
Electrochimica Acta 389 (2021) 138638 

Contents lists available at ScienceDirect 

Electrochimica Acta 

journal homepage: www.elsevier.com/locate/electacta 

Ni-modified Fe 3 

O 4 

(001) surface as a simple model system for 

understanding the oxygen evolution reaction 

Francesca Mirabella 

a , + , # , ∗, Matthias Müllner a , + , Thomas Touzalin 

b , + , Michele Riva 

a , 
Zdenek Jakub 

a , Florian Kraushofer a , Michael Schmid 

a , Marc T.M. Koper b , 
Gareth S. Parkinson 

a , Ulrike Diebold 

a , ∗

a Institut für Angewandte Physik, Technische Universität Wien, A-1040 Wien, Austria 
b Leiden Institute of Chemistry, Leiden University, PO Box 9502, 2300 RA, Leiden, The Netherlands 

a r t i c l e i n f o 

Article history: 

Received 26 February 2021 

Revised 7 May 2021 

Accepted 15 May 2021 

Available online 20 May 2021 

Keywords: 

OER 

Fe-Ni oxides 

surface science 

electrochemistry 

water splitting 

a b s t r a c t 

Electrochemical water splitting is an environmentally friendly technology to store renewable energy in 

the form of chemical fuels. Among the earth-abundant first-row transition metal-based catalysts, mixed 

Ni-Fe oxides have shown promising performance for effective and low-cost catalysis of the oxygen evolu- 

tion reaction (OER) in alkaline media, but the synergistic roles of Fe and Ni cations in the OER mechanism 

remain unclear. In this work, we report how addition of Ni changes the reactivity of a model iron oxide 

catalyst, based on Ni deposited on and incorporated in a magnetite Fe 3 O 4 (001) single crystal, using a 

combination of surface science techniques in ultra-high vacuum such as low energy electron diffraction 

(LEED), x-ray photoelectron spectroscopy (XPS), low-energy ion scattering (LEIS), and scanning tunnel- 

ing microscopy (STM), as well as atomic force microscopy (AFM) in air, and electrochemical methods 

such as cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) in alkaline media. A 

significant improvement in the OER activity is observed when the top surface presents an iron fraction 

among the cations in the range of 20-40%, which is in good agreement with what has been observed 

for powder catalysts. Furthermore, a decrease in the OER overpotential is observed following surface ag- 

ing in electrolyte for three days. At higher Ni load, AFM shows the growth of a new phase attributed 

to an (oxy)-hydroxide phase which, according to CV measurements, does not seem to correlate with the 

surface activity towards OER. EIS suggests that the OER precursor species observed on the clean and Ni- 

modified surfaces are similar and Fe-centered, but form at lower overpotentials when the surface Fe:Ni 

ratio is optimized. We propose that the well-defined Fe 3 O 4 (001) surface can serve as a model system 

for understanding the OER mechanism and establishing the structure-reactivity relation on mixed Fe-Ni 

oxides. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Currently most energy sources used by our society are based 

n fossil fuels. Their combustion (coal, oil, and gas), together with 

arge-scale deforestation, is causing massive emissions of green- 

ouse gases. Given the destructive environmental impact of these 

ases, effort has f ocused on the production, storage and trans- 

ort of renewable energy (wind or sunlight) [1] . A promising 
∗ Corresponding authors. 
+ = These authors contributed equally. 
# = Current address: Bundesanstalt für Materialforschung und -prüfung, Unter 

en Eichen 44-46, 12203 Berlin, Germany. 
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echnology to address this issue uses renewable energy to pro- 

uce chemical energy through the splitting of water into hydro- 

en and oxygen (water electrolysis) [2] . However, the efficiency 

f the electrolysis process is hampered by the sluggish kinet- 

cs of water oxidation to O 2 , also known as oxygen evolution 

eaction (OER). This reaction has been described as the bottle- 

eck of the water splitting and understanding its mechanism at 

he atomic scale could be a first step in addressing this chal- 

enge [2] . Many catalysts have been proposed to reduce the over- 

otential losses for OER and investigated in different pH condi- 

ions [3] , from acidic (2H 2 O → 4H 

+ + O 2 + 4e −) to alkaline

4OH 

− → 2H 2 O + O 2 + 4e −) media. In acidic media, noble met- 

ls such as Ru or Ir show promising OER stability and activity. 
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owever, due to their limited availability and high price many re- 

earchers are seeking alternative catalysts based on earth-abundant 

lements [ 3 , 4 , 5 , 6 , 7 , 8 ]. In an alkaline environment, oxides and hy-

roxides of late first-row transition metals (Mn, Fe, Co, Ni) have 

een found to have comparable performances to noble metals [3] . 

n particular, NiFe-based (oxy)hydroxide catalysts are reported to 

how the lowest overpotential for OER in alkaline conditions (pH 

3 and 14) [9] , but the synergistic role of Fe and Ni is still under

ebate. 

Comparing OER catalysts is complicated by many underlying 

actors, including differences in electrochemically active surface 

rea, catalyst electrical conductivity, surface chemical stability, sur- 

ace composition, and reaction mechanism. In this work, we de- 

cribe our efforts to circumvent these issues by using a combined 

urface science/electrochemistry approach to develop an atomi- 

ally controlled model system for the OER on FeNi-based cata- 

ysts. Having previously solved the surface structural model for 

he Fe 3 O 4 (001) surface [10] and learned how to judiciously al- 

er this surface by doping with nickel atoms [11] , we have pre- 

ared well-defined Ni-modified Fe 3 O 4 (001) surfaces in ultra-high- 

acuum (UHV) with different Fe:Ni ratios and, after characteriza- 

ion with surface science techniques, we have studied their electro- 

hemical performances towards OER using cyclic voltammetry and 

lectrochemical impedance spectroscopy. A significant increase in 

he OER activity is observed as the Ni content increases, and the 

ptimum composition has an iron fraction among the cations in 

he top surface layer in the range of 20-40%. These results are in 

ood agreement with literature for the best OER powder catalysts 

9] . Furthermore, based on the analysis of the surface morphologi- 

al changes before and after reaction, together with adsorption ca- 

acitance measurements, we propose that the active sites respon- 

ible for the formation of the OER precursor are the same on the 

lean and on the Ni-modified magnetite. Nevertheless, the pres- 

nce of the Ni on the surface shifts the formation of this precursor 

o lower overpotential. 

Our study provides a well-defined model catalyst that is at the 

ame time simple, highly active, and stable under operation con- 

itions, and therefore ideal to be used as model system to gain 

tomic-scale insights into the complicated OER mechanism. 

