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Abstract

:

Layered double hydroxides (LDHs) have been reported as one of the most effective materials for oxygen evolution reaction (OER) catalysts, which are prone to hydrolysis and oxidation under OER conditions. Metal–organic frameworks (MOFs) are porous materials with high crystallinity and internal surface area. The design of LDHs based on MOFs has attracted increasing attention owing to their high surface area, exposed catalysis sites, and fast charge/mass transport kinetics. Herein, we report a novel approach to fabricate a leaf-shaped iron-doped nickel–cobalt LDH (L-Fe-NiCoLDH) derived from a two-dimensional (2D) zeolitic imidazolate framework with a leaf-like morphology (ZIFL). Iron doping played a significant role in enhancing the specific surface area, affecting the OER performance. L-Fe-NiCoLDH showed high OER performance with an overpotential of 243 mV at 10 mA cm−2 and high durability after 20 h. The design of LDHs based on the leaf morphology of MOFs offers tremendous potential for improving OER efficiency.
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1. Introduction


Energy and the environment are among the essential concerns of the present age [1]. The global demand for energy consumption is increasing, along with the problems associated with global warming and the rapid depletion of fossil fuels [2]. Therefore, converting and storing energy from renewable sources is an encouraging solution to reduce fossil fuel dependence significantly [3]. Among the various energy systems, fuel cells, metal–air batteries, and water splitting have been identified as the most impressive and efficient methods for addressing the issues above [4]. The oxygen evolution reaction (OER) plays an important role in many electrochemical reactions, including the production of hydrogen in zinc–air batteries [5,6,7]. The OER is a slow reaction, and a large potential must be applied to overcome the reaction barrier and achieve a high reaction rate, leading to the catalysts in use today that often require very expensive materials, such as precious metal oxides (e.g., IrO2 and RuO2) [8]. As a substitute for precious metal oxides, perovskite-type oxide structures [9,10], spinel-type oxides [11,12], amorphous metal oxides [13], and layered double hydroxides (LDHs) [14,15] based on 3D transition metals have been reported, but they have yet to show high performance along with durability [16].



Among them, the design of LDHs has attracted attention owing to their two-dimensional (2D) structure with abundant metal hydroxide (M(OH); M = Fe, Co, Ni, Mn, etc.) active sites for rapid electrochemical redox reactions [17]. Recently, Fe, Co, and Ni compounds have been discovered to be the best catalysts for the OER. In particular, Ni- and Co-based LDHs can offer the synergistic effects of Ni and Co. Mechanical studies showed that the oxidation of Co2+ and Ni2+ into Co-OOH or Ni-OOH provided active sites for the OER process, but it also caused poor electrical conductivity and electronic stability [18]. Although Ni- and Fe-based LDHs offer large performance, Fe-, Ni-, and Co-mixed metal oxides exhibit even more enhanced performance [19]. Nocera et al. suggested that small amounts of Fe3+ influenced the formation of highly valence nickel states in LDHs, enhancing beneficial oxyl characteristics and thereby improving OER activity [20]. Furthermore, Fe has an ionic radius similar to a Ni or Co cation, facilitating its substitution into Ni and Co positions. Markovic et al. reported a tendency of high and stable activity for Fe-MOxHy based on dissolution and repositioning at the surface of the electrolyte/object, improving the performance and stability of the OER [21]. Mixed metal oxides can optimize the adsorption energy of catalysts and increase the electrical conductivity of catalysts to improve efficiency and stability, further reducing the usable metal content to maintain catalyst activity.



Metal–organic frameworks (MOFs) are porous materials with high crystallinity and large internal surface area, formed by coordinated bonds of metal ions/clusters and organic ligands [22,23,24]. Based on their characteristics, MOF-derived materials are used as templates or metal sources of electrocatalysts in fuel cells, zinc–air batteries, and water splitting [25,26,27]. Specifically, the use of MOFs as sacrificial templates for LDHs or metal oxide/sulfide/hydroxide had high OER performance [28]. York-shell [29], core–shell [30,31], hollow [32,33], and ultrathin MOFs [34,35] have been considered suitable precursors for fabricating catalysts for high OER performance.



