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Abstract

The combination of magnetism and electrochemistry has attracted considerable attention in
the last years for various application-relevant issues. One aspect of this combination pertains
to the electrodeposition of magnetic thin films. On the other hand, a promising research
field has recently opened up with in-situ studying the influence of electrochemical charging
processes on the magnetic properties of high-surface area porous nanomaterials and thin
films, with the aim to achieve voltage control of the magnetic properties. Furthermore, the
electronic and chemical processes which occur in an electrode during charging/discharging

can be characterized by using magnetism variations as diagnostic tool.

For each of theses topics, the control of magnetic properties by electrochemical processes
demands appropriate in-situ measurement techniques. By designing a three-electrode elec-
trochemical cell for operation in a commercial state-of-the-art SQUID magnetometer, which
allows the simultaneous measurement of magnetization and cyclic voltammograms, we have
developed a new approach for studying the correlations between electrochemical processes
and magnetic properties. This is demonstrated in the present thesis for the three topics

mentioned above.

In the case of electrodeposition, the emergence and decreasing of magnetism during the
growth and dissolution of thin Co films on a Au(111) substrate is studied by the novel
electrochemical cell, facilitating in-situ electrodeposition in a SQUID magnetometer. This
measurement approach enables not only a determination of the absolute magnetic moment
M fiim, Which arises exclusively from the electrodeposited Co film, but also an adjustment
and determination of the film thickness. Hence, the thickness-dependence of m s, could
be studied. For ultrathin films an enhancement of the magnetic moment per Co atom could
be observed, which increases steadily with lowering the film thickness, and reaches up to

40 % for a film thickness of one atomic layer.

Regarding the case of electrochemical tuning of magnetic properties, the ability of the novel



Abstract

electrochemical cell design to monitor the magnetic moment m during cyclic voltammetry
measurements was utilized to distinguish which electrochemical process at the electrode-
electrolyte interface causes the m-variation. The reversible variation of the magnetic mo-
ment of porous nanophase Pt during electrooxidation of up to 1% was attributed to the
high electric field which is generated by electrochemical double layer charging. For vy-Fe;Og
nanoparticles the variation of the magnetic moment of up to 4.9 % strongly depend on the

potential regime of charging and is related to a pseudocapacitive redox reaction.

In the last case, the novel cell design enabled the first in-operando measurements of the
magnetic susceptibility of commercially used Li-ion battery cathode material. This was
demonstrated by monitoring the magnetic susceptibility X;co of Li;CoO, cathodes dur-
ing consecutive cycles of charging and discharging. The distinct variation of X;co with Li
content x gave insights into the chemical and electronic processes occurring in the cathode
during charging and discharging. In particular, the measurementes revealed that an oc-
curring nonmetal-metal transition is of Anderson type and that in addition to cobalt also

oxygen undergoes partial oxidation during charging.
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Kurzfassung

Die Kombination von Magnetismus und Elektrochemie erhielt in den letzten Jahren hohe
Aufmerksamkeit aufgrund mehrerer anwendungsrelevanter Themen. Ein Aspekt dieser
Kombination betrifft die elektrochemische Abscheidung von magnetischen diinnen Filmen.
Zum anderen eroffnete sich kiirzlich durch in-situ Untersuchungen des Einflusses von elek-
trochemischen Beladeprozessen auf die magnetischen Eigenschaften von porésen Nanoma-
terialien und diinnen Filmen mit grofser Oberfliche ein vielversprechendes Forschungsfeld
mit dem Ziel, die magnetischen Eigenschaften iiber die angelegte Spannung zu steuern.
Aullerdem konnen die elektronischen und chemischen Prozesse, welche in einer Elektrode
wéahrend einer Be- und Entladung stattfinden, durch die auftretenden Magnetismusénderun-

gen charakterisiert werden.

Fiir jede der genannten Fragestellungen ist es erforderlich, dass der Einfluss der elek-
trochemischen Prozesse auf die magnetischen Eigenschaften durch eine geeignete in-situ
Messmethode untersucht werden kann. Durch die Entwicklung einer neuen elektrochemis-
chen Zelle in 3-Elektrodengeometrie, welche die Messung von Zyklovoltammogrammen in
einem SQUID Magnetometer und somit die gleichzeitige elektrochemische und magnetis-
che Charakterisierung erlaubt, wurden solche in-situ Messungen in einer neuen Qualitét
ermoglicht. Die Moglichkeiten dieser neuen Messmethode werden in dieser Arbeit anhand

der obigen drei Themen verdeutlicht.

Zum einen wird die neue elektrochemische Zelle zur in-situ Abscheidung von diinnen Co
Filmen auf einem Au(111) Substrat im SQUID Magnetometer verwendet. Die gleichzeit-
ige Messung des magnetischen Momentes erlaubt es, die Entwicklung des Magnetismus
wahrend des Schichtwachstums mitzuverfolgen. Dariiber hinaus ermdoglicht diese neue Mess-
methode nicht nur die Bestimmung des absoluten magnetischen Momentes m t;;,,, welches
alleinig vom abgeschiedenen Co Film stammt, sondern auch die Einstellung und Bestim-

mung der Filmdicke. Auf diese Weise konnte die Dickenabhéngigkeit von m t;;,, untersucht
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werden. Fiir ultradiinne Filme wurde eine Erhohung des magnetischen Momentes pro Co
Atom beobachtet, welche mit abnehmender Filmdicke kontinuierlich zunimmt, und fiir eine

Filmdicke von einer Atomlage Werte von bis zu 40 % erreicht.

In-situ Zyklovoltammetriemessungen wurden dariiberhinaus zur Untersuchung der elektro-
chemischen Durchstimmbarkeit der magnetischen Eigenschaften von porésen Nanomateri-
alien eingesetzt. Anhand dieser Messungen ldsst sich herausfinden, durch welche elektro-
chemischen Prozesse an der Elektroden-Elektrolyt Grenzfliche die jeweiligen Anderungen
des magnetischen Momentes hervorgerufen werden. Die reversible Anderung des magnetis-
chen Momentes von bis zu 1 %, die an pordsen, nanophasigen Pt wiahrend der Elektrooxida-
tion beobachtet wurde, konnte dem hohen elektrischen Feld, welches durch das Beladen der
elektrochemischen Doppelschicht entsteht, zugeschreiben werden. Fiir y-FesO3 Nanopar-
tikel hangt die Anderung des magnetischen Momentes von bis zu 4.9 % stark vom Poten-
tialbereich der Beladung ab und kann einer pseudokapazitiven Redoxreaktion zugeschrieben

werden.

Schliefslich wurde das neue Zellendesign fiir die ersten magnetischen in-operando Messun-
gen von kommerziell verwendeten Batteriekathodenmaterialien herangezogen. Auf diese
Weise war es moglich die magnetische Suszeptibilitiat X oo von Li, CoO4 Kathoden wéihrend
drei aufeinanderfolgenden Lade- und Entladezyklen kontinuierlich zu messen. Anhand der
markanten Anderung von X;co mit der Lithiumkonzentration & konnten Riickschliisse auf
die chemischen und elektronischen Prozesse gezogen werden, die in der Kathode wahrend des
Ladens und Entladens ablaufen. Dabei stellte sich heraus, dass ein auftretender Nichtmetall-
Metall Ubergang vom Anderson-Typ ist und, dass wihrend des Ladens zusitzlich zu Co

auch Sauerstoff teilweise oxidiert wird.
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CHAPTER 1

Introduction

“At first sight, magnetism and electrochemistry seem an odd couple.” This sentence is

quoted from an article by Coey |[1], where he explains this putative incompatibility by the

fact that the energies involved in chemical reactions and the magnetic energies (e.g. the

Zeeman splitting energy) differ by orders of magnitude. Nonetheless, the combination of

magnetism and electrochemistry has attracted considerable attention in the last years, since

there is a connection between these two disciplines in at least three different fields:

(i)

(i)

(iii)

Magnetoelectrochemistry deals with electrochemistry in the presence of an imposed

magnetic field and studies the influence of the field on the mass transport kinetics,

the electrode kinetics and the morphology of electrodeposits [1,2].

Electrodeposition of ferromagnetic metals and alloys is a further interdisciplinary field

where electrochemistry meets magnetism [1]. Electrodeposition has developed as a
preparation technique not only for magnetic thin films of metals [3-5], soft and hard
magnetic alloys, like e.g. permalloy [6),7] and FePt [89], but also of magnetic multilayer
structures [10-12] and magnetic nanowires, which can be obtained by template assisted

electrodeposition [13}14].

Electrochemically charging-induced variations of magnetism represents the third re-

search area covering both magnetism and electrochemistry. On the one hand, the aim
of this field is to achieve voltage control of magnetic properties of high-surface area
nanomaterials (see e.g. [15-18|) and magnetic thin films (see e.g. [19-23]). On the
other hand, the electrochemically induced alterations of magnetic properties can be

used as a diagnostic tool, to characterize electronic and chemical processes occurring
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in the investigated material during electrochemical charging/discharging.

For the last two cases the correlations between the occurring electrochemical processes and
the magnetic properties are of pivotal relevance. Therefore, techniques that allow to measure
the magnetic properties during electrochemical experiments are necessary. In particular, a
technique enabling a continuous monitoring of the magnetic properties during electrochemi-
cal characterization measurements, i.e., cyclic voltammetry measurements, would represent

an ideal candidate for studying these correlations.

In this thesis, such a technique was developed by designing a three-electrode electrochemical
cell, which allows for in-situ cyclic voltammetry measurements in a commercial SQUID
magnetometer. The new cell design is based on the cell established by T. Traufsnig in his
PhD thesis |18,24], with the major improvements of a reduced magnetic background signal
and of a third electrode, enabling the in-situ cyclic voltammetry measurements. By this
means, a precise correlation between the detected variations of the magnetic moment and
the electrochemical processes occurring at the investigated sample becomes possible. The
advantages of this novel cell design are illustrated by applying it to the two later cases
mentioned above — electrodeposition and electrochemically charging-induced variations of

magnetism.

In the case of electrodeposition the combination of SQUID magnetometry and in-situ elec-

trodeposition of cobalt is used for studying the evolution of magnetism in ultrathin Co
films. So far, in-situ magnetic characterization during electrodeposition has been developed
and applied for magneto-optical Kerr effect (MOKE) [4}/5,122,[25-33], alternating gradient
field magnetometry (AGFM) [5,29,34-38] and ferromagnetic resonance (FMR) [39] mea-
surements. Whereas these techniques yield information about spin orientation, coercivity or
ratio between the remanent and saturation magnetization, neither of these techniques allows
to determine absolute magnetic moments. The novel in-situ electrochemical cell presented
in this thesis enables such measurements of the absolute magnetic moment with a SQUID
magnetometer. This is demonstrated by means of thin Co films which are electrodeposited
on a Au/Si substrate by cyclic voltammetry. With the new in-situ technique, a precise
cancellation of the parasitic background signal of the cell and substrate becomes possible.
This gives direct experimental access to the magnetic moment which arises exclusively from
the electrodeposited Co film. By adjusting the Co film thickness via the electrodeposition
parameters, the magnetic moment can be determined in absolute terms as a function of the

film thickness. This in situ-electrodeposition of thin Co films is covered in Chapter 4] of this



thesis.

As mentioned above, there are two different aims in the field of electrochemically charg-

ing-induced variations of magnetism. Both of them are addressed in this thesis: Chapter

deals with the electrochemical tuning of magnetic properties of porous nanophase systems.
As proposed by Gleiter et al. [40], the high electric fields which can be achieved in the elec-
trochemical double layer at an electrode-electrolyte interface can be used to reversibly tune
the magnetic properties of nanomaterials exhibiting a high-surface-to volume ratio. This
was, for example, demonstrated for porous nanophase Pd-Ni [15], Pd |17] and Pd-Co |[16],
as well as for thin films of FePt [19], FePd [19] and Pd-Co [41]. More recently it was shown
that besides tuning via an electric field, the magnetic properties of such systems can also be
varied by chemical reactions induced by electrochemical charging (see e.g. [18,20,21]). To
distinguish between these two effects, a precise electrochemical characterization is necessary.
Ideally, this characterization occurs simultaneously with the magnetic measurements by an
in-situ technique. In this thesis, this is achieved by means of the novel electrochemical cell
design, that allows for in-situ cyclic voltammetry measurements in a SQUID. This new cell
is applied to study the tunability of the magnetic moment m of v-Fe;O3 nanoparticles, for
which reversible variations of m of up to several percent were reported by our group in a
previous work |18]. In this thesis, the ability of the novel cell to monitor m continuously
during cyclic voltammetry measurements is used to derive more detailed information on
the correlations between the electrochemical processes and the magnetic behavior. In addi-
tion, the alterations of the magnetic moment of porous nanophase Pt upon electrochemical
oxidation are investigated and compared with variations of the electrical resistance. This
direct comparison of these two different electronic properties in combination with the in-
situ cyclic voltammetry measurements allows to distinguish between the influence of the
various electrochemical processes (electrochemical double layer charging and chemical mod-
ification) and, therefore, provides a deeper understanding of the underlying charging-related

processes.

The aim to use the alterations of the magnetic properties induced by electrochemical charg-
ing as diagnostic tool is pursued in Chapter [f] for in-situ studying battery charging. Since
the magnetic properties of the technologically important Li-ion battery electrode materials
are sensitive to phase composition, structural disorder, defects and the oxidation state of
the transition metal ion (see [42] for a review), this material class is an ideal candidate

for such kind of studies. Unti now, however, all magnetic measurements on commercially
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used battery electrodes were performed ex-situ. By means of the novel cell design with
reduced background signal, the first in-operando studies become possible, facilitating reli-
able electrochemical charging/discharging of the battery and enabling the detection of the
paramagnetic signal of commercially used cathode materials. This is demonstrated by in-
operando SQUID magnetometry measurements on Li,CoOs cathodes during Li extraction
and re-intercalation, providing new insights into the electronic and chemical processes in

the cathode material during charging and discharging.

Before dealing with these three issues in the Chapters [AH6] the fundamentals of the electro-
chemical processes occurring at an electrode-electrolyte interface are briefly summarized in
chapter [2] In Chapter [3] the basics of the experimental methods and set-ups applied in the
present work are described. In Chapters [4}{6], the results of the three different topics are
presented and discussed. At the beginning of each of the three chapters, an overview of the

state-of-the art of research in the particular field is given. Finally, a conclusion is drawn in

Chapter [7]
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CHAPTER 2

Electrochemical processes at the
electrode-electrolyte interface

Since this thesis aims to study the correlations between magnetic properties and electro-
chemical processes, a short overview of the most fundamental electrochemical processes
occurring at the electrode-electrolyte interface is given in this chapter. Section deals
with the electrochemical double layer, which forms at the phase boundary between the
electrode and the electrolyte and which can be used for interfacial charging. The specific
adsorption of electrolyte species on the electrode, including the deposition of metal ions, is

addressed in Section 2.21

2.1 Electrochemical double layer used for interfacial charging

Upon immersing a metal electrode in a liquid electrolyte, the different chemical potentials
in the two phases give rise to a certain amount of electron transfer reactions, which occur
until the chemical potential is equal in both phases. In case that the electrolyte contains
ions (Me**) of the same metal, the following reaction occurs at the surface of the metal
electrode:

Me*t + ze~ = Me. (2.1)
For an inert electrode, which does not participate in the reaction, likewise a redox reaction
Soz +ne” = Syeq (2.2)

takes place at the electrode surface. Herein, S,, and S,.q denote the oxidized and reduced

species in the solution, respectively, and n is the number of transferred electrons. In this
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Figure 2.1: Sketch illustrating the different models of the electrochemical double layer at the electrode-
electrolyte interface. (a) Helmholtz model, (b) Diffuse double layer model according to Gouy and Chap-
man, (c) Stern model combining the two other models. D denotes the distance between the Helmholtz
plane and the electrode surface.

case, the electrode serves solely as electron donor or acceptor.

Depending on the direction of these reactions, electrons are accumulated or depleted at the
surface of the metal electrode. This excess charge is compensated by attracting counterions
in the solution to the electrode surface. Thus, a region of two layers with opposite net
charge, the so-called electrochemical double layer, is formed at the phase boundary between
the electrode and the electrolyte. In the metal electrode, the strong electron screening due
to the high density of free electrons confines the surface charge to a relative narrow region.
The penetration depth into the metal can be estimated applying the Thomas-Fermi theory
and is typically about 1 Angstrom [40}/48//49].

Various models of the electrochemical double layer exist for the solution. The three most
fundamental ones will be discussed briefly. The most simple and oldest model, the so-called
Helmholtz model (see Fig. [2.1h), is based on the notion that the counterions are located in
a plane parallel to the metal surface. This plane is separated from the metal surface by a
dielectric layer of solvent molecules. In analogy to a conventional parallel plate capacitor,

a capacitance per unit area

Cr = % (2.3)

can be calculated according to this model. Herein, ¢y denotes the vacuum permittivity, €,

the electrolyte dielectric constant and D the distance between the two layers. This distance

10



2.1 Electrochemical double layer used for interfacial charging

is determined by the size of the solvation shell of the ions and is approximately given by
the half diameter of the solvated ions, which is in the order of 0.2nm [50]. Hence, the
dielectric thickness in the electrochemical double layer is significantly smaller than that in a
conventional capacitor and, therefore, the electrochemical double layer exhibits a very high
capacitance. In particular, with the dielectric constant of water of €,=78, a capacitance
Cpy of 345 uF /cm? is obtained according to eq. . This value is, however, considerably
higher than the experimentally observed ones, which usually lie between 5-50 uF /cm? [50],
indicating the limits of this simple Helmholtz model.

An alternative model, the so-called diffuse double layer model (see Fig. ) proposed by
Gouy and Chapman, takes into account the thermal motion of the ions in the solution of
the electrochemical double layer. In this model, the distribution of the counterions and
the potential are described by the Poisson-Boltzmann equation. The counterions are not
fixed anymore in a plane, but are spread out into the solution forming a diffuse layer. This
layer consists of ions of both signs, with the counterion concentration increasing towards the

surface. However, also this model fails to describe most of the experimental data |51}52].

Agreement between theory and experiment was achieved by the model of Stern [51,52],
which combines the two approaches by Helmholtz and by Gouy-Chapman (Stern model,
see Fig. ) In this model, a part of the counterions forms a plane close to the electrode
as suggested by Helmholtz, denoted the compact Helmholtz layer. Outside of this layer,
a diffuse layer as suggested by Gouy and Chapmann, is present. Hence, the charge that
compensates the charge in the metal electrode is located partly in the Helmholtz layer and
partly in the diffuse layer. According to this model, the overall capacitance Cpy of the
electrochemical double layer is given by the series capacitance of the Helmholtz layer (Cp,

see eq. (2.3)) and of the diffuse layer (Cg;rs):
1 1 1
- = 4 .
Cpr  Cu  Cuayy

(2.4)

For this thesis, the exact description of the electrochemical double layer is of less relevance
than the mere fact that its capacitance is quite high and, therefore, also the electric field
that can be generated at the metal-electrolyte interface by double layer charging. This
electric field can be varied in a defined manner by an external voltage, which controls the
charging of the double layer. Assuming a double layer capacitance Cpy, of 30 uF /cm? and
an applied potential U of 1V, which is reasonable for an aqueous electrolyte, electric fields
of up to 5 x 108 V/m can be generated. As shown in Chapter [5], this high electric fields can

be used to reversibly tune the magnetic properties of high surface area nanomaterials.

11
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Figure 2.2: Stern model of the electrochemical double layer, in the case of specific adsorbed ions at
the metal electrode. The black and green dashed line indicate the outer and inner Helmholtz plane,
respectively.

2.2 Adsorption of ions and metal electrodeposition

As shown in Chapter 5 not only the electrostatic effects in the electrochemical double
layer, but also the adsorption of ionic species from the electrolyte on the electrode plays
another important role for the charging-induced property tuning. Furthermore, adsorption
is a fundamental process taking place during metal electrodeposition, which is dealt with

in Chapter [}

In most cases, adsorption is caused by the chemical interaction between the electrode and
the adsorbate (chemisorption), whereas weaker interactions such as van der Waals forces
(physisorption) cause adsorption just in rare cases [53|. Adsorption of a distinct ion species
at the electrode requires that the interaction between this species and the electrode is
stronger than the interactions of this ion species within the solvent. “Specific adsorption”
denotes the case where the adsorbing ions loose their solvation shell (at least partly), giving
rise to a direct, strong bonding at the electrode surface (mostly by forming a chemical bond).
Since anions have a weaker bound solvation shell than cations due to their larger ionic radius,
they are more likely to be specifically adsorbed. In the case of specific adsorption, the above
mentioned Stern model of the electrochemical double layer has to be further modified. As
indicated in Fig. the Helmholtz plane is separated in an outer plane, which passes
through the center of the solvated ions, and in an inner plane, passing through the center

of the specifically adsorbed ions.
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2.2 Adsorption of ions and metal electrodeposition

The specific adsorption of a metal ion on the electrode is a fundamental step, which also
takes place during metal electrodeposition. In general, electrodeposition refers to the for-
mation of a metallic film onto a substrate through the electrochemical reduction of metal
ions from the electrolyte [48,/54]. The metal ion takes up one or more electrons from the
electrode (substrate) and is deposited as metal atom on its surface. Thin film growth by
electrodeposition consists of the following steps: (i) Diffusive transport of the metal ions in
the solution to the surface, (ii) specific adsorption of the metal ions on the substrate surface,
including the stripping of the solvation shell and the charge transfer reaction, (iii) diffusion
on the metal surface with subsequent nuclei formation or atom attachment at step surfaces,

resulting in the formation of a metallic layer.
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CHAPTER 3

Experimental techniques and procedures

In this chapter, the basics of the experimental methods and set-ups, which were applied
in the present work, are described®. Section deals with the electrochemical characteri-
zation and Section outlines the underlying measurement principle of the used SQUID
magnetometer. In Section the resulting constraints and demands for the design of the
electrochemical cell for the in-situ measurements in the SQUID are elucidated. The detailed
experimental parameters and procedures used for each measurement can be found in the

respective sections of Chapters [4H6]

3.1 Electrochemical characterization

The majority of the electrochemical measurements were performed with an Autolab
PGSTAT 128N potentiostat/galvanostat controlled by Nova software (Metrohm Autolab,
Utrecht, Netherlands). For in-situ charging of the v-Fe;O3/Pt nanocomposite pellet in the
SQUID magnetometer (see Sec. [5.3.2)), a PGZ 100 potentiostat/galvanostat controlled by

VoltaMaster software (Radiometer Analytical, Villeurbanne Cedex, France) was used.

All electrochemical experiments were conducted in a three-electrode set-up, which is nec-
essary to obtain reliable results, especially for cyclic voltammetry (see Sec. [3.1.1) mea-
surements [48./50,55-57]. In such a set-up, the investigated sample (Pt pellet, v-Fe;O3/Pt
nanocomposite pellet, Li,CoOs cathode) or the substrate used for electrodeposition serves

as working electrode (WE). The potential of the WE is measured with respect to the refer-

* As mentioned in the introduction of this thesis (Chapter , parts of the content of this chapter are based on a
published article (Paper III, Ref. [45]).
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3 Experimental techniques and procedures

ence electrode (RE). To ensure a constant potential of the RE and to minimize the ohmic
voltage drop, the current flowing through the RE is limited by picking up the RE-signal
with a high-impedance input of the potentiostat. Current flow through the WE is enabled

by means of the counter electrode (CE).

3.1.1 Cyclic voltammetry

Cyclic voltammetry is an electrochemical measurement method, which allows to determine
the potentials and mechanisms of redox reactions occurring at the WE. During such a
measurement, the potential U between the WE and the RE is swept linearly between an
upper (U,,) and lower potential limit (Ujey). When one of these two limits is reached, the
potential scan direction is reversed, leading to the triangle shaped potential function shown
in Fig. . The variation of the potential occurs with a defined scan rate v = %, ranging
typically from a few mV /s to a few V /s [50,(58|. In the case of nanoporous electrodes, as used
for the measurements in Chapter |5}, even lower scan rates are necessary because of the limited
transport kinetics in the porous structure. To obtain the so-called cyclic voltammogram
(CV), the current i flowing between the WE and CE is plotted as a function of the potential
U. The current ¢ consists of two superimposed components. The nearly constant charging
current of the electrochemical double layer (see Sec. and faradaic currents, which result

from charge transfer reactions or specific adsorption/desorption processes at the WE and

give rise to the formation of current peaks in the CV.

