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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A Mn0.10Co0.90-CoCo2O4/NF catalyst is 
designed by straightforward and effi-
cient method.

• The catalyst exhibits attractive OER ac-
tivity (223 mV@50 mA cm− 2).

• The overall water splitting process ex-
hibits a low cell voltage of 1.70 V at 100 
mA cm− 2.

• The excellent properties result from the 
synergy of hierarchical design, oxygen 
vacancies, and Mn–Co interactions.
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A B S T R A C T

Developing efficient and durable catalysts for the oxygen evolution reaction (OER) is essential for advancing 
water-splitting technologies. In this study, we present a self-supported Mn0.10Co0.90-CoCo2O4/NF catalyst 
featuring a 2D/2D heterostructure, consisting of nanowire arrays coated with ultrathin nanosheets. This unique 
architecture forms interconnected 3D porous channels, enhancing electrolyte penetration, oxygen diffusion, and 
mass transport. X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and zeta 
potential (ζ) measurements reveal that Mn doping facilitates surface reconstruction and increases oxygen va-
cancies, optimizing the electronic structure and boosting catalytic activity. In situ Raman spectroscopy confirms 
that CoOOH is the active center, while operando electrochemical impedance spectroscopy demonstrates that 
strong electronic interactions at the heterogeneous interface enhance charge transfer. The Mn0.10Co0.90- 
CoCo2O4/NF catalyst exhibits good electrocatalytic performance, achieving low overpotentials (178/233 mV at 
10/50 mA cm− 2) and exceptional stability (50 mA cm− 2 for 280 h) in alkaline electrolytes. This study un-
derscores the synergistic effects of oxygen vacancy engineering, Mn–Co interactions, and a hierarchical structure 
in improving conductivity, active site accessibility, and reaction kinetics. Mn0.10Co0.90-CoCo2O4/NF emerges as a 
promising, cost-effective alternative to noble metal catalysts for industrial-scale water electrolysis applications.
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1. Introduction

The increasing energy demands and pressing environmental chal-
lenges have intensified the pursuit of renewable energy capture and 
utilization technologies. The efficiency and power output of advanced 
energy storage and conversion systems are significantly influenced by 
electrochemical reactions involved in water splitting for hydrogen pro-
duction [1–3]. Among these reactions, the oxygen evolution reaction 
(OER) is widely acknowledged as a critical bottleneck in the water- 
splitting process, playing a key role in generating clean hydrogen 
[4,5]. The sluggish kinetics of the four-electron transfer process impose 
substantial limitations on energy conversion efficiency. While high- 
performance catalysts such as RuO2 and IrO2 effectively reduce the 
overpotential, their widespread adoption is hindered by high costs and 
limited natural availability [6]. Recently, composite materials incorpo-
rating non-noble metals have gained significant attention for their high 
efficiency, excellent stability, and environmental compatibility [7,8].

The substitution of mixed-valence metals, such as Ni, Mn, Fe, or 
other secondary metals, enhances the activity and stability of OER cat-
alysts. This enhancement is achieved by generating beneficial oxygen 
vacancies and modulating the electronic properties of active metal 
centers [9]. During the OER process, electron transfer occurs between 
adsorbed intermediates and the O 2p orbital rather than the Metal 3d 
orbital, shifting the redox center from the metal cation to the lattice 
oxygen. Recent research has highlighted the pivotal role of spontaneous 
oxidative surface reconstruction in metallic precatalysts, leading to the 
formation of high-valence metal oxides that act as the active phase 
during OER [10,11]. Moreover, oxygen vacancies serve as catalytic 
active sites, accelerating reaction kinetics. They facilitate reduced 
electron/mass transfer distances, optimize electron conductivity, and 
enable atomic doping to adjust coordination numbers and create un-
saturated sites, significantly enhancing OER efficiency [12,13].

In addition to oxygen vacancies and surface reconstruction, previous 
studies have emphasized the importance of heterogeneous nano-
architecture and surface/interface engineering in improving electro-
catalytic performance [14–16]. These structural features boost 
electrocatalytic efficiency by increasing the density of exposed active 
sites, lowering intermediate adsorption energy, expanding interface 
contact areas, enhancing electrolyte penetration, and shortening charge 
transport distances [17–19]. For instance, Zhang et al. developed het-
erostructured NiFe2O4/FeNi2S4 nanosheets, demonstrating the effec-
tiveness of interfacial engineering. These nanosheets enhance 
electrochemical activity through interfacial electronic coupling and 
rationally designed heterostructures derived from 2D nanostructures 
[20]. Furthermore, controlled oxygen vacancies have been shown to 
significantly improve OER activity in transition metal oxides by modu-
lating bulk properties (e.g., energy levels, conductivity) and surface 
characteristics (e.g., molecular adsorption) [21].

