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Advancing Energy Materials by In Situ Atomic Scale
Methods
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Despite significant advancements in materials design for renewable
energy devices, the fundamental understanding of the underlying
processes in many materials remains limited, particularly in complex,
inhomogeneous systems and interfaces. In such cases, in situ studies with
high spatial and energy resolution are essential for uncovering new insights
into excitation, dissipation, and conversion processes. Recent progress in in
situ atomic scale methods has greatly enhanced the understanding of energy
materials. Here, key advances are reviewed, including in situ, environmental
and ultra-fast transmission electron microscopy, scanning probe techniques,
single-photon-resolved infrared spectroscopy, velocity-resolved molecular
kinetics, and in situ grazing-incidence X-ray spectroscopy. These techniques
enable the study of energy conversion with spatial resolution from nanometers
down to individual atoms, energy resolution down to meV, and single-quantum
detection. Especially they enable access to processes that involve
multiple degrees of freedom, strong coupling, or spatial inhomogeneities.
They have driven a qualitative leap in the fundamental understanding
of energy conversion processes, opening new avenues for improving
existing materials and designing novel clean and efficient energy materials
in photovoltaics, friction, and surface chemistry and (photo-)electrochemistry.
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1. Introduction

Driven by worldwide ecological and
economic needs to replace fossil en-
ergy sources, tremendous efforts in
science and technology have been un-
dertaken to advance renewable energy
harvesting. Remarkable progress has
already been achieved in various fields,
such as in silicon-based photovoltaics,[1]

electrolysis,[2] catalytic conversion,[3] or
reduction of friction losses,[4] although
virtually all technologies still show per-
formances much below fundamental
theoretical limits. In fact, the need of
fundamental research on energy con-
version processes has been identified
as one of the key research fields in
condensed matter physics quite some
time ago.[5] The overarching goal of such
research is to ultimately understand and
control energy conversion processes in
materials down to the atomic and quan-
tum levels. A substantial part of these
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processes occurs at interfaces including surfaces. Examples
include breaking up or formation of chemical bonds at surfaces
or in Helmholtz layers, charge transfer and separation at inter-
faces, energy dissipation in sliding systems, or quasi-particle
formation at phase boundaries evolving in phase transitions.

Clearly, such locally confined or spatially inhomogeneous pro-
cesses need to be studied by experimental methods that offer
sufficiently high spatial resolution, i.e., typically at the nanome-
ter range down to atomic scales. Furthermore, high energy res-
olution down to meV and single quantum detection capabilities
are required in order to distinguish contributions from different
processes to energy conversion or to achieve chemical selectiv-
ity. Common to all energy conversion processes is their inherent
non-equilibrium nature. Hence, it is mandatory to study struc-
tural and electronic properties during the course of energy con-
version, rather than prior to and subsequent to such process,
in other words, suitable high-resolution methods have to work
operando or in situ rather than post mortem.

This review provides overview on current progress of exper-
imental in situ studies of energy conversion processes that en-
abled the involved processes to be studied at high spatial resolu-
tion. This has required further development of appropriate exper-
imental (and theoretical) tools, often initially related to the study
of a specific material problem, and then providing a basis for their
more general application to studies of a wide class of problems. It
is therefore natural to present the methodological developments
exemplified by some representative examples of the investigation
of new and advanced energy materials, which are often still in the
stage of basic research.

As outlined above, the topic involves a rather broad area of sci-
entific questions in physics, chemistry, and materials sciences,
thus requiring a rather broad scope of this overview. Clearly, such
overview cannot be complete. Our focus is on experimental stud-
ies. Seeking for comprehensive understanding down to atomic
scales and quantum level is guiding the choice of examples suit-
able to demonstrate the achieved progress with the overarching

M. Krüger
Institute for Theoretical Physics
University of Goettingen
Friedrich-Hund-Platz 1, 37077 Goettingen, Germany
K. Rossnagel
Ruprecht Haensel Laboratory
Deutsches Elektronen-Synchrotron DESY
Notkestr. 85, 22607 Hamburg, Germany
K. Rossnagel
Institute of Experimental and Applied Physics
Kiel University
Olshausenstr. 40, 24098 Kiel, Germany
S. S. N. Lalithambika, S. Techert
FS Structural Dynamics in Chemical Systems
Deutsches Elektronen-Synchrotron DESY
Notkestr. 85, 22607 Hamburg, Germany
S. Techert
Institute for X-Ray Physics
University of Goettingen
Friedrich-Hund-Platz 1, 37077 Goettingen, Germany
A. M. Wodtke
Department of Dynamics at Surfaces
Max Planck Institute for Multidisciplinary Sciences
Am Faßberg 11, 37077 Goettingen, Germany

theme of methods for investigating surface and interface pro-
cesses.

Our review is thus organized as follows:
Chapter 2: Interfaces in photovoltaics down to atomic scales.

Interfaces of various kinds – including surfaces – are essential
parts of devices for photovoltaic energy conversion. As the most
familiar example, p-n homojunctions facilitate excess charge car-
rier separation due to their intrinsic electric field at interfaces.
Along this line, there are systems with increasing complexity
such as p-n heterojunctions,[6] halide perovskites,[7] or systems
with carrier-selective contacts.[8] The experimental study of phys-
ical properties such as band discontinuities, space charge layers,
charge recombination and separation as well as charge dynamics
at dopants and their interconnection to structure requires in situ
atomic scale methods. This is especially true for materials con-
stituting strongly correlated electron-phonon systems, where the
interface transfer is associated with a change in the fundamental
character of charge carriers.[9,10]

Recent years have witnessed astonishing progress in (scan-
ning) transmission electron microscopy, (S)TEM, techniques tar-
geting at in situ characterization of such interfaces (or junc-
tions) down to atomic column resolution.[11,12] Techniques sum-
marized in this review include electric field mapping at inter-
faces using momentum resolved STEM (MRSTEM), electron beam
induced current in STEM (STEM-EBIC) capable to map currents of
semiconductor (Si, GaAs) and oxide (manganite, titanites) junc-
tions and hence – in combination with quantitative simulations –
provide information about recombination-active defects and
junction properties under applied external voltage. In addition,
a technique suitable to measure the electron affinity at junc-
tions by evaluating the near-edge structure of the OK core loss
edge in EELS spectra obtained in perovskite metal oxides will be
described.

Recent developments in scanning tunneling microscopy
(STM) and related spectroscopy (STP) provide insight into
the electronic structure of dopants in semiconductors in their
ground state and – in particular – in their excited states as
well as their change close to interfaces with atomic-scale spatial
resolution.[13,14] The successful combination of STM with time-
resolved near-field optical excitation makes it possible to investi-
gate individual donor sites at different distances from the semi-
conductor surface showing a significant variation in the lifetime
of a nanoscopic system.

Chapter 3: Atomic processes in dissipation and friction at
surfaces. Energy conversion is inevitably connected to energy
losses, where energy flows into undesired dissipative channels.
In particular, the identification of energy dissipation pathways
involved in forming or breaking chemical bonds on surfaces,
a central question for steering catalytic activity, requires well-
defined atomic scale and quantum-level studies.[15] Determin-
ing the energy and angle distribution of scattered atoms by
velocity-resolved kinetic methods is one of the most direct ex-
perimental probes of the dynamics of gas phase molecular colli-
sion processes at surfaces.[16] Using laser-based atom tagging,[17]

such measurements have been developed toward a versatile
tool to identify processes of interaction of individual atoms and
molecules with surfaces of metals, semiconductors, and insu-
lators in combination with advanced theoretical calculations.
This offers exciting new insights into the atomic and quantum
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mechanism of energy transfer that results in bond making and
breaking at surfaces.

There has been huge progress in studying and understand-
ing friction of sliding contacts beyond empirical laws of energy
dissipation.[18] However, understanding of atomic scale mecha-
nisms has required studies distinguishing different microscopic
dissipation channels. Atomic scale studies have become possible
by atomic force microscopy (AFM) with well-controlled tips and
environments. They allowed for shedding light onto the role of
electron, phonon, and other structural degrees of freedom at sur-
faces and in sub-surface layers. This includes an understanding
of quantum effects such as electron-phonon coupling including
the effect of polaron formation in surface dissipation in oxide and
multilayer thin films.

Chapter 4: Nanoscale studies of phase transitions in energy
materials. Phase transitions in energy materials can be either in-
duced by temperature changes, external fields, or due to suffi-
ciently strong excitations that can occur in operation.[19,20] The
resulting change in atomic and electronic structure can have a
strong influence on energy conversion processes. While on the
one hand, phase transitions offer new degrees of freedom for con-
trolling excitation and energy conversion, on the other hand, the
emergence of new quasiparticles and/or the formation of new
structural inhomogeneities, such as defects or phase boundaries
demand new in-depth analytical tools down to the atomic level
in order to decipher such complex scenarios and the interplay of
an unknown number of parameters. An important class of exam-
ples are optically driven phase transitions on surfaces that can be
excellently studied in 2D materials[21] such as 1T-TaS2. Further-
more, spatiotemporal inhomogeneity evolves at phase transitions
in transition metal perovskite oxides.[22]

To address all these questions, in situ and operando methods
capable to study phase transformations at high spatial resolu-
tion are required to understand how they steer energy conver-
sion processes. The development of in situ transmission elec-
tron microscopy (TEM) allowed to get insight into structural
changes during phase transitions of nano-scale materials in-
cluding metastable transient states that are not present in the
bulk and require atomistic information.[23] Furthermore, scan-
ning probe methods like scanning nearfield optical Microscopy
(SNOM) enable to study optical and electronic fingerprints of
phase transitions including nanodomain formation with high
spatial resolution,[24] whereas scanning tunneling microscopy
(STM) reveals related surface information. Finally, the capability
of studying spatiotemporal dynamics by using electron scatter-
ing and diffraction in ultrafast setups such as ultrafast low-energy
electron diffraction (ULEED) and ultrafast transmission electron
microscopy (UTEM) has been developed and contributed to the
understanding of the transformation of energy and materials.[25]

Chapter 5: Atomic scale and quantum studies of dynamic in-
terfaces in reactive states. Interfaces are the most relevant sites,
where chemical reactions take place and can be controlled. In par-
ticular, aqueous and gaseous interfaces are extremely important
for catalysis and electro- or photochemical processes.[26] A com-
prehensive understanding of the atomic and quantum dynamics
at interfaces during chemical conversion is required. A promi-
nent example is the atomic and electronic structure of the electric
double layer, where atomic resolution studies are required in ad-
dition to the enormous recent progress in modeling by ab initio

molecular dynamics.[27] This also involves topics of coordination
chemistry and active sites in catalysis.[28]

In order to study such phenomena, in situ techniques that
allow high spatial and energy resolution in controllable reac-
tive conditions are required. Grazing incidence in situ x-ray
spectroscopy techniques have been developed to a level to pro-
vide insights into the change of coordination of reactive sites,
for example at interfaces of complex oxides to water.[29] Com-
plementarily, the development of high-resolution aberration-
corrected TEM under environmental conditions (ETEM) offers
unprecedented real-space information about reactive states of
surfaces.[30] The latter is currently advancing into a quantitative
technique for studying cooperative dynamics on surfaces dur-
ing reactions as the result of aberration-corrected electron op-
tics and sensitive cameras in combination with recent progress
in the control of electrochemical conditions of electron transpar-
ent electrodes.[31,32] In particular, electron holography techniques
have been driven to atomic resolution in ETEM setups thus pro-
viding fresh insights into the atomic and electronic structure of
reactive interfaces, including the structure and dynamics of the
electric double layer.

