
 

 

 

CHAPTER-6 
 

Synthesis, characterization, and electrochemical 

evaluation of CuMnSe₂/ppy composite for 

alkaline water oxidation 



Chapter 6 

 
 

Department of Chemistry, IIT (BHU)  202 

 
 
 

6.1. Abstract 

Hydrogen has garnered a lot of recognition for being clean and sustainable energy source, yet 

natural gas reformation presently provides the bulk of industrial hydrogen. The creation of 

effective, affordable, and durable electrocatalysts for the direct synthesis of hydrogen through 

water with little electrical input is a major goal in large-scale electrolysis. Using earth-abundant 

electrocatalysts to improve the water oxidation reaction, a critical step toward effective water 

splitting, is a potential strategy. In order to increase catalytic efficiency, Cu doped manganese 

diselenide (CuMnSe2) was hydrothermally synthesized and coated onto the conductive 

polymer polypyrrole (ppy). When ppy was added, CuMnSe2 produces a large number of active 

charge carriers that improved water oxidation reaction. The CuMnSe2/ppy catalyst 

demonstrated impressive performance for the OER, showing an overpotential of 299 mV at a 

current density of 10 mA cm⁻² (η10), a Tafel slope of 91 mV dec⁻¹, and a charge transfer 

resistance of 16.76 Ω Rapid charge mobility to the polymer's surface was made possible by the 

effective charge transfer by the complete dispersion of ppy over CuMnSe2 particles. The 

CuMnSe2/ppy composite is shown in this study to be a very powerful catalyst with a great deal 

of promise for use in sustainable energy applications in the future. 

6.2. Introduction 

Research in hydrogen energy as a sustainable substitute has increased as a result of the 

worsening energy crisis [1,2]. An ecologically favorable technique for producing hydrogen, is 

electrochemical water splitting, which includes the evolution of  hydrogen and the oxygen at 

the cathode and at the anode respectively [3,4]. The actual voltage which is known as 

overpotential, needed for water splitting, however, is more than the predicted thermodynamic 
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optimum of 1.23 V vs. RHE [5], that in turn leads to energy losses that lower the process's 

overall efficiency. Achieving effective total water splitting in a range of pH environments is 

further complicated by the different reaction mechanisms and conditions for HER and OER. 

The inherent electrocatalytic functionality and active site density of materials are the main 

determinants of their catalytic efficacy. By choosing the right materials and altering their 

surface and interface structures, catalytic activity may be increased [6]. Platinum (Pt) and 

ruthenium oxide (RuO₂), two traditional electrocatalysts for HER and OER, show outstanding 

output but have limited practical uses because of their high cost and unavailability. Non-noble 

metal-based electrocatalysts for water splitting have improved significantly in recent years, 

providing prospective substitutes for precious metals [7–9]. 

The four-electron transfer mechanism for alkaline water oxidation, which includes the 

formation of a dioxygen (O₂) molecule through a link between two oxygen atoms (O=O), is 

the main cause of its sluggish kinetics [10]. In order to replace the existing cutting-edge 

catalysts in alkaline water oxidation, there is an urgent need for electrode materials that are 

inexpensive, plentiful, and extremely effective. In order to overcome this obstacle, plenty of 

investigations has currently been done on creating long-lasting support structures and 

sophisticated electrode materials specifically for water-splitting applications. Numerous 

electrocatalysts have been studied as possible substitutes for HER and OER in recent years, 

including metal alloys, noble metals, transition metal oxides, metal-based materials (like 

carbides, nitrides, phosphides, and sulfides), chalcogenides, and composites [11]. 

Because of their remarkable electrocatalytic activity, catalysts based on transition metal 

chalcogenides (TMCs) have recently attracted an enormous amount of interest, outperforming 

conventional metal oxides and alloys [12–15]. This is especially noteworthy since metal-rich 
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chalcogenides' flexible stoichiometric tunability offers excellent efficiency, affordability, 

resilience, and the potential to be a good substitute for noble metals in the OER catalysis. The 

catalytic site's capacity to easily undergo electrochemical tuning with a low energy barrier is a 

crucial component in improving electrochemical performance. Materials based on manganese 

(Mn) are particularly noteworthy in this regard because of Mn's ease of adopting different 

oxidation states. Additionally, Mn-based compounds are very appealing for OER applications 

because to their inexpensive cost, less toxicity, and widespread natural availability. Even with 

these encouraging characteristics, research on Mn-based compounds as OER catalysts is 

noticeably lacking, and there aren't many papers showcasing its potential in this field [12,13].  

Furthermore, by producing unbalanced Coulombic forces that encourage atomic 

rearrangement and the production of defects, metal doping can cause the formation of catalytic 

edges [16,17]. Through enhancing the quantity of active sites, these changes increase the 

electrocatalytic functionality of the OER and promote more effective electron transfer [18,19]. 

