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Abstract

:

Mixed nickel-iron (Ni-Fe) compounds have recently emerged as promising non-precious electrocatalysts for alkaline water splitting. The understanding of the charge-transfer mechanism involved in the multi-step Faradic reaction, however, is still limited for the overall electrochemical process. In this paper, electrochemical impedance spectroscopy (EIS) measurements of Fe incorporated Ni oxide nanosheets were used to study the reaction kinetics for both hydrogen (HER) and oxygen (OER) evolution reactions in alkaline media. Our results showed that Fe incorporation improves the catalytic property of NiO nanosheets because of the lower reaction resistance and faster intermediate transformations. Detailed EIS modeling enables a separation of the surface coverage relaxation from the charge transfer resistance, with an inductive behavior observed in the low-frequency range for HER, holding important information on the dominating reaction mechanism. For OER, the good agreement between the EIS experimental results and a model with an inductance loop indicated that similar inductive behavior would be determining the EIS response at very low frequencies. The physical significance of the elementary steps gives insight into the governing reaction mechanisms involved in the electron and hole charge transfer, as well as the inherent properties of catalysts and their surface coverage relaxation.
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1. Introduction


Electrochemical water splitting is a promising approach to produce hydrogen (H2) for clean energy applications powered by renewable but intermittent energy sources, e.g., solar, tidal, and wind [1,2,3,4]. The sluggish kinetics of the cathodic HER and the anodic OER, however, require large overpotentials (η) above the theoretical thermodynamic value of 1.229 V. This fundamentally restricts the overall reaction efficiency and is important for applications since a high rate of H2 production is needed to offset the high capital cost of an installed system. To improve the energy conversion efficiency at high reaction rates, an effective electrocatalyst is needed to minimize the energy barrier of this uphill reaction [5,6]. Ever since Corrigan et al., [7] reported that iron impurities in nickel oxide electrodes can significantly lower the OER overpotential, Fe doped Ni-based electrocatalysts have been revisited by numerous research groups to reveal the role of Fe on the enhanced kinetics. Miller et al., [8] reported that the OER Tafel slope was reduced from 95 mV/decade (undoped NiOx) to 40 mV/decade for NiO with Fe incorporation, indicating a mechanistic change in the rate-limiting step from the primary discharge of OH ions to the recombination of oxygen radicals. Recently, Boettcher et al., [9] reported that Fe impurities increase the electrical conductivity of Ni(OH)2/NiOOH and exert a partial-charge-transfer activation effect on Ni, leading to an enhanced OER activity. On the other hand, the HER as an indispensable part of an efficient overall reaction has also attracted considerable attention. There are some studies about Fe incorporation into Ni-based electrocatalysts for HER in alkaline electrolytes, which show improved cathodic activity as well [10,11]. Hence, it is clear that adding Fe impurities into Ni-based catalysts is positive for both OER and HER, although the anode and cathode possess different interface behaviors for water electrolysis. Up to now, a variety of NiFe-based electrocatalysis has been investigated [12,13,14,15]; however, there still exists a significant controversy over the catalytically active metal redox state and electron transfer pathways [16,17,18,19,20]. To explore the complete mechanism, different kinds of characterization, e.g., in-situ spectroscopy and density functional theory (DFT) calculations, have been carried out to identify the pathways for the catalytic reactions [21,22,23].



In this work, electrochemical impedance spectroscopy (EIS) is used to investigate the influence of Fe on the intrinsic charge-transfer kinetic of NiO nanosheets, leading to enhanced activities for overall water splitting in alkaline media. The ability of EIS to cover a wide range of frequencies at different direct current (DC) potentials allows us to investigate and understand the electrochemical behavior of multistep processes that influence the catalytic property [24,25]. By monitoring the catalytic current density at different potentials, we found that the presence of Fe could change the reaction route, requiring a lower driving force, and thus, improve the catalytic property for both OER and HER. The observed low-frequency pseudo-inductive loop under HER is quantified to show the coverage change of adsorbed surface species, which also implies which reaction step is rate-determining. The fitting results of OER behavior indicate the probability of an inductive loop in a very low frequency range. Based on an extension of the equivalent circuits (ECs) proposed by Harrington and Conway (HC) [26], we provide an investigation of this effect under operation and elucidate an approach that can rationalize the phenomena involved in the Fe-NiO system, thereby providing the rate-limiting reaction mechanism and kinetic properties for overall alkaline water splitting.