. Experimental details 

.1. UHV preparation and characterization 

The experiments were performed on a natural Fe 3 O 4 (001) sin- 

le crystal (SurfaceNet GmbH) prepared in UHV by cycles of 

 keV Ar + sputtering and 900 K annealing. Every other annealing 

ycle was performed in an O 2 environment ( p O 2 = 5 × 10 −7 mbar, 

0 min) to maintain the stoichiometry of the crystal selvedge. Sur- 

ace analysis was performed in a UHV system with a base pressure 

 10 −10 mbar, furnished with a commercial Omicron SPECTALEED 

ear-view optics and an Omicron UHV STM-1. XPS data were ac- 

uired using non-monochromated Al K α x-rays and a SPECS PHOI- 

OS 100 electron analyser at grazing emission (70 ° from the sur- 

ace normal). The same analyser was used to carry out the low- 

nergy He + ion scattering (LEIS) experiments (1.225 keV He + , scat- 

ering angle 137 °), an exquisitely surface-sensitive technique. For 

uantification of LEIS data, we assumed that the concentrations 

re proportional to the peak areas, which is justified due to the 

ery similar cross sections, electronic structure, and work function 

f these metals. Ni was deposited using a Focus electron-beam 

vaporator, for which the deposition rates were calibrated using 

 temperature-stabilized quartz crystal microbalances (QCM). One 

onolayer (ML) is defined as one atom per ( 
√ 

2 × √ 

2)R45 ° unit 

ell, which corresponds to 1.42 × 10 14 atom/cm 

2 . Ni depositions 

igher than 2 ML were prepared by first depositing 2 ML Ni on 
2 
he surface at room temperature, followed by mild annealing at 

00 °C for 10 min. This causes a transition from Ni being present 

s 2-fold coordinated adatoms to 6-fold coordinated “incorporated”

ations [11] , see Fig. 1 ; the procedure was then repeated as many

imes as necessary to reach the desired coverage. 

.2. In-air characterization 

After UHV-preparation and characterization as well as after the 

lectrochemical measurements, the samples were brought to air 

nd imaged using an Agilent 5500 ambient AFM in intermittent 

ontact mode with Si tips on Si cantilevers. 

.3. Electrochemical measurements 

Cyclic voltammetry and impedance spectroscopy were per- 

ormed using a Metrohm-Autolab PGSTAT32 potentiostat and 

 custom-made electrochemical flow cell (made from perfluo- 

oalkoxy alkane, PFA), mounted to the vacuum chamber. Prior to 

xperiments, the chamber was filled with Ar (99.999%, Air Liquide, 

dditionally purified with Micro-Torr point-of-use purifiers, SAES 

C50 −902 FV) to ambient pressure. The contact between sam- 

le and flow cell was sealed with Kalrez O-rings. Prior to mea- 

urements, the electrolyte reservoir was evacuated and ultrasoni- 

ated to remove dissolved CO 2 . The flow cell was filled with elec- 

rolyte by increasing the pressure in the electrolyte compartment 

ith Ar to slight overpressure. A glassy carbon counter electrode 

nd a leak-free Ag/AgCl reference electrode (Innovative Instru- 

ents Inc.) were used. For impedance measurements, the latter 

as coupled to a glassy carbon quasi-reference electrode through 

 100 nF capacitor. All electrochemical data were corrected for iR u 
rop; the uncompensated solution resistance R u was determined 

rom impedance Nyquist plots by extrapolating the minimum to- 

al impedance in the linear regime between 10 kHz and 100 kHz. 

ll electrochemical potentials are referred to either the measured 

g/AgCl reference electrode E Ag/AgCl or given as the overpotential η, 

hich was determined via the equation η = E Ag/AgCl + E RHE −1.229 

 −iR u . E RHE is the potential of the reversible hydrogen electrode 

RHE) vs a Ag/AgCl electrode. The potential of the RHE (Hydroflex) 

as measured before and after the electrochemical measurements 

o improve consistency of the results. The electrolyte was prepared 

rom level-1 water (Merck Milli-Q, ρ= 18.2 M �·cm, 3 ppb total 

rganic carbon), and reagent-grade NaOH (50 mass % in water, 

igma-Aldrich). Prior to use, all glassware and PFA parts where 

leaned by boiling in 20% nitric acid and copious rinsing with 

illi-Q water. 

. Results 

.1. Characterization of the catalyst surface before reaction 

Fig. 1 a shows a schematic model of the UHV-prepared 

e 3 O 4 (001) surface. The surface is oxidized with respect to the 

ulk Fe 3 O 4 and is not a simple bulk truncation. Specifically, an in- 

erstitial tetrahedrally coordinated iron in the second layer (Fe tet , 

ight blue in the model) replaces two octahedrally coordinated iron 

toms (Fe oct , dark blue) in the third layer [10] , giving rise to a

 

√ 

2 × √ 

2)R45 ° periodicity. All surface Fe is in the 3 + state in the

o-called subsurface cation vacancy (SCV) reconstruction, and it is 

he most stable termination of Fe 3 O 4 (001) over the range of oxy- 

en chemical potentials encountered in UHV-based experiments 

10] . 

In the lower part of Fig. 1 a, a typical STM image of the UHV-

repared Fe 3 O 4 (001) surface is shown. Undulating rows of surface 

e atoms appearing as protrusions run in the [110] direction. It 
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Fig. 1. Atomic models showing side views of the (a) Fe 3 O 4 (001) clean, (b) doped with 2-fold coordinated Ni adatoms, and (c) with 6-fold coordinated Ni incorporated, as 

well as corresponding STM images. The clean Fe 3 O 4 (001) surface in (a) exhibits a ( 
√ 

2 × √ 

2)R45 ° reconstruction due to subsurface cation vacancies (SCV) (octahedrally 

coordinated Fe oct are dark blue, tetrahedrally coordinated Fe tet are light blue, O atoms are red, and Ni atoms are light green). The STM image below shows the clean surface 

and its common defects: surface O s H groups, antiphase domain boundaries and unreconstructed unit cells. In (b) Ni adatoms are adsorbed in the 2-fold-coordinated surface 

sites, each formed by two undercoordinated O atoms. In the STM image below, the Ni adatoms are highlighted by light blue circles (the Ni coverage is 0.15 ML). In (c) the 

Ni is incorporated into the subsurface and occupies the vacant octahedral site or replaces a surface Fe oct atom in a metastable configuration. Both types of incorporated Ni 

are shown in the STM image below, highlighted by red and yellow respectively. (The coverage of the Ni adatoms was 0.40 monolayers (ML) before the incorporation, where 