Additionally, it has been demonstrated that doping with transition metals increases the density 

of accessible catalytic sites, which enhances catalytic performance overall [20]. One of the 

most plentiful and reasonably priced metals is copper. Particularly, copper selenides have 

garnered interest because of their advantageous chemical and physical properties, that greatly 

accelerate the catalytic activity. They are interesting options for OER applications mostly 

owing to their superior electrical conductivity, which is substantially responsible for this 

enhancement [21,22]. 

Because of the exceptional stability, high conductivity, and plentiful nitrogen content, 

conducting polymers like polypyrrole (ppy) have become promising cocatalysts. When 

combined with transition metal-based materials, these polymers can form transition metal-N 
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coordinate bonds [23–25]. For instance, Yang et al. used a polypyrrole hydrogel incorporating 

cobalt and iron to develop an innovative trifunctional electrocatalyst for self-sustaining overall 

water splitting [26]. 

In this work, we investigate a composite material's electrochemical performance for 

OER applications. Inspired by the components' encouraging features, we created the Cu doped 

MnSe2/ppy hybrid composite utilizing a straightforward hydrothermal synthesis that followed 

solid state grinding. With a moderate Tafel slope of 91 mV dec⁻¹, an exceptionally less 

overpotential of 299 mV (η10) for OER in an alkaline aqueous solution. The as-prepared hybrid 

material exhibits exceptional electrocatalytic efficiency. 

6.3. Experimental 

6.3.1. Materials 

Se powder (AR, Merck, 99.9%), Copper Nitrate trihydrate (Cu(NO3)2.3H2O) (AR, Merck, 99.9 

%), Hydrazine hydrate (N2H4.xH2O), Manganese Chloride hexahydrate (MnCl2·6H2O) (AR, 

Merck, 99.9 %), and Pyrrole (AR, Merck, 99.9%). 

6.3.2. Synthesis of CuMnSe2 

Hydrothermal synthesis was used to create CuMnSe₂. After completely dissolving 0.33 mmol 

of manganese chloride hexahydrate and 0.33 mmol of copper nitrate trihydrate in 20 mL of 

ultrapure Milli-Q water, the mixture was rapidly mixed for 15 minutes using a magnetic stirrer. 

After adding 0.11 g of selenium powder, the mixture was stirred for a further half hour. After 

that, a black precipitate formed when 10 mL of hydrazine hydrate (N₂H₄·xH₂O) was introduced 

by drops. After that, the solution was continuously mixed in a magnetic stirrer for two hours. 
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This mixture of precursors was then moved to a 50 mL hydrothermal autoclave lined with 

Teflon and applied at 180 °C for 12 hours in a hot-air oven. The hydrothermal autoclave was 

left to spontaneously cool down to achieve ambient temperature once the reaction was finished. 

After being properly cleaned many times with ethanol and distilled water, the precipitate was 

let to dry overnight at 45 °C. 

6.3.3. Synthesis of polypyrrole 

The pyrrole monomer was maintained in dark and in an inert environment during the procedure 

to avoid oxidation. To guarantee even dispersion, pyrrole monomer (0.4 mL), added in double 

distilled water (50 mL) is initially mixed together and gently shaken during the synthesis. 50 

mL of anhydrous FeCl3 aqueous solution was then introduced by drops to the continuously 

stirring solution while it was in a nitrogen environment. For six hours, the polymerization 

process was conducted at temperatures between 0 to 5 °C. After the reaction, the resultant 

polypyrrole was filtered and carefully cleaned using methanol and double-distilled water until 

the pH of the washings become 7. The final polypyrrole material was obtained by vacuum-

drying the product for 12 hours at 60 °C. 

6.3.4. Synthesis of CuMnSe2/ppy composite 

The composite was made using a solid-state synthesis technique. To guarantee complete 

mixing, an equal amount of CuMnSe₂ and polypyrrole were first mixed and grind together in 

a mortar for two to three hours. The resultant mixture was then ultrasonically treated for an 

hour in an ethanol solution to attain total homogeneity. To finish the preparation procedure, 

the composite was finally dried at 45 °C. 
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6.3.5. Preparation of working electrode 

The working electrode's conductive substrate was fluorine-doped tin oxide (FTO). A mixture 

consisting of 40 μL of ethanol, 20 μL of double-distilled water, and 10 μL of 5 % Nafion was 

mixed with 1 milligram of the synthesized catalyst to formulate the catalyst ink. After that, the 

resulting mixture underwent ultrasonic treatment for about an hour to guarantee that the 

catalyst particles were distributed evenly. 20 μL of the resultant catalyst ink was gently dropped 

and cast over the FTO substrate after sonication, and it was then allowed to naturally dry at 

room temperature. 

6.3.6. Electrode preparation for spectro-electrochemical study 

The previously reported catalyst ink was utilized to make the working electrode for the 

operando spectro-electrochemical study. To guarantee adequate coating for use in the 

electrochemical measurements of the study, a platinum grid was first immersed in the catalyst 

ink and then allowed to dry at room temperature. 

