules producing the O2 gas at the 

catalyst surface. 

 
Figure 3.3.6. (a) Turnover frequency (TOF) of the La0.7Sr0.3MnO3 ( ) and 

La0.7Sr0.3MnO3/Co-Pi ( ), (b) Faradaic yield of La0.7Sr0.3MnO3/Co-Pi measured at a current 

density of 10 mA/cm2 using the gas chromatography technique. In the plot ( ) represents 

the theoretical yield of H2 gas while ( ) represents the experimental yield. Similarly, ( ) 

represents the theoretical yield of O2 gas and ( ) represents the experimental yield of O2 gas. 

Also, the Faradaic yield of O2 gas is represented by ( ) and that of H2 by ( ) 

3.3.7. Durability Test 

 To test for the durability of the fabricated electrodes, a long-term stability test has 

been performed by measuring the current density using chronoamperometry method at a 
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potential of 220 mV (i.e., 1.45 V vs RHE). From Figure 3.3.7a it is clear that the catalyst is 

quite stable even after 16 hours of continuous run. The inset shows the current density of the 

modified catalyst before and after the stability test. To check the decay in the current density, 

CV was measured between the potential 0.3 V to 1.5 V vs RHE at a scan rate of 100 mV/s for 

500 cycles. Fig S8 shows the CV of La0.7Sr0.3MnO3/Co-Pi at different numbers of cycles. The 

plot (Figure 3.3.7b) shows negligible reduction in the current density upon continuous run 

upto 500 cycles with no shift in the peak positions. Thus, it can be inferred that the 

La0.7Sr0.3MnO3/Co-Pi is stable in the alkaline condition and can be utilized as electrocatalyst 

for long run. 

 
Figure 3.3.7. (a) Chronoamperometry plot of La0.7Sr0.3MnO3/Co-Pi at an overpotential (OP) 

of 220mV vs RHE with inset the IV curve of the catalyst before and after the stability test, 

and (b) CV scan of La0.7Sr0.3MnO3/Co-Pi measured at a scan rate of 100 mV/s 

3.3.8. Mechanism Involved for Efficient OER Performance 

 The mechanism of the OER by the La0.7Sr0.3MnO3/Co-Pi is depicted in the schematic 

diagram (Figure 3.3.8). The introduction of Sr2+ into the lattice of La3+ resulted in the 

formation of Mn4+ from Mn3+, thus inducing the formation of holes into the lattice. With the 

increase in the doping concentration, the bond angle between Mn3+‒O2p‒Mn4+ increases and 

reaches to the optimum 180° at 30 at%, which aids the facile charge transport owing to the 

simplified conduction path.27 Thus, La0.7Sr0.3MnO3 shows better electrocatalytic behavior. 

The electro-deposition of Co-Pi over the La0.7Sr0.3MnO3 layer enhances the OER. The Co2+ 

receives the holes generated in the La0.7Sr0.3MnO3 from the surface and gets oxidized to 

Co3+/Co4+ and moves to the electrolyte interface where it releases the hole on interacting with 

the H2O molecule thus oxidizing it to O2, and itself reduces to Co2+. The rapid shuttling of the 

oxidation state of Co ions between +2 and +3/+4 state results in the faster kinetics of OER 

and results in superior efficiency. 
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Figure 3.3.8. Schematic representation of plausible mechanistic pathway La0.7Sr0.3MnO3/Co-

Pi underwent for the oxygen evolution reaction 

3.4. Conclusions 

 In summary, we proposed a model system of the perovskite material, La0.7Sr0.3MnO3, 

over the FTO over-layered with Co-Pi via electrodeposition method and its potential as an 

efficient electrocatalyst. The obtained La0.7Sr0.3MnO3/Co-Pi catalyst exhibits a low 

overpotential of 220 mV vs RHE attained at a current density of 10mA/cm2 and a small Tafel 

slope of 62 mV/decade under alkaline conditions. Moreover, it shows an improved efficiency 

with a turnover frequency of 3.17 s-1, which implies the high activity of the catalyst, which is 

in accord with the very low Rct (12.36 Ω) value obtained from EIS and a high Cdl (85.22 

mF/cm2) value from ECSA. In addition, the average Faradaic yield of ~98 % implies that the 

generated holes within the electrocatalyst are utilized for H2O oxidation evolving O2 gas. The 

high stability for about 16 hours with a negligible decrease in the current density also 

supports the high potential of La0.7Sr0.3MnO3/Co-Pi as a promising electrocatalyst to replace 

the high cost and scarce commercial noble metal catalysts for practical electrochemical water 

splitting. 
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CHAPTER 4 

 

 

 

Transcription strategy: Morphological transformation of 

Strontium doped lanthanum manganite for oxygen 

evolution reactions 

This chapter focusses on the effect of morphological variation on the performance of oxygen 

evolution reaction (OER). Here, strontium doped lanthanum manganite (LSMO) has been 

utilized as the electrocatalyst, which in general is synthesized via high temperature solid-state 

route leaving no scope for induction of morphological features. Herein, a transcription 

methodology has been utilized, where its precursor, manganese oxide, is synthesized with 

desired morphology and later used as template during solid-state reaction for induction of the 

morphology onto the LSMO. 
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4.1. Introduction  

Heterogeneous catalysis is a surface phenomenon where the catalyst provides the 

active sites for the conversion of the reactants to the products.1 Apart from the stability and 

kinetics of the catalyst, the concentration of the electrochemical active sites determines the 

catalytic efficiency. Number of electrochemical active sites mainly depends on the extent of 

the exposed surface, governed by its morphology.2,3 Thus, an important strategy to improve 

the efficacy of a catalyst is by increasing the electrochemical active sites by virtue of its 

rationally designed morphologies.4,5 One of the guiding principles of the shape selectivity by 

a molecule is based on its crystalline energy of formation and intrinsic anisotropic growth 

behavior.6-8 Several synthetic procedures such as templating methods, change in reaction 

conditions, and use of structure-directing agents have been utilized to prepare desired 

morphologies for the molecules.9-11  

Among various heterogeneous catalysts, metal oxides are most widely employed, 

either as active phase or as a support, owing to their high activity and stability.12 The high 

activity of metal oxides is due to the redox properties of the metal ion which eases the charge 

transfer process within the system.12,13 Complex metal oxides containing two or more metal 

ions have better catalytic activity than the uni-metal oxides due to the presence of multiple 

redox centres.14 The multivalent transition metal oxides belong to a predominant class of 

catalysts owing to their low cost of production, easy regeneration of the active species and 

selectivity.12 In recent times, 3 D perovskite oxides (ABO3), with alkaline or rare-earth metal 

ion in A-site and transition metal ion in the B-site are widely investigated for their 

applications due to their electronic, ionic, magnetic, catalytic and other environmentally 

friendly properties.15-17 The high temperature solid-state synthetic route of the perovskite 

oxide results in non-uniform random morphology with less electrochemical active surface 

area.14,18 Conventional solid-state reaction utilizes commercially available precursor 

molecules possessing no unique morphological feature thereby resulting in the formation of 

random morphology. Also, at high temperature, the stability of structure directing agents 

(SDA) is questionable and makes them unfavourable to be employed during the reaction. 

Although, few synthetic protocols have been exploited to design specific structures for the 

perovskite molecules but morphological flexibility is yet to be achived.19-23 To achieve 

versatile morphological features of perovskite oxides which can lead to superior properties in 

terms of active surface area and transport phenomenon, transcription methodology is utilized, 

where one of the precursor molecules can be tuned with desired morphology and use the 
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obtained morphological precursor as a directing template during the solid-state reaction for 

the transcription of its morphology.  

 Among various applications of surface/morphology modification, electrochemical 

water splitting phenomena utilizes surface active sites formed for the production of hydrogen 

and oxygen from environmental benign source, water.24 The four-electron transfer 

mechanism results in complex thermodynamic possibilities of the oxygen evolution reaction 

(OER), limits the overall efficiency of water splitting process.25 Most of the metal oxides are 

designed to confront the kinetic barrier to surpass the performance of the state-of-art catalyst, 

such as IrO2.
26 Perovskite oxides with the advantage of high flexibility of elemental 

composition, rich electronic/defect structure, high conductivity and chemical stability makes 

them good candidates for electrocatalytic OER activity.27,28 Researchers have utilized ABO3 

type perovskites, e.g., LaMnO3,
29 as water oxidation catalysts and found that the doped 

counterparts, (La0.7Sr0.3MnO3,
30

 La0.5Sr0.5MnO3,
31 (La0.8Sr0.2)0.95MnO3-δ,

32 etc.)  exhibits 

better OER activity on virtue of its increased conductivity due to the modification of Mn‒O‒

Mn bond angle providing facile movement of charged species within the bulk. Water 

oxidation being a surface phenomenon, high electrochemical active surface area (ECSA), 

which is directly proportional to double-layer capacitance at the electrolyte interface, is also 

one of the key parameters for the enhancement of OER activity.33-35 The synthetic procedure 

of perovskite oxides restricts the formation of high electrochemical active sites due to the 

inherent random non-uniform morphology. Sphere shaped perovskite oxide (LaMn0.3Co0.7O3) 

exhibited better electrocatalytic activity that the random shaped perovskite oxide owing to 

higher electroactive sites.36 In order to counter the limitation of electrochemical active sites, 

the morphology transcription methodology can be utilized during the solid-state process for 

the formation of desired morphology of the perovskite oxide. 

 In this work we have utilized strontium doped lanthanum manganite as the perovskite 

metal oxide and tuned its morphology for enhancement of its activity towards 

electrochemical water oxidation. 30 at. % strontium doped lanthanum manganite 

(La0.7Sr0.3MnO3) is best known for its higher conductivity and activity towards OER 

compared to other doped counterparts.18,30,37,38 The La0.7Sr0.3MnO3 (LSMO) is 

conventionally synthesized using lanthanum, strontium and manganese precursors at high 

temperatures which results in the formation of no controlled morphology. Desirable 

morphologies of LSMO were attained by the utilization of our proposed transcription 

methodology. Here we have tuned the morphology of manganese oxide (MnxOy) using 
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hydrothermal method under different reaction conditions and later utilized it as a template for 

transcription of respective morphology into the synthesized LSMO. The development of 

anisotropic/ isotropic morphologies for LSMO resulted in the enhancement of 

electrochemical active sites as confirmed by the double layer capacitance measurements and 

escalated water oxidation catalytic activity. We believe that this method can be utilized as a 

model system for other complex metal oxide/ chalcogenides, where morphological tuning is a 

critical component in improving the electrocatalytic properties. Also, a detailed report 

comparing the OER performances of various manganese-based perovskite oxides is tabulated 

(Table 3) supporting the importance of our methodology for the synthesis of morphological 

LSMO. 

4.2. Experimental Section 

4.2.1. Synthesis of morphological MnxOy 

 The diversified morphologies of MnxOy were obtained by utilizing the following 

synthetic protocols. 

(i) Cuboidal shaped Mn2O3: 

Manganese nitrate (Mn(NO3)2) (1 mmol) and urea (1 M) were dissolved in 30 mL 

H2O. The mixture was stirred for 2h and transferred to stainless steel autoclave and reacted @ 

180 °C for 20h, then centrifuged and washed using H2O-EtOH mixture. Finally, it was 

calcined @ 550 °C for 2h with ramp of 10 °C/min. 

(ii) Rod shaped Mn2O3: 

Potassium permanganate (KMnO4) (2.5 mmol) and manganese chloride (MnCl2) (1 

mmol) were dissolved in 30 mL H2O. The mixture was stirred for 2 h and transferred to 

stainless steel autoclave and reacted @ 160 °C for 12 h, then centrifuged and washed using 

H2O-EtOH mixture. Finally, it was calcined @ 550 °C for 2 h with ramp of 10 °C/min. 

(iii) Flake shaped KMn8O16: 

 Potassium permanganate (KMnO4) (1 mmol) was dissolved in 30 mL H2O along with 

concentrated HCl (0.5 mL) and H2O2 (1 mL). The mixture was stirred for 2h and transferred 

to stainless steel autoclave and reacted @ 160 °C for 12h, then centrifuged and washed using 

H2O-EtOH mixture. Finally, it was calcined @ 550 °C for 6h with ramp of 5 °C/min. 
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(iv) Nano-block shaped β-MnO2: 

Potassium permanganate (KMnO4) (1 mmol) and manganese chloride (MnCl2) (2.5 

mmol) were dissolved in 30 mL H2O. The mixture was stirred for 2 h and transferred to 

stainless steel autoclave and reacted @ 180 °C for 20 h, then centrifuged and washed using 

H2O-EtOH mixture. Finally, it was calcined @ 400 °C for 2 h with ramp of 10 °C/min. 

(v) Fused-rods shaped Mn2O3: 

Manganese chloride (MnCl2) (1 mmol) and potassium permanganate (KMnO4) (2.5 

mmol) were dissolved in 30 mL H2O and later xanthan gum (30 mg) was added to it. After 

stirring for an hour, the mixture was transferred to stainless steel autoclave and reacted @ 

160 °C for 24 h. Finally, it was centrifuged using H2O-EtOH mixture and after drying 

calcined @ 550 °C for 6 h with ramp of 5 °C/min. 

(vi) Fused-cubes shaped Mn2O3: 

Manganese chloride (MnCl2) (2.5 mmol) and potassium permanganate (KMnO4) (1 

mmol) were dissolved in 30 mL H2O and later ammonium fluoride (30 mg) was added to it. 

After stirring for an hour, the mixture was transferred to stainless steel autoclave and reacted 

@ 160 °C for 24 h. Finally, it was centrifuged using H2O-EtOH mixture and after drying 

calcined @ 550 °C for 6 h with ramp of 5 °C/min. 

(vii) Spherical shaped Mn2O3: 

Manganese sulphate (MnSO4) (1 mmol), ammonium carbonate (3 mmol) and alginic 

acid (1 mg/mL) were dissolved in 30 mL H2O. The mixture was stirred for 2h and transferred 

to stainless steel autoclave and reacted @ 80 °C for 4 h, then centrifuged and washed using 

H2O-EtOH mixture. Finally, it was calcined @ 550 °C for 6 h with ramp of 5 °C/min. 

(viii) Wire shaped α-MnO2: 

 Potassium permanganate (KMnO4) (3 mmol) was dissolved in 30 mL H2O and kept 

for stirring. Then concentrated HCl (10 mmol) was added to it along with polyvinyl alcohol 

(1 mg/mL) and then the mixture was transferred to stainless steel autoclave and reacted @ 

160 °C for 12 h. After the reaction the product was centrifuged using H2O-EtOH mixture and 

dried in oven @ 60 °C overnight. 
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4.2.2. Transcription of morphological MnxOy into corresponding La0.7Sr0.3MnO3 

(LSMO) 

 For the synthesis of morphological LSMO (Scheme 4.2.1), the different synthesized 

MnxOy were utilized as the Mn source during the solid-state route. Here stoichiometric 

amount of La2O3, SrCO3 and MnxOy were taken in mortar-pestle and ground well and then 

subjected to calcination in a muffle furnace @ 1000 °C for 16 h at a heating rate of 5 °C/min. 

For comparing the morphological LSMO with conventionally synthesized LSMO, similar 

procedure was followed taking commercial MnO2 as the Mn source alongside La2O3 and 

SrCO3 in stoichiometric amount. 

 
Scheme 4.2.1. Synthetic protocol for the formation of morphological MnxOy synthesized via 

hydrothermal route which are used as template during the solid-state reaction for transcription 

of its morphology into the corresponding LSMO 

4.2.3. Rietveld Analysis 

The agreement of Rietveld refined data was evaluated with initial parameters in 

relation to the weighted and expected residual factors (Rwp, Rex), and their ratio, 

corresponding to the goodness-of-fit (χ2). The weighted-profile R value, Rwp was defined as 

Rwp =  [ΣiWi{Yi(obs) − Yi(cal)}2/ΣiWi{Yi(obs)}2]1/2    . . . (4.1) 
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where, Yi (obs) was the observed intensity at step i, Yi (cal) the calculated intensity, 

and Wi the weight. The expected R value (Rexp) was defined as 

Rexp =  [(N − P) Σi
NWi{Yi(obs)}2]

1/2
     . . . (4.2) 

where, N and P correspond to the number of observations and parameters respectively. 

4.3. Results and Discussions 

4.3.1. Experimental Modification Induced Morphological Features 

 A library of MnxOy morphologies with different crystalline phases were synthesized 

for transcriptional purpose of its higher analogues by altering various experimental 

conditions. The morphological features of the MnxOy and their respective analogues i.e. 

doped lanthanum manganites were analyzed by field emission scanning electron microscopy 

(FESEM) technique. From Figure 4.3.1, it can be seen that the inherent morphologies of 

MnxOy were transcripted into the corresponding LSMO via a two-step process. The cuboidal 

Mn2O3 (Figure 4.3.1(a)) transcripted to form cuboidal LSMO (Figure 4.3.1(e)),  

 
Figure 4.3.1. FESEM images of (a) cuboidal Mn2O3 (b) rod shaped KMn8O16 (c) flake 

shaped Mn2O3 (d) nano-block shaped β-MnO2 synthesized via modification in experimental 

conditions and (e-h), representing the corresponding morphological features of LSMO 

transcripted from their respective MnxOy. 

similarly, the rod-shaped Mn2O3 (Figure 4.3.1(b)), flake-shaped KMn8O16 (Figure 4.3.1(c)), 

and nano-block shaped β-MnO2 (Figure 4.3.1(d)) resulted in the formation of the LSMO 

with the corresponding morphologies; rods (Figure 4.3.1(f)), flakes (Figure 4.3.1(g)), and 

nano-blocks (Figure 4.3.1(h)). 
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 The formation steps of a host of morphologies of the MnxOy have been demonstrated 

schematically in Figure 4.3.2.  

 
Figure 4.3.2: Schematic representation of the plausible mechanism for the formation of (a) 

cuboidal Mn2O3, (b) flake shaped KMn8O16, and (c) rod shaped Mn2O3 and nano-block 

shaped β-MnO2 

The formation steps of a host of morphologies of the MnxOy have been demonstrated 

schematically in Figure 4.3.2. The crystal lattice of the Mn2O3 is cubic and upon reaction 

with Mn2+ ions, under no additional influence/ reagents, it prefers to form the 

thermodynamically stable cuboidal shape (Figure 4.3.2(a)).39,40 In Figure 4.3.2(b), KMnO4 

reacts with oxidizing agent H2O2 in acidic medium and results in the formation of nano wire 

shaped Mn2+- adduct. The K+ ions stabilizes the formed nanowire-adduct which gets self – 

assembled/agglomerates and transforms into the flake like structures upon calcination.41 

Figure 4.3.2(c) shows the formation of Mn2O3 rods and nano-block shaped β-MnO2 under 

different thermal conditions starting from the same reaction precursors as shown in first two 

steps. In the initial step, the mixture of KMnO4 and MnCl2 undergoes nucleation, resulted in 

the formation of nanowire shaped α-K0.5Mn4O8, stabilized by the K+ cations. Further, the 

reaction at 160 °C it retains the rod shaped Mn2O3 upon calcination,41,42 whereas, at high 
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temperature of 180 °C, the rod-shaped structures deformed and re-organize themselves into a 

pyramid like nano-block shaped β-MnO2.
6,43 

4.3.2. Structure Directing Agents (SDA) Induced Morphological Transformation  

Structure directing agents (SDA) are utilized for their ability to direct the growth of 

molecules in specific orientation thus defining its morphology. In the nucleation stage, the 

SDA organizes into small structural building fragments of a particular geometrical topology 

around itself and provides the initial seed points for a unique structure type. Thus, to further 

tune different morphologies for MnxOy, SDA molecules were used during its hydrothermal 

synthesis and were then utilized as template for the synthesis of morphological LSMO. The 

compounds were analyzed using FESEM technique to visualize the morphological features 

(Figure 4.3.3). As can be seen the structure directing agent, xanthan gum (XG), forms fused-

rod shaped Mn2O3 (Figure 4.3.3(a)) which further transcripted into fused-rod shaped LSMO 

(Figure 4.3.3(e)). Similarly, when ammonium fluoride (NH4F) was used as SDA resulted the 

formation of fused-cube shaped Mn2O3 (Figure 4.3.3(b)) which transcribed into fused-cube 

shaped LSMO (Figure 4.3.3(f)). The use of SDA, Alginic acid (AÂ), results in spherical 

Mn2O3 (Figure 4.3.3(c)) which further transcribed into spherical LSMO (Figure 4.3.3(g)).  

 
Figure 4.3.3. FESEM images of (a) fused-rod shaped Mn2O3, (b) fused-cube shaped Mn2O3, 

(c) spherical Mn2O3, (d) wire shaped α-MnO2 synthesized hydrothermally utilizing the SDA 

molecules and (e-h) their corresponding transcripted morphological LSMO 

Polyvinyl alcohol (PVA) resulted in the formation of wire shaped α-MnO2 (Figure 4.3.3(d)) 

which transcribed into wire shaped LSMO (Figure 4.3.3(h)). 

The formation of morphologies of MnxOy synthesized using SDA molecules has been 

presented schematically in Figure 4.3.4.  
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Figure 4.3.4: Schematic representation of the plausible mechanism for the formation of (a) 

fused-rod shaped Mn2O3, (b) fused-cube shaped Mn2O3, (c) spherical Mn2O3, and (d) wire 

shaped α-MnO2 

For the synthesis of fused-rod shaped Mn2O3 xanthan gum (XG) is used along with 

KMnO4 and MnCl2, where it forms an adduct complex, MnO4
−: Mn2+ − XG (Figure 4.3.4(a)). 

During the course of reaction, KMnO4 and MnCl2 undergoes nucleation forming nanowire 

shaped α-K0.5Mn4O8 which in presence of XG molecule undergoes self-assembly and upon 

calcination results in Mn2O3 fused-rods. In Figure 4.3.4(b), when the NH4F is used as SDA, 

it resulted in the restricted growth of the α-K0.5Mn4O8 upon the redox reaction of KMnO4 and 

MnCl2.
44 The α-K0.5Mn4O8 forms a complex with the F- ions and during the reaction it 

deforms into cube shaped entities. Further upon calcination the deformed cubes agglomerates 

and forms the fused-cube shaped Mn2O3.
45 For synthesizing spherical morphology of Mn2O3, 

alginic acid (AÂ) was used along with MnSO4 and (NH4)2CO3, where it forms an adduct, 

MnCO3 – AA (Figure 4.3.4(c)). The nucleation of the formed MnCO3 followed by self-

assembly in presence of AÂ takes the spherical shape which upon calcination results into 

spherical Mn2O3.
39,40 In Figure 4.3.4(d), polyvinyl alcohol (PVA) is used for the synthesis of 

nanowired α-MnO2. KMnO4 forms an adduct with PVA (MnO4
− − PVA) and subsequently 
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upon the reaction forms α-K0.5Mn4O8, which under the influence of PVA self-assembles to 

form nanowires.41-43 

4.3.3. Conventional Solid-State Induced Random Morphological Features 

The morphology of conventionally synthesized solid-state LSMO from commercially 

available MnO2 (Figure 4.3.5) resulted in random and non-uniform morphologies. Thus, in 

the transcription methodology, the doped lanthanum manganites were successfully designed 

with preferred uniform morphologies by calcination of the predefined morphological MnxOy 

as a template. 

