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Oxygen evolution reaction (OER) is one of the most important components of various electrochemical systems such as water splitting, metal air batteries, and carbon dioxide reduction. However, the four-electron process of OER suffers from intrinsically sluggish kinetics, which contributes to significant overpotential in the electrochemical system. Herein, highly defective NiFeV layered triple hydroxide (LTH) catalyst was efficiently prepared using a one-step hydrothermal method. The crystal structure, electronic structure, and surface composition of NiFeV LTH were characterized by X-ray diffraction and photoelectron spectroscopy. Moreover, NiFeV LTH demonstrated a superior OER catalytic performance with-low overpotential (158 mV @10 mA·cm-2), related small Tafel slope (102.3 mV·dec−1), and long-term stability at a high current density of 100 mA·cm-2. In situ Raman spectroscopy was applied to investigate the surface reconstruction during the OER process. It is revealed that Ni species were the most active sites at low overpotential, with the potential increasing subsequently Fe and V gradually participates in the catalytic reaction, the Fe and Ni species as OER catalytic active sites lead to the excellent OER catalytic activity of NiFeV LTH, and inhibited the further dissolution of high-valence NiOOH at high overpotential. The mechanism induced the outstanding activity and stability at high current densities in NiFeV LTH system. Dissolution of vanadium excited the active sites of NiFeV LTH synthesized by hydrothermal method which promoted both activity and stability, while the changes of surface species at different OER potentials were detected by in situ Raman spectroscopy.
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INTRODUCTION
Hydrogen production from water spitting plays an important role in the development of renewable energy technology. In the hydrogen production reaction, the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) occur at the anode and cathode respectively. In the OER reaction, which is a four-electron process, the path of reaction is more complex compared with HER and contributes significantly to the overpotential (Suen et al., 2017). Electrocatalysts for the OER reaction must combine both activity and stability at high oxidation potentials. The noble metal-based catalysts, represented by Ru and Ir, are limited in resources, which hinders their large-scale application. Meanwhile, Ru is especially relatively unstable and tends to undergo dissolution at the oxygen evolution potential, leading to material consumption (Schalenbach et al., 2018; Zeng et al., 2022). Transition metal-based electrocatalysts such as Fe Co Ni-based electrocatalysts in fourth cycle have sufficiently high stability OER performance under alkaline conditions (Jamesh and Sun, 2018).
Among numerous transition metal-based electrocatalysts, the LDH-type catalysts are a potential class of OER electrocatalysts. In the LDH-type OER electrocatalysts, metal ions in different valence states forming a layered skeleton, which was conducive to the electrocatalytic reaction, and the adjustability of the insertion layer and composition improve oxygen precipitation performance (Karmakar et al., 2021). Among the LDH-type catalysts, the OER performance of NiFe LDH was more prominent, in which both Fe and Ni possessed OER activity and function as cocatalysts (Chen et al., 2015; Shin et al., 2018), whereas the LDH phase exhibits thermodynamic stability at the OER potential (Peng et al., 2021). NiFe LDH has numerous modification methods, including regulating the concentration ratio of metal ions, adjusting components, adding NH4F to regulate morphology, and adjusting anions during intercalation (Chen et al., 2019; Zhong et al., 2019; Huang et al., 2021; Suppaso et al., 2021). In addition, doping with other metal ions can also help to improve the OER performance of LDH. For example, Guo et al. demonstrated that introducing Zn into the NiFe LDH lattice can promote self-reconstruction and form higher density active sites through the dissolution of zinc ions in the electrolyte (Guo et al., 2023). Vanadium is also a doping element that is easy to coprecipitate with Fe and can form stable LDH with Ni. Its stable valence is high, which is conducive to the improvement of electrical conductivity of LDH under a mixed valence state (Fan et al., 2016; Fan et al., 2017). Other studies have shown that the introduction of V facilitates lattice fragmentation in LDH, which is conducive to the enhancement of activity (Fan et al., 2020), and that the rapid dissolution of vanadium under alkaline conditions under open cicuit potentials (OCP) facilitates the exposure of the active sites and forms a stable and dense layer with catalytic activity that reduces the dissolution of the active components (Adamson et al., 2021). Some researchers have found that the dissolution of some metal components such as Zn, Al, Mo, and V during the OER process can stimulate defects from OER active sites, which is a new method for in situ optimization of LDH catalytic material performance (Wang et al., 2018; Fan et al., 2020; Xu et al., 2020). LDH-type catalysts still suffer from poor electronic conductivity and exhibit a certain gap in OER performance compared with noble metal-based catalysts. Research on the OER activity mechanism and the design criteria for improving OER performance after doping with other elements are still insufficient.
