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(High-efficiency and low-cost catalysts for oxygen evolution reaction (OER) are critical for 

electrochemical water splitting to generate hydrogen, which is a clean fuel for sustainable 

energy conversion and storage. Among the emerging OER catalysts, transition metal 

dichalcogenides have exhibited superior activity compared to commercial standards such as 

RuO2, but inferior stability due to uncontrolled restructuring with OER. In this study, we create 

bimetallic sulfide catalysts by adapting the atomic ratio of Ni and Co in CoxNi1-xSy 

electrocatalysts to investigate the intricate restructuring processes. Surface-sensitive X-ray 

photoelectron spectroscopy and bulk-sensitive X-ray absorption spectroscopy confirmed the 

favorable restructuring of transition metal sulfide material following OER processes. Our 

results indicate that a small amount of Ni substitution can reshape the Co local electronic 

structure, which regulates the restructuring process to optimize the balance between OER 

activity and stability. This work represents a significant advancement in the development of 
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efficient and noble metal-free OER electrocatalysts through a doping-regulated restructuring 

approach.) 

 

1. Introduction 

Water splitting reactions to produce hydrogen represent a promising future avenue for clean 

energy storage and fuels.[1-4] The development of inexpensive and commercially friendly 

electrocatalysts is essential for the widespread utilization of such processes.[5-7] However, OER 

remains the key hurdle for the water splitting process, primarily due to sluggish kinetics and 

large activation energy barriers.[8-11] Enhancing the efficiency of this half-reaction is crucial for 

achieving the most significant overall energy efficiency gains in energy conversion.[12-14] 

Currently, noble metal oxides such as RuO2 and IrO2 serve as the primary commercial standards 

for OER electrocatalyst materials. However, their high cost and limited availability hinder their 

widespread usability.[2, 12, 13, 15] Therefore, it is imperative to develop electrocatalysts based on 

more earth-abundant 3d transition metal materials. 

One essential aspect of discussion regarding all forms of electrocatalysts is their stability under 

operating conditions. While current standard catalysts such as IrO2 and RuO2 exhibited 

reasonably high chemical stability in both acidic and alkaline media, transition metal catalysts 

used in OER reactions generally suffer from poorer stability [3, 4, 16, 17], even in alkaline 

conditions. It is unavoidable that catalyst materials will experience chemical or physical 

changes and eventual degradation when subjected to the harsh oxidative conditions of OER 

electrocatalysis. However, there are several methods available to mitigate the overall impact of 

this process. One intriguing approach to address stability concerns is the development of a 

catalyst that undergoes an in-situ chemical change resulting in improved catalytic activity.[2, 18-

20] These materials are often referred to as pre-catalysts, as their initial state reacts under 

operating conditions to reach a more effective catalytic state. Given the highly oxidative 

conditions of OER catalysis, it is widely observed that chalcogens in the catalyst surface 

structure are replaced with oxygen to form oxide/hydroxide as more active sites,[21] but the 

continuous restructuring process from surface to bulk during the further cycling degrades the 

catalytic performance.[22-24] The initial restructuring leads to the formation of nanocluster 

moieties with more available active sites, and further restructuring leads to particle aggregation 

with less available active sites.[22-24] Consequently, the fully developed catalyst is thought to 

include the in-situ formation of this oxide surface component, while the bulk material retains 

its original structure. For example, our recent work on Co9S8 thin film electrocatalysts has 

demonstrated such surface composition and structural changes during OER.[2] Hence, 
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regulating the transition-metal sulfide structure during the reaction is vital for improving both 

catalytic activity and stability.[23, 25] Among different regulation strategies, doping is an 

effective way to populate novel active sites by introducing one or more active transition 

metals.[23, 25] Xie et al. have demonstrated Co doped NiS2 exhibits a higher catalytic activity and 

stability than pure NiS2.[26] Besides the single element doping, recent studies also investigate 

the dual-elements doping and multiple-elements doping (called high-entropy metal sulfide). 

Those studies all demonstrated excellent OER catalytic performance.[27, 28] However, the 

underlying restructuring processes and the role of metal doping in regulation are rarely studied, 

which hampers the development of restructured electrocatalysts.  