6.4. Characterizations 

6.4.1. Physicochemical characterizations 

Using a Rigaku Smart Lab 9 kW powder diffractometer set to 1.514 Å, powder X-ray 

diffraction (XRD) was implemented to examine the crystalline and amorphous phases of the 

produced catalysts. FE-SEM (Field emission-scanning electron microscopy) on a Nova Nano-

SEM and HR-TEM (High resolution-transmission electron microscopy) on a Thermo Fisher 

Technai 20 G2 were used to analyze the materials' morphological and microstructural 

characteristics. EDS (Energy dispersive spectroscopy) and elemental mapping were utilized to 
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further examine the distribution and content of the elements inside the catalysts, yielding 

important information about the material's composition. 

6.4.2. Electrochemical characterizations 

Three electrodes were used in a single-compartment Pyrex glass cell for the electrochemical 

studies. The working electrode was the FTO/catalyst electrode, which had a working surface 

area of 0.5 cm², and the counter electrode was an 8 cm² piece of platinum foil (Aldrich, 99.9% 

purity). Using a Hg/HgO/1 M KOH reference electrode, all potentials were compared to the 

standard electrode potential of Hg/HgO, which is 105.3 mV vs. NHE [27]. Utilizing a Luggin 

capillary salt bridge made with agar-agar and KCl, the electrolyte was connected to the 

reference electrode. A CHI-608C instrument (CH Instruments, USA) was used for 

electrochemical characterization, which included Tafel polarization measurements, 

electrochemical impedance spectroscopy (EIS), and cyclic voltammetry  [28–30]. To relate 

potential values measured by the Hg/HgO reference electrode to the reversible hydrogen 

electrode (RHE), Equation 3.1 could be used which is already discussed in Chapter 3. 

ERHE = EHg/HgO + 0.0592×pH + E0
Hg/HgO                                   (3.1) 

6.4.3. Spectro-electrochemical characterizations 

A platinum wire was used as the counter electrode for the spectro-electrochemical 

investigations, and a platinum grid covered with the catalyst ink was employed as the working 

electrode inside a quartz cuvette. A Hg/HgO electrode submerged in a 1 M KOH electrolyte 

served as the reference electrode. To provide robust electrochemical measurements, an agar-

agar and KCl-made Luggin capillary salt bridge was implemented to link the reference 
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electrode to the electrolyte. Spectra were obtained during LSV at 5 mV s⁻¹ scan rate, close to 

the onset potential. The Ocean Optics FLAME-T-XR1-ES assembly was used to perform 

operando spectro-electrochemical measurements spanning a wavelength range of 200 nm to 

1025 nm. 

6.5. Results and discussion 

6.5.1. Physicochemical characterizations 

6.5.1.1. XRD 

Figure 6.1 displays the XRD patterns of polypyrrole (ppy), Cu doped MnSe2 (CuMnSe2), and 

ppy composite of Cu doped MnSe2 (CuMnSe2/ppy) samples. In the composite (Figure 6.1 (c)) 

and CuMnSe2 (Figure 6.1 (b)) sample, distinct diffraction peaks were identified at 27.79°, 

31.2°, 33.7°, 39.4°, and 49.6°, corresponding to the (200), (210), (211), (220), and (023) lattice 

planes of the cubic phase (JCPDS no. 89-3709) respectively. The peaks validate the cubic 

crystalline configuration. The XRD investigation further indicated the existence of secondary 

phases, including Cu₂Se and MnSe. The peaks at 27.47°, 44.8°, and 53.4° correspond to the 

(111), (220), and (311) reflections of the cubic Cu₂Se phase (JCPDS no. 01-088-2043) and the 

peaks at 32.8°, 47.1°, 55.7°, and 58.6° corresponds to (200), (220), (311), and (222) reflections 

of the cubic MnSe phase (JCPDS no. 00-011-0683) [31]. These extra peaks reveal the 

coexistence of Cu₂Se and MnSe in the prepared samples. 
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Figure 6.1. XRD patterns of a) ppy, b) CuMnSe2, c) CuMnSe2/ppy. 

Further broad peak at low angles corresponds to amorphous nature of ppy as 

demonstrated in Figure 6.1 (a). The inclusion of ppy does not impact the crystal lattice of the 

composite. This confirms that the polypyrrole is dispersed over the CuMnSe2 material and not 

intercalated [32]. 