For the study of catalytic surfaces under ambient conditions,
scanning tunneling microscopy (STM) has been developed as a
versatile tool with atomic resolution. It can be operated in the full
pressure range from ultra-high vacuum (UHV) to 1 bar, where
behavior at high gas pressures is often different than a mere ex-
trapolation of low-pressure studies.[33] Progress includes to over-
come experimental challenges like image stability caused by drift
or additional noise due to pressure variations.[34] The combina-
tion of in situ STM with in situ X-ray spectroscopy has allowed to
uncover the correlation of gas-induced change of surface atomic
structure with carbon dioxide (CO2) activation pathways.[35]

Furthermore, the effect of vibrational excitations and energy
flow on chemical dynamics is hardly understood and needs to be
addressed.[36] This requires methods that can study vibrational
energy on a quantum level. Recent developments of single pho-
ton infrared spectroscopy opened a window for studying quan-
tum effects in chemical energy conversion.[37]

Chapter 6 summarizes the main advances made by atomic and
quantum-level methods and addresses some of the key open chal-
lenges that need to be solved to further advance the understand-
ing of complex energy materials at the atomic level.

2. Photovoltaics Down to Atomic Scales: Space
Charge Layers, Band Discontinuities, Charge
Carrier Recombination and Separation, Dopants

Third-generation photovoltaics aims at ultrahigh efficiency be-
yond the Shockley-Queisser limit[38] serving as the detailed-
balance benchmark for single junction solar cells. A straightfor-
ward approach is the multijunction solar cell technology[39] re-
ducing transmission as well as thermalization losses. In addition,
a plethora of schemes have been proposed[40,41] whose realiza-
tion requires fundamental understanding of the atomic, chemi-
cal, and electronic structure of materials and their interfaces from
the atomic to the nanometer scale.

Figure 1 illustrates important length scales (indicated by Ʌ)
and quantities for the example of a p-n heterojunction: (a) Typi-
cal bulk quantities (Ʌ = ∞) such as conduction band (ECn, ECp)
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Figure 1. Relevant length scales (Ʌ) and quantities of a p-n heterojunction. a) E∞: vacuum level, 𝜒n,p: electron affinities, Φn,p: work functions, EVn,p
and ECn,p: valence and conduction band edges, respectively, dashed lines indicate Fermi levels. b) Gradients of quasi-Fermi levels driving excess carrier
diffusion described by diffusion lengths Ln and Lp. c) Electric potential within the space charge region (SCR) of width wSCR=wn+wp. d) Charge dynamics
of dopant atoms at interfaces and surfaces (for details, see text).

and valence band edges (EVn, EVp) on the energy scale defined
by the vacuum level E∞ and the electron affinities (𝜒n and 𝜒p).
They all require some re-consideration at interfaces in general
and at “real” – not atomically sharp – interfaces in particular.
In Section 2.1, we review the spatially resolved measurement
of band gap energy and electron affinity using electron energy
loss spectroscopy (EELS), allowing a spatial resolution in the
sub-nm range. Figure 1b: Electric fields at junctions are essen-
tial for carrier separation and transport toward external contacts.
Clearly, their length scale is determined by the space charge re-
gion width and hence mainly by the doping levels of the consti-
tuting materials varying from the μm – for low doping – down
to the nanometer range for high doping concentrations. Again,
measuring magnitude and spatial profiles is essential to under-
stand the junction behavior and requires high spatial resolution.
In Section 2.2, electron holography (EH) and momentum re-
solved scanning TEM (MRSTEM) techniques are discussed that
allow a spatial resolution from 100′s down to the sub-nm range.
Figure 1c: An essential process for photovoltaic energy conver-
sion is excess carrier diffusion from the neutral absorber mate-
rial to the selective contacts whose length scale spans from sev-
eral hundred microns in high-efficiency Si solar cells down to the
nanometer range in complex materials.[42,43] This requires high-
resolution techniques reaching spatial resolution beyond 1 μm
typical for standard optical techniques.[44] In Section 2.3, we dis-
cuss the measurement of junction currents and related bulk dif-
fusion lengths using scanning electron beam-induced current
(STEM-EBIC) now having been developed to Angstrom spatial
resolution in transmission electron microscopes.

Figure 1d sketches the environment of a single dopant atom
in a semiconductor indicating relevant length scales such as the
atomic distance (dNN≈0.1 nm) and the extension of donor wave-
functions estimated by their Bohr radius (aB≈1–10 nm). In par-
ticular, in complex and numerous new materials, mechanisms
determining these non-equilibrium properties and the local im-
pact of the interface atomic structure interfaces or of other de-
fects are not well understood. Thus, in situ methods that are
able to correlate diffusion length, electric fields, or donor activ-
ity to the atomic structure of the devices are highly desirable.
We consider the analysis of electronic structure and dynamics
of dopants by STM and related spectroscopy (STP) on the atomic
scale in S2.4.

2.1. Study of Band Discontinuities at Heterojunctions Using
High Resolution Electron Energy Loss Spectroscopy (EELS)

Understanding of properties of heterojunctions often requires
atomic scale information.[45] For this purpose, atomic scale infor-
mation on bandgap energies and band discontinuities, encoded
in the electron affinity, is required. In principle, the low energy
part of EEL spectra, subsequently referred to as valence EELS
(VEELS), contains information about the energy of the band gap
as the lowest available empty states. Typical loss spectra in the
VEELS regime, however, contain contributions from phonon and
plasmon excitations[46] and from Cherenkov radiation,[47] which
is especially prominent in semiconductors with their rather large
permittivity and hence large refractive index. Nevertheless, in
combination with simulations of VEEL spectra, spatial band gap
energy variations in the range of 0.1 eV can be distinguished
and mapped on a sub-nanometer scale.[48] Simultaneous acqui-
sition of core-loss EELS and VEELS by using a dual-EELS system
or by simultaneous EDX mapping allows to correlate the exact
composition of the material in every location with the electronic
structure. We also note that the problems with plasmon and
Cherenkov artefacts may at least partly be solved by the emerg-
ing technique of momentum resolved EELS[49] and simulation of
EEL spectra.

Core-loss EELS under suitable conditions can be used to mea-
sure local variations in electron affinity across materials and
interfaces.[50] The EELS intensity, in dipole approximation, is pro-
portional to the overlap of the initial and final state wavefunc-
tions times the density of states (DOS).[51] To measure the local
variation in electron affinity, an electronic transition from a core
level to the lowest unoccupied states is chosen, and the energy
of the corresponding EELS peak is measured as a function of po-
sition. Since the core level is practically unaffected by bonding,
its energy remains unchanged with respect to the vacuum level,
while the energy of the unoccupied states changes with the lo-
cal bonding conditions. Hence, the changes of the energy of the
EELS peak at different positions are the inverse of the change of
the electron affinity. However, as EELS always measures the en-
ergy difference between a core state and a final state in the pres-
ence of a core hole, this simple interpretation is only possible if
these many-particle effects are either negligible or corrected.[51]

Nevertheless, the method has successfully been applied in
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Figure 2. Band offsets determined by EELS of the O K-edge. a) shows EEL spectra of the O K-edge with labels to the characteristic peaks for three
different materials. b) and c) show the energy shift of peak A across an STNO/3D-PCMO and an STNO/RP-PCMO junction. Reproduced under terms
of the CC-BY license,[45] © 2023, The Author, published by eDiss-SUB Göttingen.

literature, as, e.g., Saucke et al. have measured the change of the
local electron affinity across a heterojunction of niobium-doped
strontium titanate (STNO) and praseodymium calcium mangan-
ite (PCMO) at different temperatures.[50] Such manganites rep-
resent hot polaron absorbers and are studied in order to develop
a fundamental understanding of hot carrier stabilization mech-
anisms in strongly correlated electron systems.[42,52] Saucke and
co-workers[50] found a difference in the materials’ electron affini-
ties of 𝜒 = 0.65(4) eV to 0.57(5) eV at temperatures of T = 300 and
80K, respectively, resulting in a conduction band offset. We used
this method to quantify the changes in electron affinity across an
STNO/PCMO and an STNO/RP-PCMO junction. As shown in
Figure 2a), the onset of the O K-edge (peak A), corresponding to
the lowest unoccupied states, shifts depending on the material.
Tracking this onset, we found a difference in electron affinities
across the junction of 𝜒 = 0.8(5) eV for both heterojunctions. Fur-
thermore, Figure 2b,c reveals that the electron affinities change
over a transition region of roughly 10 nm at the interface due to
intermixing.[45] Measuring the local electron affinity with EELS
requires (i) negligible by core hole effects and (ii) the existence
of a reference state as a common chemical species on both sides
of the interface (such as oxygen in our case). The former might
be addressed by advanced EELS simulations, while the latter re-
stricts the number of accessible systems unless suitable external
reference states can be identified.

2.2. Study of Space Charge Layers at Heterojunctions by
Momentum Resolved Scanning Transmission Electron
Microscopy (MRSTEM)

Local potentials at semiconductor junctions are often described
in terms of idealized models partially ignoring the true atomic
structure of the interfaces affected by, e.g., chemical intermix-
ing, misfit strain, or strain-induced point defects, to name a few.
Hence, the development of high-resolution techniques able to
spatially map the electric field (or: potential) is of utmost im-
portance. There are two complementary methods to assess local
potentials at junctions. The first method is electron holography,
which measures the average electric potential projected along the

electron beam. Numerous examples of electron holography stud-
ies of semiconductor junctions from almost 40 years of research
(e.g.,[53–59]) have shown that the technique can successfully be
applied to study junctions of various kinds. The second method
is momentum resolved STEM (MRSTEM), which measures the
gradients of the projected electrostatic potential. These measure-
ments can either be conducted using a pixelated detector or a
segmented detector, where the latter method is called differential
phase contrast (DPC).[60,61] Here, we want to restrict the discus-
sion to MRSTEM since it can be combined with other analytic
techniques (compare S2.2) more easily.

