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Abstract 

For future energy uses and transportation, the electrochemical splitting of water 

utilizing renewable energy is being explored as a sustainable and environmental 

friendly source of hydrogen fuel. Even so, the mass production through water splitting 

is restricted due to lower stability of the electrode materials, the successful 

development of the HER phase in acidic conditions, along with the sluggish kinetics 

and higher values of overpotential of the complicated OER process involving four 

electron transfers. These factors combine to make the process difficult. As a result, 

one of the primary goals of the ongoing study is to develop an efficient bi - functional 

electrocatalyst that can minimize the overpotential for both OER and HER. 

The development of highly effective bi - functional electrocatalysts for use in water 

splitting reactions had been the main focus of this research. The primary emphasis has 

been done on the preparation of perovskite materials and its hybrids with other active 

materials. They have a tune able electronic structure due to the compositional and 

crystalline malleability of perovskite oxides. Herein, LSTN perovskite has been 

synthesized initially followed by its exsolution in a reduced environment. The hybrid 

of LSTN has been made with a g-C3N4, to develop LSTN@g-C3N4 coated on very 

conductive nickel foam. Currently, research has been driven towards double 

perovskite due to the stable nature of non-stoichiometric perovskite that has an 

immense influence on transition metal 3d ϭ*- antibonding (eg) orbital electron filling. 

Moreover, the catalysts have been characterized by x-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR), Raman spectroscopy, energy dispersive x-ray 

spectroscopy (EDX), and Scanning electron microscopy (SEM). The results of these 

characterization represents that catalysts have been prepared successfully. The 

bifunctional activity of catalysts has been tested by calculating Tafel slope, 

overpotential, and mass activity. Among the prepared hybrids, 3 wt. % LSTN@g-

C3N4, has shown the most proficient results with high stability and low resistance 

value.
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Chapter No 1 

Introduction 

An energy system which is sustainable as well as eco-friendly and with least 

consumption of natural sources is one of the pivotal targets of scientist for future [1, 

2]. In year 2013, the world's energy demand was 18 TW; data shows that 80% of that 

came from natural sources (coal, oil and gas) [3]. The increase in global energy 

demand is anticipated to be 23 or 25 TW up till year 2040, followed by the scenario 

of “recent policies” accordingly. Also, the increase in carbon dioxide emissions is 

predicted to be 37 or 44 Gt yr-1 in 2040, which was recorded to be 32 Gt yr-1 in 2013. 

And all this is to happen because of the rapid population growth and increased 

industrialization. The situation seems quite alarming because of the increase in energy 

demand and supply and a drastic decrease in the sources responsible for its production. 

For the purpose of nature and climate preservation, the world is focusing its attention 

and resources on developing energy systems that utilise sustainable form of energy 

(hydroelectric power, solar power, and wind power)[4].  

An increase in the production and usage of renewable resources in electricity sector is 

pivotal, from the figures of 2010 it was only 2.1 TW out of 17.6 TW which is 12 % of 

the global energy demand[5]. The increased penetration of renewable resources is also 

required in transportation and chemical industry which was 19 % in 2010, i.e., 3.3 TW 

out of 17.6 TW, where 43% (1.4TW) of it was by light duty vehicles and the rest 57 

% (1.9 TW) was consumed by heavy duty vehicles, rail, aviation and marine. Among 

the consumption by light duty vehicles electrification (electric cars) is already 

decarbonizing the environment but electrification in heavy duty vehicles is quite 

difficult[5]. As a result, it is anticipated that among light duty vehicles the energy 

demand will remain the same or even decrease but the consumption of energy by 

commercial transportation will rise by approximately 2/3 from 2010 to 2040, which is 

1.9 to 3.2 TW. In the same way the energy demand in chemical industry is currently 8 

% of global energy which is (1.5 TW) which is likely to grow by 2/3 from 2010 to 

2040 which is 1.5 TW to 2.5 TW as the worldwide demand of plastic and fertilizer 

will increase[5]. Owing to all these circumstances the world is focusing on the 

production of chemical fuels which are sustainable and are a much more natural and 
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cheap resource of energy. For this the industrial chemicals like, CH3OH (40×106 Ton 

per year), C2H4 (116 ×106 Ton per year), C3H6 (74 ×106 Ton per year), H2 (50 ×106 

Ton per year), H2O2 (2.2 ×106 Ton per year), NH3 (175 ×106 Ton per year) etc., could 

be used as a reliable energy resource for the generation of chemicals to make products 

needed worldwide on daily basis with reduced emission of CO2 [6]. The Fig. 1 

illustrates the renewable sources for production of energy. 

 

Figure 1: Schematic illustration of resources that can be used for generating energy to 

perform water splitting. 

The Earth’s atmosphere contains CO2, nitrogen and water which can be used for the 

production of hydrocarbons, ammonia and oxygenates. Electrochemical techniques 

for renewable energy can then be utilised to produce vital fuels and chemicals, but 

only if catalysts with the appropriate characteristics can be produced. For example, for 

a sustainable source of hydrogen, water splitting reaction (OER & HER) is of great 

scope [7, 8]. In fuel cells, hydrogen is oxidised and oxygen is reduced, which results 

in the transformation of chemical energy into electrical energy. Hydrogen peroxide 

that is used in water treatment industries as well as in the bleaching of pulp and paper 

can also be gained from oxidation reduction reactions. This is one of the many uses 

for the stable hydrogen that is produced as a by-product of this process. In the same 

way, CO2 in the atmosphere or coming from other sources can be used for the 

production of certain fuels, chemicals, polymers and plastics by preliminary electro 
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reduction [3]. Similarly, nitrogen going through electrochemical process produces 

ammonia which is used for fertilizer production, and also on their application in a 

required concentration, also in Haber Bosch process and in the prevention of 

environmental hazards in case of run off. Given to all these uses of these natural 

resources an efficient and improved electrocatalysts with selective abilities for specific 

transformations is crucial[4]. 

For an enhanced electro catalytic system two main methods are used  

 By providing more active sites on given electrode 

 Improving the level of activity that is already there at each active site 

The respective ways are mutually exclusive and in an ideal case can be addressed 

simultaneously, thus giving the utmost improvement. But there are limitations to them 

as well such as, the maximum amount of charge that can be loaded on the electrode 

leaving the processes such as charge and mass transport unaffected. 

Electrocatalytic water splitting is an ideal technique for the generation of oxygen and 

hydrogen, which can be used in various applications. [9, 10]. The most important step 

of the water-splitting process, also called the oxygen evolution reaction, is the 

formation of an O-O bond and four proton-coupled electron transfers. This is a very 

slow process that delays, so a catalyst is needed (OER) [11-13]. Until now, inert metals 

or oxides such as RuO2 or IrO2 are claimed to be "state-of-the-art" electrocatalysts 

during oxygen evolution process (OER). However, the fact that these electrocatalysts 

are both expensive and rare acts as a barrier to their production on a wide scale.[14, 

15]. They are also susceptible to oxidation with alkaline electrolytes due to the fact 

that they are unstable metals. Because of these factors, a great deal of effort and study 

are currently being put into the investigation of many options that have advantages 

such as affordable cost, abundance on earth, highly efficient, and stable.[16, 17]. 

The process in which water break down into hydrogen and oxygen is known as water 

splitting Based on the source of power water splitting is divided into three types; 

electrochemical, photochemical and thermochemical water splitting. When electrical 

energy is used to breakdown water then it is called electrochemical water splitting. For 

the production of hydrogen on a large scale from water splitting reactions, significant 

efforts are necessary to create electrocatalysts that are both catalytically active and 

economically viable Numerous earth-abundant cost effective materials such as metal 
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phosphides, carbides[18] transition metal oxides[19] (e.g., perovskites and spinel 

oxides), carbonaceous materials, [20] transition metal dichalcogenides[21-23], and 

selenides[24] have been intensively researched for OER in recent years. However, the 

utilization of most cheap metal catalysts is still challenging for HER as a catalyst 

showing higher activity for OER may not be active for HER. Therefore, a bifunctional 

electrolysis cell does not fulfil the electro catalytic efficiency requirements for the total 

water splitting process. So, these difficulties need the development of a stable 

bifunctional electro catalyst which is equally active for OER and HER reactions. 

1.1 Transition Metal Oxides  

Graphitic carbon nitride, also known as g-C3N4, is a material that is considered to be 

among the most desirable due to its exceptional electrochemical properties [25]. In 

addition, g-C3N4 is capable of performing the function of an electro catalyst for both 

OER and HER; however, the applicability of g-C3N4-based materials is hampered by 

their low conductivity and limited availability of redox sites. [26]. Therefore, in order 

to eliminate the constraints of g-C3N4, numerous approaches have been taken. One of 

these strategies is composite synthesis containing high conductivity and active 

elements. However, the findings are still a long way from a practicable implementation 

of the use of g-C3N4 in water splitting.  Hybrid materials, on the other hand, with 

increased conductivity and the ability to make surface redox active spots more readily 

accessible, could make this a reality[27]. So g-C3N4 is pinned with LSTN perovskite 

to increase the activity. The problem associated with conductivity of catalysts can be 

resolved by directly growing metal oxides over Ni foam that provide high surface area 

[28].  The hybrid nanostructure is able to reduce the overpotential and improve the 

current density for both halves of the reaction because it makes use of the benefits 

offered by both of its constituent parts. 

Because they are inexpensive and allow for the bonds of oxygen species, TMOs have 

the potential to perform the same function as the more conventional precious metal 

oxygen electro catalyst. Perovskites are thought to be preferable because they have an 

excellent capacity to accommodate a wide variety of cations, and they also have the 

ability to facilitate partial cationic substitution at both the A-site and the B-site. The 

partial replacement serves a variety of objectives including producing an oxygen 

vacancy and generating various valance states in the cations that are located at the A/B 

site. Perovskite oxides are able to boost catalytic activity by controlling the adsorption 
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mechanism of reaction intermediates. This is accomplished through the appropriate 

compositional changes and the electrochemical stability of the perovskite oxides[29, 

30]. Perovskites are said to have a formula of ABO3, in which the A-site is occupied 

by rare-earth metals and the B-site is occupied by transition metals. This denotes basic 

and realistic values due to the compositional and structural variability of perovskite 

based catalysts, as well as their magnetic and ionic characteristics, distinctive 

electronic framework, inexpensive, and chemical durability. [31-34] . In spite of their 

enhanced activity, its low conductivity, that enhances the resistance to charge transfer 

as well as their long-term durability, is a concern which needs to be tackled in order 

to attain high efficiency. [15, 35]. 

1.2 Mechanism on the Catalyst Surface 

1.2.1 Electrochemistry of Water Splitting 

The catalyst is applied on anode and cathode where it assists in carrying out OER and 

HERs, by speeding up the water splitting mechanism [36]. The reaction can occur in 

an alkaline media or an acidic media with the given mechanism as follows [37, 38]. 

 

In acidic solution 

At cathode  

2𝐻+  =  2𝑒−  →  𝐻2      (1) 

At anode 

𝐻2 𝑂 →  2𝐻+  +  ½ 𝑂2 +  2𝑒−    (2) 

 

In neutral or alkaline solution 

At cathode 

2𝐻2𝑂 +  2𝑒−  →  2𝑂𝐻−     (3) 

At anode 

2𝑂𝐻−  →  𝐻2𝑂 +  ½ 𝑂2  +  2𝑒−    (4) 
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Alkaline electrolytes, in comparison with acidic electrolytes, allow precious metal 

catalysts such as platinum, Iridium, or ruthenium, to be substituted with cheap metals 

or catalysts having carbon as functional group. [39]. As represents in Fig. 2. 

 

1.2.2 Hydrogen Evolution Reaction Mechanism 

The HER as a whole functions at the established potential of -829 mV while operating 

in alkaline conditions. In general, the HER process consists of three steps, each of 

which is processed by three different kinds of eight reactions, Eq. 5-9 in  both acidic 

and alkaline phase respectively[37]. These reactions are specified below: [40, 41]. 

Volmer reaction (adsorption electrochemically) (Eq. 5-6)  

𝐻+ +∗ +𝑒−  →  𝐻∗ (In acidic medium)       

(5) 

𝐻2𝑂 + ∗  +𝑒−  →  𝐻∗  +  𝑂𝐻− (In alkaline medium)     

(6) 

Heyrovsky reaction (desorption electrochemically) (Eq. 7-8) 

𝐻∗  +  𝐻+  +  𝑒−  → ∗  + 𝐻2 (In acidic medium)      (7) 

𝐻∗  +  𝐻2𝑂 +  𝑒−  → ∗  + 𝐻2  +  𝑂𝐻− (In alkaline medium)    (8) 

 Tafel reaction represented in eqn. 9  

Figure 2: Schematic overview of different perovskite catalyst used for water  

Splitting reaction of HER and OER 
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2𝐻∗  →  2 ∗  + 𝐻2          (9) 

Volmer reaction pathways are involved in Heyrovsky and Tafel steps that involves the 

molecular adsorption of H2O molecules over the bared active sites. Electro-chemical 

reduction of the H20 molecule adsorbed on the active site at 𝐻* and OH leads to 

adsorption of OH and the release of the H2 molecule from the surface. A mechanism 

was suggested for perovskite oxide catalyst exhibits that perovskite oxide own non-

metal reactive site, rather a surface charged oxygen that is negatively charged serves 

the purpose. A mechanism showing alkaline HER steps, given in Fig. 3, was suggested 

by Xu et al.[42]. The efficiency of Pr0.5 (Ba0.5Sr0.5)0.5Co0.8Fe0.2 O3–δ   perovskite oxide 

in catalysing HER is discussed. The mechanism presents that the water molecule 

available from electron and electrolyte, that interaction with an active site occupied by 

oxygen to evolve as an intermediate given as adsorbed H*, where, the metal sites in 

vicinity either gets or decreases (having state of oxidation toggle between n+1 and n). 

