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A Versatile Approach to Electrochemical In Situ 

Ambient Pressure X-ray Photoelectron Spectroscopy: 

Application to a Complex Model Catalyst

Over the last decades, model catalytic studies using complex 

methods have led to a profound mechanistic understanding in 
-

proach to electrocatalytic systems [1, 2]. However, this trans-
fer poses new challenges: First, suitable model systems are 
needed (materials challenge). Second, these systems must be 
stable under the applied electrochemical conditions (stability 
challenge). Finally, new techniques are needed to study these 
systems in situ (methods challenge).

To analyze the surface oxidation states, X-ray photoelectron 
spectroscopy (XPS) is commonly used. However, XPS is a vacu-
um-based technique, which limits the number of approaches to 
investigate the potential dependent oxidation and reduction of 
planar electrodes. Established approaches are the ex situ emer-

situ emersion approach, the electrode is emersed at a given po-
tential, transferred to ultra-high vacuum (UHV), and measured 
in UHV by conventional XPS. The disadvantage of this approach 
is that the active state may decompose after the removal from 

-
trolyte (tens of nanometers) is formed, which allows to measure 

ambient pressure (AP) XPS and sample sizes of several centim-

not compatible with standard noble metal single crystals (
10 mm) used in surface science experiments. 

Here, we present a new approach to study model electrocata-
lysts in situ with sample sizes typically used in surface science 
[5]. We have developed a custom-designed miniature capillary 

Figure 1a) 
that is compatible with typical AP-XPS systems. This cell en-
ables AP-XPS measurements of the electrochemical solid liq-

synchrotron radiation. We demonstrate the potential of this 
versatile method by studying a complex UHV-prepared model 
electrocatalyst. It consists of palladium nanoparticles support-
ed on a well-ordered Co3O4 Figure 1b). 

We monitored the electrolyte and the oxidation state of the 
electrocatalyst in alkaline conditions at two given potentials, 
one below (0.9 VRHE) and one above (1.6 VRHE) the oxidation 
potential of Pd. We compared the spectra with different ref-
erence conditions: (i) hydrated conditions, without externally 
applied potential, (ii) spectra measured using the ex situ emer-
sion approach, and (iii) AP-XPS under reducing (as-prepared; 
UHV) and oxidizing (1 mbar O2; 500 K) conditions. By switching 
the potential from 0.9 to 1.6 VRHE in the in situ experiment, we 
observe the oxidation of the Pd nanoparticles. Furthermore, 
we observe consistent peak shifts from the species in solution 
(H2O/OH-/CO3

2/carboxylates/potassium) to lower binding en-
ergies with increasing potential. At the same time, the binding 
energies of the signals from the electrode material (Pd) are un-
affected by the applied potential, due to the common ground 
between the sample and the analyzer. These observations are 

situ conditions [4].

Finally, the comparison of the binding energy shift between 
the contributions from palladium oxide and metallic palladium 
Pd0 in the in situ, ex situ emersion, and AP-XPS measurements 
shows distinct differences (Figure 2). The binding energy shift 
between the contributions from palladium oxide and metallic 
Pd0 is much larger (2.4 eV) for the in situ measurement than 
for the ex situ emersion (1.4 eV) and the AP-XPS measurement 
in 1 mbar oxygen at 500 K (1.1 eV). We propose that a labile 
and highly oxidized Pd oxide/hydroxide species is formed in 
situ, which decomposes spontaneously after the removal from 
the electrolyte. Our experiment demonstrates the potential of 

Fig. 1
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our approach and the importance of electrochemical in situ AP-
XPS for studying complex electrocatalytic interfaces.
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Fig. 2: The Pd 3d spectra obtained from the Pd/Co3O4(111) model catalyst 
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