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A B S T R A C T

The electronic interaction between molecules and a surface greatly influences the kinetics of heterogeneous 
electrocatalytic processes. Here, we explore the possibility of using angle-resolved photoemission spectroscopy 
(ARPES) to study electrocatalysts. Using oxide materials as an example, we identify pitfalls and key challenges of 
such experiments and discuss future opportunities.

1. Introduction

Oxide materials show a variety of electronic structures, which makes 
them the subject of research in two distinct fields: heterogeneous elec
trocatalysis and condensed matter physics. On the one hand, electronic 
structure significantly affects the stability of electrosorbed specie and 
the rate of electrocatalytic reactions on oxide surfaces [1]. On the other 
hand, oxide materials exhibit a diversity of physical states, ranging from 
Mott insulator to charge-ordered and superconducting states, which 
makes them ideal for studying many-body physics and electronic cor
relations through sophisticated experimental approaches such as in
elastic X-ray spectroscopy and angle-resolved photoemission 
spectroscopy (ARPES). However, as the fields of electrocatalysis and 
condensed matter physics are rather distinct, the studies of intrinsic 
physics of oxide systems rarely aim to improve the understanding of 
electrocatalysis.

The kinetics of electrochemical processes is governed by multiple 
parameters [2,3]: electronic structure of the surface, molecular config
uration and electric field distribution at the electrified 
electrode-electrolyte interface, thermodynamics of the sol
vation/desolvation processes and the type of the ion/molecule involved 
(its chemistry and ionization potential). For oxides, the strength of 

adsorbate-surface interaction is determined by the electronic properties 
of a few-nm near-surface layer [1,4], making surface-sensitive tech
niques essential for their studies. Using ARPES, one can perform a so
phisticated analysis of the electronic band structure of the near-surface 
region and its electronic interaction with adsorbates. Since ARPES re
quires ultrahigh vacuum (UHV) and cannot be performed in situ (i.e. 
when a surface is covered by an electrolyte), it is important to find a 
suitable ex situ approach that can bridge the results from UHV-based 
ARPES with the electrochemical response of the surface. Below we 
discuss the opportunities that ARPES can open for the field of electro
catalysis and the experimental challenges that researchers may face.

2. ARPES for electrocatalysts

Angle-resolved photoemission spectroscopy (ARPES) probes detailed 
electronic structure of solids, providing information on band disper
sions, Fermi surface, band gap, the type and concentration of charge 
careers, and the interactions between quasiparticles (electrons, pho
nons) [5]. This technique works as follows: photons with energy greater 
than the work function illuminate the surface and cause electrons to 
escape into the vacuum. The kinetic energy of these photoelectrons is 
measured by the electron analyzer, while the angle of emission reveals 
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their momentum. Using a straightforward formula [6], one can directly 
extract the band dispersion E(k) and Fermi surface from the data. 
Because ARPES relies on photoemission, it is inherently 
surface-sensitive. On the one hand, this makes ARPES perfectly suitable 
for heterogeneous catalysts and electrocatalysts (where the near-surface 
layer is usually responsible for electron transfer). On the other hand, it 
means ARPES is highly sensitive to surface contamination and restruc
turing, which poses major challenges when applying this technique to 
catalysts where surface is not well-defined at the atomic level. For a 
deeper dive into this technique, the reader is directed to dedicated re
views [5–7] and the book [8] on ARPES.

Chemical adsorption (chemisorption) at the surface occurs through 
electron transfer and hybridization [9], playing the key role in electro
catalysis and electrosorption at electrochemical interfaces. As a result of 
electron transfer, chemisorbed molecules can alter the band structure of 
a near-surface layer, as reported in studies of adsorption from a gas 
phase. For example, the surface-adsorbate interaction can induce 
various changes in the electronic structure, including hybridization of 
molecular orbitals with metal states [10], a significant reduction of the 
density of states at the Fermi level of a metal [11], and increased 
delocalization of the adsorbate’s molecular states in particular di
rections along the surface [12]. Even in the case of physisorption, 
noticeable changes can occur: for example, Mizushima et al. reported a 
significant reduction of the Fermi surface volume of the (111) Au 
Shockley surface states and the formation of large interface electric di
poles upon adsorption [13]. In these studies, photoemission was vital to 
elucidate the surface-adsorbate interaction. When it comes to (electro) 
catalysis, fewer studies are available. For example, ARPES studies 
showed that the Fermi surface of Pt(111) experiences a reconstruction 
when atomic oxygen is adsorbed on its surface [14]. Specific surface 
states were shown to participate in weak hybridization between Pt 
5dxz(dyz) and s-/p-orbitals of oxygen, which is likely the factor that leads 
to a high oxygen reduction reaction activity of Pt. Photoemission mea
surements also showed that alloying Pt(111) with Ni suppresses surface 
states in Pt and therefore changes its surface reactivity [15]. As a result, 
the adsorption of CO on Pt-Ni and Pt-Co induces a smaller energy 
downshift than in the case of pure Pt(111), implying a weaker adsorp
tion strength for CO on these alloys [16].

