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Abstract: Photoelectron spectroscopy started its modern development in the fifties based on techniques for
studies of nuclear decay. Since then, photoelectron spectroscopy has undergone a dramatic expansion of
application and is now a prime research tool in basic and applied science. This progress has been largely due to
the concomitant development of photon sources, sample handling and electron energy analyzers. The present
article describes some of the salient features of modern photoelectron spectroscopy and its applications with
particular emphasis on energy relevant issues.
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1. Introduction

The development of photoelectron
spectroscopy (PES) spans a time period
of more than a century and it may be ap-
propriate to give a few introductory histori-
cal notes. Following the discovery of the
photoelectric effect by Heinrich Hertz in
1887111 and subsequent experimental work
by others,[23! Einstein laid the foundation
in his famous paper of 1905" for its in-
terpretation in terms of the photon concept
expressed thus:

e = L = Ebinding

where E . . is the kinetic energy of the
ejected photoelectron, hv the photon en-
ergy and E ding the binding energy of the
electron in the material.

During the decades after Einstein’s
paper, experiments on the photoelectric ef-
fect developed essentially along two inde-
pendent lines. The first line was concerned
with photoelectric yield phenomena near
threshold. In the other line of research in-
vestigations were made on X-ray excited
photoelectron spectra.ll These latter inves-
tigations were however hampered by se-
vere experimental difficulties concerning
resolution and electron detection among
other things. As a consequence of these ex-
perimental shortcomings, the physical and
chemical applications of photoelectron
spectroscopy where high resolution and
well-defined line structures are required
could not be realized.

*Correspondence: Prof. H. Siegbahn
Department of Physics and Astronomy
Uppsala University

Box 516

SE75120 Uppsala, Sweden

E-mail: hans.siegbahn@physics.uu.se

It was not until the fifties, when tech-
niques developed for nuclear spectroscopy,
in particular internal conversion in radio-
active decay, that the energy resolution of
electron spectrometers reached the per-
formance for the ensuing development of
photoelectron spectroscopy.l®7] It was then
found that essentially symmetric photo-
electron lines could be resolved from the
high kinetic energy edges of the electron
loss continua (cf. Fig. 1). Moreover, the use
of softer characteristic X-radiation, such as
AlKo (hv = 1486.6 eV) and MgKa (hv =
1253.6 eV) was found advantageous from
the point of view of signal to background
ratio as well as energy resolution. This de-
velopment initiated comprehensive studies
of electron energy levels of a large num-
ber of elements in the periodic system!®! in
many cases leading to substantial revisions
of previously accepted values. It was also
observed in the course of these measure-

ments that core electron lines from an ele-
ment shift in energy upon change in chemi-
cal state of the atom.[®! Another important
characteristic of the spectral lines is that
they originate from the outermost surface
layers of condensed phase samples, cor-
responding to the photoelectron inelas-
tic mean free path as displayed in Fig. 2.
Thus, the various atomic components of a
molecular species from a surface layer of
molecular dimensions could be analyzed
by means of its core electron spectrum and
recorded small chemical shifts could be
used for information on bonds and charge
distributions.!%!

During the past decades, the field has
literally exploded with on the order of ten
thousand publications annually related
to the use of photoelectron spectroscopy.
Several important new advancements in
the techniques have contributed to this
development. As indicated in the above
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Fig. 1. Early photoelectron spectrum of MgO excited with a copper anode X-ray tube and mea-
sured with a magnetic field electron spectrometer, displaying electron energy loss continua on

a bremsstrahlung background extending up to the tube acceleration voltage of 25kV. The inset
shows resolution of the leading edge elastic Mg 1s (CuKo.,) photoelectron line.®!
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Fig. 2. Electron inelastic mean free path as a
function of kinetic energy.

