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Pt foil as working electrode and NaOH 0.1 M as bulk electrolyte. (A) Pt4f 

component relative area, (B) Na2s and HO–(aq) O1s components relative 

area compared to the O1s H2O(l) component and (C) H2O, HO– O1s 

contributions and Na2s FWHM depending on the applied potential.(D),(E) 

and (F) are identical to (A),(B), and (C) but plotted against the Na2s position 

in order to fit the actual working electrode potential. Uncertainties were 

roughly estimated by fitting results differences, taking different extremum 

background values. 

p.88 

Figure 2.17 : (A) C1s and (B) O1s XP spectra obtained from pristine glassy carbon 

electrode prior to dip and pull experiment. Photon energy is 1.8 keV. 

p.89 
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Figure 2.18 : XPS fitting results regarding the dip and pull electrochemical system with 

GCE as working electrode, Pt foil as counter electrode, and CsOH 1 M as 

electrolyte. (A) Cs3d5/2 position, (B) Cs3d5/2, HO–
(aq) and H2O(l) (O1s) FWHM, 

and (C) C1s relative area compared to O1s of H2O(l) depending on the 

applied potential. (D) Cyclic voltammogram obtained in the spectro-

electrochemical setup prior to the dip and pull experiment at 20 mV/s scan 

rate. (E) Cs3d5/2, HO– (aq) and H2O(l) O1s FWHM depending on the Cs3d5/2 

peak position. (F) Average current and applied potential during the 

chronoamperometry throughout the dip and pull experiment. X axis represent 

the successive measurements sequence of the experiments. Average 

current may depend on the dipping and pulling out of the electrode, in 

addition to the applied potential. Uncertainties were roughly estimated by 

fitting results differences, taking different extremum background values. 

p.91 

Figure 2.19 : (A) C1s, (B) O1s and (C) Cs3d5/2 XP spectra obtained at +0.9 V, −0.3 V and 

−1.5 V vs. Ag/AgCl in dip and pull spectro-electrochemical operando setup 

using Pt foil as working electrode and CsOH 1M as electrolyte. Photon 

energy is 1.8 keV. 

p.93 

Figure 2.20 : (A) Dip and pull experimental setup scheme, highlighting the analysis spot 

position which zoom is shown on (B). (C) panel represent issues originating 

from the electrolyte film inhomogeneity, that might result in a wrong 

interpretation of the XPS signal. (C1) is a ‘proper’ film meniscus that is rather 

homogeneous and allows the probe of the electrode and the electrolyte due 

to low thickness. (C2) illustrates the case of electrolyte being non-

homogeneously spread on the surface, with some electrolyte part avoiding 

electrode probing due to excessive thickness, and some part of the electrode 

not being connected to the electrolyte and thus not having a meaningful 

result, despite the signal able to show both electrode and electrolyte-related 

specific peaks. (D) illustrates the effect of evaporation on the electrolyte 

concentration on the analysis spot. (E) panel shows the effect of electrolyte 

concentration on the XPS peak broadening of soluble and solvent species, 

with the case of (E1) low and (E2) high electrolyte concentration. 

p.94 

Figure 2.21 : Example of the spectral evolution with time. Each panel shows the 1st, 5th 

and 10th scan of sequential XP spectra at a given potential: (A) C1s at –0.5 V, 

(B) C1s at –1.5V and (C) Cs3d5/2 at –1.5V vs Ag/AgCl XP spectra obtained 

in GCE / CsOH 1 M dip and pull spectro-electrochemical setup. (~55 s per 

scan loop. 1 scan loop is 1 scan C1s spectra, followed by 1 scan O1s spectra, 

followed by 1 scan Cs3d spectra). 

p.96 

Figure 2.22 : Examples of a bad meniscus control during ‘dip and pull’ experiments. Pt4f 

and Cs3d XP spectra of the 1st,3rd and 5th scan at the same potential. (A) 

Spectra obtained at -0.75 V vs. Ag/AgCl, highlighting the meniscus thickness 

p.97 
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decrease due to surface hydrophobicity. (B) Spectra obtained at +0.35 V vs. 

Ag/AgCl, highlighting an electrolyte thickness increasing due to high 

hydrophilicity. (C) Pt4f7/2 and Cs3d5/2 peak area ratio evolution with the scan 

number. ~60 s per scan loop. 1 scan loop is 1 scan per region. Photon energy 

is 1.8 keV. 

Figure 2.23 : Water vapor saturating pressure depending on the NaOH molality (mole of 

solute per kg of solvent) at 25°C. Data reproduced from Ref.[194]. 

p.99 

Figure 3.1 : (A) Isopolyanion M6O16 Lindqvist structure. Reproduced from Ref.[205]. (B) 

Heteropolyanion XM12O40
q- α-Keggin structure. (C) Heteropolyanion 

X2M18O62
q- α-Wells-Dawson structure. Reproduced from Ref.[206]. Blue and 

yellow octahedra are representing MO6
q- metalates (M=Mo, V, W, etc.), red 

tetrahedra are representing XO4
q- hetero-oxoanions (X=P, As, Si, Cl, etc.). 

p.109 

Figure 3.2 : (A) mono-lacunary (B) bilacunary (C) trilacunary A isomer and (D) 

trilacunary B isomer Keggin polyoxometalates. Reproduced from Ref.[208]. 

p.110 

Figure 3.3 : Metal complexes stabilised by Keggin-based lacunary polyoxometalates. 

(A) [Co(H2O)PW11O39]5− is a mono-metal complex that was examined for its 

potential activity regarding the OER. Reproduced from Ref.[209]. (B) [{Ru4(µ-

O)4(µ-OH)2(H2O)4}(γ-SiW10O36)2]10− is one of the most studied M-POM 

complexes as it showed good stability and performance regarding water 

oxidation catalysis. Reproduced from Ref.[210]. 

p.110 

Figure 3.4 : (A) [Co4(H2O)2(A-PW9O34)2]10– (Co4-POM) and (B) 

[Co9(H2O)6(OH)3(HPO4)2(A-PW9O34)3]16− (Co9-POM) structure 

representation. Blue octahedra are WO6, yellow tetrahedra are PO4, red 

spheres are Co(II), and pending sticks are labile water molecules. Co(II) 

connected to those water molecules are the suspected active sites of these 

catalysts for water oxidation. Reproduced from Ref.[209]. 

p.112 

Figure 3.5 : (A) Cyclic voltammetry (CV) of 50 mM sodium phosphate buffer solution at 

pH 8 alone (black) and with 1mM of Co4-POM (red). Scan rate 25 mV/s, 

potential is reported versus Ag/AgCl reference electrode (E(Ag/AgCl) = 

0.68 V vs. RHE) reproduced from [233]. (B) CV of 0.5 mM Co4-POM in 0.1 M 

NaPi buffer at pH 8 immediately after dissolution (black), after 30 minutes of 

chronoamperometry at 1.1 V vs. Ag/AgCl (red dashed curve) and after the 

working electrode was washed with water and placed in pure buffer solution 

(blue dotted curve). Scan rate 100mV/s, glassy carbon used as a working 

electrode. (C) Chronoamperometry (CA) of 0.5 mM Co4-POM in 0.1M NaPi 

buffer at pH 8 and 1.1 V vs. Ag/AgCl (black solid curve), and the one of the 

same working electrodes after the solid black curve CA, after working 

electrode rinsing and in sodium phosphate buffer solution alone (red dotted 

line). Glassy carbon is used as a working electrode. Data in panels (B) and 

(C) are reproduced from Ref.[235]. Note that the American plotting 

p.113 
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conventions are used on this graph (i.e., inverted current sign and potential 

axes). 

Figure 3.6 : Chronoamperometry (CA) in Co9−POM 1 mM containing solution (red) and 

post-mortem CA (blue) compared to the blank CA (black). (A) In absence 

and (B) presence of 2.8 mM bpy (10-fold bpy excess compared to leached 

Co2+(aq)). Experiments were performed in 50 mM NaPi buffer pH 7, and 1 M 

NaNO3 supporting electrolyte. Reproduced from Ref.[244]. 

p.115 

Figure 3.7 : (A) List of hypotheses regarding the OER activity of CoPOMs. (B) Leached 

Co2+
(aq) quantification resulting from the dilution of Co4−POM and Co9−POM 

in different systems. Reproduced from Ref. [209]. 

p.117 

Figure 3.8 : 1 mM Co4−POM cyclic voltammetry (CV) at different anodic potential limits: 

(A) 0.7 V to 1.7 V, (B) 0.7 V to 1.725 V. (C) Post-mortem CV taken in a Co-

POM-free buffer solution after 20 minutes chronoamperometry (CA) in 

Co4−POM 1 mM solution at 1.6 V. CV is taken from 0.7 V to 1.775 V vs RHE; 

1 mM Co9−POM CV at different anodic potential limits: (D) 0.7 V to 1.65 V 

and (E) 0.7 V to 1.675 V. (F) Post-mortem CV taken in a Co-POM-free buffer 

solution after CAs of 20 minutes in Co-9POM 1 mM solution at 1.6V. CV is 

taken from 0.7 V to 1.725 V vs RHE. Electrolyte is 0.72 M sodium phosphate 

buffer at pH 6. Scan rate is 20mV/s. Glassy carbon was used as a working 

electrode. All potentials indicated are given vs. RHE. 

p.120 

Figure 3.9 : (A) Co4−POM 1mM (red curve) and Co9−POM 1 mM (blue curve) 

chronoamperometry at 1.6 V vs. RHE, in 0.72M NaPi buffer at pH 6.0 

compared to buffer only solution (black dashed curve). (B) Cobalt Pourbaix 

diagram in aqueous solution. Total cobalt concentration taken at 10-2 M, and 

at 25°C. Data from (B) was taken from [264]. 

p.121  

Figure 3.10 : Analyses of the degradation product formed on a GC working electrode 

surface after subjecting it to 1.6 V vs. RHE in 1 mM CoxPOM in 0.1 M NaPi 

buffer pH 6 for 300 s. (A) Co L-edge spectra acquired in the total electron 

yield collected via a Faraday cup, via the first aperture of the differential 

pumping system with an applied accelerating voltage [265]. Spectra obtained 

at Bessy II, ISISS Beamline. (B) EDX mapping of the Co4-POM degradation 

layer scratched from the GC surface. Red=Co, green=P, blue=W; (C) Atomic 

fractions of the elements extracted from laboratory XPS analysis of the 

related working electrodes surfaces, hv=8.05 keV. 

p.122 

Figure 3.11 : schematic representation of the XAS spectro-electrochemical cell used at 

Lucia beamline in this work. Here the cell is composed of a microfluidic 

system that carry the electrode into a PPP container containing a small, 

squared cavity with a window. On the back of the cavity, the counter 

electrode (Pt foil) is sticked to the PPP container. To close the window, the 

working electrode (0.06 mm × 10 mm × 10 mm glassy carbon electrode) is 

p.124 
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hermetically compressed with a cap, so that the X-Ray (2 mm×2 mm) can 

pass into the cell and irradiate the electrolyte, which fluoresces and emits 

back an X-Ray fluorescence signal to the detector. The floating reference 

electrode is a simple Ag wire sticked into the microfluidic system, close to the 

cavity. More detail on the setup can be found in Ref.[267]. 

Figure 3.12 : Operando measurements of 1 mM Co9-POM in 0.72 M NaPi buffer pH 6 at 

different applied potentials. Potentials were estimated against a floating 

Fc+/Fc reference electrode prior to the experiment, in similar conditions. (A) 

Normalised and (B) non-normalised Co K-Edge XAS spectra. Inset window 

of figure A highlight the half-edge jump shift of the different spectra without 

offset. The spectra of the Co(II)3(PO4)2 and LiCo(III)O2 references are shown 

for comparison. (C) Corresponding Fourier Transform-EXAFS spectra 

acquired at potentials indicated in the plots. The post-mortem spectra were 

measured after the replacement of the electrolyte in the spectro-

electrochemical cell by ultra-pure water. Distances indicated on the graph 

are apparent interatomic distances, which are about 0.5 Å shorter than the 

actual ones. (D) CVs obtained in the spectro-electrochemical cell with the 

potential of analysis highlighted. 

p.125 

Figure 3.13 : Operando measurements of 1 mM Co9-POM in 0.72 M NaPi buffer pH 6 in 

the presence of 27 mM 2-2’ bipyridine (bpy, 3 eq. per Co). (A) Comparison 

of X-ray Absorption Co K-edge spectra at the OCP (0.45 V vs. Fc+/Fc 

reference) in the presence and in the absence of bpy. (B) Co K-Edge XAS 

spectra and (C) corresponding FT-EXAFS spectra acquired in the presence 

of bpy at potentials indicated in the plots. Distances indicated on the graph 

are apparent interatomic distances, which are about 0.5 Å shorter than the 

actual ones. (D) draws the difference between the XAS spectra shown in 

figure (B) at 1100mV, 450mV back after the analysis and post-mortem, vs. 

the initial spectra at 450 mV. The post-mortem spectra were measured after 

the replacement of the electrolyte in the spectro-electrochemical cell by ultra-

pure water. All potentials are indicated vs. Fc+/Fc. 

p.128 

Figure 3.14 : Operando Co K-edge analysis after 0, 9, 18, 36 and 72mM of NaClO added 

in 1 mM Co9POM solution, in phosphate buffer 0.72M pH = 7. (A) Fast 

XANES Co K-edge acquisition, immediately after NaClO addition. (B) 

Precise XANES spectra 30 min after the last NaClO addition. (C) EXAFS 

Fourier Transform of the (B) related spectra. Distances indicated on the 

graph are apparent interatomic distances, which are about 0.5 Å shorter than 

the actual ones. (D) Differential Co-K edge spectra shown figure (B) between 

the spectra after 18 eq and 72 eq of NaClO added, vs. the initial Co−POM 

solution. 
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Figure 3.15 : Reactional scheme of Co-POM/f-FLG. (A) primary amine function of 

N,N−dimethyle-p-phenylendiamine is protected using phthalic anhydride. (B) 

The protected molecule 1 is then methylated thanks to iodomethane to get 

the trimethylammonium function. (C) The obtained molecule 2 is then 

deprotected, and (D) 3 is mixed with 3-methylbutylnitrite and few layers 

graphene (FLG) suspension to generate in-situ 4-trimethylammonium 

benzene diazonium and functionalise FLG. (E) After proper separation and 

isolation of functionalised FLG, the suspension is drop casted on the desired 

substrate. Once dry, the substrate is finally immersed in 5 mM Co-POM 

containing solution overnight, and rinsed in ultrapure water. The detailed 

synthesis method is given in Section 3.7.4. 

p.134 

Figure 3.16 : Co4-POM/f-FLG/GCE (A) Co2p and (B) W4f XP spectra. 

Co9−POM/f−FLG/GCE (C) Co2p and (D) W4f XP spectra. Data recorded at 

HIPPIE beamline at MAX IV synchrotron under vacuum conditions. Beam 

energy = 1200 eV. (E) XPS relative atomic ratio between Co and W, for the 

experimental samples and the expected ratio according to the Co-POM 

theoretical composition. Cobalt and tungsten area were roughly fitted using 

Shirley background and pure Lorentzian function, to give a first 

approximation of the peaks area. 

p.135 

Figure 3.17 : Co-L edge X-Ray absorption spectra of (A) Co4−POM crystals and (B) 

Co9−POM crystals drop-casted on the gold foil substrate and acquired 

following the protocol detailed in panel (C). Each spectrum was taken under 

vacuum after the exposure to the gas. (D) TEM image of Co9−POM crystals. 

p.137 

Figure 3.18 : (A) Infrared spectra for Co4−POM and Co9−POM in the wavenumber 

interval characteristic of the POM. The absorption bands can be assigned as 

follows: 1030 cm−1 - P-O stretching; 940 cm−1 - W-O stretching; 885 cm−1 - 

W-O-W corner-sharing bending; 720 cm−1 - W-O-W edge sharing bending. 

31P-NMR analysis of Co4−POM (B) and Co9−POM (C). Samples are diluted 

in D2O, dwell Time: 1 s, spectral width: 500 kHz, spectrometer frequency: 

121.49 MHz, observation frequency: 121.70 MHz. 

p.141 

Figure 3.19 : (A) non-modified few layer graphene suspension (FLG) and functionalised 

few layers of graphene drop casted on gold substrate, Raman spectroscopy. 

(B) Scattering Electron Microscopy images of f-FLG, and (C) Transmission 

Electron Microscopy image of f-FLG. 

p.151 

Figure 4.1 : (A) Spinel crystallographic structure representation (blue: tetrahedral sites, 

green: octahedral sites, red: oxygen). Reproduced from Ref.[327]. (B) 

Schematic representation of Fe3O4@CoFe2O4 nanoparticles core-shell. The 

exact particle dimensions are given in the section 4.8.1, Table 4.1. 

p.151 

Figure 4.2 : Current hypotheses regarding the OER mechanism on perovskites going 

through (a) the conventional adsorbate mechanism and (b) the lattice oxygen 

p.153 
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participating mechanism. (c) represents a potential surface dissolution of the 

cations, which can be redeposited to form a hydroxide layer on top of the 

catalyst. Figure reproduced from Ref.[29]. 

Figure 4.3 : Influence of the core@shell architecture on electrochemical and 

electrocatalytic properties of NPs. (A) OER activity normalised per oxide 

mass for Fe3O4, CoFe2O4 and C@S-0.65 nm sample. CVs were obtained in 

0.1 M NaOH with 10 mV/s scan rate, working electrode rotation at 1000 rpm, 

with the temperature controlled at 25°C. (B) (C) and (D) are the second cycle 

of CVs at low potentials for Fe3O4, C@S-0.65nm and CoFe2O4 nanoparticles, 

respectively. CVs obtained in 0.1 M NaOH with 20 mV/s scan rate, working 

electrode rotation at 1000 rpm and temperature controlled at 25°C. 

p.155 

Figure 4.4 : C@S-0.65nm study of NPs in a spectro-electrochemical cell in the potential 

interval from 1.0 to −0.5 V vs. RHE: (A) Fe L3-edge, (B) Co L3-edge and (C) 

cyclic voltammogram acquired in the spectro-electrochemical cell prior to the 

experiment. C@S-0.65nm NPs are deposited on Fumatech membrane using 

bilayer of graphene as current collector, electrolyte is 0.1 M NaOH, scan rate 

20 mV/s. 

p.157 

Figure 4.5 : Reference (A) Fe L3-edge of FeO and Fe2O3 and (B) Co L3-edge of CoO 

and LiCoO2 X-Ray absorption spectra, cobalt references are taken from 

Ref.[345]. XAS spectra are normalised to the peak maxima. 

p.158 

Figure 4.6 : Study of C@S-0.65nm NPs in a spectro-electrochemical cell in the potential 

interval from 1.0 to 1.6 V vs. RHE: (A) Fe and (B) Co L3-Edge XAS operando 

analysis under different successive oxidative potentials. (C) Cyclic 

voltammetry in the spectro-electrochemical cell prior to the experiment. 

C@S-0.65nm NPs deposited on a Fumatech membrane, electrolyte is 

−0.1 M NaOH, scan rate 20 mV/s. 

p.160 

Figure 4.7 : Fe L3-Edge NEXAFS spectra reversibility at 1.0 V vs. RHE after applying 

(A) 1.4 V and (B) 1.6 V vs. RHE, respectively. 

p.161 

Figure 4.8 : Hypothesis of redox transformations happening at positive potentials and 

during the OER in Fe3O4@CoFe2O4 core@shell nanoparticles, supported by 

operando NEXAFS measurements. 

p.163 

Figure 4.9 : Electrochemical characterisation of Fe3O4, CoFe2O4, C@S−0.1nm, 

C@S−0.65nm and C@S−2nm NPs: (A) Cyclic voltammetry in 0.1 M NaOH, 

scan rate 10 mV/s, rotation at 1000rpm and temperature 25°C. (B) OER 

activity at 1.65 V vs. RHE per gram of oxide and per gram of Co. Error bars 

are result of standard deviation from repeatability measurements. (at least 3 

experiments were performed per sample) (C), (D), (E), (F) and (G) are CVs 

at 20mV/s scan rate potentials in the interval from 1.5 to -0.5 V vs. RHE for 

Fe3O4, CoFe2O4, C@S-0.1nm, C@S-0.65nm and C@S-2nm NPs 

respectively. 
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Figure 4.10 : C@S durability (A) C@S-0.1nm, C@S-0.65nm and C@S-2nm 

nanoparticles chronoamperometry for 3h at 1.65 V vs RHE in NaOH 0.1 M, 

WE rotation speed at 1000rpm to remove bubble formation, and 

thermostated at 25°C. The current intensity amplitude increases by 28%, 

66% and 36% for C@S-0.1nm, C@S-0.65nm and C@S-2nm, respectively 

between the 10th minute and after 3h of CA. Beginning of Life (BoL) and End 

of Life (EoL) OER CVs are presented on (B) (C) and (D) figure for 

C@S−0.1nm, C@S-0.65nm, C@S-2nm, respectively. 

p.166 

Figure 4.11 : (A) Fe L3-edge for the Fe3O4 NP under different oxidative or reductive gaz. 

(B) Detailed experimental plan. (C), (D) C@S-0.1nm; (E), (F) C@S-2nm and 

(G), (H) CoFe2O4 NPs Fe-L3 edge and Co L3-Edge under vacuum after 

exposure to the different oxidative or reductive atmospheres. Spectra were 

normalised by the peak maximum. 

p.169 

Figure 4.12 : CoFe2O4 nanoparticles in-situ X-Ray Absorption Spectra (XAS) study of 

water and water + beam reduction power. (A) Co L3-Edge XAS in vacuum 

after Plasma Cleaning (NP surface oxidized) (dark grey), after exposure to 

1mBar water atmosphere for 1h (red) and after exposure to 1mbar water with 

the beam on. (B) Experimental roadmap representation. 

p.171 

Figure 4.13 : C@S−0.65nm X-Ray Photoelectron Spectroscopy (XPS) depth profiling 

characterization: (A) Fe2p XPS signal and (B) Co2p XPS signal obtained at 

kinetic energy about 150, 200, 225, 300, 400 and 550eV. (C) Depth profiling 

analysis with Fe/(Co+Fe) atomic ratio detected as a function of the electron 

inelastic mean-free path. 

p.175 

Figure 4.14 : (A) Front and (B) lateral representation of the electrochemical cell 

developed at Fritz Haber Institute (Berlin, Germany) and used during this 

operando experiment. Image reproduced from Ref.[353], (C) schematic 

representation of the working electrode assembly for the operando setup: a 

graphene layer is used as current collector and separates the catalyst from 

the low-pressure atmosphere. Nanoparticles are dispersed on graphene 

layer and sandwiched between this layer and a Fumatech anion exchange 

membrane (AEM). Liquid electrolyte flows behind the AEM, providing 

continuous hydration to the catalyst surface. 

p.176 

Figure C.1 : Illustration of the characterization roadmap for an electrocatalyst study. p.184 
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General introduction 

Given that the majority of global energy supply is currently derived from fossil fuels, 

which are major contributors to greenhouse gas emissions and thus climate change, it 

is imperative to reduce our dependence on these non-renewable energy sources. 

However, renewable energies such as solar or wind-power, are intermittent and cannot 

be used directly for transport applications. Developing efficient ways to store energy is 

therefore necessary, and hydrogen as an energy carrier provides a durable and 

convenient way to store and transport energy, as long as it is produced from water 

electrolysis. Low temperature water electrolysis technologies, notably anion and proton 

exchange membrane electrolyzers are the most promising from an industrial point of 

view as they are compact, have a high operational capacity, can work at higher 

pressures, and avoid efficiently the O2 and H2 crossover through the cell.  

Anion exchange membrane water electrolyzers in particular are interesting as they 

avoid the utilization of expensive and scarce Pt-group metals as electrocatalyst, and 

reduce corrosion inside the cell. However, despite recent advances regarding this 

technology, the overpotentials for the hydrogen evolution reaction, and more 

importantly for the oxygen evolution reaction, are still high, which is responsible for a 

global energy efficiency decrease and a lack of competitivity compared to other non-

renewable hydrogen production means. Consequently, it is necessary to develop new 

catalysts that are inexpensive and active towards the hydrogen evolution reaction 

(HER) and oxygen evolution reactions (OER).  

Though, the lack of understanding of the active states in the anode and cathode 

catalyst during operation, hinders the comprehension of the relations existing between 

the catalyst structure and composition towards its activity and durability. In order to 

bridge this knowledge gap, the use of operando spectroscopic techniques has proven 

to be effective, as they are powerful tools to probe chemical changes occurring at the 

electrode-electrolyte interface. 

In this thesis, we present how X-Ray absorption (XAS) and X-Ray photoelectron 

spectroscopies (XPS) can be used to provide decisive information regarding different 

electrochemical systems, while keeping a critical eyesight on the method and the 

limitations that burden the coupling of the X-Ray spectroscopy with operando methods. 
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In Chapter 1 we begin with a general presentation of those spectroscopy methods, in 

order to highlight their fundamental strength and differences. Then, we present 

literature studies that involved X-Ray absorption or X-Ray photoelectron 

spectroscopies to understand different electrocatalytic systems, and to what extent 

they brought valuable information. 

In Chapter 2 we embrace the study of one of the most fundamental phenomena in 

electrochemistry which is present and influences any electrocatalytic system: the 

electrochemical double layer. Thanks to technical developments, the electrochemical 

double layer study under operando conditions with dip and pull (D&P) XPS appears to 

be possible. Through the study of three different systems, using polycrystalline Pt or 

glassy carbon electrodes, and CsOH 1 M or NaOH 0.1 M as electrolyte; we illustrate 

a method for D&P operando studies, and discuss the relevance of this setup for 

the study of the electrochemical double layer in realistic conditions for the 

electrocatalysis. 

To explore the potential of X-ray absorption and X-Ray photoemission spectroscopy 

for the understanding of electrocatalysis of the OER, we present in Chapter 3 the 

study of model molecular OER electrocatalyst: complexes of cobalt stabilised 

polyoxometalates. Those species offer the strong advantage of presenting a clearly 

defined and unique chemical environment, which contrast with heterogeneous metal 

oxide-based OER catalysts which have a variety of different particles sizes, shapes, 

defects, and metallic−center coordinations. We therefore illustrate how X-Ray 

absorption and X-Ray photoemission spectroscopies can be used under operando and 

in-situ conditions to provide information on an electrochemical system under different 

oxidative environment. 

In Chapter 4, we highlight how those spectroscopic methods can be used in a more 

realistic and industrially relevant system through the study of core@shell 

nanoparticles composed of CoFe2O4@Fe3O4. This stable, active, and still model-

like electrocatalyst in terms of nanostructure system, is used as an example to illustrate 

how the joint use of electrochemistry study and operando/in situ characterizations can 

provide information regarding the relations between the system activity, its structure 

and the changes occurring under reaction conditions. 



 

25 
 

Finally, through the General conclusions and outlook, we present an overview of 

the opportunities and challenges of X-Ray absorption and X-Ray photoelectron 

spectroscopy techniques under operando and in-situ conditions, as well as the extent 

of preliminary information and system design one should pay attention to when it 

comes to the operando study of electrocatalytic systems for applications such as the 

OER. 
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Chapter 1 State of the Art  

Section 1.5 is partially based on a published article in Current Opinion in 

Electrochemistry: 

[2]: Rotonnelli, B., Fernandes, M.-S. D., Bournel, F., Gallet, J.-J., & Lassalle-Kaiser, 

B. (2023). In-situ/operando X-ray absorption and photoelectron spectroscopies applied 

to water-splitting electrocatalysis. Current Opinion in Electrochemistry, 40, 101314. 

1.1 Socio-Economic context 

Most of the world energy is produced from fossil fuel (i.e. carbon based) sources, such 

as coal, natural gas and oil which were representing > 80% of the global energy supply 

in 2020.[3] This energetic mix is nowadays recognised as problematic due to resource 

depletion over time and CO2 emissions related to the combustion of such fuels, being 

the main cause for global warming [4,5]. 

In order to limit CO2 emissions related to energy and transport, the use of renewable 

energy sources such as solar-power or wind-power has long been one of the 

considered long term solution, but such energy sources are intermittent and not 

suitable for transport applications. Thus, ways to store and carry energy are therefore 

required to generalise the use of renewable energy.  

Several ways to store energy exists, such as pumped hydro [6] or rechargeable 

batteries [7], but pumped hydro requires an adapted geological relief, which prevent a 

generalisation of such storage method and is not being suitable for transport 

applications, while rechargeable batteries are limited by their storage capacity, short 

lifetime, huge waste generation and key elements shortage.[8] Hydrogen as an energy 

carrier therefore appears as a competitive solution for energy storage and transport . 

Equation 1.1 : 𝐻2(𝑔) +
1

2
𝑂2(𝑔)

= 𝐻2𝑂(𝑙) + 286 𝑘𝐽. 𝑚𝑜𝑙−1 

Dihydrogen is a light molecule that has a high energy density and is particularly 

interesting as its oxidation only produces water (Equation 1.1). Its use either by direct 

combustion or in a fuel-cell to produce electricity, is a convenient way to use stored 

energy, especially for transport applications.[9] Since dihydrogen as a naturally 

occurring resource (white hydrogen) is quite uncommon, one needs to produce it from 
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molecules rich in hydrogen, such as water (H2O) or methane (CH4), defining 

dihydrogen as an energy carrier rather than a source. The carbon footprint of hydrogen 

use for transport or energy production will therefore depend essentially on the way it is 

produced. To differentiate its production method, and therefore the carbon emission 

related to hydrogen consumption, colours are associated to hydrogen (Figure 1.1).[10] 

Grey hydrogen is associated to steam methane reforming. It is the most commonly 

produced worldwide because of its low price (96% of global H2 market [11]). However, 

its production consumes methane and emits carbon dioxide (see Equation 1.2), 

therefore it does not appear as an interesting replacement for fossil fuels. In order to 

limit CO2 emissions, blue hydrogen [12] is proposed as a mid-term solution. Its 

production is still based on natural gas and bio sourced methane reforming, but the 

produced carbon dioxide is captured and stocked in depleted natural gas reservoir 

instead of being released into the atmosphere. However the long term effects of CO2 

storing underground are not yet known.  

 

Figure 1.1: Scheme illustrating the different colours associated with hydrogen depending on 

its production, and different applications. Reproduced from Ref.[13]. 

Equation 1.2 : 𝐶𝐻4  +  2𝐻2𝑂 +  165 𝑘𝐽. 𝑚𝑜𝑙−1 =  𝐶𝑂2  +  4𝐻2 

Finally, green hydrogen is produced from water electrolysis, preferably using 

renewable energy sources and therefore does not produce greenhouse gas during its 

production or consumption. Additionally, water electrolysis presents several 
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advantages, such as the production of high hydrogen purity, and the use of abundant 

water sources.[14,15]. Other shades of hydrogen do exist (e.g., yellow, purple, etc.) 

but shall not be discussed in this manuscript. 

1.2 Water electrolyzers 

At the core of a water electrolyzer, lies an electrochemical cell, that is composed of two 

electrodes and an electrolyte ensuring the ionic connection between the two. The 

hydrogen production in this cell is ensured by the water electrolysis, which occurs when 

a certain potential is applied between the two electrodes in presence of water. 

Electrolyzers technology can be divided in two groups, i.e., (i) high temperature 

electrolyzers that use steam, and (ii) low temperature electrolyzers that use liquid 

water. 

1.2.1 Solid Oxide Electrochemical Cells 

High temperature water electrolyzers are usually based on Solid Oxide 

Electrochemical Cells (SOEC), which are composed of 3 main parts (see Figure 

1.2.A).[16] 

• the cathode (or hydrogen electrode) is the electrode in contact with steam and 

which performs the water reduction to produce hydrogen and O2–, consuming 2 

electrons in the process. Cathode state of the art electrocatalysts are ceramic-

metal materials based on nickel and supported onto ionic conductive ceramics 

(Yttrium Stabilised Zirconia: YSZ, or Gadolinium Doped Ceria: GDC); 

• the solid ceramic electrolyte, that ensure the O2– ionic conductivity between the 

two electrodes and that consists as well of YSZ or GDC; 

• finally, the anode (or oxygen electrode) performs the O2-– oxidation to O2. Here, 

the state of the art electrocatalysts are mixed ionic and electronic conductor 

perovskite such as (La,Sr)(Co,Fe)O3 and La0.8Sr0.2MnO3–δ materials. 

Those systems, which are operating under high temperature reaction conditions 

(700~800°C usually), benefit from a decrease of the absolute value of the Gibbs energy 

of the cell reaction (Equation 1.1) with temperature, hence a smaller equilibrium cell 

voltage and an ensuing decrease of electricity consumption. Coupling this method of 

hydrogen production with a cheap heat source is therefore interesting from an 

economic point of view. However, these high temperature conditions are also the main 
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limit of the system since they greatly accelerate the ageing kinetics of the core 

components of the system, notably under intermittent operation. Specifically, 

temperature facilitates chemical changes at the crystals grain boundaries as well as at 

the mechanical defects propagation (delamination, cracks). Those problems are 

particularly important at the electrolyte-anode interface, which is why an additional 

intermediate layer is often introduced there, that ensure a physical separation between 

the electrolyte and the air electrode, thus avoiding chemical interaction between the 

two materials.[17] 

 

Figure 1.2 : Leading technologies for the water electrolysis: (A) solid oxide electrochemical 

cell, (B) alkaline water electrolyzer, (C) proton exchange membrane (PEM) and (D) anion 

exchange membrane (AEM) water electrolyzers. 

Several technologies exist in terms of low temperatures electrolyzers: Alkaline, Proton 

Exchange Membrane (PEM) and Anion Exchange Membrane (AEM) water 

electrolyzers. 
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1.2.2 Alkaline Water Electrolyzer 

The most mature technology is the alkaline electrolyzer, where the cathode and the 

anode are directly immersed in an alkaline media, separated by an electrolyte 

permeable membrane also called diaphragm (see Figure 1.2.B). The electrodes are 

usually cobalt and nickel based materials, while the electrolyte is a strongly alkaline 

aqueous media (e.g., KOH = 20~40 wt.%) due to its high ionic conductivity, and the 

membrane is based on composite materials (polysulfone matrix and ZrO2: 

ZirfonTM).[18] Those cells usually operate in the 60°C-100°C range with a voltage 

between 1.8 and 2.4 V. Here the hydrogen is produced by reduction of water following 

the Hydrogen Evolution Reaction (HER, see Equation 1.3), while the counter 

electrode (the anode) oxidize water to form oxygen following the Oxygen Evolution 

Reaction (OER, see Equation 1.4). The separation of both electrodes by the 

diaphragm allows separation of the produced hydrogen and oxygen.  

Equation 1.3 : 2 𝐻2𝑂 + 2𝑒−  = 𝐻2 + 2𝐻𝑂−  𝐸° = 0 𝑉 𝑣𝑠 𝑅𝐻𝐸 𝑎𝑡 298 𝐾 

Equation 1.4 : 4 𝐻𝑂− = 2𝐻2𝑂 + 𝑂2 + 4 e−  𝐸° = 1.229 𝑉 𝑣𝑠 𝑅𝐻𝐸 𝑎𝑡 298 𝐾 

The main advantage of this technology is that it is noble-metal free, as the 

electrocatalysts can be made out of transition metals [19] rather than noble metals, 

while remaining competitive from an energetic standpoint. However several technical 

issues can impact the electrolyzer efficiency and performances, such as (i) the 

formation of carbonates in the electrolyte if exposed to carbon dioxide; (ii) gas diffusion 

through the separator which can impact both the efficiency and be a significant safety 

issue as H2:O2 mixture is explosive; and (iii) the corrosion of the catalysts and cell 

components.[19–21] Furthermore, alkaline electrolysis has a high capital expense 

(CAPEX, i.e. long term capital investments) and cannot deliver as high currents as 

proton exchange membrane electrolysis as discussed below. 

To avoid gas crossover, electrochemical cells based on ion exchange membranes are 

developed. Two types of electrolyte membranes adapted for water electrolysis exist: 

• proton exchange membranes, which rely on H+ charge carriers and are usually 

polymers including perfluorosulfonic functions; 

• anion exchange membranes, which rely on HO– charge carriers and are usually 

polymers including quaternary ammonium or imidazolium groups. 
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On this type of architecture, the electrodes are directly in contact with the electrolyte 

membrane, the cells have a higher operational capacity, separate gas more efficiently, 

and allow better system compacity. These are key advantages from an industrial point 

of view.[22] 

1.2.3 Proton Exchange Membrane Water Electrolyzers 

Proton exchange membranes water electrolyzers (PEMWE, see Figure 1.2.C) are the 

most technologically advanced, as the membranes used in these cells are similar to 

proton exchange membranes fuel cells (PEMFC) and therefore they benefit from the 

knowledge established for those electrochemical systems. However, the strong acidic 

conditions lead to a notable corrosion of the metallic parts of the cell. To avoid that, 

expensive corrosion resistant materials such as titanium are required for the supports 

and electrolyte circulation plates. Additionally the state of the art electrocatalysts for 

the cathode and the anode in these systems are Pt and IrOx respectively, which are 

both costly, critical materials and lead to an overall expensive system. Another point of 

notable importance is the membrane ageing, as the operating conditions (pressure up 

to ~100 bars, T = 60~100°C) are harsh and can lead to premature ageing of the 

membrane (thinning, metal poisoning) on the timescale of the industrial 

requirements.[17,23] 

1.2.4 Alkaline Exchange Membrane Water Electrolyzers 

Anion exchange membranes water electrolyzers (AEMWE) therefore appear to be a 

system combining both the advantages of the alkaline medium and of the PEMWE 

structure. Working in alkaline media limits the corrosion on current collectors and other 

metallic parts of the stack, allowing to work with cheaper components. The HER 

electrocatalyst (cathode) in those systems is typically based on platinum and platinum 

group metals due to the sluggish kinetic of the HER in alkaline media. Indeed, the HER 

activity on Pt is decreased 200-fold when increasing the pH from 1 to 13. However, 

this activity nevertheless remains far superior to the activity of non-precious metal 

based electrocatalysts.[24–27] However, the anode can be based on transition metal 

oxides as those materials appear to be good OER electrocatalysts in alkaline media, 

while being far cheaper and more abundant than iridium. This reduces drastically the 

fabrication price of those setups. However, the development of stable anion exchange 

membranes often appears as the main technological bottleneck for those systems, as 
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the anion exchange membranes degrades in strong alkaline media due to polymer-

chain reaction with hydroxide ions, leading to an overall loss of the mechanical and 

ionic conduction properties of these membranes.[22,28,29] However, works 

throughout the past decade led to significant improvements of the membrane chemical 

stability through innovative molecular design and the addition of protective 

functionalities onto the hydrophilic section of the polymer.[30,31] 

All previously exposed technologies are either commercially available or in 

development, but it is important to note that the feed water needs to be of high purity, 

with only the addition of the required salts to modify its pH toward the adequate 

operating region. Yet, the most suitable areas for renewable energy production 

(oceanic offshore for wind power, coastal desertic area for solar panels) are also hard 

to be supplied with water of such quality. Performing water electrolysis using seawater 

as a feed would therefore become necessary from a logistical point of view in those 

regions. Sea-water direct electrolysis is an issue due to the presence of many salts 

that can be oxidized or reduced alongside water (mostly chloride, that can be oxidized, 

the chlorine evolution reaction competing with OER), as well as the strong local pH 

modification which occurs at the anode (H+ production or OH- consumption) and the 

cathode (H+ consumption or OH- generation). The development of efficient and 

selective catalysts in (i) neutral media and/or (ii) in presence of chlorine and other salts 

would then be pivotal.[32,33] Another option (which could be easier to realise) is to 

combine water desalination unit with water electrolysis (see, e.g., Ref.[34]). 

To improve the efficiency and durability of any of the above mentioned systems, 

improving the OER and HER efficiency at electrodes is critical, as those reactions are 

directly tied to the energetic efficiency and kinetics of H2 production in the electrolyzer. 

To achieve said improvement, the understanding of the properties of the reactive 

interface during the electrochemical reactions, and how those properties are tied to the 

reaction mechanism and kinetics is essential: such knowledge would feedback in the 

development of cheaper and more efficient electrocatalysts and would thus makes 

green hydrogen financially competitive. This requires a wide array of characterization 

methods and, to understand the chemical changes occurring during the reaction, the 

use of non-invasive, sensitive, and system compatible characterization methods is 

necessary. Spectroscopy methods, based on the interaction between light and matter, 
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therefore appears to be suitable tools to further understand, and develop, the water 

electrolysis technology. 

1.3  X-Ray spectroscopy techniques  

1.3.1 Photon-absorption spectroscopy overview 

Light can be described as both an electromagnetic wave and a stream of corpuscular 

entities named photons. Photons obey the laws of quantum optics which define their 

energy E according to the Max-Plank equation (Equation 1.5), as function of the Plank 

constant (ℎ) and the frequency of the associated electromagnetic wave (𝑣).  

Equation 1.5 : 𝐸 = ℎ𝑣  ℎ = 6.626 × 10−34 J. s 

As photons have a constant speed (𝑐) in vacuum, their frequency and wavelength (𝜆) 

are related by the Equation 1.6, which is therefore inversely proportional to the photon 

energy. 

Equation 1.6 : 𝑣 = 𝑐/𝜆  𝑐 =  2.998 × 108 𝑚/𝑠 

Photons can interact with matter through two main phenomena, namely scattering 

(inelastic or elastic) and absorption. When a photon interacts with a molecule, an atom, 

or a crystal, taken in the ground state it provokes an energetic transition from this 

ground state (S0,0 on Figure 1.3.B) to an excited state (Sn,m with [n,m]≠[0,0]). The 

nature and the probability of this transition, i.e., the intensity, depends both on the 

chemical nature of the absorbing entity and the photon energy. Spectroscopy is then 

defined as the science that correlates spectra resulting from photon-matter interaction 

to the absorbing sample nature. In Figure 1.3.A the different types of energy transitions 

induced by the absorption of electromagnetic radiation are represented according to 

their energy range. Since a wide energy range of electromagnetic radiations is used in 

spectroscopy, it is appropriate to adapt the energy unit to the technique 

considered.[35,36] The following subsections focus on a non-exhaustive list of 

commonly used spectroscopy techniques that result from the direct absorption of a 

photon and which information they can provide. Finally X-Ray based spectroscopy 

techniques are introduced and furtherly developed. 
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Figure 1.3: (A) names associated to the light depending on the photon energy and which type 

of energy transition can be triggered once absorbed by an atom, molecule or crystal. (B) 

Schematic representation of the first transitions observed in the different spectroscopies in the 

infrared-UV domain. Each state is given a name S(n,m), n representing the electronic states, 

m, the vibrational states of a molecule, 0 being the number associated to a fundamental level. 

Infrared spectroscopy 

Infrared (IR) light goes from 10 cm–1 (𝜆 =1 mm) to 12 500 cm–1 (𝜆 = 770 nm), the most 

commonly used unit in that range is the wavenumber [cm-1] defined as the inverse of 

the wavelength. Infrared light induces low energetic transition corresponding to 

vibrational and rotational transitions in a molecule. This spectroscopy is particularly 

useful when it comes to the characterization of molecules, especially in organic 

chemistry. In the electrocatalysis field, it allows to characterize reactants, the reactive 

intermediates, and the products in their different geometry as well as their interaction 

with heterogeneous catalysts (e.g., specific adsorption). It is important to note that the 

active vibration modes are those which induce a variation of the dipolar momentum.[37] 

Inelastic scattering and Raman spectroscopy 

Scattering interaction between photon and matter can also be exploited for sample 

characterization. Scattering effects are a one step process which can be described as 

the absorption of a photon which energy does not match the energy difference between 

the ground state and an excited state (see Figure 1.3.B), the species therefore 

reaches a virtual excited state that de-excites back to a lower energy state and reemits 

a photon. In most of the case, the final state is the same as the initial one, the emitted 

photon has the same energy as the incident one and the scattering is said elastic 

(Rayleigh scattering). But in a low probability (1 for 108 transitions), the final state is 

different than the initial one and reaches a lower (anti-Stokes transitions) or a higher 
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energetic state (Stokes transitions). The emitted photon has therefore an energy 

different than the initial one, and this difference is equal to the energy transition 

between the initial and final energy state (inelastic scattering or Raman scattering). 

Raman spectroscopy aims to use that inelastic scattering effect to probe the vibrational 

transition in a molecule or a crystal. It uses a laser of UV-Vis or near-IR energy range 

(e.g., Nd:YAG laser for instance with 1064 nm wavelength), and record the spectra of 

the scattered light. The energetic states probed are vibrational ones, which is quite 

similar to IR spectroscopy and particularly useful for carbonaceous materials. The 

active modes in Raman are those which are sensitive to a change in the polarizability 

of the molecule induced by the electromagnetic field of the incident light. This 

spectroscopy is particularly well-adapted for graphene and graphene like material 

characterization (which cannot be studied by IR). However, the low probability that a 

photon triggers Raman scattering is the main limit of the technique, as the laser energy 

flux necessary to record a signal must be intense and thus can degrade the sample. 

