In Situ X-ray Scattering Studies of Ultrathin
Epitaxial Metal Oxide Films

DISSERTATION

in fulfilment of the requirements for the degree of
Doctor of Natural Sciences (Dr. rer. nat.)
of the Faculty of Mathematics and Natural Sciences
at Kiel University
submitted by

Finn Reikowski

Kiel, 2019






First examiner: Prof. Dr. Olaf M. Magnussen
Second examiner: Prof. Dr. Jan Benedikt

Date of the oral examination: 07.06.2019






Abstract

This work combines electrochemical studies of thin epitaxial metal and metal oxide films with
advanced in situ and operando surface X-ray diffraction (SXRD). This combination enables the
correlation of reactive processes with the structure of the interfaces at which they occur. In the
focus of our studies are Co oxides, which are promising candidates for the precious-metal-free
catalysis of the oxygen evolution reaction (OER).

One way to obtain thin oxide films is the anodic metal oxidation. Co deposition on Au(111)
single crystal electrodes results in thin epitaxial films with a thickness of a few nanometer and a
(001) orientation. Subsequent oxidation commences with the adsorption of OH followed by the
rapid formation of an ultra thin passive film of Co(OH), covering the entire surface. On longer
timescales, inhomogeneous growth of 3D Co(OH), crystallites is observed. Direct observation
of the continuous passive films and of passive films of higher oxidation states was not possible.

Therefore, thin epitaxial films of Co30,4 and CoOOH, which are the phases of interest for
OER catalysis, were directly electrodeposited on Au(111) substrates. To investigate these
films under operation conditions, a novel electrochemical cell was developed, which allows
measurements under strong gas evolution and current densities of 150 mA cm~2. While the
CoOOH film is completely stable in the whole OER potential regime, Co30,4 forms an ~ 1 nm
thick skin layer 300 mV negative of the onset of OER. The formation of this skin layer is fast,
highly reversible and its thickness increases linearly with the applied potential. Despite this
very different structural behaviour, the catalytic activity of the two phases is very similar. This
is at variance with previous assumptions about the catalytically active sites in Co oxide based
catalysts.

Aside from the OER motivated studies, we investigated magnetic Pd/Co/Au(111) stacks. Pd
deposition on Co/Au(111) grown analogous to the oxidation experiments results in an epitaxial
capping layer with (111) orientation. Magneto optical Kerr effect (MOKE) measurements show
that the magnetic anisotropy of the film can be reversibly modified by the electrochemically
induced absorption/removal of H from the Pd capping layer. Structural analysis by SXRD reveals
that the resulting Pd lattice expansion/contraction induces a reversible strain in the Co film.
However, this strain appears to be too small to account for the full changes observed in the
magnetic anisotropy.

Furthermore, transmission surface diffraction (TSD), a novel high-energy SXRD technique,
was developed. TSD uses a transmission geometry which has the advantage that large 2D
detectors placed behind the sample capture a large fraction of the in-plane structure in a single
acquisition. Due to the normal incidence, the beam footprint is given by the focus of the beam
which enables real space mapping of the structural properties. This makes TSD an interesting

method for the investigation of interfaces exhibiting inhomogeneities on the micrometer scale.
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Kurzfassung

In dieser Arbeit werden elektrochemische Untersuchungen von diinnen epitaktischen Metall- und
Metalloxidfilmen mit detaillierter in situ und operando oberflaichensensitiver Rontgenbeugung
(SXRD) kombiniert. Dadurch konnen reaktive Prozesse mit der Struktur der Grenzflache, an der
sie auftreten, korreliert werden. Im Mittelpunkt stehen dabei Kobaltoxide im Hinblick auf die
edelmetallfreie Katalyse der Sauerstoffentwicklungsreaktion (OER).

Dazu wird Kobalt auf Au(111)-Einkristallelektroden abgeschieden und anschlieend anodisch
oxidiert. Die Kobaltfilme wachsen epitaktisch mit einer (001)-Ausrichtung und einer Dicke von
einigen Nanometern. Anschliefende Oxidation beginnt mit der Adsorption von OH, gefolgt
von der schnellen Bildung einer ultradiinnen und vollstindigen Co(OH),-Passivschicht. Auf
langeren Zeitskalen ergibt sich ein inhomogenes Wachstum von 3D Co(OH),-Kristalliten. Die
Passivschicht, auch von hoheren Oxidationsstufen, war nur indirekt nachweisbar.

Daher werden diinne epitaktische Co;0,4- und CoOOH-Filme, direkt auf Au(111)-Substraten
abgeschieden und in einer eigens entwickelten elektrochemischen Zelle unter Operationsbe-
dingungen (starke Gasentwicklung, Stromdichten bis 150 mA cm™?2) untersucht. Wihrend der
CoOOH-Film im Potenzialbereich der Sauerstoffentwicklung nahezu vollstidndig stabil ist, bildet
Co50, eine ~ 1 nm dicke Deckschicht aus. Die Schichtbildung beginnt 300 mV negativer als
die Sauerstoffentwicklung und ist sowohl schnell als auch reversibel, wobei die Schichtdicke
linear vom Elektrodenpotenzial abhédngt. Trotz dieser strukturell sehr unterschiedlichen Verhal-
tensweise, ist die katalytische Aktivitédt beider Phasen sehr dhnlich. Dies steht im Widerspruch
zu bisherigen Annahmen iiber die katalytisch aktiven Zentren kobaltoxidbasierter Katalysatoren.

Des Weiteren wurden magnetische Pd/Co/Au(111)-Schichtsysteme untersucht. Die Palladium-
abscheidung auf Co(001)/Au(111) (s. o0.), fithrt zu einer epitaktischen Deckschicht mit (111)-
Ausrichtung. Magneto-Optischer Kerr-Effekt (MOKE) Messungen zeigen, dass die magnetische
Anisotropie des Filmes durch die elektrochemisch induzierte Wasserstoff-Aufnahme/Abgabe des
Palladiums verdndert werden kann. Oberflichenempfindliche Rontgenbeugungsanalyse zeigt,
dass die resultierende Palladiumgitter-Ausdehnung/Kontraktion teilweise in das Kobaltgitter
ibertragen wird. Die Modifikation der Kobaltgitterparameter erscheint dabei allerdings zu gering,
um die vollstindigen Verdnderungen der magnetischen Anisotropie zu erkliren.

Dariiber hinaus wurde “Transmission Surface Diffraction” (TSD), eine neuartige Hochenergie-
SXRD-Methode, entwickelt. TSD verwendet eine Transmissionsgeometrie, bei der grof3e
2D-Detektoren in einer einzigen Aufnahme grof3e Teile der Struktur parallel zur Oberfliche
erfassen. Da der Strahl senkrecht auf die Probe trifft, ist die Projektion des Strahls auf die
Oberflache durch den Strahlenquerschnitt gegeben, was eine ortsaufgeldste Bestimmung der
Struktureigenschaften der Probe moglich macht. Dadurch ist TSD eine interessante Methode zur

Untersuchung von Grenzflichen, welche Inhomogenititen auf der Mikrometerskala aufweisen.
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1 Introduction

Among the greatest challenges of this century is the development of a sustainable energy
infrastructure based on renewable energy sources and the renunciation of fossil fuels[1]. While
the production of renewable energy is already possible at industrial dimensions by solar, wind
and hydroelectric power plants, the storage of renewable energy is still a mayor issue[2]]. The
production rate of renewable energy is largely dependent on the meteorological conditions.
However, at any time, the amount of energy produced has to tightly match the amount of energy
that is consumed to ensure the stability of the power grid[3[]. With conventional power plants,
this is achieved by producing the base load with large power plants (e.g. nuclear and coal) and
compensating the variations in load using load-following plants like gas turbines. Predictions
of the power consumption greatly assist the regulation of the network to ensure smooth and
economical operation. With an increasing fraction of renewable power plants the regulation
of the network becomes more challenging since the uncertain rate of production has to be
accounted for additionally. As a result the demand for load-following plants increases. For an
energy infrastructure entirely based on renewable energy sources, large-scale buffer solutions
which store energy in periods of overproduction and release it again if the demand exceeds
the production are therefore essential. Convenient buffers are pumped-storage hydropower
plants which are already in use today. Unfortunately, they can only be built in very specific
locations since two nearby water reservoirs located at different altitudes are required. Additional
technology for the intermediate storage of renewable energy is therefore essential.

Hydrogen is an excellent candidate for such a buffer solution. It has the highest mass energy
density of any fuel[4]] and its combustion to water is comparatively clean. Alternatively, hydrogen
can be used in fuel cells in a more efficient, quieter and cleaner way than in combustion engines[S]].
Although hydrogen is primarily produced by reforming of natural gases today, its production
by water splitting powered by electricity from renewable energy sources is in principle straight
forward and would make this technology sustainable. Despite these promising prerequisites, the
sustainable large scale production of hydrogen is still problematic. Water is split into H, by the
hydrogen evolution reaction (HER) at the cathode and to O, by the oxygen evolution reaction
(OER) at the anode if a potential > 1.23V is applied between the two electrodes in a water
based electrolyte[|6]. While the HER can proceed at sufficiently high rates at small overpotential,
the slow kinetics of the OER requires a larger overpotential. By using catalysts, the required
overpotentials can be minimized, increasing the energy conversion efficiency. A key part for
enabling a sustainable hydrogen based energy infrastructure is therefore the development of
suitable catalysts.

In addition to exhibiting small overpotentials, catalysts have to be stable in the harsh conditions

at which water splitting takes place (i.e., very high/low pH, large polarization)[//]. Furthermore,
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they have to be produced from highly abundant and low cost raw materials in order to be
deployable at large scales. Owing to their stability in highly oxidizing conditions, metal oxides
are the material of choice for OER catalysts. Even noble metal catalysts like platinum form an
oxide layer at potentials of the OER so that the actual catalyst is always a metal oxide. Currently,
the most active and stable catalysts for the OER in acidic media are based on Ru and Ir[8].
Although being good catalysts, these materials have a low natural abundance and are expensive
which renders them unattractive for large scale water splitting. Promising candidates for the
OER in alkaline electrolyte are first row transition metal oxides, which are abundant and show
good catalytic properties[9]].

At present, OER catalysts are mainly developed by a trial and error approach. The method
of preparation, its composition and its surface morphology can all influence the catalytic per-
formance so that the intrinsic activity of the material often remains unsettled[10]. Therefore,
it is important to develop preparation methods which result in well-defined model catalysts
that clearly allow the determination of the active surface and simplify the uncovering of the
mechanistic details of efficient catalysis. A particularly convenient approach is the electrochemi-
cal deposition of the catalyst material which was used throughout this work. Electrochemical
measurements were combined with in situ and operando surface X-ray diffraction (SXRD) to
characterize the crystalline structure of the films.

With SXRD, lattice parameters can be measured with high precision so that even small changes
in the strain of < 10~* can be easily identified. X-rays penetrate deep into the material so that
the crystalline structure of the entire film is probed. Opposed to scanning probe microscopy,
SXRD does not require a probe to be brought close to the sample which could modify the applied
potential or the diffusion of species to the sample. The large current densities and massive gas
evolution present during OER are another experimental challenge. For these reasons SXRD
is the method of choice for the structural characterization of OER catalysts under operation
conditions.

Throughout this work, we investigated thin epitaxial films deposited on single crystal substrates.
Single crystals can be obtained with a high crystalline quality, a small miscut and a mirror-like
polished surface and therefore serve as extremely flat, well-defined substrates. Thin film deposits
were used since they tend to be less rough than thicker films. Furthermore, the loss of material
through dissolution or conversion to another phase can be monitored with sub-monolayer
precision if the film is sufficiently thin. Additional advantages arise due to the epitaxy of the
films. First of all, the exposed surface of the film is well-known, which is important in catalysis
since different crystal faces show different catalytic behaviour. Opposed to polycrystalline
samples, where the intensity of Bragg peaks is distributed on spherical shells, the peak intensity
of epitaxial films is scattered into distinct directions resulting in a signal to noise ratio which
is better by orders of magnitude. Since the peaks are well-defined, an analysis of the peak
shape provides further information on the morphology of the samples (e.g., the dimensions of

the crystallites in the vertical and horizontal direction) which is not possible with SXRD for
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polycrystalline samples.

One of the central questions in catalysis is the determination of the active sites at which the
reaction takes place. It is for instance not obvious if a small amount of highly active sites or
a large amount of less active sites is involved in the OER. It is not even evident that the phase
present at the interface during OER is the same as in the as-prepared state. On the contrary, the
high positive potentials at which OER occurs favour oxidation of the electrode. For this reason
operando investigations of structurally well-defined model catalysts are inevitable.

A first step towards obtaining well-defined metal oxide films is described in Chapter[5] Epitax-
ial films of cobalt were deposited on Au(111) electrodes which were subsequently anodically
oxidized in alkaline solution. In this chapter only the first stages of oxide formation were
investigated. The anodic oxidation to higher oxidation states which are relevant at potentials
of the OER did not result in films which could be detected by SXRD. Therefore, a different
approach was applied in Chapter [6|to study Co oxides under OER conditions. Thin epitaxial
films of Co304 and CoOOH were directly electrodeposited on Au(111) electrodes in a reflux
cell. These films were then transferred into the SXRD cell and characterized as a function of
potential deep into the OER regime.

Besides the potential of the oxides of Co as promising catalysts for the OER, Co also possesses
interesting magnetic properties which are of great importance for spintronics and data storage
devices. Chapter [/|contains studies of ultrathin magnetic Pd/Co/Au(111) stacks prepared by
sequential electrodeposition. Pd is well-known for its capability to absorb large amounts of
hydrogen. In an electrochemical cell, hydrogen can be reversibly absorbed or released from the
Pd depending on the applied voltage. It was shown that the hydrogenation of Pd capped Co
layers in vacuum leads to reversible changes of the magnetic properties of the Co layer[11-13]].
In this chapter, the behaviour of the same system is investigated in electrochemical environment.
In particular, the question whether the changes in the magnetic properties are related to the strain
induced in the Co layer due to the hydrogentation of the adjacent Pd layer, is addressed.

In addition to the pure scientific questions examined in Chapter [5H7] instrumentation and
the development of a transmission based SXRD technique were part of this work. Chapter
[8 focuses on the development of transmission surface diffraction (TSD), a novel high-energy
SXRD technique which uses a transmission geometry instead of the conventional reflection
geometry. In this geometry the beam impinges the sample at (or near) normal incidence and
penetrates the sample. The advantage of this method is that the full in-plane structure of the
sample can be obtained in a single acquisition using large 2D detectors. Due to the normal (or
near normal) incidence, the beam footprint can be as small as the beam itself which enables
spatially resolved measurements with very high resolution. This is impossible in the conventional
scattering geometry where the beam footprint usually has an extent of millimeters. For this
reason TSD is particularly well suited for the investigation of samples exhibiting heterogeneities
on the micrometer scale.

An introduction to the basics of electrochemistry can be found in Chapter[2] The fundamentals
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of X-ray diffraction, along with the concepts of the advanced Bragg peak analysis employed in
this work, are presented in Chapter[3] The experimental setup is introduced in Chapter 4] with an
emphasis on the novel operando SXRD cell developed for the investigation of water splitting

catalysts.



2 Electrochemistry

This chapter provides an introduction to the fundamentals of electrochemistry relevant for this

thesis. A more comprehensive introduction can be found in many excellent text books|[|14-17].

2.1 Electrochemical Cells

Electrochemistry is the study of processes involving charge transfer across the interface between
a solid and a fluid phase (or two fluid phases in some rare cases). The charge carriers in the
electrode (solid phase) are electrons or holes, whereas the charge carriers in the electrolyte (fluid
phase) are ions. To investigate the transfer of charges across an interface between a solid and
a liquid phase it is inevitable to introduce another electrode into the electrolyte. Using a high-
impedance voltmeter a potential difference can then be measured between the two electrodes
which is called open-circuit potential (OCP). The whole system consisting of two electrodes
separated by at least one electrolyte phase is called an electrochemical cell. We can separate this
cell in two half-cells consisting of an electrode and the surrounding electrolyte.

Often one is only interested in the processes happening in one half-cell. In order to modify
the reactions occurring at the electrode of interest, often called the working electrode (WE), we
can apply a potential bias to the electrodes. However, it is usually more convenient to adjust the
potential difference between the electrolyte and the WE to separate the response of the WE from
the response of the other electrode. To achieve this we can introduce a reference electrode (RE).
Reference electrodes are electrodes with a stable and well-known equilibrium potential. They
are usually connected to the cell via a Luggin capillary, a small tube usually made from glass,
which can be brought very close to the WE and defines a precise reference point. The potential
of the WE can then be measured with respect to the RE. In order to ensure that the potential of
the RE remains stable it has to be connected via a large resistance so that only negligible current
can flow through it.

The Ag/AgCl reference electrode is a commonly used reference electrode which was used for
most experiments in this work. The electrode consists of a Ag wire which is coated with AgCl.
This wire is surrounded by a Cl containing electrolyte, in our case 3.5 M KCI. The potential of
this reference electrode is the equilibrium potential of the reaction AgCl = Ag* + CI". Since
the potential difference between the WE and the RE is the parameter that is adjusted and
measured, results obtained with different reference electrodes differ by an offset. By convention
the standard hydrogen electrode (SHE) is chosen as the primary reference and its potential
is defined as zero. This electrode consists of a platinized platinum sheet immersed in an

aqueous solution with unit activity of H*(aq) in contact with hydrogen gas at a pressure of one
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atmosphere. For this reference electrode the potential determining reaction is 2H*(aq) + 2™ =
H,. Another useful reference electrode is the reversible hydrogen electrode (RHE), which
differs from the SHE only in the activity of H*(aq) which is identical to that of the electrolyte
being investigated. With this reference electrode the measured potentials are independent
of pH which is useful for example in the comparison of different water splitting catalysts.
The relationship between potentials measured with a Ag/AgCl1(3.5M KCI) RE and a RHE is
VRuE = 0.205V +0.059V X pH + Vag /agcl-

To modify the potential difference between the WE and the RE we use a counter electrode
(CE) which is usually made from an inert material such as platinum or carbon. A current is
driven through the WE and the CE until the desired potential difference between the WE and the
RE is established. For electrochemical experiments a potentiostat which uses a feedback loop is
commonly used to apply the desired potential.

At small current densities the potential within the electrolyte is constant and the applied
potential is mainly dropped across thin layers at the interfaces of the WE and the CE. In this
case the position of the RE is not so important, however at larger currents part of the potential is
dropped in the electrolyte. In this case the potential difference measured between the RE and
WE does not represent the correct potential of the WE. It is therefore important to bring the RE
as close to the WE as possible which can be achieved by using a Luggin capillary. However, this
is not always possible or not sufficient if the current densities are too large. In this case the cell
resistance has to be measured and the potential drop across the electrolyte has to be subtracted
from the measured potential in order to determine the correct potential of the WE. The corrected
potential E¢qy is given by

Ecor =E —1-Ree s (2.1)

where E, I and R are the measured potential, the measured current and the cell resistance,

respectively.

2.2 Cyclic Voltammetry

A common method to investigate an electrochemical system is cyclic voltammetry (CV). In CV
the current density j is measured while the potential £ of the WE is linearly cycled between
a low and a high limit which results in a triangular potential curve. Processes which involve
charge transfer can be identified in the curve of j as a function of E and the potential at which
these processes occur can be determined. Two types of processes are distinguished: faradaic and
nonfaradaic. Faradaic processes are those which involve charge transfer across the electrode-
solution interface which causes oxidation or reduction to occur. Examples are the oxide formation
on a metal electrode, metal deposition or dissolution. Nonfaradaic processes do not involve
charge transfer across the electrode-solution interface, but they often still cause an external

current to flow which is visible in the CV. Examples of nonfaradaic processes are adsorption and
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desorption. If no charge transfer across the electrode-solution interface is possible, the electrode
is called ideal polarizable. Ideal polarizability of an electrode can be approached with real
electrodes, but only over limited potential ranges. If a potential is applied to an ideal polarizable
electrode, an excess or deficiency of electrons will accumulate in a very thin layer on the surface
(< 0.1 A on metals). The ions in solution will redistribute so that an excess of ions with the
opposite charge will accumulate close to the electrode. The arrangement of the charged species
at the electrode-solution interface is known as the electric double layer in which charges on the
electrode are separated from the ions of opposite polarity by a monolayer of solvent molecules.
This arrangement is very similar to a parallel plate capacitor with a separation of only a few

Angstroms and it possesses a capacitance in the order of 10 to 80 uF/cm?.

The different processes can be clearly distinguished since their signatures in the CV are very
different. By integrating the current over time, the total charge that was transferred in the process
can be determined. For instance adsorption will lead to a current that will go to zero once all
adsorption sites have been occupied. If the current is caused by deposition of metal ions from
solution, we might see a peak in current which saturates once all ions close to the surface have
been deposited and the deposition current is limited by diffusion of ions to the surface from
the bulk of the electrolyte. Other important sources of current are oxidation or reduction of the
electrode. Furthermore, the double layer capacitance leads to a charging/discharging current

which is also visible in the CVs.

Using different scan rates AE /At or different limits of the applied voltage E we can distinguish
between different processes. For example the current due to charging of the double layer will be
proportional to the scan rate, whereas the deposition current in the diffusion limited range will be
independent of the scan rate. Choosing different potential limits can be used to test if a peak on
the positive sweep is related to a peak on the negative sweep. This is possible for example in the
case of metal deposition on a more noble metal substrate. On the negative sweep a deposition
and on the positive sweep a dissolution peak should be visible in the CV. If the negative going
sweep is reversed at potentials more positive of the deposition peak, the dissolution peak has to

be absent since nothing was deposited.

The potential window in which electrochemical data can be obtained is usually limited by
the decomposition of the electrolyte, in the case of aqueous solution the splitting of water into
hydrogen and oxygen gas. Even though electrochemistry is very sensitive in determining that
a process is happening and at which potential it occurs, it is essential to use complementary
methods to determine the structural details. This is the reason why an increasing number of in

situ and operando measurements have been undertaken in the past few decades.



2.3 Electrochemical Reactions

For a process in which a species O is reduced to R by a reaction in which n electrons are
transferred:
O+ne=R, (2.2)

the electrode potential at equilibrium Eeq can be described by the Nernst equation. The Nernst
equation is given by[14]:

Eeq = Eo+ L 1n%0 (2.3)

nF  ar

where E is the standard potential of the redox couple, R is the gas constant, T is the temperature,
F is the Faraday constant, and ag and ag are the activities of the oxidized and reduced species,
respectively. The standard potential £y of a redox couple is obtained by measuring its potential
with respect to the standard hydrogen electrode under standard conditions (ion concentration of
1 M, pressure of 1 atm, temperature of 25 °C). The standard potentials of common redox couples
are tabulated and given with respect to the SHE whose potential is defined to be O V.

At equilibrium the rates of oxidation and reduction must be equal. Usually these rates are
nonzero and the equilibrium is dynamic. The great advantage of electrochemistry is that by the
application of an overpotential 1 = E — E¢q the ratio of the rates of reduction and oxidation can
be modified such that a net reduction/oxidation can be achieved. Electrodes at which oxidation
and reduction occur are called anode and cathode, respectively. In this work the anodic current
is defined as positive and the cathodic current as negative. In the case of high concentration of
electrolyte salt (i.e. if the concentration of the educts is not significantly altered by the reaction),

the current density as a function of overpotential 1 is given by the Butler-Volmer equation[14,

18]]:
)= 51— o e () —enp [ %F
i = g+ sem) = o [exp (Bern) —ep (<) | e

where j, /C(n) are the anodic/cathodic current densities, jj is the exchange current density and
0, are the anodic/cathodic transfer coefficients. For a reaction which involves multiple steps,
usually one step will be slower than all other steps. This step will determine the overall rate of
the reaction and is therefore referred to as the rate determining step (RDS). All other steps are
considered to be in a quasi-equilibrium which means that they only marginally contribute to the
overpotential and the overpotential is mainly dictated by the RDS. In the case where n electrons
are transferred in the whole process, ny electrons are transferred in steps before the RDS and n,
electrons are transferred in the RDS, the transfer coefficients are given by[14]:

o =L —np (2.5)

. = ”Vf B (2.5b)

Vv is the stoichiometric number which is the number of times the RDS occurs during the full
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Fig. 2.1: Butlet-Volmer equation for a single electron transfer process. The dashed lines are the anodic and
the cathodic contribution to the total current which demonstrate the significance of the exchange
current density jo. The blue and red curves show the effect of the symmetry factor f which is
usually found to be close to 0.5.

reaction and f is the symmetry factor (0 < 8 < 1), which often has a value close to 0.5. These

expressions are valid if the RDS is the same for the anodic and the cathodic reaction.

As mentioned earlier, the equilibrium is a dynamic one at which the reaction O +ne = R
proceeds in both directions with equal rates such that the net current density is zero. The

magnitude of the current flowing in both directions is the exchange current density jj given
by[[14]:

- Eaa —o,FE
Jo=nFk., 11 ﬁ] coexp (%) (2.6a)
_ 1
nokie| " o, FE,
=nFkea | [I 75| crexp (—eq) , (2.6b)
_i:n—nf—l i,a RT

where k; . and k; , are the cathodic and anodic rate constants of the jth step of the reaction, ke Ja
are the rate constants of the RDS and cp and cg are the concentrations of the oxidized and
reduced species, respectively.

Fig.[2.1] shows a plot of the current density j for a single electron transfer step (i.e. oy =1 — 3
and a. = ). For B = 0.5 (black) the curve is point symmetric. If B > 0.5 (red) the anodic
reaction is more efficient than the cathodic reaction, i.e. a smaller |n| is required to obtain a

given | j|. For B < 0.5 (blue) the cathodic reaction is more efficient than the anodic reaction.

At small overpotential, we can expand the exponential terms and we find that the current
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density is proportional to the overpotential, i.e.:

. . nkF
j(n=~0) = Jos M- (2.7)

At larger overpotentials, either the anodic or the cathodic current density will dominate the other,
so that the current density grows exponentially with overpotential. If we consider the anodic
current density at large positive overpotentials

. . . O F
J(>0) = ja(n) = joexp | =1 | - (2.8)
RT
Using the natural logarithm we obtain:
. : 0 F
In(j) =In(jo) + —=—1n . (2.9)

R

It is immediately evident that the anodic transfer coefficient &, and the exchange current density
Jo can be obtained by measuring the current density as a function of positive overpotential. o,
can be obtained from the slope of the straight line if In(j) is plotted versus 1. The exchange
current density jo can be obtained from the axis intercept. Similarly, if we consider large negative
overpotentials, the cathodic transfer coefficient ¢, can be obtained. For a proposed reaction
mechanism the expected transfer coefficients can then be calculated using Eq.[2.5/and can be
compared with the experimental result. For historic reasons often the logarithm to the basis 10 is

calculated and the so called Tafel equation which has the form
n=A+Blogl/ (2.10)

is considered, where B is known as the Tafel slope. Plots of this function are known as Tafel
plots and usually the overpotential 1} is plotted as a function of log,q | j|. In the literature often

the Tafel slope B is given from which the transfer coefficients can easily be obtained by:

2.303RT
= 2.11
Oy B.F (2.11)
_ 2.303RT 2.12)
“7  B.JF ’

where B, and B, are the Tafel slopes of the anodic and cathodic curves, respectively. The factor

of 2.303 appears due to the conversion between the natural and the decadic logarithm.
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2.4 Pourbaix Diagrams

Pourbaix diagrams of metals describe their thermodynamic stability as a function of potential
and pH. Pourbaix introduced these diagrams which are similar to phase diagrams. Usually the
pH is given on the horizontal axis and the potential is given on the vertical axis. Lines show the
equilibrium conditions of the metal and its oxides and hydroxides. It is important to keep in mind
that the Pourbaix diagram only represents the thermodynamically most stable phase. It is possible
that the kinetics are too slow to actually form significant amounts of a phase. Furthermore,
stable oxides often form a passivation layer which protects the material underneath from further
oxidation. Fig.[2.2]shows a Pourbaix diagram for the Co-H,O system. Generally the Pourbaix
diagram can be divided in three regions: protection (green), corrosion (red) and passivation
(yellow). In the region of protection the metal is stable, in the region of corrosion the material is
dissolved and in the region of passivation an oxide film is formed on the metal which prevents
or significantly reduces dissolution. In aqueous electrolytes the accessible potential window is
determined by the decomposition of water into H, and O,. The corresponding potentials are
marked by dashed lines. Only the region within the two dashed lines is accessible. In practice the
accessible region is larger due to overpotentials of the water splitting reaction. The mechanism
of water decomposition depends on pH. The reaction equations are given in the figure.

2-5 T T T T T 1 1 1

2.0

1.5

1.0

0.5

Eshe /V

0.0

-0.5

-1.0

_1'5—2 0 2 4 6 8 10 12 14 16

pH

Fig. 2.2: Pourbaix diagram of Co in H,O at 25 °C. The plot shows the regions of thermodynamic stability
of cobalt and its oxides as a function of potential and pH. The regions of protection, corrosion
and passivation are colored in green, red and yellow, respectively. Dashed lines indicate the
potential at which water decomposition occurs. The data for the figure was taken from [/19, [20].
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2.5 Electrochemical Deposition

If metal ions Me™ are present in the electrolyte, we can electrochemically deposit the metal
on the working electrode by applying a potential sufficiently negative of the Nernst potential
corresponding to the reaction Me"" +ne~ = Me. At potentials more positive than the Nernst
potential, the metal will be dissolved again. The potentials of deposition and dissolution can
easily be determined from CV.

In the case of Co deposition on Au(111), bulk deposition occurs for potentials 0.25 V negative
of the Nernst potential of the reaction Co**+2e~ = Co [21]. After deposition the metal ions
can be removed from solution and the film can be stabilized at low potentials. By introducing an
electrolyte containing other metal ions, stacks of different metals can be deposited sequentially.
In this work stacks of Pd/Co/Au(111) were deposited in this way.

It is also possible to deposit more complex structures than simple metals. The Co;04 and
CoOOH samples investigated in this work were grown by electrochemical deposition. Tartaric
acid was used to complex Co”* jons to be soluble at high pH (around 14) at which the oxides
are thermodynamically stable according to the Pourbaix diagram. Under these conditions Co
oxide is deposited. It is believed that in the case of Co;0, the deposition process proceeds via
the route[22]

2Co**(tart) = 2Co>* + 2(tart) 4 2~ (2.13)
2C0>* 4 Co?*(tart) + 8OH™ — Co30, + 4H,0 + (tart) . (2.14)

2.6 Electrochemical Dissolution and Passivation

Positive of the Nernst potential of the reaction Me"" +ne~ = Me the metal will be dissolved.
From the Butler-Volmer equation (Eq.[2.4) we expect that the dissolution current should increase
exponentially with increasing potential. However, for many metals it is observed that once a
critical potential is exceeded the current decreases to a value several orders of magnitude lower
than the maximum dissolution current. The decrease in the dissolution current is the result of
a passivation layer which is formed on the metal surface which drastically reduces the rate of
dissolution. The passivation of metals is a phenomenon which has been known for almost two
centuries and has been systematically investigated since the second half of the past century.
Passivation is the enabler of our current metals-based civilization since it ensures that metals
are not simply dissolved[23]]. Many theories for the passive state have been developed[24-H33]],
driven by its great technological importance. However, a complete theoretical understanding
of the mechanism of the formation of passive layers is still missing. A full treatment of the
passivation of metals is out of the scope of this work but the basics will be briefly outlined in the
following.

The formation of passive layers commences with the adsorption of oxygen or hydroxyl ions.
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After the formation of a monolayer of the adsorbate a place exchange of the oxygen ion and
the underlying metal ion takes place which transfers the oxygen into the metal. For some
metals, especially for noble metals like platinum or palladium, this monolayer of surface oxide is
sufficient to completely passivate the material. In this case the formation rate of a thicker layer is
very small. On other metals like iron, nickel, chromium, aluminum, titanium or tantalum passive

layers of several nanometer to tens of nanometer thickness are formed[29].

Experimentally it is observed that the thicker oxide films are composed of a bilayer consisting
of a highly defective barrier layer which grows into the metal and an outer layer which is formed
by the precipitation of an oxide species. The steady-state thickness of the barrier layer varies
linearly with the applied voltage unless a change in the oxidation state within the passive film
occurs. This implies that the electric field within the film is independent of the applied voltage.
To form the passive layer it is essential that ions can be transported through the barrier layer.
By simple diffusion the ion transport cannot be explained at room temperature, but the strong
electric field within the film which can easily be of the order 1 x 108 V/m can greatly enhance

the transport.

In the point defect model (PDM) developed by Macdonald[33]] the transport through the barrier
layer occurs via the migration of point defects. The point defects present in the barrier layer
are predicted to be cation vacancies, oxygen vacancies and cation interstitials. Since the cation
vacancies are electron acceptors they dope the barrier p-type, whereas n-type doping is obtained
by the oxygen vacancies and metal interstitials which are electron donors. Therefore, the barrier
layer can be described as a highly doped defect semiconductor. During film growth, cation
vacancies are produced at the barrier/outer layer interface and are subsequently transported to the
metal/barrier layer interface where they are annihilated. Likewise oxygen vacancies are produced
at the metal/barrier layer interface and transported to the barrier/outer layer interface where they
are consumed. So the direction of movement of the two vacancy species is in opposite directions.
In addition dissolution takes place at the interface to the solution. In the steady-state the rate of

oxygen vacancy creation and the rate of dissolution will be equal.