1 ML Ni is defined as one nickel atom per ( 
√ 

2 × √ 

2)R45 ° unit cell or 1.42 × 10 14 atoms per cm 

2 . This figure is adapted from Ref. [15] . 
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s common to observe surface hydroxyl groups O s H (i.e. hydro- 

en atoms bonding to surface oxygen atoms, which are themselves 

ot imaged) as bright protrusions on the Fe rows. This occurs be- 

ause the hydroxyl modifies the density of states of the nearby Fe 

ations, causing them to appear brighter in empty-states STM im- 

ges [ 12 , 13 ]. Fig. 1 a also displays other common defects visible on

he clean surface, such as antiphase domain boundaries, which are 

maged as meandering line defects, and unreconstructed unit cells, 

hich appear similar to two neighboring hydroxyl groups. These 

re caused by two additional Fe atoms in the subsurface layer (in- 

tead of one interstitial Fe), which again modifies the density of 

tates of the surface atoms [ 12 , 14 ]. It is not possible to image the

urface oxygen atoms in STM as they have no density of states in 

he vicinity of the Fermi level. However, their positions are exactly 

nown from density functional theory calculations and quantitative 

ow-energy electron diffraction (red in model in Fig. 1 a) [10] . 

The surface reconstruction makes it possible to progressively 

odify the magnetite surface and accommodate foreign metal 

toms (such as nickel) in specific positions. [11] Following Ni evap- 

ration under the appropriate temperature conditions, it is possi- 

le to obtain two different Ni geometries: Ni adatoms 2-fold coor- 

inated to surface oxygen atoms (model in Fig. 1 b, green) and in- 

orporated Ni occupying octahedrally coordinated sites below the 

urface (model in Fig. 1 c) [ 11 , 15 ]. Ni deposition at room tempera-

ure leads to Ni adatoms in the 2-fold coordination, which are im- 

ged in STM as isolated, bright protrusions appearing between the 

e rows (light blue circles in Fig. 1 b). The transition from 2-fold to

-fold coordination is achieved by annealing the surface at 200 °C 

or 10 minutes. As the incorporated Ni atoms are in the subsur- 

ace, they cannot be imaged directly in STM, but they modify the 

lectronic structure of the nearby Fe cations, making them to ap- 
3 
ear brighter in empty-state images (red circles in Fig. 1 c) [ 11 , 15 ].

heir appearance is similar to the unreconstructed cell discussed 

arlier ( Fig. 1 a). Furthermore, the STM image in Fig. 1 c shows ad-

itional protrusions within the Fe rows (highlighted with yellow 

ircles), which we previously assigned to Ni replacing Fe atoms in 

he 5-fold-coordinated position in the top surface layer [15] . 

The incorporation of Ni in the vacant subsurface octahedral site 

s only possible if the interstitial Fe tet moves back into the other 

ubsurface octahedral site of the unit cell. The resulting cation re- 

rrangement closely resembles a bulk-truncated Fe 3 O 4 (001) sur- 

ace [ 11 , 16 ], and a (1 × 1) periodicity is observed in LEED. It is

ossible to recover the clean ( 
√ 

2 × √ 

2)R45 ° reconstructed surface 

y annealing to high temperatures, which causes the Ni atoms to 

iffuse into deep bulk layers. 

Hereafter, we deal exclusively with the incorporated Ni-doped 

agnetite shown in Fig. 1 c, which resembles the structure of 

ixed spinel ferrite, i.e., a Ni x Fe 3-x O 4 -like system, suggested to be 

ne of the most active phases in OER [ 17 , 18 ]. 

The XPS spectra in Fig. 2 a shows the Ni 2p region for different

overages after Ni was deposited onto the Fe 3 O 4 (001) surface at 

oom temperature and annealed at 200 °C. Five different total Ni 

epositions are considered: 1 ML (green), 10 ML (purple), 50 ML 

blue), 120 ML (pink), and 180 ML (light blue). Corresponding fits 

or the Ni 2p peaks are shown in Figure S1 in the supporting in- 

ormation. 

After deposition of 1 ML, a small signal is observed in XPS at 

55.5 eV, corresponding to the Ni 2p 3/2 peak [ 19 , 9 ]. This is a higher

inding energy than metallic Ni [19] , which, together with the 

trong satellite at ≈862 eV, indicates that the nickel is oxidized. 

arlier DFT calculations predicted that incorporated Ni atoms are 

i(II) [11] , as in NiFe 2 O 4 . 
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Fig. 2. XPS (Al K α, 70 ° grazing emission) and LEIS spectra (1.225 keV He + , scattering angle 137 °). (a) XPS spectra of the Ni 2p region after doping the Fe 3 O 4 (001- √ 

2 × √ 

2)R45 ° surface with 1 ML Ni (green), 10 ML Ni (purple), 50 ML Ni (blue), 120 ML Ni (pink), and 180 ML Ni (light blue). XPS spectra of the corresponding Fe 

2p region can be found in Figure S 1a in the supporting information. (b-e) LEIS spectra of the clean and Ni-doped Fe 3 O 4 (001)-( 
√ 

2 × √ 

2)R45 ° surfaces shown in (a), and 

corresponding fits. The fitted spectra show an Fe:Ni ratio of (c) 55:45, (d) 40:60, and (e) 15:85, for the 10 ML Ni-, 50 ML Ni-, and 120 ML Ni-doped magnetite surface 

respectively. The LEIS spectra shown are the result of averaging of several consecutive scans and their fits were obtained using the software CasaXPS. 
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As the Ni deposition increases to 10 ML, the Ni 2p 3/2 at 855.5 

V increases in intensity, together with the 861.9 eV satellite and 

he 2p 1/2 peak at 873 eV, which are harder to see at lower Ni cov-

rage. These features increase in intensity as the Ni deposition in- 

reases up to 50 ML. At even higher Ni load (120 ML), two new

ignals at 853.1 eV and 870.2 eV emerge, indicating that metallic 

i is present on the surface [19] . At 180 ML Ni doping, the XPS

pectrum changes shape to a peak with only two main features at 

53.1 eV and 870.2 eV, indicating that the surface is fully covered 

ith metallic Ni. 

We imaged the Fe 3 O 4 (001) surface before and after Ni-doping 

sing ambient AFM right after removing the crystal from the UHV 

hamber ( Fig. 3 a-d). The corresponding LEED patterns acquired in 

HV are shown as insets in each AFM image. 

The clean Fe 3 O 4 (001) surface appears overall flat in am- 

ient AFM, with micrometer-wide terraces separated by step 

unches [20] ( Fig. 3 a). The corresponding LEED pattern exhibits the 

 

√ 

2 × √ 

2)R45 ° periodicity of the SCV reconstruction [10] (yellow 

quare in the inset). 