One can note that several approaches exist to enhance Raman phenomena and rely 

on the plasmonic effects of metallic surfaces and nanoparticles (surface enhanced 

Raman spectroscopy SERS, tips enhanced Raman spectroscopy TERS) which can 

improve Raman signal intensity up to a 106 factor and provide a surface sensitivity to 

the technique, which show interesting applications for electrocatalysis 

studies.[36,38,39] 

Ultra-violet - visible spectroscopy 

Visible and ultra-violet (770 nm to 390 nm, and 390 nm to 10 nm respectively) light 

induces electronic transitions of low energies. The study of a sample absorption in that 

energy range refers to UV-Vis spectroscopy and is one of the most accessible 

spectroscopy methods due to the low prices of the equipment needed and its 

versatility. Even though this method lacks the chemical environment and structural 

sensitivity offered by other spectroscopy techniques, one is able to assess information 

regarding specific electronic transition such as the ligand to metal charge transfer 

(LMCT) in complexes or oxides that can provide basic electronic and structural 

information. Finally, during electrochemical reactions, as the reaction triggers electron 

transfer, the occupation of valence orbitals is modified, which can be observed by the 

change of UV-Vis fingerprint in the reactive molecule spectra.[40] Another interesting 

application of the UV-vis spectroscopy in electrocatalysis is the study of the properties 
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of the reactive interface using fluorescent molecular probes, which are sensitive to the 

environment conditions such as the local pH.[41] 

X-Ray spectroscopy 

X-Ray beam includes photons in the wavelength interval from 10 to 0.01 nm (energy 

from ~100 eV to 25 keV). Their energies are the typical energies of core orbitals in 

atoms, and their wavelength on the same order of magnitude as atomic distances in 

crystals. The elastic scattering of X-Rays by atoms in an organised crystalline structure 

therefore results in the formation of a pattern which provide information regarding the 

atoms organisation, namely X-Ray Diffraction (XRD). This method is commonly used 

as a bulk characterization method for materials. Despite its usefulness in 

electrocatalysis in-situ and operando studies,[42] we will here restrain our discussion 

on X-Ray absorption techniques as they provide more information on the chemistry of 

the studied sample and are the core method of this manuscript. 

The absorption of X-Ray photon results either in the electron transition from the core 

to an unoccupied valence orbital or the ionisation of the atom or molecule. The energy 

levels of the core orbitals are predominantly determined by the atomic nuclear charge, 

and, to a lesser extent, by the chemical environment and oxidation state. Thus, the 

study of transitions involving those orbitals give an elemental information on the studied 

sample, as well as an information on the oxidation degree and the chemical 

environment of the probed element. These specificities give X-ray based spectroscopy 

the tools for the deconvolution and the analysis of complex environments such as the 

electrode-electrolyte interface. Depending on the X-ray energy, the core levels of 

different elements are probed. One generally distinguishes three ranges of X-rays: (i) 

soft X-rays (~100 eV to ~1500eV), (ii) tender X-rays (1500 eV to 5 keV) and (iii) hard 

X-rays (5 keV to 25 keV). 

Two main families of methods relying on X-Ray absorption can be distinguished: (i) X-

ray-absorption spectroscopy (XAS, Figure 1.4.A), based on the X-ray absorption as a 

function of the photon energy, and (ii) X-ray photoelectron spectroscopy (XPS, Figure 

1.4.B), which record the photoelectron energy and flux resulting from a sample 

ionisation exposed to a monochromatic X-ray beam. 
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Figure 1.4: principle of (A) X-Ray Absorption and (B) X-Ray Photoelectron spectroscopies 

techniques (XAS and XPS respectively) followed by a schematical representation of the 

detection method on the analysis depth. Reproduced from Ref.[2]. 

1.3.2 XPS principle 

XPS is based on the photoelectric effect that was first explained by Einstein in 1905 

using the quantum mechanics. When an atom absorbs a photon which has a greater 

energy than a core electron, the energy can be transmitted to the electron which has 

enough energy to be ejected from the atom. The emitted electron is referred as 

photoelectron and, due to the energy conservation law, its kinetic energy KE is related 

to the absorbed photon energy (h), the promoted electron binding energy (BE, i.e., 

the orbital stabilisation energy, generally refers to the Fermi level), and the work 

function , which represents the electrical potential difference between the sample 

fermi level and the vacuum level, following Equation 1.7 (see Figure 1.5.A). 

Equation 1.7 : ℎ𝑣 = 𝐵𝐸 + 𝐾𝐸 + 𝜙 

Photoelectrons have a strong interaction with atoms, and one can define the inelastic 

mean free path (IMFP) of electrons as the average distance a photoelectron can travel 

before undergoing an inelastic scattering interaction with another atom in a given 

media. This characteristic length depends on the atomic characteristics (electron 

density mostly) of the travelled media, and on the kinetic energy of the considered 

photoelectron. A typical dependence of the photoelectron IMFP, noted 𝜆𝐼𝑀𝐹𝑃 in gold is 
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given on Figure 1.5.B. The typical length of the IMFP is between 0.5 nm and 10 nm 

and the minimum IMFP length is observed for photoelectrons around 50 eV. This 

limited distance that photoelectrons can travel through a non-vacuum media has two 

main influences on XPS measurements: (i) the sample characterization is easier in 

vacuum as the photoelectron intensity would quickly decay due to inelastic scattering 

under atmosphere; (ii) it defines XPS as a surface sensitive technique. The signal 

intensity coming from a layer distant of x from the sample surface can be determined 

thanks to Equation 1.8 (where 𝐼  is the photoelectron intensity coming out of the 

sample, and 𝐼0 is the photoelectron intensity emitted by the considered layer), which 

means 63% of the XPS signal comes from a distance inferior to 𝜆𝐼𝑀𝐹𝑃 depth, and 95% 

from a depth less than three times the 𝜆𝐼𝑀𝐹𝑃. In addition, as the photoelectron IMFP 

depends on the kinetic energy, one can tune the depth sensitivity of the technique by 

changing the energy of the incident X-Ray beam, which is possible on a synchrotron 

source. 

 

Figure 1.5: (A) scheme of the energetic relation in the photoelectric effect, where the absorbed 

photon energy is h, the kinetic energy of the photoelectron is KE, the work function (i.e., the 

electrical potential difference between the sample Fermi level EF and the vacuum electrical 

potential Evac) is ϕ, and the binding energy of the electron is BE. (B) Simulation of the 

photoelectron inelastic mean free path ( 𝜆𝐼𝑀𝐹𝑃 ) depending on its kinetic energy in gold, 

according to equation (5) from Seah et al. [43]. 

Equation 1.8 : 𝐼 = I0 × 𝑒
−(

𝑥

𝜆𝐼𝑀𝐹𝑃
)
 

Finally, assuming a homogeneous and flat sample, the photoelectron intensity 

emission of an atom i can be evaluated thanks to Equation 1.9, where 𝐽 is the X-ray 

flux that strikes the sample surface, 𝑐𝑖  is the atomic ratio of photoelectron emitting 
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atom/ion within the sample volume probed, 𝐾𝑓 is a factor that encapsulates instrument 

characteristics, and 𝛼𝑖 is the atom cross section.[44] 

Equation 1.9 : 𝐼𝑖 = 𝐽 × 𝑐𝑖 × 𝛼𝑖 × 𝐾𝑓 × 𝜆𝐼𝑀𝐹𝑃,𝑖 

Consideration of the definition of the atomic ratio and Equation 1.9, we can define 

Equation 1.10, that allows the quantification of the i element atomic fraction compared 

to the other photoelectrons emitting elements in the sample. 

Equation 1.10 : 𝑐𝑖 =
𝐼𝑖

𝛼𝑖×𝜆𝐼𝑀𝐹𝑃,𝑖
/ Σj( 

𝐼𝑗

𝛼𝑗×𝜆𝐼𝑀𝐹𝑃,𝑗
) 

XPS is therefore a powerful quantitative technique with errors from 30% down to <5%. 

Inaccuracies sources can be multiple, such as sample inhomogeneities, sample 

thickness lower than analysis depth (3×𝜆𝐼𝑀𝐹𝑃) and inappropriate background fitting 

procedure. The fitting procedure to quantify the different contributions in XPS peaks is 

therefore essential to the quantification and sample analysis process. From the 

experimental raw data obtained (Figure 1.6.A) one must first define a proper 

background (Figure 1.6.B), and then define a set of peak-functions that will be used 

to fit the signal (Figure 1.6.C). Several functions exist to fit the background shape 

(linear, Shirley, Touggard, etc.), and the chosen function usually depends on the 

background shape. Regarding the sample XPS signal, one type of chemical 

environment/oxidation degree results in one peak, whose area is the actual total 

photoelectron intensity associated to the emitting specie in the given 

environment/oxidation degree (I in Equation 1.9 and 10).[43] 

The most appropriate function to reproduce a XPS peak is a Voigt function, i.e. a 

convolution of a Gaussian and Lorentzian functions. The Lorentzian shape accounts 

for the broadening of the electron core-hole life while the Gaussian contribution 

accounts for the experimental dispersion due to the analysed material and instrumental 

broadening.[45] To propose a coherent fitting model, one should therefore (i) have a 

preconstructed idea of the sample composition and (ii) obtain reference spectra from 

literature, databases or experimental assessment of standard, well defined samples, 

to design a correct peak shape for each contribution and (iii) impose a maximum of 

physically meaningful constraints to the fitting model such as: the area ratio between 

two spin-orbit splitted orbitals (e.g., 2p3/2 and 2p1/2 orbitals should have a 3/2 area ratio, 

induced by the orbitals degeneracy ratios), similar peak shapes between two 
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components of the same element in the same phase (mathematical function and full 

width half maximum of the peak) and relative peak positions. Finally, some transitions 

are impacted by inelastic phenomena (peak energy loss) that may combine electronic 

transition inside the emitting atom and the photoelectron transition leading to a shake-

up or shake-off satellite signal, which should be taken into account for a proper fitting 

procedure.[46–48] 

 

Figure 1.6: (A) Experimental Pt foil XPS spectrum; (B) typical background determination on 

XPS spectra. Different type of background function can be used, the Shirley function is shown 

here; (C) functions used to fit the XPS peak. As XPS is chemical environment and oxidation 

degree sensitive, the same element at two different oxidation degrees will emit an XPS peak 

at a different position. The peak function, full width half maximum (FWHM) and positions are 

the main parameters to control during the fitting process. Hence, correlations between these 

peaks parameters should be controlled for a good fitting; (D) XPS fitting result highlighting the 

different components and the main contributions in the peak. 

In a nutshell, XPS technique is an excellent method for surface materials studies, 

especially when it comes to the study of electrochemical interfaces, as it presents 
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several advantages compared to other photon-detection technique, because it is (i) an 

elemental and chemical environment sensitive method, (ii) not limited by the electronic 

transitions rules, (iii) sensitive to the sample surface (5~50 nm depth) and (iv) which 

does not necessarily require a tuneable X-Ray sources.[49] 

1.3.3 XAS principle 

X-Ray Absorption Spectroscopy (XAS), also named X-Ray Absorption Fine Structure 

(XAFS) was firstly observed in 1913, and theoretically explained in 1970’s [50], much 

later than XPS. The first reason behind this delay is the instrumental limitations. XAS 

requires a continuous variation of X-Ray source to determine the photon absorbance 

depending on its energy. This technique development therefore came along the 

development of synchrotrons that allows the continuous scanning of X-Ray 

energy.[51,52] 

Equation 1.11 : µ(𝐸) =
𝐼

𝐼0
 

Similar to optical microscopy, X-ray absorption spectroscopy relies on the absorbance 

of X-Ray photons (µ(𝐸)) by Equation 1.11, where 𝐼0 is the incident beam intensity, 

and 𝐼  is the transmitted beam intensity. Generally µ(𝐸)  decreases as the energy 

increases (approximately ∝ 1/𝐸3 ) but whenever a specific energy (characteristic of 

atoms constituting the sample) is reached, a sudden increase of the absorption is 

observed. This absorption increase is called an edge, and correspond to an electronic 

transition from a core level energy to an unoccupied valence orbital (Figure 1.4.A). 

XAS transitions satisfies the Laporte selection rules (Δl = ±1 for dipole selection rule, 

Δl = ±2 for quadrupole selection rule, where Δl is the difference in the quantum 

magnetic number between the final and initial orbitals). Depending on the energetic 

level of the promoted core-electron involved in the transition, a specific name is given 

to the transition (K, Ln, etc. see Figure 1.7.B). Regarding the K-edge, two main regions 

can be observed (Figure 1.7.A). The first region is associated to 1s → unoccupied 

valence state transitions and is named X-Ray Absorption Near-Edge Structure 

(XANES, also referred to Near Edge X-Ray Absorption Fine Structure, NEXAFS). The 

edge position and XANES shapes gives important information regarding the element 

oxidation degree (oxidation results in the edge shifting towards higher energies), and 

the specific shape can be used to identify a specie using its ‘fingerprint’. First row 

transition metals XANES K-edge includes a lower energy transition named ‘pre-edge’ 
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associated to the 1s → 3d transition, and is a quadrupole authorised transition, which 

can provide information regarding the local site symmetry.[53] A quadrupole transition, 

however, is ‘less authorised’ than a dipole transition. Hence, the absorption intensity is 

lower. 

 

Figure 1.7: (A) non-normalised CoFe2O4 Fe K-edge spectra, with the different X-Ray 

Absorption Near Edge Structure (NEXAFS/XANES) and Extended X-Ray Absorption Fine 

Structure (EXAFS) regions highlighted. (B) edge transitions studied in X-Ray Absorption 

Spectroscopy (XAS), associated to the initial atomic orbital. (C) Normalised XAS signal 

associated to the different steps of EXAFS processing: (D) determination of the scattering 

factor ‘𝜒 ’ from neighbouring atoms, and (E) its Fourier-Transform (FT) to determine the 

neighbouring atoms positions and provide a detailed information of the absorbing atom 

chemical environment. 

The first part of the XAS spectrum concerns electronic transitions and produces intense 

peaks called resonances or white lines, the second part presents oscillations which 

attenuate with increasing energy. This area corresponds to the Extended X-Ray 

Absorption Fine Structure (EXAFS). These oscillations result from quantum 

interferences of the elastically scattered photoelectrons by the neighbouring atoms, 
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and are quantified experimentally using the ‘scattering factor’ 𝜒 defined by Equation 

1.12. This modification in the X-Ray absorption coefficient can be quantified 

theoretically using Equation 1.13. 

Equation 1.12 : 𝜒 =
𝜇𝑒𝑥𝑝−𝜇𝑏𝑘𝑔

Δ𝜇𝑒𝑥𝑝
 

Equation 1.13 : 𝜒(𝑘) = − ∑
𝑁𝑗∗𝐹𝑗

𝑘𝑅𝑗
2  ×  𝑒

−
2𝑅𝑗

𝜆𝑒(𝑘) × 𝑒−2𝑘2𝜎𝑗
2

× sin (2𝑘𝑅𝑗 + 2𝛿1(𝑘))𝑗   

Equation 1.14 : 𝑘 = √2𝑚(𝐸 − 𝐸0)ℎ2 

In this equation: 𝑁𝑗 is the number of neighbouring scattering atoms, 𝑅𝑗 is the distance 

between the scattering and the emitting atom. 𝐹𝑗 describes the scattering properties of 

the neighbouring atoms j, 𝑘 is photoelectron wavenumber and is defined by Equation 

1.14, the 𝑒𝑥𝑝(−2𝑅𝑗/𝜆 𝑒(𝑘)  term is a damping factor that originates form the loss of 

coherence in the backscattered signal due to multielectron excitations (𝜆𝑒(𝑘) is the 

inelastic mean free path of the emitted photoelectron); 𝑒𝑥𝑝(−2𝑘2𝑘2 𝜎𝑗
2)  is another 

damping factor associated to the variation of position of the jth atoms (𝜎𝑗
2 is the mean 

square variation of the 𝑅𝑗 atom); sin(2𝑘𝑅𝑗 + 2𝛿1(𝑘)) term highlights the fact that 𝜒 is 

actually a sum of sinusoids which frequency depends on 𝑅𝑗  (𝛿1(𝑘)  is a phase shift 

term). A proper determination of 𝜒 (Figure 1.7.D) followed by the Fourier-Transform 

(FT) of the obtained spectra in the 𝑘 space (Figure 1.7.E) therefore provides precise 

information of the absorbing atom chemical environment. 

Several techniques can be used to measure the sample’s absorption coefficient (µ(𝐸)). 

First, one can detect the X-ray absorption through photon-out techniques: the direct 

measurement of transmitted X-rays through the sample, or the fluorescence signal, 

that is produced from the de-excitation of a high energy level electron to the core-hole 

created by the X-ray absorption (Figure 1.4.A and C). It can also be detected using 

electron-out technique, which detects electron emitted by the X-Ray absorption, mainly 

originating from deexcitation. To be more selective we can detect the Auger-electron 

line from a particular atom. Similarly to XPS, due to limited electron IMFP in condensed 

matter, the electron-out method is surface sensitive, while photon-out method is rather 

bulk sensitive (this varies with X-Ray energy and sample’s absorption coefficient) and 

can easily be used in gas or liquid media. This means that the technique surface 

sensitivity can be tuned with the detection method. XAS therefore appears to be 
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complementary technique to XPS, as it can be bulk-sensitive and shows more 

versatility to the pressure conditions in photon-out detection mode. Additionally, this 

technique can provide precise information on the chemical environment of the 

absorbing atom thanks to FT-EXAFS and on its oxidation degree using XANES edge 

shift, while, through XPS, an easy deconvolution and quantification of different 

elements that are found on the surface of a material and their chemistry can be 

achieved.[54] 

1.4 Spectro-electrochemical operando setup development  

The progress and the final state of chemical reactions strongly depend on the 

conditions in which they are carried out. It is therefore necessary to specify these 

experimental conditions and the way in which the measurements were taken in order 

to avoid misinterpretations. We propose underneath definitions of ex-situ, in-situ and 

operando conditions that we will stick to through this manuscript. However, one should 

keep in mind that they may differ depending on the scientific field. Ex-situ analysis 

relates to sample characterizations that are performed outside the reaction conditions, 

in-situ analysis is performed in conditions that mimic the system reaction conditions 

but without the reaction happening, while operando conditions aim to characterize the 

system while the reaction is happening, and finally post-mortem analysis refers to a 

system characterization, often ex-situ, after the reaction.[55] 

While post-mortem analysis is easier to carry on, and can provide information 

regarding the system ageing and irreversible changes during the reaction, the 

understanding of the reactional mechanism requires operando characterization which 

can provide information on the reaction intermediates and the involved active species. 

XAS and XPS in particular are presented as the ‘workhorses’ of characterization 

techniques to follow electrocatalysis reactions as (i) they are sensitive to changes of 

the oxidation degree induced by the electron transfer in redox reactions, (ii) they are 

sensitive to changes in the chemical environment around metallic catalytic centres, 

and (iii) they can be surface sensitive techniques. However, adapting an 

electrochemical system to an X-ray based spectroscopic instrument, hence developing 

a so-called spectro-electrochemical cell, is a technically challenging issue.[56] 

While in-situ and operando studies in heterogeneous electrocatalysis are performed 

for decades in the hard X-Ray spectroscopy region using XAS as a photon-out 
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technique,[57–59] the XPS, which is an electron-out technique, is limited to 

measurements in vacuum and low-pressure atmosphere due to strong interaction of 

photoelectron with the environment. The low electron mean free path is an issue for 

analysis in the electrocatalytic conditions which requires a liquid phase in the low 

temperature range (e.g. for applications in PEMWE, AEMWE, etc.). However, thanks 

to technical advances in the electron analysers and the use of intense synchrotrons 

sources, Ambient (or Near-Ambient) Pressure XPS (APXPS or NAP-XPS) has been 

developed in the 2000’s. [60,61] To improve the photoelectron counting rate, it is 

nevertheless preferable to work at the lowest pressure possible. That is why the first 

XPS spectro-electrochemical cells developed separated as much as possible the 

electrolyte from the atmosphere, to avoid evaporation and an increasing pressure in 

the analysis chamber. Several examples of such cell designs are discussed in the 

following paragraph. 

Figure 1.8.A shows a typical electrochemical-cell design for XANES measurement in 

fluorescence mode where the cell is separated from the atmosphere with an SiNx 

window which X-rays pass through easily. In the design presented on Figure 1.8.B 

and C dedicated to XPS measurement, the liquid electrolyte phase is separated from 

the vacuum by (i) the working electrode and (ii) a series of solid layers acting as current 

collector (graphene), sometimes reinforced mechanically by holey SiNx separator 

and/or ion exchange membrane.[62] These architectures limit the liquid phase 

evaporation while being transparent to electrons. However, as XPS is surface sensitive 

and as the electrochemical reaction occurs at the electrode-electrolyte interface, these 

setups are restricted to free-standing graphene working electrodes supporting low 

active materials loading [63–65] and porous working electrodes.[66–69] In case of low 

loading materials deposited on graphene, the combination of a low loading and 

supporting holey SiNx in front of the sample diminish drastically the signal, while 

graphene layer is reported to be sensible to electrochemical oxidation and to radicals 

created by beam-induced water radiolysis.[70] On the other hand, porous working 

electrodes prepared from direct sputtering of NP suspension [71,72] or nanostructured 

materials [73] onto ion-exchange membrane (suitable for ion exchange membrane 

cells) allows electrolyte diffusion through the working electrode up to the analysed 

surface exhibit an increased signal compared to the first architecture, owing to a larger 

quantity of analyzed samples. Though, this last architecture is limited by ionic diffusion 
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through the WE (unless ion-conducting polymer, an ionomer, is mixed with catalytic 

particles), drying issues at the working electrode external surface (i.e. analysed part of 

the system), and ion-exchange membrane/ionomer beam damage sensitivity, which 

altogether might lead to a difference between the electrochemical properties of the 

membrane/WE interface and the electrochemical properties of the analyzed region 

(i.e., far away from the membrane), thus leading to a loss of relevance of the obtained 

results. 

 

Figure 1.8: Different types of spectro-electrochemical cells used for operando XPS; (A) SiNx 

flow cell for fluorescence yield X-Ray Absorption spectroscopy (XAS); (B) Holey SiNx flow cell 

for X-ray Photoelectron Spectroscopy (XPS) and electron yield XAS. (C) Ion exchange 

membrane flow cell for XPS and electron yield XAS. (D) ‘Dip and pull’ setup for XPS and 

electron yield XAS. CE: Counter Electrode, RE: Reference Electrode, WE: Working Electrode. 

Reproduced from Ref.[62]. 

The development of end-stations working in the tender X-Ray range, and able to 

support pressures up to 150 mbar (above the water saturating vapor pressure at 25°C, 

~30 mbar) recently allowed the development of the remarkable ‘dip and pull’ (D&P) 

spectro-electrochemical cell,[74] which allows water liquid electrolyte presence in the 

analysis chamber. The setup can be seen on Figure 1.8.D and is rather close to a 

conventional three electrode cell: working, counter and reference electrodes are all 
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three immersed in a liquid electrolyte reservoir (aqueous or organic) vertically, allowing 

the analysis of a model 2D electrode-electrolyte interface. 

The development of such spectro-electrochemical cells that can closely mimic the 

reaction conditions performed in laboratory or in industrial systems is essential for the 

understanding of the electrocatalyst/electrolyte during the reactions and 

electrocatalysis mechanisms, and is illustrated in the following subsection. 

1.5 XP and XA spectroscopic techniques for studies of the OER electrocatalysis 

As discussed in Section 1.2, high efficiency of electrocatalysts for the OER and HER 

half-reactions is fundamental to the hydrogen implementation as an energy carrier. 

OER requires further attention as it is a sluggish and complex reaction that involves 

transfer of 4 electrons (Equation 1.4). The understanding of how an electrocatalytic 

surface or system behaves in the OER operating conditions, and how this behaviour 

impacts its activity and durability is therefore an important step to cross in the view to 

develop stable and efficient electrocatalyst.  

Various classes of electrocatalysts have been investigated as anode materials for 

water electrolysis,[75,76] their choice being largely determined by the type of 

electrolyte used (acidic,[77,78] alkaline [79–82] or seawater [83]). The objective of 

this section is to provide some examples of successful operando XPS and XAS 

investigations to illustrate types of spectro-electrochemical cells used, and kind 

of information, which can be extracted from such measurements.  

Under acidic conditions, metal oxides such as IrOx and RuOx are the most active 

catalysts for this reaction, due to their near-optimal energy for the M-O bond according 

to thermochemical theory and their high electronic conductivity. However, Ru oxides 

are prone to fast degradation, which Saveleva et al. [68] attributed to the 

transformation, under the reaction conditions, of RuO2 with rutile structure into unstable 

ruthenium hydroxide and volatile forms of Ru with a high oxidation state. In the 

meantime, Ir catalysts (notably crystalline IrO2 with rutile structure) are much more 

stable than Ru-based. As a consequence, and despite its very high price and small 

abundance, IrOx is the reference (and commercially used) catalyst for OER in acidic 

media, showing low overpotential (from +0.2 V to +0.4 V corresponding to potentials 

of 1.4 V to 1.6 V vs. the Reverible Hydrogen Electrode, RHE) and hence a high activity. 

Several theories still coexist to explain the mechanism of OER on IrOx, which are well 
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explained elsewhere.[84] The questions that currently remain to be solved revolve 

around the redox active site, which can either be the metal cation or the oxygen anion, 

and the role of lattice oxygen in the catalytic cycle. 

XPS and XAS in-operando methods have been of paramount importance in advancing 

the understanding of the mechanism of OER over the years. Several studies [85,86] 

detected high oxidation states of Ir and proposed mechanisms involving Ir(+V) or 

Ir(+VI) intermediates. Those intermediates are now rather attributed to a mechanism 

involving lattice oxygen and high overpotential conditions (>1.6 V vs. RHE).[84,87] The 

most likely mechanism taking place in acidic media at low overpotentials instead 

seems to involve the formation of electrophilic O(–I) species, followed by a nucleophilic 

attack from (HO–) or (H2O). This mechanism was first proposed by Pfeifer et al. [88] in 

2016 and then confirmed by Saveleva et al. in 2018 [89] by the influence of potential 

onto the specific signature of O(–I) in the O K-edge XA spectra (similar to Figure 1.9.A) 

in operando conditions (ion-exchange membrane design, electron-out detection mode, 

Figure 1.8.C). The binding mode of this electron-deficient O(–I) species, either 

coordinated to a single metallic center (µ1), or bridging two surface centres (µ2), or 

three lattice centres (µ3), crystallizes discussions on the catalytic cycle and the 

parameters that positively influence the OER (see Figure 1.9.B). 

In the absence of easily accessible XAS references, theoretical calculations are 

frequently used to complement and help the interpretation of XAS spectra. For 

instance, Mom et al. [90] used DFT calculations to determine the peak positions in the 

O K-edge XA spectra of the aforementioned µ1−O(H), µ2−O(H) and µ3−O. Comparing 

the data obtained from IrOx samples with different crystallinity in ion exchange 

membrane operando cell under different polarization (from 0.25 V to 1.65 V vs. RHE), 

they observed that µ−OH deprotonation happens when the oxide is positively polarized 

(+1.25 V vs. RHE). Interestingly, IrOx samples with different crystallinity showed similar 

trends in µ-OH behaviour for the same applied potentials (i.e., increasing µ2−O 

component with higher potentials on Figure 1.9.A) independently of the deprotonation 

potential of the active sites. In parallel, the Ir4f XPS signal was followed as a function 

of the potential applied. When the potential reaches values at which the OER occurs, 

it was observed that the oxidation of Ir is concomitant to the deprotonation of the 

µ2−OH, and, to a lesser extent, of the µ1-OH, sites. However, the very small energy 

shift observed in the Ir4f-XP spectra under OER conditions points towards an oxidation 
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primarily located on the oxygen rather than on the metal, as suggested by other 

studies.[72,88,91] 

 

 

Figure 1.9: (A) O K-edge recorded under operando conditions on IrOx-based OER catalysts 

with different crystallinity levels. The energy positions of several bridging oxygen species 

obtained from DFT calculations are displayed as vertical guides on the plots. The chemical 

structures of these species are shown on panel (B). Adapted from [90]. 

Finally, a quantification study showed that more µ1−OH and µ2−OH sites are 

deprotonated than the number of sites available on the topmost surface, meaning that 

deprotonation must happen in subsurface sites as well. A higher OER activity was 

observed for lower crystallinity samples. As subsurface µ1−OH and µ2−OH moieties 

are more represented in low crystallinity samples, the increasing OER activity for those 

samples compared to crystalline one was then explained by the inductive effect 

resulting from subsurface deprotonation that makes surface µ-O sites more 

electrophilic and therefore more active. This explanation is consistent with the work of 

El Maalouf et al., who used Operando XAS at the L3-edge of iridium to determine the 
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oxidation state of IrMoOx hierarchically porous OER electrocatalysts under applied 

potential.[92] In this study, the presence of molybdenum in the oxide was used to 

decorrelate the temperatures at which the crystalline/amorphous transition occurs from 

the Ir(III)/Ir(IV) transition. The authors showed, with a combination of ex-situ XPS and 

XAS as well as operando XAS, that the crystallinity of the samples was directly 

correlated to the activity, while the oxidation state was not. 

Drawing conclusions for the mechanism of water oxidation by iridium oxides in acidic 

media requires a precise understanding of crystallinity and metal oxidation state with 

a depth resolution. This profiling can be performed, although it is challenging, with a 

combination of XAS and XPS using a range of low to high X-ray energies (so called 

depth-profiling). Such experiments were already performed under ex-situ conditions 

for core-shell nanoparticles [72,93] and under operando conditions for RuO2 and 

Ir0.7Ru0.3O2 electrocatalyst [68] but remain to be applied to IrOx on the light of the above 

presented results.  

Transition metal based OER catalysts operating in alkaline medium have also been 

subject to in situ and operando investigations, notably with XAS and XPS (see Ref. 

[94] and references therein). For instance, Han et al. [95] used NAP-XPS in a D&P 

approach (Figure 1.8.d) to study transformations occurring at the surface of a cobalt 

metal foil electrode in alkaline media (0.1 M KOH) in a wide potential range up to the 

OER conditions, thus being able to determine the changes in the oxidation state of the 

electrode surface operando. These results were particularly interesting with regards to 

the oxidation behaviour of cobalt, as the sample was successfully reduced to Co(0) at 

low potential (−1.35 V vs. Ag/AgCl) while cobalt oxy-hydroxide was detected above 0.4 

V vs. Ag/AgCl (+1.4V vs. RHE) (Figure 1.10.a and b) and associated to the OER active 

phase in those conditions, a result confirming other studies that are discussed in 

Chapter 4. Additionally, assuming a uniform oxide layer on top of the cobalt metal (and 

owing to the D&P ability to use flat, and not nanostructured, electrodes), the authors 

were able to estimate the thickness of the oxide layer formed (~7.5 nm). Similar 

observations were made on Co3O4/CoOOH electrocatalyst by Favaro et al.,[96] where 

the CoOOH phase was detected under oxidative operando condition and associated 

to the OER active phase using the D&P setup. 
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Figure 1.10: Co metal foil working electrode oxidation up to oxygen evolution reaction 

conditions, and reduction, in 0.1 M KOH using operando ‘dip and pull’ method. (A) Co2p, (B) 

O1s, and (C) K2p X-ray photoelectron spectra recorded at –1.35 V, –0.4 V and +0.4 V vs 

Ag/AgCl. Photon energy is 4 keV. Reproduced from Ref.[95]. 

Co(Fe) spinel oxides have also been investigated with operando EXAFS spectroscopy 

(see e.g., Ref.[97] and Figure 1.11). As further discussed in Chapter 4, CoxFe3–xO4 

are very attractive since they demonstrate enhanced activities in the OER compared 

to either Co3O4 or Fe3O4. It is interesting to note that while CoOx with rock salt-like 

structure was found to transform, at positive potentials, first into spinel and then 

CoOOH-like structure, for CoxFe3-xO4 (notably Fe-rich) catalysts only subtle changes 

in the EXAFS spectra were observed evidencing a lack of transformation into a CoOOH 

phase (Figure 1.11). The authors combined time-resolved XANES and EXAFS with 

machine learning, namely, principal component analysis (PCA) to qualitatively interpret 

subtle changes in the spectra under the reaction conditions. They highlight an increase 

in the oxidation state of both Co and Fe species, and contraction of interatomic 

distances, and infer participation of both Co and Fe in the OER. 
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Figure 1.11: Evolution of Fourier transformed (FT) Co K-edge (a,b) and Fe K-edge (c) EXAFS 

spectra during the activation and under OER conditions for (a,c) Co2.25Fe0.75O4 and CoOx, 

CoFe2O4, and (b) Co0.25Fe2.75O4 nanocatalysts. Spectra are shifted vertically for clarity. A 

comparison of Co K-edge FT-EXAFS spectra for all CoxFe3–xO4 samples with different Co to 

Fe ratio is shown in (b). The spectra collected for the as-prepared samples under OCP and for 

the samples under OER conditions are shown, as well as the spectra for reference oxides CoO 

(rocksalt structure) and Co3O4 (spinel structure). Reproduced from Ref.[97]. 

To sum up, XPS and XAS appear as powerful methods for in situ and operando 

monitoring of dynamic transformations that materials undergo under the reaction 

conditions. They may also allow one to detect active species provided that their 

concentration, which depends on the reaction kinetical steps, is strong enough. One 

should keep in mind however that electrocatalysis being interfacial phenomenon, it 

depends not only on the structure and composition of the electrode material but also 

on the structure and composition of the so-called ‘electric double layer, EDL’ (for more 

details see Chapter 2) formed at the electrode/electrolyte interface. The first mention 

of the EDL effects on the electrode kinetics dates back to seminal works of A. 

Frumkin,[98] but the interest to this topic has greatly increased in recent years when 

“unusual” pH and cation effects were documented for the OER, HER and carbon 

dioxide reduction reaction. Unfortunately, despite decades of research, the EDL 

remains the most ‘mysterious’ part of electrochemical systems (see e.g. Refs. [99–

102]), which is an obstacle for the fundamental understanding of electrocatalysis. 
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However, recently, NAP-XPS in its D&P version was proposed as a new tool to study 

the EDL and will be also considered in the Chapter 2 of this manuscript. 

1.6 Conclusions and objectives of the PhD thesis 

Implementation of green hydrogen production into the global energetic mix is still 

confronted to the low financial competitiveness of water electrolysis compared to non-

renewable hydrogen production processes (grey and blue hydrogen). AEM and PEM 

technologies appear to be promising candidates for the development of new 

electrolyzers. However, the development of more active and noble-metal free 

electrocatalysts for the HER, and in particular for the OER, in alkaline media remain a 

bottleneck to decrease the production and overall technology costs. The complexity of 

this reaction, coupled with the dynamic changes that an electrocatalyst undergoes 

when exposed to the oxidation conditions, present major challenges. Understanding 

the mechanisms, as well as the structural and chemical changes occurring at the 

electrochemical interface (i.e., at the interface between the electrode and electrolyte) 

is essential, as it would feedback into the development of the future generations of 

electrocatalysts. 

To this end, the development of adapted characterization methods is necessary. X-

Ray absorption spectroscopy and X-Ray photoelectron spectroscopy (XAS and XPS 

respectively), in particular, are promising as both are element-specific spectroscopy 

methods that allows to decorrelate contributions of each element in a complex system, 

while presenting complementary specificities. 

- XPS is a surface sensitive technique which is not submitted to the electronic 

transition rules. It is quantitative and allows a straightforward deconvolution of 

samples presenting elements in different chemical environments. However, the 

limited inelastic mean free path of electrons at ambient pressure complicates 

the electrochemical reactions studies under operando conditions. 

- XAS, on the other hand, is less handy when it comes to deconvolute an element 

signal in multiple phases. However, it is efficient in assessing oxidation degree 

changes in a material, and possesses an exceptional ability to precisely probe 

the chemical environment. Additionally, it can be either bulk or surface sensitive 

depending on the detection mode, which eases the spectro-electrochemical 

cells development using the bulk sensitive photon-out detection mode. 
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This chapter highlights how the XAS and XPS were successfully used in the literature 

to provide insights onto electrocatalytic processes and the electrode-electrolyte 

interface, with a specific focus on the OER in acidic and alkaline environment. In the 

following chapters of this manuscript, we are focusing on those two techniques to 

further explore their reach as tools to understand the properties of electrochemical 

systems of various complexities.  

In Chapter 2 we aim to tackle one of the key questions of electrochemistry on one of 

the most important features of an electrochemical system, through the study a model 

system in absence of faradaic reactions, i.e., is it possible to observe the 

electrochemical double layer (EDL) by spectroscopic methods in realistic 

conditions for electrocatalysis? To this end, we are focusing onto the study of the 

electrode-electrolyte interface of polycrystalline platinum or glassy carbon with an 

alkaline electrolyte, using the XPS D&P method. Indeed, the D&P is especially suited 

to record the signal at the interface of planar electrodes, therefore allowing a tentative 

mapping of the cation distribution near the electrode surface. This chapter hence 

describe both the methodology of our analysis and the relevance of the D&P to study 

the EDL.  

In Chapter 3, the complexity of the electrochemical system is increased through the 

introduction of the OER, whose key role in the hydrogen cycle has been highlighted in 

this chapter. However, conventional metal oxide-based heterogeneous OER catalysts 

(see Chapter 1 and references therein) are constituted of particles of different sizes 

and shapes, may contain different types of defects, hence sites of different 

coordination (e.g. tetrahedral, octahedral) and chemical environment. This makes the 

deciphering of information collected during operando studies very challenging.  

Thus, in Chapter 3, we choose to focus on a model molecular OER electrocatalyst, 

namely complexes of cobalt-stabilised polyoxometalates that offer a clearly 

defined, unique chemical environment. We use XP and XA spectroscopies under 

operando conditions to answer critical questions regarding their activity and stability 

under the OER conditions, and show how spectro-electrochemical tools can be used 

to study molecular catalysts in homogenous or heterogenous environments.  

In Chapter 4, we move closer to industrially relevant electrocatalytic systems, through 

the study of a more realistic OER electrocatalyst: CoFe2O4@Fe3O4 core@shell 
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nanoparticles. Those nanostructures are used as a showcase of how complementary 

use of conventional electrochemistry, spectroscopic operando and in-situ studies can 

provide an insightful picture on the structural transformations occurring when a system 

is operating, and how these transformations are related to its electrochemical 

properties, here as a function of the shell thickness.  

Finally, through its General conclusions and outlook, this manuscript provides an 

overview of the opportunities and challenges of synchrotron-based spectroscopic 

methods based on the utilization of X-rays, when applied to electrochemical systems, 

with a focus on the OER. The diversity of systems that are studied in the manuscript 

will be used to highlight the versatility and the wealth of information that spectroscopy 

techniques can provide, while providing methods and critical discussion regarding the 

relevance of data obtained. 
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Chapter 2: Assessing the 

Electrode-Electrolyte interface 

by X-Ray Photoelectron 

Spectroscopy using the ‘dip and 

pull’ approach 

 

2.1 General introduction 

Since the electron transfer between an electrode and a reactive species happens at 

the electrode/electrolyte interface, electrochemistry is defined as an interface science. 

When it comes to electrocatalysis or other application (battery, EDL capacitors, 

electrodeposition, etc.) this interface is especially important as it defines the system 

durability and its activity. It is then a strategic place to study when it comes to the 

understanding of electrochemical systems, either from a mechanistic or applied 

standpoint, to correlate the aforementioned activity and durability with the interfacial 

properties.  

While it is easier to perform characterization of the system after the reaction (post-

mortem), as the setup can simply be disassembled and analysed by spectroscopic, 

electronic and physico-chemical methods (e.g., Transmission Electron Microscopy, 

Scanning Electron Microscopy, X-Ray Photoelectron Spectroscopy, Raman, X-Ray 

Diffraction, etc.), characterising the system during the reaction (operando) with said 

methods allows to complement information obtained from electrochemical 

measurements. This is especially true when it comes to species in the electrolyte, or 

whose existence is potential-, time- or atmosphere-controlled, and therefore could be 

altered/destroyed unless it is characterised during the operation of the system. 
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Specifically, the electrochemical double layer (EDL) is a part of the system which 

cannot be studied out of operando conditions, as the organization of the ionic charges 

occurs at the electrolyte side of the electrode/electrolyte interface, and depends on the 

potential applied. This makes an experimental, direct, assessment of the EDL 

extremely challenging. Hence, information on the EDL which was gathered until very 

recently, is limited to macroscopic electrochemical and physical measurements, and 

simulations, which makes the EDL one of the less understood parts of an 

electrochemical system.[102–105] 

In this chapter, we briefly introduce the theoretical basis of the EDL and how it was 

studied in the past. Then a rather new spectro-electrochemical operando system will 

be introduced: the ‘dip and pull’ (D&P) setup, which allows study of a model planar 

electrode/electrolyte interface by XPS. We then discuss how it can be used to study 

the EDL, by (i) presenting a series of experimental data obtained using this setup and 

(ii) providing a critical discussion on the key parameters defining the relevance of the 

method in the frame of that application. 

2.2 State of the art 

2.2.1 Introduction into the electrochemical double layer 

When a potential is applied to an electrode, electron transfer can occur depending on 

the nature of the electrode material and species that are present at the interface. In 

case of absence of electron transfer (redox reaction) upon polarization, an electrode 

can be assimilated to an ideally polarisable electrode (IPE). In those conditions, the 

charges cannot cross the electrode/electrolyte interface and the electrode then 

performs as a capacitor. Charges are then accumulated on top of the electrode surface 

(~0.1 Å for a metal), with its polarity (negative or positive) and capacity depending on 

the nature of the electrode, the potential, and the electrolyte constituents.[106,107] At 

all times, the charge excess at the electrode is counterbalanced by an equal charge 

excess from the electrolyte ions of opposite polarity, resulting in a heterogenous 

distribution of ionic charges (vs. the electrolyte bulk) and solvent dipoles in the 

electrode vicinity. The layer in which this charge distribution occurs is defined as the 

Electrical Double Layer (EDL).[104,105] The exact EDL structure is yet to be fully 

understood despite its importance, and models developed so far still fail to accurately 
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describe the EDL and its characteristic features.[102] In the following part we will briefly 

introduce a simplified description of the EDL to depict the overall interface organisation. 

The EDL structure can be mentally divided in two layers (see Figure 2.1.A). Ions and 

molecules that are located in the closest proximity to the electrode surface (also called 

Stern or Helmholtz layer) are said to be specifically adsorbed (chemical interaction with 

electrode surface) and form the so-called compact (or dense) layer. Centres of those 

specifically adsorbed species are referred to the Inner Helmholtz Plane (IHP). Ions that 

are attracted to or repulsed by the electrode charge excess due to long range 

coulombic interaction, and are still surrounded by solvent molecules are referred to 

non-specifically adsorbed ions. As solvent molecules prevent them from getting too 

close to the electrode surface, the closest position they can get to the electrode is then 

defined as the Outer Helmholtz Plane (OHP). Since solvated ions are subjected to 

thermal motion, non-specifically adsorbed ions forms the so-called diffuse layer, which 

is defined as the space between the OHP up to the bulk electrolyte. In addition to the 

coulombic forces, interactions of the electrode and ions with the solvent molecules also 

affect the structure and composition of the EDL. The latter has been subjected to 

several models throughout electrochemistry history.[108] One of the direct 

consequences of the EDL is that the electrical potential drop between the metal (ϕM) 

and the electrolyte bulk (ϕS) is distributed through the entire length of the EDL, as 

illustrated in Figure 2.1.B, rather than abruptly dropping at x = 0 nm. However, one 

should keep in mind that despite those theoretical descriptions, which are convenient 

to have a mental representation about phenomena occurring at the 

electrode/electrolyte interface, those notions are still questioned and have no physical 

basis.[102] Indeed, recently Wolfgang Schmickler wrote: “Simple geometrical models 

based on concepts like the inner or outer Helmholtz plane, or the Stern layer have no 

scientific basis. They should be buried in the cemetery of discarded electrochemical 

concepts with the hydrogen in status nascendi”.[99] 
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Figure 2.1: (A) electrochemical double layer structure, formed by the compact layer (0−x2) and 

the diffuse layer (x2−bulk). IHP: Inner Helmholtz Plane (i.e. plane of closest approach of 

specifically adsorbed ions), OHP: Outer Helmholtz Plane (plane of the closest approach of 

non-specifically adsorbed ions). (B) Electrical potential distribution in the electrochemical 

double layer. ϕm, ϕ1, ϕ2, and ϕs are electrical potentials in metal, IHP, OHP and in solution bulk, 

respectively. (C) Estimated Debye length in an alkaline solution (e.g., KOH in the absence of 

other electrolyte) depending on the hydroxide concentration. Reproduced from Ref.[109]. (D) 

Electrical potential evolution depending on the electrode distance at different electrode 

potential (ϕm) according to Gouy-Chapman electrical double layer model. Reproduced from 

Ref.[104]. 