As an example, the CV of a porous nanophase Pt pellet measured in 1 M KOH is shown in
Fig. . The pellet is made from commercial Pt nanoparticles (for details on the sample
preparation see Sec. . For Pt, the ongoing processes are well documented in literature
(see e.g. [59-61]). Starting the potential scan from —300mV" in anodic direction, a shoul-
der and plateau of oxygen species adsorption arises between —250mV and +480 mV. The
increase of the current starting at about +450 mV indicates the onset of Oy gas evolution
at the WE. After reaching the upper potential limit U,, of +480mV, the scan direction
is reversed. In the cathodic scan, the current is small at first, indicating that the oxygen
remains on the Pt surface. At about —50mV, the oxygen desorption peak starts to rise
and reaches its extremum at about —350mV. Lowering the potential further towards the
lower potential limit Uj,,, of —1050 mV, three cathodic peaks arise between —600 mV and
—1050mV, which are due to the adsorption of hydrogen on the Pt surface. After reversing

P The potentials here are referred with respect to a Ag/AgCl (3 M KC1) reference electrode.
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3.2 SQUID magnetometry: Measurement principle
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Figure 3.1: Illustration of a cyclic voltammetry measurement. (a) Linear variation of the applied
potential U between the upper (U,,,) and lower (Ujq,,) potential limit as a function of time ¢. (b) Measured
current ¢ plotted as a function of the applied potential U. Shown is a cyclic voltammogram (CV) of a
porous nanophase Pt pellet in 1M KOH recorded with a scan rate of v=0.5mV/s. The arrows indicate
the anodic and cathodic scan direction, as well as the potential regions of oxygen adsorption/desorption,
hydrogen adsorption/desorption and of the electrochemical double layer (DL), respectively.

the scan direction and going again to more positive potentials, hydrogen desorption oc-
curs, indicated by the three cathodic peaks in the potential region between —1000 mV and
—560 mV. In the following potential region between —530 mV and —300 mV, the current is
constant and relatively small, revealing that only charging of the electrochemical double
layer takes place. It should be noted that the charging of the electrochemical double layer
does not only occur in this potential regime, but also over the whole potential scan outside
of this regime, where the charging current of the double layer is superimposed by faradaic

currents.

3.2 SQUID magnetometry: Measurement principle

Since the goal of this work is to detected relative small variations of the magnetic moment
induced by electrochemical processes, a highly sensitive magnetic measurement technique
is required. SQUID (Super Conducting Quantum Interference Device) magnetometry is
the perfect choice, because changes of the magnetic moment in the order of 10~% emu® can

be resolved [62].

The SQUID measurements were performed in collaboration with Prof. Heinz Krenn at the

€ lemu = 1073 Am?
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3 Experimental techniques and procedures
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Figure 3.2: (a) Sketch of the SQUID pick-up coils, forming a second order gradiometer. (b) Magnetic
flux ®(2) induced by a magnetic point-dipole pulled through the coils as a function of the position z. The
flux (red curve) is described by eq. . Pick-up coil radius: R=0.97 cm, distance between the coils:
I'=1.519cm [63]. The mutual current directions in the coils are indicated by the arrows.

Institute of Physics, University of Graz, using a MPMS®-XL-7 magnetometer (Quantum
Design Inc., San Diego, CA, USA). This particular device can detect changes of the mag-
netic moment of 1078 emu at magnetic fields smaller than 2500 Oe? and of 6x107% emu at
magnetic fields up to 70kOe [62]. In this chapter, the measurement principle of a SQUID
magnetometer is described based on this MPMS® SQUID magnetometer system of Quan-
tum Design Inc., which is the most widely used commercial SQUID system [62]. Also the
design of the electrochemical cells presented in this work focuses on this system. Neverthe-
less, the present approach can be adapted for any other SQUID system as well, since the

configuration and the measurement principle of other SQUID magnetometers are similar.

In order to measure the magnetic moment m with the MPMS® the sample is pulled through
a set of superconducting pick-up coils forming a second order gradiometer. The sample is
moved over a predefined scan length in discrete steps along the z-axis of the gradiometer
(see Fig. ) For the measurements presented in this work, scan lengths of either 4 or
6 cm were used, recording either 32 or 64 data points per scan. Translation of the sample
induces a magnetic flux change ®(z) in the pick-up coils, which is proportional to the
magnetic dipole moment m of the sample. Assuming the sample to be an ideal magnetic
point dipole, the magnetic flux change ®(z) shown in Fig. is obtained. The associated

change of the flux-screening super-current through the pick-up coils is inductively coupled to

d _ 1000 A
10e = 47 m
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3.3 Constraints and demands for electrochemical cell design for in-situ measurements in a SQUID

a radio-frequency SQUID sensor, which transforms the magnetic flux change ®(z) into the
SQUID output voltage U(z). The magnetic moment m is obtained from this raw data by
applying a least square regression fit, using the theoretical response function of a magnetic

point dipole [63]

—-3/2 —3/2
U(Z):P1+P2'Z+P3'{2- [RQ+(z+P4)2} - [R2+(F+z+P4)2]

_PF+GT+z+&f}W?.(3D

Herein, R=0.97 cm denotes the radius of the pick-up coils and I'=1.519 cm the distance
between the coils [63] as shown in Fig. [3.2h. A constant and a z-linear background signal
are represented by the parameter P; and the term P, - z, respectively. The parameter Py
allows for small displacements of the sample along the z-axis with respect to the center of
the gradiometer. The magnetic moment m is proportional to the amplitude P3; and can be

derived from the formula
flr

fcal X fsens X fcorr.

Herein, f;. denotes the device-dependent longitudinal regression factor, f.,; the SQUID

m = Py x (3.2)

calibration factor®. fsens is a sensitivity factor, which depends on the measurement range
used!, and f,,,»=0.9125 a correction factor given by the manufacturer of the SQUID mag-
netometer [63]. The approximation of a point like sample can be used without any further
correction as long as the sample is small in comparison to the coil radius of the gradiometer
and the coil separation. For a sample size smaller than 3x3 mm?, the relative error is below

1% [62).

3.3 Constraints and demands for electrochemical cell design for
in-situ measurements in a SQUID

One of the most challenging tasks of this thesis was to develop an electrochemical cell design
suitable for reliable in-situ measurements in the SQUID magnetometer and thus allowing
simultaneous electrochemical and magnetic measurements. The cell design established by
T. Traufnig in his PhD thesis [18,[24] served as a base. The improvements made by the
author of this thesis concern especially the reduction of the magnetic background signal of

the cell and the implementation of a third, separate reference electrode. With the reduced

¢ For the used SQUID system these factors are fi,=1.825 and f.,;=7342.468.

f For the measurement range used for the Co electrodeposition experiments presented in Chapter [l the sensitivity
factor fsens is 5.
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3 Experimental techniques and procedures

magnetic background signal of the new cell design, measurements of the magnetic moment
of paramagnetic samples (e.g. Pt, Li,CoO2) and ultrathin films become possible. The new
third electrode enables in-situ cyclic voltammetry measurements, and consequently a more
precise and reliable correlation between the detected variations of the magnetic moment

and the electrochemical processes occurring at the investigated electrode.

In this section, the constraints and demands which have to be taken into account for the
design of the electrochemical cell are described. Since the actual cell design varies somewhat
for the three different topics studied in this thesis — electrodeposition of Co films (Chap-
ter [4)), electrochemical tuning of magnetism (Chapter [5)) and in-situ studies of the magnetic
moment of Li,CoOs cathodes (Chapter @ — the exact set-up of the electrochemical cells
used is presented in the respective Sections [4.2.1] [5.2.2] and [6.3.1]

The construction of the MPMS® and the used measurement principle described in Sec-

tion impose the following constraints and demands for the cell design:

(i) The diameter of the cell is limited by the sample space inside the MPMS® which has

an inner diameter of 9 mm.

(ii) For using liquid electrolytes, the cell has to be vacuum-tight, since it is exposed to
vacuum during the transfer into the magnetometer and to a He-atmosphere of a few

mbar during the measurements |64).

(iii) The cell design should allow an easy attachment of the cell to the SQUID sample

transfer rod.

(iv) As a major demand, the cell should affect the magnetic signal measured by the SQUID
as less as possible. One way to minimize the influence of the cell is to use only diamag-
netic materials for the cell assembly. However, this alone is not sufficient to reduce
the background signal of the cell to allow reliable measurements on paramagnetic elec-
trodes or magnetic thin films®. Considering the measurement principle of the SQUID,
there is a further, more efficient way to reduce the magnetic background signal by
suitable cell design. As can be seen from Section each part of the cell leading to a
change of the magnetic flux upon translation in the pick-up coils affects the induced
output voltage and, therefore, the magnetic moment m calculated by eq. . There

are two ways to prevent such flux changes induced by the cell and to ensure that the

& Since the v-Fe2O3 nanoparticles investigated in Chapter [5| exhibit a high magnetic moment, the usage of dia-
magnetic material for the cell assembly was sufficient to reduce the background signal of the cell and to enable
measurements of the variation of the magnetic moment of the «-Fe2O3 particles.
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3.3 Constraints and demands for electrochemical cell design for in-situ measurements in a SQUID

measured signal arises exclusively from the investigated sample (working electrode)
or the electrodeposited film rather than from the cell periphery: On the one hand,
parts of the cell that are located far enough outside the pick-up coils, on the other
hand, long homogenous parts that extend well beyond all three pick-up coils during
the sample movement, do not lead to a flux change in the coils. Thus, these parts do

not contribute to the measured magnetic moment.

Beside these constraints for the magnetic moment detection, electrochemistry puts further

demands on the cell:

(v)

(viii)

As already mentioned in Section , a cell including three electrodes is necessary for

reliable electrochemical, and especially for cyclic voltammetry, measurements.

All materials used for the cell assembly must be resistant against the electrolyte and

the solvent.

To avoid contaminants in the electrodeposited film and at the investigated working
electrode, a material, that is insoluble at the applied potentials has to be used as

counter electrode.

To prevent that the kinetics at the counter electrode limit the occurring electrochem-
ical processes, a high surface material has to be used as counter electrode for the

measurements on the nanoporous electrodes presented in Chapter [5]
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CHAPTER 4

In-situ electrodeposition of thin Co films

4.1 Introduction

Over the last few decades, the magnetic properties of magnetic thin films have been subject
of intense research?. The continuous interest in this topic is not only due to its technological
relevance (e.g. applications in information technology), but also stems from the fact that
the magnetic properties of magnetic thin films can bring important contributions to a

fundamental understanding of the physics of magnetism [65,/66].

The high amount of interfaces and surfaces in magnetic thin films leads to different magnetic
properties compared to the bulk. This is on the one hand due to the lower coordination
number of the magnetic atoms at the interface/surface. On the other hand, the reduced
symmetry at the interface/surface leads to modified electronic interactions, resulting in var-
ied magnetic properties. Indications for such variations are, for instance, altered magnetic
anisotropies, magnetic exchange constants or absolute magnetic moments per atom of thin

films compared to the bulk (see |65] for a review).

Measuring these deviations from the bulk magnetic properties is experimentally quite chal-
lenging. Especially in the case of the magnetic moment, methods having a monolayer
sensitivity and providing absolute values are required. In principle, SQUID magnetometry
would be an ideal technique because of its ability to measure absolute magnetic moments

and to resolve changes of the magnetic moment in the order of 107 emu [62]. However,

b As mentioned in the introduction of this thesis (Chapter , parts of the content of this chapter are based on
published articles (Paper III, Ref. [45] and Paper IV, Ref. [46]).
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4 In-situ electrodeposition of thin Co films

the application of SQUID magnetometry to determine the magnetic moment of thin films
is limited by the fact that also the magnetic moment of the significantly thicker substrate
is measured by this integral method and that an accurate subtraction of this signal is dif-
ficult [65,/67,68|. Therefore, in most cases, other, more indirect methods such as polarized
neutron reflection (PNR) or x-ray magnetic circular dichroism (XMCD) are used to measure

the absolute magnetic moment of ultrathin films (see [65] and references therein).

One way to correct the magnetic background signal of the substrate in integral SQUID
measurements precisely would be the in-situ growth of the magnetic thin film in the SQUID
magnetometer. Since the background signal would be exactly the same before, during
and after the growth, measurements of the absolute magnetic moment of ultrathin films
in a SQUID magnetometer should become possible. Further, the oxidation of the thin
film could be prevented by the in-situ growth. For such an in-situ growth, a suitable
preparation technique has to be chosen. The standard preparation techniques of magnetic
thin films, such as molecular beam epitaxy (MBE), pulsed laser deposition (PLD) and
sputtering [69], cannot be implemented in a commercial SQUID magnetometer because
of the limited sample space in the SQUID and the requirement for UHV conditions. As
an alternative, electrodeposition, which has developed as a suitable preparation technique
of magnetic thin films over the last years |3-5], can be used, since it can be conducted
in the limited sample space and does not require UHV conditions. As further benefits,
electrodeposition facilitate an easy adjustment of the film thickness and enables not only
the creation of the film but also its subsequent dissolution. Therefore, it is ideally suited
for in-situ measurement of the magnetic properties of thin films during their growth and

dissolution.

So far, only few in-situ characterization techniques during electrodeposition of magnetic thin
films have been developed and applied, such as magneto-optical Kerr effect (MOKE) [4, 5,
22,25-33|, alternating gradient field magnetometry (AGFM) [5],29,34-38| and ferromagnetic
resonance (FMR) [39] measurements. Whereas these measurements yield information about
spin orientation, coercivity and ratio between the remanent and saturation magnetization,
only relative values of the magnetic moment are obtained by these methods. The absolute
magnetic moment, which is one of the most fundamental magnetic properties, could not be

measured in-situ so far.

To enable such in-situ measurements of the magnetic moment of thin films, an electrochem-

ical cell for in-situ electrodeposition in a SQUID magnetometer is design. As shown in this
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4.2 Experimental: Electrochemical cell and measurement procedure

chapter, the proper design of this cell (Sec. and the implemented data evaluation
procedure (Sec. enable a complete elimination of the magnetic background signal
including the substrate. Therefore, the absolute magnetic moment, which arises exclusively
from the deposited magnetic thin film during its growth and subsequent dissolution, can be
determined precisely. The feasibility and reliability of this set-up first is demonstrated by
means of the electrodeposition of a Co film of several atomic layers in Section [4.3.1 Then,
this novel measurement set-up is applied to study the thickness dependence of the magnetic
moment of ultrathin Co films (Sec. . Finally, the obtained results are compared with

literature in Section [4.4].

4.2 Experimental: Electrochemical cell and measurement
procedure

4.2.1 Electrochemical cell design

Based on the requirements listed in Section a cell for in-situ electrodeposition in a
SQUID magnetometer has been designed as described in what follows. A sketch of the cell
is given in Fig. Fig. shows photographs of a cell taken at different stages of the cell

assembling.

As electrolyte compartment, a 17.78 cm long, thin-walled borosilicate glass NMR, tube (505-
PS-7, Wilmad-LabGlass, Vineland, NJ, USA) with an outer diameter of 4.96 mm is chosen
since it exhibits a low magnetic susceptibility and a high homogeneity. Because of the large
length of the compartment extending over all three SQUID pick-up coils, neither the tube
itself, nor the electrolyte therein lead to flux changes in the detection coils. The selected
tube also fits well into the standard plastic straws used for sample mounting in the MPMS®

magnetometer and, therefore, allows an easy attachment to the sample transfer rod.

As well-defined substrate for electrodeposition, stripes (9.8 cmx0.3 cm) of a Au(111)-coated
Si(100) wafer (Sigma Aldrich, St. Louis, MO, USA) are used. As shown by Manios et
al. [70] the magnetic signal of a substrate of this length vanishes nearly completely. As
sketched in Fig. the Au-coated side of the substrate is masked with a thin layer of
a chemically resistant epoxy resin (Loctite 1C Hysol, Henkel), leaving an area of about
2x3mm? uncovered in the middle of the substrate for electrodeposition (see Fig. ) In
this area epoxy is also applied on the backside of the substrate (see Fig. ), in order to

achieve a continuous epoxy deposit over the whole length of the substrate so that magnetic
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4 In-situ electrodeposition of thin Co films
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Figure 4.1: Sketch of the electrochemical cell designed for the in-situ electrodeposition of magnetic thin
films in a SQUID magnetometer. The large arrow indicates the part of the cell, which is pulled through
the SQUID pick-up coils during a measurement scan over a length of 6 cm. Electrolyte and polyethylene
tubes for insulating Au wires are not shown in this sketch (see text)!.

flux changes from the epoxy in the gradiometer coils are suppressed. At the top of the
substrate, a thin Au wire (¥=0.25 mm, 99.9%, ChemPur, Karlsruhe, Germany) is attached
by an adhesive tape beneath the epoxy resin for electrical connection to the unmasked Au
layer on which the electrodeposition is performed and which serves as working electrode.

At the backside of the substrate, an additional Au wire of the same diameter is fixed, using
the epoxy dot in the middle and two further ones at the top and bottom end of the substrate
(see Fig. [4.2b). This second Au wire serves as quasi-reference electrode. As shown in the
sketch of Fig. the Au(111)/Si substrate is mounted vertically at the lower end of the
NMR tube after cleaning in an ultrasonic bath with ethanol (99.9%, AustrAlco, Spillern,

Austria) for 15min. As counter electrode, a graphite foil, also connected with a Au wire,

! The author would like to thank Sandra Winkler for drawing this sketch.
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4.2 Experimental: Electrochemical cell and measurement procedure

e, ey TR Y

Figure 4.2: Photographs of an electrochemical cell used for in-situ Co electrodeposition in the SQUID
magnetometer at different stages of the cell assembling. (a) Au(111)/Si substrate masked with epoxy
resin. The deposition takes place at the unmasked window in the center. (b) Backside of the Au(111)/Si
substrate with the Au wire acting as quasi-reference electrode fixed by three epoxy dots. (c) Assembled
cell not yet filled with electrolyte and sealed with epoxy. (d) Completed cell with electrolyte and sealing.
Note that the photographs are rotated 90° counter-clockwise with respect to the vertical measurement
position in the SQUID.

is placed about one centimeter above the top end of the substrate (see right side of the
left black mark in Fig. ) The gold wires of the working and the counter electrode are
insulated using polyethylene tubes and the same epoxy as for masking (both not shown in
Fig. , thus preventing unwanted electrodeposition on and dissolution from these wires.
To avoid short circuits in the cell, the upper part of the wire used as reference electrode is
insulated in the same way. The NMR tube is filled with electrolyte (not shown in Fig.
up to about two centimeters under its top end. The cell is closed with a conical PTFE plug
provided with three feedthroughs for the Au wires connecting the three electrodes. The
same epoxy as for masking is used to seal the cell. To ensure that the epoxy penetrates
into the feedthroughs of the PTFE plug and inbetween the plug and the NMR tube to close
the cell properly, it is heated with a heat gun for several seconds, making it more fluid. A

photograph of a complete assembled cell is shown in Fig. [£.2d.

In Fig.[4.]] the area of the cell is marked, which is pulled through the magnetometer pick-up
coils during a measurement scan of 6 cm. As can be seen from this sketch, all parts of the
cell within this area are highly symmetric and homogenous and extend beyond the pick-up
coils during the whole sample movement, except the electrodeposited film which grows at
the uncovered part of the substrate. The asymmetric parts of the cell, such as the counter
electrode, are placed well apart from the coils. Hence, the bare cell should not lead to a

magnetic flux change in the pick-up coils and, therefore, the measured magnetic moment
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4 In-situ electrodeposition of thin Co films

obtained from the induced flux change should originate exclusively from the electrodeposited
film. In practice, minor inhomogeneities of the cell within the measuring length arise from
thickness variations of the epoxy mask, as it is spread manually and therefore not perfectly
homogenous and symmetric, as can be seen in Fig. [4.2h. However, as will be shown, the
small remaining contribution to the magnetic signal arising from the cell can be corrected

perfectly by the data evaluation procedure, which is presented next.

4.2.2 Data evaluation procedure

Although the magnetic background signal of the cell is already minimized owing to an op-
timum design, the small remaining background is further eliminated by the data evaluation
method: Prior to the onset of the electrodeposition, the residual SQUID output voltage
curve Ug(z), which arises from the cell exclusively, is recorded. Even if the output volt-
age signal is identical within the accuracy of the SQUID for successive scans, an average
of 100 measurements is used to determine U, (z). This curve is afterwards subtracted
from the voltage curve measured during the electrodeposition Up,eqs(2), yielding the volt-
age curve Ufiim(2) = Uneas(2) — Ucenn(2), which arises solely from the electrodeposited film
since Uge(2) is exactly the same before and during the electrodeposition. To determine
the magnetic moment from this voltage signal, eq. is fitted to Ufiym(2) by means of
the “nlinfit” function in Matlab® (The MathWorks Inc., Natick, MA, USA). Extracting the
amplitude P obtained from this fit, the magnetic moment m g, is calculated using eq.

(3.2). As stated above, this moment m g, arises exclusively from the deposited film.

4.2.3 SQUID measurement procedure

For the in-situ measurements in the SQUID magnetometer, the closed electrochemical cell
was mounted into a standard plastic straw, which was attached to a modified sample rod
with electrical feedthroughs, connecting the Au leads of the electrodes with a potentiostat
placed next to the magnetometer. Since there was no magnetic film deposited when the
cell was inserted into the magnetometer, the standard procedure for sample centering [71]
could not be applied. For proper vertical centering, the distance between the upper sliding
clamp of the sample transfer rod and the sample center was determined by a calibration
measurement with a small Pb sphere. For a scan length of 6 cm, a distance of 125.5 cm was
obtained. The distance between the clamp and the deposition area of the substrate was

adjusted accordingly.
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4.3 Results

For the Co electrodeposition, 0.2 M CoCly; (anhydrous, >98%, Sigma Aldrich, St. Louis,
MO, USA) dissolved in ethanol (99.9%, AustrAlco, Spillern, Austria) was used as elec-
trolyte. The Co films were deposited and subsequently dissolved using cyclic voltammetry
(see Sec. [3.1.1). A small scan rate of 0.5mV /s was employed to ensure that the deposi-
tion/dissolution occurs slowly, so that the magnetic moment m f;;,,, does not change consider-
ably during a measuring scan of the magnetometer. To demonstrate the feasibility by means
of a thicker Co film, Uj,, = —1200mV was used as lower potential limit (Sec. . For
the thickness-dependent measurements, Uj,,, was varied between —1030mV and —1180 mV
(Sec. |4.3.2)). Depending on the film thickness, —100mV or +100mV was used as upper po-
tential limit. All potentials reported in this chapter are referred to the Au quasi-reference
electrode. Reference measurements have shown that in the present electrolyte, this electrode
has a potential of about +100mV vs. a Ag/AgCl (3M KCl) reference electrode, meaning
that the potential value vs. the Ag/AgCl (3 M KCl) can be estimated by subtracting 100 mV

from the potential value given with respect to the Au quasi-reference electrode.

The measurements of the magnetic moment were conducted using a scan length of 6 cm with
32 data points recorded in each scan. These settings yielded one measurement point of the
magnetic moment every 15s. All measurements were performed at a temperature of 300 K
and at an applied magnetic field of 5kOe. As well documented by in-situ MOKE measure-
ments [4,25,28|, the magnetic moment of the Co film is saturated at this field. This was
further confirmed by field-dependent measurements on Co films that were electrodeposited

ex-situ.

4.3 Results

The result section of this chapter is divided into two parts. In Section the feasibility
and reliability of the presented in-situ electrodeposition approach are demonstrated by
means of the electrodeposition of a Co film of several atomic layers. In Section results
of the thickness dependence of the absolute magnetic moment of ultrathin Co films are

reported.