6.5.1.2. FE-SEM 

The CuMnSe2/ppy composite material is shown in FE-SEM images (Figures 6.2 (a) and (b)) 

at different magnifications. The FE-SEM image shows a rod like structure with a layer of 

polypyrrole. Further, heterogeneous dispersion of smaller particles with different shapes are 

also present. These particles appear to aggregate and coalesce, forming larger structures, 

indicative of a growth mechanism that favors the clustering of smaller, irregularly shaped 

particles into more defined aggregates [33]. The stoichiometric character of the synthesized 
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catalyst is further supported by the EDS spectra acquired from FE-SEM, indicating that 

composite has with almost perfect elemental ratios. The elemental peaks in the EDS data are 

in line with the anticipated compositions confirming the existence of the elements. The EDS 

analysis (Table 6.1) and elemental mapping data, provided in Figure 6.3 and 6.4 respectively, 

further support these findings. 

 

Figure 6.2. a, b) FE-SEM micrographs of CuMnSe2/ppy at different magnifications, c) TEM 

micrograph of CuMnSe2/ppy, d) SAED pattern, e) HR-TEM image of CuMnSe2/ppy. 
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Figure 6.3. EDS spectra of composite (CuMnSe2/ppy). 

Table 6.1. Elemental composition from EDS spectra. 

          Element Weight % Atomic % Net Int. Error % Kratio Z A F           

          C K 11.46 38.50 88.30 39.67 0.0368 0.8775 0.3657 1.0000         

          N K 5.51 15.88 36.40 96.03 0.0180 0.8438 0.3872 1.0000         

          SeL 63.00 32.20 1199.50 11.38 0.3746 0.5568 1.0683 0.9996         

          MnK 7.10 5.21 58.70 86.67 0.0531 0.6980 1.0005 1.0718         

          CuK 12.93 8.21 51.30 88.18 0.1111 0.7729 1.0026 1.1091         
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Figure 6.4. Elemental mapping. 

6.5.1.3. HR-TEM 

The distinctive microstructure of the CuMnSe₂/ppy composite, seen in Figure 6.2 (c), was 

investigated using the TEM technique. The composite material's microstructure is similar to 

that of the SEM micrographs, but considerably smaller. This analysis confirms the particle size 

distribution of the synthesized material, which is not readily apparent in the SEM images due 

to the aggregation of particles. The SAED pattern of the composite material is shown in Figure 

6.2 (d). Three separate diffraction rings, which correspond to the (211), (210), and (220) 

crystallographic planes, agrees with the XRD data. Further, HR-TEM image of prepared 

catalyst (Figure 6.2 (e)) shows distinct lattice fringes and the d spacing calculated from these 

fringes are well aligned with the respective planes which is already confirmed by the XRD 

patterns. 
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6.5.2. Electrochemical characterizations 

6.5.2.1. OER study 

The produced catalysts’ electrochemical OER activity was assessed in alkaline electrolytes. 

Figure 6.5 displays the related electrochemical data. Figure 6.5 (a) displays the LSV curves 

at 5 mV s⁻¹ scan rate. The composite CuMnSe2/ppy shows an overpotential of 286 mV (η10), 

indicating effective charge transfer at the electrode/electrolyte interface than its individual 

constituents as clearly shown by Figure 6.5 (c). This result demonstrates the catalytic potential 

of the produced catalyst and is competitive with numerous currently available OER catalysts. 

The same material was put through 20 cycles of accelerated deterioration (AD) using 

CV testing to evaluate the catalyst's stability and longevity. A little rise in overpotential with 

prolonged cycling was shown by the overpotential measurement, which was 299 mV (η10) post-

AD. This little alteration confirms that the composite material continues to be 

electrochemically active and stable, underscoring the catalyst's resilience to repeated cycle 

conditions. These results highlight the synthesized material's potential performance and long-

term stability for OER applications.  

Apart from the apparent current density (japp), the specific current density (jspec) known 

for a measure of a current density normalized by the material loading, and true current density 

(jtrue) that is a measure of current density, normalized by the electrode roughness factor, could 

be used to evaluate the OER catalytic activity. This normalizing technique helps to better 

understand the intrinsic electrochemical activity of the CuMnSe₂/ppy composite in promoting 

the oxygen evolution process (OER). By taking into consideration, factors like surface area 

and electrode loading, this approach guarantees a better comparison of catalytic functionality 
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among various catalysts and offers a more transparent evaluation of the inherent catalytic 

efficiency [34]. The produced catalysts' jspec, jtrue, and japp are shown in Table 6.2, together with 

the overpotentials (η) that were computed at the designated current densities using Equation 

1.19 (From Chapter 1). Both jtrue and japp give a more accurate picture of the rate of alkaline 

water oxidation when the data is normalized using the oxide roughness factor or the geometric 

surface area of the electrode [34]. 

