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Synthesis of NiFeOx nanocatalysts from metal-organic precursors for the oxygen evolution reaction
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Production of hydrogen from the renewable source that is water requires the development of sustainable catalytic processes. This implies, among others, to develop efficient catalytic materials from abundant and low cost resources and investigate their performance, especially in the oxidation of water as this half reaction is the bottle-neck of the water splitting process. For this purpose, NiFe-based nanoparticles with sizes ca. 3-4 nm have been synthesized by an organometallic approach and characterized by complementary techniques (WAXS, TEM, STEM-HAADF, EDX, XPS, ATR-FTIR). They display a Ni core and a mixed Ni-Fe oxide shell. Once deposited onto FTO electrodes, they have been assessed in the electrocatalytic oxygen evolution reaction in alkaline conditions. Three different Ni/Fe ratios (2/1, 1/1 and 1/9) have been studied in comparison with monometallic counterparts. The Ni2Fe1 nanocatalyst displayed the lowest overpotential (320 mV at j = 10 mA/cm 2 ) as well as an excellent stability over 16 h.

I. Introduction

Water splitting (WS) is an attractive technology for the large scale production of hydrogen. 1 WS is based on two half reactions: an oxygen evolution reaction (OER) and a hydrogen evolution reaction (HER). OER is considered to be the bottleneck because it is at the same time thermodynamically uphill and sluggish, requiring multistep proton-coupled electron transfers. 2 Therefore, many efforts have been focused on the development of efficient catalysts to accelerate this OER. 3 State-of-the-art water oxidation electrocatalysts (WOC) are oxides of Iridium and Ruthenium due to their excellent activity in both acidic and basic conditions and superior stability. 4,5 However, they suffer from unsatisfying sustainability (high cost and scarcity) which greatly hinders their commercial application. 6 To promote the production of hydrogen from water splitting at large scale, it is thus mandatory to develop alternative WOCs from non-noble and low-cost metals that also display high efficiency and robustness. For this purpose, metal oxides, 3,7 hydroxides, 8,9 and oxyhydroxides, [10][11][12][13] phosphides 14 of earth-abundant transition metals like Mn, Fe, Co, Ni, Cu are the most promising candidates. Mixed metal oxides (or bimetal oxides) have received great attention as they usually exhibit both superior catalytic performances and stability than their parent metal oxides. 15 Thus, Ni-Fe oxide-based catalysts are significantly more active for the OER in alkaline conditions than their Ni and Fe counterparts. This higher activity is attributed to (i) a change in the electronic structure of the catalyst, (ii) an improved conductivity, and (iii) an increased number of redox active centers. 16 Ni-Fe oxide-based catalysts consisting of 60-90 wt% of Ni have been shown to display the best OER activity. 17 Since the electrocatalytic activity of a material strongly depends on its electrochemically active surface area, one strategy to boost the performance is to decrease its size in order to have a higher density of surface sites per mass unit, like e.g. using nanoparticles (NPs). 18 To the best of our knowledge most of the publications on Ni-Fe based OER catalysts investigate the activity of thin-films and only a few are devoted to the use of Ni-Fe NPs. [19][20][21][22] Note that addition of a stabilizer (like ligands) is usually required to control the growth of NPs (in terms of size, morphology, surface state, dispersability, etc.). In this respect, the organometallic synthesis method can provide appropriate answers as it allows to obtain metallic NPs with good control in size and surface state in mild conditions, that already proved to be efficient nanocatalysts 23,24 including for water splitting. [25][26][27][28] We thus describe here a new approach to access Ni-Fe based nanocatalysts and discuss on their OER activity in alkaline conditions as a function of their Ni/Fe ratio (2/1, 1/1 and 1/9) in comparison with Ni and Fe counterparts as reference samples. First, Ni-Fe core-shell NPs were synthesized by the organometallic method in usual conditions (organic solvent, inert atmosphere) to control their size, morphology and structure. Then, these NPs were exposed to air and transferred into water via a ligand exchange process with the amino phosphonic acid (APA) ligand. The activity of the final nanocatalysts in OER was studied in KOH 1 M, together with their stability.