Fig. 3 b shows the AFM image of a magnetite surface doped with 

0 ML Ni. The large terraces as well as the step bunches observed 

arlier [20] on the clean magnetite remain visible, suggesting that 

he doping did not affect the overall surface morphology. Isolated 

white) features 0.4-0.6 nm high are visible on the surface. Based 

n the corresponding line profile ( Fig. 3 a´,́ blue), which shows step 

eights similar to what is observed in Fig. 3 a, we suspect these 

o be residues originating from dust or carbonaceous species. The 

EED pattern in the inset shows that the reconstruction spots are 

ow absent and a (1 × 1) symmetry is observed (blue square), 

hich is known to occur above 1 ML Ni atoms incorporated in the 

ubsurface [11] . 
p

4 
Fig. 3 c-d show AFM images of magnetite surfaces following 

oping with 120 ML and 180 ML Ni, respectively. The surface in 

c) exhibits a rougher morphology than observed in (a) and (b), 

ith a corrugation of ≈0.5 nm ( Fig. 3 c´,́ lilac). Accordingly, the 

orresponding LEED pattern shows weaker (1 × 1) spots. Follow- 

ng higher Ni doping, the surface morphology changes consider- 

bly (d). Although the step bunches are still visible underneath, the 

urface appears covered in round features having height of ~2nm 

 Fig. 3 d´,́ lilac). Based on the XPS data showed in Fig. 2 a, we as-

ign these features to metallic Ni clusters. The corresponding LEED 

attern shows very weak (1 × 1) spots with a high background, in- 

icating an increasing fraction of the surface covered by structures 

ith no well-defined crystallographic relationship to the substrate, 

n agreement with the presence of metallic agglomerates on the 

urface. 

A quantitative measurement of the surface composition, given 

s the Fe:Ni ratio for each Ni modified surface can be obtained 

ith LEIS measurements ( Fig. 2 b-e). The clean surface exhibits a 

EIS peak centered at 910 eV ( Fig. 2 b), corresponding to the surface 

e atoms. Following 10 ML Ni doping, the LEIS signal is broader 

nd shifts to higher kinetic energy KE ( Fig. 2 c, purple). This peak 

an be well fitted by a (slightly shifted) peak from the surface Fe 

nd an additional component at 931 eV corresponding to the Ni 

 Fig. 2 c, green and blue respectively). By comparing the area of 

he Fe and Ni contributions we can estimate an Fe:Ni top surface 

atio on the 10 ML Ni-doped surface of 55:45. Similarly, we cal- 

ulate that the surfaces following 50 ML and 120 ML Ni-doping 

how Fe:Ni ratios of 40:60 and 15:85, respectively. At higher Ni- 

oping (180 ML) the whole surface is covered in metallic Ni parti- 

les, which makes it difficult to use LEIS to quantify the Fe:Ni sur- 

ace ratio. Therefore, we restrict ourselves to the coverage regime 

rior to the formation of metallic Ni clusters. 
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Fig. 3. Ambient-AFM images of the clean and Ni-doped Fe 3 O 4 (001) surfaces before and after OER in 1 M NaOH. The surface morphologies of the (a) clean Fe 3 O 4 (001), and 

Ni-doped surfaces following (b) 50 ML Ni, (c) 120 ML Ni, and (d) 180 ML Ni deposition before OER are shown together with the corresponding LEED pattern acquired in 

UHV (insets). The middle part of the figure (a -́d ́) shows the morphology of the above-mentioned surfaces after they have been exposed to the electrolyte for three days and 

cycled until a stable OER current was observed. Each AFM image is shown without (top half) and with (bottom half) high-pass filter. The bottom part of the figure, (a´-́d´)́, 

shows the corresponding line profiles of the surfaces as prepared in UHV (lilac) and after OER (blue). 
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Fig. 2 b-e also shows how the surface oxygen peak (centered at 

470 eV) evolves as a function of the Ni doping. The intensity of 

he surface oxygen peak seems to remain constant as the Fe:Ni ra- 

io decreases down to 40:60. Differently, a clear decrease in the 

xygen intensity is observed for the surface with lower Fe:Ni ratio 

15:85). We can speculate that this behavior correlates with the 

resence of some metallic Ni on top, as observed in the XPS in 

ig. 2 a, pink. 

Importantly, no systematic change in consecutive scans was ob- 

erved, which rules out substantial damage to the surface by He + 

puttering during LEIS measurements. In what follows, we will use 

he LEIS-determined Fe:Ni ratio to refer to our model catalysts. 

.2. Electrochemical performance 

The electrochemical performance of the clean and Ni-doped 

e 3 O 4 (001) surfaces was investigated using cyclic voltammetry. The 

verpotential required to reach a given current density is a key 

atalytic parameter to compare several catalysts and to estimate 

he energetic efficiency of integrated (photo-) electrochemical wa- 

er splitting devices [3] . The cyclic voltammograms ( Fig. 4 a) were 

cquired in 1 M NaOH under Ar with a scan rate of 10 mV s −1 

fter cycling the electrode until a stable OER current could be ob- 

erved on two subsequent CVs. Data corresponding to the surfaces 
5 
maged in Fig. 3 a-d are shown, as well as for surfaces with an Fe:Ni

atio of 98:2 and 55:45. Furthermore, CVs collected before and af- 

er electrochemical impedance spectroscopy (EIS) measurements - 

escribed later in section 3.4 - up to 1mA ·cm 

−2 (see Figure S2) 

howed that our catalysts are stable over the time range of our ex- 

eriments (typically 5-9 hours). 

The clean Fe 3 O 4 (001) surface shows an overpotential of 597 mV 

t a current density of 5 mA ·cm 

−2 ( Fig. 4 a, black), and the surface

ith an Fe:Ni ratio of 98:2 (green) exhibits similar performance. 

s the Ni content in the subsurface increases, higher activity to- 

ards OER is observed. The OER overpotential decreases by ~110 

V when the Fe:Ni ratio is 55:45 (purple), and reaches ~340 mV vs 

HE when the Fe:Ni ratio is 40:60. A higher Ni load (Fe:Ni = 15:85, 

ink) results in a similar activity as the surface with Fe:Ni ratio of 

0:60. Additionally, the surface with an Fe:Ni ratio of 15:85 ex- 

ibits a pair of anodic and cathodic peaks at 1.369 and 1.311 V 

s RHE respectively (pink, inset in Fig. 4 a), consistent with the 

eversible oxidation of Ni(II) to a higher oxidation state (III), as 

t is reported for the case of the nickel hydroxide/oxyhydroxide 

ouple (Ni(OH) 2 /NiOOH) [21] . It can also be observed that the 

harge (peak area) of this peak increases with cycling, indicating 

he growth of a thicker Ni oxide film on top of the Fe 3 O 4 (001)

urface. These observations suggest a change in the Fe:Ni ratio at 

he surface following electrode cycling. When only metallic Ni is 
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Fig. 4. Oxygen evolution reaction (OER) on clean and Ni-doped Fe 3 O 4 (001) surfaces. (a) Cyclic voltammetry acquired in 1M NaOH, Ar atmosphere, and with a 10 mV/s scan 

speed. (b) Tafel slopes obtained from data in (a). In these panels the clean Fe 3 O 4 (001) is plotted in black, and the Ni-doped surfaces with an Fe:Ni LEIS (surface composition) 

ratio of 98:2, 55:45, 40:60, 15:85, and the one covered in metallic Ni are reported in green, purple, blue, pink, and light blue, respectively. The corresponding fit of the 

overpotential curve used for calculating the Tafel slopes is shown as black line for each curve and the length of each black line indicates the region used for the fit. (c) 