The surface of metallic copper is another important example. Studies 
of adsorption on Cu show possible electronic restructuring of the near- 
surface layer. For example, completely different changes in electronic 
structure were observed when iodine and bromine adsorbed on Cu(111): 
I− adsorption induced two highly dispersive bands that are parabolic in 
the entire Brillouin zone within the crystal surface layer, while the 
adsorption of Br− created flat and largely hybridized bands [17]. One of 
the major puzzles with electrocatalysis on Cu is how surface/subsurface 
oxygen in CuOx improves the selectivity towards C2 products (as 
compared to pure Cu). As the electronic structure of such oxide-derived 
copper is different from pure Cu, it should play an important role in the 
reaction selectivity. ARPES studies showed that for Cu(001) oxygen 
adsorbates induce surface states near the Fermi energy [18]. However, it 
is unclear how these states evolve when oxygen is introduced into the 
subsurface. Moreover, the new electronic states could be rather exotic, 
as in the case of Dirac fermions emerging in the layer of adsorbed CO on 
Cu(111) [19]. Similar adsorption-induced modification of the electronic 
structure, including Fermi surface reconstruction and changes in the 
surface potential, occur on other metals [20].

The examples above describe the use of ARPES for understanding the 
adsorption of molecules on surfaces. Currently, there are no general 
predictors for the evolution of the Fermi surface, electronic bands and 
their dispersion during adsorption. A fair accuracy in theoretical pre
dictions of ARPES data can be achieved by using density function theory 
and dynamical mean-field theory [21]. When it comes to electro
chemical interfaces, the processes are further complicated by the pres
ence of the electrical double layer and solvent. Despite the advances in 
ab initio molecular dynamics simulations [22–24], the description of the 

double layer is still far from being quantitatively predictable [25,26]. 
The theoretical frameworks for the electrochemical charge transfer 
based on model Hamiltonians (such as Santos-Koper-Schmickler model 
[27,28], which is based on the Anderson-Newns model for chemisorp
tion) incorporate densities of states as a parameter but not the dispersion 
of bands or other nuances of the electronic structure. Thus, the role of 
the Fermi surface and band dispersion in electrocatalysis is currently 
unclear. ARPES experiments can provide more detailed information on 
the role of electronic structure in adsorption and electrochemical re
actions compared to traditional X-ray photoelectron spectroscopy and 
X-ray absorption spectroscopy. In the field of gas-phase catalysis and 
liquid electrochemistry, X-ray photoelectron spectroscopy at 
near-ambient pressures (NAP-XPS) is used for in situ studies of surfaces 
(e.g. ‘dip-and-pull‘ method) [29]. However, NAP-XPS cannot be 
employed in the in situ ‘ARPES’ mode because the detected signal is too 
weak to provide meaningful angle-resolved datasets. Performing in situ 
ARPES with a gas or liquid present in the analytical chamber is currently 
impossible.

Here, we discuss alternative ways to link ARPES data to the elec
trochemical response of a surface: (1) by probing the difference in 
ARPES maps between pristine and adsorbate-covered surfaces (where 
adsorbates are relevant to the catalytic reaction); (2) by using a series of 
surfaces with a systematically varying composition where the trends in 
ARPES results can be compared to the trends in electrochemical 
behavior; (3) by performing ARPES on a surface that undergoes elec
trochemically induced transformations (i.e. changes in photoemission 
spectra can be correlated to structural and chemical changes at the 
surface). Using oxide surfaces as an example, we explore how ARPES can 
be integrated with electrochemistry and identify relevant experimental 
challenges.

3. ARPES and the electrochemical response of perovskite oxides

Perovskite oxides have remarkably diverse electronic properties, 
which results in composition-dependent electrochemical response, 
electrocatalytic activity and photoemission spectra. Typical perovskites 
such as SrTiO3 or LaNiO3 have a Fermi surface that originates pre
dominantly from the transition metal states [30]. ARPES measurements 
of such perovskites reveal various phenomena such as 2D electron gas 
[31] that depends on the surface reconstruction [32], Fröhlich polarons 
[33], nodal structures in spin-polarized bands [34], thickness-dependent 
quasiparticle behavior (metal-insulator transition) [35], and others. The 
extent of ARPES literature for perovskites is vast, making such materials 
ideal candidates for bridging ARPES with electrochemical experiments.

However, the major challenge with perovskites (and oxides in gen
eral) is that achieving and maintaining a high surface quality is difficult. 
As we described previously in a review [2], oxides can exhibit complex 
surface restructuring that changes their electronic and electrochemical 
properties. Because the near-surface region determines the electro
chemical response and intrinsic electrocatalytic activity, it is chal
lenging to measure precise electrochemical quantities (activity, redox 
peaks, intercalative currents). The problem is further exacerbated by the 
structural and chemical evolution of the near-surface layer under elec
trochemical conditions (cation leaching, oxygen insertion/de-insertion, 
transition metal dissolution). This fact necessitates the use of 
well-defined (single-crystalline) oxide surfaces for the precise electro
chemical and ARPES measurements.