II. Results and Discussion

Synthesis and characterization of the nanocatalysts

NiFe NPs of composition 1Ni/1Fe were synthesized from an equimolar mixture of bis-1,5cyclooctadiene nickel complex, Ni(COD) 2 , and bis(bis(trimethylsilyl)) iron (II) complex, [Fe(N(SiMe 3 ) 2 ) 2 ] 2 in anisole, as reported by O. Margeat et al. 29 Hydrogen was used as the reducing agent and hexadecylamine (HDA) was added as stabilizer to control the growth of the NiFe NPs (Scheme 1, first step). Hexamethyldisilazane (HMDS), the amine resulting from the reduction of [Fe(N(SiMe 3 ) 2 ) 2 ] 2 may also contribute to the NP stabilization. By adjusting the initial Ni(COD) 2 /[Fe(N(SiMe 3 ) 2 ) 2 ] 2 molar ratio to 2/0.5, the same protocol led to NPs of composition 2Ni/1Fe. These as-synthesized NPs were then exposed to air for 4 days to form a metal oxide layer on their surface (Scheme 1, second step). Hereafter, these two samples will be referred to as NiFeOx-1/1 (for composition 1Ni/1Fe) and NiFeOx-2/1 (for composition 2Ni/1Fe). The oxide layer plays a major role not only in protecting the residual Ni core but also in the grafting of the amino phosphonic acid (APA) ligand during the ligand exchange process (Scheme 1, third step), which is a key step to obtain NPs that can be dispersed in water (see below). ICP-OES analysis revealed metal contents (wt%) no larger than 49% and 31% for NiFeOx-1/1 and NiFeOx-2/1, respectively, thus indicating a large amount of organic ligands that were identified by Fourier Transform Infra-Red (FT-IR) spectroscopy (Figure S3) as HDA.

In order to facilitate their dispersion in the hydroalcoholic Nafion solution used to prepare the catalyst inks (see below), the NP surface was modified by exchanging HDA for 3aminopropyl phosphonic acid (APA). This was done by adapting a previously reported ligand exchange process. 30 In brief, a basic solution of APA in water (pH = 8) was added to a solution of the NiFeOx NPs in dichloromethane and the biphasic system was mechanically stirred for 7 days. The change in color of the aqueous phase from colorless to black was a first indication of the successful grafting of the hydrophilic APA at the surface of the NPs (Figure S4). Then the NPs were magnetically separated and washed intensively with water, ethanol, and diethyl ether to eliminate the free ligands, and finally dried in air. The APAfunctionalized NPs will be hereafter referred to as NiFeOx-1/1-APA and NiFeOx-2/1-APA.

The now much higher metal content (> 85% in each case) and flatness of the FT-IR spectra of these samples in the 2000-4000 cm -1 range (Figure 3, c-black and d-pink traces) indicate the efficient release of HDA. Furthermore, the single broad band observed at ca. 990 cm -1 agrees well with the expectation for Fe-O-P vibrations. [30][31][32] This indicates that APA has been successfully grafted on the surface of the NiFeOx NPs through a covalent Fe-O-P bonding.

The absence of P=O or P-OH vibrations also suggests that APA is likely grafted in a symmetrically tridentate binding mode rather than in a bidentate or monodentate one (Scheme 1). 33,34 XPS analysis further confirmed the anchoring of APA on NiFeOx NPs as both NiFeOx-1/1-APA and NiFeOx-2/1-APA show a P 2p 3/2 peak at 133.6 eV (Figure 4a) which is in good agreement with that reported for phosphated magnetite NPs. XPS also provided the chemical valence state of Ni and Fe in the different samples. The Fe 2p 3/2 and Fe 2p 1/2 peaks are found at 711.0 eV and 724.4 eV, respectively, which are characteristic values for the Fe 3+ species (Figure 4b). These binding energies are in good accordance with those reported for Fe 2 O 3 . 36,37 Concerning Ni 2p 3/2 spectra, the intense peak observed at 855.6 eV as well as the satellite peak at 861.5 eV indicate the presence of Ni(OH) 2 species in both NiFeOx-1/1-APA and NiFeOx-2/1-APA (Figure 4c). Interestingly, the peak at 852.7 eV could be assigned to the Ni 2p 3/2 peak of Ni metal, indicating the persistence of a Ni core in the NPs even after their transfer into the aqueous phase. From the spectra recorded, the presence of Ni oxide in NiFeOx-1/1-APA and NiFeOx-2/1-APA could not be confirmed nor disproven as there is an overlap between the satellite peak for Ni metal and the main peak for Ni(OH) 2 in the region expected for the Ni2p peak of NiO.

Putting together the available data, the NiFeOx-2/1-APA and NiFeOx- is achieved for all samples even though their surface coatings are different (APA, PVP or HMDS). Indeed, thanks to the PVP coating, NiOx-PVP was easily dispersed in water.

Satisfactory dispersion in water was also achieved with the HMDS-coated nanocatalysts, FeOx-HMDS and NiFeOx-1/9-HMDS, most likely due to the formation of multilayers of HMDS ligands ultimately exposing the amine groups to water and facilitating hydrogen bonding (and due to the absence of HDA). 38

Investigation of the catalytic activity in OER

This investigation was carried out in alkaline conditions (1 M KOH). To do so, a catalyst ink was prepared using a Nafion solution and then drop-casted onto a FTO electrode at the loading mass density of 2.6 × 10 -4 g/cm 2 for each nanocatalyst (see details in the experimental section).