In this work, we report a novel and simple method to synthesize a hollow and porous Fe-doped NiCoLDH based on the leaf morphology of a MOF. This strategy involves the construction of leaf-shaped cobalt zeolitic imidazolate frameworks (Co-ZIFL) and ion exchange and etching processes with Ni(NO3)2 in ethanol, followed by refluxing in the presence of Fe(NO3)3 in an oil bath. The optimum Fe incorporation enabled the synthesis of LDH structures and increased their specific surface area, thereby improving the OER performance. The design of nanostructures such as LDHs based on the leaf morphology of MOFs can significantly enhance OER efficiency.




2. Results and Discussion


Scheme 1 shows the synthesis process of all L-Fe-NiCoLDH-x and L-NiCoLDH samples. First, the Co-ZIFL precursor was fabricated by mixing cobalt nitrate and 2-methylimidazole in water. Figure S1a,b shows the leaf-like morphology of Co-ZIFL. The crystal structure of Co-ZIFL was examined by XRD, which is consistent with the simulated ZIFL patterns (Figure 1a and Figure S2a). When Co-ZIFL was added to a nickel nitrate solution, the protonated Ni2+ in nickel nitrate etched the Co-ZIFL. At this time, Co2+ cations were released from the ZIF, and they coprecipitated with hydroxy ions on the leaf surface to create an LDH structure [36,37]. The XRD pattern of Co-ZIFL@NiCoLDH maintained the main peaks of Co-ZIFL and showed a new broader peak at 10.9°, indicating the formation of an LDH structure. After refluxing, the L-NiCoLDH sample showed peaks at 10.9°, 22.1°, 33.5°, and 60.3° corresponding to the (003), (006), (112), and (110) planes of the typical LDH structure, respectively, as shown in Figure 1a. Similar XRD patterns were observed in the L-Fe-NiCoLDH-x samples (Figure 1a and Figure S2b), indicating that the LDH structure was maintained upon the intercalation of Fe3+ cations.



The effects of the refluxing step on synthesized LDH structures were examined by Fourier-transform infrared spectroscopy (FTIR), as shown in Figure 1b. The FTIR spectrum of Co-ZIFL@NiCoLDH involved Co-ZIFL peaks, indicating that the ZIF structure was maintained after the reaction for 0.5 h. After the refluxing step at 90 °C for 1 h, the FTIR spectrum of L-Fe-NiCoLDH-x did not show any peaks related to the ZIF structure and showed new peaks assigned to the LDH structure at 3497 cm−1 (hydroxyl groups), 1629 cm−1 (interlayer water molecules), 1339 cm−1 (the stretching of the interlayer carbonate anion), 1053 cm−1 (the stretching of the interlayer carbonate anion), and 649 cm−1 (the vibration of M–O bonds) [38].



The morphology of L-Fe-NiCoLDH-2 is shown in Figure 1c–f. Although it maintained the leaf shape of Co-ZIFL, which acted as a template, some structures were broken. In addition, changes in surface morphology after LDH structural transformation were indicated by nanoflakes around leaf-like structures similar to those observed for L-NiCoLDH (see Figure S3a,b). In particular, the Fe concentration affected the morphology of the catalyst. The morphology of L-Fe-NiCoLDH-1 was maintained, as shown in Figure S3c,d. However, the morphology of L-Fe-NiCoLDH-3 using high Fe3+ concentration was almost completely broken, as shown in Figure S3e,f.