In this work Co deposition and anodic oxidation as well as the behaviour of Co;0, and
CoOOH films at potentials deep into the oxygen evolution regime were investigated. In alkaline
electrolyte the formation of a passive layer on Co commences with OH adsorption followed
by the formation of an ultrathin passive film covering the entire Co surface. Subsequently,
inhomogeneous growth of Co(OH), occurs on the surface[34]. At more positive potentials
Co(OH), is oxidized to Co;0,4 which is further oxidized to CoOOH at even higher potentials[35),
36]. The Pourbaix diagram of Co in Fig.[2.2] shows the thermodynamic stability ranges of Co

and its oxides as a function of potential and pH.
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2.7 Oxygen Evolution Reaction in Alkaline Media

The reaction which produces oxygen at the anode during water splitting is known as the oxygen
evolution reaction (OER). Simultaneously, hydrogen gas is formed at the cathode by the hydrogen
evolution reaction (HER). The equilibrium potentials for the OER and HER are 1.23 Vryg
and 0.0 Vryg, respectively. While the HER can produce adequate current densities close to
the equilibrium potential, the OER requires an overpotential of several 100 mV to occur at a
sufficiently high rate. The reason for this overpotential can be found in the complex four electron
transfer process taking place at the anode. Since first-row transition metal oxides which have
been investigated in this work are not stable in acidic media, an alkaline electrolyte was used.
Depending on the pH of the solution the OER reaction path differs. In alkaline media the
reaction is thought to proceed by the path which is described in the following[20]. A graphical
representation of the reaction is shown in Fig.[2.3] In the first step a hydroxyl radical is adsorbed
on an active site “M” and oxidized by the transfer of one electron. The reaction proceeds by the
coupled removal of the proton and an electron by the formation of H,O with a second hydroxyl
radical and the transfer of a second electron. The reaction equations are given by:

M+OH — M—OH+e¢e and (2.15)
M~-OH+OH —M-0+H,0+e . (2.16)
02+H20+e- OH'

Fig. 2.3: Mechanism of the OER in alkaline electrolyte. One route involves steps (1)-(4) in which four
hydroxyl radicals subsequently react with the catalytic site M. The intermediate states of the
reaction are M—OH, M—O and M—OOH. In the last step O, is formed and the initial state M
is recovered. The alternative route involves two intermediate species M—O formed in step (1)
and (2), which can combine via (X) to directly form O, and to recover the initial state of the two
active sites. The small black arrows indicate the species reacting with the active site in each step,
the small red arrows indicate the species produced in the step.
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At this point two reaction routes are possible. In the first pathway (indicated by dashed lines in
Fig. reaction step marked by “X”’) two M—O species are directly combined to form O, by:

2M—0 = 2M+0, . (2.17)

The alternative route (solid lines, reaction step 3 and 4) involves two further reactions with OH™
in which M—OOH is the intermediate species and one electron is transferred in each of the two
steps according to:

M—0+OH™ — M—OOH + ¢ (2.18)
M—-OOH+OH — M+0,+H,0+¢". (2.19)

After a full cycle the catalytic site is in its original state and the process can start from the
beginning. The thermodynamic barrier for step X is almost always the largest so that the route
involving step 3 and 4 is usually the relevant path. Calculations show that the rate determining
step depends on the surface termination. For CoOOOH(104) step 3 was found to be the potential
determining step, while step 1 is the rate determining step for CoOOH(012)[20].
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3 Theory of X-ray Diffraction

This chapter is an introduction to structural characterization using X-ray diffraction. Throughout
this work single crystalline samples were investigated. Opposed to powder diffraction where a
single scan is sufficient to obtain the full structural information, experiments on single crystals
require the scanning of large fractions of reciprocal space which is very time consuming. It is
therefore convenient to have some knowledge about the expected structures in advance. Bragg
peak positions of known structures (for example from powder diffraction data in the literature)
can be calculated and can greatly reduce the volume of reciprocal space that has to be sampled.
While simple structures like gold single crystals can be easily calculated by hand, the structure
of the Co-oxides investigated in this work containing tens of atoms in the unit cell require
computer-aided simulations. To simulate the Bragg peak positions and their intensity for an
arbitrary combination of crystalline phases with defined orientations, a simulation software was
written within this work. For that reason this chapter contains a detailed description of the basics
of X-ray scattering which is necessary to perform these simulations.

From the analysis of the peak positions and their relative intensity the crystalline structure
can be determined. However, for thin film samples additional information about the sample
morphology can be obtained from the peak shape. Different kinds of disorder in the film lead to a
broadening of the Bragg peaks in various directions. This chapter explains how these additional
details can be extracted by a detailed peak shape analysis.

3.1 Crystals and the Real Space Lattice

Fig. 3.1: Schematic of the crystal unit cell. The unit cell is defined by the parallelepiped spanned by the
vectors Aj, As and Ag. The vectors have the norm a, b and ¢, respectively. In combination
with the angles a = <((A2, A3), B = <((A1,As) and Y= <(A1, A2) an arbitrary lattice can
be defined.

An ideal crystal consists of identical building blocks (atoms or molecules) periodically and
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infinitely repeated in space. Such a structure is best described by a lattice, a periodical arrange-
ment of points in space defined by three translation vectors Ay, A2 and As. The lattice has
lattice points at all

R, =nA1+nAs+n3As, 3.1

where n1, ny and n3 are arbitrary integers. A crystal is formed by attaching an identical ensemble
of atoms, known as the basis to each lattice point. The unit cell of a crystal is the parallelepiped
spanned by the vectors Aj, A and Ag (see Fig.[3.1). An arbitrary lattice can be described by
the lattice parameters a, b, ¢ (the norms of the lattice vectors) and «, 3, v (the angles between
the lattice vectors).

Without loss of generality we can choose the lattice vectors Aj to be along the x-axis and As
to lie in the xy-plane of a Cartesian coordinate system. Then Ay and A are readily determined
as A1 =(a, 0, 0) and Az = (b-cosYy,b-siny, 0). By applying the definition of the vector scalar
product u - v = |u||v|cos <t (u,v) to A - A3z and Az - Ag the first and second components of
As, A3 and A3y, can be calculated. The third component A33 is then simply found by considering
the norm of the vector: ¢ = A%l +A%2 —I—A%3. Following this procedure the real space lattice
vectors are given by

a b-cosy c-cosf3
A1=10]|,A2=| b-siny |,As= | c-(cosa—cosf-cosy)/siny | . (3.2)
0 0 \/Cz_ (43, +43,)

The volume of the unit cell is simply the volume of a parallelepiped defined by the three axes:

V= A1 . (Az X A3) . (33)

3.2 Basics of X-ray Diffraction

X-rays can interact with atoms or molecules in two ways. Firstly, quanta of the beam can be
absorbed or secondly, the beam can be scattered. By far the most relevant process in the structural
analysis of materials is the X-ray scattering on which we will focus here. Classically, when
a plane wave is incident on an electron, the electron will oscillate in the electric field of the
X-ray and radiate a spherical wave. The superposition of the spherical waves radiated from all
electrons in the sample is the signal that can be measured experimentally. Since X-rays have a
wavelength comparable to the interatomic distances in matter, interference leads to the patterning
of the observed intensity distribution from which the atomic structure of the sample can be
reconstructed.

An introduction to the basics of X-ray diffraction and surface X-ray scattering (SXRD) can be

found in textbooks like [37, 38]]. The following section builds on a particularly useful introduction
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Fig. 3.2: Schematical representation of a volume element d>r of the integration shown in Eq. The
element is described by the vector sum of R,,, r; and r. The vector R,, points from the origin
of the crystal (O) to the n™ lattice point (black dots) of the crystal. 7 is the position of the jth
atom (blue circle) relative to the n'™ lattice point and 7 is the position of the volume element d>r
for the integration of the electron density of this atom.

by Robinson and Tweet[39]].

In an X-ray scattering experiment the beam which can be described by a wavevector k;
pointing along its direction of propagation is incident on the sample. The magnitude of the
wavevector is 27 /A, where A is the wavelength of the beam. The scattered beam propagating in
the direction ky is recorded by a detector. In this work only elastic scattering was investigated
so that the wavelength of the incident and scattered beam are equivalent i.e. that |k;| = |k¢|. It

1s convenient to define the wavevector transfer as
q=kys—k;. (3.4)

Then the independent variable of a scattering experiment is the wavevector transfer g and we can
think of the experiment as mapping the scattered intensity in g-space which is commonly called
reciprocal space.

The scattered amplitude from a crystal is found by adding the scattered waves from each
electron it contains taking into account the correct phases. For this we have to sum over all unit
cells n, all atoms j in each unit cell and integrate over the electron density of each atom which
is given by the wave functions of the electrons. The scattered amplitude A(q) observed at a
distance Ry is then found by[39]:

A(q) = n:czR ZZ/ r)exp (zq (Rp+1j —|—’r)) d’r (3.5)

where A is the amplitude of the incident beam, p; is the electron density of the j atom and the
constants e, m and ¢ are the electron charge, electron mass and the speed of light, respectively.
The position of the volume element over which the electron density is integrated is given by the
vector sum of Ry, r; and r. Ry, is pointing from the origin to the n™ unit cell, 7 18 pointing

from the origin of this unit cell to the center of the j™ atom and 7 is the position relative to the
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center of the j" atom. A schematical representation of the scattering is shown in Fig. Eq.
is valid within the kinematical approximation which assumes that the interaction between the
X-ray and the crystal is weak. Within this approximation the possibility of a scattered beam to

scatter another time is neglected. In Eq.[3.5]the variables can be separated, resulting in:

. e 1 . . ~ . 3
A(q) _AoﬁR—ozn:exp(lq-Rn);exp (ig-rj) /_M pj(r)exp(ig-r))d’r (3.6)
21
=4 %R—O;exp@qﬂn);exp (iq-75) (@) (3.7)
40" L F q-R 3.8
= OWR_() (Q)zn‘,eXP(lQ' n) (3.8)

where f(q) is called the atomic form factor and F(q) is called the structure factor.

3.3 Reciprocal Lattice

If we are considering a crystal with Ny, N, and N3 unit cells along the crystal axes A1, A2 and
As, Eq.[3.8 becomes:

21 Ni—1N>,—1N3—1
AlQ)=Ao—5F(@) Y, Y Y explig-(mAr1+mAz+n3A3)) (3.9)
mc RO n1:0 n2:O n3:0
62 1 Ni—1 Ny—1 N3—1
:AOWR_OF((]) Zoexp(inl(I'Al) Zoexp(inzq-Az) Zoexp(inz»q-As) , (3.10)
ny= ny= n3=

where we have separated the term in the sums to obtain a product of three independent sums.

These sums are simple geometric series for which the trivial expression

N—1 :
, 1 —exp (ixN)
Sn(x) =) exp(ixn) = ————= (3.11)
nzb 1 —exp (ix)
exists. With this expression A(q) simplifies to:
e? 1
A(q) :AOWITOFW)SM (q-A1)Sn, (q- A2)Sn; (g As) (3.12)

In a scattering experiment, we measure the intensity 7(q) = |A(q)|? rather than the amplitude. The

measured signal is therefore proportional to |F(q)|*Sy, (- A1)|*|Sn, (q- A2)[?|Sn; (g As)|*.
The function |Sy (x)|? is the so called “N-slit interference function” which is commonly used in
optics and has the form

B sin” (Nx/2)

2
[Sn(x)]* = i (1/2) (3.13)
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Fig. 3.3: N-slit interference function for N = 6. The function has primary maxima spaced by 27 and
N — 2 subsidiary maxima in-between. The peak intensity of the primary maxima is N>. The
subsidiary maxima have a period of 27 /N.

Fig.[3.3|shows the N-slit function for N = 6. The function has intense peaks with an amplitude
of N? at multiples of 27t and shows N — 2 subsidiary maxima in-between. The spacing of the
subsidiary maxima is 27 /N. In the limit of N — oo the function approaches a series of d-functions
separated by 27z. For the intensity to be at a maximum we therefore have to simultaneously

satisfy the Laue conditions:

q- Ay —27H (3.14)
q Ay =27K (3.15)
q Az =27L, (3.16)

where H, K, L are integers and are called Miller indices.

The Laue conditions can be simultaneously satisfied by
q=HB1+KB2+LB3 (3.17)

if the vectors B; have the property B; - A; = 27;;. Such a set of vectors is straight forward to
obtain from the real space lattice vectors A; by

2
B = —ﬂ: (A2 X A3) (318)
2
B2:7”(A3><A1) (3.19)
B3 = 2777: (Al X Az) . (320)

If we compare Eq.[3.17| to Eq.[3.1] we notice that they have the same form. Analog to the
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real space lattice describing the periodic repetition of the crystals unit cell in space we have a
lattice of points in reciprocal space to which the X-rays are scattered. The Miller indices H,
K, L are commonly used to refer to a position in reciprocal space. However, for calculations,
especially when several different structures are involved, q is often more appropriate. Therefore
it is convenient to define a transformation matrix M in order to convert from HKL-space to

g-space:

Bi1 By1 Bj3
M= |Bj, By Byp]|. (3.21)
B3z B3 Bjsj3

Since we defined the matrix M we can use simple algebra to calculate the inverse of M which
allows us to convert between HKL-space and g-space in both directions:

qx H
a=|q¢|=M |K|, (3.22)

q: L

H qx
K|l=M"1|g|. (3.23)

L q:

3.4 Atomic Form Factor and Structure Factor

The atomic form factor is the Fourier transform of the electron density of an atom. In general the
electron density of an atom is spherically symmetric so that it depends only on the magnitude
Q = |q| of the wavevector transfer. Furthermore, the atomic form factor also depends on the

photon energy Ep, and can be written as

(O, Epn) = fo(Q) + f'(Epn) +if " (Epn) - (3.24)

The dispersion correction terms f” and f” only significantly alter the atomic form factors close
to absorption edges. They can therefore be neglected in this work since all experiments were
carried out at constant photon energies far from any atomic transitions so that f(Q,Epn) = fo(Q)
is a good approximation. Values of f(Q) for all atoms are tabulated but are more conveniently
approximated by:

5 Q 2
fo(Q) :C+Zai-eXp (—bl- (E) ) : (3.25)

=1
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where the coefficients c, a; and b; were obtained by fits to the tabulated values [40]].
While the symmetry of the real space lattice dictates the positions of the reciprocal lattice
points, the relative intensities at these lattice points are dictated by the structure factor. The

structure factor contains the symmetry of the basis and is given by:

F(q,Epn) =} exp (iq-7;) fi(Q, Epn) - (3.26)
J
The position of the j atom of the basis relative to each lattice point is given in fractions of the
lattice vectors by:
rj =xjA1+yjA2+7;As, (3.27)

with 0 < x;,y;,z; < 1. If we substitute r; and q (Eq.[3.17) into Eq.[3.26} we obtain a particularly
convenient expression of the structure factor:

F(H,K,L,Ey) ij O(H,K,L),Ey) -exp (27i (Hxj+ Ky; + Lz;)) . (3.28)

3.5 Crystal Truncation Rods

In surface X-ray scattering experiments one usually uses single crystals with a surface that is
cut along a very specific crystalline direction. This surface is then usually polished such that an
extremely flat surface with a known orientation of the crystalline axis is obtained. This surface is
then usually further treated by sputtering and annealing in order to obtain a flat surface at atomic
length scales. Due to the broken symmetry at this interface non-zero intensity along the surface
normal direction is observed between the Bragg peaks. These rod like structures are known as
crystal truncation rods (CTR). The intensity distribution between the Bragg peaks is extremely
sensitive to the surface and the shape of the CTRs can be fitted with a model of the interface
structure. However, if the sample is not homogeneous enough or too rough, a CTR might not be
visible or too complicated to fit. In this work we investigated different metals and metal oxides
deposited on well-defined Au(111) single crystals. Although these films were in epitaxy with the
substrate, they were too heterogeneous to show a CTR which could be analyzed. The following

section demonstrates how surface sensitive information can still be obtained for such systems.

3.6 Surface Diffraction of Imperfect Thin Films

If a thin epitaxial film is too heterogeneous to exhibit a visible CTR and the scan only shows
a series of Bragg peaks, several useful film properties can still be obtained by detailed studies
of the Bragg peaks and their shape. For the data analysis it is often more convenient to convert
the g-coordinates into an in-plane component g|| (parallel to the surface) and an out-of-plane

component g | (perpendicular to the surface). This has the advantage, that data obtained from
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symmetry equivalent peaks can be directly compared. Furthermore, these directions are most
relevant in the peak shape analysis as will be seen later. In this work we always defined the

reciprocal space in a way that g, and gy are in the surface plane and g, is perpendicular to the

9| =\/43+ 4 (3.29)

g1 =4; - (3.30)

surfac, with this definition:

3.6.1 Strain

The strain of the deposit is the most obvious parameter that can be measured, since it is simply
obtained from the peak position. The convention of the in-plane strain €| and out-of-plane strain
€| used in this work are given by:

g=b_ 4= (331)
QH ap

g =Ib 7% (3.32)
q.1 Cp

where a/c are characteristic length scales of the crystal in the in-plane/out-of-plane directions,
(e.g. the lattice parameters a and ¢ of a hexagonal unit cell) and g, are the corresponding
spacings in reciprocal space. The subscript “b” denotes the corresponding bulk values taken
from the literature.

3.6.2 Crystallite Size

The width of the Bragg peaks contains information about the spatial extent of crystalline material
which is in exact translational symmetry. These characteristic lengths are good estimations of
the film thickness and the lateral dimensions of the crystallites of which the film consists. By
consideration of the N-slit interference function |Sy(ga)|> (Eq.[3.13) we can rationalize this.
In the ideal case the intensity is zero at all ¢ which are multiples of ]% with the exception of
multiples of 27” the position of the primary maxima (see Fig.. Therefore, the full width of
the primary peaks (from zero to zero) is % and to a good approximation the FWHM I' = ]ZV—’Z
Although an analytic expression for the width cannot be determined for the N-slit function,
we can find the width numerically. For N =2 the FWHM I = 1% At larger values the width
decreases and saturates at I ~ 0.89]%. These values are only true for ideal crystals for which the
crystal is perfectly correlated within a spatial region which is sharply defined by step functions. In
reality the correlation function cannot be described by a step function but will decrease gradually
which modifies the relation between I' and N. Within this work it was however impossible to

determine the correlation function since inhomogeneities of the film dominated these effects.
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The central problem is that the X-ray signal is a superposition of contributions from a large
number of crystallites with a distribution in size and orientation. This leads to broadening of
the peaks in different directions which complicates the shape of the peaks. For simplicity we
therefore assumed a sharp truncation of the crystallites and used the relation I" = 1% for the peak
width resulting from the finite size of the crystallites throughout this work. Since a is the length
of the real space axis of the crystal, the extent of the crystal in this direction is d = Na. We thus
obtain d = ZT” The crystal size in the in-plane and out-of-plane directions are accordingly given
by:

27
dH = F_” (3.33)
27
d =— 3.34
1 FL ) ( )

where I' and I'; are the peak widths in the in-plane and out-of-plane directions, respectively. A
detailed discussion of the above mentioned additional broadening mechanisms can be found in
Section [3.6.4] For the case of Co deposition on Au(111) the obtained thin films were sufficiently
flat to exhibit clearly visible subsidiary maxima as in Fig.[3.3] A detailed analysis of the shape
of the Bragg peaks and the CTR including the modelling of a crystallite height distribution
can be found in Section [5.6.3] For all other experiments shown in this work size distribution
functions could not be obtained so that I was interpreted as an average peak width and likewise

the resulting crystallite dimensions were interpreted as average values.

3.6.3 Amount of Material

The amount of material in a specific phase which exhibits an exact translational symmetry is
proportional to the integrated intensity of the Bragg peaks. Therefore, the intensity of the peak
can be used to monitor growth and dissolution. Furthermore, the intensity is also a measure of
the amount of material that is converted to another phase during an electrochemical process like
oxidation or reduction since the converted material loses the translational symmetry to the initial
phase.

3.6.4 3D Peak Shape Analysis

A detailed analysis of the 3D peak shape and appropriate projections can provide further insight
into the structure of the film. Fig.[3.4] shows three different views of the 3D reconstruction of a
Bragg peak of Co;0, deposited on Au(111). Fig.[3.4p shows a projection along the g axis (the
surface normal direction). Now it becomes evident that g, and g, are not the best coordinates to
capture the symmetry of the peak. More convenient is to consider the radial direction g which

is the direction from the origin to the peak in the g,g,-plane. The second direction of interest is
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Fig. 3.4: Reconstruction of the 3D intensity distribution of a Co;0, Bragg peak. The data was obtained
from a series of 2D images recorded along the CTR. Shown are different projections of the peak:
a) projection along ¢, b) projection along g, ¢) projection along g,.. It can be seen that the
peak is composed of two different contributions. Different broadening mechanisms leading to a
broadening of the peak in different directions can be clearly identified.

Fig. 3.5: TSD image of Co/Au/Si(111). Shown is the difference of images recorded before and after Co
deposition. The red peaks in a hexagonal arrangement originate from Co. It can be seen that the
peaks are broader along g, than along g;.

the azimuthal direction g, which is perpendicular to g and lies in the same plane.

The peak is clearly broader in the azimuthal direction. This effect is commonly observed and
can be easily understood by recalling that we probe a large ensemble of different crystallites. If
the in-plane axes of the crystallites do not perfectly match the substrate, but have a distribution of
mismatch, the peak will be broadened on a ring around the g_-axis. This can be seen even better
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in Fig.[3.5| which shows a transmission surface diffraction (TSD, see Chapter[J)) difference image
before and after Co deposition on Au/Si(111). Although this figure shows a different system the
broadening mechanism is the same. In the TSD geometry the full in-plane structure is visible in
one image and it can be clearly seen that the direction of the broadening of all peaks is along a
ring around the origin. Therefore, if we are interested in the lateral extent of the crystallites, we
have to consider the smallest peak width I'| which is along the direction of g and is independent
of this broadening mechanism. Along ¢,, the peak is convoluted with the distribution function
of the in-plane axes alignment. If we assume that the shape of the crystallites is isotropic, the
width is a combination of Fll (the width due to the finite crystallite size) and I, the width
associated with the misalignment. With some simplifications we can isolate I';;s. If I7,;5 is small,
the broadening which lies on an arc is approximately along a straight line perpendicular to g If
we further assume that we can describe the peak by a convolution of two Gaussian functions, the

- is and we can extract I'y;;. It

resulting peak is another Gaussian with the width I, = , /T° ﬁ 412
is more instructive to calculate the angular width I'g which is given by:

7. —T7
I'g =2arctan | — | , (3.35)
2q)

since its value is independent of the in-plane position g at which it was measured.

A simple visual inspection of the peak in Fig.[3.4b reveals that it is composed of two contribu-
tions: an intense peak broadened in ¢g,; and a less intense peak at larger g, with a larger width
along this direction but significantly less broad in g,;.

The view along the g,;-axis (Fig.[3.4c) shows that the more intense peak is broadened in
the direction ¢g,. A broadening of the peak in this direction occurs if the crystallites have a
distribution of misalignment in the out-of-plane crystal axes (i.e. if they have a distribution of
tilts). This leads to a broadening of the peak which lies on a spherical shell around the origin of
reciprocal space. Consequently this broadening mechanism also effects the peak in the direction
ga; and the expression in Eq.[3.35] would have to be modified accordingly. However, for all
samples investigated this effect was either not present or small enough to be negligible.

Modelling all these effects is difficult, because an analytic description of the resulting peak
shape could not be obtained. The reason for this is that the symmetry of the different broadening
mechanisms is not easily described in a common coordinate system. While the broadening due to
the finite size of the crystallites is best described in a Cartesian coordinate system, the broadening
due to the misalignment of the axes is best described in spherical coordinates. Therefore, we
usually analyzed 1D cuts through reciprocal space rather than the full 3D shape. To verify that
this procedure yields reliable results, the 3D peak shown in Fig.[3.4 was fitted with the full
model. This was achieved by binning the data into a spherical coordinate system and numerically
calculating the model starting with a 3D Gaussian which was then convoluted with two Gaussian

functions in the polar and azimuthal direction to model the two broadening mechanisms. The
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results were in good agreement with those obtained by the 1D cuts. Since 1D cuts can be
measured much faster and the data analysis is significantly easier this procedure was used

primarily.
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4 Experimental

This chapter focuses on the experimental details of the conventional reflection geometry which

was primarily used in this work. Details of transmission surface diffraction are described in
Section[8.1]and in[41].

4.1 Hanging Meniscus Cell

For the first part of the SXRD measurements in reflection geometry the hanging meniscus cell
developed by Magnussen et al.[43] was employed. A schematical drawing of the cell can be seen
in Fig.[d.1] The central part of the cell is a system of a PTFE tube inside a glass tube positioned
3 —5mm above a hat shaped sample. Between the sample surface and the glass rod a freestanding
electrolyte meniscus makes contact between the working electrode, the counter electrode and
the reference electrode. The size of the meniscus can be increased by pushing electrolyte into
the cell through the inner tube, and decreased by withdrawing electrolyte through the outer tube.
The flow of the electrolyte can be precisely controlled with a resolution of 4 uL. using motorized
syringes. A continuous exchange of electrolyte is also possible by simultaneously pushing
electrolyte into the inlet and removing it at the same rate from the outlet. The liquid handling
system will be described in more detail in the next section. A Ag/AgCl reference electrode

is located at the top of the cell at the electrolyte inlet. In order to avoid contamination of the

"RE

Fig. 4.1: Hanging meniscus cell used for the first part of the SXRD experiments in reflection geometry.
The figure was adapted from Golks[42].
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working electrode due to dissolution of the platinum counter electrode, the counter electrode
is located at the electrolyte outlet. The sample is mounted on a PCTFE holder, which itself is
mounted at the bottom of an aluminum chamber. The top part of the cell containing the two
tubes described above is mounted at the top of the chamber and is made from PCTFE. Inside
the aluminum chamber an argon atmosphere is maintained in order to prevent the contact of
the meniscus with oxygen. The X-ray beam enters and leaves the chamber through a Kapton
window.

The advantage of the hanging meniscus cell is that only the top surface of the working electrode
is exposed to electrolyte permitting electrochemical measurements of surfaces with well defined
orientation. Furthermore, the water volume is much larger than in thin film cells and since
the meniscus is surrounded by argon, reactive processes can be investigated in an oxygen free
environment. The disadvantage of the cell is its poor long-term stability. Since the reference
electrode is located at the highest point in the cell small amounts of gas, which could enter
during the exchange of electrolyte, can accumulate at the reference electrode. If the contact to
the reference electrode is lost strong gas evolution due to the splitting of water in a water based
electrolyte is a likely result. The reason for this is that the potentiostat will apply the maximum
possible potential (either positive or negative) since its amplifier is driven into saturation without
a proper feedback signal from the reference electrode. As a result the meniscus will collapse
which terminates the experiment. Obviously the same applies for intentional gas evolution which
makes the cell unsuitable for the investigation of water splitting. Furthermore, during long
experiments, especially if a large amount of electrolyte was exchanged, a wetting of the sides of

the electrode was observed which eventually results in the collapse of the meniscus.

4.2 Novel Electrochemical Cell for Operando SXRD

For the operando investigation of OER catalysts a new cell had to be designed which does not
posses the stability issues of the hanging meniscus cell (Section4.1)) in order to perform measure-
ments during strong gas evolution. Furthermore, during the experiments of Co electrodeposition
(Chapter[5), we often noticed that we had to measure with an attenuated X-ray beam or had to
perform certain steps completely without beam in order to avoid beam damage. For this reason, a
complementary measurement technique had to be implemented into the new cell. A cell matching
these specification as well as an improved electrolyte distribution system were developed within
this work and are described in the following. Optical reflectivity was integrated into the cell with
the help of our collaboration partner Fouad Maroun as a complementary measurement technique.
Optical reflectivity does not influence the sample and can be used as a continuous monitor of the
sample. Our cell is based on Carla et al.’s[44]] improved version of a cell design by Foresti et

al[45]]. The advantages of our cell compared to these cells are listed at the end of this section.

The central part of the experimental setup is shown in color in Fig.[4.2] The electrochemical

30



Fig. 4.2: Picture of the whole SXRD setup (color) mounted on the diffractometer at IDO3 (gray). The
cell (see Fig.[#.3) is located at the center of the setup. A box containing the reservoir and waste
bottles is mounted on the left and a platform on which all syringes and valves are mounted is
located on the right hand side. A box containing amplifiers and power supplies for the optical
reflectivity setup can be seen at the back side. All cables and a tube for the Ar supply are routed
from the diffractometer in a single cable sleeve. The path of the X-ray beam is indicated by an
orange arrow.

cell (center), the electrolyte reservoirs (left), the distribution system for the electrolytes (right)
and a box containing electronics for the optical reflectivity setup (left, back) are directly mounted
on the diffractometer (gray scale). This has two main advantages, firstly the length of the
flow-paths for the electrolytes is kept as short as possible and secondly, apart from one cable
strand encapsulated in a single cable sleeve no other tubes or cables have to be run to the cell.

This avoids that tubes or cables can be damaged by the diffractometer movement.

The potentiostat (Ivium, CompactStat) and an A/D-converter (National Instruments) as well
as a PC are located inside the experimental hutch next to the diffractometer. The PC is used to
control the A/D-converter, the potentiostat, a camera positioned inside the cell and the motorized
syringes and valves (Hamilton) of the electrolyte distribution system. The A/D-converter records
the signal of the optical reflectivity and the water level detector as well as the electrochemical
current and potential. A separate A/D-converter belonging to the beamline records the same
parameters (with the exception of the water level detector) to save these values along with
the XRD data. This greatly eases data analysis and data synchronization. A remote desktop
connection to the PC inside the experimental hutch is used to run the whole experiment from

inside the control room.

Fig.[4.3b shows a schematical 3D view of the cell without the laser system. A cut through the
cell reveals the concept of the cell design (Fig.[.3p, Fig.[4.3k detail). The parts of the cell which
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Fig. 4.3: Schematical drawings of the SXRD cell. A 3D view of the cell is shown in b). a) shows a cut
through the center of the cell along with a simplified diagram of the electrolyte distribution
system. The cell chamber is shown magnified in c). The cell consists of 5 PEEK parts (khaki):
the main body which is permanently fixed to the diffractometer, a plug which seals the cell, a
1 mm thick funnel like inset to direct the water flow to the working electrode (WE) and a glass
rod holder consisting of two parts. The WE is pressed into the main body by a micrometer
screw (purple) and sealed with a PTFE seal (white). The electrolyte can be inserted by three
independent syringes and removed by a single syringe through two outlets in the main body.
The plug has 5 general purpose access ports to the cell with UNF !/4” connectors and an inner
diameter of 3 mm (port for reference electrode (RE) seen in cut). A camera is mounted in a sixth
access port which is sealed by a glass window to monitor the electrolyte filling level and the
formation of bubbles. On top of the cell a laser, a beam splitter and two photo diodes (PD1/2)
are mounted which can be used to measure the optical reflectivity of the sample. Directly above
the sample surface, the thickness of the main body is reduced to 1 mm to serve as a window for
the X-ray beam.

are in contact with the electrolyte are made from PEEK (khaki). The main body (lowest PEEK
part) has two conical openings along the central vertical axis: a small one at the bottom and a
large one at the top. A hat shaped single crystal working electrode with an upper polished surface
having a diameter of 4 mm (yellow) is used in this cell. On top of the working electrode a PTFE
part in the shape of a truncated cone with a bore hole in the centre is attached to seal the working
electrode to the lower conical opening of the main body. A micrometer screw (purple) presses
the working electrode into the main body to make a tight connection. The advantage of this seal
is that it seals the crystal directly below the polished surface, which minimizes the area of the

crystal sides exposed to the electrolyte. Between the working electrode and the micrometer screw
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a stainless steal part (grey) is used to contact the working electrode and a PTFE part (white) is
used to insulate the working electrode from the micrometer screw. Between the insulator and the
top of the micrometer screw an O-ring functions as a spring.

Electrolyte can be filled into the main body of the cell by a system of three syringes connected
to a 3:1 valve and can be removed by a single syringe (see Fig.[.3p). Between each of the three
syringes and the 3:1 valve, an additional 3:1 valve is connected (not shown in figure) which
connects the syringe with an electrolyte reservoir, a waste container or the 3:1 valve shown
in the figure. A fritted glass tube can be used to purge the electrolyte reservoirs with gas. In
most of the experiments argon was used to remove oxygen from the solution. In Fig.[4.3a the
flow direction of the electrolyte is indicated by arrows. As in the case of the hanging meniscus
cell, the platinum counter electrode is located in the electrolyte outlet to avoid contamination.
The syringes can either be operated simultaneously to exchange electrolyte, or independently
to adjust the water level in the cell. Due to geometrical constraints the electrolyte inlet and
outlet in the main body are much higher than the surface of the working electrode. To guide
the electrolyte flow along the surface, a funnel shaped inset with a thickness of 1 mm and two
channels for electrolyte with a width of 4 mm and a thickness of 0.5 mm is placed inside the
upper conical opening of the main body. On top of the funnel a plug is place to seal the cell from
the top. The plug has 5 general purpose access ports to the cell with UNF 1/4” connectors and an
inner diameter of 3 mm. These ports are usually used for a Ag/AgCl reference electrode (seen in
the cut), an additional glassy carbon counter electrode, a Pt wire which serves as a water level
detector and an inlet and an outlet for Ar. In a sixth port which is sealed by a glass window, a
camera is mounted.