In this work, an OER catalyst of NiFeV layered triple hydroxide (LTH) ternary was synthesized using a hydrothermal method, which demonstrated a superior OER performance. Dissolving of vanadium excited the OER active sites promoted both activity and stability. In situ Raman test indicated that the introduction of vanadium inhibited the further dissolution of high-valence species and reduced the amount of Ni species to convert to a high-valence state, which provided a basis for the design and improvement of activity and stability for LDH-type OER catalysts. The above results can provide new insights for designing and constructing high-performance LTH catalytic materials.
Experimental section
Chemicals: FeCl3·6H2O and Fe (NO3)3, were purchased from Macklin. VOSO4, urea (CO(NH2)2), H3BO3, and potassium hydroxide (KOH, 85%) were acquired from J&K Scientific. Ni foam was acquired from Alfa Aesar. All reagents were of analytical grade and used as received without further purification.
Synthesis of the catalysts
Synthesis of NiFeV LTHs: FeCl3·6H2O (0.65 mmol), VOSO4·5H2O (0.65 mmol), H3BO3 (8 mmol), and CO(NH2)2 (2 mmol) were dissolved in 17 mL of distilled water and stirred to form a clear solution. Nickel foam (NF, about 3 cm × 3 cm) was carefully cleaned with diluted HCl solution and absolute ethanol in an ultrasound bath for 30 min each time to remove the surface NiO layer, and then cleaned using deionized water. NF and the above solution were transferred to a 40 - mL Teflon-lined stainless steel autoclave. The catalyst was synthesized by hydrothermal heating at 120 °C for 24 h, and then cooled to room temperature naturally. A brown thin film was formed on the metal substrate, and the products were cleaned with deionized water/ethanol and dried at room temperature for 24 h.
NiFe LDHs: NiFe LDHs were synthesized using the same method as that of NiFeV LDH without adding VOSO4. NiV LDHs were synthesized using the same method without the addition of an Fe source.
MATERIALS CHARACTERIZATION
The size and morphology of the samples were characterized using a field-emission scanning electron microscope (SEM, HITACHI su8000) operating at 20 kV. High-resolution transmission electron microscopy (HR-TEM) measurements were carried out using a JEOL JEM 2100 system operating at 200 kV. Energy dispersive spectrometer (INCA) as attachment of SEM and TEM. X-ray powder diffraction (XRD) patterns were recorded on an X-ray diffractometer (Rigaku D/max 2,500) with Cu Kα radiation (40 kV, 30 mA, λ = 1.5418 Å) at a scan rate of 10° min-1 in the 2θ range from 10° to 80°. Valence state analysis of the surface was conducted using X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi) with an Al Kα radiation source. The elemental composition of the LDH and LTH catalysts was also investigated using inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 8,300, PerkinElmer of America).
In situ Raman spectroscopy
These experiments were performed in a customized three-electrode in situ Raman cell (Aida K004). A reference electrode (Ag/AgCl, in saturated KCl solution) and a counter electrode (silver wire) were used. A Donghua electrochemical workstation (DH7000C 4 China) was used to perform OER electrolysis processes. The 1.0 M KOH electrolyte was delivered into the cell using a peristaltic pump. In situ Raman measurements were performed using confocal Raman spectroscopy (Invia Raman microscope, Renishaw) with a 532-nm wavelength laser, an L5×0 objective, a CCD detector, and a laser power of ∼100%. The exposure time was set to 10 s for each spectrum with an accumulation time of 1. The spectrum was calibrated before acquisition on the basis of the wavenumber of silicon, 520 ± 0.5 cm-1. For a typical measurement, 20 cycles of cyclic voltammetry (CV) between 0 and 1.7 V vs. RHE was first performed to obtain a stable current response. Raman spectra were collected using the chronoamperometry (CA) process at different potentials with a testing exposure time of 10 s.