Herein, we investigate a composition-regulated strategy for studying how doping mediates the 

restructuring progress. Specifically, we examine nickel cobalt sulfide catalyst nanoparticles 

embedded in carbon nanofibers (CoxNi1-xSy). Through comprehensive analysis using X-ray 

photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS) analysis, and 

electrochemical measurements, we demonstrate that exposure to OER conditions induces a 

restructuring of the nickel and cobalt sulfide materials, which results in the formation of surface 

Co and Ni oxides/hydroxides nanoclusters with an edge-sharing octahedral local structure at 

the atomic scale, exhibiting favorable electrocatalytic activity for water oxidation. Moreover, 

we find that the catalytic performance can be influenced by adjusting the ratio between Ni and 

Co metals, allowing precise tuning of the electrocatalytic activity. Also, the Ni substitution, 

regulating the electron distribution around Ni and Co, leads to a different degree of restructuring, 

which affects the stability. Our experimental results suggest the role of Ni and Co in the 

restructuring processes which offers potential interests for future design of in-situ formed 

electrocatalyst. 

2. Results and discussion 

2.1. Characterizations of the as-synthesized materials 

CoxNi1-xSy samples were prepared by electrospinning a precursor solution (Figure S1a), with 

detailed procedures outlined in the methods section. The Co and Ni ratio was chosen as pure 

Co9S8, Co0.83Ni0.17, Co0.66Ni0.33, Co0.5Ni0.5, Co0.33Ni0.67, Co0.17Ni0.83, and pure Ni3S2. Figure S2a 

illustrates powder X-ray diffraction (XRD) patterns for a series of samples with multiple 

compositional ratios of Ni to Co, with peaks corresponding to coexisting Co9S8 (COD No. 

1011206) and Ni3S2 (COD No. 1011250) crystal structures. With more Ni substitution, the XRD 

peak around 32º becomes more pronounced while the XRD peak around 29º peak becomes 

weaker, which the Ni substitution would introduce some crystal structure change from Co9S8 

to Ni3S2. The crystal structure is a bulk property that usually does not directly affect the catalytic 
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performance, but it may lead to different restructuring pathways. The coexistence of Co and Ni 

sulfur compounds is further confirmed by XPS analysis. Figures S3-S7 show XPS spectra of 

Ni 2p and Co 2p with peaks at 856 eV and 784 eV respectively, which have been ascribed to 

Ni and Co sulfides and sulfates. [25, 26] It is expected that metal sulfates present on the particle 

surface may contain a small degree of surface oxidation due to exposure to the atmosphere. 

Scanning electron microscopy (SEM, Figure 1) shows the morphology and microstructure of 

the catalyst nanoparticles and their supporting carbon nanofibers, suggesting a good particle 

dispersion among an interconnected network of nanofibers. The energy dispersive spectroscopy 

confirms that all key elements are uniformly dispersed (Figure 1&S1), and the estimated 

element ratio of Co and Ni (Table S1) is close to the expected values. This evidence confirmed 

the successful synthesis of CoxNi1-xSy. 

  
Figure 1. Microstructure and element mapping for (a) Co0.83Ni0.17; (b) Co0.66Ni0.33; (c) 

Co0.5Ni0.5; (d) Co0.33Ni0.67;(e) Co0.17Ni0.83; The Co, Ni, S, C elements are colored in yellow, blue, 

green, and red, respectively. (Co9S8 and Ni3S2 in Figure S1) 
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2.2. Electrochemical Measurements 

CoxNi1-xSy samples were measured using a conventional three-electrode system immersed in 

0.1 M KOH electrolyte. More experimental details can be found in the methods section. All 

current density measurements are normalized to geometric surface area.[29] 

Figure 2a-2b show a comparison of the over-potentials obtained through cyclic voltammetry 

(CV) measurements for each prepared material and the standard RuO2 at the first cycle. It 

demonstrates that the Co0.83Ni0.17 has the lowest over-potential at 5 mA cm-2 among all samples 

and is better than that of the standard RuO2 (Figure 2d). Compared with the pure Co9S8 and 

Ni3S2, a small amount of Ni or Co substitution improves the OER performance. However, the 

OER performance gets worse when the Ni and Co ratio gets close to 1:1. The improved activity 

is also supported by the Tafel slope comparison in Figure 2c. Tafel slopes also indicate that 

Ni3S2 has a different reaction mechanism from that of Co9S8, and a small Ni substitution would 

not change the reaction mechanism such as Co0.83Ni0.17 and Co0.67Ni0.33 have almost the same 

Tafel slopes as that of Co9S8 (Figure 2d and Table S2). In addition, the CV data at the first cycle 

shows asymmetric oxidative and reductive peaks (Figure 2a and 2b). For example, Co0.83Ni0.17 

has two oxidation peaks but only one reduction peak, and the oxidation peak area is much 

greater than the reduction peak area suggesting irreversible changes for all these materials. 

