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Abstract

The rare-earth (RE) materials are relevant for different fields of materials science
ranging from superconductors, magnetic materials, catalysts, to gas sensors. The
physical and chemical properties result from the unique f-electron configuration in
the partially filled 4f valence shell. To date the f-states of the trivalent rare-earth
ions are thought of as purely localized atomic orbitals, whereas the f-states of the
tetravalent configuration show a degree of hybridization and delocalization. Recent
experiments question this description and covalent, ionic, and mixed bonding was
observed. The nature of the 4f states in a RE material and their implication on
the bond, the materials properties, and the crystal structure are still unclear and
difficult to predict with theoretical approaches.

The latest developments in hard X-ray synchrotron-based spectroscopy, namely
high-energy resolution fluorescence detected (HERFD) X-ray absorption spec-
troscopy (XAS) and resonant inelastic X-ray scattering (RIXS), allow to record
spectra with high signal-to-noise ratio, no background scattering, and high-energy
resolution. The photon-in/photon-out process probes the 4f states through an el-
ement selective excitation of a 2p core-electron and records the emission due to
electronic relaxation of the 3d/4d state into the empty 2p state. Additionally, the
excitation of 2p electrons into empty 5Hd-states, which constitute the unoccupied
density of states, provides information on the formal valence and local coordination.

Within this thesis, the local coordination and f-electron occupancy of La and Pr
materials are investigated by means of photon-in/photon-out spectroscopy.

Chapter [I] provides an experimental and theoretical overview on HERFD XAS,
RIXS and valence-to-core (vtc) X-ray emission spectroscopy (XES) with a focus on
the RE elements.

Chapter [2| highlights the selective interaction of CO, with La in La,0,CO4 leading
to the strong changes in electrical resistance. A combination of in-situ HERFD
XAS and vte XES reveals a change in the local La coordination, pointing to an
additional oxygen neighbor, which results from bidentate carbonate formation upon
CO, adsorption.

Chapter [3| focuses on the structural and valence changes in the phase transforma-
tion of Pr(OH),; to PryO,,. Here, formation of the n-type semiconductor material
PrO,; is observed with HERFD XAS. The surprising behavior of the different spec-
tral features during repeated heating show the temperature induced population of
delocalized f-states.

Chapter 4] describes the unique behavior of f-electrons of Pr in the solid solution
with La(OH),. The HERFD XAS pre-edge transitions probe the localized 4 f valence
shell, which are used as a fingerprint for the number of f-electrons and thus the
valence state. Here, the pre-edge features of low concentrated Pr in Pr, La, . (OH),
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exhibit the shape of a 4f° configuration known for La instead of the expected 4f?
Pr configuration. This is the first direct experimental proof of delocalization of
f-electrons.

Chapter |5 provides a conclusion and further possible applications of hard X-ray
spectroscopy to address open questions related to RE materials.

Chapter [0] is an appendix to this thesis, in which, with the help of extended X-ray
absorption fine structure (EXAFS), the local coordination of a Ni dopant in molyb-
denum dioxide matrix and the formation of cobalt, cobalt oxide, and zinc ferrite
nanoparticles is investigated. It underlines efforts that were undertaken during the
PhD to perform various kinds of spectroscopic investigations.
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Zusammenfassung

Die Materialklasse der Verbindungen mit Seltenen Erden ist relevant fiir die Mate-
rialwissenschaft in Anwendungen wie Supraleiter und magnetische Materialien, als
Katalysatoren und als Gassensoren. Die besonderen physikalischen und chemischen
Eigenschaften basieren auf der einzigartigen f-Elektronenkonfiguration der teilweise
gefiillten 4 f Valenzschale. Heutzutage wird angenommen, dass die f-Elektronen der
dreifach ionisierten Seltenen-Erd Atome vollsténdig lokalisierte Atomorbitale sind.
Dagegen zeigen die vierfach geladenen Ionen einen gewissen Grad an Hybridisierung
und Delokalisierung der f-Zustdnde. Neuere Experimente stellen diese Annahmen
in Frage, da kovalente, ionische und gemischte Atombindungen beobachtet wurden.
Die genaue Art der 4f Zustdnde in den Seltenen-Erd Verbindungen und ihre Ein-
fliilsse auf die Bindungen, die Materialeigenschaften und die Kristallstruktur sind
noch nicht untersucht und schwer mit theoretischen Methoden vorherzusagen.

Die jlingsten Entwicklungen der Spektroskopie mit harter Rontgenstrahlung,
allen voran die hoch-Energieauflésende Fluoreszenz detektierende (aus dem englis-
chen HERFD) Rontgenabsorptionsspektroskopie (XAS) und die resonante inelastis-
che Rontgenstreuung (RIXS), ermoglichen Spektren mit hohem Signal-Rausch-
Verhiltnis, ohne Hintergrundstreuung und mit hoher Auflésung zu messen. Dieser
Photon-in/Photon-out Vorgang probt die 4f Zustdnde direkt durch eine ele-
mentspezifische Anregung von einem 2p Kernelektron und misst die Emission von
einem 3d/4d in den leeren 2p Zustand. Zusétzlich erlaubt die Anregung der 2p Elek-
tronen in leere Hd Zusténde, welche die unbesetzte Zustandsdichte ausmachen, In-
formationen iiber die Oxidationszahl und &rtliche Koordination des Absorberatoms
zu erlangen.

Kapitel [1] gibt eine Ubersicht zu HERFD XAS, RIXS und valence-to-core (vtc)
Rontgenemissionsspektroskopie (XES) an Seltenen Erden mit experimentellem und
theoretischem Schwerpunkt.

Kapitel [2| behandelt die selektive Wechselwirkung zwischen CO, und La in
La,0,C0O;, welches als chemoresistiver Gassensor fiir Kohlendioxid benutzt wird.
Die Kombination von in-situ HERFD XAS und vtc XES zeigt eine Anderungen in
der lokalen La Koordination. Dies lasst auf einen zusédtzlichen Sauerstoffnachbarn
schliessen, welcher auf eine Karbonatgruppe in Bidentatform zuriickgefiihrt werden
kann.

In Kapitel 3| liegt der Schwerpunkt auf Anderungen in der Struktur und Valenz
wihrend der Phasendnderung von Pr(OH), zu Pr;O;;. Mit HERFD XAS wird
die Bildung von Pr;O,;, einem n-dotiertem Halbleiter, verfolgt. Die besonderen
Merkmale in den Spektren zeigen iiberraschende Besonderheiten beim mehrmali-
gen Heizen der Proben auf. Dieses Verhalten beruht auf der héheren Besetzung
von delokalisierten f Zusténden bei erhohten Temperaturen. FElektrische Wider-



standsmessungen unterstiitzen diese Interpretation.

Kapitel [ behandelt die Hybridisierung von Pr f-Elektronen in der Festkorpermis-
chung mit La(OH),. HERFD XAS probt am Pre-Peak des Absorptionsspektrums
die lokalisierten f-Zusténde, welche sich auch die Oxidationszahl des Absorber-
atoms widerspiegeln. Im Mischkristall Pr La,  (OH),; mit geringer Pr Konzentra-
tion, nimmt der Pr Pre-Peak die Form eines 4 f° Zustandes ein, der typisch fiir La ist.
Dies ist die erste experimentelle Beobachtung von Hybridisierung von f-Zustédnden.

Kapitel [5] gibt eine Zusammenfassung und zeigt weitere offene Fragen in Seltenen-
Erd Verbindungen, die mit HERFD XAS beantwortet werden kénnen.

Kapitel [f] kann als Anhang zu dieser Arbeit verstanden werden. Mit EXAFS (aus
dem Englischen: extended X-ray absorption fine structure) wird die direkte Nach-
barschaft von einem Ni Dotieratom in MoO, und die Bildung von Kobalt, Kobal-
toxid und Zinkferrit Nanopartikeln untersucht. Es unterstreicht Bestrebungen iiber
verschiedene spektroskopische Untersuchungen, welche im Rahmen des Doktorats
durchgefiihrt wurden.
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1 Introduction

Materials containing rare-earth (RE) elements are recently of bigger interest due to
their applications in electromechanical materials, [1| in superconductors, [2] in mag-
netic materials, [3] multiferroics, [4] and as catalyst. [5—7] The physical and chemical
properties are related to the partially filled 4f shell of the RE ions. In the oxide
form, most of the RE atoms are purely trivalent and the f-electrons are assumed
to be of pure atomic character with a strong localization on the atom itself. [§]
Thus, they do not participate in the bond formation. Cerium, praseodymium, and
terbium are the exemption and they can form a tetravalent ion, most noticeably
in the oxides. Ce forms under ambient conditions CeO, with Ce*" ions, Pr and
Tb mixed valent materials, Pr;O,; and Th,O,. The f-shell of the tetravalent ions
shows an ability to hybridize with the orbitals of the oxygen ligand, resulting in a
delocalization and non-integer value of the f-electron occupancy. [8,9]

X-ray absorption spectroscopy (XAS) is an ideal tool to directly and selectively
probe the f-states of the rare-earth ions. Generally, an incident X-ray photon ex-
cites a core-electron into an empty state. Utilizing X-rays in the energy range of
0.1keV to 1.5keV, a 3d or 4d electron gets excited into empty 4f states. [10-13]
The latest developments in hard X-ray absorption spectroscopy lead to opportuni-
ties of probing the 4 f-states with incident photon energies larger than 4.5keV. [14]
The incident photons excite a deep core-hole such as the 2p state into the empty
4f state via a quadrupole transition. The subsequent fluorescence decay of a 3d or
4d state into the 2p core-hole is recorded as a function of incident energy in high-
energy resolution fluorescence detected (HERFD) XAS. A detailed description of
this photon-in/photon-out process is given in section .

The localized f-states of different RE materials, such CeO,, Ce,(CO),, and Yb,Os,
were probed and evaluated with HERFD XAS and resonant inelastic X-ray scatter-
ing (RIXS). [15] The recorded features can be directly related to the number of
localized f-electrons and used equivalently to the main edge as a determination of
the formal valence. CeQ, is the most studied RE oxide of the lanthanide series due
to its ability to reversibly store and release oxygen and catalytic activitiy. [16, 17|
The Ce ions occur in the tri- and tetravalent state resulting in an oxygen release
or uptake. Exposing CeO, nanoparticles of different shapes to CO and O, reduces
and oxidizes the Ce sites in the material. [6] Clear indications of a localized 4 f-
state were found with HERFD XAS and related to surface and surface-near Ce®".
A similar behavior is reported for ceria thin films. [18] Contradicting results were
observed in the in-situ investigation of the catalytic activity of CeO, nanoparticles
towards H,O,. [5] The changes in the spectral features were not caused by reduc-
tion of Ce*" to Ce®" and thus a change in the f-electron configuration from 4f°
to 4f', but rather the average f-electron occupancy changed during the catalytic
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reactions. The f-electrons are delocalized in a Ce 4f-O 2p band and the occupancy
of this band is the determining factor for catalytic activity. The high resolution of
the spectral features also allows for a nanoparticle size determination. [7] HERFD
XAS of differently sized ceria nanoparticles was measured. The larger surface-to-
volume ratio of the small nanoparticles changes the local coordination and allows
for a distinction between the small and large nanoparticles.

HERFD XAS studies on Pr are scarce. |2,19| It occurs, like Ce, in the tri- and
tetravalent configuration with one 4 f electron more than the corresponding Ce ion.
The stable Pr oxide is of mixed valence and exhibits good electrical conductivity
at room temperature. La on the other hand, is always trivalent and thus a good
material to study effects on the local coordination. Therefore, the high-resolution
X-ray spectroscopy of La and Pr materials is the focal point of this thesis.

1.1 Hard X-ray spectroscopy

To study the electronic structure of materials, X-rays with high intensity, flux, and
incident photon energies in the range of 4.5keV to 25keV are needed. Current
synchrotron sources fullfill these requirements and provide X-rays with a flux of up
to 10! photons/s. The incident photon energy is selected with a double crystal
monochromator with a broadening of 1eV.

The following sections describe fundamentals of hard X-ray photon-in/photon-out
spectroscopy of rare-earth materials.

In the last years several reviews and books were written about the experimen-
tal setups, the information that can be obtained with such experiments and the
theoretical background with options to evaluate the recorded spectra. [20-27]

1.1.1 X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy utilizes the interaction between X-ray photons and
matter in the hard X-ray regime (E > 4.5keV). The energy of the incoming photon
is of the same order of magnitude as the binding energies of core-electrons. As
a result, the incident photons excite element selective core-electrons into empty
states. Recording this absorption process as a function of incident photon energy
provides information about the oxidation state and the direct neighborhood of the
absorbing atom. The subsequent relaxation of a core-hole emits a X-ray photon,
which is recorded in the fluorescence detected spectroscopy. Even though absorption
and fluorescence spectra result from different processes, they give access to similar
information.

Fig. shows a typical XAS measurement in total fluorescence yield (TFY) mode
(red line) and HERFD XAS mode (black line, see section[1.1.3). The spectrum shows
two regions, the pre-edge (gray) and the edge and post-edge (white). The edge, also
called white line, is the minimum energy to excite a core-electron into empty states.
In the case of the RE L3 edge this corresponds to a 2p electron excitation in empty
5d states. The pre-edge region gives information about the local symmetry and, in



1.1 Hard X-ray spectroscopy

Energy / eV
Figure 1.1: A typical HERFD XAS spectra on the La edge shown in black and
the total fluorescence yield shown in red. The gray region describes the pre-edge
region, whereas the white part shows the white line and post edge region. The local
symmetry and the f-electrons determine the pre-edge shape and intensity. The
formal valence of the absorbing ion shifts the white line. The neighboring atoms

shape the post-edge region. The increased resolution of HERFD XAS is able to
resolve the pre-edge region and provide a better description of the white line.

the RE ions, about the f-electron state. The position of the white line corresponds
to formal valence and the post edge region allows to draw conclusions about to the
coordination and type of the neighboring atoms.

1.1.2 Total Energy Diagram

The total energy diagram in Fig. illustrates the process of photon-in/photon-
out spectroscopy such as fluorescence detected absorption spectroscopy for the RE
atoms. [20,21,24] The incoming photon € excites at the Ls-edge a 2p electron into
the empty states of the 5d band or, in case of the pre-edge, into localized 4 f states.
The resolution of this absorption process is defined by the 2p core-hole lifetime
broadening which is in the range of 3eV to 7eV. [28] Measuring a final state with a
smaller core-hole lifetime broadening enables to resolve the pre-edge and additional
main-edge structures. Relaxation of the excited 2p°5d' state leads to the emission
of an X-ray photon w. Fig. shows the two strongest fluorescence processes for
the RE atoms, namely the La (3d — 2p) and LS (4d — 2p) process. The final
core-hole in the 3d/4d orbitals is the resolution determining state and the lifetime
broadening is in the range of 1eV.

The final state in the pre-edge photon-in/photon-out spectroscopy has the same
configuration as XAS at the RE M- and N-edges, where the photon energy in the
soft X-ray regime is needed. With this two photon process the same final state and



1 Introduction

A 2p°4f' 5d .
Q 2p°4f™" /
X a
> S 5\ ¥ [3d°6d
L?C_)l 5 3d°4f™" A
o
IS T 4d°5d
= g agiapr 27O
2p°4f" v
g) n) f)

Figure 1.2: Total energy diagram for a rare-earth atom in the HERFD XAS and
RIXS process. The incident X-rays, €2, excite a 2p core-electron in the L3 absorp-
tion process from the 2p%4f™ ground state. The excited intermediate state has a
2p°4 f*5d* state for the main edge and a 2p°4 f**! configuration at the pre-edge. A
3d — 2p or 4d — 2p emission, w, is recorded in the La or L line, respectively. The
difference between incident and emission photon energy (2 — w equals the energy
transfer from the ground to the final state.

thus the same information is reached with hard X-rays. The high penetration depth
of those photons allows not only the use different experimental conditions but also
ensures that the bulk of the sample is probed and not only the surface.

1.1.3 High-Energy Resolution Fluorescence Detected XAS

The lifetime of the final state core-hole governs the experimental broadening of the
measured spectra. In high-energy resolution fluorescence detected XAS a spectrom-
eter setup, shown in Fig. [I.3] allows to choose one specific emission line, such as the
RE La line. The spectrometer consists of several spherically bent crystals and is po-
sitioned to selectively choose the emission of one specific fluorescent decay. HERFD
XAS is, additionally to the element selective absorption line, element selective in
the emission line. The reduced broadening and the double element selectivity makes
HERFD XAS an ideal tool for studying the RE materials. This setup resolves not
only additional features but also gives the opportunity to measure mixed RE ma-
terials, where the absorption and emission energies lie within several 100eV. In a
typical experiment the emission energy is tuned to the maximum of the emission
line and the incident energy varies in a range of about 100eV around the chosen
absorption line.
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Figure 1.3: Experimental setup for HERFD XAS and valence-to-core XES. The
synchrotron X-rays irradiate the sample and upon relaxation of a core-hole the
sample emits X-rays with defined energies. The Johann-type spectrometer, [29, 30]
consisting of up to five spherically bent Si or Ge crystals, can select one specific
emission line, which is recorded with an avalanche photo diode.

The comparison between the total and a selective recorded fluorescence is shown
in Fig. for a La compound, measured at the La L3 absorption line. The red line
shows the TFY while the black line shows the spectra of the same sample recorded
in the HERFD XAS mode, where the spectrometer was tuned to the La Lo emission
line. The final state core-hole in the TEFY spectra is a 2p core-hole, which is the
intermediate HERFD XAS state (see Fig. , whereas a 3d core-hole is present in
the HERFD XAS final state. The final state core-hole lifetime broadening is now
reduced from 3.4 eV for the 2p state to 0.7 eV of the 3d state. [28] The broadening of
the incident monochromator and the spectrometer is 1eV, thus in the same range
as the final state core-hole lifetime broadening.

1.1.4 Resonant Inelastic X-ray Scattering

The spectrometer setup from HERFD XAS provides a high freedom in choosing
emission lines. Furthermore, it provides the opportunity to measure 2D maps of
the XAS region by varying the incident (€2) and emitted (w) photon energy at the
same time. This process is called resonant inelastic X-ray scattering (RIXS). A
diagonal cut through the 2D RIXS plane results in the HERFD XAS spectrum.
The RIXS maps of the pre-edge of transition- and RE-metal ions helped strongly
in the theoretical explanation of the observed HERFD XAS spectra. As mentioned
in section the final state of the pre-edge RIXS process is the same as the
final state in soft X-ray absorption spectroscopy, where the TM d- and RE f-states
are probed. Those states are highly sensitive to the local geometry and formal



1 Introduction

Energy transfer Q- / eV

Incident energy Q / eV

Figure 1.4: A typical pre-edge RIXS measurement on a La compound. The energy
transfer, 2—w, is recorded in a pre-defined energy, while the incident energy €2 scans
over the pre-edge region. The top-right corner shows the upcoming white line. The
diagonal cut through the map, highlighted by the dashed line, results in a HERFD
XAS spectrum. I',; and I'y;, are the lifetime broadening of the intermediate and
final state, respectively.

valence. [31,32] Additionally, those states are responsible for magnetic properties of
the materials. [33]

Fig. shows a typical pre-edge RIXS map for a La compound. A diagonal cut
through this map results in a HERFD XAS spectrum. The incident energy € is
scanned over the La L3 absorption line at 5483 eV and the emission energy w is
scanned over the La La emission line, resulting from a 3d — 2p transition with an
energy of 4647¢eV. The energy transfer of 836V at the maxima of the absorption
and emission line is the exact energy of the La My absorption line. The RIXS maps
probe the same final states, 3d°4f!, with a two photon process, as the M absorption
spectroscopy. The horizontal and vertical arrows in Fig. show the intermediate
and final state core-hole lifetime broadening, respectively. Taking a diagonal cut at
the dashed line results in a HERFD XAS scan as shown in Fig. [I.I} Section
focusses on the theoretical interpretation of HERFD XAS and RIXS spectra.

