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Abstract

:

The design of high-performance and low-cost oxygen evolution reaction (OER) electrocatalysts is crucial for environment friendly hydrogen production. Some transition metals have been proven to be good substitutes for noble metals due to their unique electronic structural characteristics and good electrocatalytic performances, with examples including nickel and cobalt, which are usually used to prepare OER electrocatalysts. In this work, we synthesized three-dimensional Ni-Co-Fe ternary layered double hydroxide nanosheet array electrocatalysts via hydrothermal process. Iron element was introduced into the Ni-Co based hydroxide. The ternary layered double hydroxide has a nanoarrays microstructure. Theoretical analysis confirms that by adjusting the ratio of Ni/Co/Fe, the microstructure of the catalyst changes significantly. Attributed to the special nanostructure, the catalysts show superior catalytic activities in oxygen evolution reaction (OER). The results show that a small overpotential of 222 mV at the current density of 20 mA·cm−2 for the OER in 1.0 M KOH is acquired. A small Tafel slope of 61.22 mVdec−1 and a maximum specific capacitance of 239 Fg−1 are also obtained.
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1. Introduction


The problems associated with global warming resulting from the excessive consumption of fossil fuels are becoming serious, so the transition toward renewable energy is becoming more and more urgent [1,2]. Among the many new and renewable resources, although solar and wind energy are considered to be the lowest cost, their transportation and storage represent a prominent problem [3]. As a clean energy carrier, hydrogen has been considered an excellent candidate to replace fossil fuels [4,5]. Moreover, it can also be used as a form of energy storage that can be converted from excess supplies of other renewable energy, such as solar, and transported to other area via pipelines or compressed canister [6]. Water electrolysis is considered to be a sustainable hydrogen production technology due to its simple process, as well as the wide availability of raw and renewable materials [7]. However, the efficiency of water electrolysis is determined by the oxygen evolution reaction (OER) in anodic processes due to its inert chemical reaction dynamics [8]. Therefore, it is crucial to design high-performance OER catalysts to promote the reaction efficiency of the anodic processes [9,10]. In general, the most effective catalysts are the noble metals and their oxides, such as Pt, RuO2, and IrO2, but the high cost of raw materials severely limits their commercial application [11,12].



To overcome this problem, some transition metals, such as Ni and Co, have attracted enormous attention due to their abundance on Earth and excellent catalytic performance [13,14,15]. The layered double hydroxides (LDHs) of transition metals have shown especially excellent electrochemical performance in electrocatalytic water splitting [16]. Compared to one-dimensional nanostructures, such as nanowires and nanorods, the two-dimensional nanosheet microstructures of LDH have a large surface area and high exposure of active sites [17]. The large surface area can provide more charge transfer channels for the hydrolysis reaction [18]. The catalytic activity of the LDH-based electrocatalysts can be improved by the regulation of the microstructure, such as ionic doping and the introduction of defects, can increase the active sites for catalysts, and can improve the performance of the electrocatalyst [19,20,21]. Recently, many types of LDH, such as NiMo-LDH, NiFe-LDH, and NiAl-LDH, have been designed, and good performances have been obtained [22,23,24]. For instances, Wang et al. designed novel hierarchical coral-like Ni-Mo sulfides on Ti mesh through hydrothermal and sulfuration processes; the unique nanostructure showed excellent electrocatalytic performance in both hydrogen evolution and urea oxidation reactions. In 1.0 M KOH, only a cell voltage of 1.59 V was required to deliver 10 mA·cm–2 current density [22]. Liu et al. prepared a single layer structure NiFe-LDH by water plasma [23]. They found that the exfoliation of LDH can expose more active sites and multivacancies, which can enhance the electrocatalytic activity of the catalysis. The electrocatalyst showed an ultralow overpotential of 232 mV at 10 mA cm−2 and Tafel slope of 36 mVdec−1. Wang et al. synthesized NiAl-LDH that dispersed on the surface of graphene by co-deposition method. The catalyst showed a capacitance of 213.57 Fg−1 at 1 Ag−1 current density, and kept nearly 100% of the original capacitance after 1000 cycles [24,25].