 

Figure 6.5. a) LSV overlay of prepared electrodes at 0.5 mV s-1 scan rate in 1 M KOH at room 

temperature, b) Tafel slopes, c) Overpotential variation with the prepared electrocatalysts and 

bare electrode, d) CV of FTO/CuMnSe2/ppy electrode in non-faradaic region at varying scan 

rates, e) Cdl plot for FTO/CuMnSe2/ppy electrode f) Tafel slope variation with the prepared 

catalysts and bare electrode. 
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The overpotential (η) for the FTO/CuMnSe₂/ppy catalyst is determined to be around 

299 mV. Particularly when contrasted with more sophisticated catalysts like RuO₂, which has 

an overpotential of about 240 mV, these results show competitive efficiency. The functionality 

of the produced electrocatalysts is in line with that of cutting-edge materials, highlighting their 

potential effectiveness in accelerating the OER and establishing them as viable substitutes for 

traditional catalysts in energy conversion applications [35]. 

In this investigation, we also assessed the catalysts' roughness factor (Rf) and 

electrochemically active surface area (ECSA) which provide relevant information on the 

arrangement and distribution of the reactive intermediate sites on the electrode surface. The 

catalyst's surface shape is indicated by the roughness factor (Rf). An increased surface area that 

boosts the catalyst's adsorption ability and creates a more conducive environment for catalytic 

activity is indicated by a larger Rf value, greater than 1. The catalyst's performance in the OER 

may be greatly enhanced by this increased roughness. Optimizing catalyst design to improve 

electrochemical efficiency requires an understanding of these aspects [36]. 

Equation 1.22 (From Chapter 1) provided the proper way for calculating the ECSA. 

The CuMnSe₂/ppy composite outperforms the other catalysts with the maximum double-layer 

capacitance (Cdl) of 94.44 µF cm⁻² and an ECSA of 1.18 cm², as seen in Table 6.2. This 

suggests that the composite material has a greater surface area that is electrochemically active, 

which is necessary to increase catalytic activity. The CuMnSe₂/ppy composite seems to have 

more exposure for intermediate active sites, which are essential for the electrolysis process, 

based on the higher ECSA value. The total catalytic effectiveness for OER is increased by these 

active sites, which enable effective electron-proton coupling between the electrode and the 

electrolyte [37]. 
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Table 6.2. Kinetic parameters for prepared catalysts 

Electrode Overpotential 

(mV) at  

10 mA cm-2 

Current density at 

E = 2V 

(mA cm-2) 

Cdl (F cm-2) Rf ECSA 

(cm2) 

Tafel Slope 

(mV dec-1) 

  japp jtrue jspecific     

Bare 535 (ŋ1) 4.87 4.68 14.75 41.60 1.04 0.52 351 

FTO/ppy 488 31.31 35.91 94.88 34.88 0.87 0.44 192 

FTO/CuMnSe2 503 25.83 10.94 78.27 26.97 0.67 0.34 141 

FTO/CuMnSe2/ppy 299 56.13 83.25 170.09 94.44 2.36 1.18 91 

The double-layer capacitance (Cdl) has been estimated using CV in the non-faradaic 

region (1.15 V to 1.20 V vs. RHE) at various scan rates ranging from 20 mV s⁻¹ to 100 mV s⁻¹ 

(Figure 6.5 (d)). A linear connection was obtained by plotting the current density vs. scan rate 

(Figure 6.5 (e)). According to Equation 1.23 (From Chapter 1), the slope of this linear plot 

was divided in half to get the Cdl. This technique allows for the exact measurement of the 

electrochemical double-layer capacitance, that is crucial for figuring out the catalysts' 

electroactive surface area [38]. 



Chapter 6 

 
 

Department of Chemistry, IIT (BHU)  218 

 
 
 

The Tafel equation, η = b log j, where b is the Tafel slope, j is the current density, and 

η is the overpotential was employed to calculate the Tafel slope, a crucial metric in assessing 

catalytic activity. By establishing a connection between the overpotential and the log current 

density, this equation offers important information on the OER kinetics and the overall efficacy 

of the catalysts. With lower values generally indicating quicker reaction kinetics and better 

catalytic effectiveness, the Tafel slope is especially helpful for examining the rate of electron 

transfer during the OER [39]. The CuMnSe₂/ppy composite had improved catalytic activity 

over its separate components, as seen in Figure 6.5 (b), showing the least Tafel slope of 91 mV 

dec⁻¹. 

 

Figure 6.6. a) Nyquist plots at 1.45 V (vs. RHE), b) Fitted Nyquist plot of 

FTO/CuMnSe2/ppy electrode. 

One important metric for assessing the effectiveness of OER, is the charge transfer 

resistance (Rct) at the electrode/electrolyte interface. The Rct was monitored by Nyquist plots 

as shown in Figure 6.4 (a). An equivalent circuit model was employed to explain the observed 

impedance spectra, a semi-circular form of the Nyquist plot in inset of Figure 6.4 (b), in order 
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to better quantify and analyze the electrochemical behavior. The components that make up the 

equivalent circuit simulate the functioning of the electrode/electrolyte interface by modeling 

the solution resistance (Rs), the charge transfer resistance (Rct), and the electrode film resistance 

(Rf). In the Nyquist plot, the charge transfer resistance (Rct) is often shown as a semicircle, with 

the diameter of the semicircle representing the resistance at the electrode/electrolyte interface. 

