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Abstract 

Developing highly efficient electrocatalysts is essential for advancing the oxygen evolution 

reaction (OER), a key step in water splitting. In this study, a novel approach for the synthesis of 

an amorphous sulfide structure has been presented. First, a cerium-doped zeolitic imidazolate 

framework-67  (Ce-ZIF-67) using a co-precipitation method, followed by a multi-step 

transformation process. This process includes oxidation to form cerium-doped cobalt oxide (Ce-

CO) and a subsequent sulfidation step to produce an amorphous cerium-doped cobalt sulfide (Ce-

CS) structure. The introduction of cerium and the formation of an amorphous sulfide structure 

result in a significantly enhanced OER performance due to increased atomic disorder, improved 

electron mobility, and an expanded active surface area. Remarkably, the Ce-CS structure achieved 

a reduction in overpotential from 352 mV for Ce-CO to 291 mV at 100 mA cm-2  in 1.0 M KOH, 

alongside a Tafel slope reduction from 86.2 mA decade-1 to 67.2 mV decade-1. These enhancements 

underline the importance of cerium doping and amorphization in optimizing electrocatalytic 

efficiency. Furthermore, the Ce-CS catalyst demonstrated exceptional durability, with no 

observable degradation in performance or structural integrity after 10 h of continuous operation. 

This work presents a pioneering strategy for designing and synthesizing highly effective OER 

electrocatalysts, contributing a significant advancement to the field. 
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1. Introduction 

The anodic oxygen evolution reaction (OER) is essential for numerous clean energy applications 

[1,2]. However, the effectiveness of OER is hindered by the slow kinetics resulting from the four-

electron/proton transfer mechanisms, which restricts its potential for commercial use [3–5]. There 

have been reports indicating that noble metal compounds, such as RuO2 and IrO2, exhibit excellent 

catalytic behavior in the OER process [6,7]. However, the high cost and limited availability of 

noble metals significantly restrict their widespread application [8–10].  

Consequently, there significant efforts have been to investigate economically viable and readily 

available alternatives for the OER, such as transition metal phosphides, sulfides, selenides, and 

oxides [11,12]. Among these materials, transition metal oxides have undergone thorough 

investigation and have emerged as promising electrocatalysts for the OER due to their multiple 

valence states and accessibility [13,14]. In a study by Paul et al. [15], it was demonstrated that 

oxidized structures exhibit good performance in the OER process. For instance, the Co3O4 

structure showed an overpotential of 296 mV at a current density of 10 mA cm-2. On the other 

hand, transition metal sulfide compounds, known for their distinctive structure and tunable 

electrical properties, are considered promising electrocatalysts for electrochemical reactions 

[16,17]. In addition, sulfur has a lower electronegativity than oxygen, which improves the 

movement of electrons in the electrocatalyst, thereby enhancing the efficiency of the 

electrocatalyst in the OER [18]. 

Moreover, Metal-organic frameworks (MOFs) are porous structures that are composed of organic 

ligands and metal ions [19–21]. They serve as highly effective designs for synthesizing compounds 

containing different metals [22,23]. Moreover, Materials that are cobalt-based have shown 

remarkable electrocatalytic activity in OER [24], and the zeolitic imidazolate framework-67 (ZIF-
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67) with a central ion of cobalt, containing a significant number of active sites, can serve as an 

effective template for synthesizing cobalt sulfide [25]. This material offers abundant internal space 

and facilitates quick mass transfer [26]. Additionally, the wet chemical synthesis technique 

employed in the formation of this structure is acknowledged as a promising strategy for the large-

scale fabrication of composites [27]. This industry-suitable method, operating at room temperature 

and allowing for both thermodynamic and dynamic control, enhances catalyst morphology, 

increasing active site numbers and improving electrocatalytic performance, making it ideal for 

practical electrocatalyst applications [28]. 

