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1  Introduction
 Understanding the mechanism of chemical reactions taking place at the interface 
between a solid and another phase is crucial in many processes. For solid-gas inter-
faces, the phenomena involved range from gas sensing on semiconducting materials, 
to the uncountable catalytic reactions on different catalysts, such as metals, or oxides, 
or other compounds. In this case, the low density of the gas phase allows to match 
with the penetration depth of many spectroscopic probes, and performing operando 
experiments is reasonably easy.

 Beside catalysis, reactions at a solid-liquid interface are of relevance to electrochem-
istry. In this case, a detailed mechanistic study of the relevant processes at the inter-
face is often hindered by the fact that intrinsically surface sensitive techniques such as 
X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES) or low 
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Abstract
We present here a new design for an electrochemical cell that allows grazing 
incidence X-ray absorption spectroscopy (XAS) experiments to be performed. The 
idea is to have a laminar flow of electrolyte in front of the working electrode. In this 
way, the thickness of the electrolyte layer can be kept small enough to cope with the 
penetration depth of X-rays at the K-edges of 3d metals. The laminar flow is achieved 
by letting the electrolyte flow by gravity over a flat surface of the cell, where the 
working electrode is positioned. In this way, surface sensitivity can be achieved on 
bulk electrodes, as demonstrated by performing the water splitting reaction on nickel 
wires, which are the materials used in industrial conditions. The cell is easy to use 
and can be easily installed in an experimental hutch of an XAS beamline, the only 
requirement being to have enough space.
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energy electron diffraction (LEED) are limited by the inelastic mean free path of elec-
trons. Hard X-rays have the capability to deeply penetrate in an electrolytic solution, 
and X-ray absorption spectroscopy (XAS) has been widely used for mechanistic stud-
ies of electrode reactions. This is witnessed by specific reviews [1] and several research 
papers, including from our group and in many fields of electrochemistry [2–6], pho-
tochemistry [7] and photoelectrochemistry [2, 5–13]. However, per se, XAS is a bulk 
technique and access to surface phenomena is limited in this case and can be enhanced 
by instrumental approaches or by a correct sample design [14], for example by prepar-
ing the electrode materials in form of nanoparticles [3], that can be also characterized 
easily using the microcavity electrode technique, developed by some of us [15]. In this 
study, while ensuring an optimized surface-to-bulk ratio, the focus was on analyzing a 
surface metal, specifically nickel, used as a substrate for the preparation of DSA® elec-
trodes. A DSA® electrode typically consists of a metal substrate, such as Ni for AWE 
(alkaline water electrolysis) conditions, coated with a layer of nanoparticles. However, 
the objective here was to isolate and study the contribution of the substrate surface 
alone to the reaction mechanism. This approach provides insights into the underlying 
role of the metallic substrate for the OER.

 A way for making XAS surface sensitive is to collect the photoelectrons and all the 
other (secondary) electrons that are coming out from the sample: in this detection 
mode, which is called total electron yield (TEY), the probing depth is limited by the 
electron mean free path, which can be in the nanometer range, depending on the elec-
tron kinetic energy [16]. However, TEY is almost impossible to achieve in operando 
electrochemical conditions due to the presence of the electrolyte and of the applied 
potential, although recent efforts have been made in this respect in the soft X-ray 
regime [17].

 As a matter of fact, XAS can be make intrinsically surface sensitive by detecting the 
intensity of the reflected beam from a flat surface. In this case, the technique is called 
ReflEXAFS, and surface sensitivity is achieved as below a critical angle the incoming 
beam is confined as an evanescent wave in a layer of sample which is of the order of 
few nanometers [18]. In this case, however, the total reflection condition requires: (i) 
an almost perfectly flat surface, and (ii) that the incident beam is perfectly collimated 
at the required incident angle. Although some recent efforts in this direction have 
been made with success [19], we here remark that these conditions may be difficult 
to achieve in real conditions, where the electrode surface is hardly flat, and the pres-
ence of concentrated electrolyte solution causes an isotropic background of scattered 
photons that impinge on the sample with random incidence angles. Finally, when the 
electrode is polarized at potentials where bubble formation occurs, acquiring XAS 
measurements becomes challenging. Under such conditions, the spectra obtained are 
often of low quality, lacking useful information.