The electrochemical response of the ABO3 perovskites strongly de
pends on the transition metal, while the structural stability largely de
pends on the leaching rate of the A-cation and the solubility of the 
transition meta [2,36–39]. When A-cations leach out, the perovskite 
structure can collapse into an amorphous state [37,38] that exhibits 
higher currents in the pre-OER region than a single-crystalline surface, 
which is likely associated with ion insertion/de-insertion reaction (e.g. 
O2− or electrolyte cations) and has contributions from surface adsorp
tion and the double layer. Redox peaks are not always pronounced in 

J. Bosse et al.                                                                                                                                                                                                                                    Electrochimica Acta 524 (2025) 146060 

2 



perovskites, the reason for which is not well understood (although the 
preparation procedure and surface restructuring could be a contributing 
factor [40]). As we mentioned above, due to intrinsic instability of many 
perovskites under OER and ORR conditions, the electrocatalytic currents 
are hard to record for a perfect perovskite surface (for which the 
adsorption energies are typically calculated via density functional the
ory). Thus, the currently reported trends in the OER and ORR activities 
on perovskites are questionable.

4. Transfer of electrocatalytic oxide material to an ARPES 
chamber and surface restoration

To avoid contamination or remove it after air exposure, the following 
is commonly used in the ARPES experiments that are performed off-site 
at specialized labs and synchrotron beamlines: 

(a) A vacuum suitcase for transferring the sample from the prepa
ration chamber to a beamline. The vacuum suitcase is a small, 
often tubular ‘chamber’ with samples inside and an active pump 
(e.g., getter-based). Such UHV suitcases can be shipped to a 
synchrotron by air. The downside is that it is a UHV-to-UHV so
lution and cannot incorporate wet electrochemistry.

(b) Cleaning an air-exposed surface by ion bombardment (sputter
ing) inside a separate “preparation” chamber at a beamline. 
Because it induces surface changes, this approach works well for 
surfaces that can be restored in UHV with heating such as metals. 
Unfortunately, oxide materials lose oxygen upon sputtering and 
cannot be restored by annealing without sufficiently high tem
peratures and pO2.

(c) Removal of contaminants by heating up the sample in UHV and 
inducing desorption of molecules from the surface. As with 
sputtering, this method can change the surface. For oxides, it 
works well only when (1) pO2 in the chamber is high enough for 
the near-surface region to maintain its oxygen stoichiometry and 
(2) surface restructuring is not observed after the procedure.

In our experiments, we use epitaxial (001) LaNiO3 and (001) LaFeO3 
films (10 unit cells thick) as model electrocatalysts. The films were 
grown with pulsed laser deposition (PLD) on Nb-doped SrTiO3 

substrates at 625 ◦C (see Methods). The samples were exposed to the 
environments typically used in electrochemical experiments (air and N2- 
filled glovebox) with the aim to evaluate its effect on the quality of 
ARPES measurements.

To restore the surface of air-exposed LaNiO3 and LaFeO3 films, we 
first performed annealing inside the preparation chamber at the ARPES 
beamline (1^2 beamline at BESSY, Germany [41]). We start with lower 
temperatures to minimize the effect of annealing. At each step, LaNiO3 
was heated to increasingly higher temperatures: 360 ◦C (20 min), 500 ◦C 
(15 min), 650 ◦C (20 min), and 700 ◦C (10 min) at pO2 = 10− 6 mbar. For 
LaFeO3, we used temperatures up to 800 ◦C (9 min). After each 
annealing, the sample was transferred in situ (UHV) to the ARPES 
chamber for photoemission measurements (see Methods). We found that 
the band dispersion for LaNiO3 becomes visible only after annealing at 
700 ◦C (Fig. 1), which is likely due to CO2 desorption. However, the 
Fermi surface only remotely resembles the one reported previously for in 
situ transferred LaNiO3 [35,42]. The most likely explanations are (1) the 
residual carbonaceous specie at the surface, (2) changes in the surface 
composition or (3) excessive oxygen loss (reduction under 10− 6 mbar of 
O2) that make it hard to measure the Fermi surface. In such cases, if the 
ARPES beamline can work soft X-rays near the absorption edges relevant 
to the surface, core-level spectroscopy can help to understand the reason 
for poor ARPES signal (not all ARPES beamlines are designed to work 
with the full range of soft X-rays). For LaFeO3, no band dispersion or 
clear Fermi level was observed up to 800 ◦C. Because this exceeds the 
growth temperature by 175 ◦C, we suppose that either certain surface 
adsorbates are too strongly bound to the surface or the LaFeO3 phase 
decomposed at the surface.

These results indicate the following: 

(a) Adsorbates from air exposure may require high temperatures to 
be removed (close to or above the synthesis temperature).