The principle of this method is to scan a focused electron probe
across the sample and measure the beam deflection at each scan
position. This deflection is proportional to the lateral momentum
transferred from sample to electron beam.[62] For sufficiently thin
samples, i.e., when the phase object approximation applies, this
is proportional to the gradient of the projected electrostatic po-
tential of the sample at the position of the electron probe.[62,63]

In general, all electric potential gradients inside a sample con-
tribute to the acquired MRSTEM signal. Therefore, it is pos-
sible to map projected potential gradients of individual atomic
columns with this method.[64,65] With regard to photovoltaic ap-
plications built-in potentials and band discontinuities at junc-
tions are of higher relevance. The gradients of these potentials,
however, are orders of magnitude smaller than those of atomic
potentials. In order to still be able to measure nanometer sized
potential gradients, one can take advantage of a probe size much
larger than the lateral extension of atomic potentials, e.g. ≈1 nm.
Nevertheless, the large atomic potentials affect the MRSTEM sig-
nal via multiple scattering. In order to mitigate this issue, it is
helpful to tilt the sample away from zone axis conditions[66] and
to precess the incident electron beam.[67,68] For heterojunctions,
the situation is further complicated by an abrupt change of the
mean inner potential (MIP) at the interface and changes of the
atomic structure across heterointerfaces.

Nonetheless, there are several examples where MRSTEM
has been employed successfully to measure potential gradients
across interfaces. Beyer et al. showed that doping concentration,
polarity, and depletion regions can be measured quantitatively
for GaAs p-n junctions,[69] da Silva et al. used in situ biasing of
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Figure 3. MRSTEM measurements at junctions. The images a) and b) depict the charge density at a Si p-n junction for different biases. Reproduced
with permission,[66] © 2022, published by American Chemical Society. The images c) to e) show the electric field and potential across a GaAs/AlAs
heterojunction, reproduced under terms of the CC-BY license,[70] © 2023 The Authors. Small Methods published by Wiley-VCH.

symmetrically doped Si p-n junctions in combination with
MRSTEM to measure the doping gradient at a junction,[66]

Figure 3a,b), and Chejarla et al. demonstrated quantitative
measurements of nanometer-sized potential gradients across
a GaAs/AlAs heterointerface with MRSTEM,[70] Figure 3c–e).
Combining in situ biasing MRSTEM measurements with accu-
rate MIP values would enable to separate built-in potentials from
MIPs and to measure the exact band bending for heterojunctions.

2.3. Excess Charge Carrier Separation and Recombination
Studied by Scanning Transmission Electron-beam-Induced
Current (STEM-EBIC)

To characterize the response of charge-separating devices to local
excitations of electrons and holes, electron be am induced current

(EBIC) measurements can be performed by scanning a focused
electron probe across the device and collecting the resulting
short-circuit current. This approach has been used in the scan-
ning electron microscopy community for several decades[71–74]

and – leveraged by the development of modern biasing TEM
holders and reliable sample preparation methods – has been
transferred to the TEM recently.[75–78] Importantly, the current
signal caused by the electron beam interaction can include sev-
eral components such as the current due to separation of excess
electrons and holes in a charge-separating device or due to re-
filling of holes caused by secondary electron emission. The lat-
ter is also referred to as STEM-SEEBIC and can for example
be utilized to study the local conductivity,[79] the morphology of
nanoparticles,[80] or the secondary electron yield on the atomic
scale.[12,81] However, since this section focuses on the characteri-
zation of solar cells, the emphasis is put on the former case which

Adv. Energy Mater. 2025, 15, 2404280 2404280 (6 of 29) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Examples of STEM-EBIC at p-n heterojunctions. Top row: STEM-EBIC map (left) and simultaneously recorded STEM darkfield image (right)
of a misfit dislocation in STNO taken at the p-n heterojunction between STNO and PCMO. Adapted under the terms of the CC-BY license.[77]© 2019,
The Authors, published by IOP Publishing. The STEM-EBIC map shows a strongly reduced signal due to excess carrier recombination at the dislocation
core. Bottom row: STEM-EBIC profiles at different bias voltages obtained for an STNO/PCMO a) and an STNO/RP-PCMO junction b). The extension
of the profile reflects the space charge region width (see dashed lines in a)), their amplitude the charge collection efficiency of the junction, which is
strongly reduced at zero bias. Reproduced under terms of the CC-BY license,[45] © 2023, The Author, published by eDiss-SUB Göttingen.

is referred to as STEM-EBIC and typically yields current signals
around two orders of magnitude higher than STEM-SEEBIC.

The primary goal of STEM-EBIC is to enable a high spatial
resolution allowing the investigation of materials with diffusion
and screening lengths, space charge layer extensions as well as
the impact of extended defects on excess carrier recombination
on the nanometer range, which is severely limited due to the ex-
tended interaction volume of the electron beam with the spec-
imen resulting from to multiple scattering in SEM-EBIC.[43] In
fact, due to the high kinetic energy of the primary electrons and
the low sample thickness in the TEM, the resulting beam spread
is in many cases negligible and for example, enhanced recombi-
nation in the vicinity of misfit dislocations can be observed with
nanometer resolution.[77] Figure 4 (top row) shows the example
of a misfit dislocation in Nb-doped SrTiO3 (STNO) close to the
interface to a (p-doped) Pr0.67Ca0.33MnO3 (PCMO) layer.

A major challenge is the thin foil extraction during TEM sam-
ple preparation since (i) electrical connections need to be es-
tablished while undesired short circuits need to be avoided.[82]

Furthermore, (ii) it results in poorly defined and typically highly
damaged surfaces causing strong recombination of excess charge
carriers and potentially additional space charge layers absent in
the bulk. A major achievement in the field of STEM-EBIC was
the introduction of a model accounting for both bulk and sur-
face recombination in terms of an effective diffusion length and
thus disentangling the two effects enabling the quantification of
nanometer bulk diffusion lengths.[83] We note here, that on the
basis of this model, STEBIC maps can be simulated quantita-
tively by two-dimensional finite-element calculations.[84] So far,
this model is limited to neutral materials, however, if an exten-
sion of the model including electric field effects is found, STEM-
EBIC could serve as a method to extract minority carrier diffusion
lengths and electric field strengths simultaneously in the future.

2.4. Controlling Telegraph Noise in a Few-donors System by
Laser Illumination

The influence of interfaces, surfaces, and defects at the atomic
level is becoming increasingly important in the miniaturization

of solid-state systems. Semiconductor devices are prototypically
systems that have been thoroughly investigated in the past. Be-
sides technological challenges in the ongoing miniaturization
process of cutting-edge semiconductor devices, the understand-
ing and controlling of charge dynamics on the atomic scale re-
quires new experimental approaches.

Dopant atoms are essential for the operation of semiconductor
devices because of the free charge carriers they add to the mate-
rial. With the downscaling of these structures, properties of in-
dividual dopant atoms start to play a role in their functionality.
The influence of a single dopant atom on its surrounding en-
vironment can be studied with scanning tunneling microscopy
(STM).

Scanning tunneling microscopy and spectroscopy have given
access to the structure and properties of individual and few-
atom doping systems.[13,14,85,86] Moreover, combining STM/STS
with optical excitation (Figure 5, top panel a) has opened a new
path to the dynamical properties of such systems. Many techni-
cal challenges for pulsed excitation within an STM setup have
been solved in the last decade.[87–89] We use pulsed optical excita-
tion in combination with scanning tunneling microscopy at the
n-doped GaAs (110) surface to investigate single donor dynamics
within a nanoscale, localized space charge region (Figure 5 top
panel b). The tip of a scanning tunneling microscope is on the
one hand used to prepare a nanoscale space charge region in-
cluding the injection of electrons and at the same time allows to
analyze the resulting time evolution of the excited system. More
specifically, our approach gives access to the dynamics of the tran-
sition between the charged and the neutral state of single and few
dopant atom systems, as a protype Si in GaAs was chosen. In a
first approach, we studied the charging processes of individual
doping atoms including the interaction of those atoms with their
surroundings.[90,91] In addition, tuning the tunneling rate can
drive the system into nonequilibrium conditions. This allows us
to distinguish between the decay of optically induced free charge
carriers and the decay of donor charge states. The latter process
is atomically resolved and discussed with respect to donor-level
binding energies and local donor configurations.[91] It gives ac-
cess to the decay of optically induced free charge carriers and the
decay of donor charge states. While optical spectroscopy from the

Adv. Energy Mater. 2025, 15, 2404280 2404280 (7 of 29) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Top panel: a) Combining STM with optical excitation allows to investigate the dynamics of few-donor systems. b) Applying a voltage between the
STM-tip and the GaAs (110) surface, the charge state of donors can be tuned. The tunnel current as well as optical excitation can modify the charge state.
c) Atomically resolved (Topography) decay maps of the excited system show a strong spatial variation. The right colomn shows three individual decay
curves, the color corresponds to the position marked within the topography. (Reproduced with permission from,[91] ©2017, published by ‘The American
Association for the Advancement of Science’). Bottom panel: Data comparing the fluctuation between dark conditions and illuminated conditions. A)
Topography of GaAs under dark conditions. c,d) Time series of the tunneling current recorded for fixed tip-sample distance at the positions indicated by
the colored dots in a). b) Spatial map of the relative telegraph step height; e) topography of GaAs under illumination. g,h) Time series of the tunneling
current recorded for fixed tip-sample distance at the positions indicated by the colored dots in e. f Spatial map of the relative telegraph step height.

1980s has characterized the relaxation of Si donors with single
time constant, locally resolved spectroscopy has shown that the
relaxation time depends strongly on the distance of the donor to
the surface and shows a spread up to a factor of 5 (Figure 5 top
panel c).[91]

While such nanosecond dynamics is expected for an atomic
scale system, STM has also shown blinking on much longer time
scales.[85] It has been shown that laser excitation of GaAs can be
used to control the noise characteristic of the tunneling current
on GaAs(110).[14] Well-known mechanisms causing noise are the
discrete charging and discharging of donors resulting in discrete
jumps in the tunnel current, the same process discussed above.
We investigate the influence of light-induced charge carriers on

telegraphic fluctuations[92] of the tunnel current caused by erratic
switching of the charging state of donors.

For fixed tip-sample distance, the resulting charge fluctuations
cause a random switching of the tunneling current between two
well-defined levels, observable as a telegraph signal (Figure 5 bot-
tom panel c,d,g,h). Comparison of tunnel current time series
recorded at different lateral tip positions gives access to spatial
variations of the signal with atomic-scale precision. Optically ex-
citation of the system with an energy larger than the bandgap
induces minority charge carriers into the space charge region.
The concentration of free charge carriers accumulating below the
tip is controlled by the tunnel current. This allows to investigate
the effect of a low-density hole gas on the non-equilibrium donor

Adv. Energy Mater. 2025, 15, 2404280 2404280 (8 of 29) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Energy dissipation at surfaces. When an atom or molecule approaches a surface, it can exchange its energy with the different degrees of
freedom of the solid. The efficiency of these atomic-scale processes determines whether the molecule scatters back or is adsorbed to the surface. It also
determines how much of the kinetic energy at a sliding contact is lost as friction, by exciting degrees of freedom in the solid.

charging events. The optical excitation is found to reduce the tele-
graphic step height as well as to increase in the switching rate. We
interpret this change of the noise in the few-donors system as a
lowering of the energy barrier between the metastable states in
the non-equilibrium configuration.