In the center of the plug a glass rod is located which serves as a beam guide for optical
reflectivity measurements. Directly above the beam guide a beam splitter and a laser along with
two photo diodes (PD1 and PD2) are mounted. PD2 is used as a monitor for the laser intensity,
whereas PD1 measures the sample reflectivity. Optical reflectivity is extremely sensitive to small
changes in the electronic configuration of the sample surface. Its penetration depth is comparable
to that of the X-ray beam under grazing incidence and therefore probes the same part of the
sample. Even changes in the sub-monolayer regime as in the case of chloride adsorption on
Au(111) can be clearly seen. Furthermore, it was shown that the optical reflectivity decreases
linearly with the film thickness during cobalt deposition[46] which makes it a good tool to
monitor the growth process. It has to be stated that the optical reflectivity is only measured
under normal incidence, i.e. at one angle. Modeling the optical reflectivity is therefore difficult.
However, we mainly used the technique to make sure that the sample is stable. For example
in the case of cobalt deposition, the electrolyte has to be exchanged after deposition and the
stabilization potential has to be chosen in such a way that neither further uncontrolled deposition
nor dissolution takes place before the exchange is finished and the film can be stabilized properly.
With optical reflectivity we can make sure that the sample thickness is constant during this

process with sub-monolayer precision.
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In Fig.[4.3f the path of the X-ray is shown as an orange arrow. In the region above the sample
surface the main body of the cell has a wall thickness of 1 mm and serves as a window for the
X-ray beam. This is the reason for choosing PEEK as the cell material: contrary to PTFE and
PCTFE, PEEK is very stable in the presence of intense X-ray radiation. For experiments under
grazing incidence, the path of the beam through the electrolyte/PEEK is ~ 7 mm/~ 3 mm for
y=0°and ~ 11 mm/~ 6 mm for y = 45°, where ¥ is the angle of the detector arm (see Fig.}.4).
At an X-ray energy of 22.5 keV, the resulting loss of intensity due to absorption is ~ 40 % for
Y= 0° and ~ 60 % for Yy = 45°. In the calculations of the absorption, we have assumed that the
electrolyte is water and the attenuation length of PEEK was approximated by that of water as
well, which is a good approximation.

In comparison to the cell design by Foresti et al. mentioned above, our cell has the following

advantages:

* Electrolyte flow is directed directly across the sample.
* The reference electrode is closer to the sample.
* The sample can be monitored by optical reflectivity.

* The sample can be monitored by a camera which is especially important to monitor the

accumulation of gas bubbles.

* Only the top surface of the sample is exposed to electrolyte enabling electrochemistry of

pure surface orientations.

* The electrolyte level in the cell can be adjusted and an argon atmosphere above the liquid

can be used to reduce the oxygen content in the electrolyte.

* The cell can be emptied completely which is essential for multistage experiments which

require the thorough removal of traces from the previous electrolyte.

4.3 Scattering Geometry

In the conventional reflection geometry the beam impinges the sample under an angle u. For
surface diffraction it is convenient to fix y in order to keep the illuminated area of the sample
constant. Since the penetration depth of the beam increases with u it is favorable to keep the
angle as small as possible to minimize scattering from the substrate. A small angle of y however
leads to a large beam footprint which can also reduce the signal if it becomes larger than the
sample itself. Another complication of a small angle of incident is that the experiment becomes
more prone to misalignment and drift of the beam. Apart from reflectivity measurements where
U has to be varied, an angle of yu = 0.34° was used throughout this work.

In reflection geometry a six-circle diffractometer was used. Four of the six circles (i, 0, 8

and ) are shown in Fig.}.4] The 6-circle rotates the sample around the surface normal direction
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Fig. 4.4: Reflection geometry for SXRD. The beam is incident on the sample under an angle y. The
sample has three rotational degrees of freedom: 0, ¥ and ¢. x and ¢ are not shown since they
only serve the purpose of aligning the surface normal parallel to the rotation axis of 6. The
detector can be rotated on a spherical shell by the azimuthal angle é and the polar angle 7.

7. In order to align the sample in such a way that 7i is perpendicular to the rotation axis of 6, two
further rotations ) and ¢ which have their rotation axes perpendicular and both in the horizontal
plane are available. These rotations were only used for the aforementioned purpose and were
fixed after alignment and are therefore not shown in Fig.[4.4] The detector has two degrees of
freedom and can be moved on a spherical shell around the center of the sample. The azimuthal
angle O rotates the detector arm around the vertical axis and the y-circle lifts the arm from the
horizontal plane. After alignment of the diffractometer, all six rotation axes intersect in the
pivot point. In order to move the center of the sample surface to this point a further translation
stage which can move the sample in all directions is available. At ID03 at the ESRF where we
performed these experiments the translation stage as well as the rotations ¥ and ¢ were provided
by a single hexapod.

A MAXIPIX detector with 516 x 516 pixels and an active area of 28.4 x 28.4mm? (pixel size
55 x 55um?) was used. The distance between the sample and the detector was in the range of
600 to 1000 mm.
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5 In Situ Surface X-ray Diffraction Study
of Ultrathin Epitaxial Co Films on
Au(111) in Alkaline Solution

This chapter is based on an article published in Electrochimica Acta[34].

Reprinted with permission from Finn Reikowski, Fouad Maroun, Nan Di, Philippe Allongue,
Martin Ruge, Jochim Stettner and Olaf M. Magnussen,

Electrochimica Acta 197 (2016), 273.

The article is available via the internet at https://doi.org/10.1016/j.electacta.2016.01.052.
Copyright © 2016 Elsevier Ltd.

Abstract

The oxidation behavior of ultrathin electrodeposited Co films on Au(111) in alkaline electrolyte
was studied using in situ surface X-ray scattering techniques employing synchrotron radiation
and complementary optical reflectivity and electrochemical measurements. The films are formed
at pH 4 and consist of (001)-oriented hcp Co crystallites that are several nm high, a few ten nm
in diameter, and remain largely unchanged after electrolyte exchange to pH 12 solution. In the
pre-oxidation peak only minor changes were observed in the diffraction studies, excluding the
formation of Co(OH); layers. In the potential regime of Co hydroxide formation a rapid reduction
of the amount of Co is observed, while the characteristic height of the islands decreases only
slightly. On longer times scales, growth of 3D crystals of Co(OH); occurs as well as irreversible
Co dissolution into the electrolyte is found. On the basis of the structural observations oxidation
of the Co film is proposed to proceed via fast formation of an ultrathin passivating layer, followed

by nucleation and growth of 3D hydroxide crystals at the grain boundaries in the Co deposit.

5.1 Introduction

The oxidation of iron-group metals and their alloys has been intensely studied in the past decades,
aiming at determining the origin of the very different passivating properties and corrosion
behavior of those metals. More recently, iron-group oxides have received increasing interest as
Pt-free catalysts for the hydrogen (HER) and oxygen (OER) evolution reaction in light-driven

water splitting [47-51]]. In particular, cobalt oxides are nowadays among the most promising
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catalyst materials for oxygen evolution and have been extensively studied in the last years [20),
50, |52, 53]]. In these applications typically Co oxide nanoparticles or nanostructured films
are employed, which frequently are prepared by electrochemical methods [52, 54-H56]. For
further development of these materials deeper insight into their electrocatalytic reactivity as
well as into suitable preparation procedures is highly desirable. This includes a more detailed
characterization of the structure of these nanomaterials and of their interface to the electrolyte.
The latter is also required for clarifying more complex, synergetic effects, such as the strong
increase in the OER activity of Co oxide on Au surfaces as compared to the bare oxide [54].

For obtaining clear correlations between the structure and reactivity of these materials suitable
model systems are necessary that are structurally better defined and thus accessible to modern
characterization methods. Walton et al. very recently investigated the oxidation of Co oxide nano-
islands on Au(111) surfaces under ultrahigh vacuum (UHV) conditions in detail by scanning
tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), and density functional
theory (DFT) calculations [57]. These studies revealed facile insertion of oxygen underneath
the Co layer at the edge of the nano-islands. For true understanding of the OER reaction similar
studies in the native environment, i.e., in neutral or alkaline electrolyte, will be required, however.
As a first step towards this objective we here present first in-depth studies of the structural
changes in an electrodeposited epitaxial Co film on Au(111) upon electrochemical oxidation by
in situ surface X-ray diffraction (SXRD) methods.

While there is an abundant literature about the electrochemical oxidation of cobalt, essentially
in alkaline solutions [58-63], only a few structural studies by surface-sensitive techniques are
available. First in situ STM studies of Co(001) electrodes in acidic solution were performed
by Ando et al., concentrating on anodic Co dissolution [64]]. The initial stages of hydroxide
formation and its reduction on Co(001) in 0.1 M NaOH were studied by Foelske et al. using in
situ STM and ex situ XPS [65]. They reported the observation of a hexagonal surface lattice at
the onset of oxidation, which was attributed to the formation of a (001)-oriented monolayer of
B-Co(OH),. More recent electrochemical characterizations of the pre-oxidation stages coupled
with DFT calculation are rather suggesting that the oxidation commences with the adsorption of
a dense OH adlayer which also induces a surface restructuring [[66].

In this work, we study the electrochemical oxidation of epitaxial Co films, formed by elec-
trodeposition on Au(111) [21, 67]. The oxidation process is studied at various potentials by
in situ SXRD and complementary electrochemical and optical reflectivity measurements. The
structure of the oxide and its interface with Co are discussed and an oxide growth model is
proposed. This approach presents several experimental advantages as compared to studies of
single-crystals: Firstly, it allows direct preparation and conversion of the sample in the cell
while it can be characterized by the employed in sifu probes. This in particular avoids contact of
the Co surface with the atmosphere. Secondly, the thin film geometry enables the quantitative
determination of the amount of Co loss due to oxidation and dissolution. As we will show, the

possibility to directly determine the structure and morphology of the Co in the film allows to
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obtain detailed insights into the microscopic oxidation mechanism.

5.2 Experimental Methods

X-ray scattering experiments were performed at beam line ID03 at the ESRF. We used an X-ray
energy of 22.5keV at which the photon flux was 4 x 10'! counts/s. The beam was focused on the
detector such that the beam size was 30 x 250 um? at the position of the sample. The detector
was a MAXIPIX with 512 x 512 pixels and a pixel size of 55 x 55 um? located at a distance of
961 mm to the centre of rotation. The diffractometer was configured in a six circle geometry.
For all measurements (apart from reflectivity) the incidence angle was fixed to 0.34°. At this
angle, the beam footprint on the sample is 250 um X Smm. For creation of reciprocal space
maps from the 2D detector frames the BINocular software was employed [68]]. For convenience,
all positions in reciprocal space are given in coordinates (H, K, L) of the hexagonal reciprocal

coordinate system of the Au(111) substrate with reciprocal lattice vectors

41 o —1
at = —251A7", (5.12)
ann\/§
2 o —
=T _089A", (5.1b)

where a,,, = 2.885 is the nearest-neighbor separation of the Au surface atoms. A schematic of
the hexagonal coordinate system is given in Fig.[5.1|together with positions of Bragg peaks from
bulk fcc Au, hep Co and hep Co(OH),. Bragg reflections are indexed by conventional Miller
indices.

For the X-ray experiments we used hat shaped Au(111) single crystals with an orientation
uncertainty of < 0.1°. The wetted surface had a diameter of 4 mm and was polished to a
roughness depth of 0.01 um (Mateck). Prior to the experiments the crystals were sputtered and
annealed until a sharp LEED pattern was observed. Between different experiments the surface
was electrochemically cleaned by 3 cycles of oxidation in 0.1 M HClOy via the application of 3 V
between the crystal and a Pt wire and reduction in 0.1 M HCI to remove any remaining Co from
the crystal. The crystal was then annealed in a butane flame for 5 min. Electrolyte solutions were
prepared from NaClO,4 (Sigma, puriss.), HCI (Carlo Erba, for electronic use), CoCl, (Merck, pro
analysis), NaOH (Sigma), and Milli-Q water.

The Au(111) crystal was mounted at open circuit potential (OCP) in our “hanging meniscus”
transmission cell [43], which employs a Pt counter electrode and a Ag/AgCl (3 M KCl) reference
electrode (all potentials in this work are referred to this electrode). The cell was initially filled
with 0.1 M NaClOy4 + 1.3 mM HCI + 1 mM CoCl, with pH 4 and kept during sample alignment at

a potential of £ = 0.4 V. Before and during the X-ray measurements the quality of the sample and
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Fig. 5.1: Reciprocal space geometry of the experiments. The employed coordinates (H, K, L) are defined
by the Bragg peaks of Au(111) substrate (yellow circles). Bragg peaks of the (001)-oriented hcp
Co (green circles) and Co(OH); (red circles) lattices are labeled by their conventional hcp Miller
indices. The X-ray data were obtained by L-scans along the surface normal direction (red and
green solid lines) and axial in-plane K-scans.

the electrochemistry was checked by cyclic voltammetry (CV). Exchange of the electrolytes after
Co deposition to first 0.1 M NaClO4 + 1.3 mM HCI and subsequently 0.1 M NaClO4 + 0.01 M
NaOH was performed using the remote-controlled fluid handling system of the instrumental
setup, which allowed monitoring the X-ray intensity during the exchange. Typically, > 8ml
were exchanged at 10 to 50 uls~!, which ensured quantitative replacement of the electrolyte in
the cell (cell volume ~ 1ml), as also verified by measuring the pH in the cell outlet. The entire
exchange procedure required a time period of > 30 min.

For the optical measurements, the Co films were deposited on a (111)-oriented Au buffer layer
deposited on Si(111), following the procedures described in Ref. [66]. The sample was mounted
in an electrochemical flow cell (cell volume ~ 1ml, flow rate ~ 1 ml/min). The reflectivity was
measured at normal incidence using a laser diode at 630 nm and a standard Si photodiode for the
intensity measurements. The probed sample surface was ~ 1 mm? and the sample area exposed

to the electrolyte was 0.5cm?.
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5.3 Resulis

5.3.1 Structure and Morphology of the Co Deposit

Cyclic voltammograms of Au(111) in 0.1 M NaClO4 + 1.3 mM HCI + 1 mM CoCl, (pH4)
obtained in the “hanging meniscus” transmission cell (see supporting information, Fig. S1) are
in good agreement to those in the literature [21}, 67]. Thin Co films for the oxidation studies
were deposited at a potential of —0.85V for a time 74,, = 10 to 100s. Deposition was stopped
by stepping the potential to —0.65 V, where the film is stable against dissolution. The resulting
film thickness for a given deposition time was obtained by subsequent anodic stripping and
integrating the charge under the Co dissolution peak. A new layer with the desired thickness was
then deposited and its structure investigated in detail (i) directly after deposition and (ii) prior
to oxidation in pH 12 solution. For the latter the Co film was transferred into 0.1 M NaClOy4 +
0.01 M NaOH by a two-step procedure: First, an exchange to CoCl, free electrolyte of pH 3.5 at
—0.65V was performed to ensure a negligible concentration of Co?* species. Then, this solution
was exchanged by 0.1 M NaClO4 + 0.01 M NaOH with the potential being kept at —1.05 V.

In accordance with previous in situ STM studies, ex situ AFM, ex situ magneto-optical
measurements and ex situ XRD characterization [[67, 69]], electrodeposition results in a smooth
(001)-oriented film of hcp Co. Fig.[5.2a presents a reciprocal space map of an as deposited Co
layer (deposition time 74,, = 100 s). The primary diffraction maxima at K = 1.137 and L =0,
1.75, and 3.5 can be identified with the Co(-110)ycp, Co(-111)p¢p, and Co(-112)y, Bragg peaks,
respectively. Identical peaks are found after a 60° in-plane rotation of the sample, confirming that
the majority of the film consists of epitaxial hcp Co with a (001) orientation which is aligned with
the Au(111) substrate lattice within the surface plane. Specifically, a tilt or in-plane rotation of
the Co lattice of the order of some degrees with respect to the substrate lattice, as found in other
electrodeposited films with large lattice mismatch, was not observed [70]]. From the positions
of these peaks the vertical and in-plane Co hcp lattice constants c¢, and ac, can be determined.
The obtained values indicate a small tensile in-plane strain of & = (ac, —acop)/aco, = 1.4%
and a compensating compressive out-of-plane strain €, = (cco — ¢cop)/Ccop = —0.5% with
respect to bulk Co (lattice parameters ac, , = 2.507A and ccop = 4.069 A). Similar strain
values were obtained for other Co deposits. From the full width at half maximum (FWHM)
', of the Co(-111)p Bragg peak along the L-direction the thickness of the epitaxial Co-layer
dco = (2m) /(T - ¢*), i.e., the characteristic size of the crystallites along the surface normal, was
determined as dc, = 40 A. The precise meaning of this quantity will be discussed in more detail
below.

The FWHM of the peaks in in-plane azimuthal scans is determined both by the in-plane
crystallite size, which results in an intrinsic FWHM Ik, and the angular distribution of the
in-plane orientation of the Co crystallites. A detailed analysis of the (H,K) maps around several
hep Co peaks gave an in-plane crystallite size §| = (27)/(T'x -a*) of 274 A and a narrow in-plane
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Fig. 5.2: (a,b) Reciprocal space maps (in logarithmic color scale) and (c) L-scans at K = 1.137 (marked
by solid lines in (a,b)), obtained at —0.65 V 4 min after 100 s deposition of Co at —0.85V in
(a) acidic solution (= 16 ML, black line in (c)) and (b) 40 min later at —1.05V after transfer to
alkaline solution (=~ 18 ML, red line in (c¢)). The X-ray scattering data show the Co(-110)pcp,
Co(-111)pcp, and Co(-112)pcp Bragg peaks, the Co(011)c and Co(012)¢.. peaks of a minority
phase (marked in (a,b) by crosses and broken line and in (c) by red arrows), and subsidiary
maxima due to thickness oscillations (black arrows in (c)).

angular distribution around the K axis with a FWHM of A8 = 0.6°. Close inspection of the data
reveals additional weaker features in the reciprocal space region between the Co Bragg peaks. In
particular, along the L-scan through the Co Bragg reflections (Fig.[5.2k, black line) 4 subsidiary
maxima (marked by black arrows) are visible between the Co(-110)p¢, and Co(-111)p¢p, peak
(similar maxima are also faintly recognizable between Co(-111)¢p and Co(-112)pcp). The shape
of the scan qualitatively resembles the N-slit interference function [39], indicating that the
deposited Co film consists predominantly of a stack of N = 6 continuous unit cells, i.e., 6 hcp
Co bilayers. The latter would correspond to a thickness of 24 A, which is much smaller than
the characteristic crystallite height dc,, obtained from the FWHM of the Bragg peak. This
discrepancy can be resolved by considering that the relative height of the subsidiary maxima as
compared to the Bragg peaks is about one order of magnitude smaller than that expected for a
perfect 6 bilayer thick film. We interpret the observed X-ray data as the result of a superposition
of the X-ray intensity contributions of epitaxial Co crystallites, each of which consists of a
defined number of bilayers 6 < N < Nygx.

A more detailed modeling of the L-scan intensity, which considers a Gaussian decay of
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i & dco I/Ipmzimi Co coverage

Co film (pH 4) 14% 274A 40A  88% ~ 16 ML
Co film (pH 12) - 267A 47A  100% ~ 18 ML
2 x ox./red. cycles 13% 256A 46A  85% ~ 15ML
Coox.atE=—-07V 12% 227A 43A  54% ~ 10 ML
l.5hatE=-07V  09% 207A 46A 6% ~ 1 ML
ox. reduction 0.8% 123A 51A 13% ~ 2 ML

Table 5.1: Structural parameters of the hcp Co film at different stages of the oxidation experiment: In-
plane strain g, in-plane crystallite size §, characteristic size of the crystallites along the
surface normal dc,, integrated intensity of the Co(-111)y¢, Bragg peak, normalized to its value
immediately after transfer to alkaline solution (pH 12) and prior to oxidation /1 pH12,ini» CO
coverage (deposited amout of Co). The vertical strain €, = —0.5% has been found to be
almost unchanged during the experiment.

the island height distribution function for N > 6 (see Suppl. Inf.), reveals that the amount
of deposited Co corresponds in total to ~ 16 full Co layers (in the following we define a Co
coverage of 1 ML as one full Co layer). In this model the number of subsidiary maxima is
dominated by the interference function of the uniform film. Scattering contributions of surface
fraction covered by islands thicker than 6 bilayers are damping the oscillation amplitude due
to the thickness distribution but contribute to the intensity and width of the Bragg peaks. In
the following Co coverages of films directly after deposition were obtained by such modeling
of the X-ray intensity distributions along L at the non-specular Co Bragg peak or from the
oscillation period of the small angle specular reflectivity (see Fig.[5.4c). However, after oxidation
steps subsidiary maxima usually vanish or are very weak. In this case changes of Co coverages
were thus determined by respective changes of the integrated Co Bragg peak intensities (see
Table[5.1). The height dc, which is determined from the Bragg peak width is a characteristic

value in between the Co coverage and the height of the highest islands in the distribution.

After transfer into pH 12 solution the film structure is essentially unaltered (see Fig.[5.2b) with
no noticeable changes in the Bragg peak positions. Nevertheless, the electrolyte transfer leads
to the modification of the Bragg peak intensities and shapes: First, the integrated intensity / of
the Co(-111)¢p Bragg peak, calculated as I = lyayx -1’ - F%( (where 1,4, is the X-ray intensity
at the peak position), increases by 14 % with respect to that of the initial deposit with a Co
coverage of ~ 16 ML. This leads to a Co coverage after electrolyte transfer of 18 ML. In parallel
the vertical peak FWHM I decrease corresponds to a 17 % increase in dc,. Furthermore,
the subsidiary oscillations between the Bragg peaks almost completely disappear. All these
observations indicate that additional Co electrodeposition and surface roughening could not be
completely avoided during the transfer of the Co layer into the alkaline solution, which may

partially be related to the rather long time (>30 min) required for the electrolyte exchange.

In both Fig.@ and b we observe shoulders close to the Co(-111)y¢, Bragg peak, which result
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Fig. 5.3: Oxidation and reduction of a 4.1 ML Co film in 0.1 M NaClO4 + 0.01 M NaOH (pH 12) solution.
(a) Variation of the optical reflectivity (R — Ry)/Ry (red line) with respect to that of bare
Au/Si(111) (Rp) before Co deposition. The cyclic voltammogram (black line) is recorded in
parallel in the in situ optical reflectivity cell (dE /dt = 10mV /s). (b) Cyclic voltammogram in
the in situ SXRD cell (dE /dt = 20mV /s) of the 10 ML film after oxide reduction at —1.25 V.
The vertical dashed lines indicate characteristic changes of the curves presented in Fig.@

from much weaker peaks at a slightly larger in-plane scattering vector K = 1.142 at L = 1.2 and
2.3 (marked by crosses in Fig.[5.2p, b and red arrows in Fig.[5.2c and become more prominent
after electrolyte exchange. We assign these peaks to fcc Co(011)¢. and fcc Co(012)¢.. Bragg
reflections, respectively (here the Miller indices of the hexagonal coordinate system are used,
see Fig.[5.1). The higher K values reveal that the fcc Co crystallites are less strained than the
hep Co (g = 0.8%). In all experiments the intensity of these peaks was more than an order
of magnitude lower than that of the hcp Co peaks, indicating that at most a few percent of Co
crystallized in the fcc structure. The influence of this minority phase will therefore be neglected

in the subsequent discussion of the Co oxidation behavior.

5.3.2 Oxidation and Reduction of the Co Film

The oxidation in pH 12 solution of the deposited Co layers was characterized in detail. CVs
of these deposits, obtained in the in situ optical reflectivity cell (Fig.[5.3h, black line) and in
the in situ SXRD cell (Fig.[5.3b are in good agreement with previous data obtained on Co(001)
single crystals [[65]. They exhibit two anodic peaks (Al and A2) in the positive going scan,

corresponding to Co oxidation, and one cathodic reduction peak (C) in the reverse scan. At the
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scan rate of 20 mV/s used in the subsequent in situ SXRD studies the anodic peaks are found at
—0.76 (A1) and —0.56 V (A2), the cathodic peak C (dependent on the positive potential limit) in
the range —1.1 to —0.93 V. In previous studies peak Al was attributed to OH adsorption [66]
and peak A2 to the formation of a thicker Co hydroxide layer [65]. Similar CVs were obtained
for all epitaxial Co electrodeposits with a thickness larger than 4 atomic layers.

The Co oxidation is accompanied by a significant drop of the optical reflectivity (Fig.[5.3h,

red line), where the optical reflectivity was acquired parallel to the CV. The reflectivity data
AR _ R—

Ro Rfo, where R is the optical reflectivity of
Au/Si(111). This drop occurs in two stages, which are very well correlated with peaks A1 and
A2. %—ﬁ decreases from 8 % (% of the Co film) to 0% at —0.1 V. We attribute these potential-

induced variations in reflectivity to changes in the thickness of the metallic Co film, caused by its

is plotted as the relative reflectivity change,

oxidation. During the negative potential sweep, %—f remains approximately constant until peak C
is reached where it increases up to a value that is lower than the initial one. This indicates that
the oxide reduction is only partially reversible, either due to formation of an irreversible oxide
species or due to partial dissolution of the Co film. Taking into account that in the thin layer
limit the relative reflectivity change with respect to that of the Au substrate is proportional to the
thickness change of the film [71]], the estimated amount of Co lost after one potential cycle is
approximately 2 ML (see supporting information for more details on reflectivity modeling).

Structural changes in the Co film were first examined by monitoring the potential-dependent X-
ray intensity of the Co(-111)p, Bragg reflection during oxidation/reduction cycles of a =~ 10 ML
thick Co film up to potentials just positive of peak Al. In this regime fully reversible changes
in intensity were observed (Fig.[5.4p). In the positive scan a small intensity drop of about 3 %
equivalent to a Co amount of 0.3 ML occurs at the potential of peak A1; in the negative potential
scan the intensity is completely recovered in the regime of the reduction peak C. The same trend
was observed in the optical reflectivity, as shown in Fig.[5.4b. The very small magnitude and
the reversibility of the Co(-111)y, intensity changes rule out a process involving significant
restructuring of the Co lattice, such as the conversion to Co hydroxide. The weak potential-
dependence of the vertical FWHM I'; (< 1% limited by the experimental noise) indicates
corresponding very small changes in the characteristic height d¢, of the Co crystallites. In
addition, X-ray reflectivity measurements (Fig.[5.4k) on a thinner Co film (= 5.4 ML) obtained
negative (E = —1.05V) of peak A1 and after a sweep through peak Al and setting the potential
to E = —0.75V are virtually indistinguishable, indicating that the interface structure (averaged
within the surface plane) is almost identical at the two potentials. A more detailed interpretation
of these structural observations will be given in the discussion.

The oxidation/reduction processes in the potential regime of peak A2 have a much larger
influence on the Co(-111)p¢, Bragg peak intensity and lead to irreversible modifications of the
Co layer (Fig.[5.5p). In the positive sweep, the peak intensity decreases in the potential range
of peak A2, whereas it remains quasi constant in the same range on the negative sweep. An

analogue behavior is found for the change in the characteristic height d¢, of the Co crystallites,
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Fig. 5.4: OH adsorption/desorption process on the Co film in alkaline solution (pH 12). (a) Potential
dependent integrated X-ray intensity of the Co(-111)pep Bragg peak of a =~ 10 ML Co deposit
(symbols connected with solid line) recorded at dE /dt = 20mV /s in parallel with the cyclic
voltammogram (solid line). (b) Variation of the optical reflectivity (R — Ry) /Ry (red symbols
connected by lines) with respect to that of bare Au/Si(111) (Rg) before Co deposition. The
4.1 ML Co layer induces an increase of 8 % of (R — Ry)/Ry. The cyclic voltammogram at
dE /dt = 10mV /s (black line) is recorded in parallel. (c) X-ray reflectivities of a Co film of
5.4 ML measured before OH adsorption at E = —1.05V (black solid line) and after a potential
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obtained from the FWHM I of the Bragg peak, which likewise decreases in the oxidation
regime (Fig.[5.5b). Both effects can be rationalized by the conversion of a fraction of the hcp Co
film into a passivating Co oxide. On the negative sweep, no further Co oxidation occurs until
peak C is reached where the Co peak intensity and the FWHM recover only partly. The shape of
the Co intensity curve is very similar to that obtained by optical reflectivity (Fig.[5.3p).

The X-ray scattering data allows direct determination of the amount of Co involved in the
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Fig. 5.5: Co hydroxide formation and reduction process of the 18 ML Co deposit in alkaline solution
(pH 12). (a) Potential-dependent relative change of the integrated Bragg peak intensity, (b)
characteristic height of the Co islands d¢, = (27) /(I - ¢*) resulting from the FWHM in L-
direction I'z, (c) average in-plane size of the crystallites & = (27)/(I'x - a*) as determined from
the FWHM in the K-direction I'g, and (d) in-plane lattice strain g The data were derived
from measurements of the Co(-111)y, reflection of the deposit shown in Fig.@ during a
potential cycle at dE /dt =20mV /s (experimental errors are comparable to the scatter in the
data). Dashed lines indicate characteristic changes of the curves. In (a) the parallel recorded
baseline-corrected voltammogram is included.

oxidation/reduction process, because the integrated Bragg peak intensity is approximately
proportional to the number of atoms in the hcp Co latticeﬂ For the experiment shown in Fig.
which was obtained on the ~ 18 ML thick Co film shown in Fig.[5.2b, 23 % of the Co film is
oxidized on the positive sweep, which corresponds to a total loss of 4.1 ML. This is in good

!'This assumption is strictly valid only for perfect crystallites. In the presence of defects diffuse scattering would
occur and the Bragg peak intensity would be reduced. Since we do not observe significant diffuse scattering in
our experiments, we ignore this effect. Furthermore, the crystallites should be homogenoeously strained due to
their small size which would lead to low diffuse scattering.
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agreement with the anodic charge of 2.55 mCcm~2 in the corresponding CV, which is equivalent
to the oxidation of 4.3 ML of Co(0) into Co(II) (1 ML of Co(001) contains 1.85 x 10> Co
atoms/cm?). In contrast, the characteristic height d¢, of the Co crystallites derived from the
width I'7 decreases by only ~ 2 A upon oxidation. Furthermore, also the characteristic lateral
dimension éH of the Co crystallites is shrinking during oxidation (Fig.), as indicated by the
increase in in-plane width I'g, and the small partial relaxation of the tensile in-plane strain is
relaxing by Ag = 0.03 %. As will be shown in the discussion, these observations can only be
rationalized if the oxidation is highly non-uniform. Interestingly, these changes of 5” and g|
are delayed by ~ 4200 mV with respect to the decrease in peak intensity and dc, (indicated by
dashed vertical lines in Fig. and continue at potentials > —0.35V, where d¢, reaches its
steady-state value. This indicates a second oxidation process, which occurs slower (based on
the change in slope of the Bragg peak intensity above —0.35V, see Fig.[5.5h) and progresses in
lateral direction.

Upon reduction of the oxide layer approximately half of the intensity drop as well as of the
drop in characteristic thickness dc, recover instantly in the regime of peak C. During the rest of
the scan and subsequently, at a fixed potential of —1.05V, the intensity continues to increase over
the following 20 min by a slower process. Nevertheless, the intensity does not completely recover,
indicating an irreversible loss of Co in each oxidation/reduction cycle. The latter is illustrated
in Fig.[5.6] where the Co Bragg peaks along the L and K directions are shown for the Co film
described in Fig.[5.2] (for resulting values of structural parameters see Table[5.I]). Obviously, the
intensity of the Co(-111)y¢p and Co(-112)p, Bragg peaks after two oxidation/reduction cycles
between —1.20 and —0.15V (red lines) is lower than that obtained prior to oxidation (black and
yellow lines). A more precise determination that employs the reciprocal space maps results in
a reduction in integrated Bragg peak intensity of 15 % compared to the value obtained directly
before the oxidation cycle (see Table[5.I)). Furthermore, also the peak widths I';, and I'x are
slightly larger after oxidation/reduction, indicating also a small decrease in the characteristic
size of the Co crystallites. According to these results (i) the reduction of a significant fraction
of the oxide occurs by a process with sluggish kinetics and (i1) small but noticeable Co losses
via dissolution into the electrolyte occur during oxidation/reduction, even in cycles performed
at conventional potential scan rates. The behavior described above is highly reproducible
in successive potential cycles. Furthermore, very similar absolute changes were observed in
experiments performed at similar potential scan rates on deposits of lower Co coverages. In
particular, also in these measurements a Co loss due to oxidation of in total ~ 3 — 5 ML was
found during the positive sweep to —0.2 V.

For more detailed studies of the structure and stability of the Co film in the oxidation regime,
similar L- and K-scans were performed directly subsequent to the experiments in Fig.[5.5| by
performing an additional potential cycle and stopping the negative going sweep at —0.70 'V, i.e., a
potential at the onset of oxidation (Fig.[5.6] green lines). These reveal a slow continuous decay of

the Co film on a time scale of minutes, as evidenced by comparing the relative intensity changes
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Fig. 5.6: Influence of oxidation and reduction on the Co Bragg peaks for the film shown in Fig. (a)
L-scans and (b) K-scans (obtained at L = 0.15) through the Co(-110)y, peak, recorded for the
initial Co film in acidic (= 16 ML, black line, E = —1.05 V) and alkaline (=~ 18 ML, yellow line,
E = —0.65V) solution, after two oxidation/reduction cycles between —1.20 and —0.15V at
20mV/s (red line, E = —1.05 V), after subsequent oxidation by a third cycle to —0.15 V (green
line, E = —0.70V), after further 1.5 h waiting at this potential (dark blue line, £ = —0.70 V),
and immediately after subsequent reduction of the oxide (light blue line, £ = —1.05 V).

of the Co(-110)ycp, Co(-111)ycp, and Co(-112)p¢, Bragg peaks, which were recorded 220, 440,
and 640 s after the potential was stopped at —0.70 V and exhibit a continuous decrease to 65, 54,
and 46 % of the original intensity, respectively. With time, the Co mass loss continues, leading to
a reduction of the original peak intensity by 94 % after 1.5h at E = —0.70 V (Fig.[5.6] dark blue
lines). Very similar changes in Co coverage were observed in experiments at —0.4 V.

