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Introduction

Oxygen evolution reaction (OER), as a core reaction in water electrolysis and for the storage of renewable electricity, has received lots of research attentions over the past few years [1][2][3][4]. The development of low-cost and high-efficiency OER catalysts with low overpotential and high stability is of great significance for the renewable energy technologies [5][6][7][8].

Among the various studied low-cost OER catalysts, NiFe-based (oxy)hydroxide materials show excellent catalytic activities [9][10][11][12][13][14][15]. Previous studies have evidenced that the water oxidation is usually proceeded via the nucleophilic attack of water molecule or hydroxide ions on the high-valent Fe or Ni center (such as Fe 4+ or Ni 4+ ) over NiFe (oxy)hydroxides during OER [16][17][18][19]. For instance, Stahl et al. discovered that the NiOOH lattice could promote the formation of Fe 4+ and experimentally evidenced the existence of Fe 4+ using ex-situ/operando 57 Fe Mössbauer spectroscopy under OER conditions [17]. Density functional theory (DFT) calculations performed by Goldsmith and co-workers confirmed the critical role of NiOOH lattice for boosting the oxidation of Fe 3+ to Fe 4+ [START_REF] Xiao | 3rd[END_REF]. However, up to know, the real active center and the role of Fe 4+ in NiFe-based (oxy)hydroxide for OER are still under debate.

In this work, a series of NiFem (oxy)hydroxide (NiFem-OxHy, m refers to the atomic ratio of Fe/Ni) catalysts were synthesized by the topotactic transformation of NiFem-Fe Prussian blue analogues (PBAs) in an alkaline solution. An optimized OER catalytic performance with a low overpotential of 263 mV and a small Tafel slope of 35 mV dec - 1 at the current density of 10 mA cm -2 in 1.0 M KOH aqueous solution was achieved over the optimized NiFe0.2-OxHy, which is superior to the state-of-the-art RuO2 catalyst.

Ex-situ/operando Raman spectroscopy results showed that the phase structure of NiFe0.2-OxHy was irreversibly converted from the type of α-Ni(OH)2 to γ-NiOOH under an applied anodic potential. Furthermore, ex-situ/operando Mössbauer spectroscopy measurements evidenced the in-situ production of abundant high-valent iron species near the OER onset potential. A positive correlation between the amount of the highvalent iron ions and the OER activities at various applied potentials was observed in the first time, which is vitally useful to insight into the catalyzing mechanism of the water oxidation reaction over NiFe-based (oxy)hydroxide electrocatalysts.

Experimental

Materials

Ferrous chloride and nickel nitrate were purchased from Tianjin Daomao Chemical Reagent Co., Ltd., China. Potassium hexacyanocobaltate(III) (98%) was purchased from Beijing J&K Co., Ltd., China. Potassium chloride (99%) and potassium hydroxide (95%) were purchased from Sigma-Aldrich. Nafion solution (5 wt%) was obtained from Alfa Aesar. All chemical reagents were used without further purification. m = 0.11,0.20,0.25,0.29 NiFem[Fe(CN)6]m+(2/3) (NiFem-Fe PBAs, m = 0.11, 0.20, 0.25, 0.29) was prepared by a coprecipitation method [21]. It is described here that the synthesis process of NiFe0.20-Fe PBA, the other samples are prepared by the same method, except for changing the different Fe/Ni molar ratios. Briefly, 987.8 mg of K3[Fe(CN)6] was dissolved in 300 mL ultrapure water (18.2 MΩ) in a 500 mL beaker (solution A with 10 M concentration). Meanwhile, 822.8 mg of NiCl2•6H2O and 187.1 mg of FeCl3 were dissolved in 600 mL ultrapure water in a 1 L beaker (solution B with 11.5 M NiCl2•6H2O and 2.3 M FeCl3•6H2O). Then solution A was dropwise added into solution B, followed by stirring for 30 min and aging for 20 h. Finally, the produced precipitates were centrifuged and washed at least three times using ultrapure water and then dried at 333 K in an electric oven for 12 h. 