The telegraph noise is attributed to one-electron charging pro-
cesses. The light-induced charges are mobile, homogenizing the
surface potential landscape. The charges reduce the potential
variation at the tunneling junction, thereby decreasing the tele-
graphic step height. In presence of the hole gas the tunneling
probability into the donor state is increased leading to reduced
lifetimes of both charge states.

3. Atomic-Scale Mechanisms for Dissipation at
Surfaces

To control surface processes like catalysis, electrochemistry, and
photoactivated reactions, which are of fundamental importance,
we must understand the mechanisms and dynamics of energy
dissipation and how surface and sub-surface properties influ-
ence these processes (see Error! Reference source not found.).
Dissipation at surfaces determines the rates and efficiencies of
the energy conversion processes occurring there. For example,
the formation of chemical bonds of a molecule on a surface re-
quires the dissipation of its kinetic energy.[93] Even the motion
of physisorbed molecules on a surface, such as occurs when two
contacting surfaces slide by each other, leads to irreversible en-
ergy loss. Nonetheless, our understanding of surface dissipation
is quite limited and requires clarification of atomic-scale and
quantum mechanisms. Advances in experimental highly sensi-
tive surface methods based on sliding tips and inelastic scatter-
ing of atoms or molecules combined with simulation methods
are opening access to these mechanisms of dissipation, but their
connection to macroscopic parameters and empirical laws is still
wide open.[94–96] For example, we do not yet know what atomic

scale processes determine the friction coefficient or which de-
grees of freedom determine damping or internal friction.[94]

In this chapter, we present two methods that provide deep
insights into atomic-scale mechanisms of energy dissipation.
First, we describe AFM-based methods that reveal the role of
sub-surface properties in the dissipation of mechanical and ki-
netic energy deposited at the surface. Second, we examine the
dynamics of bond formation and breaking at surfaces by in-
elastic H-atom scattering using Rydberg atom tagging to gain a
deeper understanding of how energy transfer mechanisms be-
tween molecules in the gas phase and surfaces are affected by
surface properties. Ultimately, these methods aim to identify the
contributions of electrons, phonons, spins, and their interactions
to energy dissipation (Figure 6).

3.1. Control of Friction Through Material Properties

Friction describes the loss of kinetic and mechanical energy that
occurs when two surfaces approach or slide by each other.[94,97]

The friction or dissipated energy is known to depend sensi-
tively on exact surface chemistry and morphology, but a num-
ber of recent AFM-based studies have also revealed that the sub-
surface material properties play a decisive role.[98–103] Specifically,
it has been found that the measured nanoscale friction seems
to correlate with electronic degrees of freedom, although the
friction changes are much larger than predicted by theoretical
considerations. In addition, one recent study reveals significant
contributions to nanoscale friction from the phonon degrees of
freedom.[103] The importance of material properties in determin-
ing friction not only raises fascinating insights into the routes for
energy dissipation, it also offers a potentially practical approach
to controlling friction. While surface chemistry and morphology
are difficult to control during use, the material properties can be
controlled by material selection and even actively controlled by

Adv. Energy Mater. 2025, 15, 2404280 2404280 (9 of 29) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. Reversible control of friction at a manganite surface. AFM-based lateral force microscopy is used to measure the friction during phase transfor-
mations in manganite films. a) Lateral force friction loops for a La0.55Ca0.45MnO3 film in the initial insulating state (IS = black), after resistively switching
to the conducting state (LRS = blue), and after resistively switching back to the insulating state (HRS = red). Resistive switching was achieved by ap-
plying an electrical potential between the Pt-coated Si AFM tip and the film surface. The friction is proportional to the area between the forward (solid
line) and backward (dashed line) lateral force traces and is larger in the insulating state than in the conducting state. (Reproduced with permission,[104]

2020, ©American Physical Society) b) Reversible changes in the friction coefficient are shown during heating and cooling between the low-temperature
ferromagnetic state and the high-temperature paramagnetic polaronic conductor state of a La0.7Sr0.3MnO3 film. Friction in the low-temperature phase
is controlled by thermolubricity (the dashed line fit shows the expected Arrhenius dependence), while the high-temperature phase exhibits a factor five
increase in friction due to dissipation by polarons.[105] (Adapted from,[105] 2021, John Wiley-VCH).

transformations induced by external fields such as temperature
or electric potential.

At the macroscopic level, friction between two sliding bodies is
well described by phenomenological equations that consider dis-
sipation in the true contact area due to plastic events that generate
heat, defects, and structural changes. However, little was known
about the underlying mechanisms for these plastic events un-
til the development of atomic force microscopy (AFM) methods
in the 1980s. This opened up the possibility to measure dissipa-
tion between an AFM tip and a surface in a controlled way at
the nanometer scale and to correlate the losses with local prop-
erties. The most common method to quantify friction involves
measuring the force needed to slide an AFM tip along a surface
(lateral force microscopy); much smaller contributions from dis-
sipative losses between surfaces in near contact can also be ac-
cessed using so-called dynamic AFM methods. The information
about local friction can then be directly compared to AFM-based
measurements of local properties, such as conductivity, charge
states, work functions, elastic and plastic behavior. Thus AFM-
based studies now provide quantitative information about energy
losses in nanometer size contact interfaces, which can be corre-
lated with local atomic and quantum properties.

Our AFM-based friction studies have focused on manganite
films as a model material system because (i) their properties
can be sensitively controlled through stoichiometry and struc-
ture, and (ii) manganites exhibit strong coupling between de-
grees of freedom, in particular between electrons and phonons,
leading to subtle effects and diverse tactics for control. Two ex-
amples of the dependence of friction on manganite film prop-
erties are shown in Figure 7. In the first example, we find that
friction can be reversibly switched between high and low values
by resistively switching the film between high and low resistive
states.[104] We argue that the friction is limited by phonon relax-
ation times, which are strongly coupled to the electronic degrees
of freedom through distortions of the MnO6 octahedra. The high
resistive state is believed to be a polaronic conducting state in-

volving strong coupling between phonons and electrons. The low
resistive state is metallic and the friction is lower because the me-
chanical distortions introduced by the sliding tip do not couple so
strongly to the electronic degrees of freedom. In the second ex-
ample, friction is observed to increase steeply as a film is heated
through the transformation temperature from a low-resistance
ferromagnetic state to a high-resistance paramagnetic state.[105]

The excess friction is also attributed here to the presence of po-
larons, which are presumably stimulated by the stick-slip exci-
tations generated at the sliding contact. These two examples re-
veal the importance of coupled atomic-quantum excitations in
dissipation and illustrate the possibility to tune friction through
atomic and quantum materials properties. Materials with vari-
able electron-phonon or spin-phonon couplings are promising
candidates for controlling friction.

A more recent study of friction at the surface of superlattice
manganite films shows even more clearly that friction depends
on sub-surface material properties. AFM measurements confirm
that nanoscale friction at a surface can be controlled by vary-
ing how deep a layer of different material is buried below the
surface,[106] as has been predicted by models based on viscous
losses.[107] This opens the possibility to locally tailor friction at a
surface without changing the surface materials, by varying the
surface layer thicknesses and optimizing the materials below.

3.2. Understanding the Dynamics of Bond Formation and
Breaking at Surfaces by Using Rydberg Atom Tagging

When an atom or molecule hits a surface, the ability to efficiently
transfer its kinetic energy to the surface determines whether it
will be adsorbed or scattered. Inelastic scattering experiments al-
low to study the energy transfer between an atom or molecule
and a surface, revealing the important pathways for energy dissi-
pation that facilitate adsorption. In most inelastic surface scatter-
ing experiments molecules are used. Early experiments focused
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Figure 8. Energy loss of H atoms scattered from various surfaces. a) Insulator surface: solid Xe, incidence energy Ein = 2.76 eV, incidence angle ϑin =
45°, scattering angle ϑs = 45°, and surface temperature Tsur = 45 K.[113] b) Metal surface: Au(111), Ein = 2.76 eV, ϑin = 45°, ϑs = 45°, Tsur = 300 K.[114]

c) Semiconductor surface: Ge(111)c(2 × 8) for three different incidence energies, ϑin = 45°, ϑs = 45°, Tsur = 300 K.[115] (d+e): Graphene on Pt(111):
d) Angular resolved kinetic energy distribution for an incident angle of 44° (solid black line marks specular angel, dotted line marks incidence energy of
1.92 eV). e) Scattering angle integrated energy loss distributions for an incidence energy of 1.92 eV and various incidence angles.[116]

on the rotational excitations of the scattered molecules.[108] Later,
the coupling of the molecular vibrations to surface excitations be-
came of central interest.[93] Today, experiments have improved
to the point that all degrees of freedom can be controlled and
determined simultaneously.[95] Using rare-gas atoms, informa-
tion about surface phonons[109] and adsorption mechanisms can
be obtained.[110] However, they tell us little about surface chem-
istry. The H-atom, being a radical, can form a short-lived tran-
sient bond with the surface during the scattering process. This
transient bond formation can open very efficient energy transfer
pathways into the phonon and electronic modes of the surface.[96]

Over the last decade, we have developed a new instrument
to study the inelastic scattering of individual H-atoms from sur-
faces. The instrument combines the techniques of photolysis of
hydrogen halide molecules to form a mono-energetic H-atom
beam and Rydberg-Atom-Tagging for the detection of the scat-
tered H-atoms[17,111] with an ultra-high vacuum surface scatter-
ing apparatus. A detailed description of the H-atom scattering
apparatus can be found in Ref. [96,112] In short, a nearly mono-
energetic hydrogen atom beam is generated by the photolysis
of hydrogen halide molecules. Variation of the photolysis laser
wavelength allows the generation of H-atom beams with kinetic
energies in the range of a few 100 meV up to 7 eV. The beam
is pointed onto the sample surface and the angular and kinetic
energy distribution of the scattered H atoms is analyzed us-
ing Rydberg atom tagging.[111] Thereby, the H atoms are excited

to a high Rydberg state and fly a known distance before they
are field-ionized and detected. Rydberg tagging provides a high-
resolution, highly sensitive, and nearly background-free probe
that was essential for the experiments. The detector is rotatable,
enabling time-of-flight distribution measurements at a variety of
scattering angles.

This new instrument allows high-resolution studies of the en-
ergy loss of hydrogen atoms scattered from surfaces. The ob-
tained angular and energy distributions give detailed information
about the energy dissipation pathways. They provide a bench-
mark for the construction of potential energy surfaces and for
simulations of the underlying dynamics.