(b) Different oxides require different annealing conditions.
(c) Oxygen loss during annealing in low pO2 can lead to changes in 

the Fermi surface. To address it, one can follow a two-step pro
cess: first, bake the sample at high temperatures under low pO2 to 
induce desorption, and then anneal the sample at a lower tem
perature but higher pO2 (e.g., 0.1–100 mbar, depending on the 
oxide surface). Alternatively, if desorption requires concurrent 
oxidation of surface molecules, it can be done directly under high 
oxygen pressure. Currently, the problem is that a high pO2 can be 
achieved only in a separate non-UHV chamber that is often un
available at beamlines.

Here we should also highlight that perovskites can have variable 
termination that depends on the preparation conditions (T, pO2) [40]. 
This can further complicate the surface restoration before ARPES 
experiments.

5. Surface contamination after electrochemical tests

Oxide electrocatalysts work well for oxygen evolution and reduction 
reactions (among others). During oxygen evolution (water oxidation), 
the surface is brought out of thermodynamic equilibrium and can 
change its chemical composition and structure. For example, an oxide 
material can experience cation leaching (de-intercalation) [43,44], OH−

intercalation [45], loss of lattice oxygen [46–49], partial amorphization 
[38,50], and/or transition metal dissolution [1,51], as well as the pre
cipitation of trace impurities from the electrolyte [52,53]. However, 
little is known about the evolution of the electronic structure during 
such transformations and how it is linked to the altered electrochemical 
response and electrocatalytic activity. By probing the electronic prop
erties of an oxide surface as it evolves from an ideal (model) into a real 
(operating) state, we can learn how the disruption of the crystal lattice at 
the surface modifies its electronic structure and electrocatalytic activity.

However, photoemission studies of surfaces that underwent 

Fig. 1. ARPES measurements of the (001) LaNiO3 after surface restoration by 
heating. (a) Momentum distribution map at ky=0.76 Å− 1. The band dispersion 
(V-shaped curve) is visible near the Fermi level and is symmetric with respect to 
kx. (b) The Fermi surface become visible for the LaNiO3 surface after the sample 
was heated in situ (inside the ARPES setup) at 700 ◦C and pO2 = 10− 6 mbar for 
10 min. The Fermi surface is plotted in the kx-ky plane of the reciprocal space by 
taking a cut at − 21 meV below the Fermi level.
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electrochemical tests are challenging. The key difficulty is to preserve 
the surface after an electrochemical experiment and avoid its contami
nation. Generally, contaminants come from: (1) the solvent that can 
leave adsorbed molecules on the surface; (2) dissolved salts that can 
have contaminating specie such as carbonates, sulfates, chlorides, and 
others; (3) gas environment after the sample is taken out of a cell. The 
electrochemically evolved surface should be measured “as-is” because it 
can have very delicate atomic structure that cannot be thermally treated 
to induce desorption of contaminants. As a result, a few potential ways 
to preserve it for ARPES include: 

(a) Performing electrochemical tests in a special glovebox to mini
mize air exposure and then transfer the sample to a UHV chamber 
using a special UHV-to-glovebox suitcase. This approach is easy 
to implement and requires minimal resources and was used for 
conventional X-ray photoelectron spectroscopy (XPS) before 
[54]. However, such a glovebox may not have sufficient purity of 
the environment for ARPES.

(b) Building a separate UHV chamber where electrochemistry can be 
performed after filling it up with ultrapure inert gas. In this case, 
electrolytes should be prepared inside the chamber using UHV- 
compatible syringes and ultrapure salt (e.g. NaCl or SrO single 
crystals) to avoid any extrinsic contamination. Substantial re
sources are required for setting up and operating such a chamber. 
Importantly, it should be available next to a synchrotron source 

to minimize the sample transfer time. The description of such a 
chamber is provided below.

Here we attempt to minimize the surface contamination after elec
trochemical tests by employing a separate custom-made N2-filled glo
vebox. Potentiostatic tests were performed on LaNiO3 films in 0.2M 
KOH. After each test, the sample was first flushed five times with ul
trapure water and then placed into a vacuum suitcase connected to the 
glovebox. This suitcase was then sealed and reconnected to a UHV 
chamber at the beamline and pumped down. Fig. 2 shows energy 
dispersion maps measured after baking the sample at 300 ◦C and a 
chronoamperometric test at 1.715 V vs RHE for 10 mins. In these ex
periments, we do not see a clear Fermi level and band dispersions. X-ray 
photoelectron spectroscopy (XPS) shows the presence of surface adsor
bates (carbonaceous specie) that most likely make bands poorly visible. 
The oxygen evolution reaction represents a strongly oxidizing condition 
at the surface and should oxidize most carbonaceous specie to CO2. 
Since we do not see any improvement in ARPES maps when water 
oxidizing potentials are applied, we suggest that either (1) adsorbates 
stay intact during water oxidation or “re-contaminate” the surface from 
the electrolyte after the potential is back to the open circuit (KOH always 
has K2CO3 impurities) or/and (2) the environment inside the glovebox 
itself contains sufficient concentration of impurities to contaminate the 
surface. This is not surprising because maintaining the gas purity inside 
the glovebox below ~ 1 ppm is difficult. 1 ppm would correspond to a 
partial pressure of 10− 3 mbar, which is beyond the typical range of UHV 