4.3.1 Feasibility and reliability of the measurement set-up

Figure shows the cyclic voltammogram (CV) for the Co electrodeposition and subse-

quent dissolution, which was recorded with the in-situ electrochemical cell inside the SQUID
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Figure 4.3: Cyclic voltammogram (line) of Co electrodeposition and subsequent dissolution recorded
with the in-situ electrochemical cell for the lower potential limit of Uy, =—1200 mV and the corresponding
magnetic moment m g, (circles) of the deposited Co film (electrolyte: 0.2 M CoCl; dissolved in ethanol,
substrate: Au(111), scan rate: 0.5mV/s). The arrows show the direction of the potential sweep. The
filled circles, indicated by the letters, mark the data points of the magnetic moment 1y, for which
the SQUID output voltage curves Uy (2) and the corresponding fits are shown in Fig. 4.4b. © and &
indicate the onset of the Co electrodeposition and the dissolution peak, respectively.

magnetometer for the lower potential limit Uj,,, of —1200 mV. The CV exhibits the typical
characteristics for Co deposition and subsequent dissolution [72}73|. The ongoing electro-
chemical processes are described based on this CV, starting at the upper potential limit U,
of +100 mV. Decreasing the potential initially, nearly no current is flowing until a potential
of —1015mV is reached. At U = —1015mV the current drops abruptly to large negative
values, signifying the onset of the Co deposition (indicated by ©) in Fig. |4.3). The absolute
value [i| of the current rises towards the lower potential limit of —1200mV, signifying an
increasing deposition rate. Reversing the scan direction of the potential, the absolute cur-
rent value |i|, thus the deposition rate, decreases again and the deposition comes to halt at
a potential of about —950 mV. Increasing the potential further, the rise of the anodic peak
at —670mV indicates the dissolution of the electrodeposited Co film (indicated by & in
Fig. . When the current is nearly zero again, the Co film is dissolved completely.

The magnetic moment of the electrodeposited Co film m f;;,,, measured during the electrode-
position is also shown in Fig. [£:3] Starting again at the upper potential limit of +100 mV,
Myim is initially zero. Decreasing the potential, 1y, stays zero at first, until, together
with the onset of the Co deposition at —1015mV, mt;,, begins to rise. With further low-
ering of U, the magnetic moment m ., increases progressively with deposition and grows

faster at higher deposition rates. Reversing the scan direction of the potential from the
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Figure 4.4: Measured SQUID output voltage curves (symbols) and corresponding fits (lines) used to
determine the magnetic moment of the electrodeposited Co film m ;1. (a) Signal prior (Upeqs) and
after (Ufum) the subtraction of the remaining background signal of the cell (Ucey). (b) Examples of
Uyfiim recorded for different Co film thicknesses corresponding to the data points of m s, marked by the
letters in Fig. The signal in (a) corresponds to the data of ¢ in (b) (blue curves). The inset in (b)
shows a zoom of curves a and b.

lower potential limit of —1200mV, the rise of m t;,, decelerates consistently with decreasing
deposition rate. When the deposition ceases at about —950mV, the rise of m iy, stops
and m i, remains constant with a further potential increase until the onset of the anodic
dissolution peak is reached at a potential of —670 mV. Then, m t;;,, decreases along with the
dissolution of the Co film, showing the fastest decline at the highest dissolution currents.

After the entire Co film is dissolved, m g, is zero again.

In summary, Fig. [£.3] clearly demonstrates that the custom-designed electrochemical cell
allows to monitor the magnetic moment of the Co film m t;,, continuously during its growth
and subsequent dissolution. The growth and dissolution can be repeated several times,
yielding reproducible results (not shown). Further, by comparing the progressions of the
current ¢ and the magnetic moment m ;,,,, it becomes obvious from Fig. @tha‘c the current
¢ does not influence the measured magnetic moment m ;. For instance, m s, is constant
after the deposition stops in the reverse scan at a potential of about —950 mV, whereas the

current ¢, which is caused by side reactions, clearly shows a decrease in this potential region.

In order to check that the measurement set-up together with the presented data evaluation
method yields reliable values of the magnetic moment of the electrodeposited Co film, the
SQUID output voltage curves and the corresponding fits of some data points of Fig. are
shown in Fig. [4.4 In Fig. [.4h, the voltage curves before (Upeas(2)) and after (Ugipm(2))
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4 In-situ electrodeposition of thin Co films

the correction of the residual background signal of the cell (U (z)) are plotted for the
state marked by the letter ¢ in Fig. . The initially measured voltage curve Upeqs(2)
obviously differs from the theoretical response function of a magnetic point dipole, shown in
Fig.[3.2b. Therefore, the corresponding fit does not coincide with the curve. This deviation
occurs because U, (z) cannot be suppressed completely, as can be seen in Fig. . This
is probably due to inhomogeneities (e.g. uneven distribution of the epoxy resin) in the
actual cell set-up. However, after subtracting the contribution of the cell (including the
substrate and epoxy), the signal Uy (2) = Upeas(2) — Ucen(2) coincides perfectly with the
corresponding fit. Hence, m ¢, determined by eq. after fitting eq. to Utiim(2),

results in an accurate value of the absolute magnetic moment of the electrodeposited film.

Figure shows Ui (2) for different states during the film growth, which clearly indicates
that the method of data correction works well for all film thicknesses. For data point a
in Fig. where no Co film has been deposited, only a small noise of Ugm(2) around
zero occurs (curve a in Fig. ), leading to m i, of nearly zero. The rise of m i,
during the film growth can be discerned from the increasing amplitude of Uy, (2) going
from the data points b to e. Even right after the onset of the deposition (data point
b in Fig. curve b in Fig. ), Ufiim(2) coincides well with the corresponding fit.
Thus, reliable values of the magnetic moment of ultrathin magnetic films can be obtained
with the presented measurement set-up. In fact, the magnetic moment of data point b of
3.85x107%emu corresponds to approximately 2 atomic layers and even lower thicknesses

can be unambiguously detected (see data points right from b in Fig. .

The reliability of the measurements can be further demonstrated by calculating the magnetic
moment per deposited Co atom as shown in the following. The maximum number N¢g, of
deposited Co atoms during the CV cycle can be calculated from the consumed charge.
Since the electrodeposition is accompanied by simultaneous Hy gas evolution, the charge
of the anodic dissolution peak 4 has to be used [28|. In order to quantify Q4 from the
CV, the background current has to be taken into consideration by an extrapolation of the
baseline current left and right of the peak. The extrapolation was performed by means
of the software of the potentiostat (Nova 1.10, Metrohm Autolab, Utrecht, Netherlands)
using an exponential function. Since the progression of the baseline is not unambiguous,
the extrapolation was repeated 14 times using different baselines. Most of these baselines
differ only slightly, since a certain baseline form was found to be the best for describing

the data according to visual judgment of the author. Minimum and maximum baselines,
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Figure 4.5: Magnification of the anodic dissolution peak area of the cyclic voltammogram (green line)
of Co deposition and subsequent dissolution shown in Fig. [£.3] The red and blue lines are the maximum
and minimum baselines applied to quantify the charge of the anodic dissolution peak Q4 (see text).

which still describe the background current reasonably, were taken as the error of the charge
determination. In this way, a charge of Q4 = 1.1170)03 mC was determined for the anodic
dissolution peak of the CV shown in Fig. [4.3] The obtained error is asymmetric since the
average of the 14 baselines assumed by the author deviate to different extents from the
maximum and minimum ones. To illustrate the sensitivity of the charge determination
on the applied baseline, the minimum and maximum baselines applied to quantify )4 are

plotted in Fig. 4.5 Even if the two baselines do not differ extensively, the resulting charge
varies by 11 %.

Considering that two electrons are transferred per Co atom (Co*"42e~ — Co), the obtained
charge of Q4 = 1.111):59 mC corresponds to a maximum number N¢, of deposited Co atoms
of 3.477029 % 10, Relating this maximum amount of deposited Co to the maximum value of
the magnetic moment m gy, of (5.6240.04) x 1075 emu!, which occurs in the potential region
between —950 mV and —660 mV (see Fig. [4.3]), yields a magnetic moment of 1.75J_r8:(1)§ B per
Co atom. This value coincides well with the bulk value of hcp Co which is equal to 1.72 up
for a temperature of 287K [74]%. As shown by structural characterization measurements

the formation of hep Co is expected for Co electrodeposition on Au(111) [5,34], although

the concurrent formation of a minor fcc phase cannot be excluded |75]. However, the minor

I The given error of m¢;m accounts for the noise of m i, in the potential region between —950 mV and —660 mV
in Fig. @

X Our measurements were performed at 300 K. 287K is the temperature closest to 300 K for which a value of the
magnetic moment is given in [74].
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4 In-situ electrodeposition of thin Co films

difference of the magnetic moment of fcc and hep Co of 0.03 pup [74] is less than the presented

experimental uncertainty.

To ascertain if bulk behavior is reasonable for the present measurement, the thickness of
the Co film has to be determined. In-situ STM measurements predict a layer-by-layer like
growth for Co electrodeposition on Au(111), which starts with the nucleation of monoatomic
high islands and the formation of a twin layer of Co [73]. Assuming this layer-by-layer
like growth, the maximum mean film thickness d¢, received during a CV cycle can be
calculated from @) 4 taking into account that one atomic Co layer corresponds to a charge
of 0.59mC/cm? [35]. With the size of the deposition area that is uncovered on the Au(111)
substrate, which was determined to be (5.3 & 0.3) mm? by images recorded with an optical
microscope, a mean film thickness of d¢, = 35.61“3:? atomic layers is obtained for the present
measurement. This thickness is well above the limit of about 8 atomic layers, above which
the bulk magnetic moment of 1.72 up can be expected [76|. Hence, the accordance of the
value of 1.75709% 115 received by the measurements with this bulk value, confirm that reliable

values of the magnetic moment per Co atom are achieved with the presented technique.

4.3.2 Thickness dependence of the magnetic moment of ultrathin Co films

The measurement results of the last section have shown that the presented in-situ elec-
trodeposition approach is a reliable method to determine the absolute magnetic moment of
ultrathin magnetic films. In this section, it is applied to study the thickness dependence of

the magnetic moment of Co films.

To acquire Co films with different thicknesses, which can be assigned to a certain magnetic
moment, cyclic voltammetry measurements were performed using various lower potential
limits Uy, between —1030mV and —1180 mV. In total, 38 cycles were performed with the
same electrochemical cell, starting with Uj,, = —1030 mV and decreasing Uy, stepwise for
the further cycles. Exemplary, three CV cycles and the corresponding magnetic moment
m ti1m of the deposited Co film measured during the electrodeposition are shown in Fig.
for the lower potential limits Uj,, of —1045 mV (green solid line, full green circles), —1140 mV
(red dashed line, empty red squares) and —1170mV (blue dotted line, full blue triangles).
The cyclic voltammograms as well as the magnetic moment m ¢y, exhibit the same behavior
as the one described in Section m (Fig. . Decreasing the potential U, the deposition
starts to take place at U = —1015mV and m sy, begins to rise from zero just together with

the onset of the deposition. Towards the lower potential limit Uj,,, the absolute value of
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Figure 4.6: (a) Cyclic voltammograms of electrodeposition and subsequent dissolution of Co film on
a Au(111) substrate measured with the in-situ electrochemical cell (electrolyte: 0.2M CoCl, dissolved
in ethanol, scan rate: 0.5mV/s) and (b) corresponding magnetic moment m;;,, of the deposited Co
film measured during the electrodeposition for different lower potential limits Ujyy. Ujpy = —1045mV
(green solid line and full green circles), Ujp,y, = —1140mV (red dashed line and empty red squares),
Uiow = —1170mV (blue dotted line and full blue triangles). The arrows show the direction of the
potential sweep.

the current increases, signifying an increasing deposition rate. By lowering Uy, the Co
deposition is prolonged and higher deposition rates are received and, therefore, thicker Co
films are achieved. In consequence, the anodic dissolution peak increases and gets broader
for the cycles with a more negative lower potential limit Uj,,,. The higher deposition rates
received for the cycles with a more negative lower potential limit Uj,,, are clearly visible by
the faster rise of m;,, in vicinity of Ujy,. The increase of the thickness of the deposited
films with decreasing Uj,, becomes apparent by the higher maximum values of 1 ¢4, which
are reached after the end of the deposition in the potential region between about —950 mV
and —670mV. Regarding the decrease of m ., with Co dissolution, the broadening of the
dissolution peak (see Fig. |4.6p), leads to a shift of the decline of m f;;,, to higher potentials
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4 In-situ electrodeposition of thin Co films

Table 4.1: Charge Q4 of the anodic dissolution peak, maximum mean film thickness d¢c, during a
CV cycle (in atomic layers, a.l.), maximum number N¢, of deposited Co atoms during a CV cycle
and maximum of the measured magnetic moment mf;,,, which occurs in the potential region between
—950mV and —660 mV. The data are given for the three CV cycles with different lower potential limits

Ulow shown in Fig. and correspond to Fig. (cell 1).

Uiow mV] | Qa [mC] | deo [a.1.] | Neo[105 atoms] | m fiy, [1075 emul]
~1045 | 0.12270915 | 3.9%59 0.387003 0.67+0.02
~1140 | 0.497505 | 15.8F15 1.537002 2.67+0.03
1170 | 0.717508 | 22.87%% 2.2210-19 3.75+0.03

(see Fig.[4.6p). Allin all, the variations in the CVs with changing U, in Fig. correlate
perfectly with the alterations of the progression of m sy, in Fig. {.6p.

To obtain values of the magnetic moment mgs0, per Co atom as a function of the film
thickness, the maximum mean thickness d¢, of the deposited Co film during a CV cycle is
calculated from the charge Q4 of the anodic dissolution peak. The determination of Q4
was performed analogously as described on page applying 14 baseline extrapolations
per CV cycle. Since the form of the anodic dissolution peak varies just slightly from step
to step with the stepwise variation of Uj,,, care was taken that the baseline progression
applied to the different CV cycles (this means for the different Uy, values) does not vary
significantly from step to step. However, this also means that if the baseline current is
under- /overestimated, this deviation will be the same for all CV cycles performed with
the same electrochemical cell. The obtained values of Q4 for the three CV cycles shown
in Fig. are listed in Table Further, the maximum mean Co film thickness d¢,
during the CV cycle, the maximum number Ng, of deposited Co atoms and the maximum
of the magnetic moment m f;;,, measured during the CV cycle are given in this table. The
calculation of these quantities from )4 was done analogously as described in Section [4.3.1]
Dividing these values of m i, by Nc, gives the magnetic moment per deposited Co atom

Matom-

Fig. shows mgiom as a function of the mean film thickness d¢, for the three CV cycles
of Fig. and for 35 additional cycles which were performed with the same electrochemical
cell using various values of U, between —1030 mV and —1180 mV. From this plot, a distinct
enhancement of the magnetic moment mgs.,, per Co atom becomes obvious for the first few
atomic layers. mgzom increases steadily with reducing the film thickness d¢, for ultrathin

films and amounts up to 2.6J_r8:i wup forde, = 1.07f8:%§ atomic layers. For thicker films, mqzom
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Figure 4.7: Magnetic moment mgom per Co atom of electrodeposited Co films as a function of the
mean film thickness d¢, (in atomic layers, a.l.), as obtained for electrochemical cell 1 (a) and cell 2 (b).
(c) Relative enhancement (matom — Meonst)/Meonst Of the magnetic moment mgom with respect to the
constant magnetic moment mcqy,s: reached for thicker films. In (a) and (b) the dashed green line indicates
the Co bulk magnetic moment of 1.72 up . In (c¢) this line corresponds to a relative enhancement
of 0%. The error bars shown reflect the error of the charge determination together with the error in
the determination of the windowed area of the Au(111) substrate and, the noise of m ¢, in the plateau
regime corresponding to the maximum film thickness.

reaches a constant value, which agrees within the error bars with the Co bulk magnetic

moment of 1.72 up for hep Co [74].

Fig. [4.7b shows an analogous plot, which was obtained by repeating the measurements with
a second electrochemical cell. Since U, was varied in larger steps for this cell, this plot
contains fewer data points. As for the first cell, mgsom is clearly enhanced for films with

a few atomic layer thickness, showing a continuous rise of Mgy, with lowering de,. A
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4 In-situ electrodeposition of thin Co films

constant value of mgiom, is attained for thicker Co films, which also coincides with the bulk

value within the error limits.

As can be seen from Fig. and b, the magnetic moment converges to the bulk value
for thicker films within the error bars, but the mean values of Mg, (indicated by the
symbols in Fig. deviate slightly from it. Since the error of mgs,, mainly originates
from the uncertainty in the charge determination, this variation is considered to arise from
slightly over-/underestimating on average the baseline current used for the determination
of Q4. As stated above, the over/underestimation is the same for all data points of a
distinct electrochemical cell, because the average baseline form applied to the CVs with
different Uj,,, values (this means different d¢,) recorded with the same cell did not vary
significantly. Hence, the relative enhancement (maiom — Meonst)/Meonst Of the magnetic
moment in comparison to the magnetic moment M., obtained for the thickest film is
unaffected by this uncertainty in the determination of Q4. Fig. shows this relative
enhancement as a function of the mean film thickness dg,. The data of the two different
cells coincide in this plot, showing an enhancement of the magnetic moment for films with
dc, smaller than about 10 atomic layers, which reaches an excess of 40 % for d¢, of one

atomic layer.

4.4 Discussion

The results presented in Section demonstrate that the absolute magnetic moment of
ultrathin magnetic films can be measured reliably with a commercial SQUID magnetometer
aplying the presented in-situ electrodeposition approach. Varying the film thickness d¢,,
an enhancement of the magnetic moment of Co of up to 40 % could be observed. In this

section this enhancement is compared with values reported in literature.

The appearance of an enhancement of the magnetic moment of the first few layers of Co
thin films is well documented in literature by means of theoretical as well as experimental

I, For example, first principle calculations predicted an increase of the spin

investigations
magnetic moment for a free-standing Co monolayer, which was attributed to a reduction
of the number of valence electrons in the minority spin band [77|. Later calculations have
shown that the orbital magnetic moment is also enhanced for a free-standing Co monolayer

[78,/79]. Hjortsam et al. [78|, who predicted an enhancement of the orbital moment by a

' For an extended literature review, see Chapter 5.6 of the review paper by Vaz et al. [65].
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factor 2, argued that this increase can be caused by the lowered symmetry at the surface,
larger values of the density of states at the Fermi level, band filling effects and the enhanced
spin moment. The enhancement of the spin moment was attributed to band narrowing

effects.

Enhanced spin and orbital moments were also predicted by first principle calculations for Co
thin films on non-magnetic substrates (see e.g. |78,80.[81]). Hjortstam et al. 78] calculated
the spin and orbital magnetic moment for Cu(001) covered by a Co monolayer and Shick
et al. |[80] for Cu(001) covered by up to 3 Co layers, showing that the enhancement is most
pronounced in the first layer. Sipr et al. |81] theoretically determined the spin as well as
the orbital magnetic moment of Co monolayers on different substrates and they revealed,

for instance, that both are higher for Au substrates in comparison to Cu substrates.

Furthermore, an enhanced magnetic moment was also measured by ex-situ techniques for
uncapped (see e.g. [76/,82,183|) and capped Co thin films (see e.g. [84-86]). With XMCD
measurements, Tischer et al. [82] could show that the orbital magnetic moment of ultrathin
Co films increases continuously relative to the spin magnetic moment, with lowering the
film thickness down to two atomic layers. As possible explanations for the increase of the
orbital moment, again the lowering of the symmetry at the surface, an increased value of
the density of states at the Fermi level and the enhanced spin moment were given. By using
XMCD sum rules, Srivastava et al. [83] could determine the spin and orbital contributions
to the total magnetic moment of 2.1 Co atomic layers on Cu(001), and thus provided the
experimental proof that both the spin and the orbital magnetic moment are enhanced. Ney
et al. [76] used a custom-built UHV high-7, SQUID magnetometer to measure the absolute
magnetic moment of Co films on Cu(001) as a function of the film thickness and determined a
continuous increase of the magnetic moment with decreasing the film thickness. By growing
an additional Cu layer on top of the Co, the same group could separate the influence of the
surface and interface and revealed that the increase of the moment at the surface is partially

counterbalanced by a reduction of the magnetic moment at the Co/Cu interface [86].

In Fig. [4.8] the relative enhancement of the magnetic moment measured by the in-situ elec-
trodeposition approach is shown as a function of the inverse film thickness 1/d¢, compared
with the experimental values of the total magnetic moment of uncapped Co thin films, which
were obtained by Srivastava et al. [83] and by Ney et al. [76]. In general, the data compare
well to each other and coincide within error bars (not shown in Fig. [4.§)). A linear increase

of (Matom — Meonst)/Meonst With respect to 1/d¢, is observed, in accordance with Ney et

39



4 In-situ electrodeposition of thin Co films

mconst) / mconst [ % ]

(matom'

0,0 0,2 0,4 0,6 0,8 1,0
1/d,, [1/a.l.]

Figure 4.8: Relative enhancement of the magnetic moment mg¢om, of Co films (per Co atom) in compar-
ison to the converging magnetic moment obtained for thicker films (meonst) as a function of the inverse
film thickness 1/d¢, (in atomic layers, a.l.). The data obtained in this work by in-situ electrodeposi-
tion in a SQUID magnetometer (red circles) are compared with experimental values from literature, by
Srivastava et al. [83] (empty black triangle) and by Ney et al. [76] (blue squares). The plotted relative
enhancement of the literature values refers to the respective bulk value obtained in the quoted work. The
red full and the blue dotted line are linear fits to own data and the data of Ney et al., respectively. For
clarity error bars are omitted.

al. [76]. The greater enhancement and the stronger thickness dependence, as indicated
by the higher slope of the regression line, in the present studies is attributed to a higher
magnetic moment at the Co/Au(111) interface (present studies) compared to the Co/Cu
interface (Ref. |76]). This conclusion is based on the following: (i) An observed reduction of
the magnetic moment in the case of the Cu substrate could be caused by the formation of
a Cu-Co alloy at the interface [86]. For the Co/Au(111) system intermixing does not occur
at the Co/Au interface [87,88|, thus the formation of an alloy causing a reduced magnetic
moment can be excluded for Co/Au(111). (ii) Furthermore, as already mentioned above,
the ab initio electronic structure calculations by éipr et al. predict a higher magnetic mo-
ment of a Co monolayer on Au substrates than on Cu substrates [81]. (iii) Moreover, as
shown by XMCD measurements [89], a magnetic moment of up to 0.062 pp is induced per
Au interface atom at the Co/Au interface through polarization, which leads to a further

increase of the interface magnetic moment.

In addition to the influence of the different types of Co/substrate interfaces, the observation

of an enhanced magnetic moment in our measurements in comparison with the measure-
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ments at Co/Cu(001) (Ref. |76]) might also be caused — at least partly — by a higher
surface magnetic moment compared to the one obtained by the measurements of Ney et
al. (Ref. [76]). The emergence of a distinct surface magnetic moment is not surprising,
since the measurements of Ney et al. were performed under UHV conditions, whereas in
our studies the surface layer is in contact with an electrolyte. As recently shown in several
publications (see e.g. [22]) and as demonstrated in Chapter [5| of this thesis, the interaction
between an electrolyte and a magnetic material having a high surface fraction (like thin

films or nanoporous materials) influences the magnetic properties of the material.

Finally, it should be mentioned that our data show a continuous enhancement of the mag-
netic moment with decreasing the average film thickness down to d,, = 1 atomic layer
at T = 300K, whereas a decrease of the magnetic moment was observed for ultrathin
Co films on Cu(001) at 300K [76]™. For Cu(001), the reduction is attributed to a re-
duced Curie temperature T, which drops from about 330 K to about 20 K when decreasing
the film thickness from 2 atomic layers to 1 atomic layer for the Co/Cu(001) system (see
e.g. [90]). However, for Co/Au(111) the occurrence of superparamagnetic behavior at room
temperature (respectively 300 K) at submonolayer Co coverages is well documented in lit-
erature [91-93|, indicating a Curie temperature above 300 K even at these low coverages.
Therefore, the magnetic moment for Co/Au(111) in the monolayer regime is not reduced

at 300 K in contrast to Co/Cu(001).

The occurrence of a Curie temperature above 300K for the Co/Au(111) system at mono-
layer coverage, in contrast to Co/Cu(001), could have two causes: On the one hand, the
strong reduction of T¢ for Co/Cu(001) with reducing the film thickness is attributed to
the intermixing of Co and Cu and the formation of a Co-Cu alloy [94], whereas, as already
stated above, no intermixing occurs at 300K for the Co/Au(111) system [87,88]. On the
other hand, the growth mechanism of the Co film differs for the two systems. As well
documented in literature (see e.g. |91]) bilayer high Co islands are formed for Co/Au(111)
at low coverages rather than a homogenous monolayer. For the Co/Cu(001) system, only a
small fraction of bilayer islands occurs [94]. Due to the formation of bilayer high islands at
small coverages, the mean film thickness d¢, of 1 atomic layer for Co/Au(111) corresponds
to a state where half of the Au substrate is covered by a Co film of 2 atomic layers. For 2
atomic layers T¢ lies above 300 K also for the Co/Cu(001) system [90]. Thus, the different
growth mechanism of Co/Cu(001) and Co/Au(111) could be the cause for the different T

™Note: The data of Ney et al. |76] shown in Fig. were obtained by extrapolation to T'= 0K (see [76]).
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values at low coverages.