Overpotential for j = 5 mA ·cm 

−2 (left axis) and Tafel slopes (right axis) values from (a) and (b) as a function of the surface Fe:Ni ratio (expressed in percent). This diagram 

shows that the lowest overpotential is obtained for an ideal surface Fe:Ni ratio between 15-40% range. 
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resent on the as-prepared sample, an increase in the overpoten- 

ial of ~88 mV is observed ( Fig. 4 a, light blue). A corresponding

ncrease in the charge of the Ni(OH) 2 /NiOOH peak is observed, as 

ell as anodic shifts of 170 mV and 130 mV for the anodic and

athodic peaks respectively. A similar anodic shift of the Ni peak 

as been observed with increasing Fe:Ni ratio in the NiOOH phase 

ither by co-deposition of Fe during the film synthesis [ 22 , 23 ] or

y incorporation of Fe impurities from the electrolyte into NiOOH 

lectrodes [24] . Moreover, the charge of the Ni(OH) 2 /NiOOH peak 

emains constant with cycling, indicating a saturation of the sur- 

ace with nickel (oxy)hydroxide. 

As a comparative metric of activity, Tafel plots are also shown 

 Fig. 4 b). The determination of Tafel slopes can help elucidating 

he rate-limiting step of a mechanism, but their analysis is particu- 

arly difficult in the case of multiple electron-proton transfer reac- 

ions such as OER [3] . The clean and low Ni-doped (Fe:Ni = 98:2)

urfaces display values of 92 mV/dec and 88 mV/dec respectively, 

hereas the Ni-doped Fe 3 O 4 (001) surfaces with a Ni load of 50- 

5% all show similar values in the range 50-61 mV/dec. 

In Fig. 4 c we plot the overpotential values and the Tafel slopes 

howed in Fig. 4 a-b as a function of the surface Fe:Ni ratios. In-

erestingly, the lowest OER overpotential values are obtained for 

he catalysts with a surface Fe:Ni ratio between 15-40 %, in agree- 

ent with what is reported in literature for the best OER powder 

atalysts [9] . Furthermore, the Tafel slopes fall in the same range 
6 
s observed for NiFe (oxy)hydroxide catalysts, which typically vary 

etween 25 and 60 mV/dec [9], which could point towards a sim- 

lar OER reaction mechanism [21] . 

To check whether catalyst aging in electrolyte affects the ac- 

ivity, we performed cyclic voltammetry on the same surfaces af- 

er leaving the Ni-doped electrodes for three days in electrolyte. 

ig. 5 a-b show CVs of the surfaces with an Fe:Ni ratio of 40:60 

blue), 15:85 (pink), and a sample with metallic Ni clusters (light 

lue); the dashed curves show the performance after aging. The 

ged samples show a decrease of the OER overpotential by ~20- 

00 mV, in good agreement with what has been observed for pow- 

er catalysts prepared by wet chemistry [ 9 , 25 ]. Interestingly, the 

urface with an Fe:Ni ratio of 15:85 is similarly active to the one 

ith Fe:Ni ratio of 40:60 when freshly prepared, but shows a much 

ower onset of the overpotential after aging. This observation in- 

icates a profound structural difference in the two catalysts, de- 

pite the similar performance at first. Fig. 5 b shows a magnifica- 

ion of the capacitive regions of the CVs. The Ni-doped magnetite 

ith metallic Ni at the surface (light blue) shows an anodic oxi- 

ation peak before OER onset and subsequent cathodic reduction 

n the backward scan direction. On the surface with an Fe:Ni ratio 

f 15:85 (pink), these peaks evolve upon cycling and aging, both 

n terms of charge as well as shift in overpotential. However, this 

ffect is not so marked in the case where the whole surface is cov- 

red with metallic Ni clusters, where only a (slight) shift in poten- 
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Fig. 5. Oxygen evolution reaction (OER) on clean and Ni-doped Fe 3 O 4 (001) surfaces before and after three days aging. (a) Cyclic voltammetry acquired in 1M NaOH, under 

Ar atmosphere, and with a 10 mV ·s −1 scan rate. (b) Zoom into the lower overpotential region shows changes in the anodic and cathodic waves for the surfaces with higher 

Ni load, before the OER onset. (c) Tafel plots obtained from data in (a) with Tafel slopes indicated. Each panel shows the activity of the Ni-doped surfaces with an Fe:Ni 

ratio of 40:60, 15:85, and the one with metallic Ni clusters, right after preparation (solid blue, pink and light blue), and after aging the sample in electrolyte for three days 

(dashed blue, pink and light blue). The corresponding fit of the overpotential curve used for calculating the Tafel slopes is shown as black line for each curve and the length 

of each black line indicating the region used for the fit. 
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ial is observed (blue). The interpretation of the redox behavior is 

n general very difficult due to possible formation of electrically 

isconnected domains upon cycling because of the different con- 

uctivity of the oxidized and reduced phase [26] . 

Fig. 5 c shows the comparison of the Tafel plots for the sur- 

aces in (a). The aged surfaces show Tafel slopes values in the 

ange 43-62 mV/dec range, similarly to the freshly prepared cat- 

lysts ( Fig. 4 b). 

.3. Catalyst surface characterization after reaction 

Fig. 3 a -́d´ shows the AFM characterization of the surfaces im- 

ged in Fig. 3 a-d after OER and three days aging in electrolyte. 

efore imaging, each surface was rinsed in milli-Q water several 

imes, for several minutes and blow-dried using a gentle Ar flow 

o minimize the presence of salt residue from the electrolyte. 

The morphology of the clean Fe 3 O 4 (001) remains unchanged af- 

er OER (a ́), and shows a smooth appearance with the wide ter- 

aces and step bunches still visible, in agreement with earlier sta- 

ility tests [20] . The presence of small particles (white) is associ- 

ted with residue from the electrolyte. 