Recent advancements in transition metal-based electrocatalysts, 
particularly those incorporating Mn and Co, underscore their potential 
as cost-effective and abundant alternatives with tunable electronic 
structures [22–24]. Mn-Co-based materials, including mixed oxides, 
spinels, and layered double hydroxides, demonstrate outstanding OER 
performance due to their synergistic effects, high conductivity, and 
stability in alkaline environments [25,26]. Incorporating Mn into Co- 
based frameworks modulates the electronic environment, optimizes 
the adsorption energies of oxygen intermediates, and enhances overall 
catalytic activity [27–29]. However, despite significant progress, chal-
lenges remain in improving activity, reducing synthesis costs, enhancing 
durability, and elucidating the underlying mechanisms of Mn-Co-based 
electrocatalysts. This study explores recent advancements, addresses key 
limitations, and optimizes the design of a highly efficient and sustain-
able OER catalyst with a specialized morphology and a straightforward 
synthesis approach.

Building on these considerations, we first synthesized the Mn-doped 
Mn0.10Co0.90-CoCo2O4/NF heterostructure catalyst, which exhibits a 

high concentration of oxygen vacancies. The synthesis was carried out 
via a simple hydrothermal method, followed by NaBH4 reduction. The 
catalyst was in situ coupled with Mn-doped Co-based 2D/2D hetero-
structures, featuring nanowire arrays coated with ultrathin nanosheets, 
delivering exceptional OER performance. Comprehensive characteriza-
tion techniques were employed to investigate the dynamic structural 
evolution and the relationship between self-reconstruction and catalytic 
activity. Mn doping effectively lowers the potential for highly active 
CoOOH generation, while the heterostructure significantly enhances the 
integration of nanowire arrays and ultrathin nanosheets. This architec-
ture accelerates reaction kinetics and improves mass transfer, boosting 
OER performance. The synthesized monolithic structure is an efficient 
OER electrode, achieving an overpotential of 233 mV at 50 mA cm− 2 and 
substantial catalytic activity and electrochemical stability. In water- 
splitting tests, the Mn0.10Co0.90-CoCo2O4/NF (+)||Pt/C(− ) electro-
catalyst outperforms the RuO2

(+)||Pt/C(− ) benchmark, ranking among 
the highest-performing transition metal compound-based catalysts.

2. Experimental sections

2.1. Materials

Manganese (II) acetate tetrahydrate (Mn(CH3COO)2⋅4H2O, 99 %, 
Aladdin), cobaltous (II) nitrate hexahydrate (Co(CH3COO)2⋅6H2O, 99.5 
%, Aladdin), urea (CO(NH2)2, 99.0 %, Aladdin), ammonium fluoride 
(NH4F, 96.0 %, Aladdin), sodium borohydride (NaBH4, ≥ 98.0 %, 
Xilong), potassium hydroxide (KOH, 90 %, Macklin), ethanol (C2H5OH, 
99.7 %, Xilong), Nafion (5 wt%, Alfa Aesar), Pt/C (20 wt% Pt, Sinero), 
nickel foam (NF) used as a substrate was obtained from Suzhou Sinero 
Technology Co, Ltd (with a thickness of 1.6 mm). RuO2 powder was 
prepared by directly annealing RuCl3⋅3H2O (37 %, Inno-chem) at 400 ℃ 
in air. All reagents were commercially available and could be used 
directly without further purification.

2.2. Synthesis of MnO(OH)-CoCo2O4/NF

A 1.5 cm × 3.5 cm piece of nickel foam (NF) was ultrasonically 
cleaned sequentially in 0.5 M H2SO4, ethanol, and deionized water for 
15 min each to ensure the removal of surface impurities. Subsequently, 
1.0 mmol Co(CH3COO)2⋅6H2O, 2.0 mmol Mn(CH3COO)2⋅4H2O, 4.0 
mmol NH4F, and 4.5 mmol CO(NH2)2 were dissolved in 50 mL deionized 
water to form a uniform solution under magnetic stirring at room tem-
perature. The treated NF was immersed in the solution and transferred 
into a 100 mL Teflon-lined stainless-steel autoclave. The autoclave was 
heated at 140 ℃ for 7 h and then cooled naturally to room temperature. 
The resulting product, MnO(OH)-CoCo2O4/NF, was washed several 
times with ethanol and deionized water and then dried at 60 ℃ for 3 h.

2.3. Synthesis of Mn(OH)2-CoCo2O4/NF

The pre-prepared MnO(OH)-CoCo2O4/NF was placed in the tube 
furnace and gradually heated to 400 ℃ at a rate of 5 ℃ min− 1 for 120 
min under a nitrogen atmosphere to obtain Mn(OH)2-CoCo2O4/NF.

2.4. Synthesis of Mn0.10Co0.90-CoCo2O4/NF

0.1 g NaBH4 was dispersed in 20 mL of deionized water under ul-
trasonic treatment. The Mn(OH)2-CoCo2O4/NF was subsequently 
introduced into the solution and reacted at room temperature for 5 h. 
The electrode was rinsed with deionized water and ethanol and then 
vacuum-dried. Mn0.10Co0.90-CoCo2O4/NF nanosheet arrays were suc-
cessful. A series of samples with varying Co/Mn ratios (2.5/0.5, 1.5/1.5, 
0.5/2.5, 3/0, and 0/3) and different hydrothermal synthesis tempera-
tures (180 ℃, 160 ℃, 120 ℃, and 100 ℃) were synthesized using the 
same method.