Many investigations have found that the excellent electrocatalytic performance of transition metal compounds was attributed to their electronic structure [26,27]. The electronic structure of the compound always depends on the eg orbital of transition metal-based materials, the valence state, the spin state, and the covalent bond, especially between O and the transition metal elements [28,29]. The electron transfer of the electrocatalytic reaction is largely dependent on the band structure at the Fermi level, the electronic orbit of the transition metal ions, the carrier concentration, the density of states, and so on [30,31].



The upshift of the d-band center to the Fermi level means that the binding between the catalyst and the adsorbates becomes stronger [32]. The carrier concentration and the electrical conductivity will become higher when there is a higher density of states near the Fermi level. The electrical conductivity and catalytic characteristics can be improved through narrowing the bandgap, since the charge transfer and reaction kinetics can be boosted by a higher electrical conductivity [33]. Therefore, how to tune the electronic configuration and enhance the intrinsic electroactivity of electrocatalysts becomes a hot research topic. Many strategies have been studied, such as heteroatom doping [33], vacancies [34], heterostructures [35], strain engineering [36], and phase transitions [37].



In this work, we synthesized Fe-doped Ni-Co LDH nanoarrays on Ni foam substrate by a one-step hydrothermal method. The method is easy to implement and contributes to the regulating of the microstructure and properties of the material. The unique nanoarray microstructure can offer more active sites for the electrolytic reaction. Through adjusting the doping amount of the Fe element, the electrocatalytic performance of the catalyst can be controlled. An ultralow overpotential of 184 mV at 10 mAcm−2 and a low Tafel slope of 61 mV dec−1 were obtained in 1.0 M KOH. Attributable to the use of non-noble metals, the work is low cost and is beneficial to put into industrial application. These findings provide valuable insights into the design of novel Ni-Co-based electrocatalysts, and may supply distinctive strategies for designing low-cost electrocatalysts with high performance for the purpose of OER and other catalytic reactions.




2. Materials and Methods


2.1. Materials


Nickel nitrate hexahydrate [Ni(NO3)2·6H2O, AR], cobaltous nitrate hexahydrate [Co(NO3)2·6H2O, AR], and ferric nitrate nonahydrate [Fe(NO3)3·9H2O, AR] were provided by Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Ni foam (NF) was provided by Beijing Tianmei Hechuang Technology Co., Ltd. (Beijing, China). Urea (CO(NH2)2, AR) and potassium hydroxide (KOH, AR) were bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The hydrolysis of urea can provide OH− and CO32−, which were necessary for the products of this work. All aqueous solutions were prepared using deionized water.




2.2. Electrocatalyst Synthesis


The Fe-doped Ni-Co LDH nanoarrays were synthesized on Ni foam substrate by hydrothermal method as follows. After ultrasonic cleaning for 10 min with a 3 M HCl, a piece of Ni foam (NF 2 cm × 2 cm) was carefully washed several times using ethanol and deionized water in turn to get rid of the surface oxides. Afterward, NF was dried in a vacuum oven. For a typical synthesis, 4 mmol Ni(NO3)2·6H2O, 4 mmol Co(NO3)2·6H2O, 0–3 mmol Fe(NO3)3·9H2O, and 10 mmol urea were dissolved in 60 mL of deionized water under continuous stirring. After 15 min, the mixed solution and the pretreated NF were transferred into a 200 mL polytetrafluoroethylene reaction kettle with stainless steel sleeve. The reactor was heated at 120 °C for 10 h. The samples were washed several times with ethanol and deionized water after they were cooled down to room temperature and were vacuum-dried at 60 °C overnight. By controlling the concentration of Fe(NO3)3·9H2O, the ratio of Ni:Co:Fe was adjusted to optimize the performance of the electrocatalyst. According to the ratio of Ni:Co:Fe, the samples can be denoted as NiCo-LDH, Ni4Co4Fe-LDH, Ni4Co4Fe2-LDH, and Ni4Co4Fe3-LDH.




2.3. Material Characterizations


X-ray diffraction (XRD) patterns of the materials were obtained through a Bruker-AXS D8 Advance (BRUKER, Ltd., Kyoto, Japan) ray diffractometer with CuKα radiation and scanning speed of 6°/min in 2θ ranging from 5 to 80 degrees. The morphology and elemental analysis of the materials were examined by field emission scanning electron microscopy (FESEM, JSM-7800F, JEOL Ltd., Tokyo, Japan).