Several methods have been implemented for modify the electronic states of compounds, and 

introducing additional transition metal elements has proven to be an effective approach to 

enhancing their electrochemical activity [29,30]. Cerium (Ce) is a valuable rare earth element that 

exhibits a combination of electrical and ionic conductivity due variation between Ce3+ and Ce4+, 

making it an excellent dopant to enhance catalytic activity [31–33]. Furthermore, the robust 

electrical interaction between Ce and other metal compounds can influence the binding strength 

of oxygen intermediates on metal centers, thereby enhancing the kinetics of the reaction [34]. Li 

et al. [35] reported CeO2−CoO nanofibers with an overpotential of 296 mV at current density of 

10 mA cm-2. They demonstrated that the unique arrangement of atoms at the interface between Ce 

and Co leads to the formation of several oxygen vacancies due to the improper alignment of atomic 

positions between the two materials, which is helpful for the OER. 

In addition to composition, there has been significant research on optimizing the electrochemical 

activity by improving the availability of active sites and modifying the structure [36]. Amorphous 

materials have garnered significant interest due to their ability to enhance catalytic performance, 

attributed to numerous structural defects and increased contact with active sites [37,38]. For 
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example, Huang et al. [39] reported amorphous-CoMoPx/carbon fiber as an amorphous compound 

with an overpotential of 305 mV at current density of 10 mA cm-2. This study demonstrated that 

amorphous shapes augment the capacity for mass transfer and fully expose all atoms, hence 

amplifying the surface area that is electrochemically active. 

In light of the aforementioned considerations, this study presents a novel approach by 

synergistically combining the advantages of cerium doping and the formation of amorphous 

structures to enhance the OER performance. Specifically, cerium was first doped into the zeolitic 

imidazolate framework-67 (ZIF-67) framework, which significantly improved the electrochemical 

activity due to the unique properties of cerium, such as its mixed valence states and robust 

electronic interactions. Following this, the oxidation of cerium-doped zeolitic imidazolate 

framework-67 (Ce-ZIF-67) resulted in a crystalline cerium-doped cobalt oxide (Ce-CO) structure, 

which further increased the active surface area and electron transfer efficiency. Finally, a 

sulfidation process was employed to convert the crystalline structure into an amorphous cerium-

doped cobalt sulfide (Ce-CS) phase, which exhibited superior performance due to the introduction 

of sulfur and the amorphous nature that facilitates faster electron transfer and lowers overpotential. 

This comprehensive approach not only highlights the potential of cerium-doped amorphous 

structures in OER but also offers a scalable and efficient strategy for the development of advanced 

electrocatalysts, addressing key challenges in the field. 

2. Experimental 

2.1. Materials 

Cerium(III) nitrate hexahydrate (Ce(NO3)3.6H2O), cobalt(II) nitrate hexahydrate 

(Co(NO3)2.6H2O), 2-methylimidazole (C4H6N2), thiourea (CH4N2S), ethylene glycol (C2H6O2), 
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carbon black (C), N-methyl-2-pyrrolidone (C5H9NO), potassium hydroxide (KOH), ethanol 

(C2H6O), acetone  (C3H6O), and hydrochloric acid (HCl) were obtained from Merck (Darmstadt, 

Germany). High purity (99%) methanol (CH3OH) was purchased from Neutron 

Pharmacochemical Co (Tehran, Iran). Polyvinylidene fluoride (-(C2H2F2)n-) was purchased from 

Alfa Chemistry (New York, United States). Nickel foam (NF, thickness:0.3 mm) was obtained 

from American Elements (California, United States). All materials were utilized in their original 

form with no purifying process. 

2.2.  Synthesis of ZIF-67 and Ce-ZIF-67 

The materials were synthesized using the method depicted in Scheme 1. The synthesis of the  ZIF-

67 structure was carried out via a coprecipitation process. In beaker number one, 3.9 mmol of 

Co(NO3)2.6H2O was added to 30 ml of methanol and dissolved. In beaker number two, 15.9 mmol 

of 2-methylimidazole was dissolved in 30 ml of methanol, yielding a homogeneous solution. 

Subsequently, the homogeneous solution from beaker number two was gently added to beaker 

number one. The precipitate was washed three times with pure methanol, then placed in an oven 

at 60 °C for 12 h to obtain the ZIF-67 structure. 