2. Experimental Section


2.1. Chemicals


All chemicals were used as received without any further purification. Sodium hydroxide (NaOH, ≥97%), Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O, ≥97%), Iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O, >99.95%) and Poly(vinyl alcohol) (PVA) (Mw = 89,000–98,000, 99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Nickel foam (NF) (Porosity ≥ 95%, Purity> 99.99%, 1.6 mm thick) was used as a three-dimensional (3D) substrate, purchased from MTI Corporation, Richmond, CA, USA.




2.2. Catalyst Electrode Fabrication


The catalytic electrodes in this work were synthesized by a chemical bath deposition (CBD) method described in the following. Nickel foam (NF) was soaked under 1 M HCl solution for 30 min to remove any surface layer of NiOX, then cleaned by deionized (DI) water and pure ethanol (volume ratio = 1) and dried in air at 80 °C. Subsequently, 0.5 g PVA was dissolved in 40 mL Milli-Q water at 90 °C under constant magnetic stirring. For Fe-NiO/NF, 0.12 M Fe(NO3)3·9H2O and 1 M Ni(NO3)2·6H2O were added into the solution to complete the precursor preparation. The pre-treated nickel foam was then immersed into the precursor solution and kept at 85 °C for 8 h. The resultant material was cleaned by DI water to remove residual reactants on the surface and annealed in an oven with a heating rate of 5 °C min−1 from room temperature to 550 °C and was kept at 550 °C for 3 h under ambient air conditions. The NiO/NF was prepared analogously without iron salt in the precursor solution and was immersed for 12 h.




2.3. Material Characterization


Scanning electron microscopy (SEM) analyses were performed using a high-performance Schottky field-emission micro-analyzer (Zeiss 1550 with AZtec EDS). X-ray diffraction (XRD) patterns were collected with a Bruker D8 Advance Twin-Twin using Cu Kα radiation (λ = 0.15418 nm). The Raman spectra were collected with a Renishaw micro Raman system (Renishaw, Wotton-under-Edge Gloucestershire, UK. ) at room temperature using 1800 lines/mm grating. A frequency-doubled Nd:YAG laser operating at 532 nm was used as an excitation source where the incident laser intensity was lowered to 10 mW using neutral density filters. All Raman spectra were collected with a resolution of ~1 cm−1.




2.4. Electrochemical Measurements


Electrochemical characterization was carried out on a CH 760C electrochemical workstation (CH Instruments, Inc. Austin, TX, USA) using a standard three-electrode quartz cell in 1 M NaOH at room temperature. The working, counter, and reference electrodes were the as-prepared catalysts, platinum wire, and Ag/AgCl (3M KCl), respectively. The 1 M NaOH electrolyte was prepared from pure NaOH pellets and Milli-Q water. All potentials used in this work were measured vs. Ag/AgCl (3M) and transformed to values relative to the reversible hydrogen electrode (RHE) using the Nernst equation.


ERHE = EAg/AgCl + 0.210 V + 0.059 pH (pH = 14 ± 0.2)



(1)







The polarization curves were obtained by linear sweep voltammetry (LSV) with a scan rate of 1 mV s−1. Electrochemical impedance spectroscopy (EIS) measurements were carried out at different applied potentials from −1.4 to 0.7 V vs. Ag/AgCl (3 M KCl) in the frequency range of 1 to 105 Hz with 5 mV ac amplitude. The Tafel slope was obtained from LSV plots using the following equation, η = b × logJ + a where J is current density with 100% iR correction, R is the internal resistance of the electrochemical cell obtained from EIS, η is the overpotential, and b is the Tafel slope.