Fig. 2. (a-c) Chronoamperometric curves recorded for the same (001) LaNiO3 surface at different potentials (each measurement was followed by an ARPES 
experiment). (d-e) Momentum distribution maps for the LaNiO3 surface after (d) being heated at 300 ◦C and pO2 = 10− 6 mbar for 30 min and (e) chronoamperometry 
at 1.715 V vs RHE for 10 mins. The maps show integrated intensity along kx between (a) 0.00–0.01 Å− 1 and (b) 0.00–0.05 Å− 1. (f) Carbon 1 s XPS for the sample 
shown in (a) and (b) after different treatments. XPS reveals carbonaceous specie are still present at the surface. The electrochemical tests were conducted in an N2- 
filled glovebox, and the samples were transferred to the beamline in a UHV suitcase without air exposure. These experiments show that the electrolyte or/and the 
glovebox environment are the source of surface contamination and are not suitable for combining ARPES with wet electrochemistry.
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ARPES. Essentially, our experiments show that avoiding surface 
contamination in a glovebox can be too challenging, despite its common 
use in electrochemical experiments that should avoid air exposure (e.g. 
batteries [55]) or require high-purity environment [54]. Ideally, for 
such studies one should construct a UHV chamber that is compatible 
with electrochemical experiments that employ ultrapure chemicals and 
gas (ideally, below 1 ppb).

6. How to reduce the effect of contaminants in ARPES

In addition to the transfer of samples in vacuum (directly or in a UHV 
suitcase), one can consider the following approaches:

Resonant ARPES. By tuning the incident X-ray energy to the ab
sorption edges of elements, one can resonantly enhance the spectral 
weight in ARPES [56–60]. Significant enhancement can be expected for 
the localized states in the participating conduction or valence bands [61,
62]. With resonant ARPES, it is possible to reveal element-specific 
contribution (TM and O) to the electronic band structure and Fermi 
surface. For example, previous studies of the LaAlO3/SrTiO3 interface 
show individual contributions from Ti3+ and Ti4+ in resonant ARPES 
spectra [57]. Moreover, the resonant enhancement allows for measuring 
the spectral features of elements in very small concentrations (e.g., Mn 
states at 2.5 at.% in Ga0.975Mn0.025As [60]).

Subsurface ARPES. When ARPES is performed using photon energies 
close to 1 keV, the probing depth can be improved dramatically 
compared to ultraviolet ARPES. In the previous work [61], Strocov et al. 
provides examples of probing buried quantum wells and impurity using 
photons with a high kinetic energy. The key drawbacks of this approach 
are a low photoexcitation cross-section and increased phonon 
excitation.

Hard-X-ray ARPES (HARPES). This technique can probe the subsur
face and bulk of a material, which is especially valuable when analyzing 
the evolution of the electronic structure after an electrocatalytic reac
tion. Despite certain challenges [63,64], this method can be an alter
native to regular soft X-ray ARPES. It employs high kinetic energies of 
electrons and can probe the electronic structure at the depth of over 5 
nm, revealing the difference between the bulk electronic structure (that 
defines the physical properties of oxides) and the surface (which defines 
electrochemical adsorption) [65–67]. Similarly to the case of subsurface 
ARPES, this approach is hindered by an increasingly lower cross-section 
for valence-band photoexcitation and a lack of coherent spectral weight 
[61].

7. Future perspective

Electronic band structure of the near-surface layer can be very 
complex [68], and its experimental analysis requires a careful study of 

the Fermi surface, electronic band dispersion, contribution of individual 
elements to the density of states in the valence band, and other pa
rameters. While these parameters may influence the kinetics of charge 
transfer, their connection to electrochemical adsorption and electro
catalysis remains unclear. In this regard, one can ask relevant funda
mental questions such as: 

1. To what extent does the Fermi surface and its change upon adsorp
tion determine the adsorption strength and electrochemical response 
of a surface?

2. How does the band dispersion (k-vector dependence of the electron 
energy) affect the electron transfer during adsorption and electro
chemical transformations of the molecules? Does it correlate with 
theoretical predictions?

3. What is the role of the metal-ligand hybridized states in the stabili
zation of intermediates (e.g. Co-O states in oxygen evolution, or Cu-O 
states in CO2 reduction on a copper oxide)?

4. How does the distribution of the density of states in the valence band 
affect the electrocatalytic reaction rate?

5. How does the electronic structure evolve under electrochemical 
conditions?

To experimentally address these questions, creative solutions are 
needed to bridge the gap between UHV ARPES and electrochemical 
experiments. Below, we describe some possible pathways that could 
help an interested experimentalist to come up with great approaches and 
solutions.

