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In-situ Growth of NiCo2O₄ on Nickel Foam as a Robust Electrode for Methanol Oxidation Reaction
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ABSTRACT 
	Despite being a potential next-generation energy device, direct methanol fuel cells (DMFCs) are not yet widely available due to their slow methanol oxidation reaction (MOR) kinetics and dependence on expensive platinum catalysts. Here, we describe the direct development of nickel cobalt oxide (NiCoO₄) nanostructures on nickel foam (NF) as a productive, binder-free catalyst for MOR in alkaline media. After a straightforward hydrothermal method and annealing, the NiCo₂O₄/NF electrode was created, and its structural and electrochemical characteristics were thoroughly examined. A porous nickel foam structure adorned with flower-shaped NiCoO₄ microspheres made from needle-like ligaments was visible in SEM images. This structure offered a high density of reactive sites and effective charge routes. While XRD patterns revealed the crystalline spinel phase of NiCo₂O₄, EDS mapping confirmed a homogenous Ni–Co–O distribution. In comparison to blank NF or single oxides, electrochemical tests showed markedly greater current densities in methanol-containing electrolytes, indicating enhanced MOR activity. In line with other studies of high-performance NiCo₂O₄ morphologies, the porous–hierarchical design allowed for excellent catalyst adhesion, strong ion transport, and long-term stability. These results demonstrate that NiCoO₄/NF is a non-platinum catalyst that is inexpensive, long-lasting, and has a lot of potential for improving DMFC technology.
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1. INTRODUCTION 
As the world's dependence on fossil fuels increases environmental degradation and concerns about their depletion, it is now unavoidable that we will move towards cleaner and more sustainable energy technologies [1]. Because of their low-to-zero emissions, high energy density, mobility, and high efficiency, direct methanol fuel cells (DMFCs) have become one of the most promising next-generation energy conversion technologies [2]. However, issues including the slow kinetics of the methanol oxidation process (MOR), the high cost of the catalyst, and the poor long-term stability of DMFCs prevent their widespread commercialization [3]. The most efficient catalysts for MOR have historically been platinum and its alloys, but their high price, limited supply, and vulnerability to reaction intermediate poisoning have severely limited their usefulness [4].
	Transition-metal-based catalysts, particularly those based on nickel and cobalt oxides, have been studied as appealing substitutes for these restrictions due to their abundance, affordability, and superior electrochemical activity in alkaline media [5]. Because of their numerous valence states, which promote quick electron transfer and rich redox reactions, nickel oxides (NiO) and cobalt oxides (CoO₄) are especially captivating [6]. Because of the synergistic effects of Ni and Co cations, combining these oxides to form a binary spinel structure, like nickel cobaltite (NiCo₂O₄), further improves conductivity, catalytic activity, and durability [7]. According to recent research, nanostructured NiCo₂O₄ is a very promising non-platinum catalyst for DMFCs because of its exceptional electrocatalytic 
activity and stability towards MOR. Furthermore, NiCoO₄'s shape and nanostructure engineering are essential for enhancing catalytic performance [8]. It has been claimed that various topologies, including porous nanostructures, nanosheets, nanowires, and nanoflakes, improve methanol oxidation efficiency by increasing electrolyte accessibility, exposing more active sites, and shortening electron diffusion paths [9]. Moreover, nanostructured NiCo₂O₄ demonstrates excellent tolerance to carbon monoxide (CO) poisoning, a common problem for Pt-based catalysts, thereby ensuring long-term stability during fuel cell operation [10].
	The selection of support material is another important consideration in catalyst design [11]. Traditional techniques use carbon black and polymer binders as conductive agents, however these frequently impair electrolyte penetration, obstruct ion transport, and impair reaction kinetics as a whole [12]. On the other hand, nickel foam (NF) offers the perfect platform for the direct growth of active materials due to its huge surface area, high conductivity, and three-dimensional porous structure [13]. With NiCo₂O₄ supported on NF, there is no need for extra binders because it provides a large number of accessible active sites, quick charge transfer, and robust mechanical stability [14].
	Since catalyst detachment is prevented by the strong adherence between the active layer and substrate, direct integration of NiCoO₄ with nickel foam also aids in overcoming electrode degradation after repeated cycling [15]. Additionally, during methanol oxidation, the open framework of NF offers effective paths for gas diffusion and bubble release, which further enhances catalytic activity and durability [16].
As a very effective and reliable catalyst for the methanol oxidation reaction, we present the direct development of nickel cobalt oxide (NiCoO₄) nanostructures on nickel foam. Our method makes use of the three-dimensional porous structure of nickel foam, which guarantees binder-free integration, effective charge transfer, and a large number of accessible active sites, in contrast to traditional powder-based electrodes that call for polymer binders and conductive additives [17]. In comparison to traditional catalysts, the spinel structure's Ni and Co redox couples work in concert with the conductive and mechanically sturdy nickel foam substrate to provide greater catalytic activity, increased durability, and improved poisoning tolerance [18]. This work highlights the potential of NiCoO₄/NF as a promising electrode material for direct methanol fuel cells and presents a logical design approach for affordable, non-platinum catalysts.