3. Result and Discussion


The surface morphology of the electrodes consisting of Fe-NiO (Figure 1a,e) and NiO nanosheets (Figure S1), deposited onto Ni foam, was characterized by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) elemental mappings (Figure 1b–d). The latter technique reveals a uniform dispersion of Ni, Fe, and O throughout the nanostructure. As shown in Figure S2, the thickness of the nanosheets is approximately 850 nm. Raman spectroscopy (Figure 1f) is a versatile tool and further confirms that Fe ions are chemically bonded into the NiO lattice, which also corresponds with previous reports for Ni-Fe oxide systems [27,28,29]. The Raman peaks below 600 cm−1 in NiO can be ascribed to one-phonon (1P) Ni–O modes (TO and LO), two-phonon modes between 600 cm−1 and 1200 cm−1 (2TO, TO + LO, and 2LO), and magnon modes above 1200 cm−1 [30]. Magnons are excitations of spin waves that can occur in magnetically ordered materials [31], where a two-magnon (2 M) mode commonly was seen at ~1500 cm−1 for NiO [30,32]. The Raman band at 509 cm−1 and 1014 cm−1 in NiO could be ascribed to the LO mode and the frequency-doubled 2LO mode, respectively. The weak band at ~1500 cm−1 in NiO was well consistent with the 2 M mode [30,33]. The positive shift of the 1P LO Raman band with Fe incorporation (Fe–NiO) indicated that Fe was inserted into the lattice of NiO. The 2 M Raman mode disappeared and this implied a change in the magnetic ordering with Fe incorporation, which agreed with previously reported broadening and damping of the 2 M mode upon increased metal ion doping into NiO [34]. Furthermore, the LO mode at 550 cm−1 for the Fe-doped NiO was not fully frequency doubled into the 2LO mode at 1070 cm−1, reflecting that only the low wavenumber part of the 1P mode was coupled into the 2LO mode of NiO, thereby demonstrating a local disorder of the 1P LO mode with Fe doping. As seen in Figure S3, the X-ray diffraction (XRD) patterns at 37.3°, 43.3°, 63.0°, 75.4°, and 79.4° of the Fe–NiO and NiO nanosheets can be assigned to (111), (200), (220), (311), and (222) planes of cubic NiO (ICDD: 00-004-0835). There are no additional reflections from Fe-containing phases appearing in as-synthesized Fe-NiO. Moreover, the slightly broader peaks for Fe-NiO indicate that Fe substitution leads to the suppression of the grain growth and structural disorder of NiO lattice, which is in agreement with other reported works [35,36].



EIS analysis [16,37,38,39] has been widely used to reveal the electrochemical behaviors involved in reaction processes. As reported previously [40,41], the mechanism of HER in alkaline media follows two primary steps: (i) water molecules decompose to yield OH− in the solution together with adsorbed atomic hydrogen (Had) bound to metal (M) atoms on the surface (Volmer reaction) followed by (ii) electrochemical desorption (Heyrovsky reaction) or M-Had recombination (Tafel reaction). The impedance of such a multistep process is complex and can be represented by different ECs, as shown by HC [26]. To model the HER process, we improved the inductive EC of HC by adding a series resistance (R1), due to electrolyte and/or contacts and a high-frequency impedance due to the film or interfacial barriers (represented by R2 and CPEf with α = 1), as illustrated in Figure 2a. In addition, constant phase elements (CPE) were used to replace capacitances. In this so-called L-CPE model, the electrochemical charge-transfer interfacial reaction of the HER process was represented by a parallel connection of CPEdl, R3, and L-R4 and occurred at moderate-to-low frequencies. Here CPEdl denotes the double layer constant phase element, R3 is the reaction charge transfer resistance, while the L-R4 series combination represents the additional part of the impedance response that is due to a changing surface coverage of adsorbed species. A CPE is an equivalent electrical circuit component that represents an imperfect capacitor and can be expressed as:


   Z   CPE     *  =     Q      j ω     α       − 1     



(2)




where ω is the angular frequency, Q is a parameter related to the capacitance, and α is the constant phase exponent.



It is well known that the OER process is more complicated than the HER process, involving many intermediate steps before OH− completely converts to O2/H2O. In the present work, we use both ECs in Figure 2 to evaluate the OER activity. The 2R-CPE model consists of series resistance and two R-CPE combinations (Figure 2b), which represent series resistance (R1), film/barrier impedance (CPEf and R2), and the OER related interfacial reactions (CPEdl and R3). The underlying assumption behind the EC of Figure 2b is that the L-R4 series combination can be neglected since its effect is too small to be measurable in the frequency range of interest.



The CPE is used as a pseudo-capacitive element corresponding to a combination of capacitive and charge-transfer processes, influenced by electrode roughness, porosity, and inhomogeneity. It is frequently used to model the influence of surface heterogeneity on the double-layer behavior, and it is of considerable interest to derive an effective capacitance value from the CPE model. When α = 1, Q represents the capacitance of the interface in units of F/cm2. When α < 1, the system shows interfacial behavior that is attributed to surface heterogeneity or to continuously distributed time constants for charge-transfer reactions. The parameter Q of CPE cannot represent the capacitance when α < 1. Previously, both the Mansfeld formula [42] and the Brug formula [38] have been widely used to extract effective equivalent capacitances from CPE parameters [43,44,45]. To ascertain the suitability of these formulae for our system, they were used to extract values of the effective equivalent capacitance. In the case of a surface time-constant distribution, Brug et al. [38] obtained a relationship between interfacial capacitance and CPE parameters for both Faradaic and blocking systems. For the case in Figure 2, the double-layer capacitance can be described by