Sample preparation 2.2.1 Preparation of

Preparation of

Conventional characterization techniques

The structure of the as-prepared catalysts was characterized by X-ray diffraction (XRD) on a PANalytical X'Pert-Pro X-ray diffractometer with Ni-filtered Cu Kα (λ = 0.1154 nm) radiation source. The X-ray photoelectron spectroscopy (XPS) measurements were performed on an ESCALAB 250 X-ray photoelectron spectroscope with monochromatic Al Kα radiation. All binding energies were calibrated by a standard sample of carbon (C 1s = 284.8 eV). High-resolution transmission electron microscopy (HRTEM), selected area electron diffraction (SAED), and energy dispersive X-ray spectroscopy (EDX) measurements were conducted on a JEOL JEMARM200F. The Fe/Ni content were quantified by inductively coupled plasma optical emission spectroscopy (ICP-OES; ICPS-8100, Shimadzu).

Electrochemical measurements

All OER activities of NiFem-OxHy were performed on a typical three-electrode cell, which used a rotating disk electrode (RDE) (Pine Instrument Company, at a rotation speed of 1600 rpm) with a CHI 660E electrochemical workstation at ambient temperature. The graphite rod (diameter, 6 mm) and saturated calomel electrode (saturated potassium chloride solution) was used as the counter and reference electrodes, respectively. Glassy carbon electrode (5 mm diameter, 0.196 cm 2 ) coated with catalyst was used as the working electrode. To prepare the working electrode, carbon nanotubes treated by acid were mixed with the as-prepared catalyst to increase the conductivity (8 wt%). About 4 mg of the catalyst was added into 1 mL of Nafion solution (5 wt%), and sonicated for at least 6 h to obtain the catalyst ink. Then the catalyst ink was drop-casted onto the glassy carbon electrode with a mass loading of 0.20 mg cm -2 , and dried naturally in air. 1.0 M KOH aqueous solution was used as the electrolyte and all electrochemical experiments were carried out at room temperature.

The Ni foam supported with the NiFe0.2-OxHy as working electrode to prevent the catalyst from falling off electrode at large current density in stability testing. In stability test, graphite rod (diameter, 6 mm) and saturated calomel electrode (saturated potassium chloride solution) also was used as the counter and reference electrodes, respectively, and the catalyst ink was drop-dried onto Ni foam (thickness, 0.34 mm) as working electrode.

All potentials were converted to the reversible hydrogen electrode (RHE) scale according to the following Nernst equation Eq. ( 1). Before electrochemical test, the asprepared electrode was activated via cyclic voltammetry at a scan rate of 10 mV s -1 .

E (vs. RHE) = E (vs. SCE) + 0.0591 × pH + 0.241 (1)

Ex-situ/operando Raman and 57 Fe Mössbauer characterization techniques

The ex-situ/operando Raman spectra were collected on a Renishaw InVia microprobe Raman spectrometer with a 532 nm excitation laser. A self-developed insitu/operando Raman characterization cell was used for the operando measurements as shown in Fig. S1. During the operando measurements, Ag/AgCl electrode and platinum wire were used as reference and counter electrodes, respectively. The potentials were converted to the reversible hydrogen electrode (RHE) scale according to Eq. ( 2). The prepared NiFe0.2-OxHy catalyst inks were separately drop-dried onto a 1.0 cm × 2.0 cm glassy carbon sheet as work electrode.

E (vs. RHE) = E (vs. Ag/AgCl) + 0.0591 × pH + 0.197 V (2) 
The ex-situ/operando 57 Fe Mössbauer spectra were recorded using a proportional counter and a Topologic 500A spectrometer with 57 Co(Rh) as a γ-ray radioactive source. the NiFem-Fe PBAs were topotactically converted to NiFem-OxHy with low crystallinity (Fig. 1b) [22]. 1d and Fig. 3Sd-f)), which is well consistent with the XRD results (Fig. 1b). was also observed in the Ni 2p XPS spectrum of NiFe0.2-Fe PBA, which can be explained as PBAs are unstable under X-ray irradiation and then Ni II was partially oxidized into Ni III on the surface of NiFe0.2-Fe PBA [30,31]. Compared to the Fe 2p XPS spectrum for NiFe0.2-Fe PBA (Fig. S4b), a broad spectral band of that for NiFe0.2-OxHy was observed (Fig. 1h), suggesting presence of multiple Fe species as previously reported by several groups [32,33]. The Fe 2p spectrum for NiFe0.2-Fe PBA (Fig. S4b)