Fig. 3 b´ shows the AFM image of the surface imaged with ini- 

ially 40:60 Fe:Ni ( Fig. 3 b) after resting in electrolyte for three 

ays, followed by cycling the electrode until a stable current was 

bserved ( Fig. 5 ). The terraces and step bunches remain visible 

nderneath, but white features of irregular shape and height be- 
7 
ween 1-2 nm are now common on the surface (blue line profile 

n Fig. 3 b´)́. 

Fig. 3 c -́d´ show AFM images of the 15:85 and metallic Ni sur- 

aces, respectively, after the electrode has been exposed to the 

lectrolyte for three days and cycled until a stable OER current 

as observed ( Fig. 5 ). Their morphologies appear similar in AFM. 

ue to the appearance of protrusions with 3-7 nm (line profile in 

igure 3 c´,́ blue) and 4-8 nm high (line profile in panel d´,́ blue),

t is almost impossible to discern remainders of the original sur- 

ace morphology consisting of flat and wide terraces. Since the 

ensity and height of the protrusions increases with Ni content, 

hey likely consist of a Ni-(oxy)-hydroxide phase, grown from pre- 

xistent metallic Ni upon electrochemical cycling [25] , in agree- 

ent with equilibrium potential −pH diagrams (i.e. Pourbaix dia- 

rams) that show NiOOH as the predominant species in neutral- 

o-basic aqueous solutions at OER potentials [25] . 

.4. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) measurements 

ere performed on the Ni-doped model catalysts electrochemi- 

ally investigated in Fig. 4 . In the OER region the EIS Nyquist plots

Figure S3a) exhibit two relaxation processes characterized by two 

emi-circles that can be assigned to two capacitances while the 

hase in Bode plots (Figure S3b) exhibits two maxima eventually 

erging into a broad peak. This impedance behavior is consistent 

ith previous measurements on metal transition oxides and per- 
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Fig. 6. Electrochemical impedance spectroscopy on Ni-doped Fe 3 O 4 (001) surfaces. (a) Double layer capacitance and (b) minimum values of C dl in the double-layer region;(c) 

adsorption capacitance (C ads ) and potential of the maximum of C ads for the Ni-doped magnetite surfaces. In panel (a) and (c) capacitance values are shown for the Ni-doped 

Fe 3 O 4 (001) surfaces with an Fe:Ni ratio of 98:2, 55:45, 40:60, 15:85, and the one fully covered in metallic Ni clusters are reported in green, purple, blue, pink, and light blue, 

respectively. The equivalent circuit used to fit the electrochemical impedance spectroscopy data is shown as an inset in (a) and it consists of the following elements: R �
represents the uncompensated solution resistance; C dl models the double layer capacitance; the polarization resistances R P in combination with R S are commonly interpreted 

as the charge transfer resistances of the electrosorption and desorption processes. Finally, C ads, the adsorption pseudo-capacitance in parallel with R S models the relaxation 

of the charge associated with the adsorbed intermediate [27] . 
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vskites during the OER. [ 27 , 28 , 29 ] The EIS response can be mod-

lled by the equivalent circuit (EC) shown as an inset in Fig. 6 a

ith a double-layer capacitance (C dl ) in parallel with the combi- 

ation of a polarization resistance (R p ) and an adsorption pseudo- 

apacitance (C ads ) in parallel with a resistor R s . The C dl element 

ccounts for the charging of the electrified interface. C ads models 

he accumulation of an adsorbed intermediate involved in the rate- 

imiting step of the OER. The sum of the resistive elements R s and 

 p bear a physical meaning as the zero-frequency electron transfer 

esistance defined as R f = R p + R s , i.e., the slope of the steady-

tate polarization curve after Ohmic-drop compensation. R � rep- 

esents the electrolyte resistance. It has to be noted that both ca- 

acitors were modeled as constant phase elements (CPEs), defined 

s Z = C −1 
n =1 

( jω ) −n , where C −1 
n =1 

is the impedance of the capacitor 

ithout frequency dispersion, i.e., if the coefficient n = 1 which 

s the case for a perfect capacitor. The interpretation of the CPEs 

ispersion coefficient n is varied and complicated; its origin has 

een attributed to surface roughness, inhomogeneities, or inhomo- 

eneous adsorption of ions [30] . In the double-layer region, prior 

o the onset of the OER, we will show in a separate work that the

mpedance response of the single-crystal magnetite electrode has 

o be modified by adding a Warburg element in series with C ads 

orresponding to a diffusion impedance that we attribute to elec- 

rolyte cations intercalating into the oxide (Figure S4a). Of interest 

n this work is the impedance response in the OER region. 

All the surfaces investigated in this work, with the exception 

f the one fully covered by metallic Ni clusters (light blue), show 

 roughly constant double layer capacitance values in the 10-25 

F ·cm 

−2 range prior to the OER onset ( Fig. 6 a). The exponent
8 
f the CPE element used for the fitting was equal to 1 in the 

ouble-layer region (Figure S4d) and diverged from 1 at high cur- 

ent densities or when Ni is exposed such that Ni(OH) 2 is oxi- 

ized to NiOOH. These values are comparable to a C dl observed on 

etallic single crystals, suggesting that our catalysts have a per- 

ect capacitor-like behavior. Fig. 6 c shows the value of this capac- 

tance as a function of the Ni content: C dl slightly increases from 

0 to 15 μF cm 

−2 as the Ni loading increases, but a higher value is

bserved in the case of the surface fully covered with Ni metallic 

lusters (180 ML). The higher C dl values observed for this surface 

ay be explained by the formation of an irregular Ni(OH) 2 layer 

pon oxidation of the metallic Ni by contact with the electrolyte. 

n this way, more active surface area is exposed to the electrolyte 

nd polarized, leading to a higher C dl . 

The adsorption capacitance plot in Fig. 6 c shows that the Ni- 

oped Fe 3 O 4 (001) surfaces display a peak with similar C ads values 

ndependent of the Ni doping level, which however shifts to lower 

verpotential as the Ni load increases ( Fig. 6 d). The surface fully 

overed with metallic Ni clusters appears to develop two addi- 

ional capacitance peaks ( Fig. 6 c). The overlay of the corresponding 

V and C ads in Figure S3e, shows that the additional initial (pre- 

peak is observed at the same potential as the Ni(OH) 2 oxidation 

eak. 