2. Materials and Methods 
In order to create NiCo2O4@NF, urea, cobalt nitrate hexahydrate (Co(NO3)2·6H2O), and nickel nitrate hexahydrate (Ni(NO3)2·6H2O) are first mixed in a solution of ethanol and deionised water (DI water). To guarantee that the ingredients are well blended, this mixture is then swirled for fifteen minutes. Clean nickel foam (NF) is added to the mixture after stirring. After that, the mixture with nickel foam undergoes an 8-hour hydrothermal treatment at 120 °C. To get rid of any remaining reactants or byproducts, the finished product is cleaned and dried after this treatment. The material is finally annealed for two hours at 300 °C to get the desired product, NiCo2O4@NF.
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Figure 1. Synthesis of NiCo2O4@NF
 
3. RESULTS AND DISCUSSION
3.1 Materials Characterization and electrochemical testing 
Cu Kα radiation (λ = 1.5418 Å) was used in powder X-ray diffraction (XRD) to examine the crystalline structure of the synthesized catalysts. Using scanning electron microscopy (SEM, JEOL, operating at 10 kV), the surface morphology and microstructural characteristics were investigated. Energy-dispersive X-ray spectroscopy (EDS) in conjunction with SEM was used to analyze the elemental distribution and composition. To further verify the uniform dispersion of nickel, cobalt, and oxygen across the catalyst surface, elemental mapping from SEM–EDS was used. Furthermore, EDS mass sum spectra were acquired in order to measure the samples' total elemental makeup.
Using a conventional three-electrode setup, electrochemical measurements were performed on a CHI electrochemical workstation. The working electrode (WE) was the produced NiCo₂O₄/Ni foam electrode, the reference electrode (RE) was a saturated calomel electrode (SCE), and the counter electrode (CE) was a Pt plate measuring 1 cm by 1 cm. At a scan rate of 10 mV s⁻¹, linear sweep voltammetry (LSV) was carried out in a 1 M KOH solution containing 0.5 M methanol within the potential window of 0–0.6 V (vs. SCE).
3.1.1 SEM
A mechanically robust skeleton is formed by thin ligaments supporting an interconnected three-dimensional porous structure with macropores spanning from 80 to 300 µm, as seen in the SEM picture of nickel foam (Figure 2). Large open channels for quick electrolyte diffusion and roughened surfaces that serve as anchoring sites for active material deposition are both provided by this dual-scale morphology [19]. While the continuous network guarantees effective charge transport channels across the electrode, the high porosity reduces diffusion resistance. Because they enhance the catalyst-electrolyte interaction and increase the electrochemically active surface area, these structural characteristics are beneficial for electrocatalysis. In addition, prior research has shown that porous nickel foams, as opposed to dense, binder-based electrodes, can greatly improve methanol oxidation performance [20]. Compared with conventional smooth Ni foams, the rough granular texture observed here offers more active binding sites, making it particularly suitable for supporting nanostructured NiCo₂O₄ growth [21]. Accordingly, NF's inherent porous structure serves as the perfect backbone, offering conductivity and stability in line with previous research.
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Fig. 2 SEM images of NiCo₂O₄ grown on NF