description of the early history, there are
basically three ingredients for furthering of
the techniques and broadening of the ap-
plications: the photon source, the sample
handling and the electron energy analyzer.
As for the first of these items, starting in
the seventies, the development of large-
scale facilities based on synchrotron ra-
diation has had a dramatic impact on the
field. The use of synchrotron radiation for
photoelectron spectroscopy implies a num-
ber of important advantages compared to
characteristic lab sources, such as AlKo.
Not only can the photon be tuned to de-
sired values within wide ranges, to study
e.g. resonance phenomena, intensities can
also be made orders of magnitude larger
via insertion devices in the storage rings.
An important aspect is also that the emit-
ted X-radiation is polarized in the plane of
the storage ring. This, naturally, has wid-
ened the scope substantially in performing
different experiments using photoelectron
spectroscopy. This has not meant, however,
that the use of conventional X-ray sources
has become obsolete; AlKo-based photo-
electron spectrometers are still abundant
home-lab instruments in materials science
institutions.

Concerning electron spectrometers and
detectors, the early magnetic instruments
were soon replaced by devices based on
electrostatic fields, such as hemispherical
analyzers, where the electron kinetic ener-
gies are dispersed along a focal plane al-

Entrance slit

Lens system
Detector

Fig. 3. Electron trajectory in an electrostatic
field hemispherical electron energy analyzer.
(Courtesy of VG Scienta)

lowing for multichannel detection. These
instruments are equipped with input lens
systems for efficient transport of the
photo-ejected electrons into the analyzer
(cf. Fig. 3). Other types of analyzers are
based on time-of-flight tubes allowing
for detection over large solid angles as
well as angle-resolved measurements.[!1]
Development of analyzer technology has,
in parallel with that of the photon sources,
resulted in a very powerful boost in terms
of the science that can efficiently be per-
formed with photoelectron spectroscopy.

Being a technique based on electron
analysis puts particular demands on the
sample preparation. The energy analysis
in the electron analyzer requires at least
high vacuum on the order of 10~ mbar or
lower. This implies that samples will have
to be introduced into and maintained in
the analysis chamber using special vacu-
um lock devices. Prior to the introduction
of the sample, it is normally subject to
preprocessing e.g. in special preparation
chambers or under inert gas in a glove-
box using transfer systems. Depending on
the nature of the sample and experiments
to be performed the vacuum conditions in
the analysis chamber may vary by many
orders of magnitude. For example, in order
to fully exploit the inherent surface sensi-
tivity for carefully controlled studies of the
outermost atomic layers of single crystal
surfaces, it is necessary to work in the ultra
high vacuum regime (below 107° mbar) in
the sample region.

For gaseous or liquid phase samples,
on the other hand, the latter having va-
por pressures set by temperature, sample
pressures may be in the mbar region. For
such systems it is necessary to introduce
extra pumping stages for pressure reduc-
tion close to the sample and further into the
analyzer region to avoid severe losses of
photoelectrons due to inelastic scattering.
The techniques for sample handling have
been continuously developing to expand
the limits of systems amenable for study.
For instance, it is now possible, using a
combination of pumping and electron lens
systems (so-called Near Ambient Pressure
Photoelectron Spectroscopy), to study
catalytic processes at solid surfaces under
realistic conditions as well as liquid water
systems at room temperature conditions
(up to 30 mbar).[12-15]

Another recent line of development to
further widen the scope of photoelectron
spectroscopy is to exploit higher photon
energies for excitation, of the order of
5-10 keV, so called HAXPES (Hard X-ray
Photoelectron Spectroscopy).l!ol As evi-
denced by Fig. 2, this implies a substantial
increase in inelastic mean free path, which
means that deeper layers of the sample can
be probed. In turn, this opens possibilities
to study multi-layer systems pertinent to

real devices, such as solar cell structures.
Moreover, it allows for variation in relative
photoelectric cross sections of the constitu-
ent elements such that the electronic struc-
ture of selected atoms may be highlighted.

The experimental development of pho-
toelectron spectroscopy has had an impact
on many areas of science where the inter-
play between basic and applied research
has been extremely successful. Studies of
energy relevant materials is one such area.
The aim of the present article is to give a
few examples of current work using pho-
toelectron spectroscopy, in particular fo-
cused on systems of relevance for energy
efficient conversion and storage, cf. Fig. 4.
The intention is furthermore to illustrate
how the recent technical developments of
the experimental techniques have provided
new routes for the understanding of the
structure/function relationship for these
systems at an atomic level.