Drawing upon previous studies on sulfide electrocatalysts in OER [2, 15], these observed 

changes can be attributed to an irreversible restructuring process that transforms the pre-

catalysts (CoxNi1-x) into more active phases, thereby enhancing the OER performance of the 

materials. By carefully integrating the peaks in the CV curve, it roughly shows that the 

Co0.83Ni0.17 composition exhibits the most pronounced oxidation peak, indicating the 

occurrence of substantial restructuring processes. Referring to previous studies on Co and Ni 

redox behaviors, two peaks for Co9S8 could be assigned to the Co2+/Co3+ (peak around 1.2 V 

vs RHE) and Co3+/Co4+ redox pairs (peak around 1.35 V vs RHE).[20, 30] Also, one peak for 

Ni3S2 could be assigned to the Ni3+/Ni4+ redox pair (peak around 1.45 V vs RHE).[31, 32] 

Interestingly, the Co0.83Ni0.17  also displays two distinct oxidative peaks, which have the same 

first Co redox as Co9S8 but the later peak (around 1.4 V vs RHE) would be the mixture redox 

of Co and Ni during restructuring. [20, 31, 32] In contrast, the other CoxNi1-xSy catalysts exhibit 

only one oxidative peak, which could be mainly attributed to the mixture of Co and Ni redox 

process. The irreversible structure change led to activity loss for high Co contents (x > 0.83) 

and activity gain for relatively low Co contents (x <0.83) except Co0.17Ni0.83 (Figure S2b). A 

careful investigation of the cycling data indicates that most materials undergo irreversible 

restructuring just after 1st cycle and almost reversible structuring in the following cycles (Figure 
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S2b-h) except Co0.17Ni0.83. The nearly reversible restructuring after 1st cycle imparts negligible 

change of catalytic performance, but the ongoing reversible structure change of Co0.17Ni0.83 

results in performance decrease and then increase. In addition, the entirely different Tafel Slope 

in the 1st and 20th cycles (Table S2) indicates that the Co0.17Ni0.83 is still under irreversible 

structure change. Considering the restructured structure as the true active for the later cycles, 

pure NiO/NiOOH has better performance than CoO/CoOOH.[33, 34] That might be one reason 

why Ni3S2 has better catalytic performance than Co9S8 after serval cycles. However, the OER 

performance of bimetallic sulfides does not suggest that a high Ni ratio would necessarily lead 

to high performance since Co0.67Ni0.33 has better performance than Co0.5Ni0.5 after 20 cycles. 

This may be caused by different restructuring pathways and newly formed transition metal-

oxygen bonding hybridization. In general, different Ni and Co ratios could regulate the 

restructuring processes of this bimetallic sulfide, which we would like to further investigate by 

XPS and in situ XAS.    

 
Figure 2. Electrochemical results from cyclic voltammetry, (a) OER performance of CoxNi1-xSy 

materials and RuO2 at the first cycle (b) Enlarged CV data of figure a (c) Tafel slope of CoxNi1-

xSy materials and RuO2 (d) the over-potential values of CoxNi1-xSy materials at 5 mA cm-2 and 

the Tafel Slope values extracted from figure 2c. 
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2.3. Mechanistic Understanding 

To clearly understand how Ni and Co doping regulate the restructuring and its relationship with 

electrochemical performance, ex-situ XPS was carried out to analyze the surface chemical 

composition and chemical binding. Chemical composition is one crucial parameter to help 

understand the changing electrocatalytic performance between different metal compositions. 