 In this paper, we present a simple electrochemical cell design for operando XAS 
experiments in grazing incidence, suitable for real working conditions and materials 
of industrial interest. The target reaction is the oxygen evolution reaction (OER), and 
both working and counter electrode are constructed using raw Ni wires as supplied by 
Industrie De Nora S.p.A. This is important as it can be a match for possible industrial 
conditions used in the production of green hydrogen.
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 In recent years, researchers have increasingly employed advanced cells for operando 
XAS studies [20]. Examples include three-dimensional printed multipurpose devices for 
spectro-photoelectrochemical characterization [2], an electrochemical cell setup for soft 
XAS studies [21], a versatile electrochemical cell for studying catalytic materials using 
X-ray diffraction and total scattering [22], air fuel cell for in-situ XANES experiments 
[23] and in-situ XAFS fuel cell [24]. Furthermore, considerable interest has focused on 
electrochemical cells with flow systems to better understand electrode-electrolyte inter-
face behavior under operando condition [19, 25, 26].

 In this work, we introduce a gravitational electrochemical cell, wherein the electro-
lyte solution flows over bulk nickel electrodes by gravity, ensuring a laminar flow that 
fully exploits surface sensitivity. This design maintains a thin electrolyte layer in front 
of the electrode, enabling grazing incidence experiments.

 The key point here is the penetration depth of the X-rays: as the experiments were 
carried out at the Ni K-edge, as detailed below, we will describe the calculations at 
the pertinent energy (ca. 8333 eV). In water at 8333 eV, this can be estimated at about 
1 mm. This means that if the X-ray beam travels a distance of 1 mm in the electro-
lyte solution before hitting the sample, it is attenuated by a factor of 1/e. Since the 
measurements are performed at grazing incidence, this distance is distributed in the 
direction of the incident beam, which means that the thickness of the electrolyte layer 
should be kept below 1×sina mm, if a is the incidence angle. For a≈ 2 °, this is around 
30 µm. Now, this thickness should cope with the electrochemistry, and this means 
that, if high current densities are desired, the electrolyte cannot stay still on the sam-
ple, otherwise it will be rapidly consumed. A laminar flow of electrolyte also avoids 
variations in the electrolyte thickness in front of the sample, that are detrimental for 
the XAS data acquisition, as it will shown in the following.

 The capabilities of this device are demonstrated using metallic nickel electrodes as 
the anode in the water splitting reaction. Compared to state-of-the-art systems [60], 
this gravitational electrochemical cell facilitates OER studies under more challenging 
conditions, achieving higher potential values that are critical for understanding the 
reaction mechanism.

 In this study, the focus was on analysing a metallic Ni surface, obtained by polish-
ing a thick Ni wire. The choice of Nickel is due to its widely recognized used in sev-
eral industrial applications, such as Alkaline Water Electrolysis (AWE), where Nickel 
is generally employed both as bare substrate or coated with catalytic layers (as for the 
so called DSA® electrodes).

 Additionally, this design is compatible with a wide range of elements, including 3d 
transition metals for which the K-edge can be investigated, and heavier elements hav-
ing the L3-edge in the energy range between 5.5 and 15 keV (Ce to Fr), as the system 
has been designed to allow the use of a very thin electrolyte layer in front of the elec-
trode. This feature makes it a powerful tool for the study of various materials, includ-
ing industrially relevant electrode materials such as bulk metals and dimensionally 
stable anodes (DSA®) with low surface-to-bulk atomic ratios.
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2  Experimental
2.1  Electrochemical cell design and construction

Electrochemical experiments were carried out using an Ivium Compactstat2.h poten-
tiostat/galvanostat. No IR compensation was employed. The electrochemical cell 
was designed to ensure both suitable electrochemical performances and the capabil-
ity of performing grazing incidence (GI) XAS experiments. The device, described in 
this work, is entirely made of epoxy resin (Epofix, Struers) with a specific ratio of 25:3 
between epoxy resin and hardener. Technical specs of this resin indicate its resistance 
to acids, bases, acetone, alcohol. During testing and use for several hours in the pres-
ent conditions, we never notices any sign of degradation, also when used for preparing 
microelectrodes [27]. The operational principle of the cell is based on letting a laminar 
layer of electrolyte to flow on the free surface of a bulk Ni electrode immersed in the 
resin, used as the anode in the water splitting reaction. A safe estimate of the afford-
able thickness of the laminar layer can be computed as follows: the absorption length 
of X-ray photons in water near the Ni K-edge (8333 eV) is 1.1 mm. This means that 
1.1 mm of water reduces the beam intensity to a factor of 1/e, still allowing a sizable 
photon flux on the sample. As we are interested in computing a safe estimate of the 
thickness of the film layer, using the absorption length is to be considered as legiti-
mate. Assuming an incidence angle of 1 °, the thickness is of order of 1.1 mm × sin (1 
°) = 20 µm. This means that with a flow thickness of 20 µm, a safe estimate of the lowest 
incidence angle is 1 °: we always used higher incidence angles (2 °) as detailed below. 
The target reaction is the oxygen evolution reaction, and both working and counter 
electrode are constructed using raw Ni wires as supplied by Industrie De Nora S.p.A. 
This is important as it can be a match for possible industrial conditions used in the 
production of green hydrogen.