7.1. ARPES of atomically defined heterostructures

By carefully separating surface from the bulk, one can explore the 
relationship between the finely tuned electronic structure and electro
chemical response. Using modern growth methods (molecular beam 
epitaxy, pulsed laser deposition or sputtering), it is possible to synthesize 
single-crystalline oxides in the form of epitaxial films with atomic pre
cision. Fig. 3 shows single-crystalline surfaces that have the same surface 
composition but different subsurface chemistry. Previously, similar 
surfaces were studied as electrocatalysts by Akbashev et al. [1] for the 
oxygen evolution and Eom et al. for the oxygen reduction reaction. In 
the epitaxial growth, different unit-cell-thick layers can be “added” on 
top of each other (epitaxy thermodynamically stabilizes the system) as 
long as their crystal structure is not too complex (large unit cells, 
multi-elemental doping, etc.). By controlling the exact chemistry within 
the near-surface layer, one can tune (1) its electronic properties via 
electron/hole donation from the subsurface [1] and (2) the orbitals at 
the surface that can bind to adsorbates and participate in electro
catalysis. Such atomically defined heterostructures can reveal the 

Fig. 3. (a) The concept of subsurface tunability of adsorption strength in perovskite oxides using an atomically precise growth of heterostructures. (b) Correlation of 
the surface electronic structure and electrochemical response.
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correlations between the adsorption-induced electronic structure, sur
face/subsurface chemistry and the electrochemical response (electro
sorption and redox behavior, pseudocapacitive response, 
electrocatalytic activity, Tafel slope).

Importantly, ARPES experiments can be extended to studying 
adsorption-induced changes in the valence band structure and Fermi 
surface. For example, when exposed to molecules such as H2O, D2O, 
H2O2 or atomic oxygen in a preparation chamber (most ARPES beam
lines have such capabilities), the oxide surface can undergo hydroxyl
ation or peroxidation [69,70] and experience an electron transfer that is 
reminiscent of what happens during electrosorption and certain elec
trocatalytic reactions. The electron transfer during such adsorption of 
the surface [12,14,71,72]. Although the system lacks an electrochemical 
interface, the trends in chemisorption on various surfaces may still 
provide insight that is relevant to electrochemical reactions. Once 
transferred to the ARPES chamber, the sample should stay at tempera
tures where no desorption occurs under UHV and X-ray radiation. As a 
result, one can gain further insight into the relationship between the 
surface/subsurface chemistry and charge transfer processes.

7.2. Probing the evolution of electronic structure of the surface via ARPES

Electrocatalytic conditions can introduce compositional changes and 
structural rearrangement in materials. Any change in the near-surface 
layer can have a profound impact on the charge transfer kinetics and 
electrochemical response. As already mentioned previously, such 
transformations can include alkali-earth cation leaching [43,44] from 
oxides, amorphization [38,50,73], dissolution and precipitation re
actions [36], and others. Cation leaching (deintercalation) results in 
open sites inside the crystal lattice that can either (1) accommodate 
anionic species (e.g., OH− intercalated during OER [45]) or foreign 
cations (Li+, Na+, K+ or H+). It can significantly modify the electronic 
structure of the near-surface region. Ultimately, when the concentration 
of defects in the near-surface becomes high, a structural collapse and 
partial disorder can take place. Although some amorphous materials can 
show dispersive bands [74], ARPES of disordered surfaces normally 
shows no momentum-dependent features.

Quantitative analysis of the surface evolution requires a single- 
crystalline material as a starting (reference) point on the “evolution 
axis”. Obviously, cleaning and preserving the surface after each elec
trochemical experiment presents a major challenge. As our experiments 
show, a dedicated glovebox cannot provide the required atmospheric 
purity. To avoid surface contamination (to which ARPES is exceptionally 

sensitive), an electrochemical setup integrated with a UHV chamber 
should be built. In between electrochemical experiments, the chamber is 
maintained under UHV. For an electrochemical experiment, it is filled 
with ultrapure argon that passes through CO2 and hydrocarbons traps 
(the gas purity can be below ppb, reaching lower ppt levels with 
appropriate purification). Fig. 4 shows the basic components: an exter
nally controlled syringe for the electrolyte delivery/removal (valves are 
closed during evacuation). An additional syringe is used for a reference 
electrode that is connected externally through the fluidic line filled with 
an electrolyte (if the impedance of the fluidic line is high, a Pt shunt can 
be connected to the reference line through a capacitor to remove high- 
frequency artifacts [75]). An externally connected reference was used 
before by Akbashev et al. in electrochemical atomic force microscopy 
and allowed to minimize the number of components immersed into the 
cell. In the case of a UHV chamber, an external reference can be 
disconnected by simply closing the valve during evacuation and then 
connected into the 3-electrode configuration after the chamber is filled 
with an inert ultrapure gas. Pt wire is used as a counter electrode. An 
additional syringe for flushing the sample with ultrapure water will be 
needed as well. The electrolyte container can be made of Teflon since it 
is vacuum-compatible. The sample is connected to the holder on a 
transfer arm and can touch the electrolyte either through immersion or 
by forming a hanging meniscus. After the experiment is finished and the 
electrolyte is removed, the surface is flushed with ultrapure water, and 
the chamber can be pumped down to UHV again. Importantly, electro
lytes should be as free as possible from carbonates and other impurities.