4.5 Conclusion and outlook

In summary, an electrochemical cell for SQUID measurements on magnetic thin films during
electrodeposition was presented. To enable measurements of the small absolute magnetic
moment of thin films, a cell was designed, which minimizes the magnetic background signal
of the cell. In combination with the data evaluation procedure, considering the residual cell
contribution to the magnetization, a perfect elimination of the background signal, including
that of the substrate, could be achieved. Thus, the presented measurement set-up allows
an exact determination of the magnetic moment m;,, which arises exclusively from the
electrodeposited film. This was demonstrated using as example the Co electrodeposition on
Au(111) by cyclic voltammetry. It was shown that the in-situ electrodeposition approach
enables not only a continuous, repetitive and background-free monitoring of the magnetic
moment of ultrathin Co films during film growth and subsequent dissolution, but also an
easy adjustment and determination of the mean film thickness d¢,. Hence, the thickness-
dependence of the magnetic moment of the deposited Co films could be studied for films
with thicknesses ranging from one up to some tens of atomic layers. A distinct enhancement
of the magnetic moment mg, per Co atom was observed for the first few atomic layers,
with a continuous rise of Mmgs0m With lowering deo,. The appearance of such an enhanced
magnetic moment for ultrathin Co films is in line with theoretical and ex-situ experimental
data in literature. Consequently, the presented in-situ electrodeposition in combination
with SQUID magnetometry represents a promising new method for the determination of

absolute magnetic moments of ultrathin magnetic films.

In future experiments, it would be interesting to apply the presented in-situ electrodeposi-
tion approach to perform the same measurements for other magnetic materials, for instance
Fe and Ni. Moreover, the measurements could be extended by performing field-dependent
hysteresis measurements. However, even if the presented approach enables a total elimi-
nation of the magnetic background signal, hysteresis measurements for ultrathin films will
be difficult because of the small magnetic moments at low magnetic fields and especially in

vicinity of the coercivity field.

Furthermore, the influence of the interface between the magnetic thin film and the sub-

strate could be studied by performing the electrodeposition on different substrates. Another
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possibility to study interface effects is the electrodeposition of multilayer structures from
single electrolytic baths, like Co/Cu [10,/11] or Fe/Pt [12]. Further possible applications of
the present in-situ technique are in the fields of electrodeposition of magnetic nanoparti-
cles [95,96] and of template assisted electrodeposition of magnetic nanowires [13,/14], where

modified magnetic moments due to the high surface-to-volume ratio are of high relevance.
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CHAPTER 5

Electrochemical tuning of magnetic
properties

5.1 Introduction

Besides many other applications of magnetic materials in everyday life, one of the technolog-
ically most important applications is in the field of data-storage devices, such as magnetic
hard disk drives and magnetic random access memories (MRAMSs)". In the last few decades,
the emergence of various spintronic devices, which utilize both the electrical charge and the
spin of electrons to create new functionality, led to significant improvements in this area.
For instance, the giant magnetoresistance (GMR) [97,98| and the tunnel magnetoresistance
(TMR) [99-103] effects, which correspond to a large variation of the electrical resistance
when the relative orientation of one towards another ferromagnetic layer in spin valves or
magnetic tunnel junctions (MTJs) is changed, find application in read heads of magnetic

hard disk drives. Furthermore, MTJs are used as memory elements in MRAM devices.

Whereas the read-out process in magnetic hard disk drives was advanced by the aforemen-
tioned developments, the writing of the information is still performed by the magnetic field
produced by an electric current passing through the write head [104]. Also in the first
MRAM generations, the magnetic bits were switched by magnetic fields induced by a cur-
rent. The discovery of the spin-transfer torque (STT) effect [105-108], which enables the

manipulation and switching of the magnetization of one of the ferromagnetic layers in the

" As mentioned in the introduction of this thesis (Chapter , parts of the content of this chapter are based on
published articles (Paper I, Ref. [43] and Paper II, Ref. |44]).
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5 Electrochemical tuning of magnetic properties

spin valve or MTJ by a spin-polarized current, has led to the development of the so-called
STT-MRAMs [109], where the writing can now be performed by passing a current directly
through the MTJ instead of using it to generate the magnetic field. This new switching
process enables a scaling down of the device area [110], but as for the generation of the
magnetic field, large currents are required to generate the spin torque. Hence, both of these
methods to manipulate the magnetization are quite energy consuming due to Joule heat-
ing and power consumption by the current flow. Thus, the development of more efficient
methods of magnetization switching could lead to significant reductions of the device power

consumption of these magnetic memory devices.

An energy effective way of switching is given by the manipulation of the magnetization
purely by an electric field through an applied voltage rather than by currents. Since in this
case of E-field switching, charge is only required for loading a capacitor, this method could
reduce the energy dissipation by a factor of 100 compared to the switching by spin-polarized
currents in STT-MRAM devices [111]. For this reason and because of the fundamental
interest in the novel physics occurring in magnetic materials under FE-field gating, the
electric field manipulation of magnetism has attracted considerable attention over the last

years®.

One promising material class to achieve F-field control of magnetization are multiferroic

materials, where the intrinsic coupling between ferroelectric and magnetic properties allows
the tuning of the magnetization by applying an electric field [114}/115]. However, the rare
occurrence in nature and difficult synthesis of multiferroics, as well as the fact that no single-
phase ferromagnetic multiferroics exist at room temperature [116|, limits their application
in electronic devices. Alternatively, magnetic properties can be modified by the direct
application of an electric field to the magnetic sample. This was first demonstrated for
magnetic semiconductors, where the magnetism can be controlled by the E-field dependence
of the charge carrier concentration |[117,118|. However, because of the low Curie temperature
Tc of magnetic semiconductors, which is below room temperature, this effect is again limited

to low temperatures.

In contrast to magnetic semiconductors, metals can exhibit a high 7. However, getting
E-field control of their properties is quite difficult, since the electric field is screened by the

conduction electrons within a few Angstroms from the surface. Therefore, a high surface-

® For extended literature reviews on electric field controlled magnetism the reader is referred to the review papers
by Matsukura et al. [111], Chiba and Ono [112| and Brovko et al. [113].
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to-volume ratio as well as high electric fields are required to allow E-field penetration and
by that to obtain F-field control of magnetism. Using the conventional approach, this was
achieved within the last years by the using ultrathin films and a high-x oxide thin film as
solid dielectric (see e.g. |[119-121]). Alternatively, as proposed by Gleiter et al. [40], the
high electric field appearing in the electrochemical double layer between a metal electrode
and a liquid electrolyte (see Sec. can be used to tune the material properties reversibly.
Beyond that, the electrochemical charging is not limited to the double layer regime, but
can also induce electrochemical surface reactions (adsorption/desorption of ions from the
solution, redox reactions), which can as well be used for tuning the material properties
reversibly in case that the reactions are reversible. Since this method of electrochemical
charging does not require a solid dielectric, it is perfectly suitable to achieve voltage control
of material properties not only in ultrathin films, but also in porous nanophase materials,
exhibiting a high surface-to-volume ratio. Besides for magnetic properties (see below), this
approach of Gleiter et al. was successfully applied in recent years to tune the mechanical
(see e.g. [122-128]), electrical (see e.g. [126,129-134]), as well as optical (see e.g. [135])

properties of various materials.

The first reports on electrochemical tuning of magnetic properties using the concept of

Gleiter et al. [40] were published about ten years ago. In these papers, it was reported
that the magnetization of Pd-Ni 15|, Pd |17] and Pd-Co [16] can be varied reversibly by
charging in the electrochemical double layer regime. In 2007, Weisheit et al. [19] showed
that also the magnetic coercivity He of FePt and FePd thin films can be tuned by this
concept. An overview of these and following studies of electrochemical tuning of magnetism
is given in Table This table is restricted to publications monitoring directly magnetic
property variations during in-situ electrochemical charging in a liquid electrolyte. The table
does not include studies which monitor magnetic property variations more indirectly, e.g by
deducing T variations from pure electrical measurements (see e.g. [136}/137]), in-situ studies
where magnetism is altered by redox reactions induced by ion migration from a solid gate
oxide |138[|139], as well as ex-situ studies which characterize the magnetic properties before
and after an electrochemical induced chemical reaction (see e.g. [140-143|). For the sake of
completeness, it is noted that in-situ electrochemical charging in a SQUID magnetometer

was also applied to probe E-field-induced superconductivity [144.(145].
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Table 5.1: Summary of literature on in-situ measurements of magnetic properties during electrochemical charging. The publications are listed chronologically.
N, Rev and E-Chem indicate the number of electrodes used for the in-situ charging, the reversibility of the observed effect and if the effect was mainly
attributed to the electric field (E) or to chemical processes (Chem). The given relative variation is always the maximum value achieved in the quoted work.
A positive/negative sign of the variation indicates that the given property increases/decreases with positive charging. The works enclosed in this thesis are
in bold face.

First author Material Electrolyte Measurement N Property? Rev | E-Chem
Lemier (2005) |15 Pd-NiP 1M LiClOy4 Extraction magnetometer | 2 M (300K): up to 1.3 %° yes
Drings (2006) |17 Pd® 1M KOHP Extraction magnetometer | 2 x(300K): +1% yes E
Ghosh (2006) |16 Pd-Co® 1M LiClOy4 Extraction magnetometer | 2 M (300K, 1000e): —3% yes E
Weisheit (2007) [10] | FePt ;‘i’sd thin C‘ﬁaﬁf&ﬁm MOKE 2 He(RT): FePt44.5%, FePd —1% yes E
Hiraoka (2009) |20 Ni thin films :Sfitif)fl(lgggi Faraday ellipticity 3 Ms(300K): —15% for 10 nm thick film yes Chem
Mishra (2010) [132 Auss-Feus® 1M LiClO4 Extraction magnetometer | 2 M (275K, 60kOe): —0.2% yes E
Zhernenkov (2010) [41] | CosoPdso thin film C4HgO3 PNR 3 M(RT, 3kOe): —4.5% - E
Ghosh (2011) |146 Pd-Ni® 1M LiClOy4 Extraction magnetometer | 3 M (RT): up to 0.5 %° yes E
Traufinig (2011) [18 v-Fe, 03 /PtE 1M KOH SQUID magnetometer | 2 M (300K, 50kOe): —10.4% yes Chem
Yamada (2011) {147 Tio.gC(g)i rln O thin Tonic liquid Anomalous Hall effect | 2 oan(300K): ferror;:tgiﬁztic behavior under yes B
Shimamura (2012) [148 Co thin film Tonic liquid SQUID magnetometer 2 To varies byj\}logrﬁ 2}32 1::‘22 (;C (I){Variations of yes E
Kawaguchi (2012) [149 Fe thin film Tonic liquid SQUID magnetometer | 2 Ms(10K): +50% - Chem
Leistner (2012) |21 FePt thin film 1M LiPFg Anomalous Hall effect | 2 Ms: -10% yes® | Chem
Tournerie (2012) |22 Co thin film 0}'301\1/[:1{21:1\(/)[4;;218{82/1 MOKE 3 Hc(RT): —50 %, x(RT): =55 % yes E
Topolovec (2013) [43 v-Fe;03/PtB 1M KOH SQUID magnetometer | 3 M(300K, 5kO0e): —4.2% yes | Chem
Mishra (2013) 150 Lag.75Sr0.25MnOs® 0.5 M LiClO4 Extraction magnetometer | 3 M (350 K,1kOe): +2.5%" yes E
Leistner (2013) |23 FePt thin film 0.1 M LiClO4 Anomalous Hall effect | 2 Ms: —2% yes Chem
Reichel (2013) |151 CoPt thin films 0.1 M LiClO4 Anomalous Hall effect | 2 Ms(290K): —4 %, Hc(290K): —212% no Chem
Yamada (2013) [152 Pr;:izguzlsue 1M LiPFg SQUID magnetometer | 2 M(2K,10kOe): —130%, Tc +50% yes Chem
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Leistner (2013) |153 FePt thin film 0.1-1M LiPFg© Anomalous Hall effect | 2 Ms: —4%, Kegr: +25% yes Chem
Steyskal (2013) |44 PtB 1M KOH SQUID magnetometer | 3 M(300K, 5kOe): —1% yes E
Ghosh (2013) [154 Pdg7Nizs® 1M KOH Extraction magnetometer | 2 M (300K, 1kOe): 25 %" yes | Chem
Shimizu (2013) 155 Pt thin film Tonic liquid Anomalous Hall effect 2 pam: ferromagnetic behavior under gating no Chem
Herrera Diez (2014) 156 FePt film Ionic liquid MOKE 2 He: —11% - E
Dasgupta (2014) [157 7-Fes 03 1M LiPFs Extraction magnetometer | 2 M (300K, 10kOe): +27% yes Chem
Gershinsky (2014) [158 FeSbs! 1M LiPFg SQUID magnetometer | 2 M(300K, 20 koier)lti:;(c::{::iec?nsmpwme with Li no Chem
Akiyama (2014) [159 Cri_sTe thin film Tonic liquid SQUID magnetometer | 2 M(15K, 20kO0e): 195%, Ho(15K): 50 %’ - E
Yamada (2014) [160 Fe304" 1M LiPFg SQUID magnetometer | 2 M (300K, 1kOe): +13% yes Chem
Reitz (2014) |161 LCMO thin film™ Tonic liquid SQUID magnetometer | 2 M (230K, 0.5kOe): +13% yes E
Shimizu (2014) [162 SrRuO3 thin film Tonic liquid Anomalous Hall effect | 2 par(2K): +40% - E
Tournerie (2015) [33 Co thin flm* Oklé\f gﬁ%ggggj% MOKE 3 | Ho(RT): *?(?r%g’_rtg;?ﬁ;ndagnﬁlm’ +35% | yes |E+Chem
Di (2015) [163 Co thin film 1 mM KOH MOKE 3 Complete spin reori;r;tztril(r)rrll with oxidation for ves Chem
Wang (2015) [164 IrMn éf%?m on Tonic liquid Anomalous Hall effect | 2 Hg(10K): +250 % yes E
Topolovec (2015) [47 LiCoO,! 1M LiPFg SQUID magnetometer | 3 X(300K): +167 % yes™ | Chem

A The following abbreviations are used in this column: M...magnetic moment, Y...magnetic susceptibility, Hc...coercivity field, RT...room temperature,
Ms. . .saturation magnetization, cam...anomalous Hall conductivity, Tc...Curie temperature, K¢sy...effective anisotropy constant, pam...anomalous Hall resis-
tance, Hg. . .exchange bias field.

B Nanoparticles were compacted into a porous sample.

€ The given value is the maximum value which can be read out of the quoted work. The actual value and its sign depend on the composition and the magnetic field.

D Alternatively, 1 M LiClO4 was used as electrolyte.

E For the measurements between 2 and 3V, where a variation of 8 % occurs.

¥ The actual value and its sign are not only dependent on the temperature and the applied magnetic field, but also on the surface to volume ratio of the sample.

G Alternatively, 0.1 M LiClO4 was used as electrolyte.

H The sign changes during the potential scan and is positive or negative dependent on the potential.

I The given material was intermixed with carbon and a binder to form an electrode.

I M increases and Heo decreases at negative and positive voltages.

K The Co thin films were either covered by a monolayer of H or CO.

L Alternatively, different supporting electrolytes where the main cation were Li™, Nat, KT and Cs™ were used.

M TLag.6sCao.30Mni1.0203_5

N Smaller parts of the observed variation of x are irreversible.
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5 Electrochemical tuning of magnetic properties

As Table shows, different measurement techniques were applied to monitor the mag-
netic properties during electrochemical charging. Whereas MOKE and anomalous Hall
effect (AHE) measurements were applied for most of the studies on thin films, SQUID
and extraction magnetometers were most often used for studies on porous nanophase sam-
ples. These direct magnetometry techniques have the advantage that absolute values of the
magnetic moment are obtained, whereby SQUID is distinguished by its high sensitivity. Fur-
thermore, the experimental set-ups differ in respect to the electrochemical measurements.
Most of the in-situ measurements were performed with electrochemical cells containing
only two electrodes and the magnetic properties of the investigated sample were monitored
stepwise at certain potentials. As already stated in Chapter [3| a three-electrode set-up
is necessary for reliable in-situ cyclic voltammetry measurements. Only by means of the
three-electrode set-up, the variations of the magnetic properties can be directly related to
the different electrochemical reactions (double layer charging, adsorption/desorption, redox
reaction) and the magnetic properties can be monitored continuously during the potential

scan.

For these reasons, the aim of this work was to design a three-electrode electrochemical cell

for operation in a SQUID magnetometer, enabling in-situ cyclic voltammetry measurements.
This new cell design is applied to examine the tunability of the magnetic moment of y-Fe,O3
nanoparticlesP. In a previous study performed in two-electrode geometry [18|, we could
show that the magnetic moment of these v-FesO3 nanoparticles can be varied reversibly up
to several percent upon electrochemical charging. In the study reported here, the three-
electrode cell is used to derive more detailed information on the correlation between the

electrochemical processes and the magnetic behavior.

Furthermore, the tunability of the magnetic moment of porous nanophase Pt upon electro-
chemical oxidation is investigated with this new cell and compared with variations of the
electrical resistance®. Pt is chosen as model system for this direct comparison of electrical
resistance and magnetic moment variations, since the electrochemical reactions occurring on
Pt during charging are well documented in literature. Monitoring these two different elec-
tronic properties during electrochemical charging represents an ideal combination to better
understand the underlying charging-related processes since both properties are expected to

respond differently on double layer charging and chemical modification.

P This study on the tunability of the magnetic moment of vy-Fe;O3 nanoparticles was published in [43] (Paper I).

9 This study on the tunability of the magnetic moment and electrical resistance of porous nanophase Pt was
published in [44] (Paper II). The measurements of the electrical resistance were performed by Eva-Maria Steyskal.

50
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The remainder of this chapter is structured as follows: First, the cell design and other exper-
imental details, as well as results of pre-characterization measurements on the investigated
materials are described in Section Then, the results of the tunability of the magnetic
moment are presented for Pt in Section and for v-Fe2O3 in Section [5.3.2] followed by
a discussion in Section Finally, a conclusion and outlook is given in Section

5.2 Experimental and pre-characterization

In this experimental part, first the preparation and pre-characterization of the porous
nanophase electrodes, which were investigated with respect to the tunability of their mag-
netic moment, are described in Section [5.2.1] Then, the design of the electrochemical cells
used for the in-situ measurements in the SQUID is presented in Section Finally, the
experimental procedures used is described in Section [5.2.3]

5.2.1 Preparation and pre-characterization of porous nanophase electrodes

The porous nanophase electrodes investigated with respect to tunable magnetic moment
were prepared from the following starting materials, which were either provided by cooper-

ation partners or commercially available:

e 7-Fe;O3 nanopowder: The 7-FesO3 (maghemite) nanopowder was synthesized by
Dorothée Vinga Szabd at the Karlsruhe Institute of Technology by means of the
microwave plasma synthesis method. Fe(CO)s; was used as precursor material and
a mixture of 80 % Ar and 20 % O as reaction gas. Further details on the preparation
method can be found in [165-167]. As shown by transmission electron microscopy,
the typical particle size of the v-FesOs nanoparticles obtained by this method is 4-
6nm [168,/169] and hysteresis measurements revealed that the particles show super-

paramagnetic behavior at 300 K [169].

e Pt nanopowder: A commercially available Pt nanopowder was purchased (“Platinum
Black”, Chempur GmbH, Karlsruhe, Germany). According to the manufacturer, this
powder has a specific surface area of 20-40m?/g. An X-ray diffraction pattern of this
powder can be seen in Fig. which was recorded using a Bruker D8 Advance powder
diffractometer with CuK,, radiation in Bragg-Brentano geometry. Using the Scherrer
formula [170], a crystallite size of 7 & 1nm was determined from the width of the

peaks. Field-dependent SQUID measurements at 300 K have shown that this powder
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Figure 5.1: X-ray diffraction pattern of Pt nanopowder used for the preparation of the porous nanophase
electrodes. The vertical, red lines represent the positions and relative peak intensities of Pt according to
the reference database [172].

exhibits paramagnetic behavior [171].

To enable charging of the insulating v-Fe;O3 nanoparticles, a nanocomposite of the oxide
and of Pt nanoparticles was formed, based on the concept that the surface of the v-Fe;O3
nanoparticles can be charged at the 7-Fe;Os-Pt-electrolyte interface by means of the con-
ductive network made out of the Pt particles. Therefore, the y-FesO3 nanopowder was
ultrasonically intermixed with the Pt nanopowder in a nominal weight ratio of 1:10. To
obtain a porous y-Fe;O3 /Pt nanocomposite for the SQUID measurements, the intermixed
powder was filled in a pellet die (see Fig. ) After pre-compaction by hand, the filled
die was mounted in a bench vise, where the final compaction was carried out manually.
That way, cylindrical pellets with a diameter of 3mm and a height of about 0.5 mm were
obtained. In the same manner, a porous Pt electrode is made from the Pt nanopowder.
The weight was 14.5mg for the v-Fe;O3/Pt nanocomposite pellet and 17.8 mg for the Pt
pellet (further referred to as sample Ptgquip). Finally, the pellets were carefully wrapped
by a Au wire (diameter: 0.1 mm, purity: 99.9 %) for electrical contacting (see Fig. [5.2b).

For the measurements of the electrical resistance, 104 mg of the Pt nanopowder were com-
pacted into a PTFE groove (further referred to as sample Ptgr). Similar to previous work
in our research group [129], Pt wires (0=0.2mm, 99.9%, ChemPur, Karlsruhe, Germany)
were embedded in the groove as electrical contacts, and improved by adding a fifth wire

providing an independent contact for electrochemical charging.
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Figure 5.2: Photographs of (a) pellet die used for the preparation of the porous nanophase electrodes
and of (b) porous Pt pellet produced therewith, wrapped by a gold wire for electric contact. Part (a)
shows the base anvil (1), the die body (2) and the top anvil (3). The photographs were taken with
millimeter-scale paper in the background.

To confirm the porosity of the Pt samples, their electrochemical active surface area was
determined by cyclic voltammetry measurements in the hydrogen adsorption/desorption
regime (for details on this method see |173]). The surface area of the samples was determined
from the charge under the H desorption peaks in the cyclic voltammogram (see potential
region between —1000 mV and —560 mV in anodic scan direction in Fig. ), taking into
account that the adsorption/desorption of one monolayer of H on Pt corresponds to a charge
of 210 uC/cm? . That way, specific surface areas of 6 m?/g for the Ptgquip and 5m?/g
for the Ptgr sample were obtained. These high values of the specific surface area indicate
the existence of a porous structure for these samples. Since the currents arising from the Pt
and 7-FeoO3 are superimposed in the CV of the v-Fe;O3/Pt nanocomposite (see Fig.|[5.10b),
the electrochemical active surface area of this sample cannot be determined by the same
method. However, the relative high currents in the CV suggest the existence of a high

surface area as well.

To analyze the structure and composition of the y-FesO3/Pt nanocomposite pellet, and
thereby also confirm the porosity of this sample, Scanning Electron Microscopy (SEM)
and Energy-Dispersive X-ray spectroscopy (EDX) measurements were conducted”. Fig.|5.3
shows four of the recorded electron micrographs. From Fig. it becomes obvious that
the structure of the pellet is not homogeneous, but rather shows a lamellar-like structure
consisting of elongated inclusions embedded in a matrix. In Fig. [5.3b, an image of the
same area of the sample is shown, which was recorded with an energy-selective backscatter
detector yielding a higher compositional contrast. This image reveals that the composition

of the elongated inclusions and the surrounding matrix differ from each other. Indeed, EDX

" The SEM and EDX measurements were performed by Ilse Letofsky-Papst and Sanja Simic from the Institute
of Electron Microscopy and Nanoanalysis at the Graz University of Technology.
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5 Electrochemical tuning of magnetic properties

Figure 5.3: Scanning electron micrographs of v-Feo O3 /Pt nanocomposite pellet recorded using secondary
electron detector (a,c,d) and energy-selective backscatter detector (b). See text for further description.

spectra taken at the two different regions proved that the matrix phase contains 97.7 wt% of
Pt, whereas only 12.3 wt% of Pt are present in the elongated inclusions. This suggests that
the Pt and 7-Fe;O3 nanopowders were not mixed homogeneously prior to the compaction
of the composite pellet. The elongated shape of the y-Fe;Og3 rich inclusions can be ascribed
to the compaction process, where the pressure was applied in the vertical direction of the
micrographs. Fig. 5.3 and d show SEM micrographs recorded at higher magnifications,

where the porous structure of the y-FeoO3/Pt nanocomposite can be discerned.