The EDL thickness and structure depend on the ion concentration and on the electrode 

potential. Its thickness can vary from few angstroms in electrolytes with a strong ionic 

strength (e.g., 1 M) to dozens of nanometres for diluted electrolytes (e.g., 10–4 M). An 

illustration of the EDL characteristic length (Debye length) depicting this phenomenon 

is shown in Figure 2.1.C for the specific case of alkaline solution. Similarly, the greater 

the electrode potential, the stronger the ionic overconcentration excess at the interface, 

and the shorter the Debye length (see Figure 2.1.D). Albeit it was little investigated, 

the use of highly concentrated electrolyte (>> 1 M) would result not only in further 

decreasing the thickness of the EDL, but also in its structural reorganization, through 

the change in the ions solvation shells, the diminishing number of water molecules not 
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involved in ions solvation shells etc. as recently observed by Li et al. with highly 

concentrated Li-salts [110] and Lee et al. with RbI and RbCl highly concentrated 

electrolytes.[111] The EDL influence on the electrochemical system behaviour cannot 

be overlooked, as EDL-induced phenomena (e.g., interfacial charges 

distribution,[112,113] surface crowding effect [114], capacitance behaviour [115,116], 

etc.) have a key influence on the electrocatalyst activity.[117,118] 

2.2.2 Historical EDL model development  

Since the EDL influences the electrochemical properties of a given material, the EDL 

was originally studied through a range of electrochemical methods (discussed in more 

detail in Section 2.2.3). However, these experiments provided information regarding 

the global EDL behaviour depending on potential, electrolyte concentration, pH, etc. 

They could not provide ‘mapping’ of the ion arrangement at the interface, which led to 

a focus on the model development, and a comparison of the model predictions with 

electrochemical findings to assess their validity.[104] The evolution of these models 

through history is illustrated in Figure 2.2. 

 

Figure 2.2: Historical EDL model illustrations. (A) Helmholtz model: the ions are arranged in 

a compact layer at the interface. (B) Gouy-Chapman model: ions are in a higher or lower 

concentration next to the surface compared to the bulk, and this difference diminishes with the 

distance (diffuse layer). (C) Stern modification: Same as Gouy-Chapman model, but we 

consider the existence of a minimum distance between ions and the electrode surface related 

to the solvation sphere around ions. 

Helmholtz model 

The first EDL model was elaborated in 1853 by Helmholtz.[119] As there is an excess 

of charge at the metal surface, it was then believed that the said charges were 
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compensated by the ions in solution. The formation of a layer of ions of opposing 

charge at the interface is therefore expected (see Figure 2.2.A). This results in the 

formation of the so-called electrical double layer, with a layer of charges residing within 

the electrode and a layer of charges within the electrolyte. Yet, this model quickly found 

its limits as it is similar to a parallel plate capacitor and results in a constant 

capacitance, while experiments evidenced in favour of capacitance depending on the 

electrolyte concentration and potential. 

Gouy-Chapman model 

Helmholtz model especially shows its limits in diluted electrolytes, where, as illustrated 

in Figure 2.1.C, as the EDL extends into the electrolyte bulk much beyond an ionic 

radius. As a consequence, Gouy (1910) [120,121] and Chapman (1913) [122] 

elaborated independently a second model, which considers two phenomena of 

opposite actions, (i) the tendency of electrode charge excess to repulse or attract ions 

in solution, (ii) and the thermal motion that randomizes their position. This model results 

in a diffuse layer (see Figure 2.2.B) in which the concentration of ions depends on the 

electrode charge excess and the electrolyte concentration in the solution. The ionic 

overconcentration being stronger in the electrode vicinity (where the electrode charge 

excess has more influence) while slowly getting back to the bulk values at further 

distance to the electrode interface. Incidentally, this model allowed the definition of the 

point of zero charge (PZC), i.e. the potential at which the ion charge excess at the 

interface is null. However, in specific cases (e.g., PZC determination, capacitance at 

extreme potentials) and at high electrolyte concentrations, it still showed differences 

between the model prediction and the experimental findings.[104,123,124]  

Gouy-Chapman-Stern model 

The main limitation of the Gouy-Chapman model is the description of ions as point 

charges, allowing an infinite concentration of ions at the interface under extreme 

conditions (high electrolyte concentration and high electrode potential). To solve this 

problem, Stern added a plane of closest approach to the electrode for the solvated 

ions, limited by the ion size and their solvation shell, which corresponds to the 

aforementioned OHP (Figure 2.2.C).[125] The model was then refined by including 

the specifically adsorbed ions at the IHP, as well as the ion-solvent interactions. Those 

refinements aimed to describe more precisely the influence of the metal surface-ion 
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interaction which are considered purely coulombic in the Gouy-Chapman-Stern (GCS) 

model.[126–131] 

2.2.3 Existing methods to study the EDL 

Historically, EDL studies were first performed using a dropping mercury electrode.[127] 

The modification of the concentration of ions at the interface directly impacts the 

surface tension following Gibbs adsorption isotherm, and therefore the dropping 

frequency of the mercury (which is related to the surface tension). One can therefore 

determine the surface charge density and hence have an indirect information about 

the interfacial ion concentration as a function of the system parameters (electrolyte 

concentration, pH, potential, etc.) through the electrocapillary curves presented in 

Figure 2.3.A, where a maximal surface tension corresponds to the lowest charge 

density. Similarly, experimental assessment of the surface capacitance as a function 

of the potential and electrolyte concentration led to the observation of the PZC values 

(see Figure 2.3.B, 0.001 M and 0.01 M curves). PZC determination through 

electrochemical measurements is nevertheless limited to low electrolyte 

concentrations, where the EDL is diffuse, and its effective thickness is large. At high 

electrolyte concentrations the EDL is more compact and hence no minimum is 

observed on the differential capacitance curve (see Figure 2.3.B, 0.1 M and 1.0 M 

curves). Specific adsorption has significant impact on the EDL structure/composition. 

For instance on Figure 2.3.A one can observe a shift of PZC (curve maxima) 

depending on the electrolyte nature, which can be explained by the difference in ions 

specific adsorption depending on the system. If specific adsorption results in charge 

transfer across the interface (chemisorption of hydroxide or proton for instance), then 

a second PZC can be observed,[132,133] which result in the definition of the point of 

zero free charge corresponding to the PZC in absence of specifically adsorbed species 

involving charge transfer, and the point of zero total charge corresponding to the PZC 

in presence of specifically adsorbed species involving charge transfer. This notion is 

especially important in case of metal electrodes that can strongly interact with 

hydrogen (Ir, Pt, Rh, etc.). Today, the EDL at such interfaces is still poorly understood 

when it comes out of the GCS limits.[134–136] 

Recently, the understanding of the EDL was strengthened by the use of computational 

methods. Such support started as early as the second half of the 20th century using 

Monte Carlo methods,[137] but owing to the calculating cost of modelling the complete 
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EDL, it only saw a drastic improvement in the 2000’s. Density Functional Theory (DFT) 

calculations were firstly used to describe water molecules behaviour at the interface 

[138,139] and HER electrochemical reactions.[140] In parallel, the use of molecular 

dynamics allowed 2D and 3D mapping of various interfaces exposed to diverse 

potentials fields,[141–143] along with developing detailed models of the potential 

distribution at the electrode/electrolyte interface,[144,145] with recent years seeing 

notable developments in (i) the complexity of the interface (e.g., from planar to porous), 

(ii) the parameterisation of the charges, molecules and their complexity,[116] (iii) the 

accuracy of the polarization and (iv) of the charge distribution throughout the electrode 

(e.g., through the use of MetalWalls software [146,147]). 

 

Figure 2.3: Example of (A) electrocapillary curves, representing the interfacial tension of 

mercury in contact with aqueous solutions of different electrolytes at 18°C. The potential Ez is 

the potential of zero charge for mercury in contact with NaF solution. The curve maxima (the 

highest surface tension) correspond to the lowest concentration of adsorbed ions at the 

interface. (B) Differential capacitance (charge derivative with potential) depending on the 

potential on a mercury electrode at different NaF electrolyte concentrations at 25°C. Minimal 

capacitance reflects lower ionic concentration excess at the interface. Reproduced from 

Ref.[127]. 

From a more experimental point of view, due to technical difficulties to study the 

electrode/electrolyte interface under in-situ or operando conditions, the EDL study only 

began in the 1990’s with the development of Scanning Tunnelling Microscopes 

(STM).[164], [165] Other microscopic and spectroscopic techniques were later adapted 

to be used under electrochemical operando conditions, such as Transmission Electron 
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Microscopy (TEM), Scanning TEM Electron Energy Loss Spectroscopy (STEM EELS), 

Nuclear Magnetic Resonance (NMR), and XAS. Yet those techniques are limited to 

characterizations of the interface as a whole, and cannot provide either information or 

resolution for a precise ion distribution through the layer, which make them ill-adapted 

for the EDL assessment. Other techniques provide information limited to specifically 

adsorbed species in the Stern layer, such as (i) Surface Enhanced Raman Scattering 

(SERS) [150] that allows investigations onto the distribution of species at the electrode-

electrolyte interface as a function of the potential [151] and onto the adsorbed water 

molecules orientation at the interface;[152] (ii) Atomic Force Microscopy (AFM) [153] 

and (iii) XPS, which saw its early development in interface characterization under ex-

situ conditions with the emersion [154] and fast freezing techniques.[155–157] This 

last technique though relied on the strong assumption that part of the 

electrode/electrolyte interface remains unchanged when removed from the bulk 

solution. To the author’s knowledge, until now very few spectroscopic techniques were 

able to bring more precise information regarding the ionic distribution in the whole 

double layer (Stern and diffuse layer) under operando conditions. Some of the most 

relevant examples being (i) X-Ray Reflectometry (XRR) coupled with simulation, which 

did provide information of the molecules distribution at the interface of non-aqueous 

Li-ion battery setup in a study by Steinbrück et al. in 2018;[174] and XPS in D&P setup, 

firstly used for that purpose by Favaro et al. in 2016 and Lichterman et al. in 2017.[109] 

2.2.4 Dip and pull setup 

The D&P setup for XPS measurements made its appearance with the development of 

synchrotron end-stations able to support pressures up to 150 mbar (above the water 

saturating vapor pressure at 25°C, ~30 mbar). It was firstly developed in 2015 by 

Axnanda et al. [74] at the Advanced Light Source (Berkeley) synchrotron, under the 

inspiration of the electrode emersion technique,[154] and was later adapted in other 

synchrotrons: Paul Scherrer Institute (Switzerland), Bessy II (Germany), and MAX IV 

(Sweden).[159] The setup can be seen on Figure 2.4.A and is close to a conventional 

three electrode cell: working, counter and reference electrodes are all three vertically 

immersed in a liquid electrolyte reservoir (aqueous or organic). The working electrode 

is then immersed (dip) in the electrolyte while analysing the emerged part of it with 

XPS. The working electrode is then slowly pulled out from the solution until the 

meniscus reaches the analysis spot (see Figure 2.4.D1-D4).  
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Figure 2.4: (A) ‘Dip and pull’ setup representation, (B) ‘tilted sample’ technique setup 

representation, (C) ‘offset droplet’ technique setup representation. (D) Dip and pull procedure: 

(D1) and (D2) prior to the measurement, the optical focus is made out of the electrolyte, (D3) 

The electrode is then dipped into the electrolyte and (D4) pulled carefully out of it, so that a thin 

meniscus film is formed on top of the electrode surface. Usually the working pressure for this 

setup is close to the solvent saturated vapor (~30 mbar for water at 298 K). Reproduced from 

[159]. 

At this point, if the electrolyte layer is thin enough, one is able to observe both the 

electrolyte and the working electrode surface signals. As the beam and the analyser 

are on the electrolyte side, the signal is much more sensitive to the working electrode 

surface in direct contact with the electrolyte, along with allowing the use of planar, non-

porous, model electrodes. The main limitation in terms of sensitivity now arises from 

the electrolyte thickness, i.e., as the photoelectron IMFP in liquid water can range from 

~4 nm (at 1000 eV) to ~15 nm (at 5000 eV),[160,161] the electrolyte must reach a 

thickness as thin as 15 nm and up to 45 nm so that one can be able to assess the 

interface properly. Obviously, the management of a vertical nanometric thin film in a 

low pressure atmosphere, while performing electrochemical experiments under an X-

Ray beam irradiation, is challenging and constitutes the main barrier to obtaining 
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reliable spectroscopic data. Finally, it is worth to highlight that other experimental 

approaches are developed to study the electrode from the ‘electrolyte’ side by XPS 

using a flat model working electrode, such as the ‘tilted sample’ [162] (Figure 2.4.B) 

and the ‘offset droplet’ [163] methods (Figure 2.4.C). Nevertheless the D&P setup 

presents major advantage of allowing the easy tuning of different parameters (such as 

electrolyte-beaker distance to the analysis spot, electrode dipping and pulling lengths) 

and the exposure of a new surface without changing the whole setup. 

In addition to the aforementioned challenges such as the thickness of the electrolyte, 

other parameters can alter the quality of the interface assessment, both from an 

electrochemical and spectroscopic standpoint, e.g. (i) the ohmic losses in the 

meniscus, (ii) the electrolyte evaporation, and (iii) the variation of the meniscus 

thickness. Furthermore, whereas the main drawback of the methods analysing a 

nanostructured working electrode is the complexity of the interface, and the resulting 

limitations in terms of EDL assessment, the D&P might suffer from a strong contribution 

of the electrolyte at the interface between the meniscus and the low pressure chamber 

(i.e., far away from the electrode/electrolyte interface) to the signal. Those challenges 

and eventual drawbacks, along with the methods to limit/overcome them, are 

extensively discussed within this chapter. 

2.3 ‘Dip and pull’ method for the studies of electrochemical 

interfaces 

The D&P method seems especially suited for the study of the electrode surface 

properties (e.g., oxidation degree, behaviour during electrocatalysis, etc.), the 

electrolyte (for homogenous redox reactions) and the electrode-electrolyte interface 

(e.g., the EDL). Some examples of those works are presented in what follows. 

2.3.1 Electrode surface study during electrocatalysis 

As already presented in Section 1.5, Han et al. [95] used D&P setup with a cobalt 

metal foil working electrode in alkaline media (0.1 M KOH), and were able to determine 

the changes in the oxidation state of the electrode surface under operando conditions 

to assess the active phase under OER conditions. Analogously, Stoerzinger et al. [164] 

and Favaro et al. [165] used the same setup with a platinum foil working electrode to 

study the metal surface state under HER and OER conditions, in alkaline media. 
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Regarding the OER, the authors followed the Pt4f XPS signal at different potentials 

and observed the formation of Pt-(OH)ads in the OER potential range (+0.9 V vs 

Ag/AgCl, see Figure 2.5.A) over time (Figure 2.5.B), while PtO2 and PtO components 

remained essentially unchanged. This led the authors to propose Pt-(OH)ads as the 

main active species for the OER on Pt. The increasing signal over time highlighted its 

formation in the materials depth, involving catalytic activity in subsurface active sites, 

and finally led to a revised OER mechanism for this system. 

 

Figure 2.5: Pt4f XPS fitting at (A) −200 mV, +250 mV, +500 mV and +900 mV, (B) at +900 mV 

and different exposure times: 0 min, 30 min, 60 min, 90 min and 120 minutes. (C) O1s XPS 

fitting and its zoom (D) at the same potentials as in (A). The system is composed of a platinum 

metal electrode in a ‘dip and pull’ setup and 1 M KOH electrolyte. Potentials are indicated 

versus Ag/AgCl reference electrode. Images are reproduced from Ref.[165]. 

2.3.2 Electrode / electrolyte interface studies 

On Figure 1.10 and on Figure 2.5, one will note a binding energy (BE) shift in the XPS 

soluble species peaks with the applied potential (for instance species that are in liquid 

phase e.g., K+
(aq), OH–

(aq), Figure 2.5.C and D), while this peak shift is absent for the 

peaks associated to the electrode material, or to species adsorbed on it (Figure 2.5.A). 

This BE shift is due to a combination of two effects. Firstly, the kinetic energy measured 

by the analyser depends on the incident photon energy, on the binding energy of the 

electron emitted but also on the work function ϕ (see Equation 1.7), the latter 

representing the electrical potential difference between the probed atom, and the 
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vacuum. Secondly, the electrical potential in the electrolyte layer is influenced by the 

electrical field induced by the application of a potential. As the working electrode is 

connected to the ground through the potentiostat, the work function of the electrode 

species does not depend on the potential difference applied between the working 

electrode and the reference electrode; and all species in electrical contact with the 

electrode will remain at the same binding energy position. On the other hand, the BEs 

of the species in the electrolyte shift according to the electrical potential difference 

between the electrode and the point of their localisation (see Figure 2.1.B). In absence 

of any external electrolyte-induced effects (e.g., ohmic losses, etc.) and assuming the 

PZC at 0 V vs. the Standard Hydrogen Electrode (SHE), the application of a −1 V vs 

SHE potential on a working electrode will create a −1 V electrical potential difference 

between the working electrode and the electrolyte bulk, resulting in a +1 eV work 

function difference between the electrolyte bulk and the ground (Figure 2.6.A). This 

will decrease the measured electron kinetic energy and shift the apparent binding 

energy position in the XP spectrum to higher energy. The shift might be altered by the 

non-ideal properties of the system, e.g., the electrical potential difference between the 

working electrode and the electrolyte bulk might be attenuated because of ohmic 

losses and the peak will only shift of –x eV, where x (< 1) is the actual electrode 

potential. This peak shifting is critical when it comes to studying the electrode-

electrolyte interface using D&P XPS, as it allows to differentiate adsorbed species or 

soluble species and quantify the actual electrode potential. Furthermore, it can also be 

used to assess the ion distribution in the EDL. Indeed, considering the electrolyte as 

the superposition of several thin layers parallel to the electrode surface, all the 

electrolyte-related XPS peaks (for instance originating from non-specifically adsorbed 

cations) are the sum of each contribution from these different layers, the contribution 

from the electrolyte-air interface being stronger than contribution from the electrode-

electrolyte interface due to strong electron scattering in condensed matter. In case of 

absence of electrical potential drop across the layer (i.e., specific case of the PZC), the 

XPS peak remains unchanged as all contributions are superposed (Figure 2.6.B). But 

in case of electrical potential distribution from the electrode to the electrolyte bulk due 

to the EDL formation, the resulting XPS peak is asymmetrically broadened (Figure 

2.6.C), which can be roughly followed using the Full Width at Half Maximum (FWHM) 

of the XPS peak, and which appears higher when potential is further from the PZC. 
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The signal can then be further deconvoluted to obtain a distribution profile of the ions 

within the EDL.  

 

Figure 2.6: (A) Scheme of the electrode-electrolyte interface, highlighting the change of 

electrical potential with the distance to the electrode surface (black) and the resulting apparent 

shift in XPS peak binding energy (BE, in blue). (B) Cation XPS peak representation as the sum 

of the cations contributions from the different layers of electrolyte at the point of zero charge 

(PZC), corresponding to the absence of electrical potential (i.e. BE) change at the interface, 

resulting in a symmetrical peak. (C) Cation XPS peak representation as the sum of the cations 

from the different layers of electrolyte at potential below the PZC (i.e. negative charge of the 

electrode), resulting in a lower apparent binding energy for cations far from the electrode (i.e. 

closer to the electrolyte-air interface) and a broadened XPS peak. 

The exploitation of that peak shifting and broadening for the EDL study is reported in 

two articles. The first one is from Favaro et al. in 2016,[103] who proposed using D&P 

setup for studying the EDL and provided the first proof of concept associated. Authors 

used a gold foil working electrode with low electrolyte concentration (from 0.1 mM to 

80 mM KOH) to obtain an EDL thickness of the same magnitude as the electrolyte film 

thickness (~30 nm). This configuration is highly advantageous as the XPS peak 

broadening is more apparent if the shift of the peak is distributed in the whole meniscus 

thickness. However, since the cation concentration was rather low in the electrolyte, 

they followed the O1s broadening of the liquid phase water contribution (Figure 2.7.B) 

and used a neutral soluble probe (pyrazine) as a probe to add an additional XPS signal 

in the system and follow the N1s broadening from the liquid phase contribution of 

pyrazine (Figure 2.7.A). The evolution of the FWHM of O1s and N1s (from liquid phase 

water and pyrazine, respectively) depending on the applied potential is represented on 



 

71 
 

Figure 2.7.D and is compared to the system differential capacitance at the same 

potential. One may note that both graphs show minima at the same potential (~0.140 

V vs. Ag/AgCl). The FWHM is supposed to be minimal at the PZC as illustrated by 

Figure 2.6.B, while the capacitance is minimal when the ion concentration excess at 

the interface is minimal (i.e. at the PZC as well), meaning that both methods led to the 

same results, which highlights that D&P can be used to study the EDL and identify 

PZC values. 

 

Figure 2.7: Electrochemical double layer probing from the spectral broadening of pyrazine (Py) 

and water core levels on a polycrystalline gold working electrode: (A) and (B) represent N1s 

and O1s XP spectra, respectively, in a KOH 0.4 mM aqueous solution (EDL thickness is 

estimated as 15.2 nm) containing 1.0 M Py. (C) Double layer capacitance (obtained from 

electrochemical method) as a function of the applied potential, fitted using Gouy-Chapman 

(GC), and Gouy-Chapman-Stern models (GCS). (D) Liquid Phase (LP) Pyrazine N1s signal 

and LP water (LPW) O1s full width at half maximum (FWHM) trends as a function of the applied 

potential within the EDL region. OCP, BG, GPW, PyESF stand for the ‘open circuit potential’, 

background, ‘gas phase water’ and ‘pyrazine at the electrode surface’ respectively. Photon 

energy is 4.0 keV. Reproduced from Ref.[103]. 
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The second study, from Lichterman et al. in 2017,[109] used iridium foil working 

electrode in KOH electrolyte at different pH (11.5 to 14, corresponding to 3.2×10–3 M 

to 1 M KOH) and different electrolyte film thickness (18 nm to 42 nm), to verify 

calculations regarding the influence of these parameters onto the different 

characteristics of the D&P XP spectra, such as electrolyte peak shifts and its FWHM. 

They highlighted experimentally the influence of pH and electrolyte thickness on the 

shift of the apparent XPS binding energy peak (supposedly −1 eV/V in the bulk 

electrolyte, see Figure 2.8.a), and verified that in case of ‘low’ electrolyte concentration 

(pH 11.5, 3.2×10–3 M KOH) the EDL is larger than the actual electrolyte thickness, 

which is illustrated by the lowering of the O1s peak shifting with the electrolyte film 

thickness decrease (see Figure 2.8.a., where the O1s peak shift is of ~0.4 eV/V at a 

meniscus thickness of ~20 nm, vs. 0.8 eV/V at a meniscus thickness of ~40 nm, at pH 

= 11.5). On the other hand, at stronger electrolyte concentration (pH 14) this trend is 

not observed due to a much shorter EDL. The authors followed as well the O1s XPS 

peak broadening depending on the pH and the electrolyte film thickness (Figure 2.8.b-

d) but the strong uncertainty in the electrolyte thickness evaluation, mixed with strong 

noise on XP spectra prevented any clear correlation between the predicted trend and 

the experiment, highlighting the technical difficulties in the D&P method. 

The D&P method was also used to assess the electrolyte properties of other 

electrochemical systems. In Li-ion batteries, Kallquist et al. [166,167] observed, 

through the trend in the C1s kinetic energy, that the presence of an interfacial charge 

transfer (i.e., Li from the electrolyte to/from the electrode) would result in a deviation 

from the ideal 1 eV/V trend in the electrolyte-related BE shift. In biology, the Donnan 

potential (i.e., the potential difference at a charged membrane/electrolyte interface) 

was also first assessed by the use of the D&P method.[168] Finally, Temperton et al. 

[169] recently published a proof-of-concept study in which they show that the XPS 

measurement of species dissolved in a homogeneous medium (an electrolyte film) is 

possible through the use of D&P. To do so, they recorded XPS reference spectra of 

the Fe(CN)6
3–/ Fe(CN)6

4– redox couple in a liquid jet setup (XPS setup adapted for 

liquids and suspensions,[170]) and compared it with the operando redox transition in 

the D&P configuration, which allowed them to follow the oxidation changes of said 

species at a 0.4 M concentration, thus paving the way toward the operando study of 

homogeneous systems. 
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Figure 2.8: O1s peak X-Ray photoelectron spectra (XPS) values recorded at pH 11.5 

(3.2×10−3 M) and pH 14 (1 M) in KOH solution, using the dip and pull method with Ir foil as 

working electrode. (A) O1s XPS peak shifting, (B) Full Width Half Maximum (FWHM), (C) Half 

Width Half Maximum on the positive binding energy side (HWHM+), and (D) HWHM on the 

negative binding energy side (HWHM-) depending on the estimated electrolyte film thickness 

that cover the working electrode. Reproduced from Ref.[109]. 

In a nutshell, despite its recent development, the D&P already covers a vast array of 

applications. Its ability to analyse both sides of the electrode-electrolyte interface, on 

model 2D-like electrodes, facilitates both the data analysis and the comparison with 

theoretical calculations and simulations. For instance, when applied to the electrode, 

D&P ease a careful assessment of the depth at which the chemical changes are 

occurring. Since it provides a clear view of the electrolyte properties through the 

meniscus, it may be considered as an ideal tool to follow redox changes of molecular 

species and study electrocatalysis involving soluble species. For the study of the 

electrode-electrolyte interface (e.g., EDL), the XPS peaks shifting depending on the 

local electrical potential in the electrolyte is a fortunate phenomenon which allows to 

gather insights into the EDL, the PZC and, potentially, the ions profile distribution near 

the reactive interface. Yet, one of the XPS strengths, the surface sensitivity, is also one 

of its main limitations in electrochemical operando condition. The pressure close to the 
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solvent vapor saturated pressure and the electrolyte thickness are strongly limiting the 

signal intensity and only allow the study of species at high concentrations. Additionally, 

the mastering of D&P system remains difficult due to the necessity to control as much 

as possible the electrolyte thickness, which is a key parameter for the electrode-

electrolyte interface sensitivity, and electrode polarization. 

In the following section, we propose to further explore this method in the specific case 

of the EDL study of concentrated alkaline solutions (1 M CsOH and 0.1 NaOH) on Pt 

foil and glassy carbon electrode (GCE). The objective of this study is to evaluate the 

D&P approach ability to assess the cationic charges distribution within the thickness of 

the EDL. This could be made possible by deconvolving the XPS signal obtained for the 

Cs3d and Na1s signals as illustrated in Figure 2.6. Indeed, it has recently been 

observed that the nature of the cationic species in the electrolyte greatly impacts the 

electrochemical performance of a given system, caused either by cation size and 

screening effects, or by modification of the adsorption strength and dissociation 

properties of the reactive intermediates, or more generally by modification of the EDL 

structure owing to the nature of the cationic species, which further strengthen the need 

for such understanding. [171–174] 

The choice of using two different electrode materials (Pt and glassy carbon) stems 

from their different properties in terms of known EDL behaviour, polarizability (GC 

electrode better fits the definition of the ideally polarizable electrode than Pt), but also 

‘non-electrochemical’ parameters such as their wettability, that would control the shape 

of the meniscus. The choice of the concentration, albeit high (and therefore leading to 

small Debye length), is mandatory to obtain a cation-related signal of high enough 

intensity to perform its deconvolution. Hence, in the upcoming sections, we discuss 

which information can be obtained by D&P on such interfaces, what are the limitations 

that are unveiled through this study and how they can be overcome. 

2.4 ‘Dip and pull’ experimental study 

2.4.1 Pt / CsOH 1.0 M interface 

Prior to its immersion in the electrolyte, the XPS signal of the platinum surface is 

recorded (Figure 2.9.A). The survey spectrum (not shown here) did not reveal any 

other element present on the surface than platinum and oxygen. According to 

literature, it is expected that the platinum surface is slightly oxidized due to prior 
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exposure to water and dioxygen from the atmosphere (note also that in order to remove 

organic contaminants, Pt was annealed in air at 950°C, see experimental procedure in 

Section 2.7).[175] This is confirmed by O1s signal that shows different oxygen 

contributions (Figure 2.9.B). One can observe traces of dioxygen (specific doublet 

around 542 eV [176]), which remained in the chamber since the pressure was around 

15 mbar due to the liquid water presence and thus did not allow a full removal of air. A 

large peak of H2O(g) around 538 eV, and two other peaks at 535.6 eV and 533.8 eV 

(δ = +1.8 eV) are observed. These two last peaks are associated with chemisorbed 

H2O and HO–
 as already reported in the literature.[60] It was additionally hypothesised 

that HO– peak might also include an oxygen contribution from platinum oxides similarly 

to the observations of Stoerzinger et al.[164] Since platinum is slightly oxidized, the 

Pt4f spectra (see Figure 2.9.A) includes different components: Pt(0), Pt-OH(chem), PtO 

and PtO2. The BE shifts from the Pt(0) photoemission line are taken from Favaro et al. 

study of platinum shown in Figure 2.5, i.e., δ(Pt-OH)= +0.6 eV and δ(PtO)= +1.3 eV 

[165]. The PtO2 position, i.e., δ(PtO2) = +2.5 eV, is taken from Saveleva et al. work, as 

it was offering a closer fit.[67] Finally, the peak fitting function was adjusted to match 

the signal ratio between peaks expected from a passivation monolayer (1 monolayer 

= 3 Å, which should represent 15~20% of the total platinum signal). It is nevertheless 

hard to rule out formation of islands (rather than a continuous film) of platinum oxide 

(which could be due to the Pt cleaning procedure, cf. Section 2.7) as their eventual 

contribution would be included in the Pt-Ox signals of the passivation layer. This 

procedure allowed a reasonable fit of the electrode-associated peaks using a Voigt 

function with an exponential tail function.[67] Detailed XPS peak fitting parameters for 

this figure, and the following ones are reported at the end of this chapter, in Table 2.1. 
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Figure 2.9: (A) Pt4f and (B) O1s XP spectra of the pristine working electrode (platinum foil) 

surface before dip and pull experiment. Beam energy = 1.6 keV. Peak fitting parameters are 

described in Table 2.1. 

To obtain an accurate fitting for the electrolyte peaks with a minimized contribution of 

the electrode-electrolyte interface, the electrode is dipped and pulled out of the 

electrolyte until a > 30 nm thick electrolyte layer is obtained at the analysis spot (visible 

electrode related XPS peaks). The obtained XP spectra are shown on Figure 2.10. 

The almost invisible Pt4f peak which appears at the same energy window confirms the 

presence of a thick electrolyte layer on the electrode surface. Hence, it is believed that 

the majority of the signal comes from the ‘electrolyte bulk’, i.e., the part of the 

electrolyte which is not impacted by the interface. Cs3d and Cs4d peak doublet relative 

positions and fitting function were then determined for our experimental setup and are 

detailed in Table 2.1. In the meantime O1s signal (Figure 2.10.B) shows two 

electrolyte-related contributions, attributed to H2O(l) and HO–
(aq) as no other oxygen 

contributions are expected in this system. One notes the high contribution of the HO– 

peak compared to the H2O(l) peak (1:5 respective area ratio). As (i) XPS is quantitative, 

(ii) those peaks have almost the same energy and (iii) come from the same phase, one 

can roughly attribute this area ratio to the actual ratio of associated species. Assuming 

the electrolyte concentration is homogeneous in the whole electrolyte film, this means 

the actual HO–
(aq) concentration in the meniscus is ~10 M, i.e., much higher than the 

one in the electrolyte bulk (1 M). An approximate computation of the Cs+ relative 

concentration using Equation 1.10 was also performed and provide a similar 

estimation. This directly highlights one of the first limitations of the D&P approach when 
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the pressure conditions are lower than the saturating vapor pressure. Owing to its high 

surface exposed and the low chamber pressure (~15 mbar while the saturation water 

vapour pressure at 25°C is about 30 mbar), it is believed that a water evaporation in 

the meniscus took place during the measurements. Owing to the peculiarity of the 

diffusion in thin films (e.g., in the meniscus) overall limited to the orthogonal direction 

to the electrode surface,[177] an equivalent concentration between the electrolyte bulk 

and the meniscus was not reached to compensate for that evaporation effect. Albeit 

this higher concentration is of interest in terms of data acquisition (i.e., higher intensity 

of the signal), we believe it might be detrimental for the assessment of the EDL itself, 

as the Debye length shall be greatly decreased as a consequence of this increased 

concentration. 

 

Figure 2.10: (A) Cs4d, (B) O1s and (C) Cs3d XP spectra obtained from a thick electrolyte 

layer for a Pt electrode in 1 M CsOH electrolyte. Photon energy is 1.8 keV. 

The electrode was then dipped again in the electrolyte and a cyclic voltammogram was 

measured to determine the potential range one could work in the chamber to avoid 

bubbling resulting from either the OER or the HER, which could be detrimental to the 

detector. Due to reference electrode (RE) calibration issues in such operando systems, 

the potentials indicated in the rest of this chapter is indicated vs. Ag/AgCl (RE) and 

may vary from a more classic laboratory experiment in a conventional three-electrode 

cell. The obtained CV is shown on Figure 2.11.C and shows Pt features in alkaline 

media.[178] One recognises the hydrogen adsorption/desorption features within −1.0 

V and −0.6 V, the Pt oxide formation on the anodic cycle above 0.05 V, and the 

platinum oxide reduction peak around −0.3 V on the cathodic cycle.  
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Figure 2.11: (A) Cs3d 5/2 peak position and (B) Pt4f total area versus H2O(l) (O1s) area ratio 

depending on the applied potential during the whole dip and pull experiment. On these graphs 

“good” and “invalid” data points are indicated. ‘Good data points’ are associated to 

measurements satisfying both the electrode polarization (i.e. the Cs3d peak shift with the 

applied potential, figure (A)) AND similar electrolyte thin film thickness covering the working 

electrode (here we evaluated the electrolyte thickness using the relative area of Pt4f and 

H2O(l)-related O1s peaks, and selected an interval for the ‘valid’ data, see figure (B). (C) Cyclic 

voltammogram of platinum acquired with the dip and pull setup. Scan rate is 50 mV/s, platinum 

foil working and counter electrodes, Ag/AgCl reference electrode, 1 M CsOH electrolyte. (D) 

Average intensity and applied voltage during the chronoamperometry throughout the dip and 

pull experiment. X axis represents the sequence of measurements. Average current intensity 

may depend on the dipping and pulling out of the electrode in the electrolyte. 

Following the acquisition of the reference XPS patterns and of the Pt electrochemical 

fingerprint, the operando assessment of the EDL using the D&P method started 

following the procedure described below:  
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• A new potential is applied to the working electrode. 

• The working electrode is dipped and pulled 2 mm above the electrolyte to renew 

the meniscus (distance to the electrolyte bulk up to the analysis spot was 

25~35 mm). 

• The working electrode position is adjusted to reach a reproducible electrolyte 

thickness compared to the previous data acquired.  

• Pt4f & Cs4d, O1s and Cs3d XP spectra are then recorded. 

The electrolyte thickness reproducibility was quickly assessed in real time by trying to 

get roughly the same ratio between Cs4d (electrolyte related) and Pt4f (electrode 

related) peak intensities (see Figure 2.12.A). A quantitative thickness of the obtained 

electrolyte is estimated using Equation 2.1 that allows determination of the electrolyte 

thickness (d) depending on the electrode XPS peak intensity (Pt4f) ratio between the 

emerged (Iem) and immersed electrode (Iim, i.e., observed through the meniscus), and 

the electrons IMFP in water at the kinetic energy associated to the measured peak 

(𝜆𝐼𝑀𝐹𝑃).[74] The obtained thickness is then estimated as ~13 nm in this case. 

Equation 2.1 : 𝑑 = 𝜆 × 𝑙𝑛 (
𝐼𝑖𝑚

𝐼𝑒𝑚
) 

After recording XP spectra between –1.05 and +0.45 V, each XPS scan (5 scans per 

D&P step) was analysed individually, and the ones showing a stable signal are 

summed up to maximise signal-to-noise ratio. The obtained processed spectra are 

then fitted using the Pt4f, Cs3d and Cs4d fitting parameters determined during the 

analysis without electrolyte (for Pt electrode) and in a thick meniscus (for the 

electrolyte) (Figure 2.9 and Figure 2.10). The O1s was fitted using H2O(l) and HO–
(aq) 

only. These two peaks fitting procedure is justified by (i) the good fit resulting from this 

model and (ii) the low contribution expected from adsorbates at the Pt surface along 

with their closeness in binding energy to the OH–
(aq), which would result in an imprecise 

and subjective fitting. This hypothesis is supported by space-integrating Equation 1.8, 

to estimate the signal quantity received from the layer between d and d’ distance (as 

described in Equation 2.2, with 𝜆𝐼𝑀𝐹𝑃 the electron IMFP, d and d’ the distances from 

the liquid/air interface and 𝐼0 the intensity emitted by a material’s layer in absence of 

electron inelastic scattering). Note that a monolayer of oxygen-containing adsorbates 

buried under a ~13 nm thick water layer should then contribute around ~0.5 % of the 
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total liquid phase O1s signal, and is considered negligible compared to the XPS signal-

to-noise ratio estimated at ~3 %.  

Equation 2.2 : 𝐼(𝑑, 𝑑′) = ∫ 𝐼0 × 𝑒
−

𝑥

𝜆𝐼𝑀𝐹𝑃  𝑑𝑥
𝑑′

𝑑
= [𝑒

−
𝑑

𝜆𝐼𝑀𝐹𝑃 − 𝑒
−

𝑑′

𝜆𝐼𝑀𝐹𝑃] ×
𝐼0

𝜆𝐼𝑀𝐹𝑃
 

The Cs3d5/2 peak (as the most intense one and with the clearest background) position 

depending on the applied potential is represented on Figure 2.11.A. As expected, due 

to its presence in the electrolyte, the peak position shifts towards lower binding 

energies with increasing potential. This confirms that the observed Cs is impacted by 

the potential applied to the working electrode. A linear trend can be observed from 

−1.05 to +0.35 V(δV = +1.4 V) where the peak position decreases from 726 to 725 eV 

(δBE=1 eV). The slope is −0.71 eV/V. As explained in the previous section, one should 

expect a 1 eV/V trend, indicating that the operating conditions are not ‘ideal’ in the 

meniscus. We believe that this discrepancy mainly arises from (i) the ohmic losses 

through the meniscus, which lead to a lower potential ‘felt’ in the meniscus that in the 

electrolyte pool (i.e., the bulk of the beaker); (ii) the specific properties of the meniscus, 

in terms of electrolyte concentration, pH, etc. which are different from the electrolyte 

pool. Some data points in this plot are out of the trend. This indicates the absence of 

electrode polarization due to a loss in the ionic conduction between the analysed spot 

and the bulk of electrolyte. One will note that, in absence of electrolyte connection the 

Cs3d5/2 peak tends to be positioned around 725.5 eV, which corresponds to the Cs3d5/2 

peak in absence of polarization. Those points are included in the “invalid data point” 

group on Figure 2.11, and will not be part of figures discussed in what follows. 

Similarly, the relative area ratio between Pt4f and H2O(l)-related O1s was computed 

and is displayed on Figure 2.11.B. This ratio is used here as a way to follow the stability 

of the meniscus thickness between each measurement, aiming to only compare 

experiments with a similar electrolyte thickness. As such, points which gave a ratio out 

of the 0.15 and 0.20 interval are considered “invalid”. As a consequence, the points 

which were kept for the following discussion are only those which both showed 

polarization and a meniscus of the adequate thickness. 
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Figure 2.12: (A) Pt4f & Cs4d, (B) O1s and (C) Cs3d XP spectra obtained from D&P setup at 

0.35, –0.35 and –1.05 V vs Ag/AgCl in 1 M CsOH. Pt4f7/2, Cs4d5/2, H2O(l) and HO–
(aq) O1s peak 

position shifting is highlighted. Photon energy is 1.8 keV. 

A set of three valid XPS measurements (at +0.35 V, −0.35 V and −1.05 V) are 

displayed on Figure 2.12. One notes the absence of Pt4f shifting and the consistent 

shifting of each liquid associated peaks (Cs, H2O(l), HO–
(aq)) and H2O(g) peak, as the 

latter is not electrically connected to the ground (through the working electrode), but its 

potential shall mainly depend on the EDL, with a contribution of the electrolyte-air 

electrical potential difference, a second interface which is also still poorly 

understood.[179,180] The fitting procedure seems valid as well as no shoulder or peak 

is unconsistent with the envelope proposed. As a consequence, the platinum 

composition, the peak relative intensity and the FWHM depending on the applied 

potential are displayed on Figure 2.13. 

Relative contributions of the four different components of the Pt4f (Pt(0), Pt-OH(ads), 

PtO, PtO2) in the total Pt4f signal as a function of the applied potential is shown in 

Figure 2.13.A. The expected and observed main component is Pt(0), as only 

modifications within the first atomic layer(s) are expected. However, the constant 
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presence of Pt-OH(ads), PtO and PtO2 even at potentials below the Pt oxides formation 

(i.e., 0 V as seen from CV in Figure 2.11.C) is counterintuitive. Indeed, the approximate 

30% contribution from oxides to the Pt4f signal corresponds to ~6 to 7 Å thick oxide 

layer (~2 monolayers). Albeit the estimation of the oxide contribution may be imprecise 

due to the experimental inaccuracy (e.g., noise, fitting errors, absence of experimental 

reference spectra in our setup), we believe that the key reason behind the high Pt oxide 

contribution is the presence of oxide clusters/islands on the electrode surface. Indeed, 

PtOx contribution might come from oxide 3D clusters/islands, in addition to a thin 

passivation layer. The full reduction of such islands being much slower than a 2D layer, 

this could explain the absence of apparent oxidation modification in the sample on the 

timescale of the analysis. This hypothesis is supported by the rather strong current 

obtained during the analysis (see Figure 2.11.D) under reductive potentials (<−0.4 V) 

compared to −0.1 V value (above the PtOx reduction potential), and which should 

quickly diminish over time in the case of a 2D passivation layer, despite a possible 

contribution of oxygen reduction reaction in those conditions. Indeed, literature data 

confirms that oxidation/reduction of Pt electrodes is a complex multistep process 

involving subsurface oxygen species as well as 2D and 3D oxide structures.[181,182] 

One should also consider that high electrolyte concentration (estimated above as 

~10 M for CsOH) may significantly slow down the electrode kinetics (including the 

kinetics of the Pt oxide reduction) due to the low fraction of ‘free’ water molecules (that 

is molecules which do not belong to the ions solvation shells).[183] Finally and despite 

an apparent potential-independent presence of Pt oxides in the XP spectra, it was 

experimentally observed during the experiment that the Pt wettability changed when 

increasing the potential > 0 V (i.e., the surface became much more hydrophilic), which 

would be indicative of the Pt surface oxidation above this potential (and/or, of Pt oxide 

reduction below this potential). 
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Figure 2.13: (A,D) Relative area percentage of different Pt contribution, (B,E) Electrolyte 

anions relative area versus liquid water, (C,F) HO– (O1s) and Cs3d5/2 full width at half maximum 

(FWHM) depending on the applied potential and Cs3d5/2 position respectively. Uncertainties 

were roughly estimated by fitting results differences, taking different extremum background 

values. 

To evaluate any further change in the concentration ratio between the alkali cations 

and H2O, the Cs3d and HO– (O1s) relative area versus the H2O(l) (O1s) area are plotted 

as a function of the applied potential and of the Cs3d5/2 binding energy (see Figure 

2.13.B and E). One can observe that despite a strong noise in the computed values, a 

trend is observed, as the ion peak areas increase versus liquid water up to 

−0.25 V < E < 0.25 V, before decreasing again. This is indicative that from −1 V to 
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−0.25 V < E < 0.25 V, the salt concentration in the meniscus is gradually increasing, 

despite the fact that the meniscus is renewed between each experiment. A possible 

reason for that trend would be the change of the surface chemistry depending on the 

applied potential, which impact the electrolyte thin film mobility on the electrode 

surface. In particular, the oxide formation on the electrode surface could drastically 

impact the molecular reorganisation of the interface, which may explain the trend 

change in the alkali concentration depending on potential at ~ -0.25 V (approximatively 

the Pt oxidation ‘onset’ potential). 

In parallel, the FWHM trends observed for OH–(O1s) and Cs3d5/2 do not indicate (i) the 

clear presence of the PZC (which would have been identified by a minima in FWHM) 

and (ii) a broadening of the FWHM around said PZC induced by the potential 

distribution within the EDL (see Figure 2.13.C and F). This indicates that it is 

impossible to clearly observe the EDL on a Pt electrode in 1M CsOH in our operating 

conditions, and to deconvolute precisely enough the FWHM signal, owing to the 

increased concentration in Cs+/OH– in the meniscus and the resulting small Debye 

length and low contribution of the EDL to the overall XPS signal. 

2.4.2 Pt / NaOH 0.1 M interface 

A second set of Pt/alkaline media interface was studied using 0.1 M NaOH electrolyte. 

