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S1.DETERMINATION OF NI CONTENT
Samples were probed with XPS. All Fe 2p spectra (Fig. 1S-a) confirm the formation of Fe2O3, with a main Fe 2p3/2 line at 
710.9 eV and shakeup satellite at 718.7 eV in agreement with the presence of the Fe3+ oxidation state [1]. The Ni 2p 
spectra (Fig. 1S-b) highlight the higher Ni content within sample pt45 with respect to pt43, as proven by increasing Ni 
2p intensities, and similarity with the spectra to a NiFe2O4 reference [2]. The position of the Ni 2p1/2 and Ni 2p3/2 lines 
are in agreement with the presence of Ni2+.  Ni/Fe ratios were determined from XPS data using the CASAXPS software 
[15].

Figure 1S. XPS spectra of the Ni-doped maghemite samples: (a) Fe 2p, (b) Ni 2p.

However, as shown by figure 1S-b, the very low intensity of the Ni 2p for sample pt43, due to the very low Ni content, 
lead to a high relative error associated to the calculation. To have a better determination of the Ni/Fe ratios, samples 
were investigated via X-ray fluorescence spectroscopy (XRF). Using the bending-magnet radiation of the SAMBA 
beamline, XRF spectra were acquired from the samples using a beam energy (Eb) of 8600 eV. Five scans were collected 
for each sample. XRF analysis highlight the presence of Iron, Nichel and a very small signal coming from the M emission 
line of the Pt substrate (see Fig. S2). The argon peaks can be expected when performing a fluorescence experiment in 
air. Quantitative XRF analysis was carried out by fitting the Kα emission lines of Fe and Ni, after the background removal. 
The value of the maximum intensity of the two function (IFe and INi) was extracted for each scan and the obtained values 
were averaged. The error was estimated equal to the higher standard deviation between the measurements. The 
calculation was carried out following the procedures discussed in the doctoral thesis of McBriarty [3] and Klung [4]. In 
this case, considering that the dead time correction for the Si detector is applied by the acquisition software and that 
the detector efficiency is   ̴1 at both energies, the Ni/Fe ratio of each sample can be calculated by the following formula:
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Figure 2S. (a) full XRF spectra of two selected samples (elastic peak was hidden to improve visualization); (b) Fe and Ni K emission lines; (c) Ni/Fe 
ratios obtained via XPS and XRF.

T(ENi) and T(EFe) are the transmittances in the optical path for the energy of the emission line of nichel (7.48 keV) and 
iron (6.4 keV) while σ is the total X-ray fluorescence cross-section, defined as the product of the photoelectric cross 
section of the shell at the given beam energy, the fluorescence yield and the fractional emission rate [4]. The values of 
the XRF cross sections for the Ni and Fe K edges at 8.6 keV were extrapolated from tabulated results [5]. As shown in 
Figure 2S-c, the results obtained via XRF are all within the experimental error of the XPS results (see tab. 1S).

Sample Thickness [nm] Ni/Fe (XPS) Ni/Fe (XRF) Name
Pt35 4 ± 0.5 0.033 ± 0.015 0.023 ± 0.011 Ni0.07Fe2.62O4 

Pt43 4 ± 0.5 0.038 ± 0.015 0.046 ± 0.005 Ni0.1Fe2.6O4

Pt45 4 ± 0.5 0.23 ± 0.01 0.231 ± 0.009 Ni0.53Fe2.3O4

Table 1S. Ni/Fe ratios estimated via XPS and XRF analysis. In red, the corresponding name used in the main text.

S2.OPERANDO XRF

Figure 3S. XRF of sample pt45 after the electrolyte insertion (OCV). The elastic peak at 8.6 keV has been excluded to improve visualization. On the 
right, the emission lines of Ni and Fe after 7 cycles in the OCV-2.09 V window (OCV-C7) are confronted.

