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 Hydrogen is a clean and high-energy fuel with the potential to serve as an 

alternative to fossil fuels. Water splitting is a promising method for efficient 

and cost-effective hydrogen production. The Oxygen Evolution Reaction 

(OER) plays a crucial role in water splitting but presents challenges in terms of 

efficiency. Therefore, it is necessary to develop OER catalysts that are both 

cost-effective and stable for practical and large-scale hydrogen production. 

In this study, we fabricated CoMn[Co(CN)6] (CoMnCNCo) films on carbon 

paper surfaces using the ion exchange method with varying ion exchange 

times (1h, 2h, 3h). The structural morphology of the fabricated films was 

analyzed using Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), 

and Energy-Dispersive X-ray Analysis (EDX). Furthermore, the catalytic activity 

of the CoMn[Co(CN)6] films with different ion exchange times was 

investigated, and they exhibited good catalytic activity for the OER, along with 

stability in an alkaline environment.  
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Introduction 
 

Fossil fuels are currently causing significant 

environmental and climate issues. Hydrogen is a high-

energy carrier that has attracted considerable attention 

as a potential alternative to fossil fuels [1,2]. Additionally, 

it produces no greenhouse gas emissions or harmful 

pollutants [3]. As the demand for sustainable energy 

sources increases, scientists are exploring efficient 

methods to produce hydrogen. Water splitting (H2O → 

H2 + O2), particularly through the process of electrolysis, 

has been considered a promising technique for cost-

effective and environmentally friendly hydrogen 

generation [4,5]. In  water splitting process, the Oxygen 

Evolution Reaction (OER) (2H2O ⟶ 4e− + 4H+ + O2) 

plays a critical role in the overall efficiency of this 

process. The OER involves multiple steps, including the 

electrochemical oxidation of water molecules to 

produce oxygen gas, along with the release of protons 

and electrons. However, the OER is known to be a 

sluggish and kinetically demanding reaction, which limits 

its efficiency and hinders the practical application of 

water splitting for hydrogen production [6,7]. To 

overcome the challenges associated with the OER and 

enable efficient large-scale hydrogen production, it is 

necessary to develop highly active and stable catalysts. 

Iridium (Ir) and ruthenium (Ru)-based catalysts are well-

known for their excellent catalytic activity in the OER[8]. 
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However, their scarcity and high price hinder their 

widespread adoption for large-scale applications. 

Therefore, researchers are actively exploring alternative 

catalyst materials that are more abundant, cost-

effective, and demonstrate high activity and stability in 

the OER [6,9,10]. Transition metal-based catalysts are 

being researched as potential alternatives to reduce 

costs and promote sustainable hydrogen production. A 

variety of catalysts, including oxides, hydroxides, 

phosphides, and chalcogenides, have been investigated 

for the OER[11–13]. Additionally, nanostructuring, 

alloying, doping, and surface engineering techniques 

have been studied to modify and optimize the catalytic 

properties of these materials. These strategies aim to 

enhance intrinsic activity, promote charge transfer, 

improve electrolyte interaction, and mitigate catalyst 

degradation, ultimately leading to improved OER 

performance [14,15]. Among these, Prussian Blue 

analogues such as Ni(Fe (CN)6), Co3[Fe(CN)6]2 

,Co[Co(CN)6], Mn[Co(CN)6],.. has been raised as 

promising catalyst for OER due to the CN bonds that 

bridge metal ion centers to form a 3D structure, 

resulting in high surface area and tunable structures [16–

18]. However, up to now, CoMn[Co(CN)6] has not been 

reported for investigating catalyst activity for OER yet. 

Therefore, in this work, we focuse on fabricating 

CoMn[Co(CN)6] (CoMnCNCo) films on carbon fiber 

paper (CFP) surfaces using the ion exchange method. By 

varying the ion exchange times,  the influence of the ion 

exchange duration on the structural morphology and 

catalytic activity of the fabricated films are studied. The 

structural morphology of the CoMnCNCo films are 

characterized using  SEM, XRD and EDX. The catalytic 

activity of the CoMnCNCo films with different ion 

exchange times are investigated and demonstrated 

good catalytic activity and stability for the OER in 

alkaline medium.  