Though, the involvement of second step (Heyrovsky reaction or Tafel reaction) is not 

easy to guess, various reaction intermediaries are obtained in OER/ORR. But, there is 

only one intermediate achieved during the two electron transfer HER, this thus, 

provides zero over potential for highly active catalysts (e.g., Pt)[43] which shows a 

need to improve perovskite catalysts. HER rate depends on binding capability of H* 

intermediate, that is generally given free energy for hydrogen adsorption (∆𝐺𝐻)[44]. 

The efficiency of HER catalyst depends upon its binding ability of hydrogen, which 

should be in between strong and week, providing a ∆𝐺𝐻 value close to zero[35]. 

   

 

 

 

 

 

 

Figure3: Proposed mechanism for HER at the surfaces of perovskite oxide 
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1.2.3 OER/ORR Reaction Mechanism 

1n 1977, Tseung and Jasem [41] suggested that new active sites are generated at higher 

oxidation states when transition metals are attached with an oxidative electrode at 

lower current than that of the electrode containing oxygen. This was based on the 

observation that higher oxidation states correspond to higher levels of activity. From 

1980 to 1984, Trasatti[45, 46] conducted research using perovskite-type oxides and 

discovered a volcano-type link between OER over potential and enthalpy of phase 

transition from less state of oxidation to a high state of oxidation. When tested at a 

constant over potential, Bockris and Otagawa [47, 48] investigated eighteen different 

perovskite oxides and realise that current density and enthalpy of formation is 

inversely proportional at same over potential.  

In this study Man et al.[49] Came to the conclusion that the scope of the mechanism 

that was previously given may be expanded. The mechanism shown in Figure 4(b) is 

composed of a channel of different acid-base stages, one of which involves the oxygen 

hydroxyl (OH-), which aims for a Lewis base that is an electron acceptor for metals 

only [41]. The equation for the ORR mechanism using alkaline media is 𝑂2  +

 2𝐻2𝑂 +  4𝑒−  →  4𝑂𝐻− [38], using an established electrode potential of 401mV. A 

four-step  process is accountable for the reaction that takes place at metal sites[50]. As 

indicated in Figure 4(c), the sequence of reactions is as follows: 1). Hydroxide 

replacement; 2). Formation of Peroxide; 3). Formation of oxide; and 4). Regeneration 

of hydroxide. The initial step includes Water or molecular oxygen and an electron, 

which combines with surface of metal sites to form compounds containing oxygen 

represented as OO*, OOH*, O*, and OH*, where * denotes a reacting site on the 

surface of catalyst. Such oxygenated adsorbates, the state of oxidation which can 

switch between n+ and n+1, are accompanied by oxidation and reduction (redox) 

processes that occur at surface of metal active sites. Amount of energy that O2 may 

bind to and surface metal sites are two major factors that influence the rate of the 

oxygen reduction process (ORR). When the binding energy of oxygen is low, the 

shifting of OH* to OO* is known to by the rate determining step (RDS), but when the 

binding energy of oxygen is high, the final step from O* transition to OH* is directed 

as the rate limiting step (RLS). In accordance with the Sabatier principle, the ideal 

perovskite catalyst will have a moderate amount of oxygen binding energy[50, 51]. 

According to Suntivich et al. [52] eg orbital filling in metal cations has a significant 
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impact on the step which determine rate. They proposed if the value eg was more than 

one then the production of an oxygen to oxygen single  bond in an OOH* adsorbate 

could really asses the rate. This was stated in their study. The generation of O-O ion 

from oxy-hydroxide could be a rate-determining step (RDS) for numbers less than one. 

A similar method could be observed for OER in Fig. 4 which involves the regeneration 

of OH- and its subsequent disappearance. For OER, the surface response of perovskite 

in an alkaline medium can be expressed as 4𝑂𝐻−  →  𝑂2  +  4𝑒−  +  2𝐻2𝑂, which 

proceeds through four distinct steps which are listed as follows: 1) Hydroxide 

deprotonation; 2) Peroxide formation; 3) Peroxide deprotonation; and 4) Hydroxide 

formation (Fig. 4(d)). In the following mechanism, OH- derived from the electrolyte 

reacts with the metal sites that are performing redox reaction on metallic surface as 

the state of oxidation switches among n+ and n+1. O*, OO*, OH*, and OOH* are the 

order in which the reactive intermediates appear in this sequence. The degree to which 

oxygen is able to attach to metal sites is another factor that determines the rate at which 

OER reactions proceed. The generation of peroxide (O* to OOH*) represents the rate-

limiting step (RLS), which occurs when oxygen binds in an insufficiently strong 

manner. While in the phase of deprotonation, wherein O2 attaches very tightly, it 

functions as a step that determines the rate of the reaction (RDS))[52]. Due to scaling 

, relations, and estimating the nonzero over potential for several known perovskites, 

The energy that binds oxygen adsorbate at the surface of OER and ORR is highly 

interdependent[49]. 

 

Figure 4: OER/ORR scheme suggested for the surfaces of oxides 
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OER/ORR scheme suggested for oxide surfaces59. a) The ORR on perovskite surfaces 

follows a suggested process with a total of four steps that was developed by 

Goodenough et al. b) A suggested reaction mechanism with four stages, C) ORR 

scheme for the perovskite that involves four electrons   (d) OER mechanism with 4 

electrons at surface of perovskite in alkaline media [39, 49, 50, 52] 

In the ORR and OER reactions described above, the assessments based on density 

functional theory (DFT) suggest the existence of a variety of intermediates on the 

surfaces of perovskite oxide. In spite of the fact that the estimated elementary steps 

are very similar to one another, the sequence in which the intermediates appear is 𝑂2
∗, 

OOH*, O*, and OH* for ORR.[53], However, the order of the intermediates for OER 

is OH*, O*, OOH*, and 𝑂2
∗ on metal sites [54]. The difference can be attributed to the 

fact that the surface characteristics of metals and perovskite oxides can vary greatly 

from one another. As demonstrated in Equation 6-9, the scaling relation can be used 

to determine the relationship among the adsorption energies of oxygen-binding 

species that are involved in the reaction mechanism [49],[55]. The difference in 

theoretical over potential among two oxide surfaces can be defined by a single 

descriptor. This descriptor could be both the adsorption energy of oxygen (∆𝐺o) and 

the relative stability of 𝑂𝐻∗ 𝑣𝑠 𝑂𝑂𝐻∗ (∆𝐺OH - ∆𝐺OOH). Both of these descriptors are 

given [55],[49]. As a consequence of this, a relation in the shape of a volcano was 

generated by applying Sabatier's principle. This connection places LaNiO3 and SrCoO3 

close to the top of the chart as a result of their low over potential, which was achieved 

as a result of optimal oxygen binding. LaCoO3, LaFeO3, LaMnO3, LaCrO3, and LaVO3 

are located on the left hand of the volcano because to the high oxygen bonding they 

have. On contrary, LaCuO3 is found the key element of the volcano due to poor oxygen 

binding. 

∗  +𝐻2𝑂 →  𝑂𝐻∗  +  𝑒−  +  𝐻+       (10) 

𝑂𝐻∗  →  𝑂∗  +  𝑒−  +  𝐻+        (11) 

𝑂∗  +  𝐻2𝑂 →  𝑂𝑂𝐻∗  +  𝑒−  +  𝐻+       (12) 

𝑂𝑂𝐻∗  →  𝑂2  +  𝑒−  +  𝐻+        (13) 

Since the subsequent investigations do not correspond to the previously proposed 

process, they are unable to explain the recent results of experiments depends on coated 
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TMOs like BSCF and LSTN [56]. current DFT simulations by Mefford et al.[57] 

explains that the participation of lattice oxygen in the OER reaction could be used to 

explain the high activity of catalyst of La1-xSrxO3-& and related compounds. 

Additionally, a recent work using DFT assessments revealed the novel OER schemes 

(Eq. 10-13), wherein single oxygen participates by creating reversible surface oxygen 

vacancies (Vo) [58]. LaNiO3 shows the movement of oxygen vacancies on the surface 

towards the plane is exceptionally good then other perovskites, and this is necessary 

in order to react with OH* to generate Vo and OO*. 

𝑂𝐻∗  →  (𝑉𝑜  +  𝑂𝑂∗)  +  𝐻+  +  𝑒−       (14) 

(𝑉𝑜  +  𝑂𝑂∗)  +  𝐻2𝑂 →  𝑂2  + (𝑉𝑜  +  𝑂𝐻∗)  + 𝐻+  +  𝑒−   (15) 

(𝑉0  +  𝑂𝐻∗)  +  𝐻2𝑂 →  (𝐻0−𝑠𝑖𝑡𝑒
∗  +  𝑂𝐻∗)  + 𝐻+  +  𝑒−    (16) 

(𝐻0−𝑠𝑖𝑡𝑒
∗ +  𝑂𝐻∗)  →  𝑂𝐻∗ + 𝐻+  +  𝑒−      (17) 

Therefore, the adsorbate evolution mechanism (AEM), which is shown in Eq. 6-9[49, 

55] is one of the two suggested mechanisms for OER and The lattice-oxygen 

participation mechanism (LOM), which is shown in equations Eq. (14-17 can play a 

role in developing extremely active perovskites. The potential preferable mechanism 

for each separate perovskite is illustrated in Fig. 5 and can be either an AEM or LOM. 

 

Figure 5 Representation of the adsorbate evolution mechanisms and the lattice-oxygen 

participation mechanisms 
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Chapter No 2 

Literature Review 

Perovskite based catalysts were regarded a better option for research beginning in the 

late 1990s, when scientists shifted their focus toward more cost-effective sources of 

accelerating such reactions. At that time, perovskites were deemed a good alternative. 

In a practical situation, increasing the efficiency of a perovskite based electro catalyst 

could be accomplished in two different methods. One strategy is to try to maximise 

the natural increase in activity at each reactive site by taking into account the 

physicochemical characteristics of the perovskite based catalyst’s electronic 

frameworks. The characteristics contains a broad diversity of composition, which was 

accomplished through several processes like as substitution, oxygen vacancy, and the 

formation of a variety of crystal forms. Looking for another method which helps to 

increase reactive sites and activity level .This can be accomplished by putting forward 

original strategies for the preparation of perovskite and the hybrids containing them. 

Because of the interconnected nature of these factors, a change in the composition can 

directly affect the structure of crystal and vacancy of oxygen as well as the crystal 

structure. For example, in some circumstances, an increase can be observed in both 

the extrinsic and the intrinsic qualities simultaneously [35].  

2.1 Composition of the Perovskite 

By altering the catalyst's electronic structure, the inclusion of B-site over A-site 

components has a profound effect on the catalyst's activity. Combining the 

precious metal with the transition metal alters positive charge contribution of metallic 

ions on the A-site. As a result, not only is the oxidation state changed, but 

the  orientation of cations containing transition metals is also likely to be changed, and 

an oxygen vacancies may be created[13]. Comparing the characteristics of doped 

precious metals at the A-site with transition metals at the B-site has comprised the 

majority of research. Starting with the findings for coating on the A-site and B-site 

dopant catalysts. 

2.1.1 A-site Doping (A1-x A’
xBO3) 

The most common application for lanthanum has been in the A-site position of the 

rare earth metal industry. Regardless of the stoichiometry and the route of synthesis, 
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A-site doping almost always results in an increase in the catalytic activity. Shao et al. 

[59] investigated strontium-based lanthanum La1-xSrxFeO3-& (x=0-1) bases 

perovskite catalysts and identified with the higher activity of OER in alkaline media. 

Due to the oxidation of Fe2+ to Fe3+ and the compensation of charge that occurs when 

Sr2+ substitutes for La3+, a direct reduction in the lattice size occurs whenever there 

is an increase in the amount of Sr doping. Since Sr doping increases the activity, Jin 

et al. developed a unique LSM perovskite (La0.8Sr0.2MnO3) having a high surface area 

of 48.2 m2g-1. This perovskite shows good efficiency for both ORR and OER 

reactions[60]. Tulloch et al. made a similar contribution by developing a La1-xSrxMnO3 

perovskite by varying the values of X from 0 to 1 and finds that it is more active 

towards Oxygen reduction reaction (ORR)[61]. 

2.1.2 Doping of B-site (AB1-xB’xO3-&) 

Doping of B-site plays more effective role then the doping of A site because B-site 

provides more reactive site in typical processes suggested for OER/ORR. There are 

many transition metal oxides are present; the loading of these oxides at the B site 

influences the catalytic activity of perovskite based catalyst. Because of their high 

optimum energy, iron and nickel are the most abundant of these elements. The 

replacement of Fe at the B-site in LaCoO3, that possesses the potential to boost the 

oxygen evolution reaction efficiency of oxides based on perovskite, was the subject of 

research conducted by Duan et al. [62]. The enhanced spin state of Co3+ in LaCoO3, 

which was caused by the 10% substitution of Fe, led to good OER efficiency. 