Figure 1 illustrates the design of the mold for the gravitation electrochemical cell 
a, the physical mold made of PTFE b, and the epoxy resin casting process c. After a 
curing period of 12 h, the solidified cell was carefully removed from the stencil. Sub-
sequently, a Kapton film was placed in front of the cell to maintain a thin and uniform 
electrolyte layer on the electrode surface d. This setup prevents the formation of water 
trickles and ensures uniform electrolyte flow across the entire surface.

The gravitational cell design, illustrating its key components, is sketched in Fig. 2.
To construct the cell, the Ni wire electrodes were positioned on a homemade Teflon 

mold, where the epoxy resin was cast. The working electrode (W.E.) is the key com-
ponent where the main electrochemical reactions occur. The counter electrode (C.E.) 
allows the flow of current in the system and ensures the continuity of the electrochem-
ical process. In this paper, both the W.E. and the C.E. are constructed using raw nickel 
wire. The surface area of both Ni wire electrodes, the working electrode (W.E.) and the 
counter electrode (C.E.), is 0.3 cm2 (2 cm × 0.15 cm, length × height).

The distance between the WE and CE surfaces emerging from the resin was deter-
mined to be 6.7 mm. This value was dictated by the cell design and later verified by 
measuring it with a caliber.

The entire assembly was then let to cure for 12 h to become hard to be fixed in ver-
tical position. Subsequently, the cell was removed from the mold, and polished, in 
the following order, with #800 #1000 and #4000 SiC paper and demineralized water. 
Finally, a DP-Nap cloth was used to finish polishing the electrodes. The polishing 
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Fig. 2  a Representation of the gravitational cell design and set up. b Reference electrode positioned directly inside 
the flux tube. c Design of the laminar flux adapter to prevent electrolyte loss. It has a rectangular shape for the cell 
window and a circular shape for the electrolyte tubular flow. It was printed with a black Geeetech PLA (polylactic 
acid) filament on a Anycubic i3 Mega 3D printer. Distance between working electrode (W.E.) and counter electrode 
(C.E.) on the cell surface is 6.7 mm

 

Fig. 1  a Design of the gravitational electrochemical cell mold. b PTFE mold. c Positioning of working and counter 
electrodes and epoxy resin casting process. d Removal of the cell from the stencil after 12 h and placement of a 
Kapton film in front of the cell to maintain a thin electrolyte layer on the electrode. e cell drawing with dimensions 
(in mm)
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was terminated when the exposed width of the electrodes, measured with a calibrate 
microscope, was found to be equal to the wire original diameter. The polishing pro-
cess ensured a smooth surface to minimize possible interference with the laminar flux. 
Additionally, a polished and smooth surface is required for the acquisition of the XAS 
spectra with GI geometry. The reference electrode (RE) was an Ag/AgCl (in KCl 3 M 
solution), placed directly in the flux tube. Specifically, the RE was put in a tip with 
a solution of KNO3 0.5 M as shown in Fig. 2 b. The electrolyte was KOH 0.1 M; the 
electrolyte is contained in a reservoir, which is placed higher than the cell, allowing 
the electrolyte to flow by gravity on the cell. The flow rate can be adjusted by a valve 
placed between the reservoir and the cell. A peristaltic pump was used to circulate the 
electrolyte at a flow rate of 50 mL min− 1. The peristaltic pump allows keeping the level 
of the electrolyte in the reservoir constant. This also helps in maintaining the laminar 
flow on the electrode constant. To facilitate the flux recycling, an adapter was fabri-
cated with a rectangular shape for the cell window and a circular shape for the electro-
lyte tubular flow. The valve between the electrolyte reservoir and the cell can regulate 
the flux to be consistent with that imposed by the pump. The design of this component 
is shown in the box in Fig. 2c.