indicates the presence of low spin Fe III which is bonded to C of cyanogroup (Fe III -CN)

and high spin Fe III bonded to N of cyanogroup (Fe III -NC) which has a higher binding energy than Fe III -CN [34]. This is consistent with the analysis of the ex-situ 57 Fe Mössbauer spectrum shown in Fig. 1(c). In addition, the observed Fe II in the XPS spectrum of NiFe0.2-Fe PBA (Fig. S4b) can be reasonably explained as that Fe III was partially reduced under X-ray irradiation [31].

The O 1s peak of XPS spectrum of NiFe0.2-OxHy was observed significantly shifted to lower binding energies as compared to that of NiFe0.2-Fe PBA (Fig. S5a). The main peak at 531.4 eV can be attributed to M(Ni,Fe)-OH and the small peak at binding energy of 532.8 eV can be assigned to coordinated water (Fig. 1i) [32,35]. The high intensity of the M(Ni,Fe)-OH peak convincingly demonstrates that NiFe0.2-OxHy was formed after the alkali treatment, which is consistent with the results of other characterizations. As shown in Fig. S5(a), down, the main O 1s peak at 532.5 eV and the small O 1s peak at 529.9 eV for NiFe0.2-Fe PBA should be assigned to the water of crystallization and the very weak oxidation of the surface layer to Ni(Fe)-oxides, respectively [31].

The peaks observed at the binding energies of the N 1s XPS spectra of NiFe0.2-OxHy centered at 398.0 eV and NiFe0.2-Fe PBA centered at 398.2 eV can be assigned to cyanogroup (Fig. S5b) [31]. The N 1s peak of NiFe0.2-OxHy is much weaker than that of NiFe0. 

Electrocatalytic performance for OER

The electrocatalytic performances of NiFem-OxHy for OER were assessed by linear sweep voltammetry (LSV) in 1.0 M KOH aqueous solution at a scan rate of 1 mV s -1 with iR correction (Fig. 2a) after electrochemical activation (Fig. S6). As shown in Fig. 2(a), the OER activity could be modulated by rational changing the molar ratio of Fe/Ni in NiFem-OxHy. As plotted in Fig. 2(b andc), an optimized catalytic performance with a low overpotential of 263 mV at the current density of 10 mA cm -2 and a small Tafel slope of 35 mV dec -1 was achieved over NiFe0.2-OxHy, which is superior to the state-ofthe-art RuO2 catalyst with a overpotential potential of 288 mV at the same current density of 10 mA cm -2 with a Tafel slope of 55 mV dec -1 . In addition, the catalytic stability of NiFe0.2-OxHy was also examined using the chronopotentiometry method. As shown in Fig. 2 

Operando Raman and 57 Fe Mössbauer spectroscopic characterizations

To investigate the real active phase of NiFem-OxHy in OER, firstly, ex-situ Raman spectroscopy was performed (Fig. 3a and Fig. S7). As shown in Fig. 3(a), NiFe0.2-OxHy has two Raman bands at 463 and 530 cm -1 , with the intensity of the band at 530 cm -1 stronger than that of 463 cm -1 , which is well consistent with that of the type of α-Ni(OH)2 structure which has low Raman scattering cross-section [36][37][38]. After electrochemical activation, both bands of NiFe0.2-OxHy underwent an irreversible change and the intensity of the band at 476 cm -1 was obviously stronger than that of the band at 559 cm -1 . It is assigned to γ-NiOOH because of resonance Raman enhancement of γ-NiOOH [39]. Concurrently, the band intensities greatly increased, indicating a phase transformation from the phase structure of α-Ni(OH)2 to γ-NiOOH [36,38]. Operando Raman measurements were conducted to further study the evolution of crystal phase of γ-NiOOH in the selected NiFe0.2-OxHy during OER. Negligible changes could be observed for the bands at 476 and 559 cm -1 when increasing the applied potentials from 1.02 to 1.47 mV (vs. RHE) (Fig. 3b), illustrating that the crystal phase of γ-NiOOH was stable and the phase transformation was irreversible. Based on previous theoretical studies, NiOOH has been considered as ineffective to produce O radical [17]. However,the Ni 3+ ions in Fe-doped γ-NiOOH could be increased the electron donating ability of bridging oxygen atoms, thus providing a stable environment for the in-situ production high valence state irons for the generation of active O intermediates [17,[START_REF] Xiao | 3rd[END_REF].