     C    d l      = Q     1 α      [      R 1     + R   2       − 1       + R   3   − 1    ]    ( α   −   1 ) / α     



(3)







Hsu and Mansfeld [42] suggested a different relationship in terms of Q, α based on the characteristic frequency where the imaginary part of the impedance obtains its maximum magnitude. According to the specific case in this study, the double-layer capacitance can be expressed as


       C     dl         = Q     1 α         R   3      ( 1   −   α ) / α     



(4)







Figure 3a shows the HER performance obtained by LSV, of Fe-NiO and NiO nanosheets on Ni foam, measured in 1 M NaOH solution without iR compensation in a three-electrode electrochemical configuration. The HER efficiency of Fe-NiO nanosheets is better than that of NiO nanosheets, where the overpotential of Fe-NiO nanosheets is 34 mV lower than that of NiO nanosheets at 10 mA cm−2. Figure 3b,c, together with the lower potential data depicted in Figure S4, present the experimental Nyquist plots, for Fe-NiO and NiO nanosheets, of the AC response in a selected potential range from −1 V to −1.4 V vs. Ag/AgCl (3M KCl), respectively. For the HER process, there is a negative loop in the low-frequency range, which means that an inductive element in the EC is needed. An analysis based on the theoretical model of Figure 2a reveals that the series resistance because of the electrolyte, as well as the high-frequency resistance and capacitance, are independent of the electrode type and the applied bias (Figure 3d,e). The fitting shows a perfect capacitive behavior in the high-frequency range, which means that the exponent α is equal to 1. In terms of classical electrostatics, the capacitance of a layer is given by      C = A ε ε   o   / d   , where A is geometrical area, d is thickness, ε is the dielectric permittivity of the material, and ε0 is the permittivity of free space. Assuming a literature value of ε = 1000 [46,47] for NiO and neglecting effects of porosity, we estimate that d~1 μm. This order of magnitude agrees with the thickness of the nanosheets as shown in Figure S2. The film capacitance Cf of NiO nanosheets is slightly larger than that of Fe-NiO nanosheets, which is likely due to the different surface roughness observed in Figure 1, Figures S1 and S2. In addition, from Figure 3f,g, it is seen that the moderate to low-frequency response exhibits a strong dependence on the applied potential and electrode material, correlating with the reaction rate under the HER process. The variation in the values of R3, R4, and L for Fe-NiO and NiO nanosheets as a function of DC potential is shown in Figure 3f,g. The smaller resistances (R3 and R4) and inductance (L) of Fe-NiO nanosheets revealed that the presence of Fe could promote the hydrogen-related charge transfer and coverage relaxation related to adsorbed intermediates, thereby enhancing the HER catalytic activity. In addition, Figure 3f,g also show that the inductive behavior depends on the applied potential. Furthermore, Diard et al. [48] reported that the inductive behavior can only be observed in the case that the Volmer–Heyrovsky mechanism is the rate-determining. Hence, our data show that the rate of HER is determined by the Volmer–Heyrovsky reaction steps in the Fe-NiO and NiO systems. The HER mechanism is also investigated by empirical Tafel plots in Figure S5. It is shown that the Tafel slopes of Fe-NiO and NiO nanosheets are 105.5 mV dec−1 and 108.1 mV dec−1, respectively, which is between the theoretical values for the rate-determining Volmer (120 mV dec−1) and Heyrovsky (40 mV dec−1) cases, and thus, further indicates that the HER is proceeding via a Volmer-Heyrovsky reaction.



The L-CPE model enabled us to separate the contribution from the double layer capacitance from the response due to the change of surface coverage of adsorbed species, which is determined by the L-R4 arm in Figure 2a. The pseudocapacitance Q and exponent α obtained from the double layer element, CPEdl, for HER is shown in Figure S6. The value of the effective double-layer capacitance was estimated by Equations (2) and (3), respectively. As shown in Figure 4, it is clear that the Brug formula gives a well-defined value of effective capacitance, independent of potential, for our porous film, even though the exponent α is considerably lower than unity (Figure S6). We found consistently a double layer capacitance of 0.2 to 0.3 mF cm−2. The values obtained from the Mansfeld formula were in good agreement with the Brug ones at potentials below −1.25 V but showed an unphysical dependence on potential above −1.25 V.