2.4. Electrochemical Characterization of Materials


The electrochemical measurements were performed on a three-electrode setup using a CHI-660D electrochemical analyzer (CHI Instruments, Shanghai, China) at room temperature. A platinum strip and Ag/AgCl were used as the counter and reference electrodes, respectively. The reference electrode was filled by saturated KCl solution. The potentials were converted to reversible hydrogen electrodes (RHEs) according to the following formula: E(RHE) = E(Ag/AgCl) + 0.1989 + 0.0591 × pH. For this research, 1 M KOH (pH = 13.7) was used as an electrolyte. The series of as-prepared electrocatalysts were applied as the working electrodes. The overpotentials of OER were calculated by the following equation: η(V) = ERHE − 1.23. The electrochemical properties of the materials were evaluated by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) techniques. The scan rate of 2 mVs−1 and iR compensation were adopted for linear sweep voltammetry (LSV) curves. Electrochemical impedance spectroscopy (EIS) measurements were tested in the frequency range of 0.01–104 Hz. The scan rate of the cyclic voltammetry (CV) ranged from 2 to 10 mV/s. Specific capacitance (Cp) values were calculated based on the following formula [24]:


  C =     ∫        V   1     v 2    Idv   2    m ν   (   V 2  −  V 1   )       



(1)




where C is the specific capacitance (F/g), I is the current (A), m is the mass of the active material of the electrode (g), V1 and V2 are the initial and upper potential of the cyclic voltammetry (CV), respectively, and ν is the scan rate of CV.





3. Results and Discussion


3.1. Structural and Morphological Characterization


The crystal structure of the Ni-Co-Fe layered double hydroxide samples were investigated by X-ray diffraction. As shown in Figure 1, there are three sharp diffraction peaks at 2θ = 44.5°, 51.8°, and 76.4°, which correspond to NF (JCPDF No.04-0850). Moreover, there are still some weaker peaks at lower diffraction angles, such as at 2θ = 11.6°, 23°, 34°, and 39°, which correspond to polymetallic hydroxide, such as 3Ni(OH)2·2H2O(JCPDF No.22-0444), reevesite (Ni6Fe2(CO3)(OH)16·4H2O, JCPDF No.26- 1286), and cobalt nickel carbonate hydroxide hydrate (Ni0.75Co0.25(CO3)0.125(OH)2·0.38H2O,



It can be seen that the ternary layered double hydroxide was successfully synthesized on the NF substrate. When iron is added, the structure of the material changes significantly. When there is no iron, there is only some hexagonal 3Ni(OH)2·2H2O on the substrate, and the degree of crystallization is lower, as can be seen from the weak peak of 3Ni(OH)2·2H2O in the XRD patterns of NiCo-LDH (Figure 1). With increasing iron, the degree of crystallization is improved significantly, and an abundant of other hexagonal compounds, such as Ni6Fe2(CO3)(OH)16·4H2O, Ni0.75Co0.25(CO3)0.125(OH)2·0.38H2O, and Co5.84Fe2.16(OH)16 (CO3)1.08·0.32H2O, is produced, according to the obvious peaks in the XRD patterns of Ni4Co4Fe3-LDH (Figure 1) and the JCPDF cards of these compounds.



The low-magnification morphologies of the samples were observed through FESEM (Figure 2). As shown in Figure 2, the electrocatalysts have a nanostructure. The high-magnification morphologies of the samples are shown in Figure 3. As shown in Figure 3, when doped in a small amount of Fe element, the microstructure of the electrocatalyst transforms from a nanorod to a nanoneedle. However, when there is an excess of Fe element, the microstructure will turn into a nanosheet, as shown in Figure 3d. The parameters of the samples are shown in Table 1. As can be seen, when the iron is increased to a moderate amount, the length-diameter ratio of the nanorods increases from 15 to 23. These features can increase the active sites for electrochemical reactions, and are conducive to the migration of electrons into the catalyst during the OER process. This contributes to improving the performance of electrocatalytic hydrolysis [38].



EDS analysis of Ni4Co4Fe2-LDH/NF nanoarrays was carried out through FESEM (Figure 4). As shown in Figure 4, the elements of Ni, Co, Fe, and O distribute uniformly on the surface of the nanostructure, confirming that the surface composition of the Ni4Co4Fe2-LDH/NF is relatively uniform, which ensures the stability of catalytic performance.