 

Experiment section 

Preparation of CoMn[Co(CN)6] (CoMnCNCo) films. 

Fluorine-doped tin oxide-coated glass (FTO) and 

carbon fiber paper (CFP) were utilized as substrates. The 

CFP was used as the substrate for SEM, EDX, and 

electrochemical measurements. Because the high XRD 

peaks of CFP would make the XRD peaks of the 

synthesized film difficult to observe, FTO glass was 

employed as the substrate for XRD measurements.  

The (CoMnCNCo) films are fabricated through a two-

step process. In the first step, CoMn-hydroxycarbonate 

(CoMn-HC) thin films are synthesized by hydrothermal 

method. A mixture of 0.075M Co(NO3)2 .6H2O, 0.025M 

MnCl2 .4H2O, and 0.2M  CO(NH2)2 is prepared in 

distilled water. Substrates is immersed vertically in above 

mixture and heated at 90°C for 5 hours. After cooling 

down, the obtained films is thoroughly washed and then 

dried at 50°C for 24 hours. 

In the second step, CoMn[Co(CN)6] (CoMnCNCo) films 

is synthesized using the ion exchange method. The 

CoMn-HC film obtained from the first step is immersed 

in 0.1M  K3[Co(CN)6] and heated at 60°C for 1, 2, or 3 

hours . The resulting samples are labeled as 

CoMnCNCo-1h, CoMnCNCo-2h, and CoMnCNCo-3h, 

respectively. 

Films characterizations  

The morphology   of the film was examined using a SEM 

(FE-SEM, HITACHI S-4800) with an operating voltage of 

15kV. The chemical composition of the samplewas 

determined using EDX which integrated with the FE-

SEM . The  crystal structure  of synthesized sample was 

analyzed  using XRD (Rigaku D/MAX 2600 V, Cu Kα;  (λ 

= 0.15418 nm) with  a scanning rate of 3°/min. 

Electrochemical measurements  

The electrochemical measurements were studied using 

a standard three-electrode system with a Pt-wire as the 

counter electrode, an Ag/AgCl (3 M KCl) as the 

reference electrode, and the films deposited on a CFP 

substrate as the working electrode. Linear sweep 

voltammetry  (LSV) was used to evaluate the 

electrocatalytic performance of the films on the OER in 

a 1.0 M KOH electrolyte , with a sweeping rate of 5 mVs-

1 in a potential window from 1.0 to 2V vs RHE (Reversible 

Hydrogen Electrode). The stability of the catalyst's OER 

activity in 1.0 M KOH electrolytes was tested by 

performing cyclic voltammetry (CV) measurements for 

100 cycles in the voltage range of 1.1-1.7V vs RHE, with a 

scan rate of 25 mV/s . The experimental bias potential 

(EAg/AgCl) applied against the Ag/AgCl reference 

electrode was then converted to the RHE scale using the 

equation E (RHE) = EAg/AgCl + 0.059pH + E0
Ag/AgCl, where 

E0
Ag/AgCl = 0.21 V at 25°C.   

Results and discussion  

The CoMn [Co(CN)6]2 (CoMnCNCo) film was fabricated 

through a two-step process. In first step, urea slowly 

decomposed to form NH4+, OH-, and CO2 (as shown in 

reaction 1). The generated CO2 then reacted with OH- 

to form carbonate ions (CO3
2-) (as shown in reaction 2). 

Subsequently, the Mn2+ and Co2+ ions reacted with the 

carbonate ions (CO3
2-) and OH- to form CoMn 

hydroxycarbonate film, as reaction 3[19].  In the second 

step, the CoMn hydroxycarbonate used as precursor 
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film was ion exchanged in a solution containing 

K3[Co(CN)6], following reaction 4. 

NH2CONH2 + 3H2O → 2NH4 + + 2OH- + CO2 (reaction 1) 

CO2 + 2OH- → CO3 2- + H2O (reaction 2) 

Co2+ + Mn2+ +  xOH- + 0.5CO3 2- + 0.11H2O → Co-Mn 

(OH)x(CO3)0.5 0.11H2O ( CoMn- HC) ( reaction 3). 