For comparison, Mn3O4-Co(OH)2/NF was directly reduced from 
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MnO(OH)-CoCo2O4/NF using NaBH4 solution without undergoing heat 
treatment at 400 ℃. Co(OH)2-CoCo2O4/NF and Mn2O3-Mn(OH)2/NF 
were synthesized like Mn0.10Co0.90-CoCo2O4/NF.

2.5. Synthesis of RuO2/NF and 20 wt% Pt/C/NF electrodes

RuO2 (2 mg) and 20 wt% Pt/C were dispersed in a solution con-
taining 200 μL deionized water, 200 μL ethanol and 10 μL Nafion (5 wt 
%) solution. The mixture was sonicated for 30 min to achieve a homo-
geneous solution. This solution was then drop-cast onto a clean NF (1 
cm × 1 cm) and allowed to dry in air.

3. Results and discussion

3.1. Synthesis and characterizations

The catalyst’s epitaxial growth mode reduces the interfacial energy 
of the hybrid nanostructures and facilitates the formation of highly 
crystalline alloy laminates [30,31]. Consequently, transition metal 

alloys with open structures and highly crystalline ultrathin morphol-
ogies, grown epitaxially on substrates, exhibit superior catalytic per-
formance and stability. The preparation process for the Mn0.10Co0.90- 
CoCo2O4/NF catalyst is illustrated in Fig. 1a. Initially, the MnO(OH)- 
CoCo2O4/NF precursor was hydrothermally grown on a pretreated NF 
substrate and subsequently annealed to form Mn(OH)2-CoCo2O4/NF 
nanowire arrays, as depicted in Fig. 1b and c. The catalyst morphology 
transitioned from nanowires to a more slender structure during the 
synthesis. Finally, the Mn(OH)2-CoCo2O4/NF was subjected to a NaBH4 
solution via an impregnation reduction method, yielding the 
Mn0.10Co0.90-CoCo2O4/NF catalyst. A second solvothermal reaction 
further decorated the nanowire structure with uniform nanosheets 
(Fig. 1d). SEM images reveal that the nanowire arrays are coated with 
ultrathin, undulating nanosheets, creating an intersecting 2D/2D het-
erostructure with interconnected 3D porous channels. This configura-
tion enhances electrolyte penetration and oxygen diffusion. In contrast, 
alternative structures exhibit notable differences: Mn3O4-Co(OH)2/NF 
consists of nanorods (Fig. S2a), Mn2O3-Mn(OH)2/NF features distinct 
blocky particles densely anchored on NF (Fig. S2b), and Co(OH)2- 

Fig. 1. (a) Schematic illustration of the preparation of Mn0.10Co0.90-CoCo2O4/NF. SEM images of (b) MnO(OH)-CoCo2O4/NF, (c) Mn(OH)2-CoCo2O4/NF, and (d) 
Mn0.10Co0.90-CoCo2O4/NF. (e) TEM image, (f) High-resolution (HR)-TEM image, (g) as well as the intensity profile of corresponding areas, (h) AFM image, (i) 
HAADF-STEM image, and (j-l) elemental mappings (O, Co, and Mn) of the Mn0.10Co0.90-CoCo2O4/NF.
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CoCo2O4/NF presents a nanocotton-like morphology (Fig. S2c). Micro-
sheet structures of CoMn-X-Y/NF synthesized using varying Co/Mn ra-
tios (2.5/0.5, 1.5/1.5, and 0.5/2.5) show subtle differences (Fig. S3a–c). 
Interestingly, hydrothermal temperature variations (100 ◦C, 120 ◦C, 
160 ◦C, and 180 ◦C) have minimal impact on the synthesis morphology 
of CoMn/NF-X (Fig. S4a–d). A transmission electron microscopy (TEM) 
image (Fig. 1e) confirms the Mn0.10Co0.90-CoCo2O4/NF catalyst’s 
nanowire structure, with the outer nanosheet removed. High-resolution 
TEM (HR-TEM) images (Fig. S5) further identify the Mn0.10Co0.90 and 
CoCo2O4 phases on the surface. As shown in Fig. 1f and g, the lattice 
spacings of 0.128 nm and 0.257 nm correspond to the (011) and (620) 
crystal planes of spinel Mn0.10Co0.90 and CoCo2O4, respectively. Atomic 
force microscopy (AFM) measurements (Fig. 1h) indicate that the outer 
layers of Mn0.10Co0.90-CoCo2O4/NF have an average thickness of 3.7 
nm. This ultra-thin layer increases the exposure of reactive sites, thereby 
boosting the nanocatalyst’s inherent electrocatalytic activity. Energy- 
dispersive X-ray spectroscopy (EDS) mapping (Fig. 1i–l) confirms the 
uniform distribution of O, Co, and Mn elements across the catalyst.

