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Abstract 

In this article the application of synchrotron radiation based X-ray photoelectron 

spectroscopy (XPS) to the investigation of electrochemical active gas-solid and liquid-solid 

interfaces will be discussed. The potential of Near Ambient Pressure XPS (NAP-XPS) for the 

estimation of the electronic structure of electrochemically active interfaces will be described 

by two examples. Thereto the oxygen evolution reaction (OER) over Pt and IrOx anodes will 

be introduced. In particular the analysis of XP spectra measured of the Ir anode requires the 

development of an appropriate fit model. Furthermore the design of a reaction cells based on 

proton exchange membrames (PEM) and on electron transparent graphene membranes, which 

enables the investigation of liquid-gas and liquid-solid interfaces under electrochemical 

relevant conditions will be exhibited. In the last part of this article a perspective to the EMIL 

project at the synchrotron radiation facility BESSY will be exposed. The purpose of this 

project is the implementation of two new beamlines enabling X-ray photoelectron 
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spectroscopy in the X-ray regime from 50 eV – 8 KeV under reaction conditions.  The 

extension to the tender X-ray regime will allow the release of higher kinetic energy 

photoelectrons which have a higher inelastic mean free path and therefore will enable the 

investigation of solid-liquid interfaces under electrochemical reaction conditions. 

1. Introduction 

The integration of renewable energies into the energy supply of many countries generates the 

demand of energy storage capabilities since renewable energies like solar and wind energy 

are characterized by intermittent supply1. A promising approach to store energy supplied by 

photovoltaic systems or wind wheels, is presented by the conversion of electricity into 

chemical energy realized in electrolyzers, which split water into oxygen and hydrogen2,3,4. 

The hydrogen will be bonded by a subsequent catalytic reaction into methanol or ammonia. 

Nowadays noble metals based electrodes are used as anodes in electrolyzers. Since they are 

rare and very expensive the application of noble metal based electrolyzers on large scale will 

fail. Therefore other electrode materials to perform water splitting are requested. The search 

for alternative materials will be probably more successful, if the processes taking place at the 

interface between the noble metal electrode and water are understood on a molecular level. 

These processes can be studied for a short time by in situ methods like photoelectron 

spectroscopy. In this short review the development of electrochemical cells, which enable the 

electron spectroscopic access to electrochemically active gas-solid and liquid-solid interfaces 

will be described. The electronic structure of an electrochemically active vapor-solid 

interface can be investigated by means of a proton exchange membrane (PEM). The cell 

dedicated to the investigation of solid-gas interfaces consists of a polymer, which is proton 

conducting, when it is hydrated. The liquid water diffuses through the membrane and reaches 

as water vapor the working electrode deposited on the surface of the membrane. A second 

type of electrochemical cell based on the application of graphene membrane, which were 



3 

passed by the photoelectrons released by the  X-ray excitation. Two examples of  X-ray 

spectroscopy studies  of vapor-solid interfaces in the oxygen evolution reaction over Pt and Ir 

based anodes and the electroplating of graphene by Co will be discussed  as an example of 

the study of an electrochemically active liquid-solid interface. The in (N)AP-XPS studies 

present here, were performed by the use of synchrotron radiation. The concept of in situ 

photoelectron spectroscopic measurements through a graphene membrane will be compared 

to the alternative dip and drop an approach. 

2. PEM cell 

The first approach enabling measurements of surface sensitive X-ray photoelectron spectra 

(XPS)   [1]arrigo under electrochemical relevant conditions was realized by the application of 

a PEM (proton exchange membrane). A schematic drawing of this cell is shown in Figure 1. 

In this approach a Nafion membrane covered by the working electrode which was sputtered 

on one side of the Nafion membrane was used, whereas the counter electrode (Pt) was 

sputtered on the back side. The thickness of the electrodes was estimated in the order of 70 

nm. The electrodes are characterized by random cracks which are due to desiccation enabling 

the water to diffuse through the counter electrode and the Nafion to the working electrode. 