5.2.2 Electrochemical cell design

To study the charging-induced variations of the magnetic moment m of the Ptsqump and the
~v-FeoO3 /Pt nanocomposite sample, electrochemical cells were designed enabling charging
of these porous nanophase electrodes by cyclic voltammetry during the measurement of
m by the SQUID magnetometer. The cell design is based on the requirements listed in
Section and differs slightly for the Ptgquip and the v-Fe;O3/Pt nanocomposite sample

because of the various demands on the magnetic background signal of the cell. Whereas
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Figure 5.4: (a) Sketch and (b) photograph of electrochemical cell used for in-situ cyclic voltammetry
measurements in SQUID magnetometer at Pt electrodes. The partial masking of the Au wire serving as
quasi-reference electrode and the battery separator membrane are not shown in (a), but can be seen in
(b). In (b) the porous Pt pellet is located behind the battery separator membrane, which extends over
the entire lenght of the NMR tube. The orange area in (a) indicates the part of the cell which is pulled
through the SQUID pick-up coils during a measurement scan over a length of 6 cm.

the pure Pt sample is a paramagnet and thus exhibits a relative small magnetic moment
at moderate magnetic fields, the 7-Fe;O3/Pt nanocomposite sample has a relative high
magnetic moment already at moderate fields. Thus, the magnetic background signal of the
cell has to be reduced as far as possible for the Ptsquip sample by proper cell design. For
the v-FeoO3 /Pt nanocomposite sample, however, the usage of diamagnetic materials for the
cell assembly alone is sufficient to reduce the magnetic background signal of the cell in such
a way that measurements on the charging-induced variation of the magnetic moment of the

~-FeoO3 /Pt nanocomposite become possible.

A sketch of the electrochemical cell used for the measurements at the Ptgqump sample is
presented in Fig. As for the Co electrodeposition (see Sec. [4.2.1), a long borosil-
icate glass NMR tube (length 17.78 cm, diameter 4.96 mm, 505-PS-7, Wilmad-LabGlass,
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Vineland, NJ, USA) is used as electrolyte compartment. The porous nanophase Pt pellet
(sample Ptsquip), which is wrapped by a Au wire serves as working electrode. A high
surface area carbon cloth, also contacted by a Au wire, and a Au wire are used as counter
and quasi-reference electrode, respectively. The placement of the electrodes can be seen
in Fig. To avoid short circuits in the cell, the upper part of the Au wire acting as
quasi-reference electrode is masked by an epoxy resin (Loctite 1C Hysol, Henkel) and a
battery separator membrane (FS 2226, Freudenberg Vliesstoffe KG, Weinheim, Germany)
is placed horizontally in the cell in-between the working and quasi-reference electrodes (see
Fig. [5.4p). The whole cell is filled with 1M KOH as electrolyte and closed with a PTFE
plug, provided with three feedthroughs for the Au wires connecting the electrodes. Finally,
the cell is sealed with epoxy resin (UHU plus endfest 300, UHU GmbH & Co KG, Biihl,

Germany).

In Fig. p.4h, the area of the cell is indicated, which is pulled through the magnetometer
pick-up coils during a measurement scan of 6 cm. As can be seen from this sketch, the NMR
tube extends well beyond the coils and the counter electrode is located outside the coils
during the whole measurement scan. Thus, neither the electrolyte filled tube nor the counter
electrode cause changes of the SQUID output voltage signal. Since the minor contributions
of the thin Au wires to the magnetic signal can be neglected, the measured magnetic signal
and, therefore, the magnetic moment m determined from it, arises exclusively from the Pt

pellet.

The electrochemical cell used for the measurements at the v-Fe;O3 /Pt nanocomposite sam-
ple is sketched in Fig. . The v-FeyO3 /Pt nanocomposite pellet serves as working electrode
and is placed at the bottom of a cylindrical shaped PTFE compartment (outer diameter:
approx. 5.5mm, height: approx. 18 mm). The bottom zone of this compartment is electri-
cally isolated from the upper zone by a battery separator membrane (F'S 2226, Freudenberg
Vliesstoffe KG, Weinheim, Germany). In the middle of the upper zone, a Au wire (diame-
ter: 0.25 mm, purity: 99.9%), wrapped in a same battery separator membrane is positioned
as quasi-reference electrode (QRE). As counter electrode serves a high surface area carbon
cloth contacted with a Au wire (diameter: 0.25 mm, purity: 99.9%) which is positioned
off-axis in the upper part of the compartment. In the end, the compartment is filled with
1M KOH as aqueous electrolyte, closed with a PTFE plug and sealed with epoxy resin
(UHU plus endfest 300, UHU GmbH & Co KG, Biihl, Germany).

With this cell design used for the measurements at the vy-Fe;O3/Pt nanocomposite sample,
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Figure 5.5: Sketch of electrochemical cell used for in-situ cyclic voltammetry measurements in SQUID
magnetometer at y-FeoOs/Pt nanocomposite electrodes. WE, QRE and CE denote working, quasi-
reference and counter electrode, respectively.

the magnetic SQUID signal of the -Fe;O3/Pt nanocomposite pellet is always superimposed
by the magnetic signal of the cell. However, as demonstrated in Section the signal of
the cell is small in comparison to the signal of the -Fe;O3/Pt nanocomposite and, therefore,
does not influence the measured variations of the magnetic moment of the y-FeyO3/Pt

nanocomposite significantly.

5.2.3 Procedure for SQUID and resistance measurements

For the in-situ charging experiments in the SQUID magnetometer, the electrochemical cells
described above were mounted into a standard plastic straw and attached to a modified
sample rod with electrical feedthroughs, connecting the Au leads of the electrodes with a
potentiostat placed next to the magnetometer. The measurements of the magnetic moment
m were conducted using a scan length of 6 cm with 32 and 64 data points recorded in each
scan for the Ptsquip and 7-Fe;O3/Pt nanocomposite sample, respectively. The measure-
ments were performed at 300 K. If not otherwise stated, the applied magnetic field was

5kOe.

The measurements of the electrical resistance variation were performed at ambient tem-
perature in a standard electrochemical cell using a PGZ-100 potentiostat (Radiometer An-

alytical, Villeurbanne Cedex, France). In this set-up, the Ptgg sample serves as working
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5 Electrochemical tuning of magnetic properties

electrode and is charged via the Pt wire contacted at the center of the sample. A high sur-
face area carbon cloth and a commercial Ag/AgCl (saturated KCl) electrode (Radiometer
Analytical, Villeurbanne Cedex, France) are used as counter and reference electrode, respec-
tively. Like for the charging in the SQUID, 1M KOH was used as aqueous electrolyte. The
electrical resistance was measured in four-point geometry with a Keithley 2400 multimeter
(Keithley Instruments Inc., Cleveland, OH, USA) using the outer contact pair for current

supply and the inner contact pair for voltage measurement.

The charging of the porous nanophase electrodes during the SQUID and the electrical
resistance measurements was performed by cyclic voltammetry. Unless otherwise stated, the
scan rate v used for the cyclic voltammetry measurements was 0.5mV /s. Such a small scan
rate is necessary due to the porous structure of the samples, leading to a limited transport
kinetics. Furthermore, this small scan rate enabled measurements of the magnetic moment
in relative small potential steps. Prior to the measurements, the electrodes were activated

by repeatedly cycling between the oxygen and hydrogen evolution regimes.

For a direct comparison of the behavior of the electrical resistance and the magnetic moment
of the Pt samples, all potential values in Section are given relative to the Ag/AgCl
reference electrode, i.e., the data taken with the Au quasi-reference electrode are converted
to corresponding values relative to the Ag/AgCl electrode. Since only SQUID measurements
were performed for the 7-Fe;O3/Pt nanocomposite, all potential values in Section m
are given with respect to the Au quasi-reference electrode. However, a comparison with

measurements performed with a Ag/AgCl reference electrode is presented on page [64]

5.3 Results
5.3.1 Porous nanophase Pt

As stated above, the measurements on the porous nanophase Pt samples aim at a direct
comparison of the tunability of the electrical resistance and the magnetic moment and,
therefore, at getting a deeper understanding of the underlying charge-related processes since
both properties are expected to respond differently on charging and chemical modifications.
A particular emphasis was laid on how the electrical resistance R and the magnetic moment

m of Pt vary with charging in the oxygen adsorption and desorption regime.

To display the investigated potential regime of oxygen adsorption and desorption, a typ-
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Figure 5.6: Cyclic voltammograms (CVs) of porous nanophase Pt (sample Ptgr) measured in 1M KOH
at a scan rate of v = 0.5mV /s in different potential ranges from —1050mV to +600mV (gray), —465 mV
to —35mV (green, red) and—135mV to —35mV (yellow).

ical cyclic voltammogram taken for sample Ptggr is shown by the gray curve in Fig. [5.6]
This CV exhibits all the characteristic features of a Pt CV [59-61], which were already de-
scribed in Section [3.1.1] In short, upon anodic scanning the peak system due to hydrogen
desorption (—950mV to —530mV), the double layer region characterized by low charging
currents (—500mV to —300mV), as well as the shoulder and plateau of oxygen adsorp-
tion/sample oxidation (—250mV to +600mV) followed finally by O, gas evolution can be
discerned. In opposite direction, oxygen remains on the surface until the desorption peak is
reached (extremum at —460 mV), followed by the region of hydrogen adsorption (—630 mV
to —1050mV) and finally by the onset of Hy gas evolution. The colored CV curves in
Fig. [5.6] indicate the various potential regions which are discussed in what follows with re-
spect to charging-induced variations of the electrical resistance and the magnetic moment.
All of these CVs are located within the oxygen governed regime and they are shown in
steady state, which means that subsequent cycles perfectly superpose each other and thus
identical electrochemical processes take place in all cycles. The CV between —465mV and
—35mV is characterized by the formation (anodic direction, green line) and subsequent
removal (cathodic direction, red line) of a thin oxygen layer to an extent of less than one
oxygen atom per Pt surface atom [59]. In the narrow CV regime between —135mV and
—35mV (yellow line) the adsorbed oxygen remains on the Pt surface and the small currents

can be attributed to a pseudocapacitive charging process.

The CV between —465mV and —35mV (green and red) is shown in more detail in Fig. |5.7p
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Figure 5.7: (b) Relative variation of electrical resistance AR/Ry and (c) magnetic moment Am/mg of
porous nanophase Pt upon (a) electrochemical CV-cycling in 1M KOH between —465 mV and —35mV
(scan rate: 0.5mV/s). The CV shown in (a) was measured for sample Ptgr simultaneously with the
electrical resistance R. Measurements of m were performed at a magnetic field of 5kOe. Anodic scan
indicated by green dashed line and green symbols. Cathodic scan indicated by red solid line and red
symbols. To demonstrate the good reproducibility and reversibility two cycles (full and empty symbols)
are shown in each plot. Ry = 5.84 x 1072 Q and mg = 1.87 x 10~% emu correspond to the first data point
of the electrical resistance and magnetic moment, respectively.

along with the corresponding variation of the electrical resistance AR/Ry (Fig. [p.7p) and
of the magnetic moment Am/mg (Fig. ). As reference values for the resistance and the
magnetic moment, the initial values Ry and mg of the respective measurement are used. The
green- and red-colored data in Fig. and Fig. again indicate the anodic and cathodic

scan direction. In each plot, two subsequent voltammetric cycles are shown, which hardly
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Figure 5.8: Relative variation of electrical resistance AR/Ry of porous nanophase Pt as a function of
the transferred charge (). The charge @) was calculated by integration of the current ¢ of the CV shown
in Fig. . @ = 0 corresponds to the first data point of the electrical resistance Ry. The green/red data
indicate the anodic/cathodic scan of the CV. AR/Ry correspond to these shown in Fig. |5.7p.

can be discerned, illustrating the good reversibility of the measurements in the steady-state
CV. The electrical resistance R reversibly increases upon positive charging, exhibiting a
total variation AR/Ry of about 6 % (Fig. [5.7b). The variation of R with the potential U
exhibits a pronounced hysteresis which indicates a high sensitivity of R with respect to
superficial oxygen adsorption. This sensitivity is also clearly reflected by the steep increase
or decrease of R right in the CV regimes where oxygen adsorption (shoulder and plateau in
anodic scan, which start to rise at —250 mV) or desorption (peak in cathodic scan exhibiting
its extremum at —325mV) takes place. Taking a closer look at the high potential edge, a
further increase in R can be observed after the scan direction is reversed (start of red curve)
as the charging current ¢ is still positive. When i finally changes its sign at about —75mV,
also the resistance starts to decrease. This suggests that the R-variation is proportional to
the transferred charge Q. This is proven by Fig. [5.8] showing the variation of the electrical
resistance AR/R, as a function of the charge @ transferred during the CV measurement.
The linear correlation between AR/Ry and @ clearly indicates that the oxygen adsorption
and desorption process, which mainly account for the charge flow, is the decisive factor for

the variation of the electrical resistance.

In contrast to the resistance R, the magnetic moment m decreases (increases) with increas-
ing (decreasing) the potential U (see Fig. [5.7c). A total variation of the magnetic moment
of approximately 1% occurs during cycling the potential between —465mV and —35mV.
The reversibility of this variation is again indicated by the fact that data for two subsequent
cycles shown in Fig. perfectly agree with each other. The variation of the magnetic

moment also changes strongly with the onset of oxygen adsorption, showing a more pro-
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Figure 5.9: Relative variation of (b) magnetic moment Am/mg of porous nanophase Pt upon elec-
trochemical oxidation (—435mV to —35mV, green: dashed line, open circles), electrochemical cy-
cling between —135mV and —35mV (yellow: dotted line, full triangles) and electrochemical reduction
(—=35mV to —465mV, red: solid line, full circles). (a) CV measured in-situ at the identical sample
(Ptsquip). Measurements performed in 1M KOH with a scan rate of 0.5mV /s at a magnetic field of
5kOe. mg = 1.87 x 10~* emu corresponds to the first data point of the magnetic moment.

nounced variation when oxygen is adsorbed on the Pt surface. Contrary to R, the slope of
the Am/my—U characteristic remains at a high value in the entire oxygen adsorbed regime,
reversing its sign immediately at the upper potential limit of —35mV. This indicates that
the variation of the magnetic moment correlates with the electric field generated by the
charging of the electrochemical double layer, because the charging current of the double
layer reverses sign directly with the potential scan direction. This also explains why there

is no hysteresis for Am/mg — U in contrast to AR/Ry — U.

To further demonstrate that the variation of m with applied potential is governed by ca-
pacitive processes, the variation of m was studied in more detail by cycling in the potential
range between —135mV and —35mV (see Fig. . In order to do this, the sample was first
oxidized (green-colored data), similar to the measurement in the potential range between

—465mV and —35mV. After this oxidation, the potential was cycled two times in the
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potential range between —135mV and —35mV (yellow-colored data), followed by reduction
(red-colored data), which was again similar to the measurement in the potential range be-
tween —465mV and —35mV. The same variation Am/mg with potential is observed for
the range between —135mV and —35mV, irrespective whether the CV cycling is limited to
this regime (yellow-colored data in Fig. or whether the potential is scanned through the
entire regime of electrochemical oxidation (green-colored data) and reduction (red-colored
data). Since in the narrow CV regime the adsorbed oxygen remains on the sample, which is
indicated by the relative low currents during cycling in this regime, this leads again to the
conclusion that the variation Am/mg is more directly governed by the potential (i.e, the
electric field) rather than by the superficial adsorption or desorption of oxygen. In contrast
to these findings for m, no significant variation in R can be observed in this narrow potential

range (data not shown).

5.3.2 ~-Fe,03/Pt nanocomposite

At first, CVs were recorded in two different set-ups for testing the in-situ electrochemical
cell used for the measurements at the v-FeoO3/Pt nanocomposite and correlating the po-
tential of the Au quasi-reference electrode to the potential of a standard reference electrode.
Beside the measuring set-up with the closed three-electrode cell mounted in the SQUID-
magnetometer (see Sec. for a description), measurements were conducted with the
open cell being mounted into a glass vial. In this set-up, a commercial Ag/AgCl (3M
KCl) reference electrode (Metrohm Autolab, Utrecht, Netherlands) was positioned in the
glass vial instead of the Au quasi-reference electrode. As for the measurements in the mag-
netometer, the pellet and the carbon cloth — both placed in the PTFE cell — acted as

working and counter electrode, respectively.

Fig. shows the CVs of the v-FesO3/Pt nanocomposite measured in the two different
set-ups (red solid line: ex-situ with the standard Ag/AgCl reference electrode, black dotted
line: in-situ cell at an applied magnetic field of 5kOe). Both CVs exhibit the same general
shape. This demonstrates that the specially designed in-situ electrochemical cell yields
reliable CVs. The slightly lower current in the ex-situ measurements performed after the
in-situ measurements may be due to break off of small fragments of the brittle sample pellet
or due to exposure to ambient atmosphere during sample transfer. A potential difference of

approximately 325 mV between the Au quasi-reference electrode and the Ag/AgCl reference
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Figure 5.10: Cyclic voltammograms of porous nanophase samples measured with a scan rate of
v=0.5mV/s in 1M KOH (in each case the last of three subsequent cycles is shown, which corresponds
to the steady-state CV). (a) CVs of the 7-Fe3O3/Pt nanocomposite measured in two different set-ups:
In-situ electrochemical cell in a SQUID magnetometer at a constant magnetic field of 5kOe, using Au
wire as quasi reference electrode (black dotted line); same cell measured ex-situ with standard Ag/AgCl
reference electrode (red solid line). (b) Comparison of the CV of the y-Fe2O3/Pt nanocomposite (red
solid line) with that of pure Pt sample (black dotted line), both measured with a standard Ag/AgCl
reference electrode outside the SQUID magnetometer. The current scales are normalized to the peak
currents of the hydrogen adsorption/desorption peaks of Pt.

electrode can be deduced from this measurement®.

In Fig. , the CV of the v-Fe;O3/Pt nanocomposite is compared with that of a pure Pt
reference sample, like it was used for the measurements presented in the previous section.
Both CVs were measured with the Ag/AgCl reference electrode. The CV of the Pt refer-
ence sample shows the typical features of a Pt electrode in an aqueous electrolyte, which
were already described earlier. In the CV of the 7-FesO3/Pt nanocomposite, an additional
broad anodic peak with a maximum at —260mV vs. Ag/AgCl as well as a corresponding
cathodic peak (—515mV vs. Ag/AgCl) appear. These two peaks suggest that a reversible
electrochemical surface reaction takes place at the v-Fe;O3 nanoparticles and, therefore,
will be denoted “maghemite peaks” in what follows. At potentials more negative than these
maghemite peaks, the relative currents with respect to the peak currents of the hydrogen
adsorption/desorption peaks of Pt are higher for the composite electrode. Possible reasons
for these higher relative currents and the details of the reaction at the maghemite peaks are

discussed later.

During the in-situ charging experiments in the SQUID magnetometer, cyclic voltammo-

° As already stated in Section , if not otherwise stated, the potential values in this section are given with
respect to the Au quasi-reference electrode.
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Figure 5.11: Variation of the magnetic moment m (black dots) of the porous vy-Fe;O3 /Pt nanocomposite
with time ¢ during electrochemical cycling in different potential ranges between —650 mV and +300 mV
in 1M KOH at an applied magnetic field of 5kOe. The potential U (red line) was measured versus a Au
quasi-reference electrode and cycled with a scan rate v of 0.5 mV /s. Note that the direction of the m-axis
(right-hand axis) is inverted to enable a better comparison of the progressions of m and U.

grams in different potential ranges were recorded simultaneously with the measurements of
the magnetic moment m of the v-Fe;O3 /Pt nanocomposite (including the magnetic moment
of the cell). In a first run, the potential was cycled several times at a scan rate of v=0.5mV /s
between —650mV and different upper potential limits (—500, —350, 0, +300mV) and
subsequently between +300mV and different lower potential limits (4150, —150, —500,
—650mV). The cycling in each of this potential range was repeated consecutively three
times. As shown in Fig. [5.11] where the magnetic moment m and the potential U are
plotted as a function of time ¢, m varies synchronously but in opposite sign direction with
respect to the voltage®. In agreement with our previous measurements on other y-Fe;O3 /Pt
nanocomposite samples in the two-electrode set-up [18|, m increases with negative charging
and decreases with positive charging with extrema close to the potential limits. With in-
creasing the upper potential limit U,, from —500mV to 4300 mV at a fixed lower potential
limit of —650 mV, the amplitude of the m-variation increases (¢t = 0 to 7.3h in Fig. |5.11)).
When fixing U,;, at +300mV, at first only a faint oscillation of m can be discerned in
the high potential range between +150 and +300mV. Decreasing Up,, from +150mV to
—650mV, the amplitude of the variation of the magnetic moment increases again (¢t = 7.3

to 14h in Fig. [5.11).

As can be seen from Fig. [5.11] a slight linear drift is superimposed to the variation of

¥ Note that the direction of the m-axis is inverted in Fig. and Fig. to enable a better comparison of the
progressions of m and U.
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m, the sign and slope of which depend on the scanned potential range. This drift of the
magnetic moment might be caused by a slight shift of the potential of the Au quasi-reference
electrode during cycling. The total reversible variation Am = M0 — Mmin between the
maximum (Myq,) and minimum value (my,;,) of the magnetic moment within one cycle
after a linear drift correction is dependent on the investigated potential range (see below).
The relative variation of the magnetic moment amounts up to Am/m,;,, = 4.2%. The good
reproducibility and reversibility of the m-variation is not only demonstrated by the same
progression of m for each of the three consecutive cycles with the same potential limits, but
also by the measurements in the potential range between —650mV and +300mV, which
were performed twice (t = 3.6 to 7.3h and t = 12 to 14 h in Fig. . Irrespective of the

potential range studied in advance, the same variation of m is observed in both cases.

To enable a direct correlation of the variation of the magnetic moment with the ongoing
electrochemical processes, the cycling of the magnetic moment in the various voltage ranges
(plotted in Fig. as a function of time) is shown in Fig. in more detail as a function
of the potential U along with the cyclic voltammograms monitored simultaneously. The
numbers in Figs. and b refer to the sequence in which the CVs were recorded. The
nearly perfect overlapping cycles of the magnetic moment (each of the potential ranges was
scanned three times), again demonstrates the reversibility of the voltage-induced variation of
the magnetic moment. Two different regions with strong and weak voltage-induced variation
of m become obvious, as indicated by the different slopes in the m — U plots (Figs. mc
and d). Cycling in potential ranges more negative than the cathodic maghemite peak in the
CV (i.e., the cycling sequences 1 and 2 (Figs. and c)), the variation of m with U is
strong, whereas in the potential ranges between —150 mV and +300mV (cycling sequences
5 and 6), the variation of m with U is low (Figs. and d). Extending the potential
range so that the maghemite peaks are crossed during cycling (sequences 3, 4 and 7, 8),
the voltage-induced variation of m starts to decrease in the anodic scan (upper m — U
branch, Figs. and d) at approximately —50mV and then rises again at the cathodic
scan at approximately —200 mV (lower m —U branch). This shows that the voltage-induced
variation of m, i.e., the slope Am/AU of the m — U curves, changes just in the potential

region of the maghemite peaks in the cyclic voltammogram.

In Figs. 5.12e and f, the magnetic moment m is plotted as a function of the accumulated
charge (), which was obtained by integrating the current of the CVs. From a linear fit of the
variation of m with @Q a charge coefficient s;=Am/AQ of —3.66 x 1072 emu/C is obtained
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Figure 5.12: Combined magnetic and electrochemical measurements of porous v-FesO3/Pt nanocom-
posite upon in-situ charging in 1 M KOH electrolyte with a scan rate v of 0.5mV /s at an applied magnetic
field of 5kOe. (a), (b) Cyclic voltammograms (CVs) measured in-situ in SQUID magnetometer. The
numbers indicate the sequence in which the CVs were recorded. Each potential range was scanned three
times (compare Fig. [5.11). (c), (d) Magnetic moment m (after linear drift correction) as a function
of the applied potential U measured simultaneously with CV. (e), (f) Plots of m as a function of the
accumulated charge @ ((e) belongs to (a, c); (f) to (b, d)). @ = 0 corresponds to the first data point of
m. Linear fits of the m — @ behavior in the potential range —650mV to —350mV (e) and —150mV to
+300mV (f) are plotted as faint black lines visualizing the different slopes in the two charging regions
(see text, s1, $2).

for the potential range between —650mV and —350mV and s3=—0.72 x 1073 emu/C for
the range between —150mV and +300mV. As for the m — U behavior, the change of the
charge coeflicient is related to the maghemite peaks in the CV. On the negative side, the
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Figure 5.13: Variation of the magnetic moment m (black dots) of porous v-Fe2O3/Pt nanocomposite
with time ¢ during electrochemical cycling with different scan rates v (in the sequence: 0.5mV /s, 0.1 mV/s
and 1mV/s) in the potential range from —650 mV to +300mV in 1 M KOH at an applied magnetic field
of 5kOe. The potential U (red line) was measured versus a Au quasi-reference electrode. The data for
v=0.5mV /s (left-hand side) are identical to those in Fig. (right-hand side). Note that the direction
of the m-axis (right-hand axis) is inverted to enable a better comparison of the progressions of m and U.

absolute value of the charge coefficient is by a factor 5 higher compared to the positive side.
This indicates that electrochemical reactions of maghemite sensitively affect the tunability

of the magnetic moment upon charging.

