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Abstract: The electrochemical water splitting is as a beacon of hope for future oxygen demands and sustainable energy solution. The 

oxygen evolution reaction (OER) experiences a sluggish kinetics due to simultaneous four-electron proton transfer reaction. The efficiency 

of this process hinges significantly the material used in reaction. Thus, the efficiency of electrochemical water splitting hindered and 

requires high potential. Herein In this regard, a series of electrocatalysts have been explored for electrochemical OER with high catalytic 

activity and stability. Herein, we have explored the high entropy Prussian blue analogue (HEPBA = MnFeCoNiCu-PBA) by simple 

solvothermal method for the electrochemical OER in alkaline medium. The multi-metallic composition, enhanced synergistic effect, and 

modulated structural and electronic properties provide the excellent OER activity, faster reaction kinetics, and stability. As a result, HEPBA 

showed the impressive OER activity at 260 mV overpotential to afford 10 mA cm-2 current density, lower than that of synthesized tetra-

metallic (4-PBA), trimetallic (3-PBA), and bimetallic (2-PBA) analogue. Moreover, the high electrochemical surface area, lower charge 

transfer resistance and enhanced stability for 24 h have also recorded for HEPBA. Further, the electrochemical reconstruction of HEPBA 

has been established by spectroscopy and microscopy to form the active layered metal hydroxide-(oxy)hydroxide catalyst under anodic 

potential. 

 

Keywords: High entropy Prussian blue analogue; electrochemical reconstruction; ultrathin LDH nanosheets; synergistic effect; oxygen 

evolution 

 

Highlights 

• Facile synthesis of high entropy Prussian blue analogue 

precursor by solvothermal method. 

• High synergistic effect of metals modulates the electronic 

structure.  

• Electrochemical reconstruction into metal-

(oxy)hydroxide active catalyst. 

• Excellent oxygen evolution activity by high entropy 

Prussian blue analogue. 
 

1. Introduction to Water Splitting and Its 

Importance 
 

As the world grapples with the pressing challenges of climate 

change and the depletion of fossil fuels, the need for clean, 

renewable energy sources has never been more urgent. The 

electrochemical water splitting has attained great interest in 

the past few years due to the increasing demand of energy [1]. 

The oxygen evolution reaction (OER) is an anodic half-cell 

reaction of water splitting producing O2 [2]. As the OER is 

accompanied by the simultaneous four electron and proton 

transfer process, the OER requires thermodynamic potential 

of 1.23 V vs RHE [3]. However, the electrocatalysts 

developed for the electrochemical OER require an extra 

potential (overpotential) to carry forward the overall reaction 

[3]. From the past few years, the precious metal (Ru/Ir) based 

electrocatalysts have been employed for the electrochemical 

OER in alkaline medium [4]. However, the rare abundance 

and high cost of the noble metals hamper their commercial 

application for large scale. In this regard, cost-effective earth 

abundant transition metal (Fe, Co, Ni, Mn) based materials 

such as metal oxides, hydroxides, phosphides, sulphides, 

selenides and nitrides have been explored with outstanding 

performance for the electrochemical OER [5,6].  

 

Recently, a number of high entropy materials have been 

widely explored with the excellent catalytic performance and 

stability for electrochemical OER [7–10]. The high entropy 

materials are composed of five or more elemental 

components, where the concentration of the metal ions can be 

varied [11]. A series of high entropy materials like oxides, 

phosphides, sulphides, selenides and alloys have been 

demonstrated with enhanced OER activity and stability [7,12–

14]. The enhanced OER activity of the high entropy materials 

is observed due to the (i) existence of high entropy, (ii) lattice 

distortion in the catalyst structure, (iii) good electronic 

conductivity, (iv) large number of accessible and exposed 

active sites, (v) improved synergistic effect and (vi) multi-

metallic composition [15–18]. These unique properties 

provide the optimum binding energy for the adsorption of 

reaction intermediates promoting the OER activity [19].  