The structure of the Ni4Co4Fe2-LDH/NF was further confirmed by TEM analysis (Figure 5). As shown in Figure 5a, the Ni4Co4Fe-LDH/NF nanoneedle can be observed clearly. The high-resolution TEM (HRTEM) image (Figure 5b) shows the lattice fringes with distances of 0.132, 0.143, and 0.153 nm corresponding to the (201) plane of Ni0.75Co0.25(CO3)0.125(OH)2·0.38H2O, (204) plane of 3Ni(OH)2·2H2O, and (113) plane of Co5.84Fe2.16(OH)16 (CO3)1.08·0.32H2O, respectively. As shown in Figure 5c, the selected area electron diffraction (SAED) pattern shows the (113) plane for Co5.84Fe2.16(OH)16 (CO3)1.08·0.32H2O, (201) plane for Ni0.75Co0.25(CO3)0.125(OH)2·0.38H2O, and (316) plane for 3Ni(OH)2·2H2O, according to the JCPDF of X-ray diffraction (XRD).



The surface chemical state of Ni4Co4Fe2-LDH/NF was investigated by XPS technique (see Figure 6). As shown in Figure 6, XPS results confirm the presence of Ni, Co, and Fe on the film surface. The binding energy peaks of Ni 2p3/2, Co 2p 3/2, and Fe 2p3/2 are located at 856.4 eV, 782.2 eV, and 714.8 eV, respectively, indicating the +2, +3, and +3 oxidation states of Ni, Co, and Fe, respectively [39].




3.2. Electrochemical Characterization of the Electrocatalysts


The as-prepared Ni-Co-based LDH electrocatalysts were investigated as working electrodes for electrochemical characterization. We studied the OER performance of the electrocatalysts in a three-electrode system with 1.0 M KOH aqueous solution as the electrolyte. Electrochemical characterization of as-prepared electrocatalysts are shown in Figure 7. The polarization curves of the series of electrocatalysts after iR-drop correction are shown in Figure 7a. As can be seen in the figure, the overpotential of Ni4Co4Fe2-LDH/NF is about 222 mV at a current density of 20 mAcm−2, which is similar to that of NiCo-LDH/NF (361 mV), Ni4Co4Fe-LDH/NF (231 mV), and Ni4Co4Fe3-LDH/NF (238 mV). Therefore, an appropriate amount of Fe doping can significantly reduce the overpotential, which contributes greatly toward improving the electrochemical performances of the electrocatalysts.



In addition, the reaction kinetics of catalysts was mainly evaluated by the Tafel slope that was calculated according to the LSV curve from 1.0 to 1.7 V, as shown in Figure 7b. Obviously, Ni4Co4Fe2-LDH/NF exhibits a Tafel slope of 61.22 mVdec−1, which is highly competitive with NiCo-LDH/NF (79.24 mVdec−1), Ni4Co4Fe-LDH/NF (62.55 mVdec−1), and Ni4Co4Fe3- LDH/NF (63.02 mVdec−1). This illustrates that the facilitated reaction kinetics of OER can be realized by Ni4Co4Fe2-LDH/NF.



The OER of electrocatalysts in alkaline solution can be accomplished through multistep reactions. Firstly, on the active sites of the catalysts, the adsorbed H2O is transformed into some kind of [OH] intermediate. Secondly, the intermediate product [OH] is further oxidized or decomposed into [O]. Thirdly, [O] reacts with water to produce an [OOH] intermediate. Fourthly, O2 is released from [OOH]. Please note that the square brackets above indicate an oxygen vacancy site at the surface. The OER performance of the catalysts correlate with the number of active sites and the adsorption affinity of H2O and the intermediates [40].



The specific capacitances of the as-prepared materials are shown in Figure 7c. The specific capacitance of Ni4Co4Fe2-LDH/NF reaches 239.1 F/g, which is significantly larger than that of NiCo-LDH/NF (105.1 F/g), Ni4Co4Fe-LDH/NF (232 F/g), and Ni4Co4Fe3- LDH/NF (165.2 F/g). Nevertheless, the Tafel slope usually reflects the apparent dynamics of the electrochemical reactions without excluding the mass transfer effect [40]. For this, EIS is adopted to assess the intrinsic dynamics of electrode. The charge transfer characteristics in the OER process at 1.48 V vs. RHE were tested.