The reasoning behind this choice stems from the interest of studying the effect of 

another cation, which is believed to impact the properties of the EDL. Na+ is a smaller 

cation, with a larger solvation sphere (rsolvation(Na+) = 2.44 Å, rsolvation(Cs+) = 1.73 Å), 

resulting in a lower diffusion coefficient (D(Na+)=13.5×10-10 m2.s-1, D(Cs+)=19×10-10 

m2.s-1).[184] The use of a lower concentration aims to overcome the limitation that was 

observed in the previous section, i.e., the low Debye length and the resulting 

impossibility to observe the EDL, as a lower concentration in salt in the meniscus 

should result in a thicker EDL. The experimental approach, and identification of ‘invalid’ 

data was performed as for the Pt / 1M CsOH, while following the Pt4f, Na2s and O1s 

XPS peaks. The choice of the Na2s as a characteristic peak to follow reside in (i) its 

low binding energy (64.2 eV) resulting in a higher kinetic energy for the emitted 

photoelectron (i.e. higher 𝜆𝐼𝑀𝐹𝑃 in liquid water) and higher sensitivity to the electrolyte 

depth, (ii) as well as a convenient position as it allowed us to simultaneously record 

Pt4f and Na2s and choose a repeatable electrolyte thickness at the different applied 
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potentials. The identification of the ‘valid’ points is presented in Figure 2.14.A and B, 

whereas the cyclic voltammogram of the Pt / 0.1 M NaOH is illustrated in Figure 

2.14.C. The electrochemical signal is far more defined than for 1 M CsOH (due to the 

quality of the salts used and the intrinsic effect of the cation [185] on the Pt CV). One 

notices an upshift of the observed potential range and of the Pt characteristic peaks by 

~ 60 mV vs. 1 M CsOH, which is consistent with the decrease in pH from 14 to 13. In 

terms of electrolyte thickness, only the points in the range indicated on Figure 2.14.B 

were kept. The electrolyte thickness is estimated to be within the range of 18~22 nm. 

This is thicker than the previous subsection with the Pt/CsOH 1 M interface, due to the 

lower Na2s cross section (2.6×10–21cm2 at hv=2000 eV) compared to Cs3d5/2 

(130×10−21cm2 at hv=2000 eV) [186,187], which require a thicker electrolyte to get a 

reasonable signal. While the prepared electrolyte had a 0.1 M NaOH concentration, 

the relative O1s signal specific to HO– once again shows a ~1:5 area ratio compared 

to the H2O(l) peak corresponding to a ~10 M actual concentration in the meniscus, 

indicating that the alkali accumulation within the meniscus seems to be independent of 

the concentration in the beaker, but rather determined by the pressure in the vacuum 

chamber (as discussed in Section 2.4.1).  
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Figure 2.14: (A) Na2s binding energy peak position depending on the applied potential, (B) 

Pt4f peak relative area compared to H2O(l) O1s peak, and (C) Cyclic voltammogram at 20 mV/s 

in the dip and pull setup with Pt foil as working electrode and counter electrode, Ag/AgCl 

reference electrode, NaOH 0.1 M electrolyte. (D) Average current and applied potential during 

the chronoamperometry throughout the dip and pull experiment. X axis represents the 

sequence of successive measurements. Average current may depend on the dipping and 

pulling out of the electrode, in addition to the applied potential. 

Figure 2.15 represent series of XPS measurements at 3 different potentials (+0.35, 

−0.05 and –0.95 V). Similarly to Pt / CsOH 1 M, the Na2s (as well as the O1s of the 

various oxygen peaks) binding energy shifts toward lower binding energies with the 

increasing potential, thus being consistent with the fact that the Na+ is present in the 

electrolyte. The Pt4f binding energy remains stable. Interestingly, as observed in 

Figure 2.14.A, (i) excellent polarization was achieved throughout the experiment and 

(ii) the slope is close to the –1 eV/V, i.e., –0.9 eV/V. This last observation is probably 

due to lower ohmic losses in the meniscus due to thicker electrolyte layer compared to 

the Pt / CsOH 1 M experimental series. 
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Figure 2.15: (A) Pt4f and Na2s, (B) O1s XP spectra obtained at +0.35, –0.05 and –0.95 V vs 

Ag/AgCl in dip and pull spectro-electrochemical operando setup using Pt foil as working 

electrode and NaOH 0.1M as electrolyte. Photon energy is 1.8 keV 

Pt oxidation depending on the applied potential on Figure 2.16.A and D did not show 

a different result from the one in 1 M CsOH subsection. Once again, the Pt oxide signal 

is observed even in the low potential region, therefore implying that the underlining 

phenomena are similar to those discussed above. Furthermore, the FWHM of the O1s 

HO– component seems to have a decreasing trend with the potential increase (Figure 

2.16.C and F). The rather thick electrolyte compared to the thin EDL (owing to the 

concentration) is an argument against the EDL playing a major role in this trend, as 

well as the lack of a similar trend for Na+. Moreover, one could expect a ‘V’ shape when 

it comes to FWHM vs. applied potential (Figure 2.7), as a minimum must be reached 

(albeit in less concentrated electrolyte) around the PZC of Pt (–0.3 V to ~ 0 V vs 

Ag/AgCl [134]).  
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Figure 2.16: XPS fitting results regarding the dip and pull electrochemical system with Pt foil 

as working electrode and NaOH 0.1 M as bulk electrolyte. (A) Pt4f component relative area, 

(B) Na2s and HO–
(aq) O1s components relative area compared to the O1s H2O(l) component 

and (C) H2O, HO– O1s contributions and Na2s FWHM depending on the applied 

potential.(D),(E) and (F) are identical to (A),(B), and (C) but plotted against the Na2s position 

in order to fit the actual working electrode potential. Uncertainties were roughly estimated by 

fitting results differences, taking different background values. 

The most relevant hypothesis would then be a non-homogeneous electrolyte thickness 

on the analysis spot, resulting in a signal broadening, which is supported by the lower 

number of valid points in the cathodic region, due to a more difficult electrolyte 

thickness control (see Figure 2.13.B and E). Furthermore, a variation of the meniscus 
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shape in between the analysis points could result in a variation of the OH– distribution 

at the gas/liquid interface, which would be reflected in the FHWM. However the 

complexity and the insufficient understanding of the electrolyte/gas interface limit the 

possibility of drawing definite conclusion without any simulation. Finally we should keep 

in mind that due to the high electrolyte concentration and the low quantity of ‘free’ water 

molecules not involved in Cs+ and OH– solvation, the EDL behaviour may be hard to 

perceive.  

2.4.3 Glassy Carbon Electrode / 1 M CsOH 

While platinum foil use as a working electrode is convenient (easier to clean, good 

conductivity in the whole electrode, well known electrochemical behaviour), we know 

the electrode behaviour diverged from an ideally polarisable electrode. The extreme 

reactivity of platinum surface and its strong water dissociation capability may add 

different phenomena on top of the EDL effects. An interesting replacement to the Pt as 

working electrode may be the Glassy Carbon Electrode (GCE), its low reactivity 

towards water oxidation and reduction allowing the exploration of a larger potential 

window. Additionally, its well-known cleaning procedure and good flatness control 

makes it a good candidate for theoretical EDL studies. In this part we therefore tried 

the EDL D&P study using GCE working electrode and CsOH 1 M as electrolyte. 

 

Figure 2.17: (A) C1s and (B) O1s XP spectra obtained from pristine glassy carbon electrode 

prior to dip and pull experiment. Photon energy is 1.8 keV. 

The initial XPS GCE signal without electrolyte is shown on Figure 2.17. The C1s signal 

(Figure 2.17.A) is fitted using functions described in Table 2.1. The BE values were 
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taken from literature and adapted to propose the best fit throughout the experiment 

[202]–[204]. The binding energy of the graphitic (C=C) peak was set at 284.5 eV and 

kept constant for the rest of the experiment. The O1s signal (Figure 2.17.B) shows 

only two contributions, H2O(g) and H2O(ads).[190] This is different from the pristine Pt 

surface which showed an additional HO-
(chem) component (Figure 2.9.B) but consistent, 

as GCE does not have strong H2O dissociation capability. The GCE / 1 M CsOH cyclic 

voltammogram is shown on Figure 2.18.C and is similar to the signal expected from a 

GCE. The low currents compared to Pt CVs shown previously, and the sluggish OER 

and HER confirm the low reactivity of GCE, while a small redox peak around -0.25 V 

is observed and could be associated to quinone/hydroquinone redox transition,[191] 

and/or dioxygen reduction. Currents above ~0.4 V may be attributed to the oxidation 

of carbon and OER occurring simultaneously.[192] Surprisingly, despite the higher 

glassy carbon hydrophobicity compared to Pt, the obtained meniscus was rather stable 

(Figure 2.18.D) from one measurement to another and estimated to ~11 nm. The 

polarization at the meniscus point was intermediate to what was observed for 0.1 M 

NaOH and 1 M CsOH on Pt (Figure 2.10.A and Figure 2.17.A), i.e., a ~ –0.8 eV/V 

slope ( Figure 2.18.A), this intermediate result might be explained by stronger ionic 

resistivity through the layer (due to thinner electrolyte layer) but an overall lower ohmic 

losses due to lower currents (~1 µA at 0.5 V for Pt / CsOH 1 M system vs ~0.3 µA at 

0.5V for GCE / CsOH 1 M). The HO–-to-H2O O1s relative area remained around 1:5 in 

the meniscus during the whole experiment, meaning the actual CsOH electrolyte 

concentration at the analysis spot is similar to previous experiments and around ~10 M. 
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Figure 2.18: XPS fitting results regarding the dip and pull electrochemical system with GCE 

as working electrode, Pt foil as counter electrode, and CsOH 1 M as electrolyte. (A) Cs3d5/2 

position, (B) Cs3d5/2, HO–
(aq) and H2O(l) (O1s) FWHM, and (C) C1s relative area compared to 

O1s of H2O(l) depending on the applied potential. (D) Cyclic voltammogram obtained in the 

spectro-electrochemical setup prior to the dip and pull experiment at 20 mV/s scan rate. (E) 

Cs3d5/2, HO– 
(aq) and H2O(l) O1s FWHM depending on the Cs3d5/2 peak position. (F) Average 

current and applied potential during the chronoamperometry throughout the dip and pull 

experiment. X axis represent the successive measurements sequence of the experiments. 

Average current may depend on the dipping and pulling out of the electrode, in addition to the 

applied potential. Uncertainties were roughly estimated by fitting results differences, taking 

different extremum background values. 
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On Figure 2.19 one can observe a set of C1s, Cs3d and O1s XP spectra on that 

system at 3 different potentials (−1.5 V, −0.3 V and +0.9 V vs Ag/AgCl). One observes 

that similarly to previous systems, electrolyte-related peaks shift with the potential. 

However, contrary to the Pt4f peak, which did not shift with potential, the electrode-

related C1s signal changes both the shape and the position (Figure 2.19.A). The 

shape of the C1s peak under polarization is rather different from the one observed 

without electrolyte, and despite several attempts, no consistent fitting was found for 

the whole range of potentials explored. Thus, in what follows it will be analysed 

qualitatively. The C1s peak shifting with potential the same way as the electrolyte-

related peaks (~ –1.9 eV shift between –1.5 V and +0.9 V on the peak maxima), the 

shift cannot be related to the oxidation degree changes on the electrode surface, as 

oxidation of the surface would result in a shift towards higher binding energies. The 

fact that the shift of the C1s peak follows the electrolyte-related peaks indicates that 

the XPS-probed carbon surface layer is electrically ‘disconnected’ from the GCE. This 

could be explained by formation of a resistive layer on top of the GCE surface, likely 

formed under positive electrode polarization during the pre-analysis potential cycling 

(Figure 2.18.C). This hypothesis is supported by (i) the C1s peak shape changes 

compared to the reference C1s spectrum taken before electrochemical measurements 

(Figure 2.17.A), (ii) the too low binding energy position of C1s at 0.9V (284.3eV, which 

is lower than the reference C=C position 284.5 eV), and (iii) the cyclic voltammetry 

(Figure 2.18.C) which highlights electrochemical oxidation reaction occurring under 

positive polarization. The shape of the C1s peak is also affected by the influence of 

potential on the oxidation state of carbon. One would expect that application of anodic 

potentials would results in a lower contribution of graphitic carbon (low binding energy) 

and higher contribution of oxygen-containing groups (higher binding energy). Indeed, 

one may see that a shoulder on the low BE side (~285 eV) of the of the C1s peak 

observed at –1.5 V, which could be attributed to the C=C and C-C components, is 

absent at higher potentials. This suggests an oxidation of the carbon surface at positive 

potentials. The formation of a resistive layer on the GCE surface would additionally 

explain difficulties encountered to fit the C1s signal as there would be a superposition 

of shifted peaks (from the resistive layer) and non-shifted peaks (from the GCE bulk 

electrically connected to the ground). The formation of that resistive layer would then 

question the validity of GCE as a working electrode for the EDL study as it would 

strongly impact the interface. 



 

93 
 

 

Figure 2.19: (A) C1s, (B) O1s and (C) Cs3d5/2 XP spectra obtained at +0.9 V, −0.3 V and −1.5 

V vs. Ag/AgCl in dip and pull spectro-electrochemical operando setup using Pt foil as working 

electrode and CsOH 1M as electrolyte. Photon energy is 1.8 keV. 

2.5  A discussion on the challenges, limits and interest of the dip and 

pull method as a tool to assess the electrode-electrolyte interface 

Operando spectro-electrochemical measurements are challenging from a technical 

standpoint, and the dynamic nature of the D&P system (i.e., meniscus stability, 

evaporation, etc.) further amplifies those difficulties. Here, we discuss the different 

aspects that impact the assessment of the electrode-electrolyte interface by the D&P 

method, and the mitigation methods to decrease their effect. The reader is invited to 

refer to Figure 2.20, which illustrates the different challenges discussed in the following 

section. Then, we conclude on the advantages and disadvantages of the D&P method 

for studying the EDL, based on our results and those discussed in the literature. 
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Figure 2.20: (A) Dip and pull experimental setup scheme, highlighting the analysis spot 

position which zoom is shown on (B). (C) panel represent issues originating from the electrolyte 

film inhomogeneity, that might result in a wrong interpretation of the XPS signal. (C1) is a 

‘proper’ film meniscus that is rather homogeneous and allows the probe of the electrode and 

the electrolyte due to low thickness. (C2) illustrates the case of electrolyte being non-

homogeneously spread on the surface, with some electrolyte part avoiding electrode probing 

due to excessive thickness, and some part of the electrode not being connected to the 

electrolyte and thus not having a meaningful result, despite the signal able to show both 

electrode and electrolyte-related specific peaks. (D) illustrates the effect of evaporation on the 

electrolyte concentration on the analysis spot. (E) panel shows the effect of electrolyte 

concentration on the XPS peak broadening of soluble and solvent species, with the case of 

(E1) low and (E2) high electrolyte concentration. 

2.5.1 Meniscus shape and thickness 

In the D&P setup, the obtained XPS signal is the signal average on the whole beam 

spot (i.e. analysed spot, ~10 µm×25 µm with ~20 nm depth sensitivity depending on 
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the photoelectron kinetic energy). In order to get a result that can be trusted, the system 

must be (i) homogeneous on the whole analysis spot and (ii) remain stable during the 

whole measurement. The electrolyte film in particular determines the electrochemical 

activity of the working electrode and the XPS intensity corresponding to the interface. 

Therefore, one of the key parameters to control in such setup is the meniscus shape 

and thickness. 

Firstly it is important to note that despite the use of the term ‘meniscus’ for the 

electrolyte covering the working electrode on the analysis spot, the analysed 

electrolyte rather resembles a mobile thin liquid film formed by the electrolyte molecule 

displacement on the electrode surface, up to the analysis spot (see Figure 2.20.B). 

This liquid thin film can extend as far as few mm from the actual visible meniscus, 

which was formed by the electrode immersion into the electrolyte. Said motion is 

dependent onto the surface hydrophobicity, and therefore, chemistry and morphology. 

The role of the working electrode, not only as electrocatalytic material, but also as the 

meniscus support, is then not to be underestimated. The chosen material hydrophilicity 

(or hydrophobicity) can strongly impact the electrolyte meniscus length and thickness. 

However, the choice of the electrode for the D&P is also controlled by the analysis of 

the signal, i.e., the use of a porous electrode would result in a surface roughness that 

would greatly impact (i) the meniscus shape and properties (e.g., the formation of a 

thin film might be far more challenging) and (ii) lead to a signal that is actually a sum 

of signals corresponding to pores of different depth, making analysis extremely difficult.  

Depending on the working electrode and potential window, chemical changes might 

happen on the electrode surface during the measurement. This is illustrated for the 

GCE / 1 M CsOH system in Figure 2.21, where the C1s XP spectra of the 1st, 5th and 

10th scan at −0.5 V (A) and −1.5 V (B) are shown. At −0.5 V, the C1s peak shows 

shape changes, probably resulting from the carbon oxidation and formation of a poorly 

conducting layer on the surface of the electrode, which might result in the C1s peak 

splitting into the signals from ‘connected’ and electrically ‘disconnected’ parts of the 

electrode. Similarly on the −1.5 V measurement a shift is observed both in case of the 

C1s (B) and Cs3d (C), which would indicate that the potential seen by the meniscus at 

this ‘high’ current density (i.e., 34 µA, see Figure 2.18.F) is not stable, owing to 

changes in the ohmic losses and chemical organization within the meniscus and at the 

GCE surface.  
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Figure 2.21: Example of the spectral evolution with time. Each panel shows the 1st, 5th and 

10th scan of sequential XP spectra at a given potential: (A) C1s at –0.5 V, (B) C1s at –1.5V 

and (C) Cs3d5/2 at –1.5V vs Ag/AgCl XP spectra obtained in GCE / CsOH 1 M dip and pull 

spectro-electrochemical setup. (~55 s per scan loop. 1 scan loop is 1 scan C1s spectra, 

followed by 1 scan O1s spectra, followed by 1 scan Cs3d spectra). 

In case of a surface which is too hydrophobic, the topmost part of the electrolyte film 

can be sharp (see Figure 2.20.C2) resulting in an inhomogeneous electrolyte 

coverage of the analysis spot. In that case, the whole measurement is jeopardised as 

the measurement spot is not ionically connected to the electrolyte bulk, and the 

electrolyte thickness can therefore not be assessed correctly. It is important to note 

that there is no way to verify that we are not in such situation once the experiment is 

performed. But a careful investigation of the electrolyte presence just above the 

analysed spot before recording the XP spectra can prevent this error. An adequate 

protocol for the acquisition of the spectra would then be (i) finding the right spot of a 

desired electrolyte thickness, (ii) verify the electrolyte presence right above the beam 

spot and (iii) move back to the initial spot. In this case the electrolyte film should be 

homogeneous (see Figure 2.20.C1) in the investigated region. That method was 

applied during our experiments to minimize the probability of a film inhomogeneities 

on the analysis spot during the spectra recording. 

2.5.2 Meniscus stability 

As the electrolyte film formation depends highly on the surface chemistry, the film 

formation is actually dynamic. Due to the beam irradiation, the potential-induced 

changes in the surface chemistry or the distance between the electrolyte reservoir and 
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the analysis spot, the surface properties and the resulting hydrophilicity might quickly 

change. This is illustrated on Figure 2.22, taken from Pt / 1 M CsOH experiment. The 

measurement at –0.75 V vs. Ag/AgCl (Figure 2.22.A) illustrates a decrease in the 

thickness, shown by the increase of the Pt4f contribution (71.3 and 74.4 eV peaks) 

compared to the electrolyte Cs 3d peaks. At higher potentials (+0.35 V vs. Ag/AgCl, 

Figure 2.22.B) the electrode surface was probably slightly more oxidized, resulting in 

a more hydrophilic behaviour, and this despite the absence of visible oxidation of Pt 

surface in XPS (see Pt / CsOH 1 M and Pt / NaOH 0.1 M subsections, 2.4.1 and 2.4.2 

respectively). The absence of strong oxidation signal in the XP spectra, however, does 

not constitute an argument against this hypothesis, as only the chemistry of the very 

first external atomic layer of the metal is impacting the hydrophilicity of the surface. In 

this case the Pt 4f peaks intensity decreased until their disappearance, indicative of an 

electrolyte film thickness > 30 nm. 

 

Figure 2.22: Examples of a bad meniscus control during ‘dip and pull’ experiments. Pt4f and 

Cs 3d XP spectra of the 1st,3rd and 5th scan at the same potential. (A) Spectra obtained at -

0.75 V vs. Ag/AgCl, highlighting the meniscus thickness decrease due to surface 

hydrophobicity. (B) Spectra obtained at +0.35 V vs. Ag/AgCl, highlighting an electrolyte 

thickness increasing due to high hydrophilicity. (C) Pt 4f 7/2 and Cs 3d 5/2 peak area ratio 

evolution with the scan number. ~60 s per scan loop. 1 scan loop is 1 scan per region. Photon 

energy is 1.8 keV. 

The surface chemistry changes being one challenge, the study of the electrode-

electrolyte interface during an electrochemical reaction (e.g., OER, HER) is another 
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one, as the ionic charge carrier’s concentration shall vary during said reactions. This 

phenomenon was reported in the literature by Stoerzinger et al. [164,193] who 

proposed the addition of supporting electrolyte salt (KF 0.1 M) to prevent film 

instabilities (due to proton or hydroxide ions consumption in HER or OER regions, 

respectively). This led to a stable signal for as long as 2 hours under the OER 

conditions. The origin of this phenomenon was later rationalised by Marco Favaro [177] 

using stochastic simulations for ion diffusion in D&P systems and showed that diffusion 

was limited to the orthogonal direction of the interface in thin liquid electrolyte layers, 

therefore preventing electrolyte replenishment in hydroxyl consumption regions in case 

of OER in alkaline media. 

2.5.3 Evaporation effect  

The meniscus evaporation has a strong influence on the measurement. Due to the 

electron limited IMFP in the gas phase in case of soft X-Rays, working at low pressure 

is often required to get a more intense signal, but the lower the pressure, the stronger 

is the water evaporation in the meniscus. In our work, the concentration reached as 

high as ~10 M at the analysed spot (assuming a homogeneous concentration in the 

liquid film), independently of the initial concentration in the bulk (1 M CsOH or 0.1 M 

NaOH). A combination of a low volume of electrolyte dispersed and dynamically 

spreading on a large electrode surface exposed to a pressure lower than the saturated 

vapor pressure, in permanent pumping, might explain this strong evaporation (see 

Figure 2.20.D). The fact that two different electrolyte concentrations tested resulted in 

the same hydroxide concentration at the interface highlights that the concentration at 

the top of the liquid film is probably thermodynamically controlled by the chamber 

pressure (filled mostly with gaseous water). Hence, water in the meniscus should 

evaporate until the concentration of the solution reaches the associated water vapor 

saturating pressure. This hypothesis is supported by the vapor saturating pressure in 

NaOH solution shown on Figure 2.23, where we observe that a water pressure of 

~15 mbar is associated to a ~10 M NaOH concentration. To limit the evaporation effect, 

one could (i) cool down the electrolyte and the working electrode, to diminish the 

saturated vapor pressure, as already done in the literature [194], or (ii) work at higher 

pressure in the analysis chamber. This second option is the one used by the D&P 

studies presented in Section 2.3.2, where the authors used a 30 mbar pressure in the 

chamber (close to pure water vapor pressure). Yet, this option decreases significantly 
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the XPS signal measured and therefore increases the time required to record a 

spectrum of similar quality. 

 

Figure 2.23: Water vapor saturating pressure depending on the NaOH molality (mole of solute 

per kg of solvent) at 25°C. Data reproduced from Ref.[195]. 

The high concentration of the electrolyte is one of the main reasons for the inability of 

our experiments to provide at least a semi-quantitative mapping of the EDL. Indeed 

the EDL thickness is significantly decreasing with the electrolyte concentration (Figure 

2.1.C) [102]. As the EDL is thinner, the local electrical potential drops sharply and 

reaches a constant value much closer to the interface, which therefore diminishes the 

electrolyte XPS peak broadening changes that can be observed (see Figure 2.20.E1 

and E2). This phenomenon was theorised by Lichterman et al. [109] who estimated a 

~2.5% change in the FWHM value with a film thickness of 10 nm at 1 M electrolyte 

concentration, while a 32% change may be expected at 3.2×10-3 M with a similar film 

thickness. Controlling the electrolyte concentration through the mitigation of 

evaporation effect is therefore critical to obtain significative trends in the FWHM 

variations. 

2.5.4 XP spectra intensity 

As the XPS peak broadening is shown to be hardly distinguishable, it is important to 

identify the key parameters that can positively (or negatively) influence the EDL study 

in dip and pull setup. Firstly, despite the fact that the concentration has a negative 

influence on the peak broadening as discussed above, a non-negligeable ion 

concentration is required in the view to record a decent XPS signal. Since XPS is 
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quantitative, the concentration decrease will impact proportionally the recorded signal. 

Secondly, in order to increase the signal intensity, and in the specific case whether we 

can choose the electrolyte salt, one should pay a careful attention to cations cross-

sections (which can be found from several sources, the most recent one being 

calculations from Trzhaskonvskaya et al. [186,187,196]). Overall, the cross section 

increases with the Z element number, while also depending on the considered 

transition. It is therefore easier to get a good signal using Cs cations, rather than Li or 

Na cations (σ(Cs3d5/2) = ~130×10–21 cm–2; σ(Na2s) = ~2.6×10–21 cm–2; 

σ(Li 1s) = ~0.26×10–21 cm–2 at 2 keV photon energy). Finally the measured 

photoelectron kinetic energy is a parameter that can be modified either (i) by 

choosing to follow low binding energy peaks (depends mostly on the system 

constituting elements) or (ii) by working at higher beam energy. As the depth probed 

by XPS depends on the electron kinetic energy (see Equation 1.8), it is important to 

choose an energy that suits the desired depth of analysis. Low kinetic energies are 

suitable for surface studies, while high kinetic energies are suitable for analysis deeper 

in the material. For example, in Section 2.3 [96,103,109,164] a ~4keV (tender X-Ray) 

beam energy was used to analyse sample with a ~35 nm thick electrolyte film. Under 

such configuration, the electron photoemission from a Pt4f peak 

(KE = h − BE = ~3.9 keV , λIMPF,3.9keV ~12 nm) is reduced to 5% of the electrolyte-free 

intensity, while a similar electrolyte thickness and using 1.8 keV beam energy 

(λIMFP,1.7keV ~ 6 nm) reduces the signal down to 0.3% of the electrolyte-free intensity. 

While it is not a serious problem when it comes to electrode surface analysis (as long 

as the signal is intense enough for the measurement), this is a great challenge when 

it comes to EDL studies, as the interface layer signal is superposed to the rest of the 

electrolyte XPS signal. One therefore should privilege higher beam energies when it 

comes to EDL studies, to amplify the contribution from the electrode-electrolyte 

interface, whereas the aforementioned intensity is not as important for the electrode 

surface studies, as it would, to the contrary, decrease the signal surface sensibility.  

2.5.5 Is the dip and pull setup suitable for the EDL study? 

As explained above, D&P is a technically challenging method. In the particular case of 

the EDL study, experimental conditions such as the analysis chamber pressure and 

the electrolyte concentration must be controlled in a way that greatly decrease the 

cation signal intensity (high pressure, low concentration). This raises the question of 
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D&P being a suitable technique to the EDL study. To answer this question, it is 

important to remember that EDL study via spectroscopic methods is extremely 

challenging altogether. Despite the raising number of spectroscopic and microscopic 

techniques (XAS, SERS, AFM, etc.)[197–200] that aim to study the 

electrolyte/electrode interface, as well as the compact layer, no other techniques (to 

author’s knowledge) may offer the possibility to probe the ionic concentration 

depending on the electrode distance (diffuse layer). The few proofs of concept which 

were already published and discussed in Section 2.3 highlight the opportunities of this 

method when it comes to the EDL study. However, even though those studies 

[103,109] took good care of avoiding evaporation effects and to work in low 

concentration electrolyte, while having access to tender X-Ray beam (4 keV, vs. 1.8 

keV for us) in order to maximise FWHM changes with the applied potential, the low 

ion-related signal/noise ratio did not provide conclusive information regarding the EDL 

structure. In the case of Lichterman et al., the measurement uncertainty was too high 

to conclude, while Favaro et al. was forced to work with H2O(l) and non-ionic molecular 

probe (pyrazine, N1s) XPS signals, which did provide PZC potential information, but 

eludes the ionic concentration profile with the electrode-electrolyte interface distance.  

Since the main limitations related to this method are due to the poor signal intensity 

compared to the low changes that may be observed, one may play on parameters such 

as beam energy in view to be more sensible to the buried electrode-electrolyte 

interface, an adapted choice of probed elements in view to improve the photoelectron 

intensity, or a longer signal recording (which may be of limited value due to liquid film 

instabilities). However, the overall issue for EDL studies using D&P method will remain 

the trade-off between this signal intensity improvement using greater electrolyte 

concentration, and the extent of the signal variation (linked to the EDL Debye length) 

using lower electrolyte concentration, preventing conclusive results. 

To author’s opinion, one could expect future technical improvements of synchrotrons 

to improve the incident beam intensity and therefore improve the technique sensitivity 

to EDL changes, just like they allowed the measurement of XP spectra to move from 

vacuum to near-ambient pressure in the two last decades. 
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2.6 Conclusion 

As electrochemical reactions occur at the electrode-electrolyte interface, the local 

reaction environment there and, specifically, the electrochemical double layer, is prone 

have an instrumental role in their mechanism, as such, its structure/composition is a 

key part of the understanding of any electrochemical system. Incidentally, it is also one 

of the less understood. While theories were elaborated to describe it and correlate it to 

observed macroscopic behaviours, only few experimental studies were carried out to 

truly witness the EDL morphology, owing to the technical challenges encountered to 

study this side of the interface.  

The recently developed D&P setup was discussed here as a mean to observe the EDL, 

as (i) the work function at the location of the detected species depends on the local 

electrical potential, and (ii) said electrical potential is deeply intertwined to the EDL 

architecture. Hence, a deconvolution of the XP spectra might lead to a mapping of 

several species of interest in the EDL. Preliminary studies were conducted in the 

literature, using XP probes and H2O(l) peak broadening, to obtain information on the 

PZC of given surfaces. However, by following the signal of the cations themselves, one 

might hope to obtain additional information when it comes to the local concentration 

distribution.  

In this chapter, we studied three different systems in D&P configuration, using Pt foil 

or GCE as the working electrode, and CsOH 1 M or NaOH 0.1 M as electrolyte. We 

managed to get a stable electrolyte film as thin as 10-20 nm, polarise the electrode 

within this electrolyte layer, and developed a method to verify the experimental validity 

and comparability in a given set of measurement. However, we also observed that the 

meniscus region of the electrolyte, analysed by XPS, is widely different than the 

electrolyte bulk. Due to its thin film dimensions and its distance to the electrolyte 

beaker, evaporation induced by the low pressure chamber strongly concentrated the 

electrolyte in the meniscus, up to 10 M. This prevented the observation of cation 

distribution at the interface and determination of the PZC in any of the investigated 

systems and further deconvolution of electrolyte XP spectra.  

This is not the only limitation of the D&P for such studies. Among the latter, the liquid 

electrolyte film is a common denominator, as (i) the control of its homogeneity, and 

stability are critical to get meaningful results, as (ii) it contains the probed species (in 
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case of the EDL study), and as (iii) it defines the electrochemical conditions of the 

analysed spot. While some issues can be addressed by a careful recording and data 

treatment (meniscus stability and homogeneity), other intrinsically limit the EDL study, 

such as the electrolyte initial concentration and its evaporation in the analysis chamber, 

which optimization directly impact the quality of the recorded XPS signal, by increasing 

the pressure in the chamber and/or decreasing the electrolyte initial concentration. 

Ultimately, it is clear that any realistic electrochemical system is far from ideal to be 

assessed by D&P, and that a system optimized for a D&P assessment shall be remote 

from any meaningful electrochemical operating conditions. Thinking outside of this 

signal-to-electrochemistry trade-off is then critical, and meaningful working directions 

could be found in working with parameters that do not directly impact the 

electrochemistry, as working at higher beam energy (higher sensitivity to the electrode-

electrolyte interface), intensity (through the development of the new generation of 

synchrotrons and workstations) working with elements with a higher cross section. In 

conclusion, the D&P remains far from being able to study the EDL of realistic systems. 

It can, however (even using state-of-the-art workstations and detectors) provide a 

semi-quantitative information onto the EDL of model, adapted for the D&P systems, 

and, owing to substantial improvements in terms of synchrotron intensity, might be able 

to eventually move to more realistic electrochemical EDLs. 

2.7 Experimental  

Beamline speciation 

The measurements presented in the previous sections were performed at MAX IV 

laboratory on HIPPIE beamline, which setup and its potential applications are 

presented in literature.[201] 

Electrolyte preparation 

We prepared CsOH 1 M electrolyte diluting 17.43 mL of CsOH 50 wt% in 100 mL of 

distilled water and NaOH 0.1M electrolyte diluting 528 µL of NaOH 50 wt% in 100 mL 

of distilled water. Electrolyte was degassed in low vacuum using external vacuum 

chamber prior to the experiment. 

 



 

104 
 

Electrode preparation 

Pt foils are used as a WE and CE while Ag/AgCl eDAQ leakless mini electrode is used 

as reference electrode. The surface of the Pt foil is (i) polished using diamond paste 

by successive use of 9 µm, 3 µm, 1 µm and 0.25 µm diamond suspension, then rinsed 

with water and (ii) heated up to 950°C (10 °C/min) to clean the surface. The slow 

heating and cooling ramp used in this experimental procedure could be the reason for 

the formation of PtOx cluster assumed in Section 2.4. 

The surface of the glassy carbon working electrode (GCE) surface was carefully 

cleaned using Kimtech® paper and sonicated in acetone, absolute ethanol, and 

distilled water (>5 minutes each). 

Cell assembling and preparation in the analysis chamber 

Once assembled on the electrode holder, the reference electrode tip was immersed in 

the electrolyte to avoid potential drying of the reference electrode, while the working 

electrode was still out of the electrolyte. 

The analysis chamber was then slowly put under vacuum with pressure controlled 

down to 15~25 mbar. The pumping station of the analysis chamber was working 

permanently at a low flow rate in the view to lower the pressure and increase the signal 

intensity. Platinum and FCE were firstly analysed out of the electrolyte. To verify 

cleanliness of the surface (see Figure 2.9 and Figure 2.17), and to calibrate the 

analyser we used the Pt(0) peak, positioned at 71.3 eV [67] or C1s peak (C=C) at 

284.5 eV.[188] 
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Table 2.1: XPS Peak fitting detailed functions and restrictions used in this chapter 

Transition 
Component 

attribution 
Function 

Position 

restriction / eV 

FWHM 

restriction / 

eV 

Area 

restriction 

Pt4f 7/2 

Pt(0) GL(40)T(1.6) 71.3 +/- 0.5 0.57 ; 0.59 

Free 
Pt-OH GL(40)T(1.6) Pt(0) + 0.6 Pt(0)*1 

PtO GL(40)T(1.6) Pt(0) + 1.3 Pt(0)*1 

PtO2 GL(40)T(1.6) Pt(0) + 2.5 Pt(0)*1 

Pt4f 5/2  Same as 7/2 4f7/2 + 3.33 4f7/2 * 1 4f7/2 × 0.75 

C1s 

C=C LA(1.2,2.5,5) 284.5 [0.4 ; 0.8] 

Free 

C-C GL(30) (C=C) + 0.6 [0.9 ; 1.3] 

C-O GL(30) (C=C) + 1.4 (C-C) × 1 

C=O GL(30) (C=C) + 2.6 (C-C) × 1 

O-C=O GL(30) (C=C) + 4.4 (C-C)× 1 

O1s 

H2O(g) GL(50)T(2) 
Free 

Free 
Free 

H2O(l) GL(20)T(2) 

HO-
(aq) GL(20) H2O(l) − 1.73V 

H2O(chem) GL(20) 
Free 

HO-
(chem) GL(20) H2O(chem) ×1 

Cs4d5/2 Cs+
(aq) GL(10) Free Free Free 

Cs4d3/2  Same as 5/2 4d5/2 + 2.24 4d5/2 × 1 4d5/2×0.67 

Cs3d5/2 Cs+
(aq) GL(80) Free Free Free 

Cs3d3/2  Same as 5/2 3d5/2 + 13.89 3d5/2 ×1 3d5/2×0.73 

Na2s Na+
(aq) GL(20) Free Free Free 
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Chapter 3: Operando study of the 

instability of cobalt-based 

polyoxometalates during the 

oxygen evolution reaction 

3.1 General introduction 

In Chapter 2 X-Ray Photoelectron spectroscopy measurements are carried out in D&P 

configuration, which, additionally to the points discussed previously, presents two other 

limitations: (i) the proximity of the detector to the meniscus and the electrolyte greatly 

limits its use to study reactions that generate bubbles, the most notable being the OER 

and HER, keys to the hydrogen cycle; (ii) it is limited to model electrodes, with a low 

roughness factor. This specific geometry allows for a semi-quantitative and in depth 

sensitivity to the changes in the electrode and in the electrolyte. However, despite their 

‘model’ geometry, such catalytic surfaces might present complex (electro)chemistry. 

As exhibited in Chapter 2, glassy carbon undergoes significant chemistry changes as 

a function of potential, whereas platinum presents oxides clusters, along with structural 

defects and, ultimately, different chemical environments of atoms in the near-surface 

region. Therefore, when an electrochemical reaction occurs, the involvement of various 

active sites is difficult to distinguish, both from a reactivity and spectroscopic 

standpoint, which complexifies the detailed understanding of the changes happening 

at the interface.[202]  

In this Chapter 3, we therefore move toward a more complex interaction between the 

electrode and the electrolyte, i.e., from the absence of faradaic reaction to the oxygen 

evolution reaction (OER). However, we concomitantly decrease the complexity of the 

electrocatalyst, by focusing on a model molecular OER catalyst, whose metal active 

site and chemical environment are well defined. We use X-Ray Absorption and 

Photoelectron Spectroscopies (XAS and XPS) under in-situ and operando conditions 
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aiming to understand the OER mechanism on such ‘ideal’ molecular catalyst and 

explore the chemical changes undergone by such system under water oxidation 

conditions.  

Our focus then is complexes of cobalt(II) stabilised by lacunary polyoxometalates (Co-

POM), which are highly discussed water oxidation catalysts (WOC). While their activity 

and/or (in)stability in the oxygen evolution reaction (OER) have been widely explored, 

there is still no consensus between those who claim Co-POMs being OER active and 

stable and those who insist on CoPOMs rather acting as pre-catalysts, which degrade 

into an OER-active heterogeneous CoOx catalyst. We therefore use operando XAS 

and XPS alongside with electrochemical methods (cyclic voltammetry, 

chronoamperometry) to assess the activity and stability of [Co4(H2O)2(PW9O34)2]10– 

(Co4−POM) and [Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]16− (Co9−POM) under various 

operational conditions, to provide an answer to the following questions: 

(i) Are the Co-POMs stable in OER operating conditions? 

(ii) If unstable, can the operating conditions be tuned to stabilize them?  

(iii) Can we observe, on a model, ‘mono-site’, electrocatalyst, the OER 

intermediate (here, presumably a Co(III)-POM) by spectroscopic means?  

3.2 State of the Art 

3.2.1 Polyoxometalates general introduction 

Polyoxometalates (POM) are a class of metal oxide cluster anions, which are 

constituted of transition metals, usually V, Mo or W, as primary constituents, also called 

addenda atoms. Those addenda atoms are coordinated by oxygen and can adopt 

tetrahedral (4-coordinated) or octahedral (6-coordinated) geometries and can share 

one or several oxygens with the neighbouring addenda atoms, forming complex 

structures [203]. 

This family of species is usually divided into two categories: isopolyanions (IPA) (an 

example is shown on Figure 3.1.A), of general formula [MmOy]q‒ (M = Addenda atoms 

V, Mo, W…), and heteropolyanions (HPA). The second category includes an additional 

heteroatom (X=P, S, As, S, Cl…) based tetrahedral substructure such as phosphate 

(PO4
3-) or silicate (SiO4

3-) and therefore adopts a general formula [XrMmOy]q‒. POMs 

can adopt an extremely large variety of structures by the arrangement of several 
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octahedral and tetrahedral oxoanions, but two most representative HPA structures are 

the Keggin and Wells-Dawson. Keggin structure was first reported in 1933 [204], and 

is composed of a central tetrahedral hetero-oxoanion (XO4
3-) surrounded by 12 

octahedral oxometallates (MO6
q-). The octahedral oxometallates are arranged in 4 

triades, where each metalate shares an edge with the two other metalates of the triade, 

and a corner with the central hetero-oxoanion. The most common α isomer of the 

Keggin structure is shown on Figure 3.1.B, but it is noteworthy that the respective 

rotation of 1, 2, 3 or 4 metalates triade result in the formation of β, γ, δ and ε isomers 

of the structure. Dawson structure (whose alpha isomer is shown in Figure 3.1.C) was 

described a bit later (1953) [205] and is composed of two identical parts. Each part is 

organised around the tetrahedral hetero-oxoanion, which is surrounded by nine 

octahedral oxometallates. Similar to Keggin structure, the rotation of each unit by 120° 

compared to the other results in the isomeric β structure [206]. 

 

Figure 3.1: (A) Isopolyanion M6O16 Lindqvist structure. Reproduced from Ref.[206]. (B) 

Heteropolyanion XM12O40q- α-Keggin structure. (C) Heteropolyanion X2M18O62q- α-Wells-

Dawson structure. Reproduced from Ref.[207]. Blue and yellow octahedra are representing 

MO6
q- metalates (M=Mo, V, W, etc.), red tetrahedra are representing XO4

q- hetero-oxoanions 

(X=P, As, Si, Cl, etc.). 

Due to the wide variety of structures and chemical compositions that are included in 

the POM family, it is hard to give a general description of their synthesis. Yet, the 

simplest method to prepare HPA is the acidification of an aqueous alkaline mixture of 

metal-oxoanions and hetero-oxoanions. Acidification of the solution results in the 

condensation of oxoanions and the formation of POMs (e.g. Keggin [PMo12O40]3- POM 

condensation, Equation 3.1). The resulting product will therefore depend on several 
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parameters: the M/X atomic ratio in the reaction media, the temperature, the final pH 

value, the solvent nature, and the counter-ion nature.[208] 

Equation 3.112 𝑀𝑜𝑂4
2− + 𝐻3𝑃𝑂4 + 21 𝐻+ = [𝑃𝑀𝑜12𝑂40]3− + 12 𝐻2𝑂  

 

Figure 3.2: (A) mono-lacunary (B) bilacunary (C) trilacunary A isomer and (D) trilacunary B 

isomer Keggin polyoxometalates. Reproduced from Ref.[209]. 

As this condensation reaction is an equilibrium, each POM structure has a range of pH 

stability. The acidification of the aqueous media may therefore result in further 

condensation (if possible), while the pH increase would result in a partial or total 

hydrolysis of the POMs. Under mild pH conditions, one can obtain lacunary POM 

structures, such as lacunary Keggin structures, obtained by the removal of one, two or 

three (Figure 3.2) metalate octahedra. Due to their lacunary nature, oxygen atoms that 

were previously bridged to another metalate in those structures (highlighted in red in 

Figure 3.2) are likely to behave as electron donor, and can therefore act as ligands in 

metal complexes.  

 

Figure 3.3: Metal complexes stabilised by Keggin-based lacunary polyoxometalates. (A) 

[Co(H2O)PW11O39]5− is a mono-metal complex that was examined for its potential activity 

regarding the OER. Reproduced from Ref.[210]. (B) [{Ru4(µ-O)4(µ-OH)2(H2O)4}(γ-

SiW10O36)2]10− is one of the most studied M-POM complexes as it showed good stability and 

performance regarding water oxidation catalysis. Reproduced from Ref.[211]. 
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The obtained complexes can be mono-metallic (Figure 3.3.A) or sandwich-type 

(Figure 3.3.B) and are interesting because of the polydentate nature of the lacunary 

POM ligand, providing stability to the complex structure while containing for instance a 

catalytically active metal center.[206,207,212] We will refer to this kind of species as 

metal-stabilised polyoxometalates (M-POM). 

3.2.2 M-POM as catalyst and electrocatalyst 

POMs science is regarded as a mature field as it is attracting much attention since the 

1960’s. The commercial availability of basic Keggin POM structure such as 

H3PMo12O40, H3PW12O40, H3SiMo12O40, as well as the large number of studies 

published around it make them convenient starting materials for a wide range of POM 

derivative synthesis [213]. They have shown to be useful in a large range of 

applications related to medicine, biochemistry, material science, molecular magnetism, 

electrochemistry, and catalysis, mainly because of their exceptional redox properties. 