 

For example, the high entropy Fe5Co4Ni20Se36Bx catalyst was 

synthesized for electrochemical OER. The catalyst exhibited 

excellent OER performance at the requirement of 279.8 mV 

overpotential to deliver 10 mA cm-2 current density [20]. Due 

to the high synergistic effect, multi-metallic composition and 

increased active site, the charge transfer and water adsorption 

properties of the catalyst were enhanced facilitating the OER 
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activity [21–25]. Similarly, high entropy (CrMnFeCoNi)Sx 

was also developed for excellent electrochemical OER 

activity. The catalyst showed an overpotential of 295 mV to 

reach 100 mA cm–2 in alkaline medium [7]. The high 

electronic conductivity and enhanced charge and mass 

transport promoted the OER activity. 

 

Recently, Prussian blue analogues (PBAs- a subcategory of 

metal-organic framework) have been demonstrated for the 

various applications like electrochemical energy storage, 

energy conversion, gas sorption etc. [26–29]. The PBAs are 

composed different metal ions interconnected with –CN 

bridged forming cubic structure. The PBAs have several 

unique advantages like (i) easy and facile synthesis, (ii) 

tunable structure and 3D morphology, (iii) large surface area, 

(iv) tunable porosity and (v) modulated electronic properties 

[11]. Owing to their unique properties, PBAs shows excellent 

electrochemical performance [7,11,28,30]. Previously, a 

series of PBA like CoFe-PBA, NiFe-PBA, CoFe-PBA@CC, 

CoFeCo-PBA@CC have been employed for electrochemical 

OER in alkaline medium [2].  

 

These studies have established that the direct utilization of the 

PBAs for OER has the advantage of their facile 

electrochemical reconstruction into active layered double 

hydroxide catalyst (layered metal hydroxide-(oxy)hydroxide) 

during electrochemical OER [31–33]. The PBAs have been 

reported to endure complete and bulk reconstruction to form 

active metal hydroxide-(oxy)hydroxide [M(OH)2-M(O)OH] 

nanosheets driven by anodic potential [33–35]. The active 

M(O)OH nanosheets exhibit excellent structural and 

electronic properties-(i) the active M(O)OH nanosheets are of 

atomic level providing the large surface area and exposed 

active sites, (ii) the nanosheets have optimum inter-layer 

distance, which can be tuned to promote the water adsorption 

properties, (iii) under the applied anodic potential, leaching of 

metals occurs resulting in the structural defects in active 

catalyst with cationic vacancies, (iv) the active nanosheets 

have metal centres with 3+/4+ oxidation states, which 

promote the O-O bond formation, and (v) the compositional 

and electronic structure tuning also result in the optimization 

of binding energy for the reaction intermediates improving the 

OER activity [2,4,36–40].  

 

Motivated by previous reports, herein, we have developed 

high entropy MnFeCoNiCu-PBA (HEPBA) by simple 

solvothermal method and employed for electrochemical OER. 

Still now, the HEPBAs have never been utilized directly for 

electrochemical OER in alkaline medium. To the best of our 

knowledge, only one report is available where Ma et al. 

reported the high entropy-PBA Nax(FeMnNiCuCo)[Fe(CN)6] 

for the excellent sodium ion storage property. In our study, we 

have explored HEPBA and their tetrametallic, trimetallic, and 

bimetallic PBA analogue for the electrochemical OER. The 

study has shown that the increment in the entropy of the 

electrocatalyst by addition of the elements from bimetallic 

(MnFe-PBA) to high entropy PBA (MnFeCoNiCu-PBA) 

improves the OER activity due to the larger surface area, 

increased number of active sites and enhanced synergistic 

effects. Interestingly, HEPBA demonstrated remarkable OER 

activity at 260 mV overpotential to afford 10 mA cm-2 current 

density (figure 1). Moreover, the HEPBA furnished the 

outstanding OER activity for 24 h in alkaline medium. 

 

2. The Role of Multimetallic Composition in 

Electrocatalysis 
 

The role of multimetallic composition in electrocatalysis is 

pivotal, as it directly influences the efficiency and 

effectiveness of water splitting reactions[7,41]. In the quest 

for sustainable energy solutions, researchers have increasingly 

turned to layered double hydroxides (LDHs) as promising 

candidates for electrocatalysts. The essence of multimetallic 

systems lies in their ability to harness synergistic effects that 

enhance catalytic properties beyond those exhibited by their 

monometallic counterparts[42–44]. 