To check for the possible dissolution of Ni and Fe particles into the electrolyte, the Kα  intensities of Fe and Ni have been 
acquired from sample pt45 just after inserting the electrolyte and after performing 7 cycles in the potential window 
1.15 to 2.09 V Vs RHE with a scan rate of 20 mV/s. After normalizing the spectra for the intensity of the respective elastic 
peak, the relative intensity of the Fe and Ni emission lines are directly correlated to the number of Fe and Ni atoms in 
the sample. As shown by the spectra in figure 3S, the presence of the 0.1 M KOH is highlighted by the presence of the K 
lines of potassium and calcium. In the inset on the right, the spectra have been normalized to the respective incident 
beam intensity: it is shown that both Fe and Ni intensity is moderately lower after 7 cycles (-16% Fe and -14% Ni). 
However, considering that there is no clear change in the Ni/Fe ratios, this hindering could be also attributed to a slightly 
higher liquid layer thickness in the second measurement (C7).



S3.ELECTROCHEMICAL ANALYSIS
The electrochemical reliability of the cell was tested cycling 10 nm thin Ni film deposited via sputtering on flat Ti 
substrate (Goodfellow, 0.125 mm, 99.99%). The ohmic drop was measured via the current interrupted method 
integrated in the EC-Lab software. Figure 4S show how the resistance increase as the liquid layer thickness above the 
sample is reduced, resulting in a variation of the ohmic drop of the system. By applying 99% iR correction, the shift of 
the applied potential is completely removed. Slightly broader features at a fast scan rate can still be observed when the 
liquid layer thickness is minimized (Figure 4Sb) suggesting possible charge transport limitation.

              a)    b)

Figure 4S. (a) Resistance Vs time measured in current interrupted mode at different Z position. (b) iR corrected cyclic voltammetry for two 
different liquid layer thickness.

As discussed by Jan Myland et al [10], the uncompensated resistance of a three-electrode electrochemical cell can be 
schematized as the electrolyte resistance between working and reference electrode. In our experiment, we measured 
the resistance of the cell using current interrupt method integrated in the EC-lab software. The sample connected at 
the working electrode was a 0.125 mm thick, 1 cm diameter Ti substrate, with 10 nm Ni film deposited via sputtering. 
Each measure was carried out while flowing at 1.7 ml/min a solution of 1 M KOH, averaging the results for 80 s applying 
500 μA (faradaic regime) and confronted with the values obtained at 50 μA (non-faradaic regime). The measure was 
repeated at different Z positions, with Z being the distance between the sample holder surface below the sample (WE) 
and the spacer. 

At low frequency, the resistance from the WE and the reference electrode can be schematized like 3 resistors in series: 

1. the volume of electrolyte above the sample surface (Rs)
2. the hollow cylinder between the counter electrode and the working electrode (RC)
3. The electrolyte volume in the tube connecting the CE compartment to the reference electrode (Rref).

Hence, similarly to the procedure presented in ref [10] we can calculate the total resistance as:
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With As and At area of the sample and tube respectively, ΔR the difference of radius between the working and counter 
electrode and k conductivity of the electrolyte, which can be calculated from the equation proposed by ref [11] from 
the molarity (M) and temperature of the solution(T = 296 K):

𝑘 =‒ 2.041 ∗ 𝑀 + 𝐵 ∗ 𝑀2 + 𝐶 ∗ 𝑀 ∗ 𝑇 + 𝐷 ∗
𝑀
𝑇

+ 𝐸 ∗ 𝑀3 + 𝐹 ∗ (𝑀2 ∗ 𝑇2)



Which gives in our case, for M = 1 mol/l and T = 296 K, gives a conductivity of 0.021 S/mm. The factor z-ts in the first 
term is due to the fact that we have to remove the volume occupied by the sample, of thickness ts. However, if the first 

Figure 5S. Fit of the ohmic resistance of the cell as a function of z (working electrode/window distance) with flowing solution of 1 M KOH. In the 
inset, a sketch of the cell body (electrolyte in azure).