The morphology of L-Fe-NiCoLDH-2 and L-NiCoLDH was further characterized by FE-TEM, as shown in Figure 2a–c and Figure S4. Although the whole leaf shape was maintained, the structure changed to a hollow leaf completely covered with nanoflakes. At high magnification (Figure 2c,d), nanoflakes covering the leaves were observed. From the high-resolution FE-TEM (HR) images (Figure 2e–f and Figure S4d), the interlayer spacing between lattice fringes of L-Fe-NiCo-LDH-2 is 0.205 nm, which is smaller than that of L-NiCoLDH sample (0.271 nm). The results demonstrate the successful doping of iron in the LDH structure, leading to a change in the crystal structure. EDX mapping was analyzed to demonstrate the presence of Fe, Co, Ni, and O species in the L-Fe-NiCoLDH-2 catalyst, as shown in Figure 2g. The elements of Fe, Ni, Co, and O were well dispersed throughout the leaf, demonstrating the homogeneity of the developed LDH structure. Further, the EDX mapping results of L-NiCoLDH showed that the elements of Ni, Co, and O species were well dispersed (Figure S5). The EDX results of all L-Fe-NiCoLDH-x (x = 1, 2, 3) samples are shown in Figure S6, and their metal compositions are shown in Table S1. The metal ratios of Ni to Co were similar in all samples. Specifically, the proportion of Fe increased as the added Fe amount increased, indicating the successful doping of Fe in the refluxing step.



The electrochemical performances of the catalysts are significantly affected by the pore structure and the specific surface area. Figure 3a shows the nitrogen adsorption/desorption isotherms of the L-NiCoLDH and L-Fe-NiCoLDH-x samples. All catalysts showed hysteresis loops, indicating the presence of mesoporous structures. In particular, L-Fe-NiCoLDH-2 showed the highest specific surface area (159.85 m2 g−1). As shown in Table 1, the addition of Fe increased the specific surface areas significantly, which is explained by the change in the layer spacing of LDH upon Fe doping [39]. Figure 3b shows the pore size distributions of the L-NiCoLDH and L-Fe-NiCoLDH-x samples, indicating a higher mesoporous volume of L-Fe-NiCoLDH-2. Owing to the developed mesopore structure and high specific surface area, electron transport can be facilitated between the electrolyte and active sites.



The surface compositions and oxidation states of the elements were investigated by XPS. The survey spectrum showed the peaks of Ni, Co, Fe, and O elements, as shown in Figure S7, and the surface atomic concentrations showed in Table S2. The clear signal for Fe 2p in XPS of L-Fe-NiCoLDH-2 further demonstrates that Fe has been decorated on the LDH structure. In Figure 3c, Ni 2P peaks appeared at 855.1 eV and 872.8 eV attributed to peak of Ni2+, and 856.1 and 874.1 eV attributed to peak of Ni3+ [40]. In addition, two satellite peaks were observed at 861.7 eV and 874.1 eV, which corresponded to γ-NiOOH, which is believed to enhance OER performance [41]. For comparison, the Ni 2p of L-NiCoLDH showed prominent peaks at 855.9 and 873.2 eV corresponding to Ni2+ only. These results show the effect of Fe on the oxidation of Ni2+ to Ni3+. The high-resolution Co 2p spectra of L-NiCoLDH and L-Fe-NiCoLDH-2 are shown in Figure 3d. Two groups of peaks attributed to Co2+ and Co3+ were fitted at 781.0 eV/796.3 eV and 779.7/795.3 eV, respectively, and satellite peaks appeared at 785.1 eV and 801.8 eV [42,43]. The high-resolution analysis of the Co 2p spectra of L-NiCoLDH and L-Fe-NiCoLDH-2 showed no noticeable difference, confirming that Fe3+ affected only the oxidation state of Ni. The Auger peak of the Ni LMM interfered with the high-resolution Fe 2p spectrum of L-NiCoLDH, where the Fe2+ and Fe3+ peaks appeared at 711.1/723.8 eV and 714.0/726.9 eV, respectively (Figure 3e) [44,45,46]. The high-resolution O 1s spectrum in Figure 3f can be deconvoluted into three peaks. The peak at 530.5 eV was assigned to the metal–oxygen bond, the peak at 531.3 eV was assigned to OH in the LDH structure, and the last peak at 532.5 eV originated from oxygen adsorption [47,48].



The oxygen evolution reaction performance of all catalysts was studied in an alkaline electrolyte (1 M KOH). Figure 4a shows the linear sweep voltammetry (LSV) curves of the L-Fe-NiCoLDH-x and L-NiCoLDH catalysts. All samples showed redox peaks from 1.25 to 1.35 V vs. RHE owing to the preoxidation of metal ions to higher oxidation states [49]. As the amount of Fe3+ increased, the oxidant peak became more positive, suggesting the modification of the electronic structure of the catalyst. Moreover, these changes can enhance the overall OER activity of the catalyst by increasing the conductivity [50,51].