The water enables not only the ion conductivity of the Nafion membrane due to the 

hydration, but it supplies as well the reaction molecules to the working electrode due to the 

permeability of the membrane and the cracks in the electrode layers. One drawback of the 

first design is given by the limited capacity of the water reservoir. The water container has to 

be refilled after 50 min of measurements, which requires a transfer of the sample and 

therefore an interruption of the experiments. Thus the second version of the cell avoids this 

disadvantage by the implementation of a dynamic water supply. In addition the second cell is 

equipped by a reference electrode as shown in Figure 1.  Due to the low pressure of 0.2 mbar 

at the vacuum side of the membrane the water will be present at the low pressure side mainly 
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as water vapor. The recipient hosting the PEM cell is equipped by a mass spectrometer which 

enables the detection of evolved oxygen or hydrogen.    

3. Oxygen evolution reaction using a Pt anode 

The oxygen evolution reaction (OER) over Pt was studied by Arrigo et al. using Nafion based 

electrochemical cells[5] . The sputtered electrodes were formed by interconnected 

nanoparticles with a thickness of about 70 nm onto the Nafion. XPS survey scans show 

beside Pt and O also the presence of C and F indicating the porous structure of the Pt 

electrode necessary for mass transport (not shown), since these signals are related to the 

Nafion membrane. The deconvoluted  Pt4f core level spectra of the Pt anode are 

characterized by three components (Fig.2). The main contribution assigned to metallic Pt is 

characterized by a binding energy of 71 eV attended by two further peak profiles at 71.6 eV 

and 72.5 eV. The component with a binding energy of 72.5 eV and a further species with a 

binding energy of 74.5 eV were observed on electrochemically oxidized Pt foil in acidic 

media. These two features are related to Pt species with the formal valence of +2 and +4 

[6,7,8] .The component at 71.6 eV is assigned to O on Pt surfaces as two dimensional surface 

oxide by Zhu recently [3] 

Arrigo has shown, that an increase of the potential applied to the working electrode from 2V 

to 2.5V results in an increase in particular of the component at 71.6 eV. At the same time the 

mass spectrometer indicates a significantly increased amount of oxygen in the recipient 

hosting the working electrode. Since the abundance of the Pt2+ increased as well when a  

positive voltage is applied to the working electrode, the Pt anode was exposed to ozone to 

enable to oxidation of the Pt anode. Figure 3 demonstrates that the treatment in ozone results 

in the formation of Pt2+ and even Pt4+, but no species with a binding energy of 71.6 eV is 

formed. The oxygen evolution reaction performed at 2V did show only a very small current. 
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An increase of the anode voltage to about 4V results in a reduction of the PtO2 indicated by 

the disappearance of the Pt4+ species and a strong decrease of the abundance of the Pt2+ 

species. At the same time the Pt species characterized by a binding energy of 71.6 eV 

reappears and a strong activity of the OER, measured by the current, was observed. These 

experiments clearly show, that the Pt oxides are detrimental for the OER in water vapor. The 

measurements indicate a possible explanation of the of the initial Pt oxidation at RT under 

electrochemical control9,10,11. The electronic structure of the Pt bulk is partly decoupled from 

the Pt surface due to the formation of the surface oxide. This results to the reduction of the 

density of states in the valence band indicated by the shift of the Pt4f state by 0.6 eV (Fig. 

3a). The formation of the surface oxide seems to be a prerequisite for the dissociative 

adsorption of water. 

4. The electronic structure of iridium and its oxides 

Iridium oxide is an often used material for anodes in electrolyzer. In order to study Ir based 

electrodes under conditions of the oxygen evolution reaction, a reliable curve fitting 

procedure has to be developed for Iridium oxide 4f core level spectra. It is well known, that 

Iridium metal 4f core level can be fitted by a Doniach-Šunjić line profile whereas this 

approach fails for Iridium oxide 12,13. Recent DFT calculations have shown, that the partial 

density of d states (PDOS(d)) in the presence of a 4f core hole is characterized by a sharp 

peak located 1 eV above the Fermi energy, which causes shake-up resonances at 1 eV higher 

binding energy compared to the main line of the Ir 4f core level spectrum 14 (see Fi4a). A 

second satellite structure, which has to be considered in the Ir 4f spectra 3 eV above the main 

line is due to the excitation of Ir d electrons, which shows a peak at about 2eV below EF to 

the already mentioned unoccupied states 1 eV above EF 
7. Considering the IrIV main line by a 