To avoid small variations over time in the thickness of the electrolyte layer in front of 
the electrode, which could cause significant disturbances in the spectra, a Kapton film 
was placed in front of the cell to maintain a thin layer of electrolyte on the electrode 
and to prevent the formation of water trickles. Between the Kapton and electrodes, 
spacers 20 µm thick were placed to ensure that the distance between the electrodes 
and Kapton foil was 20 µm. This was particularly important for effectively covering 
the entire electrode surface. Since Kapton is transparent to X-rays, it can be used for 
XAS acquisition. A representation of the entire set up in the hutch of the LISA (BM08) 
beamline at the ESRF synchrotron radiation facility is reported in Fig. 3. Prior to the 
XAS experiment, the formation of a uniform film of electrolyte on the electrode was 
checked by visual inspection; in addition, the continuity of the laminar flow on the 
cell was constantly monitored during the operando experiments by means of a closed-
circuit television camera.

2.2  Grazing incidence data collection and analysis

Operando grazing incidence (GI) data at the Ni K-edge (E = 8333 eV) have been collected 
at the LISA BM08 beamline [28] operative at the European Synchrotron Radiation Facil-
ity (ESRF) on a dedicated experimental station [29].

Spectra of NiO and β-NiOOH were acquired in the transmission mode and used as 
standards for the Ni(II) and Ni(III) oxidation states, respectively [13]. For those mea-
surements, an appropriate amount of sample (to give a unit jump in the absorption coef-
ficient) was mixed with cellulose and pressed into a pellet. To provide a more accurate 
comparison with the working electrode, which was a nickel wire, measurements of a 
standard metallic Ni foil were also conducted.

All the experiments were performed using a 0.1  M potassium hydroxide solution 
(KOH, Sigma Aldrich) serving as supporting electrolyte in fluorescence mode. The 
X-Ray beam impinged on the sample in GI geometry with an incidence angle of ca. 2°, 
passing through the electrolyte solution. The beam size was 0.5 × 1 mm2 (horizontal × 
vertical), which, in grazing incidence, gives a footprint on the sample of ca. 14 × 1 mm2, 
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which fully copes with electrode size of 20 × 1.5 mm2 as detailed above. The fluorescence 
from the W.E. was collected by means of a 13 High Purity Germanium (HPGe) detector 
array. As each of the detector in the array observes the sample from a different angle, 
this allows for conducting some tests experiments in grazing emission (GE) mode, by 
using the detectors collecting the outcoming photons with the smallest receiving angle. 
The spectra were collected at the Ni K-edge from 300 eV before the edge to 12 k in the 
EXAFS region. A detailed description of the procedure for the cell alignment is provided 
in the SI. In addition, a plot of the reflectivity and fluorescence yield at 8400 eV as a func-
tion of the beam incidence angle is also shown in the SI (See Fig. S1). This last plot allows 
to justify the choice of the incidence angle of 2 °. Indeed, this is on the plateau of the 
fluorescence yield, but close to the maximum of reflectivity, allowing to safely assume 
that a significant part of the fluorescence originates from the surface of the sample. The 
repeatability of the experiments was checked by running the experiment in duplicate, 
and always obtaining the same results.

The oxidation state of nickel and the different oxides that are forming during the reac-
tion, were evaluated by recording a series of XAS spectra at different fixed potential val-
ues, selected from previous electrochemical characterization. The selected values were: 
0.43–1.08 V – 1.33–1.88 V – 1.98 V (vs. RHE). For each potential value, we acquired six 
spectra with a counting time of 3 s, to have a sensible signal to noise ratio and repeated 
the same sequence three times to check for data reproducibility, then we merged the 
spectra. For the X-Ray Absorption Near Edge Structure (XANES) analysis, the raw spec-
tra were first background subtracted with a straight-line fitting to the pre-edge, and then 
normalized to unit absorption at 800 eV above the edge, where the EXAFS oscillations 

Fig. 3  Representation of the entire cell setup in the synchrotron hutch. In a the magnification of the electro-
chemical cell. In b the entire set up with the peristaltic pump, the tube for the flux, and the plastic container for 
electrolyte recirculation
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are no longer visible, using the Athena [30–32]: the effectiveness of this normalization 
procedure is illustrated in Fig. S2.