Moreover, the synthesis of Ce-ZIF-67 was conducted using a similar procedure, with the exception 

that during the initial phase of synthesis, 0.2 mmol of Ce(NO3)3.6H2O were added to the solution 

in addition to 3.7 mmol Co(NO3)2.6H2O. 

2.3. Synthesis of Ce-CO and Ce-CS 

In order to produce the oxide derivative obtained from Ce-ZIF-67, an appropriate amount of this 

substance was placed in a porcelain crucible and subjected to a heating process at 350 °C for a 
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duration of 3 h, with a heating rate of 5 °C per min. The use of this approach resulted in synthesis 

of Ce-CO.  

Furthermore, for the synthesis of the Ce-CS, 250 mg of the synthesized Ce-CO were dispersed in 

200 ml of C2H6O2 in a 500 ml reaction flask. This mixture was subjected to ultrasonic waves for 

15 min using an ultrasonic device. Subsequently, 29.55 mmol of CH4N2S were dissolved in 20 ml 

of C2H6O2, and the resulting solution was added to the mixture containing the Ce-CO. The 

sulfidation reaction proceeded for 4 h under reflux at a temperature of 150 °C. The resultant 

mixture was washed several times with distilled water and C2H6O, then dried in an oven at 60 °C 

for 8 h. 

2.4. Materials characterization 

The structure of all the synthesized materials was determined using X-ray diffraction (XRD) with 

PANalytical (XPert PRo MPD, United Kingdom) equipment utilizing Cu Kα radiation as a source 

of X-ray. The detection of chemical bonds of materials have been done utilizing a Fourier 

transform infrared spectrometer (FTIR) by PerkinElmer (Spectrum RX I) instrument (United 

States). The morphological features of samples were investigated by field emission scanning 

electron microscope (FE-SEM) TESCAN (MIRA 3 LMU, Czech Republic) equipment and a Zeiss 

(EM10C-100Kv, Germany) instrument transmission electron microscope (TEM). The elemental 

chemical characteristics were evaluated using energy dispersive spectroscopy (EDS) by the 

TESCAN (MIRA 3 LMU) instrument (Czech Republic). The electronic state of ions was analyzed 

using X-ray photoelectron spectroscopy (XPS) with a Bes Tek instrument (Germany). 

2.5. Preparation of the working electrode 
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Initially, NF was divided into pieces of 1 × 1 cm2. The pieces were then subjected to ultrasonic 

waves in an acetone bath for 10 min. Following this, it was immersed in a 2.0 M KOH solution 

for 4 min, and immediately afterward, it was placed in a 1.0 M HCl solution. Finally, the foam 

underwent a final washing step under ultrasonic waves in acetone for 5 min to eliminate the oxides 

and any potential residues from the surface of the NF.  

The synthesized catalysts covered the surface of the pretreated NF in the following way for 

preparing the working electrode: 12 mg of the synthesized material was thoroughly mixed with 2 

mg of carbon black. The resulting mixture was then dissolved in a solution obtained by mixing 

C5H9NO and -(C2H2F2)n- in a 9:1 ratio, and subsequently coated onto the surface of NF. The 

obtained electrode was placed in an oven at 120 °C for 2 h. 

2.6. Electrochemical measurements 

Electrochemical analyses were conducted utilizing a RADstat electrochemical workstation (Kian 

Shar Danesh, Iran) with a standard three-electrode system. The experiments were conducted in a 

cell containing a 1.0 M KOH solution, which has a pH of 14. The reference electrode was an 

Ag/AgCl with 3.0 M KCl, while the counter electrode was platinum wire. The covered NFs were 

employed as the working electrode. The potentials were measured in relation to a reversible 

hydrogen electrode (RHE), as shown in the following equation:  

ERHE= EAg/AgCl+ EAg/AgCl
0 +0.059 pH                           (1) 
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Scheme 1. Schematic of synthesis for Ce-ZIF-67, Ce-CO, and Ce-CS. 

 

3. Results and discussion 

3.1. Materials characterization 

The synthesized materials were analyzed using XRD to investigate their crystalline structure. Fig. 