The chamber should be either connected to a UHV suitcase or 
directly to the ARPES beamline. During the ARPES measurements in 
between the electrochemical tests, the sample can be cooled down to 
minimize possible X-ray damage. In consecutive experiments, the 
changes of the Fermi surface, the density of transition metal (TM) and 
oxygen states in the valence band, and the degree of TM-O hybridization 
can be monitored as a function of structural reconstruction. The 
reconstruction itself can be probed, for example, via photoelectron 
diffraction (at soft X-ray ARPES beamlines) or surface X-ray scattering 
(separate experiments). At some ARPES beamlines (such as PEARL at 
Swiss Light Source [76]), it is also possible to perform XPS to probe 
chemical composition and oxidation state of the elements in the 
near-surface region.

The electrochemical response of single-crystalline surfaces can be 
studied via a potential-dependent electrochemical impedance spectros
copy (in addition to the traditional cyclic voltammetry). It allows for the 
derivation of the charge transfer resistances, pseudo- and double-layer 

Fig. 4. Electrochemistry-compatible UHV chamber for preserving the samples from air exposure and surface contamination.
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capacitances at different stages of the surface evolution (when it is slow 
enough compared to the timescale of one impedance spectrum). In situ 
amorphized surface oxide layers often exhibit higher capacitive currents 
that can be associated with the intercalative processes similar to the 
well-known pseudocapacitance observed in hydrous ruthenium oxides 
[77]. With a careful fitting, one can study subsurface ion diffusion by 
including into the circuit analysis the circuit element for the 
finite-length Warburg impedance associated with the ion diffusion in 
solids [77,78].

Studies of precipitates. Electrocatalytic processes are highly sen
sitive to minor variations in the electronic and atomic structure of a 
near-surface layer. Fe (oxy)hydroxide precipitation from sub-ppm trace 
amounts in an electrolyte have been found to induce considerable in
crease of electrocatalytic activity [52,53,79]. How exactly such (nano
scale) precipitates affect the electronic structure of the surface remains 
unknown. Using ARPES, one can probe the changes in the electronic 
structure during precipitation of Fe3+ from the trace impurities in the 
electrolyte.

7.3. Combining ARPES with other techniques

As high-quality ARPES can be done only ex situ, one should consider 
combining it with in situ spectroscopic or diffraction techniques. For 
example, surface X-ray diffraction is the only X-ray scattering technique 
that can be performed in situ under electrochemical conditions and has a 
high sensitivity to the molecular and crystal structure at the interface 
[80–84]. Traditional surface diffraction involves collection of crystal 
truncation rods (CTR) using a grazing-incident X-ray beam with an 
emphasis on the anti-Bragg regions of the CTR. It can provide infor
mation about the electrosorbed cations (the Stern layer [81]), coordi
nation of water molecules [81] around the interfacial cations and an 
insight into the electrical double layer [82]. Moreover, surface diffrac
tion can reveal the adsorption-induced lattice relaxation of the surface in 
different electrolytes [82], which is vital for understanding surface 
restructuring and degradation. This makes in situ surface X-ray 

scattering and ARPES an ideal combination for correlating the electro
chemical adsorption and detailed electronic structure for 
electrocatalysts.

An example of a subsurface-tunable system that can be probed by in 
situ CTR and ex situ ARPES / XPS is shown in Fig. 6. The surface AMO3 
layer covers a range of transition metals (Cr3+, Mn3+, Fe3+, Co3+, Ni3+, 
Ir4+, etc.) that have d-level occupancies changing from low to high. The 
subsurface layer can LaNiO3 or (La,Sr)MnO3 as they provide sufficient 
electronic conductivity. This system should span a range of adsorption 
energies and can be studied with combined surface diffraction and 
ARPES.

Another important technique to probe the surface/subsurface 
structure is photoelectron diffraction and holography. It involves 
diffraction of photoelectrons on the neighboring atoms and provides 
element-specific information about the local atomic structure within a 
thin surface layer. Photoelectron diffraction requires oriented local 
structures but not long-range translational symmetry (unlike for X-ray 
diffraction). Therefore, it can probe partially disordered systems such as 
intercalated materials, dopant sites and adsorbate-covered surfaces 
[85]. The measurements can be performed by detecting photoelectrons 
[86–89] or Auger electrons [90]. Previously, the technique was also 
used for the surfaces of binary oxides [91] and perovskites [92,93]. With 
the probing depth of 1–3 nm, photoelectron diffraction is ideal for the 
analysis of the surface transformations in single-crystalline samples 
[94], especially in the early stage when the surface is only partially 
disordered. Recently developed reconstruction algorithms [95–97] for 
the photoelectron holography enable the accuracy of ~ 0.1 Å in the 
reconstructed atomic positions in the surface and subsurface regions. 
Some ARPES beamlines can be used to collect the photoelectron 
diffraction (for example, PEARL beamline at SLS [76]), making it 
possible to combine these analytical approaches in the same experiment.