Operando 57 Fe Mössbauer spectroscopy measurements were carried out to further investigate the evolution of Fe species in the selected NiFe0.2-OxHy during OER.

Negligible change was observed in the isomer shift value of NiFe0.2-OxHy before and after electrochemical activation (Fig. S8), indicating that the valence state (Fe 3+ ) and spin state (high spin) of Fe 3+ in NiFe0.2-OxHy are the same before and after the electrochemical activation. The quadrupole splitting value of Fe 3+ was observed smaller than the one before activation (Table S3), indicating that a more regular geometry of Fe 3+ in the γ-phase NiOOH structure than that of the α-phase Ni(OH)2 structure.

As shown in Fig. S9(a and b), the operando 57 Fe Mössbauer spectra of NiFe0.2-OxHy collected at 1.22 V and 1.32 V (vs. RHE) are almost the same as the one collected at the open circuit voltage (Fig. 4a), and only one doublet is observed which is attributed to high spin Fe 3+ . However, a small shoulder peak with a isomer shift value of -0.25 mm s -1 starts to develop (Fig. 4b) at an applied potential of 1.37 V (vs. RHE), which is attributed to the Fe 4+ [17,24]. The content of Fe 4+ further increases as the applied anode potential increases (Fig. 4c, d and Fig. S9c). What's more, the content of Fe 4+ reaches ~40% (Fig. 4e) at 1.57 V (vs. RHE). Then the Fe 4+ completely disappears after removing the applied potential (Fig. 4f), reflecting the critical role of Fe 4+ species in OER. In the meantime, there was little change in the current during operando Mössbauer spectroscopy measurements (Fig. 4g and Fig. S10), which also indicates NiFe0.2-OxHy has a good stability in OER. In combination with the cyclic voltammetry curves (Fig. 4h), it's clear that there's already a lot of Fe 4+ (~12% in total iron ions) being generated at around the OER onset (Fig. 4c), and Ni/Fe magnetic moment experiments also suggest that Fe 3+ is more feasible to be oxidized to a higher oxidation [40]. It is different from previous tests, in which Fe 4+ was observed at a higher potential rather than around onset potential (Table S4) [17].

Moreover, the in-situ production of abundant Fe 4+ near the OER onset potential, combining with the positive correlation between the Fe 4+ content and electric current under different applied potential (Fig. 4i), further proved the critical role of Fe 4+ species for water oxidation. The newly produced Fe 4+ without observing quadrupole splitting in the operando Mössbauer spectra reflects the relatively regular octahedral geometry of iron atoms (γ-phase NiOOH structure) [41,42]. In particular, one regular FeO6 octahedron should be surrounded by six regular NiO6 octahedrons so that the structure can create discrete Fe 4+ domains within the lattice [16,17,41,43]. All these results are well consistent with the previous DFT studies [16,[START_REF] Xiao | 3rd[END_REF]. The abundant high spin Fe 4+ sites with electrophilicity could provide a more stable environment than Fe 3+ for the generation of active O intermediates in OER [START_REF] Xiao | 3rd[END_REF]44,45]. 

Conclusions

In conclusion, topotactic transformation was developed as a facile strategy for synthesis NiFem-OxHy. A low overpotential of 263 mV at the current density of 10 mA cm -2 and a small Tafel slope of 35 mV dec -1 in alkaline condition was achieved.