 
Figure 4.3.5. (a) FESEM image of commercial MnO2 and (b) FESEM image of the LSMO 

synthesized using conventional solid-state method utilizing the commercial MnO2 

4.3.4. Experimental Modification Induced Crystal Phases & Rietveld Refinement  

As-synthesized MnxOy phase purity, crystallinity and their transcripted LSMO were 

examined using powder X-ray diffractometer (PXRD).   

 
Figure 4.3.6. PXRD pattern of (a) the as-synthesized MnxOy formed by the utilization of 

SDA, and (b) the corresponding transcripted morphological LSMO 

From Figure 4.3.6(a, b) it can be seen that, for both MnxOy and LSMO, the peaks are 

indexed to corresponding phases with no detectable impurities. In Figure 4.3.6(a) the 

synthesized cuboidal and rod-shaped Mn2O3 corresponds to the cubic phase (ICSD No. 00-
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002-0902), the flake shaped KMn8O16 and the β-MnO2 corresponds to tetragonal phase 

(ICSD No. 00-006-0547 and 00-024–0735, respectively). Figure 4.3.6(b) demonstrates the 

PXRD patterns for the LSMO synthesized from their corresponding morphological MnxOy.  

 
Figure 4.3.7. The enlarged XRD spectra at ~32° of the morphological LSMO demonstrating 

the pattern of the peak split 

As can be observed, the ratio of splitting, an indication of mixed phases, in the major 

peak at ~32° (Figure 4.3.7) varies for LSMO synthesized from the different MnxOy phases. 

 
Figure 4.3.8. Rietveld refined XRD spectra of morphological LSMO synthesized from (a) 

cuboidal Mn2O3, (b) flake shaped KMn8O16, (c) rod shaped Mn2O3, and (d) nano-block 

shaped b- MnO2 showing the presence of both rhombohedral and orthorhombic phases 
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The presence of mixed phases in the LSMO was also confirmed by Rietveld 

refinement corresponding to two different phases, namely, rhombohedral and orthorhombic 

(ICSD No. 00-051-0409 and 01-077-4031) as shown in Figure 4.3.8. The detailed results are 

tabulated in Table 4.3.1 with the percentage of the formed phases in the LSMO. It is 

observed that the LSMO synthesized from cubic phase of Mn2O3 results in the formation of 

orthorhombic as the dominant phase, whereas the LSMO synthesized from tetragonal phase 

of KMn8O16 and β-MnO2 resulted in the formation of rhombohedral as the dominant phase.  

Table 4.3.1. Summary of the Rietveld refinement of the morphological LSMO and the 

conventional solid-state LSMO demonstrating the percentage of the formed mixed phases 

Template MnOx Transcripted La0.7Sr0.3MnO3 

Compound Morphology Phase 
Goodness-

of-fit (χ2) 

Rhombohedral 

(̄R3c) 

Orthorhombic 

(Pbmn) 

Mn2O3 Cuboidal Cubic 1.73 43.97% 56.03% 

KMn8O16 Flakes Tetragonal 3.00 99.98% 0.02% 

Mn2O3 Rods Cubic 2.02 38.93% 61.07% 

b-MnO2 Nano-Blocks Tetragonal 2.79 95.68% 4.32% 

4.3.5. Structure Directing Agents (SDA) Induced Crystal Phases & Rietveld Refinement  

The phase purity and crystallinity of the as-synthesized MnxOy and the transcripted 

LSMO were determined using PXRD technique.  

 
Figure 4.3.9. PXRD pattern of (a) morphological parent MnxOy under different experimental 

conditions, and (b) the corresponding morphological LSMO transcripted from their parent 

MnxOy. 
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The peaks of the synthesized fused-rod shaped, fused-cube shaped and spherical 

Mn2O3 (Figure 4.3.9(a)) are indexed to the cubic phase (ICSD No. 00-002-0902) while that 

of wire shaped α-MnO2 to tetragonal phase (ICSD No. 00-044-0141). Figure 4.3.9(b) 

demonstrates the PXRD patterns of the correspondingly synthesized morphological LSMO 

with no detectable impurity peaks. 

 
Figure 4.3.10. The enlarged XRD spectra at ~32° of the morphological LSMO demonstrating 

the pattern of the peak split 

 
Figure 4.3.11. Rietveld refined XRD spectra of morphological LSMO synthesized from (a) 

spherical Mn2O3, (b) fused-rod shaped Mn2O3, (c) fused-cube shaped Mn2O3, and (d) wire 

shaped a-MnO2 showing the presence of both orthorhombic and rhombohedral phases 
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The ratio of splitting in major peak at ~32° (Figure 4.3.10) is different for the LSMO 

synthesized from the MnxOy of cubic and tetragonal phases, indicating the formation of 

mixed phases in the LSMO, which further confirmed by the Rietveld refinement, confirming 

the rhombohedral and orthorhombic phases (ICSD No. 00-051-0409 and 01-077-4031) as 

shown in Figure 4.3.11 with the phase percentage details given in Table 4.3.2. The LSMO 

synthesized from the cubic phase of Mn2O3 resulted in the formation of orthorhombic as the 

dominant phase for fused-rod and fused-cube shaped LSMO, while for the spherical LSMO 

the dominant phase is rhombohedral. The wire shaped LSMO synthesized from tetragonal 

phase of α-MnO2 resulted in the formation of rhombohedral as the dominant phase. Thus, the 

utilization of a pre-defined morphological MnxOy as template for the transcription 

methodology results in the formation of desired phase in doped lanthanum manganites. 

Table 4.3.2. Summary of the Rietveld refinement of the morphological LSMO and the 

conventional solid-state LSMO demonstrating the percentage of the formed mixed phases 

Template MnOx Transcripted La0.7Sr0.3MnO3 

Compound Morphology Phase 
Goodness-

of-fit (χ2) 

Rhombohedral 

(̄R3c) 

Orthorhombic 

(Pbmn) 

Mn2O3 Spherical Cubic 3.30 69.87% 30.13% 

Mn2O3 Fused-Rods Cubic 2.44 33.50% 66.50% 

Mn2O3 Fused-Cubes Cubic 3.45 49.55% 50.45% 

a-MnO2 Wires Tetragonal 2.58 99.99% 0.01% 

4.3.6. Conventional Solid-State Induced Crystal Phases & Rietveld Refinement  

 The PXRD pattern of commercial MnO2 and the LSMO synthesized utilising 

conventional solid-state route is shown in Figure 4.3.12. The commercial MnO2 corresponds 

to the well-indexed tetragonal phase (ICSD No. 00-044-0141), and the LSMO to the 

rhombohedral phase (ICSD No. 00-051-0409).  The peak at ~32° for conventional solid-state 

LSMO shows splitting like other synthesized morphological LSMO (Figure 4.3.13(a)). The 

Rietveld refinement of the conventional solid-state LSMO was similarly performed (Figure 

4.3.13(b)) and it showed the presence of single rhombohedral phase (̄R3c). 
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Figure 4.3.12. (a) PXRD plot of commercial MnO2 and (b) PXRD of the synthesized LSMO 

using conventional solid-state method utilizing the commercial MnO2 as Mn source 

 

Figure 4.3.13. (a) The enlarged peak at ~32° for the conventional solid-state LSMO, and (b) 

Rietveld refined XRD spectra of LSMO synthesized from the commercial MnO2 

4.3.7. Mechanistic Insights into the Formation of Morphological LSMO Transcripted 

from MnxOy  

The formation of LSMO from the MnxOy occurs via a diffusion controlled solid-state 

reaction as shown in Figure 4.3.14. The retainment of the inherent morphologies of the 

MnxOy is due to the solid-state diffusions of the La3+ and Sr2+ ions into the lattice of the 

MnxOy resulting in the formation of the stoichiometric La0.7Sr0.3MnO3.
21,46-48 Thus, the 

MnxOy with pre-defined structural morphologies when used as a template during the solid-

state reaction along with lanthanum and strontium results in the transcription on its 

morphology onto the LSMO. 
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Figure 4.3.14. Schematic representation of the template assisted solid-state formation of 

morphological LSMO  

4.3.8. X-Ray Photoelectron Spectroscopy (XPS) Analyses 

To investigate the electronic structure and the chemical state of the constituent 

elements X-ray photoelectron spectroscopy (XPS) analysis was performed. The XPS core-

level spectra of La 3d (Figure 4.3.15(a)) has been de-convoluted into 3d5/2 and 3d3/2. The 

peaks for at 834.3 eV and 851.3 eV are due to La3+ while the peaks at 838.2 eV, 842.8 eV 

and 855 eV are satellite peaks. Similarly, for the wire-shaped LSMO the peaks at 834.5 eV 

and 851.2 eV are ascribed to La3+ while the peaks at 838.1 eV, 846.8 eV and 854.8 eV are 

satellite peaks.30 Figure 4.3.15(b) shows the Mn 2p core-level spectra which is de-

convoluted into 2p3/2 and 2p1/2 levels. The Mn 2p3/2 peak of general solid-state LSMO 

featuring at 641.6 eV, 653.4 eV and 643.3 eV, 654 eV can be attributed to Mn3+ and Mn4+, 

respectively. The peak position at 646.6 eV is due to the satellite peak.19,30 For the wire-

shaped LSMO the peaks at 641.5 eV, 653.2 eV and 643.5 eV, 654.2 eV corresponds to Mn3+ 

and Mn4+, respectively, with the satellite peak at 647.3 eV. Figure 4.3.15(c) shows the O1s 

core-level spectra for general solid-state and wire-shaped LSMO. The peaks at 529.6 eV and 

529.5 eV, respectively, are due to the lattice oxygen O2− (OL) associated with Mn atom. The 

peaks at 531.3 eV and 531.1 eV, respectively, corresponds to the surface adsorbed oxygen 

species (Oads), like O−, O2−, or O2
2−. While the respective peaks at 532.9 eV and 532.4 eV 

corresponds to hydroxyl groups (OO-H) weakly bound to the surface.19,30 The increase in the 

area of the peaks for Oads and OO-H of the wire-shaped LSMO may be due to the enhanced 

surface area of the compound. In Figure 4.3.15(d) the XPS spectra for Sr 3d has been de-

MnOx La + Sr + MnOx LSMODiffusion
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convoluted into respective 3d5/2 and 3d3/2 with peak ratio of 3:2. The peaks at 132.9 eV, 132.3 

eV and 133.8 eV, 133.5 eV are assigned to Sr2+ in the bulk and surface of the material, 

respectively for general solid-state and wire-shaped LSMO.30 

 

Figure 4.3.15. The core-level XPS spectra of (a) La 3d, (b) Mn 2p, (c) O 1s, and (d) Sr 3d of 

wire-shaped and conventional solid-state LSMO 

4.3.9. Transcripted Morphology Induced Electrocatalytic OER Performance  

The objective of tuning morphologies of complex metal oxide such as LSMO is to 

establish morphology – property correlations with reference to the electrocatalytic 

performance. To assess the electrocatalytic activity, water oxidation behaviour of the 

morphological LSMO were studied using the linear sweep voltammetry (LSV) technique in 

1M NaOH (pH ~ 13) electrolytic solution. The as-synthesized LSMO over FTO substrate 

was used as the working electrode alongside Ag/AgCl as the reference and graphite rod as the 

counter electrode. Figure 4.3.16(a, b) demonstrates the polarization curves of the 

morphological LSMO along with the conventional solid-state synthesized LSMO. The 

overpotential (η10) value, measured at current density of 10 mA/cm2 for the morphological 
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LSMO was significantly improved than the solid-state synthesized LSMO. On comparing 

the overpotential values (η10) of the LSMO (Table 4.3.3), it is seen that one-dimensional 

(1D) structures such as wires and rods have higher electrocatalytic activity compared to the 

three-dimensional (3D) structures of LSMO. The attained overpotential value for wire shaped 

LSMO is 330 mV, fused-rod shaped LSMO is 350 mV and rod shaped LSMO is 360 mV, 

i.e., η10: wires < fused-rods < rods. The higher electrocatalytic activity of the 1D structures 

is due to better charge transport ability within the bulk resulting in the faster mobility of the 

holes responsible for water oxidation reaction. Among the formed 3D morphological 

structures, the spherical LSMO has a better electrocatalytic activity with η10 value of 380 mV 

followed by cuboidal LSMO with η10 value of 395 mV, nano-block shaped LSMO with 410 

mV, flake shaped LSMO with 420 mV and fused-cube shaped LSMO with 430 mV, i.e., 

η10: spherical < cuboidal < nano-blocks < flakes < fused-cubes < solid-state (random). 

The higher electrocatalytic activity of the spherical LSMO is due to its smaller size (~ 600 

nm) and more diffusion of electrolyte solution within the available pores. The η10 value for 

the LSMO synthesized using conventional solid-state method was found to be 450 mV.  

 Electrochemical kinetics is determined by the Tafel slope values which quantifies the 

relation between the current and the applied potential. A lower Tafel slope value implies 

higher charge transfer coefficient resulting in a faster water oxidation kinetics. The Tafel 

slope of the morphological LSMO were (Figure 4.3.16(c, d)) evaluated from their 

corresponding LSV curves. The lower Tafel slope value for the wire shaped LSMO (76 

mV/decade) supports the faster electrocatalytic activity of the 1D structure. Similarly, the rod 

shaped LSMO and fused-rod shaped LSMO resulted in lower Tafel slope values of 85 

mV/decade and 88 mV/decade, respectively compared to their morphological counterparts.  

The 3D structures with lower charge transfer coefficient compared to the 1D 

structures resulted in higher Tafel slope. The attained Tafel slope values for the spherical 

LSMO is 102 mV/decade, for cuboidal LSMO is 124 mV/decade, for nano-block shaped 

LSMO is 126 mV/decade, for flake shaped LSMO is 137 mV/decade and for the fused-cube 

shaped LSMO is 157 mV/decade. The higher Tafel slope value of the conventionally 

synthesized solid-state LSMO (159 mV/decade) confirms its slower water oxidation kinetics 

due to lower charge transfer coefficient value. Thus, overall Tafel slope value: wires < rods 

< fused-rods < spherical < cuboidal < nano-blocks < flakes < fused-cubes < solid-state 

(random) as tabulated in Table 4.3.3. 
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Figure 4.3.16. Polarization curves of morphological LSMO (a) synthesized from the MnxOy 

formed by experimental condition alteration, (b) synthesized from the MnxOy formed by 

utilization of SDA molecules, and (c, d) their corresponding Tafel slope values, (e, f) 

catalytic activities of the morphological LSMO normalized with the mass of the catalyst 

loading 

Current normalized by loaded mass of the catalyst, known as mass activity, is crucial 

to understand the OER performance of nanostructured electrocatalyts. To evaluate the mass 

activity of the morphological LSMO, the loaded catalyst over the FTO was removed and 
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weighed. The average loaded mass of the catalyst was found to be ~1.2 mg. Figure 4.3.16(e, 

f) represents the mass activities of all the morphological LSMO and it can be seen that the 

trend of the OER performance, as obtained from the LSV curves, is maintained. Thus, mass 

activity: wires > rods > fused-rods > spherical > cuboidal > nano-blocks > flakes > 

fused-cubes > solid-state(random). 

Table 4.3.3: Overpotential (η10) values at current density of 10 mA/cm2 of the different 

morphological LSMO and their corresponding Tafel slope values 

Compound Morphology Overpotential (η10) Tafel Slope 

La0.7Sr0.3MnO3 Random 450 mV 159 mV/decade 

La0.7Sr0.3MnO3 Cuboidal 395 mV 124 mV/decade 

La0.7Sr0.3MnO3 Flakes 420 mV 137 mV/decade 

La0.7Sr0.3MnO3 Rods 360 mV 85 mV/decade 

La0.7Sr0.3MnO3 Nano-Blocks 410 mV 126 mV/decade 

La0.7Sr0.3MnO3 Spherical 380 mV 102 mV/decade 

La0.7Sr0.3MnO3 Fused-Rods 350 mV 88 mV/decade 

La0.7Sr0.3MnO3 Fused-Cubes 430 mV 157 mV/decade 

La0.7Sr0.3MnO3 Wires 330 mV 76 mV/decade 

4.3.10. Transcripted Morphology Induced Electro-Active Sites (ECSA) 

The water oxidation reaction is a surface dominated phenomenon, hence higher 

electro- active surface area will result in higher catalytic performance. The electrochemical 

active surface area (ECSA) of the morphological LSMO was assessed by measuring the 

double-layer capacitance values (Cdl) (directly proportional to ECSA) in the non-Faradaic 

region, where electroactive species does not undergo redox reactions. The Cdl values were 

evaluated from the capacitive currents obtained from the cyclic voltammograms measured in 

the range of 0.9 V and 1.1 V vs. RHE at different scan rates (Figure 4.3.17).  

From the Figure 4.3.18(a, b) it can be seen that the morphological LSMO have 

higher Cdl values (Table 4.3.4) compared to the conventionally synthesized LSMO 

supporting the enhanced electrocatalytic performance. The faster water oxidation of the 1D 

structures is due to the enrichment of the electrochemical active surface area with Cdl values 

for the wire shaped LSMO (36 mF/cm2), the fused-rod shaped LSMO (32 mF/cm2) and the 

rod shaped LSMO (30 mF/cm2) which are higher than the synthesized 3D structures, i.e., 

Cdl: wires > fused-rods > rods. 
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Figure 4.3.17. Cyclic Voltammograms of the different LSMO measured in the non-Faradaic 

region (0.9 V to 1.1 V vs. RHE) at scan rates of 2, 4, 6, 8 and 10 mV/s 

Among the obtained 3D structures, the spherical LSMO has enriched electrochemical 

active surface area owing to its smaller size (~ 600 nm) and ease of diffusion of electrolyte 

solution within the available pores as the obtained Cdl value (27 mF/cm2) is superior than the 

cuboidal LSMO (23 mF/cm2), nano-block shaped LSMO (19 mF/cm2), flake shaped LSMO 

(14 mF/cm2) and fused-cube shaped LSMO (11 mF/cm2). 
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Figure 4.3.18. The plot of current density (at 1 V vs. RHE) vs. scan rate for the 

morphological LSMO (a) synthesized from the MnxOy formed by synthetic protocol 

alteration, (b) synthesized from the MnxOy formed by utilization of SDA molecules 

Thus, Cdl: spherical > cuboidal > nano-blocks > flakes > fused-cubes > solid-state 

(random). The obtained Cdl value for the conventional solid-state synthesized LSMO is 9.5 

mF/cm2 which depicts its lower OER performance compared to the as-synthesized 

morphological LSMO. 

4.3.11. Transcripted Morphology Induced Impedance Spectroscopy (EIS) 

To get an insight of the charge transfer kinetics of the catalyst, electrochemical 

impedance spectroscopy (EIS) technique was utilized and corresponding Nyquist plots for 

morphological LSMO alongside of solid-state synthesized LSMO were plotted as shown in 

Figure 4.3.19(a, b). The charge transfer resistance (Rct) values were evaluated by fitting the 

curves with equivalent circuit model (Table 4.3.4). The smaller the diameter of a semicircle 

in the Nyquist plot, the faster is the kinetics of water oxidation reaction due to lowering of the 

charge transfer resistance (Rct) of the catalyst enabling faster mobility of the holes from the 

bulk to the electrolyte interface.  

 
Figure 4.3.19. The Nyquist plots of the morphological LSMO (a) synthesized from the 

MnxOy formed by synthetic protocol alteration, (b) synthesized from the MnxOy formed by 

utilization of SDA molecules  

On comparing the Rct values of the as-synthesized morphological LSMO, it was 

found that the 1D structures have lower Rct values compared to the 3D structures which 

depicts the higher charge transfer coefficient value supporting the faster water oxidation 

reaction kinetics. The obtained Rct value for the wire shaped LSMO is 605.3 Ω, for rod 

shaped LSMO is 707.3 Ω and for fused-rod shaped LSMO is 723.5 Ω. Among the 3D 
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structures, the Rct value of spherical LSMO is 803.1 Ω, cuboidal LSMO is 892.1 Ω, nano-

block shaped LSMO is 950.1 Ω, flake shaped LSMO is 1007 Ω and fused-cube shaped 

LSMO is 1190 Ω. The higher Rct value obtained for the conventional solid-state LSMO 

(1278 Ω) compared to the morphological LSMO, illustrates its slower water oxidation 

kinetics. Thus, overall Rct: wires < rods < fused-rods < spherical < cuboidal < nano-

blocks < flakes < fused-cubes < solid-state (random). The lower Rct value (Table 4.3.4) of 

the 1D structures also supports its lower Tafel slope value (Table 4.3.3) thus confirming the 

enhanced OER performance. 

Table 4.3.4: The double-layer capacitance (Cdl) values of all the morphological LSMO 

alongside the charge transfer resistance (Rct) values obtained from the Nyquist plot 

Compound Morphology Cdl (mF/cm2) Rct (Ω) 

La0.7Sr0.3MnO3 Random 9.5 1278 

La0.7Sr0.3MnO3 Flakes 14 1007 

La0.7Sr0.3MnO3 Cuboidal 23 892.1 

La0.7Sr0.3MnO3 Rods 30 707.3 

La0.7Sr0.3MnO3 Nano-Blocks 19 950.1 

La0.7Sr0.3MnO3 Fused-Cubes 11 1190 

La0.7Sr0.3MnO3 Fused-Rods 32 723.5 

La0.7Sr0.3MnO3 Spherical 27 803.1 

La0.7Sr0.3MnO3 Wires 36 605.3 

4.3.12. Transcripted Morphology Induced Efficiency Measurements 

The catalytic activity/efficiency of an electrocatalyst can be determined by its 

turnover frequency (TOF) which is an intrinsic property of the catalyst. The TOF values of all 

the LSMO (Figure 4.3.20(a)) were determined, as explained in the supporting information, 

at a potential of 1.6 V vs. RHE. An overall boosted TOF was attained for the morphological 

LSMO compared to the conventional solid-state LSMO. High TOF values of the wire 

shaped LSMO (0.78 s-1), fused-rod shaped LSMO (0.59 s-1) and rod shaped LSMO (0.43 s-1) 

supports the higher electrocatalytic activity of the 1D structures owing to its higher 

electroactive surface area and faster kinetics. The 3D structures resulted in a TOF value of 

0.33 s-1 for spherical LSMO, 0.29 s-1 for cuboidal LSMO, 0.27 s-1 for nano-block shaped 

LSMO, 0.23 s-1 for flake shaped LSMO and 0.20 s-1 for the fused-cube shaped LSMO. The 

lower TOF value for the conventional solid-state LSMO (0.19 s-1) depicts the slower water 
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oxidation kinetics compared to the morphological LSMO. Thus, with the increment in the 

electrochemical active surface area, by virtue of its inherent morphology, the TOF values also 

increased signifying boosted water oxidation efficiency of the morphological LSMO. 

 
Figure 4.3.20. (a) Turnover frequencies of all the LSMO measure at a potential of 1.6 V vs. 