2. Light to Electrical Energy
Conversion — Heterojunction Solar
Cells

Nanostructure architectures have fa-
cilitated the evolution of strategies to de-
sign new-generation solar cells.'7-181 Three
major types of cells that have dominated
research in recent years include (i) dye-
sensitized solar cells (DSSC), (ii) organic
photovoltaic cells or bulk heterojunction
(BHJ) photovoltaic cells, and (iii) quantum
dot solar cells (QDSC). Solid state DSSC
analogues with organic hole conductors
have also been successful and partly merge
the two former types.[!°1 Moreover, the ba-
sic research on different nanostructures
sensitized with quantum dot materials
has led to an unforeseen development of
organometal halide perovskite solar cells
(e.g. CH,NH,PbI,).[20-221 Power conver-
sion efficiency attained with the hybrid or-
ganic—inorganic perovskite CH,NH,PbX,
(X=Cl, I) has quickly exceeded 15%, and
currently both 3D-nanostructured designs
as well as 2D thin film designs are inves-
tigated.

The conversion mechanism in dif-
ferent heterojunction solar cells starts
with light absorption and is followed by
charge injection and subsequent charge
separation in the electron-conducting and
hole-conducting materials. In all systems
the mechanisms include diffusion and in-
terfacial charge transfer reactions and the
overall efficiency largely depends on the
competition between different reactions in
different time regimes. For traditional sili-
con and thin film solar cells the mechanism
is generally described in terms of band
bending, while for molecular dye or semi-
conductor sensitized nanoporous solar
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Fig. 4. Schematic
picture exemplifying
some sustainable en-
ergy systems includ-
ing dye-sensitized
solar cells, lithium

ion batteries and
catalysis/photocataly-
sis. Different materials
and interfaces are
discussed in the text
including (1) Cul/dye/
TiO, interfaces, (2)
dynamics at dye/TiO,
interfaces, (3) buried
interfaces in conduct-
ing glasses, (4) lithium
ion insertion in nano-
structured TiO,, (5)
SEl layers on lithiated
graphite, (6) hetero-
geneous catalysis at
platinum surfaces.

cells it involves the competition between
the back-reaction of the electron from
the semiconductor conduction band to
the light absorber (or the hole-conductor)
versus the successful reduction of the oxi-
dized dye and subsequent hole-transport
via the molecular material (electrolyte or
hole-conductor). The overall function of
a single heterojunction depends on basic
electronic properties of the different ma-
terials such as molecular orbital compo-
sitions, band positions, light absorption
properties and redox potentials, as well as
on simple geometrical properties, such as
position of specific linking groups and ma-
terial mixing, important for connecting the
materials. In real systems, however, when
assembling the materials the relative mate-
rial matching, both in terms of molecular
orientations or material interfacial compo-
sition and electronic structures adjust due
to the interactions between them and the
combined molecular function may there-
fore be altered with respect to the separate
materials. Photoelectron spectroscopy is
a prime tool for obtaining information on
the interfacial characteristics and below we
give some examples from such investiga-
tions and also describe some future direc-
tions.

2.1 Structure of Solar Cell
Interfaces - From Model Surfaces
to Real interfaces

As mentioned above, charge transfer
reactions at interfaces are often largely
dependent on the detailed structure of the
interface. In DSSC the sensitizers are usu-
ally adsorbed to the semiconductor surface
through an anchoring group. The function
of this group is to give high stability, favor-
able molecular ordering and to facilitate
charge transfer. Carboxylic groups func-
tionalizing different organic and metal—
organic chromophores have shown such