Indeed, POMs possess capacity to bear and release several electrons from their 

addenda atoms, which is why they are recognised as electron reservoirs. The 

associated electron transitions can be mono- or multi-electron processes, may be 

coupled with proton exchange, localised or delocalised among several sites depending 

on the pH and the considered POM composition and structure. Despite the fact that 

Keggin and Wells-Dawson electrochemical behaviour is documented, the 

electrochemical properties of M-POM are very different from those of the 

corresponding parent POMs, and the relation between these two is still to be clearly 

understood [207,214,215]. Yet, POM redox characteristics creates unique chemical 

properties for M-POM species which make them particularly interesting for photo and 

electro-catalysis [216,217] notably for the HER [218], OER [212], CO2 reduction 

[219,220] and other energy-related applications, such as energy storage.[221] 

3.2.3 Cobalt-based polyoxometalates as OER electrocatalyst 

The use of M-POM for water oxidation catalysis started around 2004 with the 

development of noble-metal-based POM complexes [222,223]. One of the most 

famous examples is [{Ru4(µ-O)4(µ-OH)2(H2O)4}(γ-SiW10O36)2]10−, which is consisting of 

a Ru4O4 core stabilised by two bilacunary Keggin POMs acting as inorganic 

tetradentate oxygen donor ligands (Ru4-POM, Figure 3.3.B) [224,225]. Ru4-POM is 

rather interesting because it offers 4 redox active Ru(IV) sites, it is stable under neutral 
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and acid pH, it has shown to be a water oxidation catalyst under chemical oxidation 

conditions (i.e. in the presence of a chemical oxidant), both at acidic and neutral pH 

[224,225], and as an OER electrocatalyst in neutral pH conditions [226]. Interestingly, 

this specie shows good stability and a good capacity to be functionalised onto 

graphene-based electrodes (modified carbon nanotubes [226] and graphene layers 

[227,228] for instance) while retaining its OER activity and electrochemical behaviour. 

 

Figure 3.4: (A) [Co4(H2O)2(A-PW9O34)2]10– (Co4-POM) and (B) [Co9(H2O)6(OH)3(HPO4)2(A-

PW9O34)3]16− (Co9-POM) structure representation. Blue octahedra are WO6, yellow tetrahedra 

are PO4, red spheres are Co(II), and pending sticks are labile water molecules. Co(II) 

connected to those water molecules are the suspected active sites of these catalysts for water 

oxidation. Reproduced from Ref.[210]. 

In order to create novel noble-metal-free electrocatalysts, the development of new M-

POM electrocatalysts involving transition metal ion-stabilised POM (mainly Ni [229], 

Mn [230,231], and Co [232,233]) started in 2010 with the assessment of an apparent 

OER activity of [Co4(H2O)2(PW9O34)2]10– (Co4-POM, Figure 3.4.A) by Hill et al. [234] 

under chemical and electrochemical oxidation conditions. This study was followed by 

further research regarding this complex and other Co-POM derivatives, including 

[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]16− (Co9-POM, Figure 3.4.B). In what follows we 

will focus on both of the proposed catalysts: 

3.2.4 Co4-POM state of the art 

Co4-POM is composed of four Co centres that are stabilised by two trilacunary Keggin 

POMs. It was firstly synthesized in 1973 by Weakley et al. [235]. However it is only in 

2010 that a true interest emerged for that complex, as Hill et al. [234] reported its 
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activity both as WOC and OER catalyst at neutral pH conditions (pH 8). In this first 

study, authors studied Co4-POM in solution to determine its pH stability range (pH 3.5 

to pH 9) through UV-Vis spectroscopy and 31P-Nuclear Magnetic Resonance (NMR). 

They additionally highlighted the Co4-POM electrocatalytic behaviour which showed 

OER activity signs above 1.7 V vs RHE (Figure 3.5.A), and O2 production was 

observed when the catalyst was exposed to sacrificial tris(2,2′-

bipyridyl)triperchlororuthenium(III) ([Ru(bpy)3]3+) oxidant, sparking the interest of the 

scientific community in Co-POM species as OER catalyst under chemical oxidation 

and electrochemical condition (denominated as chemical and electrochemical OER for 

the rest of this chapter).  

 

Figure 3.5: (A) Cyclic voltammetry (CV) of 50 mM sodium phosphate buffer solution at pH 8 

alone (black) and with 1mM of Co4-POM (red). Scan rate 25 mV/s, potential is reported versus 

Ag/AgCl reference electrode (E(Ag/AgCl) = 0.68 V vs. RHE) reproduced from [234]. (B) CV of 

0.5 mM Co4-POM in 0.1 M NaPi buffer at pH 8 immediately after dissolution (black), after 30 

minutes of chronoamperometry at 1.1 V vs. Ag/AgCl (red dashed curve) and after the working 

electrode was washed with water and placed in pure buffer solution (blue dotted curve). Scan 

rate 100mV/s, glassy carbon used as a working electrode. (C) Chronoamperometry (CA) of 

0.5 mM Co4-POM in 0.1M NaPi buffer at pH 8 and 1.1 V vs. Ag/AgCl (black solid curve), and 

the one of the same working electrodes after the solid black curve CA, after working electrode 

rinsing and in sodium phosphate buffer solution alone (red dotted line). Glassy carbon is used 

as a working electrode. Data in panels (B) and (C) are reproduced from Ref.[236]. Note that 

the American plotting conventions are used on this graph (i.e., inverted current sign and 

potential axes).  

When this first article was published, Nocera et al. [237] (2008) already highlighted that 

neutral pH sodium phosphate buffer solution (NaPi 0.1 M, pH 7) containing Co2+(aq) 
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under oxidative conditions (1.71V vs RHE) would form in-situ a heterogeneous CoOx 

OER electrocatalyst on the working electrode. Naturally, one could wonder if Co4-POM 

could partially be hydrolytically dissociated (Equation 3.2) to form Co2+(aq), which 

could form a CoOx electrocatalyst, making Co4-POM a pre-catalyst. Yet, Hill et al. 

discarded the possibility of Co4-POM degradation and contribution of Co2+(aq) to the 

OER activity in the case of WOC. To verify this, an excess of 2,2′-bipyridine (bpy) was 

added to the Co4-POM solution, allowing the in-situ complexation (Equation 3.3) of 

the leached Co2+(aq), cancelling its OER activity, as [Co(bpy)3]+3 is not active for that 

reaction. Despite bpy addition to the reaction media, the solution remained active 

towards water oxidation under chemical oxidation conditions.[234] 

Equation 3.2: 𝐶𝑜𝑦𝑃𝑂𝑀𝑞− + 6 𝐻2𝑂 = 𝐶𝑜𝑦−1𝑃𝑂𝑀(𝑞+2)− + [𝐶𝑜(𝐻2𝑂)6]2+ 

Equation 3.3: 𝐶𝑜2+ + 3 𝑏𝑝𝑦 = [𝐶𝑜(𝑏𝑝𝑦)3]2+ 

Following this paper, and knowing that M-POM can be subjected to hydrolysis 

(Equation 3.2), Finke et al.[236] focused on whether the Co4-POM is a true catalyst in 

that reaction or it is rather a CoOx degradation layer. In the first study they focused on 

a more detailed electrochemical analysis of Co4-POM solution in similar conditions as 

described by Hill, and obtained the CV (Figure 3.5.B) and chronoamperometry (CA, 

Figure 3.5.C) signature of the working electrode after the electrolysis of Co4-POM 

solution under strong oxidative conditions (1.8 V vs RHE). The OER activity of the Co4-

POM solution right after dilution (Figure 3.5.B black solid curve), compared to the 

working electrode OER activity after 30 minutes of electrolysis (red dashed curve in 

Co4-POM 0.5 mM, blue dotted line in buffer solution only after electrolysis) led the 

authors to conclude that the OER activity could be mainly attributed to a heterogeneous 

degradation layer formed onto the working electrode during the electrolysis. Post-

Mortem EDX analysis of the working electrode surface confirmed the presence of a 

Co, P and O containing layer, similar to what was reported by Nocera et al. [237] and 

confirming the degradation of Co4-POM under electrochemical conditions in those 

specific conditions. In 2013, the same group performed further studies regarding the 

Co4-POM stability and activity under lower concentration conditions (2.5 µM Co4-POM, 

pH 5.8 and pH 8) [238] and inferred that the Co2+(aq) concentration leached from Co4-

POM dissociation could not fully explain the OER activity of the system. They thus 

concluded that Co4-POM could be the actual OER electrocatalyst, but that hypothesis 

of the CoOx formation and acting as an OER catalyst could not be discarded either. 
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While the Co4-POM stability and activity regarding the OER under electrocatalytic 

conditions remained elusive, other groups focused on the water oxidation catalysis 

under chemical oxidation (or photo-induced oxidation) conditions using [Ru(bpy)3]3+
 as 

an oxidant. On this topic, several groups checked the Co4-POM WOC activity and its 

stability either with or without light [239–244], essentially concluding that Co4-POM was 

an active and stable WOC. 

3.2.5 Co9-POM state of the art 

As Co4-POM and Co9-POM are both complexes composed of Co(II) ions stabilised by 

the same Keggin tri-lacunary POMs, their chemistry is relatively similar, with similar 

questions rising, i.e., are they true catalysts for OER or only precatalysts forming CoOx 

species under oxidative conditions which are OER active?  

 

Figure 3.6: Chronoamperometry (CA) in Co9-POM 1 mM containing solution (red) and post-

mortem CA (blue) compared to the blank CA (black). (A) In absence and (B) presence of 2.8 

mM bpy (10-fold bpy excess compared to leached Co2+(aq)). Experiments were performed in 

50 mM NaPi buffer pH 7, and 1 M NaNO3 supporting electrolyte. Reproduced from Ref.[245]. 

Co9-POM was firstly reported as a WOC and OER active catalyst in 2012 by Galan-

Mascaros et al. who investigated its activity using CA experiments (Figure 3.6) and 

chemical oxidation experiment using NaClO as oxidant [245]. Under electrochemical 

conditions, the first CA was performed using 1 mM Co9-POM in 50 mM NaPi buffer 

solution at pH 7 (Figure 3.6.A). The authors noticed that despite the fact the Co9-POM 

was showing strong OER activity (red curve), the working electrode post-mortem, in 

buffer solution only (blue curve) also had a significant OER activity compared to the 

initial CA (black). This highlights the formation of CoOx onto the electrode. In the view 

to poison CoOx formation, authors used the same method as Hill et al. and introduced 
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an excess of bpy in solution (Figure 3.6.B). This second electrochemical experiment 

showed that bpy was successfully preventing the CoOx formation, as the post-mortem 

CA (blue) showed a similar activity compared to the initial CA (black). The most 

important observation is the higher current amplitude during the CA in presence of Co9-

POM and bpy excess, despite a substantial decrease in the current compared to bpy-

free experiment. This led the authors to conclude that Co9-POM was indeed an OER 

electrocatalyst, despite the fact that CoOx formation could be observed under bpy-free 

experimental conditions. In a second set of experiments, the activity of Co9-POM as 

WOC using NaClO as oxidant in presence of 10-fold excess of bpy was investigated 

and showed a good oxygen efficiency, even after several NaClO additions (up to 105 

equivalents added) over a week-long experiment. 

3.2.6 The common stability and activity questions around Co4 and Co9-

POM 

Few studies included both Co9-POM and Co4-POM in the same stability [246,247] and 

mechanistic studies [248]. A remarkable study aiming to answer the common question 

of Co-POMs (Co4-POM, Co9-POM and other similar complexes) stability and activity 

towards OER was performed in 2018 by Folkmann et al. [210], who (i) rationalized the 

different hypotheses regarding what could happen to the catalytic system upon 

oxidation conditions (see Figure 3.7.A) that could explain its OER activity, (ii) 

quantified Co2+
(aq) leached from the different Co-POMs studied from pH 5.8 to pH 9, 

and (iii) assessed the ratio between the OER activity of the Co-POM solution and the 

one from a Co2+
(aq) solution whose concentration matches the previously quantified 

CoPOM hydrolysis. This study highlighted in particular the fact that no Co-POM 

complex is immune to hydrolysis, and that the leached Co2+
(aq) quantity depends on the 

type of Cox-POM and the experimental conditions. For example, for Co4-POM and Co9-

POM, 0.5% and 1.7% of Co ions leached into the solution after 3 hours ageing at pH 

= 5.8, respectively (see Figure 3.7.B for further details). Interestingly, in the case of 

these two electrocatalysts, the OER activity measured for the Co-POM containing 

solution could not be attributed fully to the OER activity of leached Co2+
(aq) ions alone, 

once again suggesting that Co4-POM and Co9-POM could be the actual OER 

electrocatalyst. Yet the authors insisted that due to the activity differences between 

homogeneous Co-POMs and in-situ formed CoOx (Co-POMs being 35 to 150 less 
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active than an equivalent quantity of CoOx), even minor changes in the Co2+(aq) 

concentration could reverse the conclusions.  

 

Figure 3.7: (A) List of hypotheses regarding the OER activity of CoPOMs. (B) Leached Co2+
(aq) 

quantification resulting from the dilution of Co4-POM and Co9-POM in different systems. 

Reproduced from Ref. [210]. 

In order to avoid Co-POM hydrolysis and the ensuing stability questions that are 

inherent to homogenous electrocatalysis, several teams attempted to integrate them 

in electrodes, using molecular Co-POMs either incorporated into metal organic 

frameworks [249], grafted on functionalised surfaces [250–252], by using insoluble Co-

POM salts of Ba or Cs, or by elaboration of a composite electrode [253–257]. The last 

method interestingly allowed the developed catalyst layer to operate well for the OER 

under acidic or alkaline solutions, outside of the respective Co-POMs pH stability 

range. 

3.2.7 Summary and objectives 

Despite Co4-POM and Co9-POM being debated as OER electrocatalyst for a decade, 

there is still no consensus on whether they are actually true active species under 

electrochemical oxidation conditions or just act as pre-catalyst. It is aknowledged that 
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since Co-POMs are in equilibrium with Co2+
(aq) due to the complex hydrolytic 

dissociation, CoOx can be formed in-situ and account for a large majority of the overall 

system activity. This equilibrium is depending on the specific system conditions 

[210,243] (i.e. pH, buffer type, solution ionic strength, etc.) and therefore impacts the 

part of the OER that can be accounted to Co-POM. Yet, those species are extremely 

interesting as they may serve as (i) OER molecular homogeneous electrocatalyst and 

(ii) are stable in neutral pH media. This family of compounds therefore offers a potential 

model for the theoretical study of the OER catalytic cycle, in contrast to heterogeneous 

catalyst that are usually comprised of a variety of active sites [258,259]. 

It is important to note that either for Co4-POM or Co9-POM, to the best of our 

knowledge, no operando studies were performed, which would allow to unambiguously 

conclude on the nature of the catalytically active component (molecular Cox-POM 

against heterogeneous oxide layer resulting from the degradation of the above). 

Furthermore, no systematic electrochemical study was published (i.e. systematic 

screening of CVs in different potential windows). Additionally, the electrochemical 

activity and stability studies were performed at high overpotential (>1.7 V vs. RHE, that 

is, a >500 mV OER overpotential), which could be the reason for the catalyst quick 

ageing/degradation.[260,261] This means the Co-POM degradation origin in published 

studies could be primarily due to strong oxidative conditions leading to the Co-POM 

destabilization, rather than spontaneous Co2+
(aq) leaching over the entire OER range.  

In the following sections, we examine whether Co-POM are the true active species for 

the water oxidation reaction and are stable while performing the OER catalytic cycles. 

To do so, we first perform an electrochemical study of a Co-POM solution in oxidative 

conditions and the characterization of its degradation products using post-mortem XAS 

and XPS, followed by a set of operando XAS analysis. We start with Co-POM operando 

analysis under OER electrocatalytic conditions, in absence and in presence of bpy to 

avoid CoOx formation, and under chemical oxidation conditions (using NaClO as 

oxidant), followed by the investigation of the Co-POM oxidation as an heterogeneous 

catalyst using XAS in-situ analysis. 
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3.3 Co-POM - electrochemical behaviour 

Since literature focused on electrochemical studies under strong oxidation conditions 

(>1.7 V vs. RHE) and in low buffer concentration conditions (from 50 mM to 0.1 M 

NaPi), we perform a systematic study of Co-POMs oxidation behaviour to determine if 

more gentle conditions could result in a better stability under the OER conditions. 

Indeed, too high overpotentials could result in faster catalyst degradation [260,261], 

whereas a strong OER current alongside a low buffer concentration dramatically 

decreases pH at the electrode vicinity [134,262,263], both conditions that can promote 

Co-POM degradation (pH stability range between, pH~4 and pH~8) and CoOx 

formation. Therefore, the stability of the Co4-POM and Co9-POM during the 

electrochemical OER was studied with CV and CA followed by post-mortem X-ray 

spectroscopy characterizations of the WE to detect eventual electrodeposition of a Co-

containing layer. The buffer solution used is 0.72 M NaPi at pH 6.0, a rather high 

concentration which was chosen to minimise local pH variations due to the OER. For 

the rest of this section, potentials indicated will be given versus RHE.  

Figure 3.8 shows sequential CV cycles applied to a glassy carbon electrode (GCE) in 

a 1 mM Co4-POM (A-C) and Co9-POM (D-F) solution in different potential intervals: 

first between 0.7 and 1.7 V for Co4-POM (Figure 3.8.A) and 0.7 to 1.65 V for Co9-POM 

(Figure 3.8.D). The OER manifests itself by the current increase above ~1.5 V, and 

one can note that CVs consecutive scan in Figure 3.8.A and D are reproducible, thus 

confirming the Co4-POM and Co9-POM stability at potentials below 1.7 V and 1.65 V, 

respectively. However, even a slight increase of the electrode potential of 0.025 V 

(Figure 3.8.B and E) results in a qualitative change of behaviour: the anodic currents 

increase in sequential CV cycles, and a cathodic peak at 1.45 V appears in the 

negative scan, suggesting formation of a Co-containing layer on the GC surface. 
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Figure 3.8: 1 mM Co4-POM cyclic voltammetry (CV) at different anodic potential limits: 

(A) 0.7 V to 1.7 V, (B) 0.7 V to 1.725 V. (C) Post-mortem CV taken in a Co-POM-free buffer 

solution after 20 minutes chronoamperometry (CA) in Co4-POM 1 mM solution at 1.6 V. CV is 

taken from 0.7 V to 1.775 V vs RHE; 1 mM Co9-POM CV at different anodic potential limits: 

(D) 0.7 V to 1.65 V and (E) 0.7 V to 1.675 V. (F) Post-mortem CV taken in a Co-POM-free 

buffer solution after CAs of 20 minutes in Co-9POM 1 mM solution at 1.6V. CV is taken from 

0.7 V to 1.725 V vs RHE. Electrolyte is 0.72 M sodium phosphate buffer at pH 6. Scan rate is 

20mV/s. Glassy carbon was used as a working electrode. All potentials indicated are given vs. 

RHE. 
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To verify whether the CoPOM stability is related to the applied potential or rather to the 

number of imposed catalytic cycles (and hence the amount of transferred charge), 

constant-potential chronoamperometry measurements were performed at 1.6 V for 20 

min (Figure 3.9.A), i.e., at potentials below the degradation potential observed in 

Figure 3.8.A. The analysis reveals an increase in the current for Co9-POM after ~10 

sec of electrolysis (~ 150 s for Co4-POM, which is consistent with the lower potential 

of instability for Co9-POM vs. Co4-POM), once again suggesting formation of a 

heterogeneous Co-containing layer on the electrode surface. The WEs were therefore 

transferred in an electrochemical cell filled with a Co-POM-free NaPi buffer solution 

after the CA. The significantly higher anodic currents (compared to the pristine GC 

electrode, see Figure 3.8.C and F) along with the appearance of the anodic and 

cathodic peaks typical for redox transitions of Co oxides [237,264], both testify in favour 

of a Co oxide layer deposition during the OER in a Co-POM solution, and prove that 

the degradation is not directly related to the electrode potential but rather to the amount 

of charge transferred (and thus the number of catalytic cycles performed by the Co-

POM, even if those were done at low OER overpotentials).  

 

Figure 3.9: (A) Co4-POM 1mM (red curve) and Co9-POM 1 mM (blue curve) 

chronoamperometry at 1.6 V vs. RHE, in 0.72M NaPi buffer at pH 6.0 compared to buffer only 

solution (black dashed curve). (B) Cobalt Pourbaix diagram in aqueous solution. Total cobalt 

concentration taken at 10-2 M, and at 25°C. Data from (B) was taken from [265]. 

Note that the continuous decrease of the currents revealed by repetitive CV cycles in 

the Co-POM-free NaPi buffer is in agreement with the Pourbaix diagram of Co pointing 

to solubility of Co(II) (hydr)oxide at pH < 6 [265] (Figure 3.9.B) and accelerated by the 

OER induced acidification of the electrode/electrolyte interface due to the OER 

(H2O → O2 + 4H+ + 4e-). The observed difference between the potentials (1.7 vs. 1.65 
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V for Co4-POM and Co9-POM respectively) causing the degradation during the CV 

measurements and the initial currents after the CA (10 vs. 250 µA at 1.6 V for Co4-

POM and Co9-POM respectively, see Figure 3.8), must be due to differences in the 

leached Co2+
(aq) concentration because of hydrolytic dissociation equilibrium constant 

difference between the two complexes (which is consistent with the data presented in 

Figure 3.7. at low pHs), or (ii) differences in the complex ageing after several OER 

catalytic cycles (turnover-number, TON). 

 

Figure 3.10: Analyses of the degradation product formed on a GC working electrode surface 

after subjecting it to 1.6 V vs. RHE in 1 mM CoxPOM in 0.1 M NaPi buffer pH 6 for 300 s. (A) 

Co L-edge spectra acquired in the total electron yield collected via a Faraday cup, via the first 

aperture of the differential pumping system with an applied accelerating voltage [266]. Spectra 

obtained at Bessy II, ISISS Beamline. (B) EDX mapping of the Co4-POM degradation layer 

scratched from the GC surface. Red=Co, green=P, blue=W; (C) Atomic fractions of the 

elements extracted from laboratory XPS analysis of the related working electrodes surfaces, 

hv=8.05 keV. 

Additional post-mortem analyses of the GC electrode surface exposed to a 20 min CA 

at 1.6 V in presence of Co4-POM or Co9-POM were performed by XAS at the Co L-

edge (Figure 3.10.A), TEM-EDX (B) and XPS (C) and revealed an amorphous, 

inhomogeneous Co, P and O containing layer on the surface. Interestingly, XPS 
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measurements show a negligeable concentration of W in the deposit, while in pristine 

Co9-POM and Co4-POM complexes the atomic fraction of W is 3 and 2 times higher 

than that of Co, respectively. Finally, an XA spectrum at Co L-edge reveal an initial mix 

of Co(III)/Co(II) species in the layer (see shoulders at 780.5 eV specific of Co(III) on 

solid curves in Figure 3.10.A). However, after acquisition of several consecutive 

spectra, Co(III) is fully reduced in Co(II) due to the beam damage (dashed curves). In 

summary, this series of experiments on solutions containing Co-POM shows that under 

mild OER conditions (i.e., low overpotentials) the Co-POM nevertheless degrades and 

forms a layer of CoOx. Post-mortem analyses indicate that this inhomogeneous and 

amorphous layer is composed of a mixture of Co(III)/Co(II) oxides or phosphates. This 

conclusion agrees with that of Stracke and Finke who studied Co4POM [236] albeit 

under harsher conditions (1.9 V vs. RHE). 

As a conclusion to this electrochemical study, one can note that Co-POM degradation 

into CoOx layer might mainly be driven by the charge exchanged at the interface, rather 

than potential driven, as the degradation ultimately occurs at potentials lower than the 

degradation potentials identified by cyclic voltammetries. This CoOx degradation layer 

could result either from the (i) CoPOM metal-ligand dissociation equilibrium and hence 

non-zero concentration of Co2+
aq leached in solution, or (ii) CoPOM degradation due 

to the local environment acidification resulting from the OER, or (iii) CoPOM instability 

resulting from the cobalt oxidation and change of coordination as part of the catalytic 

cycle. To differentiate between these options and eventually shed light on the changes 

of the oxidation state and local chemical environment of Co during the catalytic cycle, 

operando XAS measurements were performed under different experimental 

conditions.  

3.4 Co-POM operando oxidation study 

To investigate the behaviour of Co-POM under the OER conditions, we used a 

fluorescence spectro-electrochemical cell at the Lucia beamline of the Synchrotron 

Soleil [267,268]. In this setup the electrolyte is flowing in a close loop, through the cell, 

where the counter electrode (Pt foil), reference electrode (Ag wire) and working 

electrode (GCE foil) are placed, the X-Ray illuminating the solution through the working 

electrode, and the fluorescence signal being recorded 45° from the X-Ray beam (see 

Figure 3.11). As a photon-out detection technique is used here, the technique is bulk-
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sensitive and one can easily isolate the liquid electrolyte from the analysis chamber, 

which is under low vacuum to maximize signal intensity. 

 

Figure 3.11: schematic representation of the XAS spectro-electrochemical cell used at Lucia 

beamline in this work. Here the cell is composed of a microfluidic system that carry the 

electrode into a PPP container containing a small, squared cavity with a window. On the back 

of the cavity, the counter electrode (Pt foil) is sticked to the PPP container. To close the 

window, the working electrode (0.06 mm × 10 mm × 10 mm glassy carbon electrode) is 

hermetically compressed with a cap, so that the X-Ray (2 mm×2 mm) can pass into the cell 

and irradiate the electrolyte, which fluoresces and emits back an X-Ray fluorescence signal to 

the detector. The floating reference electrode is a simple Ag wire sticked into the microfluidic 

system, close to the cavity. More detail on the setup can be found in Ref.[268]. 

Note that in this part, the applied potential was extrapolated from the Fc+/Fc redox peak 

recorded in a separate experiment, using a 10 mM [Fe(CN)6]3- in the same buffer 

solution, and might present some differences compared to the true applied potential. 

Additionally, we decided to focus for this set of experiment on Co9-POM catalyst, as it 

offers a stronger Co K-edge fluorescence signal at a similar concentration along with 

the biggest electrochemical changes during the OER, as shown in section 3.3. We 

started the experiment under electrochemical oxidation conditions, reproducing the 

conditions exposed in Section 3.3 (Co9-POM 1mM, NaPi 0.72 M pH 6). 

3.4.1 Operando XAS study of Co-POMs during electrochemical OER  

Bpy-free experiment 

Operando XAS spectra at the Co K-edge were collected for a Co9-POM solution with 

different potentials applied to the GC working electrode. We note that the shape of CVs 

(Figure 3.12.D) acquired in the spectro-electrochemical cell was similar to the one 
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obtained in a three-electrode electrochemical cell (Figure 3.8.D) with an additional 

reversible redox peak being observed around 0.15 V vs. Fc/Fc+ (0.6 V vs. RHE) which 

may be attributed to quinone/hydroquinone couple on the GC electrode [191]. The 

shape of the CV was used to identify the potentials of interest that were further 

investigated by XAS: the Co K-edge spectra were recorded at the open-circuit potential 

(OCP ~0.45 V vs. Fc+/Fc), at the OER ‘onset’ at 1.05 V vs. Fc+/Fc (corresponding to 

~1.5 V vs. RHE), during the OER at 1.1 V vs. Fc+/Fc (corresponding to ~1.55 V vs. 

RHE, albeit this value might slightly differ from Section 3.3, as aforementioned) (as 

illustrated in Figure 3.12.C) as well as post-mortem after flushing the spectro-

electrochemical cell with ultra-pure water without exposing the working electrode to the 

ambient atmosphere. The spectra are shown in Figure 3.12.A, and the associated 

Fourier Transform-EXAFS (FT-EXAFS) spectra in Figure 3.12.C. 

 

Figure 3.12: Operando measurements of 1 mM Co9-POM in 0.72 M NaPi buffer pH 6 at 

different applied potentials. Potentials were estimated against a floating Fc+/Fc reference 

electrode prior to the experiment, in similar conditions. (A) Normalised and (B) non-normalised 

Co K-Edge XAS spectra. Inset window of figure A highlight the half-edge jump shift of the 

different spectra without offset. The spectra of the Co(II)3(PO4)2 and LiCo(III)O2 references are 
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shown for comparison. (C) Corresponding Fourier Transform-EXAFS spectra acquired at 

potentials indicated in the plots. The post-mortem spectra were measured after the 

replacement of the electrolyte in the spectro-electrochemical cell by ultra-pure water. 

Distances indicated on the graph are apparent interatomic distances, which are about 0.5 Å 

shorter than the actual ones. (D) CVs obtained in the spectro-electrochemical cell with the 

potential of analysis highlighted. Scan Rate = 20 mV/s. 

Neither K-edge Co spectra in Figure 3.12.A nor FT-EXAFS spectra in Figure 3.12.C 

show noticeable changes when the potential of the WE is increased from 450 mV to 

1050 mV vs. Fc+/Fc. This implies that no degradation of the Co9-POM occurred under 

the applied conditions despite the OER ‘onset’ observed at this potential. As the OER 

starts at this potential according to the CV in Figure 3.12.D, this also indicates that the 

concentration of the OER reactive intermediate (RI) is below the XAS detection limit 

due to its low concentration (controlled by the reaction equilibrium). Indeed, in addition 

to follow the eventual degradation process of the Co9-POM, the XAS can be used to 

capture the RI of the Co9-POM-catalyzed OER. Previous computational studies 

suggested POM-Co(III)-O˙ as the OER RI, which so far has never been detected 

experimentally [248]. Its absence at this potential being explained either by the low 

reaction rate at the OER ‘onset’ or short lifetime of the RI. 

When the electrode potential is increased to 1.1 V vs. Fc+/Fc, a strong shift in the Co 

K-edge white line is observed (Figure 3.12.A). While the XAS Co K-edge spectra taken 

at the OCP and at the OER onset are similar to the Co(II) reference (Co3(PO4)2), the 

spectrum taken at 1.1 V vs. Fc+/Fc is closer to the Co(III) reference (LiCoO2), as 

confirmed by the white line position and the half-edge jump energy position (Figure 

3.12.A inset window), suggesting that Co(II) is oxidized into Co(III) during the OER. 

These changes are accompanied by shortening of the Co-O (from 1.45 Å to 1.25 Å) 

and Co-Co (from 2.67 Å to 2.25 Å) apparent distances highlighted from the FT-EXAFS 

spectra (Figure 3.12.C) which is consistent with the reduction of the bond length and/or 

modifications in the Co coordination sphere due to the oxidation of Co(II).[269] These 

changes are irreversible since stepping back to the OCP does not allow one to restore 

the initial spectrum. 

Similarly to what was observed in the conventional electrochemical cell (Figure 3.9.A), 

one may assume that Co9-POM degrades during the electrolysis (in agreement with 

Section 3.3) leaving behind a Co-containing precipitate on the GCE surface. To prove 
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this, a XAS Co K-edge spectrum was measured post mortem after removing the 

electrolyte from the spectro-electrochemical cell and filling the latter with ultra-pure 

water without opening the cell and exposing it to the ambient atmosphere. The post-

mortem spectrum confirms formation of an oxide layer consisting in Co(III) (Figure 

3.12.A and C) in agreement with ex situ findings reported in the literature [210,245]. 

Furthermore, an increase of the Co K-edge intensity is observed on the non-normalized 

XANES spectra shown in Figure 3.12.B. Specifically, at 1.1 V vs. Fc+/Fc, the edge 

absorbance intensity is increasing, indicating the accumulation of a CoOx layer on the 

electrode. Back at 0.45 V, the edge absorbance intensity decreases, i.e., the CoOx 

layer dissolves, similarly to what was observed in Figure 3.8.C and F. Those changes 

are both observable on the overall spectra intensity, and the spectra background 

(>7800 eV region), as the layer electrodeposition/dissolution is a time dependant 

process, and each spectrum took about 20 minutes to be recorded. Finally, one should 

note that changes observed on non-normalised spectra should be analysed carefully 

as they may be subject to spectroscopic artifacts, without real meaning regarding the 

actual electrochemical system. However in our case, those observations are supported 

by the above mentioned changes in XANES and FT-EXAFS spectra. 

Considering the similarities between the ‘post-mortem’ XA spectrum, and the one 

taken under the OER conditions (at 1.1 V vs. Fc+/Fc) we conclude that the Co9-POM 

is degrading under the OER conditions, (despite the OER current being relatively 

small) and that the Co(III) degradation product deposited on the WE dominates the 

spectrum, which impedes the in-situ observation of reactive intermediate in solution.  

Adding bpy to the reaction media  

As we wonder if the CoOx layer is coming from Co2+
(aq) leached in solution due to Co-

POM hydrolytic dissociation equilibria (potentially impacted by the OER local pH 

modification) or due to Co-POM direct oxidation, we use an approach previously 

described in the literature [234,245], which consists in the addition of bpy to a CoxPOM 

solution. The idea is to convert Co2+
(aq) ions into a Co(bpy)3

2+ complex which is 

expected to be inactive towards the OER [234]. To this end, the conditions of the 

experiment presented in Figure 3.12 were modified by adding three bpy equivalents 

per Co atom (27 eq. per Co9-POM). The two sets of data (Figure 3.12 vs. Figure 3.13) 

are then compared to determine if the cobalt oxidation can be observed without 

degradation as a proof of the CoPOM stability and reactivity under the OER conditions. 



 

128 
 

 

Figure 3.13: Operando measurements of 1 mM Co9-POM in 0.72 M NaPi buffer pH 6 in the 

presence of 27 mM 2-2’ bipyridine (bpy, 3 eq. per Co). (A) Comparison of X-ray Absorption Co 

K-edge spectra at the OCP (0.45 V vs. Fc+/Fc reference) in the presence and in the absence 

of bpy. (B) Co K-Edge XAS spectra and (C) corresponding FT-EXAFS spectra acquired in the 

presence of bpy at potentials indicated in the plots. Distances indicated on the graph are 

apparent interatomic distances, which are about 0.5 Å shorter than the actual ones. (D) draws 

the difference between the XAS spectra shown in figure (B) at 1100 mV, 450 mV back after 

the analysis and post mortem, vs. the initial spectra at 450 mV. The post mortem spectra were 

measured after the replacement of the electrolyte in the spectro-electrochemical cell by ultra-

pure water. All potentials are indicated vs. Fc+/Fc. 

Firstly, the XANES fingerprints between the Co9-POM solution alone and Co9-

POM+bpy solution are compared at 1.1 V (Figure 3.13.A.). While the general shape 

of the XA spectra is retained and does not highlight any change in the cobalt oxidation 

degree, the white line and the maxima at 7743 eV evolved, suggesting that bpy 

influences the local environment of cobalt cations. This can be explained by the 

expected formation of Co(II)-bpy complexes, presumably Co(bpy)3
2+. Changes in the 

spectra can also be explained by a shift in Co-POM hydrolytic dissociation equilibria, 

due to the bpy excess presence, which is complexing Co2+
(aq). 
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Then we compare the XANES spectra and the associated FT-EXAFS under operando 

conditions, shown on Figure 3.13.B and C. Similarly to the protocol applied in previous 

section, we started from a potential close to the OCP (450 mV), then we increased up 

to 1100 mV (maximum potential reached for the bpy free experiment), finally we went 

back to 450 mV to determine system reversibility, and performed a post-mortem 

analysis of the WE surface by the replacement of the electrolyte by ultrapure water. 

One can observe that regardless of the potential applied on the system, the white line 

position is slightly increasing towards high energy (7726 eV to 7727 eV), while its 

intensity slightly decreased as well as the maximum intensity of the 7773 eV peak 

(changes more visible on Figure 3.13.D, illustrating the difference between the 

spectrum at 1100 mV and post-mortems one, vs. the initial one at 450 mV). Those 

observations are hinting at an irreversible change in the structure of the Co-containing 

species and is further supported with the visual observation of the formation of a beige 

precipitate in the solution. The intense Co K-edge signal in the post-mortem spectra 

confirm the presence of an insoluble Co-containing species on the electrode surface. 

Therefore, we can conclude that an insoluble specie is formed during the 

measurements and eventually dominates the Co-K edge signal. Co(bpy)3
2+ has good 

solubility in water [270] and no precipitation was reported in the literature following the 

addition of bpy in CoxPOM solutions [234,245]. Hence, the precipitate was not ascribed 

to Co(bpy)3
2+. However, it was reported in literature that the bpy ligands can link to 

Co(II) directly from cobalt-polyoxometalates complexes to form new complexes or 

organic-inorganic polymers [271,272], which is consistent with the lack of strong 

changes in relative intensity of the Co-Co band (i.e., this indicates that CoPOM-

derivatives are present in the precipitate). Hence, the precipitate was assumed to be a 

Co-POM-bpy insoluble species, formed under the experimental conditions described 

in this section (i.e., applied potential, high bpy concentration). 

From these observations, it appears that bpy greatly impacts the Co9-POM 

transformations during the OER. It does prevent the formation of the Co(III)Ox layer on 

the working electrode, instead leading to the precipitation Co(II)-bpy-POM. This 

indicates that the bpy does not avoid the degradation process, but rather changes the 

chemistry of the final degradation product. While the literature describes bpy reaction 

as Co2+ complexation, we rather observed irreversible chemical environment changes 

for the cobalt species, jointly with the formation of precipitate, suggesting the formation 
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of Co-POM-bpy species. But the question still remains, ‘Does the Co-POM degradation 

arise from the local pH variation during the electrochemical OER or is it induced by an 

intrinsic instability of the Co-POM during the catalytic cycle?’. We attempt to answer 

this question in the next section.  

3.4.2 Operando XAS study of CoPOMs during chemical OER 

Local pH changes being strongly tied to heterogeneous electrochemical OER 

[262,263], we investigated the homogeneous chemical OER (WOC) in the presence of 

a chemical oxidant. As the reaction is occurring in the solution bulk rather than being 

localised near the GC electrode/electrolyte interface (with which the Co-POM must 

interact to complete its catalytic cycle), the pH modification resulting from OER is 

mitigated more efficiently by the buffer. To this end, we used NaClO as an oxidant, 

similarly to previous studies addressing the Co9-POM activity for the OER [245,246]. 

Here, operando XAS is used to access stability of Co9-POM depending on the number 

of oxidation equivalents (i.e., 0, 1, 2, 4 and 8) of NaClO per Co atom (which 

corresponds to 0, 9, 18, 36 and 72 mM of NaClO added in total, i.e. the successive 

addition of 0, 9, 9, 18 and 36 eq. of NaClO). Two types of spectral acquisitions were 

used: ‘quick’ XAS, to detect Co oxidation immediately after the addition of NaClO (i.e. 

3 scans of 3.5 min each), followed by a ‘high quality’ XAS (i.e. 2 scans of 40 min each) 

to obtain more precise information regarding the oxidation state and local environment 

of Co after the redox cycle.  

The results are presented in Figure 3.14. Regardless the number of NaClO 

equivalents, no shift in the Co K-edge was observed during the ‘quick’ XAS 

measurements performed right after the NaClO addition (Figure 3.14.A), i.e., no Co(III) 

was observed after the addition of NaClO, confirming the short lifetime of the Co(III) 

reactive intermediates, the latter reacting fast with water to produce O2 and Co(II). The 

‘high quality’ spectra (Figure 3.14.B) obtained 30 min after the addition of NaClO show 

a slight change in the main Co K-edge peak. This indicates a modification in the Co 

chemical environment as soon as 2 eq. of NaClO are added. The resulting FT-EXAFS 

(Figure 3.14.C) shows a strong decrease of the FT-EXAFS features with the 

increasing NaClO quantity added, highlighting the global loss of organisation around 

the cobalt cations. In addition, one may observe a slight increase of the Co K-pre-edge 

absorption, the latter related to the Co1s→Co3d transition. These changes may be 

tentatively attributed to the increase of the probability of a Co1s → Co3d transition with 
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the NaClO addition, due to the loss of the octahedral chemical environment around 

cobalt. The higher probability of transition would result from a stronger dipole transition 

character to the 3d orbital, due to a stronger 3d-4p mixing compared to pure 

quadripolar transition to the 3d orbitals in non-deformed octahedral 

environment.[273,274] 

 

Figure 3.14: Operando Co K-edge analysis after 0, 9, 18, 36 and 72 mM of NaClO added in 

1mM Co9−POM solution, in phosphate buffer 0.72M pH = 7. (A) Fast XANES Co K-edge 

acquisition, immediately after NaClO addition. (B) Precise XANES spectra 30 min after the last 

NaClO addition. (C) EXAFS Fourier Transform of the (B) related spectra. Distances indicated 

on the graph are apparent interatomic distances, which are about 0.5 Å shorter than the actual 

ones. (D) Differential Co-K edge spectra shown figure (B) between the spectra after 18 eq and 

72 eq of NaClO added, vs. the initial CoPOM solution. 

Overall, the changes of the XAS spectra are attributed to both (i) the loss of cobalt in 

Co9-POM complexes (i.e., Co9-POM → Co(9-x)-POM) and (ii) the loss of the octahedral 

environment. The absence of modification in the Co-O bond indicates that no Co-Cl 

(1.94 Å apparent distance) bonds were formed to the detriment of the Co-O (1.61 Å 

apparent distance) bonds, ruling out a possible POM/chloride competition as Co 
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complexation agents [275]. Consequently, the Co9POM degradation and the Co 

leaching arise from the OER catalytic cycle itself. The results indicate that NaClO must 

have effectively oxidized CoPOM, but that this oxidation, or the following reduction 

during the H2O oxidation is leading to an irreversible degradation of the Co9POM 

structure, resulting into the formation of Co(9-x)POM and leached Co2+
aq. 

3.5 Foray into the use of Co-POM as a heterogeneous catalyst. 

As highlighted by our operando electrochemical study under both electrochemical and 

chemical OER conditions, Co-POMs are subject to degradation in any oxidative 

condition, which answers the initial query of our investigation. However, there is still an 

interest to ‘catch’ the reactive intermediate for the OER, which, in such conditions, is 

tricky. In order to detect the reactive species in water oxidation catalytic cycle involving 

Co-POMs complexes, while avoiding the problematic dissociation and degradation, we 

attempted to transfer Co-POMs from homogeneous media (dissolved in aqueous 

solution) to heterogeneous media (grafted or deposited on the working electrode 

surface), as the chemical environment changes could improve Co-POM stability. In 

this section we will explore two methods to transfer POMs into a heterogeneous form, 

first by the preparation of Co-POM adsorbed on positively charged modified graphene 

(molecular form), then by the crystallisation of Co-POM in an insoluble form.  

3.5.1 XPS study of Co-POMs adsorbed on positively charged modified 

graphene  

POM and M-POM functionalisation onto surface is complex, and several methods exist 

to do so [203,276]. As any other molecular species, one can distinguish two different 

types of functionalisation depending on the interactions between the species to be 

functionalised and the substrate: covalent functionalisation and weak-

interaction/adsorption. Several ways to covalently functionalise M-POM and POM onto 

a surface have been reported, most of them rely on a metalate unit replacement or 

modification (MO6 octahedra) by one or several other atoms that are linked to an 

organic spacer [203,276,277]. This functionalisation method requires replacement of a 

metalate unit. Since, in our case, Keggin based ligands are already at their highest 

lacunary degree it is, at a first glance, not possible to go through this method to 

functionalise our Co-POMs from the molecular complex without its degradation or 

changing completely the synthesis method. The adsorption through weak interaction 
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is a bit easier to carry on, and once again several methods exist. As POMs and 

M−POMs are negatively charged, it is possible to form layer-by-layer assembling, 

using cationic organic molecules (such as tetrabutylammonium or porphyrins) 

[216,278–280]. It is worth noting that this method encapsulates the POM-based 

species into a polymer matrix. The accessibility of the active site is therefore hard to 

establish compared to the molecular dissolved species, decreasing the interest of this 

method in the frame of this study. Finally, it is reported that POM and M−POM can be 

easily adsorbed on graphene and graphene derivatives (reduced graphene oxide, and 

graphene modified by the addition of functional groups for instance) [203,281].This last 

method is the most preferable one as it retains the initial molecular structure of 

Co−POM complex and keeps the catalyst on the very surface of the substrate 

(preferable for further spectro-electrochemical operando analysis, as the 

electrochemical reaction will happen at the electrode-electrolyte interface). 

Despite several experimental attempts to adsorb Co-POM on graphene and reduced 

graphene oxide (not detailed in this manuscript), the functionalisation of the catalyst 

onto such substrate remained unsuccessful (or in quantities undetectable by XPS 

characterization). It was then decided to improve the Co−POM / graphene interaction 

by the chemical modification of graphene through the addition of trimethyl ammonium 

functions (R−NMe3
+), which would add electrostatic interactions between the Co−POM 

and the modified-graphene layer. This method was used successfully with the 

Ru4−POM by Hadad et al. [227,228], another lacunary Keggin-base M-POM used for 

the OER. 

Ammonium functionalised few layers of graphene (f−FLG) was therefore prepared 

following the procedure described by Hadad et al. This procedure and the obtained 

modified graphene suspension characterization are detailed in Section 3.7.4. Reaction 

scheme of FLG functionalisation and Co-POM adsorption is represented on Figure 

3.15. In a nutshell, f−FLG is prepared from suspended FLG in dimethyl formamide 

(DMF), and let to react with in-situ prepared 4-trimethylammonium benzene diazonium 

(step D on Figure 3.15) [282,283], the resulting f-FLG suspension is cleaned, then 

transferred into water. To prepare the Co4-POM and Co9-POM grafted f-FLG, 20 µL of 

the f-FLG suspension (0.1mg/mL) was drop-casted on a clean and polished GCE. 