Figure 8 shows the results for 4 different materials: an insula-
tor, a metal, a semiconductor, and the 2D material graphene. In
case of the very simple insulator of solid Xe, the energy trans-
fer is limited to phonons excitation and since the mass mis-
match between H and Xe is large, the energy transfer is marginal
(Figure 8a).[113] For a metal surface like Au(111), way more en-
ergy is transferred in the scattering event (Figure 8b). The under-
lying reason is an efficient transfer of the kinetic energy of the
impinging H-atoms to electronic excitations of the surface that
is not possible in an insulator.[114] For a semiconducting surface
like Ge(111)c(2 × 8) the energy transfer is limited to phonons
for incidence energies below the surface band gap (top panel
Figure 8c). For incidence energies above the surface band gap,
excitation of electrons over the surface band gap is observed with
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 16146840, 2025, 11, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202404280 by C
hristian-A

lbrechts-U
niversitat, W

iley O
nline L

ibrary on [28/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

high probability.[115] A site-specific process involving a transient
bond formation with a particular type of surface atom is proposed
as the underlying mechanism.[117] Figure 8d–e shows results for
H atom scattering from graphene grown on Pt(111). C─H bond
formation on graphene is an activated process and has a barrier.
Impinging H atoms can either be scattered from the barrier or
pass the barrier to form a C─H bond. The newly formed bond
is either stabilized by rapid energy dissipation into the graphene
or it breaks again and the H atom is ejected back into vacuum.
This leads to a bimodal energy loss distribution, as apparent in
the angular resolved energy distribution shown in Figure 8d. The
probability for the H atom to cross the barrier scales with nor-
mal energy, as shown in Figure 8e. The experiments in combi-
nation with molecular dynamics simulations revealed a very effi-
cient energy dissipation pathway into the in-plane phonon modes
of the graphene sheet that is facilitated by the transient bond
formation.[116]

4. Nanoscale Studies of Phase Transitions to Tune
Energy Materials

Phase transitions can happen within a small range of a con-
trol parameter and can lead to tremendous changes of mate-
rial properties that govern excitations and conversion.[118] Their
appearance and impact on energy materials need to be con-
sidered. In addition, they provide alternative strategies to func-
tionalize energy materials.[42] Prominent examples are phase
change materials[119] or the metal-to-insulator transition,[120] ei-
ther steered by temperature, external parameters like electric or
magnetic fields or even induced by optical excitations that are in-
volved in the energy conversion process.[121] The underlying ba-
sic principles of phase transitions are often well understood on
a macroscopic scale and can be described within a variety of dif-
ferent frameworks.[122] Local effects at surfaces and interfaces,
however, remain elusive despite their relevance for energy mate-
rials and their potential to be a source of functionality themselves.
Simple bulk thermodynamic principles based on the nature of or-
der parameters allow to classify the transition with respect to the
degree of order but need to be extended to spatially inhomoge-
neous phenomena involving nm length scales, where local in situ
diffraction methods based on small electron probes in transmis-
sion electron microscopy (TEM) as well as ultrafast TEM (UTEM)
are providing valuable insight into the spatial characteristics or
spatio-temporal evolution of order parameter. Bulk phases can
be modified at surfaces and interfaces, for example, due to lattice
strain,[123] point defects,[124] or other types of chemical inhomo-
geneities. 2D materials and atomic layers on surfaces allow for
phase tuning by various optical, geometrical, and chemical pro-
cesses, including a modification of thermal phase transitions[125]

that, e.g., can have a huge impact on dissipative processes.[126]

Furthermore, an intense laser pulse in a UTEM can provoke
light-induced phase transformations, which can subsequently
be observed using an electron pulse, realizing a pump-probe
scheme.[127] Here, spatio-temporal dynamics of energy materials
can be visualized on a fs-ns time and nm length scale. As both
the stimuli to steer the phase transition as well as the involved
timescales strongly differ in TEM and UTEM experiments, they
are described in two separate sections, i.e., Section 4.1 and 4.4. In
addition to local electron probes, the progress of surface-sensitive

Figure 9. a) Local alteration of bulk phase transitions at interfaces and sur-
faces. b) Study of local optical excitations at a domain structure by scan-
ning near-field optical microscopy and scanning tunneling microscopy.
Spatio-temporal studies of optical-induced phase transition from the 𝛾- to
the 𝛾 ‘-phase with inhomogeneous relaxation and c) movement of domain
boundaries.

techniques such as low-energy electron diffraction and scanning
tunneling microscopy (STM) allow access to ordering phenom-
ena, domain patterns as well as related local electron states. In
particular, in low- or 2D systems pronounced collective effects
are observed,[21] such as charge density wave formation induced
by a Peierls instability, metal-insulator transitions, non-Fermi
liquid behavior, or soliton excitations.[128] Here, scanning probe
methods like scanning near field optical microscopy (SNOM) and
(STM) allow to correlate local electronic and structural degrees of
freedom.

Figure 9 schematically shows some of the main application
fields of these space- and time-resolved techniques. Specific ex-
amples, demonstrating the huge progress in imaging of local
phase evolution and its impact on excitations and conversion are
shown in the following subsections.

4.1. Phase Transitions in Perovskite Oxides Studied by In Situ
TEM

In situ transmission electron microscopy has been developed to a
level, where studies of phase transformations induced by varying
the temperature, mechanical force fields, and external electric or

Adv. Energy Mater. 2025, 15, 2404280 2404280 (12 of 29) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2025, 11, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202404280 by C
hristian-A

lbrechts-U
niversitat, W

iley O
nline L

ibrary on [28/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 10. a) Orthorhombic to tetragonal structural phase transition in a Pr0.9Ca0.1MnO3 thin film revealed by in situ heating and environmental 4D-
STEM. Adapted with permission from,[137] ©2021, Wiley-VCH. b) Orthorhombic to less orthorhombic structural phase transition (upper plot) as well
as charge and orbital order transition (lower plot) in a Pr0.55Ca1.45MnO4 thin film observed by in situ cooling and SAED (reproduced under the terms of
CC BY 4.0, ©2024, The Authors, published by AIP Publishing LLC).

magnetic fields on a nm scale have become possible.[11,129] Main
challenge is to find contrast mechanisms suitable to observe the
corresponding order parameters. Furthermore, observed phase
transformations can be altered due to sample preparation, since
TEM specimens need to be electron-transparent and thus are typ-
ically of a thickness of a few hundred nanometers.

Recent developments of in situ TEM methods using different
sample stimuli have been reviewed by Han et al.[11] demonstrat-
ing electrical biasing, heating, cooling, magnetizing, light illumi-
nation, and mechanical testing. Furthermore, the chemical envi-
ronment can be controlled to some extent by employing closed-
cell gas or liquid holders[130,131] or an open-cell environmental
TEM (ETEM).[30]

At the same time, the set of observables – and thus possi-
ble order parameters for phase transitions – that can be mea-
sured with high precision in the TEM has been constantly ex-
panded and includes for example electric potentials or fields,[62]

polarizations,[132] magnetizations,[133] or strain fields.[134] Partic-
ularly the development of four-dimensional scanning TEM (4D-
STEM) in conjunction with modern electron detectors enables
a flexible trade-off between spatial resolution and sensitivity for
most of the mentioned observables depending on the needs
of the experiment.[135] Furthermore, electron energy loss spec-
troscopy (EELS) can be used to measure for example chemical
compositions, valence states, or band gaps.[136]

Two specific examples of phase transitions related to energy
conversion are presented in Figure 10a. The orthorhombic to
tetragonal structural phase transition in a Pr0.9Ca0.1MnO3 thin

film was proven by Meyer et al.[137] utilizing in situ heating in con-
junction with 4D-STEM to locally extract the lattice constants in
a nanodomain structure. An additional control of the oxygen par-
tial pressure in an ETEM was needed to avoid irreversible oxygen
loss occurring under ultra-high vacuum conditions. Figure 10b.
Both an orthorhombic to less orthorhombic structural as well as
a charge and orbital order phase transition in a Pr0.55Ca1.45MnO4
thin film was found by Flathmann et al.[138] combining in situ
cooling and selected area electron diffraction (SAED). In addi-
tion to the proof of occurrence of the structural phase transitions
in the presence of epitaxial strain and related defects, changes
in critical temperatures and local order parameter fluctuations
in the vicinity of defects were demonstrated. In conjunction with
the TEM studies, photovoltaic measurements were conducted on
the same thin films and it was shown that the onset of the pho-
tovoltaic effect correlates with the orbital order phase transition
in Pr0.9Ca0.1MnO3

[139] and the charge and orbital ordered phase
in Pr0.55Ca1.45MnO4.[42] Separating phase transitions in the oc-
tahedral tilt system from orbital and charge ordering led to the
conclusion that hot polaron stabilization required for the photo-
voltaic effect is caused by the electronic order.[139]

4.2. Local Studies of Phase Transitions in van-der-Waals Materials
by Using Scanning Near Field Optical Microscopy (SNOM)

Materials that show a change of optical properties in phase tran-
sitions are not only promising for control of light-harvesting
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Figure 11. a) Schematic SNOM setup with an interferometer and an oscillating mirror. Sample can be placed in a cryostat to measure temperature-
dependent optical response. b) Typical amplitude SNOM image of a TaS2 flake normalized to gold at 12K at a wavelength of 10,675 μm. c) Contrast
of TaS2 to SiOx at different temperatures. Jump in contrast at ≈180K corresponds to the phase transition between C-NC. Outlier at 220K is due to bad
image quality. d) Real-space imaging of NC-C phase transition upon cooling. Reprinted figure with permission from,[146] Copyright 2018 by the American
Physical Society.

but also for future energy-efficient device applications.[140,141]

Particularly interesting are novel 2D materials that exhibit sta-
ble states and/or fast transition times such as the prototypi-
cal charge density wave material TaS2.[21] Here, properties such
thermoelectric[142] and optical response[143] drastically change
at the phase transition between different charge density wave
(CDW) states. Remarkably, electron (n-type) conductivity in the
nearly commensurate (NC) phase turns into hole (p-type) con-
ductivity in the commensurate (C) state.[144] An understanding
of such materials requires local optical probes, as, e.g., scanning
near field optical microscopy (SNOM). It allows to laterally re-
solve with a few tens of nanometer lateral resolution the optical
properties of materials.[145]

A typical SNOM setup is schematically shown in Figure 11a.
A (usually monochromatic) laser source is focused on an oscillat-
ing AFM tip, which resides close to the surface. The tip creates
a near-field below the tip apex which is strongly correlated to the
oscillation frequency of the tip. Detecting the backscattered light
at higher harmonics of the tip frequency allows to reduce the ef-
fect of the far-field contribution as this is not influenced by the tip
oscillation. The backscattered light is collected with the use of an
interferometer and an oscillating mirror in the delay line. Thus,
the phase and amplitude of the signal can be decoupled.[145] As
the intensity and phase of the backscattered light depend on the

material properties, its optical conductivity can be resolved with
nanoscale resolution and far below the diffraction limit, which
is the limiting factor in most laser measurement techniques.
SNOM is, therefore, a suitable technique to resolve changes in
the current phase state, to track the spatio-temporal variation of
states upon changes of external fields, and to measure the result-
ing local variation of excitations in the visible and IR range.[146]

Figure 11b,c shows the local optical response of the transition
metal dichalcogenide 1T-TaS2 as a van-der-Waals material with
controllable conductivity. It shows phase transitions between dif-
ferent charge density wave ordering, such as commensurate to
non-commensurate, which are not fully understood.[147] A typ-
ical SNOM amplitude image of a contacted TaS2 is shown in
Figure 11b.