The Nyquist plot of the as-prepared sample is shown in Figure 7d. Such a Nyquist curve should be divided into two parts, namely, the left semicircle in the high frequency range and the right semicircles in the low frequency range, suggesting the complex electrochemical process of the as-prepared samples as the OER catalysts [41]. Moreover, the equivalent circuits of the samples can be obtained based on their Nyquist curves. As shown in Figure 7d, Rs is the solution resistance, Rct is the charge transfer resistance, and CPE1 refers to the constant phase angle elements. In addition, there is a parallel connection linked by an interface resistance Rif element and a CPE2. This maybe relates to the hetero-interfaces between the several composites, as shown in XRD patterns (Figure 1) [42]. Furthermore, the existence of the hetero-interfaces contributes toward reducing the charge-transfer resistance. According to the EIS results (Figure 7d), the Rct of Ni4Co4Fe2-LDH/NF (1.525 Ω) is obviously smaller than NiCo-LDH/NF (4.821 Ω), Ni4Co4Fe-LDH/NF (1.733 Ω), and Ni4Co4Fe3-LDH/NF (1.765 Ω). This indicates that Ni4Co4Fe2-LDH/NF has excellent electron transport kinetics [43,44,45].



The specific area and pore parameters of the samples are shown in Table 2. From Table 2, the specific area and pore volume of Ni4Co4Fe2-LDH/NF is higher than other samples. This is favorable for improving the active site for hydrolysis reaction, and increases the efficiency of the electrocatalysts.



The Cdl and ECSA of Ni-Co based LDH electrode catalyst samples are shown in Figure 8. A large ECSA can provide more exposed active sites for the electrocatalytic reaction. ECSA is calculated as ECSA = Cdl/Cs, where Cdl is the electrochemical double-layer capacitance, and Cs is the specific capacitance, where Cs is usually adopted as 0.04 mF cm−2 for Ni-/Co-based catalysts [42]. The double-layer capacitor (Cdl) was calculated based on the cyclic voltammetry (CV). As can be seen in the figure, Ni4Co4Fe2-LDH/NF has the highest Cdl and ECSA, which is attributable to the exposure of more active sites in the nanoarray, which significantly enhances the OER performance of the electrode catalyst [45].



CV curves of the as-prepared samples at a scan rate of 10 mV/s are shown in Figure 9. As can be seen in the figure, the curve of Ni4Co4Fe2-LDH/NF shows the largest area in the series of materials, indicating that it possesses the highest specific capacitance among the four electrocatalysts. This conclusion agrees with the specific capacitance of the electrode [24].



Stability is an important parameter for an electrocatalyst. Chronoamperometry was used to evaluate the electrocatalytic durability of the as-prepared electrocatalyst for OER in 1.0 M KOH. As shown in Figure 10, the V-t curve shows that after a 12 h stability test at 10 mA·cm−2 in alkaline solution, the potential does not significantly decrease. This suggests that Ni4Co4Fe2-LDH/NF has excellent OER stability as an electrocatalyst. As shown in Figure 11, after a 12 h stability test, Ni4Co4Fe2-LDH/NF still maintained its inherent morphology. The parameters of Ni4Co4Fe2-LDH/NF after the stability test are shown in Table 3; the ratio of length/diameter is 21, which is very close to that before the stability test (Table 1). All the above factors prove its excellent stability.



A comparison of OER performance of this work with other reported NiCo-based electrocatalysts is shown in Table 4. As can be seen from the table, compared with other reported NiCo-based electrocatalysts, Fe doping can significantly change the morphology of the catalysts, which will significantly increase the active surface area of the polymetallic catalysts; it will provide more active sites for the decomposition of electrocatalytic reactions and obviously reduce the overpotential of the system [46,47,48,49,50,51].



As mentioned above, the ternary Ni-Co-based layered double hydroxide exhibits excellent electrochemical performance compared to the binary materials.