Cyclic voltammetry studies

We first investigated the electrochemical properties of all nanomaterials by cyclic voltammetry (Figure 5). The NiOx-PVP reference showed a quasi-reversible wave at E 1/2 of 1.43 V vs. RHE which is assignable to the Ni 3+ /Ni 2+ couple, prior to the emergence of the O 2evolution catalytic wave at the onset potential of 1.53 V vs. RHE (Figure 5b, black trace).

Actually, similar features have been reported for Ni-based O 2 -evolution catalysts in alkaline conditions where the pre-catalytic wave was attributed to the oxidation of Ni(OH) 2 to NiOOH (eq.1). [39][40][41][42] (eq. 1) actives sites generating M-O-OH species represents the rate limiting step. [43][44][45] The variation of Tafel slops values implies a varation of the relative population of M-OH and M=O species on the NiFeO x catalyst surface when the Ni/Fe ratio changes. 44,45 We note that NiFeOx-1/9-HMDS showed a higher catalytic current density than FeOx-HMDS at the same applied potential (Figure 6a, green and red curves). As these two catalysts have the same surface ligand (HMDS) and comparable sizes (1.6 ± 0.7 and 1.3 ± 0.6 nm for FeOx-HMDS and NiFeOx- 

Electrocatalytic stability

We then assessed the stability of all nanocatalysts when operated continuously over an extended period of 16 h. To do so, the catalyst electrodes were first polarized by repeating linear potential scans from 1.23 to 1.70 V vs. RHE at a rate of 5 mV/s in 1 M KOH electrolyte until steady I-V curves were achieved. Each electrode was then hold at the potential value where a catalytic current density of 10 mA/cm 2 was determined in the steady I-V curves, namely 1.55 V (NiFeOx-2/1-APA NPs), 1.59 V (NiFeOx-1/1-APA NPs), 1.68 V (NiFeOx-1/9-HMDS NPs), and 1.8 V (FeOx-HMDS NPs) vs. RHE (Figure 7). The NiOx-PVP reference was the less stable, and by far, as it readily detached from the electrode surface during the O 2 evolution catalysis. Contrarily, FeOx-HMDS showed an initial catalytic current density of 8.5 mA/cm 2 but then experienced a fast degradation before reaching a stable current density of 4 mA/cm 2 (Figure 7a, red trace). A decrease in catalytic current density was also observed for the NiFeOx-1/1-APA electrode (Figure 7a, pink trace), whereas the NiFeOx-2/1-APA electrode showed a rather stable catalytic current density over the 16 h of operating time (Figure 7a, blue trace). We also noticed an interesting behavior for the case of the NiFeOx-1/9-HMDS catalyst. Its initial catalytic current density increased gradually from 8.5 mA/cm 2 to 13 mA/cm 2 where it reached a plateau after 3 h of operation (Figure 7a, green trace).

We attribute this catalytic enhancement to the oxidative removal of HMDS ligands which makes the surface of the NiFeOx-1/9-HMDS catalyst more accessible to water.

From these results, we can conclude that the best NiFeOx-APA nanocatalyst, both in terms of catalytic activity and stability, is that with the Ni/Fe ratio of 2/1, probably due to a particular synergetic effect at this composition and accessible surface active sites, thanks to the exchange of HDA by APA.

LSV measurements recorded for the NiFeOx-2/1-APA sample after the chronoamperometric experiment showed that this sample displayed almost the same activity as before (Figure 7b). The only noticeable difference is the presence of a clear pre-oxidation peak after this experiment, attributed to the Ni 3+ /Ni 2+ couple (see above). With a stability up to 16 h at j = 10 mA/cm 2 , NiFeOx-2/1-APA is much more stable than amorphous NiFe oxide NPs of similar size (~ 4 nm) incorporated in carbon black that were stable for only 6 h in identical conditions. 19 The stability of NiFeOx-2/1-APA can also be compared to that of nanocatalysts of larger size (~19.8 nm) but comparable mixed oxide surface from Manso et al. 20 In this work NPs with a NiOx core and mixed NiFeOx shell showed a stability for 2 h at j = 10 mA/cm 2 in the same conditions. Comparison with literature data thus emphasizes the higher stability of the NiFe nanocatalysts reported

herein.

Yet, it is difficult to get a meaningful comparison of the performance of these new NiFeOx nanocatalysts with previous literature data as 1) they are scarce, and 2) even though the total amount of Ni and Fe deposited onto the electrodes can be known from ICP-OES analysis of the catalyst, determining the exact amount of electroactive sites is always challenging and debatable for nanocatalysts, especially for bimetallic systems for which the exact composition of the surface is seldom known. Here, assuming that all Ni and Fe atoms within the NiFeOx NPs contribute to the performance of the nanocatalysts, TOFs values of 0.016 s -1 and 0.012 s -1 were calculated for the NiFeOx-2/1-APA and NiFeOx-1/1-APA catalysts, respectively, and a value of 0.007 s -1 for NiFeOx-1/9 (see ESI-Table S1 for more details). These values are significantly lower than the one (0.2 s -1 ) reported for amorphous NiFeO x NPs having a size of ~ 4 nm, close to that of the nanocatalysts reported herein, but deposited onto a mesoporous carbon support. 19 The difference in the surface state (stabilization by ligands vs. carbon material) as well as the use of a conducting mesoporous carbon support could be reasons for such a difference in electrocatalytic performance. Note that these calculated TOF values represent the lower limit of the catalytic rate because the core atoms cannot directly participate in OER as catalysis occurs on the NP surface.