Since phase transitions occur at temperatures below 300K, a
special type of SNOM is required for the investigations that al-
low imaging down to cryogenic temperatures. Figure 11c shows
the temperature dependence of the optical amplitude contrast
between TaS2 and SiOx. The phase transition between the insu-
lating commensurate (C)-Phase (<180K) and the more conduc-
tive nearly-commensurate (NC) state (>180K) results in a sud-
den jump in optical contrast from ≈1.6 to ≈2.4. at ≈180 K and
can be also monitored by electrical transport measurement.[147]

As shown by Frenzel et al.[146] this phase transition can also be
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Figure 12. A sketch of a scanning tunneling microscope tip in combination with pulsed optical excitation and an illustration the star-like groups of Ta-
atoms forming the √13×√13 R13.9°-reconstruction are shown in a) and b), respectively. The resulting CDW can be resolved by STM constant-current
topographies c–e). A formerly homogeneously reconstructed surface before c) and after intense laser excitation d,e). The rotational degree of freedom
resulted in a chiral domain boundary, which is indicated by the white lines and illustrated in the inset. e) Zoom-out of the same area as in c showing a
variety of phases and defects.

followed in real space so that domain growth as a function of
temperature can be monitored with nanoscale spatial resolution
(Figure 11d).

In contrast to the observation of a domain-like growth of the
NC-CDW phase out of the C-phase upon heating reported by
Frenzel et al.[146] we see a homogeneous phase change which
is attributed to different defect densities of the samples. Com-
bining electrical switching[148,149] with SNOM imaging or using
additional laser sources for switching[150] can unlock additional
metastable states in TaS2 and other materials. This will allow
progress in the understanding of formation and the expansion
of specific CDW-phases under different tuning parameters. Im-
ages of respective phases on a smaller length scale require meth-
ods operating at higher resolution as elaborated below.

4.3. Photo-Assisted Scanning Tunneling Microscopy

Defects and atomic-scale phenomena, such as strain, vacan-
cies, or phase boundaries play a significant role in altering
the material’s electronic structure, thereby influencing phase
transitions.[151,152] The atomic resolution of STM allows these lo-
cal changes to be directly visualized, enabling a deeper under-
standing of these processes and their influence on the macro-
scopic properties of materials. Scanning tunneling microscopy
(STM) combined with laser excitation has proven to be a power-
ful experimental method to study non-equilibrium properties of
materials at atomic resolution.[91,153,154]

We demonstrate its potential by studies of electronic phase
transition in TaS2,[155,156] where optical excitations can change
the electronic and structural properties.[157–159] The crystals are
grown up to millimeter sizes and can be exfoliated in UHV, mak-
ing it an ideal case study for STM-based studies. By combining
STM with laser excitation (Figure 12a)), we can trigger phase
transitions in TaS2 at localized regions, enabling the study its dy-
namics at the atomic level. Unfortunately, this capability comes
with many challenges, which have been addressed over the last
decade.[91,160] To improve the stability and lateral resolution of
the excitation, optical antennas, and active beam line stabiliza-
tion by image recognition were developed, in order to reach sub-
Ångstrøm resolution.[89] This can provide valuable information
on the effect of local defects on phase transitions.

The commensurate charge density wave (CDW) of 1T-TaS2
at low temperatures (<180 K) is formed by 12 Tantalum atoms
being slightly displaced toward a central Ta atom, forming a
star-like configuration (Figure 12b)[157,159] The resulting

√
13 ×√

13R13.9◦-reconstruction shows long range order but can be
broken up into many small domains by defects, electronic or opti-
cal pumping.[152,158,161] Figure 12c–e shows STM topographies of
a formerly homogeneously reconstructed area (c), which broke
up into several domains, after a single intense laser pulse (d and
e). As indicated by the lines in d, the rotational degree of freedom
resulted in domains with different relative orientations (R+13.9°
and R-13.9°), giving rise to chirality, which cannot be observed
under equlibrium conditions. By zooming out, one can see that

Adv. Energy Mater. 2025, 15, 2404280 2404280 (15 of 29) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2025, 11, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202404280 by C
hristian-A

lbrechts-U
niversitat, W

iley O
nline L

ibrary on [28/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

the laser also has induced a whole zoo of other domain bound-
aries and defects calling for further investigation. (s. Figure 12e)
Apart from their orientation, the domains can differ in their elec-
tronic properties, which can also be accessed in an STM by uti-
lizing Scanning Tunneling Spectroscopy (STS). Combining STM
with laser excitation provides a powerful approach to study these
different domains and investigate their properties one by one
with a high level of detail. The technique’s ability to provide in-
sight into the roles of local defects and atomic-scale phenomena
should open up new avenues for scientific investigation.[89,158,162]

4.4. Ultrafast Transmission Electron Microscopy (UTEM)

Energy conversion naturally entails non-equilibrium processes
that rely on the coupling of different microscopic degrees of free-
dom. The strengths and hierarchies of the interactions among
electronic, lattice, and spin degrees motivate ultrafast spatio-
temporal measurements to access the dynamical evolution of ex-
citations and the nanoscale flow of energy in phase transitions.

Ultrafast Transmission Electron Microscopy (UTEM) is an
emerging technique that combines the versatile imaging, diffrac-
tion, and spectroscopy capabilities of electron microscopes with
the ultimate temporal resolution provided by laser spectroscopy.
In this approach, transient states of matter and dynamical pro-
cesses on the femtosecond timescale can be observed in a laser-
pump, electron-probe scheme: In a prototypical UTEM experi-
ment, electronic excitation by a short laser pulse induces a struc-
tural response that is probed by electron pulses at a variable delay.
Highest spatial and temporal resolution is achieved for reversible
processes that can be probed stroboscopically, using only about
one electron per pulse. In contrast, irreversible changes require
single-shot imaging with a large number of electrons in a single
pulse, an approach termed Dynamical TEM (DTEM) for differen-
tiation, which severely affects spatiotemporal resolutions.

In the development of ultrafast electron microscopy, ground-
breaking research at the Technical University Berlin,[163]

Caltech,[164] and Lawrence Livermore National Labs[165] showed
the potential of pump-probe imaging in both stroboscopic[166]

and single-shot operation.[167] These works employed planar
photocathodes, which limits both spatial coherence and tempo-
ral resolution. In order the enhance the quality of the pulsed
electron beam, to increase achievable temporal resolution, and
to leverage the abilities of modern TEMs on ultrafast timescales,
laser-triggered field emitters were introduced in the Göttingen
UTEM.[168,169] Enabled by continuing developments, in recent
years, time-resolved electron microscopy has been experienc-
ing rapid growth in performance and breadth of applications,
spanning ultrafast magnetization dynamics,[170–172] strain-
wave excitation and propagation,[173–175] and structural phase
transformations[127,176] with reviews found in Refs. [177–181]

To illustrate the capabilities of UTEM in addressing highly
relevant questions in energy conversion and tunable materi-
als, we discuss the probing of a light-induced structural phase
transition[127] in the prototypical charge-density wave (CDW) ma-
terial 1T-TaS2. Owing to its strong electron-phonon and electron-
electron interactions as well as reduced dimensionality, the phase
diagram of this material features a sequence of CDW phases cou-
pled to a periodic lattice distortion.[182] Transitions among these

phases were the subject of ultrafast diffraction experiments in the
past.[183–189]

Figure 13 displays the experimental scheme and observa-
tion of the transformation between the semi-metallic, nearly-
commensurate (NC) and the metallic incommensurate (IC)
CDW phase of 1T-TaS2, with combined 5-nm spatial and fem-
tosecond temporal resolutions.[127] In this experiment, sensitivity
to local changes of the CDW-coupled periodic lattice distortion is
obtained by a tailor-made dark-field mask (Figure 13b). The mask
transmits only electrons that have undergone scattering by the
NC-CDW periodicity, which are evident as satellite peaks in the
diffraction pattern (Figure 13c,d). With the DF mask inserted, the
produced real-space dark-field image is a direct representation
of the structural order parameter, i.e., the amplitude of the lat-
tice distortion (Figure 13e) which can be imaged as a function of
time. In particular, the global quench of the NC CDW amplitude
0.75 ps after laser excitation is observed across the field-of-view
(Figure 13e). Within the first few picoseconds, a spatially inho-
mogeneous recovery of the NC PLD amplitude is observed which
reflects the approximately four-fold symmetric excitation profile
on the sample (Figure 13f). At a delay of 130 ps, a clear phase
separation is evident, followed by a continuous shrinkage of the
phase-switched areas on the nanosecond timescale. Interestingly,
the ultrafast response of the material to femtosecond excitation is
in stark contrast to inducing the phase transition via continuous-
wave laser excitation, where a single domain originating in the
center of the thin-film, growing with increasing excitation den-
sity, is found.[127]

The above observations, corroborated by Ginzburg-Landau
simulations, evidence rapid hot-electron transport into the sam-
ple, illustrate the timescale of phase boundary formation and
elucidate non-equilibrium structural relaxation. The underlying
contrast enhancement is readily transferrable to other geome-
tries and materials, providing a pathway to in situ and ultrafast
imaging of the correlation between non-equilibrium responses
and phase transformations, heterogeneity, and microstructure.

5. Atomic Scale and Quantum Studies of Dynamic
Interfaces in Reactive States

Interfaces are the most relevant sites, where chemical reactions
happen and can be controlled. In particular, aqueous interfaces
play an important role for catalysis and electro- or photochemi-
cal processes. Despite of many decades of research, the atomic
and electronic structure and dynamics of such interfaces in reac-
tive states are only insufficiently captured.[190] This is even true
for equilibrium states, such as electric double layers.[191] During
catalysis, the possible development of spatio-temporal patterns
at surfaces is known since the 1990′s.[192] However, the neces-
sary further development into atomic-scale studies of (dynamic)
active site(s),[193] i.e., atoms, defects, or collective entities where
reactions happen,[28] has become feasible only recently. This be-
came possible, via advancing in situ environmental transmission
electron microscopy (ETEM) to image dynamic active sites un-
der reactive conditions in real space as well as grazing incidence
in situ and time-resolved X-ray spectroscopy methods, such as
resonant inelastic X-ray scattering (RIXS) to study occupied and
unoccupied electron states of reactive surfaces.
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Figure 13. a) Selective contrast enhancement in an ultrafast transmission electron microscope by an analog Fourier filter placed in the back-focal plane
of the objective lens. b) Dark-field aperture array. c,d) Aligning the aperture array to the electron diffractogram of the NC CDW/PLD phase of 1T-TaS2
filters electrons diffracted by the PLD. e,f) The tailored DF imaging allows to follow the structural transformation from the NC (bright contrast) into
the IC phase (dark) as induced by a spatially structured excitation. The IC domain nucleation and growth and dynamics at interphase boundaries are
resolved with combined 5-nm spatial and sub-500-fs temporal resolution. From reference,[127] reprinted with permission from AAAS, copyright 2021.