For studying the influence of scan rates v, measurements with various v (in the sequence:
0.5mV/s, 0.1 mV /s and 1 mV/s) were performed at a fixed potential range between —650 mV
and +300mV. As shown in Fig. the variation of m is rather similar for the different
scan rates. The relative variation Am/m,,;, increases slightly with decreasing v from 3.7 %
for v=1mV /s to 4.9% for v=0.1mV/s. This indicates that slow electrochemical processes

contribute to the charging-induced variation of m.

All measurements on the v-Fe;O3/Pt nanocomposite sample presented so far for an applied
magnetic field H of 5kOe were also performed for magnetic fields of 50 Oe, 500 Oe and
50kOe. These measurements were performed in a sequence starting at the highest field
of 50kOe and decreasing the field stepwise afterwards. Exemplary, the variation of the
magnetic moment with cycling in the potential range between —650mV and +300mV is
shown in Fig. for all fields investigated. As can be seen from this figure, the general
behavior of the charging-induced m-variation is the same for all fields. In particular the
slope of the m — U curves changes at the potentials of the maghemite CV peaks for all the

fields. However, the relative variation of m becomes larger with increasing H and reaches
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Figure 5.14: Relative variation of the magnetic moment m/mg of porous v-Fe;O3/Pt nanocomposite
during electrochemical cycling in the potential region between —650 mV and +300mV as a function of
the applied potential U for different magnetic fields H (see legend). U was varied with a scan rate of
0.5mV/s. myg refers to the magnetic moment at the start of each measurement (U=+300mV).

a maximum of 4.9% for H = 50kOe. Further, it becomes obvious from this figure, that
the difference between the slopes on the positive and negative side of the maghemite peaks
becomes more pronounced at higher magnetic fields. For instance, the charge coefficients
Am/AQ for the two different regions in the CVs differ by a factor of 40 at H = 50kOe,
whereas this factor is 5 for H = 5kOe.

The relative variation of the magnetic moment Am/m,,;, as a function of the applied field H
for all the examined potential ranges is shown in Fig. [5.15| The relative variation increases
with H not only for the potential range between —650mV and +300mV, but rather for
nearly all the examined potential ranges. The only exception is the high potential range
between —150mV and 4300 mV, where the relative variation shows a decrease when the

magnetic field is enhanced from 5kOe to 50 kOe.

In order to examine whether the charging-induced variation of the magnetic moment is
caused by the v-FesO3 nanoparticles exclusively or whether interactions between the y-FesOg
and Pt nanoparticles play a role, additional measurements were performed on a composite
sample of v-Fe;O3 and high surface area carbon cloth. This sample was prepared by drop-
ping 180 ul of a dispersion (10 mg/ml) of y-Fe;O3 nanoparticles in ethanol on the carbon

cloth. For the in-situ charging experiments in the SQUID magnetometer, this composite
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Figure 5.15: Relative variation of the magnetic moment Am/m,,;, of porous y-Fe;O3 /Pt nanocomposite
during electrochemical cycling in different potential regions (see legend) as a function of the applied
magnetic field H. Am = Myae — Mamin, With My and my,;, the maximum and minimum of the
magnetic moment occurring during a CV cycle. The plot comprises the data which were obtained for
the measurements with a scan rate of 0.5mV/s. Since in the high potential range between +150 mV and
+300mV only a faint oscillation of m can be discerned (see Fig. , a reliable determination of Am is
not possible. Therefore, this potential range is not included in this plot.

sample was mounted as working electrode in a two-electrode electrochemical cell as used
in our earlier works [18]. Carbon cloth of the same type was used as counter electrode
and 1M KOH as electrolyte. As can be seen in Fig. [5.16, measurements of m at 50kOe
upon stepwise charging from —850mV to +850mV versus the carbon counter electrode
causes reversible variations of m. After a linear drift correction, the variation amounts to
1.4%. Thus, the magnitude as well as the sign of this variation are in line with the results
achieved for the v-FesO3/Pt nanocomposite. This indicates that the reversible variations of
m observed for the y-FeoO3/Pt nanocomposite are not due to chemical interactions at the
~v-FeoO3—Pt interfaces but are exclusively due to charging of the v-Fe,O3 nanoparticles. The
somewhat smaller relative variation for the carbon cloth supported v-FeoO3 nanoparticles
in comparison to the y-Fe;O3/Pt nanocomposite is most probably due to the fact that not
all 7-FeoO3 nanoparticles stuck on the carbon cloth when immersing the sample in the elec-
trolyte. Consequently only parts of the particles were affected by the charging. Indications
for detached particles were found by dismantling the cell after the SQUID measurements.

Finally, test measurements were performed in order to verify that the diamagnetic response
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Figure 5.16: Relative variation of the magnetic moment m (green triangles) with time ¢ of -FesO3
nanoparticles deposited on carbon cloth (including cell) upon electrochemical cycling between the charging
voltages U (red circles) at a magnetic field of 50kOe. The potential U was measured with respect to
the carbon counter electrode. my = 8.23 x 1072 emu refers to the magnetic moment at the start of the
measuring sequence.

of the cell does not affect the present measurements of the charging-induced variation of
m. This was done by measuring the magnetic moment of an electrochemical cell without a
~v-Fe;O3/Pt nanocomposite pellet as working electrode. These measurements showed that
the electrochemical cell has a diamagnetic susceptibility in the order of —10~7 emu/Qe.
Therefore, the influence of the cell on the measured magnetic moment is negligibly small.
For 5kOe for example, the magnetic moment m of the sample is by a factor of 54 higher
than the diamagnetic response of the cell. Even the variation Am, which occurs when
cycling between —650mV and 4350 mV, is by a factor of 2.2 larger than the diamagnetic

response. As can be seen in Table 5.2, m as well as Am are considerably larger than the

signal of the cell also for the other magnetic fields.

Table 5.2: Ratios mg/mcey; and Am/mey; of the magnetic moment my or of the electrochemical charging-
induced variation Am with respect to the magnetic signal m..; of the diamagnetic cell for different
applied magnetic fields H. mg refers to the start of the measuring sequence at a distinct field and
Am = Mypae — Manin t0 the variation in response to cycling in the potential range between —650 mV and
+300mV with a scan rate of 0.5mV/s.

H [Oe| | mo/meen | Am/meen
50 190 3,8
500 175 4.1
5000 54 2.2
50000 7 1,6
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5.4 Discussion
5.4.1 Exclusion of parasitic effects

Before coming to the discussion of the charging-induced variations of the magnetic moment
m of the Pt and the 7-Fe;O3/Pt nanocomposite sample, it should beensured, that the

observed variations of m do not arise from parasitic effects.

A first issue to be taken into consideration pertains the question whether the current ¢
flowing during electrochemical charging may generate a magnetic field that might give rise
to a signal in the SQUID magnetometer. In such a case, the current ¢ would influence the
magnetic moment m determined by the SQUID magnetometer and variations of i would

lead to variations of m.

As already shown by reference measurements in our previous studies with the two-electrode
set-up, the effect of the current is negligibly small compared to the charging-induced vari-
ations of m of the v-Fe;O3/Pt nanocomposite [18]. With the present measurements per-
formed with the three-electrode set-up, the conclusion that the measured magnetic moment
m is not influenced significantly by the charging current ¢ is further supported in a more
direct way. As can be seen in Fig. for the Pt sample and in Fig. for the y-Fe;O3/Pt
nanocomposite, the variations of m are not directly correlated with the variations of the
charging current ¢ in the CVs. Hence, this variations of m cannot be caused by the alter-
ations of the current. Furthermore, the measurements on the y-Fe;O3/Pt nanocomposite
performed with different scan rates indicate that an appreciable interference of the charging
current on the magnetic moment can be excluded. As shown in Fig. [5.13] the charging-
induced variation of m is only scarcely affected by the scan rate v and the relative variation
of m even decreases slightly with increasing v, whereas the charging current ¢ increases

almost linearly.

Another possible parasitic effect, which might influence the measured variation of m at
an inappropriate cell design, concerns the charging of the counter electrode. The counter
electrode is always charged simultaneously with the investigated working electrode (Pt,
7-FeaO3/Pt nanocomposite). Thus, it cannot be excluded that the magnetic moment mcg
of the counter electrode also varies with charging. However, with the present cell design, it
can be ensured that variations of m¢cp do not influence the measured magnetic moment m.

In the cell used for the measurements on the Pt sample (see Fig. [5.4)), the counter electrode
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is placed in such a way that it is located outside the SQUID pick-up coils during the whole
measurement scan. Thus, solely the magnetic moment of the Pt sample is detected by this
set-up, making possible variations of m¢g irrelevant. In case of the cell design used for the
measurements on the y-Fe;O3/Pt nanocomposite (see Fig. , the magnetic moment M.y
of the cell, including that of the counter electrode m¢pg, is superimposed to the magnetic
moment of the v-Fe;O3/Pt nanocomposite. However, as shown in Table Meell, and thus
mceg, are significantly smaller than the measured magnetic moment m. Hence, possible

variations of mgg will not affect m considerably.

5.4.2 Porous nanophase Pt

The present measurements on the porous nanophase Pt sample revealed that the charging-
induced response of the electrical resistance R and of the magnetic moment m - although
nicely correlated - exhibits distinct different behavior. As shown in Section the varia-
tion of R is directly governed by the adsorption and desorption of oxygen on the Pt surface,
whereas m seems to be influenced mainly by capacitive charging currents (i.e., the elec-
tric field). Based on these results, possible underlying processes, which could lead to the

observed variations of R and m, are discussed in the following paragraphs.

In the most simple picture, the electrical resistance R and the magnetic moment m depend
on the charge carrier density n. As the charge carrier density is altered upon electrochemical
charging, its variation An/n could lead to the variation of R and of m. However, as
already shown in earlier works, neither the variation of the magnetic moment nor that of
the resistance can simply be attributed to a variation of the charge carrier density An/n
upon electrochemical charging [16[17,131,[133]. A simple An/n-dependence for both effects
can further be excluded by the present measurements because for that an equal magnitude
of variation |AR/Ry| = |Am/mg| would have to be expected, but as shown in Section [5.3.]]
the magnitude of the R- and m-variation differ by a factor of 6. The obviously weaker
sensitivity of the magnetic moment to the formation and removal of a thin oxygen layer,
compared to the electrical resistance, can yet be understood by looking more closely at the
different magnetic and electronic response of the metal-electrolyte interface upon adsorption

and desorption of oxygen species.

On the one hand, the increase in R with increasing potential U (see Fig. [p.7p) can be
understood as dominated directly by surface effects in good agreement with previous re-

sults [129,/133]. Besides a reduced charge carrier density due to positive charging [174] and a
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shrinking conductor cross-section of Pt in favor of a superficial formation of platinum oxide
with ongoing oxidation, the electrical resistance is strongly affected by charge-carrier scat-
tering processes at the metal-electrolyte interface [129,131,[133|. In the examined potential
regime, indicated by the green/red curves in Fig. , oxygen adsorption takes place at a
clean platinum surface. Since the ion transfer in this regime corresponds to less than one
oxygen atom per platinum surface atom [59], each adsorbed ion may effectively act as ad-
ditional charge-carrier scattering center at the platinum surface. Therefore, the resistance
increases strongly in this regime and, moreover, is directly related to the transferred charge

Q (see Fig. which reflects the amount of adsorbed oxygen.

The electrochemical tunability of the magnetic moment is more than one half order of mag-
nitude lower than that of the electrical resistance. The magnetic response is less sensitive
to charging since the macroscopic magnetic moment m represents a volume average of the
interior and surface regions of the Pt sample, only the latter part being affected by charg-
ing. In contrast to that, the electrical resistance, which is governed by interfacial charge
carrier scattering, selectively probes the Pt-electrolyte interfaces. The observed decrease
of the magnetic moment of porous nanophase Pt with electrochemically induced oxygen
adsorption (see Fig.[5.7c) is in line with with earlier studies of the influence of chemisorbed
oxygen on the magnetic susceptibility of Pt [175]. The trend of a decreasing magnetic mo-
ment with oxygen adsorption is also supported by recent DFT-calculations according to
which the density of states at the Fermi level of Pt monotonically decreases with increasing
oxygen coverage [176]. This also demonstrates that a simple minded notion of voltage-
induced filling or depletion of rigid electronic bands fails, because within such a picture,
positive charging, i.e., extraction of electrons from the nearly filled d-band of Pt, would give

rise to an increase of the density of states rather than to a decrease.

Although oxygen adsorption causes a decrease of the magnetic moment m, it does not fully
account for the observed voltage-induced variation of m. In fact, in contrast to the voltage-
induced variation of R, the Am/mg— U behavior shows no hysteresis (see Fig. [5.7c) but, on
the other hand, m changes also in the narrow potential regime between —135mV and —35mV
where the adsorbed oxygen is not removed from the Pt surface (see Fig.[5.9). This indicates
that the variation Am/myg is not mainly governed by the oxygen adsorption/desorption, but

rather by the electric field at the Pt-electrolyte interface.

A possible explanation of such an electric field-induced variation of the magnetic moment

of Pt could be based on the electric field dependence of the Rashba spin-orbit coupling.
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As known for metallic surfaces, the lack of inversion symmetry at the surface causes strong
spin-orbit coupling with mobile spins (Rashba effect, see e.g. [177]). This is reflected by the
formation of an effective magnetic field due to unbalanced orbital currents, which polarizes
the electron spins. Indications for such a spin polarization at Pt surfaces were found by spin-
polarized positron annihilation spectroscopy [178.[179] and scanning tunneling spectroscopy
measurements [180]. Furthermore, it was shown by Shimizu et al. [155] that spin polar-
ization is induced in thin Pt films under electrolytic gating. Since this Rashba spin-orbit
coupling varies with an applied electric field E [177,/181,/182|, this may directly give rise
to an E-dependence of the magnetization. In addition, the Rashba effect is also associated
with a magnetic surface anisotropy [181]. The E-dependence of the latter may also cause
variations of the magnetic moment in nanophase systems according to recent theoretical

studies by Subkow and Fahnle [183}|184].

Finally, we briefly consider whether the present results of charging-induced m-variation may
be related with charging-induced strain in combination with magnetoeleastic coupling, as
sometimes discussed in literature [15,/16,132,/146|. Since, as shown by dilatometry measure-
ments, the surface strain — U behavior of Pt shows a hysteresis in the potential range of
oxygen adsorption/desorption [123|, whereas m — U does not, it can be ruled out that a
direct influence of the surface stress on the magnetic moment is the decisive factor for the

observed variations of m of our Pt sample.

5.4.3 ~-Fe,03/Pt nanocomposite

Compared to our previous studies performed with the two-electrode set-up [18], the present
measurements with the three-electrode electrochemical cell enable a more precise analysis
of the correlation between the m-variation and the underlying electrochemical processes.
The result that the “maghemite peaks” in the CV affect the slope Am/AU and the charge
coefficient s but not directly the magnetic moment, is hardly compatible with the notion of
a reversible transformation of the surface shell between Fe3O4 and §-FeOOH as supposed
in earlier studies |18|. Instead, this behavior rather suggests that the peaks are due to the
reversible adsorption and desorption of hydroxyl ((OH)™) species on the oxide nanoparticles.
Indeed, hydroxyl species adsorbed on the v-FeoO3 nanoparticles at the positive potential
side of the maghemite peaks do not change the magnetic moment, but may screen the
electrochemical charge. Therefore, this adsorption layer may suppress a charging-induced

variation of m in agreement with the low charge coefficient s found in this regime (see CVs

75



5 Electrochemical tuning of magnetic properties

5 and 6 in Fig. [5.12). Upon desorption of the hydroxyl species on the negative potential
side of the CV peak, on the other hand, the magnetic behavior becomes more sensitive

to charging as indicated by the substantially higher charge coefficient (see CVs 1 and 2 in
Fig. [5.12).

The charging-induced variation of m in the negative potential regime may either be of elec-
tronic or chemical origin. Although there are no further additional peaks assigned to the
~v-Feo O3 nanoparticles in the CV, the variation of the magnetic moment upon electrochem-
ical charging could be caused by another redox reaction. Indeed, highly reversible faradaic
redox processes may be characterized by pseudocapacitive currents rather than by distinct
CV peaks |185]. Such type of a process was found for Fe3Oy4 electrodes by Castro et al. |186].
Among others, the authors considered a continuous transformation of the surface oxide be-
tween Fe3O4 and ~v-Fe;O3 caused by a voltage-induced variation of stochiometry between
Fe?" and Fe?" |186]. The relatively high currents in comparison to the pure Pt sample at
the negative side of the maghemite CV peaks in our measurements (see Fig. ) may
indeed indicate such pseudocapactive processes. More important, the formation of FesOy4
upon negative charging would be in line with the observed increase of the magnetic mo-
ment since Fe3O,4 exhibits a higher magnetic moment than 7-FeoO3 [187]. This also agrees
with literature, where the charging-induced variation of the magnetic moment of FePt thin
films of several percent observed by Leistner et al. |21,23,/153] was attributed to such a

pseudocapacitive redox reaction in the surface oxide layer of the films.

Moreover, a consideration of the imposed charge supports the view of the pseudocapacitive
redox reaction between v-FesO3 and FesO4. By dividing the difference of the bulk magnetic
moments of y-FesO3 (87.2emu/g) and Fe3Oy (95.5emu/g) [187] by the charge necessary
for the reduction of v-Fe;O3 to FesOy4, as proposed by Castro [186], a theoretical charge
coefficient of 51 peo = —2.21 X 1072 emu/C is obtained. This theoretical coefficient is a
factor 6 higher than the one observed in our experiment for the considered potential range
(s1 = —3.66 x 1073 emu/C). A factor of this order appears to be quite reasonable owing to
the fact that the major part of the charge is expected to be accumulated on the conductive

Pt network.

As was evident for the pure Pt sample, alternatively to a chemically induced variation of
m, electronic contributions have to be taken into consideration. As shown in recent studies,
the magnetic moment of porous nanophase metals [17,/149] and alloys [15,/16,/41}/132}/146|

can be reversibly varied by several percent exclusively by means of capacitive double-layer
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charging. This variation of m is assigned to a combined effect of charging-induced strain
and magnetoelastic coupling [15,16]/132,/146|. In addition, according to most recent ab-initio
theoretical studies of a metallic porous nanostructure, charging may also affect the magnetic
surface anisotropy and, thus, may cause variations of the magnetization of up to several
percent [183,/184]. Indication for a electic field-induced variation of the magnetic anisotropy
could also derive from density-functional calculations of the surface magnetoelectric effect
of ferromagnetic thin metal films [188]. Further, MOKE measurements revealed that the
magnetic surface anisotropy of magnetic thin films [19,22/33,156| varies with electrochemical
charging. Since information on charge-dependence of magnetic surface anisotropy or surface
stress is not available for v-Fe;Og3, studied in the present work, neither of these electronic

processes can be excluded.

As shown in Fig. and Fig. , the relative variations of the magnetic moment Am/m
becomes smaller with decreasing the magnetic field H. This suggests that the absolute
variation Am of the magnetic moment decreases more rapidly with decreasing H in com-
parision to m. This seems to be quite reasonable considering that Am occurs in the surface
region of the y-Fe,O3 nanoparticles, whereas both the surface and the core region of the
nanoparticles contribute to the magnetic moment m. As shown for y-Fe,O3 [189,/190]
and Fe3O,4 [191] nanoparticles, the surface magnetization of these particles decreases more
rapidly with lowering H than the core magnetization. This is due to the spin disorder in
the surface regions. Indeed, also for the y-Fe,O3 nanoparticles investigated in the present
measurements indications for spin disordering were deduced from the reduced saturation

value of m found in hysteresis measurements [169].

5.4.4 Comparison with literature

Finally, our measurements and results are compared with the literature on in-situ measure-
ments of the magnetic properties during electrochemical charging, listed in Table 5.1 As
already stated in the introduction of this chapter (Section , the main advantage of the
present three-electrode set-up is the ability to record reliable cyclic voltammograms during
continuous monitoring of the magnetic moment and, therefore, to correlate the variations of
the magnetic moment directly to a specific electrochemical process (double layer charging,
adsorption/desorption, redox reaction). As can be seen from Table , there are only few
examples in literature where such a three-electrode set-up has been used. Most of those used

rather indirect measurements of MOKE or Faraday ellipticity to characterize the magnetic
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properties [20,22.133,|163|, whereas the others using direct magnetometry measurements re-
stricted their investigations to the potential regime of pure double layer charging [146],150|
or did not perform electrochemical characterization measurements at all [41]. Hence, the
present combination of SQUID magnetometry and in-situ cyclic voltammetry is the sole ex-
perimental approach allowing for continuous, direct determination of the magnetic moment
during electrochemical characterization measurements. The advantages of this approach
become evident by comparing our measurements on the Pt and v-Fe;O3/Pt nanocomposite

with other studies on similar material systems.

In the case of Pt, relevant studies are those by Drings et al. |17] investigating porous
nanophase Pd and by Shimizu et al. |[155] dealing with Pt thin films. Both of these works
lack a precise electrochemical in-situ characterization. Drings et al. [17] determined the po-
tential range for double layer charging by ex-situ cyclic voltammetry measurements, which
was then correlated to the potential range for in-situ charging in two-electrode set-up.
With this method, it cannot be definitely excluded that other processes than double layer
charging occur also during the in-situ measurements. Shimizu et al. |155]| performed no
electrochemical characterization measurements at all and their suggestion that chemical
processes such as hydrogen adsorption are involved besides electrostatic effects arises solely
from the behavior observed by Hall effect measurements. In contrast, the present measure-
ments allowed for a clear distinction between the influence of electrostatic and chemical
effects on the variation of the magnetic properties and, therefore, it could be shown that
the electrostatic effects are the dominant ones. A further advantage of the present study,
which becomes important especially at measurements on paramagnetic samples like Pt and
Pd, is the reduced background signal of the cell. The electrochemical cell used by Drings et
al. had a background signal of about one-half of the moment of the paramagnetic Pd sam-
ple [17]. As stated in Section [5.2.2] at our novel electrochemical cell design the measured

magnetic signal arises exclusively from the Pt sample.

For pure Fe [149] and FePt [21}23,(153| thin films, as well as for iron oxides [18,/157}/160],
the observed variations of the magnetization of several percent was attributed in each case
to chemical reactions. Whereas this reaction is Li intercalation and extraction in the case
of iron oxides and Li containing electrolytes [157,160|, the nature of this reaction is not as
obvious for the other systems. Kawaguchi et al. [149] performed no electrochemical char-
acterization measurements and suggested an oxidation-reduction reaction at the MgO/Fe

interface as possible explanation for the observed m-variations, solely based on the fact that
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the large variations cannot be caused exclusively by electronic effects. As already stated
above, we explained the observed variation of the magnetic moment of y-Fe;O3 nanoparti-
cles in our previous work by a redox reaction [18| and Leistner et al. [21,23,/153| attributed
the charging-induced variation of the magnetization of FePt thin films to a pseudocapacitive
redox reaction in the surface oxide layer of the films. However, the in-situ charging at the
latter measurements was performed in a two-electrode set-up, where the magnetic measure-
ments were conducted solely for certain potentials and the electrochemical characterization
by cyclic voltammetry was done separately in three-electrode set-ups. The present mea-
surements on the v-Fe;O3/Pt nanocomposite, however, enabled a continuous monitoring
of the magnetic moment m during cyclic voltammetry measurements and revealed that m
changes continuously during charging. This is considered as more direct evidence that a

pseudocapacitive redox reaction is responsible for the observed m-variations.