 

In these compositions, various metal ions are intercalated 

within the LDH structure, creating a unique environment that 

can significantly improve electrochemical performance. For 

instance, the introduction of metals like nickel, cobalt, or iron 

alongside traditional catalysts like ruthenium or platinum can 

lead to optimized charge transfer kinetics[43,45,46]. This is 

due to the modification of electronic properties that arise from 

the interactions between different metal species, which can 

lower activation energies and increase the surface area 

available for reaction. 

 

Moreover, the tunability of multimetallic LDHs allows 

researchers to tailor the composition specifically for targeted 

applications. By adjusting the ratios of the constituent metals, 

one can enhance the selectivity and stability of the catalyst 

under operational conditions. This adaptability is crucial in the 

context of varying pH levels and temperatures encountered 

during electrochemical processes[47]. 

 

Notably, the incorporation of Prussian blue analogues within 

these multimetallic frameworks has opened new avenues for 

research and development. Their inherent electronic 

conductivity and high surface area complement the catalytic 

activity of the LDHs, ultimately leading to improved 

performance in water splitting applications. As we continue to 

explore the intricate dynamics of multimetallic interactions, 

the path toward more efficient and sustainable energy 

conversion technologies becomes clearer, promising a 

brighter future for oxygen and hydrogen production and 

beyond[2,48,49]. 

 

Paper ID: SR24929201901 DOI: https://dx.doi.org/10.21275/SR24929201901 37 

https://www.ijsr.net/


International Journal of Science and Research (IJSR) 
ISSN: 2319-7064 

SJIF (2022): 7.942 

Volume 13 Issue 10, October 2024 
Fully Refereed | Open Access | Double Blind Peer Reviewed Journal 

www.ijsr.net 

 
Figure 1: Schematic illustration for the synthesis of HEPBA by increasing the entropy of material through addition of metal 

ions. Color code: red-Mn, blue-Fe, green-Co, yellow-Ni and black-Cu. The OER activity of the catalyst is increased with 

increasing the entropy of the material & synergistic effect by successive addition of metal ions. 

 

3. Result and discussion 
 

3.1 Understanding High Entropy PBA 

 

Composition and Properties Structural and morphological 

Characterization of HEPBA. The HEPBA was synthesized by 

solvothermal method using the different metal salts and 

K3[Fe(CN)6] (see later in experimental section). Further, the 

HEPBA powder material was deposited on carbon cloth (CC) 

and characterized by using powder X-ray diffraction (PXRD). 

The PXRD pattern of HEPBA demonstrated the peaks, which 

were indexed for the cubic crystal structure of PBA having 

space group Fm3m (a=b=c and α=β=γ=90o). The PXRD 

pattern was well matched with the standard reference data 

JCPDF-01-077-1161 [50,51]. Fourier transform infrared 

spectroscopy (FTIR) was also carried out to detect the 

formation of HEPBA. The FTIR spectra identified the peak at 

2098 cm-1-2170 cm-1, which was attributed to the asymmetric 

stretching vibrations of bridged –CN group in HEPBA [52–

54]. These results confirmed the formation of cyanobridged 

HEPBA with cubic crystal structure. 

 

The X-ray photoelectron spectroscopy (XPS) was performed 

to demonstrate the electronic environment and valence states 

of the elements in HEPBA. First, the Mn 2p XPS spectrum 

displayed two peaks at binding energies of 640.50 eV and 

652.01 eV observed for Mn 2p3/2 and Mn 2p1/2, 

respectively(Figure 2a). The peak at 640.31 eV was assigned 

to the Mn2+ species in HEPBA [11,55–57].  The two peaks of 

Fe 2p XP-spectrum were originated at binding energies of 

708.36 eV and 721.13 eV, ascribed to the Fe 2p3/2 and Fe 2p1/2, 

respectively(Figure 2b)  [55,56,58,59]. The Fe 2p XPS 

confirmed the existence of Fe2+/Fe3+ species in HEPBA. The 

Co 2p of XPS of HEPBA was deconvoluted into two peaks at 

binding energies 780.27 eV and 796.10 eV, corroborated to 

the Co 2p3/2 and Co 2p1/2, respectively. The peak at binding 

energy 780.27 eV was related to the Co2+ species(Figure 2c)  

[60–62]. The spin-orbit coupling spacing was also estimated 

to be 15.83 eV demonstrating the presence of Co2+ as major 

species in HEPBA [60–62]. 