The overpotentials of the catalysts were compared at 10 mA cm−2, as shown in Figure 4b. The lowest overpotential (243 mV vs. RHE) was measured for L-FeNiCoLDH-2. The overpotentials of 331 mV, 267 mV, 309 mV, and 390 mV vs. RHE were obtained for L-NiCoLDH, L-Fe-NiCoLDH-1, L-Fe-NiCoLDH-3, and commercial RuO2, respectively. Tafel curves were calculated from the LSV curves to gain further insights into the OER kinetics of the catalysts, as shown in Figure 4c. L-Fe-NiCoLDH-2 exhibited the lowest Tafel slope of 63 mV dec−1, while L-Fe-NiCoLDH-1, L-Fe-NiCoLDH-3, and L-NiCoLDH exhibited Tafel slopes of 86, 134, and 130 mV dec−1, respectively. The OER performances and Tafel slopes were also compared with those of the LDH catalysts reported in the literature (see Table 2).



To gain an in-depth understanding of the OER performance, the ECSA and charge transfer resistance (Rct) were studied. The ECSA was investigated by checking the electrochemical double-layer capacitance (Cdl), which was obtained via the CV cycle in the non-faradaic region. The CV cycles of L-Fe-NiCoLDH-2 and other catalysts were performed in the potential range from 1.3 to 1.5 V vs. RHE in 1 M KOH with scan rates of 10, 20, 40, 60, 80, and 100 mV s−1 (see Figure S8). The CV curves of the catalysts in this potential range showed the typical geometry of a double-layer capacitor, indicating that the electrode reaction of the charge is negligible and that the current response was collected from the charge and discharge process of the electric double-layer. The cathodic and anodic current densities of L-Fe-NiCoLDH-2 at each scanning rate were greater than those of other catalysts, demonstrating improved double-layer discharge efficiency. The Cdl of L-Fe-NiCoLDH-2 was calculated to be 100 mF cm−2, which was larger than those of other catalysts (50, 94, and 29 mF cm−2 for L-Fe-NiCoLDH-1, L-Fe-NiCoLDH-3, and L-NiCoLDH, respectively) (Figure 4d). The ECSA of the obtained electrolytes was linearly proportional to the double-layer capacitance (Cdl) and specific capacitance (Cs), where Cs is the specific capacitance and is generally taken as 22–130 µF cm−2 in KOH solution [59,60]. In this case, we employed Cs at a value of 40 µF cm−2. As shown in Figure 4e, the L-Fe-NiCoLDH-2 exhibited larger ECSA than other catalysts, inducing its higher OER performance. Figure 4f shows the EIS data of the catalysts, analyzed from 100,000 Hz to 10 Hz. The charge transfer resistance (Rct), which reflected the rate of charge transfer, was calculated by fitting the original value on the Randles model. The charge transfer resistances of L-NiCoLDH, L-Fe-NiCoLDH-1, L-Fe-NiCoLDH-2, and Fe-NiCoLDH-3 were 28.1, 2.48, 1.53, and 4.29 Ω, respectively. The Rct of L-Fe-NiCoLDH-2 was the smallest, suggesting a faster rate of charge transfer [36,61].