RHE, (b) the Faradaic-yield for both conventional solid-state and wire-shaped LSMO, (c) 

chronoamperometry analyses of conventional solid-state and wire-shaped LSMO at a 

potential of 1.7 V vs. RHE for 24 h with inset showing the LSV curves before and after the 

stability test, and (d) 500 CV cycles for conventional solid-state and wire-shaped LSMO 

measured between potential range of 0.9 and 1.1 V vs. RHE 

In an electrochemical system, Faradaic yield is used to quantify the relation between 

the amount of gas evolved and obtained current density minimizing the influence of any side 

reactions. Faradaic yield was estimated for the high performing wire-shaped and conventional 

solid-state LSMO using gas chromatographic technique. From Figure 4.3.20(b), an average 

Faradaic yield of ~97% was observed for both wire-shaped and conventional solid-state 

LSMO during 100 mins of continuous reaction. The high value of Faradaic yield suggests 

high efficacy of the compound towards water oxidation as the generated charge carriers are 

solely utilized for oxidation of water at the surface. 
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 For an electrocatalyst to be exploited for practical applications, high durability of the 

compound is desired. To test long-term stability of the electrocatalyst, the wire-shaped and 

the conventional solid-state LSMO were subjected to chronoamperometric analyses at a 

fixed potential of 1.7 V vs. RHE for 24 h. From Figure 4.3.20(c) it can be seen that after 24 h 

of continuous water oxidation reaction there is insignificant decrease in the current density 

for both the compounds. Also, the comparison of the LSV curves before and after the 

durability test (inset of Figure 4.3.20(c)) supports the high stability and activity of LSMO. 

To further assess the stability of the compounds, 500 cycles of CV were measured between 

the potential of 0.9 and 1.1 V vs. RHE at a scan rate of 10 mV/s. Figure 4.3.20(d) shows a 

negligible decay in the current density and the double-layer capacitance values for both the 

wire-shaped and conventional solid-state LSMO signifying the robustness of the compounds. 

4.3.13. Transcripted Morphology Induced Mechanism for OER  

 The water oxidation (OER) mechanism of the morphological LSMO is schematically 

illustrated in Figure 4.3.21.  

 

Figure 4.3.21. Schematic representation of the water oxidation mechanism of both the 

conventional solid-state LSMO and wire shaped LSMO 
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changes Mn3+ ‒ O2p ‒ Mn4+ bond angle to 178° which results into facile charge transport 

within the lattice due to simplified conduction path.30,50 Conventionally synthesized solid-

state LSMO results into formation of random morphology which has less electrochemical 

active sites (confirmed by lower ECSA value, 9.5 mF/cm2) for the water molecules to get 

adsorbed and oxidize to oxygen upon accepting the holes. In case of wire shaped LSMO, the 

unique morphological feature enables higher electrochemical active sites (confirmed by 

higher ECSA value, 36 mF/cm2) thereby more water molecules get adsorbed onto the surface 

and oxidizes to oxygen molecules upon accepting the generated holes. Also, the formation of 

1D structure (wires) eases the movement of charged species through the electrode-electrolyte 

interface (confirmed by lower Rct value, 605.3 Ω) thus increasing the kinetics of water 

oxidation resulting into higher TOF for the wire shaped LSMO compared to conventional 

solid-state LSMO. 

4.4. Conclusions 

In summary, the attained transcripted morphology of LSMO resulted in a ~4-fold 

increment of the electrochemical active sites confirmed by the ECSA analysis. This boosted 

the overall water oxidation performance of LSMO as depicted by the reduction in the 

overpotential and Tafel slope values. The ~4-fold enhancement in TOF value and the ~2-fold 

decrease in the charge transfer resistance value supports the escalated electrocatalytic activity 

of the morphologically modified LSMO. The test run for 24 h shows no significant decrease 

in current density, ascertains the high stability and activity of the catalyst. Thus, the adopted 

transcription methodology can be utilized for tuning desired morphological features onto high 

performing catalysts resulting in the enhancement of its overall performance. 
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CHAPTER 5 

 

 

 

Morphology and overlayer strategy: Oxygen evolution 

reaction performance of di-manganese copper oxide 

coupled with nickel borate  

This chapter focusses on the effect of induced morphology and deposition of an electroactive 

layer over a complex metal oxide catalyst in the oxygen evolution reaction (OER) performance. 

Here, di-manganese copper oxide has been synthesized having petal like structures and 

fabricated into a working electrode, over which nickel borate, an electroactive compound, has 

been electrodeposited to prepare the composite material. Finally, the composite material was 

subjected to electrochemical measurements and 8-fold enhanced OER performance was 

observed compared to the bare counterpart. 
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5.1. Introduction  

During past decades, noble metal based electrocatalysts like RuO2 and IrO2, were 

widely explored, however, their high cost and low abundance limit their use for practical 

applications. The current trend is to look for an alternative, based on abundant and cheap 3d-

transition metal oxides.1,2 In this aspect, electrocatalysts using metal oxides, hydroxides, 

layered double hydroxides, based on 1st-row transition metals (Ni, Mn, Co, Cu, and Fe) have 

been reported with high efficiencies.3-5 Among them, copper-based catalysts have attracted 

much attention. It being earth-abundant and cheap, shows an extensive redox property with 

variable oxidation states (Cu0, Cu+, and Cu2+), beneficial in the development of the 

electrocatalysts. It is also an important metal center in the enzyme, where the dioxygen is 

activated as Cu–O2, suitable for forming the Cu(III)-OOH intermediates during the water 

oxidation process.6,7 

Usage of copper oxides and manganese oxides for the OER has been widely 

investigated, although the mixture of the two for the same has been sparsely studied.8 It should 

be noted that these binary transition-metal oxides exhibit an enhanced electrochemical 

conductance and high specific surface area over the uni-metal oxides.9,10 The presence of 

multivalent cations eases the electron-transfer process, enhancing the overall electrochemical 

performance.11 Di-manganese copper oxide is a complex metal oxide with the presence of 

multivalent Mn and Cu and it is highly dependent on the synthetic conditions.12 The co-

existence of Cu(II) + Mn(III) ↔ Cu(I) + Mn(IV) mixed redox pairs in  Cu and Mn species 

retains the activity of the catalysts even under higher applied bias for OER.13,14  

To improve the overall efficiency of an electrocatalyst, they often over-layered using 

other electrocatalysts which mainly modifies the surface reaction kinetics and charge carrier 

transfer to the collecting electrode. OER catalysts based on composites such as metal-

metalloids type, such as metal-borates,15,16 metal-phosphates,17,18 etc., are known to reduce the 

thermodynamic and kinetic barrier of the hydroxylation reaction during the water splitting.19,20 

In this regard, metal borates have been reported as the better OER electrocatalysts in the 

alkaline medium.21-23 Unlike other metal borates, the utilization of nickel borate (Ni-Bi) for the 

modification of other catalysts is less studied and needs to be explored much. As known, the 

Ni ions in Ni- Bi takes the active role in OER due to its redox nature, i.e., rapid shuttling of the 

oxidation state of Ni ions between +2 and +3 on acceptance and then release of the holes.24,25 

Also, the formation of Ni3+ ions results in electron-deficient oxygen sites, which act as the 

electrophilic centers leading to the formation of a stable precursor state before O−O bond 
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formation.22,26 Thus, Ni-Bi being used as a modifier for other electrocatalysts enhances the 

overall OER performance of the composite material. 

In this work, we have synthesized di-manganese copper oxide and reported as an OER 

electrocatalyst with modification of nickel borate as an overlayer. Comparable electrocatalytic 

performance is noticed for the modified Mn2CuO4 with the benchmark RuO2 under similar 

experimental conditions. A Tafel slope of 56 mV/decade is obtained for Mn2CuO4/Ni-Bi with 

a very small charge transfer resistance (Rct) value of 13.15 Ω and a high double-layer 

capacitance (Cdl) value of 55 mF/cm2. Also, the modified catalyst shows an excellent catalytic 

activity with turnover frequency (TOF) of 0.05 s-1 at 300mV overpotential and a high Faradaic 

yield of ~98%. The importance of this work lies in the fact that the utilization of di-manganese 

copper oxide as an OER electrocatalyst is for the first time and the nickel borate over the surface 

plays a very crucial role in the transfer of the charged species from the bulk to the electrolyte 

interface due to its fast-redox ability resulting in enhanced catalytic activity. 

5.2. Experimental Section 

5.2.1. Synthesis of di-manganese copper oxide (Mn2CuO4) 

For the synthesis of the flake-like Mn2CuO4 hydrothermal method was utilized followed 

by calcination (scheme 5.1). 25mM copper acetate and 50mM manganese acetate were added 

to a 1:3 solvent mixture of ethylene glycol and water. Later, 0.1M urea was added to it and 

vigorously stirred for 1h. Then it was transferred to a Teflon-lined steel autoclave and reacted 

@ 160 °C for 12h. Thereafter, the sample was centrifuged and washed properly with water and 

ethanol and allowed to dry in oven at 60 °C. Finally, it was annealed in a muffle furnace at 450 

°C for 2h at a heating rate of 5 °C/min.  

5.2.2. Deposition of Ni-Bi layer over Mn2CuO4 

Nickel Borate (Ni-Bi) layer was electrodeposited using a three-electrode system 

(Scheme 5.1). Fabricated Mn2CuO4 electrode (Section 2.3 of Chapter 2) was used as the 

working electrode with Ag/AgCl and platinum as reference and counter electrodes, 

respectively. The potential was fixed at 1.1V vs. Ag/AgCl. The electrolyte used was prepared 

using 15mM nickel nitrate in 0.1M boric acid solution and the pH was adjusted to ~9.2 using 

KOH. After the deposition, the electrode was washed with DI water and dried in oven at 60 

°C. A bare nickel borate working electrode was also prepared using a similar technique. 
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Scheme 5.1. Graphical representation of the synthesis and fabrication method of the working 

electrode 

5.2.3. Purification of electrolyte to study the effect of trace Fe  

A H2SO4 treated 50mL polypropylene (PP) centrifuge tube was taken and 2g of 

Ni(NO3)2.6H2O (99.99%) was dissolved in 4mL Milli-Q water and to it 20mL of  1M NaOH 

solution was added. The mixture was shaken well and centrifuged to separate the formed 

precipitates. The supernatant was decanted and Ni(OH)2 precipitate was washed thrice by 

redispersing the solid into H2O:NaOH mixture (10:1 v/v) and centrifuged. Finally, the tube was 

filled with 50mL 1M NaOH for purification and redispersed the solid and agitated the solution 

for 15 mins and kept undisturbed for 4 hrs. Then, it was centrifuged and the supernatant solution 

was used as the electrolyte. 

5.3. Results and Discussions 

5.3.1. Phase and Structural Analysis 

To determine the phase purity and crystallinity of synthesized di-manganese copper 

oxide, powder X-ray diffraction (PXRD) technique was utilized. Fig. 5.3.1 (a) shows the 

PXRD of the as-synthesized Mn2CuO4 powder with all the peaks indexable to the cubic phase 

of di-manganese copper oxide (ICSD No. 01-076-2296). Fig. 5.3.1 (b) shows XRD plots of 

Mn2CuO4 and Mn2CuO4/Ni-Bi fabricated over the FTO surface. The peaks for Ni-Bi are not 

visible due to its amorphous nature and very thin layer deposition. To confirm the presence of 

Ni-Bi in the composite, Raman spectroscopy technique was used. In Fig. 5.3.1 (c), Raman 

spectra of bare Mn2CuO4, Ni-Bi, and Mn2CuO4/Ni-Bi are shown. For Mn2CuO4, the peak at 

124 cm-1 is due to the F1g mode of vibration. The peaks at 433 cm-1, 521 cm-1, and 577 cm-1 are 

Doctor-Blade

Mn2CuO4 /Ni-Bi

Mn2CuO4
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T2g(2), T2g(1), and A1g(2) modes of vibrations, respectively, corresponding to the Cu-O and 

Mn-O bonds. For Ni-Bi, the peaks at 480 cm-1 and 560 cm-1 corresponds to Ni-O bending and 

stretching vibrations. Correspondingly, for the composite, the peaks for Mn2CuO4 are intact 

with additional peaks for the nickel borate confirming its presence. In Fig. 5.3.1 (d), FT-IR 

spectra of Mn2CuO4, Ni-Bi, and Mn2CuO4/Ni-Bi are shown and the peaks for different 

vibrations of the bonds are indicated. For Mn2CuO4, the peaks at 510 cm-1 and 735 cm-1 are 

due to stretching frequencies of Mn–O and Cu–O bond, respectively. The peak at 1630 cm-1 is 

due to the vibration of the -OH group. For Ni-Bi, the peaks at 685 cm-1, 1195 cm-1, and 1385 

cm-1 correspond respectively to the symmetric stretching of B–O and Ni–O and asymmetric 

stretching of B–O bonds in nickel borate. The peaks for the nickel borate are also observed in 

the composite (Mn2CuO4/Ni-Bi) confirming the presence of the Ni-Bi layer over the Mn2CuO4 

surface. 

 
Figure 5.3.1. (a) PXRD of the synthesized Mn2CuO4 powder with all the peaks indexable to 

the cubic phase of di-manganese copper oxide (ICSD No. 01-076-2296), (b) X-ray 

diffractogram of Mn2CuO4 and Mn2CuO4/Ni-Bi fabricated over the FTO surface, (c) Raman 

spectra of Mn2CuO4, Ni-Bi and Mn2CuO4/Ni-Bi, and (d) FT-IR spectra of Mn2CuO4, Ni-Bi, and 

Mn2CuO4/Ni-Bi  

5.3.2. Morphological Analysis 

The morphological study was made using the field emission scanning electron 

microscopy (FESEM) technique. Fig. 5.3.2 (a) shows the FESEM images of the as-synthesized 
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Mn2CuO4 powder demonstrating the flake-like structures. Fig. 5.3.2 (b) shows the FESEM 

images of the fabricated Mn2CuO4/Ni-Bi films over FTO substrate, and it is observed that upon 

deposition of Ni-Bi over the surface, the morphological features remain intact. The presence of 

Ni-Bi is not visible due to the very thin layer deposition of the same over the surface. To further 

confirm the presence of the nickel borate layer over the Mn2CuO4 surface, field emission 

transmission electron microscopy (FETEM) technique was utilized. Fig. 5.3.2 (c) shows the 

FETEM image of Mn2CuO4 with an over-layer of Ni-Bi. The nickel borate overlayer is 

uniformly deposited over the Mn2CuO4 particle with an average thickness of ~4 nm. The high-

resolution transmission electron microscopy (HRTEM) image of Mn2CuO4 is shown in Fig. 

5.3.2 (d) with d-spacing of ~0.2 nm corresponding to the (311) crystal plane and ~0.3 nm 

corresponding to the (220) crystal plane of the cubic (Fd-3m(227)) phase. In Fig. 5.3.2 (e-j), 

the scanning transmission electron microscopy energy-dispersive X-ray spectroscopy (STEM-

EDX) elemental mapping of Mn2CuO4/Ni-Bi is shown. It is clear that all the elements are 

present in the composite, also nickel and boron are homogeneously distributed over the 

Mn2CuO4 surface. 

 
Figure 5.3.2. FESEM images of (a) as-synthesized Mn2CuO4, (b) fabricated Mn2CuO4/Ni-Bi, 

(c) FETEM image of Mn2CuO4/Ni-Bi with inset showing the presence of the Ni-Bi overlayer 

of ~4nm thick, (d) HRTEM image of Mn2CuO4 showing the d-spacing of ~0.2 nm 

corresponding to the (311) plane and of ~0.3nm corresponding to the (220) plane, (e) STEM-

EDX elemental mapping of Mn2CuO4/Ni-Bi showing the uniform distribution of (f) Copper, 

(g) Manganese, (h) Oxygen, (i) Nickel, and (j) Boron 

5.3.3. Electronic State Analysis 

To get an insight of the electronic state of elements presents in the electrocatalyst, X-

ray photoemission spectroscopy (XPS) technique was utilized. The presence of all the 

respective elements is confirmed from the survey spectra (Fig. 5.3.3 (a)). The Mn2p spectra 
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for Mn2CuO4 and Mn2CuO4/Ni-Bi are shown in Fig. 5.3.3. (b) with 2p3/2 and 2p1/2 at an energy 

difference of 11.5 eV analogous to the literature.8 In bare Mn2CuO4, the 2p3/2 peak at 641.7 eV 

and 2p1/2 peak at 653.1 eV confirms the presence of Mn3+ while the 2p3/2 peak at 643.8 eV and 

2p1/2 peak at 655.2 eV confirms the Mn4+. The peaks at 648.7 eV and 657.8 eV are the satellite 

peaks of Mn4+.8,27 Similarly, for Mn2CuO4/Ni-Bi, the 2p3/2 peak at 641.9 eV and 2p1/2 peak at 

653.3 eV corresponds to Mn3+, while the 2p3/2 peak at 644 eV and 2p1/2 peak at 655.3 eV 

corresponds to Mn4+ ions. The peaks at 648.4 eV and 657.3 eV are the satellite peaks. In Fig. 

5.3.3 (c), the 2p core-level XPS spectra for Cu is shown with 2p3/2 and 2p1/2 at an energy 

difference of 20 eV. The 2p3/2 peak at 931.1 eV and 2p1/2 peak at 951 eV confirms the Cu+, 

whereas, the 2p3/2 peak at 934 eV and 2p1/2 peak at 953.9 eV confirms the Cu2+ for the bare 

Mn2CuO4.
11 While for the Mn2CuO4/Ni-Bi, the 2p3/2 peak at 931 eV and 2p1/2 peak at 950.8 eV 

attributes to the Cu+, whereas, the 2p3/2 peak at 934.1 eV and 2p1/2 peak at 954 eV attributes to 

the Cu2+. The O 1s core-level XPS spectra are shown in Fig. 5.3.3. (d) of bare Mn2CuO4, Ni-

Bi, and Mn2CuO4/Ni-Bi. For Mn2CuO4, the peaks at 530 eV, 531.5 eV, and 532.7 eV are due 

to the lattice oxygen (metal-oxygen bonding, O2-), oxygen vacancies, and adsorbed oxygen at 

the surface, respectively.18,28 For the Ni-Bi, the peaks at 531.6 eV, 532.3 eV, and 532.7 eV 

corresponds to the lattice oxygen (B-O bonding), oxygen vacancies and the surface adsorbed 

oxygen species.15,29 While for the Mn2CuO4/Ni-Bi, the peaks at 529.7 eV, 531.4 eV, 532 eV, 

and 532.7 eV attributes to the lattice oxygen (metal-oxygen bonding, O2-), lattice oxygen (B-

O bonding), oxygen vacancies, and adsorbed oxygen at the surface, respectively. The Ni 2p 

core-level spectra are shown in Fig. 5.3.3. (e) for Ni-Bi and Mn2CuO4/Ni-Bi which is de-

convoluted into 2p3/2 and 2p1/2. The peaks at the binding energy of 856 eV (2p3/2) and 873.7 eV 

(2p1/2) for the bare nickel borate confirm the presence of Ni in a high oxidation state (Ni2+). 

The shake-up satellite peaks are observed at 861.3 eV and 879.2 eV for Ni 2p3/2 and Ni 2p1/2, 

respectively.15,29 Similarly, for the composite, the de-convoluted peaks are observed at the 

binding energy of 856.2 eV (Ni 2p3/2) and 874 eV (Ni 2p1/2) with the satellite peaks at 861.5 

eV and 879.5 eV, respectively. The observed shifts in the peak position are due to the 

interaction of Mn2CuO4 with nickel borate. The 1s core-level spectra of boron are shown in 

Fig. 5.3.3 (f). The peak at a binding energy of 192.01 eV is for bare nickel borate, and for the 

composite, Mn2CuO4/Ni-Bi, the peak is shifted to 192.05 eV.29,30 The shift in the peak position 

towards higher binding energy is due to the interaction of nickel borate with di-manganese 

copper oxide. 
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Figure 5.3.3. (a) XPS survey spectra of Mn2CuO4, Ni-Bi, and Mn2CuO4/Ni-Bi confirming the 

presence of all the respective elements, XPS core-level spectra of (b) Mn2p, (c) Cu2p, (d) O1s, 

(e) Ni2p, and (f) B1s for bare Mn2CuO4, Ni-Bi, and Mn2CuO4/Ni-Bi 

5.3.4. Electrochemical Analyses 

To study the electrochemical property (OER activity) of the electrocatalysts, linear 

sweep voltammetry (LSV) method was performed in 1M NaOH electrolyte solution. The 

electrodeposition of the nickel borate over the surface of Mn2CuO4 is optimized using different 

deposition time (Fig. 5.3.4 (a)). As can be seen from the figure, the performance of the 

electrocatalyst is dependent on the time of deposition of Ni-Bi over the Mn2CuO4 surface. The 

optimum deposition time is found out to be 5 min (300 sec). The excessive deposition of Ni-Bi 

overcrowds the surface leading to the decrease in the active surface area for the catalytic 

reaction, henceforth the performance decreases with the increase in the deposition time (400 

sec and 500 sec). Fig. 5.3.4 (b) shows the LSV curves of the corresponding electrocatalysts 

and the overpotential of the same are marked at a current density of 10 mA/cm2. To compare 

the modified electrocatalyst with a benchmark catalyst, a film of RuO2 is fabricated using 

doctor-blade technique and used as a working electrode under similar experimental conditions. 

As can be seen from the figure, the overpotentials for bare Mn2CuO4 and bare Ni-Bi are 420 

mV and 300 mV, respectively, while that for Mn2CuO4/Ni-Bi is 230 mV. So, there is an 

improvement in OER performance for the modified electrocatalyst than the bare di-manganese 

copper oxide as well as bare nickel borate. The overpotential at 10 mA/cm2 for RuO2 (190 mV) 

is marginally better than that for Mn2CuO4/Ni-Bi (230 mV), but at 100 mA/cm2 the 
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overpotential of Mn2CuO4/Ni-Bi (440mV) supersedes RuO2 (540 mV). Although, the OER 

activity of RuO2 is superior at a lower potential, at a higher potential the OER activity of the 

Mn2CuO4/Ni-Bi is much better than the benchmark RuO2. This flip in the activity of the 

Mn2CuO4/Ni-Bi and RuO2 at the potential of 1.55 V vs RHE is due to the better charge transfer 

kinetics of the composite material over the benchmark RuO2. 

To study the kinetics of the electrocatalysts, Tafel plot has been evaluated from the LSV 

curves (overpotential vs log (current density)). Fig. 5.3.4 (c) represents the Tafel plot with the 

slope value defining the OER kinetics of the electrocatalysts and it is observed that the reaction 

kinetics of Mn2CuO4/Ni-Bi is faster than the other catalysts. The slope value for Mn2CuO4/Ni-

Bi is 56 mV/decade and that for RuO2, Ni-Bi, and Mn2CuO4 are 73 mV/decade, 85 mV/decade, 

and 104 mV/decade, respectively. As we know, the lower the Tafel slope value higher is the 

charge transfer coefficient value and thus the enhanced OER kinetics. This explains the 

alteration of performance of RuO2 and Mn2CuO4/Ni-Bi at a higher potential. 