Doniach-Šunjić line profile and the two satellites by Gaussian lines it is possible the get a 

satisfying fit of the measured Ir4f spectrum of rutile-type IrO2 (Fig.4b). The Ir4f spectrum of 
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amorphous IrOx looks a bit more complicated since IrIII states and their satellite structures 

have to be considered additionally, in which the amorphous structure is described as an IrO2 

rutile structure with Ir defects (fig. 4b). Besides DFT calculations indicated that the binding 

energy of IrIII is higher that the binding energy of IrIV.  An Ir vacancy leads to the formation 

of formally OI- species and the two additional electrons reduce two neighboring from IrIV to 

IrIII 7 as shown in Fig.5.   

The O K-edge X-ray absorption spectra of IrO2 and the IrOx show significant differences in 

the pre-edge region. It is obvious, that the amorphous sample reveals a feature at 529 eV 

whereas the IrO2 rutile-type exhibits a strong pre-edge peak at 530 eV 15 (see Fig.6). Both O 

K-edge spectra were calculated and it was assumed that the rutile-type IrO2 contains just OII- 

species whereas the amorphous IrOx is expected to consist of a mixture of OI- and OII-. A 

comparison of the calculated spectra shows a nice agreement with the measured data as 

shown in Fig.6.  

The reactivity of the weakly bond OI- species characterized by O2p holes was tested in the 

stoichiometric CO oxidation at room temperature. It was clearly seen that rutile-type IrO2 

does not show any activity, whereas amorphous IrOx revealed a strong CO2 formation rate 

which is decreasing as a function of time on stream, since no oxygen additional was provided 

16.  O K-edge spectra measured before and after the CO exposure at 25 Pa, 2mL min-1 CO at 

298 K indicate strong differences in the pre-edge region. The intensity of the O K-edge 

spectrum is reduced in the entire energy range from 525-560 eV after CO exposure, but in 

particular in the pre-edge region around 529 eV a strong intensity drop was observed after the 

CO exposure. The difference spectrum (before CO exposure - after CO exposure) indicates a 

strong similarity to the calculated spectrum of the OI- species. Besides microcalorimetry 

measurements confirms the assumption that CO is reacting with the OI- species, since the 
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measured differential heats of reactions agree with the calculated ones for the reaction of CO 

with OI- on (113) and (110) single crystal surfaces.  

The catalytic cycle is just closed if the OI-state can be replenished again. For that purpose the 

amorphous IrOx sample was exposed to ozone after the CO exposure [9]. The intensity loss of 

the O K-edge spectrum was regained after the ozone exposure. In particular the loss at 529 

eV has recovered and the difference spectrum (after ozone dosing- before ozone dosing) is 

similar to the calculated OI- spectrum. It is worth to note, that the replenished structure is not 

stable for a long time. Therefore it is assumed the OH-groups are required to stabilize the OI- 

sites and a treatment in a mixture of ozone and water vapor will result in a more stable 

surface.  

These studies have demonstrated the electrophilic character of the OI- species, which can 

even oxidize CO to CO2. Since these are all ex situ measurements the relevance of the 

observed species has to be proven by in situ measurements. 

Only an in situ measurement enables the study of electronic-structure – function relationship. 

Therefore O K-edge XAS of an IrOx electrode deposited on a PEM were measured 17 (see 

Fig.7). The voltage applied to the IrOx anode was varied and O K-NEXAFS scans were 

recorded. It is very obvious, that there are changes in the pre edge structure as a function of 

the applied voltage. Figure 7d shows, that the higher the voltage the higher is the abundance 

of OI- at the surface. The evolved oxygen was measured simultaneously by a mass 

spectrometer. Finally there is a correlation between the OI- signal measured by O K-NEXAFS 

and the activity of the IrOx anode in the oxygen evolution reaction (see Fig. 7c).  

A comparison of IrO2 and Pt electrodes in the OER seems to be very interesting. Pt electrodes 

which are worse anodes are characterized by the abundance of Ptδ+ states. Increasing the 
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voltage or the chemical potential induces the formation of Pt2- species, which are detrimental 

for the OER activity.  