characteristics when adsorbed onto oxide
substrate. PES has shown to be an efficient
tool to investigate the binding configura-
tion. For the understanding of complex
molecular interfaces a common route has
been to investigate different levels of com-
plexity of model molecules. UHV investi-
gations of formic acid adsorbed onto TiO,
(110) rutile reveal a chelating carboxylate
binding structurel?3! and carboxylic func-
tional groups attached to the 2,2'-bipyri-
dine unit show a very similar carboxylate
structure.[2l This conclusion was partly
based on the fact that the Ols signal from
the oxygen atoms in the carboxylic unit ap-
pears as a single peak shifted 1.6 eV from
the substrate oxygen peak. Further analysis
has shown that this anchoring mechanism
prevails for full dye adsorption on TiO,
surfaces as sketched in Fig. 5 for the large
metal—-organic chromophore RuL,(NCS),,
where L is biisonicotinic acid containing
carboxylic anchor groups. With these re-
sults in mind the Ols photoelectron spec-
tra for even more complex structures can
be analyzed. Fig. 6 shows the Ols and

S2p spectra of RulL(NCS), attached to a
nanostructured TiO, anatase surface. The
figure shows how the Ols and S2p levels
develop upon evaporation of the p-doped
material Cul.[21 The Ols spectrum of the
dye on TiO, (second from the bottom in
Fig. 6, left) contains three peaks identified
as the TiO, substrate oxygen (1), double-
bonded and surface-adsorbed oxygen (2)
as well as OH groups (3). Based on the
discussion above it can be inferred that
the RuL (NCS), dye may coordinate to an
anatase TiO, surface through two of the
four carboxylic groups (cf. Fig. 5), which
would ideally yield an intensity ratio of
three between peak 3 and 2. In our case,
we find that the ratio is about 1.9 directly
after sensitization. The deviation from the
expected value indicates a mixture of ad-
sorption structures at the nanostructured
anatase TiO, surface. The mixed adsorp-
tion configuration is further supported by
the S2p spectrum (bottom Fig. 6, right) in
which two spin-orbit split doublets (1,2)
are required to fit the measurements of the
dye molecule at the oxide surface.

Proceeding from a dye-sensitized sur-
face to a buried interface representing a
functional configuration is an experimen-
tal challenge. To meet this challenge two
different routes may be taken: (i) follow-
ing the interfacial chemistry step-wise
during formation and (ii) forming the
complete interfacial structure and then
using hard X-ray photoelectron spectros-
copy (HAXPES) to investigate the buried
interface. The former route entails prepa-
ration and analysis of the materials in an
ultra high-vacuum environment while the
latter requires high photon energies, and
thus detection of high kinetic energy pho-
toelectrons, to achieve an increased bulk-
sensitivity for condensed samples.

An example of the first of these ap-
proaches is given by the spectral evolu-
tions for the TiO,/dye (RuL,(NCS) /hole
conductor(Cul) interface as shown in Fig.
6. The Cul was deposited stepwise in situ

Fig. 5. Geometries for RuL,(NCS), adsorption on a TiO, surface. Left: adsorption geometry of the
dye ligand (biisonicotinic acid) based on the O1s photoelectron spectrum showing only a single
peak for the ligand. Right: adsorption of the full dye molecule.
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Fig. 6. O1s (left) and S2p (right) photoelectron spectra for a multilayer solar cell structure consist-
ing of semiconductor (TiO,)/dye (RuL,(NCS),/hole conductor (Cul) at different deposition times

of Cul. The photon energies were chosen to give similar probing depth for O1s and S2p. Peaks

2 and 3 in the O1s spectra are due to the dye anchoring groups, the relative intensities of which
change with increasing Cul layer thickness indicating effects on the dye/semiconductor bonding.
Peaks 3 and 4 in the S2p spectra are due to Cu-NCS interactions.?®

onto the Rul,(NCS),/TiO, interface and
the dye-TiO, and dye-Cul interaction
was monitored as function of the amount
of Cul. A clear evolution of the peaks is
observed. Specifically, a direct interaction
between the dye NCS groups and the Cul
is observed in terms of the appearance of a
new feature (3) in the S2p spectra (Fig. 6,
right) indicating the formation of Cu-SCN
bonding. At the same time, effects on the
carboxylate anchoring can be observed in
the Ols spectra (Fig. 6, left) indicated by
changes between the ratios of peak 3 and 2.