Unfortunately, a more accurate calculation of the TOF values is not possible as the currently available data do not provide a clear image of the distribution of Ni and Fe over the NPs, nor a quantification of the actual active sites.

III. Conclusion

In NiFeOx NPs of similar size but dispersed on a mesoporous carbon support 19 . It likely indicates that having tiny particle size, thus high specific surface area, is important but not enough to reach outstanding catalytic performance. Deposition of these NiFeOx-APA NPs onto high surface conducting support like carbon black, CNTs, or graphene could be a suitable approach to further enhance their activity.

IV. Experimental section

Materials

Ni(COD) 2 (>98 %) was purchased from Strem Chemicals and [Fe[N(SiMe 3 ) 2 ] 2 ] 2 (> 99 %)from Nanomeps. Hexadecylamine (HDA) (98%), Nafion (5wt% in a mixture of lower aliphatic alcohols and water), 3-aminopropyl phosphonic acid (APA, 98%), were purchased from Sigma-Aldrich. Anisole (99%, from Alfa Aesar) was degassed by three freeze-pump-thaw cycles then dried over activated molecular sieves (4Ȧ) prior use. CH 2 Cl 2 , diethyl ether and pentane were collected from a MBraun solvent purification equipment (water content below 5 ppm). MilliQ water (28.2 MΩ) was used for all aqueous preparations. FTO slides were cleaned by sonication for 30 minutes first in acetone (Sigma-Aldrich, ≥ 99.5%) and 30 minutes in EtOH (Sigma-Aldrich, anhydrous, > 99.9 %) then let dry at ambient temperature for 1 h before use. 

Preparation of NPs

NiFeOx NPs with 1Ni/1Fe and 2Ni/1Fe composition.

1Ni/1Fe and 2Ni/1Fe NPs were synthesized by following the procedure described in ref. 29 and adapting the Ni and Fe precursor amounts according to the targeted Ni/Fe ratio.

[Fe(N(SiMe 3 ) 2 ) 2 ] 2 (141.7 mg ; 0.188 mmol) , Ni[(COD) 2 ] (1Ni/1Fe : 103.2 mg ; 0.375 mmol or 2Ni/1Fe : 207 mg ; 0.753 mmol). The NPs were recovered as black powders (Average masses : 1Ni/1Fe : 60 mg or 2Ni/1Fe : 83 mg). They were then exposed to air in the solid state for 4 days in order to get the corresponding oxide materials denoted as NiFeOx NPs. 

Electrochemical characterization

First catalyst inks were prepared by sonicating 3 mg of each catalyst in 1 mL of a 1/4 (v/v) EtOH/H 2 O solvent mixture together with 1 µl Nafion 5% as a linker.

The NiFeOx-2/1-APA, NiFeOx-1/1-APA, NiFeOx-1/9-HMDS, FeOx-HMDS, and NiOx-PVP WOCs were prepared by depositing 17 µL of the catalyst ink onto a FTO electrode (S = 0.196 cm 2 , loading density of 2.6  10 -4 g/cm 2 ) followed by a mild annealing process at 100 °C in an oven for 5 h. before testing their catalytic activity in OER.

The LSV, CV, and CA experiments were performed on a PG300-potentiostat using a 3electrode configuration where the catalyst modified FTO electrode was the working electrode while a Pt rod and a saturated calomel electrode (SCE) Hg/Hg 2 Cl 2 /KCl 3M were used as counter electrode and reference electrode, respectively. 1 M KOH was used as the electrolyte solution. Argon gas was bubbled through the electrolyte for 5 min before each experiment in order to remove oxygen from the solution.

LSV was run at a scan rate of 5 mV/s from open circuit voltage to 1.7 V vs. RHE. CV was run at a scan rate of 5 mV/s between 1.0 V and 1.7 V vs. RHE. The durability of the OER catalysts was tested by chronoamperometry at a current density of j = 10 mA/cm 2 for 16 h.

The potential with reference to SCE was converted into RHE using the following equation:

E RHE = E SCE + 0.059 × pH + Eº SCE , assuming pH = 14 as the measurements were performed in 1 M KOH. Eº SCE was 0.24 V for the reference electrode. Calculation of the overpotential value was done by subtracting the theoretical potential for the OER 1.23 V from the measured potential vs. RHE. To calculate the current density (j, mA/cm 2 ), the intensity of the current was normalized to the geometric surface area of the FTO electrode (S = 0.196 cm 2 ).