Once dried, the surface is immersed in 5 mM Co-POM solution and let to rest overnight 

(step E on Figure 3.15). The Co-POM/f-FLG/GCE obtained is finally gently immersed 



 

134 
 

in water for 30 s to remove weakly adsorbed Co-POM, and then analysed using XPS. 

The sample analysis revealed presence of Co, W, P and O in addition to the carbon 

substrate.  

 

Figure 3.15: Reactional scheme of Co-POM/f-FLG. (A) primary amine function of N,N-

dimethyle-p-phenylendiamine is protected using phthalic anhydride. (B) The protected 

molecule 1 is then methylated thanks to iodomethane to get the trimethylammonium function. 

(C) The obtained molecule 2 is then deprotected, and (D) 3 is mixed with 3-methylbutylnitrite 

and few layers graphene (FLG) suspension to generate in-situ 4-trimethylammonium benzene 

diazonium and functionalise FLG. (E) After proper separation and isolation of functionalised 

FLG, the suspension is drop casted on the desired substrate. Once dry, the substrate is finally 

immersed in 5 mM Co-POM containing solution overnight, and rinsed in ultrapure water. The 

detailed synthesis method is given in Section 3.7.4. 

Co and W XP spectra fitting (Figure 3.16.A-D) followed by relative element 

concentration estimation was therefore performed (Figure 3.16.E, Equation 1.10) 

According to the elemental ratio computed, the Co:W ratio is not preserved when the 

Co-POM is grafted onto the functionalised graphene either for the Co4-POM or the Co9-

sample. Co:W = 22:78 and 33:67 are expected for Co4-POM and Co9-POM samples, 

respectively, while we measure an actual ratio of 80:20 for both Co-POM/f-FLG/GCE 

samples. Since no particular treatment was made on the Co-POM and no other product 

was added during the functionalisation, the ratio modification must come from a 

dissociation and reorganisation of the complex on the f-FLG surface. The fact that the 

two obtained Co-POM/f-FLG/GCE layers shows a similar ratio between Co and W, 

despite the initial element ratio difference between the two Co-POM, and the similarity 

on the XP spectra obtained, both support this hypothesis, and suggest the formation 
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of a thermodynamically more stable species on the modified graphene surface. Due to 

the wide range of degradation products possibilities and the limited value that would 

provide its identification, we did not perform further investigation in that direction. 

 

Figure 3.16: Co4-POM/f-FLG/GCE (A) Co 2p and (B) W 4f XP spectra. Co9-POM/f-FLG/GCE 

(C) Co2p and (D) W4f XP spectra. Data recorded at HIPPIE beamline at MAX IV synchrotron 

under vacuum conditions. Beam energy = 1200 eV. (E) XPS relative atomic ratio between Co 

and W, for the experimental samples and the expected ratio according to the Co-POM 

theoretical composition. Cobalt and tungsten area were roughly fitted using Shirley background 

and pure Lorentzian function, to give a first approximation of the peaks area. 

This section highlights difficulties that can be encountered when it comes to Co-POM 

grafting on a surface. Even though the use of weak interaction (electrostatic) between 

the complex and the modified surface allowed the adsorption of a Co, W, P, O 

containing species, the Co-POM degradation was assessed due to the strong 

difference between the measured Co:W elemental ratio measured and the theoretical 
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one. This degradation once again questions the stability of those species altogether, 

as no particular treatment was made on the complex, except an exposure to negatively 

charged modified graphene layer. 

3.5.2 In situ-XAS Co-POM oxidation under crystalline form 

Apart from the M-POM molecular adsorption onto a surface, some groups studied 

those species as heterogeneous catalysts after crystallisation into insoluble Ba and Cs 

salts. In their solid crystalline form, the Co-POMs are supposed to be resistant to a 

wider range of pH, which allowed Galan-Mascaros et al. to explore this heterogeneous 

catalyst activity in acidic and alkaline media [253,254,256]. Hence, we explored the 

Co-POM oxidation behaviour as a crystal, using in-situ XAS Co-L edge measurements 

with Co-POM crystals drop-casted onto a gold foil and exposed alternatively to 

oxidative N2O(g) and reductive H2O(g) gases (as water oxidation catalysts, Co−POMs 

oxidized forms should be reduced by water). The preparation of Co-POM crystals will 

be detailed in Section 3.7.4, and a TEM imaging characterization of the obtained 

Co9−POM crystals drop-casted on a TEM-grid is shown in Figure 3.17.D, highlighting 

the nanometric structure of the crystals (dimensions as small as ~100 nm). To increase 

signal intensity and minimise atmospheric effects on the signal, XAS spectra were 

measured under vacuum conditions after the gas exposure (see Figure 3.17.C for the 

experimental roadmap). 

Co-POMs Co-L edge XAS spectra were measured:  

(i) prior to any exposure (Vacuum 1, see Figure 3.17.A and B); 

(ii) then, after being exposed to 1 mbar of N2O for ~1 h to oxidize the Co−POM 

and back in vacuum (Vacuum 2); 

(iii) then, after being reduced by exposure to H2O ~1 mbar for 1 h.  

In the absence of any changes in the Co L-edge spectra, the same sequence 

procedure was repeated at stronger oxidative conditions (1 bar N2O for 8h). Despite 

the surface sensitivity of the detection method (Total Electron Yield method, ~5 nm 

depth sensitive) and the long exposure time in strong oxidative conditions (8 h at 1 bar 

N2O), no changes in the Co oxidation degree have been observed, i.e., no appearance 

of a shoulder at 780.3 eV, corresponding to Co(III) [284] (see Section 4.4 for further 

XAS Co L-edge detailed analysis). While this method already showed oxidation degree 

modification on other OER electrocatalysts [285] (section 4.6), and since we let 
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enough time to the system to reach a steady state, we concluded that either (i) no 

cobalt centres were oxidized in those conditions or (ii) the amount of Co(III) formed is 

too low to be detected, or (iii) Co(III) formed in the oxidative atmosphere degraded due 

to eventual beam-damage effects. This absence or limited cobalt oxidation could be 

related to the low mobility of cobalt and lacunary POM ligands in the crystalline 

structure. However, the absence of Co(III) identification, compared to the findings of 

Section 4.4.2 on CoFe2O4@Fe3O4 catalysts, brings further questions onto the 

capabilities of Co-POM as an OER electrocatalyst, owing to its lack of changes in 

oxidation degree under oxidative conditions. 

 

Figure 3.17: Co-L edge X-Ray absorption spectra of (A) Co4−POM crystals and (B) Co9−POM 

crystals drop-casted on the gold foil substrate and acquired following the protocol detailed in 

panel (C). Each spectrum was taken under vacuum after the exposure to the gas. (D) TEM 

image of Co9−POM crystals. 
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3.6 Conclusion 

Table 3.1: Co9-POM stability towards oxidative conditions explored in this chapter. Note that 

RHE potentials are indicative and may differ due to issues related to the reference electrode 

stability (Ag wire floating reference electrode, calibrated vs Fc+/Fc). 

Phase Oxidation condition Co9-POM 

1 mM solution 

 

0.72M NaPi buffer 

1.55 V vs. RHE, CA, pH = 6 

(1.1 V vs. Fc+/Fc) 
CoOx formation 

1.55 V vs RHE, CA, pH = 6 

(1.1 V vs. Fc+/Fc) 

2-2’ bipyridine 3eq/Co 

Insoluble Co-POM-bpy 

species precipitation 

NaClO >2eq/Co 

pH 7 

Co-POM chemical 

environment alteration 

Crystalline N2O(g) 1 bar 8h No changes 

Adsorbed on f-FLG None Co:W ratio alteration 

 

[Co4(H2O)2(A-PW9O34)2]10– (Co4-POM) and [Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]16− 

(Co9−POM) are highly discussed in the literature since 2010’s because they offer 

noble-metal-free molecular model water oxidation catalysts. Quickly after their 

respective growth in interest, it was observed that, in OER conditions, CoOx formation 

occurs, the latter being active for the OER. This rose the question of whether the Co-

POMs were true OER electrocatalysts or only precatalysts. 

In this Chapter, we aimed, through a combination of spectroscopy and 

electrochemistry, to provide a clear answer to this question. To this end we:  

(i) by electrochemical means and operando measurements, evidenced that, 

even at low OER overpotential, the Co-POM presence in the electrolyte 

leads to the formation of a layer of a heterogeneous phase at the electrode 

surface. This layer was characterized post-mortem using XAS and XPS and 

identified as a Co(III/II) oxide layer, tungsten-free, evidencing the Co-POMs 

instability during electrochemical OER. 

(ii) by operando XAS coupled with electrochemistry, evidenced that the 

presence of a chelating agent, the bipyridine, prevents the growth of this 

Co(III/II) oxide layer, but leads to another degradation product, assumedly a 
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Co-POM-bpy precipitate. This clearly indicates the Co-POM instability under 

the conditions of electrochemical OER, likely provoked by the OER-induced 

local acidification at the electrode-electrolyte interface. 

(iii) By operando XAS coupled with chemical water oxidation, we finally 

evidenced that, even when Co-POM is used homogeneously in solution (and 

is hence exempt of local pH changes), it also undergoes irreversible 

changes in its chemical structure, putting a last nail in the coffin of the Co-

POM potential as a water oxidation catalyst.  

Furthermore, none of the aforementioned systems allowed us to catch a glimpse of the 

Co(III)-based Co-POM intermediate for the OER/water oxidation. A final attempt was 

carried in in-situ oxidation of Co-POM nanometric crystals under N2O atmosphere, but 

even the harsher conditions (N2O 1 bar, 8h) were not sufficient to trigger the Co-POM 

oxidation, suggesting the cobalt center oxidation requires a flexible (non-crystalline, 

and/or more labile) environment, in order to be oxidized, on top of a long-term stability.  

Such a clear conclusion could not have been reached without the support of 

spectroscopic tools: XAS and XPS were critical in the post-mortem degradation 

products characterization, as the quantification and Co(III) detection could only be 

done through XPS and XAS respectively. In addition, the XAS K-edge operando 

measurements were essential as they allowed a clear monitoring of the chemical 

environment modifications of the cobalt in the complex under different oxidative 

conditions. However one could still question the presence of a short-lived oxidized form 

of Co-POM which was not ‘caught’ during the operando measurements, and could 

pledge in favour of Co-POM being able to sustain few OER catalytic cycles, albeit this 

still does not guarantee their viability as OER electrocatalysts. This underlines one of 

the main limitations of XAS shared with XPS, which is the time-frame necessary to 

obtain a spectrum (>10 s), compared to reactive intermediates lifespan (< 1 ms),[286] 

and therefore limits the operando studies to steady-states or long-lived intermediate 

states whose characteristic time is longer than the typical scan recording time. 

However, progresses has been observed in the field of 'time-resolved' operando 

spectroscopy, which specifically aims to obtain < 1 ms information onto a given 

electrochemical system and catch a glimpse of reactive intermediate. The interested 

reader can find some meaningful examples in the following references.[287–292] 
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3.7 Experimental 

3.7.1 CoxPOM synthesis and characterization 

Co4-POM and Co9-POM used in this chapter were synthesized at the Institut Parisien 

de Chimie Moléculaire (Sorbonne Université, Paris, France) following an optimized 

method inspired by Refs. [293,294] and described underneath. The purity of each 

product was verified using IR-spectroscopy and P31-NMR spectroscopy before use 

(see Figure 3.18) and water content in the crystal evaluated using thermogravimetric 

analysis. 

Na10[Co4(H2O)2(PW9O34)2] (Co4−POM): 

Firstly 0.41 g (1.4 mmol) of Co(NO3)2·6H2O is dissolved in 15 mL of distilled water. 2 g 

(0.83 mmol) of Na8HPW9O34 is added under stirring. The mixture is then heated (at 

about 80°C) and stirred until a homogeneous purple solution is obtained. About 5 g of 

NaCl is then added and the mixture is stirred until dissolution, and then left at ambient 

temperature for crystallisation. After a few hours, a precipitate is filtered and dried on 

a sintered glass. The solid obtained is diluted in about 5 mL of hot water and then left 

at 5°C for re-crystallisation. After one night at low temperature Co4POM is filtered and 

dried on a sintered glass. About 0.5 g (0.1 mmol) of solid is obtained. The yield is about 

30%. 

Na16[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3] (Co9−POM): 

Na16[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3] was first reported as an eventual byproduct 

during the Co4POM synthesis [295]. The aim was then to improve the yield and to 

extract Co9POM from the mixture. Firstly 33 g (100 mmol) of Na2WO4 · 2H2O and 3.3 

g (22 mmol) of Na2HPO4 are added to 100 mL of distilled water. Once dissolved, acetic 

acid is added until the pH of the solution reaches 7.5. At the same time 9 g (35 mmol) 

of Co(OOCCH3)2·4H2O is dissolved in 30 mL of distilled water. Then the cobalt solution 

is added slowly to the tungstate solution to obtain a violet suspension which is stirred 

under reflux (100°C). After 2 hours the solution is hot-filtered, and an excess of 

K(OOCCH3) (2 g) is added. The solution is filtered again and cooled down at room 

temperature. About 20 g of a Co4−POM and Co9−POM mixture were obtained and 

filtered off. The filtrate is then stored at 5°C for one or two days leading to the formation 

of long pink needle crystals of Co9−POM. A second filtration of the solution is therefore 
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performed and allows the isolation of ~0.5 g of pure Co9−POM. The filtrate can then 

be stored in the fridge for a few days and future fractions of Co9−POM can be 

recovered after filtration and are sometimes less and less pure in Co9−POM and rich 

in acetate salts and other byproducts. 

 

Figure 3.18: (A) Infrared spectra for Co4−POM and Co9−POM in the wavenumber interval 

characteristic of the POM. The absorption bands can be assigned as follows: 1030 cm−1 - P-O 

stretching; 940 cm−1 - W-O stretching; 885 cm−1 - W-O-W corner-sharing bending; 720 cm−1 - 

W-O-W edge sharing bending. 31P-NMR analysis of Co4−POM (B) and Co9−POM (C). 

Samples are diluted in D2O, dwell Time: 1 s, spectral width: 500 kHz, spectrometer frequency: 

121.49 MHz, observation frequency: 121.70 MHz. 

3.7.2 Electrochemical study 

Sodium phosphate buffer preparation 

Sodium phosphate buffer (NaPi) was prepared by dilution of an 85 wt. % H3PO4 

solution in ultrapure water followed by neutralisation with 50 wt. % NaOH to reach pH 

6, which was controlled with a calibrated pH-meter. Concentrations were calculated 

considering the dilution effect. Co-POM solutions were freshly prepared before each 

experiment and tested in a glass electrochemical cell, cleaned in Caroic acid.  

Laboratory electrochemistry experiment 

The electrolyte was degassed by N2 purging for at least 10 min before the experiment, 

and during experiments. A 5 mm diameter glassy carbon electrode, polished by 

alumina (1 µm → 0.3 µm → 0.05 µm) and sonicated for 5 minutes in acetone, absolute 

ethanol, and water, was used as a working electrode. A flame-cleaned Pt wire was 

used as a counter electrode, and a mercury sulphate electrode as a reference 

electrode. The reference electrode was calibrated in the same electrolyte, using a 

platinized Pt reference hydrogen electrode, prior to experiments. 
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3.7.3 Co-POM in solution operando oxidation study 

XAS beamline and cell information 

Ex-situ, in-situ and operando XAS Co K-edge measurements were performed at the 

LUCIA beamline [267] of synchrotron SOLEIL, with a ring current of 500 mA and a 

nominal energy of 2.75 GeV. The beamline energy was selected by means of a Si(111) 

double-crystal monochromator and the beam size was 2 x 2 mm2 on the sample. The 

data were collected in total fluorescence yield with a single-channel silicon drift detector 

from Bruker. Data reduction, normalization, and Fourier-Transforms were performed 

with the Athena software [296]. All data were normalized to the intensity of the incident 

beam. The spectro-electrochemical cell, represented on Figure 3.11 and introduced 

in Ref.[268], is composed of a 0.06 mm*10 mm*10 mm glassy carbon (GC) electrode 

carefully washed by successive sonication in acetone, absolute ethanol, and water, 5 

min each, a Pt plate counter electrode, and a silver wire floating reference electrode. 

The reference electrode was calibrated using the Fc+/Fc redox peaks of a ~10 mM 

ferro/ferri cyanide solution. During the measurements, the electrolyte was continuously 

flowing in a closed loop with a peristaltic pump, coupled to an electrolyte container of 

5 mL. For all spectro-electrochemical experiments, CV was performed prior to 

chronoamperometry and spectra accumulation. 

Spectra acquisition parameters 

XAS spectra of reference compounds were collected on BN pellets with 10 wt. % 

concentration. The spectra acquisition parameters of ‘high quality spectra are detailed 

in . 

Table 3.1: ‘High quality’ spectra acquisition parameters used in this chapter. 

Energy range / eV [7620,7700] [7700,7740] [7740,7800] [7800,7900] [7900,8100] 

Step size / eV 2 0.2 0.5 1 2 

Acquisition time / s 2 2 5 4 8 

 

‘Quick’ spectra were taken in the ‘fly mode’ i.e. continuous change in the incident beam 

energy. Spectra were recorded in the [7620,7900] eV range, 1 point every 200 ms (~ 

0.3 eV). 
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Co-POM chemical oxidation 

A 1 mM Co9-POM solution in 0.72 M NaPi at pH 7.0 was obtained by direct dilution of 

Co9-POM into the desired electrolyte. In parallel, a NaClO 100 mM solution in 0.72 M 

NaPi at pH 7.0 was prepared by: (i) neutralization of a 50 wt. % NaClO solution with 

NaPi (pH4.0), up to pH 7 and (ii) dilution of the obtained intermediate solution by 0.72 M 

NaPi with pH 7.0. Operando chemical oxidation analysis was performed by successive 

addition of the desired amount of the solution containing 100 mM of NaClO into the 

1 mM Co9POM in NaPi 0.72 M solution. XAS spectra were taken in the ‘quick’ mode 

immediately after each addition of the NaClO solution, and then in a “high quality”. 

3.7.4 Co-POM heterogeneous oxidation study 

f-FLG preparation and characterization (reactional scheme in Figure 3.15)  

Step 0:Few Layers Graphene (FLG) suspension 

1 g expanded graphene is suspended in 200 mL dimethyl formamide (DMF) and left 

under sonication (Branson sonication probe, Intensity=30%) for 4 hours. The resulting 

dispersion is centrifugated and supernatant separated, and sonicated again for 4 hours 

in the same conditions. FLG concentration was evaluated to be ~0.1 mg/mL by 

weighting the dry product of 10 mL from the suspension.  

Step A: 2-(4-(dimethylamino)phenyl)isoindoline-1,3-dione (1) 

8.00 g N,N dimethyl phenyl diamine (58.75 mmol, 1 eq) and 16.40 g phthalic anhydride 

(110.7 mmol, 1.9 eq) are mixed in 200 mL toluene and 4 mL triethyl amine at 130°C in 

Dean-Stark apparatus. Reaction advance is followed by thin-layer chromatography 

(TLC) until total reaction of limiting reactant. The media is then evaporated down to 

~40 mL, filtrated and cleaned by toluene, methanol, and ethanol. Final product is 

characterised by H-NMR and weighted. 14.03 g of 1 (52.6 mmol, 89.7% yield) are 

obtained. 

Step B: 4-(1,3-dioxoisoindolin-2-yl)-N,N,N-trimethylbenzenaminium, iodide (2) 

14.03 g of 1 (52.6 mmol, 1 eq) are dissolved in 200 mL chloroform in a Schlenk tube, 

then 14 mL of iodomethane (225 mmol, 4.6 eq) are added to the reaction media. The 

system is heated at 50°C for ~24h. The mixture is filtrated and cleaned by chloroform 

and ethanol. 12.85 g of 2 are obtained (31.7 mmol, 60% yield). 
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Step C: 4-amino-N,N,N-trimethylbenzene ammonium, iodide (3) 

12.85 g of 2 (31.4 mmol) are diluted in 450 mL ethanol and 7 mL hydrazine and stirred 

overnight at room temperature. The reaction media is then filtrated and the filtrate is 

evaporated, and recrystallised in 200mL ethanol. We obtain 3.42 g of 3 (39% yield) 

which were characterised by H-NMR. 

Step D: functionalised-Few Layers Graphene (f-FLG) 

220 mg of 3 (1.45 mmol, 1 eq) are diluted in 3 mL H2O(l) and mixed with 45 mL of FLG 

suspension (0.1 mg/mL in DMF). The reaction mixture is sonicated for few minutes 

(ultrasound bath) and 270µL (1.45 mmol, 1 eq) of isopentyl nitrite are added. The 

reaction media is heated for 80°C overnight, cooled down to room temperature and 

filtered on polypropylene paper (0.45µm). The filtration paper is then sonicated in 

100mL DMF to disperse f-FLG back and the procedure is repeated twice in methanol 

and once in diethyl ether. The filtration paper is finally sonicated in 25.0 mL water to 

obtain a 0.16 mg/mL f-FLG dispersion in water. The obtained suspension is finally 

drop-casted and characterised by Raman spectroscopy, transmission electron 

microscopy and scanning electron microscopy (Figure 3.19).  

Raman spectroscopy highlights increase in the concentration of defects in the FLG 

once functionalised, as the D1 and D2 bands (linked to graphene structure defects) 

increases compared to the G band (graphene monolayer related) ( see Figure 3.19.A), 

which was related to graphene functionalisation. In the meantime, electron microscopy 

images confirmed the graphene surface was rather clean as no particles of different 

composition (EDX not shown here) on the surface was detected, and determined the 

f-FLG suspension could be defined as a suspension of several graphene layers (3 to 

5 layers observed on Figure 3.19.B) with a typical width of 3~5 µm. XP spectroscopy 

was attempted to quantify nitrogen on the surface and evaluate the FLG 

functionalisation degree, but the low intensity of the N1s peak prevented such 

characterization. 



 

145 
 

 

Figure 3.19: (A) non-modified few layer graphene suspension (FLG) and functionalised few 

layers of graphene drop casted on gold substrate, Raman spectroscopy. (B) Scattering 

Electron Microscopy images of f-FLG, and (C) Transmission Electron Microscopy image of f-

FLG.  

Co-POM crystal drop casting method 

Co4-POM and Co9-POM crystals used in Section 3.5.2 were prepared from drop-

casting of Co-POM suspension in isopropanol:water (75:25 v:v) solution. To do so, 20 

mg of Co-POM was dissolved in 0.33 mL of ultrapure water, then the aqueous solution 

is mixed drop by drop (~ 25 µL) in 1 mL isopropanol under strong magnetic stirring. 

Co−POM salt being poorly soluble in organic media, the crystal precipitation can be 

observed as the solution takes a pale blueish and opaque colour. Transmission 

electron microscopy was used to determine crystallite average size, which was about 

~100 nm in the shortest dimension (Figure 3.17.D). 
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Chapter 4: Operando and in-situ 

study of the shell thickness on 

the OER mechanism in 

Fe3O4@CoFe2O4 core-shell 

nanoparticles 

 

Sections 4.3 and 4.4 of this chapter are based on published work:  

[71]: Royer L., Bonnefont A., Asset T., Rotonnelli B., Velasco-Vélez J. J., Holdcroft 

S., Hettler S., Arenal R., Pichon B., & Savinova E. (2023). Cooperative Redox 

Transitions Drive Electrocatalysis of the Oxygen Evolution Reaction on Cobalt-Iron 

Core-Shell Nanoparticles. ACS Catalysis, 13(1), 280–286.  

[1]: Royer L., Makarchuk I., Hettler S., Arenal R., Asset T., Rotonnelli B., Bonnefont 

A., Savinova E., & Pichon, B. (2023). Core–shell Fe3O4@CoFe2O4 nanoparticles as 

high-performance anode catalysts for enhanced oxygen evolution reaction. 

Sustainable Energy & Fuels, 7(14), 3239–3243.  
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4.1 General introduction 

Chapter 2 and Chapter 3 focused on the XAS and XPS operando study of model 

systems, first with the D&P and a 2D-model electrode in absence of faradaic reaction, 

then with a model molecular electrocatalyst, but applied to the OER. However, not 

every system can be reduced to such simple objects. This is particularly true when it 

comes to dealing with catalysts for which the ‘extended’ chemical environment, or the 

catalyst size and shape matters for electrocatalytic activity. Such complex systems 

offer more perspectives from an industrial standpoint than their model, molecular 

counterparts. In that frame, we propose in this chapter the study of core@shell (C@S) 

nanoparticles (NPs) composed of CoFe2O4@Fe3O4 for the OER electrocatalysis in 

alkaline media. We therefore use a promising nanostructured OER electrocatalyst 

stable in operating conditions, while retaining some of the model electrocatalytic 

features, as those C@S are mono-disperse and present extremely low structural 

variation from particle to particle.  

Transition metal oxides are widely studied OER electrocatalysts in alkaline media, 

since they are based on abundant elements, inexpensive and their 

structure/composition can be tuned to provide high activity. However the mechanism 

of the OER on said structure is complex, electrocatalyst-dependent, and has yet to be 

fully understood. This need of understanding is further increased when tackling the 

case of multi-metallic oxides containing Fe. It is widely accepted that the presence of 

Fe in addition to another transition metal cation such as Co (or Ni) increases the OER 

activity of an oxide material, which justifies the design of our C@S, i.e., a conductive 

Fe3O4 core surrounded by a CoFe2O4 shell. However, the C@S electrocatalytic activity 

for the OER far surpasses the one of its individual components [1] hinting toward a 

synergistic interaction between the core and the shell. Using operando XAS, we are 

able to propose a first hypothesis regarding their OER mechanism and how the core-

Fe(II) participates in the electrocatalytic process. To explore this hypothesis further, we 

decide to investigate three types of C@S NPs of various shell thickness, as the latter 

would impact the interactions between the shell and the core-Fe(II). The activity, 

durability, and structural changes under in-situ conditions, simulating the first steps of 

the OER, are investigated. Our objective is to understand how, in CoFe2O4@Fe3O4 

nanoparticles, the shell thickness impacts the OER mechanism, aiming through this 

study to gather further insights on the mechanism itself.  



 

149 
 

4.2 State of the art: from transition metal oxides to CoFe2O4@Fe3O4 

core@shell nanoparticles as OER electrocatalysts 

4.2.1 The ‘Fe effect’ 

In Chapter 1, a wide variety of materials used as OER electrocatalysts are discussed. 

Among them, transition metal oxides (TMO) have received significant attention in 

recent years. [297–300] Some of the TMOs demonstrated an activity comparable to 

that of iridium oxides, while being based on inexpensive earth-abundant elements, and 

stable in alkaline environment. Cobalt is one of the most studied and promising 

elements in that category, alongside nickel [301–304]. The combination of multiple 

transition metals in the same oxide material exhibits an even more interesting OER 

activity, especially when considering the Co-Fe (and Ni-Fe) oxide families [305–309]. 

This is despite iron being a relatively poor OER electrocatalyst. A review by Anantharaj 

et al. [308], highlights this so-called ‘Fe-effect’, which is still not fully understood, 

leading to several hypotheses about the activity enhancement when iron is combined 

with other transition metals in the OER. Possible explanations include: 

• the incorporation of Fe in the material increases its conductivity, 

influencing the measured catalyst’s activity. It was found by Boettcher et 

al.[310] that the incorporation of Fe into Ni(OH)2/NiOOH film increases its 

activity concomitantly with its conductivity. Authors established a correlation 

between those two parameters among several electrocatalysts, and concluded 

that conductivity was a parameter positively influencing the catalyst activity, a 

result supported by other studies.[311] However it was also found that some 

effects (such as ageing [312]) which are negatively affecting the conductivity, 

could positively affect the catalyst activity, suggesting the conductivity is not the 

only parameter responsible for the Fe-effect. 

• the incorporation of Fe in the oxide matrix modifies its crystallography 

and/or impacts the chemical environment of the active site. Several studies 

highlighted that the ageing of Fe incorporated/doped NiOOH [310] and CoOOH 

[313] systems lead to the formation of so-called ‘layered double hydroxides’ 

(LDH) structures which were proven to be more active than the Fe-free 

electrocatalyst. The latter was attributed to a larger number of active sites 

compared to the original oxyhydroxide.[310,313] Different crystallographic 
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changes, such as confinement of Co in specific crystalline sites due to the Fe 

incorporation in the structure, were observed in other systems, suggesting the 

LDH is not the only structural change that Fe presence can induce in transition 

metal oxides, and that these structural changes may be linked to the OER 

activity enhancement.[314,315]  

• combination of Co (or Ni) and Fe results in the formation of a unique 

ensemble comprised of both Co (or Ni) and Fe, resulting in an 

exceptionally high OER activity. It was demonstrated through operando XAS 

spectroscopy combined with theoretical calculation, by Friebel et al., that Fe 

incorporation into NixFe1-xOOH structure leads to a linear variation of the Fe−O 

and the Ni−O bound lengths with increasing Fe content, and results in the 

formation of Ni-O-Fe motives presenting an exceptionally low overpotential, 

therefore suggesting the existence of bimetallic highly active sites in Fe-

containing TMO.[316] 

• the incorporation of Fe in the original Co or Ni oxide matrix modifies 

potentials of the redox transitions of the material, making it more difficult 

to reach high valence states. While it is observed that the redox transition of 

Ni and Co oxyhydroxides is impacted by Fe impurities in solution as low as 

1ppm (anodic shift with Fe impurities, [310,313,317]), it has been shown that 

under the OER conditions, the redox behaviour of NixFe1−xOOH electrocatalyst 

under OER potential is unusual. Fe remains in a trivalent state independently of 

the potential, while Ni oxidation state highly depends on the Fe content, 

exhibiting lower oxidation states with greater Fe content. Thanks to a 

combination of operando differential electrochemical mass spectroscopy 

(DEMS, which gives an information about the OER faradaic efficiency, as the 

OER competes with the Ni(III) → Ni(IV) transition) and in-situ XAS analysis, the 

authors determined that the greater the Fe content in the oxyhydroxide, the 

lower the Ni oxidation state, and the higher the OER faradaic efficiency, owing 

to a more reduced Ni. An increasing content of Fe inside the structure can 

therefore prevent the Ni oxidation and positively impact the material’s OER 

activity. [318,319] 
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4.2.2 Oxides with a spinel structure for the oxygen evolution reaction 

As highlighted in the frame of the Fe-effect, both the crystallographic state of the 

catalyst and its eventual surface reconstruction during electrocatalysis, affect the 

activity, as they define the chemical environment of the active site. Various oxide 

structures have been studied for the OER applications, such as perovskites [320–322], 

hydroxides [323,324] and spinels [325–328]. Among these, spinels stand out as one 

of the most promising OER electrocatalysts due to their stability, conductivity, tuneable 

composition, and high activity. 

A spinel has a chemical formula of AB2O4, where A and B represent di- and trivalent 

cations, respectively. Spinel crystals belong to the Fd3m space group, exhibiting face-

centred cubic (fcc) cell symmetry with oxygen atoms arranged in a cubic-closed packed 

(ccp) lattice. The A cations occupy tetrahedral sites, while B cations occupy octahedral 

sites, as depicted in Figure 4.1.A. A variation of this structure known as “inversed 

spinel” consists in the inversion of A(II) cations with half of B(III) cations in the structure. 

Consequently, A and half of B cations share the octahedral sites, while the other half 

of B cations occupy the tetrahedral sites. 

 

Figure 4.1: (A) Spinel crystallographic structure representation (blue: tetrahedral sites, green: 

octahedral sites, red: oxygen). Reproduced from Ref.[329]. (B) Schematic representation of 

Fe3O4@CoFe2O4 nanoparticles core-shell. The exact particle dimensions are given in the 

section 4.8.1, Table 4.1.  

One of spinel advantages regarding their catalytic activity may actually be related to 

this chemical environment diversity for the cations, where both tetrahedral and 

octahedral geometry are represented. Indeed, the 3d orbitals splitting is different 
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depending on the coordination geometry of the anions around the cation: octahedral 

geometry resulting in eg and t2g orbital groups splitting, and tetrahedral geometry 

resulting in t2 and e groups.[330–332] 

Using spinel structures as OER electrocatalysts is not a new concept, and numerous 

studies have proposed OER mechanisms on transition metal oxides in alkaline media. 

Two mechanisms seem to be at work during the OER on transition metal oxides. The 

first is the ‘conventional mechanism,’ also known as the ‘adsorbate evolution 

mechanism’, which is the most commonly proposed. It suggests that the reaction 

occurs on the surface, and that the metal acts as the primary active site during the 

reaction (Figure 4.2.a), with formation of M−OH hydroxide intermediate that later 

reacts to form M−OOH peroxo-intermediate. This mechanism aligns with the Sabatier 

principle, which links the strength of the M-O bond to the catalyst activity. However, 

studies aiming to understand the parameters influencing the OER performance 

highlighted the existence of a second mechanism, often referred to as the ‘lattice 

oxygen mechanism.’ This alternative mechanism proposes the participation of oxygen 

from the crystalline lattice in the OER and highlights that the cation may not be the sole 

active site in the catalyst (Figure 4.2.b). The lattice oxygen mechanism explains the 

out-of-trend activity observed for some electrocatalysts (e.g., perovskites with certain 

compositions) when assessing them in the prism of the adsorbate evolution 

mechanism. [297,332,333] 

Even if Co spinels are generally considered stable in alkaline media under oxidative 

potentials, durability studies coupled with XAS and XPS analyses carried out by 

Calvillo et al. proved CoxFe3−xO4 materials suffer from partial restructuring of the 

surface (that may be induced by partial dissolution/redeposition of the surface cations, 

see Figure 4.2.c). This was confirmed by several other works [333–337]. Similarly, an 

operando X-Ray surface diffraction study of the OER on Co3O4 surfaces by 

Magnussen et al. proved the formation of a thin CoOOH layer at potentials > 1.2 V vs 

RHE [337]. These studies conclude that CoOOH resulting from the Co3O4 

electrochemical oxidation is required for the OER electrocatalysis and propose Co(IV) 

as a reactive intermediate. 
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Figure 4.2: Current hypotheses regarding the OER mechanism on perovskites going through 

(a) the conventional adsorbate mechanism and (b) the lattice oxygen participating mechanism. 

(c) represents a potential surface dissolution of the cations, which can be redeposited to form 

a hydroxide layer on top of the catalyst. Figure reproduced from Ref.[29]. 

To increase even more the activity, the electrocatalysts morphology at the nanoscale 

(e.g., shape, size, etc.) is of great importance. Indeed, the use of nanometric particles 

(NPs) leads to a greatly enhanced surface-to-mass ratio compared to macroscopic 

materials, due to their extremely small dimensions. This allows to develop highly active 

catalytic layers while using substantially less material. Furthermore, in addition to the 

impact of the surface-to-mass ratio, complementary benefits may come from nano-size 

induced effects. [338] NPs are already used as OER electrocatalysts, [93,339–341] yet 

those materials could be improved even-more using a core@shell (C@S) design. A 

different composition of materials for the core and for the surface (shell) can lead to a 

combination of both material properties and eventual synergistic effects which improve 

the overall properties of the nanostructure.[342–344] 

4.2.3 Objectives 

In Section 4.2, we explored different parameters that can influence a catalyst activity: 

its composition, its nanostructure, and finally its composite nature, such as a C@S 

structure that could benefit from synergistic effects between the core and the shell. In 
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the following subsections, we propose to study a novel OER promising electrocatalyst: 

Fe3O4@CoFe2O4 (C@S) nanoparticles. We aim to minimize the cobalt use in the 

electrocatalyst and improve its conductivity, as well as exploring and exploiting the 

poorly understood Fe-effect in OER electrocatalysts. To that end, the nanoparticles’ 

design is thought as (i) a core composed of a conductive, but OER inactive, Fe3O4 

magnetite, that will provide a good electron conductivity to the whole surface of the 

electrochemically active shell and (ii) a thin shell presenting a minimal amount of Co, 

supposedly OER active due to its CoFe2O4 composition, but which suffers on contrary 

from its lack of conductivity. Combination of these two complementary materials into 

an advantageous architecture is therefore promising from an electrocatalytic point of 

view. In the following part, we will discuss the activity of these C@S nanoparticles for 

the OER, along with the mechanism of said reaction on those catalytic nanostructures, 

unveiled through the use of in-situ and operando XAS. 

4.3 Evaluation of the electrocatalytic activity of core@shell 

nanoparticles 

To assess the C@S architecture effect on the OER activity, a first set of nanoparticles 

was prepared: Fe3O4 (⌀ = 12.4 nm), CoFe2O4 (⌀ = 9.8 nm) and Fe3O4@CoFe2O4 (core 

⌀ = 12.7 nm, core@shell ⌀ = 14 nm) which will be called C@S-0.65nm referring to the 

shell thickness. More details regarding the synthesis and characterization, as well as 

a summary of the different particles used in the chapter is given in Section 4.8. For 

the rest of this chapter, unless stated otherwise, the potentials will be given versus 

RHE. 

The different nanoparticle suspensions were diluted to reach the same final 

concentration (~0.04 µg/µL), and 10 µL was drop-cast onto a clean ⌀ = 0.5 cm Glassy 

Carbon Electrode (GCE) disc, resulting in a ~2 µg/cm2 nanoparticle loading on the 

surface. This dilution step and control of the loading is important as previous studies 

[345] demonstrated the influence of the catalyst layer thickness on the mass activity. 

Nevertheless, it is important to note that the solvent volatility (chloroform), the stability 

of colloidal nanoparticles in low concentration solutions, and the shaping method for 

the catalyst layer (drop-casting) are two main obstacles to the precise control of the 

NP loading and the catalyst layer homogeneity. After deposition, and prior to any 

electrochemical analysis, NP surface was systematically cleaned by cyclic 
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voltammetry in a restricted potential interval from 0.8 V to 1.44 V vs RHE (150 cycles 

at 100 mV/s) to remove organic ligands from the NPs surface. 

 

Figure 4.3: Influence of the core@shell architecture on electrochemical and electrocatalytic 

properties of NPs. (A) OER activity normalised per oxide mass for Fe3O4, CoFe2O4 and C@S-

0.65 nm sample. CVs were obtained in 0.1 M NaOH with 10 mV/s scan rate, working electrode 

rotation at 1000 rpm, with the temperature controlled at 25°C. (B) (C) and (D) are the second 

cycle of CVs at low potentials for Fe3O4, C@S-0.65nm and CoFe2O4 nanoparticles, 

respectively. CVs obtained in 0.1 M NaOH with 20 mV/s scan rate, working electrode rotation 

at 1000 rpm and temperature controlled at 25°C.  

Two types of analyses were performed. First, the NPs activity under the OER 

conditions was recorded (see Figure 4.3.A) and normalised by the catalyst mass. One 

observes that both the Fe3O4 and CoFe2O4 nanoparticles exhibit a rather low activity 

(20 A/goxide and 120 A/goxide at 1.65 V, respectively) compared to C@S-0.65nm which 

exhibits a much higher activity (750 A/goxide at 1.65 V). This first activity comparison 

perfectly illustrates the advantage of the C@S architecture that dramatically improves 

the nanoparticle activity through the combination of the two oxides: CoFe2O4 confined 

within the shell and Fe3O4 within the core. This activity enhancement can be explained 

by (i) the conductivity enhancement of the CoFe2O4 material due to the presence of 

the Fe3O4 core, and/or (ii) the ‘Fe-effect’, due to the presence of Fe(II) (in the core) 

near the CoFe2O4 shell. Indeed, while combining Co and Fe in a crystalline structure 

results in the activity enhancement, (e.g., as shown here or by Saddeler et al., that 

showed that a CoxFe3-xO4 nanostructure with an optimum Co fraction can outperform 

either Fe3O4 or Co3O4 spinel [306]) this alone is not sufficient to explain the higher 

activity of C@S-0.65nm compared to single-phase CoFe2O4 NPs.  

Then, cyclic voltammograms are recorded at low potentials down to –0.5 V for the 

same set of nanoparticles. One observes that CoFe2O4 (Figure 4.3.D), Fe3O4 and 
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C@S-0.65nm do show a redox transition with cathodic and anodic peaks at 0.0 and 

0.28 V vs. RHE correspondingly. These peaks can be associated to the Fe3O4 to Fe(II) 

hydroxide transition [346]. The amplitude of the peaks corresponding to this transition 

is decreasing from the Fe3O4, to the C@S sample, with a lowest peak for CoFe2O4 

NPs, which can be explained by the lower accessibility of Fe3O4 for this transition in 

the case of the C@S NPs, due to the shell covering the Fe3O4 core, and a 

disadvantaged transition in CoFe2O4 oxide due to the absence of Fe(II) in the structure. 

Though, as the redox transition happens at the surface of the material, one should 

expect the same redox peak intensity between CoFe2O4 and C@S-0.65nm, which is 

not the case. The higher Fe3O4/Fe(OH)2 transition in C@S sample could be explained 

by some defects in the structure: either (i) in the microstructure (e.g., part of the core 

is exposed as the shell may not be fully homogeneous), or (ii) in the lattice, with some 

Fe3O4 or Fe(II)CoFe(III)O4 defects in the shell crystalline structure, as both could 

explain the presence of Fe(II), which is in theory required for this redox transition at the 

NP surface. The 2nd  explanation justifies as well for the presence of the redox peak 

on the CoFe2O4 NPs, as defects of Fe(II) in the surface would allow to a lower extent 

the transition. 

As a first conclusion, we observed a strong activity enhancement due to the C@S 

architecture. To shed light on the OER mechanism in this system and understand the 

mechanism behind the strong activity enhancement of C@S-0.65nm compared to the 

Fe3O4 and CoFe2O4 respective activities, we performed an operando XAS study under 

OER conditions for these C@S nanoparticles. 

4.4 Operando assessment of the OER mechanism with 

CoFe2O4@Fe3O4 nanoparticles 

To gather information related to the chemical and structural modifications undergone 

by the C@S catalyst during the OER, an operando study by X-ray absorption 

spectroscopy of C@S-0.65 nm at the L3-edges of Co and Fe was carried out. The 

experiments were performed in total electron yield (electron-out detection), which is 

sensitive to the surface (~5 nm) as explained in Section 1.3.3. Two sets of 

experiments are presented here. The first one is used to characterize the sample 

changes under reductive conditions, while the second one is used for the operando 
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observation of the OER. The details for this spectro-electrochemical cell and sample 

preparation are given in Section 4.8.4. 

4.4.1 Nanoparticle reduction operando study 

In the first experiment, the cyclic voltammogram of the working electrode is recorded 

and can be observed on Figure 4.4.C. One observes two small redox peaks: a 

cathodic peak around -0.1 V and anodic peak around +0.2 V. This transition is similar 

to the one observed on Figure 4.3.C, which is tentatively attributed to the 

Fe3O4/Fe(OH)2 transition. One also notes that those peaks are slightly shifted 

compared to the Figure 4.3.C CV (-0.1 V 

shifting), probably due to reference 

electrode calibration and stability issues 

in operando setups, rather than a 

physically meaningful change between 

the systems. Then, the XA spectra were 

recorded at constant potential, which was 

set at 1.0 V, -0.2 V and -0.4 V. Between 

application of each cathodic potential, 1.0 

V was applied once again to verify the 

reversibility of transformations. One can 

observe Fe and Co L-edge at the different 

potentials in Figure 4.4.A and B. 

Figure 4.4: C@S-0.65nm study of NPs in a 

spectro-electrochemical cell in the potential 

interval from 1.0 to −0.5 V vs. RHE: (A) Fe L3-

edge, (B) Co L3-edge and (C) cyclic 

voltammogram acquired in the spectro-

electrochemical cell prior to the experiment. 

C@S-0.65nm NPs are deposited on 

Fumatech membrane using bilayer of 

graphene as current collector, electrolyte is 

0.1 M NaOH, scan rate 20 mV/s. 

To determine the Fe and Co oxidation 

degree and follow their evolution as a function of the potential, XAS reference spectra 
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were acquired experimentally or taken from the literature,[28] as presented on Figure 

4.5. FeO (Fe(II) octahedral environment) is characterized by a main peak at 708.6 eV 

(Fe-α peak on the figure); while Fe2O3 (Fe(III) octahedral environment) is characterized 

by a main peak at 710.2 eV (Fe-β peak on the figure) and a smaller feature at 708.7 

eV. Due to the close position of this feature and the Fe-α peak, it is impossible to 

distinguish both when a mix of Fe(II) and Fe(III) is present. The qualitative sample 

oxidation or reduction is then assessed through the variation of Fe-α and Fe-β relative 

peak intensity. Co reference spectra can be observed in Figure 4.5.B where CoO 

(Co(II) octahedral environment) and LiCoO2 (Co(III) octahedral environment) are 

represented. Co(II) spectra are composed of several peaks: Co-α (777.7 eV), Co-β 

(779.0 eV) and Co-γ (780.2 eV) while Co(III) only has one main peak at 780.6 eV (peak 

Co-δ). Due to Co-δ slightly higher energy position compared to Co-γ, the Co(II) 

oxidation to Co(III) often appears as a growing shoulder in the high energy interval of 

the Co(II) peak, with a change in the Co-β /Co-γ intensity ratio. 