2.1.3 Doping of A/B site (A1-xA’ x B1-yB’
yO3) 

Morphology of material and generation of active sites are both increased by doping 

with rare earth metal as well as transition metal. In this particular situation, a more in-

depth analysis is required in order to identify the ideal composition for elevated 

activity levels. The structural properties of the doped material can be transformed in 

different ways depending on the procedure that is used. There are a few distinct 

approaches that have been suggested for developing the quaternary perovskite catalyst, 

each of which would result in a different structure and set of catalytic capabilities. A 

perovskite doped with strontium was the subject of research conducted by Singh et al. 

[63], who investigated the effect that changing the metals in prepared catalyst in which 

B might be any of Cr, Fe, Cu, and Ni,  had. The electro - catalytic characteristics of 

the above catalysts were investigated using CV, and it was determined that there was 
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a pair of redox peaks just prior to the beginning of OER. Because transition metals 

were substituted at the B-site, the surface roughness was massively enhanced, which 

resulted in a significant active surface area being provided.  

Because of its excellent charge transferability, Perovskite oxides containing barium 

doped with strontium has been the subject of research for a significant amount of time. 

According to the findings of J. May et al. [64], Ba0.5Sr0.5Co0.8Fe0.2O3-& (BSCF82) is 

the most effective electrocatalyst for the water oxidation reaction that occurs in an 

alkaline media. Through the use of HRTEM, the researchers investigated the durability 

of several different catalysts, such as BSCF82, La0.4Sr0.6CoO3 (LSC46), LaCoO3 

(LCO), and LaMnO3 (LMO), as well as modifications in surface morphology that 

occurred during OER. There is a negative correlation between the activity of OER and 

size of cobalt atoms. [64]. Jin et al.[60] Mentioned that their research on the 

electrochemical behaviour of Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) was conducted in the 

same region but with a distinct composition of rare earth metals (x=0.5). In alkaline 

environments, its effectiveness as a bi - functional electrocatalyst has been established 

beyond a reasonable doubt. The catalyst has a limiting current density that is 

equivalent to 20 weight percent platinum on carbon. However, the starting potential is 

less than Pt/C catalyst, when matched to the work performed by Jin et al. This is due 

to the BSCF perovskite catalyst exhibits diffusion limiting current density. This is 

because O2 has different kinds of interactions with different kinds of electrocatalysts, 

and different kinds of species are adsorbed onto different kinds of transition metal 

cations. When used in an alkaline medium, BSCF demonstrates the potential to act as 

a bifunctional catalyst with useful applications [60]. To check the effect of precious 

metals like doping of  in perovskite framework, Bu et al. [65] substituted Pr in a 

perovskite oxide congaing BSCF with large oxygen vacancies, which exhibits greater 

durability and excellent electrical conductivity. An especially significant rise in ORR 

and OER activity can be credited to the existence of greater oxygen vacancy levels 

and an oxidised state of cobalt. Within a potential ranging from 300mV-600m V, it 

demonstrated a high electron transfer number of between 3.77 and 3.89. Additionally, 

it demonstrated a stronger cycle stability and as a result, proved to create an 

encouraging future for oxygen reduction reactions. 

Chang et al. [66] studied La0.6Ca 0.4Co0.8Ru0.2O3 powders generated by an unstructured 

citrate precursor technique for ORR. Their work resulted in the development of a very 
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durable replacement perovskite structure that is relied on ruthenium as the B-site 

dopant. A micro - porous structure resembling foam is produced, with pores ranging 

in size from 0.5 to 3.0 micrometres. Increased H2O2 deposited in the KOH media is 

responsible for this catalyst's enhanced catalytic efficiency. The outcomes of the 

polarisation curve experiments performed using La0.6Ca 0.4Co0.8Ru0.2O3, La0.6Ca 

0.4Co0.8Ru0.2O3. 

2.1.4 Doping of Main Group Element at Cation Site 

An accepted pattern in studies had been the inclusion of transition metals and rare 

earth metals. However, a novel concept has been presented that involves doping of a 

compound having zero activity at the B-site. This concept could really help in the 

electronic framework adjustment of a metal which is active for reduction and, as a 

result, can increase the electrocatalytic efficiency. Shao et al. [67] studied using 

phosphorous, which is not a metal , doped on the positive ion site in order to build a 

novel perovskite oxide. This was done in to achieve their goal. The various 

phosphorous formulations, such as La0.8Sr0.2Mn1-xO3-&Px (where x =0-0.1) were tested, 

and it was discovered that the phosphorous is dissolved at the 0.05 composition. The 

addition of 5% phosphorus not only boosts the electrocatalytic activity but also has a 

significant impact on the material's stability. This is because phosphorus has an 

exceptionally high electric conductivity and provides an excess of extremely reactive 

oxygen species. The LSMP0.05 demonstrated the maximum surface area of all of them 

for ORR which is calculated by BET [67], which was 27.3 m2 g-1, and it also had the 

maximum kinematic current density, which was 2.97 mA cm-2. This method has also 

been used on SrCo0.95P0.05O3-& (SCP) [68] and Mo doping in Ba2CoMo0.5Nb0.5O6-& 

(BCMN) [69] compositions, and the findings represent that the material was extremely 

stable and had a high level of activity for OER. This method has allowed for the 

beginning of a new phase of study into the use of various perovskite oxides doped with 

non-metals as catalysts which are good for both OER and HER. 

In order to obtain high activity, Shao et al. [70] created another strategy that was very 

similar to the first. Doping an iron-based perovskite with the earth-abundant Si 

metalloid SrFe0.9Si0.1O3 (SFSi) has been shown to increase the activity of oxygen 

evolution reaction (OER) of the perovskite. This freshly synthesised catalyst 

demonstrates an impressively low Tafel slope, indicating that it possesses an excellent 
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electrochemical characteristic. Doping electrocatalysts with elements that are rich in 

the earth leads to high-performance electrocatalysts that are also cost-effective[70]. 

2.1.5 Cation Deficient Perovskite 

It is well-known that anion insufficiency is extremely popular, and a significant 

amount of research has been done in this field. However, cationic insufficiency is still 

a subject of investigation at this time. Because it makes it easier for hydrogen to 

adsorb, the non-stoichiometric structure of perovskites is advantageous for both OER 

and HERs. Zhu et al. [71] developed a catalyst with a cationic deficit on the A site 

which enhances the OER and ORR catalytic performance. The implementation of 

LaFeO3 during an alkaline solution led to the discovery of definitive data for OER 

rather than ORR. Perovskites made from La1-xFeO3-& L0.95F demonstrated the highest 

efficiency for both reactions out of all the synthesized perovskites. The increased 

activity could be credited to the formation of oxygen vacancies at the surface as well 

as the existence of Fe4+ radicals inside A-site cation deficit perovskite. As a result of 

these findings, it has the capability to act as a bi-functional catalyst. Shao et al.[56] 

introduced a technique known as insitu exsolution to manufacture a catalyst having 

metal particles that were uniformly disseminated on the perovskite backbone. 

Exolved-La0.4Sr0.4Ti0.9Ni0.1 (LSTN), Ex-La0.4Sr0.4Ti0.9Co0.1 (LSTC), Ex-La0.4Sr0.4Ti 

0.9Fe0.1 (LSTF), Ex-La0.4Sr0.4Ti0.9Ni0.075Fe0.025 (LSTNF), and Exolved-La0.4Sr0.4Ti 

0.9Ni0.05Co0.05 (LSTNC) have all been created using the same method. In comparison 

to the others, Ex-LSTN exhibited the maximum activity for the HER. This was due to 

the existence of optimal free energy for H2 adsorption. However, Ex-LSTN exhibited 

the lowest catalytic activity for Oxygen Evolution Reaction, where Co performed more 

effectively. Exolved Sr0.95Nb0.1Co0.9-xNixO3-& (SNCN) was recently developed by 

Islam et al. [72] wherein Nickel cobalt nanoparticles had experienced the process of 

exolving. Liu et al. [73] also generated cation deficit Sr1-xNb0.1Co0.7Fe0.2O3-& (x = 0.02, 

0.05, and 0.1), indicated as S0.98NCF, S0.95NCF, and S0.90NCF. This resulting in 

shrinkage in the crystal structure as well as different oxidation states. 

2.2 Perovskites with Oxygen Deficiencies 

When oxides with oxygen deficiencies are created, the outcome is an instant filling 

and generation of interlayer oxygen vacancies. These interlayer oxygen vacancies 

plays critical role in the OER/ORR and HER activities that are essential to the oxides. 

Because of the high correlation between catalytic activity and oxygen shortage 
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concentration, the resultant structure is deformed and does not have a cubical shape. 

As per the results of Mefford et al. [57], the OER performance of the La1-xSrxCoO3-& 

series depends on the concentration  of oxygen vacancy, where the maximum activity 

being achieved on SrCoO2.7, which also had the maximum number of vacancies. Yuasa 

et al. [74] presented their research on LSFM prepared using the reverse miscella 

method with (x = 0-0.4) and (y = 0-0.8) in order to develop the distinctive features for 

ORR. The ORR activity of the La0.6Sr0.4Mn0.8Fe0.2O
3+ charged electrode was 

discovered to be greater than Pt/C electrode at current densities more than 80 mA cm-

2; however, this activity was shown to decrease when the current density was 

decreased. Despite the fact that the performance improved with increasing x and 

deteriorated with rising y, the oxides generation for bigger x was not adequate. 

perovskite oxide having the value of X and Y is 0.2 was used for the stability test, the 

results were substantially more reliable [74]. 

The researchers Singh et al. [75] studied on a sort of perovskite that had the formula 

MMoO4, where M might be either cobalt, iron, or nickel. When Cr2 (MoO4)3 doped 

with Cr it helps to decrease the Tafel slope value which cause the increase in catalytic 

activity. When oxygen deficiencies are introduced into a material, a variety of different 

kinds of structures are produced. According to Zhou et al. [76] the crystal structure 

has a significant impact on the catalytic activities.  The studies were carried out on 

various crystalline forms of LaNiO3 that were produced by heating the material at 

temperatures of 400 oC, 600 oC, and 800 oC respectively. When the structure changed 

from rhombohedral to cubic, there was an accompanying improvement in the 

ORR/OER performances. Longer Ni-O bonds in a cubic configuration are conducive 

to excellent OER/ORR performance[76]. 

Cheng et al.[77] examined the oxidation number of manganese in perovskite oxides 

as they progressed through their work with oxygen-deficient perovskite. It has been 

suggested that the electrocatalytic performance of non-stoichiometric CaMnO3-& type 

perovskite can be improved by employing a suitable approach, which will result in the 

formation of oxygen deficiencies. This method would involve the introduction of the 

facile approach. The research was continued by Kim et al. [78], who announced the 

Ca2Mn2O5 electrocatalyst for OER in alkaline media. They discovered that the 

electrocatalyst was catalytically more active than the CaMnO3 that Zhang et al. [77] 

had reported. Ca2Mn2O5 exhibited a mass activity for OER at 30.1 A/g at 1.70 V 
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relative to RHE. The porous structure and electronic configuration of manganese are 

among the most potential factors for the improved activity. The reductive annealing 

procedure, which was used to create the catalyst in a novel manner, proved to be the 

factor that made the difference. This catalyst's crystalline form allows for the better 

transit of OH- ion, which is one of the factors that contributes to the catalyst's high 

activity. 

The capabilities of oxygen-deficient perovskite could be improved further by using an 

appropriate approach to create comparatively tiny nanomaterials as an electrocatalyst. 

This will allow for the perovskite to be more effective. The barium-based oxygen-

deficient bifunctional electrocatalyst was discussed in Chen et al. [79]’s research. It 

has been reported that BaTiO3-x nanoparticles may be generated using the sol-gel 

method. These nanoparticles demonstrate an OER activity that is significantly greater 

than that of expensive noble metals synthesized using a process that is very 

comparable. It has shown substantially that in comparison to IrO2, and it has greater 

oxygen vacancies, both of which are accountable for simpler adsorption and the 

electron transport phenomenon observed in OER. 

 As is common knowledge, when the transition metals are introduced in the cathode 

site the electrocatalytic activity is increased due to the generation of oxygen vacancies. 

Wang et al. [80] claimed that they had successfully doped nickel to a perovskite 

containing manganite and likened it to a catalyst which was not doped. For their ORR 

and OER activities, both were made using a simple sol-gel method for the preparation. 

The presence of a considerable amount of Ni3+ on the surface, which was brought 

about by the addition of Ni, resulted in an increase in the number of oxygen vacancies, 

which in turn resulted in an increase in the catalytic activity. The produced catalyst 

demonstrated that it has substantially decreased overpotential and very stable showing 

79 cycles inside a voltage range of 2.0 to 4.8 V (compared to Li+/Li), which can 

be  compared to Pt/C but comes at a far more affordable price. Doping can also be 

accomplished successfully with metals from the P block since these metals have 

excellent conducting characteristics. CaxLa1-xAl1-xMnxO3-& perovskite oxides were 

successfully synthesised by Christ et al. [81]. The researchers' ultimate goal was to 

design an electrocatalyst which shows excellent electrocatalytic activity towards 

oxygen reduction reaction. Ca0.9La0.1Al0.1Mn0.9O3-& (9119) was discovered to have the 

most homogeneous elemental dispersion of any of the samples that were prepared 
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using the SS process. In terms of its electrochemical characteristics, it also 

demonstrated the best level of performance. The prepared electrocatalyst shows the 

surface area of 6.1 m2g-1 and mass activity of 108 mA        mg-1. The same sample was 

tested for various techniques; however, aerogel method managed to produce the 

highest surface area. Jing Xia et al.[82] took a new approach by adding P block 

elements to A site which results in the generation of more active sites due to the non-

stoichiometric behaviour of oxygen. P block elements have the dual nature because of 

the unfilled d orbitals. This dual nature helps the charges to follow effectively on the 

active sites present on the surface of material. Another type of perovskite was made 

by Shao et al. [83] using a different method having low overpotential and good surface 

area which results in good electrocatalytic activity towards OER. 