The stability of L-Fe-NiCoLDH-2 was investigated by cycling test and chronopotentiometry measurements (j-t). The cycling test (between 1.05 and 1.7 V vs. RHE) is a crucial benchmark for confirming durability. After 500 consecutive cycling tests, the catalyst exhibited a similar LSV curve, and variations in current density can be disregarded, as shown in Figure 5a. The charge transfer resistance value after durability test also shows similar results (Figure 5b). The stability of L-Fe-NiCoLDH-2 was compared with that of L-NiCo-LDH by performing chronopotentiometry measurements (j-t) at 10 mA cm−2 for 20 h (see Figure 5c). During the stability test, it was observed that the overpotentials of the samples did not increase much. The LSV curve of L-Fe-NiCoLDH-2 showed an increase of 8 mV (3%) after 20 h, which was better than that of L-NiCoLDH (an increase of 17 mV after 20 h). In particular, the stability of L-Fe-NiCoLDH-2 was also conducted at a higher current density of 100 mA cm−2 for 20 h (Figure 5d). The potential of L-Fe-NiCoLDH-2 was almost constant after 20 h during the test, indicating that the L-Fe-NiCoLDH-2 catalyst exhibited excellent catalytic activity and long-term stability. Furthermore, the morphology of L-Fe-NiCoLDH-2 remained after the long-term stability test (Figure S9). The XPS spectra of the L-Fe-NiCoLDH-2 electrode before and after the OER test was studied, as shown in Figure S10. After the OER test, the Ni 2p, Co 2p, and Fe 2p peaks shift to the positive, which assigned to the oxidation of Ni, Co, and Fe on the catalyst surface during the catalytic process. However, the principal peaks of the elements were maintained, confirming the high stability of L-Fe-NiCoLDH-2.



The OER in an alkaline solution involves four-electron transfer steps, as shown in Figure 6a. The metal–oxygen bond is an essential determinant of OER activity, including M–OH, M–O, M–OOH, and M–OO. Calculations using density functional theory identified the third step as the rate-determining phase since it had the largest Gibbs free energy [62]. By introducing Fe doping, the OER performance was improved owing to enhanced M–OOH active sites. The mechanisms of the OER process for L-NiCo-LDH and L-FeNiCo-LDH are described in Figure 6b,c, in which Fe3+ can replace Ni2+ and occupy the Ni position in the octahedral Ni (oxygen) hydroxide structure [63]. Therefore, it is possible to increase the valence state of nearby Ni positions, as indicated by the XPS results, suggesting that a Ni3+ state appears in L-FeNiCoLDH-2 but not in L-NiCoLDH. In addition, since the valence of Co does not change after Fe doping, it is assumed that only Ni species are affected by Fe doping. The generation of Ni3+ and Fe3+ results in the formation of active NiOOH and FeOOH species, which are the major active sites leading to higher OER performance. The leaf-shape morphology of the material also affects the OER performance. For comparison, we synthesized LDH materials by using the 3D morphology of ZIF-67 and compared the OER performances in Figure S11. As a result, the OER performance of materials from ZIFL represents the highest performance (Figure S12). The leaf morphology allows active sites to be more exposed and makes the contact with electrons in the electrolyte easier than the 3D structure [64,65].




3. Experimental Procedure


3.1. Catalyst Preparation


First, 0.58 g of Co(NO3)2·6H2O (98%, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 40 mL of distilled water. Then, 1.3 g of 2-methylimidazole (98%, Sigma-Aldrich) dissolved in 40 mL DI water was dropped into the above solution. The mixed solution was stirred for 6 h at room temperature. The product was collected by centrifugation several times in water and dried at 70 °C, which was denoted as Co-ZIFL. Then, 0.16 g of Co-ZIFL was dispersed in the solution of 0.32 g Ni(NO3)2·6H2O (98%, Sigma-Aldrich) in 100 mL ethanol. The mixture was sonicated for 10 min for homogenous dispersion, followed by stirring for 30 min and washing, resulting in an LDH product, denoted as Co-ZIFL@NiCoLDH. To investigate the effect of Fe concentration, Co-ZIFL@NiCoLDH was dispersed in 50 mL ethanol containing various amounts of Fe(NO3)3 (98%, Sigma-Aldrich) from 0.04 g to 0.08 g. Then, the mixture was refluxed at 90 °C for 1 h. During this time, the structure of ZIF was converted to an LDH structure, showing a color change from purple to brown. The final product was denoted as L-Fe-NiCoLDH-x (x = 1, 2, or 3 corresponding to 0.04, 0.06, and 0.08 g of Fe(NO3)3, respectively). L-NiCoLDH was also obtained by following the same method except for the addition of the Fe precursor.