Characterization techniques

The nanoparticles were characterized by different techniques: Fourier transform infrared spectroscopy (FT-IR) in ATR mode, Transmission electron microscopy (TEM/HRTEM), Wide angle X-ray scattering (WAXS), X-ray photoelectron spectroscopy (XPS), Inductively coupled plasma-Optical emission spectroscopy (ICP-OES).

TEM and HR-TEM: TEM and HR-TEM analyses were performed at "Centre de Microcaractérisation Raimond Castaing", Toulouse. The shape, size and crystallinity of nanoparticles were examined by low resolution TEM (JEOL, JEM-1011 microscope, operating at 100 kV, point resolution of 0.45 nm) and high resolution in high angle annular dark fieldscanning transmission electron microscopy mode (HAADF-STEM) (JEM, ARM200F

microscope, operating at 200 kV, point resolution of 0.19 nm). The samples were prepared by drop-casting the colloidal solution of NPs onto carbon coated copper grids (400 hexagonal mesh). Then the grids were dried under vacuum for one night before their introduction into the microscope chamber. Size distributions were obtained via the ImageJ software.

ATR-FTIR:

Fourier transform infrared spectra of the NPs were recorded in attenuated total reflectance (ATR) mode inside the glove box on a Brucker Alpha spectrophotometer (spectral resolution 2 cm -1 ) in the range 4000 -500 cm -1 .

XPS: X-ray Photoelectron Spectroscopy measurements were performed at CIRIMAT, on a ThermoScientific K-Alpha with a monochromatised Al Kalpha (hν = 1486.6 eV) source. The Xray Spot size was 400 µm. The Pass energy was fixed at 30 eV with a step of 0.1 eV for core levels and 160 eV for surveys (step 1 eV). The spectrometer energy calibration was done using the Au 4f 7/2 (83.9 ± 0.1 eV) and Ag3d 5/2 (368.2 ± 0.1 eV) photoelectron lines. XPS spectra were recorded in direct mode N (Ec) and the background signal was removed using the Shirley method. XPS High Resolutions spectra were recorded in order to extract the chemical environments of the studied species. Argon atmosphere for the non-oxidized nanomaterials or in air for the oxide nanomaterials.

ICP-OES

The X-ray scattering intensity measurements were performed using a dedicated two-axis diffractometer using the molybdenum Kα (0.071069 nm) radiation monochromatized by a flat graphite crystal. Radial distribution functions (RDF) were obtained after Fourier transformation of the corrected and reduced data.
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TEM images of NiOx-PVP (Figure S5a) revealed the presence of mostly spherical particles with an average size of 3.9 ± 2.1 nm (Figure S5b), comparable to that of NiFeOx-2/1-APA and NiFeOx-1/1-APA.

Analysis of the TEM images of FeOx-HMDS indicates that the NPs are also spherical in shape with an average size of 1.6 ± 0.7 nm (Figure S6). The Fe and Ni contents were 27 wt% and 3 wt%, respectively, based on ICP analysis. We consider that these NPs consist in an amorphous NiFe oxide of 1Ni9Fe composition bearing only HMDS ligands at their surface.

Calculation of TOF values:

The molar amounts of metal atoms (Ni and Fe) in the NiFeOx-2/1-APA and NiFeOx-1/1-APA NPs were determined by ICP-OES analysis, from which the quantity of each element deposited on the electrode could be calculated. The number of moles of O 2 produced per second was calculated from the current density measured at an overpotential of 400mV, knowing the geometric area of the electrode (0.196 cm 2 ) and considering that removal of 4 moles of e -is necessary to produce 1 mole of O 2 (Faraday constant: 96500 C.mol -1 ; molar mass of Ni taken as 59 g.mol -1 , and molar mass of Fe taken as 56 g.mol -1 ). The turnover number (TOF) was calculated by dividing the number of moles of O 2 produced per second by the total number of moles of metal atoms (following the method of Qiu et al. 4 ). 
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 1111212 Scheme 1. Synthesis of APA-functionalized NiFeOx NPs with composition 1Ni/1Fe (M in MOx = Ni or Fe; DCM = dichloromethane). a) b)
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 2 Figure 2. WAXS diagrams of NiFeOx-2/1 (red trace) and NiFeOx-1/1 (black trace) with reference diagrams of fcc-Ni (blue trace, PDF 04-010-6148), fcc-NiO (pink trace, PDF 00-044-1159), and γ-Fe 2 O 3 (green trace, PDF-01-089-5894).
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 34 Figure 3. FT-IR spectra of a) APA (blue trace), b) NiFeOx-2/1 (red trace), c) NiFeOx-2/1-APA (black trace), and d) NiFeOx-1/1-APA (pink trace)
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 56 Figure 5. a) Cyclic voltammograms (CVs) for NiOx-PVP (black trace), FeOx-HMDS (red trace), NiFeOx-2/1-APA (blue trace), NiFeOx-1/1-APA (pink trace), and NiFeOx-1/9-HMDS (green trace) in 1 M KOH. b) Zoom in the region where redox events occur.