3  Results and discussion
3.1  Electrochemical activity assessment

To study the Ni wire electrode and its electrochemical activity for the oxygen evolution 
reaction, cyclic voltammetry (CV) measurements were carried out in the potential range 
0.9 V to 1.93 V (vs. reversible hydrogen electrode, RHE). The CV were executed in 0.1 M 
KOH, and were conducted before going to the ESRF. The set up used was the same as the 
one later utilized at the synchrotron for the XAS experiments.

All the measured currents were converted into current densities and all the potentials 
values were converted versus RHE. A typical cyclic voltammetry at 0.05 V s−1 is shown 
in Fig. 4.

Cathodic and anodic peaks are visible at about 1.3  V and 1.4  V (vs. RHE), respec-
tively. These peaks can be attributed to the Ni(II)/Ni(III) redox couple. Both anodic and 
cathodic shoulders are visible during the oxidative and reductive sweeps [33]. Based on 
these results, we determined the potential values (indicated by arrows in Fig. 4) at which 
we conducted our experiments and acquired the XAS spectra.

It is worthwhile to underline the very high reachable current density obtainable with 
our cell: 21 mA/cm2 at 1.98 V vs. RHE, which allow to characterize the cell under more 
challenging working conditions, very relevant for industrial application.

The chrono-amperometry data recorded during the XAS spectra acquisition are 
shown in Fig. 5.

Fig. 4  Cyclic voltammetry of Ni wire done at 0.05 V s−1
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Overall, the registration is very stable, despite the length of each step, confirming the 
effectiveness of the cell in removing the formed bubbles. The chrono-amperometry at 
0.43 V clearly shows a progressive current decay, that is likely due to the reduction of 
previously formed Ni-oxides. In fact, this measurement was conduct after acquiring the 
first three values (1.88–1.98 V – 1.08 V vs. RHE, Fig. 5a) and this choice was made after 
the observation of a significant reduction peak in cyclic voltammetry (Fig. 6). Moreover, 
we believe that the decreasing of current observed in Fig. 6 compared to Fig. 4 is due to 
the reduction of electrode active area as a consequence of Ni oxides layer formation after 
the strong anodic polarization at which the electrode was subjected. This also explains 
the lack of any anodic peak and the presence of, at least, two cathodic peak in Fig.  6. 
We decided to explore more cathodic potentials compared to the cyclic voltammetry 
reported in Fig. 4 because, after anodic polarization, a mixture of oxides with Ni in dif-
ferent oxidation states was formed. To understand when these oxides were fully reduced, 
we needed to go to − 0.1 V. Therefore, to verify if all species were effectively reduced 

Fig. 6  Cyclic voltammetry of Ni wire at 0.1 V s−1 recorded after this sequence of XAS spectra at 1.88–1.98 V – 1.08 V

 

Fig. 5  Chrono-amperometry registered during the XAS spectra acquisition: in a the potential 1.88–1.98 V – 1.08 V 
versus RHE in b the potential 0.43–1.33 V versus RHE. In both a and b the current value of 0 A is highlighted in red
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and no more Ni(III) was present, we decided to acquire XAS spectra at a more cathodic 
potential, specifically at 0.43 V.

During the XAS experiment (see below) we observed the formation of Ni(III) oxide 
at anodic potentials. Specifically, the formation began at 1.88 V and was confirmed at 
1.98 V, where almost only Ni(III) was present. At 1.88 V, the spectra showed a mixture of 
Ni(II) and Ni(III). Going to more cathodic potentials, particularly to 1.08 V, Ni(III) dis-
appeared, leaving only Ni(II). This observation was further confirmed by the CV (Fig. 6) 
recorded after this sequence of spectra in the potential range − 0.1 to 1.93 V (vs. RHE), 
where the oxidation peak of Ni(II) to Ni(III) was no longer visible due to the presence of 
Ni oxides layer on Ni surface formed during the XAS characterization. This also explains 
the two reduction peaks; they are due to the formation, during the anodic polarization, 
of a mixture of oxides with Ni in different oxidation states [34]. In addition, the reduc-
tion of all the Ni oxidized species required more cathodic potentials, particularly 0.43 V 
for the entire XAS acquisition time, where almost all nickel oxides are reduced to metal-
lic Ni and Ni(II).