Figure 5a shows the OER activities of Fe-NiO and NiO nanosheets under the same conditions, which indicates that Fe incorporation into the NiO lattice is also positive for the OER, as many groups reported [22,49,50,51]. The electrochemical stability and prolonged activity of Fe-NiO and NiO for both OER and HER were investigated by i–t curves applying a constant anodic and cathodic overpotential, respectively. As seen in Figure S7, there was an insignificant change of current densities on Fe-NiO and NiO under the same constant potential, which indicated that the enhanced activity of Fe-doped NiO was mainly due to Fe incorporation by synthesis rather than the incidental iron from the electrolyte. To investigate the performance of electrochemical cells, the overall water splitting was also measured using as-prepared catalysts as both anode and cathode in a two-electrode configuration (Figure S8). The polarization curves showed that bifunctional catalyst Fe–NiO required only 1.73 V to reach a current density of 10 mA cm−2, which was 124 mV lower than for NiO. It complied well with the performance of Fe-NiO and NiO catalysts for the half-reaction in a three-electrode configuration. For a detailed study of the Fe effect on the OER electrochemical process, EIS was carried out at different applied potentials from 0.3 V to 0.65 V vs. Ag/AgCl (3 M KCl). As shown in Figure 5b,c, the real and imaginary parts of impedance decreases with increasing applied potentials in the low-frequency range, while the high-frequency impedance is not changing appreciably with DC potential. It is clear that the behavior at low frequencies is related to the charge-transfer resistance and results in different OER catalytic properties. As shown in Figure 5b,c, Nyquist plots of Fe-NiO and NiO contain two semicircles with no discernible negative loop at the low-frequency range. Therefore, we interpreted the results by fits to the 2R-CPE circuit in Figure 2b.



Figure 6a,b show that the values of R1 and R2 exhibit negligible change with potential, while the value of R3 decreases with increasing potential. As before, we attribute R2 and CPEf to the transport properties in the electrode since the effective capacitance Cf (Figure 6c–f) does not show any significant potential dependence. The pseudocapacitance Q and exponent α obtained from the CPE’s for the OER case are shown in Figure S8a,b for the film capacitance and double layer capacitance, respectively. Figure 6c–f compares the calculated values of Cf and Cdl obtained from the Brug equation and Mansfeld formula for Fe-NiO nanosheets and NiO nanosheets in the case of the OER process. The two equations gave similar capacitance values, although Cdl could only be accurately evaluated at a few potentials due to uncertainties in the fit parameters. The double-layer capacitance Cdl of the Fe-NiO and NiO nanosheets was found to be very high, larger than 50 mF cm−2, but the data in Figure 6c–f are observed to display strong potential dependence. The power-law exponents in Figure S9b are always lower than 0.7, indicating that diffusion effects may influence CPEdl. Under these conditions, it was doubtful whether the results from the Brug and Mansfeld equations represented geometrical capacitances. The value of R3 of Fe-NiO nanosheets was smaller than that of NiO nanosheets at the same potential with e.g., a 7-fold decrease of reaction resistance at 0.6 V (Figure 6a,b). This implied a major reduction in reaction resistance by the presence of Fe, facilitating the yield of oxygen generation.



It is not possible to determine by inspection of the measured OER impedance plots in Figure 5 whether the asymptotic low-frequency response is inductive or capacitive. This issue was of considerable importance for the determination of rate-determining reaction mechanisms. There was no visible inductive loop in the low-frequency range shown in the measured OER impedance plots in Figure 5, but similar mechanisms of adsorption and desorption of surface species under the OER process, as under the HER one, should exist. To study this effect in more detail, we attempted to fit the OER experimental data to the L-CPE circuit in Figure 2a but allowing the inductance L to be both positive and negative, to be able to distinguish between capacitive and inductive behavior. However, fitting to the EC in Figure 2a was only possible at potentials in the range 0.5–0.7 V vs. Ag/AgCl (Figure 7), since the model over-parametrized the data at lower potentials. Because only a part of the low-frequency semicircle can be seen in Figure 5b and, especially in Figure 5c, these fits gave a very large uncertainty in many of the circuit elements in the L-CPE model. Preliminary fits indicated that R4 was very small and to decrease the number of parameters, it was put equal to zero. This assumption led to acceptable uncertainties in the other circuit parameters at potentials in the range 0.5 to 0.7 V, especially for the case of Fe-NiO nanosheets. As shown in Figure S10, the parameter values and their trends were similar to those shown in Figure 6, in most cases even quantitatively, for the case of the Fe-NiO nanosheets. However, it was more difficult to use the L-CPE circuit for the NiO nanosheets, since parameter uncertainties were higher, and some parameters could not be obtained at all potentials. In the case of NiO, R1, R2, and Cf exhibited the same trend as in the fit to the simpler circuit 2R-CPE (Figure 6), while R3 and Cdl showed larger discrepancies. The main new and important result obtained from the fits to the L-CPE circuit was that positive values of inductance were consistently obtained (Figure S10a,b). This indicated the presence of an inductive loop but at very low frequencies beyond the range used in our measurements. Furthermore, this suggested that the relaxation due to the change of surface coverage of reaction intermediates was asymptotically inductive also for the OER process in alkaline electrolytes.