The Co mass loss is accompanied by a reduction of the Co hep in-plane tensile strain g
from 1.3 % to 0.9 %, as indicated by the shift of the peaks in the K-scans (shown in Fig.[5.6b)
towards larger values. However, the small vertical strain €, of the Co film is less affected by
oxidation. Surprisingly, the thickness d¢, of the hcp layer is increasing again slightly (by 7 %),
suggesting that higher hcp Co islands are more stable than areas of lower thickness, consistent

with a heterogeneous oxidation process.

Subsequent reduction of this sample by sweeping the potential to —1.2'V and bringing it
back to —1.05 V results in a slightly lower, but broader Co(-111)y, peak (Fig.[5.6 light blue
lines).The integrated intensity recovers to 13 % of the original Co(-111)y, peak intensity in
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Fig. 5.7: Bragg peaks of the hydroxide layer at E = —0.70V, recorded after the oxidation cycle (Fig.
green line) and keeping the potential at —0.7V for ~ 1 h. The L-scans were recorded at
K =0.908 (blue line) and after a 60° in-plane rotation of the sample (green line) and demonstrate
the formation of a well-ordered epitaxial Co(OH);, hcp layer. The features labeled Au(-111) and
Au(012) are tails of the Bragg peaks of the Au substrate.

alkaline solution and dc, is further increased by 10 % (see Table[5.1I). The absolute change in
intensity upon reduction, equivalent to an increase of 1 —2 ML Co deposit, is comparable to that
found in the potential cycle experiments, suggesting a similar oxide coverage. Therefore, the
much lower peak intensity than that before oxidation has to be attributed to irreversible loss of
Co via dissolution into the electrolyte.

In addition to these studies of the Co film also the structure of the Co oxide was investigated
by in situ SXRD. Fig.[5.7| shows L-scans at K = 0.908 (blue line) and at 60° in-plane rotated
reciprocal space positions (green line), which were recorded on the oxidized sample of the
previously described experiment after keeping the potential for 55 min and 75 min at —0.70'V,
respectively. They reveal Bragg peaks that can be clearly attributed to an epitaxial hcp Co(OH),
phase (additional peaks visible in Fig.[5.7|correspond to tails of neighboring Bragg peaks of the
Au substrate, see also Fig.[5.1)). The in-plane and out-of-plane lattice constants of the Co(OH);
structure are dc, (o), = 3.18A and Cco(OH), = 465 A, which is in accordance with literature
data on bulk Co(OH), [72]. The Co(OH); lattice is well (within < 2°) aligned with that of the
hep Co film, according to in-plane azimuthal scans (not shown).

The integrated intensity of the Co(OH)(-111)ycp peak is in the range of 0.5% (55 min
after oxidation) of that for the Co(-111)y¢, peak of the film prior to oxidation. Even taking
into account the (weak) influence of the OH groups on the structure factor and applying the
appropriate correction factors for the different reciprocal space positions, the amount of Co(OH);
is two orders of magnitude lower than that of the initial Co film. This suggests that the observed
Co(OH); peaks correspond to islands with very low surface coverage. The thickness of the
Co(OH); islands was determined from the FWHM of the Co(OH),(-111)p¢p peak in both L-scans
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to d,x = 88 A, which is twice the characteristic thickness value of hcp Co stacks dc, = 46 A
before oxidation at —0.7 V (see Table[5.1). The in-plane crystallite size of these oxide islands is
estimated from the FWHM of the Co(OH),(-111)pp peak in K-scans to éH ox =450 A. The larger
dimensions of these Co(OH), crystals as compared to the values obtained for Co (Table[5.1)) may
be partly caused by the larger in-plane lattice spacing of the hydroxide.

The intensity of the Co(OH), Bragg peaks continues to increase within the next 30 min to a
constant (= 2 times higher) value. Nevertheless, the total intensity remains low, indicating that
only a few percent of the initial Co film (i.e., < 1 ML Co) are converted into these 3D Co(OH),
islands. This is considerably less than the amount of Co, which is (reversibly) oxidized and
reduced during a cycle (see Fig.[5.5p) and far below the Co loss found after 640s at —0.70 V
(= 10 ML). Consequently, a large fraction of the Co hydroxide is either dissolved in the solution
or is present in another form, for example an amorphous phase, or in another crystal orientation
(e.g. as randomly oriented Co(OH),, which would result in weak powder rings). Direct evidence
for such phases was not found in the SXRD experiments, however. Furthermore, we performed
similar potential cycle experiments as in Fig.@] at the position of the Co(OH)2(-111)p¢, Bragg
peak. No formation of peaks indicative of a Co(OH), phase was observed in these measurements,
in agreement with the low intensity and slow growth rate found in the experiments at constant

potential.

5.4 Discussion

The detailed in situ SXRD results on the structure of the Co and Co hydroxide film before, during,
and after oxidation as well as after subsequent reduction allow to derive a detailed microscopic
picture of these processes. We commence our discussion with the initial stage of Co oxidation
(peak Al in the CV) and then continue with the oxidation in peak A2.

It is clear from our study that the peak A1 is not associated with the formation of a Co(OH),
layer since we did not observe any significant decrease of the Co peak XRD intensity. This
conclusion is in agreement with previous DFT calculations that either a chemisorbed (2 x 2)-OH
adlayer or a (6 x 6)-CoOH layer (adlayer coverage of 0.69), in which the in-plane lattice constants
of the topmost Co layer are expanded by a 20 % (with respect to the Co layer), is formed in this
process [66]]. This seems to be at variance with the conclusions of Ref. [[65]] where the authors
assign the hexagonal surface structure observed by in situ STM on Co(001) single crystal in
pH 12 solution at the positive end of peak Al to Co(OH)2(001)pcp [65]. This discrepancy may
originate from the fact that the (6 x 6)-CoOH and the Co(OH); layers have approximately the
same in—plane lattice parameters. It may also come from different experimental conditions: the
Co surface was observed by STM after 30 s at a potential at the positive end of peak A1, which
is also the onset of peak A2 where the Co(OH), forms.

The structure of the Co surface in peak A1 cannot be resolved completely unambiguously
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on the basis of our measurements. On the one hand, the 3 % intensity decrease in the Co(-
111)pep peak intensity of the 10 ML Co deposit during the potential sweep (see Fig.@) may be
interpreted as the formation of a (6 x 6)-CoOH layer. However, assuming that this decrease is
solely caused by the conversion of hcp Co in the topmost atomic layer to a (6 x 6)-CoOH layer,
the latter would cover only ~ 40 % of the Co surface. Also the corresponding increase in the
FWHM of the peak along the L-direction is much smaller than the expected change for the full
conversion of the topmost Co atomic layer on the entire surface (=~ 5 %). Nevertheless, a partial
(6 x 6)-CoOH covered surface during the sweep, e.g. due to a slow formation kinetics, may be
possible. On the other hand, the fact that the reflectivity curves in Fig.[5.4c are quasi identical is
speaking in favor of simple OH adsorption without surface restructuring. OH adsorption would
provide an identical X-ray scattering contribution as interfacial water and thus would be almost
undetectable. Within that hypothesis, it is however difficult to explain the above mentioned
intensity drop in diffracted intensity because it is too large to be accounted by a surface relaxation.
Simple vertical surface relaxations should not be able to account for these changes, but other
explanations are possible, e.g., structural modifications at defect sites of the Co film (see below).
More work is necessary to unambiguously determine the structure of the OH-adlayer in peak Al.

For the subsequent oxide formation in peak A2 we propose the mechanism described below
(see Fig.[5.8). We will first discuss the oxide formation during a potential sweep and then the
structural evolution on longer time scales at a fixed potential.

When the potential is scanned positively in the range of peak A2 (potential range between
—0.7 and —0.54 V), the small reduction in Co coverage as well as in the characteristic height
dc, of the Co crystallites (Fig.[5.5h and b) indicates that an ultrathin passivating Co(OH), layer
forms homogeneously on the entire surface and that its thickness amounts to at most a few A
(Fig.[5.8p). Also the unchanged lateral dimension of the Co crystallites (Fig.[5.5c) supports such
a surface oxidation process. Our conclusions are in agreement with the in situ STM observations
[65]], which show the formation of a (5 x 5) superstructure on the entire surface at the onset of
peak A2 and suggest the presence of an epitaxial Co(OH)2(001)pcp film on the Co surface. We
did not succeed in the direct detection of such a layer by SXRD but this may be difficult, because
its scattering would be weak and distributed over a wide L-range in reciprocal space, making it
hard to separate it from the diffuse background by the electrolyte.

After this initial passivation, the Co oxidation proceeds via a second process, in which the
characteristic height of the Co crystallites levels off whereas the lateral size decreases (Fig.[5.5b
and ¢). This indicates that the hydroxide growth does not proceed by thickening of the initial
passive layer, but by the local formation of 3D crystals and their subsequent lateral growth
(Fig.[5.8k). Based on the decrease in Bragg peak intensity, which indicates already at —0.5V
a loss of ~ 1.6 ML of Co during the potential sweep (Fig.[5.5p), this 3D oxidation process
apparently commences in parallel to the formation of the passive surface oxide and continues
until the onset of the negative sweep. Its growth kinetics is slower than that of the surface oxide,

but likely increases towards more positive potentials. Interestingly, a rather well-defined amount
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Fig. 5.8: Schematic model illustrating (a) the initial structure of the Co film, (b) the formation of an
ultrathin Co(OH), passivation layer directly at the onset of oxidation, (c) nucleation of thicker,
epitaxial (hatched columns) and non-epitaxial hydroxide crystals at Co grain boundaries and
(d) lateral growth of the hydroxide as well as chemical dissolution of hydroxyde on longer time
scales.

of Co (= 4 ML for potentials sweeps at 20 mV/s to —0.2 V) is oxidized in this positive potential

sweep.

During the negative potential sweep, no further change in the coverage of hcp Co is observed,
which clearly indicates that the hydroxide layer formed in the first process is passivating and
its dissolution rate is rather small. Hydroxide reduction in peak C is only partial, leading to
an immediate recovery of ~ 2 ML. However, on longer time scales further reduction is found,
saturating at a Co coverage that is only a few percent lower than the original values. This supports
low Co losses due to oxide dissolution during fast potential cycles. The height d¢, also increases
during reduction and recovers its initial value after a few minutes at —1.05 V (not shown). These
observations are consistent with a picture where the reduction of the surface hydroxide occurs
rapidly, leading to Co crystallites of the initial thickness, whereas the 3D hydroxide is reduced

more slowly.

After 55 minutes at fixed potential in the potential regime of oxidation Co(OH), Bragg
peaks are detected (Fig.[5.7). The hydroxide formation process under these conditions seems
to proceed similar to the second process described above, i.e., by lateral 3D growth, since dc¢,
remains approximately constant even after oxidation of more than 90 % of the Co film. The

surprisingly low intensity of the Co(OH), peaks and the pronounced irreversible loss of Co
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found after subsequent reduction indicate however substantial dissolution of Co hydroxide into
the electrolyte. Using a simple planar diffusion model with a 0.5 mm diffusion layer thickness, a

diffusion coefficient of 5 x 10~ %cm?

s~ ! and a Co hydroxide surface concentration of 5 x 10~/ M
(saturation concentration in pH 12 [73]]), we obtain a dissolution rate of 1.6 ML/min, equivalent
to a Co dissolution rate of 1 ML/min. This is in reasonable agreement (considering the very
simple planar diffusion model) with the experimental observations where we found 0.6 ML/min.

Finally, we consider in more detail the microscopic mechanism of the spatially inhomogeneous
Co hydroxide formation occurring in the second stage of the oxidation process, which takes place
during a potential sweep and at —(0.7 V after a potential sweep. Most likely, this 3D hydroxide
growth starts at structural defects, presumably at the grain boundaries between individual Co
crystallites, which provide a high surface density of structural defects in the film (Fig.[5.8k).
These grain boundaries are formed by coalescence of the individual Co islands of the film during
its deposition, because the Co lattice is incommensurate to that of the Au substrate and the
lattices of neighboring islands consequently may not match. They extend through the entire
film, down to the Au substrate, and should provide an easy route of ingress for hydroxyl species
into the Co film. This facilitates mass transport and thus nucleation and growth of thicker
hydroxide crystals within the Co film. Because the structural defect at this location persists after
hydroxide formation, facile vertical transport is sustained, enabling further lateral growth of the
3D hydroxide (Fig.[5.8d). A similar mechanism via penetration from the edges was recently
suggested for oxidation of Co nanoislands on Au(111) under UHV conditions [57].

The proposed scenario allows to explain several other findings of the SXRD experiments. Since
the conversion of hcp Co to hep Co(OH); leads to a 84 % expansion in volume, 3D growth of
the hydroxide within the Co film is only possible, if a corresponding amount of Co is transported
to the film surface. The latter will feed the vertical growth of the Co(OH), crystallites outside of
the Co film. Thus, this 84 % expansion is essentially in the vertical direction implying that the
Co(OH), crystallite height is that of the initial Co island times 1.84. In the case of the 18 ML
film with d¢, = 46 A, the obtained Co(OH), height is 85 A, very close to that observed. Also the
reduction of tensile strain of the Co lattice indicates changes in the lateral structure. Furthermore,
the proposed model could explain the discrepancy between the amount of Co consumption
and (epitaxial) Co(OH), formation. Specifically, the constrained geometry within the grain
boundaries may inhibit formation of well-ordered Co(OH); crystals. Because the lateral size
of the Co crystallites is only a few ten nanometers, the grain boundary density is high, making
nucleation and 3D growth at these defects an efficient mechanism for hydroxide formation. This
is in accordance with our experiments that show that in the positive going potential sweep, i.e.,
within the first 20 s of the oxidation process > 20 % of the Co film is consumed. Subsequently,
this rate slows down, which may be caused by the overgrowth of the grain boundaries at the
Co film surface by hydroxide, which would inhibit the mass-transport processes involved in the
oxidation process. Finally, on time scales of hours substantial irreversible Co loss occurs, most

likely due to chemical dissolution of the hydroxide in the electrolyte.
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5.5 Conclusion

In this study we employed in situ surface X-ray scattering to track the microscopic structural
changes in electrodeposited epitaxial Co films on Au(111) electrodes during electrolyte exchange
to alkaline solution, oxidation, and subsequent reduction. We show that these films have a (001)-
orientation, thicknesses of a few nanometers, and 20 - 30 nm lateral grain size. The capability of
parallel electrochemical and scattering measurements enabled us to unambiguously assign the
characteristic features in the voltammograms to structural changes. Our results imply a stepwise
oxidation mechanism, where the surface is first covered by a chemisorbed OH adlayer in peak
A1 of the voltammogram. The Co(OH), formation occurs in peak A2 and begins with a rapid
growth of an ultrathin passive layer on the entire Co surface. Subsequent hydroxide growth
occurs inhomogeneously on the surface via formation of 3D Co(OH); crystallites. Our results
are consistent with a Co(OH); crystallite nucleation at the grain boundaries of the Co deposit,
from where they slowly grow laterally. This mechanism outlines the important role played
by the defect structure on Co oxidation. The in situ SXRD measurements in electrochemical
environment presented here provide detailed structural insight of the oxidation mechanism of a
well-defined nano-crystalline material. Similar studies may allow addressing structural changes

of electroanalytical Co oxides under reaction conditions.
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5.6 Supporting Information

5.6.1 Cyclovoltammogram of Au(111) in Co Containing Solution (pH 4)

After mounting the crystal in the “hanging meniscus” transmission cell, the quality of the
preparation was determined in 0.1 M NaClO4 + 1.3 mM HCI + 1 mM CoCl; (pH4) by CVs
in the double layer regime at E = —0.2V — 0.8 V. Fig.[5.9shows a more extended CV in the
range of E = —1.0V — 0.4 V which was recorded to check the electrochemical deposition and
dissolution signature as well. As described in previous literature [21}, 67]], the cathodic peak
at —0.8 V corresponds to deposition and the anodic peak at —0.4 V to dissolution of Co. Thin
Co film deposition was initiated by a potential step from 0.4V to —0.85 V. The deposit was
stabilized by stepping back to the stabilization potential of —0.65 V.
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Fig. 5.9: Cyclic voltammogram of Au(111) in 0.1 M NaClO4 + 1.3mM HCI + 1 mM CoCl, (pH4),
showing the deposition and dissolution of a Co film (dE /dt = 50 mV/s).

5.6.2 Optical Reflectivity Modeling

The dependence of the relative reflectivity change (AR/Ry) on the Co thickness has been
calculated using standard matrix formalism yielding the reflectivity of a multilayer stack geometry.
This formalism may be found in text books (for example [/1]]) and was implemented into a
computer program which estimates the stack reflectivity as a function of the Co thickness. We
considered roughness-free planar interfaces and used a Au thickness of 8 nm.

We used following complex refractive indices (at a wavelength of 630 nm):

NElectrolyte = 1.33 (refractive index of water)
nee =2.22+4.2i

na, = 0.1843i

ns; = 3.88

These values have been found in Ref [74] for water and in Ref [75]] for the others. The values of
AR/Ry as a function of the Co thickness are shown in Fig. where we can clearly observe
that AR/Ry is linear with the Co thickness in a large range up to 25 ML of Co.

5.6.3 Determination of the Co Coverage of As-Deposited Films

In this section a simple approach to determine the Co coverage of as-deposited films (in pH 4)
from the X-ray data is described. This semi-quantitative method models selected features along
a single Co L-rod. In contrast, the ROD code [[76] yields a detailed model of the crystalline
structure of the film and the substrate, but requires extended sets of Au- and Co L-rods. However,
the acquisition of extended data sets is greatly hampered by the restricted long time stability of
ultrathin Co films in contact with the electrolyte. Moreover, a detailed analysis of the complete

crystalline structure is out of the focus of this paper.
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Fig. 5.10: The calculated AR/R (in %) for a four media stack, water/Co/Au(8 nm)/Si, as a function of
the Co thickness in monolayers.

The Co film consists of an ensemble of Co crystallites of different heights (Fig.[5.11). Scat-
tering amplitudes of different crystallites have no defined phase relationship, therefore for the
calculation of the X-ray intensity along the hcp Co L-rod the superposition of the intensity
contributions of the Co crystallites have to be considered. Within this simple model, surfaces
of individual crystallites are assumed to be perfectly flat, i.e. atomic-scale surface roughness is
neglected. Within the kinematical approximation the scattered intensity of a single crystallite

with N hcp Co bilayers along a Co L-rod is represented by the N-slit interference function:

sin?(NLc*cc,/2)
sin?(Le*ccy /2)

In(L) (5.2)
with primary maxima at hcp Co Bragg peak positions and N — 2 subsidiary maxima between
neighboring primary maxima. Assuming a Gaussian decay of the (unnormalized) crystallite

height distribution function

_(N - ]Vmin)2

262 :| Nmin S N; (53)

P(N) = exp {

the scattered intensity of the hcp Co layer consisting of Ny, full Co bilayers, decorated with Co
islands (N, < N) is given by

(e Y PVIN(L) . (5.4)
N=Npin

The average thickness, i.e., the vertical position of the average Co surface with respect to the
position of the Co/Au interface, is given by the center of the height distribution function P(N)
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Fig. 5.11: Schematic representation of an as-deposited Co film (left), consisting of crystallites with heights
N > 6, together with their height distribution function P(N) (right). N, denotes the center of
P(N) and the corresponding broken red line marks the position of the average surface position.
The characteristic crystallite height dc, is determined by the FWHM I',, of the Co(-111)yp
Bragg peak along the L-direction.

and thus the Co coverage (in ML) by

Z’7\3:]\]"1[” NP (N)

O, =2 =N
’ ZZVZIVmin P(N)

=

L. (5.5)

“16 ML’ Film

In order to determine the Co coverage 6, of the film shown in Fig.[5.2 (black curve), the decay
o of the height distribution function P(N) has been varied until the primary peak FWHM I'; as
well as the amplitude of the oscillations (subsidiary maxima) of simulation are in reasonable
agreement.

Fig.[5.12] demonstrates that with increasing ¢ the amplitudes of subsidiary maxima as well
as the FWHM I decrease. For ¢ ~ 2.5+ 0.5 the resulting FWHM I, is within the errors
identical to its measured value and the amplitudes of the subsidiary maxima are most similar
to the measured ones. The resulting values for the Co coverage ¢, ~ (16 = 1) ML and for the
characteristic height of the Co crystallites d¢, = are listed in Table[5.1]

“10 ML’ Film

The Co coverage of the film shown in Fig.[5.4a (“10 ML”) was determined as follows: The
L-scan exhibits three subsidiary maxima (Fig.[5.13)), thus the film consist predominantly of 5
full Co hep bilayers with a thickness of 20 A. Because the characteristic crystallite height dc,
determined by the FWHM I', of the Co(-111)p¢p has within the experimental errors the same
value, the Co coverage for this film is 6, ~ (10 £+ 1) ML.
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Fig. 5.12: L-Scan of the “16 ML” film at K = 1.137 in acidic solution (black line, pH4, —0.65V, see
Fig.[5.2k) together with simulations for different values of ¢ which characterizes the Gaussian
decay of the Co crystallite height distribution function P(N).
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Fig. 5.13: L-Scan at K = 1.137 in acidic solution (pH 4, —0.65 V) of the “10 ML” film shown in Fig..
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Abstract

In the search for precious-metal-free electrode materials for electrochemical water splitting,
transition-metal oxides have been receiving much recent interest as active and stable electro-
catalysts for the anodic oxygen evolution reaction (OER). We present operando surface X-ray
diffraction studies of two structurally well-defined epitaxial cobalt oxide thin films: Co304(111)
and CoOOH(001) electrodeposited on Au(111). The potential-dependent structural changes
during cyclic voltammograms were monitored with high time resolution up to OER current
densities as high as 150 mA cm~2. The CoOOH(001) film is found to be smooth and perfectly
stable over a wide potential range. In the case of Co304(111), fast and fully reversible structural
changes are observed. Specifically, the surface region of Co;O4(111) starts restructuring at
potentials 300 mV negative of the onset of the OER, indicating that the process is related to the
thermodynamically predicted Co3;0,/CoOOH(001) transition rather than to the catalytic reaction.
The formed skin layer is of defined thickness, which changes linearly with applied potential, and
is the OER active phase. Surprisingly, the catalytic activity of the skin layer covered Co;0, film
and that of the smooth CoOOH(001) are almost identical, if the true microscopic surface area
is taken into account. This indicates that the number of OER active sites on the two oxides is
similar, despite the very different defect density, and is at variance with previous suggestions
that di-p-oxo bridged Co cations are exclusively responsible for the OER activity of Co oxides.

For the smooth CoOOH(001), a turnover frequency of 4.2 s~! per surface atom is determined

61


https://doi.org/10.1021/acscatal.8b04823

at an overpotential of 400 mV. Furthermore, our studies demonstrate that the pseudocapacitive
charging current in the pre-OER potential range must be assigned to a bulk process that is

accompanied by potential-dependent changes of the unit cell volume in the Co;0,4 bulk.

6.1 Introduction

The need for environmental friendly and sustainable energy conversion, which allows scalable
storage of wind and solar electricity into fuels, has triggered renewed interest into the electro-
chemical and photoelectrochemical splitting of water[[78]. A key challenge in this field is the
development of economically viable electrocatalyst materials for the oxygen evolution reaction
(OER). Transition-metal oxides catalysts, in particular the different cobalt (hydr)oxide phases,
have received large attention because they meet these requirements[52, 79, 80]. These materials
are earth-abundant, easy to prepare, and present good catalytic properties and stability in alkaline
and neutral electrolytes[79, 81-83]]. Cobalt oxides may be prepared with an amorphous or a
crystalline structure, using a variety of methods, including thermal salt decomposition[[84]], auto-
clave synthesis[85]], photochemical reactions[86]], sol-gel synthesis[87]], Co electrodeposition
and subsequent oxidation[55} 88, [89]], and direct oxide electrodeposition[22, 79, |90].

For understanding and further developing Co oxide catalysts, it is necessary to clearly separate
intrinsic structure—property relationships, which describe the dependence of the OER activity
on the atomic-scale surface structure, from effects caused by the nano- and microscale material
morphology. It was suggested that in comparing different catalysts, benchmarking protocols
should be followed to determine at a defined overpotential the OER turnover frequency (TOF)
— the average number of O, molecules formed per unit of time and per catalytic site[91} 92].
For this, the electrochemical surface area (ECSA) has to be measured, which is not trivial
for these materials[81}, 92]. As a further complication, often preconditioning of the catalyst
is reported to be necessary for a stable OER current—potential characteristic. In general, an
improved characteristic is obtained[93]], which suggests a significant restructuring of the catalyst
surface under reaction conditions. Such transformations were, for instance, evidenced in the case
of nanocrystalline Co30,, for which OER was reported to induce conversion of a nanometer
thick surface region into another phase with a higher Co oxidation state and modified local
arrangement[|87, 93-95]]. Ideally, the density and atomic configuration of the active sites should
therefore be determined operando during oxygen evolution.

The mechanisms of the OER on cobalt oxides has been investigated in great detail[92, 96]. On
the molecular scale, it is a complex four-step reaction which generally is proposed to start with
bulk water nucleophilic attack, that is, the formation of an O—O bond after a water molecule
has reacted with a terminal or bridging oxygen. This process implies a nominal increase of the
oxidation state of surface atoms to Co>***. Indication for the latter was found by operando
X-ray absorption spectroscopy (XAS)[55, 87, 93, 97, 98] and near-ambient-pressure X-ray
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photoelectron spectroscopy (XPS)[95, 99|]. The O, formation involves the participation of
oxygen from the oxide lattice, as inferred from differential electrochemical mass spectroscopy
(DEMS) measurements, conducted with samples prepared in H2180 labeled water([100, 101]]
and with samples immersed in electrolytes prepared with labeled water[101]]. Formation of
superoxide/oxo intermediates at dicobalt sites, which were identified with step edge sites, was
also observed by time-resolved IR spectroscopy[ 102, |103].

On the atomic scale, Dau et al.[[104] concluded on the basis of X-ray absorption spectroscopy
studies of electrodeposited amorphous Co oxide films (frequently referred to as CoCat) that the
film consists of small clusters of Co-oxo cubanes, in which the oxygen atoms are coordinated
to two neighboring Co ions (u,—0), and that this configuration corresponds to the catalytically
active sites. This conclusion was supported by density functional theory (DFT) calculations,
which predicted that CoOOH is the active phase during OER and discussed the stability of
the surface orientation[20, [105]]. Further support came from experiments with molecular Co
compounds that are mimicking these sites[[100, 106]. Because the amorphous CoCat films exhibit
excellent OER catalytic activity[[79} |107] it is now widely accepted that this motif is the most
catalytically active sites on any cobalt oxide sample[92, 93], |100, 103} 108]]. Nevertheless, direct
evidence that the OER activity of u,—O is superior to other Co sites has not been reported so far.

A key problem in the unambiguous identification of the active sites is the complex (typically
polycrystalline or amorphous) structure and morphology of the studied Co oxide samples. A
number of studies have attempted to address this by employing catalyst materials with preferred
surface orientations, such as shaped Co3;0,4 nanoparticles [88, 94, |109] and exfoliated CoOOH
nanosheets[|110,|111]. While these studies indicated an effect of the surface structure, measuring
the ECSA remained a problem with these samples. For obtaining clear structure—reactivity
correlations, structurally well-defined model OER catalysts are necessary. Such model catalysts
may be single crystals or epitaxial layers of defined morphology, for which the atomic structure
and density of surface sites can be precisely determined. While this is a well-established approach
in heterogeneous catalysis and in electrocatalysis on metal electrode surfaces, OER studies with
cobalt oxide model catalysts remain the exception. An exemplary study employing this strategy
was recently published by Libuda and co-workers[112]. Here, ultrathin Co;0,4(111) epitaxial
layer were grown by physical vapor deposition on Ir(001), characterized ex sifu under ultrahigh
vacuum (UHV) conditions, and transferred without exposure to air into an electrochemical cell
for cyclic voltammetry (CV) and differential electrochemical mass spectroscopy studies.

In this work, we apply a similar approach, but we combine the use of epitaxial Co oxide
films with an operando structural characterization of cobalt oxide model catalysts by surface
X-ray diffraction (SXRD) during the electrochemical measurements. The Co oxide samples were
prepared by electrodeposition of nanometer thick films on Au(111) single crystal electrodes,
using a method adapted from that published by Switzer and co-workers[22, 88]. SXRD and
complementary atomic force microscopy (AFM) measurements show that well-defined epitaxial
Co0304(111) and CoOOH(001) oxide films are obtained. The operando SXRD studies reveal
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remarkable differences in the potential-dependent surface structure of the two oxide surfaces,
whereas their catalytic properties appear very similar. We discuss the implications of these results
on the origin of the structural transformation of the near-surface layer of Co;0, , the nature
of the OER-active sites, and the pseudocapacitive charging/discharging of cobalt oxide in the

pre-OER region.

6.2 Experimental Section

Thin films of cobalt oxides were electrodeposited on Au(111) substrates using a procedure
adapted from that developed by Switzer and co-workers[22]]. The method consists in elec-
trooxidizing at 1 Vrgg at reflux temperature (~ 103 °C) a diluted oxygen-free solution of 1 mM
Co(NO3), + 1.2 mM sodium tartrate (tart) in 2 or 5M NaOH, prepared from high purity Co
nitrate (Merck, > 99.0 %), Na tartrate (Sigma-Aldrich, ACS reagent > 99.5 %), NaOH (Merck,
ACS reagent, Fe content < 0.00005 %), and Milli-Q water. A charge of 8 mC was passed to
grow films with 15 —25nm thickness. The substrate was a hat-shaped Au(111) single crystal
(MaTeck) with an orientation uncertainty of < 0.1°. Prior to oxide film preparation, the Au
crystals were immersed in a hot 1:2 mixture of 30 % H,0O, and 96 % H,SO, (both Carlo Erba,
RSE) for 1 min to remove any remaining oxide from previous experiments and then annealed in
a butane flame for 5 min. After deposition, the samples were quickly removed from the reflux
cell, rinsed with ultrapure water, dried with Ar, and inserted into the SXRD cell.

Operando SXRD studies were conducted at ESRF Beamline ID 03, at a photon energy of
22.5keV with a flux of 4 x 10!! counts/s and a beam of 250 um in width and 30 ym in height.
Measurements were performed in six-circle geometry, using a fixed incident angle of 0.34° (see
Fig.[6.7). The footprint of the beam on the sample was 250 um x 5Smm. It is convenient in SXRD
on (111) surfaces of fcc metal substrates[/113]] to employ a hexagonal reciprocal space geometry,
where ¢, is along the surface normal and gy, gy are oriented perpendicular to the main in-plane
lattice directions (see Fig.[6.1c). Here, the reciprocal space positions (H, K, L) are given in
units of the lattice vectors a* = —2£— =2.51A~ ! and ¢* = 2=~ = 0.89 A~! with a,,, = 2.885A

ﬁann \/éann
being the Au nearest neighbor spacing. However, the indices of the Bragg peaks of the studied

Co50,4 and CoOOH films refers to the conventional simple cubic and hexagonal unit cells of
these materials, respectively, to ease comparison with the literature.

During the measurements, the cylindrical sample was kept in a specifically designed elec-
trochemical cell for SXRD studies, made from PEEK, and embedded in a Teflon seal. This
way, only the polished Au(111) top part of the sample (geometric area 0.125 cm?), on which
the epitaxial film had been deposited, was exposed to the electrolyte. Potential control was
established using a glassy carbon rod as counter electrode and a Ag/AgCl reference electrode.
All potentials are referred to the reversible hydrogen electrode (RHE) to ease comparison with

literature and are iR corrected. The electrolyte consists of 0.1 M NaOH, made from suprapure
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NaOH (Aldrich) and Milli-Q water, and was continuously exchanged via computer controlled
syringes at a rate of 5 —20uL/s to avoid accumulation of species (radicals) generated by the

X-ray beam as well as minimize O, bubble formation and transport limitations.

6.3 Resulis

6.3.1 Structure of As-Prepared Epitaxial Co Oxide Films

The SXRD studies show that structurally well-defined Co oxide films can be prepared by
the employed electrodeposition procedure. Their structure is determined from the measured
diffraction intensities in reciprocal space. Examples of such measurements, obtained on the
as-prepared films in the SXRD cell under argon atmosphere, are shown for films deposited in 2M
(Fig.[6.1]p) and 5M (Fig.[6.Ip) NaOH solution. Scans along the (0, 1, L) crystal truncation rods of
the Au substrate reveal additional Bragg peaks, which can be assigned to crystalline (hydr)oxide
phases (Fig.[6.1a,b), specifically Co;0, and CoOOH. The first oxide is a spinel with a face
centered cubic unit cell[114], the second has a hexagonal structure (called Heterogenite-3R[115]]
or 3-CoOOH]J220, 55, 80], JCPDS card 07-0169).