The crystal structure of the catalyst was analyzed using X-ray 
diffraction (XRD). As shown in Fig. S6a, the initial hydrothermal reac-
tion produced MnO(OH)-CoCo2O4/NF. After high-temperature calcina-
tion, this material transformed into Mn(OH)2-CoCo2O4/NF, as depicted 
in Fig. S6b. Using NaBH4 as a reducing agent, Mn(OH)2-CoCo2O4/NF 
was further reduced to Mn0.10Co0.90 (JCPDS: 78-1991) and CoCo2O4 
(JCPDS: 80-1544), as illustrated in Fig. 2a. Notably, MnO(OH)- 
CoCo2O4/NF can also be converted to Mn3O4-Co(OH)2/NF via reduction 
in an aqueous solution without requiring high-temperature heat treat-
ment (Fig. S6c). For comparison, precursor compounds loaded with only 
Co or Mn on NF underwent reduction in an aqueous solution, forming Co 
(OH)2-CoCo2O4/NF and Mn2O3-Mn(OH)2/NF, respectively (Fig. S7a–b). 
Raman spectroscopy was used to analyze the bonding information of the 
catalysts. The Raman spectrum of Mn0.10Co0.90-CoCo2O4/NF (Fig. 2b) 
shows significant peaks at 177, 312, and 362 cm− 1, corresponding to Co- 
O, while a peak at ~587 cm− 1 is attributed to the CoxMnyO index, 
confirming the presence of both Mn and Co [32–34]. Additional peaks at 
~191 and 486 cm− 1 are assigned to Mn-O bending vibrations, and the 
peak at ~660 cm− 1 corresponds to Mn-O stretching vibrations. The Mn- 

O stretching peak was used to evaluate the bond force constant (k) using 
Hooke’s law: ω = 1

2πc

̅̅
κ
μ

√
, where ω is the Raman shift (cm− 1) of the Mn-O 

stretching vibration, c is the speed of light, and μ is the effective mass of 
the Mn-O bond [24]. A red shift in the Mn-O peak (from 687 cm− 1 to 
620 cm− 1) and decreased intensity after Co substitution indicate a 
weakened Mn-O bond in Mn0.10Co0.90-CoCo2O4/NF compared to 
Mn2O3-Mn(OH)2. This bond weakening enhances the redox properties 
[35,36].

The type and concentration of defects in the catalyst were further 
evaluated using electron paramagnetic resonance (EPR) spectroscopy. 
No significant variation was observed in the EPR spectra of MnO(OH)- 
CoCo2O4/NF and Mn(OH)2-CoCo2O4/NF. However, Mn0.10Co0.90- 
CoCo2O4/NF exhibited a symmetric EPR signal around g = 2.005, 
associated with unpaired electrons of oxygen vacancies (Fig. 2c). Oxy-
gen vacancy formation in Mn0.10Co0.90-CoCo2O4/NF occurs due to the 
reduction of oxygen atoms to O2 or H2O via electron donation from 
NaBH4, resulting in the escape of these species and the creation of va-
cancies [37]. The signal intensity in the EPR spectrum indicates the 
concentration of oxygen vacancies, with higher intensity corresponding 
to more defects. Interestingly, the catalyst synthesized at 140◦C 
exhibited the highest signal intensity (Fig. S9), indicating a higher 
concentration of oxygen vacancies and a more defective structure [38]. 
These vacancies enhance oxygen mobility and storage capacity, further 
improving catalytic activity [27]. EPR spectra of Mn3O4-Co(OH)2/NF (g 
= 2.17), Co(OH)2-CoCo2O4/NF (g = 2.17), and Mn2O3-Mn(OH)2/NF (g 
= 2.12) indicate the presence of metallic vacancies (Fig. S8) [39]. 
Brunauer-Emmett-Teller (BET) analysis of Mn0.10Co0.90-CoCo2O4/NF, 
Co(OH)2-CoCo2O4/NF, and Mn2O3-Mn(OH)2/NF (Figs. 2d and S10) 
revealed type III isotherms with mesoporous characteristics and distinct 
hysteresis loops. Mn0.10Co0.90-CoCo2O4/NF exhibited the highest BET 
surface area (76.20 m2 g− 1), compared to Co(OH)2-CoCo2O4/NF (54.40 
m2 g− 1) and Mn2O3-Mn(OH)2/NF (41.53 m2 g− 1). The higher surface 
area of Mn0.10Co0.90-CoCo2O4/NF enhances the exposure of active sites, 
facilitates electrolyte diffusion, and improves gas emission properties, 
thereby contributing to its superior catalytic performance [40,41].