 

The Ni 2p XPS revealed two peaks at binding energies of 

854.15 eV and 871.69 eV assigned to the Ni 2p3/2 and Ni 2p1/2 

respectively. The peak appeared at 854.09 eV was attributed 

to the presence of divalent Ni2+ species(Figure 2d) 

[55,57][63,64]. The Cu 2p XP spectrum was fitted into two 

peaks at binding energies of 933.30 eV (Cu 2p3/2), 953.71 eV 

(Cu 2p1/2) (Figure 2e). The peak at 933.30 eV was 

corresponded to the presence of Cu2+ [65,66]. The three peaks 

at binding energies of 398.84 eV, and 397.79 eV were fitted 

in N 1s XP-spectrum(Figure 2f), which could be correlated to 

the C=N and C≡N, respectively  [67–69]. The C 1s XP 

spectrum confirmed the three peaks at binding energies 

284.97 and 284.53 eV, which were originated for the C=C and 

C≡N respectively (Figure 2g)   [67,68,70]. The O 1s XPS 

detected the two prominent peaks at 533.12 eV and 530.31 eV, 

(Figure 2h)  observed due to the structural and/or adsorbed 

water and surface hydroxyl group, respectively [67,70].  
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Figure 2: XPS of HEPBA of (2a) Mn 2p (2b) Fe 2p (2c) Co 2p (2d) Ni 2p (2e) Cu 2p (2f) N 1s (2g) C 1s (2h) O 1s. 

 

3.2 Electrochemical activity of HEPBA 

 

The synthesized PBAs were employed for electrochemical 

oxygen evolution reaction in aqueous 1.0 M KOH solution. 

The short cyclic voltammetry (CV) profile of HEPBA showed 

the pre-peak at 1.39 V vs RHE, which was attributed to the 

electrochemical oxidation of M2+ to M3+ under the applied 

anodic potential. It should be mentioned here that the pre-peak 

for the M2+/M3+ oxidation was shifted anodically from 1.33 V 

vs RHE (4-PBA) to 1.39 V vs RHE (HEPBA).  

 

The LSV profile showed that HEPBA furnished impressive 

OER activity at 260 mV overpotential to afford the current 

density 10 mA cm-2, among the synthesized catalysts. In 

contrast, 4-PBA, 3-PBA, and 2-PBA produced the same 

current density but at higher overpotentials of 300 mV, 330 

mV, and 450 mV, respectively (Figure 3a). It can be 

concluded here that increasing the entropy of PBA by addition 

of the metal ions drastically improved the OER activity. 

HEPBA expressed the outstanding OER activity than the 

noble metal-based RuO2 catalysts. Moreover, HEPBA has 

been observed to possess better or comparable OER activity 

than the other PBA-derived catalysts and layered double 

hydroxides (LDHs). 

 

The oxygen evolution kinetics of the studied catalyst were 

assessed from the Tafel plots. The lowest Tafel slope of 128 

mV dec1 was recorded for HEPBA compared to other 

synthesized PBAs. The Tafel slopes of 4-PBA, 3-PBA, and 2-

PBA were calculated to be 134 mV dec-1, 161 mV dec-1, 248 

mV dec-1, respectively (Figure 3b). The lowest Tafel slope of 

HEPBA revealed the faster oxygen evolution kinetics 

compared to the other catalysts. Further, the stability of 

HEPBA was evaluated under the chronoamperometric (CA) 

conditions. The CA plot displayed no significant decay in the 

current density indicating the excellent stability of HEPBA for 

24 h. The increase in the current density for first few hours 

was attributed to the activation of HEPBA into active 

metal(oxy)hydroxide catalyst. After that, the current density 

was stabilized for the constant O2 production. 

 

 

Figure 3: (a) LSV polarization curves for the oxygen evolution reaction of HEPBA compared with 4-PBA, 3-PBA, and 2-

PBA showing the best OER activity of HEPBA and (b) Tafel plot for the oxygen evolution reaction of HEPBA compared 

with 4-PBA, 3-PBA, and 2-PBA showing the lowest Tafel slope value for HEPBA. 
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The enhanced catalytic performance of HEPBA could be 

attributed to the various electrochemical factors. First, the 

electrochemical impedance spectroscopy (EIS) was 

determined to evaluate the charge transfer properties of the 

synthesized PBAs. The lowest radius for the semicircle of 

HEPBA was evaluated in the EIS plot compared to other 

synthesized PBAs. This result clearly demonstrated the lowest 

charge transfer resistance (Rct) of HEPBA among the 

synthesized catalysts. The lowest Rct indicated the faster 

charge transfer properties of HEPBA, which resulted in the 

facile electron transfer improving the OER activity.  