A wide-ranging area of research that, in conjunction with oxygen shortage, is 

predicated on the creation of a layered structure that improves water dissociation 

characteristics, hence making hydrogen adsorption easier. Sr2RuO4 oxide was the 

layered metal oxide that was created by Shao and colleagues [84] for use in the 

hydrogen evolution reaction. Along with a high current density of 0.898 mA cm-2, the 

electrocatalyst demonstrated very low Tafel slope and overpotential, both of which 

were very low. This electrocatalytic activity of prepared catalyst is due to the presence 

of SrO which helps to flow the charges to the active sites.  

The structure of a catalyst is a significant factor in determining its properties. The 

catalyst is always improved by the addition of nanostructured materials, which have 

excellent catalytic capabilities. A Nano rod of oxygen-deficient perovskite-type oxide 

was prepared thanks to the efforts of Shao and colleagues [85]. For the synthesis of 

SrNb0.1Co0.7Fe0.2O3–& perovskite nanorods, the simple electrospinning approach was 

adopted. As a result, this catalyst shows outstanding electrochemical properties. Due 

to the unique structure of the catalyst, SNCF-NR showed an overpotential value of 

390 mv at current density of 10 mA cm-2. After the calcination process, the catalyst 

shatters into a structure resembling nanorods that have an average diameter of 100 

nanometres. With an output of an extremely high current density, it is suitable for both 

open- and closed-loop energy recovery applications. Deganello et al. [86] took a 

different approach when they worked on the preparation of La0.6 Sr0.4Fe0.6Mn0.4O3-& 

(LSFM). As a result of their efforts, they produced a highly active catalyst with a high 

surface area that showed better result for ORR and OER.  The inclusion of silicate led 
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to an increase in the onset potential for ORR, and the authors propose keeping the 

percentage of Si in the material at or below 4 weight percent. Despite this, oxygen 

deprivation in conjunction with cation site the electronic configuration of material also 

effects the electrocatalytic activity as suggested by Zhou and Shao[31]. In this work 

he tends to enhance the electrocatalytic activity of prepared catalyst by tuning the 

crystal lattices. Iron dopants enhances the catalyst’s potential to accelerate a reaction. 

In coupled with massive doping, the construction of a three-dimensional high porous 

structure in LaFeO3 (LF) is key for the material's high catalytic efficiency as well as 

its stability. The results that were obtained for 20% cobalt doping during the HER have 

genuinely produced a stable electrocatalyst which has more active sites.  

2.2.1 Cation Ordered Double Perovskite 

The unique layer structure provides remarkable electrocatalytic activity and stability 

towards the perovskites. Most recently, Shao et al.[87] conducted research in a field 

that is quite comparable to this one. In this research they summarized that the 

generation of more active sites helps to increase the electrocatalytic activity and this 

provides a channel to flow the ions quick because of the different reaction paths. The 

primary objective of the research was to develop a double perovskite of the formula 

Sr2Fe0.8Co0.2Mo0.65Ni0.35O6-& that possessed several active sites in order to improve 

the OER activity of the electrocatalyst. As a highly effective OER and ORR catalyst, 

Sun et al. [69] developed a perovskite having which is highly active for both OER and 

ORR. The perovskite had a compositional formula of Ba2CoMo0.5Nb0.5O6 (BCMN) 

and Ba2Co1.5Mo0.25Nb 0.25O6-& (BC1.5 MN). The latter has demonstrated a lower 

overpotential of 40 mVcm-2 and a mass activity that is 3.5 times higher than that of 

BCMN. The sol-gel approach was used to produce another B-site doped perovskite 

called Ba2Bi0.1Sc0.2Co1.7O6-& (BBSC), which shows excellent stability in comparison 

with other catalysts. When catalysts measured at a potential of 0.5V, the specific 

activity of disorderly ordered Ba0.5Sr0.5Co0.8Fe0.2O3-& (BSCF) and Ba2Bi0.1Sc0.2 

Co1.7O6-& (BBSC) was found to be lower. The B-site ordering was shown to have had 

a substantial impact in the enhancement of OER activity. To put it simply, the 

increased activity is due to the effective charge transfer[88]. 

Perovskite composites with decreased graphene oxide have shown very high catalytic 

results, which could be improved upon by inducing oxygen vacancy. This was 

mentioned earlier. Significant research on perovskite oxides was reported by Kim et 
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al. [89], who created triple perovskites and demonstrated that Nd1.5Ba1.5CoFeMnO9-& 

shows excellent electrocatalytic activity towards ORR and OER. The electrocatalytic 

activity was enhanced due to the unique morphology of prepared catalyst. Which helps 

in the formation of active sites and movement of charges.A nonstoichiometric ratio of 

oxygen to electronic configuration is the primary cause of NBCFM's increased 

catalytic activity. This is due to NBCFM's unique electronic configuration. Due to the 

fact that the triple perovskite-type oxide generates massive oxygen vacancies [89], 

which were produced as a result of the structural distortion that was brought about by 

continuous stacking. Wang et al. [90] investigated the human oestrogen receptor 

(HER) activity of a number of H2 reduction treated NdBaMn2O6 double perovskites 

with varying amounts of oxygen vacancy ( = 0.35, 0.54, and 0.80). The value of = 

0.54, which was deemed to be the result of a variety of characteristics, including 

deformed structure, near-unity eg occupancy, and O-p band centre, displayed the 

highest level of activity. This value was regarded to be the best. As a result, the 

development of oxygen-deficient perovskites should proceed with caution. 

2.3 Nanostructured Perovskites 

Large in size but with a modest surface area, the bulk perovskites possess limited 

catalytic properties. The development of the catalyst on the nano-scale not only results 

in the production of a compound that is diversely active and has a great phase purity, 

but it also increases the structural features of the catalyst, which results in the 

production of additional active sites. Perovskite containing La at the A-site has been 

the subject of extensive study. Simply altering the transition earth metal present in the 

B-site can lead to the production of a wide variety of distinct catalytic characteristics. 

Hardin et al. [91] developed LaNiO3 nanocrystals that displayed exceptional 

electrocatalytic activity towards oxidation and reduction reactions due to high 

porosity, high surface area, and incorporation of a OH  into a lattice structure.   Taking 

Co as the B-site element and generating an amorphous surface through a hydrothermal 

procedure, as developed by Kim et al. [92], improved the structural properties of 

perovskite. This study focuses on the development of nanoporous structures and 

spheroids of LaCoO3. The shape and electrochemical characteristics of a perovskite-

type oxide were assessed. A rhombohedral unit cell structure was discovered, and it 

had truncation at specified corners. This can be explained by the fact that the 

stoichiometric ratio of the metal precursors to the organic molecules was not consistent 
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2.4 Perovskite on Material Support 

The catalytic effectiveness can be significantly influenced by promoting the catalyst 

on a particular material. This could be achieved by generating more active site which 

helps in the movement of ions effectively which results in high electro catalytic 

activity. The generation of more active sites could be achieved by controlling the 

morphology of catalyst. Perovskite could be supported on a wide variety of materials, 

based on the specific property that is being searched. 

Tiwari et al. [93] prepared a catalyst by coating perovskite on conductive material. 

They synthesised electrocatalyst La1-xSrxCoO3 (x = 0, 0.2, and 0.4) using two different 

methods. This showed excellent electrocatalytic activity toward HER having the 

overpotential value of 175 mV, 130 mV and 75 mV for LaCoO3, La0.8Sr0.2CoO3, and 

La0.6Sr0.4CoO3 respectively at 10 mA cm-2. 

Carbon can directly influence the electrocatalytic activity of catalyst. Tachibana et al. 

[94] supported the LCMF perovskite on the carbon and they use miscella approach for 

the preparation of this catalyst. For the preparation of this carbon-supported catalyst, 

the reverse miscella approach using KmnO4 was selected as the method of choice due 

to its high Mn valency. It was discovered that doping Ca increased oxygen reduction 

capacity, which can be compared to Pt/C. Hsieh et al. [95] used CNCs as supporting 

material for Ir coated La0.6Ca0.4CoO3 perovskites, which resulted in carbon being a 

better support material for perovskite. A further conclusion that can be drawn is that 

the perovskite that was produced by the solid-state reaction has an asymmetrical form 

and ranges in size from 100 to 250 nanometres. The La0.6Ca0.4Co0.8Ir0.2O3/CNCs 

catalysed GDE had excellent catalytic performance by having high current density 

value. This electrocatalyst has shown bifunctional electrocatalytic activity which is 

better than La0.6Ca0.4CoO3 catalyst. Another sort of nourishment that is beneficial to 

the rapid reduction of oxygen can be of an oxophilic nature, which results in an 

increase in the amount of oxygen that is absorbed. According to Park et al. [96], the 

use of Ag greatly improves the water activation on LMO, which in turn boosts the 

ORR activity. It has been established that the order (Ag/LaCoO3 Ag/LaFeO3 

Ag/LaMnO3) applies to the electrocatalytic activity, which depend on oxophilic 

nature. This is because the catalytic activity supports the activation of water, which in 

turn promotes the ORR. The transfer of charge from manganese to silver, as well as 

an increase in the oxophilic character of manganese sites, both contribute to an 
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improvement in the adsorption of oxygen species. As a result, it is recommended that 

the support that is utilised have a highly oxophilic character in order to lessen the 

amount of interference that occurs between the catalyst and the support [96]. 

2.5 Perovskite Composites 

Designing a hybrid of perovskite with another material of comparable significance 

offers a novel approach to the problem of getting high catalytic activities in a material. 

Using nanoparticles of noble metals in the development of the composite can increase 

the current density while simultaneously reducing the overpotential. Soares et al. [124] 

introduced a novel concept for the fabrication of composites made of PtRu/C-

LaNiO3[97]. The catalytic performance of the composite material on the nickel foam 

support has seen a significant boost as a result of the inclusion of Pt-Ru nanoparticles. 

The elemental dispersion map revealed that the nanoparticles got dispersed evenly 

across the electrode's surface. The oxygen that is created during the anodic sweep 

causes a reduction, which in turn produces a cathodic spike at an energy level of -200 

mV. Following the observation of the clearly defined redox peaks was an increase in 

value of current that occurred at a potential that was more than 0.6V. After operating 

for 50 cycles, variations in voltammetric curves were recorded, which suggested an 

elevation in catalytic activity in OER. This result can be caused by a rise in surface 

roughness. Because of this, the mobility of the electrolyte to the active site is 

improved. 

Han et al. [98] presented an alternative method for manufacturing a hybrid with Pt. 

They prepared clusters of platinum which was supported on perovskite like CaMnO3. 

This was a unique technique for the preparation of a hybrid with Pt. Two-dimensional 

materials, in addition to precious metals, have been suggested for use as an active 

catalyst. Chong et al. [99] synthesised the hybrid materials (LaNiO3-N-S-Gr.) to 

minimize the resistance offered by charge transfer and to gain good stability. G Kim 

[100] published his research on 3D porous nitrogen-doped graphene with a 

(PrBa0.5Sr0.5)0.95Co1.5Fe0.5O5+& (PBSCF) perovskite, which he referred to as P-3G. The 

overall findings were extremely encouraging, particularly with regarding to oxidation 

and reduction reactions. By analysing it can be summarised that enhancement of 

electrocatalytic activity towards hydrogen production is because of the movement of 

ions on the active sites. And due to effective movement of ions this hybrid 

electrocatalyst shows excellent activity by having low Tafel slope values and high 
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current densities. Advancements in the perovskite for oxidation and reduction 

reactions can be seen in Fig. 6. 

 

Figure 6 Advancements in the perovskite for oxidation and reduction reactions 

The physicochemical features of perovskite electronic configuration can be taken into 

account in order to calculate the intrinsic increase in activity that occurs at each 

reactive site. These characteristics include a broad diversity of composition, which 

was accomplished through several processes like as substitution, oxygen vacancies, 

and the formation of a variety of crystal forms[72]. The alternative method is to 

extrinsically boost both the activity level and the total number of active sites on the 

surface, which is a function of the geometric impact. This can be accomplished by 

putting forward original strategies for the production of perovskite nanoparticles and 

the composites containing them. Because of the interconnected nature of these factors, 

a variation in the composition may directly influence the oxygen vacancies along with 

the crystal structure. 

In this work, it has been tried to develop bifunctional electrocatalyst, which is cost 

effective as well as highly stable.  Hybrids of LSTN/g-CN have been prepared by 

insitu sol gel method to increase their activity and make them comparable to state-of-

the-art catalyst. The extensive literature review has been done on various type 

perovskite oxides as well as their composite. LSTN perovskite and graphitic carbon 

nitride hybrid material is prepared and characterised to explore the importance in 

practical application for hydrogen production.  
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Chapter No 3 

Materials and methods 

3.1 Materials 

Materials used in the preparation of LSTN/g-CN consists of lanthanum nitrate 

hexahydrate (La(NO3)2.6H2O), strontium nitrate (Sr(NO3)2, titanium n-butoxide 

(C16H36O4Ti), Nickel (II) nitrate hexahydrate (Ni(NO3)2.6H2O), Citric acid (C6H8O7), 

EDTA-2Na dihydrate (C10H14O8N2Na2.2H20), ethanol (97wt%). All of these materials 

were procured from Sigma Aldrich USA.  