As illustrated by the schematic reciprocal space geometry in Fig.[6.Tk , the peak positions along
these and other (not shown) truncation rods coincide with those expected for a (111)-oriented
Co304 film (red lines, Fig.@) and a (001)-oriented film of CoOOH (blue lines, Fig.@o).
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Fig. 6.1: Scans along the (0, 1, L) crystal truncation rods of oxide films electrodeposited in (a) 2 M
and (b) 5M NaOH, demonstrating the epitaxial growth of (a) pure Co;04(111) and (b) pure
CoOOH(001). The expected positions of the Bragg peaks for (unstrained) bulk Co;0, and
CoOOH are indicated by red and blue lines, respectively. (c) Corresponding schematic reciprocal
space geometry, showing the Bragg peaks and crystal truncation rods of the Au(111) substrate
(yellow), Co304(111) (red) and CoOOH(001) (blue). The axes H, K and L indicate the hexagonal
unit cell of the Au(111) substrate. (d,e) Reciprocal space maps of (d) the Co;04(404) and (e) the
CoOOH(017) Bragg peaks (marked by * in a—c).

0.5 nm?
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Fig. 6.2: AFM images (500nm x 500nm) of (a) CoOOH(001) and (b) Co304(111) layers electrodeposited
on Au(111). Films are 18 and 20 nm thick, respectively, and were recorded after the operando
SXRD studies on the samples shown in Fig.[6.Th.b.

The measured lattice parameters of the former agree well with the literature value (red lines in
Fig.[6.1j), the CoOOOH lattice is expanded by ~ 1 %, adopting the Au substrate lattice spacing
within the surface plane. Complementary in-plane characterizations confirm that the lattices
of the deposits exhibit a 6-fold symmetry with respect to the surface normal, where the main
in-plane directions (e.g., Co304[044] and CoOOH[100]) are aligned to the main in-plane axes of
the Au surface (i.e., H or K). The in-plane angular spread of the crystallites is ~ 1° for Co3;0y4
and below the detection limit for CoOOH. For the shown samples, no other Co oxide phases
or orientations are found; that is, the deposits are pure phases and in excellent epitaxy with the
Au(111) substrate. Proof of the latter is also that Bragg peaks, which are located along other
CTRs (e.g., the Co304(333) or the Co304(422) peak), are not observed in the (0, 1, L) scans
in Fig.[6.Th,b. Different samples of identical type exhibited very similar electrochemical and
structural properties in the operando SXRD measurements, demonstrating that the observations
are highly reproducible. In some preparations, mixed deposits of Co304(111) and CoOOH(001)
were obtained, in which each of the two oxide phases exhibited its characteristic behavior, but
these are not further discussed in the following. More details on the film preparation will be

given in a future publication.

Additional detailed reciprocal space mapping of the Co oxide Bragg peaks, as illustrated for
the cases of the Co;0,4(404) and CoOOH(017) peaks (Fig.@,e), allows refinement of the film
texture and morphology. This analysis indicates that both oxide films are composed of a thin flat
film with thicker islands on top, suggesting a Stranski—Krastanov growth mode. The oxide grains
exhibit a tilt distribution around the surface normal with a full width at half-maximum (fwhm)
of < 0.5° in both cases. For the discussed examples, the vertical/lateral coherence lengths of
the oxide lattices (d/d)) derived from the Bragg peak shape analysis are 20 nm/31 nm for the
Co304 and 18 nm/35 nm for the CoOOH film. We identify these coherence lengths with the

out-of-plane and in-plane dimensions of the single crystalline grains of the oxide, respectively.

AFM studies of these samples, reveal clear differences in the surface morphology of the two

66



oxide phases (Fig.[0.2)). The presented images were obtained after the operando SXRD studies
presented in the following; however, very similar images were also obtained on analogously
prepared as-deposited films. The CoOOH deposit (Fig.[6.2p) appears continuous and smooth
(RMS ~ 2.4nm). Close inspection reveals well-defined terraces, separated by 0.45 +0.05nm
high steps. The latter is consistent with the spacing of the O—Co—OH trilayers along the c-axis
(0.438 nm), which is the main structural motive of this layered compound. The typical step
separation is &~ 10 nm, but the terraces can extend by more than 100 nm in the perpendicular
direction, implying that they may consist of several crystal grains of identical height. This
suggests that the film consists of tightly packed grains with narrow grain boundaries, in which
the lattices of the neighboring grain nearly merge and mass transport of electrolyte species (e.g.,
OH ions and O,) should be significantly impeded. In contrast, the Co;0, deposit exhibits a
clear granular morphology with clearly separated 3D islands (Fig.[6.2b). The surface of islands
appears rough and no steps are discernible. The average distance between neighboring islands
estimated from the AFM images is close to d|, indicating that each 3D island consists of a single
oxide grain.

From these detailed structural data, the true electrochemical surface area (ECSA) of the
samples can be obtained, eliminating the need to refer to other electrochemical data such as the
measured “double layer” current. Analysis of AFM images gives a roughness factor of 1.02 for
CoOOH. Taking into account that the grain boundaries are apparently compact, the ECSA here
must be close to the geometric surface area. For the Co;0, film, the roughness determined from
the AFM images is underestimated, because the tip finite size and the small island separation
do not allow precise imaging of the grain boundaries. However, it may be estimated from the
film morphology derived from SXRD and AFM, resulting in an ECSA that is ~ 3 times larger
than the geometric surface (Supporting Information, Section[6.7.5). This value depends only
weakly on assumptions about the islands shape and coverage (less than 20 % within the spread
of the experimental parameters). We consequently employ these ECSAs for the analysis of the

electrochemical data.

6.3.2 Operando Studies of the Potential-Dependent Structure

Operando SXRD studies were conducted after injection of the 0.1 M NaOH electrolyte at a
potential of 1.37 V, which is close to the measured open circuit potential. Similar characterization
as in the argon atmosphere indicates that at this potential the oxide film structure remains
unchanged. Subsequently, SXRD measurements during potential cycles in the range 0.77
to 1.57V were performed, always using 1.37 V as rest potential. Two sweeps of potentials
were recorded, of which only the second one is displayed for the sake of clarity, since the
electrochemical current and structural data of both sweeps overlay very well.

As illustrated in Fig.[6.3]for the Co30, sample, potential-induced changes in the film structure

result in modifications in the reciprocal space position and intensity distribution of the Bragg
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Fig. 6.3: X-ray detector images, illustrating the reversible potential-dependent structural changes of the
Co50, deposit. The displayed images were selected from a continuous series, recorded at the
(404) Bragg peak during a CV in 0.1 M NaOH at 10 mV/s. They are shown after conversion to
in-plane (g|) and out-of-plane (g ) positions in reciprocal space, with the small black crosses
marking the current and the large white crosses the initial peak position. By quantitative fits of
peak position and width in both directions, €, | and d, | were determined.

peaks, which can be directly monitored with the 2D detector. For a quantitative determination of
these changes, the peak in each detector frame was fitted in g and g, direction with pseudovoigt
functions. The peak positions along g and ¢, directly yield the in-plane and out-of-plane strains
g and € in the oxide film, respectively; from the fwhm in these directions, the correspond-
ing coherence lengths which are associated with the grain size dj and d, are obtained. The
Co0304(404) and CoOOH(017) Bragg peaks were selected for these measurements, because
they are intense and the out-of-plane structural modifications are best visible at high L-values.
The high time resolution of this method (one detector image is recorded in 0.2 to 1 s), makes it
possible to record these structural data during potential sweeps at rates of 10 to 50 mV/s with
good potential resolution. This also allows measuring deep in the OER (up to 150 mA/cm?)

without accumulating too many O, bubbles at the surface.

The combined electrochemical and structural data for the two types of oxides, obtained simul-
taneously during a potential cycle at 10 mV/s, is shown in Fig.[6.4] The cyclic voltammogram
(CV) of the Co304(111) layer (red line, Fig.[6.4p) exhibits two pairs of redox waves A1/C1 and
A2/C2, superimposed on a large pseudocapacitive current. It reproduces all features of CVs
obtained with Co;0, samples of various crystallinity and prepared by different methods|[35, 87,
112} [116], with the potentials of the redox waves approximately corresponding to the calcu-
lated equilibrium potentials for conversion of Co3;0,4 to CoOOH (A1/C1) and CoOOH to CoO,
(A2/C2). In contrast, the CV of the CoOOH(001) film (blue line) appears almost featureless
with one ill-defined oxidation/reduction wave discernible around 1.2 V/1.1 V. Table[6.1] gives
the charge Oy measured in the pre-OER region (0.77 to 1.57 V) and the equivalent capacitance
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Fig. 6.4: (a) CV and (b—e) operando SXRD structural data for Coz04/Au(111) (red) and CoOOH/Au(111)
(blue), recorded simultaneously in 0.1 M NaOH at 10mV/s. Presented are the potential-
dependent changes in out-of-plane and in-plane (b,c) grain size Ad, | and (d,e) strain Ag |
relative to the values at the lower potential limit. The right-hand panel in (b—e) show the
variations of these structural parameters as a function of OER current, obtained in a similar
experiment. In all panels, filled and open symbols refer to the positive and negative going
potential sweep, respectively. In addition, results of the structure under steady-state conditions
are included for comparison (diamonds) and a schematic illustration of the film morphologies
is included (upper right corner). All current densities j are given with respect to the geometric
surface area of the Au(111) single crystal.
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QO CEL b jECSA(l.63V)
(mC/cm?) (mF/cm?) (mV/dec)  (mA/cm?)

Co304(111) 4.15 3.75 65 2.2
CoOOH(001) 1.4 1.2 52 3.9

Table 6.1: Electrochemical data for the two oxide films. Given are the charge Qg derived from CVs in the
pre-OER region (0.77 — 1.57 V), the pseudocapacity Cgy,, derived from the CV in the range
0.77—1.07V, the Tafel slope b of the OER, and the current density j with respect to the ECSA
at an overpotential of 400 mV.

CkarstenTarhouniEL (determined in range 0.77 to 1.07 V). Note that Qg and Cgy, are in the
range of a few mC/cm? and mF/cm?, respectively, in agreement with measurements on thin and
compact cobalt oxide films[22, 95, |112].

In the operando SXRD studies, the structural changes in vertical and lateral grain size and
strain during the CV were monitored. The results are displayed in Fig.[6.4p,c and Fig.[6.4d.e,
respectively, taking the potential 0.77 V as reference state. These data evidence that the structure
of the CoOOH layer (blue symbols) stays completely unaltered with Ad, | < 0.05nm in the
entire investigated potential range and strain changes A€, || remaining below the detection limit.
In contrast, the Co3;04 layer (red symbols) exhibits a very different behavior, with pronounced
changes during the potential cycle. Ad, and Ad)| pass through a shallow maximum at ~ 1.15V
before decreasing up to the onset of OER by 1 and 4 nm, respectively (Fig.[6.4b,c). The decreases
in vertical grain size indicate that an ~ 1 nm thick layer at the surface of the Co;0, grains is
converted into another phase, in good agreement with the results by Bergmann et al.[87]. The
larger decrease in lateral size Ad)| indicates the formation of a slightly thicker layer (= 2 nm)
along the sides of the grains. Scanning the potential back to 0.77 V restores Ad, | = 0; that is,
completely reverts the skin layer back to epitaxial crystalline Co30, without any loss of material.
Forward and reverse potential scan exhibit some hysteresis, with the maximum grain size in the
latter being slightly lower and shifted negatively. In parallel, one observes reversible changes
of both Ag; and Ag (Fig.,e) during the cycle. Both decrease toward positive potentials,
indicating a volume change of the unit cell by ca. —1.2 % between 0.77 and 1.6 V. The change is
anisotropic (Ag; > Ag|) which is not too surprising, since the oxide islands are in strong epitaxy
with the substrate and therefore laterally clamped to its surface lattice. As Ad |, also Ag
exhibit small hysteresis between positive and negative going scans.

The differences between the CoOOH and the Co;0,4 samples also are visible in simultaneous
optical reflectivity measurements (Fig.[6.14)), where the former exhibits only small changes
(=~ 2 %), whereas the latter decreases by 17 % over the same potential range, which is much
larger than expected for a mere surface change. In agreement with previous reports[98]], these
reflectance changes are proportional to the pseudocapacitive charge accumulated during the
potential scan (Fig.[6.15)).

In complementary measurements on this as well as other Co oxide deposits, all these structural
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Fig. 6.5: (a) Potential-dependent changes of the out-of-plane and in-plane grain size Ad, | of
Co304/Au(111) in the OER regime. (b) iR-corrected Tafel plots of CoOOH(001) (blue) and
Co0304(111) (red) films, recorded on the structurally characterized samples in the SXRD cell.
The current density is given with respect to ECSA, accounting for the roughness factor ~ 1 and
~ 3, respectively, for CoOOOH(001) and Co;0,4(111) layers.

modifications were reproducibly measured with the same amplitude upon successive potential
sweeps, even at higher sweep rates (see Fig.[6.10). Potential step experiments further show
that these modifications are fast and completed within several seconds. In addition to these
potentiodynamic studies, we also measured at selected potentials the steady-state structure by
recording full L-rods, of the type presented in Fig.[6.Th,b. The resulting structural data (indicated
by diamonds in Fig.[6.4p—e) agree well with those of the potentiodynamic curves. All these
results demonstrate clearly that the structural changes observed for the Co;0,4 film are a genuine
potential effect (i.e., largely reflect the equilibrium structure that is characteristic for the given
potential).

Extending the potential to more positive values, deep in the OER range (up to a current density
of 150 mA/cm?, see right side panels in Fig.—e), does not lead to noticeable structural
changes in the case of CoOOOH(001), indicating that this surface is extremely stable even at large
current densities of oxygen evolution. For Co304, we find a further slight decrease in Ad, || and
Ag, | with increasing OER current density. The structural parameters are very similar in the
positive and the negative potential sweep, suggesting that the presence of the evolved O, has
little influence on the oxide film structure. Plotting the thickness of the forming skin layer versus

the iR-corrected voltage, reveals that the skin continues to increase approximately linearly with
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potential and with a similar rate dd | /JE ~ 2.5nm/V in OER (Fig.[6.5h) and in the pre-OER
region above 1.4V (Fig., dashed line). In the in-plane direction dd)/JE ~ 12nm/V in
the OER as well as in the pre-OER regime (> 1.4 V), which corresponds to an increase by
~ 6 nm/V of the skin layer on the sides of the grains and thus is in agreement with the 2-fold
larger thickness of this side wall skin layer found at 1.63 V. Also the strain variations take place
in the entire potential range, including the OER regime.

The corresponding iR-corrected OER Tafel plots, measured in the operando cell in parallel
to the SXRD studies and normalized to the ECSA obtained from the structural data, are shown
in Fig.[6.5p. They exhibit well-defined Tafel slopes b (given in Table[6.1)), indicating no major
transport limitations, as expected due to the high OH™ concentration at pH 13. Obviously, both
materials have rather similar current densities at moderate overpotentials, if the microscopic
surface area is taken into account. Above ~ 1 mA cm~2, the current density of CoOOOH(001)
becomes higher than that of the Co3;04(111) film, reflecting its smaller Tafel slope. A more
detailed analysis of the catalytic properties, focusing on the turnover frequency, is provided in
Table[6.2] of the discussion, Section [6.4.3]

For both types of deposits, irreversible structural and morphological changes are only observed,
if the cathodic potential limit becomes sufficiently negative, albeit with clear differences between
the two materials. For Co30,4(111) the grains start to significantly shrink at potentials < 0.8 V (see
Fig.[6.T1)), whereas for CoOOH(001) such changes only occur below 0.4 V, indicating a wider
stability range of the latter film. We interpret these changes as being due to the electrochemical
reduction of Co30,4 and CoOOH into Co(OH),[35,|112]. Upon scanning the potential back to
positive values, the formed Co(OH), is not fully converted back into the epitaxial Co3O04(111)
and CoOOH(001) films, respectively, resulting into an apparent loss of material. As this work
focuses on the structure and properties near the OER regime, this point is not discussed in more

detail here.

6.4 Discussion

Our studies rely on the preparation of pure phase epitaxial Co304(111) and CoOOH(001) thin
epitaxial layers on Au(111). While the electrodeposition of epitaxial Co304(111) was already
demonstrated in ref[22], obtaining a well-defined epitaxial CoOOH layer is new.

Before starting the discussion, it is briefly recalled that, according to thermodynamics, the
potential regions, where the different cobalt oxides are stable, are defined by redox reactions

(6.1H6.3)[354[117):

3 Co(OH), +2 OH™ ¢ Co304+4 H,O+2 ¢ (0.81 VRug) 6.1)
CO3O4 +OH + HZO <3 CoOOH +e~ (1.22 VRHE) (62)
CoOOH + OH™ ¢» CoO, + H,0 +e" (1.56 Vrug) (6.3)
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Fig. 6.6: Atomic model (top view) of the topmost plane of the CoOOH(001) surface. Oxygen atoms are
red and cobalt blue. O atoms on the ideal surface are 3-fold coordinated (u;—O sites), whereas
at steps and next to Co vacancies, 1, —O sites (dark red) are found.

The discussion below is organized in different sections dealing with the stability of the
CoOOH(001) layer, the restructuring of the Co304(111) spinel oxide near surface region, and
the catalytic properties of both layers. The last section discusses the pseudo capacitive current in

pre-OER region.

6.4.1 Origin of the CoOOH(001) Layer Stability

In view of Egs.(6.1H6.3)), the wide stability range of the CoOOH(001) layer is remarkable. The
CoOOH film does not exhibit structural changes down to 0.4 V (see Fig.[6.T1) and is perfectly
stable in the OER region. Negative of 0.4 V, the CoOOH layer is converted most probably into
Co(OH), without previous formation of the Co;0,4 phase in an intermediate potential range.
These results are in qualitative agreement with more recent thermodynamic considerations,
but even here the Co(OH),/CoOOH transition was found at more positive potentials (< 1.0V
vs RHE)[105]]. Consequently, we assign the wide stability range of the CoOOH(001) film
to its smooth surface, which is composed of close-packed (001)-terminated terraces. The
electrochemical reduction into Co(OH), or Co30, requires nucleation of these phases, which is
expected to start at steps and point defects in the (001)-planes (see Fig.[6.6). That this process is
kinetically hindered is in accordance with the relatively small fraction of Co step edge atoms
(= 3 %), estimated from the terrace width, and suggests that also the surface density of point
defects is low.

In the OER range, the structural changes, characterized by Ad, || and Ag, ||, are also totally
absent, indicating that the CoOOH lattice remains unchanged in this range and the natural (001)
cleavage plane is thus stable and is the active phase present during OER. In particular, formation
of bulk crystalline CoO, can be excluded. Concretely, no CoO, formation was found in the
detailed structure determination at a constant potential (Fig.@ diamonds) of 1.57 V, that is,
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just above the potential where CoO, formation should become thermodynamically favorable,
even though the potential was kept at this potential for 40 min. Furthermore, even short-term
potential excursions to ~ 200 mV higher potentials, where the driving force for CoO, formation
should be much higher, did not result in any structural changes. According to DFT calculations,
the CoOOH(001) surface termination gradually changes from OH to O in this potential regime,
reaching a fully O-terminated surface at 1.5V vs RHE[105]]. Similar changes in the surface
protonation state of the CoOOH grains may also occur in the grain boundaries, since these defects
should allow some proton diffusion, even if the grains are tightly packed. SXRD measurements
are not sensitive to such changes in the state of the surface oxygen species, because of the very

small scattering cross section of hydrogen.

6.4.2 Potential-Dependent Restructuring of Co;0, Film Surface:
Formation of the Skin Layer

The Co304(111) film is stable in a much more restricted potential range than the smooth
CoOOH(001) layer. At potentials more negative than 0.8 V (Fig.[6.11)), transformation into the
more thermodynamically stable phase Co(OH), commences, and above this potential, small
reversible structural changes take place at the surface and also in the bulk. In this section, we
specifically focus on surface modifications in the potential range 0.77 — 1.7V (i.e., the variations
of Ad | j). The volume modifications (A€, ) will be discussed in the final section of this paper.

The good agreement between the values of d, | and the dimension of the 3D islands imaged
by AFM indicates that the latter consist of single grains and are directly probed by the operando
SXRD measurements. The small changes in Ad | | between 0.77 and 1.0V can be assigned to
a gradual onset of the Co(OH),/Co30, transition in the first atomic planes. Between 1.2 and
1.67 V, the changes in Ad || indicate the fully reversible formation of a ~ 1 nm thick skin layer
on the top and side walls of the Co304(111) grains.

This observation is in excellent agreement with the previous results by Bergmann et al. for
polycrystalline Co30,4[87]]. However, the time and potential resolved data obtained in our study
provide important additional insights into the formation mechanism and nature of this skin layer.

Our first main observation is that the skin layer emerges ~ 300 mV negative of the onset of
OER and thus is not directly related to the catalytic reaction as previously assumed. In these
earlier studies, identification of the skin layer with an amorphous or highly defective CoO,(OH),
phase was proposed on the basis of X-ray spectroscopy and photoemission data[87} 94, 95].
Furthermore, the skin layer was only observed at one potential (1.62 V) in the OER regime and
thus thought to be caused by this reaction. The results presented here indicate that this near
surface restructuring rather reflects the thermodynamics of the Co;0,/CoOOH phase transition,
because its formation starts at a potential close to the equilibrium potential of reaction[6.2] In
explaining this structural transition, we have to consider that it is not only fast but also fully

reversible, which excludes simple kinetic effects, such as slow skin layer growth. We have also to
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take into account that the skin layer is not accompanied by cobalt dissolution into the electrolyte,
as evidenced by the absence of any irreversible loss of Co;04 for potentials > 1 V. This is seen in
the operando studies during CVs (as, for example, in Fig.[6.4)) as well as in auxiliary experiments
where the sample was found to be completely stable for many hours at 1.4V (i.e., a potential in
the range of the skin layer).

In an atomistic picture, the formation of a skin layer in pre-OER region plausibly relies on
displacements of the Co?* cations from tetrahedral to octahedral symmetry because the Co
oxidation state increases from Co**/Co>* to Co’" for potentials above 1.2 V. This restructuring
requires significant transport of oxygen and Co ions through the oxide lattice. However, because
the skin layer is only of nm-thickness, this transport still can be rapid, which explains why the
skin layer forms rapidly and is reversibly converted back into epitaxial Coz04 upon reverting the
potential to more negative values. In the OER region, the cobalt redox state increases further
from Co™* to Co**/Co**[87, 94, 95] but this does not imply further modification of the Co local
O-coordination shell, explaining why the skin thickness is only weakly affected by the catalytic
reaction. It is noted in this context that even in our epitaxial systems the skin layer does not
form on a perfectly smooth Co3;0,4(111) surface, but on nanoscale 3D islands that expose other
facets to the electrolyte (most probably Co3;0,4(100))[118}119]. This might facilitate the layer
formation, for example, by providing channels for cation (vacancy) migration within the oxygen
framework. Indeed, the ~ 4 times larger potential-dependence in the in-plane as compared
to the out-of-plane direction may be rationalized by more facile ion migration parallel to the
(111)-planes (see below).

Our second main observation regarding the skin layer is that its thickness is a linear function of
applied potential. Namely, it gradually increases with identical slopes dd L /JE in the pre-OER
and in the OER range, confirming that the oxygen evolution reaction does not substantially
affect the skin layer growth. In other words, the thickness is determined by applied electrode
potential alone. The linear change of the skin layer thickness with potential strongly resembles
the behavior of passive films and implies the presence of a constant electric field within the skin
layer, which is independent of the potential. Thus, also for the oxide system studied here, models
developed for describing passive film formation on iron group metals may be applicable, in
particular since for those passive films often a duplex structure was reported, consisting of two
stacked layers of different oxide phases[29, |61]]. These models should be well suited to describe
skin layer formation on oxides, as found in the Co;0,4 system, since they likewise describe the
formation of a kinetically limited surface layer, consisting of cation species in a higher oxidation
state and (additional) oxygen anions, due to a thermodynamic driving force. Whether this is
an oxide layer on a metal or a (hydr)oxide layer on an oxide substrate should per se not matter
fundamentally. Unfortunately, many models of passive film growth yield a linear variation of
the layer thickness, for example, the high field model, the point defect model, and variations of
those (see refs[120, [121]] and references therein). Unambiguous identification of the skin layer

formation mechanism thus will require much more detailed data, for example, on its dependence
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on pH and the growth kinetics, that will allow to distinguish between the different scenarios.

6.4.3 Catalytic Properties and Structure of Active Sites

On the basis of the structural results, we will now discuss the catalytic properties of our epitaxial
samples. The b-value of Co304(111) and CoOOH(001) films given in Table[.I] are in good
agreement with that reported by Switzer and co-workers for um thick electrodeposited epitaxial
Co30, layers[22] and exfoliated CoOOH nanosheets[110, [111]]. Table[6.2] gives the turnover
frequency of our samples and the overpotential that is necessary to flow a current density of
10mA cm~2. The latter parameter compares very well with literature, even for the smooth
CoOOH(001) films, if one accounts for the true microscopic surface area. The reported TOF
is defined here as the number of O, molecules generated per second and per surface site. As
surface site, we consider any Co—O surface bond. Details for the calculation of the TOF are
given in the Supporting Information (Section [6.7.5). For CoOOH(001) layers, we find a TOF of
~4.2s~!, which is in between that of thick COOOH(001) oriented films of known ECSA[89]
and that of exfoliated CoOOH nanosheets[ 110, |111]. We consider these examples because the
surface structure of these samples is a priori the closest to that of our sample. In the case of
the Co304(111) layer, it is not possible to calculate a TOF with the above definition, since the
real density of sites in the 3D skin layer is unknown. Assuming conservatively only sites on the
surface are active, we estimate a TOF ~ 3.2s~!, as explained in Section for the purpose of
comparison with CoOOH and literature. We have to bear in mind that this value of ~ 3.2~}
only represents the order of magnitude of the TOF. It is yet much larger than most of those
reported in the literature for Co30,4 and CoCat (see Table[6.2)) and compares well with only a few
references. This point will be addressed in more detail later on.

At this stage, our main finding is that a smooth epitaxial CoOOH(001) layer with a well-
defined structure is nearly as good a catalyst as a Co30,4(111) layer or any Co;04 catalyst of the
literature, if one accounts for the true microscopic surface area. This is in contrast with general
assumptions in the literature and not easy to reconcile with the current conceptions on the nature
of the OER-active site on Co oxide catalysts. Moreover, reaching these catalytic performances
does not require “pre-conditioning” of the CoOOH film, because it is structurally stable. This
last point appears again to be in contrast with the general behavior reported in the literature (see,
for instance, refs[93]|110]) and reinforces the interest of studying well-defined epitaxial films.

It was proposed in previous studies of amorphous CoCat catalyst films[104] that the OER
active sites are di-p-oxo-bridged (u,—O) ion clusters, in which Co atoms are in a near-octahedral
coordination by 6 oxygen ligands with a Co—Co distance of 2.81 A and oxygen atoms bound
to two Co atoms only, a configuration which is similar to that in Co-oxo cubanes|[|123]]. On the
(001) plane of CoOOH, only u;—O/OH sites exist, where the oxygen is 3-fold coordinated to
Co’*, and W, —O configurations only exist at steps of COOOH(100) surface or near Co’* surface
vacancies (Fig.. According to our structural data, the coverage of yu,—O/OH sites on our
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TOF(s') nwv)

oxide structure/morphology N =04V) (j=10mA/em?) ref
CoOOH(001) epitaxial (001) 4.2 0.42 this work
oriented (001) 0.4 0.43 (89]
exfoliated nanosheets 159 0.3 [111]]
exfoliated nanosheets 0.023% 0.39 [110]
Co304(111) epitaxial (111)/Au 3.2 0.42 this work
epitaxial (111)/Au 0.4 0.43 [189]]
poly-Co;0,  nanocystalline 1.36 x 10739 0.44 (87]
nanocystalline/Au (80ML) 5 x 1072° na [54]
nanocystalline/Au (0.4 ML) 1.59 na [154]]
CoCat amorphous 8 x 104D na [122]

a) Estimated using ECSA derived from capacitance measurements in acetonitrile.
b) Estimated assuming all Co centres within the material are active.
c) Estimated using ECSA derived from capacitance measurements in aqueous alkaline electrolyte.

Table 6.2: Estimated TOF for 1 = 0.4V and overpotential 1] for a current density of j = 10mA/cm? with
respect to the ECSA. TOF values reported in the literature are given for comparison.

CoOOH is only a few percent. Assuming that the latter are the predominant active sites of the
OER, the reaction would occur at a small fraction of the surface sites only, and the true TOF
would be of the order of 1005~

In the case of the Co30,4(111) film, we have seen previously that a skin layer is covering
the islands (see scheme in Fig.[6.4] top right corner) before the OER, which is only marginally
thickening further in OER. This skin layer is probably a highly defective, 3D reaction zone for
the OER, in analogy with the behavior of CoCat[107]]. It should therefore be more active than a
smooth CoOOH(001) film since defects are thought to improve the catalytic activity[124]]. In
previous studies, it was concluded on the basis of XAS measurements that the skin layer consists
of a CoO,(OH), phase with an increased amount of octahedrally coordinated di—u—O/OH-
bridged Co>*"** jons and these sites were considered as indispensable for the OER activity of
Co304[87]]. The very similar activity of Co30,4 and CoOOH in our study is therefore difficult to
rationalize in this scenario and can only be explained in two different ways: Either, the number
of u,—O/OH sites in the skin layer is only a few percent of the ECSA, which seems unlikely
because a strong local structural disorder is expected within the skin, or the high catalytic activity
of the CoOOH(001) surface is not caused by p,—O/OH sites alone and other sites of this surface,
specifically u3—O/OH sites, significantly contribute to the OER. The latter seems not unlikely,
taking into account that in u,—O/OH and p3;—O/OH sites the Co—O bond length and the spacing
of the oxygen atom to neighboring O is very similar. At least in terms of the local geometry, the
OER reaction mechanisms proposed in previous studies[87, [102] therefore should be possible
for both sites.
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6.4.4 Pseudo Capacitive Charge in Pre-OER Region

We now discuss the electrochemical charge Q¢ measured in the pre-OER region (Table[6.1). As
explained in Section for COOOH(001) the charge Qp ~ 1.4mC cm~2 may be attributed
simply to adsorption/desorption on the oxide surface, specifically protonation/deprotonation of
the outermost oxygen atoms on the top surface plane and within the grain boundaries. According
to a previous DFT study, the deprotonation of the CoOOH(001) surface indeed extends over
a wide potential regime, with the stability ranges of the fully H-terminated and the fully O-
terminated surface at < 0.3V and > 1.5V vs RHE, respectively[[105]. We note, as an additional
proof that the changes in the optical reflectivity of this sample are consistent with a surface
effect (Supporting Information, Section|[6.7.7], Fig.[6.14). A pure surface charging is further in
agreement with the absence of structural modifications in the pre-OER region.

In the case of Co;0,, the charge Qg ~ 4.15mC/cm? for the sample in Fig. corresponds
to a charge gop = 0.86¢e( per formula unit of oxide within the deposited film (see Supporting

Information, Section|6.7.6) which reduces to gg = 0.58 e( after subtraction of the charge necessary
to form the 1 nm thick skin. A logical conclusion is that the pseudocapacitive charge transfer
involves the bulk of the Co;0, epitaxial film. This is also supported by the optical reflectivity
measurements, which mirror the corresponding charge transfer (see Section[6.7.7] Fig.[6.135k)

and is in accordance with previous observations for CoCat[98]]. The changes in the bulk charge
state are probably linked to the reversible changes in unit cell volume, which occur in the same
potential region. This is also in agreement with XAS results that likewise found a decrease in
bond distances upon oxidation of Co** to C03+[87]. Furthermore, these fast and reversible bulk
structural changes explain the excellent performances and cyclability of Co3;0,4 in supercapacitor
applications|125].

A pending question is the identification of the charges associated with the substantial pseu-
docapacitive charge/discharge in Co30,4. The discussion must also take into account the rate of
this process, which is fast for a bulk phenomenon (< 1 s for anodic charging). If this process
would be related to a bulk Co redox reaction, the predominant fraction of the Co?* ions in the
20 nm thick Co30, film would have to be converted into Co’". This seems very unlikely, given
that the spinel lattice is largely maintained and that the mean oxidation state of the material
remains close to that of the spinel phase. In previous studies, intercalation of solution species,
such as cations or hydroxyls, was proposed to explain the large pseudocapacitive current[89,
126]], which is sustained by the fact that no such bulk charging is observed in organic electrolyte,
such as acetonitrile (interfacial capacitance is of the order of a few 10 pF/cm2 in this solvent)[22,
89]. More work is necessary to check this hypothesis and identify the nature of the bulk charge

transfer.

An important practical consequence of these findings is that, contrary to general practice in
electrocatalytic studies of Co oxide materials, the current in the pre-OER range cannot be easily

employed to estimate the electrochemical surface area or redox-active surface sites. Concretely,
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dividing the pseudocapacitance of the oxide by a standard double layer capacitance of 60 uF/cm?,
as usually done in literature[8 1}, [88]], leads to an erroneous electrochemical surface area (ECSA)
that is several order of magnitude larger than derived from independent structural characterization.
This has already been noted in previous studies[22, 101} |127] where the ECSA was estimated
by other methods (e.g., impedance measurements in an organic solvent), but has been largely
ignored in the community. Our results for structurally well-characterized samples reinforce the
need for independent ECSA determination as good practice in electrocatalytic studies of Co

oxides.