X-ray photoelectron spectroscopy (XPS) analysis was performed to 

Fig. 2. (a) XRD pattern of Mn0.10Co0.90-CoCo2O4/NF. (b) Raman spectra, and (c) electron paramagnetic resonance (EPR) spectra of the different catalysts. (d) 
Nitrogen adsorption–desorption isotherms and corresponding pore size distribution of Mn0.10Co0.90-CoCo2O4/NF.
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investigate the catalysts’ surface chemical composition and valence 
states. The survey spectra (Fig. S11a) confirm the presence of O, Co, and 
Mn elements in Mn0.10Co0.90-CoCo2O4/NF. The high-resolution C 1 s 
spectrum (Fig. S11b) was used as a reference for correcting the binding 
energies of other elements. The Co 2p XPS spectra of Mn0.10Co0.90- 
CoCo2O4/NF and Co(OH)2-CoCo2O4/NF (Fig. 3a) were deconvoluted 
into three characteristic peaks. In the Co 2p3/2 XPS spectrum of 
Mn0.10Co0.90-CoCo2O4/NF, sub-peaks at 779.9, 781.9, and 785.5 eV 
correspond to Co3+, Co2+, and a satellite peak, respectively [42]. The 
absence of Co0 in the spectrum is attributed to the predominance of 
cobalt oxides, which obscure the signals from smaller alloy components 
[43]. A 0.30 eV negative shift in the Co 2p peak for Mn0.10Co0.90- 
CoCo2O4/NF, compared to Co(OH)2-CoCo2O4/NF, indicates electron 
transfer at the heterointerfaces, modulating the electronic structure 
through strong interfacial interactions [44]. The high-resolution Mn 2p 
XPS spectrum of Mn0.10Co0.90-CoCo2O4/NF (Fig. 3b) reveals a Mn 2p3/2 
peak at 637.6 eV, attributed to metallic Mn0 within the CoMn alloy, 
consistent with XRD and TEM data. Additional peaks at 640.8, 642.8, 
and 646.1 eV correspond to Mn2+, Mn3+, and Mn4+, respectively [38]. 
Furthermore, a 0.20 eV positive shift in Mn 2p peaks for Mn0.10Co0.90- 
CoCo2O4/NF indicates electron transfer between Mn and Co. The pres-
ence of highly negative charges in the catalyst optimizes binding energy, 
facilitating the OER process [45,46]. The deconvolution of the O 1 s XPS 
spectra (Fig. 3c) reveals three peaks at 529.7, 531.2, and 532.2 eV, 
corresponding to lattice oxygen peak (OL) [47], oxygen vacancy peak 
(Ov) [48], and chemisorbed oxygen peak (Oads) [24], respectively. 
Mn0.10Co0.90-CoCo2O4/NF exhibits a higher concentration of oxygen 
vacancies (44.10 %), surpassing that of Co(OH)2-CoCo2O4/NF (38.70 %) 
and Mn2O3-Mn(OH)2/NF (24.83 %), consistent with the EPR results. 
These increased oxygen vacancies enhance the electronic structure, 

improve conductivity, and facilitate the adsorption of OER in-
termediates, thus boosting reaction kinetics and oxygen evolution effi-
ciency [13,49].

Ultraviolet photoelectron spectroscopy (UPS) was utilized to 
examine the electronic properties of Mn0.10Co0.90-CoCo2O4/NF and its 
enhanced intrinsic activity. The work functions (WF) of Mn0.10Co0.90- 
CoCo2O4/NF, Mn(OH)2-CoCo2O4/NF, and MnO(OH)-CoCo2O4/NF were 
measured as 5.89, 6.20, and 6.45 eV, respectively (Fig. 3d–e). The lower 
WF of Mn0.10Co0.90-CoCo2O4/NF indicates facilitated electron transfer 
from the catalyst’s interior to its surface, enabling charge redistribution 
[50]. This observation aligns with the XPS analysis, confirming 
enhanced electron exchange with reactants and accelerated reaction 
kinetics [51]. Moreover, the valence band maximum (Ev) of 
Mn0.10Co0.90-CoCo2O4/NF is 0.72 eV, the lowest among the samples. 
This proximity of the valence band to the Fermi level (Ef) enhances 
conductivity, accelerates electron transfer, and improves reaction ki-
netics [52]. Zeta potential (ζ) measurements were conducted to assess 
the surface charge properties of the catalysts under alkaline conditions. 
As shown in Fig. 3f, Mn0.10Co0.90-CoCo2O4/NF exhibits the highest 
surface electronegativity (− 15.43 mV), compared to Co(OH)2-CoCo2O4/ 
NF (− 3.39 mV) and Mn2O3-Mn(OH)2/NF (− 0.86 mV). This increased 
electronegativity, attributed to more significant OH− adsorption, facil-
itates rapid charge accumulation and enhances OER efficiency in alka-
line media [53–55].

3.2. Electrocatalytic performance

The efficiency of the designed catalysts for the OER was systemati-
cally evaluated in a 1.0 M KOH solution using a standard three-electrode 
arrangement. All potentials were adjusted for 100 % iR compensation 

Fig. 3. High resolution XPS spectra of (a) Co 2p, (b) Mn 2p, and (c) O 1 s of designed catalysts. (d) UPS spectra and (e) band structure alignment of designed catalysts. 
(g) Zeta potentials of designed catalysts.
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and calibrated against the reversible hydrogen electrode (RHE, Fig. S1). 
Considering the feasibility of the synthesis method, the main sample 
Mn0.10Co0.90-CoCo2O4/NF was synthesized in three batches, and its 
performance was evaluated to determine the optimal values. To ensure 
result reliability, statistical analysis and error bar assessments were 
conducted on the synthesized data (Figs. S12–13) [56]. Fig. 4a and b 
display the linear sweep voltammetry (LSV) curves and the corre-
sponding Tafel slopes, respectively. The Mn0.10Co0.90-CoCo2O4/NF 
catalyst demonstrated overpotentials of 178 mV and 233 mV to achieve 
current densities of 10 and 50 mA cm− 2, respectively, along with an 
ultra-low Tafel slope of 70.49 mV dec− 1, outperforming all other tested 
electrocatalysts (Fig. 4c). These results indicate that Mn0.10Co0.90- 
CoCo2O4/NF exhibits faster reaction kinetics than the other catalysts 
[57]. The electrochemically active surface area (ECSA) (Fig. 4e) was 
estimated from the electrochemical double-layer capacitance (Cdl) 
(Fig. 4d), derived from cyclic voltammetry (CV) curves in the non- 
Faradaic region (Fig. S14a–g). Mn0.10Co0.90-CoCo2O4/NF showed 
significantly higher Cdl (499.1 mF cm− 2) and ECSA (10,398.0 cm2) than 
the other catalysts. This structural advantage increases the number of 
accessible active sites, thereby enhancing the catalytic activity of 