Since the relation between the abundance of the oxygen species OI- and the evolved oxygen 

was obtained by measurements in the gas phase there might be doubts, that these findings are 

relevant for the reaction in the liquid phase.  A different approach is required in order to study 

the electronic structure of anode materials under oxygen evolution reaction conditions in the 

liquid phase.  

5. XPS investigation of electrochemically active solid-liquid interfaces 

The reaction cell which was developed for XPS measurements of electrodes in liquid 

electrolytes are based on electron transparent graphene. Kolmakov has shown, that XP 

spectra can be detected through graphene oxide membrane18. This idea was continued by 

Velasco who has demonstrated, that bilayers of graphene which are supported by silicon 

nitride grids with wholes of 1 µm enables the separation of liquid water on one side of the 

graphene and vacuum on the other side and the detection of XP spectra of an electrode 

surface under electrochemical reaction conditions19. It is well known, that graphene has a lot 

of energy related applications and in particular the functionalization with different materials 

results in a high activity in electrocatalytic reactions20,21. Co anodes deposited on graphene 

show a considerable performance in the OER and22 comparable or slightly higher than Pt23 

and Ir24 functionalized C electrodes.  The electrochemical functionalization of C with 

transition metals enables the control of the chemical properties and the morphology of the 

metal in order to increase its activity, selectivity and corrosion resistance25. Due to the lack of 

experimental methods suitable to deliver information on reactions occurring during 

electrochemical processes at the electrode-electrolyte interface on the atomic level the 

electronic structure of the Co particles and the interaction between the Co particle and the 
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graphene under OER reaction conditions remain unknown. Therefore an electrochemical cell 

was developed, which allows the estimation of the electronic structure of the 

electrochemically active interface between the graphene and the Co containing electrolyte.  

The liquid flow cell with the aqueous electrolyte circulating over the membrane (Fig.8), is 

prosecuted inside the main chamber of the endstation at the ISISS beamline of the 

synchrotron radiation facility BESSY.  Hence a 4mM CoSO4 solution was pumped through 

the cell and an under-potential deposition of the Co was performed at -1 V. The deposition 

consists of several processes like diffusion of electroactive species, desolvation, formation 

and incorporation of ad-atoms to the growing species. Anyway the electrochemical plating 

enables the control of the deposition rate and the oxidation state.  

The Co deposit on the graphene was investigated with respect to the OER activity in a 10mM 

KOH solution. The CVs of the pristine graphene and the Co plated electrodes are plotted in 

Fig. 9. The CV of the electrodeposited Co is characterized by two oxidation peaks and one 

reduction peak26. Two anodic peaks at 0.6V(I) and 1.2V(II) are assigned to the oxidation of 

Co2+ to Co3+ and Co3+ to Co4+, respectively.  The peak at 1.1 V(III) is assigned to the 

reduction of Co4+ to Co2+, with reversed potential , demonstrating that OER is preceded by 

Co oxidation.  The electronic structure of the Co electrodeposited on the graphene was 

characterized by X-ray absorption spectroscopy (XAS) at the Co L-edges detected in the total 

electron yield (TEY) and in the total fluorescence yield (TFY) mode. The TEY spectra are 

assigned to the rock-slat CoO structure showing a peak at 777.4 eV, which is related to Co2+27 

whereas the Co L-edge spectrum measured in the total fluorescence mode show an intense 

peak at 780.2 eV, which is characteristic for Co3+ and therefore it can be assigned to Co3O4.  