1.1.5 X-ray Emission Spectroscopy

In HERFD XAS the spectrometer is tuned to the maximum of one specific emission
line and the incident energy varies over an absorption line of the specific element, and
probes the element projected unoccupied states. Information about the occupied
states are obtained by fixing the incident energy to the maximum of the white
line and the spectrometer setup records the emission at different energies. This
technique is called valence-to-core (vtc) X-ray emission spectroscopy (XES). The
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Figure 1.5: Valence-to-core XES of La(OH), is shown as a line scan (top) extracted
from the full map (bottom) at the horizontal white line. The measured energy
transfer is between 0eV to —60eV. Thus, the states at the top of the valence band
are probed. The feature at 0eV energy transfer results from direct scattering. The
other features are caused by occupied electronic states.

energy transfer is usually in the range of 0eV to —60eV. Such a measurement
is shown in the top panel of Fig. The first feature at 0eV rises from elastic
scattering, in which the incident and emitted photons have the same energy. The
other features relate to states at the top of the valence band and thus occupied
states. The excitations of those valence band states are dependent of the incident
energy as the 2D map in the lower panel of Fig. [I.5] shows.

The combination of HERFD XAS and vtc XES allows to determine the elec-
tronic band gap of the investigated materials. [34] The such obtained values are
not directly comparable with the band gap measured with UV /VIS spectroscopy.
Different selection rules in optical spectroscopy result in differently projected DOS.
The differences in momentum between the photon and the electron stimulate direct
transitions more than the indirect ones.

Recently, extensive studies on transition metal compounds prove high chemical
sensitivity of XES to metal ligands like carbon, oxygen, and nitrogen being not
accessible by XAS. [20-22,31] Such experiments on f-electron systems are scarce
and the theoretical description of the partially filled f-shell demanding. [35-38]

1.2 Theoretical description of X-ray spectroscopy

The description of photon-in/photon-out process starts with Fermi’s Golden Rule
in equation (|1.1)), [24,25] which describes the absorption of an incoming photon by
the initial state |g) to reach the absorption final state |n) by the transition operator
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The ¢ function ensures the energy conservation of the system. In a second order
process such as HERFD XAS the intensity follows the Kramers-Heisenberg formula
in equation (|1.2)):

(1Dl (lQlg) | /o
Ixm OCZ E, — E, — hw —il,, (Ef_Eg_h(Q_CU))Q—'—F?’ (1.2)

where D and Q are the dipole and quadrupole transition operators, respectively,
l9), |n), and |f), the ground, intermediate, and final state of the system with the
corresponding energies Fy, F,, and E; and core-hole lifetime broadening I',, and
I't. The incident photon has the frequency €2 and the emitted photon w. Fig.
describes this process for a RE atom in a L3 absorption and Lo or LS emission
process.

The pre-edge region of RE-atoms is described by the 2p — 4f quadrupole transi-
tion. The partially filled f-states have a rich structure governed by multiplet effects,
which can be accurately calculated with present computer programs. [39-42]

The program calculates within the multiplet formalism the energy of a given
configuration by applying the Hamiltonian shown in equation

A=Y Py e +z—+zcn (13)
N

pairs

The first and second part of equation are the kinetic energy and electrostatic
interaction between the electrons and the nucleus and are treated as average energy
of an atom in this certain electronic configuration. The third term describes the
electron-electron repulsion and the last term the spin-orbit coupling. Additional
terms arising from the crystal- or ligand-field have a strong influence on the pre-
edge XAS spectral shape in transition metal ions but are negligible in f-electron
systems since the crystal field acting on the RE pre-edge is much smaller than the
experimental resolution.

With this Hamiltonian the energies of all possible configurations in the |g) and |n)-
states are calculated. The quadrupole transition operator is applied and the result is
a number of allowed final states with defined intensities. Continuing with the dipolar
radiative process of a fluorescence the RE pre-edge RIXS maps can be calculated as
a function of incident and emitted energy with the Kramers-Heisenberg formalism
in equation (L.2). For the RE pre-edges the number of |g) states is dependent of the
number of f-electrons, ns, and is calculated with equation (1.4):

()
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in the excited state |n) the number of possible states is n,, = 6n,, and in the final
state | f) ny = 10n,.

On the example of a La®" ion with a 4f° configuration there is one ground state
configuration and 84 intermediate state configuration due to the coupling of the
2p°4 f1 states. The final state with 4d%4 f has 140 possible states. Even though there
is such a high number of possible configurations, there are only three intermediate
states allowed by the quadrupole transition operator. This in addition with the
dipole operator limits the number of allowed final state configurations. Finally, at
the La L3 absorption and Lo emission line, Fig. [I.4] two main features are observed,
seperated by 4f — 3d interactions in the final state. [15]

This approach works very well for the pre-edge quadrupole transitions of the
RE ions. [15] However, the main and post edge region of XAS spectra are domi-
nated by dipole transitions and mulitple scattering and a different theoretical ap-
proach is desired. Density functional theory (DFT) codes such as Wien2k, [43, 44]
FDMNES, [45,46] QuantumEspresso, [47-49] and Orca [50,51] proved their func-
tionalities in describing XAS and XES spectra of transition metal compounds.

A widely applied program package for XAS calculations is the FEFF code, which is
based on a single particle approach. [52,53] This program calculates self-consistently
the potentials of a given cluster of atoms, which enables a good estimate of the Fermi
energy. The implementation of full multiple scattering improves the calculation
results. The program determines the DOS of the system and with a implementation
of a core-hole relaxation if needed.
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2 High-Energy Resolution
XAS/XES Reveals Insight into
Unique Selectivity of La-based
Nanoparticles for CO,

The content of this chapter was published in the Proceeding of the National Academy
of Sciences of the United States of America 2015, 112, 15803 - 15808 by Ofer Hirsch,
Kristina O. Kvashnina, Li Luo, Martin J. Stess, Pieter Glatzel, and Dorota Koziej
as corresponding author.

2.1 Abstract

The lanthanum-based materials, due to their layered structure and f-electron config-
uration are relevant for electrochemical application. Particularly, La,0,CO4 shows
a prominent chemoresistive response to CO,. However, surprisingly less is known
about its atomic and electronic structure, and electrochemically significant sites and
therefore, its structure-functions relationships have yet to be established. Here we
determine the position of the different constituents within the unit cell of mono-
clinic La,0,CO4 and use this information to interpret in-situ high-energy resolution
fluorescence detected (HERFD) X-ray adsorption near edge structure (XAS) and
valence to core X-ray emission spectroscopy (vtc XES). Compared with La(OH), or
previously known hexagonal La,0,CO; structures, La in the monoclinic unit cell
has much lower number of neighboring oxygen atoms, which is manifested in the
whiteline broadening in XAS spectra. Such a superior sensitivity to subtle changes
is given by HERFD method, which is essential for in-situ studying of the interaction
with CO,. Here, we study La,0,CO;-based sensors in real operando conditions, at
250 °C in the presence of oxygen and water vapors. We identify that the distribution
of unoccupied La d-states and occupied O p- and La d-states changes during CO,
chemoresistive sensing of La,0,C0O5. The correlation between these spectroscopic
findings with electrical resistance measurements leads to a more comprehensive un-
derstanding of the selective adsorption at La-site and may enable the design of new
materials for CO, electrochemical applications.
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2 Selective Interaction of CO, with La,0,CO4

2.2 Introduction

CO, became a challenge for our society and we have to develop new materials for
its photo/electro-catalysis, chemoresistive sensing and storage. [1-8| Particularly,
for the variety of electrochemical applications the selective interaction of CO, and
charge transfer with solids is in the foreground. At the same time, the interaction
of CO, with solids in the electrochemical cell or sensing device, are rather complex,
thus it remains challenging to experimentally identify the key elements determining
their selectivity and efficiency. X-ray absorption (XAS) and X-ray emission (XES)
spectroscopies provide complementary information on the electronic structure of
materials [9,10] and on the orbitals participating in the interaction with absorbing
molecule. [11] High-energy resolution fluorescence detected (HERFD) XAS probes
unoccupied states with a spectral resolution higher than regular XAS. Furthermore,
with the same experimental setup XES can be measured, which allows to probe
the occupied states within the valence band. [12| In-situ HERFD XAS or XES ex-
periments have been previously carried out to study the catalytic reaction at the
surface of noble metals, [11,13-16] zeolites, [17] and metal organic frameworks. [1§]
Thus far, no such in-situ experiments have been performed to directly track the
changes of the electronic structure of a solid and its electrochemical activity towards
CO,. The rare-earth-based materials like perovskites and oxycarbonates owing to
their unique f-electron configuration of Ln (Ln = rare earth) and layered crystal
structure, emerge as the most interesting for future photo- and electro-chemical ap-
plications. [3—-8] Among rare-earth oxycarbonates, [19,20] particularly lanthanum
strongly responds to CO, and shows up to 16-fold conductivity changes, not seen
before for any metal oxides. [21] This is very surprising because a direct injection
of an electron into CO, molecule requires the activation energy of nearly 2¢eV. [22]
To assess the origins of the unique CO, sensitivity of rare-earth oxycarbonate it is
essential to in-situ study the interplay between the changes of the electronic struc-
ture of La-based nanoparticles upon CO, adsorption and changes of the macroscopic
conductivity of a device.

Here, to elucidate the underlying mechanism we first determine the structure and
atomic positions of the lanthanum oxycarbonate. Using HERFD XAS and valence-
to-core (vtc) XES results, we gain information about the electronic structure and
band gap. Moreover, we combine in-situ HERFD XAS and XES measurements
with sensing performance tests to obtain the structure-function relationship. Fi-
nally, with all the obtained information we discuss a mechanism of CO, adsorption
on the La,0,CO4 surface.

2.3 Results and Discussion

The synthesis and characterization of La,0,CO4 nanoparticles is described in the
supporting information (SI), section [2.7, Experimental Methods, section Synthesis
and characterization including SI Fig. The crystallite size is between 11 nm
to 14nm as shown in the TEM images in Fig. 2.1A-B and in SI Fig. 2.5A. Three
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Figure 2.1: Structure and morphology of the La,0,CO; nanoparticles. (A-B) HR-
TEM images of La,0,CO, nanoparticles at different magnifications. The inset in
(B) Fourier Transform of the region highlighted in red including the zonal axis and
indexed reflections. (C) Recorded PXRD pattern of monoclinic La,0,CO, (black
line), the calculated (red line), and the difference (blue line) resulting from the Ri-
etveld analysis. Reference patterns of the three polymorphs are shown (monoclinic,
hexagonal (ICSD: 37-0804), tetragonal (ICSD: 23-0320)). (D) A model of the re-
fined La,0,CO;. The lanthanum atoms are cyan, oxygen red and carbon yellow.
The polyhedrons denote the local La surrounded by pyramidal oriented O atoms.

different polymorphs of rare-earth oxycarbonates are known: a tetragonal type I,
the monoclinic type Ia and the hexagonal type II. All these types share a layered
structure with alternating Ln,O3" and CO3 layers. [23,24] In the hexagonal type
this layer consists of distorted LnOg coordinated rhombohedra. [19] While the local
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2 Selective Interaction of CO, with La,0,CO4

coordination around the Ln atom of type II polymorph is known, [25] the atomic
positions within the type Ia unit cell are not resolved yet. Here, we assign the
PXRD peaks solely to the Ia polymorph of La,0,CO; as shown in Fig. 2.I|C. The
La,0,CO, nanoparticles crystallize in the space group P2;/c with the refined lattice
parameters a — 4.0756 A, b = 13.4890 A, ¢ = 5.8034 A, a = v = 90°, 8 = 135.37",
as deduced from the Rietveld analysis of the PXRD. [26-35] The lattice parameters
and the atomic positions of La, C and O in the La,0,CO; lattice and a detailed
refinement procedure is given in the SI Experimental Method, section Structure De-
termination, Table 2.1 The analysis of the atomic positions within the structure
helps us to identify local structural commonalities and differences between the mon-
oclinic and the hexagonal polymorph. The Ln,O3" layer in the hexagonal type II
consists of distorted LnOg coordinated rhombohedra [19] whereas the same layer in
the type Ia polymorph contains pyramidal oriented oxygen with a Ln atom in the
middle as shown in Fig. 2.ID. The pyramids are pointing in positive or negative
b direction and alternate along the c direction (SI Fig. [2.8). Within a distance
(R) of 3A the lanthanum atom has six oxygen neighbors in type Ia, while La has
eight oxygen neighbors in type II. Both crystal structure, and the coordination of
the metal cations and the oxygen anions are in general known to have strong im-
pact on the chemical reactivity of rare-earth based nanoparticles. [36] However, re-
ports correlating the structure of La,0,CO5 with chemical reactivity are relatively
sparse. For example, the crystal structure of intermediate La,0,CO4 determines
the efficiency of methane reforming to produce hydrogen. [37,38] Additionally, it
was previously shown a La,0,CO;-based sensor shows a higher sensor signal than
Nd,0,COs. [19,21] No further information was given about the origin of these dif-
ferences, but remarkably Nd oxycarbonate crystallizes in the hexagonal type II,
whereas La oxycarbonate crystallizes in monoclinic type Ia structure. The forma-
tion of Ln,0,CO4 from Ln(OH), is a sequential process involving compositional and
structural modifications. The heating rate, temperature, and CO, concentration de-
termine the free energy of transformations and thus the occurrence of the individual
polymorphs.

We measured HERFD XAS (Fig. 2.2]A) to obtain information about the unoc-
cupied states and valence to core XES to retrieve information about the occupied
states (Fig. 2.2B) of La,0,CO,. The large life time broadening at the 2p level
(~3.4¢V [39]) renders the XAS technique at the La L3 edge rather insensitive to the
electronic structure. Especially, the pre-edge structure of the La L3 XAS spectrum
is very difficult to resolve with conventional XAS experiment. During the HERFD
measurements, the X-ray emission spectrometer is tuned to the maximum of the Loy
(3ds/2—2p3/2) transition and the absorption is recorded by monitoring the maximum
of the Lo intensity as a function of the incident energy. The advantage of such a
setup is that the width of the spectral features is no longer limited by the 2ps3/, core
hole lifetime but by the sharper 3ds/, core hole width in the final state ~0.7 ¢V, [40]
which is on the same order of magnitude as the experimental broadening. To test
the sensitivity of the HERFD XAS method for the oxygen coordination of La, we
compare the spectrum of lanthanum oxycarbonates (six oxygen neighbors) with
lanthanum hydroxide (nine oxygen neighbors) as shown in Fig. 2.2A. The experi-
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Figure 2.2: Fz-situ HERFD XAS and vtc XES experiments along with FEFF calcula-
tions and coordination of La-atom for La(OH); and La,0,CO;. (A) A comparison
of the experimental HERFD XAS spectra (solid lines) with the FEFF calculated
spectra (dashed lines): La(OH), (black) and La,0,CO; (red). (B) Comparison of
measured valence-to-core XES spectra of La(OH), and La,0,CO5. We observe dif-
ferences at the feature at —10eV and at the features at —50eV and —60 eV, which
are magnified in the inset. We assume the first feature is caused by La d- and O p-
states, the second feature by La p- and O s-states, and the feature at —40eV by La
s-states. (C) La(OH), and (D) La,0,CO4 DOS of the La absorber atom. The width
of d-DOS width and therefore the whiteline width relates to the amount of oxygen
neighbors of the La-atom, which are shown in (E, F) as cluster of LaO, bonds in
lanthanum hydroxide and oxycarbonate. The cutoff length of the sphere around the
La atom (R) was set to 3 A. The lower coordinated La-atom in La,0,CO, exhibits a
broader distribution of unoccupied d-states than the nine-fold coordinated La(OH)s.
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mental data shows the maximum absorption intensity located at the same energy,
which corresponds to a La®" ion as it is expected from the stoichiometric formula.
There are two important discrepancies between the spectra of these two compounds;
La,0,COj; exhibits a wider whiteline, whereas La(OH), exhibits a higher whiteline
intensity. These observations imply that the charge distribution is more localized
around the La ion in the hydroxide than in oxycarbonate, while the formal charge
stays three plus. The spectra at energies above the absorption edge reveal more
structural features for the hydroxide than for the oxycarbonate. To understand the
differences in the experimental data, we calculate XAS spectra with the FEFF pro-
gram package as shown in Fig. [2.2JA, dashed lines. The shape of the whiteline as well
as the pre-edge structure are reproduced for both compounds, while the post-edge
features are not well modelled in the calculations. Furthermore, the calculation
reproduces the differences in the whiteline width and intensity well. The atomic
orbital angular momentum projected density of states of both compounds reveal
the electronic states that give rise to the pre-edge and the whiteline excitations and
are plotted in Fig. and for La(OH), and La,0,COs, respectively. The
width of the whiteline and therefore the width of the unoccupied d-states reflects the
number of oxygen neighbors within the first shell around the La absorber. [41,42]
The higher the coordination number of La, the narrower is the whiteline. Also the
crystal structure may induce similar changes of the spectral features. Fig. 2.2E-F
shows atoms within a sphere of 3 A for La(OH), and La,0,CO,, respectively. We
count nine nearest oxygen neighbors for La(OH), while La in La,0,CO; has only
six nearest oxygen neighbors. Band structure calculations of the electronic states of
La,O4 with its seven La-O pairs within the sphere of 3 A show also a wide distribu-
tion of empty d-states. [43,44] In the spectra of La(OH), and La,0,CO; we observe
a pre-edge feature at 6.7 eV below the maximum of the La L3 absorption edge, which
is generally attributed to the mixed dipole and quadrupole transitions. [40, 45, 46]
Only systems with inversion symmetry at the absorbing atom can have a pre-edge
structure of pure quadrupole contribution but if the inversion symmetry is broken
the quadrupole and dipole transitions contribute to the pre-edge intensity. [47] The
compounds are not having an inversion center at La atom and thus we observe mixed
d- and f-states in the pre-edge structure. The analysis of the pre-edge DOS reveals a
small contribution of dipole transitions of d-state character and strong contribution
of quadrupole transition of f-state character. However, the intensity of quadrupole
transitions are considerably smaller than the intensity of dipole transitions, thus the
measured pre-edge feature is very small. [45]