 

Figure 4.5: Reference (A) Fe L3-edge of FeO and Fe2O3 and (B) Co L3-edge of CoO and 

LiCoO2 X-Ray absorption spectra, cobalt references are taken from Ref.[347]. XAS spectra 

are normalised to the peak maxima. 

For the C@S-0.65nm NP, the application of −0.2 V vs RHE results in a Fe-α peak 

intensity increase and a lowering the Fe-β peak intensity, indicating a reduction of 

Fe(III) to Fe(II) (see Figure 4.4.A). This observation is coherent with the interpretation 

of the CVs presented in Figure 4.3 and the attribution of the redox peak at 0 V to 

Fe(III)/Fe(II) transition from Fe3O4 to Fe(OH)2. The application of −0.5 V showed a 

stronger reduction trend. The signal back at 1.0 V showed a good reversibility with the 
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return of the Fe signal close to the 1.0 V initial signal. It is thus concluded that within 

the depth of analysis (~5 nm) the observed iron can reversibly be reduced from Fe3O4 

to a Fe(II) structure, probably corresponding to Fe3O4 ↔ Fe(OH)2 transition [265,348]. 

The application of a reductive potential did not have any significant impact on the Co 

L-edge signal (see Figure 4.4.B). The initial cobalt oxidation degree already being 

Co(II) in the structure, the application of -0.5 V is not enough to reduce cobalt to its 

metallic state. However, the spectrum measured after stepping potential back at 1.0 V 

vs. RHE did show a slight oxidation of Co compared to the initial spectrum at 

1.0 V vs. RHE. This is highlighted by the lowering of the Co(II) Co-α and Co-β peaks, 

and the appearance of a shoulder around 781 eV. This might be induced by the phase 

transition from Fe3O4 to Fe-hydroxide under potential and the return to the initial Fe3O4 

phase at OCP. Such crystallographic changes might impact the defects density within 

the crystalline structure, as well as the Co and Fe distribution in the NPs. Note that 

Co(II) → Co(III) redox transition starts around 1 V vs. RHE (see Section 4.4.2 and 

discussion therein), which could explain slight increase of the Co(III) contribution when 

stepping to 1.0 V vs. RHE. Post-mortem TEM imaging and electron energy loss 

spectroscopy (EELS) mapping confirmed a modification of the NP’s shape (from 

‘perfectly’ spherical transforming into NPs with rough edges) as well as cobalt 

redistribution within NPs after the reductive treatment, suggesting a loss of the C@S 

architecture [71]. The observed changes in Figure 4.4.B. thus suggest that loss of the 

C@S morphology favours accumulation of Co(III) at positive potentials.  

Those results first confirm that reduction at potentials as low as -0.5 V for an extended 

time (10~20 min) does not reduce Fe to its metallic state, and that the Fe3O4/Fe(OH)2 

transformation is essentially reversible in this system. However, the C@S structure is 

lost after such a reductive treatment and the defect concentration may increase within 

the crystalline structure [71], impacting redox behaviour of Co, as reflected by the 

increased concentration in Co(III) at 1.0 V. Additionally, it confirms that the spectro-

electrochemical cell used for those experiments allows to follow changes in the 

oxidation state of Co and Fe when a potential is applied, meaning the part of the 

working electrode which is assessed by X-rays is indeed polarized. 
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4.4.2 Operando study of the OER 

The second experiment consists in the study of the electrocatalyst properties under 

OER conditions. The cyclic voltammetry is represented on Figure 4.6.C. A first redox 

cathodic peak is observed at ≈ 1.05 V and an anodic peak at ≈ 1.1 V. Those peaks are 

attributed to Co(III)/Co(II) transition, which in the literature was associated with a 

transformation from Co3O4 to CoOOH [337]. A second cathodic peak (with the 

corresponding anodic peak hidden in the OER current rise) is observed at 1.3 V and 

associated in the literature to the 

Co(IV)/Co(III) transition.[337,349,350] 

The fact that these redox transitions are 

little or not observable in the liquid 

electrochemical cell with NPs deposited 

on a GC disc (Figure 4.3) can be 

attributed to high pseudo-capacitance of 

the GC, the latter hiding features related 

to the NPs given their small loading. One 

will note that OER is starting earlier in the 

spectro-electrochemical cell compared to 

the conventional electrochemical cell 

(see CVs presented on Figure 4.3.A). 

This could be explained by difficulties in 

reference electrode stability and 

calibration (Ag/AgCl) in our operando 

system as well as to a higher NP loading 

in the operando experiment. 

Figure 4.6: Study of C@S-0.65nm NPs in a 

spectro-electrochemical cell in the potential 

interval from 1.0 to 1.6 V vs. RHE: (A) Fe and 

(B) Co L3-Edge XAS operando analysis 

under different successive oxidative 

potentials. (C) Cyclic voltammetry in the 

spectro-electrochemical cell prior to the 

experiment. C@S-0.65nm NPs deposited on 

a Fumatech membrane, electrolyte is −0.1 M NaOH, scan rate 20 mV/s.  
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Similarly to the previous experiment, the Fe and Co L-Edge spectra were acquired 

under potentiostatic conditions. Potentials were increased step by step in the view to 

observe transformations occurring at different increasing potentials, namely 1.0 V 

(starting potential much below the OER); 1.2 V (above Co(II)/Co(III) transition 

according to the CV); 1.4 V (just before the OER onset) and 1.6 V (during the OER 

itself), with a reversibility analysis back at 1.0 V after each oxidative potential 

application. The obtained spectra can be observed on Figure 4.6 and Figure 4.7. 

 

Figure 4.7: Fe L3-Edge NEXAFS spectra reversibility at 1.0 V vs. RHE after applying (A) 1.4 

V and (B) 1.6 V vs. RHE, respectively. 

No change is observed in the Co and Fe L-edges when the potential is increased from 

1 V to 1.2 V despite the CV indicating the transformation of Co(II) to Co(III) before 

1.2 V. At 1.4 V, one can observe the increase of the Fe-β resonance and decrease of 

the Fe-α resonance, meaning the Fe(II) is oxidized to Fe(III) despite Fe(II) being only 

present in the NP core. In the meantime, the Co L-edge spectra showed little change 

suggesting that despite a slight decrease of the Co(II) peaks and the 780.1 eV shoulder 

growing, resulting from minor cobalt oxidation towards Co(III), the initial Co(II) oxidation 

state and its octahedral environment are mostly retained under anodic potentials. 

Regarding the Fe L3-Edge spectrum acquired after stepping back to 1.0 V after the 

application of 1.4 V (Figure 4.7.A), one may observe a more oxidized Fe than the one 

at 1.4 V itself, suggesting a non-reversible Fe oxidation at this potential. This apparent 

stronger oxidation may result from the spectra acquisition procedure and oxidation 

occurring during the measurements. Indeed, Fe and Co L-edge spectra were 

measured in sequence. Hence, at the end of the Fe L3-edge spectrum acquisition at 

1.4 V,  steady-state was probably not reached, hence Fe(II) → Fe(III) transformation 
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continued during the acquisition of the Co L-edge spectrum at the same potential. 

When 1.0 V was applied and Fe L-edge spectrum was measured again, Fe was 

oxidized to higher extent than at 1.4 V. The spectrum subsequently acquired at 1.6 V 

shows higher Fe oxidation state than that observed after stepping back to 1.0 V. This 

result would suggest a partially reversible Fe oxidation when a higher potential is 

applied, which would be apparently in opposition with the aforementioned conclusion. 

Hence, we believe that either (i) the differences in the behaviour between the 

experiments at two different potentials might result from bubble formation and catalyst 

contact loss with the current collector, which incidentally limited our capability to 

acquire patterns at potentials greater than 1.6 V vs. RHE; (ii) or that, independently of 

the potential, the Fe(II) → Fe(III) transition is partially, or totally, reversible, but that at 

1.6 V on the Fe L-edge pattern, the Fe already reached its steady-state whereas, as 

explained above, it continued to oxidize at 1.4 V (i.e., the L-edge pattern at 1.4 V widely 

underestimates the oxidation degree of Fe) during the Co L-edge acquisition. Hence, 

when exposed back to 1.0 V, both experiments led to a partial reduction of Fe(III), but, 

in the case of the previously at 1.4 V pattern, it was ‘off-set’ by the hidden increase in 

Fe-β during the Co L-edge acquisition at 1.4 V.  

From these experimental observations, we propose a mechanistic hypothesis 

illustrated in Figure 4.8. As indicated by the cyclic voltammetry, Co(III)/Co(II) transition 

must already happen at 1.1 V. However, the Co L-edge spectrum does not exhibit 

significant changes, meaning no Co(III) accumulation happened. Hence, we believe 

that part of the Fe(II) oxidized to Fe(III) observed at 1.4 and 1.6 V results from an 

electron transfer from Fe(II) to a short-lived Co(III), the latter returning to its pristine 

Co(II) state, while Fe(II) transforms in Fe(III). As Fe(II) is only present in the NPs core, 

the oxidation from Fe(II) to Fe(III) must happen in the core; most probably at the C@S 

interface, in the cobalt vicinity. To preserve the electroneutrality in the core, there are 

two possible options: either (i) the newly formed Fe(III) diffuses through the shell to the 

NP surface, forming a new crystalline phase, and/or (ii) there is oxygen diffusion from 

the particle shell/electrolyte interface to the core, forming a new phase between the 

core and the shell. The newly formed phase would probably be Fe2O3. However, this 

material is not conductive. Hence, a layer of Fe2O3 between the core and the shell 

would then have a negative effect on the electronic conductivity within the NP and thus, 

on its activity (which was not observed, see discussion in Section 4.5). The most 
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interesting result consists in the Co(II) stabilisation under oxidative potentials. This 

observation was already discussed in the literature using DFT+U computation. While 

Co in the absence of Fe does stabilise in a trivalent state [351], the presence of a 

monolayer of Fe cations close to the Co sites stabilises the divalent state of the latter 

[352]. Therefore, a mechanism involving the formation of CoOOH and its oxidation up 

to Co(IV) as suggested in the literature [337] is rather unlikely in our case. Rather, we 

observed the Fe-induced reduction of the Co(III) formed at potentials below the OER 

and its following stabilization as Co(II), due to the presence of Fe(III)/Fe(II) cations in 

the Co vicinity, despite the Co(IV)/Co(III) redox transition observed on CV. This leads 

us to the conclusion that the OER active site is most probably a short-lived trivalent 

Co, or an ensemble comprised of short-lived Co(III) and Fe(II/III). 

 

Figure 4.8: Hypothesis of redox transformations happening at positive potentials and during 

the OER in Fe3O4@CoFe2O4 core@shell nanoparticles, supported by operando NEXAFS 

measurements. 

This set of experiments highlighted the low oxidation state of Co cations in the C@S 

structure during the OER, which was explained by electron hopping and divalent Co(II) 

state stabilisation due to Fe(II) → Fe(III) transition in the core. This observation raises 

several questions: if Fe(II) is irreversibly transformed and/or diffuses through the shell 

during the catalytic cycle, would its depletion result in the loss of the C@S activity? As 

Co(II) is stabilised thanks to the Fe(II) vicinity, how the shell thickness (i.e., 

Fe(II)−Co(III)/Co(II) distance) influences the OER activity and the cobalt stabilisation? 

To answer those questions, we decide to study a set of C@S nanoparticles with 
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different shell thickness. Therefore, we introduce two additional samples: C@S-0.1nm 

and C@S-2nm with respective shell thicknesses of 0.1 nm and 2 nm of CoFe2O4 on 

the Fe3O4 core (more details about those sample on Table 4.1, Section 4.8.1). The 

durability of those samples was studied (Section 4.5) to determine if the Fe(II) 

depletion results in the OER activity loss of the sample. Furthermore, the early steps 

of the OER (cobalt oxidation or stabilisation due to Fe(II) presence) are studied by a 

XAS in-situ experiment, through exposure of the NPs to oxidative and reductive gases 

(Section 4.6). 

4.5 Shell thickness influence on the OER activity and durability of 

core@shell nanoparticles  

The activity of C@S-0.1nm and C@S-2nm for the OER was assessed (see Figure 

4.9.A). Similarly to C@S-0.65nm, both C@S-2nm (430 A/goxide at 1.65V) and C@S-

0.1nm (350 A/goxide at 1.65V) exhibit a higher activity than either CoFe2O4 or Fe3O4 

NPs. However, their activity is not as high as C@S-0.65nm (750 A/goxide at 1.65V). This 

observation suggests that the shell thickness of the C@S NPs is impacting their 

activity, the latter reaching a maximum between 0.1 and 2 nm shell thickness. Cyclic 

voltammograms in the interval of potentials from 1.5 to – 0.5 V vs. RHE (Figure 

4.9.C−G) show the same Fe(III)/Fe(II) transition attributed to Fe3O4/Fe(OH)2 

transformation for all NP samples. The amplitude of the redox peaks is higher for the 

Fe3O4 sample compared to CoFe2O4 sample, with the C@S samples exhibiting an 

intermediate behaviour between Fe3O4 and CoFe2O4. As elaborated on in Section 4.3, 

this might be explained by defects in the C@S structure: either Fe3O4 core exposed to 

the NP surface (i.e. lack of the shell continuity) or crystalline defects in the CoFe2O4 

shell (either in composition: Co(1-x)Fe2O4, or lattice: Fe(II)Co(III)Fe(III)O4). Deeper 

analysis on the NPs crystalline defects density should be carried out (X-ray magnetic 

circular dichroism, XMCD, for instance, and high resolution EELS mapping in TEM, to 

provide a clear representation of the NP shell homogeneity and defects quantity) to be 

able to correlate this redox transition and the defect density in the shell. 
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Figure 4.9: Electrochemical characterisation of Fe3O4, CoFe2O4, C@S-0.1nm, C@S-0.65nm 

and C@S-2nm NPs: (A) Cyclic voltammetry in 0.1 M NaOH, scan rate 10mV/s, rotation at 

1000rpm and temperature 25°C. (B) OER activity at 1.65 V vs. RHE per gram of oxide and per 

gram of Co. Error bars are result of standard deviation from repeatability measurements. (at 

least 3 experiments were performed per sample) (C), (D), (E), (F) and (G) are CVs at 20 mV/s 

scan rate potentials in the interval from 1.5 to -0.5 V vs. RHE for Fe3O4, CoFe2O4, C@S-0.1nm, 

C@S-0.65nm and C@S-2nm NPs respectively.  

Since we question the role of Fe(II) in the OER mechanism, namely whether or not its 

oxidation through Co(III) hopping (see Figure 4.8) is a step in the OER catalytic cycle, 

and if Fe(II) depletion may have a negative effect on the particle activity, we turn to the 

ageing study of those particles using a 3 h chronoamperometry at 1.65 V. This method 

is chosen over accelerated ageing procedure (repetitive CVs) as we aim to push 

forward an eventual chemical reactivity change through the Fe(II) depletion. The 

results are shown on Figure 4.9. It can be observed that during the first minutes of the 

1.65 V vs. RHE potential application, each of the C@S NP samples show a fast activity 

increase, for the C@S-0.65nm reaching up to 750 A/goxide after 6 minutes. Then the 

activity slowly increases over time from 30% to 70% between 10 min and 3h depending 

on the C@S sample, meaning that a chemical reorganisation might occurs which is 

advantageous for the OER. As we do not observe such phenomenon by CV, it means 
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the time scale for such changes must take longer time than the CV characteristic time. 

After subjecting the samples to 1.65 V vs. RHE for 3 hours, the OER activity was 

measured by cyclic voltammetry (End of Life, EoL) as shown and compared to the 

initial OER currents (Beginning of Life, BoL) on Figure 4.10. It is interesting to note 

that the OER currents measured by cyclic voltammetry do not show an enhancement 

comparable to the one observed in the chronoamperometry experiment, albeit no 

relevant activity drop is observed. This may be attributed to a reversible structural 

evolution of C@S NPs during the CA, which then return to their ‘fundamental’ state 

once exposed to E < 1.0 V vs. RHE. Some complementary experiments should be 

performed to better understand the nature of these modifications, their characteristic 

lifetime and potential required to lift this modification and return NPs to their initial state, 

e.g., the immediate CV analysis of NPs after CA of different timescale, with a cathodic 

scanning starting at E = 1.8 V vs. RHE.  

 

Figure 4.10: C@S durability (A) C@S-0.1nm, C@S-0.65nm and C@S-2nm nanoparticles 

chronoamperometry for 3h at 1.65V vs RHE in NaOH 0.1 M, WE rotation speed at 1000rpm to 

remove bubble formation, and thermostated at 25°C. The current intensity amplitude increases 

by 28%, 66% and 36% for C@S-0.1nm, C@S-0.65nm and C@S-2nm, respectively between 

the 10th minute and after 3h of CA. Beginning of Life (BoL) and End of Life (EoL) OER CVs are 

presented on (B) (C) and (D) figure for C@S-0.1nm, C@S-0.65nm, C@S-2nm, respectively. 
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As the 3h long chronoamperometry does not lead to any activity decrease, we assume 

that the Fe(II) → Fe(III) oxidation is not the step controlling the OER rate on C@S NPs. 

This hypothesis could be strengthen by a theoretical calculation of the time required to 

fully oxidize all of the Fe(II) present within the electrocatalyst, based on the dedicated 

exchanged for the Co(II) → Co(III) transition during the CA, which would require a 

calculation of the OER FE (e.g., by DEMS, as discussed in Section 4.1) vs. the Co(II) 

→ Co(III) transition, Nevertheless, we provided some ‘back-of-the-enveloppe’ 

estimation, based on a FEO2 of 90% (see [318,319]) at 1.65 V vs. RHE (i.e., a FEFe(II)→

Fe(III) = 10%), which would lead to a complete depletion of the Fe(II) in 10~20 s for C@S-

0.65nm, i.e., far below the time of the CA.On the contrary, a slight activity increase 

during the OER is observed and might be linked to some ageing-induced positive 

effects, such as the nanoparticles roughening or the reversible formation of another 

phase such as the state-of-the-art observed cobalt (oxy)hydroxide [95] or a 

Co(III/II)Fe(III) pattern on the NPs surface. Finally, as the activity does not drop during 

the OER, the formation of non-conductive Fe2O3 phase (as hypothesised in Section 

Figure 4.8) is unlikely. 

Last but not least, the C@S activity study on three different shell thicknesses shows a 

maximum of activity for the C@S-0.65 nm sample, instead of the thinner (0.1 nm) and 

thicker (2 nm) shells. This implies that a maximum of activity could be found between 

0.1 nm and 2 nm shell thicknesses, the latter being possibly controlled by (i) the 

number of active site (i.e., Co(II)) in case of thin shells and (ii) the Fe(II)-Co distance 

in the case of thick shells. 

4.6 Influence of the shell thickness on the catalytically active species 

in core@shell nanoparticles 

To better understand the influence of the shell thickness and Fe(II) vicinity on the Co(II) 

oxidation during the OER, we studied the NPs oxidation state in-situ, by measuring the 

Co and Fe L-Edge XAS after exposure to an oxidative gas (N2O). The objective was 

here to decorrelate the Co(II) → Co(III) and the core influence on said oxidation, 

without any influence of the OER or of the potential. Here, we focused onto the Fe3O4 

and CoFe2O4 samples, and the C@S-0.1nm and C@S-2nm as they are the 

core@shell NPs with the thinnest and the thickest shell. Sample preparation is detailed 
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in Section 4.8.3. Prior to the experiment, NPs were plasma-cleaned under O2 

atmosphere for 2 minutes to remove organic ligands from the NPs surface. 

Then they were exposed to a series of different gases, at 1 mbar pressure: 

1) H2O to eventually reduce back the NPs after the plasma cleaning induced 

oxidation; 

2) N2O to oxidize the NPs; 

3) H2 to eventually reduce the NPs with a more reductive gas than H2O;  

4) H2O to eventually reduce the NPs by mimicking the OER.  

Notably, during the exposure to different gases, the NEXAFS signal was recorded, 

hence the samples were also exposed to the beam. Between each exposure the Co 

and Fe L3-edge were recorded under vacuum, using a drain current method (electron-

out, ~5 nm depth analysis) to have a surface sensitive detection method.[353] The 

obtained spectra are presented in Figure 4.11 with a reminder of the experimental 

plan. 

The Fe3O4 NPs do not show any Fe oxidation degree modification throughout the 

whole experiment. C@S-0.1nm shows a slight Co oxidation, when exposed to 

oxidative N2O(g), and then partially reduced back after reductive H2O(g) exposure. This 

oxidation is visible in the change of the intensity of the Co-β and Co-γ resonances and 

accompanies a slight irreversible oxidation of Fe with the change in the intensity ratio 

of the Fe-α and Fe-β resonances. C@S-2nm and CoFe2O4 shows a stronger Co 

oxidation, with a shoulder appearance at 781 eV and the Co-γ peak intensity increase 

compared to the Co-β peak. This oxidation is reversible after the exposure to H2 and 

H2O reductive gases. Yet, no Fe oxidation is observed. Thus, in-situ study performed 

under the oxidative N2O(g) confirms Co(II) to Co(III) oxidation depends on the shell 

thickness, with the stabilisation of Co in its Co(II) state in the thin shell nanostructures 

due to its proximity to the Fe(II) in the core.  
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Figure 4.11: (A) Fe L3-edge for the Fe3O4 NP under different oxidative or reductive gaz. (B) 

Detailed experimental plan. (C), (D) C@S-0.1nm; (E), (F) C@S-2nm and (G), (H) CoFe2O4 

NPs Fe-L edge and Co L-Edge under vacuum after exposure to the different oxidative or 

reductive atmospheres. Spectra were normalised by the peak maximum. 
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The difference of the profile in the Fe L3-edge spectra between Fe3O4 NPs (i.e., higher 

Fe-α relative intensity) and the other samples can be explained by a combination of 

several factors: (i) the detection method used for the spectra recording here is surface-

sensitive; (ii) Fe(II) is only present in Fe3O4; i.e. in the core of C@S NPs. The Fe(II) 

component is therefore expected to be more pronounced for the Fe3O4 sample 

compared to the other samples, whose shell should only contain Fe(III); (ii) initial 

differences in the Co and Fe L-edges (i.e., black curves on Figure 4.11) might arise 

from heterogeneities in structural defects in the spinel structure.  

When considering the trends in oxidation, iron stability in oxidative conditions implies 

that: (i) in Fe3O4 NPs, Fe(II) needs Co(III) and electron hopping to be oxidized (similar 

to Section 4.5) and/or a thin Fe2O3 passivating layer is protecting the Fe3O4 NP (being 

absent on the C@S NPs); (ii) in C@S-2nm, the thickness of the shell limits any 

information that can be obtained on the core chemistry, while in CoFe2O4 there is no 

Fe(II) only Fe(III) and/or that the shell is too thick to fully allow electron hopping and 

Fe(II) → Fe(III) transformation; (iii) in C@S-0.1nm, where iron is being slightly oxidized, 

the shell is thin enough that chemical changes of the core can be observed by XAS. In 

that frame, these observations are consistent with the proposed mechanism in Figure 

4.8, i.e., the Fe(II) from the core is oxidized due to electron hopping from Co(III), 

resulting in retaining Co in its initial Co(II) oxidation state even under strongly oxidative 

conditions. This hopping seems to be limited by the distance between the Co at the 

shell surface and the Fe(II) in the core, as C@S-0.1nm showed only minor Co 

oxidation, while C@S-2nm NPs exhibited noticeable Co(II) to Co(III) oxidation when 

exposed to N2O(g). Therefore, the electron hopping is clearly facilitated for thin shells, 

albeit it cannot be fully excluded for C@S-2nm, due to the depth of analysis limitations. 

Yet those results are in accordance with Section 4.5 conclusions, i.e. that thick shells 

seem detrimental for the C@S OER activity.  

Interestingly, in the case of C@S-0.1nm and C@S-2nm, H2 does not show any 

reductive effect while H2 seems to reduce the CoFe2O4 sample, therefore highlighting 

some differences in the reducible nature of those different samples by H2. While H2O(g) 

seems to have a reductive effect in this study, it is important to note that, as 

aforementioned, the samples were still exposed to the highly ionizing X-ray beam 

under H2O(g) atmosphere. Since it is well known that soft X-rays do strongly ionize 

water, it is then possible that what did reduce our sample was not water but more 
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reactive radicals resulting from water dissociation under the beam. Any reductive effect 

of the beam alone was discarded as degradation test under beams are performed prior 

to the measurement. 

 

Figure 4.12: CoFe2O4 nanoparticles in-situ X-Ray Absorption Spectra (XAS) study of water 

and water + beam reduction power. (A) Co L3-Edge XAS in vacuum after Plasma Cleaning 

(NP surface oxidized) (dark grey), after exposure to 1mBar water atmosphere for 1h (red) and 

after exposure to 1mbar water with the beam on. (B) Experimental roadmap representation. 

To properly assess this phenomenon, an additional experiment was performed: XAS 

Co L3-edge was recorded before and after exposing the oxidized CoFe2O4 NPs 

(directly after plasma cleaning) to 1 mbar of water atmosphere without beam exposure. 

Then the sample was exposed to 1 mbar of water with beam exposure. As it can be 

seen in Figure 4.12, a 1h exposure to water with the beam shutter closed resulted in 

only a slight reduction of the NP surface, with a slight increase of the Co-β peak 

compared to Co-γ, specific of a Co(III)/Co(II) ratio increase. However, the exposure of 

the NP to H2O(g) under the beam for 1h results in a strong reduction of Co, with a 

noticeable decrease of the shoulder at 781 eV and the decrease of the Co-γ peak. This 

experiment reveals that water does not have a strong reductive effect and that the 

beam is actually necessary to reduce back the particles. As a conclusion, oxidation of 

the C@S using N2O(g), despite leading to an increased Co oxidation degree, is not 

sufficient to then oxidize water and reduce efficiently the particle. This suggests that 

the OER intermediates are formed only during electrochemical polarization and not 

during chemical oxidation of NPs by N2O(g). 
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4.7 Conclusion 

In this chapter, we have shown that Fe3O4@CoFe2O4 C@S nanoparticles far exceed 

the activity of the homogenous Fe3O4 and CoFe2O4 NPs of similar dimensions. This 

increase in activity cannot be solely explained by the combination of the conductivity 

enhancement due to the Fe3O4 core and of the intrinsic OER activity of the CoFe2O4 

catalyst. The OER operando XAS study of C@S-0.65nm shows a stabilisation of cobalt 

under a divalent oxidation state, concomitantly to an oxidation of Fe(II) to Fe(III) under 

oxidative potentials. This stabilisation probably results from electron hopping from 

Co(III) in the shell to Fe(II) in the core, which seems crucial to justify the C@S superior 

activity.  

This ‘stabilisation’ was further investigated both by (i) studying the C@S stability under 

the OER conditions and (ii) comparing C@S with different shell thickness. 3 h 

chronoamperometries at 1.65 V vs. RHE shows a good retaining of the OER activity 

for the C@S, independently of the shell thickness. This implies that the electron-

hopping step and the resulting Fe(II) → Fe(III) irreversible oxidation is not quantitatively 

linked to the OER and does not limit the catalyst durability. In addition, the C@S activity 

as a function of the shell thickness results in the identification of an optimum shell 

thickness (C@S-0.65nm), indicating that the shell should be neither too thick nor too 

thin, and that a fine tuning of the shell thickness might lead to an even higher activity 

improvement.  

In-situ XAS analysis of different C@S, Fe3O4 and CoFe2O4 after exposure to oxidative 

atmosphere shows that the Fe(II)-Co distance is critical to the cobalt stabilisation under 

a divalent state by Fe(II). Indeed, while the 0.1 nm shell is thin enough to greatly limit 

the Co oxidation under oxidative conditions, the 2 nm shell does not show qualitative 

difference compared to the CoFe2O4 nanoparticles. 

To complete this study, (i) a post-mortem analysis of the C@S particles after a 

durability test should help understand the structural changes and how they tie back to 

the slight increase in the OER activity observed during 3 hour durability tests. This 

study could be combined with an (ii) operando assessment of the C@S structural 

properties during the OER, as a function of the shell thickness, to confirm the insights 

that were provided by the in-situ analysis. 
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In this chapter, L-edge X-Ray Absorption spectroscopy using the electron-out detection 

mode was a key to obtain reliable results under operando and in-situ conditions. 

Indeed, the high surface sensitivity of the method ensures the acquisition of spectra 

whose main changes could be attributed to the NPs shell in contact with reactive 

environment (i.e. electrolyte or oxidative atmosphere). Finally, the complementarity of 

in-situ characterization to operando is exemplified through the Section 4.6 as the 

absence of OER reaction during the analysis allows the isolation of an oxidized form 

of the electrocatalyst and avoid questions regarding the influence of other 

transformations onto the observed spectral changes. As in-situ conditions are easier 

to characterise compared to operando because of their relative simplicity, they appear 

as a convenient and sometimes necessary pre-step in the reaction analysis. Yet, they 

cannot replace operando as they fail to represent the complete reality of an 

electrochemical system, e.g., with the full set of interactions with the reactants, 

intermediates, and products.  

4.8 Experimental part 

4.8.1 Particle synthesis and characterization. 

The synthesis of the different Fe3O4@CoFe2O4 nanoparticles and homogenous 

nanoparticles was performed by Dr. Lisa Royer and Dr. Iryna Makarchuk at IPCMS 

UMR 7504 and full detail are given in published articles [345,354]. The synthesis is 

composed of two steps, each of them consisting in thermal decomposition of stearate 

metal complexes. First, the synthesis of the Fe3O4 core is done and characterised. It 

is then followed by the crystalline epitaxial growth of CoFe2O4 on top of the previously 

synthesized core. The obtained nanoparticles are suspended in chloroform media and 

sterically stabilised by stearate organic molecules. The only exception is C@S-0.1nm 

nanoparticles, whose extremely thin shell was prepared using diffusion method of 

cobalt into Fe3O4 nanoparticle. 

The different materials and suspension were characterised with X-Ray Diffraction 

(XRD) for the crystalline phase verification, Transmission Electron Microscopy (TEM) 

for size distribution and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for 

the precise concentration determination of the oxide suspension. Table 4.1 presents a 

list of different samples used in this chapter and their related particle size.  
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Table 4.1: Nanoparticle sample named Fe3O4 and CoFe2O4 are pure nanoparticles composed 

of the named material. C@S-0.1nm, C@S-0.65nm and C@S@2nm are core-shell 

nanoparticles with a Fe3O4 core and CoFe2O4 shell, the number referring to the shell thickness 

in nanometres. Indicated size are the average size of a large number (> 300) of nanoparticles 

on TEM images. This size was corroborated by granulometry measurements. More details can 

be found in Ref.[1].  

Sample name Core diameter core@shell particle diameter 

Fe3O4 12.4  

C@S-0.1nm 9.1 9.3 

C@S-0.65nm 12.7 14 

C@S-2nm 12.4 16.4 

CoFe2O4 9.8  

 

The C@S architecture of C@S-0.65nm was characterised by XPS using the depth-

profiling method, under vacuum conditions at ISISS beamline at Bessy II. This method 

lay on the electron IMFP with the kinetic energy. Different incident energies are used 

to record the Co2p and Fe2p XPS signal (shown on Figure 4.13.A and B), from which 

the corresponding quantification of cobalt and iron was calculated, taking into account 

the cross sections for the two elements at the energies used. As the incident energy 

increases, the photoelectron kinetic energy and therefore the photoelectrons IMFP 

(see Figure 1.5.B) increase as well, and the quantification is more and more sensible 

to the material’s depth. The result is given in Figure 4.13.C as the function of the 

calculated photoelectron IMFP (𝜆𝐼𝑀𝐹𝑃 , calculated thanks to QUASES-IMFP-TPP2M 

Ver. 3.0 software, based on Ref.[161]) at the corresponding kinetic energy. One can 

observe that the relative iron content atomic ratio increases when the IMFP increases 

up to ~0.8 nm before levelling off. This result qualitatively demonstrates the lower 

concentration of iron (i.e., higher concentration of cobalt) on the nanoparticle near-

surface region in accordance to the C@S structure. The Fe content increase can be 

explained by both (i) the decreasing exponential trend in the electron detection (see 

Equation 1.8), meaning that core signal contributes even at the lowest IMFP and 

becomes stronger with the higher IMFP values (as 63% of the signal is coming from 

1×𝜆𝐼𝑀𝐹𝑃 sample depth, and 95% from 3×𝜆𝐼𝑀𝐹𝑃) [355], and (ii) the presence of the cobalt 

only in the NPs shell. Interestingly, the cobalt atomic ratio reaches up to 50% at the 



 

175 
 

lowest IMFP, which is richer in cobalt than the theoretical shell (CoFe2O4). Those 

findings were confirmed by TEM and EELS mapping [1]. Those observations suggest 

that despite a clear C@S architecture, the nanoparticles have a non-constant shell 

composition, with a higher cobalt concentration at the nanoparticle surface (up to 

CoxFe3-xO4 with x=1.5), which diminishes with the distance to the surface. 

 

Figure 4.13: C@S−0.65nm X-Ray Photoelectron Spectroscopy (XPS) depth profiling 

characterization: (A) Fe2p XPS signal and (B) Co2p XPS signal obtained at kinetic energy 

about 150, 200, 225, 300, 400 and 550eV. (C) Depth profiling analysis with Fe/(Co+Fe) atomic 

ratio detected as a function of the electron inelastic mean-free path. 

4.8.2 Operando OER study at ISISS beamline of BESSY II synchrotron 

facility 

Section 4.4 presents results in operando conditions during OER on Fe3O4@CoFe2O4 

nanoparticles. The spectra presented were recorded at ISISS beamline at BESSY II 

synchrotron (Berlin, Germany) and obtained thanks to a spectro-electrochemical cell 

represented on Figure 4.14.A and B, with the beam arriving from the working electrode 

side. The cell and the analysis chamber (~10-7 mbar) are separated thanks to a 

graphene bilayer.  

The nanoparticles dispersion was directly drop-casted by 4.2 µg of CS@0.65nm in 

10 µL chloroform suspension onto Fumatech Anion Exchange Membrane (AEM) 

(Fumasep® FAS-50) prior to a graphene bilayer deposition on the AEM surface and 

cell assembly. The AEM was permanently soaked in a NaOH 0.1M solution. A three-

electrode cell was finally elaborated by introduction of a Ag/AgCl reference electrode, 

a platinum counter electrode, while the graphene bilayer acts as a current collector for 

the working electrode side as it is in contact with the catalyst (Figure 4.14.C).  
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Figure 4.14: (A) Front and (B) lateral representation of the electrochemical cell developed at 

Fritz Haber Institute (Berlin, Germany) and used during this operando experiment. Image 

reproduced from Ref.[356], (C) schematic representation of the working electrode assembly 

for the operando setup: a graphene layer is used as current collector and separates the catalyst 

from the low-pressure atmosphere. Nanoparticles are dispersed on graphene layer and 

sandwiched between this layer and a Fumatech anion exchange membrane (AEM). Liquid 

electrolyte flows behind the AEM, providing continuous hydration to the catalyst surface. 

4.8.3 In-situ analysis of NPs exposed to different gases at TEMPO 

beamline 

In-situ X-Ray Absorption analysis of NPs after gas exposure shown in Section 4.6 

were performed at TEMPO beamline at synchrotron SOLEIL. The samples were 

prepared by direct drop-casting of a diluted nanoparticle suspension in chloroform, 

onto silicon wafer substrate, aiming to obtain bout a monolayer of nanoparticles. The 

sample was then plasma-cleaned for two minutes in oxygen atmosphere, to remove 

organics from the nanoparticles surface prior to analysis. Preliminary X-Ray 

photoelectron spectra were recorded to verify the nanoparticle layer thickness. The 

spot were chosen so that the signal of the nanoparticles and silicon wafer were 

observed at the same time to confirm the small thickness of the NP’s layer. The 

beamline energy was calibrated using Au4f XPS signal from a reference Au foil.  

4.8.4 Electrochemistry details 

Electrochemical experiments shown in section 4.3 and 4.4 are performed using 

Gamry Ref 600 potentiostat in a three electrode electrochemical cell priorly washed by 

immersion in Caroic acid, and made of Teflon to prevent carbonates. Counter electrode 

is a Pt wire, Reference electrode is a Hg/HgO calibrated vs. RHE prior to experiment. 

The 0.1 NaOH electrolyte is prepared by dilution of 1.316 mL of NaOH 50 wt. % in 250 

mL ultrapure water (18.2 MΩ). The working electrode consists of a glassy carbon 

support carefully polished using 1 µm, 0.3 µm and 0.05 µm Al2O3 powder and 



 

177 
 

sonication in acetone, ethanol, and water after each step, on which 10µL of 

electrocatalyst suspension is deposited, corresponding to a final loading of ~2 µg.cm−2. 

The determination of that loading is done thanks to Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) to measure the initial suspension concentration (after 

synthesis). The corresponding concentration are evaluated in the same timeframe of 

the electrochemical experiments, in order to avoid CHCl3 evaporation, and are given 

in Table 4.2. Those suspensions are therefore diluted in order to reach ~0.4 µg/10 µL 

and drop-casted onto the clean carbon substrate. The side of the electrode were finally 

covered with Teflon tape and 150 CV cycles were performed as a way to remove 

remaining organics (and especially stearates) from the NPs surface and start the 

presented electrochemical experiments presented in this chapter. 

Table 4.2: Nanoparticle suspension concentrations obtained by ICP-MS, and the determined 

dilutions to perform in order to obtain a ~2 µg/cm2 loading onto the glassy carbon working 

electrode, after drop casting of 10µL of diluted solution. 

Sample Name Fe3O4 C@S−0.1nm C@S−0.65nm C@S−2nm CoFe2O4 

d (Core/Core-Shell) / nm  9.1/9.3 12.7/14 12.4/16.4 9.8 

Initial [Fe] / g/L 

[Fe3O4] / g/L 

1.32 

1.84 

4.08 

4.48 

0.39 

0.40 

11.5 

12.23 

1.59 

2.89 

Initial [Co] / g/L 

[CoFe2O4] / g/L 
- 

0.88 

3.50 

0.103 

0.41 

2.8 

11.14 

0.51 

2.89 

[oxide] g/L 

[Fe3O4 + CoFe2O4] 
1.84 7.99 0.81 23.37 2.89 

Dilution factor 50 200 20 550 72 

Loading on 0.5 cm2 / µg.cm−2 1.84 2.00 2.025 2.12 2.06 
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General conclusions and outlook 

This PhD manuscript aims to understand the stakes, opportunities, and technical limits 

that operando and in-situ analysis using X-Ray Absorption Spectroscopy (XAS) and X-

Ray Photoelectron spectroscopy (XPS) present regarding the study of electrocatalytic 

reactions in electrochemical systems of various complexity. 

Therefore, in Chapter 1. we demonstrate that the resolution of the global-scale 

problematic of global warming, which could be tackled by the decrease of our 

dependence to fossil fuels, depends on the maturity of the water electrolysis 

technology for hydrogen production (green hydrogen). This technology competitivity 

vs. carbon-based molecules reforming technologies (grey and blue hydrogen), 

depends on the development of inexpensive, based on earth abundant elements, and 

active oxygen evolution reaction (OER) electrocatalysts, a reaction which is still poorly 

understood. The comprehension of the chemical changes occurring during the reaction 

at the electrode-electrolyte interface, the cornerstone of any electrochemical reaction, 

is therefore fundamental to engineer the next generation of electrocatalysts. 

XA and XP spectroscopies are unique and complementary tools to probe this interface. 

First, both are element-specific techniques, which is extremely advantageous when it 

comes to the study of complex, heterogeneous systems. Then, they present a chemical 

environment and oxidation degree sensitivity at different extents, which is suitable for 

electrochemical reactions when aiming to determine the atomic centres involved in 

reduction or oxidation processes. While XPS ease the quantification and separation of 

different components in a spectrum, in simple systems, XAS offers the opportunity to 

quantify the number and the distance of the neighbouring atoms to the probed element. 

Finally, depending on the detection method, XAS can be either bulk sensitive (photon-

out) or surface sensitive (electron-out), while XPS is limited to surface sensitivity. The 

surface sensitivity resulting from the photo-electron intensity measurement, is however 

desired, as electrocatalysis happens at the electrode surface (or near-surface). 

Although, due to the limited inelastic mean free path of electrons in gaseous and liquid 

environments, surface sensitivity comes to the price of technical challenges, since 

spectro-electrochemical cells must be able to operate in low pressure environment, 
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whereas the synchrotrons and analysers must be adapted to non-vacuum conditions. 

This challenge, by opposition, does not exist when using a photon-out method.  

Those technical challenges are illustrated in Chapter 2 with the study of the 

electrochemical double layer (EDL) using dip and pull (D&P) XPS. The EDL greatly 

impacts the electrochemical behaviour and activity of a system. However, it is still 

poorly experimentally explored. Hence, we aimed here to determine the extent of the 

information that XPS can gather regarding this part of the interface. Theoretically, D&P 

XPS is a perfect match for an EDL study. Indeed, (i) the setup geometry, consisting of 

a model 2D-electrode covered by a nanometric-thick electrolyte film and (ii) the XPS 

sensitivity to the local electrical potential, give the unique opportunity to probe the 

variations of electrical potential and ion concentration depending on the distance to the 

electrode (i.e. which are directly linked to the EDL properties). Albeit the D&P is a great 

tool to semi-quantitatively study the electrode chemical changes and the extent of 

those changes in the electrode depth, the EDL study proved challenging. Indeed, here, 

the method suffers from the trade-off between the signal intensity (determined by 

experimental conditions and increasing with the electrolyte concentration) and the EDL 

thickness and, thus, observable nature (decreasing with the electrolyte concentration). 

This trade-off prevents the EDL study to be performed in realistic conditions until further 

technical improvements are available regarding the synchrotron beam intensities, or 

photoelectron detections. 

To work in conditions of greater relevance to the hydrogen cycle, in Chapter 3 we 

leave non-faradaic conditions to study the OER electrocatalysis in neutral media. 

Doing so, we choose to work with a homogeneous molecular model-electrocatalyst: a 

complex of cobalt based polyoxometalates (Co-POM). To answer the long-standing 

question of those species’ stability and activity towards the OER, we present a 

series of in-situ and operando XAS experiments that complement the electrochemical 

data presented in the literature (and extended in this work). The chemical environment 

sensitivity of FT-EXAFS allowed to determine that Co-POMs are unstable in the 

operating conditions relevant for the water electrochemical and chemical oxidations, 

while not being oxidized under crystalline form when exposed to an oxidative 

atmosphere (N2O(g) 1 bar for >8h). Yet even though the specie instability was 

confirmed, it remains hard to conclude that Co-POM does not undergo few undetected 

OER catalytic cycles before being degraded into a Co(III)/Co(II) oxidation under 
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operando conditions due to the time necessary to record a XA spectrum, which is 

greater than the reactive intermediates lifespan. In the light of this time limitation, 

information that operando and in-situ experiments can provide regarding the chemical 

changes happening during the OER (or any other chemical transformations) are put 

on condition that the system reaches a steady-state in which the specie of interest is 

present or that chemical changes are slower than the spectra recording. 

In the Chapter 4, we therefore move to the study of more stable and industrially 

compatible OER electrocatalyst: CoFe2O4@Fe3O4 core@shell nanoparticles (C@S, 

NPs). In this chapter, we investigate the role of iron in the cobalt driven OER 

mechanism. Initial electrochemical study reveals that the C@S NPs exhibit an 

exceptional activity that far surpasses the activity of the pure core and shell materials. 

This exceptional activity is investigated by operando XAS spectroscopy, where we 

show that Fe(II) is responsible for Co stabilisation in its divalent state, even under OER 

conditions. Finally, an electrochemical investigation concomitantly to in-situ XAS 

spectroscopy on samples with different shell thicknesses allows to highlight the 

importance of the Fe(II)-Co distance for the OER activity. The shell should neither be 

too thick nor too thin to provide an optimal activity, and the Co(II) stabilisation effect is 

stronger for thinner shells. This set of experiments illustrates the differences between 

in-situ and operando methods. Indeed, while operando is rich of information regarding 

the true system, the plentiful of origins that can lead to any observed change can 

sometimes make it hard to distinguish between the reaction (OER), a degradation or 

experimental issues (loss of contact for instance). In-situ therefore appears as a 

convenient pre-step to operando in order to isolate the unaltered catalyst in oxidative 

conditions. These in-situ studies cannot however replace operando studies, as ageing, 

along with (in our specific case) performing the full OER cycle on the active site, are 

keys to the electrochemical system and must be taken into account when aiming to 

fully understand it.  