3.2 Synthesis of LSTN Perovskite 

For the synthesis of La0.4Sr0.4Ti0.9Ni 0.1O3-& sol gel method was used which was 

followed by calcination at high temperature. In 100 ml DI water, 16m moles of 

La(NO3)2.6H2O, 16m moles of Sr(NO3)2, and 4.5m moles of Ni(NO3)2.6H2O were 

dissolved for the preparation of catalyst. In above solution, 4.5m moles of C16H36O4Ti 

was added drop by drop at 80oC under constant stirring. The complexing agents 

EDTA-2Na dihydrate (C10H14O8N2Na2.2H2O) and anhydrous Citric acid (C6H8O7) 

were then added with continuous stirring in a molar ratio of 1:2. To stabilize the 

solution's pH, 1 M of strong basic NH3 was added. The solution was then heated to 

150 degrees Celsius on a hot plate until a transparent gel formed. The gel was then 

heated at 300oC for 9 hours and the solid powder was achieved.  To remove organic 

compounds solid powder was calcined at 1000oC for 10 hours and then the desired 

product formed. As shown in Fig. 7; 

 

Figure 7: Synthesis of LSTN perovskite 
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3.3 Synthesis of g-C3N4 

In crucible 5.0 gram was placed then this crucible was placed in muffle furnace at 

550oC for 3 hours at the heating rate of 2oC min-1. After heating solid powder was 

formed having light yellow colour and then it was sonicated for 1 hour in probe 

sonicator to break its sheets. Then ultra-centrifugation step was done to obtain the solid 

powder and then it was placed in vacuum oven at 60oC for 12 hours to remove moisture 

content and finally light yellow colour powder named g-C3N4 is formed. As shown in 

Fig. 8; 

 

Figure 8: Synthesis of g-C3N4 

3.4 Synthesis of LSTN/g-C3N4 Hybrid 

In crucible 5.0 gram was placed then this crucible was placed in muffle furnace at 

550oC for 3 hours at the heating rate of 2oC min-1. After heating solid powder was 

formed having light yellow colour and then it was sonicated for 1 hour in probe 

sonicator to break its sheets. Then ultra-centrifugation step was done to obtain the solid 

powder and then it was placed in vacuum oven at 60oC for 12 hours to remove moisture 

content and finally light yellow colour powder named g-C3N4 is formed. And then for 

the synthesis of LSTN/g-CN hybrid, sol gel method was used which was followed by 

calcination at high temperature. In 100 ml DI water, 16m moles of La(NO3)2.6H2O, 

16m moles of Sr(NO3)2,  4.5m moles of Ni(NO3)2.6H2O and 1 wt.%, 3wt.%, 5wt.%, 

8wt.% of g-CN respectively were dissolved for the preparation of catalyst. In above 

solution, 4.5m moles of C16H36O4Ti was added drop by drop at 80oC under constant 
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stirring. The complexing agents EDTA-2Na dihydrate (C10H14O8N2Na2.2H2O) and 

anhydrous Citric acid (C6H8O7) were then added with continuous stirring in a molar 

ratio of 1:2. To stabilize the solution's pH, 1 M of strong basic NH3 was added. The 

solution was then heated to 150 degrees Celsius on a hot plate until a transparent gel 

formed. The gel was then heated at 300oC for 9 hours and the solid powder was 

achieved.  To remove organic compounds solid powder was calcined at 1000oC for 10 

hours and then the desired product formed. As shown in Fig. 9; 

 

Figure 9: Experimental Scheme for LSTN/g- C3N4 

3.5 Synthesis of LSTN Electrode 

Ni is used as substrate to prepare the LSTN electrode. Preparation of LSTN electrode 

consist of three steps, in first step Ni foam was treated. For the treatment of Ni foam, 

it sonicated with 1 M HCL solution followed by Ethanol and DIW, for 30 minutes 

each. After sonication Ni foam was dried in vacuum oven for 3 hrs at 70oC. In second 

step Ink was prepared by adding 4-5 mg LSTN catalyst in 80μl Ethanol and 20μl 

Nafion as binder then sonicate it for 6 hours. In third step Ink was deposited on treated 

NF and followed by overnight drying at 80oC in vacuum oven. And by that LSTN 

electrode is prepared. 
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3.6 Synthesis of g-C3N4 Electrode 

NF is used as substrate to prepare the g- C3N4 electrode. Preparation of g- C3N4 

electrode consist of three steps, in first step Ni foam was treated. For the treatment of 

Ni foam, it sonicated with 1 M HCL solution followed by Ethanol and DIW, for 30 

minutes each. After sonication Ni foam was dried in vacuum oven for 3 hrs at 70oC. 

In second step Ink was prepared by adding 4-5 mg g-C3N4 catalyst in 80μl Ethanol and 

20μl Nafion as binder then sonicate it for 6 hours. In third step Ink was deposited on 

treated Ni foam and followed by overnight drying at 80oC in vacuum oven. And by 

that LSTN electrode is prepared. 

3.7 Synthesis of Bifunctional LSTN/g- C3N4 Hybrid Electrode; 

NF is used as substrate to prepare the g-C3N4 electrode. Preparation of LSTN/g-C3N4 

electrode consist of three steps, in first step Ni foam was treated. For the treatment of 

Ni foam, it sonicated with 1 M HCL solution followed by absolute Ethanol and DIW, 

for 30 minutes each. After sonication Ni foam was dried in vacuum oven for 3 hrs at 

70oC. In second step Ink was prepared by adding 4-5 mg LSTN/g-CN catalyst in 80μl 

Ethanol and 20μl Nafion as binder then sonicate it for 6 hours. In third step Ink was 

deposited on treated Ni foam and followed by overnight drying at 80oC in vacuum 

oven. And by that LSTN/g-C3N4 hybrid electrode was prepared. 

3.8 Characterization Techniques 

3.8.1 X-ray Diffraction (XRD) 

Crystalline nature of LSTN, g-CN, LSTN/g-CN hybrids, was determined by using the 

X-RAY diffraction technique. A current of 40 mA and a voltage of 40 kV were 

applied. With a step time of 0.5 seconds per step, the sample was scanned at a step 

size of 0.04. The range of the scan angle 2θ was (10° to 80°). CuK radiation had a 

wavelength of 1.540Ao. X-ray diffraction is used to analyze the atomic spacing and 

crystal structure.  
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3.8.1.1 Objectives of XRD 

The objectives of XRD is to identify of crystallinity of material. It is used to distinguish 

between crystalline and amorphous forms. It is also used to calculate lattice spacing 

of material. And also to find the average particle size. 

3.8.1.2 Working Principle 

Constructive interference among monochromatic X-rays is the basis for the XRD's 

working. Cathode ray tubes are responsible for the generation of X-rays, which are 

then subjected to filtering in order to produce monochromatic radiations. Collimation 

is the process of concentrating light rays in order to direct them toward the specimen. 

Constructive interference is produced as a result of the interaction among these rays 

and the specimen, which proves that Bragg's Law is valid. According to Bragg's Law, 

there is a one-to-one correlation between the lattice spacing and the diffraction angle 

of the specimen and the wavelength of the electromagnetic radiations. The 

representation of brag’s law is shown in Fig. 10 .It is also possible to write it as𝑛𝜆 =

 2𝑑 𝑠𝑖𝑛𝜃 

Where; 

n=integer     λ= wavelength 

d= interlayer spacing   sinθ= Diffraction angle 

  

 

Figure 10: Schematic’s of Bragg’s law[88] 
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3.8.2 Fourier Transform Infrared Spectroscopy (FTIR) 

In order to investigate the interfacial interactions between two phases involving the 

development of a hybrid, FTIR was used. In order to conduct the analysis, the Fourier 

Transform Infrared Spectroscopy (ATR-FTIR, BRUKER) machine was used. The 

analysis was performed in the frequency range of 4000-500 cm-1, with a resolution of 

4 cm-1, and a scanning frequency of 32 was used. 

3.8.2.1 Objectives of FTIR 

The objective of FITR is to recognize organic, polymeric or sometimes inorganic 

compounds, characterization of unknown materials, and identification of 

contaminations (in or on the materials). In failure analysis, identify decomposition, 

oxidation or uncured substances. 

3.8.2.2 Working Principle; 

The FTIR works on absorbance of light by molecules, while they are in infrared region 

of the electromagnetic region. The absorption of light uniquely implies to the bonds 

which exists inside molecules.  The infrared spectrum ranges from 12,800 to 10 cm-1 

and is subdivided into near, middle, and far infrared[101]. 

Table 1: Infrared Ranges in FTIR 

Sr. No.  Infrared Region Frequency Range cm-1 

1 FAR IR 4000-12800 

2 MID IR 20-4000 

3 NEAR IR 50-1000 

  

Infrared absorption spectrum mechanism is based on vibrations of molecules. When 

the specimen is exposed to radiations, its molecules absorb radiations of certain 

wavelength. This changes the dipole movement of specimen molecules. As a result, 

the energy level of the specimen molecule is transfer to excited state from the ground 

state. The energy gap determines the frequency of absorption peak. The change in 

intensity is subjected to the dipole moments and shift of energy levels. 
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3.8.2.3 Components of FTIR 

The basic components of FTIR are source, Interferometer, Sample compartment, 

Detector, Amplifier, A/D Converter, Computer. The radiations are generated by the 

source. These radiations after passing through the interferometer reaches the specimen 

and are recognized by the detector. The signals are amplified by means of amplifier, 

are converted to digital signals by analog-to-digital converters. The signal is then 

transmitted to a computer wherein Fourier Transformation is performed. As shown in 

Fig. 11 [90]; 

    

3.8.3 Raman Spectroscopy 

Light is used in this molecular spectroscopy technique, which causes it to interact with 

the specimen in order to obtain information about its characteristics. To gain an 

understanding of the spectrum that is distinctive of particular vibrations of a molecule, 

it scatters light rather than absorbing light like FTIR does, and this is how it works. In 

addition to this, it offers details regarding shorter wavelengths modes & vibrations that 

are extremely helpful for gaining a fundamental comprehension of both the crystal 

lattice and the basis of the molecular structure. Principle of Raman spectroscopy is 

represented in Fig. 12.  

3.8.3.1 Working Principle 

The light’s interaction with the molecules available in gas, liquid or, solid, the photons 

within incoming light get dispersed with same energy as that of incident photons, 

thereby undergoing elastic scattering. Only a small number among them undergo 

inelastic scattering. Raman helps user to capture vibrational characteristic signature of 

Figure 11: Components of FTIR 



32 

 

molecule that develops an understanding of how they are put together as well as their 

method of interaction with other molecules around it[88]. 

 

3.8.4 Scanning Electron Microscopy (SEM); 

The morphology of perovskites and its hybrids were recognized by SEM (JSM- 

64900). Prior to analysis, powder of material was placed on stud and gold plated to 

provide a conductive layer. 

3.8.4.1 Objective of SEM 

SEM is an outstanding technique for observing the surface of material and provides 

excruciate details about surface projections. It provides information about Texture 

(External Morphology), Chemical composition, Orientation and Crystalline Structure. 

3.8.4.2 Working Principle 

. When electrons are accelerated through a scanning electron microscope (SEM), they 

carry substantial quantities of kinetic energy with them. This energy is released as a 

wide range of signals created through electron encounters whenever the incident 

electrons are slowed significantly in the solid sample. These signals consist of 

secondary electrons (which are responsible for the production of SEM images), 

backscattered electrons (BSE), diffracted backscattered electrons (EBSD), photons 

(characteristic X-rays that are utilised for elemental analysis and continuum X-rays), 

visible light (cathode luminescence CL), and heat. Imaging samples typically involves 

the employment of secondary electrons and backscattered electrons. Secondary 

electrons are most useful for illustrating morphology and topography on samples, 

whilst backscattered electrons are most useful for illustrating disparities in substance 

in multiphase samples (i.e. for rapid phase discrimination). The creation of X-rays is 

Figure 12: Schematic illustration Raman spectroscopy principle 
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caused by inelastic collisions between incident electrons and electrons in discrete 

orbitals (shells) of atoms in the sample. This results in the release of X-rays. When 

excited electrons fall back to lower energy states, they produce X-rays that have a 

consistent wavelength therefore, distinctive X-rays are generated for every element in 

a material that is "stimulated" by an electron beam. This occurs when the electron 

beam passes through the mineral. Because the x-rays produced via electron 

interactions don't really cause a loss of quantity in the sample, scanning electron 

microscopy analysis is referred to as "non-destructive." As a result, it is able to perform 

SEM analysis for the same materials more than once.  

3.8.4.3 Components of SEM 

The components of SEM include electron source, condenser lens, scan coils, objective 

lens and secondary electron detector. Electrons are produced by the electron source, 

which is located at the very top of the column. This results in the production of an 

electron beam. Emission of electrons occurs when the electrons' thermal energy is 

greater than the work function of the source. These electrons then become accelerated, 

and the anode draws them to itself. The diameter of electron beam is adjusted by means 

of lens. If it is weakened, a broader beam is produced and vice versa. The path of 

electrons is also controlled by the lens. Electromagnetic lens is utilized owing to the 

fact that electrons couldn’t pass through the glass. Firstly, the electrons meet the 

condenser lens. After converging by condenser lens, the electrons are further 

condensed by the objective lens[102]. Components of SEM is shown in Fig. 13. 