To obtain information about the occupied states we perform resonantly excited X-
ray emission spectroscopy measurements. We therefore tune the incident photon
energy to the maximum of the absorption edge and detect emission spectra with en-
ergy differences from 0eV to —70eV with respect to the incident energy and probe
therefore the highest occupied states. Fig. shows the experimental XES spec-
tra of La(OH), and La,0,CO,. The main features for both compounds are very
similar and located at energies at —10eV and at —40eV. Interestingly, even at lower
transfer energies, 50eV and 60eV below the whiteline maximum some features are
detectable, which show some small differences in relative intensity between the hy-
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droxide and the oxycarbonate. The most pronounced differences are visible in the
features, which correspond to the highest occupied levels. Furthermore, the shape
of the structure at —10eV also differs. For spectral features at energies close to
the Fermi-level at —10eV we assume, based on earlier calculations of La(OH), and
La,0,, a mixing of La d-states and O p-states. [43,44,48-50] We observe a feature at
—25¢eV, which we can assign to a mixing of La p- and O s-states on the basis of cal-
culations on La,Ti,0,. [51] The feature at —40 eV was previously observed in X-ray
Photoelectron Spectroscopy (XPS) spectra of La(OH), and La,O, and was assigned
to La 5s states. This feature is showing an additional shoulder, which is assigned
to a difference in charge transfer from the ligand in La(OH), and La,O4. In XES
spectra of La(OH), and La,0,CO4 these differences are also clearly visible as shown
in the inset of Fig. [2.2B. Within La(OH), and La,0,CO4 the formal valence of lan-
thanum ions is La®" and the d-states are empty in the ground state. In both cases
occupied La d-states exist and they form together with O p-states the valence band.
The La d-states are only partly occupied and the empty fraction of the La d-states
forms the conduction band. The valence and conduction band are separated by an
electronic band gap £,. Combining XAS and XES provides a gap in the d-DOS
integrated over all directions of momentum transfer and over a range of modulus
over momentum transfer that is given by the experimental geometry. [51-53] Here
we determine electronic d-DOS band gap energies of 5.1eV and 3.7¢V for La(OH),
and La,0,CO4 nanoparticles, respectively. These values are lower with respect to
the optical band gap values derived from UV-VIS spectroscopy with the assumption
of an indirect band gap; 5.4eV to 5.6eV and 4.35¢eV for micrometer large La(OH),
and La,0,CO; particles, respectively. [54, 55| However, the direct comparison is
not straightforward because UV-VIS probes the DOS that is projected according
to selection rules for the optical transition. At this wavelength the momentum of a
photon is very small compared to the wave vector of the electrons and thus most
of the UV-VIS signal arises from direct transitions between valence and conduction
band, whereas the indirect transitions are less pronounced.
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Figure 2.3: An overview on the CO, sensing performance of La,0,CO,-based sen-
sor with and without X-ray irradiation. (A) Sensing performance upon exposure
to CO, from 250 ppm to 10000 ppm in 50 % rh at 250°C without X-ray irradia-
tion. (B) Comparison of the sensor signal upon exposure to 10000 ppm of CO,
without (blue) and with X-rays irradiation (black). The sensor signal is defined as
Rco, /Rair, where R,;, and Rco, are the resistance of the sensor in air and under
CO, exposure, respectively. Resistance under X-ray irradiation is energy depen-
dent, thus we use as Rair the initial value before the X-ray irradiation. During
0-3h under air, we first measure two sets of 15 XANES scans each. Between the
individual scans the fast X-rays shutter is closed (X-rays off) and open (X-rays on),
which is visible as a spike in the sensor signal. Finally, we measure for 20 minutes
only the resistance. We repeat the same data acquisition protocol for the measure-
ments under CO,. (C). Comparison of the simultaneously recorded XANES spectra
(red) and the sensor signal (black) illustrates the dependence of resistance of the
sensor on the incident energy. XANES and the sensor signal measurements were
measured with different temporal resolution. One measurement point of the sensor
signal corresponds to 17 points at the energy scale of XANES scan (1.7€V). (D) The
simplified model for the resistance of the sensor at different experimental conditions
shown in (C). We assume that: at 250°C the Debye length (Lp) is smaller than
the radius (r) of La,0,CO4 nanoparticles. Gases adsorbing at the surface create a
depletion/accumulation layer with the thickness of Lp. The resistance of this layer
(R;) is different than the resistance of bulk of nanoparticles (R;). The charge carri-
ers have to overcome an energy barrier (eV;) to reach the neighboring nanoparticle.
Dependent on the conditions the height of the barrier is changing as schematically
shown; [56] the escape depth of photoelectrons emitted from the absorbing atom is
larger than the size of nanoparticles, [57] which means that X-rays equally change
the resistance at the surface as well as in the bulk of La,0,CO4 nanoparticles. The
colors represent the measured resistance.
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2.3 Results and Discussion

The chemoresistive sensing principle involves interaction of CO, molecules with
sensing materials, which then leads to conductivity changes. In real applications,
the interaction is not an isolated CO, reaction but it is altered by the presence
of oxygen and humidity. For example in-situ diffuse reflectance infrared Fourier
transformed spectroscopy (DRIFTS) studies revealed for Nd,0,CO, — based sensor
a correlation between the amount of surface carbonates groups and adsorbed hy-
droxyl groups; the higher the amount of adsorbed carbonates the lower the amount
of water related species on the surface. However, it was suggested that the two
gases CO, and H,O do not compete for the same adsorption sites. [19] A similar
reaction mechanism has been postulated for La,0,CO4-based sensors, but so far the
sites for CO, adsorption have not been identified. [21] Therefore, we are particularly
interested in determining the reaction, which induces the charge transfer between
La,0,C0O; and CO, in humid air, and as a result decreases the overall conductivity
of the La,0,C0O;-based sensor. Before we discuss the in-situ spectroscopic data
we briefly summarize the sensing characteristic of La,0,CO;-based sensors and the
impact the incident X-rays thereof. The resistance of the La,0,CO;-based sensor
decreases, and upon exposure to CO, or CO increases as shown in Fig. 2.3A, and
SI Fig. 2.9A-B. Moreover, we observe the positive cross-sensitivity to CO, and hu-
midity: the baseline resistance of La,0,CO5-based sensor at 250 °C is decreasing
with increasing humidity and exposure of CO, in humid conditions results in higher
relative resistance changes than in dry air as shown in SI Fig. 2.9C. We define the
sensor signal according to the definition for p-type semiconductors as the resistance
of the sensor upon exposure to reducing gas (Rco or Roo,) over the baseline resis-
tance of the sensor before exposure (Rp). [56]

3
@
]
=
7]
<]
2
2
5}
*

Energy / eV

Figure 2.4: In-situ studies of structure-functions relationship. (A) The sensor signal
upon exposure for 3h to 10000 ppm of CO,. (B) The schematic of unit cell of
La,0,CO0O, illustrating the layered structure and the 6-fold coordination of La-atoms.
La, O and C atoms are labeled cyan, red and yellow, respectively. (C) In-situ XAS
and XES spectra before (red) and after exposure to 10 000 ppm of CO, (yellow)
in 50 % rh at 250°C. To underline the changes the area under the experimental
curves was colored. We observe a whiteline sharpening, a decrease of the feature
at —10eV and at the same time an increase at the feature at —50eV. This points
at the oxidative character of CO, and additional oxygen in the La neighborhood.
The inset shows a schematic of possible carbonate species forming at the surface of

La,0,CO.
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2 Selective Interaction of CO, with La,0,CO4

For the in-situ XAS and XES experiments we used conditions resulting in the
highest sensor signal, which is a pulse of 10000 ppm of CO, in synthetic air with
50 % rh and at operating temperature of 250 °C. The corresponding changes in the
sensor signal during in-situ HERFD XAS measurements under air and CO, pulse
are shown in Fig. 2.3B-C. At a given condition two sets of fifteen spectra each
were recorded. The labels “X-rays on / oft” indicate that the shutter was open or
closed, respectively. The incident beam even at energies below the edge causes a
rapid decrease of the sensor’s resistance of about two orders of magnitude, which
results in sensor signal of more than 150 as shown in Fig. 2.3C. During a XAS
scan the resistance shows a dependence on the incident X-rays, which indicates that
electrons are escaping from the La,0,CO4 layer as a result of absorption of an X-
ray photon. At an energy corresponding to the maximum of whiteline intensity
the sensor signal increases even further to almost 400. The X-ray induced changes
of resistance have been previously used to record the Total Electron Yield-XAS
(TEY-XAS) spectra. [57] However, for the wide band semiconductors and insulating
materials, the charging of the sample has to be experimentally or mathematically
compensated by taking into the account the effective penetration depths of secondary
electrons as a function of incident X-rays energy, [57-60] and thus we will not discuss
it any further. Instead, we analyze the impact of the incident X-rays on the reactivity
of La,0,C0O; towards CO,. We observe that between the XAS scans, when the X-
ray shutter is shortly closed, the resistance/sensor signal only partially recovers as
shown in Fig. [2.3B-C; but if enough time is allowed, it fully recovers to the initial
value as shown in SI Fig. In summary, the resistance of the sensor increases
16-fold upon exposure to 10000 ppm of CO,; the resistance of the sensor decreases
almost 400-fold upon irradiation with X-rays and depends on the energy of incident
beam as shown in Fig. 2.3]B-C. The overall resistance of the sensor exposed to CO,
under X-ray irradiation is clearly higher than in air as shown in SI Fig. The
direct quantitative comparison of sensor signal towards CO, with and without X ray
irradiation is not possible. We assume that the mechanism underlying the chemical
reactivity of La,O,CO; towards CO, is not affected by incident X-rays, but only
the transduction of the chemical reaction into the electrical signal and thus we can
qualitatively compare resistivity changes as a function of gas environment under
exposure to X-rays. Additionally, the simplified model for the resistance of the
sensor at different experimental conditions is given in Fig. [2.3D.

The XAS and XES spectra of films at 250 °C show identical features as spectra of
pellets at RT as shown in Fig. 2.2]A-B and 4, respectively. Even though the sensor’s
resistance upon exposure from dry air to 50 % rh decreases 50-fold, the XAS spectra
of the sensor measured in dry and 50 % rh air are identical as shown in SI Fig. 2.11A.
Thus, we conclude that the La is not an adsorption site for water. Upon exposure
to 10000 ppm of CO, in 50 % rh, we notice in the XAS spectra an increase of the
intensity and sharpening of the whiteline, whereas other pre- and post-edge features
do not change, as shown in SI Fig. 2.11B. These, by analogy to previous HERFD
XAS studies [61] point to the oxidative character of CO, adsorption on La,0,CO,
namely CO, molecules are acting as electron acceptors. We ascribe the changes
of the whiteline to the presence of additional oxygen in the direct vicinity of La.
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2.4 Conclusion

The in-situ vtc XES measurements further confirm that CO, interacts directly with
La-sites and the electronic structure is rearranged because of an additional ligand,
SI Fig. 2.11JC. We observe an increase of the states at —40eV and a decrease of the
feature at —10€V, which we assume to consist of La d- and O p-states. We conclude
that CO, adsorbed at La,0,CO;, as surface carbonates as schematically depicted in
Fig.[2.4 Remarkably, the XAS studies reveal an oxidative character, whereas the re-
sistance measurements point at reducing character of CO, adsorption at La,0,CO4
in humid conditions. We note that XAS selectively probes the adsorption at La-site,
whereas the resistance of the sensor is not selective to particular reaction or site,
but instead probe the net charge transfer between molecules (O,, CO,, H,0) and
surface of a solid. [56] This further underlines the advantage of in-situ XAS/XES
studies for investigating the reactions mechanism in real conditions.

2.4 Conclusion

Here, we present complementary X-ray diffraction, absorption and emission studies
of lanthanum oxycarbonate nanoparticles. To calculate the accurate XAS spectra
with FEFF code a precise determination of atomic positions is required. Using the
PXRD pattern we determine the atomic structure of monoclinic Ia type La,O,COs,.
Eventually, this information is the foundation for the FEFF calculations, which
turn to reproduce very well the measured XAS spectrum. Moreover, we experimen-
tally verify that the La d-states are partially occupied and thereof empty fraction
forms the conduction band, the occupied fraction forms together with O p-states
the valence bands, and the electronic d-DOS band gap between them is 3.7eV. To
further elucidate the role of the oxycarbonate ligands an advanced DFT calculation
of XES spectrum is needed. [12] Herein the combination of HERFD XAS and vtc
XES techniques allows us to in-situ visualize the charge transfer between relatively
inert carbon dioxide and La,0,CO;. It reveals changes of both occupied (La d and
O p) and unoccupied states (La d) upon the interaction with CO,; this information
is not accessible with other techniques. The CO, sensing mechanism in humid air
is highly complex; nevertheless, our in-situ results show that La is the adsorption
site for carbon dioxide but not for water. In the future, the soft-range XAS/XES
studies at O and C edges could possibly answer the question concerning sites for
water and oxygen adsorption, [62,63] however such an experiment would be very
challenging because both elements are present in La,0,CO; as well as in the ambient
atmosphere.

2.5 Experimental Methods

Synthesis. All reagents were used without further purification. La(OH), nanopar-
ticles were synthesized in a microwave reactor through heating lanthanum isopropox-
ide in acetophenone at 200 °C for 20 min. Afterwards the samples were washed and
dried in air. La,0,CO4 was prepared by heating this sample at 500 °C for two hours
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2 Selective Interaction of CO, with La,0,CO4

under air.

Structure Determination. The PXRD of Type Ia La,0,CO; was indexed using
TREOR implemented in CMPR. [26,27] The space group was adjusted [35] and
the structure solved with the EXP02013 software. [28] The lattice parameters were
refined with GSAS. [29-34]

X-ray spectroscopy. HERFD XAS and vtc XES experiments were carried out at
ID26 at the European Synchrotron Radiation Facility (ESRF), which is equipped
with an X-ray emission spectrometer. [64,65] For the HERFD XAS experiments the
incident energy was scanned over the La L3 edge and the La Loy fluorescence line
was recorded. In the vtc XES experiments the incident energy was fixed to the max-
imum of the white line energy and the spectrometer recorded emission just below
this incident energy. Powders were pressed in pellets or deposited on the alumina
substrate, equipped with Pt electrodes were measured. The sensors were measured
under working conditions in humid air at 250 °C with pulses of 10000 ppm CO, in
an in-situ cell. [16].

FEFF calculations. The spectra were calculated with the FEFF9 program pack-
age. [66,67] The calculations for the self-consisting potential were performed includ-
ing atoms within a sphere of 4 A. For the full multiple scattering calculations atoms
within a sphere of 4 A and 4.5 A for La(OH), and for La,0,CO,, respectively, were
included.

Characterization techniques. Phase composition and phase purity were inves-
tigated with PXRD on a Panalytical diffractometer and FTIR on a Bruker ATR
IR spectrometer. HRTEM micrographs were recorded with a Phillips Tecnai F30
electron microscope.

Detailed information about the synthesis, gas-sensing conditions, the X-ray spec-
troscopy measurements, the FEFF calculations, and sample characterization tech-
niques are described in SI Experimental Methods.
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2.7 Supporting Information

Synthesis and characterization

Chemicals. All chemicals were used without further purification. Lanthanum iso-
propoxide (La(O"Pr)) (99 %) was purchased from Strem Chemicals and acetophe-
none from Fluka Analytical.

Synthesis. The synthesis was prepared in an oxygen and water-free atmosphere
in a glovebox (O, and H,O < 0.1 ppm). The synthesis of La(OH), nanoparticles is
adopted from a previously published synthesis route. [19,21] An amount of 158.08 mg
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2.7 Supporting Information

of La(O"Pr) (0.5mmol) was added to 4.68 ml of acetophenone (40 mmol) in a reac-
tion vessel containing a stirring magnet. The vessel was sealed with a Teflon cap,
taken out of the glovebox and heated at 200°C for 20 min in a CEM Discover mi-
crowave reactor with high stirring rate. The synthesized particles were separated
from the reaction liquid by centrifugation and later washed with ethanol and ace-
tone. The powder was finally dried in air at 60°C. Lanthanum oxycarbonate was
prepared by heating the synthesized sample for two hours at 500°C in a furnace
under air with a heating ramp of 5°C/min. The final product was cooled down to
room temperature at ambient conditions. Both compounds were characterized by
PXRD and HR-TEM, additionally, La,0,CO, was characterized with ATR-IR, as
shown in Fig. and Fig. 2.6l Information about the characterization measure-
ments can be found below.

Discussion on the occurrence of different polymorphs fo La- an Nd- oxy-
carbonates. While the starting material is in both cases the corresponding hy-
droxide, the heat treatment is crucially different. Nd(OH), is heated in air to form
an amorphous compound, which is later on transformed to hexagonal Nd,O,CO4
through exposure of 5000 ppm CO, in humid air at elevated temperatures. [19] Here,
we anneal La(OH), for 2h at 500 °C in air, which contains about 400 ppm CO,, and
we obtain phase pure type la La,0,CO;, which is considered as metastable. [24] The
heating rate, final temperature and CO, concentration determine the free energy of
transformations and thus the occurrence of the individual polymorphs.

Powder X-ray diffraction (PXRD). The PXRD data for structure refinement
was collected with a Panalytical X’Pert-Pro diffractometer equipped with X’Celerator
detector using Cu Ka radiation. The step size was set to 0.0334° and the counting
time was 280s per point. The powder sample was mounted in an AP HTK-1200
oven and the incident anti-scatter and divergence slit were set to 1/2° and 1/4°,
respectively; on the diffracted side a 5 mm anti-scatter slit was used together with
a (-Ni filter. On both sides 0.04 rad Soller slits were installed.

Attenuated total reflection infrared spectroscopy (ATR IR). Infrared anal-
ysis was performed with a Bruker ALPHA-P FT-IR spectrometer with a resolution
of 4cm™! and averaged over 128 scans.

Transmission electron microscopy (TEM). TEM measurements were conducted
on a Philips Tecnai F30 operated at 300kV. A Gatan 1k CCD chip was used for
image acquisition via the software Digital Micrograph.

Sensor fabrication. About 10 mg of the washed, but still wet La(OH), powder was
dispersed in 4 ml of ethanol and dip-coated on an alumina substrate. The substrate
equipped with the interdigitated platinum electrodes for the resistance readout on
the front side and on the back side with the platinum heaters. This substrate was
dip-coated 60 times into the prepared dispersion, with a holding time of 5s within
the dispersion, 20 s for drying in air and a moving velocity of 300 mm /min. The sen-
sor was afterwards heated under the above-mentioned conditions to obtain highly
porous La,0,COj4 films as shown in Fig. 2.7]

Structure Determination.

Structure solution. The PXRD pattern is indexed on a primitive monoclinic unit
cell (a = 4.0803A, b =13.5090 A, ¢ = 4.0720 A, 8 = 90.97°, ICSD: 48-1113), using
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2 Selective Interaction of CO, with La,0,CO4

the program TREOR [26] implemented in the software CMPR. [27] A careful exami-
nation of the diffraction pattern indicates that h0l reflections with h + | = 2n + 1,
and 0kO reflections with &k = 2n 4+ 1 are systematically absent, so the most prob-
able space group is expected to be P2;/n. As P2;/n is not a standard space group,
we thus convert it to the corresponding standard space group P2;/c (a = 4.0803 A,
b = 13.5090A, ¢ = 5.8131A, 3 = 135.54°) using cctbx. [35] We perform struc-
ture solution using modified direct method implemented in the software package
EXPO2013. [28] After subtraction of the background using polynomial functions
in selected angular intervals, the intensity of each individual reflection is extracted
by using Pearson profile functions. Several initial structure models are generated,
but all of them exhibit some structural similarities. Therefore, we select the best
solution proposed by the program for further analysis.

Rietveld refinement. We use an initial structure model as a starting point
for Rietveld refinement [29] using the program GSAS. [30,31] We use the shifted
Chebyschev function to fit the background and the peak shape function to fit the
patterns is the pseudo-Voigt function. [32] We apply the surface roughness correction
suggested by Suortti to minimize the intensity error introduced in Bragg-Brentano
geometry. [33] The preferred orientation correction was performed using Spheri-
cal Harmonics. [34] The structure model was finally converged with Rwp = 6.039
(Rexp =3.186).

The results are presented in Table 2.1]

Gas-sensing measurements. The gas-sensing measurements were performed in a
test chamber made out of Teflon, equipped with the electrodes for resistance mea-
surements and heating of sensing layer. The atmosphere within the chamber was
adjusted by a gas-mixing system. Different CO, pulses ranging from 250 ppm to
10000 ppm were added to humid air (50 % relative humidity (rh)) and the resistance
of the active material was measured with a Keithley Model EMM 617 electrometer.
X-ray spectroscopy. The HERFD XAS and vtc XES experiments were carried
out at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France,
at the beamline ID26. The incident energy was selected using the (311) reflection
of a double Si crystal monochromator. The incident beam had a flux on the order
of 10' photons/s at the sample position. The emission lines were selected with an
X-ray emission spectrometer [64,65] and detected with an avalanche photodiode. In
the HERFD XAS experiments the energy of the incident beam was scanned over the
La L3 edge from 5475.0€V to 5575.0eV with a step size of 0.1eV and the emission
spectrometer was tuned to the maximum of La La; fluorescence line at 4649.9 eV
selected by the (400) reflection of one spherically bent Ge crystal analyzer. In vtc
XES the incident beam energy was fixed to 5490.8 eV and the emission was recorded
between 5415.0 and 5492.0eV with a step size of 0.4eV with five spherically bent
Ge crystal analyzers using the (422) Bragg reflection.