Co-Mn (OH)x(CO3)0.5 0.11H2O + [Co(CN)6]3- → CoMn 

[Co(CN)6] (CoMnCNCo) ( reaction 4). 

 

Figure 1: SEM images of (a) CoMn-HC; (b) 

CoMnCNCo-1h; (c) CoMnCNCo-2h and (d) 

CoMnCNCo-3h on CFP. 

The SEM surface images of the CoMn-HC, CoMnCNCo-

1h, CoMnCNCo-2h, and CoMnCNCo-3h films on the 

CFP substrate are presented in Figure 1 with two 

different magnifications . From the images, it is evident 

that the CoMnHC film exhibits nanoneedles structure. 

However, after undergoing ion exchange reaction with 

K3[Co(CN)6], small particles can be observed growing on 

surface of the nanoneedles in Figures 1(b), (c), and (d). 

The amount of these particles increases with longer ion 

exchange durations, and their presence on the nanowire 

surface becomes more noticeable, as seen in Figure 1. 

Additionally, besides the increase in the number of 

particles on the nanoneedles, their size also gradually 

increases during the ion exchange process. This 

combination of maintaining the nanoneedles structure 

while introducing additional particles is beneficial for 

enhancing the surface area of the catalyst material. It 

can improve catalytic activity and enhance the 

electrochemical properties of the synthesized material. 

 
Figure 2: XRD patterns of of CoMn-HC and 

CoMnCNCo-1h; CoMnCNCo-2h; CoMnCNCo-3h on 

FTO glass. 

Figure 2 illustrates XRD patterns of CoMn-HC and 

CoMnCNCo-1h; CoMnCNCo-2h; CoMnCNCo-3h on 

FTO glass. After  the ion exchange process to create 

CoMnCNCo-1h, CoMnCNCo-2h, and CoMnCNCo-3h 

samples, new XRD peaks at angles of 23.65°, 28.48°, and 

30.20°are observed corresponding to (220), (121), and 

(300) crystal planes respectively [20,21]. These new 

peaks gradually increased in width and intensity with 

longer ion exchange times, indicating it as the main 

peak of the CoMnCNCo sample. It confirmed the 

successful synthesis of this compound using the ion 

exchange method [20,21]. Besides that, everal diffraction 

peaks from the CoMn-HC film in the sample is remained 

as (100), (200), (221), (040), (231), and (340) crystal 

planes, although their intensity decreased, suggest the 

preservation of the nano-needle-like structure of the 

CoMnCNCo films. The XRD results align with the SEM 

images, confirming the successful synthesis of 

CoMn[Co(CN)6] films on a carbon paper surface 

through ion exchange with varying times. 

Table 1: Atomic percentage of Mn, Co estimated from 

EDX spectra of CoMnCNCo-1h; CoMnCNCo-2h and 

CoMnCNCo-3h samples. 

Samples Mn Co 

CoMnCNCo-1h 2.7 24.93 

CoMnCNCo-2h 1.25 13.65 

CoMnCNCo-3h 2.18 24.80 
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Figure 3: EDX spectra of CoMnCNCo-1h; CoMnCNCo-

2h; and CoMnCNCo-3h films. 

 

The EDX results for the CoMnCNCo-1h, CoMnCNCo-2h, 

and CoMnCNCo-3h samples are illustrated in Figure 3. 

To estimate the atomic percentages of Mn and Co in 

each sample, EDX spectra were analyzed, and the 

corresponding values are presented in Table 1. The 

spectra reveal the presence of Mn, Co, C, N, O, and Cl 

elements in the samples. Furthermore, the Co:Mn ratios 

for CoMnCNCo-1h, CoMnCNCo-2h, and CoMnCNCo-

3h were determined to be 9.23:1, 10.92:1, and 11.37:1, 

respectively. This increase in the Co ratio can be 

attributed to the prolonged reaction time, which 

facilitates the gradual exchange and growth of 

[Co(CN)6]3- species from the solution onto the precursor 

films. 