1a shows that the primary peaks of ZIF-67 occur at precise 2θ angles: 7.32, 10.70, 12.80, 14.79, 

16.68, and 18.28. Furthermore, the detected peaks also align with the structural pattern of ZIF-67, 

demonstrating the synthesis of the material with excellent purity [40]. The specified peaks 

correspond to the crystalline structures (011), (002), (112), (022), (013), and (222), respectively 

[41]. The XRD patterns of the bimetallic Ce-ZIF-67 (Fig. 1a) exhibit diffraction peaks at 

comparable angles, displaying a high intensity. This suggests the production of structures with 

consistent synthesis and high degree of crystallinity, both in monometallic and bimetallic forms 
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[42].  It is noteworthy that the addition of cerium to the ZIF-67 structure did not significantly alter 

its crystalline structure, suggesting that cerium functions as a dopant [43]. 

The XRD pattern of Ce-CO (Fig. 1a) clearly shows the appearance of new peaks at angles of 19.05, 

31.45, 36.95, 44.84, 59.39, and 65.39. These peaks replace those of the Ce-doped ZIF-67, which 

indicates a successful oxidation procedure. The mentioned diffractions correspond to the 

crystallographic planes (111), (220), (311), (400), (511), and (440), respectively [44–46]. 

Moreover, the pattern illustrates the cubic crystal structure of Co3O4, which has a lattice constant 

of 8.076 angstroms and belongs to the space group Fd3 [47,48]. 

The XRD analysis of the Ce-CS particles (Fig. 1a) reveals the absence of any detectable peaks 

associated with cobalt sulfide, indicating the lack of a crystalline phase. This examination reveals 

that the sulfide particles have a fully amorphous structure [49]. 

The functional groups of the produced compounds were analyzed using FT-IR analysis at a 

wavenumber of 400-4000 cm-1 (Fig. 1b). The FT-IR peaks seen in both the ZIF-67 and Ce-ZIF-67 

structures are similar and consistent with previous investigations [50]. The imidazole ring has been 

detected in spectral peaks ranging from 600 to 1500 cm-1, which correspond to the stretching and 

bending vibrations of this ring [51]. The observed peak at 1584 cm−1 corresponds to the C=N 

stretching bond, while aliphatic and aromatic C-H bonds show a stretching vibration peak at 2925 

and 3128 cm−1 [52,53].  

As evidenced by the FT-IR spectrum of Ce-CO structure, some peaks related to the imidazole ring 

have disappeared due to the oxidation process, and new peaks have emerged in their place, 

indicating degradation of the organic ligand structure. The peak at 569 cm−1 corresponds to the 
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stretching vibrations of Co-O bonds, while the peak at 667 cm−1 is attributed to the vibration of the 

O-Co-O bond [54,55]. 

As indicated by the peaks corresponding to the Ce-CS, the peak at 1102 cm−1 is attributed to the 

bending vibration of the S-O group in the sulfonate group of the cobalt sulfide structure. The peak 

at 670 cm−1 corresponds to the stretching vibration of Co-S bonds, albeit with an overlap with the 

oxide structure [56,57]. 

  

Fig. 1. (a) XRD patterns and (b) FT-IR spectra of ZIF-67, Ce-ZIF-67, Ce-CO, and Ce-CS. 

The structure of the synthesized materials was examined using FE-SEM analysis. Fig. 2a illustrates 

that ZIF-67 possesses a rhombic dodecahedron structure. Fig. 2b depicts the configuration of Ce-

ZIF-67, demonstrating that the introduction of cerium into the ZIF-67 structure did not alter its 

shape, and the required material was synthesized while preserving its polyhedral structure. After 

the calcination process of Ce-ZIF-67, the resulting material (Ce-CO) maintained its main structure. 

However, wrinkles were observed on the surface, indicating the oxidation of the target structure, 

(a) (b) 
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as depicted in Fig. 2c. The structure of Ce-CS is evident in Fig. 2d, which demonstrates the 

presence of uneven, spherical-shaped nanoparticles after the sulfidation process. 