FEzx-situ experiments. During the ez-situ experiments pellets pressed out of pure
La(OH); and La,0,CO; nanoparticles were measured by means of HERFD XAS
and vtc XES.

In-situ experiments. The sensor was placed in a gas-sensing chamber equipped
with: pair of contacts for the electrical resistance measurements, pair of contacts
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for applying voltages to the heater, Kapton window for XAS measurements in fluo-
rescence mode, gas inlet, and gas outlet; further technical details are described else-
where. [16] In a typical HERFD XAS experiment we acquired 30 scans for 3 hours
at a given conditions. The sensor temperature was kept at 250 °C.

FEFF simulations. For the calculation of the HERFD XAS and vtc XES spectra
the full multiple scattering calculation program package FEFF9 was used. |66, 67|
The absorption and emission spectra were calculated using the COREHOLE card
and dipole and quadrupole transitions were included in the calculations with the
MULTIPOLE card. The core-hole lifetime broadening was reduced by 1eV with
the EXCHANGE card and the Hedin-Lundquist potential was employed. In the
La,0,C0O; calculations the Fermi energy was upshifted by 1eV. The UNFREEZEF
card was activated in order to include the f-electrons into the self-consistent po-
tential calculations. A cluster radius of 4 A for the self-consisting potential was
employed for both materials. The full multiple scattering (FMS) sphere was set to
4A and to 4.5 A for La(OH), and for La,0,COs;, respectively.
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Figure 2.5: Additional PXRD and ATR-IR measurements of La,0,CO; and La(OH),
nanoparticles. (A) The PXRD pattern of La,0,COj; after two hours of heat treat-
ment at 500°C in air. The red vertical lines represent the reference pattern for
monoclinic type Ia La,0,CO;, the blue and green lines show the reference pattern
for the hexagonal (type II, ICSD: 37-0804)) and tetragonal (type I, ICSD: 23-0320)
polymorph. The formation of Ln,0,CO4 from Ln(OH), is a sequential process
involving compositional and structural modifications. The heating rate, final tem-
perature and CO, concentration determine the free energy of transformations and
thus the occurrence of the individual polymorphs. (B) The PXRD patterns of the as
synthesized La(OH), nanoparticles. (C) The ATR IR spectrum of La,0,CO, with
the characteristic absorption bands.
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Figure 2.6: TEM images of the different nanoparticles. (A) Overview and (B) high-
resolution TEM images of the as prepared La(OH), nanoparticles. The average
crystallite size is 8 nm. (C) Overview and (D) high-resolution TEM images of

La,0,CO; nanoparticles, which were annealed for 60 hours at 250°C in order to
perform Rietveld refinement.

Figure 2.7: A cross section view of a La,0,CO; layer.
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Figure 2.8: The local structure of La atoms in the La,0,CO; is shown. The La
atoms are surrounded in a pyramidal configuration. The pyramids point in positive
or negative b direction and this pointing direction changes alternately in ¢ direction.
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Figure 2.9: The dependence of the sensor resistance towards different gases is shown.
The resistance (A) and the sensor signal (B) changes upon CO exposure gives ad-
ditional information of the sensing behavior. The experiment was conducted at
250°C and 50 % relative humidity. The increase of resistance upon CO exposure
shows the p-type semiconductor behavior of the La,0,CO, layer. (C) The resis-
tance changes with the relative humidity in air. The lower the relative humidity the
higher the baseline resistance rises. Additionally, the sensor signal to CO,, decreases
with decreasing humidity.
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Figure 2.10: The resistance measurement of the La,0,CO4-based sensor during ac-
quisition of series of in-situ XAS and XES scans. For the sake of completeness the
concentration of CO,, scan type, recalibration of the beam and refill are indicated.
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Figure 2.11: In-situ spectra of La,0,CO, under various conditions. (A) The de-
pendence of the HERFD XAS signal to the relative humidity. Each spectrum is an
average of 9 spectra. (Inset) the whiteline maximum. The relative humidity changes
from 0% (green line) over 20 % (red line) to 50 % (black line) and no difference is
observable. (B) A comparison of the HERFD XAS spectra in air with 50 % rh (black
line) and additional 10000 ppm CO, (red line). (C) Valence-to-core XES spectra in
air with 50 % rh (black line) and additional 10 000 ppm CO, (red line).

Table 2.1: The atomic and refinement parameters of La,0,CO,. The pro-
cedure to obtain the values involved a transformation from a non-standard to a
standard space group, structure determination, and Rietveld refinement. The unit
cell dimension are 4.0755 A in a, 13.489 A in b, and 5.8033 A in c-direction with an
angle 3 = 135.374° leading to a total volume of V = 224.115 A3.

Atomic Parameters

Atom x/a y/b z/c Occ  Refine. para.
C 0 0 0 1 R, = 6.039
La  0.9872(20) 0.8370(3) 0.4762(14) 1  R.., =3.186
01 0 0 0.5 1 X2 = 3.593
02  0.5310(13) 0.7376(33) 0.9750(79) 1
03  0.9200(13) 0.9161(31) 0.9435(82) 1
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3 HERFD—XANES Spectroscopy
as a Probe of Electron
Conductivity — a Showcase for
Temperature-Induced
Delocalization of f-Electrons

The content of this chapter was submitted in November 2016 authored by Ofer
Hirsch, Kristina O. Kvashnina, Christoph Willa, and Dorota Koziej as correspond-
ing author.

3.1 Abstract

High energy resolution fluorescence detected (HERFD) X-ray absorption near edge
structure (XANES) spectroscopy has so far mainly been applied to investigate fun-
damental physical phenomena in superconductors [1] and chemical reactivity of bio
inorganic, photocatalytic and catalytic materials. [2-4] Even though the HERFD
detection mode has been shown to be sensitive to changes of the density of unoc-
cupied states during chemical reactions, [5,6] it has never been used as a probe of
the occupancy of semiconductor bands with delocalized electrons. Here, we show on
the example of monoclinic Pr;O,; nanoparticles, an n-type semiconductor with an
electronic band gap of approximately 2 eV, how in-situ HERFD-XANES can be used
as a contactless method to track the changes in occupancy of a partially filled band.
We observe that the intensity variations of the HERFD-XANES features related
to the tetravalent Pr ions are reversible upon heating and cooling, whereas struc-
tural and chemical transformations can be excluded. We assign these changes to the
occupancy of the O 2p-Pr 4f-band and prove that they directly relate to changes
in the electrical conductance. Our results demonstrate how HERFD-XANES can
be used to particularly study in-situ the electronic properties of f-electrons in a
semiconductor. We believe that this method can be extended to other classes of
semiconducting nanomaterials. For example, for studying the electrical behavior of
2D transitional metal dichalcogenides like Cu,S and MoS,, |7,8] which are promising
materials for electronic devices. |9,10] Moreover, the ability to contactless monitor
the change of the electronic properties of a selected component is crucial for many
complex devices such as thermoelectric elements. [11]
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3 Delocalized f-Electrons in Pr-Oxide

3.2 Introduction

Although many contact techniques allow characterizing the changes of conductiv-
ity of semiconducting nanomaterials, most of them impose very strict requirements
for the sample preparation, for example, the geometry and the properties of the
electrical contacts. Here, we demonstrate that HERFD-XANES can be used as a
contactless probe of the delocalized electrons which are taking part in the electrical
conductivity. We have chosen to study mixed valence PryO,; nanoparticles exhibit-
ing n-type semiconductor properties and a band gap of about 2eV. For our 7nm
large Pr;O,, particles, the electronic band gap determined from valence-to-core X-
ray emission spectroscopy (vte-XES) and HERFD-XANES is 2.04eV as shown in
Supplementary Fig. [3.4f The conduction mechanism is described with the small
polaron model, where the dimensions of the polarons are of the same size as the
distance between two sites in the lattice. [12] We focus particularly on Pr because
of the richness of spectroscopic features in the Pr Ls-edge spectrum related to f-
electrons. The f-states of Pr and the O 2p-states overlap, hybridize, and form a
band. [13] The local coordination and hence the crystal structure determines the
degree of hybridization and the filling level of this band. The pre-edge region probes
the f-states directly via 2p — 4f quadrupole transitions and a full resonant inelastic
X-ray scattering (RIXS) map of this region gives further insights into the exact na-
ture of those states. Whereas, in the HERFD-XANES spectrum, shape and position
of edge and number, position and intensity of the features in the post-edge resolve
the correlation between Pr valence and f-electron occupancy.

3.3 Results

The challenge in studying the mixed valence Pr;O,; is to unequivocally assign the
spectral features related to 3+ and 4+ valence of Pr. Thus, we study Pr(OH),
as a trivalent reference and compare its spectral features with Pr4O,; as shown in
Fig. We perform the experiments at the Pr Ls edge (2p — 5d) absorption
line and record the Pr Lf;5 emission line (4d — 2p). The spectrometer setup
in HERFD-XANES reduces the core-hole lifetime broadening from 3.6eV (2p) [14]
to the 0.7¢V (4d) [15-17|, which is in the range of the experimental resolution of
1eV. In the Pr(OH),; spectrum, we assign the single feature to the 4f25d" state
as shown in Fig. [3.1h. The 4f3L5d", state, where L denotes a hole in the ligand
O 2p orbital, is not visible due to broadening of Pr 5d states related to oxygen
as neighboring atoms. [18] In the spectrum of PrsO,,, additionally to the 4f?5d"
final state characteristic for Pr*", we observe three more features, which manifest
the presence of Pr*" as shown in Fig. . The quasi-cubic like surrounding of
the Pr ions in the monoclinic PrsO,; results in a cubic crystal field splitting of the
states into an e, and ty, state with an energy difference of 2.8¢eV. [19] Thus, by
analogy to CeO, and PrO,, we assign the features at 5978.2¢V (blue) and 5980.9 eV
(orange) to the 4f'5d" final state. [20-23] The 5, final state of 4f2L5d" appears at
5971.0eV, [22] whereas the e, peak overlaps with 4f25d" of Pr*".
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Figure 3.1: The experimental HERFD-XANES spectra (a-b) and experimental and
calculated RIXS maps (c-h) of trivalent and mixed-valence praseodymium reference
compounds. a, b. De-convolution of the HERFD-XANES spectra of the Pr(OH),
and PryO,; nanoparticles, respectively. The 4f2 (red), 4f%L (green), and the two
4f! features split by the crystal field (blue, orange) are fitted with SplitGaussians.
The edge jump, fitted with an arctangent function, is shown as gray dashed line.
c-e. The measured (d) and calculated (e) RIXS map for trivalent Pr(OH), shows
four distinct features. f-h. The measured (g) and calculated (h) RIXS maps of
the mixed valence oxide PryO,,. The pre-edge RIXS was calculated as a linear
combination of Pr*" and Pr*". The dashed lines are guidelines for the eyes. The
diagonal, bold, dashed line indicates the fixed emission energy of 5849.63eV, and
the corresponding pre-edge spectra at this energy are extracted from the calculated
maps (orange curve) and compared with the measured pre-edge spectra of Pr(OH),

and PryO,; (blue curve) in (c) and (f).

From a theoretical point of view, it is challenging to treat the partly filled 4f
orbitals of the rare-earth (RE) ions. In the sesquioxides RE,O,, the RE donates
three electrons from the outer shells to the bond and the remaining 4f electrons
stay strongly localized at the trivalent metal ion. [13] For Ce, Tb, and Pr also
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3 Delocalized f-Electrons in Pr-Oxide

tetravalent ions exist and due to the hybridization with the O 2p states the f-
electron occupancy takes a non-integer value, which results in a certain degree of
delocalization. Here, Pr®" represents a 4f? configuration and Pr*" a 4f' and 4f2L
configuration, which includes a delocalization of the 4 f states. The relation between
those well-resolved features allows determining the f-electron occupancy (ny) and
the formal valence (v) with high accuracy. Here, the Pr*" /Pr*" ratio is 0.53 & 0.13,
valence v = 3.53 £ 0.13, [24] which is close to the expected value of 3.66 for PryO,;.
The ny of PrgOy; is 1.79 £ 0.04, which is as expected higher than 1.65 determined
with conventional XANES for the stoichiometric PrO,. [25]

Furthermore, in the pre-edge region we observe strong differences between
Pr(OH), and PrsO,;. We record the RIXS maps because the quadrupole tran-
sitions from 2p — 4f states are differently spread out in the incident beam and
energy transfer directions depending on the number of localized f-electrons, shown
in Fig. 3.1"h. [26] In the RIXS map calculations, we do not take into account dipole
2p — 5d transitions and mixing of the 5d states with the 4f2 states, but instead
solely focus on the process 2p — 4f and 4d — 2p. For Pr(OH),, the calculated
RIXS maps reproduce very well all four features with the correct broadening in
incident energy and energy transfer (Fig. |3.1c-e). In the PrqO,; RIXS maps, the
four features distinguished in the Pr(OH), sample are clearly visible, but have dif-
ferent relative intensities due to the presence of tetravalent Pr ions (Fig. [3.1f-h).
We calculate the PrgO,, maps as a linear combination of Pr*" (Fig. [3.1¢) and Pr*"
(Supplementary Fig. [3.6) maps and take two trivalent and four tetravalent ions into
account. The relative intensities of the features in the calculations and the measured
intensities are in the right order of magnitude, while the calcluation underestimates
the broadening.
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Figure 3.2: In-situ HERFD-XANES studies of the temperature-induced phase tran-
sition from Pr(OH),; to Pr4O,;. The reference spectra of Pr(OH), and PryO,; mea-
sured at RT are down-/up-shifted, respectively. a, b. HERFD-XANES spectra
measured at RT and then every 50 °C from 50°C to 800 °C and the corresponding
f-electron occupancy n; as a function of time and temperature. As expected, the
formation of Pr*" ions at 300°C leads to the decrease of the f-electron occupancy.
Additionally, the n; strongly decreases towards RT and reaches the ez-situ deter-
mined value of 1.7940.04 (gray area). This demonstrates the changing occupancy of
the O 2p-Pr 4f band with temperature. c, d Pre-edge spectra and the correspond-
ing normalized pre-edge area, n4, confirm the formation of PryO,;. The increase of
n, together with the shape conservation of the pre-edge at RT after cooling down
supports the higher delocalization at high temperatures rather than an oxidation of
Pr*" to Pr*" upon cooling.

We study the emergence of Pr*" by monitoring the f-electron occupancy (ns) and
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the normalized area below the pre-edge (n,4) during the temperature-induced phase
transformation from Pr(OH), to PryO,;, as shown in Fig. and Supplementary
Fig. B.7 At 300°C, a decrease of ny and an increase of ny sets in and reaches a
plateau above 500°C. We assign these changes to the formation of Pr*", which is
in line with the phase transformation from Pr(OH), to Pr;O,; observed in PXRD
and TGA studies. Surprisingly, upon cooling from 800°C to room temperature
(RT) ny and n4 further strongly change to finally reach the values measured for the
reference compound at RT. The possible explanation for the sharp decrease of the n
and increase of n4 upon cooling can be either a further oxidation of Pr®" to Pr*" or
temperature-induced changes of the occupancy of the O 2p-Pr 4f band. As shown
in Supplementary Fig. 3.5 the mass loss between 800°C and 50°C is only 0.5%
and thus we can discard the hypothesis of oxidation of Pr®" to Pr*". An inspection
of the spectra measured at 800°C and RT reveal that in both cases we observe all
the post-edge features of PrsO,;, but at RT the white line maximum is flat. In the
pre-edge, the two features at 5958.2¢eV and 5959.3 ¢V are characteristic for the 4 f2
state (Fig. |3.1c-e). For the measurements at 800 °C and RT, the relative intensities
of those shoulders are very similar. However, at RT all the pre-edge features are
generally shifted to higher energies. This finding supports the assumption of a
higher delocalization at elevated temperatures rather than a shift from 4f! to 4f2
or vice versa. The shift of the pre-edge to lower energies with a higher degree of
f-state delocalization was observed for CeO, nanoparticles. [5] Furthermore, for the
transition metals a temperature dependency of the quadrupole transitions due to
the additional vibrational modes was reported. |27, 28]
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Figure 3.3: Reversible changes of the f-electron occupancy in PrsO;; upon heat-
ing and their correlation with the electrical conductance. a. The temperature-
induced changes of resistance of PrsO,; films b. The dependence of the conduc-
tance, In(G, /Ggr), to the temperature during heating and cooling (left axis). The
reversible changes of the conductance with temperature illustrate the effect of the
electron delocalization on this macroscopic property. Both the analysis of the f-
electron occupancy, ns (top right axis), and the normalized pre-edge area, ns (bot-
tom right axis), show the higher occupancy of the O 2p-Pr 4 f band at higher temper-
ature. c¢. A model of O 2p-Pr 4f hybridization is shown. The 4 f2L feature increases
with temperature resulting in higher f-electron occupancy. (top) The artistic view
on the delocalized of electrons at different temperatures and (bottom) the corre-
sponding HERFD-XANES spectra. The blue and red colors refer to the low and
high temperature, respectively.

To further test our hypothesis we heat PrsO,; nano-powders again from RT to
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3 Delocalized f-Electrons in Pr-Oxide

350°C and compare the spectroscopic changes (ns, na) with the resistance mea-
surements of the PryOy; films (In(G/Grr)) as shown in Fig. [3.3h-b and Supple-
mentary Fig. 3.8a-b. As expected for an n-type semiconductor, the resistance Rn
of the PrsO,; film decreases by five orders of magnitude upon heating to 350 °C,
and recovers to the almost initial value after cooling. This can be explained by the
dependency of the delocalized charge carrier concentration on temperature, which
is proportional to exp(-E/kgT), where E is the energy needed to excite electrons
into the conduction band. In this temperature range, we can exclude any phase
transition (see Supplementary Fig. —d) , but we still observe reversible changes
of ny and n4 upon cooling and heating. We compile all the information extracted
from the HERFD-XANES studies and resistance measurements to visualize how
the temperature-induced delocalization of f-electrons affects the spectral features
as shown in Fig. [3.3.

In summary, the electrical measurements are in line with the findings based on
X-ray spectroscopy. Upon heating, we observe higher degree of delocalization of the
f-electrons and therefore a higher electrical conductivity. We could show that the
analysis of HERFD-XANES spectra and RIXS maps allows us to unambiguously
distinguish between the temperature-induced changes of the Pr valence state from
the changes exclusively related to delocalization of the f-electrons. Therefore, the
photon-in photon-out method can be used as a contactless probe of the delocalized
electrons in the conduction band of semiconductors. As worldwide high brilliance
sources and emission spectrometers are under rapid development, we anticipate that
this technique will find a broad application to monitor the electrical properties of
semiconducting nanomaterials in operando conditions, and will be particularly in-
teresting in the field of thermo-electrics.

3.4 Experimental and Calculational Methods

Nanoparticle synthesis. The synthesis of Pr(OH), nanoparticles is based on the
synthesis of La(OH),. [6] The chemicals were stored and handled in an oxygen-
and water-free atmosphere in a glovebox and used as purchased without further
purification. Acetophenone (4.68 ml, 40 mmol, 99.0 % Fluka) was added to Pr(O'Pr)
(159.09 mg, 0.5mmol, 99.9% Strem Chemicals) in a reaction vessel containing a
stirring magnet. The vessel was sealed with a Teflon cap and the reaction was
carried out in a CEM Discovery microwave reactor at 200°C for 20min. The
synthesized particles were separated from the reaction liquid by centrifugation and
washed twice with ethanol and once with acetone. The particles were dried at 60 °C
overnight. To determine the temperature at which the phase transformation from
Pr(OH); to PrgOy; is fully completed, we measured in-situ PXRD (Supplementary
Fig. . Finally, PrsO,; nanoparticles, used here as a reference, were obtained by
heating the Pr(OH), powder to 500 °C for 2h with a heating rate of 5°C/min.