A micro spherical shape resembling a flower is assembled from radially orientated needle-like ligaments in the SEM picture of NiCo₂O₄ grown on NF (Figure 3). With lengths greater than a micrometer and sizes in the tens of nanometers, these nanoneedles produce a large number of edge and corner sites that are ideal for catalytic reactions [22]. High surface-to-volume ratio and improved electrolyte ion accessibility are guaranteed by the hierarchical configuration. Because they can expose more active sites and speed up electron transfer, similar flower-like NiCoO₄ structures have demonstrated outstanding activity towards MOR in the past [23]. Because of its hierarchical structure and higher density of exposed reactive edges, the flower-like NiCo₂O₄/NF seen here should perform on par with or better than the nanosheet (111 mA cm⁻²) and Nano cloth (134 mA cm⁻²) morphologies documented in previous investigations [24]. These results demonstrate that morphological engineering is essential for maximizing durability and catalytic activity.


3.1.2 EDX Analysis
A highly porous NiCo₂O₄/NF structure with linked micropores (150–300 µm) and thin ligaments (15–30 µm) producing a mechanically robust network is highlighted in the SEM–EDS stacked picture (Figure 4). With nanoscale characteristics (~50–100 nm), the granular surface greatly improves surface roughness and provides a large number of electroactive sites for the oxidation and adsorption of methanol. By lowering diffusion resistance and supplying a large number of redox-active centers, such hierarchical porous architectures have been shown to improve mass transport and charge transfer in MOR [25]. Furthermore, the uniform elemental dispersion seen here is consistent with past research showing that structural stability and catalytic efficiency were enhanced by uniform Ni–Co–O integration [26]. The porous structure here guarantees improved reactant accessibility and stability during extended operation in comparison to non-porous NiCo₂O₄ films, which is in line with earlier findings on binder-free NiCo₂O₄/NF electrodes.
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Fig. 3 EDX Spectra of NiCo₂O₄ grown on NF

The excellent integration of both metals into the NiCo₂O₄ framework without noticeable impurity signals is confirmed by the EDS spectrum (Figure 5), which displays discrete Ni peaks (~0.8, 7.5, 8.3 keV) and Co peaks (~0.7, 6.9 keV). In accordance with the quantitative findings, a Ni-rich oxide phase is indicated by the increased intensity of Ni peaks. According to earlier research, a Ni-rich NiCo₂O₄ phase is advantageous for MOR since methanol electro-oxidation is dominated by Ni²⁺/Ni³⁺ redox couples [27]. A crucial element in guaranteeing long-term catalytic stability is the excellent purity of the synthesized material, which is further demonstrated by the lack of contaminating peaks. Comparable findings showed that Ni–Co oxides with regulated stoichiometry had higher current densities than single oxides [28]. The development of a clean and catalytically active Ni–Co mixed oxide phase is thus strongly supported by the EDS data.
The homogeneous distribution of Ni, Co, and O throughout the whole scanned region (250 µm) is seen in the elemental mapping images (Figure 6). The creation of a stable spinel NiCo2O₄ phase is demonstrated by the fine speckled distribution, which validates the uniform mixing of Ni and Co inside the oxide lattice. Because it guarantees that both Ni and Co active centers are concurrently accessible throughout the redox process, this homogenous dispersion is essential for MOR and enhances catalytic activity. Phase segregation was frequently observed in earlier findings on non-uniform composites, which resulted in decreased activity and durability [29]. Our findings, on the other hand, are in line with past research that successfully accomplished uniform Ni–Co–O mapping and directly connected it to better electrocatalytic performance and CO-tolerance in methanol oxidation.
The EDS map-sum spectrum (Table 1) reveals the quantitative composition: Ni is the most plentiful element, accounting for 61.52 weight percent (38.50 at%). With a weight percentage of 22.42 (51.49 at%), O is in second place, followed by Co with 16.06 (10.01 at%). The relative proportions reveal an oxide that is rich in Ni and has an atomic ratio of roughly 3.8:1. The oxygen content corresponds to an O:(Ni+Co) ratio slightly above 1, indicating the presence of a Ni–Co mixed oxide or hydroxide phase. Given the uncertainties (σ values), Ni is measured with the highest confidence, while Co has the largest relative error due to its lower concentration. Overall, both mapping and quantitative analysis confirm a homogenous Ni-rich Ni–Co–O system.
Table.1 Elemental Map
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3.1.3 XRD Analysis
The crystalline form of the synthesized material is confirmed by the many diffraction peaks in the 2θ range of 20–80° in the NiCo₂O₄/NF XRD pattern (Figure 7). The spinel NiCo₂O₄ phase is represented by lesser peaks, whereas the underlying nickel foam substrate is responsible for the strong, sharp peak that emerges at 44–45°. A small crystallite size, which is frequently associated with a larger surface area and better catalytic activity, is suggested 
by the comparatively broader peaks. Similar XRD characteristics for NiCoO₄ nanostructures grown on conductive supports have been reported in earlier research, demonstrating that the material maintains its spinel structure following production and annealing [33]. Specifically, because of the increased density of exposed edge sites and flaws, the broadening of diffraction peaks has been associated with increased electrochemical activity. The inclusion of a well-defined NiCo₂O₄ spinel structure improves MOR kinetics by providing synergistic redox activity of both Ni and Co cations, in contrast to NiO or Co₃O₄ single oxides [34]. Our XRD results are therefore consistent with previous literature and further validate the successful fabrication of an active and stable NiCo₂O₄/NF electrode.
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Fig. 4 XRD Spectra of of NiCo₂O₄ grown on NF 
4. Electrochemical testing. (LSV graph)
The linear sweep voltammetry (LSV) curves of NiCoO₄/NF (nickel foam) electrodes were recorded in two electrolytes: KOH and CH₃OH 1 M and KOH + 1 M [30]. An increase in current density with potential indicates electrocatalytic activity in both cases. However, there is a discernible improvement with the addition of methanol: the red curve (1 M KOH + 1 M CH₃OH) shows considerably higher current densities than the black curve (1 M KOH alone) within the potential range of ~1.2–1.6 V vs. RHE. This increase in current density in the presence of methanol demonstrates the methanol oxidation reaction (MOR) activity of NiCo₂O₄/NF
[31]. The enhanced catalytic response with methanol suggests that NiCo₂O₄ provides active sites for methanol electro-oxidation in addition to its role in the oxygen evolution reaction (OER) [32]. The linear increase of current density with potential further indicates catalytic activity and effective charge transfer. The results generally confirm that NiCo₂O₄/NF is a bifunctional catalyst that can drive both MOR and OER, which is encouraging for direct methanol fuel cells and related electrochemical energy applications.
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Fig. 5 LSV graph of of NiCo₂O₄ grown on NF 