To conduct a more detailed study of the morphology, the structures of Ce-CO and Ce-CS were 

analyzed using TEM technique. Fig. 2e depicts the formation of rough surface on the Ce-CO 

structure during the oxidation process, which aligns with the findings from the FE-SEM 

micrographs. Moreover, Fig. 2f illustrates the existence of nano-spheres in Ce-CS structure.  

 

Fig. 2. FESEM micrographs of (a) ZIF-67, (b) Ce-ZIF-67, (c) Ce-CO, and (d) Ce-CS; TEM 

micrographs of (e) Ce-CO and (f) Ce-CS. 

To ascertain the average particle diameter of the synthesized particles, a particle size distribution 

plot was constructed (Fig. S1, Electronic Supplementary File). The mean particle diameters of 

ZIF-67, Ce-ZIF-67, Ce-CO, and Ce-CS are 550.51, 350.47, 292.77, and 122.94 nanometers, 
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respectively. The treatments applied to the ZIF-67 structure have resulted in a noticeable decrease 

in the average particle size of derived materials. 

In Fig. 3a, the EDS analysis of the Ce-CO structure is shown. This analysis indicates the presence 

of cobalt (Co), oxygen (O), carbon (C), and cerium (Ce) elements in the Ce-CO structure. Fig. 3b 

clearly demonstrates that the sulfidation process under reflux circumstances led to a substantial 

incorporation of sulfur (S) into the structure, confirming the effective completion of the sulfidation 

process. Furthermore, Figs. 4(a-d) and 4(e-i) display the elemental mapping pictures of the Ce-CO 

and Ce-CS structures, respectively. The results demonstrate an even distribution of all components 

across the surface of the synthesized materials, signifying their successful synthesis. 

 

Fig. 3. EDS spectrum of (a) Ce-CO and (b) Ce-CS.  
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Fig. 4. Elemental mapping of (a-d) Ce-CO and (e-i) Ce-CS. 

XPS analysis employed to further investigate the chemical valence state and composition of Ce-

CS.  The XPS spectra of the Ce-CS structure, including C 1s, O 1s, S 2p, Co 2p, and Ce 3d, are 

shown in Fig. 5(a-e). The C 1s peak (Fig. 5a) has been deconvoluted, revealing two peaks 

positioned at 284.8 eV and 286.4 eV, signifying the presence of the C–C and C–O groups, 

respectively [58]. The deconvolution of the O 1s peak (Fig. 5b) reveals two distinct components 

at 532.2 and 534.4 eV, corresponding to surface lattice oxygen (such as metal-oxygen bonds) and 

adsorbed oxygen (such as hydroxide bonds), respectively [59]. In the XPS spectrum of S 2p (Fig. 

5c), peaks at 162.8 and 164.7 eV are S2−, demonstrating the formation of metal sulfides, and the 

peak position around 168.9 eV can be assigned to the sulfate groups [60]. The Co 2p region (Fig. 

5d) displayed doublets at binding energies of 779.7 and 782.2 eV, which corresponded to Co 2p3/2. 

Similarly, the peaks observed at 794.6 and 797.4 eV were identified as Co 2p1/2. Furthermore, two 

satellite peaks were present at 785.1 and 802.1 eV [61]. The spectrum of Ce 3d is depicted in Fig. 

5e, with spin-orbit doublets obtained through deconvolution. The peaks located at 885.6 and 887.8 

eV, as well as the peaks observed at 903.3 and 905.6 eV, can be attributed to Ce 3d5/2 and Ce 3d3/2, 

respectively. This provides evidence for the presence of Ce3+ and Ce4+ in the Ce-CS [62]. 
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(a) (b) 

(c) (d) 
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Fig. 5. XPS spectrum of (a) C 1s, (b) O 1s, (c) S 2p, (d) Co 2p, and (e) Ce 3d for Ce-CS sample. 