X-ray spectroscopy. HERFD XANES experiments were carried out at 1D26 at
the European Synchrotron Research Facility (ESRF) in Grenoble, France. The
incident beam energy was set to the Pr L3 edge at 5964 eV selected with a double
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Si (111) monochromator. The spectrometer in Rowland geometry was tuned to the
maximum of Pr L/3; emission line at 5849.63 eV with three spherically bent Ge (333)
crystals at a Bragg angle of 77°. The total energy resolution was 0.85eV. A typical
HERFD XANES scan was measured from 5945eV to 6050eV with a step size of
0.1eV and 3.5s per step. The RIXS maps were measured from 5954 eV to 5964 eV in
the incident energy range and from 5840V to 5857 €V in the emission energy range
with a step size of 0.1eV and 0.4V, respectively. The ex-situ measured reference
samples were pressed into pellets of 2.5 mg of Pr(OH), or PrsO,; nanoparticles and
20mg BN. For the in-situ heating experiments, a capillary was filled with Pr(OH),
and placed in a custom made furnace from the ESRF sample environmental pool
and heated to 800°C with a heating rate of 5°C/min. HERFD XANES was
continuously recorded, 300 s per scan.

Valence-to-core (vtc) X-ray emission spectroscopy (XES) was measured on the
same spectrometer equipped with four spherically bent Ge (333) crystals at a Bragg
angle of 73°. The incident beam energy was fixed at 5976.5eV and the emission
was measured from 5890 eV to 5971.5eV with a step size of 0.3eV.

Multiplet Calculations. The multiplet calculations were performed with the
Missing Code program [29, 30] for Pr*" and Pr*" ions. Firstly, the absorption
process of 2p—4f quadrupole transitions were calculated, followed by the emission
resulting from a 4d—2p dipole transition. The considered electron configurations
were 2pS4di04 fN —2pP4d04 N 52p54d°4fN*L. The intensities of the different
final states were calculated with the Kramers-Heisenberg equation, [26,31] including
a core-hole lifetime broadening of the 2p of 3eV and of the 4d hole of 0.5eV with an
instrumental broadening of 0.3 eV for the incident beam and 0.6 eV for the analyzer
crystals. The calculations took 4f-4f, 2p-4f, and 4d-4f interactions as well as the
spin-orbit coupling of the open shells into account. The values of those Slater
integrals were taken from the Cowan code and were scaled to 80 % for the different
interactions. The spin-orbit coupling was not scaled. The values of the reduced
Slater-integrals are listed in Table [3.1]
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3 Delocalized f-Electrons in Pr-Oxide

Table 3.1: Scaled Slater Integrals for Pr*" and Pr*" in eV taken from the Missing-
Code. Only the unfilled orbitals are shown in the header.

Pr3t Prit
4f2 2043 Ad°4f2  4f1 20°4 2 4d°4f?
F? (4f,4f) 10.136 10.642 10.351 11.451 11.138
F* (4f,4f) 6.366 6.689 6.511 7.239 7.046
FS (4f,4f) 4.581 4.815 4.688 5.223 5.086
E(4f) 0.112 0.132 0.115 0.125 0.146 0.128
¢ (2p) 284.752 284.682
€ (4d) 1.397 1.424
F? (2p,4f) 1.336 1.460
G? (2p,4f) 0.133 0.148
G4 (2p,4f) 0.086 0.096
F? (4d,4f) 11.542 12.119
F* (4d,4f) 7.380 7.791
Gt (4d,4f) 13.621 14.286
G3 (4d,4f) 8.557 9.033
G° (4d,4f) 6.051 6.405

The in-situ HERFD-XANES data were treated with the fityk program (Version
0.9.8). [32] All normalized spectra were first fitted with an arctangent step function
and the spectral features were fitted with SplitGaussians. Four such functions were
fitted into the Pr,O,; HERFD XANES spectra and the energy positions of the
maxima were saved. Afterwards, the in-situ spectra were fitted with two, three, or
four SplitGaussians (see text) with their maxima fixed to the ez-situ determined
values. The areas of the fitted Gaussians were used to determine the f-electron
occupancy, ny, |5,22,23] with equation (3.1)).

A(f?) + AL

Acg(F1) + Aug (1) + A(F3) + A(FPL)’ (3.1)

nle—i-

where, A(f™), corresponds to the area of the fitted SplitGaussians of the respective
feature.

The in-situ pre-edge analyses were carried out with Matlab’s trapz-function to ob-
tain the area under the pre-edge up to an energy of 5960 eV (dashed line in Fig.|3.2¢).
We normalized the area by the area of the spectra measured at 25 °C,

P (3.2)
"AT ST A25°C) ‘

where A is the area below the pre-edge at a given temperature and A(25°C) the
pre-edge area for the first in-situ measurement of Pr(OH), at 25°C.
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3.5 Acknowledgement

PXRD. In-situ PXRD data were collected on a Panalytical Empyrean diffractome-
ter equipped with a PIXCEL1D detector using Cu K« radiation (45kV, 40 mA).
The Pr(OH), powder was prepared on a Al,O4 sample holder and mounted in a
AP HTK-1200N oven. The incident beam optics consisted of 0.04 Soller slits, a
divergence slit of 1/4°, and an antiscatter slit of 1/2°. On the diffracted beam side
0.04 Soller slits, a Ni-filter, and 1/4° divergence slit were used.

HR PXRD. Synchrotron PXRD data were collected at the Swiss-Norwegian
Beamline at the ESRF with a Detrics Pilatus2M detector and an incident energy
of 17.78061keV corresponding to a wavelength of 0.69730A. The nanoparticles
were filled into a quartz capillary, which was mounted on a goniometer head and
rotated. The acquisition time was 60s per sample. The analysis of the PryO,;
pattern recorded with high resolution further confirms the monoclinic PryO,; phase
(Supplementary Fig. [3.7 and [B.9)).

TGA. Thermogravimetric analysis (TGA) was measured with a Mettler Toledo
TGA/SDTAS851¢ machine. 7.71mg of Pr(OH),; powder were put into a clean
alumina crucible and heated to 800°C with 10°C/min heating rate in air. After
cooling down to 50°C the powder was reheated to 350°C with 10°C/min rate.
The phase transformation is divided into three steps: removal of surface hydroxyl
groups and residual organics, bulk hydroxyl groups, and the final oxide phase, as
shown in Supplementary Fig. [3.4p.

Resistance Measurements. The Pr O,, film was prepared on a Al,O4 substrate,
which was equipped with interdigitated platinum electrodes for the resistance
measurements on the top side and with platinum heating electrodes on the back
side. A dispersion of 200 mg of washed, but still wet, Pr(OH), nanoparticles mixed
with 5ml of ethanol was prepared. The substrate was heated to 75°C and 10 pul of
the dispersion was drop casted ten times on the substrate. Finally, the substrate
with the film was heated to 500 °C for two hours with a heating rate of 5°C/min.
The resistance was measured in a Teflon chamber, equipped appropriate electrodes
for the alumina substrate. The atmosphere within the chamber was controlled with
a gas mixing system and consisted of dry, synthetic air. The resistance of the film
was measured with a Keithley model EMM 617 electrometer and the temperature
was adjusted with a DC power supply.
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allocation at ID26 and Swiss-Norwegian Beamlines BMO1A. We thank Hugo Vit-
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with the interpretation of high-resolution PXRD data.
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3 Delocalized f-Electrons in Pr-Oxide

3.6 Supporting Information
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Figure 3.4: Determination of the electronic band gap based on the vtc-XES and
HERFD-XANES spectra. From the combination of HERFD-XANES (black line)
and vte-XES (blue line) the electronic band gap of PrsO,; is determined. For clarity,
the XES data where magnified, but the band gap determination was performed with
the original data. To estimate the electronic band gap a linear fit of the absorption

and emission edges (red lines) were performed. [6,33-35]
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Figure 3.5: TGA measurement during cooling down of the Pr;O,, powder after phase

transformation. The sample gains 0.5 % of mass until 500 °C and loses about 1%
during cooling from 800 °C to room temperatures.
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Figure 3.6: RIXS of the pre-edge of Pr4O,; compared with the calculation for Pri*
ions. Comparison of the measured RIXS map of praseodymium oxide (a, ¢) and
multiplet calculations for the Pr*" ion (b, d). This map was used for the linear
combination to calculate the RIXS map of PrsO,;. The blue and orange curve (a,
b) are extract from the measured and calculated map, respectively.
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— Pr(OH),: 01-083-2304
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Figure 3.7: Transformation of Pr(OH), to PrsO,; upon heating. a. In-situ PXRD
studies. The initial Pr(OH), and final PrsO,,; pattern are shown on top and on
the bottom, respectively, together with the peaks from the alumina sample holder.
The last pattern is recorded after the sample was cooled down to RT. b. TGA
study of Pr(OH),. Three stages are identified, (I) mass loss due to removal of
surface OH-groups and residual organic species, (II) bulk OH-species leaving, and
(III) stable PryO,; nanoparticles. [36] Both PXRD and TGA measurements show
the appearance of an intermediate phase between 250 °C to 450 °C.
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Figure 3.8: a, b. The HERFD-XANES spectra and the pre-edge region measured
upon heating up to 350 °C and cooling to RT. The changes are fully reversible during
heating (red) and cooling (blue). ¢, d. The PXRD pattern and changes in relative
weight determined by TGA during heating up to 350°C and cooling to RT. The
phase of Pr;O,; is stable in this temperature range and the spectroscopic changes
are not related to phase and structural transformation.
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Figure 3.9: Synchrotron high-resolution PXRD pattern of a Pr(OH),; and b PrO,,
obtained through heating Pr(OH), to 500 °C for two hours. The insets in (b) magnify
some features (9-11° and 26-29°) and an asymmetry (17-23°) in order to distinguish
between the monoclinic PryO,; and the cubic PrO,, both of which have a fluorite
structure either with all oxygen sites occupied (PrO,) or not (PryO,;). The high-
lighted features can only be explained with a monoclinic unit cell and a symmetry
loss.
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4 First Direct Evidence for
Hybridization of f-Electrons

The content of this chapter is to be submitted in December 2016 authored by Ofer
Hirsch, Kristina O. Kvashnina, Christoph Willa, and Dorota Koziej as correspond-
ing author.

4.1 Abstract

Until now the lanthanides pre-edge structure at the Ls-absorption edge was used
as a fingerprint for the number of f-electrons and thus the valence state. In this
letter, we observe a new, unique f-electron behavior for Pr ions incorporated in a
La matrix. We believe that the Pr 4f electrons form a band with the O 2p states
and subsequently delocalize. This results in a single pre-edge peak, characteristic
for a 4f° configuration. Our observations are unprecedented in lanthanide physics
and chemistry and we believe they will stimulate new experiments and correction in
the known theories of f-electron systems.

4.2 Introduction

The recent developments in lanthanide (Ln) chemistry result in new materials rele-
vant for applications in different fields of materials sciences such as electromechanical
materials, [1] luminescent centers, 2| superconductors, [3] catalysts, [4,5] and gas
sensors. [6] Most of the properties are caused by the partially filled 4f orbitals,
which are still poorly understood. Particularly, the chemical reactivity, [4] the mag-
netic properties, [7,8| and the nature of the bonds, which can be covalent or ionic,
have great impact on the materials performance. Currently, the f-electrons of the
trivalent lanthanide ions are understood as localized, purely atomic states with no
participation in hybridization, whereas the tetravalent ions show some delocalization
of the f-states. Recent experiments showed hybridization between the f- and lig-
and orbitals and suggested the existence of non-ionic f-electron compounds. [9-13]
In this chapter we observe for the first time a f-electron delocalization of trivalent
Pr embedded in a La(OH), matrix. Generally, doping of the host Ln materials
leads to changed properties, particularly praseodymium doping shows interesting
effects, such as unexpected magnetism in CeO, and quenching of superconductivity
in Y, Pr Ba,Cu;O,. [3,8] Unlike the majority of lanthanides, Pr occurs not only
as tri- but also as tetravalent ion, which results in a mixed valence oxide with high
conductivity at room temperature. [14]
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4 Hybridization of f-Electrons

Nowadays we can in-situ study the chemistry of the f-block elements utilizing
state-of-the-art emission spectrometers, which were not routinely available 15 years
ago. [15] Historically, X-ray absorption (XAS) and X-ray photoemission (XPS) spec-
troscopy is a straightforward method to probe f-electrons of lanthanide and actinide
(Ac) compounds. The XAS and XPS experiments are carried out at the M- or
N-edges, where an incident X-ray photon excites a 3d or 4d electron into empty
f-states, respectively. [16-19] Two new synchrotron-based techniques, high energy
resolution fluorescence detection (HERFD) X-ray absorption spectroscopy and reso-
nant inelastic X-ray scattering (RIXS), can now provide unprecedented detailed in-
formation on processes such as the electron-electron interactions, [20] hybridization
between molecular orbitals, [21] the nature of the lanthanides chemical bonding, [9]
and the occupation and the degree of the f-electron localization. [4] At the Ln Lg
edge, the f-electrons are probed via a quadrupole transition from an occupied 2p
core state to empty 4f states utilizing hard, bulk sensitive incident X-rays. These
transitions are considerably weaker than the dipole (2p — 5d) white line transi-
tions, [22| which are probed simultaneously. The emission spectrometer increases
the measured energy resolution to the range of 1eV and minimizes the background
scattering, which enables the detection of weak Ln quadrupole excitations. The
pre-edge features in the XAS spectrum reflect the local coordination and electronic
structure. Atomic multiplet theory is an excellent tool to describe the electronic
levels and line strengths of localized atomic states based on Coulomb and exchange
interactions. [23-26] With this approach applied to the Ln pre-edge transitions par-
ticipating in the Ls-edge RIXS process (2p — 4f absorption, 3d/4d — 2p emission)
an excellent agreement between the theory and experiment is found for most of
investigated materials. [22,27, 28|

Here, we study Pr,La,  (OH), with easily adjustable composition of z from 0 to
1 as a model f-electron compound. To independently probe the electronic structure
of Pr and La in the Pr La, (OH), we measure HERFD-XAS spectra at Pr and La
L3 edges. Interestingly, for low Pr concentration we measure a single pre-edge peak,
characteristic for a 4f° configuration and not 4f2. Unlike commonly accepted, we
suggest that the Pr 4f electrons, when incorporated in the La(OH), matrix form a
band with the O 2p states and subsequently delocalize.

4.3 Results

We synthesize La(OH), and Pr(OH), with a non-aqueous synthesis route from the
corresponding isopropoxide in acetophenone. [6] We obtain 8 nm sized nanoparti-
cles, which crystallize in hexagonal symmetry. Both systems occur in the same
space group (P63/m) and are fully mixable. We synthesize the solid solution of
Pr.La,  (OH),, where the Pr amount z varies from 0, 0.01, 0.05, 0.1, to 1. We show
the full incorporation of Pr into the La host matrix with high-resolution powder X-
ray diffraction (PXRD) measured at the Swiss-Norwegian Beamline BMO1A at the
European Synchrotron Radiation Facility (ESRF) at an energy of 17780.61 €V cor-
responding to a wavelength of 0.697 30 A. The patterns were measured in a capillary
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Figure 4.1: HR-PXRD patterns of the solid solution Pr,La,  (OH); with « = 0.01,
0.05, 0.1 and 1. The data points are shown as black dots and the Rietveld-refined
PXRD pattern as solid lines. The difference between fit and data is shown on the
lower part with the respective color code. The inset shows the gradual change of the
lattice parameter a and c¢. The patterns are indexed with La(OH), and Pr(OH),
reference patterns shown at the bottom of the graph.

and recorded with a 2D Dectris Pilatus2M detector and are shown in Fig. [4.1} The
red diffractogram of Pr(OH), is fully indexed with the reference pattern for hexag-
onal Pr(OH), (ICSD: 01-083-2304), whereas the La(OH), peaks appear at lower
angles (ICSD: 00-036-1481) due to the larger unit cell of this compound. With
the increase of Pr concentration in the La(OH),; we observe a gradual peaks shift
towards higher angles, but no peak splitting, which indicates formation of a solid
solution. The refined unit cell parameters show a linear shrinkage of the lattice
constants a and ¢ with increasing concentration of Pr in La-matrix, shown in the
inset of Fig. 4.1 without traces of secondary phases. The concentration of Pr in
the lattice calculated based on the changes of the lattice constant agrees very well
with the intended Pr concentration as shown in Table 1.1l ATR-IR measurements
on the pure compounds and the Pr,La, (OH), support the formation of the solid
solutions as Fig. [£.4] SI shows. The band at 650 cm™! arises from Ln-OH bending
mode and shifts to higher wavenumbers with the incorporation of the heavier Pr
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ions. [29]

Table 4.1: Refined lattice parameters from HR-PXRD and estimated doping con-
centration for the different samples.

Sample a/A ¢/ A estimated doping level
Pry o1 Lagge(OH); 6.526  3.856 0.012
PryosLag o5 (OH);  6.524  3.853 0.043
Pr,,Lago(OH), 6519 3.849 0.008
Pr(OH), 6.445 3.775 1

Pr®" has a 4f? configuration while La®>" has an empty 4f shell thus, the suc-
cessful incorporation of Pr into a La-matrix allows us to systematically study the
electronic interplay between the Pr and the La-matrix. We utilize HERFD-XAS
spectroscopy to independently probe the electronic structure of Pr and La ions in
the Pr,La, , (OH),. For Pr, the most intense emission line Loy (3d — 2p) has an
energy of 5035eV and overlaps with the La L{; line at 5038 eV, which results in
increase of the background intensity. Thus, here we tune the spectrometer to the
maximum of the Pr L3, (4d — 2p) emission line at 5849V that allows us to mea-
sure exclusively the 4 f-states of Pr ions. In the HERFD-XAS spectra the main edge
provides the average valence state of Ln ion, whereas the interactions of central Ln
ion with neighboring atoms in Ln(OH), lattice determine the shape and intensity
of post-edge features and can be well reproduced with FEFF calculations. [6] The
main edge and post-edge features measured at La- and Pr-edges remain unchanged,
independent of the concentration of Pr as shown in Fig. M(a—b), respectively. The
position of the main edge for the pure compounds is exactly the same as for the
mixed Pr/La compound measured at both edges. Therefore, we conclude that Pr
and La are trivalent, which further supports the PXRD data pointing at Pr substitu-
tion of La site. The f-electrons show strong multiplet effects in X-ray absorption
spectroscopy, which dominate and determine the shape and intensity of the pre-
edge. For a 4f° ground state configuration only a single peak appears due to one
electron in the 3d°4f! HERFD-XAS final state. [22] At the La pre edge measured
with 2p — 4f absorption excitation and Loy (3d — 2p) emission relaxation process
we observe such a single resonance, regardless of the Pr concentration as shown in
Fig. 4.2(c). However, at the Pr-edge we observe major discrepancies between the
pre-edge features of Pr(OH), and Pr,La, , (OH),. The pre-edge of Pr(OH), exhibits
four distinct features on the basis of the multiplet splitting of the 4d°4 f3 final state,
shown in Fig. [4.2(d). The four features are at the energies 5957.0, 5958.2, 5959.3,
and 5960.7eV. For low concentrated Pr in the matrix the pre-edge structure changes
drastically. With only 1at % of Pr in La(OH), we observe one single, large feature
at 5957.9eV with a small shoulder at 5960.7¢eV. The other features observed in
pure Pr(OH), are not present or overshadowed by the main peak. With higher Pr
concentrations we observe a decrease of relative intensity of this main feature and an
increase of intensity of the four known features of pure Pr(OH),. This behavior of
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Figure 4.2: Comparison of HERFD-XAS spectra of the solid solution of
Pr.La,  (OH), with « = 0, 0.01, 0.05, 0.1 and 1. The spectra measured at the
La-edge show no dependency of the main edge (a) and pre-edge (c) features upon
variation of the Pr concentration. The single pre-edge resonance shows the 4f°
ground state configuration of La. At the Pr-edge, the main edge features (b) are
similar for the different Pr concentrations owing to a similar coordination, whereas
the pre-edge structure (d) shows strong changes with different Pr level, ranging from
a single feature for 1 at% doping to four features in the pure Pr(OH),. The assumed
pre-edge absorption process is highlighted in (c, d) for La®" and Pr".

the pre-edge shape of f-electron systems of the lanthanides and actinides compounds
is unexpected and was never observed before.