 

The double layer capacitance (Cdl) measurements were carried 

out to correlate the electrochemically active surface area 

(ECSA). The Cdl was calculated by the measurement of non-

faradic capacitive current corresponding to the double layer 

charging. The ECSA of HEPBA was found to be 147.75 cm2, 

largest among the synthesized catalysts. The largest ECSA 

value of HEPBA justified the presence of large number of 

electrochemically exposed active sites, which promoted the 

water adsorption properties to enhance the OER activity. 

 

3.3 Structural and morphological Characterization after 

OER 

 

Generally, transition metal-based catalysts are not real catalyst 

but they act as precatalyst and electrochemically reconstructed 

into M(OH)2-M(O)x(OH)y active catalyst driven by anodic 

potential during OER (Figure 4) [2,4,34,71,72]. The active 

M(OH)2-M(O)x(OH)y catalyst have ultrathin nature with 

atomic level thickness, more electrochemically active surface 

area and tuned structural and electronic properties.  

 

 

Figure 4: Schematic illustration for the electrochemical 

reconstruction of HEPBA into ultrathin layered hydroxide 

nanosheets. 

The oxidation states and electronic environment of elements 

in the reconstructed active catalysts were evaluated using XPS 

studies. The XPS studies of Mn 2p, Fe 2p, Co 2p, Ni 2p and 

Cu 2p revealed the generation of the new peaks for high valent 

metal ions (M3+) indicating the oxidation of metal centers 

under applied anodic potential [2,4,11,34,55–57]. The 

electrochemical reconstruction into active layered metal 

hydroxide-(oxy)hydroxide nanosheets under the applied 

anodic potential led to the generation of M3+ ions. The O 1s 

XPS spectrum was fitted in three peaks at 531.86 eV, 530.91 

eV, and 529.52 eV, related to the adsorbed water molecules, 

surface –OH groups and metal-oxygen bond, respectively The 

origination of third peak for metal-oxygen bond confirmed the 

electrochemical reconstruction of HEPBA into active layered 

double hydroxide catalyst [4,34,71,73]. 

 

The spectroscopic and microscopic investigations confirmed 

the formation of ultrathin M(OH)2-M(O)x(OH)y nanosheets 

after 24 h OER-CA. The improved electrochemical 

performance of HEPBAs can be attributed to the following 

factors: i) the formation of ultrathin M(OH)2-M(O)x(OH)y  

nanosheets with tuned structural and electronic properties 

promoted the water adsorption and lower the free energy for 

reaction intermediates, ii) the presence of multi-metallic 

composition resulted in the enhanced synergistic effect 

increasing the charge transfer and mass transport properties, 

iii) high electrochemical surface area and increased number of 

active sites provided the faster water adsorption properties, 

and iv) presence of high valent metal ions M3+/M4+ facilitated 

the formation of metal-oxo intermediates to improve the OER 

activity [2,4,34,71–73]. 

 

4. Conclusion 
 

In conclusion, we have demonstrated high entropy Prussian 

blue analogue (HEPBA) by simple solvothermal method and 

utilized for electrochemical oxygen evolution. HEPBA 

reached a current density of 10 mA cm-2 at 260 mV 

overpotential, lower than that of synthesized catalysts. 

Moreover, the excellent stability of O2 with HEPBA was also 

demonstrated for 24 h under chronoamperometric conditions. 

The introduction of different metal ions tuned the electronic 

structure and resulted in the enhanced synergistic effect, 

improved charge transfer properties, large number of active 

sites, high electrochemically active surface area and high 

electronic conductivity. Moreover, HEPBA was 

electrochemically reconstructed into active M(OH)2-

M(O)x(OH)y nanosheets after 24 h OER-CA. The 

spectroscopic and microscopic studies have established the 

formation of HEPBA and their electrochemical reconstruction 

into active catalyst. The formation of ultrathin M(OH)2-

M(O)x(OH)y nanosheets is considered as the key to promote 

the OER activity of HEPBA. 