3.2  Operando grazing incidence experiments

From an experimental perspective, electrochemistry is first conducted to study the sys-
tem and determine the potential of interest, at which the XAS spectra are subsequently 
acquired. The selected potentials include a cathodic potential of 1.08 V, where the cur-
rent density is near zero; an intermediate potential of 1.33  V, positioned between the 
two peaks of Ni(II) and Ni(III); a potential of 1.88 V, where the oxygen evolution reac-
tion (OER) begins; and a higher potential of 1.98 V, corresponding to high-pressure OER 
conditions. To confirm the complete reduction of all species and ensure the absence of 
Ni(III), additional XAS spectra were acquired at a more cathodic potential of 0.43 V.

First, we present the comparison between the spectra recorded at 1.33  V using GI 
geometry and grazing emission (GE) geometry (see the SI, Fig. S3 for schematic draw-
ings of the two geometries): in this last case, the spectra were recorded by using per-
pendicular incidence and recording the fluorescence at low (ca. 5 °) emission angles, as 
described in the experimental section. The GE geometry spectrum is consistent with the 
presence of metallic Ni only, as it is evident by comparison with the spectra of the stan-
dard materials (compare the orange line in Fig. 7a with the blue line in Fig. 7b).

Fig. 7  Ni K-edge XANES in a the spectra of Ni foil, NiO and β-NiOOH are shown as reference of the edge position 
of Ni(0), Ni(II) and Ni(III). In b the comparison of the spectra recording at 1.33 V with GI and GE
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GI was already employed in the study of several electrochemical systems [19, 35, 36]. 
In this work, the use of the gravitational cell design allows to obtain surface sensitivity 
with XAS on bulky materials. This is demonstrated by the fact that, in GI, a clear peak at 
ca. 8347 eV is detected, which is consistent with the presence of NiO (compare the blue 
line in Fig. 7a with the green line in Fig. 7b). This means that in GI we can probe, due to 
also the laminar flux without bubbles in front of the Ni, the oxidized surface Ni layer, 
which is not evident in GE geometry. This trend was consistent across all other spectra 
recorded at different potentials. We can also note that the spectra are free from artifacts 
due to variations in the electrolyte layer thickness, as evidenced by a direct comparison 
with the spectrum collected in non-laminar flow conditions, and reported in the SI (see 
Fig. S4).

The XANES spectra of the material under operando conditions recorded at different 
potentials with GI geometry are reported in Fig. 8.

We want here to emphasize that the sample is a raw Ni wire as supplied by the indus-
try, without refining processing. This is because we preferred to study a sample whose 
structural and morphological features are close to those required for possible industrial 
applications, rather than being optimized for the XAS experiments.

All the spectra are consistent with the presence of some metallic Ni, which is evi-
denced by the shoulder at ca. 8333 eV. This contribution evidently originates from the Ni 
metal wire, which is in a very bulky state, and therefore this part of the spectrum is quite 
affected by self-absorption effects.

However, besides the metallic Ni, the presence of some oxidized Ni is clearly detected, 
as evidenced by the main edge peaks at ca. 8350 and 8354 eV, which, by comparison with 
Fig.  7a, are attributed to Ni(II) and Ni(III) oxidized species, respectively. At 1.3  V, i.e. 
where the CV shows that the oxygen evolution reaction (OER) is not started, the energy 

Fig. 8  Ni K-edge XANES of nickel metallic under operando conditions at different potentials with GI geometry
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position of this peak is ca. 8350 eV, which is consistent with the presence of NiO or some 
other oxidic species of Ni(II). At 1.98 V, i.e. where the OER is taking place at the highest 
rate, Ni(III) formation is detected, as evidenced by the shifts towards higher energies of 
the main edge peak, in agreement with the spectra of the standards as shown in Fig. 7a. 
In addition, at 1.88 V, i.e. at a potential at which, according to the CV shown in Fig. 6, the 
OER is occurring at a lower rate, the presence of both Ni(II) and Ni(III) is detected, as 
indicated by the large and double-maximum peak. Finally, we note that in at 0.43 V, i.e. 
at the most cathodic potential, only Ni(II) is present.