6.5 Conclusions

In summary, we studied the OER on Co oxides by combining structurally well-defined model
catalysts — thin epitaxial Co304(111) and CoOOH(001) films — and advanced operando X-
ray surface diffraction techniques. This approach enables direct correlation of the potential-
dependent microscopic surface structure and the electrochemical current, which are measured
simultaneously. It specifically allows independent determination of the electrochemical surface
area and thus straightforward comparison of the catalytic activity.

According to our results, Co304(111) and CoOOH(001) behave quite differently from a
structural viewpoint, whereas their catalytic performances appear very similar, suggesting that
the two materials have a similar surface density of OER active sites. The surface structure of
CoOOH(001) is very stable, even at high OER current densities. It is primarily terminated by
oxygen atoms that are 3-fold Co-coordinated (u;—0) and only exhibits a small number of the
di-p-oxo bridged Co sites (u,—O) at surface defects (steps and terrace cation vacancies), that are
typically associated with the good OER activity of cobalt oxides.

On Co304(111), the OER occurs on a skin layer, whose formation is highly reversible, fast,
and commences in the pre-OER range, near the CoOOH/Co3;0, equilibrium potential, indicating
that it is not induced by the catalytic reaction, but reflects the oxide electrochemistry. The skin
layer thickness is increasing almost linearly with potential, even in the OER regime. We suggest
that this behavior may be explained by models derived for passive film formation. Following the
current assumption in the literature that the skin layer corresponds to a defective 3D reaction
zone with a high number of u,—O sites, the very similar catalytic properties of Co;0,4 and
CoOOH(001) suggests that the u;—O sites may also contribute to the OER on the latter surface.

In addition, we find over a wide potential range reversible changes of the bulk lattice constant
(i.e., a change in the density of the Co;0, film), which may be attributed to the reversible
creation/annihilation of a high density of volume stoichiometric defects. Together with the
charge caused by skin layer formation/removal, these seem to be associated with the large
pseudocapacitive current of this material in the pre-OER range, a phenomenon that also explains

why this oxide is a good material for supercapacitor applications.
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6.7 Supporting Information

6.7.1 Experimental Details

2D detector

Fig. 6.7: Schematics of the scattering geometry of the operando SXRD measurements.

6.7.2 Principle of Structural Analysis from Operando SXRD
Measurements

The potential dependence of the Co oxide structure during cyclic voltammograms was determined
by continuously measuring 2D X-ray detector frames at a Bragg peak position (see Fig.[6.3)) in
intervals of 1s. Because the detector images the diffracted intensity on the Ewald sphere, which
crosses the investigated peaks at a steep angle (see reciprocal space geometry, shown in Fig.[6.8),
the x and y axes of the frames approximately correspond to the intensity distribution in the (K,L)

plane. From each frame, peak profiles along the out-of-plane and in-plane direction were taken
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Co,0, (404)

: Ewald sphere

Fig. 6.8: Reciprocal space geometry of the operando SXRD measurements, illustrated for the case of the
Co0304(404) peak. Shown is the Co304(404) peak at 0.97 (green), 1.37 (light blue), and 1.57V
(red). The surface of the Ewald sphere is shown in dark blue.

and fitted by pseudo-voigt functions (Fig.@. The peak positions ¢ | | and full width at half

maximum (fwhm l,H) values, obtained from these fits, were used to calculate the film strain

q1,||,nom
c — ol
J~7|| qJ_7“

of the lattice parameters, and the coherence length d | | =27 /fwhm 1,||» which is associated with
the grain size. Since detector and sample are fixed during these measurements, the resolution

— 1, where g || 0, are the peak positions that correspond to the literature values

of this method allows detection of relative strain changes down to ~ 10~ and changes in grain
size down to ~ 0.1 nm. In complementary SXRD measurements, full reciprocal space maps
of the Bragg peaks of the type shown in Fig.[6.1d,e were recorded at selected potentials and
quantitatively analyzed (Table[6.3]and [6.4). These result in similar strain and grain size changes,
which provides further support for the validity of our method.
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Fig. 6.9: Examples of measured cross sections (circles) and fits (solid lines) of the Co;0,4(404) peak along

the (a) in-plane and (b) out-of-plane direction, obtained from detector frames at 0.77 and 1.65V
with 1 s counting time.
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6.7.3 Additional SXRD Data

a) 1.0F

£ : :
5 osf

Fig. 6.10: Comparison of the operando SXRD data for the Co304(111) film in 0.1 M NaOH obtained in
potential cycles with sweep rates of 10 mV/s (red) and 50 mV/s (black). The similar behavior
of strain and grain size indicates a fast kinetics of the structural changes.
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Fig. 6.11: Change in vertical grain size Ad; of CoOOH(001) (blue) and Co3;0,4(111) (red) films during
a potential sweep in 0.1 M NaOH (sweep rate 10 mV/s), showing an irreversible decrease in
film thickness due to conversion to Co(OH),. The potential sweeps were performed at the end
of long SXRD experiments (25 h in the case of CoOOH), where the samples had undergone
numerous potential cycles and been kept for longer times at potentials < 0.6 V. This lead to
some degradation of the samples, which probably accounts for the slight increase in the Ad; of
CoOOH in the negative potential sweep between 1.4 and 0.4 V, which never was observed on
freshly prepared samples kept at potential > 0.77 V.
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Table 6.3: Structural data for the Co3;04(111) film shown in Fig. (diamonds), obtained from full
reciprocal space maps of the Bragg peaks of the as prepared film installed in the SXRD cell
filled with argon (1% column) and after immersion in electrolyte (last 3 columns) at selected
potentials under stationary conditions. The data represent the average of the fit results for the
(222), (115), and (404) peak. Shown are the out-of-plane and in-plane values of film strain
€ | (relative to literature lattice parameters), full width at half maximum fwhm |, and grain

Table 6.4: Structural data for the CoOOH(001) film shown in Fig. (diamonds), obtained from full
reciprocal space maps of the Bragg peaks of the as prepared film installed in the SXRD cell
filled with argon (1% column) and after immersion in electrolyte (last 3 columns) at selected
potentials under stationary conditions. The data represent the average of the fit results for the
(012), (015), and (017) peak. Shown are the out-of-plane and in-plane values of film strain
€ | (relative to literature lattice parameters), full width at half maximum fwhm |, and grain
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Argon 097V 137V 1.57V
€ /% -0.068 0.393  0.003 -0.134
g/ % -0.161 -0.124 -0.213 -0.304
fwhm, /nom~!  0.311 0.310 0.312 0.319
fwhm|| /om~! 0222 0212 0212  0.208
d, /nm 20.226  20.290 20.115 19.676
dj/nm 28.456 29.957 29.809 30.592

size dL,H-

Argon 0.87V 137V 157V
e /% 1.197 1418 1381 1406
g/ % 0751 0760  0.805  0.772
fwhm, /nm~! 0350  0.355  0.355  0.356
fwhm/om~'  0.179  0.183  0.180  0.183
dy /nm 17.976 17703 17.688 17.688
d)/nm 35276 34.304 34.924 34.480

sized .



6.7.4 Structure of the Studied Co Oxides

Chex = 14.00 A
c=13.15A

anex =5.716 A a=2.851A

Fig. 6.12: Unit cell geometry (side view) of (a) the spinel Co;0, (space group Fd3m) and (b) the layered
CoOOH compound (space group R3m), containing (a) 8 Co;0, and (b) 3 CoOOH formula
units in the unit cell, respectively. The vertical axes correspond to the surface normal directions.
Co?* and Co>" cations are displayed in light blue and dark blue, respectively, oxygen atoms in
red, and the hydrogen atoms in CoOOH in white. The atomic positions in Co;0, and CoOOH

were taken from the crystallography open database[128] the crystallographic data in Ref.[[114]]
(Co30,) and Ref. || (CoOOH).
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Fig. 6.13: Schematic illustration of the atomic arrangement in the hexagonally ordered planes of (a)

86

Co0304(111) and (b) CoOOH(001). Co?* and Co’" cations are displayed in light blue and dark
blue, respectively, oxygen atoms in red, and the hydrogen atoms in CoOOH in white. For the
surfaces of these oxides in the electrochemical environment, the topmost plane most likely is
terminated by oxygen or hydroxyls groups.



6.7.5 Estimate of ECSA and TOF

The CoOOH(001) layer is smooth and its ECSA is close to unity as derived from AFM observa-
tions. The Co30,4(111) sample is clearly composed of disconnected 3D islands. Its ECSA may
be estimated by assuming the grains are columnar with a circular section and cover 0.85 of the
geometric area. Using the grain dimension (see Table[6.3) gives a roughness factor of 3.2. A
very similar value is obtained for an ellipsoid island shape. We conservatively use the value of 3
in the manuscript.

The TOF is defined here as the number of O, molecules generated per second and per surface
site. As site, we consider any (O-terminated) Co surface atom. The density of sites on the
CoOOH(001) surface is N = 1.42 x 10'3 Co sites/cm? (the hex surface unit cell has an in-plane
lattice spacing of 2.851 A and contains one Co site). The total number of sites is N x ECSA,
with ECSA ~ 1.02 in our case.

Since the OER is a four electron reaction with 100 % efficiency, the TOF for a given current
density j (relative to ECSA) equals j/zeN with z = 4 the valence of the reaction and e =
1.6 x 10712 C. For an overpotential of 0.4V, i.e., a potential of 1.63 V, the current density is
j =3.9mA/cm? on CoOOH(001), which corresponds to a TOF of ~ 4.2 molecules of O, per
second and per surface site.

In the case of Co3;04(111), the active surface is the ~ 1 nm thick skin layer, for which the
density of sites is unknown. For the purpose of comparison of the two materials, we tentatively
calculate the TOF by assuming that the number of OER-active Co atoms is equal to that of a
defect free (111) surface of Co304. This will roughly give the right order of magnitude. With this
approximation, N = 1.06 x 10! Co sites/cm? on the (111) plane and j ~ 2.2mA/cm? for the

ECSA normalized current density. Therefore, a TOF of ~ 3.2 s~ ! is estimated for this material.
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6.7.6 Estimate of the Pseudo-Capacitive Charge Stored in Pre-OER
Region

For Co30,, the charge Qg in the pre-OER regime (0.77 to 1.57 V) is much too large to be
consistent with double layer charging or adsorption/desorption at the oxide surface. In this case
it is interesting to convert Qp = 4.15mCcm 2 (relative to the geometric electrode surface area)
into a charge transfer per formula unit of the Co oxide. From the lattice parameters, which give a
bulk density of the Co30, units of 8/(8.0837A)3 = 1.51 x 10?>cm >, and the film thickness of
20 nm we calculate 3.0 x 10'6 Co;0, units/cm? in the Co;0,(111) film under study. Therefore,
the charge Qg corresponds to 0.86 ¢y per Co30,4 formula unit of the film. Part of this charge
transfer corresponds to the formation of the skin layer around the grains. This layer reaches
a thickness of ~ 1 nm in the out-of-plane and ~ 2 nm in the in-plane direction, corresponding
to ~ 28 % of the grain volume. Assuming that the material in this skin layer is converted from
Co50,4 to CoOOH would thus account for 0.28 ey per formula unit. At potentials in the OER
range, further conversion of the Co>* to Co** is expected on the basis of spectroscopic studies,
but this is only expected near the upper end of the potential region used for the charge integration
(above the Co**/Co** redox potential of 1.39 V)[93]]. It therefore should not lead to significant
contribution to Qp. This leaves a residual charge of ~ 0.58 ey per Co;0,4 formula unit, which
needs to be accounted for by additional processes, involving the oxide bulk, which is fitting
very well with the large amplitude of reflectivity changes (see Section [6.7.7). Moreover, we
performed a similar analysis of CVs, obtained on structurally defined epitaxial Co3;0,4 films[22,

95, 112] and obtained a similar charge transfer.

In the case of CoOOH(001) film the surface looks continuous since the grains are tightly
packed with no visible grain boundary in AFM images. Moreover, a surface phenomenon in
this case appears more likely since the amplitude of reflectivity changes is much smaller (see
Section [6.7.7). Assuming the charge Qo originates from the protonation/deprotonation of the
oxygen groups on the surface of the CoOOH film accounts for a charge of 0.23 mCecm ™2 (the
surface density of oxygen groups is 1.42 x 10'3 cm™2 for an ideal COOOH(001) surface). This
is significantly smaller than the charge Qp = 1.4mCcm ™2 measured for the 18 nm thick film.
Because of the absence of structural changes in the SXRD data, we tentatively assign the residual
charge to (de)protonation of the grain boundaries. From the grain dimensions obtained via
SXRD (Table[6.4), the surface ratio of inner grain boundaries to the top of the grains would
be dd, / d| = 2.66 for perfectly straight and atomically smooth grain boundaries. The surface
density of oxygen groups in the grains can be approximated by that of the CoOOH(100) surface
(1.60 x 10" cm™2), resulting in a charge contribution of 0.68 mCcm 2. The experimentally
observed charge could then be accounted for by a roughness factor of 1.7 of the inner grain

boundary surface, which seems realistic.
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Fig. 6.14: Top panel: CVs presented in Fig. Bottom panel: Relative changes of the optical reflectivity
of the Co30,4(111) and CoOOH(001) samples, obtained in parallel to the operando SXRD data

shown in Fig.[6.4]

6.7.7 Optical Reflectivity

The top panel of Fig.[6.14]shows the CVs of Co304(111) (red) and CoOOH(001) (blue) presented
in Fig.[6.4] The bottom displays the corresponding relative changes of the optical reflectivity
R of the sample, measured parallel to the SXRD and electrochemical data in the SXRD cell.
It was reproducibly found that the change AR/R over the potential range 0.77 to 1.57V is
~ 15 % for the Co;0, film and only ~ 2 % for CoOOH. Assuming that these changes are linked
to changes in the samples charge state, it makes sense to compare the changes in R with the
electrochemical current density. Fig. therefore shows the derivative dR/dV of these data
(red curves) together with the CV in the double layer range (black curves) for both oxide phases.
A similar analysis was proposed by Dau and co-worker[98]], though in a different geometry.

In the case of Co304 (Fig. red curve, bottom), the reflectivity variations AR /R are too
large to be assigned to surface modifications of the oxide film bulk. Moreover, dR/dV (see
Fig.[6.15p) perfectly overlaps with the current density at potentials more negative than the
maximum of peak A2, which clearly indicates that dR/dV can be considered as a quantity
directly proportional to the electrochemical current due to pseudo-capacitive charge transfer,
while OER has no impact. The potential dependence of dR/dV also demonstrates that peaks
A2 and C2, which are hidden by the OER current, largely extend into the OER range. This is
consistent with the observation that during a potential sweep, the entire film undergoes strain

variations and not only the surface layer. Consequently, the pseudo-capacitive electrochemical
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Fig. 6.15: CVs (black lines) and reflectivity changes dR/dV (red/blue lines) of the Co304(111) (left) and
CoOOH(001) (right) samples in 0.1 M NaOH (sweep rate = 10 mV/s).

current is due to volume processes and not, as usually considered, to double layer charging and
adsorption/desorption at the surface.

In the case of CoOOH (Fig.[6.14] blue curve, bottom), the amplitude of reflectivity variations
is small and within a range, which is typical for modification of the surface termination, e.g., via
adsorption. For example, comparable changes were found for electrochemical OH adsorption on
metallic cobalt[34]. Also the overlap between the pseudo-capacitive current and dR/dV is less
good (see Fig.[6.15pb). These observations support the results of the electrochemical analysis,
that indicate the absence of charge transfer to the bulk of the CoOOH.
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7 Potential Dependence of the Structure
and Magnetism of Electrodeposited
Pd/Co/Au(111) Layers

This chapter is based on an article published in the Journal of Electroanalytical Chemistry[129].

Reprinted with permission from Fouad Maroun, Finn Reikowski, Nan Di, Tim Wiegmann,
Jochim Stettner, Olaf M. Magnussen and Philippe Allongue,

Journal of Electroanalytical Chemistry 819 (2018), 322.

The article is available via the internet at https://doi.org/10.1016/j.jelechem.2017.11.002.
Copyright © 2017 Elsevier B.V.

Abstract

In this work we investigate the magnetic properties and structure of ultrathin Pd/Co/Au(111)
stacks prepared by sequential electrodeposition. A combination of in sifu real-time magneto
optical Kerr effect (MOKE), in situ surface X-ray diffraction (SXRD), and complementary in situ
scanning tunneling microscopy, electrochemical studies, and optical reflectivity measurements
is employed to characterize the formation of the Pd/Co deposit and its potential-dependent
structure. For the preparation of the Pd/Co film a specific procedure is used that prevents Co
dissolution. The SXRD results reveal a 2D growth of a (111)-oriented Pd layer, which is in
epitaxy with the underlying Co(001)/Au(111). A potential dependent study demonstrates that
the Co magnetic properties are reversibly modified upon hydrogen absorption in and release out
of the Pd capping film, respectively. Analysis of the SXRD data indicates a Pd lattice expansion
upon H-absorption, which is strongly inhibited within the surface plane due to clamping by the
substrate. The transmission of hydrogen-induced strain to the Co layer is measured and the

resulting impact on the magnetic properties is estimated and discussed.

7.1 Introduction

The growth of epitaxial magnetic ultrathin 2D films which magnetization is perpendicular to the
film surface has attracted wide attention during the past few decades because these are involved
in spintronic and data storage devices [130, 131]. In 2D films, a sufficiently large positive value

of the magnetization anisotropy energy (MAE) is necessary to keep the film magnetization
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normal to the sample surface [132]. Experimentally, MAE value (Kyag) is positive for films of
a few atomic layers in thickness [[133-135]]. It depends on different film properties in addition to
other parameters, such as the materials at the film interfaces and the presence of strain in the
film.

It has been demonstrated that electrodeposition is a reliable technique to grow 2D epitaxial
metal films on single crystal electrodes [[136]. The epitaxial electrochemical growth of ferro-
magnetic films of Co 21}, 67, 137], Ni [21} 138] and Fe/Au(111) [139], Co on Pt(111) [140],
as well as Fe and Co on Cu(001) [141]] has been investigated by in sifu scanning tunneling
microscopy (STM) and/or in situ surface X-ray diffraction (SXRD). Magnetic characterizations
of such films capped by a noble metal demonstrated that electrodeposited ferromagnetic ultrathin
layers exhibit magnetic properties very similar to those measured with the same systems grown
by physical deposition methods (molecular beam epitaxy, sputtering) [67,|142]. The influence
of small molecule adsorption has also received strong attention, because it also influences the
magnetic properties as in the case of CO adsorption on Co/Pd(111) in ultrahigh vacuum (UHV)
[[143]] or on Co/Au(111) at the electrochemical interface [144]. In the latter case, it has been
demonstrated that the changes in the magnetic properties upon CO adsorption are not due to
structural changes of the Co films [[137]. In contrast, H-adsorption/desorption causes a reversible
modification of the magnetic properties of a Ni/Cu layer that is strongly coupled with reversible
structural changes [|12]], illustrating how strain modifies the magnetic properties of ultrathin films
[134]]. In line with the latter behavior, previous reports on Co/Pd bilayers showed that gas phase
hydrogenation of Pd capped Co layers leads to reversible change of the Co magnetic properties
[11H13]]. This system was used to develop spintronic based H, sensors [145]. However, the
origin of the modification of the Co magnetic properties in these bilayers upon H loading is still
unresolved.

Transposed to the electrochemical interface, the Pd/Co system appears particularly attractive,
because electrochemical hydrogenation of Pd is fast and reversible at room temperature. In
addition, this would enable voltage control of the magnetic properties, which is presently an
important topic in magnetism (see for instance Refs. [146,147]). It is well-known that hydrogen
may be reversibly inserted into or released from Pd electrodes [[148H150] and Pd thin films
[151-153]]. In early stages, the insertion of hydrogen into bulk Pd leads to the formation of the
o-phase; upon further H-absorption a transition to the H-rich B-phase occurs, for which the
H:Pd ratio saturates at approximately 0.6 [[154]. The lattice constant of the 3-phase is expanded
by 3.5 % with respect to Pd. The solubility of hydrogen in Pd thin films was investigated using
electrochemical charge measurements [[151-153|], electrochemical quartz crystal microbalance
[155]], impedance spectroscopy [156], in situ surface X-ray diffraction [152} 157]], and in situ
stress measurements [[158]]. All these studies indicate a reduced solubility of H, when the Pd
layer becomes thinner than a critical thickness. In the case of Pd layer on Au(111), the critical
thickness is ca. 12 ML [[151]. A more extended literature survey on this subject is given in Ref.
[159].
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In relation with the work on sputtered Co/Pd bilayers and the influence of H insertion in Pd on
the Co magnetic properties [11-13]], the question arises as to whether also in electrochemical
environment H absorption can be utilized for driving changes in the MAE of Pd/Co bilayers
and whether this phenomenon is induced by elastic strains or other effects. To this end, we
present an electrochemical procedure for preparing epitaxial Pd/Co/Au(111) stacks by sequential
electrodeposition and investigate in situ the potential dependence of the MAE and the strain
in these deposits. The MAE is characterized by in situ real time magneto optical Kerr effect
(MOKE) measurements [[160] and the deposit structure and strain by in operando surface X-ray
diffraction (SXRD). The large MAE changes observed upon hydrogen absorption and release
cycles are discussed in light of the structural data.

7.2 Experimental

7.2.1 Sample Characterization

All X-ray scattering experiments were carried out at beam line ID03 at the ESRF, employing
an X-ray energy of 22.5keV with a flux of 1 x 10'% counts/s. A 2D MAXIPIX detector with
512 x 512 pixels and a pixel size of 55 x 55 um? was used. The data was recorded during two
separate experiments with slightly different configurations. The sample detector distance was
914 (662) mm and the beam size at the sample was 240 (215) x 30 um? in the two experiments
we refer to as “A” and “B”, respectively. A six circle geometry with a fixed angle of incidence of
0.34° was used, corresponding to a beam footprint on the sample of 240 (215) um x 5 mm. For
convenience the hexagonal coordinate system (H, K, L) of the Au(111) single crystal substrate is
used for all positions in reciprocal space. The reciprocal lattice constants are a* = 2.51 A~Tand
¢* =0.89 A=, The Co and Pd Bragg reflections are indexed by the conventional Miller indices
and refer to the conventional crystal structures of these materials (i.e., hcp and fcc, respectively).
Fig.[7.1] shows a schematic of the coordinate system along with the Bragg peaks and crystal
truncation rods of Au(111), Co(001), Pd (111) and PdH ¢(111). In operando measurements
were carried out at the Pd(011) and Co(011) Bragg peaks, which are labeled “1” and “2” in
Fig.[7.1p.

In SXRD experiments “A” we used the “hanging meniscus” transmission cell, employed
extensively in past experiments [34]. For experiment “B”, a new electrochemical cell was
designed, which allows faster electrolyte exchange and parallel optical reflectivity measurements
(at 630 nm) to control deposit stability. In this second cell the electrolyte is confined in a vessel
made of PEEK, with a wall thickness of 1.5 —2mm in the region where the X-ray beam enters
and leaves the cell. In both flow cells a Pt counter electrode, placed in the output circuit to avoid
possible Pt contamination, and a Ag/AgCl reference electrode were used. Electrolyte exchange
was handled by a remote controlled system of 3 inlet syringes, containing the three electrolytes

(Co electrolyte, Pd electrolyte and supporting electrolyte), and an outlet syringe which allowed a
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Fig. 7.1: (a) Reciprocal space geometry of Pd/Co/Au(111). The coordinate system (H, K, L) is defined
by the Au(111) substrate (yellow). Bragg peaks of (001)-oriented hcp Co (green), of two fcc
Pd(111) phases (blue, light blue), rotated against each other by an angle of 60°, and of PdHy ¢
(red) are shown. The vertical lines indicate the positions of the corresponding crystal truncation
rods. b) Magnification of the relevant regime along the K-axis. In the in operando measurements
the Bragg peaks marked with “1” and *“2” were investigated, which are the Pd(011) and Co(011)
peak, respectively.

fast and efficient exchange.

The magnetic properties of the samples were studied using a custom in sifu magneto optical
Kerr effect (MOKE) setup, which is equipped with a three-electrode electrochemical flow cell
(Kel-F), connected to a potentiostat. We used a Mercury sulfate electrode (MSE) as reference of
potential and a Pt wire as counter electrode placed in the output circuit of the cell. However, all
potentials will be given with respect to the Ag/AgCl reference electrode. The whole setup and
principle of the MOKE measurements are described in details in Ref. [160]. We briefly remind
here that the MOKE signal is proportional to the projection of the sample magnetization M on
the sample surface normal. The setup sensitivity is 0.1 — 0.2 ML of cobalt.

For in situ electrochemical STM observations a home-built scanning tunneling microscope
was used [161]. Tungsten tips were prepared by electrochemical etching in 2M NaOH and
coated with Apiezon wax. The counter electrode was a Pt wire (0.5 mm diameter, 10 mm length).
The tip potential during STM imaging of the Co films was typically —0.55 V. STM images
(512 x 512 pixels, 3 min per image) were recorded in constant current mode with a tunneling

current of 0.5 — 5nA. Images are presented as top views after plane fit correction using SPIP
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software (Image Metrology).

For in situ surface X-ray diffraction (SXRD) and in situ STM characterizations, we used top
hat-shaped Au(111) single crystals (Mateck) [34]], with a surface exposed to solution oriented to
better than 0.1° (diameter of 4 mm, area 12.5 mm?). Prior to all experiments, the Au(111) single
crystals were cleaned by 5 cycles of electrochemical oxidation in 1 M HCIO, via the application
of 3V between the crystal and a Pt wire and subsequent reduction in 1 M HCI to remove any
Co and Pd from the crystal. The working electrode for MOKE experiments was an ultra-flat
14 nm-thick Au(111) layer electrodeposited on Si(111) [162}163].

7.2.2 Sample Preparation

The Pd/Co/Au(111) stacks were grown by sequential electrodeposition in potentiostatic mode.
Cobalt was deposited on Au(111) substrates from 0.1 M NaClO4 + 1.3 mM HCI + 1 mM CoCl,
solution (pH ~ 4). Two types of epitaxial Co/Au(111) layers were prepared. The first consists
of flat 2D Co films grown at —0.9 V where 2D epitaxial growth occurs [21},|34,|67,|137]. The
second type of Co layer is deposited using double step potential deposition: During the 1st
step a sub-surface coverage of 2D bilayers islands is formed by applying for 1 s a potential of
—0.9 V. Based on past measurements [164], we estimate that ~ 20 % of the surface is covered
by Co islands after this step. In the 2nd step, the potential is set to —0.78 V to promote Co island
growth along the surface normal [165]]. This second type of Co film is therefore expected to
consist of 3D flat top Co islands, covering partially the Au surface. We will designate in the
following the two types of samples by 2D and 3D Co layers. The desired Co average thickness
was adjusted by stripping experiments, where the Co thickness was determined from the anodic
charge of the Co dissolution peak (see Refs. [21} (34,167, |137]). To stabilize the final Co deposit
used for the subsequent experiments, a potential of —0.71 V was applied and the cobalt solution
subsequently exchanged by the supporting electrolyte (0.1 M NaClO,4 + 1.3 mM HCI, pH ~ 4).

To deposit the Pd capping layer the electrolyte was exchanged by 0.1 M NaClO4 + 1.3 mM
HCI + 0.1 mM K,PdCl, (pH ~ 4), keeping the same potential of —0.71V. Therefore, Pd
deposition commences only when the Pd solution reaches the cell, which results in some small
uncertainties (50 s) regarding the actual deposition times (> 600 s, see below). In fact the Pd
deposition cannot be monitored using the electrochemical current because the HER current is
rather large at this potential. Pd was deposited in a Ist step for a nominal time of 600 s at a
potential of —0.71V, where Co is electrochemically stable. This leads to formation of an initial
Pd cover layer that inhibits Co dissolution. Subsequently, the potential was swept at 10 mV/s to
—0.4 V and maintained at this value for a nominal time of 600 s (2nd step), leading to further Pd
growth. Pd deposition was stopped by changing the potential back to —0.71 V and exchanging
the Pd solution with the supporting electrolyte. In some experiments the 2nd step was repeated
to vary the Pd thickness.
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7.3 Results

7.3.1 Electrochemical and Magnetic Properties

Fig.[7.2]shows the potential dependence of the electrochemical current (top panel), the relative
optical reflectivity (AR/R, middle panel), and the magnetic properties (bottom panel) for a
Pd/Co/Au(111) sample in contact with the supporting electrolyte. The sample was a 4 ML-thick
2D Co layer on Au(111) layer with a Pd capping layer. The black plots correspond to a Pd layer
deposited in two steps, as described in Section The red plots correspond to the same sample
onto which the 2nd Pd deposition step was applied one more time after the optical and magnetic
characterizations. This necessitated appropriate solution exchanges.

The cyclic voltammograms (CVs) in Fig.[7.2a resemble those found in past reports for Pd(111)
surfaces [151]], although the peaks associated with H desorption are not visible due to large
anodic currents associated with the oxidation of atomic H which was absorbed into the Pd

layer and the oxidation of molecular H, which was formed during the potential sweep in HER
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Fig. 7.2: (a) Cyclic voltammograms (10 mV/s) in supporting electrolyte of two Pd/Co/Au(111) samples,
consisting of the same 4.3 ML thick 2D Co layer and subsequently covered with a two-step Pd
deposits (black line) and then with an additional Pd layer (red line) (see text for details). (b)
Potential dependence of the corresponding relative changes in optical reflectivity AR/R. (c)
Corresponding variations of the coercive field Hc. Inset: typical magnetization curve M(H),
showing that the sample is perpendicularly magnetized. The scale bar corresponds to 500 Oe.
Es in (a) marks the starting potential of the sweep towards more negative potentials. Arrows
indicate the sweeping direction. Solid (dashed) lines refer to negative (positive) going sweep of
potential (10 mV/s).
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region. The anodic peak at —0.25 V (charge Q,) is associated with H, oxidation and the release
of H absorbed into the Pd layer. Q4 clearly increases with Pd thickness. The relative optical
reflectivity changes AR/R (middle panel) decreases from ~ —0.4 V on the negative sweep and
reach a saturation value. On the positive going sweep, AR/R remains equal to this saturation
value up to ~ —0.4 V where it starts increasing and reaches its original value. The variations of
AR/R are well correlated with the onset of HER and the anodic peak at —0.25 V. It is reversible
and is consistent with a self-limiting process. It can be attributed to H insertion into the Pd layer
during the HER and release from Pd during H, oxidation. The drop of AR/R upon H insertion
is in fact consistent with previous reports where it has been shown that the reflectivity drop is
due to changes of the refractive index of Pd upon H insertion. The larger AR/R changes of
the 2nd sample (red curve) as compared with the 1st sample (black curve) are consistent with
the thicker Pd layer of this sample (Pd deposition step 2 was repeated twice). These changes
are concomitant with the increase of the electrochemical charge Q4, which is partly due to the
oxidation of absorbed H (an increase of Q4 with increasing Pd thickness is commonly observed,
e.g. [149,/150]).

The magnetization curve (magnetization as a function of the applied magnetic field) of the
sample is shown in the inset of Fig.[7.2k. It has a square shape indicating that the magnetization
in the absence of an external magnetic field is oriented perpendicular to the sample surface.
The hysteresis between the sweeps up and down of the magnetic field may be characterized
by the coercive field Hc ~ 6000e (the value of the magnetic field when the magnetization
changes sign). The magnetization curves of the two samples remain square in the potential
region —0.8V < U < —0.1V, and the only observed variations are those of the coercive field
Hc (Fig.[7.2k). Hc increases in the negative going sweep starting at —0.4 V, and decreases back
during the positive sweep to reach its initial value in the potential range —0.4 to —0.15 V. The
potential dependence of Hc is almost identical to that of AR/R clearly demonstrating that these
modifications of the Co magnetic properties are due to H insertion in and release from the Pd
capping layer. The effect depends only slightly on the Pd thickness. To elucidate the origin of

this effect, in situ structural studies were performed, which are presented in the next section.

7.3.2 In Situ STM

Fig.[7.3| shows an in situ STM image (42nm x 39nm) of a Au(111) electrode surface, partly
covered by a Co bilayer deposited at —0.9 V (surface coverage about 0.5), onto which a sub-
monolayer of Pd was subsequently deposited at —0.71V using a protocol that was used in
Ref. [166] for sequential deposition of different metals on Ni submonolayers. The Co islands
were grown in 2 s at —0.9 V from the nominal 1 mM CoSOy solution in supporting electrolyte
of pH ~ 3.5 and stabilized at —0.71 V. The submonolayer of Pd was deposited at —0.71V
in 300 s from a 10 uM PdCl, solution in supporting electrolyte of pH ~ 3.5. To avoid alloy
deposition, the CoSO, electrolyte was first exchanged with the supporting electrolyte of pH
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Fig. 7.3: In situ STM image (42nm x 39nm) of a Au(111) surface covered partly by a Co bilayer and
then by a submonolayer of Pd. See text for details about sequential deposition procedure. All Co
islands are bilayer (2 atomic planes) and all Pd islands are monatomic.

~ 3.5 and the latter was then exchanged with the diluted PdCl, electrolyte. The height of the
Co islands (0.34 nm) corresponds to 2 atomic planes and they exhibit a moiré pattern in Pd-free
areas that is characteristic for a Co(001) deposit [164]]. Under these deposition conditions, Pd
grows on top of the Co layer as well as on the bare Au surface and all deposited Pd islands are
monatomic, providing clear evidence that Pd grows in a 2D mode on Co and on Au(111). The
height of Pd islands is 0.17 nm with respect to the Au surface because atomic H is adsorbed
at this potential [167]. The STM image shows that Pd nucleation on Co is homogeneous and
involves the formation of a high density of nm sized monatomic islands (~ 10! islands cm~?).