 

5. Experimental Section 
 

5.1. Activation of carbon cloth 

 

Firstly, the pieces of carbon cloth (CC) were prepared by 

cutting the CC into the small size of 2 cm x 1 cm. The pieces 

of carbon cloth were heated with concentrated HNO3 at 100 
oC for 4 hours. After natural cooling, the washing of the pieces 

of CC was performed with double distilled water followed by 

the drying in an air oven at 50 oC for 12 h.  

 

5.2. Preparation of high entropy Prussian blue analogue 

(HEPBA) 

 

A homogeneous solution (A) of metal salts of 

Mn(CH3COO)2.4H2O (0.375 mmol), Co(CH3COO)2.4H2O 

(0.375 mmol), Ni(CH3COO)2.4H2O (0.375 mmol), 

Cu(CH3COO)2.H2O (0.375 mmol) was prepared in 25 mL of 

distilled water. Further, a solution (B) was prepared by 

dissolving 1 mmol of K3[Fe(CN)6] in 25 mL of distilled water. 

The solution B was mixed in solution A very slowly and 

stirred for 20 minutes for complete mixing. The mixture was 

aged at room temperature for 24 hours. After that, the mixture 

was centrifuged at the 10000 rpm for 10 minutes and followed 
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by washing with water and ethanol. Further, the obtained PBA 

(denoted as HEPBA) was dried at 60 0C for overnight. 

 

5.3. Preparation of tetrametallic Prussian blue analogue 

(4-PBA) 

 

The 4-PBA was also synthesized similar to the HEPBA. The 

4-PBA was prepared by taking Mn(CH3COO)2.4H2O (0.5 

mmol), Co(CH3COO)2.4H2O (0.5 mmol), 

Ni(CH3COO)2.4H2O (0.5 mmol) to form solution A.  

 

For the comparison purpose, 3-PBA with the combination of 

MnFeCo (Mn(CH3COO)2.4H2O (0.75 mmol), 

Co(CH3COO)2.4H2O (0.75 mmol), and 2-PBA 

(Mn(CH3COO)2.4H2O (1.5 mmol) with combination of MnFe 

were also prepared by the similar procedure only keeping the 

mmol of metal salts to 1.5 mmol.  

 

6. Electrochemical Measurements 
 

The measurement of electrochemical performance of 

synthesized catalyst was carried out in a single three-electrode 

electrochemical cell in 1.0 M aqueous KOH solution. The 3 

mg of HEPBA was dissolved in 50 µL of ethanol and 10 µL 

of 0.005 wt% Nafion solution was added to it followed by 

sonication of mixture for 30 minutes. The homogeneous 

suspension was drop-casted on 1 cm2 surface area of carbon 

cloth. The deposited HEPBA@CC was utilized as working 

electrode and Pt wire was used in form of counter electrode. 

The Ag/AgCl was used as reference electrode. All the 

electrochemical experiments were performed in 1.0 M KOH 

solution (pH 13.8). 

 

Cyclic voltammetry (CV) and linear sweep voltammetry 

(LSV) of synthesized PBAs were performed and expressed 

with 70% iR correction. All the potential measurements were 

converted into reversible hydrogen electrode (RHE) by using 

the formula:   

 

E(RHE) = E(Ag/AgCl) + 0.197 + 0.059pH 

 

The frequency range in electrochemical impedance 

spectroscopy (EIS) was from 0.001 to 100,000 Hz and 

amplitude of 10 mV. The calculations of charge transfers 

resistance (Rct) were performed from the diameter of the 

semicircle in the Nyquist plots. The experiment of 

chronoamperometric measurement (CA) was carried out in 

1.0 M KOH solution at a particular constant potential and 

presented without iR compensation. The Tafel slope was 

determined at the potentials where current density was 

reached up to 10 mA cm-2. The electrochemically active 

surface area (ECSAs) was evaluated by double layer 

capacitance (Cdl) measurement. The cyclic voltammetry (CV) 

for the Cdl measurement was performed at a potential range 

where apparent faradaic process not occurred. The ECSA of 

the synthesized catalyst was determined by the equation 

ECSA=Cdl/Cs where Cs denotes the specific capacitance of the 

support for 1cm2 of the real surface area.  
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