 
Figure 5.3.4. (a) Linear sweep voltammetry plot of Mn2CuO4, bare Ni-Bi, Mn2CuO4/Ni-Bi, 

and RuO2 measured in 1M NaOH electrolyte solution, (b) the corresponding Tafel plot of all 

the electrocatalysts 

5.3.5. Electrochemical Impedance Spectroscopy (EIS) Analyses 

 To get an insight into the charge transfer kinetics within the electrocatalyst, 

electrochemical impedance spectroscopy (EIS) was performed for bare Mn2CuO4, RuO2, bare 

Ni-Bi, and Mn2CuO4/Ni-Bi. The flip in the LSV plot (Fig. 4 a) of RuO2 and Mn2CuO4/Ni-Bi 

with the increase in potential can be explained based on their charge transfer kinetics. As can 

be seen from the Nyquist plots of RuO2 and Mn2CuO4/Ni-Bi (Fig. 5.3.5 (a-c)), the kinetics vary 

with the applied potential. At 1.5 V vs RHE, before the cross-over, the charge transfer 

resistance (Rct) value of RuO2 (97.24 Ω) is lower than that of Mn2CuO4/Ni-Bi (144.9 Ω) 

supporting the low overpotential to drive a current density of 10 mA/cm2. At 1.55 V vs RHE, 

the cross-over point, the Rct values for both are comparable, 48.3 Ω (Mn2CuO4/Ni-Bi) and 49.54 

Ω (RuO2), thus resulting in the same current density value. While at 1.6 V vs RHE, after the 
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cross-over, the modified catalyst, Mn2CuO4/Ni-Bi, has a much lower Rct value (13.15 Ω) 

compared to the RuO2 (23.47 Ω) resulting in high current density supporting its high activity. 

Interestingly, di-manganese copper oxide is only among a few oxide structures available in the 

literature which are stable at higher potentials for performing OER without change in their 

structural and electronic properties. 

 
Figure 5.3.5. (a-c) Nyquist plots of Mn2CuO4/Ni-Bi, and RuO2 at different potentials with the 

fitted Rct values for the corresponding catalysts, Mn2CuO4/Ni-Bi (olive), and RuO2 (black), (d) 

Nyquist plot of Mn2CuO4, bare Ni-Bi, and Mn2CuO4/Ni-Bi measured at a potential of 1.6V vs 

RHE with their corresponding Rct values as shown in the inset 

Fig. 5.3.5 (d) represents the Nyquist plot of Mn2CuO4, bare Ni-Bi, and Mn2CuO4/Ni-

Bi, measured at a potential of 1.6 V vs RHE, and it can be seen that the diameter of the 

semicircle at mid-frequency region for Mn2CuO4/Ni-Bi is much smaller than that for bare 

Mn2CuO4 and Ni-Bi, supporting the improved performance of the modified catalyst. On fitting 

the curve, we evaluated the charge transfer resistance (Rct) value (as shown in the inset) at the 

semiconductor-electrolyte interface for the catalysts and the obtained Rct value for bare 

Mn2CuO4 is 97.24 Ω, bare Ni-Bi is 54.82 Ω while that for Mn2CuO4/Ni-Bi is 13.15 Ω. The 

lowering of the Rct value for Mn2CuO4/Ni-Bi is due to the presence of Ni-Bi over the Mn2CuO4 

surface which facilitates the transfer of charge carriers from the bulk to the surface at the 

electrolyte interface due to its redox property (Ni(II) ↔ Ni(III)).  
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5.3.6. Electrochemical Active Surface Area (ECSA) Evaluation 

To understand the surface-active sites of the electrocatalysts, electrochemical active 

surface area (ECSA) analysis was carried out. ECSA can be calculated from the measurement 

of double-layer capacitance (Cdl) value for the respective catalysts using cyclic voltammetry 

(CV) technique. ECSA is equal to the double-layer capacitance (Cdl) per specific capacitance 

of the material (CS). Thus, ECSA is directly proportional to the double-layer capacitance (Cdl) 

value evaluated from the slope value of the plot of capacitive current and scan rate measured 

using cyclic voltammetry (CV) technique at non-Faradaic region.26 Fig. 5.3.6 (a, b) shows the 

CV plot of Mn2CuO4 and Mn2CuO4/Ni-Bi in the non-Faradaic region, and the Cdl value was 

estimated from the slope of current density and scan rate. The value is equal to half of the slope 

value obtained from the plot of the difference in current density between the anodic and 

cathodic sweeps (Janodic – Jcathodic) at a potential of 0.75 V vs. RHE as a function of the scan 

rate. In Fig. 5.3.6 (c, d), the ~3-folds increase in the Cdl value for Mn2CuO4/Ni-Bi (55 mF/cm2) 

than that for Mn2CuO4 (18 mF/cm2) is attributed to the deposited Ni-Bi layer over the Mn2CuO4 

surface.  

 
Figure 5.3.6. CV plots of (a) Mn2CuO4, and (b) Mn2CuO4/Ni-Bi measured at different scan 

rates in the non-Faradaic region, plot of current density (at 0.75 V vs RHE) vs the scan rate of 

(c) Mn2CuO4, and (d) Mn2CuO4/Ni-Bi for the determination of Cdl values 
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To calculate the ECSA value, we have to determine the Cs value by synthesizing an 

atomically smooth planar surface, which is not practical. But it has been found that for alkaline 

medium (NaOH) the Cs value for all the materials vary in range of 0.022‒0.130 mF/cm2 and 

for general, the average Cs value considered is 0.040 mF/cm2.25,26 Thus, the ECSA value is 

found to be 450 cm2 for bare Mn2CuO4 and 1375 cm2 for modified Mn2CuO4/Ni-Bi. The higher 

surface-active sites are beneficial for better adsorption of the water molecules on the surface of 

the modified catalyst resulting in enhanced OER activity. 

5.3.7. Electrochemical Efficiency Analyses 

To further comment on the efficacy of the electrocatalyst, turnover frequency (TOF) 

was calculate, as explained in the chapter 2 (Equation 2.13). Fig. 5.3.7 (a) represents the TOF 

values of Mn2CuO4 and Mn2CuO4/Ni-Bi at an overpotential of 300 mV (i.e., 1.53 V vs RHE). 

TOF is defined as the amount of product converted from the reactant per mole of the effective 

catalyst per unit time. The ~8-fold increase in the value of TOF for the Mn2CuO4/Ni-Bi 

suggests higher catalytic ability than the bare Mn2CuO4 in the generation of O2 gas from the 

water molecules per unit time. Thus, deposition of Ni-Bi over the surface of Mn2CuO4 enhanced 

the number of the catalytic cycle due to its faster reaction kinetics.  

 
Figure 5.3.7. (a) Turnover frequencies of Mn2CuO4 and Mn2CuO4/Ni-Bi at an overpotential of 

300 mV (1.53 V vs RHE), (b) Faradaic yield for Mn2CuO4/Ni-Bi measured at a current density 

of 10 mA/cm2 using gas chromatography technique 

In an electrochemical cell, on the application of high potential for longer duration across 

the semiconductor material, there is a possibility of side reactions within the system resulting 

in a decrease of O2 yield. To check the amount of the gasses evolved and the efficiency of the 

electrocatalyst during the reaction time, Faradaic yield was determined using gas 

chromatography technique. From Fig. 5.3.7 (b), it can be seen that the ratio of H2 gas evolved 

to that of O2 gas is 2:1, which is in accord with the theoretical approach. The figure represents 

both the amount of gasses evolved and also the Faradaic yield percentage during the reaction 
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course. The average Faradaic yield of the gasses evolved (H2 and O2) was found to be ~98% 

on comparing the theoretical and the experimental yields for the same. The high Faradaic yield 

suggests that the charge carriers generated within the system is solely consumed for the 

oxidation of H2O molecules producing O2 gas and there are no side reactions at high potential. 

5.3.8. Durability Test 

Among the criteria for being an efficient electrocatalyst, it should also perform in long 

run without compromising on its activity. To check the durability of the synthesized 

electrocatalysts, chronoamperometry analysis was performed at a fixed potential of 1.6 V vs. 

RHE for 20 hours. From Fig. 5.3.8 (a), it can be seen that both the bare Mn2CuO4 and the 

modified Mn2CuO4/Ni-Bi exhibit good stability for 20 hours with a negligible drop in the 

current density. 

 
Figure 5.3.8. (a) Chronoamperometry plot at 1.6 V vs. RHE for testing the durability of the 

electrocatalysts with inset of LSV of Mn2CuO4/Ni-Bi measured before and after the stability 

test, (b) CV plot (500 cycles) of Mn2CuO4/Ni-Bi measured at a scan rate of 100 mV/s showing 

the redox cycle of the Ni ion in nickel borate, CV plots of 1000 cycles for testing the durability 

of (c) Mn2CuO4 and (d) Mn2CuO4/Ni-Bi measured at a scan rate of 100 mV/s 

The high stability of the catalyst is due to the redox cycle of the Mn-Cu pair in the di-

manganese copper oxide and the Ni ion in nickel borate. To check the stability of the redox 
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cycle of Ni ion in nickel borate, CV measurement was performed for Mn2CuO4/Ni-Bi at the 

potential range of redox behaviour of nickel. As can be seen from Fig. 5.3.8 (b), the Ni ion in 

nickel borate undergoes the redox cycle (Ni(II) ↔ Ni(III)), and after a continuous run of 500 

cycles, there is negligible change in its performance. Thus, the nickel borate is stable as an 

overlayer over the di-manganese copper oxide enhancing its OER activity. From Fig. 5.3.8 (c 

& d), it can be inferred that the durability of both bare Mn2CuO4 and modified Mn2CuO4/Ni-

Bi is high even after a continuous run of 1000 cycles. The high stability of both the catalyst is 

due to the self-healing redox cycle of bimetallic Cu and Mn in di-manganese copper oxide and 

Ni in nickel borate. 

5.3.9. Mechanism Involved for Efficient OER Performance 

To ensure the bimetallic redox cycle within the bare di-manganese copper oxide, 

Mn2CuO4, CV measurements were performed in the potential range of the redox behaviour of 

copper and manganese ions at a scan rate of 5 mV/s. Fig. 5.3.9 (a) shows the CV of Cu ion 

where it undergoes the redox cycle (Cu(II) ↔ Cu(I) ↔ Cu(0)) on application of potential in 

negative direction. Similarly, Fig. 5.3.9 (b) shows the CV plot of manganese undergoing the 

redox cycle (Mn(III) ↔ Mn(IV)). This implies that Mn2CuO4 has the property of charge 

transfer process between Mn and Cu, undergoing the bimetallic redox cycle ensuring its high 

activity and stability. In Fig. 5.3.9 (c), we illustrate the schematic representation of the plausible 

mechanism involved in the OER activity of the modified catalyst. The di-manganese copper 

oxide (Mn2CuO4) oxide is known for the electronic transfer between the copper and manganese 

ions within the lattice, undergoing the redox cycle, Cu(II) + Mn(III) ↔ Cu(I) + Mn(IV).19,20 

So, upon application of potential, excitons are generated in the bulk, electrons move towards 

the FTO substrate and the holes are accepted by the Ni ions lying over the surface. The 

Mn2CuO4 then undergoes the self-redox mechanism to neutralize the charge compensation and 

to stabilize the lattice structure.19,20 The Mn3+ transfers an electron to the Cu2+ reducing it to 

Cu+ and itself oxidizing to Mn4+. Similarly, the Cu+ transfers the electron to the Mn4+ reducing 

it back to Mn3+ and itself oxidizing back to Cu2+. While in nickel borate, the Ni2+ ions on 

accepting the holes from the bulk readily oxidize to Ni3+, and under the influence of high 

potential charge, redistribution occurs between O2p and Ni3d resulting in the electron-deficient 

oxygen sites correlated to the Ni ions.39,40 Thus the Ni3+ sites make the bounded O species 

electrophilic resulting in the formation of Ni(3)+−O(2+δ)−OH species, which are further oxidized 

to Ni(3)+−O(2+δ)−O species which subsequently release the O2 gas.27,40 After the OER, the Ni3+ 
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ions get reduced to Ni2+ ions which further accepts the holes generated and undergoes similar 

steps resulting in the formation of O2 molecules until the potential is applied. 

 
Figure 5.3.9. CV plots of bare Mn2CuO4 measured at a scan rate of 5 mV/s to support the redox 

property of (a) copper, and (b) manganese present within the system, and (c) the schematic 

representation of the plausible mechanistic pathway undergoing in the system for the OER 

activity 

5.3.10. Effect of Presence of Trace Iron 

 To further understand the effect of trace iron impurity in the standard reagents, the 

modified catalyst, Mn2CuO4/Ni-Bi, has been synthesized using 99.99% Ni(NO3)2.6H2O and 

utilized for OER using the purified electrolyte solution, as explained in the experimental 

section.  

 

Figure 5.3.10. (a) The overpotential values measured at current density value of 10mA/cm2 for 

modified catalyst, Mn2CuO4/Ni-Bi, in different conditions, (b) the corresponding Tafel slope 

values 
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 It was found that the activity of the modified catalyst has slightly reduced for pure Ni-

Bi and purified electrolyte (Fig. 5.3.10), suggesting that there might be trace amount of Fe 

impurity present in the standard chemicals. Also, with the intentional incorporation of Fe 

impurity into the nickel borate solution, the activity of the modified catalyst has increased 

which supports the fact that Fe enhances the activity of Ni ions in nickel borate.28,41 

5.4. Conclusions 

In summary, we propose the use of di-manganese copper oxide (Mn2CuO4) as an OER 

catalyst in alkaline conditions for the first time with modification using electrodeposited Ni-Bi 

overlayer. The modified catalyst, Mn2CuO4/Ni-Bi, showed an overpotential of 230 mV at a 

current density of 10 mA/cm2 and a Tafel slope of 56 mV/decade comparable to the benchmark 

RuO2, under similar experimental conditions. The increased performance of Mn2CuO4 upon 

deposition of Ni-Bi is well supported by the low Rct and high Cdl values of 13.15 Ω and 55 

mF/cm2, respectively. Also, the high Faradaic yield of ~98% and a TOF of 0.05 s-1 proves the 

high activity of the catalyst for the long run. The redox cycle of Ni-Bi and the self-redox 

property of Mn2CuO4 play a vital role in the enhancement of the OER activity of the 

electrocatalyst and serves as a role model for its use in the future to replace the high cost and 

scarce noble metal catalysts. 
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CHAPTER 6 

 

 

 

Morphology, heterojunction and overlayer strategy: 

Oxygen evolution reaction performance of di-manganese 

copper oxide coupled with nickel borate  

This chapter emphases on the utilization of morphological and overlayer strategy for both OER 

and HER, i.e., overall water splitting. In the present work, Mn2O3 and CuO were chosen due 

to their differences in diffusion coefficients thereby enabling morphological transformation via 

ion-exchange diffusion method, and the formation of n-p type heterojunction. The intentional 

morphological transformation was to increase the surface-active sites, while the 

heterojunction formation was to enhance the charge carrier separation and accumulation at 

the semiconductor interface for bifunctional behaviour (HER and OER). The overall water 

splitting capacity was further boosted by deposition of two-dimensional vanadyl phosphate 

hexahydrate over the semiconductor particles. 

 

 

S. Bhowmick, et al., ACS Appl. Mater. Interfaces, 2022, 14, 52204–52215 
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6.1. Introduction 

 Bi-functional electrocatalysts are considered one of the effective strategies in modern 

energy technology, where in nanomaterial-based catalysts based on their band energy 

alignments rationale are utilized for overall water splitting involving both hydrogen evolution 

reaction (HER) and oxygen evolution reaction (OER).1–3 Extensive research has been focused 

on noble metal and noble metal-free based electrocatalytic nanomaterials for efficient HER 

and OER, but in recent times bi-functional electrocatalysts for both HER and OER has been 

the trending research topic.1,3–10 Presently, Pt-group metals are promising HER catalysts, 

while Ir/Ru-based compounds are effective for OER, but the cost and scarcity of these metals 

have limited their extensive usage. In this regard, several non-precious and efficient 

electrocatalysts; including transition metal sulfides, carbides, and phosphides for HER,11–13 

and transition metal oxides, hydroxides, and phosphates for OER; have been developed.14–16 

An ideal electrocatalyst should be equally effective and stable for both HER and OER at a 

particular pH so as to simplify the overall system design and minimize the cost towards 

commercialization. But construction of efficient bi-functional HER-OER electrocatalyst is 

challenging as most of the non-noble metal catalysts are either efficient in acidic medium for 

HER and alkaline for OER, or vice versa. In recent time, researchers have developed 3d 

transition metal-based catalysts which integrates the merits of HER and OER possessing the 

binding force to both hydrogen- and oxygen-containing intermediates making it an efficient 

bifunctional HER-OER electrocatalyst.1,3,5,7,9,10,17–23  

Among different 3d transition metal oxides, MnOx are promising OER electrocatalyst 

due to the following inherent properties; (1) large number of unsaturated edge sites on the 

surface improves the exposed surface-active sites facilitating the adsorption of water 

molecules, and (2) huge morphological and structural versatility favours the OER.24–26 But 

MnOx deprives from being an efficient HER electrocatalyst due to its less stability and 

activity in the cathodic potential region.24 Thus, to ensure the bi-functionality of MnOx 

electrocatalyst, they can be coupled with the strategically designed HER active catalysts. 

  Copper, a 3d transition metal, has wide range of oxidation states (Cu0, CuI, CuII, and 

CuIII), which enables its reactivity via both one- and two-electron pathways, making it a good 

bi-functional electrocatalytic candidate for both HER and OER.27–29 The coupling of Mn2O3 

with CuO is one of the strategies to supress the shortcomings of Mn2O3 by virtue of their 

synergistic effect to improve the overall water splitting performance.30 Integrating the merits 

of Mn2O3 and CuO in the formation of n-p heterojunction (Mn2O3 being n-type and CuO 
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being p-type semiconductors) is likely to advance the conductivity, electrochemical 

performance, cycling stability, and other important properties of the composite material.30 In 

addition to the synergistic effect of Mn and Cu oxides, the ion-exchange diffusion process 

between the Cu and Mn ions, due to their differences in diffusion coefficient, paves the 

opportunity towards the morphological transformation during the synthesis of CuO over the 

Mn2O3 particles.31–34 This results in strong interaction between the two metal oxides 

supporting the bi-functionality HER-OER of the formed composite.  

Although metal oxides are highly stable and active, their electrocatalytic performance 

is yet challengeable as the charge transfer kinetics at the interface is slow as compared to 

their hydroxides, and/or chalcogenides.35 To counter this ambiguity, metal oxides are often 

fused with other electro-active catalysts like metal phosphates, hydroxides, borates, etc., 

known for reducing the thermodynamic and kinetic barriers of hydroxylation reaction at the 

electrolyte interface and inherent faster charge-transfer coefficient values.23,36,37 Vanadyl 

phosphate, a 2D material, known for its high electroactivity in other applications is yet to be 

explored for its water splitting performance.38–41 High oxidation state of vanadium (V4+) 

optimizes the water adsorption energy by forming optimal bond strength between the cation 

and water molecules.42,43 Additionally, vanadyl phosphate being a 2D material provides more 

active sites for water adsorption onto its surface and the faster reaction kinetics of metal 

phosphates provides the scope for further enhancing the bi-functionality; HER-OER of the 

metal oxide by virtue of better charge transfer and extraction at the interface.44–46  

In the present work, apart from designing the heterojunction for their bi-functionality 

based on their band energy alignments, we took advantage of their manoeuvrability in 

forming different morphological structures for enhanced charge transfers and injections.  

Solid spherical Mn2O3 have been synthesized and impregnated with CuO using solvothermal 

process forming the n-p heterojunction to enhance the bi-functional electrocatalytic 

performances compared to the individual metal oxides. The in-situ generation of CuO over 

the Mn2O3 took place via ion-exchange diffusion process (Kirkendall effect), where the 

higher flux of Mn2+ ions diffusing out from the core compared to the Cu2+ ions diffusing into 

the bulk of Mn2O3 resulted in the transformation of the solid spheres into hollow spherical 

structures.31,47,48 This morphological transformation, resulting in more diffusion of electrolyte 

into the surface, and the formation of n-p type heterojunction aids the bi-functional HER-

OER electrocatalytic performance of Mn2O3/CuO. Further modification was done by two-

dimensional vanadyl phosphate hexahydrate ((VO)3(PO4)2.6H2O), denoted as VOP, over the 
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fabricated Mn2O3/CuO working electrode and utilizing the composite as the working 

electrode. This resulted in the deposition of an electroactive overlayer over semiconductor 

surface aiding better charge extraction at the electrolyte interface to be utilized for both water 

oxidation and reduction procedures. The 10-fold enhancement in the turnover frequency for 

both OER and HER infers the accomplishment of the desired strategy to improve the bi-

functionality of the composite material. 

6.2. Experimental section 

6.2.1. Synthesis of manganese oxides (Mn2O3) microspheres 

 Manganese oxide microspheres were synthesized utilizing the hydrothermal method. 

1.0 mmol of manganese acetate was dissolved in 30mL of DI water at room temperature and 

after 30 mins of stirring, 0.5M urea was added to it. Alginic acid was used as structure 

directing agent and was added (2mg/mL) to the solution. The solution was then transferred 

into a 50mL teflon vessel, kept inside stainless-steel autoclave and reacted @ 160 °C for 24h. 

The obtained product was washed with water-ethanol solution and after drying in oven was 

calcined @ 550 °C for 6 hours at a scan rate of 20 °C/min. 

6.2.2. Formation of copper oxide coating over manganese oxide microspheres 

(Mn2O3/CuO) 

 The synthesized Mn2O3 were used as precursor material along with copper acetate 

during the solvothermal process (as shown in Scheme 1). Equimolar (1.0 mmol) amount of 

Mn2O3 and Cu(OAc)2 were dissolved in ethylene glycol-water solution (1:1) and later 0.5 M 

urea was added to the solution. The solution was transferred to a teflon vessel kept in 

stainless steel autoclave and reacted @ 160 °C for 4 hours. After reaction the obtained 

product was washed with ethanol-water mixture and after drying in oven overnight it was 

calcined @ 450 °C for 2 hours at a scan rate of 5 °C/min. 

6.2.3. Synthesis of vanadyl phosphate hydrate ((VO)3(PO4)2.6H2O) 

 The crystalline phase of vanadyl phosphate ((VO)3(PO4)2.6H2O) was synthesized 

utilizing the hydrothermal method. 1 g of V2O5 was dissolved in 24 mL water and to it 12 mL 

of concentrated H3PO4 was added under constant stirring. The solution mixture was 

transferred to 100 mL Teflon vessel and reacted @ 100°C for 20 hours. After the reaction the 

formed product was washed using ethanol-water mixture and dried overnight in oven @ 

60°C.  
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6.2.4. Deposition of vanadyl phosphate hydrate over the Mn2O3/CuO working electrode 

 The synthesized (VO)3(PO4)2.6H2O (5mg) was dispersed in isopropanol (30mL) via 

ultrasonication process until no precipitate was left. Then the solution was centrifuged @ 

8000 rpm for 30mins and the supernatant solution was decanted out and labelled as VOP 

solution. 100 μL of the decanted VOP solution was drop-casted over the Mn2O3/CuO 

working electrode (fabricated using doctor-blade method) and let dry in vacuum oven @ 50 

°C to prepare the composite working electrode, Mn2O3/CuO-VOP (Scheme 1).  