Mn0.10Co0.90-CoCo2O4/NF during oxygen catalysis [58]. A comparison 
of Mn0.10Co0.90-CoCo2O4/NF with other recently developed non- 
precious metal catalysts (Fig. 4f and Table S1) highlights its superior 
OER overpotential and Tafel slope. Furthermore, the turnover frequency 
(TOF) analysis (Fig. 4g) reveals that Mn0.10Co0.90-CoCo2O4/NF exhibits 
significantly higher intrinsic OER activity than the other catalysts, 
confirming its exceptional electrocatalytic performance [59]. Nyquist 
plots (Fig. 4h) indicate minimal charge transfer resistance for 
Mn0.10Co0.90-CoCo2O4/NF compared to other catalysts, further demon-
strating its enhanced ability to facilitate charge transfer and reaction 
kinetics for OER [60]. The Mn0.10Co0.90-CoCo2O4/NF catalyst exhibited 
outstanding catalytic performance under optimized conditions achieved 
by adjusting the solution temperature to 140 ◦C and the Co/Mn molar 
ratio to 2:1 (Figs. S15–18). These optimizations produced a synergistic 
effect that maximized performance by fine-tuning the hydrothermal 
reaction temperature and the Co/Mn ratio. The surface vacancies in 
electrocatalysts can have a positive impact on electrochemical reactions. 
We then investigated the effect of oxygen vacancy concentration on OER 
performance. The LSV curves in Fig. 4a and Fig. S17a demonstrate that 
the catalyst Mn0.10Co0.90-CoCo2O4/NF, synthesized at 140 ◦C, exhibits 

Fig. 4. (a) LSV polarization curves, (b) Tafel slopes, and (c) summary of overpotentials (at 10 and 50 mA cm− 2) and Tafel slopes of comparable catalysts in 1.0 M 
KOH. (d) Cdl and (e) summary of ECSA of designed catalysts. (f) Comparison of overpotential (at 10 mA cm− 2) and Tafel slopes for various state-of-the-art OER 
catalysts. (g) Turnover frequency values and electrochemical impedance spectroscopy (EIS) data of the prepared catalysts are presented. (h) Chronopotentiometry of 
Mn0.10Co0.90-CoCo2O4/NF at 50 mA cm− 2 (the inset displays the contact angle test for designed catalysts).
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the best OER catalytic activity. The presence of abundant oxygen va-
cancies and associated unpaired electrons in Mn0.10Co0.90-CoCo2O4/NF 
not only modifies the local electronic structure and orbital coupling but 
also exposes additional active sites, enhancing the adsorption of reactive 
intermediates and improving the catalyst’s catalytic performance. 
Considering the potential impact of synthesis parameters on material 
quality, we performed a statistical analysis of the synthesized catalysts 
but found no discernible patterns (Table. S2). This suggests that the final 
material quality may be influenced by variations in morphology and 
loading amount on the carrier.

Moreover, the OER performance of Mn0.10Co0.90-CoCo2O4/NF was 
evaluated under acidic (0.5 M H2O4) and neutral (0.1 M phosphate- 
buffered saline, PBS) conditions. As shown in Fig. S19, Mn0.10Co0.90- 
CoCo2O4/NF exhibited poor OER activity in both 0.5 M H2O4 and 0.1 M 
PBS.

Stability is a critical parameter for industrial applications, and 
Mn0.10Co0.90-CoCo2O4/NF demonstrated exceptional durability in a 
basic solution, maintaining stable performance for over 280 h at 50 mA 
cm− 2. The hydrophilicity of the catalyst surface was evaluated using 
static water contact angle measurements (Fig. 4i). The Mn0.10Co0.90- 
CoCo2O4/NF electrode exhibited superhydrophilic properties, with 
water droplets permeating the electrode surface instantly, resulting in 
static contact angle of zero. The contact angles for Co(OH)2-CoCo2O4/ 
NF and Mn2O3-Mn(OH)2/NF were 40.2◦ and 131.2◦, respectively. The 
superior wettability of Mn0.10Co0.90-CoCo2O4/NF is attributed to the 
increased surface area and roughness created by its interconnected 
heterogeneous interface. This enhanced hydrophilicity improves elec-
trolyte–electrode contact and diffusion, facilitating mass and charge 
transfer and accelerating reaction kinetics [61,62].