 

Figure 13: Components of SEM 
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3.8.5 Transmission Electron Microscopy (TEM) 

The Transmission electron microscope uses an electron gun that utilizes electron beam 

to display he image of specimen. It is having high magnification power approx. 2 

million times as compared to light microscope. 

3.8.5.1 Working Principle 

The working principle is similar to light microscope, except it uses a beam of electron 

to focus rather than light. As electron exhibit shorter wave length and thus an increase 

in resolution power occur when electron illuminates, which increases the electron 

transmission. It has three major working units. 

1. Electron gun. 

2. Image producing unit. 

3. Image recording unit. 

3.8.6 Energy dispersive X-ray spectroscopy (EDS); 

The technique known as energy dispersive x-ray spectroscopy is currently one of the 

most common methods for determining the elemental composition of a material. It 

majorly works on capacity of x-rays to emit core electrons from an atom. This process 

is known as Moseley’s Law, which shows that as the frequency of light released 

increases, the atomic number of atom also increases. When the electron leaves the 

system, a hole will be created. This hole gets occupied by a higher energy electron, 

which releases energy as it gets relaxed [128]. The energy released is characteristic to 

each element in periodic table, which can be used to identify element as well as their 

proportion. It consists of three major parts. 

 Emitter 

 Collector 

 Analyzer 

These parts are connected to SEM, or TEM. Combining three pieces gives information 

about how many x-rays are released and energy associated with it. 
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3.9 Electrochemical Characterization 

As the prepared electrodes were characterized by using XRD for crystal structure, 

SEM and EDX for morphology, TEM, FTIR and Raman spectroscopy for functional 

groups. Electrochemical analysis was used to check the water splitting applications of 

electrode material by performing following tests CV, LSV, EIS and Chrono-

potentiometry. For this testing three electrode assembly is used which consists of 

reference electrode, working electrode and counter electrode. Reference and counter 

electrode is made of Ag/AgCl and Pt and working electrode is made by depositing 

catalyst on nickel foam. Preparation of working electrode consist of three steps, in first 

step Ni foam was treated. For the treatment of Ni foam, it sonicated with 1 M HCL 

solution for 30 minutes followed by Ethanol and DIW. After treatment Ni foam is 

dried in vacuum oven for 3 hrs at 70oC. In second step Ink was prepared by adding 4-

5 mg active material in 80μl Ethanol and 20μl Nafion as binder then sonicate it for 6 

hours. In third step Ink was deposited on treated Ni foam and followed by overnight 

drying at 80oC in vacuum oven. Then all the prepared electrodes are tested at different 

scan rates. 

3.9.1 Cyclic Voltammetry (CV); 

CV provides versatility and ease in inquiring about electrochemical species. It has 

extensive use inorganic chemistry, inorganic chemistry, biochemistry, and 

electrochemistry. The potential of effectiveness for CV lies in its capability to scan 

rapidly and observe redox reaction over catalytic surfaces. Steps involve in CV is 

shown in Fig. 14 The CV apparatus relies of potential cycling on an electrode that was 

dipped in acidic or basic solution. The potential is caught on working electrode. 

Reference electrode provides control over potential coming toward working electrode. 

These potentials create an exciting signal which is plotted in cycles onto the graph. In 

this way a cyclic voltammogram is produced which presents current measure during 

voltage scan. CV graph is the plot of current produced against the potential applied 

towards the electrode. The scan starts with negative cycle, calculating parameters of 

reduction and then starts positive cycle for oxidation reactions [103]. A schematic 

diagram of CV is shown in Fig. 15 along with its graph. 
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Figure 14; Steps involve in cyclic voltammetry 

In Voltammogram, during forward scan the highest peak is oxidation peak and it 

corresponds to anodic current and anodic potential. Whereas, during reserve scan the 

peak where rate of reduction is highest is known as reduction peak and it corresponds 

to reduction current and reduction potential. The shape of the curve depends whether 

the process is reversible or irreversible. 

 

Figure 15: Schematic of Cyclic voltammetry 
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 The current peaks separate by voltage of ∆𝐸 = 𝐸𝑝
𝑎 − 𝐸𝑝

𝑎 

 When scan rate changes, peak voltage position remains the same  

 The ratio of the peak current gives the value of one 

ip
a

ip
c = 1 

 The current peaks are directly related to the square root of the scan rate. 

3.9.2 Linear sweep voltammetry 

The Linear sweep voltammetry technique comprises of a fixed potential range, which 

is applied in a similar way as potential step measurement. The voltage scanning is 

performed from lower to upper limit as given below. Schematic representation of LSV 

is given below in Fig. 16 

 

Figure 16: Schematic representation of LSV 

The scan rate can be calculated from slope of the line. It depends on time required to 

sweep the voltage range. The characteristics of LSV curve depends on many factors.  

 Reaction rate required to transfer an electron 

 The chemical reactivity of species that are electroactive 

 The voltage scan rate 

The response of current is plotted against voltage. 

3.9.2.1 Tafel slope 

The slope of the Tafel is used for the purposes of gaining a better understanding of the 

Tafel behaviour of electrocatalysts and reactants. The Tafel equation could be changed 

into log functions. Where a low Tafel slope indicates efficient kinetics of electro 
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catalyst which corresponds to smaller overpotential with quick increase in current 

density. Tafel slope also provides an insight to OER mechanism, pointing out to the 

rate calculating step. Intrinsic rate of electron transfer among electrode and analyse 

can be directly reflected by exchange current density (Jo). However, due to the 

complexity of the OER mechanism and the extensive errors related to exchange 

current density estimation Jo, it is rarely used in OER and HER, 

 = 𝑏. 𝑙𝑜𝑔
𝑗

𝑗.
 

Where; 

= Over potential    b= Tafel slope 

j= Current density    j. = exchange current density 

3.9.2.2 Overpotential; 

Overpotential is applied for the purpose of propelling the processes of electron transfer 

at a required rate which has been subjected to inactivity due to the high activation 

energies. This is done in order to form reaction intermediates with effectiveness, which 

is necessary for the configuration of reaction intermediates with effectiveness. Under 

the conditions that, water is at 25oC and pH = 0 then according to Nernst equation, 

𝐸𝑒𝑞 = 𝑁𝐻𝐸 =
𝑅𝑇

𝑁𝐹
= ln (

𝑜𝑥

𝑅𝑒𝑑
) 

Where, 

Eeq= potential under equilibrium conditions 

R=Ideal gas constant 

T=temperature in Kalvin 

N=number of moles of electrons 

F= Faraday Constant  

[Red]= concentration of reduced molecules  

[Ox]=concentration of oxidized molecules 

The required potential for electrolization of water will be Eeq = 1.23V vs. NHE. 
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With the change of pH, the electrode potential changes, which in turn utilizes 

reversible hydrogen electrode (RHE) as a reference potential at a given temperature of 

25oC. 

𝐸𝑒𝑞 (𝑅𝐻𝐸)  =  𝐸 𝑒𝑞 (𝑅𝐻𝐸)  + 0.059 𝑝𝐻 = 1.23𝑉 

The cell potential given as E is 

𝐸(𝑅𝐻𝐸) = 𝐸𝑇𝑒𝑠𝑡 + 𝐸𝑜 + 0.059 𝑝𝐻,  

Where  

ERHE=converted cell potential 

ETest = applied cell potential 

Eo = cell potential at standard conditions 

For different overpotential values there will be different current values accordingly. 

The overpotential value was commonly used as criterion at a current density of J=10 

mA cm-2 

(ƞ10). The smaller the value of ƞ10 more improved will be the electrolytic ability. 

Ƞ =  𝐸(𝑅𝐻𝐸) −  𝐸𝑒𝑞(𝑅𝐻𝐸) 

3.9.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy is used to measure resistance and 

capacitance properties of catalyst, when an AC excitation signal is applied at 10 mV. 

The resistance and capacitance values are calculated by measuring in-phase and out-

phase responses of current. It also provides an insight to electrochemical reactions 

occurring at anode and cathode. The ohmic resistance, charge transfer resistance, and 

diffusion transfer resistance are some of the terminology that are used to assess the 

internal resistance. The measurements are performed in a potentiostat with an AC 

amplitude of 10 mV over a frequency range of 100 kHz to 1 MHz. The frequency 

range of the measurements is as follows: The frequency response analyzer has the 

capability of recording the fluctuations in current response in addition to the voltage 

response. Graphical representation is given below in Fig 17; 
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Figure 17: Graphical Representation of Electrochemical impedance spectroscopy 

The Nyquist plot or the Bode plot can be used to represent the EIS values. When 

drawing the Nyquist plot, negative imaginary impedance values are plotted along the 

x-axis, while real impedance values are plotted along the y-axis. The data for low and 

high frequency are presented via the Bode plot. The value of Rp can be determined by 

taking the difference in resistance between low frequency and high frequency. For the 

purpose of demonstrating the diffusion mechanism, the Warburg element is connected 

in parallel to Rs and Rp in order to create an equivalent circuit[104]. Schematics of EIS 

is given below in Fig. 18 

 

Figure 18: Principle of Electrochemical impedance spectroscopy. 
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3.9.4 Stability Test 

The stability of electrocatalysts is an important activity parameter that is connected to 

OER catalysis. There are multiple ways in which this stability can be assessed. The 

cyclic stability is determined by the difference in linear sweep voltammetry (LSV) 

after one thousand cycle voltammetric scans have been carried out. It is also possible 

to show it using a durability test, which measures the change in performance over time 

at a particular current density (chrono-amperometry) or at a particular applied potential 

(Chrono-potentiometry). Both of these tests are performed at a constant applied 

potential. It operates by maintaining either a galvanostatic or potentiostat phase for an 

extremely extended period of time. If the activity of the material does not change after 

being subjected to such prolonged polarisation, then we may say that it is stable. 
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Chapter No 4 

Result and Discussion 

4.1 Characterization of LSTN  

4.1.1 X-Ray Diffraction Analysis of LSTN 

The crystallinity of synthesis electrodes was confirmed by using XRD and is given in 

Fig. 19. The XRD of prepared LSTN shows specific peaks at 22.76°, 32.46°, 39.94°, 

46.50°, 52.40°, 57.84°, 67.89°, 72.65°, 77.32°, which relates directly to a crystal plane 

of (100), (110), (111), (200), (210), (211), (220), (221), and (310). A-site is inhabited 

by La and Sr, whereas B-site is shared by Ti and Ni (JCPDS No: 01-079-0181). In 

contrast, e-LSTN exhibited a more dramatic Ni peak impact. 

 

Figure 19: XRD graph of e LSTN 

4.1.2 Scanning Electron Microscopy (SEM) 

The SEM image showed in Fig. 20 describes the erratically formed clusters of LSTN 

perovskite. The clusters are the tiny particles of LSTN aggregates, and their typical 
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dimension is less than 70 nm. These clusters create porosity channels that make it 

easier for electrolytes to move about. During the charge transference these 

interconnecting particles are very useful. Compared to macro pores, microspores 

facilitate the adsorption and desorption of electrolytes and provide numerous active 

sites for redox reactions[105]. The Ni particles get more exposed after exsolution, 

thereby facilitating the electron/ion diffusion and its contact with electrolyte. This has 

significantly increased the electrode surface area and efficiency of catalyst. Very small 

Ni nanoparticles of approx. 30 nm have been observed. 

 

Figure 20: SEM image of LSTN 

4.2 Characterization of g-C3N4 

4.2.1 X-Ray Diffraction Analysis of g-C3N4 

The crystallinity of synthesis of electrode is confirmed by the using XRD as given in 

Fig 21. The XRD pattern of pure g-CN shown in the figure below reveals a 

characteristic peak at 13.2° on the (100) diffraction plane. The computed inter-planar 

spacing is 0.67 nm with respect to JPCDS No. 87-1526. The inter-planar spacing is 

the distance between aromatic repeating blocks inside a single sheet. The dominant 

peak in this pattern occurs at 27.2°which correspond to the typical (002) plane of 

carbon. The sharpness of the reflection peak reveals the dense packing of sheets 

present in graphitic carbon nitride with strong interactions between their layers. 
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Figure 21: XRD of g-C3N4 

 

4.2.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy used to check the morphology of g-CN. The g-C3N4 

prepared by urea having small lamella and loose structure.  Fig. 22 shows that nano 

sheets are unevenly stacked or piled to generate flake-like shapes[106]. 

 

Figure 22: SEM image of g-C3N4 

4.3 Characterization of LSTN, g-CN, and LSTN/g-CN Electrocatalyst 

4.3.1 X-Ray Diffraction Analysis of LSTN/g-CN Electrocatalyst 

The crystallinity of synthesis of electrode is confirmed by the using XRD as given in 

Fig. 23. In order to verify the creation of the g-C3N4 @LSTN nanocomposite, the 
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individual diffraction peaks of LSTN powder and g-C3N4 were used as a reference. 

The heterostructure displayed XRD peaks at 22.76°, 32.46°, 39.94°, 46.50°, 52.40°, 

57.84°, 67.89° and 72.65°. These peaks correspond to the planes (100), (110), (111), 

(200), (210), (211), (310) and (222). While the g-C3N4 phase is indicated by the peaks 

at 13.2° and 27.2° which correspond to the planes of (100) and (002) respectively in 

hybrid material. The development of hybrid nanostructures has been demonstrated by 

the presence of distinct phases from both parent materials at the same time (LSTN and 

g-C3N4.) However, planes of LSTN such as (110), (310) and (222) were not seen in 

the g-C3N4 @LSTN nanocomposite. This can be attributed to the complex and 

randomly layered g-C3N4 on the LSTN particles, which resulted in decreased signal 

intensity for the planes (110), (310) and (222). In addition, the diffraction peaks for 

pure g-C3N4 are substantially wider than those of LSTN. This can be related to the 

relatively low crystallinity of g-C3N4 in comparison to that of LSTN. In addition, the 

absence of more peaks suggests that the pure phase g-C3N4 layers are successfully 

developed on LSTN particles by utilizing the simple sol-gel process without the 

addition of any contaminants. 