An example of the latter of the two
approaches above to investigate a buried
interface, i.e. the use of high photon en-
ergy with HAXPES, is demonstrated by
the investigation of metal oxide thin films.
ZnO/Ti based thin films find use in sev-
eral areas. For example, Ti forms an ohmic
contact to ZnO. In Fig. 7 we demonstrate
the measurement and annealing of a Mo/
ZnO/Ti/ZnO sample with nominal thick-
nesses of 7 nm (Mo), 5 nm (ZnO), 4 nm
(Ti) and 50 nm (ZnO) formed by sput-
ter deposition. Employing the increased
probe-depth at 4000 eV photon energy one
can quantify the extent of ZnO reduction
in the as-deposited ZnO/Ti/ZnO stack and
follow how the composition of the buried

interface changes upon annealing as well
as get an insight into the band-bending at
such an interface.[26]

2.2 Resonant Photoelectron
Spectroscopy for Studies of
Ultrafast Electron Transfer

The use of synchrotron radiation im-
plies that photoelectron spectra from a
given sample can be studied over tunable

ranges of the exciting photon energy. In
particular, the photon energy may be tuned
in resonance with X-ray absorption transi-
tion energies, resonant photoelectron spec-
troscopy (RPES). This mode of operation
can be used in order to study ultrafast phe-
nomena, such as electron transfer across
an interface. For the dye-sensitized solar
cell (DSSC), such experiments have been
performed in order to estimate the trans-
fer time from the dye to the semiconduc-
tor. A model system, consisting of the dye
(RuL,(NCS), ligand (L. = biisonicotinic
acid) adsorbed on nanostructured anatase
TiO, was used to simulate the real solar
cell dye/semiconductor interface. The in-
jection process studied was:

Nls(L) — LUMO (L) — TiO,

Although this process is not identical
to that of the real solar cell, the important
injection step is the second in the above
scheme, which may be assumed very simi-
lar in character. In estimating the injection
time, the lifetime of the N1s core hole can
then be used to ‘clock’ the process.[2728]
This lifetime has been measured previ-
ously to be 6 fs. The argument then runs as
follows, cf. Fig. 8 and 9. The N1s X-ray ab-
sorption spectrum of the adsorbed ligand
contains three clearly resolvable peaks cor-
responding to transitions from N1s to un-
occupied states of the ligand. The lowest of
these (LUMO) lies below the conduction
band edge of the semiconductor and can
thus not inject the excited electron into the
semiconductor. The next two, LUMO+1
and LUMO+2, lie above the edge and are
candidates for electron injection.

The appearance of the photoelectron
spectra recorded over the photon energy
range of the X-ray absorption spectrum
will depend on whether the excited elec-
trons have been injected or not within the

Fig. 7. ATi2p

HAXPES study of a
buried Ti interface in
a ZnO/Ti/ZnO sample
upon annealing. The
vertical dotted lines
mark the binding
energy of Ti oxidation
states (4+, 3+, 2+,

0). The initially weak
metallic component
is almost completely
lost after annealing

at 200 °C. Based on
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mapping of the depth
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Fig. 8. Model study of electron injection from a dye into nanoporous TiO,. The dye molecule is
simulated by its anchoring ligand, biisonicotinic acid, and photoinjection is performed by excita-
tion from the ligand N1s level into LUMO+1 and +2 states above the TiO, conduction band edge.

time frame of the Nls core hole. Fig. 9
shows a comparison between the X-ray ab-
sorption spectrum and the intensity of the
HOMO photoelectron peak (N1s RPES) of
the ligand molecule as a function of pho-
ton energy. As can be seen, the LUMO+1
and LUMO+2 resonances are absent in
the resonant photoelectron results which
means that the electrons excited to these
states have indeed been injected into the
semiconductor on a time scale significant-
ly shorter than the N1s core hole lifetime,
i. e. ultrafast fs or below.