4. Conclusions


In summary, in comparison with NiO nanosheets, Fe doped NiO nanosheets exhibit enhanced catalytic activities for both OER and HER in alkaline electrolytes. We explored the electrochemical impedance response of Fe-NiO and NiO nanosheets and investigated two different equivalent circuit models to obtain values of specific physical parameters characterizing the OER and HER. A model including an inductance, the L-CPE model, is theoretically justified for the HER and yields excellent fits to experimental data. The low-frequency behavior is inductive, which shows that the Volmer-Heyrovsky steps are rate determining. This model can in principle be used also for the OER, giving excellent fits, although many parameter values become uncertain. However, the modeling shows the low-frequency impedance to be asymptotically inductive also for the case of the OER. Hence the L-CPE model provides a new strategy to understand the OER process pathway, in cases where data are accurate enough to distinguish it from the simpler empirical 2R-CPE model. The EC modeling quantitatively shows that Fe doping lowers the charge transfer resistance, i.e., the reaction barrier for water splitting on the NiO nanosheets, promotes the reaction activity, and accelerates the transformation of absorbed intermediates in agreement with a recently published study using operando Raman spectroscopy [23]. Our findings provide an EIS approach for an improved understanding of the catalytic reaction mechanism, which is ultimately beneficial for the design and characterization of efficient and low-cost catalyst systems.
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Figure 1. (a–d) Low-magnification SEM image and EDS elemental mapping of Ni, O, and Fe for Fe-NiO nanosheets with the same scale bar. (e) High-magnification SEM image of Fe-NiO nanosheets. (f) Comparison of Raman spectra of Fe-NiO and NiO nanosheets under 532 nm laser irradiation. 
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Figure 2. ECs models abbreviated L-CPE (a) and 2R-CPE (b) used for fitting data of as-prepared catalysts. 
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Figure 3. (a) Cathodic polarization curves of Fe-NiO and NiO nanosheets on Ni foam, at a scan rate of 1 mV s−1. EIS plots for (b) NiO and (c) Fe-NiO nanosheets at different DC potentials vs. Ag/AgCl (3 M KCl) under the HER process. The symbols show the experimental points, while solid lines are the fitting curves using the EC of Figure 2a. (d–g) Circuit element values calculated from the fits of EIS data of porous Fe-NiO and NiO films to the EC of Figure 2a. The values of R3 at the smallest negative potentials were not plotted in (f) and (g) because they could not be determined accurately by the EC fitting. 
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Figure 4. The effective double layer capacitance was calculated from the Brug equation (a) and the Mansfeld equation (b) as a function of applied potential under the HER process in 1 M NaOH. 






Figure 4. The effective double layer capacitance was calculated from the Brug equation (a) and the Mansfeld equation (b) as a function of applied potential under the HER process in 1 M NaOH.



[image: Physchem 01 00005 g004]







[image: Physchem 01 00005 g005 550] 





Figure 5. (a) Anodic polarization curves of Fe-NiO and NiO nanosheets on Ni foam without iR correction, taken at a scan rate of 1 mV s−1. Impedance curves for OER at different DC potentials vs. Ag/AgCl (3 M KCl) on porous Fe-NiO (b) and NiO (c) nanosheets. The symbols show the experimental points, while solid lines are the fitting curves using the EC of Figure 2b (2R-CPE). 
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Figure 6. Circuit element values calculated from the fits of EIS data of porous Fe-NiO and NiO films to the EC of Figure 2b. Resistances (a,b) and effective equivalent capacitances (c–f) are shown as a function of applied potentials. 
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Figure 7. Nyquist plots obtained at different applied potentials vs. Ag/AgCl (3 M KCl) on porous Fe-NiO (a) and NiO (b) nanosheets in 1 M NaOH. The data were also shown in Figure 5. Symbols denote experimental data and full lines are fitted by the L-CPE model. 
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