Figure 3 compares the XPS spectra of Co9S8 and Ni3S2 materials before and after cycling under 

OER conditions. There is a clear reduction in peak area in the S 2p 164 eV region as shown in 

Figure 3a&d, which corresponds to metal sulfides.[35, 36] It is worth noting that even in pristine 

samples, the surface already contains surface-adsorbed oxygen/metal hydroxides as the active 

sites (Figure 3b&c, Figure S3-S7), but the majority of the bulk is still metal sulfide.[37-39] The 

detailed fitting of O 2p XPS (Table 1&S5) indicates that the sample with higher Ni contents 

(when X<0.83) would have more surface adsorbed oxygen/hydroxides after cycling, which 

generates more active sites. That is one possible reason for the increased catalytic performance. 

Oppositely, both Co9S8 and Co0.83Ni0.17 show a lower amount of surface oxygen/hydroxide after 

the reaction, which corresponds to lower active sites. Besides those surface oxygen/hydroxide, 

there is one new peak around 530eV in cycled Co9S8 and Co0.83Ni0.17 responsible for the bulk 

metal oxide bond.[37-39] The bulk metal oxide formation would be another reason for the inferior 

stability. [40, 41] 

Additionally, we observe an increase in Co3+ at 781 eV and an accompanying decrease in Co2+ 

at 784 eV in the Co2p spectra (Figure 3c), and a significant increase in nickel components both 

as Ni3+ and Ni2+ at 862 eV and 856 eV, respectively, in the Ni 2p spectra (Figure 3f) after 

exposure to OER conditions.[40, 42] Those correspond to the oxidation states of both Co and Ni 

due to surface oxygen/hydroxide under harsh OER conditions.[43-45] However, the detailed 

peaking fitting results suggest an overall reduced oxidation state of Ni and increased oxidation 

of Co (Table S3 & S4). The same behavior happens for all CoxNi1-xSy samples (Figure S3-7 and 

Table S3&4). All XPS data of cycled materials show higher intensity of Co3+, Co2+, Ni3+, and 

Ni2+, but reduced Ni oxidation state and increased Co oxidation state. Co may be more easily 

oxidized to form bulk particles than Ni. This is why the Ni substitution can reduce the surface 

restructuring to control the stability. However, all CoxNi1-xSy contain low oxidation states of 

Co and Ni (lower than 2), which is hard to distinguish from XPS. Hence, Co and Ni K-edge X-

ray absorption spectroscopy (XAS) were carried out to evaluate the electronic and atomic 

structure change.[46-49] 
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Figure 3. XPS of Co9S8 material as synthesized (Pristine) and after OER (Cycled), (a) S 2p, (b) 

O 1s, (c) Co 2p; XPS of Ni3S2 material as synthesized (Pristine) and after OER (Cycled), (a) S 

2p, (b) O 1s, (c) Ni 2p 

Table 1: Co and Ni oxidation state of CoxNi1-xSy materials from XANES; OH and M-O 
percent of CoxNi1-xSy materials from XPS; CoxNi1-xSy restructuring percentage after 20 cycles 
from XANES; Overpotential of CoxNi1-xSy materials at 5mA cm-2  
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 Co Ni OH (%) M-O (%) Restructuring (%) Overpotential(mV) 

 pri 20th pri 20th pri 20th pri 20th Co:20th Ni: 20th 1st  20th 

Co9S8 0.80 2.31 / / 0.78 0.47 0.00 0.27 84.5 / 0.359 0.384 

Co0.83Ni0.17 0.92 2.43 1.91 2.20 0.70 0.66 0 0.13 94.3 65.5 0.351 0.368 

Co0.63Ni0.37 0.90 1.26 1.73 1.40 0.55 0.74 0 0 28.3 18.9 0.375 0.360 

Co0.5Ni0.5 0.52 1.34 1.35 1.41 0.77 0.84 0 0 31.0 22.8 0.380 0.371 

Co0.37Ni0.63 0.60 1.41 1.31 1.46 0.48 0.76 0 0 35.4 24.6 0.380 0.357 

Co0.17Ni0.83 1.18 1.83 1.00 1.81 0.40 0.79 0 0 57.8 46.5 0.370 0.406 

Ni3S2 / / 1.04 2.00 0.62 0.91 0 0 / 60.9 0.375 0.341 

 

Co K-edge X-ray absorption near edge structure (XANES) indicates the Co was oxidized during 

the OER reaction (Figure 4a). The Co9S8, Co0.83Ni0.17, and Co0.17Ni0.83 show obvious shifts in 

the Co edge positions, which indicates clear oxidation of Co, but the other samples only display 

minor differences between the pristine material and the cycled material. Ni in the Co0.83Ni0.17, 