Hence, the bonding of the Co to the graphene results in a reduction of the Co3+ to Co2+, which 

is linked to the replacement of O atoms by C in Co3O4 resulting in the formation of Co(CO)x.   
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The Co2p XP spectrum measured during the electrodeposition of the Co is distinguished by 

the 2p1/2 and 2p3/2 spin orbit. The assignment of the peaks is provoking, since most of the Co 

species appear in a binding  

energy range of 2.5 eV28. Obviously there exists some equivocality in peak assignment and 

quantification of such components indicated by similar binding energies29. Biesinger has 

suggested, that the deconvolution of 2p core level spectra of transition metal species can be 

performed by the application of a single-peak approach, due to multiplet splitting and satellite 

structure30. The interaction of C and Co can be compared to cobaltocene which was subject of 

an XPS study earlier31. The Co2p spectra show two main peaks at 783 eV and 798 eV due to 

spin orbit splitting in agreement with our measurements. The Co2p3/2 core level spectrum was 

deconvoluted by two Gaussian-Lorentzian peaks at binding energies of 783.2 eV and 785.6 

eV for peak A and peak B, respectively.  In addition two shake-up satellites (SA and SB) at 6 

eV higher binding energies compared to the main peaks have to be considered. The intensity 

ratio of Co2p3/2 /Co2p1/2 was fixed to 2, in which the peak A at 783.2 eV has been assigned to 

Co2+32. Therefore the peak A observed here at the same BE and which shows multiplet 

splitting and a satellite structure can be attributed to Co2+ bound to C. The Co2p spectrum 

may contain in addition small amounts of CoxOy(OH)z
33

.  Furthermore  the two peaks A and B 

can be assigned as well to Co bound to O like in carbonyl-like species as Co(CO)x
34. This 

assumption is confirmed by the comparison with pyrolyzed and porphyrin Co samples. In 

summary, the application of a new electrochemical in situ cell enabled the estimation of the 

electronic structure of Co electrodeposited on graphene. The interface is characterized by the 

formation of Co(CO)x species attended by the reduction of Co3+ to Co2+.  Therefore, the 

increased electrocatalytic activity of Co/Graphene composites compared to graphene in the 

OER is likely related to the hybrid interface contacts, which control and promote the electron 

transfer reactions.  
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In the future OER reactions will be studied by this type of new electrochemical cells, but the 

investigation of OER is challenging since the released oxygen might burn the carbon 

particular at defects present in the graphene membrane with negative impact on the stability 

of the membrane. Therefore it is necessary to increase the stability of the membrane by 

passivating the top layer of the two layer graphene membrane or by using more that only two 

layers of graphene. In both cases the released photoelectrons have to pass a thicker membrane 

which will increase the scattering of the electrons in the membrane and therefore the intensity 

of the photoelectron spectrum will decrease significantly. Obviously it is preferable to get 

higher kinetic energy electrons released by the XPS process. Hence the application of higher 

photon energies is requested in order to obtain photoelectrons of higher kinetic energy. For 

that purpose the EMIL project was implemented by the Helmholtz Association and the Max-

Planck Society was implemented.   

The graphene was grown by CVD at 1050°C on a 25 µ thick Cu foil using CH4.  A polymer 

PMMA is spin coated onto the graphene and the copper foil is removed by (NH4)S2O8.  The 

graphene supported on the polymer was transferred onto the silicon nitride grid und the 

PMMA is dissolved acetone. It is very important that all wholes are covered completely by 

the graphene, since any leak will induce the formation of ice, due to the vacuum on the other 

side of the graphene, hence the silicon nitride grid will crack.  

 

6. Outlook: The EMIL project @ BESSY 

The Helmholtz Association and the Max-Planck-Society are implementing the EMIL (energy 

material in situ) Laboratory at the synchrotron radiation facility BESSY in Berlin. The main 

idea of the project is the implementation of two undulator beamlines. The soft X-ray 

beamline includes a plane grating monochromator and covers the soft X-ray range from 50 
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eV- 1.8 KeV. The tender X-ray beamline contains a double crystal monochromator and will 

provide photons in the range of 1.5 KeV- 8 KeV. The foci of the two beamlines will be 

located at the same position. This will enable photoelectron spectroscopy unter reaction 

conditions in the energy range for 50 eV- 8 KeV. The electron energy analyzed has near 

ambient pressure capabilities up to 7 KeV. The X-rays of the two undulators can be switched 

between beamlines delivering photons to two laboratories. The SISSY (XXX) lab is 

dedicated to the investigation of semiconductor interfaces prepared in the same laboratory 

and transferred under UHV into the analytic chamber, which enabled XPS, XES,…. studies.  