Figure 6

 6 Figure 6 shows linear sweep voltammograms (LSV) and corresponding Tafel plots recorded at a scan rate of 5 mV/s for the FTO electrode modified with NiFeOx-2/1-APA, NiFeOx-1/1-APA, NiFeOx-1/9-HMDS, and NiOx-PVP and FeOx-HMDS references. Tafel slops values range from 44 to 79 mV/decade (Figure 6b). It suggests that the O 2 evolution involves M-OH/M=O mixed surface species (wherein M is Fe or Ni) and that the water dissociation over these

Figure 7 .

 7 Figure 7. a) Chronoamperometry assessment of NiFeOx-2/1-APA (blue line), NiFeOx-1/1-APA (pink line), NiFeOx-1/9-HMDS (green line), and FeOx-HMDS (red line) at a fixed applied potential of respectively 1.55 V, 1.59 V, 1.68 V and 1.8 V vs. RHE in 1 M KOH; b) LSV curves of NiFeOx-2/1-APA before and after the CA test.

  this work, we reported on the successful synthesis of NiFe oxide NPs of sizes below 4 nm having different Ni/Fe ratios by applying an organometallic synthesis method. The synthesis provided well defined NiFe NPs which were subsequently oxidized into NiFeOx NPs by simple air exposure for their investigation in OER in alkaline conditions. Introduction of only one tenth of Ni led to NPs with improved catalytic activity in comparison to that of single metal oxide NPs (FeOx and NiOx NPs) showing that combining Ni and Fe positively contributes to the catalysis as the result of a synergetic effect between the two elements. A hydrophilic surface coating, hence good wettability and dispersibility in water, was successfully imparted to the NiFeOx NPs of 2/1 and 1/1 composition by replacing the hexadecylamine ligand by the hydrophilic 3-aminopropylphosphonic acid ligand. The resultant NiFeOx-APA NPs showed attractive catalytic activity and stability for OER in alkaline conditions (KOH 1M). It was observed that the activity of NiFeOx NPs strongly depends on their surface coating and on the Ni/Fe molar ratio. As such, NiFeOx NPs having APA ligand on their surface showed superior activity in comparison with those coated by the HMDS ligand, probably due to a better accessibility of the surface active sites. The NiFeOx NPs having higher Ni/Fe molar ratio were more active than their counterparts with lower Ni/Fe ratio. Regarding the catalytic rate, NiFeOx-APA showed lower TOFs than that of previously reported amorphous

4. 2 . 1 .NiFe- 1 / 9 -

 2119 scheme S1). The as-prepared Ni and Fe NPs were then exposed to air in the solid state for 4 days in order to get NiOx-PVP NPs and FeOx-HMDS NPs.

4. 2 . 3 .

 23 Surface modification of NiFeOx with APA (NiFeOx-2/1-APA, NiFeOx-1/1-APA) A dispersion of NiFeOx NPs (30 mg) in dichloromethane (15 mL) was added to 10 mL of a 7 × 10 -3 M solution of APA (pH ~7-8) in a 30 mL closed glass tube. The reacting medium was mechanically stirred for 7 days. Then the aqueous phase was recovered from which the NPs were collected by magnetic separation. The NPs were washed with MilliQ water (5 x 30 mL), ethanol (1 x 30 mL) and diethyl ether (1 x 30 mL) before drying in air for characterization (Recovered mass: ~15.5 mg). ICP-OES NiFeOx-2/1-APA: Ni = 63 wt%, Fe = 29 wt%. NiFeOx-1/1/-APA : Ni = 44 wt%, Fe = 42 wt%.

:

  Iron, Ni and P contents were determined by ICP-OES analysis on a PerkinElmer, Optima 2100 DV equipment. The samples were digested into a mixture of HCl: HNO 3 (3:1 v/v) and then diluted with MilliQ water. WAXS: Wide-Angle X-ray Scattering measurements were carried out at CEMES -CNRS in Toulouse. The samples were sealed in 1.0 mm (diameter) Lindemann glass capillaries under

1 .

 1 Figure S1. STEM HAADF (JEM-ARM200F) image of NiFeOx-2/1, and EDX analysis along the horizontal red line: top red and bottom blue curves represent the Fe and Ni contents, respectively. a) b)

Figures

  Figures S1 and S2show STEM HAADF images of NiFeOx-2/1 and NiFeOx-1/1 samples (recorded on a JEM ARM200F microscope). Clearly, both Ni and Fe are present in the NPs.Drawing any firm conclusion on the distribution of Ni and Fe inside the NPs is however difficult at such small size, especially as ARM is far from being a statistical method. It can be observed that STEM-EDX analysis of a few NPs from sample NiFeOx-2/1 NPs does not show any clear segregation of the two elements (FigureS1). Analysis of sample NiFeOx-1/1 NPs is even less conclusive. Under high resolution imaging conditions, three populations of NPs are evidenced: the smallest spherical NPs, in which no clear segregation of the two elements can be distinguished, the largest spherical NPs which present a surface enriched in Fe (FigureS2a), and NPs of irregular shape (FigureS2b) showing a shell enriched in Ni. These results must be taken with great care due to lack of statistical data. Indeed the more statistical WAXS investigation shows that most of the NPs comprise a Ni fcc core.