For comparison, the hollow spheres ZIF 67 (S-ZIF 67) and particles ZIF 67 (P-ZIF 67) were synthesized. For synthesizing S-ZIF 67, 0.775 g CoSO4·7H2O (99%, Sigma-Aldrich) was dispersed in 100 mL methanol. After that, 3.2 g 2-methylimidazole solution in 100 mL methanol was slowly added to the CoSO4·7H2O and then mixed for 4 h under vigorous stirring to obtain a homogeneous system. Finally, S-ZIF 67 was collected after washing many times with methanol and water and dried at 70 °C. For synthesizing the P-ZIF 67, 0.582 g Co(NO3)2·6H2O was dispersed in 100 mL methanol. The 0.656 g 2-methylimidazole in 100 mL methanol was mixed with the previous solution and stirred 1 h at room temperature. The mixed solution was aged for 24 h. We synthesized 3D ZIF materials in particles and spherical shapes, which were denoted as P-ZIF-67 (ZIF-67 particles) and S-ZIF-67 (ZIF-67 spheres), respectively. The S-ZIF-67 and P-ZIF-67 were used for synthesizing S-Fe-NiCo-LDH and P-Fe-NiCo-LDH, respectively, with the similar procedure for synthesizing the L-Fe-NiCoLDH-2.




3.2. Structure Characterization


The crystal structures of all materials were obtained by X-ray diffraction (XRD, Cu Kα (λ = 1.54 Å)). The morphology was measured by high-resolution field-emission scanning electron microscopy (HR FE-SEM; Merlin, Carl Zeiss, Gina, Germany) and field-emission transmission electron microscopy (FE-TEM; Talos F200X, FEI, Portland, OR, USA). The pore structure and the Brunauer–Emmett–Teller (BET) specific area were analyzed at 77 K with N2 porosimetry (TRISTAR, Micromeritics, Norcross, GA, USA). X-ray photoelectron spectroscopy (XPS; K-alpha, Thermo Scientific, Waltham, MA, USA) was used to measure the oxidation state of each element. Most of the apparatus and equipment were supported by the Core Facility Center for Analysis of Optoelectronic Materials and Devices of the Korea Basic Science Institute (KBSI).




3.3. Electrochemical Measurement


All electrochemical measurements were measured in the workstation Auto-Lab (Metrohm, Herisau, Switzerland) using three-electrode systems. Glassy carbon (GC), Pt, and Ag/AgCl were used as the working, counter, and reference electrodes, respectively. Catalyst ink was prepared by mixing 5 mg of the catalyst with 1 mg of active carbon, 400 μL isopropanol (IPA), and 30 μL of Nafion solution (5 wt% Nafion in IPA). The catalyst ink was sonicated for 20 min for homogenous dispersion; then, 10 μL of the catalyst ink was dropped in the GC electrode (0.196 cm2) and dried at room temperature. Linear sweep voltammetry (LSV) was conducted at a scan rate of 5 mV s−1 in the potential range from 1.05 V to 1.7 V (vs. RHE) in 1.0 M KOH. Cycle voltammetry (CV) was performed in a nonfaradaic region at various scan rates (10, 20, 40, 60, 80, and 100 mV s−1) in the potential range from 1.3 V to 1.5 V to calculate the double-layer capacitance (Cdl) and the electrochemically active surface area (ECSA). Cdl was collected from the slope of the difference between anodic and cathodic current density in the middle of CV curves at various scan rates (∆j/2 = (ja − jc)/2). Electrode impedance spectroscopy (EIS) was conducted in the frequency range from 100,000 Hz to 10 Hz to obtain RCT (charge transfer resistance). Long-term stability tests were executed at 10 and 100 mA cm−2 for 20 h and cycling test for 500 cycles.