The presence of metallic Ni in all the spectra may be attributed to the unavoidable 
presence of scattered photons by the electrolyte, which impinge on the sample at ran-
dom angles, and therefore probe also the electrode bulk. In this respect, we can note 
that the X-ray beam from the LISA bending magnet source is well collimated, and the 
angular divergence of the beam is very small. The figures of the angular divergence are 
0.003° and 0.05° in the vertical and horizontal directions, respectively. Therefore, we can 
exclude that the signal from bulk Ni is due to the angular dispersion of the impinging 
beam. Another source of the presence of metallic Ni in all the spectra can be the varia-
tion in the attenuation length of X-rays scanning across the edge. Looking at the data 
plotted in Fig. S5, one can see that the attenuation length in Ni shows a change in magni-
tude between 8330 and 8340 eV, passing from 900 to 100 nm. This shows that the data at 
low energy in the XANES are more sensitive to bulk metallic Ni.

In addition, the self-absorption and attenuation length variation effects involving the 
contribution from metallic Ni render a quantitative analysis difficult. For these reasons, 
we plotted the difference spectra, Δµ, in Fig. 9, to reduce the metallic nickel contribution 
and enhancing the oxidic component.

Here the Δµ signal is obtained by subtracting from the spectra at each of the poten-
tial, the spectrum of the standard Ni foil used as reference, and shown in Fig. 7a. This 
method eliminates the metallic contribution and highlights the oxide contribution. For 
the sake of better comparison, in Fig. 9, we plotted also the same Δµ spectra obtained 
for NiO and NiOOH, that can be used as references for the Ni(II) and Ni(III) oxida-
tion states, respectively. The Δµ spectra clearly evidence the main edge peak form the 
oxide: this becomes more pronounced at higher anodic potential values and shifts to ca. 
8354 eV at potentials higher than 1.8 V, i.e. where the OER is taking place. We here dis-
cuss in detail the spectra at 1.33 V and 1.98 V, i.e. before and during the OER reaction. 
At 1.33 V, the Δµ spectrum shows a peak at 8350 eV, which is almost identical in spec-
tral shape and position to that of the Δµ spectrum of NiO. We can therefore safely state 
that at this potential an oxidic layer is present, where Ni is in the Ni(II) oxidation state, 
and this holds also for lower potential values. At 1.98 V, the peak in the Δµ spectrum is 
shifted to ca. 8354 eV, and at this potential the Δµ is almost identical to that of NiOOH. 
Thus, at this potential, the oxidation state of Ni is steadily assigned to Ni(III). Finally, at 
1.88 V, i.e. where the OER is evolving at lower rates, the very large shape of the peak in 
the Δµ spectrum is indicative of the presence of both Ni(II) and Ni(III), in agreement 
with the discussion above. As a final remark, we point out that the peak in the energy 
range between 8632 and 8735 eV ca. is directly due to electronic states, but is instead 
of structural origin. Indeed, this is the region where the EXAFS oscillations start. This 
peak does not shift in energy as a result of the potential changes, which indicates that 
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the Ni(III) centres are likely to reside on the very surface of the electrode, such that the 
structure of the NiO layer does not change.

4  Conclusions
This paper reports a preliminary communication about the feasibility of a gravitational 
spectro-electrochemical cell for operando experiments on materials of possible indus-
trial interest. We have designed and built an electrochemical cell that allows a lami-
nar flux of electrolytic solution to flow by gravity on metallic nickel electrode surface 
for operando XAS experiment in grazing incidence geometry. This setup enables the 
achievement of higher current densities and potential values compared to other similar 
studies. This improvement is attributed to the efficient removal of bubbles formed on the 
electrode surface, facilitated by the presence of a laminar flow induced by gravity. Thus, 
surface sensitivity is increased, permitting the study of a species that change with poten-
tials at the electrode/solution interface and the detection of concomitant modifications 
in the electrode surface. This capability is useful for future studies of the mechanisms of 
this kind of reaction. Indeed, we succeeded in collecting spectra in operando conditions. 
This work, in addition to presenting the design and the construction of the electrochem-
ical cell, highlights the study of a raw metal nickel surface during the oxygen evolution 

Fig. 9  A: Δµ spectra obtained by subtracting from the spectra of NiO and NiOOH the spectrum of metallic nickel. 
B: Δµ spectra obtained by subtracting at the spectra at each of the potential the standard spectrum of nickel 
metallic used as a reference
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reaction. We successfully recorded spectra in real conditions for a material whose struc-
tural and morphological features are close to those required for future industrial appli-
cations, rather than being optimized for XAS experiments.

We finally point out that the cell is reusable, and could be in principle be used with 
other materials: as a matter of fact, an improved design of this cell was recently and suc-
cessfully employed by some of us in an experiment on the mechanisms of reduction of 
CO2 on iron sulfides [37].
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