term is negligible for low z and large sample areas, the lower resistivity of the metallic sample should favor the electrons 
flow toward the sides of the sample at higher z values. The absence of an increase in resistance above 2 mm observed 
in our experiment confirm this hypothesis, an hence the first term can be neglected. Inserting the geometrical 
parameters of our cell, we find:
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The second term, due to the reference electrode distance, does not depend significantly from z, and for big z (above 3 
mm) gives the minimal resistance of   ̴30 Ω observed. Using this equation, the experimental data have been fitted (see 
figure 11S) to estimate the value of k. Our results confirm the z-1 dependency of the resistance with z. The fitted value 
of k was 0.022 ±0.001 S/mm, in good agreement with the theoretical value. To test the reliability of this model, we 
performed cyclic voltammetry on a Nichel foil and on the Ni film on Ti previously described. As shown in figure 6Sa, we 
find a clear Ni2+/Ni3+ oxidation peak between 380 and 400 mV vs Ag/AgCl, and the relative cathodic peak around 320 
mV. Converting to the RHE electrode, we obtain at 100 mVs-1 a anodic peak at 1.43 V and a cathodic peak at 1.35 V.



a)    b)   

These result are in excellent agreement with other works on Ni/NiO films [13,14] and suggest the following reaction:

𝑁𝑖𝑂 +  𝑂𝐻 ‒  ↔𝑁𝑖𝑂𝑂𝐻 +  𝑒 ‒

In Figure 6Sb, the much more evident shift of both peaks position suggest a much less reversible oxidation process on 
the pure Ni foil.

S4. XAS
On the as prepared samples, we observe an increase of the Fe K pre-edge intensity as a function of the Ni content of 
the film (see Fig. 7S). A similar effect was observed by inserting Ti4+ ions into the vacant maghemite octahedral sites, 
that resulted in the increase of the structural order of the material [7].  As shown also by F. De Groot et al. [8], the 
intensity of the Fe2O3 peak at 7114 eV is dominated by the Fe3+ ions in tetrahedral sites. If the Ni dopant where to 
replace the tetrahedrally coordinated Fe ions, the pre-edge feature should almost be absent, like in the case of hematite. 

Figure 6S. Cyclic voltammetry at different scan rates on 10 nm Ni film (a) and 0.1 mm thick Ni foil (b) in 1 M KOH.



Figure 7S. a) Fe Pre-edge region of the XAS spectra. Samples are confronted to a spectrum acquired from a reference maghemite sample in 
transmission mode; b) fit of the Fe-K pre-edge.

Figure 8S show the linear combination fits performed on the XANES data acquired at the Ni K-edge. The fit has been 
carried out combining the spectra of pristine NiFe2O4 published in ref [9] and the spectra of the sample with lower Ni 
content (pt35). The increase of the white line intensity and a sharpening of the pre-edge region as the Ni content 
increase correlates with the gradual re-ordering of the sample towards NiFe2O4.  

Figure 8S. Linear Combination fits of the XANES data at the Ni K-edge. In the insets, the bar graphs resume the results.

Operando measurements were carried out on pt35 to find the optimal parameters for the measurement. Sample pt35 
was cycled in a wide potential range (-1 to +1.09 V vs Ag/AgCl). As shown in figure 9S, at oxidating potentials we observe 
a small increase of the white line intensity on both Fe and Ni K edges, while the partial reduction from Fe3+ to Fe2+ at -1 
V is confirmed by the negative shift of the spectra. Figure 10S shows the XAS spectra reported also in figure 9 of the 
main text. In this figure, all spectra at each probed potential point are plotted together. The insets highlight the 
modifications observed at the Fe K pre-edge and Fe and Ni K edge white lines.  

a) b)



Figure 9S. Fe and Ni K-edges XANES vs applied potentials on sample pt35. In the insets, the purple area highlights the increase of the white line.

Figure 10S. Fe and Ni K-edges XANES vs applied potentials on sample pt45 (left column) and pt43 (right column). Insets shows a magnified version 
of the pre-edge and white line regions.

To confirm that the modulation of the white line discussed in the text was reproducible after several cycles, after 7 
cycles (as in section S2) we repeated the measurement at the Fe and Ni K edges on sample pt45. The same trend is 
found again. Results are shown in figure 11S.



S5. EXAFS

Figure 12S. The k3-weighted EXAFS spectra at the Fe K-edge (left) and corresponding Fourier transform (center) relative to 
samples with 0.04 (in red) and 0.23 (blue) Ni/Fe ratios. On the right, the FT of the experimental data are superimposed to highlight 
the differences. Below, maghemite with Ni atoms in octahedral sites: in figure, the Fe atoms are in grey, oxygen is in red, while 
the green and grey positions are occupied by Ni (occupancy 0.667) or Fe (occupancy 0.333).