Co0.17Ni0.83, and Ni3S2, shows a similar trend to Co (Figure 4b), undergoing significant 

oxidation after cycling, but the remaining samples do not show any apparent change in Ni 

oxidation. To quantify the amount of Co and Ni oxidized during OER, linear combination fitting 

of XANES was carried out (Figure 4c and Table 1&S6-S7) by using corresponding pristine, Co 

standards, and Ni standards.[50, 51] The fitting analysis illustrates that the largest conversion of 

both Co and Ni took place in the Co0.83Ni0.17 sample, with more than 90% of the original 

catalysts being converted to oxides. The high percentage conversion of the original pre-catalysts 

to oxides also suggests that not only the materials’ surface but also some core bulk materials 

undergo restructuring. The large amount of restructured nanocluster would aggregate together 

to become bulky metal oxide particles to deactivate the catalysts. Ni3S2 has a relatively low 

amount of conversion compared with Co9S8 and Co0.83Ni0.17, which consists of the O 1s XPS 

results. Further detailed calculation of oxidation by using a linear relationship between XANES 

edge position and oxidation state (Table 1&S8) also confirmed that Co9S8, Co0.83Ni0.17, 
Co0.17Ni0.83, and Ni3S2 undergo obvious oxidation state changes. In addition, all those Co and 

Ni ions in CoxNi1-xSy demonstrate a lower Co and Ni oxidation state than the regular valence of 

2+, which also helps explain the observed increased intensity of Co(II&III) and Ni(II&III) in 
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XPS results. More interestingly, the comparison between different CoxNi1-xSy materials with 

standard Co9S8 and Ni3S2 (Figure S9a&b) illustrates that Ni substitution could change the 

electron distribution around Co. Based on XRD results (Figure S2), Co0.83Ni0.17 and Co0.17Ni0.83 

have the very similar crystal structure as Co9S8 and Ni3S2, respectively, whereas Co0.67Ni0.33 

Co0.5Ni0.5, and Co0.33Ni0.67 form a new phase or mixed phase. The Ni and Co would balance the 

electron distribution in the new/mixed phase to keep at a lower oxidation state to improve 

stability (Table 1&S8). In addition, a small amount of Ni substitution (Co0.83Ni0.17) induced 

high valence Ni which improves the starting catalytic activity but is not able to improve the 

stability. Also, a small amount of Co substitution (Co0.17Ni0.83) does not contribute to the 

catalytic activity, but the high amount of Co (Co9S8 and Co0.83Ni0.17) restructures a lot (high Co 

oxidation state) after 20 cycles block the active sites.  

 
Figure 4. (a) Co K-edge XANES (the red line is the corresponding samples after the OER 

reaction, the green line is standard CoO, the blue line is standard Co3O4); (b) Ni K-edge XANES 

(the red line is the corresponding samples after the OER cycles, the green line is standard NiO, 

the blue line is standard NiOOH); (c) Linear Combination fitting of Co K-edge XANES and Ni 

K-edge XANES. 

A similar trend was also found in the extended X-ray absorption fine structure (EXAFS). Figure 

5b shows the Co K-edge EXAFS, wherein a notable shift in the first peak position was observed, 

changing from 1.8 Å to 1.5 Å in Co9S8, Co0.83Ni0.17, and Co0.17Ni0.83. This shift signifies a 

transition from Co-S bonding to Co-O bonding. Also, a sharp second peak at 2.4 Å emerged, 

which stands for the new Co-O-Co/Ni bonding formation. Similarly, figure 5c demonstrates a 

shift in the first peak position from 1.9 Å to 1.6 Å in both Co0.83Ni0.17 and Ni3S2, denoting a 
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shift from Ni-S bonding to Ni-O bonding. The sharp second peak at 2.4 Å indicating Ni-O-

Ni/Co bonding is also evident. The EXAFS results agree well with XANES and XPS results. 

The newly formed metal-oxygen bonding and metal-oxygen-metal bonding signifies the 

formation of metal oxides/hydroxides nanoclusters, which likely serve as the actual active 

catalytic phase. Furthermore, the lower intensity of the newly formed peak (around 2.4 Å) 

indicates that Co0.67Ni0.33 Co0.5Ni0.5, and Co0.33Ni0.67 does not undergo significant restructuring 

(Figure 5b&c) to form bulk metal oxide. This phenomenon also agrees with XANES and XPS 

results that Ni substitution could regulate the restructuring rate.  