An atomic-scale understanding of electrochemical double lay-
ers requires the understanding of the atomic-scale electric field
drop at the interface, including the rich variety of dynamical
structures of dipole water layers at surfaces that can occur due to
the subtle balance of competing water−surface and water−water
interactions with similar strength.[194] Since the structure of wa-
ter affects the chemical coordination and bonding of adsorbates,
transport of ions, local electric fields and can even influence the
defect formation and dynamic structure of the solid interface,
experimental access is highly desirable. However, the study of
solid–liquid and other buried interfaces at atomic scale is noto-
riously difficult with many of the traditional surface- characteri-
zation techniques.[195] Progress of in situ electron off-axis elec-
tron holography with Ångstrøm spatial resolution at interface
to absorbed water now gives unique insights into that topic ex-
ploiting the effect of atomic electric potentials on the electron
wave.[196] This is all the more necessary because theoretical mod-
eling is very challenging[27] and is thus often limited to idealiza-
tions. Feedback from atomic scale experimental studies is thus
required.

Furthermore, a fundamental issue in understanding reactiv-
ity at interfaces is the impact of quantum dynamics. Although
all chemical processes implicitly depend on the quantum nature
of matter, detecting explicit quantum effects in chemical energy
conversion is a major challenge.[197] In many cases, chemical re-
actions are described in terms of classical motion of atoms on an
energy potential surface, which is determined by the electronic
structure of the system. Such a decoupling from the structural
dynamics is called Born-Oppenheimer approximation. However,

its validity and limits are currently one of the most challenging
topics in surface chemistry.[198] For example, quantum effects are
visible in the coherent structural dynamics of atoms or molecules
coupled to infrared optical excitations, now accessible via infrared
spectroscopy that achieves single photon detection efficiency. The
impact of quantum dynamics in chemical reactivity is presently
in many cases beyond current knowledge.[199] Figure 14 gives an
overview of some of the fundamental atomic-scale processes that
are involved in chemical reactivity at interfaces and which are dis-
cussed in this chapter.

5.1. Transporting and Concentrating Vibrational Energy to
Promote Isomerization

Infrared spectroscopy is one of the most powerful tools in molec-
ular science, as spectral lines provide fingerprints for specific
molecules – even specific bonds in molecules – that can be in-
credibly useful for analyzing molecular dynamics of chemical re-
actions. Infrared emission spectroscopy has been revolutionized
by the development of superconducting photon detectors, which
have been recently reviewed.[200] In Göttingen, we have devel-
oped an infrared emission spectrometer employing a scanning
liquid nitrogen-cooled monochromator and a single photon su-
perconducting nanowire detector (SNSPD)[37] that has enabled
many new experiments to be carried out with the aim to un-
derstand low-temperature quantum dynamics of chemical reac-
tions. Some highlights from this effort include: i) the discovery
of vibrational relaxation of molecules at surfaces that does not
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Figure 14. Schematic representation of fundamental atomic scale and
quantum processes at buried and aqueous interfaces that can be involved
in chemical reactivity. Top row: Vacancy-adatom pair formation VA-AS,
thermally activated adatom hopping with barrier EA, modified by steps
and partial solvation, ion exchange processes with energy Eex; solvated
adatom with modified coordination. Bottom row: Adsorption and desorp-
tion (Ad+De) of molecules (e.g. water), depending on surface termination;
formation of ordered mono or bilayers of water (Ordering) with different
hydrogen down or up configurations as part of the electric double layer. Vi-
brational energy transfer at interfaces depends on surface isomerization
(Iso) and affects infrared photochemistry.

depend on the interatomic forces, but rather on electromagnetic
interactions;[201] ii) the discovery of up-side-down molecules at a
surface[202] and iii) the observation of condensed phase resonance
enhanced heavy atom tunneling.[203]

Figure 15 shows a recent realization of an artificial energy har-
vesting system operating with vibrational energy that was made
possible by the advances in emission spectroscopy provided by
the SNSPD.[204] It shows that directional control of vibrational
energy transport at interfaces provides new possibilities for driv-
ing surface reactions as well as for harvesting photons in the
mid-infrared range by vibration-to-vibration (V-V) energy trans-
fer, which behaves in many ways like Förster resonance energy
transfer (FRET).[205–207] Such a process allows extending light har-
vesting further to the mid-infrared, where suitable low-energy
electronic transitions are unavailable.

5.2. Accessing the Inner Helmholtz Layer at Electrode Surfaces
by In Situ Electron Holography

The theoretical concept of an electrochemical double layer that
forms between a solid surface and adsorbed molecules as a result
of electron transfer in equilibrium was introduced by Helmholtz
in 1879.[208] The model was later extended by Gouy[209] and
Chapman[210] as well as by Stern[211] by considering an inner layer
of adsorbed ions and the outer space charge layer built by a gra-
dient of diffusing ions. However, even after 100 years, it remains
an unparalleled challenge to access the structure of the electric
double layer.[191] Simple geometrical models of two layers as sug-
gested by the pioneers cannot provide quantitative agreement

with electrochemical spectroscopy. Despite the insight into lat-
erally ordered water layers on metal surfaces provided by scan-
ning tunneling experiments at low temperatures[212] and room-
temperature transversal order on chalcogenides and oxides ob-
tained by 3D AFM,[213] there is a gap in the clarification of the
atomic and electric field dynamic structure of the electric double
layer at room temperature. Modern insights are mainly based on
molecular dynamics and density functional theory.[214] Spectro-
scopic experiments can only indirectly access the orientation of
water dipoles by interpretation of chemical information obtained
by ab initio molecular dynamics.[215,216] Confirmation of the or-
dered dipole layer at room temperature in real space at the atomic
level was still pending.

Recently, off-axis electron holography was developed to a level
that allows the reconstruction of the phase of the object wave with
1Å spatial resolution and a high sensitivity of phase measure-
ment of 2𝜋/452.[196] Based on phase-shifting electron holography
as proposed by Ru et al.,[217] this method allows the application of
electron holography in transmission electron microscopes dedi-
cated to in situ studies and hence typically equipped with a single
biprism. The achieved spatial resolution is sufficient to enable
the reconstruction of the object wave over the complete spatial
frequency domain up to atomic resolution and thus study pro-
jected atomic potentials as well as space charge layers. A key step
was considering the effect of biprism- and sample drift in the
recorded hologram series and developing an appropriate correc-
tion scheme.

Figure 16 summarizes the key steps toward real-space imag-
ing of the electric double layer at the Pt (111) interface to H2O.
Figure 16a–c shows the theoretical results on the structure of an
ideal flat interface and a perfect surface based on molecular dy-
namics (Figure 16a) and the resulting phase of the electron wave
(Figure 16b,c) as obtained from image simulations. Figure 16d,e
reveals the measured electron phase shifts at the cross-section of
a Pt (111) interface in high vacuum by means of phase-shifting
electron holography. Naturally, the H2O dipoles are absent in
such an experiment. Performing the same experiments in situ
in H2O at different electric potentials establishes the presence
of two monolayers of ordered H2O molecules that change their
orientation upon biasing.[218] Since the electron phase shift at
atomic resolution is a measure of the projected electric potentials,
this experiment gives access to the time-averaged spatial struc-
ture of the oscillating electric dipole field on atomic scales and its
change under electric polarization.

Even though, MRSTEM and PS-EH are complementary tech-
niques in that they follow different electron-optical arrange-
ments and measure different quantities, i.e., the gradient of
the projected electrostatic potential in the case of MRSTEM
and the projected electrostatic potential in the case of PS-EH,
their range of applications is very similar. A detailed compari-
son of the concepts of MRSTEM and standard EH is given in
Ref. [63]. From a practical point of view, the much lower dose
rate of PS-EH compared to the focused probe used in MRSTEM
can be beneficial, in particular for beam-sensitive materials and
to avoid contamination. We note, however, that the accumu-
lated dose of PS-EH series typically exceeds that of MRSTEM
and that current development of detectors[219] promises further
progress.

Adv. Energy Mater. 2025, 15, 2404280 2404280 (18 of 29) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2025, 11, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202404280 by C
hristian-A

lbrechts-U
niversitat, W

iley O
nline L

ibrary on [28/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

Figure 15. Infrared Light harvesting: a monolayer of 13C18O (38) lies buried beneath ≈ 100 molecular layers of 12C16O (26). a) Direct excitation of
molecules at the interface. b) Light-harvesting concept: an infrared laser excites the overlayer and the resulting vibrational quanta are transported to
the monolayer at the interface. The vibrational energy appearing at the interface induces an isomerization reaction c) producing an up-side-down CO
molecule at the interface. d) Shows the infrared emission spectra obtained when the monolayer is excited directly. Emission lines from the up-side down
CO are shown with the red comb. e) Shows the emission spectrum obtained when exciting the overlayer. Mainly emission comes from the overlayer
(green comb) but extra lines appear (not labeled) some of which arise from the up-side-down CO molecule at the interface. The molecule is flipped
upside down about 30x more efficiently using the harvesting approach compared to direct excitation.[204]

Figure 16. Study of the electric double layer at Pt (111) surface by using in situ electron holography. a) Structural model of the perfect idealized interface
as revealed by molecular dynamics and b,c) calculated electron phase shift for a thin Pt lamella in [110] zone axis, revealing two layers of ordered H2O
dipoles which can be detected as an electron phase oscillation. d) Experimental electron phase of a thin Pt lamella with same orientation and thickness
in high vacuum (HV), where the H2O layer is absent. e) Profile of the electron phase showing oscillations due to the mapping of the projected atomic
potentials of the Pt columns, which decreases toward the surface due to a thickness gradient.[218]
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5.3. High-Resolution Imaging of Atomic Surface Processes at
Perovskite Oxide Electrodes in Water Using Environmental TEM

Electrochemical activity and stability of electrodes can be strongly
affected by interfacial electrolyte interactions that are accompa-
nied by dramatic changes of structure and dynamics of interfaces.
Here, the distinction between reversible dynamics that emerge
in a stationary state and irreversible processes that change the
activity is essential. Such insights are promoted by the progress
of in-operando studies that can address different types of dynam-
ical changes, including (i) the rather slow formation of the active
state of the electrode surface during potential cycling;[220–222] (ii) a
rather fast reversible interface dynamics due electrolyte-induced
changes of thermally activated mobility of surface atoms[223] or
adatoms.[224] For example, it is suggested that non-equilibrium
dynamics of catalyst atoms are involved in OER mechanism.[225]

Finally, (iii) we mention surface dynamics of irreversible de-
fect reactions, as, e.g., oxygen vacancy formation[226,227] or
the dissolution of metallic species[228] that lead to grad-
ual degradation even for highest performance systems such
as RuO2.[229]

In situ, environmental transmission electron microscopy
(ETEM) in combination with aberration- correction and im-
age simulation has developed to a level, where it can pro-
vide atomic resolution real-space information about the struc-
ture of interfaces under reactive conditions. This involves the
study of equilibrium surface reconstruction in various ambient
conditions,[230–232] including strategies for controlling the impact
of electron beams.[233,234] Control of the applied electric poten-
tial at TEM samples enables in situ studies of electrode surfaces
in ETEM under anodic polarization, approaching OER-relevant
potentials.[235]