To conclude this manuscript, one can observe that XAS and XPS are powerful 

techniques that, once coupled to operando or in-situ experiments, allow to gather 

precious information regarding the oxidation state and chemical environment changes 

of the probed element. Those techniques appear to be complementary in number of 

characteristics (summarised in Table C.1) and adapted to electrocatalytic studies.  
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Table C.1: Overview of XAS and XPS characteristics explored in this manuscript 

X-Ray Photoelectron Spectroscopy X-Ray Absorption Spectroscopy 

Element sensitive 

Quantitative 

Oxidation degree sensitive 

Single-energy X-Ray beam irradiation 
(can be performed on lab scale) 

Requires a source offering a continuum 
spectrum of X-Rays 

Easy element quantification in complex 
environment 

Difficult element quantification in 
absence of reliable references 

Indirect information on the chemical 
environment (XPS peak shift) 

Precise probing of the chemical 
environment through FT-EXAFS 

(number of neighbours depending on 
the distance to absorbing atom) 

Local electrical potential sensitive Insensitive to local electrical potential 

Tuneable surface sensitivity from 5 nm 
to 30 nm 

Either bulk or surface sensitive (~5 nm) 

Operando setup technically challenging 
Operando setup easier to develop (in 

photon-out method) 

Timescale to record 1 spectrum in this 
work ~ 1 min 

Timescale to record 1 spectrum in this 
work ~15 min 

 

However, one should remember that when it comes to the development of new 

electrocatalysts, those techniques are neither an end by themselves nor absolute. 

Performing a complete electrochemical study remains a fundamental requirement to 

assess the activity and durability of the electrocatalyst as well as initial and post-

mortem characterizations, where more invasive/destructive and adapted method can 

be used (Transmission or Scanning Electron Microscopy, X-Ray Diffraction, FT-

Infrared spectroscopy, Raman, Thermogravimetric analysis, etc., to provide a global 

picture of their physico-chemical characteristics). Operando XAS and XPS methods 

therefore appear as tools to get insights about the dynamic changes that happen during 

the reaction (i.e. between the initial catalyst and the post-mortem, during the 

electrochemical reaction) and require a deliberated preparation in terms of (i) how to 

meaningfully assess the observed signal based on adequate references samples, (ii) 

how to adequately design the spectro-electrochemical cell and (iii) how to critically 
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analyse the obtained spectro-electrochemical data through a clear understanding of 

the system.   

➢ Reference samples: operando measurements can be complicated to 

analyse due to the reactions happening during the analysis. References 

samples are therefore essential to correlate the observed signals to 

changes in chemical environment and oxidation degree, based on 

this comparison with well-defined ex-situ samples. In some specific 

cases, to give another step-by-step information, in-situ measurements 

offer a solution to isolate the catalyst into its oxidized (or reduced) 

form, therefore widening the spectrum of references samples.  

➢ Spectroelectrochemical cell: XAS and XPS are spectroscopy techniques 

that can be challenging to perform when combined with electrochemistry, 

due to the need to use near ambient pressure conditions for techniques 

that are fundamentally easier in vacuum. Designing a cell and adapting 

it to the system to be sensible to electrode-electrolyte interface, while 

maximizing the signal, is therefore as crucial as it is difficult.  

➢ The relevance of the results: As the system must be adapted to fit the 

XAS and XPS analysis conditions, the question “are those operando 

conditions similar to our real system?” is fundamental. It is therefore 

important to know, prior to the measurement, how the system should 

behave in more realistic conditions and how this behaviour is modified 

when moving to the spectroelectrochemical conditions, in order to 

correlate the operando system to the system in conventional 

electrochemistry conditions. Furthermore, it is essential to always have a 

critical look on the spectro-electrochemical data, to avoid any 

misinterpretation. Operando XAS and XPS coupled with electrochemistry 

are extremely challenging methods, which require substantial 

preparation time, are mentally and physically exhausting to perform, and 

thus lead to the innate desire to see meaningfulness in the results. 

However, although it is a cruel teaching, one must remain impartial in his 

analysis and interpretation of the experimental data and objectively 

accept them for what they are, and not what one want them to be. 



 

184 
 

As we illustrate through Figure C.1, the understanding of electrocatalytic reactions at 

the interface therefore lay on our capacity to study the electrocatalyst before, after and 

during the reaction, while addressing the crucial questions inherent to operando 

methods regarding the results coherence, and their comparison with reference data. 

 

Figure C.1: Illustration of the characterization roadmap for an electrocatalyst study. 

In addition, there are technical limits that restrict information that can be gathered from 

in-situ and operando XAS and XPS. Examples are the signal intensity and the spectra 

resolution, which limits the detection of the tinniest changes triggered by the operando 

conditions, as well as the time-resolution which is still a limit to detect short-lived 

intermediates. Several methods are designed to cope with those problematics such as 

the fixed energy or energy dispersive XAS but those remain limited due to their innate 

technical limits and the low number of synchrotron facilities that able to perform them. 

Hopefully, the ongoing technical improvement of the aforementioned facilities will push 

even further the capabilities of those techniques, and unlock the remaining knowledge 

barriers to the OER understanding. 

Finally one should not neglect other operando characterisation techniques, which 

altogether can help to further improve our understanding of the electrocatalyst in 

operando conditions. Examples of those are X-ray scattering techniques (small angle 

X-ray scattering, wide angle X-ray scattering) that are able to provide information 

regarding the crystalline organisation of the electrocatalyst; Raman derived techniques 
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(surface enhanced and tip enhanced Raman) that provide insights on the reactive 

intermediates and their interactions with the reactive interface; or scanning probe 

electrochemical microscopy that allow to further explore the electrochemical interface 

and its local environment variations, etc.[357] A wise, and adapted, use of those 

methods alongside the XP and XA operando spectroscopies, is therefore essential in 

the understanding of electrocatalysis. 
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Résumé détaillé en Français 

Introduction et objectifs 

Le mix énergétique mondial est largement basé sur les énergies fossiles. Or, celles-ci 

sont responsables du réchauffement climatique, du fait de la libération de gaz à effets 

de serre qui se produit lors de leur combustion. Afin de diminuer ces émissions, 

l’utilisation de sources d’énergies alternatives est nécessaire. Les énergies 

renouvelables telles que l’énergie solaire ou éolienne présentent l’inconvénient de 

l’intermittence de leur production, dépendant grandement des conditions 

météorologiques. Afin de palier à ce problème majeur, le développement de méthodes 

de transformation et de stockage de l’électricité produite est nécessaire. Parmi celles-

ci, l’hydrogène produit à partir de l’électrolyse de l’eau est un vecteur d’énergie 

prometteur.  

L’électrolyse de l’eau réalisée dans des cellules électrochimiques appelées 

« électrolyseurs » produit de l’hydrogène qui peut ensuite être retransformé en énergie 

électrique dans des cellules électrochimiques appelées « piles à combustible ». Il 

existe plusieurs technologies d’électrolyseurs, les cellules alcalines liquides,[1] les 

cellules à haute températures, aussi appelées électrolyseurs à oxydes solides,[2] et 

les technologies d’électrolyseurs à assemblages de membrane−électrode.[3–6] 

Comme la majorité des systèmes électrochimiques, les électrolyseurs fonctionnent par 

l’intermédiaire de deux électrodes, i.e. une cathode où la réduction de l’eau en 

dihydrogène a lieu (il s’agit de la réaction d’évolution de l’hydrogène, HER) ; une 

anode, où se produit l’oxydation de l’eau en dioxygène (réaction d’évolution de 

l’oxygène, OER – cette réaction est nécessaire pour produire les électrons 

consommés par l’HER). Un séparateur, soit liquide, soit membranaire, permet de 

conduire les ions (e.g., H+ en milieu acide, OH- en milieu alcalin) entre les deux 

électrodes. L’amélioration des électrolyseurs nécessite l’amélioration des 

performances des matériaux utilisés aux deux électrodes pour catalyser l’HER et 

l’OER. Ceci demande bonne caractérisation des matériaux qui composent les 

électrodes dans les conditions opérationnelles, pour comprendre leur comportement 

et les modifications qu’ils peuvent subir durant la catalyse des réactions 

électrochimiques. 
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L’étude de ces catalyseurs est traditionnellement réalisée via la corrélation des 

données électrochimiques récoltées lors de l’électrolyse et la comparaison des 

caractéristiques physico-chimiques de l’échantillon avant et après la mesure (post-

mortem). Néanmoins les méthodes, dites « ex-situ », ne fournissent pas d’informations 

sur les transformations chimiques et les états transitoires qui peuvent exister lors de 

l’application d’un potentiel à l’électrode. Aussi, des méthodes de caractérisation durant 

la réaction (operando) ou dans des conditions simulant l’environnement auquel est 

soumis le catalyseur durant la réaction (in situ) sont de plus en plus couramment 

utilisés pour comprendre les systèmes catalytiques d’intérêt pour l’électrolyse.[7,8] 

Parmi les différentes techniques d’analyses existantes, la spectroscopie (de manière 

générale) et plus particulièrement les spectroscopies d’absorption des rayons X (XAS, 

X-Ray Absorption Spectroscopy) et de photoélectron X (XPS, X-Ray Photoelectron 

spectroscopy) se démarquent du fait de leur propriétés non-destructives, quantitatives, 

de leur sensibilité aux éléments constituant l’échantillon ainsi qu’à leur degré 

d’oxydation. Ces informations sont cruciales pour suivre l’évolution de l’activité 

catalytique des matériaux, avant, pendant et après l’électrocatalyse et sont 

essentielles pour comprendre les mécanismes réactionnels. [8,9] 

Dans ce manuscrit l’objectif principal est de montrer comment les spectroscopies 

XAS et XPS peuvent être utilisées dans des conditions operando afin d’obtenir des 

informations essentielles concernant les transformations que l’interface catalyseur-

électrolyte (i.e., le siège de la réaction électrochimique) peut subir durant la réaction. 

Elles permettent de suivre les modifications physico-chimiques subit par l’interface 

catalytique en conditions operando, et l’influence de ces changements sur la réactivité, 

afin d’obtenir une meilleure compréhension des réactions électrochimiques, ici dans le 

cas de l’OER. Pour cela, nous abordons trois systèmes différents, de complexité 

croissante. 

Le premier chapitre commence par une introduction générale sur l’oxydation de l’eau 

par voie électrochimique. Elle est suivie par une description des fondamentaux 

théoriques des spectroscopies XPS et XAS avant de souligner leurs apports dans le 

cadre de la compréhension de l’OER présentés dans la littérature. 

Dans le second chapitre nous nous intéressons à l’interface électrode−électrolyte 

simple, en absence de réaction électrochimique. Nous y présentons la méthode « Dip 
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and Pull » (D&P), qui permet d’analyser via XPS une interface modèle quasi bi-

dimensionnelle, et ainsi d’effectuer des études expérimentales inédites sur le 

comportement de l’interface électrochimique (et, plus spécifiquement, de la double 

couche électrochimique) lorsqu’un potentiel est appliqué.  

Dans le troisième chapitre, nous nous orientons vers un système plus complexe : la 

réaction d’oxydation de l’eau est maintenant présente, mais sur un catalyseur 

moléculaire modèle, un complexe de cobalt stabilisé par des polyoxométallates. Dans 

cette partie la spectroscopie XAS est utilisée dans des conditions operando afin 

d’étudier l’activité, et la stabilité du catalyseur: soit en conditions d’oxydation 

électrochimique, soit en conditions d’oxydation chimique. 

Enfin, dans le quatrième chapitre, le catalyseur moléculaire est remplacé par un 

catalyseur plus proche de la réalité industrielle de l’électrolyse de l’eau : des 

nanoparticules cœur-coquille (C@S) à base d’oxides de fer et de cobalt à structure 

spinelle (CoFe2O4 et Fe3O4). Ici, la spectroscopie XAS nous permet de mettre en 

évidence l’influence de la morphologie de la nanoparticule sur son activité pour l’OER, 

et de corréler cette influence avec des changements du degré d’oxydation du Co induit 

par la structure C@S.  
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Résultats et discussion 

La méthode «Dip and Pull» pour l’étude de la double couche 

électrochimique. 

La double couche électrochimique désigne le phénomène de réorganisation des ions 

à l’interface électrode-électrolyte qui apparait lors de sa polarisation. Cette 

réorganisation résulte des interactions électrostatiques entre la charge électrique du 

métal composant l’électrode et des ions en solution, ce qui modifie localement leur 

concentration.[10] 

Malgré les modèles analytiques,[11–15] les mesures expérimentales [16–18] et les 

modélisations via la dynamique moléculaire,[19–21] tentant de rendre compte de la 

structure de la double couche électrochimique, celle-ci est encore mal 

comprise,[22,23] et nécessite le développement de nouvelles méthodes operando afin 

de permettre un suivi expérimental de la réorganisation ionique à l’interface lorsque le 

potentiel est appliqué.  

Dans cette optique, l’XPS, qui est une technique de spectroscopie quantitative, 

sensible à la surface et aux modifications locales induite par le potentiel électrique, est 

particulièrement adaptée. Plus spécifiquement, le montage «Dip and Pull» (D&P) 

représenté Figure R.1.A, permet d’étudier une interface modèle bi-dimensionnelle. La 

cellule spectro-électrochimique en question est un montage à trois électrodes dans 

lequel l’électrode de travail est successivement plongée puis retirée du bécher 

d’électrolyte directement au sein de la chambre d’analyse, laquelle est maintenue à 

une pression de l’ordre de 10 – 30 mbar. Cette immersion permet la formation d’un 

film électrolyte mince, aussi appelé ménisque, à la surface de l’électrode qui est 

ensuite analysé par XPS. Si le film d’électrolyte est suffisamment fin (< 30 nm) il permet 

l’analyse de l’électrolyte, de l’électrode et, ainsi, de l’interface, simultanément.  

La position des pics de photoemission (i.e. énergie cinétique des photoélectrons) 

dépend de l’énergie du photon X (h), de l’énergie de liaison de l’électron (BE) 

généralement référé par rapport au niveau de Fermi, et du potentiel électrique local (ϕ) 

suivant l’équation h = BE + KE + ϕ. De ce fait, puisque la polarisation de l’interface 

électrode-électrolyte, et la formation de la double couche, modifie le potentiel 

électrique local, elle modifie également la position des pics XPS des éléments par 
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rapport à l’électrode de travail (cette dernière étant mise à la masse). Du fait du 

gradient de potentiel à travers de double couche électrochimique la position des pics 

dépends de leur distance par rapport à la surface de l’électrode. Le spectre XPS 

observé étant la somme des contributions des différentes couches d’électrolyte, il 

apparait alors décalé et élargi par rapport au spectre XPS obtenu en absence de 

gradient du potentiel entre l’électrode et l’électrolyte, qui se trouve à un potentiel de 

zéro charge (figures R.1.B et C). Il est donc théoriquement possible de déconvoluer 

le spectre XPS des ions en solution afin d’obtenir une estimation des modifications 

locales des concentrations de ces ions dans la double couche électrochimique en 

fonction de la polarisation de l’interface. 

 

Figure R.1 : A) Montage « Dip and Pull » constitué d’un bécher d’électrolyte liquide dans 

lequel sont plongés trois électrodes : l’électrode de travail (WE), l’électrode de référence (RE) 

et la contre électrode (CE). L’électrode de travail est successivement plongée (Dip) puis retirée 

(Pull) de l’électrolyte afin de permettre l’analyse par spectroscopie photoélectronique X (XPS) 

de l’interface électrode-électrolyte au travers du film liquide résiduel à la surface de l’électrode. 

B) et C) illustrent les modifications du pic XPS d’un élément issu de l’électrolyte lorsque 

l’électrode est à un potentiel de zéro charge (B) ou pas (C).  

Le suivi du décalage et de l’élargissement du pic XPS en fonction du potentiel appliqué 

à l’électrode de travail a été réalisé dans d’autres études [24,25] afin de déterminer le 

potentiel de zéro charge (PZC), correspondant à l’absence de gradient du potentiel à 

travers de double couche électrochimique lorsque l’élargissement du pic XPS est le 

plus faible. Néanmoins ces études ne fournissent pas d’informations supplémentaires 
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quant à la distribution exacte des ions dans la double couche. L’objectif du chapitre 2 

est donc l’obtention de la distribution des cations d’un électrolyte alcalin dans la double 

couche électrochimique via le suivi du spectre XPS en fonction du potentiel appliqué 

à l’électrode.  

 

Figure R.2 : Spectres XPS de l’interface électrode–électrolyte (Pt / CsOH 1M) réalisés à 

0,35 V, –0,35 V et –1,05 V vs. Ag/AgCl des régions A) Pt 4f / Cs 4d, B) O 1s et C) Cs 3d. 

La spectroscopie XPS dans un montage D&P a été réalisé sur la ligne HIPPIE du 

synchrotron Max IV en Suède. Deux feuilles de platine ont été utilisées pour l’électrode 

de travail et la contre électrode. L’électrode de référence était une électrode Ag/AgCl, 

et l’électrolyte utilisé était une solution de CsOH 1M. Le choix de la concentration et 

du sel de l’électrolyte a été effectué afin de maximiser le signal XPS des cations lors 

de l’analyse, ainsi que pour se rapprocher des conditions opératoires communément 

observées lors de l’électrolyse de l’eau en milieu alcalin.  

Les spectres XPS de l’interface électrode−électrolyte des régions Pt4f, Cs3d et O1s à 

−1,05 V, −0,35 V et +0,35 V vs. Ag/AgCl obtenus via ce montage sont présentés en 

figure R.2. La présence des pics associés aux platine (électrode) et aux espèces 
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Cs+
(aq), OH–

(aq), H2O(l) (l’électrolyte) indiquent que l’analyse XPS considère bien 

l’interface électrode−électrolyte. Les pics associés à l’électrolyte se déplacent en 

fonction du potentiel (comme illustré Figure R.1) tandis que les pics associés à 

l’électrode restent à la même position, démontrant la bonne polarisation de l’interface. 

Nous avons utilisé le ratio entre les pics XPS Pt4f et Cs4d pour suivre en temps réel 

l’épaisseur du film mince d’électrolyte dans la région d’analyse, estimée à ~13 nm et 

s’assurer de sa stabilité. 

Figure R.3: A) Aires relatives des pics Cs3d5/2 et O1s associé à OH– comparés à celle du pics 

O1s associé à H2O(l) à différents potentiels. B) Largeur à mi-hauteur (FWHM) des pics Cs3d5/2 

et O1s associé à OH– en fonction du potentiel. Les incertitudes ont été estimées en prenant 

des positions extrêmes de modélisations des pics et du fond du spectre XPS. 

Les différents spectres XPS de ces régions ont été analysés entre −1,05 V et +0,35 V 

vs. Ag/AgCl, après la vérification de la bonne polarisation de l’interface (décalage des 

pics XPS de l’électrolyte avec le potentiel) et de la bonne épaisseur d’électrolyte (ratio 

d’intensité des pics électrode-électrolyte). Les ratios des aires des composantes XPS 

des ions (Cs3d5/2 et O1s associé à OH– (aq)) ont été suivis par rapport à la composante 

XPS du solvant (H2O(aq)) (voir figure R.3.A). Ces ratios sont donc directement 

proportionnels à la concentration de sel dans l’électrolyte au niveau de la région 

analysée. On observe ainsi une variation non-monotonique de la concentration, 

passant par un maximum aux alentours de −0,2 V. Cette variation peut s’expliquer 

majoritairement par les changements d’hydrophobicité de la surface lors de la variation 

du potentiel qui ont un impact direct sur le dynamisme de formation du film d’électrolyte 

et sa structure. Enfin l’élargissement des pics XPS associés au Cs3d et HO-
(aq) en 

fonction du potentiel est représenté figure R.3.B. Les changements mesurés ne sont 

pas significatifs, tandis que la théorie voudrait qu’on observe une évolution non-
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monotonique, où le minimum de l’élargissement du pic correspondrait au PZC de 

l’interface. 

Cette absence de variation, malgré la large gamme de potentiels balayée (ΔE = 1,4 V) 

s’explique par la concentration de l’électrolyte dans le ménisque. Celle-ci est déjà 

élevée dans la solution originelle (1M) et, dû à la faible pression dans la chambre 

d’analyse (15 mbar), s’est retrouvée concentrée encore d’avantage dans le ménisque 

dû aux effets d’évaporation. En effet l’analyse quantitative des composantes HO-
(aq) et 

H2O(aq) du pics O1s montrent une concentration d’environ 10 M dans la région 

d’analyse, soit 10 fois plus élevée que la concentration théorique attendue. Cette 

valeur correspond à la concentration thermodynamiquement associée à la pression de 

vapeur d’eau atteinte dans la chambre.[26]. Cette forte concentration a un effet négatif 

sur la possibilité d’observer des changements via XPS, puisque l’épaisseur de la 

double couche électrochimique est inversement proportionnelle à la concentration de 

l’électrolyte, et que plus l’épaisseur de la double couche est faible, plus l’élargissement 

des pics XPS associé à la réorganisation locale des ions sera faible. Ce phénomène 

a grandement limité notre capacité à analyser la réorganisation de la double couche 

électrochimique via XPS.  

Néanmoins les concentrations élevées observées dans cette étude ne sont pas les 

seules limites qui peuvent être rencontrées dans l’utilisation du D&P. D’autres 

phénomènes tels que l’instabilité du ménisque ou son inhomogénéité peuvent 

impacter la qualité des mesures. Une méthode expérimentale et une analyse 

minutieuse des données est donc nécessaire pour éviter toute mauvaise interprétation 

des résultats.  

Enfin il convient de souligner que, dans l’objectif d’étudier la double couche 

électrochimique via XPS, l’intensité du signal reste la principale limite. Certains 

paramètres tels que le choix du cation et de l’énergie des photons permettent 

d’augmenter respectivement l’intensité du signal (section efficace) et la sensibilité aux 

couches profonde du ménisque (et donc à l’interface). Cependant l’intensité globale 

du signal demeure trop faible dans les conditions de travail actuelles pour pouvoir 

étudier des systèmes où la concentration en ion est suffisamment diluée et l’épaisseur 

de la double couche suffisamment grande. Ceci empêche de fait l’analyse de la double 

couche même dans des conditions d’acquisitions idéales.  
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Etude operando de l’instabilité de complexes de cobalt substitués par des 

polyoxométallates 

En nous éloignant de l’interface électrode−électrolyte d’un système modèle quasi bi-

dimensionnel en absence d’une réaction électrocatalytique tel qu’étudié dans le 

second chapitre, nous introduisons dans le troisième chapitre un système plus 

complexe : un catalyseur moléculaire pour l’oxydation de l’eau, plus spécifiquement, 

un complexe de cobalt (II) stabilisé par des polyoxométallates (Co-POM). 

Les complexes métalliques stabilisés par des polyoxométallates (M-POM) sont des 

espèces utilisées dans les différents domaines de la catalyse,[27–29] principalement 

grâce à leurs capacités d’oxydo-réduction.[30,31] Les espèces Co-POM, en particulier, 

catalysent la réaction d’oxydation de l’eau et présentent l’avantage d’être, dans le 

cadre de cette thèse, des espèces moléculaires modèles.[32,33] En effet, 

contrairement aux oxides métalliques classiquement utilisés pour l’OER, 

l’environnement chimique des sites catalytiques de ces complexes est bien défini et 

peut être utilisé pour l’étude fondamentale de cette réaction.[34–36]  

Dans le chapitre 3 nous nous intéressons aux Co4-POM ([Co4(H2O)2(A-PW9O34)2]10–) 

et Co9-POM ([Co9(H2O)6(OH)3(HPO4)2(A-PW9O34)3]16−) et étudions leurs propriétés 

catalytiques pour l’oxydation de l’eau à l’aide des spectroscopies XAS et XPS dans 

des conditions operando. 

Dans un premier temps le comportement électrochimique du Co9-POM est étudié par 

voltampérométrie cyclique, dont les résultats sont reportés sur la figure R.4. On 

observe qu’entre 0,700 V et 1,650 V vs. l’électrode réversible à hydrogène (RHE, sauf 

mention du contraire, tous les potentiels de cette section seront vs. RHE), la 

voltampérométrie cyclique du système reste stable d’un cycle à l’autre, tandis que 

l’intensité dans le domaine anodique est plus grande pour le système avec catalyseur 

(traits plein) que le système sans catalyseur (en pointillé). Cette augmentation 

d’intensité peut être attribué à l’oxydation de l’eau et pourrait laisser penser que le Co9-

POM est stable et actif pour l’OER jusqu’à 1,650 V. En revanche, comme observé sur 

la figure R.4.B, une légère augmentation du potentiel maximal anodique jusqu’à 1,675 

V a pour effet de changer drastiquement le profil de la voltampérométrie cyclique avec 

l’augmentation, cycle après cycle, du courant anodique mesuré à 1,650 V et 

l’apparition d’un pic cathodique, pouvant être associé à la transition Co(IV)/Co(III). Ces 
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deux observations peuvent être expliquées par la formation d’une couche de 

dégradation, constituée d'oxydes de cobalt et déposée à la surface d'une électrode de 

travail, déjà observée dans la littérature avec des sels de Co(II)(aq).[37] L’étude XPS et 

XAS post-mortem de la surface de l’électrode de travail après électrolyse a été réalisée 

et a effectivement montré la présence d’oxyde de cobalt aux degrés d’oxydations +II, 

et +III, tout en révélant une très faible teneur en tungstène (i.e., des ratios différents 

de ceux observés dans le complexe moléculaire), ce qui confirme la dégradation du 

complexe et la formation d’une couche CoOx à la surface de l’électrode de travail dans 

des conditions de l’OER.  

 

Figure R.4 : Voltampérométrie cyclique du Co9-POM 1 mM dans un tampon phosphate de 

sodium à 0,72 M et pH 6. L’électrode de travail est constituée de carbone vitreux, la contre 

électrode est un fil de platine, et l’électrode de référence est une électrode de sulfate 

mercureux (Hg|Hg2SO4). La vitesse de balayage est de 20 mV/s. A) Avec une fenêtre de 

balayage entre 0,700 V et 1,650 V, et B) entre 0,700 V et 1,675 V vs. RHE. 

Par la suite, afin d’explorer la présence d’un intermédiaire réactionnel ou la possible 

dégradation du catalyseur dans la gamme de potentiel de l’oxydation de l’eau par voie 

électrochimique, nous avons réalisé une série d’expériences XAS au niveau du seuil 

K du cobalt en conditions operando. Cette série d’expérience a été réalisée sur la ligne 

LUCIA du synchrotron Soleil en utilisant la cellule spectro-électrochimique liquide 

représentée sur la figure R.5.A. 
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Figure R.5 : A) Représentation de la cellule spectro-électrochimique pour la XAS operando 

utilisée pour cette étude. L’électrolyte circule en flux continu via une pompe péristaltique en 

circuit fermé. Le corps de la cellule est en polypropylène et l’analyse s’effectue au travers de 

l’électrode de travail (carbone vitreux de 60 µm d’épaisseur). La contre électrode est une feuille 

de platine, et l’électrode de référence est un fil d’argent (i.e., référence flottante). 

B) Voltampérométrie cyclique du système avant l’étude spectroscopique operando. Co9-POM 

1 mM dans un tampon de phosphate de sodium à 0,72 M, et à vitesse de balayage 20 mV/s. 

C) Spectres du Co au niveau du seuil K et D) FT-EXAFS des références Co3(PO4)2 (Co(II)Oh), 

LiCoO2 (Co(III)Oh), et du système Co9-POM 1mM à différent potentiels. Les potentiels indiqués 

sont corrigés par rapport au couple Fc+/Fc (~1,5 V vs. RHE). 

Nous abordons dans un premier temps les résultats obtenus dans des conditions 

opératoires similaire aux expériences préliminaires présentées sur la figure R.4, avec 

1 mM de Co9-POM en solution. Les figure R.5.C et D montrent le spectre d’absorption 

du Co au niveau du seuil K et la transformée de Fourier de la partie EXAFS (Extended 

X-Ray Absorption Fine Structure) du signal respectivement. On y observe que du 

potentiel à circuit ouvert jusqu’à la limite de l’OER (de +0,450 à +1,05 V vs. Fc+/Fc) le 

spectre du Co9-POM en solution ne varie pas et correspond à celui de la référence 

Co(II) en environnement octaédrique. En revanche, l’application d’un potentiel 
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anodique au-dessus de +1,100 V vs. Fc+/Fc montre une oxydation irréversible, avec 

le déplacement vers les hautes énergies du demi-saut, et un profil XANES qui 

s’approche du LiCoO2 (cobalt (III) en environnement octaédrique). L’étude de la 

surface de l’électrode de travail en absence de Co9-POM en solution (signal post-

mortem) montre encore la présence de cobalt, prouvant la formation de la couche de 

dégradation CoOx, sans que la présence d’un intermédiaire réactionnel du Co-POM 

ait été détectée. L’origine de cette dégradation pourrait être (i) chimique (avec le 

changement de pH local) ou (ii) due à une instabilité dans le cycle d’oxydoréduction 

(avec le changement de degré d’oxydation du cobalt de +II à +III).  

 

Figure R.6 : A) spectre d’absorption X du Co au niveau du seuil K et B) FT-EXAFS du Co9-

POM en solution à 1mM dans un tampon phosphate à 0,72 M pH 7, après l’ajout de 0; 18 et 

72 mM de l’oxydant chimique NaClO, correspondant à 0; 2 et 8 équivalents d’oxydants par 

atome de cobalt. 

Pour distinguer ces deux possibilités, dans un second temps, nous avons étudié le 

Co9-POM en tant que catalyseur pour l’oxydation de l’eau par voie chimique par la 

mesure des spectres d’absorption X et des FT-EXAFS associés. Ici, l’objectif est de 

réaliser l’oxydation de l’eau dans le volume de la phase liquide (plutôt qu’à l’interface 

électrode-électrolyte) afin de limiter les modifications du pH local à l’interface de 

l’électrode/électrolyte qui pourraient être à l’origine de la dégradation du Co-POM. La 

solution de Co9-POM est donc exposée à des quantités croissantes d’oxydant 

chimique (NaClO) afin d’étudier les possibles changements d’oxydation ou 

changements d’environnement chimique du cobalt par XAS. Une partie des résultats 

est présentée sur la figure R.6. Nous observons une absence de changement du 

degré d’oxydation du cobalt (absence de déplacement du demi-saut), et une 
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modification de l’environnement chimique de pair avec l’augmentation de la quantité 

d’oxydant ajouté en solution (mise en avant par une diminution des oscillations de 

l’EXAFS, tel que présenté sur la figure R.6.A, et la diminution de l’intensité des pics 

après la transformation de Fourier, voir figure R.6.B). Ces observations indiquent des 

changements irréversibles dans l’environnement chimique des atomes de Co suite à 

son oxydation qui interviennent dès les premiers ajouts d’oxydants, correspondant ici 

à 2 équivalents d’oxydants par atome de cobalt. 

Dans ce chapitre nous démontrons finalement que le Co9-POM ne peut pas être 

considéré comme un catalyseur modèle de la réaction d’oxydation de l’eau dû à sa 

rapide dégradation dans des conditions d’oxydation de l’eau par voie chimique ou 

électrochimique. Cette dégradation est provoquée à la fois par la modification du degré 

d’oxydation des atomes de cobalt lors du cycle d’oxydoréduction (lors de l’oxydation 

de l’eau par voie chimique ou électrochimique) et par les changements du pH local à 

l'interface électrode/électrolyte (lors de l’oxydation de l’eau par voie électrochimique). 

Cette conclusion a pu être réalisée grâce au suivi de l’environnement chimique du 

cobalt par absorption de rayon X dans différentes conditions d’oxydation. 
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Etude operando et in-situ de l’influence de l’épaisseur de la coquille de 

nanoparticules cœurs−coquilles sur l’activité de l’oxydation de l’eau par 

voie électrochimique 

Dans le chapitre 3, nous concluons que le catalyseur réel de l’oxydation de l’eau par 

voie électrochimique était sans doute un produit de dégradation du CoPOM tel que 

l’oxyde de cobalt CoOx, montrant ainsi que les oxydes de métaux de transitions sont 

de bons candidats pour cette réaction. Dans le chapitre 4 nous proposons l’étude de 

l’OER par des catalyseurs hétérogènes à base d’oxydes de Co. Afin de faciliter 

l’analyse, nous nous focalisons sur des nanoparticules modèles, quasi mono-

disperses et sphériques. Eu égard à sa nature prometteuse, un design « cœur-

coquille » (C@S) a été utilisé, avec une coquille de CoFe2O4 et un cœur de Fe3O4. 

Il a déjà été reporté dans la littérature que la combinaison de fer avec d’autres métaux 

de transitions tels que le cobalt ou le nickel pouvait avoir un effet bénéfique sur l’activité 

des catalyseurs pour l’OER (vs. l’équivalent sans fer), bien que l’origine de cette 

augmentation d’activité ne soit pas encore parfaitement comprise.[38] De plus la 

différence de composition entre le cœur et la coquille dans une nanoparticule C@S 

peut également avoir un effet synergique sur l’activité du système.[39–42] Nous nous 

proposons donc d’explorer ces différentes contributions en analysant plusieurs 

nanoparticules C@S avec des épaisseurs de coquilles différentes (d’environ 0,1 nm, 

0,65 nm et 2 nm), comparées avec des nanoparticules sphériques de Fe3O4 et 

CoFe2O4 de même dimension (9 nm à 12 nm), en utilisant la spectroscopie 

d’absorption de rayons X.  

Nous abordons le début de cette étude avec la comparaison de l’activité 

électrochimique de ces différents systèmes, représentée sur la figure R.7. Les 

matériaux Fe3O4 et CoFe2O4 ne sont pas, ou peu actifs pour l’OER (> 1,6 V vs. RHE), 

tandis que les nanoparticules C@S sont toutes actives pour l’OER. De plus, 

l’épaisseur de la coquille a un impact sur l’activité du matériau, avec une activité 

maximale pour une épaisseur de coquille de l’environ 0,65 nm. La morphologie C@S 

étant essentielle à l’activité du catalyseur pour l’OER, cela implique l’existence d’une 

synergie entre les matériaux de cœur et de coquille. Nous avons réalisé une première 

série d’expériences afin de comprendre l’origine de cette synergie.  
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Figure R.7: A) Voltampérométrie cyclique (vitesse de balayage 10 mV/s dans NaOH 0.1 M) 

et B) activité à 1,65 V vs. RHE des nanoparticules Fe3O4, CoFe2O4, et des catalyseurs C@S 

avec des épaisseurs de coquilles de 0,1 nm, 0,65 nm et 2 nm. 

Dans ce but, les spectres XAS du Co et du Fe au niveau de leur seuil L3 ont été 

mesurés pour les nanoparticules C@S-0,65nm de 1,0 V à 1,6 V vs. RHE en conditions 

operando dans une cellule spectro-électrochimique à trois électrodes avec un 

électrolyte liquide à ISISS au synchrotron HZB en Allemagne. Les résultats, montrés 

sur la figure R.8, mettent en avant une absence d’oxydation du cobalt, tandis qu’une 

oxydation du fer est observée à partir de 1,4 V vs. RHE. L’absence sur les spectres 

XAS d’une oxydation du cobalt est assez surprenante puisque celle-ci est observée à 

partir de 1,1 V sur la voltampérométrie cyclique (Figure R.8.C, transition 

Co(II)→Co(III)). De même, l’oxydation Fe(II)→Fe(III) observée sur les spectres XAS 

est inattendue au vu de la composition de la coquille (la coquille de CoFe2O4 contenant 

du Fe(III) mais pas de Fe(II)). Ce changement d’oxydation du fer implique donc une 

oxydation du fer qui compose le cœur de la nanoparticule. Cette oxydation peut 

s’expliquer par l’oxydation successive du Co(II) à l’interface électrode−électrolyte en 

Co(III), puis d’un transfert d’électron entre le Co(III) nouvellement formé et le Fe(II) du 

cœur, conduisant à la stabilisation du Co(II) malgré les conditions oxydantes. Ceci 

pourrait être à l’origine de l’augmentation d’activité des systèmes C@S par rapport aux 

nanoparticules homogènes de CoFe2O4. 
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Figure R.8 : A) spectres d’absorption X du 

Fe et B) Co au seuil L3 des nanoparticules 

C@S-0,65nm mesurés dans l'intervalle de 

potentiel de 1,0 V à 1,6 V vs . RHE. C) 

Voltampérométrie cyclique du système 

spectro-électrochimique. Vitesse de 

balayage 20 mV/s. Les nanoparticules de 

C@S-0,65nm sont déposées sur une 

membrane échangeuse d’anion Fumatech et 

sont intégrées dans une cellule à trois 

électrodes avec NaOH 0,1M comme 

l’électrolyte liquide. Une bicouche de 

graphène fait office de collecteur de courant 

et sépare l'électrolyte liquide de la chambre 

d’analyse à vide.  

Afin d’étudier cette synergie plus en 

détails, nous nous sommes intéressés à 

l’influence de l’épaisseur de la coquille 

par XAS. Ces mesures ont été effectuées 

en conditions in-situ, afin de figer le 

système à un degré d’oxydation donné 

(i.e., sans la réduction du catalyseur due 

à l’oxydation conjuguée de l’eau durant le 

cycle catalytique). Dans cette 

expérience, les nanoparticules CoFe2O4, 

Fe3O4, C@S-0,1nm et C@S-2nm ont été 

déposées sur une surface de silicium et 

exposées à un gaz oxydant (N2O), les 

spectres XAS au seuil L3 ont été mesurés et comparés. Les résultats correspondants 

sont montrés sur la figure R.9.  

 

Nous observons que, contrairement à l’expérience operando dont les résultats sont 

montrés sur la figure R.8, en conditions in-situ (figure R.9) le Fe ne s’oxyde que très 

peu après exposition des nanoparticules à N2O. Celle-ci n’est visible que via la légère 
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diminution d’intensité du pic à 707 eV, caractéristique du Fe(II). Les variations du 

spectre de Co au seuil L3, en revanche, indiquent une oxydation du cobalt sur les 

nanoparticules CoFe2O4 et C@S-2nm, i.e. sur les C@S avec la coquille la plus épaisse 

ou sur le matériau homogène. L’échantillon C@S-0,1nm montre une oxydation 

beaucoup plus faible du Co(II) en Co(III) puisque le pic vers 779 eV, caractéristique du 

Co(III), n’augmente que très peu. Une stabilisation du cobalt à son degrés d’oxydation 

(+II) doit donc être lié à la faible épaisseur de la coquille de ces nanoparticules. 

 

Figure R.9 : A) spectres d’absorption X du Fe et B) Co au seuil L3 des nanoparticules Fe3O4, 

CoFe2O4, C@S-0,1nm et C@S-2nm avant (gris-vert) et après (bleu) leur exposition à 1 mBar 

de N2O pendant 1h30. 

Dans ce quatrième chapitre nous mettons en évidence comment l’utilisation du XAS 

en conditions operando et in situ permet d’étudier les changements du degré 

d’oxydation d’un électrocatalyseur. L’étude en conditions in situ (via l’exposition du 

catalyseur à des conditions oxydantes en l’absence réaction durant la mesure, dû 

à l’absence de réactifs dans la chambre d’analyse) permet en particulier de mettre en 

avant l’influence de l’environnement chimique du site actif sur son état d’oxydation à 

l’équilibre. Nous avons montré ici que la présence de Fe(II) dans le cœur des 

nanoparticules stabilisait l’état bivalent du cobalt, stabilisation qui pourrait être à 

l’origine de l’activité supérieure de ces C@S pour l’OER vs. les nanostructures 

homogènes.  
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Conclusions et perspectives 

Ce manuscrit présente différentes utilisations des spectroscopies XAS et XPS comme 

outils d’analyse de l’interface électrode-électrolyte d’un électrocatalyseur utilisé pour 

l’oxydation de l’eau. Nous montrons comment ces méthodes permettent de fournir des 

informations concernant la composition et l’état d’oxydation du matériau à sa surface 

pour aboutir à une meilleure compréhension du rôle du catalyseur. En particulier, nous 

illustrons comment l’analyse operando et in-situ combinés à ces techniques de 

spectroscopies permettent d’obtenir des informations sur les transformations 

chimiques transitoires qui ont lieu durant la réaction.  

 

Figure R.10 : Feuille de route de la caractérisation d’un électrocatalyseur, illustrant la place 

des analyses ex situ, in situ et operando telles que définies dans ce manuscrit, dans le cycle 

de vie du catalyseur. 

Bien que nous nous soyons concentrés sur les spectroscpies XAS et la XPS dans ce 

manuscrit, il est essentiel de rappeler que ces techniques ne se suffisent pas à elles 

seules. Réaliser une étude électrochimique complète permettant d’évaluer l’activité et 

la durabilité de l’échantillon, ainsi que des caractérisations post-mortem par des 

méthodes complémentaires de caractérisation (microscopie électronique, 

spectroscopie IR ou Raman, analyse thermogravimétrique, etc.) et un prérequis 

essentiel. Les techniques d’analyses dans les conditions operando par XAS et XPS 

apparaissent alors comme des outils permettant d’évaluer les changements 
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dynamiques ayant lieu durant la réaction, et qui ne pourraient pas être observés par 

d’autres moyens. Ces analyses operando nécessitent une préparation minutieuse en 

terme (i) de montage expérimental, (ii) d’acquisition de spectres de références, (iii) 

d’esprit critique en termes de compréhension du système et de l’analyse des résultats 

obtenus. En effet, comme illustré sur la figure R.10, les cellules spectro-

électrochimiques doivent s’adapter aux besoins de l’analyse spectroscopique, et 

peuvent différer des conditions classiques d’utilisation du matériau catalytique. Une 

fois ce travail effectué, la comparaison des résultats operando obtenus avec des 

spectres de références (provenant d’échantillons commerciaux, synthétisés par 

l’utilisateur, du catalyseur avant réaction, post-mortem ou issu d’expériences in situ – 

exposition de l’échantillon à des conditions oxydantes sans réactifs, afin de « figer » le 

système dans un état d’oxydation), permet d’obtenir des informations sur les 

changements chimiques qui ont lieu durant la réaction. 

Enfin, bien que le XAS et la XPS soient des méthodes de choix pour l’étude de 

systèmes électrochimiques, d’autres méthodes d’analyses peuvent être appliquées en 

conditions operando pour obtenir des informations complémentaires sur l’évolution des 

propriétés physico-chimiques de l’échantillon durant la mesure. Les techniques de 

diffusion des rayons X, ou les techniques dérivées de l’effet Raman, permettent de 

fournir des informations sur les changements cristallographiques et sur les interactions 

moléculaires à l’interface, par exemple. Ces informations ne peuvent pas être 

obtenues par XAS ou XPS. Une utilisation adaptée et raisonnée de ces méthodes 

operando est donc essentielle pour la bonne compréhension des systèmes 

électrocatalytiques. 
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Résumé en français 

Le développement de nouveaux catalyseurs pour la réaction de dégagement de l'oxygène (OER) est 
entravé par une compréhension limitée des phénomènes se produisant à l'interface 
électrode/électrolyte. Ces phénomènes - qu'ils soient liés au mécanisme réactionnel, au vieillissement 
du catalyseur, à sa dégradation, ou simplement à la polarisation de l'interface - dépendent du potentiel 
appliqué à l'électrode. Par conséquent, il est essentiel de pouvoir étudier le système électrochimique 
dans son état de fonctionnement, (i.e operando). Les techniques de spectroscopies−X telles que 
l’absorption des rayons-X (XAS) ou la photoélectronique-X (XPS) sont tout particulièrement indiquées 
pour l’étude de ces interfaces puisqu’elles sont sensibles au changement d’environnement chimique 
et au degré d’oxydation des éléments qui s’y situent. Dans ce manuscrit nous illustrons les avantages, 
les limites et les méthodes de ces techniques dans des conditions operando au travers de l’étude de 
3 systèmes électrochimiques différents, plus ou moins proches d’une interface électrode/électrolyte 
modèle.  

Mots clés : méthodes in-situ et operando; spectroscopie photoélectronique-X; spectroscopie 
d’absorption des rayons X; interface électrode/électrolyte; double couche électrochimique; ‘Dip and 
Pull’ (D&P); réaction de dégagement de l’oxygène (OER); complexe de cobalt stabilisés par des 
ligands polyoxométallates (Co-POM); nanoparticules cœur@coquille; méthode et analyse critique. 

 

Résumé en anglais 

The development of new electrocatalyst associated with the oxygen evolution reaction (OER) is limited 
by the comprehension we have about the different phenomena occurring at the electrode/electrolyte 
interface. Those phenomena, related to the reaction mechanism, the catalyst transformation during its 
operation, ageing, degradation or simply to the ionic rearrangement at the interface due to the 
electrode polarization, depend on the applied potential. Due to their dynamic nature, it is necessary to 
study the electrochemical system during the reaction conditions (i.e. operando). X-Ray based 
techniques such as X-Ray absorption (XAS) and X-Ray photoelectron spectroscopies (XPS) are 
particularly adapted to the study of those changes, as they are sensitive to the oxidation degree and 
the chemical environment changes of species at the interface. In this manuscript, we illustrate the 
advantages, the limitations and the experimental methodology associated to those spectroscopy 
techniques under operando conditions through the study of 3 different electrochemical systems, and 
how they allow to understand electrochemical interfaces of various complexities. 

Keywords : operando and in-situ methods; X-ray photoelectron spectroscopy (XPS); X-ray absorption 
spectroscopy (XAS); electrode/electrolyte interface; electrochemical double layer; dip and pull setup 
(D&P); oxygen evolution reaction (OER); cobalt stabilised polyoxometalate (Co-POM); core@shell 
nanoparticles; method and critical analysis. 
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