3.2. Electrochemical evaluations 

Linear sweep voltammetry (LSV) was conducted to analyze the electrochemical activity of 

synthesized materials, and all data were gathered at a constant scan rate of 5 mV s-1 (Fig. 6a). The 

voltametric plot demonstrates that the addition of cerium enhances the performance of the ZIF-67 

structure. This suggests that the use of bimetallic synthesis in creating the ZIF-67 structure is 

effective in improving its performance. Additionally, it is noteworthy that the oxidation process 

positively impacts electron transfer, leading to a noticeable reduction in overpotential [63]. It is 

evident that the sulfidation process on the Ce-CO structure has a very significant impact on its 

electrochemical performance in the OER process.  The measured overpotentials at a current density 

of 100 mA cm-2 for ZIF-67, Ce-ZIF-67, Ce-CO, and Ce-CS were 446, 415, 352, and 291 mV, 

respectively. Additionally, these electrodes exhibited overpotentials of 440, 403, 346, and 283 mV 

 

(e) 
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at a current density of 80 mA cm-2. Moreover, the overpotentials at a current density of 60 mA cm-

2 for these electrodes were recorded as 432, 398, 339, and 260 mV, respectively. 

Cobalt and cerium, as transition metals with strong reactivity and cost-effectiveness, are highly 

suitable for use in the OER process. Through the introduction of cerium into the ZIF-67 structure 

and utilizing the consequent synergistic effect, the Ce-ZIF-67 structure demonstrated enhanced 

performance in comparison to ZIF-67. Furthermore, the process of oxidizing the Ce-ZIF-67 

structure to create Ce-CO greatly improved the performance of the electrode by increasing its 

electrochemical active surface area. Additionally, the sulfidation process converted the previously 

oxidized structure into an amorphous form, which demonstrated substantial performance 

improvements. The improvement in performance is attributed to the existence of sulfur and the 

disordered structure, which together facilitate faster electron transfer and considerably reduce the 

overpotential for the OER [64]. 

The OER kinetics were investigated using Tafel plots, which depict the relationship between η 

(overpotential) and log j (j is current density). The Tafel slopes for ZIF-67, Ce-ZIF-67, Ce-CO, 

and Ce-CS, as shown in Fig. 6b, were determined to be 121.0, 102.0, 86.2, and 67.2 mV decade−1, 

respectively. These values were obtained by performing linear fits to the Tafel plots. The reduction 

in the Tafel slope indicates an improvement in reaction kinetics. As the obtained results show, the 

Ce-CS structure exhibited the lowest Tafel slope, indicating that the sulfidation process of the Ce-

CO structure, and the resulting morphological change to amorphous nanospheres, have enhanced 

the electronic structure, leading to significantly improved reaction kinetics. Furthermore, it is 

noteworthy that doping the ZIF-67 structure with cerium has positively impacted the reaction 

kinetics, demonstrating the effectiveness of the doping process on the performance of this 

structure. The decrease in the Tafel slope observed during oxidation can be attributed to the 
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formation of regular and stable crystalline networks. Furthermore, it is important to note that the 

oxidation process eliminates impurities and unstable species, leading to the creation of a more 

uniform material that is of greater purity [65]. Consequently, the Tafel slope of Ce-CO decreased 

significantly compared to Ce-ZIF-67. Ultimately, the decreasing trend in the Tafel slope indicates 

that the synthesis approach used for the final structure was highly effective.  Fig. 6c presents the 

values of overpotentials at different current densities, and values of  Tafel slopes for the synthesized 

materials for facilitating comparison.  

  

(a) (b) 
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Fig. 6. (a) LSV curves, (b) Tafel diagrams, and (c) measured overpotentials and Tafel slopes of 

ZIF-67, Ce-ZIF-67, Ce-CO, and Ce-CO. 

To determine the electrochemical active surface area (ECSA), it is first necessary to measure the 

double-layer capacitance (Cdl), which can be calculated using the following equation, where Cs 

represents the specific capacitance . 

ECSA = 
Cdl

CS
                                                                (2) 

To determine the double-layer capacitance, cyclic voltammetry (CV) tests must be conducted in 

the non-faradaic region at various scan rates on the synthesized materials. In this study, CV tests 

were performed at scan rates of 20, 40, 60, 80, and 100 mV s-1 on the synthesized materials (Fig. 