3.3. Overall water splitting performance

To further evaluate the OER performance of Mn0.10Co0.90-CoCo2O4/ 
NF in an industrial alkaline electrolyzer, it was paired with a commercial 

Pt/C cathode to test overall water splitting capabilities (Fig. 5a). The 
polarization curves (Fig. 5b) show that the Mn0.10Co0.90-CoCo2O4/ 
NF(+)||Pt/C(− ) electrolyzer outperforms the commercial RuO2

(+)||Pt/C(− ) 

electrolyzer, particularly at higher current densities. As illustrated in 
Fig. 5c, the Mn0.10Co0.90-CoCo2O4/NF(+)||Pt/C(− ) electrolyzer requires 
only 1.70, 1.75, 1.82, and 1.89 V to reach current densities of 100, 200, 
500, and 1000 mA cm− 2, respectively. By contrast, the commercial 
RuO2

(+)||Pt/C(− ) electrolyzer demands higher cell voltages to achieve 
equivalent current densities. Fig. 5d and Table S3 demonstrate that the 
Mn0.10Co0.90-CoCo2O4/NF(+)||Pt/C(− ) electrocatalyst surpasses the per-
formance of most previously reported noble metal-free catalysts for 
overall water splitting in alkaline media, particularly at a current density 
of 10 mA cm− 2. Stability tests (Fig. 5e) reveal that the Mn0.10Co0.90- 
CoCo2O4/NF(+)||Pt/C(− ) electrolyzer maintains exceptional stability, 
operating continuously at a current density of 100 mA cm− 2 for over 
135 h. These results highlight the catalyst’s efficiency and robustness, 
making it a strong candidate for practical water electrolysis applica-
tions. Moreover, Fig. 5f illustrates the feasibility of powering the 
Mn0.10Co0.90-CoCo2O4/NF(+)||Pt/C(− ) electrolyzer using a solar cell. The 
production, accumulation, and release of hydrogen and oxygen bubbles 
on the electrode surface confirm the electrolyzer’s ability to achieve 
overall water splitting under solar input. These findings underscore the 
potential of the Mn0.10Co0.90-CoCo2O4/NF anode for large-scale indus-
trial applications in renewable energy technologies. Due to the current 
limitations of our experimental setup, large-scale industrial applications 
are not yet feasible. However, we recognize the importance of this aspect 
and will consider it a key direction for future research.

3.4. Dynamic transformation analysis

Following the OER stability test of Mn0.10Co0.90-CoCo2O4/NF, SEM 
and TEM were utilized to examine the morphology and surface chemical 
states. SEM images confirmed the retention of the catalyst’s nanowire 
structure (Fig. 6a). Furthermore, HR-TEM analysis revealed a lattice 

Fig. 5. (a) Illustration of the overall water splitting in a two-electrode system. (b) LSV curves of overall water splitting for Mn0.10Co0.90-CoCo2O4/NF(+)||Pt/C(− ) and 
RuO2

(+)||Pt/C(− ) in 1.0 M KOH. (c) Comparison of the required voltages at different current densities. (d) Comparison of the cell voltage for Mn0.10Co0.90-CoCo2O4/NF 
at 10 mA cm− 2 with recently reported catalysts. (e) Chronopotentiometry test at 100 mA cm− 2. (f) Actual operation diagram of water splitting powered by sunlight.
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spacing of 0.219 nm corresponding to the (006) plane of CoOOH, indi-
cating structural stability after the OER stability test (Fig. 6b). CV 
measurements illustrated changes in the valence states of active species 
during the OER process. The catalysts were preconditioned for 10 cycles 
at a scan rate of 50 mV/s, with the resulting steady-state CV curve shown 
in Fig. 6c [63]. Upon applying potential, electrons migrated to the col-
lecting electrode (NF). At the same time, holes oxidized Co2+ to Co3+

[64]. For Co(OH)2-CoCo2O4/NF, the Co2+/Co3+ redox transition was 
observed at approximately 1.42 V. In contrast, for Mn0.10Co0.90- 
CoCo2O4/NF, it occurred at around 1.40 V. This shift suggests that Mn 
substitution facilitates cobalt oxidation at a lower potential, aiding 
surface reconstruction [65].

In-situ Raman spectroscopy was employed to investigate the cata-
lysts’ dynamic structural evolution during OER and identify the char-
acteristics of reconstructed active species [66]. Peaks observed at 490 
and 610 cm− 1, corresponding to the phonon modes of Co3O4, emerged at 
the open circuit potential (OCP), signifying the formation of Co spinel 
oxides on the surface (Fig. 6d) [67]. When the applied potential 
increased to 1.4 V, these peaks disappeared, indicating complete phase 
conversion. Beyond 1.4 V, new peaks at 447 and 554 cm− 1, corre-
sponding to the Eg and A1g lattice modes of CoOOH, respectively, 
became prominent, highlighting their role as active centers during the 