The CoMn-HC, CoMnCNCo-1h, CoMnCNCo-2h, and 

CoMnCNCo-3h films deposited on CFP were utilized as 

working electrodes, and their activity was investigated in 

OER in a 1 M KOH electrolyte. Figure 4 illustrates the LSV 

curves of the CoMn-HC, CoMnCNCo-1h, CoMnCNCo-

2h, and CoMnCNCo-3h films during the OER in the 1 M 

KOH solution. 

 
Figure 4: LSV curves of of CoMn-HC;  CoMnCNCo-1h; 

CoMnCNCo-2h and CoMnCNCo-3h in OER in 1 M 

KOH electrolyte. 

Upon ion exchange time to form CoMnCNCo-1h, 

CoMnCNCo-2h, and CoMnCNCo-3h films, these films 

exhibited higher catalyst activity compared to the 

CoMn-HC film.This can be attributed to the combined 

effect of an increased number of particles on the 

nanoneedles and their gradual size enlargement during 

the ion exchange process. These changes result in an 

expanded surface area of the catalyst material, which 

enhances its catalytic activity and improves its 

electrochemical properties. Furthermore, in the 

potential range of 1.2-1.6V vs. RHE, a broad peak is 

observed, indicating the oxidation/reduction processes 

taking place within the synthezised films. These 

processes involve the conversion of Co(II), Co(III), and 

Co(IV) oxidation states within the dimeric Co redox 

centers: CoIICoIII ↔ CoIIICoIII ↔ CoIVCoIII ↔ CoIVCoIV [22–

24]. The characteristics of these peaks vary depending 

on the concentration of Co in the samples. Interestingly, 

the CoMnCNCo-3h film, which has a higher Co content, 

exhibits a larger peak within this voltage range. 

Moreover, when comparing the different ion exchange 

times of the samples, it is observed that the 

CoMnCNCo-3h film demonstrates the highest OER 

catalyst activity in an alkaline electrolyte, achieving a 

current density of 50mAcm-2 at 1.77V. While, 

CoMnCoCNCo-2h film shows slightly lower activity at 

1.80V, followed by the CoMnCoCNCo-1h film at 1.81V, 

and the CoMn-HC film at 1.87V to achive a current 

density of 50mAcm-2 . However, the differences in 

catalyst activity between the CoMnCNCo-1h, 

CoMnCNCo-2h, and CoMnCNCo-3h films are not 

significant. This may be due to the ratios of Co and Mn 

in these films are not significantly different, despite the 

varying ion exchange times of 1 hour, 2 hours, and 3 

hours, as discussed in the EDX results. 
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Figure 5: CV curves of CoMnCNCo-3h film in OER in the 

voltage  window of 1.1V-1.7 V vs. RHE with 100 cycles 

Moreover, the electrochemical stability of the 

synthesized CoMnCNCo-3h films was evaluated by 

conducting CV measurement for 100 cycles. Figure 5  

displays  the CV curves of CoMnCNCo-3h in the OER 

range of 1.1V-1.7V vs RHE. The results indicate that even 

after 100 cycles of CV, there is very little decrease and 

no change in the CV shape of the CoMnCNCo-3h film 

compared to the initial CV. This suggests that the 

CoMnCNCo-3h film displays exceptional stability for the 

oxygen evolution reaction in an alkaline 1M KOH 

electrolyte. 

Conclusions  

In this research, we successfully investigated the effect 

of ion exchange times on the morphology and catalytic 

activity of CoMn[Co(CN)6] film catalyst in the oxygen 

evolution reaction. Varying the ion exchange times (1h, 

2h, 3h) resulted in an increase in particle size and 

quantity on the nanoneedles, leading to an enhanced 

surface area of the catalyst material. The prolonged 

reaction time facilitated the gradual exchange and 

growth of [Co(CN)6]3- species onto the precursor films, 

increasing the Co ratio. Moreover, the CoMn[Co(CN)6] 

catalysts with different ion exchange times exhibited 

good catalytic activity for OER and demonstrated 

stability in an alkaline environment.  
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