Electrochemical measurements
A three-electrode system was used in this study. NF loaded with the catalyst was used as the working electrode, with an Hg/HgO reference electrode and a carbon rod counter electrode. CV, linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS, frequency range: 105–10–1 Hz, amplitude: ±5 mV), CA and chronopotentiometry (CP) were performed to evaluate the electrocatalytic performance. Electrochemical tests were performed in 1 M of KOH solution saturated with argon for activation and then saturated with oxygen for electrochemical measurement. All electrochemical tests were performed using a Metrohm Autolab PGSTAT302N electrochemical workstation without iR compensation. On the basis of the LSV curves, OER, the overpotential η, and the logj of the current density was plotted according to the following equation (Shinagawa et al., 2015), and the resulting b is the value of the Tafel slope.
Equation (Shinagawa et al., 2015)
[image: image]
where η defines the overpotential (V), j denotes the current density (mA·cm-2), and a and b are constant. The electrochemical active surface area (ECSA) of the catalyst can be obtained from the double layer capacitance (Cdl) which calculated from the rectangular CV in the region excluding any faradic process (Saad et al., 2022a), and the ECSA is measured as ECSA = Cdl/Cs (Cs = 0.040 mF·cm2 in 1M KOH) (Saad et al., 2023).
RESULTS AND DISCUSSION
NiFeV LTH was synthesized using the hydrothermal method. SEM image shows that NiFeV LTH was lamellar and formed a film on the NF substrate, as shown in Figure 1A. The SEM-EDS test on the as prepared sample shows that the Fe, V, Ni, and O elements on the surface were evenly distributed (Supplementary Figure S1). The lamellar morphology was observed by TEM (Figure 1B) also. Because the thickness of the thin layer formed by NiFeV LTH on the surface of the NF is small, only the Ni peak appears in the XRD spectrum (Yang et al., 2019), as shown in Supplementary Figure S1A. This is because NiFeV LTH only exists on the surface of NF with a low loading amount, and no obvious signal of LTH from XRD. Therefore, the peeled powder on the surface was tested, the diffraction peaks of the powder sample at 11.6°, 23.5°, 34.6°, and 35.7° were observed using the XRD (Fig. S2b), and the planes of (003), (006), (101), and (012) are well agreed upon and can be indexed as standard NiFe LDH (JCPDS No. 40–0215). ICP-OES testing was conducted to determine the loading of the metal elements, the results are listed in Supplementary Table S1. High Angle Angular Dark Field-Scanning Transmission Electron Microscopy (HAADF-STEM) images and corresponding EDS element mapping of the samples (Figures 1B–E) indicate that Ni, Fe, V, and O are uniformly distributed in NiFeV LTH, and the atomic ratio from TEM-EDS (Supplementary Table S2) is consistent with the ICP-OES result (Supplementary Table S1) and SEM-EDS (Supplementary Table S3). NiFeV LTH does not exhibit significant phase segregation during growth. The loading amount (3.2 mg·cm−2) of NiFeV LTH on the surface of the NF was calculated by combining the ICP-OES, EDS, and the general formula [M1−x IIMx III(OH)2] Z+(An−) z/n·2H2O (MII: divalent metals, MIII: trivalent metals, An−: the interlayer anion) (Wang et al., 2018). The valence state of the surface elements would be examed by XPS.
[image: Figure 1]FIGURE 1 | (A) SEM image; (B) TEM image; (C) HR-TEM images, (D) enlarged part of (C), and (E) HAADF-STEM and EDS mapping of NiFeV LTH.