Operando Raman results confirmed that the Ni species exist mainly in the form of γ-NiOOH phase structure after electrochemical activation and the transformation from α-phase to γ-phase is irreversible. In addition, the in-situ produced Fe 4+ with relative content as high as ~40% was observed from operando Mössbauer measurement at 1.57 V (vs. RHE). The positive correlation between the Fe 4+ content and OER current at various applied potentials implies the critical role of in-situ produced Fe 4+ species for catalyzed water oxidation reaction.

  NiFem-OxHy electrocatalysts, m = 0.11, 0.20, 0.25, 0.29 Like the reason in the previous section, the preparation of NiFem-OxHy electrocatalysts (m = 0.11, 0.20, 0.25, 0.29) was explained by that of NiFe0.2-OxHy. 200 mg of NiFe0.2-Fe PBA was suspended in 100 mL ultrapure water, followed by adding 200 mL 2 M KOH aqueous solution under vigorous stirring. 15 min later, the product was centrifuged and washed with ultrapure water several times and dried in vacuum oven for 20 h.
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 1 Fig.S2, which can be applied for dynamically observe the evolution of chemical state
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 3 Results and discussion3.1. Structure of the catalystAs described above, the NiFem (oxy)hydroxides (NiFem-OxHy, m refers to the molar ratio of Fe/Ni) were prepared by the topotactic transformation of NiFem-Fe PBAs (NiFem[Fe(CN)](m+2/3)) precursors in the 2 M KOH alkaline solution. The precursors of NiFem-Fe PBAs were prepared by the reported coprecipitation method[18]. As displayed in Fig.1(a), the XRD patterns show the major diffraction peaks of NiFem-Fe PBAs, which match well with that of Ni3[Fe(CN)6]2•10H2O (JCPDS No. 46-0906), indicating pure phase of NiFem-Fe PBAs were prepared with Ni 2+ partially replaced by Fe 3+ . After separately immersing the series of NiFem-Fe PBAs in the alkaline solution,

Fig. 1 .

 1 Fig. 1. XRD patterns of (a) NiFem-Fe PBAs and (b) NiFem-OxHy with different molar ratios of Fe/Ni. Ex-situ 57 Fe Mössbauer spectra of (c) NiFe0.2-Fe PBA and (d) NiFe0.2-
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 1 Fig. 1(e) displays a TEM image and the corresponding EDX elemental mappings
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 2 Fe PBA, indicating there are few residual [Fe(CN)6] 3-large anions at the surface of NiFe0.2-OxHy. This also demonstrates that the [Fe(CN)6] 3-of NiFe0.2-Fe PBA was almost dissociated after topotactically construction by anions exchange, which then generated NiFe0.2-OxHy. It is in accordance with the results obtained by 57 Fe Mössbauer spectroscopy and XRD.

  (d), the time-dependent potential curves were recorded at a large current density of 100 mA cm -2 on Ni foam (thickness, 0.34 mm) with different catalyst loading amounts (0.16, 0.23 mg cm -2 ) showing no significant activity decay of NiFe0.2-OxHy over 100 h of continuous reaction and the inset shows chronopotentiometric curves of NiFe0.2-OxHy supported on a glass carbon electrode (diameter, 5 mm) at a constant current density of 10 mA cm -2 , which all indicate that NiFe0.2-OxHy has a very good stability.

Fig. 2 .

 2 Fig. 2. (a) The OER polarization curves with iR correction. (b) Overpotentials at 10 mA cm -2 and (c) Tafel plots of NiFem-OxHy with different molar ratios of Fe/Ni and

  Meanwhile, Fig. S6 shows the electrochemical activation curves of NiFe0.2-OxHy for 100 cycles and cyclic voltammetry curves of NiFe0.2-OxHy before (black curves) and after the electrochemical activation (red curves), and these results also imply the phase transformation of NiFe0.2-OxHy during electrochemical activation.

Fig. 3 .

 3 Fig. 3. (a) Raman spectra of NiFe0.2-OxHy before (black) and after (red) applying anodic

Fig. 4 .

 4 Fig. 4. Operando 57 Fe Mössbauer spectra of NiFe0.2-OxHy collected at (a) the open
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Graphical Abstract

Exploring the relationship between high-valent iron content and current intensity of NiFe0.2-OxHy during oxygen evolution reaction by operando 57 Fe Mössbauer spectroscopy.