 
Scheme 6.1: Schematic representation of the morphological transformation into hollow 

spheres via ion-exchange diffusion of Cu ions into Mn2O3 particles and the formation of the 

composite material, Mn2O3/CuO-VOP  

6.2.5. Computational Methodology 

 We have carried out density functional theory (DFT) based electronic structure 

calculations,49,50 as implemented in the Vienna ab-initio simulation package (VASP) code 

throughout the theoretical investigation.51 The projector augmented-wave (PAW) formalism 

is used to describe the interaction between ion cores and valence electrons,52 while the 

exchange and correlation potential is described through generalized gradient approximation 

using Perdew- Burke-Ernzerhof (PBE) functional.53 Van der Waals (VdW) interaction is 

applied to total energies and forces by means of DFT-D2 method. The kinetic energy cut-off 

corresponding to the plane-wave basis set has been used as 500 eV. The convergence criteria 

is set to be 1E-5 eV for the self-consistent process, and all the surface configurations are fully 

relaxed while achieving the minimum-energy criteria until the Hellman-Feynman forces 

become less than 0.01 eV/Å. We have constructed the surface along [100] direction while 

considering 15 Å vacuum along x-direction to avoid artificial inter-layer interactions, which 

will in turn remove the interaction between periodic images. The Brillouin zone has been 

sampled using 2×2×1 Monkhorst-Pack k-mesh for structural optimization of surface 

calculations.54 
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6.3. Results and discussions 

6.3.1. Morphological Analyses through Scanning Electron Microscope (SEM) technique 

Electrochemical activity of a catalyst is dependent on the concentration of the exposed 

surface-active sites, tuneable by varying the morphological features. The structural features 

of the synthesized electrocatalysts were visualized using field emission scanning electron 

microscope (FESEM) technique. The morphology of bare Mn2O3 and Mn2O3/CuO are shown 

in Figure 6.3.1. Mn2O3 forms spherical morphologies (Figure 6.3.1a) due to the presence of 

structure directing agent, alginic acid.55 In Figure 6.3.1b, it is observed that the Mn2O3 

spheres underwent more structurally sought out morphological transformation into hollow 

spherical structures upon reaction with CuO. The Mn2O3 particles in presence of the Cu ions 

in hydrothermal conditions at 160 °C leads to opening up of the solid sphere and creating a 

hollowness in the structure, as schematically demonstrated in Figure 6.3.1c. The morphology 

transformation of Mn2O3 from solid spheres to hollow spheres after reacting with CuO 

occurred through an ion exchange diffusion process (Kirkendall effect).31,47,48,56  

 
Figure 6.3.1: FESEM images of (a) solid spherical Mn2O3, (b) hollow sphere of Mn2O3/CuO, 

and (c) schematic representation of the morphological transformation of solid spheres into 

hollow spherical structures 

The difference in the diffusion coefficients (D) of the two ions (Mn and Cu) is the 

crucial factor for the transformation of solid sphere into hollow sphere. The rate of diffusion 

(b)(a)

(c)
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of Mn ions is known to be faster than that of Cu ions.57 During the hydrothermal reaction, the 

Cu ions gets deposited over the Mn2O3 sphere and at high temperature and pressure the Mn 

ions diffuses out from the core through the interface (Mn-Cu) while the Cu ions diffuses 

inside the sphere through the interface. But as DMn > DCu, the Cu ions cannot compensate the 

flux of Mn ions diffusing out of the sphere resulting in the formation of void at the core. 

Thus, the solid sphere gets transformed into hollow sphere via Kirkendall-based ion exchange 

process. 

The interaction of the Mn2O3 particles and Cu ions for the morphological 

transformation was optimized by varying the reaction temperature (140 - 180 °C) and 

reaction time (2 - 8 hours). Figure 6.3.2 demonstrates the FESEM images of bare CuO 

synthesized by hydrothermal method at different temperatures (140 - 180 °C). It can be seen 

that the CuO particles have formed spherical structures at lower temperatures (140 °C and 

160 °C), but at higher temperature (180 °C) it took the form of cuboidal structures. At 

temperature of 160 °C, there was the formation of hollow spherical structures, thus was 

chosen as the optimum temperature for the morphological transformation of Mn2O3 solid 

spheres into hollow spheres of Mn2O3/CuO. 

 
Figure 6.3.2: FESEM images showing the morphological features of hydrothermally 

synthesized CuO at different temperatures of (a) 140 °C, (b) 160 °C, and (c) 180 °C 

In Figure 6.3.3, the optimization time for the morphological transformation of solid 

spheres of Mn2O3 into the hollow spherical structures of Mn2O3/CuO has been depicted. After 

2 hrs of reaction time (Figure 6.3.3a), it can be observed that the transformation into hollow 

structure has commenced confirmimg the initiation of the ion-exchange diffusion between Cu 

ions Mn2O3 particles. After 4 hrs of reaction time (Figure 6.3.3b), it seems like the Cu ions 

have completely underwent the ion-exchange diffusion at the surface of the Mn2O3 sphere 

resulting in the hollowness in the structure. After 6 hrs of reaction (Figure 6.3.3c), there is 

the formation of ideal hollow spheres of Mn2O3/CuO formed due to the ion-exchange 

diffusion process between the Cu ions and Mn2O3 particles. On further reaction, 8 hrs 

(Figure 6.3.3d), the hollow spheres start to disintegrate causing in breakdown of the 

(a) (b)CuO (140  C)

1 mm 2 mm 4 mm

CuO (160  C) CuO (180  C)(c)
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structures. Thus, 6 hour of reaction time was chosen as optimum time for the morphological 

transformation of Mn2O3 solid spheres into the hollow spherical structures of Mn2O3/CuO. 

 
Figure 6.3.3: FESEM images of optimization for the morphological transformation into 

hollow spheres of Mn2O3/CuO at different time of (a) 2 hrs, (b) 4 hrs, (c) 6 hrs, and (d) 8 hrs 

reacted at the temperature of 160 °C 

To facilitate swift charge transfer from the surface of the metal oxide at the electrolyte 

interface, a 2D oxygen evolution catalyst (OEC) layer of vanadyl phosphate hexahydrate was 

incorporated over the surface of Mn2O3/CuO hollow spheres.  

 
Figure 6.3.4: FESEM images of (a) bare 2D sheets of (VO)3(PO4)2.6H2O (VOP), (b) the 

composite working electrode, Mn2O3/CuO-VOP, fabricated over the FTO, and (c) EDX 

spectra showing the uniform distribution of (d) manganese, (e) copper, (f) oxygen, (g) 

vanadium, and (h) phosphorous over surface of the composite 

The FESEM images of bare VOP sheets and that of composite has been shown in 

Figure 6.3.4a. Figure 6.3.4b depicts the FESEM image of the composite working electrode 
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fabricated over FTO substrate confirming the homogenous deposition of VOP sheets over 

Mn2O3/CuO particles. The uniform distribution of VOP over the Mn2O3/CuO particle is 

confirmed by the energy dispersive X-ray spectroscopy (EDS) method, where in Figure 

6.3.4c-h displays the presence of all the elements uniformly over the hollow spherical 

structure. 

6.3.2. Morphological Analyses through Transmission Electron Microscope (TEM) 

technique 

Field emission transmission electron microscope (FETEM) technique was further 

utilized to verify the morphological transformation from solid to hollow spheres in the 

synthesized compounds.  

 
Figure 6.3.5: FETEM images of (a) solid-spherical Mn2O3, (b) morphologically transformed 

hollow-spherical Mn2O3/CuO, (c) the composite, Mn2O3/CuO particle with overlying 2D 

VOP sheet, (d) HRTEM image of the composite showing the lattice fringes with the d-

spacing values corresponding to respective crystal planes of Mn2O3, CuO, and VOP, (e) 

STEM-EDS elemental mapping of the composite showing the uniform presence of the 

respective elements, (f) manganese, (g) copper, (h) oxygen, (i) vanadium, and (j) 

phosphorous 

Figure 6.3.5a shows the FETEM images of Mn2O3 demonstrating the solid spherical 

structures of ~6μm average diameter. Figure 6.3.5b confirms the morphological 
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transformation from solid spheres to hollow spherical structures upon in-situ growth of CuO 

over the Mn2O3 particles. In the composite (Figure 6.3.5c), the deposition of the VOP sheet 

over the Mn2O3/CuO surface is clearly visible suggesting distribution of the OEC layer over 

the bare electrocatalyst. Figure 6.3.5d shows the HRTEM image of the composite, 

Mn2O3/CuO-VOP, where the lattice fringes of Mn2O3, CuO and VOP corresponding to the 

(400), (002) and (113) planes with d-spacing value of ~0.24 nm, ~0.26 nm and ~0.31 nm, 

respectively are demonstrated. This further confirms the presence of VOP sheets over the 

Mn2O3/CuO particles. The scanning transmission electron microscopy energy dispersive 

spectrometry (STEM-EDS) technique was utilized to obtain the elemental mapping (Figure 

6.3.5e-j) for the composite, Mn2O3/CuO-VOP, to show the uniform deposition of VOP over 

the Mn2O3/CuO particles. 

6.3.3. Phase and Structural Analyses 

The phase formation of the synthesized materials and the composite has been 

confirmed by X-ray diffractometer (XRD) technique. Figure 6.3.6a, depicts the XRD spectra 

of all the synthesized powder compounds. All the peaks are well indexed corresponding to 

cubic phase of Mn2O3 (ICSD No. 01-071-3820) and monoclinic phase of CuO (ICSD No. 00-

002-1040). From the XRD spectrum of Mn2O3/CuO, it can be ascertained that CuO has been 

formed over the surface of Mn2O3 particles without altering the phase of the Mn2O3. Figure 

6.3.6b shows the XRD spectrum of vanadyl phosphate hexahydrate [(VO)3(PO4)2.6H2O] 

(mentioned as VOP) corresponding to the triclinic phase (ICSD No. 00-049-1256). In Figure 

6.3.6c the XRD spectra of the working electrodes fabricated over FTO substrate of bare 

Mn2O3, Mn2O3/CuO, bare VOP and composite Mn2O3/CuO-VOP are shown with all the 

peaks indexed to their respective planes. 

 
Figure 6.3.6: PXRD pattern of (a) all the synthesized compounds, Mn2O3, CuO and 

Mn2O3/CuO, in powder form, (b) bare vanadyl phosphate hexahydrate, and (c) all the 

fabricated working electrodes over the FTO substrate 
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6.3.4. Electronic Structure Analyses 

  The electronic and elemental features of bare and composite compounds are examined 

utilizing the X-ray photoelectron spectroscopy (XPS) technique. Figure 6.3.7a is the survey 

spectra of Mn2O3/CuO, VOP and the composite Mn2O3/CuO-VOP confirming the presence 

of all the elements in the respective compounds. Figure 6.3.7b is the Mn2p core-level spectra 

for Mn2O3/CuO and Mn2O3/CuO-VOP where the peak for both has been deconvoluted into 

2p3/2 and 2p1/2 with energy difference of ~11.5 eV.58,59 Figure 6.3.7c is core-level spectra of 

Cu2p for Mn2O3/CuO and Mn2O3/CuO-VOP where the peak for both has been deconvoluted 

into 2p3/2 and 2p1/2 with energy difference of ~20 eV.58,59 In the core-level spectra of O1s 

(Figure 6.3.7d), the lattice oxygen (Olattice), oxygen vacancies (Ovac) and surface adsorbed 

oxygen (Oads) peaks are demonstrated for bare Mn2O3/CuO, VOP and the composite 

Mn2O3/CuO-VOP.58–62 It is seen that the Olattice peaks for M-O bond (529.5 eV) and that for 

PO4
3− group (530.5 eV) are both present in the composite O1s spectra with the shifts 

suggesting the electronic interactions between them. The shifts in the peak positions suggests 

the possible electronic interactions between the bare electrocatalyst (Mn2O3/CuO) and the 

OEC (VOP).  

 
Figure 6.3.7: (a) XPS survey spectra of Mn2O3/CuO, VOP and Mn2O3/CuO-VOP confirming 

the presence of all the elements, and XPS core-level spectra of (b) Mn2p, (c) Cu2p, (d) O1s, 

(e) V2p, and (f) P2p in the electrocatalyts 

Figure 6.3.7e depicts the core-level spectra of V2p for bare VOP and composite 

Mn2O3/CuO-VOP deconvoluted into their respective 2p3/2 and 2p1/2 peaks.61,62 As can be seen 

the 2p3/2 peak for VOP at 518.25 eV is shifted to lower binding energy for Mn2O3/CuO-VOP 
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at 517.54 eV. The red shift in the binding energy (B.E.) suggests the accumulation of electron 

density around the V atom of VOP from Mn2O3/CuO. The Figure 6.3.7f depicts the core-

level spectra of P2p for bare VOP and composite Mn2O3/CuO-VOP deconvoluted into their 

respective 2p3/2 and 2p1/2 peaks.61,62 The red shift in the B.E. of 2p3/2 peak from 133.21 eV for 

VOP to 133.01 eV for Mn2O3/CuO-VOP confirms the shift of electron density around the P 

atom of VOP. The transfer of electron density from Mn2O3/CuO to the VOP in the 

composite, Mn2O3/CuO-VOP, confirms the strong interaction between the semiconductor and 

the overlayer. 

6.3.5. Mott-Schottky Analyses 

 The main motive for the synthesis of Mn2O3/CuO catalyst is to form n-p type 

heterojunction to enhance the bi-functional behaviour of the semiconductor. The formation of 

the n-p type heterojunction has been proved using Mott-Schottky (M-S) measurement. From 

Figure 6.3.8, it can be inferred that Mn2O3 is n-type semiconductor due to the obtained 

positive slope, CuO is p-type semiconductor due to the obtained negative slope, and VOP is 

n-type semiconductor due to its positive M-S slope.63–65 By extrapolating the slope to Y-axis 

= 0, the flat-band potential (EFB) values were determined, and the obtained EFB for Mn2O3 is 

0.58 V, CuO is 0.84 V, and VOP is 0.47 V. Thus, it was observed that Mn2O3 and CuO forms 

the n-p heterojunction as confirmed from Figure 6.3.8a, and VOP forms an overlayer over 

the Mn2O3/CuO particles. Thus, in the composite material there is formation of n-p 

heterojunction having favourable band positions with n-type electroactive overlayer for water 

oxidation reactions.66–68 

 
Figure 6.3.8: Mott-Schottky plots of (a) Mn2O3/CuO, and (b) VOP showing their respective 

semiconductor behaviours 

6.3.6. Electrochemical Performance for Oxygen Evolution Reaction 

The electrocatalytic performances of the compounds were examined using the linear 

sweep voltammetry (LSV) technique, where the compounds fabricated over FTO were 
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utilized as a working electrode, Hg/HgO (due to its activity and stability in alkaline 

conditions) and graphite rod as reference and counter electrodes, respectively, in 1 M NaOH 

electrolyte solution. To determine the best electrocatalyst, all the synthesized Mn2O3/CuO 

material were subjected to the LSV measurement. From Figure 6.3.9a, it can be seen that 

with the increase in the reaction time, the OER performance of the electrocatalyst also 

increases suggesting the availability of more exposed electro-active surfaces with the 

generation of hollownes in the structure. Thus, the Mn2O3/CuO formed after 6 hours of 

reaction time was chosen as the best material for electrocatalysis. Further, for the formation 

of the composite material, the exfoliated VOP was drop-casted over the Mn2O3/CuO surface 

and oven dried. The amount of VOP was varied from 25 μL to 125 μL and all were subjected 

to LSV measurement under similar conditions. From Figure 6.3.9b, it can be seen that with 

increase in concentration of VOP, the OER performance also increases and the optimum 

amount of deposited VOP was found to be 100 μL. Further increase in the amount of VOP 

hampers the performance due to over deposition restricting the charge transfer at the 

interface. 

 
Figure 6.3.9: Optimization curve for (a) the reaction time CuO over the Mn2O3 particles and 

(b) the deposition of VOP over the surface of Mn2O3/CuO 

After determination of the optimized electrocatalyst, its catalytic performance was 

evaluated via LSV curves. The obtained LSV curves for OER of bare Mn2O3, Mn2O3/CuO, 

VOP and Mn2O3/CuO-VOP are shown in Figure 6.3.10a. The measured overpotential (η10) 

at current density of 10 mA/cm2 for the composite, Mn2O3/CuO-VOP, shows an excellent 

value at 190 (±2) mV whereas that for bare Mn2O3/CuO is 280 (±3) mV, VOP is 340 (±3) 

mV, and Mn2O3 is 370 (±2) mV. The improvement in the overpotential value for Mn2O3/CuO 

compared to its bare counterpart is due to the structural transformation from solid to hollow 

sphere aiding incorporation of more electrolyte solution into the active sites. This increases 

the amount of water molecules getting converted to oxygen leading to boosted OER activity. 
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Additionally, the formation of n-p heterojunction between Mn2O3 and CuO, also aids the 

enhanced electrochemical performance due to better charge separation and accumulation at 

the electrolyte interface. The enhanced performance in the composite Mn2O3/CuO-VOP is 

due to the 2D vanadyl phosphate hexahydrate which increases the adsorption of water 

molecules to the surface (owing to the high valence V4+ ions) and also fasters the reaction 

kinetics of the material (also confirmed by enhanced OER activity of Mn2O3-VOP).  

The water oxidation kinetics of the electrocatalyts were examined by determining the 

Tafel slope which states about their charge transfer coefficient values (Equation 2.8 & 2.9). 

The obtained Tafel slope value (Figure 6.3.10b) for the composite Mn2O3/CuO-VOP is 60 

mV/decade which is much lower than Mn2O3/CuO (124 mV/decade), and bare counterparts 

VOP (106 mV/decade) and Mn2O3 (152 mV/decade). The formation of n-p type 

heterojunction in Mn2O3/CuO is responsible for the decrease of Tafel slope value compared 

to the bare Mn2O3. The heterojunction (n-p type) formation results in better charge separation 

in the bulk and faster extraction at the electrolyte interface leading to faster rate of the 

electrochemical reaction. The lower Tafel slope of bare VOP compared to bare Mn2O3 and 

Mn2O3/CuO explains its higher charge transfer coefficient value (Equation 2.8 & 2.9). Thus, 

the lowering of the Tafel slope in the composite is due to the faster reaction kinetics of the 2D 

vanadyl phosphate species at the electrolyte interface owing to its higher charge transfer 

coefficient value. 

 
Figure 6.3.10: (a) Linear sweep voltammograms (LSV) of Mn2O3, Mn2O3/CuO, VOP and 

Mn2O3/CuO-VOP during OER, (b) their corresponding Tafel slope values 

6.3.7. Electrochemical Performance for Hydrogen Evolution Reaction 

The presence of CuO in the composite, forming a n-p heterojunction allows the 

material to act as HER (hydrogen evolution reaction) catalyst. In Mn2O3/CuO-VOP, the type-

II heterojunction between Mn2O3 and CuO allows facile charge transfer and accumulation 

due to their favourable band alignments, suitable to reduce the water molecules generating 
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hydrogen with 2D VOP overlayer accelerating the reaction process.66–68 Thus, the 

synthesized electrocatalysts were subjected to HER in the alkaline medium by varying the 

potential from 0.1 to -1 V vs. RHE. Figure 6.3.11a depicts the LSV curves of all the 

electrocatalysts, and can be seen that with the incorporation of CuO into the Mn2O3, the 

overpotential value (η10) shifts from 550 (±2) mV for Mn2O3 to 310 (±4) mV for 

Mn2O3/CuO. The improvement in the electrocatalytic performance is due to the formation of 

n-p type heterojunction (aiding the charge separation and transfer to electrolyte interface) and 

morphological transformation into hollow spheres (more exposed active sites). Further 

advancement in performance of the composite, Mn2O3/CuO-VOP (η10 = 220 (±3) mV), 

attributes to the faster charge transfer kinetics of VOP leading to better charge separation and 

extraction at the electrolyte interface.  

To probe the reaction rate (i.e., how efficiently the electrocatalyst can produce current 

in response to change in potential), Tafel slope of the corresponding electrocatalyts were 

evaluated (Figure 6.3.11b) and the obtained results for bare Mn2O3 is 187 mV/dec, 

Mn2O3/CuO is 160 mV/dec, bare VOP is 142 mV/dec and the composite Mn2O3/CuO-VOP is 

105 mV/dec. It can be seen that for HER, similar trend in the reaction kinetics was observed 

for the electrocatalysts. 

 
Figure 6.3.11: (a) LSV plots for Mn2O3, Mn2O3/CuO, VOP and Mn2O3/CuO-VOP during the 

HER, (b) their corresponding Tafel slope values 

6.3.8. Electrochemical Active Surface Area (ECSA) Analyses 

The enhancement in the electrochemical performances is often the result of the 

increased electroactive sites in the compounds. To determine amount of electrochemical 

active sites (ECSA) for all the electrocatalyts, double-layered capacitance (Cdl) value has 

been evaluated by measuring the cyclic voltammograms (CV) (Figure 6.3.12a-d) in the non-

Faradaic region varying the scan rates. For the estimation of the Cdl values, the CVs were 

carried out at low scan rates as it would allow the charged species to completely get adsorbed 
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over the surface of the electrode material giving more insight of the double-layer formation. 

From Figure 6.3.12e, it can be seen that the Cdl values for all the electrocatalyts are in accord 

with the obtained overpotential values. The ~3-fold increase in the ECSA for the Mn2O3/CuO 

(34 (±2.5) mF/cm2) compared to bare Mn2O3 (12 (±1) mF/cm2) can be attributed to the 

morphological transformation from the solid spherical structures to hollow spheres which 

resulted in more exposed active sites. The high ECSA value for the composite, Mn2O3/CuO-

VOP, (55 (±2) mF/cm2) is due to the hollowness in the structure (Mn2O3/CuO) exposing 

more active sites and also the additional active sites of the 2D sheets of vanadyl phosphate. 

 
Figure 6.3.12: Cyclic voltammograms of (a) Mn2O3, (b) Mn2O3/CuO, (c) VOP and (d) 

Mn2O3/CuO-VOP measured at scan rate from 2 mV/s to 10 mV/s in the non-Faradaic region, 

and (e) current density vs the scan rate plots for determination of the Cdl values 

6.3.9. Electrochemical Impedance Spectroscopy (EIS) Analyses 

 Charge transfer kinetics at the electrolyte interface is one of the criteria for the 

enhancement in the electrochemical performances. Electrochemical impedance spectroscopy 

(EIS) technique is utilized for the resolution of the charge mobility at the electrode-
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6.3.13a, EIS was performed at an open circuit potential (OCP) to evaluate the Nyquist plots 
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with the obtained Tafel slopes, explaining the advancement in the reaction kinetics. As 

explained by Equation 2.8 & 2.9, the Tafel slope value is inversely proportional to the 

charge transfer coefficient of the material (i.e., Tafel slope ∝ 1 α⁄ ). The Rct value at the 

electrolyte interface for bare Mn2O3 is 29.2 Ω, and that for bare VOP is 12.2 Ω explaining the 

inherent higher charge transfer coefficient value of 2D OEC materials. The lowering of the 

Rct value for the Mn2O3/CuO (17.8 Ω) is due to the morphological transformation into hollow 
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sphere providing the reactants access to more exposed surfaces and also the formation of n-p 

heterojunction provides better charge separation, resulting into the faster charge transfer at 

the electrolyte interface. Further lowering of the Rct value for the composite, Mn2O3/CuO-

VOP (8.4 Ω), is due to the overlying VOP sheets which accelerates the charge transfer at the 

electrolyte interface (due to its inherent higher charge transfer coefficient) enhancing the 

overall water oxidation process.  