Figure S5 .Figure S6 .

 S5S6 Figure S5. TEM image of NiOx-PVP (a)(scale bar = 50 nm) and corresponding size histogram (b)

Figure S8 .FigureFigure S11 .

 S8S11 Figure S8. Ni 2p XPS spectrum of NiOx-PVP deposited on a FTO substrate.

FigureFigure

  FigureS12shows the WAXS diagrams and RDFs of NiFeOx-1/9-HMDS and FeOx-HMDS. As can be seen from this figure, the structure of NiFeOx-1/9-HMDS presents only a short range order, as in FeOx-HMDS.

Figure S13 .

 S13 Figure S13. Fe 2p XPS spectrum of NiFeOx-1/9-HMDS deposited on FTO

  

  

  

  

  

  PVP and HMDS stand for polyvinylpyrrolidone and hexamethyldisilazane, the polymer and ligand used to stabilize the NiOx and FeOx NPs, respectively), as well as a Fe-rich bimetal oxide nanocatalyst of composition 1Ni/9Fe (hereafter referred to as NiFeOx-1/9-HMDS) to

	1/1-APA NPs are best
	described by a Ni core surrounded by a mixed Ni(OH) 2 /Fe 2 O 3 surface layer, in which the
	Ni/Fe ratio varies depending on the composition of the initial NiFe NPs, and bearing APA
	ligands at the surface (see Scheme 1).
	For comparison purpose in electrocatalysis, NiOx and FeOx NPs were also prepared as
	monometallic references (hereafter referred to as NiOx-PVP and FeOx-HMDS, respectively;

enlarge the range of compositions assayed. Note that no HDA was added during the synthesis of the 1Ni/9Fe NPs. Details on their synthesis and characterization are reported in the ESI -Section 2 and 3. It is noteworthy that 1) the average sizes of the NPs in these nanocatalysts (Figures S5-6 and 11, and Table

1

) are comparable to those of NiFeOx-2/1-APA and NiFeOx-1/1-APA given the width of the size distributions and error bars, 2) oxidation states of Ni and Fe in these reference nanocatalysts are identical to those in NiFeOx-2/1-APA and NiFeOx-1/1-APA (Figures S8, 10 and 13), and 3) satisfactory dispersion in aqueous phase

Table 1

 1 1/9-HMDS, respectively), this indicates a positive influence of the addition of Ni to Fe in NiFeOx NPs, e.g. a synergetic effect between Ni and Fe elements, on the catalytic activity.Obviously, such a conclusion would be more definitive if the catalytic activity of NiOx-HMDS NPs could have been recorded. Unfortunately, the synthesis of such a NiOx-HMDS reference failed and we could compare only with NiOx-PVP, which is clearly less active than NiFeOx-1/9-HMDS (Figure6a, black curve).A closer inspection of the activity of the NiFeOx nanocatalysts shows that it strongly depends on (i) the Ni/Fe molar ratio, and (ii) the organic coating as already suggested by the CV studies. At comparable coating and comparable sizes, NPs with the higher Ni content, e.g. These results clearly demonstrate the benefit of having two metals within the oxide catalysts as well as the great impact of the Ni/Fe ratio on the catalysis. It could be due to the redistribution of charges around the Ni and/or Fe metal centers when these two elements are combined in different atomic ratio.47 

	Among all nanocatalysts assayed, NiFeOx-2/1-APA displayed the best catalytic activity as it
	afforded the highest current density at a given overpotential. To reach the benchmarking
	catalytic current density (j) of 10 mA/cm 2 , this catalyst required only 320 mV, which is 40,
	130, and 250 mV less than NiFeOx-1/1-APA, NiFeOx-1/9-HMDS, and FeOx-HMDS,
	respectively (

NiFeOx-2/1-APA, are more active than those having a lower Ni content, namely NiFeOx-1/1-APA. This result is in line with those published by Ma et al.