The group of Bandarenka [ 31 , 32 ] associated the observation of 

eaks or increase in C ads to the adsorption of OER reaction inter- 

ediates and reported them for various transition metal oxides. 

hese observations suggest that the formation of the intermediate 

pecies before the onset of the OER involves similar mechanisms 

or pure and Ni-modified magnetite. This is also supported by the 
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act that value of C ads retains similar values at the maximum of the 

eak. From the capacitance data in Fig. 6 a and c we can draw the

ollowing conclusions: (i) given that the initial C dl values hardly 

ary with Ni loading, there is no significant increase in electro- 

hemically active surface area, and the catalytic effect of Ni shown 

n Fig. 4 cannot be ascribed to an effective enhancement of the sur- 

ace area; (ii) the fact that a similar peak in C ads is observed for all

urfaces, also the one where Fe is expected to be the only active 

ite (98:2), would be in agreement with the commonly held view 

hat Fe is the active site in NiFe catalysts, but that it becomes more 

ctive in an Ni environment. The presence of two peaks in the EIS 

f the metallic Ni-decorated surface if not a noise effect can be in- 

erpreted as two types of adsorbates on Ni (and perhaps Fe) sites 

hat are accessible due to the porosity and layered structure of Ni 

lms, providing access to active sites down to 5 nm in depth [33] . 

. Discussion 

The experimental data acquired on clean and Ni-doped 

e 3 O 4 (001) surfaces show that Ni doping enhances the OER activ- 

ty of magnetite. Electrochemical voltammetric responses, in com- 

ination with surface sensitive techniques, suggest a strong depen- 

ence of the OER activity on the atomic structure of the surface 

xposed to electrolyte. In particular, LEIS measurements indicate 

hat the catalyst with the best OER performances, with an overpo- 

ential of 340 mV vs RHE at 5 mA ·cm 

−2 , exhibits a surface Fe:Ni

atio of 40:60. 

In order to shed light on how the presence of Ni affects the 

agnetite atomic surface structure-activity relationship, the fol- 

owing observations have to be considered: 

We have previously shown that following 1 ML Ni-doping and 

ubsequent mild annealing at 200 °C, the Ni atoms fill all the va- 

ant sites in the Fe 3 O 4 (001) subsurface, resulting in neighboring 

e and Ni in the second surface layer [8] . The voltammetric re- 

ponse of this surface (green, Fig. 4 a) shows no improvement in 

he OER activity compared to the clean magnetite. Corresponding 

EIS measurements (see supplemental material, Figure S6) suggest 

hat this surface exhibits a surface Fe:Ni ratio of 98:2, confirming 

hat almost no Ni is present in the outermost surface layer. These 

esults suggest that the presence of subsurface Ni is insufficient 

o improve the OER activity. Based on our XPS and LEED data, we 

ropose that modification of the Fe 3 O 4 (001) surface with a Ni load 

 1 ML leads to the formation of a multilayer mixed ferrite spinel 

xide with a structure similar to Ni x Fe 3-x O 4 -like systems. Now the 

odel catalyst exposes both, Fe and Ni atoms in the outermost sur- 

ace layer as seen from LEIS. In these conditions, the OER activity 

ncreases, reaching a maximum when the surface exposes an opti- 

um Ni content of 60-85%. XPS and LEED suggest that the struc- 

ure of this surface stays characteristic of mixed spinel up to a Ni 

oping corresponding to a surface Fe:Ni ratio of 40:60. Higher Ni 

oping results in the formation of metallic Ni clusters, which com- 

romise the spinel long-range order, leading to a loss of atomic 

ontrol without substantial further enhancement of the activity 

nd, eventually, a decrease in the OER activity when Fe is no longer 

ccessible. 

Our AFM results suggest that the surface prepared with an 

e:Ni ratio of 40:60 appears stable after OER, albeit with some 

ew features, 1-2 nm high, scattered all over the surface. In con- 

rast, the surfaces with higher Ni loads show the growth of a new 

hase, which increases in volume and roughness (effective surface 

rea) as the metallic Ni concentration increases. This suggests the 

rowth of a new phase on top of the doped magnetite surface. On 

he basis of our XPS results, as well as earlier studies [ 25 , 34 , 35 ],

e interpret this phase as the growth of Ni-(oxy)-hydroxide. Sim- 

lar phases have been also observed on powder Fe-Ni based cat- 

lysts, and have reported in literature to affect the catalytic ac- 
9 
ivity towards OER [9] . In particular, Burke et al . [25] observed 

hat electrochemical cycling leads to a transformation from nano- 

rystalline NiO x films to a layered (oxy)-hydroxide that correlates 

ith an increase in OER activity. Similarly, Deng et al . [35] moni- 

ored the dynamic changes of single layered Ni(OH) 2 using in situ 

lectrochemical-AFM, and observed dramatic morphology changes 

lready after one linear voltammetry sweep, as well as a direct re- 

ation between increase in OER activity and increase in volume and 

edox capacity of the layered oxy-hydroxide phase. Our results are, 

owever, are not entirely in agreement with these observations. 

he increase in volume and surface area of the hydroxide phase 

oes not correlate directly with our catalysts’ activity: the surface 

ith the highest amount of the Ni-(oxy)-hydroxide phase and re- 

ox capacity is ≈ 200 mV less active than the (almost) flat surface 

ith Fe:Ni ratio 40:60. At this Ni surface concentration, we do not 

bserve in AFM ( Figure 3 b ́) the growth of the new phase covering

 large fraction of the surface, but only some scattered features. 

evertheless, the activity of this surface (expressed by the overpo- 

ential, Fig. 5 a) is close to the optimum. This clearly indicates that 

he layered Ni-(oxy)-hydroxide is not the active phase in our cata- 

yst. 

It is also important to mention that the activity exhibited by 

he surface prepared with a Fe:Ni ratio of 40:60, with an overpo- 

ential of 340 mV vs RHE is comparable to values reported for OER 

n (Fe)Ni based catalysts [34-40] . For comparison, the overview in 

able 1 shows a selection of some of the best OER catalysts based 

n Ni-Fe oxides reported in literature. The lowest overpotential val- 

es measured on these catalysts at 5 mA ·cm 

–2 vary typically in the 

10 - 347 mV vs RHE range (in 1 M KOH or NaOH electrolyte). 

imilar overpotential values were also obtained from our surface 

repared with a higher Ni load (Fe:Ni = 15:85). 

When comparing the latter surface with the one having an 

e:Ni ratio of 40:60 after electrochemical cycling and subsequent 

ging for three days in electrolyte, a different activity trend is ob- 

erved (dashed lines in Fig. 5 a). On the one hand, both surfaces 

how a significant increase in activity following voltammetric cy- 

ling and aging, in agreement with previous studies [ 3 , 35 ]. On the

ther hand, their activity does not increase in the same way. Sur- 

risingly, the surface with metallic Ni shows a much lower onset 

f the OER overpotential than the one with an Fe:Ni of 40:60, de- 

pite the similar performances when freshly prepared. This surface 

s by far the most active with an overpotential of 247 mV vs RHE. 

owever, it has to be taken into account that this surface, being 

haracterized by the presence of a large fraction of metallic Ni in 

he as-prepared state, shows neither a well-defined spinel struc- 

ure nor any other ordered structure over most of the surface and, 

herefore, cannot serve as a model system. Since one of the scopes 

f this work is to propose a working model system for the under- 

tanding of the OER mechanism, a compromise between activity 

nd the ability to preserve atomic control has to be made. In this 

egard, the surface with a Fe:Ni ratio of 40:60, very well defined, 

table and highly active, fits the criteria to be used as model cata- 

yst. 