S2, Electronic Supplementary File). The Cdl value is obtained by measuring the slope of the plot 

of the difference between the anodic and cathodic current densities at a fixed voltage versus the 

scan rate (Δj vs. scan rate). According to Fig. 7, the Cdl values obtained for the structures ZIF-67, 

Ce-ZIF-67, Ce-Co, and Ce-CS are 0.32, 0.53, 1.07, and 1.98 mF cm-2, respectively. A higher Cdl 

 
(c) 
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indicates a greater ability of the structure to store charge at the interface, which enhances charge 

transfer during the process. 

Given the direct relationship between ECSA and Cdl, it is evident that an increase in Cdl leads to 

an increase in ECSA. It is clear that doping the ZIF-67 structure with cerium has increased the 

ECSA, and through oxidation and subsequent sulfidation processes, the ECSA has reached its 

optimal value. The improved ECSA in the final structure suggests the presence of a greater number 

of active surface sites that are reactive towards chemical reactions. This results in faster electron 

movement and more efficient interactions between the electrode and electrolyte during the OER 

process [66].  
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Fig. 7. The electrochemical double layer capacitance of ZIF-67, Ce-ZIF-67, Ce-CO, and Ce-CS 

(the dash lines represent the linear regression model applied to the dataset) 

A method of electrochemical impedance spectroscopy (EIS) has been used to gain a more 

comprehensive understanding of the OER kinetics. This measurement was conducted using a 

constant voltage and a frequency range of 0.1–105 Hz. Fig. 8 illustrates the Nyquist plots of ZIF-

67, Ce-ZIF-67, Ce-CO, and Ce-CS. The acquired data can be accurately matched to the equivalent 

circuit shown in the diagram inset of Fig. 8. The charge transfer resistance (Rct) values for ZIF-67, 

Ce-ZIF-67, Ce-CO, and Ce-CS are 24.99, 18.64, 11.20, and 3.84 Ω, respectively. The lowest Rct 

value was shown by Ce-CS, indicating its most rapid electron transfer during the OER process. 

The initial reduction in electrode resistance is attributed to the bimetallic formation of the ZIF-76 

structure. In subsequent steps, by conducting oxidation and sulfidation processes, resulting in an 

amorphous structure, electron transfer improved [67]. Consequently, the Rct decreased. The Rs 

values were utilized to offset the ohmic drop resulting from the solution resistance (Rs). The 

specific Rs values for ZIF-67, Ce-doped ZIF-67, Ce-CO, and Ce-CS electrodes are 4.59, 4.05, 3.9, 

and 3 Ω, respectively. 



22 
 

 

Fig. 8. Nyquist diagrams of ZIF-67, Ce-ZIF-67, Ce-CO, and Ce-CS (shown as a schematic 

representation of an equivalent circuit) 

The stability of the electrode is a vital parameter for evaluating the effectiveness of synthesized 

electrocatalyst. To assess this, the endurance of Ce-CS was initially examined using 

chronopotentiometry at a current density of 100 mA cm−2. As shown in Fig. 9, the potential of the 

electrode stayed nearly constant throughout a stability analysis lasting 10 hours. Additionally, the 

LSV graph after the stability analysis (after 1000 cycles of CV) matched the first curve of LSV, 

indicating excellent durability of the synthesized amorphous material. Additionally, the FESEM 

micrographs before and after chronopotentiometry, as shown in Fig. 9(b-e), indicate that the Ce-

CS structure remains largely unchanged after 10 h of operation, with the structure being well-
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preserved. The EDS analysis conducted before and after the chronopotentiometry test (Fig. 

S3(a,b), Electronic Supplementary File) shows that the elemental composition of the Ce-CS 

structure has not undergone significant changes. The elemental mapping of the Ce-CS electrode 

structure (Fig. S4(a-j), Electronic Supplementary File) also indicates that the distribution of 

materials has remained unchanged after chronopotentiometry test, and the elements are uniformly 

dispersed across the surface.  These structural analyses demonstrate that the synthesized structure 

possesses sufficient stability for use in the OER process. 