The CAT (catalysis) lab is designed for the investigation of heterogeneous reactions and 

electrochemical processes by Near Ambient Pressure Photoelectron Spectroscopy. The 

analyzer can be operated with different sample environment modules. One advantage of the 

modular concept is the fact, that the heterogeneous catalytic reaction or the electrochemical 

process can be optimized already before the measurements performed at the EMIL 

beamlines. The CAT laboratory provides the related infrastructure like central and local gas 

supply gas analytics, electrochemical devices, etc.  

The tender X-ray photons will release photoelectrons with kinetic energies in the range of a 

few tens of eV up to 8 KeV. In particular the higher kinetic energy electrons will have a 

higher electron mean free path of a few 10 nm in carbon, which enables the electrons to even 

pass a few layers of graphene of similar materials. This fact is of very high relevance for the 

in situ investigation of the oxygen evolution reaction in liquid water. The strong interaction 

of the released oxygen with any defects in the graphene layers requires the application of 

more than just two graphene layers to form a stable membrane, which resists a pressure 

difference of 1 bar on one hand, but providing still sufficient electron transparency for the 

photoelectrons created by the X-ray photoelectron process.   
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The tuneability of the synchrotron radiation enables depth profiling measurements 

perpendicular to the electrode/electrolyte interface. This will offer the possibility to optimize 

the detection of electrons released from the electrolyte/electrode interface.  
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Fig. 1 (left) Two-electrode in situ cell with sputtered Ir working and Pt counter electrode. 

(right) Three-electrode in situ cell with sputtered Ir working, Pt wire counter, and ag/AgCl 

reference electrode. In both cells, water supplied from the rear diffuses through the 

desiccation cracks of the sputtered electrodes and the PEM and delivers the reactant 

molecules to the reaction chamber. While XPS and NEXAFS are measured, the gas 

composition is monitored by an on-line quadrupole mass spectrometer (QMS). Through the 

connection to an external potentiostat, OER relevant potentials can be applied to the working 

electrode [adapted from pfeifer Chemical science]. 
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Fig. 2: a)  Pt4f spectra measured at 600 eV kinetic energy of the electrons. The information depth is 

approximately 2.5 nm. The components Pt1,Pt2 and Pt3 represent the metallic Pt, the adsorbed 

oxygen species on Pt and Pt2+ respectively.   b)  [adapted from 5] QMS signals during the XPS 

measurements 

 

80 78 76 74 72 70 68

0

5

10

Vwe= +2 V
 N

o
rm

al
is

ed
 I

nt
en

si
ty

 [
a.

u]

Binding Energy [eV] 

Vwe= +2.5 V

0

5

10

Pt3

Pt2

 

 

Pt1
a

 

 



16 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Pt/Nafion/Pt versus Ag wire reference electrode: Pt4f spectra (KE=150 eV) during 

constant anodic polarization and the corresponding measured current for the sputtered Pt film 

WE at 2V, and at 2V and 4V after pretreatment in 1 bar O3; the order indicates chronological 

sequences of the experiments.  
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Fig.4: a) Calculated PDOS (d) of rutile IrO2 in the presence of a 4f core hole (top) and 

without a core hole (bottom). b) Ir4f spectra of amorphous IrOx (top spectrum) and Ir4f 

spectrum of rutile like IrO2 (bottom spectrum)  
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Figure 5: Scheme of transformations in the anionic and cationic framework upon the 

introduction of an Ir vacancy. Reproduced from SIA 
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Fig.6: Measured O K-edge spectra of rutile IrO2 and amorphous IrOx and calculated O K-

edges of OII- and a linear combination of 60% OII- and 40% OI- species. Reproduced from 

PCCP 
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Figure 7: a) Cyclic voltammogram, b) chronoamperometry (bottom) and oxygen QMS signal 

(top), c) normalized OI- and OII-concentration over current density, and d) zoomed and fitted 

low excitation energy regions of O K-edge recorded in the three-electrode cell (indicated 

potentials vs. SHE, ring current: 60 mA, p=0.3Pa, 0.1 M H2SO4) (reproduced from chem sci 

in situ) 
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 Figure 8: Schematic cross section of the liquid flow cell 
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