4. Conclusions


Nickel-cobalt-based ternary layered double hydroxide nanoarrays grown on nickel foam were successfully synthesized by hydrothermal method. The as-synthesized Ni4Co4Fe2-LDH/NF showed superior electrochemical characterization with a higher specific capacitance and excellent stability. A lower overpotential of 222 mV was obtained by using Ni4Co4Fe2-LDH/NF as an OER catalyst at a current density of 20 mAcm−2. The Tafel slope was 61.22 mVdec−1, which was better than other as-prepared catalysts materials. The extraordinary electrochemical performance can be attributed to the microstructure of the materials. When doped in a moderate amount of Fe element, the length–diameter ratio of the nanorods increased from 15 to 23. Ni4Co4Fe2-LDH/NF showed the highest Cdl and ECSA, so it has more active sites for the decomposition of electrocatalytic reactions and obviously reduces the overpotential of the system. This work provides a facile and effective method for fabricating Ni-Co-based ternary electrocatalysts.
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Figure 1. XRD patterns of the as-prepared samples. 
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Figure 2. Low magnification of (a) NiCo-LDH/NF, (b) Ni4Co4Fe-LDH/NF, (c) Ni4Co4Fe2-LDH/NF, and (d) Ni4Co4Fe3-LDH/NF nanoarrays. 
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Figure 3. High magnification of (a) NiCo-LDH/NF, (b) Ni4Co4Fe-LDH/NF, (c) Ni4Co4Fe2-LDH/NF, and (d) Ni4Co4Fe3-LDH/NF nanostructures. 
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Figure 4. EDS of Ni4Co4Fe2-LDH/NF nanoarrays. 
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Figure 5. (a) TEM image, (b) HRTEM image, and (c) SAED pattern of Ni4Co4Fe2-LDH/NF. 
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Figure 6. XPS spectra of Ni4Co4Fe2-LDH/NF: (a) Ni 2p, (b) Co 2p, (c) Fe 2p. 
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Figure 7. Polarization curves of Ni−Co based LDH electrode catalysts. (a) LSV curves of the electrode catalysts in an O2−saturated 1.0 M KOH solution at the scan rate of 2 mVs−1. (b) Tafel plot (overpotential vs. log current) derived from the corresponding polarization curves. (c) Specific capacitance values calculated from CV tests (as mentioned in Section 2.4). (d) Nyquist plots recorded at the overpotential of 1.48 V vs. RH. 
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Figure 8. (a) Cdl and (b) ECSA of Ni−Co based LDH electrode catalysts samples. 
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Figure 9. CV curves of Ni−Co based LDH electrode catalysts at the scan rate of 10 mV/s. 






Figure 9. CV curves of Ni−Co based LDH electrode catalysts at the scan rate of 10 mV/s.



[image: Coatings 13 00726 g009]







[image: Coatings 13 00726 g010 550] 





Figure 10. Chronoamperometry test of Ni4Co4Fe2-LDH/NF at 10 mA·cm−2. 
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Figure 11. Morphology of Ni4Co4Fe2−LDH/NF after the stability test. 
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Table 1. The parameters of the samples.
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	Samples
	Length (μm)
	Diameter (nm)
	Ratio of L/D





	NiCo-LDH/NF
	0.9
	60
	15



	Ni4Co4Fe-LDH
	0.9
	50
	18



	Ni4Co4Fe2-LDH
	0.7
	30
	23



	Ni4Co4Fe3-LDH
	-
	-
	-
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Table 2. Specific area and pore volume of the samples.
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	Sample
	SBET (m2/g)
	Vtotal (cm3/g)





	NiCo-LDH/NF
	2.6960
	0.006506



	Ni4Co4Fe-LDH/NF
	5.2154
	0.014053



	Ni4Co4Fe2-LDH/NF
	5.9850
	0.014886



	Ni4Co4Fe3-LDH/NF
	5.9727
	0.012626
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Table 3. The parameters of Ni4Co4Fe2-LDH/NF after the stability test.
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	Samples
	Length (μm)
	Diameter (nm)
	Ratio of L/D





	Ni4Co4Fe2-LDH
	0.75
	35
	21
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Table 4. Comparison of OER performance of this work with other reported NiCo-based electrocatalysts.
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	Catalyst
	Current Density

(mA cm−2)
	Overpotential

(mV)
	Reference





	NiCo hydroxide
	10
	460
	[34]



	NiCo-LDH
	10
	367
	[35]



	NiCo-NS
	10
	334
	[36]



	NiCo2O4 hollow microcuboids

NixCo2x(OH)6x@eRG/NF
	10

10
	277

280
	[37]

[38]



	ZIF-67/CoNiAl-LDH/NF
	10
	303
	[39]



	NiCoFe-LDH arrays
	10
	201
	This work
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