Finally, it is important to combine ARPES with in situ X-ray photo
electron and X-ray absorption spectroscopies whenever possible. First, 
‘dip-and-pull’ XPS [98] can give information about the redox state of 
surface transition metals in the potential range where mass transport can 

Fig. 5. Restructuring and degradation of single-crystalline perovskite surfaces during OER. Sophisticated characterization is required to track the gradual evolution 
of electronic and atomic structure of the surface as well as its morphology and electronic conductivity. EIS – electrochemical impedance spectroscopy.
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be neglected (i.e. pseudocapacitive, surface redox and the double layer 
regions). Although the ‘dip-and-pull’ method is commonly used for 
solid/electrolyte interfaces these days, one has to be careful with the 
drawbacks and artifacts that could arise in such experiments [99]. 
Second, grazing-incidence hard X-ray absorption spectroscopy [100] 
(K-edge) can help understand the intercalative phenomena in the 
near-surface region. However, as hard X-ray absorption does not have a 
high scattering cross-section, it may be challenging to probe the 
near-surface layers for certain elements (such as Fe).

8. Conclusion

Bridging the gap between high-quality ARPES measurements and 
electrochemical experiments is exceptionally difficult. Here, we dis
cussed the challenges and possible solutions for oxide electrocatalysts. 
Our experiments show that the combination of a glovebox and vacuum 
suitcase that allows for successful XPS measurements of the surface does 
not imply that dispersion curves and Fermi surface would be distin
guishable in ARPES. Carbonaceous specie cannot be easily removed by 
annealing the sample without disturbing the surface. We anticipate that 
special annealing chambers with high pO2 capabilities (10− 3 to 1 mbar) 
are needed for restoring the oxide surfaces that were exposed to air. We 
also suggest that a UHV chamber compatible with wet electrochemistry 
can become an important step toward enabling ARPES on electro
catalysts. However, care should be taken in purifying solvents and salts, 
as these are the main sources of surface contamination. Unfortunately, 
most conventional electrolytes are based on salts such as KOH or NaClO4 
and contain carbonate impurities that are hard to remove.

Ultimately, we discuss how atomically precise oxide heterostructures 
can be used in ARPES and surface X-ray scattering. Such correlative 
experiments can provide long-sought insights into the detailed elec
tronic properties of the surface relate to the potential-dependent elec
trosorption during electrochemical reactions and electrocatalysis 
(Fig. 5).
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Methods

The thin films were grown on Nb-doped (0.5 wt%) SrTiO3 (100) 
substrates (Shinkosha Co.) using a 248 nm KrF excimer laser (COM
PexPro, Coherent) operated at 1 Hz with the laser fluence of 1.6 mJ/cm2. 
The growth was monitored using reflective high-energy electron 
diffraction (RHEED) to ensure the films grow in a two-dimensional mode 
and the surface has a high crystalline quality. First, a 1-u.c. LaTiO3 layer 

was grown (pO2 = 1.2 × 10− 3 mbar) to reduce the space charge in Nb- 
doped SrTiO3 and ensure a better conductivity through the interface 
[101]. LaNiO3 and LaFeO3 were grown at 625 ◦C at pO2 = 23×10− 3 

mbar. For the LaFeO3 samples, a sublayer of 10 u.c. LaNiO3 was added 
for better conductivity. For electrochemical measurements, electrical 
contacts were sputtered on the back of the Nb-doped SrTiO3 substrates.

Electrochemical experiments were carried out using a rotating disk 
electrode customized for epitaxial films in 0.2 M KOH. The electrolyte 
was purified from traces of Fe by running an anodic current of 1 mA 
through a nickel wire (99.999 %, ThermoFisher Scientific) for at least 24 
h (similarly to the procedure described previously [53]). All measure
ments were performed in a three-electrode setup with a Hg/HgO refer
ence electrode (1M KOH, CH Instruments) and a Pt mesh counter 
electrode (99.9 %, Sigma-Aldrich) using the SP-300 potentiostat 
(Biologic).

ARPES experiments were performed at two beamlines: the PEARL 
beamline (Swiss Light Source) and the 1^2 beamline (BESSY II). Samples 
were cooled down to 90–100 K during the measurements. Prior to each 
ARPES measurement at PEARL, the sample was tested electrochemically 
in a small N2-filled glovebox and transferred to the ARPES chamber 
using a UHV suitcase.
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