46 

who observed that nanosheets of NiFe layered double hydroxide of 2/1 Ni/Fe composition were more efficient for OER than the 3/1 and 4/1 ones, also in KOH 1 M. Furthermore, the NiFeOx nanocatalysts functionalized by the hydrophilic APA ligand display superior activity than the HMDS coated ones. A rational for this could be that APA insures a better surface accessibility to water molecules than the hydrophobic barrier formed by the multilayers of HMDS, especially as the quantity of organic ligands is higher in this case (Table

S1

), or that the number of surface active sites was increased upon ligand exchange. Unfortunately, identifying the exact contribution of the Ni/Fe molar ratio and of the surface state of the NPs to the catalytic enhancement was not possible. Indeed, the synthesis of NiFeOx NPs having identical Ni/Fe molar ratio, e.g. NiFeOx-2/1 NPs, but stabilized by HMDS only, or NiFeOx-1/9 NPs but this time stabilized by APA for comparison purpose, was unsuccessful. ). Concerning NiOx-PVP, a fast detachement from the FTO electrode was observed before the catalytic current density (j) of 10 mA/cm 2 could be reached. This can be attributed to the high solubility of the NPs in water due to the PVP hydrophilic character and/or a lower stability of the NPs since the PVP provides only a steric stabilization.

Table 1 .

 1 Overpotentials required to sustain a catalytic current density of 10 mA/cm 2 , Tafel slope values, position of the redox peaks observed in cyclic voltammetry, and main physical characteristics of all studied nanocatalysts.

	Sample	NiFeOx-2/1-APA NiFeOx-1/1-APA NiFeOx-1/9-HMDS	FeOx-HMDS	NiOx-PVP
	Composition	2Ni/1Fe	1Ni/1Fe	1Ni/9Fe	FeOx	NiOx
	Size (nm)	3.6 ± 1.5	3.1 ± 1.1	1.3± 0.6	1.6± 0.7 3.9± 1.1
	Surface state	APA	APA	HMDS	HMDS	PVP
	ɳ 10 (mA/cm 2 )	320	360	450	570	-
	Tafel slope (mV/decade)	62	79	44	55	58
	Reduction peak (V vs.RHE)	+ 1.35 + 1.24	+ 1.38	+ 1.37	-	+ 1.38
	Oxidation					
	peak (V	+ 1.45	+ 1.45	-	-	+ 1.48
	vs.RHE)					

Table 1 .

 1 Details on calculating TOF values for sample NiFeOx-2/1-APA, NiFeOx-1/1-APA, and NiFeOx-

	1/9-HMDS			
		NiFeOx-2/1-APA	NiFeOx-1/1-APA NiFeOx-1/9-HMDS
	ICP %Ni	63	44	3
	ICP %Fe	29	42	27
	Concentration of catalyst ink (mg/ml)	3	3	3
	Volume deposited (μl)	17	17	17
	Mass deposited (mg)	0.051	0.051	0.051
	Mol of Fe deposited (mol)	2.64107E-07	3.825E-07	2.45893E-07
	Mol of Ni deposited (mol)	5.44576E-07	3.80339E-07	2.59322E-08
	Mol of metal atoms deposited (mol)	8.08683E-07	7.62839E-07	2.71825E-07
	j at η = 400 mV (mA/cm 2 )	26.17	18.27	3.65
	I at η = 400 mV (mA)	5.12932	3.58092	0.7154
	Mol of O 2 produced (mol)	1.32905E-08	9.27844E-09	1.85366E-09
	TOF (s -1 )	0.016	0.012	0.007

SUPPLEMENTARY INFORMATIONS for

Synthesis of NiFeOx nanocatalysts from metal-organic precursors for the oxygen evolution reaction

Nguyen Thi Quyen, 1,2,3 Francois Robert, 1,2 Vincent Colliere, 1,2 Pierre Lecante, 4 Karine Philippot, 1,2 Jérome Esvan, 5 Tran Dinh Phong, 3 * Catherine Amiens, 

Synthesis and characterization of the reference samples

Ni and Fe oxide monometallic references were prepared following the synthetic pathways described in Scheme S1. To identify this amorphous layer, an XPS study was attempted. An aqueous dispersion of the sample was drop casted on a FTO electrode (in conditions used to assess the catalytic activity of the NPs in OER) and studied by XPS. The Ni2p spectrum showed two peaks at 855.9 eV and 861.5 eV which were assigned to Ni 2+ in a hydroxide environment (Ni(OH) 2 )(Figure S8). No peaks of metallic Ni were found. Given the depth probed by XPS (circa 5 nm) and the average size of the NPs (3.9 ± 2.1 nm), this suggests that the passivation afforded by the amorphous surface layer formed upon air oxidation in the solid state was not effective in water. As the NiOx-PVP NPs quickly evolved upon dispersion in water, we thus couldn't identify this first formed amorphous layer. However, this study shows that once deposited on the FTO electrode, the oxidation state of Ni in this sample is comparable to that of Ni at the surface of the NiFeOx-2/1-APA and NiFeOx-1/1-APA nanocatalysts.

Scheme S1. Synthesis of Ni (top) and Fe (bottom) oxide reference samples

observed in the XPS spectrum (Figure S10). The binding energy (711.5 eV) corresponds to Fe 3+ ions like in the oxidized bimetallic NiFeOx-2/1-APA and NiFeOx-1/1-APA nanocatalysts.