Even more striking is that the shape of the Pr pre-edge peak of Pr ; Lag ¢o(OH),
and the La pre-edge peak look identical, suggesting a similar f-electron config-
uration. The pre-edge region of Ln HERFD-XAS spectra resolves very well the
f-electron configuration and thus reflects also the valence state of the absorbing
atoms. [22] Particularly, the single peak excitations in the pre-edge can only appear
in case of the f° ground state configuration, which is the case for La*" but never
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4 Hybridization of f-Electrons

for Pr*" and Pr*". Though, for Pr to appear in a 4f° ground state configuration
it should be in a valence of +5, which was recently reported to be possible for gas
phase compounds. [30] However, the main edge position of the Pr L edge lies at
the characteristic 3+ energy position and thus the changes of the pre-edge behavior
of Pr in La(OH), cannot be accounted for by changes of the valence state.
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Figure 4.3: Comparison of the pre-edge structures of La(OH), measured at the
La edge, 1at% Pr:La(OH); and Pr(OH), measured at the Pr edge (solid lines).
The dotted lines are diagonal cuts in the RIXS maps obtained by atomic multiplet
calculations of the corresponding photon-in/photon-out process (Fig. , ST). Those
cuts correspond to the HERFD-XAS process and are taken at the maxima of the
features in the maps. The Pr*" and La®" calculations fully reproduce the Pr(OH),
and La(OH), pre-edge structures, respectively. The pre-edge features of the 1at %
Pr:La(OH), exhibits a 4f° configuration.

The similarities between the Pr and La pre-edge peak in Prjy Lag¢9(OH), are
not only in the single resonance but also in the width and shape of this feature.
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Normalizing the respective pre-edge resonance to its maximum and shifting said
maximum to an arbitrary energy of zero, we see that the pre-edges are nearly iden-
tical, shown as solid lines in Fig. [4.3] The comparison of the normalized and shifted
HERFD-XAS spectra showsS the difference in energy separation between the white
line maximum and the pre-edge maximum, which is 9.2eV and 6.6 eV for the Pr and
La edge, respectively. Generally, the energy difference between the pre-edge and
the white line maximum is directly related to the valence shell electron density and
the higher this density is, the lower the pre-edge peak will appear due to stronger
Coulomb interactions between the d core-hole and the 4 f"*1-states rather than the
5d' state. [31]

From pre edge studies on transition metal oxides the sensitivity of the pre-edge
shape and intensity to the crystal field is known, and was recently observed for
the first time on the f-states of Th. [9] The splitting is usually not accounted for
in the 2p — 4f transitions of Ln compounds, since the crystal field acting on the
f-electrons is in the order of 100 meV and thus smaller than the experimental res-
olution. The La-O distance in La(OH), is 2.588 A, while the Pr-O distance is only
2.540 A in Pr(OH),, thus the small changes in the Pr-O distance can energetically
favor certain f-orbitals and the resulting pre-edge shape changes accordingly. In
Nd-doped La(OH), we do not observe these tendencies at the pre-edge, as shown
in Fig. SI, even though the Nd-O distance is also extended from 2.524 A to the
aforementioned 2.588 A. Thus we exclude a crystal field effect and the changes are
rather connected to the nature of Pr as an ion and its ability to form Pr 4f-O 2p
hybridization. Interestingly though, with higher Pr concentration in the sample
this effect at the pre-edge vanishes and the pre-edge structure exhibits the atomic
f-electron configuration, identifiable by the four features. This is accompanied by
a steady shrinkage of the unit cell with higher Pr concentration, as the Rietveld
analysis of the PXRD pattern in Fig. reveals. While the crystal field does not
cause the observed delocalization, we identify the average Pr-O bond distance as
part of the reason of this pre-edge behavior.

So far, only indirect measurements on actinocenes, Ln-oxides, and Ln-chlorides at
the ligand K-edge pointed out a possible covalence and delocalization of the 4 f and
5f states. [10-13,32] Here, the most crucial observation of the single resonance at
the Pr L3 edge directly shows a La-like 4 f-electron configuration on the Pr ions and
results in a 4 0 ground state and therefore in a delocalization of those electrons. The
comparison of the experimental data with atomic multiplet calculation [23,33] for
Pr** (4f?), Pr*' (4f'), and La®*" (4f°) further emphasizes that we observe a La pre-
edge like excitation while measuring directly at the Pr L3 edge by the HERFD XAS
technique as shown in Fig. and Fig. [4.5] SI. The single pre-edge feature of the
lat % Pr:La(OH), exhibits the same shape as the calculated 4f° atomic multiplet
calculations. In our case, while electrons are missing in the atomic configuration,
we still detect Pr in the state +3 and conclude that the ions are well screened with
delocalized electrons of the valence band of the compound. The higher electron den-
sity screens in the absorption-emission process the created core-hole and shifts the
pre-edge peak to lower energies. [31] This explains the different energy separation
between the pre-edge and white line maximum. In the Pr-sesquioxide, Pr,0;, the
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4f and 5d states are close in energy leading to an orbital hybridization and easier
delocalization, which is not the case for La,O5. [13] This observation for Pr supports
our hypothesis of delocalization either through hybridization with the O 2p ligand
orbitals or via a hybridization of the Pr 4f with the La/Pr 5d band.

Our findings are unique for the f-electron systems. Until now, the pre-edge struc-
ture of the Ln and actinide ions is used as an equivalent measure of the formal
valence and thus the f-electron configuration. Here we observe an unusual shape of
the pre-edge structure and explain it by the hybridization of the molecular orbitals
and interaction of the f-electrons with the oxygen neighbors and possibly other Ln
atoms in the compound. The alternative explanations as formation of Pr’" or crys-
tal field splitting can either be ruled out or cannot account for the extent of the
changes observed in the pre-edge Pr features of Pr, Lag ¢o(OH), compound.

We believe that our observations will trigger new experiments and help develop-
ing a unified theory to truly understand the role of f-electrons of rare-earth and
actinide dopants. The principal difficulties for the theoreticians are the multiple
interactions involved in the spectroscopic processes, such as hybridization, electron
screening, electron-electron and electron-phonon interactions. Most theories sacri-
fice at least one interaction or parameter in an effort to explain a single experiment,
while comparisons between theory and different experimental methods are neces-
sary. On the long term, a single, unified theory might help explaining a recently
discovered giant-orbital-paramagnetism induced by a minute amount of extrinsic
lanthanide defects. |7, 8|
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Figure 4.5: Atomic multiplet calculations of the pre-edges of (a) La®", (b) Pr*", and
(c) Pr*" ions for the whole RIXS process. In all cases, the absorption process is an
excitation of a 2p core-electron into a 4f state. For La the Loy (3d — 2p emission)
is implemented, whereas for Pr the L3, (4d — 2p) emission line is calculated. The
diagonal black cut is the HERFD-XAS, which is shown in the top part of each
map. The high-energy part of the line scan is overshadowed by the white line in the
experimental HERFD-XAS spectra. For La we observe one single feature, whereas
the 412 and 4f! configuration of Pr®" and Pr*", respectively, show multiple features
due to f-f interactions.

69



4 Hybridization of f-Electrons

Nd,La,,(OH),
0 1 5 10 100
|
x! %
(@f

Intensity / a.u.

Intensity / a.u. T
T L} I T I L}
\L !

| | 1 | 1
6750 6780 6715 6720
Energy / eV Energy / eV

1
6720

Figure 4.6: (a) The main and (b) pre-edge HERFD-XAS spectra of the solid solution
of Nd,La, ,(OH); with = 0.01, 0.05, 0.1 and 1 measured at the Nd-edge. No
dependency of the pre- or main-edge on the dopant concentration is observable. This
excludes that the pre-edge effect observed on Pr results from crystal-field effects, but
rather lies in the nature of the Pr ion to easily hybridize.
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5 Conclusion and Outlook

In-situ high-resolution X-ray spectroscopy studies of rare-earth materials are scarce.
Thus the major objective of the presented thesis was to investigate fundamental as-
pects of La- and Pr-based materials and relate the spectroscopic findings to macro-
scopic properties. La occurs always in a trivalent state and thus the electron valence
shell configuration stays unchanged, which makes it a good candidate to study the
changes in the local coordination induced by adsorption of gaseous molecules. Pr,
unlike most of the lanthanides, occurs not only in tri- but also in tetravalent state,
thus forming localized and delocalized f-electrons.

The first example presents a detailed in-situ study of La,0,CO5; during its
chemoresistive response to CO,. The combination of HERFD XAS and vtc XES
shows a charge tranfer between CO, and La,0,CO,. The changes in the occupied
and unoccupied density of states upon interaction with CO, reveals an additional
oxygen neighbor at a La surface site. The increase of CO, concentration in the atmo-
sphere demands new materials for its photo-/electrocatalysis, sensing, and storage.
In those applications, the selective interaction of CO, and a charge transfer with
solids is in the foreground. The presented example showcases how to access the key
information.

In the second example, the temperature-induced phase transformation of Pr(OH),
to PrsO,, was investigated by PXRD and HERFD XAS. The analysis of the HERFD
XAS and RIXS maps of the reference compounds assigns the spectral features to
the tri- and tetravalent ions. In Pr;O,;, a temperature dependency of the spectral
features was observed and related to a higher occupancy of the O 2p-Pr 4f band.
We can correlate the temperature-induced changes of f-electron delocalization with
the electrical conductivity. In the future, this concept can be extendend and used
as a indirect, contactless probe of delocalized electrons in the conduction band of
semiconductors.

The last example focussed on the hybridization between Pr 4f and neighboring
orbitals. For the first time a drastically changed pre-edge feature in the RE HERFD
XAS was measured in 1at % Pr-doped La(OH),. The pre-edge of Pr®" with a 4f2
configuration shows the same characteristics as the pre-edge of La*" with its 4f°
state. The Pr ions in the La(OH), form a hybridization with the O 2p or La 4f/5d
states and thus the Pr 4f electrons delocalize. This changes the view of the 4f
electrons, which are generally believed to be highly localized on the atom.

Until now, in-situ RE X-ray spectroscopy focussed on localized f-states and
changes in the valence and local coordination. This thesis highlights the impor-
tance of treating f-electrons not only in a localized but also delocalized approach.
Especially for Pr, with its mixed valence, photon-in/photon-out spectroscopy can
answer open questions in high-temperature superconductors. [1| Furthermore, novel
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5 Conclusion and Outlook

magnetic phenomena [2]| arise from RE doping into CeO,, while the participating
electronic states are still unknown. The observation and approaches presented in
this thesis will trigger new experiments and will, potentially, lead to a development
of a unified theory for f-electron physics and chemistry.
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6 Beyond High-Resolution X-ray
Spectroscopy - Characterization
of Nanoparticles with EXAFS

This chapter contains three examples how extended X-ray absorption fine structure
(EXAFS) is utilized to gain information about the local structure of nanoparticles.
It underlines efforts that were undertaken during the PhD to perform various kinds
of spectroscopic investigations. The incorporation of Ni in MoO, is adressed in
detail in the first part of this chapter. For Co and ZnFe,O, only the representitive
abstracts are given.

6.1 Aliovalent Ni in MoQO, Lattice - Probing the
Structure and Valence of Ni and Its
Implication on the Electrochemical
Performance

The content of this chapter was published in Chemistry of Materials 2014, 26, pp
4505 - 4513 by Ofer Hirsch*, Guobo Zeng*, Li Luo, Malwina Staniuk, Paula M.
Abdala, Wouter van Beek, Felix Rechberger, Martin J. Siess, Markus Niederberger,
and Dorota Koziej as corresponding authors. (* equal contribution)

6.1.1 Abstract

Here, we present a synthesis of MoO, nanoparticles doped with 2at% of Ni in a
mixture of acetophenone and benzyl alcohol at 200°C. Based on wn-situ X-ray
absorption near-edge structure (XANES) and ez-situ extended X-ray absorption fine
structure (EXAFS) measurements at Ni K-edge and Mo K-edge, we discuss scenarios
on how the “doping” reaction, i.e. the incorporation of Ni in the MoQO,, proceeds. We
can clearly exclude the formation of NiO or Ni nanoparticles. Moreover, within the
resolution of our in-situ XANES experiments, we observe that the ternary compound
Ni:MoO, nucleates directly in the final composition. Although the local structure
around the Ni ion adopts the MoO, crystal structure pointing at the substitution of
tetravalent Mo by Ni, we find that Ni remains divalent. This aliovalent substitution
results in the relaxation of the local structure, which is additionally reflected in the
slight shrinking of the total volume of the unit cell of Ni:MoO,. Interestingly, such
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6 EXAFS

a small amount of divalent Ni has a tremendous effect on the performance of the
material as anode in Li-ion batteries. The discharge capacity of Ni:MoO, based
anodes almost doubles from 370 mA hg™! for MoO, to 754mA hg~! for Ni:MoO, at
0.1C (1C = 370mA g~'). Additionally, we observed an atypical increase of capacity
for both MoQO, and Ni:MoO, anodes upon cycling with increasing cycling rate.

6.1.2 Introduction

The incorporation of foreign ions in a host lattice is the most powerful approach to
tailor the electronic, [1-5] photonic, [6-8] and magnetic [9] properties of materials.
In the case of nanoparticles, the presence of even small quantities of foreign ions can
additionally influence their crystal structure, stability, size, and morphology. [10-15]
Thus, although the impact on the properties is indisputable, the role of dopants is
rather manifold than unequivocal. In general, for materials with metallic conduc-
tivity, any foreign ion is considered as an additional scattering center for charge
carriers, decreasing their mean free path and causing a decrease of the electronic
conductivity of the materials. [16] Molybdenum dioxide is one of the few metal ox-
ides intrinsically exhibiting metallic conductivity and a work function between 5 and
6.5eV. These properties make MoO, an attractive material for electrodes in CMOS
technology, [17] solid-state fuel cells, [18] and Li-ion batteries. [19-25] But when it
comes to real applications, MoO, electrodes are rather unstable leading to a short
lifetime of the corresponding devices. Doping in general improves their stability but
at the same time compromises their electrical conductivity. Additionally, most re-
ported examples include only solid solutions of MoO, with tetravalent metal oxides
described as M, Mo, ,O,, where M is W, Ti, or Si and x varies between 0.1 and
0.9. [19,26-29] Example where MoO, is doped with minute amounts of aliovalent
ions are scarce and not related to their applications as electrodes. [30]

Here, we report a straightforward solution-based route to incorporate 2 at% of di-
valent Ni into the lattice of MoO,. The Ni concentration is kept low in order to
maintain the metallic conductivity of the MoO, nanoparticles. First, we determine
the influence of the Ni on the structural properties of the host lattice by refinement
of powder X-ray diffraction (PXRD) patterns and fitting of EXAFS data recorded
at the Mo K-edge. Second, we elaborate the valance and the position of Ni in the
lattice by analysis of XANES and EXAFS data recorded at the Ni K-edge. An
obvious technological target is the fabrication of MoQO, electrodes. For that reason,
we utilize Ni:MoO, nanoparticles as an anode material for Li-ion batteries and they
show significantly improved performance in comparison to MoQO,.

6.1.3 Experimental Section

Chemicals.

Anhydrous benzyl alcohol (> 99.8%), acetophenone (99.0%), molybdenum (VI)
dioxide dichloride, nickel (IT) acetate tetrahydrate (99.998 %) were supplied by Sigma
Aldrich, nickel (II) oxide by J.T. Baker, ethanol (>99.8%) by Fluka and acetone
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(>99.5%) by Sigma Aldrich. The chemicals were used without further purification.
Synthesis.

(a) MoO,: Molybdenum (VI) dioxide dichloride (200 mg) was added in an oxygen-
and water-free atmosphere to a mixture of anhydrous benzyl alcohol (10 ml) and ace-
tophenone (5ml). The 15ml reaction solution was transferred into a 45 ml Teflon
liner, sealed in a Paar acid digestion bomb and placed in an oven for 48 hours at
200°C. After cooling down, the precipitate was centrifuged, washed with acetone
and ethanol and the resulting powder was dried in an oven at 60 °C.

(b) Ni:MoO,: Molybdenum (VI) dioxide dichloride (1710mg) and nickel acetate
tetrahydrate (112.63mg) were added to a mixture of benzyl alcohol (60ml) and
acetophenone (30ml). Then 15ml of the reaction solution was poured into a 50 ml
Teflon liner. The synthesis was performed analogously to the MoO,. The initial
concentration of Ni in the reaction solution was 5 at%. The obtained concentration
was 1.3 or 1.9 at% of Ni in MoO,, based on the PXRD refinement and EDX mea-
surements, respectively. For the simplicity, throughout the text we refer to 2 at%
Ni concentration.

(c) In-situ synthesis of Ni:MoO,. The synthesis was performed analogously to the
aforementioned synthesis, but the reaction was heated in a special cell described
elsewhere. [31,32] The volume of the reaction cell was 1.13ml. The temperature of
the cell was raised to 215°C and kept at this temperature for 11 hours.
Nanoparticles characterization.

(a) XAS data were recorded at the Swiss-Norwegian Beamline (SNBL) BMO01, Euro-
pean Synchrotron Research Facility (ESRF). XAS data of the corresponding powder
pellets were measured from 19.900 to 21.000 keV (Mo) and from 8.250 to 8.900 keV
(Ni). The measurements at Mo K-edge were done in continuous scanning mode with
two ion chambers, one before and one after the sample. The measurements at Ni
K-edge were recorded with a Vortex EM fluorescence detector equipped with Xia
digital electronics. The reference powders were diluted in cellulose to compensate
for self-absorption and pressed into pellets. The step size of the XAS measurement
for Mo and Ni was 1 €V and 0.5 €V, respectively.

(b) PXRD patterns from powders in quartz capillaries were recorded at the Swiss-
Norwegian Beamline (SNBL), using a wavelength of 0.504 79 A. A two-dimensional
Dexela 2923 CMOS X-ray detector was installed at a distance of 408 mm from the
sample, with a 75 pm x 75 um pixel size. [33] The PXRD data were extracted from
the two-dimensional ring patterns by radial integration with Fit2D. In-situ PXRD
patterns were recorded on the X’Pert Pro (PANalytical B. V., Netherlands) powder
diffractometer operating in reflection mode with Cu Ka radiation (45 kV, 40 mA)
equipped with Anton Paar heating chamber.

(¢) TEM micrographs were recorded with a Philips Tecnai F30 operated at 300 kV.
A gatan 1k CCD chip was used for image acquisition via the software Digital Mi-
crographTM.

(d) Energy-Dispersive X-ray Spectroscopy (EDX) was performed on a Hitachi SU-70
scanning electron microscope operated at an acceleration voltage of 30 kV (Schot-
tky type field emission gun) and equipped with an X-Max 80 detector from Oxford
Instruments. The quantitative results of EDX analysis measured at three different
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locations were averaged over lifetime of 300 s.

In-situ methods.