7.3.3 In Situ Surface X-ray Diffraction

Characteristic results on the Co structure at different stages of the preparation of the stack are
shown in Fig.[7.4] For this 2D sample, the initial Co thickness was 5.4 ML (determined from the
electrochemical dissolution charge). Directly after Co deposition (green symbols), the Bragg
peaks at L = 1.73 and K = 1.134 (Fig.[7.4p, b) are consistent with a hcp Co(001) structure, which
is in epitaxy with the Au(111) lattice and aligned parallel to the latter [I137]]. The Bragg peak
FWHM (0.39 A‘l) in the L-scan corresponds to a thickness of 7.9 ML, while the oscillations
between peaks are consistent with a thickness of 6 ML. This difference is attributed to the
formation of a few thicker Co crystallites [34]]. These data confirm that the layer is smooth on
the atomic scale. After the first Pd capping step, the above scans (black symbols in Fig.[7.4p and
b) do not change appreciably, except for a ~ 13 % (respectively 21 %) loss of the integrated peak
intensities for the K scan (respectively the L scan) and an increase of ~ 2.5 % of the FWHM
in K- and a decrease of ~ 2.2 % in L-direction, respectively. A further loss of cobalt of ~ 11 %
(respectively ~ 8 %) for the K scan (respectively the L scan) is observed after the second Pd
deposition step (red symbols). The Co peak FWHM remains unchanged during this second Pd

deposition step. The reduction of the Co peak intensity most likely stems from a partial Co
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Fig. 7.4: Scans at the Co(011) peak along the L- (a) and K-direction (b) of a 5.4 ML Co 2D-layer at
different stages of the sample preparation. The green symbols correspond to as deposited layer.
The other scans were recorded after deposition of Pd at —0.71 V for 600 s (black) and further
deposition of Pd at —0.41 V for 600 s (red). Partial Co dissolution is observed (see text).

dissolution during the Pd growth. However, since the peak positions remain quasi unchanged
(no measurable change in the K-scan and a peak position shift by —0.4 % only in L-scan), we
may assess that the structure and morphology of the Co layer remaining after Pd deposition is
essentially unaltered.

Structural results on the Pd capping layer are displayed in Fig.[7.5] Fig.[7.5h shows a series
of scans along the L-direction at H = 0 and K in the range 1.02 — 1.03, which is close to the
position of the first-order CTR of Pd(111). In addition to the sharp Au(012) and Au(015) Bragg
peaks at L =2 and 5 and the sharp peak at L = 3.9, which is also produced by scattering from the
Au substrate, broad peaks at L = 1, 2, 4, and 5 are present (indicated by blue lines in Fig.[7.5p,
some appearing as shoulders of the stronger Au peaks), which can be assigned to Pd. In L-scans
measured at a 60° equivalent position (data not shown) the same Pd peaks are observed with
quasi identical intensities to that in Fig.[7.5h. According to these data, we may conclude that
(1) the deposit grows as an epitaxial fcc film with a (111) surface orientation and (ii) Pd grows
with equal probability in two orientations, rotated with respect to each other by 180° around the
surface normal (corresponding to an inversion of the stacking sequence). The latter accounts for
the four Pd peaks along each CTR instead of the two expected for an fcc structure (see Fig.[7.1j)
and for symmetry reasons may be expected for the growth of a layer crystal with threefold
symmetry (fcc Pd(111)) on a hexagonal substrate (hcp Co(001)). Other explanations such as
stacking faults within the Pd film have a very low probability [168]] and can be excluded.

The effect of Pd thickness on the L scan may be seen in Fig.[7.5a: the purple curve corresponds
to 300s at —0.71V, the black and grey curves to 600s at —0.71 V and the red curve to 600 s
at —0.71V followed by another 600s at —0.41 V. The black and red curves correspond to the
same sample with increasing amounts of Pd, whereas the other curves originate from different
preparations. The perfect overlap between the black and grey curves, demonstrates the high
reproducibility of the Pd deposition procedure. The Pd(011) peak integrated intensity (Fig.[7.5c
black symbols) and the Pd thickness (Fig.[7.5c red symbols) determined from the Pd(011) peak
FWHM along the L direction (via 2 /FWHM c*), exhibit a roughly linear increase as a function
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Fig. 7.5: Pd deposition on top of the 5.4 ML 2D-Co/Au(111) of Fig. (a) Scans along the L-direction at
the Pd(011) peak after 600 s of Pd deposition at —0.71 V (black) and further 600 s of deposition
at —0.41V (red). The purple and grey curves show more extended scans for other films deposits
at —0.71 V with a deposition time of 300 s and 600 s, respectively. The overlap of the grey and
black curves demonstrates the good reproducibility of the deposition procedure. Yellow and
blue vertical lines indicate the theoretical positions of the Au and Pd Bragg peaks, respectively.
(b) Scans across the Pd(011) peak along the K direction, corresponding to the deposits depicted
with the same symbols in the scans in (a). (c) Integrated Pd(011) peak intensity (black) and
film thickness obtained from the peaks FWHM (red) for Pd films deposited on flat Co films. Pd
deposition at —0.71 V (square) and —0.41 V (triangle) shows very similar behavior.

of deposition time at both deposition potentials (—0.71 V and —0.41 V). This result suggests
that the Pd deposition is independent of the potential in this potential range and probably limited
by mass transport. In the scans along the K direction (Fig.[7.5b), the peak is located at K =
1.027 after the 1st Pd deposition step during 600 s at —0.71 V (black symbols). It shifts to K =
1.021 after the 2nd Pd deposition step during 600 s at —0.41 V (red symbols). In both cases, the
Pd lattice parameter is expanded with respect to its bulk value (expected K value 1.048). This
expansion may be due to the presence of H in the Pd layer. The lattice expansion increases with
increasing Pd thickness, suggesting that the thicker the Pd layer, the larger is the amount of H it
can absorb. This is consistent with previous reports [151]. Scans at the Pd peak as a function of
the sample rotation angle around the normal to the surface (not shown) yield peaks separated by
60°, one of them centered on the K axis. This indicates that the Pd lattice is aligned with the
Co(001)/Au (111) lattice. From the peak FWHM of 1.3° we obtain the rotational disorder of the
Pd film. It is partly due to the rotational disorder of Co/Au(111) (FWHM = 0.6°) [34].
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Fig.[7.6] shows the influence of H-insertion/release on the Pd and Co lattice structure. Here,
the prepared Pd(3 nm)/Co(4.9 ML)/Au(111) stack was first polarized above —0.2 'V to release
all absorbed H from the deposit. Then, the Pd(011) peak was monitored with the 2D detector,
while the potential was swept into the H absorption regime. Fig.[7.6p presents the X-ray intensity
distributions around the peak as a function of K and L at selected potentials. A clear shift in the
peak position (marked by red crosses) in K- and L-direction can be seen, which corresponds
to a change in the Pd in-plane strain and out-of-plane strain. Specifically, the peak starts by
moving to lower L values and then moves to smaller K-values while its L position continues
decreasing. These observations indicate an in plane and out-of-plane lattice expansion upon
H-insertion. For a more detailed analysis of this behavior, peak profiles along the K-direction
were obtained by integrating the intensity along the L-direction (Fig.[7.6b). These profile show
that first, the diffracted intensity at the initial peak position decreases and then, a subsequent
rise of the intensity at lower K-values is observed. We assign this behavior to the formation of a
Pd hydride phase, which at intermediate potentials coexists with the original (H-free) Pd lattice.
However, the final value K = 1.038 is substantially larger than that expected for pure PdH ¢ (K
= 1.012), suggesting a substantial clamping of the lattice expansion by the underlying substrate.
On the other hand, the expansion along the surface-normal direction is close to that expected for
a transition to PdHg ¢. For the same sample, also the in-plane profiles of the Co(011) peak were
obtained at potentials corresponding to the H-loaded (red) and H-free (blue) case (Fig.[7.6f),
allowing direct comparison with the Pd data. A small peak shift along K in the same direction as
for the Pd peak is observed (see difference between scans, black line).

The full potential-dependence of the structural changes of the sample studied in Fig.[7.6|are
illustrated in Fig.[7.7] In the sample CV (5 mV/s) (Fig.[7.7n) hydrogen adsorption and desorption
around —0.15 V is observed, in addition to HER and H oxidation peaks. The potential dependence
of in-plane strains was determined from the Pd(011) diffraction peak position in the 2D images
of the X-ray detector. We also measured the FWHM of this peak as a function of potential.
These parameters were determined by quantitative fits with a 2D Gaussian function. This
method allowed determination of changes in the in-plane strain Ag with an accuracy of 1 x 1074,
Fig.[7.7b shows the corresponding potential-dependent strain changes, obtained from the Pd(011)
and Co(011) Bragg peak shifts. Here, we define the in-plane strain as & = (a — ay,)/a; and the
strain in surface-normal direction €, = (¢ —¢})/c), , where a and c are the lattice constants and
ap and ¢, are the bulk values of the respective layer. It can be seen that the Pd strain variations
Agpy | (red symbols with solid line) and Agepy | (red symbols with dashed line) show a very
similar behavior, albeit with ten times smaller changes in Agpg | as compared to Agpq, | . The
strain increases during H-insertion into Pd and saturates below —0.6 V, meaning that H-loading
is completed. The change in strain is reversible and shows a small hysteresis, in accordance with
the hysteresis in the electrochemical data. Interestingly, the changes in €pg | seem to precede
those in &pq |. The in-plane strain changes in the Co lattice Agc, | (black symbols with solid

line) are even one order of magnitude smaller than Agpy | (total change Agc, | = 0.04 %), but
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Fig. 7.6: Influence of H-insertion for a Pd(3 nm)/Co(4.9 ML)/Au(111) sample (2D Co layer). (a) Intensity
distribution in the K-L plane, obtained from detector images of the Pd(011) peak. The images
were recorded at different potentials and show a peak shift during H-loading, as visible by
comparing the peak center obtained from a 2D Gaussian fit (marked by red crosses) with the
initial peak position (marked by white lines). Contour lines of the fitted Gaussian profile are
shown in black. (b) Peak profiles along the K-direction of the Pd peaks shown in (a). (c) In-plane
Co(011) peak profiles after H-absorption (red) and H-release (blue) at potentials obtained analog
to the Pd data shown in (a) and (b). The black line is the difference between the blue and red
curve (zero position indicated by dashed line). A small peak shift in the same direction as for the
Pd peak is observed, indicating a coupling of the in-plane strain in Co and Pd lattice.

are clearly correlated with the changes in Pd strain Agpg . Thus, they can be unambiguously
assigned to the effect of strain-coupling to the Pd lattice. Fig.[7.7c shows the in-plane FWHM of
the Pd(011) and Co(011) Bragg peaks I'pq | and I'c, ||, which also both exhibit highly reversible
potential changes. I'pq || increases when Pd is H-loaded and passes through a maximum around
the onset of the HER. I'c,, | decreases slightly and saturates in the HER region.

Similar experiments were performed by applying potential steps. In Fig.[7.8a we show the
change in Co(011) in-plane strain Agc, | during potential steps between —0.7 V (red symbols)
and —0.1V (blue symbols) for three different Pd-covered samples: 4.9 ML-thick 2D (left),
4.5 ML-thick 3D Co films (center), and the same 4.5 ML Co deposit after further roughening
by intentional partial Co dissolution (right). The two latter were studied in cell “B”, which
allowed to measure in parallel to the SXRD data the changes in optical reflectivity AR/R
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Fig. 7.7: In situ SXRD at the Co(011) and Pd(011) Bragg peaks for the sample of Fig.during CVs
with sweep rates of 5mV/s. (a) CV, obtained during measurements of the Pd(011) peak. (b)
Change in in-plane strain Ag| (solid) of Co(011) (black line) and Pd(011) (red, solid line) and
change in out-of-plane strain Ae; of Pd(011) (red, dashed line) during the CV. (c) Corresponding
variations of the FWHM L) of Co(011) and Pd(011). The data shows that H-absorption impacts
the Co and Pd microstructure and that the effect is reversible. In (b) and (c) filled and open
circles are used for the cathodic and anodic sweep, respectively.

(yellow line). Agc, | reproducibly follows the potential steps. In addition, there is a perfect
correspondence between the change in Co in-plane strain and the AR/R increase, which again
supports that the structural changes are correlated with H-insertion. The strain change in the
3D layer Agc, | = 0.07 % is almost twice as large as that of the 2D layer. At the same time,
the change in Pd in-plane strain Agpy | increases (see vertical bars in inset). In addition, with
increasing Co roughness the change in Co in-plane strain Agc, || increases and AR /R increase in
almost the same proportions.

In Fig.[7.8b-c, we focus on a single potential pulse to characterize the transition time at
H-insertion and at H-release. To easily compare the different strain changes plots have been
normalized to Ae = —1 % by dividing the different strain changes by the factors given in the
figure caption (we have seen above that the amplitudes of the different strains are quite different,
see Fig.[7.7). These plots correspond to 3D Co layer presented in Fig.[7.8a right panel. Upon
H-insertion (Fig.[7.8b), we observe that all strain changes in Pd and Co are perfectly concerted
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Fig. 7.8: (a) In situ SXRD studies of the Co(011) peak during potential steps between —0.7 V (red) and
—0.1V (blue) for three different samples (all covered with 6 nm of Pd): 4.9 ML 2D (left), 4.5 ML
3D Co films (middle), and same 4.5 ML film after roughening (right). Note that increasing
the Co roughness induces larger Co in-plane strain Agc, |. At the same time the change in Pd
in-plane strain Agpq | increases (see vertical bars). The optical reflectivity AR/R (yellow line)
was measured in the SXRD cell “B” for the 4.5 ML Co films. (b-c) Normalized strain changes
upon application of a single potential pulse between —0.1V and —0.7 V (b) and between —0.7 V
and —0.1V (c¢). The ascending or descending step of potential is applied at # = 0. Strain changes
A€ have been normalized to 1 % for the sake of comparison. Normalization factors are 0.07
(Agco,|), 0.41 (Agpy ) and 5.4 (Agpq, | ). Note that the changes Ae are faster upon H-insertion
than upon H-release. See text for more explanations.

and are completed within < 2's. The picture is somewhat different upon H-release (Fig.[7.8):
Agpq | and Agc, | decrease straight away and in a concerted manner but with a much longer
characteristic time of ca. 10s. Moreover, Agpy | changes are delayed with respect to the
application of the potential step. The latter behavior was systematically observed upon all anodic
potential steps and we may note it is symmetrical to that observed upon slow H-insertion into Pd

(in Fig., changes in &py || are delayed with respect to those in €pq | ).

7.4 Discussion

7.4.1 Pd/Co/Au(111) Morphology and Structure

Our in situ SXRD data indicate that the electrodeposited Pd capping layer has an fcc structure
and is in epitaxy with the Co(001) film on the Au(111) substrate. Specifically, the main directions

of all three lattices are well aligned with each other. The presence of two in—plane orientations
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in the Pd layer rotated by 60° around the surface normal, can be rationalized considering that
the hcp lattice of the underlying Co layer has a six-fold symmetry. The approximately linear
increase of Pd thickness with deposition time (Fig.[7.5c) suggests that Pd deposition is limited by
mass transport. This may be expected, because the deposition potentials are ~ 1 V more negative
than the calculated Nernst potential of PdC142_/Pd. The slope of the plot thickness vs. time gives
a Pd growth rate of ~ 0.025 ML/s. This yields a diffusion layer thickness of 240 um (assuming a
PdC142_ diffusion coefficient of 1.4 x 107 cm2/s), which is consistent with the exchange rate of
the electrolyte during Pd deposition, employed in the in situ SXRD studies. Interestingly, the
Pd deposition rate is the same within (U = —0.71 V) and outside (U = —0.4 V) the HER region.
This behavior differs from the case of Pt, for which self-terminated growth is observed in the
HER region [[169]. A 2D layer morphology may be inferred from STM observations (Fig.[7.3)
and also from the fact that, according to SXRD measurements, even a 3 nm Pd film effectively

protects the Co layer, leading to partial dissolution through pinholes when the potential is shifted
positively to —0.41 V (Fig.[7.4).

7.4.2 Pd Microstructure Upon H-Absorption/Release

Our data evidence that &pg || is much smaller than the 3.5 % expected for the B-phase and also a
strongly anisotropic distortion of the Pd lattice upon H-insertion, which is about 10 times larger
in the vertical direction than within the surface plane (Fig.[7.7). At saturation a sub f3-phase
PdH, with x < 0.6 with an uniaxially distorted fcc lattice is therefore formed. Such a lattice
distortion, also observed upon gas phase hydrogenation of sputtered Pd thin films [170], can be
explained by strong clamping of the Pd film to the underlying Co(001) surface. The latter strongly
restricts the lattice in plane expansion, whereas in the vertical direction the film can expand
freely. Our structural characterizations provide therefore an explanation to past reports indicating
that the 3-phase is not reached upon electrochemical H-insertion into Pd layers thinner than a
critical thickness (see literature survey in Introduction). The above uniaxial lattice distortion
provides also an explanation to the small compressive stress measured in situ (—2 GPa while
—9.6 GPa would be expected) [159]]. A reduced H-solubility was also reported in in situ SXRD
studies of 4 — 16 ML (0.8 to 3.2 nm) thick Pd/Pt(111) films [157] and in studies of Pd gas phase
hydrogenation [170].

The characteristic time constant to saturate a 6 nm-thick Pd film with atomic hydrogen is about
1 —2s (Fig.[7.8b). It is a bit surprising that it is very close to values found in Ref. [159] for
Pd/Au(111) layer in contact with a solution of pH = 1. Theoretically, forming a PdH, phase,
requires the insertion of 4 x 1078 mol of atomic H per cm? for a 6 nm Pd layer and for x ~ 0.6
(B-phase). Even though the -phase is not formed, the above mentioned amount of atomic
H requires the reduction of >4 x 1073 mol of protons per cm? because the electrochemical
yield of H-insertion process is below unity (H-insertion is only a side process of HER). The

time 7 to pass a charge > 4 mC/cm? that is necessary to saturate the Pd capping layer may be
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estimated using the Cottrell equation i = nFCy+/Dy/(7t) where Dy~ 10~%cm?/s is the proton

3 in our conditions).

diffusion coefficient [16] and Cy is the proton concentration (1.2 x 10°%cm™
Other symbols have their usual significance. Numerically 7 > 10s. Therefore mass transport
is too slow to explain that H-insertion is completed within 1 —2s. One possibility is that water
molecules are dissociating sufficiently quickly at the Pd surface to replenish the adsorbed H
monolayer and thereby supply necessary atomic H for bulk insertion. H-UPD takes place and
palladium hydrogenation is in fact possible in alkaline solutions [[171,|172]. Regarding H-release,
application of a potential step (Fig.[7.8c) leads to a longer characteristic time (10s) than upon
H-insertion (1 —2s). This difference, also observed by others [159], may be attributed to a
positive shift of the Nernst potential Ey of the electrochemical hydrogen oxidation reaction H —
H™ + e, due to the accumulation of protons close to the electrode surface. A positive shift of Ey
slows down the electrochemical oxidation of protons.

The limiting mechanism of H-insertion and release is thought to be the phase transition a <> f3
phase [156]], and this could account for the structural inhomogeneity discussed below. Our data
indeed evidence that the rate of H-insertion and release has an impact on the PdH layer structure.
Sweeping slowly the potential to insert hydrogen leads to a delay of Agpg || with respect to Agpg |
in initial stages (Fig.). The corresponding local maxima of I'pg | (Fig.), which may be
explained with the existence of two contributions to the Pd peak with very close K positions,
is suggesting that the Pd layer is composed of regions with different H-contents at these stages
of hydrogenation. At saturation (U < —0.6V) the PdH, layer becomes however homogenous
and its structure is rather ordered because I'pq || saturates to a lower value. By analogy, the delay
between Agpg | and Agpy | observed in Fig. suggests local variations of “x” in the PdH;
phase upon fast H-release. We infer that locally different H-oxidation reaction rates are promoted
by spatial variations of Eyy in relation to fast accumulation of a large amount of protons close to
the electrode surface. H-release by sweeping the potential avoids proton accumulation at the
electrode surface and corresponding changes of Agpy || and Agpg | are well-concerted (Fig.).
The maximum of I'pg | (Fig.) suggests however again spatial structural inhomogeneity in
latter stages of release.

7.4.3 Transmission of Elastic Strain Between Pd and Co

There is a clear coupling between the in plane strain changes in Pd and in Co (Figs.[7.7H7.§). The
strain changes in Pd and Co are concerted upon fast H-insertion (Fig.[7.8b) or slow H-release
(Fig.[7.7b). However, as a consequence of the above mentioned anisotropic expansion (in vertical
direction) of the Pd lattice, the lateral Co strains variations Agc, || remain very small (Agc, |
is 10 times smaller than Agpg ). The strain change is significantly improved within the 3D Co
layers, with a progressive increase of Agc, | as one roughens the Co layer (see Fig.. This
is possibly because clamping of the Pd layer is reduced on 3D Co islands, which allows larger
lattice expansion as evidenced by the increase of Agpy || (see vertical bars in inset of Fig..
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The ratio of ——=1 is however nearly unchanged, meaning the strain coupling is independent of

Agpg |
the cobalt layer morphology.

Looking at the Co Bragg peak FWHM (I'c, ) upon H insertion (Fig.) is also instructive.
The reversible ~ 5 % decrease may plausibly be explained by the difference between the Co
Bragg peaks (black line in Fig.[7.6). A careful examination of Fig.[7.6c shows in fact that upon
H insertion in Pd, the Co peak shift is not uniform: the diffracted intensity increases at low K
values whereas the contribution at high K values decreases. This suggests that the regions of the
Co layer that are less strained (large K values) are affected in the opposite way with respect to
region of larger strains (low K values) by the H induced lattice expansion. Therefore a reduction
of the strain dispersion occurs upon expanding the Co layer and this may explain the decrease
of I'c,, | upon H insertion into Pd. The lateral distribution of strains with the Co layer may

come from growth but may be also induced by structural inhomogeneity of the PdH, film (see

discussion in Section[7.4.2).

7.4.4 Voltage Dependence of Magnetic Properties

The data in Fig.[7.2] demonstrate that Hc increases upon H-incorporation into the Pd layer, a
behavior that is consistent with past results obtained for sputter-deposited Pd/Co/Pd samples [11,
12]. Let us estimate the changes of the Kyjag , originating from the strain in the Co layer (AKvE)
[134].

AKmE = (B1 +2B3) Aéc, | + B2 Aéco, 1 (7.1)

where the B; are cobalt magneto-elastic coefficients B; = —0.8 x 108 erg/cm?, B, = —2.9 x 108
erg/cm® and Bz = 2.8 x 108 erg/cm?® [173]. For the sake of simplicity, we consider that the
Co layer is 2D and that the strain in the Co layer is uniform. To estimate AKyg we can use
the measured strains variations Agco,n = +0.04 % (Figs. and @). Agc, | could not be
accurately determined from the X-ray 2D detector images because the Co diffracted signal yields
a broad contribution along L. Agc, | may be estimated assuming that (i) the strain coupling
between Pd and Co normal to the surface is negligible, and (i1) in an elastic deformation, Agc, |
and Aégc, | are related by the elastic constants ¢j3 and c¢33: Agc, | = —2 (%) AgCo,H[174]~
For hep Co, ¢13 = 1.0 x 10" Paand ¢33 = 3.6 x 10'! Pa [[175], yielding Agc,, . = —0.55A¢g, .
Consequently, we can write AKyg = 6.4 x 103 Agc, | =2.5X% 10° erg/cm?® . The value of Kyag
of the Co layer may be estimated from Co bulk values and from tabulated interface anisotropy
energies [67, |144]]. We obtain Kyag = 5.7 X 100 erg/cm3 for a Co thickness of 0.8 nm (4 ML).
Consequently, AKyg represents about 4.3 % of the estimated total Kyag. From Fig.[7.2c, we
obtain relative variations of AHc/Hc of 26 %. Even though Hc is not directly related to Kpmag,
its relative variations is a reasonable approximation of the relative changes of AKyag/KMAE i.e.,
in this case of the order of 26 %. Consequently, the strain in the Co layer induced by H insertion
in the Pd capping layer can account only partly for the modification of Kyjag. Another possible
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origin of the Kyag change may be the modification of the Co/Pd interface upon H insertion.

7.5 Conclusions

In this work, we have demonstrated that the magnetic properties of the Pd/Co/Au(111) system
may be reversibly controlled via the applied potential by promoting H-insertion into or release
from the Pd capping layer. This might be useful in applications such as magneto-optical sensors.
From a structural viewpoint, the Pd and Co lattices are in epitaxy and aligned with respect
to each other and with respect to the Au(111) substrate. Different Co morphologies could
be deposited and capped with a rather uniform (although not perfectly pinhole-free) Pd layer.
The electrochemical insertion of H into the Pd lattice leads to a lattice expansion, which is
significantly quenched within the surface plane. In spite of clear coupling of in-plane strains in
Co and Pd, the amount of in-plane strain transmitted to the cobalt layer appears too small to
account for the enhanced magnetic anisotropy energy upon insertion of atomic hydrogen into
the Pd layer. A modification of interface magnetic energy Kg at the Co/Pd boundary must be

inferred.

Acknowledgments

This work was partially financed by projects EC + MEC and ELECSPIN (contracts ANR-
15-CE30-0024-01 and ANR-16-CE24-0018-04). We thank also the Deutsche Forschungsge-
meinschaft for financial support via Mal618/2020. We gratefully acknowledge the European
Synchrotron Radiation Facility for providing synchrotron radiation facilities and the 1D03
beamline staff, in particular Francesco Carla, for efficient technical support.

108



8 Transmission Surface Diffraction for
Operando Studies of Heterogeneous
Interfaces

This chapter is based on an article published in the Journal of Physical Chemistry Letters[176].

Reprinted with permission from Finn Reikowski, Tim Wiegmann, Jochim Stettner, Jakub Drnec,
Veijo Honkimiki, Fouad Maroun, Philippe Allongue and Olaf M. Magnussen,

The Journal of Physical Chemistry Letters 8 (2017), 1067.

The article is available via the internet at https://doi.org/10.1021/acs.jpclett. 7b00332.
Copyright © 2017 American Chemical Society

Abstract

Processes at material interfaces to liquids or to high-pressure gases often involve structural
changes that are heterogeneous on the micrometer scale. We present a novel in situ X-ray
scattering technique that uses high-energy photons and a transmission geometry for atomic-
scale studies under these conditions. Transmission surface diffraction gives access to a large
fraction of reciprocal space in a single acquisition, allowing direct imaging of the in-plane atomic
arrangement at the interface. Experiments with focused X-ray beams enable mapping of these
structural properties with micrometer spatial resolution. The potential of this new technique is
illustrated by in situ studies of electrochemical surface phase transitions and deposition processes.
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Understanding atomic-scale processes at condensed matter interfaces is a subject of great
interest in material science. Examples include areas of major technological importance, such as
electrochemical energy storage and conversion, heterogeneous catalysis, corrosion, lithographic
etching, and deposition of thin films and nanostructures, as well as natural processes in geo-
and bioscience, e.g., reactions at mineral surfaces and biomineralization. In all these cases a
solid material interacts with a liquid or gaseous environment, often leading to complex structural
changes at the surface. Those can be studied only by experimental methods that can determine
the atomic-scale interface structure in situ under ambient conditions. In contrast to studies in an
ultrahigh vacuum (UHV) environment where numerous surface science techniques are available,
only a few surface-sensitive in situ methods exist, most notably high-resolution scanning probe
microscopy(177,/178], environmental electron microscopy [179,|180], and synchrotron-based
X-ray spectroscopic and scattering techniques [39, |181-192].

In particular, surface X-ray diffraction (SXRD) can provide unsurpassed in situ data on
the full atomic surface structure of crystalline samples with down to picometer precision 43,
184, |185 193-200]. Here, an incident X-ray beam, which conventionally impinges under
grazing incidence angles on the surface, is scattered by the atomic lattice of the solid (Fig.[8.T/A).
Because of the broken symmetry at the interface, streaks along the surface normal direction
emerge between the Bragg reflections in reciprocal space. The intensity distributions along these
crystal truncation rods (CTRs) as well as of corresponding rods caused by two-dimensional
(2D) interface structures contain detailed information on the positions of the surface atoms.
This allows the determination of the structure of surface reconstructions, layers of adsorbates,
or thin films at the interface. Because hard X-rays can deeply penetrate into matter, these
methods are easily applicable to interfaces between condensed phases such as liquids and solid
materials. Although the intensities of CTRs and 2D adlayer rods are weak (typically 10~ of the
substrate Bragg peak intensities), they can be easily measured at synchrotron sources, even with
millisecond time resolution[200]. However, in grazing incidence diffraction methods the beam is
typically spread out over millimeters of the sample surface along the incident direction. Thus,
large single-crystal samples of high surface quality are required and studies of heterogeneous
materials are not possible. Furthermore, for a full structure determination at conventional photon
energies (10 —20keV), these measurements typically require time-consuming scans of the
sample orientation and detector position.

The latter problem has been overcome with the availability of surface scattering instruments
that employ high-brilliance X-ray beams of high photon energy (40 — 150keV) and large 2D
detectors [201}, 202]. The 2D detector allows the simultaneous collection of the scattering of
the sample into a large solid angle. This allows direct imaging of the intensity distribution in
reciprocal space on a part of the Ewald sphere. The latter is defined by the locations of the wave
vectors K¢ of all scattered beams for a given incident beam direction (defined by a wave vector
k;). At high photon energies the curvature of the Ewald sphere is low and the scattering is located

in the near-forward direction. Consequently, the slice through reciprocal space imaged by the
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Fig. 8.1: Surface structure determination by TSD. Schematic scattering geometry in real and reciprocal
space of (A) grazing incidence surface diffraction and (B) transmission surface diffraction, where
the incident beam passes through the sample and adjacent liquid. X-ray diffraction peaks are
located at the intersections of the CTRs and adlayer rods with the Ewald sphere. (C) In situ
TSD of an epitaxial Au(111) thin-film electrode on Si(111) in 0.1 M NaClO,4 + 1.3 mM HCI +
1 mM CoCl,, recorded at 40 keV and a tilt angle 6 = 4.1° between surface normal and direct
beam. Shown is the intensity difference between detector images of the bare Au substrate at
—0.2Vag/agcr and after electrochemical deposition of a 20 ML thick epitaxial Co(001) film at
—1.05Vagagcr- Sixteen Au CTRs and 12 Co CTRs are visible, with blue colors indicating a
decrease and red an increase in intensity after deposition.

detector is nearly planar and a wide range of reciprocal space can be recorded simultaneously.
As recently demonstrated in studies of CO oxidation on palladium in the gas phase [202]], SXRD
at high energies (HESXRD) allows rapid acquisition of the surface structural data and is thus
well-suited to operando studies under reaction conditions. In that study, the conventional grazing
incidence geometry was employed (Fig.[8.TJA). This optimizes the scattered intensity from the
surface but requires very precise sample alignment at such high photon energies and is highly
sensitive to small changes in the beam position on the sample (e.g., due to thermal expansion).
Here we suggest an alternative geometry which we term in sifu transmission surface diffraction

(TSD) in which the incident beam is oriented at or near the surface normal and passes through
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the solid sample (Fig.[8.IB). In contrast to grazing incidence scattering methods, the probed
surface area is in this case of the size of the beam diameter, which can be focused to micro- or
even nanometer dimensions at modern synchrotron sources. This enables studies of the atomic
scale interface properties on these length scales. In TSD the Ewald sphere is almost parallel
to the interface in the region defined by the detector. This results in sharp X-ray diffraction
peaks at intersections with CTRs or 2D adlayer rods, which allows the direct visualization of
the symmetry of the in-plane surface lattice. In this respect, the obtained images are similar
to those obtained from conventional Bragg peaks (i.e., the bulk crystal structure) in traditional
Laue diffraction. Through the recording of images at different tilt angles of the sample relative
to the incident beam, or at different photon energies, TSD can access different out-of-plane
positions along a diffraction rod, which in principle allows determination of the full in-plane
atomic arrangement at the interface. A similar approach was employed by Takahashi and co-
workers, who studied the surfaces of micrometer thin Si samples under UHV conditions in
transmission geometry using conventional X-ray photon energies[203} [204]. TSD is particularly
well-suited for operando studies of interface reactions, because it allows direct monitoring of
phase formation and of surface phase transitions (e.g., due to adsorption or deposition processes)
without lengthy searches in reciprocal space. This is especially valuable if the in-plane surface
structure is unknown, in particular in the case of incommensurate phases. In contrast to SXRD at
grazing incidence angles, the transmission geometry makes sample alignment fast and easy and
drastically reduces any influence of small changes in the beam position on the sample.