Fe K-edge EXAFS data of the samples at OCV where fitted  using the GNXAS package. The initial structure employed 
was maghemite with cubic symmetry, with the octahedral Fe vacancies replaced by Ni atoms (see figure 12S). The 
fit was performed using XAS two-body signals, relative to the two-body distribution functions associated with 
different Fe-O, Fe-Ni and Fe-Fe bonds within the first two coordination shells. The signals from two non-equivalent 
photoabsorbers (Fe in tetrahedral and octahedral sites) were simulated from the proposed unit cell (space group 
cubic P4132). The coordination numbers were fixed to the theoretical values while, following the results of ref [12], 
the first three shells of both photoabsorbers were included, varying debye-waller factors and distances in small 
ranges close to the expected values. Founded the optimal values, FeT-Ni and FeO-Ni first shells were included as 
well, fitting the Ni coordination number. The best-fit results are presented in table 2S.

Figure 11S. Fe and Ni K-edges XANES for three charging state after 7 cycles: open circuit potential, 2.09 V and again back to OCV (C8, dashed 
lines). The white line changes are highlighted in the insets, together with the % increase of the intensity between 2.09 V and OCV (C7).

Pt43 Pt45



Table 2S. Best-fit values of the EXAFS spectra at the Fe K-edge. FeT indicate the photoabsorber in the tetrahedral site, while FeO 
the one in octahedral sites. Theoretical values of CN and R for the proposed structure are given in the 2° and 3° columns. Debye-

Waller factors (σ2) have been multiplied by a 102 factor to improve visualization. The 7° and 10° rows are left blank because 
those two body signals were fitted with the same parameters as the line above.

The fitted R values are in good agreement with the theoretical values of maghemite. The fitted σ2 values are also in 
a similar range with respect to the results of ref [12], with the higher values within the first shell of sample pt43 
that suggest a lower structural order respect to the Ni-rich sample. 

As discussed in the main text no clear change is observed  in the EXAFS signal in operando conditions  (figure 13S).

 

S6. ELECTROLYTE THICKNESS
In a precedent experiment, the electrolyte thickness was estimated with the same procedure described in the text, 
acquiring the fluorescence spectra from an iridium sample, with incident beam energy of 11.6 keV (see figure 14S-a). 
Without using the Teflon mask (Figure 14S-b), the elasticity of the Kapton window result in a non-linear behavior as a 
function of the substrate movement, as well as a final thickness significantly higher than the one shown in the text, due 
to the bumping of the window. In fact, after the sample is brought in contact with the spacer and pressed towards the 
window, the latter tend to follow the substrate while it is moved away from it. When the sample is moved   ̴1.5-2 mm 
away from the initial position, the spacer completely detach from the sample, the thickness of the liquid layer increase 
and, hence, the intensity of the fluorescence signal drastically decrease. The experimental error was approximated as 
the standard deviation of the measures. When the sample is in perfect contact with the spacer, the calculated value (64 
± 15 μm) agrees with the nominal thickness of the spacer employed (50.7 μm).

Figure 13S. EXAFS data at the Fe (top) and Ni (bottom) 
K-edges acquired in operando conditions at open circuit 
potential (black) and 2.09 V (dashed red) on Ni23%Fe2O3.



                 

Figure 14S. (a) Calculated value of the electrolyte layer thickness at different distances from the Kapton window without the Teflon mask. In blue, 
the relative intensity (respect to the signal measured without liquid) of the Lα1 emission line of iridium. In red the calculated thickness. (b) Exploded 

view of the electrochemical cell without the mask: a) cell window and mask assembled, b) spacer, c) cell body, d) reference electrode, e) sample 
holder column, f) sample, g)electrolyte inlet and outlet (h), i) couter electrode wire compartment.

Using the Teflon mask, a regular exponential decay of the transmittance as a function of the substrate position was 
observed (Fig 15S), due to a linear dependance of the electrolyte thickness to the substrate movement, with a minimal 
liquid layer thickness much lower than the spacer thickness.
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