The in-situ XAS data were collected at the SNBL at the ESRF. The beam spot size
at the front window of the sample cell containing the reaction solution was ~5 mm
X ~0.7 mm and the beam passed through the sample over a length of 1 mm. The
sample volume was constantly irradiated during the time of reaction. The spectra
form the same spot were taken every 24.5 minutes. The data acquisition was iden-
tical with the aforementioned XAS measurements.

Data analysis.

(a) The Rietveld refinement was performed using the program GSAS. [34,35] The
shifted Chebyschev function was used to fit the background, and the peak shape
function used to fit the patterns was the pseudo-Voigt function. [36] The preferred
orientation correction was performed using Spherical Harmonics. [37] The average
crystal size was calculated by Scherrer Equation using all peaks, and the doping
level was obtained by refining the atomic occupancy.

(b) We performed the EXAFS data reduction using the ATHENA software. [38] For
the normalization, we used the pre-edge range from 19.924 to 19.964 keV post-edge
from 20.095 to 20.994 keV for the Mo samples. The value of Ey was set to 20.013
keV for MoO, and 20.014 keV for Ni:MoO, that is the position of the maximum
of the first derivative. For Ni:MoO, measured at the Ni-edge the normalization is
realized with a pre-edge range from 8.265 to 8.315 keV and with a post-edge range
from 8.495 to 8.888 keV. The value E, was set to 8.345 keV. The photon energy
was converted to photoelectron wavenumbers k. The resulting x(k)-function was k*
weighted and the range between 2.3 and 13 A~! at the Mo-edge and 2.3 and 11 A~
at the Ni-edge were Fourier transformed using a Hanning window function.

(¢) MCR-ALS method. XANES spectra of Mo K-edge were analyzed with the
MCR-ALS method. [31,39,40] The number of components was chosen on the basis
of Singular Value Decomposition (SVD) results (details in supporting information
(SI) Figure [6.8). The initial spectra of components were estimated based on SIM-
PLISMA method [41-43| with the noise level of 2%. The ALS algorithm with
following constraints was applied: (1) non-negativity of spectra and concentrations,
(2) unimodality of concentrations, (3) convergence criterion: 0.1. Further details
are given in SI.

Carbon coating and electrochemical measurements.

30 wt% of glucose monohydrate (puriss) was dissolved in deionized H,O and 70 wt%
of MoO,, was added and homogenously mixed under mechanical stirring for 3 min-
utes. 0.1 ml of the as-prepared suspension was then transferred onto a petri dish-like
titanium current collector with diameter of 13 mm and depth of 1 mm. The suspen-
sion was dried out in a vacuum oven at 60 °C and a thin film was directly formed on
the current collector. It was calcined in a tube furnace at 650 °C in N, for 6 hours
with ramping rate of 3°Cmin~!, resulting in black thin films with overall mass load
of ~ 2.5mgem~2. To ensure that the crystal structure and size of nanoparticles
did not change during carbon coating we measured in-situ PXRD shown in SI Fig-
ure[6.9] The films on the current collectors were directly used as electrodes without
any additional additives, later assembled into Swagelok-type cells in an argon-filled
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glovebox (H,O & O, < 0.1 ppm). Lithium metal (99.9 %, Alfa-Aesar) served as both
reference and counter electrode. A fiber-glass separator was soaked with electrolyte
(1 M LiPFy in 1:1wt% ethylene carbonate /dimethyl carbonate, Novolyte). All
electrochemical measurements were performed using a Biologic instrument (VMP3)
at room temperature. The electrodes were cycled between 0.01 and 3 V vs Li/Li"
under varying specific current rates. After the galvanostatic cycling, a potentiostatic
limitation was added until the specific current reached 0.05C. 1C was defined as 300
mA /g through the text.

6.1.4 Results and Discussion

g 100 nm

Figure 6.1: (a) , (b) HRTEM images and (c¢) SAED pattern of Ni:MoO, nanoparti-
cles.

The Ni:MoO, nanoparticles adopt a rod-like shape as shown in Figure (a).
Closer inspection in the High Resolution-Transmission Electron Microscopy (HR-
TEM) image and selected area electron diffraction (SAED) pattern reveal their
polycrystalline character and lack of preferential growth direction as shown in Fig-
ure (b—c). In fact the elongated structures are assemblies of nanoparticles between
10 and 20 nm similar to previously reported MoO,. [20] Therefore we assume the
doping does not significantly influence the morphology of nanoparticles. In addi-
tion, the EDX analysis [44| reveals that 1.9 + 0.5at% of Ni is incorporated in the
molybdenum dioxide matrix as shown in SI Table [6.3

Structure of the MoO, host lattice

The PXRD patterns of MoO, and Ni doped MoO, reveal that both samples exhibit
the disordered rutile structure (monoclinic, space group P2;/c) without detectable
impurities. The PXRD patterns were further analyzed by the Rietveld method. The
lattice parameters, average crystal size, doping level and Rietveld agreement factors
for both samples are summarized in Table [6.1 and the fits of the profiles to the
experimental data are shown in SI Figure [6.10] The detailed structure of Ni:MoO,
is quite similar to that of MoQO,, i.e. the b, and the c lattice constants are slightly
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smaller, whereas a slightly increases, and the average crystal size changes from 16.7
nm to 16.0 nm. Refinement of the atomic occupancy of Ni reveals that the doping
level is 1.3 4+ 0.8 at%, which is within the accuracy of the refinement method, and
is comparable to the EDX result. Thus, we can conclude that the doping of nickel
only slightly influences the crystal structure of MoO, host.

Table 6.1: Refinement Parameters, Lattice Parameters, Atomic Parameters and
Crystal Size of MoO, and Ni:MoO,,

lattice avg. crysal doping refinement
sample ID param. / A size / nm  level / at%  param.
MoO, 16.7
a = 5.6251(1) Ry = 0.68
b = 4.8628(1)
¢ = 5.6039(2) X2 = 8.85
B =120.714(2)
V = 131.813(2)
Ni, MoO, 16.0 1.3(8)
a = 5.6371(1) R, = 0.68
b= 4.8522(1)
¢ = 5.5982(1) X2 = 10.91

B =120.725(1)
V = 131.629(2)

This result is further supported by direct comparison of EXAFS spectra of MoO,
and Ni:MoO, recorded at Mo K-edge as shown in Figure . The k* weighted
Fourier Transform (FT) of the EXAFS spectra reveal that the main characteristics
of Mo-O stay the same. The most remarkable change induced by Ni doping is the
overall reduction of peak intensities, which implies an increasing disorder. [45] To
obtain quantitative information on the local structure, we fit FT of the EXAFS
function in the range of 1.083 to 2.881 A using Artemis software. [46] Structural
parameters obtained from the fit are given in SI in Table [6.4] and fitted FT spectra
are shown as dashed lines in Figure[6.2] The lattice parameters refined from PXRD
data of MoO, nanoparticles are used as the input parameters for the EXAFS fits of
MoO, and Ni:MoO,. The distances fitted with EXAFS are in good agreement with
the refined PXRD data, within the error bars. For the Ni:MoO, the fitted bond
length (R) values are slightly higher than for MoO,, but also within the error bars
almost no changes in the distance is observable. Moreover, the Debye-Waller (o?)
factors for Ni:MoO, are higher than for MoO,, which is in line with the aforemen-
tioned results of Rietveld refinement of PXRD and further confirms that Ni doping
induces only slight disorder of the host MoQO, lattice.

Structure and valence of Ni dopant
We investigate the valence of the nickel incorporated in the molybdenum dioxide
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Figure 6.2: k3 weighted FT of MoO, (black) and Ni:MoO, (blue) measured at the
Mo K-edge plotted in the range R = 0—4 A. The solid lines represent the measured
data, and the dotted lines represent the corresponding fit results. Additionally, the
first shells features are marked.
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Figure 6.3: (a) XANES spectra at Ni K-edge and (b) corresponding k* weighted
FT of EXAFS spectra of Ni:MoO, (blue curve), NiO (red curve), Ni-foil (green
curve), and Ni(ac),-4 H,O(black curve). In the inset, the arrow points at the pre-
edge feature. The first-shell bonds and characteristic features of different compound
(A, B, C) are indicated.

lattice by analyzing the XANES spectra recorded at the Ni K-edge of Ni:MoO,

85



6 EXAFS

T T T T T T T

(b) ——Ni:MoO,

- - = Ni:MoO, Fit |
3 3
© @
g )
= =

el el
= =
— [
[T L
1
0 1 4 0 1 4

2 2
R/A R/A
Figure 6.4: (a) FT k* weighted EXAFS spectra: Ni:MoO, measured at the Ni K-
edge (blue curve) and at the Mo K-edge (black curve). (inset) Crystal structure of
MoO, showing adjacent unit cells along the ¢ axis, in which Ni ion (blue) substitute
a Mo ion (gray). (b) k% weighted FT of EXAFS spectrum of Ni:MoO, (solid curve)
measured on the Ni K-edge and its corresponding fit (dashed curve).

nanoparticles and reference compounds: nickel oxide (NiO), nickel (Ni) and nickel
acetate (Ni(ac),) shown in Figure (a). Ni, Ni** and Ni*" exhibit the absorp-
tion edge at 8.333 keV, 8.345 keV and 8.348 keV, respectively. [47-49| The position
of the absorption K-edge in Ni:MoO, at 8.345 keV is identical to the position of
the absorption edge of nickel(II) oxide (8.345 keV) [47] and slightly higher than of
nickel(II) acetate (8.343 keV) suggesting that the nickel ion remains in the divalent
oxidation state after incorporation into the molybdenum dioxide lattice. However,
we cannot fully exclude traces of Ni*".

The Ni:MoO,, absorption edge shifts of about 0.1 €V and 1.7 eV in respect to NiO
and Ni(ac),. It is likely caused by different ligands bonding to Ni and different
coordination numbers of Ni in these compounds. [50] These differences are clearly
visible in the corresponding k3-weighted Fourier Transform of the EXAFS spectra
in Figure [6.3(b). For NiO, Ni(ac), and Ni:MoO, we can determine a nickel-oxygen
distance in the first shell at 1.50, 1.59 and 1.56 A, respectively. [51] Additionally, for
NiO we observe a strong Ni-Ni peak in the second coordination shell at 2.52 A and
for the metallic nickel the Ni-Ni distance in the first coordination shell is 2.18 A.
It is evident that Ni:MoO, neither resembles the cubic structure of NiO nor of Ni.
However, the Ni:MoO, pattern shows many similarities with Ni(ac), pattern and
only the inspection of the features at radial distances higher than 3 A allows to
differentiate between them. The differences are denoted in Figure [6.3|(b) by A and
B. The aforementioned results suggest that divalent Ni is incorporated into the
molybdenum dioxide host lattice. To address the position of Ni in the MoO,, lat-
tice we utilize the ATOMS and Artemis software. [52] In the unit cell of monoclinic
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MoO, three different sites, one Mo-site and two O-sites, are present. We calculate
the scattering paths for Ni in MoO, on those different positions and compare them
with measured data. This analysis implies that nickel substitutes molybdenum in
the lattice.

Furthermore, we fit the FT of the EXAFS spectrum recorded at Ni K-edge with
a similar model used for the determination of the local structure around Mo ion
from FT of the EXAFS spectrum recorded at Mo K-edge (see discussion above).
We include in the fit only the oxygen shell since the presence of higher Ni-metal
shells result in very large errors, due to the low intensity of higher shell signal. This
implies a local disorder around the Ni ions in the Ni-metal shells. Nevertheless, the
FTs of Ni:MoO, at the Ni K-edge and MoO,, at Mo K-edge show good resemblance
and therefore confirm the substitution of Mo with Ni in the lattice as shown in
Figure [6.4(a). To this end, we assume that the 2at% Ni are evenly dispersed in
the MoO, matrix and thus, in the direct vicinity of one Ni ion there are no other
Ni ions. The results of the fit point to an increase in the distances of the nearest
neighbors of nickel in comparison to molybdenum as shown in Figure and SI
Table 6.4, The metal ion — oxygen bond is 1.990 and 1.983 A for Mo*" ion in MoO,
and Ni:MoO, and 2.012 A for Ni?* in Ni:MoQO,,. This change is possibly induced by
increasing ionic radius of the metal in a six-fold coordination from 0.79 for Mo*" to
0.83 A for Ni%*. The reported values for Ni-O distance of tetra-, tri- and divalent
Ni ions are 1.88, 1.91 and 2.06 A, respectively and are pointing towards divalent
Ni. [53] However, due to the fit errors we cannot exclude the presence of traces of
Ni*" ions. Furthermore, the Debye-Waller factor of Ni in Ni:MoO, is higher than of
Mo in Ni:MoO,, which reflects an increase in local disorder. [46]

However, in order to rationalize the shrinkage of the overall volume of the unit cell
of Ni:MoO,, recovered by Rietveld refinement local structure relaxations must be
involved. In a disordered rutile structure of MoO,, each tetravalent Mo ion is sur-
rounded octahedrally by six O ions. When one divalent Ni ion substitutes one Mo
ion, we assume nearby the Ni ion there are two Mo® " ions, or one Mo®" ion or oxygen
vacancies exist to compensate the charges. Therefore, despite that the ionic radius
of Ni*" is larger than that of Mo®" the overall volume of the unit cell for Ni:MoO,
slightly decreases. |[54] An alternative explanation for the observed shrinking of the
lattice parameter is the presence of six-fold coordinated, trivalent Ni ions, which
have a smaller ionic radius (0.7 - 0.74 A) than the host Mo"" ions.

Doping mechanism

There are several scenarios for doping or formation of ternary and quaternary com-
pounds in non-aqueous solution. For example, in supercritical conditions LiFePO,
nanoparticles nucleate directly from the solution, [55,56] whereas in the microwave-
assisted reaction, lithium phosphate particles and amorphous spherical nanoparticles
nucleate first and then undergo a solid—solid reaction to LiFePO,. [57] Thus, to pin
down on the time scale the incorporation of Ni into the MoO, lattice we alterna-
tively measure EXAFS spectra at Ni and Mo K-edges during the reaction. The
spectra recorded in-situ at Ni K-edge are significantly noisier than the spectra of
reference powders as shown in SI in Figure [6.11] Therefore, it is not possible to
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Figure 6.5: Interdependence between two components recovered by MCR-ALS from
XAS data recorded in-situ at Mo K-edge. Inset shows XAS spectra taken at
room temperature at thebeginning (0min, MoO,Cl,, pink curve) and at the end
(694.5min, MoO,, green curve) of the reaction. Spectra of individual components
recovered by MCR-ALS analysis (black and blue curves) are almost identical with
MoO,Cl, and MoO,.

track the changes related to the variation of Ni-O bond. Nevertheless, we observe
no changes of the edge and thus conclude that Ni stays divalent during the course
of the synthesis. Furthermore, we investigate the Mo K-edge spectra and observe,
similar to the synthesis of MoO,, the disappearance of the pre-edge feature. This
indicates the reduction of Mo®" to Mo*" as shown in SI Figure . We analyze
the Mo XANES spectra with Multivariate Curve Resolution (MCR~ALS) by fitting
them with two components as shown in Figure [6.5] and in SI Figure and
and Table Since two components are sufficient to fit the data we hypothesize
that Ni:MoO, directly nucleates in the final composition. Here, component 1 rep-
resents the dissolved MoO,Cl, precursor, whereas component 2 is steadily forming
right at the beginning of the synthesis and represents the final compound. After 82
minutes the entire component 1 converts to component 2. No further component,
even after 10 hours is observed, which excludes the successive incorporation of Ni
into the MoOQ,, lattice. Thus, within the temporal resolution of our in-situ X-ray
Absorption Spectroscopy (XAS) experiments, we can conclude that the final ternary
compound Ni:MoO, (component 2) nucleates directly from the solution, similar to
the nucleation of LiFePO, in supercritical conditions. [55,56]

Electrochemical cycling (EC)

To explore the potential of Ni:MoO, as anode material for lithium-ion batteries we
measure cyclic voltammetry (CV) and galvanostatic cycling with potential limitation
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Figure 6.6: First and second cyclic voltammograms of MoO, and Ni:-MoO, at a scan
rate of 0.1 mV s™! in the voltage range 0.01 — 3 V.

(GCPL) at different current rates. We compare the CV curve of the Ni:MoO, elec-
trode cycled at a scan rate of 0.1 mVs~! with the CV curve of MoO, in Figure [6.6]
The CV profile of Ni:MoQ, is basically like that of MoQ,, i.e., both anodes show the
appearance of the redox pairs ascribed to the monoclinic-orthorhombic-monoclinic
phase transitions of MoO, The pronounced reduction peaks in the first CV curves
of both MoO,- and Ni:MoO,-based anodes suggest that the nanoparticles maintain
their high crystallinity after the carbon coating process. This is further confirmed
by in-situ PXRD, which indicates no changes of phase or crystallinity up to a tem-
perature of 700°C in inert atmosphere as shown in Figure [6.9 in SI. According
to the second CV cycle at 0.1mVs™!, both MoO, and Ni:MoO, display highly re-
versible cycling behavior, even at scan rates up to 25 mV s~! as shown in Figure m
From the CV profiles, we conclude that there is no observable difference in charg-
ing/discharging mechanism of MoO, and Ni:MoO,. For further discussion on the
CV profiles please refer to SI and references. [22,23,58-61] Surprisingly, the GCPL
curves of MoO, and Ni:MoO,based anodes strongly differ as shown in Figure [6.7]
In the following, we elucidate the details of GCPL at different current rates with a
potentiostatic step until the specific current reaches 0.05C. For MoO,-based anode,
the first cycle at 0.1C displays two short discharge plateaus at 1.57 and 1.29 V,
approximately, with a final specific discharge of 370 mAh/g; on charge two plateaus
at about 1.69 and 1.40V appear with a total capacity of 190 mAh/g. Thus, the
batteries initial Coulombic efficiency is 51.5 %, which is ascribed to the irreversible
generation of solid electrolyte interphase (SEI) on the electrode surface as shown in
Figure [6.7(c). On the second discharge, MoO,-based anode shows almost the same
plateaus but with much less capacity of 229 mAh/g. The second charging curve
resembles the first one but with slightly higher capacity of 198 mAh/g. Overall, the

89



6 EXAFS

3.5 T T T T T T T T T T 35 T T T T T T T T
(a) 10th, 0.5C*  25th, 5C*  35th, 20C* | (b) 25th, 5C*  35th, 20C*
2nd, 0.1C* }
3.0 - 3.0 E
2nd, 0.1C*
1st, 0.1C* . A
: ] 1st, 0.1C* ]
~ 50th, 1C* s 45th, 1C*
25 1 525 .
< Z 10th, 0.5C*
— +._
—2.0H| 4 20 .
3 | = |
¢ * o 4
®1.5 GCPL, 1C* = 300 mA/g- . 1.5 NiIM002 —
g T g T GCPL, 1C* = 300 mA/g ]
©1.0 4 ©10 A -
> > Al
I 1st, 0.1c* ]
h, 0.5C* .
05l . i 05 N 10; »0.5C* 25th, 5C |
35th, 2 h 1C* ‘ 35th, 20C* 45th, 1C
H 1 S / )
* N
0.0 | : T : I : T A il 0.0 T2nd, 0.'10 1 A ] . 1 A L]
0 100 200 300 400 500 0 200 400 600 800
Specific charge / mAh g’ Specific charge / mAh g”'
T T T T T |0 T T T T T T T T T T T T T T T T T T T T T T T T T T 100
——=100 800 |- RS, — ]
RIS & SR AR RS e IR IORA RS
500 -%owow [ o
o (4010 1 . Iy i
1 T 80 N 10C g m“"}k?” - 80
- o, i - Foa® 1C 20C* i,
2400 - ';‘f'ﬁscloc R D600} J* M‘-\ R
< i 1 - = #0.5C Y -
< ¢ S - > < b by >
E 7 s {008 Egpop : {602
3 ‘: & 59005, g 2
R [ox o : 1c 2 (5}
2300k 2 g 2 ¢ ") £
8 ) o 8 400 . 'ii':l,?' 5}
G o o © I~ Ni:MoO, |
Q P 4402 o L H402
= o E = GPCL, 1C* = 300 mA/g 1S
® 200 |y € MoO, S oo} S
o i 1 2 <4 3
%) 0.1C* GPCL,1C*=300mA/lg|] 8§ & 8
420 200 | 420
o Coulombic efficiency | o Coulombic efficiency
100 | o Discharge (Lithiation)] o Discharge (Lithiation)
(c) v Charge (Dilithiation) 100 - (d) v Charge (Dilithiation)
L 1 " 1 L 1 n 1 n 1 n 1 L 1 " 1 0 s 1 L 1 " 1 s 1 L 1 " 1 " | " 1 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Cycles Cycles

Figure 6.7: GCPL curves of MoO, (a) and Ni:MoO, (b) at current rates up to 20
C, with a potentiostatic step until the specific current reached 0.05 C*, where 1

C* = 300mA gL

We added * to point out the potentiostatic step. (Note: the

potentiostatic steps were manually shifted to avoid overlap among different lines).
Specific charge, discharge and Coulombic efficiency for MoO, (c¢) and Ni:MoO, (d).