3. Electrical Energy to Chemical
Energy Conversion - Li Batteries

An attractive route to reversibly store
energy is electrochemical insertion or in-
tercalation of ions into host materials.[2]
Some material combinations now perform
excellently for small portable electronics
but there is still much room to improve the
kinetics and energy density for high power
applications. To solve these problems al-
loys with high Li density and nanostruc-
tured materials are currently of applied and
fundamental interest. Examples include Si
and nanostructured oxides.[30-321 Lithium-
based batteries based on these ideas allow
for very high energy density in terms of
weight and volume being based on lithium
which is the smallest and lightest metal.
Many commercial batteries use a carbon
anode and a lithium-cobalt-nickel oxide
cathode that can store about 130 mAh/g.
In general, however, the lithium-based
systems consist of a set of chemistries that

can be tuned to optimize a specific appli-
cation but where many of the fundamental
properties are similar. It is today generally
realized, however, that not only the bulk
material structure but also the host material
surface and the solid/electrolyte interphase
(SEI) need to be better understood on an
atomic level to improve the performance
of lithium ion batteries in terms of self-
discharge, safety and cycling stability.

Photoelectron spectroscopy is well suit-
ed to investigate surfaces and layers with
nm dimensions such as those described for
the lithium ion batteries above. This refers
to determination of stoichiometries and
depth profiles as well as to the understand-
ing of the character of electronic states in
both crystalline and non-crystalline mate-
rials. However, the investigation of liquid
electrolyte interfaces of interest for Li-ion
batteries has required methodology de-
velopment involving preparation, sample
environment and vacuum design to match
with the constraints set by traditional pho-
toelectron spectroscopy.

One experimental challenge of us-
ing photoelectron spectroscopy for the
investigation of interfaces that have been
electrochemically modified for charge
storage of lithium in the metallic oxida-
tion state is their sensitivity to oxygen and
water. This is a sensitivity that for most
anode materials is easily understood from
the electrochemical potential used for its
preparation. To solve such problems dif-
ferent methodologies could be used, e.g.
ex situ sample preparation combined with
transfer systems allowing for controlled
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Fig. 9. Comparison between the N1s X-ray
absorption spectrum (N1s XAS) of the biiso-
nicotinic anchoring group and the intensity
of the highest occupied molecular orbital
(HOMO) (N1s RPES).k"

transfer to the photoelectron spectroscopy
analysis chamber or an in situ vacuum/
sample configuration design that allows
for high sample pressure during the pho-
toelectron spectroscopy measurements.
One early example of the first method is
shown in Fig. 10.1331 The electrochemistry
is here performed in the preparation cham-
ber in an atmosphere set by the vapor pres-
sure of the electrolyte and controlled by a
careful pumping procedure. Subsequently,
the sample can be introduced for analysis,
while the electrolyte bath is retracted into
a separately sealed compartment in the
preparation chamber. The process can be
repeated at different electrode potentials
and the resulting surface electrochemis-
try thus monitored. Investigation of the
SEI using photoelectron spectroscopy has
since then been numerous and many of
these investigations have utilized different
kinds of systems to transfer the samples
from a glove-box to the analysis chamber
without water/oxygen exposure.l34

The electrochemical insertion of Li
ions into a TiO, electrode may be studied
using PES as shown in Fig. 11.59%The Ti2p
spectrum was recorded for different values
of x, where x is defined by the reaction:

xLit + TiO2 +xe” — LiXTiO2

The electrodes were here prepared ex
situ under inert gas in a glovebox and sub-
sequently inserted into the photoelectron
spectrometer via a transfer system. As seen
from Fig. 11 (left), with increasing x-val-
ues a prominent peak at low binding ener-
gy evolves, whose intensity is proportional
to x. The position of this peak is consistent
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with an oxidation number +111 for the Ti
atom. The growth of this Ti2p feature is ac-
companied by the appearance of a peak in
the band-gap above the valence band edge,
cf. Fig. 11 (right). The experimental data is
interpreted in terms of localized states cen-
tered on the Ti atoms filled by the electrons
associated with the insertion of the Li ions.
The nature of these localized states as of
Ti3d character may be inferred by means
of resonant PES, i.e. by means of measure-
ment of the bandgap peak while scanning
over the Ti2p X-ray absorption edge (2p
— 3d). Thus the direct PES process of the
bandgap peak is:

2p3d! — 2p°3d°

While the resonant PES process lead-
ing to the same final state can be described:

2p3d! — 2p®3d> — 2p3d°

There are thus two contributions to the
Ti3d bandgap peak in this resonant mea-
surement. The contribution from the first,
direct, process may be regarded as closely
constant over the energy interval of the
X-ray absorption spectrum. The contribu-
tion from the second process, however,
is dependent on the number of electrons
excited into unoccupied 3d states, hence
a direct measure of the X-ray absorption
spectrum for the Ti** atomic sites. The re-
sult of the resonant PES measurements is

Fig. 10. Experimental
arrangement for
photoelectron spec-
troscopy of electro-
chemical interfaces.
The electrochemistry
is performed in the
upper chamber by
means of electrolyte
baths that can be
introduced on a mov-
able holder. After

the electrochemi-

cal preparation the
sample electrode may
be introduced into
the analysis chamber
while the electrolyte
baths are retracted
into a separate stand-
by chamber. The

full electrochemical
cycling may be per-
formed by repeating
the transfer between
the preparation and
analysis chambers.

shown in Fig. 12 where, on the left is the
bandgap region at x = 0, i.e. with no Ti**
sites present and, on the right recorded at
x = 0.5. The latter spectrum clearly shows
the resonant behavior expected from the
discussion above, confirming the Ti3d
character of the localized states.
Recording of the Ols spectra corre-
sponding to the different x-values of Fig.
11, shows the growth of a peak at the high
binding energy side of the peak associated
with the TiO, electrode material (cf. Fig.
11 (middle)). Such a high binding energy
feature is not directly a consequence of the
insertion process33-35! but is one of the first
photoelectron-spectroscopic results show-
ing the formation of an SEI layer from the
reduction of the electrolyte. The SEI on
battery materials contains reduced electro-
lyte components and often has a thickness
in the nm range. A recent example is dem-
onstrated in Fig. 13 where the carbon signal
for lithiated graphite has been measured
using a range of photon energies.39! As can
be seen, the low binding energy peak origi-
nating from the graphite-based substrate is
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Fig. 11. Ti2p (left), O1s (middle) and bandgap photoelectron spectra as a function of different
X-values of Li intercalation into nanostructured TiO, (A: x = 0; B: x =0.11; C: x=0.24 ;
D: x = 0.5).9
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Fig. 12. Valence and bandgap photoelectron spectra of nanostructured TiO, (left) and Li . TiO,
(right) recorded across the photon energy range of the Ti2p — Ti3d absorption resonance.?
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Fig. 13. Lithiated anode PES spectra using
photon energies from the soft to hard X-ray
(HAXPES) regimes. The excitation energies,
along with the probing depth, are specified in
the top left corner of the respective spectrum.
The intensity of the graphite based substrate
signal is increasing with excitation energy.
Each spectrum was normalized by the area
of the respective elemental signal. Increasing
probing depth is indicated with an arrow.

very weak in the spectrum measured with
a low photon energy and thus with high
surface sensitivity. The multitude of Cls
peaks originate from the different com-
pounds constituting the SEI interface. The
spectrum measured with high photon ener-
gy, on the other hand, shows a dominating
signal originating from the graphite-based
substrate. This example demonstrates how
the surface sensitivity can be varied in or-
der to obtain a depth profile of the outer-
most surface layers yielding further insight
into the chemistry of formation of the SEI.

Pump

[
X-rays

ﬁ] Electron lens system

Synchrotron radiation

Fig. 14. Comparison of experimental setups for studies of ambient pressure substances with
photoelectron spectroscopy. The setup on the left shows an early stage design with differential
pumping to reduce the sample pressure along the electron trajectories. The setup on the right
shows the combined use of differential pumping stages and electron lens systems allowing for
substantially increased sample pressures while retaining photoelectron intensities. The use of this
scheme is further advantaged using synchrotron radiation of high brilliance.