As a last point, the obtained results of the tunability of the magnetic moment of the
~v-Fe;O3/Pt nanocomposite, are compared in more detail with our previous measurements
on another 7-Fe;O3/Pt sample in the two-electrode set-up [18]. The magnitude of the
m-variations and the sign of the variations are in reasonable agreement with each other.
However, in the present work, m-variations of up to 4.9 % were observed, whereas variations
of up to 10.4 % occurred in our previous studies when charging in about the same potential
range |18]. The smaller variation achieved for the v-FeoO3/Pt nanocomposite in the present
work is presumably caused by a smaller fraction of the v-FesO3 nanoparticles in the com-
posite which is affected by charging. Indeed, as indicated by SEM and EDX measurements
(see page [53)), an incomplete intermixing of the Pt and v-FeoO3 nanopowders occurred for
the present sample, which led to the formation of y-Fe;Os-rich inclusions in the composite.
The reduced fraction of only about 2wt% of Pt present in these inclusions is obviously
insufficient to guarantee a complete conducting network for quantitatively charging of the

~v-Fes O3 nanoparticles.

5.5 Conclusion and outlook

The present measurements on the tunability of the magnetic moment of porous nanophase
Pt and of a y-FesO3 /Pt nanocomposite upon electrochemical charging have shown that the
novel three-electrode electrochemical cell, allowing for in-situ cyclic voltammetry measure-
ments in a SQUID, enables a direct correlation between the magnetic behavior and the

ongoing electrochemical processes.
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In the case of Pt, the comparison of the charging-induced variations of the magnetic mo-
ment with the variations of the electrical resistance upon electrooxidation revealed that
these variations are governed by different processes. Whereas the reversible oxygen adsorp-
tion/desorption leads to the generation/removal of charge-carrier scattering centers and,
therefore, turns out as the decisive factor for the alterations of the electrical resistance, the
magnetic moment is varied mainly by the electric field E at the Pt-electrolyte interface. A
possible explanation for this F-field-induced reversible variation of the magnetic moment

of up to 1% is given by a E-field-dependent spin-orbit coupling.

For the v-Fe;O3/Pt nanocomposite, charging-induced reversible variations of the magnetic
moment of up to 4.9 % were observed. The most remarkable feature of the present study in
the three-electrode set-up is that the induced variation of the magnetic moment sensitively
depends on the potential range. The slope Am/AU changes just in the potential region of
the maghemite CV peaks. Obviously, the electrochemical reactions, manifested by these CV
peaks, are not reflected in discontinuous steps of the magnetic moment of the y-Fe;O3 /Pt
nanocomposite, but the pronounced m — U variation rather occurs at the negative potential
side of these peaks (Fig. , even when cycling is entirely limited to this potential range
(cycling sequences 1 and 2). This nicely demonstrates the major advantage of using a
three-electrode set-up compared to the initial studies in the two-electrode [18|, where the
charge-induced variation of the magnetic moment could not be unambiguously allocated to

the corresponding electrochemical regime.

Owing to the possibility of the presented measurement set-up to correlate the charging-
induced variations of the magnetic moment m directly to the ongoing electrochemical pro-
cesses, and thus, to distinguish if the E-field or chemical processes (adsorption/desorption,
redox reactions) governs the m-variation, future measurements on different material systems
could lead to a deeper understanding of the mechanisms behind these variations. Further-
more, it would be attractive to achieve larger relative variations of the magnetic moment in
future experiments. One way to do so would be the application of non-aqueous electrolytes
and ionic liquids, which facilitate operation in a larger potential window. Moreover, larger
charging-induced effects can be obtained if a higher fraction of the magnetic phase is af-
fected by the electrochemical charging. In the case of the +-Fe;O3/Pt nanocomposite,
this could be reached by a better intermixing of the «-Fe;O3 and Pt nanopowders. For
pure metals, an enhanced electrochemical active surface area could be obtained by prepar-

ing a nanoporous sample by means of electrochemical dealloying instead of compaction of
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nanopowders. Due to its ferromagnetic character, nanoporous Ni, for which successful deal-
loying was reported in literature [192,/193], would be of particular interest. Nanoporous
Pt [133,/194] and Pd [195], which can be prepared by electrochemical dealloying with very
high surface-to-volume ratios, are interesting candidates as well, since theoretical works

predict that ferromagnetism can be induced in a Pd surface under electric field gating [196].
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CHAPTER 6

In-operando SQUID magnetometry on
Li,Co0O;, cathodes during charging and
discharging

6.1 Introduction

Owing to the high technological relevance of Li-ion batteries, tremendous effort has been
put into their further development in the last few years". Ome focus of research is on
exploring new cathode and anode materials with increased energy densities. Another focus
is on a deeper understanding of the chemical and physical processes taking place in these
materials during charging and discharging. For this purpose, various kinds of in-situ and
in-operando techniques were developed, such as X-ray absorption and diffraction, scanning

probe techniques, electron microscopy and optical spectroscopy [197-199].

Since magnetic properties of Li-ion battery electrode materials are sensitive to phase com-
position, structural disorder, defects and impurities as well as to the oxidation state of the
transition metal ions, magnetometry offers a powerful tool to gain insights into the reaction
mechanism of these electrode materials (for a review see [42]). Except for a few rare cases,
all magnetic measurements on electrode materials, e.g. on the most common commercial
cathode material Li,CoO2 [200-211|, were performed ex-situ for samples of a predefined

Li-ion concentration x, to mimic a specific charging state.

The advantages of magnetic in-operando compared to ex-situ measurements are quite ob-

" As mentioned in the introduction of this thesis (Chapter , parts of the content of this chapter are based on a
published article (Paper V, Ref. [47]).
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vious. Variations with Li concentration x cannot only be monitored continuously, but
also much more precisely since imponderabilities to adjust a distinct Li-content ex-situ are
avoided. Moreover, repetitive monitoring of charge cycling is indispensable and can only be
performed by in-operando measurements. In addition, the in-operando technique opens up
a new pathway for studying the kinetics of the atomic processes during de-/intercalation of

Li-ions.

So far, the few attempts of an in-operando magnetic study of electrode materials under
Li de-/intercalation were restricted to ferro- or ferrimagnetic electrode materials with high
magnetic moments [158,160]. Related to that, the aim of this work was to design an elec-
trochemical cell allowing reliable magnetic measurements in a SQUID with optimized back-
ground signal reduction. By this means, in-operando magnetic studies on non-ferromagnetic
electrode material, i.e., commercially used cathode materials, became feasible. In this thesis
this novel technique is applied as a case study to Li, CoO4 cathodes, demonstrating not only
the reliability of this new characterization method, but also providing new experimental ev-
idence on the nature of the occurring nonmetal-metal transition, the charge compensation

and possible deterioration mechanisms.

In addition to the in-operando measurements of the magnetic susceptibility, which are re-
stricted to a temperature range in which the battery can operate, temperature-dependent
ex-situ measurements were performed on Li,CoOy cathodes with various predefined Li con-
tents x, to enable a separation of the T-dependent and T-independent contributions to the
susceptibility. This ex-situ measurements were performed by G. Klinser in the course of his

master thesis [212] under co-supervision of this thesis’ author.

The remainder of this chapter is structured as follows: First, the fundamental properties of
the investigated cathode material LiCoO are summarized in Section[6.2] The electrochem-
ical cell used for the in-operando measurements is presented in Section [6.3.1] Section [6.3.2]
deals with the experimental execution of the measurements. The results of the ex-situ and
the in-operando measurements of the magnetic susceptibility of Li,CoOs are given in Sec-
tion followed by their discussion in Section [6.5] Finally, the present study is concluded

and an outlook for future research is given in Section [6.6]
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Figure 6.1: Structure (space group R3m) and scheme of the conventional concept of charge compensation
during charging and discharging of Li, CoO5 cathodes. During charging up to 50 % of Li" can be extracted
reversibly. According to the conventional picture of charge compensation, the Co3" is oxidized to Co?"
with Li" extraction, resulting in equal amounts of Co3" and Co*' in Lig.5Co05. With discharging (LiJr
re-intercalation) the reverse process occurs. Structures drawn with VESTA .

6.2 LiCoO; cathodes — Fundamental properties

In 1980, Goodenough and co-workers demonstrated the ability of LiCoOs for reversible
electrochemical lithium de- /intercalation [213|214], which makes it a viable cathode material
for rechargeable Li-ion batteries. The commercialization of these batteries started in 1991,
when SONY developed the first practical rechargeable Li-ion battery by combining the
LiCoO4y cathode with a carbon anode . From then on, LiCoO, was the dominant
cathode material used in commercial Li-ion batteries because of its high operating voltage
of about 4V, good cycle life time and ease to synthesis [216]. Although other cathode
materials, like the mixed transition metal oxides, such as LiCo; /3Ni; ;3Mn; /302, have become
more prevalent over the past decade due to the scarcity and costs of Co, LiCoOy remained
the most common cathode material, being used to power most of the portable electronic

devices, such as cellular phones, laptops and digital cameras [217-219].

LiCoOs crystallizes in the layered a-NaFeO, structure (space group R3m), where Li" and
Co3" occupy the octahedral 3a and 3b sites of a cubic closed-packed oxygen array, thus
forming alternating layers along the (111) planes (see left part of Fig. |6.1)). Because of
this ordered structure with covalently bonded CoOs layers, LiCoOy exhibits a good Li"
mobility between the CoO4 layers and, therefore, Li-ions can be reversibly extracted from
and inserted into the lithium planes. However, the Li" extraction from Li,CoOs is limited
to x > 0.5, since an irreversible structural phase transition to a monoclinic phase occurs
for deeper extractions along with chemical instabilities (see e.g. ) As the lithium
content of = 0.5 corresponds to a potential of 4.2V with respect to metallic lithium, this

voltage has to be chosen as upper cut-off potential, when charging should be restricted to
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Figure 6.2: Photographs showing different steps of the preparation of the LiCoOs cathode. (a) Flattened
end of the Al wire before the dip-coating process. (b) Completed cathode after the dip- coatmg process
and pressing (see text).

the reversible regime. Due to this restriction, the theoretical capacity of 274 mAhg~!, which
corresponds to the extraction of one Li-ion per formula unit, cannot be reached in practice.

Instead, the practically available maximum capacity amounts to 137 mAhg~!

Upon extracting the Li-ions from Li,CoOy during charging of the battery, the removal of
the positively charged ion has to be compensated by a hole transfer to occupied electron
states. In the conventional concept of charge compensation, as it can be found in many
textbooks (see e.g. ,), it is assumed that the oxygen valence is fixed at O*" and
that only the Co?" takes part in the charge compensation, resulting in a change of the cobalt
oxidation state from Co3" to Co*" (see Fig. . Consequently, one half of the Co-ions will
be in the Co®" and the other half in the Co*" state upon charging the battery to the limit
of reversible charging, corresponding to Lig5CoQOs. During the discharging process, Li-ions
are re-intercalated into the Li,CoOy cathode and the Co*" ions are reduced back to Co3"

Since these changes of the electronic structure of the Co-ions upon charging/discharging are
associated with variations of their spin configuration, magnetic susceptibility measurements,
in particular in-operando studies, can be used to clarify if this conventional picture of charge

compensation pertains.

6.3 Experimental
6.3.1 Electrochemical cell design

The LiCoOs cathode was prepared by dip-coating a flattened, about 5 mm long end of an Al
wire (99.993 %, ¢=0.25mm) in an electrode slurry (see Fig.|6.2a)". The composition of the

¥ The dip-coating of the LiCoO2 cathodes and the preparation of the cathodes for the ex-situ measurements (see
below) was performed by C. Baumann (VARTA Micro Innovation GmbH).

86



6.3 Experimental

«————— PPplug

«— PE tube

/ Cu wires “., 5
< *
Li reference
electrode

Al wire

wog’/|

()]
['®) g-)U Battery separator
c= membrane
(e

(=
S 7
G @, LiCoO, cathode
£
o 2 Li anode
S.@
) 0

EIectroIK/tIe: 1M LiPFg
in EC:EMC 3.7

>
5mm

Figure 6.3: (a) Sketch and (b) photograph of electrochemical cell used for in-operando measurements of
the magnetic susceptibility of the LiCoO cathode during charging/discharging in SQUID magnetometer.
The small PE tubes insulating the Al and the Cu wires, not shown in (a) for clarity, can only hardly
be discerned in (b). For clarity, the battery separator membrane and the PE tube, which serves as cell
compartment, were removed for the photograph shown in (b). In (b), the epoxy used for sealing (see
text) can be seen on the top of the PP plug. The orange area in (a) indicates the part of the cell which
is pulled through the SQUID pick-up coils during a measurement scan over a length of 6 cm.

slurry was the same as used in commercial Li-ion batteries, containing 88 wt% of LiCoO»-
particles as active material, 7wt% PVDF binder (Kynar 761) and 5wt% carbon black
(Super P) dissolved in NMP (N-Methyl-2-pyrrolidone). The coated wire was dried for 16 h
at 333 K in air at first, subsequently for 16 h at 353 K under vacuum (5x 1073 mbar). Finally,
the cathode material was pressed by applying a hydrostatic pressure of about 80 MPa to
ensure a good electrical contact between the cathode material and the Al serving as current

collector. A photograph of the LiCoOs cathode taken after all these preparation steps is
shown in Fig. [6.2p.

The electrochemical cell used for the in-operando SQUID measurements of the magnetic
susceptibility of the Li,CoOs cathode during charging/discharging was again designed ac-
cording to the requirements given in Section A sketch and a photograph of the cell are
shown in Fig. 6.3 The cell consists of a polyethylene (PE) tube with an outer diameter

of 5mm and a length of 17.5cm. The Al wire was positioned in the cell with the coated
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part (i.e., the LiCoOs cathode) about 7cm above the end of the PE tube. Metallic Li
foils (99.98%) pressed by hand onto Cu wires (99.995%, ¢=0.25 mm) served as anode and
reference electrode. The anode was placed right next to the cathode to ensure that the
charging /discharging process is not impeded by the transport kinetics in the electrolyte.
The reference electrode was placed about 5.5cm above the anode and cathode. Anode
and cathode were isolated from each other by a polypropylene battery separator membrane
(Celgard 2400) and the wires were encased in small PE tubes to prevent short circuits.
As electrolyte 1 M LiPFg+2 wt% vinylene carbonate in EC:EMC (1:2 by weight) was used.
After filling the cell tube with the electrolyte, the tube was closed with a polypropylene
(PP) plug provided with three feedthroughs for the electrode wires. Finally, the plug was
made vacuum tight by gluing with epoxy resin. The entire cell assembling and sealing was

performed in a glove box under argon atmosphere®.

Like for the cells used for the Co deposition (see Sec. and the studies on the porous
nanophase Pt samples (see Sec. , the major advantage of this cell design is the mini-
mized magnetic background signal. This reduction of the background signal is the necessary
prerequisite for magnetometry on electrode materials which exhibit paramagnetic, but not
ferro- or ferrimagnetic behavior, such as the commercial cathode materials like Li,CoOs.
Again, this background reduction could be accomplished by means of an elongated homoge-
neous cell (PE tube, electrolyte) extending over all the three pick-up coils of the gradiometer
of the SQUID during the whole measurement scan (see orange area in Fig. [6.3)). However,
the magnetic signal of the Li,CoOs cathode is superimposed by the signal of the Li anode,
since, as already mentioned above, the placement of the anode right next to the cathode is
necessary for a satisfactory electrochemical performance of the cell. To enable a subtrac-
tion of this signal, measurements were performed on a reference cell without the dip-coated
cathode layer, which revealed a background signal of 2.08 x 10~% emu at a magnetic field of

5000 Oe.

6.3.2 SQUID measurement procedure

In-operando measurements

For the in-operando SQUID measurements during charging/discharging, the electrochemical
battery cell was mounted into a standard plastic straw, which was attached to a modified

sample rod with electrical feedthroughs for connecting the electrode terminals of the cell

Y The cell assembling in the glove box was performed by H. Kren (VARTA Micro Innovation GmbH).
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with the potentiostat. Charging and discharging was performed with a C-rate* of C/10,
corresponding to a current of +£194.5 uA, based on a nominal cathode weight of 16.13 mg and
the theoretical capacitance of 137 mAhg~! for Li,CoO; (see Sec. . Charging, i.e., Li-ion
extraction from the cathode, and discharging (Li-ion loading of the cathode) was limited
to an upper and lower cut-off potential of 4.2V and 3V. In this way, the charging and
discharging process was restricted to the potential range of reversible Li de/-intercalation. In

this chapter, each potential is quoted in relation to the metallic lithium reference electrode.

All in-operando SQUID measurements were performed at a temperature of 300 K and at an
applied magnetic field of 5000 Oe. The magnetic susceptibility was measured continuously
during charging/discharging using a scan length of 6 cm with 64 data points recorded in each
scan. The molar magnetic susceptibility Xrco of the Li,CoOs cathode was obtained after
subtracting the above mentioned magnetic background signal of the Li anode (see page .
Variations of the background signal due to a charging-induced variation of the mass of the
Li anode can be neglected, since the latter is in the range of of 2-4 % only, as estimated from
the charge capacity of the cathode in relation to the mass of the Li anode. The contribution
of the PVDF binder and the carbon black to the magnetic susceptibility of the cathode could
also safely be neglected, since G. Klinser showed by ex-situ measurements [212] that this
signal is more than a factor 30 smaller than that of the Li,CoOs. Furthermore, as will be
discussed on page [97] this contribution is considerably less than the uncertainty coming

from the background signal of the Li anode quoted on page
Ex-situ measurements

To obtain Li, CoO, cathodes with different Li contents = for the temperature-dependent ex-
situ measurements of the magnetic susceptibility, LiCoOy was coated on aluminium foils,
analogously to the dip-coating process used for the preparation of the in-operando cathode
(see page . The Li extraction was performed in a Maccor Series 4000 battery tester
with a C-rate of 0.005 using a three-electrode cell (Swagelok® T-cell), which contained a
Li anode and Li reference electrode and the same electrolyte as used for the in-operando
measurements. The charging time for a pre-defined Li content x was determined using
the theoretical capacitance of Li,CoO,. In total, 13 samples with different Li contents x

in the range 1 > x > 0.2 were prepared in this way. Hence, even samples beyond the

* The C-rate is defined as the inverse of the time, in hours, necessary to fully charge or discharge the battery
according to the practically available maximum capacity. Thus a C-rate of C/10 for LiCoO2 means that charging
up to 4.2V should last 10 hours.
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6 In-operando SQUID magnetometry on Li, CoOs cathodes during charging and discharging

limit of reversible charging (r = 0.5) were prepared for the ex-situ measurements. For
selected concentrations x, two samples were prepared to verify the reproducibility of the

measurements.

The measurements of the magnetic susceptibility X;co on these Li,CoOy samples were
performed in field-cooling mode in a temperature range between 300 K and 8 K at an applied
magnetic field of 10kOe. As described in detail by G. Klinser [212], a sample holder with
minimized background signal, allowing for measurements in protective Ar atmosphere, was
used. The sample handling before the susceptibility measurements was also performed under
protective Ar atmosphere. Furthermore, a precise correction of the magnetic contribution
of the Al foil and the additives (PVDF binder, carbon black) was performed at the ex-situ

measurementsy.

6.4 Results

This section is divided into two parts. First, the results of the temperature-dependent
ex-situ measurements, which are necessary for the interpretation of the in-operando mea-

surements, are given in Section [6.4.1] Then, the results of the in-operando measurements

are presented in Section

6.4.1 Ex-situ measurements

Figure [6.4] shows the variation of the molar magnetic susceptibility Xy co of Li,CoOy with
temperature exemplary for three Li contents . Both the absolute values as well as the tem-
perature dependence vary with the Li content x. To distinguish between the temperature-
dependent and independent part, the susceptibility curves were fitted using a modified
Curie-Weiss law

Xrco = Xt + Xo

C
(T +Ty) o (6.1)
Nangss

=——+X cgs units).
Shp(T + Ty) T 0 (8 umits)

Herein, X, denotes the temperature-dependent Langevin susceptibility of the localized para-

magnetic centers and Xy the temperature-independent susceptibility, which is assigned to

¥ As already stated above, this small correction was not applied for the in-operando measurements, since, as will
be discussed on page the uncertainty coming from the background signal of the Li anode is considerably
higher than this correction.
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Figure 6.4: Molar susceptibility X;co of Li,CoOs (symbols) as a function of temperature T for three
different lithium contents x (see legend) measured in field cooling mode at a constant magnetic field of
10kOe. The black lines are least square fits to the data in the temperature range between 8 K and 130 K

using eq. (6.1).

Pauli and Van Vleck paramagnetism (see below). C' is the Curie constant, Ty the Néel
temperature, N4 the Avogadro constant, p.rs the effective magnetic moment of the para-
magnetic centers and kp the Boltzmann constant. In case of 3d-metal ions, like Co, as
magnetic centers, the orbital magnetic moment is quenched and, therefore, the effective

magnetic moment is given by

prerr =/ S(S + 1)us, (6.2)

with S the spin quantum number. Due to kink-like behavior in the T range between 140 K
and 160 K for certain Li-contents x (see [212] for details), fitting was restricted to 7' < 130 K.
As can bee seen from Fig. [6.4] the magnetic susceptibility data are well described by the
modified Curie-Weiss law in this temperature range. The slight deviation of the Li; CoO,
curve from the fit at low temperatures comes from antiferromagnetic ordering which occurs
below 35 K. Due to this discrepancy, the values of X, and X for Li; CoO5 cannot be obtained

accurately from the fit and are therefore not considered further.

In Fig. the magnetic susceptibility X,co measured at 300 K (which corresponds to the
most-right data points of the X oo — T curves in Fig. [6.4)) is plotted as a function of the
Li content z, together with the contributions Xy and X of the T-independent and the
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Figure 6.5: Different contributions to the magnetic susceptibility of Li,CoOs cathodes at T = 300 K.
Xrco: total magnetic susceptibility measured at 300K (corresponds to the most-right data points of
Xrco — T curves in Fig. , Xo: temperature-independent part of the magnetic susceptibility, Xp:
temperature-dependent Langevin part of the magnetic susceptibility at T = 300K (see eq. ) The
vertical error bars of X, are too small to be visible in the present scaling.

T-dependent part. First, it should be noted that Xpco = X1 + Xo is not strictly valid
for the data shown in this figure, since the values of X7 and Xy were obtained by fitting
eq. to the susceptibility data in a T-range between 8 K and 130 K, whereas Xpco is
the magnetic susceptibility measured for T" = 300 K. It becomes obvious from Fig. that
for T' = 300 K the main contribution to the magnetic susceptibility X;co comes from the
temperature-independent part Xg. Xg first increases continuously with Li extraction and
reaches a constant value for x < 0.65, except for Lig 55 CoOs and Lig 5CoO», for which slightly
reduced values are found. As stated by Motohashi et al. [207], these exceptions as well as a
reduced value of X for Lig7CoOs may arise due to the kink-like behavior of the Xpco — T
curves for this Li concentrations = (see [212]| for details). For X, an increase is observed
with Li-ion extraction for 1 > x > 0.55, which is most pronounced for 1 > z > 0.7. In the
vicinity of the limit of reversible charging (0.55 > x > 0.45), X, shows a strong decrease.

For the Néel temperature Ty, the fits provided values in the range of 3-14 K.
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Figure 6.6: Measured SQUID output voltage curve (symbols) and corresponding fit (line) for the first
data point of the magnetic susceptibility Xpco obtained at the in-operando measurements on Li,CoO4

shown in Fig. @

6.4.2 In-operando measurements

First, to verify that reliable values of the magnetic susceptibility are measured at the SQUID
measurements with the electrochemical cell, the SQUID output voltage curve and the cor-
responding fit are shown in Fig. [6.6] exemplary for the first data point of X co of the
in-operando measurements in Fig. The good coincidence of the data and the fit in-
dicates that the magnetic signal arises solely from the centered parts of the cell, i.e., the
Li;CoO, cathode and the Li anode, and that accurate values of Xyco are obtained at the
in-operando measurements. The slight deviations, which occur especially for z < 2 cm, most
probably stem from a small vertical displacement of the Li,CoO5 cathode and the Li anode.
However, since these small discrepancies have no significant influence on the amplitude of

the fit, the Xpco value determined from this fit is not affected considerably.