Figure 17 shows interface dynamics of three catalytically ac-
tive complex oxides under catalytic conditions, i.e., during the
oxygen evolution reaction (OER) and the water shift reaction.
The active site at the TiO2 (001) surface consists of the dynamic
twin protrusions at the Ti ridges (blue arrows in Figure 17c)
on the (1 × 4) reconstructed (001) surface. This site can ab-
sorb water as well as OH dissociatively, which are possible in-
termediate steps in oxygen evolution as well as water gas shift
reactions.[236] The active site of the La0.6Sr0.4MnO3 (001) surface
consists of dynamic Mn adatoms on a stable A-site terminated
surface (Figure 17d–f).[237] It shows thermally activated surface
hopping with a hopping rate that is >20x faster than in high vac-
uum or oxygen environments. This is explained in terms of par-
tial solvation of Mn in H2O and leads to a modified coordina-
tion chemistry in the OER. Similar results are found at the in-
terface of a cobaltite perovskite to H2O, where the enhanced Co-
mobility appears in conjugation with the formation of a surface
hydroxide.[238]

In contrast to the mobile adatoms at the surface of mangan-
ite perovskite oxides, a remarkable ≈1 nm thick dynamic surface
layer develops at layered partially disordered Ca-birnessite in wa-
ter. Figure 17g shows the dynamic layer in 100 Pa H2O which
is absent in 100 Pa O2 (Figure 17h).[239] The level of dynamics
is stationary over at least several minutes and no degradation
of the surface is visible. Such a dynamic thick subsurface layer
could represent a mechanism that allows cation exchange ob-
served during OER in phosphate buffers[240] and is interpreted as

a key mechanism for electrode stabilization and electron-coupled
proton transport.

5.4. Studying Site Sensitive Electronic Surface States During
Water Adsorption and Splitting by In Situ and Time-Resolved
Grazing Incidence Soft X-Ray Spectroscopy

The oxygen evolution reaction is a four-step electron and pro-
ton transfer reaction that forms molecular oxygen O2 and 4 pro-
tons out of two H2O molecules. Due to the complexity of the
reaction, neither the catalytic mechanism nor the involved ac-
tive sites, adsorbates, and charge transfer steps are fully under-
stood, in particular for highly active and stable perovskite oxides.
X-ray spectroscopy enables the tracking and characterization of
element-sensitive and OER-specific newly formed adsorbates,
charge transfer species, and intermediates as well as changes
in the oxidation state of the active sites as they are dynamically
formed on such catalytic perovskite’s surfaces. Furthermore, the
method allows to monitor effects due to defect formation.[29,241]

In homogeneous catalysis research, the combination of liquid-jet
technology with ultrafast high-resolution, multidimensional soft
X-ray spectroscopy at synchrotrons as well as free-electron lasers
allowed to watch the electron redistribution and their couplings
to the solvent during catalysis in real-time.[242–245] For example,
when studying the ethanol-solvent-supported photo-dissociation
of the Fe(CO)5 catalysts, the formation of ultrafast charge-transfer
intermediates between the catalysts and ethanol facilitated disso-
ciation reactions and guided the reaction to particular product
states.[242]

Combining the liquid-jet technology with surface-sensitive soft
X-ray spectroscopy methods by using grazing X-ray incidence
geometry with angles below 1°, extended the application of X-
ray methods toward studying heterogeneous catalysis. The graz-
ing incidence geometry limits the soft X-ray penetration to a few
nanometers, allowing for enhanced surface sensitivity. Both elec-
tron acceptor (unoccupied) and electron donor (occupied) states
at the surface can be investigated under in situ conditions by us-
ing X-ray absorption spectroscopy (XAS) or X-ray emission / Res-
onant inelastic X-ray scattering (XES/RIXS), respectively.[29]

Figure 18 shows the RIXS experimental method for investi-
gating the surface-near electronic structure of a single crystalline
epitaxial (001) oriented La0.6Sr0.4MnO3 (x = 0.33) electrode un-
der OER conditions. The experimental scheme was adapted to
different synchrotron and FEL light sources.[246–248] Figure 18b,c
presents the recorded RIXS spectra at the Mn L-edge and O
K-edge for 642.8 and 528.9 eV excitation energies, respectively.
The 0 eV loss energy corresponds to the elastic recombination.
Figure 18b identifies mixed or intermediate Mn3+/Mn4+ valence
states of water-covered LSMO thin films.[29] Figure 18c shows
the surface change of O-K edge upon water coverage in compar-
ison to the dry surface and to the bulk. The low energy emission
feature highlighted in the inset is partially quenched in inten-
sity (Figure 18c inset) at the surface and fully quenched in H2O.
These features are related to the Mn-O-Mn eg states which are
strongly influenced by changes of the Mn coordination and Jahn-
Teller distortion at the interface, in agreement with the structural
observations of emergence of mobile Mn adatoms presented
in Figure 17d–f. Another notable difference is the intensity
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Figure 17. Reversible and stable surface dynamics of different complex oxides in H2O vapor. a–c) Dynamic structural evolution of the (1 × 4) recon-
structed (001) surface of TiO2 in the water–gas shift reaction in CO / H2O (1:1) vapor with pressure of 500 Pa at 700 °C. a) Sequential ETEM images,
Scale bar, 2 nm. b) Enlarged ETEM images showing the dynamic structural evolution of the Ti row Scale bar, 0.5 nm. c) Intensity profiles along the lines
crossed the Ti rows of b (reprinted with permission,[236] © 2020 AAAS). d–f) Dynamic Mn adatom hopping on an A-site terminated La0.6Sr0.4MnO3
(001) surface in 0.5 Pa H2O. d) Sequential ETEM images with appearance and disappearance of Mn atom contrast at layer surface positions. e) Image
simulation reveals detection of triple or higher Mn occupancy of B-columns. f) Comparison to experimental contrast for 3, 4, and 5 Mn atoms in a
column.[237] g,h) Time averaged HRTEM images of a K0.2Ca0.21MnO2.21·birnessite interface to H2O and O2, respectively. The dynamic layer appears as
a blurred image contrast of thickness of ≈ 1 nm (H2O) and ≈0.1 nm (O2), both at pressures of 100 Pa.[239]
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Figure 18. In situ resonant inelastic x-ray spectroscopy (RIXS) to study
surface coordination at a perovskite manganese oxide La0.6Sr0.4MnO3
(LSMO) electrode in H2O under OER conditions. a) Sketch of the graz-
ing incidence experimental scheme for surface-sensitive RIXS. The water-
adsorbed layer on the perovskite surface was implemented by coupling
the liquid jet nozzle to the sample holder. The sample holder is connected
to a potentiostat to provide the required bias voltage for OER. Grazing
incidence angles of <1° can be achieved for maximum surface probing.
b) Mn L-edge RIXS of a water-covered LSMAO thin film electrode. The
transition includes the d–d) transition and charge transfer transitions.[29]

c) O K-edge RIXS of LSMO thin films for bulk (incidence angle 45°, red),
surface sensitive dry (incidence angle 1° blue), and surface sensitive in
water (incidence angle 1° green).

reduction of the two main O 1s peaks compared to the bulk, in-
dicating a reduced O concentration at the surface.

6. Conclusions and open Challenges

In previous chapters, it becomes apparent that the progress
in situ atomic scale methods has significantly progressed our

knowledge of new and advanced energy materials, where a lo-
cal understanding of complex, inhomogeneous systems or inter-
faces down to the atomic scale and quantum level is required.
This applies to all types and steps of energy conversion, includ-
ing excitations, dissipation, conversion, and energy storage. Al-
though there has been huge progress in spatial and energy res-
olution of in situ methods, achieving atomic or quantum reso-
lution is often at the limit of what can be achieved and often re-
quires specialized and highly sophisticated equipment but also
a lot of experience in applying such techniques to extract fine
details.

Electromagnetic Excitations can be now studied down to sin-
gle atoms or molecules, using techniques such as photo-STM, IR,
and optical spectroscopy with single photon detection as well as
EELS. For example, this enabled to develop an understanding of
optical excitations of individual donor atoms in semiconductors
and how they change their excitations in the vicinity of surfaces
or space charge layers. Vibrational excitations can be steered to
molecules at surfaces helping to understand their role in chem-
ical reactivity and open pathways for IR vibrational energy har-
vesting. A huge step toward the atomic scale study of the effect
of chemical structure and electric field on atomic and electric po-
tential structure of interfaces and electrodes using electron holog-
raphy and 4D-STEM approaches. This allows for example to de-
velop a true understanding of the dynamical structure of the elec-
tric double layer and thus to allow proceeding toward an atomic
scale understanding of electrochemical energy conversion.

The study of energy dissipation has been advanced down to
the scales of individual molecules and atoms, using atomic force
microscopy or inelastic surface scattering of atoms. In particu-
lar, this is an important step for the understanding of bond for-
mation and breaking in surface chemistry as well as for the role
of surface and subsurface atoms and excitations in sliding fric-
tion. In solar cells, the recombination of electrons and holes at
single defects can be now studied on a nm scale using STEM-
EBIC with the potential of further improvement toward the study
of recombination losses at atomic scale defects such as single
impurity atoms/traps. This would be particularly important for
strongly correlated materials with very low screening lengths.
Atomic scale energy dissipation is also involved in phase transi-
tions. In this review, we focused on 2D materials, where nm-scale
spatial inhomogeneities in the evolution of the order parameter
are observed using nano-diffraction of electron probes, ultrafast
TEM as well as SNOM. This progress can have a huge impact on
understanding local energy conversion, e.g. in catalysis, for ex-
ample with the progress in understanding and application of 2D
materials.

Photovoltaic and Chemical Energy Conversion can now be
studied by in situ electron microscopy methods, such as EBIC
down to atomic scales. This is particularly relevant for the study
of excess carrier diffusion and electron-hole separation at het-
erojunction interfaces and their correlation to their atomic struc-
ture. Furthermore, active sites and their dynamical behavior that
control chemical energy conversion in catalysis can be imaged
using environmental TEM in real space on atomic level, and
single atom resolution is in reach with improved, e.g. single
electron detectors. This is complemented by the huge progress
of in situ x-ray spectroscopy methods, where changes in bond-
ing, chemical coordination, and electronic correlations can be
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studied on a meV energy scale. One of the major next steps could
be the combination of high spatial and energy resolution, e.g.,
by using correlated microscopy and x-ray studies or by exploiting
the amazing progress of energy resolution in electron energy loss
spectroscopy in situ experiments.

In summary, our review shows that despite the significant
progress, further advancing atomic scale and quantum level in
situ methods is highly desired and has a high potential to resolve
open questions of energy conversion in complex materials. This
often starts by the improvement of specialized techniques or is
often driven by need to study a specific problem and then later
can spread out and used for the study a broader class of out-of-
equilibrium material properties.
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