 

Figure 23; XRD of LSTN,g-C3N4, LSTN/g-C3N4 hybrids 
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4.3.2 Fourier Transform Infrared Spectroscopy (FTIR)  

To perform additional research into the structural properties of the composite, the 

technology known as Fourier Transform-infrared (FT-IR) was utilised. This allowed 

to find the functional groups present in the compound.  As can be seen in Fig. 24, the 

vibrational frequency of the metal oxide bands falls between 400 and 700 cm-1. The 

NH2 stretching vibration has been discovered as having intense peaks at 3400cm-1. 

The peak at 1446 cm-1 correspond to C-N and the peak at 1630 cm-1 correspond to C=N 

vibrations. These peaks are the evidence of g-C3N4 presence in the composite. At a 

frequency of 1020 cm-1, a peak is present which corresponds to the presence of SrTiO3. 

Even though the peak at 800 cm-1 indicates a metal-oxygen bond and the Ti-O 

stretching vibration shown by TiO2 supports the production of brucite type layers on 

LSTN particles.  In other words, the presence of SrTiO3 and Ti-O stretching vibration 

can be inferred from the fact that these peaks come from LSTN particles. It is essential 

to keep in mind that every FTIR peak occur at different wavelengths that indicates the 

presence of specific functional group in the synthesized catalyst. The FTIR of hybrid 

shows the presence of functional groups from both LSTN and gC3N4 that confirms the 

formation of composite material. 

 

Figure 24: FT-IR analysis of LSTN/g-C3N4 hybrid 
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4.3.4 Scanning Electron Microscopy (SEM) of Hybrid 

SEM is an outstanding technique for observing the surface of material and provides 

excruciate details about surface projections. It provides information about texture 

(external morphology) chemical composition orientation and crystalline structure. It 

generates an image of a material by the employment of an electron beam, and the 

magnifications are accomplished with the application of electromagnetic fields. 

Images obtained using scanning electron microscopy (SEM) of hybrid material are 

presented in the Fig. 25.  The morphology of these images agrees with the research 

that was previously stated. The figures show SEM images for the hybrids at a variety 

of resolutions. Based on the synthesis of the hybrid, it is hypothesized that both 

components are interconnected with each other; hence, it is not possible to see a single 

morphology that is specific to either molecule. This method of chemical synthesis 

results in the creation of porous material, and the average crystallite size of hybrids is 

diminished as a result of particles collision. The lightning-fast current response offered 

by this Nano material is made possible by the one-of-a-kind synergistic action and the 

high activity of the materials due to its unique morphology. As can be seen in Figure, 

the morphological pattern of gC3N4@LSTN exhibits a conventional porous structure 

that is painted consistently in a very thick pattern on the substrate. As can be observed 

clearly from SEM images, it looks like nanoparticles were incorporated in sheet like 

structure. The effective prevention of packing and self-aggregation is achieved 

through the homogenous anchoring of gC3N4 onto the surface of LSTN perovskite. 

The heterostructure composite has the potential to provide a high specific surface area 

having porous characteristics. This helps to facilitate the flow of electrolyte towards 

complete Nano sheets, which ultimately leads to good catalytic performance. An 

image of the hybrid that has been magnified reveals that it has a petal-like structure, 

similar to that which is displayed by hydrangea and has a normal diameter of 1 μm. 

There are a number of gaps between each individual petal, and these crevices provide 

a variety of routes for the entry of electrolyte ions as well as mass movement. The 

hydrangea-type design is made up of curled sheets that are 25 nm thick and have an 

air gap that is 200 nm between each pair of sheets. It is the ultrathin character of the 

highly orientated layered composite crystal structure that is responsible for the 

remarkable catalytic performance that can be observed.  
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Figure 25: SEM image of LSTN, g-C3N4 and their hybrids at different resolutions 

4.3.5 Energy-Dispersive X-ray Spectroscopy of Hybrid 

The Energy-dispersive X-ray spectroscopy (EDX) examination that was undertaken 

for further investigation represents that the as prepared nanocomposite predominantly 

comprises of La, Sr, Ti, Ni, N, C and O elements; this, therefore, implies that the 

successful creation of hybrid of LSTN and g-CN has taken place. Coating of Strontium 

and Nickel elements into LSTN's A-site (La) and B-site was carried out successfully, 

as evidenced by the high intensity signal for both of these elements.  The presence of 



49 

 

a large nickel fraction is the result of a substrate composed of nickel, along with the 

element's presence in heterostructure.  The atomic percentages of the components g-

CN@LSTN are shown in figure below in the following section. The energy-dispersive 

X-ray (EDX) mapping of hybrid materials that was performed to identify the 

homogenous presence of all of the important components, including lanthanum, 

strontium, nickel, titanium, carbon, nitrogen and oxygen, with ratios displayed. It is 

important to note that the composition did not change at any point in time. The EDX 

elemental graph offers further evidence that the successful creation of hybrid material 

gC3N4@LSTN was achieved. 

4.4 Electrochemical Testing of LSTN, g- C3N4 @LSTN, and g-C3N4 

for OER and HER 

4.4.1 Linear Sweep Voltammetry Results for OER 

The LSV technique comprises of a fixed potential range, which is applied in a similar 

way as potential step measurement. The voltage scanning is performed from lower to 

upper limit. It depends on time required to sweep the voltage range. The characteristics 

of LSV curve depends on many factors i.e., Reaction rate required to transfer an 

electron, the chemical reactivity of species that are electroactive, the voltage scan rate. 

In this, the response of current is plotted against voltage. To carry out electrochemical 

tests, a three-electrode assembly consisting of three electrodes is required. One of the 

electrodes is known as reference electrode that is usually Ag/AgCl, the second 

electrode is Pt wire which is used as counter electrode. The third one is our working 

electrode that consist of our catalyst deposited on Ni foam. The electrolyte used was 

the solution of 1 M KOH. It was possible to assess the HER performance by using the 

polarization curves of the LSV. To determine the effect of g-C3N4 over LSTN, all the 

catalysts were evaluated under the same conditions. The Fig. 26 demonstrates the 

polarization curves for OER that represents the peak of oxidation at a potential of 1.38 

V, which correlates with the oxidation of Ni in them. When the potential is more than 

1.52 volts, there is a rapid increase in the anodic current density. Linear sweep 

voltammetry (LSV) demonstrates that there is a significant difference between the 

activities of 1wt% g-C3N4@LSTN, 3wt% g-C3N4@LSTN, 5wt% g-C3N4@LSTN, 

8wt% g-C3N4@LSTN and g-C3N4.  Perovskite's bifunctional activity is significantly 

enhanced by doping at both the A site (Sr) and B site (Ni) of the perovskite crystal 

structure. Doping with strontium results in the formation of many oxygen vacancies, 
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which in turn increases the number of possible pathways through which oxygen ions 

can move [107]. Furthermore, the presence of numerous Ni3+ on the surface can be 

attributed to the oxygen vacancies that were provided by the Ni doping, which in turn 

improved the catalytic activity. Despite this, the OER activity of LSTN is significantly 

lower than that of perovskites based on cobalt [108]. As a result of this, there is a 

pressing requirement to enhance OER by developing composite catalysts that are 

applicable in a variety of contexts. The electrochemical performance of the electrode 

can be significantly improved by making hybrids of LSTN. This improvement is made 

possible by using g-C3N4. It provides heterogeneous pathways for the rapid 

transportation of ions between the interface of electrode and electrolyte, hence 

improving the electrodes' overall electrochemical performance [109]. 

To evaluate the OER performance of all the synthesized electrocatalysts, anodic 

current and overpotential values at 1.6 V were also determined. This demonstrates that 

3wt% g-C3N4@LSTN only needs a 62 mV overpotential in contrast to LSTN and g-

C3N4, which have shown a relatively large overpotential of 76mV and 178 mV 

respectively than composite material. The overpotential of these catalysts for OER is 

given below in table 2.  

Table 2: Overpotential for OER 

Sr. No. Catalysts Overpotential at 

10 mA cm−2 

1 LSTN 76 mV 

2 g-C3N4 178 mV 

3 1wt% g-C3N4 @ LSTN 74 mV 

4 3wt% g-C3N4 @ LSTN 62 mV 

5 5wt% g-C3N4 @ LSTN 66 mV 

6 8wt% g-C3N4 @ LSTN 67 mV 
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Figure 26: Overpotential for OER 

The Tafel equation can be transformed to log functions, where a low Tafel slope 

indicates efficient kinetics of electro catalyst which corresponds to smaller 

overpotential with quick increase in current density. Tafel slope also provides an 

insight to OER mechanism, pointing out to the rate determining step [110]. Tafel slope 

for OER of these catalysts is given below in table 3. The relatively low Tafel slope of 

3wt%g -C3N4@LSTN (119 mV dec-1) as compared to LSTN (161 mV dec-1) 1wt%g-

C3N4@LSTN (142 mV dec-1), 5wt%gC3N4@LSTN (129 mV dec-1), 8wt% g-

C3N4@LSTN (133 mV dec-1) and g-C3N4 (177 mV dec-1) that are depicted in Fig. 27 

is an indication of the fact that the 3wt% g-C3N4@LSTN is a very good electrocatalyst 

for OER water splitting. It has a greater electrocatalytic performance capacity than 

other materials due to the fact that the rate of this electrocatalyst enhances when there 

is an enhancement in potential. This extraordinary behaviour can be explained by a 

large array of oxygen species that have been adsorbed and their interaction with 

heterostructure catalysts on the cation sites of transition metals.  
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Table 3: Tafel slop for OER 

Sr. No. Catalysts Tafel slopes 

mVdec-1 

1 LSTN 161 

2 g-C3N4 177 

3 1wt% g-C3N4 @ LSTN 142 

4 3wt% g-C3N4 @ LSTN 119 

5 5wt% g-C3N4 @ LSTN 129 

6 8wt% g-C3N4 @ LSTN 133 

 

 

Figure 27: Tafel slope for OER 
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4.4.2 Linear sweep voltammetry results for HER 

To carry out electrochemical tests, a three-electrode assembly consisting of three 

electrodes is required. One of the electrodes is known as reference electrode that is 

usually Ag/AgCl, the second electrode is Pt wire which is used as counter electrode. 

The third one is our working electrode that consist of our catalyst deposited on Ni 

foam. The electrolyte used was the solution of 1 M KOH. It was possible to assess the 

HER performance by using the polarization curves of the LSV. To determine the effect 

of g-C3N4 over LSTN, all the catalysts were evaluated under the same conditions. The 

composite g-C3N4@LSTN has a well-deserved reputation for being an outstanding 

catalyst for the hydrogen evolution reaction. With linear sweep voltammetry (LSV) 

curves in 1 M KOH, the HER activities of a variety of different electrocatalysts 

including LSTN, 1wt%g-C3N4@LSTN, 3wt%g-C3N4@LSTN, 5wt% g-C3N4@LSTN, 

8wt% g-C3N4@LSTN and g-C3N4 were investigated in this study. The over potential 

for HER of these catalysts is given blow in table 4. According to Fig. 28, 3wt% g-

C3N4@LSTN exhibited higher HER catalytic activity. This material required only -

148mV to drive the current density of 10 mA/cm2, which was a significant 

improvement above the performance of LSTN, 1wt% g-C3N4@LSTN, 5wt% g-

C3N4@LSTN, 8wt% g-C3N4@LSTN and g-C3N4 materials with the overpotential 

values of -242mV, -235mV, -225mV, -226mV and -258mV respectively. 

Table 4: over potential for HER 

Sr. No. Catalysts Overpotential  

1 LSTN  -242 m V 

2 g-C3N4 -258 mV 

3 1wt% g-C3N4 @ LSTN -235 mV 

4 3wt% g-C3N4 @ LSTN -148 mV 

5 5wt% g-C3N4 @ LSTN -225 mV 

6 8wt% g-C3N4 @ LSTN -226 mV 
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Figure 28: Overpotential for HER 

As shown in Fig. 29, the corresponding Tafel plot of 3wt%gC3N4@LSTN has a value 

of 32 mVdec-1 that is lower than that of pure LSTN (44 mV dec-1) and g-C3N4 (48 

mVdec-1) parent materials which indicates that the electrocatalytic kinetics of 3wt% 

g-C3N4@LSTN with respect to HER are superior to those of its parent materials. The 

Tafel slope values of all the catalysts were determined and written in table 5. The 

remarkable electrochemical behaviour of 3wt% g-C3N4@LSTN was achieved because 

of synergistic interaction among LSTN perovskites nanoparticles and g-C3N4, in 

addition to the conductive support that was supplied by Ni foam. Because of this, the 

adsorption of hydrogen is increased, which, together with the ordering of the phases, 

results in an excellent electrocatalyst. The porous nickel foam provides mechanical 

stability and also makes it easier for electrolytic ions to flow toward electroactive sites 

by offering narrower routes. This is made possible by the fact that the foam is 

mechanically stable [110]. 
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Table 5: Tafel slope for HER 

Sr. No. Catalysts Tafel slopes 

mVdec-1 

1 LSTN 44.0 

2 g-C3N4 48.0 

3 1wt% g-C3N4 @ LSTN 42.0  

4 3wt% g-C3N4 @ LSTN 32.0 

5 5wt% g-C3N4 @ LSTN 37.0 

6 8wt% g-C3N4 @ LSTN 40.0 

 

 

Figure 29: Tafel slope for HER 
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4.4.3 Cyclic Voltammetry 

The fig. 30 shows the cyclic voltammetric graphs of g-C3N4@LSTN which were 

studied at the scan rate from 5 to 50 mV/s. A pair of distinct redox peaks can be seen 

in the potential range of 0.7-1.7 V. These peaks correlate to B-type curves [110]. In 

addition, the adsorption of OH- at the electrode surface is the most important step in 

determining the reversibility of the material that makes up the electrode. The 

configuration of CV remains unchanged even though the scan rate is being increased; 

this indicates a relatively low resistance, great cyclic stability as well as exceptional 

catalytic performance of the electrodes. The rise in the scan rate decreases the 

resistance of the diffusion layer which allows for a higher current density to be 

achieved. In addition, nickel foam has a weak OER activity and does not contribute 

much to this activity. It is solely added as a semiconducting supportive material [111].  