XPS testing was performed on the as prepared NiFeV LTH and NiFe LDH samples. A typical XPS survey spectrum is shown in Supplementary Figure S3, which depicts the presence of Ni, Fe, V, and O elements on the surface of NiFeV LTH samples, whereas only Ni, Fe, and O are present in the NiFe LDH samples. The high-resolution deconvoluted XPS spectra of Fe 2p and Ni 2p are shown in Figures 2A, B, which indicate that the valence states of iron and nickel in NiFeV LTH and NiFe LDH are mainly +2 and +3 both, and a small amount of metallic nickel may be derived from the exposed NF during sample preparation. The XPS spectrum of O 1s deconvolve into four peaks at 529.9 eV, 530.8 eV, 531.9 eV, and 533.1 eV (Figure 2C), which are assigned for O2-, OH−, -OOH, and adsorbed water, respectively (Sagar et al., 2022). According to the XPS spectrum of V 2p, vanadium on the surface of NiFeV LTH is in the mixed valence state of V3+ (516.1 eV) and V4+ (517.2 eV) (Qian et al., 2023) with a binding energy blueshift (Silversmit et al., 2004), which may lead to a decrease in the crystallinity of NiFeV LTH compared with NiFe LDH, as reflected in the XRD pattern results (Fig. S1b). The fitting results (Supplementary Tables S4, S5) show that the proportion of Fe3+among surface Fe species in NiFeV LTH is reduced compared with that in NiFe LDH, whereas the XPS spectrum of V 2p in Figure 2D displays some vanadium with a valence state +4 higher than trivalent. The reduction of Fe3+ may be related to V species with a higher charge density than Fe or Ni species entering the lattice and occupying high-valence example positions (Li et al., 2018). Figure 2B shows the high-resolution deconvoluted XPS spectra of Ni 2p. The fitted peak positions at 855.4 eV and 856.2 eV were assigned to Ni2+ and Ni3+, respectively (Sagar et al., 2022), and the fitting results are shown in Supplementary Table S4. It found that the Ni element in NiFeV LTH had a higher proportion of Ni3+specy compared with NiFe LDH, and positive shift of Fe3+ and Ni3+ peaks in NiFeV LTH compared to NiFe LTH. This indicates a decrease in the electron density in Fe3+and Ni3+ (indicating a transformation from Fe2+and Ni2+ to Fe3+and Ni3+), which may be related to the high-valence V enter in the lattice. The oxidation ability of the trivalent nickel is higher than that of trivalent iron, and the entry of high-valent vanadium hinders electron transfer during the LTH growth process, keeping nickel in a higher valence state and iron in a lower valence state. This may lead to the formation of more defective structures and improve conductivity, which has a positive impact on the OER performance of the material (Li et al., 2018).
[image: Figure 2]FIGURE 2 | XPS spectra of NiFe LDH and NiFeV LTH (A) Fe, (B) Ni, (C) O, and (D) V.
Figure 3A shows the electrocatalytic activity tests of NiFeV LTH, NiFe LDH, NiV LDH, and Ni foam (NF) in a 1M KOH solution. In the OER LSV test, the oxidation peaks of NF and NiV LDH at 1.4 V vs. RHE are surface species oxidation peaks (Saad et al., 2022b), the oxidation peaks occur due to NF and NiV LDH exhibited high OER onset potential, while NiFe LDH and NiFeV LTH have a lower OER onset potential, the oxidation peak around 1.4 V was covered by the OER current. NiFeV LTH exhibited superior OER electrocatalytic performance (158 mV @10 mA·cm-2, 350 mV @100 mA cm-2). The performances are better than those of NiFe LDH (202 mV @10 mA·cm-2, 440 mV @100 mA·cm-2) respectively. The Tafel slopes were used to evaluate the OER kinetics of these active materials. NiFeV LTH exhibits the lowest Tafel slope (102.3 mV·dec−1), which is lower than that of NiFe LDH (197.4 mV·dec−1), NiV LDH (165.2 mV·dec−1), and NF (254.4 mV·dec−1). NiFeV LTH exhibited efficient OER kinetics. NiFeV LTH has better activity compared to RuO2 (248 mV @10 mA·cm-2, 117 mV·dec−1) at the same loading amounts also (Supplementary Figure S4). The loading amount of NiFeV LTH and RuO2 were listed in Supplementary Table S8. ECSA were investigated to determination of specific electrocatalytic activity. The Cdl results (Supplementary Figure S5) show that the Cdl of NiFeV LTH was larger than NiFe LDH, this indicating that NiFeV LTH with a large accessible surface area and high catalytic activity. the ECSAs of different samples were calculated and the results were listed in Supplementary Table S9. The OER polarization curves of NiFeV LTH and NiFe LDH were normalized to the ECSA (Fig. S5d) the normalized results show that NiFeV LTH has comparable intrinsic activity to NiFe LDH at low overpotential, and the current density of NiFeV LTH lower than NiFe LDH at high overpotential. Diffusion might be the rate-determining step at high overpotential. It is speculated that the entries of high-valence V into the lattice may facilitate the formation of highly active Ni and Fe species. EIS testing was performed at 1.53 V vs. RHE of the synthesized material the results show in Figure 3C, and the fitting results are listed in Supplementary Table S6. The solution resistance is 1.54 Ω for NiFeV LTH, 1.96 Ω for NiFe LDH, 1.16 Ω for NiV LDH, and 2.08 Ω for NF. Because of the two interfaces (NF the interfaces between support and catalytic material and the interfaces between catalytic material and solution), the Nyquist plots show a double arc; therefore, in the fitted circuit, the obtained total resistance includes R1 (coating resistance) and Rct (charge transfer resistance), which correspond to the process of charge transfer from the NF to the catalytic material (R1) and from electrolyte to the catalytic material (Rct), respectively (Chandrasekaran et al., 2022). The magnitude of the total resistance indicates the difficulty of the transfer processes. A lower total resistance indicates that the material has higher conductivity and better OER electrocatalytic activity (Chandrasekaran et al., 2022). The fitting results show that under the same overpotential (300 mV), NiFeV LTH has the smallest R1, Rct, and observed total resistance among all tested samples. It indicated NiFeV LTH with the best conductivity and highest electrocatalytic activity.