Conversely, the curvature at the plot's origin represents the solution resistance. When 

comparing the CuMnSe₂/ppy composite to the separate CuMnSe₂ and ppy components, a 

smaller semicircle diameter is seen, suggesting a lower Rct and quicker charge transfer 

processes. Since the reduced charge transfer resistance promotes more effective electron and 

ion movement throughout the process, this discovery highlights the composite's increased 

catalytic activity in OER [40]. The optimized pore structure of the composite, which raises the 

charge concentration close to the electrode surface, might be one reason for this improvement. 

Table 6.3. Circuit parameters 

Electrode Solution resistance 

(Rs) (Ω) 

Electron transfer 

resistance (R1) 

(Ω) 

Charge transfer 

resistance (R2) (Ω) 

Bare 4.99 13.35 99.14 

FTO/ppy 7.81 8.65 50.70 

FTO/CuMnSe2 6.74 18.82 45.12 

FTO/CuMnSe2/ppy 4.61 15.12 16.76 
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The synergistic effects of the CuMnSe₂ and ppy components greatly increase overall 

charge transport efficiency and decrease interfacial resistance by lowering the charge transfer 

resistance (Rct) at the electrode/electrolyte interface. These results demonstrate the 

CuMnSe₂/ppy composite's ability to support efficient electrochemical reactions, suggesting 

that it might be used as a material for energy conversion applications. Table 6.3 offers further 

information on the electrochemical behavior and performance of the catalysts by providing 

additional circuit parameters for comparison. These metrics offers an improved overview of 

the electrochemical characteristics of the composite and aid in quantifying the contributions of 

various constituents to the overall catalytic efficiency. 

6.5.2.2. Thermodynamic study 

The standard thermodynamic parameters were measured. These included the standard 

electrochemical energy of activation (Hel
0≠), the standard entropy of activation (ΔS⁰≠), and the 

standard enthalpy of activation (ΔH⁰≠). In order to maintain consistent conditions throughout 

the experiment, the reference electrode was allowed to remain at a steady temperature of 25 

°C. Anodic polarization curves were recorded in a 1 M KOH electrolyte throughout a 

temperature span of 25 °C to 55 °C (Figure 6.7 (a)). The temperature dependency of the 

electrochemical reaction rates was examined using the Arrhenius plots (Figure 6.7 (b)). The 

activation energies for the various materials under study were taken from these plots and 

compiled in Table 6.4. The FTO/CuMnSe₂/ppy composite showed the lowest electrochemical 

activation energy among the electrodes evaluated, suggesting that the composite catalyst needs 

the least amount of energy to drive the reaction in comparison to the other materials. This 
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implies that with less energy input, the CuMnSe₂/ppy composite enhances the OER and enables 

more effective charge transfer. 

The CuMnSe₂/ppy composite's average transfer coefficient (α) was found to be around 

0.7, indicating effective electron transport. The formula 𝛼 = 2.303
𝑅𝑇

𝑏𝐹
, was used to get the 

transfer coefficient. Where T is the absolute temperature, R is the gas constant, F is the Faraday 

constant, and b is the Tafel slope. The average values of the thermodynamic parameters 

determined by using well-known equations (Equations 1.27 and 1.29 From Chapter 1) are 

shown in Table 6.4. Polarization curves taken at varying temperatures were employed to 

calculate the Tafel slope (b, in mV dec⁻¹), that offers information on the kinetics of the process. 

The Boltzmann constant (kB) and Planck's constant (h), which are essential for characterizing 

the system's thermodynamic behavior, were also included to the frequency component in the 

computations. 

The FTO/CuMnSe₂/ppy electrode shows the greatest rate of adsorption among the 

materials studied, according to the electrochemical results. This suggests that the composite 

offers more active sites for reactive species adsorption. The higher catalytic activity reflects 

this improved adsorption capacity, which is in line with the thermodynamic data that has been 

obtained, especially the most negative value of the standard entropy of activation (ΔS⁰≠), as 

seen in Table 6.4. An environment that is more favourable to the adsorption and subsequent 

electrochemical response of the OER is suggested by a higher negative ΔS⁰≠. 
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Figure 6.7. a) Tafel polarization plots of FTO/CuMnSe2/ppy electrode at varying temperatures, 

b) Arrhenius plot, c) Tafel polarization plots of FTO/CuMnSe2/ppy electrode at varying 

concentrations of KOH d) reaction order. 
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Table 6.4. Thermodynamic parameters  

Electrode Standard 

electrochemical 

energy of 

activation 

(Hel
0≠) 

(kJ mol-1) 

Standard 

electrochemical 

entropy of 

activation 

(-Sel0≠) 

(J K-1mol-1) 