Figure 6.3.13b represents the Nyquist plots obtained for the electrocatalyts measured 

at a potential of 1.5 V vs RHE. The calculated Rct values for the electrocatalyts are in trend 

with their obtained Tafel slopes explaining the advancement in the reaction kinetics. The Rct 

value for bare Mn2O3 is 274 Ω, Mn2O3/CuO is 173 Ω, bare VOP is 125 Ω, and the composite, 

Mn2O3/CuO-VOP, is 66 Ω. The obtained Rct value are in similar trend as obtained at OCP, 

stating the improvement in electrochemical performance of the composite is due to the 

morphological transformation into hollow spheres and faster charge transfer kinetics of the 

2D vanadyl phosphate sheets.  

The advancements in the HER performance of the modified electrocatalysts were 

further confirmed by the Nyquist plots obtained by performing the EIS at -0.4 V vs. RHE. 

The Rct values (Figure 6.3.13c) provides the extent of charge transfer kinetics at the 

electrolyte interface, where in for bare Mn2O3 it is 418 Ω, Mn2O3/CuO is 252 Ω, bare VOP is 

196 Ω and the composite Mn2O3/CuO-VOP is 128 Ω. The lowering of the Rct value for 

Mn2O3/CuO is due to the availability of more electroactive sites, generated by the hollowness 

in the structure, which acts as the surface adsorption sites for the water molecules to undergo 

reduction process. Further lowering of Rct value for the composite is due to the inherent 

higher charge transfer coefficient value of the 2D VOP sheets. 

 
Figure 6.3.13: (a) Nyquist plots of all the electrocatalyts measured at open circuit potential, 

(b) Nyquist plot with respective Rct values measured at a potential of 1.5 V vs. RHE, and (c) 

Nyquist plots of all the electrocatalyts measured at a potential of -0.4 V vs. RHE with the 

obtained Rct values at the electrolyte interface and the corresponding circuit 
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6.3.10. Electrocatalytic Efficiency Analyses 

The insight into the catalytic activity of an electrocatalyst can be determined by 

calculating the turnover frequency (TOF) value at a fixed potential. Figure 6.3.14a shows the 

TOF values of the electrocatalysts, Mn2O3, Mn2O3/CuO, VOP, and Mn2O3/CuO-VOP, 

calculated at a potential value of 1.4 V vs RHE. As seen, with the morphological 

transformation there is ~2.5 folds increment in the TOF for Mn2O3/CuO due to the generation 

of more surface-active sites in the hollow sphere. For the composite material, the ~10 folds 

increment in TOF ascribes to both the generated active sites due to hollowness in the 

structure and the faster kinetics of 2D sheets of vanadyl phosphates.  

The turnover frequencies (TOF) of the synthesized materials were evaluated to 

determine its electrocatalytic activity for HER at a fixed potential of -0.15 V vs. RHE. Figure 

6.3.14b shows the TOF values of all the electrocatalyts, and it can be observed that there is 

~4 folds increment in the electrochemical performance for hollow spherical Mn2O3/CuO and 

~10 folds advancement for composite Mn2O3/CuO-VOP compared to the solid Mn2O3 

spheres. 

 
Figure 6.3.14: Turnover frequencies of all the electrocatalysts determined at a potential of (a) 

1.4 V vs RHE (OER), (b) -0.15 V vs RHE (HER), (c) overall water splitting utilizing the 

composite, Mn2O3/CuO-VOP, depicting the cell voltage and (d) Faradaic yield for 

Mn2O3/CuO-VOP measured at a current density of 10 mA cm-2 using gas chromatography 

For demonstration of the bifunctional behaviour of the composite electrocatalyst, it 

was subjected to electrochemical analysis by evaluating the LSV taking the fabricated 
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electrode both as anode and cathode during water splitting reaction. Figure 6.3.14c shows the 

overall water splitting comprising both OER and HER with overpotential values (at +/-10 

mA/cm2) of 190 (±2) mV and 220 (±3) mV, respectively. This confirms that the synthesized 

composite material can be utilized efficiently for both water oxidation and reduction in 

alkaline medium due to its bifunctional property. 

Faradaic yield is estimated to quantify the relation between the amount of gasses 

evolved and the obtained current density, minimizing the influence of any side reactions. 

From Figure 6.3.14d, it can be seen that the ratio of evolved H2 gas to O2 gas is 2:1, which is 

in accord with the theoretical approach. During the measurement, the composite 

(Mn2O3/CuO-VOP) electrode was taken as both cathode and anode, and the evolved gasses 

were measured using online gas chromatography technique. The figure represents both the 

amount of gasses evolved and also the faradaic yield percentage during the reaction course. 

The average Faradaic yield obtained for HER was ~97 (±1) % and while for OER was ~98 

(±1) % suggesting that the charge carriers generated within the system are consumed solely 

for the reduction and oxidation of H2O molecules, producing H2 and O2 gas, respectively, and 

there are no side reactions at high potential. 

6.3.11. Long-term Stability Analyses 

A good electrocatalyst should have high stability to be used for long run in harsh 

conditions. To test the durability of the synthesized electrocatalyst, chronoamperometry 

measurements were performed at a fixed potential (1.5 V vs RHE). Figure 6.3.15a shows the 

stability for both Mn2O3/CuO and Mn2O3/CuO-VOP with negligible decrease in the current 

density even after 36 hours of continuous operation. The inset shows the constancy in the 

LSV curve of the composite material towards OER measured before and after the stability 

test. 

The composite, Mn2O3/CuO-VOP, was also tested for stability utilizing the 

chronoamperometry technique at a negative potential of -0.3 V vs. RHE for 36 hours of 

continuous run (Figure 6.3.15b) and was found that there is negligible decrease in the current 

density confirming its high durability for HER. The inset shows the constancy in the LSV 

curve of the composite material towards HER measured before and after the stability test. 

To further test the durability of the catalyst, the composite material was tested for 

1000 cycles of cyclic voltammetry measurement in the non-Faradaic region. From Figure 

TH-2984_176122028



Chapter 6                     Morphological, Heterojunction & Overlayer Strategy for OER & HER 
 

Part of this chapter has been published in ACS Appl. Mater. Interfaces 2022, 14, 52204  117 

 

6.3.15c it can be confirmed that the electrocatalyst is highly stable as there is no negligible 

decrease in the current density value. 

 
Figure 6.3.15: (a) chronoamperometric analysis measured at a potential of 1.6 V vs. RHE for 

Mn2O3/CuO and Mn2O3/CuO-VOP with inset of LSV curves of composite before and after 

the stability test, (b) chronoamperometric analysis measured at a fixed potential of -0.3 V vs. 

RHE for the composite with inset of LSV plot measured before and after the stability test, 

and (c) CV curve of 1000 cycles measured in non-Faradaic region for the composite 

Mn2O3/CuO-VOP 

6.3.12. Post-Stability Analyses 

To analyse the structural and electronic property integrity, the composite material was 

re-examined utilizing XRD, FESESM, FETEM and XPS techniques.  

 
Figure 6.3.16: (a) PXRD of the composite Mn2O3/CuO-VOP before and after the stability 

test, (b) FETEM images showing the hollow spherical structure of Mn2O3/CuO after the 

stability test, (c) FETEM image of the composite showing the presence of VOP sheet over the 

surface of Mn2O3/CuO, (d, e) FESEM image of the composite, Mn2O3/CuO-VOP, showing 

the adhesion of VOP sheets over Mn2O3/CuO particles and retention of hollow structures  
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In Figure 6.3.16a, the XRD spectra of the composite Mn2O3/CuO-VOP, before and 

after stability test, has been shown. It can be seen that there are no shifts and change in the 

peak positions suggesting the intact of the phase of the individual material in the composite. 

Also, from the FETEM (Figure 6.3.16b & c) and FESEM (Figure 6.3.16d & e) images of 

the composite after the stability test, it can be commented that the material is highly durable 

and can be utilized without any loss in the structural features. Thus, as-observed that there 

were no changes in the electronic and structural features confirming the high stability of the 

composite material. 

6.3.13. Density Functional Theory (DFT) Analyses 

For better understanding of the materials features, DFT based theoretical analysis has 

been performed where we have considered three materials CuO, Mn2O3, VOP (vanadyl 

phosphate hexahydrate) for our present study. The morphological transformation in 

Mn2O3/CuO from solid sphere to hollow spherical structure, and the presence of VOP 

overlayer on its surface enhancing the overall water splitting performance needs more 

attention from scientific community. In this work, VOP overlayer has been added to 

morphologically transformed Mn2O3/CuO and observed its influence on the electrocatalytic 

process. For our theoretical analysis, we have optimized surface in (100) plane of all three 

individual structures. The lattice mismatch is also considered while making the supercell of 

individual structures. The vacuum barrier at surface and the energy barrier between the 

junction can be modulated using materials with different work function (φ). The key for 

designing a type-II heterojunction for high performance is to efficiently modulate the carrier 

transfer at the junction in a controlled manner. The band alignment at the interface is of great 

importance, thus favourable band alignment to balance the carrier separation, confinement, as 

well as recombination, from the application-oriented point of view has to be taken care of. 

During the junction formation, it is thought that there is a vacuum potential barrier between 

Mn2O3 and CuO surface. Such vacuum barrier can be regarded as the driving force for charge 

transfer near the junction. Mn2O3/CuO heterostructure forms a type-II band alignment along 

with the calculated work function (φ) to be 6.05 eV and 5.77 eV for Mn2O3 and CuO, 

respectively (Figure 6.3.17a & b). In order to analyse the modulation in work function with 

the presence of third structure, we have constructed VOP overlayer which has comparatively 

low work function (φ) than the other two (4.34 eV) as shown in Figure 6.3.17c. This large 

difference in work function (φ) has a profound effect on the band formation near the junction 

which eventually affects electrocatalysis, serving our purpose. 
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Figure 6.3.17: Work function values of (a) Mn2O3, (b) CuO and (c) VOP evaluated from the 

DFT calculations 

6.3.14. Plausible Mechanism for Overall Water Splitting  

The plausible mechanism in the composite, Mn2O3/CuO-VOP, for the bi-functionality 

in terms of OER and HER is schematically displayed in Figure 6.3.18. The advancement in 

the OER and HER performances of Mn2O3/CuO compared to bare Mn2O3 is due to the 

morphological transformation from solid to hollow spheres.31,47,48,56 The hollowness in the 

structure increases the number of electroactive sites (confirmed by the ECSA measurements) 

giving better access to electrolyte diffusion resulting in more adsorption of water molecules 

at the surface to undergo the electrocatalytic reactions. In case of the composite, VOP is most 

catalytically active compared to Mn2O3 and CuO, acting as the reaction sites for both water 

oxidation and reduction. The shift in the electron density from the Mn2O3/CuO 

semiconductor to the VOP overlayer (as depicted by XPS spectra of V2p and P2p) and the 

lower φ value of VOP confirms the electroactive nature of the VOP molecule. Also, there is 

formation of the n-p heterojunction by virtue of favourable band alignments between the 

Mn2O3 and CuO (confirmed from the M-S plot and DFT calculations) along with overlayer of 

2D VOP having inherent faster charge transfer kinetics, which allows facile water oxidation 

and reduction reactions.66–68 As can be seen that there is formation of type-II heterojunction 

between Mn2O3 and CuO resulting in the availability of more electrons and holes at the 

electrolyte interface for both OER and HER. The generated holes in the valence band of 

Mn2O3 transfers to the valence band of CuO due to the favourable band alignment leading to 

the accumulation of charge carriers at the semiconductor-electrolyte interface to be 

effectively utilized for OER. Similarly, the electrons in the conduction band of CuO moves to 

that of Mn2O3 thereby accumulating charge carriers effective for water reduction at the 

electrolyte interface. The 2D VOP catalyst deposited onto the Mn2O3/CuO surface acts as the 

overlayer to enhance the bi-functional behaviour, OER and HER, of the semiconductor 

material owing to its inherent faster charge transfer coefficient. The holes and electrons that 
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are accumulated at the surface of Mn2O3/CuO particles are effectively extracted to the 

electrolyte interface by 2D VOP sheets resulting in accelerated OER/HER processes owing to 

its faster reaction kinetics due to reduced charge transfer resistance.69,70 The DFT calculation 

also supports VOP overlayer to be efficient for charge carriers extraction from semiconductor 

interface and transfer to the electrolyte interface due to its lower work function (φ) 

value.69,71,72 Additionally, VOP consists of V-atom at higher oxidation state (+4) which is 

suitable for lowering the water adsorption energy at the surface thereby providing more 

reactant species to undergo the oxidation and reduction reactions.42,43 Therefore, the 

enhanced electrocatalytic performances of the bi-functional material, Mn2O3/CuO-VOP, are 

due to firstly, the morphological transformation of Mn2O3/CuO into hollow spherical 

structures generating more electroactive sites and better access to electrolyte diffusion; 

secondly, the formation of n-p heterojunction facilitating into better charge accumulation at 

the semiconductor interface; and lastly, the faster charge transfer kinetics at the electrolyte 

interface due to the inherent high charge transfer coefficient and lower work function (φ) 

value of the overlying 2D vanadyl phosphate hexahydrate sheets.  

 

 

Figure 6.3.18: Plausible mechanistic pathway for the observed bi-functionality of the 

composite, Mn2O3/CuO-VOP, due to the morphological transformation and formation of n-p 

heterojunction in Mn2O3/CuO aided by the 2D VOP overlayer sheets  
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6.4. Conclusions 

 The diffusion mediated morphological transformation from solid spheres to hollow 

spherical structures due to the ion-exchange (Kirkendall effect) provided an effective bi-

functional electrocatalytic performance for overall water splitting. The hollow space in the 

spherical structure of Mn2O3/CuO generated more exposed surface-active sites (supported by 

the high ECSA value) causing more adsorption of water molecules on the surface resulting in 

enhanced bi-functional behaviour (HER-OER) of the electrocatalyst. Also, the work function 

values (obtained from DFT calculations) showed the formation of type-II heterojunction 

between Mn2O3 and CuO which enhanced the charge separation and accumulation at the 

semiconductor interface. This improved the overpotential (η10) values for both the OER and 

HER processes compared to the bare counterparts and also enhanced the reaction kinetics 

supported by reduced Tafel slope values due to increased charge transfer kinetics at the 

electrolyte interface (lower Rct value). Further advancement in the electrocatalytic behaviour 

of the hollow Mn2O3/CuO spheres was achieved by overlayering the surface with 2D VOP 

sheets which accelerated the reaction kinetics at the electrolyte interface due to its inherent 

high charge transfer coefficient value (as depicted by its lower Tafel slope value). In addition 

to the faster charge transfer kinetics, the V4+ ions in VOP aids the adsorption of water 

molecules onto its surface, providing more reactant molecules. Thus a ~10-fold increment in 

the TOF value was obtained for both the OER and HER processes in the alkaline electrolytic 

medium. The lower work function value of VOP also supports its high efficiency towards the 

enhancement in the bifunctional behaviour of Mn2O3/CuO particles. 
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CHAPTER 7 

 

 

 

Membrane Strategy: Vanadium oxide nanosheets infused 

functionalized polysulphone bipolar membrane for water 

dissociation  

This chapter focusses on the strategy to enhance water dissociation process generating H+ and 

OH− utilizing bipolar membrane (BPM) to provide surplus reactant species to undergo 

reduction and oxidation (overall water splitting) at the cathode and anode, respectively. 

Dissociation of water molecules occurs at the interfacial region between the two ion-exchange 

layers (IEL) of a BPM. Herein, functionalized polysulphone membranes were chosen as the 

IEL and 2D V2O5 nanosheets blended with polyvinyl alcohol was incorporated in between them 

to act as the water dissociation catalyst. 
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7.1. Introduction 

 Electrolysis of water is one of the most trending research topics due to the production 

of the green hydrogen gas, a substitute to meet the energy demand. Bipolar membranes (BPM) 

have emerged as alternative to the conventional anion- and cation exchange membrane 

(A/CEM) separators due to its advantage to meet all the challenges associated in electrolytic 

cells.1–4 Ionic groups of respective membranes are directly involved in the WD process 

occurring at interfacial layer (IL) region and groups with smaller dissociation constant leads to 

lower potential difference thus increasing the dissociation rate.2 Although weak ionic groups 

accelerates WD, strong ionic groups are required to obtain BPM with high current yields for 

H+ and OH‒ ions generation.3 IEM are generally long polymer chains with functional groups 

for efficient migration of the ions towards the bulk of the IEM.5 Polysulphone is known for its 

cost-effectiveness, outstanding thermal, mechanical, and chemical stability. The polymer can 

readily be modified to induce specific charged groups thus functionalizing the membranes as 

AEM and/or CEM thereby enhancing the performance of the ion-exchange membranes.6–9 

Functionalized polymer with ionic groups is preferred due to increased conductivity and 

hydrophilicity which aids the permselectivity of the membranes thereby maintaining the rate 

of water intake and inhibiting drying out of the IL region at higher current density during water 

dissociation reaction.6,10,11 Thus, the polysulphone was sulphonated and quaternized to 

introduce the anionic and cationic functional groups in the polymer backbone.  

Water dissociation reaction can further be improved at the BPM junction by 

introduction of additional catalysts at the IL region.12 Catalysts are known to suppress the high 

activation energy of water dissociation by forming reactive activated complexes, providing 

alternative reaction paths.13–15 In addition to the incorporation of water dissociation catalysts 

(WDC), a good contact between the AEL and CEL is well desired for reduced interfacial 

resistance. Polyvinyl alcohol (PVA) is a cost-effective synthetic semi-crystalline polymer, 

which has significant properties such as good film forming ability, high water holding capacity, 

excellent thermal and mechanical stability, and favourable chemical cross-linking ability.9,16,17 

The hydroxyl group in the PVA has the tendency to interact with the ionic groups of IEM thus 

strongly binding to the surfaces of ion-exchange layers (IEL) of BPM.9 Thus, PVA in the IL 

act as binder between the AEL and CEL providing better contact between the two layers and 

also avoiding the bubbling of BPMs.17 But the low conductivity of PVA adds to the search for 

a catalyst to enhance the conductivity and WD performance of BPM. As known, proton 

transfers are induced by hydrogen bonding of bulk water in contact with oxide surfaces leading 
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to reduced activation energy for water dissociation process.18,19 Vanadium pentoxide is a well-

known transition metal oxide having high catalytic and water adsorption capabilities.20,21 

Additionally, V2O5 exhibits redox and Lewis acid/base properties, resulting in strong 

interaction with water molecules.22,23 The surface exposed oxygen atoms of V2O5 has the 

tendency to form H-bond with the adjacent water molecule leading to the physisorption of 

water molecules onto its exposed surface.20,21,24 Theoretical studies showed that dissociation of 

an isolated water molecule is kinetically hindered, whereas dissociation of a water molecule 

that forms an interaction with lattice oxygen or other water molecule is more facile, thereby 

promoting the water dissociation process.24,25 Compared to bulk and other nanostructured 

counterparts, two-dimensional (2D) V2O5 nanosheets (V2O5-ns) proves to be better candidate 

as WDC in virtue of its high specific surface area and exposed active sites ideal for better water 

adsorption thus exhibiting enhanced electrochemical and catalytic properties.26–28 This general 

WD mechanism with 2D metal oxides and reorganization of O−H bonds in the presence of 

electric field, led to idea to use V2O5-ns blended with PVA as the WD catalyst.  

In the present work, polysulphone has been functionalized by incorporating ‒SO3
¯ and 

R4N
+ groups to synthesize sulphonated and quaternized polysulphones, respectively. These 

were then fabricated into membranes to form the CEL and AEL of the BPM. The two layers 

were then strongly adhered together by incorporating polyvinyl alcohol (PVA) in the IL which 

act both as binder and catalyst for the WD process. The IL region was further modified by 

blending the PVA with transition metal oxide, V2O5-ns, to enhance conductivity of the IL and 

catalytic activity towards water dissociation. It has been observed that when the composite 

BPM (SPSp/PVA_V2O5-ns/QPSp) was utilized, it showed a good WD performance with water 

dissociation reaction initiating at current density of 1.02 mA/cm2 at transmembrane potential 

of 1.11 V.     

7.2. Synthetic Methodologies 

7.2.1. Sulphonation of polysulphone (SPSp) 

 The sulphonated polysulphone (SPSp) was synthesized by utilization of 

chlorosulphonic acid (Scheme 7.1).11,29 Here, 3.5g of polysulphone was weighed and dissolved 

in 35 mL dichloro ethane (DCE) at temperature of 60 °C. The reaction medium was subjected 

to inert N2 atmosphere to avoid the interference of water during the reaction. Then 2mL of 

chlorosulphonic acid was dissolved separately in 10mL DCE under ice-cold condition. Then 

the solution was added drop-wise into the reaction over a time span of 30 mins keeping the 
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temperature constant at 60 °C. The reaction was allowed to run for 4 hours and then the formed 

precipitate was separated out from the reaction medium. It was then washed to neutralize the 

pH and dried in vacuum oven at 40 °C to obtain the sulphonated polysulphone (SPSp).  

 
Scheme 7.1: Sulphonation of the polysulphone utilizing chemical process 

7.2.2. Quaternization of polysulphone (QPSp) 

 Quaternized polysulphone (QPSp) was synthesized in a two-phase process with 

chloromethylation of polysulphone as the initial step (Scheme 7.2).30–32 For the 

chloromethylation of polysulphone, paraformaldehyde, chlorotrimethylsilane and tin (IV) 

chloride were used as catalyst. Initially, 2g of PSp was dissolved in 100 mL of CHCl3 (stored 

in presence of 4Å molecular sieves). After dissolution, 1.2g of paraformaldehyde and 5g of 

Me3SiCl were added to the reaction mixture. Subsequently, 0.2 mL SnCl4 (anhydrous) in 5 mL 

CHCl3 was slowly added under stirring at 55 °C and then the reaction was continued for 72 

hours at 55 °C under reflux condition. Lastly, the solution was transferred into 200 mL ethanol 

and the precipitated polymer was collected via filtration, washed and dried under vacuum 

condition. The white powder obtained was analysed using 1H-NMR recorded in CDCl3 solvent 

to confirm the chloromethylation of PSp (Figure 7.4.1). 

 The quaternization of the PSp-CH2Cl was done using triethylamine. 1g of PSp-CH2Cl 

was dissolved in 10 mL DMA solvent and 1 mL TEA was added dropwise under N2 

atmosphere. Then it was reacted @ 40 °C for 24 hrs. After the reaction, the mixture was poured 

into 50 mL diethyl ether and the precipitate was obtained using vacuum filtration. After drying 

the sample overnight, it was utilized for the preparation of anion exchange layer (AEL).  
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Scheme 7.2: Quaternization of the polysulphone utilizing a two-step chemical process 

7.2.3. Synthesis of vanadium pentoxide nanosheets (V2O5-ns) 

 V2O5 nanosheets (V2O5-ns) were prepared by treating V2O5 powder with H2O2 solution 

in ice-cold condition.33,34 For the synthesis, 0.30 g of V2O5 powder was dissolved in 3 mL of 

DI water under ice-bath condition followed by dropwise addition of 3 mL H2O2 (50%) with 

continuous stirring. Soon after the light brown solution turned into dark brown gel, it was ultra-

sonicated for an hour and diluted to 50 mL with DI water. About 20 mL of the solution 

(6mg/mL) was poured in a petridish and dried in oven to fabricate free-standing V2O5-ns 

membrane for further characterizations. 