Finally, the analysis of the Tafel plots and adsorption capaci- 

ance measurements can help extracting information to identify 

he OER active sites. Our Ni-modified magnetite surfaces show 

imilar absolute Tafel slopes values ( Figs. 5 b and 6 c) in the 43-62

V/dec range, independent of the degree of Ni doping for Fe:Ni 

atios down to 15:85. Furthermore, the clean and the Ni-modified 

urfaces show similar maximum values of the adsorption capaci- 

ance before the OER onset. These values are associated to the ap- 

earance of the OER precursors [ 31 , 32 ] and the shift to lower over-

otentials as the Ni doping increases and finally reaches a steady 

alue with the optimal Ni content (Ni content ≈ 60-80%). 

To explain these observations, we propose the following sce- 

ario: the intermediate species that forms on the surface before 
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Table 1 

Comparison of our model system activity with real catalysts from recent works. 

Catalyst Ni:Fe ratio Electrolyte Overpotential vs RHE 

(mV) at j = 5 mA • cm 

−2 

Tafel Slope (mV • dec −1 ) Ref. (year) 

Ni-Fe 3 O 4 (001) 60:40 1 M NaOH 340 57 This work 

NiFeO x film 9:1 1 M KOH 336 30 Ref. [36] (2013) 

NiFe LDH 3:1 1 M KOH 347 67 Ref. [37] (2014) 

NiFe LDH 80:20 1 M NaOH 260 21 Ref. [38] (2016) 

Ni-Fe 4:1 1 M KOH 331 58 Ref. [39] (2015) 

NiFe LDH 78:22 1 M KOH 280 47.6 Ref. [40] (2014) 

NiFe LDH/CNT 5:1 1 M KOH 247 31 Ref. [41] (2013) 

NiFe/NF 3:1 1 M KOH 215 28 Ref. [42] (2015) 

Abbreviations: LDH, layered double hydroxide; NF, Ni foam; CNT, carbon nanotubes. 
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he onset of the OER might be the same on the clean surface as 

ell as on the Ni- modified one, indicating Fe as the active sites. 

ccordingly, the right amount of Ni in the spinel surface does not 

ause the formation of intermediates but facilitates it. Similar con- 

lusions have been proposed by Bell and co-workers who used DFT 

o compare the OER activity of pure and Fe-doped γ -NiOOH and of 

ure and Ni-doped γ -FeOOH catalysts [43] . They showed that pure 

-NiOOH adsorbs the OER intermediates too weakly and pure γ - 

eOOH too strongly. They found a considerable increase in activity 

or Fe sites that are surrounded by Ni next-nearest neighbours in 

oth γ -NiOOH and γ -FeOOH. Similar results have also been ob- 

ained by Klaus et al. who, on the basis of turnover frequency (TOF) 

alculations, proposed Fe atoms as the OER active sites in Fe-doped 

iOOH catalysts [24] . 

Nevertheless, despite the fact that the OER mechanism on NiFe- 

ased catalysts is still unclear together with several fundamental 

pen questions such as the clear identification of the rate limiting 

tep, our results tend to confirm that the OER intermediates are 

ocated on Fe sites, the surrounding Ni having a promoting effect 

n the latter. Furthermore, a deep understanding of the observed 

lectrode aging effect on the OER activity, following long exposure 

f the material to the electrolyte, remains open, but reveals the 

mportance of the nature of the electrolyte and its interaction with 

he material. 

Moreover, it should be pointed out that the use of a single 

rystal enables an accurate determination of the electrochemically 

ctive surface area (ECSA) of these materials and provides refer- 

nce values for the double-layer capacitance and adsorption capac- 

tance on Fe-Ni based catalysts. The double-layer capacitance val- 

es are slightly affected by the Fe:Ni ratio and this should be taken 

nto consideration for further determination of the ECSA of such 

lectrodes [ 31 , 32 ]. Additionally, our results point out that, beyond 

he Fe:Ni ratio, the nature of the interface (spinel or separated 

iOOH/Fe-Ni spinel) significantly affects the capacitance of the in- 

erface and its use as a reference for ECSA determination could be 

ompromised. 

. Conclusions 

The high intrinsic OER activity of mixed Fe-Ni oxides motivated 

ur effort s to make further steps in the understanding of the fun- 

amental roles of Fe and Ni in OER catalysis. 

In this work, we show a combined surface sci- 

nce/electrochemistry approach for the preparation of well- 

efined Ni-modified Fe 3 O 4 (001) surfaces and the investigation 

f their electrochemical performances with respect to OER. We 

ave found that the surface prepared with an Fe:Ni ratio of 40:60 

hows a performance comparable to those of the best powder 

atalysts reported in literature, and still maintains a well-defined 

tructure. Being at the same time simple, highly active, and stable 

nder operation conditions, this surface is an ideal candidate to 

erve as a working model system to gain atomic-scale insights 
10 
nto the complicated OER mechanism. Whereas a Ni-based phase, 

robably a Ni (oxy)hydroxide covers all of the surface at high Ni 

overage, the highest activity is observed when the Ni-modified 

e 3 O 4 (001) surface is still accessible, indicating that this surface is 

ssential for the reaction. Electrochemical impedance spectroscopy 

uggests that on our Fe-Ni catalyst, the active site for the OER is 

ocated on Fe atoms at the surface regardless of the Ni:Fe ratio in 

he structure, suggesting that the Ni does not cause the formation 

f intermediates but facilitates it. 

Putting our results in the context of future perspective, a well- 

efined model system such as the Ni-modified Fe 3 O 4 (001) pre- 

ented in this work is desirable to address the fundamental as- 

ects that are still controversial. With a limited variety of possi- 

le adsorption sites and being accessible to methods benefitting 

rom on single-crystal surfaces, this model surface could thus be 

sed for further investigations on the exact nature of the adsor- 

ates involved in the rate limiting step, using in-situ surface sci- 

nce techniques, to shed more light on key parameters to improve 

he stability and activity of amorphous catalysts used in water 

plitting devices. We also believe that the good agreement of our 

esults with what is reported in the literature for powder or amor- 

hous catalyst makes our model surface worthwhile to be used as 

 model to guide future computational studies. 
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