4. Future Prospects of
Photoelectron Spectroscopy; Near
Ambient Pressure Techniques

As described above, photoelectron
spectroscopy is undergoing continuous de-
velopment broadening the scope of appli-
cations in different scientific areas. In par-
ticular, substantial progress has been made
in creating more realistic environments
for samples being analyzed under vacuum
conditions. This is crucial for the study of
high vapor pressure substances, such as
liquids or biological surfaces and process-
es dependent on the presence of such sub-
stances such as those at catalytic surfaces
or electrodes. Already in the early phases
of photoelectron spectroscopy such tech-
niques were developed for studies of gases
and liquids based on specially designed
pumping arrangements of the sample re-
gion.37] More recently, these techniques
have advanced considerably due to com-
bined utilization of synchrotron radiation
and electron optics.!l2-151

The principle of this new technique is
sketched in Fig. 14. In first generation set-
ups (left) to reduce a sample vapor pres-
sure load, one or a series of slits was intro-
duced prior to the analyzer entrance asso-
ciated with heavy intermediate, differential
pumping. However, this also meant a loss
rate of the photoelectrons of the same or-
der of magnitude. If instead a lens system
is introduced into the differential pumping
stages (right), this loss rate can be largely
overcome. Moreover, with high brilliance
synchrotron radiation excitation, aperture
sizes can be substantially reduced, which
further reduces the gas load along the elec-
tron paths. The overall result of this design
principle is that pressure gradients of eight
to nine orders of magnitude can be main-
tained between the sample region and the
spectrometer while still sufficient inten-
sities of photoelectrons will be transmit-
ted. The crucial region of intensity losses

though is that between the sample surface
and the first aperture, which has to be kept
as small as possible while allowing access
for the photon beam (in practice a distance
on the order of one mm).

Fig. 15 shows an example of the use of
the setup in Fig. 14 for studies of catalytic
processes, in this case oxidation of CO in
an O, atmosphere on a heated single crystal
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Fig. 15. (a) O1s photoelectron spectrum of a

Pt (111) single crystal surface in 0.15 mbar O,
at 430K. (b)-(d) O1s photoelectron spectra in a
0.15 mbar 9:1 O,:CO mixture when the Pt crys-
tal was heated from 450K to 535K. The mass
spectrometric gas analysis (QMS) of CO, O,
and CO, was performed simultaneously with
the PES data for 35 min.['?
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Pt surface.[!2] Initially the Pt surface was
exposed to 0.15 mbar pure oxygen gas at
430 K (cf. spectrum (a)). Under these con-
ditions the Ols spectrum is dominated by
a component at 530 eV due to dissociated
atomic oxygen adsorbed on the surface
and two components at 537eV and 539eV
assigned to molecular oxygen in the gas
phase. Panels (b)—(d) show the Ols spec-
tra as the temperature of the Pt crystal is
raised while being simultaneously exposed
to a O,:CO mixture of ratio 9:1. The signal
from the adsorbed atomic oxygen imme-
diately disappears and instead two signals
appear due to molecular CO adsorbed at
two different sites on the surface. As the
temperature is raised above a critical point,
515 K, the two CO signals disappear and
are completely absent at 535K marking the
onset of CO, production as also observed in
the concomitant mass spectrometric analy-
sis of the emitted gases (g). At the same
time, the signal due to adsorbed atomic ox-
ygen reappears. Thus, a complete mapping
of the catalytic process could be achieved,
monitoring all relevant species.

5. Final Remarks

Photoelectron spectroscopy, rooted in
the techniques of nuclear B-spectroscopy,
has undergone a fascinating development
over the past fifty years. This development
has been driven to a large extent by con-
comitant parallel progress in other fields,
such as in surface science, synchrotron ra-
diation technology and molecular and con-
densed matter theoretical methods, involv-
ing intense cross-fertilization. The present
article has focused on various aspects of
materials for sustainable energy systems,
however, the future scope of photoelectron
spectroscopy is substantially wider and of
great promise within large areas of appli-
cation in physics, chemistry and biology.
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