7.2.4. Fabrication of the bipolar membrane (BPM) 

 Bipolar membrane (BPM) has been fabricated using solution casting method as 

discussed in Section 2.8. The composite bipolar membrane was fabricated with functionalized 

polysulphones as the IEL and V2O5-ns as WDC, and laminated as SPSp/PVA_V2O5-ns/QPSp 

(BPM_VO-ns). For comparison two more bipolar membranes were fabricated, one without 

any WDC (BPM_1) and another with only PVA in the IL region (BPM_PVA). The thickness 

of the layers of BPM and the amount of V2O5-ns catalyst was optimized by varying each 

alternatively. Finally, the laminated bipolar membranes were cut (2cm x 2cm) using a razor-

sharp blade and utilized for the water dissociation process. The digital images of the individual 

membranes and the fabricated bipolar membrane, BPM_VO-ns, is shown in Figure 7.2.1.  
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Figure 7.2.1: The digital images of the individual membranes of (a) SPSp, (b) QPSp, (c) PVA, 

(d) V2O5-ns and (e) PVA_V2O5-ns, and also of the fabricated bipolar membrane with (f) the 

CEL side, (g) cross-section, and (h) AEL side of BPM_VO-ns 

7.3. Membrane Characterization 

7.3.1. Water-uptake capacity 

 The water uptake (WU%) capacity of the membranes was measured by initially 

calculating the weight of the membranes in totally dry condition (Wdry) and then was immersed 

in DI water for 24hrs. After that the membranes were wiped clean to remove excess water off 

the surfaces and the weight was measured (Wwet). The WU% is given as; 

WU% =
Wwet−Wdry

Wdry
× 100     . . . (7.1) 

7.3.2. Ion-conductivity  

 A Gamry interface 1010E was utilized to obtain the Nyquist plot of the membranes. A 

two-probe cell was used where the membrane was sandwiched between two copper plates and 

the electrochemical impedance spectroscopy (EIS) was measured between the frequency range 

of 1 to 1MHz. The ionic conductivity was then determined as: 

σ =
l

R×A
       . . . (7.2) 

where, l (cm) is the separation between the two electrodes, R(Ω) is the resistance obtained from 

Nyquist plot, and A (cm2) is the surface area. 

7.3.3. Ion-exchange capacity 

 The ion-exchange capacity (IEC) of the functionalized polysulphone membranes were 

evaluated using the titration method. The AEM (QPSp) prior to the measurement was 
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completely dried in vacuum oven and was weighed (Wdry). It was then immersed in 1M HCl 

solution and kept undisturbed for 48 hrs to convert to the Cl– form. The excess Cl– was removed 

by washing with DI water. The sample was then immersed in 50 mL of 1M KNO3 solution for 

48 hrs. The amount of displaced Cl– ions were determined by titrating the solution with AgNO3 

(0.05 M) using K2CrO4 as indicator. The IEC was then calculated as, 

IEC =
CAgNO3×VAgNO3

Wdry
     . . . (7.3) 

 The CEM (SPSp) was also completely dried in vacuum oven and was weighed. Then 

soaked in 1M HCl solution and kept undisturbed for 48 hrs to convert to the H+ form. The 

excess ions were removed by washing with DI water. The membrane was then immersed in 50 

mL of 1M NaCl solution for 48 hrs to convert the H+ form to Na+ form. The solution was then 

titrated with NaOH (0.05 M) using phenolphthalein as an indicator. The IEC was then 

calculated using the following formula, 

IEC =
CNaOH×VNaOH

Wdry
     . . . (7.4) 

7.4. Results and discussions 

7.4.1. 1H-Nuclear Magnetic Resonance (NMR) Spectroscopy Analyses 

The chloromethylation of polysulphone was confirmed using 1H-NMR technique using 

CDCl3 solvent.  

 
Figure 7.4.1: 1H-NMR spectra of (a) PSp and (b) PSp-CH2Cl showing the successful synthesis 

of chloromethyl polysulphone 

The 1H-NMR spectra of PSp has been shown in Figure 7.4.1a where the peak at 1.68 

ppm is due to the 1H(1) of -CH3 groups. The first doublet at 6.93 ppm corresponds to the 1H(2) 

of benzene ring close to the -CH3(1) group. The second doublet at 7.00 ppm corresponds to the 

1H(3) of benzene ring adjacent to 1H(2) close to oxo group. The next doublet at 7.24 ppm is 

(a) PSp (b) PSp-CH2Cl

–CH2Cl

13 245

1

2345
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assigned to 1H(4) of the adjacent benzene ring close to the oxo group. The far deshielded 

doublet at 7.84 ppm is assigned to 1H(5) of benzene ring close to the sulfoxide group. The 

singlet at ~1.6 ppm and the four doublets ~7 ppm confirms the skeleton structure of the PSp 

polymer. From the 1H-NMR spectra of PSp-CH2Cl (Figure 7.4.1b) it can be seen that there is 

substitution of –CH2Cl group in the polysulphone backbone, confirmed by the new peak at 4.5 

ppm. The peak at 4.5 ppm corresponds to the 1H present in benzyl chloride group (Ph-CH2Cl). 

Thus, the chloromethylation of polysulphone was successfully carried out. 

7.4.2. Characterization of the As-Synthesized  

a) Functionalized Polysulphones 

The functionalization of the polysulphone, i.e., sulphonation and quaternization, was 

confirmed using Fourier-Transform Infrared spectroscopy (FT-IR) technique. The FT-IR 

spectra of PSp, SPSp and QPSp are shown in Figure 7.4.2a where the peak at 1040 cm-1 for 

SPSp corresponds to the symmetric stretching of sulphonate group and broad peak at 3400 cm-

1 corresponds to the OH bond stretching of the –SO3H group.11,29 In QPSp additional peaks at 

1028 cm-1 corresponds to the C–N bond stretching while a sharp peak at 1670 cm-1 and a broad 

peak at 3370 cm-1 corresponds to the quaternary ammonium group.30–32 The phase purity of the 

functionalized polysulphones were confirmed using X-ray diffraction (XRD) technique 

(Figure 7.4.2b). It can be seen that the amorphous nature of the PSp polymer is intact without 

any impurity peaks.  

 
Figure 7.4.2: (a) FT-IR spectra of PSp, SPSp and QPSp, (b) XRD spectra of PSp, SPSp and 

QPSp 

b) Two-Dimensional V2O5 nanosheets 

The field emission transmission electron microscope (FETEM) image of the V2O5-ns 

(Figure 7.4.3a) shows that the V2O5 are formed in the size ranging from 50-100 nm. The 
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formation of 2D nanosheets of V2O5 (V2O5-ns) was confirmed from the XRD spectra (Figure 

7.4.3b) where the peak at 7.4° (2) corresponds to the interlayer spacing of V2O5 sheets in the 

“c” direction (001 plane) with interplanar spacing of ~1.19 nm. The 2D sheet structure of the 

V2O5-ns was further proved by the cross-sectional field emission scanning electron microscope 

(FESEM) image (Figure 7.4.3c). Figure 7.4.3d shows the FETEM image of a single nanosheet 

of V2O5-ns confirming its 2D nature.  

 
Figure 7.4.3: (a) XRD spectra of the V2O5 nanosheets, (b) FETEM image of the synthesized 

V2O5-ns, (c) FESEM image of V2O5-ns depicting its 2D sheet structures, and (d) FETEM image 

of V2O5-ns showing single nanosheet structure 

7.4.3. Cross-Sectional Images of  

a) Individual Membranes 

Field emission scanning electron microscope (FESEM) was utilized to obtain the cross-

sectional image of the individual membranes. The thickness of the individual membranes was 

evaluated from the obtained cross-sectional images of each membrane separately (Figure 

7.4.4). As can be seen the thickness of SPSp membrane (Figure 7.4.4a) is 97.17 μm and that 

200 nm

50 nm2 μm

(b)

(c) (d)

(a)

10 20 30 40 50

In
te

n
s
it

y
 (

a
.u

.)

2 (Degree)

 V2O5-ns(0
0

1
)

(0
0

3
)

(0
0

4
)

(0
0

5
)

TH-2984_176122028



Chapter 7                                                                   Bipolar Membrane for Water Dissociation 
 

Part of this chapter has been published in ACS Appl. Mater. Interfaces, 2023  135 

 

of QPSp membrane (Figure 7.4.4b) is 108.64 μm. A set of 5 membranes were fabricated and 

the average thickness was found to be 100 (±10) μm for both SPSp and QPSp. Also, the 

presence of porous structure aids the water intake during the water dissociation process. The 

thickness of the PVA membrane (Figure 7.4.4c) is 12.37 μm and that of PVA_V2O5-ns 

membrane (Figure 7.4.4d) is 11.81 μm. The PVA and PVA_V2O5-ns membranes were 

fabricated this thick to form free standing membranes for their characterizations. 

 
Figure 7.4.4: Cross-sectional FESEM images of individual membranes of (a) SPSp, (b) QPSp, 

(c) PVA, (d) PVA_V2O5-ns depicting their thickness 

b)  Fabricated Bipolar Membranes 

Field emission scanning electron microscope (FESEM) was utilized to obtain the cross-

sectional image of the fabricated bipolar membranes to demonstrate the strong adhesion of the 

layers. The structural feature of the bipolar membrane BPM_1 (i.e., SPSp/QPSp) is shown in 

Figure 7.4.5a, where the thickness of each IEL were ~100 (± 10) μm. As the two layers have 

been placed over each other (SPSp at top and QPSp at bottom), strong adhesion was missing 

confirmed from the gap of ~80 μm at the IL region. Figure 7.4.5b shows the cross-sectional 

view of BPM_PVA (i.e., SPSp/PVA/QPSp) with PVA layer of ~6 (± 2) μm thick between 

SPSp and QPSp. Due to the presence of PVA at the IL region, strong adhesion between the 

IEL was possible. Similarly, in Figure 7.4.5c the cross-sectional view of BPM_VO-ns (i.e., 

SPSp/PVA_V2O5-ns/QPSp) with PVA_V2O5-ns layer of ~8 (± 2) μm thick between SPSp and 

QPSp is shown. Here also a strong adhesion between AEL and CEL is achieved due to the 
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incorporation of WDC at the IL region. To confirm the presence of V2O5-ns as WDC at the IL 

region, energy dispersive X-ray spectroscopy (EDS) was performed for BPM_VO-ns (Figure 

7.4.5d). As can be seen the red colour (Figure 7.4.5e) corresponds to C atom present in PSp 

and PVA molecules, the yellow colour (Figure 7.4.5f) corresponds to the O atom present in 

all the PSp, PVA and V2O5, the green colour (Figure 7.4.5g) corresponds to the S atom of 

sulphonyl group in PSp and sulphonic acid group in SPSp, the cyan colour (Figure 7.4.5h) 

corresponds to the N atom of the R4N
+ group of QPSp, and the purple colour (Figure 7.4.5i) 

corresponds to the V atom of V2O5-ns present as WDC in IL region.  

 
Figure 7.4.5: Cross-sectional FESEM images of (a) BPM_1, (b) BPM_PVA, (c) BPM_VO-

ns, and EDS spectra of (d) BPM_VO-ns, showing the presence of the individual elements (e) 

carbon, (f) oxygen, (g) sulphur, (h) nitrogen and (i) vanadium in the bipolar membrane 

7.4.4. Mechanical Strength Analyses of  

a) Individual Membranes 

 The mechanical strength of the fabricated membranes was examined using the universal 

testing machine (UTM). All the membranes were cut in equal dimensions (2 cm x 1 cm) and 

the thickness were determined from the cross-sectional FESEM images. Figure 7.4.6b 

provides the ultimate tensile strength (UTS) of the individual membranes determined from the 

Stress vs. Strain plots (Figure 7.4.6a).  

As can be seen, with functionalization (SO3
¯ & R4N

+) of PSp the mechanical strength 

was still intact for SPSp and QPSp. For the PVA molecule with incorporation of V2O5-ns there 

has been improvement in its mechanical strength due to the interaction of the ‒OH groups of 

PVA with the oxide molecule.  
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Figure 7.4.6: (a) Stress vs. Strain plots, (b) Ultimate tensile strength, and (c)Young’s Modulus 

values of the individual membranes of PSp, SPSp, QPSp, PVA & PVA_V2O5-ns 

Figure 7.4.6c depicts the Young’s modulus (E) values obtained from the slope of linear 

portion of Stress vs. Strain plots (Figure 7.4.6a). With the functionalization the PSp, the 

polymers became stiffer (higher E values) which may be due to the strong interaction of the 

ionic groups within the polymer. Similar behaviour is seen for the PVA_V2O5-ns membrane 

which is due to the possibility of H-bonds between the hydroxyl groups and oxide molecule.  

b) Fabricated Bipolar Membranes 

 A high performing BPM must be mechanically strong enough to withstand the high 

interlayer voltage generated at high current density during the water dissociation reaction. On 

fabrication of the BPM_1, the UTS (Figure 7.4.7b) has increased thus due to the combinational 

effect of the two layers. Further increase in the UTS for BPM_PVA and BPM_VO-ns is due to 

the effect of PVA and PVA_V2O5-ns in the IL region which strongly adheres the two layers 

together. The Young’s Modulus (E) of the fabricated membranes were also determined from 

the linear slope of the Stress vs. Strain plots (Figure 7.4.7a) and shown in Figure 7.4.7c. The 

lower value for the BPM states its elasticity as compared to the individual membranes which 

is much needed for the stability of the BPM at adverse conditions. 

 
Figure 7.4.7: (a) Stress vs. Strain plots, (d) Ultimate tensile strength, (e)Young’s Modulus 

values of the fabricated BPMs of BPM_1, BPM_PVA & BPM_VO-ns 
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7.4.5. Wettability and Thermal Stability Analyses 

The optimum wettability of individual layers in a BPM system is much crucial for the 

efficient WD process, as less water uptake capacity will lead to drying up of the IL reducing 

the efficiency whereas too much water uptake will swell up the IL which may lead to the tearing 

and/or detachments of the layers. The wettability of the membranes was evaluated by 

measuring the contact angles of the individual membranes (Figure 7.4.8a-e). With 

functionalization of the polysulphone, hydrophilicity of the membrane surface increased, as 

depicted by the lowering of the contact angle for SPSp and QPSp due to the presence of ionic 

groups, SO3
¯ & R4N

+ on the polysulphone backbone (Figure 7.4.8a-c). The lower contact angle 

for SPSp may be due to the formation of H-bonds between the sulphonyl group and water 

molecule. In addition to the contact angle measurements, water uptake (WU%) capacity was 

also evaluated using Equation 7.1. Figure 7.4.8f displays the WU% of the individual 

membranes and PVA_V2O5-ns has the highest water holding capacity owing to the intrinsic 

property of water adsorption onto the surface of 2D V2O5 nanosheets.  

The water uptake capacity of the fabricated BPMs has been shown in Figure 7.4.8g. A 

high performing BPM must be able to hold optimum amount of water during the WD process 

to inhibit drying up of the IL region. The WU% of BPM_1 (SPSp/QPSp) has enhanced due to 

the presence of both AEL and CEL and the interlayer space which can also hold onto water 

molecules. In case of BPM_PVA (SPSp/PVA/QPSp), the PVA layer in the IL adds up to the 

water uptake capacity along with the SPSp and QPSp. For the composite BPM_VO-ns 

(SPSp/PVA_V2O5-ns/QPSp), the WU% further increased due to the presence of V2O5-ns 

which also has the capacity to hold up the water molecules between the sheets.  

 
Figure 7.4.8: The contact angles of (a) PSp, (b) SPSp, (c) QPSp, (d) PVA & (e) PVA_V2O5-

ns, water uptake capacities of the (f) individual membranes, (g) bipolar membranes, and (h) 

Thermal gravimetric analysis (TGA) plot of PSp, SPSp and QPSp 

36 

QPSp

82 

PSp

56 

PVA

47 

PVA_V2O5

31 

SPSp(a) (e)(c) (d)(b)

47.23

71.54

82.05

0

15

30

45

60

75

90

B
P

M
_
V

O
-n

s

B
P

M
_
P

V
A

B
P

M
_
1

W
a
te

r 
U

p
ta

k
e
 %

Membrane

33.34

39.26

63.11

76.41

0

15

30

45

60

75

Membrane

P
V

A
_
V

2
O

5
-n

s

P
V

A

Q
P

S
p

W
a
te

r 
U

p
ta

k
e
 %

S
P

S
p

(f) (g)

100 200 300 400 500 600 700 800
30

40

50

60

70

80

90

100

W
e
ig

h
t 

L
o

s
s

 %

Temperature (0C)

 PSp

 SPSp

 QPSp

(h)

TH-2984_176122028



Chapter 7                                                                   Bipolar Membrane for Water Dissociation 
 

Part of this chapter has been published in ACS Appl. Mater. Interfaces, 2023  139 

 

The thermal stability of the membrane, another crucial parameter of high performing 

BPM, was determined using thermal gravimetric analysis (TGA). As can be seen from Figure 

7.4.8h, it can be observed that the polymer membranes, PSp, SPSp and QPSp, are stable upto 

~150 °C without any loss in its mass. Thus, SPSp and QPSp have great potential to be utilized 

as IEL during the fabrication of a BPM for stable and efficient water dissociation process. At 

higher temperatures the PSp was stable upto ~500 °C while the functionalized PSp started to 

degrade earlier due to the presence of ‒SO3
¯ & R4N

+ functional groups. 

7.4.6. Ionic Conductivity Analyses 

 The ion-exchange capacity (IEC) is an important parameter of a BPM to quantify the 

total active sites or functional groups responsible for ion exchange in polymer electrolyte 

membrane. For the synthesized SPSp (CEL) and QPSp (AEL), the IEC was determined using 

titration method and Equations 7.3 and 7.4. Another important parameter of BPM for efficient 

WD process is the ion-conductivity of the individual layers. The ion-conductivity of the 

individual membranes (SPSp, QPSp, PVA and PVA_V2O5-ns) and bipolar membranes 

(BPM_1, BPM_PVA and BPM_VO-ns) was evaluated by measuring the resistance using EIS 

technique in a two-probe cell sandwiched between two copper plates. The ionic-conductivity 

(σ) was thereby calculated from the resistance value obtained from the Nyquist plots (Figure 

7.4.9) using Equation 7.2.  

 
Figure 7.4.9: Nyquist plots of the individual membranes (SPSp, QPSp, PVA and PVA_V2O5-

ns) and the bipolar membranes (BPM_1, BPM_PVA and BPM_VO-ns) obtained from the EIS 

technique for ion-conductivity measurement 

The obtained IEC values, ionic conductivity and water uptake % of all the individual 

membranes and layers have been tabulated in Table 7.1.  
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Table 7.1: Ion exchange capacity (IEC), ion-conductivity (σ), water uptake (WU%), ultimate 

tensile strength (UTS) & Young’s Modulus (E) of all the membranes 

Membrane IEC (mmol/g) σ (mS/cm) WU % UTS (MPa) E (MPa) 

SPSp 1.48 56.9 33.34 6.65 2.78 

QPSp 1.61 47.5 39.26 6.63 3.04 

PVA ‒ 28.3 63.11 14.93 1.01 

PVA_V2O5-ns ‒ 35.6 76.41 15.47 1.26 

BPM_1 ‒ 24.7 47.23 7.67 1.77 

BPM_PVA ‒ 31.3 71.54 11.15 1.18 

BPM_VO-ns (PVA) ‒ 37.6 82.05 12.43 1.47 

7.4.7. Optimization of Bipolar Membrane for Water Dissociation 

 The main objective of fabricating the BPMs is to dissociate water into the constituent 

ions, H+ and OH‒. To analyse the WD property of the fabricated BPMs, they were subjected to 

potentiodynamic analysis in a 4-probe cell (as shown in Figure 2.3). The thickness of the AEL 

and CEL was optimized by varying the thickness of the SPSp and QPSp membranes. Figure 

7.4.10a depicts the CVC of BPM_1 of different thickness and it was observed that with ~100 

(± 10) μm thick AEL and CEL the WD performance was better which may be due to the 

adequate water incorporation and lower co-ion transportation at higher current density. The 

thickness of PVA layer in the IL region is crucial for the performance of the BPM_PVA. A 

thicker layer will result in increase of electrical resistance between the layer and a thinner will 

have less capacity to hold water for its dissociation leading to drying up of the interfacial 

region.2,12,30,35 Figure 7.4.10b shows optimization of the thickness of PVA layer and was found 

that a layer more than 15 μm resulted in decrease of the water dissociation reaction at the IL 

region. Thus, ~6 (± 2) μm PVA layer was chosen as optimum thickness for the IL layer to bind 

the AEL and CEL together. Finally, optimum amount of WDC is also critical for the high 

performance of a bipolar membrane towards water dissociation. Figure 7.4.10c represents the 

optimization of the amount of V2O5-ns in the IL region blended with PVA molecule. The 

amount of V2O5-ns was varied from 2-8 mg/mL while keeping the thickness of the WDC layer 

as ~6 (± 2) μm. It was found that 6 mg/mL V2O5-ns solution blended with PVA gave the best 

WD performance for BPM_VO-ns. Excess catalyst in the IL hinders the adsorption of water 

molecules onto its surfaces thereby reducing the WD performance.2,12,35 
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Figure 7.4.10: Current-voltage curve for the optimization of (a) thickness of the ion-exchange 

membrane layers, (b) thickness of the PVA layer at the IL region, and (c) concentration of the 

V2O5-ns blended with PVA at IL region for WDC  

7.4.8. Water Dissociation Performance of the Optimized Bipolar Membrane 

Figure 7.4.11a shows the current-voltage curve (CVC) for all the fabricated BPMs. As 

can be seen, the composite BPM, BPM_VO-ns, is catalytically active at high current density 

of 100 mA/cm2 with transmembrane voltage (Vtrans) of 3.6 V while that for BPM_PVA is 13.6 

V. Thus, the incorporation of V2O5-ns into PVA enhanced the catalytic property of the BPM 

resulting in higher water dissociation at the IL region. 

To better understand the effect of PVA and V2O5-ns in the enhancement of the 

performance of the BPM, Figure 7.4.11b is represented with the zoomed in X-axis of the 

Figure 7.4.11a. The CVC can be divided into different regions to determine the overall 

catalytic performance of the bipolar membranes.2,10,36 The first region is the ohmic resistance 

(Rohm) of the membrane system, followed by the second region is the pseudo-limiting current 

(Ip-lim) characterizing the current density due to transportation of co-ions across the membranes. 