The variation of the magnetic susceptibility Xrco of the Li,CoO5 cathode upon three con-
secutive charging/discharging cycles is shown in Fig. |6.7] along with the electrode potential
U. A detailed view of the start of the first charging cycle is given in Fig. The elec-
trode potential U shows the typical loading/unloading curves characteristic for LiCoOq
cathodes demonstrating the reliable performance of the electrochemical SQUID cell. Prior
to charging, the cell was kept in an open circuit mode for 10 min, during which the electrode
potential U and X0 stayed constant (see t = 0 to 10 min in Fig. . With the onset of the

charging, i.e., Li extraction, Xyco starts to increase linearly immediately. As can be seen
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Figure 6.7: Magnetic susceptibility Xpco of the Li,CoOs cathode (red line) and electrode potential
U (blue line) as a function of time ¢ during three consecutive cycles of charging/discharging with a
nominal C-rate of C/10. The gray dashed lines indicate the theoretical slope spco of the magnetic
susceptibility for the reversible transition between Co3" (S=0) and Co*™ (S=1/ 2) which would correspond
to a pure Langevin paramagnetism of localized moments. But as discussed in the text, delocalized Pauli
paramagnetism prevails. Several Li contents = are indicated in the first charging cycle for the discussion.
The green dotted line is a linear fit to Xpco for < 0.71 of the first charging cycle (see discussion). An
enlarged view of the measurement onset is given in Fig. @

from Fig. [6.7] this increase prevails with a constant rate for about 5hours and afterwards
proceeds with a reduced constant rate. This increase at a reduced rate even continues after
the first charging cycle is stopped at the upper cut-off potential of 4.2V after 8.65 hours and
discharging, i.e., Li re-intercalation, sets in. The maximum of X;co, which is 167 % higher
than the initial value of X1c0, is reached at t = 11.25 h after about 2.4 hours of discharging.
Subsequently, Xco decreases after about one further hour, with the same absolute rate as
during charging, until the first discharging cycle is stopped after 8 hours at t = 16.8h by
reaching a potential of 3 V. Upon starting the second charging cycle, the variation of X;co
reverses its sign instantaneously, leading again to the same linear rise as in the first cycle.
Thereafter, the behavior of X co in the second and third charging/discharging cycles is

qualitatively the same as in the first one.

The charging times (tcharge) and discharging times (tgischarge) Of the three consecutive cycles
of the in-operando measurement are given in Table [6.1] As can be seen from this table,
the charging cycles are shorter than the expected 10 hours, which were defined by choosing
a C-rate of C/10. This indicates a reduced capacity presumably because not the entire
cathode material contributes to charging /discharging because of structural inhomogeneities

and thickness variations of the dip-coated layer. Furthermore, a loss of small fragments
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Figure 6.8: Detailed view showing the magnetic susceptibility Xco of the Li, CoOs cathode (red dots)
and electrode potential U (blue line) as a function of time ¢ at the onset of the first charging cycle. The
cell was kept in an open circuit mode until the charging with a current of +194.5 uA was started at

t = 10 min. The further progression of Xyco and U during 3 consecutive cycles of charging/discharging
is shown in Fig. @

of the brittle cathode during assembling the cell cannot be excluded. However, an effect
of such a loss on a reduction of the capacity is considered to be small and, therefore, not
quantitatively taken into consideration. Moreover, the fact that ¢charge > tdischarge indicates
that the fully Li-loaded initial state is not restored. This is also reflected by the higher value
of Xpco after the end of the first discharging step (¢ = 16.8h in Fig. in comparison
to the initial Xy oo value. A likely reason may be a slight misalignment of cathode and
anode, which causes that not the entire Li can be re-intercalated into the Li,CoOy cathode
in the discharging cycle. This misalignment could also explain the decrease of the charging
times from cycle to cycle, since Li that was not re-intercalated in the preceding discharging
cycles is not available in the following cycles. However, as discussed below, the possible

formation of Co?" during reduction may also play a role at the deterioration of the battery

performance.

Table 6.1: Charging times (tcharge) and discharging times (tgischarge) of the LizCoOs cathode during
the three consecutive cycles of the in-operando measurement shown in Fig. @

Cycle | teharge [h tdischarge [h]
1 8.65 8.00
2 6.66 6.41
3 5.45 5.36
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Figure 6.9: (a) Electrode potential U and (b) magnetic susceptibility X.co of the Li,CoO2 cathode
measured with the in-operando electrochemical cell as a function of the Li content x.

6.5 Discussion

For the discussion of the results, the susceptibility X;co of the Li, CoO4 cathode is plotted
in Fig. 6.9 as a function of the Li content z for the three consecutive cycles of in-situ
charging /discharging, along with the electrode potential U. The Li content x was calculated
based on the nominal cathode mass and on Faraday’s law, assuming that the current is
entirely caused by Li de-/intercalation. As can be seen from this figure, X co varies linearly
with the Li content for 1 > x > 0.77. This linear increase of Xrco is addressed in the first
part of the discussion (see Sec. . The regime x < 0.77, in which the increase of Xrco

with decreasing Li content z is reduced considerably, is discussed in Section [6.5.2]

Before these discussions, the results of the in-operando measurements of the magnetic sus-
ceptibility of the Li,CoO4 cathode should be compared with the results of the ex-situ mea-

surements. For this purpose, Xpco of the first charging cycle of the in-operando measure-
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Figure 6.10: Comparison between the in-operando (green line) and the ex-situ (blue symbols) measure-
ments of the magnetic susceptibility Xrco of Li,CoOs as a function of Li content z. The ex-situ data
are the data points which were obtained at the temperature dependent measurement for 7' = 300 K.

ments is plotted in Fig.[6.10[as a function of the Li content x together with the Xrco values
of the ex-situ measurements for 300 K. This comparison shows that the same Xpco — =
progression is obtained by the in-operando and the ex-situ measurements, confirming the
reliability of the presented in-operando technique. Furthermore, this figure demonstrates
that the major advantage of the in-operando measurement is the continuous monitoring of
the charging-induced variation of Xyco. Whereas the ex-situ measurements suggest that
the strong linear increase of Xy oo with Li extraction continues until a Li content of x = 0.7,
the in-operando measurements show that the slope of the X co variation changes already at
x = 0.77. The slight deviation in the absolute values of the magnetic susceptibility between
the in-operando and ex-situ measurements most probably arises from uncertainties of the
background subtraction. As stated in Section [6.3] for the in-operando measurements the
magnetic background signal of the Li anode has to be subtracted to obtain the magnetic
susceptibility Xrco. Since this background signal of 2.08 x 10~*emu at a magnetic field of
5000 Oe determined by measurements on a reference cell (see page is of the same order
of magnitude as the magnetic signal of the Li,CoO4 cathode, a slightly different amount of

metallic Li used as anode in the cells is most probably the cause of this deviation.
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6.5.1 Li,CoO;, concentration range: 1 > x > 0.77

For the discussion of the strong linear variation of X;co for 1 > x > 0.77 (see Fig. , at
first the simple conventional notion of charge compensation is adopted according to which Li
extraction is associated with the oxidation of Co from Co®" to Co*". Here, pure Langevin
paramagnetism of localized magnetic moments is assumed, i.e., only the first part X of
eq. (6.1) is considered”. Regarding that both the Co3" ions (S=0) [205,207,224] and the
Co*" jons (S=1/2) [203,/207,/224] are in the low-spin state, the oxidation of the Co from

Co?" to Co*" corresponds to an increase of the molar magnetic susceptibility of

AX == XL,CO4+ - XL,CO3+

2
Na [2¢/% (5 +1)]
- 3kpT
= 1.25 x 10~* emu/(mol Oe) (for T = 300K).

-0

By charging the cathode with the current i of 194.5 uA, the total number of moles of Co

which are transformed from Co?" to Co*" per second is given by

1

Niotal =
o eNA

=2.02 x 10~? mol/s. (6.4)

Taking into consideration the nominal cathode mass m of 16.13mg of which 88 wt% are
apportioned to LiCoQO3, the number of LiCoO5 moles in the cathode Nyco can be calculated

by
0.88m
N e
LCO (MLCO

) = 1.45 x 10~* mol, (6.5)

where Mpco denotes the molar mass of LiCoOs of 97.87g/mol. The molar fraction of

Li, CoOs, which is transformed from Co?" to Co*" per second, is given by the ratio of

eq. (6.4) and (6.5):

Troo = =139 %x107%s L, (6.6)

The product of z 00 and AX, i.e., the variation of the molar magnetic susceptibility ac-

cording to eq. (6.3)), yields the expected slope spco of the X co — t variation:
sLco = Troo X AX = 1.73 x 107® emu/(mol Oe s) (for T = 300K). (6.7)

This slope is illustrated by the gray dashed lines in Fig. [6.7] It fits remarkably well the

experimental data in the regime of the constant high rate, i.e., for x > 0.77. Despite this

? For the following calculations, antiferromagnetic ordering is neglected (T'v =0), since, as stated above, T is
rather small.
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6.5 Discussion

good agreement with a Langevin-type behavior of localized moments, the temperature-
dependent ex-situ measurements revealed that the temperature-independent susceptibility
Xo prevails. As can be seen from Fig. Xo dominates by far at 300 K and at most one
eighth of Xco originates from localized moments (i.e., from X with Langevin behavior).
The prevalence of Xy was further demonstrated in a couple of ex-situ studies [202-204.206-
208,1210,1211]. Hence, the strong linear increase of X co for x > 0.77 cannot be explained
by variations of the Langevin-term X of the susceptibility, but rather by variations of the

temperature-independent susceptibility Xp.

This temperature-independent part of the susceptibility X, is attributed to Van Vleck
and Pauli paramagnetism [42}201} 203} 205|207}, 225|. Since the Van Vleck paramagnetism
is hardly affected by electron hole formation upon Li extraction, the observed variation
of Xy has to be attributed entirely to Pauli paramagnetism. Given that the charging-
induced linear variation of Xzco for > 0.77 is due to changes of the Pauli susceptibility
Xp = popsD(Er), this indicates that the density of states at the Fermi level D(Ef) varies
linearly with Li de-/intercalation for 1 > = > 0.77. As D(Ep) = 0 for Li;CoO; [226], a
value of D(Er) = 6.8eV~! can be derived for Lig77CoOs from the total alteration AXrco
of 2.5x10~*emu/(mol Oe) in this linear range, assuming that the small contribution of the
localized moments (Langevin behavior) on Xzco is the same as determined for x < 0.71 (see
below). This value of D(EF) is higher than the value calculated by ab-initio electronic band
structure calculations lying in the range of 4.5eV~! [226], indicating that the X p-variation
cannot entirely be attributed to a rise of D(EF). In fact, an Anderson-type nonmetal-metal
transition in this regime (see below) contributes to a X p-enhancement due to correlation

effects [227].

In a next step, this strong linear variation of X;co with the Li-ion concentration x is com-
pared with that of the electrical conductivity. Since the X;co — x variation is predominantly
caused by a variation of the Pauli paramagnetism, the instant increase of X;co with charg-
ing suggests that LiCoOs becomes metallic right after starting the Li extraction. This is
also consistent with the calculations of Milewska et al. [226] according to which D(Er) > 0
prevails already for Ligg9CoQOs. Compared to that, however, conductivity measurements
indicate a nonmetal-metal transition for x = 0.94. The nature of this nonmetal-metal
transition is still under discussion [226,228|. The different behavior of the conductivity
and the magnetic susceptibility is well reconcilable with the interpretation of the transition

being of Anderson-type [226|, which affects conductivity and susceptibility in a different
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6 In-operando SQUID magnetometry on Li, CoOs cathodes during charging and discharging

manner. Due to the Anderson transition, electron holes are localized, which suppresses
electron mobility for x > 0.94. Whereas this localization leads to a jump in conductivity
at the nonmetal-metal transition, the Pauli susceptibility shows a continuous behavior (see
Mott [227]) in full agreement with the present results. Indications of such an Anderson
localization in Li,CoOs were also observed by STM measurements [229]. For Lag3CoO-,
where the low conductivity was attributed to this kind of localization, Pauli paramagnetism

occurs [230] as well.

6.5.2 Li,CoQO, concentration range: = < 0.77

This subsection addresses the regime of x < 0.77, in which the increase of X co with decreas-
ing Li-ion content z is reduced considerably (see Fig. . As shown by the temperature-
dependent ex-situ measurements presented in Fig. and by several other ex-situ stud-
ies [204}206,]207], the temperature-independent susceptibility X becomes nearly indepen-
dent of x in this concentration range. At most, a tendency for a Xy reduction with Li
extraction can be discerned from the ex-situ measurements (see Fig. [6.5). This leads to
the conclusion that the X;co — x variation for x < 0.77, which shows an increase with Li
extraction (see Fig. , must be governed by the localized magnetic moments owing to
the charging-induced change of the oxidation state of the Co-ions (i.e., by the variation of
X1,). However, the simple notion of a transition from Co*" to Cot" does not apply, since as
outlined above this would be associated with a much stronger variation of X;co (see calcu-
lated gray dashed line in Fig. . The reduced slope of X;co indicates that the charge is
compensated not only by the Co oxidation but rather by concomitant charge transfer with
O. In fact, XANES [231] and XPS measurements [224] have shown that in addition to Co,
also O undergoes partial oxidation during Li extraction. Fitting X co — z(t) linearly for
x < 0.71 (see green dotted line in Fig. according to a Langevin-type behavior, yields
a slope of sg;x = 1.77 x 107% emu/(mol Oe s), which corresponds to an effective magnetic
moment of 0.55 up per reacting Co-ion according to equations —. This value is well
in line with ex-situ data [203,[206] which supports the notion that the X co — = variation
in this regime is governed by a change of the Co oxidation state. Since the transition Co3"
to Cot" corresponds to a magnetic moment change of 1.73 up, an effective concentration
of transformed Co of 32 % is derived from the effective magnetic moment of 0.55 up, which
is in excellent agreement with ab-initio calculations according to which 35 % of charge is
transferred to Co [232|. This demonstrates that the in-operando magnetometry measure-

ments can monitor sensitively the oxidation state of the transition metal ions in the cathode
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6.6 Conclusion and outlook

material during charging/discharging.

Remarkable is the fact that the increase of Xco proceeds at the beginning of the discharging
process (see t = 8.8 h in Fig. , and regime of reversal on right-hand side in Fig. . This
may indicate that parts of the Co-ions are reduced to an oxidation state having a high-spin
configuration. Indeed it was concluded by XPS measurements, that Co?" in the high-spin
state is formed during reduction, due to oxygen deficiency at the electrode surface [233|.
This formation of Co?" would also be in line with the observed decrease of charging times
from cycle to cycle (see Table . Since no indication for an oxidation of Co?" back to
Co3" is found in the second charging cycle, which would be manifested by a decrease of
Xrco in the charging cycle, it can be assumed that the formation of Co?" is irreversible
and, therefore, leads to performance losses (i.e., reduced charging capacity) in the next
cycle. As can be seen in Fig. and Table [6.1, both the rise of X co at the beginning of
the discharging cycle, indicating the formation of Coﬁ, and the performance losses become
less pronounced with ongoing cycling, which shows that these two effects are correlated. To
clarify this item and to check whether the formation of Co?" is kinetically controlled, further
measurements with different charging rates, cut-off and holding potentials are needed. The
present measurements, however, already show that the in-operando technique gives access

to such kind of phenomena, which may cause a deterioration of the cathode performance.

6.6 Conclusion and outlook

A technique for in-operando measurements of the magnetic susceptibility during electro-
chemical charging was implemented which enables in-operando studies of application-relevant
battery materials even if they are not ferromagnetic. This is possible owing to the strongly
reduced background signal of the cell. As a case study, charging and discharging of a com-
mercially used paramagnetic Li,CoOsy cathode was monitored during consecutive cycles.
The magnetic susceptibility of this cathode material varies by more than 150 % upon charg-
ing/discharging and, therefore, serves as highly sensitive fingerprint for the charge state.
The continuous monitoring of Xyco allows a clear distinction between different magnetic
behavior for various lithium contents x, yielding new insights into the electronic and chem-
ical processes in the electrode during charging and discharging. In particular, the Xrco
variation with Li content yields evidence for a nonmetal-metal transition of Anderson-type
and for a charge compensation where in addition to Co oxidation also a charge transfer

with O is involved.
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6 In-operando SQUID magnetometry on Li, CoOs cathodes during charging and discharging

As already stated above, further measurements on Li,CoOs with different charging rates
could be used to clarify if occurring phenomena, like the formation of Co?", are kinetically
controlled. The kinetics of the ongoing processes could be further studied by holding of
the charging/discharging process at a certain potential, while monitoring whether the Xrco
variation continues or X co stays constant. Moreover, measurements with different upper
cut-off potentials seem to be promising. On the one hand, by lowering the upper cut-off
potential stepwise from 4.2 V, one can study up to which cut-off potential the X;co variation
shows an instant change in sign when starting the discharging cycle. These measurements
would reveal the critical potential, above which the proposed irreversible formation of Co?"
in the discharging cycle occurs. On the other hand, the electronic and chemical processes
going on when crossing the limit of reversible charging (z = 0.5) could be studied by
increasing the upper cut-off potential from 4.2V onwards. As can be seen from the ex-
situ measurements (see Fig. , X1, shows a strong decrease in the vicinity of the limit
of reversible charging, indicating that an electronic charge transfer from O-ions to Co-ions
occurs in the wake of loss of oxygen. Due to the possibility of the in-operando measurements
to monitor Xyco continuously, such measurements could reveal if this decrease of X, occurs
in a discrete step or continuously over a certain Li concentration range. This would shed new

light on the electronic and chemical processes occurring at the limit of reversible charging.

Beside these additional measurements on Li,CoOs, the application of the presented in-
operando technique to other cathode materials promises interesting results. For instance,
studies on LiFePO, cathodes would be of high relevance, since the application of this mate-
rial in e.g. batteries for electric vehicles is limited by the fact that the flat potential profile
during charging/discharging hampers the determination of the state of charge [217|. There-
fore, several research groups proposed to use the magnetic susceptibility of the LiFePOy4
cathode as an alternative quantity for the state of charge determination [234-236|. However,
so far it has not been investigated whether the magnetic susceptibility of LiFePO, varies
continuously in a systematic and reversible way over various cycles of charging/discharging.
This would be the imperative prerequisite for such a detection method. The present in-

operando technique represents the ideal tool to clarify if this is the case.

The layered mixed transition metal oxides, especially the so-called NMC materials, which
contain nickel, manganese and cobalt ions (Li; Co,Ni,Mn;_,_.0O5) and which are beginning
to be deployed in electric vehicles [219] are a further class of cathode materials, where novel

insights into the chemical processes can be expected from in-operando studies of the mag-
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6.6 Conclusion and outlook

netic susceptibility. In general, it is assumed that the transition metal ions in these materials
are oxidized in sequence of Ni2" — N13+, Ni®" — Ni4+, Co® = Co*" during charging, and
that the Mn*" stays unchanged [237]. Since the various transition metal ions exhibit differ-
ent spin states, distinct variations of the Langevin susceptibility X of these paramagnetic
centers are expected for these different transitions. Since ex-situ measurements showed that
NMC cathodes exhibit only this Langevin paramagnetism and no T-independent param-
agnetism Xo [238-240|, in-operando SQUID measurements would be an ideal technique to
directly monitor these changes of the oxidation states of the transition metal ions continu-
ously over several cycles of charging and discharging. Indeed, in preliminary measurements
on Li;Co;/3Ni;;3Mn; /305 cathodes, we could show that with Li de- /intercalation, different
reversible (Ni?" — Ni*", Ni*" — Ni*") and irreversible (Co®" — Co*") oxidation processes

can be unambiguously detected and analyzed.
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CHAPTER 7

Summary and conclusion

In summary, a novel electrochemical cell design for in-situ studies in a state-of-the-art
SQUID magnetometer was developed. The main improvements of this design are the re-
duced magnetic background signal and the implementation of a third electrode. Owing
to the reduced background signal of the cell, measurements on paramagnetic samples and
ultrathin magnetic films became feasible. Regarding thin films, the implemented technique
of in-situ electrodeposition enables, furthermore, a total elimination of the magnetic back-
ground signal of the substrate and, therefore, allows a precise determination of the absolute
magnetic moment arising exclusively from the electrodeposited film. Owing to the imple-
mentation of the third electrode, reliable in-situ cyclic voltammetry measurements and,
therefore, a continuous monitoring of the magnetic properties during electrochemical char-
acterization measurements became possible. In this way, a precise correlation between the
electrochemical processes occurring on the investigated electrode and the detected varia-
tions of the magnetic properties could be accomplished. This was demonstrated based on

three different topics.

At first, in-situ electrodeposition of thin Co films on a Au(111) substrate was addressed
(Chapter [4). The emergence and decreasing of magnetism with Co deposition/dissolution
could be observed by monitoring the magnetic moment my;,, of the film continuously
during its growth and subsequent dissolution. Since our method of in-situ electrodeposition
enables to determine both the film thickness and the absolute magnetic moment of the
ultrathin film, the thickness-dependence of the magnetic moment of the deposited Co films

for film thicknesses between one and some tens of atomic layers could be studied. For the
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7 Summary and conclusion

first few atomic layers, an enhancement of the magnetic moment per Co atom compared to
the bulk could be observed, which increases steadily with lowering the film thickness, and
reaches up to 40 % for a film thickness of one atomic layer. Such an enhancement of the
magnetic moment for ultrathin Co films is consistent with data in literature. Therefore,
it was demonstrated that the presented approach of in-situ electrodeposition in a SQUID
magnetometer is a promising new method for the determination of the absolute magnetic

moment of ultrathin magnetic films.

Furthermore, the novel cell design was applied for studies of the electrochemical tuning
of the magnetic properties of porous nanophase systems (Chapter . In this case, the
ability to monitor the magnetic moment continuously during cyclic voltammetry measure-
ments was utilized to distinguish which electrochemical process at the electrode-electrolyte
interface causes the variation of the magnetic moment m. For porous nanophase Pt, the
reversible variation of the magnetic moment during electrooxidation of up to 1 % turned out
to be mainly caused by the electric field, which is generated by the electrochemical double
layer at the Pt-electrolyte interface. Electric field-dependent spin-orbit coupling was iden-
tified as one possible origin of this m-variation. In contrast to the magnetic moment, the
electrical resistance of the Pt sample is mainly influenced by the reversible oxygen adsorp-
tion/desorption processes at the Pt surface. The in-situ cyclic voltammetry measurements
on a y-Fe;O3 /Pt nanocomposite showed that the charging-induced variation of the magnetic
moment of the v-Fe;O3 nanocrystallites of up to 4.9 % strongly depends on the potential
regime of charging and, thereby demonstrates the ability of the novel measurement set-up
to allocate the m-variation to a distinct electrochemical regime. In the positive potential
regime, the charging-induced m-variation is suppressed due to the formation of a hydroxyl
adsorption layer. The pronounced sensitivity of the magnetic moment to charging in the
negative potential regime is most probably associated with a pseudocapacitive reversible
redox reaction between v-Fe;O3 and FesO4. However, it cannot be excluded that the mag-
netic moment is also influenced by charging-induced variations of the magnetic anisotropy

or by a combined effect of charging-induced strain and magnetoelastic coupling.

Finally, the first in-operando measurements of the magnetic susceptibility of commercially
used Li-ion battery cathode materials could be performed by means of the novel cell design
(Chapter [6). As a case study, the magnetic susceptibility Xrco of Li,CoO cathodes was
monitored during consecutive cycles of charging and discharging. It was demonstrated

that the distinct variation of Xrco with Li content x can be used to give insights into the
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chemical and electronic processes occurring in the cathode during charging and discharging.
In particular, the linear variation of Xpco for lithium contents 1 > x > 0.77 indicates a
linear rise of the density of states at the Fermi-level D(Fr) with Li extraction. For x < 0.77,
the variation of X co was assigned to alterations of the Co oxidation state, revealing that
in addition to cobalt also oxygen undergoes partial oxidation during charging. An observed
further increase of X;co at the beginning of the discharging process may indicate the

formation of Co?" during reduction.

In conclusion, it was demonstrated that the novel electrochemical cell design enables reli-
able electrochemical characterization measurements in-situ in a SQUID magnetometer and,
that it is therefore highly suitable for studies of the correlations between electrochemical
processes and magnetic properties in different kinds of fields, such as electrodeposition,
electrochemical tuning of magnetic properties and as a diagnostic tool to characterize elec-
tronic and chemical processes occurring in Li-ion battery cathodes during charging and dis-
charging. Therefore, this combination of SQUID magnetometry and in-situ electrochemical
experiments promises to be a key to better understand the interdisciplinary field between

magnetism and electrochemistry.
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