 

(a) 
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Fig. 9. (a) Chronopotentiometry test of Ce-CS for 10 h (in set is the LSV curves before and after 

1000 cycles of CV); FESEM micrographs of Ce-CS (b,c) before it was used and (d,e) after 10 h 

of use. 

In the electrochemical and structural investigations of the materials, it was demonstrated that metal 

doping of the ZIF-67 structure leads to the formation of unsaturated coordinated sites and atomic 

defects, which enhance electron transfer during the OER electrocatalytic process. This 

(b) (c) 

(d) (e) 
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improvement is well-aligned with the results of electrochemical analyses, particularly 

electrochemical impedance spectroscopy (EIS). Moreover, the Ce-ZIF-67 structure effectively 

provided a robust framework for deriving materials with higher porosity and improved electron 

transfer capabilities. FESEM analyses reveal that oxidation produces porous ZIF-derived metal 

oxides with interconnected pores by oxidizing volatile elements (C, N, H) into gaseous products. 

The oxidation process and the formation of the Ce-CO structure led to changes in the geometrical 

shape of Ce-ZIF-67, yielding a more porous structure with enhanced performance in all 

electrochemical analyses. Subsequent sulfidation of the Ce-CO structure, due to the lower 

electronegativity of the sulfide structures compared to the oxidized ones, resulted in improved 

performance of the Ce-CS structure over Ce-CO in the electrochemical analyses. Additionally, 

XRD analysis revealed that the final Ce-CS structure exhibits an amorphous nature. Amorphous 

materials, characterized by long-range disorder and short-range order extending only over a few 

atoms, often demonstrate advantages in electrocatalysis compared to their crystalline counterparts. 

This is due to the presence of more active sites, a broader range of chemical compositions, and 

higher structural flexibility. These factors contribute to the superior performance of the Ce-CS 

structure compared to the Ce-CO structure. 

Table 1 presents a comparison of the OER performance of Ce-CS with other sulfide-based 

electrocatalysts. It is evident that the overpotential of Ce-CS at current density of 100 mA cm-2 is 

superior to that of similar materials. This comparison highlights the effectiveness of the synthesis 

approach used for the Ce-CS catalyst. The combination of cerium doping, metal sulfide 

incorporation, and the resulting amorphous structure has markedly improved electron transfer, 

increased the electrochemical active surface area, and consequently enhanced the performance of 

the Ce-CS structure in the OER process. 



26 
 

Table 1. Comparison of the recent performance of cobalt sulfides in the OER process (at a 

current density of 100 mA cm-2 and under alkaline conditions) has been reported. 

Name of electrode Overpotential (mV) Reference 

NiCoS nanorod 360 [68] 

NiCo LDH/NiCoS 308 [69] 

Fe- and Ni-codoped CoS2 295 [70] 

FeS2/CoS2 302 [71] 

Ce-doped FeNi-Sx 294 [72] 

Cu@CoSx/CF 310 [73] 

Co-doped Ni3S2 340 [74] 

CoS2@CoFe-LDH 358 [75] 

Nitrogen-Doped CuO@CuS 392 [76] 

Ce-CS 291 This work 

 

4. Conclusion 

To summarize, in this work, the effect of cerium doping on ZIF-67 was investigated. Subsequently, 

the oxidation process yielded the Ce-CO structure, which demonstrated improved performance. 

Furthermore, a reflux sulfidation process was employed to obtain the amorphous Ce-CS structure, 

which exhibited superior performance in the OER process. The acquired amorphous structure 

provided a multitude of active sites for electrochemical processes, resulting in a substantial 

decrease in ion transfer time and an increase in the surface area of contact between the electrode 

and electrolyte. This favorable performance is attributed to: 1) the synergistic effect of cerium 
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doping, which enhances electron transfer, and 2) the amorphous sulfide, which increases the 

contact surface with active sites. The improved catalyst had a significant overpotential of 291 mV 

when operating at 100 mA cm-2 as a current density. Additionally, it exhibited a small Tafel slope 

of 67.2 mV decade-1. Additionally, the catalyst exhibited satisfactory durability for extended 

periods of electrolysis. This work presents an effective approach for creating catalysts that show 

great overpotential in OER. 
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