OER [65]. The low-frequency region of the EIS Bode plots revealed 
nonuniform charge distribution associated with the oxidation of the 
electrode interior on the catalyst surface during OER [55]. Figs. 6e, f, 
and S20 show a rapid decrease in charge transfer resistance (Rct) for 
Mn0.10Co0.90-CoCo2O4/NF, with peaks related to oxygen OER at 1.35 V. 
This observation indicates rapid oxygen species adsorption at lower 
potentials, leading to the accumulation of oxygen-containing in-
termediates on active Mn0.10Co0.90-CoCo2O4/NF sites. It also confirms 
that Mn0.10Co0.90-CoCo2O4/NF facilitates faster charge accumulation, 
enhancing OER performance in alkaline media [53,68]. To further 
explore the surface structure of Mn0.10Co0.90-CoCo2O4/NF under OER 
conditions, XPS analysis was conducted after durability testing 
(Fig. 6g–h). The ratios of Co3+/Co2+, Mn2+/Mn0, Mn3+/Mn2+, and 
Mn4+/Mn2+ were calculated from the XPS spectra of Mn0.10Co0.90- 
CoCo2O4/NF before and after the OER stability test (Fig. 6i). Post-OER, 
the Co3+/Co2+ ratio increased from 1.32 to 1.61, reflecting greater 
exposure of Co3+ species, which enhance catalytic activity during OER 
[69]. Conversely, the Mn2+/Mn0 ratio decreased from 6.03 to 4.93, 
Mn3+/Mn2+ from 1.87 to 0.72, and Mn4+/Mn2+ from 0.47 to 0.34. 
These changes indicate that Mn species improve charge redistribution by 
transferring electrons from Co to Mn, boosting catalytic efficiency [22]. 
Key factors contributing to the enhanced electrocatalytic activity, 

Fig. 6. (a) SEM image and (b) HR-TEM image of Mn0.10Co0.90-CoCo2O4/NF (the inset shows the intensity profile of corresponding areas) after long-term stability test. 
(c) Cyclic voltammograms of the Co2+/Co3+ redox peak for designed catalysts, showing Co2+ to Co3+ transition, were measured over 10 cycles at 50 mV/s. (d) 
Electrochemical in situ Raman spectra of the Mn0.10Co0.90-CoCo2O4/NF in the potential range of 0–1.70 V (vs. RHE). EIS Bode plots of (e) Mn0.10Co0.90-CoCo2O4/NF 
and (f) Co(OH)2-CoCo2O4/NF at the potentials of 0.95–1.65 V (vs. RHE). (g) Co 2p, (h) Mn 2p, and (i) Compare the surface molar ratios of Mn4+/Mn2+, Mn3+/Mn2+, 
Mn2+/Mn0, and Co3+/Co2+ on Mn0.10Co0.90-CoCo2O4/NF before and after long-term stability test using XPS.
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stability, and water-splitting performance of Mn0.10Co0.90-CoCo2O4/NF 
include: (I) Self-supported 2D/2D heterostructure: The nanowire arrays, 
coated with ultrathin nanosheets, create interconnected 3D porous 
channels that improve electrolyte penetration and oxygen diffusion. (II) 
Superhydrophilicity: The catalyst’s superhydrophilic surface ensures 
close contact between electrolytes and active sites, accelerating mass 
and charge transfer at the interface and enhancing catalytic efficiency. 
(III) Electronic structure optimization: Oxygen vacancies adjust the 
electronic structure and conductivity, optimizing the adsorption energy 
of OER intermediates and accelerating reaction kinetics. (IV) Valence 
state modulation: Mn incorporation alters the valence state of adjacent 
Co atoms, increasing the Co3+/Co2+ ratio. The generated Co3+ species 
act as primary active sites, reducing activation energy for oxygen- 
containing intermediates and improving OER performance.

4. Conclusion

In summary, the Mn0.10Co0.90-CoCo2O4/NF catalyst exhibits excep-
tional OER and overall water-splitting performance, driven by its 2D/2D 
heterostructure, oxygen vacancies, and Mn-induced electronic modula-
tion. Post-stability testing, SEM, and HR-TEM analyses confirmed the 
retention of the nanowire structure, with lattice spacing corresponding 
to active CoOOH. XPS analysis revealed an increased Co3+/Co2+ ratio 
from 1.32 to 1.61, indicating enhanced active site exposure. Mn doping 
facilitated charge redistribution, as evidenced by reductions in Mn 
valence states. The catalyst demonstrated low overpotentials of 178 mV 
and 233 mV at 10 and 50 mA cm− 2, respectively, along with a Tafel 
slope of 70.49 mV dec− 1, outperforming comparable systems. A high 
electrochemically active surface area (ECSA) of 10,398 cm2 and minimal 
charge transfer resistance confirmed efficient electron transport. In situ 
Raman spectroscopy revealed the transformation of Co3O4 to CoOOH 
under operational conditions, identifying these as the active centers. 
Hydrophilicity analysis showed a zero-degree contact angle, ensuring 
optimal electrolyte penetration and mass transfer. Stability tests 
demonstrated sustained operation for over 280 h at 50 mA cm− 2, while 
water-splitting tests using a Pt/C cathode achieved a cell voltage of 1.70 
V at 100 mA cm− 2 for 135 h. These findings highlight the synergistic 
effects of hierarchical design, oxygen vacancies, and Mn-Co interactions 
in enhancing conductivity, active site accessibility, and reaction ki-
netics. Mn0.10Co0.90-CoCo2O4/NF emerges as a promising, cost-effective 
alternative for industrial water electrolysis.
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