4. Conclusions


Hollow leaf-shaped L-Fe-NiCoLDH-x catalysts were synthesized for the oxygen evolution reaction. L-Fe-NiCoLDH-x was manufactured without calcination at high temperatures. As a result, the catalyst retained its 2D leaf morphology, maintaining the advantages of 2D materials for electrochemical catalysis. In addition, the formation rate of the LDH structure was increased by controlling the Fe concentration, further increasing the specific surface area and pore size. The L-FeNiCo-LDH-2 catalyst performed excellent OER performance in an alkaline electrolyte, showing an overpotential of 243 mV at 10 mA cm−2, a low Tafel slope of 63 mV dec−1, and high stability after 20 h. The catalyst’s high performance was based on the improved ionic transport and electrical conductivity due to Fe doping. Based on the understanding of the LDH structure and OER activity, this study can pave the way for the fabrication of high-performance LDH materials derived from 2D MOFs for energy conversion, storage, and recycling.
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Scheme 1. Synthesis process of L-Fe-NiCoLDH-x and L-NiCoLDH. 
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Figure 1. (a) XRD patterns and (b) FTIR spectra of Co-ZIFL, Co-ZIFL@NiCoLDH, L-NiCoLDH and L-Fe-NiCoLDH-2. (c–f) SEM images of L-Fe-NiCoLDH-2. 
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Figure 2. (a–c) FE-TEM images, (d–f) HR-FE TEM images, and (g) HAADF and EDX mapping images of L-Fe-NiCoLDH-2 (scale bar is 400 nm). 
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Figure 3. (a) Nitrogen isotherm curves and (b) BJH plots of L-NiCo-LDH and L-FeNiCo-LDH-x. High-resolution XPS spectra of (I) L-NiCoLDH and (II) L-Fe-NiCoLDH-2: (c) Ni 2p, (d) Co 2p, (e) Fe 2p, and (f) O 1s. 
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Figure 4. Oxygen evolution reaction in 1 M KOH. (a) LSV curves of catalysts scanned at 5 mV s−1 from 1.05 V to 1.7 V. (b) Overpotential of catalysts at 10 mA cm−2. (c) Tafel slope of catalysts obtained from LSV curves. (d) Double-layer capacitance as a function of CV scan rates. (e) the electrochemically active surface area calculated from double-layer capacitance (f) Nyquist plots (the inset is the enlarged plot of the selected area) of catalysts. 
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Figure 5. Electrocatalytic stability. (a,b) Polarization and EIS curves of L-Fe-NiCoLDH-2 electric catalyst initially as well as after 500 CV cycles. Long-term stability test of (c) L-Fe-NiCoLDH-2 and L-NiCoLDH at 10 mA cm−2 (inset LSV before and after 20 h), and (d) L-Fe-NiCoLDH-2 at 100 mA cm−2 for 20 h. 
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Figure 6. (a) Scheme for the OER process in alkaline media. M stands for Ni, Co, or Fe. (b) Schematic of the structure and (c) mechanism of L-NiCo-LDH and L-Fe-NiCo-LDH for enhanced OER performance. 
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Table 1. Summary of the surface area and pore size analysis of the catalysts.
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	Sample
	Surface Area

(m2 g−1)
	Pore Size (nm)
	Total Pore Volume

(cm3 g−1)





	L-NiCo LDH
	78.66
	6.41
	0.13



	L-Fe-NiCoLDH-1
	140.23
	5.67
	0.21



	L-Fe-NiCoLDH-2
	159.85
	5.29
	0.22



	L-Fe-NiCoLDH-3
	137.53
	5.68
	0.21
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Table 2. Comparison of the electrocatalytic properties of the as-prepared L-Fe-NiCoLDH toward the OER with previously reported catalysts (Electrolyte: KOH 1 M).
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	Number
	Catalyst
	Overpotential (η10) [mV]
	Tafel Slope

[mV dec−1]
	Ref





	1
	L-FeNiCoLDH-2
	243
	63
	This work



	2
	etched-CoFe-LDH
	302
	41
	[52]



	3
	MnCo-LDH/graphene
	330
	48
	[53]



	4
	NiCo LDH@ZIF-67-VO/NF
	290
	58
	[43]



	5
	(Co,Ni)Se2@NiFe LDH
	277
	75
	[33]



	6
	(Ru-Co)Ox-350
	265
	60
	[54]



	7
	TCo2P@C
	328
	57
	[55]



	8
	Br-Ni-MOF(A)
	306
	79.1
	[56]



	9
	NiFe-25
	299
	48.7
	[57]



	10
	NiCo2O4@MoS2/TM
	313
	66.8
	[58]
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