The porosity of nickel foam allows for effective flows and an easier material to work 

with hydrogen and oxygen departure. These peaks in redox potential are connected to 

reactions known as faradaic redox reactions.  

 

Figure 30:  Cyclic voltammetry curve for LSTN@g-C3N4 at a scan rate of 5, 10, 20, 40 & 50 
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The cyclic voltammetry graphs of LSTN, g-C3N4 are shown in fig. 31 (a-f). The cyclic 

voltammetric graphs were studied at the scan rate from 5 to 50 mV/s. A pair of distinct 

redox peaks can be seen in the potential range of 0.7-1.7 V. These peaks correlate to 

B-type curves. The comparison of CV curves for LSTN, 1wt%gC3N4@LSTN, 3wt% 

g-C3N4@LSTN, 5wt% g-C3N4@LSTN, 8wt% g-C3N4@LSTN and g-C3N4 shows 

clear difference in redox peaks as well as current density for the prepared composite. 

The LSTN, 1wt%gC3N4@LSTN, 3wt% g-C3N4@LSTN, 5wt% g-C3N4@LSTN, 

8wt% g-C3N4@LSTN and g-C3N4 shows current in oxidation peak at 13.28mA, 

33.2mA, 44.4mA, 27.2mA, 25.92mA and 13.09mA respectively at the scan rate of 

5mAs-1. The current value regarding reductions peaks of LSTN, 1wt%gC3N4@LSTN, 

3wt%gC3N4@LSTN, 5wt%gC3N4@LSTN, 8wt%gC3N4@LSTN and gC3N4 is -9.9 

mA, -27.1mA, -37.2 mA, -23.35mA, -22.8 mA and -13.09 mA respectively. The 

confirmation of the electrode's stability is provided by the fact that there is linear rise 

of redox peaks with scan rate as could be clearly seen from the CV polarization curves 

[112]. 

 

Figure 31: CV graphs at different scan rates 5, 10, 20,30,40,50 mV/S a) LSTN b) g-C3N4 C) 

1 wt.% hybrid d) 3 wt.% hybrid e) 5 wt.% hybrid f) 8 wt.% hybrid 
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4.4.4 Electrochemical Impedance Spectroscopy 

To check resistance and capacitance properties of catalyst, when an AC excitation 

signal is applied at 10 mV, electrochemical impedance spectroscopy is used. The 

resistance and capacitance values are calculated by measuring in-phase and out-phase 

responses of current. It also provides an insight to electrochemical reactions occurring 

at anode and cathode. That is why, measurements were made with impedance 

spectroscopy to learn more about how the catalyst worked after it was synthesized 

[113]. The representation of EIS is shown in fig. 32. The EIS results of synthesized 

catalysts were determined within frequency range between 205 Hz and 0.1 Hz, and the 

experiment was done in a solution with 1 M KOH. The main purpose of EIS is to find 

resistance.  The EIS plot is shown by a half-circle known as Nyquist plot that is used 

to find the resistance comes from a faradic reaction which happens at the surface of  

electrode [114]. It can be observed clearly from EIS plots that 3wt% g-C3N4@LSTN 

has a lower charge transfer resistance (Rct) of 9.959 e-3 Ω that is represented by the 

less diameter of the semicircle, which shows how well charge can be moved. The 

polarization resistance of LSTN has been measured to be 15.25e-3 Ω, while the 

polarization resistance of gC3N4 has been measured to be 22.86e-3 Ω. According to 

Table 6, the electrolyte resistance of the LSTN, 1wt% g-C3N4@LSTN, 3wt% g-

C3N4@LSTN, 5wt% g-C3N4@LSTN, 8wt% g-C3N4@LSTN and g-C3N4 were 

measured to be 1.835Ω, 1.136Ω, 1.208Ω, 1.248Ω, 1.249Ω and 1.434Ω respectively. 

The decrease in the radius of semi-circle represents lower resistance value which in 

turn shows high charge transfer rate that is suitable for the electro-catalyst to function 

effectively [115]. 

Table 6: EIS table for LSTN, g-C3N4 and hybrids 

Sr. No Catalysts Rct. Ru Cf 

1. LSTN 15.25e-3 1.835 481.2e-9 

2. g-C
3
N

4
 22.86e-3 1.434 330.2e-9 

3. 1wt% g-C
3
N

4
 @ 

LSTN 

10.79e-3 1.136 966.82e-9 
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4. 3wt% g-C
3
N

4
 @ 

LSTN 

9.959e-3 1.208 1.348e-9 

5. 5wt% g-C
3
N

4
 @ 

LSTN 

11.11e-3 1.248 264.7e-9 

6. 8wt% g-C
3
N

4
 @ 

LSTN 

13.52e-3 1.249 488.1e-9 

 

 

Figure 32 The Nyquist plot for LSTN, g-C3N4, and LSTN@g-C3N4 hybrids 

4.4.5 Stability Test 

The electro catalyst’s stability is an essential activity parameter related to OER 

catalysis it can be determined in various ways. The cyclic stability depends upon the 

alteration in linear sweep voltammetry (LSV) after performing 1000 cycle 

Voltammetric scans. It can also be depicted by durability test, which is provided by 

the altering the performance at specific current density or at a specific applied potential 

with respect to time. The stability of 3wt% g-C3N4@LSTN was evaluated at .A for a 

period of two hours. The findings of Chrono-potentiometry on heterostructure have 

demonstrated that it maintains a consistent behaviour throughout time that could be 
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credited to the structure of the material. When there is a low ion diffusion resistance, 

it is simpler for ions to flow quickly across the active sites that are broadly exposed. 

This is because a good interface among the electrolyte and electrode, the causes low 

ion diffusion resistance. This occurs because of the synthesized material being 

activated while the Chrono-potentiometry test is being performed. Initially, there is a 

rapid response from the potential, but after some time, there is no change. There is 

only a difference of 0.03V in the potential. These stability results shows that the 

synthesized catalyst is very stable. As shown in fig. 33 below 

 

Figure 33: Comparison of chronopotentiometry curve for g-C3N4, LSTN and 3wt% g-

C3N4@LSTN for 2 hours 
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Challenges for Perovskites as Bifunctional Catalysts 

for Water Splitting 

Compared to the tremendous progress of design strategies for the improving 

performance of catalyst, durability has received far less interest, despite the fact that it 

is of greater relevance for device-based uses. The majority of perovskites experience 

amorphization in OER that leads to the leaching of cations from the A/B sites into the 

electrolyte. It was discovered that such amorphization occurred in majority and over 

the extremely active surface (BSCF) [64],[116] which resulted in a structural shift 

from corner shared octahedra towards edge shared octahedra. In addition, it was 

discovered that none of the catalysts, including electrocatalysts named Ni and Fe, are 

stable over the long term. 

Even though the two half-cell reactions process had been thoroughly researched on 

catalysts like perovskites, optimising this catalyst remains challenging because of the 

process's complexity. To better understand the process of two half-cell reactions on 

the surface of perovskite oxide, it is required to construct a clear cut unique perovskite 

that interconnects the surface electrochemistry and electronic configuration of 

perovskite oxides. There are disadvantages associated with the stability, restricted 

electromagnetic efficiency, and low conductivity of pure perovskites. As a dopant, 

rare-earth and precious metals are utilised in perovskites with the goal of improving 

the perovskite crystal structure's physicochemical qualities. As a consequence, the 

incorporation of RE metals with changeable valence states and electronic structures 

leads in versatile redox characteristics as well as better electromagnetic properties. In 

addition, partial replacement at A/B-site cations of perovskite increases activity of 

catalyst but on the other hand also weakened perovskite. Additionally, the impact of 

synergy among the secondary component and oxide must be investigated for other 

hybrids perovskite electrocatalysts. To enhance the effectiveness of the perovskites as 

catalysts, more accessible active sites are required for cathodic and anodic activity.  

The standard methods for preparing perovskite electrocatalysts are exceedingly 

difficult and need specialised equipment for comprehensive manufacture. For practical 

applications, perovskite oxides must be inhibited from undergoing structural changes 

in catalysis by means of such research. 
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Conclusion 

Synthesis of LSTN perovskite using sol gel method was developed in this research 

incorporating CA/EDTA as binder followed by high temperature calcination. Beaker 

is used in this process and all the elements added in DIW. Then heated at 250 oC for 

12 hours until solid powder formed. Then this solid powder put in muffle furnace in 

crucible at 1000oC for 10 hours. After that LSTN powder is formed. The crucible is 

made up of material which could bear high temperature and is inert towards almost all 

types of compounds to avoid contamination. As a supporting element as well as current 

enhancer for catalyst, graphitic carbon nitride (g-C3N4) was also synthesized by 

heating of urea at the temperature of 550oC in muffle furnace. while heating rate was 

5 degrees/min. Hybrids of g-C3N4 with LSTN perovskites of 1, 3,  5 and 8 wt.% were 

prepared using the same sol gel method and their water splitting applications were 

tested by using the electrochemical water splitting techniques. 

In the end, all of the catalysts were characterised by employing various techniques 

such as XRD, FTIR, SEM, and EDX in order to examine the structural and 

morphological features. Electrochemical studies including LSV, CV, EIS and Chrono 

potentiometry are used to check the water spiting applications of these catalysts.  

Regarding the morphology, pure LSTN perovskite has irregular flower like structure. 

Whereas in case of g-C3N4, layers like structure with irregular shape agglomerates 

can be seen. Correspondingly, hybrids of g-C3N4 with LSTN perovskite has proper 

shape crystals along with porous network like structure embedded by g-C3N4.  

LSTN@g-C3N4 as bifunctional catalyst shows excellent activity for both HER and 

OER when it deposited on highly active nickel foam. The overpotential for HER and 

OER is 140mV and 62 mV respectively at current density of 10 mA cm-2. The future 

work is based on preparing double perovskites to attain highly exposed active sites 

and increased ion diffusion. Therefore, a B-site cation doped double perovskite has 

also been synthesized to achieve high bifunctional activity. The prepared catalyst has 

provided a new pathway to prepare bifunctional electrocatalyst. 
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Future Recommendations 

On the surfaces of perovskites, a better knowledge of the OER, ORR, and HER 

mechanisms is required. The mechanisms described in the research journals require 

substantial experimentation to confirm their validity. Alternatively, perovskite catalyst 

synthesis methods require optimization. It may be able to rapidly construct active 

perovskite HER catalysts through integrating knowledge from reaction mechanism 

research with optimized catalyst synthesis. The reliance on extremely expensive and 

cutting-edge characterization techniques impedes further investigation of 

mechanisms. Therefore, the discovery of novel materials could lead to the creation of 

new structures and, consequently, new functionalities, some of which have been 

anticipated by utilizing DFT analysis. Correspondingly, for industrial applications, the 

lower HER is advantageous because the less value of HER with the activity of the 

catalyst, it may be possible to investigate the application of   Separate catalysts for 

both OER and HER, i.e., hybrid catalysts. 

In order for perovskite electrocatalysts to find broad use, one of the primary challenges 

that must first be overcome is the issue of the operational stability of the perovskite 

catalysts. As we have gone over in great detail, the stated stability tests in the recent 

research comprise electrochemical testing that is performed over a short period of 

time. The alterations that take place at the electrode surfaces are extremely dynamic 

during the first few hours of operation. Long-term electrochemical stability 

investigations could be undertaken to clarify the causes for effectiveness deterioration 

of the perovskites electrocatalysts. This would be necessary for the development of a 

catalyst that is stable and could be used in commercial applications. In addition, the 

conditions of stability testing conducted in research labs do not meet the standards of 

the industrial setting. For instance, in a real electrolyzer, there is the potential for 

operation at a variety of voltages. The stability of the catalyst when it comes to 

operation at a variety of voltages is something that can also be investigated in order to 

gain a better understanding of the perovskite electrocatalysts' long-term application. 

Consequently, application-oriented research could also carried out in greater depth for 

extended periods of testing time at operational conditions that are of greater interest to 

the industrial sector. For instance, testing should take place in the current density range 

of 0.5–2.0 A cm2 and at a higher temperature. 
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Plenty of research could be done in this field to commercialize catalysts. Double 

perovskites, and triple perovskites are having great potential to be explored in this 

area. Insitu synthesis of perovskite composites with MoS2 will result in highly active 

HER catalyst. 
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