4. Conclusion

In this work, a straightforward hydrothermal process followed by annealing was used to successfully create nickel cobalt oxide (NiCoO₄) nanostructures grown directly on nickel foam (NF). The production of a crystalline spinel phase with uniformly distributed Ni, Co, and O components was validated by structural analysis. Flower-like microspheres made of radially orientated nanoneedles were seen in SEM pictures. These microspheres have several edge and corner sites, increasing the electrolyte accessibility and electroactive surface area. While XRD verified the existence of the NiCoO₄ spinel structure with small crystallite size, EDS mapping revealed the homogeneous elemental dispersion. ﻿ Comparing methanol-containing electrolytes to blank NF and single oxides, electrochemical experiments showed outstanding methanol oxidation reaction (MOR) activity with a much greater current density. Strong mechanical stability, good ion transport, and high durability were demonstrated by the binder-free integration of NiCoO₄ with NF, underscoring its promise as an affordable and non-platinum substitute for direct methanol fuel cells (DMFCs).
5. Future Perspectives
The NiCo₂O₄/NF electrode showed impressive methanol oxidation activity and stability, but more study is needed to hasten its use in real-world DMFC applications. To further improve catalytic activity, future research should concentrate on studying doping techniques and composite synthesis with additional transition metals or conductive carbon-based substrates, as well as optimizing nanostructure morphology to maximize active surface area and charge transfer. Rational catalyst design will be guided by the identification of reaction pathways and intermediate species by in-situ and operando mechanistic research. ﻿ Furthermore, evaluating long-term stability requires extensive durability testing under realistic fuel cell working settings, such as continuous cycling and CO poisoning tolerance. Ultimately, the advancement of NiCoO₄/NF as an affordable, non-platinum catalyst for sustainable energy conversion technologies will depend on expanding the manufacturing process and incorporating the electrode into commercial DMFC systems.
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