To demonstrate the power of in situ TSD, we performed studies of electrochemical processes
on Au(111) electrodes in aqueous electrolytes. We start by discussing studies with an unfocused
X-ray beam to show the general feasibility of such measurements. In Fig.[8.I|C an experiment on
Co electrodeposition is presented as a first example, illustrating that TSD provides a direct image
of the full in-plane structure in reciprocal space. Displayed is the difference in the X-ray intensity
measured before and after electrodeposition of an ultrathin Co film. This difference imaging
mode not only largely removes static background (e.g., from thermal diffuse scattering of the
solid and bulk liquid scattering) but also allows the immediate identification of structural changes
due to interface processes, which is intuitive and useful for operando studies. In the present case,
Co deposition results in the emergence of a hexagonal diffraction pattern, reflecting the formation
of an epitaxial (001)-oriented hexagonal close-packed Co film[21, [137]. The same detector
images yield simultaneously the CTRs of the thin epitaxial Au film that is used as substrate. They
clearly reveal a small outward shift of these CTR peaks, indicating a deposition-induced epitaxial
strain of 5 x 10, Furthermore, Co deposition leads to the disappearance of the characteristic
twin peaks near the position of the (01) Au CTRs, which can be unambiguously assigned to
the Au (22 x v/3) surface reconstruction. This provides clear evidence that structural changes
of monolayer phases can be accessed; in this case, the deposition induced restructuring of the
Au surface layer. As shown by these results, TSD can provide in sifu data on the atomic-scale

interface structure and captures the full in-plane geometry within a single detector image. Thus,
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Fig. 8.2: Measurements of surface phase transitions, adsorption, and dissolution processes on Au(111)
single-crystal electrodes by in situ TSD. (A) TSD difference images (relative to reference image
obtained at 0.70 V) in 0.1 M NaClO,4 + 0.13mM HCI of the reciprocal space area near the
first-order Au CTR (see scheme in panel B), showing the satellite peaks of the (p x v/3) Au
surface reconstruction at potentials < 0.20V. (C) Unit cell length p (black line) and peak
intensity of the Au reconstruction (blue line) as a function of potential. (D) TSD measurements
(reference image obtained at 0.25 V) and (E) schematic in-plane scattering geometry of the
underpotential deposition of a Bi monolayer on Au(111) in 0.1 M HCIO, + 1 mM Bi**. With
decreasing potential, first the peak of the (2 x 2) Bi adlayer (green symbols) is observed, followed
by a transition to the (p x v/3) structure (blue symbols), in which the Bi layer is continuously
compressed (indicated by the change in peak position). (F) Electrochemical dissolution of a
~ 30 ML thick Bi film on Au(111) during a positive-going potential sweep at SmV/s. The
intensity decay of the Bi(110) Bragg peak (black) occurs in parallel to the charge transfer (green)
seen in the simultaneously measured current density (blue).

structural changes in different surface phases can be directly correlated. Acquiring a comparable
data set by conventional grazing incidence surface diffraction would require sequential radial

and azimuthal scans through all relevant peaks and correspondingly longer recording times.

Further proof-of-principle experiments on the potential-dependent changes of the Au surface
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reconstruction and other well-known electrochemical surface phase transitions and adsorption
phenomena are presented in Fig.[8.2l These demonstrate that TSD is a versatile technique,
capable of monitoring structural modifications in single atomic layers with high sensitivity and
in different systems. In Fig.[8.2]A, difference images of the reciprocal space region near the
first-order Au CTR are displayed (recorded in Co-free solution) which clearly show the presence
of the characteristic satellite peaks of the Au(111) surface reconstruction at potentials < 0.20'V.
In agreement with previous in situ SXRD studies[|194]], the reconstruction peak intensity decays
and the unit cell length p increases (indicated by a shift of the peaks toward the Au CTR) near
the potential of the phase transition to the unreconstructed surface (Fig.[8.2[C). Above 0.20 V the
peaks disappear completely and the intensity of the first-order Au CTRs increases (manifesting
in a corresponding increase in intensity in the difference image), while subsequent reversal of
the potential to negative values restores the diffraction pattern of the reconstructed surface. In
similar TSD experiments the structural phase behavior of an adsorbed Bi monolayer formed
by underpotential deposition was investigated (Fig.[8.2D,E). With decreasing potential, first a
commensurate (2 X 2) and then a uniaxially incommensurate (p x v/3) structure with potential-
dependent spacing p were observed, in full agreement with previous results[205]. Furthermore,
studies of the electrochemical dissolution of a bulk Bi deposit during a potential scan in the
positive direction are shown as an example of a true time-resolved operando measurements
during an interface reaction (Fig.[8.2F). Here, the decay in Bi peak intensity can be clearly
correlated with the parallel electrochemical charge transfer. In this experiment the time resolution
was restricted to 1 s, but faster measurements will be easily possible with future instrumental
improvements. All measurements shown in Fig.[8.2] were performed on 400 pm thick Au(111)
single crystals, which attenuate a 70 keV X-ray beam by about 1 order of magnitude. Taking
into account that Au is one of the most strongly absorbing materials, similar TSD studies should
be possible for a wide range of different samples, which proves the broad applicability of this
technique.

The central advantage of TSD as compared to grazing incidence SXRD, its greatly increased
resolution in real space, is demonstrated in Fig.[8.3] Here, TSD with a microfocused X-ray
beam was employed for in situ mapping of the local structural properties of a Co electrodeposit
on an ultrathin epitaxial Au(111) film on Si(111) (Fig.[8.3)). In these surface microdiffraction
experiments, the atomic-scale structural data come from the diffraction pattern, whereas the
beam size defines the area over which these (average) data are obtained. In the experiment
in Fig.[8.3] the surface normal of the sample was tilted by 4.1° relative to the incident beam.
This allows simultaneous measurements of symmetrically equivalent CTRs at different surface-
normal scattering vectors L, providing insight into the deposit’s out-of-plane structure (see
below). Because all structural data at a specific location are obtained from the same detector
frame, they can be unambiguously correlated.

Real space maps of the peak intensity at the Co(100) Bragg peak position [measured at L = 0,

i.e., at the Co(10) CTR] reveal that the film thickness strongly varies on the micrometer scale.
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Fig. 8.3: TSD surface microdiffraction studies of Co films on Au(111) in 0.1 M NaClO,4 + 1.3 mM
HCl, demonstrating mapping of the local structural properties. Local in situ real space maps
(600 x 700 um?) of the surface properties of a Co film electrodeposited on an 8 nm thick epitaxial
Au(111) film on Si and measured in Co-free solution at —1.05 Vag/agct (10 x 20 me beam,
40keV, 8 =4.1°). (A) Normalized intensities of selected Co and Au CTRs. (B) Extracted local
thickness, in-plane grain size, and strain of the Co deposit as well as strain in the Au thin-film
substrate. The data were obtained from a quantitative analysis of the peak intensities, widths,
and positions in all of the 961 TSD detector images used for generating the maps.

Specifically, it is significantly increased in two areas (marked by crosses) near the right-hand
side of the imaged surface. Maps at higher L values [Co(01) and Co(11) CTRs] show similar
spatial variations, but with a different intensity distribution: the locally enhanced scattering
intensity in the marked locations is reduced while at other positions the intensity is increased
at higher L values. These changes reflect a spatial dependence of the scattered intensity along
L. They originate from the local variations of the Co thickness, which lead to corresponding
variations in the Bragg peak width along the surface normal direction. Indeed, this inversion in
the intensity maps can be reproduced within a simple model (see the Supporting Information).
The obtained local variations in Co film thickness are well-correlated with those in the average Co
grain size and strain, obtained from the radial peak width and position, respectively (Fig.[8.3B).
According to these results thicker deposits consist of (laterally) larger grains and exhibit extended
in-plane lattice distances. The intensity maps of the Au CTRs qualitatively resemble those
obtained at related Co CTR positions (compare Co(11) and Au(11) intensities in Fig.[8.3/A).
Consequently, the substantial variations in the deposition behavior most probably originate

from heterogeneities of the Au(111) thin-film substrate that also manifest in the maps of the
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Au in-plane strain (Fig.[8.3B, right). Correlation of the Co(100) film thickness with the strain
distributions indicates that deposition is preferred in areas where the Co and Au strain, i.e.,
in-plane lattice spacing, is particularly large. This local growth enhancement may be explained
by an increased Co nucleation probability in these areas[206]. As shown by these measurements,
microdiffraction in the TSD mode allows simultaneous microscale mapping of multiple structural
interface properties of heterogeneous materials, enabling their direct correlation. Maps obtained
at symmetrically equivalent reciprocal space positions are almost indistinguishable (see the
Supporting Information), verifying that the method is reproducible and robust.

These experiments prove TSD to be a powerful tool for in situ and operando structural studies
of interfaces on the atomic scale. It is an intuitive and robust method that provides full in-plane
information. In comparison to surface diffraction under grazing incidence angles, TSD is experi-
mentally less demanding in terms of sample alignment and beam stability, making it accessible
also for research groups with limited experience in synchrotron scattering techniques. TSD can
be easily combined with a sample cell geometry that provides well-controlled hydrodynamics
and thus well-defined rates of the interface reactions, e.g., thin-layer flow cells or microfluidic
cells. This will be a huge benefit for operando studies of interface kinetics. TSD studies should
be possible on a wide range of materials, including air- and moisture-sensitive materials. Par-
ticularly suitable samples may be 2D or layered materials, e.g., oxides for energy storage and
conversion.

The central advantage of TSD is its suitability for micro- and, with future improvements, even
nanodiffraction studies of interface properties. Nanofocusing (to 1 x 0.3 um?) is currently set up
at ID31. It will result in a decrease in X-ray intensity by approximately 1 order of magnitude of
the beam, which will already allow measurements at fixed local spots and the recording of small
maps. With the upcoming diffraction-limited synchrotron sources, which will provide small,
low-divergent sources and orders of magnitude higher brilliance, it should be possible to record
extended maps as in Fig.[8.3| within less than 1 h. This is a particularly attractive feature, not only
for electrochemical systems, but also for other solid-liquid and solid-gas interfaces. In the future
TSD measurements may be employed for studies of heterogeneous interfaces and of materials
that exhibit high-quality surfaces only over (sub-) micrometer length scales. This is relevant for
a wide range of real-world interface systems, for example, lithographic processes or interface
processes at natural materials, and thus opens up many applications of this new technique. A
particularly interesting application may be investigations of systems exhibiting strong local
variations in interface reactivity, e.g., spatiotemporal dynamic behavior[207]. In addition, studies
that employ local excitations, such as ultrafast scattering experiments of interface processes
induced by laser pulses, will benefit from the small probed surface area. For static heterogeneous
samples, full structural information (i.e., acquisition of complete CTRs) may be obtained in
tomographic measurements, where TSD images are recorded at different sample tilt angles. In
the long-term, even a TSD-based imaging technique (similar to low-energy electron microscopy)

or a combination with coherent diffraction techniques seem feasible. Ongoing developments
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toward even brighter sources of hard X-rays will greatly assist this development.
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8.1 Supporting Information

8.1.1 Materials and Methods

The X-ray surface diffraction studies were performed at the high photon energy beamline ID31
of the ESREF, devoted to buried interfaces studies. The X-ray beam from an undulator source was
monochromatized by a multilayer monochromator and focused by a set of X-ray lenses. Photon
energies of 40 to 70 keV were employed. The irradiated area on the sample was 0.5 mm x 0.5 mm
for a parallel and 10 um x 20 um for a focused beam, respectively. TSD images were recorded
with a large-area Perkin-Elmer 2D detector, placed at a distance of 0.745 m behind the sample,
or with a Pilatus 3 X CdTe detector placed at 1.25 m distance.

The cell (Fig.[8.4) was made of PCTFE. The sample and a 0.15 mm thick microscope cover
glass served as windows for the incoming and outgoing X-ray beam and were sealed with FFPM
O-rings. In the TSD experiments, the X-ray beam passed through the solid sample, 4 mm of
electrolyte solution, and the glass window of the electrochemical cell. The cell can be mounted
either with the sample or with the glas window towards the incident beam, i.e., with the beam
either entering or leaving the cell through the sample. Both orientations were employed in
the measurements with similar results. The cell was connected to a liquid handling system for
remote-controlled electrolyte exchange, consisting of syringe pumps and motor-driven valves. A
Ag/AgCl (3M KCl) reference electrode was connected to the electrolyte inlet via a salt bridge. A
Pt wire counter electrode was placed in the electrolyte outlet. Potentials were controlled by a
potentiostat (CompactStat, Ivium).

The Au thin film sample consisted of a 11 mm x 11 mm x 0.5mm Si(111) wafer with an 8 nm
thick epitaxial Au(111) film, electrochemically deposited according to the procedure described in
Ref. [162]]. These films are aligned with the Si substrate and exhibit large atomically flat terraces.
Prior to the experiments, the samples were cleaned by placing them in cold peroxymonosulfuric
acid (95 % H,SO,4 and 30 % H,O, with a ratio of 2:1) for 1 min. The Au(111) single crystal was
purchased from Surface Preparation Laboratory (SPL), had a diameter and thickness of 10 and
2 mm, respectively, was oriented better than 0.1°, and polished down to 0.03 um roughness. In
the center of the sample a 4 mm diameter bore hole was machined from the back side, leaving

only a 400 um Au membrane, through which the beam passed in the TSD measurements. The
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Fig. 8.4: Geometry of the TSD sample cell.

single crystal sample was first sputtered and annealed in a vacuum system and then prepared
prior to each experiment by 30 min annealing in an induction oven at light orange glow.

Base solution for the studies was 0.1 M NaClO,4 + 1.3 mM HCI, prepared from high-purity
NaClOy, (Sigma, puriss.), HCI (Carlo Erba, for electronic use), and Milli-Q water. The Co
films were deposited from 0.1 M NaClO,4 + 1.3 mM HCI containing 1 mM CoCl, (Merck, pro
analysis). After Co deposition, the electrolyte was replaced within 1 min with Co-free base
solution to stabilize the deposit. Bi deposition was performed in 0.1 M HCIO,4 + 1 mM Bi,0s.

8.1.2 Scattering Geometry and TSD Measurements

The tilt angles 0 and ¢ of the surface normal to the incident beam were varied by the sample
stage of the ID31 diffractometer; an additional rotation stage directly underneath the sample cell

Fig. 8.5: Schematic illustration of the coordinate system employed in the TSD measurements. The
diffractometer rotation angles (0, ¢, &) define the sample orientation with respect to the incident
beam. The surface normal vector 7u is antiparallel to the incident beam when 8 = ¢ = 0. y and
0 define the direction of the scattered beam.
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Fig. 8.6: Reciprocal space geometry showing the CTRs and Bragg reflections of the Au(111) substrate
and of the epitaxial hcp Co film.

allowed rotation by an angle & around the surface normal direction (see Fig.[8.5). Each pixel on
the 2D detector corresponds to an orientation of the scattered beam described by two angles &
and 7, which are the angles between k¢ and the incident beam direction in the vertical and the
horizontal plane, respectively.

For indexing the gold Bragg reflections and CTRs, the hexagonal reciprocal coordinate system

of the Au(111) substrate [194]] with reciprocal lattice vectors

|a*| = |b*| :47T/\/§CZNN
’C*’ = 27'[/\/6(11\11\]

was used, where a* and b* are in the surface plane, c* is along the surface normal direction, and
ann = 4.08/ V2 A is the spacing between neighboring Au atoms. For cobalt, the conventional

hcp reciprocal lattice with

la*| = |b"| = 47m/v3aco

¥ = 27 feco

and the Co lattice parameters aco, = 2.51 A and ¢co = 4.07 A was employed. These reciprocal
lattice vectors define the units of the coordinates (H, K, L) used for denoting the Au and Co peaks,
respectively. For both lattices, H and K refer to the in-plane and L refers to the out-of-plane
direction. A schematic illustration of the hexagonal coordinate system with positions of the
Bragg peaks from bulk fcc Au and hep Co is given in Fig.[8.6]
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During sample alignment the sample rotation angle o was adjusted in such a way that the a},,
axis was oriented precisely along the horizontal direction. Then the sample was rotated around
the horizontal axis in order to set the tilt angle ¢ in such a way that the beam impinged at normal
incident onto the sample. By rotating the sample around the vertical axis, the zero position
of the 6 angle was determined. Because the TSD geometry was not yet implemented in the
SPEC program used for controlling the diffractometer at the time of the experiment, a separate
software package had been developed that allows simulation of the TSD images. This software
was used for guiding the sample adjustment and fast identification of the observed peaks. Since
this software did not replace a full orientation matrix of the diffractometer geometry, only 6 was

changed during the experiments after the alignment was finished.

8.1.3 TSD Microdiffraction Measurements

The maps were created by moving the sample with respect to the beam in a grid-like fashion
and recording a TSD image at each point on the grid. A focused beam (10pm X 20 um beam,
40keV, 6 = 4.1°) was used to sample an area of 600um x 700 um by taking 31 x 31 images
with an integration time of 3 seconds. In order to fit the peaks, automated fitting routines were

used since fitting more than 10 peaks on 961 images individually would have been too time
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Fig. 8.7: Example of automated peak fitting (Au(02) CTR). (A) A square cutout of the detector image
centered on the peak is taken and rotated so that the radial direction is collinear with the horizontal
image axis (B). A radial cut (C) is obtained by integrating the image along the azimuthal direction
in the region marked by white lines in B. The latter is fitted with a Gaussian profile and a linear
background in the region marked by dotted lines.
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Fig. 8.8: Real space maps obtained by TSD microdiffraction, showing the integrated intensities of 5 Co
peaks and 6 Au CTRs. Maps of symmetrically equivalent peaks (Co(01) and Co(11), Co(21)
and Co(11), Au(02) and Au(22), Au(12) and Au(12), Au(11) and Au(21), respectively) exhibit
very similar intensity distributions. The intensity values were normalized and plotted using the
same color map ranging from 0 to 1 for all maps.

consuming. Both, the Au peaks of the thin film sample and the Co peaks are broadened in the
azimuthal direction due to the in-plane angular distribution and finite size of the crystallites. The
peak width in radial direction is only affected by the crystal size distribution and was used for
determining the average in-plane size of the crystallites. In order to simplify and speed up the
fitting, first the TSD image was reduced to a square cutout centered on the peak (Fig.[8.7A). The
cutout was then rotated so that the radial direction was collinear with the horizontal axis of the
image (Fig.[8.7B). The intensities of the resulting image were integrated in vertical direction over
an 11 pixels wide strip centered on the peak (indicated by white lines in Fig.[8.7B), resulting in a
one-dimensional radial cut (Fig.[8.7[C). The peak and background in this cut were then fitted with
a Gaussian profile and a linear background. A similar cut was taken for the azimuthal direction
and fitted as well. The fit quality was checked by plotting maps of 2 and by more detailed
inspections of the fit quality at selected pixels.

In the intensity maps (Fig.[8.3]A and Fig.[8.8), the height of the Gaussian profiles is plotted.
The intensity was normalized to the highest intensity of each individual map. In Fig.[8.8] 2
pairs of symmetrically equivalent Co peaks (Co(01) and Co(11), Co(21) and Co(11)) and 3 pairs
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Fig. 8.9: (A) L dependence of the intensity along the Co CTRs for different Co film thickness, calculated
using the N-slit scattering function. (B) Measured intensity of the Co CTRs at L =0 and L = 0.07
(top panel), Co film thickness calculated from the intensity at L = 0 (bottom, left), and simulated
intensity map at L = 0.07, obtained from the local Co thickness assuming a Gaussian intensity
profile of the Co peak along L (bottom, right).

of symmetrically equivalent Au peaks (Au(02) and Au(22), Au(12) and Au(12), Au(11) and
Au(21)) are shown. Maps created from different but symmetrically equivalent peaks exhibit very
similar intensity distributions. Even some small structural details of only a few pixels in size are
reproduced, providing confidence in the reliability of this method. Maps obtained at different
positions along L show very different intensity distributions. Nevertheless, the characteristic

structural features of the sample can clearly be identified in all of the maps.

The large differences in the intensity distributions of the Co peaks, obtained at different L
values, can be understood within a simple model that takes the finite thickness of the Co film
into account. Here we describe the intensity distribution along L by the N-slit scattering function
(see Fig.). Directly on the Bragg peak, the intensity / o< N2, where N is the number of
Co bilayers. At higher values of L, the intensity is not proportional to the film thickness, but
exhibits a complex dependence on N, determined by the N-slit function. Specifically, thicker
films (i.e., larger N values) will result in a steeper decay in the wings of the Bragg peaks.
This analysis is complicated by the given height distribution of the Co thin film. Even in the
microdiffraction mode still approximately 10% Co crystallites are illuminated at each pixel
position. Thus the measured intensity originates from the incoherent superposition of X-rays
scattered from crystallites with an unknown distribution of heights. This effect will effectively
wash out the subsidiary maxima and makes the analysis of data far away from the Bragg peaks
unreliable in the absence of measurements at a larger number of L values. However, near the
Bragg peak the effect of the finite crystal height can be approximated by assuming a Gaussian
intensity profile (L) o« N>exp(—L?/2c}) with a width given by o, = 1/(2v/2In2N). This is
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Fig. 8.10: Real space maps obtained by TSD microdiffraction, showing the Co and Au strain obtained
from different peaks. The strain obtained from the symmetrically equivalent peaks is identical.

illustrated in Fig.[8.9B, where this procedure was used to calculate the intensity at L = 0.07
(i.e., at the (10) CTR). Here, N was determined by taking the root of the Co(100) peak intensity
measured at L = 0 (i.e., at the (01) CTR). The good qualitative agreement between the measured
and simulated images provides strong support for our hypothesis that the differences in the
intensity distributions originate from the variations in Co film thickness.

The Co grain size 5” (Fig.) was determined by the FWHM (in units of A‘l) of the Co(10)
peak in radial direction with 5” = ﬁ Here, the width has to be measured directly at the
Bragg peak, because the peak broadens at higher values of L due to the miscut of the sample.

The strain maps (Fig.[8.3B) were calculated from the radial positions of the Co and Au peaks via:

Ar 4
a—apylk _ Bar  bulk

Y

A= Abulk Abulk
u u

where a* is equal to the in-plane position g of the Co(100) peak or half of the in-plane position
of the Au(020) peak, respectively. The determination of g requires the knowledge of the exact
origin in reciprocal space, i.e., the position where g = 0 (the position where the direct beam
hits the detector). Furthermore, misalignment in both o or 0 shifts the peaks with respect to
the zero position and therefore has to be compensated for. In the case of the Co strain, the zero
position was determined from the positions of the symmetrically equivalent Co(100), Co(110),
and Co(010) peaks. The Au strain obtained from the Au(020) peak position was determined in a
similar way. Here, the Au(020) and the Au(220) peaks were used to determine the zero position
and to compensate for misalignment. Fig.[8.10]shows the strain maps obtained from the 3 Co
and 2 Au peaks mentioned above. The maps obtained from symmetrically equivalent peaks show
an identical strain distribution for both Co and Au.
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8.1.4 In Situ TSD Studies of Au(111) Surface Reconstruction and Bi UPD

The potential-dependent surface reconstruction of Au(111) electrodes is a well-known model
system that has been extensively studied by X-ray surface scattering under grazing incidence
angles [[113}/194] and thus is highly suitable to demonstrate the true surface sensitivity of TSD.
This surface reconstruction is characterized by a (p x v/3) unit cell with p ~ 22 for a well-ordered
reconstructed surface. The corresponding in-plane superstructure in reciprocal space is a hexagon
of satellite peaks around the Au CTRs, of which typically only the two outer ones are clearly
visible (Fig.[8.2]A,B). In electrochemical environment this structure is stable negative of a critical
potential to an unreconstructed (1 x 1) surface. Near the phase transition the onset of the lifting
of the reconstruction leads to a gradual increase of the unit cell length p, manifesting in a reduced
distance to the Au CTR.

TSD studies of the Au(111) reconstruction were performed on Au single crystals in 0.1 M
NaClO,4 + 0.13 mM HCI with a parallel beam of cross-section 0.5mm x 0.5mm and with a
photon energy of 70keV. First, a reference image with a counting time of 300 s was taken
at E = 0.70V, where the Au surface is unreconstructed. TSD images were then recorded
for E = —0.20V and 0V with a counting time of 300s, and for E =0.10V, 0.15V, 0.20V
and 0.30 V with a counting time of 100s. The reference image was subtracted from each of
these images, resulting in a series of background-subtracted difference images which were
used for further analysis. This procedure helps significantly in improving the signal-to-noise
ratio, because the intensity of the Au reconstruction peaks is only 10 % of the random intensity
variations caused by the imperfect linearity of the detector pixels. A similar data analysis as
described in section 3 was employed. For each potential, the six first-order Au CTRs were
identified on the respective image, and cutouts centered on them were taken. Each of these
cutouts was then rotated so that the (H,K) vector of the respective CTR was parallel to the
horizontal image axis. The average of these six cutouts therefore combines information obtained
from two symmetrically equivalent triples of Au CTRs. For the images shown in Fig.[8.2A,
Gaussian blurring with a sigma of 1 x 1 pixels was applied to improve visibility of the peaks.

For determining the stripe separation p and intensity of the (p x 1/3) reconstruction shown in
Fig.[8.2]C, the intensity along a line from the Au CTR to the reconstruction peak was averaged
over all 12 symmetrically equivalent reconstruction peaks in the image (6 first-order Au CTRs
with 2 visible reconstruction peaks each). The average reconstruction peak intensity and the
average stripe separation = 2—; where 0 is the distance between the CTR and the reconstruction

peak, were then plotted as a function of potential.

Employing this methodology, also studies of Bi underpotential deposition (UPD) were per-
formed in 0.1 M HCIO, + 1 mM Bi** on the same sample. In these experiments the potential
was changed stepwise in negative direction, starting at 0.5 V. Within this process a sequence
of ordered Bi monolayer phases is found [205]]. With decreasing potential, first adlayer rods at

(%H %K ) are observed, indicating a (2 x 2) superstructure. Then, at more negative potentials, a
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phase transition to the uniaxially-incommensurate (p x v/3) Bi adlayer structure occurs, with
lowest-order in-plane peaks at (—% +9, % +0) and (26, 26). The parameter 6 = % p depends on
potential, with 6 = 0.317 close to the onset of Bi bulk deposition. All these Bi adlayer peaks are
observed at corresponding potentials in the TSD data, as visualized for the peaks at 2 selected
reciprocal space positions in Fig.[8.2D. At potentials negative of the Nernst potential Bragg peaks
of a Bi bulk deposit are found, which can be assigned to Bi(110) reflections (using the rhombo-
hedral Bi unit cell) that are located in the surface plane. This is in agreement with the epitaxial
arrangement reported in previous ex-situ XRD studies [208]. In the experiment in Fig.[8.2JF such
a Bi bulk deposit was stabilized at ~ 30 ML thickness by exchange with Bi-free base solution.
Subsequently, the film was electrochemically dissolved by sweeping the potential at 5 mV/s from
—0.20 to 0.50 V. Because the Bi bulk reflections are strong compared to the scattering from
the UPD monolayer, peak intensities where determined directly from (background-corrected)

detector images without subtraction of a reference image.
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9 Conclusions

In this work thin epitaxial films of electrodeposited metals and metal oxides were investigated by
in situ and operando SXRD. The combination of electrochemical studies with advanced SXRD
techniques and optical reflectivity enabled an unambiguous correlation of the electrochemical
processes with structural modifications of the reactive interfaces. While SXRD is commonly
employed for the investigation of well-defined interfaces like those found on single crystals, we
focused on the interfaces of thin films deposited on single crystal substrates. Although being
less well-defined, these films more closely resemble surfaces of technological relevance. Due
to their rougher and more heterogeneous nature, the modelling of the crystal truncation rods is
often not possible, which complicates the structural characterization. In the presented studies we
explored how a detailed analysis of the thin film Bragg peaks can be applied to determine the
film structure, regardless. Besides the crystalline structure, which is readily determined from the
position of the Bragg peaks, their widths and shape also contain information about the crystallite
dimensions and the morphology of the film. Complementing the detailed structural analysis, we
developed a strategy to obtain structural data from a single detector frame, by making use of the
full 2D image. With this method, even small changes in the crystallite size and the strain of a
known phase can be monitored with a time resolution of 1 s.

For the investigation of complex electrochemical interfaces, we developed an advanced
electrochemical SXRD cell which possesses a high stability enabling operation for tens of hours.
With this cell, operando measurements, even under the extreme conditions of large current
densities and massive gas evolution during water splitting, were shown to be feasible. The
cell permits fast and efficient exchange of electrolytes which greatly simplifies complicated
electrochemical experiments, such as multi-stage deposition.

The main focus of the investigations presented in this work was placed on Co oxides as
promising candidates for the precious-metal-free catalysis of the OER. In the process of de-
termining a suitable preparation method of thin epitaxial oxide films, the anodic oxidation of
Co was studied. Co was electrodeposited on Au(111) electrodes resulting in epitaxial films
with a (001) orientation, a thickness of a few nanometer and a lateral size of 20 — 30nm. The
subsequent anodic oxidation commences with the adsorption of OH. At higher potential Co(OH),
formation begins with the rapid formation of an ultra thin passive layer on the entire Co surface.
Subsequently, Co(OH), grows inhomogeneously on the surface forming 3D crystallites. The
anodic oxidation of Co to higher oxidation states, which are present during OER, did not result
in films which we could detect by SXRD. The formed oxide films are very thin and the large
lattice mismatch of Co and its oxides likely prevents the formation of well ordered epitaxial
films which complicated their detection by X-ray diffraction.

Therefore, thin epitaxial films of Co3;0, and CoOOH were directly electrodeposited on
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Au(111) for the investigations during OER. The films were deposited in a reflux cell, where
a concentration of 2M and 5M NaOH in the solution resulted in Co;04 and CoOOH phases,
respectively. After transfer to the novel operando SXRD cell, the film structures were investigated
as a function of potential deep into the OER regime (up to 150 mA cm~2). The morphology of
the films is quite different. CoOOH forms a continuous flat layer with tight grain boundaries
and a roughness factor of 1.02. Co;0, exhibits a granular structure with detached islands with
a rough surface and a roughness factor of ~ 3. The structure of CoOOH remains stable even
at high OER current densities. Co3;0,4 on the other hand forms a skin layer of ~ 1nm. The
formation of this skin layer is fast, highly reversible and commences 300 mV negative of the
onset of OER. It is therefore rather related to the thermodynamically predicted oxidation to
CoOOH than to the OER. The thickness of the film increases linearly with the applied potential,
similar to the passive film formation on metals. Additionally, a reversible change in the bulk
lattice constants, which could be associated with the reversible creation and annihilation of a
high density of volume stoichiometric defects, was observed over a large potential range. Further
work is required for the confirmation of this hypothesis and the determination of the defects
source and nature. Even though the structural behaviour of the two films is completely different,
their catalytic activity is similar. This suggests that the surface density of OER active sites is
comparable. This observation disagrees with previous assumptions that di-y-oxo bridged Co
cations are solely responsible for the OER activity of Co oxides.

Beyond its application in catalysis, Co also possesses interesting magnetic properties. There-
fore, magnetic Pd/Co/Au(111) stacks were investigated in electrochemical environment. In situ
MOKE measurements by our collaborators showed a reversible modification of the Co magnetic
properties upon the electrochemical hydrogen absorption in and release out of the Pd capping
layer. An in situ structural characterization using SXRD was employed to identify the origin of
the observed changes. Thin films of Co(001)/Au(111) were deposited by the same procedure
used for the oxidation experiments to grow flat films, and a slightly modified procedure to grow
rougher films. Subsequently, Pd deposition resulted in a thin epitaxial capping layer with (111)
orientation. The lattice expansion of Pd upon H-insertion/removal could be clearly identified,
showing changes in the lattice parameters in the out-of-plane direction which were about ten
times larger than in the in-plane direction. This was explained by clamping to the underlying Co
substrate which is in agreement with the observation that the magnitude of the changes were
larger for rougher films. The lattice expansion/contraction of Pd induced a small change in the
Co in-plane strain which was about ten times smaller than the change in the Pd in-plane strain.
Despite the clear coupling of the strain, the magnitude appeared to be too small to account for
the full changes observed in the magnetic anisotropy.

Furthermore, transmission surface diffraction (TSD), a novel high-energy SXRD technique,
was developed. TSD uses a transmission geometry rather than a reflection geometry which is
commonly employed for surface scattering. Several advantages arising from this geometry were

demonstrated. Since the beam penetrates the sample, a large 2D detector can be placed behind
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the sample which captures a significant fraction of the in-plane structure in a single acquisition.
This simplifies the detection of crystal truncation rods from unknown structures, for example
surface reconstructions. Multiple structures can be monitored simultaneously since CTRs of
the whole sample are present in the same frame. The interpretation of the detector images is
straight forward, since symmetries can be easily identified. In this respect, TSD is reminiscent of
LEED. Due to the normal (or near normal) incidence of the X-ray beam, the beam footprint is
comparable to the cross section of the beam. Therefore, spatially resolved measurements are
possible, which enables the creation of real-space maps of the structural properties like strain
and film thickness. Further work is required to make this new technique more user friendly.
Although the sample alignment for TSD is easy, the implementation of an orientation matrix
would significantly facilitate the navigation in reciprocal space. A further improvement would
be the realization of an automated absorber positioning system, which would greatly speed up
measurements in which the sample has to be tilted, for example the recording of CTRs.

Our studies show that the structural characterization under operation conditions is essential
for interfaces at which reactive processes occur. We demonstrated that advanced in situ and
operando SXRD methods are well suited for the investigation of such systems. SXRD offers
high precision and an excellent time resolution in the order of seconds. The combination of
our novel electrochemical cell with advanced Bragg peak analysis is a powerful tool which
enables measurements under extreme conditions such as large current densities and massive gas
evolution. The methods developed in this work can be applied to a variety of reactive interfaces
to determination the correlation between reactive processes and the structure of the interfaces at
which they occur. Especially research in the fields of catalysis, batteries and supercapacitors,
where the interfaces are often complex and devices are operated in experimentally demanding
conditions, can greatly benefit from these structural characterization methods.
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