[image: Figure 3]FIGURE 3 | (A) OER polarization curves, (B) Tafel slopes, (C) Nyquist plots of NiFeV LTH, NiFe LDH, NiV LDH, and NF, the inset was the equivalent circuit, (D) CP curves, (E) comparation of OER polarization curves before and after CP testing, and (F) dissolution of nickel and iron after CP testing for NiFeV LTH and NiFe LDH.
Stability is important for electrocatalytic performance; thus, a CP test was carried to measure the OER stability of the materials. The CP tests (@100 mA·cm-2, 16 h) were performed on NiFe LDH, NiFeV LTH, and NF, and the test results are shown in Figure 3D. In the CP test, the voltage retention rates of NiFe LDH and NiFeV LTH were 86.5% and 96.2%, respectively. The overpotential of NF decreased because of the presence of a hydroxyl oxide layer under high potential, but it was still much higher than those of NiFe LDH and NiFeV LTH. Results of CP test show that NiFeV LTH has excellent stability at a current density of 100 mA·cm-2. After CP testing, there was no significant decrease of current density at same overpotential for NiFe LDH and NiFeV LTH (Figure 3E). The increase in activity (current density) under high overpotential may be related to surface reconstruction with excitation of the Fe and Ni active sites. Further investigation was conducted on the dissolved Fe and Ni ions of NiFe LDH and NiFeV LTH before and after 16 h CP testing (Figure 3F). The ICP-OES results show that the amounts of dissolved Ni and Fe ion of the two materials were almost equivalent. Continue the CP test to 20h, The dissolution of vanadium is relatively abundant compared with nickel and iron, as listed in Supplementary Table S7, which may excite a large number of coordination unsaturated active sites. The amount of Fe and Ni species of CP-20 h decreased in the electrolyte compare to CP-16 h may be related to the dissolution precipitation equilibrium in alkaline electrolytes. In a long-term CP (72 h) test, the voltage retention rates of NiFeV LTH was 93.2%, respectively (Fig. S6a), and there was no significant decrease in the electrocatalytic performance NiFeV LTH after CP (72 h) testing (Fig. S6b), NiFeV LTH performs outstanding OER stability at high current density. CA test was also carried for the sample. Supplementary Figures S7-S9 show the CA test results at 1.58 V vs. RHE, as well as the XPS and SEM images of the active samples and the samples after CA test. The results show that the surface of NiFeV LTH has undergone reconstruction, and vanadium mainly dissolved during the activation process. It speculated that the higher activity and stability of NiFeV LTH compared with NiFe LDH might be related to the dissolution of V.