Coulombic efficiency is enhanced to 86.3 %. After 5 cycles at 0.1C, the current is
increased to 0.5C. The plateaus are shorter than those at 0.1C, but the anode deliv-
ers even higher discharge and charge capacities of 258 and 249 mAh/g, respectively
that brings the Coulombic efficiency to 96.7%. The MoO,-based anode is further
cycled at 1C, 2C and 5C for 5 times each. At 5C, its phase-transition plateaus
almost disappear. Surprisingly, the anode uptakes and removes more lithium ions
with dis /charge capacity of 425/419 mAh /g, respectively. At 20C, galvanostatic dis
/charge capacity is much lower; however, with the potentiostatic charging, it still
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can be fully discharged (448 mAh/g) or charged (443 mAh/g). After these increas-
ing current rates, MoO, was cycled back at 1C. In comparison to initial cycle at
lower current rates, the plateaus totally vanish. The capacity of MoO,-based anode
first gradually increases and after dozens of cycles slightly decreases.

For the Ni:MoO,-based anodes the first cycle of the GCPL curves at 0.1C shows
identical discharge and charge plateaus like for MoO,-based anodes as shown in
Figure (a—b). At the same time, the capacity of Ni:MoO, in comparison with
MoQ, is roughly doubled as shown in Figure [6.7(c-d). For discharge, the capacity
increases from 370 for MoO, to 764 mAh/g for Ni:MoO, and for charge from 290
for MoO,, to 515 mAh/g for Ni:MoO,. This gives an initial Coulombic efficiency of
67.4 % for Ni:-MoO,, which is almost 15 % higher than that of MoO,. After initial
cycles, the SEI stabilizes, thus the Coulombic efficiency is promoted to ~96 % from
2nd cycles. It is evident that the EC behavior of Ni:MoQO, is qualitatively similar
to MoO,, but quantitatively it offers much higher specific charge for each cycle.
At 0.5C, Ni:MoO, displays reversible lithium storage capacities of 648 mAh /g and
636 mAh/g for discharge and charge, respectively. At 5C, even higher reversible
capacities are achieved for discharge and charge, 740 mAh/g and 725 mAh/g, re-
spectively. After about 30 cycles, it still presents 698 mAh /g for lithium uptake and
676 mAh /g for lithium removal at 20C. Ni:MoO, is able to deliver higher capacities,
but it slowly degrades to reach after in total 80 cycles the capacity of MoO,.
Interesting, we observe for MoO, and Ni:MoO, based anodes an atypical increase of
the capacity upon initial increase of charging rate and cycling. A similar activation
phenomenon has been observed before for the nanostructured MoO,. [58,59] The
mechanism was assigned to gradual pulverization of nanoparticles, followed by a par-
tial lose of the crystallinity or even transformation to an amorphous-like structure.
However, loosing of crystallinity of MoO, nanoparticles was also reported to be re-
sponsible for the opposite effect, namely for the capacity fading upon cycling. ( [20]
and references therein) An alternative explanation for the activation upon cycling is
storage of Li via interfacial charging. [62] In summary, a generally valid mechanism
for the activation phenomenon does not exist so far. In our case, this phenomenon
is observed for both MoO, and Ni:MoO, based anodes, which rule out the role of Ni.
We also presume the activation phenomenon is rather independent on the structural
changes of nanoparticles but rather related to the applied cycling procedure. This
hypothesis can be only adequately validated by in-situ studies during cycling.

Discussion on the role of Ni in electrochemical cycling

Although studying the exact role of Ni in MoO, on the EC performance exceeds the
scope of this paper, we can draw two plausible scenarios. The reason for the im-
proved EC properties of Ni:MoQO, may originate either from structural or electronic
modification of the MoO, lattice, or from the combination thereof.

In general, the difference of the work function of an anode (®,) and a cathode
(®.) determines the open circuit voltage (Voc) and thereby the maximum power
output of the batteries. So far, it has been shown that coating with conductive
carbon or doping with SiO, may induce significant changes of the work function of
MoO,. [29,63] Here, we measure Voo of 3.21 and 3.27 V for MoO,- and Ni:MoO,-
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based anode, respectively. Assuming the work function of the cathode equals 2.4 eV
eV, [64] which is the theoretical value for the work function of Li, we determine the
work function of MoO, and Ni:MoO, to be 5.61 and 5.68 eV, respectively. Taking
into account that the thermal energy (kT) at room temperature is of the same order,
0.03 eV, as the work function difference, 0.06 eV, we assume that the work function
of Ni:MoO, does not significantly change with respect to MoO,. Therefore, we have
to consider another justification for the enhanced EC properties.

An alternative, and more plausible explanation of the role of Ni on the EC prop-
erties of Ni:MoO,-based anode gives a structural model. To estimate the impact
of structural modification, we first provide a description of the lithiation process.
Upon lithiation, MoQO, first undergoes one-electron addition-type reaction:

MoO, + xLi* + xe™ — Li MoO,, (6.1)

in which z is close to one and the theoretical capacity is ~209 mAh/g. This initial
reaction is followed by three-electron conversion-type reaction:

Li, MoO, + yLi* 4+ ye~ — 2Li,O + Mo, (6.2)

in which z +y = 4. Together with for the four-electron reaction, the theoretical
capacity is calculated as 806 mAh/g. However, the latter conversion stage requires
a heterogeneous charge transfer at the interfaces, Li" and O? diffusion in solid
state, and Mo—O bond cleavage. [65] To overcome the energy barrier for the pro-
cesses described in Eq. a certain activation energy is needed. MoO, is typ-
ically thermo-electrochemically activated at 85°C. However, also reduced sizes of
particles and additional structural defects are known for facilitating the conversion-
type reaction. For example, Ku et al showed that the onset temperature for the
thermo-electrochemical activation decreases from 85°C to 55°C due to enlargement
of surface area and introduction of defect sites by ball milling. [65]

In the case of Ni:MoO,,, we observe that the substitution of tetravalent Mo by diva-
lent Ni leads to local lattice modification. Therefore, it is plausible that the lattice
modification induced by Ni promotes the lithium mobility and enhances the kinetics
of the conversion reaction. Accordingly, anodes based on Ni:MoO, nanoparticles
provide much higher initial capacities than those based on MoO,.

6.1.5 Conclusions

Here, we present a straightforward doping route for the incorporation of divalent Ni
in the lattice of metallic MoO,. Careful X-ray diffraction and absorption studies re-
veal the valence, position and concentration of Ni in the MoO, lattice. Despite of the
divalent state of Ni substituting tetravalent Mo, we observed only slight shrinkage
of the host lattice. Additionally, we indirectly determine that the work function of
Ni:MoO,, does not significantly differ from MoO,. However, to further elucidate the
influence of Ni on the electronic structure of MoO, and dedicated experiments, for
example High Energy Resolution Fluorescence Detection (HERFD) XAS and X-ray
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emission spectroscopy (XES), are needed. [66] Clearly, for a technological applica-
tion of MoO,-based anodes, many issues remain to be solved. However, our results
indicate that doping is a simple tool to significantly improve the EC properties.
Moreover, it can be expected that in the future possible applications of Ni:MoO,
can be extended to other types of electrodes.
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6.1.7 Supporting Information
MCR-ALS analysis

The description of MCR-ALS method can be found elsewhere. [31,39,40] The fol-
lowing values were calculated by MCR-ALS algorithm: lack of fit (Eq. [6.3)), the
variance explained (Eq. and the standard deviations of residuals in respect to
the experimental data (Eq. are shown in Table .

Zi,j e?,j

Zi,j dz?,j’

_ Z” d?,j - Z” ezz,j
Zi,j dzz,j ’
S el

o= —L" (6.5)

NrowsMNeolumns

lof[%)] = 100

(6.3)

R2

(6.4)

where d;; is an element of the input data matrix D, e;; is the related residual
obtained from the difference between the input element and the MCR-ALS opti-
mization results, n,ows and Negumns are the number of rows and columns in the D
matrix. MCR-ALS method calculates two different lack of fit values, that differing
on the definition of the input data matrix D. Either the raw experimental data
matrix or the PCA reproduced data matrix with the same constrains are used.

Table 6.2: The parameters obtained from the MCR-ALS analysis of the in-situ
XANES data.

lOfALS 0.7979 %

lofpca 0.30753%
R? 99.9936
o 0.0062392

94
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Determination of the number of components.

We choose the number of components on the basis of SVD as shown in Figure[6.8f We
plot eigenvectors representation of the first three components. The third component,
due to its irregular fashion of the third eigenvector representation, is assumed to be
noise. Therefore, we choose two components as sufficient to explain enough variance
in the data.
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Figure 6.8: Visualization of the SVD of the in-situ spectra recorded at the Mo K -
edge. Colors: red, green and blue represents the values related to first, second
and third component. a) Eigenvalues in a relative variance plot. The first two
eigenvalue accounts for 98.77% of the variance (first eigenvalue: 96.49 %, second
singular value: 2.28%). Inset: the eigenvectors representation of the first, second
and third component.

EDX Data

Table 6.3: EDX statistics on Ni:MoO, samples

Spectrum At % Ni At % Mo
1 1.8 98.2
2 2.2 97.8
3 1.9 98.1
4 1.9 98.1
5) 2.0 98.0

1.9+05 981%£0.5
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In-situ XRD measurements during carbon coating

Sart(Counts)
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Figure 6.9: (top) Temperature map of diffraction patterns taken in-situ during car-
bon coating of Ni:MoO, nanoparticles under N,. (bottom) PXRD pattern of MoO,
before (red) and after (black) carbon coating and reference patterns of MoO, (blue)
and alumina substrate (green). No new diffraction peaks are visible even at 700 °C.
Thus, we conclude that neither phase transition of monoclinic MoO, nor separations
of nickel phase are observed.
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Rietveld refinement
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Figure 6.10: XRD data measured using a wavelength of 0.5054 A and Rietveld refined

data for (a) MoO, and (b) Ni:MoO, .
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EXAFS fit

The amplitude factor Sz is fitted for MoO, and also used for Ni:MoO, at Mo K-edge.
On the Ni K-edge the amplitude factor of NiO is fitted and used for Ni:MoO,. R
stands for the fitted bond length and R, for the theoretical one calculated from the
Rietveld refined data for pure MoO,. The energy shift is Fjy and fitted for all three
compounds seperately. N is the coordination number and fixed during the fit and o
is the Debye-Waller factor. The Mo-shell cannot be fitted adequately in Ni:MoO,
at the Ni K—edge and is therefore left out of the fit. The reason lies in the high
disorder in the Mo atoms around each Ni atom.

Table 6.4: EXAF'S fitted parameter for MoO, and Ni:MoO, measured at Mo and Ni

K-edges

Sample 1D Atom N o® | A? R /A Ry / A

MoO, at the Mo K-edge O11 4 0.0018 £0.0004 1.990+0.012 1.983

S22 =0.778 £ 0.161 012 2 0.0018 £0.0004 2.078£0.012 2.071

Ey=0.962 4+ 1.402 Moll 1 0.0016 40.0004 2.539 +0.015  2.518

R =0.011 Mol2 1 0.004240.0015 3.1624+0.019 3.118

Ni:MoO, at the Mo K-edge O11 4 0.0026 £0.0006 1.983 £0.018 1.983

S22 =0.778 £ 0.161 012 2 0.0026 +£0.0006 2.072+0.018 2.071

Ey = —2.100 £ 2.066 Moll 1 0.0024 +0.0006 2.54240.022 2.518

R =10.033 Mol2 1 0.0054 40.0026 3.157 £0.028 3.118

Ni:MoO, at the Ni K-edge O11 4 0.0035+0.0120 2.012+0.178  1.983

SZ =0.901 £ 0.096 012 2 0.0035+0.0120 2.101 £0.186 2.071

Ey = —0.998 4 29.647 Moll 1 - - 2.518

R =0.012 Mol2 1 - - 3.118
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X-ray absorption data
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Figure 6.11: Spectra recorded in-situ at Ni K-edge at the beginning (blue curve)
and the end of the reaction (green curve). The molar concentration of Ni in the
solution was low (0.0050 M) and thus the single spectra are rather noisy. Here an
average spectrum out of 4 is shown.
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Figure 6.12: XAS spectra recorded at Mo K-edge during first 74 minutes of reaction
at 215°C.

99



6 EXAFS

Supplementary discussion on CV profile (Figure and in the main
text and [6.13))

Mo02_0.1mV/s_2nd
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Figure 6.13: The second cyclic voltammograms of MoO, and Ni:-MoO,, at a scan rate
of 0.1mV s~ in the voltage range of 0.01V to 3V (a). Cyclic voltammograms of
MoO, (b) and Ni:MoO, (c) at scan rates up to 25mVs™! in the voltage range of
0.01V to 3V.

The CV profile of Ni:MoO, is basically alike that of MoO,, besides additional,
tiny bumps at potential range below 0.6 V marked with arrows Figure [6.6] and [6.13]
These bumps almost vanish in the following cycles suggesting the formation of the
solid electrolyte interphase (SEI). MoO, in general show initially weak redox peaks.
Here, carbon-coated MoO, starting from the first CV curve shows two pronounced
reduction peaks (lithiation) at 1.48 V and 1.20 V. [22,23,58-60] Correspondingly on
the oxidation part (delithiation), two significant peaks appear at 1.72V and 1.47V,
respectively. On the second scan at 0.1 mVs™!, the redox peaks slightly shifted to
1.55/1.26 V and 1.72/1.57V respectively. The appearance of redox pairs can be
ascribed to the monoclinic—orthorhombic-monoclinic phase transitions as suggested
by Dahn and McKinnon. [61]

For the Ni:MoO, nanocrystals, there are no additional redox peaks in comparison
with pristine MoO,, after the first CV cycle, it further proves there is no phase
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6.1 Ni in Molybdenum Dioxide

separation upon Ni-doping. Besides, two small shoulders located at 1.68/1.33 V on
lithiation and 1.68/1.78 V on delithiation are sometimes observed, as marked C, D,
B and A in Figure in the main text. [23,65] However, so far no explanation
on their origin is available. After the second CV cycle at 0.1 mVs™!, both MoO,
and Ni:MoO, display highly reversible cycling behavior, even at scan rate up to
25mV s~! shown in SI, Figure —c. This excellent reversibility can be assigned
to the high crystallinity of MoO,, after carbon coating. We conclude that from CV
profile there is no observable difference in charging/discharging mechanism.
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6.2 Cobalt and Cobalt Oxides

6.2 Puzzling Mechanism behind a Simple
Synthesis of Cobalt and Cobalt Oxide

Nanoparticles: In Situ Synchrotron X-ray
Absorption and Diffraction Studies

The content of this chapter summarizes briefly the results on nucleation and growth
of cobalt and cobalt oxide nanoparticles and was published in Chemistry of Materials,
2014, 26, pp 2086 - 2094, by Malwina Staniuk™®, Ofer Hirsch*, Niklaus Kranzlin*,
Rahel Béhlen, Wouter van Beek, Paula M. Abdala, and Dorota Koziej as a corre-
sponding author. (* equal contribution)

Here, we show a simple approach to synthesize cobalt and cobalt oxide nanopar-
ticles in an organic solvent. We find that the cubic Co;0, nanoparticles can be
easily obtained, even at temperatures as low as 80°C. Moreover, exactly the same
reaction at 180 °C leads to metallic Co nanoparticles. Thus, in addition to the syn-
thetic efforts, we study the mechanism of occurrence of oxidation and reduction of
a Co”" precursor in benzyl alcohol. Remarkably, the in situ X-ray absorption and
diffraction measurements of the synthesis at 140°C reveal that oxidation of Co®"
to Co®™/?* and reduction of Co®" to Co® reactions take place simultaneously. It is
followed by a rapid formation of Co;O, nanoparticles and its consecutive solid-state
reduction to CoO. In parallel, metallic Co nanoparticles begin to grow. In addition,
Multicomponent Curve Resolution—-Alternating Least Squares (MCR-ALS) analysis
of X-ray absorption spectroscopy (XAS) data efficiently reveals the nontrivial inter-
dependence between four different reactions. Our strategy to control reduction and
oxidation of Co-based nanoparticles as they grow opens up an elegant pathway for
the one-pot-synthesis of the hybrid materials for energy-related applications.
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6.3 EXAFS Investigation of the Inversion in
Zinc-Ferrite Nanoparticles

The content of this chapter briefly summarizes the formation mechanism of ZnFe,O,
nanoparticles and the manuscript is about to be submitted with Malwina Staniuk,

Christoph Willa, Ofer Hirsch, Alla Sologubenko, Wouter van Beek, and Dorota
Koziej as corresponding author

Here, we in situ investigate the synthesis mechanism and the kinetics of ZnFe,O,
formation in benzyl alcohol from zinc(II) acetate (Zn(ac),) and iron(III) acetylace-
tonate (Fe(acac),) and compare the results with the formation of ZnO and Fe;O,
from the same precursors. Even though the kinetic characteristics of the individ-
ual metal precursors are different, the mixed metal compound can be obtained in
a one pot synthesis without any additional phases in the final product. To get a
better understanding of the mechanism of ZnFe,O, nanoparticles formation we fol-
low the reaction by in situ powder X-ray Diffraction (PXRD) and X-ray absorption
spectroscopy (XAS). We apply Multivariate Curve Resolution — Alternating Least
Squares (MCR~ALS) method to the time resolved XAS data in order to recover spec-
tra and concentration profiles of all species present during the synthesis. We perform
complementary time-resolved ex situ analyses, such as Small Angle X-ray Scatter-
ing (SAXS), and High Resolution Transmission Electron Microscopy employed in
a scanning mode (HR STEM). The HR STEM was accompanied by Energy Dis-
persive X-ray spectroscopy (EDX) studies of the particles to verify our results of
the in situ studies. We observe formation of a zinc-rich intermediate phase, which
forms as a result of higher reactivity of Zn(ac), in benzyl alcohol in comparison with
Fe(acac),. The flexible structure of nanoscale spinel ferrite, in regard to chemical
composition, contains an excess of Zn*" ions from the already reacted Zn(II) precur-
sor, providing sufficient time for the Fe(III) precursor to react. Fast incorporation
of nonstoichiometric amount of Zn results in zinc atoms occupying both tetrahedral
and octahedral voids in the spinel structure. These findings contribute to building
knowledge about the formation of multi-metal compounds in liquid media. The
flexibility of nanoscale structures to be stable within a broad compositional range
represents a unique advantage for the synthesis of complex nanoparticles in one pot.
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