Transfer 

coefficient 

() 

Standard 

enthalpy of 

activation 

(H0≠) 

(kJ mol-1) 

Bare 47.90 67.97 0.17 80.71 

FTO/ppy 50.28 42.31 0.31 110.11 

FTO/CuMnSe2 31.64 109.71 0.42 112.70 

FTO/CuMnSe2/ppy 21.27 129.82 0.65 146.72 

 

All the plots and measurements made for CuMnSe2 catalyst are given below in Figure 6.8. 
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Figure 6.8. a) CV of FTO/CuMnSe2 electrode in non-faradaic region at different scan rates, b) 

Tafel polarization curves of FTO/CuMnSe2 electrode at different temperatures, c) Tafel 

polarization curves of FTO/CuMnSe2 electrode at different concentrations of KOH, d) 

Corresponding Cdl plot for FTO/CuMnSe2 electrode, e) Corresponding Arrhenius plot for 

FTO/CuMnSe2 electrode, f) order of reaction for FTO/CuMnSe2 electrode. 

6.5.2.3. OER mechanism 

Using previously published methods, the concentration of OH⁻ ions was varied to inspect the 

order of the alkaline water oxidation reaction [41]. Numerous investigations have shown that 

the observed non-integer reaction orders for each catalyst are not unusual [42,43]. This 

behavior is often ascribed to complicated reaction kinetics, in which the electrochemical 

process may include many steps or intermediates. These non-integer values indicate that the 
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OER mechanism is more complex than a straightforward first-order reaction, underscoring the 

need of more study to completely comprehend the catalytic dynamics.  

The adsorption and ionization of OH⁻ ions on surface hydroxyl groups might be a 

potential cause for the observed non-integer reaction orders. In particular, the observed non-

integer behavior might be impacted through the interaction between hydroxide ions and surface 

species, that could alter the reaction kinetics. The production and reactivity of surface hydroxyl 

groups during the electrocatalytic process may have a substantial effect on the adsorption 

energies and the stability of intermediate species in the OER. These surface interactions are 

important because they have the potential to impact reactive species adsorption and desorption, 

which in turn may impact the overall kinetics of OER. The significance of understanding how 

surface chemistry affects catalytic efficiency is highlighted by such intricate interactions  [44].  

Moreover, the coverage of adsorption intermediates, especially oxygen-containing 

species, which are created during the electrochemical development of molecular oxygen, might 

have a significant impact on the reaction kinetics. A linear connection between the adsorption 

energy and the extent of surface covering characterizes the interaction between these species 

and the catalyst surface under Temkin adsorption conditions. This implies that the energy 

required for further adsorption varies with the number of intermediates adsorbed, which has a 

direct impact on the OER rate. Therefore, when assessing the performance of electrocatalysts, 

surface coverage effects must be taken into consideration since they are essential to catalytic 

activity and efficiency [45,46]. 

Using a neutral KNO₃ electrolyte to ensure constant ionic strength, Tafel polarization 

curves (Figure 6.7 (c)) were acquired for each manufactured electrode to better understand the 

chemical sequence involved in the OER. After analyzing polarization graphs acquired at 
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various KOH concentrations, linear log (current density) vs. log [OH⁻] plots were produced 

(Figure 6.7 (d)). By computing the slopes of the linear sections from these curves, the reaction 

order was ascertained, providing more information about the order of electrochemical 

reactions. 

In basic solution, the OER usually consists of four electrochemical stages (AEM). The 

proton transfer, one of the crucial phases in the OER process, is one of these steps. Following 

the adsorption and desorption of OH⁻ ions at the electrode's active sites (Equation (4.1)), a 

series of intermediate species (OH*, O*, OOH*, and OO*) are adsorbed on the metal surface 

to form oxygen-oxygen (O–O) bonds (Equations (4.2), (4.3), and (4.4)) (Discussed in 

Chapter 1): 

OH− + M → M + OH* + e−             (4.1) 

OH* + OH− → O* + H2O + e−            (4.2) 

OH− + O* → OOH* + e−                 (4.3) 

OH− + OOH* → O2 + H2O + e−      (4.4) 

The Bockris electrochemical mechanism for the OER is compatible with this route [45]. 

It is crucial to recognize that other reaction routes, such the Bockris-Otagawa peroxide route 

and those suggested by Krasil'shchikov, could potentially be involved [45]. The metal sites 

(designated as "M," such as Mn and Cu) are the active catalytic sites in this model, whereas 

the surface-adsorbed intermediates participating in the reaction are represented by OH* and 

O*. 
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6.5.2.4. Stability and durability 

A catalyst must have both exceptional electrocatalytic functionality and long-term stability 

during extended usage in order to be deemed practically and economically feasible. 