To further explore the OER electrocatalytic mechanism of NiFeV LTH, in situ Raman spectroscopy was used to detect the intermediates on the surface of the electrode with a change in potential. NiFe LDH and NiFeV LTH were tested separately, and Figures 4A, B show the in-situ Raman spectra of NiFeV LTH and NiFe LDH as the potential gradually increases from the OCP, to detect the kinetic process of interface evolution. At high overpotentials, oxygen bubbles interfere with laser focusing, resulting in an upper limit potential of 1.53 V vs. RHE. In Raman spectroscopy, the peaks around 450 cm-1and 520 cm-1 represents the Ni-O bonds (Tang et al., 2020), and the peaks around 470 and 555 cm-1 were attributed to, e.g., bending vibration and the A1g stretching vibration of Ni-O bonds in NiOOH (Zhu et al., 2019). The peaks around 320 and 690 cm-1 represent the brucite structure in LDHs and the symmetric stretching of the A1g symmetry of NiFe2O4 (Tang et al., 2020; 2022). The broad peak from 760 to 950 cm-1 represents the V-O peak (Shvets et al., 2019; Qian et al., 2023) and the 1055 cm-1 peak derived from the carbonate ions in the intercalation (Elena et al., 2014). In the Raman spectrum of NiFeV LTH, the Ni-O bimodal peak of 448 and 521 cm-1 blueshifted to 469 and 555 cm-1 in the potential range from 1.33 to 1.43 V vs. RHE, indicating a transition of Ni species toward higher valence states, which is related to the generation of high OER active phases. The same blue shift in NiFe LDH at the same potentials was not detected, indicating that high OER active species are generated much easier in NiFeV LTH, which may denote that more tetravalent Fe and Ni species with high OER activity form on the surface of NiFeV LTH and participate in the reaction (Chen et al., 2015; Shin et al., 2018), leading to higher catalytic activity compared with NiFe LDH. The narrow peak of V-O at 765 cm-1 may be related to the oxidation of vanadium, which may have led to different behaviors of the Ni and Fe species mentioned above. In situ Raman testing with positive scanning revealed that the potential for the generation of high-valent species on the surface of NiFeV LTH decreases with a higher blue shift than NiFe LDH, which may be related to the dissolution of surface vanadium. To determine the stability of highly active species on the surface, potential reverse scanning was performed. The polarization curves are shown in Supplementary Figure S10. The high-valent Ni species in NiFe LDH rapidly transformed into low-valent species, which was reflected by the red shift of the Ni-O peak at a potential range of 1.53–1.43 V vs. RHE. However, during the potential reverse scanning process, the V-O peak of NiFeV LTH becomes narrower compared with the positive scan, which may be related to the irreversible dissolution of high-valent vanadium. The dissolution of vanadium is beneficial for the formation of iron and nickel oxyhydroxide active defects (Adamson et al., 2021). Reports have shown that the Fe-O vibrational peak and Ni-O peak overlap relatively high, both located in the range of 455–555 cm-1 (Adamson et al., 2021; Tang et al., 2022). During the process of potential decrease, the double peaks near 553 and 519 cm-1 did not show the same red shift as NiFe LDH, which may be related to the asynchronous reduction of Ni and Fe valence states caused by the introduction of vanadium.
[image: Figure 4]FIGURE 4 | In situ Raman spectra of (A) NiFeV LTH and (B) NiFe LDH for the OER process with an interval voltage of 0.1 V, and the inverse scanning of (C) NiFeV LTH and (D) NiFe LDH.
Further experiments were conducted on NiFeV LTH using in situ Raman spectroscopy after stability testing (Supplementary Figure S11). After 7 h CP testing at a current density of 100 mA·cm-2, strong Ni-O peaks were captured at 479 and 559 cm-1, while the V-O peaks disappeared. The XPS spectra results in Supplementary Figure S8 show that Ni2+and Ni3+ both shifted toward a higher binding energy compared with the pristine sample, and surface V species were significantly dissolved after long-term OER reactions, which was consistent with the Raman spectroscopy results. In Supplementary Figure S9, the SEM image shows that after a long-term reaction, the surface of the NiFeV LTH remained a layered structure, which is consistent with the high-valence Ni-O peak of NiOOH in the Raman spectrum. Therefore, NiFeV LTH has a superior OER stability because the morphology of NiFeV LTH remains stable, whereas vanadium, as a common dissolved component lead to surface reconstruction and stable active species during the OER process.
CONCLUSION
In summary, NF-supported NiFeV LTH was synthesized using the hydrothermal method. The obtained NiFeV LTH is a promising OER electrocatalyst with significantly high electrochemical activity and stability. In situ Raman spectroscopy was used to study the surface changes of NiFe LDH and NiFeV LTH during the OER process. The shift of peaks in situ Raman spectroscopy preliminarily revealed the surface reconstruction of catalysts during the OER process. Spectral testing of the oxidation and reduction processes of NiFeV LTH and NiFe LDH during the OER process is helpful for understanding the mechanism of the OER process in LDH-type catalysts, and it provides some insights into the mechanism of improving catalyst performance by introducing other metal ion modification methods.
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