To determine the precise structure of the newly formed nanoclusters on the surfaces, we 

conducted an EXAFS model-based analysis for the standard Co9S8 and Ni3S2 (Figure 5a).[2, 50, 

51] The EXAFS fitting results (Figure S10-S12, table S9-S10) indicate the formation of Co-O, 

Ni-O, and Co/Ni-O-Co/Ni bonding, which does not exist in the pristine materials. The bonding 

lengths for Co-O, Ni-O, and Co/Ni-O-Co/Ni (Table S9-S10) suggest the formation of edge-

sharing octahedra structures based on the previous literature.[52, 53] Our recent in-situ XAS work 

on Co9S8 film restructuring processes supported the notion that the edge-sharing octahedra units 

are the true active sites for the OER.[2]  Since the true active sites are in-situ reaction generated, 

the size of the cluster and the newly formed transition-metal-oxygen hybridization bond are 

both critical to the catalytic activity,[54, 55] and the restructuring rate is more critical to both 

activity and stability. Hence, we posit that both the newly formed bonding and the degree of 

restructuring collectively impact the OER performance. 

 
Figure 5. (a) Schematic of Co9S8 and Ni3S2 crystal structure used in EXAFS fitting; (b) Co K-

edge Fourier Transformed R-space of CoxNi1-xSy, (the red line is the corresponding samples 
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after the OER reaction, the green line is standard CoO, the blue line is standard Co3O4); (c) Ni 

K-edge Fourier Transformed R-space of CoxNi1-xSy, (the red line is the corresponding samples 

after the OER cycles, the green line is standard NiO, the blue line is standard NiOOH) 

3. Conclusion  

In summary, we successfully regulate the CoxNi1-xSy restructuring processes by adjusting the 

Co and Ni compositional ratio. Electrochemical analysis revealed that small Ni substitution (X 

= 0.17) would generally enhance the OER activity and more Ni substitution (0.17 < X< 0.83) 

would reduce the restructuring rate to enhance the stability. To gain insights into the underlying 

relationship around local structure, restructuring, and electrocatalytic performance, we 

performed XPS and XAS measurements and analysis. Our XPS results indicated that OER 

exposure leads to surface oxidation, particularly forming metal hydroxides/surface adsorbed 

oxygen. This in-situ transformation to an oxygen-rich surface facilitated parallel pathways to 

water oxidation, thereby enhancing OER performance, especially for the Co0.83Ni0.17 regulated 

composition. However, the high Co content (Co9S8 and Co0.83Ni0.17) would quickly restructure 

into bulk metal oxide formation and lose some available active sites. The Ni substitution would 

inhibit this bulk metal oxide formation. XAS analysis through XANES and EXAFS supported 

our XPS findings, providing evidence for a synergistic effect between Ni and Co: small Ni 

substitution improves activity but not stability and a higher amount of Ni substitution improves 

stability but not activity. Furthermore, we confirmed that metal sulfide converts to the more 

active phase, which is believed to involve metal oxide/hydroxide nanoclusters. The metal-

oxygen-hybridization and size of the cluster further determine the catalytic activity, and the 

speed of bulk metal oxide formation affects the stability. Our work demonstrates that the 

strategic tuning of electrocatalytic properties through the mixed usage of Ni and Co, combined 

with the transformative effect of harshly oxidative OER conditions on catalyst materials, 

represents a new strategy. The utilization of in-situ restructuring from a pre-catalyst should be 

further explored and applied more broadly, as it holds significant promise for advancing the 

field of OER electrocatalysis in the near future. 
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Restructuring plays a crucial role in electrocatalysts, influencing both catalytic activity and 

stability. Both Ni3S2 and Co9S8 restructure into nano-metal hydroxides, which enhance activity 

initially. However, continuous restructuring may result in the formation of large bulk metal 

hydroxides that lead to a loss of activity. Doping Ni or Co can modify the electronic structures, 

thereby regulating the restructuring processes. This offers a novel approach to balancing 

activity and stability in electrocatalysts. 

 

 

 