Consequently, one of the most important aspects of evaluating an electrocatalyst is determining 

its stability and endurance. In this work, chronopotentiometry tests in a 1 M KOH electrolyte 

were utilized to investigate the stability of the FTO/CuMnSe₂/ppy electrode. The 

FTO/CuMnSe₂/ppy electrode exhibited remarkable stability over a 12-hour period, as seen in 

Figure 6.9, with no discernible change in its potential. This consistent performance during 

continuous operation shows that the electrode can maintain its catalytic activity without 

suffering appreciable degradation, even when gas bubbles evolve. 

Any electrocatalyst must have this kind of resilience as it guarantees that the catalyst 

will continue to function well even after prolonged usage. The FTO/CuMnSe₂/ppy composite's 

exceptional stability underscores its promise for practical energy conversion devices like fuel 

cells and electrolyzers, where long-term performance is crucial. This outcome highlights the 

composite's applicability for commercial and industrial-scale operations where stability and 

high efficiency are necessary. 
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Figure 6.9. Chronopotentiometry test at 10 mA cm-2. 

6.5.3. Operando Spectro-electrochemical study 

Both absorbance and the current passing through the electrochemical circuit are concurrently 

measured in UV-Vis spectro-electrochemistry (SEC). With this method, variations in the 

electrolyte environment, the applied voltage, and the ensuing optical and current responses may 

all be directly correlated. Although UV-Vis SEC is often used to investigate molecular systems, 

it may also be used to analyze electrode materials, providing important details on the 

electrocatalysis taking place on the facade of electrode. For watching changes in absorbance 

that are directly linked to electrochemical processes at the electrode interface, this approach is 

often used in a three-electrode cell arrangement, which permits fine control of the voltage 

delivered to the working electrode [47]. 

When performing LSV at room temperature in a 1 M KOH electrolyte at 5 mV s⁻¹ scan 

rate, the operando UV-Vis spectroscopy data for the FTO/CuMnSe₂/ppy electrode are shown 

in Figure 6.10. A smaller peak is seen between 850 and 900 nm, and the absorbance spectra 
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show many different absorption peaks in the 300–440 nm region. As the electrode potential 

was gradually raised in steps of 0.1 V from 1.5 V to 2.1 V vs. RHE, these measurements were 

taken. Interestingly, the absorbance spectra widened and intensified with increasing applied 

voltage. The production of MnOOH species, a crucial step in the oxygen evolution process 

(OER), is probably indicated by these spectrum alterations. Its function in the catalytic process 

during OER is confirmed by the increase and intensity of these absorbance peaks, which 

indicate that the electrode surface's electrochemical activation is aiding in the synthesis of 

MnOOH [48]. 

By demonstrating how the material properties of the electrode change in response to 

applied potential and enabling a better comprehension of the intermediate species involved in 

the reaction, these operando UV-Vis spectroscopy results offer important insight into the 

dynamic changes occurring on the facade of the electrode while alkaline water oxidation. 

 

Figure 6.10. Operando UV-vis spectra of FTO/CuMnSe2/ppy operating at 5 mV s-1 scan rate 

during LSV. 
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6.6. Conclusion 

The CuMnSe₂/ppy composite's catalytic effectiveness for oxidizing alkaline water was 

carefully assessed. According to experimental results, a hydrothermal method which followed 

solid-state grinding may be used to produce CuMnSe₂/ppy effectively and economically. The 

FTO/CuMnSe₂/ppy electrode had the lowest Tafel slope among the other catalysts evaluated, 

indicating improved electrocatalytic functionality for alkaline water oxidation. 

In comparison to the other materials evaluated, the catalyst elucidated the least standard 

electrochemical activation energy, that further confirms CuMnSe₂/ppy's remarkable 

performance. This implies that CuMnSe₂/ppy is more efficient overall because it needs less 

energy to drive the reaction. Operando spectro-electrochemical investigation showed that the 

MnOOH intermediate species, which are essential to the OER process, formed distinct 

absorption peaks in the 300–440 nm area. These results provide a better understanding of the 

catalyst's activity during electrochemical activation in addition to highlighting the reactive 

intermediate sites involved in the process. Furthermore, the production of different redox-

intermediate active species during OER is suggested by the significant increase in 

electrocatalytic activity in CuMnSe₂/ppy, as seen by its peak absorbance intensity. These 

species are essential to the catalyst's exceptional performance, highlighting CuMnSe₂/ppy's 

potency as an OER catalyst. 

Furthermore, CuMnSe₂/ppy's encouraging findings point to potential uses beyond water 

oxidation, especially in energy storage devices and other electrochemical applications. 

CuMnSe₂/ppy may be a crucial component for industrial-scale water splitting because to its 

excellent performance and stability, offering a sustainable and efficient means of producing 

renewable hydrogen fuel to satisfy the world's expanding energy needs. To completely 
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comprehend the function of such redox-intermediate active sites and improve the catalyst for 

large-scale applications, further research is required, particularly in the near-infrared (NIR) 

region. 
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