The continuous flux of co-ions through the respective IEMs causes depletion of salt ions at the 

IL region resulting in the formation of large resistance thereby increasing the potential across 

the BPM with small increase in current density. The inflection point at the pseudo-limiting 

region corresponds to the transmembrane voltage (Vdiss), i.e., the minimum voltage required 

between the layers for the initiation of water dissociation. The third region is the water 

dissociation resistance (Rdiss), i.e., the BPM’s ability to intensify the water dissociation. Here 

the membrane voltage exceeds WD potential (Vdiss), thus significant WD occurs in the BPM 

IL with protons and hydroxide ions being the contributors to the total current. As can be seen 

from Figure 7.4.11a, the voltage required to achieve the WD process (Vdiss) is much lowered 

with the incorporation of PVA (2.68 V) and PVA_V2O5-ns (1.11 V) in the IL region. The large 

transmembrane voltage for the BPM_1 (5.38 V) is due to the combined effect of weak contact 
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between AEL and CEL (as seen in FESEM image) and absence of any WD catalyst, which 

increases the electrical resistance (Rohm = 2.92 Ω.cm2) at the intermediate layer.2,17 

For BPM_PVA, the PVA molecule results in strong contact between the two layers, 

minimizing the inter-layer resistance (Rohm = 1.64 Ω.cm2). In addition, it also acts as catalyst 

towards the WD due to the presence of –OH groups which forms strong interactions with H2O 

through H-bonding and polarity. The hydrophilicity improves the interaction between H2O and 

membrane layer and weakens the bonding force of water at the intermediate layer, thereby 

promoting water molecules to be split into H+ and OH– (Vdiss = 2.68 V).15,17,35  

 
Figure 7.4.11: (a) Current-voltage curves (CVC) of BPM_1, BPM_PVA and BPM_VO-ns, 

(b) CVC of the BPMs with zoomed in X-axis of Figure a, (c) chronopotentiometry curve of 

BPM_VO-ns showing its stability for 45 hours operating at lower (1.02 mA/cm2) and higher 

(100 mA/cm2) current densities, with digital images of BPM_VO-ns before (left-side images) 

and after (right-side images) water dissociation reaction, and (d) Plot of pH change of anolyte 

and catholyte vs. current density during the water dissociation reaction for BPM_VO-ns 

In case of BPM_VO-ns, the 2D V2O5-ns further enhances the water dissociation activity 

by increasing the overall conductivity (Rohm = 0.79 Ω.cm2) of the IL and its hydrophilic 

property. The V2O5-ns also has higher surface area and active sites for water adsorption thus 

further improving the interaction between the water molecules and membrane layer.20–22,28 The 

water molecules on interaction with the surface of  2D nanosheets of V2O5 forms H-bonds 
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leading to reduction of activation energy for water dissociation process.2,18–20,24 Thus, the 

overall WD process at the IL region is enhanced as confirmed by the reduced water dissociation 

voltage (Vdiss = 1.11 V). The enhanced WD performance of the composite BPM was also 

proven by high pseudo-limiting current value at lower reverse bias voltage. At 1 V (Vtrans), the 

Ip-lim value for BPM_VO-ns was obtained to be 0.98 mA/cm2 as compared to that of BPM_PVA 

(0.45 mA/cm2) and BPM_1 (0.27 mA/cm2). The higher current value suggests that along with 

the co-ions crossover there is occurrence of WD due to the formation of protons and hydroxides 

at activities less than unity.36 

To better understand the co-ions crossover at pseudo-limiting region and the WD 

process, the change in pH of the electrolyte solution (1M NaCl) at both the cathodic (catholyte) 

and anodic (anolyte) chambers was measured as a function of current density for BPM_VO-

ns, as shown in Figure 7.4.11c. At the initial (zero current), the pH value of catholyte and 

anolyte was found to be same (6.98). With increase in the current density there was constancy 

in the pH value at both chambers till 0.2 mA/cm2 suggesting that the obtained current is due to 

the in-flux of co-ions across the layers of the BPM. Past 0.2 mA/cm2 there was small noticeable 

change in pH value of both catholyte and anolyte suggesting the occurrence of WD producing 

H+ and OH– ions (at activities less than unity) along with the transportation of co-ions. At 1 

mA/cm2, there was significant change in the pH values of both catholyte and anolyte indicative 

of the initiation of WD at faster rate. Past 1 mA/cm2, the pH values changed widely with 

increase in the current density value suggesting an enhanced water dissociation reaction 

producing H+ and OH– ions extensively. This region in the CVC is reflected by the low Rdiss 

value (0.027 Ω.cm2). 

In addition to the high performance of a BPM towards water dissociation, its stability 

for long duration is also an important parameter. Chronopotentiometry analysis was utilized at 

both lower, 1.02 mA/cm2 (current density corresponding to the Vdiss) and higher, 100 mA/cm2, 

current densities to test the durability of BPM_VO-ns. From Figure 7.4.11d it can be seen that 

after 45 hours of test run, there is negligible decrease in the water dissociation performance of 

BPM_VO-ns depicting the high stability of the fabricated bipolar membrane. The digital 

images of the BPM_VO-ns captured before and after the WD reaction process has been shown 

in Figure 7.4.11d inset to demonstrate the stability of the bipolar membrane confirming the 

strong adhesion between the two layers of the BPM. 
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The observed results of water dissociation reaction for all the fabricated BPMs have 

been tabulated in Table 7.2 for better understanding.  

Table 7.2: Rohm, Ip-lim, Vdiss, Rdiss and Vtrans values of all the fabricated bipolar membranes 

Bipolar 

Membrane 

Rohm 

(Ω.cm2) 

Ip-lim @ 1 Vtrans 

(mA cm-2) 

Vdiss 

(V) 

Rdiss 

(Ω.cm2) 

Vtrans 

(@ 100 mA cm-2) 

BPM_1 2.92 0.27 5.38 1.03 ‒ 

BPM_PVA 1.64 0.45 2.68 0.093 13.6 V 

BPM_VO-ns 0.79 0.98 1.11 0.027 3.6 V 

The water dissociation mechanism has been schematically demonstrated in Figure 

7.4.12 displaying the function of PVA and V2O5-ns towards the enhancement in WD 

performance for the composite bipolar membrane, BPM_VO-ns. The PVA polymers binds 

together the two IELs, SPSp and QPSp, while the dangling O atoms of V2O5-ns forms H-bond 

with the water molecules. The combined effect of the generated potential gradient across the 

membrane layers and the weakening of the H–OH bond of water due the H-bond formation, 

results in the dissociation of water producing protons and hydroxyl ions at the interfacial 

region.  

 
Figure 7.4.12: Schematic diagram of the plausible mechanism for water dissociation in 

BPM_VO-ns (SPSp/PVA_V2O5-ns/QPSp) where the V2O5-ns acts as the water adsorption 

sites and aids water cleavage process generating H+ and OH¯ ions 

The durability of the fabricated BPM_VO-ns was also proven by the post-stability 

analyses to determine the structural and mechanical strength integrity. Prior to the analyses, 

the BPM_VO-ns was dried under vacuum to remove all the absorbed water molecules. Figure 
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7.4.13a confirms the crystal structure (orthorhombic phase) integrity of the 2D V2O5-ns 

catalyst and the cross-sectional FESEM (Figure 7.4.13b) image confirms the strong adhesion 

of AEL and CEL even after the WDR. The mechanical properties after the water dissociation 

reaction (WDR) were analysed from the stress vs strain plot (Figure 7.4.13c) of the composite 

BPM_VO-ns, and Figure 7.4.13d shows the retention of mechanical strength (within 

experimental error range) even after 45 hours of WDR confirming its high durability. 

 
Figure 7.4.13: (a) PXRD spectra of the V2O5-ns catalyst extracted out from the BPM_VO-ns 

after the WD reaction, (b) cross-sectional of BPM_VO-ns after the WD, (c) stress vs strain plot 

of BPM_VO-ns before and after WD, and (d) Young’s modulus and ultimate tensile strength 

values evaluated from the stress vs strain plots of BPM_VO-ns before and after the WD 

7.5. Conclusions 

 In summary, a high performing bipolar membrane was fabricated using functionalized 

polysulphones as the ion-exchange layer (IEL) and 2D V2O5-nanosheets blended with 

polyvinyl alcohol (PVA) as the water dissociation catalyst at the interfacial layer. The 

functionalization of the polysulphone with ‒SO3¯ and R4N
+ groups successfully resulted in the 

increase of hydrophilicity of the polymer molecule as confirmed by the contact angle 

measurements thereby increasing the water uptake capacity of the membranes. The 

incorporation of PVA molecules resulted in good contact between the AEL and CEL, 

increasing the overall conductivity of the BPM as confirmed by decreased Rohm value. The 
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incorporation of PVA molecule at the IL also enhanced the efficiency towards WD reaction as 

the water dissociation voltage (Vdiss) reduced from 5.38 V to 2.68 V for BPM_PVA compared 

to BPM_1. The blending of V2O5-nanosheets with PVA proved to be an effective WDC as 

confirmed by the increased conductivity (decreased Rohm value compared to BPM_PVA) and 

efficiency of WD reaction. The BPM_VO-ns displayed water dissociation voltage (Vdiss) of 

1.11 V, much lower than that of BPM_PVA and BPM_1. The high performance of the 

composite BPM was also demonstrated at higher current density of 100 mA/cm2 where the 

transmembrane voltage (Vtrans) of 3.6 V was obtained with water dissociation resistance (Rdiss) 

of 27 mΩ.cm2. The BPM_VO-ns on subjecting to test run of 45 hours at the low current density 

of 1.02 mA/cm2 and high current density of 100 mA/cm2 displayed negligible change in the 

transmembrane voltage confirming its high stability. 
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CHAPTER 8 

 

 

 

Thesis overview and future perspectives 

This chapter, in brief, outlines the outcomes and overview of the current thesis. Herein, it also 

discusses the possible modification in the near future that can be done with the metal oxides to 

enhance overall water splitting performance. 
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8.1. Thesis Overview 

 The thesis mainly focused on the diverse strategies to be utilized for the betterment of 

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

i.e., the overall water splitting by different metal oxides. The electrochemical efficiency of 

the metal oxides was modified utilizing different methods like elemental doping, 

morphological tuning, surface overlayer and heterojunction formation. During the synthesis 

of the electrocatalysts (metal oxides), the hydrothermal and solid-state routes were mainly 

considered owing to their non-complicacy, cost-effectiveness and environment-friendly 

nature. For the fabrication of the working electrodes over FTO substrate, general Doctor-

blade method as utilized due to its simplicity and cost-effectiveness. The thesis priorities the 

different strategies utilized for the development of metal oxides and tuning the electronic 

and/or structural features based on their intrinsic properties. This thesis also discusses about 

the development and modification of bipolar membranes (BPM) required to separate the 

anodic and cathodic chambers for practicality of the electrolytic process. The summary and 

conclusions for each chapter (valuable outcomes obtained from the work done during my 

Ph.D. tenure) are summarized as follows: 

✓ Chapter 1: Here the global energy consumption and environmental challenges have 

been introduced along with the need for a sustainable energy source to produce zero-

emission H2/O2 gas. The basic principle of electrochemical water splitting (producing O2 

and H2 gases), water dissociation (generation H+ and OH– ions) and different strategies to 

enhance the overall efficiency of the semiconductor and electrocatalysts are discussed. A 

brief literature survey on the current state-of-the-art as well as challenges related to the 

modification of metal oxides, fabrication of the electrodes and bipolar membranes are 

also discussed. At last, this chapter is concluded with the objectives of the present thesis. 

✓ Chapter 2: The different instrumental techniques, performance parameters, and different 

experimental setups, which were adopted for the characterization of the as-synthesized 

electrocatalysts and determination of water splitting performance of the fabricated 

electrodes are discussed in detail. Also, the fabrication technique of the bipolar 

membrane is also included in this chapter. 

✓ Chapter 3: In this chapter, we have utilized the doping strategy to enhance the 

electrochemical performance by virtue of its increased bulk conductance. LaMnO3, a 3D 

perovskite was chosen due to its high flexibility of elemental composition, tunable 

electronic/defect structure and high stability. Here, Sr2+ was doped into the La3+ (A-site) 
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resulting in conversion of some Mn3+ to Mn4+ state which tends the Mn–O–Mn bond to 

~180°, thereby enhancing the conductivity due to facile charge mobility within the bulk. 

La0.7Sr0.3MnO3 was found to be best performing electrocatalyst and in turn was further 

modified with an overlayer of cobalt phosphate (Co-Pi). The faster reaction kinetics of 

cobalt phosphate (Co2+↔ Co3+↔ Co4+) at the electrolyte interface led to ~4-fold 

enhanced turnover frequency of the composite due to the ~12-fold reduced charge 

transfer resistance (Rct) value. A remarkable low overpotential of 220mV @ 10 mA cm-2 

with a significantly small Tafel slope of 62 mV per decade is attained for 

La0.7Sr0.3MnO3/Co-Pi which is comparable to the benchmark RuO2 water oxidation 

catalysts (performed under similar experimental conditions). Systematic study on the 

effect of strontium doping at different concentrations and the deposition of Co-Pi 

overlayer at different time have also been studied. Further, the ~98% Faradaic yield and 

16 hours long-run stability proved the high efficiency of the composite electrocatalyst. 

✓ Chapter 4:  In this chapter, we have utilized the morphological strategy to increase the 

electroactive sites and the charge conductivity of 3D perovskites thereby enhancing their 

electrochemical performance. The traditional high temperature synthetic procedure 

leaves little scope for morphological tuning using structure-directing and/or high 

temperature unstable reagents. To obtain desired morphologies of complex metal oxide, 

an alternate methodology has been adopted where rationally designed hard-template 

precursors with desired morphology are utilized for transcription of the corresponding 

morphologies to its higher analogues. In present work, we chose strontium doped 

lanthanum manganite (LSMO) as model system to demonstrate our transcription 

methodology. A library of unique morphologies of LSMO is achieved by tuning rational 

morphologies of manganese oxide (MnxOy) and utilizing it as template during the high 

temperature calcination process. Diffusion controlled solid-state route enables 

transcription of the pre-defined morphologies of MnxOy into the corresponding LSMO. A 

step-by-step formation mechanism of the synthesized MnxOy and LSMO are well 

demonstrated graphically. Rietveld analysis was executed to determine the presence of 

dual phase, orthorhombic and rhombohedral, of the synthesized morphological LSMO 

where the dominant phase is governed by the phase of its analogous MnxOy. The 

synthesized LSMO were then utilized as electrocatalyst for the oxygen evolution reaction 

(OER) to establish the morphology–property correlations. A ~4-fold enhanced 

electrocatalytic performance of the champion morphological (wire shaped) LSMO 

compared to its solid-state synthesized counterpart was obtained supporting the 
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motivation of the morphology modification via transcription methodology. Also, 

comparing electrocatalytic performance of all the morphological LSMO, the 1D 

structures (wires, rods, fused-rods) showed better efficiency than the 3D structures 

(spheres, cuboids, flakes, nano-blocks, fused-cubes) owing to their higher electroactive 

sites and charge transfer mobility as confirmed by the ECSA (Cdl) and Rct values. Thus, 

the overall OER efficiency of the synthesized LSMO can be summarized as wires > rods 

> fused-rods > spheres > cuboids > nano-blocks > flakes > fused-cubes based on the 

obtained overpotential, Tafel slope and turnover frequencies of the respective LSMO. 

✓ Chapter 5: In this chapter, we have synthesized a bi-metal oxide, di-manganese copper 

oxide, having high stability and electrochemical activity by virtue of the mixed valence 

states of Mn (III/IV) and Cu (II/I). The 2D flake-like structures of as-synthesized 

Mn2CuO4 provided better exposed surface for the incoming electrolyte molecules to 

interact with the electroactive sites and the redox couple (Mn3+ + Cu2+ ↔ Mn4+ + Cu+) 

within the bulk stabilized the molecule during the OER, thus the high electrochemical 

performance. The OER kinetics was further boosted by depositing nickel borate (Ni-Bi) 

over its surface via electrodeposition. The redox cycle of Ni atom (Ni2+ ↔ Ni3+) 

facilitated the charge transfer process at the electrolyte interface thereby accelerating the 

overall water oxidation process. A low overpotential of 230 mV @ 10 mA cm-2 with a 

small Tafel slope of 56 mV per decade was attained for Mn2CuO4/Ni-Bi which is 

comparable to the benchmark RuO2 water oxidation catalysts (performed under similar 

experimental conditions). Systematic study of the individual metals in the complex oxide 

and the deposition of Ni-Bi overlayer at different time have been studied. The 

Mn2CuO4/Ni-Bi also showed an impressive turnover frequency (TOF) of 0.05 s-1 and 

excellent stability of 20 hours under alkaline conditions. The electrochemical active 

surface area (ECSA) of the Mn2CuO4 was also enhanced by Ni-Bi deposition resulting in 

an enhanced double layer capacitance (Cdl) value of 55 mF/cm2. Probable mechanistic 

pathway involved an efficient extraction of carriers by the overlying Ni ions supported 

by the redox cycle of Mn and Cu within the bulk. The impedance spectroscopy depicted 

a decreased charge transfer resistance (Rct) value for Mn2CuO4/Ni-Bi of 13.15 Ω 

suggesting facile movement of the carriers at interface thereby enhancing the reaction 

kinetics resulting in an exceptional electrocatalytic activity. A Faradaic yield close to 

unity (~98 %) for the OER suggested the oxygen evolved during the reaction was solely 

from the water oxidation. 
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✓ Chapter 6: In this chapter, we have inherited effective bi-functional (HER-OER) 

property by coupling Mn2O3 (promising OER catalyst) with CuO (promising HER 

catalyst) using solvothermal method. The synthesized Mn2O3/CuO also formed n-p type 

heterojunction (confirmed using Mott-Schottky technique) leading to better charge 

separation and accumulation at the semiconductor interface. Also, the difference in rate 

of diffusion coefficients of the respective metal ions (DMn > DCu) led to transformation of 

Mn2O3 solid spheres into hollow spherical structures of Mn2O3/CuO due to the ion-

exchange Kirkendall effect. The hollow spheres led to the increase in number of 

electroactive sites owing to more exposed surface area. Thus, Mn2O3/CuO showed 

advancement in bi-functional electrocatalytic behavior with overpotential (η10) of 280mV 

for OER and 310 mV for HER corresponding to Tafel slopes of 124 mV/decade and 160 

mV/decade, respectively. The increased electrochemical active surface area (ECSA, i.e., 

Cdl = 34 mF/cm2) and reduced charge transfer resistance (Rct = 17.8 Ω) also resulted the 

formed Mn2O3/CuO hollow spheres to achieve ~3-fold enhanced turnover frequency 

(TOF) compared to bare Mn2O3. The electrocatalytic efficiency of Mn2O3/CuO was 

further enhanced by virtue of the faster charge transfer coefficient of two-dimensional 

(2D) vanadyl phosphate hexahydrate (VOP) sheets deposited over its surface. This 

boosted the overall water splitting with attained overpotential (η10) values of 190 mV and 

220 mV with Tafel slopes of 60 mV/decade and 105 mV/decade for OER and HER, 

respectively. The high charge transfer coefficient value of VOP aided the ease transfer of 

charge carriers from the semiconductor to the electrolyte interface thus increasing the 

overall reaction kinetics. This is well supported by the ~3-fold enhanced TOF in OER 

and ~2-fold enhanced TOF in HER for the composite, Mn2O3/CuO-VOP, compared to 

Mn2O3/CuO. The durability of the composite electrocatalyst was also examined with 36 

hours of long-run stability test for both OER and HER while its electrochemical activity 

towards water splitting was confirmed from the obtained average Faradaic yield of 

~98%. Thus, the triple modified semiconductor resulted in an overall ~10-fold boosted 

bi-functional (HER-OER) performance towards overall water splitting.  

✓ Chapter 7: In this chapter a different experimental route has been taken to enhance the 

electrolysis of water. Here we have utilized a bipolar membrane (BPM) in between the 

cathodic and anodic chambers and modified the water dissociation process occurring at 

the interfacial layer (IL) generating H+ and OH– ions which are then converted to H2 and 

O2 at cathode and anode, respectively. Herein, a high performing bipolar membrane 

(BPM) was fabricated using functionalized polysulphones as the ion-exchange layer 
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(IEL) and 2D V2O5-nanosheets blended with polyvinyl alcohol (PVA) as the water 

dissociation catalyst (WDC) at the interfacial layer. The composite BPM showed a low 

ohmic resistance of 0.79 Ω.cm2 confirming the good contact between IEL and WDC 

much needed for the electrical conductivity. It also demonstrated high water dissociation 

performance with pseudo-limiting current density of 0.98 mA/cm2 at transmembrane 

voltage of 1 V in the presence of 1M NaCl electrolytic solution. The water dissociation 

voltage was found to be 1.11 V for the composite BPM. The functionalization of the 

polysulphone with ‒SO3¯ and R4N
+ groups successfully resulted in enhanced 

hydrophilicity of the polymer thereby increasing the water uptake capacity of the 

membranes. The blending of 2D V2O5-nanosheets with PVA proved to be an effective 

WDC as confirmed by the increased conductivity and efficiency of WD reaction. The 2D 

V2O5-ns have great potential towards water adsorption onto its surface thereby 

interacting with the water molecules weakening the bonding force of water, dissociating 

it into H+ and OH–. The high performance of the composite bipolar membrane 

(BPM_VO-ns) was demonstrated at higher current density of 100 mA/cm2 with water 

dissociation resistance of 0.027 Ω.cm2 while the durability was confirmed by subjecting 

it to test run of 45 hours at the lower (1.02 mA/cm2) and higher (100 mA/cm2) current 

densities displaying negligible change in the interlayer voltage. Thus, the fabricated 

composite bipolar membranes pave its way to be utilized for efficient and durable water 

dissociation reaction at the neutral electrolytic conditions. 

8.2. Future Perspectives 

 The presented thesis outlined the several aspects and new findings in designing and 

development of metal oxide-based electrochemical water splitting and water dissociation 

during the research tenure. A detailed study on the electrocatalysts was carried out to resolve 

issues related to adsorption of reactant species onto surface, interfacial charge transfer 

resistance, ohmic contact at the interface, electrochemical active surface sites, and reaction 

kinetics. Although, several strategies have been adopted here making substantial 

advancements in the field of electrochemical water splitting, numerous scopes are still 

available to further improve the overall efficiency towards commercialization. The plausible 

scopes for the advancement of electrochemical water splitting towards practicality are as 

follows: 
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✓ Usage of double dopants for both A-site and B-site in ABO3 type perovskite will 

further enhance the bulk conductivity and charge transfer kinetics towards OER.  

✓ Utilization of double perovskites with multi-valent ions can increase the stability and 

activity towards both OER and HER owing to the presence of multiple redox centers. 

Also, double perovskite provides larger scope for tuning of their electronic and 

structural features thereby upgrading the intrinsic properties towards catalysis. 

✓ The transcription methodology and Kirkendall effect can also be utilized for the 

synthesis of different complex metal oxides ascribed with desired morphologies thus 

increasing the exposed surface area of the catalyst.  

✓ Synthesis of two-dimensional compounds with multi-valent metal ions having higher 

oxidation states for the reduction of water adsorption energy and also simultaneous 

redox reaction thereby enhancing both active sites and reaction kinetics. 

✓ Formation of heterojunction between champion HER and OER electrocatalysts to 

induce bi-functional behavior in the semiconductor with high efficiency.  

✓ Development of ion-exchange membranes with functional groups having conjugation 

and capable of forming inter-molecular interactions thus increasing the conductivity 

and forming strong adhesion among the CEL and AEL thereby enhancing the water 

dissociation reaction at IL region.  

✓ Incorporation of metal-organic framework (MOF) as water dissociation catalysts 

between the AEL and CEL for boosted dissociation of water reaction owing to the 

presence of two different catalytic sites – the inorganic catalytic groups (metal 

groups) in the centre and organic catalytic groups in the ligands. 
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